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The rhizosphere is undoubtedly the most complex microhabitat, comprised of an integrated network of plant roots, soil, and a diverse consortium of bacteria, fungi, eukaryotes, and archaea. The rhizosphere conditions have a direct impact on crop growth and yield. Nutrient-rich rhizosphere environments stimulate plant growth and yield and vice versa. Extensive cultivation exhaust most of the soils which need to be nurtured before or during the next crop. Chemical fertilizers are the major source of crop nutrients but their uncontrolled and widespread usage has posed a serious threat to the sustainability of agriculture and stability of an ecosystem. These chemicals are accumulated in the soil, drained in water, and emitted to the air where they persist for decades causing a serious threat to the overall ecosystem. Plant growth-promoting rhizobacteria (PGPR) present in the rhizosphere convert many plant-unavailable essential nutrients e.g., nitrogen, phosphorous, zinc, etc. into available forms. PGPR produces certain plant growth hormones (such as auxin, cytokinin, and gibberellin), cell lytic enzymes (chitinase, protease, hydrolases, etc.), secondary metabolites, and antibiotics, and stress alleviating compounds (e.g., 1-Aminocyclopropane-1- carboxylate deaminase), chelating agents (siderophores), and some signaling compounds (e.g., N-Acyl homoserine lactones) to interact with the beneficial or pathogenic counterparts in the rhizosphere. These multifarious activities of PGPR improve the soil structure, health, fertility, and functioning which directly or indirectly support plant growth under normal and stressed environments. Rhizosphere engineering with these PGPR has a wide-ranging application not only for crop fertilization but developing eco-friendly sustainable agriculture. Due to severe climate change effects on plants and rhizosphere biology, there is growing interest in stress-resilient PGPM and their subsequent application to induce stress (drought, salinity, and heat) tolerance mechanism in plants. This review describes the three components of rhizosphere engineering with an explicit focus on the broader perspective of PGPM that could facilitate rhizosphere engineering in selected hosts to serve as an efficient component for sustainable agriculture.
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GRAPHICAL ABSTRACT. Rhizosphere engineering with PGPR for sustainable agriculture and ecosystem.


INTRODUCTION

The development of healthy human societies depends upon the availability of food which is one of the basic needs for human beings. The rapid increase in the human population, climate changes encompassing biotic and abiotic stresses, and land scarcity have imposed an undesirable impact on global food production. Food insecurity is a chronic issue that is likely to worsen as the human population is expected to be more than 9 billion by 2050 (Kumar and Dubey, 2020). The population increase-mediated pressure in agriculture has led to intensive use of chemical fertilizers, and pesticides to get the maximum yield out of the existing agricultural lands. Of the total, around 20–30% of the applied fertilizer is taken up by the plant. Most of the crop varieties have low nutrient uptake efficiencies. Due to low nutrients use efficiency in agriculture and soil dynamics, more than 50% of applied chemical fertilizers are lost to the environment (Fageria, 2014). Furthermore, many of the plant varieties developed in the background of the “green revolution” have become non-responsive to the fertilizers and their yields are stagnant. Both nitrogen and phosphorus fertilizers added to the soil are readily volatilized, rapidly washed-off, gradually converted to un-available forms due to natural processes making the ecosphere and biosphere at higher risk for future generations. As a consequence of this, the overall agriculture production decreased along with several environmental problems such as loss of biodiversity, emission of greenhouse gases, water pollution, and soil contamination. It has subsequently deteriorated soil biology and its health. Furthermore, the higher cost of agriculture input and low-cost benefits are also affecting the farmer's interest. Due to these reasons, the agriculture system is under tremendous pressure and its sustainability is essential for (i) the management of food security for increasing demand (ii) mitigation of adverse climatic effects and changes (iii) improvement in soil quality and nutrient (Lal, 2015).

Over the past decades, sustainable food and agriculture production (SFAP) has become one of the world's most fundamental needs for food security. SFAP is an approach for the production of food and fiber in balance with a protected environment and public health. It includes the usage of resources more efficiently with minimized adverse effects on the environment, restore and preserve the quality of soil and water along with improved productivity. Per this definition, food provision to humans, enhanced natural resources with high resource use efficiency, and improved quality of life has been considered as the general goals of sustainable agriculture production (Walters et al., 2016).

Several strategies have been employed for enhancing the nutrient use efficiency (NUE) of crops and sustainable agriculture production. Of these approaches, the 4R strategy is more recently introduced that includes the use of the Right Source of nutrients at the Right Rate, Right Time, and in the Right Place. This strategy can be further expanded and made more comprehensive if we include two major players in this interaction i.e., the plant which is using the nutrient and the rhizosphere where the nutrients are applied. In this scenario, the emphasis should be focused on the selection of low-fertilizer responsive crop germplasm and incorporation (inoculation) of the Right plant growth-promoting bacteria for rhizosphere engineering. Plant breeding or plant engineering is a separate branch that has been the subject of many comprehensive reviews published. The current review will focus on the rhizosphere engineering (RE) using PGPR with special reference to plant benefits, nutrient uptake, and ecological sustainability.



RHIZOSPHERE ENGINEERING (RE)


What Is RE

The rhizosphere is the narrow zone of soil that is in direct proximity to plant roots and the hotspot of various microbes. The plant influences the nearby soil through the release/secretion of different compounds known as rhizodeposits, which mainly consist of carbohydrates, secondary metabolites organic acids, and amino acids (Ahkami et al., 2017). As a consequence, rhizosphere soils favoring the growth of microbial populations are described as mesotrophic. The rhizosphere has been sub-divided into three zones; endorhizosphere (the portion of endodermis, root cortex, and apoplastic space between cells); rhizoplane (the surface of the root); and ectorhizosphere (the zone extending from rhizoplane to bulk soil) (Mcnear, 2013). The rhizosphere harbors diverse microbial groups that perform various functions and exert numerous effects on plant growth. They are involved in nutrient cycling, protecting from phytopathogens as well as under biotic and abiotic stress conditions, and some may act as plant pathogens. These microbial activities in the rhizosphere lead to changes in the composition, quality, and quantity of root exudates released by the plants, which in turn affect the microbial component (Philippot et al., 2013). This phenomenon known as rhizosphere feedback proposes that plants, through rhizodeposition, shape the microbial community composition in the rhizosphere which subsequently influences plant growth and productivity (Dessaux et al., 2016). Such a relationship suggests that the rhizosphere can be exploited and/or engineered to promote the growth, nutrient uptake, and production of plants. Schmid et al. (2018) investigated the bacterial diversity in the rhizosphere of offsprings of eight plant species that were previously grown for 11 years in the field under monoculture and mixture planting. The study revealed that the rhizosphere community structure is determined by soil plantation history and plant species identity (Schmid et al., 2018). There is ample evidence that the overall growth, productivity, and health of the plant depends upon the plant-microbe relationship (Adesemoye and Egamberdieva, 2013; Htwe et al., 2019; Masood et al., 2020). Such an intricate relationship suggests that to improve the overall health, growth, productivity, and to protect the plants from biotic and abiotic stresses, the rhizosphere can be engineered which represents an eco-friendly approach for more sustainable agriculture production.



Components of RE

Plants, microbes, and soil are three key components of the rhizosphere described in detail in Figure 1. All can be engineered (manipulated) to improve plant productivity.


[image: Figure 1]
FIGURE 1. The key components of rhizosphere engineering and intricate relationship of these components.


The soil amendment (which has been practiced for two millennia) can influence the rhizosphere functioning for plant growth promotion. Soil amendments such as biochar, silicon (Villegas et al., 2017), zeolites (Jakkula and Wani, 2018), plant residues, coal fly ash, cattle manure, and sewage sludge have been used (Dessaux et al., 2016). Despite the recent progress in microbial ecology, soil analytical tools, and plant genetics, soil amendments remain an empirical technique providing descriptive information.

As the rhizosphere activity and functioning is shaped by the plant traits such as root architecture and root exudates, so these traits can be engineered through the genetic engineering of plants. Several plants have been engineered through breeding and gene editing techniques for the uptake of nutrients such as P, Fe, and Zn (Clemens, 2014; Wei et al., 2020), protection from diseases (Zhang T. et al., 2019) as well as the removal of heavy metals (Gunarathne et al., 2019). Although plant engineering brings favorable advantages to soil restoration, and plant growth, nutritional quality, and resistance to pathogens, but their application remain low due to the lack of social acceptance and concerns regarding human health and environmental sustainability.




PLANT GROWTH PROMOTING MICROBES AS MAJOR TOOLS OF RE

One of the most important strategies to engineer the rhizosphere is the manipulation and engineering of the microbiome. Microbes can positively influence plant growth and counteract most of the problems of modern agriculture, thus represent a promising approach for agriculture sustainability. Due to the complexity of the microbiome, there is limited ability to manage and manipulate the whole rhizosphere microbiome, however, the most direct and eco-friendly way to alter the microbiome is the inoculation of artificially multiplied microbes. Various products containing one or several species of bacteria or fungi in the form of biofertilizers have been commercially synthesized and are available for the improvement of plant growth and sustainability.

Among the rhizosphere microbiome, most of the bacteria known as plant growth-promoting rhizobacteria (PGPR) have positive interaction with the plant and promote their growth and survival, while only a few are found to be pathogenic for plants (Kumar and Dubey, 2020). These beneficial bacteria stimulate plant growth, make nutrients available to plants, suppress the growth of pathogens, and improve the soil structure, subsequently playing an essential role for sustainable crop production as shown in Figure 2. They also mineralize the organic pollutants and are used in bioremediation of polluted soils (Dessaux et al., 2016; Bibi et al., 2018).


[image: Figure 2]
FIGURE 2. The benefits of PGPR-mediated rhizosphere engineering to the plant growth.


Numerous symbiotic bacteria, termed intracellular PGPR, colonize the plant cells, produce special organs within the plant roots called nodules, and live inside these nodular structures. A variety of bacteria such as Rhizobium, Sinorhizobium, Bradyrhizobium, Azorhizobium, Allorhizobium, Ochrobactrum, and Mesorhizobium are included in this group and commonly used as inocula for legumes (Imran et al., 2010; Quiza et al., 2015; Hakim et al., 2018, 2020a). Along with rhizobia, several non-rhizobial endophytes like Arthrobacter, Curtobacterium, Micromonospora, Microbacterium Mycobacterium, Acinetobacter, Agrobacterium, Blastobacter, Bosea, Devosia, Enterobacter, Herbaspirillum, Pantoea, Pseudomonas, Ralstonia, Stenotrophomonas, Bacillus, Brevibacillus, Paenibacillus, Chryseobacterium, and Sphingobacterium also colonize the interior of root nodules (Velázquez et al., 2013; De Meyer et al., 2015; Leite et al., 2017; Hakim et al., 2020b). Free-living rhizobacteria, known as extracellular PGPR (ePGPR), are present in soil and do not inhabit plant tissues. Some examples of ePGPR are Arthrobacter, Bacillus, Azospirillum, Azotobacter, Micrococcus, Pseudomonas, and Serratia (Adesemoye and Egamberdieva, 2013). Besides, actinomycetes are also a major group of microbes inhabiting the rhizosphere which display numerous beneficial traits to improve plant productivity (Muleta and Assefa, 2018). However, culturable microbes represent 1–5% of the microbes present on the earth (Kumar and Dubey, 2020). Furthermore, there is limited information about the bacterial communities inhabiting the different plant compartments such as root nodules, leaves, stems (Kumar and Dubey, 2020). As a consequence, culture-independent approaches such as metagenomics has been used to investigating the rhizosphere microbiome. This method is also used to detect the functional diversity of specific microbes in different environments. The diversity of nitrogen fixers has been evaluated through the nifH gene amplified from diverse environments including forest and agricultural soils, marine environments, estuarine sediments, microbial mats, hydrothermal vents, termite guts, and Antarctic environments (Collavino et al., 2014; Jing et al., 2015). The diversity of denitrifying microbial populations in the sediment of boreal lakes has been evaluated through pyrosequencing of nitrite and nitrous oxide reductase genes (nirK, nirS, and nosZ) (Saarenheimo et al., 2015). The mcrA gene-based metagenomics was used for the assessment of methanogen diversity in anaerobic digesters (Wilkins et al., 2015). The microbiome-mediated rhizosphere engineering strategy requires culturing and inoculation of bacteria to increase the functional capacity of microbes in the rhizosphere. Bio-inoculants of Acetobacter, Azospirillum, Bacillus, Micromonospora, Paenibacillus, Enterobacter, Pseudomonas, Herbaspirillum, Serratia, Rhodococcus, and Streptomyces enhanced production in a range of crops (Martínez-Hidalgo et al., 2014; Zaheer et al., 2016; Htwe et al., 2018). Various studies revealed that plant inoculation with consortia of PGPR has a synergistic effect on the plant growth helps to alleviate abiotic and biotic stresses by producing various defense compounds. Co-inoculation of Bacillus megaterium and Paenibacillus polymyxa along with Rhizobium have shown enhanced plant biomass of Phaseolus vulgaris as compared to Rhizobium inoculation alone (Korir et al., 2017). Similarly, the application of Rhizobium and Pseudomonas increased the mung bean biomass and yield along with the improved concentration of nitrogen (N), potassium (K), and sodium (Na) in plants (Ahmad et al., 2012). Co-inoculation of Bradyrhizobium strain along with Streptomyces griseoflavus increased the nodulation, nitrogen fixation, and nutrients uptake of Glycine max (Htwe et al., 2018). Further, detailed studies are required to investigate the functionality and persistence of the inoculants and their potential to form an association with nearby microbes when this strategy is used to engineer the rhizosphere.


How PGPR Engineer the Rhizosphere

PGPR contain various traits which exert positive effects on plant growth through direct and indirect mechanisms. Major direct mechanisms of actions of PGPR include mobilization of nutrients (P, Zn, and Fe) nitrogen fixation, and production of phytohormone. Biocontrol of pathogens by the production of ACC-deaminase, siderophores, antibiotics, lytic enzymes, induced systemic resistance, and induction of resistance against abiotic stresses are described as indirect mechanisms of action of PGPR. Figure 2 summarizes the direct and indirect growth-promoting effects exerted by PGPR on plants and the rhizosphere.


Nutrient Mobilization in the Rhizosphere
 
Phosphate solubilization

Phosphorus (P) is the 2nd most important macronutrient for plants that is involved in all major physiological and biochemical processes including cell division, photosynthesis, respiration, root system development, and biosynthesis of macromolecules (Sharma et al., 2011). It also plays a major role in stem strength, crop maturity and production, and quality improvement of many fruits, vegetables, and grain crops (Sagervanshi et al., 2012). P is one of the important constituents of nucleic acid and phospholipids. At the cellular level, the most important function of phosphorus is energy storage and transfer through ATP (Kaviyarasi et al., 2011). It helps crops to survive in harsh winter conditions and improves the quality of the produce (fruits, vegetables, grains) (Sagervanshi et al., 2012). Phosphorus deficiency leads to stunted plant growth, chlorosis, and low productivity (Malhotra et al., 2018). In severe cases, symptoms include stunting, purpling, or browning of leaves, which are more pronounced at fast growth stages i.e., young plants (Ziadi et al., 2013). It is also important for biological nitrogen fixation in legumes.

Although P is abundantly present in both inorganic and organic forms in the soil, but a small fraction (0.1%) exists in the soluble (plant-available) form ([image: image] or H2PO4) (Sharma et al., 2013). Organic phosphorus constitutes about 20–80% of the total phosphorus pool and exists as soil humus and represent an important reservoir of immobilized P. Most of the organic P exists in the form of inositol phosphate (10–50%), sugar phosphates, phospholipids (1–5%), nucleotides (0.2–2.5%), phosphoprotein and phosphonates (Khan et al., 2014). The inorganic form of phosphate is produced by weathering of rock and sequestered in soil either by adsorption to the soil mineral surfaces or through precipitation (Richardson and Simpson, 2011). P is fixed by free oxides and hydroxides of aluminum and iron in acidic soil while by calcium in alkaline soils (Li et al., 2016). Due to the insufficient available phosphorus in cultivable lands, high doses of chemical phosphate fertilizers are added to the soil to support crop production. But only a small fraction of the applied fertilizer is taken up by the plant while the remaining is converted into an insoluble form; unavailable for the plant (Cabeza et al., 2019). This high accumulation causes eutrophication which is harmful to aquatic life as well as humans. The inaccessible inorganic P is hydrolyzed through the P solubilization process, while the insoluble organic P is converted to soluble form through mineralization. Several microorganisms i.e., bacteria, fungi, and actinomycetes are an integral component of the natural P-cycle and involved in the transformation of phosphate in soil. Among the total microbial population in the soil, 1–50% of bacteria and only 0.1–0.5% of fungi have the potential for P solubilization. They convert the insoluble inorganic phosphate to plant-available form through H+ excretion and organic acid production. Different types of organic acids like acetate, citrate, lactate, ketogluconate, gluconate, succinate, malate, oxalate, etc. are produced that can form complex with cations bound to phosphate and covert the P into a soluble form (Kalayu, 2019). Gluconic acid and ketogluconic acids are major acids involved in P-solubilization (Alori et al., 2017). The bacteria having this ability are known as P-solubilizing bacteria (PSB). Organic acids may chelate with cations present on the mineral surface of the soil, thus blocking phosphate adsorption sites on the soil particles and subsequently increasing the phosphate availability (Bianco and Defez, 2010). Production and release of organic acids and protons by the PSB lead to a decrease in the pH of rhizospheric soil. Several PSBs related to genera Arthrobacter, Bacillus, Brevundimonas, Delftia, Enterobacter, Gordonia, Klebsiella, Phyllobacterium, Pseudomonas, Serratia, and Xanthomonas have been reported to solubilize P through proton excretion and organic acids production (Sharma et al., 2013; Hanif et al., 2020; Naqqash et al., 2020). Other mechanisms of inorganic P solubilization by PSB include the production of chelating agents and inorganic acids such as nitric, sulfuric, and carbonic acids (Khan et al., 2014). However, these compounds have been reported to be less effective for the release of P in the soil as compared to the organic acids (Alori et al., 2017). The soil available P was found to be increased due to these PSB, for instance, a 16% increase in soil P availability has been found in the rhizosphere of wheat by inoculation with Pseudomonas (Suleman et al., 2018). Similarly, Acinetobacter and Pseudomonas strain enhanced the soil available P to about 3.9 and 3.11 mg kg−1 as compared to non-inoculated control (2.33 mg kg−1) (Rasul et al., 2019).

The solubilization of organic P to soluble form is referred to as P-mineralization. Various soil microbes possess P mineralization ability. This process involves the liberation of different enzymes such as (i) phosphatases which are involved in the dephosphorylation of phosphor-ester or phospho anhydride bond of organic compounds, and (ii) phytases that release the P stored in plant materials in the form of phytate (Khan et al., 2014). The phosphatases released by the microbes can either be acid or alkaline. These phosphatases are non-specific, possess a greater affinity for organic P compounds, and convert them into a soluble form. Several bacteria from the genera Aneurinibacillus, Bacillus, Burkholderia, Flavobacterium, Lysinibacillus, Pseudomonas, and Serratia exhibit phosphatase activity and improve the growth of various crops including wheat and maize (Iqbal Hussain et al., 2013; Schoebitz et al., 2013; Behera et al., 2017; Matos et al., 2017). Phytases have been detected in many bacteria such as Bacillus sp., Citrobacter braakii, Escherichia coli, Enterobacter, Pseudomonas sp. Raoultella sp. and anaerobic rumen bacteria, particularly in Megasphaera elsdenii, Mitsuokella spp. Prevotella sp. and Selenomonas ruminantium (Azeem et al., 2015). Phytase-producing Tetrathiobacter and Bacillus strains enhanced the shoot and root dry weight and thus improved the plant growth and P contents of Brassica juncea (Kumar et al., 2013).



Zn-mobilization

Zinc is an indispensable micronutrient, required in a small amount for crops to play numerous important functions in their life cycle (Hafeez et al., 2013). It is involved in various physiological and biochemical functions of plants (Kumar et al., 2019) and performs a pivotal role in DNA transcription as it is found in DNA-binding proteins. Zn-finger proteins play a central role in several developmental processes as well as responses to environmental stresses (Noguero et al., 2013). Zn is described as the only element found in all six enzyme classes (hydrolases, isomerases, ligases, lyases, oxidoreductases, and transferases) playing an essential role in the proper functioning of enzymes (Saravanan et al., 2011). It plays a vital role in the metabolism of carbohydrates, proteins, and phytohormone i.e., auxin, as well as involved in membrane integrity and reproduction, thus affecting the growth, development, vigor, maturity, and yield of the plants. The deficiency of zinc in plants manifested as a remarkable reduction in height and development of whitish brown patches that subsequently turn to necrotic spots. It also leads to chlorosis, retarded leaf and shoot growth, affect the uptake and transport of water, root development, pollen formation, and grain yield as well as causing susceptibility to heat, light, and fungal infections resulting in a major loss in crop production (Kumar et al., 2019). Zn deficiency in human results in impaired brain function, anemia, retarded growth, hypogeusia in children, anorexia, poor mental development, and several chronic diseases in humans (Liu D. et al., 2017). Zn-deficiency is prevalent in most developing countries and affected more than three billion people worldwide. Therefore, Zn-biofortification is recommended to prevent Zn-deficiency in humans.

FAO reports that 50% of the soils have inadequate Zinc (Shaikh and Saraf, 2017) or Zn is fixed in compounds which are unavailable to plants. In soil most of the zinc is present as sphalerite (ZnS), zincite (ZnO), hopeite [Zn3(PO4)2·4H2O], zinkosite (ZnSO4), franklinite (ZnFe2O4), and smithsonite (ZnCO3) (Shaikh and Saraf, 2017). Plants can uptake zinc in the form of Zn2+ cation, but soil solution contains a minor fraction of it. The unavailability of zinc soluble form in the soil directly affects the plant growth and its grain quality and thus human health. Zinc fertilizers have been used to overcome its deficiency, but it leads to increased economic burden as well as threatened the public health and environment. Therefore, farmers are encouraged to use alternative eco-friendly approaches for sustainable agriculture.

PGPR can increase Zn-availability to plants by solubilizing complex Zn compounds and thus alleviate Zn deficiency in plants (Saravanan et al., 2011). Zinc biofertilizers containing effective zinc solubilizing bacterial strains (ZSB) help to enhance the availability of zinc and improve plant growth and development. A pioneering study in this area reported the solubilization of ZnO, ZnS, and ZnCO3 by Bacillus sp. and Pseudomonas fluorescens isolated from the garden and paddy soil (Saravanan et al., 2011). Later on, several efficient PGPR strains including Acinetobacter, Bacillus thuringiensis, Burkholderia cenocepacia, Gluconacetobacter diazotrophicus, Pseudomonas aeruginosa, P. striata, Serratia liquefaciens, and S. marcescens have been reported with the ability to solubilize zinc and improved the plant growth, zinc content, and yield of various crops. The Zn-solubilization mechanism is similar to the P-solubilization phenomenon where solubilization is done by acidification or chelation (Saravanan et al., 2011). ZSB produce organic acids such as acetic acid, formic acid, gluconic acid, citric acid, 2-ketogluconic acid, lactic acid, malic acid, and oxalic acids in the rhizosphere subsequently acidifying the surrounding areas. These organic acids chelate with the cations bound to the zinc compound and enhance zinc solubility.

Studies have documented the mitigation of Zn deficiency with subsequent increase in yield through the inoculation of ZSB in rice (Vaid et al., 2014), wheat (Kamran et al., 2017), maize (Goteti et al., 2013), mung bean (Iqbal et al., 2010), and soybean (Ramesh et al., 2014). A Rhizobium strain RL9 also showed Zn solubilization ability and improved the nodulation, dry matter, yield, leghemoglobin, and grain protein of lentil (Kumar et al., 2019).



Fe-sequestering

Iron (Fe) one of the dominant micronutrients, plays an important role in regulating the cellular processes essential for the growth and development of plants. It is an important cofactor in enzymes, involved in photosynthesis, regulation of respiration, synthesis, and protection of DNA, and metal homeostasis (Zhang X. et al., 2019). Although iron is the fourth most abundant element on earth, its availability for plants is low, particularly in calcareous soils. At neutral and alkaline pH, it exists in oxidized ferric (Fe3+) form which is highly insoluble and inaccessible for plants (Kramer et al., 2019). The low uptake of Fe in plants from iron-deficient soil leads to decreased photosynthesis, chlorosis, yield, and quality of crops (Zhang X. et al., 2019). Moreover, over 30% of the world's population is severely affected by iron deficiency leading to anemia which is a nutritional disorder in humans.

Plants use different strategies to obtain this essential trace element from the environment. One most important strategy is microbe-mediated iron uptake in plants. PGPR produce low molecular weight, high-affinity ferric iron chelator, known as siderophores which enable iron acquisition through specific uptake systems. The siderophores are divided into three main groups i.e., hydroxamates, catecholates, and carboxylates depending upon the functional group used to form complexes with the ferric (Shameer and Prasad, 2018). The siderophores are strongly bound with the insoluble ferric ion (Fe3+) through the ligands and form a soluble complex in soil. The siderophore receptors present at the cell membrane of plant roots recognize the Fe-siderophore complex and are taken up by the cell (Singh, 2020). Besides the acquisition of iron from insoluble hydroxide, siderophore can also acquire iron from ferric phosphate, ferric citrate, ferric transferring iron bound to plant flavones pigment, glycosides, and sugar (Ghosh et al., 2020). Several bacteria such as Agrobacterium tumefaciens, Azospirillum, Azotobacter, Bacillus, E. coli, Enterobacter, Mycobacterium, Neisseria gonorrhoeae, Paracoccus denitrificans, P. fluorescens, Rhizobium meliloti, Serratia, and Streptomyces, etc. have been reported to synthesize siderophores (Ghosh et al., 2020; Singh, 2020). Application of siderophore-producing bacteria have shown the improvement in growth and productivity of various crop plants such as rice (Karnwal, 2017), wheat (Gull and Hafeez, 2012), maize (Sah et al., 2017), and chickpea (Khalid et al., 2015) by increased availability of Fe. It has been reported that siderophores increased the chlorophyll contents and plant biomass along with an increase in iron concentration in sunflower under water stress conditions inoculated with Pseudomonas spp., Enterobacter spp., and Bacillus sporothernodurans (Pourbabaee et al., 2018). Furthermore, the PGPR strains Agrobacterium sp., Alcaligenes sp., Bacillus sp. Pantoea sp., and Staphylococcus sp., improved the organic acids in leaf and the Fe contents in leaf, root, and soil, as well as enhanced the activity of ferric chelate-reductase (FC-R) enzyme in pear grown under calcareous soil conditions (Ipek et al., 2017).




Nitrogen Fixation

Nitrogen (N) constitutes about 2% of the total dry matter of a plant and is essentially required for plant growth. Plants need N for the synthesis of nucleic acid, proteins, and enzymes (Bano and Iqbal, 2016). Its deficiency leads to reduced growth, yellowing of leaves, and reduced branching in legumes. The dinitrogen gas (N2) that represents about 80% of the atmosphere is not accessible to plants. Plants can only take up soil-available in the form of ammonia and nitrates through their roots. The ammonium form is directly assimilated into amino acids and stimulates root branching to increase the surface for the uptake of nutrients as well as results in higher amino acid, chlorophyll contents, sugar, and starch. While the nitrate has to be converted into ammonium before it can be used (Beeckman et al., 2018). Nitrate improves the uptake of more nutrients through lateral root elongation and has a more direct effect on different signaling pathways (O'Brien et al., 2016). Thus, both nitrogen sources have significance for plant growth.

The process in which inert N2 gas is converted to a metabolically tractable form in the soil is called nitrogen fixation. The manufacturing of synthetic N fertilizer through the industrial process is an expensive process as it needs six times more energy than required to produce either phosphorus (P) or potassium (K) fertilizers. During the last 45 years, the demand for nitrogen fertilizers has enhanced from 12 to 107 Tg year−1 and is expected to increase to 111.5 Tg year−1 in the year 2022 (FAO, 2019). On the other hand, the yield has been significantly decreased due to the poverty of farmers who are unable to apply costly synthetic fertilizer demands to the crops.

Biological Nitrogen Fixation (BNF), the process in which elemental nitrogen is converted to ammonia by bacteria is an alternative source of N for plants. These nitrogen-fixing bacteria are ubiquitous in nature and function under different environmental conditions. The input of nitrogen into soil through BNF ranges from 0 to 60 kg ha−1 year−1(Reghuvaran et al., 2012) with an estimated contribution of 175 million metric tons annually covering 70% of all annual fixed nitrogen on the Earth (Lodewyckx et al., 2002). There are generally two categories of nitrogen-fixing microorganisms; (a) symbiotic and (b) non-symbiotic bacteria. The most common symbiotic N2 fixing bacteria able to infect legumes include Rhizobium, Bradyrhizobium, Ensifer, Azorhizobium, and Mesorhizobium, etc. while Frankia nodulates non-leguminous trees and shrubs. These rhizobia infect the root hair, stimulate root hair curling, and leads to the formation of infection thread. The bacterial cells enter the plant cells through infection threads and result in the formation of a nodule wherein the rhizobia reside and fix nitrogen for plants (Andrews and Andrews, 2017). The non-symbiotic diazotrophic bacteria include Arthrobacter, Azoarcus, Azospirillum, Azotobacter, Enterobacter, Mitsuaria, Pseudomonas, etc. which fix atmospheric nitrogen in the free-living form (Gupta et al., 2015). The nitrogen-fixing bacteria improve the soil [image: image] concentrations, rhizobacterial population levels, soil nitrogenase activity as well as the growth and N uptake in plants (Masood et al., 2020). Similarly, the application of biofertilizer produced from rhizobia (Bradyrhizobium strains) and free-living PGPR (Streptomyces griseoflavus) improved the growth and yield of several plants such as mung bean, cowpea, and soybean (Htwe et al., 2019).

BNF is carried out by a nitrogenase complex that consists of two components (i) dinitrogenase reductase (an iron protein) which provides high reducing power electrons and (ii) dinitrogenase which uses the electrons to reduce nitrogen to ammonia and has a metal cofactor. There are three different forms of nitrogenase classified based on metal cofactor. (a) Mo-nitrogenase whose cofactor contains molybdenum, (b) V-nitrogenase which contains a prosthetic group with vanadium, and (c) Fe-nitrogenase contains only iron (Ahemad and Kibret, 2014). Symbiotic as well as free-living diazotrophs use nif genes for the fixation which include structural genes that are involved in the biosynthesis of iron-molybdenum cofactor, iron protein activation, donation of electrons, and regulatory genes required for the functioning of the enzyme. The nif genes are found in the form of 20–24 kb cluster with seven operons that encode 20 different proteins in diazotrophs (Glick, 2012). The amino acid sequence of nifH is highly conserved and generally used to study the evolution of nitrogen-fixing bacteria. It is also widely used to analyze the diversity of diazotrophs in the soil (Gaby et al., 2018). Investigation of diazotrophs community structure using metagenomics based on 185 nitrogenase sequences identified a key group of diazotrophs including Anaeromyxobacter, Azoarcus, Bradyrhizobium, Frankia, Geobacter, Nostoc, and Pelobacter based on nifH phylogeny (Nash et al., 2018). In the Amazone rainforest, a shift in community composition and abundance of diazotrophs in response to deforestation (forest-to-pasture conversion) was evaluated using sequence analysis of the marker gene nifH (Mirza et al., 2014). This change in community composition of diazotrophs is a consequence of higher demand for N of pasture plant communities.

Besides the ability of PGPR to fix N2 to ammonia, they also have a great impact on nitrogen nutrition of plant by increasing the uptake of nitrate ([image: image]) (Beeckman et al., 2018). The PGPR can increase the uptake of nitrate directly by stimulating [image: image] transport systems or indirectly as a consequence of stimulated lateral root development. It has been reported that two putative nitrate transporter genes i.e., NRT2.5 and NRT2.6 appeared to be strongly upregulated in response to the inoculation of Phyllobacterium brassicacearum in Arabidopsis thaliana (Kechid et al., 2013). Similarly, the nitrate transporter genes were found to be upregulated in rice roots during interactions with Azospirillum brasilense (Thomas et al., 2019). Calvo et al. (2019) reported that inoculation of PGPR consortia of Bacillus, Lysinibacillus, and Paenibacillus strains upregulated the four ammonium and five nitrate uptake genes along with a significant increase in plant biomass, chlorophyll content, and nutrient uptake in A. thaliana (Calvo et al., 2019).

Although, nitrate is a plant-available form, in the soil it is highly prone to leaching due to no adherence with soil particles, and thus becomes inaccessible for plants. Therefore, ammonium is the more efficient form of nitrogen under field conditions, but it is also oxidized to nitrate. Plants can produce nitrification-inhibiting compounds which are known as biological nitrification inhibitors (BNIs) (Beeckman et al., 2018). The exposure of pasture grasses, sorghum, and wheat to more [image: image] showed an increase in the synthesis and release of BNIs. Application of BNI promoted the root branching along with increased nutrient uptake providing a dual strategy to enhance fertilizer efficiencies (Liu et al., 2016b).



Phytohormone Production

Phytohormones influence the physiological functions of plants at very low concentrations as chemical messengers. The phytohormones are key determinants of plant behavior and play a leading role in various physiological and developmental processes. Traditionally, plant hormones have been divided into five different classes: auxin, cytokinins, gibberellins, abscisic acid, and ethylene (Oleńska et al., 2020). Besides, several phytohormones such as jasmonate, brassinosteroids, and salicylic acid also play significant roles in plant growth and development particularly under biotic and abiotic stress conditions (Wong et al., 2015; Kang et al., 2016). A wide range of rhizosphere inhabiting bacteria can produce phytohormone for facilitating plant growth and development. The phytohormones produced by plants and rhizobacteria are involved in all the communication in plant cells (Maheshwari et al., 2015).


Auxin

Auxin is the most imperative phytohormone which controls nearly all aspects of plant development. Indole-acetic acid (IAA) is the most common, well-characterized auxin produced by bacteria and plants. In plants, IAA plays an important role in apical dominance, division, and cell differentiation, seed germination, and the development of roots. It also contributes to processes like photosynthesis, biosynthesis of metabolites, and stress resistance (Maheshwari et al., 2015). Bacteria-produced IAA promotes the root length and surface area for enhanced uptake of nutrients and water. The majority of the microbes (>80%) inhabiting the rhizosphere are capable of synthesizing and releasing auxin ( Oleńska et al.,2020). Tryptophan has been identified as the main precursor of auxin biosynthesis. There are three main pathways involved in IAA synthesis by microbes: (1) Indole acetic acid synthesis via intermediates indole-3-pyruvic acid and indole-3-acetic aldehyde, is found in bacterial genera like Erwinia, Agrobacterium, Pseudomonas, Azospirillum, Bradyrhizobium, Enterobacter, Klebsiella, and Rhizobium. (2) IAA biosynthesis via tryptamine and indole-3-acetic aldehyde which has been reported in Azospirillum and Pseudomonas. (3) The IAA synthesis via indole-3-acetamide (IAM) formation, which operates in Agrobacterium, Erwinia, and Pseudomonas strains (Tahir and Sarwar, 2013). The indole-3-acetamide (IAM) pathway commonly found in bacteria, involves the conversion of tryptophan to indole-3-acetamide by the enzyme tryptophan-2- monooxygenase (IaaM), and then IAM is converted to IAA by the enzyme IAM hydrolase (iaaH). The two genes involved in the IAM pathway (iaaM and iaaH) have been identified in Agrobacterium, Bradyrhizobium, Pantoea, Pseudomonas, and Rhizobium strains. Genes involved in IAM pathway have been localized on the chromosome (Pseudomonas spp.) as well as on plasmids (e.g., Pantoea agglomerans). These auxin-producing PGPR modulate the plant response as reported through cucumber -Bacillus amyloliquefaciens strain SQR9 system, which showed that inoculation of Bacillus amyloliquefaciens leads to the high amount of tryptophan secretion through roots of cucumber, subsequently increasing the IAA synthesis by bacteria inhabiting the rhizosphere (Liu et al., 2016a). Several studies reported the improvement in root formation, growth, and yield of various crops through auxin-producing PGPR (Ali et al., 2014; Imran et al., 2015; Majeed et al., 2015). Moreover, bacteria-derived auxins might be involve in the mitigation of deleterious effects of various abiotic stresses, like salinity, drought, and soil pollution (Kudoyarova et al., 2019). The application of auxin producing Bacillus thuringiensis, B. amyloliquefaciens, B. simplex, Enterobacter aerogenes, Moraxella pluranimalium, and Pseudomonas stutzeri strains showed positive effect growth and yield parameters of wheat grown under drought condition and suggested to be used for rhizosphere engineering in drylands (Raheem et al., 2018).



Cytokinin

Cytokinins (CK) are important signaling molecules that are involved in the regulation of plant growth and development. This plant hormone plays a crucial role in various physiological and developmental processes including apical dominance, seed germination, nodule formation, flower and fruit development, root elongation, vascular development, and plant-pathogen-interactions (Osugi and Sakakibara, 2015). The bacterial genera such as Bacillus, Escherichia, Agrobacterium, Methylobacterium, Proteus, Pseudomonas, and Klebsiella can produce cytokinins (Maheshwari et al., 2015). The pathway of cytokinin biosynthesis involves the formation of N6-isopentenyl adenosine monophosphate from adenosine monophosphate (AMP) and dimethylallyl pyrophosphate (DMAPP). While in bacteria, the synthesis involves the transfer of isopentenyl moiety from hydroxyl dimethyl butenyl diphosphate (HMBDP) to AMP (Wong et al., 2015). Bacteria synthesize and release cytokinin in the rhizosphere, subsequently increasing the contents of cytokinin in the soil solution and growing plants which leads to stimulation of the plant growth. Furthermore, these PGPR mitigate the effect of stresses as cytokinin-producing Bacillus subtilis alleviated the drought stress and increased the plant growth of Platycladus orientalis (Liu et al., 2013). The bacterial cytokinin also reported to be involved in regulating the defense system of the host plant against pathogens. For instance, cytokinins produced by P. fluorescens efficiently controlled the P. syringae infection, maintained the tissue integrity and yield in Arabidopsis (Großkinsky et al., 2016).



Gibberellin

Gibberellins (GAs) are plant hormones that are involved in nearly all stages of plant growth and development, including embryogenesis, stem elongation, flowering, leaf expansion, and ripening of fruits (Binenbaum et al., 2018). Natural GAs are the conjugates of β-D-glucose, but they are also found in free and bound states. Like auxins and cytokinin, bacteria also possess the ability to synthesize GAs. Among bacteria, the characterization of gibberellins (GA1, GA4, GA9, and GA20) was first reported in Rhizobium meliloti (Atzorn et al., 1988). Since then, several bacterial genera such as Acetobacter, Azospirillum, Herbaspirillum, Bacillus, and Pseudomonas have been reported for GAs production (Maheshwari et al., 2015). The function of GAs in bacteria is still not known but they might act as signaling molecules toward plants. However, the stimulation of plant growth and yield is evident through various studies. For instance, inoculation of Solanum lycopersicum with GAs producing Promicro monospora strain upregulated the GA biosynthesis pathway while downregulated the synthesis of abscisic acid in the plant (Kang et al., 2012). A rhizobacterium Leifsonia soli showed GAs production ability and stimulated the growth of cucumber, radish, and tomato plants (Kang et al., 2014a). Another GA producing Leifsoniaxyli strain maintained the growth of Solanum lycopersicum under copper (Cu) stress condition by modulating the endogenous polyphenol, flavonoid, and amino acids (arginine, proline, glycine, phenylalanine, threonine, and glutamic acid) reduced superoxide dismutase activity (Kang et al., 2017). The role of GAs in the alleviation of temperature stress has also been reported. Serratia nematodiphila enhanced the endohenous GA4 and ABA while reduced the salicylic acid and jasmonic acid contents of the host plant to mitigate the deleterious effects of low temperature on Capsicum annuum (Kang et al., 2015). Similarly, Bacillus tequilensis improved the plant biomass of the soybean by producing GA1, GA3, GA5, GA8, GA19, GA24, and GA53 under the high-temperature stress (Kang et al., 2019b).




Biocontrol of Plant Pathogens

The phytopathogenic microorganisms and abiotic stresses are threatening global crop production. The vigorous application of pesticides and fungicides to prevent pathogenesis and growth of pathogenic microorganisms has degraded and contaminated the soil quality (Gopalakrishnan et al., 2015). The application of PGPR is an effective and environmentally safe strategy to achieve sustainable plant growth and soil fertility. This approach encourages the manipulation of wide-ranging PGPR to suppress pathogen growth. The use of biocontrol agents as pesticides has reduced the demand for agrochemicals because they use various mechanisms to kill the phytopahtogens such as ACC-deaminase activity, production siderophores, lytic enzymes, quorum sensing (QS), induced systemic resistance (ISR) etc. (Torres-Cortés et al., 2018; Ali et al., 2020; Chen et al., 2020; Rodríguez et al., 2020).

In recent years, biocontrol of phytopathogenic microbes through other microorganisms has emerged for sustainable agriculture (Karthika et al., 2020). The antagonistic characteristics of PGPR play a key role in managing plant diseases while improving soil fertility and crop production (Liu Y. et al., 2017). The mechanisms utilized by PGPR for biocontrol are as follows.


Production of ACC-deaminase

In response to pathogenic infection, plants accumulate several hormones, including ethylene, which activates secondary stresses like root hair curling, oxidative stress, and nutrient deficiency, leading to decreased metabolism, growth rate, crop productivity, development, and eventually results in plant death (Premachandra et al., 2016). PGPR mitigate the harmful effects of phytopathogens on the development and growth by interacting with host plants.

The ability of soil microbes for producing ACC deaminase enzyme is the key feature that decreases the level of pathogen-induced ethylene and its subsequent deleterious effects. A variety of microorganisms are reported that can produce ACC-deaminase and help plants in overcoming the stressed condition such as Bacillus, Pseudomonas, Azospirillum lipoferum, Rhizobium, and Ralstonia solanacearum (Ali et al., 2020). During stress, the concentration of ACC increases within the roots of the plant. The microbial populations producing ACC deaminase hydrolyses the exuded ACC into ammonia and α-ketobutyrate, which ultimately reduces the stress induced by ethylene and its related growth inhibition (Saraf et al., 2010).

These rhizospheric microbes also possess the potential to improve the efflux of ACC from roots. The plant secretes a significant quantity of ACC for maintaining equilibrium both within and outside the roots. Consequently, the growth of ACC-deaminase producing beneficial microbes in the rhizosphere is accelerated, thus reducing the concentration of ACC in the roots of the plant and resulting in the decrease in ethylene production and improved plant growth (Nadeem et al., 2010; Gamalero and Glick, 2015). Furthermore, the microorganisms use this secreted ACC as the source of nitrogen. The activity of microbial ACC deaminase converts it again into ammonia & α-ketobutyrate, which controls the ethylene production. Thus, PGPR having the potential to produce ACC deaminase serves as a soldier for the detrimental impact of ethylene and acts as biocontrol agents against different pathogenic attacks such as Botrytis cinerea, Rhizoctonia solani, Fusarium oxysporum, Xanthomonas oryzae, Pythium ultimum, Phytophthora sp., and Sclerotium rolfsii etc. However, it is crucial to decipher the precise mechanism of ACC deaminase activity. Such ACC deaminase producing-PGPR is fascinating scientists to manipulate them at the molecular level and thus establish a vision for a more specific use.



Production of siderophores

In soil, iron is present in an abundant amount, but it is not frequently accessible for soil microorganisms or plants. The oxidized form (Fe3+) reacts to produce hydroxides and insoluble oxides like Fe (OH)3 that are not easily used by both microorganisms and the plants (Mehnaz, 2013). To solve this issue, PGPR produces siderophores. Siderophores are iron-chelating, high affinity low molecular weight (<1 kDa) compounds having the potential to provide iron to the cell or tissues of a plant (Hider and Kong, 2010). They enhance plant development and growth by improving the chances of iron availability in the rhizospheric region (Subramanium and Sundaram, 2020).

The siderophores reduces pathogenic microbes by creating iron competition in the rhizospheric region (Reed et al., 2015) and improves plant growth. PGPR-synthesized siderophores show a high affinity for rhizospheric Fe3+ and retain almost all of the free iron, increasing plant uptake of iron and inhibiting the growth of pathogenic microbiota. Bacterial siderophores are divided into four major classes (phenol catecholate, carboxylate, pyoverdines, and hydroxamates) depending on their ligands types, iron-directing functional groups, and structural features. Siderophores producing rhizobacteria colonize plant roots and eliminates all other microflora from this natural habitat. During extremely competitive circumstances, the acquisition of iron through siderophores determines the competition outcomes for various carbon sources available as the consequence of rhizodeposition or root exudation. In green gram, Pseudomonas sp. produced siderophores improved plant growth and inhibited disease progression (Sahu and Sindhu, 2011). Pseudomonas aeruginosa and Pseudomonas fluorescens produces pyoverdine and pyochelin form of siderophores. These microorganism-produced siderophores increase the uptake of Fe and inhibit the growth and development of pathogenic microbes due to competition for iron scavenging (Shen et al., 2013). Studies have reported several siderophores producing rhizobacteria such as Klebsiella, Bacillus, Bradyrhizobium, Streptomyces, Serratia, and Rhizobium (Mustafa et al., 2019). Many studies related to the research of PGPR have focused mainly on the potential of PGPR to produce metabolites and siderophores that lead to antibiosis (Maksimov et al., 2011).



Antibiosis

One of the most studied and powerful mechanisms against pathogenic microbes is antibiotic production by rhizobacterial strains. Antibiotic production is an extremely efficient mechanism of rhizobacteria for inhibiting pathogenic infections in various plants (Islam et al., 2016). Studies reported six different groups of antibiotics including phloroglucinols, phenazines, pyoluteorin, cyclic lipopeptides, and pyrrolnitrin. All these antibiotics are hydrogen cyanide, volatile, and diffusible, mostly associated with the biological control of various root infections. Lipopeptide bio-surfactants have been investigated in the biological control of various pathogenic microbes synthesized by Bacillus and Pseudomonas species (Ali et al., 2014, 2020). These bio-surfactants are potentially useful for competitive interactions against organisms such as fungi, bacteria, oomycetes, nematodes, and protozoa. Stenotrophomonas, Streptomyces, and Bacillus sp. produce different antimicrobial compounds like kanosamine, zwittermicin A, and oligomycin A, and xanthobaccin that inhibit the growth of phytopathogens on a large scale (Liu et al., 2018a).

One of the extensively studied and efficient antibiotic is 2,4-Diacetylphloroglucinol (DAPG), mainly synthesized by Pseudomonads. DAPG damages membrane and inhibit zoospores formation of Pythium sp. and also biocontrol bacterial canker disease of tomato plants (Bhattacharyya and Jha, 2012; Lanteigne et al., 2012). Pseudomonads also produce phenazine antibiotic which has redox activity having the potential to suppress phytopathogens, including Gaeumannomyces graminis and Fusarium oxysporum. Bacillus sp. produces several antibiotics such as polymyxin, circulin, and colistin that are vibrant and effective against phytopathogens (Maksimov et al., 2011; Liu et al., 2018a). Excessive application of antibiotic-producing PGPR for growth promotion and biocontrol of pathogenic microbes has developed the ISR mechanism in several phytopathogens causing resistance against specific antibiotics because of the increased dependency of these strains. Different studies exploited specific biocontrol isolates that produce several antibiotics to avoid this kind of popularity.



Lytic enzyme production

Lytic enzyme secretion and production are the essential characteristics of biological control agents in preventing the development of pathogenic microbes (Xie et al., 2016). The mechanism of action of lytic enzymes is to disrupt the structural stability and integrity of cell walls of target pathogens (Budi et al., 2000; Tariq et al., 2017). PGPR produces different lytic enzymes such as dehydrogenase, chitinases, β-glucanase, proteases, phosphatases, lipases (Lanteigne et al., 2012; Joshi et al., 2015). PGPR through the action of these lytic enzymes play a significant role plant growth mainly by protecting plants against several pathogenic fungi such as Sclerotium rolfsii, Botrytis cinerea, Fusarium oxysporum, Pythium ultimum, Phytophthora sp., and Rhizoctonia solani (Yadav et al., 2016; Yasmin et al., 2016; Chen et al., 2020).

Studies reported the antifungal and chitinolytic actions of Serratia marcescens to inhibit pathogenic fungi such as Fusarium oxysporum and Rhizoctonia solani (Karthika et al., 2020). The application of Serratia marcescens on mycelia of pathogenic fungi inhibits fungal growth by hyphae curling, rupture of hyphae tip, and partial hyphae swelling. Streptomyces sp. and Paenibacillus strains produce cellulase and β-1,3-glucanase that cause degradation of pathogenic fungi cell walls, including Sclerotinia sclerotiorum and Fusarium oxysporum (Mun et al., 2020). Moreover, Bacillus cereus and Bacillus cepacia produce amylase, β-1,3-glucanase, cellulase, protease, xylanase, and lipase, which ruptures the cell walls of several soil-borne pathogenic microbes (Karthika et al., 2020).



Induced systemic resistance

Induced resistance is the physiological state of improved defensive ability elicited due to particular environmental stimuli and leads to strengthen and stimulate the innate defense system of the plant against subsequent pathogenic attacks. Bio-priming the plants using PGPR induce systemic resistance to a wide range of plant pathogens (Naznin et al., 2013). In plants, plant-growth-promoting fungi, and bacteria in their rhizosphere play a role in triggering ISR (Pieterse et al., 2014). Beneficial microbes that elicit ISR can suppress the immune response in roots locally. The exudation pattern in roots are altered due to the pathogen attack that in turn employs some selective microbiota for ISR induction (Berendsen et al., 2018; Chialva et al., 2018). For example, in tomato plants, the heterogeneous communities of microorganisms residing in the endosphere and episphere are involved in the modulation of phenylpropanoid metabolism that results in fortification of the cell wall and provides protection against Fusarium oxysporum f. sp. Lycopersici (Cha et al., 2016). This fortification of the cell wall is not only involved in the protection of plants against biotic stress but also the abiotic challenges like saline conditions, suggesting cross-talk between immunity and stress tolerance in plants (Kesten et al., 2019). In ISR, ethylene and jasmonate signaling is involved, both of these hormones play a significant role in enhancing the defense response of plants against a wide variety of phytopathogens (Bukhat et al., 2020).

The recruitment of plant defense and jasmonate signaling modulated due to different microbial communities in the rhizosphere also affects the herbivory of insects above the ground (Yuan et al., 2018). Several bacterial components are involved in inducing ISR such as 2, 3-butanediol, 2,4-diacetylphloroglucinol, LPS, acetoin, cyclic lipopeptides, homoserine lactones, siderophores, and flagella (Torres-Cortés et al., 2018). Rhizobacteria mediated ISR induction in plants stimulates the release of some antimicrobial components such as benzoxazinoids and coumarin, which further increase the induction of ISR triggering strains (Hu et al., 2018; Stringlis et al., 2018). Thus, the immune responses of the plant can be engineered to recruit microbes for providing plant resilience over thousands of generations.




Rhizosphere Manipulation Through Quorum Sensing Signals

Another effective agricultural approach is the intervention of QS systems in phytopathogens or biocontrol agents. QS is the inter-cellular communication mechanism in which microbial gene expression is coupled with the concentration of bacterial cells, is regulated through the diffusion of particular signaling components such as AHLs (Awan et al., 2011). This mechanism controls the expression of various phenotypic traits, and most of them are reported to be involved in the microbial pathogenesis of several economically significant agricultural pathogens (Liu et al., 2018b). For example, QS regulates various phenotypes in P. atrosepticum, Pectobacterium carotovorum, Ochrobactrum, Agrobacterium tumefaciens, Pseudomonas syringae, Ralstonia solanacearum, Dickeyasolani, and Erwinia amylovora (Imran et al., 2014). The interruption of this sensing system is another interesting approach in agriculture to combat the pathogenicity of pathogenic strains (Grandclément et al., 2016).

Quorum quenching (QQ) is a well-known interrupting strategy of a sensing system that is involved in the enzymatic hydrolysis or/degradation of signaling molecules (AHLs). Oxidoreductases, lactonases, and acylases enzymes are involved in the modification and the degradation of AHLs (Fetzner, 2015). Studies showed that this approach produces promising results in decreasing the pathogenicity of many phytopathogens (Chane et al., 2019; Rodríguez et al., 2020; Ye et al., 2020). Instead of killing or suppressing the growth of infectious agents by antibiotics, QS-mediated defense decreases the virulence and infection without compromising the growth of bacterial pathogens (Defoirdt, 2018; Torres et al., 2019; Rodríguez et al., 2020; Ye et al., 2020). This strategy neither disrupts the essential genes of microbes nor results in resistance development; thus this approach is more efficient in the long term as compared to antibiotics, though further studies are needed to confirm this claim (Bjarnsholt et al., 2010; Defoirdt, 2018). Several studies have reported resistance development against QS interference, and they also proposed that this QS interfering strategy might be less likely to transfer resistance in other microorganisms (García-Contreras et al., 2016). Remarkably, some QS bacterial strains were isolated from the aquatic environment (Romero et al., 2012), while some are indigenous isolates of plants but their effect on growth and other parameters of plants is still not expored.



Rhizosphere Intervention Against Abiotic Stress

Various studies have also reported rhizobacteria mediated tolerance in plants against various abiotic stresses (Rajput et al., 2018; Asghari et al., 2020; Khan et al., 2020). However, the tolerance levels depend on the ability of these soil microbes to stimulate plant systems for expressing stress-responsive EPS, transcription factors, scavenging of ROS species, proline synthesis, and biomass stabilization (Habib et al., 2016; Chatterjee et al., 2020; Mukhtar et al., 2020). Understanding and exploration of these pathways help in better utilization of these microorganisms to alleviate different abiotic stresses. Table 1 summarizes some of the studies published on the induction of biotic or abiotic stress tolerance by PGPR inoculation. The induction of abiotic stress tolerance is discussed in the sections below.


Table 1. Role of rhizosphere engineering with PGPR on plant growth and stress tolerance.
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Drought

Studies proposed that drought-tolerant rhizobacterial strains enhance plant development and growth during water deficit conditions. PGPR exhibit various tolerance and adaptation mechanisms to overcome reduced water potential, including thickening of walls, maintaining dormant stage, osmolyte accumulation, spore formation, and EPS production (Kour et al., 2019; Asghari et al., 2020). Besides supplying water content, PGPR also provides an optimum environment and nutrition for the persistent growth of plants (Kang et al., 2014b; Staudinger et al., 2016). The possible PGPR mechanisms involved in inducing drought tolerance include the production of phytohormones (IAA, ABA, and cytokinins), ACC deaminase activity, ISR, and EPS. The application of PGPR during drought stress produces IAA, which regulates shoot growth, cell division, differentiation of lateral and adventitious roots, and vascular tissues (Khan N. et al., 2019). Seed priming or co-inoculation with rhizobacterial strains triggers ABA production, which improves the molecular and physiological characteristics of plants by regulating drought stress-related transcription factors and hydraulic conductivity of roots to induce tolerance in a water deficit environment (Jiang et al., 2013). Azospirillum brasilense improved the negative effects of drought stress in Arabidopsis thaliana due to the increased production of ABA (Cohen et al., 2015).

In drought stress, accumulation of proline, trehalose, and glycine betaine helps bacteria to retain their membrane permeability, integrity, and functional proteins (Asghari et al., 2020). Plant biomass, nutrient uptake, growth, survival, and relative water content are improved after inoculation with drought-tolerant microbiota (Dai et al., 2019). In Trifolium, co-inoculation with P. putida and B. thuringiensis accumulates proline content, resulting in reduced stromal conductance and electrolyte leakage (Ortiz et al., 2015). The inoculation of beneficial microbes reduces the activity of antioxidants while increasing the production of sugar and free amino acids for stimulating abiotic stress tolerance (Vardharajula et al., 2011). Drought-tolerant rhizobacterial strains such as P. aeruginosa, Proteus penneri, and Alcaligenes faecalis produce sugar, proline, and protein content in maize plants, which helps to improve water potential, growth, and reduces water loss for inducing tolerance against drought conditions (Naseem and Bano, 2014). Drought stress decreased photosynthetic activity and chlorophyll content in soya bean plants while the application of P. putida mitigates water deficit conditions by improving biomass and enhancing photosynthetic machinery (Tiwari et al., 2016; Etesami, 2018).



Salinity

Halo-tolerant rhizobacterial strains can survive in high saline soils and possess certain properties that help plants to thrive in a saline environment (Abbas et al., 2019). Different studies reported the mitigating role of PGPR against the detrimental effects of high saline conditions on various plants utilizing several mechanisms such as biofilm formation, osmolyte accumulation within the cytoplasm of the plant cell, retaining turgor pressure of salt-stressed cell, and production of EPS that binds with cations, limiting their accessibility for plant cells (Kang et al., 2014b; Egamberdieva et al., 2015; Heydarian et al., 2018; Rajput et al., 2018; Nawaz et al., 2020). PGPR also alleviate salt stress-induced secondary stresses such as osmotic and oxidative stress by producing antioxidants, phytohormones, and ISR signaling (Hahm et al., 2017; Abbas et al., 2019). The isolated B. subtilis and B. pumilus strains from saline soil showed various PGPR features such as phosphate solubilization, hydrogen cyanide, ammonia, and IAA production, and salt stress tolerance (Damodaran et al., 2013). In rice, co-inoculation with P. pseudoalcaligenes and B. pumilus results in increased glycine betaine levels and improve tolerance against salinity stress (Jha and Saraf, 2015). Pseudomonas sp. and Acinetobacter spp. accumulate ACC deaminase and IAA during saline stress to improve the growth of oats and barley plants (Chang et al., 2014).

PGPR induce chemical and physical changes during salinity that lead to increased growth and ISR signaling (Ji et al., 2020). Salt-tolerant strains of Azospirillum improved grain weight and growth of salt-stressed wheat plants (Nia et al., 2012). ABA-mediated apoplastic acidification plays a major role in inducing salt tolerance in maize plants. Bio-priming of lettuce seeds with Azospirillum improved product quality, shelf life, and growth, during stressed conditions (Fasciglione et al., 2015). P. stutzeri, P. fluorescens, and P. aeruginosa strain isolated from the rhizosphere of tomato plant showed high salt levels and improves tri-carboxylic acid cycle, accumulation of phytohormones and ACC deaminase resulting in enhanced salt tolerance (Tank and Saraf, 2010; De La Torre-González et al., 2018). In rice, inoculation with B. amyloliquefaciens enhances salinity tolerance and improves growth by producing auxin, ABA and regulating the expression of several salt-stressed genes (Nautiyal et al., 2013; Shahzad et al., 2017).



Heat

Global warming is a serious threat to living species, which is becoming an alarming issue worldwide. According to the report of IPCC (2007), the temperature is expected to rise by 1.8 to 3.6°C globally at the end of this century due to changes in climatic conditions. The increase in temperature is considered the biggest challenge in microbial colonization and crop production, resulting in protein degradation and severe cell damage. For instance, heat-shock proteins (HSPs) are specific polypeptides, which an organism can produce due to an increase in temperature. In microorganisms, different genes are implicated in the mechanism of responding to stress because PGPR possesses several mechanisms in inducing tolerance against heat stress. Numerous studies have reported that PGPR inoculation mitigated the detrimental impacts of heat stress in different plants including sorghum, wheat, chickpea, and tomato (Ali et al., 2009, 2011; Abd El-Daim et al., 2014; Issa et al., 2018). These PGPR induce tolerance by synthesizing different phytohormones, improving biofilm formations, and enhancing levels of HSPs (Ali et al., 2011; Park et al., 2017; Sarkar et al., 2018). In the chickpea plant, the application of P. putida showed thermotolerance by the formation of thick biofilm and expression of stress-related transcription factors.

The accumulation of proteins in heat-stressed sorghum plants is another effective mechanism of PGPR (Pseudomonas AKM-P6) against abiotic stress (Ali et al., 2009). The potential of Bacillus cereus to produce several metabolites such as organic acids, IAA, GAs, essential amino acids, and HPSs enhances thermotolerance in tomato and sorghum plants (Khan et al., 2020; Mukhtar et al., 2020). However, further studies are needed to decipher the function of PGPR mediated expression of HSPs for inducing thermotolerance.






PGPR-MEDIATED RHIZOSPHERE ENGINEERING FOR AGRICULTURE AND ECOSYSTEM SUSTAINABILITY

In agriculture, it is difficult to apply sustainable and economical systems of farming, which can accommodate the new and advanced technologies (Bhat et al., 2019; Disi et al., 2019; Guo et al., 2019; Hassan et al., 2019b). The rhizosphere determines the plant's health and helps in inducing tolerance against environmental stresses by enhancing nutrient uptake, water availability, and buffering capacity. The knowledge of these plant-microbe interactions can help in developing new sustainable, eco-friendly, and economical systems for agriculture (Kumar et al., 2015; Rakshit et al., 2015; Naqqash et al., 2016). The selective aggregation of microbial populations against abiotic and biotic stresses affects plant defense and immunity in successive generations through legacy effects and soil-plant feedback (Kostenko and Bezemer, 2020). The microbes responsible for disease resistance in plants could be manipulated or engineered, but it requires understanding their interaction with the environment and plant for sustainable agriculture. Table 1 summarizes different examples of PGPR involved in sustainable agriculture by stimulating growth and mitigating abiotic and biotic stresses in different crops.

The literature advocates that PGPR inoculation leads to sustainable and efficient crop production to feed a growing world population during that time when agriculture faces different environmental constraints. It is essential to fully understand the important characteristics of effective PGPR inoculants before applying them to intensive farming practices. The engineering of biopesticides and biofertilizers with improved performance for sustainable agriculture requires identification and exploration of useful genes associated with complex pathways of rhizospheric colonization, production of secondary metabolites, and specific promoters which are expressed in a particular rhizospheric environment (Hassan et al., 2019a; Hanif et al., 2020). In the future, the investigation for elucidating the role of those genes involved in microbe-plant interaction will help develop new tools for improving plant and soil health.



CURRENT CHALLENGES AND FUTURE PERSPECTIVE

This review has explicitly described the heterogeneous group of PGPR present in the rhizosphere with significant potential to transiently or permanently alter the rhizosphere. PGPR inoculants possess the potential for sustainable agriculture as they are one of the accepted and validated substitutes for chemical fertilizers, fungicides, and other chemical-based simulators. Over the past few decades, PGPR have started replacing chemical compounds in silviculture, horticulture, agriculture, and environmental remediation procedure. In PGPR studies, most of the research is limited to the greenhouse and laboratory level; therefore, it is necessary to take it toward the field to explore the PGPR role in the natural environment. Another critical challenge in implementing microbial inoculants includes microbes screening, their production, marketing, and commercialization. At the field and laboratory level, identification of the microbiome interactions, their diversity, impact on environmental stresses, including their mode of action is necessary.

In the future, recent and advanced technologies such as meta-proteomics, nanotechnology, and rhizoengineering must be utilized to produce eco-friendly and effective inoculants. Besides, the production of bio-formulations should focus on the type of PGPR inoculant and their ecological and physiological acceptance. Inoculation with ice-nucleating PGPR can be a promising technology to improve plant tolerance and growth during chilling stress. Different contaminants and nutrients can be detected by developing smart biosensors, which leads to precision farming. The involvement of nanotechnology is promising, but nano-products still needs to be of acceptable quality and cost-effective. The essential aspects of nanoparticles regarding their physical, biological, and chemical properties exhibit their potential for improving food quality, enhance plant defense, detect pathogenic infection, regulate plant growth, reduce waste and enhance food production and serve as nano-biofertilizers. The encapsulation of nano-biofertilizers can regulate the transfer of fertilizers to the specific cell and prevent unintentional loss. The main goal of farming in the future should be precision farming which is meant to reduce input and increase output by implementing targeted action and tracking environmental variables. Novel or superior PGPR strains can be developed by modifying their particular traits using genetic engineering. These manipulated PGPR can help to control plant stresses as sustainable, eco-friendly, and low-input technology.
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Rhizosphere/Plant host Microbes used Pathogen PGPR characteristics References
Bacterial pathogen
Tomato P, fluorescens Ralstonia solanacearum Antibiosis activity Seleim et al., 2011
Bacills velezensis Lipopeptices production  Chen et al., 2020
Wild cabbage Paenibacillus sp. Xanthomonas campestris ISR Ghazalibiglar et al., 2016
Bacillus velezensis sp. Antibiosis activity Liuetal., 2016
Rice Pseudomonas sp. Xanthomonas oryzae Peroxidase activity, Yasmin et al., 2016
polyphenol-oxidase &
phenylalanine-ammonia
yase
Potato Lysinibacillus sp., Pseudomonas Ralstonia solanacearum Antibiosis Djaya et al., 2019
fluorescens, Bacillus subtilis,
Fungal pathogen
Peanut P forescens Sclerotium rolfsii Antimicrobial compound  Lohitha et al., 2016
Cucurnber Bacilus amyloliquefaciens Fusarium oxysporum Secondary metabolites,  Liu Y. etal., 2017
ISR, Phytohormones:
Tomato Paenibacillus lentimorbus Sclerotium rolfsii Expression of Dixit et al., 2018
defense-related &
autophagy-related genes
Bacillus cereus Alternaria solani, Fusarium IAA, Siderophore, Ammonia, Karthika et al., 2020
oxysporum ACC deaminase, Catalase,
N-fixation
Chil Talaromyces funiculosus Colletotrichum capsica ISR, Callose & Lignin Naziya et al,, 2020
deposition
Viral Pathogen
Cucumber B. subtilis, Azotobacter chroococcum, P Cucumber mosai, PR protein, Peroxidase El-Borollosy and Oraby,
fluorescens Cucumovirus activities, 1, 3-glucanase 2012
Black Mustard Bacilus subtilis, Pseudomonas Turnip mosaic virus Catalase actiity, ISR, Diyansah et al., 2017
fluorescens Phenol production
Periwinkle B. pumilus, B. subtilis Cucumber mosaic virus Phenol, alkaloid and Al-Zahrani et al., 2018
flavonoid production
Tomato Azospirilum brasiiense Potato virus X ISR, Protein accumulation  Lade et al., 2019
Chili Bacillus amyloliquefaciens Groundnut-bud necrosis Flageliin, ISR, Rajamanickam and
virus Phytohormone Nakkeeran, 2020
Abiotic stress
Plant PGPR PGPR characteristics References
Drought stress
Soybean P putida JA production, Flavonoids, Kang et al., 2014b
Antioxidant activity
Medick Sinorhizobium medicae Nodulation, Nutrient uptake Staudinger et al., 2016
Maize Azospirillum sp. Siderophore, N-fixation, IAA, Garcia et al., 2017
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Secondary metabolites, Antioxidant
enzymes.
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Jietal, 2020
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