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Rhizobia is highly specific with the partnering legume plants and undergo rigorous 

multiple transformations from soil to rhizosphere, and to nodule niches for the process of 

symbiosis. During this process, many genes, receptors and environmental factors will take part in 

the signal transduction pathway. One such pathway in nodule activation is, rhizobia synthesizing 

nod factors i.e. lipopolysaccharide nod factors that control nod genes. The nod genes regulate the 

plant root receptors which are encoded by NFR genes (nod factor receptor genes) [16,17]. 

Bacterial cellular compartments will be activated by these signals to fix nitrogen in symbiosis 

specific plants. This process of specific plant selection by rhizobacteria depends on the 

ecological adaptability and evolutionary recognition. The method of the rhizobacterial intensity 

of selecting a host is limited due to its dynamic nature and restriction to specific geographical 

regions. Such sensitive transduction signals, shelf life and microbial antagonism are the other 

problems in selecting rhizobia as biofertilizer for enhanced nitrogen fixation. Organisms from 

one specific geographical region might have positive growth supporters in its scope due to high 

adaptability. In a study, Andronov E. E. et al., (2015) explained about rapid modification in the 

nod A gene structures of R. leguminosarum bv. trifolii species during the transfer from soil to 

nodule [18]. To avoid such diversification of genes in geospecific bacteria and species specific 

bacteria, it is wise to fallow the natural selection of locally available bacterium. In a research 

study from Kenya by Koskey G, et al., (2017) it is inferred that the native rhizobia have 

enhanced the potential of nitrogen fixation and bean production, which therefore have supported 

the agroecosystem of the country [19]. Though it is necessary to inoculate rhizobium onto the 

legumes due to their nitrogen insufficiency, agronomists should consider the problem of 

geographical specificity and adaptability of the commercial inoculants. A similar problem has 

been faced by Kenya in the cultivation of beans. A research study by Kwaka F, et al., (2014) 

faced the problem of adaptability of inoculums that was imported from the USA, and hence his 

team isolated local bacteria and applied to the bean plants and achieved a considerable increase 

in symbiotic efficiency and yield [20]. The present research addressed the problem of 

adaptability of bioioculants by developing a strategic method of soil sample collection from the 

same geographic area to isolate the  
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 compatible bioinoculants. The technique though looks technoscientific is readily 

adoptable by farming communities with nominal training.  

 

2.1 Plant Growth Promoting Rhizobacteria (PGPR) 

Rhizobia are oligotrophic alpha/betaproteobacteria that forms symbioses with selective 

legume hosts. They usually compete with other bacteria/fungi of the microbiota before infect ing 

legume hosts and form bacteroids for biological N2 fixation. Plant signals and a variety of 

chemoattractants form the prime determinants that make the rhizobia respond and colonize to 

nutrient rich roots ultimately playing a crucial role in the competitive success of the symbiosis 

[21]. In other words, the type of PGPR is a mere result of the delicate balance and compatibility 

established by the activities of the plant host and the microbiota interactions. The detailed studies 

carried over the past decades have made available the pair-wise matching information of the 

rhizobia and their legume hosts (Figure 2.1). Rhizobia infect the plant through root hairs and get 

contained in the infection thread of root hairs, finally released into the cytoplasm of plant cells in 

the cortex. Upon entry, rhizobia are differentiated into endosymbionts viz. as bacteroids and are 

capable of conversion of dinitrogen into ammonia for plant assimilation [22]. 
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Figure 2.1: Details of Rhizobia along with their legume hosts and classification [source from 

23]. 

However, to understand the developmental stages of rhizobia in detail, it is important to 

consider the genomic information, physiological patterns, and parameters, biochemical 

mechanisms, and genetics of PGPR.  

  

2.2 Organization and Diversity of Rhizobial Genome 

Free living rhizobia exhibit an oligotrophic lifestyle and live as saprophytes in a complex 

microbiota unlike the differentiated state-of-the-art life as endosymbiotic bacteroids in the host 

legume. This adaptive behavior is largely attributed to the evolved genome size of rhizobia (5-10 

Mb) that encode gene products responsible for endosymbiosis. The coding genes could be a part 

of the chromosome or the plasmids present in the bacteria. The genes that help in the process of 

symbiosis are nod, nif and fix altogether termed as rhizobial symbiosis genes. The rhizobial 

genome organization is usually complex and involves the existence of a combination of  
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chromosomes, plasmids and /or chromids. Accordingly, the symbiosis genes can be encoded by 

chromosomes or plasmids. 

 

2.2.1 Chromosome encoded symbiosis genes 

 In this mode, the chromosomal symbiotic genes are found encoded on mobile integrative 

and conjugative elements (ICEs). They are excised from the chromosome to form a plasmid like 

a replicon that in turn can be transferred to a bacterial recipient cell through conjugation (Figure 

2.2). Examples under this category include Mesorhizobium, Azorhizobium and Bradyrhizobium 

[24-32].  

 

Figure 2.2: Schematic depiction of the process of chromosome encoded symbiosis genes. Source 

from [21]. 

 

2.2.2 Plasmid encoded symbiosis genes 

 In this mode, the symbiosis genes are present on the plasmids or chromids but not on the 

chromosome. These plasmids are usually large (~1.4 Mb). Later on, the plasmid genes can be 

transferred to other rhizobia based on the signals of quorum sensing (Figure 2.3). Examples 

under this category include Rhizobium and Sinorhizobium genera and Cupriavidus and 

Burkholderia genera [33-41].  
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Figure 2.3: Schematic depiction of the process of plasmid encoded symbiosis genes. Source 

from [21]. 

 

The nod, nif and fix genes encode individually certain proteins that play a crucial role in 

the establishment of the symbiotic association with host plants. nod genes encode proteins for 

lipochitooligosaccharide (LCO) signaling that initiate nodule formation [42-45]. Nitrogen fixing 

genes (nif genes) encode protein necessary for BNF and these are shared with other bacteria in 

the group [46-48]. fix genes are unique in encoding proteins that are specifically required for 

nitrogen fixation by rhizobia [49,50].  

 

2.3 The process of Root nodulation in Legume by PGPR 

2.3.1 Rhizobial attachment and colonization 

 The primary pre-requisite for root nodulation is the movement of rhizobia towards 

legume roots, termed chemotaxis (motility towards chemoattractants) triggered by plant root 

exudates. The chemotaxis is switched on by encoding chemotaxis factors. For example, 

R. leguminosarum strain 3841 encodes two chemotaxis gene clusters i.e. che1 and che2. The first 

Che1 is highly conserved in almost all the Alphaproteobacteria, unlike che2 [51]. Under close 

proximity conditions, flavonoids are released by legume plants that stimulate the nod genes in 

rhizobia for the synthesis of lipochitooligosaccharides (LCOs). The LCOs are also called Nod 

factors since they are encoded by nod genes and are conscientious for the gradual development 

of root nodules. Nod ABC encodes the pathway for the production of the common core  
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chitooligosaccharide [52]. Early signaling events are initiated by the binding of LCOs to LysM 

(lysine motif) receptors on legume root hairs. Plant root exudates contain certain inducers that 

trigger the transfer of ICEs/plasmids to compatible rhizobia within the root hairs. Till now it not 

clear to the researchers that the rhizobia initiates its attraction first towards the REZ (Root 

Elongation Zone), or epidermis and from there to root hairs or directly attach to the root hairs 

only. However, it is established that under acidic pH conditions, the polar glucomannan of 

rhizobium binds to plant lectins present on root hair. Finally, on the surface of the root, rhizobia 

form a biofilm kind of coat with Raps (Rhizobium-adhering proteins), EPSs cellulose fibrils 

(extracellular polysaccharides), etc. On root hair, the typical formation of biofilm architecture is 

called “root hair cap” in legume plants. The process of curling root hair and rhizobial entrapment 

into the initial nodule structure occurs by a strong induction of LCO signaling and flavonoids. 

The series of events of root nodule formation by attachment of rhizobium and legume root 

colonization are represented in the following figures (Figure 2.4a-e). 

 

 

Figure 2.4a: Chemotaxis of Rhizobia towards legume root hairs. Source from [21]. 
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Figure 2.4b: Flavonoids and LCO signaling. Source from [21]. 

 

Figure 2.4c: Transfer of ICE and plasmids for symbiosis. Source from [21]. 

 

Figure 2.4d: Attachment of rhizobia to legume root hairs. Source from [21]. 
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Figure 2.4e: Formation of rhizobial biofilm. Source from [21]. 

 

2.3.2 Symbiosis and Root Nodulation of Legumes 

 Rhizobia secrete one type of cellulase enzyme on to the root hairs to digest and make a 

hole in root hair to enter into the root derived infection thread; it is specialized and separates the 

rhizobia from plant cells [53]. Legume plants identify the LCOs with heteroduplex receptors of 

the lysine motif (LysM).  

 

The classical example was given in a study by Oldroyd, G. E. et al. is LysM domain 

receptor-like kinase 3–serine/threonine receptor-like kinase NFP (LYK3–NFP) in a pea plant 

(Medicago truncatula) and Nod-factor receptor 1 (NFR1)–NFR5 in the other legume Lotus 

japonicas [54]. The LysM receptors are well-known to transfer signals through their symbiosis 

(SYM) pathway. Symbiosis pathways are well understood in two classical systems viz. 

rhizobium legume symbiosis and arbuscular mycorrhizal symbiosis. In host plants to inhabit the 

rhizobacteria, specialized membrane compartments will be formed for their interactions and to 

facilitate nutrient exchange, they are defined as endosymbiotic interactions [55]. Both are known 

to share some common signaling pathway features. In both the symbiotic systems, 

 

LysM receptors are known to transmit signals in common to the SYM pathway. Further, this 

leads to calcium fluctuations in the nucleus, which are decoded by calcium and 

calcium/calmodulin-dependent serine/threonine protein kinase (CCAMK). From this point, the 

signals for symbiosis diverge between both systems. After achieving an effective symbiotic 

relation, plants initiate a meristem (initiation of nodule) that contains dividing cells. Once the 
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 nodule develops the infection thread branches to facilitate the fresh carriage of rhizobia into the 

developing nodule. In the eventual process of nodulation, the bacteria are gradually engulfed by 

plant cells by vesicle SNAREs (V-SNAREs) [56]. After reaching this stage, rhizobia takenthe 

form of N2 fixing bacteroids, which are enclosed by symbiosome membranes. The symbiosome 

set up acts like an engine, where bacteroids are supplied with carbon from dicarboxylates which 

in turn secrete absorbable ammonium to the host plant [57]. 

 

2.3.3 Types of Legume nodules 

 Based on the development of meristem, nodules are classified into 2 types viz. 

determinate nodules and indeterminate nodules. 

 

2.3.4 Determinate nodules 

 Indeterminate type of nodules, all the cells in the same stage of development will die 

along with meristem. Nodules enclosed by only one membrane called the symbiosome 

membrane and inhabit numerous bacteroids. Then the nodules increase in size by means of 

volume by expanding the size of the cell. Examples: soybeans, beans and L. japonicas. 

 

2.3.5 Indeterminate nodules 

 An indeterminate type of nodules, the meristem will not die, and nodules eventually form 

different zones are called development zones. Under these conditions, it was known that 

symbiosomes hold only one bacteroid. The development zones are further classified as follows. 

Examples: peas, alfalfa and clover. 

 

2.3.6 Development zones in legume root nodules 

Distal zone I: This first zone contains the nodule’s meristem, in which fresh cells of the plant are 

produced. 
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Zone II: This zone comprises of infection threads occupied completely by bacteria; in the inter-

zonal region between second zone and third zone, bacteria are released from infection threads 

and gradually engulfed by host cells of the plant. 

Zone III: This zone encompasses the mature bacteroids that are ready to fix nitrogen. 

Zone IV: This zone is known to host senesce of bacteroids (Figure 2.5). 

 

 

 

Figure 2.5: Different development zones of a legume root nodule formed by an indeterminate 

type of nodulation. Source from [21]. 

 

2.4 Plant-Rhizobia Signalling – Molecular Mechanism Aspects 

The primary resort for plant-rhizobia interactions and signaling is on the root hairs where 

the rhizobacteria form a root cap. This root cap is often found to be crosslinked by Rhizobium-

adhering proteins (Raps), extracellular polysaccharides (EPS) and cellulose. 

Lipochitooligosaccharides (LCOs) which are well-known as Nod factors are demonstrated to 

have the ability to suppress immunity in non leguminous plants. Therefore, it is speculated that 

LCO binds to a PRR (pattern recognition receptor) to extinguish the response to MAMP 

(Microorganism-Associated Molecular Pattern). Similarly, it is assumed that EPS binds to EPS 

receptor 3 (Epr 3) to trigger the suppression of immunity. Flavonoids that are released from 

plants trigger the LCOs production and these in turn bind to a lysine motif (LysM) receptor 

hetero-complex such as Nod-factor receptor 1 (NFR1)–NFR5 [58,59] and LysM domain 

receptor-like kinase 3 (LYK3)–NFP [60-62]. Further, this activates the leucine-rich repeat  
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 protein receptor-like kinase (SYMRK) and ultimately triggers the symbiosis (SYM) 

signaling pathway. The SYM signaling procedures result in the formation of a nodule, that 

includes the production of nodulins, flavonoids, and nodule cysteine rich (NCR) peptides (Figure 

2.6). Nodulins are plant proteins that are organ-specific, induced at the time of symbiotic 

nitrogen fixation and are known to play structural and metabolic roles in the process [63-66]. 

Nodule cysteine rich peptides are made only in few selective legumes, generally including those 

in the invert repeat-lacking clade (IRLC). The invert repeat-lacking clade (IRLC) belongs to the 

flowering plant sub-family Papilionaceae that is known to include the majority of the 

agriculturally cultivated legume plants [67-77]. Low oxygen (O2) is the main signal for bacteroid 

development and nodule formation, the processes that are coupled and often are known to 

happen in tandem. On the contrary, some bacteria are known to inject effector proteins viz. 

Nodular outer proteins (NOPs) through type 3 secretion systems (T3SSs) and also type 4 

secretion systems (T4SSs) respectively [78,79]. Some studies revealed that NOPs may act as a 

double-edged sword which instance acts as plant immunity suppressors by increasing host range 

and immunity stimulants by binding to PRP (plant resistance protein) while restricting host range 

[80-82]. 

 

Figure 2.6: Outlines of the molecular mechanisms of plant-rhizobial interactions and signaling. 

(Dotted lines indicate undefined prediction/information not verified and solid lines represent 

defined information). Source from [21]. 
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2.5 Bacteroid Development Regulation 

Oxygen concentration is the major deciding factor and the main signal that is well 

established to regulate bacteroid development through two important signaling circuits (Figure 

2.7). The first signaling circuit, for example, involves FixLJK in Sinorhizobium meliloti [83,84] 

and FnrN (transcriptional activator) is to induce the fixNOQP expression in R. leguminosarum 

[84-89]. 

 

The second type of signaling, Nif-specific regulatory protein (NifA) involves to induce 

nifHDK (that encode nitrogenise enzyme) and is also known to auto-induce fixABCX–nifAB 

[90-93]. However, these types of signalings are completely different in R. leguminosarum but 

verified to be partly overlapping in S. meliloti with very weak interactions of fixABCX–nifAB 

by FixK that is an N2 fixation regulating protein. Apart from this, there are other regulatory 

circuits that certainly exist, for example, RegSR in Bradyrhizobium spp. [94].  

  

 FixABCX is functionally known as an electron bifurcating complex that most likely to 

involve in the process of donating electrons to CoQ and ferredoxin/flavodoxin [95]. 

Tricarboxylic acid (TCA), Pyruvate dehydrogenase (PDH) cycle and 2-oxoglutarate 

dehydrogenase are speculated to form a big complex with FixABCX protein, to achieve this, it 

has been demonstrated that NAD(P)H may provide electrons directly to the complex. FixNOQP 

which is also called CBB3 is an electron acceptor with high-affinity terminal exclusively needed 

in limited oxygen concentration cells. 
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Figure 2.7: Schematic representation of the regulation of bacteroid development. (Dotted lines 

indicate unverified information). Source from [21].  

 

Low oxygen concentration is known to limit the TCA cycle, causing Acetyl-CoA to be 

used for producing PHB (polyhydroxybutyrate) and lipids. The peptidase enzyme HrrP is 

another crucial component that is speculated to change host specificity by downregulating NCR 

(nodule cysteine-rich) peptides. The major chaperonin responsible for productive protein folding 

in bacteroids is 60 kDa chaperonin 1 termed as Cpn60 which is known to interact with many 

proteins, including pyruvate dehydrogenase (PDH). 

 

2.6 Regulation of Biological N2 fixation 

Fully differentiated bacteroids possess the capability of reducing N2 to ammonia by 

utilizing the nitrogenase enzyme complex. As mentioned earlier, low O2 levels (10–21.5 nM) and 

therefore the corresponding O2 tension remains the deciding factor, controlling the N2 fixation in 

bacteroids [96]. For instance, haem-containing protein FixL, a well-known oxygen binding 

sensor initiates a phosphorylation cascade signal by low oxygen tension, which in turn activates  
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its downstream transcriptional regulatory protein FixJ was observed in S. meliloti [97,98]. 

Regulatory protein FixJ, in turn, induces a Nitrogen fixation regulation protein i.e. FixK. This 

upregulates the expression of fixNOPQ operon structure and its related operons like fixGHIS. A 

highaffinity terminal oxidase cbb3 complex is essentially encoded by FixNOPQ. In S. meliloti, 

nifA protein is the main regulator of nitrogen fixing genes (nif genes), but it is also partly 

regulated by FixK-with associated promoter present in upstream of the nifA gene [99,100]. NifA 

is also known to autoregulate the fixABCX–nifAB operon.  

 

In bacterial sps. R. leguminosarum, transcriptional activator i.e. FnrN was found to be the 

probable one that largely replaces FixJ, FixL, and FixK. FnrN is known to potentially detect O2 

tension directly and initiates transcription of fixNOQP and fixGHIS respectively [101,102]. 

However, in comparison with S. meliloti, it was demonstrated that FnrN does not regulate 

nifHDK and fixABCX–nifAB which are usually under strict regulation of NifA [103]. In 

B. japonicum sps., along with nifA and about 250 other genes are known to be controlled by the 

redox sensor termed as twocomponent sensor, RegSR [104]. 

 

 In Mesorhizobium ciceri R7A, nifA is induced by FixV [105]. The gene that 

encodes FixV is known to cluster with other genes that might metabolize a plant inositol 

derivative which is present abundantly in the root nodules. In case if this mechanism is verified, 

this would become a classical example for nodulespecific compound that potentially controls 

biological N2 fixation. 

 

2.7 The Biochemical Benefits of Symbiosis and Nutrient Exchange 

Bacteriods get energy and carbon source from plants dicarboxylates such as succinate, 

fumarate, and Lmalate. In return, bacteroids provide ammonium for assimilation to the host 

plant [106-108]. In legumes of soybean and bean bacteriods, to increase the enzyme activity of 

the TCA cycle accumulates a huge amount of polyhydroxy butyrate (PHB). PHB is made under 

low oxygen tensions, the process that happens when acetylCoA is transformed to PHB for 

storage instead of entering the oxygenlimited TCA cycle. A comparable trend was observed in  
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bacteroids of some strains of pea also which are known to accumulate both PHB and 

lipids [109]. 

 

Rlv3841 is known to depend upon numerous metabolic pathways in order to grow on 

dicarboxylates and sugars at both low and high oxygen tensions respectively, while PHB 

synthesis is dispensable [110]. The literature says that at a lower concentration of oxygen, 

dicarboxylate producing NADPH reoxidation was limited during metabolism and sometimes it 

prevents the operational TCA cycle. Though NADPH is considered as one of the electron 

sources for nitrogenase, its redox potential (−320 mV) was instituted as a positive sign to direct 

reduction of ferredoxins (−484 mV) or the nitrogenase enzyme. It is intriguing that FixAB forms 

a complex of ETF (electron transfer flavoprotein), which is very essential for N2 fixation in 

bacteroids [111,112]. 

 

 ETFs of anaerobic bacteria use flavindependent electron bifurcation 150, 151, in which 

two electrons are donated equally, one each to a high potential acceptor and a low potential 

acceptor respectively resulting into an overall exergonic reaction [113,114]. It was also 

demonstrated that a similar mechanism applies to FixAB, although it is known to receive 

electrons in a complex with PDH [115]. The interaction between FixAB and PDH was 

demonstrated by genetic suppression analysis [116]. Recently, it observed that FixAB of 

Azotobacter vinelandii bacteria bifurcates NADH with the reduction process of CoQ and 

flavodoxin. This, in fact, suggested a tight coupling between the processes of production of 

NADH by PDH and its bifurcation by FixAB respectively [117]. Altogether, soil components are 

the root cause of these benefits and owe deeper discussion and research.  

 

 Sustainable agriculture is achieved by the crucial role played by soil microbes that are 

responsible for increasing soil fertility and therefore the productivity. Soil is an indispensable 

niche for microbial growth including the plant growth promoting rhizobacteria (PGPR). The 

activities of soil microbes enhance the soil immune system [117]. The soil has a dynamic nature 

that is a direct manifestation of bio-mineralization, soil microbes, and synergistic co-evolution  
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with plants. A wide range of PGPR and its allies, their indispensable role and usages for 

sustainable agriculture are only appreciated with a compatible appropriate match of soil types 

[118]. Alternatives to chemical control of diseases in plants by pests and the adaptability issues 

of plants to compatible soil types and microbiota for better yield have been a much needed 

requirement for decades. The frontline alternatives are those that involve biotechnological 

approaches being very much environmental friendly [119]. The usage statistics of 

biotechnologically developed PGPR is becoming exemplary and increasing constantly. For 

example, more than 25 million hectares of soybeans are known to be inoculated with 

Bradyrhizobium japonicum in the regions of South America [120,121]. However, in developing 

nations like India, the farmers who are the stakeholders hardly receive any cost-effective 

solutions for getting easy access to the best PGPR suitable for their cropping. So, the need for the 

moment is a cost-effective method for the ideal selection of a combination of efficient 

Rhizobium strain and PGPR for particular selected plants in the semi-arid tropical condition 

prevalent in South-India. As a cost effective approach, it is intended to validate a strategic 

natural selection approach for the identification and application of effective rhizobium strains for 

enhanced growth of selected legume plants. Such trials were not done in semi-arid tropics where 

the plants were raised to achieve next level efficiency with exogenous PGPR.  

 

2.8 Legume crops and Human need 

 A global survey says that by 2050 world population will increase to 9.6 billion, which 

will face many global challenges like food scarcity, climatic changes due to global warming and 

greenhouse gases, and an increase in demand for energy resources. With the various climatic 

changes, agriculture will become a serious problem in the production of food for the global 

population. 

  

 Leguminous plants are using for centuries and became an essential crop in supplying 

food as well as in improving the soil fertility by nitrogen fixation. In the agriculture sector 

majorly these legumes are used to support controlling pests, cereal crop diseases, and helps in 

enhancing the productivity and sustainability of crop cultivation systems. The legumes are  
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ecologically and economically important plants in serving as energy and protein sources for 

humans as well as animals [122]. Due to a typical specific characteristic of fixing atmospheric 

nitrogen, legumes are included in the low input cropping system and also help in mitigating the 

emission of greenhouse gases [123]. For the present study, three different legume crops have 

chosen for sustainable and geospecific farming. 

 

2.9 The Family Fabaceae 

 Legumes fall under the category of Fabaceae family which is the third largest flowering 

plant after Orchidaceae and Asteraceae. The name Fabaceae originated from the Latin name 

‘Faba’ which means bean. It is also distributed almost all over the world in different habitats 

ranging from rain forest regions to arid regions. The majority of this Fabaceae family is more 

significant for their ecological and economic importance over the other food crops which is 

because of its unique nature of atmospheric nitrogen fixing capacity and improves land fertility 

[124]. The Fabaceae family further divided into six subfamilies, namely Caesalpinioideae, 

Cercidoideae, Detarioideae, Dialioideae, Duparquetioideae, Faboideae [125]. This Fabaceae 

family contains 751 genera with about 19,000 known species. These subfamilies have synonyms 

like Mimosoideae, Papilionoideae, etc. among which Papilionoideae plants are nodulated and 97 

percent of them are proved and held an economical importance place in the world agriculture 

[125,126]. The other family Caesalpinioideae falls in the non nodulating category, whereas 90 

percent of Mimosoideae subfamily has the symbiotic capability with rhizobium bacteria. Most of 

the legume plants represent edible vegetables, used in a variety of medicines and also oil, fats 

from legumes have a variety of uses [127]. There are different types of legumes are available like 

forage legumes, grain legumes, bloom legumes, industrial legumes etc. Different legumes have 

their variety of importance, for instance, grain legumes are majorly cultivated for their market 

value of seeds and pulses.  
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2.10 Arachis hypogaea 

 Arachis hypogaea commonly called peanut, groundnut, goober and monkey nut. Majorly, 

pods of this type of legume grown below the ground, with this typical character this species 

named hypogaea that means “under the earth”. Arachis hypogeal family has well developed tap 

root system with side branches and many of them bare root nodules. This legume crop will prefer 

to grow in heavy soils, loamy sand soils and majorly grow for its edible seeds. It is the world’s 

largest commercial crop cultivates in tropical and subtropical regions. It stated in the year 2016 

that the peanut world’s annual production was 44 million tones and 38 percent of world total 

production is from China. These peanuts also widely used in industries like paint, lubricating 

oils, furniture polishing, saponified oils in soaps, etc. The protein portion of it is used in textile 

fibers and shells are used in wallboard, fuel, mucilage, etc. 

 

2.11 Glycine max 

 The name glycine comes from the Linnaeus, which has a sweet root, in Greek sweet word 

called glykos and it was Latinized to call Glycine max. One of its synonyms was soybean which 

was majorly grown for its rich protein content. The majority of soybean is used in the food 

industry as soy vegetable oil, dietary minerals, and a rich source of vitamin B. Soybean grow at 

the between 20-40°C in alluvial soils and largely grown to feed animal livestock. World’s largest 

soybean growing country was the USA, 35% of cultivation is from here and next occupied by 

Brazil with 29%. As per the American Cancer Society, consumption of most of the soybean 

foods like tofu, soy milk will help in fighting against cancer.  

 

2.12 Cicer Arietinum 

 Cicer arietinum is commonly called chickpea, bengal gram, garbanzo bean, etc. This crop 

is one of the earliest cultivated crops which is 7500 years old and found mostly in the Middle 

East region. Later on, it became an important crop for India and 64 percent of world cultivation 

is from India. Chickpea is a nutrient rich food with protein, iron, dietary minerals, fiber, vitamin 

B6, zinc, magnesium, etc.  
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2.13 The genus Rhizobium 

 Rhizobium means “root living”, which is heterogeneous with 11 different accepted 

species. Most of these bacteria are gram negative in nature and fixed atmosphere nitrogen in 

legume root nodules. Prophylactic group of rhizobia classified into two different classes’ i.e, 

alpha proteobacteria and betaproteobacteria. Rhizobium leguminosarum, Bradyrhizobium 

japonicum, and Misorhizobium ciceri are the species with gram negative, aerobic and rodshaped 

bacteria. Mostly studies biovarieties from R. leguminosarum are trifolii, viciae and mainly useful 

in nitrogen fixation. A few of the literature from Jordan says that B. japonicum is slow growing 

bacteria, and advancement in the taxonomic relation became slow [125]. Cistrons in rRNA of 

Rhizobium and Bradyrhizobium seem to be dissimilar, while in rhizobium and mesorhizobium, 

sinorhizobium resembles greatly with each other [125]. Mesorhizobium strains nodulate in a 

restricted range of leguminous plants and cross nodulation of this species to other legumes is not 

well studied. 

 

2.14 Reclassification of Rhizobia 

 In the research of Young et al., (2001) based on his 16S rRNA sequence analysis 

proposed to include Allorhizobium and Agrobacterium under the genus of rhizobium because of 

its genus is a close relation with rhizobium but they are unable to fix nitrogen for symbiosis 

[128]. Few other types of research evidenced that these two genera were different 

phylogenetically in their algorithm of sequence. But Young et al., were strongly opposed to the 

statement of a phylogenetical difference of Allorhizobium and Agrobacterium and said that there 

is no inconsistency with the rhizobium and proposed to encompass under the genus rhizobium. 

The other research by Broughton (2003) has stated that the symbiotic and pathogenic nature of 

the Agrobacterium 16S rDNA sequence was not reproduced to include under the Rhizobium 

genus [129]. In the year 2004 International Committee on Systematics of Prokaryotes stated that 

the inclusion of new names does not have much preference over the existing bacteria. Again 

Broughton (2003) recommended that authors have to look for conserved sequence data before 

they go to make any change in the taxonomy of Rhizobia while grouping them. This statement 

was also shared by other support research of Van Benkum, et al., (2003) [130]. 
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2.15 Rationale 

 Intensive cropping system is leading to the continuous gradual depletion of nutrients in 

the soil, posing a serious threat to sustainable agriculture, nutritional yield, and productivity. 

Farmers seldom afford to supply all the essential nutrients through chemical fertilizers. Organic 

matter is an imperative limiting factor that is known to influence the physical, chemical and 

microbiological properties of the soil. Conservation of soil health is an indispensable 

responsibility of the agriculture sector that can be achieved by encouraging organic sources of 

the nutrients, although in small quantities. Plants that are capable of releasing exudates are 

known to exhibit higher BNF activity in the soil. At the ecosystem level, the patterns and balance 

of N2 inputs and outputs set constraints on the rate of BNF, while at the final and highest level 

regional and global patterns of N2 fixation are controlled by patterns of land cover and use, 

biome distribution, global climatic patterns and patterns of N2 deposition [131]. There are two 

different schools of thought that emphasize the PGPR compatibility with sandy soils and sandy 

loam soils respectively. However, these come into an agreement subject to environmental stress 

and acclimatization constraints posed in particular agro-climatic zones.  

 

To address the key questions altogether, we sought for a collection of soil samples 

randomly from the nearby forest (representing an agro-climatic zone) devoid of human 

interventions and growing the seeds of desired crop plants as a simple and efficient experiment. 

Moreover, the N, P, K levels of all the soil samples would be more or less the same as they are 

isolated from the same geographical range. The temperature factor and acclimatization 

constraints are assumed normalized since the experimenting place and the site of a collection of 

soil samples are not geographically far apart. So, the only independent variables of the study are 

the soil that supports specific strains of wild type PGPR and selected legume crop species 

implemented in the study. Therefore, the present research proposes a cost-effective model of 

identifying compatible PGPR (rhizobium) strains for efficient crop improvement of selected 

legume which holds the ease for a farmer’s affordability to conserve soil health and achieve 

agricultural sustainability. 


