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5.1 Methodology 

 Three different techniques were fallowed i.e., plant physical characters, molecular, 

biochemical and in silico approach to identify the bacteria that form nodules. In the physical, 

looked for plant appearance and in molecular analysis identified the specific bacteria with its 

name. Further characterization technique was biochemical, looked for plant growth promoting 

hormones, nitrogen and its associated chemicals. To give a clear picture of nitrogen fixing 

initiation pathway further analysis was performed to protein level i.e., Nif A regulation and its 

protein complexity. 

 

5.1.1 Plant Physical Characters 

 Plants that were grown in sterile soils that are shown the same fascinate characteristic 

growth were checked for their physical parameters such as the number of nodules per plant, root 

length, root dry weight, shoot length and shoot dry weight. Plants were grown until 75 days and 

looked for physical characteristics. The collected roots, shoots and nodules to check its dry 

weight, they were dried at 55℃ in the oven and looked for its weight.  

 

5.1.2 DNA Isolation from Root Nodules 

 Fresh prominent pink colored root nodules of the three leguminous plants were taken 

from the plants and the nodules were surface-sterilized thrice with 3.3% wD v Ca(OCl)2 and 

rinsed in sterile water every time. Then the nodules were further sterilized for 2-3 mins with 

absolute ethanol followed by sterile water washing. The nodules were crushed in 1 ml of sucrose 

buffer with a sterilized pestle in a 10ml glass test tube. Then added 100 μl of lysozyme (20 mg 

μl-1) to the crushed nodule homogenate, vortex mixed for 20 seconds and incubated for 15 

minutes for proper cell wall lysis at 37°C. After incubation 2.5 ml of GES reagent which was 

prepared with 0·5 mmol per liter guanidine thiocyanate, 0.1 mol per liter EDTA disodium, pH 

8·0, 1% w/v N‐Lauroylsarcosine sodium salt was added to the lysed mixture. Then the test tube 

was vortex mixed for 20 seconds and incubated for 15 minutes at 65°C. After incubation whole 

volume was transferred into centrifuge tubes and centrifuged at 19000g for 15 minutes at 4°C.  
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The supernatant was collected and transferred to a fresh centrifuge tube and added 180 μl of 95% 

EtOH at RT, invert mixed for 30 seconds and left at RT for 3 mins. Then the tubes were 

centrifuged at 19000g for 15 minutes at 4°C. The supernatant was discarded and the DNA pellet 

was washed twice with 5 ml 95% EtOH by centrifuging 19000g for 15 minutes at 4°C and air 

dried. Then the DNA pellet was dissolved in 50 μl of HEPES buffer and stored at 4°C for future 

use. DNA quality and quantity were estimated by spectrophotometer (Ultraspec 3000 UV/Visible 

Spectrophotometer, Pharmacia Biotech) [166]. 

 

5.1.3 Gene Amplification by PCR Technique  

 After quantity and quality check the DNA was amplified by using 16S rRNA primers. 

First prepared a master mix with 5μl of Taq buffer, 5 μl of 2mM dNTP mix, 5 μl of forward 

primer and reverse primer (10 pM/μl) each, 1μl of Taq DNA polymerase, 4 μl of DNA were 

added and the final volume made up to 50μl with DNase free water at 4℃. After the addition of 

all the reagents, the centrifuge tubes were vortex mixed for five seconds and the reaction was 

performed in Bio-Rad thermal cycler. The reaction was set in the machine with the temperature 

conditions of 94℃ for 5 minutes: Initial denaturation, 94℃ for 20sec: denaturation, 48℃ for 20 

sec: annealing, 72℃ for 40 sec: extension at and 5 min at 72℃: final extension in 30 cycles 

(Figure 5.1) [167]. After completion of the PCR reaction in a thermal cycler, it was resolved in 

one percent agarose gel electrophoresis check the amplification. And the PCR product was cut 

and purified by a kit, Qiagen spin columns. 

  

Figure 5.1: Pictorial representation of gene amplification. 
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5.1.4 Gene Sequencing  

 The purified product was sent for sequencing to the BioArtis sequencing laboratory. The 

resultant sequence was blasted against the BLAST sequence similarity search with reference 

sequences in the BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The alignment was 

verified and corrected manually. In a total continuous stretch of all bases including gaps were 

used for further analysis to identify the taxonomy. EZ Taxon was used to find the nearest taxa of 

all the 15 plants of groundnut, soybean and chickpea strains. 

 

5.1.5 Indole Acetic Acid Estimation 

 To estimate the indole acetic acid in three leguminous plants root nodules were collected, 

surface sterilized with 70% ethyl alcohol and dried for some time. Then the nodules were cut 

opened incubated of two hours in 20 ml of 10M EDTA and crushed with 70 ml of cold ethanol 

and inhibitor (80%). The entire crushed mixture was taken into a collection tube and incubated 

for one hour at 4℃ with several intermittent mixings. After incubation, the sample was filtered 

through a filter paper and the resultant liquid was centrifuged at 15000g for 5 min at RT. The 

supernatant was evaporated at 28℃ for ethanol removal and until the water remains in the 

solution. Remained water sample was added with equal volumes of 1N NaHCo3 and acidified to 

adjust the pH to 3 with the dropwise addition of sulphuric acid. The acidified mixture was 

extracted with peroxide-free diethyl ether with the addition of equal volumes. The same method 

of peroxide diethyl ether extraction method was repeated four times and all the resultant extracts 

were pooled. The extract was evaporated at 37℃ and the precipitate was dissolved in 95% 

ethanol. The dissolved product was immediately subjected to absorb the OD at 540 nm using a 

spectrophotometer [168]. 

 

5.1.6 Estimation of 1-Aminocyclopropane-1-carboxylic acid (ACC) 

 To identify the amount of ACC present in all the three leguminous plants, root nodules 

from all the plants were collected and surface sterilized with 70% ethyl alcohol. Root nodules in 

DF-ACC rich medium were crushed and cultured. From the culture, the bacteria were collected 

by centrifugation at 8000 g/10 mins/4℃. The supernatant was discarded and the pellet was  
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collected, washed with 5 ml of DF minimal media. Then to the pellet 7.5 ml of minimal media 

and 3 mM ACC was added and incubated for 24 hrs to induce ACC deaminase activity at 37℃ 

on shaking water bath. After incubation, the samples were centrifuged at 8000g for 10 minutes at 

4℃, and the pellet was washed 1ml of 0.1M Tris HCl (pH-7.6) to remove the media traces in the 

centrifuged tubes. Then the pellet was dissolved in 5 ml of 0.1M Tris HCl with gentle mixing 

and centrifuges for five minutes at 16000g. The supernatant was discarded and the pellet was 

dissolved in Tris buffer (pH 8.5) along with 30 μl of toluene buffer. The sample was mixed by 

gentle vortexing for 30 seconds; from this, some of the cells were taken to check the ACC 

deaminase activity at 540 nm. These OD values were taken as the first observational results of 

bacterial extract and its substrate. From the remaining supernatant, 200 μl was collected and 

added 20 μl of 0.5 M ACC and incubated for 15 minutes at 30℃. After incubation to the same 

sample wad added with 0.56 M HCl and centrifuged for five minutes at 16000g. Next to the 

centrifugation, the supernatant was collected and the pellet was discarded. To the supernatant, 

added 800 μl of 0.56M HCl, 300 μl of 2,4-dinitrophenylhydrazine reagent, vortex mixed for 30 

seconds and incubated the sample for half an hour at 30℃. Then the incubated samples were 

added with 2N NaOH, further, the samples were subjected to spectrophotometric readings at 540 

nm. These OD readings were considered as second readings that contain bacterial extract, 

substrate, and ACC [169].  

 

5.1.7 Estimation of Nitrogen 

 To estimate the amount of nitrogen that is present in the root nodules of leguminous 

plants the fallowing standard Kjeldahl method has been used. Fresh root nodules were surface 

sterilized and crushed and the extract was collected in a digestion tube. The extracted sample was 

added with 15 g of potassium sulfate, 0.6 g of TiO2, 0.01 g of copper sulfate, 0.3 g of pumice and 

20 ml of sulfuric acid. The flak was heated for digestion for 40 mins at 390℃ and the allowed it 

to cool down for some time, then added 250 ml of distilled water to the sample. Then the flask 

was distilled with 75 ml of hydrochloric acid along with 2-3 drops of methyl red indicator. The 

distilled flasks were titrated with 0.1 N NaOH till the red color changes to yellow. It was  
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recorded the volume of neutralizing base and performed a calculation to find the amount of 

nitrogen present in the original sample by using the below formula [170]. 

 

N =         [(ml standard acid x N of acid) - (ml blank x N of base)] - (ml std base x N of base) x 1.4007 

                                                            Weight of sample in grams 

 

5.1.8 Siderophore Estimation  

 Another biochemical parameter to estimate in the three leguminous plants is siderophores 

that are produced under low iron conditions. Fresh root nodules form the selected legume plants 

were washed and crushed. The bacteria from crushed root nodules were culture on liquid YEMA 

medium for five days. The growth of the bacteria was observed based on the turbidity of the 

medium. The turbid medium was taken into the centrifuge tubes and centrifuged at 8000g for 10 

minutes at room temperature. The supernatant was collected in a fresh tube, from that 1 ml of 

supernatant was taken out and added with 1 ml of nitrate molybdate plus one ml of 1 M sodium 

hydroxide. The mixture was gently vortex mixed and immediately the readings at 521 nm in a 

spectrophotometer [171].  

 

5.1.9 Estimation of Tryptophan 

 Tryptophan, one of the essential amino acid for plant growth, and it also helps in IAA 

signaling pathway. To identify the amount of tryptophan present in the root nodules, fresh 

nodules from the selected legumes were collected. Then the nodules were surface sterilized with 

70% ethanol. Further, they were crushed in 5 ml of papain solution and incubated overnight at 

65°C. The incubated sample was allowed to reach room temperature and then it was centrifuged. 

Supernatant with clear appearance was collected in a fresh tube and estimated for tryptophan in a 

spectrophotometer at 545 nm as explained in Sadasivam and Manickam (1992) [172]. 

 

5.1.10 Total Chlorophyll “A” Estimation 

 Chlorophyll is the important content in photosynthesis which represents the presence of 

nitrogen in plants. To estimate the amount of chlorophyll collected a 500mg of fresh leaves from  
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all the leguminous plants. All the leaves were cleaned and ground with 10 ml of 80% acetone in 

a pestle and mortar. The extract was collected in a fresh centrifuge tube and centrifuged for 15 

minutes at 1000g. The supernatant was collected in a fresh tube and the pellet was ground again 

with 80% acetone and centrifuges to collect the supernatant. The same process was repeated 

twice. All three times collected supernatant were pooled and estimated for the total chlorophyll 

content at 663 nm in a spectrophotometer [173].  

 

5.1.11 Total Protein Estimation 

 To estimate the protein content in root nodules, fresh nodules were collected from all the 

selected legume plants and sterilized them with distilled water. Cleaned nodules were crushed, 

the extract was collected in a test tube and 5 ml of reagent A (2% Na2CO3, 1% NaK Tartrate and 

0.5% CuSO4.5H2O) was added. The test tube was mixed thoroughly and incubated in a dark 

room for 10 minutes at room temperature. After incubation to the same sample, 0.5 ml of reagent 

B (Folin Phenol) was added and incubated for 30 minutes in a dark room. After the half, an hour 

of incubation sample was estimated for the protein content at 660 nm by using a 

spectrophotometer [174]. 

 

5.1.12 Estimation of Soluble Sugars 

 To estimate the soluble sugars in selected leguminous plants, fresh root nodules were 

collected and sterilized with 70% ethanol. 200mg of nodules were homogenized with 80% ethyl 

alcohol with a mortar and pestle. The entire mixture was transferred to a round bottomed flask 

that was fitted with a condenser and it was refluxed for four hours in a steam water bath. After 

completion of reflux, the flask was allowed to cool to room temperature and the remained 

solution was transferred to a centrifugation tube. All the tubes were centrifuged for 10 minutes at 

4000 g and the supernatant was collected in a boiling tube. To the pellet repeated with the reflux 

process once again for complete extraction of sugars. Both the supernatant was mixed and 

allowed to dry until the solute was completely evaporated and the leftover solvent was dissolved 

10 ml of distilled water. From the dissolved samples 1 ml was taken in a test tube and added with 

0.1 ml of 80% phenol (w/v), mixed well. To the same test tube, 5 ml of sulphuric acid was added  
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and allowed to cool it to room temperature and estimated the total sugar content in the sample 

using a colorimeter as described in the Montgomery [175].  

 

5.1.13 In silico Analysis of Nif A protein 

 To understand further nitrogen fixing capacity of the known isolated and identified 

bacteria, the study carried to protein level understanding of structural variations and its 

morphological characteristic features of Nif A protein which is responsible for the initiation of 

Nif A gene transcription. The protein sequence of Nif A of the best plant growth supported 

single plant from all the three leguminous plants was selected and the protein sequence was 

retrieved from the Uniprot protein sequence and functional information database. By using the 

ProtParam tool, analyzed the basic and primary characteristics like physical and chemical were 

analyzed for all three nif A protein sequences. To understand the secondary structural variations, 

it was used Chou-Fasman server and the GOR protein aggregation prediction tool [176]. There is 

no availability of tertiary structure for nif A protein as of now in the database. To design the 

tertiary structure of nif A protein Phyre2 tool, SWISS-MODEL for structure homology-

modelling and MODELLER for comparative modeling of protein three-dimensional structures 

were used. After modeling, the designed 3D homology model was validated; quality check and 

evaluation were done by Z-Score using the QMEAN tool [177] and Rampage Ramachandran 

plot [178]. 

 

5.2 Statistical Analysis 

 For the physical and biochemical parameters of all the legume plants, the results were 

analyzed by using Graph Pad Prism statistical software version 5.0. All the legume plants' 

physical parameters were analyzed by using one-way ANOVA and biochemical parameters were 

analyzed by using one sample T-test. For the plant application biochemical parameters, an 

unpaired T-test to find the statistically significant difference was used. To measure the 

correlation between different variables Pearson correlation coefficient tests were performed. 
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5.3 Results and Discussion 

5.3.1 Physical parameters 

 Plant physical appearance will help in identifying its basic health and strength. Healthy 

plants develop healthy roots, leaves, fruit and generate a good yield of the crop. The overall 

development of a plant depends on its physical characteristics. Environmental conditions, soil 

fertility and available nutrients will decide the fate of the crop not only in the production but also 

in developing the capability to fight against diseases, pests, and insects. In the current research, 

the plant physical parameters play a major role as they are considered as the prime parameters to 

select the soil samples in determining the crop specificity and compatibility. The plants which 

are phenotypically superior are also validated for their biochemical and genotypic ability in plant 

promotion which is the central dogma of this research.  

 

 In the present investigation five best plants that supported growth out of 45 different soil 

samples were chosen for further studies. The basic physical characters like root length, shoot 

length, root nodules, shoot and root dry weight were considered to choose five plants and were 

statistically significant with P values less than 0.05, 0.01 and 0.001. In groundnut, rhizobium 

isolated from soil sample GNKPFS6 have shown highest results by increasing to 3.05, 3.54, 

2.86, 1.45, and 1.82 folds with respect to root length, shoot length, shoot dry weight, root dry 

weight and number of root nodules respectively when compared to the GNTPFS13, GNGVFS19, 

GNDVFS25 and GNUPFS37 (Figure 5.2) isolates. A soil sample collected from village 

pusukuppa with sample number SBPKFS32 has the best influence on the physical parameters 

with of the soybean plants in sterile soils with 2.5, 3.34, 4.12, 1.26, and 2.03 folds when 

compared to other treatments from soil samples SBTPFS11, SBGVFS19, SBUPFS39, and 

SBVPFS42 (Figure 5.3). The soil sample CPKPFS9 from the village kandipadu has yielded the 

best growth supporting rhizobial strains with 4.03, 1.52, 3.23, 2.67, and 2.07 folds than the other 

samples CPCHFS2, CPMDFS26, CPPKFS33, and CPVPFS44 (Figure 5.4).  

 

 The coefficient of variation in root length of groundnut was 2.7%, 1.3%, 0.74%, 0.81%, 

and 0.87% in R. leguminosarum, B. japonicum, R. trifolii, R. meliloti, and R. phaseoli  
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respectively when compared to its controls (4.97%). As stated the least in a coefficient of 

variation, more preciseness is in estimation. The root length of the five inoculums has shown the 

least variation over the control. Maximum variability was observed in R. leguminosarum 

whereas the least variable was seen in R. meliloti. There was no much variation in the root length 

of R. meliloti, R. trifolii, R. phaseoli were observed. All physical parameters of the groundnut are 

statistically significant with p<0.05, whereas root length, root nodules of R. leguminosarum, 

shoot length of R. phaseoli, root weight of B. japonicum and R. meliloti, have shown statistically 

significant with p<0.01. Also, the root nodules of R. trifolii have statistically significant with 

p<0.001. Variation of percentage observed in shoot length was 2.12, 2.07, 0.95, 3.25, and 1.28. 

Least variation was in R. leguminosarum with 0.94% when compared to control (2.03%) (Table 

5.1). The other parameter root weight variations were 0.45, 1.26, 0.26, 0.70, and 0.60.  

 

All most all the inoculants have shown the least significant variation with less than one over their 

controls (1.46). The root dry weight of the coefficient of variation was observed to be 2.41, 1.50, 

2.09, 1.17, and 1.33 in contrast to their control (3.04%). Similarly, the root nodules variability 

was 1.41%, 1.84%, 0.85%, 0.99% and 2.67% over their controls (3.01%). A precise variation has 

been observed in root nodules of R. phaseoli. A typical significant variation percentile was 

observed in root length and root weight with the least coefficient of variation over the other three 

parameters i.e. root nodules, shoot length and root dry weight (Figure 5.2). 

 

Table 5.1: Coefficient of variation among physical parameters of groundnut. 

 

Physical character  RL (%) SL (%) RW (%) RDW (%) RN (%) 

Name of the organism 

Control 4.97 2.03 1.46 3.04 3.01 

R. trifolii 0.75 0.95 0.45 2.41 1.41 

R. meliloti 0.81 3.25 1.26 1.50 1.84 

R. leguminosarum 2.72 2.12 0.26 2.09 0.85 

R. phaseoli 0.87 1.28 0.70 1.17 0.99 

B. japonicum 1.31 2.07 0.60 1.33 2.67 
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 The variation percentage when calculated for soybean physical parameters, the least 

significance variation was observed in root length of with 1.57, 0.24, 0.50, 1.20 and 0.78% in B. 

japonicum, B. paxllaeri, B. canariense, S. xinjiangense and B. betae respectively when compared 

to their controls (2.92%) (Table 5.2). All the parameters have shown lower variation when 

compared to controls which indicate the preciseness of inoculants in promoting plant growth. All 

the variables of plant physical appearance are statistically significant with p<0.05. Root weight 

and root dry weight of B. japonicum showed p<0.01, similarly in root nodules of B. canariense, 

root length of S. xinjiangense, root dry weight of B. betae also significant with p<0.01. The other 

parameters shoot length and root weight of B. paxllaeri and S. xinjiangense have shown 

statistical significance with p<0.001 (Figure 5.2).  

 

Table 5.2: Coefficient of variation among physical parameters of soybean. 

 

Physical character  
RL (%) SL (%) RW (%) RDW (%) RN (%) Name of the organism 

Control 2.92 4.73 2.89 5.15 2.95 

B.japonicum 1.57 3.52 1.92 4.06 0.80 

B. paxllaeri 0.24 1.99 0.66 1.11 1.11 

B. canariense 0.50 1.03 1.04 0.71 0.47 

S. xinjiangense 1.20 1.15 1.19 1.93 2.34 

B. betae 0.78 4.21 0.60 2.20 1.25 

 

 Chickpea plants that are inoculated with R. fredii, M. loti, R. meliloti, M. ciceri and 

B. japonicum has shown the least coefficient variation in all most all the five parameters over 

their control plants (Table 5.3). There are high intraspecific variations observed in shoot length 

of M. ciceri among the other inoculants. All the physical parameters showed statistical 

significance with p<0.05, while shoot length, root nodules of R. fredii, root length of R. meliloti, 

root length and root weight of M. ciceri, root dry weight of B. japonicum have shown statistically 

significant with p<0.01. The root weight of M. loti, root nodules of M. ciceri has shown 

statistically significant p<0.001 (Figure 5.3). 
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 Table 5.3: Coefficient of variation among physical parameters of chickpea.  

 

Physical character  RL (%) SL (%) RW (%) RDW (%) RN (%) 

Name of the organism 

Control 2.41 2.94 1.98 2.86 2.03 

R. fredii 1.92 1.88 0.79 1.31 1.57 

M. loti 0.41 1.96 1.43 1.11 1.64 

R. meliloti 0.86 1.36 0.58 0.71 0.99 

M. ciceri 0.17 0.57 0.86 1.93 0.42 

B. japonicum 0.78 2.07 1.21 1.28 0.79 

 

 It is very interesting results that all the physical parameters were statistically significant 

in three leguminous plants. In the previous objective from a pool of 45 samples, 5 soils were 

selected based on the physical parameters. Therefore, all the selected soil samples yielded 

rhizobial strains that are efficient in plant growth promotion for three legume plants. However, 

there are variations in physical parameters of respective plants in sterile soils which indicate 

varying levels of efficacy of the rhizobia strains. By reviewing the results in the objective 1 and 2 

it is evident that the strains obtained by natural selection in the three given legume plants, 

groundnut, soybean and chickpea are well efficient in plant growth promotion. Nevertheless, the 

size of the samples and location may always vary to explore more efficient strains. This method 

of soil selection and validation of isolates stands apart from the traditional way of exploring the 

crop-strain compatibility where the isolates are inoculated on a variety of plants to determine the 

specificity. Furthermore, the efficiency of the isolated strains over the respective plants in field 

conditions is better illustrated in chapter 6.   
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Figure 5.2: Statistical analysis of groundnut physical parameters (**statistically significant 

p<0.01, ***statistically significant p<0.001). 
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Figure 5.3: Statistical analysis of soybean physical parameters. (**statistically significant 

p<0.01, ***statistically significant p<0.001). 

 

 

 

Figure 5.4: Statistical analysis of chickpea physical parameters. (**statistically significant 

p<0.01, ***statistically significant p<0.001). 
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5.3.2 Biochemical Parameters  

 It is very important to produce some plant hormones, amino acids, proteins, and related 

products in root nodules by rhizosphere bacteria for proper plant growth and legume-rhizobia 

interaction [179]. By quantifying the biochemical production in the root nodules, the efficiency 

of bacterial strains over respective plants in the specific geography has been achieved. There are 

several biochemical tests available in the literature to assess the biochemical production through 

various cycles throughout the plant life. Specifically, those tests which assess the growth 

promotion and nitrogen content have been taken into consideration in this investigation and they 

are namely, indole acetic acid (IAA), 1-aminocyclopropane-1-carboxylate (ACC), nitrogen, 

siderophores, chlorophyll, amino acids, protein, soluble sugars.  

 

5.3.2.1. Indole Acetic Acid (IAA) 

 The majority of the plant hormones like auxin, cytokinins, abscisic acid, and 

strigolactones regulate both lateral root formation and nodule organogenesis but often are 

antagonistic [180]. Indole acetic acid is one of the important phytohormones that have direct 

influence over plant growth. Precisely, Indole Acetic Acid controls the root organogenesis and 

nodule formation in legumes. Many studies such as Pii Y, et al., on Medicago truncatula and 

Phaseolus vulgaris revealed that the genetically engineered rhizobia to produce more auxins 

especially IAA could enhance the root length and increased number of root nodules [181].  

 

In the present research, out of five samples, the plant is grown in sample 3 (GNKPFS6) 

has shown dominant characteristics with more concentration of IAA over the other 4 soil 

samples with rhizobial sps. B. japonicum, R. meliloti, R. phaseoli, and R. trifolii. The estimated 

IAA concentration in R. leguminosarum (GNKPFS6) was 5.63 folds of the control and the least 

concentration was seen in R. phaseoli (GNUPFS37) which was 2.31 folds of the control. The 

concentration of IAA in the other strains B. japonicum (GNTPFS13), R. trifolii (GNGVFS19), R. 

meliloti (GNDVFS25) was found to be 5.01, 3.59 and 3.03 folds of the control respectively 

(Table 5.4). By analyzing the results, it is inferred that the concentration of IAA is found more in  



OBJECTIVE 3 

 

 

the plant treated with R. leguminosarum sps. This, in fact, is one of the most efficient and 

compatible strains of groundnut which has been confirmed by many studies like Sarkar D, et al., 

Overproduction of IAA in treatment 1 (GNKPFS6) (Figure 5.5a) could be the probable reason 

for the highest plant growth and root nodule production over the other 4 treatments which is 

evident from the results of objective 2 [182] (Please refer results of objective 2). 

 

In the case of soybean, the highest concentration of IAA was produced by B. japonicum 

in soil sample1 (SBPKFS32) and its concentration was 2.86 folds of the control. The other 

species S. xinjiangense, B. paxllaeri, B. canariense, and B. betae sp. in soil sample SBTPFS11, 

SBGVFS19, SBUPFS39, and SBVPFS42 have the IAA concentrations 1.54, 0.74, 0.55,0.44 

folds higher than the control (Table 5.4). The least concentration of root nodule IAA production 

was observed in the soil sample SBVPFS42 with the isolate B. betae sp (Figure 5.5b). It is 

evident from the research that B. japonicum is more compatible with soybean and result in 

enhancement of shoot length and root nodules. The treatment B. japonicum overproduces 

tryptophan and its pathway products such as IAA constitutively and deposited in the root nodules 

[183]. An analogs phenomenon was seen in this case too where the overproduction of IAA is due 

to the enhanced tryptophan levels by B. japonicum. This resulted in the significant root, shoot 

elongation. On the other hand, IAA also plays an important role in fighting against and 

suppressing plant diseased like charcoal rot disease [184]. The difference in the IAA levels in the 

given 5 plants indicates varying levels of growth promotion which is evident from the 

assessment of plant physical parameters in objective 2. To understand the contribution of the 

highest IAA producing strain B. japonicum, genetic structures have been studies by exploring the 

genes responsible for Nif A genes.  

 

 In the present study, chickpea plants that were grown in sterile conditions showed 

remarkable growth in all the five plants. But among all the five plants, plants with treatment M. 

ciceri in the soil sample CPCHFS1 have reported the highest concentration which is 3.68 folds 

when compared to the control (Figure 5.5c). This is followed by the treatments R. meliloti, R. 

fredii, B. japonicum, and M. loti in soil samples CPCHFS2, CPMDFS26, CPPKFS33 and  
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CPVPFS44 recorded a sequential decrement in the IAA concentration which is 2.76, 1.89, 1.40, 

and 0.78 folds higher than the control respectively (Table 5.4). A study on chickpea in Pakistan 

reported that inoculation with Ochrobactrum cicero Ca-34T strain improved not only the 

rhizosphere colonization on root and within nodules but also improved the IAA production 

[185]. 

 

 Similar results were observed in the present investigation where M. ciceri enhanced the 

production of IAA greatly when compared to its control and with other species in chickpea. The 

difference in the IAA levels in 5 soil samples indicates the difference in plant growth parameters 

which is evident from the assessment of physical parameters in objective 2. Also could identify a 

positive correlation between the IAA and various other physical parameters like shoot length, 

root length, no of nodules and root weight when analyzed with Pearson coefficient test. 

Therefore, it is evidentially proved that the treatment with M. ciceri has improved the plant 

growth substantially and is more specific to the chickpea over other treatments.  

 

On the other hand, the growth pattern of IAA over other physical and biochemical 

parameters has been studied statistically by using the Pearson correlation test. Groundnut indole 

acetic acid has analogous growth patterns (positive correlation) with other biochemical 

parameters like ACC, nitrogen, siderophores, chlorophyll, and sugars. Whereas, IAA 

concentration, when treated with R. leguminosarum, has shown a slightly negative correlation 

with proteins and amino acids. When it compared to the influence of IAA over the physical 

parameters, except shoot length and no. of root nodules, all the other parameters like root length, 

root weight and root dry weight have recorded a positive correlation with ACC. This statistical 

significance reveals the influence of IAA over other growth parameters and elevates the 

importance of IAA. In the other case of R. trifolii IAA has shown a slight negative correlation 

with chlorophyll, RN and RDW and observed a strong positive correlation with siderophores, 

ACC, nitrogen, sugars, RL, SL, RW. In the case of R. meliloti, no negative correlation was 

observed with IAA, whereas in the case of R. phaseoli a complete strong positive correlation was  
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observed. B. japonicum in groundnut has shown a strong positive correlation with ACC, 

nitrogen, chlorophyll, sugars and shoot length (Table 5.12 a, b, c, d, e). 

 

In the other legume plant soybean when inoculated with B. paxllaeri, no negative 

correlation was observed with IAA. Another inoculum B. canariense have yielded negative 

correlation with protein, AA, RL, RDW whereas remaining parameters has shown a strong 

positive correlation with IAA. S. xinjiangense when treated for soybean seed IAA yielded the 

best correlation with all the biochemical and physical parameters except with RN (Table 5.13 a, 

b,c,d,e). IAA concentration of B. betae was shown a strong correlation with all parameters 

except with nitrogen, RL, and RN whereas B. japonicum has no negative correlation with other 

parameters. When the IAA correlation was observed in chickpea plants M. ciceri has shown the 

strong and weak correlation of except with RDW, RN. In the case of R. meliloti, it was shown a 

positive correlation with all the parameters except with nitrogen and RL. No negative correlation 

was observed in B. japonicum, M. loti, and SL, RN was negative with IAA in the case of R. 

fredii (Table 5.14a, b, c, d, e).  

 

Table 5.4: Increased concentration of IAA with different inoculums in selected legumes. 

 

Type of legume 

plant   

Fold change in 

groundnut 

Fold change in 

soybean 

Fold change in 

chickpea 

Inoculum 

Treatment 1 2.31 2.86  2.76  

Treatment 2 3.59 0.74  0.78 

Treatment 3 5.63 0.55   1.89 

Treatment 4 3.03 1.54  3.68 

Treatment 5 5.01 0.44 1.40  
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a)                                                                     b) 

  

                                                                         

 

 c) 

 

 

Figure 5.5 a,b,c: IAA concentration in various inoculums for three legumes. 

 

5.3.2.2. 1-Aminocyclopropane-1-Carboxylate (ACC) 

 Ethylene is a gaseous plant hormone. ACC acts as a precursor of ethylene and plays a 

lead role in plant growth and lowering stress susceptibility. Few rhizobacteria convert plant ACC 

into ammonia and α-ketobutyrate with the enzyme ACC deaminase [186]. Bacterial ACC 

deaminase will reduce the level of endogenous ethylene in the plant. This is done by stopping 

root growth inhibition by preventive the available ACC and thus inducing the plant growth. The  
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expression of ACC deaminase (acdS) is directly proportional to the concentration of ACC and 

therefore, the deaminase expression will low if the in the low concentrations of ACC. The 

expression of acdS, in turn, is dependent on rhizobacterial nitrogen fixation (nif) promoter 

[187,189]. In the present study ACC deaminase metabolization was high with R. leguminosarum 

sps. in groundnut plants when compared to other rhizobacteria i.e. B. japonicum, R. meliloti, R. 

phaseoli, and R. trifolii. The maximum concentration was metabolized in soil sample GNKPFS6 

that is 1.76 folds of the control. Lowest concentration was found in sample GNDVFS25 

metabolized by R. phaseoli which is 0.98 folds of the control. The plants in the other three soil 

samples have recorded the ACC concentration of 1.98, 1.17 and 1.94 folds of the control by the 

rhizobia strains B. japonicum, R. meliloti, and R. trifolii respectively (Figure 5.6 a,b,c & Table 

5.5). It is evident from the literature that ACC deaminase plays a vital role in nodule formation at 

the early stage of nodulation. Binding of rhizobacteria to the plant is specific and they help them 

in lowering the ethylene activity and facilitate in nodule formation. Free-living rhizobacteria 

consists of 0.076 to 0.274 μmol α-ketobutyrate/mg protein/h ACC deaminase activities 

[189,190].  

 

 Thus it is strongly interpreted that elevated concentrations of ACC by 1.76 folds of 

control could have helped in the formation of root nodulation which leads to better atmospheric 

nitrogen fixation. As discussed previously, the acdS gene is responsible for the ACC deaminase 

activity. Ma. W, et al., study revealed that there is a 25% reduction in the ability of nodulation in 

acdS minus mutant viz. R. leguminosarum bv. viciae 128C53 K in P. sativum cv sparkle [191]. A 

similar study was performed by Uchiumi. T, et al., in L. japonicas, where the acdS mutant 

resulted in a decrease in nodule occupancy, less in nodule number and decrease in symbiotic 

ability [192]. With this, it was understood that the role of ACC deaminase enzyme and its 

supporting gene plays an important role in symbiosis and nodulation. Interestingly in the present 

study R. leguminosarum sp. might not have any mutations that helped the plant in symbiosis 

along with the nodulation process. 
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 The statistical analysis of the ACC production has different correlations with different 

physical and biochemical parameters. However, most of the parameters in groundnut have a 

positive correlation with ACC was observed in R. phaseolii and a negative correlation of ACC 

with sidero, AA, SL was seen in B. japonicum. The inoculums R. meliloti was strongly positive 

with all the parameters except with nitrogen. The ACC concentration of another inoculum R. 

leguminosarum was negative with RN and was positive with all other parameters. In the case of 

R. trifolii inoculums have shown a strong positive correlation with nitrogen, protein, chlorophyll, 

RN and negative with sidero, AA and SL.   

 

Before 1993, several studies have investigated the effect of ethylene on nodulation 

leading to nitrogen fixation in the association with rhizobium sps. But till then hardly papers 

talked about B. japonicum’s association with soybean and ethylene role in nodulation, especially 

about its autoregulatory signaling mechanism. For the first time in 1993 W. J. Hunter quantified 

the ethylene produced by root nodules and its effect on root nodules in soybean. He identified 

through various experiments and reported that the root nodules produce more amount of 

ethylene, ACC than the other root material [193]. 

 

The current study is analogous to the W.J. Hunter and the soil samples SBPKFS32 with 

soybean have produced an ACC concentration of almost 2.79 folds of the control by B. 

japonicum (Table 5.5). Soybean in other soil samples SBUPFS39, SBTPFS11, SBGVFS19 and 

SBVPFS42 with treatments S. xinjiangense, B. paxllaeri, B. canariense and B. betae sps. have 

recorded concentrations of 1.98, 1.94, 1.71 and 1.17 folds of the control respectively (Figure 

5.5b). A review by Nascimento FX, et al., states that if the plants are co-inoculated with 

compatible PGPR that has high ACC activity, the plants show more nodulation. In the present 

case, the number of root nodules is increased with the elevated levels of ACC in all the five 

treatments of soybean [194]. When the ACC correlation of soybean was observed with other 

parameters B. paxllaeri, a negative correlation appeared with three of the physical parameters 

and it is positive with other biochemical parameters. In the case of B. canariense it is positively 

correlated with 11 parameters that were negative with only two parameters. S. xinjiangense has a  
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strong positive correlation with siderophores, AA and SS, no negative relation was observed 

with physical tests. The inoculum B. betae when applied to soybean in sterile soil it showed a 

strong positive relation with siderophores, protein, RW and weak relation with the rest of the 

parameters and also ACC was negatively correlated with SS, SL, RN. In the case of B. 

japonicum, it yielded the strongest positive correlation with all most all the parameters except 

with AA, RL, RDW. 

 

In chickpea, the number of root nodules and concentration of ACC was found high in soil 

sample CPCHFS1. The ACC concentration was in M. ciceri was 2.88 folds when compared with 

the control. The other soil samples CPCHFS2, CPMDFS26, CPPKFS33 and CPVPFS44 with R. 

meliloti, B. japonicum, R. fredii, and M. loti bacteria have recorded a fold change of 2.43, 2.39, 

2.11, and 1.49 times higher than the control respectively (Figure 5.6 c). Mesorhizobium strains 

that are from different species nodulating the same host plant have analogous acdS genes [195]. 

Different strains of M. ciceri together in the present investigation must have contributed towards 

plant growth and helped to remove stress conditions with the conserved Acd S gene. The other 

four bacteria have performed their best in releasing ACC deaminase to breakdown ethylene. 

Another study by Brigido C, et al., revealed that, apart from ethylene conversion, ACC 

deaminase plays a significant role in plant-rhizobium interaction during salt stress conditions of 

chickpea [196]. The observed correlation in chickpea ACC was stronger with all their respective 

tests except with RDW, RN in M. ciceri. The ACC concentration of ACC was negative with 

nitrogen and RL and strong positive with the other 11 tests. There was no observed negative 

correlation of R. fredii’s ACC with other physical and biochemical tests, whereas B. japonicum 

and M. loti have shown a negative correlation with only one parameter each i.e RW, RDW 

respectively and the other parameters were strong positive towards ACC. 
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Table 5.5: Increased concentration of ACC with different inoculum in selected legumes. 

 

 Fold change in 

groundnut 

Fold change in 

soybean 

Fold change in 

chickpea 

Treatment 1 0.98 2.79 2.39 

Treatment 2 1.17  1.94 1.49 

Treatment 3 1.76  1. 71 2.43 

Treatment 4 0.58 1.98 2.88 

Treatment 5 1.57  1.17 2.11 

 

a)                                                                 b) 

  

 

 

      c) 

 

 

Figure 5.6 a,b,c: ACC concentration in various inoculums for three legumes. 
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5.3.2.3. Nitrogen 

Nitrogen is an essential element for plants in almost all metabolic processes. For all the 

metabolisms protein must play a vital role and nitrogen is one among its structural backbone of 

amino acids. It is very important to have a sufficient amount of nitrogen for a plant in its growth, 

usually, nitrogen will be supplied to the plants externally in the form of ammonia. For 

leguminous plants, a typical mechanism by rhizobacteria helps in fixing atmospheric nitrogen on 

its own and reduces the usage of chemical fertilizers. Different types of soils have different 

amounts of nitrogen holding capacity. Clay and clay loamy and loamy alone type of soils have a 

high capacity to hold nitrogen for plants [197]. The present soil collected from the Bhadrachalam 

forest area is loamy soil, with a good amount of nitrogen observed when soil samples were tested 

immediately after collection (chapter 3). Majorly nitrogen deficiency causes a reduction in 

growth, chlorosis, red and purple spots on leaves and restricted budding.  

 

 Out of five treatments over the groundnut, the R. leguminosarum in soil sample 

GNKPFS6 recorded the highest nitrogen concentration with 6.53 folds higher than the untreated 

control. This is followed by other treatment R. trifolii in soil sample GNGVFS19 with a 

concentration of 5.22 folds higher than the control. The least concentration was observed with 

2.71 folds of the control in soil sample GNUPFS37 that was inoculated with R. phaseoli. The 

remaining two soil samples inoculated with R. trifolii in sample GNGVFS19 and B. japonicum 

in sample 5 GNTPFS13 have the nitrogen concentration with 4.01, and 4.76 respectively (Figure 

5.7a).  

 

 The maximum concentration of nitrogen in soybean was found in soil sample SBPKFS32 

followed by soil sample SBUPFS39, SBTPFS11, SBGVFS19, and SBVPFS42, relative to a 

respective control sample. The highest concentration of nitrogen is recorded with the treatment 

B. japonicum which is 5.09 folds of the control and the least was observed with the treatment B. 

betae sps with a fold change of 2.0 over the control. The other treatments S. xinjiangense, B. 

paxllaeri, B. canariense, sps. have reported a fold change of 4.02, 3.66, 3.05 over the control 

respectively (Figure 5.7b). 
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In chickpea, the highest concentration of nitrogen is found in soil sample CPCHFS1 

which is 5.96 folds higher than the control. This is followed by the other samples CPCHFS2, 

CPMDFS26, CPPKFS33, & CPVPFS44 with a fold change of 4.76, 4.33, 3.64, and 2.44 

respectively (Table 5.6). The sequence of rhizobium treatments that yielded the highest nitrogen 

in descending order is M. ciceri, R. meliloti, R. fredii, B. japonicum, and M. loti (Figure 5.7c). As 

mentioned earlier nitrogen is essential for all biological activities of plants, the statistical analysis 

by Pearson tests of nitrogen concentration has revealed the correlation of nitrogen trends in all 

the three plants groundnut, soybean, and chickpea has much positive and negative effect. 

 

 In the groundnut legume plant, the nitrogen correlation of R. leguminosarum with other 

parameters was positive except with amino and RN. Similarly, in R. trifolii al the parameters 

correlated strongly except with sugars and in the case of R. meliloti nitrogen has a negative 

correlation with siderophores and chlorophyll. There is no observed negative correlation of 

R.phaseoli with any other parameter and in the case of B. japonicum, it showed a negative effect 

with sidero, AA, and SL. Nitrogen concentration in soybean was not negative with the other 

parameters of B.paxllaeri, whereas B. canariense was negative with protein and SL. Nitrogen in 

S. xinjiangense was strongly positive with all the tests performed but was slight negative with 

AA and SL. Siderophores, SL, RDW was negatively correlated with the nitrogen of B.betae, and 

it was strongly positive in most of the parameters of B. japonicum. This infers that nitrogen has a 

strong effect over major physical and biochemical pathways that are involved in plant growth. 

The other legume plant chickpea has shown a strong positive correlation in M. ciceri, whereas R. 

meliloti has shown a negative correlation with protein, AA, and SL. A strong positive correlation 

was observed with R. fredii in all most all the parameters except in the case of SL, RN. M. loti 

has shown a single negative correlation with siderophores and B. japonicum has exhibited a 

negative correlation with sidero, protein, SL and RW and the rest of the parameters were stong 

positive towards nitrogen.   
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Table 5.6: Increased concentration of nitrogen with different inoculums in selected legumes. 

 

 Fold change in 

groundnut 

Fold change in 

soybean 

Fold change in 

chickpea 

Treatment 1 5.22 5.09 4.33 

Treatment 2 4.01 3.66 2.44 

Treatment 3 6.53 3.05 4.76 

Treatment 4 2.71 4.02 5.96 

Treatment 5 4.76 2.00 3.64 

 

a)                                                                      b) 

  

 

c) 

 

  

Figure 5.7 a,b,c: Nitrogen concentration in various inoculums for three legumes. 
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5.3.2.4. Amino Acid 

 In legume plants, the atmospheric nitrogen after getting fixed in the root nodules the 

nitrogen is reduced to amino acids. The amino acids have multi-facets in functions as the 

precursors of phytohormones and growth substances. The reduction process is followed by 

transport of amino acids from the xylem of root nodules to the shoot, and to roots from phloem 

to support plant growth [198]. A major percent of amino acids proliferate as strong signaling 

molecules and integrate the metabolic status of the plant with signals from the environment, 

especially in stressful conditions. Thus the amino acids orchestrate the growth and development 

of a plant. Nevertheless, the exact mechanism and role of amino acids in root nodulation and 

transportation from plant parts to nodules and contributing to plant nutrition is not fully known 

yet. A study on pea plants two amino acid transporters Aap and Bra are found to be essential for 

nitrogen-fixing in root nodules of the plant. In this process, it was observed that the null mutants 

of Aap and Bra have reported nitrogen reduction of about 30-50% and low levels of asparagine 

in xylem sap of pea plants and root nodules [199]. Some of the other research shows that 

asparagines amino acid transport is also vital for fixing nitrogen and infers that the amino acid 

cycle is essential for the assimilation of nitrogen by the plants [200,201].  

 

The similar scientific scenario is observed in the current research. In the present research 

amino acid concentration of groundnut was observed high in a plant grown in the soil sample 

GNKPFS6, treated with R. leguminosarum. The plant reported a concentration of 2.99 folds over 

the control. This is followed by the treatment R. meliloti in the soil sample GNDVFS25 with a 

fold change of 2.60 over the control. The third highest fold change was 2.10 up on the control 

with the treatment R. trifolii in the soil sample GNGVFS19 (Table 5.7). The soil samples 

GNTPFS13 with B. japonicum and GNDVFS25 with R. phaseoli have reported a fold change of 

2.0 and 1.83 respectively (Figure 5.8a). 

 

 The statistical analysis to understand the relative growth of other plant parameters person 

correlation test was conducted and the observed various correlations. However, the majority of 

the tests shown a positive correlation. In the groundnut, when treated with R. leguminosarum, the 
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 amino acid, has shown a positive correlation in almost all the physical and biochemical 

parameters except IAA, nitrogen and chlorophyll. Treatment with R. meliloti has shown a 

negative correlation with siderophores, and chlorophyll. All the other biochemical and physical 

parameters have shown a positive correlation with amino acids. When treated with R. trifolii, the 

produced amino acids have a positive correlation with IAA, ACC, nitrogen, protein content and 

sugars. Chlorophyll and RL have a slightly negative correlation with amino acids. B. japonicum 

has shown a negative correlation with nitrogen, chlorophyll, AA, & SL, and no negative 

correlation was observed in R. phaseoli. 

 

 The maximum concentration of amino acid in soybean was observed with 3.23 folds in 

soil sample SBPKFS32 (B. japonicum) followed by soil sample SBTPFS11 (S. xinjiangense) 

with 2.7, Treatment B. paxllaeri in soil sample SBGVFS19 has shown the next highest 

concentration with a fold change of 2.47. The treatments B. canariense and B. betae have shown 

a fold change of 2.26 and 1.93 over the control respectively (Figure 5.8b). The soybean, when 

treated with B. japonicum the amino acids have shown a positive correlation with almost all the 

biochemical parameters except ACC. In physical parameters, the amino acids did not show a 

positive correlation with root dry weight but with all other physical parameters, it has shown a 

clear positive correlation. In the second treatment with S. xinjiangense the amino acids exhibited 

a strong correlation with all the physical and biochemical parameters indicating a direct 

proportion of the trend. Amino acids in the treatment B. canariense exhibited a negative 

correlation with soluble sugars. Treatment with B. canariense has produced amino acids that 

have a positive correlation with all physical parameters except root length. No negative 

correlation with the biochemical and physical parameters has observed in B. paxllaeri. In the 

final treatment of soybean with B. betae, the amino acids have shown a positive correlation with 

all the biochemical parameters except sugars, SL, and RDW. Overall, the amino acids have a 

strong correlation with nitrogen and the number of root nodules in all the treatment that helps in 

more nitrogen fixation and plant growth.  
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Maximum concentration of amino acids in chickpea was found in soil sample CPCHFS1 

with the concentration 3.81 folds over the control followed by soil sample CPCHFS2 with 3.24 

folds, the soil sample CPMDFS26 shown a fold change of 2.99, CPPKFS33 a change of 2.74 

folds, and soil sample CPVPFS44 exhibited 2.34 folds, relative to respective control samples 

(Figure 5.8c). The respective treatments were M. ciceri, R. meliloti, R. fredii, B. japonicum and 

M. loti in a serial fashion. Also, the correlation studies of amino acids exhibited a positive 

correlation with all the biochemical parameters when treated with M. ciceri. In the physical 

parameters, the amino acid has a negative correlation with root dry weight but has a strong 

positive correlation with the rest of the other parameters. 

 

 When treated with R. meliloti, the amino acids exhibited a negative correlation with root 

dry weight only. Whereas it has shown a negative correlation only with chlorophyll and 

siderophores out of all the biochemical parameters. Amino acids with the treatment of R. fredii 

have a strong positive correlation with all the biochemical parameters whereas except shoot 

length, a strong positive correlation was seen with all the physical parameters also. A positive 

trend has been observed in all biochemical and physical parameters when treated with B. 

japonicum. Treatment with M. loti has shown a strong amino acid and all physical parameters. 

Only protein-amino acid correlation was found to be negative, and the rest of all biochemical 

parameters was positively correlated with amino acids. On the whole, the amino acids are found 

to be more positively related with the majority of physical and biochemical parameters.  

 

Table 5.7: Increased concentration of aminoacid with different inoculums in selected legumes. 

 Fold change in 

groundnut 

Fold change in 

soybean 

Fold change in 

chickpea 

Treatment 1 2.99 3.23 2.99  

Treatment 2 2.60 2.70 2.35  

Treatment 3 2.10 2.47 3.24  

Treatment 4 2.00 2.26 3.81 

Treatment 5 1.83 1.93  2.74 
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a)                                                                            b) 

  

       c) 

 

 

Figure 5.8 a,b,c: Amino acid concentration in various inoculums for three legumes. 

5.3.2.5 Siderophores 

 Siderophores are the iron carriers that catabolize from Fe III to Fe II. The solubility of 

iron from Fe III to Fe II in soil depends on the pH of the soil, if there is an imbalance in pH, 

microorganisms can’t make use of siderophores for the iron reduction process. Deficiency of Fe 

limits the process of symbiosis by decreasing the legume mass, leghaemoglobin and eventually 

the nitrogen fixing capacity [202,203].  

 

 In the present case of siderophores, the concentration in groundnut plants inoculated with 

B. japonicum in soil sample GNTPFS13 was higher with 1.91 folds’ increase over the control.  
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The next higher concentration of siderophores was seen in GNUPFS37 with 1.86 folds over the 

control by R. phaseoli sps. The other three soil samples GNKPFS6, GNGVFS19, GNDVFS25 

inoculated with R. leguminosarum, R. trifolii, R. phaseoli have shown siderophore concentrations 

of 1.59, 1.44, 1.32 folds higher than the control respectively (Figure 5.9a). In case of soybean, a 

fold change of 1.70, 1.50, 1.36, 1.15 and 0.94 over the control was observed in soil samples 

SBPKFS32, SBVPFS42, SBTPFS11, SBUPFS39, and SBGVFS19 with B. japonicum, B. betae, 

S. xinjiangense, B. canariense, and B. paxllaeri respectively (Table 5.8). 

 

In the case of soybean leguminous plants 1.70, 1.50, 1.36, 1.15 and 0.94 increased folds 

siderophores were metabolized by B. japonicum, B. betae, S. xinjiangense, B. canariense, B. 

Paxllaeri respectively in the soil samples SBPKFS32, SBVPFS42, SBTPFS11, SBUPFS39, 

SBGVFS19 (Figure 5.9b). The concentrations of siderophores in chickpea plants were found to 

be 1.95, 1.83, 1.71, 1.33, 1.06 in soil samples CPCHFS2, CPPKFS33, CPVPFS44, CPMDFS26, 

CPCHFS1 with treatments R. meliloti, B. japonicum, M. loti, R. fredii, and M. ciceri sps. (Figure 

5.9c). When compared to all the three legume plants B. japonicum has actively participated in 

solubilizing the Fe III content to Fe II by utilizing siderophores. Also, siderophores have 

exhibited both positive and negative correlation with several physical and biochemical 

parameters when analyzed statistically with a person's test.  

 

In groundnut, B. japonicum the siderophores exhibited a negative correlation with 

proteins and chlorophyll as far as the biochemical parameters are concerned. A good positive 

correlation has been established with all the other biochemical parameters. Whereas, it has 

shown a positive correlation with all the physical parameters except shoot length. In the 

treatment with R. phaseoli sps. siderophores exhibited a negative correlation with chlorophyll 

and soluble sugars. The rest of all biochemical parameters are positively correlated with 

siderophores. In R. meliloti physical parameters, the siderophores have a strong positive 

correlation except with shoot length. In the plant that is treated with R. leguminosarum, the 

siderophores correlated positively with all the biochemical and physical parameters except with 

amino acids and shoot length respectively. Treatment with R. trifolii established a positive  
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correlation with all physical and biochemical parameters. No parameters were negatively 

correlated with siderophores. 

 

 In the final treatment with R. phaseoli the siderophore relation with the biochemical 

parameters was found to be both positive and negative. Biochemical parameters like proteins, 

chlorophyll, and soluble sugars were negatively related and the rest of the parameters were 

positively correlated with siderophores. Except in shoot length, siderophores exhibited a positive 

correlation with all the physical parameters. In soybean, treatment with B. japonicum has 

produced siderophore that has both positive and negative correlations with physical and 

biochemical parameters. The sugars, chlorophyll and proteins are negatively correlated with 

siderophores. The rest of all the biochemical parameters are positively correlated. In physical 

parameters, except the root weight, all have shown a strong positive correlation. 

 

 In the second treatment with B. betae the siderophores exhibited a strong positive 

correlation with all the physical and biochemical parameters except the root length. Siderophores 

in the treatment with S. xinjiangense were negatively correlated with proteins. All the other 

biochemical parameters were positively correlated. Except for root length and root nodules all 

the other physical parameters are positively correlated with siderophores. In the treatment with 

B. canariense proteins and AA are negatively correlated with siderophores. Root length was 

negatively correlated and all other physical and biochemical parameters were positively 

correlated with siderophores. 

 

 In the final treatment with B. paxllaeri, the siderophores exhibited a negative correlation 

with root length and shoot length in physical parameters. The rest of all the physical and 

biochemical parameters have shown a positive correlation with siderophores. In chickpea, the 

treatment with R. meliloti has recorded a positive correlation of siderophores with all the 

physical parameters except root dry weight. On the other hand, siderophores exhibited a strong 

positive correlation with all the biochemical parameters. Treatment with B. japonicum yielded a 

negative correlation with root length and the rest of all the physical and biochemical parameters  
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were strongly positively correlated. When treated with M. loti the siderophores were positively 

correlated with all the biochemical parameters except chlorophyll. Except for the root length, 

siderophores are positively correlated with all the physical parameters. In the treatment with R. 

fredii the siderophores have a strong positive correlation with both biochemical and physical 

parameters except in chlorophyll content and root length respectively. 

 

 Finally, when the chickpea is treated with M. ciceri sps the produced siderophores 

exhibited a negative correlation with proteins, chlorophyll, and soluble sugars. All the other 

biochemical parameters are positively correlated. Whereas the siderophore is positively 

correlated with all the physical parameters except root dry weight. Thus in all the treatments, the 

more or less same type of correlation has been observed. On the whole, the siderophores have a 

considerably strong positive correlation with almost all the physical and biochemical parameters 

which helps in growth and nitrogen fixing.  

 

Table 5.8: Increased concentration of siderophores with different inoculums in selected legumes. 

 

 Fold change in 

groundnut 

Fold change in 

soybean 

Fold change in 

chickpea 

Treatment 1 1.59 1.70 1.06 

Treatment 2 1.91 1.36 1.95 

Treatment 3 1.44 0.94 1.33 

Treatment 4 1.32 1.15 1.83 

Treatment 5 1.86 1.50 1.71 
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a)                                                                      b) 

  

      c) 

 

 

Figure 5.9 a,b,c: Siderophore concentration in various inoculums for three legumes. 

 

5.3.2.6 Proteins 

 Most of the bacteria in leguminous plants secrete proteins during symbiosis through 

different signaling pathways. Rhizosphere bacteria while infecting the root nodules secrete 

different types of proteins to influence the infection process and modify signaling pathways of 

plant defense mechanisms [204]. During post translational modification TAT signaling pathway 

exports folded proteins [205]. In a study by Meloni S. et al., the R. leguminosarum. bv viciae 

UPM791 strain was inactivated by this protein secretion pathway led the process of infecting 

rhizobia to the nodules was failed and further unable to form root nodules which affected the 

least amount of nitrogen fixation [206]. 
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 In groundnut, the estimated concentrations of protein in the soil samples GNKPFS6, 

GNTPFS13, GNGVFS19, GNDVFS25, and GNUPFS37 which are treated with R. 

leguminosarum, B. japonicum, R. trifolii, R. meliloti, and R. phaseoli are 1.85, 1.11, 1.35, 0.97 

and 1.42 folds over the control respectively (Figure 5.10a). In the other legume crop soybean, it 

was observed that the protein concentrations were 2.68, 1.03, 2.22, 2.18, 2.11 folds more in B. 

japonicum inoculated in soil sample SBPKFS32, S. xinjiangense inoculated in soil sample 

SBTPFS11, B. paxllaeri in soil sample SBGVFS19, B. canariense in soil sample SBUPFS39 and 

B. betae inoculated in the soil sample SBVPFS42 respectively over their control samples. The 

higher concentration was observed in B. japonicum sps. with 2.68 folds and the next amount of 

protein, concentration was observed in B. paxllaeri sps. with 2.22 folds increased. The least 

concentration was observed in S. xinjiangense with 1.03 folds (Figure 5.10b).  

 

The legume crop chickpea was observed to be with the 1.96, 1.12, 1.38, 1.51 and 1.30 

folds increased in concentrations. The highest concentration was observed in soil sample 

CPCHFS1 inoculated with M. ciceri, next was CPPKFS33 soil inoculated with B. japonicum, the 

other next concentration was observed in soils sample CPMDFS26 inoculated with R. fredii, and 

the next highest was seen in CPVPFS44 which was inoculated with M. loti. Whereas the last 

position was occupied by the soil type CPCHFS2 inoculated with R. meliloti when competed to 

its control samples (Figure 5.10c). The concentration of protein released by these plants was 

sufficient for the proper nodulation and nitrogen concentration (Table 5.9). 

 

 When observed the statistical correlation of proteins with other physical and biochemical 

parameters in groundnut, both positive and negative correlations have been observed. When 

treated with R. leguminosarum, the proteins except for chlorophylls, SL all the other 

biochemical, physical parameters have shown a positive correlation. The second treatment with 

B. japonicum has produced proteins that have a positive correlation with all the biochemical 

parameters except sugars. It is positively correlated with all the physical parameters except shoot 

length. In the treatment with R. trifolii, the proteins have shown a positive correlation with all the  
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 biochemical parameters except chlorophyll. All the physical parameters except shoot 

length and root weight have shown a positive correlation. 

 

In the case of soybean, B. paxllaeri has shown a strong positive correlation with all the 

biochemical parameters and shown a negative correlation with RL, RDW, RN in physical 

parameters. When soybean treated with B. canariense, it is observed that except sugars, RW is 

all the parameters that were strongly correlated with their proteins. No negative correlation was 

observed in S. xinjiangense whereas B. betae has shown a slight negative correlation with sugars 

and SL and the rest of the biochemical parameters were strongly correlated with proteins. 

Chickpea when treated with R. meliloti the proteins exhibited a positive correlation with all the 

physical and biochemical parameters. A negative correlation was not observed in this case. 

When treated with M. ciceri the proteins have shown a positive correlation with all the 

biochemical parameters except sugars and siderophores. When correlated with physical 

parameters except for shoot length all others have shown a positive correlation. On the whole, 

the protein has a positive influence on the physical and biochemical parameters especially on 

root nodules, IAA and nitrogen inferring that it is contributing to plant growth and nitrogen 

fixing. 

 

Table 5.9: Increased concentration of protein with different inoculums in selected legumes. 

   Fold change in 

groundnut 

Fold change in 

soybean 

Fold change in 

chickpea 

Treatment 1 1.85 2.68 1.96 

Treatment 2 1.11 1.03 1.12 

Treatment 3 1.35 2.22 1.38 

Treatment 4 0.97 2.18 1.51 

Treatment 5 1.42 2.11 1.30 
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a)                                                                 b) 

  

c) 

 

 

Figure 5.10 a,b,c: Protein concentration in various inoculums for three legumes. 

 

5.3.2.7 Total Chlorophyll A 

 Chlorophyll is the most important pigment in the leaves and contributes to 

photosynthesis, essential carbohydrate preparation which helps in plant growth and development. 

Chlorophyll is nitrogen dependent pigment and limits the process of photosynthesis in low levels 

of nitrogen concentration. Low concentration of nitrogen affects the chlorophyll levels in leaves 

and turns them yellow leading senescence. The concentration of chlorophyll in the present case 

of groundnut was observed to be good enough for photosynthesis in all the five inoculants in 

different soil samples. The highest was reported in the soil sample GNKPFS6 with treatment R. 

leguminosarum which is 4.94 folds higher than the control. The least concentration was observed  
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in the soil sample GNDVFS25 treated with R. meliloti. Where the fold change observed was 2.18 

folds over the control. The other three treatments B. japonicum, R. trifolii and R. phaseoli have 

recorded a fold change of 4.51, 2.89 and 3.80 in the soil samples GNTPFS13, GNGVFS19 and 

GNUPFS37 respectively (Figure 5.11a).  

 

In the case of soybean legume plants, the concentrations were increased with 3.87, 1.59, 

2.13, 2.92 and 1.31 folds over the control. The highest concentration was observed in B. 

Japonicum in soil sample SBPKFS32 (Figure 5.11b). The next high concentration was with B. 

Canariense in the SBUPFS39 soil sample. The other concentration was 2.13 folds’ increase with 

B. paxllaeri, in soil sample SBGVFS19. The next soil sample SBTPFS11 inoculated with S. 

xinjiangense has shown 1.59 folds’ increase in concentration. The least concentration was seen 

in soil sample SBVPFS42 with B. betae with a fold change 1.31 over the control.  

 

In the other legume plant, chickpea was inoculated with M. ciceri in soil sample 

CPCHFS1 which showed the chlorophyll concentration of 5.14 fold higher over the control. This 

is followed by the treatment of R. meliloti in the soil sample CPCHFS2 with a fold change of 

4.05 over the control (Figure 5.11c). The treatment with R. fredii in soil sample CPMDFS26 has 

reported a chlorophyll concentration of 3.51 folds over the control. In the last treatment, B. 

japonicum in CPPKFS33 has reported 3.18 folds of chlorophyll concentration over the control. 

The least concentration of chlorophyll was observed in soil sample CPVPFS44 which was 

inoculated with M. loti when compared to the other four inoculums (Table 5.10). 

 

To understand the statistical correlation, the Pearson test has been conducted and the 

correlation of chlorophyll with other physical and biochemical parameters. In the groundnut, 

when treated with R. leguminosarum the chlorophyll has shown a positive correlation with all 

biochemical parameters except amino acids. All the physical parameters are positive except for 

root weight. In the treatment with R. meliloti, the chlorophyll has shown a positive correlation 

with IAA, ACC, nitrogen, siderophores, proteins and negative correlation with amino acids. In  
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the physical parameters except for the root dry weight, all the other parameter is positively 

correlated.  

 

 When treated with B. japonicum the generated chlorophyll is positively correlated almost 

all with all the biochemical parameters but not with amino acids. In physical parameters, all 

except shoot length are positively correlated. In the treatment with R. trifolii, the chlorophyll is 

positively correlated with all the physical and biochemical parameters. Groundnut, when treated 

with the last strain R. phaseoli the chlorophyll ‘A’ strong positive correlation with all the 

biochemical parameters, was observed except in the case of amino acids and RW in physical 

parameters. In the case of soybean, with B. japonicum the chlorophyll had a negative correlation 

with sugars with a correlation coefficient of -0.6. The physical parameters were correlated 

positively except in the case of root weight. 

 

 With the second treatment in soybean with B. canariense no negative correlation has 

been observed with all biochemical parameters. A positive correlation has been observed with 

the physical parameters except with root weight and dry weight. Treatment with B. paxllaeri has 

resulted in chlorophyll production which is strongly positively correlated with sugars and amino 

acids and also all the physical and other parameters are positively correlated with chlorophyll. 

 

 In the fourth treatment with S. xinjiangense, the chlorophyll has positive correlations with 

all the biochemical parameters except amino acids, sugars. So is the case with the physical 

parameters except for shoot length and root weight. When treated with B. Betae the chlorophyll 

exhibited a negative correlation with sugars whereas it has shown a positive correlation with all 

other biochemical parameters. The root length ad shoot length has shown a negative correlation 

with chlorophyll whereas the other parameters root weight, dry weight and number of root 

nodules have shown a clear positive correlation. The overall correlation of chlorophyll has 

shown a positive correlation with rood nodules and Indole acidic acid which directly contribute 

to nitrogen fixing and plant growth. 
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 In the case of chickpea treatment with M. ciceri, the chlorophyll has a positive correlation 

with all the physical and biochemical parameters. Treatment with R. meliloti has resulted in 

chlorophyll production which is positively correlated with all the biochemical parameters except 

amino acids. In the physical parameters, the chlorophyll has shown a negative correlation with 

shoot length and root length, but a reasonable positive correlation was established with all the 

other physical parameters. In the treatment with R. fredii the chlorophyll has shown a moderate 

positive correlation with all biochemical parameters, whereas it shows a strong positive 

correlation with the physical parameters except shoot length. 

 

 The treatment with B. japonicum yielded increment in the chlorophyll levels which has a 

strong to moderate correlation with both the physical and biochemical parameters. In the last 

treatment over chickpea with M. loti, the chlorophyll demonstrated a clear positive correlation 

with the biochemical parameters except for siderophores and amino acids. Similar correlation the 

trend has been observed with physical parameters with a negative correlation with root weight. 

The overall correlation study on the chickpea demonstrated that chlorophyll has a direct 

correlation with nitrogen and root nodules in almost in all the cases. Therefore, it can interpret 

that an increase in chlorophyll levels boosted up the nitrogen fixing and plant growth. 

   

Table 5.10: Increased concentration of chlorophyll ‘A’ with different inoculums in selected 

legumes. 

 

 Fold change in 

groundnut 

Fold change in 

soybean 

Fold change in 

chickpea 

Treatment 1 4.94 3.87 5.14 

Treatment 2 4.51 1.59 4.05 

Treatment 3 2.89 2.13 3.51 

Treatment 4 2.18 2.92 3.18 

Treatment 5 3.80 1.31 2.94 

 

 



OBJECTIVE 3 

 

 

       a)                                                            b) 

  

       

                             

   c) 

 

 

Figure 5.11 a,b,c: Chlorophyll ‘A’ concentration in various inoculums for three legumes. 

 

5.3.2.8 Soluble sugars 

 Total sugar content in a plat plays a vital role in carbohydrate metabolism [207]. In the 

present case of groundnut, soybean, and chickpea plants the concentration of Soluble Sugars 

(SS) observed to be optimum levels and helped in the correlational increment of other 

biochemical parameters. In Groundnut soil samples GNKPFS6, GNTPFS13, GNGVFS19, 

GNDVFS25, and GNUPFS37 are inoculated with R. leguminosarum, B. japonicum, R. trifolii, R. 

meliloti, and R. phaseoli respectively (Figure 5.12a). The observed concentration of SS in  
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R. leguminosarum was 2.84 folds, in B. japonicum sp. was 2.18 folds, in R. trifolii it was 3.22 

folds, in R. meliloti sps. it was 1.90 folds, and in the case of R. phaseoli the SS the concentration 

was 3.81 folds over the control. The least concentration was seen in soil sample GNDVFS25, 

and the highest concentration of SS was observed in GNUPFS37 (Table 5.11).  

 

Similarly, the observed concentrations of soluble sugars in soybean were 1.63, 2.10, 1.38, 

2.43 and 2.97 folds when compared to the control. The highest fold of increase in the 

concentration of 2.97 was found in the soil sample SBVPFS42 with B. betae when compared to 

the control (Figure 5.12b). Least folds of concentration were found 1.38 was observed in the soil 

sample SBGVFS19 with B. paxllaeri. Soil sample SBUPFS39 with treatment B. canariense has 

shown the second highest fold change of 2.43 when compared with the control. A fold change of 

2.10 over the control was found in the soil sample with SBTPFS11 followed by soil sample 

SBPKFS32 of B. japonicum with a fold change 1.63 over the control (Table 5.11).  

 

 In the case of chickpea, the soil sample CPCHFS1 inoculated with M. ciceri has shown 

the concentration of SS with 1.68 folds over the control. The next soil sample CPCHFS2 was 

inoculated with R. meliloti and the fold change was 1.97 (Figure 5.12c). Whereas the other soil 

sample CPMDFS26 inoculated with R. fredii exhibited 2.91 folds and CPPKFS33 inoculated 

with B. japonicum shown 2.60 folds’ increment over the control respectively. The highest fold 

change 3.50 over the control has been observed in the soil sample CPVPFS44 inoculated with M. 

loti. The least concentration was observed in M. ciceri with 1.68 folds. To explore the statistical 

correlational effects of soluble sugars on various other physical and biochemical parameters 

Pearson correlation test has been conducted and the results arrived to be positive to negative.  

 

 The soluble sugars when the groundnut plants are treated with R. leguminosarum had a 

positive correlation with all the biochemical parameters. No negative correlation has been found 

in with any of the biochemical parameters. Similar is the case with all the physical parameters. 

When the groundnut is treated with B. japonicum the soluble sugars have shown a negative 

correlation with siderophore and IAA. Rest of all the biochemical parameters had a moderate to  
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strong positive correlation with soluble sugars. When the physical parameters are compared, 

except the root weight, all are positively correlated. Treatment of R. trifolii over groundnut has a 

considerable increment of soluble sugars that have moderate to strong correlation with all 

biochemical parameters except siderophores. The analogous correlation has been identified 

except in the case of root length. 

 

 Groundnut treated with R. meliloti has produced a good amount of soluble sugars which 

has a positive correlation with all the biochemical and physical parameters. No single negative 

correlation has been observed. Soluble sugars when the groundnut treated with R. phaseoli has a 

negative correlation with siderophores. The reset of all biochemical parameters established a 

moderate to strong correlation. In physical parameters, root length and root weight has negative 

and all the others have shown a positive correlation. Soybean when treated with B. betae, the 

soluble sugars exhibited a positive correlation with all biochemical parameters except 

siderophores. The physical parameters like root weight and dry weight have shown negative and 

the rest of others have moderate to strong correlation with soluble sugars. 

 

 In the treatment with B. canariense the soluble sugars exhibited a clear moderate to a 

strong positive correlation with all the physical and biochemical parameters. Soybean with the 

treatment of B. japonicum has produced soluble sugars that are negative to proteins and amino 

acids. All the other biochemical parameters have a moderate to strong positive correlation. All 

the physical parameters have shown a moderate to a strong positive correlation. In the next 

treatment with S. xinjiangense soluble sugars have shown a negative correlation with ACC and 

chlorophyll. The shoot length and root weight are also negatively correlated. The rest of all 

physical and biochemical parameters have exhibited a medium to strong correlation. 

 

  Chickpea when treated with M. loti, the soluble sugars exhibited a moderate to a strong 

positive correlation with all the physical and biochemical parameters except root dry weight. 

Treatment with R. fredii the soluble sugars has a positive correlation with all the biochemical 

parameters except siderophores. Root length and dry weight were negatively correlated while the  
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rest all of the physical parameters are correlated positively. Chickpea’s treatment with B. 

japonicum yielded soluble sugars that are positively correlated both with physical and 

biochemical parameters. Soluble sugars, when treated with R. meliloti, have a negative 

correlation with nitrogen and root length. All the other physical and biochemical parameters have 

shown a moderate to a strong positive correlation. The final treatment with M. ciceri, sugar 

concentrations were in sync with all the biochemical parameters except siderophores. All the 

physical parameters except shoot length and root weight have shown a positive correlation with 

soluble sugars. The overall correlation with soluble sugars was positive and all the related 

parameters have contributed to nitrogen fixation and plant growth.  

 

Table 5.11: Increased concentration of soluble sugars with different inoculums in selected 

legumes. 

 

 Fold change in 

groundnut 

Fold change in 

soybean 

Fold change in 

chickpea 

Treatment 1 2.84 1.63 1.68 

Treatment 2 2.18 2.10 1.97 

Treatment 3 3.22 1.38 2.91 

Treatment 4 1.90 2.43 2.60 

Treatment 5 3.81 2.97 3.50 

                                                                      

a)                                                                   b) 
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c) 

 

 

Figure 5.12 a,b,c: Soluble sugars concentration in various inoculums for three legumes. 

 

Table 5.12 a,b,c,d,e: Groundnut correlation study between physical and biochemical parameters. 

a) 

R.leguminosarum IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1 
            

ACC 0.5 1 
           

Nitr 1.0 0.6 1 
          

Sidero 0.3 0.7 0.2 1 
         

Prot -1.0 0.6 1.0 0.2 1 
        

Chlor 1.0 0.9 0.8 0.4 -0.8 1 
       

Amino -0.2 0.9 -0.2 -0.9 0.1 -0.7 1 
      

Sugars 0.9 0.1 0.9 0.7 0.9 0.4 0.4 1 
     

RL 0.9 0.0 0.8 0.7 0.8 0.3 0.5 1.0 1 
    

SL -0.7 1.0 0.8 -0.5 -0.8 1.0 -0.7 0.4 0.3 1 
   

RW 0.6 1.0 0.7 0.5 0.7 -1.0 0.8 0.3 0.2 1.0 1 
  

RDW 1.0 0.4 1.0 0.4 1.0 0.7 0.1 1.0 0.9 0.6 0.6 1 
 

RN 1.0 -0.3 -0.9 0.5 1.0 0.6 0.2 1.0 1.0 
-

0.5 
-0.5 1.0 1 
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b) 

R.trifolii IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1 
            

ACC 0.8 1 
           

Nitr 1.0 0.9 1 
          

Sidero 0.9 -0.9 1.0 1 
         

Prot 0.2 0.8 0.4 0.5 1 
        

Chlor -0.4 0.9 0.6 0.7 -1.0 1 
       

Amino 0.2 -0.4 0.3 0.1 0.9 0.8 1 
      

Sugars 0.9 0.5 -0.8 0.8 0.1 0.1 -0.6 1 
     

RL 0.9 0.4 0.7 0.7 0.3 0.1 -0.7 -1.0 1 
    

SL 0.0 -0.6 0.2 0.3 -1.0 0.9 1.0 0.4 -0.5 1 
   

RW 0.9 0.4 0.8 0.7 -0.3 0.1 0.7 1.0 1.0 0.5 1 
  

RDW -0.7 0.2 0.6 0.5 0.5 0.3 0.8 0.9 -1.0 0.7 1.0 1 
 

RN -0.9 1.0 1.0 1.0 0.6 0.7 0.1 0.7 0.6 -0.4 0.7 0.4 1 

 

c) 

R.meliloti IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 0.3 1.0 
           

Nitr 1.0 -0.5 1.0 
          

Sidero 0.6 0.9 -0.8 1.0 
         

Prot 0.1 0.9 0.1 0.7 1.0 
        

Chlor 0.8 0.8 -0.9 1.0 0.5 1.0 
       

Amino 1.0 0.0 0.9 0.4 0.3 -0.6 1.0 
      

Sugars 0.8 0.8 0.9 1.0 0.5 1.0 -0.6 1.0 
     

RL 1.0 0.4 1.0 0.7 0.1 0.9 0.9 0.9 1.0 
    

SL 1.0 0.5 1.0 -0.8 0.2 0.9 0.9 0.9 1.0 1.0 
   

RW 0.6 0.6 0.5 0.2 0.8 0.1 0.8 0.1 0.5 0.4 1.0 
  

RDW 0.4 1.0 0.5 1.0 0.9 -0.8 0.1 0.8 0.5 0.6 0.5 1.0 
 

RN 0.9 0.2 0.8 0.2 0.5 0.5 1.0 0.5 0.8 0.7 0.9 0.1 1.0 
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d) 

R.phaseoli IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 0.9 1.0 
           

Nitr 0.9 0.9 1.0 
          

Sidero 1.0 0.9 0.9 1.0 
         

Prot 1.0 0.8 0.8 -1.0 1.0 
        

Chlor 1.0 0.9 0.9 -1.0 1.0 1.0 
       

Amino 1.0 1.0 1.0 0.9 0.9 -0.9 1.0 
      

Sugars 1.0 0.9 0.9 -1.0 1.0 1.0 1.0 1.0 
     

RL 0.9 1.0 1.0 0.9 0.8 0.9 1.0 -1.0 1.0 
    

SL 1.0 1.0 1.0 -1.0 0.9 1.0 1.0 1.0 1.0 1.0 
   

RW 0.7 0.9 0.9 0.6 0.6 -0.6 0.9 -0.7 0.9 0.8 1.0 
  

RDW 1.0 1.0 1.0 1.0 0.9 1.0 1.0 1.0 1.0 1.0 0.8 1.0 
 

RN 0.6 0.9 0.9 0.6 0.5 0.6 0.8 0.6 0.9 0.7 1.0 0.8 1 

 

 

e) 

B.japonicum IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 1.0 1.0 
           

Nitr 1.0 1.0 1.0 
          

Sidero -1.0 -1.0 -1.0 1.0 
         

Prot 0.2 0.4 0.2 -0.3 1.0 
        

Chlor 1.0 1.0 1.0 -1.0 0.1 1.0 
       

Amino 0.6 0.4 -0.5 0.4 0.7 -0.6 1.0 
      

Sugars -0.8 0.6 0.8 -0.7 -0.4 0.8 1.0 1.0 
     

RL 0.4 0.6 0.5 0.6 1.0 0.4 0.5 0.2 1.0 
    

SL -0.4 -0.6 -0.5 0.6 -1.0 0.4 -0.5 0.2 -1.0 1.0 
   

RW 0.5 0.7 0.6 0.6 0.9 0.5 0.4 -0.1 1.0 1.0 1.0 
  

RDW 0.6 0.8 0.7 0.8 0.9 0.6 0.2 0.1 1.0 1.0 1.0 1.0 
 

RN 1.0 0.9 1.0 0.9 0.0 1.0 0.7 0.9 0.2 0.2 0.3 -0.5 1.0 
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Table 5.13 a,b,c,d,e: Soybean correlation study between physical and biochemical parameters. 

a)  

B.paxllaeri IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 0.2 1.0 
           

Nitr 0.9 0.5 1.0 
          

Sidero 0.8 0.7 1.0 1.0 
         

Prot 0.3 1.0 0.6 0.8 1.0 
        

Chlor 1.0 0.3 1.0 0.9 0.4 1.0 
       

Amino 1.0 0.4 1.0 0.9 0.5 1.0 1.0 
      

Sugars 1.0 0.3 1.0 0.9 0.4 1.0 1.0 1.0 
     

RL 0.9 -0.3 0.7 -0.5 -0.1 0.8 0.8 0.8 1.0 
    

SL 0.2 1.0 0.5 -0.7 1.0 0.3 0.4 0.3 -0.3 1.0 
   

RW 0.4 -0.8 0.1 0.2 0.8 0.2 0.1 0.2 0.7 -0.8 1.0 
  

RDW 0.6 0.6 0.4 0.1 -0.5 0.5 0.4 0.5 0.9 -0.6 1.0 1.0 
 

RN 0.6 -0.7 0.3 0.0 -0.6 0.4 0.3 0.4 0.9 -0.7 1.0 1.0 1.0 

 

 

b) 

B. 
canariense 

IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 0.7 1.0 
           

Nitr 0.6 0.1 1.0 
          

Sidero 0.8 1.0 0.0 1.0 
         

Prot -0.1 -0.8 0.7 -0.6 1.0 
        

Chlor 0.7 1.0 0.2 1.0 0.8 1.0 
       

Amino -0.9 0.3 0.9 -0.5 0.3 0.3 1.0 
      

Sugars 0.9 1.0 0.0 1.0 -0.7 1.0 -0.5 1.0 
     

RL -0.8 0.2 0.9 -0.4 0.4 0.2 1.0 0.4 1.0 
    

SL 1.0 -0.8 -0.5 0.9 0.2 0.7 0.9 0.9 0.8 1.0 
   

RW 0.3 0.8 0.7 0.7 -1.0 -0.9 0.2 0.7 0.3 -0.3 1.0 
  

RDW -0.7 0.0 1.0 0.2 0.6 0.0 0.9 0.2 1.0 0.7 0.5 1.0 
 

RN 0.5 0.2 -1.0 0.0 0.8 0.3 0.8 0.1 0.9 0.5 0.7 1.0 1.0 
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c) 

S. 

xinjiangense 
IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 0.6 1.0 
           

Nitr 0.9 0.9 1.0 
          

Sidero 0.6 -0.3 0.2 1.0 
         

Prot 1.0 0.7 0.9 -0.5 1.0 
        

Chlor 0.8 1.0 1.0 0.0 0.8 1.0 
       

Amino 0.2 -0.7 -0.3 0.9 0.1 -0.5 1.0 
      

Sugars 0.1 -0.7 0.3 0.9 0.0 -0.5 1.0 1.0 
     

RL 0.2 0.9 0.6 -0.7 0.3 0.8 0.9 1.0 1.0 
    

SL 0.1 0.7 -0.3 0.9 0.0 -0.5 1.0 1.0 -0.9 1.0 
   

RW 0.2 0.9 0.6 0.7 0.3 -0.8 0.9 1.0 -1.0 0.9 1.0 
  

RDW 0.8 0.0 0.4 1.0 0.7 0.2 0.7 0.7 -0.4 0.7 0.4 1.0 
 

RN -0.8 0.0 -0.5 -0.9 0.8 0.3 -0.7 0.7 0.4 -0.7 -0.4 -0.4 1.0 

 

 

d) 

B.betae IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 0.4 1.0 
           

Nitr -0.7 0.4 1.0 
          

Sidero 0.8 0.9 -0.1 1.0 
         

Prot 0.2 1.0 0.6 0.8 1.0 
        

Chlor 0.3 0.7 0.9 0.4 0.9 1.0 
       

Amino 0.5 0.5 1.0 0.1 0.7 1.0 1.0 
      

Sugars 0.7 -0.3 1.0 -0.2 -0.5 -0.9 -1.0 1.0 
     

RL -0.8 0.1 1.0 -0.3 0.3 -0.9 0.9 1.0 1.0 
    

SL 0.6 -0.5 -1.0 0.0 -0.6 -0.9 -1.0 1.0 -0.9 1.0 
   

RW 0.1 0.9 0.7 0.7 1.0 0.9 0.8 -0.6 0.5 -0.7 1.0 
  

RDW 1.0 0.4 -0.7 0.7 0.2 0.4 -0.6 -0.8 -0.9 0.7 0.0 1.0 
 

RN -0.5 -1.0 0.3 0.9 1.0 0.7 0.4 0.2 0.1 0.4 0.9 -0.4 1.0 

 

 

 



OBJECTIVE 3 

 

 

e) 

B.japonicum IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 0.1 1.0 
           

Nitro 0.7 0.8 1.0 
          

Sidero 0.4 0.9 -0.3 1.0 
         

Prot 0.5 0.9 1.0 -0.6 1.0 
        

Chlor 0.2 0.9 0.5 -0.6 -0.7 1.0 
       

Amino 1.0 -0.1 0.6 0.6 0.4 0.4 1.0 
      

Sugars 0.6 0.9 1.0 -0.5 -1.0 -0.6 -0.4 1.0 
     

RL 0.7 -0.6 0.1 0.9 0.2 0.8 0.9 0.1 1.0 
    

SL 0.3 0.9 0.4 1.0 0.6 1.0 0.5 0.6 0.9 1.0 
   

RW 0.8 0.5 0.2 -0.8 0.0 -0.7 0.9 0.1 -1.0 -0.8 1.0 
  

RDW 0.6 -0.8 -1.0 0.5 -1.0 0.6 -0.5 1.0 0.1 0.5 0.1 1.0 
 

RN 1.0 0.1 0.7 0.4 0.5 0.2 1.0 0.6 -0.7 -0.3 0.8 0.6 1.0 

 

 

Table 5.14 a,b,c,d,e: Chickpea correlation study between physical and biochemical parameters.  

a) 

M.ciceri IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 1.0 1.0 
           

Nitr 0.4 0.5 1.0 
          

Sidero 0.7 0.8 0.9 1.0 
         

Prot 0.9 1.0 0.9 -0.9 1.0 
        

Chlor 0.2 0.4 1.0 -0.8 0.6 1.0 
       

Amino 0.9 1.0 0.8 0.9 1.0 0.6 1.0 
      

Sugars 1.0 1.0 0.4 -0.7 -0.9 0.2 0.9 1.0 
     

RL 1.0 1.0 0.4 0.7 0.9 0.2 0.9 1.0 1.0 
    

SL 1.0 1.0 0.6 0.8 -1.0 0.4 1.0 -1.0 1.0 1.0 
   

RW 0.1 0.2 0.9 0.8 0.5 1.0 0.5 -0.1 0.1 0.2 1.0 
  

RDW -0.8 -0.7 0.2 -0.1 0.5 0.4 -0.5 0.8 -0.8 -0.7 0.5 1.0 
 

RN -0.6 -0.5 0.5 0.1 0.2 0.7 0.2 0.6 -0.6 -0.5 0.8 1.0 1.0 
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b) 

R.meliloti IAA ACC Nitro Sidero Prot Chlor AA Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 0.8 1.0 
           

Nitr -0.9 -1.0 1.0 
          

Sidero 0.1 0.5 0.4 1.0 
         

Prot 0.6 1.0 -0.9 0.7 1.0 
        

Chlor 1.0 0.7 0.7 0.4 0.4 1.0 
       

Amino 0.1 0.7 -0.6 1.0 0.8 -0.1 1.0 
      

Sugars 0.6 0.9 -0.9 0.7 1.0 0.4 0.9 1.0 
     

RL -1.0 -0.7 0.8 0.3 0.5 -1.0 0.0 -0.5 1.0 
    

SL 0.1 0.5 -0.4 1.0 0.7 -0.3 1.0 0.7 0.2 1.0 
   

RW 0.7 1.0 1.0 0.6 1.0 0.6 0.7 1.0 -0.6 0.6 1.0 
  

RDW 0.2 0.4 0.3 -1.0 0.6 0.4 -1.0 0.7 -0.3 -1.0 -0.5 1.0 
 

RN 0.2 0.4 0.3 1.0 0.6 0.4 1.0 0.7 0.3 1.0 0.5 -1.0 1.0 

 

 

c) 

R.fredii IAA ACC Nitro Sidero Prot Chlor Amino Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 0.8 1.0 
           

Nitr 1.0 0.6 1.0 
          

Sidero 0.4 0.9 0.1 1.0 
         

Prot 1.0 0.6 1.0 0.1 1.0 
        

Chlor 0.9 0.4 1.0 0.0 1.0 1.0 
       

Amino 0.6 1.0 0.4 1.0 0.4 0.2 1.0 
      

Sugars 1.0 0.9 0.9 -0.6 0.9 0.8 0.8 1.0 
     

RL 0.8 0.3 1.0 -0.2 1.0 1.0 0.1 -0.7 1.0 
    

SL -0.6 0.4 -0.8 0.5 0.8 -0.9 0.3 0.4 -0.9 1.0 
   

RW 0.8 1.0 0.6 0.8 0.6 0.5 0.9 -0.9 0.4 0.0 1.0 
  

RDW 0.9 0.5 1.0 0.1 1.0 1.0 0.3 0.8 1.0 -0.8 0.6 1.0 
 

RN -0.2 0.5 -0.4 0.9 -0.4 0.6 0.7 0.1 -0.7 0.9 0.4 -0.5 1.0 
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d) 

B.japonicum IAA ACC Nitro Sidero Prot Chlor Amino Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 0.8 1.0 
           

Nitr 0.1 0.7 1.0 
          

Sidero 0.9 0.4 -0.4 1.0 
         

Prot 1.0 0.6 -0.2 1.0 1.0 
        

Chlor 1.0 0.8 0.1 0.9 1.0 1.0 
       

Amino 0.9 0.5 0.3 1.0 1.0 0.9 1.0 
      

Sugars 0.8 0.3 0.6 1.0 0.9 0.8 1.0 1.0 
     

RL 0.2 0.8 1.0 -0.2 0.0 0.3 0.2 0.4 1.0 
    

SL 0.6 0.0 -0.8 0.9 0.8 0.5 0.9 1.0 -0.7 1.0 
   

RW 0.5 -0.1 -0.8 0.9 0.7 0.5 0.8 0.9 -0.7 1.0 1.0 
  

RDW 1.0 0.8 0.1 0.9 1.0 1.0 0.9 0.8 0.2 0.6 0.5 1.0 
 

RN 0.8 1.0 0.7 0.4 0.6 0.8 0.5 0.3 0.8 0.0 -0.1 0.8 1.0 

 

 

e) 

M.loti IAA ACC Nitro Sidero Prot Chlor Amino Sugars RL SL RW RDW RN 

IAA 1.0 
            

ACC 1.0 1.0 
           

Nitr 1.0 0.6 1.0 
          

Sidero 0.1 0.4 -0.6 1.0 
         

Prot 0.7 0.5 1.0 0.6 1.0 
        

Chlor 0.9 0.7 1.0 -0.3 0.9 1.0 
       

Amino 0.6 0.8 0.1 0.8 -0.1 -0.3 1.0 
      

Sugars 0.3 0.0 0.8 0.9 0.9 0.7 -0.5 1.0 
     

RL 0.9 1.0 0.5 -0.5 0.4 0.7 0.9 0.1 1.0 
    

SL 0.9 1.0 0.6 0.4 0.5 0.7 0.9 0.0 1.0 1.0 
   

RW 0.7 0.9 0.1 0.8 0.0 -0.3 1.0 -0.5 0.9 0.9 1.0 
  

RDW 0.1 -0.2 0.7 1.0 0.8 0.5 -0.7 1.0 -0.3 -0.2 -0.6 1.0 
 

RN 0.8 0.9 0.3 0.6 0.2 0.5 1.0 0.3 1.0 1.0 1.0 -0.5 1.0 
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5.4 DNA Isolation from root nodules and PCR 

 DNA is the basic unit of life and hereditary material from its parents to offspring. To 

identify any characteristic feature or ancestral origin of unknown object DNA is the only option. 

In the present study to identify the bacteria, which is promoting similar plant growth in all the 

selected plants of legumes, genomic DNA was isolated from their respective root nodules and 

checked for its quality, the resulted DNA gel picture is shown in figure 5.13a,b,c. The 

concentration of DNA was 0.3-0.5ng/μl when checked for its quality. The integrity of DNA in 

1% agarose gel is showing strong, thick bands without any other contaminants when compared 

to its marker. It indicates that the quality of DNA is pure to use for further molecular 

experiments. 

 

 To perform PCR, impure DNA will interrupt the amplification and expected results. The 

purified DNA was subjected to amplify with 16S rRNA universal primers and the gel 

electrophoresis results were depicted in figure 5.5b. PCR bands were prominent without any 

primer dimmers and other nucleotide contaminants. The respective amplified PCR products were 

run on 2% agarose gel electrophoresis against the marker (Figure 5.14 a,b,c). Bands were eluted, 

sent for sequencing and the sequence BLAST results were revealed that the organisms that are 

constantly supporting plant growth in forest soils, as well as sterile soils, were identified as 

Rhizobium leguminosarum, Rhizobium meliloti, Rhizobium trifolii, Rhizobium phaseoli, and 

Bradyrhizobium japonicum in groundnut. Bradyrhizobium japonicum, B. betae, B. canariense, S. 

xinjiangense and B. paxllaeri in soybean; M. ciceri, R. meliloti, R. fredii, B. japonicum and M. 

loti in chickpea. 
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a) Groundnut 

 

  

b) Soybean 

 

  

c) Chickpea 

 

Figure 5.13 a,b,c: Isolated DNA from the five inoculants in three different legume plants. 
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PCR amplified product 

 

 

a) Groundnut 

 

 

b) Soybean 

 

                                                                  

c) Chickpea 

  

Figure 5.14 a, b, c: 2% agarose gels showing amplified genes. (M: Marker/1kb ladder, RL: R. 

leguminosarum, RM: R. meliloti, RT: R. trifolii, RP: R. phaseoli, BJ: B. japonicum, BP: B. 

paxllaeri, BC: B. canariense, BB: B. betae, SX: S. xinjiangense, MC: M. ciceri, RF: R. faseoli, 

ML: M. loti, RM: R. meliloti). 

 

5.5 In silico Analysis of Nif A protein 

Nitrogen fixation is a complex enzymatic pathway involving various cofactors. The 

enzymes and their cofactors are encoded by a variety of genes called Nif genes which involve 

fixing the atmospheric nitrogen into a form of nitrogen that is assimilated by the plants (NH4). 

Nitrogenase complex is the primary enzyme encoded by Nif gens and is responsible for 

converting atmospheric nitrogen (N2) to ammonia. The functions of Nif genes are not limited to 

encode nitrogenase but also to encode a number of regulatory proteins that are involved in the 

process of fixing nitrogen. Nif A is a DNA binding regulatory protein which falls under the  
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category of enhancer protein. The orientation of Nif gens and their products determine the 

modules of N2 fixation. In case of absence or low levels of fixed nitrogen, the NtrC protein will 

be activated and that leads to the NifA gene expression, which plays a central role in activating 

all the other nif genes responsible for nitrogen fixation. Nif A protein associated with sigma 54 

to forms a complex and activate transcriptional factor in a conserved mechanism for the fixation 

of atmospheric nitrogen in legume plants. Though most of the Nif A protein domains have a 

similar structure, transcriptional regulation of nif A expression, posttranslational regulation of its 

activity based on the O2 and fixed amount of nitrogen will significantly vary from one bacteria to 

another [208].  

 

 The transcriptional activation of nif genes is initiated by Nif A (one of the enhancer-

binding proteins-EBP) in combination with the RNA polymerase and sigma factor (σ54). The 

domain architecture of NifA is similar to the other members of the EBP family the central 

domain (AAA+ ATPase domain) of which is flanked by an amino-terminal regulatory domain 

and a carboxy-terminal DNA-binding domain. A characteristic helix–turn–helix motif of this 

domain makes it possible to recognize UAS enhancer-like elements. The NifA at its N terminal 

region contains a GAF domain, a signaling module that is ubiquitous in nature and is found in all 

kingdoms of life. This often will bind tiny molecules including cyclic nucleotides and formate18.  

 

 Although it is evident from the literature that Nif A activity is regulated by GAF domains 

of different NifA proteins, in many cases the precise mechanism of regulation is unclear and the 

role of this domain is dynamic in different diazotrophs [209]. Therefore, to explore the role of 

Nif A in those isolates that supported the best in each of the groundnut, soybean, and chickpea, 

an in silico analysis of Nif A proteins in the respective isolates R. leguminosarum, M. ciceri and 

B. japonicum was done successfully. An attempt has been made to explore the primary, 

secondary and territory structures of the Nif A proteins using the respective gene sequences.  
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5.5.1 Primary Structure 

5.5.1.1 Sequence length and molecular weight 

 The primary sequences of three bacteria R. leguminosarum, isolated from groundnut, M. 

ciceri isolated from soybean and B. japonicum isolated from chickpea were retrieved from 

UniProt and their ids are as P09828, A0A165VD05, and Q9AMY3 respectively (Table 5.15), 

(figure 5.10). The sequence length of R. leguminosarum was 177-519bp, M. ciceri 1–351bp and 

B. japonicum was 253–601bp. The physicochemical parameters analysis of the primary 

structures was done by using the ExPasy ProtParam tool and the results were tabulated in table 

5.11. The molecular weights of the Nif A protein in the three respective bacterial strains R. 

leguminosarum, M. ciceri and B. japonicum are 36926.28, 38765.72, and 38383.33 respectively; 

It is observed that the length of the M. ciceri is longer with 351 bp when compared to other two 

species.  

 

5.5.1.2 Extinction coefficient 

The extinction coefficient is computed by using the Expasy ProtParam tool at different 

wavelengths like 276, 278, 279, 280 and 282 nm. As the protein exhibit, maximum absorbance at 

the wavelength of 282 nm, the extinction coefficients of the Nif A proteins of three given sources 

are calculated at this wavelength. The absorbance of light is one of the primary characteristics 

and the quantity of light that could be absorbed was 10470, 17460, and 18825 M-1 cm-1 R. 

leguminosarum, M. ciceri and B. japonicum respectively. This absorption of light was based on 

the amount of Cys, Trp and Tyr residues present in nif A protein that is represented in table 5.16. 

The extinction coefficient of B. japonicum seems to be higher when compared to the other two 

rhizobacteria with the concentration of Tyr was 1.4%. This physical parameter of protein helped 

us in understanding the quantitative study of protein-ligand and protein-protein interactions in a 

solution.  
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5.5.1.3 Instability Index and Half life 

The instability index value basically represents the stability of a protein. If the instability 

index is less than 40 then the protein can be considered as stable protein and if it is more than 40, 

protein is unstable. There is an interrelation between stability and half life of proteins. For the 

stable proteins, the predicted half life would be >16 h whereas for the unstable proteins the half 

life would be less than 5 h [210]. In the present study of nif A protein the instability index was 

30.65, 37.40, and 45.32 for R. leguminosarum, M. ciceri and B. japonicum respectively. Except 

for B. japonicum the rest of the two bacterial nif A protein was stable and B. japonicum seems to 

be unstable. Counterpart characteristic feature of half life was observed as 30 h for R. 

leguminosarum and B. japonicum and M. ciceri. Half life is the time taken by the protein to 

reduce to half of its amount after synthesis in the cell. As per the literature, the half life of B. 

japonicum should be less than 5h because of its unstable nature, but fortunately nif A protein of 

B. japonicum was not reducing its half life after synthesis. Another fact is that B. japonicum, and 

R. leguminosarum without amino terminal domains, the half life of the protein is 20 hours only 

(Table 5.16), this domain is absent in M. ciceri. According to this prediction, these two proteins 

were less stable without an amino terminal. Our results showed that the N-terminal domain of 

nifA plays a decisive role in the half-life of the protein. 

 

5.5.1.4 Theoretical pI values 

 The pH of the protein can be calculated based on the individual amino acids pKa value 

and also based on the side chains of the protein. The resulted computed pI values were 8.96, 9.13 

and 9.30 to R. leguminosarum, M. ciceri and B. japonicum respectively. The values are more 

than seven that suggests the nature of nifA protein is alkaline.  

 

5.5.1.5 Charge of the protein 

Usually, proteins are negatively charged because of more number of R groups that 

contain carboxyl units. The total number of negative (Asp + Glu) and positive (Arg + Lys) 

charged proteins in the presents study showed were 38, 45 in R. leguminosarum; 43, 52 in M. 

Ciceri; and 39, 48 in B. japonicum. The net negative charges of nif A protein seems to be less  
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when compared to positive charges. This indicates that the protein will not precipitate in acidic 

medium and the nif A protein was assumed to be an intercellular protein.  

 

5.5.1.6 Aliphatic index (AI) of nif A protein 

 A protein’s aliphatic index is its relative occupied volume of aliphatic amino side chains 

like isoleucine, leucine, alanine, and valine. AI basically represents the thermostability of that 

respective protein. In the present case AI of R. leguminosarum, M. ciceri and B. japonicum were 

95.10, 90.43, 95.92 respectively. Nif A protein of our all the three isolated bacteria can withstand 

for a wide range of temperature and sustain for extreme heat conditions.  

 

5.5.1.7 Grand Average Hydropathy (GRAVY) 

 GRAVY refers to the hydropathy of a protein. This means calculating GRAVY tells 

about the hydrophobic or hydrophilic nature of the protein. It is calculated by using a formula of 

hydropathy value of every amino acid residue and divided by a number of residues in the protein 

sequence. The GRAVY result of nif A protein showed -0.121, -0.261 and -0.085 for R. 

leguminosarum, M. ciceri and B. japonicum respectively. The negative value of the nif A protein 

signifies that the protein is hydrophilic in nature that is more easy to soluble in water. 

 

Table 5.15: The Protein sequence retrieved from the UniProt. 

 

Gene name Length modelled in complete 

sequence 

Uniprot Id Organism 

Nif A 253‐601 Q9AMY3 Bradyrhizobium japonicum 

Nif A specific 

Regulatory protein 

177‐519 P09828 Rhizobium leguminosarum 

Transcriptional 

regulator Nif A 

1‐351 A0A165VD05 Mesorhizobium ciceri 
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Table 5.16: Physicochemical properties of Nif A protein. (M.wt.: Molecular weight; pI: 

Isoelectric point; –R: Number of negative residues; +R: Number of positive residues; EC: 

Extinction coefficient at 280 nm; II: Instability index; AI: Aliphatic index; GRAVY: Grand 

Average Hydropathy). 

 

 

 

5.5.1.8 Amino acid sequence prediction 

 The concentration of 20 amino acids (AA) that are present in the retrieved sequence of R. 

leguminosarum, M. ciceri and B. japonicum were tabulated in table 5.17. Each AA has its own 

specific character in composing structure, performing the function, and regulation of the tissues 

as well as organs. The characteristic features of a protein like a polarity percentage, its charge, 

aromatic and aliphatic nature vary based on their site of residing and function. Protein 

phosphorylation in plants has been extensively studied and it is a very important post-

translational modification through which cellular processes like signaling pathways are activated 

[211]. Serine, threonine, and tyrosine are the major AA residues that are known to get 

phosphorylated, since they have reactive –OH group in their side chains. In the present study, the 

ProtParam tool was used for 20 AA’s estimation and their percentage that are present in the 

whole sequence.  

 

 The results revealed that the alanine is present in the highest amount with 12.2, 11.4, and 

11.0 in B. japonicum, R. leguminosarum, and M. ciceri respectively. Alanine as a nitrogen source 

acts as an intermediate level of expression during transcription [212]. The sequence of nif A  
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protein was analyzed to check for a percentage of amino acids by using ProtParam tool and the 

highest amount was found to be alanine with 12.2, 11.4, and 11 in R. leguminosarum, M. ciceri 

and B. japonicum respectively. Leucine is majorly useful in protein synthesis and the plants that 

are not supplied with leucine are not able to fix nitrogen [213]. In the present analysis, it is 

revealed that the percentage of leucine is 11.4, 10.5, 11.0 R. leguminosarum, M. ciceri and B. 

japonicum respectively. This could be one of the reasons with elevated levels of nitrogen in our 

results of all the three leguminous plants. The rest of the amino acids are present with sufficient 

quantity to give a perfect homology model. None of the amino acids were missing, as the 

literature says plants use protein as a nitrogen source where these 20 AA’s make a protein 

without any deformities [214] (Table 5.15). Any change in single amino acid resulted in 

significant inhibition of the nif gene during nitrogen limiting conditions [215]. This indicated a 

nonmutated amino acid sequence for the contribution of strong nif A protein structure is 

providing a large amount of nitrogen-fixing in the present case (Figure 5.15).  
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Table 5.17: Percentage of amino acids present in nif A protein estimated by UniProt software. 

S. 

No. 

Amino acids B. japonicum R. 

leguminosarum 

M.ciceri 

1 A (Ala) 11.0% 12.2% 11.4% 

2 R (Arg) 8.2% 7.9% 8.0% 

3 N (Asn) 2.5% 4.7% 3.1% 

4 D (Asp) 2.8% 5.2% 4.3% 

5 C (Cys) 1.7% 2.6% 2.3% 

6 Q (Gln) 2.5% 3.8% 4.0% 

7 E (Glu) 8.2% 5.8% 8.0% 

8 G (Gly) 6.5% 8.7% 6.8% 

9 H (His) 0.8% 1.2% 1.4% 

10 I (Ile) 4.8% 5.5% 5.1% 

11 L (Lue) 11.0% 11.4% 10.5% 

12 K (Lys) 5.4% 5.2% 6.8% 

13 M (Met) 1.1% 0.9% 1.4% 

14 F (Phe) 3.7% 3.8% 3.7% 

15 P (Pro) 5.9% 2.6% 4.5% 

16 S (Ser) 8.5% 5.8% 4.3% 

17 T (Thr) 5.1% 5.5% 6.5% 

18 W (Trp) 0.6% 0.3% 0.6% 

19 Y (Tyr) 1.4% 0.9% 1.1% 

20 V (Val) 7.9% 5.5% 6.2% 
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Figure 5.15: Nif A protein sequence of Bradyrhizobium japonicum (Q9AMY3), Rhizobium 

leguminosarum (P09828), Mesorhizobium ciceri (A0A165VD05) by UniProt software. 

 

5.5.2 Characterization and Prediction of Nif A Secondary Structure 

The secondary structure of a protein is majorly formed by hydrogen bonds that are 

established between atoms attached to the backbone of the polypeptide chain. Coils and folds in 

the segments of the polypeptide chain decide the shape of the protein. Revealing the secondary 

structure of a protein helps us to identify unknown proteins function and its unknown structure, 

also it is a leading step to design and prediction of 3D structure [216]. Repetitions in the folds 

and coils of protein are named as alpha-helix and the beta-pleated sheet [217].  

 

To understand the nif A secondary structure and its nature Chou-Fasman method and 

GOR (Garnier-Osguthorpe-Robson) tools were used. The results have shown that alpha-helices 

in nif A of R. leguminosarum, M. ciceri and B. japonicum were 48.1, 47.44, 43.6 respectively. 

The results of random coils were 43.73, 41.76 and 41.36, and extended strands were 8.16, 10.80 

and 15.58 for R. leguminosarum, M. ciceri and B. japonicum respectively (Table 5.18). For the 

protein flexibility and conformational changes like enzymatic turnover, random coil plays a 

major role. In the present study nif A protein of all the bacteria was more coiled in nature which 

understood that the nif A protein is strongly bonded and compact in character. The present  



OBJECTIVE 3 

 

 

protein structure predicts that it should be a transmembrane protein based on its globular 

structure and coiling nature.   

 

Table 5.18: Prediction of the secondary structure of nif A by Chou-Fasman method. 

 

 

 

5.5.3 Prediction and Characterization of Nif A Tertiary Structure (3D Modelling) 

 Any protein needs to adopt a stable and ultimate three dimensional structure to perform 

its function properly and it is the next complex level in protein folding. The current protein Nif A 

is the transcriptional activator of all the nif genes and nif operons except for the nif LA operon. 

For initiation of nitrogenase enzyme activity, nif A protein binds to a UAS region (upstream 

activating sequence) to form a complex with RNA polymerase enzyme, σ54, along with FeMo 

cofactor which regulates the transcription in absence of ammonia and oxygen limiting 

conditions. If the nitrogen excess condition appears, nif L will bind to nif A and will not allow 

nif A transcription [218].  

 

Three homology programs, Phyre2, Swiss and Modeller were used to model the three-

dimensional structure of the protein. In the current homology modeling Nif A protein of R. 

leguminosarum and B. japonicum is composed of three domains: amino (N)-terminal, carboxyl  
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(C)-terminal, and a central catalytic domain. Another important factor identified in M. Ciceri was 

the nonappearance of (N)-terminal domain. In all the three rhizobial species interdomain linker 

was conserved in between the (C)-terminal DNA binding and the central and domains. Each 

domain in nif A has their specific roles to perform the nif operon  activation, amino-(N) terminal 

domain has a regulatory function, to initiate the formation of open promoter complex, the 

conserved central domain interacts with the sigma (σN)-RNA  

 

polymerase and also involves in nucleoside triphosphate hydrolysis catalyzation. The last domain 

which is very important in nif gene transcription is the C-terminal domain (CTD), which has a 

helix-turn-helix motif which is responsible for the identification of UAS sequences (Figures 

5.16, 5.17) [219]. Another characteristic feature of nif A protein in all the diazotrophs is a typical 

motif that has cysteine residues conserved situated between the CTD and center[220].  

 

 

 

Figure 5.16: Diagrammatic representation of the C-terminal domain of Nif A and Nif L proteins 

[221]. 

 

 Some of the diazatrophic bacteria like B. japonicum, R. meliloti, and R. trifolli in vivo 

activity are sensitive to oxygen but it's different in K. pneumoniae that lacks interdomain motif 

which is nonresponsive to oxygen. Whereas in our present bacteria i.e., M. ciceri is not having 

N-terminal domain, but that did not show any oxygen insensitive character. Due to the precise 

nature of nif A protein oxygen sensing mechanism, it is hard to pin down till today and in vivo 

conditions. Purification of nif A protein structure and function is very tricky. This is also another  
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reason why this study has chosen to analyze its structure in in silico modeling and constructed, 

validated an acceptable model of nif A by homology modeling for the first time.  

 

 

Figure 5.17: Diagrammatic representation of Nif A transcription during its presence and absence 

of oxygen and Nif L activity Copy right to (Dixon R, 1998.) ©Springer-Verlag 1998 [221]. 

 

 In the present case of our prediction for the designed 3D model to identify the probable 

function of each domain in detail in comparison with the AA sequence of all the three isolated 

rhizobial species. It is observed that lowest homology was identified in the N-terminal region of 

R. leguminosarum and B. japonicum, however, it is absent in M. ciceri. It is observed that the 

long central domain of all the three bacteria is highly conserved which works together with RNA 

polymerase along with σ54 complex. In the CTD of nif A protein of all the three rhizobacteria 

was identified with extensive homology in its central region to the C-terminus template and also 

contains a turn-helix motif that is very much required for the identification of UAS sequences at 

TATA-binding protein. 

 

 In the present nif A protein sequence of R. leguminosarum, M. ciceri and B. japonicum it 

is observed that there are 15 identical AA’s between Phenylalanine-465 and Alanine-480, and it 

is observed that at position 310, position 463, position 475, position 495, and position 500  
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cysteine residues were conserved (see figure 5.15). For NifA to make active, a conserved 

cysteine motif is essential and it acts as a ligand for metalloclusters which are probably 

analogous to the iron-sulfur (Fe-S) cluster that is usually found in O2 responsive transcriptional 

regulator. Proteins of this kind have an additional invariant cysteine residue in the central AAA+ 

domain and an interdomain linker that connects the AAA+ domain to the C-terminal DNA 

binding domain [222]. Interdomain motif along with central domain cysteine residues forms 

Cys-X11-Cys-X19-Cys-X4-Cys motif which is a usual metal ion binding site. In the present case, 

the oxygen sensitivity of nif A proteins is looked as if it would get correlated by cysteine 

residues. This may recommend that the current 3D model metal ion harmonization with the 

residues of cysteine could prospectively regulate the activity of the proteins in reaction to the 

oxidation-reduction environment in legume rhizobacteria. 

 

 In a study by F Arsene, et al., N-terminal domain of A. brasilense it is observed that Nif 

A was not essential for its regulatory activity of the nif proteins. When considering the present 

case of M. ciceri, it is absent with an amino terminal domain that showed its effect on plant 

growth when applied on unarrble soils although the resultant pattern was in correlation with R. 

leguminosarum and B. japonicum. In vitro results of the application of this inoculum on the 

unarrable soil samples, it is revealed that there is no decrease in growth and biochemical 

parameters observed. The details of the results are much discussed in objective 4. In F Arsene, et 

al., study Nif A proteins truncation showed less activity when compared to its wild type nif A in 

the presence of nitrogen fixation.  

 

 This observation led them to conclude initially that the amino terminal domain of nif A is 

not required for the activity regulation of nif A, but later they could identify that there is a hidden 

role of this domain. Therefore, they inferred that the amino terminal domain is needed for the 

optimal activity for maintaining an active form of other domains or for enhancing protein 

stability. 
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 In this research, the soil sample CPKPFS9 carrying M. ciceri was selected as the highest 

plant growth promoter out of 45 soil samples. As per the in silico studies, though the amino 

terminal is not found, we could observe healthy plant growth and nitrogen contents in the root 

nodules. This could be analogous to the study by F Arsene, et al., and the activity of the amino 

terminal domain is hidden. Therefore, the designed homology model has explored the absence of 

the amino terminal domain and gives a great chance to understand its role in nitrogenase enzyme 

activity and nitrogen fixation. 

 

5.5.3.1 Pre-evaluation with Ramachandran plot 

 To predict the bond angles of amino acids and torsion angles that control the protein 

folding Ramachandran angle to analyze the specific 3D structure of protein used. The alpha  N-C 

φ (Phi) angles and alpha-beta C-C ψ (Psi) angles distribution in Ramachandran map in exclusion 

with non proline and glycine residues results were depicted in figure 5.18a,b,c for R. 

leguminosarum, B. japonicum, and M. ciceri respectively. The constructed homology model was 

compared to identify the more acceptable model was done with Phyre2, Swiss and Modeller 

tools. The comparable results revealed that the Modeller tool designed nif A protein structure is a 

more adaptable and acceptable model when measuring up with Phyre2, Swiss in all the three 

rhizobacteria. To the best of our knowledge, this is the first tertiary structure designed for nif A 

protein elsewhere and the results are tabulated in table 5.19.  

 

 The stereochemical quality and accuracy of Nif A protein were evaluated by the process 

of refinement using Ramachandran map and a computational program namely “Rampage 

program” has been used to compute the calculations. This is followed by plotting the major 

parameters like quality of Ramachandran plot, planarity of peptide bond, Bad non bonded 

interactions, C-alpha chirality, main chain hydrogen bond energy and over-all G factor. The 

residues were based on the regions in the quadrangle. Modeller designed nif A protein of R. 

leguminosarum, M. ciceri and B. japonicum results shown that the favored region residues were 

96.8, 93, 93.1% respectively. This is based on the Ramachandran plot, >75% of residues in the 

favored region are acceptable for 3D modelling studies (Figure 5.19 a,b,c). The main chain  
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distribution of bond length and angles were observed within the limits; Ramachandran plots for 

bond angles within the limits of all quadrants generated figures that represent great reliability of 

the predicted models.  Here in the present case also validated modeled nif A protein structure by 

using other structural verification servers like Prosa –web. Major validation through Prosa –web 

was its standard bond angles and it is confirmed that the presently constructed nif A protein 

model was  

 

reasonably a good quality based on its stereochemistry. In a study by Prajapati C, et al., to 

identify potential drug targets for Clostridium botulinum they designed and validated three 

different proteins. In proteins of C. botulinum they validated the 3D model with swiss and 

modeller tools, but they did not find a significant difference when compared to each other and 

found favored regions were only 84.0%. But in our rhizobacteria, it is 96.0% and more 

acceptable [223]. Our Rampage-score in the present study provided an estimate of the absolute 

quality of a model when compared to similar sized reference structures that are taken as the 

template from PDB (solved by experimental validation techniques).  

 

 After modelling the protein, the structure was validated by energy minimization with Z-

Score by using other structure verification server i.e Prosa Web. Knowledge based potentials and 

protein folding studies were derived from a know protein’s statistical analysis and they are 

commonly used in protein simplified models. The qualities of such simplified models were 

assessed by Z-scores. Z-score is mainly to identify potential differentiation of a protein native 

fold from its ensemble of misfolded structure [224, 225].  

 

 Here we used Z-score to assess the degree of nativeness of nif A predicted structure. Z-

scores for modelled energy minimized PDB structure from Phyre2, Swiss and Modeller servers 

were -8.26, -6.46, -7.18 for R. leguminosarum, -7.02, -6.18, -6.92 for M. ciceri and-7.88, -7.43, -

7.31 for B. japonicum respectively (Table 5.20). All three models in rhizobacteria showed the 

negative result in their protein nativeness. It could be because the bond angles reduced to 60 

degrees and its confirmation would be staggered. In a study by Sohpal VK, et al., they compared  
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homosapiens and plant globular protein by using modelling software and validated its Z-score 

based on their interaction and energies. They also found that modelled proteins have negative 

interaction energy. These results signified that their protein demonstrates the capacity of local 

interaction with their residue. 

 

Table 5.19: Validation of protein structure by Ramachandran plot using rampage server. 

 

Server Ramachandran plot 

calculation 

B. japonicum R. leguminosarum M. ciceri 

Phyre2 Number of residues in 
favoured region 

85.3% 92.1% 93.4% 

Number of residues in 
allowed region 

8.5% 6.5% 4.6% 

Number of residues in 
outlier region 

6.2% 1.4% 2.0% 

Swiss model Number of residues in 
favored region 

96.5% 92.9% 92.3% 

Number of residues in 
allowed region 

3.1% 6.3% 6.5% 

Number of residues in 

outlier region 

0.4% 0.8% 1.1% 

Modeller Number of residues in 
favored region 

95.0% 93% 93.1% 

Number of residues in 
allowed region 

3.0% 3.7% 3.7% 

Number of residues in 

outlier region 

2.0% 3.4% 3.1% 

 

Table 5.20: Z-scores for overall model quality using Prosa web. 

 

Accession No Phyre2 Swiss model Modeller 

Q9AMY3 ‐7.88 ‐7.43 ‐7.31 

P09828 ‐8.26 ‐6.46 ‐7.18 

A0A165VD05 ‐7.02 ‐6.18 ‐6.92 
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a)                                                                        b) 

   

                                           c) 

 

 

Figure 5.18 a,b,c: Tertiary predicted structure of nif A protein is validated with Ramachandran 

plot in RL, MC, BJ. 
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a)  b)  

c)  

 

 

Figure 5.19 a,b,c: 3-D homology model of nif A protein for RL, BJ, MC.  

 

 

 


