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ABSTRACT 

Plant-microbe interaction in the rhizosphere is the determinant of soil 

fertility and plant health. The presence of beneficial bacteria in the vicinity of roots 

stimulates plant growth. In this way, soil bacteria play very important role in 

improving plant nutrition and have been utilized for agriculture for long times. 

However, little has been done at molecular level in Pakistan to explore their 

potential. The present study was designed with the objectives to isolate bacterial 

strains from legume rhizospheric soil and nodules, to characterize and identify 

potential bacterial strains by using molecular tagging of 16S rRNA gene 

sequencing and to asses rhizobacterial impact on yield, nodulation and N2-fixation 

of legume crops under controlled and field conditions. Extensive survey was 

carried out in Pothwar (District Rawalpindi, Attock and Chakwal) for collection of 

legumes (mash bean and chickpea) nodules and rhizospheric soil. Five samples of 

each legume crop were collected from each district. Rhizospheric soil bacteria were 

isolated through dilution plate technique using Phosphate Buffer Saline solution 

(PBS; 1X) and nutrient media i.e. Tryptic Soya Agar (TSA; Difco). Root nodules 

for Rhizobium isolation were washed, crushed and directly streaked on yeast extract 

mannitol (YEM) plates supplemented with Congo red. About 100 bacterial strains 

of different genera included Rhizobium were isolated and designated as AM-1, 

AM-2 to AM-100. These isolated bacterial strains were characterized for plant 

growth promoting (PGP) properties like auxin i.e. indole acetic acid (IAA), P 

solubilization and production of NH3. On the basis of PGP traits, 10 most potential 

strains were selected and identified using molecular techniques i.e. 16S rRNA 

sequencing. The DNA of each strain was amplified using universal primers 9F: 

(´GAGTTTGATCCTGGCTCAG´) and 1510R: (´GGCTACCTTGTTACGA´). The 
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amplified products (DNA) were purified and sent to Macrogen Korea for 16S 

rRNA gene sequencing. Through BLAST search diversity of belonged to AM-95 

strain has 99% similarity with Bacillus safensis, AM-76 strain has 99 % similarity 

with Enterobacter clocae, AM-85 strain has 99% similarity with Pseudomonas 

beteli, AM-91 strain has 99% similarity with Rhizobium pusense, AM-57 strain has 

97% similarity with Sphingobacterium canadens, AM-96 strain has 99 % similarity 

Pseudomonas plecoglossicida, AM-71 strain has 99% similarity with Pseudomonas 

lini, AM-25 strain has 98% similarity with Pantoea rodasii, AM-28 strain has 99% 

similarity with Chryseobacterium gleum and AM-86 strain has 99% similarity with 

Bacillus oceanisediminis. The consensus sequences were retrieved using 

bioinformatics software i.e. Bioedit, Clustal X and Mega 5. The sequence assembly 

(>1400 base pairs) was BLAST through Eztaxon and NCBI gene banks. 

Six most promising strains AM-95 (Bacillus safensis), AM-76 

(Enterobacter cloacae), AM-85 (Pseudomonas beteli), AM-91 (Rhizobium 

pusense), AM-57 (Sphingobacterium canadense) and AM-96 (Pseudomonas 

plecoglossicida) were selected on the basis of PGP traits and inoculated to chick 

pea under controlled conditions. The growth parameters studied were yield and N2 

fixation. The three bacterial strains were found potential PGPR by solubilizing > 

200 µg ml-1 phosphorus, producing > 30 µg ml-1 IAA and positive for NH3. Three 

most promising growth promoting and N2 fixing strains AM-57 (Sphingobacterium 

canadense), AM-96 (Pseudomonas plecoglossicida) and AM-91 (Rhizobium 

pusense) were selected from green house experiments and further tested under field 

conditions (AAUR farm and farmer’s field Attock) to see the beneficial effect of 

these strains on mashbean, mungbean and chickpea yield and N2 fixation. The 

bacterial strains improved growth and N2 fixation under field conditions as 
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compared to un-inoculated control. The bacterial strains AM-95 (Bacillus safensis) 

and AM-76 (Enterobacter cloacae), AM-85 (Pseudomonas beteli) were found 

potential PGPRs for further development of bio-inoculants. The strain AM-91 

(Rhizobium pusense) was found as a unique symbiont of chickpea and will be 

available as chickpea inoculants. 



 
 

 
 

Chapter 1 

INTRODUCTION 

 The microorganisms and plant interrelationship in the rhizosphere can be 

healthy, neutral, or deteriorating for plant growth. Rhizobacteria having positive 

influence on plant health are described as plant growth-promoting rhizobacteria 

(PGPR) (Kloepper and Schroth, 1978). The rhizobacteria are such bacteria which 

thickly populate the rhizosphere (Subba Rao, 1999). Several characteristics of 

PGPR are liable for growth promotion activities (Cattelan et al., 1999). The PGPR 

has the quality to affect the production level of plant hormones cytokinins, indole 

acetic acid (IAA), gibberellic acid, and ethylene, fix dinitrogen, weakening the 

growth of deleterious microorganisms through siderophore production, cyanide and 

solubilizes phosphates and other nutrients. 

 The valuable role of rhizobia colonizing in rhizospheric soil for well 

developed and healthy roots, nutrient uptake and tolerance of environmental 

unwanted effects is now established (Bowen and Rovira, 1999; Cook, 2002). These 

useful microorganisms are like inevitable biological technique to produce fairly 

heavy yield, which is known as crop yield limited only by the biological 

environment of the crop and its underlying genetic potential (Cook, 2002). By 

combining crop rhizosphere microbial population with inoculation of useful 

bacteria to enhance plant growth has manifested appreciable potential in controlled 

conditions but results have been different in vivo (Bowen and Rovira, 1999). 

For promising development of plant symbiotic relationship, characterization 

and identification of Rhizobium species is preferable process (Selenska-pobell et 

al., 1996). At first, the indigenous rhizobial population should be identified for the 
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division and diversity of these rhizobias, for an increase in the hub of native 

rhizobia and search for their biodiversity for the development of inoculants which 

are considered to increase biological nitrogen fixation when they are applied 

(Keating et al., 1995). Recently molecular approaches are being applied to detect 

and assessing the structural diversity of microorganisms (Head et al., 1998). A 

combination of various techniques is now used in which whole cell protein 

analysis, DNA-DNA hybridization (Sayler et al., 1992), restriction digestion and 

sequence comparison are also performed (Yap et al., 1996). As the utilization of 

PCR for DNA amplification, sequencing and characterization of gene sequences of 

bacterial species demonstrated that the 16S rRNA gene is highly conserved within a 

species and among species of the same genus, and thus can be applied as a new 

′′gold standard′′ for identifying the bacteria to the sub species level. With the 

assistance of this broadly acknowledged biological marker, bacteria can be 

classified, reclassified and arranged into new genera (Olsen and Woese, 1993). 

Nitrogen fixation cannot be tested unless an authentic and accurate field 

measurement is done for the levels of fixation achieved. So, assessment of nitrogen 

fixation facilitates the evaluation of indigenous Rhizobium spp., for promising 

nodulation of newly introduced legume (Herridge et al., 1988). Ureide has been 

indicated as a reliable approach for the %Pfix for many legume species and 

comparable field studies of N2 fixation can be achieved applying either ureide or 

15N-based techniques (Herridge et al., 1990). The major assumption in 15N based 

methodology is that reference plant is not able enough to fix N2 and that the 14N/15N 

ratio of its tissues was the similar as the soil mineral nitrogen (Turner et al., 1983). 

In view of the significance of soil beneficial rhizobacteria and their role in crop 



 
 

 
 

growth promotion and N2 fixation, the present study was designed with the 

objectives: 

1. To isolate bacterial strains from legume rhizospheric soil and nodules.  

2. To characterize and identify potential bacterial strains by using molecular 

techniques for plant growth promoting activities and  

3. To evaluate rhizobacterial effect on nodulation, N2 fixation and yield of 

legumes under controlled and field conditions. 



 
 

 
 

Chapter 2 

REVIEW OF LITERATURE 

Soil bacteria are being used in crop production for decades and soil-plant-

associated bacteria has got much importance and studied globally in recent times. 

Soil bacteria inhabit soil, especially in the rhizosphere and contribute in plant 

growth and development. Rhizobacteria are subset of rhizosphere bacteria, capable 

of colonizing the plant roots and multiply in or on the root surfaces in the vicinity 

of competitive soil inhabiting microorganisms. The main functions of soil bacteria 

with respect to agricultural purposes are (Davison, 1988) (1) fastening nutrients 

availability to plants/crops; (2) stimulating crop growth and yield; (3) inhibition or 

control of plant pathogens activity; (4) improving soil structure; and (5) microbial 

leaching or bioaccumulation of chemicals (Brierley, 1985). Now days, bacteria 

have additionally been utilized within soil for mineralization of natural toxins, i.e. 

bioremediation of contaminated soils (Burd et al. 2000). 

2.1 PLANT GROWTH PROMOTING RHIZOBACTERIA (PGPR) 

Soil bacteria beneficial to plant growth are usually referred to as plant 

growth promoting rhizobacteria (PGPR), capable of promoting plant growth by 

colonizing the plant root (Kloepper and Schroth, 1978; Cleyet-Marcel et al., 2001). 

Symbiotic and free-living rhizobacteria are two important groups of PGPR having 

mutual relationship with the plants (Khan, 2005). PGPR help plant/crops in 

germination, root elongation, increase in root weight, shoot weight, leaf area, 

chlorophyll content, biological and economic yield, nitrogen content, protein 

content alongwith tolerance to drought (ÇakmakçI, 2005a, 2005b). During last four 

decades, a large exhibit of bacteria including species of Pseudomonas, 
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Azospirillium, Azotobacter, Klebsiella, Enterobacter, Alcaligens, Arthrobacter, 

Bacillus and Serratia are characterized for crop improvement (Okon and 

Labandera-Gonzalez, 1994; Glick, 1995). PGPR promote crop yield through plant 

growth hormones i.e. auxin like indole acetic acid (Glick, 1995), by improving 

nodulation, nodule occupancy and symbiotic N2 fixation (Fuhrmann and Wollum, 

1989). 

The growth-promoting ability of some bacteria may be profoundly 

particular to some crops cultivars and genotypes (Nowak, 1998; Bashan, 1998). 

Yield increases in rice (Sudha et al., 1999), barley (Cakmakci et al., 2007a), wheat 

(Cakmakcı et al., 2007b), canola (De Freitas et al., 1997), maize (Pal, 1998), sugar 

beet (Cakmakcı et al., 1999), sugarcane (Sundara et al., 2002), conifer species 

(Bent et al., 2002) and apples (Aslantaş et al., 2007) were observed during 

inoculation experiments with N2-fixing and P solubilising Bacillus species. 

Legumes growth and nodulation by rhizobia are reported by Dashti et al., 1998; Bai 

et al., 2002 and Rao Pal, 2003; and Lata et al. (2000). Some nonsymbiotic bacterial 

strains like Azospirillum (Groppa et al., 1998), Azotobacter (Burns et al., 1981), 

Bacillus (Srinivasan et al., 1996), Pseudomonas (Grimes and Mount, 1984) and 

Streptomyces (Li and Alexander, 1988) etc. also promote growth, nodulation and 

nitrogen fixation in legumes alone and particularly when co-inoculated with 

rhizobia. Soil bacteria from diverse genera including Rhizobium, Bradyrhizobium, 

Klebsiella, Enterobacter, Bacillus, Pseudomonas, Azobacter, Arthrobacter, 

Alcaligens, Serratia, Bulkherdaria and Azospirillium are inoculated or co-

inoculated to a variety of agricultural important crops during recent decades and 

their performance was observed comparable or far better than chemicals (Kloepper 

et al., 1989; Okon and Labandera-Gonzalez, 1994; Glick, 1995; Vessey, 2003). 



 
 

 
 

This promotion in crop growth and yield are due to bacterial ability to produce 

hormones and enzymes like IAA and ACC-deaminase (Arshad and Frankenberger, 

1993; Glick 1995) or due to symbiotic N2 fixation (Fuhrmann and Wollum, 1989).  

The production of these plant growth promoting hormones, enzymes and other 

particular compounds by soil bacteria are considered important screening test of 

PGPRs (Khalid et al., 2004; Schippers et al., 1995; Dobbelaere et al., 2003; Zahir 

et al., 2003), thus contributes sustainable agricultural systems by facilitating the 

uptake of required nutrient elements from soil (Siddiqui and Mahmood, 2001; 

Lucas García et al., 2004a,b; Çakmakçi et al., 2006), and minimizes soil born 

pathogenic diseases (Guo et al., 2004; Jetiyanon and Kloepper, 2002; Raj et al., 

2003; Dey et al., 2004; Saravanakumar et al., 2008). Screening of effective cultures 

of rhizobia for growth promotion under gnotobiotic conditions is a useful approach 

for selecting efficient cultures before testing their potential under field conditions 

(Zafar-ul-Hye et al., 2007). Isolation and screening of efficient and competitive 

strains from native rhizobial population proves beneficial under field environment 

(Chatel and Greenwood, 1973). Rhizobial inoculants have contributed to increase 

nitrogen fixation and yield in legume crops that represent 70-80% of total nitrogen 

accumulated in plants (Catroux et al., 2001). Beneficial effects of Rhizobium 

inoculation are obtained on soybean plants when grown in sterilized soil. The 

maximum increase in biomass and nodulation were obtained by inoculating with 

Rhizobium isolates (Erum and Bano, 2008). A number of free-living bacteria have 

the ability to fix dinitrogen and increase nitrogen availability for plant. Bacterial 

produced auxin (IAA) stimulates the elongation of root hair and lateral roots thus 

helps in improving crop growth (Okon and Kapulnik 1986). Tryptophan from root 

decaying cells or exudates is considered as precursor for bacterial biosynthesis of 



 
 

 
 

auxin IAA in soil (Benizri et al., 1998). P solubilizing bacteria have the potential to 

increase available P for the plant especially in soils with large amounts of 

precipitated phosphate (Goldstein, 1986). Bacterial N2 fixation is a functional 

indicator of nitrogenase activity (Andrade et al., 1997) and the isolate PM-24 

(Bacillus fusiformis) alongwith nitrogenase activity of 3677.81 nmolh-1 mg protein 

and IAA production of 225 µg ml-1 confirm it potential PGPR. Co-inoculation with 

PGPR and Bradyrhizobium increased legumes nodulation and N2 fixation (Verma 

et al., 1986; Li and Alexander, 1988). Similarly, R. leguminosarum significantly 

increased nodules, shoot weight, nitrogenase activity and plant height of two lentil 

cultivars (Laird and Eston) under controlled growth room experiment followed by 

yield increase up to 135% and total N2 fixed ranged from 0 to 76 and 0 to 105 kg 

ha-1, respectively (Bermer et al., 1990). Total plant weight and total N of lentil 

grown under growth conditions were highly correlated with field parameters and 

were most reliable screening parameters for the selection of superior rhizobial 

strains (Moawad and Beck, 1991; Shah et al., 1994). The isolation and screening of 

highly efficient and competitive strains from native rhizobial population to be used 

as inoculums proves much beneficial as these strains found most competitive and 

persistent in those field environments from where they originally isolate (Chatel 

and Greenwood, 1973). 

2.2 BIOLOGICAL NITROGEN FIXATION (BNF) 

Nitrogen being essential nutrient required for crop yield, most commonly 

deficient and causes reduction in agricultural yields around globe. Dinitrogen (N2) 

constitutes four-fifths of the atmosphere and is not available to crops. It is available 

through BNF i.e. the process of conversion/enzymatic reduction of atmosphere N2 



 
 

 
 

to NH4+ (Shiferaw et al., 2004). NO3
- latterly deposited in terrestrial ecosystem 

through rainfall. All crops, animals and many prokaryotes depend on this BNF for 

their N demand. About 50% of the applied chemical N is utilized by crops and 

around 25% is leached down or volatilized or lost through denitrification process 

from soil plant environment. This leads not only economic loss but also creates 

eutrophication problems. Increasing costs of chemicals and environmental 

problems associated with these chemical fertilizers suggest a speedy alternative like 

BNF (Sprent and Sprent 1990). Fertilizer N use efficiency can be increased through 

effective BNF to crops.  

2.2.1 Symbiotic Nitrogen Fixation (SNF) 

In symbiotic BNF systems, the NH4+ produced by BNF is directly available 

to the plant in the form of amino acid amides like asparagine and glutamine or 

ureides e.g. allantoin (People and Craswell, 1992). SNF will not only provide 

carbon source to N fixer but also regulated oxygen supply for efficient symbiotic N 

fixation. Symbiotic BNF through Rhizobium and legumes contributed a large 

portion of N to legumes and cereals in rotation and can have huge contribution in 

agricultural productivity (Saikia and Jain, 2007). The BNF process accounts for 

65% of the nitrogen presently utilized in agriculture system, and considered very 

important for sustainable agriculture production in future (Matiru and Dakora 

2004). Many species of Rhizobium, Mesorhizobium, Bradyrhizobium, 

Azorhizobium, Allorhizobium and Sinorhizobium (Werner, 1992) form symbiotic 

relationships with legumes crops for BNF through nodules (nod) genes expression, 

signaling lipo-chitooligosaccharide (LCO) and nodules formation, a platform for 

symbiotic nitrogen fixation (Dakora 2003; Matiru and Dakora 2004). 



 
 

 
 

Rhizobial inoculants have contributed to increased nitrogen fixation and 

yield in legume crops that represent 70-80% of total nitrogen accumulated in plants 

(Catroux et al., 2001). Beneficial effects of Rhizobium inoculation were obtained 

on soybean plants when grown in sterilized soil. The maximum increase in biomass 

weight and nodulation were obtained in the Rhizobium inoculated legumes (Erum 

and Bano, 2008). The effect of Rhizobium tropici (CIAT899) alone and co-

inoculation with Paenibacillus polymyxa (DSM 36) was observed on nodulation, 

biological nitrogen fixation and growth of common bean (Phaseolus vulgaris L.cv. 

Tenderlake). Co-inoculated beans had higher nitrogenase activity and N2 fixation 

efficiency and thereby formed associations of greater symbiotic efficiency 

(Figueiredo et al., 2007). PGPRs and Rhizobium co-inoculation to legumes crops 

are now commonly being used on commercial scale. Co-inoculation of 

Bradyrhizobium japonicum with PGPR (S. lequefacians, S. proteamaculans, Ps. 

fluorescens, Azospirillum, Ps. putida, Aeromonas hydrophia) resulted in increased 

nodulation, nitrogen fixation, plant growth, nitrogenase activity, grain yield and 

grain protein of soybean (Dashti et al., 1997; Dashti et al., 1998; Chebotar et al., 

2001). 

2.2.2 Asymbiotic Nitrogen Fixation (ANF) 

Asymbiotic N fixer also known as free-living diazotropic bacteria fix N in 

their body and incorporate in soil and make it available to plants indirectly upon 

their decaying or subsequent mineralization of their biomass in soil (Tchan, 1988). 

Asymbiotic nitrogen fixation through free living diazotrophs has less potential to 

promote crop growth as compared to symbiotic nitrogen fixation mainly through 

Rhizobium-legumes symbiosis (Kennedy and Islam, 2001; Tchan, 1988). ANF is 



 
 

 
 

estimated to contribute about 30% to the total biologically fixed N (People and 

Craswell, 1992), as compared to 65% that of symbiotic BNF by legumes 

(Cleveland et al., 1999), most dominant source of biologically fixed N with 

significant contribution in agricultural productivity (Kennedy and Islam, 2001; Paul 

and Clark, 1996; People and Craswell, 1992). Some other symbiotic and genetically 

defined systems having specific interactions between free living bacteria with host 

plant includes Frankia-Alder symbioses (Paul and Clark, 1996) and Azolla-Nostoc 

(Vaishampayan et al., 2001) are considered important for sustainable agriculture 

system (Lugtenberg et al., 1995; Kennedy and Islam, 2001). Previously a very 

limited bacterial genus and species were reported as nitrogen fixers (Postgate, 

1981) but now many phyla of bacteria including rhizobia (Alpha-proteobacteria; 

Sprent, 2001) Frankia (Actinobacteria; Vessey et al., 2004) and Cyanobacteria 

(Meeks and Elhai, 2002) are considered as potential diazotrophs. 

The legumes-Rhizobium symbiotic interactions are known as host specific 

(Smit et al., 1992; Verma et al., 1992). However, nonspecific associative 

interaction of Rhizobium with roots of other non-leguminous crops without 

nodulation is also reported (Reyes and Schmidt, 1979). Other reports indicate 

Rhizobium as promising PGPR (Yanni et al., 1997) that influence the crop growth 

and yield through plant growth regulating hormones (Chabot et al., 1996, Glick and 

Bashan, 1997; Volpin and Philips, 1998), root elongation (Biswas, 1998), N2 

fixation (Urquiaga et al., 1992), siderophore production (Dilworth et al., 1998) and 

nutrient supply/uptake (Okon and Kapulnik, 1986; Chabot et al., 1996). Some 

researcher like Yanni et al. (1997) and Biswas (1998) reported increased N uptake 

in rice plants with rhizobia inoculation. Isolation and screening of efficient and 

competitive strains from native rhizobial population proves beneficial under field 



 
 

 
 

environment (Chatel and Greenwood, 1973).  

 

2.3 PHYTOHORMONE PRODUCTION BY PGPR 

Both symbiotic and non-symbiotic rhizobacteria may help to improve plants 

directly by producing plant growth promoting substances (Dangar and Basu 1987; 

Arshad and Frankenberger 1993; Glick 1995; Garcíade Salamone et al. 2001; 

Dobbelaere et al. 2003; Vivas et al. 2005) and other PGP activities (Dobbelaere et 

al. 2003). PGPR synthesizes and exports phytohormones called plant growth 

regulators (PGRs) which regulate plant growth and development. PGRs can be 

classified into five different categories like cytokinins, auxins, gibberellins, abscisic 

acid and ethylene (Zahir et al. 2004) and phytohormone auxin (indole-3-acetic acid- 

IAA) has received more attention and widely characterized due to its potential role 

in root cell elongation, division and differentiation (Cleland 1990; Hagen 1990). 

More than 80% of soil and rhizosphere bacteria characterized with and without 

tryptophan have potential to produce auxin i.e. IAA (Patten and Glick 1996). 

Several environmental factors like pH, carbon and tryptophan affects 

biosynthesis of IAA in rhizobacteria (Spaepen et al. 2009). There are six common 

pathways for biosynthesis of IAA in rhizobacteria among them five are tryptophan 

dependant and one instead of tryptophan depends on the presence of indole-3-

glycerolphosphate. Many researchers observed the production of IAA by bacteria. 

Khan and Zaidi (2002) isolated the strains of Fluorescent Pseudomonas and found 

that increasing the concentrations of tryptophan added to the growing medium 

enhanced biosynthesis of IAA. Asghar et al. (2004) during laboratory studies tested 

the potential of various rhizobacteria isolated from rice plants for auxin (IAA-

equivalents) biosynthesis in vitro. Results revealed that majorities (93%) of 



 
 

 
 

rhizosphere bacteria were capable of producing auxins in vitro; however, the strains 

varied greatly (0.6 to 7.9 mg L-1 IAA) in their auxins producing ability and 

significant increases in these values were observed with the addition of L-

tryptophan in culture medium. Khalid et al. (2004) also isolated bacteria from 

rhizosphere soil of wheat plants and studied the strains for in vitro auxin production 

under gnotobiotic conditions and HPLC analysis confirmed that these rhizobacteria 

produced the IAA. 

2.4 PHOSPHATE SOLUBILIZING BACTERIA (PSB) 

Phosphorus is an essential macronutrient that is required in large quantity 

for good yield and quality crops. Phosphorus is added to soil as soluble inorganic 

phosphates and more than 50% of this applied soluble inorganic phosphate 

converted to insoluble form and becomes unavailable to crops (Singh and Kapoor, 

1994). Soil phosphorus management is required to minimize phosphorus loss from 

soil for sustainable crop yield. Many rhizospheric bacteria including Bacillus, 

Pseudomonas and Rhizobium etc. are involved in P solubilization (Rodrıguez and 

Fraga, 1999). Phosphorus solubilization bacteria (PSB) have advantages over 

inorganic fertilizer by minimizing the harmful environmental impact which arises 

from chemical fertilizers along with their high cost, adulteration and non 

availability on peak time. Diversity of bacterial strains identified as Serratia 

marcescens, Rhodococcus erythropolis, Bacillus megaterium, Arthrobacter 

ureafaciens, Arthrobacter sp., Gordonia sp., Chryseo-bacterium sp., 

Phyllobacterium myrsinacearum and Delftia sp. were isolated from Central Taiwan 

by Chen et al., (2006) and reported as P-solubilizers after characterizing them for 

P-solubilization activities on tricalcium phosphate.  



 
 

 
 

Phosphate solubilization has been believed to coincide with the production 

of organic acids (Goldstein, 1995). It has been observed that Penicillium billai has 

the potential to solubilize mineral phosphates and plant P uptake by producing 

citric acid and oxalic acid. Baryosef et al. (1999) also studied the solubilization of 

rock phosphate by Pseudomonas cepacia through production of gluconic acid and 

2-ketgluconic acid. During resembling studies of phosphate solubilization by 

microorganism, Fenice et al., (2000) has observed the production of gluconic and 

citric acid. Thirteen PSB strains were isolated from mung bean rhizospheric soil 

and characterized for phosphate solubilizing activity by qualitatively formation of 

clear zones around the colonies and quantitatively by spectrophotometer in liquid 

medium. Gas chromatography analysis demonstrated the presence of organic acids 

produced by microorganisms (Vazquez et al., 2000). Use of PSM as inocula 

improved plant growth and ultimately grain yield by converting insoluble 

phosphates to soluble forms in many important crops (Rashid et al., 2000; Vazquez 

et al., 2000; Gull et al., 2004). Phosphate solubilizing bacterial inoculants along 

with phosphorus application on maize, wheat and cotton growth and yield revealed 

that P-solubilizing bacteria along with phosphorus significantly increased shoot, 

root length and P content of wheat and maize. Treatments without bacterial 

inoculation had resulted in low growth and very low P uptake in plants 

(Egamberdiyeva et al., 2004). Similarly, the effects of phosphorus solubilizing 

bacteria (PSB) and Azotobacter chroococcum in combination with 40 or 60 Kg 

rock phosphate and/or single super phosphate ha-1 on the phosphorus availability in 

wheat was determined by Belimov et al. (2005). They reported that application of 

mineral fertilizer in combination with Azotobacter chroococcum and PSB 

inoculation resulted in vigorous growth of crops and highest N and P uptake. 



 
 

 
 

2.5 ROLE OF PGPR IN LEGUMES PRODUCTION 

Legumes not only improve soil structure but also increase soil nitrogen 

through nitrogen fixation and also add organic matter, maintain balance of soil 

nutrients, break soil born disease cycle and improve physical condition of the soil 

(Chalk et al., 1993). Especially soil enriching property of mungbean and mashbean 

is of great importance to developing countries like Pakistan, where yields are only 

45% of those achieved in developed countries (Oram and Agcaoili, 1992) and this 

productivity is commonly limited by the supply of nitrogen in soils (Shehzadi et al., 

2003). Mainly the difference is due to the unfavorable conditions under which 

many legume species are grown. Fertility status of soil is a particular problem for 

farmers of the developing countries and is hindrance in legume production (Peter et 

al., 2002). The net benefits of legumes are often equivalent to the addition of 50-

100 kg N ha-1 as fertilizer (Herridge et al. 1993). Legume crops not only improve 

soil physical health and soil fertility but also help in improving aquatic environment 

and contribute a large share in human diet. Important conventional legumes crops 

successfully grown in Pakistan are chickpea (Cicer arietinum), mungbean (Vigna 

radiata L.), mashbean (Vigna mungo) and lentil (Lens culinaris). Chickpea (Cicer 

arietinum) ranks first amongst grain legumes from production point of view 

followed by mung and mashbean. Seed of legumes crops are palatable, nutritive, 

digestible and contain protein, fat, carbohydrates, calcium, phosphorous and are 

considered as a substitute of animal protein and forms a balanced diet when used 

with cereals (Consideine, 1992). Mungbean is capable of fixing atmospheric 

nitrogen through Rhizobium species living in root nodules. However, under our 

agro-ecological conditions, the nodulation of mungbean is poor and is a major 

cause of its lower yield. Inoculation of mungbean with Rhizobium increased 



 
 

 
 

photosynthetic rate, plant height, leaf area, and biomass production (Thakur and 

Panwar, 1995). Brar and Lal, (1991) found an increase in number of nodules plant-1 

and seed yield with inoculation of Rhizobium. They obtained seed yield of 

mungbean, 0.76 t ha-1 without inoculation to 0.81 t ha-1 with Rhizobium phaseolina 

inoculation. Like mungbean, mashbean among pulses also occupy central position 

in Pakistan’s agriculture and grows well on irrigated as well marginal areas of 

rainfed district of Pakistan. Its fertilizer requirement is very low as it fulfills its N 

requirement through SNF and is used for human diet as well live stock fodder 

(Zukovsky, 1971). Although its contribution to pulse production in the world is 

low, in some regions it is a key component of cropping system. This is especially 

true for the Indo-Pakistan subcontinent, where mashbean provides significant 

dietary protein as its seed contains 25-32% protein (Allen and Allen, 1981).  

Along with Rhizobium inoculation alone, the use of co-inoculation of 

legumes with Rhizobium and other plant growth promoting bacteria has commonly 

been used in different part of world for better nodulation, growth and N2 fixation. 

The co-inoculation of Rhizobium and PGPR increases legumes biomass, yield and 

N2 fixation. This improvement is mediated through a variety of direct and indirect 

mechanisms e.g. production of phytoalexin, antibiotic against pathogenic 

microorganisms and siderophores thus reduces rhizospehre pathogens (Zahir et al., 

2005). Co-inoculation of Rhizobium with Azospirillum to a variety of leguminous 

crops showed significant increment in plant development, biomass, nodulation and 

nitrogen fixation (Okon and Itzigsohn, 1995). Itzigsohn et al., (1993) observed 

elongation in roots and root hairs of alfalfa with Azospirillum brasilense 

application. Similarly, inoculation of A. brasilense to common bean also improves 

root hair formation (Burdman et al., 1996). Okon and Itzigsohn, (1995) also 



 
 

 
 

observed beneficial effects of inoculation with Azospirillum alone or co-inoculation 

of several legumes with Azospirillum and Rhizobium, under controlled and field 

environment. They observed root elongation, healthy and timely nodulation and 

better nitrogen fixation which lead to higher biomass production and N yield of 

dually inoculated legumes. Oliveira et al. (1997) investigated the potential of three 

PGPR strains for nitrogen fixation and growth of clover plants under greenhouse 

conditions. They found that Azospirillum brasilense Sp7 and a local rhizobacteria 

promoted nodulation and nitrogenase activity. In general, co-inoculation affects 

many plant growth parameters including nodulation (nodule number and weight, Fe 

content in nodules and earlier nodulation), nitrogenase activity, root shoot biomass, 

root length, root surface area, N mineral contents and grain yield. Inoculation with 

A. brasilense also improves chickpea growth under salinity stress conditions 

(Hamaoui et al., 2001) and co-inoculation with Rhizobium and A. brasilense 

significantly increased nodule dry weight, and yield of chickpea under controlled 

conditions in pot experiments (Burdman et al., 1996). Similarly, co-inoculation 

with Mesorhizobium and Pseudomonas caused significant improvement in nodules 

numbers and shoot weight of chickpea under chillum jar conditions (Sindhu et al., 

2002a). Beneficial response of co-inoculation of PGPR, Bacillus and 

Bradyrhizobium on mashbean nodulation, growth and yield were also observed by 

Gupta et al., (1998) and Sindhu et al., (2002b). Previously, Sindhu et al., (1999) 

also observed similar co-inoculation response of Pseudomonas and Bradyrhizobium 

to mashbean as compared to Bradyrhizobium alone. Combine co-inoculation of 

Bradyrhizobium japonicum with PGPRs (S. lequefacians, S. proteamaculans, Ps. 

fluorescens, Azospirillum, Ps. putida, Aeromonas hydrophia) resulted in increased 

nodulation, nitrogen fixation, plant growth, nitrogenase activity, grain yield and 



 
 

 
 

grain protein of soybean (Chebotar et al., 2001). Derylo and Skorupska, (1993) and 

Tehebotar et al. (1998) also observed increase in nodulation and growth of white 

clover when co-inoculated with R. leguminosarum bv. Trifolii and Pseudomonas 

sp. and leguminosarum bv. trifolii with Azospirillum lipoferum, respectively. 

Acetylene reduction activity was also increased by 2.3 to 2.7 fold at 20 days after 

inoculation.  

A pouch study was conducted in the laboratory by Zafar-ul-Hye et al. 

(2007) to isolate rhizobial culture and subsequently screening of selected cultures 

for growth promoting activity in lentil in the growth room under axenic conditions. 

Inoculation with selected bacterial strains increased the root and shoot length and 

biomass of lentil up to 135, 82, 175, 161, 150 and 140%, respectively over 

uninoculated control, while up to 11 nodules plant-1 were recorded in case of 

inoculation with rhizobial cultures. The reason behind this increase might be the 

production of some of the phytohormones, additional to positive responses on the 

seedlings growth exhibited by the nitrogen-fixing interactions (Sevilla et al., 2001). 

Nine different species of Pseudomonas were isolated from peanut rhizosphere by 

Dey et al. (2004) and characterized for ACC-deaminase activity. Seed inoculation 

of these strains performed better in pots and Fluorescent pseudomonas also resulted 

significantly higher peanut yield in field. Tilak et al. (2006) noted that inoculation 

with either Pseudomonas fluorescens, Pseudomonas putida, Azotobacter 

chroococcum, Azospirillum brasilense or Bacillus cereus resulted in a significant 

increase in plant growth, nodulation and enzyme activity over Rhizobium-

inoculated and uninoculated control. Zhang et al., (1997) also observed similar 

positive response when soybean was co-inoculated with PGPR and 

Bradyrhizobium. Some reports suggest positive effects of some PGPR on the 



 
 

 
 

legume and N2-fixing symbiosis; the bacteria responsible for this effect are termed 

nodule promoting rhizobacteria (NPR). Inoculation with PGPR, like Pseudomonas, 

and Bradyrhizobium positively affect symbiotic N2 fixation by increasing 

nodulation (Yahalom et al., 1987) and nitrogenase activity (Iruthayathas et al., 

1983). Higher legume growth, nodulation and nitrogen fixation was observed when 

co-inoculated with PGPRs like Azospirillum (Groppa et al., 1998), Azotobacter 

(Burns et al., 1981), Bacillus (Srinivasan et al., 1996), Pseudomonas (Grimes and 

Mount, 1984), Streptomyces (Li and Alexander, 1988) with Rhizobium.  

 

 

 

 

 

 

 

 

 



 
 

 
 

Chapter 3 

MATERIALS AND METHODS 

3.1  SURVEY FOR THE COLLECTION OF LEGUMES 

RHIZOSPHERIC SOIL AND ROOT NODULES 

Extensive survey was carried out in three Pothwar district (Rawalpindi, 

Attock and Chakwal) in order to collect rhizospheric soil and root nodules samples 

from legumes i.e. chickpea and mashbean (Fig. 1). Five samples of mashbean and 

chickpea from each district were collected. These samples were transferred to the 

soil microbiology laboratory of PMAS-Arid Agriculture University, Rawalpindi for 

further isolation, screening and plant growth promoting (PGP) characterization of 

bacterial strains. 

3.2  ISOLATION AND SCREENING OF PLANT GROWTH 

PROMOTING RHIZOBACTERIA 

 

3.2.1  Isolation and Screening of Bacteria from Soil 

The plant growth promoting rhizobacteria (PGPR) were isolated from the 

rhizospheric soil of mashbean and chickpea by using dilution plate technique where 

Phosphate Buffer Saline (PBS, 1X) was used as a saline solution. The bacteria were 

then grown on nutrient media i.e. Tryptic Soy Agar (TSA) in sterilized petri plates 

and were placed in incubator at 28°C for at least 48 hours. After bacterial growth, 

individual colonies were picked and streaked on plates containing TSA media for 

purification and screening under sterilized conditions in laminar air flow cabinet. 
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Figure 1. Map of Pothwar showing sampling districts 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

Single colonies were repeatedly re-streaked till the purified cultures were obtained. 

The media composition of Tryptic Soy Agar (TSA) was as follows:  

Ingredients                Quantity g L-1 

Casein digest peptone     15.0 g 

Papaic Digest of soybean meal               5.0 g 

Sodium chloride                 5.0 g 

Agar                  15.0 g 

Distilled Water                1000 ml  

Mixed 40 grams of the medium in one liter of distilled water until evenly 

dispersed and autoclaved at 121 oC for 15 minutes.  

3.2.2  Isolation and Screening of Bacteria from Nodules 

Healthy, pink and undamaged nodules were detached from roots (cut root 

0.5 cm on each side of the nodule). Nodules were surface sterilized by immersing 

them in 95% ethanol for 5-10 seconds, washed with sterilized distilled water for 3-4 

times then nodules were dipped in 3% hydrogen peroxide for 3-4 minutes 

(Somasegaran et al., 1984). Nodules were crushed with blunt tipped sterilized 

forceps and dipped in sterile water and then one loop full of the nodule suspension 

was streaked on yeast mannitol (YMA) agar plates supplemented with Congo red 

as an indicator (Nelson and Child, 1981). These plates were incubated at 28oC for 

2-3 days. Individual bacterial colony was picked with sterilized loop and was 

streaked on the media plate for purification.  This was the pure isolate (Vincent, 

1970). The media composition of Yeast Extract Mannitol (YEM) was as follows:  

 



 
 

 
 

Ingredients                Quantity gL-1 

Mannitol        10 g 

K2HPO4                  0.5 g 

Yeast Extract                  0.5 g 

MgSO4.7H2O       0.2 g 

NaCl                                                                      0.1 g 

Agar                                                                       16 g 

*Congo red 1% solution                            2.5 ml (only for solid medium 

during isolation) 

pH                                                                          6.8 

*Preparation of Congo Red: Mixed 0.25 g Congo red in 100 ml of distilled water. 

From this solution add 10 ml 1 liter media. 

3.2.3  Glycerol stocks 

Glycerol stocks of all bacterial pure cultures were prepared to store them for 

longer period of time at -80°C and to recover the bacteria from this stock when 

needed during research experimentation; frozen surface of stock was scraped with 

inoculating needle and was immediately streaked on specified agar plates. 

3.3  CHARACTERIZATION OF PLANT GROWTH PROMOTING           

RHIZOBACTERIA 

All bacterial strains were characterized for following plant growth 

promoting (PGP) activities. 

 



 
 

 
 

3.3.1  Phosphorus Solubilization 

Quantitative estimation of inorganic phosphate solubilization was 

performed according to the methodology described by Nautiyal. Bacterial isolates 

were grown in Nautiyal media. Both were containing 0.5% tricalcium phosphate. 

The flasks having 100 ml broth were inoculated with 200 ml bacterial cultures in 3 

replications. The bacterial isolates were allowed to grow for 8 days in shaker. 

Before inoculation and after full growth, pH of the medium was recorded. Each 

culture was centrifuged at 3000 rpm for 25 minutes (Soultanpour and Workman 

1979). The available phosphorus in supernatant was estimated by Watanabe and 

Olsen (1965). Optical density was taken at 700 nm and concentration of P-

solubilized by strains was measured with the help of standard curve graph and 

standards range was up to 1 µg ml-1. The composition of Nautiyal medium used 

during P-solubilization assay (Nautiyal 1999) was as follows:  

 

Ingredients                Quantity gL-1 

Glucose       10 g 

Ca3(PO4)2       5 g 

(NH4)2SO4        0.5 g 

NaCl         0.2 g 

MgSO4.7H2O        0.1 g  

KCl         0.2 g 

MnSO4.H2O        0.002 g  

FeSO4.7H2O       0.002 g 

 

3.3.2   Production of Indole Acetic Acid (IAA) 

The ability of the isolates to synthesize IAA was determined using 

quantitative method as described by Brick et al. (1991). Bacterial strains were 



 
 

 
 

grown on Luria broth for 48-72 hr both in the absence and presence of tryptophan. 

Bacterial culture was centrifuged at 3000 rpm for 15 minutes and the supernatant 

(2ml) was mixed with two drops of orthophosphoric acid and 4ml of the Salkowski 

reagent (50ml, 35% of perchloric acid, 1ml 0.5M FeCl3 solution) for colorimetric 

determination of IAA production. Standard solutions were prepared using pure 

Indole-3-Acetic acid. Absorbance was noted at 530 nm.   

3.3.3   NH3 Production 

Bacterial isolates were tested for the production of ammonia in peptone 

water. Freshly grown cultures were inoculated in 10 ml peptone water in each tube 

and incubated for 48-72 hrs. at 36 0C. Nessler′s reagent (0.5ml) was added in each 

tube. Development of brown to yellow color was a positive test for ammonia 

production (Cappuccino and Sherman, 1992).   

Ten most potential strains were selected on the basis of PGP activities and 

were further identified using molecular technique i.e. 16S rRNA sequencing. These 

strains were also tested for legumes growth and N2 fixation under controlled and 

field conditions. 

3.4      IDENTIFICATION OF POTENTIAL PGPR  

3.4.1   DNA Extraction and Amplification 

DNA template was prepared by picking individual colony for amplification 

of 16S rRNA gene through PCR (Ahmed et al., 2007). 

 

 



 
 

 
 

3.4.2  PCR Reaction 

For this purpose, nearly complete 16S rRNA gene sequences of the strains 

were obtained after PCR amplification of the genes as described by Katsivila et al. 

(1999) using universal forward and reverse primers: 9F (5′-

GAGTTTGATCCTGGCTCAG-3′) and 1510R (5′-GGCTACCTTGTTACGA-3′). 

Reaction mixture (25 µL), prepared for full-length 16S rRNA gene amplification 

was initially denatured at 94 °C for 2 min, followed by 30 cycles consisting of 

denaturation at 94 °C for 2 min; primer annealing at 55 °C for 1 min. and primer 

extension at 72 °C for 2 min and finally extension at 72 °C for 10 min in a 

thermocycler (Ahmed et al., 2007). 

3.4.3  Gel Electrophoresis 

Amplified PCR products of 16S ribosomal gene were separated on 1% 

agarose gel in 0.5X TE (Tris-EDTA) buffer containing 2 µL ethidium bromide (20 

mg/mL). The ladder i.e. λ Hind-III was used as a size marker. The gel was viewed 

under UV light and photographed using gel documentation system. 

3.4.4  Purification of PCR Products 

Amplified PCR products of full-length 16S rRNA genes were purified using 

PCR purification kit (QIAGEN) according to the standard protocol recommended 

by the manufacturer (Ahmed et al., 2007). 

3.4.5  DNA Sequencing  

The purified PCR products were sequenced by using four universal forward 

and reverse primers.   



 
 

 
 

Primers                                       Sequence 5′----3′ 

9F                                               GAGTTTGATCCTGGCTCAG 

1510R                                         GGCTACCTTGTTACGA 

515F                                           GTGCCAGCAGCCGCGGT 

           926R                                           CCGTCAATTCCTTTGAGTTT 

3.4.6  Phylogenetic Analysis (Bioinformatics) 

The sequence results obtained were blast through NCBI/DDBJ and 

sequence of all the related species was retrieved to get the exact nomenclature of 

the isolates. Phylogenetic analysis was also carried out using bioinformatics 

(Tamura et al., 2007). These potential phylogenetically identified strains were 

inoculated to chickpea, mashbean, mungbean and lentil for growth promotion and 

N2 fixation under controlled and field conditions. 

3.5 EFFECT OF COINOCULATION OF PGPR ON GROWTH, 

NODULATION AND N2 FIXATION OF CHICKPEA UNDER 

CONTROLLED CONDITIONS 

3.5.1  Pot Experiment  

A pot experiment was carried out in the glasshouse to investigate the 

beneficial effect of plant growth promoting rhizobacterial strains on chickpea 

growth, nodulation and N2 fixation. Prior to sowing, the pots were filled with 8 kg 

of sterile soil. Four seeds of chickpea were sown per pot. After germination, the 

plants were thinned to 2 seedlings per pot. Chickpea seeds were also inoculated 

with the most promising PGP strains. The bacterial strains were grown in TSA 

medium plates in incubator for 48 hours. The inoculum for treating seeds was 



 
 

 
 

prepared by suspending fully grown culture from media plates into the liquid 

tryptic soy broth in incubator shaker. The suspended cells were grown to attain 

about 109 cells mL-13 (CFU) based on optical density OD = 0.08. The inoculum was 

applied to sterile seeds before sowing. The control was considered un-inoculated 

plants. The experiment was laid down in completely randomized design with three 

replications having the following 7 treatments.  

T1:      Control (un-inoculated plant) 

T2: AM-95 (Bacillus safensis)  

T3: AM-76 (Enterobacter cloacae) 

T4: AM-85 (Pseudomonas beteli) 

T5: AM-91 (Rhizobium pusense) 

T6: AM-57 (Sphingobacterium canadense) 

T7: AM-96 (Pseudomonas plecoglossicida)  

3.5.2  Soil analysis 

 Soil used for sowing the chickpea seeds in pots were also air dried, ground 

and analyzed for soil texture (Gee and Bauder, 1986), NO3-N (Vendrell and 

Zupancic, 1990), available P (Olsen and Sommers, 1982), exchangeable K and total 

organic carbon (Heans, 1984). The soil used for the pot experiment was analyzed 

for the following soil properties (Table 1). 

3.5.3    Crop data 

Following crop data was recorded at harvest. 

3.5.3.1 Plant height 

The plants were uprooted from each pot. Their height in cm was measured 



 
 

 
 

and averaged.  

3.5.3.2 Nodule number per plant  

Number of nodules from each plant was counted. 

3.5.3.3. Fresh shoot weight  

The plants were uprooted from each pot for the determination of fresh shoot 

weight and averaged. 

3.5.3.4 Dry shoot weight  

The plants were uprooted from each pot for the determination of dry shoot 

weight and averaged.  

3.6    PLANT ANALYSIS  

The dried shoots and roots N contents were determined (Anderson and 

Ingram, 1993). N2 fixation was quantified by using natural 15N abundance (Shearer 

and Kohl, 1986) techniques. The N2 fixation of chickpea was quantified using delta 

15N natural abundance (Shearer and Kohl, 1986) technique. A finely ground sample 

of both chickpea and reference non legume (wheat) was sent to Stable Isotope Unit, 

University of Waikato, Hamilton, New Zealand for analysis of 15N using an isotope 

ratio mass spectrometer. The 15N content of the legume (chickpea) and reference 

plant (wheat) was determined in finally ground 10 mg sample by dry Dumas 

combustion, followed by isotope ratio mass spectrometry δ15N=1000 (Rsample–

Rair)/Rair, where R is the ratio of mass 29/ mass 28 (Peoples et al.,1989). Nitrogen 

derived from atmosphere (%Ndfa) was obtained using the equation %Ndfa=100(x-

y)/(x-z) where, x is δ15N of shoot of wheat deriving all N from the soil, y is the 

δ15N of chickpea shoot and z is the δ15N of chickpea having all N from N2 fixation 



 
 

 
 

(Shah et al., 1997). Three most promising growth promoting and N2 fixing strains 

were selected from controlled experiment for field trials. 

3.7   EFFECT OF INOCULATION OF PGPR ON GROWTH, 

NODULATION AND N2 FIXATION OF MASHBEAN, MUNGBEAN 

AND CHICKPEA UNDER FIELD CONDITIONS AT AAUR AND 

ATTOCK SITES 

3.7.1  Field Experiments 

 Summer and winter field experiments were carried out on mashbean, mung 

bean, and chickpea at research farm of PMAS-AAUR and the farmer′s fields at 

Attock to investigate the beneficial effect of PGPRs on growth, nodulation and N2 

fixation. The crops seeds were inoculated with the efficient strains. The net plot 

size was 5 x 2 m. The experiments were designed in randomized complete block 

design (RCBD) and replicated three times with the following five treatments. 

      T1: Control  

      T2: NP @ 30-80 kg ha -1  

        T3: AM-57 (Sphingobacterium canadense)  

T4:  AM-96 (Pseudomonas plecoglossicida)  

T5:  AM-91 (Rhizobium pusense) 

Layout plan of the field experiments 

R1 T1 T2 T3 T4 T5 

 

R2 T2 T3 T4 T5 T1 

 

R3 T3 T4 T5 T1 T2 

 

 



 
 

 
 

    Table 1. Physical and chemical properties of soil used for pot experiment  

Characteristics AAUR Site 

Clay (g 100 g-1)                    14.0 

Silt (g 100 g-1)                    16.0 

Sand (g 100 g-1)                    70.0 

Texture Sandy Loam 

Available P (µg g-1) 

   

                    7.2 

Exchangeable K (µg g-1)                    119.0 

NO3 N (µg g-1)                     3.04 

Total Organic Carbon (g 100 g-1)                     0.47 

 



 
 

 
 

3.7.2  SOIL SAMPLING 

 Soil samples were collected from a depth of 0-15 cm before sowing of the 

mashbean, mungbean and chickpea from field experiment. Soil samples were air 

dried in the laboratory, ground using mortar and pestle, sieved through 2 mm 

stainless steel sieve and were analyzed for soil texture, NO3-N, available P, 

exchangeable K and total organic carbon (TOC) (Table 2). 

3.7.3  Soil Analysis 

 Following soil analysis were carried out: 

3.7.3.1  Mechanical Analysis 

To 40 g of soil sample, 40 ml of 1% sodium hexa meta-phosphate and 150 

ml of distilled water was added and the suspension was kept for overnight. After 

stirring for ten minutes, the contents were shifted to cylinder and reading was 

recorded with Boyoucos Hydrometer method. Soil textural class was determined by 

using ISSS triangle (Gee and Bauder, 1986).  

3.7.3.2 Nitrate Nitrogen (NO3-N) 

Salicylic acid method was used for determination of NO3-N. A 25 g soil 

sample was taken into a 250 ml bottle and 20 ml of distilled water was added. The 

contents were shaken for an hour and filtered through Whatman No. 42 filter paper. 

A sample of 0.5 ml was taken in test tube and 1 ml of 5 % salicylic acid reagent 

was added and tube was left for thirty minutes. After this, 10 ml of 4 M NaOH 

reagent was added to each tube. Contents were mixed thoroughly and were left for 

an hour for full colour development. Reading was taken by using Spectronic 20 at 

410 nm (Vendrell and Zupancic, 1990).    



 
 

 
 

3.7.3.3 Available Phosphorus (P) 

Five grams of soil was taken into 250 ml of Erlenmeyer flask along with 

100 ml of 0.5M of NaHCO3 solution. Flasks were shaken for about 30 minutes and 

then filtrate was taken. Ten ml of filtrate was added into 50-ml volumetric flask 

along with 1 ml of 5N H2SO4. Total volume was made up to 40 ml by addition of 

distilled water. After this 8-ml of reagent B (Ascorbic acid) was added in order to 

develop the color. Transmittance was recorded after 10 minutes by using 

spectrophotometer (Olsen and Sommers, 1982).  

3.7.3.4 Total Organic Carbon (TOC) 

Two g soil sample (each) in separate digestion tubes and five ml of 

potassium dichromate (K2Cr2O7) solution was added and mixed for few seconds. 

While mixing, ten ml of sulphuric acid (H2SO4) was added to the tube. After 

addition of all the acid, further mixing was continued for 30 seconds. Then the 

tubes were placed in preheated block digester. Exactly, after 30 minutes, tubes were 

removed, allowed to cool, water was added to half way and mixed. After further 

cooling, the tubes were filled to graduated mark with water and increased 3-4 times 

for thorough mixing. After the settlement of the suspension, the same amount from 

each digest solution was decanted into centrifuge tube for 15 minutes. Similarly, 

the standards were also prepared. Eventually, absorbance for sample and standard 

supernatant solution was measured using spectrophotometer at 610 nm (Heans, 

1984). 

Soil total organic carbon was calculated as under: 

 

% C =   _____mgC____      x    100 

Oven dry soil wt.  

 



 
 

 
 

Table 2. Physical and chemical properties of soil at the start of the field 

experiments at two sites. 

Characteristics AAUR Site Attock Site 

Clay (g 100 g-1) 15.0  16.0 

Silt (g 100 g-1) 15.0    6.0 

Sand (g 100 g-1) 70.0   78.0 

Texture Sandy loam Sandy loam 

Available P (µg g-1)    6.5    3.41 

Exchangeable K (µg g-1) 114.0 112.0 

NO3 N (µg g-1)    3.90    3.01 

Total Organic Carbon (g 100 g-1)    0.62    0.33 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

3.8  CROP DATA 

 The following legumes crops parameters regarding field experiment was 

recorded.  

3.8.1 Nodule Number  

The plants roots were uprooted from 1m2 area randomly selected from each 

plot for nodulation. Their nodule number was determined. 

3.8.2 Total Biomass  

The crops were harvested from 1m2 quadrate randomly selected in each 

plot. The plants were oven dried; weighed and total biomass was determined and 

then converted to kg ha-1. 

3.8.3  Total Grain Yield 

Samples taken for total biomass were threshed manually for grain yield and 

then were converted to kg ha-1. 

3.9    PLANT ANALYSIS 

  Shoot and grain samples of chickpea were taken at harvest from 1m2. The 

samples were dried in oven at 65 oC for 48 hrs and were ground by using Wiley 

Mill and samples were stored in plastic containers for the determination of N 

contents. For N2 fixation by xylem solute technique, sap was collected in the 

vacutainer at the pod-fill stage by Vacuum Extraction Method and was stored in the 

freezer at –15 oC.  For N2 fixation by natural 15N abundance, plant samples were 

sent to University of Waikato, Hamilton, New Zealand for 15N analysis. 



 
 

 
 

3.9.1  Digestion for Total Nitrogen 

 The 0.2 g of ground plant material  (shoots and grains) in separate digestion 

tubes, 4.4 ml of digestion mixture containing selenium powder, lithium sulphate 

and hydrogen per oxide was added and it was digested for two hours at 360 OC till 

solution is colorless, 50 ml of water was added and was mixed well. After cooling, 

it was made up to 100 ml and mixed. After the settlement, the clearer solution was 

ready for further analysis for total nitrogen (TN) calorimetrically (Anderson and 

Ingram, 1993). 

3.9.2  Colorimetric Determination of Total Nitrogen (%) 

To 0.1 ml of each standard and sample, 5 ml of reagent containing sodium 

salicylate, sodium citrate, sodium tartarate and sodium nitroprusside were added. It 

was mixed well and left for 15 minutes. Then 5 ml of reagent containing a solution 

of NaOH, water and sodium hypochlorite was added to each test tube and left for 

one hour for full colour development. Absorbance of samples was measured using 

spectrophotometer at 665 nm. Plant TN was calculated by the following formula: 

                                           TN % = C/W  0.01 

 Where C is corrected concentration (µg /ml) and W is weight of sample (g). 

 

3.9.3   Assessment of N2 fixation by Xylem Solute Technique 

N2 fixed by mungbean and mashbean was estimated by Xylem Solute 

Technique. Sap was collected at the pod-fill stage by Vacuum Extraction Method, 

then concentrations of ureide, nitrate and amino- N were determined by prescribed 

methods to calculate the relative abundance of ureide-N and %Pfix (proportion of 

plant N derived from N2 fixation) by the following formula:        



 
 

 
 

RUN (%) = [4  ureide / (4 ureide + nitrate + amino-N)] 100 

After getting the value of RUN%, the proportion of plant N derived from N fixation 

(%Pfix) was estimated. 

% Pfix = 1.6 (%RUN-15.9) for plants during pod fill 

Calculating N2 fixed (kg ha-1) 

The legume N was derived from the measure of biomass accumulation and 

tissue N-content. 

Legume N kg ha-1 = (Legume dry matter kg ha-1)  (%N) 

The amount of nitrogen fixed by legume can be regulated by two factors, 

the amount of N accumulated during growth, and the production of that N derived 

from symbiotic N2 fixation. 

Amount of N2 fixed kg ha-1 = % Pfix  Crop N kg ha-1  1.5* 

*1.5 factor was used to include an estimate for contribution by below 

ground N (Peoples et al., 1989).  

3.9.4  Assessment of N2 Fixation of Chickpea by Natural 15N Abundance 

Technique 

An estimate of %Pfix was obtained using the following equation. 

%Pfix = 100 x 15N (soil N) - 15N (legume N) 

                                  ( 15N (soil N) –B) 

Where:   

15N (soil N) is commonly obtained from a non-N2 fixing reference plant grown in 



 
 

 
 

the same soil as the legume.   

B is the 15N of the same N2 fixing plants when grown with N2 as the sole source of 

N.  

Legume kg N ha-1 =  Legume total biomass kg ha-1 x plant N%. 

Kg N fixed ha-1 = Legume kg ha-1 x %Pfix × 1.5* 

*1.5 factor is used to include an estimate for contribution by below ground N 

(Peoples et al., 1989). 

Grain kg N ha-1 = Total grain yield kg ha-1 × grain N% 

N2-fixed kg ha-1 in grain = grain kg ha-1 x %Pfix (Shearer and Kohl, 1986) 

3.10   STATISTICAL ANALYSIS 

The data collected for various characteristics was subjected to Analysis of 

Variance (ANOVA) and the means obtained were compared by LSD at 5 % level 

of significance (Steel et al., 1997). 

 



 
 

 
 

Chapter 4 

RESULTS AND DISCUSSION 

4.1  SURVEY FOR THE COLLECTION OF LEGUMES 

RHIZOSPHERIC SOIL AND ROOT NODULES  

   To isolate the native species of soil bacteria from legumes (chickpea and 

mashbean) root nodules and rhizosphere soil, an extensive survey was carried out 

throughout rainfed Pothwar plateau of northern Punjab Pakistan (Table 3). The soil 

bacteria were isolated from each sample and purified. All the isolated strains were 

characterized for plant growth promoting (PGP) activities that include; P-

solublization, production of auxin i.e. IAA and analyzed for ammonia (NH3) 

production. These strains were also preserved in Glycerol (35%) stock for further 

experimentations. These strains were further tested for selection of inoculations. 

Ten most promising bacterial strains were selected on the basis of their PGP traits 

and identified using 16S rRNA gene sequencing. DNA accession numbers of each 

identified strain were obtained from DNA Data Bank of Japan (DDBJ). The 

sequences for the 16S rRNA gene for each of the 10 strains were used to construct 

an alignment. The resulting alignment was then used to construct a neighbour 

joining phylogenetic tree showing inter-relationship of these strains with their 

closely related validly published species or genus. These potential strains were 

further used for evaluating their effects on legumes growth and N2 fixation under 

controlled and field conditions.  
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Table 3. District wise locations, crops and sources of isolation of rhizobacterial 

strains  

 Strain I.D. Isolation source Location           GPS 

 AM-1 Chickpea Rhizospheric soil  Barana/Narali 33o 07′ 01 72″  N 

73o 10′ 09 09′′  E 

 AM-2 Chickpea Rhizospheric soil  Barana/Narali 33o 07′ 01 72′′  N 

73o 10′ 09 09′′  E 

 AM-4 Chickpea Rhizospheric soil  Barana/Narali 33o 07′ 01 72′′  N 

73o 10′ 09 09′′  E 

 AM-7 Chickpea Rhizospheric soil  Barana/Narali 33o 07′ 01 72′′  N 

73o 10′ 09 09′′  E 

 AM-8 Chickpea Rhizospheric soil  Barana/Narali 33o 07′ 01 72′′  N 

73o 10′ 09 09′′  E 

 AM-11 Chickpea Rhizospheric soil  Barana/Narali 33o 07′ 01 72′′  N 

73o 10′ 09 09′′  E 

 AM-13 Chickpea Rhizospheric soil  Jatli 33o12′ 15 85′′   N 

730 06′ 28 34′′  E 

 AM-15 Chickpea Rhizospheric soil  Jatli 33o12′ 15 85′′  N 

73006′ 28 34′′  E 

 AM-16 Chickpea Rhizospheric soil  Jatli 33o12′ 15 85′′  N 

730 06′ 28 34′′  E 

 AM-17 Chickpea Rhizospheric soil  Jatli 33o 12′ 15 85′′ N 

730 06′ 28 34′′ E 

 AM-18 Chickpea Rhizospheric soil  Jatli 33o12′ 15 85′′ N 

73o 06′ 28 34′′ E 

 AM-19 Chickpea Rhizospheric soil  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-20 Chickpea Rhizospheric soil  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-22 Chickpea Rhizospheric soil  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-63 Chickpea Root Nodules  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-64 Chickpea Root Nodules  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-65 Chickpea Root Nodules  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-69 Chickpea Root Nodules  Domail 33o 31′ 53 15′′ N 

72o 07′ 51 23′′ E 

 AM-70 Chickpea Root Nodules  Domail 33o 31′ 53 15′′ N 

72o 07′ 51 23′′ E 

 AM-71 

 

Chickpea Root Nodules  Domail 33o 31′ 53 15′′ N 

72o 07′ 51 23′′ E 

 AM-72 Chickpea Root Nodules  Domail 33o 31′ 53 15′′ N 

72o 07′ 51 23′′ E 

 AM-73 Chickpea Root Nodules  Domail 33o 31′ 53 15′′ N 

72o 07′ 51 23′′ E 

     

 

 

 

 

 

Contd………. 

 



 
 

 
 

AM-74 Chickpea Root Nodules  Domail 33o 31′ 53 15′′ N 

72o 07′ 51 23′′ E 

 AM-75 Chickpea Root Nodules  Domail     33o 31′ 53 15′′ N 

72o 07′ 51 23′′ E 

 AM-76 Chickpea Root Nodules  Domail 33o 31′ 53 15′′ N 

72o 07′ 51 23′′ E 

 AM-77 Chickpea Root Nodules  Domail 33o 31′ 53 15′′ N 

72o 07′ 51 23′′ E 

 AM-78 Chickpea Root Nodules  Pind Sultani 33o 30′ 39 29′′ N 

72o 10′ 51 55′′ E 

 AM-79 Chickpea Root Nodules  Pind Sultani 33o 30′ 39 29′′ N 

72o 10′ 51 55′′ E 

 AM-80 Chickpea Root Nodules  Pind Sultani 33o 30′ 39 29′′ N 

72o 10′ 51 55′′ E 

 AM-82 Chickpea Root Nodules  Pind Sultani 33o 30′ 39 29′′ N 

72o 10′ 51 55′′ E 

 AM-83 Chickpea Root Nodules  Pind Sultani 33o 30′ 39  29′′ N 

72o 10′  51  55′′ E 

 AM-84 Chickpea Root Nodules  Pind Sultani 33o 30′  39  29′′ N 

72o 10′  51  55′′ E 

 AM-25 Chickpea Rhizospheric soil  Khunda 33o 27′  48  05′′ N 

72o 23′  48  26′′ E 

 AM-28 Chickpea Rhizospheric soil  Khunda 33o 27′  48  05′′ N 

72o 23′  48  26′′ E 

 AM-42 Chickpea Rhizospheric soil  Khunda 33o 27′  48  05′′ N 

72o 23′  48  26′′ E 

 AM-43 Chickpea Root Nodules  Khunda 33o 27′  48  05′′ N 

72o 23′  48  26′′ E 

 AM-44 Chickpea Root Nodules  Khunda 33o 27′  48  05′′ N 

72o 23′  48  26′′ E 

 AM-45 Chickpea Root Nodules  Basal 33o 33′  16 24′′ N 

72o 15′  20 25′′ E 

 AM-46 Chickpea Root Nodules  Basal 33o 33′  16 24′′ N 

72o 15′  20 25′′ E 

 AM-54 Chickpea Root Nodules  Mithial 33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

 AM-90 Chickpea Rhizospheric soil  Mithial 33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

 AM-91 Chickpea Rhizospheric soil  Mithial 33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

 AM-92 Chickpea Rhizospheric soil  Mithial 33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

 AM-93 Chickpea Rhizospheric soil  Mithial 33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

 AM-94 

 

AM-95 

 

Chickpea Rhizospheric soil 

 

Chickpea Rhizospheric soil   

Mithial 

 

Mithial 

33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

33o 31′  32 04′′ N 

    72o 14′  38 09′′ E 

             Contd…….. 

 



 
 

 
 

 

 AM-96 Chickpea Rhizospheric soil  Mithial 33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

 AM-97 Chickpea Rhizospheric soil  Mithial 33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

 AM-98 Chickpea Rhizospheric soil  Mithial 33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

 AM-99 Chickpea Rhizospheric soil  Mithial 33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

 AM-100 Chickpea Rhizospheric soil  Mithial 33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

 AM-24 Chickpea Rhizospheric soil  Dhudial  33o 03′ 57 88′′ N 

72o 58′ 03 32′′ E 

 AM-26 Chickpea Rhizospheric soil  Dhudial  33o 03′ 57 88′′ N 

72o 58′ 03 32′′ E 

 AM-27 Chickpea Rhizospheric soil  Dhudial  33o 03′ 57 88′′ N 

72o 58′ 03 32′′ E 

 AM-29 Chickpea Rhizospheric soil  Dhudial  33o 03′ 57 88′′ N 

72o 58′ 03 32′′ E 

 AM-32 Chickpea Rhizospheric soil  Dhudial  33o 03′ 57 88′′ N 

72o 58′ 03 32′′ E 

 AM-37 Chickpea Rhizospheric soil  Sang Kalan 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

 AM-41  Chickpea Rhizospheric soil  Sang Kalan 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

 AM-55  Chickpea Root Nodules  Sang Kalan 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

 AM-56  Chickpea Root Nodules  Sang Kalan 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

 AM-57  Chickpea Root Nodules  Bari 32o54′34 01′′ N 

72o45′ 18 80′′ E 

 AM-58  Chickpea Root Nodules  Bari 32o54′34 01′′ N 

72o45′ 18 80′′ E 

 AM-59  Chickpea Root Nodules  Bari 32o54′34 01′′ N 

72o45′ 18 80′′ E 

 AM-60  Chickpea Root Nodules  Bari 32o54′34 01′′ N 

72o45′ 18 80′′ E 

 AM-3 Mashbean Rhizospheric soil  Barana/Narali 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

 AM-5 Mashbean Rhizospheric soil  Barana/Narali 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

 AM-6 Mashbean Rhizospheric soil  Barana/Narali 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

 AM-9 Mashbean Rhizospheric soil  Barana/Narali      33o 05′ 22 95′′ N 

    73o 00′ 42 29′′  E 

 AM-10 Mashbean Rhizospheric soil  Barana/Narali 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

 AM-12 Mashbean Rhizospheric soil  Barana/Narali 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

        Contd……… 



 
 

 
 

 

 AM-14 Mashbean Rhizospheric soil  Jatli 33o12′ 15 85′′ N 

730 06′ 28 34′′ E 

 AM-21 Mashbean Rhizospheric soil  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-23 Mashbean Rhizospheric soil  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-61 Mashbean Root Nodules  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-62 Mashbean Root Nodules  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-66 Mashbean Root Nodules  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-67 Mashbean Root Nodules  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-68  Mashbean Root Nodules  Mohra Phal 33o 16′ 53 60′′ N 

72o 47′ 40 20′′ E 

 AM-87 Mashbean Root Nodules  Pind Sultani 33o 30′ 39 29′′ N 

72o 10′ 51 55′′ E 

 AM-88 Mashbean Root Nodules  Pind Sultani 33o 30′  39  29′′ N 

72o 10′  51  55′′ E 

 AM-89 Mashbean Root Nodules  Pind Sultani 33o 30′  39  29′′ N 

72o 10′  51  55′′ E 

 AM-33 Mashbean Rhizospheric soil  Khunda 33o 27′  48  05′′ N 

72o 23′  48  26′′ E 

 AM-34 Mashbean Rhizospheric soil  Khunda 33o 27′  48  05′′ N 

72o 23′  48  26′′ E 

 AM-47 Mashbean Root Nodules  Basal 33o 33′  16 24′′ N 

72o 15′  20 25′′ E 

 AM-48 Mashbean Root Nodules  Basal 33o 33′  16 24′′ N 

72o 15′  20 25′′ E 

 AM-49 Mashbean Root Nodules  Basal 33o 33′  16 24′′ N 

72o 15′  20 25′′ E 

 AM-50 Mashbean Root Nodules  Basal 33o 33′  16 24′′ N 

72o 15′  20 25′′ E 

 AM-51 Mashbean Root Nodules  Basal 33o 33′  16 24′′ N 

72o 15′  20 25′′ E 

 AM-52 Mashbean Root Nodules  Basal 33o 33′  16 24′′ N 

72o 15′  20 25′′ E 

 AM-53 Mashbean Root Nodules  Mithial 33o 31′  32 04′′ N 

72o 14′  38 09′′ E 

 AM-30 Mashbean Rhizospheric soil  Dhudial  33o 03′ 57 88′′ N 

72o 58′ 03 32′′ E 

 AM-31 Mashbean Rhizospheric soil  Dhudial  33o 03′ 57 88′′ N 

72o 58′ 03 32′′ E 

 AM-35 Mashbean Rhizospheric soil  Dhudial  33o 03′ 5788′′ N 

72o 58′ 03 32′′ E 

 AM-36 Mashbean Rhizospheric soil  Sang Kalan 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

            Contd………. 



 
 

 
 

 

AM-38 Mashbean Rhizospheric soil  Sang Kalan 33o 05′ 22 95′′ N 

    73o  00′ 42 29′′ E 

 AM-39 Mashbean Rhizospheric soil  Sang Kalan 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

 AM-40 Mashbean Rhizospheric soil  Sang Kalan 33o 05′ 22 95′′ N 

73o 00′ 42 29′′ E 

 AM-81 Mashbean Root Nodules  Bari 32o54′ 34 01′′ N 

72o45′ 18 80′′ E 

 AM-85 Mashbean Root Nodules  Bari 32o54′34 01′′ N 

72o45′ 18 80′′ E 

 AM-86 Mashbean Root Nodules  Bari 32o54′34 01′′  N 

72o45′ 18 80′′ E 



 
 

 
 

4.2  ISOLATION AND PURIFICATION OF PGPR FROM SUMMER 

AND WINTER LEGUMES 

Several bacterial strains ( ̴ 100) were isolated from mashbean and chickpea 

rhizosphere and nodules and were designated as AM-1, AM-2 ……AM-100 (Table 

3). They were grown on TSA and YEM nutrient media. The isolated strains were 

purified through streaking methods till pure colonies were obtained. Individual pure 

colonies differentiating in color, texture, morphology were stored at plates at 4 oC 

and in glycerol stock at -70 oC for further characterization. Colony morphology of 

each strain was studied by naked eyes observations.  

4.3  PLANT GROWTH PROMOTING CHARACTERIZATION OF 

RHIZOBACTERIA 

All isolated strains were characterized for the following PGP traits. 

4.3.1  Phosphorus Solubilization 

  The quantitative estimation of insoluble mineral phosphate solubilization 

by bacterial isolates as shown in (Table 4) revealed that all the strains were able to 

solubilize insoluble mineral phosphate and their range was between 14.77 to 273.84 

µg mL-1. The lowest quantity of insoluble mineral phosphate was solubilized by 

AM-51 and highest by AM-57 as compared to control that solubilized only 4.63 µg 

mL-1 of Ca3(PO4)2. The results showed that the phosphate solubilized by bacterial 

strains is significant as compared to control. The pH of the Nautiyal broth medium 

that was initially adjusted to 7.0 ± 0.05 was reduced between 2.67 and 6.92. 

Bacterial strains AM-57 and AM-91 solubilized P upto 273.84 µg mL-1 and 262.83 

µg mL-1 respectively, therefore found to be effective phosphate solubilizers. 



 
 

 
 

Table 4. Phosphorus solubilization by rhizobacterial strains and the changed pH 

from pH 7 of Nautiyal broth 

Strain I.D.  Phosphorus solubilization  pH 

                          

   Control 

µg mL-1 

4.63 ±1.2* 

 

 6.73 

 AM-1 27.30±5.9  6.92 

 AM-2 35.97 ±6.3 6.64 

 AM-4 31.16 ±8.0 6.77 

 AM-7 40.40 ±1.2 4.85 

 AM-8 43.87 ±6.7 5.18 

 AM-11 41.55 ±2.8 5.77 

 AM-13 115.10±30.8 4.91 

 AM-15 52.44±3.3 4.87 

 AM-16 125.13±12.1 5.92 

 AM-17 107.88±6.1 4.83 

 AM-18 61.93±2.0 4.94 

 AM-19 55.10±2.9 4.85 

 AM-20 64.23±2.9 4.89 

 AM-22 62.20 ±2.8 4.94 

 AM-63 106.34±3.1 5.62 

 AM-64 35.96±2.2 5.26 

 AM-65 26.36±8.2 5.51 

 AM-69 77.51±4.0 5.13 

 AM-70 31.22±5.2 5.12 

 

 AM-71 172.54±5.0 5.04 

 

Contd…….. 



 
 

 
 

 

 AM-72 48.31±4.0 5.07 

 AM-73 112.76±4.6 5.32 

 AM-74 55.41±6.9 5.01 

 AM-75 60.71±4.2 4.88 

 AM-76 193.51±4.5 4.85 

 AM-77 40.76±3.5 4.76 

 AM-78 74.78±10.0 4.98 

 AM-79 100.62±6.4 5.08 

 AM-80 76.84±1.6 4.96 

 AM-82 58.05±6.6 5.38 

 AM-83 65.95±4.3 5.25 

 AM-84 118.36±9.0 5.52 

 AM-25 177.52±16.4 5.36 

 AM-28 179.32±16.8 5.01 

 AM-42 143.65±1.6 5.04 

 AM-43 105.86±5.7 4.89 

 AM-44 35.38±2.1 5.90 

 AM-45 46.88±3.1 5.54 

 AM-46 27.17±2.7 5.88 

 AM-54 65.04±7.0 5.46 

 

 AM-90 106.67±2.4 4.90 

 

 AM-91 262.83±3.3 3.01 

  

 AM-92 49.01±5.0 5.77 

Contd…….. 



 
 

 
 

 AM-93 42.42±1.7 5.19 

 AM-94 74.40±3.7 5.65 

 AM-95 249.93±4.8 3.10 

 AM-96 195.99±4.1 3.76 

 AM-97 62.92±2.1 5.53 

 AM-98 44.12±3.8 5.20 

 AM-99 58.59±9.0 5.30 

 AM-100 58.17±2.2 5.32 

 AM-24 48.24 ±4.0 5.36 

 AM-26 47.48±4.9 5.53 

 AM-27 34.64±14.3 5.53 

 AM-29 94.48±2.5 5.42 

 AM-32 36.74±5.3 5.21 

 AM-37 41.94±6.7 5.41 

 AM-41 61.86±12.1 5.45 

 AM-55 33.76±2.5 5.67 

 AM-56 68.27±1.6 5.40 

 AM-57 273.84±9.3 3.39 

 AM-58 58.45±6.6 5.20 

 

 AM-59 38.91±1.7 5.01 

 

 AM-60 25.25±5.1 5.99 

 AM-3 29.68 ±3.9 6.51 

  

 AM-5 20.86 ±6.7 6.87 

 AM-6 29.11 ±9.5 4.96 

Contd…….. 



 
 

 
 

 AM-9 47.63 ±1.4 4.93 

 AM-10 46.90 ±10.0 5.01 

 AM-12 67.96 ±5.0 5.60 

 AM-14 49.39±8.2 5.67 

 AM-21 31.10 ±3.7 5.57 

 AM-23 50.48 ±2.5 5.41 

 AM-61 41.61±3.6 5.33 

 AM-62 144.73±6.1 5.42 

 AM-66 34.23±4.3 5.11 

 AM-67 19.51±1.0 5.10 

 AM-68 69.90±9.6 5.33 

 AM-87 83.44±2.4 5.37 

 AM-88 74.25±2.9 6.24 

 AM-89 23.55±2.5 4.94 

 AM-33 57.84±0.1 5.12 

 AM-34 72.50±3.2 5.23 

 AM-47 38.73±3.5 5.42 

 AM-48 52.30±1.3 5.31 

 AM-49 64.24±4.2 5.21 

 

 AM-50 36.57±3.4 5.02 

 AM-51 14.77±2.2 6.01 

  

 AM-52 35.72±7.3 5.07 

 AM-53 27.49±7.9 5.17 

 AM-30 45.97±1.9 5.06 

Contd…….. 



 
 

 
 

*Values indicate the mean ± Standard Error for three replications. 

 

 AM-31 85.49±5.8 4.69 

 AM-35 47.84±1.1 5.32 

 AM-36 77.81±11.8 4.98 

 AM-38 41.78±10.8 4.99 

 AM-39 170.56±11.0 4.60 

 AM-40 52.70±1.0 5.26 

 AM-81 105.66±4.3 3.81 

 AM-85 216.38±7.6 2.67 

 AM-86 145.06±3.7 5.94 



 
 

 
 

Further AM-95 and AM-85 also showed significant phosphate solubilization i.e. 

249.93 µg mL-1 and 216.38 µg mL-1, respectively. The strain AM-96 solubilized 

195.99 µg mL-1 phosphorus. The rest of the strains AM-86, AM-71, AM-25 and 

AM-28 showed comparatively low phosphate solubilization which is in the range of 

145.06 µg mL-1, 172.54 µg mL-1, 177.52 µg mL-1, 179.32 µg mL-1 respectively. All 

the above given PGPR strains exhibited maximum to better capacity for phosphate 

solubilization. Out of hundred PGPR strains AM-57 and AM-91 strains have been 

found as most efficient phosphate solubilizers. The drop in pH was also observed 

and highest drop was associated with maximum P-solubilization. Phosphorus as a 

macro nutrient is involve in many metabolic processes in plants (Mikkelsen, 2004) 

but its adsorption as insoluble soil phosphate is of great concern. Bioavailability of 

adsorbed phosphates in soil can be achieved by inoculating bacteria involved in the 

mechanisms of phosphorus solubilization.  

The plant growth promoting bacteria facilitate the changes occuring in crop 

available monobasic and dibasic phosphate ions and mediate P-solubilization 

through the biosynthesis of organic acids, creating acidified conditions in the media 

(Goldstein, 2007). The level of P-solubilization depends on the bacterial species, 

host crop and environmental conditions (Çakmakçi et al., 2006; Hayat et al., 2013).  

During this study, a significant drop in the pH of the broth culture after 8 

days of incubation was observed, and the maximum drop was associated with the 

highest P-solubilization (273.8 μg mL-1) (Table 4). A similar pH decrease in broth 

media by different PGPR has been reported by other researchers (Illmer and 

Schinner, 1992; Yu et al., 2011). The bacterial strains AM-57 and AM-91 

solubilized the maximum amount of tri-calcium phosphate, i.e. 273.8 and 262.8 μg 



 
 

 
 

mL-1, respectively along with significant drop in the pH of broth culture. The same 

results regarding pH drop during solublilization of insoluble mineral phosphate 

were also reported by Çakmakçi et al., (2001); Rodríguez et al., (2004); Abd-El-

Azeem et al., (2007); Singh et al., (2010) and Hayat et al., (2013a,b). The 

production of acid in these cultures may be associated with rapid growth and 

utilization of P in the medium. Plant available phosphorus is increased by the 

activity of PGPR, especially those belonging to the genera Bacillus, Pseudomonas 

and Enterobacter (Hayat et al., 2013a,b) and various Pseudomonas spp. have been 

shown to be the most powerful P solubilizing bacteria (Banerjee et al., 2006). 

4.3.2  Indole Acetic Acid 

The hundred purified isolates were screened for the quantitative estimation 

of IAA with and without the addition of tryptophan. The results are presented in 

Table 5. When the tryptophan was not present, production of IAA was found 

comparatively low but with the presence of tryptophan, the production of IAA was 

significantly increased. The production of IAA was highest in the isolates AM-57 

and AM-91 which was 42.24 mg mL-1 and 37.76 mg mL-1 with tryptophan and 9.28 

mg mL-1 and 12.64 mg mL-1 without tryptophan, respectively. Great variation was 

observed in the IAA production capacity among tested isolates. All bacterial strains 

were able to produce plant growth promoting phytohormone auxin (IAA) (Table 5). 

Since tryptophan is the precursor, it significantly boosts production of IAA which 

was observed comparatively low without tryptophan. Many soil bacteria that 

interact with plants can synthesize hormones similar to those produced by the plant 

as growth regulator, such as auxins, gibberellins and cytokinins. 

 



 
 

 
 

Table 5. Indole acetic acid production by the rhizobacterial strains 

 Strain I.D.  with tryptophan 

 

without tryptophan 

 

 ----------------------µg mL-1------------------------ 

    Control        1.43±0.2* 0.28±0.1* 

 AM-1 9.43±0.2 3.62±0.2 

 AM-2 7.64±0.3 4.77±0.1 

 AM-4 0.12±0.2 6.37±0.2 

 AM-7 2.28±0.1 3.15±0.3 

 AM-8 3.28±0.1 0.71±0.2 

 AM-11 4.36±0.2 1.81±0.2 

 AM-13 1.37±0.0 2.24±0.2 

 AM-15 3.44±0.2 5.27±0.1 

 AM-16 16.54±0.2 10.53±0.2 

 AM-17 4.53±0.2 2.01±0.2 

 AM-18 13.80±0.7 4.32±1.8 

 AM-19 4.40±0.2 5.47±0.1 

 AM-20 8.67±0.1 5.77±0.2 

 AM-22 1.42±0.2 2.12±0.3 

 AM-63 2.30±0.1 0.36±0.1 

 AM-64 9.16±0.1 3.87±0.1 

 AM-65 14.94±1.1 7.39±0.1 

 AM-69 3.94 ±0.3 3.18±0.2 

 

 AM-70 

 

AM-71 

3.36±0.1 

 

15.52±0.1 

2.06±0.1 

 

5.46±0.2 

Contd………  



 
 

 
 

 AM-72 14.45±0.1 8.70±0.3 

 AM-73 10.33 ±0.2 5.01±0.2 

 AM-74 5.69±0.2 5.10±0.1 

 AM-75 20.39±0.2 8.74±0.1 

 AM-76 18.81±0.0 9.29±0.1 

 AM-77 12.12±3.3 6.52±0.1 

 AM-78 5.13±0.1 2.63±0.2 

 AM-79 2.55±0.3 0.21±0.1 

 AM-80 11.39 ±0.0 5.00±0.1 

 AM-82 5.11±0.1 3.95±0.3 

 AM-83 1.55±0.2 1.77±0.1 

 

 AM-84 5.18±0.1 2.04±0.1 

 AM-25 17.43±0.1 8.82±0.2 

 AM-28 35.12±0.1 10.60±0.1 

 AM-42 3.43±0.2 3.49±0.2 

 AM-43 3.36 ±0.2 3.39±0.1 

 AM-44 27.13±0.0 11.49±0.1 

 AM-45 5.74±0.0 5.78±0.1 

 AM-46 12.33±0.1 6.61±0.2 

 AM-54 14.34±0.0 8.07±0.1 

 AM-90 9.53±0.2 6.03±0.1 

 

 AM-91 37.76±0.1 12.64±0.2 

 

 AM-92 2.55±0.2 1.78±0.1 

Contd……… 

    



 
 

 
 

 AM-93 0.75±0.1 1.02±0.2 

 AM-94 10.58±0.5 5.69±0.1 

 AM-95 17.58±0.3 5.10±0.3 

 AM-96 18.34±0.2 4.82±0.3 

 AM-97 9.75±0.1 8.29±0.1 

 AM-98 11.44±0.2 10.34±0.0 

 AM-99 15.16±0.0 10.60±0.1 

 AM-100 14.89±0.0 9.19±0.3 

 AM-24 1.40±0.3 3.42±0.2 

 AM-26 8.49±1.1 8.06±0.1 

 AM-27 6.72±0.0 3.85±0.1 

 AM-29 1.44±0.2 1.61±0.3 

 AM-32 8.22±0.1 3.35±0.1 

 AM-37 6.40±0.2 2.64±0.0 

 AM-41 18.46±0.3 9.11±0.3 

 AM-55 11.19±0.0 7.84±0.1 

 AM-56 8.13±0.0 5.96±0.0 

 AM-57 42.24±0.1 9.28±0.1 

 AM-58 4.07 ±0.2 2.19±0.0 

 AM-59 14.41±0.4 7.64±0.0 

 AM-60 3.41±0.3 4.23±0.0 

 

 AM-3 12.55 ±0.1 4.66±0.2 

 

 AM-5 3.76±0.1 3.21±0.2 

  

 AM-6 12.35±0.1 4.93±0.0 

Contd…….. 



 
 

 
 

 AM-9 2.51±0.2 1.25±0.2 

 AM-10 5.44±0.3 1.81±0.0 

 AM-12 6.35±0.2 2.84±0.1 

 AM-14 11.70 ±0.2 6.40±0.3 

 AM-21 5.44±0.2 4.46±0.2 

 AM-23 12.53±0.2 6.90±0.1 

 AM-61 2.17±0.12 2.80±0.2 

 AM-62 0.65±0.2 4.84±0.2 

 AM-66 7.43±0.3 5.03±0.1 

 AM-67 3.32±0.1 3.06±0.0 

 AM-68 7.49±0.2 4.06±0.1 

 AM-87 15.24±0.0 7.89±0.1 

 AM-88 5.81±0.1 5.59±0.1 

 AM-89 10.36±0.0 5.43±0.1 

 AM-33 9.32±0.1 4.66±0.1 

 AM-34 7.62±0.2 3.68±0.2 

 AM-47 7.68±0.2 6.68±0.1 

 AM-48 7.26±0.0 4.82±0.2 

 AM-49 5.22±0.1 3.87±0.2 

 AM-50 12.56±0.2 7.43±0.1 

  

 AM-51 10.13±0.1 7.86±0.2 

 

 AM-52 8.47±0.3 6.71±0.0 

  

 AM-53 8.86±0.2 6.57±0.1 

 AM-30 13.44±0.2 4.07±0.3 

Contd…….. 



 
 

 
 

      *Values indicate the mean ± Standard Error for three replications. 

 

 AM-31 9.42±0.1 4.07±0.2 

 AM-35 6.34±0.1 3.59±0.1 

 AM-36  2.73 ±0.0 1.67±0.1 

 AM-38 12.48±0.0 4.42±0.1 

 

 AM-39 8.51±0.2 6.39±0.1 

 AM-40 15.45±0.2 7.10±0.2 

 AM-81 6.62±0.1 5.41±0.1 

 AM-85 17.42±0.2 8.43±0.2 

 AM-86 17.31±0.1 5.89±0.2 



 
 

 
 

Different physiological processes in crops starting from root initiation and 

extending to phototropism can be controlled by the hormone auxin IAA, which is 

synthesized from tryptophan (Khan et al., 2009). Like phosphate solubilization, 

bacteria that produce auxins are likely to have strong influence on plant growth. 

Different species of PGPR are conducive to varying amounts of IAA production 

(Brown, 1972; Vijila, 2000). The bacterial strains generate good amount of IAA in 

presence of the main physiological precursor tryptophan. PGPR isolates have been 

studied as producer of IAA in presence or absence of tryptophan in culture media 

(Lebuhn et al., 1997; Mehnaz et al., 2001). A significant increase in the production 

of IAA in the presence of 1, 2 and 5 mg L-1 of tryptophan, i.e. 1.47-11.88 mg L-1, 

5.99-24.8 mg L-1 and 3-32.8 mg L-1, respectively was observed by Ahmad et al., 

(2005).  

4.3.3 Ammonia Production 

 About 60% bacterial strains showed positive results for ammonia 

production and results obtained were variables (Table 6). The bacterial strains AM-

57 and AM-91 solubilized maximum P among all isolates also showed positive (+) 

results for ammonia production. Along P-solubilization and IAA production, AM-

57 and AM-91 also showed positive results for ammonia production which 

differentiate them as potential PGPR from rest of all isolates.  

4.4 SELECTION OF MOST POTENTIAL PGPRs 

About 100 bacterial strains were isolated and characterized for their plant 

growth promoting traits including P-solubilization, production of ammonia and 

auxin i.e. indole-3-acetic acid (IAA). The results of PGP activities of all bacterial 

strains are shown in Table 4, 5 and 6. From the results of above study, ten strains 



 
 

 
 

isolated from Domail, Khunda Mithial and BARI, Chakwal were observed and 

selected as most promising PGPR strains efficient in P-solubilization activity, IAA 

production and having the ability to fix atmospheric nitrogen (Table 7). All 

bacterial strains produced IAA with and without addition of tryptophan in a similar 

manner and the quantity produced were variable. The inorganic P-solubilization by 

the bacterial strains ranged upto 274 µg ml-1 and variations were observed among 

different strains isolated from different locations (Table 7). Significant drop in pH 

of broth medium was observed and P-solubilization by different bacterial strains. 

All bacterial strains solubilized substantial quantity of inorganic phosphorus, 

however, maximum phosphate solubilization (274 µg ml-1) was observed by the 

inoculation of AM-57 followed by AM-91 (262 µg ml-1). This solubilization of 

phosphates by bacterial strains in broth culture dropped pH (3.39 and 3.01) 

significantly from an initial pH level of 7.0 during eight days of incubation. Based 

on these PGP results, these ten bacterial strains (Table 7) were selected as potential 

PGPR for crop tests. PGPR mediated phosphate solubilization through biosynthesis 

of organic acids that creates acidification conditions in the media (Goldstein 2007). 

The quantity solubilized depends on bacterial sp., host crop and environmental 

conditions (Ҫakmakҫi et al. 2006).  

A significance drop in pH of broth culture were also observed after eight 

days of incubation and maximum drop was associated with highest P-solubilization 

(274 µg mL-1). A similar pH drop in broth media by different PGPR is reported by 

others (Illmer and Schinner 1992; Yu et al. 2011). Plant available P increased by 

the activity of PGPR especially genus Bacillus, Pseudomonas and Enterobacter 

(Hayat et al. 2012) and various Pseudomonas species have been proven to be the 

most powerful phosphate solubilizing bacteria (Banerjee et al. 2006). 



 
 

 
 

Table 6. Ammonia production by the rhizobacterial strains 

 Strain I.D. Ammonia production  Strain I.D. Ammonia 

production 

    Control                 _ 

 AM-1 +  AM-100 + 

 AM-2 _  AM-24 + 

 AM-4 _  AM-26 + 

 AM-7 _  AM-27 + 

 AM-8 _  AM-29 + 

 AM-11 _  AM-32 _ 

 AM-13 +  AM-37 _ 

 AM-15 +  AM-41 + 

 AM-16 +  AM-55 _ 

 AM-17 +  AM-56 + 

 AM-18 +  AM-57 + 

 AM-19 +  AM-58 + 

 AM-20 +  AM-59 + 

 AM-22 +  AM-60 _ 

 AM-63 +  AM-3 _ 

 AM-64 _  AM-5 _ 

 AM-65 _  AM-6 + 

 

 

AM-69 +  AM-9          _ 

 

 AM-70 _  AM-10 _ 

 AM-71 +  AM-12 + 

 

 AM-72 +  AM-14 _ 

Contd…… 



 
 

 
 

 AM-73 +  AM-21 _ 

 AM-74 +  AM-23 _ 

 AM-75 +  AM-61 + 

 AM-76 +  AM-62 + 

 AM-77 _  AM-66 _ 

 AM-78 _  AM-67 _ 

 AM-79 +  AM-68 + 

 AM-80 +  AM-87 + 

 AM-82 +  AM-88 + 

 AM-83 +  AM-89 _ 

 AM-84 +  AM-33 _ 

 AM-25 +  AM-34 + 

 AM-28 +  AM-47 _ 

 AM-42 +  AM-48 _ 

 AM-43 +  AM-49 + 

 AM-44 _  AM-50 _ 

 AM-45 _  AM-51 _ 

 AM-46 _  AM-52 _ 

 

 AM-54 +  AM-53 _ 

 AM-90 +  AM-30 _ 

 AM-91 +  AM-31 + 

 AM-92 _  AM-35 _ 

 

 AM-93 _  AM-36 _ 

 AM-94 +  AM-38 + 

Contd….. 



 
 

 
 

 AM-95 +  AM-39 + 

 AM-96 +  AM-40 _ 

 AM-97 +  AM-81 + 

 AM-98 +  AM-85 + 

 AM-99 +  AM-86 + 



 
 

 
 

Table 7. Phosphorus solubilization, change in pH, indole acetic acid and ammonia 

production by ten most promising PGPR strains 

 Strain I.D. Phosphorus 

solubilization 

pH 

 

               indole acetic acid                    NH3 

with tryptophan    without tryptophan     

        µg mL-1         ---------------µg mL-1-----------  

     Control 4.63 ±1.2* 6.73 1.43±0.2* 0.28±0.1 _ 

 AM-71 172.54±5.0 5.04 15.52±0.1 5.46±0.2 + 

 AM-76 193.51±4.6 4.85 18.81±0.0 9.29±0.1 + 

 AM-25 177.52±16.0 5.36 17.43±0.1 8.82±0.2 + 

 AM-28 179.32±16.8 5.01 35.12±0.1 10.60±0.1 + 

 AM-91 262.83±3.3 3.01 37.76±0.1 12.64±0.2 + 

 AM-95 249.93±4.9 3.10 17.58±0.3 5.10±0.3 + 

 AM-96 195.99±4.1 3.76 18.34±0.2 4.82±0.3 + 

 AM-57 273.84±9.3 3.39 42.24±0.1 9.28±0.1 + 

 AM-85 216.38±7.7 2.67 17.42±0.2 8.43±0.2 + 

 AM-86 145.06±3.7 5.94 17.31±0.1 5.89±0.2 + 

     *Values indicate the mean ± Standard Error for three replications. 

 

 

 

 

 

 



 
 

 
 

 All isolates produced IAA with and without tryptophan and the quantity 

produced by different bacterial strains varied widely. During this study AM-57 

produced maximum IAA followed by AM-91 with tryptophan in broth culture. 

Plant physiological processes starting from roots initiations to phototropism can be 

controlled by auxin IAA synthesized by tryptophan (Khan et al. 2009). The ability 

of PGPR (Lysinibacillus, Pseudomonas, Cellulosimicrobium, Bacillus, 

Achromobacter, Stenotrophomonas, Rhizobium, Enterobacter and 

Sphingobacterium) to solubilized tri-calcium phosphate, produced IAA and 

production of ammonia (NH3) as observed during this study indicates their potential 

to be used as biofertilizer for crop production. 

4.5    IDENTIFICATION OF POTENTIAL STRAINS USING 

MOLECULAR TAGGING OF 16S RRNA GENE SEQUENCING  

Potential PGPR strains were identified using 16S rRNA gene sequencing 

following complete protocol as described in section 3.4. Isolated strains belonged to 

different genera including Bacillus, Enterobacter, Pseudomonas, Rhizobium, 

Sphingobacterium, Pantoea, and Chryseobacterium. The phylogenetic relationship 

of the isolated strains with closely related species is given in Figures 2-7 whereas, 

identification and similarity percentage with closely related species is also given in 

Table 8.  

Through BLAST search diversity of rhizobacterial strains obtained 

belonged to AM-95 strain has 99.93% similarity with Bacillus safensis, AM-76 

strain has 99.78% similarity with Enterobacter cloacae, AM-85 strain has 99.57% 

similarity with Pseudomonas beteli, AM-91 strain has 99.92% similarity with 



 
 

 
 

Rhizobium pusense, AM-57 strain has 97.59% similarity with Sphingobacterium 

canadense, AM-96 strain has 99.80% similarity Pseudomonas plecoglossicida, 

AM-71 strain has 99.23% similarity with Pseudomonas lini, AM-25 strain has 

99.98% similarity with Pantoea rodasii, AM-28 strain has 99.15% similarity with 

Chryseobacterium gleum, AM-86 strain has 99.64% similarity with Bacillus 

oceanisediminis. 

Six most promising strains AM-95 (Bacillus sp.), AM-76 (Enterobacter 

sp.), AM-85 (Pseudomonas sp.), AM-91 (Rhizobium sp.), AM-57 

(Sphingobacterium sp.), and AM-96 (Pseudomonas sp.) were selected on the basis 

of PGP traits and inoculated to chickpea under controlled conditions. During this 

study, AM-91 identified as Rhizobium sp. was isolated, identified and characterized 

from chickpea nodule and will be available for the preparation of chickpea innocula 

on large commercial scale purely on scientific basis. The bacterial strain AM-57 

strain might be novel candidate as has 97.59% similarity with Sphingobacterium sp. 

This strain will be characterized as novel following minimal standards required for 

validation of novel taxa and through international collaboration.   



 
 

 
 

    Table 8. 16S rRNA gene sequence similarity of isolated strains with closely related taxa 

Isolated strains  ID Closely related taxa 
16S rRNA gene  

(ntd) 

Gene bank strains ID 

  
DDBJ accession 

Highest 

similarity 

 

AM-95 

 

Bacillus safensis 

 

1440 

 

FO-036b(T) 

 

AF234854 

% 

99.93 

AM-76 Enterobacter clocae 1425 LMG 2683(T) Z96079 99.78 

AM-85 Pseudomonas beteli 1426 ATCC 19861(T) AB021406 99.57 

AM-91 Rhizobium pusense 1417 NRCPB10(T) FJ969841 99.92 

AM-57 
Sphingobacterium 

canadense CR11(T) 
1439 CR11(T) AY787820 97.59 

AM-96 
Pseudomonas 

plecoglossicida 
1433 FPC951(T) AB009457 99.80 

AM-71 Pseudomonas lini 1437 CFBP 5737(T) AY035996 99.23 

AM-25 Pantoea rodasii 1442 LMG 26273(T) JF295053 98.98 

AM-28 
Chryseobacterium 

gleum 
1420 ATCC 35910(T) ACKQ01000057 99.15 

AM-86 
Bacillus 

oceanisediminis 
1457 H2(T) GQ292772 99.64 
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Figure 2.  Phylogenetic tree generated using neighbor joining method, showing inter-relationship of AM-95 with closely related species                                                                                                                                                                                              

 Brevibacterium halotolerans DSM 8802T/AM747812 

 Bacillus mojavensis IFO 15718T/AB021191 

 Bacillus subtilis subsp. spizizenii NRRL B-23049T/AF074970 

 Bacillus tequilensis 10bT/HQ223107 

 Bacillus vallismortis DSM 11031T/AB021198 

 Bacillus subtilis subsp. subtilis NCIB 3610T/ABQL01000001 

 Bacillus methylotrophicus CBMB205T/EU194897 

 Bacillus amyloliquefaciens subsp. plantarum FZB42T/CP000560 

 Bacillus atrophaeus JCM 9070T/AB021181 

 AM-95 (AF234854) 

 Bacillus safensis FO-036bT/AF234854 

 Bacillus pumilus ATCC 7061T/ABRX01000007 

 Bacillus altitudinis 41KF2bT/AJ831842 

 Bacillus stratosphericus 41KF2aT/AJ831841 

 Bacillus aerophilus 28KT/AJ831844 

57 
45 

67 

37 

35 

96 

82 

100 

64 
98 

95 

100 

0.002 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&id=AF234854


 
 

 
 

 

 

 

 

 

 

 

 

Figure 3.  Phylogenetic tree generated using neighbor joining method, showing inter-relationship of AM-91 with closely related species 

 Rhizobium pusense NRCPB10T/FJ969841 

 Rhizobium massiliae 90A/AF531767 

 AM-91 (FJ969841) 

 Rhizobium larrymoorei 3-10T/Z30542 

 Rhizobium radiobacter ATCC 19358T/AJ389904 

 Rhizobium skierniewicense Ch11T/HQ823551 

 Rhizobium rubi IFO 13261T/D14503 

 Rhizobium borbori DN316T/EF125187 

 Ensifer adhaerens LMG 20216T/AM181733 

 Rhizobium sphaerophysae CCNWGS0238T/FJ154088 

 Rhizobium daejeonense KCTC 12121T/AY341343 

 Rhizobium rosettiformans W3T/EU781656 

 Rhizobium selenitireducens B1T/EF440185 

 Rhizobium vitis NCPPB 3554T/D14502 

 Rhizobium cellulosilyticum ALA10B2T/DQ855276 
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Figure 4.  Phylogenetic tree generated using neighbor joining method, showing inter-relationship of AM-85 with closely related species                                                                                                                                                                                   

 Pseudomonas beteli ATCC 19861T/AB021406 
 Pseudomonas geniculata ATCC 19374T/AB021404 

 Pseudomonas hibiscicola ATCC 19867T/AB021405 
 Stenotrophomonas maltophilia ATCC 13637T/AB008509 

 Stenotrophomonas pavanii ICB 89T/FJ748683 
 Stenotrophomonas chelatiphaga LPM-5T/EU573216 

 Stenotrophomonas koreensis TR6-01T/AB166885 
 Stenotrophomonas ginsengisoli DCY01T/DQ109037 

 Stenotrophomonas humi R-32729T/AM403587 
 Stenotrophomonas nitritireducens L2T/AJ012229 
 Stenotrophomonas terrae R-32768T/AM403589 

 Stenotrophomonas rhizophila e-
 Stenotrophomonas panacihumi MK06T/GQ856217 

 Xanthomonas gardneri ATCC 19865T/AEQX01000446 
 Xanthomonas cynarae CFBP 4188T/AF208315 
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 AM-85 (AB021406) 
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Figure 5. Phylogenetic tree generated using neighbor joining method, showing inter-relationship of AM-76 with closely related species                                                                                                                                                                                             

 Klebsiella pneumoniae subsp. pneumoniae JCM 1662T/AB004753 

 Klebsiella variicola F2R9T/AJ783916 

 Klebsiella pneumoniae subsp. ozaenae ATCC 11296T/Y17654 

 Klebsiella pneumoniae subsp. rhinoscleromatis ATCC 13884T 

 Enterobacter cloacae subsp. cloacae ATCC 13047T/CP001918 
 AM-76 (Z96079) 

 Enterobacter cloacae subsp. dissolvens LMG 2683T/Z96079 

 Enterobacter kobei CIP 105566T/AJ508301 

 Erwinia aphidicola DSM 19347T/AB273744 

 Leclercia adecarboxylata GTC 1267T/AB273740 

 Enterobacter ludwigii DSM 16688T/AJ853891 

 Enterobacter cancerogenus LMG 2693T/Z96078 

 Enterobacter asburiae JCM 6051T/AB004744 

 Salmonella enterica subsp. enterica LT2T/AE006468 

 Enterobacter hormaechei ATCC 49162T/AFHR01000079 
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Figure 6. Phylogenetic tree generated using neighbor joining method, showing inter-relationship of AM-57 with closely related species 

 Flavobacterium mizutaii DSM 11724T/AJ438175 

 Sphingobacterium composti2 4M24T/EF122436 

 Sphingobacterium shayense HS39T/FJ816788 

 Sphingobacterium composti T5-12T/AB244764 

 Sphingobacterium alimentarium WCC 4521T/FN908502 

 Sphingobacterium faecium DSM 11690T/AJ438176 

 Sphingobacterium anhuiense CW186T/EU364817 

 Sphingobacterium kitahiroshimense 10CT/AB361248 

 AM-57 (AY787820) 

 Sphingobacterium thalpophilum DSM 11723T/AJ438177 

 Sphingobacterium canadense CR11T/AY787820 

 Sphingobacterium multivorum IAM14316T/AB100738 

 Sphingobacterium siyangense SY1T/EU046272 

 Mucilaginibacter soli R9-65T/JF701183 
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Figure 7. Phylogenetic tree generated using neighbor joining method, showing inter-relationship of AM-96 with closely related species                                                                                                                                                                      

 Pseudomonas plecoglossicida FPC951T/AB009457 

 Pseudomonas monteilii CIP 104883T/AF064458 

 AM-96 (AB009457) 

 Pseudomonas taiwanensis BCRC 17751T/EU103629 

 Pseudomonas mosselii CIP 105259T/AF072688 

 Pseudomonas parafulva AJ 2129T/AB060132 

 Pseudomonas cremoricolorata NRIC 0181T/AB060136 

 Pseudomonas fulva IAM1529T/D84015 

 Flavimonas oryzihabitans IAM 1568T/D84004 

 Pseudomonas japonica IAM 15071T/AB126621 

 Pseudomonas putida DSM 291T/Z76667 

 Pseudomonas fuscovaginae MAFF 301177T/AB021381 

 Pseudomonas asplenii LMG 2137T/Z76655 

 Pseudomonas mohnii Ipa-2T/AM293567 

 Pseudomonas jessenii CIP 105274T/AF068259 
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 4.6  EFFECT OF INOCULATION OF PLANT GROWTH PROMOTING 

RHIZOBACTERIA ON GROWTH OF CHICKPEA UNDER 

CONTROLLED CONDITIONS 

 Six most promising potential PGPR strains were selected on the basis of 

their PGP traits during Study I and evaluated to see their beneficial effects on 

chickpea growth and N2 fixation under controlled conditions. The strains used for 

chickpea inoculation includes AM-95 (Bacillus sp.), AM-76 (Enterobacter sp.), 

AM-85 (seudomonas sp.), AM-91 (Rhizobium sp.), AM-57 (Sphingobacterium sp.) 

and AM-96 (Pseudomonas sp.).  

4.6.1    Plant Height of Chickpea 

 

The effect of rhizobacterial strains application on plant height of chickpea is 

presented in Figure 8. The effect of rhizobacterial inoculation resulted in increased 

plant height of chickpea as compared to uninoculated control plants. Plant heights 

were significantly increased in inoculated treatments. Minimum plant height (26.33 

cm) was recorded in T1 (control). Maximum plant height (42 cm) was obtained in 

T6 (AM-57) (Sphingobacterium sp.), which has shown 60% increase over control. 

Plant height in T2 (AM-95) inoculated with (Bacillus sp.) was 30.67 cm which is 

16% more than that of T1 control. Inoculation with T3 i.e. AM-76 (Enterobacter 

sp.) indicated 36.33 cm plant height showing 38% increase over control.  

 Inoculated with (AM-85) (Pseudomonas sp.) i.e. T4 and (AM-91) 

(Rhizobium sp.) i.e. T5 gave 37.67 cm and 39.33 cm plant heights having 43% and 

49% increased compared to that of control. Plant height 39.67 cm was noted in T7  
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Figure 8. Plant height (cm) of chickpea as affected by inoculation of selected 

isolates, indicating maximum plant height in AM-57 identified as 

Sphingobacterium sp. Vertical bars show the Standard Error. 

 

 



 
 

 
 

(AM-96) inoculated with (Pseudomonas sp.) showing an increase of 51% over the 

height of control. It was observed that all bacterial strains significantly improved 

the plant height at all growth stages, when compared with the control.  

 The improvement in the plant height can be attributed to the nitrogen 

fixation and the plant hormone production by the chickpea root symbionts, showing 

that the use of microbes can significantly improve nutrient uptake and the 

availability of available nitrogen to the host plant and hence forth the growth of the 

crop. 

 Our results are in agreement with the findings of Babalola et al., (2007) who 

reported PGPR increased the plant height of cowpea upto 32%. Baset et al., (2010) 

also noted that the plant height improved up to 202% as compared to uninoculated. 

Shaharoona et al., (2006) also found out that shoot growth improved with the 

application of PGPR on legume crops. Hussain et al., (2011) reported the increase 

in shoot length of mash bean upto 45 % over control due to effect of Rhizobium 

inoculation along with L-TRP application. Inoculation of mung bean with 

Rhizobium increased plant height, leaf area, photosynthetic rate and dry matter 

production (Thakur and Panwar, 1995). Khalil et al. (1989) observed that nitrogen 

alone or in combination with inoculation gave the maximum plant height in 

mungbean as compared to control. Hoque and Haq (1994) reported that inoculation 

of seed with Rhizobium significantly increase plant height of lentil. Similarly, 

promotion in plant height, number of tillers, plant dry weight and grain yields of 

various crop plants in response to inoculation with PGPR were reported by other 

workers (Chen et al. 1994; Khalid et al. 1997; Biswas et al. 2000a, b; Hilali et al. 

2000, 2001). Inoculated seedlings had greater plant height and stem width as 



 
 

 
 

compared to control (Muthukumar et al., 2001). The increase in plant height of 

inoculated treatments is due to the stimulatory effects of microbe induced growth 

regulators i.e., IAA and GA (Rabie, 1996). 

 

4.6.2  Nodule Number of Chickpea 

The effect of PGPRs on chickpea nodule number has been shown in Figure 

9. Minimum nodule number 1.33 was recorded in T1 (control). Nodule number in 

T2 inoculated with (AM-95) (Bacillus sp.) was 2.67 showing 101% increase over 

control. In treatments, T3 and T4 where (AM-76) (Enterobacter sp.) and (AM-85) 

(Pseudomonas sp.) were applied the nodule number was 2.33 and 4 indicating an 

increase of 75% and 201%, respectively than control.  

Similarly, the results show significant increase in the number of nodules as 

inoculated with (AM-91)  (Rhizobium sp.) i.e. T5 showing 3.69 nodule numbers 

with 176% increase compared to T1 (control). Maximum nodule number 5 was 

recorded in treatment T6 inoculated with (AM-57) (Sphingobacterium sp.) having 

276% increase over control. The data overall, showed a significant positive 

response to inoculation of chickpea with PGPRs. In T7 inoculated with (AM-96) 

(Pseudomonas sp.) produced 3.33 nodules with an increase of 150% over control. 

The results are in line with the findings of Bai et al., (2003) who isolated three 

Bacillus strains, B. subtilis NEB4 and NEB5 and B. thurigiensis NEB17 from 

soybean plants and noted that these strains have plant growth promoting activity on 

pouch grown soybean plants grown under green house conditions. These strains 

were coinoculated onto soybean with Bradyrhizobium japonicum under green 

house conditions. It was noted that coinoculation with NEB17 gave consistent 



 
 

 
 

increase in nodule number. Gopalkrishan and Grish, (1999) collected and isolated  
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Figure 9. Nodule number of chickpea as affected by inoculation of selected isolates 

indicating highest nodule in AM-57 identified as Sphingobacterium sp. Vertical 

bars show the Standard Error. 
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five different strains of Rhizobium from the roots of Sesbania aculeate. The native 

isolates were varied in symbiotic performance in terms of fresh weight and plant 

dry weight. The fast growing isolates produced high nodulation count and biomass. 

Shaharoona et al., (2006) observed that the coinoculation with 

Bradyrihizobium and plant growth promoting rhizobacteria isolates enhanced the 

nodulation in mung bean compared with inoculation with Bradyrhizobium alone. It 

means root and shoot growth as well as nodulation were promoted due to combined 

effect of Bradyrhizobium and PGPR isolates. Positive effects of combined 

inoculation of Azospirillum with Rhizobium have been reported for different 

legume and were related to the favorable influence of Azospirillum on the nodule 

number, plant development, dry weight and N2 fixation (Okon and Itzigsohn, 

1995). Inoculation with PGPR often Pseudomonas and Bradyrhizobium 

demonstrated a positive effect on the N2 fixation by enhancing root nodule number 

or mass (Grimes and Mount, 1984; Polonenko et al., 1987; Yahalom et al., 1987). 

Bremer et al. (1990) conducted a study for screening of 24 R. leguminoserum 

isolates for improvement in lentil growth under controlled conditions for seven 

weeks and reported the significant increase in number of nodules plant-1 of lentil 

seedlings. Tchebotar et al. (1998) also reported an enhanced number of nodules and 

acetylene reduction activity in white clovers coinoculated with R. leguminosarum 

bv. Trifolii and Azospirillum lipoferum. Romdhane et al. (2007) concluded in a 

screening programme of different strains of M. ciceri that shoot yield and nodule 

number of chickpea plants were significantly increased with inoculation over 

uninoculated control. 



 
 

 
 

 

4.6.3   Fresh Shoot Weight of Chickpea 

The effect of PGPRs on chickpea fresh shoot weight is presented in Figure 

10. The rhizobacterial strains application enhanced the fresh shoot weight of 

chickpea compared to uninoculated plants (control). The minimum fresh shoot 

weight 2.2 g plant-1
 of chickpea was recorded in T1 (control) and maximum fresh 

shoot weight was noted in T6 (AM-57) inoculated with (Sphingobacterium sp.) as 

4.6 g plant-1 resulting an increase of 109% over control. Inoculated with (AM-95) 

(Bacillus sp.) produced the fresh shoot weight of 2.5 g plant-1 in chickpea with an 

increase of 14% over control. Fresh shoot weight in T3 (AM-76) was noted as 3.2 g 

plant-1 which showed an increase of 45% compared to T1 (control). Inoculation 

with (Pseudomonas sp.) and (Rhizobium sp.) produced fresh shoot weight of 3.7 g 

plant-1 and 4.4 g plant-1 respectively, with an increase of 68% and 100% more fresh 

shoot weight compared to control which has 2.2 g plant-1. Inoculated with 

(Pseudomonas sp.) produced fresh shoot weight of 3.8 g plant-1 showing an 

increase of 73% over control. 

The increase in shoot fresh weight is an indicative of the fact that the 

bacterial isolates have been able to provide better nutrient flux to the host plant 

which resulted in the increase of the plant biomass. Bai et al., (2003) also reported 

increased root and shoot weight, total biomass, total nitrogen and grain yield by the 

effect of inoculation. Vasilas and Fuhrmann (1993) observed that seed inoculation 

with Bradyrhizobium, Azotobacter or in combination increased shoot weight as 

well as plant growth in legumes. Similar significantly increased shoot weight of 



 
 

 
 

mungbean was also noted by 
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Figure 10. Fresh shoot weight of chickpea as affected by inoculation of selected 

isolates indicating maximum fresh shoot weight in AM-57 Sphingobacterium sp.  

Vertical bars show the Standard Error. 
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Ara et al, (2006) with coinoculation of Bradyrhizobium and Azotobacter.  

Romdhane et al. (2007) reported increase in shoot fresh/ dry weight of chickpea 

seedlings after inoculation with Mesorhizobium ciceri isolates. Fatima et al, in 2006 

also found that the effect on growth was highly significant (α 0.05) with an increase 

in root/shoot dry and fresh weight in plants with mixture of Rhizobium inoculums 

with phosphorus on soybean. 

4.6.4   Dry Shoot Weight of Chickpea 

The rhizobacterial effect on chickpea dry shoot weight is indicated in Figure 

11. It was observed that all PGPRs significantly improved the dry shoot weight of 

chickpea when compared with uninoculated control. Among rhizobacterial strains, 

T6 (AM-57) inoculated with (Sphingobacterium sp.) gave significantly higher 

shoot dry weight 96% when compared to T1 control (0.45 g plant-1) and with all 

other rhizobacterial strains. There was an increase in dry shoot weight of 18% in T2 

(AM-95) inoculated with (Bacillus sp.) over control with a value of 0.53 g plant-1. 

In T3 (AM-76) and T4 (AM-85) dry shoot weight was 0.66 g plant-1 and 0.67 plant-

1 respectively, with an increase of 47% and 49% when compared to control. 

Rhizobium sp. designated as (AM-91) in T5 showed dry shoot weight of 0.82 g 

plant-1 which is 82% more than control. There was an increase of 78% noted in T7 

(AM-96) which was inoculated with (Pseudomonas sp.) having dry shoot weight of 

0.80 g plant-1. Plant growth benefits due to the addition of PGPR, include increases 

in germination rate, root growth, yield, leaf area, chlorophyll content, nitrogen 

content, protein content, tolerance to drought, shoot and root weight (Çakmakçi, 

2005a, 2005b). 
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Figure 11. Dry shoot weight of chickpea as affected by inoculation of selected 

isolates indicating higher dry shoot weight in Sphingobacterium sp. Vertical bars 

show the Standard Error. 
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Bremer et al. (1990) conducted a study for screening of 24 R. leguminoserum 

isolates for improvement in lentil growth under controlled conditions for seven 

weeks and reported the significant increase in biomass yield and shoot weight of 

lentil seedlings. Romdhane et al. (2007) concluded in a screening programme of 

different strains of M. ciceri that shoot yield of chickpea plants was significantly 

increased with inoculation over uninoculated control. The results show similar 

trend as reported by Romdhane et al. (2007) who reported an increase in shoot 

fresh/ dry weight of chickpea seedlings after inoculation with Mesorhizobium ciceri 

isolates. Fatima et al, in 2006 also found that the effect of growth was highly 

significant (α 0.05) with an increase in root/shoot dry and fresh weight in plants 

with mixture of Rhizobium inoculums with phosphorus on soybean.  

4.6.5   Total Shoot %N of Chickpea 

The effect of inoculation of PGPRs on total shoot %N of chickpea is 

presented in Figure 12. The results show significant increase in total shoot N yield 

in all of the treatments over control. Rhizobacterial strains application enhanced the 

total shoot %N of chickpea compared to uninoculated plants (control). The 

minimum total shoot nitrogen 3.17% of chickpea was recorded in T1 (control) and 

maximum total shoot nitrogen was noted in T6 (AM-57) inoculated with 

(Sphingobacterium sp.) i.e. 4.3% resulting an increase of 36% over control. 

Inoculation with (AM-95) (Bacillus sp.) produced the total shoot nitrogen of 3.27% 

in chickpea with an increase of 3% over control. Total shoot %N in T3 (AM-76) 

was noted as 3.23% which showed an increase of 2% compared to T1 (control).  
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Figure 12. Total shoot %N of chickpea as affected by inoculation of selected 

isolates indicating higher total shoot weight in Sphingobacterium sp. Vertical bars 

show the Standard Error. 
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T4 (AM-85) and T5 (AM-91) inoculated with (Pseudomonas sp.) and (Rhizobium 

sp.) produced total shoot %N of chickpea of 3.8 % and 4.27%, respectively, with an 

increase of 20% and 35% enhanced total shoot %N compared to control. In T7 

(AM-96) inoculated with (Pseudomonas sp.) produced total shoot %N of 3.87% 

showing an increase of 22% over control. Inoculation of chickpea (Cicer arietinum 

L. cv. Aziziye-94) with eight Rhizobium leguminosarum sp. biover ciceri isolated 

from wild chickpeas (C. anatolicum) of high altitudes (2000-2500 m) had 

significantly increased host plant nitrogen% and nitrogen fixation efficiency of 

symbiosis compared with the un-inoculated controls (Kantar et al., 2007). 

4.6.6   Total Shoot N Yield (mg plant-1) of Chickpea 

The Figure 13 presents total shoot N (mg plant-1) contents of chickpea in 

control and in treatments with inoculation of PGPRs. The results show that 

minimum total shoot contents were obtained in T1 (control) i.e. 16.1 mg plant-1 

under sterile soil conditions. However, total shoot N contents were increased to 

17.43 mg plant-1 when Bacillus sp. was inoculated to chickpea as in T2 (AM-95) 

showing an increase in shoot contents of chickpea of 8% over control. Similarly, in 

T3 inoculated with (AM-76) (Enterobacter sp.) also showed the similar results. 

Total shoot contents in T4 (AM-85) and T5 (AM-91) inoculated with 

(Pseudomonas sp.) and (Rhizobium sp.), respectively showed an increase of 59% 

and 117% compared to control. Maximum total shoot N contents i.e. 38 mg plant-1 

were obtained from T6 (AM-57) where PGPR (Sphingobacterium sp.) was applied 

showed an increase of 136% over control. The results also indicated significant 

increase in total shoot N contents between control and other treatments as in T7 

(AM-96) inoculated with (Pseudomonas sp.). 
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Figure 13. Total shoot N yield (mg plant-1) of chickpea as affected by inoculation of 

selected isolates indicating increased total shoot N when Bacillus sp. was 

inoculated to chickpea as in AM-95. Vertical bars show the Standard Error. 
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The inoculation treatment of PGPRs with (Sphingobacterium sp.) and 

(Rhizobium sp.) proved to be the best of all treatments. The increase in dry matter 

production and N content of dually inoculated plants may be attributed to earlier 

and enhanced nodulation, higher N2
 fixation rates and a general improvement of 

root development (Okon and Itzigsohn, 1995). 

4.6.7  Proportion of N Derived from Atmosphere (%Ndfa) by Chickpea 

The data pertaining to the percent of nitrogen derived from atmosphere 

%Ndfa of chickpea is shown in Figure 14. The results show that the treatments with 

inoculation of PGPRs significantly increased the %Ndfa of chickpea over T1 i.e. 

control. The treatment where inoculation was done with (Sphingobacterium sp.) 

produced the maximum %Ndfa compared to all other inoculated treatments. 

Furthermore, there was a significant effect of inoculation on %Ndfa.  

The minimum %Ndfa was recorded in T1 control. In treatments T2 

inoculated with (AM-95) Bacillus sp. and T3 (AM-76) inoculated with 

(Enterobacter sp.), the values of %Ndfa were 52.93 and 63.02%, respectively. 

There was an increase of 1% and 20% respectively over T1. In T4 (AM-85) 

inoculated with (Pseudomonas sp.), the %Ndfa value obtained was 61.97% 

showing an increase of 18% over control. 

Maximum value of %Ndfa was obtained in T6 (AM-57) inoculation with 

PGPR (Sphingobacterium sp.) as 64.63% with an increase of 23% over T1 

(control). 
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Figure 14.  Proportion of Nitrogen (%Ndfa) derived by chickpea with inoculation 

of selected isolates indicating higher %Ndfa in Sphingobacterium sp. Vertical bars 

show the Standard Error. 

 

 

 



 
 

 
 

4.6.8  Total N2 Fixed by Chickpea 

The amount of nitrogen fixed by legume can be regulated by two factors, 

the amount of N accumulated during growth, and the production of that N derived 

from symbiotic N2 fixation. The results regarding the total N2 fixed by chickpea is 

presented in Figure 15. The results reveal that coinoculation of chickpea with 

different PGPRs enhanced the overall quantity of N2 fixed by chickpea compared to 

uninoculated treatment.  

The minimum quantity of N2 fixed noted was 12.69 mg plant-1 in T1 

(control). Inoculation with (AM-95) (Bacillus sp.) increases 9% nitrogen fixation 

compared to control. In T3 (AM-76) inoculated with (Enterobacter sp.), the value 

of total N2 fixed by chickpea was 19.96 mg plant-1. There was an increase of 57% 

over T1. The N2 fixed by chickpea was 23.76 mg plant-1 and 33.53 mg plant-1 with 

inoculation of (Pseudomonas sp.) and (Rhizobium sp.) with an increase of 87% and 

164% over control. Higher amount of total N2 fixed was indicated by T6 (AM-57) 

as 36.84 mg plant-1 with an increased value of 190% compared to control. The 

quantity of total N2 fixed by chickpea when inoculated with (Pseudomonas sp.) as 

in T7 (AM-96) was 28.79 mg plant-1. This shows an increase of 127% than 

uninoculated control. 

Some PGPR strains, from a range of genera, enhance legume growth, 

nodulation and nitrogen fixation when co-inoculated with rhizobia. Examples of 

these are Azospirillum (Groppa et al., 1998), Azotobacter (Burns et al., 1981), 

Bacillus (Srinivasan et al., 1996), Pseudomonas (Grimes and Mount, 1984), 

Streptomyces (Li and Alexander, 1988). 
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Figure 15.  Total N2 fixed (mg plant-1) by chickpea with inoculation of selected 

isolates indicating higher amount of total N2 fixed in Sphingobacterium sp. Vertical 

bars show the Standard Error. 

 

 

 

 

 

 

 

 



 
 

 
 

The genus Rhizobium has an ability of nitrogen fixation in leguminous 

plants (Hynes and O′ Connell, 1990). Literature has shown the capacity of some 

PGPR to modify nodule formation or even biological nitrogen fixation when they 

are co-inoculated with rhizobia (Zhang et al., 1996, Dashti et al., 1998). Increased 

values of legume nitrogen fixation by co inoculation by rhizobia and some plant 

growth promoting bacteria is a way to improve nitrogen availability in sustainable 

agriculture production systems (Barea et al., 2005). Dual inoculation with 

Rhizobium and Azosprillium and other plant growth promoting rhizobacteria was 

shown to significantly increase nodule number of many legumes, and the total N 

content of macro and micro nutrients as compared to inoculation with Rhizobium 

alone (Burdman et al., 1998; Rhodes et al., 1996). Positive effects of combined 

inoculation of Azospirillum with Rhizobium have been reported for different 

legume and were related to the favorable influence of Azospirillum on the nodule 

number, plant development, dry weight and N2 fixation (Okon and Itzigsohn, 

1995). Rhizobial inoculants have contributed to increased nitrogen fixation and 

yield in legume crops that represents 70-80% of total nitrogen accumulated in 

plants (Catroux et al., 2001). 

4.7  EFFECT OF INOCULATION OF PGPRs ON GROWTH AND 

NITROGEN FIXATION OF LEGUMES UNDER FIELD 

CONDITIONS 

From study-II, three most promising potential PGP strains were selected for 

further evaluation on mung bean, mash bean and chickpea under field conditions at 

two different locations i.e. PMAS-AAUR research farm and at farmer’s field 

Attock. Three potential strains selected from previous studies were AM-57 



 
 

 
 

(Sphingobacterium sp.), AM-91 (Rhizobium sp.) and AM-96 (Pseudomonas sp.). 

The seed inocula of these strains were applied along with control (uninoculated 

seeds) and of chemical fertilizers i.e. NP @ 30-80 kg ha-1. Nodulation, biomass and 

grain yield of each crops were recorded using standards protocols. N2 fixation by 

each crops were also quantified. The detail results are elaborated as follows:  

4.8 PGPRS AND RE-INOCULATION RESPONSE OF MASHBEAN 

(VIGNA MUNGO) UNDER FIELD CONDITIONS AT AAUR 

RESEARCH FARM AND FARMER’S FIELD ATTOCK  

4.8.1 Nodulation in Mashbean 

The data on nodule number are given in Table 9.  The results of mashbean 

grown at AAUR site with different treatments showed that control treatment has 11 

nodules which are minimum. But in treatment where NP @ 30-80 kg ha-1 were 

applied, 21 nodules were found, with an increase of 91% over control. In treatments 

of AM-57 and AM-96, inoculated with (Sphingobacterium sp.) and (Pseudomonas 

sp.), the nodule number was recorded as 29 and 13 respectively, showing an 

increase of 164% and 18% over control. In AM-91, inoculated with (Rhizobium sp.) 

the nodule number was noted as 17, showing an increase of 55% over control 

treatment. All the treatments were better than control but AM-57 produced the 

maximum number of nodules at AAUR site in mashbean and the results were 

statistically significant.  

The results of the nodule number of mashbean at Attock site are presented 

in Table 9. The data indicated that the less quantity of nodules were produced in 

control with the value of 8. Maximum number of nodules (26) were produced by 

AM-57 inoculated with (Sphingobacterium sp.) with an increase of 225% over 



 
 

 
 

control. Comparatively less number of nodules (13) was observed in treatment 

where fertilizers NP @ 30-80 kg ha-1 were applied which is 63% more than control. 

This less amount of nodules are due to the fact that minimum nodules are produced 

with the treatment where fertilizers are applied. Treatments with inoculation of 

AM-96 (Pseudomonas sp.) and AM-91 (Rhizobium sp.) respectively produced the 

nodules as 20 and 14, which is 150% and 75% more than control. The data showed 

statistically significant results. AM-57 showed the best performance. The results 

showed same trend as in AAUR. 

4.8.2  Proportion of N2 Fixation (%Pfix) Derived from Atmosphere in 

Mashbean 

The %Pfix was assessed through xylem solute technique. The effect of 

inoculation with rhizobia, NP fertilizer and PGPRs on proportion of plants N 

derived from N2 fixation (%Pfix) of mashbean is depicted in Table 9. In control i.e. 

uninoculated treatment, the %Pfix was found as 8% which is the lowest value. In the 

treatment where NP applied @ 40-80 kg ha-1 the %Pfix value was recorded 28% 

with an increase of 250% over control treatment. The treatment inoculated with 

AM-57 (Sphingobacterium sp.) and AM-96 (Pseudomonas sp.), the %Pfix values 

was 44 and 39 respectively, showing 450% and 388% increase over control. The 

highest %Pfix value was recorded in AM-91(Rhizobium sp.) was 62 with an increase 

of 675% over control. It was also noted that in control and NP fertilizers treatment 

%Pfix value was the recorded minimum as compared to values obtained with 

inoculation with PGPRs AM-57, AM-96 and AM-91. The Table 9 is also showing 

the effect of Rhizobium, PGPR and NP fertilizers application on proportion of 

plants N derived from N2 fixation (%Pfix) of mashbean in Attock site. 



 
 

 
 

   Table 9.  Effect of PGPRs inoculation on growth and N2 fixation of Mashbean in field 

 

Treatments 

                                    AAUR Site                                                                        Attock Site 

      
Nodule Pfix N2 fixed Biomass Grain  Nodule 

 

Pfix N2 fixed Biomass 

 

Grain 

               no. plant-1 

 

% 

 

-----------------kg ha-1--------------- no. plant-1 

 

% ---------------kg ha-1---------------- 

   Control       11 b     8 d    0.8 c   1472 a    3266 c      8 d    3 c     2 d    3751  a  2742 c 

NP @ 30-80 

kg ha-1 
    21 a 28 c 20  bc 3789 a 4415 b      13c 22 b 14 c 3770  a 4400 b 

AM-57 29 a 44 b 21 bc 2170 a 5140 a 26 a 40 b 40 b 6182  a 5416 a 

AM-96 13 b 39 b 33 ab 3691 a 5559 a 20 b 30 b 18 c 3954  a 4411 b 

AM-91 17 a 62 a 51 a 2647 a 5415 a 14 c 54 a 55 a 6754  a 5579 a 

LSD 11 8 29 3322 485 4 18 10 3112 832 

     AM-57 (Sphingobacterium sp.), AM-96(Pseudomonassp.), AM-91 (Rhizobium sp.) 



 
 

 
 

The lowest %Pfix value 3 was recorded in control. In treatment where NP 

applied @ 40-80 kg ha-1 showed (22) %Pfix and had a significant difference of 633 

% over control. The PGPRs treatments inoculated with AM-57 (Sphingobacterium 

sp.) and AM-96 (Pseudomonas sp.) further improved the %Pfix value and was noted 

as 40 and 30 respectively. They also had comparatively a good difference of 1233 

% and 900% over control but the highest %Pfix value 54 was obtained with 

inoculation of AM-91 (Rhizobium sp.) compared to control. 

4.8.3 Total N2 fixed in Mashbean 

The effect of PGPRs and fertilizer on nitrogen fixation by mashbean at 

AAUR site is depicted in Table 9. The results show that under normal soil fertility 

conditions in control, N2 fixation by mashbean was recorded 1 kg N ha-1 in 

minimum value. In treatment where the NP applied @ 40-80 kg ha-1 the N2
 fixation 

was recorded 20 kg N ha-1 with an increase of 37% over control. In treatments with 

inoculation of AM-56 (Sphingobacterium sp.) and AM-96 (Pseudomonas sp.), the 

N2 fixation values were 21  kg N ha-1 and 33 kg N ha-1 showing an increase of 39% 

and 63% respectively. The highest N2 fixation 51 kg ha-1 was recorded under the 

inoculation of AM-91 (Rhizobium sp.) showing an increase of 98% compared to 

control. The nitrogen fixation by mashbean at Attock site is shown in Table 9. The 

data reveals that the treatment which is regarded as control, N2 fixation by 

mashbean was recorded 2 kg N ha-1 in minimum value. In treatment where NP 

applied @ 40-80 kg ha-1, the N2
 fixation was assessed as 14 kg N ha-1 with an 

increase of 600% over control. Inoculation with AM-57 (Sphingobacterium sp.) 

and AM-96 (Pseudomonas sp.) yielded 40 kg N ha-1 and 18 kg N ha-1, respectively 

showing an increase of 1900% and 800% over control. The highest N2 fixation 55 



 
 

 
 

kg N ha-1 was recorded in treatment inoculated with AM-91 (Rhizobium sp.) over 

control. 

4.8.4 Biomass yield of Mashbean 

Mashbean biomass yield at AAUR as depicted in Table 9 was 1472 kg ha-1 

in control. In the treatment where NP @40-80 kg ha-1 was applied, the recorded 

biomass yield was 3789 kg ha-1 which is highest and showed an increase of 157% 

over control. In treatments where AM-57 (Sphingobacterium sp.) and AM-96 

(Pseudomonas sp.) inoculation were applied, the obtained biomass yield was 2170 

kg ha-1 and 3691 kg ha-1 having an increase of 47% and 151% over control. In 

treatment of AM-91 (Rhizobium sp.), the biomass yield was recorded as 2647 kg 

ha-1 with an increase of 80% over uninoculated control treatment. 

The effect of Rhizobium sp., PGPRs and NP fertilizers on biomass yield of 

mashbean at Attock site is also shown in Table 9. The biomass yield was minimum 

3751 kg ha-1 in control as it has no chemical fertilizers, PGPRs and Rhizobium. In 

treatment, where NP fertilizers were applied @40-80 kg ha-1, the biomass yield was 

3770 kg ha-1, with a little increase of 1% over control.  With the inoculation of AM-

57 and AM-96, biomass yield was 6182 kg ha-1 and 3954 kg ha-1 and showed an 

increase of 65 and 5% over control. Inoculation with AM-91 (Rhizobium sp.) 

showed the highest biomass yield of 6754 kg ha-1 followed by biomass yield 

obtained with inoculation of AM-57 (Sphingobacterium sp.) i.e. 6182 kg ha-1. 

4.8.5 Grain yield of Mashbean 

The grain yield of mashbean at AAUR site is presented in the Table 9. The 

minimum grain yield of mashbean was obtained which is 3266 kg ha-1 in control. In 



 
 

 
 

treatment with NP applied @ 40-80 kg ha-1 produced 4415 kg ha-1 of grain yield, 

showing an increase of 35% over control. In treatments where AM-57 

(Sphingobacterium sp.) and AM-96 (Pseudomonas sp.) inoculation were applied, 

the recorded grain yield was 5140kg ha-1 and 5559 kg ha-1, respectively with an 

increase of 57% and 70% over control. Similarly, inoculated with AM-91 

(Rhizobium sp.) produced a grain yield of 5415 kg ha-1 with an increase of 66% 

over control. 

The grain yield noted in mashbean at Attock site is also described in Table 

9. In control, with normal soil fertility conditions, the minimum grain yield 2742 kg 

ha-1 was obtained. In treatment where NP was applied @ 40-80 kg ha-1, the grain 

yield was recorded 4400 kg ha-1 showing an increase of 60 % over control. In 

treatments with AM-57 and AM-96, the obtained grain yield was 5416 kg ha-1 and 

4411 kg ha-1 and found the addition of 98% and 61% grain yield respectively over 

control. The inoculation treatment of (Rhizobium sp.) designated as AM-91 caused 

highest grain yield of 5579 kg ha-1 with an increase of 103% over control. 

4.9 PGPRs AND RE-INOCULATION RESPONSE OF MUNGBEAN 

(VIGNA RADIATA) UNDER FIELD CONDITIONS AT AAUR 

RESEARCH FARM AND FARMER’S FIELD ATTOCK  

4.9.1 Nodulation in Mungbean 

The nodule numbers in mungbean have been shown in Table 10. Mungbean 

showed good nodule formation but these varied widely. The data showed that 

nodule numbers per plant was 8 in control which is minimum of all treatments. The 

data showed overall nonsignificant results. About 10 nodules are observed in 

treatment where NP @ 30-80 kg ha-1 were applied showing 25% more nodules than 



 
 

 
 

control. In AM-57 and AM-96 inoculated with (Sphingobacterium sp.) and 

(Pseudomonas sp.) respectively, the number of nodules recorded were (12) having 

an increase of 50% over control. Strain AM-91 (Rhizobium sp.) produced the 

maximum number of nodules of (21) in mungbean at AAUR site showing an 

increase of 163% over control. 

Results regarding the effect of coinoculation of PGPRs along with chemical 

fertilizer N and P on nodule number of mungbean at Attock site are presented in 

Table 10. Minimum nodule number, (6) was observed in control i.e. uninoculated 

treatment. Nodule number in treatment where fertilizers are applied was (11) 

showing 83% increase over control. In treatments AM-57 and AM-96 where 

(Sphingobacterium sp.) and (Pseudomonas sp.) inoculation was applied, the nodule 

number was 16 and 29 indicating an increase of 167% and 383% over control. 

About 26 nodules were noted in AM-91 inoculated with (Rhizobium sp.) showing 

an increase of 333%. 

4.9.2 Proportion of N2 Fixation (%Pfix) Derived from Atmosphere in 

Mungbean 

The Table 10 shows the effect of Rhizobium, PGPR and NP fertilizers 

application on proportion of plants N derived from N2 fixation (%Pfix) of mungbean 

in AAUR site. The lowest %Pfix value i.e. 4 was recorded in control. In treatment 

where NP applied @ 40-80 kg ha-1 was applied, N2 fixation was observed 19 %Pfix 

and had a significant difference of 375% over control. Maximum %Pfix value 47 

was obtained with inoculation of AM-57 (Sphingobacterium sp.) with compared to 

control was observed. Inoculation with AM-96 (Pseudomonas sp.) and AM-91 

(Rhizobium sp.) again enhanced the %Pfix value and were noted as (42) and (35) 



 
 

 
 

respectively. They also had comparatively a good difference of 950% and 775% 

over control.  

The Table 10 also shows the effect of Rhizobium, PGPR and NP fertilizers 

application on proportion of plants N derived from N2 fixation (%Pfix) of mungbean 

in Attock site. The lowest %Pfix value i.e. 2 was recorded in control. In treatment 

where NP applied @ 40-80 kg ha-1 was applied showed %Pfix value of 25 and had a 

significant difference of 1150% over control. Maximum %Pfix value (63) was noted 

with inoculation of AM-57 (Sphingobacterium sp.) with increase of 3050% 

compared to control. Inoculation with AM-96 (Pseudomonas sp.) and AM-91 

(Rhizobium sp.) again enhanced the %Pfix value and were noted as (29) and (41) 

respectively. They also had comparatively a good difference of 1350 % and 1950% 

over control. 

4.9.3 Total N2 Fixed in Mungbean  

The amount of N2 fixed by mungbean at AAUR site is presented in Table 

10. The data shows significant effect of fertilizer and inoculum on N2 fixation. 

Without inoculation, fertilizer application had normal impact on nitrogen fixation 

however under normal soil fertility conditions in control, N2 fixation by mungbean 

was recorded 1 kg ha-1 in minimum value. In treatment where the NP was applied 

@ 40-80 kg ha-1 the N2
 fixation was recorded 9 kg ha-1 with an increase of 23% 

over control. The maximum N2 fixation 35 kg N ha-1 was recorded with inoculation 

of AM-57 (Sphingobacterium sp.) showing an increase of 97% compared to 

control. Inoculation with AM-96 (Pseudomonas sp.) and AM-91(Rhizobium sp.) 

yielded the N2 fixation values upto 24  kg N ha-1 and 21 kg N ha-1 showing an 

increase of 66% and 57%, respectively compared to control. 



 
 

 
 

The data regarding the amount of N2 fixed by mungbean at Attock site is 

shown in Table 10. The data show significant effect of inoculation on nitrogen 

fixation. The results show that minimum nitrogen fixation 1 kg N ha-1 was observed 

in control treatment where neither fertilizer application nor any inoculation with 

PGPRs. In treatment where the NP applied @ 40-80 kg ha-1, the N2
 fixation was 

recorded 28 kg N ha-1 with an increase of 59% over control. N2 fixation of 45 kg 

ha-1 was recorded in inoculation with AM-57 (Sphingobacterium sp.), showing an 

increase of 96% compared to control. Inoculation with AM-96 (Pseudomonas sp.) 

had also increased nitrogen fixed upto 41% increased over uninoculated treatment. 

Highest amount of N2 fixed 46 kg N ha-1 was recorded by inoculating with AM-91 

(Rhizobium sp.) showing an increase of 98% compared to control. 

4.9.4 Biomass Yield of Mungbean 

The total biomass yield in mungbean at AAUR site is shown in Table 10. 

The results reveal that the total biomass yield was 1624 kg ha-1 in control. In the 

treatment where NP @40-80 kg ha-1 was applied, the recorded biomass yield was 

1989 kg ha-1 showed an increase of 22% over control. In treatments, where AM-57 

(Sphingobacterium sp.) and AM-96 (Pseudomonas sp.) inoculation were applied, 

the obtained biomass yield was 2805 kg ha-1 and 2962 kg ha-1, respectively having 

an increase of 73% and 82%, respectively over control. In treatment of AM-91 

(Rhizobium sp.), the biomass yield was recorded as 2960 kg ha-1 with an increase of 

82% over uninoculated control treatment. 

Biomass yield of mungbean at Attock site is also given in Table 10 showing 

total biomass yield of 4384 kg ha-1 in control.



 
 

 
 

Table 10.   Effect of PGPRs inoculation on growth and N2 fixation of Mungbean in field 

 

Treatments 

                                   AAUR Site                                  Attock Site 

      Nodule Pfix  N2 fixed 

 

Biomass  Grain  Nodule  

 

Pfix N2 fixed 

 

Biomass  

 

Grain  

              

Control  

no. plant-1 

 8  a 

% 

4 d  

 ------------kg ha-1-------------- 

0.6 c             1624 a      4376 c 

no. plant-1 

6  c 

% 

2  c 

---------------kg ha-1--------------- 

  0.91 c    4384 ab        424 d 

NP@30-

80kg ha-1  

10 a 19 c  9 c 1989 a  5645 b  11 bc 25 b 28  b 5378 a 5217 c 

AM-57  12 a 47 a 35 a 2805 a  6648 a   16 b 63 a 45 a 3206 b 5929 b 

AM-96  12 a  42 ab  24 ab   2962 a  7153 a  29 a 29 b 20 b 3587 ab 7261 a 

AM-91  21 a  35 b  21 b 2960 a  6457 ab  26  a 41 b 46 a 4814 ab 6373 b 

LSD  17  7 11  1489  848  6 19 15 1898 445 

    AM-57 (Sphingobacterium sp.), AM-96 (Pseudomonas sp.), AM-91 (Rhizobium sp.)



 
 

 
 

In the treatment where NP @40-80 kg ha-1 was applied, the recorded 

biomass yield was 5378 kg ha-1, which is highest and showed an increase of 23% 

over control. Treatments where AM-57 (Sphingobacterium sp.) and AM-96 

(Pseudomonas sp.) inoculation were applied, the recorded biomass yield were 3206 

kg ha-1 and 3587 kg ha-1. In treatment of AM-91 (Rhizobium sp.), the biomass yield 

was recorded as 4814 kg ha-1 with an increase of 10% over uninoculated control 

treatment. 

4.9.5 Grain Yield of Mungbean 

The grain yield of mungbean at AAUR site is presented in the Table 10. The 

minimum grain yield 4376 kg ha-1 of mungbean was obtained in control. In 

treatment with NP applied @ 40-80 kg ha-1, the grain yield was 5645 kg ha-1, 

showing an increase of 29% over control. In treatments where AM-57 

(Sphingobacterium sp.) and AM-96 (Pseudomonas sp.) were applied, the recorded 

grain yield was 6648 kg ha-1 and 7153 kg ha-1, respectively and an increase of 52% 

and 63% respectively over control. Similarly, inoculation with AM-91 (Rhizobium 

sp.) gave a grain yield of 6457 kg ha-1 with an increase of 98% over control. 

The grain yield of mungbean at Attock site is presented in the Table 10. The 

minimum grain yield 424 kg ha-1 of mungbean was obtained in control. In 

treatment where NP applied @ 40-80 kg ha-1 the recorded grain yield was 5217 kg 

ha-1, showing an increase of 1130% over control. Inoculation with AM-57 

(Sphingobacterium sp.) and AM-96 (Pseudomonas sp.) yielded 5929 and 7261 kg 

grains ha-1 respectively over control. Similarly, inoculation with AM-91 

(Rhizobium sp.) caused a grain yield of 6373 kg ha-1 with an increase of 1403% 

over control. 



 
 

 
 

4.10 PGPRs AND RE-INOCULATION RESPONSE OF CHICKPEA 

(CICER ARIETINUM) UNDER FIELD CONDITIONS AT AAUR 

RESEARCH FARM AND FARMER’S FIELD ATTOCK  

4.10.1 Nodulation in Chickpea 

The data regarding nodule number in chickpea presented in Table 11 

showed that at AAUR site, the maximum number of nodules was obtained with the 

treatments having inoculation of PGPRs. In control, the nodule number was 

minimum with the value of 4 plant-1 which is minimum as of all inoculated 

treatments. The data showed overall nonsignificant results. In the treatment where 

recommended doses of fertilizers are applied i.e. NP @ 30-80 kg ha-1 number of 

nodules observed were 5 with an increase of 25% than that of control. Inoculation 

with AM-57 (Sphingobacterium sp.) produced 6 nodules plant-1 with an increase of 

50% compared to uninoculated control. Maximum number of nodules (7) were 

obtained along inoculation with (Pseudomonas sp.) designated as AM-96 at AAUR 

site showing an increase of 75% over control. 

4.10.2 Proportion of N2 Fixation (%Pfix) Derived from Atmosphere in 

Chickpea 

The Table 11 shows the effect of Rhizobium, PGPR and NP fertilizers 

application on proportion of plants N derived from atmosphere (%Ndfa) of 

chickpea in both locations. The lowest %Ndfa value was recorded as (7) in 

(control). In treatment where NP applied @ 40-80 kg ha-1 showed 25 %Ndfa and 

had a significant difference of 67% over control. Maximum %Ndfa value (70) was 

observed in AM-57 which was inoculated with (Sphingobacterium sp.) with 



 
 

 
 

increase of 367% compared to control. In AM-96 coinoculated with (Pseudomonas 

sp.), and AM-91 inoculated with (Rhizobium sp.) again enhanced the %Ndfa value 

and were noted as (31) and (54) respectively. They also had comparatively a good 

difference of 107 % and 260% over control. At Attock site, the highest %Ndfa 

value 35 was obtained in AM-97 with inoculation of (Sphingobacterium sp.) with 

increase of 400% compared to control. 

4.10.3 Nitrogen Fixation by Chickpea 

The amount of N2 fixed by chickpea at AAUR, the maximum N2 fixation 

i.e. 43 kg ha-1 was recorded in AM-91 with inoculation of (Rhizobium sp.), showing 

an increase of 39% compared to control (Table 11). In treatments, AM-57  

(Sphingobacterium sp.) and AM-96 (Pseudomonas sp.) respectively, the N2 fixation 

values were 40  kg ha-1 and 38 kg ha-1 showing an increase of 29% and 23% 

respectively compared to control. Similarly in Attock site, highest amount of N2 

fixed was recorded in AM-91 inoculated with (Rhizobium sp.) as 32 kg ha-1 

compared to control (Table 11). 

4.10.4 Total Biomass Yield of Chickpea 

The data regarding the total biomass yield of chickpea at AAUR site is 

shown in Table 11. The biomass yield was 2067 kg ha-1 in (control) as it was under 

normal fertile soil and without chemical fertilizers, PGPRs and Rhizobium. In 

treatment, where NP fertilizers were applied @40-80 kg ha-1, the biomass yield was 

3637 kg ha-1, with an increase of 76% over control. In (AM-57) and (AM-96), 

inoculated with (Sphingobacterium sp.) and (Pseudomonas sp.), biomass yield was 

2353 kg ha-1 and 3532 kg ha-1 and showed an increase of 14 and 71 % over control.



 
 

 
 

                   Table 11. Effect of PGPRs inoculation on growth and N2 fixation of chickpea in field 

 

Treatments 

AAUR Site Attock Site 

    Nodule Pfix N2 fixed Biomass Grain Nodule 

 

Pfix N2 fixed 

 

Biomass 

 

Grain 

              

Control 

no. plant-1 

4 a 

% 

15 ab 

-------------- kg ha-1----------- 

    31 a        2067 a   5343 c 

no. plant-1 

8 a 

% 

7 a 

--------------kg ha-1--------------- 

     4 a           1604 a        4228 d 

 

NP @ 30-

80 kg ha-1 

5 a 25 b 19 a 3637 a 6257 a 8 a 50 a 23 a 1869 a 6065 c 

AM-57 6 a 70 a 40 a 2353 a 6460 b 11 a 35 a 22 a 2203 a 7315 b 

AM-96 7 a 31 ab 38 a 3532 a 8227 a 9 a 16  a 11 a 1736 a 6120 c 

AM-91 5 a 54 ab 43 a 3924 a 7469 a 7 a 30 a 32 a 3162 a 8425 a 

LSD 2 40 45 2855 766 4 144 87 1652 506 

                 AM-57 (Sphingobacterium sp.), AM-96 (Pseudomonassp.), AM-91 (Rhizobium sp.



 
 

 
 

The AM-91, inoculated with (Rhizobium sp.) showed the highest biomass 

yield of 3924 kg ha-1 having an increase of 90% over control. Same trend was 

observed in Attock site where AM-91, inoculated with (Rhizobium sp.) showed the 

highest biomass yield of 3162 kg ha-1 having an increase of 97% over control. 

4.10.5 Total Grain Yield of Chickpea 

The grain yield of chickpea at both locations is described in Table 11. In 

control, with having normal soil fertility conditions, the lowest grain yield 5343 kg 

ha-1 was obtained. In treatment where NP was applied @ 40-80 kg ha-1, the grain 

yield was recorded 6257 kg ha-1 showing an increase of 17 % over control. The 

inoculation with (Rhizobium sp.) caused highest grain yield of 7469 kg ha-1 with an 

increase of 40% over control. Whereas in Attock, the increase in grain yields with 

inoculation of (Rhizobium sp.) was 99% over uninoculated control (Table 11).  

Among all three strains, AM-91 identified as (Rhizobium sp.) was 

performed better specially when inoculated to chickpea. This strain was also 

isolated, identified and characterized from chickpea nodule and will be available for 

the preparation of chickpea inocula on large commercial scale. 

4.11  Discussion 

All bacterial strains applied as bio-inoculant enhanced growth and N2 

fixation in legumes crops and were proved efficient PGPR and significantly 

increased shoot biomass, N yield and N2 fixation (%Ndfa) over un-inoculated 

control. Yildirim et al. (2008) also observed that the addition of PGPRs like 

Staphylococcus kloosii EY37 and Kocuria erythromyxa EY43 under saline 

conditions significantly increased shoot root biomass and chlorophyll content 

compared to the control (without PGPR). Similarly, Alcaligenes faecalis BCCM 



 
 

 
 

2374 enhanced seed germination, root shoot length and chlorophyll contents in 

groundnut (Arachis hypogea) over control treatment under pot culture conditions 

(Sayyed et al. 2010). The results of the present study are also in agreement with 

that of Phoomthaisong et al. (2003) who also observed %Ndfa up to 64% in 

groundnut and Guimaraes et al. (2008) found out about 500 mg plant-1 (80 %Ndfa) 

when a soybean plant was grown to maturity. PGPR promote crop growth by 

facilitating nutrient uptake through P-solubilization and N2 fixation as well by 

producing growth-promoting hormones such as IAA (Hayat et al., 2010; Vessey 

2003). This increase in crop growth indicates the plant growth-and plant health-

promoting traits of these bacterial strains. These PGPR are also widely used as 

PHPR to reduce plant diseases and produce antibiotics (Herman et al., 2008). 

Along possessing PGP traits, many bacteria have antifungal characters and have 

been shown to enhance the growth and yield of maize, rape seed, legumes and 

sorghum (Kishore et al., 2005).  

Bacterial strains when inoculated to soil significantly enhanced legumes 

growth and N2 fixation as compared to uninoculated control. This increase in crop 

growth indicated the PGP and PHP traits of these strains. Bacillus sp. are used as 

PGPR with plant growth promoting traits like phosphate solubilization, N2 fixation 

and auxin IAA production (Vessey, 2003; Liu et al., 2006; Çakmakçi et al., 2007b; 

Beneduzi et al., 2008). Bacillus polymyxa, also known as Paenibacillus polymyxa 

(Timmusk et al., 1999) is a PGPR that have potential to fix N2 (Coelho et al., 

2003); solubilize tricalcium phosphates (de Freitas et al., 1997) along with 

production of cytokinin (Timmusk et al., 1999) and antibiotic (Rosado and Seldin 

1993) and are also being used as bioinoculants for crop production (Sudha et al., 

1999). The Bacillus species when used as PGPR increased yield in wheat (de Freits 



 
 

 
 

2000), (Sudha et al., 1999), maize (Pal 1998), sugar beet (Çakmakçi et al., 2006), 

and barley (Çakmakçi et al., 2007a). Lee et al. (2005) observed increase in growth 

and yield of beans by co-inoculating Bacillus strains with Rhizobium 

leguminosarum bv. phaseoli. Gram positive spore forming Bacillus strains were 

also isolated from soybean root nodules by Bai et al. (2002) and reported their PGP 

activities. N2 fixation by Bacillus megaterium was indicated previously by Liu et 

al., (2006). He found Bacillus megaterium as diazotroph with colonization pattern 

similar to those of gram negative N2 fixer Azospirillum brasilense. Plant growth 

promoting characteristics of Bacillus and Paenibacillus and their mechanisms of 

action including BNF, P-solubilization, nutrient facilitation, hormones and 

antibiotic production were extensively reviewed by Govindasamy et al. (2011). 

Bacillus can be found in a diverse soil environment and behaved as PGPR even in 

acidic soils (Yadav et al. 2011). Bacillus are also widely used as plant health 

promoting rhizobacteria (PHPR) by reducing diseases and producing antibiotic 

(Bertagnolli et al., 1996 Murphy et al., 2000; Stout et al., 2002; Lucas et al., 2004b; 

Joo et al., 2005; Kokalis-Burelle et al., 2006; Banerjee et al., 2006; Herman et al., 

2008; Dutta et al., 2008). Bacon and Hinton, (2002) also inoculated Bacillus 

mojavensis to maize crop for testing its PHP biocontrol characterization and found 

it as antagonistic to endophytic mycotoxin producing fungi (Fusarium 

moniliforme). Biocontrol potential of B.mojavensis has also been tested earlier by 

Bacon et al., (2001) and Sturz et al., (2000). Mena-Violante and Vector (2007) 

inoculated Bacillus subtilis BEB-13bs on tomato and observed increased in yield 

and tomato quality. Similar positive response of tomato to Bacillus subtilis were 

also investigated by Adesemoye et al., 2008. 

 



 
 

 
 

PGPR promote crop growth by facilitating nutrients uptake through P-

solubilization and N2 fixation as well by producing growth promoting hormones 

like IAA (Vessey 2003; Hayat et al., 2010). This increase in crop growth indicated 

the plant growth and plant health promoting traits of these bacterial strains. 

Enterobacter, Rhizobium, Pseudomonas and Bacillus spp. are used as PGPR with 

plant growth promoting traits like phosphate solubilization; N2 fixation and auxin 

IAA production (Vessey 2003; Çakmakçi et al., 2007). These PGPR have potential 

to fix N2, solubilize tricalcium phosphates along with production of phytohormones 

and when used as bioinoculants increased crop yield (Khan et al. 2009). These 

PGPR are also widely used as plant health promoting rhizobacteria (PHPR) by 

reducing diseases and producing antibiotic (Herman et al. 2008). Along with PGP 

traits many species of Serratia have antifungal characters and enhanced growth and 

yield of maize, rape seed, legumes and sorghum (Kishore et al., 2005). Similarly, 

Enterobacter when used as biofertilizer enhanced growth in rice and maize (Kim et 

al., 1998). Co-inoculation of phosphate solubilizing bacteria and PGPRs can reduce 

application of P fertilizers by 50% without affecting crop yield (Yazdani et al., 

2009). Higher crop growth and N2 fixation was observed by seed inoculation with 

these PGPR under controlled environment and under field conditions at two 

different locations. The results indicating these PGPR as potential bio-alternatives 

and may be used as biofertilizer after more verification and trials under controlled 

and field conditions on variety of crops. The strain AM-91 identified as Rhizobium 

sp. was a symbiont of chickpea and this unique strain will be available for further 

test under field conditions. The production of its inocula on commercial scale will 

help resource poor chickpea growers.  

 



 
 

 
 

SUMMARY 

The study 1 was comprised with the objectives to isolate bacterial strains 

from legumes rhizospheric soil and nodules, to characterize and identify potential 

bacterial strains by using molecular tagging of 16S rRNA gene sequencing. 

Extensive survey was carried out in Pothwar (Distt. Rawalpindi, Attock and 

Chakwal) for collection of legumes (mash bean and chickpea) nodules and 

rhizospheric soil. Five samples of each legume crop were collected from each 

district. Rhizospheric soil bacteria were isolated through dilution plate technique 

using Phosphate Buffer Saline solution (PBS; 1X) and nutrient media i.e. Tryptic 

Soya Agar (TSA; Difco). While, Rhizobium from nodules were streaked on yeast 

extract mannitol (YEM) plates supplemented with Congo red as an indicator. More 

than 100 bacterial strains of different genera included Rhizobium were isolated 

designated as AM-1, AM-2 to AM-100. These isolated bacterial strains were 

characterized for plant growth promoting (PGP) traits like indole acetic acid (IAA), 

P solubilization and production of NH3.  All bacterial strains solubilized substantial 

quantity of inorganic phosphorus, however, maximum phosphate solubilization 

(274 µg ml-1) was observed by the inoculation of AM-57 followed by AM-91 (262 

µg ml-1). This solubilization of phosphates by bacterial strains in broth culture 

dropped pH (3.39 and 3.01) significantly from an initial pH level of 7.0 during 

eight days of incubation. On the basis of PGP traits, ten most potential strains were 

selected and identified using molecular techniques i.e. 16S rRNA sequencing. For 

the purpose, nearly complete 16S rRNA gene sequences of the strains were 

obtained by PCR amplification using universal forward 9F: 

(´GAGTTTGATCCTGGCTCAG´) and reverse primers 1510R: 

´GGCTACCTTGTTACGA´. PCR products were purified using PCR purification 
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kit and sequenced using universal primers. The amplified products (DNA) were 

sent to Macrogen Korea for 16S rRNA gene sequencing. Through BLAST search 

diversity of rhizobacterial strains obtained belonged to AM-95 strain has 99.93% 

similarity with Bacillus safensis, AM-76 strain has 99.78% similarity with 

Enterobacter cloacae, AM-85 strain has 99.57% similarity with  Pseudomonas 

beteli, AM-91 strain has 99.92% similarity with Rhizobium pusense,  AM-57 strain 

has 97.59 % similarity with Sphingobacterium canadense, AM-96 strain has 99.80 

% similarity Pseudomonas plecoglossicida, AM-71 strain has 99.23 % similarity 

with Pseudomonas lini, AM-25 strain has 99.98% similarity with Pantoea rodasii, 

AM-28 strain has 99.15% similarity with Chryseobacterium gleum, AM-86 strain 

has 99.64 % similarity with Bacillus oceanisediminis. The consensus sequences 

were retrieved using bioinformatics software i.e. Bioedit, Clustal X and Mega 5. 

The sequence assembly (>1400 base pairs) were BLAST through Eztaxon and 

NCBI gene banks. Six most promising strains AM-95 (Bacillus sp.), AM-76 

(Enterobacter sp.), AM-85 (Pseudomonas sp.), AM-91 (Rhizobium sp.), AM-57 

(Sphingobacterium sp.), AM-96 (Pseudomonas sp.) were selected on the basis of 

PGP traits and inoculated to chickpea under controlled conditions. During this 

study, AM-91 identified as Rhizobium sp. was isolated, identified and characterized 

from chickpea nodule and will be available for the preparation of chickpea inocula 

on large commercial scale purely on scientific basis. The bacterial strain AM-57 

strain might be novel candidate as has 97.59 % similarity with Sphingobacterium 

sp. This strain will be characterized as novel following minimal standards required 

for validation of novel taxa and through international collaboration. 

  



 
 

 
 

 A pot experiment was also carried out on chickpea (cv. DASHT) under 

controlled conditions at PMAS-AAUR during, 2009-10 to investigate the beneficial 

effect of rhizobacterial strains on chickpea growth and N2 fixation under controlled 

conditions. Each pot was filled with 8 kg sterile soil and 4 seeds were sown in each 

pot. The soil used in pot experiment was collected from the experimental field of 

PMAS Arid Agriculture University Rawalpindi (33o 38́ 48˝ N, 73o 04́ 59˝ E). Soil is 

sandy clay loam and belongs to Rawalpindi soil series (week medium and coarse 

sun angular blocky with nearly continuous thin cutans, Typic Ustocrepts) (Eutric 

Cambisols, FAO; GOP, 1974). The pH of the soil was 7.27 with 5.3 mg kg-1 NO3-N 

and 6.1 mg kg-1 of P. The inocula of each strain were prepared and experiment was 

replicated three times in a Complete Randomized Design (CRD). Six most 

promising potential PGPR strains were selected on the basis of their PGP traits 

during Study I and evaluated to see their beneficial effects on chick pea growth and 

N2 fixation under controlled conditions. The strains used for chickpea inoculation 

includes AM-95 (Bacillus sp.), AM-76 (Enterobacter sp.), AM-85 (Pseudomonas 

sp.), AM-91 (Rhizobium sp.), AM-57 (Sphingobacterium sp.) and AM-96 

(Pseudomonas sp.) along with sterile soil as control. 

The growth parameters studied were biomass and N2 fixation of chickpea. 

The N2 fixation of chickpea was quantified using delta 15N natural abundance 

technique. A finely ground sample of both chickpea and reference non legume 

(wheat) was sent to Stable Isotope Unit, University of Waikato, Hamilton, New 

Zealand for analysis of 15N using an isotope ratio mass spectrometer. The 15N 

content of the legume (chickpea) and reference plant (wheat) was determined in 

finally ground sample by dry Dumas combustion, followed by isotope ratio mass 

spectrometry. All the tested isolates exhibited notable increase in dry weight and N2 



 
 

 
 

fixation of chickpea as compared to control. From study-II, we further selected 

three most promising PGP strains for evaluation under field conditions on 

mungbean, mashbean and chickpea at two different locations i.e. AAUR research 

farm and at farmer’s field Attock. 

Field experiments were also carried out on mashbean, mungbean and 

chickpea at research farm of Arid Agriculture University Rawalpindi (AAUR) and 

the farmer’s fields at Attock to investigate the beneficial effect of Rhizobium and 

PGPRs on growth, nodulation and N2 fixation of legumes. The crops seeds were 

inoculated with the efficient strains. The net plot size was 5 x 2 m. The experiments 

were designed in randomized complete block design (RCBD) and replicated three 

times with the five treatments i.e. T1- Control; T2- NP @ 30-80 kg/ha -1; T3- AM-

57 (Sphingobacterium sp.); T4- AM-96 (Pseudomonas sp.); T5- AM-91 

(Rhizobium sp.). These three bacterial strains were found potential PGPR during 

study-I and II by solubilizing > 200 µg ml-1 phosphorus, producing > 30 µg ml-1 

IAA and positive for NH3. Crop parameters studied includes nodulation, biomass, 

grains and N2 fixation of each three crops and from two locations. N2 fixation of 

each legume crop was assessed both by xylem ureide analysis and δ15N natural 

abundance technique. These bacterial strains improved growth and N2 fixation 

under field conditions as compared to un-inoculated control and were found 

potential PGPR for further development of bio-inoculant. The gene sequences of 

these strains were also deposited to International gene bank repository for 

accession numbers. Rhizobium sp. was found as a unique symbiont of chickpea and 

will be available as chickpea inoculants on commercial scale. 

 



 
 

 
 

We concluded that bacterial strains when inoculated to soil significantly 

enhanced legumes growth and N2 fixation as compared to uninoculated control. 

This increase in crop growth indicated the plant growth promoting (PGP) and plant 

health promoting (PHP) traits of these strains. These PGPRs have potential to fix 

N2, solubilize tricalcium phosphates along with production of auxin and antibiotic.  
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	TN % = C/W ( 0.01
	Where C is corrected concentration (µg /ml) and W is weight of sample (g).

