
 

Plant-microbe interaction in 

wheat (Triticum aestivum L.) under 

different crop rotations 

 

Submitted in partial fulfillment of 

PhD 

By 

Muhammad Tahir 

 

 

 

 

 

 

 

Department of Biotechnology (NIBGE) 

Pakistan Institute of Engineering & Applied Sciences 

Nilore-45650 Islamabad, Pakistan 

2014  



 

National Institute for Biotechnology and Genetic Engineering  
P. O. BOX 577, JHANG ROAD, FAISALABAD.  

(Affiliated with PIEAS, Islamabad) 

 

 

 

 

                              Declaration of Originality 

 

I hereby declare that the work accomplished in this thesis is the results of my own 

research carried out in Soil &Environmental Biotechnology Division (NIBGE). This 

thesis has not been published previously nor does it contain any material from the 

published resources that can be considered as the violation of international copyright 

law.  

Furthermore I also declare that I am aware of the terms ―copyright‖ and ―plagiarism‖ and if 

any copyright violation was found out in this work I will be held responsible of the 

consequences of any such violation. 

 

 

       

 

 

Signature: _______________  

Muhammad Tahir 

Registration No: 10-7-1-029-2008  

Date:  

    Place: NIBGE, Faisalabad 

  



 

National Institute for Biotechnology and Genetic Engineering  
P. O. BOX 577, JHANG ROAD, FAISALABAD.  

(Affiliated with PIEAS, Islamabad) 

 

 

 

 

                              Research Completion Certificate 

 

 

It is certified that the research work contained in this thesis titled “Plant-microbe 

interaction in wheat (Triticum aestivum L.) under different crop rotations” has 

been carried out and completed by ―Muhammad Tahir‖ under my supervision 

during his PhD studies in the subject of Biotechnology. 

 

___________      _____________ 

Date      Dr. M. Sajjad Mirza 

 Research supervisor 

   

 

     _____________ 

    Dr. Sohail Hameed 

    Co-Supervisor 

Submitted Through 

 

_____________ 

 

Dr. Shahid Mansoor, S.I. 

Director NIBGE 

  



 

Certificate of Approval 
 

This is to certify that the work contained in this thesis titled ―Plant-microbe 

interaction in wheat (Triticum aestivum L.) under different crop rotations” was 

carried out by ―Muhammad Tahir‖ in our opinion is fully adequate, in scope and 

quality, for the degree of Ph.D Biotechnology from Pakistan Institute of Engineering 

and Applied Sciences (PIEAS).  

Approved by:  

 

Signature: _____________________  

Name: Dr. M. Sajjad Mirza  

Internal Examiner/Supervisor  

 

 

 

Signature: _____________________  

Name: Dr. Sohail Hameed  

Internal Examiner/Co-Supervisor  

 

 

 

Signature: _______________________  

Name: Prof. Dr. Asghari Bano 

External Examiner:  

 

 

 

Signature: _______________________  

Name: Prof. Dr. Abdul Wahid 

External Examiner 

 

 

 

Signature: _______________________  

Name: Dr. Javed Ahmad 

External Examiner 

 

 

Verified by:  
Signature: _____________________  

Dr. Shahid Mansoor, S.I 

Head, Department of NIBGE (Biotechnology)  

 

Stamp:………………………. 



 

 

 

 

 

 

DEDICATED TO THE EVERGREEN MEMORIES 

 

 

OF 

 

 

MY Grand Parents 

  



 

ACKNOWLEDGEMENTS 

Nothing is deserving of worship except “ALMIGHTY ALLAH”, all praises for 

Him, Who is the entire source of all knowledge and wisdom endowed to mankind. He 

guides the way and gives me courage to complete this work. I offer my humblest 

gratitude from deep sense of heart to the Holy Prophet, MUHAMMAD (Peace be 

Upon Him) Who is, forever source of guidance and knowledge for humanity.   

I am very grateful to my PhD supervisor Dr. Muhammad Sajjad Mirza, Principle 

Scientist, NIBGE, Faisalabad for his professional and technical guidance, scientific 

discussions and suggestions, keen interest in completion of this task and moral 

support during whole period of research and compilation of thesis. I am also thankful 

to Dr. Sohail Hameed my PhD Co-supervisor, for providing me basic guidance in 

planning the research activities and also for providing me the research facilities here 

at NIBGE.  

I also pay thanks to my foreign supervisor Professor Dr. Hauke Smidt at Laboratory 

of Microbiology, Wageningen University, Wageningen, The Nerherlands for his kind 

and technical support in sequencing of 16S rRNA gene of soil DNA during my visit 

to the host lab for six month fellowship. The guidance provided by Mr. Rocha 

Dimitrov Mauricio, my senior colleague at Laboratory of Microbiology, 

Wageningen University, Wageningen, The Netherlands during metagenomic studies 

and analysis of data is gratefully acknowledged. 

I would also like to thank my lab colleagues Mr. Muther Mansoor Qaisrani, 

Muhammad Arshad, Mr. Ahmad Zaheer, Ms. Amna Bashir and Ms. Khadija 

Ayyaz for their help in learning research techniques and gathering theoretical 

knowledge. I am also thankful to Mr. Muhammad Ahmad and Muhammad Imran 

technicians at Microbial Ecology Lab, NIBGE, Faisalabad, for the kind help in 

conducting lab and field experiments. The help from Dr. Farooq Latif and Dr. 

Ghulam Rasool, Principle Scientists at NIBGE, Faisalabad for analysis of organic 

acids and sugars on HPLC is thankfully acknowledged. I am also thankful to friend 

Mr. Asif Naeem, Junior Scientist, NIAB, Faisalabad for help in analysis of nitrogen, 

phosphorus and potassium (NPK) in soil and plant materials. Special thanks are due 

for Prof. Dr. Kaleem Abbaasi, Dean Faculty of Agriculture, University of Poonch, 

Rawalakot, AJK, Mr. Nasir Rahim (Assistant Professor), Mr. Abdul Khaliq 



 

(Assistant Professor), Mr. Mohsin Zafar (Lecturer) at Department of Soil Science, 

Faculty of Agriculture, University of Poonch, Rawalakot, AJK for their help in 

collection of soil samples from different areas of AJK. I am thankful to my lab fellow 

Ms. Afshan Majeed for her help in conducting initial lab experiments. I am also 

grateful to my friends Dr. Ijaz Randhawa, Mr. Sarfaraz, Abdul Makhzood Khazid 

Ullah, Dr. Muhammad Shahid and Ghulam Shabbir for their kind and supporting 

role during the completion of my research and thesis writing. 

The research work was fully funded by Higher Education Commission of Pakistan 

(HEC). 

Special thanks are due to my parents who dreamed this for their son. I am especially 

thankful to my wife who beared my long absence at home brought up my beloved 

daughter with full care and provide me the spiritual and moral support during this 

long period of study, research work and in thesis writing. 

Muhammad Tahir



 

I 

 

TABLE OF CONTENTS 

 

TABLE OF CONTENTS ............................................................................................................ I 

LIST OF TABLES ..................................................................................................................... V 

LIST OF FIGURES ............................................................................................................... VIII 

LIST OF ABBREVIATIONS .................................................................................................. XI 

ABSTRACT ........................................................................................................................... XIV 

1. INTRODUCTION AND REVIEW OF LITERATURE ........................................................ 1 

1.1. Plant growth promoting rhizobacteria (PGPR) ................................................................ 1 

1.1.1 Mode of action of PGPR ............................................................................................ 2 

1.1.2. Nitrogen fixation ....................................................................................................... 2 

1.1.3. Phosphate solubilization ............................................................................................ 4 

1.1.4. Plant growth hormone production ........................................................................... 13 

1.2. Effect of PGPR inoculation on plant growth ................................................................. 14 

1.3. Rhizosheath formation in wheat ..................................................................................... 22 

1.4. Crop rotation .................................................................................................................. 23 

1.5. Identification of culturable bacteria using 16S rRNA gene ........................................... 23 

1.5.1. Functional genes help in bacterial identification ..................................................... 24 

1.6. Diversity of culturable and non-culturable bacteria in the rhizosphere ......................... 25 

1.6.1. nifH metagenomics for studying diversity of nitrogen fixing bacteria.................... 27 

1.6.2. Role of pyrosequencing in studying bacterial diversity .......................................... 28 

1.7. Wheat production and scope of biofertilizer .................................................................. 29 

1.8. Objectives of the study ................................................................................................... 30 

2. MATERIALS AND METHODS .......................................................................................... 31 

2.1. Isolation of bacteria from rhizosphere of wheat ............................................................. 31 

2.1.1. Isolation of nitrogen fixing bacteria from rhizosphere of wheat ............................. 31 

2.1.2. Isolation of phosphate solubilizing bacteria from rhizosphere of wheat ................. 32 

2.2. Colony morphology, cell shape and motility of the isolates .......................................... 32 

2.2.1. Gram‘s staining ....................................................................................................... 32 

2.2.2. Preservation of bacteria ........................................................................................... 32 



 

II 

 

2.3. Molecular identification of bacterial isolates ................................................................. 33 

2.3.1. Extraction of genomic DNA from pure cultures ..................................................... 33 

2.3.2. DNA extraction by phenol/chloroform method ...................................................... 33 

2.3.3. Identification of bacteria using 16S rRNA gene sequence analysis ........................ 33 

2.3.4. Amplification of nifH gene from bacterial isolates ................................................. 34 

2.3.5. Amplification of pqqE gene from bacterial isolates ................................................ 34 

2.3.5.1. Ligation and transformation ..................................................................................... 35 

2.3.5.2. DNA sequencing ...................................................................................................... 35 

2.4. Phylogenetic analysis ..................................................................................................... 35 

2.5. Biochemical characterization of bacteria ....................................................................... 36 

2.5.1. Phosphate solubilization .......................................................................................... 36 

2.5.1.1. Preparation of reagent A and B for estimation of P solubilization .......................... 36 

2.5.1.2. Preparation of standard stock solution ..................................................................... 37 

2.5.2. Extraction and analysis of organic acids produced by bacterial isolates ................. 37 

2.5.3. Indole-3-acetic acid production ............................................................................... 38 

2.6. Inoculation of plants with bacterial isolates ................................................................... 38 

2.6.1. Bacterial inoculation to wheat seedlings grown in Falcon tubes,  2009 ................. 38 

2.6.2. Bacterial inoculation to wheat seedlings grown in earthen pots, 2009-12 .............. 39 

2.6.3. Bacterial inoculation to wheat seedlings grown in plastic jars, 2010-11 ................ 40 

2.6.4. Inoculation of wheat with PGPR under field conditions, 2009-12 ......................... 41 

2.7. Estimation of phosphorous, nitrogen and potassium contents in plant materials .......... 42 

2.8. Bacterial population in the rhizosphere of wheat ........................................................... 43 

2.9. Extraction and analysis of organic acids and sugars in rhizosheath, 2010-11 ............... 43 

2.10. Statistical analysis ........................................................................................................ 44 

2.11. Bacterial diversity in rhizosheath of wheat grown under wheat-rice and wheat-

cotton rotation ............................................................................................................... 44 

2.11.1. Extraction of soil DNA .......................................................................................... 44 

2.11.2. Amplification of 16S rRNA gene for pyrosequencing .......................................... 44 

2.11.3. PCR-amplification of nifH gene from rhizosheath soil DNA of wheat ................ 45 

2.11.4. Data analysis .......................................................................................................... 46 

3. RESULTS ............................................................................................................................. 48 



 

III 

 

3.1. Isolation and identification of bacteria from rhizosphere of wheat................................ 48 

3.2. Amplification of nifH gene from bacterial isolates ........................................................ 49 

3.3. Amplification of pqqE gene from bacterial isolates ....................................................... 49 

3.4. Biochemical characterization of bacterial strains ........................................................... 58 

3.4.1. Phosphate solubilization .......................................................................................... 58 

3.4.2. Utilization of sugars to produce organic acids for P-solubilization ........................ 61 

3.4.3. Growth hormone production by bacterial isolates from wheat rhizosphere ............ 61 

3.5. Effect of bacterial inoculation on growth of wheat ........................................................ 67 

3.5.1. Effect of bacterial inoculation on growth of wheat grown in Falcon tubes filled 

with sand,  2009 ...................................................................................................... 67 

3.5.2. Effect of bacterial inoculation on growth of wheat grown in earthen pots,  

2009 ......................................................................................................................... 67 

3.5.3. Effect of bacterial inoculation on grain and straw yield of field-grown wheat 

under wheat-cotton rotation, 2009-10 ..................................................................... 67 

3.5.4. Effect of bacterial inoculation on growth of wheat seedlings grown in plastic 

jars, 2010-11 ............................................................................................................ 68 

3.5.5. Effect of bacterial inoculation on grain and straw yield of wheat grown in 

earthen pots, 2010-11 .............................................................................................. 75 

3.5.6. Field experiments under wheat-rice and wheat-cotton rotations (2010-11) ............ 79 

3.5.6.1. Rhizosheath formation and detection of organic acids and sugars in 

rhizosheaths of field-grown wheat under wheat-rice rotation ...................................... 79 

3.5.6.2. Effect of bacterial inoculation on growth of field-grown wheat under wheat-

rice rotation, 2010-11 ................................................................................................... 80 

3.5.7. Field experiment to investigate the effect of bacterial inoculation on wheat 

under wheat-cotton rotation, 2010-11 ..................................................................... 92 

3.5.7.1. Rhizosheath formation and detection of organic acids and sugars in rhizosheath 

of field-grown wheat under wheat-cotton rotation ....................................................... 92 

3.5.7.2. Effect of bacterial inoculation on growth of field-grown wheat under wheat-

cotton rotation, 2010-11 ............................................................................................... 92 

3.5.8. Effect of bacterial inoculation on wheat growth, 2011-12 .................................... 105 

3.5.8.1. Effect of bacterial inoculation on grain and straw yield of wheat grown in 

earthen pots, 2011-12 ................................................................................................. 105 

3.5.8.2. Effect of bacterial inoculation on grain and straw yield of field-grown wheat 

under wheat-cotton rotation, 2011-12 ........................................................................ 105 



 

IV 

 

3.6. Diversity of culturable and non-culturable bacteria in the rhizosheath of wheat 

grown under different crop rotations, 2010-11........................................................... 110 

3.6.1. Diversity of culturable and non-culturable bacteria on the basis of 16S rRNA 

gene sequencing .................................................................................................... 110 

3.6.2. Diversity of nitrogen fixing bacteria in the rhizosheath of wheat grown under 

different crop rotations .......................................................................................... 123 

4. DISCUSSION ..................................................................................................................... 129 

5. FUTURE PERSPECTIVES ................................................................................................ 147 

6. REFRENCES ...................................................................................................................... 148 

7. APPENDICES .................................................................................................................... 176 

 

  



 

V 

 

LIST OF TABLES 

Table 1: Important nitrogen fixing bacteria inhabiting rhizosphere of plants ............................ 5 

Table 2: Important phosphate solubilizing bacteria inhabiting rhizosphere of plants .............. 11 

Table 3: Important Indole-3-acetic acid producing bacteria inhabiting rhizosphere of 

plants ........................................................................................................................... 15 

Table 4: List of important bacterial genera reported for plant growth promotion .................... 19 

Table 5: Sequence of barcode and Linker/Primer for different soil DNA samples 

extracted from rhizosheath of wheat grown under different crop rotations ............... 47 

Table 6: Sequence of nifH primer and barcodes for different soil DNA samples .................... 47 

Table 7: Morphological characteristics of the bacteria isolated from rhizosphere of wheat 

under wheat-cotton and wheat-rice rotation ............................................................... 50 

Table 8: Identification of bacterial isolates on the basis of 16S rRNA gene sequence 

analysis ....................................................................................................................... 51 

Table 9: Phosphate solubilization (µg/mL) and decrease in pH of Pikovskaya medium 

supplemented with different C-sources ...................................................................... 60 

Table 10: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates* 

on sucrose supplemented Pikovskaya medium ......................................................... 62 

Table 11: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates* 

on maltose supplemented Pikovskaya medium ........................................................ 63 

Table 12: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates* 

on glucose supplemented Pikovskaya medium ........................................................ 64 

Table 13: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates* 

on galactose supplemented Pikovskaya medium ...................................................... 65 

Table 14: Production of IAA by bacterial strains in growth medium....................................... 66 

Table 15: Effect of bacterial inoculation on growth of seedling of wheat* grown in 

Falcon tubes filled with sand, 2009 .......................................................................... 69 

Table 16: Effect of PGPRs inoculation on growth of seedlings of wheat grown in earthen 

pots*, 2009 ................................................................................................................ 70 



 

VI 

 

Table 17: Effect of bacterial inoculation on grain and straw yield of field-grown* wheat 

under wheat-cotton rotation, 2009-10 ....................................................................... 70 

Table 18: Effect of bacterial inoculation on growth of wheat seedlings grown in plastic 

jars*, 2010 ................................................................................................................. 73 

Table 19: Effect of bacterial inoculation on grain and straw yield of wheat grown in 

earthen pots*, 2010-11 .............................................................................................. 77 

Table 20: Quantification of organic acids (µg/g dry soil) in rhizosheaths of field-grown 

wheat under wheat-rice rotation ............................................................................... 84 

Table 21: Effect of bacterial inoculation on growth of field-grown* wheat at different 

growth stages under wheat-rice rotation, 2010-11 .................................................... 85 

Table 22: Effect of bacterial inoculation on grain and straw yield of field-grown* wheat 

under wheat-rice rotation, 2010-11 ........................................................................... 86 

Table 23: Quantification of organic acids (µg/g dry soil) in rhizosheaths of field-grown* 

wheat under wheat-cotton rotation, 2010-11 ............................................................ 95 

Table 24: Effect of bacterial inoculation on growth of field-grown* wheat at tillering 

stage under wheat-cotton rotation, 2010-11 ............................................................. 95 

Table 25: Effect of bacterial inoculation on growth of field-grown* wheat at booting 

stage under wheat-cotton rotation, 2010-11 ............................................................. 96 

Table 26: Effect of bacterial inoculation on growth of field-grown* wheat at grain filling 

stage under wheat-cotton rotation, 2010-11 ............................................................. 97 

Table 27: Effect of bacterial inoculation on grain and straw yield (kg/plot) of field-

grown* wheat under wheat-cotton rotation, 2010-11 ............................................... 98 

Table 28: Effect of bacterial inoculation on grain and straw yield of wheat grown in 

earthen pots*, 2011-12 ............................................................................................ 107 

Table 29: Effect of bacterial inoculation on grain and straw yield of field-grown* wheat 

under wheat-cotton rotation, 2011-12 ..................................................................... 109 

Table 30: Bacterial phylotype sequences detected in 16S rRNA gene pyrosequencing of 

rhizosheath soil taken from wheat-cotton and wheat-rice rotation ......................... 116 

Table 31: PGPR sequences identified in wheat rhizosheath DNA under wheat-cotton and 

wheat-rice rotation .................................................................................................. 122 



 

VII 

 

Table 32: Bacterial phylotypes sequences detected in nifH gene pyrosequencing of 

rhizosheath soil taken from wheat-cotton and wheat-rice rotation ......................... 127 

  



 

VIII 

 

LIST OF FIGURES 

Figure 1: Phosphate solubilization by free-living rhizosphere bacteria.................................... 10 

Figure 2: Genomic DNA extracted from bacterial isolates ...................................................... 52 

Figure 3: PCR amplified 16S rRNA gene from bacterial isolates ............................................ 52 

Figure 4: Phylogenetic relationship of different strains of genus Arthrobacter on the basis 

of 16S rRNA gene sequences .................................................................................... 53 

Figure 5: Phylogenetic relationship of different strains of genus Azospirillum on the basis 

of 16S rRNA gene sequences .................................................................................... 54 

Figure 6: Phylogenetic relationship of different strains of genus Bacillus and  

Paenibacillus on the basis of 16S rRNA gene sequences .......................................... 55 

Figure 7: Phylogenetic relationship of different strains of genus Enterobacter on the basis 

of 16S rRNA gene sequences .................................................................................... 56 

Figure 8: PCR amplified partial nifH gene from Azospirillum spp .......................................... 57 

Figure 9: PCR amplified partial pqqE gene from bacterial isolates ......................................... 57 

Figure 10: Halo zone formation around bacterial colonies on Pikovskaya agar medium 

plates indicate the phosphate solubilizing activity of bacteria ................................ 59 

Figure 11: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates 

on sucrose supplemented Pikovskaya medium. ...................................................... 62 

Figure 12: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates 

on maltose supplemented Pikovskaya medium ....................................................... 63 

Figure 13: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates 

on glucose supplemented Pikovskaya medium ....................................................... 64 

Figure 14: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates 

on galactose supplemented Pikovskaya medium .................................................... 65 

Figure 15: Bacterial population (cfu/g dry soil) on LB medium plates in wheat 

rhizosphere growing under wheat-cotton rotation at tillering stage (A) and 

booting stage (B) ..................................................................................................... 71 

Figure 16: Effect of bacterial inoculation on wheat seedlings grown in plastic jars filled 

with sand containing TCP ....................................................................................... 72 



 

IX 

 

Figure 17: Bacterial population (cfu/g of sand) determined on LB medium in the 

rhizosphere of wheat seedlings grown in plastic jars .............................................. 74 

Figure 18:  Effect of bacterial inoculation on grain and straw yield of wheat grown in 

earthen pots, 2010-11 .............................................................................................. 76 

Figure 19: Bacterial population (cfu/g dry soil) determined on LB (A) and Pikovskaya 

(B) medium plates in the rhizosphere of wheat grown in earthen pots at 

tillering and maturity stage, 2010-11 ...................................................................... 78 

Figure 20: Rhizosheath formation in wheat grown under wheat-rice rotation and wheat-

cotton rotation .......................................................................................................... 83 

Figure 21: Inoculation of bacterial strains to wheat grown under wheat-rice system .............. 83 

Figure 22: Bacterial population (cfu/g dry soil) determined on LB (A) and Pikovskaya 

(B) medium in the rhizosheath of field-grown wheat under wheat-rice rotation 

at tillering stage, 2010-11 ........................................................................................ 87 

Figure 23: Bacterial population (cfu/g dry soil) determined on LB (A) and Pikovskaya     

(B) medium in rhizosphere of field-grown wheat under wheat-rice rotation at 

booting stage, 2010-11 ............................................................................................ 88 

Figure 24: Bacterial population (cfu/g dry soil) determined on LB (A) and Pikovskaya 

(B) medium in rhizosphere of field-grown wheat under wheat-rice rotation at 

grain filling stage, 2010-11  .................................................................................... 89  

Figure 25: Bacterial population (cfu/g dry soil) determined on LB (A) and Pikovskaya 

(B) medium in rhizosphere of field-grown wheat under wheat-rice rotation at 

maturity stage, 2010-11 ........................................................................................... 90 

Figure 26: Total bacterial population (cfu/g of soil) on LB (A) and Pikovskaya (B) 

medium at different growth stages .......................................................................... 91 

Figure 27: Bacterial population (cfu/g soil) in the rhizosheath of field-grown wheat under 

wheat-cotton rotation at tillering stage on LB (A) and Pikovskaya medium (B) .... 99 

Figure 28: Bacterial population (cfu/g dry soil) in rhizosphere of field-grown wheat under 

wheat-cotton rotation at booting stage on LB (A) and Pikovskaya medium (B) .. 100 



 

X 

 

Figure 29: Bacterial population (cfu/g dry soil) in rhizosphere of field-grown wheat under 

wheat-cotton rotation at grain filling stage on LB (A) and Pikovskaya medium 

(B) .......................................................................................................................... 101 

Figure 30: Bacterial population (cfu/g dry soil) in rhizosphere of field-grown wheat under 

wheat-cotton rotation at maturity stage on LB (A) and Pikovskaya medium (B) . 102 

Figure 31: Total bacterial population (cfu/g soil) in rhizosphere of field-grown wheat 

under wheat-cotton rotation at different growth stages on LB (A) and 

Pikovskaya medium (B) ........................................................................................ 103 

Figure 32: Bacterial inoculation of field-grown wheat under wheat-cotton rotation,   

2010-11 .................................................................................................................. 104 

Figure 33: Bacterial inoculation of field-grown wheat under wheat-cotton rotation,   

2010-11 .................................................................................................................. 104 

Figure 34:  Inoculation of wheat with bacterial strains in pot experiment, 2011-12 .............. 106 

Figure 35: Bacterial inoculation to wheat under field conditions, 2011-12 ........................... 108 

Figure 36: Total DNA extracted from rhizosheath soil of field-grown wheat during the 

2010-11 .................................................................................................................. 112 

Figure 37: Amplification of 16S rRNA gene from soil DNA using bar-coded primer .......... 112 

Figure 38: Different classes of bacteria identified through pyrosequencing of 16S rRNA 

gene ....................................................................................................................... 113 

Figure 39: Number of sequences (%) obtained from rhizosheath soil-extracted DNA 

under different crop rotations ................................................................................ 114 

Figure 40: Phylotype sequences detected in soil-extracted DNA of rhizosheath of wheat 

grown under different crop rotations ..................................................................... 114 

Figure 41: Bacterial genera identified through pyrosequencing 16S rRNA gene in soil 

DNA ...................................................................................................................... 115 

Figure 42: Amplification of nifH gene from soil DNA using bar-coded primer .................... 124 

Figure 43: Different classes of bacteria identified through pyrosequencing of nifH using 

bar-coded primers ........................................................................................................... 125 

Figure 44: Bacterial phylotypes identified through pyrosequencing of nifH in soil DNA 

using bar-coded primer .................................................................................................. 126 



 

XI 

 

LIST OF ABBREVIATIONS 
Abbreviations Full Name 

(NH4)Mo4O2.4H2O ammonium paramolybdate 

°C Degree centigrade 

µL micro liter 

µm Micro meter 

µM Micro molar 

10X 10 times 
15

N Isotope of nitrogen with atomic mass 15 

5N  5 Normal  

ACC 1-aminocyclopropane-1-carboxylic acid 

ADP Adinosine diposphate 

AJK Azad Jamu and Kashmir 

Al
+
 Aluminum ion 

Al3(PO4)2 Aluminum tri-phosphate 

AM fungi Arbuscular mycorhizal fungi 

ANOVA Analysis of variance  

ARA Acetylene reduction assay 

ATP Adenosine triphosphate 

BLAST Basic Local Alignment Search Tool 

BNF Biological Nitrogen Fixation 

BS Bootstrap 

BT cotton Bacillus thoregensis transgenic cotton  

Ca
++

 Calcium ion 

Ca3(PO4)2 Calcium tri-phosphate 

Cfu Colony forming units 

CH3COOH Acetic acid 

Cm Centimeter  

C-source Carbon source 

CTAB Cetyl trimethylammonium bromide 

DAP Diammonium phosphate  

DAS Days after sowing 

DNA Deoxyribonucleic acid 

dNTP Deoxynucleotide triphosphates  

°E  Degree East  

EC Electrical conductivity 

F primer Forward primer 

Fe
++

 Ferrus ion 

FeCl3 Ferric chloride 

G Gram  

GDH Glucose dehydrogenase 

GDP Gross domestic product  

H Hours  

H2 Hydrogen 

H2SO4 Sulfuric acid 



 

XII 

 

H3PO4
1-

 Secondary orthophosphate 

HPLC High Performance Liquid Chromatography  

HPO4
2-

 Primary orthophosphate 

IAA Indol-acetic acid 

IAOx Indole-3-acetaldoxime 

IPyA indole-3-pyruvic acid 

K
+ 

Potassium ion 

Kb Kilo base 

Kg Kilogram  

KH2PO4 Potassium dihydrogen phosphate 

LB Luria Bertani 

LSD Least significant difference 

M Meter  

Mg Milli gram 

Min Minutes  

ML  Maximum likelihood 

mL Milli liter 

Mo Molybdenum 

°N Degree North  

N.D Not detected  

N2 Nitrogen gas 

Na
+ 

Sodium ion  

NaCl Sodium chloride 

NCBI National Center for Biotechnology 

Information 

NFM Nitrogen free medium 

ng Nano gram 

NH3 Ammonia 

nm Nano meter 

P Phosphorous  

PCR Polymerase chain reaction 

PGPR Plant Growth Promoting Rhizobacteria 

pH Hydrogen ion concentration 

ppm Parts per million 

PQQ Pyrroloquinine  

PSB Phosphate solubilizing bacteria 

PXP Plant to plant 

QIIME Quantitative Insights Into Microbial 

Ecology 

R primer Reverse primer 

RCBD Randomized Complete Block Design 

RFLP Restriction fragment length polymorphism 

RNA Ribonucleic acid 

rpm Revolution per minute 

rRNA Ribosomal RNA 



 

XIII 

 

RXR Row to row distance 

SDS Sodium dudecyl sulphate 

TAM Tryptamine 

TE buffer Tris  EDTA buffer 

TCP  Tri-calcium phosphate 

U Units  

UV Ultra violet  

V Volts  

w/v Weight by volume 

WUE Water use efficiency 

xg Centrifugal fource 

     



 

XIV 

 

ABSTRACT  

Present study was conducted on plant-microbe interactions in wheat (Triticum 

aestivum L.) under wheat-rice and wheat-cotton rotations. Soil samples were collected 

from rhizosphere of wheat and used for isolation of bacteria on LB medium as well as on 

selective media for phosphate solubilizers and nitrogen fixers. A total of 29 isolates were 

obtained and identified on the basis of 16S rRNA gene sequence analysis as Azospirillum 

(2 strains), Acinetobacter (2 strains), Actinobacteria (1 strain), Arthrobacter (3 strains), 

Bacillus (5 strains), Enterobacter (3 strains), Microbacterium (2 strains), Pantoea (one 

strain), Pseudomonas (4 strains) and one strain each of the genera Sphingobacteria, 

Terribacillus and Xanthomonas. In the present study, pqqE (a gene known to have a role 

in P-solubilization) was PCR amplified and sequenced. Sequence analysis of pqqE gene 

amplified from Arthrobacter sp. WP-2, Pseudomonas spp. T-27 and NN-4 showed 

maximum (80-81%) sequence similarity with that of Pseudomonas putida and that of 

Pantoea sp. WP-5 with Klebsiella (84%). Phosphate solubilization (a plant beneficial 

trait) activity was detected in 12 bacterial strains. Among the tested strains, high P-

solubilization activity (207-311 µg/mL) was detected in the pure cultures of Arthrobacter 

sp. WP-2, Azospirillum sp. WS-1, Bacillus sp. T-34, Enterobacter spp. T-41 & T-42, 

Pantoea sp. WP-5 and Pseudomonas sp. T-27. The most efficient indol-3-acetic acid 

producing (11-31 µg/mL ) strains among the isolates were Bacillus sp. T-34, 

Enterobacter sp. T-41, Pseudomonas sp. WP-1, Arthrobacter sp. WP-2  and Azospirillum 

sp. WS-1. Selected bacterial isolates were tested as inocula for wheat grown in sterelized 

sand, in earthen pots (filled with non-sterelized soil) and finally evaluated in field trials 

under wheat-rice and wheat-cotton crop rotation. Maximum increase in grain yield over 

control was noted in plants inoculated with Azospirillum spp. WS-1 & WB-3 and Bacillus 

sp. T-34 under wheat-rice rotation (10-15%) and under wheat-cotton rotation (7-14%). 

Bacterial population determined at different growth stages of inoculated plants indicated 

maximum number of bacteria (10
8
-10

9
 cfu/g dry soil) at booting stage. Organic acids 

(acetic acid, citric acid, malic acid and oxalic acid) and sugars (sucrose and glucose) were 

detected in rhizosheaths of wheat grown under both crop rotations. Diversity of bacteria 

in the rhizosheath of wheat under both crop rotations was studied through direct soil 

DNA analysis of 16S rRNA using barcoded pyrosequencing. From the soil samples a total 
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of 46,971 cleaned sequences were obtained with read length of 319 bp. Among these 

sequences, 48.8% sequences were obtained from wheat-cotton rotation while 51.2% from 

wheat-rice crop rotation. Out of total 46,971 sequences, 11,729 (24.97%) showed 97% 

similarity with phylotypes having PGPR activity. The results showed that in wheat-cotton 

and wheat-rice rotation, Proteobacteria were dominant (25.1% and 35.7%, respectively), 

followed by un-classified bacteria (20.5% and 17.1%, respectively) and Actinobacteria 

(17.7% and 13.6%). However, Chloroflexi, Firmicutes, Acidobacteria, Planctomyctes, 

Bacteriodetes, Cyanobacteria, Verrucomicrobia and Nitrospora were also present. It was 

also observed that out of 495 different phylotypes detected, 280 phylotypes were 

common in both the crop rotations while 96 were only abundant in wheat-rice rotation 

and 41 were only present in wheat-cotton rotation system. Diversity of diazotrophs was 

determined in rhizosheath of wheat under  both crop rotations by nifH sequence analysis 

amplified from soil DNA. A total of 41,287 nifH sequences were obtained with read 

length of 339-345 bp. The results showed that in wheat-rice and wheat-cotton cropping 

system, Proteobacteria were dominant (61.3% and 59.9%, respectively). However, 

sequences related to Cyanobacteria, Chlorobi, Firmicutes, Verrucomicrobia, 

Euryarchaeota, Spirochaetes, Actinobacteria and Fibrobacteres were also detected. 

Sequence analysis indicated presence of nifH sequences belonging to 150 different 

nitrogen fixing genera. Among these 150 genera, 22.6% genera were present only in 

wheat-rice rotation, 12.6% genera were found in wheat-cotton rotaion and 40.6% genera 

were present in both the cropping systems. 



CHAPTER 1      INTRODUCTION AND REVIEW OF LITERATURE 
 

1 

Chapter 1  

1. INTRODUCTION AND REVIEW OF LITERATURE 

1.1. Plant growth promoting rhizobacteria (PGPR) 

Plant growth promoting rhizobacteria (PGPR) colonize the rhizosphere of plants and 

exert beneficial effects on the plants (Bhattacharyya and Jha, 2012; Fibach-Paldi et al., 

2012; Lugtenberg and Kamilova, 2009; Saharan and Nehra, 2011; Vessey, 2003). PGPR 

associate with plant roots or inhabit rhizosphere as free-living bacteria and change the 

physical, chemical and biological properties of rhizosphere soil. Bio-fertilizers, the 

products containing living cells of beneficial microbes, have an ability to convert 

nutritionally important macro and micro elements from unavailable to available form 

through biological processes (Bhattacharyya and Jha, 2012; Gyaneshwar et al., 2002; 

Saharan and Nehra, 2011).  Increase in the production cost and hazardous nature of the 

chemical fertilizers for the environment has led to the re-birth of interest in the use of the 

microbe-based fertilizers. Microbial products have been used in agriculture for several 

advantages over inorganic fertilizers. These products are considered safer than other 

agro-chemicals as the microbial metabolites and microorganisms themselves do not 

persist in food chain. The microbes in the biofertilizers can self-replicate and therefore 

the need for repeated application can be minimized. Target organisms of the biocontrol 

agents (microbes) included in biofertilizers rarely develop resistance unlike chemical 

agents used to eliminate the pests (Bhattacharyya and Jha, 2012; Lugtenberg and 

Kamilova, 2009; Saharan and Nehra, 2011; Vessey, 2003).  

Rhizospheric bacteria can improve plant growth by utilizing diverse mechanisms 

including phosphate solubilization, phytohormone production, nitrogen fixation and bio-

control of plant pathogens (Vessey, 2003). A single plant growth promoting 

rhizobacterium (PGPR) may possess one or more than one of these plant-beneficial traits. 

A large number of PGPR like Azospirillum, Azotobacter, Bacillus, Enterobacter, 

Pseudomonas, Klebsiella and Paenibacillus have been isolated from rhizosphere of 

various crops and their plant growth promoting traits have been studied (Saharan and 

Nehra, 2011; Saikia et al., 2012; Vessey, 2003). 
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1.1.1 Mode of action of PGPR 

Plant growth promoting rhizobacteria (PGPR) exhibit beneficial effects on crop plants 

through direct or indirect mechanisms (Lucy et al., 2004). The direct mechanisms of 

action of PGPR are as follows: 

 Fixation of atmospheric nitrogen 

 Growth hormone production such as indole-3-acetic acid (IAA) 

 Lowering of ethylene concentration  

 Mineral phosphate solubilization 

 Zinc mobilization 

The indirect mechanisms of plant growth promotion by PGPR include: 

 Production of antibiotics 

 Siderophore production to deplete iron from the rhizosphere 

 Release metabolites that have antifungal activity 

 Synthesis of antifungal cell wall lysing enzymes 

 Compete with pathogenic microbes for the sites on the roots  

 Induce systemic resistance 

1.1.2. Nitrogen fixation  

Nitrogen is the most important macro-nutrient of plants as it forms an integral part 

of the cell proteins and other essential bio-molecules and improves the vegetative and 

productive growth of plants (Doty, 2011; James and Baldani, 2012; Shridhar, 2012; 

Venieraki et al., 2011b). Nitrogen is abundant in air as it constitutes 78% of the 

atmosphere. In the air it is present in N2 form and the triple bond between the nitrogen 

atoms makes it unavailable for plants. To make it available for the plants it must be 

converted into combined form e.g. NH4
+
. There are different ways to convert the 

atmospheric nitrogen into available form.  These includes; (i) industrial nitrogen fixation 

at very high temperature and pressure for synthesis of nitrogenous fertilizer (Saikia et al., 

2012), (ii) lightening converts N2 into oxides of nitrogen in the atmosphere (Vance, 2001) 

and (iii) biological nitrogen fixation (BNF) involves the conversion of the N2 to NH4
+
 by 

microorganisms using a complex enzyme system identified as nitrogenase (Burgers, 

1984; Burris et al., 1980). Biological nitrogen fixation (BNF) converts about 60% of the 

earth‘s available nitrogen and represents an economically beneficial and environmentally 
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sound alternative to the chemical fertilizers (James and Baldani, 2012; Ladha et al., 1997; 

Shridhar, 2012; Venieraki et al., 2011b). 

Biological nitrogen fixation is basic step in the nitrogen cycle in the biosphere and 

it is contributing to make nitrogen available to agricultural crops. Biological nitrogen 

fixation is carried out by prokaryotic microorganisms that are free-living or symbiotic in 

nature (Zehr et al., 2003). In these prokaryotes, the biological reduction of nitrogen is 

catalyzed by an enzyme complex called nitrogenase. Nitrogenases are composed of two 

conserved proteins: an iron (Fe) containing dinitrogenase reductase (or Fe protein) 

encoded by the nifH gene and a molybdenum iron (MoFe) dinitrogenase (or MoFe 

protein) that is encoded by nifDK genes (Burgers, 1984; Burris et al., 1980). Nitrogen 

fixing activity depends upon availability of sufficient amount of carbon compounds as 

energy source for diazotrophs. Carbohydrates for this purpose come directly from 

photosynthesis or from decay of organic wastes in soil. Roots of plants release substances 

into soil which support colonization and fixation of atmospheric nitrogen by bacteria in 

plant rhizosphere (Shridhar, 2012). 

The overall process of dinitrogen fixation results in the production of ammonia and can 

be summarized as: 

N2 + 8H
+
 + 8e

-
 + 16 ATP  

Nitrogenase
                      2NH3 + H2 + 16ADP + 16 Pi 

It has been reported that biological nitrogen fixation has positive contribution in 

plant growth and yield (de Morais et al., 2012; Taule et al., 2012; Urquiaga et al., 1992; 

Vargas et al., 2012). Several types of nitrogen fixing bacteria (diazotrophs) are known 

and include free-living (e.g. Azopirillum) as well as symbiotic bacteria (e.g. Rhizobium). 

Nitrogen fixing bacteria are present in diverse environments including soil, water, termite 

gut, plant rhizosphere and also occur symbiotically with legumes and other plants (Zehr 

et al., 2003). Diazotrophic bacteria have been isolated from the rhizosphere, rhizoplane 

and interior of the roots of grasses, cereals and food crops (Baldani et al., 1997; Doty, 

2011; Franche et al., 2009; Malik et al., 1997; Malik et al., 1991; Mirza et al., 2001; 

Mirza et al., 2006; Venieraki et al., 2011b). Rhizobium-legume symbiosis is a common 

example of symbiotic relationship of bacteria with plants. Rhizobia induce a special 

structure on roots of legumes (lentil, chickpea, and other pulses) called nodules. Within 

these nodules, the differentiated ―bacteroid‖ forms fix atmospheric nitrogen and the 
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resultant NH4
+
 is used as a source of fixed nitrogen by the host plants. Free-living 

nitrogen fixing bacteria are known to colonize rhizosphere of important crops like wheat, 

rice, maize and sugarcane. A number of diazotrophic bacteria belonging to genera 

Acetobacter, Acinetobacter, Aeromonas, Arthrobacter, Azoarcus, Azospirillum, 

Azotobacter, Bacillus, Beijerinckia, Burkholderia, Clostridium,  Corynebacterium, 

Derxia, Enterobacter, Herbaspirillum, Klebsiella, Oceanimonas, Paracoccus, 

Phyllobacterium, Pseudomonas, Vibrio and Zoogloea have been isolated (Table 1) from 

the rhizosphere of different crops and their nitrogen fixing activity confirmed in pure 

culture (Flores-Mireles et al., 2007; Liu et al., 2012; Mirza et al., 2001; Mirza et al., 

2006; Reghuvaran et al., 2012). 

1.1.3. Phosphate solubilization 

Phosphorus is a critical nutrient for plant growth due to its role in vital cell 

processes like cellular energy transfer, respiration and photosynthesis (Gyaneshwar et al., 

2002; Richardson et al., 2009). Phosphorus is also a structural component of the nucleic 

acids, chromosomes, coenzymes, phospho-proteins and phospho-lipids (Gyaneshwar et 

al., 2002; Kaviyarasi et al., 2011; Kumar et al., 2012; Zhang et al., 2012). Due to its 

limited availability in most soils, phosphorous is a major or even the prime limiting factor 

for plant growth compared with other major nutrients of plants (Ahuja et al., 2007; Chang 

and Yang, 2009; Gyaneshwar et al., 2002). 

In soil, P concentration is 0.05-0.2% and most of it exists in unavailable form i.e 

tri-phosphates of cations and therefore plants can take up only a fraction of the total P 

present in soil (Kumar et al., 2012; Richardson et al., 2009; Scervino et al., 2011; Xiang 

et al., 2011; Zhang et al., 2012). On the basis of soil P contents, soils are divided into 

three classes such as low P contents (<5ppm), medium (5-10 ppm) and high P soil 

(>10pp). Plants usually take up phosphorous from the soil as primary or secondary 

orthophosphate (HPO4
2-

 and H3PO4
1-

). The concentration of orthophosphates in soil 

solution is very low and therefore to meet the requirements of plants it must be 

replenished from other sources (Richardson et al., 2009).  
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Table 1: Important nitrogen fixing bacteria inhabiting rhizosphere of plants 

Genus Reported nitrogen 

fixing activity 

Associated with 

plants 

References 

nifH ARA 
15

N 

Azospirillum √ √ √ wheat, rice, maize, 

sugarcane and 

other graminous 

plants 

(Arzanesh et al., 2011; 

Bilal et al., 1990b; 

Boddey et al., 2003; 

Malik et al., 1991; Saikia 

et al., 2012; Tien et al., 

1979; Venieraki et al., 

2011b; Videira et al., 

2012) 

Acetobacter √ √ √ Sugarcane (Boddey et al., 2003) 

Acinetobacter  √ √ √ sugarcane, cowpea  (Marciano Marra et al., 

2012; Taule et al., 2012) 

Achromobacter √ √ √ sugarcane  (Taule et al., 2012) 

Acinetobacter √ √ √ sugarcane, cotton 

wood 

(Doty et al., 2009; Taule 

et al., 2012) 

Azotobacter    rice, wheat   
(Islam et al., 2012; 

Kloepper and 

Beauchamp, 1992) 

Agrobacterium  + +  sugarcane  (Taule et al., 2012) 

Alcaligenes √   wetland rice  (Fujii et al., 1987; Malik 

et al., 1981) 

Azoarcus √   kallar grass (Reinhold-Hurek et al., 

1993) 

Bacillus √   rice, cowpea, 

mangrove 

(Islam et al., 2012; Liu 

et al., 2012; Marciano 

Marra et al., 2012) 

Bordetella √   Mangrove (Liu et al., 2012) 

Burkholderia √ √ √ rice, sugarcane, 

grasses  

(Boddey et al., 2003; 

Doty, 2011; Islam et al., 

2012; Taule et al., 2012; 

Videira et al., 2012) 

Enterobacter √ √ √ rice, sugarcane, 

grasses 

(Bilal et al., 1990a; 

Islam et al., 2012; Malik 

et al., 1991; Mehnaz et 

al., 2001; Mirza et al., 

2001; Taule et al., 2012; 

Videira et al., 2012) 
Gluconoacetobacter  √ √ √ sugarcane, grasses (Sevilla et al., 2001; 

Taule et al., 2012; 

Videira et al., 2012) 

Herbaspirillum  √ √ rice, maize, 

sorghum and 

(Baldani et al., 1986; 

Boddey et al., 2003; 
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sugarcane James et al., 2002; 

Olivares et al., 1996; 

Taule et al., 2012) 

Klebsiella  √  rice, wheat, 

grasses 

(Fujii et al., 1987; 

Iniguez et al., 2004; 

Videira et al., 2012) 

Paenibacillus √ √  rice, cowpea, 

mangrove 

 

(Islam et al., 2012; Liu 

et al., 2012; Marciano 

Marra et al., 2012) 

Pseudomonas √ √ √ wheat, sugarcane, 

grasses, mangrove 

(Liu et al., 2012; Mirza 

et al., 2006; Taule et al., 

2012; Venieraki et al., 

2011a; Venieraki et al., 

2011b; Videira et al., 

2012) 

Rhizobium  √ √  legumes, peas, 

cow pea, tobacco, 

beans, mangrove 

(Faghire et al., 2011; Liu 

et al., 2012; Lodwig et 

al., 2003; Pagan et al., 

1975) 

Rahnella √ √  Sugarcane (Taule et al., 2012) 

Shinella  √ √ √ sugarcane  (Taule et al., 2012) 

Stenotrophomonas √ √ √ sugarcane, 

mangrove 

(Liu et al., 2012; Taule 

et al., 2012) 

Zoogloea  √  kallar grass (Bilal and Malik, 1987) 

 

  



CHAPTER 1      INTRODUCTION AND REVIEW OF LITERATURE 
 

7 

Depletion of orthophosphate take place in the vicinity of roots of plants and therefore a 

concentration gradient is established across the rhizosphere between root surface and the 

bulk soil. However the diffusion of orthophosphates is not sufficient, thus causing 

limitation of sufficient amount of P (Richardson et al., 2009).   

In acidic soils, phosphorous is bound with Iron (Fe
+
) and Aluminum (Al

+
) and 

becomes unavailable to the plants. In clayey soils, phosphorous is bound with calcium 

(Ca
++

) as tri-calcium phosphate which is unavailable form of P for plants (Chang and 

Yang, 2009; Kumar et al., 2012; Zhang et al., 2012). In Pakistan, due to high clay 

contents and high pH of the soils, phosphorous is mainly fixed in the form of tri-calcium 

phosphates under alkaline conditions. These tri-calcium phosphates are insoluble and are 

not available for plant uptake and growth (Khan et al., 2009). Soils with low P contents 

require application of P containing chemical fertilizers. These chemical fertilizers are 

produced from rock phosphate mining and chemical processing. This in return leads to 

complete dissolution of the ore and release of undesirable ore contaminants causing 

environmental pollution (Ahuja et al., 2007). Obviously there is a need to find out an 

alternate way to minimize the synthesis and application of chemical fertilizers and adopt 

a strategy to solubilize the fixed phosphorous by using biological measures like P-

solubilizing bacteria. 

The principal mechanism employed by soil microbes for mineral phosphate 

solubilization is the production of organic acids and acid phosphatase (Gyaneshwar et al., 

2002; Richardson et al., 2009). Production of organic acids results in acidification of the 

microbial cell surroundings (Fankem et al., 2006). Acidification of the microbial cell 

surroundings releases P from apatite by proton substitution/excretion of H
+
 

(accompanying greater absorption of cations than anions) or release of Ca
++

 (Villegas and 

Fortin, 2002). Carboxylic anions produced by phosphate solubilizing bacteria have high 

affinity to calcium and solubilize more phosphorus than acidification alone. Complexion 

of cations is an important mechanism in P solubilization if the organic acid structure 

favors complexation (Khan et al., 2009). However P-solubilization is mainly attributed to 

lowering of pH alone by organic acids and production of microbial metabolites (Khan et 

al., 2009; Khan et al., 2009; Richardson, 2001; Richardson et al., 2009; Rodriguez and 

Fraga, 1999; Scervino et al., 2011; Villegas and Fortin, 2002). 
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Solubilization of Fe and Al bound phosphate in acidic soils take place via release 

of proton by phosphate solubilizing bacteria by decreasing the negative charge of 

adsorbing surfaces to make possible the sorption of negatively charged P ions. Proton 

release can also decrease P sorption upon acidification which increases H2PO4
−
 in 

relation to HPO4
2−

 having higher affinity to reactive soil surfaces. Carboxylic acids 

mainly solubilize Al-P and Fe-P (Delvasto et al., 2009; Fankem et al., 2006; Khan et al., 

2009) through direct dissolution of mineral phosphate as a result of anion exchange of 

PO4
3-

 by acid anion, or by chelation of both Fe and Al ions associated with phosphate.  

Rhizospheric bacteria and some fungi carry out phosphate solubilization by 

secretion of organic acids (Fig. 1) for converting insoluble phosphorous into available 

forms (primary and secondary orthophosphates). Organic acids produced by PGPR for P-

solubilization include malic acid, acetic acid, citric acid, oxalic acid, lactic acid, formic 

acid, gluconic acid and 2-Keto-gluconic acid (Chen et al., 2006; Gulati et al., 2010; Park 

et al., 2009; Vazquez et al., 2000). Gluconic acid seems to be the most frequent agent of 

mineral phosphate solubilization. Also, 2-ketogluconic acid is another organic acid 

involved in P solubilization (Gulati et al., 2010). Strains of Bacillus and Azospirillum 

were found to produce mixtures of lactic, isovaleric, isobutyric, gluconic and acetic acids 

(Gulati et al., 2010; Perrig et al., 2007; Ryan et al., 2001; Scervino et al., 2011; Villegas 

and Fortin, 2002). In pure bacterial culture, organic acid production has been 

demonstrated by utilizing different sugars like sucrose, glucose, fructose, D-xylose and 

mennitol (Hu et al., 2006; Perrig et al., 2007). P-solubilization activity in pure cultures of 

several genera (Table 2) like Azospirillum, Bacillus, Enterobacter, Paenibacillus and 

Pseudomonas has been reported (Bhattacharyya and Jha, 2012; Goes et al., 2012; Hu et 

al., 2006; Jones and Oburger, 2011; Kumar et al., 2011; Kumar et al., 2012; Perrig et al., 

2007; Saharan and Nehra, 2011; Vazquez et al., 2000; Vessey, 2003; Zhang et al., 2012). 

Arbuscular mycorrhizae (AM fungi) are the important microorganisms that are 

believed to be associated with many plant species and increase P nutrition of plants by 

scavenging the available P due to their large surface area of hyphae and high affinity to 

uptake of phosphorous. However the use of AM fungi as P solubilizers is restricted due to 

inability of their in vitro culturing and their dependence on P status of soil. It has been 

reported that AM fungi are unable to colonize the plant roots if the soil P contents are 
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sufficient (Gyaneshwar et al., 2002; Omar, 1998; Pradhan and Sukla, 2009). AM fungi 

are not considered as efficient root colonizers of wheat roots (Graham and Abbott, 2000; 

Ryan et al., 2002; Zhu et al., 2001). 

Phosphate solubilizing bacteria (PSB) are abundantly present in the rhizosphere. 

The PSB are ubiquitous with variation in forms and population in different soils. 

Population of PSB depends on different soil properties (physical and chemical properties, 

organic matter, and P content) and cultural practices. Considerably large populations of 

PSB are found in agricultural and rangeland soils (Khan et al., 2009). 

Plant roots release carbon compounds including sugars, organic acids and amino 

acids into the rhizosphere as a result of rhizodeposition. These compounds come from 

photosynthesis through phloem into the roots of plants (Badri et al., 2008; Bais et al., 

2006; Doornbos et al., 2012; Gang et al., 2012). Presence of organic acids especially 2-

ketogluconic acid, citric acid, malic acid and oxalic acid have been detected in 

rhizosphere of various crops and vegetables (Jaeger et al., 1999). In addition, different 

sugars like sucrose, glucose and maltose have also been detected in rhizosphere of wheat 

and other crops (Derrien et al., 2004; McRae and Monreal, 2011; Moghimi et al., 1978). 

Microbes especially beneficial bacteria present in soil are attracted towards these 

compounds to utilize these sugars as food and energy source and produce organic acids 

(Badri and Vivanco, 2009; Doornbos et al., 2012). These low molecular weight organic 

acids including citric acid, acetic acid, 2 keto-gluconic acid, malic acid and oxalic acid 

bound to the organic cation and anions, cause acidification (Chen et al., 2006; Doornbos 

et al., 2012), and release the soluble P in plant available forms like orthophosphates 

(Gang et al., 2012). 

Organic anions are released into the rhizosphere in response to various nutritional 

stresses including P, micronutrients like Fe
++

 and toxicity of aluminum (Richardson et al., 

2009). The concentration of different organic anions is greater in the rhizosphere than 

bulk soil (Jones et al., 2003) which results in acidification of rhizosphere (Richardson, 

2001; Richardson et al., 2009). 
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Figure 1: Phosphate solubilization by free-living rhizosphere bacteria 
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Table 2: Important phosphate solubilizing bacteria inhabiting rhizosphere of plants 

Genus Plate 

assay 

Spectropho-

meteric 

quantification  

Association 

with plants 

References 

Acromobacter + + wheat, 

chickpea, 

mustard, 

sunflower, 

sugarcane 

(Ambrosini et al., 2012; 

Kundu et al., 2009; 

Srinivasan et al., 2012) 

Acinetobacter  + + sunflower, 

sugarcane, 

cowpea, bean   

(Ambrosini et al., 2012; 

Kumar et al., 2012; 

Marciano Marra et al., 

2012) 

Aerobacter + + wheat, 

chickpea, 

mustard 

(Kundu et al., 2009; 

Srinivasan et al., 2012) 

Alkaligenes + + -do- (Kundu et al., 2009; 

Srinivasan et al., 2012) 

Aeromonas + + -do- (Kundu et al., 2009; 

Srinivasan et al., 2012) 

Aerococcus  + + -do- (Kundu et al., 2009; 

Srinivasan et al., 2012) 

Alteromonas + + -do- (Kundu et al., 2009; 

Srinivasan et al., 2012) 

Arthrobacter + + Wheat (Chen et al., 2006; 

Zhang et al., 2012) 

Azospirillum + + Wheat (Arzanesh et al., 2011; 

Perrig et al., 2007; 

Saikia et al., 2012) 

Bacillus + + wheat,  

chickpea, 

cowpea, 

mustard, 

grasses 

(Chen et al., 2006; Gosh 

et al., 2012; Kumar et 

al., 2011; Kumar et al., 

2012; Kundu et al., 

2009; Marciano Marra et 

al., 2012; Ng et al., 

2012; Panhwar et al., 

2012; Patel et al., 2012a; 

Srinivasan et al., 2012; 

Zhang et al., 2012) 

Burkholderia  + + sunflower, 

sugarcane 

(Ambrosini et al., 2012; 

Taule et al., 2012) 

Citrobacter + + grasses  (Gosh et al., 2012) 

Dyadobacter  + + wheat  (Zhang et al., 2012) 

Enterobacter + + wheat, 

sunflower, 

sugarcane, rice 

(Ambrosini et al., 2012; 

Kumar et al., 2012; 

Kundu et al., 2009; 
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mustard, 

chickpea 

Srinivasan et al., 2012; 

Taule et al., 2012; Zhang 

et al., 2012) 

Ervinia + + wheat, 

chickpea, 

mustard 

(Kumar et al., 2012; 

Kundu et al., 2009; 

Srinivasan et al., 2012) 

Klebsiella + + wheat, 

chickpea, 

mustard, 

sunflower, 

grasses 

(Ambrosini et al., 2012; 

Gosh et al., 2012; Kundu 

et al., 2009; Srinivasan 

et al., 2012) 

Micrococcus + + Wheat (Kumar et al., 2012; 

Zhang et al., 2012) 

Microbacterium  + + tropical crops (Marciano Marra et al., 

2012) 

Pantoa  + + sugarcane, 

maize, chickpea 

(Mishra et al., 2011; 

Taule et al., 2012) 

Pseudomonas + + wheat, 

sunflower, 

sugarcane 

chickpea, 

mustard, 

tomato,  

(Ambrosini et al., 2012; 

Kumar et al., 2012; 

Kundu et al., 2009; Patel 

et al., 2012a; Patel et al., 

2012b; Srinivasan et al., 

2012; Taule et al., 2012; 

Zhang et al., 2012) 

Paenibacillus  + + tropical crops (Marciano Marra et al., 

2012) 

Rhanella  + + sugarcane  (Taule et al., 2012) 

Rhizobium  + + sunflower  (Ambrosini et al., 2012) 

Shigella + + grasses  (Gosh et al., 2012) 

Stenotrophomonas  + + sugarcane  (Taule et al., 2012) 

Xanthomonas + + wheat, 

chickpea, 

mustard 

(Kundu et al., 2009; 

Srinivasan et al., 2012) 
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1.1.4. Auxin production 

Plants make use of small signaling molecules, collectively referred to as 

phytohormones, to adjust their growth and development to variable environmental and 

developmental conditions. Plant growth hormones increase the respiration rate of plant 

roots and proliferation of roots resulting in improved uptake of water and minerals from 

the soil (Elobeid and Polle, 2012; Lehmann et al., 2010; Pollmann et al., 2009). Among 

the growth hormones, auxins, gibberellins and cytokinins are the most important that 

stimulate the plant growth and development. 

Auxins play a vital role in plant growth regulation. The principal naturally 

occurring auxin is indole-3-acetic acid (IAA). Some of the plant responses to auxins are 

cell enlargement, cell division, root initiation, increase in root growth and root length, 

increased growth rate, phototropism, geotropism, apical dominance, flowering, fruit 

ripening and senescence (Bertoni, 2011; Lehmann et al., 2010; Mashiguchi et al., 2011). 

Tryptophan is considered a precursor of IAA biosynthesis in plants. There are four 

different tryptophan-dependent pathways that plants adopt for the IAA biosynthesis. 

These pathways are (i) the indole-3-acetaldoxime (IAOx) pathway; (ii) the tryptamine 

(TAM) pathway; (iii) the indole-3-pyruvic acid (IPyA) pathway, and (iv) the IAM 

pathway (Lehmann et al., 2010). The plants usually adopt IAM pathway for IAA 

biosynthesis.  In this pathway, tryptophan is converted into IAA in three steps i.e. 

tryptophan is first de-aminated to indol-3-pyruvic acid and decarboxylation of indol-3-

pyruvic acid to indol-3-acetaldehyde and finally to IAA. Indol-acetaldehyde is an 

intermediate in two pathways of IAA biosynthesis and can be generated directly from 

tryptophan or after conversion of tryptophan to tryptamine (Lehmann et al., 2010; 

Tsavkelova et al., 2011; Zhao et al., 2002).  

Bacteria are capable of IAA production in sufficient amount in culture media with 

tryptophan as a precursor and also in the rhizosphere of plants. Various authors have 

identified the production of indole-acetic acid by microorganisms in the presence of 

precursor tryptophan. Like plants, bacteria also synthesize IAA using indol-3-acetamide 

(IAM pathway). In this pathway tryptophan is converted to IAM by tryptophan-2-

monooxygenase (encoded by IaaM), followed by further conversion of IAM to IAA by 

the enzyme IAM hydrolase (encoded by IaaH). This pathway is mainly found in plant 
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rhizosphere associated bacteria like Pseudomonas, Agrobacterium and Rhizobium 

species. These encoding genes are highly conserved among different bacterial species and 

homologs of IaaH genes have been identified in plants (Mano et al., 2010).  

Rhizosphere bacteria that produce phytohormone, enhance the availability of nutrients 

and influence the plant growth (Lugtenberg and Kamilova, 2009; Raaijmakers et al., 

2009). IAA is the most dominant cause of growth improvement in comparison to nitrogen 

fixing capacity of PGPR strains such as Azospirillum spp (Malhotra and Srivastava, 2006, 

2009). To interact with the plants, bacteria use IAA as strategy of colonization, including 

phyto-stimulation and circumvention of plant defenses. IAA influences the bacterial 

physiology also because it acts as signaling molecule (Bashan and de-Bashan, 2010). 

Production of plant growth hormones like IAA in pure culture is a major property of soil 

microorganisms including Azospirillum, Azotobacter, Bacillus, Enterobacter and 

Pseudomonas (Bhattacharyya and Jha, 2012; Mirza et al., 2001; Mirza et al., 2006; 

Vessey, 2003) 

1.2. Effect of PGPR inoculation on plant growth 

Application of PGPR as inoculants has resulted in improved growth and grain yield of 

various crops such as wheat, rice, maize and sugarcane (Bhattacharyya and Jha, 2012; 

Kim et al., 2011; Mehnaz et al., 2001; Moutia et al., 2010; Saharan and Nehra, 2011). It 

has been reported that biological nitrogen fixation has positive contribution in dry matter 

production of rice, sugarcane and other grasses (de Morais et al., 2012; Taule et al., 2012; 

Urquiaga et al., 1992; Vargas et al., 2012). Therefore application of nitrogen fixing 

bacteria such as Azospirillum, Azotobacter, Acinetobacter, Bacillus, Burkholderia, 

Enterobacter and Pseudomonas as bio-inoculants resulted in increased plant growth and 

yield of various crops (Bashan and de-Bashan, 2010; Kumar et al., 2011; Mirza et al., 

2001; Patel et al., 2012a; Saikia et al., 2012). Phosphate solubilizing microbes are 

considered important members of PGPR and their application as biofertilizer has been 

shown to improve growth of cereals and other crops (Saharan and Nehra, 2011; Shahab et 

al., 2009; Vessey, 2003). Pseudomonas and Bacillus strains isolated from roots of tomato 

and chickpea increased the plant growth and yield due to production of growth hormones 

and P-solubilization (Patel et al., 2012a; Patel et al., 2012b).  
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Table 3: Important Indole-3-acetic acid producing bacteria inhabiting rhizosphere of 

plants 

Genus Association with 

plants 

References 

Acromobacter wheat, chickpea, 

mustard, sugarcane 

(Kundu et al., 2009; Srinivasan et al., 

2012; Taule et al., 2012) 

Acinetobacter  sugarcane, beans (Kumar et al., 2012; Taule et al., 2012) 

Aerobacter wheat, chickpea, 

mustard 

(Kundu et al., 2009; Srinivasan et al., 

2012) 

Alkaligenes -do- (Kumar et al., 2012; Kundu et al., 2009; 

Srinivasan et al., 2012) 

Aeromonas -do- (Kundu et al., 2009; Srinivasan et al., 

2012) 

Aerococcus  -do- (Kundu et al., 2009; Srinivasan et al., 

2012) 

Agrobacterium  sunflower  (Ambrosini et al., 2012) 

Alteromonas wheat, chickpea, 

mustard 

(Kundu et al., 2009; Srinivasan et al., 

2012) 

Arthrobacter wheat, sorghum, 

maize, mahangu 

(Gronemeyer et al., 2012; Zhang et al., 

2012) 

Azospirillum wheat, rice, maize, 

sugarcane 

(Arzanesh et al., 2011; Kumar et al., 2012; 

Venieraki et al., 2011b) 

Azotobacter different crops (Kumar et al., 2012) 

Bacillus wheat, maize, 

sorghum, chickpea, 

mustard, rice, 

tomato, seagrass, 

mahangu  

(Gosh et al., 2012; Gronemeyer et al., 

2012; Kumar et al., 2012; Kundu et al., 

2009; Ng et al., 2012; Panhwar et al., 

2012; Patel et al., 2012a; Patel et al., 

2012b; Srinivasan et al., 2012; Zhang et 

al., 2012) 

Balneimonas maize, sorghum, 

mahangu 

(Gronemeyer et al., 2012) 

Burkholderia  Sunflower (Ambrosini et al., 2012) 

Enterobacter wheat, sugarcane, 

rice, sunflower, 

mustard, 

chickpea 

(Ambrosini et al., 2012; Kumar et al., 

2012; Kundu et al., 2009; Mirza et al., 

2007; Mirza et al., 2001; Ng et al., 2012; 

Srinivasan et al., 2012; Zhang et al., 2012) 

Ervinia wheat, chickpea, 

mustard 

(Kumar et al., 2012; Kundu et al., 2009; 

Srinivasan et al., 2012) 

Grimontella sunflower  (Ambrosini et al., 2012) 

Gluconoacetobacter  sugarcane  (Taule et al., 2012) 

Herbaspirillum  Sugarcane (Taule et al., 2012) 

Klebsiella wheat, chickpea, 

mustard,  sunflower, 

seagrass 

(Ambrosini et al., 2012; Gosh et al., 2012; 

Kundu et al., 2009; Srinivasan et al., 2012) 

Micrococcus french bean (Kumar et al., 2012) 
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Microbacterium maize, sorghum, 

mahangu 

(Gronemeyer et al., 2012) 

Nocardioides  maize, sorghum, 

mahangu 

(Gronemeyer et al., 2012) 

Pantoa  sugarcane, maize, 

chickpea 

(Mishra et al., 2011; Taule et al., 2012) 

Pseudomonas wheat, chickpea, 

mustard, sunflower, 

sugarcane, 

grasses, tomato  

(Ambrosini et al., 2012; Kumar et al., 

2012; Kundu et al., 2009; Mirza et al., 

2006; Panhwar et al., 2012; Patel et al., 

2012b; Ramakrishnan et al., 2012; 

Srinivasan et al., 2012; Taule et al., 2012; 

Zhang et al., 2012) 

Rhizobium  sunflower, chickpea  (Ambrosini et al., 2012; Mirza et al., 2007) 

Rhanella  sugarcane  (Taule et al., 2012) 

Shinella  -do- (Taule et al., 2012) 

Stenotrophomonas  -do- (Taule et al., 2012) 

Xanthomonas wheat, chickpea, 

mustard 

(Kundu et al., 2009; Srinivasan et al., 

2012) 
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Application of Bacillus strains to wheat and soybean plants increased the growth 

and yield of wheat and soybean plants in field and green house conditions (Zhang et al., 

2012). Bacterial isolates belonging to genera Arthrobacter, Bacillus and Pseudomonas 

from the rhizosphere of cotton, wheat, alfalfa and tomato produced phytohormones. 

Inoculation with these bacteria increased plant growth of wheat and maize in pot 

experiment (Egamberdiyeva, 2005). Inoculation of Pseudomonas strains increased the 

growth and grain yield of wheat in field experiment and reduced the application of 

phosphatic fertilizer (Malik et al., 2012). Another experiment was conducted on 

calcareous soils to evaluate the effect of bacterial strains characterized as P-solubilizer on 

wheat, cotton and maize. The results revealed that PGPR enhanced the N and P uptake in 

these plant species (Egamberdiyeva, 2007; Egamberdiyeva et al., 2007). 

Co-inoculation of legumes with free-living rhizobacteria and rhizobia has 

increased the plant dry matter and grain yield in different crops (Dashti et al., 1997; 

Deryło and Skorupska, 1993). The growth improvement due to co-inoculation has been 

attributed to growth stimulation of soil rhizobia, improved growth of roots by 

phytohormone production for enhanced nutrient uptake and improved nodulation, P-

solubilization, reduction in ethylene level and pathogen suppression (Barea et al., 2005; 

Burdman et al., 1998; Gull et al., 2004; Shaharoona et al., 2006). Co-inoculation has also 

been reported to increase water use efficiency (WUE) in plants under stress (Vivas et al., 

2003). Co-inoculation of Enterobacter and rhizobia resulted in improved growth and 

yield of chickpea (Mirza et al., 2007). The stimulatory effect of co-inoculation of rhizobia 

and Pseudomonas on the growth of maize has been reported under salt stress conditions 

by reducing the inhibitory effects of salt stress, reducing the Na
+
 and increasing the 

uptake of K and P (Bano and Fatima, 2009). Co-inoculation of Bradyrhizobium and plant 

growth promoting rhizobacteria (PGPR) enhanced the nodulation and root and shoot 

growth in mung bean (Shaharoona et al., 2006). 

The use of microbial preparations for increasing crop production has become 

common practice in many countries including Pakistan. Several types of biofertilizers are 

being produced commercially by public research organizations as well as private sector. 

NIBGE is providing biofertilizer (Biopower) for all major crops like wheat, rice, 

sugarcane, maize and leguminous crops. This product is based-on different consortia of 



CHAPTER 1      INTRODUCTION AND REVIEW OF LITERATURE 
 

18 

beneficial bacteria and primarily contains a combination of nitrogen fixers, P-solubilizers 

and IAA producers. 
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Table 4: List of important bacterial genera reported for plant growth promotion  

Crop  Genera References 

Wheat  Pseudomonas (De Freitas and Germida, 1992) 

Azospirillum, 

Acinetobacter, 

Bacillus, 

Burkholderia, 

Enterobacter, 

Pseudomonas 

(Khalid et al., 2011) 

Azotobacter, 

Bacillus 

(Kloepper and Beauchamp, 1992) 

Pseudomonas and 

Arbuscular 

micorhizal fungi 

(AMF) 

(Mader et al., 2011) 

Different bacterial 

strains 

(Saber et al., 2012) 

Azospirillum (Zavalin et al., 1998) 

Azospirillum (Malhotra and Srivastava, 2009) 

Azospirillum, 

Bacillus 

(Ozturk et al., 2003) 

Azospirillum (Arzanesh et al., 2011) 

Rice Brevundimonas, 

Ochrobacterium, 

Providencia, 

Cynobacteria  

(Prasanna et al., 2012) 

Azospirillum, 

Acinetobacter, 

Bacillus, 

Burkholderia, 

Enterobacter, 

Pseudomonas 

(Khalid et al., 2011) 

Alcaligenes (Fujii et al., 1987; Malik et al., 1981) 

Pseudomonas and 

AMF  

(Mader et al., 2011) 

Bacillus, 

Cynobacteria, 

Enterobacter 

(Ng et al., 2012) 

Azospirillum, 

Burkholderia 

(Vargas et al., 2012) 

Aeromonas, 

Enterobacter 

(Mehnaz et al., 2001) 

Bacillus, 

Pseudomonas 

(Panhwar et al., 2012) 
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Azospirillum, 

Bacillus,  

(Yasmin et al., 2004) 

Pseudomonas (Mirza et al., 2006) 

Pantoea (Mishra et al., 2011) 

Pseudomonas, 

Bradyrhizobium 

(Shaharoona et al., 2006) 

Sunflower  Achromobacter, 

Chryseobacterium, 

Azospirillum, 

and Burkholderia 

(Ambrosini et al., 2012) 

Azospirillum, 

Azotobacter 

(Jalilian et al., 2012) 

Sorghum 

 

Azospirillum (Malhotra and Srivastava, 2009) 

Pseudomonas, 

Xanthomonas, 

bacillus, 

Aerococcus, 

Alteromonas, 

Erwinia, 

Enterobacter 

(Srinivasan et al., 2012) 

  

Barley Azospirillum, 

Bacillus 

(Ozturk et al., 2003) 

Canola, 

Rapeseed 

Pseudomonas  (Glick et al., 1997) 

Kurthia (Malik et al., 1999) 

Azospirillum, 

Azostobacter 

(Nosheen et al., 2011) 

Azospirillum, 

Thiobacillus  

(Sakari et al., 2012) 

Chickpea, beans 

 

Pantoea (Mishra et al., 2011) 

Pseudomonas  (Patel et al., 2012a) 

Azospirillum  (Hamaoui et al., 2001) 

Rhizobia, 

Enterobacter 

(Mirza et al., 2007) 

Tomato Pseudomonas  (Hall et al., 1996) 

Azospirillum, 

Bacillus,  

(Adesemoye et al., 2009) 

Sugar beet Bacillus, 

Paenibacillus, 

Rhodobacter 

(Cakmakci et al., 2006) 

Non-legumes Rhizobia and 

Bradyrhizobium 

(Antoun et al., 1998) 

Potato  Pseudomonas (Frommel et al., 1993) 

Black gram Pseudomonas and 

Actinomycorhizal 

(Mader et al., 2011) 
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fungi  

Mungbeen Azospirillum (Malhotra and Srivastava, 2009) 

Pseudomonas, 

Bradyrhizobium 

(Shaharoona et al., 2006) 

Peanut  Pseudomonas  (Dey et al., 2004) 

Beans Azospirillum  (Hamaoui et al., 2001) 

Lentil Pseudomonas, 

Serratia, 

Rhizobium 

(Zahir et al., 2011) 

Barseem  Rhizobia  (Bedi and Naglot, 2011) 
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1.3. Rhizosheath formation in wheat 

Root exudates perform a vital role in the continuation of root-soil contact, which 

is especially important to the plant under drought and drying conditions. Root exudation 

under the stress-conditions favors the rhizosheath formation in plants. The largest, most 

coherent soil rhizosheaths are formed on the roots of grasses especially in wheat under 

dry soil conditions. Rhizosheaths are composed of soil particles, network of root hairs 

and indigenous microbial communities and are rich in root exudates (Walker et al., 2003; 

Watt et al., 1994). The plant and microbial products released into the rhizosheaths serve 

as reservoir for moisture, source of energy and organic sources for biological activities 

like nitrogen fixation and uptake of nitrogen (Hanna et al., 2012; Othman et al., 2004). 

Organic compounds in rhizosheath include sugars, organic acids and amino acids (Badri 

et al., 2008; Badri and Vivanco, 2009; Bais et al., 2006; Doornbos et al., 2012). Microbes 

present in soil are attracted towards these compounds to utilize these sugars and organic 

acids as food and energy source. Some plant species possess a special type of border cells 

that cause active secretion of root exudates. These border cells attract the beneficial 

microorganisms towards roots (Badri and Vivanco, 2009; Doornbos et al., 2012).  

Secretion of root exudates increases the microbial population and activity and 

influences the diversity of microbes (Badri and Vivanco, 2009; Doornbos et al., 2012; 

Hawes et al., 1998; Hawes et al., 2000). Composition of root exudates depends on the 

plant species, cultivar, plant growth stage, soil condition and plant growth substrate 

(Badri and Vivanco, 2009; Doornbos et al., 2012). Presence of organic acids especially 2-

ketogluconic acid, citric acid, malic acid and oxalic acid have been reported in 

rhizosphere of various crops (Badri and Vivanco, 2009; Jaeger et al., 1999). In addition, 

different sugars like sucrose, glucose and maltose have also been detected in rhizosphere 

of wheat and other crops (Badri and Vivanco, 2009; Derrien et al., 2004; McRae and 

Monreal, 2011; Moghimi et al., 1978). However, sheath formation requires fully hydrated 

exudates to permeate the surrounding soil particles that are then bonded to the root and 

each other as the mucilage dries. Young (2006) found that rhizosheath soil was 

significantly wetter than bulk soil and suggested that exudates within the rhizosheath 

increase the water holding capacity of the soil and nutrient acquisition (Walker et al., 

2003; Watt et al., 1994; Young, 2006).  
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1.4. Crop rotation   

Crop rotation is a sequence of crops grown in a specific area over a specific 

period of time and is practiced to control pests, diseases and maintenance of soil fertility 

by recharging the soil with nutrients. Crop rotations also have great influence on soil 

microbial populations, diversity, richness, and community composition (Acosta-Martínez 

et al., 2010; Zeyaullah et al., 2009). In Pakistan, wheat is grown mostly in two types of 

rotations i.e. wheat-cotton and wheat-rice crop rotation. In South Asia, wheat-rice 

rotation system is a major cereal production system. During the growth period of rice 

crop downward movement of various micronutrients takes place due to prolong reducing 

conditions. Consequently, deficiency of such elements is a common problem for wheat 

crop grown in rotation with rice (Ladha et al., 2003). Water management strategy with 

several dry-wet cycles alter the biological, chemical, and physical properties of soil under 

wheat-rice rotation and consequently influences the nutrient status of soil and microbial 

community structure which in turn influence the growth of wheat grown in rotation with 

rice (Erenstein and Laxmi, 2008). Cotton crop production require high inputs of fertilizer 

like NPK, of which only small proportion is available for cotton and the remaining 

nutrients are available for next crop in rotation like wheat. Incorporation of cotton stubble 

into the soil also increases the soil fertility, microbial diversity and growth of crop in 

rotation (Huang et al., 2012).  

1.5. Identification of culturable bacteria using 16S rRNA gene 

Bacteria are usually identified using phenotypic techniques that are mainly based 

on production of enzymes and metabolism of carbohydrates. There are a number of 

biochemical and morphological methods reported for the identification of bacteria (Holt, 

1989). These methodologies are based on chromogenic enzymatic reactions and are 

available in commercial kits by various companies (BioLog Inc, Hayward, CA, USA; 

API20E and API ZYM systems by Vitek, Inc, St. Lois, MO, USA). Some other 

techniques also play important role in bacterial identification like intrinsic antibiotic 

resistance (Beynon and Josey, 1980), fluorescent antibody techniques, polyacrylamide 

gel electrophoresis of total protein (Dughri and Bottomley, 1983; Roberts et al., 1980) 

and fatty acid analysis (Miller, 1982). Genotypic methods based on DNA-DNA 

hybridization and DNA-RNA hybridization have also been used for identification of 
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bacteria. DNA-based techniques like the use of random or specific primers in PCR, RFLP 

(Restriction Fragment Length Polymorphism) have also been used for the identification 

of bacteria. 

The most commonly employed method for bacterial identification was developed 

by Woese (Woese et al., 1985; Woese, 1987) who determined the phylogenetic 

relationship of bacteria on gene sequence of the 5S, the 16S and 23S rRNA and spaces 

between these genes. Among these, 16S rRNA gene is now commonly used for 

taxonomic purposes. This is highly conserved gene and degree of conservation is 

assumed to result from the importance of 16S rRNA as a critical component of cell 

division. 16S rRNA gene is approximately 1.5kb (or 1500 nucleotides) in length and is 

composed of both variable and conserved regions. The gene is large enough, with 

sufficient interspecific polymorphisms of 16S rRNA gene, to provide distinguishing 

measurements. Universal PCR primers are chosen as complementary to the conserved 

regions most commonly near the ends of the gene. The sequence of the variable region in 

between is used for the comparative taxonomy (Clarridge, 2004). These primers are used 

to amplify the 16S rRNA gene. Many universal primer pairs are available e.g. 27F and 

1492R (Weisburg et al., 1991) and primer pair PA and PH (Edwards et al., 1989) and 

928F and 336R (Weidner et al., 1996). Nucleotide sequences of 16S rRNA genes are 

available for more than 3,550,000 bacteria on NCBI data base. 

1.5.1. Functional genes help in bacterial identification  

Functional genes with conserved nucleotide sequences also have a supportive role 

in bacterial identification and phylogenetic grouping of bacteria. For identification and 

phylogenetic studies of PGPR, the most commonly used gene is nifH that encodes for 

nitrogenase enzyme responsible for nitrogen fixation. The amplification and sequencing 

of this gene helps in grouping of nitrogen fixing bacteria (Doty, 2011; James and Baldani, 

2012; Liu et al., 2012; Taule et al., 2012; Venieraki et al., 2011a; Venieraki et al., 2011b; 

Videira et al., 2012). Some PGPR also possess 1-aminocyclopropane-1-carboxylic acid 

(ACC) deaminase gene that controls the plant ethylene level and results in enlargement of 

root system. Amplification of ACC diaminase gene in PCR is also used as supportive tool 

for identification and grouping of PGPR (Babalola et al., 2004; Blaha D et al., 2006; 

Glick, 2004; Glick et al., 2007; Glick et al., 1994; Hontzeas et al., 2004; Okazaki et al., 

http://en.wikipedia.org/wiki/Nucleotide
http://en.wikipedia.org/wiki/PCR
http://en.wikipedia.org/wiki/Primer_(molecular_biology)
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2004). PCR amplification and sequence analysis of genes like gdh (encodes membrane 

glucose dehydrgenase) and pqqE (has a role in P-solubilization) have been used to 

determine relatedness of specific bacterial groups. Membrane dehydrogenases are 

involved in oxidation of different sugars like D-glucose to D-gluconate and PQQ acts as a 

cofactor for the activation of membrane dehydrogenase to oxidize glucose into gluconate. 

Biogenesis of pyrroloquinoline quinine (PQQ) requires the expression of a cluster of six 

genes i.e. pqqA-F (Holscher et al., 2009). Amplification of these genes in PCR has been 

reported as helping tool for identification and phylogenetic analysis of phosphate 

solubilizing bacteria (Ben Farhat et al., 2009; Kim et al., 2003; Perez et al., 2007). 

1.6. Diversity of culturable and non-culturable bacteria in the rhizosphere 

Biosphere is dominated by microorganisms and only 0.1-10% microorganisms are 

culturable while the majority of microorganisms remain uncultured (Handelsman, 2004, 

2005; Zeyaullah et al., 2009). It is obvious that microbial diversity and community 

structure cannot be described precisely without having the information about non-

cultured microorganisms in a particular environment (Handelsman, 2004). Cell-

independent molecular approach for studying the microbial population and community 

structure inhabiting in environmental samples on the basis of 16S rRNA gene sequence 

analysis has explored a new perspective in microbial ecology (Handelsman, 2004, Sleator 

et al., 2008; Streit and Schmitz, 2004; Zeyaullah et al., 2009). These ―metagenomics‖ 

studies are based on DNA isolated from environment and harbor the genome of the entire 

population in the environment ―Metagenome‖. These studies help in understanding of the 

community structure and the metabolic potential of a community (Handelsman, 2004; 

Sleator et al., 2008; Streit and Schmitz, 2004; Tringe et al., 2005; Tyson et al., 2004; 

Zeyaullah et al., 2009). The outcome of the metagenomic studies include identification of 

genes involved in production of antibiotics, anti-cancer agents, industrial enzyme, the 

enzymes involved in bio-degradation of heavy metals and drug production (Mocali and 

Benedetti, 2010; Tringe et al., 2005; Tyson et al., 2004). Investigation of microbial 

diversity and community structure of soil through metagenomics is important for 

agriculture as the rhizospheric microbes are playing fundamental role in biogeochemical 

cycles for plant health and nutrition (Zeyaullah et al., 2009).  
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Soil microbial diversity and community structure depends upon a number of 

factors like soil pH, temperature, moisture contents, nature and amount of root exudates, 

crop rotations, soil nutrient status and agricultural practices (Daniel, 2005). Cropping 

rotations have great influence on soil microbial populations, diversity, richness, and 

community composition (Acosta-Martínez et al., 2010). Monoculture production results 

in low microbial diversity. In soil under rotation higher Shannon–Weaver index and 

coefficients of DNA sequence similarity were observed than under continuous cropping. 

Microbial community profile in soil under continuous cultivation was totally different 

from microbial community profile in soil under rotation (Yao et al., 2006). Higher 

bacterial diversity under cotton-based cropping system regarding Actinobacteria while 

Proteobacteria and Planctomycetes under sorghum-based cropping system have been 

reported (Acosta-Martínez et al., 2010). 

Bacterial diversity in wheat rhizosphere has been investigated in The Netherlands 

by constructing 16S rRNA gene clone libraries using soil DNA (Smit et al., 2001). It was 

observed that clone sequences were closely related to Acidobacteria, Proteobacteria, 

Nitrospira, Cynobacteria and green sulfur bacteria. Bacterial diversity and community 

structure was studied using pyrosequencing analysis of soil DNA from wheat grown in 

Denmark at different growth stages (Stroobants et al., 2012). It was observed that 

Proteobacteria, Actinobacteria, Firmicutes, Fibrobacteres/Acidobacteria group, 

Bacteroidetes/Chlorobi group, Chloroflexi, Planctomycetes, Verrucomicrobia, 

Cyanobacteria and others were present in the soil samples. Bacterial groups e.g. 

Duganella, Janthinobacterium, Pseudomonas, Cellvibrio, Chryseobacterium, 

Proteobacteria and Enterobacter were detected in soil DNA extracted from rhizosphere 

of wheat using pyrosequencing of 16S rRNA gene (Anderson and Habiger, 2012). 

Culture-independent analysis of soil DNA from clover-grass in Arlington (Wisconsin) 

revealed that out of 124 cloned sequences, 16.1 % were related to Proteobacteria, 21.8% 

were Cytophaga, Flexibacter and Bacteriodetes, and the remaining sequences were not 

described into major taxa (Borneman et al., 1996). 
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1.6.1. nifH metagenomics for studying diversity of nitrogen fixing bacteria 

nifH is a functional gene that encodes a component of enzyme nitrogenase in 

diazotrophs for reduction of N2 into ammonia (Burgers, 1984; Burris et al., 1980). 

Bacterial diversity on the basis of nifH gene amplification and sequencing of soil DNA 

from rhizosphere of mangrove forest of China (Liu et al., 2012), oak-hornbeam forest 

(Chorbush Forest) near Cologne, Germany (Rosch et al., 2002), soil from France and 

Senegal (Poly et al., 2001), Douglas fir forest in USA (Widmer et al., 1999) and rice 

rhizosphere at Kyushu University Farm, Japan (Ueda et al., 1995) has been investigated. 

nifH clone libraries were constructed by using soil DNA extracted from Black soil 

(highly fertile soil) of Heilongjiang Province, China under a wheat-soybean-corn crop 

rotation (Tang et al., 2012). Sequence analysis of the clones showed that notable increase 

in nifH phylotypes was obtained from the soil treated with chemical and organic fertilizer 

in combined form and including sequences of diazotrophs belong to 

Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria, Gammaproteobacteria, 

Actinobacteria, Firmicutes and Cynobacteria were detected (Tang et al., 2012).  

In a study conducted by Keshri et al., (2012) Population indices of bacteria and 

archea were investigated from saline-alkaline soil and a possible microbe-environment 

pattern was established using gene targeted (nifH, amoA and apsA) metagenomics. 

Molecular phylogeny revealed the dominance of Actinobacteria, Firmicutes and 

Proteobacteria with archeal members of Halobacteraceae. nifH gene clone library 

showed homology with Cyanobacteria and Firmicutes (Keshri et al., 2012). In a recent 

study (Pereira e Silva et al., 2013) abundance and bacterial community structure was 

studied based on the nifH gene using 454-pyrosequencing, across four representative 

Dutch soils during one growing season. Higher nifH gene sequences were found in soils 

with higher pH than in those with lower pH. Cosmopolitan nifH species (present through 

out the season) were affiliated with Bradyrhizobium, Azospirillum and Methylocistis 

(Pereira e Silva et al., 2013). A study (Ogilvie et al., 2008) focused on bacterial diversity 

and community structure on the basis of nifH gene in wheat rhizosphere showed the 

presence of Proteobacteria, Cyanobacteria and Frankia. It was also observed that 

sequences related to nitrogen fixing Azoarcus and Burkholderia were dominant (Ogilvie 

et al., 2008). Recently Mirza et al., (2014) have concluded on the basis of gene targeted 
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(nifH gene) metagenomics directed that community composition of nitrogen fixing 

bacteria was changed due to conversion of forest land to pasture. They also observed that 

abundance of nifH gene was 10 fold increased due to conversion of primary forest to 

pature. These changes are direct consequence of changes in plant community, particularly 

the higher nitrogen demand of pasture plant communities for supporting plant growth.  

1.6.2. Role of pyrosequencing in studying bacterial diversity 

Traditional molecular techniques like DNA finger printing, cloning, and Sanger‘ s 

sequencing cover only a single aspect either bacterial communities in number of soils or 

bacterial diversity in few soils samples. The less tiresome and most efficient technique to 

study the bacterial community structure and composition on the basis of 16S rRNA 

sequence analysis in soil is molecular pyrosequencing. This new technique enables us to 

study the depth as well as width of the soil samples (Lauber et al., 2009; Mocali and 

Benedetti, 2010; Roesch et al., 2007). Pyrosequencing is a real-time sequencing by 

synthesis method (Ronaghi, 2001; Ronaghi et al., 1998; Wang and Marincola, 2003). 

After a primer hybridizadation to a single stranded DNA template, it is incubated with the 

kinetically balanced enzymes, DNA polymerase, ATP sulfurylase, luciferase and apyrase, 

and the substrates adenosine 5´ phosphosulfate (APS) and luciferin. Each of the four 

deoxynucleotide triphosphates (dNTPs) is then individually added to the reaction 

mixture. When a dNTP is complementary to the base in the template strand, DNA 

polymerase catalyzes its incorporation into the DNA strand. Each incorporation event is 

accompanied by release of pyrophosphate (PPi) in a quantity equimolar to the amount of 

nucleotide incorporated. ATP sulfurylase quantitatively converts PPi to ATP in the 

presence of adenosine 5´ phosphosulfate. ATP then drives the luciferase-mediated 

conversion of luciferin to oxyluciferin that generates visible light in amounts that are 

proportional to the amount of ATP. The light produced in the luciferase-catalyzed 

reaction is detected by a charge coupled device (CCD) camera and seen as a peak in a 

pyrogram. The peak height represents the intensity of light signal, which is proportional 

to the number of nucleotides incorporated. Unincorporated dNTP and excess ATP are 

continuously degraded by apyrase. After the degradation is completed the next dNTP is 

added and a new pyrosequencing cycle is started. As the process continues, the 

complementary DNA strand is built up and the nucleotide sequence is determined from 
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the signal peak in the program (Ronaghi, 2001; Ronaghi et al., 1998; Wang and 

Marincola, 2003). Pyrosequencing provides a huge amount of parallel sequences obtained 

from a single DNA as compared to traditional methodology like cloning. Bacterial 

diversity using pyrosequencing of 16S rRNA gene amplified from soil DNA from 

rhizosphere of wheat was studied which showed presence of genera Duganella, 

Janthinobacterium, Pseudomonas, Cellvibrio, Chryseobacterium, Proteobacteria and 

Enterobacter (Anderson and Habiger, 2012). Proteobacteria, Actinobacteria, Firmicutes, 

Fibrobacteres/Acidobacteria, Bacteroidetes/Chlorobi, Chloroflexi, Planctomycetes, 

Verrucomicrobia, Cyanobacteria and others were observed in soil DNA extracted from 

wheat rhizosphere grown in Denmark using pyrosequencing technology (Stroobants et 

al., 2012). 

1.7. Wheat production and scope of biofertilizer 

Wheat is the basic staple food for most of the population and largest grain source 

for people in Pakistan. It is grown mostly in two types of rotations in the country i.e. (i) 

wheat-cotton-wheat (ii) wheat-rice-wheat. 

Contribution of wheat in value addition in agriculture is 12.5% and to GDP is 

2.6%. During the year 2012-13, wheat was cultivated on an area of 8.7 million hectares 

and the total production was 24.2 million tons (Annonymous, 2012-13). There are many 

factors responsible for reduced area under wheat cultivation and average yield of wheat. 

These include the emergence of trend among farmers to adopt BT cotton cultivation on 

most of the area due to low prices of wheat and high cost of production. There are some 

other factors including water shortage, weed competition and lack of technical 

information to the farmers that cause reduction in yield of wheat. Among these factors, 

the most important is the non-availability of chemical fertilizer at proper time during 

growth season. This requires an adaptation of some alternate ways to minimize the use of 

costly and scarcely available chemical fertilizers to meet the nutritional needs of crops. 

Bio-fertilizers based on PGPR offer an attractive solution because PGPR serve as 

biological factories of plant essential macro and micronutrients when associated with the 

plant roots. These PGPR improve the plant growth and yield by fixing atmospheric 

nitrogen into ammonia and make it available for plant, solubilize the phosphorous present 

in soil in unavailable forms and also provide the plant growth hormones. 
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1.8. Objectives of the study 

Studies focusing on isolation and characterization of plant growth promoting 

rhizobacteria from the rhizosphere of various crops like rice (Mehnaz et al., 2001; 

Yasmin et al., 2004; Mirza et al., 2006), Lentil (Zahir et al., 2011) Rapeseed (Malik et al., 

1999; Nosheen et al., 2011), Maize (Bano and Fatima, 2009) and sugarcane (Mirza et al., 

2001) have been done in Pakistan. However, the idea of bacterial isolation and 

characterization from rhizosheath of crops grown in rotation particularly wheat-rice and 

wheat-cotton has remained unexplored. Microbial diversity and community structure in 

the rhizosphere of various crops, trees, in animal guts and marine environment based on 

culture-independent techniques (metagenomics) have been frequently studied at 

international context. However, our knowledge is lacking about the rhizosheath 

microbiology of wheat grown under wheat-rice and wheat-cotton rotation in Pakistan.  

To explore rhizosheath microbiology of wheat grown under different crop rotations and 

the role of beneficial bacteria in improving the yield of wheat grown under different crop 

rotations, the main objectives of this study were, 

1. To isolate and identify plant-beneficial bacteria from the rhizosphere of wheat grown 

under wheat-rice and wheat-cotton crop rotations. 

2. To evaluate these bacteria for plant growth and yield improvement under controlled 

and field conditions. After evaluation, the bacteria that showed positive behavior in 

plant growth promotion were considered as biofertilizer for wheat crop. 

3. To study the bacterial diversity in the rhizosheath of wheat grown under both 

cropping systems by 16S rRNA and nifH sequence analysis using culture-

independent techniques. 

These objectives were selected and combined in current doctoral project due to following 

reasons; to our knowledge this is the first study on diversity of bacteria in two cropping 

systems. Secondly, studying bacterial communities using both culture-dependent and 

culture-independent techniques is first study in Pakistan. It is the first study on diversity 

of bacteria in rhizosheath which is expected to harbor PGPR and other bacteria involved 

in plant-microbe interactions.   
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 Chapter 2  

2. MATERIALS AND METHODS 

2.1. Isolation of bacteria from rhizosphere of wheat 

Rhizosphere soil samples were collected from wheat plants grown under wheat-

rice (Hajira, AJK latitude 33°46'16.58"N, longitude 73° 53'46.67"E, an elevation of 965.6 

m, soil was silty loam with pH 7.8, organic matter 0.73%, EC 3.0 ds/m, available 

phosphorous 6.9 mg/kg and available nitrogen 0.4 mg/kg) and wheat-cotton crop 

rotations (Mailsi District Vehari, located at 29°48'1N 72°10'33E at an altitude of 126 m, 

soil was loamy with pH 7.9, organic matter 0.74%, EC 3.1 ds/m, available phosphorous 

16 mg/kg and available nitrogen 0.04 mg/kg). Bacterial strains were also obtained from 

rhizosphere of wheat from NIBGE (Faisalabad) experimental field under wheat-cotton 

(coarse loamy soil with EC 2.2 ds/m, pH 8.3, total N 0.061%, organic matter 0.62% and 

available P was 6.8 mg/kg) and wheat-rice crop rotation (coarse loamy soil with EC 2.8 

ds/m, pH 8.0, organic matter 0.58%, available P 7.2 mg/kg and total nitrogen was 

0.057%). The root samples along with adhering soil were stored at 4°C and used for 

further studies. Serial dilutions (10X) were made up to 10
-3

–10
-5 

in saline solution (0.85% 

NaCl), and 100 µL of each dilution were spread on LB agar plates (Maniatis et al., 1982). 

The plates were incubated overnight at 30ºC and morphologically different colonies 

appearing on the growth medium were selected for further purifications. Isolated colonies 

were streaked on fresh LB agar plates to get pure bacterial colonies. 

2.1.1. Isolation of nitrogen fixing bacteria from rhizosphere of wheat 

For isolation of nitrogen fixing bacteria, 0.1 g soil with roots was added to 1.5 mL 

Eppendorf tubes containing semi-solid nitrogen-free medium i.e. NFM (Rennie et al., 

1982). For purification and enrichment of cultures, 50 µL from each tube were 

transferred to fresh Eppendorf tubes containing NFM after 48 hours and the procedure 

was repeated up to 5-6 times. After this, cultures were streaked on NFM solid plates to 

get single colonies. Single colonies were again inoculated to semi-solid NFM as well as 

to LB broth and LB agar plates at 30
o
C for 24h and used for studying colony and cell-

morphology. 
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2.1.2. Isolation of phosphate solubilizing bacteria from rhizosphere of wheat 

Phosphate solubilizing bacteria were isolated from each sample by serial dilution 

method. One g of soil was dispersed in 10.0 mL of sterilized distilled water and 

thoroughly mixed. Further dilutions (10X) 10
-3

–10
-5 

were prepared in saline solution 

(0.85% NaCl), and 100 µL of each dilution were spread on Pikovskaya agar medium 

(containing tri-calcium phosphate) plates (Pikovskaya, 1948) and the plates were 

incubated at 30°C for a week. Total number of colonies and the colonies with halo-zones 

indicating P-solubilization were counted. Colonies having halo-zones (due to 

solubilization of TCP) were picked and purified on fresh Pikovskaya agar medium for 

further studies. 

2.2. Colony morphology, cell shape and motility of the isolates  

For studying colony- and cell-morphology, bacterial isolates were grown on the agar 

plates of LB and NFM as well as in LB broth and semi-solid NFM. The morphology of 

the colonies (color and shape) was noted after 24 h of growth. Bacterial growth (40 µL) 

from LB broth and semi-solid NFM as well as agar plates was examined under the 

microscope (Microscope, LaboPhot 2 Nikon, Japan) to record cell morphology and 

motility. 

2.2.1. Gram’s staining 

For observation under light microscope, slides of isolated bacterial cultures were 

prepared for Gram‘s staining by the Vincent method (1970). A drop of broth culture of 

bacteria was taken and thin smear was prepared on a glass slides. The smear was air 

dried; heat fixed, stained with crystal violet for one minute and slightly washed with 

distilled water. The smear was then flooded with iodine solution for one minute and 

decolorized with 70% ethanol for one minute. The smear was again washed with distilled 

water and counter stained with safranin. The slide was washed with distilled water, air-

dried and observed under light microscope at 100x magnification using oil immersion. 

2.2.2. Preservation of bacteria 

 The bacterial isolates were grown at 30
o
C for 24h and preserved in glycerol 

(20%) at -80
o
C. 
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2.3. Molecular identification of bacterial isolates 

2.3.1. Extraction of genomic DNA from pure cultures 

DNA extraction was done by using FastDNA SPIN Kit (MP Biomedicals, USA). 

Bacteria were grown overnight in LB broth at 30ºC and bacterial cell pellets were 

obtained by centrifugation at 10,000 xg. Genomic DNA was then extracted according to 

manufacturer protocol. DNA quality and quantity was measured using a Nanodrop ND-

1000 spectrophotometer (NanoDrop Technologies, Inc- USA). The DNA was 

stored at -20 ºC. 

2.3.2. DNA extraction by phenol/chloroform method 

Total genomic DNA of bacterial strains was extracted by the CTAB method with 

slight modifications. Bacterial cells were grown in LB broth for 24 h at 30ºC and 

centrifuged at 13000 xg for two minutes. The cell pellets from 1.5 mL cultures were 

washed with 567 µL TE buffer and 30 µL of SDS (10% w/v in distilled water) were 

added. Cell lyses was achieved at 60ºC for 30 minutes. To this suspension, 100 µL 5M 

NaCl and 80 µL CTAB (10% CTAB/0.7M NaCl in water) was added, mixed and 

incubated for 15 minutes at 65ºC. This mixture was centrifuged at 13000 xg for 5 minutes 

and supernatant was extracted twice with chloroform/ isoamyl alcohol (24:1), followed 

by extraction with phenol/chloroform/isoamyl alcohol (25:24:1). To this aqueous layer, 

double volume of absolute ethanol was added and was incubated at -20ºC for one hour. 

After centrifugation at 13000 xg for 10 minutes, the pellet was washed with 70% ethanol 

before drying under vacuum and dissolved in 30-50 µL of double distilled de-ionized 

water and used as template for PCR.  

DNA was also extracted by taking single colonies in 40 µL of sterilized water 

followed by incubation at 100ºC for 20 minutes. From this preparation, 3.0 µL were used 

as template DNA in PCR. 

2.3.3. Identification of bacteria using 16S rRNA gene sequence analysis 

The 16S rRNA gene of the isolates was amplified by PCR. PCR amplification 

was performed in a total volume of 50 µL, containing  1.0 µL (40 ng) of DNA,  10 µL of  

5X Phire reaction buffer, 200 µM of dNTP mix,  1.0 µM  of each primer , 0.5 µL of Phire 

Hot Start II polymerase (Thermo Scientific, USA) and nuclease free water (Promega) to 

make up volume 50 µL. Primers used for 16S rRNA gene amplification were 27F 
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―5
‘
GGGGTTTGATCCTGGCTCAG‖ and 1492R ―5

‘
CGGCTACCTTGTTACGAC‖ 

(Weisburg et al., 1991). The following PCR cycle conditions were used. First 

denaturation and enzyme activation at 98ºC for 2 min, followed by 35 cycles of 98ºC for 

10 sec, 52ºC for 10 sec and 72ºC for 30 sec, and a final extension step at 72ºC for 10 min. 

PCR reactions were analyzed by 1 % (w/v) agarose gel electrophoresis and visualized 

under UV light after SYBRSafe (Invitrogen, USA) staining. PCR products were purified 

with High Pure PCR Cleanup Micro Kit (Roche Applied Science, USA) and sent for 

sequencing.  

2.3.4. Amplification of nifH gene from bacterial isolates 

For amplification of nifH gene from the isolates, primer nifHF 

―5
‘
TGCGAYCCSAARGCBGACTC‖ and nifH2R ―5

‘
ATSGCCATCATYTCRCCGGA‖ 

were used (Zehr and Mcreynolds, 1989). MasterMix was prepared using 10 µL of 10X 

GoTaq buffer from the commercial kit (GoTaq
™

, Promega, USA), 2.0 µL of 10 µM 

forward and reverse primers, 1.0 µL of 10 µM dNTPs mix, 0.25 µL of GoTaq (5U/µL) 

DNA polymerase, 1.0 µL of template DNA and water to make up volum 50 µL for one 

reaction. The following cycle conditions were used: denaturation at 94°C for 2 min, 

followed by 30 cycles of (94°C for 10 sec, 55°C for 20 sec and 72°C for 30 sec), and a 

final extension step at 72°C for 10 min. PCR products of expected size (360bp) were 

obtained . 

2.3.5. Amplification of pqqE gene from bacterial isolates 

For the amplification of pqqE gene, degenerate primers were designed according 

to the sequences of the most conserved regions. Primers pqqF 

―5
‘
GARCTGACYTAYCGCTGYCC‖ and pqqR2 ―5

‘
TSAGSAKRARSGCCTGRCA‖ 

were used for amplification (Perez et al., 2007), where R represents any purine, Y any 

pyrimidine, S represents G or C and K represents T or G. MasterMix was prepared using 

10.0 µL 5X GoTaq buffer from commercial kit (GoTaq
™

, Promega, USA) 0.5 µL 25mM 

MgCl2, 1.0 µL of 10 mM dNTPs mix, 4.0 µL of 10 µM forward and reverse primers, 0.3 

µL of 5U/µL GoTaq DNA polymerase (Promega, USA) and RNase-free water to make 

up the volume 50 µL. The reaction conditions were the following: Heating lid 110ºC, 

denaturation at 95ºC for 1 min, then 35 cycles of 94ºC for 1 min, 62ºC for 1 min and 

72ºC for 2 min and final extension at 72ºC for 10 min. DNA bands (900 bp) were 



CHAPTER 2                                            MATERIALS AND METHODS 
 

35 

extracted from 1% agarose gel and purified using High Pure PCR Cleanup Micro Kit 

(Roche Applied Science, USA). The concentration of pure PCR products was measured 

on Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Inc- USA). 

2.3.5.1. Ligation and transformation 

Pure PCR product of pqqE gene was ligated to pGEM-TEasy vector (Promega) 

using T4 DNA ligase and incubation at 4ºC for 16-24 h. The ligated product was 

transformed to E.coli XL-1 Blue, (75 µL; Stratagene, La Jolla, CA) using the protocol 

given in pGEM
®
-T and pGEM

®
-T Easy Vector System manual (Promega). The clones 

were grown in LB medium with ampicilin (100 mg/mL) at 37ºC overnight. DNA from 

these overnight grown cultures was isolated by incubating 30 µL of the culture at 105ºC 

for cell-lysis. One µL of this lysate was used as template for PCR with T7 and SP6 

primers. MasterMix was prepared using 10 µL 5X buffer, 1 µL of 10 mM dNTPs mix, 1 

µL 10 µM forward and reverse primers, 0.3 µL of 5U/µL Taq DNA polymerase and 

water to make up the volume 50 µL. The following PCR cycle conditions were used; 

First denaturation and enzyme activation at 98ºC for 2 min, followed by 35 cycles of 

98ºC for 10 sec, 52ºC for 10 sec and 72ºC for 30 sec, and a final extension step at 72ºC 

for 10 min. PCR products were analyzed by 1 % (w/v) agarose gel electrophoresis and 

visualized under UV light after SYBRSafe (Invitrogen, USA) staining.  

2.3.5.2. DNA sequencing 

PCR products of the clones from each sample were purified with High Pure PCR 

Cleanup Micro Kit (Roche Applied Science, USA) following the manufacturer 

instructions and sent for sequencing. Sequencing was performed by Baseclear, Leiden, 

The Netherlands, on capillary sequencers. The 16S rRNA sequences obtained were 

trimmed (Bio-Edit 7.1) identified using BLAST at the National Centre for Biotechnology 

Information web site www.ncbi.nlm.nhi.gov (Altschul et al., 1997), and  submitted to 

EMBL. 

2.4. Phylogenetic analysis 

Closely related sequences were downloaded and aligned using CLUSTAL X 

(Thompson et al., 1997). These sequences were analyzed using maximum likelihood 

(ML) method as outlined by (Mirza et al., 2009). The bootstrap replicates (BS) values of 

http://www.ncbi.nlm.nhi.gov/
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70% or greater represent well supported nodes and thus only those were retained (Hillis 

and Bull, 1993). 

2.5. Biochemical characterization of bacteria 

2.5.1. Phosphate solubilization 

Qualitative screening of bacterial strains for phosphate solubilization activity, 

bacterial cultures were grown in LB broth media for 24 hours on 30ºC and  100 µL of this 

culture was dropped on plate containing Pikovskaya agar medium (Pikovskaya, 1948). 

The plates were incubated at 30ºC for two weeks. The appearance of halo-zone on plates 

indicated phosphate solubilizing activity of the bacterial strains 

Quantitative analysis of phosphate solubilization by bacteria was done by 

molybdate blue color method. Bacterial cultures were grown in Pikovskaya broth (pH 7) 

with different carbon sources (5.0 g/L of sucrose, glucose, maltose or galactose as single 

C-source) at 30ºC on shaker (150 xg) for two weeks. After 2 weeks cultures were 

centrifuged at 5,000 xg for 6 minutes to get cell-free supernatant. To check the drop in 

pH of media by the bacterial isolates due to production of organic acids, pH of this cell-

free supernatant was measured with a pH meter. This cell-free supernatant was filtered 

with 0.2 µm filter (Orange Scientific GyroDisc CA-PC, Belgium) to remove residues. For 

determination of solubilized phosphate (primary orthophosphate and secondary 

orthophosphate) optical density was recorded on spectrophotometer (Camspec M350-

Double Beam UV-Visible Spectrophotometer, UK) at 882 nm. For determination of 

solubilized phosphate, standard curve of KH2PO4 using 2, 4, 6, 8, 10, 12 ppm solutions 

was prepared. 

2.5.1.1. Preparation of reagent A and B for estimation of P solubilization 

For preparation of reagent A, 12.0 g of ammonium paramolybdate  

(NH4) Mo4O2.4H2O was dissolved in 250 mL of distilled water and potassium antimony 

tartrate solution was prepared separately by dissolving 0.2908 g of potassium antimony 

tartrate in 100 mL of distilled water. Both the solutions were added to 1.0 L of 5N H2SO4, 

mixed thoroughly and further diluted with distilled water to make volume 2 L. The 

reagent was stored in Pyrex glass volumetric flask in dark. For preparation of reagent B, 
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1.056 g of ascorbic acid was dissolved in 200 mL of reagent A. When required, reagent B 

was prepared fresh. 

2.5.1.2. Preparation of standard stock solution 

For preparation of standard solution, 0.4393 of KH2PO4 was dissolved in 500 mL 

of distilled water by shaking in a volumetric flask and diluted to 1.0 L by adding distilled 

water. To avoid growth of microbes, 5 drops of toluene were added. This stock solution 

containing 100 ppm soluble phosphorous was diluted to make 2, 4, 6, 8, 10, 12, 14, 16 

ppm solution of soluble P. 

To 2.0 mL of these standard solutions, 4.0 mL of reagent B was mixed and diluted 

up to 25 mL with distilled water. Blue color developed within 10 minutes. A blank 

solution was also prepared by adding 4.0 mL of reagent B into 21 mL of distilled water. 

Optical density of these solutions was measured on spectrophotometer (Camspec M350-

Double Beam UV-Visible Spectrophotometer, UK) at 882 nm. A graph of optical density 

against concentration (ppm) of standard solutions was made and the same procedure was 

repeated for filtered supernatants extracted from bacterial cultures. 

2.5.2. Extraction and analysis of organic acids produced by bacterial isolates 

Bacterial cultures were grown in Pikovskaya medium (Pikovskaya, 1948) 

supplemented with a single, filter-sterilized sugar (5.0 g/L of sucrose, glucose, maltose or 

galactose) as carbon and energy source. Growth was maintained for two weeks on 

arbitrary shaker (150 rpm) at 30ºC. After growth, bacterial cultures were centrifuged at 

6,000 xg for 6 minutes to get cell-free growth medium. This cell-free supernatant was 

collected in a new tube and concentrated to 1.5 mL in a concentrator (eppendorf 

Concentrator 5301, Germany) and filtered using 0.2 µm filter (Orange Scientific 

GyroDisc CA-PC, Belgium). Samples were analyzed on HPLC PERKIN ELMER series 

200 with 20 µL auto-sampler PE NELSON 900 series interface, PE NELSON 600 series 

link and PERKIN ELMER NCI 900 Network Chromatography interface using Diode-

array detector at 210 nm and their UV spectra (190-400 nm), Microgaurd Cation-H 

Precolumn and an Aminex HPx-87H analytical column was used for separation. Sulfuric 

acid (0.001N) was used as mobile phase with flow rate of 0.6 mL/min. Solutions (100 

ppm) of citric acid, malic acid, acetic acid, succinic acid, gluconic acid, lactic acid and 

oxalic acid were used as standard. Peak areas and retention time of samples were 
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compared with those of standards for quantification of organic acids produced by 

bacterial isolates. 

2.5.3. Indole-3-acetic acid production 

Indole-3-acetic acid (IAA) produced by the bacterial cultures was estimated by 

growing the bacterial isolates at 30ºC in L.B medium supplemented with L-tryptophan 

(100 mg/L). The cell-free supernatant of the culture was obtained by centrifuging the 

cultures at 5,000 xg for 7 minutes and the pH was adjusted to 2.8 with HCl (1N). 

Qualitative test for screening of IAA producing strains, 20.0 µL of supernatant was added 

on white Formica Sheet and a drop of Salkowski‘s reagent (1.0 mL of 0.5M FeCl3, 30 

mL of conc. H2SO4 and 50 mL dH2O) was added to each drop of supernatant. 

Development of pink color indicated the IAA producing ability of bacterial strain. 

For quantitative measurement, IAA from the acidified culture medium was 

extracted with equal volumes of ethyl acetate (Tien et al., 1979), evaporated to dryness 

and re-suspended in 1.0 mL of ethanol. The samples were analyzed on HPLC (Varian Pro 

star) using UV detector (200-400 nm) and C-18 column. Methanol: acetic acid: water 

(30:1:70 v/v/v) was used as a mobile phase at the rate of 1.0 mL/min. Pure indole-3-

acetic acid (1000 ppm) was used as standard. The IAA of the samples was identified and 

quantified by comparing the retention time and peak area by using computer software 

(Varian). 

2.6. Inoculation of plants with bacterial isolates 

2.6.1. Bacterial inoculation to wheat seedlings grown in Falcon tubes, 2009 

For growing seedlings of wheat variety Seher 2006, 50 mL Falcon tubes were 

filled with acid washed sterilized sand. Wheat seeds were surface sterilized with sodium 

hypochlorite (3%) for 2-5 minutes and then washed with sterilized water. One seed was 

sown in each Falcon tube and kept in growth room under controlled environment at 12-

25°C with average daylight of 10-12 h. Bacterial cultures were grown in 100 mL LB 

broth at 30°C overnight and centrifuged at 10,000 xg for 10 minutes. The cell pellet was 

washed with 0.85% saline solution and re-suspended in 100 mL of saline. One mL of 

bacterial culture (≃10
9
cfu/mL) was applied directly to root system of each seedling after 

3 days of germination. Ten bacterial isolates (Agromyces sp. T-34B, Arthrobacter sp. 
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WP-2, Bacillus spp. PC and T-34, Enterobacter spp. T-41 and T-42, Pseudomonas spp. 

NN-4 and T-27, Rhodococcus sp. T-20 and Xanthomonas sp. NN-24) were used as 

inoculant in this experiment along with non-inoculated control with five replicates. 

Seedlings were irrigated alternatively with sterilized water and nutrient solution (¼ 

strength Hoaglands solution) without soluble P source. Seedlings were harvested after 40 

days. Data on shoot length, root length, shoot dry weight and root dry weight was 

recorded. 

For measuring the root length, the roots were washed in water. The roots of each 

plant were removed separately and spread on a transparent polyethylene sheet. The sheet 

with roots was put on the desktop scanner which scanned the roots and created a 

computer image of the roots. The root length was measured on the P-IV IBM computer 

and scanner by using root image analysis program (Washington State University 

Research Foundation program, Washington State University, USA).  

2.6.2. Bacterial inoculation to wheat seedlings grown in earthen pots, 2009-12 

Wheat plants of variety Sehar 2006 were grown in earthen pots containing 10 kg 

non-sterilized soil (coarse loamy, EC 2.2 ds/m, pH 8.2, organic matter 0.6%, available 

phosphorous 6.8 mg/kg and total nitrogen 0.06%) collected from the wheat field in 

Faisalabad region where wheat-cotton rotation was practiced over a long period of time. 

Four plants were maintained in each pot with five replicates. Bacterial cultures were 

grown overnight at 30ºC in 100 mL of LB medium and centrifuged at 10,000 xg for 10 

minutes. The cell pellet was washed with 0.85% saline solution and re-suspended in 100 

mL of saline. Bacterial consortium was prepared by mixing of equal volume of bacterial 

culture of all the strains tested in the present study. One mL of bacterial culture 

(≃10
9
cfu/mL) was applied directly to partly exposed root system of each seedling after 3 

days of germination. Reduced level of chemical fertilizers i.e. 80% of the recommended 

dose (4.9 bags/hectare) of urea and DAP (1.2 g/pot of each source) was applied. This 

fertilizer level was equivalent to 0.61 gN/pot and 0.44 gP/pot. Pots were irrigated 

according to the requirement of plants. Plants were harvested after 40 days of sowing and 

data on shoot length, root length, shoot dry weight and root dry weight was recorded. 

Bacterial population was calculated by taking rhizosphere soil samples from wheat grown 

in soil filled earthen pots. 1.0 g of rhizosphere soil was added in 9.0 mL saline solution 
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(0.85%). Serial dilutions (10X) were made by adding 1.0 mL soil suspension to next tube 

containing 9.0 mL of saline solution (0.85%) and up to 10
-5

 dilutions were prepared. 

Aliquots (100 µL) from 10
-3

–10
-5 

 dilutions were spread on LB and Pikovskaya agar 

medium plates. The plates were incubated overnight at 30
o
C. Colony forming units (cfu/g 

of soil) were calculated by counting the colonies and their log values were calculated. 

The same experiment was conducted during the year 2010-11 using bacterial strains as 

inoculla (Agromyces sp. T-34B, Acinetobacter sp. WS-1D, Bacillus spp. T-22 and T-34, 

Enterobacter spp. T-41 and T-42, Microbacterium sp. WNT, Pseudomonas spp. T-27 and 

NN-4) along with non-inoculated control and during the year 2011-12 using the bacterial 

strains (Acinetobacter sp. WS-1D, Arthrobacter spp. WK2T and WP-2, Bacillus spp. PA 

and PC, Enterobacter sp. WP-8, Microbacterium sp. WNT, Pantoea sp. WP-5, 

Pseudomonas spp. WP-1, NN-4 and NN-25, Rhodococcus sp. T-20 and Terribacillus sp. 

T-25) along with non-inoculated control. The other agronomic practices were kept the 

same. Plants were harvested at maturity and data on grain and straw yield was recorded. 

2.6.3. Bacterial inoculation to wheat seedlings grown in plastic jars, 2010-11 

Plant inoculation experiment was conducted to evaluate the performance of 

bacteria isolated from wheat rhizosphere during 2010-11. Plastic jars (capacity 400 mL) 

were filled with 270 g sand and 1.05 g TCP was added and mixed as insoluble P source 

in each jar. Wheat seeds of variety Sehar 2006 were surface sterilized with sodium 

hypochlorite (3%) for 2-5 minutes and 4 seeds were sown in each plastic jar. After the 

emergence of seedlings, overnight grown bacterial cultures (≃10
9
 cfu/mL) were 

inoculated to each seedling. Plants were irrigated with nutrient solution (Hoagland 

solution) without soluble P source and sterilized water alternatively according to 

requirement of plants. Plants were harvested at 40 days after sowing (DAS). Data on 

shoot length, root length, root and shoot dry weight and bacterial population was 

recorded.  

For measuring the root length, the roots were washed in water. The roots of each 

plant were removed separately and spread on a transparent polyethylene sheet. The sheet 

with roots was put on the desktop scanner which scanned the roots and created a 

computer image of the roots. The root length was measured on the P-IV IBM computer 
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and scanner by using root image analysis program (Washington State University 

Research Foundation program, Washington State University, USA).  

Bacterial population was determined by taking rhizosphere sand samples from 

wheat grown in plastic jars. 1.0 g of rhizosphere sand was added in 9.0 mL saline 

solution (0.85%). Serial dilutions (10X) were made by adding 1.0 mL sand suspension to 

next tube containing 9.0 mL saline solution (0.85%) and up to 10
-5

 dilutions were 

prepared. Aliquots (100 µL) from 10
-3

–10
-5 

 dilutions were spread on LB and 

Pikovskaya,s agar medium plates (Maniatis et al., 1982; Pikovskaya, 1948). The plates 

were incubated overnight at 30
o
C. Colony forming units (cfu/g of dry sand) were 

calculated by counting the colonies and their log values were calculated.  

2.6.4. Inoculation of wheat with PGPR under field conditions, 2009-12 

Field experiments were conducted to study the effect of bacterial inoculation on 

plant growth, rhizosheath formation and to study diversity of culturable and non-

culturable bacteria in the rhizosheaths of wheat grown under wheat-cotton and wheat-rice 

based crop rotations. Experiments were laid out in Randomized Complete Block Design 

(RCBD) with three replicates and plot size of 6mx3m. Bacterial cultures were grown 

overnight in 100 mL LB broth medium at 30°C and centrifuged at 10,000 xg for 10 

minutes. The cell pellet was washed with 0.85% saline solution and re-suspended in 100 

mL of saline solution. Bacterial consortium was prepared by mixing of equal volume of 

bacterial culture of all the strains tested in the present study. Inoculum was mixed with 

sterilized filter-mud and seeds were pelleted with this mixture containing filter mud and 

inoculla (≃10
9
 cfu/g). Reduced level of chemical fertilizers i.e. 80% of the recommended 

dose (4.9 bags/hectare) of urea and DAP (0.47 kg/plot of each source) were applied. This 

fertilizer level was equavelent to 0.39 kgN/plot and 0.22 kgP/plot. This experiment was 

also conducted under wheat-rice rotation during the year 2010-11 where plot size was 

1.2mx1.2m. The same experiment was conducted under wheat-cotton rotation during the 

year 2010-11 and 2011-12 where plot size was 6mx3m. A course loamy soil under 

wheat-rice rotation with EC 2.8 ds/m, pH 8.0, organic matter 0.58%, available 

phosphorous 7.2 mg/kg and total nitrogen 0.057% while under wheat-cotton rotation soil 

was coarse loamy with EC 2.2 ds/m, pH 8.3, total N 0.061%, organic matter 0.62% and 

available P was 6.8 mg/kg. All the field experiments either under wheat-cotton rotation or 
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under wheat-rice rotation were conducted in experimental fields in Faisalabad region 

where the respective crop rotations have been practiced over a long period of time. All 

other agronomic practices like irrigation, weed control and tillage were kept the same for 

all treatments throughout growing season.  

Data on dry weight of soil attached with roots in form of rhizosheath, root length, 

root dry weight and shoot dry weight were recorded and analyzed at tillering stage by 

uprooting the plants. All further studies were done by taking the soil samples at 7% 

(under wheat-rice rotation) and 6.8% (under wheat-cotton rotation) moisture contents 

when rhizosheaths were formed around the roots. Moisture contents (Gravimetric water 

contents %) of bulk soil and rhizosheaths were determined using the formula, SWC = % 

water (w/w) = [(Wl - W2)/W2] X 100. W1 is fresh weight of soil; W2 is the dry weight 

of soil after drying the soil at 105 ºC for 5 days. Data on plant height (cm), root and shoot 

dry weight (g), root length (cm), and bacterial population (cfu/g dry soil) was recorded at 

tillering, booting and grain filling stage by uprooting the plants while grain and straw 

yield (kg/plot) was recorded at maturity (harvesting) stage.  

2.7. Estimation of phosphorous, nitrogen and potassium contents in plant materials 

For nitrogen estimation, plant material was oven dried and grinded in a stainless 

steel grinding mill. Wet ashing of oven dried plant material was carried out with H2SO4 

and H2O2 as described by Van Schouwenberg and Walinge (1973). Plant material (0.5 g) 

was taken into each digestion tube and 4 mL of concentrated H2SO4 was added. The 

samples were left overnight for pre-digesting the plant material. Next day, samples were 

placed on digestion rack and the temperature was raised to 120ºC. After that, 1 mL of 

H2O2 was added and samples were digested at 320ºC for 10 minutes. This step was 

repeated until digestion to a transparent end point. Samples were cooled, diluted to an 

appropriate volume and filtered through Whatman filter paper No. 1 or 5. Nitrogen in 

aliquot was measured by steam distillation with addition of concentrated NaOH and 

subsequent titration of the distillate with 1/100 N H2SO4. Phosphorus measurement was 

carried out from the same extract colorimetrically at 410 nm using Ammonium Vanadate-

Ammonium Molybdate yellow color method, as described by Murphy and Riley (1962). 

Potassium (K) was estimated in the same digest by flame photometer with K filter in 

place. 
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2.8. Bacterial population in the rhizosphere of wheat 

Samples were collected from wheat rhizosphere grown under field conditions at 

tillering, booting, grain filling and at maturity stage. Rhizosphere soil (1.0 g) was added 

in 9.0 mL saline solution (0.85%). Serial dilutions (10X) were made by adding 1 mL soil 

suspension to next tube containing 9.0 mL saline solution and up to 10
-5

 dilutions were 

prepared. Aliquots (100 µL) from 10
-3

–10
-5 

 dilutions were spread on LB and Pikovskaya 

medium plates (Maniatis et al. 1982; Pikovskaya 1948). The plates were incubated 

overnight at 30ºC. Colony forming units (cfu/g dry soil) were calculated by counting the 

colonies and their log values were calculated. 

2.9. Extraction and analysis of organic acids and sugars in rhizosheath, 2010-11  

Rhizosheath soil samples were collected from wheat growing under wheat-rice 

and wheat-cotton rotations at tillering stage. To measure the weight of soil attached with 

roots, weight of Falcon tubes containing 30 mL sterilized distilled water was noted and 

then roots with attached soil were washed in this 30 mL sterilized distilled water for 5-10 

minutes so that all soil attached with roots was collected in new Falcon tubes. Now 

weight of Falcon tube (water+ attached soil) was noted to calculate the weight of soil 

attached with roots as rhizosheath. This soil suspension was centrifuged at 6000 xg for 8 

minutes. Supernatant was collected and concentrated to 1.5 mL in a concentrator 

(eppendorf Concentrator 5301, Germany) and filtered by using 0.2 µm filter (Orange 

Scientific GyroDisc CA-PC, Belgium). Samples were analyzed on HPLC PERKIN 

ELMER series 200 with 20 µL auto-sampler PE NELSON 900 series interface, PE 

NELSON 600 series link and PERKIN ELMER NCI 900 Network Chromatography 

interface using Diode-array detector at 210 nm and their UV spectra (190-400 nm), 

Microgaurd Cation-H Precolumn and an Aminex HPx-87H analytical column was used 

for separation. Sulfuric acid (0.001N) was used as mobile phase with flow rate of 0.6 

mL/min. Solutions (100 ppm) of citric acid, malic acid, acetic acid, succinic acid, 

gluconic acid, lactic acid and oxalic acid and sugars (sucrose, maltose, glucose, galactose 

and xylose) were used as standard. Peak area and retention time of samples were 

compared with those of standards for quantification of organic acids and sugars present in 

the rhizosheath. 
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2.10. Statistical analysis 

Results were subjected to analysis of variance (ANOVA) and significance at the 

5% level was tested by Least Significance Difference Test (LSDT) by using a computer 

software program MSTATC. Mean values and the standard deviation were calculated. 

2.11. Bacterial diversity in rhizosheath of wheat grown under wheat-rice and  

wheat-cotton rotation 

2.11.1. Extraction of soil DNA 

Soil samples were taken from rhizosheaths of wheat inoculated with Bacillus T-

34, Azospirillum WS-1 and non-inoculated wheat plants at 6-7% moisture level and were 

stored at 4 °C for further processing. Soil was taken from rhizosheath of three plants of a 

replicate of each treatment and mixed to get one soil sample for DNA extraction. Another 

independent soil sample (biological replicate) was collected from a different replicate of 

the same treatment. As a result total 12 soil samples (two from each treatment) were 

processed for DNA extractions. Soil DNA was extracted by using FastDNA SPIN Kit for 

Soil (MP Biomedicals, USA) according to the manufacturer instructions. After extraction 

of DNA, its concentration (ng/µL) was measured on nano-drop (NanoDrop® ND-1000, 

NanoDrop Technologies, Inc- USA) and was stored at -20°C. 

2.11.2. Amplification of 16S rRNA gene for pyrosequencing  

Extracted DNA was diluted up to 20 ng/µL. Amplicons from the V1 to V6 region 

of 16S rRNA genes were generated by PCR using forward primer 27F and reverse primer 

338R-I+II (Table 5) for each soil DNA. To facilitate pyrosequencing using titanium 

chemistry, each forward primer was appended with the titanium sequencing adaptor A 

and an ―NNNN‖ barcode sequence (Table 5) at the 5
/
  end, where NNNN is a sequence of 

eight nucleotides that was unique for each sample and did not start with G or contain a 

triplicate of identical bases. The reverse primer carried the titanium adaptor B at the 5
/
 

end. Master Mix was prepared using 20.0 µl 5x HF buffer, 5.0 µl TitAdapB338R-I+II (10 

µM), 2.0 µL of PCR grade nucleotide mix, 1.0 µL Phusion Hot start II DNA polymerase 

(2U/µL), 65.0 µL nuclease free water to make 93.0 µL total volume for each sample. 

TitAdapB338R-I +II was prepared by mixing 50.0 µL of TitAdapB338R-I (10 µM) and 

50.0 µL of TitAdapB338R-II (10 µM). For amplification, 5.0 µL barcoded forward 
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primer 27F and 2.0 µL (20 ng/µL) DNA were added to 93.0 µL Master Mix. The PCR 

cycle conditions were the same as described by van den Bogert (van den Bogert et al., 

2011) with some modifications. First denaturation at 98ºC for 30 s, followed by 30 cycles 

of 98 ºC for 10 s, 56 ºC for 20 s and 72 ºC for 20 s, and a final extension step at 72 ºC for 

10 min. PCR product was analyzed on agarose gel electrophoresis for 30 minutes at 100 

V (100 ml gel). PCR products were purified with High Pure PCR Cleanup Micro Kit 

(Roche Applied Science, USA) using manufacturer instructions. DNA concentration after 

purification was measured on nano-drop (NanoDrop® ND-1000, NanoDrop 

Technologies, Inc- USA). Purified PCR products were mixed in equimolar amounts with 

a final DNA concentration (100 ng/µL). The pooled amplicons were pyrosequenced using 

an FLX genome sequencer in combination with titanium chemistry (GATC-Biotech, 

Konstanz, Germany). Sequencing occurred on a picotiter plate (van den Bogert et al., 

2011).  

2.11.3. PCR-amplification of nifH gene from rhizosheath soil DNA of wheat 

Extracted DNA was diluted upto 20 ng/µL and nifH gene was amplified using 

nifH1F Forward primer with 12 different barcodes for each sample and nifH2R reverse 

primer (Zehr and Mcreynolds, 1989). Master Mix was prepared using 20 µL 5x HF 

buffer, 5.0 µL nifH2R (10 µM), 2µL dNTPs mix, 1.0 µL Phusion Hot start II DNA 

polymerase (2U/µL), 65 µL nuclease free water to make 93 µL total volume for each 

sample. For amplification of nifH gene, 5.0 µL barcoded forward primer nifH1F and 2 

µL of soil DNA (20 ng/µL) were added to 93 µL MasterMix. The PCR cycle conditions 

used were; First denaturation at 98ºC for 30s, followed by 30 cycles of 98ºC for 10s, 

56ºC for 20s and 72ºC for 20s, and a final extension step at 72ºC for 10 min. PCR 

product was analyzed on agarose gel electrophoresis for 30 minutes at 100 V (100 ml 

gel). PCR products were purified with High Pure PCR Cleanup Micro Kit (Roche 

Applied Science, USA) using manufacturer instructions. DNA concentration after 

purification was measured on nano-drop (NanoDrop® ND-1000, NanoDrop 

Technologies, Inc- USA). Purified PCR products were mixed in equimolar amounts with 

a final DNA concentration of 100 ng/µL. The pooled amplicons were pyrosequenced 

using an FLX genome sequencer in combination with titanium chemistry (GATC-
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Biotech, Konstanz, Germany). Sequencing occurred on a picotiter plate (van den Bogert 

et al., 2011). 

2.11.4. Data analysis 

Sequences obtained from GATC-Biotech for sequencing on GS FLX (Roche / 

454) with Titanium chemistry were analyzed using QIIME as this method is well 

documented approach at evaluating alpha diversity. Sequencing information was 

processed and sorted using the default parameters in QIIME version 1.3 (Caporaso et al., 

2010b). Briefly, sequences were submitted to a quality check and only high-quality 

sequences (>200 bp and <1000 bp in length, quality score >25, exact match to barcode 

and primer) were selected for further processing. High-quality sequences were clustered 

into operational taxonomic units (OTUs) at 97% sequence identity using UCLUST 

(Edgar, 2010). Bacterial representative sequences of each OTU were then aligned using 

PyNAST (Caporaso et al., 2010a) against the Greengenes core set (DeSantis et al., 2006) 

and assigned taxonomy with the RDP-classifier  (Wang et al., 2007). Chimeric sequences 

were removed using ChimeraSlayer software (Haas et al., 2011). After chimera removal 

aligned sequences were used to generate a phylogenetic tree using FastTree (Price et al., 

2009). In order to eliminate potential biases introduced by sampling depth, all samples 

were rarified to an equal number of sequences per sample.  
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Table 5: Sequence of barcode and Linker/Primer for different soil DNA samples 

extracted from rhizosheath of wheat grown under different crop rotations 

Rotation Sample ID Barcode sequence 

wheat-cotton 

rotation 

A1 Soil Bacillus T-34 R1 AACGCGAA 

A3 Soil Bacillus T-34 R3 AACGCGTT 

B1 Soil Azospirillum WS-1 R1 AAGCGCTT 

B3 Soil Azospirillum WS-1 R3 ACACCTGA 

E1 soil non-inoculated R1 AAGCGGAT 

E3 soil non-inoculated R3 AAGCGGTA 

wheat-rice 

rotation 

1.1 Soil Bacillus T-34 R1 AAGCTACC 

1.3 Soil Bacillus T-34 R3 AAGCTAGG 

2.1 Soil Azospirillum WS-1 R1 AAGCTTCG 

2.3 Soil Azospirillum WS-1 R3 AAGCTTGC 

5.1 soil non-inoculated R1 ACACCTCT 

5.3 soil non-inoculated R3 ACACGACT 

Linker/primer sequence: GTTYGATYMTGGCTCAG 

TitAdapB-338R-I 

―5‘CCTATCCCCTGTGTGCCTTGGCAGTCTCAGGCWGCCTCCCGTAGGAGT‖ 

TitAdapB–338R–II  

―5‘CCTATCCCCTGTGTGCCTTGGCAGTCTCAGGCWGCCACCCGTAGGTGT‖ 

 

Table 6: Sequence of nifH primer and barcodes for different soil DNA samples 

Rotation Sample ID Barcode sequence 

wheat-cotton 

rotation 

A1 Soil Bacillus T-34 R1 ACGAGTGCGT 

A3 Soil Bacillus T-34 R3 ACGCTCGACA 

B1 Soil Azospirillum WS-1 R1 AGACGCACTC 

B3 Soil Azospirillum WS-1 R3 AGCACTGTAG 

E1 soil non-inoculated R1 ATCAGACACG 

E3 soil non-inoculated R3 ATATCGCGAG 

wheat-rice 

rotation 

1.1 Soil Bacillus T-34 R1 CGTGTCTCTA 

1.3 Soil Bacillus T-34 R3 CTCGCGTGTC 

2.1 Soil Azospirillum WS-1 R1 TAGTATCAGC 

2.3 Soil Azospirillum WS-1 R3 TCTCTATGCG 

5.1 soil non-inoculated R1 TGATACGTCT 

5.3 soil non-inoculated R3 CATAGTAGTG 

nifH2R . GCCTTGCCAGCCCGCTCAGADNGCCATCATYTCNCC 

Linker/primer sequence: TGYGAYCCNAARGCNGA 
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Chapter 3 

3. RESULTS 

3.1. Isolation and identification of bacteria from rhizosphere of wheat 

 Twenty-nine bacterial isolates were obtained from the rhizosphere of wheat 

grown under different crop rotations. Among the isolates, 16 bacterial isolates were 

obtained from wheat-cotton rotation and 13 bacterial isolates were obtained from wheat-

rice rotation. Two bacterial isolates (WS-1 and WB-3) were obtained from NIBGE 

culture collection. The isolates included both the Gram-positive as well as Gram-negative 

bacteria. Majority of the isolates were motile Gram-negative rods (Table 7). For 

identification of the isolates, 16S rRNA gene was amplified from all the bacterial isolates 

(29) obtained in the present study and also from the isolate WS-1 obtained from NIBGE 

culture collection. 16S rRNA gene sequence analysis of most of the bacterial isolates 

showed more than 97% similarity with the nucleotide sequence of closely related 

bacterial strains (Table 8). However, 16S rRNA gene sequence of the bacterial isolates 

WS-1D, T-34A and NN-25 showed 96% similarity with those of Acinetobacter sp., 

Arthrobacter scleromae and Pseudomonas tolaasii, respectively. The isolate WP-8 

showed 94% sequence similarity with those of Enterobacter amnigenus. 16S rRNA gene 

sequence of the bacterial isolate WP-2 showed 93% similarity with Arthrobacter 

oxydans. Lowest (89%) sequence similarity of the isolate T-25 was found with that of 

Terribacillus sp. 

Phylogenetic trees were constructed using 16S rRNA gene sequences of the 

bacterial isolates along with related sequences in the NCBI data base. Four clusters i.e. 

Arthrobacter spp., A. oxydans, A. scleromae and A. protophormiae were formed by the 

NCBI data base sequences used for construction of phylogenetic tree for genus 

Arthrobacter. The isolates T-34A and WK2T clustered with A. scleromae strains while 

the isolate WP-2 formed cluster with A. oxydans strains (Fig. 4). Genus Azospirillum 

showed four clusters corresponding to four species i.e. A. brasilense, A. lipoferum, A. 

oryzae and A. amazonense formed by selected NCBI data base sequences used for 

construction of the phylogenetic tree. The bacterial strains AzT-1, AzT-2 and WS-1 

clustered with A. brasilense strains (Fig. 5). Four clusters (Paenibacillus alvei, 
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Paenibacillus polymyxa, Paenibacillus edaphicus and Bacillus licheniformis) were 

identified in the phylogenetic tree constructed for genera Bacillus and Paenibacillus. 

Bacterial isolate T-34 clustered with Bacillus lichenformis strains (Fig. 6). Phylogenetic 

analysis of genus Enterobacter showed that four clustered (E. amnigenus, E. aerogenes, 

E. mori and E. asburiae) were formed and bacterial isolates WP-8, T-41 and T-42 were 

present in the cluster containing Enterobacter amnigenus strains (Fig. 7). 

3.2. Amplification of nifH gene from bacterial isolates 

Using conserved PCR primers, partial nifH gene was amplified from 3 

Azospirillum isolates (WS-1, AzT-1 and AzT-2) to confirm the presence of nitrogenase 

gene. PCR product of expected size (360 bp) was obtained (Fig. 8).  

3.3. Amplification of pqqE gene from bacterial isolates 

Using degenerate PCR primers, pqqE gene (known to have a role in P-

solubilization) was amplified from seven isolates obtained from rhizosphere of wheat. 

PCR product of expected size i.e. 900 bp was obtained from the bacterial strains 

Arthrobacter sp. WP-2, Bacillus sp. T-34, Enterobacter sp. T-41, Pantoea sp. WP-5, 

Pseudomonas sp. WP-1, Pseudomonas sp. T-27 and Pseudomonas sp. NN-4 (Fig. 9). The 

size of PCR product obtained from Sphingobacterium sp. T-5 was larger than expected 

size (i.e. 900 bp). Sequence analysis of pqqE gene amplified from Arthrobacter sp. WP-

2, Pseudomonas spp. T-27 and NN-4 showed maximum (80-81%) sequence similarity 

with that of Pseudomonas putida. Nucleotide sequence of pqqE obtained from Pantoea 

sp. WP-5 showed maximum sequence similarity (80%) with that of Klebsiella pneumonia 

strain. The nucleotide sequence of PCR product obtained from Bacillus sp. T-34, 

Enterobacter sp. T-41 and Pseudomonas sp. WP-1 did not show higher similarity to 

pqqE sequences in the NCBI data base.    

  



CHAPTER 3                                                                            RESULTS 
 

50 

Table 7: Morphological characteristics of the bacteria isolated from rhizosphere of wheat 

under wheat-cotton and wheat-rice rotation 

Strain Gram‘s 

staining 

Cell shape and motility Crop rotation and cropping 

area 

1. WS-1D - non-motile rods  wheat-cotton, Faisalabad 

2. WB-3P5 - non-motile rods wheat-cotton, Faisalabad 

3. WP-4 - round and motile  wheat-cotton, Faisalabad 

4. T-26 - motile rods wheat-rice, Hajeera, AJK 

5. WK2T + motile rods  wheat-cotton, Faislabad 

6. T-34A + non-motile rods wheat-cotton, Faislabad 

7. WP-2 + motile rods wheat-cotton, Mailsi 

8. WS-1* - motile rods wheat-rice, Sahiwal 

9. WB-3* - motile rods Wheat, Rawalpindi 

10. AzT-1 - motile rods wheat-rice, Mailsi 

11. AzT-2 - motile rods wheat-rice Mailsi 

12. T-21 + motile rods wheat-rice, Hajeera, AJK 

13. T-34 + motile rods wheat-cotton, Mailsi 

14. PA + motile rods wheat-rice, Faisalabad 

15. T-22 + motile rods wheat-cotton, Mailsi  

16. PC + motile rods wheat-cotton Faisalabad 

17. T-41 - motile rods wheat-rice, Hajeera,AJK 

18. T-42 - motile rods wheat-rice, Hajeera, AJK 

19. WP-8 - motile rods wheat-cotton, Faisalbad 

20. T-2 + motile rods wheat-rice, Hajeera, AJK 

21. WNT + motile rods wheat-cotton, Faisalabad 

22. WP-5 - motile rods wheat-cotton, Faisalabad 

23. NN-4 - motile rods wheat-cotton Mailsi 

24. WP-1 - motile rods wheat-cotton Faisalabad 

25. NN-25 - motile rods wheat-cotton, Mailsi 

26. T-27 - motile rods wheat-rice, Hajeera, AJK 

27. T-20 + non-motile rods wheat-rice, Hajeera, AJK 

28. T-5 - non-motile rods wheat-rice, Hajeera, AJK 

29. T-25 + motile rods  wheat-cotton, Mailsi 

30. NN-24 - motile rods  wheat-rice, Hajeera, AJK 

31. T-34B + non-motile rods wheat-rice, Faisalabad 

 

*The isolates WS-1 and WB-3 were obtained from NIBGE culture collection  
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Table 8: Identification of bacterial isolates on the basis of 16S rRNA gene sequence 

analysis 

Isolate  Organism 

identified 

Accession 

number 

Closest type strain in NCBI 

data base 

16S 

rRNA 

identity 

(%)  

1. WP-4 Actinobacteria  HE661606 Actinobacteria AB302331 97 

2. WS-1D Acinetbacter HE661618 Acinetbacter sp. JQ586267 96 

3. WB-3P5 Acinetobacter  HE661628 Acinetobacter sp. JQ408701 99 

4. T-34B Agromyces  HE661617 Agromyces JF343131 97 

5. T-26 Agrobacterium HE661623 Agrobacterium sp. HM494618  98 

6. T-34A Arthrobacter HE661619 A. scleromae JF505938 96 

7. WK2T Arthrobacter HE661609 A. scleromae JF505940 98 

8. WP-2 Arthrobacter HE661626 A.oxydans HQ331125 93 

9. WS-1 Azospirillum  HE977616 Azospirillum brasilense 99 

10. AzT-1 Azospirillum HE977617 Azospirillum brasilense 98 

11. AzT-2 Azospirillum HE977618 Azospirillum brasilense 98 

12. PA Bacillus HE661616 Bacillus subtilis HM989922 98 

13. PC Bacillus HE661620 B.amyloliquefaciensEU304964 99 

14. T-21 Bacillus HE661621 Bacillus aquimaris JN559392 98 

15. T-22 Bacillus HE661622 Bacillus subtilis EU304967 98 

16. T-34 Bacillus  HE817770 Bacillus sp. HM037177 99 

17. T-41 Enterobacter  HE661629 E. amnigenus JQ062999 99 

18. T-42 Enterobacter HE661630 E. amnigenus AB682273 99 

19. WP-8 Enterobacter HE661608 E. amnigenus AB682273 94 

20. T-2 Microbacterium HE661605 M. oxydans HM584223 99 

21. WNT Microbacterium HE661631 M. aurantiacum EU863415 97 

22. WP-5 Pantoea HE661627 P. agglomerans FJ593000 97 

23. T-27 Pseudomonas HE661611 P. putida AB680304 93 

24. NN-25 Pseudomonas  HE661612 P. tolaasii HQ529376 96 

25. NN-4 Pseudomonas  HE661613 P. mendocina GU289395 97 

26. WP-1 Pseudomonas HE661625 P. poae JN897284 97 

27. T-20 Rhodococcus  HE661614 R. erythropolis JQ435727 97 

28. T-5 Sphingobacterium HE661610 S. faecium AB680829 98 

29. T-25 Terribacillus HE661607 Terribacillus sp. JQ359087 89 

30. NN-24 Xanthomonas HE661615 Xanthomonas sp. FJ405365 99 
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Figure 2: Genomic DNA extracted from bacterial isolates. Lane 1, 1.0 kb plus DNA 

ladder; Lane 2, Azospirillum sp. WS-1; Lane 3, Arthrobacter sp. WP-2; Lane 4, Bacillus 

sp. T-34  

 

 

Figure 3: PCR amplified 16S rRNA gene from bacterial isolates. Lane 1, 1.0 kb plus 

DNA ladder; Lane 2, Azospirillum sp. WS-1; Lane 3, Azospirillum sp. AzT-1; Lane 4, 

Arthrobacter sp. WP-2; Lane 5, Bacillus sp. T-34; Lane 6, Bacillus sp. T-22; Lane 7, 

Enterobacter sp. T-41; Lane 8, Enterobacter sp. T-42; Lane 9, Pantoea sp. WP-5; Lane 

10, Pseudomonas sp. NN-4; Lane 11, Pseudomonas sp. WP-1; Lane 12, Xanthomonas sp. 

NN-24; Lane 13, negative control 
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Figure 4: Phylogenetic relationship of different strains of genus Arthrobacter on the basis 

of 16S rRNA gene sequences. Amplified 16S rRNA gene fragments from the isolated 

strain Arthrobacter WP-2, T-34A and WK2T were sequenced and BLAST searched 

through NCBI database. Closely related sequences were downloaded and aligned using 

CLUSTAL X. These sequences were analyzed using maximum likelihood (ML) method. 

The bootstrap replicates (BS) values of 70% or greater represent well supported nodes 

and thus only those were retained. Arthrobacter scleromae WK2T was taken as outgroup.   
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Figure 5: Phylogenetic relationship of different strains of genus Azospirillum on the basis 

of 16S rRNA gene sequences. Amplified 16S rRNA gene fragments from the isolated 

strains WS-1, AzT-1 and AzT-2 were sequenced and BLAST searched through NCBI 

database. Closely related sequences were downloaded and aligned using CLUSTAL X. 

These sequences were analyzed using maximum likelihood (ML) method. The bootstrap 

replicates (BS) values of 70% or greater represent well supported nodes and thus only 

those were retained. Azospirillum irakense was taken as outgroup.  
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Figure 6: Phylogenetic relationship of different strains of genus Bacillus and 

Paenibacillus on the basis of 16S rRNA gene sequences. Amplified 16S rRNA gene 

fragment from the isolated strain Bacillus sp. T-34 was sequenced and BLAST searched 

through NCBI database. Closely related sequences were downloaded and aligned using 

CLUSTAL X. These sequences were analyzed using maximum likelihood (ML) method. 

The bootstrap replicates (BS) values of 70% or greater represent well supported nodes 

and thus only those were retained. E. coli K-12 was taken as outgroup. Bacillus strain T-

34 is present in the group containing B. licheniformis strains  
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Figure 7: Phylogenetic relationship of different strains of genus Enterobacter on the basis 

of 16S rRNA gene sequences. Amplified 16S rRNA gene fragments from the isolates 

Enterobacter spp. (strains T-41, T-42 and WP-8) was sequenced and blast searched 

through NCBI database. Closely related sequences were downloaded and aligned using 

CLUSTAL X. These sequences were analyzed using maximum likelihood (ML) method. 

The bootstrap replicates (BS) values of 70% or greater represent well supported nodes 

and thus only those were retained. E. coli K-12 was taken as outgroup. Enterobacter spp. 

(strains T-41, T-42 and WP-8) are present in the group containing Enterobacter 

amnigenus strains. 
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Figure 8: PCR amplified partial nifH gene from Azospirillum spp. Lane 1, 1.0 kb plus 

DNA ladder; Lane 2, Azospirillum sp. WS-1; Lane 3, AzT-1; Lane 4, AzT-2  

 

 

Figure 9: PCR amplified partial pqqE gene from bacterial isolates. Lane 1, Arthrobacter 

sp. WP-2; Lane 2, Bacillus sp. T-34; Lane 3, Pseudomonas sp. T-27; Lane 4, 

Pseudomonas sp. NN-4; Lane 5, Pantoea sp. WP-5; Lane 6, Sphinogobacterium sp. T-5; 

Lane 7, Pseudomonas sp. WP-1; Lane 8, Enterobacter sp. T-41; Lane 9, negative control; 

Lane 10, 1.0 kb plus DNA ladder  
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3.4. Biochemical characterization of bacterial strains 

3.4.1. Phosphate solubilization 

Bacterial strains were grown on Pikovskaya medium agar plates to observe halo 

zone formation indicating P-solubilization activity. Halo zones were produced around the 

colonies of 12 bacterial isolates grown for two weeks (Fig. 10). For the quantification of 

P-solubilized by these 12 bacterial isolates, bacterial cultures were grown in Pikovskaya 

broth medium containing insoluble tri-calcium phosphate (TCP) and supplemented with 

four different sugars as carbon sources. All bacterial strains tested in the present study 

solubilized significant amount of TCP in pure culture (Table 9). 

Maximum P-solubilization as well as decrease in pH was observed in Pantoea sp. 

WP-5 (310.5 µg/mL), Bacillus sp. T-34 (298.3 µg/mL) and Enterobacter sp. T-41 (292.2 

µg/mL). Azospirillum sp. WS-1 showed maximum P-solubilization activity (218.1 

µg/mL) as well as decrese in pH of the growth medium containing glucose as C-source. 

In Pikovskaya medium supplemented with sucrose as single carbon source, it was 

observed that Bacillus sp. T-34, Pseudomonas spp. (strains T-27 and WP-1), Pantoea sp. 

WP-5 and Enterobacter spp. (strains T-41 and T-42) solubilized maximum amount of 

TCP. In the Pikovskaya medium supplemented with maltose, bacterial strains 

Enterobacter sp. T-4, Pantoea sp. WP-5 and Bacillus sp. T-34 solubilized significantly 

higher amount of insoluble P. When glucose was used as a sole carbon source in 

Pikovskaya medium, Azospirillum sp. WS-1 showed maximum P-solubilization activity. 

In Pikovskaya medium containing glactose as single carbon source, maximum P 

solubilization was observed in Pantoea sp. WP-5, followed by Bacillus sp. T-34 and 

Enterobacter sp. T-41.  

All the bacterial strains decreased the pH of Pikovskaya media supplemented with 

sucrose, maltose, glucose or galactose as single carbon source from pH 7 to pH less than 

5. However, some bacterial strains like Pseudomonas sp. T-27, Pantoea WP-5, 

Azospirillum spp. (strains WS-1 and WB-3) showed minimum decrese in pH of 

Pikovskaya media. 
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Figure 10: Halo zone formation around bacterial colonies on Pikovskaya agar medium 

plates indicate the phosphate solubilizing activity of bacteria 
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Table 9: Phosphate solubilization (µg/mL) and decrease in pH of Pikovskaya medium 

supplemented with different C-sources* 

Carbon sources 

Bacterial strains Maltose Sucrose Glucose Galactose 

Soluble P  pH Soluble P  pH Soluble P pH Soluble P pH 

1. Agrobacterium sp. T-26 200.7±5BC 4.7 124.5±7D 5.0 29.9±2G 4.8 255.6±4B  4.5 

2. Arthrobacter sp. WP-2 165.0±5 D 4.8 73.3± 3F 4.3 206.8±7AB 4.5 151.0±3F          4.2 

3. Azospirillum sp. WS-1 124.2± 4E 5.6 80.9± 2F 5.6 218.1±6A 4.9 187.6±4DE  5.3 

4. Azospirillum sp. WB-3 114.4±3E 5.6 97.0± 3E 5.8 136.7±5DE 4.7 177.8±5E 5.2 

5. Bacillus sp. T-21 39.1± 2 F   4.9 109.2±4E         5.6 90.9±3F    5.5 75.7±2G   5.6 

6. Bacillus sp. T-22 29.9± 2 F  4.9 142.8±5C       5.1 115.3±5EF   4.6 206.8±6CD   4.3 

7. Bacillus sp. T-34 289.1± 5A 4.4 215.9±7A 4.8 200.7±5ABC 4.8 298.3±6A     4.8 

8. Enterobacter sp. T-41 292.2±4A         4.5 185.5±3B         4.7 188.5±3ABC         4.3 258.6±5B        4.6 

9. Enterobacter sp. T-42 215.9±5B 5.0 182.4±5B 4.9 136.7±3DE 4.3 209.9±4C 4.6 

10. Pantoea sp. WP-5 292.2±5A 5.5 203.8±3A    5.4 182.4±2BC 5.6 310.5±4A         4.2 

11. Pseudomonas sp.WP-1 180.6±2CD 5.0 176.3±3B 4.9 181.8±2BC 4.5 157.4±5F 4.5 

12. Pseudomonas sp. T-27 165.6±3D 5.2 211.9±4A 4.8 167.1±3CD 5.6 169.9±5EF 5.1 

LSD at 0.05 34.42  12.59  33.84  20.30  

*Bacterial cultures were grown for two weeks in Pikovskaya growth medium (pH 7) 

containing insoluble tri-calcium phosphate and different sugars as a single carbon and 

energy source. The values given are an average of 3 replicates. 
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3.4.2. Utilization of sugars to produce organic acids for P-solubilization  

Utilization of different sugars for organic acid production by phosphate 

solubilizing bacterial cultures was investigated. Four sugars were used as single carbon 

and energy source in the growth media to quantify organic acids produced by the 

bacterial isolates. All the bacterial isolates produced acetic acid, citric acid and gluconic 

acid on all sugars tested in the present study. Acetic acid was produced in significantly 

higher concentration by the tested bacterial strains with all the carbon sources used. The 

results suggested that Bacillus sp. T-34 used all sugars (glucose, galactose, maltose and 

sucrose) tested in the present study and produced citric acid, malic acid, acetic acid and 

lactic acid in considerably higher concentrations. Among the isolates, Bacillus sp. T-34 

produced maximum amount of acetic acid when grown in the medium containing sucrose 

as a single carbon source (Table 10 & Fig.11). Enterobacter sp. T-41 and Pantoea sp. 

WP-5 produced higher amount of acetic acid in the medium containing maltose as single 

C-source (Table 11 & Fig. 12). Citric acid was the second dominant organic acid 

produced by the isolates after acetic acid. In glucose supplemented growth medium, 

Azospirillum sp.WS-1 produced highest amount of gluconic acid compared to other 

strains (Table 12 & Fig. 13). In galactose supplemented medium, Bacillus sp. T-34 

produced maximum amounts of acetic acid, citric acid, gluconic acid and succinic acid 

(Table 13 & Fig. 14). 

3.4.3. Growth hormone production by bacterial isolates from wheat rhizosphere 

Bacterial isolates were investigated for the ability to produce plant growth 

hormone indol-3-acetic acid (IAA) in pure culture.  Among all the bacterial strains tested 

in the present study, 22 bacterial strains produced IAA in culture media containing 

tryptophan as precursor of IAA biosynthesis. Among these strains, Bacillus sp. T-34 

produced significantly higher amount of IAA (31.2 µg/mL), followed by Enterobacter 

sp. T-41 (26.4 µg/mL), Pseudomonas sp. WP-1 (24.9 µg/mL), Arthrobacter sp. WP-2 

(23.6 µg/mL), Pantoea sp. WP-5 and Azospirillum sp. WS-1 (Table 14). Minimum IAA 

production was observed in Bacillus sp. T-21, Terribacillus sp. T-25, Xanthomonas sp. 

NN-24 and Agromyces sp. T-34 B (Table 14). The remaining 9 bacterial strains did not 

produce IAA in culture medium.  
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Table 10: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates* 

on sucrose supplemented Pikovskaya medium  

Bacterial strains  Acetic  

Acid 

Citric 

acid 

Gluconic  

Acid 

Lactic  

acid 

Malic  

acid 

Oxalic 

acid 

Succinic 

acid 

Agrobacterium sp. T-26 30.7±3D           1.8±0.2H     0.11±0.02DE     ND     0.2±0.01E     N.D 5.3±1.0 A       

Arthrobacter sp. WP-2 23.8±0.1E        3.2±0.5E       0.03±0.0F     ND   0.040.0F     N.D 0.3±0.01 C     

Azospirillum sp. WS-1 10.3±2I              4.1±0.3C          0.12±0.01D      0.2±0.02D      ND     N.D ND 

Azospirillum sp. WB-3 23.8±0.1E         3.2±0.2E      0.1±0.01DEF      ND   0.01F     N.D ND 

Bacillus sp. T-21  23.3±0.2F      6.4±0.5B            2.2±0.02C       0.5±0.02C      0.96D      N.D ND 

Bacillus sp. T-22 44.4±2B           0.07±0.0I   0.05±0.0DEF     0.7±0.02 B         ND     N.D 0.3±0.01 C     

Bacillus sp. T-34 56.6±2A         17.9 ±2A             9.5±0.5A         2.8 ±0.5A        7.9±1A          N.D 5.3±1.2 A       

Enterobacter sp. T-41 23.3±0.2F 3.6±0.5D          7.3±0.5B        ND     1.8±0.2C        N.D 0.2±0.02 C     

Enterobacter sp. T-42 20.9±1H       3.3±0.5E        0.07±0.0DEF     ND     ND     N.D 0.4±0.01 C     

Pantoea sp. WP-5 41.9±2C            3.6±0.7D          2.2±0.5C       ND     2.7±0.5B         N.D 1.6±0.2 B      

Pseudomonas sp. WP-1 23.3±0.1F       2.9±0.2F        0.04±0.0EF     ND   0.04F     N.D 0.5±0.02 C     

Pseudomonas sp. T-27 21.3±1G       2.3±0.2G      0.06±0.0DEF     ND   0.05F    N.D 0.06C    

LSD at 0.05 0.27 0.22 0.072 0.05 0.072  1.05 

        

*Bacterial cultures were grown for two weeks in Pikovskaya medium containing 

insoluble tri-calcium phosphate and different sugars as a single carbon and energy source. 

The values given are an average of 3 replicates. N.D (Not detected) 

 

Figure 11: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates 

on sucrose supplemented Pikovskaya medium. 

Bacterial cultures were grown for two weeks in Pikovskaya medium containing insoluble 

tri-calcium phosphate and different sugars as a single carbon and energy source.   
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Table 11: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates* 

on maltose supplemented Pikovskaya medium  

Bacterial strains  Acetic acid Citric 

acid 

Gluconic 

acid 

Lactic 

acid 

Malic 

acid 

Oxalic  

Acid 

Succinic 

acid 

Agrobacterium sp. T-26 38.8±3F         3.2±0.5E       0.79±0.01D       ND 2.3±0.5A         2.44±0.5C        0.56±0.01C     

Arthrobacter sp. WP-2 25.4±2G        3.3±0.2E       0.06±0.0F     ND 0.04±0F     0.03±0.0D     0.22±0.02D     

Azospirillum sp. WS-1 8.6± 2  J     7.9±1 A 1.5±0.02C ND 0.03±0F     N.D N.D 

Azospirillum sp. WB-3 14.4± 2I      5.2±0.5B          1.5±0.01C        ND 0.03±0F    ND 0.31±0.01D     

Bacillus sp. T-21  42.9±0.5C            1.1±0.1G     0.04±0.0F          ND     1.3±0.2C          ND 8.3±0.5B      

Bacillus sp. T-22 44.2±0.2B             4.3±0.2C          ND     0.03±0D     0.2±0E     N.D      0.03± 0.0D     

Bacillus sp. T-34 42.5±0.2D           3.6±0.3D 8.8±0.5A 16.8±2A        2.3±0.5A         4.6±0.5A 9.4 ±0.5A 

Enterobacter sp. T-41 45.6±0.5A              2.8±0.5F 4.9±0.2B 1.8±0.2 B       1.9±0.1B        N.D 0.09±0.0D 

Enterobacter sp. T-42 39.9±0.3E        2.8±0.2F            0.07±0F    ND     0.2±0E     3.1±0.5B       ND 

Pantoea sp. WP-5 45.5±0.5B              4.2±0.2C          0.6±0.0FE     0.2±0C      0.5±0D       ND 0.09± 0.0D     

Pseudomonas sp. WP-1 44.0±0.2B              2.8±0.1F             0.06±0.0F     ND 0.05±0F     0.03± 0D     7.44± 0.6B      

Pseudomonas sp. T-27 15.2±1 H      3.1±0.2E      0.67±0.01E      ND 0.05±0F     ND 0.07±D    

*Bacterial cultures were grown for two weeks in Pikovskaya medium containing 

insoluble tri-calcium phosphate and different sugars as a single carbon and energy source. 

The values given are an average of 3 replicates. N.D (Not detected) 

 

Figure 12: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates 

on maltose supplemented Pikovskaya medium 

Bacterial cultures were grown for two weeks in Pikovskaya medium containing insoluble 

tri-calcium phosphate and different sugars as a single carbon and energy source   
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Table 12: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates* 

on glucose supplemented Pikovskaya medium  

Bacterial strains  Acetic  

acid 

Citric 

 acid 

Gluconic 

acid 

Lactic  

acid 

Malic acid Oxalic 

acid 

Succinic  

Acid 

Agrobacterium sp. T-26 27.9±0.5F           0.8±0.0K     1.70±0C       ND 0.2±0.01A        N.D  0.26±0.01C   

Arthrobacter sp. WP-2 10.7±0.4K      10.2±0.2E           0.03±0F    0.4±0A         ND N.D  0.27±0.01C   

Azospirillum sp. WS-1 14.3±0.6G          31.1±0.5B            25.4±1A                 ND N.D N.D N.D 

Azospirillum sp. WB-3 12.6±0.2H         7.2 ±0.7F         23.3±1A           ND ND N.D ND 

Bacillus sp. T-21  5.6±0.1L 1.1±0.1J     1.7±0.2C            0.2±0B          ND  N.D 0.32±0.02C    

Bacillus sp. T-22 28.3±0.5E            6.5±0.2G       0.03±0F     ND 0.2±0.01A      N.D ND 

Bacillus sp. T-34 46.5±0.7A               36.2±0.2A               8.3±2B          0.4±0A      0.2±0A N.D 5.3±1A 

Enterobacter sp. T-41 39.8±0.1C              20.9±0.5C      1.7±0.5C        ND     0.2±0A N.D 3.62±0.5B 

Enterobacter sp. T-42 40.8±0.2B                  20.9±0.5C            1.5±0.2D     ND ND    N.D 3.72±0.2B      

Pantoea sp. WP-5 30.4±0.1D            3.4±0.7I      1.4±0.1E      ND 0.3±0.01A       N.D 0.11±0.1C   

Pseudomonas sp. WP-1 11.2± 0.1J       11.2±0.2D            0.02±0F    0.5±0.02A       ND N.D 0.48±0C   

Pseudomonas sp. T-27 11.7± 0.2I        4.2±0.5H       1.4±0E       0.2±0.02B        ND N.D  0.05±0D    

LSD at 0.05 0.27 0.22 0.072 0.05 0.072 0.05 1.05 

*Bacterial cultures were grown for two weeks in Pikovskaya medium containing 

insoluble tri-calcium phosphate and different sugars as a single carbon and energy source. 

The values given are an average of 3 replicates. N.D (Not detected) 

 

Figure 13: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates 

on glucose supplemented Pikovskaya medium  

Bacterial cultures were grown for two weeks in Pikovskaya medium containing insoluble 

tri-calcium phosphate and different sugars as a single carbon and energy source.  
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Table 13: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates* 

on galactose supplemented Pikovskaya medium  

Bacterial strains  Acetic 

acid 

Citric 

acid 

Gluconic 

acid 

Lactic 

 acid 

Malic  

acid 

Oxalic 

acid 

Succinic 

acid 

Agrobacterium sp. T-26 6.6±0.3F                0.9±0.1G      0.4±0C           0.4±0.02C        3.9±0.5F         2.3±0.05C         0.3±0.02C   

Arthrobacter sp. WP-2 9.2±0.2D         4.1±0.2C         0.3±0CD      ND 3.0±0.1H ND  0.3±0.01C   

Azospirillum sp. WS-1 14.2±0.5B 1.8±0.2F      0.5±0.01C         ND 18.3±1A             N.D N.D 

Azospirillum sp. WB-3 0.9±0.2J     3.4±0.2D       0.4±0.01C      1.9±0.1B        1.7±0.1K     ND ND 

Bacillus sp. T-21  4.3±0.5I              3.9±0.1C        0.6±0C             0.1±0.0D     7.9±0.2B               N.D 0.3±0.0C    

Bacillus sp. T-22 4.6±0.7H             3.9±0.1C         0.03±0D    ND 4.2±0.5E              ND ND 

Bacillus sp. T-34 29.5±0.5A           0.7±0.0G      1.2±0.2A          5.2±0.5A       1.9±0.5I   2.9±0.02B 4.3±0.03A 

Enterobacter sp. T-41 6.6±0.2F               5.3±0.7A         0.8±0.1B         0.1±0.0D      4.2±0.2E         5.9±0.01A 3.6±0.02B 

Enterobacter sp. T-42 5.9±0.5G       5.0±0.7B  0.06±0.0D    ND 6.0±0.5C              2.0±0.0C     3.7±0.1A      

Pantoea sp. WP-5 4.8±0.3H      5.0±0.6B            0.6±0.0C            ND 4.3±0.7D          2.3±0.0C         0.1±0.0C   

Pseudomonas sp. WP-1 11.9±0.5C           2.6±0.3E           0.4± 0.0C        ND 3.3±0.2G      ND 0.5±0.0C   

Pseudomonas sp. T-27 8.3±0.4E       3.3±0.3D        0.3±0.0CD     1.9±0.1B        ND     ND  0.05±0.0D    

LSD at 0.05 0.27 0.22 0.072 0.05 0.072 0.05 1.05 

 

*Bacterial cultures were grown for two weeks in Pikovskaya medium containing 

insoluble tri-calcium phosphate and different sugars as a single carbon and energy source. 

The values given are an average of 3 replicates. N.D (Not detected) 

 

Figure 14: Organic acid production (µg/mL) by phosphate solubilizing bacterial isolates 

on galactose supplemented Pikovskaya medium 

Bacterial cultures were grown for two weeks in Pikovskaya medium containing insoluble 

tri-calcium phosphate and different sugars as a single carbon and energy source. 
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Table 14: Production of IAA by bacterial strains in growth medium*  

Isolate IAA (µg/mL) 

1. Arthrobacter sp. WK2T 2.74±0.5 I       

2. Arthrobacter  sp. T-34A 2.1±0.4  IJ       

3. Arthrobacter  sp. WP-2 23.6±2.5 D            

4. Agrobacterium sp. T-26 4.68±1.0 H        

5. Agromyces sp. T-34B 0.65±0.1 KL 

6. Azospirillum sp. WS-1 11.1±2.1 F     

7. Azospirillum sp. WB-3 10.3±1.7 F          

8. Bacillus sp. PC 0.50±0.05 L   

9. Bacillus sp. PA 3.23±0.8 I       

10. Bacillus sp. T-21 0.48±0.04 L     

11. Bacillus sp. T-22 5.75±1.2 H         

12. Bacillus sp.T-34 31.2±3.3 A               

13. Enterobacter sp. WP-8 4.58±1.1 H         

14. Enterobacter sp. T-42 5.56±1.5 H        

15. Enterobacter sp. T-41 26.4±3.2 B              

16. Pantoea sp. WP-5 17.1±2.5 E           

17. Pseudomonas sp. WP-1 24.9±3.6 C             

18. Pseudomonas sp. T-27 8.08±1.2 G         

19. Pseudomonas sp. NN-4 7.51±1.1 G 

20. Rhodococcus sp. T-20 1.1±0.4 JKL    

21. Terribacillus sp. T-25 0.50±0.01 L  

22. Xanthomonas sp. NN-24 0.65±0.04 KL    

LSD at 0.05 (1.34) 

 *Bacterial cultures were grown for two weeks in LB medium containing tryptophan as 

precursor of IAA. The values given are an average of 3 replicates. 
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3.5. Effect of bacterial inoculation on growth of wheat 

3.5.1. Effect of bacterial inoculation on growth of wheat grown in Falcon tubes filled 

with sand, year 2009 

Bacterial isolates from the rhizosphere of wheat were inoculated on wheat 

seedlings grown in Falcon tubes containing sand. Increase in shoot length, root dry 

weight and shoot dry weight over non-inoculated control due to all treatments except for 

Agromyces sp. T-34B and Bacillus sp. PC was statistically significant (Table 15). Among 

all these isolates, inoculation with Enterobacter sp. T-41 resulted in a maximum increase 

in shoot length, root length, shoot dry weight and root dry weight over non-inoculated 

control and other inoculated plants. Significant improvement in various growth 

parameters of wheat plants inoculated with Bacillus sp. T-34 was also recorded over non-

inoculated control.  

3.5.2. Effect of bacterial inoculation on growth of wheat grown in earthen pots, year 

2009 

To study the performance of bacterial isolates as inoculants, a pot experiment was 

conducted using non-sterilized soil as a growth medium for plants. After 40 days, plants 

were harvested and data on root length, shoot length, shoot dry weight and root dry 

weight were recorded. All the bacterial isolates tested in the present study except 

Agromyces sp T-34B and Microbacterium sp. WNT increased the root length and shoot 

length compared with non-inoculated control treatment. Among all the isolates, 

inoculation with Enterobacter sp. T-41 and Bacillus sp. T-34 resulted in a maximum 

increase in root length and root dry weight over non-inoculated control (Table 16). 

Maximum increase in shoot length and shoot dry weight was recorded in plants 

inoculated with Bacillus sp. T-34. 

3.5.3. Effect of bacterial inoculation on grain and straw yield of field-grown wheat 

under wheat-cotton rotation, year 2009-10 

A field experiment was conducted to evaluate the performance of bacterial 

isolates from rhizosphere of wheat. Inoculation of Enterobacter sp. T-41 with full NP 

fertilizer and reduced level i.e. 80% of the recommended NP fertilizers enhanced the 

plant height as compared with their respective non-inoculated treatments (Table 17). 

Bacterial inoculation resulted in 13.4% increase in straw yield and 11.6% increase in 
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grain yield over non-inoculated control. However, the increase in straw and grain yield of 

inoculated plants was not statistically significant from control (non-inoculated) plants.  

Bacterial population (cfu/g dry soil) was estimated in the rhizosphere of wheat at 

tillering and booting stage (Fig. 15). On LB medium plates, bacterial population (cfu/g 

dry soil) was maximum at booting stage compared with tillering stage. Four 

morphologically different dominant colony types (i.e. A, B, C and D) were observed. 

Colony type C and D were dominant in rhizosphere of wheat at tillering and booting 

stage.  

3.5.4. Effect of bacterial inoculation on growth of wheat seedlings grown in plastic 

jars, year 2010-11 

  An experiment was conducted in plastic jars filled with sterilized sand containing 

TCP to study the effect of bacterial strains on growth of wheat. All the inoculated 

bacterial strains except Bacillus sp. T-21 resulted in increased shoot length, root length 

and shoot dry weight over non-inoculated control (Table 18). Among bacterial strains, 

Bacillus sp. T-34 produced significantly greater root length, shoot length and shoot dry 

weight, followed by Enterobacter spp. (strains T-41 and T-42), Azospirillum spp. (strains 

WS-1 and WB-3) and Arthrobacter sp. WP-2 compared with non-inoculated control.  

Bacterial population (cfu/g dry sand) was determined on LB plates in the 

rhizospheric sand collected from each jar at the time of harvesting (i.e. 40 days after 

sowing). Inoculation with bacterial strains resulted in an increase in the number of 

bacteria over non-inoculated control. Maximum cfu/g dry sand was detected in the 

rhizosphere of plants inoculated with Enterobacter sp. T-41 (Fig. 17). 
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Table 15: Effect of bacterial inoculation on growth of seedling of wheat* grown in 

Falcon tubes filled with sand, year 2009  

Treatments Cumulative root  

length (cm)  

Root dry 

weight (g) 

Shoot 

 length (cm)  

Shoot dry 

weight (g) 

1. Agromyces sp. T-34B 11.7±2.0E 0.15±0.05B     18.3±2D 0.14±0.05B     

2. Arthrobacter sp. WP-2 16.7±1.5B 0.25±0.03AB     21.6±2BCD          0.24±0.07AB     

3. Bacillus sp. PC 12.1±2.0DE 0.19±0.04AB     18.1±3D     0.17±0.07AB     

4. Bacillus sp. T-34 15.3±2.2BCD 0.26±0.05AB     23.7±1.5AB 0.23±0.05AB     

5. Enterobacter  sp. T-41 19.6±2.5AB 0.29±0.05A      25.6±3A        0.26±0.03AB     

6. Enterobacter sp. T-42 20.9±2.0A 0.30±0.06A        25.6±2A        0.27±0.04A          

7. Pseudomonas sp. NN-4 14.4±3.0BCDE 0.25±0.03AB 22.4±2ABC      0.22±0.02AB     

8. Pseudomonas sp. T-27 15.7±1.5BC 0.25±0.06AB     23.7±2.3AB       0.23±0.01AB 

9. Rhodococcus sp. T-20 14.8±3.0BCDE  0.24±0.07AB     22.3±ABCD     0.23±0.02AB     

10. Xanthomonas sp. NN-24 12.9±2.5CDE 0.24±0.07AB     20.0±1.8CD     0.22±0.05AB     

11. Non-inoculated  12.3±2.0CDE 0.24±0.05AB     18.9±2D     0.22±0.03AB 

LSD at alpha 0.05 3.415 0.1523 3.497 0.1866 

 

*Wheat seedlings were grown in Falcon tubes containing sterilized sand and 1.0 mL 

bacterial cultures (≃10
9
 cfu/mL) were inoculated to seedlings after emergence 
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Table 16: Effect of PGPRs inoculation on growth of seedlings of wheat grown in earthen 

pots*, year 2009 

Bacterial isolate Cumulative 

root  

length (cm)  

Root dry 

weight (g) 

Shoot 

 length (cm)  

Shoot  dry 

weight (g) 

1. Agromyces sp. T-34 B 192.1±13C     0.62±0.04CD        30.2±1C   1.93±0.08BC    

2. Acinetobacter  sp. WS-1D 196.4±12C     0.92±0.05BC     30.6±2BC     2.03±0.06BC    

3. Bacillus sp. T-22 239.9±15ABC    0.85±0.03C     33.9±1ABC        2.40±0.05B  

4. Bacillus sp. T-34 269.4±14A       1.05±0.04B      38.7±2A  3.00±0.03A           

5. Enterobacter sp. T-41 273.3±12A       1.12±0.02A            37.7±2A       3.00±0.05A            

6. Enterobacter sp. T-42 260.5±13AB      1.10±0.03A  37.3±0.5AB     2.42±0.1B 

7. Microbacterium sp. WNT 182.9±16C     0.50±0.05D    28.6±2C     1.44±0.1C     

8. Pseudomonas sp. T-27 216.2±14ABC     0.84±0.04C   30.7±1C     2.42±0.02B     

9. Pseudomonas sp. NN-4 223.2±15ABC   0.71±0.01CD     30.5±0.2BC     2.44±0.03B   

10. Non-inoculated  202.4±16BC    0.68±0.02CD   30.2± 0.5C     2.34±0.04B     

LSD at 0.05 10.2 0.55 3.0 0.63 

 

*Five wheat seeds were sown in each earthen pot containing non-sterilized soil and were 

inoculated with 1.0 mL (≃10
9
 cfu/mL) of overnight grown bacterial cultures after 

seedling emergence. Four seedlings were maintained in each pot with five replicates. 

Values are an average of five replications 

 

Table 17: Effect of bacterial inoculation on grain and straw yield of field-grown* wheat 

under wheat-cotton rotation, year 2009-10 

Treatments Plant 

Height 

(cm) 

Straw yield 

(kg/plot) 

Grain yield 

(kg/plot) 

Enterobacter sp. T-41+reduced fertilizers** 79.2±1.0AB 12.7  12.5  

Non-inoculated+ reduced fertilizers** 77.3± 0.5B 11.2  11.2  

Enterobacter sp. T-41+full fertilizers 83.8± 1.0A 12.4  12.8  

Non-inoculated+full fertilizers 78.7±1.2AB 11.5  11.7  

LSD at 0.05 5.69 *** *** 

*Wheat seeds were sown in field plots (6mx3m) maintaining
 
RXR distance 23 cm and 

PXP distance 15 cm. Values are an average of 3 replications 

**80% of the recommended NP fertilizers 

***non-significant 
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Figure 15: Bacterial population (cfu/g dry soil) on LB medium plates in wheat 

rhizosphere growing under wheat-cotton rotation at tillering stage (A) and booting stage 

(B)  

*Total cfu (cfu/g dry soil of the total bacterial population) 

**Treatments: T-1, inoculated with Enterobacter sp. T-41+80% of the recommended NP 

fertilizers; T-2, non-inoculated control with 80% of the recommended NP fertilizers; T-3, 

inoculated with Enterobacter sp. T-41 and full NP fertilizers; T-4, non-inoculated control 

with full NP fertilizers 
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Figure 16: Effect of bacterial inoculation on wheat seedlings grown in plastic jars filled 

with sand containing TCP 
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Table 18: Effect of bacterial inoculation on growth of wheat seedlings grown in plastic 

jars*, year 2010  

Treatments Cumulative 

root  

length (cm) 

Root dry 

weigth 

(g) 

Shoot 

length (cm) 

Shoot dry 

weight (g) 

1. Agrobacterium sp. T-26 398.7±2CDE  0.2620  30.6±1AB 0.582±0.02AB 

2. Arthrobacter sp. WP-2 500.5±3AB   0.2501   30.6±1AB 0.585±0.04AB 

3. Azospirillum sp. WS-1 525.0±3AB 0.2650  30.6±1AB 0.634±0.05A 

4. Azospirillum sp. WB-3 515.0±2AB             0.2685  29.0±0.5B 0.599±0.03AB 

5. Bacillus sp. T-22 435.5±5BCD 0.2480  29.0±0.4B  0.588±0.06AB 

6. Bacillus sp. T-21 310.3±3E 0.2440   24.7±2C  0.274±0.04C 

7. Bacillus sp. T-34 557.4±3A    0.2520  34.4±2A  0.640±0.07A 

8. Enterobacter sp. T-41 528.5±2AB  0.2620  31.6±1AB 0.592±0.05AB   

9. Enterobacter sp. T-42 530.2±3AB      0.2500  31.0±1AB 0.582±0.07AB 

10. Pantoea sp. WP-5 475.5±5ABC   0.2700  29.5±0.5B 0.498±0.04AB 

11. Pseudomonas sp.WP-1 485.4±2ABC   0.2500   30.5±0.5AB   0.568±0.06AB   

12. Serratia sp. 5D 467.0±5ABC 0.256    29.3±0.5AB  0.520±0.03AB  

13. Bacterial consortia** 450.5±5BCD   0.2360    31.1±1AB   0.520±0.04AB   

14. Non-inoculated 364.9±5DE  0.1900    28.2±0.5BC 0.420±0.07B 

LSD value 0.05 15.7 *** 4.15 0.1996 

*Five wheat seeds were sown in plastic jars containing sterilized sand with TCP and were 

inoculated with 1.0 mL (≃10
9
 cfu/mL) of overnight grown bacterial cultures after 

seedling emergence. Four seedlings were maintained in each pot with five replicates. 

Values are an average of five replications 

**Consortia of all the bacterial strains used in this study 

***non-significant  
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Figure 17: Bacterial population (cfu/g of sand) determined on LB medium in the 

rhizosphere of wheat seedlings grown in plastic jars. Bacterial strains used in this study 

were: 

*Treatments: T-1, Agrobacterium sp. T-26; T-2, Arthrobacter sp. WP-2; T-3, 

Azospirillum sp. WS-1; T-4, Azospirillum sp. WB-3; T-5, Bacillus sp. T-21; T-6, Bacillus 

sp. T-22; T-7, Bacillus sp. T-34; T-8, Enterobacter sp. T-41; T-9, Enterobacter sp. T-42; 

T-10, Pantoea sp. WP-5; T-11, Pseudomonas sp. WP-1; T-12, Serratia sp. 5D;  

T-13**, Consortia of all the bacterial strains used in this study; T-14, Non-inoculated 

control  
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3.5.5. Effect of bacterial inoculation on grain and straw yield of wheat grown in 

earthen pots, year 2010-11  

An experiment was conducted to study the effect of bacterial inoculation on 

growth of wheat plants grown in earthen pots filled with non-sterilized soil. All the 

inoculated bacterial strains improved the plant growth and increased the straw and grain 

yield of wheat (Table 19). Among tested strains, inoculation with Bacillus sp. T-34 

produced higher straw yield, followed by Azospirillum sp. WS-1 and Enterobacter spp. 

(strains T-41 and T-42) compared with control (non-inoculated) plants. Inoculation with 

Bacillus sp. T-21 and Agrobacterium sp. T-26 resulted in decrease in straw yield 

compared with non-inoculated control plants. Inoculation with Bacillus sp. T-34, 

Enterobacter sp. T-41 and Azospirillum sp. WS-1 resulted in increased grain yield by 

14.8%, 13.1% and 9.3%, respectively over non-inoculated control. 

Nitrogen, phosphorus and potassium contents determined in plant samples were 

not significantly different among the treatments. However, data showed that maximum N 

contents were detected in plants inoculated with Azospirillum spp. (strains WS-1 and 

WB-3) and Bacillus sp. T-34 (Table 19). Maximum P% was observed in the plants 

inoculated with Bacillus sp. T-34, followed by Pantoea sp. WP-5 compared with both the 

non-inoculated control treatments. Analysis of data also revealed that maximum K% was 

determined in plants inoculated with Serratia sp. 5D compared with non-inoculated 

control treatments (Table 19). 

Bacterial population (cfu/g dry soil) was estimated in the rhizosphere of wheat at 

tillering and harvesting stage. On LB and Pikovskaya medium plates, total cfu/g dry soil 

were maximum at tillering stage compared with harvesting stage (Fig. 19A&B). On both 

the growth media, total cfu/g dry soil recorded at tillering and harvesting stage were 

maximum in the rhizosphere of plants inoculated with Azospirillum spp. (strains WS-1 

and WB-3), Bacillus sp. T-34 and Enterobacter spp. (strains T-41 and T-42) compared 

with non-inoculated control treatments. 
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Figure 18:  Effect of bacterial inoculation on grain and straw yield of wheat grown in 

earthen pots, year 2010-11 
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Table 19: Effect of bacterial inoculation on grain and straw yield of wheat grown in 

earthen pots*, 2010-11 

Treatments  Straw yield 

(g/pot) 

Grain yield 

(g/pot) 

N mg/g  P% K% 

1. Agrobacterium sp. T-26 6.15±1.2AB 8.6±1.0 AB   0.85  0.41 1.0 

2. Azospirillum sp. WS-1 8.58±1.4 A 10.0±2.0 A 0.95 0.42 1.0           

3. Azospirillum sp. WB-3 8.21±1.1 A 9.3±2.0 A   0.96 0.41 1.1           

4. Bacillus sp. T-21 5.33±1.3 B 7.1±1.5 B    0.88 0.40 0.97     

5. Bacillus sp. T-22 7.98±1.3 A 9.9±2.1 A    0.85 0.40  1.1            

6. Bacillus  sp. T-34 8.83±1.0 A 10.5±2.5A 0.90  0.44 1.2  

7. Enterobacter sp. T-41 8.44±1.5 A 10.4±1.7A      0.83 0.41 1.1  

8. Enterobacter sp. T-42 8.31±2.0 A 9.4±2.0 A        0.83 0.41 1.1              

9. Pantoea  sp. WP-5 8.78±1.7 A 9.5±2.0 A     0.87 0.43 0.98          

10. Serratia sp. 5D 8.50±1.0 A 9.9±3.0 A      0.88 0.43 1.2  

11. Bacterial consortia** 8.20±1.4 A 9.6±1.0 A     0.87 0.42 1.2           

12. Control 1*** 6.21±1.1AB 7.3±2.0 B 0.88 0.42 0.98 

13. Control 2**** 7.64±1.2AB 9.2±1.5 A     0.82 0.42 0.98 

LSD at 0.05 3.0 2.99 ***** ***** ***** 

*Seeds were sown in earthen pots. Seedlings after emergence were inoculated with 1.0 

mL (≃10
9
 cfu/mL) overnight grown bacterial cultures. Plants were harvested at maturity 

and grain and straw yield were noted. Values are an average of five replicates (five pots 

with 4 plants each).  

**Consortia of all the bacterial strains tested in this study 

***Control 1, non-inoculated control with 20% reduced NP fertilizers than recommended 

NP fertilizers 

****Control 2, non-inoculated control with recommended NP fertilizers 

*****non-significant  
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Figure 19: Bacterial population (cfu/g dry soil) determined on LB (A) and Pikovskaya 

(B) medium plates in the rhizosphere of wheat grown in earthen pots at tillering and 

maturity stage, year 2010-11 

*Treatments, Bacterial strains used in this study: Agrobacterium sp. T-26, Azospirillum 

spp. (strains WS-1 and WB-3), Bacillus spp. (strains T-21, T-22 and T-34), Enterobacter 

spp. (strains T-41 and T-42), Pantoea sp. WP-5,  

*C-1, Bacterial consortia of all the strains used in this study 

**C-2 (non-inoculated control with 20% reduced NP fertilizer application), 

***C-3 (non-inoculated full NP fertilizer application) 
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3.5.6. Field experiments under wheat-rice and wheat-cotton rotations (2010-11) 

Field experiments were conducted on wheat under wheat-rice and wheat-cotton 

rotations to study the effect of bacterial inoculation on rhizosheath formation and growth 

of wheat. Data on amount of soil attached with roots as rhizosheath and detection of root 

exudates (organic acids and sugars) was recorded at tillering stage. Effect of bacterial 

inoculation on shoot length, root length, root and shoot dry weight of wheat was studied 

at four different growth stages including i.e. tillering, booting, grain filling and maturity 

stage. Bacterial population in rhizosphere of wheat grown under wheat-rice and wheat-

cotton rotation was also estimated on different growth media. Four morphologically 

different dominant colonies i.e. colony types A, B, C and D were detected. Colony type A 

was light brown in color, large-sized and round; colony type B was brown in color, round 

and medium-sized; colony type C was round, very small-sized and cream colored; colony 

type D was watery, round, dark brownish in color and medium sized. One representative 

colony from each dominant colony type was identified by 16S rRNA sequence analysis.  

Colony type A was identified as Bacillus sp. (isolate PA), colony type B as Enterobacter 

sp. (isolate WP-8), colony type C as Arthrobacter sp. (isolate WK2T) and colony type D 

as Acinetobacter sp. (isolate WS-1D) 

3.5.6.1. Rhizosheath formation and detection of organic acids and sugars in 

rhizosheaths of field-grown wheat under wheat-rice rotation 

Rhizosheath formation was studied at tillering stage by uprooting the plants with 

intact root system. Moisture contents of bulk soil under wheat-rice rotation were 7.0% ±2 

while the moisture contents of rhizosheaths under this system were 10.2% ±1.5.  Better 

rhizosheath formation was observed in inoculated plants as estimated by the amount of 

attached soil (Table 20). Data showed that significantly higher amount of soil was 

attached with the roots of inoculated plants compared with non-inoculated control plants. 

Among the inoculated treatments significantly higher amount of soil was attached as 

rhizosheath with roots inoculated with Bacillus sp. T-34, followed by Azospirillum sp. 

WS-1. 

For the extraction and quantification of root exudates (organic acids and sugars), 

the root system along with rhizosheath soil was washed in sterile water. After extraction, 

the samples were analyzed on HPLC for quantification of organic acids and sugars. 
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Acetic acid, citric acid, malic acid and oxalic acid were detected in rhizosheaths of wheat. 

Among the treatments, Bacillus sp. T-34 inoculated plant roots secreted maximum 

amount of organic acids (Table 20). Acetic acid, citric acid and malic acid concentrations 

were higher in rhizosheaths of plants inoculated with Bacillus sp. T-34. Oxalic acid 

concentration was not significantly affected by bacterial inoculation. Two sugars i.e. 

sucrose (in range of 3-9% of the total sugars) and glucose (in range of 6-9% of the total 

sugars) were also detected in rhizosheaths of wheat under wheat-rice rotation.  

3.5.6.2. Effect of bacterial inoculation on growth of field-grown wheat under wheat-

rice rotation, year 2010-11 

Stage I (Tillering) 

Plants from each treatment were collected at tillering stage. Results indicated that 

shoot length, root length, shoot dry weight and root dry weight recorded at were 

significantly higher in the treatment inoculated with Bacillus sp. T-34, followed by 

Azospirillum sp. WS-1 and Pantoea sp. WP-5 compared with non-inoculated control 

(Table 21). 

Bacterial population was determined at tillering stage by serial dilution method on 

LB agar plates. Four morphologically different dominant colony types were observed on 

LB plates. Colony types B and C were dominant in all the treatments (Fig. 22A). 

However, maximum number of colony type B was detected in the rhizosheath of plants 

inoculated with Bacillus sp. T-34. Maximum numbers (cfu/g dry soil) of colony type C 

were observed in the rhizosheath of plants inoculated with Azospirillum sp. WB-3. 

Bacterial population (cfu/g dry soil) was also estimated on Pikovskaya medium. It 

was observed that colony type B and C were dominant in the rhizosheath of plants (Fig. 

22B). However, maximum cfu/g dry soil of colony types A and C were estimated in 

rhizosheath of plants inoculated with Azospirillum sp. WB-3. Maximum number (cfu/g 

dry soil) of colony type B was observed in the rhizosheath of plants inoculated with 

Bacillus sp. T-34. Bacterial population was 10
4
/g dry soil in bulk soil at tillering stage. 

 Stage II (Booting) 

Analysis of data showed that bacterial inoculations resulted in increased root and 

shoot length of inoculated plants collected at booting stage compared with both the non-

inoculated control treatments (Table 21). Inoculation with Azospirillum sp. WS-1 gave 
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significantly higher shoot dry weight compared with other inoculated as well as non-

inoculated control treatments. All the inoculated treatments exhibited greater root dry 

weight over both the non-inoculated control treatments (Table 21). 

Samples from rhizosphere soil were collected at booting stage and bacterial 

population on LB medium plates was estimated. Data showed that at booting stage 

colony types B and C were dominant in the rhizosphere of wheat. However, maximum 

cfu/g dry soil of colony types B and D were recorded in the rhizosphere of plants 

inoculated with Bacillus sp. T-34 (Fig. 23A). Maximum cfu/g dry soil of colony type C 

were observed in the rhizosphere of plants inoculated with Azospirillum sp. WB-3.  

Bacterial population was also detected on Pikovskaya medium plates. It was observed 

that colony types B and C were more aboundant than colony types A and D (Fig. 23B). 

 Stage III (Grain filling) 

Shoot length of plants collected at grain filling stage significantly improved with 

bacterial inoculations. Maximum shoot length was produced in plants inoculated with 

Bacillus sp. strain T-34, followed by Azospirillum sp. WS-1 inoculated plants over both 

the non-inoculated control treatments (Table 21). Root length was not significantly 

affected due to inoculation with bacterial strains. At this stage shoot dry weight and root 

dry weight were significantly higher in inoculated plants. 

Samples were collected from rhizosphere of wheat at grain filling stage. Bacterial 

population (cfu/g dry soil) was estimated on LB medium plates. It was observed that 

colony types C and D were dominant in wheat rhizosphere at grain filling stage (Fig. 

24A). Maximum cfu/g dry soil of colony types B, C and D were observed in the 

rhizosphere of plants inoculated with Bacillus T-34 while maximum cfu/g dry soil of 

colony type A were recorded in the rhizosphere of plants inoculated with Azospirillum 

sp.WS-1. 

On Pikovskaya medium plates, colony type D was dominantly present in the 

rhizosphere of wheat (Fig. 24B). Results showed that maximum cfu/g dry soil of colony 

types A and B were detected in rhizosphere of plants inoculated with Azospirillum 

sp.WB-3 while cfu/g dry soil of colony type C were maximum in the rhizosphere of 

plants inoculated with Azospirillum sp. WS-1. 
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Stage IV (Maturity) 

 Data collected at maturity stage indicated beneficial effects of bacterial 

inoculation on growth of wheat. The increase in grain yield of plants inoculated with 

Bacillus sp. T-34 and Azospirillum sp. WS-1 was 15% and 10%, respectively over non-

inoculated control. Inoculation of Bacillus sp. T-34 and Azospirillum sp. WS-1 strains 

increased the straw yield of plants by 12.4% and 7.0%, respectively over the non-

inoculated control (with 20% reduced NP fertilizer application). Nitrogen, phosphorous 

and potassium contents were determined in plants. Data showed that N, P and K contents 

were not significantly different (Table 22). However, Nitrogen contents were maximum 

in plants inoculated with Azospirillum spp. (strains WS-1 and WB-3). P and K contents 

were maximum in Bacillus sp. T-34 inoculated plants compared with non-inoculated 

control treatments. 

Bacterial population (cfu/g soil) was determined on LB medium in the 

rhizosphere of wheat. Colony type D was dominant than colony types B and C. 

Maximum cfu/g dry soil of colony type A were estimated in the rhizosphere of plants 

inoculated with Azospirillum sp. WS-1 (Fig. 25A) while cfu/g dry soil of colony types B, 

C and D were maximum in rhizosphere of plants inoculated with Bacillus sp. T-34. On 

Pikovskaya medium, colony type D was dominant at crop maturity stage and maximum 

cfu/g dry soil were estimated in rhizosphere of plants inoculated with Bacillus sp. T-34 

(Fig. 25B).  

Comparing the data collected at different growth stages on total bacterial 

population (cfu/g dry soil), it was observed that on Pikovskaya and LB media, bacterial 

population (cfu/g dry soil) increased from tillering to booting stage. At booting stage 

bacterial population was maximum and it decreased at grain filling stage and was 

minimum at maturity stage (Fig. 26A&B). 
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 Wheat-rice rotation   Wheat-cotton rotation 

Figure 20: Rhizosheath formation in wheat grown under wheat-rice rotation and wheat-

cotton rotation 

 

Figure 21: Inoculation of bacterial strains to wheat grown under wheat-rice system 
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Table 20: Quantification of organic acids (µg/g dry soil) in rhizosheaths of field-grown 

wheat under wheat-rice rotation 

Treatments Dry weight (g) of 

soil attached  

with roots  

Acetic 

 acid  

Citric 

acid 

Malic  

Acid 

Oxalic 

acid 

Azospirillum sp. WS-1 0.2325±0.03 B    8.4±0.7 B 6.2±0.04B  18.1±0.05B 8.8±0.38  

Bacillus sp. T-34 0.5959±0.05 A        21.1±1.9A  8.8±0.25A 21.3±0.04A 8.2±2.82  

Non-inoculated 0.1308±0.01 C  7.88±0.2B  5.8±0.06C  16.9± 0.0C  8.0±1.94  

Wheat seeds were sown in field plots (1.2 m x1.2 m) with three replicates. Three plants 

per plot were uprooted and roots along with attached soil were washed with sterilized 

water to extract the root exudates. The extracts were analyzed on HPLC to determine the 

organic acids and sugars. Values are an average of three replicates 
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Table 21: Effect of bacterial inoculation on growth of field-grown* wheat at different 

growth stages under wheat-rice rotation, 2010-11 

Stage I (Tillering) 

Treatments Shoot length 

(cm) 

Shoot dry 

weight (g) 

Cumulative 

root  

length (cm) 

Root dry 

weight (g) 

Azospirillum sp. WS-1 17.3±1.7AB     0.2635±0.01A      81.60±1.0B         0.2354±0.01AB      

Azospirillum sp. WB-3 15.8±1.6B     0.1907±0.03B       56.93±0.2D       0.1793±0.02BC       

Bacillus sp. T-34 18.9±1.0A      0.2660±0.01A     92.49±1.0A          0.2372±0.01A 

Pantoea sp. WP-5 16.8±0.7AB     0.2035±0.01B       59.85±0.8C       0.2089±0.01ABC        

Control 1* 16.0±1.0B     0.1796±0.01B      48.45±0.9E      0.1682±0.02C      

Control 2** 16.0±0.5B     0.0961±0.01C     24.08±0.3F     0.0880±0.01D     

LSD at 0.05 2.69 0.05753 1.349 0.05753 

 

Stage II (Booting) 

Azospirillum sp. WS-1 36.3±1.6B 18.30±1.2A 230.5±2.5B 3.14±0.3B 

Azospirillum sp. WB-3 36.3±1.4B     12.23±0.9B             241.2±1.4A        3.16±0.3A      

Bacillus sp. T-34 39.1± 1.8A      11.97±0.5B      242.8±5.5A        3.17±0.1A      

Pantoea sp. WP-5 37.1±1.0AB     10.90±0.7BC      243.9±5.1A        3.29±0.1A      

Control 1* 35.7±0.6B     9.80±0.2C      206.4±9.1C      2.08±0.1B     

Control 2** 36.5±0.6AB     7.00±1.0D     185.0±4.4D     1.81±0.05B     

LSD at 0.05 2.657 1.504 9.642 0.3684 

 

Stage III (Grain filling) 

Azospirillum sp. WS-1 58.4±1.0A 22.53±1.0A 344.1  6.31±0.5A 

Azospirillum sp. WB-3 57.3±0.5AB      22.30±0.5B        342.0      6.25±0.5A       

Bacillus sp. T-34 59.5±1.0A       28.50±2.0A       343.8      6.24±0.5A       

Pantoea sp. WP-5 57.1±0.1ABC     20.47±1.5C      317.6     5.26±0.3B   

Control 1** 55.6±0.5BC  20.50±1.0C      296.9      5.27±0.3B      

Control 2*** 54.7±0.1C     17.37±1.0D     235.4      4.89±0.5C     

LSD at 0.05 2.537 1.670 **** 0.3593 

*Wheat seeds were sown in field plots (1.2 m x 1.2 m) with three replicates. Three plants 

per plot were uprooted at tillering, booting and grain filling stage to measure the growth 

parameters. Values are an average of three replicates 

**Control 1, non-inoculated control with full recommended NP fertilizer application 

***Control 2, non-inoculated control with 20% less NP fertilizer application 

****non-significant 
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Table 22: Effect of bacterial inoculation on grain and straw yield of field-grown* wheat 

under wheat-rice rotation, 2010-11 

Stage IV (Maturity) 

Treatment Plant 

height 

(cm) 

Straw yield 

(g/plot) 

Grain 

yield 

(g/plot) 

N 

mg/g  

P% K% 

Azospirillum sp. WS-1 77.3    782.7±15AB 657±15AB     0.90  0.42  0.93  

Azospirillum sp. WB-3 80.0      784.7±17AB  633±6AB     0.89  0.40  0.92  

Bacillus sp. T-34 83.3      824.0±10A     689±10A      0.83  0.43  0.98  

Pantoea sp.WP-5 77.0      739.0±10AB  629±10AB    0.81  0.43  0.97  

Control 1** 80.2       752.7±10AB     607±12AB     0.81  0.40  0.97  

Control 2*** 80.0       733.0±12AB 597±15AB 0.80  0.40  0.91  

LSD at 0.05 **** 110.5 90.6 **** **** **** 

*Plants were harvested at maturity and straw and grain yield was measured. Values give 

are an average of three replications 

**Control 1, non-inoculated control with full recommended NP fertilizer application 

***Control 2, non-inoculated control with 20% less NP fertilizer application 

****non-significant 
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Figure 22: Bacterial population (cfu/g dry soil) determined on LB (A) and Pikovskaya 

(B) medium in the rhizosheath of field-grown wheat under wheat-rice rotation at tillering 

stage, 2010-11 

*Treatments, Bacterial strains used for inocula:  Azospirillum sp. WS-1, Azospirillum sp. 

WB-3, Bacillus sp. T-34, Pantoea sp. WP-5 

**Control 1, non-inoculated control with full recommended NP fertilizer application 

***Control 2, non-inoculated control with 20% less NP fertilizer application 
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Figure 23: Bacterial population (cfu/g dry soil) determined on LB (A) and Pikovskaya     

(B) medium in rhizosphere of field-grown wheat under wheat-rice rotation at booting 

stage, 2010-11 

*Treatments, Bacterial strains used for inocula: Azospirillum sp. WS-1, Azospirillum sp. 

WB-3, Bacillus sp. T-34, Pantoea sp. WP-5 

**Control 1, non-inoculated control with full recommended NP fertilizer application 

***Control 2, non-inoculated control with 20% less NP fertilizer application 
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  Figure 24: Bacterial population (cfu/g dry soil) determined on LB (A) and Pikovskaya 

(B) medium in rhizosphere of field-grown wheat under wheat-rice rotation at grain filling 

stage, 2010-11 

*Treatments, Bacterial strains used for inocula: Azospirillum sp. WS-1, Azospirillum sp. 

WB-3, Bacillus sp. T-34, Pantoea sp. WP-5 

**Control 1, non-inoculated control with full recommended NP fertilizer application 

***Control 2, non-inoculated control with 20% less NP fertilizer application 
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Figure 25: Bacterial population (cfu/g dry soil) determined on LB (A) and Pikovskaya 

(B) medium in rhizosphere of field-grown wheat under wheat-rice rotation at maturity 

stage, 2010-11 

*Treatments, Bacterial strains used for inocula: Azospirillum sp. WS-1, Azospirillum sp. 

WB-3, Bacillus sp. T-34, Pantoea sp. WP-5 

**Control 1, non-inoculated control with full recommended NP fertilizer application 

***Control 2, non-inoculated control with 20% less NP fertilizer application 
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Figure 26: Total bacterial population (cfu/g of soil) on LB (A) and Pikovskaya (B) 

medium at different growth stages 

*Treatments, Bacterial strains used for inocula: Azospirillum sp. WS-1, Azospirillum sp. 

WB-3, Bacillus sp. T-34, Pantoea sp. WP-5 

**Control 1, non-inoculated control with full recommended NP fertilizer application 

***Control 2, non-inoculated control with 20% less NP fertilizer application 
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3.5.7. Field experiment to investigate the effect of bacterial inoculation on wheat 

under wheat-cotton rotation, 2010-11 

3.5.7.1. Rhizosheath formation and detection of organic acids and sugars in 

rhizosheath of field-grown wheat under wheat-cotton rotation 

Rhizosheath formation was observed around the roots of field-grown wheat under 

wheat-cotton rotation. Moisture contents of bulk soil under wheat-cotton rotation were 

6.8% ±1.5 while the moisture contents of rhizosheath under this system were 10.9%.±2.0. 

Data on dry weight of soil attached with roots as rhizosheaths was recorded at tillering 

stage. Maximum amount of soil was attached with roots of plants inoculated with 

Bacillus sp. T-34 and Azospirillum sp. WS-1 compared with non-inoculated control 

treatment. For the extraction and quantification of root exudates secreted by wheat roots, 

the root system along with rhizosheath soil was washed in sterile water and the samples 

were analyzed on HPLC for quantification of exudates (sugars and organic acids). Acetic 

acid, citric acid, malic acid and oxalic acid were detected in rhizosheaths of wheat under 

wheat-cotton crop rotation. Among the treatments, Bacillus T-34 inoculated plant roots 

secreted maximum amount of organic acids (Table 23). Two sugars i.e. sucrose in range 

of (4-9.8%) and glucose in range of (6-9%) were detected in the rhizosheath of wheat 

grown under wheat-cotton rotation. 

3.5.7.2. Effect of bacterial inoculation on growth of field-grown wheat under wheat-

cotton rotation, 2010-11  

Stage I (Tillering) 

All the bacterial strains except, Agrobacterium sp. T-26, positively affected the 

growth parameters of wheat compared with non-inoculated control (with full 

recommended NP fertilizers and 20% reduced NP fertilizers non-inoculated control 

treatments). Data indicated that maximum shoot length, root length, shoot dry weight and 

root dry weight were produced in plants inoculated with Bacillus sp. T-34, consortia of 

bacterial strains, Azospirillum sp. WB-3 and Arthrobacter sp. WP-2 compared with both 

the non-inoculated control treatments (Table 24).  

Bacterial population cfu/g soil was estimated in the rhizosheath of wheat at 

tillering stage on LB and Pikovskaya medium plates. Four morphologically different 

dominant colony types were observed on LB medium plates. Colony types C and D were 
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dominant in wheat rhizosheath at tillering stage on LB medium (Fig. 27A) while on 

Pikovskaya medium colony types A, C and D were most aboundant (Fig. 27B). Bacterial 

populatin (cfu/g dry soil) was 10
6
 in bulk soil. 

Stage II (Booting) 

All the bacterial strains affected positively the growth of wheat plants collected at 

booting stage (Table 25). Maximum shoot length, root length, roots and shoot dry weight 

were recorded in the plants with Azospirillum sp. WB-3 as inoculum compared with other 

inoculated as well as non-inoculated treatments. 

Bacterial population at booting stage was estimated on LB and Pikovskaya media. 

Colony types B and C were more dominant than colony types A and D on LB and 

Pikovskaya medium plates (Fig. 28A&B). 

Stage III (Grain filling) 

Data collected at grain filling stage indicated that all the bacterial strains 

improved growth of wheat. Maximum plant height, root length, plant biomass and root 

dry weight were produced in treatment inoculated with Bacillus sp. T-34, followed by 

Azospirillum sp. WB-3 compared with non-inoculated control treatment (Table 26). At 

grain filling stage bacterial population was estimated on LB and Pikovskaya media. It 

was observed that colony types B, C and D were dominant in the rhizosphere of wheat 

grown under wheat-cotton rotation (Fig. 29A). However in the rhizosphere of plants 

inoculated with Bacillus sp. T-34, colony type A was dominant on Pikovskaya medium 

plates (Fig. 29B).  

Stage IV (Maturity) 

Grain and straw yield were recorded at maturity. All the bacterial strains produced 

higher straw and grain yield compared with non-inoculated control (with full NP 

fertilizers as well as 20% less than recommended NP fertilizers). The only exception 

observed was Agrobacterium sp. T-26 which produced less straw yield compared with 

both the non-inoculated control treatments (Table 27). Among the bacterial inoculations, 

Bacillus sp. T-34 produced maximum straw yield while Azospirillum spp. (strains WB-3 

and WS-1) produced significantly higher grain yield. The increase in straw yield due to 

inoculation with Azospirillum spp. (strains WS-1 and WB-3), Arthrobacter sp. WP-2, 

Bacillus sp. T-34, Enterobacter sp. T-41 and bacterial consortia was 9.8%, 11.3%, 14%, 
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8.5%, and 7.1%, respectively. The increase in grain yield due to inoculation with 

Azospirillum sp. WB-3, Bacillus sp. T-34, Enterobacter sp. T-41 and Arthrobacter sp. 

WP-2 strains was 14%, 9.5, 5.3 and 7%, respectively. NPK contents in wheat plants at 

this stage were not significantly affected by bacterial inoculations.  

Bacterial population was also estimated in the rhizosphere of wheat at crop 

maturity stage. It was observed that colony types B, C and D were dominant on LB 

medium plates (Fig. 30A) while on Pikovskaya medium colony type A was dominant in 

rhizosphere of plants inoculated with Serratia sp. 5D and bacterial consortia (Fig. 30B).  

Total bacterial population estimated on Pikovskaya and LB medium plates 

increased from tillering to booting stage. At booting stage bacterial population was 

maximum and then declined at grain filling stage and was minimum at maturity stage 

(Fig. 31A&B)  
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Table 23: Quantification of organic acids (µg/g dry soil) in rhizosheaths of field-grown* 

wheat under wheat-cotton rotation, 2010-11 

Treatment Dry weight of 

soil attached 

with roots 

Acetic acid Citric Acid  Malic acid  Oxalic acid 

Azospirillum sp.WS-1 1.32±0.2A    8.37±0.42A 6.99±0.3B 18.2±0B 9.39±1.35B 

Bacillus sp. T-34 1.34±0.3A      9.63±0.43A 8.86±0.1A 24.8±0A 11.1±0.86A 

Non-inoculated (Control) 0.62±0.2B 7.56±0.53B 5.62±0.0C 16.1±0.01C 6.65±1.20C 

*Wheat seeds were sown in field plots (6 m x3 m) with three replicates. Three plants per 

plot were uprooted and roots along with attached soil were washed with sterilized water 

to extract the root exudates. The extracts were analyzed on HPLC to determine the 

organic acids and sugars. Values are an average of three replicates 

 

Table 24: Effect of bacterial inoculation on growth of field-grown* wheat at tillering 

stage under wheat-cotton rotation, 2010-11 

Treatments   Shoot  

length (cm) 

Cumulative 

root 

 length (cm) 

Shoot dry 

weight (g) 

Root dry weight 

(g) 

1.  Agrobacterium sp. T-26 32.6±1.0D      108.3±7.0AB 0.3296±0.05C     0.108±0.03BC     

2. Arthrobacter sp. WP-2 39.7±1.0ABC 121.7±1.5A          0.6724±0.04A 0.1708±0.05A       

3. Azospirillum sp. WS-1 40.1±0.5AB 119.8±2.7A         0.6018±0.03AB          0.1703±0.06A       

4. Azospirillum sp. WB-3 39.6±1.0ABC       123.0±2.0A      0.6392±0.05A       0.154±0.01AB      

5. Bacillus sp. T-34 41.2±0.5A               141.5±5.0A 0.6845±0.05A             0.1767±0.04A       

6. Enterobacter sp. T-41 39.0±0.9BC       114.6±1.1AB     0.6610±0.05A       0.1285±0.02ABC     

7. Serratia sp. 5D 38.1±0.5C              112.7±2.0AB     0.4348±0.17BC 0.1243±0.03ABC     

8. Bacterial consortia** 41.0±1.1A         122.4±1.0A      0.6637±0.04A       0.1683±0.07A       

9. Control 1*** 27.7±2.0E     85.8±7.0B     0.2977±0.10C     0.0916±0.01C     

10. Control 2**** 32.9±2.1D      104.9±7.0AB 0.3563±0.05C     0.0905±0.01C     

LSD at 0.05 1.671 36.35 0.1715 0.05425 

*Wheat seeds were sown in field plots (6 m x 3 m) with three replicates. Three plants per 

plot were uprooted at tillering to measure the growth parameters. Values are an average 

of three replicates 

**Consortia of all the bacterial strains used in this study 

***Control 1, non-inoculated control with20% less of recommended NP fertilizer 

application 

****Control 2, non-inoculated control with full recommended NP fertilizer application 
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Table 25: Effect of bacterial inoculation on growth of field-grown* wheat at booting 

stage under wheat-cotton rotation, 2010-11 

Treatments   Shoot 

length(cm) 

Cumulative 

root 

 length (cm) 

Shoot dry 

weight (g) 

Root dry 

weight (g) 

1.  Agrobacterium sp. T-26 56.3±5CD 167.7±3CD     2.31±1.5AB      1.05±0.5BCD     

2. Arthrobacter sp. WP-2 76.3±3A                 197.0±5ABCD     2.75±1.1AB      1.14±0.5BCD     

3. Azospirillum sp. WS-1 66.7±1B       234.9±4AB       2.34±1.2AB      0.99±0.6BCD     

4. Azospirillum sp. WB-3 76.3±4A        255.0±3A        3.68±1.0A       2.09±0.5A            

5. Bacillus sp. T-34 62.7±4BC 249.2±4A        2.51±1.5AB      1.10±1.0BCD 

6. Enterobacter sp. T-41 62.7±3BC      237.8±2AB       2.50±1.4AB      1.29±0.4BC      

7. Serratia sp. 5D 58.7±3BCD     170.7±2CD     1.99±0.5BC    0.81±0.12CD     

8. Bacterial consortia** 76.0±4A        221.8±5ABC      2.72±1.0AB      1.43±0.7B       

9. Control 1*** 50.3±1D     153.0±2D     0.77±1.0C     0.69±0.12D     

10. Control 2**** 63.7±1C      182.1±4BCD     2.13±1,0BC     1.26±0.4BCD     

LSD at 0.05 9.8 32.79 1.49 0.579 

*Wheat seeds were sown in field plots (6 m x3 m) with three replicates. Three plants per 

plot were uprooted at tillering to measure the growth parameters. Values are an average 

of three replicates 

**Consortia of all the bacterial strains used in this study 

***Control 1, non-inoculated control with20% less of recommended NP fertilizer 

application 

****Control 2, non-inoculated control with full recommended NP fertilizer application 
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Table 26: Effect of bacterial inoculation on growth of field-grown* wheat at grain filling 

stage under wheat-cotton rotation, 2010-11 

Treatments  Plant height 

(cm) 

Cumulative 

root 

 length (cm) 

Plant bimass 

(g) 

Root dry 

weight (g) 

1. Agrobacterium sp. T-26 99.7±1CD     267.7±4CD     25.33±1EF      3.17±0.3BC 

2. Arthrobacter sp. WP-2 101.0±1BCD     299.0±10BCD     21.37±1G     3.67±0.5A        

3. Azospirillum sp. WS-1 102.0±1BCD     334.0±4AB       28.07±1D 3.27±0.4ABC          

4. Azospirillum sp. WB-3 95.7±1CD     355.9±2A        36.90±1B 3.53±0.4AB       

5. Bacillus sp. T-34 117.7±3A        351.2±4A        39.57±2A           3.67±0.5A        

6. Enterobacter sp. T-41 96.7±3CD     333.8±3AB       24.87±1F      3.27±0.2ABC      

7. Serratia sp. 5D 106.7±3ABC      277.0±3CD     26.57±2DE       3.00±0.1C      

8. Bacterial consortia** 112.7±2AB       318.8±6ABC      30.50±1C                         3.23±0.1ABC      

9. Control 1*** 90.7±2D     256.0±2D     22.60±1G     1.17±0.2D     

10. Control 2**** 101.3±1BCD     292.1±3BCD     25.53±1EF      3.00±0.1C      

LSD at 0..05 11.89 30.79 1.594 0.4821 

*Wheat seeds were sown in field plots (6 m x 3 m) with three replicates. Three plants per 

plot were uprooted at grain filling stage to measure the growth parameters. Values are an 

average of three replicates 

**Consortia of of all the bacterial strains used in this study 

***Control 1, non-inoculated control with20% less of recommended NP fertilizer 

application 

****Control 2, non-inoculated control with full recommended NP fertilizer application 
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Table 27: Effect of bacterial inoculation on grain and straw yield (kg/plot) of field-

grown* wheat under wheat-cotton rotation, 2010-11 

Treatments Straw yield Grain yield N mg/g 

grain 

P%    K% 

1. Agrobacterium sp. T-26 11.50 ±0.2 BC     9.83 ±0.1 AB       0.75 0.43  1.12 

2. Arthrobacter sp. WP-2 13.17 ±0.3 AB      10.17 ±0.3AB   0.81 0.44  1.13 

3. Azospirillum sp. WS-1 13.00 ±0.5 AB      10.80 ±0.2AB     0.94 0.45  1.14 

4. Azospirillum sp. WB-3 13.00 ±0.5 AB      10.83 ±0.5AB      0.98 0.43   1.19 

5. Bacillus sp. T-34 13.50 ±0.3 A       10.40 ±0.3AB     0.98 0.45   1.14 

6. Enterobacter sp. T-41 12.83 ±0.5 AB      10.00 ±0.4AB     0.88 0.43  1.15 

7. Serratia sp. 5D 13.00 ±0.5 AB      10.20 ±0.5AB     0.72 0.44  1.18 

8. Bacterial consortia** 12.67 ±0.6ABC     10.33 ±0.5AB     0.73 0.42   1.18 

9. Control 1*** 11.83  ± 0.3 C     9.50  ±0.1 B     0.75 0.43  1.11  

10. Control 2**** 12.67 ±0.6ABC     9.83 ±0.2 AB    0.74 0.44  1.17 

LSD at 0..05 1.929 1.817 ***** ***** ***** 

*Wheat seeds were sown in field plots (6 m x 3 m) with three replicates. Plants were 

harvested at maturity to record grain and straw yield. Values are an average of three 

replicates. 

**Consortia of all the bacterial strains used in this study 

***Control 1, non-inoculated control with20% less of recommended NP fertilizer 

application 

****Control 2, non-inoculated control with full recommended NP fertilizer application 

*****non-significant 
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Figure 27: Bacterial population (cfu/g soil) in the rhizosheath of field-grown wheat under 

wheat-cotton rotation at tillering stage on LB (A) and Pikovskaya medium (B) 

*Treatments, Bacterial strains used for inoculation in this study: Agrobacterium sp. T-26, 

Arthrobacter sp. WP-2, Azospirillum sp. WS-1, Azospirillum sp. WB-3, Bacillus sp. T-

34, Enterobacter sp. T-41, Serratia sp. 5D  

Consortia, consortia of all bacterial strains used in this study 

C-1, Non-inoculated control with 20% less NP fertilizers than recommended NP 

fertilizers 

C-2, Non-inoculated control with full recommended NP fertilizers 
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Figure 28: Bacterial population (cfu/g dry soil) in rhizosphere of field-grown wheat 

under wheat-cotton rotation at booting stage on LB (A) and Pikovskaya medium (B) 

*Treatments, Bacterial strains used for inoculation in this study: Agrobacterium sp. T-26, 

Arthrobacter sp. WP-2, Azospirillum sp. WS-1, Azospirillum sp. WB-3, Bacillus sp. T-

34, Enterobacter sp. T-41, Serratia sp. 5D  

Consortia, consortia of all bacterial strains used in this study 

C-1, Non-inoculated control with 20% less NP fertilizers than recommended NP 

fertilizers 

C-2, Non-inoculated control with full recommended NP fertilizers 
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Figure 29: Bacterial population (cfu/g dry soil) in rhizosphere of field-grown wheat under 

wheat-cotton rotation at grain filling stage on LB (A) and Pikovskaya medium (B) 

*Treatments, Bacterial strains used for inoculattion in this study: Agrobacterium sp. T-

26, Arthrobacter sp. WP-2, Azospirillum sp. WS-1, Azospirillum sp. WB-3, Bacillus sp. 

T-34, Enterobacter sp. T-41, Serratia sp. 5D  

Consortia, consortia of all bacterial strains used in this study 

C-1, Non-inoculated control with 20% less NP fertilizers than recommended NP 

fertilizers 

C-2, Non-inoculated control with full recommended NP fertilizers 
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Figure 30: Bacterial population (cfu/g dry soil) in rhizosphere of field-grown wheat under 

wheat-cotton rotation at maturity stage on LB (A) and Pikovskaya medium (B) 

*Treatments, Bacterial strains used for inoculation in this study: Agrobacterium sp. T-26, 

Arthrobacter sp. WP-2, Azospirillum sp. WS-1, Azospirillum sp. WB-3, Bacillus sp. T-

34, Enterobacter sp. T-41, Serratia sp. 5D  

Consortia, consortia of all bacterial strains used in this study 

C-1, Non-inoculated control with 20% less NP fertilizers than recommended NP 

fertilizers 

C-2, Non-inoculated control with full recommended NP fertilizers 
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Figure 31: Total bacterial population (cfu/g soil) in rhizosphere of field-grown wheat 

under wheat-cotton rotation at different growth stages on LB (A) and Pikovskaya 

medium (B) 

*Treatments, Bacterial strains used for inoculation in this study: Agrobacterium sp. T-26, 

Arthrobacter sp. WP-2, Azospirillum sp. WS-1, Azospirillum sp. WB-3, Bacillus sp. T-

34, Enterobacter sp. T-41, Serratia sp. 5D,  

Baterial consortia, consortia of all bacterial strains used in this study  

C-1, Non-inoculated control with 20% less NP fertilizers than recommended NP 

fertilizers 

C-2, Non-inoculated control with full recommended NP fertilizers 
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Figure 32: Bacterial inoculation of field-grown wheat under wheat-cotton rotation, 2010-

11 

 

Figure 33: Bacterial inoculation of field-grown wheat under wheat-cotton rotation, year 

2010-11 
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3.5.8. Effect of bacterial inoculation on wheat growth, 2011-12 

3.5.8.1. Effect of bacterial inoculation on grain and straw yield of wheat grown in 

earthen pots, 2011-12 

A pot experiment was conducted to evaluate the effect of bacterial strains on 

growth of wheat grown in pots filled with non-sterilized soil. Data on grain and straw 

yield was recorded at maturity after harvesting the plants. Among the 14 bacterial strains 

used as inoculants, 9 bacterial strains increased the grain and straw yield of wheat (Table 

28).  Inoculation with Arthrobacter sp. WP-2, Enterobacter sp. WP-8, Pantoea sp. WP-5 

and Pseudomonas sp. NN-4 increased the grain yield of wheat by 15.3%, 12.3%, 15.3% 

and 13.3%, respectively over non-inoculated control plants. Straw yield of wheat 

increased due to inoculation with Arthrobacter sp. WP-2, Pantoea sp. WP-5 and 

Pseudomonas sp. NN-4 by 16.8%, 16.8% and 12.5%, respectively over non-inoculated 

control plants. Five bacterial strains i.e. Arthrobacter sp. WK2T, Bacillus sp. PA, 

Microbacterium sp. WNT, Pseudomonas sp. NN-25, and Terribacillus sp. T-25 exhibited 

negative effect on grain and straw yield of wheat. 

3.5.8.2. Effect of bacterial inoculation on grain and straw yield of field-grown wheat 

under wheat-cotton rotation, 2011-12 

A field experiment was conducted to evaluate the effect of bacterial inoculation 

on grain and straw yield of wheat grown under wheat-cotton rotation. Five bacterial 

strains were inoculated to wheat. Data on grain and straw yield was recorded at maturity 

after harvesting the crop (Table 29). All bacterial strains increased the grain and straw 

yield of wheat. Among the bacterial strains, Azospirillum WS-1, Bacillus sp. T-34 and 

Pseudomonas sp. NN-4 increased the grain yield by 8.5%, 11.9% and 12.8%, 

respectively over non-inoculated control (with 20% reduced fertilizer treatment). 
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Figure 34:  Inoculation of wheat with bacterial strains in pot experiment, 2011-12 
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Table 28: Effect of bacterial inoculation on grain and straw yield of wheat grown in 

earthen pots*, year 2011-12 

Treatments  Grain yield (g/pot) Straw yield (g/pot) 

1. Acinetobacter sp. WS-1D 10.4±1.0 ABC 10.1±2 AB 

2. Arthrobacter sp. WK2T 5.60±1.0 E 5.37±1.5 C 

3. Arthrobacter sp. WP-2 11.5±0.2 A  10.9±1.4 AB 

4. Bacillus sp. PA 7.80±1.2 BCDE 8.53±1.0 BC 

5. Bacillus sp. PC 10.1±1.0 ABC 9.20±0.5 B 

6. Enterobacter sp. WP-8 11.2±0.3 AB 10.6±1.0 AB 

7. Microbacterium sp.WNT 5.07±1.0 E 6.91±1.5 C 

8. Pantoea sp.WP-5 11.5±0.2 A 10.4±1.5 AB 

9. Pseudomonas sp. T-27 10.2±1.0 ABC 10.5±1.2 AB 

10. Pseudomonas sp. NN-25 5.60±1.2 DE 5.27±2.5 C 

11. Pseudomonas sp. WP-1 10.6±1.2 ABC 11.7±1.0 AB 

12. Pseudomonas sp. NN-4 11.3±0.2 A  10.5±1.2 AB 

13. Rhodococcus sp. T-20 10.0±1.0 ABC 10.4±1.5 AB 

14. Terribacillus sp. T-25 7.37±1.1 CDE 10.1±1.6 AB 

15. Non-inoculated (control) 9.97±2.0 ABCD 9.33±1.0 BC 

LSD at 0.05 3.46 3.46 

*Wheat plants were harvested at maturity and grains and straw yield was recorded from 

each pot. Values are an average of three replications 
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Figure 35: Bacterial inoculation to wheat under field conditions, 2011-12 
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Table 29: Effect of bacterial inoculation on grain and straw yield of field-grown* wheat 

under wheat-cotton rotation, 2011-12 

Treatments  Grain yield (kg/hec) Straw yield (kg/hec) 

1. Arthrobacter sp. WP-2 3601.8 ±551.6 A 3060.0±115.6  

2. Azospirillum sp. WS-1 3700.0 ±337.6 A 2918.5 ±510.5  

3. Bacillus sp. T-34 3814.8 ±454.4 A 2861.1 ±125.3  

4. Pantoa sp. WP5 3768.5 ±485.6 A 3115.7 ±236.2  

5. Pseudomonas NN-4 3848.1 ±557.7 A 2844.4 ±113.9  

 6. Control 1** 3408.7 ±404.8 B 2810.2 ±262.6  

 7. Control 2*** 3740.7 ±479.6 A 2944.4 ±42.5  

LSD at 0.05 455.98 * non-significant 

*Crop was harvested at maturity and grains and straw yield was recorded from each plot 

(6mx3m). Values are an average of three replications 

**Control 1, non-inoculated control with 20% reduced NP fertilizers  

***Control 2, non-inoculated control with full recommended NP fertilizers  
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3.6. Diversity of culturable and non-culturable bacteria in the rhizosheath of wheat 

grown under different crop rotations, 2010-11 

3.6.1. Diversity of culturable and non-culturable bacteria on the basis of 16S rRNA 

gene sequencing 

Diversity of culturable and non-culturable bacteria in the rhizosheath of wheat 

under two cropping systems (wheat-rice and wheat-cotton) during the year 2010-11 was 

determined by sequence analysis of 16S rRNA gene amplified from soil DNA. 

Rhizosheath soil samples were collected from two inoculated plots (one inoculated with 

Bacillus T-34 and other plot with Azospirillum WS-1) and one non-inoculated control 

plot from each cropping system in two replicates. Soil DNA was extracted from 12 

samples and PCR product of 16S rRNA gene (>500 bp) was obtained using forward 

primer 27F with 12 different barcodes and TitAdapB-338RI+II (Fig. 36&37). From 12 

samples a total of 57,638 cleaned sequences were obtained with read length of 319 bp. 

Out of these, 46,971 sequences were classifiable when grouped on the basis of 97% 

similarity level, with a range of 3,149-7,513 sequences and average of 4803.13 sequences 

per sample. It was observed that 48.8% sequences were obtained from wheat-cotton 

rotation while 51.2% from wheat-rice crop rotation. In the rhizosheath of wheat grown 

under wheat-cotton rotation, 13.6% average sequences were obtained from treatment 

inoculated with Bacillus strain T-34, 13.58% from Azospirillum WS-1 and 21.4% 

obtained from non-inoculated treatment (Fig. 39). Under wheat-rice rotation, 16.67% 

average sequences were obtained from Bacillus T-34 inoculated soil, 18.04% from 

Azospirillum WS-1 and 16.20% from non-inoculated soil. The soil samples were taken 

from two replications and the replications were biological (from three plants of each 

replication). Data showed that there was strong effect of replication on results e.g. 

sequences related to Glycomyces were detected in DNA obtained from replication 1 of 

the rhizosheath soil inoculated with Bacillus sp. T-34 and Azospirillum sp. WS-1 under 

wheat-cotton rotation but these were absent in the second replication of the same 

treatments. Similarly sequences related to the genus Ornithinimicrobium were detected in 

one replication of rhizosheath soil obtained from the plants inoculated with Bacillus sp. 

T-34 and Azospirillum sp. WS-1 under wheat-rice rotation but these were not present in 

the second replication of the same treatments under the same crop rotation. It was 
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observed that out of total 46,971 sequences, 11,729 (24.97%) showed 97% similarity 

with genera having PGPR activity and out of these genera, 48.3% were obtained from 

wheat-cotton rotation while 51.7% were obtained from wheat-rice rotation. In these 

studies, 32 genera with PGPR activity (nitrogen fixation, P-solubilization and IAA 

production) were detected on the basis 16S rRNA sequence data obtained from soil DNA 

(Table 31). Among PGPR, the most dominant genera were Arthrobacter, Azoarcus, 

Azospirillum, Bacillus, Cynobacteria, Gordonia, Paenibacillus, Pseudomonas and 

Rhizobium. 

The results showed that in wheat-cotton cropping system, Proteobacteria were 

dominant (25.12%), followed by un-classified bacteria (20.5%), Actinobacteria (17.7%), 

Chloroflexi (10.3%), Firmicutes (9.75%), Acidobacteria (4.98%), Planctomyctes 

(3.57%), Bacteriodetes (2.97%), Cynobacteria (1.55%), Verrucomicrobia (1.25%) and 

Nitrospora (0.88%). Results from wheat-rice cropping system showed that 

Proteobacteria were dominant (35.72%) followed by un-classified bacteria (17.1%), 

Actinobacteria (13.6%), Firmicutes (9.02%), Chloroflexi (7.5%), Bacteriodetes (6.48%), 

Acidobacteria (3.82%), Planctomycetes (2.02%), Verrucomicrobia (1.75%), Nitrospora 

(0.75%) and Cynobacteria were 0.62%.  

By comparing the population of different classes of bacteria in both systems it 

was observed that maximum number of sequences related to Proteobacteria, 

Bacteriodetes and Verrucomicrobia were obtained from wheat-rice as compared to 

wheat-cotton while Actinobacteria, un-classified bacteria, Firmicutes, Chloroflexi, 

Acidobacteria, Planctomycetes and Cynobacteria were maximum in wheat-cotton as 

compared to wheat-rice cropping system (Fig. 38). 

It was also observed that out of 460 different phylotypes detected, 322 phylotypes 

were common in both the crop rotations while 97 were only abundant in wheat-rice 

rotation and 41 were only present in wheat-cotton rotation system (Table 30 and Fig. 40).   
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Figure 36: Total DNA extracted from rhizosheath soil of field-grown wheat during the 

year, 2010-11.  

Lane 1, 1.0 kb Plus DNA ladder; rhizosheath soil DNA taken from plants inoculated with 

Bacillus sp. T-34 (Lane 2&3), Azospirillum sp. WS-1 (Lane 4&5) and non-inoculated 

plants (Lane 6&7), respectively grown under wheat-cotton rotation. Rhizosheath soil 

DNA taken from plants inoculated with Bacillus sp. T-34 (Lane 8&9), Azospirillum sp. 

WS-1 (Lane 10&11) and non-inoculated plants (Lane 12) under wheat-rice rotation. 

 

 

Figure 37: Amplification of 16S rRNA gene from soil DNA using bar-coded primer.  

Lane 1, 1.0 kb Plus DNA ladder; 

Template DNA taken from rhizosheath soil of plants inoculated with Bacillus sp. T-34 

(Lane 2&3), Azospirillum sp. WS-1 (Lane 4&5) and non-inoculated plants (Lane 6&7), 

respectively grown under wheat-cotton rotation; 

Template DNA taken from rhizosheath soil of plants inoculated with Bacillus sp. T-34 

(Lane 9&10), Azospirillum sp. WS-1 (Lane 11&12) and non-inoculated plants 13&15), 

respectively in two replicates under wheat-rice rotation; Lane 14, 1.0 kb Plus DNA 

ladder. 
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Treatments 
 

Figure 38: Different classes of bacteria identified through pyrosequencing of 16S rRNA 

gene. The template DNA was taken from the following soils;   

*1.1 and 1.2, rhizosheath soil from Bacillus sp. T-34 inoculated plants in two replicates 

under wheat-cotton rotation; **2.1 and 2.2, rhizosheath soil from Azospirillum sp. WS-1 

inoculated plants in two replicates under wheat-cotton rotation; ***5.1 and 5.2, 

rhizosheath soil from non-inoculated plants in two replicates under wheat-cotton rotation 

****A1 and A3, rhizosheath soil from Bacillus sp. T-34 inoculated plants in two 

replicates under wheat-rice rotation; *****B1 and B3 rhizosheath soil from Azospirillum 

sp. WS-1 inoculated plants in two replicates under wheat-rice rotation; ******E1 and E3, 

rhizosheath soil from non-inoculated plants in two replicates under wheat-rice rotation 
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Figure 39: Number of sequences (%) obtained from rhizosheath soil-extracted DNA 

under different crop rotations  

 

 

Figure 40: Phylotype sequences detected in soil-extracted DNA of rhizosheath of wheat 

grown under different crop rotations  
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Treatments 

Figure 41: Bacterial genera identified through pyrosequencing 16S rRNA gene in soil 

DNA. The template DNA was taken from the following soils; 

*1.1 and 1.2, rhizosheath soil from Bacillus sp. T-34 inoculated plants in two replicates under 

wheat-cotton rotation; **2.1 and 2.2, rhizosheath soil from Azospirillum sp. WS-1 inoculated 

plants in two replicates under wheat-cotton rotation; ***5.1 and 5.2, rhizosheath soil from non-

inoculated plants in two replicates under wheat-cotton rotation 

****A1 and A3, rhizosheath soil from Bacillus sp. T-34 inoculated plants in two replicates under 

wheat-rice rotation; *****B1 and B3 rhizosheath soil from Azospirillum sp. WS-1 inoculated 

plants in two replicates under wheat-rice rotation; ******E1 and E3, rhizosheath soil from non-

inoculated plants in two replicates under wheat-rice rotation 

 

 

 



CHAPTER 3                                                                            RESULTS 
 

116 

Table 30: Bacterial phylotype sequences detected in 16S rRNA gene pyrosequencing of 

rhizosheath soil taken from wheat-cotton and wheat-rice rotation 

 

Phylotypes detected only in wheat-

cotton rotation 

1. Acidobacteria 

2. Acrocarpospora 

3. Actinimyces 

4. Actinocorallia 

5. Agromonas 

6. Bacteriovorax 

7. Bacteroidales 

8. Catelliglobosispora 

9. Catenuloplanes 

10. Chitinimonas 

11. Chryseobacterium 

12. Dactylosporangium 

13. Defluviicoccus 

14. Dorea 

15. Escherichia 

16. Fulvimonas 

17. Gracilibacteraceae 

18. Hyalangium 

19. Hymenobacter 

20. Janthinobacterium 

21. Larkinella 

22. Marinibacillus 

23. Mucispirillum 

24. pedomicrobium 

25. Phaselicystis 

26. Proteus 

27. Rhodoferax 

28. Rhodothermus 

29. Saccharothrix 

30. Seinonella 

31. Simiduia 

32. Sinomonas 

33. SinoRhizobium 

34. Spartobacteria 

35. Sporichthya 

36. Sporobacter 

37. Stackebrandtia 

38. Tatlockia 

39. Thermoleophilum 

40. Trichococcus 

41. Turicibacter 

Phylotypes detected in wheat-rice 

rotation 

1. Actinotalea 

2. Adhaeribacter 

3. Aeromicrobium 

4. Agromyces 

5. Algoriphagus 

6. Alikaliphilus 

7. Alphaproteobacteria 

8. Aminobacter 

9. Ammoniphilus 

10. Amycolatopsis 

11. Anaerobacter 

12. Anaerolineaceae 

13. Anaeromyxobacter 

14. Aneurinibacillus 

15. Aquicella 

16. Aquimonas 

17. Arenimonas 

18. Arthrobactor 

19. Aspromonas 

20. Azoarcus 

21. Azohydromonas 

22. Azonexus 

23. Azospirillum 

24. Azotobacter 

25. Bacillaceae 

26. Bacillales 

27. Bacillariophyta 

28. Cellulomonadaceae 

29. Cellulosimicrobium 

30. Cellvibrio 

31. Chelatococcus 

32. Chitinophaga 

33. Chitinophagaceae 

34. Chloroflexi 

35. Chloroflexi 

36. Chlorophyta 

37. Chloroplast 

38. Cloroflexus 

39. Clostridia 
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40. Clostridiaceae 

41. Clostridiales 

42. Herpitosiphon 

43. Methylobacillus 

44. Methylobacter 

45. Methylocystaceae 

46. Methylophaga 

47. Methylophilaceae 

48. Methylophilus 

49. Methylosarcim 

50. Methylotenera 

51. Methyloversatilis 

52. Microcella 

53. Mucilaginibacter 

54. Myceligenerans 

55. Nevskia 

56. Niabella 

57. Nitrosomonas 

58. Nocardiaceae 

59. Nocardiopsaceae 

60. Pleomorphomonas 

61. Porphyromonadaceae 

62. Rhodopirellula 

63. Rhodopseudomonas 

64. Rickettsiaceae 

65. Rubrivivax 

66. Rummeliibacillus 

67. Schlesneria 

68. Sedimentibactor 

69. Sediminibacterium 

70. Seohaeicola 

71. Singularimonas 

72. Solibacillus 

73. Solimonas 

74. Sphingobium 

75. Sphingopyxis 

76. Sporolactobacillus 

77. Stenotrophomonas 

78. Stigmatella 

79. Syntrophobacterales 

80. Tepidimicrobium 

81. Thermincolas 

82. Thermobacillus 

83. Thermobifida 

84. Thermobispora 

85. Thermomonas 

86. Treponema 

87. Tsukamurella 

88. Tuberibacillus 

89. Ureibacillus 

90. Variovorax 

91. Veillonella 

92. Vogesella 

93. Wautersiella 

94. Xanthobacteraceae 

95. Xanthomonadales 

96. Xylanimicrobium 

97. Zeaxanthinibacter 

Phylotypes detected in both crop 

rotations 

1. Acetivibrio 

2. Acetobacteraceae 

3. Achromobacter 

4. Acidobacteria 

5. Acidobacteria GP1 

6. Acidobacteria GP10 

7. Acidobacteria GP15 

8. Acidobacteria GP16 

9. Acidobacteria GP17 

10. Acidobacteria GP18 

11. Acidobacteria GP25 

12. Acidobacteria GP3 

13. Acidobacteria GP4 

14. Acidobacteria GP5 

15. Acidobacteria GP6 

16. Acidobacteria GP7 

17. Acidobacteria GP9 

18. Acidomicrobiaceae 

19. Acidomicrobiales 

20. Acidovorax 

21. Acinetobactor 

22. Actinobacteria 

23. Actinomadura 

24. Actinomycetales 

25. Actinomycetospora 

26. Actinoplanes 

27. Actinosynnemataceae 

28. Actinotalea 

29. Adhaeribacter 

30. Aeromicrobium 

31. Agromyces 

32. Algoriphagus 
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33. Alikaliphilus 

34. Alphaproteobacteria 

35. Aminobacter 

36. Ammoniphilus 

37. Amycolatopsis 

38. Anaerobacter 

39. Anaerolineaceae 

40. Anaeromyxobacter 

41. Aneurinibacillus 

42. Aquicella 

43. Aquimonas 

44. Arenimonas 

45. Arthrobactor 

46. Aspromonas 

47. Azoarcus 

48. Azohydromonas 

49. Azonexus 

50. Azospirillum 

51. Azotobacter 

52. Bacillaceae 

53. Bacillales 

54. Bacillariophyta 

55. Bacilli 

56. Bacillus 

57. Bacteria BRC1 

58. Bacteria, OP10  

59. Bacteria, OP11  

60. Bacteria, TM7 

61. Bacteroides 

62. Bacteroidetes 

63. Balneimonas 

64. Bdellovibrio 

65. Beijerinckiaceae 

66. Bellilinea 

67. Betaproteobacteria 

68. Betaproteobacteria 

69. Blastobacter 

70. Blastococcus 

71. Blastomonas 

72. Blastopirellula 

73. Bosea 

74. Bradyrhizobiaceae 

75. Bradyrhizobium 

76. Bravibacillus 

77. Brevibacterium 

78. Brevundimonas 

79. Burkholderiales 

80. Byssovorax 

81. Caenimonas 

82. Caldilinea 

83. Catellatospora 

84. Caulobacter 

85. Caulobacteraceae 

86. Cellulomonadaceae 

87. Cellulosimicrobium 

88. Cellvibrio 

89. Chelatococcus 

90. Chitinophaga 

91. Chitinophagaceae 

92. Chloroflexi 

93. Chloroflexi 

94. Chlorophyta 

95. Chloroplast 

96. Cloroflexus 

97. Clostridia 

98. Clostridiaceae 

99. Clostridiales 

100. Desulfovibrio 

101. Desulfovirga 

102. Desulfuromonadaceae 

103. Desulfuromonadales 

104. Desulfuromonas 

105. Devosia 

106. Dokdonella 

107. Duganella  

108. Dyadobacter 

109. Enhygromyxa 

110. Ensifer 

111. Enterobacter 

112. Erythrobacter 

113. Erythrobacteraceae 

114. Exiguobacterium 

115. Firmicutes 

116. Flavisolibacter 

117. Flavobacteriaceae 

118. Flavobacteriales 

119. Flavobacterium 

120. Fluviicola 

121. Gammaproteobacteria 

122. Geminicoccus 

123. Gemmata 

124. Gemmatimonas 
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125. Clostridium 

126. Cohnella 

127. Comamonadaceae 

128. Conexibacter 

129. Craurococcus 

130. Cryptosporangium 

131. Cynobacteria 

132. Cynobacteria, GP1 

133. Cynobacteria, Family IV 

134. Cystobacter 

135. Cystobacteraceae 

136. Cytophagaceae 

137. Dechloromonas 

138. Deltaproteobacteria 

139. Desulfobacteraceae 

140. Desulfobulbaceae 

141. Desulforhopalus 

142. Glycomyces 

143. Gordonia 

144. Gracilibactor 

145. Haliangium 

146. Halobacillus 

147. Haloferula 

148. Heliscomenobacter 

149. Herbaspirillum 

150. Hydrogenophaga 

151. Hyphomicrobiaceae 

152. Hyphomicrobium 

153. Inquilinus 

154. Intrasporangiaceae 

155. Jeotgalibacillus 

156. Jiangella 

157. Ketonobacter 

158. Kibdelosporangium 

159. Kocuria 

160. Kribbella 

161. Laceyella 

162. Lachnospiraceae 

163. Lacibacter 

164. Lactobacillus 

165. Lamia 

166. Lechevalieria 

167. Geobacillus 

168. Geobacter 

169. Geobacteraceae 

170. Geodermatophilaceae 

171. Georgenia 

172. Geosporobacter 

173. Lysinibacillus 

174. Lysobacter 

175. Marmoricola 

176. Massilia 

177. Methylibium 

178. Methylobacteriaceae 

179. Methylobacterium 

180. Methylocaldum 

181. Methylocistis 

182. Microbacteriaceae 

183. Microbacterium 

184. Micrococcaceae 

185. Microlunatus 

186. Micromonospora 

187. Micromonosporaceae 

188. Microvirga 

189. Mycobacterium 

190. Myxococcales 

191. Nannocystaceae 

192. Nannocystis 

193. Naxibacter 

194. Neisseriaceae 

195. Niastella 

196. Nitriliruptor 

197. Nitrobacter 

198. Nitrosomonadaceae 

199. Nitrosospira 

200. Nitrospira  

201. Nocardia 

202. Nocardioidaceae 

203. Nocardioides 

204. Promicromonospora 

205. Promicromonosporaceae 

206. Propionibacteriaceae 

207. Propionivibrio 

208. Prosthecobac 

209. Legionella 

210. Legionellaceae 

211. Levilinea 

212. llumatobactor 

213. Luteimonas 

214. Luteolibacter 

215. Nonomuraea 

216. Novosphingobium 
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217. Ochrobactrum 

218. Opitutaceae 

219. Opitutus 

220. Ornithinimicrobium 

221. Oxalobacteraceae  

222. Oxobacter 

223. Paenibacillaceae 

224. Paenibacillus 

225. Paenisporosarcina 

226. Pantoea 

227. Paracoccus 

228. Parasegetibacter 

229. Patulibacter 

230. Pedobacter 

231. Pelagibius 

232. Peptococcaceae 

233. Peptostreptococcaceae 

234. Phenylobacterium 

235. Phyllobacteriaceae 

236. Pimelobacter 

237. Pirellula 

238. Planctomyces 

239. Planctomycetaceae 

240. Planococcaceae 

241. Planomicrobium 

242. Plesiocystis 

243. Polyangiaceae 

244. Pontibacter 

245. Porphyrobacter 

246. Saccharomonospora 

247. Saccharopolyspora 

248. Saprospiraceae 

249. Schlegelella 

250. Sphingobacteriales 

251. Prosthecomicrobium 

252. Proteobacteria 

253. Pseudaminobacter 

254. Pseudomonadaceae 

255. Pseudomonas 

256. Pseudonocardia 

257. Pseudonocardiaceae 

258. Pseudorhodoferax 

259. Pseudoxanthomonas 

260. Ramlibacter 

261. Rheinheimera 

262. Rhizobiaceae 

263. Rhizobium 

264. Rhodobacter 

265. Rhodobacteraceae 

266. Rhodococcus 

267. Rhodocyclaceae 

268. Rhodoplanes 

269. Rhodospirillaceae 

270. Rhodospirillales 

271. Rhodothermaceae 

272. Roseicyclus 

273. Roseomonas 

274. Rubellimicrobium 

275. Rubrobacter 

276. Ruminococcaceae, 

277. Streptosporangium 

278. Symbiobacterium 

279. Syntrophobacteraceae 

280. Shimazuella 

281. Shinella 

282. Singulisphaera 

283. Sinobacteraceae 

284. Skermanella 

285. Solirubrobacter 

286. Solirubrobacterales 

287. Sorangium 

288. Sphaerisporangium 

289. Sphaerobacter 

290. Sphingobacterium 

291. Sphingomonadales 

292. Sphingomonas 

293. Sphingomonodaceae 

294. Spirillospora 

295. Sporacetigenium 

296. Sporocytophaga 

297. Sporomusa 

298. Sporosarcina 

299. Steroidobacter 

300. Streptococcus 

301. Streptomyces 

302. Streptomycetaceae 

303. Streptophyta 

304. Streptosporangiaceae 

305. Tepidibacter 

306. Terrimonas 

307. Tetrasphaera 

308. Thalassobacillus 
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309. Thauera 

310. Thermoactinomyces 

311. Thermoactinomycetaceae 

312. Thermomicrobia 

313. Thermomonosporaceae 

314. Thiobacillus 

315. Truepera 

316. Tumebacillus 

317. Unclassified Bacteria 

318. Spartobacteria 

319. Verrucomicrobiaceae 

320. Verrucomicrobium 

321. Virgisporangium 

322. Xanthomonadaceae 
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Table 31: PGPR sequences identified in wheat rhizosheath DNA under wheat-cotton and 

wheat-rice rotation  

Genus  Genus  

Gordonia 
b
 17 Achromobacter 

a,b,c
 1 

Herbaspirillum 
a,c

 18 Acinetobacter 
a,b,c

 2 

Microbacterium 
b,c

 19 Arthrobacter 
b,c

 3 

Ochrobactrum 
b,c

 20 Azoarcus 
a
 4 

Optitutae 
a
 21 Azohydomonas 

a
 5 

Paenibacillus 
a,b

 22 Azospirillum 
a,b,c

 6 

Pantoea 
a,b,c

 23 Azotobacter 
a,c

 7 

Phyllobacterium 
b
  24 Bacillus 

a,b,c
 8 

Pseudomonas 
a,b,c

 25 Bradyrhizobium 
a
 9 

Porphyrobacter 
b,c

 26 Burkholderia 
a,b,c

 10 

Proteus 
a,b

 27 Cynobacteria 
a
 11 

Rhizobium 
a,b,c

 28 Delftia 
ab 12 

Rhodobacter 
b
 29 Enterobacter 

a,b,c
 13 

Serratia 
b
 30 Erythrobacter 

c
 14 

Skermanella 
b,c

 31 Escherichia 
b
 15 

Klebsiella 
a,b,c

 32 Flavobacterium 
b
 16 

 Letter ‗a‘ represents nitrogen fixing genera, ‗b‘ represents phosphate solubilizing genera 

and ‗c‘ represents IAA producing bacterial genera (Doty et al., 2009; Faghire et al., 2011; 

Islam et al., 2012; Marciano Marra et al., 2012; Reinhold-Hurek et al., 1993; Taule et al., 

2012; Tsigie et al., 2011)
a
, (Ambrosini et al., 2012; Chen et al., 2006; Gosh et al., 2012; 

Kumar et al., 2012; Lodewyckx et al., 2002; Marciano Marra et al., 2012; Mishra et al., 

2011; Rodriguez and Fraga, 1999; Taule et al., 2012; Zhao et al., 2012)
b
, (Ambrosini et 

al., 2012; Antoun et al., 1998; Arzanesh et al., 2011; Gronemeyer et al., 2012; Kumar et 

al., 2012; Kundu et al., 2009; Mirza et al., 2007; Mirza et al., 2006; Mishra et al., 2011; 

Taule et al., 2012; Ubalde et al., 2012)
c
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3.6.2. Diversity of nitrogen fixing bacteria in the rhizosheath of wheat grown under 

different crop rotations 

Diversity of nitrogen fixing bacteria in the rhizosheath of wheat under two 

cropping systems (wheat-rice and wheat-cotton) was determined by sequence analysis of 

nifH gene amplified from soil DNA. Rhizosheath soil samples were collected from two 

inoculated plots (one inoculated with Bacillus T-34 and other plot with Azospirillum WS-

1) and one non-inoculated control plot from each cropping system in two replicates. Soil 

DNA was extracted from 12 samples and PCR product of nifH gene (>500 bp) was 

obtained using forward primer nifHF with 12 different barcodes and nifH2R. From 12 

samples a total of 72,033 cleaned sequences were obtained with read length of 339-345 

bp and out of these 41,287 sequences were classifiable when grouped on the basis of 91% 

similarity level, with a range of 3,440-3,445 sequences and average of 3,440.6 sequences 

per sample. It was observed that 20,644 (50%) sequences were obtained from wheat-

cotton rotation while 20,643 (49.9%) from wheat-rice crop rotation.  

The results showed that in wheat-rice cropping system, Proteobacteria were 

dominant (61.3%), followed by un-classified bacteria (12.77%), Cynobacteria (11.98%), 

other bacteria (9.22%), Chlorobi (1.71%), Firmicutes (1.62%), Verrucomicrobia 

(0.72%), Euryarchaeota (0.32%), Spirochaetes (0.22%), Actinobacteria (0.07%) and 

Fibrobacteres (0.05%). In wheat-cotton rotation, Proteobacteria were dominant 

(59.85%), followed by Cynobacteria (22.57%), un-classified bacteria (8.12%), other 

bacteria (7.18%), Firmicutes (1.45%), Chlorobi (0.25%), Verrucomicrobia (0.27%), 

Spirochaetes (0.15%) and Fibrobacteres were 0.13%  (Fig. 43). Analysis of data showed 

that 41,287 sequences were grouped at 91% similarity level into 2,605 operational 

taxonomic units (OTU). It was observed that nifH sequences related to 150 different 

nitrogen fixing phylotypes were detected when these 2,605 OTU were BLAST in 

Ribosomal Database Project (RDP) classifier. Further analysis of data indicated that 

among these 150 phylotypes, 32 (22.6%) phylotypes were present only in soil samples 

from wheat-rice rotation, 20 (12.6%) phylotypes were found in wheat-cotton rotation, 34 

(23.3%) phylotypes were rarely found in both the cropping systems and 53 (40.6%) 

phylotypes were commonly present in both the cropping systems (Table 32).  
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Figure 42: Amplification of nifH gene from soil DNA using bar-coded primer.  

Lane 1, 1.0 kb Plus DNA ladder;  

Template DNA taken from rhizosheath soil of plants inoculated with Bacillus sp. T-34 

(Lane 2&3), Azospirillum sp. WS-1 (Lane 4&5) and non-inoculated plants (Lane 6&7), 

respectively grown under wheat-cotton rotation in two replicates 

Template DNA taken from rhizosheath soil of plants inoculated with Bacillus sp. T-34 

(Lane 8&9), Azospirillum sp. WS-1 (Lane 10&11) and non-inoculated plants 12&13), 

respectively in two replicates under wheat-rice rotation; Lane 14, 1.0 kb Plus DNA 

ladder; Lane 15, positive control R237; Lane 16&17 negative control 
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Treatments 

Figure 43: Different classes of bacteria identified through pyrosequencing of nifH using 

bar-coded primers 

****A1 and A2, rhizosheath soil from Bacillus sp. T-34 inoculated plants in two 

replicates under wheat-rice rotation; *****B1 and B2 rhizosheath soil from Azospirillum 

sp. WS-1 inoculated plants in two replicates under wheat-rice rotation; ******E1 and E2, 

rhizosheath soil from non-inoculated plants in two replicates under wheat-rice rotation 

*1.1 and 1.2, rhizosheath soil from Bacillus sp. T-34 inoculated plants in two replicates 

under wheat-cotton rotation; **2.1 and 2.2, rhizosheath soil from Azospirillum sp. WS-1 

inoculated plants in two replicates under wheat-cotton rotation; ***5.1 and 5.2, 

rhizosheath soil from non-inoculated plants in two replicates under wheat-cotton rotation 
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Figure 44: Bacterial phylotypes identified through pyrosequencing of nifH in soil DNA 

using bar-coded primer      

Bacterial genera identified through pyrosequencing nifH gene in soil DNA using bar-coded 

primer 

****A1 and A2, rhizosheath soil from Bacillus sp. T-34 inoculated plants in two replicates under 

wheat-rice rotation; *****B1 and B2 rhizosheath soil from Azospirillum sp. WS-1 inoculated 

plants in two replicates under wheat-rice rotation; ******E1 and E2, rhizosheath soil from non-

inoculated plants in two replicates under wheat-rice rotation 

*1.1 and 1.2, rhizosheath soil from Bacillus sp. T-34 inoculated plants in two replicates under 

wheat-cotton rotation; **2.1 and 2.2, rhizosheath soil from Azospirillum sp. WS-1 inoculated 

plants in two replicates under wheat-cotton rotation; ***5.1 and 5.2, rhizosheath soil from non-

inoculated plants in two replicates under wheat-cotton rotation 
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Table 32: Bacterial phylotypes sequences detected in nifH gene pyrosequencing of 

rhizosheath soil taken from wheat-cotton and wheat-rice rotation  

Phylotypes detected in wheat in 

wheat-rice rotation  

1. Allochromatium  

2. Alphaproteobacteria  

3. Amorphomonas  

4. Archaea; Euryarchaeota 

5. Beijerinckiaceae 

6. Brenneria 

7. Chlorobaculum 

8. Chlorobium  

9. Chlorogloeopsis 

10. Chloroherpeton  

11. Cupriavidus  

12. Cyanothece  

13. Desulfatibacillum  

14. Dickeya  

15. Ethanoligenens  

16. Fischerella  

17. Frankia  

18. Gloeothece  

19. Heliobacterium  

20. Leptospirillum  

21. Marichromatium  

22. Methanoregula  

23. Methanosarcina  

24. Methylocaldum  

25. Methylocapsa  

26. Pelodictyon  

27. Proteobacteria 

28. Rhodobacter  

29. Rhodoblastus  

30. Rhodovulum  

31. Verrucomicrobiales  

32. Vibrionaceae  

Phylotypes detected in both crop 

rotations 

1. Aeromonas  

2. Azonexus  

3. Dechloromonas  

4. Desulfonatronospira  

5. Enterobacteriaceae  

6. Gammaproteobacteria  

7. Klebsiella  

8. Leptothrix  

9. Methylobacterium  

10. Methylosinus  

11. Oscillatoria  

12. Pelomonas  

13. Rhodobacteraceae  

14. Richelia  

15. Scytonema  

16. Selenomonas  

17. Symploca  

18. Synechococcus  

19. Thermochromatium  

20. Zoogloea  

Phylotypes detected in wheat-cotton 

rotation 

1. Agrobacterium  

2. Alphaproteobacteria  

3. Anabaena  

4. Azoarcus  

5. Azohydromonas  

6. Azorhizobium  

7. Azospira  

8. Azospirillum  

9. Azotobacter  

10. Betaproteobacteria  

11. Bradyrhizobium  

12. Burkholderia  

13. Clostridium  

14. Cynobacteria  

15. Deltaproteobacteria  

16. Derxia  

17. Desulfarculus  

18. Desulfobacter  

19. Desulfomicrobium  

20. Desulfotomaculum  

21. Desulfovibrio  

22. Ectothiorhodospira  

23. Fibrobacter  

24. Frankia  

25. Gammaproteobacteria  

26. Geoalkalibacter  

27. Geobacter  

28. Halorhodospira  
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29. Ideonella  

30. Klebsiella  

31. Leptolyngbya  

32. Lyngbya  

33. Mesorhizobium  

34. Methylocystaceae  

35. Methylocystis  

36. Microcoleus  

37. Novosphingobium  

38. Opitutaceae  

39. Paenibacillus  

40. Pelobacter  

41. Prosthecochloris  

42. Proteobacteria  

43. Pseudomonas  

44. Rhizobium  

45. Ruminococcus  

46. Sideroxydans  

47. Sinorhizobium  

48. Sphingomonas  

49. Spirochaeta  

50. Syntrophobacter  

51. Tiorhodospira  

52. Tolypothrix  

53. Xanthomonas 

Phylotypes rarely detected in both 

crop rotations 

1. Accumulibacter  

2. Azovibrio  

3. Candidates  

4. Cellulosilyticum  

5. Chroococcidiopsis  

6. Cylindrospermopsis 

7. Dehalococcoides 

8. Desulfurivibrio 

9. Dorea 

10. Ensifer  

11. Firmicute 

12. Gluconacetobacter  

13. Herbaspirillum  

14. Hydrogenobacter 

15. Magnetococcus  

16. Magnetospirillum 

17. Mastigocladus 

18. Methylocella 

19. Methylococcus 

20. Methylomonas 

21. Paludibacter 

22. Pantoea 

23. Phormidium 

24. Pseudacidovorax 

25. Raoultella 

26. Rhodoferax  

27. Rhodospirillum  

28. Roseiflexus 

29. Stanieria  

30. Stenotrophomonas 

31. Telmatospirillum 

32. Thermincola 

33. Thiocapsa 

34. Vibrio 
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4. DISCUSSION  

A total of 29 bacterial isolates were obtained from the rhizosphere of wheat 

grown under wheat-rice and wheat-cotton crop rotations. From the rhizosphere of wheat 

grown under wheat-rice rotation, 12 bacterial strains belonging to genera Agrobacterium, 

Azospirillum, Bacillus, Enterobacter, Microbacterium, Pseudomonas, Rhodococcus, 

Sphingobacterim and Xanthomonas were isolated. In addition to the isolates belonging to 

genera Bacillus, Enterobacter, Microbacterium and Pseudomonas which were common 

to both the cropping systems, the strains of genera Acinetobacter, Actinobacteria, 

Arthrobacter, Pantoea and Terribacillus were isolated only from the rhizosphere of 

wheat grown under wheat-cotton rotation. There was not a specific relationship between 

the properties of strains and rotation regime from which these strains were isolated. 

Bacterial strains obtained in culture-dependent studies belonging to genera 

Agrobacterium, Azospirillum, Bacillus, Enterobacter, Microbacterium, Pseudomonas, 

Rhodococcus, Sphingobacterim and Xanthomonas. Among these, strains belonging to 

genera Agromyces, Rhodococcus, Terribacillus and Xanthomonas did not shown any 

PGPR activity. The strains belonging to genera Bacillus, Enterobacter and Pseudomonas 

have been reported to possess PGPR activities like nitrogen fixation, P-solubilization and 

growth hormone production. So these genera were commonly detected in both cropping 

systems. However, it was interesting finding that some bacterial genera were specific to 

cropping system. Bacterial strains belonging to genus Azospirillum (a knowon nitrogen 

fixing genus) were only obtained from the rhizosphere of wheat grown under wheat-rice 

rotation. It has been reported that association of Azospirillum with cereal crops (wheat, 

rice maize and sugarcane) is very common (Arzanesh et al., 2011; Kumar et al., 2012; 

Venieraki et al., 2011b). During the growth period of rice, downward movement of 

various micro (zinc) and macro nutrients (nitrogen) takes place due to prolonged anoxic 

(reducing) conditions (Ladha et al., 2003). Consequently, deficiency of such elements is a 

common problem for cultivation of wheat when grown in rotation with rice (Ladha et al., 

2003). Due to nitrogen deficiency in rice, the population and activity of nitrogen fixing 

bacteria (Azospirillum) may increase and their association with rice and wheat 

rhizosphere (in rotation with rice) is very common. To this end, a water management 
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strategy that operates several dry-wet cycles alters the biological, chemical, and physical 

properties of soil under wheat-rice rotation. Consequently the nutrient status of the soil 

and its microbial community may change (Erenstein & Laxmi, 2008). The bacterial 

strains belonging to genus Arthrobacter (a known P-solubilizing genus) were only 

obtained from the rhizosphere of wheat grown under wheat-cotton rotation. In turn, 

cotton crop production requires high input of phosphorous (Huang et al., 2012) but due to 

high pH and salt concentration phosphorous become unavailable for the plants 

(Rodriguez and Fraga, 1999; Richardson et al., 2009). The association and activity of 

phosphorous solubilizing bacteria (Arthrobacter) with cotton rhizosphere may enhance 

and this might be the reason that strains belonging to this genus associate with roots of 

wheat crop in rotation with cotton.   

Two bacterial isolates (AzT-1 and AzT-2) obtained from rhizosphere of wheat 

grown under rice-based cropping system and the isolate WS-1 taken from NIBGE culture 

collection were identified as Azospirillum strains on the basis of typical cell morphology 

and spirillum-like motility and also by amplification of partial nifH gene as nitrogen 

fixation is an important characteristic of this genus. 16S rRNA gene sequence of these 

strains showed maximum similarity with Azospirillum brasilense sequence in NCBI data 

base. Phylogenetic tree based on 16S rRNA gene sequences showed clustering of all the 

three isolates (AzT-1, AzT-2 and WS-1) with Azospirillum brasilence. Isolation of 

Azospirillum strains from the rhizosphere of wheat, rice and sugarcane has been reported 

previously from the same experimental field (Mehnaz et al., 2001; Mirza et al., 2001). 

 Three isolates (T-34A, WP-2 and WK2T) from the rhizosphere of wheat were 

identified as Arthrobacter strains on the basis of maximum sequence similarity (%) of 

16S rRNA gene. In the phylogenetic tree, the strains T-34A and WK2T clustered with 

strains of Arthrobacter scleromae and one strain WP-2 with Arthrobacter oxydans. Five 

isolates (T-21, T-22, T-34, PA and PC) were identified as Bacillus spp. on the basis of 

maximum sequence similarity of 16S rRNA gene. All these strains also exhibited colony 

and cell morphology (Gram-positive motile rods) like typical Bacillus strains. Three 

isolates (T-41, T-42 and WP-8) showed morphology similar to Enterobacter (Gram-

negative motile rods) and also the maximum sequence similarity of 16S rRNA gene to 

Enterobacter amnigenus sequences in the NCBI data base. Phylogenetic tree of 
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Enterobacter genus showed the clustering of bacterial strains T-41, T-42 and WP-8 with 

Enterobacter amnigenus strains. Among the isolates, four were identified as 

Pseudomonas spp. by 16S rRNA gene sequence analysis. On the basis of colony and cell 

morphology as well as 16S rRNA sequence analysis, the remaining isolates were found to 

belong to genera Acinetobacter, Actinobacteria, Microbacterium, Pantoea, Rhodococcus, 

Sphingobacterium, Terribacillus and Xanthomonas. Isolation and identification of 

Bacillus, Enterobacter, Pseudomonas and Xanthomonas strains from rhizosphere of 

wheat grown in the North Himalayan region of India has been reported (Joshi and Bhatt, 

2011). From the rhizosphere of cereal crops, Gronemeyer et al (2012) have reported the 

isolation and identification of different bacterial strains belonging to genera Arthrobacter, 

Bacillus, Enterobacter and Microbacterium.  

Pyrroloquinoline quinine PQQ acts as a cofactor for the activation of membrane 

dehydrogenase to oxidize glucose into gluconate which has a role in P-solubilization by 

rhizosphere bacteria. Biogenesis of pyrroloquinoline quinine (PQQ) requires the 

expression of a cluster of six genes i.e. pqqA-F (Holscher et al., 2009). In the present 

study, pqqE was amplified from 7 bacterial isolates obtained from wheat rhizosphere. 

Sequence analysis of pqqE gene amplified from Arthrobacter sp. WP-2, Pseudomonas 

spp. T-27 and NN-4 showed maximum (80-81%) sequence similarity with that of 

Pseudomonas putida. Nucleotide sequence of pqqE obtained from Pantoea sp. WP-5 

showed maximum sequence similarity (84%) with that of Klebsiella pneumonia strain. 

The sequence of PCR product from three isolates (Bacillus sp. T-34, Enterobacter sp. T-

41 and Pseudomonas sp. WP-1) did not show high sequence similarity to published pqqE 

gene sequences. This may be due to the use of degenerate PCR primers in the present 

study lacking sufficient complementarity with the target gene (i.e. pqqE) of these bacteria 

and binding instead to non-target part of the genome. PCR-amplification of pqqE gene 

has been reported as helping tool for identification and phylogenetic analysis of 

phosphate solubilizing bacteria (Ben Farhat et al., 2009; Perez et al., 2007). 

Phosphate solubilization by bacteria is considered an important mechanism 

utilized for plant growth promotion (Peix et al., 2001; Rodriguez and Fraga, 1999; 

Rodriguez et al., 2004; Vessey, 2003). In the present study, phosphate solubilization 

activity of 12 bacterial isolates was studied in TCP containing medium supplemented 
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with different sugars. Phosphate solubilizing activity was detected in all the tested strains 

which included representative from bacterial genera Agrobacterium, Arthrobacter, 

Azospirillum, Bacillus, Enterobacter, Pantoea and Pseudomonas. P-solubilization 

activity has been reported in several genera of PGPR like Azospirillum, Bacillus, 

Enterobacter, Paenibacillus, and Pseudomonas (Bhattacharyya and Jha, 2012; Goes et 

al., 2012; Hu et al., 2006; Kumar et al., 2011; Kumar et al., 2012; Perrig et al., 2007; 

Rodriguez et al., 2004; Saharan and Nehra, 2011; Vazquez et al., 2000; Vessey, 2003; 

Zhang et al., 2012). In the present study, maximum P solubilization (µg/mL) was 

detected in Pantoea sp. WP-5, Bacillus sp. T-34 and Enterobacter sp. T-41. PCR 

amplification of pqqE gene could not be achieved from Bacillus sp. T-34 and 

Enterobacter sp. T-41 which showed maximum P-solubilization in pure culture. This 

may be due to the use of degenerate PCR primers lacking sufficient complementarity 

with the target gene (i.e. pqqE) of these bacteria. 

Production of organic acids has been implicated in P-solubilizing activity of 

microbes (Rodriguez et al., 2004; Vazquez et al., 2000). It has been reported that 

different sugars like glucose, galactose, maltose and sucrose are present in root exudates 

of wheat (Derrien et al., 2004; McRae and Monreal, 2011; Moghimi et al., 1978). 

Therefore we investigated utilization of these sugars for organic acid production and 

phosphate solubilization by bacterial cultures simultaneously in laboratory studies. Four 

sugars were used as single carbon source in the growth media to quantify organic acid 

produced by the bacterial isolates. All the bacterial isolates produced acetic acid, citric 

acid and gluconic acid on all sugars tested in the present study. Similar results have been 

reported (Archana et al., 2012; Chen et al., 2006; Vazquez et al., 2000) in which 

Azospirillum, Bacillus and Enterobacter strains produced citric acid, oxalic acid, gluconic 

acid and 2-Keto-gluconic acid. In the present study, strain belonging to genus 

Azospirillum showed maximum P-solubilization in the presence of glucose and galactose 

as single C-source in growth medium and produced significant amount of acetic acid, 

citric acid and gluconic acid. Our results are in well corroboration with the findings of the 

studies carried out in the past (Bashan and de-Bashan, 2010; Perrig et al., 2007; 

Rodriguez et al., 2004) representing that azospirilla secreted gluconic acid in medium 

supplemented with glucose as single C-source. Results of present study indicate that 
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production of gluconic acid by Azospirillum alone is not responsible for P-solubilization 

rather different organic acids are accountable for lowering of pH and P-solubilization. 

Some studies have indicated involvement of more than one organic acids produced by 

PGPR in P-solubilization (Desai et al., 2012; Kpomblekoua and Tabatabai, 1994; Kuhad 

et al., 2011; Vessey, 2003). Arthrobacter sp. WP-2 showed maximum P-solubilization 

activity in the medium containing glucose as single C-source and produced sufficient 

amount of acetic acid and citric acid as dominant organic acid in the growth medium. 

Chen et al., (2006) have reported P-solubilization and organic acid production in this 

genus. 

Among the three Bacillus strains tested in the present study, Bacillus sp. T-34 

showed maximum P-solubilization activity in the growth media and produced acetic acid, 

citric acid, lactic acid and succinic acid as dominant organic acids. Strains of Bacillus 

were found to produce mixtures of lactic, isovaleric, isobutyric and acetic acids in pure 

culture (Gulati et al., 2010; Perrig et al., 2007; Ryan et al., 2001; Scervino et al., 2011; 

Villegas and Fortin, 2002). Enterobacter strains showed maximum P-solubilization in 

media containing maltose and galactose as single C-source and produced acetic acid, 

citric acid, malic acid, oxalic acid and succinic acid in sufficient amounts. Previous 

studies have reported the production of citric acid, oxalic acid, gluconic acid and 2-Keto-

gluconic acid by Bacillus and Enterobacter strains for P-solubilization (Archana et al., 

2012; Chen et al., 2006; Vazquez et al., 2000). Both the Pseudomonas strains tested in 

the present study solubilized P in the presence of all the sugars tested in the study and 

produced acetic acid and citric acid in the growth media. Pantoea sp. WP-5 exhibited 

maximum P-solubilization activity in the media containing different sugars as single C-

source. Solubilization of TCP by Pantoea spp. in growth medium has been reported 

(Mishra et al., 2011; Son et al., 2006).  

Bacterial strains from the rhizosphere of wheat were investigated for the ability to 

produce plant growth hormone Indole-3-acetic acid (IAA) in pure culture as a useful trait 

utilized by microbes in plant growth promotion. Among all the tested strains, 22 bacterial 

strains produced IAA in pure culture. Maximum IAA production was recorded in 

Bacillus sp. T-34 (31.2 µg/mL), Enterobacter sp. T-41 (26.4 µg/mL), Pseudomonas sp. 

WP-1 (24.9 µg/mL), Arthrobacter sp. WP-2 (23.6 µg/mL) and Pantoea sp. WP-5 (17.1 
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µg/mL) in culture medium containing tryptophan as precursor of IAA biosynthesis. 

Azospirillum strains WS-1 and WB-3 also produced significant amount of IAA in the 

medium. The remaining strains of genera Agromyces, Pseudomonas, Terribacillus and 

Xanthomonas tested in the present study produced only minor amount of IAA. 

Production of plant growth hormones like IAA in pure culture is a major property of soil 

microorganisms including Azospirillum, Azotobacter, Bacillus, Enterobacter and 

Pseudomonas (Bhattacharyya and Jha, 2012; Lehmann et al., 2010; Mirza et al., 2001; 

Mirza et al., 2006; Saikia et al., 2012; Vessey, 2003).  

Preliminary screening of bacterial isolates for growth promotion of wheat plants 

was conducted in sand culture. A total of 18 bacterial strains belong to genera 

Agrobacterium, Agromyces, Arthrobacter, Azospirillum, Bacillus, Enterobacter, Pantoea, 

Pseudomonas, Rhodococcus, Serratia and Xanthomonas were tested as single-strain 

inocula for wheat seedlings. Azospirillum sp. WS-1, Bacillus sp. T-34 and Enterobacter 

spp. (strainsT-41 and T-42) showed maximum increase in plant dry weigh in these 

studies. All these strains produced significant amount of phytohormone IAA in pure 

culture and were efficient P-solubilizers in pure culture. Growth promotion of wheat and 

other crops by inoculated strains of Azospirillum, Bacillus and Enterobacter has been 

reported in a number of studies (Kumar et al., 2011; Mirza et al., 2001; Saikia et al., 

2012; Spaepen et al., 2008). It has been reported that Azospirillum strains contribute to 

nitrogen nutrition of wheat (Saikia et al., 2012; Venieraki et al., 2011a; Venieraki et al., 

2011b). However, phytohormone production is considered to be the major mechanism 

utilized by Azospirillum strains for growth promotion (Kumar et al., 2012; Saikia et al., 

2012; Venieraki et al., 2011b; Vessey, 2003). Phosphate solubilization by Bacillus and 

Enterobacter strains has been reported to play key role in plant growth promotion 

(Bhattacharyya and Jha, 2012; Gosh et al., 2012; Johri et al., 1999; Jones and Oburger, 

2011; Khalid et al., 2011; Mader et al., 2011; Marciano Marra et al., 2012; Moutia et al., 

2010; Richardson, 2001; Richardson et al., 2009). 

Total bacterial population in rhizosphere of plants grown in sand was determined 

which indicated presence of more than 10
6
 cfu/g dry sand in all inoculated treatments 

except two inoculated treatments (Bacillus sp. T-21 and Pantoea sp. WP-5). Similar 

number of bacterial colonies was also detected in rhizosphere of non-inoculated plants 
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which is due to the fact that sterilized conditions were not maintained during the growth 

of plants. In this experiment sterilized sand was used to avoid competition from any 

indigenous bacterial population and to allow the establishment of the inoculated strains 

during early growth stage of seedling. It has been reported that maximum beneficial 

effects of PGPR were observed during early growth stages of plant (Lucy et al., 2004; 

Tran Van et al., 2000). 

 Bacterial strains were inoculated to wheat grown in earthen pots filled with non-

sterilized soil. A total of 24 bacterial strains were tested which belong to genera 

Agromyces, Agrobacterium, Acinetobacter, Arthrobacter, Azospirillum, Bacillus, 

Enterobacter, Microbacterium, Pantoea, Pseudomonas, Rhodococcus, Serratia and 

Terribacillus. Among these, Acinetobacter sp. WS-1D, Bacillus spp. (strains T-22 and T-

34), Enterobacter spp. (strains T-41 and T-42), Microbacterium sp. WNT, Pantoea sp. 

WP-5 and Pseudomonas spp. (strains T-27 and NN-4) were tested twice in pot 

experiments conducted in two different years. The inoculated strains Arthrobacter sp. 

WP-2, Azospirillum sp. WS-1, Bacillus sp. T-34, Enterobacter sp. WP-8, Enterobacter 

sp. T-41, Pantoea sp. WP-5 and Pseudomonas sp. NN-4 showed improvement in straw 

yield of inoculated plants at least in one set of experiments. Only seven strains 

(Agromyces sp. T-34B, Bacillus sp. PA, Bacillus sp. T-21, Pseudomonas spp. strains T-

27 and NN-4, Rhodococcus sp. T-20 and Xanthomonas sp. NN-24) failed to show any 

positive effect on straw yield. Straw weight of plants inoculated with Azospirillum sp. 

WS-1, Bacillus sp. T-34 and Enterobacter sp. T-41 showed 19%, 22% and 17% increase, 

respectively over non-inoculated control. Data on grain yield indicated best performance 

(i.e. % increase over control) of Arthrobacter sp. WP-2 (15.3%), Azospirillum sp. WS-1 

(9.3%), Bacillus sp. T-34 (14.8%), Enterobacter sp. WP-8 (12.3%), Enterobacter sp. T-

41 (13.1%), Pantoea sp. WP-5 (15.3%) and Pseudomonas sp. NN-4 (13.3%). However 

all the tested bacterial strains, except Agromyces sp. T-34B, Agrobacterium sp. T-26, 

Arthrobacter sp. WK2T, Bacillus sp. T-21 and Microbacterium sp. WNT, showed only 

minor increase in grain and straw yield over non-inoculated control. Bacterial inoculation 

(e.g. Azospirillum, Bacillus, Enterobacter and Pseudomonas) to different crops resulted 

in improved plant growth due to P-solubilization and phytohormone (IAA) production 

(Lucy et al., 2004). Inoculation of chickpea and maize with Pantoea strains resulted in 
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increased plant growth and uptake of NPK without changing the functional diversity of 

indigenous bacteria (Mishra et al., 2011). Plant growth promotion by Pantoea has been 

attributed to its phosphate solubilization (Son et al., 2006), phytohormones production 

(Dastager et al., 2009), nitrogen fixation (Loiret et al., 2004) and presence of ACC 

diaminase (Dastager et al., 2009). Increase in phosphorous use efficiency and NP 

contents of wheat plants due to inoculation with Pseudomonas resulted in growth and 

yield improvement (Mader et al., 2011). Inoculation of Arthrobacter strain to wheat 

resulted in growth improvement due to its phosphate solubilization activity and 

phytohormone production (Chen et al., 2006; Gronemeyer et al., 2012; Zhang et al., 

2012). In the present study, the bacterial strain Pseudomonas sp. WP-1 improved the 

growth of wheat seedlings in sand culture but in earthen pots filled with non-sterilized 

soil, this strain did not perform efficiently. This may be due to poor competitive ability of 

the strain in the soil culture. 

Total bacterial population in the rhizosphere of wheat grown in non-sterilized soil 

in earthen pots was determined at tillering and harvesting stage. On LB agar plates, 10
7
 to 

10
8
 cfu/g dry soil were recorded at tillering stage. At harvesting stage, bacterial 

population in the range of 10
3
 to 10

4
 cfu/g dry soil was recorded on LB medium. 

Bacterial population at both these stages was also determined on Pikovskaya medium 

used as selective medium for P solubilizers. Maximum number of bacteria (10
3
 to 10

4
 

cfu/g dry soil) was detected at tillering stage and the number declined at harvesting stage 

(10
1
 to 10

2
 cfu/g dry soil). It has been reported that rhizosphere bacterial populations are 

maximum during fast growth stages of plants compared with plant maturity stage (Lucy 

et al., 2004; Roesti et al., 2006).  

Crop rotation is a sequence of crops grown in a particular area over a specific 

period of time and is practiced to control pests, diseases and maintenance of soil fertility 

by recharging the soil with nutrients.  In the present study, effect of bacterial inoculation 

on wheat growth was studied under wheat-rice crop rotation. Four bacterial strains 

(Azospirillum spp. WS-1 and WB-3, Bacillus sp. T-34 and Pantoea sp. WP-5) were used 

as inoculants and effect on plant growth was recorded at three stages of vegetative plant 

growth and finally at harvesting stage (i.e. maturity). At all the growth stages, the 

bacterial inoculations resulted in an improvement in plant growth compared with non-
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inoculated plants. Data collected at vegetative growth stages as well as final stage showed 

that inoculation with Bacillus sp. T-34 resulted in a maximum increase in plant biomass 

compared with other strains tested in the present study. Data on grain yield at maturity 

stage indicated 15.4% and 10% increase due to inoculation with Bacillus sp. T-34 and 

Azospirillum sp. WS-1 over non-inoculated control. It has been reported that Azospirillum 

strains contribute to nitrogen nutrition of wheat (Saikia et al., 2012; Venieraki et al., 

2011b) and also produce phytohormone IAA for growth promotion (Saikia et al., 2012; 

Vessey, 2003). Growth promotion of wheat and other cereals by inoculated strains of 

Azospirillum has been reported (Moutia et al., 2010; Saikia et al., 2012). Bacillus sp. T-34 

used in the present study for inoculation of wheat is efficient P-solubilizer and IAA 

producer. Beneficial effects of inoculation with Bacillus strains have been frequently 

reported in literature (Bhattacharyya and Jha, 2012; Chen et al., 2006; Jones and Oburger, 

2011; Khalid et al., 2011; Kumar et al., 2011; Richardson et al., 2009; Saharan and 

Nehra, 2011; Vessey, 2003). 

 Three field experiments were conducted during 2009-10, 2010-11 and 2011-12 on 

wheat grown under wheat-cotton rotation to study the effect of bacterial inoculation. A 

total of 8 bacterial strains belonging to genera (Agrobacterium, Arthrobacter, 

Azospirillum, Bacillus, Enterobacter, Pantoea, Pseudomonas and Serratia) were tested as 

inoculants. Enterobacter sp. T-41 was tested in consecutive two years and improvement 

in grain yield was 5.3% and 11.6% over non-inoculated control in these years. 

Arthrobacter sp. WP-2 was also tested as inoculants for two years and it increased grain 

yield by 5.7% and 7.0% over non-inoculated control in these years. In field experiments, 

inoculation with Azospirillum strain WS-1 increased grain yield by 13.6% and 8.5% over 

non-inoculated control during year 2010-11 and 2011-12, respectively. Azospirillum 

strain WB-3 was tested during the year 2010-11 and the increase in grain yield was 14% 

over non-inoculated control. Inoculation with Bacillus sp. T-34 increased the grain yield 

by 9.5% and 11.9% during year 2010-11 and 2011-12, respectively. Inoculation with 

Pantoea sp. WP-5 and Pseudomonas sp. NN-4 gave 10.5% and 12.8% increase, 

respectively in grain yield under wheat-cotton rotation. Strains belonging to genus 

Azospirillum improved the growth of wheat (Arzanesh et al., 2011) due to producing 

growth hormone; enhance root growth and nutrient uptake (Ali et al., 2009; Cohen et al., 
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2008; Pereyra et al., 2009). It has been reported that inoculation of wheat with 

Azospirillum, Acinetobacter, Bacillus, Enterobacter and Pseudomonas increased the 

growth and yield of wheat (Arzanesh et al., 2011; Khalid et al., 2004; Khalid et al., 2011; 

Mader et al., 2011; Malhotra and Srivastava, 2006; Malik et al., 2012; Ozturk et al., 2003; 

Saber et al., 2012). 

Total bacterial population was determined at tillering, booting, grain filling and 

maturity stages of plant growth in the field experiments conducted during the year, 2010-

11 to study the effect of bacterial inoculation on wheat grown under wheat-rice rotation. 

Bacterial counts (cfu/g dry soil on LB medium) increased from tillering stage to booting 

stage (10
8
 to 10

9
) and then showed a decline at grain filling stage and finally at maturity 

stage minimum number of bacteria (10
6
 to 10

7
 cfu/g dry soil) were detected. On 

Pikovskaya medium used to estimate population of P-solubilizers, maximum number (10
7
 

cfu/g dry soil) of bacteria were detected at booting stage compared with tillering, grain 

filling and maturity stage. Similar trend of bacterial population at different growth stages 

of wheat grown under wheat-cotton rotation was observed. However maximum bacterial 

counts (10
9
 cfu/g dry soil) on LB medium and 10

7
 cfu/g dry soil on pikovyskaya were 

detected at booting stage in this cropping system and were similar to those determined in 

wheat-rice rotation. Shift in total rhizosphere bacterial populations have been reported 

during plant growth stages (Kloepper et al., 1980; Lucy et al., 2004; Marschner et al., 

2004; Roesti et al., 2006). Maximum bacterial population has been estimated during 

vegetative growth compared with maturity and the bacterial counts have been co-related 

with variation in photosynthetic rates and root exudates (Houlden et al., 2008; Kuzyakov 

and Domanski, 2000). 

The cumulative effect of 100% chemical fertilizer application in previous years 

over a long period of time may buffer the reduction of 20% chemical fertilizer in first 

year experiments. The field experiments either under wheat-rice rotation or wheat-cotton 

rotation with reduced level of chemical fertilizer (80% of the recommended chemical 

fertilizer) were conducted in three consecutive years at the same location. So the chances 

of contribution of full fertilizer in plant performance in all field experiments were 

minimized. Statistically the 20% reduction of the recommended chemical fertilizer is not 

a significant reduction but when we calculate the saving of farmer using 1.6 bags per acre 
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of DAP instead of 2.0 bags then it appears that farmer is saving Rs. 1600 per acre. At the 

country level this would be a significant saving and it would be beneficial approach to 

reduce 20% of the recommended chemical fertilizer along with the application of 

biofertilizer. Normally three replications are sufficient for production of reasonable 

results in field experiments. However to further increase the level of confidence, number 

of replicates may be increased up to four or five in field experiments. It was observed 

from the results that effect of bacterial inoculation seem to be more significant at early 

plant growth stages but tended to decrease at later stages. Bacterial population in inoculla 

at the time of inoculation was higher compared to indigenous bacterial population but the 

desired population of inoculated bacterial strains could not be maintained at later growth 

stages.  Therefore, effect of bacterial inoculation on plant performance was maximum at 

early growth stages but it was decreased at later stages. It is suggested that to maintain 

the desired bacterial population at all growth stages, application of bacterial based 

biofertilizer should be repeated 2-3 times at different growth stages. Secondly it is most 

critical that before biofertilizer recommendation, field trials should be conducted on large 

scale at farmer fields rather than relying on small scale research trials. 

The bacterial strains Bacillus sp. T-34 and Azospirillum sp. WS-1 were isolated 

from the rhizosphere of wheat grown under wheat-cotton rotation and wheat-rice rotation 

respectively. These strains as bio-inoculants performed equally to yield of wheat grown 

under wheat-rice and wheat-cotton rotation. However, the future studies can be focussed 

to test the survival and performance of these strains as bio-inoculant in the rhizosphere of 

cotton and rice. These strains Bacillus sp. T-34 and Azospirillum sp. WS-1 can be used as 

bio-inoculant for wheat under both the crop rotations.  

In the rhizosphere of wheat under both crop rotations, four dominant colony types 

(A, B, C and D) were identified. One representative of each colony type was sequenced 

for 16S rRNA gene which indicated that colony type A was Bacillus sp. (strain PA), 

colony type B was Enterobacter sp. (strain WP-8), colony type C was Arthrobacter sp. 

(strain WK2T) and colony type D was Acinetobacter sp. (strain WS-1D). However, we 

do not claim that all the colonies belonging to a particular colony type on the basis of cell 

or colony morphology actually belong to the same bacterial genus which has been 

identified on the basis of 16S rRNA sequence analysis using a representative colony. In 
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the rhizosphere of wheat under wheat-rice rotation, colony type B and C were dominant 

at tillering and booting stages. At grain filling stage colony types C and D were 

dominant. At maturity stage only colony type D was dominant. Under wheat-cotton 

rotation colony types A, C and D were dominant at tillering stage, while B and C were 

dominant at booting stage. These studies indicated that bacterial genera (Acinetobacter, 

Arthrobacter, Bacillus and Enterobacter) frequently colonize the rhizosphere of wheat 

and these may be contributing to the plant growth. Occurrence of these genera has been 

reported in the rhizosphere of wheat and other crops (Kundu et al., 2009; Panhwar et al., 

2012; Zhang et al., 2012). 

Rhizosheath formation was observed around the roots of wheat grown under 

wheat-rice and wheat-cotton based cropping systems in our study. Rhizosheaths, 

containing soil, bacterial mucilage and network of root hairs are formed around the roots 

of wheat and other grasses and increase the water holding capacity of soil, nutrient uptake 

and also harbor the bacteria with plant beneficial traits (Walker et al., 2003; Watt et al., 

1994). In the present study moisture contents of rhizosheath were higher than moisture 

contents of surrounding bulk soil pointing to role of roots and bacterial activity in water 

holding capacity of rhizosheaths. Dry weight of soil attached with roots as rhizosheath 

was higher under wheat-cotton rotation compared to wheat-rice rotation which could be 

related to soil characteristics in both systems e.g. relatively high salt concentration and 

low amount of organic matter present in soil of wheat-rice cropping system investigated 

in the present study. Our results are similar to the studies reporting that length and density 

of rhizosheath (soil attached with roots) depends upon the moisture contents of soil 

(Walker et al., 2003; Watt et al., 1994; Young, 2006). In the present experiment 

maximum plant growth (root length, root and shoot dry weight) was observed under 

wheat-cotton rotation compared to wheat-rice rotation. This may be due to the formation 

of better rhizosheath under wheat-cotton rotation that helped in better nutrient acquisition 

and water holding capacity (Badri and Vivanco, 2009; Walker et al., 2003). 

Root exudates (organic acids, sugars, amino acids and root border cells) are 

released into the rhizosphere as a result of rhizodeposition and play a major role in the 

maintenance of root-soil and root-microbe contacts (Badri and Vivanco, 2009; Badri et 

al., 2009; Doornbos et al., 2012). In our study, organic acids like acetic acid, citric acid, 
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oxalic acid and malic acid and sugars (sucrose and glucose) were detected in root 

exudates collected from rhizosheaths of wheat under wheat-rice and wheat-cotton based 

cropping systems. The presence of organic acids and sugars in the rhizosphere of 

different crops has been reported previously (Badri and Vivanco, 2009; Badri et al., 2009; 

Jaeger et al., 1999). However, it was observed that maximum amounts of organic acids 

were detected in the roots under wheat-cotton rotation compared to wheat-rice rotation. 

This may be due to better accumulation of organic acids in the well-developed 

rhizosheath in this system. Root exudate accumulation, secretion and formation of 

rhizosheath have been reported in wheat and other grasses (Badri and Vivanco, 2009; 

Walker et al., 2003; Watt et al., 1994). In the present study, organic acid secretion was 

also affected by bacterial inoculation. Bacterial strains used in this study produced 

organic acids in the culture media by utilizing sugars under laboratory conditions as has 

also been reported in literature (Bashan and de-Bashan, 2010; Chen et al., 2006; Kumar 

et al., 2011; Perrig et al., 2007; Rodriguez et al., 2004). The inoculated bacteria might 

have contributed to organic acid contents of rhizosheath by utilizing root exudates (Badri 

and Vivanco, 2009; Derrien et al., 2004,  Derrien et al., 2007). 

In the present study, four dominant colony types (A, B, C and D) were detected in 

the rhizosheaths of wheat grown under wheat-rice and wheat-cotton rotation and 

identified on the basis of 16S rRNA gene sequence analysis as Arthrobacter WK2T 

(colony type C), Acinetobacter WS-1D (colony  type D), Bacillus PA (colony type A) 

and Enterobacter WP-8 (colony type B). The representatives of these four genera were 

also obtained from rhizosphere soil samples collected from other wheat growing areas as 

well. 

  Total bacterial population in rhizosheath soil (10
7
 cfu/g dry soil) was higher 

compared with bulk soil (10
6
 cfu/g soil). It has been reported that about 30% of carbon 

assimilates is transferred into the soil by wheat plants through rhizodeposition and part of 

this below-ground translocated C is incorporated by rhizosphere micro-organisms 

(Kuzyakov and Domanski, 2000). Therefore, bacterial population increased in the 

rhizosphere compared to the bulk soil. It has been previously reported that bacterial 

population and diversity was influenced by crop rotation, root exudates, moisture 
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contents, soil nutrient status and rhizosheath formation (Acosta-Martínez et al., 2010; 

Badri and Vivanco, 2009; Daniel, 2005). 

In the present study, sequence analysis of 16S rRNA gene directly amplified from 

soil DNA of rhizosheath of wheat under wheat-rice and wheat-cotton rotation indicated 

the presence of 32 genera whose PGPR activities (nitrogen fixation, P-solubilization and 

IAA production) have been reported. Among PGPR sequences detected, the most 

dominant sequences were of the genera Arthrobacter, Azospirillum, Azoarcus, 

Azotobacter, Bacillus, Enterobacter, Pantoea, Paenibacillus, Pseudomonas, Gordonia, 

Cynobacteria and Rhizobium. The list of PGPR genera detected in this study included 

important nitrogen fixers e.g. Acinetobacter, Azospirillum, Azoarcus, Azotobacter, 

Bacillus, Cynobacteria, Enterobacter, Klebsiella and Rhizobium (Antoun et al., 1998; 

Arzanesh et al., 2011; Bashan and de-Bashan, 2010; Boddey et al., 2003; Franche et al., 

2009; Govindasamy et al., 2011; Iniguez et al., 2004; Islam et al., 2010; James and 

Baldani, 2012; Malik et al., 1981; Marciano Marra et al., 2012; Reinhold-Hurek et al., 

1993; Taule et al., 2012). Among the sequences  retrieved from soil DNA, sequences 

belonging  to Arthrobacter, Azospirillum, Bacillus, Enterobacter and Paenibacillus were 

also detected for which P-solubilization has been well documented (Bhattacharyya and 

Jha, 2012; Chang and Yang, 2009; Chen et al., 2006; Perrig et al., 2007; Rodriguez et al., 

2004; Saharan and Nehra, 2011; Vazquez et al., 2000; Vessey, 2003). 16S rRNA gene 

sequence analysis of the rhizosheath soil-extracted DNA indicated the presence of 

"culturable" bacterial genera (e.g. Arthrobacter, Acinetobacter, Azospirillum and 

Bacillus) as strains belonging to these genera were also obtained in pure cultures in the 

present study. Diversity and population of culturable bacteria in rhizosheaths has been 

reported (Hanna et al., 2012). 

It was observed that percentage of sequences related to genera with known PGPR 

activity was higher in inoculated rhizosheath samples (0.80% of the total sequences from 

Azospirillum sp. WS-1 inoculated rhizosheath and 0.78% of the total sequences from 

Bacillus sp. T-34 inoculated rhizosheath) compared to non-inoculated rhizosheath soil 

(0.52%). It means the inoculation of PGPR stimulated growth of indigenous beneficial 

bacteria to come in contact with the rhizosheath of plants and contribute to the overall 

better performance of crop. As many of the bacterial genera identified by pyrosequencing 
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are known to harbor PGPR strains, future studies can be extended to explore the function 

of these genera and investigate their real contribution in plant health by gene expression 

studies. 

Ten bacterial phyla were detected in our data with different ratios under two 

cropping systems. The most abundant were the Proteobacteria and Actinobacteria and 

less dominant were the Acidobacteria, Planctomycetes, Verrucomicrobia and 

Cynobacteria. The detection of these phyla has been reported through metagenomic 

studies on different soils (Lauber et al., 2009; Roesch et al., 2007). However, Firmicutes 

were less dominant in these studies carried out in the past but in our study these were 

abundantly present in both the crop rotations. In our data about 70% phylotypes were 

common in both the cropping systems. Similar results have been published (Fulthorpe et 

al., 2008; Roesch et al., 2007) reporting that some genera were common in distantly 

sampled soils. Our data showed that out of 460 phylotypes, 21% were present only in 

wheat-rice rotation and 8.9% were uniquely present in wheat-cotton rotation. It has been 

reported that bacterial population and diversity is influenced by soil moisture contents, 

crop rotation, tillage practices, nature and amount of root exudates and crop species 

(Acosta-Martínez et al., 2010; Daniel, 2005; Zeyaullah et al., 2009). Due to presence of 

root exudates and moisture contents plant roots attract different microbial communities to 

come in contact with the rhizosphere (Acosta-Martínez et al., 2010; Badri and Vivanco, 

2009; Daniel, 2005; Yao et al., 2006). 

Sequences related to many bacterial genera were detected in the present study 

with reported beneficial characteristics other than plant growth promotion like bio-

remediation of heavy metal contaminations, degradation of cholesterol, rubber, 

environmental pollutants and production of antibiotics. For example, 16S rRNA 

sequences of bacterial genera Lechevalieria, Streptomyces, Kribella and 

Micromonospora were detected in our soil samples. Biological activity of the strains 

belonging to these genera like antibiotic production, enzyme production, production of 

enzyme inhibitors and the production of bioactive secondary metabolites has been 

reported (Lee et al., 2004; Ratnakomala et al., 2011). Another genus Georgenia detected 

in our study and its role in degradation of aromatic compounds has been reported (Woo et 

al., 2011). Similarly, Leucobacter present in wheat rhizosphere has ability to reduce 
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chromate in chromate-contaminated soils (Halpern et al., 2009) and Alcanvorax is 

involved in bio-remediation and degradation (Yu Zhou et al., 2011). Actinoplanes 

produced important pharmaceutical compounds like valienamine, teicoplanin and 

ramoplanin and alpha glucosidase inhibitor acarbose-a drug against type-2 diabetes 

(Schwientek et al., 2011). The genus Gordonia detected in the present study is known to 

play an important role in degradation of rubber and cholesterol (Drzyzga et al., 2011; 

Linos et al., 1999), Rhodococcus contributes to bio-degradation of environmental 

pollutants such as toluene, naphthalene, herbicides and also reduces chromate Cr
++6

 in 

chromate-contaminated soil (Trivedi et al., 2007). Aeromicrobium, which is a commercial 

erythromycin producing bacterium (Brikun et al., 2004) was also detected in our study.       

Diversity of nitrogen fixing bacteria in rhizosheath of wheat under two cropping 

systems (wheat-rice and wheat-cotton) was determined by sequence analysis of nifH gene 

amplified from soil DNA. nifH is a functional gene that encodes a component of enzyme 

nitrogenase (Zehr et al., 2003)  in diazotrophs for reduction of N2 into ammonia (Burgers, 

1984; Burris et al., 1980). Rhizosheath soil samples were collected from two inoculated 

plots (one inoculated with Bacillus T-34 and other plot with Azospirillum WS-1) and one 

non-inoculated control plot from each cropping system in two replicates. Soil DNA was 

extracted from 12 soil samples and PCR product of nifH was obtained. From 12 soil 

samples, a total of 72,033 cleaned nifH sequences were obtained with read length of 339-

345 bp and out of these, 41,287 sequences were classifiable when grouped on the basis of 

91% similarity level, with a range of 3,440-3,445 sequences and average of 3,440.6 

sequences per sample. It was observed that 50% sequences were obtained from wheat-

cotton rotation while 49.9% from wheat-rice crop rotation. In rhizosheaths of wheat 

grown under wheat-rice cropping system, Proteobacteria were dominant (61.3%), 

followed by un-classified bacteria (12.77%), Cynobacteria (11.98%), other bacteria 

(9.22%), Chlorobi (1.71%), Firmicutes (1.62%), Verrucomicrobia (0.72%), 

Euryarchaeota (0.32%), Spirochaetes (0.22%), Actinobacteria (0.07%) and 

Fibrobacteres (0.05%). However, results from wheat-cotton rotation indicated that 

Proteobacteria were dominant (59.85%), followed by Cynobacteria (22.57%), un-

classified bacteria (8.12%), other bacteria (7.18%), Firmicutes (1.45%), Chlorobi 

(0.25%), Verrucomicrobia (0.27%), Spirochaetes (0.15%) and Fibrobacteres (0.13%). 
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Analysis of data showed that 41,287 sequences were grouped at 91% similarity 

level into 2,605 operational taxonomic units (OTU). It was observed that 150 different 

nitrogen fixing phylotypes were detected when these 2,605 OTU were BLAST in 

Ribosomal Database Project (RDP) classifier. Further analysis of data indicated that 

among these 150 phylotypes, 22.6% phylotypes were only present in soil samples from 

wheat-rice rotation, 12.6% phylotypes were found in wheat-cotton rotation, 23.3% 

phylotypes were rarely found in both the cropping systems and 40.6% phylotypes were 

commonly present in both the cropping systems. Inoculation of bacterial strains 

Azospirillum sp. WS-1 and Bacillus sp. T-34 did not influenced the aboundance of 

diazotrophs in the rhizosheath of wheat. Similar bacterial diversity on the basis of nifH 

gene amplification and sequencing of soil DNA from rhizosphere of mangrove forest of 

China (Liu et al., 2012), oak-hornbeam forest (Chorbush Forest) near Cologne, Germany 

(Rosch et al., 2002), soil from France and Senegal (Poly et al., 2001), Douglas fir forest 

in USA (Widmer et al., 1999) and rice rhizosphere at Kyushu University Farm, Japan 

(Ueda et al., 1995) has been reported.  

Sequences related to genera Azoarcus, Azospirillum, Azotobacter, 

Azohydromonas, Desulfovibrio, Herbaspirillum, Paenibacillus, Pantoea, Pseudomonas 

and Rhizobium were commonly detected in our soil DNA-based nifH and 16S rRNA 

studies. Data indicated that sequences of diazotrophs were more aboundant in wheat-rice 

rotation. Probably due to existance of soil conditions with reduced oxygen levels suitable 

for servival of microaerophilic diazotrophs. 

nifH sequence analysis of soil DNA indicated the presence of actinomycetes 

diazotrophs Frankia. In Pakistan, Frankia-nodulated plants are restricted to northern hilly 

areas only (Mirza, 1993). In the plains, especially in the areas of wheat crop cultivation, 

presence of Frankia sequences indicates the persistance of Frankia even in the absence 

of the host plant. 

As it is clear from the present data that some nitrogen fixing genera were 

specifically present in wheat rhizosheath under wheat-rice rotation. However, 

particularlly a nitrogen fixing genus Azoarcus was present only in rhizosheath of wheat 

under wheat-rice rotation. Members of this genus have strictly aerobic metabolism and 

fix nitrogen microaerobically. The strain belonging to this genus was firstly isolated from 
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kalar grass rhizosphere in Pakistan by Reinhold-Hurek et al., (1993). We were unable to 

isolate and explore the potential of Azoarcus from rhizosphere soil. In future, using 

appropriate culturing conditions, the bacteria belonging to genus Azoarcus and other non-

cultured beneficial genera may be isolated to explore their plant growth promoting 

potetial.  

The sequences obtained through 16S rRNA gene and nifH gene sequencing 

included the sequences belonging to diazotrophic genera Azospirillum, Azotobacter, 

Azoarcus, Azonexus, Azospira, Azohydromonas, Bradyrhizobium, Cyanobacteria, 

Frankia, Geobacter, Herbaspirillum, Pantoea, Paenibacillus, Pseudomonas, Rhizobium 

and Zoogloea. Among these, the number of sequences detected through 16S rRNA 

sequences were higher only of Frankia, Herbaspirillum, Pseudomonas and Rhizobium 

while the sequences related to the genera Azospirillum, Azotobacter, Azoarcus, 

Azonexus,, Azohydromonas, Bradyrhizobium, Cyanobacteria, Frankia, Geobacter, 

Pantoea and Paenibacillus were predominantly detected through nifH sequencing. 

Sequences related to nitrogen fixing genera Aeromonas, Azospira, Burkholderia, 

Klebsiella and Zoogloea were only detected through nifH gene sequencing while the 

same were not detected in 16S rRNA sequencing. 

Arbuscular mycorrhizae (AM fungi) are the important microorganisms that are 

believed to associate with many plant species and increase P nutrition of plants by 

scavenging the available P due to their large surface area of hyphae and high affinity to 

uptake of phosphorous (Gyaneshwar et al., 2002; Omar, 1998; Pradhan and Sukla, 2009). 

Fungal diversity and community structure have been investigated using culture-

indepenedent techniques by 18S rRNA gene sequence analysis in activated sludge (Evans 

and Seviour, 2012), deep sea water (Singh et al., 2011), clinical samples (Willner and 

Hugenholtz, 2013) and in soil (Hirsch et al., 2010). It would be more useful to study the 

diversty of fungi in rhizosphere of wheat grown under different crop rotations in future 

work. Higher aboundance of diazotrophs under wheat-rice rotation can result in higher 

nitrogen contents in soil. Future studies can be done to explain this idea.    
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5. FUTURE PERSPECTIVES  
In future studies, efficient PGPR as single-strain or in different combinations  

may be tested in extensive field trials before final recommendation for commercial 

biofertilizer production for wheat. 

In the present study, PGPR genera like e.g. Azoarcus, Azospira, Azonexus, 

Delftia, Proteus, Gordonia and Skermanella were detected in soil-extracted DNA. The 

strains belonging to these important genera may be isolated using selective growth media 

and optimum growth conditions and explored for their PGPR potential.  

In our soil DNA-based studies, bacterial genera like Lechevalieria, Streptomyces, 

Kribella, Micromonospora, Georgenia, Leucobacter, Alcanvorax Actinoplanes, 

Rhodococcus and Aeromicrobium with reported important biological activities like bio-

remediation of heavy metal contamination, degradation of cholestrol and rubber, 

production of pharmaceutical agents and antibiotic producing activity were also detected. 

Future studies may be directed to isolate and utilize these bacteria for bio-remediation of 

contaminated soils and for production of useful bio-molecules. 

As a source of increased P nutrition for plants by scavenging the available P due 

to large surface area of their hyphae, arbuscular mycorrhizae (AM fungi) are the 

important microorganisms that are believed to associate with many plant species. It 

would be more useful to study the diversty of fungi in rhizosphere of wheat grown under 

different crop rotations in future work. 
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7. APPENDICES 
Appendix I: LB medium (Maniatis et al. 1982) 

Tryptone 10 g/L 

Yeat extract 5 g/L 

NaCl 5 g/L 

Agar 18 g/L 

H2O 1L 

pH 7.2 

Appendix II :Pikovskaya medium (Pikovskaya, 1948) 

Ca3(PO4)2 5 g/L 

Sucrose 10 g/L 

NaCl 0.2 g/L 

(NH4)2SO4 0.5 g/L 

MgSO4.7H2O 0.1 g/L 

Yeast extract 0.5 g/L  

KCl 0.2 g/L 

MnSO4 0.004 g/L 

FeSO4(Fe EDTA) 0.002 g/L 

H2O 1 L 

pH 7.0 ± 0.2 (Set the pH with KOH or HCl) 

Appendix III: TAE buffer(50X) 

 

 

  

Tris base 242g/L 

0.5M EDTA 100mL/L 

Glacial acetic acid 57.1mL/L 
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Appendix IV Hoagland nutrient solution 

1M Ca (NO3)2               10 mL/ L 

1 M KNO3               10 mL/L 

1 M MgSO4.7H2O               4 mL/L 

Fe.EDTA 1.64%               2 ml/L 

Micronutrients                2 ml/L 

1 M CaCl2     10 ml/L 

1 M KCl     10 ml/L 

Hoagland Micronutrients Trace Elements 

Boric Acid     0.31 g/ L 

MnSO4     1.115 g/ L 

ZnSO4.7H2O     0.430 g/ L 

Na2MoO4.2H2O    0.1225 g/ L 

CuSO4.5H2O     0.00125 g/ L 

KI      0.0375 g/ L 

CaCl2      0.00125 g/ L 

Total volume     500 mL 

Appendix V: NITROGEN FREE MEDIUM (NFM) 

DL- malic acid               5.0 g 

K2HPO4                0.5 g 

 MgSO4.7H2O                             0.2 g 
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CaCl2.2H2O                           0.02 g 

NaCl                            0.1 g 

Fe.EDTA solution (1.64%)              4 ml 

CuSO4.5H2O     0.4 g 

ZnSO4.7H2O     0.12 g 

Na2MoO4.2H2O      1.0 g 

MnSO4.H2O    1.5 g     

 H2O     1000 ml 

 Bromothymol blue 0.5%.  

Solution in 0.2N KOH   2 ml 

pH                                                       7.0 
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