
 

EFFECTS OF MESORHIZOBIUM INOCULATION, PHOSPHORUS AND 

SULFUR APPLICATION ON NODULATION, GROWTH AND YIELD 

OF CHICKPEA (Cicer arietinum L.) AT MORTENA JIRU DISTRICT, 

CENTRAL HIGHLAND OF ETHIOPIA 

 

 

 

MSc. Thesis 

 

 

 

 

Admasu Altaye 

 

 

 

 

 

 

May 2019 

Debre Berhan, Ethiopia 

 



i 
 

EFFECTS OF MESORHIZOBIUM INOCULATION, PHOSPHORUS AND   

SULFUR APPLICATION ON NODULATION, GROWTH AND YIELD 

OF CHICKPEA (Cicer arietinum L.) AT MORTENA JIRU DISTRICT, 

CENTRAL HIGHLAND OF ETHIOPIA 

 

 

A Thesis Submitted to the Department of Plant Science 

College of Agriculture and Natural Resource Sciences, School of 

Graduate Studies, Debre Berhan University 

 

 

 

In Partial Fulfillment of the Requirements for the Degree of 

Master of Science in Soil Science 

 

Admasu Altaye 

 

 

Major Advisor: Asmare Melese (Ph.D.) 

Co-Advisor: Wondwosen Tena (Ph.D.) 

 

 

May 2019 

Debre Berhan, Ethiopia 



ii 
 

SCHOOL OF GRADUATE STUDIES  

COLLEGE OF AGRICULTURE AND NATURAL RESOURCE  

SCIENCES 

DEBRE BERHAN UNIVERSITY 

APPROVAL SHEET – I 

This is to certify that the thesis entitled: Effects of Mesorhizobium Inoculation, Phosphorus 

and Sulfur Application on Nodulation, Growth and Yield of Chickpea (Cicer arietinum 

L.) at Mortena Jiru District, Central Highland of Ethiopia submitted in partial fulfillment 

of the requirements for the degree of Masters of Science with specialization in Soil Science of 

the Graduate Program of the Plant Science, College of Agriculture and Natural Resource 

Sciences, Debre Berhan University and is a record of original research carried out by Admasu 

Altaye, PGR/168/10, under my supervision, and no part of the thesis has been submitted for 

any other degree or diploma. 

The assistance and help received during the course of this investigation have been duly 

acknowledged. Therefore, I recommend that it to be accepted as fulfilling the thesis 

requirements. 

 

________________                                  _________________            _________________ 

Name of Major Advisor                                     Signature                                        Date  

 

 

 

_________________                                 _________________              _________________ 

Name of Co-Advisor                                          Signature                                        Date 

  



iii 
 

SCHOOL OF GRADUATE STUDIES  

COLLEGE OF AGRICULTURE AND NATURAL RESOURCE  

 SCIENCES 

DEBRE BERHAN UNIVERSITY  

APPROVAL SHEET – II 

We, the undersigned members of the board of the examiners of the final open defense by Admasu 

Altaye have read and evaluated his thesis entitled Effects of Mesorhizobium Inoculation, 

Phosphorus and Sulfur Application on Nodulation, Growth and Yield of Chickpea (Cicer 

arietinum L.) at Mortena Jiru District, Central Highland of Ethiopia, and examined the 

candidate. This is therefore to certify that the thesis has been accepted in partial fulfillment of the 

requirements for the degree of Master of Science in Soil Science.   

 

_____________________                          _______________                                 _____________  

 

Name of the Chairman                                        Signature                                                     Date  

 

 

_____________________                            _______________                               _____________  

 

Name of Major Advisor                                        Signature                                                     Date   

 

 

_____________________                            _______________                               _____________  

 

Name of Internal Examiner                                   Signature                                                      Date  

 

 

_____________________                                _______________                           _____________  

Name of External Examiner                                      Signature                                                   Date  

Final approval and acceptance of the thesis is contingent upon the submission of the final copy of 

the thesis to the Council of Graduate Studies (CGS) through the department graduate committee 

(DGC) of the candidate’s major department. 

 

  



iv 
 

DEDICATION 

This thesis is dedicated to my beloved and esteemed family. 

 

  



v 
 

STATEMENT OF THE AUTHOR 

Admasu Altaye hereby declares that, this thesis is my genuine work, and that all sources of 

materials used for this thesis have been profoundly acknowledged. This thesis has been 

submitted in partial fulfillment of the requirements for Master of Science (MSc) at Debre 

Berhan University and it is deposited at the University library to be made available for users 

under the rule of the library. I intensely declare that this thesis is not submitted to any other 

institution anywhere for the award of any academic degree, diploma or certificate. 

Brief quotations from this thesis are allowable without special permission, provided that 

accurate acknowledgement of the source is made. Requests for permission for extended 

quotation from or reproduction of this manuscript in whole or in part may be granted by the 

head of the major department or the Dean of the School of Graduate Studies when in his/her 

judgment the proposed use of the material is in the interest of scholarship. In all other 

instances, however, permission must be obtained from the author and advisors of this thesis. 

 

Name: Admasu Altaye Mulate                                        Signature: ---------------------  

 

Place: College of Agriculture and Natural Resource Sciences, Debre Berhan University.  

 

Date of Submission: -------------------------------------- 

  



vi 
 

BIOGRAPHICAL SKETCH 

The author was born on August 16, 1981 from Mr. Altaye Mulate and Mrs. Tewabech 

Tilahun at Zemero, North Shewa Zone, Ethiopia. He attended his elementary and secondary 

schools education in Zemero Elementary school and Mehal Meda high school, respectively 

starting from 1988 to 2000. Then, he joined Ambo College of Agriculture in September 2001 

and graduated with a Diploma in General agriculture in June 2002. 

After his graduation, he was employed as a Crop production expert for the Ministry of 

Agriculture at the District Development office of Geshe Woreda since August 2003 for four 

years and five months. He joined Haramaya University in July 2007 graduated with BSc 

degree in Plant Science by the year of 2012. After serving for nine years and eight months, he 

joined North Shewa zone in Agricultural office of Amhara National Reginal State in 2013. 

From that time until he joined the Post Graduate Program of Debre Berhan University for his 

master degree in Soil Science in June 2018, he served as land administration and use 

department head in North Shewa Zone of Amhara National Regional State.    

  



vii 
 

ACKNOWLEDGEMENTS 

I feel great pleasure to place on record my deep sense of appreciation and heartfelt thanks to 

my major advisor, Dr. Asmare Melese for his genuine and unreserved advice, continued 

guidance, encouragement and valuable suggestions starting from planning the research work 

up to final writing up of the thesis. This thesis research was formulated with his indispensable 

support and encouragement with scholarly guidance and critical suggestions. I also express 

my sincere appreciation to my co-advisor, Dr. Wondwosen Tena for his unreserved work 

throughout this thesis, exhaustive review and constructive comment from the inception up to 

the wind up of this thesis. Without their scholarly guidance, critical comments, devotion and 

encouragement the successful completion of this thesis would not have been possible.  

I would like to express gratitude to Civil Service Bureau of Amhara National Regional State 

for funding the research. Furthermore, I would like to express my heartfelt thanks to the 

Agriculture Office of Woyra Anba kebele and Mortena Jiru district for their unreserved 

cooperation in providing me invaluable information and their support during fieldwork. I also 

acknowledge the Debre Berhan Agricultural Research Center to support analyzing the soil 

physico-chemical properties and plant tissue analysis. Besides, I express my heartfelt 

gratitude to my family for their encouragement, love and inspiration during the whole period 

of my study. Finally, I thank all people who assisted me in one way or the other during my 

study period. 

  



viii 
 

LIST OF ABBREVIATIONS AND ACRONYMS 

 

ANOVA  Analysis of Variance 

ATA  Agricultural Transformation Agency 

BNF 

BOA  

Biological Nitrogen Fixation 

Bureau of Agriculture 

CEC  Cation Exchange Capacity 

CIMMYT International Maize and Wheat Improvement Center 

CSA  Central Statistics Agency 

DBARC Debre Berhan Agricultural Research center 

DMRT  Duncan’s Multiple Range Test 

Ethio-SIS Ethiopian Soil Information System 

ETB Ethiopian Birr 

FAO Food and Agriculture Organization 

ha Hectare 

masl Meter Above Sea Level 

OM Organic Matter 

PAE Phosphorus Agronomic Use Efficiency 

PHI 

PLC 

Phosphorus Harvest Index 

Private Limited Company 

SAS Statistical Analysis System 

 

 

  



ix 
 

TABLE OF CONTENTS 

Content                                                                                                                                 Page                                                                                                                                                 

DEDICATION......................................................................................................... iv 

STATEMENT OF THE AUTHOR ........................................................................ v 

ACKNOWLEDGEMENTS ................................................................................. vii 

LIST OF ABBREVIATIONS AND ACRONYMS ........................................... viii 

TABLE OF CONTENTS ....................................................................................... ix 

LIST OF TABLES ................................................................................................ xii 

LIST OF FIGURES ............................................................................................. xiii 

LIST OF TABLES IN THE APPENDIX ........................................................... xiv 

ABSTRACT ............................................................................................................ xv 

1. INTRODUCTION ............................................................................................... 1 

2. LITERATURE REVIEW ................................................................................... 4 

2.1. Origin and Production of Chickpea ...................................................................................... 4 

2.2. Botanical Description of Chickpea ....................................................................................... 4 

2.3. Chickpea Production and Its’ Challenges in Ethiopia .......................................................... 5 

2.4. Ecological Requirements of Chickpea ................................................................................. 6 

2.5. Biological Nitrogen Fixation ................................................................................................ 6 

2.6. Effect of Rhizobia Inoculant on Growth, Yield, and Nutrient Uptake of Chickpea ............ 8 

2.7. Effects of Phosphorus on Growth, Yield and Yield Components of Chickpea ................. 11 

2.8. Effects of Sulfur on Growth, Yield and Yield Components of Chickpea .......................... 12 

2.9. Combined Effect of Phosphorus, Sulfur and Rhizobia on Nodulation, Growth and     

Yield components of Chickpea ................................................................................................. 14 

2.9.1. Combined effects of phosphorus and rhizobia on nodulation, growth and yield 

component of chickpea ............................................................................................... 14 

2.9.2. Combined effects of sulfur and rhizobia on nodulation, growth and yield 

component of chickpea ............................................................................................... 15 

2.9.3. Combined effects of phosphorus and sulfur on nodulation, growth and yield 

component of chickpea ............................................................................................... 16 

2.9.4. Combined effects of sulfur, phosphorus and rhizobia on nodulation, growth and 

yield component of chickpea ...................................................................................... 18 



x 
 

TABLE OF CONTENTS (Continiued)  

3. MATERIALS AND METHODS ...................................................................... 20 

3.1. Description of the Study Area ............................................................................................ 20 

3.2. Soil Sampling and Analysis ............................................................................................... 21 

3.3. Treatments and Experimental Design ................................................................................ 22 

3.3.1. Source of Mesorhizobium inoculant and inoculation procedure ................................ 23 

3.3.2. Source of planting material ........................................................................................ 23 

3.3.3. Experimental field management ................................................................................ 23 

3.3.4. Fertilizer application .................................................................................................. 24 

3.4. Plant Tissue Analysis ......................................................................................................... 24 

3.5. Data Collected .................................................................................................................... 24 

3.5.1. Phenological parameters ............................................................................................ 24 

3.5.2. Symbiotic parameters ................................................................................................. 24 

3.5.3. Growth parameters ..................................................................................................... 25 

3.5.4. Yield and yield component ........................................................................................ 25 

3.6. Estimation of Total N and P Uptake, P Use Efficiency, and Harvest Index ...................... 26 

3.7. Data Analysis ..................................................................................................................... 27 

3.8. Partial Budget Analysis ...................................................................................................... 27 

4. RESULTS AND DISCUSSION ........................................................................ 28 

4.1. Soil Physico-chemical Properties of the Study Site before Planting .................................. 28 

4.2. Effect of Rhizobia Inoculant, P and S Application on Phenological Parameter of   

Chickpea .................................................................................................................................... 30 

4.2.1. Days to 50% flowering............................................................................................... 30 

4.2.2. Days to 90% physiological maturity .......................................................................... 31 

4.3. Effects of Rhizobia Inoculant, P, and S Application on Nodulation .................................. 33 

4.3.1 Number and dry weight of nodules per plant .............................................................. 33 

4.4. Effects of Rhizobial Inoculant, P and S on Growth Parameters of Chickpea .................... 35 

4.4.1. Shoot dry weight ........................................................................................................ 35 

4.4.2. Plant height ................................................................................................................ 37 

4.4.3. Number of branches per plant .................................................................................... 39 

4.5. Effects of Rhizobia Inoculant, P and S on Yield Related Parameters ................................ 41 



xi 
 

TABLE OF CONTENTES (continued) 

4.5.1 Number of pods per plant ............................................................................................ 41 

3.5.2. Number of grains per pod .......................................................................................... 43 

4.5.3. Thousand grains weight ............................................................................................. 44 

4.6. Effects of Rhizobia Inoculant, P and S on Yield Traits ..................................................... 46 

4.6.1. Grain yield .................................................................................................................. 46 

4.6.2. Straw yield ................................................................................................................. 49 

4.6.3. Harvest index ............................................................................................................. 51 

4.7. Nutrient (N and P) Uptake, Agronomic use Efficiency, and Harvest Index of P............... 51 

4.7.1. Total nitrogen uptake ................................................................................................. 51 

4.7.2. Total phosphorus uptake ............................................................................................ 53 

4.7.3. Agronomic use efficiency of phosphorus in chickpea ............................................... 55 

4.7.4. Harvest index of phosphorus ...................................................................................... 56 

4.8. Partial Budget Analysis ...................................................................................................... 56 

5. SUMMARY AND CONCLUSIONS ................................................................ 58 

6. REFERENCES ................................................................................................... 61 

7. APPENDICES .................................................................................................... 77 

 



xii 
 

LIST OF TABLES 

Table                                                                                                                                          page 

1.    Physical and chemical properties of soils of experimental site before sowing                      29 

2.    Effects of Mesorhizobium inoculant, P, and S application on phenological parameters  

       chickpea                                                                                                                                  32 

3.     Effects of Mesorhizobium inoculant with phosphorus and Mesorhizobium inoculant with  

        sulfur application on nodulation of chickpea                                                                         34 

4.     Effects of Mesorhizobium inoculant with P and Mesorhizobium inoculant with S fertilizer  

        application on shoot dry weight of chickpea                                                                         36 

5.     Effects of P with S and P with Mesorhizobium inoculant application on plant height  of  

        chickpea                                                                                                                                 38 

6.     Effect of Phosphorus with sulfur on number of primary branches of chickpea                    40 

7.     Effects of Mesorhizobium inoculant, P, and S on number secondary branches of chickpea 41 

8.     Effects of phosphorus with sulfur and Phosphorus with Mesorhizobium inoculant on yield 

        components of chickpea                                                                                                         43                

9.     Effect of P application with inoculant on number of grain per pod of chickpea                   44  

10.   Effects of phosphorus with Mesorhizobium inoculant and phosphorus with sulfur                                                                                                                                                           

        application on grain and straw yield of chickpea                                                                  47 

11.   Effect of S with Mesorhizobium inoculant application on grain yield of chickpea               48 

12.   The effects of phosphorus with Mesorhizobium inoculant and phosphorus with sulfur on  

        total N uptake of chickpea                                                                                                     52                                                                                     

13.   Total P uptake of chickpea as influenced by the effects of P with Mesorhizobium inoculant 

         and P with S fertilizer rate                                                                                                    54 

14.    Phosphorus agronomic use efficiency of chickpea as affected by the interaction effect of  

         Mesorhizobium inoculant with sulfur                                                                                   55 

15.    Phosphorus harvest index of chickpea as affected by the interaction effect of  

         Mesorhizobium inoculant and sulfur application                                                                  56                                                                                                     

16.    Partial budget of un-dominance                                                                                            57 

 



xiii 
 

LIST OF FIGURES 

Figure                                                                                                                                  Page 

1.    Location map of the experimental site                                                                            20 

2.    Mean monthly rainfall (mm) and mean monthly minimum and maximum   

       temperature  (°C) of the study area for ten years (2009-2018)                                       21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
 

LIST OF TABLES IN THE APPENDIX 

Appendix Table                                                                                                                          Page 

1.    Mean monthly rainfall and mean temperatures (ºC) from 2009 to 2018 at Mortena Jiru  

       district                                                                                                                                      77 

2.    Soil pH (H2O) rating and bulk density                                                                                    77 

3.    Rating for OM and TN                                                                                                            78 

4.    Rating for available phosphorus and sulfur                                                                             78 

5.    Rating for cation exchange capacity and exchangeable base                                                  78 

6.    Mean squares of ANOVA for phenological, nodulation, and growth parameters of chickpea 

       by Mesorhizobium inoculant, P, and S fertilizer rate                                                              79 

7.    Mean squares of ANOVA for yield  and yield components of chickpea to seed inoculation  

      with Mesorhizobium inoculant and application of P and S fertilizers                                      80 

8.    Mean square of ANOVA for N and P total up take , P use efficiency and harvest index 

       on chickpea to seed inoculation and  application of P and S fertilizer                                    80  

9.    Partial budget analysis                                                                                                             81  

 

  



xv 
 

Effects of Mesorhizobium Inoculation, Phosphorus and Sulfur Application 

on Nodulation, Growth and Yield of Chickpea (Cicer arietinum L.) at 

Mortena Jiru District, Central Highland of Ethiopia 
By 

          Admasu Altaye (B.Sc.), Haramaya University, Ethiopia. 

Advisors: Asmare Melese (Ph.D.), Debre Berhan University, Ethiopia. 

                   Wondwosen Tena (Ph.D.), Debre Berhan University, Ethiopia 

ABSTRACT 
Low soil fertility is one of the major constraints that limit crop production in sub-Saharan African 

countries including Ethiopia. The major soil related constraints in the study area are low soil OM, low 

available P, S and low total N. Hence, the field experiment was done during 2018/19 cropping season 

to assess the effects of Mesorhizobium inoculant, P, and S on nodulation, growth, nutrient uptake and 

yield response of chickpea. The experiment was laid out in randomized complete block design (RCBD) 

with a factorial combination of Mesorhizobium inoculant (un-inoculated and inoculated), three levels 

of P (17, 34 and 51 kg/ha) and S (7, 14 and 21kg/ha) in three replication using Haberu chickpea 

variety. All plots have received a basal application of 19 kg N/ha uniformly. Mesorhizobium inoculant, 

P, and S were applied at planting directly to the soil. Mean separation was made using the Duncan 

multiple range test (DMRT) at 5% probability level. Analysis of variance showed that crop phenology, 

nodulation (nodule number and nodule dry weight), growth parameters (shoot dry weight, plant height 

and number of branches), yield and yield components and uptake of (N and P) were significantly 

affected by the treatments. The highest number (47.23) and dry weight (460 mg) of nodules per plant 

was found at the combined application of P (51 kg/ha) with Mesorhizobium inoculant. The highest 

grain yield (2202.33 kg/ha), total N uptake (71.41 kg/ha), and total P uptake (15.41kg/ha) were 

obtained at the application of P (51 kg/ha) with Mesorhizobium inoculant. The economic analysis 

revealed that the highest net return (38,699.9 ETB/ha) with a marginal rate of return of (7.9%) was 

obtained from the combined application of Mesorhizobium inoculant with 51 kg P/ha and 21 kg S/ha. 

Hence, it can be tentatively concluded that combined application 51 kg P/ha and 21 kg S/ha with 

inoculant is found to be an appropriate combination. However, since the experiment was conducted 

only for one season and one site, repeating the trial at different sites as well as in the same trial site at 

different seasons would be important in order to draw sound recommendation. 

Keywords: Crop phenology, Growth parameters, Mesorhizobium inoculation, Yield components 
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1. INTRODUCTION 

Chickpea (Cicer arietinum L.) is the world’s third most important pulse crop after beans and 

peas. These three pulses (beans, peas, and chickpeas) account for about 70% of global pulse 

production with chickpea accounting for approximately 19% of the total annually 

(FAOSTAT, 2017). Chickpea produced in over 50 countries with India having the largest 

production and accounting for over 61% of total world production. Australia and Myanmar, 

the next most important producers, account for 13.5 and 3.5% of world production, 

respectively. Ethiopia has emerged as a major and the first producing country in Africa 

(FAOSTAT, 2017). 

Food legumes cover about 12.33% of the area under crop production in Ethiopia and 

contribute to nearly 9.69% of total annual crops production (CSA, 2017). Chickpea 

production ranks second next to common bean among the pulses, the area under chickpea is 

225,607 ha (15.55% of the area under pulse) with a total production of 444,145.9 ton and an 

average yield of 1.97 t/ha (CSA, 2017). On the other hand, the potential of the crop under 

improved management condition is more than 5 t/ha (Gemechu et al., 2011). 

Chickpea is low in productivity as compared to its potential yield. This is due to limited 

adaption and high yielding cultivars, damage of pests and inadequate agronomic management 

practices, nutrient imbalance and insufficient availability of effective indigenous or 

commercial Mesorhizobium strains of chickpea (Yasin, 2014). Maintaining soil fertility and 

use of plant nutrient in balanced amount is one of the key components in increasing crop 

production and productivity (Eshetu et al., 2018). Hence, managing soil fertility is very 

crucial for improving chickpea crop productivity.  

Most Ethiopian soils are poor in nitrogen (N), phosphorus (P), and sulfur (S) contents (Wassie 

and Tekalign, 2013). In addition, soils frequent cultivated with cereals generally deficient in 

N-fixing bacteria (Rhizobium spp.) which contribute to the low yield of chickpea 

(Wondwosen et al., 2016). Hence, it is necessary to evaluate the use of inorganic fertilizer 

with rhizobia inoculant, which may be useful to enhance the productivity of chickpea. 
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Chickpea has an important role in the diet of small-scale farmers’. It serves as a source of 

income; its straw used for animal feed and improves the fertility status of soil through its 

biological nitrogen fixation (Menale et al., 2009). It is usually grown on Vertisols in Ethiopia. 

Vertisols are highly productive soils (Fassil and Charles, 2009), if its waterlogging and 

workability problems are managed properly. Many soils in the high lands of Ethiopia are 

inherently poor in available plant nutrients and organic matter (OM) content and application 

of nutrients are considered essential to improve crops production on these soils (Asmare et al., 

2015). 

As a legume, chickpea can obtain a higher portion (60-80%) of N requirement through 

symbiotic nitrogen fixation (Giller, 2001). It is selective in its symbiotic requirement, 

nodulating with only in association with effective and compatible Mesorhizobium strain 

(Wondwosen et al., 2016). The rest of N gained from soil inorganic N, mineralized organic 

matter, residual N from the previous and/or fertilizer application (Endalkachew et al., 2018). 

Sheleme et al. (2015) suggested that an adequate supply of mineral nutrients to legumes 

enhances N2 fixation and yield. This is due to the role of those nutrients in both plant growth 

and the symbiosis between rhizobia and the host plant. Rhizobia inoculation integrated 

especially with the application of S and P nutrient improved pulse crops production compared 

to rhizobia inoculation alone (Bahure et al., 2016). Nutrient elements such as P and S required 

by legume crops in larger quantities for nodulation, protein synthesis and N2 fixation (Murat 

et al., 2009). Similarly, Togay et al. (2008) also showed that chickpea variety applied with P, 

S and inoculation resulted in higher grain yield. 

Phosphorus is the second most critical plant nutrient overall, but for pulses it assumes primary 

importance owing to its important role in root proliferation and thereby atmospheric N2 

assimilation. Moreover, P is one of the very important plant nutrients for nodule formation 

and N2 fixation in legume crops (Lemma et al., 2013). It is involved in the metabolic and 

enzymatic reaction and is a constituent of adenosine triphosphate (ATP) and adenosine 

diphosphate (ADP). It enhances many aspects of plant physiology, including the fundamental 

processes of photosynthesis, reproduction, flowering, root growth, fruiting and maturation, 

nodule formation and N2-fixation in legume crops (Togay et al., 2008). 
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Sulfur has a great role in N-fixation by influencing active nodulation in the legume. It is a part 

of nitrogenase enzyme, promotes nodulation in legumes, which enhances biological N-

fixation and required for growth, development, high yield, and quality of grain crops 

production (Jensen and Schjorring, 2009). It is increasingly being recognized as the fourth 

major plant nutrient after N, P, and potassium (K) (Choudhary et al., 2014).  

Mortena Jiru district found in North Shewa Zone of Amhara National Regional State has a 

favorable environment for chickpea cultivation. Vertisols are the dominant soil type at the 

district. Most soils in Amhara National Regional State including Mortena Jiru district are 

deficient in available S, N, and P (ATA, 2016). This might be due to extensive use of S free 

fertilizers (DAP and urea), smaller rate of S and P in NPS, intensive crop production, soil 

erosion, poor S, P, and N of the soils (Wassie and Tekalign, 2013). So that one of the major 

problems resulting in lower chickpea productivity in the study area is depletion of soil fertility 

because of low organic matter content, intensive cultivation, and soil erosion. Besides, there is 

no practice and research work on the use of Mesorhizobium inoculant with P and S fertilizers 

to improve the productivity of chickpea crop.  

Therefore, the objective of this study were 

 To evaluate the effect of Mesorhizobium inoculant and different levels of P, S and 

their best combination on growth, nodulation, yield, and yield components of 

chickpea. 

 To determine an economically feasible combination of Mesorhizobium inoculant, P, 

and S rate for achieving a higher yield of chickpea. 
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2. LITERATURE REVIEW 

2.1. Origin and Production of Chickpea 

Chickpea (Cicer arietinum L.) is one of the most important cool season legume crop and it is 

believed to have been originated in present-day south eastern Turkey and adjoining Syria 

where several of its natural species are found (Saxena and Singh, 1987). It is high-value crop 

adapted to deep black soils in the cool semi-arid areas of the tropics, sub-tropics as well as the 

temperate areas (e.g. Canada and Australia). Ethiopia is a secondary center of genetic 

diversity for chickpea, where the wild relative of cultivated chickpea, Cicer cuneatum L., 

found in Tigray region of Ethiopia (Gemechu et al., 2011). 

Chickpea has been grown in more than 50 countries of which 85.7% is mainly cultivated in 

Asia followed by 5.6% in Americas, 4.6% in Oceania, 2.7% in Europe and 1.3% in Africa, 

(FAOSTAT, 2017). Currently, chickpea produced worldwide and it is the world’s third most 

important food legume next to dry bean and peas (FAOSTAT, 2017). Chickpea was grown on 

about 29.08 million hectares of land across the world with an average productivity of 0.6 t/ha 

globally (FAOSTAT, 2017). In Africa, Ethiopia stands first in area (232,341 ha) and 

production (473,570 tons) (FAOSTAT, 2017). Ethiopia is the first and largest producer of 

chickpea in Africa accounting for about 88.5% of the continent’s production and the third 

largest producer worldwide and contributes about 3.2% to the total world chickpea production 

(FAOSTAT, 2017). 

2.2. Botanical Description of Chickpea  

Chickpea (Cicer arietinum L.) is an annual diploid with 16 chromosomes and genome of 740 

Mbp (Jain et al., 2013). It is a member of genus Cicer, tribe Cicereae, subfamily 

Papilionoideae, family faba ceae (Van der Maesen et al., 2007). Based on distinct botanical 

or morphological features and molecular diversity analysis, chickpea was primarily classified 

into two major groups: desi type and kabuli type (Sheleme et al., 2015). Desi type chickpea 

characterized by the small size seeds (microsperma), pods, leaflets, and plantlets. However, 

large variations in flower and seed coat color, and seed shape commonly observed. The 

flower color ranges from white to red, purple and blue, and seed coat with different shades of 
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brown. The seed shape is angular, and seed coat varies from smooth to wrinkled, which 

reflects the genetic diversity (Sheleme et al., 2015). The “macrosperma” chickpea, the kabuli 

type, is known for the “ram’s head” shaped seeds. In contrast to the desi type, the kabuli type 

characterized by large seeds, pods, leaflets and plantlets. The flower and seed coat colors are 

usually white or cream colored. The seed coat of kabuli type is thinner and less winkled than 

that of the desi type (Sheleme et al., 2015). 

2.3. Chickpea Production and Its’ Challenges in Ethiopia. 

Chickpea is grown in several regions of Ethiopia with residual moisture on black Vertisol 

soils (Menale et al., 2009). It has the ability to grow on residual moisture, which gives farmers 

the opportunity to engage in double cropping, where chickpea sown at the end of the rainy 

season following the harvest of the main crop. This allows more intensive and productive use 

of land, particularly in areas where land is scarce (Sheleme et al., 2015).  

Amhara and Oromia regions together produce 93% of total chickpea production in Ethiopia 

while SNNPR and Tigray produce 3.5% and 3%, respectively (Sheleme et al., 2015). Ethiopia 

has suitable agro-climatic conditions for production of chickpea. The crop is highly integrated 

into the farming system and ecologically friendly for growing in many areas. Chickpea can be 

widely grown on different soil types provided there is good moisture and drainage. Well 

drained black soils (usually Vertisols), which have good water holding capacity, are suitable 

soil types for optimum growth of chickpea (Yasin, 2014).  

Even though there exist many improved chickpea cultivars released from Ethiopian Institute 

of Agricultural Research (EIAR) focused mainly on breeding and selection of improved 

cultivars with better yield and disease resistance, the mean average productivity is as low as 

1.97 t/ha (FAOSTAT, 2017) which is much below its potential productivity of 5 t/ha 

(Gemechu et al., 2011). The major production constraints include relatively low productivity 

of the farmers' varieties under widespread growing conditions coupled with cultural practices, 

biotic factors, especially (Aschochyta blight and wilt), and abiotic stresses (Yasin, 2014).  
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2.4. Ecological Requirements of Chickpea  

Chickpea is traditionally grown in the northern hemisphere, mostly at relatively high 

elevations in India and Ethiopia. It is grown between 20°N and 40°N in the northern 

hemisphere and 27°S and 38°S in the southern hemisphere (Imtiaz et al., 2011). These 

environmental conditions give significance difference in photoperiod, temperature and 

precipitation, all of which have a profound effect on growth and development (Geletu and van 

der Maesen, 2006). Currently chickpea is mainly grow in the central, northern and eastern 

highland areas of the country at an altitude of 1400-2300 meter above sea level (m.a.s.l.), 

where annual rainfall ranges between 500 and 2000 mm (Geletu and van der Maesen, 2006). 

The crop is a quantitative long-day plant that needs a moderately high temperature for its 

normal growth. The crop also requires a daily temperature fluctuation with narrow amplitude. 

Chickpea grows best on heavy clay soils and in a rough seedbed and it is moderately tolerant 

to drought conditions (Yasin, 2014). Cool nights, moderate relative humidity, evenly 

distributed rainfall and drained seedbeds are conducive for the crop and considered as the 

ecological optimum of the crop for its normal growth and development (Menale et al., 2009). 

2.5. Biological Nitrogen Fixation 

Molecular N2 represents nearly 80% of the earth’s atmosphere, it is chemically inert and 

cannot directly assimilate by plants. Plants absorb most of nitrogen in the NH4
+ and NO3

- 

forms. The crop plants cannot utilize N in its elemental form (N2) for their growth and 

development and hence need conversion to a usable form. Only limited numbers of 

prokaryotes are able to convert the N2 molecule into a usable form of N through a process 

known as biological nitrogen fixation (BNF) (Allito et al., 2015). Other plants benefit N from 

nitrogen fixing bacteria when the bacteria die and release N to the environment, or when the 

bacteria live in close association with the plant.  

Leguminous plants are able to fix atmospheric N2 through the association with rhizobia. The 

legume plant supplies the carbohydrate for bacterial growth while the bacteria fix atmospheric 

N2 into NH4
+, to convert into amino acids that can be used by the plant to synthesize proteins 

for its growth and development (Wondwosen et al., 2017). Symbiotic association is a highly 



7 
 

specified relationship between the host plant and the bacteria. Rhizobia-legume symbiosis 

involves the interaction between the plant and the bacteria leading to initiation and 

development of the root nodules. Therefore, symbiotic N fixation is of great importance not 

only in the production of leguminous crops but also in the global N cycle (Ben Romdhane et 

al., 2008). Biological N fixation becoming more attractive and economically viable N inputs, 

substitute of inorganic fertilizers of N for resource poor farmers and an environmentally 

friendly agricultural input (Workneh et al., 2012). Being a legume, chickpea restores and 

maintains soil fertility through its symbiotic N fixation in association with rhizobia strain 

(Mulissa and Fassil, 2012). 

Zahran (2009) described that the ability of many legumes to form associations with bacteria 

that fix atmospheric N (the symbiotic association that improve growth) is thus a big matter of 

ecological and economic interest. In addition, the symbiosis initiated through the legume root 

infection by the rhizobia and formation of root nodules where BNF occurs through the action 

of a bacterial enzyme, called “Nitrogenase” (Masson-Boivin et al., 2009). The nitrogenase 

enzyme is a biological catalyst, which is present in the bacteria and mediates the reaction. 

Nutrient uptake by plants depends largely in the amount, concentration and activities in the 

rhizosphere as well as the capacity of the soil to replenish the nutrients in the soil-solution 

(Makoi et al., 2013). In addition, rhizobia inoculation increased the uptake of P, potassium 

(K), calcium (Ca), and magnesium (Mg) in the plant parts attributed to increased soil pH. On 

top of atmospheric N fixation, rhizobia inoculation have been reported to improve plant 

nutrient such as P by mobilizing inorganic and organic P from organic and inorganic sources 

in the soil rhizosphere (Saharan and Nehra, 2011). 

Introduction of superior strains of rhizobia into the soil does not always guarantee a higher 

BNF and consequently increased yield (Graham et al., 2004). The process generally 

influenced by biotic and abiotic factors that affect the survival of the introduced strain, 

infectivity, and BNF efficiency. These low yields are pronounce in chickpea and are often 

associated with declining soil fertility and reduced N2 fixation due to biological and 

environmental factors (Wondwosen et al., 2017). Nodulation and N fixation are vital methods 
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of providing N to the agricultural system. However, both processes adversely affected due to 

environmental conditions. 

Environmental factor that negatively influences either the growth of rhizobia or the host plant 

itself has a dramatic impact on symbiotic N2 fixation. It can negatively influence the 

nodulation process and indirectly affect N fixation, or directly influence plant growth and 

vigor during post nodulation events and so affect the efficient functioning of the nitrogenase 

enzyme complex (Mulissa and Fassil, 2012). During formation and emergence of root hairs, 

N2 fixation affected by many factors such as the presence and density of nodulating bacteria 

in the root zone, the physical and chemical properties such as humidity, temperature, salt 

concentration in the soil, pH levels and deficiencies of several mineral nutrients (Abdul-

Jabbar and Saud, 2012). Mesorhizobium strains naturally vary in their N2 fixing capacity and 

adaptation to prevailing environmental stresses (Mulissa and Fassil, 2012). Some approaches 

to improve chickpea yield and N fixation rates could be markedly increased by highly 

efficient, competitive and persistent strains of Mesorhizobium strain (Wondwosen et al., 

2017) and by supply of adequate amount of nutrients such as P and S (Scherer et al., 2008). 

2.6. Effect of Rhizobia Inoculant on Growth, Yield, and Nutrient Uptake of Chickpea 

Soil is the habitat for prodigious number of living organisms, which include the living forms 

both visible to the naked eye and on the other hand ones with microscopic dimensions. 

Among these, bacteria play a vital role in a various biochemical processes taking place in the 

soil and are very much beneficial as far as the plant growth and soil properties are concerned 

(Anonymous, 2014). Bacteria capable of nodulating and fixing N in association with legumes 

by forming nodules, meet N requirement of both host plants and rhizobia, the host plants are 

referred to generically as rhizobia, and are currently divided into six genera, Allorhizobium, 

Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium and Sinorhizobium, with 38-40 

species (Ferguson et al., 2010).  Among all the N2 fixing microorganisms, symbiotic 

relationships between legumes and rhizobia are responsible for the largest contributions of 

fixed N to farming systems (Unkovich et al., 2008). 

Increasing and extending the role of bio fertilizers such as rhizobia can reduce the need for 

chemical fertilizers and decrease adverse environmental effects. Therefore, in the 
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development and implementation of sustainable agriculture techniques, bio fertilization has 

great importance in alleviating environmental pollution and deterioration of nature (Erman et 

al., 2011). The inoculation of seeds with rhizobia is known to increase nodulation, N uptake, 

growth and yield parameters of legume crops (Erman et al., 2011). The benefits from the use 

of Rhizobium inoculants show that a quite good deal of money saved by marginal farmers by 

using quality tested inoculants on the farm. Further, it has been reported that the legume crop 

enrich the fertility of the soil through its nodules and residues (Workneh et al., 2012). If 

specific and effective rhizobia are absent in a soil or if they are present in low numbers, it is 

necessary to introduce the rhizobia in that soil to ensure proper nodulation and N fixation. 

According to Endalkachew et al. (2018), two situations identified which are the absence of 

compatible strains and the small rhizobia populations in the soil are important limitations for 

nodule formation in chickpea. Chickpea is selective in its symbiotic requirement for 

nodulating with only a specific group of rhizobia species (Wondwosen et al., 2017). 

Nitrogen fixation in agriculture has been improved by inoculation of legume crops with 

suitable rhizobia. Knowledge of the biodiversity of rhizobia and of local populations is 

important for the design of successful inoculation strategies (Eshetu et al., 2018) and 

beneficial effects of Mesorhizobium inoculation in chickpea crops which has been primarily 

related to increase in the N uptake, nodulation, growth and yield on chickpea (Wondwosen et 

al., 2017). Mesorhizobium strains are very much commonly used bio-fertilizer in chickpea 

crops that not only accelerates the N uptake of plants but also enhances the soil fertility.  

The role of legumes like chickpea in enriching the fertility status of soil by contributing N 

through symbiotic nitrogen fixation by rhizobia inoculant is well established. The free-living 

rhizobia inoculant infects the host legume through infection thread at the point of emergence 

of lateral roots and it is transferred into bacteroids, which are the sites of nitrogen fixation 

(nodule). Leguminous crops require a large amount of N for seed protein synthesis. Promotion 

of N2 fixation and total N uptake by inoculation of Mesorhizobium inoculant and 

improvement of soil management and cropping practice is very important to increase 

nodulation, growth and yield of chickpea crops (Endalkachew et al., 2018). 
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Similar to other legumes, chickpea require effective rhizobia to fix atmospheric N. Chickpea 

inoculation with Mesorhizobium influenced plant height, number of branches per plant and 

biomass per plant as compared to un-inoculated control (Eshetu et al., 2018). Nodulation such 

as higher number (27.6%) and dry weight (22.2%) of nodules per plant improved due to the 

application rhizobia as compared to un-inoculated control in chickpea (Singh et al., 2018). 

The yield of legumes like chickpea enhanced through seed inoculation which could be higher 

nodulation and nutrient availability which improves vigorous plant growth and dry matter 

accumulation (Namvar et al., 2013). The growth and yield of chickpea enhanced through 

rhizobia inoculation due to the supply of N to the crop (Togay et al., 2008).  Moreover, these 

organisms produce growth-promoting substances (phytohormones). Rhizobia bacteria 

synthesized phytohormones like auxin as secondary metabolites in inoculated plants. 

Phytohormones promote seed germination, root elongation and stimulation of leaf expansion. 

In addition, great root development and proliferation of plants in response to rhizobia 

activities enhance water and nutrient uptake (Erman et al., 2011). 

Inoculated chickpea varieties with Mesorhizobium inoculant gave significantly higher nodule 

number, nodule dry weight, shoot dry weight, plant height, number of branches, number of 

pods and grain and straw yield compared to non-inoculated chickpea (Sharma et al., 2015, 

Wondwosen et al., 2016). Response of phenological stages of chickpea to rhizobia inoculation 

showed fewer days might be production of phytohormones like auxin promoted seed 

germination and leaf extension (Togay et al., 2008) and might have caused faster 

development in inoculated plants than non-inoculated plants. 

Nutrient uptake by plants depends on the amount, concentration, rhizosphere processes and 

the capacity of soil to replenish nutrient in the soil (Makoi et al., 2013). Microorganisms such 

as rhizobia as well as other plant growth promoting rhizobacteria, are said to change the 

chemistry of nutrients in the soil and make them available for uptake by plants (Saharan and 

Nehra, 2011). Rhizobia inoculants increase the uptake of nutrients such as N and P through 

BNF thereby improving N availability to plants (Ndakidemi et al., 2011). They can also 

mobilize both organic and inorganic P from organic as well as inorganic sources and making 

them available in the rhizosphere for uptake by plant. 
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2.7. Effects of Phosphorus on Growth, Yield and Yield Components of Chickpea  

Next to N, P is the most important element for adequate grain production. The evolution of 

science, particularly in the past century, has clearly demonstrated the significance of P for all 

animal and plant life on the earth (Ryan et al., 2012). Rock phosphate is the global source of 

raw material for P fertilizer and plant roots can absorb P mostly in the form of primary 

orthophosphate ion (H2PO4
-) rather than secondary orthophosphate (HPO4

-2) (Sandra, 2011). 

This is because the latter form may increase the soil pH and it is wise to efficiently use this 

finite resource. Substantial amount of P found in different parts of plants. Large quantities of 

P found in seed and fruit, and it is considered essential for seed formation (Gifole et al., 

2012).  

Phosphorus is vital to plant growth and found in every living plant cell. It is involved in 

several key plant functions, including energy transfer (ATP), photosynthesis, transformation 

of sugars and starches, nutrient movement within the plant (Shahid et al., 2009). Adenosine 

triphosphate (ATP) is a source of energy for physiological processes such as BNF (Giller, 

2001), photosynthesis, respiration, energy storage and transfer, cell division, cell enlargement, 

root development, flowering, seed formation, fruiting and improvement of crop quality (Sara 

et al., 2013). The importance of P for plant growth and development by triggering the 

formation of root enhances the ability of plants to uptake water and other nutrients (Sandra, 

2011). The root extracts nutrients, which have very low concentrations from the soil solution. 

The movement of nutrients within the plant requires high-energy, which P compounds 

countering the forces of osmosis. It increases the N-fixing of legumes by initiating the root 

nodulation and increases yield of both perennial and annual legumes (Lemma et al., 2013). 

The deficit of P observed based on the abnormal discoloration, seed development, stunted 

growth of plant, delay crop maturity and decrement in leaf surface area and number of leaves. 

The discoloration can occur on leaves (dark, bluish–green) and stem (purplish) due to the 

accumulation of sugars from the synthesis of anthocyanin in the leaves (Workneh, 2012). 

Inadequacy of P may also led to reduction in the number of seed, seed viability and size.  

Phosphorus is one of the essential nutrients for legume growth and BNF (Eshetu et al., 2018). 

Phosphorus influenced initiation of nodules development as well as efficiency of the 
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symbiosis relationship between rhizobia and legumes (Nyoki and Ndakidemi, 2014). Because 

it influences nodule development through its basic functions in plants as an energy source and 

plays a vital function in increasing plant tip and root growth, decreasing the time needed for 

developing nodules to become active and benefit to the host legume.  

Legumes such as chickpea need P for adequate growth and N2 fixation. Sufficient P levels are 

also required to enhance different plant organs growth and promote nodulation and early 

maturity (Kamara et al., 2010). Adequate supply of P in early stage of plant growth is 

important for the development of roots as well as for seed formation and yields up the soil 

fertility by fixing large amount of atmospheric N through root nodules, growth and yields of 

chickpea (Singh et al., 2011). 

Phosphorus application at a rate of 30 kg P/ha significantly increased nodule number per 

plant, nodule dry weight per plant, plant height, number of branches per plant, number of pods 

per plant, number of seed per pod, thousand seed weight, biomass yield and grain yields of 

chickpea as compared with the control (no P application) (Lemma et al., 2013). Application 

of different levels of P (34 kg P/ha) influenced plant height, number of nodules per plant, 

number of branches per plant, number of pods per plant, number of grains per pod, grain yield 

and thousand-grain weight significantly in chickpea (Sharma et al., 2015). In addition, other 

researcher reported that P at the rates (90 kg P/ha) resulted maximum plant height, number of 

braches per plant, number of nodules per plant, total number of pods per plant, grain yield and 

thousand-grain weight in chickpea compared from the less rats (Tripathi et al., 2013). 

2.8. Effects of Sulfur on Growth, Yield and Yield Components of Chickpea 

Sulfur is an essential macronutrient in plant growth and development and is one of the nine 

macronutrients, required for growth, development, high yield and quality of grain crops 

production (Jensen and Schjorring, 2009). Because of its requirement in large amount 

recognized as the fourth major plant nutrient after N, P and K (Choudhary et al., 2014). It 

plays an important role in formation of S-containing amino acids viz., methionine and 

cysteine, synthesis of protein and oil in seeds (Jamal et al., 2010) and it is also a vital part of 

the ferredoxin, an iron-sulfur protein occurring in the chloroplasts. Ferredoxin has a 
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significant role in nitrogen dioxide (NO2) and sulfate (SO4
-2) reduction, the assimilation of N2 

by root nodule bacteria and free living N-fixing soil bacteria (Havlin et al., 2007). 

Sulfur is in the soil continually transformed between organic and inorganic compounds by 

microbial action (Islam et al., 2012). Mineralization occurs when sulfate released as a by-

product of microbial activity and immobilization results when sulfate incorporated into 

microbes during their growth (Jamal et al., 2010). In well-drained, coarse-textured soils, 

sulfate leached below the root zone especially in high rainfall areas or under irrigation. 

Sulfate‐S is relatively mobile in most soils (similar to nitrate) because it has a double negative 

charge and is repelled by the negative charge of the soil, unlike nutrients such as K, Ca, or Mg 

(Camberato et al., 2012). Sulfate levels in the soil solution fluctuate, based on plant uptake, 

leaching losses, adsorption, immobilization and mineralization (Khalid et al., 2011).  

Sulfur improves nodulation activity (Scherer et al., 2008) and affects growth of leguminous 

plants through its effects on N2-fixation (Varin et al., 2009). It increases nitrogenase activity 

due to higher ferredoxin and ATP concentration in bacteroids of root nodules of legumes 

(Scherer et al., 2008). Ferredoxin has a significant role in nitrate and sulfate reduction and in 

N assimilation in root nodule bacteria (Havlin et al., 2007). So that S fertilizers promoted 

roots and nodules development on legume roots thus modifying root architecture by altering, 

primary and lateral root growth (Scherer et al., 2008). The application of S improved 

nitrogenase activity, nitrogen fixation, plant dry matter and quality of soybean grain in S 

deficient soil (Zerihun et al., 2017). Both N and S are important components of seed storage 

proteins and their uptake and mobilization from vegetative tissue to seed is important for 

protein production and amino acid composition on legumes crops (Sharma et al., 2014). 

Application of S at a rate of 20 kg/ha responded significantly higher seed yield mainly 

attributed to significantly higher number of primary branches per plant, number of pods per 

plant, and 1000 seed weight of chickpea compared with the less rat and it improved the seed 

yield by 16% over its non-application or control (Das et al., 2016). Increase in yield due to S 

application may be due to the fact that S related to photosynthesis of plants. Sulfur application 

increased rate of photosynthesis due to an increment in protein synthesis and maintenance of 

high chlorophyll content (Patra et al., 2012). Plant height, number of branches, nodulation 
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(number of nodule and dry weight) and yield attributes (pods/plant and seed yield) of 

chickpea increased significantly with due to the application of S levels (Singh et al., 2011). 

Application of 40 kg S/ha resulted in significantly higher seed yield and stalk yield over the 

20 kg S/ha and control. Application of 30 kg S/ha increased up to 12% in seed yield of 

chickpea over the control (no sulfur application) (Islam et al., 2012). 

2.9. Combined Effect of Phosphorus, Sulfur and Rhizobia on Nodulation, Growth and 

Yield components of Chickpea  

2.9.1. Combined effects of phosphorus and rhizobia on nodulation, growth and yield 

component of chickpea  

Nitrogen-fixation involving symbiotic association between rhizobia and legumes influenced 

by several factors including P (Tairo and Ndakidemi, 2013). So that N acquired in a variety of 

forms by most plant species but inorganic N forms such as nitrate and ammonium are 

preferred organic forms in most agricultural soils. In legumes, the process of symbiotic N-

fixation influenced by the application of P. In presence of adequate P, the bacterial cells 

became motile and flagellate which is the pre-requisite for bacterial migration, but in the 

absence of P or with inadequate supply, the infection remains latent leading to the poor 

development of nodules (Dutta and Bandyopadhyay, 2009). Phosphorus promotes early root 

formation and the formation of lateral, fibrous and healthy roots, which is very important for 

nodule formation and ultimately the nitrogen fixation (Dotaniya et al., 2014). 

The use of rhizobia inoculants and P fertilizer on legumes may play a great practical 

importance in cropping system in developing countries, which can increase soil fertility and 

plant productivity (Abbasi et al., 2008), thereby increasing the farm income of the farmers. 

Incremental doses of P along with Mesorhizobium increased nodules per plant by 31.2% over 

Mesorhizobium alone in chickpea (Tripathi et al., 2013). Rhizobium inoculation and P 

fertilization significantly increased nodule numbers from in un-inoculated control (with no P 

application) in soybean (Tahir et al., 2009). Furthermore, plant growth of inoculated seed is 

higher when compared with un-inoculated seeds, nitrogen fixation by microorganisms such as 

rhizobia and applied P to balance the nutrition of plants which improve growth of the plants 

(Shahid et al., 2009).  
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Higher nitrate reductase activity as well as leghemoglobin content observed in chickpea when 

Mesorhizobium inoculation combined with P in contrast to Mesorhizobium alone (Moinuddin 

et al., 2014). The improvement in leghemoglobin content and nitrogenase activity of nodules 

by P application may have attributed to profuse nodulation leading to increased nitrogen 

fixation. Fatima et al. (2007) indicated that combined application of P and Rhizobium 

inoculation increased nitrogenease activity, growth, and grain yield in soybean as well as 

improved soil fertility for sustainable agriculture. Application of P along with inoculation of 

Mesorhizobium on chickpea observe best for different growth and yield parameters i.e. 

significantly maximum plant height, number of branches per plant, number of nodules per 

plant and grain yield compare with individual application(Sharma et al., 2015, Wazier et al., 

2018).   

2.9.2. Combined effects of sulfur and rhizobia on nodulation, growth and yield 

component of chickpea  

Application of S with rhizobia strains plays an important role in physiological and 

developmental processes in plant life. The favorable effect of these important nutrients 

combination (N and S) accelerate the growth processes, which ultimately resulted in increased 

seed yield and quality of the crop (Hussain et al., 2011). These indicate that increased in root 

nodulation due to rhizobia inoculation and S fertilization resulted in absorption of higher 

concentration of mineral nutrients from soil. Ganeshhamurthy and Reddy (2000) observed 

that the S application with Mesorhizobium inoculation in chickpea increased the bacterial 

population, number of nodules and active nodules.  

Legume crops obtain N mainly from symbiotic N2 fixation, which may be affected by S 

deprivation. Both N and S are important components of seed storage proteins and their uptake 

and mobilization from vegetative tissue to seed is important for protein production and amino 

acid composition (Sharma et al., 2015). Sulfur with Rhizobium inoculation has immense 

potential of increasing the amount of N fixed by legumes, thus improving fertility status of 

soil (Habtegebrial et al., 2007).  

Sulfur deficiency affect N2 fixation because it is a constituent of ferredoxin and enzymes, such 

as nitrogenase (Devi et al., 2014). It is a vital part of the ferredoxin, an iron-sulfur protein 
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occurring in the chloroplasts. Ferredoxin has a significant role in nitrogen dioxide and sulfate 

reduction, the assimilation of N by root nodule bacteria and frees living N-fixing soil bacteria 

(Scherer et al., 2008). Application of S improved nitrogenase activity, nitrogen fixation, plant 

dry matter seed yield and yield attribute in sulfur deficient soil (Devi et al., 2014). 

Application of S with rhizobia inoculant increased growth, nodulation and yield of chickpea 

(Scherer et al., 2008, Shivran and Chandra 2012). Application 30kg S/ha with Rhizobium 

inoculant improved grain, straw and nutrient uptake like N, P, K, and S in soybean (Zerihun et 

al., 2017).  

2.9.3. Combined effects of phosphorus and sulfur on nodulation, growth and yield 

component of chickpea  

The response to any particular nutrient not only depends upon its own content, but also 

depends upon the contents of other nutrients present in the growing medium. The addition of 

one nutrient may have favorable or depressing effect on the availability of other nutrients. The 

response to P and S fertilization is well recognized in different crops but their inter-

relationship was quite controversial as both synergistic as well as antagonistic. Behavior of 

these nutrients reported in different soil-plant systems but their relationship depends on their 

rate of application and crop species (Singh et al., 2018). Deo and Khaldelwal (2009) observed 

synergistic effect of applied P and S for chickpea. 

Sulfur and P interaction have positive relationship at lower rate of nutrient application and 

negative at higher rate (Singh et al., 2018). Interaction between P and S occurs mainly due to 

two reasons (Singh et al., 2018). Firstly, P and S occur in soil in the form of phosphate (PO4
-3) 

and sulfate (SO4
-2) ions. These compete for adsorption on exchange sites in soil, as both are 

anions. However, adsorption strength of PO4
-3 is more than that of SO4

-2 and presence of PO4
-

3 results in reduction in SO4
-2 adsorption and accelerates downward movement. Secondly, 

application of S fertilizers to calcareous soils results in reduction in pH although temporarily 

and locally. This prevents the conversion of primary orthophosphate (H2PO4
-) and secondary 

orthophosphate (HPO4
-2) into PO4

-3. Phosphorus mainly taken up by plant in the form of 

H2PO4
- and HPO4

-2 hence; P availability for plant uptake is increased (Taalab et al., 2008). 

The interaction of P and S exhibited strong synergistic relationship when deficient in both P 
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and S (Patel et al., 2014). However type of interaction between P and S depends upon a 

number of factors such as initial soil fertility status, climatic conditions, level of nutrient 

applied and test crop used. 

Legumes require P and S for growth and development. When P and S are present below the 

critical level in the soil, plant growth and quality of produce are affected adversely (Deo and 

Kahaldelwal, 2009). Application of S (40 kg/ha) along with P (18 kg P/ha) improves number 

of branches, pod numbers per plant, grain number per pod, and grain yield of chickpea (Deo 

and Kahaldelwal, 2009). The application of P and S levels 27 kg P/ha + 25 kg S/ha recorded 

the highest plant height, number of branches per plant, nodules per plant, nodule dry weight 

and harvest index in chickpea (Kumar et al., 2017). 

Application of nutrients particularly P and S in right proportion might have led to balance 

development of vegetative and reproductive structure, which in turn resulted in formation of 

large size of seeds in chickpea (Islam et al., 2012). He found the positive interaction effect of 

P and S on the plant height of chickpea. The highest plant height might have resulted from the 

synergistic effect of P and S on the growth processes of the plant. The synergistic effect of P 

and S may be due to utilization of high quantities of nutrients through their well-developed 

root system and nodules, which might have resulted in better growth and yield of chickpea.  

The interaction effect of P and S significantly influenced number of nodules plant, nodule dry 

weight, grain and straw yield  at 14 kg P/ha along with 20 kg S/ha in chickpea (Yadav et al., 

2016). The increase in number of nodules per plant might be due to better root development 

with increasing levels of these nutrients. The increase in weight of nodule per plant might be 

due to better nodulation and more number of nodules per plant of cluster bean. Phosphorus, 

being the constituent of nucleic acid and different forms of proteins might have stimulated 

cell division resulting in increased growth of plants in cluster bean (Yadav et al., 2016). The 

synergistic effect of P and S interaction on grain and straw yield of chickpea highest at 35 kg 

P and 20 kg S/ha (Suman et al., 2018)    



18 
 

2.9.4. Combined effects of sulfur, phosphorus and rhizobia on nodulation, growth and 

yield component of chickpea  

Different doses of P, S and seed inoculation with biofertilizers significantly influenced the 

growth, nodulation and yield of chickpea (Singh et al., 2018). Application of different doses 

of S and P with rhizobia inoculation improves growth (Plant height, number of branches), 

grain yield and yield components (pod number per plant, seed number per plant) of chickpea 

(Togay et al., 2008).  The application of P at 60 kg/ha, S at 20 kg/ha and seed inoculation with 

rhizobia significantly increased the plant height, number of branches, shoot dry weight, 

number of nodules per plant ,nodule dry weight and yields (grain and straw yield) of chickpea 

over the control and un-inoculated (Singh et al., 2018).  

Rhizobia inoculation significantly increased the number of nodules and dry weight of nodules 

per plant mainly because the nitrogenase enzyme present in the bacteria is introduced through 

infection causes nodule formation (Wondwosen et al., 2017). Phosphorus application 

accelerated the production of photosynthates and their translocation from source to sink, 

which ultimately gave the higher values of yield contributing characters. The increase in 

yields with bio-fertilizers was mainly due to the increase in almost all growth and yield 

contributing characters, which ultimately resulted a significant increase in grain and straw 

yields (Sharma et al., 2015). This was mainly due to fact that the better availability of N and P 

caused well-developed root system having higher nitrogen fixing capacity resulting better 

growth and development of plants and better diversion of photosynthates towards sink (Singh 

et al., 2018). 

Phosphorus is involved in several key plant functions, including energy transfer, 

photosynthesis, transformation of sugars and starches, nutrient movement within the plant and 

transfer of genetic characteristics from one generation to the next (Uchida, 2000). Generally, 

phosphorus is vital to plant growth and is found in every living plant cell. Rhizobium bacteria 

use phosphorus as an essential ingredient in converting atmospheric N2 to ammonium (NH4), 

a form useable by plants (Singh et al., 2018).  

Sulphur improves nodulation activity (Scherer et al 2008) and affects growth of leguminous 

plants through its effects on N fixation (Varin et al 2009). It increases nitrogenase activity due 
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to higher ferredoxin and ATP concentration in bacteroids of root nodules of legumes. 

Ferredoxin has a significant role in nitrate and sulfate reduction and in N assimilation in root 

nodule bacteria (Havlin et al 2007). Sulphur fertilizers promoted roots and nodules 

development on legume roots thus modifying root architecture by altering primary and lateral 

root growth (Scherer et al 2008). 
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3. MATERIALS AND METHODS 

3.1. Description of the Study Area 

The experiment was conducted at Mortena Jiru district (Woyra Anba kebele), North Shewa 

Zone of Amhara Regional State of Ethiopia (Figure 1). Woyra Anba is located at 195 km 

northeast of Addis Ababa and its geographical position is 9o 52' N longitude and 39o 10' E 

latitude with an altitude of 2680 m.a.s.l. (BOA, 2018). 

According to the ten years (2009-2018) metrological data found from Debre Berhan 

Agricultural research center, the area characterized by a unimodal rainfall pattern that receives 

mean annual rainfall of 966.11mm. The mean monthly maximum and minimum temperatures 

are 21.06 and 9.47 ºC, respectively (Figure 2). Vertisols are the dominant soil type in the 

district. The crops widely grown in the study area include wheat, teff, chickpea, and lentil, 

whereas faba bean, grass pea, and others have low area coverage (BOA, 2018).  

 

Figure 1: Location map of the experimental site 
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Figure 2: The monthly mean rainfall (mm), maximum and minimum temperature (ºC) of the 

study area for ten years (2009-2018) 

3.2. Soil Sampling and Analysis  

One composite surface soil sample was collected with an auger from a soil depth of 0-30 cm 

from 20 randomly selected points using the zigzag sampling pattern. For determination of 

selected physico-chemical properties, the soil was air-dried, ground, mixed thoroughly and 

passed through a 2 mm sieve for most parameters except for organic carbon (OC) and total 

nitrogen (TN) which passed through 0.5 mm sieve. The sample was labeled and stored in 

sealed plastic bags for laboratory analysis. 

Soil bulk density was measured from undisturbed soil samples collected using a core sampler, 

which after drying the soil core samples to constant weight in an oven at 105ºC as per the 

procedures described by Black (1965). Soil particle size distribution (texture) was analyzed by 

the hydrometer method (Day, 1965). 

Soil pH was measured with digital pH meter potentiometerically in supernatant suspension of 

1:2.5 soils to distilled water ratio (Van Reeuwijk, 1992). Organic carbon (OC) was 

determined using the wet oxidation method (Walkley and Black, 1934) where the carbon 

oxidized under standard conditions with potassium dichromate in sulfuric acid solution. 

Finally, the organic matter (OM) content of the soil was calculated by multiplying the percent 
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OC by 1.724. Total N in the soil was measured as micro Kjeldhal method (Jackson, 1958). 

Available P was carried out by the Olsen method using NaHCO3 as extracting solution (Olsen 

et al., 1954). Available sulfur was measured in the soil by mono-calcium phosphate extraction 

method (Hariram and Dwivedi, 1994). The exchangeable bases (Ca, Mg, Na, and K) in the 

soil were determined from the leachate of one molar ammonium acetate (NH4OAc) solution at 

pH 7.0. Exchangeable Ca and Mg were measured by atomic absorption spectrophotometer 

while K and Na read using flame photometer (Rowell, 1994). The CEC was measured 

titrimetrically by distillation of ammonia that was displaced by Na from NaCl solution 

(Rowell, 1994). 

3.3. Treatments and Experimental Design  

The experiment was conducted in “meher” season during 2018/2019 cropping season. It was 

laid out as Randomized Complete Block Design (RCBD) and replicated three times per 

treatment in factorial combination. Three levels of P (17, 34, and 51 kg/ha), three levels of S 

(7, 14, and 21 kg/ha) and two levels of Mesorhizobium inoculants (un-inoculated and 

inoculated) treatment combinations were applied to the plots. Each replication consisted of 18 

treatment combinations and the total numbers of plots were 54. A check plot was included for 

nutrient uptake and utilization efficiency analysis. The check plots are plots, which do not 

receive any of the treatments including the basal N. To set the rates the blanket 

recommendation, that is 100 kg NPS/ha (19 kg N, 17 kg P, and 7 kg S) was used as the lowest 

rate for P and S, and basal N was also used for all plots except the check plots.  

The size of each experimental plot was 6 m2 (2.4 m x 2.5 m) accommodating eight rows 

spaced at 30 cm and 10 cm between rows and plants, respectively. A spacing of 50 cm 

between the plots and 1m between blocks had been kept. The outer most rows of both sides 

were considered as border. The second row at both sides of each plot was used us a sampling 

row for shoot dry weight and nodulation study. The other rows were kept for yield and yield 

component sampling. Hence, four rows of 2.20 m length (leaving 0.30 m at both sides of the 

plot) were regarded as net plot (1.2 m x 2.20 m =2.64 m2). The fertilizer sources were urea 

(46% N), elemental S (95% S), and triple super-phosphate (TSP (20% P).  
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3.3.1. Source of Mesorhizobium inoculant and inoculation procedure  

Mesorhizobium ciceri strain CP41 was purchased from Menagesha Biotechnology Private 

Limited Company, Addis Ababa. This strain has been proven to enhance the nodulation 

capacity, agronomic, and yield performance of chickpea under wide ecological conditions 

(Wondwosen et al., 2016). 

Seed inoculation performed before sowing using the procedure developed by Fatima et al. 

(2007). The inoculant gently mixed with dry seeds at the rate of 10 g per kg of seed (Eshetu et 

al., 2018). In order to ensure that all the applied inoculum stick to the seed, the required 

quantity of inoculant suspended in 1:1 ratio in 10% sugar solution. Inoculation was done just 

before sowing under shade for avoiding direct sunlight to maintain the viability of cells and 

allow to air dry for a few minutes and then the inoculated seeds were sown at the 

recommended rate and spacing to the respective plots (Wondwosen et al., 2016). To avoid 

contamination, plots with un-inoculated seeds planted first followed by the inoculated ones.  

3.3.2. Source of planting material  

The seeds were obtained from Debre Brehan Agricultural Research Center (DBARC). The 

chickpea variety “Habru” used as test variety. The variety was selected based on the 

recommendation of DBARC for the area based on its market demand and farmers’ preference. 

This variety is has white color, large seed size and high nutritive values. It is also drought 

tolerant, disease resistant like Aschochyta blight and high yielding variety ranging from 2 to 

2.8 ton/ha with 91-150 days to maturity. It is also well adapted and popularized around the 

study areas.  

3.3.3. Experimental field management 

All field activities were carried out following the production practices for chickpea. Sowing 

was done in the fourth week of August 2018 by drilling seeds per row and thinned at 10 cm 

apart between plants after the successful establishment was assured. Ridges were made 

between each plot and block to reduce the movement of bacteria and fertilizer from one plot 

to the other by rain. All broadleaf and grass weeds were removed by hand weeding and 

hoeing was done to sowing for land leveling. 
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3.3.4. Fertilizer application  

All treatments were received an equal amount of starter N fertilizer (19 kg N/ha) in the form 

of urea. Different rates of S in the form of elemental sulfur and P in the form of triple 

superphosphate were applied directly to the soil at the time of sowing.  

3.4. Plant Tissue Analysis 

At physiological maturity, net plot samples were collected per plot and partitioned into grain 

and straw for the determination of nitrogen and phosphorus concentration in the grain and 

straw. For plant sample analysis, grounded 0.25 g grain and 0.50 g straw samples were taken 

and digested with a 2:1 mixture of nitric (HNO3) and per chloric acids (HC1O4). Phosphorus 

concentration was analyzed calorimetrically (Morais and Rabelo, 1986). Nitrogen 

concentration was determined using the Modified micro-Kjeldahl Method (Jackson, 1958). 

The total N and P content in the grain and straw were finally expressed in percentage. 

3.5. Data Collected  

3.5.1. Phenological parameters  

Days to 50% flowering: Days from sowing to the stages when 50% of the plants have started 

flowering was recorded from each plot as days to 50% flowering.  

Days to physiological maturity: Days from sowing to the stages when 90% of the plants in a 

plot have reached physiological maturity was recorded from each plot as days to physiological 

maturity. 

3.5.2. Symbiotic parameters  

Sampling for nodulation was performed by excavating the roots of ten randomly selected 

plants of each plot at the mid-flowering stage of the crop. Uprooting was done by spade and 

shovel and then the soil was removed from the root system by hand. The adhering soil was 

removed by washing the roots gently with water over a metal sieve. Nodules remaining in the 

soil were picked up by hand. 
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Nodule number per plant: It was determined by counting the number of nodule per each 

randomly selected five plants from each side of the non-border rows and the average of ten 

random plants was taken as a number of nodules per plant.  

Nodule dry weight per plant: After recorded number of nodules from 10 randomly selected 

plants, it was measured after drying the collected nodules in an oven with a temperature of 65 

°C until a constant weight was attained. The average of nodule dry weight was taken from ten 

plants as a nodule dry weight per plant. 

3.5.3. Growth parameters  

Shoot dry weight (g): It was recorded at 50% flowering stage of the plant from five randomly 

selected five plants and it was dried at 70 0C in an oven until a constant weight was attained. 

The average of shoot dry weight was taken as a shoot dry weight per plant.  

Plant height (cm): Plant height was measured from 10 randomly selected plants in each net 

plot area from the base to the apex of the main stem at physiological maturity. The average of 

these 10 plants were taken as plant height per plant.  

Number of primary branches per plant: It was recorded from 10 sample plants (plants used 

for pod number count). Mean of the total number of primary branches was taken as a number 

of primary branches per plant. 

Number of secondary branches per plant: It was recorded from 10 sample plants (plants 

were used for pod number count) and the averages of the number of secondary branches 

recorded from 10 plants were taken as a number of secondary branches per plant. 

3.5.4. Yield and yield component  

Number of pods per plant: Number of pods was recorded from ten randomly selected plants 

from the net plot area at harvest. The average number of pods per plant was taken as a number 

of pods per plant. 

Number of grain per pod: It was determined from randomly selected twenty pods from the 

plants used for pod number count from the net plots. The average number of grain per pod 

was calculated by dividing the total number of grains to the number of pods. 
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Thousand-grain weight (g): Thousand-grain weight was determined by weighing 1000 

randomly selected grains of each plot and weighing with sensitive balance at 10.5% moisture 

content and it was reported as 1000 grain-weight. 

Grain yield (kg/ha): It was determined after threshing and adjusting the grain yield at the 

appropriate moisture level of 10.5%. Finally, yield per plot converted to per hectare basis. 

Straw yield (kg/ha): Straw yield was calculated by subtracting grain yield from the 

corresponding total above ground biomass yield. 

Harvest index: Harvest index was calculated as a ratio of grain yield per net plot by the total 

biomass yield per net plot and then multiplied by 100.  

3.6. Estimation of Total N and P Uptake, P Use Efficiency, and Harvest Index  

Nutrient uptake: Phosphorus and N uptake by grain and straw were determined from the P 

and N content of the respective part after multiplying the grain yield and straw yield, 

respectively. Total P and N uptake were calculated by adding P and N uptake of grain and 

straw. The following empirical formula is used to determine the nutrient uptake: 

𝑁𝑈(𝑘𝑔/ℎ𝑎) =  
    𝐺𝑦 𝑜𝑟 𝑆𝑦 (𝑘𝑔/ℎ𝑎)  𝑁𝑐

100
  

Where:  

            Nu-Nutrient uptake by Grain or Straw  

            GY- Grain yield  

            SY- Straw yield  

            Nc- Nutrient concentration 

Based on the laboratory results of plant tissue analysis, P agronomic efficiency was computed 

according to the formula described by Albrizio et al. (2010) and nutrient harvest index was 

computed according to the formula described by Fageria and Santos (2002). 

Phosphorus agronomic efficiency (PAE): It is the quantity of grain yield per unit of nutrient 

applied. It was calculated by the formula indicated below: 
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PAE =
Gf − Gu

Na
                                               

Where Gf is the grain yield of the fertilized plot (kg), Gu is the grain yield of the unfertilized 

plot (kg), and Na is the quantity of P applied (kg) and PAE is phosphorus agronomic use 

efficiency (kg/kg). 

Phosphorus harvest index (PHI):- It was calculated by the formula indicated below: 

PHI =
P uptake by grain

P uptake by grain + straw
∗ 100 

3.7. Data Analysis 

The collected data were subjected to three factors analysis of variance (ANOVA) to evaluate 

the main and interaction effect of the factors (phosphorus, sulfur and inoculant) using SAS 9.4 

statistical software. Wherever the treatment effects were significant, the mean separation was 

done by using the Duncan’s Multiple Range Test (DMRT) at 5% probability level. 

3.8. Partial Budget Analysis 

Yield from experimental plots was adjusted downward by 15%, i.e. 10% for management 

difference and 5% for plot size differences, to reflect the difference between the experimental 

yield and the yield that farmers could expect from the same treatment. Accordingly, the mean 

grain yields for P, S, and Mesorhizobium inoculate treatment combinations were subjected to 

a discrete partial budget analysis using the procedures outlined by CIMMYT (1988). Based 

on partial budget procedures, the cost of N was not included because it was applied uniformly 

to all plots at a starter and it was not a variable cost. To estimate economic parameters, the 

variable cost of P fertilizer (ETB 18.55/kg), sulfur (ETB 180/kg), and Mesorhizobium 

inoculant (ETB 160/kg) was taken by considering the price at the time of planting (August 

2018). Price of current chickpea grain (ETB 22/kg) and price of straw (ETB 1.3/kg) were 

taken from Office of Trade and Transportation marketing case team of Mortena Jiru district 

(January to February 2019). The price of phosphorus and sulfur fertilizer and Mesorhizobium 

inoculants were taken from Agricultural Inputs Supply Enterprise and Menagesha 

Biotechnology Industry PLC, respectively. 
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4. RESULTS AND DISCUSSION 

4.1. Soil Physico-chemical Properties of the Study Site before Planting 

The physico-chemical analysis result of the experimental soil before planting is presented in 

table 1. The results revealed that the particle size distribution in the soil was 12% sand, 14% 

silt, and 74% clay at the experimental site. Hence, the soil texture of the experimental site was 

clay. The relatively high clay contents are important to hold residual moisture, which can 

minimize water stress for the crop. High clay content meets one criterion of Vertisols (clay > 

30%) (Asmare et al., 2015). The bulk density of the soil was 1.12 gm/cm3, which approach 

the ideal value (1.10 g/cm3) for clayey soils for good plant growth (USDA, 2008). 

The soil was slightly acidic in reaction with a pH (H2O 1:2.5) value of 6.41, which is in the 

optimum range for most legume crops including chickpea (Horneck et al. 2011) (Appendix 

Table 2). According to the organic matter (OM) content rating established by Tekalign 

(1991), the soil had low OM content (Appendix Table 3). The reasons for the low OM content 

of the soil could be intensive cultivation of the land and the total removal of crop residues for 

animal feed (Wassie and Tekalign, 2013). Moreover, no practice of organic fertilizers 

addition, such as animal manure and green manure that would have contributed to the soil 

OM pool in the study area. Similarly, Fassil and Charles (2009) and Kiflu and Sheleme 

(2013) reported that the Vertisols of Ethiopia had low soil OM content. 

The total N content of soil (0.06%) was rated as low according to the ranges set by Tekalign 

(1991) (Appendix Table 3). Thus, it could be considered as one of the limited plant nutrients 

in the study site. The observed N deficiency could be because of the low input of plant 

residues, N rich organic materials like manure and compost in cereal-based farming systems 

(Wondwosen et al., 2016). As the area receives high rainfall, the N washed out because of 

runoff problem could another reason for the decline of total N in cropped fields. Other cause 

of the low level of total N might be attributed to its low level of OM content of the study area.  

According to Olsen et al. (1954), the available P values recorded from analysis (8.65 mg/kg) 

was rated as low (Appendix Table 4). Low content of available P is a common characteristic 

of most of the soils in Ethiopia (Asmare et al., 2015). According to Lewis (1999) the available 
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S content (0.76 mg/kg) was also within the low range (Appendix Table 4). The finding was in 

line with Nziguheba et al. (2006) who reported that 94% of total S in surface soils of Ethiopia 

was found as part of OM that provides the major non-leachable reserve of sulfur. Soil fertility 

map of the Ethiopian soil information system (Etho-SIS) showed that S content of almost all 

soils of Mortena Jiru district was in very low-to-low range (EthoSIS, 2016). Hillette et al. 

(2015) also reported that Vertisols have deficient S. 

According to the rating developed by Hazelton and Murphy (2007), the soils of the 

experimental site had very high CEC (Appendix Table 5). The very high value of CEC is 

mainly due to the high clay content of the experimental site. Although the OM content of the 

site is low, the amount and type of clay might have been very important in contributing to 

CEC values. Moreover, the high CEC values imply that the soil has high buffering capacity 

against induced chemical changes. These surfaces can attract or adsorb many cations. This 

was in line with the findings of Asmare (2015) who reported that very high CEC records on 

Vertisols. 

Table 1: Physical and chemical properties of soils of the experimental site before sowing 

Soil parameters  Values 

Sand (%) 12 

Silt (%) 14 

Clay (%) 74 

Textural class Clay 

Bulk density(cm3/gm) 1.12 

Soil pH(H2O) 6.41 

Organic matter (%) 0.87 

Total N (%) 0.06 

Available P (mg/kg) 8.65 

Available S (mg/kg) 0.76 

CEC (cmol(+)/kg soil 44 

Ex.Ca (cmol(+)/kg soil 28.4 

Ex.Mg (cmol(+)/kg soil 12.6 

Ex.K (cmol(+)/kg soil 1.16 

Ex.Na (cmol(+)/kg soil 0.76 

Ex= Exchangeable 

Based on the rating developed by Hazelton and Murphy (2007), the soil had very high Ca and 

Mg and high K and Na content (Appendix Table 5). According to Fassil and Charles (2009), 
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in Vertisols, the exchangeable sites occupied mainly by Ca and Mg and to a lesser extent by K 

and Na. Similarly, in the present study, the predominant exchangeable cation, which accounts 

for more than 66.17% of the exchange complex was Ca+2 followed by Mg (29.35%), K 

(2.72%) and Na (1.77%). This might be due to the parent material from which the soils have 

been developing. This finding is in line with Hillette et al. (2015) who reported that high 

contents of exchangeable Ca and Mg due to that the soil parent material primarily releases 

divalent cations in higher concentration and are retained for longer periods by the soil 

colloidal particles because of their higher selectivity coefficient over the monovalent cations. 

4.2. Effect of Rhizobia Inoculant, P and S Application on Phenological Parameter of 

Chickpea 

4.2.1. Days to 50% flowering 

The main effects of Rhizobial inoculant, P and S significantly influenced days to 50% 

flowering. However, the interaction effects were not significantly for days to 50% flowering 

(Appendix Table 6).  

The longest day (49.85) to flowering was found in the inoculated compared with un-

inoculated treatments (49 days). The delay in flowering with the Rhizobial inoculation might 

be due to the fact that inoculation enhanced N fixation and thereby increasing N uptake by 

plants contributed to improve vegetative growth of chickpea thereby delayed flowering. This 

result is in agreement with the finding of Verma et al. (2013) who reported that seeds 

inoculated with rhizobia increased the days to flowering of chickpea. 

Regarding the P rates, the longest (49.83) and the shortest (48.83) days to 50% flowering 

were obtained at the lowest P rate (17 kg P/ha) and the highest P rate (51 kg P/ha), 

respectively. This might be due to the fact that the importance of P for flowering and seed 

formation and fastening crop maturity. In agreement with this result, Wazir et al. (2018) 

reported that increasing P rate decreased days to flowering.  

While comparing the S rates, the longest (50.50) and the shortest (48.50) days to 50% 

flowering were obtained at the highest S rate (21 kg S/ha) and the lowest S rate (7 kg S/ha), 

respectively. This might be due to the role of S, which increases the availability of N and 
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enhances vegetative growth of the crop. Similarly, Reta (2015) reported that days to flowering 

was increased with increasing S levels up to 40 kg S/ha. In conformity with this result, Motior 

et al. (2011) also reported that 20 kg S/ha significantly delayed days to flowering as compared 

with the control.  

4.2.2. Days to 90% physiological maturity  

Days to 90% physiological maturity was significantly affected by the main effect of Rhizobial 

inoculant, P and S application but not by two and three-way interactions (Appendix Table 6). 

 Days to physiological maturity was delayed significantly as a result of Rhizobial inoculation 

compared to un-inoculated treatment (Table 2). The longest day (135.33) and shortest 

(134.48) to physiological maturity were found in the inoculated and un-inoculated treatments, 

respectively. This prolonged physiological maturity in response to inoculants might be due to 

promote the vegetative growth as a result that N obtained from BNF. Moreover, the N taken 

up by plant roots in the form of nitrate from the root nodule could be used for an increased 

cell division and synthesis of carbohydrate, resulting in plants with a luxurious foliage growth 

(Marschner, 2002). This result was in agreement with the finding of Gan et al. (2009) who 

reported that seed inoculation delayed maturity time in chickpea. Similarly, Tesfaye (2015) 

also reported that Rhizobium inoculation delayed the days to physiological maturity in 

soybean plants. 

While comparing the P rates, the longest (135.27) and the shortest (134.27) days to 90% 

physiological maturity were obtained at the lowest P rate (17 kg/ha) and the highest P rate (51 

kg P/ha), respectively. This might be due to P required to enhance different plant organs 

growth (rapid cell division), promote nodulation, and early maturity (Kamara et al., 2010). 

Furthermore, Marschner (2002) reported that P could also reduce the days to physiological 

maturity by controlling some key enzyme reactions that involve in hastening crop maturity. 

This result was in line with Gifole et al. (2012) who found that P application at 60 kg/ha in 

common bean significantly reduced days to 90% physiological maturity as compared to the 

control. 
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Table 2: Effects of Mesorhizobium inoculant, P, and S application on phenological parameters 

of chickpea   

Treatments 

Days to 50% 

flowering  

 Days to 90%  Physiological 

maturity  

Inoculant (R) 

Un-inoculated 49.00b 134.48b 

Inoculated 49.85a 135.33a 

P value ** * 

Phosphorus (kg/ha) 

17 49.83a 135.27a 

34 49.61a 135.16a 

51 48.83b 134.27b 

P value * * 

Sulfur (kg/ha ) 

                       7 

 

48.50c 133.50c 

                      14 

 

49.24b 134.66b 

                      21 

 

50.50a 136.55a 

P value                ** *** 

P*S ns ns 

P*R ns ns 

S*R ns ns 

P*S*R ns ns 

CV 2.1 1.2 

Main effect means within a columns followed by the different letter(s) are significantly 

different from each other at P > 0.05; ns = non significant; * = significant at P ≤ 0.05; ** = 

significant at P ≤ 0.01; *** = significant at P ≤ 0.001. CV= Coefficient of variation, P= 

phosphorus, S= sulfur and R= Mesorhizobium inoculant. 

While comparing the S rates, the longest (136.5) and the shortest (133.5) days to 90% 

physiological maturity were obtained at the highest S rate (21 kg S/ha) and the lowest S rate 

(7 kg S/ha), respectively (Table 2). This might be due to the fact that S favorably influenced 

the activation of enzymes and chlorophyll synthesis as well as increased carbohydrate 

metabolism which improved vegetative growth of chickpea rather than early maturity. This 

could be due to the fact that the application of S improved nitrogenase activity, nitrogen 

fixation, and the availability of N uptake that might be enhance crop growth and delay days to 

physiological maturity (Zerihun et al., 2017). 
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4.3. Effects of Rhizobia Inoculant, P, and S Application on Nodulation 

4.3.1 Number and dry weight of nodules per plant  

The number of nodules and dry weight per plant were significantly (P<0.001) influenced by 

the main effect of Rhizobial inoculant, P, and S application. Their two-way interaction effects 

of P with inoculant and S with inoculants were significant for both parameters. However, their 

two-way interaction of P with S and their three-way interaction did not significantly affect 

these parameters (Appendix Table 6). 

The interaction effect of inoculant and P was significantly influenced the number and dry 

weight of nodules per plant (Table 3). The highest (47.23) nodule number and nodule dry 

weight (460 mg) was obtained from the combined application of inoculant with 51 kg P/ha 

while the lowest (32.62)  and (370.55 mg) was obtained from 17 kg P/ha without inoculation. 

This might be due to the interaction effect of inoculation and P fertilization increased the 

rhizobia activities that in turn increased nodules number which increased the N uptake by the 

crop plants. This might be due to the vital role of P is required for plant growth, nodule 

formation and development, and is vital for N2 fixation as well as for the rhizobia bacteria to 

infect the roots to form nodules (Dotaniya et al., 2014). Rhizobia inoculation significantly 

increased the number and dry weight of nodules per plant mainly because the nitrogenase 

enzyme present in the bacteria has introduced through infection causes nodule formation 

(Singh et al., 2018). This result in line with Singh et al. (2018) who reported that the 

application of P at 60 kg/ha with seed inoculation with rhizobia significantly increased a 

number and dry weight of nodules per plant of chickpea over the un-inoculated. Similarly, 

Eshetu et al. (2018) reported that the application of Mesorhizobium inoculant with P 

fertilization significantly increased nodule numbers and dry weight in chickpea. Kamara et al. 

(2010) also reported that P with rhizobia inoculant enhance different plant organs growth and 

promote nodulation, which increased the number, size and weight of nodules on chickpea. 

Other authors Dutta Bandyopadhyay (2009), Jakasaniya et al. (2012) and Endalkachew et al. 

(2018) have observed that the combined application of P with rhizobia inoculant increased the 

number and dry weight of nodule on chickpea. 
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Table 3: Effects of Mesorhizobium inoculant with phosphorus and Mesorhizobium inoculant 

with sulfur application on nodulation of chickpea 

Treatments Numbers of nodules per plant 

Dry weight of nodules per plant 

(mg) 

Inoculant (R) 

    Un-inoculated Inoculated Un-inoculated Inoculated 

P levels (kg/ha) 

17 32.62d 34.20cd 370.55d 388.77c 

34 36.10c 42.22b 378.88c 416.77b 

51 41.63b 47.23a 408.66b 460.00a 

S levels(kg/ha) 

7 35.60d 38.28c 379.55d 405.22b 

14 34.75dc 42.62b 385.44c 409.88b 

21 39.93bc 42.82a 393.11bc 450.44a 

P Values of the interaction effects 

P*S ns 

 

ns 

P*R ** 

 

* 

S*R *** 

 

* 

P*S*R ns   ns 

CV (%) 5.16   4.6 

Interaction means within a columns followed by the different letter(s) are significantly 

different from each other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05; ** = 

significant at P ≤ 0.01; *** = significant at P ≤ 0.001. CV= Coefficient of variation, P= 

Phosphorus, S= Sulfur, R= Mesorhizobium inoculant. 

Moreover, the interaction effect of inoculant and S application was significantly influenced 

the number and dry weight of nodules per plant in chickpea (Table 3). The highest (42.82)  

nodule number and nodule dry weight (450.44 mg) was recorded at inoculant with 21 kg S/ha 

application while the lowest number (35.60) and nodule dry weight (379.55 mg) nodules were 

found at the least rate of S (7 kg/ha) without inoculated. Sulfur application has shown a 

tendency to be relatively more important in influencing number and dry weight of nodules 

when seeds were inoculated with rhizobia. This might be S has a vital role to profuse growth 

of roots, increased the availability of nutrient to plant due to the improved nutritional 

environment and improved the energy transformation activation of enzymes that ultimately 

resulted in the formation of more number of nodules of large size (Dhage et al., 2014). The 

increased number and dry weight of nodules per plant might be due to rhizobia bacteria and S 

have the role to improve the leghaemoglobin contents of nodular tissue and increase in the 

nitrogenase activity in turn more number of nodules of large size that ultimately increased the 
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dry weight of nodules (Dutta and Bandhyopadhyay, 2009). In agreement with this result, 

Srivastava et al. (2006) reported that the combined application of Rhizobium inoculation with 

30 kg S/ha significantly increased number and dry weight of nodules per plant compared with 

the control in green gram. Similarly, Sharifi (2016) reported that the number and dry weight 

of nodules increased at combined application S and Rhizobium inoculation in soybean plants. 

Habtegebrial et al. (2007) also reported that S fertilization and inoculation significantly 

increased number and dry weight of nodules with the optimum rate of S in faba bean. Other 

author such as Shivran and Chandra (2012) reported that application of 25 kg S/ha with 

rhizobia inoculant significantly increased the number and dry weight of nodule in chickpea. 

4.4. Effects of Rhizobial Inoculant, P and S on Growth Parameters of Chickpea 

4.4.1. Shoot dry weight  

The main effects of Rhizobial inoculant, P and S (p < 0.001) and their two-way interaction of 

inoculation with P as well as inoculation with S influenced significantly shoot dry weight. 

However, the two-way interactions of P with S and three-way interaction did not significantly 

affect this parameter (Appendix Table 6). 

Analysis of variance showed that there was a significant difference in shoot dry weight at the 

combined P application with Rhizobial inoculant (Table 4). The highest mean value of shoot 

dry weight was obtained from the combined application of 51 kg P/ha (13.91 g) with 

inoculant while the lowest value (7.17 g) was recorded from the least rate of P (17 kg/ha) 

application without inoculant. Phosphorus and rhizobia inoculants have increased uptake of 

nutrients such as N through the BNF thereby improving N availability to plants (Ndakidemi et 

al., 2011). This was mainly due to fact that P caused well-developed root system having 

higher nitrogen-fixing capacity and inoculant enhanced the number of rhizobia resulting the 

better availability of N, better growth and development of plants that ultimately increase all 

the growth attributes including shoot dry weight of plants (Singh et al., 2018). This result is in 

line with Singh et al. (2018) who described that the application of P at 60 kg/ha with seed 

inoculation with rhizobia significantly increased shoot dry weight of chickpea over the control 

and un-inoculated. Similarly, Namvar and Sharifi (2011) and Sharma et al. (2015) also 

reported that combined application of P and rhizobia inoculant enhanced plant growth and 
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improves N fixation by enhanced nodule formation, which increases the availability of N for 

crops that improves vegetative growth, and total biomass ultimately increases shoot dry 

weight. 

Table 4: Effects of Mesorhizobium inoculant with P and Mesorhizobium inoculant with S 

fertilizer application on shoot dry weight of chickpea 

Treatment 

Shoot dry weight per plant (g) 

Inoculant (R)   

    Un- inoculated Inoculated 

P  (kg/ha) 

    17 7.17e 

 

8.92d 

 34 8.77d 

 

11.94b 

 51 10.76c 

 

13.91a 

 S (kg/ha)         

7 8.40d 

 

10.56bc 

 14 8.69cd 

 

11.13b 

 21 9.60c 

 

13.08a 

 P value of the interaction effects 

P*S ns 

P*R ** 

S*R * 

P*S*R ns 

CV (%)   6.9 

Interaction means within a columns followed by the different letter(s) are significantly 

different from each other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05; ** = 

significant at P ≤ 0.01; CV= Coefficient of variation, P= Phosphorus, S= Sulfur, R= 

Mesorhizobium inoculant. 

There was a highly positive interaction between S application and inoculant on shoot dry 

weight (Table 4). The highest value (13.08 g) was recorded by the application of 21 kg S/ha 

with inoculant while the lowest value (8.40 g) was by the application of 7 kg/ha without 

inoculation. The shoot dry weight increased at increasing the rates of S with an inoculant. 

This might be because S improved nitrogenase activity that produced by rhizobia inoculant 

and N fixation that is relevant to enhance plant growth that resulted in increased shoot dry 

weight (Zerihun et al., 2017). Sulfur and inoculant enhanced the availability of N through 

BNF. The highest nutrient in the shoot was due to total N accumulation enhanced biomass 

yield and showed the synergistic effect of nutrients in shoot. In agreement with this result, 

Singh et al. (2018) reported that the combined application of S fertilization with rhizobia 

increased shoot dry weight on chickpea. Similarly, Hussain et al. (2011) reported that 
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application of 30 kg S/ha with inoculant on soybean plants increased shoot dry weight as 

compared to the control. This might be due to an increase in root nodulation due to Rhizobial 

inoculation and S fertilization resulted N and S availability in soil and enhanced growth and 

development of plants hence increased shoot dry weight. Similarly, Singh et al. (2011) and 

Das et al. (2016) have also observed application of S with rhizobia inoculant increased shoot 

dry weight of chickpea. 

4.4.2. Plant height  

The plant height was significantly (p<0.001) influenced by the main effects of Rhizobial 

inoculant, P and S and their two-way interaction effects except for the interaction effect of 

inoculant with S. The three-way interaction effects of inoculant, P and S has no significant 

influence on plant height (Appendix Table 6). 

Plant height of chickpea increased as a result of the combined application of Rhizobial 

inoculant with P fertilizer (Table 5). The longest (54.03 cm) and the shortest (43.52 cm) plant 

height was recorded at 51 kg P/ha application with inoculant and 17 kg P/ha without 

inoculant, respectively. This result might be due to the role of inoculant in enhancing nitrogen 

fixation and thereby increasing N uptake by plants that contribute to improve vegetative 

growth of chickpea. Phosphorus also enhanced meristematic cell activities and early root 

growth leading to more absorption of other nutrients from deeper layers of soil that ultimately 

resulted an increase in terms of plant height (Makoi et al., 2013). Similarly, Tarekegn (2011) 

reported that enhanced morphological growth such as plant height due to seed inoculation 

with P due to the increased supply of N through BNF and increased the uptake of P in 

different plant organs. In agreement with this result, Verma et al. (2013) who reported that the 

application of Rhizobial inoculation with P fertilizer to increases on plant height of chickpea. 

Similarly, Kumar (2009), Tripathi et al. (2013) and Singh et al. (2018) have also observed the 

application of P and rhizobia inoculant increased plant height of chickpea. 
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Table 5: Effects of P with S and P with Mesorhizobium inoculant application on plant height 

of chickpea  

Treatments Plant height (cm) 

      17 34 51 

S levels (kg/ha) 

   7 43.65f 44.65d 48.18bc 

14 43.85d 48.96b 50.03b 

21 45.68cd 49.33b 54.82a 

Inoculant       

Un-inoculated 43.52f 44.77df 47.99c 

Inoculated 45.32d 50.53b 54.03a 

P*S * 

P*R * 

S*R ns 

P*S*R ns 

CV (%)                5   

Means within a column followed by different letter(s) are significantly different from each 

other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05. CV= Coefficient of 

variation, P= phosphorus, S= Sulfur R= Mesorhizobium inoculant.  

Analysis of variance showed that the combined application of P and S significantly affected 

the plant height (Table 8). The longest (54.82 cm) and the shortest (43.65 cm) plant height 

was obtained at 51 kg P/ha with 21 kg S/ha and (17 kg P/ha) with (7 kg S/ha) application, 

respectively. The increased in plant height due to the companied application of P and S might 

be due to S increased the activity of rhizobia and nutrient (N and P) availability to the crop 

and effect of P on meristematic cell activities that can play a vital role in vegetative growth 

that ultimately increased the plant height in chickpea (Muhammad et al., 2013). Sulfur might 

have helped in increasing the photosynthetic activity of plant. It is also well known that S is 

important for the meristematic tissue activity and development of shoots and finally resulting 

in the increase in plant height (Singh et al., 2018). This result is in line with Parkash et al. 

(2017) reported that the combined application of S and P increase plant height of chickpea. 

Similarly, Shivran and Chandra (2012) and Togay et al. (2008) who reported that the 

combined application of P and S increased the plant height of chickpea. 
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4.4.3. Number of branches per plant 

Primary branches were significantly affected by the main effects and the two-way interaction 

of P and S. On the other hand, secondary branches were affected by the main effects, the two-

way interaction of P and S and P and inoculant, and their three-way interaction (Appendix 

Table 6).  

The interaction effects of P and S influenced significantly the number of primary on chickpea 

(Table 6). Phosphorus and S application at 51 kg and 21kg/ha resulted in the highest number 

primary branches followed by 34 kg with 14 kg/ha and 17 kg with 7 kg/ha. The highest values 

(2.78) of primary obtained from the combined application of 51kg P/ha and 21kg S/ha 

respectively. Similarly, the least rates of P (17 kg/ha) and S (7 kg/ha) was observed the lowest 

(2.02) number of primary branches per plant. This could due to the synergistic effect of P and 

S for the utilization of high quantities of nutrients through their well-developed root system 

and nodules formation, which might have resulted in better vegetative growth (Kumar et al., 

2017). This might be due to the role of P and S to facilitate plant roots development and 

enhanced atmospheric nitrogen fixation, which promoted development of the vegetative parts 

which includes branches (Hayat et al., 2010). This could be due to the fact that the pivotal 

role of S in the regulation of metabolic and enzymatic processes as a result to enhance 

vegetative growth of the crops (Singh et al., 2011). This result is in line with Yadav (2011) 

who reported that the maximum number of branches was obtained at the highest level of P (60 

kg P/ha) along with S (20 kg S/ha) in cluster bean. Rakesh et al. (2012); Akter et al. (2013) 

and Sharma et al. (2015) have observed that the combined application of P and S increased 

the number of primary branches on chickpea. 
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Table 6: Effect of Phosphorus with sulfur on number of primary branches of chickpea 

Treatment Number of primary branches per plant 

 

P level (kg/ha) 

    17 34 51 

S levels (kg/ha) 

      7 2.02d 2.14bc 2.09bc 

14 2.13bc 2.17c 2.27b 

21 2.25b 2.28b 2.78a 

P value 

P*S ** 

P*R ns 

S*R ns 

P*S*R ns 

CV (%) 8.02 

Means within a columns followed by the different letter(s) are significantly different from 

each other at P > 0.05; ns = not significant; ** = significant at P ≤ 0.01. CV= Coefficient of 

variation, P= phosphorus, S= Sulfur R= Mesorhizobium inoculant.  

The three-way interaction effects of inoculant, P and S application significantly affected the 

number of secondary branches (Table 7). The data showed that the highest value (18.6) 

secondary branches was obtain with combined application of inoculant with P (51 kg/ha) and 

S (21 kg/ha) while the lowest value (8.46) was obtained from none inoculated with the least 

rate of P (17 kg/ha) and S (kg/ha). The increased the number of secondary branches due to 

inoculant with P and S application might be due to rhizobia inoculant increase the ratio of N 

and increased uptake of P due to the presence of sulfur (Raj et al., 2017). Application of S 

also had a vital role in the primary and secondary metabolism as it is a constituent of various 

organic compounds (Raj et al., 2017). The application of inoculant and P also might improve 

the vegetative growth of the plants under higher N by BNF availability and the fact that 

chickpea produces most of its secondary branches during the early vegetative growth period 

when there was high soil nitrogen or effective nodules. Similarly, Togay et al. (2008) and 

Uddin еt al. (2014) observed that the application of different doses of sulfur and phosphorus 

with inoculant significantly increased the number of branches in chickpea. 
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Table 7: Effects of Mesorhizobium inoculant, P, and S on number secondary branches of 

chickpea 

Treatments 

Secondary branches  per plant 

P levels kg/ha 

 

S (kg/ha) 17 34 51 

 

7 13.2d 11.8e-g 15.73c 

R1 14 12.33d-f 13.06de 17.2b 

  21 13.4d 15.06c 18.6a 

  7 8.46j 9.8hi 11gh 

R0 14 9.48i 10.8gh 10hi 

  21 10.93gh 11.33fg 12.66de 

P value   

P*S * 

P*R *** 

S*R ns 

P*S*R * 

CV (%) 

   

5.7     

Means within a columns followed by the different letter(s) are significantly different from 

each other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05; *** = significant at P 

≤ 0.001. CV= Coefficient of variation, P= phosphorus, S= Sulfur R= Mesorhizobium 

inoculant.  

4.5. Effects of Rhizobia Inoculant, P and S on Yield Related Parameters 

4.5.1 Number of pods per plant  

The main effects and two-way interactions of P and S and P and inoculant showed a 

significant effect on the number of pods per plant. However, the two-way interaction of S and 

inoculant and three-ways interaction did not significantly affect this parameter (Appendix 

Table 7).  

The interaction effects of P and S also influenced significantly the number of pods per plant 

(Table 8). The highest (67.78) number of pod was obtained from the combined application of 

P (51 kg/ha) with S (21 kg/ha) while the lowest (40.12) was recorded from the least rates of P 

and S at 17 kg/ha with 7 kg/ha, respectively. This result might be due to better root 

development with increased levels of P and S nutrients particularly P. Further, P being the 

constituent of nucleic acid which involved in different forms of proteins might have 

stimulated cell division and enlargement. On the other hand, S might have played a pivotal 
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role in the regulation of the metabolic and enzymatic processes resulting in increased yield 

attributes of chickpea (Favorite et al., 2012). Similarly, Yadav (2011) reported that addition of 

P with S could maintain favorable balance between the applied nutrient to the plant for its 

optimum growth and S enhanced the utilization of P. Sulfur also improved the adequate 

availability of N from BNF and availability of P, these could have facilitated the production 

of branches and plant height and this in turn have contributed to the production of a higher 

number of pods per plant. The increase in the number of pods could also occur thereby the 

increased leaf area with additional N being associated with more reproductive nodes. The 

positive effect of P on the production of chickpea pods might be attributed to the merit of the 

nutrient in promoting of both vegetative and reproductive, thereby improving the 

photosynthetic efficiency and partitioning of carbohydrate that in turn had increased number 

of pods per plant (Kumar et al., 2017). This result is in line with Chaudhary and Goswami 

(2005) who reported that the combined application of P and S increased the number of pods 

per plant on chickpea. 

The interaction effects of inoculant and P was affected significantly the number of pods per 

plant in chickpea (Table 8). Application of 51 kg P/ha along with seed inoculated by 

Rhizobial gave the highest number of pods (66.32), while the lowest number of pods per plant 

(43.20) was obtained from the un-inoculated seeds applied with the least rate of P (17 kg/ha). 

Increase in the number of pods per plant with the application of P and seed inoculation might 

be due to the supply of N through BNF and the cumulative effect of P in the processes of cell 

division and balanced nutrition that in turn play an important role in enhanced growth and 

assimilate accumulation, thereby improving the reproductive performance of the plants. It 

might also be due to adequate availability of N through BNF and P that might have improved 

the production of primary branches, secondary branches and plant height that could in turn 

have contributed for the production of the higher number of total pods. The current result is in 

line with, Eshetu et al. (2018) on chickpea who reported that rhizobia inoculant in association 

with P application increase number of pods per plant. Similarly, Meena et al. (2013), Sharma 

et al. (2015) and Kumar et al. (2017) have observed that the combined application of rhizobia 

inoculant and P increases the number of pods per plant compared as individual application on 

chickpea  
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Table 8: The effects of phosphorus with sulfur and Phosphorus with Mesorhizobium inoculant 

on yield components of chickpea 

 

Treatments 

Number of pods/plant Thousand grains weight  

17 34 51 17 34 51 

S  (kg/ha) 

      7 40.2d 47.2c 55.6b 266.6e 283.6cd 310.3b 

14 44.3cd 56.9b 59.6b 269.3de 289.0c 312.5b 

21 47.8c 55.3b 67.8a 274.0cde 311.5b 359.3a 

Inoculant (R)           

Un-inoculated 43.2e 48.7c 55.0bc 267.7d 290.5bc 315.2b 

Inoculated 44.8d 56.8b 66.3a 272.5dc 298.8c 339.5a 

P*S * ** 

P*R ** * 

S*R ns ns 

P*S*R ns ns 

CV (%) 7.17 6.12 

Means within a columns followed by the different letter(s) are significantly different from 

each other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05; ** = significant at P ≤ 

0.01. CV= Coefficient of variation, P= phosphorus, S= Sulfur R= Mesorhizobium inoculant.  

3.5.2. Number of grains per pod 

Main effects of Rhizobial inoculant, P and S application and two -way interaction of P and 

inoculant affected significantly the number of grains per pod. However, the two-way 

interaction of P with S, inoculant with S and three-way interaction were none significant 

(Appendix Table 7). 

Significant variation of the number of grains per pod was recorded with combined application 

of 51 kg P with Rhizobial inoculant than un-inoculated (Table 9). The highest (1.56) and the 

lowest (1.18) number of grains per pod was recorded at 51 kg P/ha with the inoculant and 17 

kg P/ha without inoculant, respectively. This could be because of inoculation provides an 

adequate supply of N and P for plant and P caused well-developed root system having higher 

nitrogen-fixing capacity resulting in better growth, development of plants and better diversion 

of photosynthates towards sink (Singh et al., 2018). In addition, the possible reason for 

increased grains per pod might be due to interaction effect of P and Rhizobial inoculants that 
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resulted in more availability of nutrients that contributed to root improvement, stem vigor, 

flower and seed formation thereby increasing the number of the grains. It might be due to the 

fact that P and N important role translocation of photosynthetic products from vegetative 

growth to reproductive growth ultimately increase grain per pod. The result of the present 

study was in conformity with Endalkachew et al. (2018) who reported that the combined 

application of P with inoculant significantly increased the number of grains per pod in 

chickpea. Similarly, Malhur et al. (2003), Basir et al. (2008), Togay et al. (2008) and Reddy 

(2012) also reported that rhizobia inoculant with P application increased the number of grains 

per pod compare with individual application in chickpea. 

 

Table 9: Effect of P application with inoculant on number of grain per pod of chickpea 

 

Treatments 

Number of grains per pod 

P kg/ha 

                 17               34             51 

Inoculant (R)       

Un-inoculated 1.18d 1.23cd 1.28c 

Inoculated 1.27c 1.44b 1.56a 

P values of the interaction effect 

P*S 

 

                               ns 

 P*R 

 

                                * 

 S*R 

 

                                ns 

 P*S*R                                    ns   

CV(%)                                                                                                 6.93 

Means within a columns followed by the different letter(s) are significantly different from 

each other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05. CV= Coefficient of 

variation, P= phosphorus, S= Sulfur R= Mesorhizobium inoculant.  

4.5.3. Thousand grains weight  

Thousand-grain weight was influenced significantly (p<0.001) influenced by main effects of 

Rhizobial inoculant, P and S and their two-way interaction of inoculant with P and P with S 

but not the two-way interaction of inoculant with S and their three-way interaction (Appendix 

Table 7). 

Thousand-grain weight in chickpea influenced significantly by the interaction of P and S 

application (Table 8). The highest (359.33 g) and the lowest (266.67 g) thousand-grain weight 

was recorded at the combine application of 51 kg P/ha with 21 kg S/ha and 17 kg P/ha with 7 
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kg S/ha, respectively. The result showed that the highest thousand-grain weight might have 

obtained from the synergistic effect of P and S on the growth processes of the plant (Singh et 

al., 2011). The synergetic effect of P and S could allow the utilization of high quantities of 

nutrients through their well-developed root system and nodules, which might have resulted in 

increases vegetative and reproductive growth as a result the supply of dry matter to grain that 

ultimately increased the weight of grain. This result could be the vital role of P and S for plant 

metabolism and it positively effect on the nodulation in plants, better growth and development 

of crop plants due to P and S supply and N uptake might have increased the supply of 

assimilates to seed, which ultimately gained more weight (Patil et al., 2011). The result is in 

line with Parkash et al. (2017) who reported that the combine application of 60 kg P/ha and 

20 kg/ha increased thousand-grain weight in chickpea. Similarly, Togay et al. (2008), Das et 

al. (2016), Yadav et al. (2016), Suman et al. (2018) and Singh et al. (2018) reported that the 

combined application of P and S increases the thousand-grain weight of chickpea. 

Analysis of data indicated that thousand grains weight significantly affected by combined 

application P and Rhizobial inoculant (Table 8). While comparing the interaction effects of 

inoculant and P, the higher (339.55 g) and the lower (267.77 g) thousand-grain weight was 

obtained at the rate of 51 kg P/ha with inoculant and 17 kg P/ha without inoculant (un-

inoculated) application, respectively. The maximum thousand-grain weight recorded in the 

combined application of P and inoculant might be due to the supply of nitrogen through BNF 

and the cumulative effect of phosphorus on the processes of cell division and help as balanced 

nutrition. Then it plays an important role in improving growth and assimilates accumulations, 

thereby increase the reproductive performance of the plants, which led to large seed 

production (Tarekegn, 2011). The resulting increased N availability through inoculant might 

have promoted the supply of assimilates to seed thereby enabling them to gain more weight 

(Wazier et al., 2018). This might be due to P had a vital role in improving photosynthetic 

activity and source-sink relationship. Similarly, Sharma et al. (2015) reported that the 

combined application of rhizobia inoculant with P increased thousand-grain weight on 

chickpea. Some authors, Uddin et al. (2018), Eshetu et al. (2018) and Wazier et al. (2018) 

have observed that the combined application of inoculant and P increased thousand-grain 

weight in chickpea.  
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4.6. Effects of Rhizobia Inoculant, P and S on Yield Traits  

4.6.1. Grain yield  

Grain yield of chickpea was significantly (P<0.001) affected by the main effects of Rhizobial 

inoculant, P and S and their two-way interaction effects of inoculant with P and S and P with 

S. However, their three away interaction of inoculant, S and P showed non-significant effect 

(Appendix Table 7). 

The interaction effect of P and S significantly influence grain yield (Table 10). Phosphorus 

application at a rate of (51 kg/ha) and S application at a rate of (21 kg/ha) resulted in the 

highest grain yield (1951.33 kg/ha) while the minimum grain yield (1323.33 kg/ha) was 

recorded by the application of P at a rate of 17 kg/ha and S at a rate of 7 kg/ha but statically at 

par with P rate of 17 and 14 kg/ha. The result showed that at higher rates of P and S increased 

grain yield by 47.45% over in treated with lower rate of P and S. The synergistic effect of P 

and S might be due to the utilization of high quantities of nutrients through their well-

developed root system and nodules, which might have resulted in better growth that leads to 

increased grain yield (Suman et al., 2018). Similarly, Deo and Khaldelwal (2009) reported 

that the synergistic effect of P and S might be due to the utilization of high quantities of 

nutrients through their well-developed root system and nodules which might have resulted in 

better growth and grain yield. This might be due to that S application enhances chlorophyll 

concentration, the utilization of P, root nodules and dry matter production and this all 

contribute for yield increment (Erdal et al., 2006). Moreover, the role of P in the meristematic 

activity of plant tissue and in the synthesis of growth components from carbohydrates, which 

lead to increased yield (Ahmed and Badr, 2009). This result is in line with Parkash et.al 

(2017) who reported that the combined application of P and S might have led to increased 

vegetative growth, nodulation and yield component, which in turn resulted in grain yield of 

chickpea. Similarly, Togay et al. (2008), Deo and Khaldelwal (2009) and Singh et al. (2011) 

reported that the combined application of P and S increased grain yield of chickpea. 

 

 



47 
 

Table 10: Effects of phosphorus with Mesorhizobium inoculant and phosphorus with sulfur 

application on grain and straw yield of chickpea 

 

Treatments Grain yield (kg/ha) 

 

Straw yield (kg/ha)   

  

P levels(kg/ha) P levels (kg/ha) 

    17 34 51 17 34 51 

Inoculant (R) 

      Un-inoculated 1406d 1601.44c 1734.89b 1161.67d 1216.11c 1329.33b 

Inoculated 1410.11d 1731.33b 2202.33a 1200cd 1320.56bc 1481.36a 

S levels( kg/ha)           

1 1323.33e 1492.33cd 1490.67cd 1140.50f 1142.67d 1189.13cd 

2 1370de 1707.50b 1836.17b 1161.14d 1296bc 1373.83b 

3 1528.83c 1799.33b 1951.33a 1241.23cd 1379.83b 1402.50a 

P values of the interaction effects  

P*S * * 

P*R ** * 

P*S*R ns ns 

CV (%)   7.1 8.95 

Means within a columns followed by the different letter(s) are significantly different from 

each other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05; ** = significant at P ≤ 

0.01. CV= Coefficient of variation, P= phosphorus, S= Sulfur R= Mesorhizobium inoculant.  

Inoculated seeds with 51 kg P/ha application produced maximum grain yield (2202.33 kg/ha) 

while the minimum grain yield (1406 kg/ha) was recorded by un-inoculated seeds with a 

lower rate of P (17 kg/ha) and inoculated seeds with 17 kg P/ha (Table 10). This might have 

resulted from the positive effects of P on the process of nitrogen fixation where the increased 

supply of N through inoculation resulted in enhanced plant growth that eventually leads to 

higher yield (Singh et al., 2018). Similarly, Das et al. (2016) described that increase in grain 

yields of chickpea with rhizobia inoculant was mainly due to the increase in almost all growth 

and yield contributing characters, which ultimately result a significant increase in grain yields. 

This was mainly due to fact that the better availability of N and P caused well-developed root 

system having higher N fixing capacity resulting in better growth and development of plants 

that eventually could lead to increased yield (Aslam et al., 2010). In addition, P application 

significantly affects many aspects of plant physiology like photosynthesis, flowering, fruiting 

and maturation, which ultimately results in increased grain yield of chickpea (Brady and Weil, 

2005). This result is in line with Eshetu et al. (2018) who reported that the combined 

application of Mesorhizobium inoculant with P significantly increased grain yield on 
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chickpea. Endalkachew et al. (2018) also reported that rhizobia inoculant with P in chickpea 

plants significantly increased grain yield comparable to the individual use of P or rhizobia 

inoculant. Other authors, Ahmed and Badr (2009), Meena et al. (2013), Sharma et al. (2015) 

and Das et al. (2016) have observed that the combined application of P and S increased grain 

yield of chickpea. 

The interaction effects of S rate and inoculant showed significant influence on grain yield 

(Table 11).  Application of S at a rate of (21 kg/ha) with an inoculant, results in the highest 

grain yield (1950 kg/ha) while the lowest grain yield (1430.11 kg/ha) was obtained from the 

lowest rate (7 kg S/ha) with and without inoculant. The increased in grain yield of chickpea in 

response to Mesorhizobium inoculant might be due to sufficient N supply mainly from BNF 

and S also necessary for enzymatic action, chlorophyll formation, synthesis of certain amino 

acids and vitamins. Malik et al. (2006) reported that N fixation improved by rhizobia that 

hastened the vegetative growth of legume crops and S application improve the soil condition 

and nutrient uptake, which are the possible reasons for a substantial increase of grain yield. 

This result is in line with Jakasaniya et al. (2012) who reported that the combined application 

S with rhizobia inoculant increases grain yield of chickpea. Similarly, Hussain et al. (2011) 

and Dhage et al. (2014) reported that combined application of inoculant and sulfur resulted in 

a significant increase in seed yield of soybean.  

Table 11: Effect of S with Mesorhizobium inoculant application on grain yield of chickpea 

    Grain yield (kg/ha) 

Treatments  S levels (kg/ha) 

    7 14 21   

Inoculant (R) 

    Un-inoculated  1430.11d 1579.33c 1737b 

 Inoculated 1442.11d 1696.44b 1950a   

P values of the interaction effects 

S*R * 

P*S*R ns 

CV (%) 7.1 

Interaction means within a columns followed by the different letter(s) are significantly 

different from each other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05. CV= 

Coefficient of variation, P= phosphorus, S= Sulfur R= Mesorhizobium inoculant.  
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4.6.2. Straw yield 

The results showed that the main effects of P and S significantly (p < 0.001) influenced the 

straw yield. Moreover, the two-way interactions of P with S and Mesorhizobium inoculants 

also affected significantly. However, the main effect inoculant, the two-way interaction effect 

of inoculant with S and their three-way interaction was non-significant (Appendix Table 7).  

The analysis of variance showed that the effects of P levels were statistically significant on 

straw yield (Table 13). While comparing the P rates, the highest (1355.17 kg/ha) and the 

lowest (1272.83 and 1180.83 kg/ha) straw yield was obtained at the 51 kg, 34 kg and 17 kg 

P/ha, respectively. This result indicated that with the increasing rate of P application increased 

the yield of straw in chickpea. This result might be due to P application could be attributed to 

the increased vegetative growth, possibly a result of its extensive root system which in turn 

increased straw yield (Das et al., 2016). Similarly, Sharma et.al (2015) reported that different 

levels of P influenced plant height, number of nodules per plant, number of branches per 

plant, number of pods per plant, number of grains per pod, grain and straw yield in chickpea. 

This result is in line with Tripathi et al. (2013) who reported that the application of P at the 

rats increase (60 kg P/ha) resulted in maximum straw yield in chickpea. 

The analysis of variance also showed that the straw yield was affected significantly by levels 

of S (Table 13). Comparing the effect of the S rates on straw yield, the application of  21 kg, 

14 kg and 7 kg S/ha gave  1374.44, 1276.94  and 1157.44 kg/ha, respectively. This result 

might be S application increased the availability and uptake of N that improves growth 

character (plant height, branches and nodulation) which ultimately increased straw yield on 

legumes crops (Singh et al., 2011). This result is in line with Togay et al. (2008) who reported 

that the application of 20 kg S/ha was increased the straw yield compared from the least rate 

in chickpea.  

The straw yield was affected significantly by the interaction effect of P and S application 

(Table 10). The maximum straw yield (1402.5 kg/ha) was obtained by the application of 51kg 

P/ha with 21 kg S/ha while the minimum straw yield (1140.5 kg/ha) was obtained by the 

application of 17 kg P/ha with 7 kg S/ha application. This result might be due to the 

synergetic effect of P and S to utilize of large quantities of nutrients through their well-
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developed root system and nodules that might have resulted in better plant development and 

ultimate increased straw yield at lower initial status of available P and low S content in the 

soil (Dhage et al., 2014). The combined application of S and P increased plant height, number 

of branches per plant, nodules per plant, nodule dry weight and straw yield in chickpea 

(Parkash et al., 2017). This might be due to P is important for chlorophyll synthesis, enhances 

nodule formation and nitrogen availability to plant that improves plant growth like the number 

of branches and plant height in turn resulted in higher straw yield. An increase in the N supply 

not only stimulates growth but also changes the morphology of the plant, which ultimately 

increases the straw yield. The application of S increased the availability of N, which has 

important function to improve the vegetative growth that resulted in straw yield increment. In 

conformity with this result, Chandra and Khaldelwal (2009) reported that the combined 

application of P and S significantly increased the straw yield on chickpea.  

The analysis of variance revealed that straw yield affected significantly by the combine 

application P and inoculant (Table 10). While comparing the interaction effect of inoculant 

with P rates, the highest (1481.06 kg/ha) and the lowest (1161.67 kg/ha) the straw yield were 

obtained at 51 kg P/ha with inoculant and 17 kg P/ha without inoculant application, 

respectively. The result indicated that the combined application P and rhizobia inoculant in 

legume plants significantly increased nodulation and improves vegetative growth and 

development of plants, which leads to increased straw yield comparatively to the single use of 

P or inoculant (Akpalu et al., 2014). Phosphorus promotes early root formation and the 

formation of lateral, fibrous and healthy roots, which is very important for nodule formation 

and ultimately the nitrogen fixation (Dotaniya et al., 2014). Similarly, Shiri-Janagard et al. 

(2012) reported that N is the most essential mineral elements that are required by plants in 

great quantities and the availability of this element in soils increased vegetative growth of 

crop, which eventually increased straw yield. In line with this, Fatima et al. (2007) reported 

that the combined application of inoculation and P increased cowpea straw yield by 63% over 

that of the control. The observed straw yield improvements are due to the increased N and P 

availability and are in line with the improvements observed for the growth related traits such 

as plant height, number of primary and secondary branches and shoot dry weight. Wazier et 

al. (2018) also reported that the straw yield increased the combined application of P fertilizer 

with inoculant in chickpea plant. 
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4.6.3. Harvest index 

The analysis of variance showed that harvest index was significantly (p<0.001) influenced by 

the main effect of P. However, the main effect of S and Mesorhizobium inoculant as well as 

two and three-way interaction showed non-significant effect on this parameter (Appendix 

Table 7). 

The highest (57.62%) harvest index was recorded by the application of 51 kg P/ha while the 

lowest (54.28%) harvest index was obtained by the application 17 kg/ha used. The highest 

harvest index by increased rate of P application might be due to the fact that highest 

biological yield coupled with the highest uptake of P as a result that P translocated higher 

photosynthetic product to the seed than the straw ultimately increases grain yield. This result 

is in agreement with that of Ashoori (2014) who reported that P had a significant effect on 

harvest index of faba bean. 

4.7. Nutrient (N and P) Uptake, Agronomic use Efficiency, and Harvest Index of P 

4.7.1. Total nitrogen uptake  

Total nitrogen uptake (TNU) of chickpea was significantly (P<0.01) affected by the main 

effect of Mesorhizobium inoculant, S and P application as well as their two-way interaction of 

inoculant with P and P with S. However, two way interaction of inoculant with S and three-

way interaction effect of inoculant, S and P on TNU was not significant (Appendix Table 8).  

The combined application of inoculant with P fertilizer significantly affected the total N 

uptake on chickpea (Table 12). The maximum (71.41 kg/ha) and the minimum (42.03 kg/ha) 

TNU was recorded at 51 kg P/ha with inoculant and 17 kg P/ha without inoculate, 

respectively. This might be due to rhizobia and P enhanced the nodule formation, stimulate N 

fixation and increase the availability of N for chickpea plants that results increased the uptake 

of N by straw and grain that ultimately increased total N uptake. In addition, total N uptake of 

chickpea increased significantly due to increased levels of P might be due to the well-

developed root system, which helps in increased nitrogen fixation and its availability to plant 

along with other nutrients that in turn results to increases total N uptake (Balai et al., 2017). In 

agreement with the present study Endalkachew et al. (2018) reported that a significant 
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increase in total N uptake due to Mesorhizobium inoculant with P application in chickpea. 

Kumar et al. (2014) also reported that application of P with rhizobia was significantly 

increasing the nutrient of total N uptake on chickpea. Similarly, Fatima et al. (2008), Togay et 

al. (2008), Kumar et al. (2014) and Uddin et al. (2014) reported that total N uptake on 

chickpea increased with the combined application of P and rhizobia inoculant. 

Table 12: The effects of phosphorus with Mesorhizobium inoculant and phosphorus with 

sulfur on total N uptake of chickpea. 

Treatment 

Total N uptake 

P levels kg/ha  

    17 34 51     

Inoculant(R) 

     un-inoculated 42.03e 46.58c 53.49b 

  Inoculated 45.25cd 51.92b 71.41a     

S kg/ha           

7 39.62f 43.41de 45.93d 

  14 41.25e 50.93c 55.45b 

  21 45.55d 53.41bc 60.98a     

P value of the interaction effects 

P*S *** 

P*R * 

S*R ns 

P*S*R ns 

CV (%) 12.47 

Means within a columns followed by the different letter(s) are significantly different from 

each other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05; *** = significant at P 

≤ 0.001. CV= Coefficient of variation, P= phosphorus, S= Sulfur R= Mesorhizobium 

inoculant.  

The highest total N uptake (60.98 kg/ha) was recorded at the combined application of 51 kg 

P/ha along with 21kg S/ha, while the lowest (39.62 kg/ha) was obtained at 17 kg P/ha with 7 

kg S/ha application (Table 12). The result indicated that the P and S application has shown a 

tendency to be relatively more important in affecting total N uptake. This might be due to the 

effect of P application on N fixation that affect host plant growth, whereas S was directly 

involved in N fixation that increased the availability of N which ultimately increased the 

uptake of N by grain and straw (Jamal et al., 2010). Phosphorus enhanced translocation of N 

to reproductive structures of pods and seeds. Since uptake is the function of seed and straw 

yield as well as their nutrient content, the significant increase in the content of the nutrients 
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coupled with increased seed and straw yield increased the uptake of N substantially (Das et 

al., 2016). The increase in N uptake because of S application might be due to an increment in 

protein synthesis and enhanced photosynthesis (Zhao et al., 2008). This result is in line with 

Islam et al. (2012) who reported that total N uptake in chickpea increased significantly with 

the application of both P and S. Similarly, Chandra and Khaldelwal (2009), Nawange et al. 

(2011) and Das et al. (2016) have observed that the combined application of P and S 

increased the total N uptake in chickpea.  

4.7.2. Total phosphorus uptake 

Total P uptake of chickpea was significantly (P<0.001) affected by the main effect of 

Mesorhizobium inoculant, P, and S application as well as their two-way interaction of P with 

S and inoculant. However, the interaction effect of S with inoculant and their three-way 

interaction on total P uptake was not significant (Appendix Table 8). 

The highest (15.41 kg/ha) and the lowest (8.38 kg/ha) total P uptake was obtained at 51 kg 

P/ha with inoculant and 17 kg P/ha without inoculant, respectively. The significant increasing 

trend of total P uptake might be due to increased concentration of P in soil solution with 

increasing P application and increase in biological activity by inoculant. Similarly, P 

concentration in soil solution is increased by P application in soil, which resulted in increasing 

intake of the P from the soil solution and consequently increased the content of P in grain and 

straw that ultimately increased total P uptake (Singh et al., 2018). In addition, the higher P 

uptake due to rhizobia inoculation might be attributed to the fact that some isolates of rhizobia 

have the ability to solubilize unavailable phosphorus components to available form (Erman et 

al., 2011). The result is in line with Tagore et al. (2014) who reported that the application of P 

with rhizobia inoculant increase the total P uptake on chickpea. Similarly, Shubhang et al. 

(2014) and Balai et al. (2017) reported that total uptake of P increased the combined 

application of rhizobia inoculant and phosphorus in chickpea. 

At the application P at the rate of 51 kg/ha with application S at a rate of 21 kg/ha was 

obtained maximum total P uptake (14.72 kg/ha) while application P at a rate of 17 kg/ha with 

application S at a rate 7 kg/ha was obtained minimum total P uptake (7.72 kg/ha) (Table 13).  

This might be due to the fact that the available P in soil increased and its absorption by the 
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plant also improves with the addition of S and P. Furthermore, it might be due to the fact that 

S has the important role to release of more soil P from the adsorption site thereby ion 

exchange synergistically (Islam et al., 2012). Similarly, Tiwari and Gupta (2006) observed 

that on a soil deficient in both, P and S, have positive interaction effect at 60 kg P/ha with 40 

kg S/ha when pigeon pea was used as test crop. Our experimental entire site was deficient in 

both nutrients. Furthermore Paliwal et al. (2009) observed that interaction of P and S 

exhibited strong synergistic relationship regarding soybean nutrition on Alfisol deficient in 

both P and S. This result is in line with Singh et al. (2018) who reported that application of 60 

kg P/ha with 40 kg S/ha significantly increased total P uptake on chickpea. Similarly, 

Shubhangi et al. (2014) reported that synergistic effect of P and S occur in soybean due to the 

utilization of large quantities of nutrients through their well-developed root system, which 

might have resulted in better P uptake. Similarly, Togay et al. (2008), Islam et al. (2012) and 

Das et al. (2016) have observed that the application of P with S increased the total uptake of P 

of chickpea. 

Table 13: Total P uptake of chickpea as influenced by the effects of P with Mesorhizobium 

inoculant and P with S fertilizer rate 

Treatment 

Total P uptake 

P kg/ha  

    17 34 51   

Inoculant (R) 

    un-inoculated 8.38d 10.16c 11.54b 

 inoculated 8.83cd 11.84b 15.41a   

S kg/ha         

 

7 7.72f 9.43de 10.45cd 

 

 

14 8.5ef 11.03c 12.24b 

   21 9.56de 12.54b 14.72a   

P value of the interaction effects 

P*S * 

P*R * 

S*R ns 

P*S*R ns 

CV (%)   10.84   

Means within a columns followed by the different letter(s) are significantly different from 

each other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05. CV= Coefficient of 

variation, P= phosphorus, S= Sulfur R= Mesorhizobium inoculant.  
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4.7.3. Agronomic use efficiency of phosphorus in chickpea 

Phosphorus agronomic efficiency (PAE) was significantly (p<0.001) influenced by the main 

effect of S and two-way interaction effect of Mesorhizobium inoculant with S in chickpea. 

However, the main effects of P and inoculant, two-way interaction of P with S, inoculant with 

P as well as three-way interaction showed a non-significant effect (Appendix Table 8). 

The agronomic use efficiency of P was affected by the combined application of inoculant with 

S (Table 18). Comparing the interaction effects of inoculant with S rates, the highest (22.11 

kg/kg) and the lowest (8.27 kg/kg) agronomic use efficiency of P was obtained at inoculant 

with 21 kg S/ha and un-inoculant with 7 kg S/ha application, respectively. The increase in P 

use efficiency due to rhizobia inoculant and S application could be due to the need of high P 

for ATP synthesis as a result of high BNF activity and increase the P availability due to S 

application. Similarly, Fatima et al. (2007) reported that Rhizobial inoculation increased P 

uptake efficiency in chickpea. This might be due to rhizobia inoculation is due to the ability of 

applied rhizobia to solubilize precipitated P components thereby increased P uptake in plants. 

Table 14: Phosphorus agronomic use efficiency of chickpea as affected by the interaction 

effect of Mesorhizobium inoculant with sulfur  

Treatment 

Phosphorus agronomic use efficiency 

Inoculant (R) 

Un-inoculated Inoculated 

S kg/ha  

     7 

 

8.27d 

 

9.19c 

 14 

 

13.55b 

 

16.13b 

 21 

 

14.13b 

 

22.11a 

 P value of the interaction effects  

P*S ns 

P*R ns 

S*R * 

P*S*R ns 
CV (%) 29.64 

Means within a columns followed by the different letter(s) are significantly different from 

each other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05. CV= Coefficient of 

variation, P= phosphorus, S= Sulfur R= Mesorhizobium inoculant.  
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4.7.4. Harvest index of phosphorus 

The interaction effect of S with Mesorhizobium inoculant had significantly (p<0.01) 

influenced phosphorus harvest index (PHI) of chickpea. However, the main effect of 

inoculant, P and S and two-way interaction effect of P with inoculants and S as well as their 

three-way interaction showed a non-significant effect (Appendix Table 8). 

Regarding the combined treatment of inoculant and S on PHI, the result showed that the 

higher PHI (66%) of chickpea recorded at 21 kg/S ha along with inoculation while the lower 

(59.17 %) was obtained from the combined application of 21 kg S/ha without seed inoculation 

(Table 20). The result indicated that S application at the rate of 21 kg/ha combined with 

Mesorhizobium inoculant has shown a tendency to be relatively more important in influencing 

PHI. This might be due to the positive effect of Mesorhizobium inoculants improving the 

availability of nutrients in the soil. 

Table 15: Phosphorus harvest index of chickpea as affected by the interaction effect of 

Mesorhizobium inoculant and sulfur application 

    Phosphorus harvest index (%) 

Treatment S kg/ha  

      7 14 21   

Inoculant (R) 

     Un-inoculated 

 

61.06c 62.85b 59.17d 

 Inoculated   62.38bc 61.79c 66.97a   

P value of the interaction effects 

P*S   ns 

P*R 

 

ns 

S*R 

 

* 

P*S*R   ns 

CV (%)   7.89 

Interaction means within a columns followed by the different letter(s) are significantly 

different from each other at P > 0.05; ns = non-significant; * = significant at P ≤ 0.05. CV= 

Coefficient of variation, P= phosphorus, S= Sulfur R= Mesorhizobium inoculant. 

4.8. Partial Budget Analysis  

The partial budget analysis allows assessing the impact of a change in the production system 

on a farmer's net income without knowing all his costs of production. Data presented in Table 

21 indicated the economic analysis of chickpea as affected by the effects of Mesorhizobium 
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inoculant, P, and S fertilizer rate. It is clear from the budget summary of economic analysis, 

the highest net benefit (38,699.9 ET Birr/ha) was obtained from seeds inoculation with 51 kg 

P/ha and 7 kg S/ha , followed by 51 kg P/ha with 21 kg S/ha (32,175.9 ET Birr/ha), 34 kg 

P/ha with 14 kg S/ha (27305.7 ET Birr/ha) and 17 kg P/ha with 7 kg S/ha (25209.8 ET 

Birr/ha. 

According to dominance, analysis as indicated on (Table 16) most of the treatments 

dominated by the highest net benefit treatments hence, eliminated for further economic 

analysis. Data from Table 16 clearly showed that the non-dominated treatments associated 

with the marginal rate of return (MRR) are greater than 100%. This implies that the four non-

dominated treatments were an economically feasible alternative to the other dominated 

treatments. The highest MRR of 7.9 % was obtained from the combined application of 

Mesorhizobium inoculate, 51 kg P/ha and 21 kg P/ha. This implies that for 1.00-Birr 

investment in chickpea production, the producer can get 7.9 ET Birr. The second the highest 

MRR of 5.8 % was recorded from companied application of 51 kg P/ha with 14 kg S/ha. The 

second MRR obtained from P with S fertilizer rate was decreased. Generally, treatment 

combination of Mesorhizobium inoculant with 51 kg P/ha and 21 kg S/ha gave better MRR 

value relative to the other non-dominated treatments and profitability can be optimized by 

using this treatment. From this finding, it observed that inoculants were crucial for chickpea 

production with P and S fertilizer application. 

Table 16: Partial budget of un-dominance 

Treatment 

ADJGY 

(kg/ha)  

ADJSY 

(kg/ha) TGB TVC NB 

MR

R 

(%) 

P 

(kg/ha) 

       S 

(kg/ha) 

R            

(kg/ha) 

17 21 0 1275.9 1061.9 29449.2 4239.4 25209.8 1.7 

34 14 0 1401.9 1064.5 32226.4 4920.7 27305.7 2.8 

51 21 0 1726.4 1213.2 39556.9 7381.0 32175.9 5.8 

51 21 0.5 2017.6 1341.0 46130.9 7431.0 38699.9 7.9 

P= Phosphorus, S= Sulfur, R=Mesorhizobium inoculant, ADJGY=Adjusted grain yield, 

ADJSY= Adjusted straw yield, TGB= Total gross benefit, TVC= Total variable cost, NB= 

Net benefit, MRR= Marginal rate of return.   
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5. SUMMARY AND CONCLUSIONS 

In most tropical soils including to Ethiopia N, P and S are the major limited nutrients for crop 

production. The use of P and S containing fertilizers and Mesorhizobium inoculant had a 

crucial role in mitigating soil fertility depletion, thereby improving production and 

productivity of chickpea. Therefore, this study was initiated to evaluate the effects of 

inoculant, P and S applications on nodulation, growth, yield related traits and grain yield on 

chickpea in Mortena Jiru district, central highlands of Ethiopia. Factorial combinations of two 

levels of Mesorhizobium inoculant (inoculated and un-inoculated), three levels of P (17, 34 

and 51 kg P/ha) and S (7, 14 and 21kg S/ha) in RCBD with three replications were used. All 

the experimental plots were treated with an equal amount of 19 kg N/ha except check plot. 

A composite surface soil sample (0-30 cm depth) collected before planting from the entire 

planting field of Mortena Jiru district. The soil analysis indicated that the soil is clayey in 

texture. The pH (H2O) of the soil was slightly acid (pH 6.1). The experimental site was low in 

OM content and total N. Available P and S of the soil was low. In addition high in CEC and 

exchangeable base of Ca+2, Mg+2, Na+ and K+ were recorded in the site. Based on the soil 

testing result, P and S had been considered as the nutrients to be corrected by applying 

fertilizer along with Mesorhizobium inoculation to improve N availability. 

 Crop phenology such as days to 50% flowering and days to 90% maturity was affected by 

Mesorhizobium inoculant, P and S application on chickpea. The results indicated that S, P 

fertilization and Mesorhizobium inoculant improved all nodulation variables studied. The 

effect was more pronounced in the combined application of P with Mesorhizobium 

inoculation and S with Mesorhizobium inoculation. The maximum (47.23, 460 mg)  nodules 

number (47.23) and nodules dry weight (460 mg) were obtained from the combined 

application of P  at a rate of 51 kg/ha with inoculant. The combined application of S at a rate 

of 21 kg/ha with Mesorhizobium inoculant was gave 42.82 nodules number and 450.44 mg 

dry weight of nodules. The interaction effects of P fertilization with inoculation as well as S 

fertilization with inoculation significantly influence number of nodules and nodule dry weight 

per plant.  
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Plant growth parameters like shoot dry weight was affected the combined application of P 

with inoculant as well as S fertilization with inoculant. Plant height and number of secondary 

branches per plant showed significant difference due to the interaction effects of P with S 

fertilization, as well as Mesorhizobium inoculant with P. The highest plant height (54.82 cm) 

was obtained at the rate of 51 kg P with 21 kg S/ha. The combined application of 51 kg P and 

21 kg S/ha also gave the maximum number of primary branches per plant. Interaction effect 

of P with Mesorhizobium inoculant also gave the highest shoot dry weight and plant height 

and at a rate of 51 kg/ha under inoculation. The combined application of P at a rate of 51 

kg/ha, S at a rate of 21 kg/ha and inoculant gave maximum number of secondary branches 

(18.6) of chickpea. Generally, the application of P with S significantly affected the growth 

parameters included under the observation except for shoot dry weight. In addition, the 

application of P with rhizobia inoculation affected all the growth parameters under the 

observation.  

Yield components of chickpea like the number of pods per plant and thousand-grain weight 

influenced by the combined application of P with S as well as by P with Mesorhizobium 

inoculant. Whereas number grins per pods was also significantly influenced by the combined 

application of P with Mesorhizobium inoculant. Interaction effect of P and S on the number of 

pods per plant and thousand-grain weight showed synergistic effect with increasing levels of 

P and S. However, the interaction effects of S with Mesorhizobium inoculation not responded 

to the yield related traits under the observation.  

Yield of chickpea like grain and straw yield influenced by the interaction effect of P with S 

and P with Mesorhizobium inoculant. In addition, the interaction effects of S fertilization with 

inoculation was increased grain yield but not straw yield. Application of P at a rate of 51 

kg/ha with S at a rate of 21 kg/ha gave maximum grain yield (2202.33 kg/ha). However, the 

grain yield (1951.33 kg/ha) was obtained from the combined application of P at a rate of 51 

kg/ha with S application at a rate of 21 kg/ha. Furthermore, maximum straw yield (1481.33 

kg/ha) was also recorded P application at a rate of 51 kg/ha with S application at a rate of 21 

kg/ha. In general, interaction effects of P with S, P with Inoculant and S with Mesorhizobium 

inoculation showed a synergistic effect justifying the combined application of nutrients gave 

highest grain yield than the individual application. 
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Significant difference observed due to the interaction effect of P with S fertilization and P 

with Rhizobial inoculant on total N and P uptake of chickpea. The maximum total N uptake 

(77.72 kg/ha) and total P uptake (15.41 kg/ha) was obtained from the application of P at a rate 

of 51 kg/ha with Mesorhizobium inoculant. However, the total N uptake (60.98 kg/ha) and 

total P uptake (14.72 kg/ha) was obtained from the application P at a rate of 51 kg/ha with 

application S at a rate of 21 kg/ha. 

The best for economically preferable treatments based on high net benefit, relatively low 

variable cost together with an acceptable and maximum MRR becomes the tentative 

economically preferable. Therefore, it found to be economically preferable that seed 

inoculation with P at a rate of 51 kg/ha and S at a rate of 21 kg/ha application is the best 

treatment for farmers due to acceptable and highest MRR. However, it is difficult to make a 

definite and sound recommendation based on one location and one season experiment. 

Therefore, attention shall be given to the following issue for future research: 

 Conducting similar research over locations and seasons would be relevant to get 

conclusive result for the best recommendation. 

 The native rhizobia population and effectiveness of these commercial inoculants of 

chickpea with respect to soil fertility status and cropping system need further 

investigation.  
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7. APPENDICES 

Appendix 1: Mean monthly rainfall (mm) and mean temperatures (ºC) from 2009 to 2018 at 

Mortena Jiru district 

Month   Meteorological data       
  

  Rainfall (mm) 

Maximum 

temperature 

(0C) 

Minimum 

temperature 

(0C) 
  January 

 

38.1 

 

22.1 

 

8.2 
  February 

 
131.5 

 

23.6 

 

9.4 
  March 

 
530.5 

 

23.9 

 

10.4 
  April 

 
518.5 

 

22.0 

 

10.8 
  May 

 
786.7 

 

23.2 

 

11.0 
  June  

 
880.6 

 

23.2 

 

10.8 
  July 

 
3706 

 

18.8 

 

10.5 
  August 

 
3772.1 

 

17.7 

 

10.3 
  September 

 
717.7 

 

19.0 

 

10.0 
  October 

 
140.5 

 

19.2 

 

8.5 
  November 

 
89.7 

 

19.3 

 

7.3 
  December 

 
281.4 

 

20.7 

 

6.6 
  Mean    966.11   21.06   9.47 
  Source: National Meteorological Agency, Debre Berhan Agricultural Research Center 

  

Appendix 2: Soil pH (H2O) rating and bulk density 

pHa   Rating   

Bulk 

density(gm/cm3)b Rating 
 <4.5 

 
Very strong acid < 1.0 Very low 

 4.5-5.2 
 

Strong acid 1.0-1.3 Low 
 5.3-5.9 

 
Moderately acid 1.3-1.6 Moderate 

 
6.0-6.6 

 
Slightly acid 1.6-1.9 High 

 
6.7-7.3 

 
Neutral 

 

>1.9 Very high 
 

7.4-8.0 
 

Moderately alkaline 

   
>8.0   Strongly alkaline 

   
Source: Tekaligne Tadesse (1991)a and  Hunt and Gilkes (1992)b 
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Appendix 3: Rating for OM and TN 

OM (%) TN (%) Rating 

<0.86 <0.05 Very low 

0.86-2.59 0.05-1.25 Low 

2.59-5.17 0.12-0.25 medium 

>5.17 >0.25 High 

Source: Tekalign Tadesse (1991) 

  
Appendix 4: Rating for available phosphorus and sulfur 

P (mg/kg)a Rating   S (mg/kg)b Rating 

<5 

 

Very low   <10 Deficient 

5 to 9 

 

Low   10 to 20 Medium 

10 to 17 

 

Moderate   >20 Sufficient 

18 t0 25 

 

High   

   >25   Very high   

 

    

Source: Olsen et al. (1954)a and  (Lewis 1996) Hariram and Dwivedi (1994)b 

Appendix 5: Rating for cation exchange capacity and exchangeable base 

CEC Ca2+ Mg2+ K+ Na+ 
Rating 

………………………….cmol (+)/kg………………………………… 

< 6 < 2 <  0.3 < 0.2 <0.1 Very low 

6.0-12.0 2.0-5.0 0.3 -1.0 0.2-0.3 0.1-0.3 Low 

12.0-15.0 5.0-10.0 1.0-3.0 0.3-0.6 0.3-0.7 Medium 

25.0-24.0 10.0-20.0 3.0-8.0 0.6-1.2 0.7-2.0 High 

>40 > 20 >8.0 >1.2 >2.0 Very high 

Source: Hazelton and Murphy (2007)  
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Appendix 6: Mean squares ANOVA for phenological, nodulation and growth parameters of 

chickpea to seed inoculated by Mesorhizobium inoculant, P and S fertilizer rate 

Sources 

of 

variatio

n   

Df DF DM NNP NDW SDW PH NPBP NSBP 

 

                  

 
Rep. 2 1.2 1.5 0.6 1194.7 0.8 10.2 0.7 0.12 

 
P 2 4.9* 5.4* 546.5*** 13952*** 82.9*** 196.9*** 0.40*** 38.1*** 

 
S 2 18.3** 42.9*** 89.6*** 4418*** 17.1*** 89.1*** 0.69** 17.2** 

 

R 1 9.8* 9.9* 271.6*** 17316*** 98.1*** 274.9*** 1.33*** 203.4*** 

P*S 4 1.9ns 3.40ns 2.41ns 715.4ns 0.2ns 14.7* 0.15** 1.56* 
 

P*R 2 0.9ns 2.75ns 28.6** 1247.9* 2.9** 25.9* 0.04ns 14.6** 
 

S*R 2 0.3ns 0.12ns 38.8*** 1564* 2.2* 1.3ns 0.01ns 0.52ns 
 

P*S*R 4 0.9ns 1.74ns  3.5ns 109.9ns 0.2ns 3.9ns 0.06ns 1.8* 
 

Error 

 
1.07 1.56 4.04 0.08 0.49 5.6 0.09 0.6 

 * Significant at p ≤ 0.05; ** significant at p ≤ 0.01; *** significant at p ≤ 0.001; ns= non- 

significant at p > 0.05. Df= Degree of freedom, P= phosphorus, S= Sulfur, R=Rhizobium 

inoculant, DF= Days to 50% flowering, DM= Days to 90% Physiological maturity, NNP= 

Number of nodules per plant, NDW= Nodule dry weight per plant, SDW=Shoot dry weight 

per plant, PH= Plant height, NPBP= Number of primary branches per plant, NSBP= Number 

of secondary branches per plant. 
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Appendix 7: Mean squares of ANOVA for yield and yield components of chickpea to seed 

inoculation with Mesorhizobium inoculant and application of P and S fertilizer 

Source 

of 

variation  

Df NPP NGPP TGW GY SY HI 

 
              

 
Rep 2 55.12 0.01 96.29 17332 39392 23.1 

 P 2 1251*** 0.17*** 14833.4*** 861516.66*** 136904.66*** 53.20** 
 

S 2 406.30*** 0.05** 4200*** 746867.72** 212626.5** 13.78ns 
 

R 1 651.45*** 0.50*** 2103.12*** 175560.01*** 24108.90ns 9.62ns 
 

P*S 4 39.15* 0.00ns 894.79** 85332.22* 19957.91* 6.12ns 
 

P*R 2 106.44** 0.04* 488.29* 55518.29* 26214.74* 5.94ns 
 

S*R  2 34.76ns 0.01ns 435.01ns 45483.02* 21770.79ns 0.01ns 
 

P*S*R 4 7.6ns 0.00ns 373.18ns 3218.46ns 4333.37ns 0.87ns 
 Error 

 
14.21 0.01 154.17 107.07 86.87 2.65 

  * Significant at p ≤ 0.05; ** significant at p ≤ 0.01; *** significant at p ≤ 0.001; ns= non-significant 

at p > 0.05 Df= degree of freedom, P= Phosphorus, S= Sulfur, R= Rhizobium inoculant, NPP=Number 

of pod per plant, NGPP= Number of grain per pod, TGW= Thousand grain weight, GY=Grain yield, 

SY= straw yield and HI= Harvest index.  

 

Appendix 8: Mean square of ANOVA for N and P total up take, P use efficiency and harvest 

index on chickpea to seed inoculation and application of P and S fertilizer  

Source of 

variation Df TNU TPU PAE PHI  

 

 

Rep 2 642.06 22.34 20.85 466 
 

 

P 2 1056.72*** 68.69** 24.35ns 69.22ns 
 

 

S 2 840.99** 42.55*** 485.13*** 8.23ns 
 

 

R 1 272.34*** 24** 48.18ns 85.22ns 
 

 

P*S 4 168.25** 2.3* 12.44ns 15.62ns 
 

 

P*R 2 69.03* 2.7* 74.14ns 25.55ns 
 

 

S*R  2 32.59* 1.52ns 59.55* 100.82* 
 

 

P*S*R 4 14.56 ns 1.29ns 6.33ns 3.84ns 
 

 

Error 

 

9.75 0.7 17.13 22.3 
 * Significant at p ≤ 0.05; ** significant at p ≤ 0.01; *** significant at p ≤ 0.001; ns= non-significant at 

p > 0.05. Df= Degree of freedom, P= phosphorus, S= Sulfur, R= Rhizobium inoculant, TNU= Total N 

uptake, TUP= Total P uptake, PAE= Phosphorus agronomic use efficiency, PHI= Phosphorus harvest 

index.  
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Appendix 9: Partial budget analysis 

Treatment ADJG

Y 

(kg/ha) 

ADJS

Y 

(kg/ha) TGB TVC NB 

MRR 

(%) 

Dom

inanc

e 

P  

(kg/ha) 

S 

(kg/ha) 

R 

(kg/ha) 

0 0 0 1007.0 783.4 23171.6 0.0 23171.6 

 

D 

17 7 0 1151.2 999.6 26625.5 2460.3 24165.2 0.4 

 17 14 0 1168.8 998.5 27010.5 3349.9 23660.6 -0.6 D 

17 21 0 1275.9 1061.9 29449.2 4239.4 25209.8 1.7 

 34 7 0 1254.6 944.1 28828.5 4031.1 24797.4 2.0 D 

34 14 0 1401.9 1064.5 32226.4 4920.7 27305.7 2.8 

 34 21 0 1427.2 1092.5 32817.6 5810.2 27007.4 -0.3 D 

51 7 0 1241.0 1047.2 28663.4 5601.9 23061.4 18.9 D 

51 14 0 1456.6 1129.4 33513.7 6491.5 27022.3 4.5 D 

51 21 0 1726.4 1213.2 39556.9 7381.0 32175.9 5.8 

 17 7 0.5 1101.9 939.3 25462.5 2510.3 22952.1 1.9 D 

17 14 0.5 1160.3 975.2 26793.3 3399.9 23393.4 0.5 D 

17 21 0.5 1323.2 1047.8 30471.8 4289.4 26182.4 3.1 D 

34 7 0.5 1282.4 998.5 29510.1 4081.1 25428.9 3.6 D 

34 14 0.5 1500.8 1138.7 34498.3 4970.7 29527.6 4.6 D 

34 21 0.5 1631.7 1253.2 37526.9 5860.2 31666.7 2.4 D 

51 7 0.5 1293.1 974.4 29715.6 5651.9 24063.7 36.5 D 

51 14 0.5 1664.9 1206.2 38195.1 6541.5 31653.6 8.5 D 

51 21 0.5 2017.6 1341.0 46130.9 7431.0 38699.9 7.9 

 P= Phosphorus, S= Sulfur, R= Mesorhizobium inoculant, ADJGY= Adjusted grain yield, 

ADJSY= adjusted straw yield, TGB= Total gross benefit TVC= Total variable cost, NB= Net 

benefit, MRR= Marginal rate of return. 

 

  


