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ABSTRACT 

The human population of the world is increasing on alarming rates especially in 

developing countries. In these countries, the main source of daily calorie intake is cereal 

grains that have low quantity of essential nutrients leading towards the malnutrition and 

under nutrition. Zinc is an important micronutrient and essential for all living organisms 

on earth. World health organization considered that zinc deficiency is the fifth most 

important factor of disease and deaths in the developing countries. In Pakistan, seventy 

percent of agricultural soils are deficient in zinc that results in deficiency of zinc in 

agricultural produce and ultimately in human beings. Rice is the most important cereal 

and stable food of more than three billion people in the world. Almost fifty percent of rice 

crops face the problem of zinc deficiency in the world. Therefore, it is the need of era to 

enhance the zinc concentration in rice grains. Different strategies are being used to solve 

the problem of zinc deficiency so that more zinc become available to crop plants. The best 

stratigy to overcome the problem of zinc deficieny is the use of zinc solubilizing 

rhizobacteria (ZSB): specific group of bacteria that have the potential to solubilize the 

fixed or insoluble zinc present in the soil and make it available for plants. The present 

study was planned to isolate, screen and evaluate the potential of zinc solubilizing 

rhizobacterial strains for improving the growth, yield and quality of rice. Seventy five 

pure rhizobacterial isolates were isolated and screened for zinc solubilizing ability. The 

twenty four zinc solubilizer were further screen for exopolysaccharides and indole-3-

acetic acid production. The selected isolates were evaluated in jar trial for their ability to 

promote the growth of rice seedling under controlled conditions. The results of a jar trial 

showed that inoculation improved the germination percentage, shoot length, fresh and dry 

biomass, root length, fresh and dry biomass, root to shoot ratio, tissue water content, soil 

bacterial population and root colonization. Isolates AN24, AN30, AN31 and AN35 

showed the best results for all these measured parameters. The selected isolates were 

checked for compatibility with each other. The fifteen compatible co-inoculation 

combinations were selected and further screened in a second jar trial. The results of the 

second jar trial showed that co-inoculation combinations AN24-AN31, AN30-AN31 and 

AN30-AN35 performed best in above mentioned parameters. These combinations were 

selected and further evaluated as sole and co-inoculation in pot and field trials. These 

strains were identified as Bacillus megaterium strain AN24, Bacillus aryabhattai strain 

AN30, Bacillus megaterium strain AN31 and Bacillus megaterium strain AN35 with 



 

accession number MN005926, MN005927, MN005928 and MN005929 respectively. 

These selected strains were characterized for different plant growth promoting traits and 

results revealved that all the strains were gram positive and showed the negative result for 

oxidase activity. All the tested strains produced siderophores, ammonia, catalase, 

chitinase, and protease, and hydrolysid the starch. Except Bacillus aryabhattai strain 

AN30, no one was positive for urease, lipase, cellulase and hydrogen cyanide production. 

All the four strains solubilized the insoluble tri-calcium phosphate in both qualitative and 

quantitative assay. All the tested strains produced the citric acid, pyruvic acid, oxalic acid 

and quercetin. Succinic acid and malonic acid were only produced by Bacillus 

megaterium strain AN24 while fumaric acid were present only in the metabolite of 

Bacillus megaterium strain AN31 and Bacillus megaterium strain AN35. Expect Bacillus 

aryabhattai strain AN30, no single strain produced the gallic acid. The rhizobacterial 

efficiency to solubilize the insoluble zinc decreased with increasing concentration of zinc 

in agar plates. The rhizobacterial strains showed the maximum growth at 0.10% zinc 

concentration that was not toxic or stress-free while 0.25% zinc concentration was 

relatively toxic and less growth was observed at this zinc level. The results of pot and 

field trials revealed that sole and co-inoculation with zinc solubilizing strains improved 

the physical, chemical and biological properties of the soil. The physiological parameters 

like SPAD value, relative water content, SOD, POD, CAT and APX were maximum 

improved by co-inoculation combination AN24-AN31. Sole and co-inoculation improved 

the growth and yield attributes like root length, plant height, root and shoot dry biomass, 

number of tillers plant-1, flag leaf and panicle length, panicle weight plant-1, 100 and 1000 

grains weight, grain and straw yield of rice. Inoculation with these strains also improved 

the concentration of macro (N, P and K) and micronutrients (Fe and Zn) in grains, straw 

and roots of rice. The co-inoculation combination Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN31 showed maximum improvement in all the 

measured parameters and maximum biofortified the rice grains with iron and zinc. Hence, 

it may be concluded that these multi traits strains could be very effective bio-inoculants 

in improving the soil health and growth, yield and quality of rice under normal as well as 

in stressed environmental conditions.
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CHAPTER-I 

INTRODUCTION 

 

The human population is increasing on alarming rates with higher growth rates in 

developing countries as compared to the average population growth rate (1.8%) of our 

world (Population Division, 2009). As a result of increasing population, approximately 

65% population of the world is starving (Food Security Statistics, 2008) with no access 

to quality food. Food security is the major challenge nowadays for the scientists over the 

globe. Food security demands the increased agricultural productivity and quality of 

produce with no or limited negative effects of agricultural practices on environment as 

well as on natural resources (Hussain et al., 2018). The developing countries lack the 

proper food supply and diversification due to which malnutrition and under nutrition 

arises among poor community. The main source of daily calorie intake in the developing 

world is the cereal grains that have low quantity of essential nutrients leading towards the 

malnutrition and under nutrition (Welch and Graham, 2004; Cakmak et al., 2010; Hussain 

et al., 2010). In a report of World Health Organization, population of the developing world 

suffers in the deficiencies of vitamin A, zinc and iron. Zinc deficiency in these countries 

is the fifth most important factor of disease and deaths (WHO, 2002). 

Micronutrients are essential for growth, productivity and quality of plants at 

optimum level because they work behind the scene for proper functioning and profitable 

production of crop plants. Zinc is an important micronutrient and essential for all living 

organisms on earth (Hafeez et al., 2013; Nazir et al., 2016; Shaikh and Saraf, 2017). It is 

present in minute amount of about 5 to100 mg kg-1 in plant tissues (Saravanan et al., 2004) 

that is necessary for normal functioning and optimum growth, development, productivity 

and quality of plants (Goteti et al., 2013; Hussain et al., 2015; Jha, 2019). It plays a vital 

role in production of phytohormones (auxins, gibberellins, absicic acid and cytokinins 

(Imran et al., 2014; Younas et al., 2014), chlorophyll and starch synthesis (Rehman et al., 

2018), resistance against oxidative damage as well as nitrogen and carbohydrates 

metabolism, oxidation and uptake (Cakmak, 2008; Potarzycki and Grzebisz, 2009). 

Formation of pollens, photosynthesis, integrity of cell membrane, disease resistance 

(Gurmani et al., 2012), energy transfer reactions (Broadley et al., 2012) and levels of 

antioxidant enzymes (Sbartai et al., 2011) are also regularized by Zn. As a metal, zinc 

acts as co-factor in all the six classes of enzymes (Tapiero and Tew, 2003). Zinc also plays 
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role in regulation of water uptake and minimizing the hazardous impact of salt and heat 

stress on crop plants (Peck and McDonald, 2010; Tavallali et al., 2010). 

Zinc deficiency disturbed the normal plant functioning at all growth stages. The 

different symptoms in plants showed in response of zinc deficiency such as stunted 

growth, shortened petioles and internodes and small malformed leaves or little leaves 

which result in fan shaped stem in monocotyledons. While in dicotyledonous plants, zinc 

deficirncy showed rosette symptoms in early stages of plant growth (Snowball and 

Robson, 1986). In zinc deficiency, the lower leaves remain small, cup upward and also 

show interveinal chlorosis and necrotic spots on upper surface of lower leaves. In severe 

deficiency, brown necrotic and brittle patches appeared on the leaves (Brennan et al., 

1993). The zinc deficient plants lack vigor and have thin and short stems with patchy 

appearance. The dark brown necrotic lesions were shown in interveinal areas of young 

leaves (Benton, 2003). The deficiency symptoms of zinc in rice was first time observed 

in calcareous soil of north India (Yoshida and Tanaka 1969). The visible zinc deficiency 

symptoms in rice are stunted growth, basal chlorosis of leaves, wilting due to turgidity 

losses in the leaves, bronzing of leaves and delay in the development of plants. While in 

severe deficiency, death of seedlings occurs (Neue et al., 1998).  Zinc deficiency in plants 

caused the reduction in protein synthesis because it is closely related to pathway of 

nitrogen metabolism in plants. Root system especially root development is also negatively 

affected by zinc deficiency (Fageria, 2004). In case of severe deficiency of zinc, the 

process of flowering and fruit setting was reduced greatly as reported by Epstein and 

Bloom (2005). Cakmak (2000) reported that the deficiency of zinc increased the infection 

of fungal diseases and susceptibility of injury due to high temperature and light intensity 

while decreased the quality of harvested products. Zinc deficient plants also suffer with 

low level of auxins because it is involved in the synthesis of tryptophan, the precursor of 

indole-3-acetic acid (IAA). The proportion of empty grains by decrease in pollen 

production has also been observed due to the zinc deficiency (Marschner, 1995). 

Zinc is not only necessary for plants but also required for balance diet and good 

health of human being. The required level of zinc uptake depends upon the gender and 

growth stage. According to the recommendations of Food and Agriculture Organization 

(FAO), it is daily needed @ 11 mg for an average male, 9 mg for an average female, 13 

to 14 mg in female during pregnancy and lactation, 3 mg for infant from 7 month to 3 

years, 5 mg for 4 to 8 years and 8 mg for 9 to 13 years old children (FAO/WHO, 2002, 
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Hotz and Brown, 2004). It acts as structural as well as catalytic component of more than 

300 enzymes and hormones, necessary for the formation of DNA and plays a central role 

in the proper functioning of brain, nerves and muscles (Devi et al., 2014). It is necessary 

for the development of central nervous system, skeletal organ, immune cells, reproductive 

system and gastrointestinal system (Reeves and Chaney, 2008). Almost eighty six percent 

of skeletal muscles comprise of zinc (Vallee and Falchuk, 1981). It is also take part in 

metabolic homeostasis in human body (Black, 2008).  

The deficiency of zinc in plants also affects human health (Alloway, 2009) 

because plants are the main point for the zinc entrance in food chain (Rouached, 2013). 

Zinc deficiency is widely spread over the globe and poses negative effects on growth, 

development, nervous system, and immune system in human (Plum et al., 2010). The hair 

and memory loss, and problems of skin in humans have also been reported due to the 

deficiency of zinc (Lukaski, 2004). Its deficiency also increases the risks of occurrence 

of various infectious diseases like malaria, pneumonia and diarrhea in children (Black, 

2008). According to a report of World Health Organization (WHO) 18% malaria, 10% 

diarrhea and 16% respiratory disorders are due to zinc deficiency that lead to about 0.8 

million deaths per annum in developing countries (WHO, 2012). 

According to an estimation, about 2.7 billion people are facing the zinc deficiency 

in the world (WHO, 2002; Muller and Krawinkel, 2005). The inadequate intake of zinc 

leads to 433000 deaths of children under the age of 5 years per annum in the world (WHO, 

2009). The deficiency of zinc mostly prevail in developing countries of Africa and Asia. 

It has been reported that thirty seven percent children of less than five years and forty 

percent of women are zinc deficient in Pakistan (Bhutta et al., 2007; GOP, 2009; Harvest 

Plus, 2012). 

It is estimated that seventy percent of agricultural soils in Pakistan are deficient in 

zinc (Imtiaz et al., 2010). Zinc is considered the third most important limiting essential 

nutrient for crop production after nitrogen and phosphorous due to the alkaline and 

calcareous nature, high pH (Alloway, 2009), low organic matter and high calcium 

carbonate contents in soils of Pakistan (Imran et al., 2014). In these soils, zinc also 

precipitates into unavailable or fixed forms (Khoshgoftarmanesh et al., 2004). Soil texture 

and soil parent material also affect the availability of zinc to the crop plants (Alloway, 

2008). 
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Different strategies like plant breeding and biotechnology, agronomic practices, 

transgenic approaches and use of zinc solubilizing rhizobacteria are being used to 

overcome the problem of zinc deficiency so that more zinc become available to plants 

that result in improved growth, productivity and quality of crop plants (Hussain et al., 

2018). These strategies improved the zinc concentration in the edible portion of plants 

that ultimately, lead to overcome the problem of zinc deficiency in human especially 

living in the developing countries of Asia and Africa. 

Among these different strategies, the best one is the application of zinc 

solubilizing rhizobacteria (ZSB): specific group of bacteria that have the potential to 

solubilize the fixed or insoluble form of zinc present in the soil and make it accessible to 

crop plants (Chen et al., 2003; Mumtaz et al., 2017). The rhizobacteria have ability to 

produce gluconic acid, 5-ketogluconic acid (Saravanan et al., 2007a, b), 2- ketogluconic 

acid (Fasim et al., 2002), and chelating ligands, and secrete vitamins, Phytohormones and 

amino acids (Saravanan et al., 2004) which solubilize the insoluble or fixed forms of zinc. 

Various rhizobacterial genera such as Bacillus (Hussain et al., 2015; Mumtaz et 

al., 2017), Ralstonia, Klebsiella (Gontia-Mishra et al., 2017), Acinetobacter (Sachdev et 

al., 2010; Gandhi and Muralidharan, 2016), Burkholderia (Dinesh et al., 2015; Pawar et 

al., 2015; Gontia-Mishra et al., 2017), Gluconacetobacter (Intorne et al., 2009), Serratia 

(Abaid-Ullah et al., 2011; Dinesh et al., 2015) and Pseudomonas (Di Simine et al., 1998; 

Fasim et al., 2002; Bapiri et al., 2012; Gontia-Mishra et al., 2017) have been isolated and 

characterized for their zinc solubilization ability in rhizospheric soils.  

Zinc solubilizing rhizobacteria also improved plant growth by various direct and 

indirect modes of actions both under control and stressed environmental conditions. The 

rhizobacteria solubilize the nutrients such as zinc and phosphorous (Mumtaz et al., 2017), 

fix nitrogen, produce phytohormones (auxins, abscisic acid, gibberellins and cytokinins), 

ammonia (NH3), enzymes (1-aminocyclopropane-1-carboxylate (ACC) deaminase, 

catalase, oxidase, urease, cellulase, protease, lipase, and chitinase), siderophores (El-

Sayed et al., 2014; Dinesh et al., 2018), exopolysaccharides (Mumtaz et al., 2017) and 

also show the antagonistic potential against pathogenic fungi like Fusarium oxysporum 

and Sclerotinia sclerotiorum and nematodes like Meloidogyne incognita (El-Sayed et al., 

2014). 

Cereals are recognized as the most important staple foods due to their better 

nutrition and food security for mankind (Seck et al., 2012) and also a fundamental 
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constituent of the nutrition of livestock in the world (FAO, 2015; USDA, 2015). Rice 

(Oryza sativa L.), an important cereal of family Poaceae and widely grown in tropical as 

well as temperate zones of the world (Koehler and Wieser, 2013). It is the staple food for 

more than three billions people in the world (Salvatierra-Rojas et al., 2017) and is grown 

in more than hundred countries, predominantly in Asia (Depar et al., 2011). 

Rice is the 3rd most important crop after cotton and wheat while the second most 

important cereal grain and staple food after wheat in Pakistan. It is the second major 

exportable commodity after cotton. In Pakistan, area under its cultivation is about 2,810 

thousand hectares with an annual production of about 7,202 thousand tones. It accounts 

for 3% of the value added in agriculture and 0.6% of GDP (Gross Domestic Product) 

(Pakistan economic survey, 2018-2019). In Punjab, it is cultivated on an area of about 

4,549 thousand acres with an annual production of about 3,898 thousand tones. The 

statistics showed that Punjab as compared to others is the major producer of rice in 

Pakistan (Kharif crops final estimates data book, 2017-2018). 

Rice is the major source of carbohydrate and also consists of protein, fiber and 

lipids (Belitz et al., 2009). Minerals like phosphorous, potassium, iron, zinc, calcium and 

magnesium are also present in rice (USDA, 2016). It also provides about 15% of protein 

and 21% of energy to human population in the world (Maclean et al., 2002; Depar et al., 

2011). In addition, it is also a good source of riboflavin, thiamine, niacin, folate, 

panthothenic acid, vitamin B-6 and vitamin E (Belitz et al., 2009; USDA, 2016). 

The world population is increasing day by day and estimated to be ten billion at 

the end of this century (Lal, 2009). To feed this ever-increasing population, there is dire 

need to increase the production of rice per unit area (Von Grebmer et al., 2008). The 

adequate supply of irrigation water and macro and micronutrients are important to 

increase the production of rice. After macronutrients (nitrogen, phosphorous and 

potassium), zinc deficiency is very important and caused reasonable reduction in rice 

yield (Quijano-Guerta et al., 2002). The deficiency of zinc in rice is more as compared to 

other crops. Almost fifty percent of rice crop faces the problem of zinc deficiency in the 

world (Dobermann and Fairhurst, 2000; Fageria et al., 2002). So the deficiency of zinc is 

one of the major nutritional stress in reducing the rice production (Quijano-Guerta et al., 

2002) and also a major public health issue in the world, predominantly in Asia (Welch, 

1993; Hussain et al., 2018). Cakmak et al. (1997) observed eighty percent decrease in 
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zinc concentration in grains when crop grown on soils having low levels of plant available 

zinc.  

The importance of rice and zinc, and role of ZSB is well evident from available 

literature. The screening of efficient rhizobacterial isolates is a useful approach for the 

assortment of effective strains. Rice being staple food with low Zn concentration cannot 

fulfil daily recommended dose of vital micronutrient thus leads to its deficiency. These 

effective strains separately as well as in combination may promote the growth and quality 

of rice. Keeping in view these above facts, current study has been planned to accomplish 

the below mention objectives: 

 Isolation of zinc solubilizing rhizobacterial isolates from rice rhizosphere. 

 In vitro screening of zinc solubilizing rhizobacterial isolates in laboratory 

experiments. 

 Screening of effective zinc solubilizing rhizobacterial isolates on basis of growth 

promotion of rice in jar trial. 

 Screening of effective zinc solubilizing rhizobacterial co-inoculation 

combinations on basis of growth promotion of rice in jar trial. 

 Identification and characterization of selected zinc solubilizing rhizobacterial 

strains. 

 Evaluation of selected strains alone and in all possible co-inoculation 

combinations for improving the productivity of rice in pot and field trials. 
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CHAPTER-II 

REVIEW OF LITERATURE 

  

Among micronutrients, zinc is an important micronutrient that is essential not only 

for proper functioning and optimum growth of crop plants but also for human and 

microorganisms throughout their life cycle. It is the 3rd most limiting nutrient after 

nitrogen and phosphorus for crop productivity. Its deficiency is the global issue leaving 

about 2 billion persons at the risk of its deficiency. In Pakistan, about forty percent 

children and women are facing the problem of zinc deficiency. The seventy percent of 

Pakistani soils are zinc deficient. In Pakistan, due to calcareous and alkaline nature of 

soils, zinc becomes fixed and is converted to unavailable for plants thus affecting plant 

growth, productivity and quality. Zinc solubilizing rhizobacteria have the ability to solve 

these zinc fixation problem by producing organic acids that lower the soil pH in 

microclimate and make available the insoluble indigenous zinc compounds in soil thus 

can improve plant growth. So, in this part of thesis, the significance of zinc in living 

organisms and role of zinc solubilizing rhizobacteria in improving the plant growth has 

been briefly reviewed. 

2.1 Zinc     

 Zinc is the twenty third most important element in earth crust that makes up to 

0.02% of earth crust. It is the bluish-white metallic element with atomic mass 65.38 and 

atomic number 30. It is a transitional element and has specific chemical properties, so, it 

is very important and useful in biological systems. The Zn is capable to constitute strong, 

however readily flexible and exchangeable complexes with inorganic chemical 

compounds and also makes complexes with organic molecules. These abilities of zinc 

affect the intracellular signaling, catalytic properties of enzymes and also enable it to 

modify the three dimensional structure of cellular membrane, nucleic acid and specific 

proteins (Cousins, 1996). In human, Zn deficiency was first time reported in 1960s when 

delayed sexual maturation and zinc responsive dwarfism was reported in Egyptian 

adolescents (Moynahan, 1974). The literature shows that more than a hundred and twenty 

five years ago, it was found that zinc is an essential nutrient for microorganisms (Prasad, 

1990). It has been reported that Aspergillus niger (common bread mold) was not able to 
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grow in the absence of Zn and this observation leads to the new era of research. Zinc 

deficiency in natural field conditions was first time reported by Chandler in 1937. Zinc 

was the first micronutrient reported deficient in the Punjab and caused Hadda disease in 

rice plants (Yashida and Tanaka, 1969).  

2.2 Zinc in soil 

 The soil forming factors like type and intensity of weathering, climate and other 

various factors determine the presence of total amount of zinc in the soil (Saeed and Fox, 

1977). The soils of approximately all types like clays, sand, loam, alluvium, loess and 

soils formed by volcanic ash, sandstones, basalt, granite and various other rocks was noted 

to be affected by zinc (Hafeez et al., 2013). The total range of zinc in earth crust is about 

80 mg/ kg, while in soil, it is approximately 10-300 mg/ kg with an average of about 50 

mg/ kg (Kiekens, 1995). The Zn is found in different forms like silica, sulfate and 

carbonate minerals in the earth crust. While in soil, Zn is present in water soluble and 

exchangeable form. It is also attached with organic matter and stabilized by secondary 

clay minerals in soil (Alloway, 2008). It is also found in soil in zinc containing mineral 

ores like sphalerite (ZnS), zincite (ZnO), smithsonite (ZnCO3), hopeite [Zn3(PO4)2∙4H2O], 

franklinite (ZnFe2O4) and zinkosite (ZnSO4) but the availability of zinc from these 

inorganic mineral sources depends upon the number of factors. The chemical and physical 

weathering of rocks, forest fires, volcanoes and surface dusts also naturally contribute to 

zinc availability in soil (Alloway, 1995). 

In the various parts of world, zinc deficiency badly affected the wide range of soils 

such as sandy soils of different climatic zones, highly weathered soils of tropical areas 

and calcareous soils of semi-arid region (Akay, 2011). According to an estimation of 

FAO, approximately fifty percent of agricultural soils are facing the problem of deficiency 

of plant available zinc in the world. Almost half of the cultivable soils in Turkey and 

China have been reported as zinc deficient (FAO/WHO, 2002). More than fifty percent 

of agricultural soils in India have been categorized as Zn deficient (Kabata-Pendias and 

Pendias, 2000). In Pakistan, seventy percent of agricultural soils has been influenced by 

Zn deficiency (Kauser et al., 2001; Imtiaz et al., 2010). High pH and calcium carbonate 

contents in the soil related to zinc deficiency (Alloway, 2008; Alam et al., 2010). In 

calcareous soils, zinc present in low quantity as 10-11 to 10-9 M and negatively affect the 

plant growth (Hacisalihoglu and Kochian, 2003). The organic matter, copper and 

phosphate also caused the zinc deficiency by making the complexes with plant available 
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zinc (Kapoor et al., 2002). The wet and cold environmental conditions also caused the 

zinc deficiency due to reduced microbial activity and plant root growth (Alam et al., 

2010). 

2.3 Soil factors affecting the availability of zinc 

 Zinc applied to the soil is either used by microbes and plants or fixed in the 

surrounding soil by making complexes. Soil solution Zn of labile form is readily available 

for plant use (Alloway, 2008). The zinc bioavailability depends upon soil physico-

chemical properties. Different factors affecting Zn availability in soil are discussed in the 

coming sections. 

 The availability of zinc to roots mainly depends on soil pH. Zinc availability and 

solubility decreases with increase in soil pH (Shukla and Mittal, 1979). It has been 

observed that Zn availability decreases from 6.5 µg L-1 (10-4 M) to 0.007 µg L-1 (10-10 M) 

with increase in pH from 5 to 8. The reduced Zn availability in alkaline soils is due to less 

solubility of zinc in these soils leading to increased chances of zinc deficiency in alkaline 

soils (Kiekens, 1995). Under high pH or alkaline soil conditions, Zn precipitates as ZnCO3 

and Zn(OH)2  thus becomes unavailable for plant system. Plants face difficulty in Zn 

uptake in soils have high hydroxyl (OH-) contents (Shukla and Mittal, 1979; Singh et al., 

2005).  

 Soil parent material is a main factor that determines the concentration of zinc in 

soil. Mostly zinc deficiency occurs in soils developed from parent material with low zinc 

contents e.g. limestone and sandstone. Similarly, soils originated from granite and 

gneisses also have low zinc contents (Barak and Helmke, 1993). The concentration of 

zinc in Quartz is too low ranging from 1-8 µg g-1 that causes the low level of Zn in soil 

(Brehler and Wedepohl, 1978). The total concentration of zinc ranges from 10 to 300 µg/ 

g with an average value of 50 µg/ g in soil (Lindsay, 1972). Average amount of available 

zinc range from 1-3 μg g-1 in the soil (Stahl and James, 1991). 

It has been reported that Zn availability increases with increase in organic matter 

contents and vice versa (Cakmak, 2009). The most important and stable organic 

compounds are humic acid and fulvic acid that contain different functional group such as 

carboxyl, hydroxyl and thiol which show great affinity for Zn ions (Kiekens, 1995). 

Organic substances especially fulvic acid makes chelates with Zn over a range of pH and 

consequently increase the solubility as well as mobility of Zn in soils (Hafeez et al., 2013). 
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It was reported that with increase the soil organic carbon, the DTPA extractable zinc also 

become increase (Sidhu and Sharma, 2010). Although, with increase in amount of organic 

matter, the availability of Zn also increases however this is not true for muck and peat 

soils where Zn availability decreases due to binding with solid portion of humic 

substances (Sadeghzadeh, 2013). 

 The higher concentration of native phosphorus or applied phosphate containing 

fertilizers can induce zinc deficiency in the crop plants (Clark, 1978; Alloway, 2008). The 

intensive or prolonged use of phosphate containing fertilizers caused the reduction in the 

uptake of zinc by crop plants due to which physiological disturbance occurred in the plant 

system (Olsen, 1972). The deficiency of zinc induced due to intense use of phosphorous 

is termed as phosphorous-induced zinc deficiency (Singh et al., 1986). Phosphorous 

containing fertilizer like superphosphate have zinc as impurities, so acidifying the soil 

and reduce zinc deficiency. While other phosphatic fertilizers like mono ammonium 

phosphate and diammonium phosphate do not have zinc impurities (Alloway, 2008). 

Higher levels of Cu (copper) in soil solution leads to the unavailability of zinc to 

crop plants and vice versa. This zinc deficiency occurs due to competition for same 

binding sites for absorption of Zn and Cu by the plant roots. Zinc deficiency due to copper 

was more severe when copper containing fertilizers were applied to the soils (Alloway, 

2008).  

 Soil moisture is a significant factor that plays important role in zinc bioavailability 

in soil (Moraghan and Mascagni, 1991). Nutrients supply through diffusion is also 

disturbed by soil moisture. Low soil moisture contents decreased the zinc availability due 

to lower diffusion rate leading to reduced root activity. Zinc mineralization by organic 

matter is also affected by soil moisture (Almendros et al., 2013). Plants also face the 

problems in uptake of zinc in dry soils of arid to semi-arid climatic regions because of 

low absorption of zinc by plant roots (Sadeghzadeh, 2013). Flooded soils are found more 

susceptible to deficiency of zinc as compared to dry soils (Rashid, 2005). In flooding 

environment, zinc reacts with free sulphide and becomes deficient. In prolong submerged 

soil conditions, availability of zinc decreases due to decrease in redox potential and high 

soil reaction (Karan et al., 2014). In the submerged conditions in rice field, zinc is 

converted into franklinite (ZnFe2O4) or amorphous sesquioxide precipitates (Sajwan and 

Lindsay, 1988; Singh and Abrol, 1986). While in poorly drained soils, zinc solubility and 
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uptake decreases due to its reaction with free sulphide, aluminum and iron (Mandal and 

Mandal, 1986; Singh and Abrol, 1986). 

 Low soil temperature is associated with low level of zinc in soil. It has been 

reported that low soil temperature in the root zones decreases the root growth, and uptake 

and translocation of zinc towards roots that minimizes the root colonization by vesicular 

arbuscular mycorrhizae (Schwartz et al., 1987; Moraghan and Mascagni Jr, 1991). The 

uptake of zinc was found more in rice as compared to maize in moist and warm soils 

(Bauer and Lindsay, 1965). Similarly, Barley shoots also showed 82% more zinc uptake 

at 20 ºC as compared to when grown at 10 ºC (Schwartz et al., 1987). The uptake of zinc 

decreased in maize tops when temperature falls below 16 ºC during the growth season 

(Ellis et al., 1965). 

2.4 Zinc uptake and translocation 

 Zinc uptake by the plant roots from the rhizospheric soil is the main step for its 

accumulation in plant body followed by translocation towards seeds (Giehl et al., 2009). 

The uptake of zinc varies with plant species and also with the concentration and 

composition of growth media (Kabata-Pendias and Pendias, 2000). The mechanisms like 

mass flow, diffusion and root interception transport the zinc from soil to root surface 

(Sadeghzadeh, 2013). The amount of zinc bioavailability to plant roots is controlled by 

various soil factors (redox potential, calcium carbonate and clay contents, organic matter, 

total zinc concentration, pH and microbial activity in the rhizospheric soil) (Alloway, 

2008). Mostly, the maximum movement of zinc from soil to root surface is carried out by 

mass flow following by diffusion and root interception (Sadeghzadeh, 2013).  

Plant roots uptake zinc as divalent cation (Zn2+) which is the part of many 

synthetic as well as organic compounds (Sinclair and Kramer, 2012). It is also absorbed 

by plant roots in monovalent cation (ZnOH+) at higher or alkaline pH (Marschner, 1995). 

Plants also uptake Zn by making complexes with organic chelating compounds like 

siderophores that solubilize the fixed or insoluble zinc in alkaline and calcareous soil 

(Welch, 1993; Kabata-Pendias and Pendias, 2000). The uptake of zinc across the cell 

membrane of roots is carried-out by secondary active transport. The primary uptake 

system in plant is metal transporter of ZIP (Zinc Iron Permeases) family. The channel 

proteins are also present in plants for metal transport (Palmgren et al., 2008; Lee et al., 

2010a, b). The translocation of zinc to root xylem occurs by symplastic and apoplastic 
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pathways (Broadley et al., 2007). The high level of zinc is also noticed in phloem that 

indicated that it is translocated via both xylem as well as phloem (Haslett et al., 2001; 

Broadley et al., 2007). 

2.5 Zinc nutrition for plants 

 Plant nutrition is the most significant factor for improving the overall growth, 

development and quality of plants (Jha, 2019). The use of essential plant micronutrients 

in soil is considered as the pillar of agriculture. But in developing countries, most of the 

farmers not pay any attention to the use of essential micronutrients thus get low quality 

products (Mousavi, 2011). 

Zinc is the most vital micronutrients essential for optimum growth, development 

and quality of plants (Khande et al., 2017; Javed et al., 2018; Jha, 2019). It has a vital role 

in different physiological processes and metabolism such as synthesis of protein, 

activation of enzymes, formation of pollen, metabolism of nucleic acids, lipids, 

carbohydrates and auxins, and gene expression and regulation (Marschner, 1995; 

Cakmak, 2000; Chang et al., 2005; Khalifa et al., 2011). It also affects the water uptake 

and transport within the plant body (Barcelo and Poschenrieder, 1990; Kasim, 2007; 

Disante et al., 2010) and also minimizes the negative impact of salt (Tavallali et al., 2010) 

and heat stress on crop plants (Peck and McDonald, 2010).  

Literature reports that Zn is required for the biosynthesis of chlorophyll, activity 

of carbohydrate anhydrase which is important for photosynthetic tissue, optimum fruit 

size and yield of crop plants (Xi-Wen et al., 2013). Zinc is involved in recovery reaction, 

synthesis of proteins, and activation of enzymes and metabolism of carbohydrates (Efe 

and Yarpuz, 2013). In plants, the maintenance and regulation of gene that plays role in 

tolerance against environmental stresses is also zinc dependent (Cakmak, 2000). Zinc is 

part of prosthetic group of many enzymes such as DNA and RNA polymerases, aldolases, 

transphosphorylases, isomerases, alcohol dehydrogenases and Cu/Zn-superoxide 

dismutase (Kessler, 1961; Auld, 2001; Lopez-Millan et al., 2005; Broadley et al., 2007). 

Zinc also important in the stabilization of proteins (Christianson, 1991) and energy 

production (Hansch and Mendel, 2009). 

It has also been observed that Zn plays a main role in the biosynthesis of 

tryptophan precursor of auxins. So, decrease in auxins amount in plant is due to the 

deficiency of zinc (Cakmak et al., 1989; Marschner, 1995; Pedler et al., 2000). The 
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significant increase in the concentration of tryptophan in rice grains has been observed by 

the addition of zinc in rice growing soil (Brown et al., 1993). It is a significant constituent 

of transcription factors that play their role in differentiation and proliferation of cell 

(Vallee and Falchuk, 1993). 

Zinc takes part in the maintenance of structural as well as functional integrity of 

biological membranes (Kabata-Pendias and Pendias, 2000; Sadeghzadeh and Rengel, 

2011) by preserving or maintaining ion transport system and structural orientation of 

macromolecules (Alloway, 2004; Dang et al., 2010; Disante et al., 2010). Zinc interaction 

with sulphydryl (SH) groups and phospholipids is also important in maintaining the 

biological membrane (Willson, 1988; Rengel, 1995a, b). Zinc also participates in reducing 

the injury of sulphydryl groups and membrane lipids (Cakmak, 2000) and detoxification 

of reactive oxygen species (ROS) in zinc deficient plants (Cakmak et al., 1989). 

Zinc is integral component of carbonic anhydrase and necessary for Rubisco 

(ribulose 1,5-bisphosphate carboxylase/ oxygenase) activity (Storey, 2007). This 

enzymes catalyzes the carbon dioxide (CO2) diffusion by cell to chloroplasts (Hatch and 

Slack, 1970). Zinc also affects the concentration of chlorophyll in leaf and ratio of 

chlorophyll a and b (Chen et al., 2008). Zinc restricts the production of high toxic 

hydroxyl (OH-) radicals through Haber-Weiss reactions by binding with histidine and 

cysteine in thylakoid lamellae (Cakmak, 2000; Alloway, 2004). Zinc is also important in 

the regulation of biochemical reactions occurring in the photosynthetic metabolism 

(Alloway, 2004). 

2.6 Plant growth promoting rhizobacteria and zinc solubilization 

 Rhizospheric soil is inhabited by a large number of microorganisms like protozoa, 

fungi, algae and bacteria. Among them, bacteria have greatest effect on the growth, 

productivity and quality of crop plants in the most significant manner (Uren, 2007). These 

living organisms are considered as the most abundant member of the rhizosphere (Antoun 

and prevost, 2006). In one gram of soil, presence of 108 to 109 bacterial cells has been 

reported (Dunbar et al., 2002). 

The bacteria inhabiting the soil and beneficial for the growth of crop plants are 

named as plant growth promoting rhizobacteria (PGPR) (Hayat et al., 2010). They are the 

most diverse group of root colonizing bacteria that have numerous beneficial impacts on 

growth, development, quality and productivity of crop plants (Ahmad et al., 2008a; 
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Maheshwari et al., 2012). The PGPR are the most vital factors that play their significant 

role in sustainable agriculture. The bacteria move toward the rhizosphere from bulk soil 

and colonize the plant roots (Hafeez et al. 2001; Yasmin et al., 2004). Their density in 

plant rhizosphere is hundred fold more as compared to bulk soil (Kloepper et al., 1980). 

This is due to the secretion of exudates from the roots of plants that attract the 

microorganisms (Lugtenberg et al., 2001; Watt et al., 2006). These exudates comprises 

of amino acids, sugars, vitamins, sterols, nucleotides, fatty acids and many other 

compounds which provide the nutrition to the microbes for their normal growth and 

functioning (Broeckling et al., 2008). The bacterial species have capability of 

solubilization and mineralization of fixed inorganic and organic nutrient sources (Tao et 

al., 2008). The rhizobacteria recycled the soil nutrients so, they are vital constituent of 

natural soil fertility (Dunbar et al., 2002; Glick, 2012). The application of PGPR become 

increasing in agriculture due to their multifarious plant growth promoting characteristics 

that cause the improvement in crop quality and productivity and also minimize the 

dependence on synthetic fertilizers and pesticides (Yildirim et al., 2011; Beneduzi et al., 

2012). 

 The PGPR that solubilize the fixed or insoluble zinc into soluble form are termed 

as zinc solubilizing rhizobacteria (Chen et al., 2003). These microorganisms have ability 

to solubilize the zinc in the rhizospheric soil and make available for crop plants 

(Subramanian et al., 2009; Naz et al., 2016). These rhizobacteria produced the organic 

acids, chelating agents, phytohormones, amino acid and vitamins for the solubilizing of 

fixed or insoluble zinc present in the soil (Whiting et al., 2001; Saravanan et al., 2004; 

Mumtaz et al., 2019;). The inoculation with these zinc solubilizing rhizobacterial strains 

promoted the growth, physiological and yield parameters of field crops like maize, rice 

and wheat (Idayu et al., 2017a, b; Mumtaz et al., 2017; Javed et al., 2018). Mumtaz et al. 

(2017) reported that out of seventy, only thirteen bacterial isolates showed the ability of 

zinc solubilization by making clear halo zone in agar plates amended with zinc oxide. 

Javed et al., (2018) found the thirty five zinc solubilizing rhizobacterial isolates out of 

seventy seven. Similarly, Abaid-Ullah et al. (2011) isolated fifty isolates from different 

location of Pakistan and found only nine isolates as zinc solubilizing strains during in 

vitro study. Hussain et al. (2015) observed the zinc solubilization ability in plate as well 

as in broth assay in fourteen isolates out of fifty two. The different rhizobacterial species 

such as Bacillus aryabhattai (Ramesh et al., 2014; Mumtaz et al., 2017), Pseudomonas 
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aeruginosa (Fasim et al., 2002), Bacillus megaterium (Pawar et al., 2015; Dinesh et al., 

2018), Gluconaacetobacter diazotrophicus (Ramesh et al., 2014), Bacillus subtilis 

(Mumtaz et al., 2017), Pseudomonas fluorescent (Bapiri et al., 2012), Bacillus firmus, 

Bacillus amyloliquefaciens (Sharma et al., 2012a), Pseudomonas striata, Burkholderia 

cenocepacia, Burkholderia cepacia (Pawar et al., 2015),  Bacillus cereus (Sharma et al., 

2012a; Shakeel et al., 2015), Pseudomonas jessenii, Pseudomonas synxantha (Roesti et 

al., 2006; Mader et al., 2010), Bacillus thuringiensis, Serratia grimesii and Serratia 

marcescens (Abaid-Ullah et al., 2015) has been reported as zinc solubilizers.  

 The PGPR interact with plants and improve soil fertility status and crop 

productivity. The PGPR through soil application or seed coating are transferred in soil 

where they grow rapidly and perform different plant growth promoting functions like zinc 

and phosphate solubilization, nitrogen fixation, and hormones, siderophores and enzymes 

production (Ahmad et al., 2008b; Mumtaz et al., 2017; Javed et al.,2018). The bacterial 

strains from genera Azotobacter, Pseudomonas and Azospirillum improve the germination 

of seeds, nutrients uptake, root length, and plant height and biomass (Cook, 2002). PGPR 

inoculation as well as co-inoculation enhances the mcaro and micronutrients uptake 

(Mumtaz et al., 2018). The PGPR from Arthrobacter, Acinetobacter, Azospirillium, 

Alcaligenes, Azotobacter, Beijerinckia, Bacillus, Burkholderia, Erwinia, Flavobacterium, 

Enterobacter and Serratia improve the crop yield and nutritional status (Sturz and Nowak, 

2000). 

2.7 Mechanisms of zinc solubilization 

 Almost ninety percent of total soil zinc is present in insoluble or fixed form that 

is not available for plant use (Barber, 1995). It is necessary to increase the zinc 

bioavailability to plants by solubilizing the fixed or insoluble zinc. Zinc solubilizing 

rhizobacteria use different mechanisms to solubilize these insoluble or fixed form of zinc 

and make it available for plants. The mechanisms are following: 

2.7.1 Production of organic acids 

 Zinc solubilizing rhizobacteria produced the organic acids that lower the pH in the 

surrounding to a great extent that leads to solubilization of zinc (Wu et al., 2006; Mumtaz 

et al., 2019). The minute variation in pH have great effect on solubility and mobility of 

zinc in soil. With one degree increase in pH, the solubility of zinc decreases up to 100 

times (Havlin et al., 2005). Zinc solubilizing rhizobacteria produced the gluconic acid, 
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gluconate (Fasim et al., 2002), 5-ketogluconic acids (Saravanan et al., 2007a, b), 2-

ketogluconic acid (Fasim et al., 2002) and several other organic acids (Tariq et al., 2007) 

for the zinc solubilization. Due to production of 2-ketogluconic acid and other organic 

acids, the concentration of hydrogen ion (H+) in the medium is increased that is helpful in 

the solubilization of zinc (Fasim et al., 2002). Javed et al. (2018) observed the production 

of mallic acid, pyruvic acid, oxaloacetic acid and tartaric acid by the zinc solubilizing 

rhizobacterial isolates H-84, H-103 and H-112. Hussain et al. (2015) documented that 

Bacillus sp. strain AZ6 solubilized the fixed or insoluble zinc by secreting the organic 

acids such as ferulic acid, chlorogenic acid, gallic acid, cinamic acid, caffeic acid and 

syringic acid in the broth culture.  

2.7.2 Zinc chelation 

 Due to high interaction of zinc ions with soil constituents, its persistency is low in 

soil solution (Alloway, 2009). The high reactivity or low persistency of zinc in soil caused 

the reduction in plant available fraction of zinc. These low availability of zinc can be 

increased by the zinc chelation compounds (Obrador et al., 2003). Zinc chelation 

compounds synthesized and secreted by the rhizosphere microflora and plant roots. These 

compounds chelate the zinc and improve its availability for the plants. Microflora chelates 

are metabolites and by making the complexes with Zn2+ minimize its reaction in the soil 

(Tarkalson et al., 1998). The zinc chelates move towards the plant roots and secret the 

chelating ligand at the root surface and become free to make the chelate with zinc ion. It 

has been observed that chelation is an important phenomena for improving the zinc 

availability so that plants easily uptake it. The different rhizobacteria such as Enterobacter 

cancerogenesis, Microbacterium saperdae and Pseudomonas monteilii increase the 

concentration of water soluble/ available zinc by producing the zinc chelating 

metallophores. Tariq et al. (2007) noted that chelating agent ethylene diaminetetraacetic 

acid (EDTA) produced by Pseudomonas sp., Agrobacterium sp. and Azospirillum 

lipoferum mobilized zinc and make it available for plant for long period. 

2.7.3 Changes in root architecture 

 Zinc is immobile micronutrient in soil and plants uptake it via the process of 

diffusion (Havlin et al., 2005). The low exogenous application or low indigenous level of 

zinc creates the depletion zones around the roots. The problem of depletion zones can be 

minimized either by applying more quantity of zinc or by improving the growth and 
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surface of roots, so that plants uptake more nutrients. Tariq et al. (2007) documented that 

inoculation with zinc solubilizing rhizobacteria improved the root length, weight and 

volume in rice crop leading to exploration of more soil volume for the uptake to nutrients. 

2.8 Mechanisms of plant growth promotion 

 Rhizobacteria not only solubilize the zinc but also have numerous other 

mechanisms to promote the plant growth. These bacteria promote plant growth by several 

mechanisms such as solubilization of nutriets, fixation of nitrogen, production of 

exopolysaccharides, siderophores, enzymes, and phytohormones. Rhizobacteria also have 

biocontrol abilities (Nelson, 2004; Glick, 2012). The plant growth promoting mechanisms 

of microbes are categorized into direct and indirect mechanisms. 

2.8.1 Direct mechanisms 

 These mechanisms directly promote plant growth either by solubilizing insoluble 

nutrients (phosphate, zinc or potassium) or fixing the atmospheric nitrogen. These 

mechanisms also enhance plant growth by the production enzymes, phytohormones, 

enzymes and exopolysaccharides (Ahemad and Kibret, 2014; Naseer et al., 2019). Brief 

review of these mechanisms is presented under the following sections:  

2.8.1.1  Nitrogen fixation 

 Nitrogen is the most important macronutrient for growth, development and 

productivity of plants. Almost 78% nitrogen exist in atmosphere, but unavailable to plants 

due to its inert nature. Rhizobacteria can fix atmospheric nitrogen by using the nitrogenase 

enzyme and convert it into plant available form i.e. ammonia. This process is known as 

biological nitrogen fixation (BNF) (Wilson and Burris, 1947; Ampomah et al., 2008). 

Microorganisms can fix approximately two-thirds of the needed nitrogen through BNF 

while remaining demand of nitrogen is fulfilled chemically (Rubio and Ludden, 2008). 

The microorganisms that fix nitrogen can be categorized into two groups. The symbiotic 

nitrogen fixing bacteria (rhizobia: form the symbiotic relationship with legume plants) 

and non-symbiotic nitrogen fixing bacteria (free living, associative and endophytic 

bacteria like cyanobacteria, Gluconoacetobacter diazotrophicus, Azospirillum, 

Azocarusm and Azotobacter) (Zahran, 2001; Ahemad and Khan, 2012; Bhattacharyya and 

Jha, 2012). 

The non-symbiotic nitrogen fixing bacteria flourish within the roots, stems and 

leaves of plants and in return provide nutrients to the host plants (Elbeltagy et al., 2001). 
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The BNF minimizes the energy cost so, play a major role in sustainable agricultural 

production (Hardarson and Danso, 1993; Hafeez et al., 2002). It has been reported that 

bacteria associated with roots of sugar, wet land rice and forage grasses can fix 

approximately 10 to 50% of atmospheric nitrogen (Boddey and Victoria, 1986; Miranda 

and Boddey, 1987; Urquiaga et al., 1992; Feng et al., 2006). The important nitrogen fixing 

free living bacteria that make association with the roots of cereals are Azospirillum, 

Enterobacter, Herbaspirillum, Burkholderia, Azoarcus and Gluconacetobacter (Bilal et 

al., 1990; Eckert et al., 2001; Sessitsch et al., 2005; Yang et al., 2006). 

2.8.1.2  Phosphate solubilization 

 Phosphorus is the 2nd most important essential macronutrient required for 

optimum growth and development of plants. It plays a significant role in energy transfer, 

respiration, photosynthesis (Fernandez et al., 2007), cell division and organization, 

transmission of P associated heredity material (Lal, 2002), synthesizing of phospholipid 

and nucleic acid and also necessary for biological nitrogen fixation (BNF) (Khan et al., 

2007; Richardson and Simpson, 2011). It is present in organic (bound) and inorganic 

(liable, bound or fixed) form in soil (Khan et al., 2009). It makes up almost 0.2 to 0.8% 

dry biomass of plant body (Zhou et al., 1992). It is applied in synthetic form in agricultural 

soils (Turan et al., 2006). Plants absorb it in the water soluble forms i.e. dibasic (HPO4
2-) 

and monobasic (H2PO4
-) forms (Bhattacharyya and Jha, 2012). Unfortunately, 70 to 90% 

of these added phosphatic fertilizers become unavailable to crop plants because of their 

binding with oxide and hydroxide of aluminum (Al) and iron (Fe) in acidic soils 

(McLaughlin et al., 2011) and with calcium (Ca) in alkaline calcareous soils (Lindsay et 

al., 1989). 

 The main source of available P to crop plants is soil solution having the 

concentration of P from 0.01 to 3 mg L-1. The small amount of available P cannot fulfil 

the plant P requirement completely so, the remaining P requirement of plants is fulfilled 

by the solid phase of phosphorous through different biotic and abiotic processes (Sharma 

et al., 2013a). Microbes play a major role in the P solubilization by using various 

mechanisms. Rhizobacteria produce low molecular organic acids (2-ketogluconic acid, 

gluconic acid, glyoxylic acid, oxalic acid, citric acid, malic acid, tartaric acid and lactic 

acid) that low the soil pH and solubilize the inorganic P in the soil (Khan et al., 2007; 

Zaidi et al., 2009; Mumtaz et al., 2019). The carboxyl and hydroxyl groups of organic 

acid play main role in the solubilization of insoluble P (Kpomblekou and Tabatabai, 
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1994). The production of chelating compounds, mineral acids and siderophores by the 

soil bacteria is also important in the solubilization of phosphorous (Gyaneshwar et al., 

1998; Wu et al., 2005; Chen et al., 2006; Rodriguez et al., 2006). Rhizobacteria also 

release the phosphatase enzymes such as D- alpha-glycerophosphatase (Skrary and 

Cameron, 1998), phytase (Glick, 2012), phosphohydrolases (Gugi et al., 1991), C–P lyase 

(Ohtake et al., 1996), phosphonoacetate hydrolase (McGrath et al., 1998), acid 

phosphatases (Abd-Alla, 1994) and phosphonoacetate hydrolase (McGrath et al., 1998) 

for the organic phosphate mineralization. Species of different rhizobacterial genera like 

Bacillus, Enterobacter, Serratia, Erwinia, Beijerinckia, Pseudomonas, Azotobacter, 

Burkholderia, Flavobacterium and Paenibacillus (Bapiri et al., 2012; Bhattacharyya and 

Jha, 2012; Gontia-Mishra et al., 2017; Ahmad et al., 2018; Dinesh et al., 2018: Naseer et 

al., 2019) have phosphate solubilization ability.  

2.8.1.3  Exopolysaccharides production 

 Exopolysaccharides are extracellular and high weight macromolecular substances 

(Rao et al., 2013) and predominantly made of carbohydrates, proteins, glycoproteins, 

polysaccharides, phospholipids, humic acids and nucleic acids (Flemming et al., 2007). 

It play significant role in the biofilm formation that is involve in the adherence of solid 

surface (Sutherland, 2001) and provide protection to the microbes against deleterious 

effects of environmental stresses like desiccation and osmatic stress (Sandhya et al., 2009; 

Qurashi and Sabri, 2012). Exopolysaccharides are helpful in protecting the microbes 

against the dangerous compounds and attack of bacteriophage (Sutherland, 2001) and 

enhancing the growth of root and shoot. These also improve the root adhering ability of 

soil, fertilizer use efficiency (Alami et al., 2000) and also enhance the rhizospheric 

capacity to hold the water and nutrients (Hussain et al., 2014). Exopolysaccharides 

producing rhizobacteria are better able to bind with cations like sodium ion (Geddie and 

Sutherland, 1993) and as a result minimize the dangerous effects of salt stress and improve 

plant growth (Ashraf et al., 2004). The zinc solubilizing rhizobacterial species Bacillus 

aryabhattai strain ZM31 and S10, Bacillus subtilis strain ZM63 and Bacillus sp. strain 

ZM20 (Mumtaz et al., 2017), Pseudomonas aeruginosa, Burkholderia cepacia, Ralstonia 

picketti and Klebsiella pneumoniae (Gontia-Mishra et al., 2017) has been reported to 

produce the exopolysaccharides. 
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2.8.1.4  Siderophores production 

 Siderophores are low molecular weight compound with high metal chelating 

affinity (Crosa and Walsh, 2002; Hider and Kong, 2010; Skaar, 2010). These are secreted 

by microorganisms in iron deficient environment and scavenge or solubilize the ferric ion 

from the insoluble form like minerals and organic complexes present in the environment 

and make it available for plants (Wandersman and Delepelaire, 2004; Ahmed and 

Holmstrom, 2014). It is an important micronutrient and essential for optimum growth, 

development and quality of crop plants. It acts as catalyst in enzymatic processes and play 

vital role in electron transfer, oxygen metabolism, DNA and RNA synthesis (Aguado-

Santacruz et al., 2012), chlorophyll synthesis, photosynthesis and respiration (Kobayashi 

and Nishizawa, 2012). It is also important in biological nitrogen fixation (BNF) (Dixon 

and Kahn, 2004). It is present in the range of 20,000 to 550,000 mg L-1 either in ferrous 

of ferric form in soil (Bodek et al., 1988). 

 Iron is not available to plants and microbes in aerobic soil due to presence of 

insoluble hydroxide and oxyhydroxide forms (Rajkumar et al., 2010). In both alkaline 

and acidic conditions, the free ferric ion availability becomes too low that not satisfy the 

iron requirement of plants as well as microbes (Masalha et al., 2000). Hence, siderophores 

help the plants and microbes in their survival by making the iron availability for uptake. 

Siderophores are helpful in making the complexes with cobalt, molybdenum, nickel and 

manganese and make sure their approachability to the living organisms (Bellenger et al., 

2008; Braud et al., 2009). It alleviates the stress of heavy metals such as lead copper, 

aluminum and cadmium by making the stable complexes. Siderophores also make 

complexes with neptunium and uranium (Kiss and Farkas, 1998; Neubauer et al., 2000). 

Rhizobacterial genera like Alcaligenes, Pseudomonas, Enterobacter, Bacillus, 

Clostridium and Geobacter have the ability to produce siderophores for ferric ion 

chelation in iron deficient environment (Crosa and Walsh, 2002; Sharma et al., 2003; 

Vansuyt et al., 2007). In Mumtaz et al. (2017) study, they noted the siderophores 

production in Bacillus subtilis strain ZM63, Bacillus sp. strain ZM20, Bacillus 

aryabhattai strain S10 and ZM31. Siderophores production by zinc solubilizing Bacillus 

sp. strain AZ6 is also reported by Hussain et al. (2015). Rhizobacterial species 

Aneurinibacillus aneurinilyticus strain ACC02 and Paenibacillus sp. strain ACC06 also 

produced siderophores under axenic conditions in laboratory studies (Gupta and Pandey, 

2019). 
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2.8.1.5  Enzymes synthesis 

 The synthesizing of enzymes is an important phenomena of plant growth 

promoting rhizobacteria. The rhizobacteria produce a number of enzymes that are 

significant in plant growth under normal and stressed environmental conditions. The 1-

aminocyclopropane-1-carboxylic acid (ACC) deaminase is an important enzyme and 

plays key function in minimizing the concentration of ethylene in plants (Nadeem et al., 

2006; Shaharoona et al., 2007). Though, it is an important metabolite that takes part in 

the regulation of different physiological processes, and growth and development of plants 

(Arshad and Frankenberger, 2002; Khalid et al., 2006a; Owino et al., 2006). In different 

biotic and abiotic stresses, its high concentration is produced that induces different 

physiological alterations within the plant body (Saleem et al., 2007; Zahir et al., 2008). 

The high ethylene concentrations induced defoliation and disturbance in cellular 

processes results in reduced overall plant performance (Bhattacharyya and Jha, 2012). 

 The PGPR are known to convert ethylene precursor 1-aminocyclopropane-1-

carboxylic acid into α-ketobutyrate and ammonia (NH3) and then bacteria used them as a 

source of nitrogen and carbon (Contesto et al., 2008; Singh et al., 2015; Gupta and 

Pandey, 2019). The inoculation with ACC-deaminase containing rhizobacterial strains 

showed positive effects on nodulation, nutrients (N, P and K) uptake, root elongation and 

shoot growth in several crop plants (Shaharoona et al., 2008; Nadeem et al., 2009; Glick, 

2012). The ACC-deaminase containing rhizobacterial strains also relief the plants from 

negative effects of different biotic and abiotic stresses like drought (Mayak et al., 2004a; 

Zahir et al., 2008), heavy metals (Burd et al., 2000; Gupta et al., 2002; Khan et al., 2013), 

salinity (Mayak et al., 2004b; Nadeem et al., 2007; Ahmad et al., 2011), flooding 

(Grichko and Glick, 2001) and pathogenicity stress (Wang et al., 2000). The species of 

rhizobacterial genera like Azospirillum, Acinetobacter, Alcaligenes, Achromobacter, 

Enterobacter, Bacillus, Serratia, Burkholderia, Pseudomonas, Paenibacillus and 

Ralstonia (Shaharoona et al., 2007; Zahir et al., 2009; Kang et al., 2010; Gupta and 

Pandey, 2019) have been documented to produce ACC-deaminase enzyme. 

 Rhizobacteria produced the catalase (Hussain et al., 2014; Ahmad et al., 2018) 

which plays their role in the protection of plants from hydrogen peroxide (a poisonous 

compound) produced in stressed environmental conditions particularly in drought stress 

(Bumunang and Babalola, 2014; Hussain et al., 2014), urease (Najam-ul-Sehar et al., 

2015; Ahmad et al., 2019b) that decompose the naturally or added urea into the ammonia 
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so that plant use it for their growth (Nosheen and Bano, 2014) and chitinase (Qing-xia et 

al., 2011; Mumtaz et al., 2017) that destroy the cell wall of fungi (Saha et al., 2012). 

Rhizobacteria also produce the cellulase (Tan et al., 2014; Mumtaz et al., 2017), oxidase 

(Naseem and Bano, 2014; Ahmad et al., 2019b), lipase, protease (Mumtaz et al., 2017), 

α‑amylase (Dinesh et al., 2018) and β-1, 3-glucanase (Gopalakrishnan et al., 2014). 

2.8.1.6  Phytohormones production 

 Phytohormones (plant hormones) are organic molecules that affect the plant 

growth and development by participating in many physiological processes. These are 

synthesized within the plant body and move from one part of plant body to another part 

(Saharan and Nehra, 2011). These hormones performed best at relatively low level to 

manage the physiological, morphological and biochemical processes within the plant 

body (Fuentes-Ramirez and Caballero-Mellado, 2006). Phytohormones also named as 

plant growth regulators, when these hormones are exogenously applied to plants due to 

their growth promoting and retarding properties. These are five main classes of plant 

hormones named as auxins (indole-3-acetic acid), cytokinins, abscisic acid, gibberellins 

and ethylene (Zahir et al., 2004; Khalid et al., 2006b). 

 Auxins is the first phytohormone discovered by Darwin and Darwin in 1880 in 

plant Avena sativa (Darwin and Darwin, 1880). It is also recognized as indole-3-acetic 

acid (Ashrafuzzaman et al., 2009) and increase the growth and development of plants via 

increasing the growth of shoot and root (Patten and Glick, 1996). It is take part in gene 

regulation, cell division and differentiation, (Ryu and Patten, 2008), cell enlargement, root 

development, apical dominance, phototropism (Dobbelaere et al., 2002; Erturk et al., 

2010) and nodule formation (Remans et al., 2007). Almost eighty percent microorganisms 

were able to produce the indole-3-acetic acid as reported by Patten and Glick (1996). 

Gibberellins are important plant hormones that play significant role in stem elongation 

and leaf expansion. Its application breaks the tuber dormancy and promote fruit size, 

number of buds, parthenocarpy in fruits and bolting of plants. In plants, different types of 

dwarfness occurs due to its deficiency. Abscisic acid predominantly produced in stress 

environments like in water deficiency and in freezing temperature stress. It is partially 

synthesized in chloroplast whereas complete biosynthesis occurs in plant leaves (Walton 

and Li, 1995). It is involved in providing deference against pathogens by the induction of 

gene transcription for proteinase inhibitors, inhibition of shoot growth, seed induction to 

store proteins and stimulation of stomatal closure (Davies, 1995). Cytokinins play role in 
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cell division, root hair formation and roots development (Frankenberger and Arshad, 

1995). According to an estimation, approximately ninety percent microbes produced the 

cytokinins (Nieto and Frankenberger, 1991). The different strains of rhizobacterial 

species Serratia grimesii strain FA-2, Serratia marcescens strain FA-4 (Abaid-Ullah et 

al., 2015) Alcaligenes faecalis strain UPMB20, Bacillus subtilis strain UPMB10, 

Lysinibacillus xylanilyticus strain UPMB19 (Tan et al., 2014) Pseudomonas fluorescens 

and Bacillus subtilis (El-Khair and Shehata, 2014) have been noted to produce the 

phytohormones. 

2.8.2 Indirect mechanisms 

 As indirect mechanisms, PGPR showed the biocontrol activities, production of 

metabolites and induced resistance against pathogenic microbes known as induced 

systemic resistance (ISR) (Glick, 2012). Indirectly, PGPR improve the plant growth via 

production and secretion of metabolites that limit the growth / propagation of pathogenic 

or unwanted living organisms, this is known as biocontrol activity of microbes. 

Rhizobacteria indirectly affect plant growth via synthesizing of antibiotics (Haas and 

Defago, 2005; Ge et al., 2007; Chakraborty et al., 2009) like pyocyanine, phenazine-1-

carboxylic acid and pyrrolnitrin (Ramamoorthy et al., 2001) and by secreting 

siderophores (Thomashow et al., 1990; Whipps, 2001) that sequester the iron and suffer 

the damaging rhizospheric microbes with iron deficiency (Mehta et al., 2010; Aznar and 

Dellagi, 2015). The rhizospheric microbes also produced metabolites such as pyrrolnitrin, 

hydrogen cyanide (HCN), phenazines, pyoluteorin, viscoinamide and tensin that are 

important in biocontrol activities of microbes (Rezzonico et al., 2007; Bhattacharyya and 

Jha, 2012). Rhizobacteria secret anumber of enzymes like glucanase (Cazorla et al., 

2007), lipase (Detry et al., 2006; Mumtaz et al., 2017), amylase (Konsoula and 

Liakopoulou-Kyriakides, 2006) and protease (Nagpure et al., 2014) that break the fungal 

cells (Penrose and Glick, 2003). They also produce the chitinase enzymes that destroy the 

cell wall of fungus by using the chitin as the carbon and energy source (Manjula et al., 

2004). Bacillus subtilis produced the chitinase enzyme that provide the protection to 

tomato seedling by degrading the cell wall of Fusarium Oxysporum and also promote the 

plant growth (Hariprasad et al., 2011). The bacterial species Pseudomonas aeruginosa 

(Gupta et al., 2006), Pseudomonas Fluorescens (Meena et al., 2006), Trichoderma 

Harzianum (Sharma et al., 2012b) and Trichoderma viride (Gajera and Vakharia, 2012) 

have been documented as biocontrol agents against pathogens. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4649038/#B39
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2.9 Effect of zinc solubilizing rhizobacteria on plant growth 

Zinc solubilizing rhizobacterial inoculation as well as co-inoculation enhanced the 

growth, development, quality and productivity of plants both under normal as well as 

stressed environmental conditions (Javed et al., 2018; Ahmad et al., 2019a; Jha, 2019). 

Jha (2019) observed that inoculation with zinc solubilizing Pseudomonas 

pseudoalcaligenes and Bacillus pumilus improved the dry weight, plant height, carotenoid 

content, total chlorophyll and chlorophyll a and b in paddy. Ahmad et al. (2019a) reported 

that inoculation and co-inoculation with Bacillus subtilis strain ZM63 and Bacillus 

aryabhattai strain S10 enhanced the root length, plant height, root dry biomass and shoot 

dry biomass. The inoculation also improved the chlorophyll a and b, relative water 

contents and concentration of nitrogen, phosphorous, potassium and protein in shoot of 

maize and mungbean plants. These inoculation and co-inoculation improved the nodules 

and pods number, fresh and dry biomass, and number of grains in mungbean.  

Javeed et al. (2018) reported that inoculation with zinc solubilizing bacterial 

isolates H-103 significantly increased the plant biomass, root length, number of tillers, 

total grain weight and concentration of zinc in grains of wheat. The inoculation with zinc 

solubilizing Bacillus strain in rice plant improved the root length, plant height, root fresh 

biomass, shoot fresh biomass, root dry biomass, shoot dry biomass, chlorophyll content, 

photosynthetic rate, grain yield, hundred grain weight, transpiration rate, electrolyte 

leakage, stomatal conductance and carbonic anhydrase activity (Zeb et al., 2018). The 

sole inoculation with zinc solubilizing Bacillus sp. strain ZM20 significantly promoted 

the root length (79%), plant height (30%), root fresh biomass (58%), shoot fresh biomass 

(19%), root dry biomass (66%), shoot dry biomass (31%), relative water content (17%), 

chlorophyll a (67%), chlorophyll b (71%), number of fruit plant-1 (89%), fruit fresh weight 

(79%), fruit dry weight (78%), protein content (20%) and concentration of nitrogen 

(20%), phosphorous (65%) and potassium (20%) in okra plant (Fatima et al., 2018). 

Mumtaz et al. (2018) documented that sole and co-inoculation with zinc solubilizing 

Bacillus subtilis strain ZM63, Bacillus aryabhattai strain ZM31 and S10 and Bacillus sp. 

strain ZM20 improved the N, P and K concentration in grains and Zn and Fe concentration 

in root, shoot and grains of maize crop. These inoculation and co-inoculation also 

improved the SPAD value, relative water content, root length, plant height, root dry 

weight, shoot dry weight, cob length, cob row number, hundred grain weight and grain 

yield of maize in pot trial. 
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It has been reported that inoculation with zinc solubilizing Bacillus subtilis strain 

ZM63, Bacillus aryabhattai strain ZM31 and S10 and Bacillus sp. strain ZM20 

significantly enhanced the root length, shoot length, root fresh biomass, shoot fresh 

biomass, root dry biomass, shoot dry biomass, total fresh biomass and total dry biomass 

of the maize seedlings as compared to un-inoculated plants in jar trial (Mumtaz et al., 

2017). In another study, Bacillus strains KBY-1 and KMR-5 increased the seed yield and 

strains DBU-1, KMR-5 and BHKD-6 enhanced the zinc concentration in wheat and 

soybean (Khande et al., 2017). The zinc solubilizing Acinetobacter strain AGM3 and 

AGM9 increased the plant growth in rice (Gandhi and Muralidharan, 2016). The 

inoculation with zinc solubilizing rhizobacterial Bacillus strain improved the plant height, 

number of tillers, panicle length, shoot dry biomass, root dry biomass, hundred grain 

weight, grain yield pot-1 and zinc concentration in root, shoot and grain of rice plants 

(Nazir et al., 2016) 

Inoculation with zinc solubilizing Bacillus sp. strain AZ6 significantly improved 

the stomatal conductance, transpiration rate, photosynthetic rate, chlorophyll content, root 

length, shoot length, root fresh biomass, shoot fresh biomass, root dry biomass and shoot 

dry biomass in maize seedlings when compared with control plants (Hussain et al., 2015). 

The Bacillus cereus strain SH-17 and Bacillus sp. SH-10 improved the plant height, 

panicle length, chlorophyll content, number of tillers, grain and straw yield and zinc 

translocation towards grain in different varieties of rice (Shakeel et al., 2015). Inoculation 

with Bacillus thuringiensis strain FA-4 enhanced the grain zinc concentration up to 

39.9%, 46% and 41.1% in wheat genotype Lasani-08, inqlab-91 and SH-2002 (Abaid-

Ullah et al., 2015). Sharma et al. (2015) reported that inoculation with Pseudomonas 

putida, Azospirillum increased the grain zinc concentration up to 25% in rice. 

Ramesh et al. (2014) noted that sole inoculation with zinc solubilizing Bacillus 

aryabhattai strains MDSR7, MSSR11 and MDSR14 enhanced the zinc content up to 

28.8%, 6.6% and 37.5% in soybean and 19.5% 20.5% and 48.7% in wheat. Inoculation 

also enhanced the growth and yield of soybean and wheat plant. Lucas et al. (2014) 

observed the increased zinc content in grains of rice in response of inoculation with zinc 

solubilizing bacteria.  The increase in number of grains per panicle, grain and straw yield, 

productive tillers per plant, number of panicles per plant, dry matter yield per pot and total 

zinc uptake per pot in rice has been noted in response to individual and combined use of 

bacterial species Acinetobacter strain AB and strain AX and Burkholderia strain BC 
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(Vaid et al., 2014). These same strains also increased the number of grain per ear, number 

of productive tillers, grain and straw yield, thousand grain weight, and zinc uptake and its 

concentration in grains as well as in straw in wheat (Vaid et al., 2013). In the study of 

Goteti et al. (2013) documented that inoculation with Pseudomonas sp. strain P29 

increased the root volume and zinc concentration in plant tissues.  

The inoculation with Bacillus sp. like Bacillus cereus, Bacillus amyloliquefaciens 

and Bacillus firmus improved the zinc contents in soybean seed (Sharma et al., 2012a). 

The increased concentration of zinc in wheat grains in response of inoculation with 

Brevundimonas sp. strain AW7, Providencia sp. strain PW5 and Bacillus sp. strain AW1 

has been reported by Rana et al. (2012). The significant improvement was noted in yield 

and yield parameters of wheat plants when treated with zinc mobilizer Serratia species 

(Abaid-Ullah et al., 2011). The foliar application of Pantoea agglomerans FF improved 

the plant length, fruit length, fruit weight per plant, number of fruits per plant, fruit width 

and mineral contents (N, P, K, Zn, Ca, Mg, Mn, Cu, Fe) in cucumber plants (Dursun et 

al., 2010). The increased zinc concentration in grains of black gram and wheat was noted 

in case of inoculation with Pseudomonas synxantha HHRE81 (R81) and Pseudomonas 

jessenii LHRE62 (R62) (Mader et al., 2010). The inoculation with growth promoting zinc 

solubilizing rhizobacteria improved the 74% root weight,  23% shoot weight, 54% root 

length, 62% root volume, 75% root area, 23% total biomass, 96% panicles emergence 

index and 65% grain yield in rice plants. Inoculation also improved the zinc content and 

harvest index in rice (Tariq et al., 2007). 

2.10 Concluding remarks 

It is well evident from above literature, zinc is the most vital micronutrient and 

essential for optimum growth of all living organisms exist in the planet earth. Plant uptake 

zinc predominantly as Zn2+ but also makes the complexes with organic chelating 

compounds (siderophores) that increase the solubilization of insoluble zinc in alkaline 

and calcareous soil and make available for plants. The availability of zinc depend of 

number of different factors like soil pH, soil parent material, soil organic matter, soil 

phosphorus and copper contents, soil temperature, soil moisture and soil texture. Almost 

seventy percent agricultural soils in Pakistan are at the rick of zinc deficiency. The crop 

grown in zinc deficient soils also have low level of zinc in their edible portion and this 

edible portion with low zinc content also caused the deficiency of zinc in the human 

beings because plants are the main source of zinc entrance in food chain. Zinc solubilizing 
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rhizobacteria are the specific group of bacteria that are able to solubilize the insoluble or 

fixed form of zinc into the soluble form and make available for the plants. These zinc 

solubilizing rhizobacteria also exhibit other plant growth promotion attributes like 

production of siderophores, exopolysaccharides, phytohormones, ammonia and enzymes, 

solubilization of phosphate, biocontrol abilities and also induce the resistance against 

diseases and pathogens. In addition to this plant growth promoting, these rhizobacterial 

species also minimize the adverse effects of biotic as well as abiotic stress. The sole as 

well as combined application of zinc solubilizing rhizobacterial species with other plant 

growth promoting rhizobacterial species and with other organic and inorganic 

amendments have synergistic effects on crop plants both under normal as well as stresses 

environmental conditions. Therefore, a number of rhizobacterial isolates were isolated 

from the rhizospheric soil of rice grown at the different areas of Bahawalpur, Punjab, 

Pakistan and screened them on the basis of zinc solubilization, exopolysaccharides and 

auxins (indole-3-acetic acid) production. The selected rhizobacterial isolates were 

screened in jar trials for sole as well as combined form for plant growth promotion under 

controlled conditions. The selected co-inoculation combinations were further evaluated 

in pot and field trials under natural environmental conditions. These zinc solubilizing 

rhizobacteria can be used as biofertilizers as an alternative source of synthetic or chemical 

fertilizers. 
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CHAPTER-III 

MATERIALS AND METHODS 

  

The different rhizobacterial isolates were isolated from the rhizospheric soil of 

rice cultivated in alkaline and calcareous soils of arid to semi-arid climatic region of 

Southern Punjab, Pakistan, and screened on the basis of their ability to solubilize insoluble 

zinc. The zinc solubilizing isolates were further screened on the basis of 

exopolysaccharides and indole-3-acetic acid production. The selected isolates, sole as 

well as in all possible co-inoculation combinations, were evaluated in jar trial I and jar 

trial II, respectively. The top three co-inoculation combinations comprises of four isolates 

were selected and these isolates were identified through 16S RNA sequencing and 

characterized for other plant growth promoting abilities in vitro. These selected zinc 

solubilizing isolates in sole as well as in all possible co-inoculation combinations were 

evaluated in pot and field trials under natural environmental conditions. The details of the 

materials and methods are presented in the following section.  

3.1 Isolation of rhizobacterial isolates  

Soil samples having rice roots were collected from farmers’ crop growing areas 

of Yazman and Ahmadpur and research area of Department of Soil Science, Faculty of 

Agriculture and Environment, The Islamia University of Bahawalpur, Punjab, Pakistan. 

For the isolation of zinc solubilizing rhizobacteria, soil attached to the plant roots was 

separated and suspension was prepared using dilution plate technique (Wollum II, 1982). 

Sterilized modified DF minimal medium (1000 mL dH2O, 10 g glucose, 0.007 g 

MnSO4.7H2O, 1 g (NH4)2HPO4, 2.5 g K2HPO4, 0.2 g MgSO4.7H2O, 2.5 g KH2PO4, 0.01 

g FeSO4.7H2O, 15 g Agar, 0.1 % ZnO and pH 7 ± 0.2) was poured in Petri plates. After 

the medium solidification, 1mL of prepared suspension was spread on plates and 

incubated at 28 ± 1°C for the growth of bacteria. After incubation period, the isolated 

single colony was selected and purified by re-streaking (3-4 times) on new autoclaved 

modified DF minimal agar plates. After the purification, the pure bacterial culture was 

preserved in glycerol at -40°C for further use. These isolated isolates were coded as AN1-

AN75 (Table 3.1). 
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Table 3.1: Codes used for isolates isolated from rice rhizosphere 

Rhizobacterial isolates 

AN1 AN16 AN31 AN46 AN61 

AN2 AN17 AN32 AN47 AN62 

AN3 AN18 AN33 AN48 AN63 

AN4 AN19 AN34 AN49 AN64 

AN5 AN20 AN35 AN50 AN65 

AN6 AN21 AN36 AN51 AN66 

AN7 AN22 AN37 AN52 AN67 

AN8 AN23 AN38 AN53 AN68 

AN9 AN24 AN39 AN54 AN69 

AN10 AN25 AN40 AN55 AN70 

AN11 AN26 AN41 AN56 AN71 

AN12 AN27 AN42 AN57 AN72 

AN13 AN28 AN43 AN58 AN73 

AN14 AN29 AN44 AN59 AN74 

AN15 AN30 AN45 AN60 AN75 
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3.2 Screening of rhizobacterial isolates 

 The rhizobacterial isolates isolated from rice rhizosphere were screened on the 

basis of zinc solubilizing ability. The isolates showed the zinc solubilizing ability were 

further screened on the basis exopolysaccharides and indole-3-acetic acid production. 

3.2.1 Zinc solubilization assay 

The qualitative and qualitiave zinc solubilization by the rhizobacterial strains was 

carried out in laboratory studies.  

3.2.1.1 Qualitative zinc solubilization assay  

The rhizobacterial isolates were screened for zinc solubilizing ability by growing 

on Tris-minimal salt medium, comprising of distilled water-1000mL, D-glucose-10 g, 

Na2SO4-0.43 g, CaCl2.2H2O-30 mg, Tris HCl-6.06 g, KCl-1.49 g, NaCl-4.68 g, 

MgCl2.2H2O-0.2 g, NH4Cl-1.07 g, agar-15 g and 0.1% zinc oxide as a insoluble source 

of zinc to check their ability for solubilization of zinc oxide (Fasim et al., 2002). The 

bacterial culture was incubated after spot inoculation for seven days at 30 ± 1°C to observe 

the transparent solubilization zone on Petri plates. The isolates showed the transparent 

halo zone were considered positive for zinc solubilization and following parameters were 

noted: 

3.2.1.1.1 Colony and halo zone diameter 

 The rhizobacterial isolates having positive results for zinc solubilization were 

observed for colony and halo zone diameter. 

3.2.1.1.2  Zinc solubilization area 

 Zinc solubilization area (ZSA) was calculated by formula of Saravanan et al., 

(2004):  

Zinc solubilization area= πr2 

3.2.1.1.3 Zinc solubilization efficiency and zinc solubilization index 

The rhizobacterial isolates having zinc solubilizing ability were measured for zinc 

solubilizing efficiency (ZSE) and zinc solubilizing index (ZSI) (Vazquez et al., 2000; 

Sharma et al., 2014) by following formulas: 

Zinc solubilization efficiency = Solubilization diameter x100  

     Growth diameter 
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Zinc solubilization index = Colony diameter + Halo zone diameter  

Colony diameter 

3.2.1.2 Quantitative zinc solubilization assay 

The bacterial isolates showed the positive result for zinc solubilization in plate 

assay grown in Tris-minimal salt broth containing zinc oxide (0.1%) to check their effect 

on solubilized zinc and pH.  The isolates were inoculated in 50 mL sterilized broth present 

in Erlenmeyer flasks of 100 mL and incubated in shaking incubator at 30 ± 1°C for fifteen 

days. The assay performed in triplicate. After incubation period, pH of the un-inoculated 

control and inoculated with specific isolates was measured by using pH meter and broth 

was centrifuged and filtered. For the detection of soluble zinc content, the culture 

supernatant directly injected to Atomic Absorption Spectrophotometer (AAS) (Model: 

240 FS, Agilent Technologies, USA). The total amount of solubilized zinc taken by 

comparing the solubilized Zn of the inoculated sample from the corresponding un-

inoculated control (Hussain et al., 2015). 

 The twenty-four isolates showed the positive result and tested for 

exopolysaccharides production. 

3.2.2 Exopolysaccharides production assay 

 The zinc solubilizing isolates were checked for exopolysaccharides production by 

adopting the method of Muminah et al. (2015). The bacterial culture was inoculated on 

ATCC No. 14 medium (1000 ml distilled water, 0.2 g MgSO4.7H2O, 0.5 g yeast extract, 

0.2 g KH2PO4, 0.1 g CaSO4.2H2O, 0.8 g K2HPO4, 10 mg FeCl3, 10 mg Na2MoO4.2H2O, 

20 g sucrose, 15 g agar, pH 7.2) and incubated at 30 ± 1°C for seventy two hours. Mucoid 

growth of culture scored as positive to produce exopolysaccharides. 

On the basis of exopolysaccharides production assay, eighteen rhizobacterial 

isolates were selected for indole-3-acetic acid (IAA) production assay. 

3.2.3 Indole-3-acetic acid production assay 

The production of rhizobacterial auxin (indole-3-acetic acid) in both the absence 

and presence of L-tryptophan (L-TRP) was determined in terms of indole-3-acetic acid 

equivalents. 20 mL of sterilized DF minimal broth was taken in 100 mL conical flask and 

5 mL of 5% filter sterilized L-tryptophan (L-TRP) solution was added to the DF minimal 

broth to attain a final concentration of 1 g L-1. In case of absence of L-tryptophan, 25 mL 

of DF minimal broth was taken in conical flask of 100 mL. The broth was inoculated by 
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adding 1 mL of two day old liquid culture. The flasks plugged and incubated at 100 

revolutions per minute at 28 ± 1°C in shaking incubator for forty eight hours. Un-

inoculated control (for both with and without L-tryptophan) was kept for comparison. The 

assay (for with and without L-tryptophan) was carried out in triplicate. After incubation 

period, the broth was filtered by using Whatman filter paper No. 2. Auxin compounds 

expressed as indole-3-accetic acid equivalents were determined by digital 

spectrophotometer using Salkawoski reagent (2 mL of 5 M FeCl3 + 98 mL of 35% HClO4) 

(Sarwar et al., 1992). For measuring IAA-equivalents, filtrate (3.0 mL) was taken in a test 

tube and Salkawoski reagent (2 mL) was added to it. The filtrate in the test tubes was 

allowed to stand for thirty minutes for developing the color. Standard solution of auxin 

was prepared and color developed as described above for constructing the standard curve 

and used for comparison to calculate auxin production by zinc solubilizing rhizobacteria. 

The color intensity was measured at 535 nm by spectrophotometer (Model G6860A, 

Agilent Technologies Cary 60 UV-Vis, Australia).  

On the basis of indole-3-acetic acid production, top fifteen rhizobacterial isolates 

were selected for jar trial 1 for screening of zinc solubilizing rhizobacteria to improve the 

growth of rice seedlings. 

3.2.4 Screening of zinc solubilizing isolates for improving the growth of rice 

seedlings under axenic conditions 

The selected isolates based on above mentioned tests was checked for their plant 

growth promoting abilities in jar trial under controlled conditions using rice as test crop. 

The modified DF minimal broth was prepared and inoculated with specific bacterial 

isolate and incubated for forty eight hours at 30 ± 1°C. The plastic jars were filled with 

sand and moisturized with half strength Hoagland solution (Hoagland and Arnon, 1950) 

and sterilized at 121°C for twenty minutes. Rice seeds of variety PK 386 were sterilized 

by dipping in 95% ethanol for 20 seconds and then dipped in 0.2% HgCl2 solution for 

three minutes and then rinsed (5-6 times) with autoclaved distilled water (Russel et al., 

1982).  The surface sterilized rice seeds were inoculated by broth of respective bacterial 

culture and ten seeds were sown in one jars and placed in the growth room of Department 

of Soil Science, Faculty of Agriculture and Environment, The Islamia University of 

Bahawalpur. In case of control, surface sterilized seeds were treated with autoclaved broth 

without inoculum. Each treatment was replicated four time by using Completely 

Randomized Design (CRD). Sterilized Hoagland solution was used for providing 
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nutrients to seedlings. After seven days of sowing data regarding germination percentage 

was recorded and then four seedlings per jar were maintained and after twenty days of 

sowing, seedlings were harvested and following parameters were recorded: 

3.2.4.1  Germination percentage  

The number of seeds to be germinate were counted and calculate their percentage 

by following the International Seed Testing Association (ISTA) method: 

Germination percentage = Number of germinated seeds x100  

    Number of total seeds 

3.2.4.2  Shoot length, root length and root to shoot ratio 

 Seedlings were harvested and washed thoroughly under tap water. Length of shoot 

and root separately was measured by using measuring scale and then calculated the 

average. Root to shoot ratio was calculated by dividing the root length by shoot length. 

3.2.4.3  Shoot and root fresh biomass 

Seedlings were removed gently from the soil without disturbing the root system. 

Then shoots and roots were washed and weighed separately by using electrical balance.  

3.2.4.4  Shoot and root dry biomass 

 The samples of rice shoot and root were oven dried at 105oC till constant weight 

and then weighed separately to measure the dry biomass and calculated the average. 

3.2.4.5  Tissue water content 

 Tissue water content (TWC) of rice seedlings was calculated by following formula 

(Black and Pritchard, 2002): 

TWC (%) = (Fresh weight - Dry weight) x 100 

       Fresh weight 

3.2.4.6  Bacterial population 

 For counting the bacterial population in inoculated jars, rhizospheric samples 

having rice roots were collected and sand attached to the plant roots was separated and 

suspension was prepared using dilution plate technique (Wollum II, 1982). Sterilized 

modified DF minimal medium was poured in Petri plates. After the medium solidification, 

1 mL of prepared suspension of each test tube was spread in plates and incubated at 28 ± 

1°C for the rhizobacterial growth. After incubation period of forty eight hours, colonies 

on agar plate was counted by using the digital colony counter. 
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3.2.4.7  Root colonization 

The potential of zinc solubilizing rhizobacteria to colonize the rice roots was 

studied by adopting the methods of Simons et al. (1996). The roots tips (0.2 g) was dipped 

in sterilized water and shaking at 100 rpm in an orbital shaking incubator. The dilution 

was made by 10-1 to 10-6. One mL from each dilution was poured on Petri plates 

containing DF minimal medium modified with 0.1% ZnO as a source of insoluble Zn and 

incubated for 48 hours and bacterial colonies were counted for calculation of CFU g-1 of 

roots by using the digital colony counter.  

On the results of all measured parameters, ten rhizobacterial isolates were selected 

to check their compatibility with each other for co-inoculation  

3.2.5 Compatibility assay for zinc solubilizing isolates 

 The zinc solubilizing rhizobacterial  isolates selected in jar trial I were tested for 

co-inoculation compatibility with each other by implementing the procedure of Fukui et 

al. (1994). The rhizobacterial isolates in all possible combinations for co-inoculation were 

streaked on modified DF minimal medium vertically and horizontally to each other and 

incubated for seventy two hours at 30 ± 1°C. After incubation period the inhibition zone 

was noted. The presence of zone of inhibition showed the incompatibility of the isolates 

with each other. While the absence of inhibition zone means the isolates were compatible 

with each other. 

3.2.6 Screening of effective co-inoculation combinations of zinc solubilizing isolates 

for improving the growth of rice seedlings under axenic conditions 

Another jar trial was conducted under controlled conditions to screen the effective 

co-inoculation combinations of selected zinc solubilizing rhizobacterial isolates for their 

efficiency to improve the growth of rice seedlings. The inocula were prepared as described 

above and rice seeds of variety PK 386 were inoculated with respected mixed (1:1) broth 

culture for 20 minutes. For control, the seeds were dipped in sterilized broth lacking 

bacterial culture. Same growth conditions and procedures were used as described above. 

The growth parameters were recorded and calculations were carried out as described 

above. 
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3.2.7 Selection of best performing co-inoculation combinations 

 On the basis of results of second jar trial, three best co-inoculation combinations 

AN24 with AN31, AN30 with AN31 and AN30 with AN35 were selected. These three 

co-inoculation combinations have four isolates and were identified and characterized for 

other plant growth promoting abilities. These isolates sole as well as in all possible co-

inoculation combinations were tested for plant growth promotion in pot as well as in field 

trials. 

3.3 Identification of zinc solubilizing isolates 

The selected zinc solubilizing rhizobacterial isolates (AN24, AN30, AN31 and 

AN35) were identified by its 16S rRNA gene sequence. The crude DNA of the selected 

zinc solubilizing rhizobacterial isolates (AN24, AN30, AN31 and AN35) was extracted 

by the method documented by Cheneby et al. (2004) following by amplification of 16S 

rRNA gene in PCR machine. The universal primers were used for forward and reverse 

reactions as documented by Hussain et al. (2011). The sequencing was done by 

commercial service of Macrogen (Seoul, Korea). The partial sequences of 16S rRNA gene 

of zinc solubilizing strains (AN24, AN30, AN31 and AN35) were subjected to MEGA 

7.0.14 software. For similar sequences, the blastn search was done on NCBI server 

(www.ncbi.nlm.nih.gov/BLAST). The phylogenetic and molecular analyses were 

performed by following the procedure of Roohi et al. (2012) on MEGA version 7.0.14 

software (Kumar et al., 2016a). The neighbor-Joining method was used to infer 

evolutionary history (Saitou and Nei, 1987) and evolutionary distances were measured by 

Maximum Composite Likelihood method as reported by Tamura et al. (2004). 

3.4 Characterization for morphological, biochemical and plant growth 

promoting attributes of selected strains 

3.4.1 Colony morphology 

The zinc solubilizing rhizobacterial colony morphological features such as colony 

color, colony surface, colony transparency, colony margin, colony elevation and cell 

shape were examined on modified DF minimal medium after an incubation period of forty 

eight hours (Vincent, 1970). 
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3.4.2 Gram staining 

 For gram staining, the staining smear was prepared by a loop full of the bacterial 

culture that spread over the slide with the help of a drop of water and permitted it to air 

dry (Graham and Parker, 1964). The smear was stained with crystal violet after flame 

drying, cool and washed with water and then removed the excess water. Then slide was 

flooded with iodine solution for one minute and decolorized with iodinated alcohol for 

five minutes. Then the slide was rinsed with water, drained, counterstained with safranin 

and observed in microscope (Vincent, 1970). 

3.4.3 Catalase activity 

For the determination of catalase activity, one day old zinc solubilizing bacterial 

colonies were placed on glass slides and poured the one drop of hydrogen peroxide (30%) 

on it. After pouring, formation of gas bubbles were considered as positive result for 

catalase activity (MacFaddin, 1980).  

3.4.4 Oxidase activity 

 Rhizobacterial oxidase enzyme activity was examined through the oxidase reagent 

prepared by dissolving the Kovac’s reagent in warm water and stored in dark bottle. Then 

twenty four hours old rhizobacterial colonies were taken on filter paper that was soaked 

in reagent and air dried. Oxidase positive strains turned dark brown color within five 

minutes Steel, 1961). 

3.4.5 Urease activity 

 Zinc solubilizing rhizobacterial strains were inoculated in sterilized urea broth and 

incubated for forty eight hours at 28 ± 2°C. Formation of pink color in urea broth was 

taken as positive result for urease activity (Shruti et al., 2013). 

3.4.6 Protease activity 

 Protease activity by zinc solubilizing rhizobacterial strains was observe on skim 

milk agar medium. The culture was inoculated on Petri plate and incubated at 28 ± 2oC 

for eighty four hours. The halo zone formation noted for positive result (Maurhofer et al. 

1995). 
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3.4.7 Lipase activity 

 The lipase activity assay for rhizobacterial strains was carried out by adopting the 

protocol of Kumar et al. (2012). The medium was prepared and autoclave at 121oC for 

twenty minutes. The rhizobacterial colonies were inoculated on Petri plates and incubated 

for forty eight hours. After incubation period, the deposition around the colonies was 

observed. 

3.4.8 Chitinase activity 

 For the chitinase activity, colloidal chitin was made by adopting the method of 

Ramirez et al. (2004). The sterilized colloidal chitin agar medium poured into the Petri 

plates and allowed to solidify. Then strains were inoculated and incubated at 28 ± 2oC for 

ninety six hours. The positive result was noted on the basis of formation of clear zones 

around the bacterial colonies. 

3.4.9 Cellulase activity 

 The bacterial cellulase activity was noted by the procedure of Dinesh et al. (2015). 

Sterilized basal medium consisting of distilled water 1000 mL, glucose 1 g, MgSO4 0.5 

g, NaNO3 1 g, K2HPO4, 1 g, yeast extract 0.5 g, KCl 1 g, agar 15 g, and cellulose 10 g 

was poured in Petri plates and inoculated with rhizobacterial culture and incubated at 30 

± 2°C for five days. After incubation period, Petri plates were flooded with congo red 

solution (0.01%) for fifteen minutes then designated by NaCl solution (1%) for five 

minutes. The zone of clearance in contrast to red background was consider the positive 

result for cellulase activity. 

3.4.10 Pectinase activity 

 For the determination of pectinase activity, instead of cellulose 1% pectin was 

added in basal medium. After incubation period of five days, the solution of Gram’s iodine 

was poured in the plates and clear zone in contrast to dark blue background was noted 

(Dinesh et al., 2015). 

3.4.11 Esterase activity 

 Esterase activity assay was performed by following the protocol of Sierra (1957). 

The sterilized medium was poured in Petri plates and inoculated with bacterial culture. 

The presence of halos around the colonies were taken as positive for esterase activity.  
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3.4.12 Ammonia production 

The production of ammonia by strains was observed by adopting the procedure 

Cappuccino and Sherman (1992). Bacterial culture was inoculated in test tubes having 10 

mL peptone broth and incubated at seventy two hours at 30°C. After incubation period, 

Nessler’s reagent (1 mL) was added in these test tubes. The development of faint yellow 

to dark brown color was the indication of ammonia production. 

3.4.13 Siderophores production 

 The production of siderophores by zinc solubilizing rhizobacterial was noted by 

implementing the procedure of Louden et al. (2011). Strains were inoculated on Petri 

plates containing CAS (chrome azurol S) agar medium and incubated for five days at 30 

± 2°C. After incubation period, the formation of orange zones in surrounding the bacterial 

colonies were observed. 

3.4.14 HCN production 

 For the hydrogen cyanide (HCN) production assay, DF minimal salt medium 

amended with 4.4.g L-1 glycine and sterilized for 20 minutes at 121oC. The size of filter 

paper was adjusted according to petri plate and soaked in a solution having 2% sodium 

carbonate and 0.5% picric acid and placed on the inner side of the lid of plate. Medium 

was poured in Petri plate and inoculated with rhizobacterial culture and incubated at 28 ± 

2°C for ninety six hours and change in color was noted (Lorck, 1948). 

3.4.15 Starch hydrolysis 

 The rhizobacterial strains were inoculated on starch agar medium and incubated 

for forty eight hours. After incubation period iodine solution (0.1%) was spread. Yellow 

colored colonies and clear zones development in surrounding the rhizobacterial colonies 

was taken as positive result for the starch hydrolysis by the production of extracellular 

enzyme i.e. amylase while blue color formation on no growth areas showed the non-

utilization of starch (De Oliveira, 2007). 

3.4.16 Phosphate solubilization 

 The selected zinc solubilizing strains were spot inoculated on Petri plates having 

Pikovskaya’s agar medium (Pikovskaya, 1948) and incubated for seven days at 30°C for 

the solubilization of tri-calcium phosphate (Ca3(PO4)2) as the source of inorganic 

phosphate. After incubation period, the strains showed the clear halo zone in surrounding 
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the rhizobacterial colonies were considered as positive and measure their colony and halo 

zone diameters. The phosphate solubilization area (PSA) was measured by formula 

suggesting by Saravanan et al. (2004) while phosphate solubilization efficiency (PSE), 

and phosphate solubilization index (PSI) were calculating by using formulas as reported 

by Sharma et al. (2014). For the quantification of phosphate, rhizobacterial strains were 

inoculated in Pikovskaya’s broth and incubated for two weeks. The pH of the bacterial 

broth culture was measured by pH meter (model: Kent Eil 7015) and available phosphate 

contents was determined by procedure documented by Ryan et al. (2001). 

3.5 Organic acids determination by using HPLC 

 Metabolites produced by the zinc solubilizing rhizobacterial strains identified by 

following the protocol reported by Butsat et al. (2009).  Rhizobacterial culture was 

inoculated in test tubes having 15 mL of DF minimal broth and incubated for seventy two 

hours at 28°C. After incubation period, samples were centrifuge at 10,000 rpm and collect 

the supernatant. The metabolites were extract by shaking with HPLC grade methanol in 

1:1 ratio. By using the HPLC (Shimadzu, Japan), acids were measured along with 

standard. 

3.6 Minimum inhibitory concentration of zinc 

 To determine the minimum inhibitory concentration of zinc, the zinc solubilizing 

rhizobacterial strains were spot inoculated in tris-minimal salt medium amended with 

insoluble source of zinc (zinc oxide) at four different levels i.e. 0.10, 0.15. 0.20 and 0.25% 

and incubated at 30 ± 1°C. After 7 days of incubation, the tranparent zones around the 

colonies were observed and their colony and halo zone diameters were noted. The zinc 

solubilization area (ZSA) was calculate by formula reported by Saravanan et al. (2004) 

while zinc solubilization efficiency (ZSE), and zinc solubilization index (ZSI) were 

measured by using formulas as suggested by Sharma et al. (2014). 
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3.7 Pot trial 

The pot experiment conducted on the wire house of Department of Soil Science, 

Faculty of Agriculture and Environment, The Islamia University of Bahawalpur. 

Physiochemical properties of soil were studied before (Table 3.2) and after conducting 

the experiment. Pots were filled with 12 kg well-prepared soil after removing stems, 

leaves and stones. Rice seeds of variety PK 386 were sown for nursery and after thirty 

days, seedlings were harvested and inoculated with their respective inoculum. Inoculated, 

co-inoculated (broth of respective strains mixed in 1:1 ratio), and un-inoculated (control) 

seedlings were transplanted in pots. Twelve seedlings per six holes were transplanted and 

after ten days six seedlings per three holes were maintained. The recommended N (1.706 

gram pot-1), P (1.321 gram pot-1) and K (0.948 gram pot-1) doses were applied in the form 

of urea, diammonium phosphate (DAP) and sulfate of potash (SOP), respectively. Full 

doses of phosphorus and potassium were applied as basal application at transplantation 

while nitrogen was applied in three splits. The half dose of recommended Zn (0.0296 

gram pot-1) was applied in the form of zinc sulphate. Each treatment was replicated 4 

times by using Completely Randomized Design (CRD). Good quality water that fulfills 

the criteria of irrigation water as described by Ayers and Westcot (1985) was used to 

irrigate the pots. The recommended agronomic practices were done as and when required. 

At physiological maturity, data regarding physiological attributes were recorded while at 

harvesting; data regarding plant growth and yield parameters recorded. The samples of 

roots, shoots and grains were preserved for the analysis of macro and micronutrients.  

3.7.1 Treatments 

 The experiment consisted of the following eleven treatments and each treatment 

has four replications. 

T1: Control; T2: AN24 (Bacillus megaterium); T3: AN30 (Bacillus aryabhattai); T4: 

AN31 (Bacillus megaterium); T5: AN35 (Bacillus megaterium); T6: AN24-AN30; T7: 

AN24-AN31; T8: AN24-AN35; T9: AN30-AN31; T10: AN30-AN35; T11: AN31-AN35 
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Table 3.2: Physical and chemical properties of soil used in pot trial 

Properties Units Value 

Sand % 29.2 

Silt % 32.5 

Clay % 38.3 

Textural class - Clay loam 

Saturation percentage % 52.8 

pHs - 8.0 

ECe dS m-1 1.4 

Organic matter % 0.58 

Total nitrogen % 0.0245 

Available phosphorus (Olson) mg kg-1 6.44 

Extractable potassium (NH4OAC) mg kg-1 64 

DTPA-iron mg kg-1 4.5 

DTPA-zinc mg kg-1 0.68 
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3.7.2 Soil analysis 

 The soil was collected before transplantation of rice seedlings and after harvesting 

of rice plants. The soil was air dried and analyzed for its physical as well as chemical 

properties by adopting the protocols mentioned in the Hand Book 60 (US Salinity Staff, 

1954). Soil textural class, saturation percentage, pH, EC and organic matter were only 

determined before transplantation of seedlings while other parameters were determined 

before seedlings transplantation and after harvesting of rice. 

3.7.2.1  Soil textural class 

 For the determination of soil textural class, the protocol of Moodie et al. (1959) 

was adopted. The soil sample of 50 g was taken and added 1% solution of sodium hexa 

metaphosphate (40 mL) and distilled water (250 mL) and placed over night. Then 

continuously stirrer the soil mixture for ten minutes and transferred to graduated cylinder 

of 1 liter and make the volume with distilled water. Then reading was noted by Bouyoucos 

hydrometer after mixing the suspension and soil textural class was designed by using the 

International Textural Triangle. 

3.7.2.2  Saturation percentage of soil 

 Soil saturation percentage was measured by making the saturated paste. China 

dish was weighed and paste transferred in it and weigh again. Then this china dish along 

with soil paste were kept in oven for drying at 105oC till constant weight (Method 27a, 

U.S. Salinity Lab. Staff, 1954). Saturation percentage (SP) was calculated by following 

formula: 

Saturation percentage (SP) = Mass of wet soil – Mass of oven dry soil   × 100 

Mass of oven dry soil 

3.7.2.3  pH of saturated soil paste 

 The pH meter was standardized by dipping in buffer solution of pH 4, 9.2 and 7 

according to Method 21a, U.S. Salinity Lab. Staff (1954). After standardization, pH of 

soil saturated paste (pHs) was measured. 

3.7.2.4  Electrical conductivity of soil 

 Electrical conductivity of soil (ECe) was measured by following the protocol as 

explained in Method 3a and 4b, U.S. Salinity Lab. Staff (1954). The extract of soil paste 



43 
 

was taken by help of vacuum pump and measured its ECe by Digital Jenway conductivity 

meter. 

3.7.2.5  Organic matter in soil 

The organic matter content in soil was measured by following the method of 

Moodie et al. (1959). The air dried soil (1 g) was taken in 500 mL conical flask and add 

1 N solution of potassium dichromate (10 mL) and concentrated sulfuric acid (20 mL) in 

it. After that, add distilled water (150 mL) and 0.5 N solution of ferrous sulfate (25 mL) 

and then this solution was titrated against potassium permanganate (0.1 N) until pink end 

point.  

3.7.2.6  Total nitrogen concentration in soil 

 Nitrogen content in soil was detected through Ginning and Hibbard’s method of 

H2SO4 digestion and distillation by macro Kjeldhal’s apparatus (Jackson, 1962). 

3.7.2.7  Available phosphorus concentration in soil 

The contents of available phosphorus was measured by following the method of 

Watanabe and Olsen (1965). The air dried soil (5 g) was extracted with 0.5 M solution of 

sodium bicarbonate (NaHCO3) having 8.5 pH. Then filtrate (5 mL) was taken in 100 mL 

volumetric flask and add 5 mL of color developing reagent in it and made the volume up 

to the mark. Stand the flask content for thirty minutes. Afterward, standard cure was made 

with standard solution and reading of samples was taken at 880 nm on spectrophotometer 

(Model G6860A, Cary 60 UV-Vis Agilent Technologies, Australia). 

3.7.2.8  Extractable potassium concentration in soil 

 The extractable potassium in the soil was measured according to the protocol 

described in Method 11a, U.S. Salinity Lab. Staff (1954). The extraction of 2.5 g air dried 

soil was done by 1 N solution of ammonium acetate (CH3COONH4) having pH 7. 

Standard curve was made by using standard solution of potassium and filtrate was run on 

flame photometer (Model: BWB-XP, BWP Technologies, UK) to note the potassium 

content in the soil sample.  

3.7.2.9  DTPA-iron and DTPA-zinc concentration in soil 

 DTPA-iron and DTPA-zinc in soil were determined through DTPA extraction 

solution by following the method described by Estefan et al. (2013). 
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3.7.2.10 Bacterial population in soil 

 For the counting of bacterial population in soil, rhizospheric soil samples having 

rice roots were collected and soil attached to the plant roots was separated and suspension 

was prepared using dilution plate technique (Wollum II, 1982). Sterilized modified DF 

minimal medium was poured in plates. After the medium solidification, 1 mL of prepared 

suspension of each test tube was spread on plates and incubated at 28 ± 1°C for the 

bacterial growth. After incubation period of forty eight hours, colonies on agar plates were 

counted by using the digital colony counter. 

3.7.3 Plant analysis 

 Plant physiological parameters were determined at physiological maturity. Plants 

were harvested at maturity and noted the morphological and yielding parameters. Shoot, 

roots and grains samples were oven dried at 67oC till constant weight and grinded and 

then analyzed for macro (N, P and K) and micronutrients (Fe and Zn). 

3.7.3.1  Physiological parameters 

3.7.3.1.1 SPAD value  

The SPAD value in rice leaves were noted as described by Hussain et al. (2000) 

by using SPAD chlorophyll meter SPAD-502 (Minolta, Minolta Co, Ltd, UK). The four 

mature leaves from each pot were selected and taken three measurement from each leaf 

and then averaged for each pot. 

3.7.3.1.2 Relative water content 

 The relative water content (RWC) was measured via completely expanded 

youngest leaves of a plant. Four leaves from each pot were selected and weighed their 

fresh weight and placed in distilled water overnight to get their turgid weight. Then these 

leaves were placed in an oven at 4°C till constant weight and their relative water content 

was measured by formula as reported by Mayak et al. (2004a). 

Relative water content =           Fresh weight - Dry weight       x100  

    Fully turgid weight - Dry weight 

3.7.3.1.3 Enzymes activities 

 For the determination of enzymes activity in the rice, fresh leaves of rice were 

taken and washed with distilled water. Weigh 0.5 g of leaf and placed in a pre-cooled 

mortar in ice bath. Then sample was grinded and homogenized with pre-cooled phosphate 
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buffer (8 mL) having pH 7.8. After homogenization, centrifuged the samples at 13000 

rpm at 4°C for fifteen minutes and supernatant was collected in small test tube and 

preserved at 4°C. 

3.7.3.1.3.1 Superoxide dismutase activity 

 Superoxide dismutase (SOD) activity in rice leaves was measured by following 

the protocol of Beauchamp and Fridovich (1971) with few changes. Take 0.025 mL of 

leaf extract and add 0.25 mL of hydrogen peroxide and 2.725 mL of reaction solution 

(EDTA-100 μM L-1, methionine-130 mM L-1, riboflavin-20 μM L-1 and nitro blue 

tetrazolium chloride (NBT)-75 μM L-1). Then place the mixture for fifteen minutes in 

light box. Two samples of control were prepared that lack leave extract and one placed in 

light box and second placed in dark condition. The sample reading of absorbance was 

taken at 560 nm on spectrophotometer (Model G6860A, Agilent Technologies Cary 60 

UV-Vis, Australia). 

3.7.3.1.3.2 Peroxidase dismutase activity  

 Peroxidase dismutase (POD) activity in rice leaves was detected by following the 

protocol of Gorin and Heidema (1976) along with few changes. 300 mM H2O2 (0.1 mL), 

1.5% guaiacol (0.1 mL) and 50 mM phosphate buffer (2.7 mL) was added in 0.1 mL 

enzyme extract. Control lack enzyme extract was prepared for comparison and reading 

was taken at 470 nm on spectrophotometer (Model G6860A, Agilent Technologies Cary 

60 UV-Vis, Australia).  

3.7.3.1.3.3 Catalase activity  

 The catalase (CAT) activity was noted by the protocol of Teranishi et al. (1974). 

The 50 mM phosphate solution (2.8 mL) and 300 mM H2O2 (0.1 mL) were add in enzyme 

extract (0.1 mL) and in control distilled water instead of enzyme extract was used and 

take reading at 240 nm on spectrophotometer (Model G6860A, Agilent Technologies 

Cary 60 UV-Vis, Australia). 

3.7.3.1.3.4 Ascorbate peroxidase activity 

 The activity of ascorbate peroxidase (APX) in rice leaves was detected by the 

method of Asada and Takahashi (1987) with few changes. The 0.1 mL enzyme extract 

was mixed with 0.1 mL of 7.5 mM ascorbate acid, 0.1 mL of 300 mM of H2O2 and 2.7 

mL of phosphate buffers to measure the APX activity. Control was prepared by using 0.1 
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mL distilled water instead of enzyme extract and reading was taken at 290 nm on 

spectrophotometer (Model G6860A, Agilent Technologies Cary 60 UV-Vis, Australia). 

3.7.3.2  Morphological and yielding parameters 

3.7.3.2.1 Plant height, root length and root to shoot ratio 

 Rice plants were harvested and washed thoroughly under tap water. Plant height 

and root length separately measured by using measuring scale and then calculated the 

average. Root to shoot ratio was calculated by dividing the root length by shoot length 

3.7.3.2.2 Shoot, root and total dry biomass 

The shoot and root samples were oven dried till constant weight and then weighed 

separately to measure their dry biomass and calculated the average. To get total dry 

biomass, shoot dry biomass was added in root dry biomass. 

3.7.3.2.3 Number of tillers per plant 

 The number of tillers of each plant were counted separately and calculated their 

average. 

3.7.3.2.4 Flag leaf and panicle length 

 Four flag leaves and four panicles from each plant were selected and measured 

their length through measuring scale and calculated their average. 

3.7.3.2.5 Number of grains per panicle 

 The number of grains of four panicle from each plant were counted and calculated 

their average. 

3.7.3.2.6 Panicle weight per pot 

The panicles from each plant were cut off and weighed by using electrical balance 

and calculating their average. 

3.7.3.2.7 100 grains weight 

 Hundred gains from each pot were counted and then weighed by using an 

electrical balance to calculate their average. 

3.7.3.2.8 Grain yield and straw yield 

 The total grains and straw of each pot were collected and weighed separately to 

get grain yield and straw yield. 
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3.7.3.2.9 Paddy length and width 

 Ten paddy (rice grain in husk) from each plant were selected to measure their 

length and width and then calculated their averaged. 

3.7.3.2.10 Grain length and width 

 Ten grains from each plant were selected to measure their length and width and 

then calculated their averaged. 

3.7.3.3  Nutritional parameters 

3.7.3.3.1 Plant digestion 

 The digestion of representative samples of roots, shoots and grains was carried out 

by protocol as reported by Wolf (1982). The samples were oven dried at 67 oC till constant 

weight and then grind it. A grinded sample of 0.2 g was taken in digestion tube, and 

concentrated H2SO4 (sulfuric acid) was added, and placed overnight. On next day, 2 mL 

of 35% H2O2 was added in this tubes and heated on the hot plate up to 350 oC until fumes 

were produced. Then removed the tubes from the hot plate and cooled them and again add 

2 mL of 35% H2O2 and again place on the hot plate and heated up. This process was 

repeated until colorless sample was obtained. Them make the volume up to 50 mL and 

preserved for macro and micronutrient determination after filtration. 

3.7.3.3.2 Nitrogen determination 

 Nitrogen content in rice grains, shoot and roots were measured by following the 

Kjeldhal technique. The digestive filtrate of 5 mL was taken in Kjeldhal flask and add 

40% NaOH (10 mL) in it and coupled with the distillation unit of Kjeldhal apparatus. The 

2% solution of boric acid (5 mL) and few drops of mixed indicator (containing 

bromocresol green and methylene red) was added in Erlenmeyer flask that act as a 

receiver. After receiving the distillate (approximately 30 to 40 mL), the receiver was 

removed from the distillation unit and cooled for few minutes at room temperature and 

then titrated against H2SO4 (0.01 N) till pink end point and calculate the nitrogen. 

3.7.3.3.3 Phosphorus determination 

 Phosphorus content in digested plant samples was measured through 

spectrophotometer (Model G6860A, Agilent Technologies Cary 60 UV-Vis, Australia) at 

420 nm by the help of standard curve constructed by using standard solution of KH2PO4. 

The digestive sample (5 mL) was taken in volumetric flask of 50 mL and add Barton 
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reagent (10 mL) (Ashraf et al., 1992) and distilled water (up to the mark) and stand for 

thirty minutes for the development of color and then run and take reading for 

phosphorous. 

3.7.3.3.4 Potassium determination 

 For the determination of potassium in digestive root, shoot and grain samples 

through flame photometer (Model: BWB-XP, BWP Technologies, Uk), standard curve 

was construct by using standard solutions of potassium by potassium chloride (KCl) and 

then samples were run and take reading for potassium. 

3.7.3.3.5 Iron and zinc determination 

 Iron and zinc content in digestive plant sample were determined through Atomic 

Absorption Spectrophotometer (Model: 240 FS, Agilent Technologies, USA). Stand 

curve for Fe and Zn was construct and reading was taken. 

3.7.3.3.6 Crude protein 

 Nitrogen content in sample was multiply with a factor pf 6.25 to get the value of 

crude protein (Thimmaiah, 2004). 
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3.8 Field trials 

The results of zinc solubilizing rhizobacterial strains (alone as well as in combined 

form) from pot trial were further evaluated under natural field conditions to check their 

potential to improve growth, yield and quality of rice. Two field trials were conducted at 

the research area of Faculty of Agriculture and Environment, The Islamia University of 

Bahawalpur, Punjab, Pakistan. Physiochemical properties of soil was studied before 

(Table 3.3) and after conducting experiment. Rice seeds of variety PK 386 were sown for 

nursery and after 30 days of sowing, seedlings were harvested and inoculated with their 

respective inoculum. Inoculated, co-inoculated (broth of respective strains mixed in 1:1 

ratio), and un-inoculated (control) seedlings were transplanted in field. The recommended 

dose of N (147 kg ha-1), P (86 kg ha-1) and K (62 kg ha-1) was applied in the form of urea, 

diammonium phosphate and sulfate of potash, respectively. Full doses of phosphorus and 

potassium were applied as basal application at the time of transplantation while nitrogen 

was applied in three splits. The half dose of recommended Zn (4 kg ha-1) was applied in 

the form of zinc sulphate. Each treatment was replicated four times by using Randomized 

Complete Block Design (RCBD). The canal water was used to fulfill the water 

requirements of the crop. All the recommended agronomic practices were done as and 

when required. At physiological maturity, data regarding physiological attributes was 

recorded while at harvesting; data regarding growth and yield parameters was recorded. 

The samples of roots, shoots and grains were preserved for the analysis of macro and 

micronutrients. 

3.8.1 Treatments 

 As given in section 3.7.1 
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Table 3.3: Physical and chemical properties of soil used in field trials 

Properties Units Site-I Site-II 

Sand % 29.3 29.2 

Silt % 32.3 32.3 

Clay % 38.4 38.5 

Textural class - Clay loam Clay loam 

Saturation percentage % 52.8 52.9 

pHs - 8.0 8.1 

ECe dS m-1 1.4 1.5 

Organic matter % 0.64 0.62 

Total nitrogen % 0.0247 0.0246 

Available phosphorus (Olson) mg kg-1 6.46 6.47 

Extractable potassium (NH4OAC) mg kg-1 66 65 

DTPA-iron mg kg-1 4.5 4.5 

DTPA-zinc mg kg-1 0.69 0.68 
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3.8.2 Soil analysis 

 Soil analysis was carried out as described in section 3.7.2. 

3.8.3 Plant analysis 

 Plant physiological parameters were determined at physiological maturity. Plants 

were harvested at maturity and noted morphological and yielding parameters. Shoot, roots 

and grains samples were oven dried and grinded and then analyzed for macro (N, P and 

K) and micronutrients (Fe and Zn). 

3.8.3.1  Physiological parameters 

 Randomly ten mature leaves were selected and measured their physiological 

parameters as described in section 3.7.3.1. 

3.8.3.2  Morphological and yielding parameters 

 Four plants from each plot were selected and measured their morphological and 

yielding parameters as described in section 3.7.3.2. In field trials, thousand grains weight 

was measured instead of hundred grains weight. To measure the grain and straw yield 1 

m2 area from each plot was harvested. 

3.8.3.3  Nutritional Analysis 

Nutritional analysis was carried out as described in section 3.7.3.3. 

3.9 Statistical analysis 

 The data obtained from above tests and measurements were subjected to statistical 

analysis by Complete Randomized Design (CRD) for in vitro and pot experiments and by 

Randomized Complete Block Design (RCBD) for field experiments and means were 

compared by Least Significant Difference (LSD) to see the significance of results at 5% 

probability level (Steel et al., 1997). 
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CHAPTER-IV 

RESULTS 

  

Zinc is an important micronutrient that is essential for not only the proper 

functioning and optimum growth of crop plants but also for human and microorganisms 

throughout their life cycles. In plants, it is needed for the synthesis of chlorophyll, 

metabolism and uptake of nitrogen, formation of pollen, integrity of cell membrane and 

production of hormones. It is important in proper functioning of brain, nerves and muscles 

in humans. It is the structural and catalytic part of more than 300 enzymes. The soils of 

Pakistan are calcareous and alkaline in nature and have low organic matter, more calcium 

carbonate content and high pH. So, zinc becomes fixed or insoluble in these soils and 

becomes deficient. This deficiency of zinc in soil causes the deficiency in plants that leads 

to the deficiency in humans because plants are the main source of zinc for humans. The 

fixed or insoluble zinc can be converted into soluble or available forms of zinc by the 

action of zinc solubilizing rhizobacteria that have ability to solubilize the fixed or 

insoluble form of zinc. This zinc solubilizing rhizobacteria produce organic acids, 

chelating ligands, phytohormones, amino acids and vitamins to solubilize the insoluble 

zinc and make it available for plants. Zinc solubilizing rhizobacteria also solubilize the 

phosphorus, produce the phytohormones, siderophores, enzymes and ammonia that are 

helpful in improvement of plant growth. So, keeping in mind the significance of zinc and 

zinc solubilizing rhizobacteria, the current work was performed to isolate and characterize 

the zinc solubilizing isolates from rhizospheric soil of rice and their effect on rice growth, 

yield and quality under axenic and natural field conditions. Out of seventy five, twenty 

four isolates were categorized as zinc solubilizers and further screened for 

exopolysaccharides and indole-3-acetic acid production. The selected isolates, sole as 

well as in co-inoculation combinations were tested for their plant growth promoting 

abilities in jar trial I and jar trial II, respectively. The three best promising co-inoculation 

combinations, were selected that have four isolates. These isolates were identified through 

16S rRNA partial sequence and characterized for other plant growth promoting attributes. 

These four promising zinc solubilizing strains, sole as well as in all possible co-

inoculation combinations, were evaluated in pot trial to check their abilities to improve 

the rice growth, yield and quality. The results of pot trial were further confirmed by 
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performing two field trials. The results of characterization of zinc solubilizing strains and 

jar, pot and field trials are presented in the following sections. 

4.1 Isolation of rhizobacterial isolates  

 The seventy five rhizobacterial isolates were isolated from rhizospheric soil of rice 

grown in different growing areas of Yazman and Ahmadpur and research area of 

Department of Soil Science, Faculty of Agriculture and Environment, The Islamia 

University of Bahawalpur, Punjab, Pakistan. These isolates were purified, coded as AN1 

to AN75 and preserved in glycerol at -40°C for further use.  

4.2 Zinc solubilization assay 

4.2.1 Qualitative zinc solubilization assay 

 All the seventy five isolates were spot inoculated on tris-minimal medium 

amended with 0.1% zinc oxide to check their potential to solubilize the insoluble zinc. 

Out of total, only 24 isolates coded as AN2, AN8, AN15, AN16, AN19, AN20, AN24, 

AN25, AN30, AN31, AN33, AN35, AN38, AN43, AN44, AN48, AN51, AN55, AN58, 

AN64, AN66, AN69, AN71 and AN75 were able to solubilize insoluble Zn by making 

clear halo zone around the rhizobacterial colonies. 

4.2.1.1 Colony and halo zone diameter 

 Rhizobacterial isolates showed the different values of colony and halo zone 

diameter in petri plates consisting of tris minimal medium amended with 0.1% zinc oxide. 

The maximum colony diameter (8.43 mm) was shown by AN30, followed by AN31 (8.25 

mm) and AN69 (8.0 mm) that were statistically same with each other. While smallest 

value of 5.58 mm for colony diameter was noted by isolate AN66. The halo zone diameter 

around the bacterial colonies ranged from 8.05 to 21.3 mm. The highest halo zone 

diameter of 21.3 mm was shown by AN31, followed by AN30 (20.8 mm) and AN24 (15.2 

mm). In comparison with this, the lowest value of halo zone diameter (8.05 mm) was 

measured by isolate AN25 (Table 4.1). 

4.2.1.2 Zinc solubilization area 

 Zinc solubilizing rhizobacterial isolates were found variable in their zinc 

solubilizing area. The maximum Zn solubilization area based on halo zone diameter 

(356.7 mm2) was shown by isolates AN31 which was statistically same with AN30 (340.8 
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mm2) but statistically significantly different than AN24 (182.5 mm2). While the lowest 

value for zinc solubilizing area was measured for AN25 (51.1 mm2) (Table 4.1). 

4.2.1.3 Zinc solubilization efficiency and zinc solubilization index 

 The maximum Zn solubilization efficiency (258.4%) and Zn solubilization index 

(3.59) was observed by isolate AN31, followed by AN30 (247.8% and 3.48) and AN35 

(220.8% and 3.21). However, the minimum values of 120.8% for zinc solubilization 

efficiency and 2.21 for zinc solubilization index was observed by isolate AN2 (Table 4.1). 

4.2.2 Quantitative zinc solubilization assay 

 Zinc solubilizing isolates that showed the positive result in qualitative assay were 

subjected to quantitative assay. The result of this quantitative assay indicated that with 

increasing quantity of soluble Zn, the pH decreased. The maximum concentration of 

solubled Zn (30. 2 mg/ L) was observed by AN31, followed by AN30 (29.1 mg/ L) and 

AN24 (24.9 mg/ L) and were statistically significantly different than each other. While 

the minimum amount of solubled Zn was noted by AN25 (13.9 mg/ L). The maximum 

decrease in pH of broth was resulted by AN31 (4.11), followed by AN30 (4.26) and AN24 

(4.31) and were statistically same with each other. However, the minimum drop in pH 

was observed by isolate AN25 (6.59) (Table 4.2). 

4.3 Exopolysaccharides production assay 

 All the zinc solubilizing rhizobacterial isolates, except AN38, AN43, AN44, 

AN51, AN66 and AN69 showed mucoid growth on agar plates after seventy two hours 

of incubation period and were considered positive for exopolysaccharides production 

(Table 4.3). 
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Table 4.1: Effectiveness of rhizobacterial isolates to solubilize insoluble zinc source 

(ZnO) during in vitro qualitative assay 

Zn  

solubilizing 

isolates 

Colony 

diameter 

(mm) 

Zn halo zone 

diameter 

(mm) 

ZSA (mm2) ZSE (%) ZSI 

AN2 7.18 d-f 8.65 mn 58.98 mn 120.78 m 2.21 m 

AN8 6.80 fg 12.10 ij 115.04 hi 178.17 e-h 2.78 e-h 

AN15 7.25 c-f 14.13 cd 156.66 cd 195.31 c 2.95 c 

AN16 6.93 f 13.25 e-h 137.96 e-g 191.47 cd 2.91 cd 

AN19 6.98 ef 13.45 d-g 142.27 d-f 193.05 c 2.93 c 

AN20 7.50 b-f 13.70 d-f 147.74 de 182.86 c-f 2.83 c-f 

AN24 7.20 c-f 15.23 b 182.51 b 211.42 b 3.11 b 

AN25 6.00 gh 8.05 n 51.11 n 134.99 l 2.35 l 

AN30 8.43 a 20.83 a 340.79 a 247.84 a 3.48 a 

AN31 8.25 ab 21.30 a 356.69 a 258.44 a 3.58 a 

AN33 7.40 c-f 14.23 cd 158.96 cd 193.14 c 2.93 c 

AN35 6.75 fg 14.85 bc 173.14 bc 220.77 b  3.21 b 

AN38 7.00 ef 11.70 j 107.54 ij 167.14 g-j 2.67 h-j 

AN43 7.50 b-f 10.25 kl 82.67 kl 136.83 l 2.37 l 

AN44 7.28 c-f 10.90 k 93.36 jk  150.73 k 2.51 k 

AN48 7.50 b-f 11.98 ij 112.72 hi 160.00 i-k 2.60 i-k 

AN51 5.75 h 9.75 l 74.70 lm 170.33 f-i 2.70 g-i 

AN55 7.85 a-d 13.05 f-h 133.94 e-g 166.19 h-j 2.66 h-j 

AN58 7.25 c-f 13.50 d-g 143.36 d-f 186.38 c-e 2.86 c-e 

AN64 7.75 a-e 13.10 f-h 134.76 e-g 170.63 f-i 2.71 f-i 

AN66 5.58 h 8.95 m 62.92 mn 161.26 i-k 2.61 i-k 

AN69 8.00 a-c 12.50 hi 122.73 g-i 157.25 jk 2.57 jk 

AN71 7.98 a-d 12.75 g-i 127.68 f-h 159.89 i-k 2.60 i-k 

AN75 7.75 a-e 13.90 de 151.69 de 179.87 d-g 2.80 d-g 

LSD value 0.8021 0.7876 18.424 12.955 0.1294 

Means sharing the same letters are statistically not significant at 5% level of probability. 

ZSA = Zn solubilization area, ZSE = Zn solubilization efficiency, ZSI = Zn solubilization 

index 
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Table 4.2: Effectiveness of rhizobacterial isolates to solubilize insoluble zinc source 

(ZnO) during in vitro quantitative assay 

Zn solubilizing isolates Zn concentration in broth (mL/ L) pH of broth 

AN2 14.41 op 6.46 ab 

AN8 17.83 ij 5.61 g 

AN15 23.68 d 4.36 lm 

AN16 22.38 f 5.37 hi 

AN19 22.73 ef 4.90 j 

AN20 23.15 d-f 4.62 k 

AN24 24.90 c 4.31 l-n 

AN25 13.85 p 6.59 a 

AN30 29.10 b 4.26 mn 

AN31 30.23 a 4.11 n 

AN33 23.48 de 4.39 lm 

AN35 24.63 c 4.34 lm 

AN38 16.90 kl 5.97 ef 

AN43 15.78 mn 6.23 cd 

AN44 16.40 lm 6.14 de 

AN48 17.25 jk 5.83 f 

AN51 15.20 no 6.35 bc 

AN55 19.98 h 5.26 i 

AN58 22.95 d-f 4.85 j 

AN64 21.53 g 5.20 i 

AN66 14.75 o 6.41 a-c 

AN69 18.20 i 5.47 gh 

AN71 19.38 h 5.33 hi 

AN75 23.30 de 4.49 kl 

LSD value 0.8278 0.2032 

Means sharing the same letters are statistically not significant at 5% level of probability. 
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Picture 4.1: Solubilization of ZnO during in vitro assay by zinc solubilizing strains. 

The formation of clear halo zones around the rhizobacterial colonies 

indicated the solubilization of ZnO. 
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Table 4.3: Exopolysaccharides production by zinc solubilizing isolates 

Zn solubilizing 

isolates 

Exopolysaccharides 

production 

Zn solubilizing 

isolates 

Exopolysaccharides 

production 

AN2* + AN38 - 

AN8* + AN43 - 

AN15* + AN44 - 

AN16* + AN48* + 

AN19* + AN51 - 

AN20* + AN55* + 

AN24* + AN58* + 

AN25* + AN64* + 

AN30* + AN66 - 

AN31* + AN69 - 

AN33* + AN71* + 

AN35* + AN75* + 

(+) = Positive for exopolysaccharides production, (-) = Negative for exopolysaccharides 

production, (*) = selected for indole-3-acetic acid production assay. 
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Picture 4.2: Production of exopolysaccharides during in vitro assay by zinc 

solubilizing strains. The mucoid growth around the rhizobacterial 

colonies indicated the production of exopolysaccharides. 
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4.4 Indole-3-acetic acid production assay 

 The isolates positive for exopolysaccharides production were subjected to IAA 

production assay. Results indicated that all the tested isolates produced indole-3-acetic 

acid but their quantity was different in the absence and presence of L-tryptophan (L-TRP). 

The isolates produced more quantity in the presence of L-tryptophan ranging from 2.81 

to 18.1 mg L-1 as compared to that of without L-tryptophan (2.07 to 13.1 mg L-1). Isolate 

AN24 produced the maximum quantity (18.1 mg L-1 in the presence of L-TRP and 13.1 

mg L-1 in the absence of L-TRP) that was statistically significantly different than other 

isolates. The isolates AN35 and AN31 were the next best which produced 16.7 and 15.9 

mg IAA L-1, respectively, in the presence of L-TRP and 11.4 and 10.5 mg IAA L-1, 

respectively, in the absence of L-TRP. While the isolate AN2 produced the minimum 

quantity of 2.81 mg IAA L-1 in the presence of L-TRP and isolate AN25 produced the 

minimum amount of 2.07 mg IAA L-1 in the absence of L-TRP (Table 4.4). 
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Table 4.4: Indole-3-acetic acid production by zinc solubilizing isolates 

Zn solubilizing isolates Indole-3-acetic acid production (mg L-1) 

 Without L-Tryptophan With L-Tryptophan 

AN2 2.10 l 2.81 o 

AN8* 4.04 jk 4.98 l 

AN15* 9.10 e 11.50 e 

AN16* 4.30 ij 5.91 ij 

AN19* 4.70 h 6.30 h 

AN20* 4.41 i 6.14 hi 

AN24* 13.10 a 18.10 a 

AN25 2.07 l 2.90 o 

AN30* 5.50 f 8.10 f 

AN31* 10.50 c 15.91 c 

AN33* 5.00 g 6.91 g 

AN35* 11.40 b 16.70 b 

AN48 2.30 l 3.19 n 

AN55* 4.17 ij 5.70 j 

AN58* 5.11 g 6.70 g 

AN64* 4.17 ij 5.30 k 

AN71* 3.80 k 4.62 m 

AN75* 9.80 d 12.30 d 

LSD value 0.2667 0.2505 

Means sharing the same letters are statistically not significant at 5% level of probability. 

(*) = selected for the sole inoculation to test the plant growth promoting activity in jar 

trial. 
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4.5 Screening of zinc solubilizing isolates to improve the growth of rice seedlings 

under axenic conditions 

 The isolates selected on above mentioned tests were further screened for their 

ability to promote the rice growth in jar trial under axenic conditions (Picture 4.3). 

Though, inoculation with all the zinc solubilizing isolates showed improvement in 

germination percentage and growth parameters of rice seedlings as compared to control. 

But the prominent improvement in all the measured parameters was recorded by isolates 

AN24, AN30, AN31 and AN35. 

4.5.1 Germination percentage 

Inoculation with zinc solubilizing isolates showed improvement in germination 

percentage of rice seedlings as compared to control. Minimum germination percentage of 

77.5 % at day 7 of sowing was noted by un-inoculated control. Inoculation with zinc 

solubilizing isolates AN24, AN30, AN31, AN35 and AN75 showed the 100% 

germination at day 7 of sowing. The minimum improvement of 82.5% in germination 

percentage was observed by isolate AN71 (Table 4.5). 

4.5.2 Shoot length 

 The results obtained from the inoculation of zinc solubilizing rhizobacterial 

isolates showed that all the isolates were found promising in improving the shoot length 

of rice seedlings. The data presented in Table 4.5 indicated that isolates AN24, AN35, 

AN30 and AN31 caused maximum increase of 33.3%, 30.6%, 28.3% and 27.3%, 

respectively, in shoot length of rice seedlings and were statistically similar with each other 

but statistically significantly different than un-inoculated control (Picture 4.4). Minimum 

increase of 4.3% was noted by isolate AN71 and was statistically same with control. 

4.5.3 Shoot fresh biomass 

 The improvement in shoot fresh biomass of rice seedlings was noted by the 

inoculation of zinc solubilizing isolates (Table 4.5). The improvement in shoot fresh 

biomass ranged from 4.8 to 35.3% as compared to control. The highest increase of 35.3% 

in shoot fresh biomass as compared to control was noted by the inoculation of isolate 

AN24, followed by isolates AN35, AN30 and AN31, which increased the shoot fresh 

biomass up to 32.5%, 30.1% and 28.9%, respectively. Minimum increase of 4.8% in shoot 

fresh biomass was noted by the inoculation of AN8 and was statistically same with un-

inoculated control. 
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4.5.4 Shoot dry biomass 

 Zinc solubilizing rhizobacterial isolates exposed their effectiveness in improving 

the shoot dry biomass of rice seedlings. Minimum shoot dry biomass was noted when un-

inoculated rice seeds were sown. The isolate AN24 showed highest increase of 36.5% in 

shoot dry biomass. The next better isolates AN35, AN30 and AN31 caused 34%, 32% 

and 30.4%, respectively, improvement in shoot dry biomass and were statistically not 

significant with each other. The minimum increase of 5.1% was noted by isolate AN8, 

and was statistically different than control (Table 4.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 
 

4.5: Effect of sole inoculation of zinc solubilizing isolates on germination percentage 

and growth parameters of rice in jar trial under axenic conditions 

Zn 

solubilizing 

isolates 

Germination 

percentage 

(%) 

Shoot length 

(cm) 

Shoot fresh 

biomass 

(g/ plant) 

Shoot dry 

biomass  

(g/ plant) 

Control 77.5 19.35 h 0.0763 i 0.0275 h 

AN8 85 20.33 gh 0.0799 hi 0.0289 g 

AN15 97.5 23.0 cde 0.0915 cd 0.0332cd 

AN16 90 20.83 fgh 0.0826 fgh 0.0301 fg 

AN19 95 21.8 d-g 0.0856 efg 0.0310 ef 

AN20 92.5 21.53 efg 0.0862 ef 0.0311 ef 

AN24 100 25.8 a 0.1032 a 0.0376 a 

AN30 100 24.83 ab 0.0992 ab 0.0363 ab 

AN31 100 24.63 abc 0.0983 b 0.0359 b 

AN33 97.5 22.68 de 0.0895 cde 0.0325 cd 

AN35 100 25.28 a 0.1010 ab 0.0369 ab 

AN55 90 20.65 fgh 0.0818 gh 0.0299 fg 

AN58 95 22.08 def 0.0880 de 0.0320 de 

AN64 87.5 20.58 fgh 0.0815 gh 0.0296 g 

AN71 82.5 20.18 gh 0.0800 hi 0.0291 g 

AN75 100 23.4 bcd 0.0923 c 0.0337 c 

LSD value   1.7330 0.0043 0.0013 

Means sharing the same letters are statistically not significant at 5% level of probability (n 

= 4). 
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Picture 4.3: A view of screening trial of zinc solubilizing isolates 

 

 

Picture 4.4: Effect of zinc solubilizing isolates on seedling length of rice under 

screening trial 

 



66 
 

4.5.5 Root length 

 The data indicated that inoculation with zinc solubilizing rhizobacterial isolates 

had potential to promote the root length under controlled conditions. The smallest root 

length (6.3cm) was noted by control. While, smallest increase of 6.7% in root length, 

shown by isolate AN64, and was statistically same to control. The highest increase of 

37.3% in root length by inoculation of AN24 was statistically significantly different than 

control but statistically same with isolates AN35, AN31 and AN30 which increased the 

root length up to 34.9%, 33.7% and 33.3%, respectively (Table 4.6). 

4.5.6 Root fresh biomass 

 Zinc solubilizing isolates were found promising in improving the root fresh 

biomass of rice seedlings (Table 4.6). The isolates improved the root fresh biomass from 

4.4% to 35.1% in comparison to control. Maximum increase of 35.1% in root fresh 

biomass was noted by isolate AN24. The next batter increase of 32.3%, 30.2% and 29% 

in root fresh biomass was noted by isolates AN35, AN31 and AN30, respectively, which 

were statistically similar with each other and also with isolate AN24. But were statistically 

significantly different than control. While the minimum increase was observed by isolate 

AN71 which was 4.4% and statistically same with control. 

4.5.7 Root dry biomass 

 Inoculation with zinc solubilizing rhizobacterial isolates had ability to improve 

the root dry biomass of rice seedlings under controlled conditions. Minimum root dry 

biomass was noted by un-inoculated control. While, minimum increase (5%) in root dry 

biomass due to isolate AN64 was found statistically similar with un-inoculated control. 

The improvement of 36% in root dry biomass by isolate AN24 was maximum as 

compared to other isolates but statistically not significant with isolates AN35 (33.3%), 

AN31 (31%) and AN30 (29.7%). 

4.5.8 Root to shoot ratio 

 The data regarding root to shoot ratio indicated that zinc solubilizing bacterial 

isolates had ability to improve the root to shoot ratio of rice seedlings under controlled 

conditions. However, the improvement in root to shoot ratio was found statistically not 

significant with each other and also with control. The maximum improvement in root to 

shoot ratio was noted by isolate AN31, followed by AN55 and AN71. While isolate AN30 

showed minimum increase in root to shoot ratio of rice seedlings (Table 4.6). 
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4.6: Effect of sole inoculation of zinc solubilizing isolates on root growth and root/ 

shoot ratio of rice in jar trial under axenic conditions 

Zn 

solubilizing 

isolates 

Root length 

(cm) 

Root fresh 

biomass 

(g/ plant) 

Root dry 

biomass  

(g/ plant) 

Root/ shoot 

ratio 

Control 6.30 f 0.0124 h 0.0075 f 0.3247 a 

AN8 6.93 def 0.0132 fgh 0.0082 def 0.3408 a 

AN15 7.75 c 0.0151 bcd 0.0092 a-d 0.3369 a 

AN16 6.90 def 0.0135 fgh 0.0081 def 0.3316 a 

AN19 7.23 cde 0.0141 d-g 0.0084 def 0.3318 a 

AN20 7.25 cde 0.0139 efg 0.0085 c-f 0.3369 a 

AN24 8.65 a 0.0168 a 0.0102 a 0.3352 a 

AN30 8.40 ab 0.0160 abc 0.0097 abc 0.3257 a 

AN31 8.43 a 0.0162 ab 0.0098 ab 0.3427 a 

AN33 7.73 c 0.0150 cde 0.0090 a-e 0.3407 a 

AN35 8.50 a 0.0164 a 0.0100 a 0.3368 a 

AN55 7.03 de 0.0133 fgh 0.0080 def 0.3408 a 

AN58 7.38 cd 0.0142 def 0.0086 b-f 0.3340 a 

AN64 6.73 ef 0.0131 gh 0.0079 ef 0.3281 a 

AN71 6.88 def 0.0130 gh 0.0079 ef 0.3410 a 

AN75 7.78 bc 0.0149 cde 0.0091 a-e 0.3323 a 

LSD value  0.6264 0.0012 0.0013 0.0220 

Means sharing the same letters are statistically not significant at 5% level of probability (n 

= 4). 
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4.5.9 Tissue water content 

 Tissue water content of rice seedlings were improved by the inoculation of zinc 

solubilizing rhizobacterial isolates under axenic conditions. However, these 

improvements were found statistically not significant with each other and also with 

control. Minimum improvement in tissue water content of rice seedlings was noted by 

isolate AN30. While maximum improvement was observed by isolate AN20, followed by 

AN19 and AN8 (Table 4.7). 

4.5.10 Bacterial population 

 Bacterial population was observed in inoculated treatments while in un-inoculated 

control, there was no bacterial population. The results indicated that bacterial population 

was maximum in case of inoculation with AN24 (5.03 × 106 cfu/ g), followed by AN35 

(4.91 × 106 cfu/ g) and AN31 (4.79 × 106 cfu/ g). While, minimum bacterial population 

was noted by isolate AN8 (2.82 × 106 cfu/ g) (Table 4.7). 

4.5.11 Root colonization 

 The data regarding root colonization showed that all the zinc solubilizing 

rhizobacterial isolates have strong root adherence/colonization ability. The highest value 

(5.14 × 107 cfu/ g) of root colonization showed by isolate AN24 and was statistically same 

with isolate AN35 (5.01 × 107 cfu/ g) but statistically significantly different than other 

isolates. AN31 and AN30 were next better isolates and colonized the roots of rice up to 

4.83 × 107 cfu/ g and 4.61 × 107 cfu/ g, respectively. Minimum root colonization was 

observed due to the inoculation of AN16 and was statistically different than other isolates 

(Table 4.7). 
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4.7: Effect of sole inoculation of zinc solubilizing isolates on tissue water content, 

bacterial population and root colonization of rice in jar trial under axenic 

conditions 

Zn 

solubilizing 

isolates 

Tissue water content  

(%) 

Bacterial population 

(× 106 cfu/ g) 

Root colonization 

(× 107 cfu/ g) 

Control 63.40 a 0.00 m 0.00 l 

AN8 63.83 a 2.82 l 3.30 h 

AN15 63.73 a 4.34 e 4.13 e 

AN16 63.61 a 3.30 i 2.28 k 

AN19 63.84 a 3.78 gh 4.24 de 

AN20 63.97 a 3.67 h 3.85 f 

AN24 63.62 a 5.03 a 5.14 a 

AN30 63.41 a 4.71 cd 4.61 c 

AN31 63.53 a 4.79 bc 4.83 b 

AN33 63.67 a 4.15 f 3.84 f 

AN35 63.52 a 4.91 ab 5.01 ab 

AN55 63.51 a 3.18 ij 2.65 j 

AN58 63.64 a 3.92 g 3.63 g 

AN64 63.70 a 2.94 kl 3.16 h 

AN71 63.64 a 3.06 jk 2.97 i 

AN75 63.49 a 4.57 d 4.36 d 

LSD value  2.0274 0.1664 0.1825 

Means sharing the same letters are statistically not significant at 5% level of probability (n 

= 4). 
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4.6 Compatibility assay for zinc solubilizing isolates 

 Results of the compatibility assay indicated that less than half co-inoculation 

combinations were compatible with each other. Only the combinations AN15-AN24, 

AN15-AN30, AN15-AN31, AN20-AN24, AN20-AN30, AN20-AN35, AN24-AN30, 

AN24-AN31, AN24-AN35, AN24-AN58, AN30-AN31, AN30-AN35, AN30-AN58, 

AN31-AN35 and AN31-AN75 were compatible with each other as observed by consistent 

growth at intersection of streaking of both strains. The remaining co-inoculation 

combinations showed the zone of inhibition at the interception and were considered as 

incompatible with each other (Table 4.8; Picture 4.5). The compatible co-inoculation 

combinations were selected to check the effect of co-inoculation of Zn solubilizing 

isolates on growth of rice seedlings under axenic conditions. 
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Table 4.8: Compatibility assay for zinc solubilizing isolates   

Zn solubilizing co-

inoculation 

combinations 

Compatible Zn solubilizing co-

inoculation 

combinations 

Compatible 

AN15-AN19 - AN20-AN75 - 

AN15-AN20 - AN24-AN30* + 

AN15-AN24* + AN24-AN31* + 

AN15-AN30* + AN24-AN33 - 

AN15-AN31* + AN24-AN35* + 

AN15-AN33 - AN24-AN58* + 

AN15-AN35 - AN24-AN75 - 

AN15-AN58 - AN30-AN31* + 

AN15-AN75 - AN30-AN33 - 

AN19-AN20 - AN30-AN35* + 

AN19-AN24 - AN30-AN58* + 

AN19-AN30 - AN30-AN75 - 

AN19-AN31 - AN31-AN33 - 

AN19-AN33 - AN31-AN35* + 

AN19-AN35 - AN31-AN58 - 

AN19-AN58 - AN31-AN75* + 

AN19-AN75 - AN33-AN35 - 

AN20-AN24* + AN33-AN58 - 

AN20-AN30* + AN33-AN75 - 

AN20-AN31 - AN35-AN58 - 

AN20-AN33 - AN35-AN75 - 

AN20-AN35* + AN58-AN75 - 

AN20-AN58 -   

(+) = Compatible to each other, (-) = Not compatible to each other, (*) = Selected for jar 

trial II for co-inoculation 
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Picture 4.5: Compatibility assay by zinc solubilizing isolates. Picture on left side 

showed that isolate AN24 not compatible with isolate AN33 while picture 

on right side showed the compatibility of isolate AN24 with isolate AN31. 
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4.7 Screening of effective co-inoculation combinations of zinc solubilizing isolates 

for improving the growth of rice seedlings under axenic conditions 

 The plant growth promoting ability of selected co-inoculation combinations of 

zinc solubilizing rhizobacterial isolates were checked in jars under controlled conditions. 

All the tested co-inoculation combinations showed ability to promote the seedling 

germination percentage and growth parameters of rice as compared to control with 

variable efficiency. The co-inoculation combinations AN24-AN31, AN30-AN35 and 

AN30-AN31 were found more competitive in all the measured parameters as compared 

to others (Picture 4.6). 

4.7.1 Germination percentage 

The data regarding germination percentage indicated that inoculation with zinc 

solubilizing rhizobacterial isolates showed prominent improvement in germination 

percentage of rice seedlings as compared to un-inoculated control. Inoculation with zinc 

solubilizing rhizobacterial combinations AN24-AN31, AN24-AN35, AN30-AN31 and 

AN30-AN35 showed 100% germination at day 7 of sowing. While co-inoculation 

combinations AN20-AN30, AN24-AN30 and AN31-AN35 showed 97.5% germination 

at day 7 of sowing. The minimum improvement of 80% in germination percentage was 

observed by combination AN2-AN35. The minimum germination percentage of 77.5% at 

day 7 of sowing was noted by un-inoculated control (Table 4.9). 

4.7.2 Shoot length 

 All the tested zinc solubilizing co-inoculation combinations were found promising 

in improving the shoot length of rice seedlings under controlled conditions. All the 

combinations significantly increased the shoot length as compared to control. The 

improvement in shoot length ranged from 8.3 to 39.6%. Minimum shoot length was 

shown when un-inoculated seeds were sown. While minimum increase of 8.3% in shoot 

length was noted by the combination AN20-AN35 and was found statistically 

significantly different than control. The maximum improvement of 39.6% in shoot length 

of rice seedlings was noted by combination AN24-AN31. The next better co-inoculation 

combinations AN30-AN35, AN30-AN31 and AN24-AN35 were found statistically not 

significant with combination AN24-AN31 by improving the shoot length up to 38.8, 34.4 

and 29.4%, respectively (Table 4.9; Picture 4.7). 
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4.7.3 Shoot fresh biomass 

 The results indicated that inoculation with zinc solubilizing rhizobacterial 

combinations had potential to promote the shoot fresh biomass of rice seedlings under 

axenic conditions. Maximum increase (40.1%) in shoot fresh biomass by combination 

AN24-AN31 was found statistically significantly differentthan control but statistically 

same with combination AN30-AN35 that caused 39.2% increase in shoot fresh biomass 

as compared to un-inoculated control. The combination AN30-AN31 improved the shoot 

fresh biomass up to 35.1% and was found statistically different with combination AN24-

AN31 but statistically similar with AN30-AN35. Minimum increase of 8.9% was noted 

by inoculation of combination AN15-AN30 and was statistically significantly different 

than un-inoculated control. However, lowest shoot fresh biomass was noted by un-

inoculated control (Table 4.9). 

4.7.4 Shoot dry biomass 

 Zinc solubilizing rhizobacterial co-inoculation significantly improved the shoot 

dry biomass of rice seedlings under controlled conditions (Table 4.9). The improvement 

in shoot dry biomass of rice seedlings by co-inoculation combinations ranged from 8.5 to 

41% as compared to control. The combination AN24-AN31 improved the shoot dry 

biomass up to 41% and was found statistically significantly different than control. AN30-

AN35 was the next best co-inoculation combination as improved 39.9% shoot dry 

biomass and also statistically significantly different than control but statistically same 

with combination AN30-AN31. The minimum increase in shoot dry biomass was noted 

by combination AN15-AN30 and was found statistically different than un-inoculated 

control.  
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4.9: Effect of co-inoculation combinations of zinc solubilizing isolates on germination 

percentage and growth parameters of rice in jar trial under axenic conditions 

Zn solubilizing 

co-inoculation 

combinations 

Germination 

percentage 

(%) 

Shoot length 

(cm) 

Shoot fresh 

biomass 

(g/ plant) 

Shoot dry 

biomass  

(g/ plant) 

Control 77.5 19.50 i 0.0775 h 0.0283 i 

AN15-AN24 95.0 24.55 cd 0.0972 cd 0.0355 de 

AN15-AN30 82.5 21.25 h 0.0844 g 0.0307 h 

AN15-AN31 95.0 23.90 de 0.0958 d 0.0351 e 

AN20-AN24 85.0 21.90 fgh 0.0871 fg 0.0315 gh 

AN20-AN30 97.5 22.85 ef 0.0914 e 0.0333 f 

AN20-AN35 80.0 21.13 h 0.0854 g 0.0309 h 

AN24-AN30 97.5 25.10 c 0.1002 c 0.0368 c 

AN24-AN31 100 27.23 a 0.1086 a 0.0399 a 

AN24-AN35 100 25.23 bc 0.0996 c 0.0366 cd 

AN24-AN58 87.5 22.10 fgh 0.0866 fg 0.0317 gh 

AN30-AN31 100 26.20 ab 0.1047 b 0.0385 b 

AN30-AN35 100 27.08 a 0.1079 ab 0.0396 ab 

AN30-AN58 90.0 22.45 fg 0.0893 ef 0.0326 fg 

AN31-AN35 97.5 24.45 cd 0.0980 cd 0.0360 cde 

AN31-AN75 82.5 21.60 gh 0.0851 g 0.0310 h 

LSD value   1.0843 0.0034 0.0013 

Means sharing the same letters are statistically not significant at 5% level of probability (n 

= 4). 
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Picture 4.6: A view of screening trial of zinc solubilizing co-inoculation combinations 

 

 

Picture 4.7: Effect of zinc solubilizing co-inoculation combinations on seedling 

length of rice under screening trial 

 



77 
 

4.7.5 Root length 

 Zinc solubilizing co-inoculation combinations expressed their efficiency in 

promoting the root length of rice seedlings under controlled conditions. All the 

combinations significantly promoted the root length as compared to control. The 

minimum root length was noted when un-inoculated seeds were sown. The combination 

AN30-AN35 showed highest increase of 41.9% in root length, followed by AN24-AN31 

and AN30-AN31 that caused the 41.2 and 37.3% increase in root length and were found 

statistically not significant with each other but statistically significantly different than un-

inoculated control. Co-inoculation combination AN20-AN35 was also found statistically 

significantly different than un-inoculated control as increased 10.4% root length that was 

minimum increase as compared to other co-inoculation combinations (Table 4.10). 

4.7.6 Root fresh biomass 

The data exhibited that all the co-inoculation combinations were capable in 

promoting the root fresh biomass of rice seedlings under axenic conditions (Table 4.10). 

The results showed that bacterial co-inoculation combination AN30-AN35 was able to 

promote the root fresh biomass up to 40.7% that was highest as compared to other 

treatments. The combinations AN24-AN31 and AN30-AN31 increased the 39.7 and 

35.1% root fresh biomass as compared to control. These bacterial co-inoculation 

combinations were found statistically similar with each other but statistically significantly 

different than un-inoculated control. The lowest increase of 7.9% by co-inoculation of 

AN20-AN35 was found statistically same with un-inoculated control. 

4.7.7 Root dry biomass 

 Root dry biomass of rice seedlings were improved due to the co-inoculation of 

zinc solubilizing rhizobacterial isolates. The improvement in root dry biomass ranged 

from 7.7 to 41.4% as compared to control. Minimum root dry biomass was noted by un-

inoculated control. While minimum increase in root dry biomass was noted by bacterial 

combination AN20-AN24 and was found statistically same with control. The maximum 

increase of 41.4% in root dry biomass was recorded by bacterial combination AN30-

AN35, followed by AN24-AN31 and AN30-AN31 that enhanced the root dry biomass up 

to 40.1 and 35.2%, respectively, and were statistically different than control but 

statistically similar with each other (Table 4.10). 
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4.7.8 Root to shoot ratio 

 All the tested zinc solubilizing rhizobacterial combinations were found promising 

in improving the root to shoot ratio of rice seedlings under controlled conditions. The 

rhizobacterial combinations improved the root to shoot ratio from 0.4 to 6.7% as 

compared to control. The highest increase of 6.7% in root to shoot ratio of rice seedlings 

was observed by rhizobacterial combination AN20-AN30. The next maximum increase 

of 6.5 and 4.1% in root to shoot ratio was noted due to the co-inoculation of AN31-AN35 

and AN15-AN30. These increases in root to shoot ratio were found statistically same with 

each other but statistically significantly different than un-inoculated control. However, 

remaining all the bacterial combinations were found statistically not significant with 

control (Table 4.10). 
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4.10: Effect of co-inoculation combinations of zinc solubilizing isolates on root 

growth and root/ shoot ratio of rice in jar trial under axenic conditions 

Zn solubilizing 

co-inoculation 

combinations 

Root length 

(cm) 

Root fresh 

biomass 

(g/ plant) 

Root dry 

biomass  

(g/ plant) 

Root/ shoot 

ratio 

Control 6.50 j 0.0129 j 0.0081 h 0.3331 c 

AN15-AN24 8.28 def 0.0160 def 0.0102 b-e 0.3370 bc 

AN15-AN30 7.38 i 0.0143 hi 0.0094 d-g 0.3468 ab 

AN15-AN31 8.03 fgh 0.0153 fgh 0.0096 d-g 0.3357 c 

AN20-AN24 7.33 i 0.0149 f-i 0.0087 gh 0.3343 c 

AN20-AN30 8.13 efg 0.0161 def 0.0098 c-g 0.3555 a 

AN20-AN35 7.18 i 0.0139 ij 0.0089 fgh 0.3395 bc 

AN24-AN30 8.43 c-f 0.0167 cde 0.0100 c-f 0.3356 c 

AN24-AN31 9.18 ab 0.0180 ab 0.0114 ab 0.3370 bc 

AN24-AN35 8.58 cde 0.0166 cde 0.0106 a-d 0.3398 bc 

AN24-AN58 7.50 hi 0.0146 ghi 0.0090 fgh 0.3392 bc 

AN30-AN31 8.93 abc 0.0174 abc 0.0110 abc 0.3406 bc 

AN30-AN35 9.23 a 0.0182 a 0.0115 a 0.3407 bc 

AN30-AN58 7.70 ghi 0.0156 efg 0.0099 c-f 0.3429 bc 

AN31-AN35 8.68 bcd 0.0169 bcd 0.0104 a-d 0.3547 a 

AN31-AN75 7.23 i 0.0141 hij 0.0092 e-h 0.3343 c 

LSD value  0.5444 0.0012 0.0012 0.0103 

Means sharing the same letters are statistically not significant at 5% level of probability (n 

= 4). 
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4.7.9 Tissue water content 

 Zinc solubilizing rhizobacterial combinations were able to improve the tissue 

water content of rice seedlings under controlled conditions. But, these improvements were 

found statistically not significant with each other and also with control. The highest 

improvement was noted when rice seeds were inoculated with bacterial combination 

AN20-AN24, followed by AN20-AN35 and AN15-AN30. While the minimum 

improvement in tissue water content was observed by combination AN30-AN31 (Table 

4.11). 

4.7.10 Bacterial population 

The results presented in Table 4.11 indicated that bacterial population in the 

rhizospheric samples of rice seedlings was maximum due to the co-inoculation of AN30-

AN35 (5.38 × 106 cfu/ g), followed by AN24-AN31 (5.29 × 106 cfu/ g) and was 

statistically not significant with each other. The combination AN30-AN31 showed 

bacterial population up to 5.09 × 106 cfu/ g and was statistically significantly different 

than other combinations. There was no bacterial growth in un-inoculated control. While, 

the lowest bacterial population was noted by rhizobacterial combination AN31-AN75 

(2.59 × 106 cfu/ g). 

4.7.11 Root colonization 

The inoculation with zinc solubilizing rhizobacterial combinations effectively 

colonized the roots of rice seedlings under axenic conditions. In un-inoculated control, no 

bacteria colonized the rice roots. The highest root colonization (5.47 × 107 cfu/ g) was 

noted by rhizobacterial combination AN30-AN35 and was statistically not significant 

with co-inoculation of combination AN24-AN31 that colonized the rice roots up to 5.39 

× 107 cfu/ g. The next better rhizobacterial combination AN30-AN31 colonized the rice 

roots approximately 5.18 × 107 cfu/ g and was found statistically significantly different 

than other combinations. The co-inoculation combination AN31-AN75 showed minimum 

root colonization (2.67 × 107 cfu/ g) as compared to other combinations (Table 4.11). 
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4.11: Effect of co-inoculation combinations of zinc solubilizing isolates on tissue 

water content, bacterial population and root colonization of rice in jar trial 

under axenic conditions 

Zn solubilizing 

co-inoculation 

combinations 

Tissue water 

content  

(%) 

Bacterial population 

(× 106 cfu/ g) 

Root colonization 

(× 107 cfu/ g) 

Control 63.16 a 0 k 0 k 

AN15-AN24 63.51 a 4.55 d 4.63 d 

AN15-AN30 63.63 a 3.21 h 3.32 h 

AN15-AN31 63.37 a 3.97 f 4.08 f 

AN20-AN24 63.84 a 2.72 j 2.80 j 

AN20-AN30 63.57 a 4.30 e 4.41 e 

AN20-AN35 63.82 a 2.98 i 3.09 i 

AN24-AN30 63.29 a 4.70 cd 4.81 c 

AN24-AN31 63.26 a 5.29 a 5.39 a 

AN24-AN35 63.26 a 4.84 c 4.97 c 

AN24-AN58 63.38 a 3.52 g 3.63 g 

AN30-AN31 63.25 a 5.09 b 5.18 b 

AN30-AN35 63.30 a 5.38 a 5.47 a 

AN30-AN58 63.48 a 3.88 f 3.93 f 

AN31-AN35 63.27 a 4.86 c 4.90 c 

AN31-AN75 63.53 a 2.59 j 2.67 j 

LSD value  1.6461 0.1694 0.1678 

Means sharing the same letters are statistically not significant at 5% level of probability (n 

= 4). 
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4.8 Identification of zinc solubilizing strains 

 The blastN analysis showed the 98, 93, 94, and 96% similarities of strains AN24, 

AN30, AN31, and AN35 with their respective Bacillus strains. Analysis of the 16S rRNA 

of the rhizobacterial strains AN24, AN30, AN31 and AN35 was done by constructing the 

phylogenetic tree following the neighbor joining method (Figs. 1, 2, 3 and 4). Following 

the phylogenetic relationship of the strain AN24 with Bacillus megaterium (Fig. 1), AN30 

with Bacillus aryabhattai, AN31 with Bacillus megaterium (Fig. 3) and AN35 with 

Bacillus megaterium (Fig. 4), these bacterial isolates were named as Bacillus megaterium 

strain AN24, Bacillus aryabhattai strain AN30, Bacillus megaterium strain AN31 and 

Bacillus megaterium strain AN35, respectively. The resulted sequences were deposited 

in the GenBank database under the accession numbers MN005926 (AN24), MN005927 

(AN30), MN005928 (AN31) and MN005929 (AN35). 
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4.12: Identification of zinc solubilizing strains 

Zn solubilizing 

strains 

Identified 

species 

Accession 

number 

Most closely 

related 

organism 

Similarity 

(%) 

Primers 

used 

AN24 Bacillus 

megaterium 

MN005926 Bacillus 

megaterium 

98 785F and 

907R 

AN30 Bacillus 

aryabhattai 

MN005927 Bacillus 

aryabhattai 

93 785F and 

907R 

AN31 Bacillus 

megaterium 

MN005928 Bacillus 

megaterium 

94 785F and 

907R 

AN35 Bacillus 

megaterium 

MN005929 Bacillus 

megaterium 

96 785F and 

907R 
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Figure 4.1: Neighbor-joining phylogenetic tree produced using multiple alignment 

of 16S rRNA gene sequence of Bacillus megaterium strain AN24 with 

those of other bacterial strains found in GenBank database. 

 

 

 

 

 

 

 

 

 NR 115953.1 Bacillus aryabhattai B8W22 16S ribosomal RNA partial sequence

 NR 043401.1 Bacillus megaterium strain IAM 13418 16S ribosomal RNA partial sequence

 AN24

 NR 117473.1 Bacillus megaterium strain ATCC 14581 16S ribosomal RNA partial sequence

 NR 112636.1 Bacillus megaterium NBRC 15308 ATCC 14581 16S ribosomal RNA partial sequence

 NR 024691.1 Bacillus flexus strain IFO15715 16S ribosomal RNA partial sequence

 NR 118382.1 Bacillus flexus strain SBMP3 16S ribosomal RNA partial sequence

 NR 113800.1 Bacillus flexus strain NBRC 15715 16S ribosomal RNA partial sequence

 NR 158045.1 Bacillus iocasae strain S36 16S ribosomal RNA partial sequence

 NR 108906.1 Bacillus eiseniae strain A1-2 16S ribosomal RNA partial sequence

 NR 146005.1 Bacillus malikii strain NCCP-662 16S ribosomal RNA partial sequence

 NR 132682.1 Bacillus kyonggiensis strain NB22 16S ribosomal RNA partial sequence

 NR 041377.1 Bacillus pocheonensis strain Gsoil 420 16S ribosomal RNA partial sequence

 NR 029002.1 Bacillus drentensis strain IDA1967 16S ribosomal RNA partial sequence

 NR 036766.1 Bacillus bataviensis strain IDA1115 16S ribosomal RNA gene partial sequence

 NR 114093.1 Bacillus bataviensis strain NBRC 102449 16S ribosomal RNA partial sequence



85 
 

 

 

Figure 4.2: Neighbor-joining phylogenetic tree produced using multiple alignment 

of 16S rRNA gene sequence of Bacillus aryabhattai strain AN30 with 

those of other bacterial strains found in GenBank database. 

 

 

 

 

 

 

 

 

 NR 112636.1 Bacillus megaterium NBRC 15308 ATCC 14581 16S ribosomal RNA partial sequence

 NR 043401.1 Bacillus megaterium strain IAM 13418 16S ribosomal RNA partial sequence

 NR 117473.1 Bacillus megaterium strain ATCC 14581 16S ribosomal RNA partial sequence

 AN30

 NR 115953.1 Bacillus aryabhattai B8W22 16S ribosomal RNA partial sequence

 NR 024691.1 Bacillus flexus strain IFO15715 16S ribosomal RNA partial sequence

 NR 113800.1 Bacillus flexus strain NBRC 15715 16S ribosomal RNA partial sequence

 NR 118382.1 Bacillus flexus strain SBMP3 16S ribosomal RNA partial sequence

 NR 146005.1 Bacillus malikii strain NCCP-662 16S ribosomal RNA partial sequence

 NR 159904.1 Bacillus lacus strain AK74 16S ribosomal RNA partial sequence

 NR 158045.1 Bacillus iocasae strain S36 16S ribosomal RNA partial sequence

 NR 132682.1 Bacillus kyonggiensis strain NB22 16S ribosomal RNA partial sequence

 NR 041377.1 Bacillus pocheonensis strain Gsoil 420 16S ribosomal RNA partial sequence

 NR 146034.1 Bacillus depressus strain BZ1 16S ribosomal RNA partial sequence

 NR 036766.1 Bacillus bataviensis strain IDA1115 16S ribosomal RNA gene partial sequence

 NR 114093.1 Bacillus bataviensis strain NBRC 102449 16S ribosomal RNA partial sequence
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Figure 4.3: Neighbor-joining phylogenetic tree produced using multiple alignment 

of 16S rRNA gene sequence of Bacillus megaterium strain AN31 with 

those of other bacterial strains found in GenBank database. 

 

 

 

 

 

 

 

 

 

 NR 036766.1 Bacillus bataviensis strain IDA1115 16S ribosomal RNA gene partial sequence

 NR 114093.1 Bacillus bataviensis strain NBRC 102449 16S ribosomal RNA partial sequence

 NR 041377.1 Bacillus pocheonensis strain Gsoil 420 16S ribosomal RNA partial sequence

 NR 133029.1 Bacillus massiliogorillae strain G2 16S ribosomal RNA partial sequence

 NR 132682.1 Bacillus kyonggiensis strain NB22 16S ribosomal RNA partial sequence

 NR 158045.1 Bacillus iocasae strain S36 16S ribosomal RNA partial sequence

 NR 146005.1 Bacillus malikii strain NCCP-662 16S ribosomal RNA partial sequence

 NR 159904.1 Bacillus lacus strain AK74 16S ribosomal RNA partial sequence

 NR 024691.1 Bacillus flexus strain IFO15715 16S ribosomal RNA partial sequence

 NR 113800.1 Bacillus flexus strain NBRC 15715 16S ribosomal RNA partial sequence

 NR 118382.1 Bacillus flexus strain SBMP3 16S ribosomal RNA partial sequence

 NR 117473.1 Bacillus megaterium strain ATCC 14581 16S ribosomal RNA partial sequence

 NR 043401.1 Bacillus megaterium strain IAM 13418 16S ribosomal RNA partial sequence

 NR 115953.1 Bacillus aryabhattai B8W22 16S ribosomal RNA partial sequence

 AN31

 NR 112636.1 Bacillus megaterium NBRC 15308 ATCC 14581 16S ribosomal RNA partial sequence
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Figure 4.4: Neighbor-joining phylogenetic tree produced using multiple alignment 

of 16S rRNA gene sequence of Bacillus megaterium strain AN35 with 

those of other bacterial strains found in GenBank database. 

 

 

 

 

 

 

 

 

 

 NR 117473.1 Bacillus megaterium strain ATCC 14581 16S ribosomal RNA partial sequence

 NR 043401.1 Bacillus megaterium strain IAM 13418 16S ribosomal RNA partial sequence

 AN35

 NR 115953.1 Bacillus aryabhattai B8W22 16S ribosomal RNA partial sequence

 NR 112636.1 Bacillus megaterium NBRC 15308 ATCC 14581 16S ribosomal RNA partial sequence

 NR 042619.1 Bacillus isabeliae strain CVS-8 16S ribosomal RNA partial sequence

 NR 024691.1 Bacillus flexus strain IFO15715 16S ribosomal RNA partial sequence

 NR 118382.1 Bacillus flexus strain SBMP3 16S ribosomal RNA partial sequence

 NR 113800.1 Bacillus flexus strain NBRC 15715 16S ribosomal RNA partial sequence

 NR 158045.1 Bacillus iocasae strain S36 16S ribosomal RNA partial sequence

 NR 108906.1 Bacillus eiseniae strain A1-2 16S ribosomal RNA partial sequence

 NR 146005.1 Bacillus malikii strain NCCP-662 16S ribosomal RNA partial sequence

 NR 132682.1 Bacillus kyonggiensis strain NB22 16S ribosomal RNA partial sequence

 NR 041377.1 Bacillus pocheonensis strain Gsoil 420 16S ribosomal RNA partial sequence

 NR 036766.1 Bacillus bataviensis strain IDA1115 16S ribosomal RNA gene partial sequence

 NR 029002.1 Bacillus drentensis strain IDA1967 16S ribosomal RNA partial sequence
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4.9 Characterization for morphological, biochemical and plant growth 

promoting attributes of selected strains 

The Zn solubilizing strains were grown on DF minimal medium to determine their 

colony morphology and results showed that strains were off-white in colony color, 

circular in colony shape, smooth in colony surface, opaque in colony transparency and 

flat in colony elevation (Table 4.13; Picture 4.8). 

The biochemical characterizations of zinc solubilizing strains are presented in 

Table 4.12. All the strains showed purple color in Gram’s staining test and considered as 

gram positive. Strains showed the positive result for catalase activity by making the gas 

bubbles on slide and negative result for oxidase, esterase and pectinase production. Except 

AN30, not a single one was found positive for urease activity, lipase, cellulase and 

hydrogen cyanide production. All the tested strains showed positive result for chitinase 

activity by making the clear halo zone around colonies in agar plate assay. All the strains 

produced the protease and ammonia, and hydrolyzed the starch. The tested strains are 

considered to produce siderophores by observing the change in color of CAS medium 

from blue to orange (Picture 4.9, 4.10, 4.11 and 4.12). 

All the strains solubilized the phosphate by making a clear halo zone around the 

bacterial colonies ranging from 17.7 to 19.3 mm on agar plates amended with tri-calcium 

phosphate. The maximum phosphate solubilization area (292.5 mm2) was measured by 

strain AN24, followed by AN35 and were found statistically non significant with each 

other. Phosphate solubilization efficiency (ranged from 141.5 to 144.1%) and phosphate 

solubilization indices (ranged from 2.42 to 2.44) were also found non significant with 

each other. Data from quantitative assay for phosphate solubilization showed that isolates 

were also able to solubilize the insoluble phosphate in broth ranging from 15.3 to 21.0 mg 

L-1. Maximum phosphate solubilization was noted by strain AN24, followed by AN35, 

AN30 and AN31. With increasing the quantity of soluble phosphate, all the isolates 

dropped the pH. The maximum drop in pH was noted by strain AN24, followed by AN35, 

AN30 and AN31 (Table 4.14; Picture 4.13). 
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Table 4.13: Characterization for morphological, biochemical and plant growth 

promoting attributes of zinc solubilizing strains 

Characters Zn solubilizing strains 

 Bacillus 

megaterium 

strain AN24 

Bacillus 

aryabhattai 

strain AN30 

Bacillus 

megaterium 

strain AN31 

Bacillus 

megaterium 

strain AN35 

Colony color Off-white Off-white Off-white Off-white 

Colony shape Circular Circular Circular Circular 

Colony surface Smooth Smooth Smooth Smooth 

Colony transparency Opaque Opaque Opaque Opaque 

Colony elevation Flat Flat Flat Flat 

Colony margin Entire Entire Entire Entire 

Cell shape Rod Rod Rod Rod 

Gram Staining + + + + 

Catalase activity + + + + 

Urease activity - + - - 

Oxidase activity - - - - 

Protease production + + + + 

Lipase production - + - - 

Esterase production - - - - 

Pectinase activity - - - - 

Chitinase production + + + + 

Cellulase production - + - - 

Ammonia production + + + + 

Siderophores 

production 

+ + + + 

HCN production - + - - 

Starch hydrolysis + + + + 

(+) = Positive, (-) = Negative 
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Picture 4.8: Colony morphology of zinc solubilizing strains on modified DF minimal 

medium  

 

 

Picture 4.9: Production of HCN by zinc solubilizing strains. The change in color of 

filter paper from yellow to orange brown indicated the production of HCN. 
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Picture 4.10: Catalase activity (a) and starch hydrolysis (b) by zinc solubilizing 

strains 

 

 

Picture 4.11: Protease activity (a) and chitinase activity (b) by zinc solubilizing 

strains  
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Picture 4.12: Urease activity (a) and ammonia production (b) by zinc solubilizing 

strains  
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Table 4.14: Effectiveness of Zn solubilizing strains to solubilize Ca3(PO4)2 during in 

vitro assay  

Parameters 

 

Zn solubilizing strains LSD 

value 

 Bacillus 

megaterium 

strain AN24 

Bacillus 

aryabhattai 

strain AN30 

Bacillus 

megaterium 

strain AN31 

Bacillus 

megaterium 

strain AN35 

 

Colony diameter 

(mm) 

13.40 a 12.95 ab 12.53 b 13.03 ab 0.7123 

P halo zone 

diameter (mm) 

19.30 a 18.40 bc 17.73 c 18.65 ab 0.7465 

P solubilization 

area (mm2) 

292.47 a 265.86 bc 246.85 c 273.22 ab 21.468 

P solubilization 

efficiency (%) 

144.11 a 142.09 a 141.52 a 143.28 a 3.5768 

P solubilization 

index 

2.44 a 2.42 a 2.42 a 2.43 a 0.0358 

P concentration in 

broth (mg L-1) 

21.01 a 17.18 c 15.31 d 19.85 b 0.6346 

pH of broth 5.34 b  5.71 a 5.83 a 5.46 b 0.2109 

Means sharing the same letters are statistically not significant at 5% level of probability. 
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Picture 4.13: Solubilization of Ca3(PO4)2 during in vitro assay by zinc solubilizing 

strains. The formation of clear halo zone around the rhizobacterial 

colonies indicated the solubilization of Ca3(PO4)2. 
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4.10 Organic acids determination by using HPLC 

 Results indicated that the chromatogram of rhizobacterial metabolites showed 

different patterns (Figure 4.5- Figure 4.12) and various peaks. The different compounds 

like pyruvic acid, oxalic acid, gallic acid, malonic acid, citric acid, succinic acid, fumaric 

acid and quercetin were identified in the metabolites of zinc solubilizing rhizobacterial 

strains (Table 4.15). All the strains produced the pyruvic acid, citric acid, oxalic acid and 

quercetin. The maximum quantity of pyruvic acid was detected in the metabolite of 

Bacillus megaterium strain AN35 (46.2 μg/ mL), followed by Bacillus aryabhattai strain 

AN30 (42.9 μg/ mL), Bacillus megaterium strain AN31 (37.2 μg/ mL) and Bacillus 

megaterium strain AN24 (3.14 μg/ mL). Bacillus megaterium strain AN24 produced the 

maximum amount (16.9 μg/ mL) of citric acid. Oxalic acid and quercetin maximum 

produced by Bacillus megaterium strain AN35. Malonic acid and succinic acid were only 

detected in the metabolite of Bacillus megaterium strain AN24. The 63.7 μg/ mL and 

119.9 μg/ mL of fumaric acid was produced by Bacillus megaterium strain AN31 and 

Bacillus megaterium strain AN35. Expect Bacillus aryabhattai strain AN30, no single 

strain produced the gallic acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 



96 
 

Table 4.15: Organic acids determination by using HPLC   

Organic acids  Zn solubilizing strains 

 Bacillus 

megaterium 

strain AN24 

Bacillus 

aryabhattai 

strain AN30 

Bacillus 

megaterium 

strain AN31 

Bacillus 

megaterium 

strain AN35 

 (μg/ mL) 

Pyruvic acid 3.14 42.88 37.22 46.18 

Citric acid 16.88 12.81 0.33 11.16 

Oxalic acid 0.54 0.46 0.39 0.64 

Malonic acid 9.87 ND ND ND 

Succinic acid 125.32 ND ND ND 

Fumaric acid ND ND 63.72 119.88 

Gallic acid ND 0.61 ND ND 

Quercetin 1.41 1.66 2.01 2.24 

ND = Not detected 
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Figure 4.5: HPLC standardization peaks for organic acids release by Bacillus 

megaterium strain AN24 

 

 

Figure 4.6: HPLC standardization peaks for phenolic acids release by Bacillus 

megaterium strain AN24 
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Figure 4.7: HPLC standardization peaks for organic acids release by Bacillus 

aryabhattai strain AN30 

 

 

Figure 4.8: HPLC standardization peaks for phenolic acids release by Bacillus 

aryabhattai strain  
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Figure 4.9: HPLC standardization peaks for organic acids release by Bacillus 

megaterium strain AN31 

 

 

Figure 4.10: HPLC standardization peaks for phenolic acids release by Bacillus 

megaterium strain AN31 
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Figure 4.11: HPLC standardization peaks for organic acids release by Bacillus 

megaterium strain AN35 

 

 

Figure 4.12: HPLC standardization peaks for phenolic acids release by Bacillus 

megaterium strain AN35 
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4.11 Minimum inhibitory concentration of zinc 

 The minimum inhibitory concentration of zinc was observed by inoculating the 

zinc solubilizing rhizobacterial strains on agar plates amended with four concentrations 

of zinc, i.e. 0.10, 0.15, 0.20 and 0.25% (Picture 4.14). The results presented in Table 4.16 

indicated that rhizobacterial efficiency to solubilize the insoluble zinc decreased with 

increasing the concentrations of zinc in agar plates. The rhizobacterial strains showed the 

maximum growth at 0.10% zinc concentration that was not toxic or stressed free, while 

0.25% zinc concentration was relatively toxic and less growth was observed at this zinc 

level. The maximum colony diameter at all the zinc levels was observed by the Bacillus 

aryabhattai strain AN30, followed by Bacillus megaterium strain AN31, Bacillus 

megaterium strain AN24 and Bacillus megaterium strain AN35. All the tested bacterial 

strains showed the maximum halo zone diameter at lowest level and was decreased with 

increasing the zinc concentration. The minimum halo zone diameter was measured by 

Bacillus megaterium strain AN35 at 0.25% zinc level. The maximum zinc solubilization 

area, zinc solubilization efficiency and zinc solubilization index was observed by Bacillus 

megaterium strain AN31, followed by Bacillus aryabhattai strain AN30 at lowest zinc 

concentration of 0.10%. While at the highest level of zinc, i.e. 0.25%, Bacillus 

megaterium strain AN35 showed the minimum zinc solubilization area and Bacillus 

megaterium strain AN24 showed the minimum zinc solubilization efficiency and index 

as compared to other strains and other zinc concentration levels. 
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Table 4.16a: Effectiveness of ZSB strains to solubilize insoluble zinc source (ZnO) at 

different concentrations during in vitro assay 

Zn 

concentration 

Zn solubilizing strains Colony 

diameter (mm) 

Zn halo zone 

diameter 

(mm) 

0.10% 

Bacillus megaterium strain AN24 7.25 cd 15.53 d 

Bacillus aryabhattai strain AN30 8.35 a 20.53 b 

Bacillus megaterium strain AN31 8.20 a 21.18 a 

Bacillus megaterium strain AN35 6.65 e 14.88 e 

0.15% 

Bacillus megaterium strain AN24 7.10 d 13.90 f 

Bacillus aryabhattai strain AN30 8.10 a 17.33 c 

Bacillus megaterium strain AN31 7.83 b 17.65 c 

Bacillus megaterium strain AN35 6.35 f 12.85 g 

0.20% 

Bacillus megaterium strain AN24 6.63 e 10.15 hi 

Bacillus aryabhattai strain AN30 7.50 c 13.00 g 

Bacillus megaterium strain AN31 7.48 c 13.80 f 

Bacillus megaterium strain AN35 6.05 g 9.75 i 

0.25% 

Bacillus megaterium strain AN24 5.30 h 5.40 k 

Bacillus aryabhattai strain AN30 6.60 ef 9.05 j 

Bacillus megaterium strain AN31 6.75 e 10.40 h 

Bacillus megaterium strain AN35 5.20 h 5.25 k 

LSD value  0.2693 0.4274 

Means sharing the same letters are statistically not significant at 5% level of probability. 
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Table 4.16b: Effectiveness of ZSB strains to solubilize insoluble zinc source (ZnO) at 

different concentrations during in vitro assay 

Zn 

concentration 

Zn solubilizing strains ZSA 

(mm2) 

ZSE (%) ZSI 

0.10% 

Bacillus megaterium strain AN24 189.50 d 214.07 d 3.14 d 

Bacillus aryabhattai strain AN30 330.81 b 245.85 b 3.46 b 

Bacillus megaterium strain AN31 352.11 a 258.28 a 3.58 a 

Bacillus megaterium strain AN35 173.76 e 223.73 c 3.24 c 

0.15% 

Bacillus megaterium strain AN24 151.73 f 195.81 f 2.96 f 

Bacillus aryabhattai strain AN30 235.66 c 213.94 d 3.14 d 

Bacillus megaterium strain AN31 244.57 c 225.64 c 3.26 c 

Bacillus megaterium strain AN35 129.65 g 202.47 e 3.02 e 

0.20% 

Bacillus megaterium strain AN24 80.88 h 153.25 j 2.53 j 

Bacillus aryabhattai strain AN30 132.68 g 173.37 h 2.73 h 

Bacillus megaterium strain AN31 149.51 f 184.66 g 2.85 g 

Bacillus megaterium strain AN35 74.63 hi 161.18 i 2.61 i 

0.25% 

Bacillus megaterium strain AN24 22.89 j 101.89 l 2.02 l 

Bacillus aryabhattai strain AN30 64.30 i 137.16 k 2.37 k 

Bacillus megaterium strain AN31 84.93 h 154.08 j 2.54 j 

Bacillus megaterium strain AN35 21.65 j 100.99 l 2.01 l 

LSD value  11.237 3.9076 0.0391 

Means sharing the same letters are statistically not significant at 5% level of probability. 

ZSA = Zinc solubilization area, ZSE = Zinc solubilization efficiency, ZSI= Zinc 

solubilization index 
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Bacillus megaterium strain AN24 

 

 

Bacillus aryabhattai strain AN30    
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Bacillus megaterium strain AN31  

 

 

Bacillus megaterium strain AN35 

 

Picture 4.14: Solubilization of different concentrations of zinc during in vitro assay 

by zinc solubilizing strains  
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4.12 Pot trial 

 On the basis of results of jar trial for co-inoculation, three best performing zinc 

solubilizing rhizobacterial combinations Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31, Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35 were selected for the pot trial. These selected combinations 

alone as well as in combined form were evaluated for their ability to promote rice growth, 

yield and quality in pot trial. The plant and soil samples of pot trial were analyzed for 

micronutrients like zinc and iron and macronutrients like nitrogen, phosphorous and 

potassium. Results of these analysis revealed that sole and co-inoculation with these 

strains significantly improved the nutrient contents in rice grains as compared to control. 

Maximum improvement in growth, yield and quality parameters was observed by co-

inoculation combinations Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31, Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35 while in sole inoculation, maximum improvement was noted by 

Bacillus megaterium strain AN24 and Bacillus megaterium strain AN35 (Picture 4.15). 
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Picture 4.15: Different views of pot trial showing the effect of zinc solubilizing strains 

on rice growth 
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4.12.1 Soil analysis 

4.12.1.1 Total nitrogen concentration in soil 

 The results indicated that concentration of total nitrogen in soil was significantly 

improved by sole and co-inoculation of zinc solubilizing rhizobacterial strains (Figure 

4.13). 

In co-inoculation treatments, highest increase (28.4%) in concentration of total 

nitrogen was noted by bacterial combination Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31, followed by Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN31 (27.4%) and Bacillus aryabhattai strain AN30 

along with Bacillus megaterium strain AN35 (26.3%). These treatments were found 

statistically significantly different than control but statistically similar with each other. 

The rhizobacterial combination Bacillus megaterium strain AN31 along with Bacillus 

megaterium strain AN35 improved the 17.9% total nitrogen content in soil and was 

statistically similar with co-inoculation treatments Bacillus megaterium strain AN24 

along with Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN35 and also with sole inoculation treatments Bacillus 

aryabhattai strain AN30 and Bacillus megaterium strain AN31. 

In sole inoculation, Bacillus megaterium strain AN24 maximum increased the 

total nitrogen content (24.4%) in soil and was found statistically similar with next better 

sole inoculation treatments Bacillus megaterium strain AN35, Bacillus megaterium strain 

AN31 and Bacillus aryabhattai strain AN30 which improved the nitrogen content up to 

23.2, 22.1 and 21.2%, respectively, in soil.  

4.12.1.2 Available phosphorous concentration in soil 

 Available phosphorous in soil was improved as compared to control in the 

response of zinc solubilizing rhizobacterial inoculation and co-inoculation (Figure 4.14). 

All the treatments significantly improved the available phosphorous content in soil. 

The sole inoculation increased the available phosphorous content in soil from 23 

to 27.9% as compared to control. The sole inoculation of Bacillus megaterium strain 

AN24 increased the 27.9% available phosphorous in soil and was statistically not 

significant with next better sole inoculation treatment Bacillus aryabhattai strain AN30 

that improved the phosphorous content up to 26.8%. Minimum improvement of 23% was 

noted by the inoculation of Bacillus megaterium strain AN35 and was statistically 
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different to all other treatments except co-inoculation treatment Bacillus megaterium 

strain AN24 along with Bacillus aryabhattai strain AN30. 

The co-inoculation improved the soil phosphorous content in the range of 18.1 to 

30.7%. In co-inoculation combinations, the maximum increase of 30.7% in available 

phosphorous content was noted by the inoculation of Bacillus megaterium strain AN24 

along with Bacillus megaterium strain AN31, followed by Bacillus aryabhattai strain 

AN30 along with Bacillus megaterium strain AN35 and Bacillus aryabhattai strain AN30 

along with Bacillus megaterium strain AN31 which increased the phosphorous content 

up to 30.1 and 29.4%. These co-inoculation treatments were found statistically similar 

with each other but statistically different than un-inoculated control. The co-inoculation 

treatment Bacillus megaterium strain AN31 along with Bacillus megaterium strain AN35 

showed the minimum increase of 18.1% in soil phosphorous content and was statistically 

similar with Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN35 which improved the 19.9% more soil phosphorous content as compared to control. 

4.12.1.3 Extractable potassium concentration in soil 

 The data regarding extractable potassium concentration in soil indicated that sole 

and co-inoculation of zinc solubilizing rhizobacterial strains significantly improved the 

extractable potassium concentration in soil (Figure 4.15). 

The sole inoculation of Bacillus megaterium strain AN31 improved the 25% 

extractable potassium in soil as compared to un-inoculated control. The sole inoculation 

treatments Bacillus aryabhattai strain AN30, Bacillus megaterium strain AN24 and 

Bacillus megaterium strain AN35 enhanced the content of extractable potassium up to 

23.3, 20.7 and 18.5%, respectively, and were found statistically significantly different 

than un-inoculated but statistically similar with each other. 

The co-inoculation of bacterial combination Bacillus megaterium strain AN24 

along with Bacillus megaterium strain AN31 improved the maximum of 31% extractable 

potassium concentration in soil and was statistically significantly similar with Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31 (29.3%) and 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 (27.2%). 

The minimum increase of 13.4% was noted by co-inoculation combination Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 and was 

statistically similar with co-inoculation treatments Bacillus megaterium strain AN24 
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along with Bacillus aryabhattai strain AN30, Bacillus megaterium strain AN31 along 

with Bacillus megaterium strain AN35 and also with sole inoculation treatment Bacillus 

megaterium strain AN35 but statistically different than un-inoculated control. 

4.12.1.4 DTPA-iron concentration in soil 

 The data showed that sole and co-inoculation with zinc solubilizing strains play 

prominent role in improving the DTPA-iron concentration in soil (Figure 4.16). All the 

sole and co-inoculation treatments significantly improved the DTPA-iron concentration 

in soil as compared to control. 

In co-inoculation, the maximum improvement of 15.1% in DTPA-iron 

concentration in soil was noted by the combination Bacillus megaterium strain AN24 

along with Bacillus megaterium strain AN31 and was found statistically same with next 

better combination Bacillus aryabhattai strain AN30 along with Bacillus megaterium 

strain AN31. The other co-inoculation treatments Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN35, Bacillus megaterium strain AN31 along with 

Bacillus megaterium strain AN35, Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35 and Bacillus megaterium strain AN24 along with Bacillus 

aryabhattai strain AN30 enhanced the 13, 6.8, 5.7 and 4.6%, respectively, DTPA-iron 

content in soil as compared to control and were found statistically significantly different 

with each other. 

As compared to control, the sole inoculation of Bacillus megaterium strain AN31 

improved 11.1% DTPA-iron content, followed by Bacillus aryabhattai strain AN30 

which improved the 10% DTPA-iron content in soil and were found significantly different 

with each other. Bacillus megaterium strain AN24 enhanced the 9.1% DTPA-iron content 

and was statistically similar with Bacillus aryabhattai strain AN30 and Bacillus 

megaterium strain AN35. 
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Figure 4.13: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on total nitrogen concentration in soil under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.14: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on available phosphorous concentration in soil under pot trial 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 
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Figure 4.15: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on extractable potassium concentration in soil under pot trial 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 

 

 

Figure 4.16: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on DTPA-iron concentration in soil under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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4.12.1.5 DTPA-zinc concentration in soil 

 The data regarding zinc solubilizing rhizobacterial sole and co-inoculation were 

found promising in improving the concentration of DTPA-zinc in soil (Figure 4.17). As 

compared to un-inoculated control, all the sole and co-inoculation treatments significantly 

improved the DTPA-zinc concentration in soil. 

The co-inoculation treatments improved the concentration of DTPA-zinc in soil 

from 4.3 to 16% as compared to control. The bacterial combination Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN31 maximum improved the DTPA-

zinc content (16%), followed by Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31 (15.1%) and Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 (13.9%) and were found statistically not significant 

with each other while statistically significantly different than Bacillus megaterium strain 

AN31 along with Bacillus megaterium strain AN35 (7.3%), Bacillus megaterium strain 

AN24 along with Bacillus aryabhattai strain AN30 (5.4%), Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN35 (4.3%) and un-inoculated control.  

The sole inoculation of zinc solubilizing rhizobacterial strains caused 9.2 to 12.3% 

improvement in DTPA-zinc content in soil. The sole inoculation of Bacillus megaterium 

strain AN31 improved 12.3% DTPA-zinc content in soil, followed by Bacillus 

aryabhattai strain AN30 and Bacillus megaterium strain AN24 which increased the 

DTPA-zinc content up to 11.2 and 10.4% and were found statistically same with each 

other. Bacillus megaterium strain AN35 increased the minimum DTPA-zinc 

concentration (9.2%) in soil and was statistically significantly different than un-inoculated 

control. 

4.12.1.6 Bacterial population in soil 

 The results obtained from the zinc solubilizing rhizobacterial inoculation and co-

inoculation revealed that all the rhizobacterial strains significantly improved the bacterial 

population in soil (Figure 4.18). 

Among co-inoculation, the increase of 31.8% in soil bacterial population was 

noted by Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31, 

followed by Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31 and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 

which increased the soil bacterial population up to 28.6 and 24.6%, respectively, and were 
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found statistically similar with each other. The minimum increase of 5.6% in soil bacterial 

population was observed by the combination Bacillus megaterium strain AN24 along with 

Bacillus aryabhattai strain AN30 and was found statistically not significant with Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35, Bacillus 

megaterium strain AN31 along with Bacillus megaterium strain AN35 and also with 

control. 

In sole inoculation, Bacillus megaterium strain AN24 improved the maximum of 

20.6% soil bacterial population and was found statistically similar with next better sole 

treatments Bacillus megaterium strain AN35, Bacillus aryabhattai strain AN30 and 

Bacillus megaterium strain AN31 which improved the 17.5, 14.3 and 14.3%, respectively, 

bacterial population in soil. However, all the sole inoculation treatments were 

significantly different than control. 
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Figure 4.17: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on DTPA-zinc concentration in soil under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.18: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on bacterial population in soil under pot trial (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 
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4.12.2 Plant analysis 

4.12.2.1 Physiological parameters 

4.12.2.1.1 SPAD value 

 The data regarding SPAD value due to the sole and co-inoculation of zinc 

solubilizing strains has been represent in Figure 4.19. All the zinc solubilizing 

rhizobacterial inoculation and co-inoculation treatments significantly improved the SPAD 

value in rice leaves. 

The improvement in SPAD value by the co-inoculation treatments was ranged 

from 7.7 to 22.7%. The co-inoculation of rhizobacterial combination Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN31 maximum improved the SPAD 

value that was 22.7% more as compared to control. The next better rhizobacterial 

combination Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31 and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 

increased the 20 and 18.4% SPAD value and were found statistically non-significant with 

each other. Minimum SPAD value was noted by Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN35.  

The sole inoculation rhizobacterial treatments improved the SPAD value in the 

range of 10.4 to 16.7%. The sole inoculation of Bacillus megaterium strain AN24 showed 

maximum improvement of 16%, followed by Bacillus megaterium strain AN35 (13.9%) 

and Bacillus megaterium strain AN31 (12.6%) and were found statistically same with 

each other. Bacillus aryabhattai strain AN30 caused minimum increase in SPAD value 

but significantly different than un-inoculated control. 

4.12.2.1.2 Relative water content 

 The sole and co-inoculation of zinc solubilizing strains had ability to improve the 

relative water content in rice (Figure 4.20). It has been observed that all the treatments 

significantly improved the relative water content as compared to control. 

In rhizobacterial co-inoculation, maximum improvement of 28% in relative water 

content was observed bythe combination Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31, followed by Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 and were found statistically significantly different with 
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each other. The minimum increase of 9.2% by Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN35 was statistically non-significant with combination 

Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain AN30 which 

increased the relative water content up to 10% as compared to un-inoculated control.   

Among sole inoculation, minimum increase (13.1%) in relative water content was 

noted by the inoculation of Bacillus aryabhattai strain AN30 and was found statistically 

same with Bacillus megaterium strain AN31. While Bacillus megaterium strain AN24 

showed maximum improvement of 20% in relative water content and was found 

statistically significantly different than control. 

4.12.2.1.3 Superoxide dismutase activity 

 The superoxide dismutase activity in rice leaves is presented in Figure 4.21. The 

results indicated that sole and co-inoculation of zinc solubilizing rhizobacterial strains 

significantly improved the superoxide dismutasse activity. 

The rhizobacterial co-inoculation combinations Bacillus megaterium strain AN24 

along with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN31 showed maximum increase of 89.9 and 79.1%, 

respectively, in superoxide dismutase activity and were found statistically non-significant 

with each other. The next better combination Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 increased the 64.9% superoxidase dismutase activity in 

rice leaves and was statistically same with sole inoculation of Bacillus megaterium strain 

AN24. 

In sole inoculation, Bacillus megaterium strain AN24 maximum increased the 

enzyme activity which was 59.4% more as compared to control. The sole inoculation  of 

Bacillus megaterium strain AN35, Bacillus megaterium strain AN31 and Bacillus 

aryabhattai strain AN30 increased the 51.4, 46.5 and 20%, respectively, superoxidase 

dismutase activity and were found statistically not significant with each other while 

statistically significantly different than control.  
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Figure 4.19: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on SPAD value in rice leaves under pot trial (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 

 

 

Figure 4.20: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on relative water content in rice leaves under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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4.12.2.1.4 Peroxidase dismutase activity 

 The data showed that sole and co-inoculation had positive impact on peroxidase 

dismutase activity (Figure 4.22). All the treatments significantly improved the peroxidase 

dismutase activity as compared to control. 

The sole inoculation improved the peroxidase dismutase activity from 9.7 to 

17.3% as compared to un-inoculated control. The highest increase in enzyme activity was 

noted by the inoculation of Bacillus megaterium strain AN24, followed by Bacillus 

megaterium strain AN35 and Bacillus megaterium strain AN31 which improved the 

peroxidase dismutase activity up to 15.2 and 12%, respectively. The sole inoculation of 

Bacillus aryabhattai strain AN30 increased 9.7% peroxidase activity and was found 

statistically not significant with co-inoculation of Bacillus megaterium strain AN31 along 

with Bacillus megaterium strain AN35, Bacillus megaterium strain AN24 along with 

Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN35. 

The co-inoculation combinations improved the peroxidase dismutase activity in 

the range of 6.3 to 28.879%. The bacterial combination Bacillus megaterium strain AN24 

along with Bacillus megaterium strain AN31 maximum increased the peroxidase 

dismutase activity that was 28.8% more as compared to control. The next better 

combinations Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31 and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 

increased 24.5 and 20.1% peroxidase dismutase activity and were found statistically 

significantly different with each other. The minimum increase of 6.3% in peroxidase 

dismutase activity was observed by the inoculation of Bacillus megaterium strain AN24 

along with Bacillus megaterium strain AN35. 

4.12.2.1.5 Catalase activity 

 The results regarding catalase activity showed that zinc solubilizing rhizobacterial 

inoculation as well as co-inoculation significantly enhanced the catalase activity in rice 

leaves (Figure 4.23). 

The sole inoculation with Bacillus megaterium strain AN24 maximum increased 

the catalase activity (8.8%) as compared to other sole inoculation treatments. The next 

sole inoculation treatments Bacillus megaterium strain AN35, Bacillus megaterium strain 
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AN31 and Bacillus aryabhattai strain AN30 enhanced the catalase activity up to 8.1, 7.2 

and 6.5%, respectively, and were found statistically significantly different than control. 

The combination Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 improved the maximum of 11.8% catalase activity in rice leaves 

and was found statistically similar with Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN31 (10.7%) while statistically significantly different than 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 (9.8%). 

The minimum increase of 3.2% was recorded by Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN35 and was found statistically significantly different 

than un-inoculated control. 

4.12.2.1.6 Ascorbate peroxidase activity 

 The data regarding ascorbate peroxidase activity represented in Figure 4.24. Zinc 

solubilizing rhizobacterial inoculation and co-inoculation were found to have positive 

effect in enhancing the activity of ascorbate peroxidase in rice leaves. All the sole and co-

inoculation treatments significantly increased the enzyme activity in the leaves as 

compared to control. 

The combination Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 was able to enhance the maximum of 113.7% enzyme activity 

in the leaves, followed by Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35 that improved the 103.8 and 92.9% enzyme activity. While 

minimum increase in ascorbate peroxidase activity was shown by Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN35 and was statistically 

significantly different than un-inoculated control. 

In sole inoculation treatments, Bacillus megaterium strain AN24 showed 83% 

more ascorbate peroxidase activity as compared to control. The inoculation with Bacillus 

megaterium strain AN35, Bacillus megaterium strain AN31 and Bacillus aryabhattai 

strain AN30 increased 76.5, 66.5 and 55.4%, respectively, ascorbate peroxidase activity 

in the leaves of rice plants. However, all the sole inoculation treatments were statistically 

significantly different than un-inoculated control. 
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Figure 4.21: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on superoxide dismutase activity in rice leaves under pot trial 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 

 

 

Figure 4.22: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on peroxidase dismutase activity in rice leaves under pot trial 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 
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Figure 4.23: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on catalase activity in rice leaves under pot trial (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 

 

 

Figure 4.24: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on ascorbate peroxidase activity in rice leaves under pot trial 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 
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4.12.2.2 Morphological and yielding parameters 

4.12.2.2.1 Plant height 

 The data revealed that sole and co-inoculation of zinc solubilizing rhizobacterial 

strains exhibited an important effect on plant height of rice (Figure 4.25; Picture 4.16). 

All the sole inoculation treatments were found statistically not significant with 

each other but statistically significantly different than un-inoculated control. The 

rhizobacterial sole inoculation increased the plant height from 8.8 to 12.2% as compared 

to control. The sole inoculation of Bacillus megaterium strain AN24 showed the highest 

increase of 12.2% in plant height, followed by Bacillus megaterium strain AN35 which 

increased the plant height up to 11.2% as compared to control. The 105 cm plant height 

was measured by Bacillus aryabhattai strain AN30 which was 8.8% more as compared 

to un-inoculated control and statistically not significant with all sole and co-inoculation 

treatments except co-inoculation of Bacillus megaterium strain AN24 with Bacillus 

megaterium strain AN31 and Bacillus aryabhattai strain AN30 with Bacillus megaterium 

strain AN31. 

All the co-inoculation treatments increased the plant height ranged from 5.2 to 

15.3%. The maximum increase of 15.3% was noted by rhizobacterial combination 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31, followed 

by Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 while 

minimum increase of 5.2% was observed by Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 and was statistically significantly different than control. 

4.12.2.2.2 Root length 

 The results regarding root length of rice in response of zinc solubilizing 

rhizobacterial sole and co-inoculation has been presented in Figure 4.26. The lowest root 

length of 29 cm was observed by un-inoculated control (Picture 4.17). 

The sole inoculation of Bacillus megaterium strain AN24, Bacillus megaterium 

strain AN35, Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN31 

increased the root length up to 15.3, 13.9, 11.9 and 10.4%, respectively, as compared to 

control and were found statistically not significant with each other but statistically 

significantly different than control. 
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Among co-inoculation treatments, Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31 maximum increased the root length that was 22.7% 

more as compared to control. The next better co-inoculation combinations Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN35 showed the 20.1 

and 17.1% more root length as compared to control and statistically significantly different 

than control. The minimum increase (6.7%) in root length was obtained by Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30 and was 

statistically not significant with co-inoculation of Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN35, Bacillus megaterium strain AN31 along with 

Bacillus megaterium strain AN35 and sole inoculation of Bacillus megaterium strain 

AN31, Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN35. 

4.12.2.2.3 Root to shoot ratio 

 The data presented in Figure 4.27 indicated that sole and co-inoculation with zinc 

solubilizing Bacillus strains improved the root to shoot ratio of rice but these increases in 

most of the treatments were found statistically not significant with each other and also 

with control. 

The co-inoculation with Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 maximum improved (6.4%) the root to shoot ratio of rice. 

However, this improvement was statistically not significant with next better co-

inoculation combinations Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35 but statistically significantly different than control. The other 

co-inoculation combinations Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35, Bacillus megaterium strain AN31 along with Bacillus 

megaterium strain AN35 and Bacillus megaterium strain AN24 along with Bacillus 

aryabhattai strain AN30 also showed improvement in root to shoot ratio but statistically 

not significant with ZSB sole inoculation  and also with un-inoculated control. 

The sole inoculation treatments Bacillus megaterium strain AN24, Bacillus 

aryabhattai strain AN30, Bacillus megaterium strain AN31 and Bacillus megaterium 

strain AN35 also improved the root to shoot ratio as compared to control. But these 

improvements were found statistically similar with all other sole and co-inoculation 
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treatments except co-inoculation combination Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN31. 

4.12.2.2.4 Shoot dry biomass 

 The inoculation of zinc solubilizing rhizobacterial Bacillus strains showed 

positive effect on shoot dry biomass of rice plant (Figure 4.28). All the sole and co-

inoculation treatments significantly improved the shoot dry biomass as compared to un-

inoculated control.  

The sole inoculation improved the shoot dry biomass ranged from 12.1 to 18.2% 

as compared to un-inoculated control. Minimum increase in shoot dry biomass was 

measured by Bacillus aryabhattai strain AN30 and was statistically significantly different 

than control. While, maximum increase of 18.2% was obtained by inoculation of Bacillus 

b nmegaterium strain AN24 and was found statistically not significant with next better 

sole inoculation treatment Bacillus megaterium strain AN35 and Bacillus megaterium 

strain AN31 which caused the improvement of 16.3 and 14.4% in shoot dry biomass as 

compared to control. 

All the co-inoculation treatments significantly increased the shoot dry biomass 

from 8.5 to 26.2% as compared to control. The highest increase of 26.2% was observed 

by Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31, 

followed by Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31 and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN35. These co-inoculation treatments were statistically significantly different than 

control. 
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Figure 4.25: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on plant height of rice under pot trial (n = 4). Means sharing the 

same letter (s) are statistically not significant at 5% level of probability. 

 

 

Figure 4.26: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on root length of rice under pot trial (n = 4). Means sharing the 

same letter (s) are statistically not significant at 5% level of probability. 
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Figure 4.27: Effect of inoculationand co-inoculation of zinc solubilizing Bacillus 

strains on root to shoot ratio of rice under pot trial (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 

 

 

Figure 4.28: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on shoot dry biomass of rice under pot trial (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 
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Picture 4.16: Effect of zinc solubilizing strains on plant height of rice under pot trial 

 

 

Picture 4.17: Effect of zinc solubilizing strains on root length of rice under pot trial 
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4.12.2.2.5 Root dry biomass 

 The data presenting in Figure 4.29 showed that zinc solubilizing rhizobacterial 

sole and co-inoculation significantly improved the root dry biomass as compared to 

control. Minimum root dry biomass was recorded when un-inoculated seedlings were 

transplanted. 

Among co-inoculation, the range of improvement in root dry biomass of rice was 

observed from 7.2 to 23.8% as compared to control. The combinations Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31, Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN35 were found more 

effective in enhancing the root dry biomass of rice as compared to other sole and co-

inoculation treatments and were statistically significantly different than control. The 

minimum increase by Bacillus megaterium strain AN24 along with Bacillus megaterium 

strain AN35 also was found statistically significantly different than control. 

In sole inoculation, the increase in root dry biomass over control was ranged from 

12 to 16.9%. Minimum improvement of 12% in root dry biomass was measured by 

inoculation of Bacillus aryabhattai strain AN30. While maximum improvement of 16.9% 

was noted by Bacillus megaterium strain AN24, followed by Bacillus megaterium strain 

AN35 (15.6%) and Bacillus megaterium strain AN31 (13.9%) and was found statistically 

significantly different than control. 

4.12.2.2.6 Total dry biomass 

 All the tested zinc solubilizing rhizobacterial Bacillus strains were found 

promising in enhancing the total dry biomass of rice in pot trial (Figure 4.30). All the sole 

and co-inoculation treatments gave the significant results as compared to un-inoculated 

control. The un-inoculated control gave the lowest value of total dry biomass as compared 

to all other sole as well as co-inoculation treatments. The sole as well as co-inoculation 

treatments improved the total dry biomass in the range of 8.7 to 25.3% as compared to 

control. 

In sole inoculation, maximum increase in total dry biomass was noted by the 

inoculation of Bacillus megaterium strain AN24 which increased the total dry biomass up 

to 17.8% more as compared to control and was found statistically similar with sole 
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inoculation of Bacillus megaterium strain AN35, Bacillus megaterium strain AN31, 

Bacillus aryabhattai strain AN30. 

In case of zinc solubilizing rhizobacterial co-inoculation, lowest increase was 

noted by combination Bacillus megaterium strain AN24 along with Bacillus aryabhattai 

strain AN30 and was found statistically not significant with Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN35 and Bacillus megaterium strain AN31 

along with Bacillus megaterium strain AN35. While co-inoculation combination Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31 showed the 

maximum improvement in total dry biomass of rice as compared to other sole as well as 

co-inoculation treatments. 

4.12.2.2.7 Number of tillers per plant 

 The results presented in Figure 4.31 showed that sole and co-inoculation of zinc 

solubilizing strains had prominent impact in improving the number of tillers per plant. 

Although all the sole and co-inoculation treatments improved the number of tillers per 

plants but most of them were found statistically non-significant with each other. 

The bacterial combination Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 maximum improved the number of tillers per plant which was 

24.6% more as compared to control but statistically same to next better co-inoculation 

combinations Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31 and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 

which increased the number of tillers per plant up to 21.1 and 17.5%, respectively. The 

minimum increase of 5.3% was observed by the combination Bacillus megaterium strain 

AN24 along with Bacillus aryabhattai strain AN30 and was found statistically not 

significant to control. 

 In sole inoculation, Bacillus megaterium strain AN24 expressed maximum 

increase of 15.8% in number of tillers per plant and was found statistically same with 

other sole inoculation treatments Bacillus megaterium strain AN35, Bacillus megaterium 

strain AN31 and Bacillus aryabhattai strain AN30 but statistically significantly different 

than un-inoculated control. 
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4.12.2.2.8 Flag leaf length 

 The sole and co-inoculation of zinc solubilizing Bacillus strains showed positive 

effect in improving the flag leaf length of rice (Figure 4.32). All the sole and co-

inoculation treatments significantly improved the flag leaf length as compared to control. 

 In sole inoculation treatments, maximum improvement of 15.1% was noted due 

to the inoculation of Bacillus megaterium strain AN24, followed by Bacillus megaterium 

strain AN35, Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 

which improved the flag leaf length up to 13.4, 11.3 and 9.7%, respectively. However, all 

the sole treatments were statistically significantly different than control. 

In response of rhizobacterial co-inoculation, Bacillus megaterium strain AN24 

along with Bacillus megaterium strain AN31, Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 were more prominent in improving the flag leaf length 

of rice as they increased the flag leaf length up to 22.5, 19.4 and 16.9%, respectively, 

more as compared to control. The combination Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN35 minimum increased the flag leaf length and was 

statistically similar with Bacillus megaterium strain AN24 along with Bacillus 

aryabhattai strain AN30 and Bacillus megaterium strain AN31 along with Bacillus 

megaterium strain AN35 which enhanced the flag leaf length up to 7.6 and 8.8%, 

respectively but statistically significantly different than un-inoculated control. 
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Figure 4.29: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on root dry biomass of rice under pot trial (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 

 

 

Figure 4.30: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on total dry biomass of rice under pot trial (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 
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Figure 4.31: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on number of tillers per plant of rice under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.32: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on flag leaf length of rice under pot trial (n = 4). Means sharing 

the same letter (s) are statistically not significant at 5% level of probability. 
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4.12.2.2.9 Panicle length 

 The results regarding zinc solubilizing rhizobacterial sole and co-inoculation were 

found to have prominent impact on panicle length of rice (Figure 4.33). All the treatments 

except co-inoculation treatment Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35, significantly improved the panicle length as compared to 

control. 

The sole inoculation improved the panicle length in the range of 10.2 to 15.9% as 

compared to control. The highest increase in panicle length was noted by Bacillus 

megaterium strain AN24 and was found statistically same with co-inoculation of Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN35. The other sole 

inoculation treatments Bacillus megaterium strain AN35, Bacillus megaterium strain 

AN31 and Bacillus aryabhattai strain AN30 increased the panicle length up to 14.1, 11.9 

and 10.2%, respectively, and were found statistically significantly different than control. 

The bacterial co-inoculation combinations enhanced the panicle length from 5.9 

to 23.9%. The combination Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 increased the maximum panicle length (23.9%) as compared to 

other sole and co-inoculation treatments. The combinations Bacillus aryabhattai strain 

AN30 along with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 

along with Bacillus megaterium strain AN35 improved the 21.4 and 17.875% more 

panicle length as compared to control and were found statistically significantly different 

than other co-inoculation treatments Bacillus megaterium strain AN31 along with 

Bacillus megaterium strain AN35, Bacillus megaterium strain AN24 along with Bacillus 

aryabhattai strain AN30 and Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35. 

4.12.2.2.10 Number of grains per panicle 

The results presenting in Figure 4.34 showed that all the tested zinc solubilizing 

sole and co-inoculation treatments significantly improved the number of grains per 

panicle in rice as compared to control. 

Among co-inoculation, Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 gave the highest number of grains per panicle that was 148 and 

14.7% more as compared to control. The combinations Bacillus aryabhattai strain AN30 
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along with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN35 increased the 12.6 and 11% more number of gains 

per panicle as compared to control and were found statistically same with each other. The 

minimum increase of 4.5% was noted due to the co-inoculation of Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN35 and was statistically similar 

with co-inoculation of Bacillus megaterium strain AN24 along with Bacillus aryabhattai 

strain AN30 and Bacillus megaterium strain AN31 along with Bacillus megaterium strain 

AN35 and sole inoculation of Bacillus aryabhattai strain AN30 but statistically 

significantly different than un-inoculated control. 

In response of sole inoculation, the tested treatments were found statistically not 

significant with each other but statistically significantly different than control. The 

minimum improvement in number of grains per panicle showed by Bacillus aryabhattai 

strain AN30 that was 6.4% more as compared to control. The sole inoculationof Bacillus 

megaterium strain AN24, followed by Bacillus megaterium strain AN35 and Bacillus 

megaterium strain AN31 gave the highest number of grains per panicle. 

4.12.2.2.11 Panicle weight per pot 

Zinc solubilizing rhizobacterial inoculation and co-inoculation showed prominent 

effect in improving the panicle weight per pot. The data regarding panicle weight per pot 

has been presented in Figure 4.35 and showed that seedlings transplanted without 

inoculum showed minimum panicle weight as compared to other sole and co-inoculation 

treatments. 

In case of co-inoculation, highest increase of 19.7% in panicle weight per pot was 

observed by the combination Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31, followed by Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN31. The next better combination Bacillus aryabhattai 

strain AN30 along with Bacillus megaterium strain AN35 increased the 16.4% panicle 

weight per pot and was statistically similar with sole inoculation of Bacillus megaterium 

strain AN24. The lowest increase of 7.3% in panicle weight per pot was noted by co-

inoculation of Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN35 and was found statistically significantly different than un-inoculated control. 

In zinc solubilizing rhizobacterial sole inoculation, Bacillus megaterium strain 

AN24 gave the maximum panicle weight per pot as compared to other sole inoculation 
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treatments, as it increased the panicle weight per pot up to 15.6% more as compared to 

control. The sole inoculation of Bacillus megaterium strain AN35 was statistically not 

significant with the sole inoculation of Bacillus megaterium strain AN31 as they increased 

the 13.9 and 13.4%, respectively, panicle weight per pot. However, the minimum panicle 

weight per pot was observed by Bacillus aryabhattai strain AN30 and was statistically 

significantly different than un-inoculated control. 

4.12.2.2.12 100 grains weight 

The data presented in Figure 4.36 indicated that hundred grains weight of rice 

significantly improved by inoculation and co-inoculation with zinc solubilizing Bacillus 

strains. The minimum hundred grains weight was noted in case of un-inoculated control. 

Among sole inoculation treatments, Bacillus megaterium strain AN24 in 

comparison to un-inoculated control maximum increased (17.8%) the hundred grains 

weight of rice and was statistically similar with sole inoculation of Bacillus megaterium 

strain AN35 and co-inoculation of Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35. Bacillus megaterium strain AN31 and Bacillus aryabhattai 

strain AN30 improved the hundred grains weight up to 12.7 and 10.9% more as compared 

to control and were found statistically not significant with each other but statistically 

significantly different than un-inoculated control. 

In response of co-inoculation treatments, maximum increase of 25.8% in hundred 

grains weight was observed due to the rhizobacterial combination Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN31 and was found statistically 

same with co-inoculation of Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31. The combination Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN35 minimum increased the hundred grains weight and was 

found statistically not significant with Bacillus megaterium strain AN24 along with 

Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN31 along with 

Bacillus megaterium strain AN35 but statistically significantly different than control.  
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Figure 4.33: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on panicle length of rice under pot trial (n = 4). Means sharing 

the same letter (s) are statistically not significant at 5% level of probability. 

 

 

Figure 4.34: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on number of grains per panicle of rice under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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Figure 4.35: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on panicle weight per pot of rice under pot trial (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 

 

 

Figure 4.36: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on 100 grains weight of rice under pot trial (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 
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4.12.2.2.13 Grain yield 

 The results presented in Figure 4.37 indicated that zinc solubilizing rhizobacterial 

inoculation and co-inoculation significantly improved the grain yield of rice as compared 

to un-inoculared control. 

The rhizobacterial sole inoculation increased the grain yield per pot in the range 

of 12 to 17.9% as compared to control. The sole inoculation of Bacillus megaterium strain 

AN24 enhanced the maximum rice grain yield and statistically significantly different with 

next better sole inoculation treatments Bacillus megaterium strain AN35 and Bacillus 

megaterium strain AN31 that increased the grain yield up to 16 and 14.1%, respectively, 

as compared to control. The least improvement of 12% was noted by Bacillus aryabhattai 

strain AN30 and was statistically significantly different than control. 

The improvement due to the co-inoculation of zinc solubilizing rhizobacterial 

strains was found in the range of 6.3 to 25.3%. The highest rice grain yield was noted 

when seedlings were inoculated with rhizobacterial combination Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN31. The next better co-inoculation 

treatments Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31, Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35, 

Bacillus megaterium strain AN31 along with Bacillus megaterium strain AN35 and 

Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain AN30 improved 

the grain yield up to 22.6, 20.4, 9.5 and 7.9%, respectively, as compared to control and 

were found statistically significantly different with each other. The minimum increase of 

6.3% due to the Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN35 was found statistically significantly different than control. 

4.12.2.2.14 Straw yield 

The inoculation and co-inoculation with zinc solubilizing Bacillus strains 

enhanced the straw yield of rice in pot trial (Figure 4.38). All the sole as well as co-

inoculation treatments except Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35 and Bacillus megaterium strain AN24 along with Bacillus 

aryabhattai strain AN30 significantly improved the straw yield as compared to un-

inoculated control. The minimum straw yield per pot was measured by un-inoculated 

control. The rhizobacterial sole and co-inoculation increased the straw yield of rice in the 

range of 7.5 to 22.2% as compared to control. 
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Among sole inoculation treatments, minimum increase of 11.5% in straw yield 

per pot was noted by Bacillus aryabhattai strain AN30 and was found statistically 

significantly different than un-inoculated control. While maximum increase of 15.9% in 

straw yield was observed due to the inoculation of Bacillus megaterium strain AN24 and 

was found statistically not significant with Bacillus megaterium strain AN35 and Bacillus 

megaterium strain AN31 which improved the 14.7 and 12.8% more straw yield as 

compared to un-inoculated control. 

In Bacillus co-inoculation, the highest straw yield was noted by co-inoculation 

combination Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN31, followed by Bacillus aryabhattai strain AN30 along with Bacillus megaterium 

strain AN31. The co-inoculation combination Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN35 improved the 18.2% straw yield per pot and was 

found statistically not significant with co-inoculation of Bacillus megaterium strain AN31 

along with Bacillus megaterium strain AN35 and also with all sole inoculation treatments. 

The combination Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain 

AN30 minimum increased (7.5%) the straw yield per pot and was found statistically not 

significant with combination Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35 and also with un-inoculated control. 

4.12.2.2.15 Paddy length 

The results regarding paddy length was presented in Figure 4.39 and indicated that 

sole and co-inoculation of zinc solubilizing strains improved the paddy length in pot trial. 

The minimum paddy length was measured when seedlings were transplanted without 

inoculation. 

In co-inoculation treatments, highest improvement in paddy length was shown 

when rice seedlings were inoculated with bacterial combination Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN31 and was found statistically not 

significant with Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31 and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN35. The minimum improvement was recorded by the co-inoculation combination 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 and was 

statistically not significant with control. 



141 
 

In response of sole inoculation of zinc solubilizing rhizobacterial strains, 

maximum improvement in paddy length was noted by Bacillus megaterium strain AN24 

and was found statistically not significant with co-inoculation treatments Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN35 and Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and also with sole 

inoculation treatments Bacillus megaterium strain AN35 and Bacillus megaterium strain 

AN31. The sole treatment Bacillus aryabhattai strain AN30 showed the minimum 

improvement in paddy length and was found statistically significantly different than 

control. 

4.12.2.2.16 Paddy width 

 The results regarding paddy width has been presented in Figure 4.40 and indicated 

that zinc solubilizing rhizobacterial inoculation and co-inoculation improved the paddy 

width in pot trial. All the sole as well as co-inoculation treatments improved the paddy 

length but most of the treatments were found statistically not significant with each other. 

 In co-inoculation treatments, bacterial combination Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN31 showed maximum improvement in 

paddy width and was found statistically not significant with co-inoculation treatments 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 and sole 

inoculation treatment Bacillus megaterium strain AN24. The next better co-inoculation 

combinations Bacillus megaterium strain AN31 along with Bacillus megaterium strain 

AN35, Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain AN30 

and Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 were 

found statistically not significant with each other. 

In sole inoculation, treatment Bacillus megaterium strain AN24 showed the 

maximum improvement in paddy width as compared to control and was found statistically 

similar to next better sole inoculation treatments Bacillus megaterium strain AN35 and 

Bacillus megaterium strain AN31. The minimum improvement of 1.7% in paddy width 

was measured by inoculation of Bacillus aryabhattai strain AN30 and was statistically 

significantly different than un-inoculated control. 
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Figure 4.37: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on grain yield of rice under pot trial (n = 4). Means sharing the 

same letter (s) are statistically not significant at 5% level of probability. 

 

 

Figure 4.38: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on straw yield of rice under pot trial (n = 4). Means sharing the 

same letter (s) are statistically not significant at 5% level of probability. 
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Figure 4.39: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on paddy length under pot trial (n = 4). Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 

 

 

Figure 4.40: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on paddy width under pot trial (n = 4). Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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4.12.2.2.17 Grain length 

All the zinc solubilizing Bacillus strains showed improvement in grain length in 

response of inoculation and co-inoculation (Figure 4.41). Un-inoculated control gave the 

lowest grain length as compared to other sole as well as co-inoculation treatments. 

The co-inoculation combination Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN35 was least effective in improving the grain length as 

compared to others and was found statistically similar with un-inoculated control. The 

highest increase in grain length was measured when rice seedlings were inoculated with 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31 and was 

statistically same with next better combinations Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35. 

In sole inoculation, the least improvement in grain length was noted due to the 

treatment Bacillus aryabhattai strain AN30 and was statistically significantly different 

than un-inoculated control. The treatment Bacillus megaterium strain AN24 gave the 

maximum grain length as compared to other sole inoculation treatments but statistically 

not significant with Bacillus megaterium strain AN35 and Bacillus megaterium strain 

AN31. 

4.12.2.2.18 Grain width 

 The sole and co-inoculation with zinc solubilizing rhizobacterial strains resulted 

in the improvement of grain width (Figure 4.42). All the treatments improved the grain 

width but most of them were found statistically similar with each other. 

 In sole inoculation, all the treatments were found statistically not significant with 

each other but statistically significantly different than control. The highest improvement 

in grain width was noted by inoculation of Bacillus megaterium strain AN24, followed 

by Bacillus megaterium strain AN35, Bacillus megaterium strain AN31 and Bacillus 

aryabhattai strain AN30. 

 In co-inoculation treatments, the highest improvement in grain width by Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31 was found 

statistically not significant with co-inoculation of Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN31, Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 and also with sole inoculation of Bacillus megaterium 
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strain AN24. The other co-inoculation treatments Bacillus megaterium strain AN31 along 

with Bacillus megaterium strain AN35, Bacillus megaterium strain AN24 along with 

Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN35 also improved the grain width but these improvements 

were found statistically similar with each other and also with un-inoculated control. 
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Figure 4.41: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on grain length of rice under pot trial (n = 4). Means sharing the 

same letter (s) are statistically not significant at 5% level of probability. 

 

 

Figure 4.42: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on grain width of rice under pot trial (n = 4). Means sharing the 

same letter (s) are statistically not significant at 5% level of probability. 
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4.12.2.3 Nutritional parameters 

4.12.2.3.1 Nitrogen concentration in grains 

 The results regarding nitrogen concentration in grains have been presented in 

Figure 4.43. The inoculation and co-inoculation with zinc solubilizing rhizobacterial 

strains significantly improved the nitrogen concentration in grains of rice. 

All the co-inoculation treatments were statistically significantly different with 

each other. The bacterial co-inoculation improved the nitrogen concentration in the range 

of 12.4 to 25.8% as compared to control. The maximum improvement in the concentration 

of nitrogen in grains was recorded by inoculation of Bacillus megaterium strain AN24 

along with Bacillus megaterium strain AN31, followed by Bacillus aryabhattai strain 

AN30 along with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 

along with Bacillus megaterium strain AN35 which improved the nitrogen content up to 

24.1 and 22%, respectively, more as compared to control. The other combinations 

Bacillus megaterium strain AN31 along with Bacillus megaterium strain AN35, Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 and Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30 improved the 15.9, 

14 and 12.4% nitrogen concentration in grains and were found statistically significantly 

different than control. 

The sole inoculation significantly improved the nitrogen concentration in grains 

ranged from the 17.6 to 21.1%. The sole inoculation treatment Bacillus megaterium strain 

AN24 maximum improved the nitrogen content in grains, followed by the treatments 

Bacillus megaterium strain AN35, Bacillus megaterium strain AN31 and Bacillus 

aryabhattai strain AN30. All these treatments were statistically significantly different 

than un-inoculated control. 

4.12.2.3.2 Phosphorous concentration in grains 

 Zinc solubilizing rhizobacterial inoculation and co-inoculation showed prominent 

effect in improving the phosphorous concentration in grains of rice in pot trial (Figure 

4.44). The minimum phosphorous concentration was observed by un-inoculated control. 

 In co-inoculation, treatment Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 maximum improved the phosphorous content in grains which 

was 30.1% more as compared to un-inoculated control and was statistically similar with 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35. The other 
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co-inoculation treatments Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31, Bacillus megaterium strain AN31 along with Bacillus 

megaterium strain AN35, Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35 and Bacillus megaterium strain AN24 along with Bacillus 

aryabhattai strain AN30 improved the 23.1, 11.5, 9.5 and 8.7% respectively, more 

phosphorous content in rice grains as compared to control. 

 In case of bacterial sole inoculation, the highest improvement of 19.1% was noted 

by Bacillus megaterium strain AN24. The treatment Bacillus aryabhattai strain AN30 

improved 15.6% phosphorous content in grains and found statistically similar with 

Bacillus megaterium strain AN31 and Bacillus megaterium strain AN35 which improved 

the phosphorous content up to 14.3 and 12.5%, respectively. However, all the sole 

treatments were found statistically significantly different than un-inoculated control. 

4.12.2.3.3 Potassium concentration in grains 

 The results regarding potassium concentration in rice grains have been presented 

in Figure 4.45 and indicated that inoculation and co-inoculation with zinc solubilizing 

rhizobacterial strains improved the potassium concentration in grains. 

 In sole inoculation, Bacillus megaterium strain AN31 maximum improved the 

potassium concentration as compared to other sole inoculation treatments. The next better 

sole inoculation treatment Bacillus megaterium strain AN24 improved 21.4% grain 

potassium concentration as compared to control and was statistically not significant with 

Bacillus aryabhattai strain AN30 which improved the 19.875% potassium content in 

grains of rice. The minimum improvement of 17.9% in potassium concentration due to 

the inoculation of Bacillus megaterium strain AN35 was statistically significantly 

different than un-inoculated control. 

 Among co-inoculation, maximum improvement of 29.1% in potassium 

concentration was observed by inoculation of combination Bacillus aryabhattai strain 

AN30 along with Bacillus megaterium strain AN35 and was found statistically similar 

with Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31 

which improved the 27.1% potassium content as compared to un-inoculated control. The 

other treatments Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31, Bacillus megaterium strain AN31 along with Bacillus megaterium strain AN35 

and Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 
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improved the 25.7, 15.5 and 14.2%, respectively, potassium content in rice grains. The 

minimum improvement of 11.6% was noted when seedlings were inoculated with 

combination Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain 

AN30 and was found statistically significantly different than un-inoculated control. 

4.12.2.3.4 Iron concentration in grains 

The results presented in Figure 4.46 indicated that iron concentration in rice grains 

was improved when rice seedlings were inoculated and co-inoculated with different zinc 

solubilizing rhizobacterial strains. Although all the treatments improved the iron 

concentration in grains but most of them were found statistically not significant with each 

other. 

In case of co-inoculation, Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 maximum improved the iron concentration in grains as 

compared to other sole and co-inoculation treatments. The treatments Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN35 improved the 17.4 

and 16.1% grain iron contents and were found statistically similar with each other. The 

treatment Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain AN30 

improved the minimum iron concentration in grains but statistically significantly different 

than un-inoculated control. 

In sole inoculation treatments, the minimum improvement of 11.9% was observed 

when rice seedlings were inoculated with Bacillus megaterium strain AN31 while 

Bacillus megaterium strain AN35 showed maximum improvement in grains iron 

concentration, followed by Bacillus megaterium strain AN24 and Bacillus aryabhattai 

strain AN30 which enhanced the iron content up to 14.2 and 13.1%, respectively. All 

these sole treatments were statistically significantly different than un-inoculated control. 
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Figure 4.43 Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on nitrogen concentration in grains of rice under pot trial (n = 

4). Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.44: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on phosphorous concentration in grains of rice under pot trial 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 
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Figure 4.45: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on potassium concentration in grains of rice under pot trial (n 

= 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 

 

 

Figure 4.46: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on iron concentration in grains of rice under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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4.12.2.3.5 Zinc concentration in grains 

 The data regarding zinc concentration in grains has been represented in Figure 

4.47 and indicated that inoculation and co-inoculation of zinc solubilizing Bacillus strains 

had progressive effect on the concentration of zinc in rice grains. 

In response of co-inoculation, the highest improvements of 26.8 and 24.5% in 

grains zinc content were observed by treatments Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN31 and were found statistically same with each other but 

statistically significantly different with all other co-inoculation treatments. The treatments 

Bacillus megaterium strain AN31 along with Bacillus megaterium strain AN35, Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30 and Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 improved the 11.1, 

10.9 and 9% zinc content in grains and were found statistically not significant with each 

other but statistically significantly different than control. 

Among sole inoculation treatments, Bacillus megaterium strain AN31 maximum 

improved the zinc concentration in grains which was 18.1% more as compared to control. 

The next better sole treatments Bacillus aryabhattai strain AN30, Bacillus megaterium 

strain AN24 and Bacillus megaterium strain AN35 improved the 16.1, 15.1 and 13.6% 

zinc concentration in grains and were found statistically similar with each other. 

4.12.2.3.6 Crude protein in grains 

Crude protein in grains of rice become improved when rice seedlings were 

inoculated as well as co-inoculated with zinc solubilizing rhizobacterial strains (Figure 

4.48). All the inoculation and co-inoculation treatments significantly improved the crude 

protein in rice grains. 

In case of co-inoculation, the maximum improvement (25.8%) was observed in 

response of Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN31, followed by Bacillus aryabhattai strain AN30 along with Bacillus megaterium 

strain AN31, Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN35, Bacillus megaterium strain AN31 along with Bacillus megaterium strain AN35, 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 and 

Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain AN30 which 
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improved the crude protein in rice grains up to 24.1, 22, 15.9, 14 and 12.4%, respectively, 

more as compared to control. 

In sole inoculation, Bacillus megaterium strain AN24 enhanced 21.1% grain crude 

protein and was found statistically not significant with sole inoculation of Bacillus 

megaterium strain AN35 and with co-inoculation of Bacillus aryabhattai strain AN30 

along with Bacillus megaterium strain AN35. The minimum improvement (17.6%) was 

observed when seedlings were inoculated with Bacillus aryabhattai strain AN30 and was 

found statistically significantly different than un-inoculated control. 

4.12.2.3.7 Nitrogen concentration in straw 

 Zinc solubilizing rhizobacterial inoculation as well as co-inoculation improved the 

nitrogen concentration in straw of rice (Figure 4.49). The minimum concentration of 

nitrogen in straw was observed by un-inoculated control. 

 In response of co-inoculation, the treatment Bacillus megaterium strain AN24 

along with Bacillus megaterium strain AN31 improved the 25.2% straw nitrogen content 

and was statistically not significant with other co-inoculation treatments Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN35 and Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31 which improved 

the nitrogen content in straw up to 23.8 and 22.6%, respectively. The other co-inoculation 

treatments Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain 

AN30, Bacillus megaterium strain AN31 along with Bacillus megaterium strain AN35 

and Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 

improved the 11.9, 10.9 and 8.9%, respectively, nitrogen content in straw and were found 

statistically not significant with each other but statistically significantly different than un-

inoculated control. 

 In sole inoculation, the 19.9% improvement in straw nitrogen content was noted 

by inoculation of Bacillus megaterium strain AN35 which was maximum as compared to 

other sole inoculation treatments. The other treatments Bacillus megaterium strain AN24, 

Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 improved the 

18.9, 16.3 and 14.1%, respectively, nitrogen content in rice straw. However, all these 

treatments were statistically significantly different than un-inoculated control. 
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4.12.2.3.8 Phosphorous concentration in straw 

The improvement in phosphorous concentration in straw of rice has been observed 

in the response of inoculation and co-inoculation with zinc solubilizing rhizobacterial 

strains (Figure 4.50). 

In co-inoculation treatments, the minimum improvement of 7.4% was observed 

by inoculation of combination Bacillus megaterium strain AN24 along with Bacillus 

aryabhattai strain AN30 and was found statistically significantly different than control. 

The highest improvement of 28.4% was noted by co-inoculation combination Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31, followed by 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 and 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 which 

improved the straw phosphorous content up to 25.8 and 24% more as compared to un-

inoculated control. 

 In sole inoculation, the minimum improvement of 13.7% due to the Bacillus 

megaterium strain AN35 was statistically not significant with inoculation of Bacillus 

megaterium strain AN31 but statistically significantly different than control. The 

treatment Bacillus megaterium strain AN24 showed maximum concentration (19.8%) of 

phosphorous in rice straw and was found statistically same with next better sole 

inoculation treatment Bacillus aryabhattai strain AN30. 
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Figure 4.47: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on zinc concentration in grains of rice under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.48: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on crude protein in grains of rice under pot trial (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 
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Figure 4.49: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on nitrogen concentration in straw of rice under pot trial (n = 

4). Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.50: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on phosphorous concentration in straw of rice under pot trial 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 
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4.12.2.3.9 Potassium concentration in straw 

The results regarding potassium concentration in straw of rice due to the 

inoculation and co-inoculation of zinc solubilizing rhizobacterial strains have been 

presented in Figure 4.51. The minimum concentration of potassium in straw was observed 

when rice seedlings were transplanted without inoculation. 

Among co-inoculation, the treatment Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 showed maximum improvement (31.4%) in straw 

potassium content and was statistically significantly different with next better treatments 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31 and 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31. The 

minimum improvement of 10.7% was noted by inoculation of Bacillus megaterium strain 

AN24 along with Bacillus aryabhattai strain AN30 and was found statistically 

significantly different than un-inoculated control. 

In response of sole inoculation, Bacillus megaterium strain AN31 increased the 

maximum concentration of potassium in straw of rice, followed by Bacillus megaterium 

strain AN24, Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN35 

which improved the 20.4, 18.1 and 16.5%, respectively, more potassium content in straw 

as compared to un-inoculated control. All these sole inoculation treatments were found 

statistically significantly differentthan un-inoculated control. 

4.12.2.3.10 Iron concentration in straw 

The zinc solubilizing rhizobacterial inoculation and co-inoculation showed 

prominent impact in improving the iron concentration in straw of rice (Figure 4.52). The 

lowest iron concentration in straw was observed when un-inoculated seedlings were 

transplanted. 

Among co-inoculation, the treatments Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN31, Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 were found statistically same by improving the 23.2, 

22.3 and 20.97%, respectively, iron content in rice straw. These co-inoculation treatments 

were statistically significantly different than other co-inoculation treatments Bacillus 

megaterium strain AN31 along with Bacillus megaterium strain AN35, Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 and Bacillus 
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megaterium strain AN24 along with Bacillus aryabhattai strain AN30 which enhanced 

the straw iron content up to 11.9, 10.9 and 7.9%, respectively, more as compared to 

control. 

In response of sole inoculation, the maximum improvement of 17.9% was noted 

by inoculation of Bacillus megaterium strain AN35 that was statistically same with co-

inoculation of Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN35. The inoculation with Bacillus megaterium strain AN24, Bacillus aryabhattai 

strain AN30 and Bacillus megaterium strain AN31 improved the 16.5, 14.8 and 12.9 % 

straw iron content and were found statistically same with each other but statistically 

significantly different than un-inoculated control. 

4.12.2.3.11 Zinc concentration in straw 

The concentration of zinc in rice straw has been improved as the result of zinc 

solubilizing rhizobacterial inoculation as well as co-inoculation (Figure 4.53). All the 

treatments significantly improved the concentration of zinc in rice straw. 

In co-inoculation treatment, Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 maximum improved the zinc concentration in rice straw, 

followed by Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31 which enhanced the 24.7% straw zinc content and was statistically not significant 

with each other. The treatments Bacillus megaterium strain AN31 along with Bacillus 

megaterium strain AN35, Bacillus megaterium strain AN24 along with Bacillus 

aryabhattai strain AN30 and Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35 improved the zinc straw content up to 11, 9.2 and 7.9%, 

respectively and were statistically not significant with each other. However, all the co-

inoculation treatments were statistically significantly different than un-inoculated control. 

In sole inoculation treatments, Bacillus megaterium strain AN31 maximum 

improved the zinc straw content which was 18.9 % more as compared to control and was 

statistically same with co-inoculation treatment Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN35. The sole treatments Bacillus aryabhattai strain 

AN30, Bacillus megaterium strain AN24 and Bacillus megaterium strain AN35 improved 

the 16.6, 14.9 and 12.9% zinc content and were found statistically significantly different 

than un-inoculated control. 

 



159 
 

4.12.2.3.12 Nitrogen concentration in roots 

The improvement in the concentration of nitrogen in roots of rice has been 

presented in figure 4.54. All the zinc solubilizing rhizobacterial inoculation as well as co-

inoculation treatments significantly improved the root nitrogen content as compared to 

control. 

Among co-inoculation, the treatment Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31 improved the maximum concentration of nitrogen in 

roots which was 26.6% more as compared to control and was statistically not significant 

with Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31. The 

minimum improvement was observed by inoculation of Bacillus megaterium strain AN31 

along with Bacillus megaterium strain AN35 and was found statistically not significant 

with Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain AN30 and 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 and 

statistically significantly different than un-inoculated control. 

In sole inoculation, the treatment Bacillus megaterium strain AN24 improved the 

18.7% nitrogen concentration in roots which was maximum as compared to other sole 

inoculation treatments. The other treatments Bacillus megaterium strain AN35 and 

Bacillus aryabhattai strain AN30 were statistically same by improving the 17.5 and 

15.2% root nitrogen content. However, the minimum improvement was noted by 

treatment Bacillus megaterium strain AN31 and was found statistically significantly 

different than control. 
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Figure 4.51: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on potassium concentration in straw of rice under pot trial (n 

= 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 

 

 

Figure 4.52: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on iron concentration in straw of rice under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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Figure 4.53: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on zinc concentration in straw of rice under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.54: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on nitrogen concentration in roots of rice under pot trial (n = 

4). Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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4.12.2.3.13 Phosphorous concentration in roots 

The effect of inoculation and co-inoculation of zinc solubilizing rhizobacterial 

strains on phosphorous concentration in rice roots has been presented in Figure 4.55. The 

inoculation and co-inoculation of bacterial strains significantly improved the phosphorous 

content in rice roots as compared to control. 

In co-inoculation treatments, minimum improvement (7.6%) was noted when rice 

seedlings were inoculated with Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35 and was found statistically significantly ddifferent than un-

inoculated control. The treatment Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 caused maximum improvement of 28.2% in roots phosphorous 

content, followed by Bacillus aryabhattai strain AN30 along with Bacillus megaterium 

strain AN35 and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31 which improved the phosphorous content up to 25.8 and 24.1%, respectively, more 

as compared to control. 

In response of sole inoculation, Bacillus megaterium strain AN35 minimum 

improved the phosphorous content in roots and was found statistically not significant with 

inoculation of Bacillus megaterium strain AN35. The maximum improvement of 20.2% 

was noted by inoculation of Bacillus megaterium strain AN24, followed by Bacillus 

aryabhattai strain AN30 which improved the 18.7% more phosphorous concentration in 

rice roots as compared to control.  

4.12.2.3.14 Potassium concentration in roots 

The data presented in Figure 4.56 indicated that inoculation and co-inoculation of 

zinc solubilizing Bacillus strains had positive impact on concentration of potassium in 

rice roots. Un-inoculated control gave the lowest concentration of potassium in roots of 

rice in pot trial. 

In co-inoculation, Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35 showed maximum improvement of 27.8% in concentration of 

potassium and was found statistically same with second best co-inoculation treatment 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31 that 

improved the 25.7% more potassium content in roots as compared to un-inoculated 

control. The other treatments Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31, Bacillus megaterium strain AN24 along with Bacillus 
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aryabhattai strain AN30, Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35 and Bacillus megaterium strain AN31 along with Bacillus 

megaterium strain AN35 improved the 22.1, 12.7, 11.9 and 10.3%, respectively, 

potassium content in rice roots. All these co-inoculation treatments were statistically 

significantly different than un-inoculated control. 

Among sole inoculation, treatment Bacillus megaterium strain AN31 gave the 

maximum improvement in potassium concentration, followed by Bacillus aryabhattai 

strain AN30 and Bacillus megaterium strain AN24 which improved the 17.9 and 16.2% 

potassium content. The minimum improvement (14.8%) in roots potassium concentration 

was observed by Bacillus megaterium strain AN35 which was statistically not significant 

with co-inoculation of Bacillus megaterium strain AN24 along with Bacillus aryabhattai 

strain AN30 but statistically significantly different than un-inoculated control. 

4.12.2.3.15 Iron concentration in roots 

The data presented in Figure 4.57 indicated that inoculation and co-inoculation of 

zinc solubilizing Bacillus strains showed positive effect on iron concentration in roots of 

rice. 

In response of co-inoculation, the highest improvement of 20.6% showed by 

treatment Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31 

and was found statistically significantly different than all others sole as well as co-

inoculation treatments. The next better co-inoculation treatment Bacillus aryabhattai 

strain AN30 along with Bacillus megaterium strain AN31 improved the 18.2% root iron 

content and this improvement was found statistically same with Bacillus aryabhattai 

strain AN30 along with Bacillus megaterium strain AN35 which improved the 17.3% iron 

content in rice roots. The minimum improvement of 9.9% was noted by Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 was found 

statistically significantly different than control. 

The sole inoculation with zinc solubilizing rhizobacterial strains also improved 

the roots iron content as compared to control. The treatment Bacillus megaterium strain 

AN35 showed maximum improvement of 16.3%, followed by Bacillus megaterium strain 

AN24, Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 which 

improved the 15.4, 14.2 and 13.1% root iron content and were found statistically 

significantly different than un-inoculated control. 
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4.12.2.3.16 Zinc concentration in roots 

The effect of rhizobacterial sole as well as co-inoculation on concentration of zinc 

in roots has been presented in Figure 4.58. All the tested treatments were significantly 

improved the zinc concentration in roots as compared to control. 

In sole inoculation, Bacillus megaterium strain AN31 maximum improved the root 

zinc concentration and was found statistically not significant with Bacillus aryabhattai 

strain AN30 and co-inoculation treatment Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35. The treatments Bacillus megaterium strain AN24 and 

Bacillus megaterium strain AN35 increased the 25.9 and 22.9% root zinc content and 

were found statistically significantly different than un-inoculated control. 

In co-inoculation treatments, the maximum improvement of 36.7% was noted 

when seedlings were inoculated with Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31 and this improvement was statistically similar with 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and 

statistically significantly than Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35. The other co-inoculation treatments Bacillus megaterium strain 

AN31 along with Bacillus megaterium strain AN35, Bacillus megaterium strain AN24 

along with Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN35 improved the 20.1, 17.8 and 15.4% zinc 

concentration in rice roots and was found statistically significantly different than control. 
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Figure 4.55: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on phosphorous concentration in roots of rice under pot trial 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 

 

 

Figure 4.56: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on potassium concentration in roots of rice under pot trial (n 

= 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 
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Figure 4.57: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on iron concentration in roots of rice under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.58: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on zinc concentration in roots of rice under pot trial (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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4.13 Field trials 

 Two field trials were performed to evaluate the results of pot trial under natural 

field conditions (Picture 4.18 and 4.19). These field trials were conducted at research area 

of Faculty of Agriculture and Environment, The Islamia University of Bahawalpur, 

Punjab, Pakistan. Similar to pot trial results, field trials results also indicated that sole and 

co-inoculation of zinc solubilizing rhizobacterial strains prominently improved the rice 

growth, yield and quality as compared to control. The results of field trials are described 

below. 
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Picture 4.18: Different views of rice field trial at site-I 
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Picture 4.19: Different views of rice field trial at site-II 
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4.13.1 Soil analysis 

4.13.1.1 Total nitrogen concentration in soil 

 Zinc solubilizing rhizobacterial inoculation either alone or in different possible 

co-inoculation combinations significantly increased the total nitrogen content in soil of 

both sites (Figure 4.59).  

 The sole inoculation with Bacillus megaterium strain AN24 improved 27.5 and 

26.9% total nitrogen content in soil at site-I and site-II, respectively. The other sole 

inoculation treatments Bacillus megaterium strain AN35, Bacillus megaterium strain 

AN31 and Bacillus aryabhattai strain AN30 enhanced the total nitrogen concentration up 

to 26.6, 25.7 and 24.9% at site-I and 26.1, 25.2 and 24.3% at site-II, respectively. At both 

sites, all the sole inoculation treatments were found statistically not significant with each 

other but statistically significantly different than control. 

 The co-inoculation with Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 improved the maximum of 31.2 (site-I) and 30.7% (site-II) total 

nitrogen content in soil, followed by Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35. These treatments were found statistically similar with each 

other but statistically significantly different than other co-inoculation treatments i.e. 

Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain AN30, Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 and Bacillus 

megaterium strain AN31 along with Bacillus megaterium strain AN35. The minimum 

improvement of 14 (site-I) and 13.8% (site-II) due to the inoculation of Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 was statistically 

significantly different than their respective un-inoculated control. 

4.13.1.2 Available phosphorous concentration in soil 

 The inoculation as well as co-inoculation with zinc solubilizing Bacillus strains 

significantly improved the available phosphorous concentration in soil (Figure 4.60). All 

the sole as well as co-inoculation treatments approximately showed the same results in 

both trials. 

 Among co-inoculation, maximum increase of 31.7 (site-I) and 30.8% (site-II) in 

available phosphorous content was observed by co-inoculation combination Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31, followed by 
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Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35, Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31, Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30, Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 and Bacillus 

megaterium strain AN31 along with Bacillus megaterium strain AN35 which improved 

the available phosphorous content in soil up to 31, 29.1, 16.9, 14.9 and 13.4% at site-I 

and 30.1, 27.9, 16.8, 14.7 and 13.1% at site-II, respectively. All these co-inoculation 

treatments were found statistically significantly different than their respective un-

inoculated control. 

 The sole inoculation with Bacillus megaterium strain AN24 maximum improved 

the 27.3 (site-I) and 26.1% (site-II) available phosphorous content in soil. The minimum 

increase in available phosphorous concentration in soil due to the inoculation of Bacillus 

megaterium strain AN35 was found statistically not significant with Bacillus megaterium 

strain AN31 at site-I but statistically significantly different with Bacillus megaterium 

strain AN31 at site-II. 

4.13.1.3 Extractable potassium concentration in soil 

 The results presented in Figure 4.61 indicated that sole and co-inoculation of zinc 

solubilizing rhizobacterial strains had positive effect in improving the extractable 

potassium content in soil under both field trials. All the treatments improved the 

extractable potassium content in soil but most of them were found statistically not 

significant with each other. 

The co-inoculation improved the extractable potassium content in the range of 

13.3 to 30.2% at site-I and 13.3 to 29% at site-II. The rhizobacterial combination Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31 maximum 

improved the extractable potassium content in soil of both trials, followed by Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN35 and were found 

statistically not significant with each other. The minimum improvement in extractable 

potassium concentration in soil at both sites was noted by Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN35 and was found statistically 

significantly different than un-inoculated control. 
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 The sole inoculation improved the extractable potassium content in soil from 18.8 

to 24.7% at site-I and 17.3 to 23.4% at site-II. The sole treatments were found statistically 

not significant with each other but statistically significantly different than their respective 

control at both sites. The highest improvement in extractable potassium concentration in 

soil at both sites was measured by inoculation of Bacillus megaterium strain AN31, 

followed by Bacillus aryabhattai strain AN30, Bacillus megaterium strain AN24 and 

Bacillus megaterium strain AN35. 

 4.13.1.4 DTPA-iron concentration in soil 

 The data presented in Figure 4.62 indicated that DTPA-iron content in both trials 

were significantly improved as compared to their respective control in response of 

inoculation and co-inoculation with zinc solubilizing rhizobacterial strains. 

 In co-inoculation, the maximum of 15.9 (site-I) and 15.6% (site-II) improvement 

in DTPA-iron content was observed by bacterial combination Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN31, followed by Bacillus aryabhattai 

strain AN30 along with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain 

AN30 along with Bacillus megaterium strain AN35 which enhanced the DTPA-iron 

content up to 15 and 13.8% at site-I and 14.7 and 13.5% at site-II and were found 

statistically not significant with each other. The treatment Bacillus megaterium strain 

AN24 along with Bacillus aryabhattai strain AN30 showed minimum increase in DTPA-

iron concentration in soil of both sites and was found statistically significantly different 

than their respective control. 

 Among sole inoculation, Bacillus megaterium strain AN31 improved the DTPA-

iron content up to 11.9% at site-I and 11.6% at site-II and was found statistically not 

significant with next better sole inoculation treatment Bacillus aryabhattai strain AN30 

that increased the 10.7 (site-I) and 10.6% (site-II) DTPA-iron content. In both trials, 

Bacillus megaterium strain AN35 showed minimum improvement in DTPA-iron content 

and was statistically significantly different than their respective un-inoculated control. 
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Figure 4.59: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on total nitrogen concentration in soil under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.60: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on available phosphorous concentration in soil under field 

trials (n = 4). Means sharing the same letter (s) are statistically not 

significant at 5% level of probability. 

d

ab b ab ab
c

a

c

ab ab

c

e

ab ab ab ab
cd

a

d

a a
bc

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035
T

o
ta

l 
N

 c
o

n
c.

 i
n

 s
o

il
 (

%
)

ZSB inoculation/ co-inoculation

Site-I Site-II

i

cd d
e ef fg

a

gh

ab bc

h

i

cd d e f fg

a

gh

ab bc

h

0

2

4

6

8

10

12

14

16

A
v

a
il

a
b

le
 P

 c
o
n

c.
 i

n
 s

o
il

 (
m

g
 k

g
-1

)

ZSB inoculation/ co-inoculation

Site-I Site-II



174 
 

 

Figure 4.61: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on extractable potassium concentration in soil under field 

trials (n = 4). Means sharing the same letter (s) are statistically not 

significant at 5% level of probability. 

 

 

Figure 4.62: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on DTPA-iron concentration in soil under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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4.13.1.5 DTPA-zinc concentration in soil 

 Zinc concentration in soil of both trials significantly increased in response of sole 

and co-inoculation with zinc solubilizing rhizobacterial strains (Figure 4.6370). Almost 

same results were observed in both field trials. The lowest zinc concentration in soil was 

noted when rice seedlings were transplanted without inoculation. 

 In co-inoculation, the improvement of 16.5 (site-I) and 16.1% (site-II) in 

concentration of DTPA-zinc in soil due to the inoculation of megaterium strain AN24 

along with Bacillus megaterium strain AN31 was highest as compared to other sole as 

well as co-inoculation treatments. The other bacterial combinations i.e. Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31, Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN35, Bacillus 

megaterium strain AN31 along with Bacillus megaterium strain AN35, Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30 and Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 improved the 

DTPA-zinc concentration in soil up to 15.6, 14.5, 7.9, 6.3, and 5.1% at site-I and 15.2, 

14.1, 7.6, 5.8 and 4.7% at site-II, respectively, as compared to their respective un-

inoculated control. 

 The sole inoculation with Bacillus megaterium strain AN31 maximum improved 

the DTPA-zinc concentration in soil of both field trials which was 12.9% more at site-I 

and 12.5% more at site-II as compared to their respective control. The sole inoculation 

with Bacillus aryabhattai strain AN30, Bacillus megaterium strain AN24 and Bacillus 

megaterium strain AN35 improved the DTPA-zinc concentration in soil up to 11.9, 11.1 

and 9.7%, respectively, at site-I and 11.4, 10.6 and 9.4%, respectively, at site-II and were 

found statistically not significant with each other but statistically significantly different 

than their respective un-inoculated control at both sites. 

4.13.1.6 Bacterial population in soil 

 The results regarding bacterial population in soil have been presented in Figure 

4.64 and indicated that soil bacterial population become improved when sole and co-

inoculated rice seedlings were transplanted. 

The co-inoculation with rhizobacterial combination Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN31 showed maximum increase in soil 

bacterial population which was 33.9% more at site-I and 32.8% more at site-II as 
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compared to their respective control. This improvement in soil bacterial population was 

found statistically not significant with next better co-inoculation combinations Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN35 which increased 

the soil bacterial population up to 30.8 and 26.9% at site-I and 29.7 and 25.8% at site-II. 

The minimum improvement in soil bacterial population was noted due to the combination 

Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain AN30 at both 

sites. This increase was found statistically significantly different than control at site-I but 

statistically same with their control at site-II. 

Among sole inoculation treatments, the maximum increase of 23.1% at site-I and 

21.9% at site-II was noted due to inoculation of Bacillus megaterium strain AN24 and 

was found statistically not significant with Bacillus megaterium strain AN35 and Bacillus 

megaterium strain AN31 but statistically significantly different than Bacillus aryabhattai 

strain AN30 in both field trials which increased the minimum soil bacterial population as 

compared to other sole inoculation treatments. 
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Figure 4.63: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on DTPA-zinc concentration in soil under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.64: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on bacterial population in soil under field trials (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 
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4.13.2 Plant analysis 

4.13.2.1 Physiological parameters 

4.13.2.1.1 SPAD value 

 The data regarding SPAD value indicated that inoculation and co-inoculation of 

zinc solubilizing rhizobacterial strains significantly improved the SPAD value in both 

field trials (Figure 4.65). The lowest SPAD value was measured by un-inoculated control. 

 In co-inoculation, the maximum increase of 30.8% at site-I and 27.4% at site-II in 

SPAD value was noted by inoculation of Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31, followed by Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 which improved the SPAD value up to 28.2 and 26.5% 

at site-I and 24.4 and 22.8% at site-II. At site-I, the bacterial combination Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 showed minimum 

increase in SPAD value which was 13.4% more as compared to control. While at site-II, 

the minimum improvement of 12.3% was noted due to the inoculation of Bacillus 

megaterium strain AN31 along with Bacillus megaterium strain AN35 and was found 

statistically not significant with Bacillus megaterium strain AN24 along with Bacillus 

aryabhattai strain AN30 and Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35. At both sites, all the co-inoculation treatments were found 

statistically significantly different than their respective un-inoculated control. 

 In sole inoculation, the highest SPAD value was measured by inoculation of 

Bacillus megaterium strain AN24 which was 24.8% more at site-I and 21.6% more at site-

II as compared to their respective control. The other sole inoculation treatments Bacillus 

megaterium strain AN35, Bacillus megaterium strain AN31 and Bacillus aryabhattai 

strain AN30 improved the SPAD value up to 21.7, 20.6 and 18.3% at site-I and 18.3, 17 

and 14.8% at site-II and were found statistically not significant with each other but 

statistically significantly different than their respective un-inoculated control.  

4.13.2.1.2 Relative water content 

 Relative water content in rice leaves were significantly improved in response of 

inoculation and co-inoculation with zinc solubilizing rhizobacterial strains (Figure 4.66). 

The improvement in relative water content was ranged from 13.1 to 31.9% at site-I and 

10.8 to 29.3% at site-II as compared to their respective un-inoculated control. 
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 The co-inoculation treatment Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31 improved the relative water content up to 31.9% at site-

I and 29.3% at site-II and was found statistically same with Bacillus aryabhattai strain 

AN30 along with Bacillus megaterium strain AN31 at site-I but statistically significantly 

different than Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31 at site-II. The treatment Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35 improved the 26.2% relative water content and was found 

statistically not significant with sole inoculation of Bacillus megaterium strain AN24 at 

site-I. The combination Bacillus megaterium strain AN24 along with Bacillus megaterium 

strain AN35 minimum improved the relative water content at both sites and was found 

statistically significantly different than their respective un-inoculated control. 

 In sole inoculation, Bacillus megaterium strain AN24 improved the 23.9 and 

21.4% relative water content at site-I and site-II, respectively, and was found statistically 

same with Bacillus megaterium strain AN35. The minimum improvement of 17.1% at 

site-I and 15.3% at site-II due to the inoculation of Bacillus aryabhattai strain AN30 was 

statistically significantly different than their respective control.  

4.13.2.1.3 Superoxide dismutase activity 

 The results regarding superoxide dismutase activity have been presented in Figure 

4.67 and indicated that all the treatments at both sites, except Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN35 at site-II, significantly improved the 

superoxide dismutase activity as compared to their respective un-inoculated control. 

 In co-inoculation, the improvements of 89.4 and 79.1% at site-I and 85 and 73.4% 

at site-II due to the inoculation of AN24 along with Bacillus megaterium strain AN31 and 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 were 

found statistically same with each other but statistically significantly different than co-

inoculation treatments Bacillus aryabhattai strain AN30 along with Bacillus megaterium 

strain AN35, Bacillus megaterium strain AN31 along with Bacillus megaterium strain 

AN35, Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain AN30 

and Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35. 

 The sole inoculation with Bacillus megaterium strain AN24 improved the 55.8% 

superoxide dismutase activity at site-I and 49.9% at site-II, followed by Bacillus 

megaterium strain AN35. The treatment Bacillus aryabhattai strain AN30 showed 
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minimum improvement of 33.6% at site-I and 27.5% at site-II that was statistically not 

significant with Bacillus megaterium strain AN31 but statistically significantly different 

than their respective un-inoculated control. 

4.13.2.1.4 Peroxidase dismutase activity 

 The data presented in Figure 4.68 revealed that inoculation and co-inoculation 

with zinc solubilizing strains were found promising in improving the peroxidase 

dismutase activity in leaves of rice under natural conditions. 

 In sole inoculation, Bacillus megaterium strain AN24 improved the maximum 

peroxidase dismutase activity which was 18.9% more at site-I and 17.9% more at site-II 

as compared to their respective un-inoculated control. The minimum improvement of 

11.3% in site-I and 10.3% at site-II due to the inoculation of Bacillus aryabhattai strain 

AN30 was found statistically significantly different than their respective control. 

 In co-inoculation, the maximum improvement of 30.5% at site-I and 29.5% at site-

II, in peroxidase dismutase activity was noted by Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN31 and was found statistically not significant with 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 at site-I 

but statistically significantly different than Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN31 at site-II. The combination Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN35 showed minimum improvement in 

peroxidase dismutase activity at both sites and was found statistically significantly 

different than their respective un-inoculated control. 
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Figure 4.65: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on SPAD value in rice leaves under field trials (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 

 

 

Figure 4.66: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on relative water content in rice leaves under field trials (n = 

4). Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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Figure 4.67: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on superoxide dismutase activity in rice leaves under field 

trials (n = 4). Means sharing the same letter (s) are statistically not 

significant at 5% level of probability. 

 

 

Figure 4.68: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on peroxidase dismutase activity in rice leaves under field 

trials (n = 4). Means sharing the same letter (s) are statistically not 

significant at 5% level of probability. 
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4.12.2.1.5 Catalase activity 

 The data regarding catalase activity has been presented in Figure 4.69 and revealed 

that zinc solubilizing rhizobacterial inoculation and co-inoculation had positive effect in 

improving the catalase activity in leaves of rice at both sites. Un-inoculated control 

showed minimum catalase activity as compared to inoculation and co-inoculation 

treatments. 

 The sole inoculation improved the catalase activity in the range 7.7 to 10.4% at 

site-I and 7.3 to 9.5% at site-II as compared to their respective un-inoculated control. The 

greatest catalase activity of 10.4% at site-I and 9.5% at site-II was observed by inoculation 

of Bacillus megaterium strain AN24, followed by Bacillus megaterium strain AN35, 

Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 which improved 

the catalase activity in rice leaves up to 9.6, 8.8 and 7.7% at site-I and 8.7, 7.9 and 7.3% 

at site-II. At both sites, all the sole inoculation treatments were found statistically 

significantly different than their respective control. 

 The co-inoculation improved the catalase activity from 3.8 to 13.4% at site-I and 

4.4 to 13.5% at site-II. The rhizobacterial co-inoculation combination Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31 improved the 

maximum catalase activity at both sites and was statistically not significant with Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31 at site-I but 

statistically significantly different than Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN31 at site-II. The minimum improvement in catalase 

activity at site-I was noted by co-inoculation of Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN35 while at site-II, Bacillus megaterium strain AN24 

along with Bacillus aryabhattai strain AN30 showed minimum improvement in catalase 

activity in rice leaves. The minimum improvement at both sites were found statistically 

significantly different than their respective un-inoculated control. 

4.13.2.1.6 Ascorbate peroxidase activity 

 The results regarding ascorbate peroxidase activity due to the inoculation and co-

inoculation of zinc solubilizing rhizobacterial strains have been presented in Figure 4.70 

and indicated that all the zinc solubilizing rhizobacterial inoculation and co-inoculation 

treatments significantly improved the ascorbate peroxidase activity in rice leaves at both 

sites. 
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 In sole inoculation, the minimum improvement of 68.7% was observed by 

inoculation of Bacillus megaterium strain AN31 at site-I while Bacillus aryabhattai strain 

AN30 showed minimum improvement of 58.5% in ascorbate peroxidase activity at site-

II. The maximum improvement of 94.3% at site-I and 87% at site-II was noted due to the 

inoculation of Bacillus megaterium strain AN24 and was found statistically significantly 

different than their respective control. All the sole inoculation treatments statistically 

different with each other in field trial-I while in field trial-II, Bacillus aryabhattai strain 

AN30 statistically same with Bacillus megaterium strain AN31. 

 Among co-inoculation treatments, the bacterial co-inoculation combination 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31 maximum 

improved the ascorbate peroxidase activity which was 125.4% more in filed trial-I while 

116.1% more in field trial-II as compared to their respective control. The next better 

treatments Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31, Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 

and Bacillus megaterium strain AN31 along with Bacillus megaterium strain AN35 

improved the ascorbate peroxidase activity up to 116.7, 103.4 and 54.6%, respectively, at 

site-I and 104.9, 95.5 and 47.2%, respectively, at site-II. The treatment Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30 showed minimum 

improvement of 34.5% at site-I while at site-II, minimum improvement of 28.8% was 

observed due to the inoculation of bacterial combination Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN35. These minimum improvements at 

both sites were found statistically significantly different than their respective control.  
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Figure 4.69: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on catalase activity in rice leaves under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.70: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on ascorbate peroxidase activity in rice leaves under field trials 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 
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4.13.2.2 Morphological and yielding parameters 

4.13.2.2.1 Plant height 

 The results presented in Figure 4.71 indicated that sole and co-inoculation with 

zinc solubilizing strains had promising effect in improving plant height. All the sole as 

well as co-inoculation treatments significantly improved the plant height as compared to 

their respective control that showed the plant height up to 97.8 cm at site-I and 97 cm at 

site-II. 

In co-inoculation, the treatments increased the plant height in the range of 8.9 to 

21.7% at site-I and 8.5 to 20.9% at site-II as compared to their respective control. In both 

field trials, the maximum increase in plant height was noted by co-inoculaation 

combination Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN31, followed by Bacillus aryabhattai strain AN30 along with Bacillus megaterium 

strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN35 which increased the plant height up to 19.9 and 18.7%, respectively, at site-I and 

19.6 and 18.3%, respectively, at site-II. The combination Bacillus megaterium strain 

AN24 along with Bacillus aryabhattai strain AN30 minimum increased the plant height 

that was 106.5 cm and  8.9% more as compared to control at site-I. While at site-II, 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 showed 

the 105.3 cm plant height that was minimum improvement in plant height as compared to 

other treatments. 

In response of sole inoculation, the improvement in plant height was ranged from 

12 to 16.6% at site-I and 12.4 to 16.5% at site-II. Maximum improvement in plant height 

in both field trials was measured by inoculation of Bacillus megaterium strain AN24, 

followed by Bacillus megaterium strain AN35 that improved the plant height up to 15.6% 

more at site-I and 15.9% more at site-II as compared to their respective control. The 

treatment Bacillus aryabhattai strain AN30 showed minimum increase in plant height at 

site-I. While at site-II, treatment Bacillus megaterium strain AN31 showed minimum 

improvement in plant height. 

4.13.2.2.2 Root length 

The data regarding root length in response of zinc solubilizing rhizobacterial 

inoculation and co-inoculation has been presented in Figure 4.72 and revealed that all the 

treatments improved root length but most of them were statistically not-significant with 
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each other. The sole and co-inoculation improved the root length in the range of 8.5 to 

28% at site-I and 8.3 to 27% at site-II as compared to their respective control.  

The co-inoculation with Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 maximum increased the root length at both sites and was 

statistically not-significant with co-inoculation of Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 and sole inoculation of Bacillus megaterium strain 

AN24. The minimum increase of 8.5% due to the co-inoculation of Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN35 at site-I and 8.3% due to the 

co-inoculation of Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain 

AN30 at site-II was found statistically not significant with their respective un-inoculated 

control. 

In sole inoculation, the maximum improvement of 19.2% at site-I and 18.7% at 

site-II was noted due to the inoculation of Bacillus megaterium strain 24, followed by 

Bacillus megaterium strain AN35, Bacillus aryabhattai strain AN30 and Bacillus 

megaterium strain AN31 which increased the root length up to 17.4, 14.4 and 13.1% at 

site-I and 16.9, 14.5 and 12.5% at site-II. At both sites, all the sole inoculation treatments 

were found statistically not significant with each other but statistically significantly 

different than their respective control. 

4.13.2.2.3 Shoot dry biomass 

 The inoculation and co-inoculation with zinc solubilizing strains showed positive 

response in improving the shoot dry biomass of rice (Figure 4.73). At both sites, un-

inoculated control showed minimum shoot dry biomass as compared to all zinc 

solubilizing rhizobacterial inoculation and co-inoculation treatments. 

The co-inoculation increased the shoot dry biomass in the range of 8.3 to 32.1% 

at site-I and 7.9 to 31.1% at site-II as compared to their respective control. The highest 

improveement in shoot dry biomass at both sites was noted by Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN31. While, minimum improvement at 

site-I due to the inoculation of Bacillus megaterium strain AN24 along with Bacillus 

aryabhattai strain AN30 was statistically significantly different than control but at site-

II, minimum improvement of 7.9% due to the inoculation of Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN35 was statistically similar with control. 
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The sole inoculation improved the shoot dry biomass from 15.5 to 21.3% at site-I 

and 14.3 to 20.9% at site-II. The minimum improvement in shoot dry biomass was 

measured by the inoculation of Bacillus aryabhattai strain AN30 at site-I and by the 

inoculation of Bacillus megaterium strain AN31 at site-II. While maximum improvement 

in shoot dry biomass at both sites was noted by the inoculation of Bacillus megaterium 

strain AN24 and was found statistically significantly different than control. 

4.13.2.2.4 Root dry biomass 

 The inoculation and co-inoculation with zinc solubilizing strains had ability to 

improve the root dry biomass of rice under field conditions (Figure 4.74). 

 The bacterial co-inoculation data showed that the combination Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31 maximum 

increased the root dry biomass that was 43.4% more at site-I and 42.3% more at site-II as 

compared to their respective control. The minimum improvement of 16.8% at site-I and 

14.7% at site-II was noted by the inoculation of Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN35 and was found statistically same with Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30 and Bacillus 

megaterium strain AN31 along with Bacillus megaterium strain AN35 but statistically 

significantly different than their respective control. 

 The sole inoculation with zinc solubilizing rhizobacterial strains significantly 

improved the root dry biomass as compared to their respective control at both sites. The 

sole inoculation with Bacillus megaterium strain AN24 showed the highest improvement 

in root dry biomass at both sites, followed by Bacillus megaterium strain AN35, Bacillus 

megaterium strain AN31 and Bacillus aryabhattai strain AN30 which improved the root 

dry biomass of rice up to the 29.6, 27.3 and 24.2% more at site-I and 28.7, 26.4 and 23.3% 

more at site-II as compared to their respective un-inoculated control. 
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Figure 4.71: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on plant height of rice under field trials (n = 4). Means sharing 

the same letter (s) are statistically not significant at 5% level of probability. 

 

 

Figure 4.72: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on root length of rice under field trials (n = 4). Means sharing 

the same letter (s) are statistically not significant at 5% level of probability. 
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Figure 4.73: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on shoot dry biomass of rice under field trials (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 

 

 

Figure 4.73: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on root dry biomass of rice under field trials (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 
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4.13.2.2.5 Total dry biomass 

 The data presented in Figure 4.75 indicated that inoculation and co-inoculation 

with zinc solubilizing strains had ability to improve the total dry biomass of rice as 

compared to control under natural field conditions. 

 In co-inoculation, treatments Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31, Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35 were statistically not significant with each other at both sites by 

improving the total dry biomass up to 35.7, 32.7 and 29.9% at site-I and 34.8, 32.3 and 

28.9% at site-II. At site-I, Bacillus megaterium strain AN24 along with Bacillus 

aryabhattai strain AN30 showed minimum increase in total dry biomass and was 

statistically significantly different than control but statistically same with co-inoculation 

of Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 and 

Bacillus megaterium strain AN31 along with Bacillus megaterium strain AN35 and sole 

inoculation of Bacillus aryabhattai strain AN30. The minimum improvement in total dry 

biomass at site-II was measured by the inoculation of Bacillus megaterium strain AN24 

along with Bacillus megaterium strain AN35 and was statisticallysignificantly different 

than control. 

 In sole inoculation, all the treatments were statistically not significant with each 

other in both field trials. The improvement of 24.8% at site-I and 24.3% at site-II due to 

the inoculation of Bacillus megaterium strain AN24 was maximum as compared to other 

sole inoculation treatments. At both sites, the minimum increase in total dry biomass due 

to the inoculation of Bacillus aryabhattai strain AN30 was statistically significantly 

different than control. 

4.13.2.2.6 Number of tillers per plant 

 The results regarding number of tillers per plant have been presented in Figure 

4.76 and indicated that transplantation of inoculated and co-inoculated seedlings showed 

prominent effect in improving the number of tiller per plant under natural field conditions. 

 In co-inoculation combinations, the maximum improvement of 31% at site-I and 

29.8% at site-II in number of tillers per plant was noted by the inoculation of Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31. The other best co-

inoculation combinations Bacillus aryabhattai strain AN30 along with Bacillus 
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megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35 were statistically not significant with each other at both sites by 

improving the number of tillers per plant up to 25.9 and 20.7% at site-I and 22.8 and 

17.5% at site-II. At site-I, Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35 showed minimum improvement of 6.9% as compared to control. 

While at site-II, minimum improvement of 5.3% was noted by the inoculation of Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30. These minimum 

improvements at both sites were statistically not significant with their respective sole 

inoculation treatments and also with un-inoculated control. 

Among sole inoculation, Bacillus megaterium strain AN24 showed maximum 

number of tillers per plant at both sites, followed by the Bacillus megaterium strain AN35, 

Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 which improved 

the number of tillers per plant up to 15.5, 13.8 and 12.1% at site-I and 14, 12.3 and 11.5% 

at site-II. All the sole inoculation treatments were found statistically same with each other 

but statistically significantly different than their respective control.  

4.13.2.2.7 Flag leaf length 

 Flag leaf length of rice under field trials become improved in response of sole and 

co-inoculation with zinc solubilizing strains (Figure 4.77). Almost same results regarding 

flag leaf length were noted at both sites. 

 In co-inoculation, the maximum flag leaf length at both sites was measured by the 

inoculation of Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN31 that was 25.1% more at site-I and 23.7% more at site-II as compared to their 

respective control. The other co-inoculation treatments i.e. Bacillus aryabhattai strain 

AN30 along with Bacillus megaterium strain AN31, Bacillus aryabhattai strain AN30 

along with Bacillus megaterium strain AN35, Bacillus megaterium strain AN31 along 

with Bacillus megaterium strain AN35, Bacillus megaterium strain AN24 along with 

Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN35 improved the flag leaf length up to 21.5, 16.7, 11.2, 9.9 

and 8.4% at site-I and 21.7, 18.2, 10.5, 9.3 and 8.3% at site-II. At both sites, all the co-

inoculation treatments were statistically significantly different than their respective un-

inoculated control. 
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 Among sole inoculation, Bacillus megaterium strain AN24 maximum improved 

the flag leaf length at both sites and was statistically same with all other sole inoculation 

treatments and co-inoculation of Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35. The minimum improvement of 12.5% at site-I and 11.4% at 

site-II due to the inoculation of Bacillus aryabhattai strain AN30 was statistically 

significantly different than their respective control. 

4.13.2.2.8 Panicle length 

 The sole and co-inoculation with zinc solubilizing strains expressed positive 

results in improving the panicle length of rice under natural field conditions (Figure 4.78). 

The minimum panicle length at both sites was measured when un-inoculated seedlings 

were transplanted. 

 In co-inoculation, the highest improvement of 28.2% at site-I and 27.3% at site-II 

in panicle length was noted by the inoculation of bacterial combination Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31 and was found 

statistically similar with Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31. The minimum improvement in panicle length due to the 

inoculation of Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN35 was statistically significantly different than their respective control at both sites. 

 In sole inoculation, the improvement of 20.7% at site-I and 20.2% at site-II due to 

the inoculation of Bacillus megaterium strain AN24 was statistically similar with co-

inoculation of Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN31 and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 

at both sites. The sole treatment Bacillus aryabhattai strain AN30 showed minimum 

increase of 15.8% at site-I and 14.2% at site-II, in panicle length and was statistically 

significantly different than their respective control. 
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Figure 4.75: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on total dry biomass of rice under field trials (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 

 

 

Figure 4.76: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on number of tillers per plant of rice under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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Figure 4.77: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on flag leaf length of rice under field trials (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 

 

 

Figure 4.78: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on panicle length of rice under field trials (n = 4). Means sharing 

the same letter (s) are statistically not significant at 5% level of probability. 
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4.13.2.2.9 Number of grains per panicle 

The improvement in number of grains panicle-1 was noted when zinc solubilizing 

rhizobacterial inoculated and co-inoculated seedlings were transplanted under natural 

field conditions (Figure 4.79).  

The co-inoculation improved the number of grains panicle-1 in the range of 8.9 to 

20.4% at site-I and 8.6 to 19.5% at site-II as compared to their respective control. The 

highest number of grains per panicle was counted by the combination Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31 at both sites. The 

next better combination Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31 was statistically significantly different than Bacillus aryabhattai 

strain AN30 along with Bacillus megaterium strain AN35 at site-I but statistically similar 

with each other at site-II. At both sites, the minimum improvement in number of grains 

per panicle was noted by the inoculation of Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN35 and was found statistically significantly different than 

their respective control. 

 The sole inoculation improved the number of grains panicle-1 from 12.1 to 14.3% 

at site-I and 11.1 to 13.9% at site-II. The maximum increase in number of grains per 

panicle was noted by the inoculation of Bacillus megaterium strain AN24, followed by 

Bacillus megaterium strain AN35, Bacillus megaterium strain AN31 and Bacillus 

aryabhattai strain AN30. At site-II, the minimum increase due to the sole inoculation of 

Bacillus aryabhattai strain AN30 was statistically similar with the minimum increase of 

co-inoculation of Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN35. 

4.13.2.2.10 Panicle weight per plant 

The data regarding panicle weight per plant has been presented in Figure 4.80 and 

indicated that zinc solubilizing rhizobacterial inoculation and co-inoculation significantly 

improved the panicle weight plant-1 at both sites. 

Among zinc solubilizing rhizobacterial co-inoculation, the maximum 

improvement in panicle weight per plant due to the inoculation of Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN31 was statistically same with 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 at site-I 

but statistically significantly different at site-II. At both sites, the combination Bacillus 
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megaterium strain AN24 along with Bacillus megaterium strain AN35 showed minimum 

increase in panicle weight per plant and was found statistically significantly different than 

their respective control. 

In sole inoculation, the maximum improvement of 20.8% at site-I and 19.8% at 

site-II was noted by the inoculation of Bacillus megaterium strain AN24 and was 

statistically not significant with co-inoculation of Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN35. The treatments Bacillus megaterium strain AN35 

and Bacillus megaterium strain AN31 improved the panicle weight up to 18.8 and 17.4% 

at site-I and 17.6 and 17.1% at site-II and were found statistically similar with each other 

at both sites. The treatment Bacillus aryabhattai strain AN30 showed minimum increase 

in panicle weight per plant at both sitesand was found statistically significantly different 

than their respective un-inoculated control. 

4.13.2.2.11 1000 grains weight 

The results regarding thousand grains weight have been presented in Figure 4.81 

and indicated that inoculation and co-inoculation with zinc solubilizing rhizobacterial 

strains improved the thousand grains weight. The inoculation and co-inoculation with zinc 

solubilizing strains improved the thousand grains weight in the range of 8.3 to 26.1% at 

site-I and 7.8 to 25.1% at site-II. 

In co-inoculation, Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35 showed minimum thousand grains weight at both sites and was 

found statistically significantly different than control. At both sites, the maximum 

improvement in thousand grains weight was observed by the inoculation of Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN31, followed by 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 which 

improved the thousand grains weight up to 23 and 20.7%, respectively, at site-I and 22.8 

and 19.9%, respectively, at site-II. 

In sole inoculation, Bacillus megaterium strain AN24 maximum improved the 

thousand grains weight that was 18.3% more at site-I and 18% more at site-II as compared 

to their respective control. The minimum improvement of 12.1% at site-I and 11.5% at 

site-II by the inoculation of Bacillus aryabhattai strain AN30 was found statistically same 

with the minimum improvement of co-inoculation of Bacillus megaterium strain AN24 
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along with Bacillus megaterium strain AN35 at both sites but statistically significantly 

different than their respective control. 

4.13.2.2.12 Grain yield 

 The impact of zinc solubilizing rhizobacterial inoculation and co-inoculation on 

grain yield of rice has been presented in Figure 4.82.  

 In rhizobacterial co-inoculation, the maximum improvement of 18.7% at site-I and 

18.4% at site-II by the inoculation of combination Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN31 was found statistically significantly different than 

all other sole and co-inoculation treatments. The other co-inoculation combinations i.e. 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31, Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN35, Bacillus 

megaterium strain AN31 along with Bacillus megaterium strain AN35, Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30 and Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 improved the grain 

yield up to 18.2, 17.4, 11.3, 9.8 and 8.3%, respectively, at site-I and 17.8, 16.9, 10.8, 9.3 

and 7.9%, respectively, at site-II as compared to their respective control. 

 In sole inoculation, all the treatments were found statistically significantly 

different with each other in both field trials. The sole inoculation of Bacillus megaterium 

strain AN24 showed maximum improvement of 17% at site-I and 15.9% at site-II in grain 

yield and was statistically not significant with co-inoculation of Bacillus aryabhattai 

strain AN30 along with Bacillus megaterium strain AN35 at site-I. The other sole 

treatments Bacillus megaterium strain AN35, Bacillus megaterium strain AN31 and 

Bacillus aryabhattai strain AN30 improved the grain yield up to 15.2, 13.8 and 12.6% at 

site-I and 14.6, 13.4 and 12.3% at site-II and were found statistically significantly 

different than their respective control. 
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Figure 4.79: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on number of grains per panicle of rice under field trials (n = 

4). Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.80: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on panicle weight per plant of rice under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

g

bc cde cde bcd ef

a

f

a b
def

g

cd def de cde ef

a

f
ab bc

ef

0

20

40

60

80

100

120

140

160

180
N

u
m

b
er

 o
f 

g
ra

in
s 

p
a

n
ic

le
-1

ZSB inoculation/ co-inoculation

Site-I Site-II

i

bc
ef de cd

gh

a

h

a b
fg

i

c e d d
g

a

h
b c

f

0

5

10

15

20

25

P
a
n

ic
le

 w
ei

g
h

t 
p

la
n

t-1
(g

)

ZSB inoculation/ co-inoculation

Site-I Site-II



200 
 

 

Figure 4.81: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on 1000 grains weight of rice under field trials (n = 4). Means 

sharing the same letter (s) are statistically not significant at 5% level of 

probability. 

 

 

Figure 4.82: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on grain yield of rice under field trials (n = 4). Means sharing 

the same letter (s) are statistically not significant at 5% level of probability. 
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4.13.2.2.13 Straw yield 

The results presented in Figure 4.83 indicated that sole and co-inoculation with 

zinc solubilizing strains improved the straw yield of rice under natural field conditions. 

The minimum straw yield was noted by un-inoculated control at both sites. 

In response of zinc solubilizing rhizobacterial co-inoculation, the combination 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31 showed 

maximum improvement of 35.8% at site-I and 33.9% at site-II in straw yield, followed 

by Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 that 

improved the straw yield up to 31.5 and 26.8% at site-I and 31.1 and 25.8% at site-II. The 

minimum increase of 10.2% at site-I and 8% at site-II in straw yield was noted by the 

inoculation of Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain 

AN30 was found statistically not significant with their respective control. 

In sole inoculation, the improvement of 23.3% at site-I and 22.2% at site-II due to 

the inoculation of Bacillus megaterium strain AN24 was maximum as compared to other 

sole inoculation treatments in both field trials. At both sites, the minimum improvement 

in straw yield due to the inoculation of Bacillus aryabhattai strain AN30 was found 

statistically same with the inoculation of Bacillus megaterium strain AN31 and Bacillus 

megaterium strain AN35 but statistically significantly different than their respective 

control 

4.13.2.2.14 Paddy length 

The results presented in Figure 4.84 indicated that zinc solubilizing rhizobacterial 

inoculation and co-inoculation improved the paddy length under natural field conditions. 

All the inoculation and co-inoculation treatments improved the paddy length but most of 

them were found statistically not significant with each other. 

In bacterial co-inoculation, the bacterial combination Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN31 showed maximum improvement in 

paddy length at both sites, followed by Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN31, Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35. At both sites, the minimum improvement was noted by the 

inoculation of Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN35 and was statistically not significant with their respective control. The minimum 
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improvement at both sites also statistically not significant with the co-inoculation of 

Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain AN30 and 

Bacillus megaterium strain AN31 along with Bacillus megaterium strain AN35. 

In sole inoculation, Bacillus megaterium strain AN24 maximum improved the 

paddy length at both sites and statistically significantly different than their respective 

control. The treatments Bacillus megaterium strain AN35 and Bacillus megaterium strain 

AN31 were found statistically not significant with each other at both sites. The minimum 

improvement at both sites was noted by the inoculation of Bacillus aryabhattai strain 

AN30 and was statistically significantly different than their respective control.  

4.13.2.2.15 Paddy width 

 The data presented in Figure 4.85 indicated that paddy width become improved in 

response of inoculation and co-inoculation with zinc solubilizing Bacillus strains under 

natural conditions. At both sites, all the sole and co-inoculation treatments were 

significantly improved the paddy width except Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN35 at site-II. 

 In co-inoculation, the improvement was noted in the range of 2.2 to 5.9% at site-

I and 1.5 to 5.1% at site-II as compared to their respective control. The maximum 

improvement due to the inoculation of Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31 was statistically not significant with the inoculation of 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 and 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 at both 

sitess. The minimum improvement in paddy width at both sites was shown by the 

combination Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN35. This minimum improvement was statistically not significant with Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30 at site-I while 

statistically not significant with the co-inoculation of Bacillus megaterium strain AN24 

along with Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN31 along 

with Bacillus megaterium strain AN35 and also with sole inoculation of Bacillus 

aryabhattai strain AN30 at site-II. 

 The sole inoculation improved the paddy width from 3.9 to 4.7% at site-I and 2.9 

to 3.9% at site-II. The treatment Bacillus megaterium strain AN24 showed maximum 

improvement in paddy width at both sites, followed by Bacillus megaterium strain AN35, 
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Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 and were found 

statistically same with each other but statistically significantly different than their 

respective control. 

4.13.2.2.16 Grain length 

The results presented in Figure 4.86 indicated that inoculation and co-inoculation 

with zinc solubilizing strains showed positive effect in improving the grain length. The 

minimum rice grain length at both field sites was observed by un-inoculated control. 

In zinc solubilizing rhizobacterial co-inoculation, the maximum improvement in 

grain length at both sites was noted by the inoculation of Bacillus megaterium strain AN24 

along with Bacillus megaterium strain AN31 and was statistically not significant with 

next better combinations i.e. Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN35. At both sites, the minimum improvement due to the inoculation 

of Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 was 

statistically not significant with their respective control. 

In bacterial sole inoculation, the maximum improvement at both sites was noted 

by the inoculation of Bacillus megaterium strain AN24 and was statistically not 

significant with Bacillus megaterium strain AN35 and Bacillus megaterium strain AN31. 

At both sites, the minimum improvement was observed by the inoculation of Bacillus 

aryabhattai strain AN30 and was statistically same with co-inoculation of Bacillus 

megaterium strain AN31 along with Bacillus megaterium strain AN35 and Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30 but statistically 

significantly different than their respective un-inoculated control. 
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Figure 4.83: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on straw yield of rice under field trials (n = 4). Means sharing 

the same letter (s) are statistically not significant at 5% level of probability. 

 

 

Figure 4.84: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on paddy length under field trials (n = 4). Means sharing the 

same letter (s) are statistically not significant at 5% level of probability. 
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Figure 4.85: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on paddy width under field trials (n = 4). Means sharing the 

same letter (s) are statistically not significant at 5% level of probability. 

 

 

Figure 4.86: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on grain length of rice under field trials (n = 4). Means sharing 

the same letter (s) are statistically not significant at 5% level of probability. 
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4.13.2.2.17 Grain width 

 The results regarding grain width have been presented in Figure 4.87 and indicated 

that inoculation and co-inoculation with zinc solubilizing strains improved grain width 

under natural field conditions. 

 The co-inoculation improved grain width in the range of 1.5 to 4.5% at site-I and 

1.1 to 3.9% at site-II. The treatment Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 maximum improved the grain width at both sites and statistically 

not significant with the co-inoculation of Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 and sole inoculation of Bacillus megaterium strain 

AN24 and Bacillus megaterium strain AN35. At both sites, the combination Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 minimum 

improved the grain width and was statistically not significant with their respective control. 

In sole inoculation, the improvement in grain width was noted in the range of 2.5 

to 3.3% at site-I and 1.9 to 2.7% at site-II as compared to their their respective control. 

The treatment Bacillus megaterium strain AN24 maximum improved the grain width at 

both sites and was found statistically not significant with inoculation of Bacillus 

megaterium strain AN35, Bacillus megaterium strain AN31 and Bacillus aryabhattai 

strain AN30. At both sites, all the sole inoculation treatments were statistically 

significantly different than their respective control. 
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Figure 4.87: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on grain width of rice under field trials (n = 4). Means sharing 

the same letter (s) are statistically not significant at 5% level of probability. 
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4.13.2.3 Nutritional parameters 

4.13.2.3.1 Nitrogen concentration in grains 

 The data presented in Figure 4.88 showed that nitrogen concentration in rice grains 

was significantly improved by inoculation and co-inoculation of zinc solubilizing 

rhizobacterial strains. 

 The rhizobacterial co-inoculation improved the nitrogen concentration from 11.7 

to 28.2% at site-I and 11.5 to 26.8% at site-II as compared to their respective control. The 

combination Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN31 maximum improved the nitrogen concentration in grains and was found statistically 

significantly different than Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31 at site-I but statistically same at site-II. At both sites, the 

minimum improvement due to the inoculation of Bacillus megaterium strain AN24 along 

with Bacillus aryabhattai strain AN30 was statistically significantly different than their 

respective control. 

 The sole inoculation improved the nitrogen concentration in the range of 16.4 to 

21.6% at site-I and 17.7 to 21.1% at site-II. The treatment Bacillus megaterium strain 

AN24 showed maximum improvement in nitrogen concentration in grains at both sites, 

followed by Bacillus megaterium strain AN35, Bacillus megaterium strain AN31 and 

Bacillus aryabhattai strain AN30. At site-II, the treatment Bacillus megaterium strain 

AN35 was statistically not significant with Bacillus megaterium strain AN31. However, 

all the sole inoculation treatments at both sites were statistically significantly different 

than their respective control. 

4.13.2.3.2 Phosphorous concentration in grains 

 The results presented in Figure 4.89 indicated that zinc solubilizing rhizobacterial 

inoculation and co-inoculation significantly improved the phosphorous concentration in 

rice grains as compared to control (Figure 4.89). 

 In response of bacterial co-inoculation, the combination Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN31 maximum improved the 

phosphorous concentration in grains that was 31.6% more at site-I and 30.4% more at 

site-II as compared to their respective control. At both sites, the next better combinations 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 and 

Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 were 
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found statistically not significant with each other by improving the grains phosphorous 

content up to 27.1 and 24.7%, respectively, at site-I and 28.7 and 25.7%, respectively, at 

site-II. At sites-I, the minimum improvement of 10.2% was noted due to the inoculation 

of Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 while 

at site-II, combination Bacillus megaterium strain AN24 along with Bacillus aryabhattai 

strain AN30 showed minimum improvement in grains phosphorous content. At both sites, 

the minimum improvement in grains phosphorous content was statistically significantly 

different than their respective control. 

 Among sole inoculation, the treatment Bacillus megaterium strain AN24 

improved the phosphorous concentration in grains up to 23.2% at site-I and 23.5% at site-

II that was maximum as compared to other sole inoculation treatments. The next better 

treatments Bacillus aryabhattai strain AN30 improved the grains phosphorous 

concentration up to 20.1% at site-I and 21.2% at site-II and was found statistically not 

significant with Bacillus megaterium strain AN31 at site-I and with Bacillus megaterium 

strain AN35 at site-II. The treatment Bacillus megaterium strain AN35 showed minimum 

improvement at site-I while at site-II, minimum improvement was observed by the 

inoculation of Bacillus megaterium strain AN31. 

4.13.2.3.3 Potassium concentration in grains 

 All the tested zinc solubilizing Bacillus strains were capable to improve the 

potassium concentration in grains of rice under natural field conditions (Figure 4.90). The 

inoculation and co-inoculation enhanced the grains potassium concentration in the range 

of 10.9 to 31.2% at site-I and 9.5 to 29.9% at site-II as compared to their respective 

control. 

 In rhizobacterial co-inoculation, the treatment Bacillus aryabhattai strain AN30 

along with Bacillus megaterium strain AN35 maximum improved the potassium 

concentration in grains at both sites, followed by Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN31 which improved the grains potassium content up to 29.9 

and 28.4%, respectively, at site-I and 27.8 and 25.9%, respectively, at site-II. At both 

sites, the combination Bacillus megaterium strain AN24 along with Bacillus megaterium 

strain AN35 minimum improved the potassium concentration in rice grains and was 

statistically significantly different than their respective control. 
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 Among sole inoculation, the maximum improvement of 22.3% at site-I and 22.8% 

at site-II was noted by the inoculation of Bacillus megaterium strain AN31. At both sites, 

the treatment Bacillus megaterium strain AN24 and Bacillus aryabhattai strain AN30 

were found statistically not significant with each other. At both sites, Bacillus megaterium 

strain AN35 improved the minimum concentration of potassium in grains and was 

statistically significantly different than their respective un-inoculated control. 

4.13.2.3.4 Iron concentration in grains 

The results regarding iron concentration in grains have been presented in Figure 

4.91 and revealed that zinc solubilizing rhizobacterial inoculated and co-inoculated rice 

seedlings showed prominent improvement in grains iron concentration under natural field 

conditions. 

The bacterial co-inoculation improved the iron concentration in grains from 11.9 

to 28.5% at site-I and 10.6 to 27.1% at site-II. The combination Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN31 maximum increased the grains 

iron concentration at both sites and was statistically not significant with Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31. At both sites, the 

minimum improvement was noted by the inoculation of Bacillus megaterium strain AN24 

along with Bacillus aryabhattai strain AN30 and was statistically same with Bacillus 

megaterium strain AN24 along with Bacillus megaterium strain AN35 but statistically 

significantly different than their respective control. 

The sole inoculation increased the grains iron concentration in the range of 16.6 

to 23.2% at site-I and 16 to 20.9% at site-II as compared to their respective control. At 

both sites, the highest improvement in grains iron concentration was noted by the 

inoculation of Bacillus megaterium strain AN35, followed by Bacillus megaterium strain 

AN24, Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN31. All these 

sole inoculation treatments were statistically significantly different than their respective 

control. 
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Figure 4.88: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on nitrogen concentration in grains of rice under field trials (n 

= 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 

 

 

Figure 4.89: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on phosphorous concentration in grains of rice under field 

trials (n = 4). Means sharing the same letter (s) are statistically not 

significant at 5% level of probability. 
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Figure 4.90: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on potassium concentration in grains of rice under field trials 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 

 

 

Figure 4.91: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on iron concentration in grains of rice under field trials (n = 

4). Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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4.13.2.3.5 Zinc concentration in grains 

 The results presented in Figure 4.92 showed that zinc solubilizing rhizobacterial 

inoculation and co-inoculation have progressive effect in improving the zinc 

concentration in rice grains. The inoculation and co-inoculation improved the zinc 

concentration in the range of 10.2 to 29.9% at site-I and 9.9 to 28.9% at site-II as 

compared to their respective control. 

In co-inoculation, the highest improvement in grains zinc concentration was noted 

by the combination Bacillus megaterium strain AN24 along with Bacillus megaterium 

strain AN31 and was found statistically not significant with the inoculation of Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31 at both sites. The 

minimum improvement of 10.2% due to the inoculation of Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN35 was statistically same with Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30 but statistically 

significantly different than control at site-I. At site-II, treatment Bacillus megaterium 

strain AN24 along with Bacillus aryabhattai strain AN30 showed minimum improvement 

of 9.9% and was statistically significantly different than un-inoculated but statistically 

same with Bacillus megaterium strain AN31 along with Bacillus megaterium strain AN35 

and Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35. 

 The sole inoculation with Bacillus megaterium strain AN31 showed maximum 

improvement and was statistically not significant with Bacillus aryabhattai strain AN30 

at both sites. The other treatments Bacillus megaterium strain AN24 and Bacillus 

megaterium strain AN35 improved the zinc concentration in grains up to 18.1 and 15.9% 

at site and 17.9 and 15.4% at site-II and were found statistically same with each other but 

statistically significantly different than their respective un-inoculated control.   

4.13.2.3.6 Crude protein in grains 

 The inoculation and co-inoculation with zinc solubilizing strains had ability to 

improve the crude protein content in rice grains. The data regarding crude protein in grains 

of rice has been presented in Figure 4.93 and indicated that rice seedlings transplanted 

without inoculum showed minimum content of crude protein in grains as compared to 

other sole and co-inoculation treatments at both sites.  

 Among co-inoculation, Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 showed maximum improvement of 28.2% at site-I and 26.8% at 
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site-II, followed by Bacillus aryabhattai strain AN30 along with Bacillus megaterium 

strain AN31. At both sites, the minimum improvement of 11.7% at site-I and 11.5% at 

site-II was noted by the inoculation of Bacillus megaterium strain AN24 along with 

Bacillus aryabhattai strain AN30 and was statistically significantly different than their 

respective control. 

 In sole inoculation, the improvement of 21.6% at site-I and 21.1% at site-II due to 

the inoculation of Bacillus megaterium strain AN24 was maximum as compared to other 

sole inoculation treatments. The treatments Bacillus megaterium strain AN35 and 

Bacillus megaterium strain AN31 were found statistically not significant with each other 

at site-II. At both sites, Bacillus aryabhattai strain AN30 minimum improved the crude 

protein content in grains and was statistically significantly different than their respective 

control.  

4.13.2.3.7 Nitrogen concentration in straw 

 The data presented in Figure 4.94 revealed that zinc solubilizing rhizobacterial 

inoculation and co-inoculation significantly improved the nitrogen concentration in rice 

straw as compared to control. 

 The co-inoculation enhanced the nitrogen concentration in straw from 10.9 to 

27.6% at site-I and 10.4 to 26.3% at site-II. At site-I, Bacillus megaterium strain AN24 

along with Bacillus aryabhattai strain AN30 showed minimum improvement in 

concentration of nitrogen as compared to other sole and co-inoculation treatments. While 

at site-II, minimum concentration in nitrogen concentration was noted by the inoculation 

of Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35. These 

minimum improvements in both sites were statistically significantly different than their 

respective un-inoculated control. At both sites, Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN31 maximum improved the nitrogen concentration in 

straw, followed by Bacillus aryabhattai strain AN30 along with Bacillus megaterium 

strain AN31. 

 The sole inoculation improved the straw nitrogen concentration in the range of 

17.4 to 22.4% at site-I and 15.9 to 20.5% at site-II as compared to their respective control. 

At both sites, the treatment Bacillus megaterium strain AN24 maximum enhanced the 

nitrogen concentration in straw and was found statistically not significant with Bacillus 
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megaterium strain AN35. The minimum improved in nitrogen concentration at both sites 

was noted by the inoculation of Bacillus aryabhattai strain AN30. 

4.13.2.3.8 Phosphorous concentration in straw 

 Zinc solubilizing rhizobacterial strains were able to improve the phosphorous 

concentration in rice straw (Figure 4.95). At both sites, the minimum phosphorous 

concentration in rice straw was observed by un-inoculated control. 

 In bacterial co-inoculation, maximum improvement of 30.1% at site-I and 29.8% 

at site-II was noted by the combination Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31 and was found statistically not significant with next 

better combination Bacillus aryabhattai strain AN30 along with Bacillus megaterium 

strain AN35 at site-I. At site-I, the combination Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN35 minimum improved the phosphorous 

concentration in straw and was statistically not significant with Bacillus megaterium 

strain AN24 along with Bacillus aryabhattai strain AN30. While at site-II, the minimum 

improvement was observed by the inoculation of Bacillus megaterium strain AN24 along 

with Bacillus aryabhattai strain AN30. At both sites, the minimum improvement was 

statistically significantly different than their respective control. 

 In rhizobacterial sole inoculation, all the treatments in both field trials were found 

statistically significantly different than their respective control. The treatment Bacillus 

megaterium strain AN24 maximum improved the phosphorous concentration in straw and 

was statistically not significant with the inoculation of Bacillus aryabhattai strain AN30 

at both sites. At site-I, minimum improvement of 15.5% was noted by the inoculation of 

Bacillus megaterium strain AN35 while at sites-II, Bacillus megaterium strain AN31 

showed minimum improvement of 14.7% in straw phosphorous concentration. 
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Figure 4.92: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on zinc concentration in grains of rice under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.93: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on crude protein in grains of rice under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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Figure 4.94: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on nitrogen concentration in straw of rice under field trials (n 

= 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 

 

 

Figure 4.95: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on phosphorous concentration in straw of rice under field 

trials (n = 4). Means sharing the same letter (s) are statistically not 

significant at 5% level of probability. 
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4.13.2.3.9 Potassium concentration in straw 

The results presented in Figure 4.96 indicated that zinc solubilizing rhizobacterial 

strains significantly improved the potassium concentration in straw of rice as compared 

to their respective control under natural field conditions. 

The co-inoculation improved the potassium concentration in the range of 11.6 to 

32.1% at site-I and 11.5 to 31.7% at site-II. The maximum improvement was noted by the 

inoculation of Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN35 at both sites, followed by Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus 

megaterium strain AN31.  The other combinations Bacillus megaterium strain AN24 

along with Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN31 along 

with Bacillus megaterium strain AN35 were found statistically not significant with each 

other at both sites. The minimum improvement at both sites was noted by the inoculation 

of Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 and 

was found statistically significantly different than their respective control. 

 The sole inoculation increased the grain potassium concentration from 17.7 to 

23.3% at site-I and 17.1 to 23.1% at site-II as compared to their respective control. The 

treatment Bacillus megaterium strain AN31 showed maximum improvement in straw 

potassium concentration at both sites while Bacillus megaterium strain AN35 showed 

minimum improvement in potassium concentration. At both sites, the sole inoculation 

treatments were found statistically significantly different than their respective un-

inoculated control. 

4.13.2.3.10 Iron concentration in straw 

 Zinc solubilizing rhizobacterial inoculation and co-inoculation have ability to 

improve the iron concentration in rice straw (Figure 4.97). At both sites, un-inoculated 

control showed minimum iron concentration in rice straw.  

 The zinc solubilizing rhizobacterial co-inoculation improved the iron 

concentration in straw from 9.6 to 24.2% at site-I and 8.9 to 23.4% at site-II as compared 

to their respective un-inoculated control. The maximum improvement in straw iron 

concentration at both sites was noted by the inoculation of Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN31 and was statistically not significant 

with the inoculation of Bacillus aryabhattai strain AN30 along with Bacillus megaterium 
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strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN35. At both sites, the minimum improvement due to the inoculation of Bacillus 

megaterium strain AN24 along with Bacillus aryabhattai strain AN30 was found 

statistically significantly different than their respective control. 

 The sole inoculation increased the straw iron concentration in the range of 14.8 to 

19.5% at site-I and 13.6 to 18.3% at site-II. The treatment Bacillus megaterium strain 

AN35 maximum improved the iron concentration in straw at both sites and was 

statistically not significant with sole inoculation of Bacillus megaterium strain AN24 and 

Bacillus aryabhattai strain AN30 and co-inoculation of Bacillus aryabhattai strain AN30 

along with Bacillus megaterium strain AN35. The minimum improvement was noted by 

Bacillus megaterium strain AN31 at both sites and was found statistically significantly 

different than their respective un-inoculated control. 

4.13.2.3.11 Zinc concentration in straw 

 The data regarding zinc concentration in straw revealed that zinc solubilizing 

rhizobacterial inoculation and co-inoculation showed progressive impact in improving the 

zinc concentration in straw of rice under natural field conditions (Figure 4.98) 

 The co-inoculation improved the straw zinc concentration in the range of 8.2 to 

27.9% at site-I and 7.4 to 25.6% at site-II as compared to their respective control. The 

highest improvement in straw zinc concentration was noted due to the inoculation of 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31 at both 

sites, followed by Bacillus aryabhattai strain AN30 along with Bacillus megaterium 

strain AN31 and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 

AN35. The treatment Bacillus megaterium strain AN24 along with Bacillus megaterium 

strain AN35 minimum improved the zinc concentration in rice straw at both sites and was 

found statistically not significant with Bacillus megaterium strain AN24 along with 

Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN31 along with 

Bacillus megaterium strain AN35. However, all the co-inoculation treatments were found 

statistically significantly different than their respective control at both sites. 

 The sole inoculation increased the zinc concentration in straw from 11.9 to 18% 

at site-I and 12.1 to 17.9% at site-II. At both sites, treatment Bacillus megaterium strain 

AN31 maximum increased the straw zinc concentration, followed by Bacillus aryabhattai 
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strain AN30, Bacillus megaterium strain AN24 and Bacillus megaterium strain AN35 and 

were found statistically significantly different than their respective un-inoculated control. 

4.13.2.3.12 Nitrogen concentration in roots 

 The data presented in Figure 4.99 indicated that inoculation and co-inoculation 

with zinc solubilizing Bacillus strains had progressive impact in enhancing the nitrogen 

concentration in rice roots under natural field conditions.  

 In response of bacterial co-inoculation, the treatments Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 

along with Bacillus megaterium strain AN31 were found statistically not significant with 

each other by improving the root nitrogen concentration up to 27.7 and 25.9% at site-I 

and 26.9 and 23.9% at site-II. At site-I, the minimum improvement of 10.1% was noted 

by the inoculation of Bacillus megaterium strain AN24 along with Bacillus aryabhattai 

strain AN30 and was found statistically not significant with Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN35 and Bacillus megaterium strain AN31 

along with Bacillus megaterium strain AN35. While at site-II, Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN35 showed minimum increase of 9.3% 

in nitrogen concentration and was statistically not significant with Bacillus megaterium 

strain AN24 along with Bacillus aryabhattai strain AN30 and Bacillus megaterium strain 

AN31 along with Bacillus megaterium strain AN35. At both sites, all the co-inoculation 

treatments were found statistically significantly different than their respective control. 

 In sole inoculation, the highest improvement in both field trials was noted by the 

inoculation of Bacillus megaterium strain AN24, followed by Bacillus megaterium strain 

AN35. The minimum improvement by the inoculation of Bacillus aryabhattai strain 

AN30 at site-I and by the inoculation of Bacillus megaterium strain AN31 at site-II was 

found statistically significantly different than their respective control. 
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Figure 4.96: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on potassium concentration in straw of rice under field trials 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 

 

 

Figure 4.97: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on iron concentration in straw of rice under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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Figure 4.98: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on zinc concentration in straw of rice under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.99: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on nitrogen concentration in roots of rice under field trials (n 

= 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 
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4.13.2.3.13 Phosphorous concentration in roots 

 The inoculation and co-inoculation with zinc solubilizing rhizobacterial strains 

significantly improved the phosphorous concentration in rice roots (Figure 4.100). At both 

sites, minimum phosphorous concentration in roots was noted by un-inoculated control.  

 The co-inoculation increased the phosphorous concentration in roots from 7.6 to 

29.2% at site-I and 6.2 to 28.6% at site-II. The combination Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN31 maximum improved the phosphorous 

concentration in roots at both sites, followed by Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN35. At site-I, the minimum improvement in roots 

phosphorous concentration was noted by the combination Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN35. While at site-II, Bacillus megaterium 

strain AN24 along with Bacillus aryabhattai strain AN30 showed minimum improvement 

in roots phosphorous concentration. However, all the co-inoculation treatments were 

found statistically significantly different than their respective control at both sites. 

 The sole inoculation improved the roots phosphorous concentration in the range 

of 13.8 to 21.1% at site-I and 12.6 to 20.2% at site-II. At both sites, the treatment Bacillus 

megaterium strain AN24 maximum increased the phosphorous concentration in roots and 

was found statistically not significant with Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN31 at site-II. The minimum improvement by the 

inoculation of Bacillus megaterium strain AN35 at site-I and by the inoculation of 

Bacillus megaterium strain AN31 at site-II were found statistically significantly different 

than their respective control. 

4.13.2.3.14 Potassium concentration in roots 

 The data presented in Figure 4.101 indicated that inoculation and co-inoculation 

with zinc solubilizing Bacillus strains showed prominent effect in improving the 

potassium concentration in rice roots under natural field conditions. 

 In rhizobacterial co-inoculation, the maximum improvement of 29.2% at site-I and 

28.8% at site-II due to the combination Bacillus aryabhattai strain AN30 along with 

Bacillus megaterium strain AN35 was found statistically not significant with inoculation 

of Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31 at both 

sites. The minimum improvement of 11.6% at site-I and 11.3% at site-II was noted by the 

inoculation of Bacillus megaterium strain AN24 along with Bacillus megaterium strain 
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AN35 and was found statistically not significant with Bacillus megaterium strain AN24 

along with Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN31 along 

with Bacillus megaterium strain AN35 at site-II. At both sites, all the co-inoculation 

treatments were found statistically significantly different than their respective control.  

 In sole inoculation, the treatment Bacillus megaterium strain AN31 maximum 

increased the potassium concentration at both sites, followed by Bacillus aryabhattai 

strain AN30 that increased the potassium concentration in roots up to 19.6% at site-I and 

19% at site-II. At site-I, minimum improvement of 16.5% was noted by the inoculation 

of Bacillus megaterium strain AN35 while at site-II, Bacillus megaterium strain AN24 

showed minimum increase of 15.9%. These minimum increases in both sites were found 

statistically significantly different than their respective un-inoculated control.   

4.13.2.3.15 Iron concentration in roots 

 Zinc solubilizing rhizobacterial inoculation and co-inoculation were able to 

improve the iron concentration in roots of rice (Figure 4.102). In both field trials, all the 

treatments were significantly improved the iron concentration in roots as compared to 

their respective control under natural field conditions. 

 Among co-inoculation, the combination Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN31 maximum improved the iron concentration in roots 

that was 21.7% more at site-I and 21.2% more at site-II as compared to their respective 

control and was statistically not significant with next better combination Bacillus 

aryabhattai strain AN30 along with Bacillus megaterium strain AN31. The combination 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN35 minimum 

improved (10.8%) the iron concentration in roots at site-I and was statistically not 

significant with Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain 

AN30. While at site-II, Bacillus megaterium strain AN24 along with Bacillus aryabhattai 

strain AN30 showed minimum improvement of 10.3% in roots iron concentration and 

was statistically not significant with Bacillus megaterium strain AN24 along with Bacillus 

megaterium strain AN35. 

 In sole inoculation, the maximum improvement of 17.4% at site-I and 17.1% at 

site-II due to the inoculation of Bacillus megaterium strain AN35 was found statistically 

not significant with sole inoculation of Bacillus megaterium strain AN24 and co-

inoculation of Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain 
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AN35. The treatment Bacillus aryabhattai strain AN30 showed minimum improvement 

of 14.3% at site-I and 14% at site-II and was found statistically significantly different than 

their respective control 

4.13.2.3.16 Zinc concentration in root 

 The results regarding inoculation and co-inoculation with zinc solubilizing 

Bacillus strains have been presented in Figure 4.103. The lowest zinc concentration in 

roots was noted by un-inoculated control. 

 In rhizobacterial co-inoculation, the maximum improvement of 37.7% at site-I and 

36.8% at site-II was noted due to the combination Bacillus megaterium strain AN24 along 

with Bacillus megaterium strain AN31, followed by Bacillus aryabhattai strain AN30 

along with Bacillus megaterium strain AN31 and Bacillus aryabhattai strain AN30 along 

with Bacillus megaterium strain AN35 which improved the zinc concentration in roots up 

to 35.8 and 31.4%, respectively, at site-I and 34.7 and 30.9%, respectively, at site-II. The 

combinations Bacillus megaterium strain AN31 along with Bacillus megaterium strain 

AN35 and Bacillus megaterium strain AN24 along with Bacillus aryabhattai strain AN30 

were found statistically not significant with each other at site-II. At both sites, the 

minimum improvement of 16% at site-I and 15.1% at site-II by Bacillus megaterium 

strain AN24 along with Bacillus megaterium strain AN35 was found statistically 

significantly different than their respective control. 

 Among sole inoculation, the treatment Bacillus megaterium strain AN31 

maximum improved the zinc concentration in roots that was 28.9% more at site-I and 

28.3% more at site-II as compared to their respective control. The other treatments 

Bacillus aryabhattai strain AN30, Bacillus megaterium strain AN24 and Bacillus 

megaterium strain AN35 improved the zinc concentration in roots up to 26.7, 24.7 and 

22.9%, respectively, at site-I and 27.3, 24.9 and 22.4%, respectively, at site-II and were 

found statistically significantly different than their respective control. 
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Figure 4.100: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on phosphorous concentration in roots of rice under field trials 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability.  

  

 

Figure 4.101: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on potassium concentration in roots of rice under field trials 

(n = 4). Means sharing the same letter (s) are statistically not significant at 

5% level of probability. 
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Figure 4.102: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on iron concentration in roots of rice under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 

 

 

Figure 4.103: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on zinc concentration in roots of rice under field trials (n = 4). 

Means sharing the same letter (s) are statistically not significant at 5% 

level of probability. 
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CHAPTER-V 

DISCUSSION 

  

Zinc is an important micronutrient and essential for all living organisms present 

on the earth. Its deficiency disturbs the normal plant functioning, growth, development 

and quality of plants. Its deficiency negatively affects the protein synthesis, root 

development and auxin production. In Pakistan, seventy percent agricultural soils are 

deficient in zinc that results in deficiency of zinc in agricultural produce and ultimately 

in human beings. In human being, it causes the hazardous effect on growth, development, 

nervous and immune system. Its deficiency also increases the risks of occurrence of 

various infectious diseases like malaria, pneumonia and diarrhea in children. Rice is the 

stable food of more than three billion people but facing the problem of zinc deficiency in 

the world. Therefore, it is the need of era to enhance the zinc concentration in rice grains. 

Different strategiesare are being used to solve the problem of zinc deficiency so that more 

zinc become available to crop plants. The best stratigy to overcome the problem of zinc 

deficieny is the use of zinc solubilizing rhizobacteria (ZSB): specific group of bacteria 

that have the potential to solubilize the fixed or insoluble zinc present in the soil and make 

it available for plants. A series of experiments was performed to isolate, screen and 

evaluate the potential of zinc solubilizing rhizobacterial strains for improving the rice 

growth, yield and quality. 

In present study, seventy five bacterial isolates were isolated from rhizospheric 

soil of rice and screened on the basis of zinc solubilization ability. The zinc solubilizing 

isolates were further screen for exopolysaccharides and indole-3-acetic acid production. 

The selected isolates were screened in jar trials alone and co-inoculation combination for 

improving the growth of rice. The three best co-inoculation combinations (have four 

isolates) were selected. These isolates were identified, characterized for other plant 

growth promoting abilities and analyzed for acid production. The isolates were evaluated 

alone and in all possible co-inoculation combinations for improving growth, yield and 

quality of rice in pot trial. The outcomes of pot trial were further evaluated in field 

conditions by conducting experiments at different sites. 
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5.1 Zinc solubilization by zinc solubilizing rhizobacteria 

Rhizobacteria play an important role in nutrient recycling by solubilizing the 

insoluble nutrients present in the soil (Seshadre et al., 2002). Zinc solubilizing 

rhizobacteria solubilize the insoluble zinc present in the soil and make it available for 

plants use (Rana et al., 2012) and ultimately for human beings. The number of 

rhizobacterial group have ability to solubilize the insoluble zinc and convert it in plants 

available form (Madhaiyan et al., 2004; Dinesh et al. 2018). In our work, rhizobacterial 

isolates were isolated from rhizospheric soil of rice and screened for zinc solubilization 

in tris-minimal medium amended with 0.1% ZnO as insoluble source of Zn. The results 

revealed that out of total, only twenty four isolates showed the ability of zinc 

solubilization. Similar to our work, Mumtaz et al. (2017) isolated the seventy isolates 

from rhizospheric soil of maize and screen them on tris-minimal medium amended with 

ZnO (0.1%) and found that out of total, thirteen isolates were able to solubile the insoluble 

zinc. Bapiri et al. (2012) tested the 40 strains of Pseudomonas on modified PKV medium 

amended with 0.1% ZnO and ZnCO3. They found that out of total, only eight strains 

solubilized the insoluble ZnO and ZnCO3. Amalraj et al. (2012) reported that Bacillus 

megaterium var. phosphaticum solubilized the ZnO and ZnCO3 with varying efficiency 

in plate assay consist of modified mineral salts agar medium. Zaheer et al. (2019) 

observed the zinc solubilizing ability in Pseudomonas sp. strain AZ5 and Bacillus sp. 

strain AZ17. Similarly, Sirohi et al. (2015) also noted the zinc solubilization by 

Pseudomonas fluorescens strain Psd. Kamran et al. (2017) observed that Pantoea 

dispersa strain EPS 6, Pseudomonas fragi strain EPS 1, Pantoea agglomerans strain EPS 

13, Enterobacter cloacae strain PBS 1 and PBS 2, and Rhizobium sp. strain LHRW1 have 

ability to solubilize ZnO, ZnCO3 and Zn3(PO4)2. Madhaiyan et al. (2004) noted that 

Gluconacetobacter diazotrophicus solubilized the insoluble zinc in tris minimal medium 

amended with insoluble zinc source. Khande et al. (2017) isolated the 115 rhizobacterial 

isolates from soybean rhizosphere and grown on tris minimal medium amended with ZnO, 

ZnCO3 and Zn3(PO4)2 to check their potential to solubile the insoluble zinc. They found 

that out of total, twenty isolates solubilized the zinc in agar plates and all of these zinc 

solubilizers belong to genus Bacillus. Similarly, Ramesh et al. (2014) and Dinesh et al. 

(2018) observed the zinc solubilizing ability in Bacillus aryabhattai and Bacillus 

megaterium, respectively. Kumar et al. (2016b) isolated the ten zinc solubilizing 

rhizobacterial isolates ZSB 1 to ZSB 10 and found that Bacillus cereus strain ZSB 4 was 



230 
 

the most efficient zinc solubilizer. Various researchers reported that zinc solubilizing 

ability was a most important trait of genus Bacillus (He et al., 2010; Amalraj et al., 2012; 

Ramesh et al., 2014; Hussain et al., 2015; Vidyashree et al., 2016; Dinesh et al., 2018; 

Mumtaz et al., 2019; Zaheer et al., 2019). In our study, all the identified zinc solubilizing 

rhizobacterial strains were belong to genus Bacillus. Due to the abundance of genus 

Bacillus in nature and having multiferous plant growth promoting traits, it is the most 

studied genra (Kohler et al., 2007; Mahdi et al., 2010; Ramirez and Kloepper, 2010).  

In our work, Bacillus strains make the clear/ transparent halo zone of different 

diameter on agar plates. The Bacillus megaterium strain AN31, followed by Bacillus 

aryabhattai strain AN30 and Bacillus megaterium strain AN24 showed maximum halo 

zone diameter. The variation in halo zone diameter in zinc solubilization assay also 

reported by different scientists in previous reports. For example, Dinesh et al. (2018) 

reported that Bacillus megaterium strain ZnSB2 showed zinc solubilization by making 

the halo zone of 15.33 mm diameter in basal medium amended with insoluble Zn source 

(ZnO). Similarly, Mumtaz et al. (2017) found that Bacillus strain ZM20 showed 

maximum halo zone diameter of 22 mm in agar plate. Bacillus sp. strain ZSB-O-1 and 

Pseudomonas sp. strain ZSBS-2 and ZSB-S-4 showed different diameter of solubilization 

zone in Bunt and Rovira medium amended with zinc oxide (1.8, 3.3 and 2.4 cm, 

respectively), zinc carbonate (1.5, 2.0 and 4.0 cm, respectively) and sphalerite (2.8, 2.5 

and 1.2 cm, respectively) (Saravanan et al., 2004). Amalraj et al. (2012) documented that 

Bacillus megaterium var. phosphaticum make the 28 and 32 mm solubilization zone in 

ZnO and ZnCO3 amended media. Ramesh et al. (2014) also observed the transparent halo 

zone in tris-minimal agar plates by Bacillus aryabhattai strains MDSR7 and MASR14. 

Sharma et al. (2012a) documented that rhizobacterial isolates KHBAR-1 and KHBD-6 

showed highest zinc solubilization diameter in tris minimal agar plates amended with 

ZnO, ZnCO3 and Zn3(PO4)2 separately. Gontia-Mishra et al. (2017) observed the halo 

zone of different diameter by zinc solubilizing rhizobacterial isolates ranging from 15 to 

22 mm in ZnO and 10 to 14 mm in ZnCO3 amended basal medium. Vidyashree et al. 

(2016) reported that Bacillus aryabhattai make the highest solubilization zone in basal 

medium amended with zinc carbonate (46.3 mm), zinc oxide (42.1 mm) and zinc 

phosphate (26.7 mm) as compared to other tested strains. Goteti et al., (2013) also 

measured the diameter of solubilization zone of five Pseudomonas spp. coded as as P17, 

P21, P29, P33, and P74 and five Bacillus spp. coded as B40, B61, B114, B116, and B118. 
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Kumar et al. (2016b) observed the solubilization zone of ten zinc solubilizing isolates in 

zinc oxide and zinc phosphate amended agar plates and noted that Bacillus cereus strain 

ZSB 4 showed maximum zone of solubilization in both plates. Vaid et al. (2013) reported 

that zinc solubilizing isolate AX showed highest solubilization zone of of 1.5 cm in zinc 

oxide and 1.25 cm in zinc phosphate amended Basal and Bactotryptone medium. 

In our study, the Zn solubilization area varied from 51.1 to 356.7 mm2 and this 

result is supported by the findings of Hussain et al. (2015) who observed the variation in 

zinc solubilization area. Bapiri et al. (2012) reported that different Pseudomonas strains 

showed different solubilization areas in different medium. They noted that Pseudomonas 

putida strain R69, Pseudomonas aeruginosaon strain MPFM and Pseudomonas putida 

strain P2 showed zinc solubilization area up to 2.60, 2.54 and 0.95 cm2 in zinc oxide and 

1.33, 4.10 and 0.95 cm2 in zinc carbonate amended media. Saravanan et al. (2004) 

calculated the solubilization area of three strains i.e. Bacillus sp. strain ZSB-O-1 and 

Pseudomonas sp. strain ZSBS-2 and ZSB-S-4. These strains showed the solubilization 

area up to 8.0, 20.43 and 10.18 cm2 in zinc oxide, 8.5, 7.0 and 19.6 cm2 in zinc carbonate 

and 14.5, 14.5 and 3.8 cm2 in sphalerite amended medium. 

In our study, the maximum Zn solubilization efficiency (258.4%) and Zn 

solubilization index (3.59) was observed by Bacillus megaterium strain AN31, followed 

by Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN35 and these 

results are supported by previous work of Mumtaz et al. (2017) who noted the maximum 

Zn solubilization efficiency up to 296% by Bacillus aryabhattai strain S10 and Zn 

solubilization index up to 3.88 by Bacillus strain ZM20. Similarly, Ramesh et al. (2014) 

reported 175% zinc solubilization efficiency by Bacillus aryabhattai. Gontia-Mishra et 

al. (2017) documented that zinc solubilizing efficiency of ZSB isolates were different in 

basal medium amended with ZnCO3 and ZnO. Isolates grown in ZnO amended medium 

showed maximum solubilization efficiency up to 358% while in ZnCO3 amended 

medium, maximum solubilization efficiency was 200%. Bacillus megaterium var. 

phosphaticum showed maximum solubilization efficiency (457%) in zinc carbonate 

amended medium, followed by zinc oxide amended medium (Amalraj et al., 2012). Javed 

et al. (2018) calculated the solubilization efficiency and solubilization index of zinc 

solubilizing rhizobacterial isolates isolated from wheat. Pawar et al. (2015) also 

calculated the solubilization efficiency and solubilixation index of various bacterial 

strains like Pseudomonas fluorescence, Burkholderia cepacia, Pseudomonas striata, 
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Burkholderia cenocepacia, Trichoderma viridae, Bacillus megaterium and Trichoderma 

harzianum in ZnCO3, ZnO and Zn3(PO4)2 amended medium. Jha (2019) measured the 

solubilization efficiency of Pseudomonas pseudoalcaligenes and Bacillus pumilus that 

was 341 and 312% in ZnO, 276 and 266% in ZnCO3 and 121 and 147% in Zn3(PO4)2 

amended medium. 

Scientists considered that plate assay is not a reliable factor to check the Zn 

solubilization potential of rhizobacteria (Bashan et al., 2013; Javed et al., 2018) so; 

isolates were grown in tris minimal broth amended with zinc oxide to determine the 

concentration of soluble zinc. In present work, maximum drop in pH and maximum 

quantity of solubilized Zn in tris minimal broth was observed by Bacillus megaterium 

strain AN31 that is in line with previous work of Dinesh et al. (2018), Javed et al. (2018), 

Mumtaz et al. (2017) and Hussain et al. (2015). This decrease in pH might be due to the 

production of organic acids in broth which leads the pH toward acidity (Dinesh et al. 

2018; Javed et al. 2018). It is documented that with increasing the time of incubation, 

amount of solubilized zinc become increase by increasing the acidity of broth medium 

(Vidyashree et al., 2016). Bapiri et al. (2012) noted that Pseudomonas strains solubilzed 

the zinc in liquid broth by lowering the pH from 7.0-7.2 to 4.5-6.5. Gontia-Mishra et al. 

(2017) reported that zinc solubilizing bacterial isolates solubilized the zinc oxide ranged 

from 40.81 to 62.48 mg L-1 in ZnO amended broth by lowering the pH from 6.5 to 4.0. In 

the study of Vidyashree et al. (2016), maximum amount of solubilized zinc by droping 

the pH from 7.12-7.30 to 3.33-3.91 was noted in the broth inoculated with Bacillus 

aryabhattai. Gandhi and Muralidharan (2016) documented that Acinetobacter sp. strain 

AGM3 solubilized the higher amount of zinc in zinc oxide and zinc carbonate amended 

broth. Khande et al. (2017) noted that all the tested isolates solubilized the zinc in liquid 

medium by decline the pH. The isolates shifted the pH from 7.1 to 3.0, 4.2 and 4.8 in zinc 

oxide, zinc carbonate and zinc phosphate amended broth, respectively. The increase in 

the concentration of solubilized zinc and decrease in the pH of zinc oxide and zinc 

phosphate amended broth inoculated with Pseudomonas aeruginosa strain CMG 823 was 

also observed by Fasim et al. (2002). Vaid et al. (2013) noted that zinc solubilizing 

isolates AX, BC and AB solubilized the insoluble zinc in liquid medium via lowering the 

pH from 7.2 to 4, 6.8 and 6.2, respectively. Zaheer et al. (2019) observed the zinc 

solubilization in Pikovskaya medium supplemented with Zn-sulphate. They noted that 

Pseudomonas sp. strain AZ5 solubilized the maximum amount of zinc as compared to 
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Bacillus sp. strain AZ17. The isolates KHBAR-1, KHBD-6, KHTH-4-1 and BDSD-2-2C 

maximum solubilized the zinc in tris minimal broth amended with different insoluble zinc 

compounds (Sharma et al., 2012a).  Idayu et al. (2017b) also observed the zinc 

solubilizing ability of Acinetobacter sp. strain TM56, Serratia sp. strain TM9, TM23 and 

BM13 in liquid medium that was ranged from 10.21 to 40.60 ppm in ZnO, 7.67 to 18.05 

ppm in zinc carbonate and 13.17 to 31.98 ppm in zinc phosphate amended broth. 

5.2 Exopolysaccharides production by zinc solubilizing rhizobacteria 

Exopolysaccharides play vital role in the formation of biofilms (Sutherland, 2001) 

and in the protection of microbs against fatal impacts of environmental stress like osmotic 

stress and dessication (Sandhya et al., 2009; Qurashi and Sabri, 2012; Vanderlinde et al. 

2010). These increase the shoot and root growth and use of synthetic fertilizers by 

improving the root adhering ability of soil (Alami et al., 2000). In our study, all the 

identified strains showed the mucoid growth on agar plates and considered as positive for 

exopolysaccharides production. Similarly, Mumtaz et al. (2017) also observed that zinc 

solubilizing rhizobacteria produced exopolysaccharides. Kamran et al. (2017) 

documented the zinc solubilization ability in previous isolated exopolysaccharides 

producing bacteria. Gontia-Mishra et al. (2017) isolated the nine zinc solubilizing 

rhizobacterial isolates from rhizospheric soil of rice and found that out of them, only four 

isolates Zn 3, Zn 5, Zn 9 and Zn 10 have ability to produce the exopolysaccharides. Ali 

et al. (2013) observed the exopolysaccharides producing ability in Pseudomanas sp. 

Shaikh and Saraf (2017) in their study found the three bacterial isolates (MSS-ZB1, MSS-

ZB3 and MSS-ZB4) that produced the exopolysaccharides after five days of incubation. 

5.3 Indole-3-acetic acid production by zinc solubilizing rhizobacteria 

Indole-3-acetic acid is an important phytohormone and plays significant role in 

plant-bacterium interaction (Patten and Glick, 2002), cell division, enlargement and 

differentiation and gene expression (Ryu and Patten, 2008; Erturk et al., 2010). It 

improved soil nutrients and uptake of water by increasing root length and root surface 

area (Vessey, 2003). About 80% bacterial isolates from rhizospheric soil have ability to 

produce the auxins (Patten and Glick, 1996). In our study, all the zinc solubilizing 

rhizobacteria produced the auxins (IAA) with and without L-tryptophan. However, 

bacteria produced themore quantity of auxins with L-tryptophan as compared to without 

L-tryptophan. The increase in IAA production in the presence of L-tryptophan is due to 
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the availability of L-tryptophan as precursor of auxins. These findings are supported by 

the previous work of Zahir et al. (2000), Zhao et al. (2011), Ahmad et al. (2013) and 

Ramesh et al. (2014). Similarly, Javed et al. (2018) observed that bacterial isolates 

produced more quantity of auxins with L-tryptophan as compared to without of L-

tryptophan. Bapiri et al. (2012) documented that zinc solubilizing Pseudomonas putida 

strains P1, P2, P3, P19 and R69, Pseudomonas fluorescens strain R187 and Pseudomonas 

aeruginosaon strains GRP3 and MPFM produced the auxin. Bacillus megaterium var. 

phosphaticum produced the indole-3-acetic acid in liquid medium amended with 0.1% 

tryptophan (Amalraj et al., 2012). In another study, Kamran et al. (2017) checked the 

seventeen isolates for the production of indole-3-acetic acid and found that all the isolates 

were shown the positive result for IAA production except one (ESP 16). Hussain et al. 

(2015) also observed that Bacillus sp. AZ6 produced the more quantity of auxin (35.30 

μg mL-1) with L-tryptophan as compared to without L-tryptophan (12.03 μg mL-1). In a 

study, Acinetobacter sp. strain AGM3 produced the highest quantity (45.61 μg mL-1) of 

indole-3-acetic acid followed by Acinetobacter sp. strain AGM9 (37.27 μg mL-1) in the 

broth having tryptophan (Gandhi and Muralidharan, 2016). Jha (2019) observed that 

Pseudomonas pseudoalcaligenes and Bacillus pumilus produced the IAA in the broth 

having tryptophan. Shaikh and Saraf (2017) noted the IAA production by four bacterial 

isolates MSS-ZB1, MSS-ZB2, MSS-ZB3 and MSS-ZB4 grown in yeast extract broth 

amended with 50 mg L-1 of L-TRP. Vaid et al. (2013) reported that zinc solubilizing 

rhizobacterial isolates AX, BC and AB produced the IAA in the range of 2.0 to 5.79 mg 

L-1. Pereira et al. (2014) also documented that rhizobacteria produced the IAA ranged 

from 2.4 to 63.5 mg L-1. Zaheer et al. (2019) observed the production of IAA in LB broth 

having L-tryptophan and noted that Bacillus sp. strain AZ17 produced the IAA up to 19 

μg mL-1 which was more as compared to 17.8 μg mL-1 produced by Pseudomonas sp. 

strain AZ5. Ali et al. (2013) also observed the IAA producing ability in rhizobacterial 

isolates. 

5.4 Characterization of zinc solubilizing rhizobacteria 

In our study, identified zinc solubilizing rhizobacterial strains were characterized 

for other plant growth promoting traits like enzymes activities, ammonia, siderophores 

and HCN production and starch hydrolysis and results of these assays indicated that 

rhizobacterial strains possessed multiple plant growth promoting traits.  
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In our study, all the strains were off-white in color, circular in colony shape, 

smooth in colony surface, opaque in colony transparency, flat in colony elevation and 

appeared as purple in color in gram staning test. Similar to our work, Mumtaz et al. (2017) 

also observed that zinc solubilizing rhizobacterial strains were gram positive. Khande et 

al. (2017) isolated the gram positive, endospore forming, motile and rood shaped zinc 

solubilizing isolates. Dinesh et al. (2018) reported that Bacillus megaterium was gram 

positive and rod shaped. It is capable to produce the endospore that are thick walled and 

able to persisting and surviving in sub-optimal environmental conditions. Shakeel et al. 

(2015) observed the zinc solubilizing ability in gram positive rod shaped Bacillus strains. 

Kumar et al. (2016b) observed that zinc solubilizing Bacillus cereus was gram positive, 

rod shaped, cream white in color, smooth in texture, flat to raised in colony elevation and 

capable to form endospore.  

Present finding indicates that rhizobacterial strains have enzymes activities. All 

the identified Bacillus strains exhibit positive results for catalase, protease and chitinase 

activity. The results are correlated with prvious work of Mumtaz et al. (2017), Dinesh 

et al. (2018) and Ahmad et al. (2019b). Catalase is an important enzyme that play a 

significant role in tolerance against drought stresses (Vanderlinde et al., 2010; Verma 

and Shahi, 2015). Shruti et al. (2013) documented that all Fluorescent Pseudomonas 

strains were positive for catalase activity. Kamboh et al. (2009) and Islam et al. (2016) 

noted the catalase activity in Bacillus subtilis, Bacillus amyloliquefaciens and 

Pseudomonas stutzeri. Iqbal et al. (2010) also noted the positive result for catalase 

activity by zinc solubilizing rhizobacterial isolates U, 36, 102 and 111. Kamran et al. 

(2017) noted the protease activity in wheat isolates EPS 9, EPS 11, EPS 12, EPS 16 

and EPS 17. The positive result for protease activity also observed in Bacillus cereus 

strain SH-17 and Bacillus sp. strain SH-10 (Shakeel et al., 2015). Chitinase is an 

extracellular enzyme and play vital role in antagonistic activity of bacteria (Li et al., 

2008; Shali et al., 2010). It destroy the fungal cell wall (Saha et al., 2012) through 

chitin hydrolysis (Patil et al., 2000). Hariprasad et al. (2011) noted that Bacillus subtilis 

produced the chitinase enzyme that protect the tomato seedlings from Fusarium 

Oxysporum and improved the tomato growth. In another study, Saha et al. (2012) noted 

that strain AI03 showed positive result for chitinase activity by making clear halo zone 

under UV light. Amalraj et al. (2012) reported that Bacillus megaterium var. 

phosphaticum is a strong producer of chitinase. Chaiharn et al. (2008) and Ehsan et al. 
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(2014) also observed the positive result for chitinase activity in various rhizobacterial 

isolates. 

In our studies, only one strain showed the positive result for urease, lipase and 

cellulase production that was similar to the findings of Mumtaz et al. (2017) who reported 

the positive results for urease, lipase and cellulase production by Bacillus strains. Urease 

convert the naturally or added urea into the ammonia and carbonate. This ammonia is 

further converted in nitrite and then nitrate so that plant use it easily for their growth 

(Falih, 2000). Urease activity enhance the utilization rate of nitrogenous fertilizers. So 

optimum concentration of nitrogen become available to plant (Nosheen and Bano, 2014). 

Banerjee et al. (2010) and Rana et al. (2011) also observed the urease activity in 

rhizobacteria. The different wheat isolates showed the positive result for lipase (isolates 

ESP 2, ESP 5, ESP 6, ESP 16 and ESP 17) and cellulase activity (isolates ESP 2, ESP 6 

and ESP 13) (Kamran et al., 2017). The positive result for cellulase activity in Bacillus 

sp. strain SH-10 and Bacillus cereus strain SH-17 also reported by Shakeel et al. (2015). 

In our study, all the strains were positive for ammonia production. The similar 

result also observed by the Mumtaz et al. (2017). Ammonia production is an important 

trait of bacteria which improve the plant growt indirectly. Microorganisms break the 

complex nitrogenous compunds (peptones) and release ammonia in their surrounding that 

plants use as a nutrient source (Goswami et al., 2014). The high level of ammonia 

increases the nitrifying bacteria by suppressing the growth of competing microflora such 

as protozoa (Angus et al., 1999). In nitrogenous soils, alkaline situation developed due to 

the higher amount of ammonia that suppres the growth of fungi (Al-Mughrabi, 2010; Jha 

et al., 2012). Species of different bacterial genra like Azotobacter, Bacillus, 

Pseudomonas, Enterobacter and Rhizobium produced ammonia along with other plant 

growth promoting attributes (Joseph et al., 2007). Gontia-Mishra et al. (2017) found the 

ammonia producing characteristic in nine isolates isolated from rice rhizosphere. Banerjee 

et al. (2010) observed the ammonia producing ability in two isolates TRSB10 and 

TRSB16 isolated from tomato. Ahmad et al. (2018) also reported that Paenibacillus sp. 

strain Q6 and Bacillus subtilis strain Q3 showed positive result for ammonia production.  

In our study, all the tested Bacillus strains were positive in starch hydrolysis as 

showed the yellow zone around the colonies in response of iodine solution. It is may be 

due to the presence of amylase enzyme secreted by bacteria which is important in starch 

hydrolysis and resulted in bioavailability of carbon to microorganisms as a nutrient 
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source. Similar to our work, Sharma et al. (2012a) observed the positive result for starch 

hydrolysis in Bacillus megaterium strain KHBD-2-1A, Bacillus subtilis strain BDKH-3, 

Bacillus licheniformis strain BDSD-2-2C, Bacillus sp. strain BDN-5, Bacillus 

amyloliquefaciens strain KHBAR-1 and Bacillus pumilus train KDMR-1-1. It was 

reported that Bacillus sp. strain ZM20, Bacillus aryabhattai strain ZM31 and S10 and 

Bacillus subtilis strain ZM63 hydrolysis the starch (Mumtaz et al., 2017). Ahmad et al. 

(2019b) also noted the starch hydrolyzing ability in bacterial isolates. 

In current study, zinc solubilizing rhizobacterial strains were evaluated HCN 

production and result indicated that one strain out of four was able to produce HCN. This 

finding is correlated with previous work of Bapiri et al. (2012) who observed that out of 

eight zinc solubilizing Pseudomonas strains, only Pseudomonas aeruginosa strain GRP3 

produced the HCN. It is volatile in nature and secondary metabolite that beats the growth 

of pathogens through inhibitor metal enzyme cytochrome C oxidase (Siddiqui, 2006). The 

antifungal activity of bacteria is mostly depend on HCN and siderophores production 

(Ahmad et al., 2008b). Mehta et al. (2014) found the HCN production in Bacillus 

circulans strain CB7. Selvakumar et al. (2009) and Tank and Saraf (2009) noted the HCN 

production in Pseudomonas strains. Agbodjato et al. (2015) and Mumtaz et al. (2017) 

observed the HCN production ability in rhizobacterial isolates isolated from maize 

rhizosphere.  

In our study, all the tested Bacillus strains produced the siderophores. Similar to 

our work, Mumtaz et al. (2017) observed the siderophores producing ability in all the 

identified Bacillus strains. Siderophores promote the plant growth directly by supplying 

the iron to plants and indirectly by controlling the iron availability to pathogenic microbs 

(Ahmad et al., 2008b). Siderophores producing bacteria acts as biocontrol agent and 

minimize the chances of disease by suppress the growth of pathogens (Crowley, 2006). 

Hussain et al. (2015) observed the positive result for siderophores production by Bacillus 

sp. AZ6. Mehta et al. (2014) observed the siderophores producing trait in Bacillus 

circulans strain CB7. Kamran et al. (2017) reported the siderophore producing ability in 

four different strains. In another study, it was noted that Bacillus megaterium var. 

phosphaticum have ability to produce the siderophores (Amalraj et al., 2012). Eshaghi et 

al. (2019) observed the siderophores producing ability in twenty three isolates. Shakeel 

et al. (2015) documented the siderophores producing characteristic in Bacillus sp. strain 

SH-10 and Bacillus cereus strain SH-17.  



238 
 

The bacterial strains were able to solubilize and mineralize the fixed or insoluble 

organic and inorganic nutrient sources (Tao et al., 2008). In current study, the results of 

phosphate solubilization assay showed that all the selected strains solubilized the 

insoluble tri-calcium phosphate qualitatively as well as quantitatively. The maxmium 

solubilization zone, solubilization area, solubilization efficiency and solubilization index 

in qualitative assay and maximum concentration of solubilized P in quantitative assay was 

noted by Bacillus megaterium strain AN24, followed by Bacillus megaterium strain 

AN35, Bacillus aryabhattai strain AN30 and Bacillus megaterium strain AN31. The 

bacterial strains produced the low molecular organic acids such as gluconic acid, 2-

ketogluconic acid, glyoxylic acid, oxalic acid, citric acid, malic acid, tartaric acid and 

lactic acid that low the soil pH and solubilized the inorganic P in the soil (Chung et al., 

2005; Khan et al., 2007; Zaidi et al., 2009). Similar to our work, Mumtaz et al. (2017) 

reported the qualitative and quantitative P solubilization by Bacilus strains. They 

observed that Bacillus subtilis strain ZM63 maximum solubilized the insoluble P by 

making the halo zone of 30.3 mm and maximum solubilization efficiency and 

solubilization index also measured by Bacillus subtilis strain ZM63. In quantitative P 

solubilization assay, they observed that pH become decrease with increase the 

concentration of solubilized P. Shakeel et al. (2015) reported that Bacillus cereus strain 

SH-17 and Bacillus sp. strain SH-10 solubilized the P by making the solubilization zone 

of 38 and 46 mm, respectively, in Pikovskaya agar plates amended with tri-calcium 

phosphate. Mehta et al. (2014) noted the P solubilizing ability in Bacillus circulans strain 

CB7 and calculated the phosphate solubilization index which was 2.7. Pseudomonas fragi 

strain EPS 15 solubilized the P in zinc phosphate amended medium by making the halo 

zone of 1 cm (Kamran et al., 2017). Gontia-Mishra et al. (2017) isolated the nine zinc 

solubilizing rhizobacterial isolates from rice rhizosphere and found that out of nine, seven 

were able to solubilize the P and maximum solubilizing efficiency of 275% was noted by 

isolates Zn 3 and Zn 5. Amalraj et al. (2012) documented that Bacillus megaterium var. 

phosphaticum have ability to solubilize the tri-calium phosphate and rock phosphate in 

agar plates. Hussain et al. (2013) and Bumunang and Babalola (2014) observed the 

phosphate solubilization ability in isolates isolated from maize rhizosphere. The 

qualitative and quantitative inorganic phosphate soluilization by different strains of 

Pseudomonas was also reported by Bapiri et al. (2012). Dinesh et al. (2018) documented 

that out of seven zinc solubilizing isolates, only Bacillus megaterium strain ZnSB2 was 

able to solubilize the insoluble P in Pikovskaya's agar plate. Ahmad et al. (2018) found 



239 
 

the phosphate solubilizing ability in Paenibacillus sp. strain Q6 and Bacillus subtilis strain 

Q3 in qualitative and quantitative assays. Ahmad et al. (2019b) noted the P solubilization 

ability in two strains Paenibacillus polymyxa strain ANM59 and Paenibacillus sp. strain 

ANM76. They also noted their solubilization zone, solubilization efficieny and 

solubilization index which was 21 and 38.33 mm, 105 and 311% and 2.05 and 4.11, 

respectively. Zaheer et al. (2019) isolated the two bacterial isolates from chickpea grown 

on a farmer field at Thal desert and repored that Bacillus sp. strain AZ17 and 

Pseudomonas sp. strain AZ5 solubilized the P up to 109.4 μg mL-1 and 103 μg mL-1, 

respectively, in Pikovskaya broth. Iqbal et al. (2010) observed the P solubilization zone 

of 28, 28, 6 and 9 mm by isolates U, 8M, 36 and 102, respectively, in zinc phosphate 

(Zn3(PO4)2·4H2O) amended medium. 

5.5 Production of organic acids by zinc solubilizing rhizobacteria 

Most of the zinc present in the soil is in insoluble or fixed forms and not available 

to plants (Barber, 1995). It is necessary to solubilize the insoluble or fixed forms of zinc 

so that bioavailability of zinc become increase. Zinc solubilizing rhizobacteria use 

different mechanisms to solubilized the insoluble or fixed forms of zinc and make 

available for plants. The most important mechanism to solubilize the insoluble zinc is the 

production of organic acids (Tariq et al., 2007; Li et al., 2016; Javed et al., 2018; Mumtaz 

et al., 2019). Zinc solubilizing rhizobacterial strains produced the organic acids that lower 

the pH in the surrounding to a great extent that leads the solubilization of zinc (Havlin et 

al., 2005). The production of organic acids increases the zinc mobilization by reducing 

the zinc sorption via altering the characteristics of surface charge of soil colloids (Jones, 

1998). The production of organic acids increases the concentration of hydrogen ion (H+) 

in the medium that is helpful in the solubilization of insoluble zinc. (Fasim et al., 2002). 

The solubilization of insoluble or fixed metal complexes by the production of organic 

acids is most important in nutrient cycling in soil (Rashid et al., 2016). The involvement 

of rhizobacteria in the processes of solubilization is an effective mechanism to increase 

the labile form of nutrient in the soil (Kaur et al., 2016).  

In this study, the tested strains produced the pyruvic acid, malonic acid, oxalic 

acid, citric acid, succinic acid, fumaric acid, gallic acid and quercetin. Similarly, Javed et 

al. (2018) reported that zinc solubilizing rhizobacterial isolates H-84, H-103 and H-112 

produced the pyruvic acid (up to 83.25, 80.38 and 87.13 μg/ mL, respectively), tartaric 

acid (up to 147.05, 146.25 and 90.78 μg/ mL, respectively), malic acid (up to 8.92, 15.82 
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and 8.18 μg/ mL, respectively) and oxaloacetic acid (up to 3.18, 2.49 and 11.82 μg/ mL, 

respectively). Saravanan et al. (2007a b) documented that Gluconacetobacter 

diazotrophicus strain PAl5 produced the 5-ketogluconic acid to solubilize the insoluble 

zinc. Zaheer et al. (2019) observed the production of oxalic acid, acetic acid, gluconic 

acid, citric acid, malic acid, lactic acid and succinic acid in the bacterial metabolites. They 

also observed that Pseudomonas sp. strain AZ5 produced the higher amount of acetic 

acid, oxalic acid and gluconic acid. While Bacillus sp. strain AZ17 produced the malic 

acid, citric acid, succinic acid and lactic acid in higher amount than Pseudomonas sp. 

strain AZ5. Mehta et al. (2014) noted that Bacillus circulans strain CB7 produced the 

gluconic acid, oxalic acid, formic acid, citric acid, 2-ketogluconic acid and fumaric acid 

up to 2.33, 0.20, 0.18, 0.76, 0.39 and 0.05%, repectively. Mumtaz et al. (2019) observed 

the production of acetic acid, isobutyric acid, formic acid, succinic acid, lactic acid, 

isovaleric acid, citric acid by Paenibacillus polymyxa, Bacillus cereus, Bacillus sp. strain 

ZM20 and Bacillus subtilis strain ZM63 in control and ZnO amended culture filtrates. In 

another study, Bacillus sp. strain AZ6 produced the ferulic acid, gallic acid, cinamic acid, 

chlorogenic acid, caffeic acid and syringic acid (Hussain et al., 2015). The large amount 

of 2-ketogluconic acid and small amount of gluconic acid and gluconate in the supernatant 

of Pseudomonas aeruginosa strain CMG 823 also reported by Fasim et al. (2002). Jaivel 

et al. (2017) observed the presence of gluconic acid and acetic acid in the culture filtrate 

of zinc solubilizing Pseudomonas sp. strain RZ1. Vaid et al. (2013) detected the gluconic 

acid in the supernatant of zinc solubilizing bacterial isolates AX, BC and AB. Among 

these isolates, the isolate AX produced the maximum amount (25.9 mM) of gluconic acid. 

Dinesh et al. (2018) noted that all the tested zinc solubilizing isolates produced the 

gluconic acid but the maximum amount of 1884.7 μg mL-1 was produced by Bacillus 

megaterium strain ZnSB2 that was 35.3 to 69.7% more as compared to other tested 

isolates. 

5.6 Minimum inhibitory concentration of zinc 

Zinc is an important nutrient at low concentration while at high concentration, it 

is toxic to plants and microorganisms (Shaikh and Saraf, 2017). Rhizobacterial isolates 

have ability to tolerate the high concentration of zinc and promote the plant growth. In 

this study, we observed the growth of zinc solubilizing rhizobacterial strains on agar 

plates amended with four different levels of zinc oxide. Results revealved that all the 

tested strains showed maximum growth and solubilization zone, area, efficiency and 
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index at lowest level (0.10%) that was not toxic or stressed free. While at highest level 

(0.25%), Bacillus megaterium strain AN31 showed the maximum solubilization. Similar 

to our work, Mumtaz et al. (2019) observed the growth of four zinc solubilizing strains 

on four zinc levels i.e. 0.05, 0.10, 0.15 and 0.20% and reported that Bacillus cereus and 

Bacillus sp. strain ZM20 showed growth at all levels by making clear halo zones. The 

other two strains Paenibacillus polymyxa and Bacillus subtilis strain ZM63 showed the 

better growth at lowest two levels i.e. 0.05 and 0.10%. With increasing the zinc level, the 

visual changes were observed in colony morphology and size. Saravanan et al. (2004) 

tested the growth of Bacillus sp. strain ZSB-O-1 and Pseudomonas sp. strain ZSB-S-2 at 

diffent zinc concentrations i.e. 25, 50, 100, 200, 300, 400 and 500 mg kg-1 and noted that 

with increasing the zinc concentration and number of days, bacterial population become 

decreased. At 500 mg kg-1 zinc concentration, both strains showed the minimum 

population as compared to other concentrations. Shaikh and Saraf (2017) grown the 

microbes in Pikovskaya’s agar plates amended with five different levels (0.1, 0.2, 0.3, 0.4 

and 0.5%) of zinc oxide. Microbes showed the maximum solubilization zone at 0.1% 

which was become low at level 0.2%. At level 0.3, 0.4 and 0.5%, no solubilization zone 

was observed. Kour et al. (2019) isolated the thirty zinc solubilizing isolates and found 

that all the isolates were able to solubilize the insoluble zinc oxide up to 0.25%. Eshaghi 

et al. (2019) reported that isolate F21A can tolerate the zinc leve up to 200 mg L-1. 

5.7 Effect of sole and co-inoculation of ZSB on soil properties 

 On the basis of screening of zinc solubilizing isolates, fifteen isolates were 

selected for further screening to sole inoculation in first jar trial. Ten best performing 

isolates were selected and check their combatibility for co-inoculation combinations. The 

compatible co-inoculation combinations were further screened in second jar trial. On the 

basis of results of second jar trial, three best performing co-inoculation combinations were 

selected for further evaluation as sole and co-inoculation in pot and field trials. Pot trial 

was conducted in the wire house of Department of Soil Science, Faculty of Agriculture 

and Environment, The Islamia University of Bahawalpur. To confirm the results of pot 

trial, two field trials were conducted in the research area of Faculty of Agriculture and 

Environment, The Islamia University of Bahawalpur. 

Plant growth promoting rhizobacteria play an important role in restoring the soil 

fertility because they are environmental friendly and reducing the use of synthetic or 

chemical fertilizers and also have no toxic effect on environment. PGPR decrease the 
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deleterious effects of saline soil and increase the bioavailability of nutrients to plants by 

solubilizing the insoluble nutrients (Shaharoona et al., 2006; Nadeem et al., 2014; 

Hussain et al., 2018; Khanghahi et al., 2018; Ahmad et al., 2019b; Naseer et al., 2019). 

 The deficiency of zinc in most of the areas is mostly fulfil by the use of inorganic 

composts or fertilizers. But the problem is it’s immediately fixation or settling on soil 

colloids that makes its accessibility poor to plants (Hefferon, 2019; Palanog et al., 2019). 

When zinc carbonate, zinc oxide and zinc sulfate are applied to soil, then these inorganic 

fertilizers transformed into different insoluble forms depending upon the soil type and 

become unavailable to plants in few days (Rakshit et al., 2015). Zinc solubilizing 

rhizobacteria are most potential alternative of zinc nutrition due to its ability to solubilize 

the insoluble or fixed form of zinc into available or soluble form of zinc (Goteti et al., 

2013; Zaheer et al., 2019). 

 In this study, sole and co-inoculation of zinc solubilizing rhizobacterial strains 

improved the chemical, physical and biological properties of soil. In all the measured 

parameters, co-inoculation showed maximum results as compared to sole inoculation. In 

pot and field trial-I and II, co-inoculation of zinc solubilizing rhizobacterial strains 

showed the improvement in total nitrogen (up to 28.4, 31.215 and 30.7%, respectively), 

available phosphorous (up to 30.7, 31.7 and 30.8%, respectively), extractable potassium 

(up to 31, 30.2 and 29%, respectively), DTPA-iron (up to 15.1, 15.9 and 15.6%, 

respectively), DTPA-zinc (up to 16, 16.5 and 16.1%, respectively) and soil bacterial 

population (up to 31.8, 33.9 and 32.8%, respectively). While, sole inoculation improved 

the total nitrogen, available phosphorous, extractable potassium, DTPA-iron, DTPA-zinc 

and soil bacterial population up to  24.1, 27.9, 25, 11.1, 12.3 and 20.6%, respectively, in 

pot trial, up to 17.3. 26.8, 27.5, 27.3, 24.7, 11.9, 12.9 and 23.1%, respectively, in field 

trial-I and 15.2, 24.8, 26.9, 26.1, 23.4, 11.6, 12.5 and 21.9%, respectively, in field trial-II 

as compared to their respective un-inoculated control. These improvements in soil 

properties  are due to the production of organic acids that lower the soil pH and solubilize 

the insoluble or fixed nutrients that plants can uptake and show vigorous growth (Jaivel 

et al., 2017; Mumtaz et al., 2018; Zaheer et al., 2019). The rhizobacterial sole and co-

inoculation improved the root surface area by proliferation of roots and enhanced the 

nutrients solubilization that is helpful in reducing EC and pH (Ahmad et al., 2011). 

Rhizobacteria improved the fertilizer use efficiency, root adhering ability of soil (Alami 
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et al., 2000) and water and nutrient holding capacity of rhizosphere by producing the 

exopolysaccharides (Hussain et al., 2014). 

The inoculation with Bacillus isolates KKH-1, KHKD-4, KKI-1, KMR-5, THB-2, 

KKI-6, KKI-8 and BBU-5 significantly improved the available zinc content in the soil 

(Khande et al., 2017). Navsare et al. (2018a) noted that combined use of Rhizobium, zinc 

solubilizing bacteria and potassium solubilizing bacteria significantly increased the 

population of bacteria, actinomycetes and fungi in the soil. The inoculation with Bacillus 

megaterium strain ZnSB2 increased the level of available zinc in the soil (Dinesh et al., 

2018). Gandhi and Muralidharan (2016) reported that inoculation with Acinetobacter 

strain AGM3 and AGM9 increased the zinc content in the soil. The combine use of 

Alcaligenes sp. strain AZ9 with organic amendments (rock phosphate enriched compost, 

humic acid and biochar) significantly improved the soil bacterial population (up to 60%), 

soil organic carbon (up to 29%), microbial biomass carbon (up to 22%) and soil saturation 

percentage (up to 14%) as compared to control. (Hussain et al., 2019). Iqbal et al. (2013) 

reported that application of biofertilizer improved soil health and nutrient availability to 

plants. The combine use of Rhizobium and plant growth promoting rhizobacteria 

improved the available nutrient status and soil pH (Rautaray et al., 2003; Ahmad et al., 

2014). 

5.8 Effect of sole and co-inoculation of ZSB on plant physiological parameters 

 Zinc solubilizing rhizobacterial sole and co-inoculation improved the plant 

physiological parameters under pot and field trials. In this study, sole and co-inoculation 

of zinc solubilizing strains significantly improved the SPAD value, relative water content, 

superoxide dismutase (SOD) activity, peroxidase dismutase (POD) activity, catalase 

(CAT) activity and ascorbate peroxidase (APX) activity in rice plants.  

In pot trial, sole inoculation improved the above stated parameters up to 16, 20, 

59.4, 17.3, 8.8 and 83%, respectively, as compared to un-inoculated control. While co-

inoculation caused the improvement up to 22.7, 28, 11.8,, 28.8, 89.9,  and 113.7% in 

SPAD value, relative water content, catalase activity, peroxidase dismutase activity, 

superoxide dismutase activity and ascorbate peroxidase activity, respectively.The results 

of pot trial were confirmed by the results of field trials which showed significant 

improvement in SPAD value, relative water content, superoxide dismutase activity, 

peroxidase dismutase activity, catalase activity and ascorbate peroxidase activity in 
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response of sole and co-inoculation with zinc solubilizing strains. At site-I, sole 

inoculation showed significant improvement in SPAD value (up to 24.8%), relative water 

content (up to 23.9%), superoxide dismutase activity (up to 55.8%), peroxidase dismutase 

activity (up to 18.9%), catalase activity (up to 10.4%) and ascorbate peroxidase activity 

(up to 94.3%) as compared to control. The maximum improvement of 21.6, 21.4, 49.9, 

17.9, 9.5 and 87% in SPAD value, relative water content, superoxide dismutase activity, 

peroxidase dismutase activity, catalase activity and ascorbate peroxidase activity, 

respectively,  by  sole inoculation of zinc solubilizing rhizobacterial strains was noted at 

site-II. Like sole inoculation, co-inoculation also improved the SPAD value (up to 30.8% 

at site-I and 27.4% at site-II), relative water content (up to 31.9% at site-I and 29.3% at 

site-II), superoxide dismutase activity (up to 89.4% at site-I and 85% at site-II), 

peroxidase dismutase activity (up to 30.5% at site-I and 29.5% at site-II), catalase activity 

(up to 13.4% at site-I and 13.5% at site-II) and ascorbate peroxidase activity (up to 125.4% 

at site-I and 116.1% at site-II) as compared to their respective control. 

The most of the work related to antioxidant enzymes activities were carried out in 

different environmental stresses. But in our work, we observed the potential of Bacillus 

strains to improve the antioxidant enzymes activities in rice leaves under normal 

conditions that may have importance in enhancing the growth, quality and productivity 

of rice. Antioxidant enzymes such as superoxide dismutase, peroxidase dismutase, 

ascorbate peroxidase and catalase play an important role in plant growth and development 

(Quiroga et al., 2000) by ameliorating the stress (Mittler, 2002). The deficiency of 

minerals in plants caused oxidative stress. In minerals deficiency, ROS produced that 

impair the uptake of nutrients in plants by causing photo-oxidative damage (Cakmak, 

2005). ROS production in stress conditions is also harmful to symbiotic relationship 

between plants and soil microorganisms (Jamet et al., 2003). Plant growth promoting 

rhizobacterial strains solubilize the insoluble nutrients and improve the antioxidant 

enzymes activities that are important in improving the plant growth and quality. 

In current study, the results related to antioxidant enzymes activities in response 

of sole and co-inoculation with Bacillus strains are similar with previously documented 

results of Vaid et al. (2014), Halo et al. (2015) and Prasanna et al. (2015). The inoculation 

with Bacillus pumilus increased the antioxidant activity and minimized the toxic effect of 

boron (Khan et al., 2016). The improvement in superoxide dismutase and peroxidase 

activity due to the sole and co-inoculation of Bacillus pumilus strain S4 and Bacillus 
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mycoides strain S7 was also reported by Stefan et al. (2013). Jha and Subramanian (2014) 

documented that co-inoculation with Bacillus pumilus and Pseudomonas 

pseudoalcaligenes increased the SOD activity in normal as well as in saline 

environmental conditions. Ghorbanpour et al. (2013) observed the improvement in 

antioxidant enzymes in the response of inoculation with Pseudomonas putida strain PP 

and Pseudomonas fluorescens strain PF under drought stress. The significant increase in 

carbonic anhydrase and superoxide dismutase activities in wheat due to the inoculation of 

Pseudomonas fluorescens strain Psd was noted by Sirohi et al. (2015). Azarmi et al. 

(2016) reported that fluorescent pseudomonads strains along with Zn fertilizer increased 

the antioxidant level in pistachio seedlings by reducing the salinity stress. Israr et al. 

(2016) observed the improvement in antioxidant activity in chickpea due to the combined 

application of phosphorus and Pseudomonas putida. Jha (2019) noted that inoculation 

with Bacillus pumilus and Pseudomonas pseudoalcaligenes improved the catalase and 

peroxidase activity in rice. 

In our study, the results related to the improvement in SPAD value and relative 

water content were similar with previous work of Fatima et al. (2018) and Ahmad et al. 

(2019a). Ahmad et al. (2019a) checked the effect of sole and co-inoculation of Bacillus 

subtilis strain ZM63 and Bacillus aryabhattai strain S10 on relative water content, 

chlorophyll a and chlorophyll b in mung bean and maize and noted that co-inoculation 

showed highest results as compared to sole inoculation. The sole inoculation with Bacillus 

aryabhattai strain S10 and Bacillus subtilis strain ZM63 improved the relative water 

content (up to 14.7 and 4.28%, respectively, in mung bean and up to 18.9 and 10.9%, 

respectively, in maize), chlorophyll a (up to 85.8 and 40.3%, respectively, in mung bean 

and up to 70.3 and 50.9%, respectively, in maize) and chlorophyll b (up to 65.2 and 

56.5%, respectively, in mung bean and up to 98.2 and 67.9%, respectively, in maize). 

While co-inoculation with Bacillus aryabhattai strain S10 and Bacillus subtilis strain 

ZM63 enhanced the relative water content, chlorophyll a and chlorophyll b up to 18.9, 

114.2 and 95.7% respectively, in mung bean and up to 32.1, 127.3 and 136.3%, 

respectivey in maize. Fatima et al. (2018) documented that zinc solubilizing Bacillus sp. 

strain ZM20 significantly improved the relative water content, chlorophyll a and 

chlorophyll b up to 17, 67 and 71%, respectively, in okra plant. Vidyashree et al. (2018) 

noted that inoculation with zinc solubilizing Bacillus aryabhattai, Bacillus aerophilus, 

Bacillus sp. strain PAN-TM1, Enterobacter oryzae and Pseudomonas taiwenensis 
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increased the total chlorophyll in tomato. Mumtaz et al. (2018) reported that sole 

inoculation with Bacillus spp. strain ZM20, Bacillus aryabhattai strain ZM31, Bacillus 

aryabhattai strain S10 and Bacillus subtilis strain ZM63 improved the relative water 

content in the range of 19.9 to 26.4% and SPAD chlorophyll value in the range of 19.3 to 

26.3% in maize. The co-inoculation with these strains also improved the relative water 

content and SPAD chlorophyll value from 18.7 to 34.6 and 15.1 to 37.2%, respectively, 

as compared to control. Othman et al. (2017) observed the improvement in chlorophyll 

contents of rice in response of zinc solubilizing Acinetobacter sp. strain TM56 and 

Serratia sp. strain TM9 along with zinc phosphate and zinc oxide. Hussain et al. (2015) 

also noted the improvement in SPAD chlorophyll value of maize by the inoculation of 

Bacillus sp. AZ6. Shakeel et al. (2015) reported that inoculation with Bacillus cereus SH-

17 and Bacillus sp. SH-10 increased the chlorophyll contents up to 30 and 37%, 

respectively in super basmati and up to 39.4 and 47.5%, respectively in basmati-385 as 

compared to their respective control. 

5.9 Effect of sole and co-inoculation of ZSB on plant morphological and yielding 

parameters  

 The results of pot and both field trials showed that sole and co-inoculation with 

zinc solubilizing strains improved the growth and yield of rice as compared to their 

respective control under natural environmental conditions. This improvement in plant 

growth and yield is due to the multiferous plant growth promoting characteristics of zinc 

solubilizing rhizobacterial strains as stated above. Plant growth promoting rhizobacteria 

improved the root surface by root hairs (Shishido et al., 1999). Due to which more root 

exudates become release and more rhizobacteria can grow and improve the plant growth 

by solubilizing the insoluble nutrients and releasing the phytohormones, enzymes, 

exopolysaccharides and siderophores. The improvement in plant growth and yield due to 

sole and co-inoculation with zinc solubilizing rhizobacterial strains was also reported by 

Ramesh et al. (2014), Hussain et al. (2015), Gandhi and Muralidharan (2016), Gontia-

Mishra et al. (2017), Mumtaz et al. (2017), Fatima et al. (2018) Vidyashree et al. (2018), 

Zeb et al. (2018), Ahmad et al. (2019a), Eshaghi et al. (2019), Hussain et al. (2019) and 

Zaheer et al. (2019). 

In our study, sole inoculation with zinc solubilizing strains significantly increased 

the plant height (up to 12.2% in pot, 16.6% at site-I and 16.5% at site-II), root length (up 

to 15.3% in pot, 19.2% at site-I and 18.7% at site-II), root to shoot ratio (up to the 2.7% 
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in pot), shoot dry biomass (up to 16.2% in pot, 21.3% at site-I and 20.9% at site-II), root 

dry biomass (up to 16.9% in pot, 32.1% at site-I and 31.2% at site-II), total dry biomass 

(up to 16.5% in pot, 24.8% at site-I and 24.3% at site-II), number of tillers plant-1 (up to 

15.8% in pot, 17.2% at site-I and 15.8% at site-II), flag leaf length (up to 15.1% in pot, 

18% at site-I and 16.6% at site-II), panicle length (up to 15.9% in pot, 20.7% at site-I and 

20.2% at site-II), number of grains panicle-1 (up to 8.9% in pot, 14.3% at site-I and 13.9% 

at site-II), panicle weight (up to 15.6% in pot, 20.8% at site-I and 19.8% at site-II), grains 

weight (100 grains weight in pot and 1000 grains weight in field trials) (up to 17.8% in 

pot, 18.3% at site-I and 25.1% at site-II), grain yield (up to 17.9% in pot, 17% at site-I 

and 15.9% at site-II) and straw yield (up to 15.9% in pot, 21.3% at site-I and 20.2% at 

site-II ) of rice as compared to their respective un-inoculated control. The similar 

consequences due to the sole inoculation with zinc solubilizing rhizobacterial strains have 

been documented by many researchers. 

The sole inoculation with zinc solubilizing Bacillus sp. strain AZ5 significantly 

improved the grain yield (17.5%), straw weight (16%), number of nodules (26.3%) and 

nodules dry weight (22.5%) of chickpea as compared to control (Zaheer et al., 2019). 

Ahmad et al. (2019a) noted that sole inoculation with zinc solubilizing Bacillus 

aryabhattai strain S10 and Bacillus subtilis strain ZM63 significantly improved the root 

length, plant height, root dry weight and shoot dry weight of maize. These strains also 

improved the plant height, root ength, root dry weight, shoot dry weight, number of pods, 

pod fresh and dry weight and number of grains plant-1 in mung bean. Eshaghi et al. (2019) 

reported that Pseudomonas japonica strains F21A and F37 significantly improved the 

plant height, fresh and dry weight of maize as compared to control. Kour et al. (2019) 

also observed the improvement in shoot and root length by zinc tolerant Serratia species. 

Jha (2019) reported that inoculation with Bacillus pumilus and Pseudomonas 

pseudoalcaligenes improved the plant height (up to 52.1 and 14.9%, respectively) and dry 

weight (up to 25.6 and 17.9%, respectively) of rice. Hussain et al. (2019) reported that 

Alcaligenes sp. strain AZ9 along with rock phosphate enriched compost, humic acid and 

biochar increased the plant height, shoot dry biomass, 1000 grains weight, straw yield and 

stove field up to 14, 30, 10, 31 and 34%, respectively, of maize as compared to control. 

Mumtaz et al. (2018) conducted a pot experiment on maize crop and reported that 

sole inoculation with Bacillus spp. strain ZM20, Bacillus aryabhattai strain ZM31, 

Bacillus aryabhattai strain S10 and Bacillus subtilis strain ZM63 improved the plant 
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height (up to 18.4, 19.3, 17.9 and 19.3%, respectively), root length (up to 44.3, 56, 28.1 

and 13.8%, respectively), shoot dry weight (up to 16.8, 11.1, 6.4 and 14.9%, respectively), 

root dry weight (up to 18.8, 14.7, 19.5 and 15.8%, respectively), cob length (up to 30.9, 

11.8, 13.2 and 16.2%, respectively), cob row number (up to 34.4, 24.6, 11.5 and 27.9%, 

respectively), 100 grains weight (up to 21.2, 11.4, 26.9 and 3%, respectively) and grain 

yield cob-1 (up to the 33.9, 19.1, 30.1 and 20.7%, respectively) as compared to control. 

Zinc solubilizing Bacillus aryabhattai, Bacillus aerophilus, Bacillus sp. strain PAN-TM1, 

Enterobacter oryzae and Pseudomonas taiwenensis improved the root length, shoot 

length, root fresh weight plant-1, shoot fresh weight plant-1, root dry weight plant-1, shoot 

dry weight plant-1, total biomass plant-1, number of flower plant-1, total number of fruits 

plant-1, fruit weight, fruit diameter, and yield plant-1 of tomato (Vidyashree et al., 2018). 

Zeb et al. (2018) reported that zinc solubilizing Bacillus sp. strain AZ6 alone and in 

combination with compost enriched zinc oxide improved the root length, plant height, 

root fresh and dry biomass, shoot fresh and dry biomass and grain yield of rice. The sole 

inoculation with Baillus cereus strain H-103 significantly increased the plant biomass 

(28.5%), root length (93.9%), number of tillers (60.9%) and total grains weight (68.2%) 

of wheat (Javed et al., 2018). Fatima et al. (2018) conducted a pot trial to observed the 

effect of five zinc solubilizing rhizobacterial isolates and noted that Bacillus sp. ZM20 

and Bacillus aryabhattai ZM31 significantly increased the root length, plant height, root 

fresh weight, shoot fresh weight, root dry weight, shoot dry weight, fruit fresh weight, 

fruit dry weight and number of fruits plant-1 of okra as compared to control. 

Gontia-Mishra et al. (2017) reported that zinc solubilizing Pseudomonas 

aeruginosa strain Zn 2, Ralstonia picketti strain Zn 3 and Klebsiella pneumonia Zn 8 

significantly improved the root length, shoot length, root dry weight and shoot dry weight 

of rice as compared to un-inoculated control. Khande et al. (2017) noted the significant 

improvement in seed yield of wheat and soybean due to the inoculation of Bacillus cereus 

strain KBY-1 and KMR-5. Zinc solubilizing Acinetobacter sp. and Serratia sp. along with 

zinc oxide and zinc sulfate improved the plant height, plant biomass and leaf area index 

of rice (Idayu et al., 2017a). Othman et al. (2017) reported that zinc solubilizing Serratia 

sp. strain TM9 and Acinetobacter sp. strain TM56 along with zinc phosphate and zinc 

oxide improved the plant height, plant biomass, root volume and root length of rice plants. 

Gandhi and Muralidharan (2016) noted the improvement in rice growth and yield in 

response of sole inoculation with Acinetobacter sp. strain AGM3 and AGM9. These 
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strains (AGM3 and AGM9) improved the plant height (up to 6.4 and 5.7%, respectively), 

1000 grains weight (up to 9.9 and 4.4%, respectively), grain yield (up to 26.5 and 20.5%, 

respectively) and straw yield (up to 47.9 and 39.9%, respectively) as compared to control.  

Shakeel et al. (2015) documented that sole inoculation with Bacillus sp. SH-10 

enhanced the panicle length, plant height, straw yield, grain yield and biological yield up 

to 11, 8.5, 12.7, 22 and 16.4%, respectively, in rice variety super basmati and 66, 31, 14, 

40.8 and 42%, respectively, in rice variety basmati-385. While sole inoculation with 

Bacillus cereus SH-17 enhanced the above stated parameters up to 6, 6.6, 12.2, 21 and 

16.2%, respectively, in rice variety super basmati and 18, 16, 13.5, 28.8 and 22.6%, 

respectively, in rice variety basmati-385 as compared to their respective control. The sole 

inoculation with Serratia liquefaciens strain FA-2, Bacillus thuringiensis strain FA-3 and 

Serratia marcescens strain FA-4 improved the grain spike-1 up to 18, 12 and 16%, 

respectively, grain yield up to 14, 11 and 14%, respectively, and biomass of wheat up to 

14.7, 12.6 and 7.3%, respectively, as compared to un-inoculated control (Abaid-Ullah et 

al., 2015). Hussain et al. (2015) noted the significant improvement in root length, shoot 

length, root fresh biomass, shoot fresh biomass, root dry biomass and shoot dry biomass 

due to the inoculation of Bacillus sp. AZ6. 

The sole inoculation with Bacillus aryabhattai strain MDSR7, MDSR11 and 

MDSR14 increased the root dry weight (66.7, 33.3, and 73.3%, respectively, in soybean 

and 80, 20, and 90%, respectively, in wheat), shoot dry weight (37.5, 17.2, and 45.3%, 

respectively, in soybean and 36.0, 9.4, and 42.0%, respectively, in wheat) and plant height 

(58, 33, and 67%, respectively, in soybean and 36, 9.4, and 42%, respectively, in wheat) 

as compared to their respective control (Ramesh et al., 2014). Vaid et al. (2014) 

documented that Acinetobacter strain AB and strain AX and Burkholderia strain BC 

increased the productive tillers plant-1, number of grains ear-1, 1000 grains weight and 

grain yield of wheat varieties WH 1021 and VL 804. These strains also improved the dry 

matter yield, productive tiller plant-1, number of grains panicle-1, total number of panicles, 

1000 grains weight, straw yield and grain yield of two varities of rice PD 16 and NDR 

359 (Vaid et al., 2013). 

Goteti et al. (2013) noted that inoculation with Zn solubilizing Bacillus spp. and 

Pseudomonas spp. increased the maize growth and significant improvement in shoot 

length, root volume, leaf area and total dry mass was observed by talc-based strain P29 

along with zinc sulfate. The sole inoculation with Acinetobacter haemolyticus strain RP19 
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significantly improved the fresh biomass (88%), root length (68%) and shoot length 

(75%) of pearl millet as compared to control (Misra et al., 2012). The inoculation with 

Bacillus megaterium var. phosphaticum along with inorganic fertilizer improved the total 

dry biomass, plant height and root length of sunflower (Amalraj et al., 2012). Van et al. 

(2000) reported that inoculation with Burkholderia vietnamiensis strain TVV75 

significantly improved the shoot weight (33%), root weight (57%), grains panicle-1 (11%) 

and grain yield (22%) of rice.  

In most of the cases, co-inoculation showed more improvement in plant growth 

and yield as compared to sole inoculation. In our study, half of the co-inoculation 

combinations showed more improvement than sole inoculation. The co-inoculation 

significantly enhanced the plant height (up to 15.3% in pot, 21.7% at site-I and 20.9% at 

site-II), root length (up to 22.7% in pot, 28% at site-I and 27% at site-II), root to shoot 

ratio (up to 6.4% in pot), shoot dry biomass (up to 22.7% in pot, 32.1% at site-I and 31.1% 

at site-II), root dry biomass (up to 23.8%, in pot, 43.4% at site-I and 42.3% at site-II), 

total dry biomass (up to 23.1% in pot, 35.7% at site-I and 34.8% at site-II), number of 

tillers per plant (up to 24.6% in pot, 31% at site-I and 29.8% at site-II), flag leaf length 

(up to 22.5% in pot, 25.1% at site-I and 23.7% at site-II), panicle length (up to 23.9% in 

pot, 28.2% at site-I and 27.3% at site-II), number of grains per panicle (up to 14.7% in 

pot, 20.4% at site-I and 19.5% at site-II), panicle weight (up to 19.7% in pot, 25.8% at 

site-I and 24.9% at site-II), grains weight (100 grains weight in pot and 1000 grains weight 

in field trials) (up to 25.8% in pot, 26.1% at site-I and 25.1% at site-II), grain yield (up to 

25.3% in pot, 18.7% at site-I and 18.4% at site-II) and straw yield (up to 22.2% in pot, 

30.4% at site-I and 28.9% at site-II) of rice as compared to control. The similar outcomes 

were also observed by Abaid-Ullah et al. (2015), Gandhi and Muralidharan (2016), 

Mumtaz et al. (2018), Navsare et al. (2018b) and Ahmad et al. (2019a). 

The co-inoculation with Bacillus aryabhattai strain S10 and Bacillus subtilis 

strain ZM63 improved the root length (up to 45%), plant height (up to 30%), shoot dry 

weight (up to 37%) and root dry weight (up to 122%) of maize. This combination also 

improved the root length (up to 22%), plant height (up to 62%), root dry weight (up to 

133%), shoot dry weight (up to 117%), number of grains plant-1 (up to 29%), number of 

pods (up to 86%), pod fresh weight (up to 46%) and pod dry weight (up to 75%) of mung 

bean (Ahmad et al., 2019a). The co-inoculation with Bacillus spp. strain ZM20 × Bacillus 

aryabhattai strain ZM31, Bacillus spp. strain ZM20 × Bacillus aryabhattai strain S10, 
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Bacillus spp. strain ZM20 × Bacillus subtilis strain ZM63, Bacillus aryabhattai strain 

ZM31 × Bacillus aryabhattai strain S10, Bacillus aryabhattai strain ZM31 × Bacillus 

subtilis strain ZM63 and Bacillus aryabhattai strain S10 × Bacillus subtilis strain ZM63 

also improved the maize plant height in the range of 16.5 to 32.1%, root length in the 

range of 13.3 to 67.1%, shoot dry weight in the range of 5.4 to 30.0%, root dry weight in 

the range of 6.0 to 35.7%, cob length in the range of 16.8 to 39.1%, cob row number in 

the range of 8.2 to 39.3%, 100 grain weight in the range of 4.8 to 29.0% and grain yield 

cob-1 in the range of 1.8 to 41.2% as compared to control (Mumtaz et al., 2018). Navsare 

et al. (2018b) reported that zinc solubilizing rhizobacteria along with Rhizobium and 

potassium solubilizing rhizobacteria improved the germination percentage, number of 

pods and nodules, dry matter and seed yield of mungbean.  

The co-inoculation with Acinetobacter sp. strain AGM3 and strain AGM9 along 

with ZnCO3 and ZnO significantly improved the number of grains panicle-1, plant height, 

1000 grains weight, grain yield and straw yield of rice as compared to un-inoculated 

control (Gandhi and Muralidharan, 2016). The improvement of 18% in grains spike-1, 

27% in grain yield and 15% in biomass of wheat due to the combined inoculation of 

Serratia liquefaciens strain FA2, Bacillus thuringiensis strain FA-3 and Serratia 

marcescens strain FA-4 was also reported by Abaid-Ullah et al. (2015). The co-

inoculation with Bacillus sp. SH-10 and Bacillus cereus SH-17 improved the plant height, 

panicle length, grain yield, straw yield and biological yield up to 14.8, 23, 30, 27.3 and 

28.7%, respectively, in rice variety super basmati and 34.9, 132, 42.5, 21.3 and 28.3%, 

respectively, in rice varirty basmati-385 as comapared to their respective un-inoculated 

control (Shakeel et al., 2015).  

Vaid et al. (2014) in their study checked the effect of co-inoculation of 

Acinetobacter strain AB and strain AX and Burkholderia strain BC in rice and noted that 

co-inoculation with AB+AX, AB+BC and AX+BC significantly increased the grains 

panicle-1 (up to 4.5, 8.4, and 12.8%, respectively), dry matter yield (up to 0.4, 3.9, and 

3.9%, respectively), 1000 grains weight (up to 8.4, 5.1, and 9.4%, respectively), grain 

yield (up to 7.9, 9.6, and 14.9%, respectively) and straw yield (up to 4.1, 6.3, and 19.7%, 

respectively) over un-inoculated control. These combinations also increased the grain 

yield, straw yield, 1000 grains weight, number of grains ear-1 and number of productive 

tillers in wheat varieties WH 1021 and VL 804 (Vaid et al., 2013). 
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5.10 Effect of sole and co-inoculation of ZSB on plant nutritional parameters 

 The essential nutritional elements are necessary for optimum growth, yield and 

quality of crop plants (Wang et al., 2013; Zorb et al., 2014; Ahmad et al., 2019a). The 

essential nutrients not only required for plants but also necessary for balance diet and 

good health of human beings (Roohani et al., 2013; Khalid et al., 2014). The deficiency 

of essential nutrients in plants also affects the human because plants are the main point of 

nutrient entrance in the food chain (Rouached, 2013). The nutrient improvement in cereal 

grains by the PGPR sole and co-inoculation is environmental friendly and very important 

in improving the crop quality and productivity, diseases resistance and also in reducing 

the environmental stresses (Nestel et al., 2006; Amalraj et al., 2012; Ahmad et al., 2013; 

El-Sayed et al., 2014; Nakbanpote et al., 2014). 

Plant growth promoting rhizobacteria produce the organic acids and siderophores 

that convert the insoluble or fixed forms of nutrients into the soluble forms of nutrients 

that plants can uptake and increase the concentration of nutrients in straw, roots and grains 

of plants. In our study, zinc solubilizing rhizobacterial inoculation and co-inoculation 

increased the concentration of N, P, K, Fe and Zn in grains, straw and roots in pot and 

field trials. The sole inoculation with ZSB strains significantly increased the concentration 

of N, P, K, Fe and Zn in grains (up to 21.1, 19.1, 22.5, 15.1 and 18.1%, respectively, in 

pot, 21.6, 23.2, 22.3, 23.2 and 22.6%, respectively, at site-I, and 21.1, 23.5, 22.8, 20.9 and 

22.3%, respectively, at site-II), straw (up to 19.9, 19.8, 22.7, 17.9 and 18.9%, respectively, 

in pot, 22.4, 21.9, 23.3, 19.5 and 18%, respectively, at site-I and 20.5, 21.4, 23.1, 18.3 and 

17.9%, respectively, at site-II) and roots (up to 18.7, 20.2, 19.9, 16.3 and 29.2%, 

respectively, in pot, 19.7, 21.1, 21.7, 17.4 and 28.9%, respectively, at site-I and 19.9, 20.2, 

20.9, 17.1 and 28.3%, respectively, at site-II ) of rice as compared to their respective 

control. The sole inoculation also improved the crude protein in rice grains up to 21.1% 

in pot trial, 21.6% at site-I and 26.8% at site-II. Our results of ZSB sole inoculation have 

been supported by previous work of many researchers (Fatima et al., 2018; Mumtaz et 

al., 2018; Ahmad et al., 2019a; Zaheer et al., 2019). 

The sole inoculation with Bacillus aryabhattai strain S10 and Bacillus subtilis 

strain ZM63 significantly enhanced the N, P, K and protein in the straw of maize. These 

strain also significantly improved the N, P, K and crude protein in the straw and grains of 

mung bean (Ahmad et al., 2019a). Zaheer et al. (2019) checked the effect of zinc 

solubilizing Pseudomonas sp. strain AZ5 and Bacillus sp. strain AZ17 on the uptake of P 
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and Zn in chickpea and reported that Bacillus sp. strain AZ17 maximum uptake the P 

(25.7%) while Pseudomonas sp. strain AZ5 maximum uptake the zinc (26.1%). The 

inoculation with Alcaligenes sp. strain AZ9 along with rock phosphate enriched compost, 

humic acid and biochar improved the N, P and K in rice grains (Hussain et al., 2019). 

Fatima et al. (2018) conducted a pot experiment to observe the effect of five zinc 

solubilizing isolates i.e. ZM19, ZM20, ZM27, ZM31 and ZM50 on N, P, K and protein 

content in okra and reported that Bacillus sp. strain ZM20 maximum increased the N 

(20.2%), P (65%), K (20%) and protein (20.1%) content in straw of okra. Zeb et al. (2018) 

reported that zinc solubilizing Bacillus sp. AZ6 alone and in combination with enriched 

compost and zinc oxide increased the mineral contents, crude protein and crude fibre in 

grains and zinc concentration in grains, shoots and roots of rice. Mumtaz et al. (2018) 

observed that inoculation with Bacillus spp. strain ZM20, Bacillus aryabhattai strain 

ZM31, Bacillus aryabhattai strain S10 and Bacillus subtilis strain ZM63 improved the N, 

P, K, Fe and Zn concentration in grains of maize. The inoculation with Bacillus strain H-

103 significantly improved the zinc content up to 57.7% in wheat grains (Javed et al., 

2018). 

Idayu et al. (2017a) observed that Acinetobacter sp. and Serratia sp. along with 

zinc oxide and zinc sulfate increased the uptake of zinc and its concentration in rice. The 

inoculation with Bacillus cereus strain BHKD-6 and KMR-5 and Bacillus anthracis strain 

DBU-1 significantly improved the zinc concentration in wheat and soybean seeds 

(Khande et al., 2017). The inoculation with Bacillus sp. AZ6 increased the zinc content 

up to 30.8, 42 and 14.3% in grains, shoots and roots of rice (Nazir et al., 2016). Naz et al. 

(2016) documented that sole inoculation with Azospirillum, Pseudomonas and Rhizobium 

along with inorganic fertilizers enhanced the zinc content in grains, straw, roots and flag 

leaves of wheat. Abaid-Ullah et al. (2015) observed the effect of Serratia marcescens 

strain FA-4 on zinc content in grains of four wheat cultivars and reported that inoculation 

improved the zinc contents up to 31.1, 41.1, 46 and 39.9% in inqlab-91, SH-2002, 

Chakwal-50 and Lasani-08, respectively, as compared to their respective control. Shakeel 

et al. (2015) reported that sole inoculation with Bacillus sp. strain SH-10 and Bacillus 

cereus strain SH-17 improved the zinc content in rice varieties i.e. basmati-385 and super 

basmati. 

The inoculation with zinc solubilizing Bacillus aryabhattai strains MDSR7, 

MDSR11 and MDSR14 improved the zinc concentration in roots (up to 19.5, 20.5, and 
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48.7%, respectively), shoots (up to 52.7, 24.5, and 36.2%, respectively) and grains (up to 

19.5, 20.5, and 48.7%, respectively) of wheat. The inoculation with these strains also 

showed the zinc improvement of 34.5, 5.5, and 28%, respectively, in roots, 17.1, 4.4, and 

21.4%, respectively, in shoots and 28.8, 6.6, and 37.5%, respectively in grains of soybean 

(Ramesh et al., 2014). Lucas et al. (2014) observed the improvement in grain zinc content 

of rice due to the inoculation of zinc solubilizing bacteria. Vaid et al. (2014) reported that 

Acinetobacter strain AB and strain AX and Burkholderia strain BC enhanced the zinc 

uptake in grains and straw of rice varieties PD 16 and NDR 359. These strains also 

increased the zinc concentration in grains and straw of wheat varieties WH 1021 and VL 

804 (Vaid et al., 2013). Goteti et al. (2013) observed the macro and micronutrients uptake 

by five zinc solubilizing strains belong to genra Bacillus and Pseudomonas and reported 

that inoculation of Pseudomonas sp. strain P29 maximum increased the uptake of N 

(58.8%), K (25%) and Zn (75.8%) in maize. While maximum uptake of P (55.6%) and Fe 

(46.7%) was noted by inoculation of Bacillus sp. strain B40 and Pseudomonas sp. strain 

P21.  

The inoculation with Bacillus amyloliquefaciens strain KHBAR-1, Bacillus 

cereus strain ATCC 13061, Bacillus firmus strain KHBD-6 and Bacillus sp. strain BDN-

5 improved the assimilation of zinc in soybean seeds in the range of 48.2 to 57.3 μg g-1 

(Sharma et al., 2012a). The inoculation with Bacillus megaterium var. phosphaticum 

along with inorganic fertilizers improved the uptake of N, P, K, Mn, Fe and Zn in 

sunflower (Amalraj et al., 2012). Dursun et al. (2010) documented that foliar application 

of Pantoea agglomerans strain FF improved N, P, K, Mg, Ca, Fe, Zn, Cu and Mn in 

cucumber. Mader et al. (2010) and Roesti et al. (2006) reported that Pseudomonas 

synxantha strain HHRE81 (R81) and Pseudomonas jessenii strain LHRE62 (R62) 

improved the accumulation of Zn in grains of black gram and wheat. 

  Co-inoculation with zinc solubilizing strains showed more increase in 

concentration of N, P, K, Fe and Zn in grains (up to 25.8, 30.1, 29.1, 18.5 and 26.8%, 

respectively, in pot, 28.2, 31.6, 31.2, 28.5 and 29.9%, respectively, at site-I and 26.8, 30.4, 

29.9, 27.1 and 28.9%, respectively, at site-II), straw (up to 25.2, 28.4, 31.4, 23.2 and 

25.4%, respectively, in pot, 27.6, 30.1, 32.1, 24.2 and 27.9%, respectively, at site-I and 

26.3, 29.8, 31.7, 23.4 and 25.6%, respectively, at site-II) and roots (up to 26.6, 28.2, 27.8, 

20.6 and 36.7%, respectively, in pot, 27.7, 29.2, 29.2, 21.7 and 37.7%, respectively, at 

site-I and 26.9, 28.6, 28.8, 21.2 and 36.8%, respectively, at site-II) of rice. The co-
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inoculation with ZSB strains also improved the crude protein in rice grains up to 25.8, 

28.2 and 26.8% in pot trial, field trial-I and field trial-II, respectively. The results of our 

study as co-inoculation improved the macro and micronutrients in grains, straw and roots 

have been supported by previous studies of many researchers (Abaid-Ullah et al., 2015; 

Mumtaz et al., 2018; Navsare et al., 2018b; Ahmad et al., 2019a). 

 The co-inoculation with Bacillus aryabhattai strain S10 and Bacillus subtilis 

strain ZM63 improved the 18% N, 58% P, 43% K and 19% protein in maize shoots as 

compared to control. This combination also significantly improved the N, P, K and protein 

in shoots (up to 142, 90, 71 and 143%, respectively) and grains (96, 97, 32 and 96%, 

respectively) of mung bean (Ahmad et al., 2019a). Navsare et al. (2018b) reported that 

zinc solubilizing rhizobacteria in combination with potassium solubilizing rhizobacteria 

and Rhizobium improved the protein content in mung bean. The co-inoculation with 

Bacillus spp. strain ZM20 × Bacillus aryabhattai strain ZM31, Bacillus spp. strain ZM20 

× Bacillus aryabhattai strain S10, Bacillus spp. strain ZM20 × Bacillus subtilis strain 

ZM63, Bacillus aryabhattai strain ZM31 × Bacillus aryabhattai strain S10, Bacillus 

aryabhattai strain ZM31 × Bacillus subtilis strain ZM63 and Bacillus aryabhattai strain 

S10 × Bacillus subtilis strain ZM63 improved the concentration of N in the range of 3.1 

to 170.9%, P in the range of 2.8 to 48.1%, K in the range of 0.3 to 40.5%, Fe in the range 

of 4.9 to 26.5% and Zn in the range of 0.6 to 27.6% in the grains of maize (Mumtaz et al., 

2018) 

The combined inoculation with Serratia liquefaciens strain FA-2, Bacillus 

thuringiensis strain FA-3 and Serratia marcescens strain FA-4 improved the zinc content 

in grains of inqlab-91 (up to 79.2%), SH-2002 (up to 64.1%), Chakwal-50 (64%) and 

Lasani-08 (up to 80.5%) varieties of wheat (Abaid-Ullah et al., 2015). Khalid et al. (2015) 

observed that siderophores producing rhizobacterial strains significantly improved the 

iron concentration (up to 81%) in grains of chickpea. The co-inoculation with Bacillus sp. 

strain SH-10 and Bacillus cereus strain SH-17 significantly improved the zinc content in 

grains of super basmati and basmati-385 rice varieties (Shakeel et al., 2015). The co-

inoculation with Acinetobacter sp. strain AX and Burkholderia sp. strain BC significantly 

improved the zinc concentration in grains of rice genotypes PD16 (up to 50.5%) and 

NDR359 (up to 66.7%) as compared to their respective control (Vaid et al., 2014). Kumar 

et al. (2014) documented that combined inoculation with Arthrobacter chlorophenolicus, 

Bacillus megaterium, and Enterobacter improved the accumulation of N, P and K in 
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grains of wheat. The combination of these strains also improved the micronutrients in the 

range of 58.5-104% as compared to control. 

The inoculation with Azospirillum, Bacillus and Pseudomonas strains increased 

the iron concentration in dehusked grains of rice (Sharma et al., 2013b). The inoculation 

with PGPR strains increased the concentration of Zn, Fe, Cu3+, Co3+ and Cr3+ in roots (up 

to 91, 53, 68, 78 and 83%, respectively) and shoots (up to 64, 88, 86, 60 and 91%, 

respectively) of maize (Ullah et al., 2013). The combined use of Acinetobacter strain AB 

and strain AX and Burkholderia strain BC enhanced the zinc contents in grains and straw 

of two wheat varieties VL 804 and WH 1021 (Vaid et al., 2013). The co-inoculation with 

Bacillus sp. strain AW1 and Brevundimonas sp. strain AW7 increased the P up to two-

fold and N up to 66.7% in wheat (Rana et al., 2012). Wani et al. (2007) documented that 

inoculation with Bacillus and Pseudomonas strains improved the accumulation of N and 

P in grains of chickpea. 

5.11 Future directions 

 Zinc solubilizing rhizobacterial inoculation is considered more sustainable 

approach in agricultural production. These rhizobacterial strains solubilize the insoluble 

zinc into its soluble forms and make it available for plants. These microorganisms not 

only solubilize the zinc but also solubilize the other nutrients and produce the 

siderophores, phytohormones, exopolysaccharides, HCN, ammonia and enzymes that 

play important role in improving the growth, quality and productivity of plants. Although, 

rhizobacterial inoculation improve the plant growth, quality and productivity but still 

some aspects needed to further investigate. Therefore, further study is needed to: 

 Find out the ZSB interaction with other soil microflora and microfauna. 

 Find out their survival under normal and stressed environmental conditions as 

alone and in relationship with other microorganisms. 

 Find out their impact on rhizosphere composition and physical, chemical and 

biological properties of soil. 

 Find out their impact on different rice varieties and different agriculatural 

practices. 

 Find out their optimum population to solubilize the different insoluble zinc 

compounds. 
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 Find out the minimum and maximum concentration of different insoluble zinc 

compounds that ZSB can solubilize and tolerate and promote plant growth, quality 

and productivity under normal and stressed environmental conditions. 

 Find out the genes having antagonistic properties and their transfer to plants. 

 Find out the suitable carrier material that carry the microbes for long time and can 

easily transferable without contaminations. 

 Find out the mechanisms other than organic acids production, to solubilize the 

insoluble zinc. 

 Find out the sequence of their genome. 

 Development of multi strains biofertilizers by using these ZSB strains to improve 

the growth, quality and productivity of rice and other cereals under normal and 

stressed environmental conditions. 
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SUMMARY 

  

The human population of the world is increasing on alarming rates especially in 

developing countries. In these countries, the main source of daily calorie intake is cereal 

grains that have low quantity of essential nutrients leading towards the malnutrition and 

under nutrition. Zinc is an important micronutrient and essential for all living organisms 

exist on earth. Its deficiency cause various disorders in plants as well as in human beings. 

World health organization considered that zinc is the fifth most important factor of disease 

and deaths in the developing countries. In Pakistan, seventy percent agricultural soils are 

deficient in zinc that results in deficiency of zinc in agricultural produce and ultimately 

in human beings. Rice is the most important cereal and stable food of more than three 

billion people in the world. Almost fifty percent rice crop faces the problem of zinc 

deficiency in the world. Therefore, it is the need of era to enhance the zinc concentration 

in rice grains. Different strategies are being used to solve the problem of zinc deficiency 

so that more zinc become available to crop plants. The best strategy to overcome the 

problem of zinc deficieny is the use of zinc solubilizing rhizobacteria (ZSB): specific 

group of bacteria that have the potential to solubilize the fixed or insoluble zinc present 

in the soil and make it available for plants. A series of experiments were performed to 

isolate, screen and evaluate the potential of zinc solubilizing rhizobacterial strains for 

improving the rice growth, yield and quality. These experiments with their results are 

summarized below: 

1. Seventy five rhizobacterial isolates were isolated from rhizospheric soil of rice 

grown at different location of district Bahawalpur, Punjab, Pakistan, by using 

modified DF minimal medium. These isolates were purified and preserved in 

glycerol at low temperature for further experiments 

2. The rhizobacterial isolates were screened on the basis of zinc solubilizing assay. 

The results of this assay showed that out of total, only twenty four isolates were 

solubilized the insoluble zinc compound by making the clear halo zone around the 

bacterial colonies in agar plates. The diameters of the halo zones and colonies 

were measured and calculated the zinc solubilization area, zinc solubilization 

efficiency and zinc solubilization index. These twenty four isolates were grown in 

broth to measure the solubilized zinc amount and reduction in pH of broth. Isolates 

AN30 and AN31 showed the maximum values for all these measured parameters. 
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3. Zinc solubilizing rhizobacterial isolates were tested for exopolysaccharides 

production. All the tested isolates except AN38, AN43, AN44, AN51, AN66 and 

AN69 showed the mucoid growth on agar plates and were considered as positive 

for exopolysaccharides production. 

4. Exopolysaccharides producing rhizobacterial isolates were tested for the 

production of indole-3-acetic acid. All the tested isolates had ability to produce 

the indole-3-acetic acid but their quantity was different in the absence and 

presence of L-tryptophan. The maximum indole-3-acetic acid produced by the 

isolate AN24, followed by AN35 both in the absence and presence of L-

tryptophan. 

5. The top fifteen auxin producing ZSB isolates were further screen in jar trial. The 

results of jar trial showed that: 

a. Inoculation of zinc solubilizing isolates improved the germination percentage 

as compared to control. Isolates AN24, AN30, AN31, AN35 and AN75 

showed 100% germination at day 7 of sowing. 

b. Inoculation of zinc solubilizing rhizobacterial isolates AN24, AN35, AN30 

and AN31 showed maximum improvement in shoot length, shoot fresh and 

dry biomass as compared to un-inoculated control. 

c. The maximum increase in root length, root fresh and dry biomass was noted 

by inoculation of rhizobacterial isolate AN24, followed by AN35, AN31 and 

AN30. 

d. The maximum improvement in root to shoot ratio of rice seedlings showed by 

isolate AN31, followed by AN55 and AN71. 

e. Tissue water content of rice seedlings were maximum improved by isolate 

AN20, followed by AN19 and AN8. 

f. The inoculation of zinc solubilizing isolates improved the bacterial population 

in inoculated jars as compared to control. Maximum improvement was noted 

by isolate AN24, followed by AN35, AN31 and AN30. 

g. Root colonization was maximum improved by the inoculation of zinc 

solubilizing rhizobacterial isolates AN24 followed by AN35, AN31 and 

AN30. 

6. The top ten rhizobacterial isolates performing best in first jar trial were selected 

for compatibility assay. Results of the compatibility assay showed that less than 

half co-inoculation combinations were compatible with each other. 
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7. The fifteen combatible co-inoculation combinations were selected and further 

screened in second jar trial to select the three best combinations. The results of 

second jar trial are summarized below: 

a. All the rhizobacterial combinations were improved the germination 

percentage of rice seedlings. However, combinations AN24-AN31, AN24-

AN35, AN30-AN31 and AN30-AN35 showed 100% germination at day 7 of 

sowing. 

b. The maximum improvement in shoot length, shoot fresh and dry biomass was 

measured by the inoculation of bacterial combination AN24-AN31, followed 

by AN30-AN35, AN30-AN31 and AN24-AN35. 

c. Root length, root fresh and dry biomass of rice seedlings were maximum 

improved by the co-inoculation of AN30-AN35, followed by AN24-AN31 

and AN30-AN31. 

d. Maximum root to shoot ratio was calculated when rice seeds were inoculated 

with rhizobacterial combination AN20-AN30. 

e. The highest value of tissue water content was noted by combination AN20-

AN24, followed by AN20-AN35 and AN15-AN30. 

f. The bacterial combinations AN30-AN35, AN24-AN31 and AN30-AN31 

showed maximum improvement in bacterial population as compared to other 

treatments. 

g. Zinc solubilizing rhizobacterial co-inoculation improved the root colonization. 

Maximum root colonization was noted by the combination AN30-AN35, 

followed by AN24-AN31 and AN30-AN31. 

8. The three combinations AN24-AN31, AN30-AN31 and AN30-AN35 performed 

best in second jar trial and selected for further study. These three combinations 

have four isolates and were identified and characterized for other plant growth 

promoting abilities. 

9. The four selected zinc solubilizing rhizobacterial isolates (AN24, AN30, AN31 

and AN35) were identified and blastN analysis of the 16S rRNA amplicon showed 

the 98, 93, 94, and 96% similarities of strains AN24, AN30, AN31, and AN35 

with their respective Bacillus strains. The identified strains are Bacillus 

megaterium strain AN24, Bacillus aryabhattai strain AN30, Bacillus megaterium 

strain AN31 and Bacillus megaterium strain AN35. The resulted sequences were 
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deposited in GenBank database under the accession numbers MN005926, 

MN005927, MN005928 and MN005929, respectively. 

10. The identified zinc solubilizing rhizobacterial strains were characterized for 

different biochemical attributes. The strains were grown on DF minimal medium 

and were found as off-white in color, circular in colony shape, smooth in colony 

surface, opaque in colony transparency and flat in colony elevation. All the strains 

were gram positive and showed the negative result for oxidase activity. The tested 

strains were positive for the production of siderophores, ammonia, catalase, 

chitinase, and protease, and starch hydrolysis. Except Bacillus aryabhattai strain 

AN30, no one was positive for urease, lipase, cellulase and hydrogen cyanide 

production. All the four strains solubilized the insoluble tri-calcium phosphate by 

making the clear halo zone around the colonies in plate assay. The diameters of 

colonies and halo zones were measured and calculated the phosphate solbilization 

area, phosphate solubilization efficiency and phosphate solubilization index. 

These strains in qualitative assay solubilized the phosphate and reduced the pH of 

the broth.  

11. The organic acids extracted by methanol were analyzed by HPLC. Results 

indicated that the chromatogram of rhizobacterial metabolites showed different 

patterns and various peaks. All the strains produced the citric acid, pyruvic acid, 

oxalic acid and quercetin. Succinic acid and Malonic acid were only identified in 

the metabolites of Bacillus megaterium strain AN24 while fumaric acid were 

present only in the metabolites of Bacillus megaterium strain AN31 and Bacillus 

megaterium strain AN35. Expect Bacillus aryabhattai strain AN30, no single 

strain produced the gallic acid.  

12. The minimum inhibitory concentration of zinc was observed by growing the zinc 

solubilizing rhizobacterial strains on agar plates amended with four different 

concentrations of zinc i.e. 0.10, 0.15, 0.20 and 0.25%. The rhizobacterial 

efficiency to solubilize the insoluble zinc become decrease with increase the 

concentration of zinc in agar plates. The rhizobacterial strains showed maximum 

growth at 0.10% zinc concentration that was not toxic or stressed free while zinc 

concentration at 0.25% was relatively toxic and less growth was observed at this 

zinc level. Bacillus megaterium strain AN31 showed maximum colony and halo 

zone diameters, zinc solubilization area, efficiency and index at all zinc levels. 
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13. The seleced four strains in sole (AN24, AN30, AN31 and AN35) as well as in all 

possible co-inoculation combinations (AN24-AN30, AN24-AN31, AN24-AN35, 

AN30-AN31, AN30-AN35 and AN31-AN35) were tested for plant growth 

promotion in pot as well as in field trials. 

14. Rice seeds of variety PK 386 were sown for nursery and after thirty days of 

sowing, seedlings were ready to harvest and transplantation. 

15. For the evaluation of growth promotion abilities of rhizobacterial strains, one pot 

trial was conducted in the wire house of Department of Soil Science, Faculty of 

Agriculture and Environment, The Islamia University of Bahawalpur, Punjan, 

Pakistan. The harvested seedlings were inoculated and co-inoculated by dipping 

in their respective inocula and then transplanted in pots. For un-inoculated control, 

seedlings were transplanted without dipping in inoculam. The results of pot trial 

were further evaluated by field trials and observed that results of pot trial were 

supported by the results of field trials that conducted at the research area of Faculty 

of Agriculture and Environment, The Islamia University of Bahawalpur, Punjab, 

Pakistan. The results of pot and field trials indicated that combinations AN24-

AN31, AN30-AN31 and AN30-AN35 showed maximum improvement in all the 

measured parameters. The results of pot and field trials are briefly described 

below: 

a. Maximum concentrations of total nitrogen, available phosphorous, extractable 

potassium, DTPA-iron and DTPA-zinc in soils of pot and field trials were noted 

by the inoculation of combination Bacillus megaterium strain AN24 along with 

Bacillus megaterium strain AN31. 

b. Sole and co-inoculation with rhizobacterial strains improved the bacterial 

population in soil. It was 31.8% more in pot trial, and 33.9, and 32.8% more in 

field trial I and II, respectively, as compared to their respective un-inoculated 

control. 

c. The improvement in SPAD value due to the sole and co-inoculation treatments 

was ranged from 7.7 to 22.7% in pot trial, from 13.4 to 30.8% in field trial I and 

12.3 to 27.4% in field trial II as compared to their respective control. 

d. Relative water content was improved up to 28% in pot trial, 31.9% in field trial I 

and 29.3% in field trial II by the co-inoculation of Bacillus megaterium strain 

AN24 along with Bacillus megaterium strain AN31 and up to 20% in pot trial, 
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23.9% in field trial I and 21.4% in field trial II by the sole inoculation of Bacillus 

megaterium strain AN24. 

e. Sole and co-inoculation with zinc solubilizing strains improved the enzymes 

activities in rice leaves. Sole inoculation improved the SOD, POD, CAT and APX 

activities up to 59.4, 17.3, 8.8 and 83% in pot trial, and 55.8, 18.9, 10.4 and 94.3% 

in field trial I and 49.9, 17.9, 9.5 and 87% in field trial II. Co-inoculation improved 

the SOD, POD, CAT and APX activities up to 89.9, 28.8, 11.8 and 113.71 in pot 

trial, and 89.4, 30.5, 13.4, 125.4% in field trial I and 85, 29.5, 13.5 and 116.1% in 

field trial II as compared to their respected un-inoculated control. 

f. The sole inoculation with Bacillus megaterium strain AN24 and co-inoculation of 

Bacillus megaterium strain AN24 along with Bacillus megaterium strain AN31 

maximum improved the root length, plant height, root to shoot ratio, root dry 

biomass, shoot dry biomass and total dry biomass of rice. 

g. The improvement in number of tillers plant-1, panicle length, flag leaf length, 

number of grains panicle-1, panicle weight, 100 (pot) and 1000 (field) grains 

weight was observed by sole and co-inoculation of zinc solubilizing strains.  

h. Sole and co-inoculation improved the grain and straw yield of rice. Sole 

inoculation improved the grain and straw yield up to 17.9 and 15.9% in pot trial, 

17 and 23.3% in field trial I and 15.9 and 22.2% in field trial II. Co-inoculation 

improved the grain and straw yield up to 25.3 and 22.2% in pot trial, 18.7 and 

35.8% in field trial I and 18.4 and 33.9% in field trial II as compared to their 

respective control. 

i. Sole and co-inoculation with zinc solubilizing strains also improved the paddy 

length, paddy width, grain length and grain width in pot and field trials as 

compared to their respective control. 

j. Zinc solubilizing strains improved the N, P, K, Fe and Zn in the grains, straw and 

roots of rice in pot and field trials. In pot trial, sole inoculation improved the N, P, 

K, Fe and Zn up to 21.1, 19.1, 22.5, 15.1 and 18.1%, respectively, in grains, 19.9, 

19.8, 22.7, 17.9 and 18.9%, respectively, in straw and 18.7, 20.2, 19.9, 16.3 and 

29.2%, respectively, in roots. While co-inoculation improved the N, P, K, Fe and 

Zn up to 25.8, 30.1, 29.1, 18.5 and 26.8%, respectively, in grains, 25.2, 28.4, 31.4, 

23.2 and 25.4%, respectively, in straw and 26.6, 28.2, 27.8, 20.6 and 36.7%, 

respectively, in roots. In field trials, sole inoculation improved the N, P, K, Fe and 

Zn in grains (up to 21.6, 23.2, 22.3, 23.2 and 22.6%, respectively, at site-I and 



264 
 

21.1, 23.5, 22.8, 20.9 and 22.3%, respectively, at site-II), straw (up to 22.4, 21.9, 

23.3, 19.5 and 18%, respectively, at site-I and 20.5, 21.4, 23.1, 18.3 and 17.9%, 

respectively, at site-II) and roots (up to 19.7, 21.1, 21.7, 17.4 and 28.9%, 

respectively, at site-I and 19.9, 20.2, 20.9, 17.1 and 28.3%, respectively, at site-

II). The co-inoculation improved the N, P, K, Fe and Zn in grains (up to 28.2, 31.6, 

31.2, 28.5 and 29.9%, respectively, at site-I and 26.8, 30.4, 29.9, 27.1 and 28.9%, 

respectively, at site-II), straw (up to 27.6, 30.1, 32.1, 24.2 and 27.9%, respectively, 

at site-I and 26.3, 29.8, 31.7, 23.4 and 25.6%, respectively, at site-II) and roots (up 

to 27.7, 29.2, 29.2, 21.7 and 37.7%, respectively, at site-I and 26.9, 28.6, 28.8, 

21.2 and 36.8%, respectively, at site-II).  

k. Crude protein in the grains of rice become improved when rice seedlings were 

inoculated and co-inoculated with zinc solubilizing rhizobacterial strains. Co-

inoculation improved the crude protein in grains up to 25.8% (pot trial), 28.2% 

(field trial I) and 26.8% (field trial II). While sole inoculation improved the crude 

protein in grains up to 21.1% (pot trial), 21.6% (field trial I) and 21.1% (field trial 

II) as compared to their respective control. 

On overall basis, sole and co-inoculation with zinc solubilizing rhizobacterial 

strains improved the growth, yield and quality of rice. However, co-inoculation 

combinations Bacillus megaterium strain AN24 along with Bacillus megaterium strain 

AN31, Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN31 

and Bacillus aryabhattai strain AN30 along with Bacillus megaterium strain AN35 were 

more effective in improving the physiology, growth, yield and quality of rice as compared 

to other sole and co-inoculation treatments. These strains improved the plant growth due 

to their multiple plant growth promoting traits like production of exopolysaccharides, 

indole-3-acetic acid, enzymes, siderophores, ammonia and hydrogen cyanide, starch 

hydrolysis and phosphate solubilization. These strains produced the pyruvic acid, malonic 

acid, citric acid, succinic acid, fumaric acid, oxalic acid, gallic acid and quercetin that 

were important in solubilizing the insoluble zinc. These strains also showed growth in 

harsh or toxic environment and solubilized the insoluble zinc. These multi traits strains 

could be very effective bio-inoculants in improving the physiology, growth, yield and 

quality of rice under normal as well as in stressed environmental conditions. 
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APPENDICES 

Appendix-1: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on total nitrogen, available phosphorous and extractable 

potassium in soil under pot trial 

ZSB inoculation/ 

co-inoculation 

Total nitrogen 

(%) 

Available 

phosphorous (mg 

kg-1) 

Extractable 

potassium (mg kg-1) 

Control 0.0213 g 10.93 h 58.00 h 

AN24 0.0261 a-d 13.97 bc 70.00 def 

AN30 0.0255 de 13.86 cd 71.50 cde 

AN31 0.0257 cde 13.74 d 72.50 bcd 

AN35 0.0259 bcd 13.44 e 68.75 efg 

AN24-AN30 0.0243 f 13.23 ef 66.75 fg 

AN24-AN31 0.0270 a 14.28 a 76.00 a 

AN24-AN35 0.0239 f 13.10 fg 65.75 g 

AN30-AN31 0.0268 ab 14.14 ab 75.00 ab 

AN30-AN35 0.0266 abc 14.21 a 73.75 abc 

AN31-AN35 0.0248 ef 12.90 g 68.00 fg 

LSD value   0.0010 0.2234 3.3692 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-2: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on DTPA-iron, DTPA-zinc and bacterial population in soil 

under pot trial 

ZSB inoculation/ 

co-inoculation 

DTPA-iron (mg 

kg-1) 

DTPA-zinc (mg 

kg-1) 

Bacterial population 

(× 104 cfu/ g) 

Control 4.57 i 0.69 h 31.50 f 

AN24 4.99 de 0.77 cd 38.00 bc 

AN30 5.03 d 0.77 cd 36.00 cd 

AN31 5.08 c 0.78 bc 36.00 cd 

AN35 4.94 e 0.76 de 37.00 bc 

AN24-AN30 4.78 h 0.73 fg 33.25 ef 

AN24-AN31 5.26 a 0.81 a 41.50 a 

AN24-AN35 4.83 g 0.72 g 33.50 ef 

AN30-AN31 5.22 a 0.80 a 40.50 a 

AN30-AN35 5.16 b 0.79 ab 39.25 ab 

AN31-AN35 4.88 f 0.74 ef 34.50 de 

LSD value   0.0464 0.0151 2.3021 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-3: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on SPAD value, relative water content and superoxide 

dismutase activity in rice leaves under pot trial  

ZSB inoculation/ 

co-inoculation 

SPAD value Relative water 

content (%) 

Superoxide 

dismutase activity 

(U/ mg FW) 

Control 28.70 h 57.70 j 8.13 h 

AN24 33.30 cd 69.25 d 12.95 bc 

AN30 31.68 efg 65.28 fg 11.38 de 

AN31 32.33 def 66.43 f 11.90 d 

AN35 32.70 de 68.08 e 12.30 cd 

AN24-AN30 31.05 g 63.48 hi 10.13 fg 

AN24-AN31 35.20 a 73.88 a 15.43 a 

AN24-AN35 30.90 g 63.00 i 9.48 g 

AN30-AN31 34.45 ab 72.63 b 14.55 a 

AN30-AN35 33.98 bc 70.58 c 13.40 b 

AN31-AN35 31.35 fg 64.60 gh 10.75 ef 

LSD value   1.0705 1.1591 0.9326 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-4: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on peroxidase dismutase activity, catalase activity and 

ascorbate peroxidase activity in rice leaves under pot trial  

ZSB inoculation/ 

co-inoculation 

Peroxidase 

dismutase activity 

(U/ mg FW) 

Catalase activity 

(U/ mg FW) 

Ascorbate 

peroxidase activity 

(U/ mg protein) 

Control 21.45 h 5.80 j 2.30 k 

AN24 25.15 cd 6.31 cd 4.21 d  

AN30 23.53 fg 6.17 fg 3.57 g  

AN31 24.03 ef 6.22 ef 3.83 f 

AN35 24.70 de 6.27 de 4.06 e 

AN24-AN30 23.13 g 6.05 hi 3.08 i 

AN24-AN31 27.63 a 6.48 a 4.91 a 

AN24-AN35 22.80 g 5.98 i 2.83 j 

AN30-AN31 26.70 b 6.42 ab 4.68 b 

AN30-AN35 25.75 c 6.36 bc 4.43 c 

AN31-AN35 23.38 fg 6.12 gh 3.31 h 

LSD value   0.8294 0.0746 0.0779 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-5: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on plant height, root length and root/ shoot ratio of rice under 

pot trial 

ZSB inoculation/ 

co-inoculation 

Plant height (cm) Root length (cm) Root/ shoot ratio 

Control 96.3 g 29.0 f 0.3015 d 

AN24 108.0 abc 33.5 a-d 0.3098 bcd 

AN30 104.8 c-f 32.5 cde 0.3102 bcd 

AN31 106.0 b-e 32.1 cde 0.3023 d 

AN35 107.0 a-d 33.1 b-e 0.3090 bcd 

AN24-AN30 102.5 ef 31.0 ef 0.3021 d 

AN24-AN31 111.0 a 35.6 a 0.3209 a 

AN24-AN35 101.3 f 31.3 e 0.3091 bcd 

AN30-AN31 110.0 ab 34.9ab 0.3166 ab 

AN30-AN35 108.8 abc 34.0 abc 0.3122 abc 

AN31-AN35 103.8 def 31.6 de 0.3044 cd 

LSD value   4.2110 2.1723 0.0095 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-6: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on shoot dry biomass, root dry biomass and total dry biomass 

of rice under pot trial  

ZSB inoculation/ 

co-inoculation 

Shoot dry biomass 

(g/ pot) 

Root dry biomass 

(g/ pot) 

Total dry biomass 

(g/ pot) 

Control 29.15 g 14.97 h 44.11 g 

AN24 34.46 bcd 17.50 bc 51.96 bcd 

AN30 32.68 def 16.77 def 49.44 def 

AN31 33.36 c-f 17.05 cde 50.40 c-f 

AN35 33.89 cde 17.29 bcd 51.18 cde 

AN24-AN30 31.63 f 16.31 fg 47.94 f 

AN24-AN31 36.77 a 18.52 a 55.29 a 

AN24-AN35 32.04 ef 16.05 g 48.09 f 

AN30-AN31 36.07 ab 18.20 a 54.27 ab 

AN30-AN35 35.02 abc 17.85 ab 52.86 abc 

AN31-AN35 32.33 ef 16.52 efg 48.86 ef 

LSD value   2.1267 0.6944 2.7637 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-7: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on number to tillers per plant, flag leaf length and panicle 

length of rice under pot trial  

ZSB inoculation/ 

co-inoculation 

Number of tillers 

plant-1 

Flag leaf length 

(cm) 

Panicle length 

(cm) 

Control 14.25 e 18.53 g 17.63 g  

AN24 16.50 a-d 21.33 bcd 20.44 bcd 

AN30 15.75 b-e  20.33 def 19.43 def 

AN31 16.00 bcd 20.63 c-f 19.74 c-f 

AN35 16.25 a-d 21.00 b-e 20.11 cde 

AN24-AN30 15.00 de 19.93 ef 18.88 f 

AN24-AN31 17.75 a 22.70 a 21.84 a 

AN24-AN35 15.25 cde 19.73 f 18.68 fg 

AN30-AN31 17.25 ab 22.13 ab 21.40 ab 

AN30-AN35 16.75 abc 21.65 abc 20.76 abc 

AN31-AN35 15.50 cde 20.15 def 19.26 ef 

LSD value   1.5285 1.1877 1.0899 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-8: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on number of grains panicle per pot, panicle weight per pot 

and 100 grains weight of rice under pot trial  

ZSB inoculation/ 

co-inoculation 

Number of grains 

panicle-1 

Panicle weight pot-1 100 grains weight 

(g) 

Control 129.3 h 18.37 i 2.10 i 

AN24 140.8 cd 21.23 c 2.48 cd  

AN30 137.5 d-g 20.60 e  2.33 fg  

AN31 138.8 def 20.84 d 2.37 ef 

AN35 149.5 de 20.92 d 2.44 de  

AN24-AN30 135.8 fg 19.97 g 2.26 gh 

AN24-AN31 148.3 a 21.99 a 2.65 a 

AN24-AN35 135.0 g 19.71 h 2.24 h 

AN30-AN31 145.5 ab 21.76 b 2.59 ab 

AN30-AN35 143.5 bc 21.39 c 2.53 bc 

AN31-AN35 136.5 efg 20.36 f 2.28 fgh 

LSD value   3.2532 0.1863 0.0948 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-9: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on grain yield, straw yield and paddy length of rice under pot 

trial  

ZSB inoculation/ 

co-inoculation 

Grain yield (g pot-1) Straw yield (g pot-1) Paddy length 

(mm) 

Control 10.37 k 53.23 e 9.54 i 

AN24 12.23 d 61.70 a-d 9.61 bcd 

AN30 11.62 g 59.33 cd 9.58 ef 

AN31 11.84 f 60.06 bcd 9.59 de 

AN35 12.04 e 61.07 a-d 9.60 cd 

AN24-AN30 11.20 i 57.75 de 9.56 gh 

AN24-AN31 12.99 a 65.06 a 9.63 a 

AN24-AN35 11.03 j 57.75 de 9.55 hi 

AN30-AN31 12.72 b 63.94 ab 9.62 ab 

AN30-AN35 12.49 c 62.89 abc 9.62 abc 

AN31-AN35 11.36 h 58.56 cd 9.57 fg 

LSD value   0.1159 4.6005 0.0165 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-10: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on paddy width, grain length and grain width of rice under pot 

trial  

ZSB inoculation/ 

co-inoculation 

Paddy width (mm) Grain length (mm) Grain width (mm) 

Control 1.95 h 6.80 h 1.67 g 

AN24 2.00 a-d 6.85 bc 1.71 a-d 

AN30 1.98 def 6.83 def 1.69 c-f 

AN31 1.99 c-f 6.84 cde 1.70 c-f 

AN35 1.99 b-e 6.85 cd 1.70 b-e 

AN24-AN30 1.97 fg 6.81 fgh 1.68 efg 

AN24-AN31 2.02 a 6.88 a 1.73 a 

AN24-AN35 1.96 gh 6.81 gh 1.68 fg 

AN30-AN31 2.01 ab 6.87 ab 1.72 ab 

AN30-AN35 2.00 abc 6.86 abc 1.71 abc 

AN31-AN35 1.98 efg 6.82 efg 1.69 d-g 

LSD value   0.0195 0.0206 0.0223 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-11: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of N, P and K in grains of rice under pot trial   

ZSB inoculation/ 

co-inoculation 

N conc. in grains 

(%) 

P conc. in grains (%) K conc. in grains 

(%) 

Control 1.56 j 0.269 h 0.344 h 

AN24 1.89 cd 0.320 c 0.418 cd 

AN30 1.84 f 0.311 d 0.412 de 

AN31 1.86 e 0.308 de 0.422 c 

AN35 1.88 d  0.303 def 0.406 e 

AN24-AN30 1.76 i 0.293 g 0.384 g 

AN24-AN31 1.97 a 0.350 a 0.438 ab 

AN24-AN35 1.78 h 0.295 fg 0.393 f 

AN30-AN31 1.94 b 0.331 b 0.433 b 

AN30-AN35 1.91 c 0.343 a 0.444 a 

AN31-AN35 1.81 g 0.300 efg 0.398 f 

LSD value   0.0179 0.0086 0.0070 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-12: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of Fe, Zn and crude protein in grains of rice 

under pot trial  

ZSB inoculation/ 

co-inoculation 

Fe conc. in grains 

(mg Kg-1) 

Zn conc. in grains 

(mg Kg-1) 

Crude protein in 

grains (%) 

Control 19.70 i 19.38 g 9.78 j 

AN24 22.50 cde 22.30 d 11.84 cd 

AN30 22.28 def 22.50 cd 11.50 f 

AN31 22.05 efg 22.88 bc 11.61 e 

AN35 22.68 bcd 22.00 de 11.74 d 

AN24-AN30 21.33 h 21.50 ef 10.99 i 

AN24-AN31 23.35 a 24.58 a 12.30 a 

AN24-AN35 21.65 gh  21.13 f 11.15 h 

AN30-AN31 23.13 ab 24.13 a 12.14 b 

AN30-AN35 22.88 bc 23.38 b 11.93 c 

AN31-AN35 21.85 fg 21.53 ef 11.33 g 

LSD value   0.4657 0.5618 0.1119 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-13: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of N, P and K in straw of rice under pot trial  

ZSB inoculation/ 

co-inoculation 

N conc. in straw 

(%) 

P conc. in straw (%) K conc. in straw 

(%) 

Control 1.59 g 0.260 h 0.327 j 

AN24 1.89 bc 0.312 c 0.394 de 

AN30 1.83 de 0.308 cd 0.386 ef 

AN31 1.84 cd 0.302 de 0.401 cd 

AN35 1.90 bc 0.296 e 0.381 fg 

AN24-AN30 1.78 ef 0.280 g 0.362 i 

AN24-AN31 1.99 a 0.334 a 0.418 b 

AN24-AN35 1.73 f 0.283 fg 0.367 hi 

AN30-AN31 1.94 ab 0.323 b 0.409 c 

AN30-AN35 1.96 a 0.328 ab 0.429 a 

AN31-AN35 1.76 f 0.288 f 0.372 gh 

LSD value   0.0588 0.0070 0.0093 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-14: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of Fe and Zn in straw and N in roots of rice 

under pot trial  

ZSB inoculation/ 

co-inoculation 

Fe conc.  in straw 

(mg Kg-1) 

Zn conc. in straw 

(mg Kg-1) 

N conc. in roots 

(%) 

Control 13.35 g 13.38 i 1.65 h 

AN24 15.55 cd 15.38 ef 1.95 cd 

AN30 15.33 cde 15.60 de 1.90 de 

AN31 15.08 de 15.90 cd 1.86 ef 

AN35 15.75 bc 15.10 fg 1.93 cd 

AN24-AN30 14.40 f 14.60 h 1.80 fg 

AN24-AN31 16.45 a 16.78 a 2.08 a 

AN24-AN35 14.80 ef 14.43 h 1.83 fg 

AN30-AN31 16.33 a 16.68 ab 2.03 ab 

AN30-AN35 16.15 ab 16.23 bc 1.99 bc 

AN31-AN35 14.95 ef 14.85 gh 1.79 g 

LSD value   0.5556 0.4628 0.0608 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-15: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of P, K, Fe and Zn in roots of rice under pot 

trial  

ZSB inoculation/ 

co-inoculation 

P conc. in 

roots (%) 

K conc. in 

roots (%) 

Fe conc. in 

roots (mg Kg-1) 

Zn conc. in 

roots (mg Kg-1) 

Control 0.280 h 0.375 i 27.85 i 25.98 i 

AN24 0.337 c 0.436 de 32.13 cd 32.73 d 

AN30 0.333 cd 0.442 cd 31.50 ef 33.25 c 

AN31 0.327 de 0.450 c 31.80 de 33.55 bc 

AN35 0.321 e 0.431 ef 32.40 bc 31.93 e 

AN24-AN30 0.308 fg 0.423 fg 30.88 gh 30.60 g 

AN24-AN31 0.359 a 0.472 a 33.58 a 35.50 a 

AN24-AN35 0.302 g 0.420 gh 30.60 h 29.98 h 

AN30-AN31 0.348 b 0.458 b 32.93 b 35.10 a 

AN30-AN35 0.353 ab 0.479 a 32.68 b 34.03 b 

AN31-AN35 0.313 f 0.414 h 31.20 f 31.20 f 

LSD value   0.0071 0.0081 0.5445  0.5020 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-16: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on total nitrogen and available phosphorous in soil under field 

trials 

ZSB inoculation/ 

co-inoculation 

Total nitrogen (%) Available phosphorous (mg 

kg-1) 

 Site-I Site-II Site-I Site-II 

Control 0.024 d 0.024 e 11.10 i 11.05 i 

AN24 0.031 ab  0.031 ab 14.12 cd 13.94 cd 

AN30 0.030 b 0.030 ab 13.90 d 13.71 d 

AN31 0.031 ab 0.030 ab 13.31 e 13.43 e 

AN35 0.031 ab 0.030 ab  13.11 ef 13.01 f 

AN24-AN30 0.029 c 0.028 cd 12.98 fg 12.91 fg 

AN24-AN31 0.032 a 0.032 a 14.61 a 14.45 a 

AN24-AN35 0.028 c 0.027 d 12.75 gh 12.67 gh 

AN30-AN31 0.032 ab 0.031 a 14.32 ab 14.15 ab 

AN30-AN35 0.032 ab 0.031 a 14.54 bc 14.38 bc 

AN31-AN35 0.029 c 0.029 bc 12.59 h 12.50 h 

LSD value   0.0014 0.0016 0.2562 0.2818  

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-17: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on extractable potassium and DTPA-iron in soil under field 

trials 

ZSB inoculation/ 

co-inoculation 

Extractable potassium (mg 

kg-1) 

DTPA-iron (mg kg-1) 

 Site-I Site-II Site-I Site-II 

Control 63.75 h 62.00 e 4.65 h 4.62 h 

AN24 77.00 c-f 74.00 bcd 5.10 d 5.06 de 

AN30 78.50 b-e 75.50 abc 5.14 cd 5.11 cd 

AN31 79.50 a-d 76.50 abc 5.20 c 5.16 bc 

AN35 75.75 d-g 72.75 cd 5.07 de 5.03 de 

AN24-AN30 73.75 fg 70.75 d 4.89 g 4.85 g 

AN24-AN31 83.00 a 80.00 a 5.38 a 5.34 a 

AN24-AN35 72.25 g 70.25 d 4.39 fg 4.92 fg 

AN30-AN31 82.00 ab 79.00 a 5.43 ab 5.30 a 

AN30-AN35 80.75 abc 77.75 ab 5.29 b 5.25 ab 

AN31-AN35 74.75 efg 72.00 cd 5.00 ef 4.98 ef 

LSD value   4.0312 4.5166 0.0798 0.0952 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-18: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on DTPA-zinc and bacterial population in soil under field 

trials  

ZSB inoculation/ 

co-inoculation 

DTPA-Zinc (mg kg-1) Bacterial population 

(× 104 cfu/ g) 

 Site-I Site-II Site-I Site-II 

Control 0.73 i 0.72 h 32.50 g 32.00 g 

AN24 0.81 de 0.79 def 40.00 bc  39.00 bc 

AN30 0.81 cde 0.80 cde 37.25 def 36.25 def 

AN31 0.82 bcd 0.81 bcd 38.00 cde  37.00 cde 

AN35 0.80 ef 0.79 ef 39.00 bcd 38.00 bcd 

AN24-AN30 0.77 gh 0.76 g 35.25 f 34.25 fg 

AN24-AN31 0.85 a 0.83 a 43.50 a 42.50 a 

AN24-AN35 0.76 h  0.75 g 35.50 f 34.50 f 

AN30-AN31 0.84 ab 0.83 ab 42.50 a 41.50 a 

AN30-AN35 0.83 abc 0.82 abc 41.25 ab 40.25 ab 

AN31-AN35 0.78 fg 0.77 fg 36.50 ef 35.50 ef 

LSD value   0.0192 0.0216 1.1422 2.4217 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-19: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on SPAD value and relative water content in rice leaves under 

field trials  

ZSB inoculation/ 

co-inoculation 

SPAD value Relative water content (%) 

 Site-I Site-II Site-I Site-II 

Control 28.13 i 28.90 g 58.08 h 58.85 h 

AN24 35.10 bcd  35.15 bc 71.95 bc 71.45 c 

AN30 33.28 efg  33.18 def 67.98 de 67.88 de 

AN31 33.93 def 33.83 de 69.13 d 68.40 d 

AN35 34.30 cde 34.20 cd 70.78 c 70.28 c 

AN24-AN30 32.65 fgh 32.55 f 66.18 fg 65.68 fg 

AN24-AN31 36.80 a 36.83 a 76.58 a 76.08 a 

AN24-AN35 31.90 h 32.90 ef 65.70 g 65.20 g 

AN30-AN31 36.05 ab 35.95 ab 75.33 a 74.30 b   

AN30-AN35 35.58 abc 35.48 b 73.28 b 73.78 b 

AN31-AN35 32.55 gh 32.45 f 67.30 ef 66.80 ef 

LSD value   1.3473 1.2233 1.3663 1.5171 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-20: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on superoxide dismutase activity and peroxidase dismutase 

activity in rice leaves under field trials  

ZSB inoculation/ 

co-inoculation 

Superoxide dismutase activity 

(U/ mg FW) 

Peroxidase dismutase 

activity (U/ mg FW) 

 Site-I Site-II Site-I Site-II 

Control 8.25 h 8.18 h 21.40 g 21.33 h 

AN24 12.85 bc 12.25 bc 25.45 bc 25.15 cd 

AN30 11.03 ef 10.43 ef 23.83 ef 23.53 fg 

AN31 11.65  de 11.05 de 24.33 de 24.03 ef 

AN35 12.30 cd 11.70 cd 25.00 cd 24.70 de 

AN24-AN30 10.03 fg 9.43 fg 23.43 ef 23.13 fg 

AN24-AN31 15.63 a 15.13 a 27.93 a 27.63 a 

AN24-AN35 9.48 g 9.03 gh 22.90 f 22.80 g 

AN30-AN31 14.78 a 14.18 a 27.00 a 26.53 b 

AN30-AN35 13.63 b 13.03 b 26.05 b 25.83 bc 

AN31-AN35 10.60 ef 10.00 efg 23.45 ef 23.53 fg 

LSD value   1.0738 1.1078 0.9475 0.9571 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-21: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on catalase activity and ascorbate peroxidase activity in rice 

leaves under field trials 

ZSB inoculation/ 

co-inoculation 

Catalase activity (U/ mg FW)  Ascorbate peroxidase 

activity (U/ mg protein) 

 Site-I Site-II Site-I Site-II 

Control 5.80 j 5.83 i 2.27 j 2.33 k 

AN24 6.40 cd  6.33 cd 4.41 d 4.35 d 

AN30 6.24fg 6.20 ef 3.91 f 3.69 g 

AN31 6.31 ef 6.24 def 3.83 f 3.97 f 

AN35 6.36 de 6.29 cde 4.26 e 4.15 e 

AN24-AN30 6.14 h 6.03 h 3.05 i 3.20 i  

AN24-AN31 6.57 a 6.56 a 5.11 a 5.03 a 

AN24-AN35 6.02 i 6.07 gh 3.26 h 3.00 j 

AN30-AN31 6.51 ab  6.44 b 4.91 b 4.77 b 

AN30-AN35 6.45 bc 6.38 bc 4.61 c 4.55 c 

AN31-AN35 6.21 gh 6.14 fg 3.51 g 3.43 h 

LSD value   0.0876 0.1074 0.0952 0.1059 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-22: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on plant height and root length of rice under field trials  

ZSB inoculation/ 

co-inoculation 

Plant height (cm) Root length (cm) 

 Site-I Site-II Site-I Site-II 

Control 97.8 h 97.0 h 23.93 e 23.33 f 

AN24 114.0 bcd 113.0 bcd 28.53 abc 27.68 a-d 

AN30 109.5 efg 110.8 c-f 27.38 cd 26.70 b-e 

AN31 111.5 def 109.0 d-g 27.05 c 26.25 cde 

AN35 113.0 cde 112.5 b-e 28.08 bcd 27.28 b-e 

AN24-AN30 106.5 g 107.5 fg 26.18 d 25.25 ef 

AN24-AN31 119.0 a 117.3 a 30.63 a 29.63  a 

AN24-AN35 107.3 g 105.3 g 25.95 de 25.53 def 

AN30-AN31 117.3 ab 116.0 ab 29.85 ab 28.68 ab 

AN30-AN35 116.0 abc 114.8 abc 28.70 abc 28.18 abc 

AN31-AN35 108.0 fg 108.8 efg 26.35 d 25.90 de 

LSD value    3.5896 4.0257 2.1617 2.2352 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-23: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on shoot dry biomass and root dry biomass of rice under field 

trials  

ZSB inoculation/ 

co-inoculation 

Shoot dry biomass (g plant-1) Root dry biomass (g plant-1) 

 Site-I Site-II Site-I Site-II 

Control 22.08 f 21.28 e 10.43 h 10.25 i 

AN24 26.79 bcd 25.74 bc 13.78 c 13.44 bcd 

AN30 25.51 de 24.50 cd 12.95 def 12.63 efg 

AN31 25.52 de 24.31 cd 13.27 cde 12.95 def 

AN35 26.60 cd 25.62 bc 13.51 cd 13.19 cde 

AN24-AN30 23.91 e 23.10 d 12.32 fg 12.12 gh 

AN24-AN31 29.16 a 27.90 a 14.94 a 14.58 a 

AN24-AN35 24.26 e 22.97 de 12.18 g 11.75 h 

AN30-AN31 28.54 ab 27.50 a 14.61 ab 14.20 ab 

AN30-AN35 28.21 abc 26.83 ab 14.01 bc 13.80 bc 

AN31-AN35 24.69 e 23.82 d 12.59 efg 12.29 fgh 

LSD value   1.7689 1.7003 0.7644 0.7605 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 

 

 

 

 

 

 

 

 



332 
 

Appendix-24: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on total dry biomass and number of tillers per plant of rice 

under field trials 

ZSB inoculation/ 

co-inoculation 

Total dry biomass (g plant-1) Number of tillers plant-1 

 Site-I Site-II Site-I Site-II 

Control 32.50 f 31.52 f 14.50 e 14.25 e 

AN24 40.57 bc 39.18 bc 17.00 bcd 16.50 bcd 

AN30 38.46 cde 37.13 cd 16.25 cd 15.75 cde 

AN31 38.79 cd 37.26 cd 16.50 cd 16.00 bcd 

AN35 40.12 bc 38.81 bc 16.75 bcd 16.25 bcd 

AN24-AN30 36.23 e 35.22 de 15.75 de 15.00 de 

AN24-AN31 44.11 a 42.48 a 19.00 a 18.50 a 

AN24-AN35 36.44 de 34.72 e 15.50 de 15.25 cde 

AN30-AN31 43.15 a 41.69 a 18.25 ab 17.50 ab 

AN30-AN35 42.22 ab 40.63 ab 17.50 abc 16.75 bc 

AN31-AN35 37.28 de 36.10 de 16.00 cde 15.50 cde 

LSD value   2.4133 2.2832 1.5759 1.5094 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-25: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on flag leaf length and panicle length of rice under field trials 

ZSB inoculation/ 

co-inoculation 

Flag leaf length (cm) Panicle length (cm) 

 Site-I Site-II Site-I Site-II 

Control 19.43 h 19.33 g 18.43 g 18.33 f 

AN24 22.93 bcd 22.53 bcd 22.24 bcd 22.04 bc 

AN30 21.85 d-g 21.53 def 21.33 def 20.93 de 

AN31 22.18 c-f  21.83 c-f 21.54 c-f 21.16 cde 

AN35 22.50 b-e 22.20 cde 21.91 cde 21.61 cd 

AN24-AN30 21.35 fg 21.13 ef 20.68 f 20.35 e 

AN24-AN31 24.30 a 23.90 a 23.64 a 23.34 a 

AN24-AN35 21.05 g 20.93 f 20.48 f 20.22 e 

AN30-AN31 23.60 ab 23.53 a 23.20 ab 22.90 ab 

AN30-AN35 23.25 abc 22.85 abc 22.56 abc 22.16 bc 

AN31-AN35 21.60 efg 21.35 def 21.06 ef 20.76 de 

LSD value   1.1056 1.2261 1.1176 1.0901 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-26: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on number of grains per panicle and panicle weight per plant 

of rice under field trials 

ZSB inoculation/ 

co-inoculation 

 Number of grains panicle-1 Panicle weight plant-1 

 Site-I Site-II Site-I Site-II 

Control 136.3 g 133.3 g 15.17 i 15.05 i 

AN24 155.8 bc 151.8 cd 18.33 bc 18.03 c 

AN30 152.8 cde 148.0 def 17.48 ef 17.40 e 

AN31 154.0 cde 149.3 de 17.81 de 17.61 d 

AN35 154.8 bcd 150.5 cde 18.02 cd 17.72 d 

AN24-AN30 150.3 ef 146.3 ef 16.96 gh 16.77 g 

AN24-AN31 164.0 a 159.3 a 19.09 a 18.79 a 

AN24-AN35 148.5 f 144.8 f 16.66 h 16.51 h 

AN30-AN31 162.8 a 156.3 ab 18.88 a 18.56 b 

AN30-AN35 158.5 b 154.5 bc 18.49 b 18.15 c 

AN31-AN35 151.5 def 147.3 ef 17.19 fg 17.16 f 

LSD value   4.0741 4.3657 0.3369 0.2060 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-27: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on 1000 grains weight and grain yield of rice under field trials  

ZSB inoculation/ 

co-inoculation 

1000 grains weight Grain yield (Kg ha-1) 

 Site-I Site-II Site-I Site-II 

Control 23.23 g 23.00 h 2881 j 2865 k 

AN24 27.48 c 27.15 bcd 3372 c 3321 d 

AN30 26.03 def 25.65 efg 3244 f 3219 g 

AN31 26.40 de 26.13 def 3279 e 3249 f 

AN35 27.08 cd 26.78 cde 3320 d 3284 e 

AN24-AN30 25.38 ef 24.95 g 3164 h 3132 i 

AN24-AN31 29.28 a 28.78 a 3420 a 3391 a 

AN24-AN35 25.15 f 24.80 g 3121 i 3093 j 

AN30-AN31 28.58 ab 28.25ab 3406 b 3376 b 

AN30-AN35 28.03 bc 27.58 bc 3383 c 3350 c 

AN31-AN35 25.65 ef 25.33 fg 3207 g 3175 h 

LSD value   1.0587 1.1534 12.965 13.739 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-28: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on straw yield and paddy length of rice under field trials 

ZSB inoculation/ 

co-inoculation 

Straw yield (Kg ha-1) Paddy length (mm) 

 Site-I Site-II Site-I Site-II 

Control 6163 e 6070 e 9.57 g 9.56 h 

AN24 7601 a-d 7419 a-d 9.65 abc 9.63 bcd 

AN30 7196 cd 6956 cd 9.61 def 9.60 ef 

AN31 7337 bcd 7106 bcd 9.62 cde 9.61 de 

AN35 7511 a-d 7299 a-d 9.63 bcd 9.62 cde 

AN24-AN30 6792 de 6558 de 9.59 fg 9.58. gh 

AN24-AN31 8370 a 8133 a 9.67 a 9.65 a 

AN24-AN35 6907 de 6668 de 9.59 fg 9.58 gh 

AN30-AN31 8103 ab 7958 ab 9.66 ab 9.64 ab 

AN30-AN35 7813 abc 7637 abc 9.65 ab 9.64 abc 

AN31-AN35 7039 cde 6805 cde 9.60 ef 9.59 fg 

LSD value   883.25 870.16 0.0257 0.0188 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-29: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on paddy width, grain length and grain width of rice under 

field trials  

ZSB 

inoculation/ 

co-inoculation 

Paddy width (mm) Grain length (mm) Grain width (mm) 

 Site-I Site-II Site-I Site-II Site-I Site-II 

Control 1.96 g 1.96 g 6.81 h 6.80 f 1.67 f 1.67 e 

AN24 2.05 a-d 2.03 a-d 6.87 bc  6.86 abc 1.73 a-d 1.72 abc 

AN30 2.03 cde 2.01 c-f 6.85 def 6.82 cde 1.71 cde 1.70 bcd 

AN31 2.04 cd 2.02 b-e 6.86 cde  6.85 bcd 1.72 b-e 1.71 bcd 

AN35 2.04 bcd 2.03 a-d 6.87 cd 6.85 bc 1.72 a-d 1.71 abc 

AN24-AN30 2.01 ef 1.99 ef 6.83 fg 6.82 e 1.70 de 1.69 cde 

AN24-AN31 2.07 a 2.06 a 6.90 a 6.88 a 1.75 a 1.74 a 

AN24-AN35 2.00 f 1.99 fg 6.83 gh 6.82 ef 1.70 ef 1.69 de 

AN30-AN31 2.07 ab 2.05 ab 6.89 ab 6.88 a 1.74 ab 1.73 ab 

AN30-AN35 2.05 abc 2.04 abc 6.88 abc 6.84 ab 1.73 abc 1.72 ab 

AN31-AN35 2.03 de 2.00 def 6.84 efg 6.82 de 1.70 cde 1.70 cd 

LSD value   0.0238 0.0326  0.0215 0.0244 0.0271 0.0239 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; Data is mean values of four replicates; Means sharing the same 

letter (s) are statistically not significant at 5% level of probability. 
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Appendix-30: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of N and P in grains of rice under field trials 

ZSB inoculation/ 

co-inoculation 

N conc. in grains (%) P conc. in grains (%) 

 Site-I Site-II Site-I Site-II 

Control 1.60 k 1.58 i 0.298 i 0.283 j 

AN24 1.94 d 1.91 c 0.367 c 0.350 cd 

AN30 1.86 g 1.86 e 0.358 d 0.343 de 

AN31 1.89  f 1.87 de 0.354 de 0.329  fg 

AN35 1.92 e 1.89 d 0.348 ef 0.336 ef 

AN24-AN30 1.79 j 1.76 h 0.336 gh 0.310 i 

AN24-AN31 2.05 a 2.00 a 0.392 a 0.369 a 

AN24-AN35 1.82 i 1.79 g 0.328 h 0.317 hi 

AN30-AN31 2.01 b 1.99 a 0.372 bc 0.356 bc 

AN30-AN35 1.98 c 1.94 b 0.379 b 0.364 ab 

AN31-AN35 1.84 h 1.82 f 0.341 fg 0.321 gh 

LSD value   0.0186 0.0187 0.0090 0.0090 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-31: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of K and Fe in grains of rice under field trials  

ZSB inoculation/ 

co-inoculation 

K conc. in grains (%) Fe conc. in grains (mg Kg-1) 

 Site-I Site-II Site-I Site-II 

Control 0.359 h 0.348 h 21.70 h 21.20 i 

AN24 0.428 de 0.420 d 26.20 cd 25.50 cd 

AN30 0.434 cd 0.413 d 25.80 de 25.08 de 

AN31 0.440 c 0.428 c 25.30 ef 24.60 ef 

AN35 0.422 e 0.405 e 26.73 bc 25.65 cd 

AN24-AN30 0.413 f 0.390 f 24.28 g 23.45 h 

AN24-AN31 0.467 ab 0.445 b 27.88 a 26.95 a 

AN24-AN35 0.398 g 0.381 g 24.38 g 23.85 gh 

AN30-AN31 0.461 b 0.439 b 27.70 a 26.50 ab 

AN30-AN35 0.471 a 0.453 a 27.10 b 26.10 bc 

AN31-AN35 0.406 fg 0.396 f 24.85 fg 24.30 fg 

LSD value   0.0075 0.0074 0.5915 0.6345 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-32: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of Zn and crude protein in grains of rice 

under field trials  

ZSB inoculation/ 

co-inoculation 

Zn conc. in grains (mg Kg-1) Crude protein in grains (%) 

 Site-I Site-II Site-I Site-II 

Control 20.18 i 19.78 h 9.99 k 9.87 i 

AN24 23.83 de 23.33 de 12.14 d 11.95 c 

AN30 24.25 cd 23.78 cd 11.63 g 11.62 e 

AN31 24.73 bc 24.18 bc 11.84 f 11.71 de 

AN35 23.38 ef 22.83 ef 11.99 e 11.81 d 

AN24-AN30 22.60 gh 21.75 g 11.16 j 11.00 h 

AN24-AN31 26.20 a 25.50 a 12.80 a 12.51 a 

AN24-AN35 22.23 h 22.38 fg 11.35 i 11.16 g 

AN30-AN31 25.85 a 25.13 a 12.59 b 12.45 a 

AN30-AN35 25.18 b 24.45 b 12.38 c 12.15 b 

AN31-AN35 22.95 fg 22.05 g 11.48 h 11.35 f 

LSD value   0.6308 0.6706 0.1162 0.1166 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-33: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of N and P in straw of rice under field trials 

ZSB inoculation/ 

co-inoculation 

N conc. in straw (%) P conc. in straw (%) 

 Site-I Site-II Site-I Site-II 

Control 1.67 h 1.64 g 0.289 h  0.278 i 

AN24 2.04 bc 1.97 bc 0.353 c 0.338 c 

AN30 1.96 de 1.90 de 0.347 cd 0.332 cd 

AN31 1.98 cd 1.91 cde 0.341 de 0.319 ef 

AN35 2.03 bc 1.95 cd 0.334 ef 0.326 de 

AN24-AN30 1.85 g 1.83 f 0.317 g 0.297 h 

AN24-AN31 2.13 a 2.07 a 0.376 a 0.361 a 

AN24-AN35 1.88 fg 1.81 f 0.312 g 0.308 g 

AN30-AN31 2.11 a 2.04 a 0.362 b 0.348 b 

AN30-AN35 2.08 ab 2.02 ab 0.371 a 0.352 b 

AN31-AN35 1.92 ef 1.86 ef 0.328 f 0.313 fg 

LSD value   0.0634 0.0624 0.0080 0.0083 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-34: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of K and Fe in straw of rice under field trials  

ZSB inoculation/ 

co-inoculation 

K conc. in straw (%) Fe conc. in straw (mg Kg-1) 

 Site-I Site-II Site-I Site-II 

Control 0.338 h 0.333 h 14.35 h 14.33 f 

AN24 0.403 de 0.404 cd 16.95 bcd 16.85 bc 

AN30 0.412 cd 0.395 de 16.73 cde 16.53 cd 

AN31 0.417 c 0.410 c 16.48 def 16.28 d 

AN35 0.398 ef 0.390 e 17.15 bc 16.95 bc 

AN24-AN30 0.388 f 0.380 fg 15.73 g 15.60 e 

AN24-AN31 0.440 a 0.429 ab 17.83 a 17.68 a 

AN24-AN35 0.377 g 0.371 g 16.08 fg 16.00 de 

AN30-AN31 0.427 b 0.420 b 17.75 a 17.55 a 

AN30-AN35 0.446 a 0.438 a 17.48 ab 17.35 ab 

AN31-AN35 0.388 f 0.386 ef 16.30 ef 16.15 de 

LSD value   0.0098 0.0097 0.5452 0.5634 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 

 

 

 

 

 

 

 

 

 



343 
 

Appendix-35: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of Zn in straw and N in roots of rice under 

field trials  

ZSB inoculation/ 

co-inoculation 

Zn conc. in straw (mg Kg-1) N conc. in roots (%) 

 Site-I Site-II Site-I Site-II 

Control 14.31 i 14.09 h 1.73 f 1.70 h 

AN24 16.30 ef 16.10 de 2.07 b 2.03 bc 

AN30 16.58 de 16.30 cd 1.98 d 1.96 de 

AN31 16.88 cd 16.61 bc 2.00 cd 1.93 def 

AN35 16.02 fg 15.78 ef 2.05 bc 1.99 cd 

AN24-AN30 15.60 gh 15.32 fg 1.90 e 1.87 fg 

AN24-AN31 18.31 a 17.70 a 2.20 a 2.15 a 

AN24-AN35 15.48 h 15.13 g 1.92 e 1.85 g 

AN30-AN31 17.62 b 17.49 a 2.17 a 2.10 ab 

AN30-AN35 17.18 bc 17.00 b 2.11 b 2.06 bc 

AN31-AN35 15.75 gh 15.56 fg 1.95 de 1.90 efg 

LSD value   0.4778 0.4764 0.0637 0.0678 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-36: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of P and K in roots of rice under field trials 

ZSB inoculation/ 

co-inoculation 

P conc. in roots (%) K conc. in roots (%) 

 Site-I Site-II Site-I Site-II 

Control 0.307 h 0.296 i 0.384 i 0.380 h 

AN24 0.372 c 0.356 c 0.453 de 0.441 ef 

AN30 0.363 d 0.347 d 0.459 cd 0.452 cd 

AN31 0.356 de 0.333 ef 0.468 bc 0.460 c 

AN35 0.349 ef 0.340 de 0.448 ef 0.446 de 

AN24-AN30 0.333 g 0.314 h 0.440 fg 0.430 g 

AN24-AN31 0.397 a 0.381 a 0.489 a 0.481 a 

AN24-AN35 0.330 g 0.320 gh 0.429 h 0.423 g 

AN30-AN31 0.381 b 0.363 bc 0.475 b 0.470 b 

AN30-AN35 0.387 b 0.372 b 0.496 a 0.489 a 

AN31-AN35 0.342 f 0.326 fg 0.438 g 0.433 fg 

LSD value   0.0085 0.0085 0.0089 0.0098 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-37: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on concentration of Fe and Zn in roots of rice under field trials  

ZSB inoculation/ 

co-inoculation 

Fe conc. in roots (mg Kg-1) Zn conc. in roots (mg Kg-1) 

 Site-I Site-II Site-I Site-II 

Control 29.05 h 28.85 i 26.88 h 26.13 j 

AN24 33.83 bc 33.53 cd 33.53 e 32.63 e 

AN30 33.20 de 32.90 ef 34.05 d 33.25 d 

AN31 33.50 cd 33.20 de 34.65 c 33.53 d 

AN35 34.10 b 33.78 c 33.03 e 31.98 f  

AN24-AN30 32.58 fg 31.83 h 31.70 f 30.63 h 

AN24-AN31 35.35 a 34.98 a 37.00 a 35.75 a 

AN24-AN35 32.20 g 32.28 gh 31.18 g 30.08 i 

AN30-AN31 34.98 a 34.43 ab 36.50 a 35.20 b 

AN30-AN35 34.38 b 34.05 bc 35.33 b 34.20 c 

AN31-AN35 32.90 ef 32.60 fg 32.20 f 31.30 g 

LSD value   0.5628 0.5630 0.2507 0.5329 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; LSD = Least 

significant difference; conc. = Concentration; Data is mean values of four replicates; 

Means sharing the same letter (s) are statistically not significant at 5% level of probability. 
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Appendix-38: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of total nitrogen, available phosphorous 

and extractable potassium in soil over un-inoculated control under pot 

trial 

ZSB inoculation/ 

co-inoculation 

Total nitrogen Available 

phosphorous 

Extractable 

potassium 

 Percent increase over un-inoculated control 

AN24 24.1 27.9 20.7 

AN30 21.2 26.8 23.3 

AN31 22.1 25.7 25.0 

AN35 23.2 23.0 18.5 

AN24-AN30 15.6 21.1 15.1 

AN24-AN31 28.4 30.7 31.0 

AN24-AN35 13.8 19.9 13.4 

AN30-AN31 27.4 29.4 29.3 

AN30-AN35 26.3 30.1 27.2 

AN31-AN35 17.8 18.1 17.2 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-39: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of DTPA-iron, DTPA-zinc and bacterial 

population in soil over un-inoculated control under pot trial 

ZSB inoculation/ 

co-inoculation 

DTPA-iron  DTPA-zinc  Bacterial 

population 

 Percent increase over un-inoculated control 

AN24 9.1 10.4 20.6 

AN30 10.0 11.2 14.3 

AN31 11.1 12.3 14.3 

AN35 8.1 9.2 17.5 

AN24-AN30 4.6 5.4 5.6 

AN24-AN31 15.1 16.0 31.8 

AN24-AN35 5.7 4.3 6.4 

AN30-AN31 14.2 15.1 28.6 

AN30-AN35 13.0 13.9 24.6 

AN31-AN35 6.8 7.3 9.5 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-40: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of SPAD value, relative water content and 

superoxide dismutase activity in rice leaves over un-inoculated control 

under pot trial 

ZSB inoculation/ 

co-inoculation 

SPAD value Relative water 

content 

Superoxide 

dismutase activity 

 Percent increase over un-inoculated control 

AN24 16.0 20.0 59.4 

AN30 10.4 13.1 40.0 

AN31 12.6 15.1 46.5 

AN35 13.9 17.9 51.4 

AN24-AN30 8.2 10.0 24.6 

AN24-AN31 22.7 28.0 89.6 

AN24-AN35 7.7 9.2 16.6 

AN30-AN31 20.0 25.9 79.1 

AN30-AN35 18.4 22.3 64.9 

AN31-AN35 9.2 11.9 32.3 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-41: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of peroxidase activity, catalase activity and 

ascorbate peroxidase in rice leaves over un-inoculated control under 

pot trial 

ZSB inoculation/ 

co-inoculation 

Peroxidase activity Catalase  activity Ascorbate 

peroxidase activity 

 Percent increase over un-inoculated control 

AN24 17.3 8.8 83.0 

AN30 9.7 6.5 55.4 

AN31 12.0 7.2 66.5 

AN35 15.2 8.1 76.5 

AN24-AN30 7.8 4.4 34.1 

AN24-AN31 28.8 11.8 113.7 

AN24-AN35 6.3 3.2 23.2 

AN30-AN31 24.5 10.7 103.8 

AN30-AN35 20.1 9.8 92.9 

AN31-AN35 8.9 5.6 43.6 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-42: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of plant height, root length and root/ shoot 

ratio of rice over un-inoculated control under pot trial 

ZSB inoculation/ 

co-inoculation 

Plant height  Root length  Root/ shoot ratio 

 Percent increase over un-inoculated control 

AN24 12.2 15.3 2.7 

AN30 8.8 11.9 2.9 

AN31 10.1 10.4 0.2 

AN35 11.2 13.9 2.5 

AN24-AN30 6.5 6.7 0.2 

AN24-AN31 15.3 22.7 6.4 

AN24-AN35 5.2 7.8 2.5 

AN30-AN31 14.3 20.1 5.0 

AN30-AN35 12.9 17.1 3.5 

AN31-AN35 7.8 8.9 0.9 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-43: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of shoot dry biomass, root dry biomass and 

total dry biomass of rice over un-inoculated control under pot trial  

ZSB inoculation/ 

co-inoculation 

Shoot dry biomass  Root dry biomass  Total dry biomass  

 Percent increase over un-inoculated control 

AN24 18.2 16.9 17.8 

AN30 12.1 12.0 12.1 

AN31 14.4 13.9 14.3 

AN35 16.3 15.6 16.0 

AN24-AN30 8.5 8.9 8.7 

AN24-AN31 26.2 23.8 25.3 

AN24-AN35 9.9 7.2 9.0 

AN30-AN31 23.8 21.6 23.0 

AN30-AN35 20.1 19.3 19.8 

AN31-AN35 10.9 10.4 10.8 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-44: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of number of tillers per plant, flag leaf 

length and panicle length of rice over un-inoculated control under pot 

trial 

ZSB inoculation/ 

co-inoculation 

Number of tillers 

plant-1 

Flag leaf length  Panicle length  

 Percent increase over un-inoculated control 

AN24 15.8 15.1 15.9 

AN30 10.5 9.7 10.2 

AN31 12.3 11.3 11.9 

AN35 14.0 13.4 14.1 

AN24-AN30 5.3 7.6 7.1 

AN24-AN31 24.6 22.5 23.9 

AN24-AN35 7.0 6.5 5.9 

AN30-AN31 21.1 19.4 21.4 

AN30-AN35 17.5 16.9 17.8 

AN31-AN35 8.8 8.8 9.2 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-45: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of number of grains per panicle, panicle 

weight per pot and 100 grains weight of rice over un-inoculated 

control under pot trial  

ZSB inoculation/ 

co-inoculation 

Number of grains 

panicle-1 

Panicle weight pot-1 100 grains weight 

 Percent increase over un-inoculated control 

AN24 8.9 15.6 17.8 

AN30 6.4 12.1 10.9 

AN31 7.4 13.4 12.7 

AN35 7.9 13.9 15.9 

AN24-AN30 5.0 8.7 7.6 

AN24-AN31 14.7 19.7 25.8 

AN24-AN35 4.5 7.3 6.4 

AN30-AN31 12.6 18.5 23.1 

AN30-AN35 11.0 16.4 20.5 

AN31-AN35 5.6 10.8 8.4 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-46: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of grain yield, straw yield and paddy 

length of rice over un-inoculated control under pot trial  

ZSB inoculation/ 

co-inoculation 

Grain yield Straw yield Paddy length 

 Percent increase over un-inoculated control 

AN24 17.9 15.9 0.7 

AN30 12.0 11.5 0.4 

AN31 14.1 12.8 0.5 

AN35 16.0 14.7 0.6 

AN24-AN30 7.9 7.5 0.2 

AN24-AN31 25.3 22.2 0.9 

AN24-AN35 6.3 8.5 0.1 

AN30-AN31 22.6 20.1 0.8 

AN30-AN35 20.4 18.2 0.8 

AN31-AN35 9.5 10.0 0.3 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-47: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of paddy width, grain length and grain 

width of rice over un-inoculated control under pot trial  

ZSB inoculation/ 

co-inoculation 

Paddy width Grain length Grain width 

 Percent increase over un-inoculated control 

AN24 2.4 0.9 2.1 

AN30 1.7 0.5 1.4 

AN31 1.9 0.6 1.7 

AN35 2.2 0.7 1.9 

AN24-AN30 1.0 0.2 0.8 

AN24-AN31 3.3 1.2 3.3 

AN24-AN35 0.6 0.2 0.6 

AN30-AN31 3.1 1.1 2.9 

AN30-AN35 2.7 0.9 2.5 

AN31-AN35 1.3 0.3 1.1 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-48: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of concentration of N, P, K and Fe in grains 

of rice over un-inoculated control under pot trial  

ZSB inoculation/ 

co-inoculation 

N conc. in 

grains  

P conc. in 

grains  

K conc. in 

grains  

Fe conc. in 

grains  

 Percent increase over un-inoculated control 

AN24 21.1 19.1 21.4 14.2 

AN30 17.6 15.6 19.8 13.1 

AN31 18.8 14.3 22.5 11.9 

AN35 20.0 12.5 17.9 15.1 

AN24-AN30 12.4 8.7 11.6 8.3 

AN24-AN31 25.8 30.1 27.1 18.5 

AN24-AN35 14.0 9.5 14.2 9.9 

AN30-AN31 24.1 23.1 25.7 17.4 

AN30-AN35 22.0 27.5 29.1 16.1 

AN31-AN35 21.1 19.1 21.4 14.2 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; conc. = 

Concentration 
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Appendix-49: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of concentration of Zn and crude protein 

in grains and N and P in straw of rice over un-inoculated control 

under pot trial  

ZSB inoculation/ 

co-inoculation 

Zn conc. in 

grains  

Crude protein 

in grains  

N conc. in 

straw  

P conc. in 

straw 

 Percent increase over un-inoculated control 

AN24 15.1 21.1 18.9 19.8 

AN30 16.1 17.6 15.1 18.3 

AN31 18.1 18.8 16.3 16.1 

AN35 13.6 20.0 19.9 13.7 

AN24-AN30 10.9 12.4 11.9 7.4 

AN24-AN31 26.8 25.8 25.2 28.4 

AN24-AN35 9.0 14.0 8.9 8.7 

AN30-AN31 24.5 24.1 22.6 24.0 

AN30-AN35 20.7 22.0 23.8 25.8 

AN31-AN35 11.1 15.9 10.9 10.5 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; conc. = 

Concentration 
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Appendix-50: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of concentration of K, Fe and Zn in straw 

and N in roots of rice over un-inoculated control under pot trial  

ZSB inoculation/ 

co-inoculation 

K conc. in 

straw 

Fe conc. in 

straw  

Zn conc. in 

straw  

N conc. in 

roots 

 Percent increase over un-inoculated control 

AN24 20.4 16.5 14.9 18.7 

AN30 18.1 14.8 16.6 15.2 

AN31 22.7 12.9 18.9 13.1 

AN35 16.5 17.9 12.9 17.5 

AN24-AN30 10.7 7.9 9.2 9.4 

AN24-AN31 27.9 23.2 25.4 26.6 

AN24-AN35 12.2 10.9 7.9 11.4 

AN30-AN31 25.0 22.3 24.7 23.1 

AN30-AN35 31.4 20.9 21.3 20.9 

AN31-AN35 13.9 11.9 11.0 8.7 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; conc. = 

Concentration 
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Appendix-51: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of concentration of P, K, Fe and Zn in roots 

of rice over un-inoculated control under pot trial  

ZSB inoculation/ 

co-inoculation 

P conc. in 

roots 

K conc. in 

roots 

Fe conc. in 

roots  

Zn conc. 

in roots 

 Percent increase over un-inoculated control 

AN24 20.2 16.2 15.4 25.9 

AN30 18.7 17.9 13.1 28.0 

AN31 16.8 19.9 14.2 29.2 

AN35 14.5 14.8 16.3 22.9 

AN24-AN30 9.9 12.7 10.7 17.8 

AN24-AN31 28.2 25.7 20.6 36.7 

AN24-AN35 7.6 11.9 9.9 15.4 

AN30-AN31 24.1 22.1 18.2 35.1 

AN30-AN35 25.8 27.8 17.3 30.9 

AN31-AN35 11.5 10.3 12.0 20.1 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; conc. = 

Concentration 
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Appendix-52: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of total nitrogen, available phosphorous 

and extractable potassium in soil over un-inoculated control under 

field trials 

ZSB 

inoculation/ co-

inoculation 

Total nitrogen Available 

phosphorous 

Extractable 

potassium 

 Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 27.5 26.9 27.3 26.1 20.8 19.4 

AN30 24.9 24.3 25.3 24.1 23.1 21.8 

AN31 25.7 25.2 19.9 21.5 24.7 23.4 

AN35 26.6 26.1 18.2 17.7 18.8 17.3 

AN24-AN30 18.6 17.4 16.9 16.8 15.7 14.1 

AN24-AN31 31.2 30.7 31.7 30.8 30.2 29.0 

AN24-AN35 14.0 13.8 14.9 14.7 13.3 13.3 

AN30-AN31 30.2 29.8 29.1 27.9 28.6 27.4 

AN30-AN35 29.3 28.8 31.0 30.1 26.7 25.4 

AN31-AN35 18.3 20.9 13.4 13.1 17.3 16.1 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-53: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of DTPA-iron, DTPA-zinc and bacterial 

population in soil over un-inoculated control under field trials  

ZSB 

inoculation/ co-

inoculation 

DTPA-iron DTPA-zinc Bacterial 

population 

 Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 9.8 9.6 11.1 10.6 23.1 21.9 

AN30 10.7 10.6 11.9 11.4 14.6 13.3 

AN31 11.9 11.6 12.9 12.5 16.9 15.6 

AN35 9.0 8.8 9.7 9.4 20.0 18.8 

AN24-AN30 5.2 4.9 6.3 5.8 8.5 7.0 

AN24-AN31 15.9 15.6 16.5 16.1 33.9 32.8 

AN24-AN35 6.1 6.4 5.1 4.7 9.2 7.8 

AN30-AN31 15.0 14.7 15.6 15.2 30.8 29.7 

AN30-AN35 13.8 13.5 14.5 14.1 26.9 25.8 

AN31-AN35 7.5 7.6 7.9 7.6 12.3 10.9 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-54: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of SPAD value, relative water content and 

superoxide dismutase activity in rice leaves over un-inoculated control 

under field trials 

ZSB 

inoculation/ co-

inoculation 

SPAD value Relative water 

content 

Superoxide 

dismutase activity 

 Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 24.8 21.6 23.9 21.4 55.8 49.9 

AN30 18.3 14.8 17.1 15.3 33.6 27.5 

AN31 20.6 17.0 19.0 16.2 41.2 35.2 

AN35 21.9 18.3 21.9 19.4 49.1 43.1 

AN24-AN30 16.1 12.6 13.9 11.6 21.5 15.3 

AN24-AN31 30.8 27.4 31.9 29.3 89.4 85.0 

AN24-AN35 13.4 13.8 13.1 10.8 14.9 10.4 

AN30-AN31 28.2 24.4 29.7 26.3 79.1 73.4 

AN30-AN35 26.5 22.8 26.2 25.4 65.2 59.3 

AN31-AN35 15.7 12.3 15.9 13.5 28.5 22.3 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-55: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of peroxidase dismutase activity, catalase 

activity and ascorbate peroxidase activity in rice leaves over un-

inoculated control under field trials 

ZSB 

inoculation/ co-

inoculation 

Peroxidase 

dismutase activity 

Catalase activity  Ascorbate 

peroxidase activity 

 Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 18.9 17.9 10.4 9.5 94.3 87.0 

AN30 11.3 10.3 7.7 7.3 72.4 58.5 

AN31 13.7 12.7 8.8 7.9 68.7 70.4 

AN35 16.8 15.8 9.6 8.7 87.7 78.4 

AN24-AN30 9.5 8.4 5.9 4.4 34.5 37.5 

AN24-AN31 30.5 29.5 13.4 13.5 125.4 116.1 

AN24-AN35 7.0 6.9 3.8 5.1 43.6 28.8 

AN30-AN31 26.2 24.4 12.2 11.4 116.7 104.9 

AN30-AN35 21.7 21.1 11.3 10.4 103.4 95.5 

AN31-AN35 9.6 10.3 7.1 6.2 54.6 47.2 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-56: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of plant height, root length and shoot dry 

biomass of rice over un-inoculated control under field trials  

ZSB 

inoculation/ co-

inoculation 

Plant height Root length Shoot dry biomass 

 Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 16.6 16.5 19.2 18.7 21.3 20.9 

AN30 12.0 14.2 14.4 14.5 15.5 15.1 

AN31 14.1 12.4 13.1 12.5 15.6 14.3 

AN35 15.6 15.9 17.4 16.9 20.5 20.4 

AN24-AN30 8.9 10.8 9.4 8.3 8.3 8.6 

AN24-AN31 21.7 20.9 28.0 27.0 32.1 31.1 

AN24-AN35 9.7 8.5 8.5 9.4 9.9 7.9 

AN30-AN31 19.9 19.6 24.8 22.9 29.3 29.2 

AN30-AN35 18.7 18.3 19.9 20.8 27.8 26.1 

AN31-AN35 10.5 12.1 10.1 11.0 11.8 11.9 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-57: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of root dry biomass, total dry biomass and 

number of tillers per plants of rice over un-inoculated control under 

field trials  

ZSB 

inoculation/ co-

inoculation 

Root dry biomass Total dry biomass Number of tillers 

plant-1 

 Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 34.1 31.2 24.8 24.3 17.2 15.8 

AN30 24.2 23.3 18.3 17.8 12.1 10.5 

AN31 27.3 26.4 19.3 18.2 13.8 12.3 

AN35 29.6 28.7 23.4 23.1 15.5 14.0 

AN24-AN30 18.1 18.3 11.5 11.7 8.6 5.3 

AN24-AN31 43.4 42.3 35.7 34.8 31.0 29.8 

AN24-AN35 16.8 14.7 12.1 10.1 6.9 7.0 

AN30-AN31 40.1 38.6 32.7 32.3 25.9 22.8 

AN30-AN35 34.4 34.7 29.9 28.9 20.7 17.5 

AN31-AN35 20.8 19.9 14.7 14.5 10.3 8.8 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 

 

 

 

 

 

 

 

 

 



366 
 

Appendix-58: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of flag leaf length, panicle length, number 

of grains per panicle of rice over un-inoculated control under field 

trials  

ZSB 

inoculation/ co-

inoculation 

Flag leaf length Panicle length Number of grains 

panicle-1 

 Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 18.0 16.6 20.7 20.2 14.3 13.9 

AN30 12.5 11.4 15.8 14.2 12.1 11.1 

AN31 14.2 12.9 16.9 15.4 13.0 12.0 

AN35 15.8 14.9 18.9 17.9 13.6 12.9 

AN24-AN30 9.9 9.3 12.2 11.0 10.3 9.8 

AN24-AN31 25.1 23.7 28.2 27.3 20.4 19.5 

AN24-AN35 8.4 8.3 11.1 10.3 8.9 8.6 

AN30-AN31 21.5 21.7 25.9 24.9 19.5 17.3 

AN30-AN35 16.7 18.2 22.4 20.9 16.3 15.9 

AN31-AN35 11.2 10.5 14.3 13.2 11.2 10.5 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-59: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of panicle weight per plant, 1000 grains 

weight and grain yield of rice over un-inoculated control under field 

trials  

ZSB 

inoculation/ co-

inoculation 

Panicle weight 

plant-1 

1000 grains weight Grain yield 

 Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 20.8 19.8 18.3 18.0 17.0 15.9 

AN30 15.2 15.6 12.1 11.5 12.6 12.3 

AN31 17.4 17.1 13.7 13.6 13.8 13.4 

AN35 18.8 17.8 16.6 16.4 15.2 14.6 

AN24-AN30 11.8 11.4 9.3 8.5 9.8 9.3 

AN24-AN31 25.8 24.9 26.1 25.1 18.7 18.4 

AN24-AN35 9.8 9.7 8.3 7.8 8.3 7.9 

AN30-AN31 24.4 23.4 23.0 22.8 18.2 17.8 

AN30-AN35 21.8 20.6 20.7 19.9 17.4 16.9 

AN31-AN35 13.3 14.1 10.4 10.1 11.3 10.8 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-60: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of straw yield, paddy length and paddy 

width of rice over un-inoculated control under field trials  

ZSB 

inoculation/ co-

inoculation 

Straw yield Paddy length Paddy width 

 Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 23.3 22.2 0.8 0.7 4.7 3.9 

AN30 16.8 14.6 0.4 0.4 3.9 2.9 

AN31 19.1 17.1 0.5 0.5 4.2 3.3 

AN35 21.9 20.3 0.6 0.6 4.5 3.7 

AN24-AN30 10.2 8.0 0.2 0.2 2.9 1.9 

AN24-AN31 35.8 33.9 0.9 0.9 5.9 5.1 

AN24-AN35 12.1 9.9 0.2 0.1 3.2 1.5 

AN30-AN31 31.5 31.1 0.9 0.8 5.6 4.9 

AN30-AN35 26.8 25.8 0.8 0.8 4.9 4.4 

AN31-AN35 14.2 12.1 0.3 0.3 3.6 2.4 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-61: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of grain length and grain width of rice over 

un-inoculated control under field trials  

ZSB inoculation/ 

co-inoculation 

Grain length Grain width 

 Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 0.9 0.9 3.3 2.9 

AN30 0.6 0.6 2.5 1.9 

AN31 0.8 0.8 2.8 2.3 

AN35 0.9 0.9 3.1 2.5 

AN24-AN30 0.4 0.4 1.8 1.4 

AN24-AN31 1.3 1.3 4.5 3.9 

AN24-AN35 0.3 0.3 1.5 1.1 

AN30-AN31 1.3 1.2 4.3 3.2 

AN30-AN35 1.1 1.0 3.4 3.1 

AN31-AN35 0.5 0.5 1.9 1.7 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium 
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Appendix-62: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of concentration of N, P, K and Fe in grains 

of rice over un-inoculated control under field trials 

ZSB 

inoculation/ 

co-inoculation 

N conc. in 

grains 

P conc. in 

grains 

K conc. in 

grains 

Fe conc. in 

grains 

 Site-I Site-II Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 21.6 21.1 23.2 23.5 19.0 20.5 20.7 20.3 

AN30 16.4 17.7 20.1 21.2 20.7 18.7 18.9 18.3 

AN31 18.6 18.7 18.8 16.1 22.3 22.8 16.6 16.0 

N35 20.0 19.6 16.8 18.6 17.5 16.3 23.2 20.9 

AN24-AN30 11.7 11.5 12.6 9.4 14.8 11.8 11.9 10.6 

AN24-AN31 28.2 26.8 31.6 30.4 29.9 27.8 28.5 27.1 

AN24-AN35 13.6 13.1 10.2 11.8 10.9 9.5 12.3 12.5 

AN30-AN31 26.0 26.1 24.7 25.7 28.4 25.9 27.7 25.0 

AN30-AN35 23.9 23.2 27.1 28.7 31.2 29.9 24.9 23.1 

AN31-AN35 14.9 15.0 14.5 13.5 12.9 13.6 14.5 14.6 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; conc. = 

Concentration 
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Appendix-63: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of concentration of Zn and crude protein 

in grains and N and P in straw of rice over un-inoculated control 

under field trials 

ZSB 

inoculation/ 

co-inoculation 

Zn conc. in 

grains 

Crude protein 

in grains 

N conc. in 

straw 

P conc. in 

straw 

 Site-I Site-II Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 18.1 17.9 21.6 21.1 22.4 20.5 21.6 21.4 

AN30 20.2 20.2 16.4 17.7 17.4 15.9 19.9 19.3 

AN31 22.6 22.3 18.6 18.7 18.9 16.9 17.9 14.7 

N35 15.9 15.4 20.0 19.6 21.6 19.1 15.5 17.2 

AN24-AN30 12.0 9.9 11.7 11.5 10.9 11.6 9.7 6.8 

AN24-AN31 29.9 28.9 28.2 26.8 27.6 26.3 30.1 29.8 

AN24-AN35 10.2 13.2 13.6 13.1 12.8 10.4 7.9 10.5 

AN30-AN31 28.1 27.1 26.0 26.1 26.4 24.9 25.1 24.9 

AN30-AN35 24.8 23.6 23.9 23.2 24.9 23.7 28.1 26.5 

AN31-AN35 13.8 11.5 14.9 15.0 15.0 13.5 13.4 12.5 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; conc. = 

Concentration 
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Appendix-64: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of concentration of K, Fe and Zn in straw 

and N in roots of rice over un-inoculated control under field trials 

ZSB 

inoculation/ 

co-inoculation 

K conc. in 

straw 

Fe conc. in 

straw 

Zn conc. in 

straw 

N conc. in 

roots 

 Site-I Site-II Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 19.3 21.3 18.1 17.6 13.9 14.3 19.7 19.9 

AN30 21.8 18.7 16.6 15.4 15.9 15.7 14.8 15.3 

AN31 23.3 23.1 14.8 13.6 18.0 17.9 15.7 14.0 

N35 17.7 17.1 19.5 18.3 11.9 12.1 18.9 17.6 

AN24-AN30 14.9 14.1 9.6 8.9 9.1 8.8 10.1 10.3 

AN24-AN31 30.2 28.9 24.2 23.4 27.9 25.6 27.7 26.9 

AN24-AN35 11.6 11.5 12.0 11.7 8.2 7.4 11.0 9.3 

AN30-AN31 26.3 26.1 23.7 22.5 23.1 24.1 25.9 23.9 

AN30-AN35 32.1 31.7 21.8 21.1 20.1 20.7 22.0 21.5 

AN31-AN35 14.8 16.1 13.6 12.7 10.1 10.5 13.2 12.2 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; conc. = 

Concentration 
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Appendix-65: Effect of inoculation and co-inoculation of zinc solubilizing Bacillus 

strains on percent increase of concentration of P, K, Fe and Zn in roots 

of rice over un-inoculated control under field trials 

ZSB 

inoculation/ 

co-inoculation 

P conc. in 

roots 

K conc. in 

roots 

Fe conc. in 

roots 

Zn conc. in 

roots 

 Site-I Site-II Site-I Site-II Site-I Site-II Site-I Site-II 

 Percent increase over un-inoculated control 

AN24 21.1 20.2 17.9 15.9 16.4 16.2 24.7 24.9 

AN30 18.2 17.2 19.6 19.0 14.3 14.0 26.7 27.3 

AN31 15.8 12.6 21.7 20.9 15.3 15.1 28.9 28.3 

N35 13.8 14.7 16.5 17.3 17.4 17.1 22.9 22.4 

AN24-AN30 8.5 6.2 14.5 13.1 12.1 10.3 17.9 17.2 

AN24-AN31 29.2 28.6 27.4 26.6 21.7 21.2 37.7 36.8 

AN24-AN35 7.6 7.9 11.6 11.3 10.8 11.9 16.0 15.1 

AN30-AN31 23.9 22.7 23.6 23.6 20.4 19.3 35.8 34.7 

AN30-AN35 25.9 25.5 29.2 28.8 18.3 18.0 31.4 30.9 

AN31-AN35 11.3 10.1 14.1 13.8 13.3 13.0 19.8 19.8 

ZSB = Zinc solubilizing rhizobacteria; AN24 = Bacillus megaterium; AN30 = Bacillus 

aryabhattai; AN31 = Bacillus megaterium; AN35 = Bacillus megaterium; conc. = 

Concentration 

 

 

 

 

 

 

 


