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ABSTRACT 
 

Low availability of phosphorus is a major constraint on agricultural productivity in all kinds of 
soils. Although soils are rich in total phosphorus, yet it is unavailable to plants and is considered 
as a limiting factor of plant growth. Application of phosphatic fertilizers is essentially required to 
maximize crop yields. Generally P use efficiency of applied fertilizer is low because of the 
formation of insoluble complexes with soil colloids. Phosphorus is sequestered mainly through 
the mechanisms of precipitation and adsorption on Ca, Fe, and Al etc. Although a large amount 
of the total P in soils is present as organic form; however, the sole form of P assimilated by 
micro-organisms and plants is mineral orthophosphate ions. One of the major sources of 
orthophosphate ions is the mineralization of organic phosphorus (Po). Soil organic phosphorus 
plays an imperative role in P nutrition of crops. Phosphatase enzymes hydrolyze soil organic 
phosphorus to release inorganic P before it can be utilized and taken up by plant roots from the 
soil solution. Soil microorganisms are the major source of such enzymes. Besides the 
conventional methods of mineral phosphate fertilization, microbial P-solubilization may help to 
improve the availability of phosphates in P deficient soils. Use of phosphate solubilizing bacteria 
as inoculants directly increases P uptake by releasing organic acids and phosphatases while with 
their 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity and auxin production, these 
microbes could enhance P acquisition by plant indirectly through increased root growth. Present 
study was planned to isolate bacteria from the rhizosphere of maize with plant growth promoting 
traits which included phosphatase activity, auxin production as well as ACC-deaminase activity 
for increasing the growth and yield of maize with the hypothesis that the inoculation with 
phosphatase producing bacteria would help in promoting growth of maize in the presence of 
organic matter in order to manage soils deficient in available P. A series of studies to evaluate 
the response of rhizobacteria having phosphatase activity, auxin producing and ACC-deaminase 
activity on growth and yield of maize were conducted. During preliminary screening approach 
under axenic conditions, inoculation caused up to 40 % increase in shoot length and 59 % 
increase in root length compared to uninoculated control (jar trial). In pot trial, in combination 
with farmyard manure (FYM), inoculation with selected bacterial isolates caused up to 16, 11, 33 
and 42 % increases in shoot length, root length, grain yield and straw yield of maize compared 
with uninoculated control, respectively. Moreover, inoculation also significantly increased the 
phosphatase activity in the rhizosphere, dissolved P and available P in soil compared with 
control. Correlation analysis revealed that positive and significant correlations existed between 
the PGPR showing efficient plant growth and their in vitro traits, i.e. phosphatase activity, auxin 
production and ACC-deaminase activity. Similarly, in field trials, inoculation with phosphatase 
producing bacterial isolates resulted in significant increase in plant height; cob yield; plant 
biomass and grain yield of maize (up to 25, 31, 44 and 31 %, respectively) as compared to 
uninoculated control in the presence of FYM. Regarding physiological parameters, inoculation 
with phosphatase producing bacterial isolates also resulted in enhanced photosynthetic rate, 
transpiration rate and water use efficiency which were 62, 28 and 30 % higher than uninoculated 
control, respectively. Study also demonstrated that multifaceted bacteria could be more effective 
PGPR than single trait to improve crop growth and yield. 
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CHAPTER I                                       INTRODUCTION 

 
Maize (Zea mays L.) is an important cereal crop in the region of temperate climate, 

because of the growing demand for human food, livestock feed and raw material for several 

agro-based industries. It is grouped among those crops which have high growth rate, 

producing larger biomass and thus requiring relatively more phosphorus (Mengel and 

Kirkby, 2001). In Pakistan, maize crop mostly suffers from phosphorus deficiency due to 

alkaline and calcareous nature of soils. Moreover, nearly 80 to 90 % soils from arid and 

semiarid regions of the world, including Pakistan, are poor in available phosphorus (Sander, 

1986; Memon et al., 1992 and NFDC, 2001). Phosphorus is considered as an essential major 

nutrient element for maize growth and development (Wua et al., 2005). It is the second most 

limiting nutrient after nitrogen in most of the soils. It is the world’s second highest chemical 

input in agriculture. Phosphorus plays significant role in plant growth and metabolism by 

supplying energy required for metabolic processes (Lal, 2002).  

Phosphorus exists in soil as organic and inorganic forms. A major quantity of the total 

P is present in organic matter in soils (Speir and Ross, 1978) in the form of phospholipids, 

nucleotides and inositol phosphate (Anderson, 1975; Halstead and Mc Kercher, 1975). Soil 

organic phosphorus (SOP) thus plays a major role in supplying phosphorus to the plants 

particularly in calcareous soils with high P-fixing capacity (Tarafdar and Claasson, 1988). 

The contribution of SOP is substantial to total  Phosphorus in soil  which could  range from 

20 to 80% in cultivated soils (Stevenson, 1982) and it may provide a significant portion of 

plant-available P via mineralization (Sharpley, 1985).  

Soil phosphatases are needed to hydrolyze soil organic phosphorus for converting it 

into inorganic forms (HPO4
-- and H2PO4

-) prior to its utilization by the roots of crop plants 

present in the soil solution (Tate, 1984; Marschner, 1995; He e al., 2004). This reaction is 

catalyzed by phosphatase enzymes present in soil, microorganisms, plant roots and in 

extracellular forms in soil. Phosphatase-catalysed reactions are involved in the hydrolysis of 

both esters and anhydrides of H3PO4 (Schmidt and Laskowski, 1961; Tabatabai, 1994).  

Phosphatases are grouped into two classes i.e. acid and alkaline phosphatases owing 

to their optimum activities which could occur either at low (pH 6.5) or high (pH 11) pH 

ranges, respectively. Both microorganisms and higher plants are known to produce acid 
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phosphatases but microorganisms are specific in the production of alkaline phosphatases 

(Tabatabai and Bremner, 1969). The occurrence of a significant quantity of phosphatase 

activity in soil has been demonstrated by Lynch 1990 and Sarapatka and Kraskova, 1997. 

The main cause of phosphatase activity in soil is well thought-out to be microorganisms 

(Garcia et al., 1992; Xu and Johnson, 1995; Ribeiro and Cardoso, 2012). In particular, 

phosphatase activity is considerably increased in the rhizosphere (Tarafdar and Junk, 1987). 

It is well documented that microorganisms present in soil are helpful in making P available 

from organic complexes of total soil P through their mineralizing abilities (Abd-Alla, 1994; 

Bishop et al., 1994) and also from inorganic pools by solubilization (Kucey et al., 1989; 

Richardson, 1994; Laslo et al., 2012). Similarly, George et al. (2002) and Malboobi et al. 

(2009) also suggested that simultaneous release of organic acids and phosphatases by 

microorganisms could increase P solubility, by releasing bound organic phosphates and its 

mineralization by escalating the rate of hydrolytic cleavage. Besides this, microorganisms 

could effectively increase the surface area of roots.  

Most of the soils contain phosphorus in insoluble compounds which is unavailable to 

plants. To augment soil nutrients, chemical fertilizers are used in large quantities which are 

considered to be very costly and are not environmental friendly (Dai et al., 2004). Rock 

phosphate is an important raw material for phosphatic fertilizers. Jasinski (2006) reported 

that the world reserves of phosphate rock are becoming increasingly scarce and it is 

estimated that they will be exhausted within 50-100 years, with a global peak in usage of P 

reserves occurring by 2040. Moreover, the quality of rock phosphate is decreasing and its 

cost is increasing (Cordell, 2008). In order to overcome these inefficiencies, microbial 

inoculants are now being investigated worldwide for their potential to mobilize unavailable 

P, increase the ability for plant P uptake and increase yields (Zahir et al., 2004).  

The rhizobacteria, associated with plant roots are beneficial to plants and are often 

referred to as plant growth promoting rhizobacteria (PGPR) (Kloepper et al., 1989). They can 

have an effect on plant growth both by direct or indirect ways using different mechanisms of 

action (Glick et al., 1998; Persello-Cartieaux et al., 2003; Mantelin and Touraine, 2004; 

Datta et al., 2011). Growth promotion by indirect mean by PGPR occurs when they improve 

growth-restricting conditions (Glick et al., 1999). On the other hands, direct promotion of 

plant growth by PGPR is considered when it provide the host plant with a compound that is 
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synthesized by the rhizobacteria or facilitate the uptake of nutrients. The other several direct 

ways in which these PGPR can help in facilitation and proliferation of their plant hosts 

generally include the atmospheric nitrogen fixation; solubilization of  minerals such as 

phosphorus; production of siderophores which help in solubilization and sequestration of 

iron, and provide it to plant; production of plant hormones, like auxins, cytokinins and 

gibberellins, which could improve a range of stages occurring in plant growth; and synthesis 

of  enzymes that can alter growth and development in plants (Brown, 1974; Davison, 1988; 

Kloepper et al., 1989; Lambert and Joos, 1989; Patten and Glick, 1996; Glick et al., 1999). 

Plant growth could be affected by a single bacterium by one or more of the above mentioned 

mechanisms and during the life cycle of the host plant it could also use some other abilities 

for improving plant growth (Glick et al., 1999). Phosphate solubilizing bacteria (PSB) may 

be important for plant nutrition by increasing P uptake by the plants and playing a significant 

role as plant growth promoting rhizobacteria (PGPR). 

The production of plant hormones or phytohormones is also one of the direct 

mechanisms exhibited by plant growth promoting rhizobacteria (PGPR) for the improvement 

of plant growth (Glick 1995). Phytohormones are the organic substances other than plant 

nutrients or vitamins, which at enormously low concentration affect various physiological 

activities of growth and development in plants. These phytohormones include, auxins, 

cytokinins, gibberellins, ethylene and abscisic acid. Plant growth regulators (PGRs) is 

another term use to describe all the natural as well as synthetic substances which are being 

used worldwide to enhance the crop productivity and during last few years, their use in 

agriculture industry has been radically increased (Khalid et al., 2001).  

Auxins are a class of phytohormones which are involved in the regulation of growth 

and development throughout the life cycle of plants. These are endogenously synthesized by 

plants and their exogenous application can affect plant growth. It is well documented that 

several soil microorganisms are actively involved in the synthesis of auxins in pure culture as 

well as in soil (Bric et al., 1991; Arshad and Frankenberger, 1993, 1998; Sarwar and Kremer, 

1995a, b; Biswas et al., 2000a, b). The rhizobacteria isolated from different verities of 

rapeseed showed a highly variable potential for their auxin production (Asghar et al., 2000). 

           Similarly, some plant growth promoting rhizobacteria with their ACC (1-

aminocyclopropane-1-carboxylate) activity can improve phosphorus acquisition by plant 
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indirectly by increasing root development. Ethylene being an important hormone is 

concerned with the regulation of various physiological processes in plants (Arshad and 

Frankenberger, 2002; Owino et al., 2006). Under nutritional stress such as P deficiency, the 

level of ethylene increases which is considered inhibitory to plant growth especially for root 

growth. Some phosphate solubilising bacteria also produce ACC-deaminase as a plant 

growth promoting enzyme (Naik et al., 2008; Piromyou et al., 2011). Soil microorganisms 

containing ACC-deaminase activity are helpful in increasing root elongation through 

lowering ethylene levels in plant roots by converting ACC into NH3 and α-ketobutyrate in 

plants (Penrose and Glick, 2003; Shaharoona et al., 2007). It is likely that increased root 

growth could help in larger uptake of P for better plant growth, consequently, the bacteria 

having ACC-deaminase activity along with phosphatase enzymes or auxin production (i.e 

multitraits bacterial strains) capability could be more effective in increasing the P availability 

to plants and ultimately increase the yield. Therefore, in order to select most effective PGPR 

for plants, different strategies or approaches are being used by the workers which include; 

promotion of root/shoot growth under axenic conditions; production of plant growth 

regulators or biologically active substances under in vitro conditions and/or evaluating ACC-

deaminase activity of the root colonizing bacteria (rhizobacteria). For isolation and screening 

of rhizobacteria to choose most effective PGPR, the combination of two or more strategies 

could be a superior technique as compared to using a single approach (Zahir et al., 2003). 

The breakdown of organic phosphatic compounds into inorganic P is known as 

mineralization or decomposition of organic phosphorus which takes place in soil due to plant 

and animal remains comprising a great portion of organic phosphorus compounds. The 

solubilization is the dissolution of inorganic P. In soil, there are numerous saprophytes which 

are involved in the decomposition of organic compounds in soil, thus liberating essential 

orthophosphate ions from the carbon structure of the organic molecule. On their 

biodegradation, the organophosphonates in soil can evenly undergo a process of 

mineralization by the action of microorganisms (McGrath et al., 1995). Several phosphatases 

(also called phosphohydrolases) are involved in the mineralization of organic P-compounds, 

which include the hydrolysis of phosphoester or phosphoanhydride bonds. Many 

microorganisms secrete these phosphatases. Significant work has been done worldwide on 

microbial solubilization of insoluble inorganic P compounds, such as dicalcium phosphate, 
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tricalcium phosphate, hydroxyapatite and rock phosphate (Goldstein, 1986) but there is 

scarcity of research work regarding the microbial mineralization of organic phosphorus pool 

in mineral soils by inoculating with phosphatase producing bacteria.  
Present study was conducted to isolate phosphatase-producing bacteria with some 

additional plant growth promoting traits i.e., ACC-deaminase activity and auxin production 

to dissolve organic phosphate using phosphatases in soil in the presence of organic manure 

with the hypothesis that the inoculation with phosphatase producing bacteria would help in 

promoting growth of maize in the presence of organic matter. The general objectives of the 

study were as follows: 

  Isolation and screening of  bacteria with phosphatase activity, auxin production 

and ACC-deaminase activity of the isolates 

  Screening of bacteria for growth stimulation under axenic conditions 

 Evaluation of the selected isolates both in pot and field trials 

 Evaluation of mineralizing abilities of the isolates in soils 

 To find out correlations between phosphatase activity, ACC-deaminase activity and 

auxin production of the isolates with plant growth and yield parameters in pot and 

field trials 

 Identification of the selected isolates 
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CHAPTER II                                      REVIEW OF LITERATURE 

Although agriculture soils are rich in total P, yet it is unavailable to plants and is 

considered as a limiting factor for plant growth. The efficiency of phosphatic fertilizers is 

usually low due to the formation of insoluble complexes in soils. Of the total P in soils, 

organic P is present in larger amount. The mineralization of organic P carried out by 

phosphatase enzymes releases orthophosphate ions in soils. Soil microorganisms are the 

major source of such enzymes. Besides conventional mineral phosphate fertilization, 

microbial P-solubilization could help to improve the availability of P. Application of bacteria 

having P-solubilizing activity directly promotes uptake of P while some microorganisms with 

their 1-aminocyclopropane-1-carboxylate (ACC) activity or auxin production capability can 

further enhance P attainment by plant indirectly through better root system. This review 

covers the issues regarding P availability and the role that microorganisms play through 

unlike mechanisms to replenish this nutrient in soils. 

Phosphorus is an indispensable macronutrient which plays a pivotal role in the growth 

and development of crops. It is considered as the second most limiting nutrient after nitrogen 

in most of the soils and is the world’s second highest chemical fertilizer input in agriculture. 

It has been reported that soils from arid and semiarid regions of the world are very poor in 

available phosphorus ranging from 80 to 90 % (Sander 1986; Memon et al., 1992). 

Phosphorus exists in soil as organic and inorganic forms. Organic matter mostly comprises of 

P as phospholipids, nucleotides and inositol phosphate (Anderson 1975; Halstead and 

McKercher, 1975). It is likely that soil organic P (SOP) does a major job in P nutrition of 

crops mainly in calcareous soils of high P-fixing capacity (Tarafdar and Claasson, 1988). The 

contribution of soil organic P to total  Phosphorus (TP), might be ranged between 20 to 80 % 

in most mineral soils (Stevenson, 1982) that could provide a significant portion of plant-

available P via mineralization (Sharpley, 1985). To hydrolyze soil organic phosphorus, soil 

phosphatases are basically needed which convert it into inorganic forms (HPO4
- and H2PO4

-) 

prior to its utilization by plant roots from the soil solution (Tate 1984; Marschner 1995; He et 

al., 2004). This conversion of organic P into inorganic P is catalyzed by phosphatase 

enzymes present in microorganisms, plant roots and in soil as extracellular forms. These 

phosphatase-catalysed reactions are involved in the hydrolysis of both esters and anhydrides 
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of H3PO4 (Schmidt and Laskowski 1961; Tabatabai, 1994). It is documented that soil 

microorganisms release phosphorus from organic moiety of total soil P through 

mineralization for plant uptake (Abd-Alla 1994; Bishop et al., 1994; Trolove et al., 2003).  

Most of the soils contain phosphorus in the form of insoluble compounds which is 

unavailable to plants. It is a common practice that to replenish soil nutrients, chemical 

fertilizers are used in bulk quantities which has resulted in high expenses and rigorous 

environmental contamination (Dai et al., 2004). Rock Phosphate is an important raw material 

for phosphatic chemical fertilizers. Isherword (1998) and Jasinski (2006) warned that the 

world reserves of phosphate rock are becoming increasingly scarce and it is estimated that 

they would be exhausted within next 50 to 100 years, with a global peak in treatment of P 

reserves occurring by 2040. Furthermore, the quality of phosphate rock is decreasing and its 

cost is increasing (Cordell 2008). In order to overcome these inefficiencies, microbial 

inoculants are now being investigated worldwide for their potential to mobilize unavailable 

organic and inorganic P sources for sustainable agriculture.  

In soils, there are many bacteria associated with plant roots which are termed as 

rhizobacteria. Those rhizobacteria which help the plants in their growth and development, are 

frequently named as plant growth promoting rhizobacteria (PGPR) (Kloepper et al., 1989). 

These rhizobacteria affect plant development both directly and indirectly through their 

distinct mechanisms of action (Glick et al., 1998; Persello-Cartieaux et al., 2003; Mantelin 

and Touraine 2004, Datta et al., 2011). The PGPR enhance growth of plants indirectly 

through increased growth-restricting circumstances (Glick et al., 1999). On the other hand, 

direct growth enhancement by PGPR commonly involves providing the plant with a 

compound which is synthesized by the bacterium or facilitating the uptake of plant nutrients 

such as P and Fe. Some of the other direct ways through  which these  rhizobacteria could 

help the propagation of their host plants include; fixation of atmospheric nitrogen; 

solubilization of  minerals nutrients for example phosphorus and iron; production of 

siderophores, which help in  solubilizing and sequestering Fe for  plant uptake; production of 

plant growth regulators , like auxins, cytokinins and gibberellins, which can improve a 

variety of stages of growth of plants; and synthesis of  enzymes  which may alter growth and 

development of plants (Brown 1974; Davison 1988; Kloepper et al., 1989; Lambert and Joos 

1989; Patten and Glick,1996; Glick et al., 1999). Besides, these mechanisms, a single 
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bacterium can have an effect on plant growth by using diverse abilities for increasing growth 

of plants at different stages occurring in plant life cycle (Glick et al., 1999). Several PGPR 

have been reported to improve growth of different crops, viz. canola, soybean, lentil, pea, 

wheat and radish (Kloepper et al., 1988; Chanway et al., 1989; Glick et al., 1997; Timmusk 

et al., 1999; Salamone, 2000). The improvement of plant growth by PGPR in agricultural 

crops shows their potential to be used as biofertilizers for sustainable agriculture. 

Biofertilizers or microbial inoculants are the substances consisting of live microorganisms 

(bacteria, fungi) which can   increase the growth and productivity crop plants (Rao and 

Dommergues, 1998). The ability of micro-organisms to solubilize P is known to be one of 

the most important characters related to plant P nutrition (Chen et al., 2006). Numerous 

bacterial species, in association with plant rhizosphere, are capable of enhancing phosphorus 

availability to plants either by solubilization of inorganic phosphate through production of 

organic acids or by mineralization of organic phosphate by phosphatases (Rodriguez and 

Fraga, 1999). Such bacteria are commonly called as phosphate solubilizing bacteria (PSB) 

and are known to have their probable implication as microbial inoculants for improving the 

growth and yield of plants (Yadav and Dadarwal, 1997; Rodriguez and Fraga, 1999; Vessey, 

2003; Chen et al., 2006).   

The production of plant hormones or phytohormones is also one of the direct 

mechanisms exhibited by plant growth promoting rhizobacteria (PGPR) for improving the 

growth of plants (Glick, 1995). Phytohormones are the organic substances other than plant 

nutrients or vitamins, which at enormously low concentration affect various physiological 

activities of growth and development in plants. These phytohormones include auxins, 

cytokinins, gibberellins, ethylene and abscisic acid. Auxins being a class of phytohormones 

are involved in the regulation of growth and development throughout the life cycle of plants. 

These are endogenously synthesized by plants and their exogenous application can also affect 

plant growth. It is well documented that several soil microbes are dynamically concerned in 

the synthesis of auxins in pure culture as well as in soil (Bric et al., 1991; Arshad and 

Frankenberger, 1993, 1998; Sarwar and Kremer 1995a, b; Biswas et al., 2000a, b). This 

auxin production by the rhizobacteria is modified by various factors, the important one is 

rhizosphere difference of different crops/species. The rhizobacteria isolated from different 



9 
 

varieties of rapeseed showed a highly variable potential for their auxin production (Asghar et 

al., 2004). 

           Similarly, some plant growth promoting rhizobacteria with their ACC (1-

aminocyclopropane-1-carboxylate) deaminase activity can improve phosphorus acquisition 

by plant indirectly by increasing root biomass. Ethylene being an important hormone is 

concerned with the regulation of various physiological processes in plants (Arshad and 

Frankenberger 2002; Owino et al., 2006). Under nutritional stress such as P deficiency, the 

level of ethylene increases which is considered inhibitory to plant growth especially for root 

growth. Naik et al. (2008) reported that some phosphate solubilising bacteria also produce 

ACC-deaminase as a plant growth promoting enzyme. Soil microorganisms containing ACC-

deaminase activity are helpful in increasing root elongation through lowering ethylene levels 

in plant roots by converting ACC into NH3 and α-ketobutyrate in plants (Penrose and Glick, 

2003). It is likely that increased root growth could help in larger uptake of P and other 

nutrients for better plant growth, consequently, the bacteria having ACC-deaminase activity 

along with phosphatase enzymes or auxin production capability could be more effective in 

increasing the P availability to plants and ultimately increase the yield. So, in order to select 

most effective PGPR, different strategies or approaches are being used by the soil 

microbiologists which include; promotion of root/shoot growth under axenic conditions; 

production of plant growth regulators or biologically active substances under in vitro 

conditions and/or evaluating the activity of ACC-deaminase of the root colonizing bacteria. 

Anyhow, for screening of rhizobacteria to choose most effective PGPR, the combination of 

two or more strategies could be a superior technique as compared to using a single approach 

(Zahir et al., 2003). 

The breakdown of organic phosphatic compounds into inorganic P is recognized as 

mineralization or decomposition of organic phosphorus which takes place in soil due to plant 

and animal remains comprising a great portion of organic P compounds and the 

solubilization is the dissolution of inorganic P.  In soil, there are numerous saprophytes 

which are involved in the decomposition of organic P compounds, thus liberating essential 

orthophosphate ions from the carbon structure of the organic molecules. On their 

biodegradation, the organophosphonates in soil can evenly undergo a process of 

mineralization by the action of microorganisms (McGrath et al., 1995). Several phosphatases 
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(also called phosphohydrolases) are involved in the mineralization of organic P-compounds, 

which include the hydrolysis of phosphoester or phosphoanhydride bonds. Many 

microorganisms secrete these phosphatases to mineralize organic P in soil.  
2.1 Phosphorus as a major plant nutrient 

             Phosphorus is a key nutrient element for plant, next only to nitrogen and grouped as 

a major plant nutrient along with nitrogen and potassium. Its contribution in plant dry weight 

is about 0.2%. It has a fundamental role to play in plant growth and development. Different 

features of plant development like photosynthesis, consumption of sugars and starch, 

formation of nucleus, fat and albumin; cell division and cell organization and the transmit of 

heredity material are associated with phosphorus (Lal, 2002). The production of nucleic acid 

molecules (DNA and RNA) depends on phosphorus. Phosphorus is a fundamental constituent 

of energy rich biological molecule adenosine triphosphate (ATP) and also as hydrophilic 

phosphate groups of phospholipids which are important constituents of cell membranes 

(Marschner, 1990). For optimal growth, the phosphorus requirement ranges from 0.3 to 0.5 

% of plant dry weight.  In plants, retarded growth followed by reddish coloration is mainly 

due to deficiency of phosphorus. Under limited supply of P, the plants mostly appear as 

darker green in color. The plants deficient in P have much lower photosynthetic rate resulting 

in reduced metabolic processes.  

2.2 Role of microbes in phosphorus availability 

For optimum plant growth, a sufficient supply of mineral nutrients is required. Glick 

(1995) is of the view that the mobilization of mineral nutrients like phosphorus (P) and iron 

(Fe) in soil, by PGPR which makes these nutrients in more readily plant available forms 

should be employed as a mechanism for increased growth and development of plants. 

Although, if soils contain  an abundant amounts of  an essential nutrients, yet the plant can 

exhibit deficiency symptoms owing to the non-availability of some of these essential 

nutrients in soil. Many researchers have reported that PGPR can induce growth of plants by 

enhancing solubilization (through the production of siderophore or organic acid) and thus 

help plant to uptake mineral nutrients (Kloepper et al., 1987; Glick 1995; Chabot et al., 1996; 

Biswas et al., 2000b; Dazzo et al., 2000).   

            The main sources of phosphorus in soils include organic manures, rock phosphate and 

di-ammonium phosphate (DAP). On average basis, all the mineral nutrients other than P, are 
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found in millimolar quantities in soil solution, whereas, phosphorus is found only in 

micromolar or even smaller amounts (Ozanne, 1980). Such low levels of  P in soils are 

mainly attributed due to higher reactivity of soluble phosphorus with calcium (Ca), iron (Fe) 

or aluminium (Al) resulting in P precipitation in soils. Mostly, inorganic P is associated with 

Al and Fe compounds in acidic soils (Sharpley et al., 1984) while in calcareous soils calcium 

phosphates are the principal form of inorganic phosphates.  

               In order to maximize crop productivity, the use of phosphatic fertilizers is a basic 

need. In general, the efficiency of applied fertilizer is low due to the formation of insoluble 

complexes with soil colloids (Dobermann et al., 1998; Vassilev and Vassileva, 2003). 

Phosphorus is sequestered mainly through the mechanisms of precipitation and adsorption on 

Ca, Fe, and Al etc. (Harris et al., 2006). Compared with the other major plant nutrient 

elements, P is considerably the least mobile and available to plants under most soil 

conditions. Several soils all over the world are lacking in available phosphorus as available P 

concentration is usually not greater than 10 µM under a favorable pH of 6.5 even in well soil 

(Gyaneshwar et al., 2002). One of the major factors limiting growth and productivity of crop 

plants in many ecosystems of the world is related to phosphorus deficiency (Raghothama and 

Karthikeyan, 2005). 

To overcome phosphorus deficiency in plants, PGPR containing phosphate-

solubilizing ability could play a major part in providing phosphate to plants in a more 

environmentally-friendly and on sustained basis. Both PGPR and fungi containing phosphate 

solubilizing capability are also called as phosphate solubilizing microorganisms (PSM) 

which are capable of growing on various phosphorus containing compounds. These PSM not 

only accumulate P, but also release a great part of soluble phosphate in soil for plant uptake. 

It has been found that microorganisms solubilize the low soluble calcium phosphate 

compounds through the production of phosphatases and make them available to plants (Rao, 

2000).  
Phosphorus availability to the plants could be increased either by managing 

indigenous microbial populations in soil with the purpose to optimize their ability for the 

transformation of  P or using specific bacteria or fungi as microbial inoculants (Richardson, 

1994). Historically, in Russia, the use of soil inoculation with Bacillus megaterium var. 

phosphaticum (phosphobacterin) was started to improve the yield of crops (Cooper, 1959). 
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The use of Penicillium bilaii capable of solubilizing inorganic P through the production of 

organic acids has been reported by Leggett et al. (1993). Simultaneous application of PSM 

and PGPR could lessen the use of chemical phosphorus fertilizer up to 50 % without causing 

a significant decrease in grain yield of corn (Yazdani et al., 2009).  

Organic phosphorus can constitute a significant portion of soluble P, as much as 50 % 

in soils containing high organic matter contents (Barber, 1984). Phytate (a hexaphosphate salt 

of inositol), is a chief form of organic P present in soils and it ranges between 50 and 80 % of 

the total soil organic phosphorus (Alexander, 1977). Both microorganisms and plants have 

been reported to release phosphatase enzyme into the soil environment in order to mineralize 

soil organic P (SOP). Spier and Ross (1978), in their review of soil phosphatases, suggested 

that microorganisms seem the reasonable choice for supplying the largest part of soil enzyme 

activity because of their larger biomass, higher metabolic activities and short life spans which 

make them enable to produce and release relatively larger amounts of extra cellular enzymes 

as compared to animals and plants . 

           The soil microorganisms are concerned with several processes which help in the 

exchange of soil P and thus are playing a significant part in the soil P cycle. Specifically, 

these microbes are helpful in releasing P both from inorganic and organic sources of soil P 

through their respective solubilizing and mineralizing abilities. In soil, the microbial biomass 

also contains a major portion of immobilized P which is potentially available to plants. In this 

way, soil microorganisms, are critical for the transferring and maintaining the P from 

inadequately available soil pools to plant available forms. The rhizosphere of plants is 

considered as the main place for such processes (Richardson, 2001). 

The activity of different phosphatases in the rhizosphere of maize, wheat and barley 

was evaluated by Burns (1982) and found that phosphatase activity was considerably higher 

at acidic and neutral soil pH in the inner rhizosphere of the plants. Among the acid 

phosphatase-producing soil bacteria, strains from the genus Bacillus, Rhizobium, Citrobacter, 

Enterobacter, Klebsiella, Proteus, Serratia and Pseudomonas have been reported by Abd-

Alla (1994); Thaller et al., 1995b; Gügi et al., 1991 and also by Skrary and Cameron (1998). 

          Different researchers have also revealed that some microorganisms containing 

phosphatase activity are also involved in the solubilization of inorganic form of phosphorus 

under P limitation. Natesan and Shanmugasundaram (1989) studied the in vitro solubilization 
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potential by the cyanobacterium Anabaena ARM310. Under conditions of phosphate 

depletion, they found that cyanobacteria showed enhanced cell surface and intracellular 

alkaline phosphatase activity. It was also revealed that under phosphorus limitation in the 

media, alkaline phosphatase activity was very prominent. They suggested that solubilization 

of tri-calcium phosphate was brought by alkaline phosphatases secreted by cyanobacterium 

Anabaena ARM310. To determine their potential to solubilize insoluble phosphates in soil, 

El-Tarabily et al. (2008) isolated thirty-one non-streptomycete actinomycetes (NSA). Among 

them, an isolate Micromonospora endolithica caused maximum drop in pH in the cultured 

medium consisting of powdered rock phosphate. Moreover, it solubilized a significant 

quantity of inorganic phosphate in the liquid medium. Along with production of different 

organic acids, the isolate also secreted acid as well as alkaline phosphatases to mineralize 

organic phosphorus. An in vitro research on phosphatases secreted by a strain of Rhizobium 

leguminosarum was carried out by Abd-Alla (1994). The strain was grown on four different 

organic phosphorus compounds including β-glycerophosphate, adenosine 5-triphosphate, 

glucose-l-phosphate and 4-nitrophenylphosphate as sources of phosphate. It was observed 

that the strain produced both acid and alkaline phosphatases in the liquid media amended 

with organic phosphorus substrates. It was observed that the tested strain exhibited much 

higher alkaline phosphatase activity compared to its acid phosphatase activity in the growth 

media. It was concluded that by the action of its phosphatase enzymes, R. Leguminosarum 

could play a vital role in the release of phosphorus from organic matter in the soil for plant 

uptake. 

         Nopparat et al. (2007) conducted a research based on isolation and selection of 

phosphate solubilizing soil fungi. Thirty isolates showing larger ratio of clear/halo zone on 

agar media were selected for evaluating their solubilising and mineralizing potential in liquid 

media under in vitro conditions. They found that out of thirty fungal isolates, four isolates 

solubilized tricalcium phosphate showing the highest available phosphate (2.632-3.010 mg 

P2O5 mL-1) in liquid culture. To mineralize organic P, these fungal isolates showed acid 

phosphatase activity (0.029-0.102 unit mL-1 min-1) and alkaline phosphatase activity (0.022-

0.102 unit mL-1 min-1) in the growth media. These fungal strains were characterized as 

Aspergillus sp.  
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The microbial density of phosphate solubilizing bacteria (PSB) isolated from the 

rhizosphere of different field crops including maize was demonstrated by Ponmurugan ��� 

Gopi (2006). The isolated strains were grown on specific media containing specific 

substrates in order to produce growth regulators (indole acetic acid ��� gibberellic acid) and 

acid phosphatase enzyme activity. It was reported that the population density of 

phosphobacterial strains were larger in the soil of groundnut rhizosphere plant. Moreover, all 

the tested isolates were capable of   producing acid phosphatase enzyme and phytohormones. 

  As plant growth-promoting microorganisms, several soil microorganisms possess 

capability of converting insoluble forms of phosphorus into plant available forms for better 

growth and vigour of plants. Oliveira et al. (2008) isolated soil microbes from the 

rhizosphere of maize which were further screened and evaluated for their phosphate 

solubilization potential for managing soil microbial communities and consequently to 

develop microbial inoculants. The selection of microorganisms was based on their efficiency 

to solubilize inorganic (aluminum phosphate and tricalcium phosphate) and organic (sodium 

phytate and soybean lecithin) phosphate sources in a modified Pikovskaya’s liquid media. 

The researchers found that maximum solubilization was observed in the medium containing 

tricalcium phosphate, whereas, the fungal population was the most effective in solubilizing P 

in the media amended with aluminum phosphate, phytate and lecithin. The fungal isolates 

also secreted high levels of acid phosphatase activity in the modified Pikovskaya’s liquid 

media. 

Similarly, phosphate solubilization potential of Trichoderma sp. was evaluated by 

Kapri and Tewari (2010). They isolated fourteen strains of Trichoderma sp. from the 

rhizospheres of bamboo, pinus, oak, deodar and guava. National Botanical Research Institute 

Phosphate (NBRIP) broth consisting of tricalcium phosphate (TCP) was used to assess 

phosphate solubilizing potential and also a standard culture of T. harzianum was used for 

comparing with NBRIP medium. All the strains solubilized TCP but with different degree of 

efficacy. After 96 h of incubation, the strain DRT-1 solubilized maximum quantity of soluble 

phosphate (404.07 μg mL-1) as compared to the standard culture of T. harzianum (386.4207 

μg mL-1). Regarding their extracellular acid and alkaline phosphatase activities in the 

medium containing tricalcium phosphate, the isolate DRT-1 produced maximum (14.50 U. 

mL-1) extracellular alkaline phosphatase activity as against the standard culture of T. 
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harzianum (13.41 U. mL-1) after 72 h of incubation. Acid phosphatase activity recorded was 

much lesser than alkaline phosphatase activity. 

To mineralize organic P, Ustilago sp. (soil yeast) produced acid phosphatase enzyme. 

An experiment was conducted by Onthong et al., (2007) to know the effect of different 

cations and pH on the activity of acid phosphatase secreted by three isolates of Ustilago sp. 

Moreover, the ability of acid phosphatase secreted by Ustilago sp. to mineralize organic P 

from Na-phytate was also determined. The results revealed that the optimum pH ranged from 

3.5 to 4.5 for acid phosphatase activity. The addition of Al and Ca in the growth medium 

suppressed the activity of acid phosphatase but Fe enhanced the activity. Similarly, it was 

found that the tested isolates hydrolyzed Na-phytate thereby releasing P. 

 

 

2.3 Mechanisms of microbial phosphate solubilization and mineralization  

Phosphorus exists as inorganic and organic forms in soil. The exact mechanism by 

which phosphate solubilizing microorganisms (PSM) can increase growth of plants is still 

unclear, however, the accepted mechanism in mineral phosphate solubilization is considered 

to be due to organic acids production by these microorganisms.  On the other hand, it is 

likely that phosphatases are involved in the mineralization of organic phosphorus in soil, 

(Burn, 1982; Kim et al., 1998b; Rodriguez and Fraga, 1999; Sarapatka, 2003). Rhizosphere 

microorganisms (Fig. 1) can help in mobilizing P from soils or low-quality rock fertilizer 

through different mechanisms such as acidification to solubilize P from acid-soluble soils and 

fertilizers, by releasing organic anions to mobilize P in hydrous oxide-bound P or by 

releasing phosphatase enzymes for the mobilization of organic phosphorus (Trolove et al., 

2003). Arun (2007) suggested two main schools of thought interpreting the mechanism of 

microbial P-solubilization as follows: 

 Solubilization by production of organic acids 

 Solubilization by production of phosphatase enzymes 
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Fig. 1. Schematic diagram of soil phosphorus mobilization and immobilization by bacteria (With the 

permission from Alan Richardson, CSIRO, Australia) 

 

2.3.1 Microbial solubilization of inorganic phosphate  

  Although, agricultural soils are rich in total phosphorus, yet only a small proportion 

of it which is less than 1% is instantly available for uptake of plant (Russell, 1973). A very 

small portion of P in soil is found in the forms which are soluble in water. Nearly, 90% of the 

soil P is present in unavailable or fixed forms including primary minerals of  phosphate, Ca, 

Fe, Al, phosphates fixed by colloidal oxides and silicate minerals and  humus P. Plants take 

phosphorus  mostly in the form of  negatively charged orthophosphate ions (primary and 

secondary). Therefore, the pools of P which are soluble in soil water put a direct effect on 

growth of plants. Inorganic phosphorus can be mobilized to available form by the 

rhizobacteria (Laslo et al., 2012). In order to solubilize inorganic phosphates, phosphate 

solubilizing microorganisms (PSM) secrete different kinds of organic acids. Acetate, oxalate, 

tartrate, succinate, citrate, gluconate, ketogluconate and glycolate are some of the organic 

acids which are mostly secreted by these microorganisms (Gyaneshwar et al., 1998; Kim et 

al., 1998a, b; Iyamuremye and Dick, 1996; Puente et al., 2004). It has been reported that 

organic acids released by these microorganisms reduce soil pH resulting in enhanced 

availability of P for plants (Rodriguez and Fraga, 1999). Microbial production of organic 

acids by phosphate solubilising microorganisms is well documented in literature and 

according to lllmer and Schinner (1992), the most frequently secreted organic acid, is 

gluconic acid which is known as the principle organic acid secreted by phosphate solubilising 

bacteria for the solubilization of mineral phosphate. The second major organic acid found in 
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phosphate solubilising microorganisms is 2-ketogluconic acid (Halder and Chakrabartty, 

1993). Some strains of PSB have been reported to secrete a mixture of organic acids such as 

lactic, isovaleric, isobutyric and acetic acids. Similarly, glycolic, oxalic, succinic and malonic 

acids have also been determined in phosphate solubilising microoganisms (llmer and 

Schinner, 1992). 

On the basis of clear zone produced on Pikovskaya and Jensen agar media, Kumar 

and Narula (1999) tested different mutant phosphate solubilizing strains of Azotobacter 

chroococcum obtained from wheat rhizosphere to evaluate their capability to solubilize 

tricalcium phosphate (TCP) and mussoorie rock phosphate (MRP) along with production of 

auxin (as IAA equivalents). They found that the mutants of A. chroococum strain P-4 had 

higher phosphate solubilization (TCP 1.52 µg/mL and MRP 0.19 µg/mL) and they also 

observed that mutants of A. chroococum strain P-4 also produced maximum amount of auxin 

in the cultured media. Nautiyal (1999) affirmed that organic acid production is a key 

mechanism in ‘P’ solubilization but not the only mechanism. Chabot et al., (1993) found that 

PSM constitute 26-46 % of microbial population of four Quebec soils studied. They isolated 

ten bacteria and three fungi capable of phosphate solubilization based on large clear zone on 

solidified growth media containing different insoluble phosphates. Similarly, Khalil (1995) 

also reported an increase in soil phosphate availability from rock phosphate from 0.67 ppm in 

control to 17.78 ppm in response to PSM inoculation after twenty days of incubation. In 

another in vitro research conducted by Alam et al. (2002) to study the biochemical 

characteristics of ten most competent phosphate solubilizing bacteria and three fungal strains 

isolated from maize rhizosphere showed solubilization index (1.63-3.29), pH change (7 to 

3.2), phosphorus (P) solubilized (0.088-0.22 %), P immobilized (0.2-0.46 %) and organic 

acids (citric acid and oxalic acid) produced under in vitro conditions. It was observed that 

bacteria were found to be more dynamic than fungi in translation of insoluble P to soluble P. 

Moreover, correlation studies proved that in addition to organic acids production by these 

microbes, there might be other factors/mechanisms responsible for P solubilization. 

A mineral phosphate solubilizing bacterium, Burkholderia cepacia DA23 isolated 

from cultivated soils was evaluated for its phosphate-solubilizing activities in three types of 

insoluble phosphate sources. The strain had a distinct phosphate-solubilizing potential on 3% 

of glucose concentration used as carbon source. The solubilisation of inorganic P was 
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correlated to the pH drop in the cultured medium and on HPLC, the main organic acid 

determined was the gluconic acid secreted by this bacterium (Song et al., 2008). Evidences in 

the previous research revealed that solubilisation of P with organic acid production is well 

established mechanism by PSM but certain other mechanisms are also involved to enhance P 

availability in soil especially mineralization of organic P. 

2.3.2 Microbial mineralization of organic phosphate 

Soils also contain P as organically bound forms that lie in surface soil in plentiful 

amount which is the main rooting section yet mostly unavailable for plants. The organic 

matter content of the soil determines the correct amount of organic P (Barber, 1995; 

Jennings, 1995). Organic matter mostly comprises of P as phospholipids, nucleotides and 

inositol phosphate (Anderson, 1975; Halstead and McKercher, 1975). Soil organic matter 

consisted of inositol phosphates. The mixed inositol polyphosphates are known as soil 

phytate and soil phytin. Of the total organic P, the share of soil phytate is usually between 15 

to 30 %. Phytin is present in plants and animals and a variety of other forms is synthesized by 

microorganisms (Richards, 1987). Slighter amounts of organic P are present in phospholipids 

and nucleic acids. Phospholipids are biologically important compounds which are 1-2% of 

the total organic P.  All living cells contain nucleic acids (DNA, RNA) and during the 

decomposition of residues, soil microorganisms also synthesize nucleic acids the amount of 

which is 2 to 5 % of the total P present in organic forms. Some traces of P originate from 

other sources such as phosphoproteins and metabolic phosphates. Several of the organic 

phosphorus compounds are still unidentified (Richards, 1987). Similarly, Richardson (1994) 

has reported that the P present within microbial biomass can comprise a major part of total 

soil P ranging from 1 to 10 percent % in most cultivated soils. The range of organic P in most 

of the soils can be 50 to 500 mg kg-1 soil and in cultivated soils the average P content of 

organic P may range between 5 to 50 % of total P (Sarapatka, 2003). Harison (1987) has 

described data in detailed. The contribution of soil organic P to total phosphorus (TP), might 

be ranged between 20 to 80 % in most mineral soils (Stevenson, 1982) that could provide a 

significant portion of plant-available P via mineralization (Sharpley, 1985). It is likely that 

soil organic P (SOP) does a major job in P nutrition of crops mainly in calcareous soils of 

high P-fixing capacity (Tarafdar and Claasson, 1988). The content of organic P could be 

affected by human induced activities. For example, the organic P content of surface soils can 
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be increased by the application of P fertilizer (Batten et al., 1979). However, some studies 

reported no increase in organic P content due to the addition of P fertilizers. To hydrolyze 

soil organic phosphorus, soil phosphatases present in microorganisms, plant roots and in soil 

as extracellular forms, are basically needed which convert it into inorganic forms (HPO4
- and 

H2PO4
-) (Tate, 1984; Marschner, 1995; He et al., 2004). The phosphatase-catalysed reactions 

are involved in the hydrolysis of both esters and anhydrides of H3PO4 thereby releasing 

inorganic P for plant uptake (Schmidt and Laskowski, 1961; Tabatabai, 1994). 

2.3.2.1 Soil phosphatases 

To control ecosystem working and particularly in cycling of different nutrients, soil 

enzymes play an important role (Makoi and Ndakidemi, 2008). These enzymes have their 

key role in catalyzing many vital reactions that are essential for the life cycles of soil 

microorganisms and also for the maintenance of structure of soil (Dick et al., 1994). Among 

these soil enzymes, amylase, cellulose, chitinase, arylsulphatse, dehydrogenase, glucosidase, 

protease, urease and phosphatase are secreted by plants (Miwa et al., 1937), microorganism 

(Hans and Snivasan 1969; Shawale and Sadana, 1981; Dick and Tabatabai, 1984; Richmond, 

1991; James et al., 1991), animals (Kanfer et al., 1974) and soils (Gupta et al., 1993; 

Ganeshamurthy et al., 1995; George et al., 2002). A major portion of soil phosphorus is 

found in organically bound forms and the mineralization of which is of agriculturally and 

economically very important. Of the total soil phosphorus, the contribution of organic P 

compounds may range between 5 to 50 % and the assimilation of this P either by plants or 

microbes is related enzymes present in soil (Jennings, 1995). The enzymes which are 

involved in the hydrolysis of esters of P are usually named as phosphatases. Thus soil 

phosphatases have a major role in the dephosphorylation processes (mineralization) of 

organic P substrates in soils. Appiah and Thompson (1974) suggested that organic P 

mineralization is primarily of microbial origin and they proposed that after the initial 

breakdown of soil organic matter once catalysed by a host of microbial enzymes, 

phosphatase activity becomes very important. Phosphatase enzymes have trivial names 

depending upon the substrates used, but are grouped into either phosphoric monoester 

hydrolases (phosphoric monoester hydrolases) (EC 3.1.3) which includes phytase, 

nucleotidases, sugar phosphatases and glycerophosphatase or phosphoric diester hydrolases 

(phosphoric diester hydrolases) (EC 3.1.4). Nucleases and phospholipases are belonged to 
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this group (Speir and Ross, 1978). These enzymes are also commonly named as 

phosphatases. However, Hoffmann (1968) presented three types of phosphatases – acid, 

neutral and alkaline on the basis of pH. 

 According to Schmidt and Lawoski (1961), phosphatases are a wide collection of 

enzymes that are involved in the hydrolysis of phosphoric acid esters and anhydrides of 

H3PO4. These enzymes are considered to play crucial roles in the cycling of phosphorus in 

soil ecosystems (Speir and Ross, 1978) because it has been well anticipated that they are 

positively correlated with P stress and the growth of plants. The solubilisation of organic 

phosphorus is also known as mineralization. This process of mineralization in soil takes place 

due to the presence of plant and animal remains consisting of an abundant amount of organic 

phosphatic compounds. Organic matter present in soils is readily decomposed due to several 

saprophytes which release orthophosphate ions from the organic P molecule 

(organophosphonates). On their biodegradation, these organophosphonates can evenly 

undergo a process of mineralization. Several phosphatases present in soil, plants and 

microorganisms are involved in these mineralization processes which hydrolyse 

phosphoester or phosphoanhydride bonds (McGrath et al., 1995). Fitriatin et al. (2008) 

evaluated the activity of phosphatase enzyme of soil bacteria Pseudomonas mallei, Bacillus 

subtilis and fungi Aspergilus niger and Penicillium sp. in media containing different organic 

phosphorus and acidity and found that  the kind of organic phosphorus of medium influence 

phosphatase activity of  these microorganisms. Generally, all microbes grown on medium 

with organic P substrate of phytic acid (myo-inositol hexakisphosphate) exhibited highest 

phosphatase activity compare to those grown on organic P substrate from glycerophosphate 

disodium salt, phenyl phosphate or α-D-glucose 1-phosphate disodium salt. On the other 

hand, the highest dissolve P was obtained with medium containing glycerophosphate 

disodium salt as substrate. In some other studies a positive correlation between bacterial 

phosphatase activity and P mineralized in the media has been reported (Ponmurugan and 

Gopi, 2006; Sakurai et al., 2008 and Fitriatin et al., 2011)                      

On the basis of pH optima, phosphatases are grouped into acid and alkaline 

phosphatases. The acid phosphatases, in contrast to alkaline phosphatases, exhibit their 

maximum catalytic activity at acidic to neutral pH values. Furthermore, these acid 

phosphatases may be grouped into specific or nonspecific acid phosphatases on the basis of 
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their specific substrate. Among the specific acid phosphatases include: hexose-phosphatases; 

39-nucleotidases and 59-nucleotidases; and phytases. A specific group of phosphatases are 

those which can split C and P bonds from organophosphonates (Rodriguez and Fraga, 1999). 

Similarly, research has shown that microorganisms containing phosphatase enzyme activities 

are also involved in the solubilization of inorganic forms of phosphorus such as tri-calcium 

phosphate under phosphorus starvation. (Natesan and Shanmugasundaram, 1989). Actually, 

few efforts have been made to directly manipulate populations of microorganisms which are 

able to increase mineralization of organic phosphorus (Po).  

Enzymes in soils come from plant, animal, and microbial sources. Most of the soil 

enzyme activity is related to microorganisms having larger biomass and high metabolic 

activity and short life span under good conditions (Speir and Ross, 1978; Sarapatka et al., 

2004). Numerous microorganisms which include soil fungi and bacteria liberate 

phosphatases into the soil environment (Haas et al., 1992). Active exudation, leakage or cell 

lyses introduced these phosphatases into the soil (Tadano et al., 1993). Extracellular 

phosphatase activity originating from plant roots, fungi and other microbes is often enhanced 

under P deficiency (Tadano et al., 1993; Li et al., 1997). 

2.4 Role of phosphate solubilizing microorganisms (PSM) in crop 

production 

It is well established that under in vitro conditions, phosphate solubilizing 

microorganisms (PSM) are involved in the solubilization of different kinds of naturally 

occurring phosphatic compounds. However, the variation in the performance of these PSM 

under field conditions has greatly hindered their extensive use in agricultural sustainability 

(Saghir et al., 2007). Inspite of their variable performance, these PSM are being used in 

agronomic practices for increasing crop production and maintaining soil health. The 

application of microorganisms having phosphate solubilizing ability, as microbial inoculants 

or biofertilizers concurrently improves plant P uptake and crop yield.  One of the most 

important bacterial physiological traits in soil biogeochemical cycles is considered to be 

solubilization and mineralization of phosphorus by phosphate-solubilizing bacteria and thus 

improving plant growth (Jeffries et al., 2003).  

Different studies have demonstrated that strains from the genera Bacillus, Rhizobium and 

Pseudomonads are included among the most efficient phosphate solubilizers. Positive 
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correlations were observed between acid phosphatase and alkaline phosphatase activities and 

the depletion of organic phosphorus in the rhizosphere of clover and wheat (Tarafdar and 

Junk, 1987). In case of wheat, Dick et al. (1988b) found a significant and positive correlation 

between wheat yield and acid phosphatase activity. 

In arid soils, the effectiveness of several fungi containing phosphatase-producing 

capabilities was evaluated by Tarafdar et al. (1995) for the purpose of assessing the impact of 

these fungi in increasing the rhizosphere enzyme activities, the uptake of different nutrient 

elements, the production of dry matter and grain yield of cluster bean under potted 

conditions. They found a significant enhancement in dehydrogenase and phosphatase 

activities due to inoculation with phosphatase-producing fungal (PPF) isolates. Similarly, 

inoculation greatly affected nodulation and nitrogenase activity. Significant increases in 

number and nodules dry weight, dry matter, grain yield and decreased shoot to root ratio 

were observed with PPF inoculation. Moreover, the concentrations of N, P, Ca, Mg, Fe and 

Zn were also improved significantly with the inoculation of these fungal isolates. It was 

concluded that phosphatase-producing fungi (PPF) had a positive effect on growth and 

nutrient uptake of cluster bean showing their importance in arid soils. Similarly, Idriss et al. 

(2002) reported promotion of growth of maize seedlings due to phytase activity exuded by 

the PGPR Bacillus amyloliquefaciens strain FZB45 under limited supply of inorganic 

phosphate in the presence of phytate as substrate in the growth medium. On the other hand a 

phytase-negative mutant strain with disrupted PhyA gene failed to stimulate growth of maize 

seedlings under same conditions. Fankem et al. (2008) carried out a greenhouse trial on Zea 

mays with the objective to know the effect of inoculation with phosphate solubilizing 

bacteria on growth parameters of maize including grain yield and P uptake. They observed 

that strain CB501 was most effective in increasing grain yield and P uptake of maize 

followed by strain CE509 and strain CD511, respectively.  

Two phosphate solubilizing bacterial strains i.e., Pseudomonas fluorescens and 

Bacillus megaterium isolated from soil were evaluated for growth promotion of chickpea 

(Cicer arietinum) under gnobiotic conditions. Seeds were treated with individual as well as 

combined inoculation with two bacterial strains. An increase in radical and plumule length by 

combined inoculation of both bacteria was found to be more as compared to individual 

bacteria. Results suggested that seed treatment with these phosphate-solubilizing bacteria 
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enhanced seedling length and their use in the form of biofertilizer should be promoted 

(Sharma et al., 2007). 

Similarly, Malboobi et al. (2009) also evaluated the efficiencies of three phosphate 

solubilizing bacterial isolates viz. Pantoea agglomerans strain P5, Microbacterium 

laevaniformans strain P7 and Pseudomonas putida strain P13 for their interactions, 

competitiveness and their associations with plant root using luxAB reporter genes. It was 

consistently found that both in liquid culture and in root rhizosphere of potato, there were 

synergistic relationship between either P. agglomerans or M. laevaniformans (organic acid–

producing bacteria), and P. putida (a strong phosphatase producer). On the basis of in vitro, 

greenhouse and field trials, it was revealed that these three strains compete well with native 

soil microorganisms. Similarly, the combined inoculation with acid-producing bacteria and 

phosphatase-producing bacteria had a positive effect on potato biomass and tuber yield in 

greenhouse and field trials. It is plausible that combinations of acid and phosphatase-

producing bacteria could help in concurrent release of both inorganic and organic P 

compounds in soil for better growth of plant and soil health. The use of phosphorus 

solublizing microorganisms (PSM) 

has resulted in growth and yield increase between 10 to 20 % in case of maize, rice, sorghum, 

barley, chickpea, soya bean, groundnut, sugar beet, oats, cabbage, coffee, tea, banana and 

tomato under field conditions (Saxena and Sharma, 2003; Saifudheen and Ponmurugan 

2003). Some strains of rhizobia have been reported to solubilize phosphorus. Biswas et al., 

(2000b) observed a significant increase (13-23 %) in phosphorus uptake in rice due to 

rhizobial inoculation as compared to un-inoculated control treatment. In a P deficient soil, 

Toro et al. (1997) studied an interactive effect of inoculation of onion with phosphate 

solubilizing bacteria (Bacillus subtilis and Enterobacter sp.) and arbuscular mycorrhizal 

(AM) fungi (Glomus intraradices) and found that along with plant biomass, plant tissue N 

and P uptake were significantly improved in response to co-inoculation of Glomus 

intraradices and Bacillus subtilis. The study suggested that bacteria and fungi together can 

have an effect on P cycling and thereby, enhancing nutrient supply to plants in a sustainable 

manner.  
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2.5 Interaction of different microbial traits like auxin production and 

ACC-deaminase activity with P solubilization /mineralization 

Plant roots assist in up taking of mineral nutrients and water for growth of plant, 

besides this, the roots also release several types of organic compounds into soil environment. 

As a result, the region of soil get in touch with the plant roots that is often termed as the 

rhizosphere turns an important soil locale where strong interactions between the soil 

microbial population and plant roots occur. And this interaction becomes the determining 

factor for growth conditions for both the plant and the microbes. We can apply some specific 

bacteria to soil, seed, or roots to cause a modification in the composition of the rhizosphere. 

Such a treatment has important and thrilling implications. In this regard, if we apply those 

rhizobacteria which besides having P solubilization also equipped with other traits like auxin 

production and ACC-deaminase and this approach could help in improving root quality and 

ultimately better growth and yield of plants can be obtained. One promising approach is to 

discover soil microbial diversity for PGPR with combination of plant growth promoting 

activities and which are fit to particular soil environment.  

Besides phosphate solubilization different other direct mechanisms of action 

associated with PGPR for enhancing plant growth include: a) Production of phytohormones 

b) Production of ACC deaminase for lowering of ethylene concentration in plant by 

degrading the ethylene precursor ACC for improving root system growth and c) Production 

of siderophores which may facilitate plant for uptake of iron (Glick, 1995). Several screening 

approaches have been reported in the current literature, for example, Cattelan et al. (1999) 

evaluated numerous indicators of biochemical activity for efficient PGPR traits in 116 

bacterial strains isolated from rhizosphere and bulk soil of soybean. The indicators evaluated 

include: solubilization of phosphate, production of indole acetic acid, ACC deaminase, 

production of siderophore, β-1, 3-glucanase, cyanide and chitinase production. Twenty-four 

strains had one or more of these activities and also showed other traits like rhizosphere 

competence, biocontrol and inhibition of rhizobial symbiosis. These strains were further 

evaluated for improving growth of soybean. Out of eight isolates six were found  positive for 

ACC-deaminase activity, of the seven isolates four showed siderophore production, of the 

four isolates three were found positive for β -1, 3-glucanase production and out of five 

isolates two isolates were positive for phosphate solubilization. Inoculation of soybean with 

these isolates   also increased at least one aspect of early growth parameters. Khalid et al. 

(2004) isolated several PGPR bacterial strains from the wheat rhizosphere soil at different 
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sites; thirteen strains showing prolific growth on agar medium were chosen and tested for 

auxin production under in vitro conditions. These strains were further evaluated for growth 

promotion of two wheat cultivars under axenic conditions. The results showed that root 

elongation was increased up to 17.3%, root dry weight up to 13.5%, shoot elongation up to 

37.7% and shoot dry weight up to 36.3% in response to inoculation. A positive linear 

correlation was found between in vitro auxin production by the isolates and their increase in 

growth parameters. Moreover, biosynthesis of auxin in sterilized and non-sterilized soil 

inoculated with four selected PGPR was also demonstrated the superiority of these isolates 

over native microorganisms. The use of these PGPR under field conditions also resulted in 

yield increase up to 27.5% compared with uninoculated control. 
Asghar et al. (2004) has recommended a valuable strategy to select most effective 

PGPR by arguing that the rhizobacteria should be simultaneously screened for their growth 

stimulation under axenic conditions and auxin production  under in vitro . IAA (indole-3-

acetic acid) is commonly known as the most important native auxin (Ashrafuzzaman et al., 

2009). It acts as a vital signaling molecule to regulate plant development such as organ 

formations, tropic response, cellular responses including cell enlargement, division and 

differentiation and gene regulation (Ryu and Patten, 2008a). Several bacterial species have 

the capability for auxin production resulting in diverse outcomes on the plant side ranging 

from pathogenesis to phytostimulation. In fact, the bacteria use this phytohormone as their 

root colonization approach for plant growth promotion and to circumvent the basal plant 

defense mechanisms. Several soil micrroganisms are known to produce auxin in culture 

media and also in soil (Barazani and Friedman, 1999) and this auxin biosynthesis could be 

used as a means for the preliminary screening of effective PGPR strains for increasing plant 

growth (Khalid et al., 2004). The growth of plant seedlings depend on the concentration of 

auxin. It has been found that low concentration of auxin may cause growth stimulation 

whereas; high concentration may affect plant growth negatively (Arshad and Frankenberger, 

1991). Similarly, Khalid and his co-workers (2004) have also found a significant increase in 

growth and yield of wheat due to inoculation with the strains which produced greatest 

amount of auxins (indole acetic acid (IAA) and indole acetamide (IAM). Numerous soil 

microorganisms including rhizobia have been found to synthesize auxins (Frankenberger and 

Arshad, 1995; Zahir et al., 1997; Asghar et al., 2004; Zahir et al., 2005; Zahir et al., 2010). 
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Similarly, Tsavkelova and his co workers (2007) demonstrated that the strains of Rhizobium, 

Microbacterium, Sphingomonas and Mycobacterium genera are most active auxin producers. 

Pseudomonas and Bacillus species which are biostimulated can produce relatively smaller 

amount of growth regulators that can help plants to increase their fine roots which result in 

increased absorptive surface area for uptake of nutrients and water for plants. In improving 

the growth and pathogenesis in plants, rhizobia are considered to be the first group of 

bacteria, which have the ability of PGPR to produce IAA (Mandal et al., 2007). Joseph et al., 

(2007) reported that all the isolates of Azotobacter, Bacillus and Pseudomonas had the ability 

to produce IAA; however, only 85.7 % of Rhizobium produced IAA. A number of phosphate 

solubilizing bacteria and fungi act as plant growth promoters because of their ability to 

release IAA but there is varying IAA productivity potential among PSB and PSF strains 

(Souchie et al., 2007). Bacillus megaterium isolated from tea rhizosphere produced IAA and 

helped in promoting plant growth (Chakraborty et al., 2006).  

Over the last several years, plant growth promoting bacteria (PGPB) are potentially 

helpful for enhancing growth and yield of crops. It has been reported that the exogenous 

application of plant growth regulators like absicisic acids, auxins, cytokinins, gibbellins and 

ethylene have shown a positive effect on plant growth and yield (Frankenberger and Arshad, 

1995). Several authors have reviewed the microbially produced individual plant hormones 

like auxins and cytokinins during the last two decades or so (Pilet et al., 1979; Hartmann et 

al., 1983; Fallik and Okon, 1989; Barbieri and Galli, 1993; Patten and Glick, 1996, 2002) 

 The inoculation with PGPR has resulted in increased growth and yield of crops like 

barely, soybean, cowpea, maize and sweet potato in pot and field experiments (Mehrvarz and 

Chaichi, 2008; Iman  and Azouni, 2008; Hameeda et al. 2008; Linu et al. 2009; Farzana et 

al., 2009). No doubt, commercial application of PGPR is being investigated successfully, but 

it is important to know the microbial interactions which result in increased plant growth for 

sustainable field applications (Burr et al., 1984; Minaxi et al., 2012). PGPR as root-

colonizing bacteria are recognized to effect growth of plants by different direct and indirect 

mechanisms of actions. PGPR are involved in several chemical changes in soil. Some PGPR 

are involved in the direct regulation of plant physiology by the production of plant hormones, 

whereas others regulate plant growth by enhancing mineral and nitrogen availability in soil. 

Some bacterial strains hold more than two or three plant growth promoting characteristics 
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which could improve plant growth directly or indirectly or synergistically (Joseph et al., 

2007; Yasmin et al., 2007). The effectiveness of bacterial inoculants to induce plant growth 

is related to nutritional status of soil. The inoculants perform relatively better in nutrient poor 

soil as compared to nutrient rich soil (Egamberdiyeva, 2007).  

Ethylene is a gaseous plant hormone which is involved in the regulation of numerous 

physiological responses in plants (Reid, 1995; Clarke et al., 1994; Dolan, 1997; Smalle and 

Straeten, 1997). Ethylene is mainly known as “ripening hormone” and plays its role in almost 

all growth and developmental stages starting from seed germination to senescence of many 

organs and also in different responses to environmental stress. In plant physiology, ethylene 

has been radically established to effect  plant growth and development which include 

breakage of dormancy, formation of adventitious roots, root and shoot  growth and 

differentiation, abscission of leaf and fruit, induction of flower in some plants, instigation of 

femaleness in dioecious flowers, flower and fruit ripening and also flower and leaf 

senescence (Arshad and Frankenberger, 2002). At some stages of plant growth, it also assists 

in signaling of molecule to incite specific changes in genetic expression (Abeles et al., 1992; 

Alonso et al., 1999; Ohtsubo et al., 1999). 

It is well established that bacteria with ACC-deaminase activity reinstate root 

elongation as well as seed germination through reduced ethylene levels in plants (Glick et al., 

1995; Belimov et al., 2002; Shaharoona et al., 2006, 2007; Arshad et al., 2008). In a 

glasshouse experiment carried out by Hameeda et al. (2006) to evaluate plant growth 

promoting bacteria and/ or composts on plant growth. Out of nine bacterial strains tested, 

seven strains having ACC-deaminase activities along with phosphate solubilizing activities 

were found to improve root length significantly. The results also suggested that simultaneous 

use of PGPR and compost synergistically enhanced plant growth. Similarly, a study was 

carried out by Shaharoona et al. (2006) with the purpose to investigate maize growth 

promoting activity of selected PGPR possessing ACC-deaminase activity grown in nitrogen 

amended soil. In order to evaluate their growth-promoting activity in maize roots under 

axenic conditions, different rhizobacterial isolates with ACC-deaminase activity were 

initially screened. Six isolates were selected to test their efficacy in soil amended with N in a 

potted conditions. The results showed that plant height, total biomass and root weight were 

increased significantly due to inoculation with these isolates. On the basis of the results of 
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pot trials, three most putative isolates were further selected for field trial to evaluate their 

efficacy with and without application of N fertilizer. It was observed that the effect of 

inoculation was comparatively better without application of N-fertilizer. The most effective 

strain both in the presence and absence of N fertilizer was Pseudomonas fluorescens biotype 

G (N3) that was also positive for P solubilization as well as auxin production. 

Arshad et al. (2008) conducted a pot experiment to evaluate the potential of two 

Pseudomonas spp. containing 1-aminocyclopropane-1-carboxylate (ACC)-deaminase activity 

and also positive for P solubilisation, under stressed conditions of drought on growth, 

ripening and yield of pea plants. Results revealed that inoculation with Pseudomonas spp. 

greatly decreased the effects of stress caused by drought on growth and yield of peas. 

Similarly, Bajgiran et al. (2008) conducted a research on Rhizobium strains in order to 

investigate the ACC-deaminase production potential and to assess their ability to reduce 

stress ethylene and to promote the elongation of the roots of wheat seedlings by inoculation 

with these strains. It was found that among the isolated strains sixty five strains were positive 

for ACC-deaminase activity. They reported that ACC-deaminase containing rhizobia could 

increase the root length and also shoot length of wheat seedlings significantly compared with 

the negative control. In the same way Pseudomonad producing 1-aminocyclopropane-1-

carboxylate (ACC) deaminase has been known to promote plant growth by lowering ethylene 

biosynthesis in higher plants, which can be induced by indole-3-acetic acid (IAA) 

production. Husen et al. (2009) examined the ability of IAA producing Pseudomonas 

isolated from rhizosphere of soybean to promote soybean root growth in relation to their 

ACC deaminase activities. Thirteen out of 81 isolates tested significantly increased soybean 

root length and weight, up to 50% from untreated plants. Of 13 isolates, 11 demonstrated 

ACC deaminase activities. Two isolates that did not show ACC deaminase activities had 

lower capacity to produce IAA. It was concluded that the effectiveness of IAA producing 

Pseudomonas in promoting the growth of the soybean seedlings is associated with their ACC 

deaminase activities or they produce IAA in small amounts. 

The role of phosphate solubilization in plant growth promotion is often overshadowed 

by other plant growth promoting traits like auxin production, ACC-deaminase shown by the 

phosphate solubilizing bacteria. For example, Poonguzhali et al., (2008) obtained ten 

pseudomonads on the basis of their high phosphate solubilization activity on tricalcium 
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phosphate. The selected strains also synthesize IAA, ACC deaminase and siderophores. The 

results revealed that the inoculated plants showed increased root growth and biomass, 

however, P uptake was unaltered under similar conditions. Anyhow, several reports 

demonstrated direct link between P solublizing activity to growth promotion as well as 

increased P in plant tissues due to inoculation with PSB (Rodriguez and Fraga, 1999). While 

studying the effect of PSB inoculation on growth promotion of cowpea, Linu et al. (2009) 

found that Burkholderia sp. gave better results which have been reported to have nitrogen 

fixing capability, produce phytohormones, ACC deaminase and also solubilize phosphate by 

Pandey et al. (2005). Similarly, Kleopper et al.  (2004) investigated the mechanisms of eight 

different PGPR strains by which PGPR bring forth plant growth promotion and reported that 

elicitation of growth promotion by PGPR strains under in vitro conditions was related to 

signaling of brassinosteroid, IAA, salicylic acid, and gibberellins. On the other hands, in vivo 

study showed that ethylene signaling was the main mechanism involved in the growth 

promotion. In a greenhouse experiment, the application of Micromonospora endolithica  

having both acid and alkaline phosphatase activities under in vitro to soil  containing either 

single super-phosphate or powdered rock phosphate caused a significant increases in root and 

shoot growth of bean plants as compared to uninoculated soil amended with only super 

phosphate or powdered rock phosphate. Similarly, the inoculation also resulted in enhanced 

uptake of available P in the shoots. On contrary, an isolate of M. olivasterospora negative for 

phosphate-solubilization was unable to promote available P in shoots or to increase growth of 

plant. A negative correlation was found between plant growth and the production of plant 

growth regulators (El-Tarabily et al., 2008). 

2.6 Concluding remarks 

Under current scenario of P limitations to the crop plants, the microbial inoculants are 

being investigated worldwide to make this essential element for plant bioavailable. As, P is 

found both as organic and inorganic forms in soil, therefore, efforts should be made to 

explore those microorganisms which could solubilize these two pools of  P, simultaneously. 

From the literature reviewed, it can be emphasized that during screening and selection 

strategies, those bacteria should be selected which show multiple plant growth promoting 

traits rather than a single trait. These multiple traits could be included as phosphatase 

activity, plant growth regulators production and/or ACC-deaminase activity. Such approach 
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could be more effective for selecting effective PGPR for improving the nutrients availability 

for plant uptake and consequently to increase the growth and yield of crop plants under 

reduced nutrient availability situations.  

Present study was conducted to isolate phosphatase-producing bacteria with some 

additional plant growth promoting traits to dissolve organic phosphate using phosphatases in 

soil in the presence of organic manure with the objective to augment the bioavailability of 

phosphorus  and consequently to increase the growth and yield of maize as an ultimate goal. 

The general aims/objectives of the conducted study were as follows: 

  Isolation and screening of  bacteria with phosphatase activity, auxin production 

and ACC-deaminase activity of the isolates 

  Screening of bacteria for growth stimulation under axenic conditions 

 Evaluation of the selected isolates both in pot and field trials 

 Evaluation of mineralizing abilities of the isolates in soils 

 To find out correlations between phosphatase activity, ACC-deaminase activity and 

auxin production of the isolates with plant growth and yield parameters in pot and 

field trials 

 Identification of the selected isolates 
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CHAPTER III                               MATERIALS AND METHODS 

The research work included a succession of laboratory, pot and field experiments 

starting from isolation to identification of phosphatase producing bacteria along with their 

ACC-deaminase activities and auxin production capabilities to promote growth and yield of 

maize crop using their synergistic relationship.  

3.1 Isolation and screening of rhizobacteria  

3.1.1 Isolation  

Soil samples were collected from the rhizosphere of maize grown in common maize 

ecological zones of the country. To collect rhizosphere soil, plants were uprooted and 

brought to laboratory in polythene bags. The roots were gently agitated to remove the soil 

loosely adhering to them.  A total of one hundred and fifty rhizobacteria were isolated from 

maize rhizosphere soil following the dilution plate technique (Wollum II, 1982) using 

glucose peptone agar media (GPAM). From one hundred and fifty isolates, seventy two 

isolates were selected on the basis of their fast growth in vitro and purified by further 

streaking on fresh DF minimal salt medium (2-3 times) and stored in eppendrof at -40 °C for 

subsequent use and characterization for different traits related to plant growth promotion. 

3.1.2 Screening for phosphate solubilizing activity and phosphate 

solublizing index 

Initially, the selected rhizobacteria (72) were screened for their phosphate-

solubilizing ability on Pikovskaya (PVK) agar media (having composition of insoluble 

tricalcium phosphate, 2.5 g; glucose, 13 g; (NH4) SO4, 0.5 g; NaCl, 0.2 g; MgSO4.7H2O, 0.1 

g; KCl, 0.2 g; yeast extract, 0.5 g; MnSO4, traces; FeSO4.7H2O, traces; agar, 15 g; dissolved 

in 1000 mL distilled water and pH adjusted to 7.2 (Pikovskaya, 1948). One strain per plate 

was inoculated on solid media at four equidistant places with sterile toothpicks (Nautiyal, 

1998). The qualitative P-solubilization potential was estimated by observing the large 

clear/halo zones around the bacterial colonies on Pikovskaya agar media. Phosphate 

solubilizing index (PSI) of the isolates was measured using the following formula as 

proposed by Premono et al. (1996).  
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PSI = 
diameterColony 

diameter  zone HalodiameterColony 
 

3.1.3 Determination of phosphate solubilization in broth cultures 

Selected isolates of rhizobacteria were grown in Pikovskaya broth for seven days with 

continuous shaking (reciprocating shaker at 150 rpm) at 28 ± 2°C. Ten milliliter of each 

bacterial culture were taken in test tube and centrifuged for 15 min at 1500 rpm. Phosphorus 

in solution was extracted with ammonium bicarbonate diethylene triamine penta acetic acid 

(AB-DTPA) (Soltanpour and Workman, 1979). Supernatant was decanted and 5 mL of 

supernatant was added to 20 mL of AB-DTPA extracting solution. The mixture was then 

shaken on a reciprocating shaker for 15 min at 180 rpm in open flasks and extract was 

collected in plastic bottles. The available P in liquid culture was determined by ascorbic acid 

method (Watanabe and Olsen, 1965). For this, one milliliter of broth sample extract was 

taken in 50 mL conical flask and 9 mL of distilled water + 2.5 mL of freshly prepared 

colouring  reagent (12 g ammonium molybdate [(NH4)6Mo7.4H2O] + 250 mL distilled water 

and 0.2908 mg antimony potassium tartrate [ K(SbO)C4H4O6.1/2 H2O] in 1000 mL of 5 N 

H2SO4 (148 mL conc.H2SO4 L-1)]. Both the solutions were mixed and the volume was made 

up to 2 L. 140 mL of this mixture was added to 0.74 g ascorbic acid and stirred gently. The 

optical density of the blue colour developed after 15 min was measured at 880 nm by 

spectrophotometer and the concentration of available P was calculated. 

3.1.4 Acid and alkaline phosphatase activities assay 

The isolates showing the larger clear/ halo zones on agar media and solubilizing P in 

liquid media were further assessed for their phosphatase enzyme activities by following the 

modified procedure of Eivazi and Tabatabai (1977). For this purpose, culture filtrates 

containing β-Glycerophosphate as substrate were centrifuged and 1 mL of supernatant was 

taken in 50 mL Erlenmeyer flasks. To this 4 mL of modified universal buffer (MUB) solution 

with pH 11(for alkaline phosphatase activity) and pH 6.5 (for acid phosphatase activity), 1 

mL of p-nitrophenyl phosphate solution (pNPP) were added and incubated for one hour in 

the dark at 37 °C. After one hour, 1 mL of 0.5 M CaCl2 and 4 mL of 0.5 M NaOH solutions 

were added. The contents of the assay mixture were filtered through Whatman No.1 and the 

control treatments containing only liquid medium were included in each experiment with 
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pNPP added after incubation. The intensity of yellow color was measured at 410 nm on 

spectrophotometer.   

3.1.5 ACC-metabolism assay (qualitative) 

         The isolates with phosphatase activity were assayed for their ability to utilize ACC as 

sole nitrogen source. ACC-metabolism assay was carried out by using the method proposed 

by Jacobson et al. (1994). For this purpose, the isolates were inoculated in 5 mL ½ TSB 

(tryptic soy broth). Cultures were incubated for 48 hours at room temperature along with 

shaking at 100 rev min-1. These cultures were diluted ten times by adding 0.1 M solution of 

MgSO4. Diluted cultures were transferred to sterilized Petri dishes. The assay was performed 

in 96-well microtitre plates. One hundred and twenty microlitre (120 µL) sterilized DF-salt 

minimal medium (Dworkin and Foster, 1958) was added in all wells. In first 4 lanes, 15 µL 

sterilized 0.1 M MgSO4 and in second 4 lanes, 15 µL 0.1 M sterilized (NH4)2SO4 was added. 

Then 15 µL of thawed ACC was filled in rest of the 4 lanes. For this, 3 mM ACC was filter 

sterilized with 0.2 µm membrane filter and was stored at -20 °C before the assay. For 

inoculation of each well, 22 µL bacterial cultures were used. In un-inoculated control wells, 

22 µL 0.1 M MgSO4 was used in place of bacteria. Optical Density (OD) was measured at 0, 

24, 48, 72 and 96 hours at 540 nm by Biolog® Identification System. The OD value of ACC 

and (NH4)2SO4 wells was compared with MgSO4 wells to determine the ability of bacteria to 

metabolize ACC.  

3.1.6 ACC-deaminase activity assay (quantitative) 

ACC-deaminase activity was evaluated quantitatively by the method as suggested by 

Honma and Shimomura (1978) and Penrose and Glick (2003). ACC-deaminase activity was 

assayed by knowing the amount of α-ketobutyrate formed when the enzyme ACC-deaminase 

cleaved ACC. The number of nmol of α-ketobutyrate formed by this reaction were 

determined by comparing the absorbance at 540 nm of a sample to a standard curve of α-

ketobutyrate ranging between 0.1 and 1 µmol. A stock solution of 1 mM of α-ketobutyrate 

was prepared in 0.1 M Tris- HCl (pH 8.5) and stored at 4°C. Just prior to use, the stock 

solution was diluted with the same buffer to make a 10 µM solution from which a standard 

concentration curve was generated. In each series of standards containing 2000 µL of known 

concentration of α-ketobutyrate, 3000 µL of the 2,4-dinitrophenylhydrazine reagent (0.2% 2, 

4-dinitrophenylhydrazine in 2 M HCl) was added, and the contents were vortexed and 
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incubated at 30°C for 30 min, during which time the α-ketobutyrate was derivatized as a 

phenylhydrazone. The color of the phenylhydazone was developed by the addition of 20 mL 

2 M NaOH to each standard; after mixing, the absorbance of the mixture was measured at 

540 nm. ACC-deaminase activity was measured in bacterial extracts made in the following 

manner. From this, bacterial pellets were prepared as described by Glick et al. (1995). These 

bacterial pellets were suspended in 10 mL of 0.1 M Tris-HCl, pH 7.6, and transferred to 15 

mL centrifuge tube. The contents of the 15 mL centrifuge tube were centrifuged at 13500 g 

for 5 min and the supernatant was removed. The pellets were suspended in 6000 µL 0.1 M 

Tris-HCl having pH 8.5. Three hundred microlitre toluene was added to the cell suspension 

and vortexed at the highest setting for 30 second. This toluenized cell suspension was 

instantly assayed for ACC deaminase activity. Measurements were carried out in triplicate. 

Two thousand microlitre of the toluenized cells were placed in a fresh 15 mL centrifuge tube; 

200 µL of 0.5 M ACC was added to the suspension, briefly vortexed, and then incubated at 

30°C for 15 min. Following the addition of 10 mL of 0.56 M HCl, the mixture was vortexed 

and centrifuged for 5 min at 13500 g at room temperature. Ten milliliter of the supernatant 

was vortexed together with 8000µL of 0.56 M HCl. Thereafter, 3000µL of the 2, 4- 

dinitrophenylhydrazine reagent (0.2 % 2, 4- itrophenylhydrazine in 2 M HCl) was added to 

the glass tube, the contents were vortexed and then incubated at 30°C for 30 min. Following 

the addition and mixing of 20 mL of 2 N NaOH, the absorbance of the mixture was measured 

at 540 nm. Two series were run for the absorbance of the assay. In the first series, reagents 

included ACC, bacterial cells and assay reagents with their control containing ACC and 

assay reagents only. Second series included bacterial cells and assay reagents with its control 

containing assay reagents only. Values of the1st series were subtracted from the values of 

second series for respective bacterial inoculations, to estimate the amount of α-ketobutyrate 

in nmol from the standard curve. ACC deaminase activity value of strains was further 

estimated on the basis of per gram biomass of bacterial cells. 

3.1.7 Auxin production assay 

In vitro assay was carried out to determine auxin production by the selected isolates 

as indole acetic acid (IAA) equivalents in the presence and absence of L-tryptophan by 

following the procedure as described by Sarwar et al. (1992). In 100 mL Erlenmeyer flasks, 

25 mL DF-minimal salt medium was taken, autoclaved and cooled. L-tryptophan was filter 
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sterilized by passing through 0.2 μm membrane filter and was added at a concentration of 1 g 

L-1 to the liquid medium. The contents of the flask were inoculated by adding 1.0 mL of 2-

day-old respective bacterial broth adjusted to uniform optical density measured at 550 nm by 

spectrophotometer. The flasks were plugged tightly and incubated at 28 ± 10C for 48 hours. 

Un-inoculated/untreated control was kept for comparison. After incubation, the contents were 

filtered through Whatman filter paper No. 2. Auxin compounds (IAA-equivalents) were 

determined by spectrophotometer, using Salkowski colouring reagent. While measuring 

IAA-equivalents, 3.0 mL filtrate was taken in test tubes and 2.0 mL of Salkowski reagent 

(2.0 mL of 0.5 M FeCl
3 

+ 98.0 mL of 35% HClO
4
) was added to it. The contents in the test 

tubes were allowed to stand for half an hour for colour development. Similarly, colour was 

also developed in standard solutions of IAA. The intensity of the colour was measured at 535 

nm by using spectrophotometer. Standard curve was drawn by measuring the intensity of the 

colour. This standard curve was used for measuring auxin (IAA-equivalents) production, 

both in the presence and absence of L-Tryptophan. 

3.2 Preparation of inoculum 

The inocula of the selected isolates were prepared by growing them in 250 mL conical 

flasks containing glucose peptone liquid media. The inoculated flasks were incubated at 28 ± 

1°C for 72 hours in the orbital shaking incubator at 100 rev min-1. Uniform optical density at 

535 nm was achieved by dilution to maintain uniform cell density (108-109 CFU mL-1). The 

suspension of the selected isolates was used for seed inoculation in the subsequent 

experiments.  

3.3 Screening trial for growth stimulation by bacterial isolates under 

axenic conditions (Jar trial) 

      The criteria for selecting fifteen isolates to test their growth promoting activity under 

axenic condition was primarily based on  high phosphatase activity, but effort was made to 

prefer only those isolates which were equipped with other two traits as well i.e. with ACC-

deaminase and auxin activities (Table a). Maize seeds (Poineer-31R88) were surface 

sterilized by dipping in 95% ethanol for few moments, followed by soaking in 0.2% HgCl2 

solution for few moments following thorough washing with sterilized distilled water. 

Surface-sterilized seeds were placed for germination in Petri dishes. Germinated seeds were 
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inoculated with the selected isolates by dipping in respective broth for five minutes. In case 

of control, seedlings were treated with sterilized broth without inoculation. Inoculated and 

pre-germinated seeds were transplanted to autoclaved glass jars filled with sterilized sand 

containing 2% autoclaved farmyard manure (FYM) as organic source. Sterilized Hoagland 

solution (Hoagland and Arnon, 1950) was applied in the jars to supply nutrients to seedlings. 

Treatments were arranged using completely randomized design with three replications of 

each treatment. Jars were placed in growth chamber at 28±1 0C adjusted to 16 hours light and 

8 hours dark period. Data regarding root, shoot length and fresh and dry biomass was 

recorded after 20 days. On the basis of jar experiment, five best  

 

Table a: List of the in vitro characteristics of the selected isolates used to study under 
axenic conditions.       

 
Bacterial 
Isolate 
 

Phosphate 
Solubilizing 

Index 
PSI 

Phosphatase Activity
 

(µ g PNP g-1h-1) 

 

ACC-
deaminase 

activity 
 

(nmol α-
ketobutyrate   

g-1biomass h-1) 

Auxin  Production
as IAA equivalents 

(µ g /mL) 

Acid Alkaline Without 
L-Tryptophan 

With 
L-Tryptophan 

PS-01 6.27 ± 0.18 35.18 ± 1.5 23.12 ± 1.0 335 ± 9 1.15 ± 0.2 21.11 ± 1.1

PS-07 3.67 ± 0.64 11.33 ± 0.7 13.17 ± 0.7 279  ±  6 0.93 ± 0.3 9.70 ± 1.0

PS-12 4.87 ± 0.97 42.87 ± 1.5 27.66 ± 1.1 351 ± 4 1.94 ± 0.3 24.80 ± 4.1

PS-17 3.17 ± 0.30 19.54 ± 0.6 13.79 ± 0.8 317 ± 10 1.81 ± 0.4 8.11 ± 1.4

PS-21 3.45 ± 0.40 11.49 ± 1 9.37 ± 0.74 259  ±  10 1.96 ± 0.3 12.64 ± 1.0

PS-30 3.25 ± 0.15 11.57  ±  0.6 10.41 ± 0.6 260 ± 11 0.77 ± 0.1 16.02 ± 0.6

PS-31 2.75 ± 0.31 12.95  ± 
1.02 

9.6 ± 1.2 337 ± 8 1.20 ± 0.3 6.65 ± 0.6

PS-32 3.91 ± 0.33 29.44  ±  1.6 14.21 ± 1.0 356 ± 13 1.72 ± 0.3 25.13 ± 3.7

PS-40 2.71 ± 0.16 11.37  ±  1.3 11.23 ± 0.8 296  ±  4 0.66 ± 0.3 7.11 ± 0.5

PS-41 4.39 ± 0.35 21.08  ±  1.2 15.64 ± 0.8 240 ± 4 1.32 ± 0.2 30.56 ± 2.0

PS-51 4.34 ± 0.48 25.43  ± 1.7 21.14 ± 0.9 316 ± 7 3.18 ± 0.6 36.63 ± 2.0

PS-52 3.54 ± 0.25 12.42  ± 1.0 11.99 ± 0.8 190  ±  7 1.53 ± 0.3 6.64 ± 0.6

PS-60 3.10 ± 0.27 11.18  ± 0.8 9.27 ± 0.6 230 ± 6 0.74 ± 0.3 10.83 ± 0.5

PS-63 3.63 ± 0.52 15.80  ±  0.7 4.99 ± 0.6 336  ±  11 0.62 ± 0.2 14.13 ± 0.6

PS-71 2.85 ± 0.23 19.86  ±  1.6 15.67 ± 1.2 236 ± 10 2.70 ± 0.6 17.92 ± 0.6
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bacterial isolates showing prominent response regarding different growth parameters were 

used in pot experiment. 

3.4 Pot trial  

After conducting the jar trial under axenic conditions for assessing the growth 

promoting activity of the selected bacterial isolates, five isolates (PS-01, PS-12, PS-32, PS-

41 and PS-51) which gave better results regarding different growth parameters compared 

with other isolates were further assessed for their growth and yield promoting activity by 

conducting a pot trial. For this purpose, surface disinfected seeds of maize (Pioneer-31R88) 

were inoculated by slurry method. Slurry was prepared by mixing peat with 10% sugar 

solution. Inoculum was prepared as described earlier and mixed in peat (inoculum to peat 

ratio, 1:1 v/w). In case of uninoculated control, seeds were coated with slurry prepared by 

mixing sterilized (autoclaved) peat, sugar solution and uninoculated broth.  Inoculated seeds 

of maize were sown in each pot containing 12 kg soil pot-1. Pots were placed in a wire house 

at ambient light and temperature conditions. Recommended doses of NPK fertilizers were 

applied @ 300-150-125 kg ha-1 in each pot. The effectiveness of inoculation was assessed in 

the presence and absence of farmyard manure (FYM) as an organic amendment. There were 

three levels of farmyard manure viz. 0 (No added organic matter), 8 and 16 Mg ha-1. Pots 

were irrigated with canal water. There were six replicates of each treatment. Three replicates 

were exercised for the appraisal of rhizosphere phosphatase activity after each 30, 60 and 90 

days of sowing and the other three replicates were employed for recording growth and yield 

parameters till maturity. The routine analysis of soil was carried out before and after the trial.  

 3.4.1 Rhizosphere phosphatase activity (Pot trial) 

In order to estimate rhizosphere phosphatase activity ( alkaline) as proposed by Eivazi 

and Tabatabai (1977), the plants were uprooted and soil closely associated with the plant 

roots (rhizosphere soil) was collected by shaking the roots over a 2 mm sieve and stored 

over-night at 4 0C. Then 1 g well ground air dried soil (<2mm) was taken in 50 mL 

Erlenmeyer flask. To this, 0.2 mL of toluene followed by 4 mL of modified universal buffer 

(MUB) [12.1 g tris (hydroxymethyl) aminomethane + 11.6 g maleic acid + 14.0 g citric acid 

+ 6.3 g boric acid (H3BO3) in 488 mL of 1 N NaOH and diluted to 1 L with water] solution 

with pH 11 (for alkaline phosphatase activity) and 1 mL of p-nitrophenyl phosphate solution 

(pNPP) were added and incubated for one hour in the dark at 37 °C. After one hour, 1 mL of 
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0.5 M CaCl2 and 4 mL of 0.5 M NaOH solutions were added and contents of the assay 

mixture were filtered through Whatman No.2. The absorbance of yellow colour of the filtrate 

was measured with a spectrophotometer at 400 nm. The p-nitrophenol content of the filtrate 

was calculated by reference to calibration graph plotted from the results obtained with 

standards containing 0, 10, 20, 30, 40 and 50 µg of p-nitrophenol. To perform controls, the 

same procedure described for assay of phosphatase activity was followed, but with the 

addition of 0.5 M CaCl2 and 4 mL of 0.5 M NaOH (i.e. immediately before filtration of the 

soil suspension). Rhizosphere phosphatase activity was measured by using the following 

equation:- 

 

p-nitrophenol (µg g-1 dwt h-1) = C×V/ dwt×SW×t 

 

      C= Measured concentration of p-nitrophenol (µg mL-1 filtrate) 

                  dwt =  Dry weight of I g moist soil 

                     V = Total volume of soil suspension in mL 

                  SW = Weight of soil sample used (1g) 

                      t  =   Incubation time in hours (1 h) 

3.4.2 Mineralization of organic P in soil  

The total and inorganic phosphates were determined following the methodology of 

Mehta et al. (1954). To 1 g soil, 70 mL of 0.3 M NaOH was added and was shaken for 16 h 

and after centrifugation, 5 drops of p-nitrophenol indicator were added to the decanted 

supernatant solution and pH was adjusted by concentrated H2SO4 until colour changed from 

yellow to colorless. Soil residue was treated with 10 mL concentrated HCl and heated at 70 
0C in a water bath for 10 min. Then 10 mL of HCl was added and allowed to cool and after 

adding 50 mL deionized water and centrifugation, the supernatant was collected into a 200 

mL volumetric flask. To the centrifuged tube 30 mL of 0.5 M NaOH was added and 

supernatant was collected into the 200 mL flask containing acid extract. Thereafter, 60 mL of 

0.5 M NaOH was added to the tube. The tube was covered loosely with a beaker and heated 

in an oven at 90 0C for 8 h, cooled, centrifuged and decanted the supernatant into the 200 mL 

flask and marked the volume with deionized water and mixed well. Aliquots containing 2 to 

40 µg P of the base extract were transfered in 100 mL flask and the acid and base extracts in 
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the 200 mL flask to Folin-Wu digestion tube for total P determination. Then 0.5 mL of 

saturated MgCl2 solution, one drop of concentrated H2SO4 and 1 mL 0f 70% HClO4 were 

added to each tube and digested in an Al-digestion block at 205 0C for 30 min. The digest 

was quantitatively transferred with about 30 mL of deionized water to 50 mL volumetric 

flask for P determination. The solution pH was adjusted in a similar manner as described 

below, prior to P determination by the ascorbic acid method out lined in (ascorbic acid 

method). The suspended materials were allowed to flocculate in the 100 ml and 200 mL 

volumetric flask. An aliquot containing 2 to 40 µg P was pipetted out in 50 mL flask for 

inorganic P determination. Five drops of p-nintrophenol indicator were added to the extract 

and the solution pH was adjusted with 5 mL NaOH until the indicator color just changed 

from colorless to yellow. P concentration was determined by the ascorbic acid method for the 

determination of inorganic P in the first base extract when sufficient acid labile organic P 

was present. A blank containing all reagents used in extraction was also included. 

For inorganic P determination: 

Inorganic P in the first base extract (Pia) or the acid plus base extract (Pib) was 

calculated by using the following equation 

 

Pi
a or Pi

b = P concentatration (µg/mL)×50/V1×V2/g soil used 

 

                    Pia = Inorganic P in the base extract 

                    Pib = Inorganic P in the acid plus base extract 

         v1 = Volume of extracts used for the determination of inorganic P 

                     v2 =Volume of extract 

For total P determination: 

Total P in the first base extract TPa or the acid+base extract (TPb) was calculated 

using the equation 

TPa or TPb = Pconcentration (µg/mL) ×50/V1×V2/g soil used 

         V1 = volume of base or acid + base extract used in digestion 

                                V2 = volume of extract 

The total organic P concentration (Po) was calculated by difference method i.e. 

Po = TPa  + TPb - Pi
a - Pi

b 
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3.4.2.1 Ascorbic acid method  

 An aliquot of sample was transferred to a 50 mL volumetric flask and diluted with 

deionized water to about 25 mL. Thereafter, 8 mL of mixed reagent (50 mL 2.5 M H2SO4 

+15 mL ammonium molybdate solution + 30 mL ascorbic acid solution + 5 mL of antimony 

potassium tartrate solution) was added to it, the solution was diluted to volume and mixed 

well. The absorbance was measured at 880 nm after 10 minutes. A blank containing all 

reagents except, the P-solution was also included. 

3.5 Soil analyses 

The soil (Table 1) used for pot and field trials was analyzed by standard procedures as 

described below.  

3.5.1 Soil textural class (Mechanical analysis) 

  Fifty grams of soil was taken and 40 mL of 1 % sodium hexametaphosphate (Na 

(PO3)6 solution and 250 mL of distilled water were added and kept for overnight. Soil 

was stirred with a mechanical stirrer for 10 minutes, transferred to a one liter 

graduated cylinder and the volume was made up to the mark. After mixing the 

suspension, reading was noted with bouyoucos hydrometer (Moodie et al., 1959). 

Soil textural class was designated after using the International Textural Triangle. 

3.5.2 Saturation percentage (SP) 

Saturated paste was prepared and a portion of paste was transferred to a 

tarred china dish and weighed. Weighed soil paste was placed in an oven and   dried 

to a constant weight at 105°C and weighed again. Saturation percentage was 

calculated by using following formula (Method 27a, U.S. Salinity Lab. Staff, 1954). 

 

SP = 100x
 soil dryoven  of Mass

 soil dry of Mass - soil wet of Mass
 

3.5.3 pH of saturated soil paste (pHs) 

The pH of saturated soil paste was determined after preparing saturated soil paste. For 

this about 250 g soil was saturated with distilled water. The paste was allowed to stand for 

one hour and pH was recorded (Method 21a, U.S. Salinity Lab. Staff, 1954) by using pH 

meter (Kent Eil 7015).  
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3.5.4 Electrical conductivity (ECe) 

For determining ECe, extract of soil paste was obtained by using vacuum pump. 

Electrical conductivity was noted with digital Jenway conductivity meter model 4070 

(Method 3a and 4b). 

3.5.5 Cation exchange capacity (CEC) 

Five grams of soil was saturated with 1 N CH3COONa (pH 8.2), washed thrice with 

etahnol and finally extracted with 1 N CH3COONH4 (pH 7.0). Sodium in the extract was 

determined with the help of PFP-7 flame photometer having Na+ filter in place (Method 19, 

U.S. Salinity Lab. Staff, 1954) after standardizing the instrument with series of Na+ standard 

solutions (0, 2, 4, 6, 8, 10 ppm). Then CEC was calculated by the formula: 

CEC (Cmolc kg-1) =     100
 (g) soil of 

100

1000

)L mol (m Na -1

x
weight

x
c

 

3.5.6 Organic matter 

Soil organic matter contents were determined by adopting the method as described by 

Moodie et al. (1959). According to this, 1g of soil sample was mixed thoroughly with 10 mL 

1 N potassium dichromate solution and 20 mL concentrated sulphuric acid. Then 150 mL of 

distilled water and 25 mL of 0.5 N ferrous sulphate solution were added and the surplus was 

titrated with 0.1 N potassium permanganate solution to pink end point.   

3.5.7 Total nitrogen 

Nitrogen was determined by Ginning and Hibbard’s method of sulphuric acid 

digestion and distillation was made with macro Kjeldhal’s apparatus (Jackson, 1962).  

3.5.8 Available phosphorus 

Five gram soil was extracted with 0.5 M NaHCO3 solution adjusted to pH 8.5. Five 

mL of clear filtrate was taken in 100 mL volumetric flask and then five mL color developing 

reagent (ascorbic acid) was added. Volume was made up to the mark. Reading was recorded 

on spectrophotometer (Milton Roy Company) using 880 nm wavelengths with the help of 

standard curve (Watanabe and Olsen, 1965). 

3.5.9 Extractable potassium 

Extraction was done with ammonium acetate (1 N of pH 7.0) and potassium was 

determined by using Jenway PFP-7 Flame photometer (Method 1la, Salinity lab. staff, 1954)  
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3.6 Plant analyses  

At maturity, plants were harvested and data regarding growth and yield parameters 

were recorded. Straw and grain samples were analyzed for nitrogen and phosphorus contents. 

3.6.1 N and P analysis 

Nitrogen and phosphorus were determined after digestion. The plant samples were 

digested according to the method of Wolf (1982). For this purpose the dried and ground plant 

sample of 0.1 g was placed in digestion tubes, 2 mL of conc. H2SO4 was added and incubated 

over night at room temperature. Then 1 mL of H2O2 (35% A. R. grade extra pure) was 

poured down through the sides of the digestion tubes and was rotated. Tubes were ported in 

the digestion block and heated up to 350 oC until fumes were produced and continued heating 

for 20 minutes. Then digestion tubes were removed and 1 mL of H2 O2 was added slowly and 

again the digestion tubes were placed back into digestion block until fumes were produced 

for 20 minutes.  The volume of extract was made up to 50 mL with distilled water. Then it 

was filtered and used for determination of N and P as described below.  

3.6.1.1 Nitrogen  

Nitrogen was determined by Kjeldhal method. Five milliliter of aliquot was taken in 

kjeldhal flask and it was placed on the Kjeldhal ammonium distillation unit. After adding 10 

mL of 40% NaOH, the flask was connected to the distillation apparatus. A receiver was 

prepared in 100 mL flask by adding 5 mL of 2% boric acid and few drops of mixed indicator 

(bromocresol green and methylene red). When the distillate was approximately 40-50 mL, 

the conical flask was removed and cooled for few minutes. Then the contents of the flask 

were treated with 0.01 N standard H2SO4 up to pink end point.   

3.6.1.2 Phosphorus  

Five mL of aliquot was mixed in 10 mL of Barton reagents and total volume was 

made as 50 mL. The samples were kept for half an hour and phosphorus was determined by 

spectrophotometer using standard curve.  

3.6.1.2.1 Barton reagent  

The Barton reagent was prepared by mixing solution A and B as described by Ashraf 

et al. (1992).  
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a) Solution A 

Twenty five g of ammonium molybdate (25 g) was dissolved in 400 mL of distilled 

water. 

 b) Solution B 

Ammonium metavenadate (1.25 g) was dissolved in 300 mL of boiling water, then 

cooled and 250 mL of conc. HNO3 was added and cooled at room temperature. Solution A 

and B were mixed and volume was made up to 1 L. 

 3.6.2.1 Analysis of farmyard manure (FYM) 

The farmyard manure samples (ground < 2 mm) were analyzed for organic carbon 

and N and P contents following the standard analytical techniques (Table 2). Farmyard 

manure was first digested using the wet-digestion method (nitric acid and perchloric acid) as 

described by Kuo (1996). Then total N was measured by the Kjeldhal method as described by 

Bremner and Mulvaney (1982). Phosphorus in the digest was measured by a 

spectrophotometer (Method 61, p. 134). Organic carbon contents were measured using 

methods described by Nelson and Sommers (1982). 

3.6.3.1 Measurement of physiological parameters 

The physiological parameters i.e. photosynthetic rate (A), transpiration rate (E), 

substomatal CO2 concentration (Ci) and stomatal conductance (gs) were evaluated with the 

help of a portable infra-red gas analyzer [IRGA (LCA-4)]. Effort was made to take these 

parameters in the morning (08.00-10.00) at photosynthetic photon flux density of 1200-1400 

mol m-2 s-1 as suggested by Ben-Asher et al. (2006). For this, two fully-expanded leaves from 

one plant in each experimental unit were selected for recording the data regarding above 

mentioned parameters. Water use efficiency (WUE) is the ratio of photosynthetic rate (A) 

and transpiration rate (E) that was calculated as follow:- 

Water use efficiency (A/E) = 
(E) rateion Transpirat

 (A) rate eticPhotosynth
 

3.7 Field trials  

After screening the selected isolates for their growth promoting activities in the jar 

trial under axenic condition and then in pot trial, five isolates were further evaluated under 

field conditions. Two field trials were conducted at two different sites. University of 

Agriculture Faisalabad was designated as site-I and Postgraduate Agriculture Research 
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Station (PARS) as site-II. Field experiments were conducted to test the effectiveness of the 

selected isolates under natural conditions. Seeds of maize (Poineer-31R88) were inoculated 

with the selected bacterial isolates as described in case of pot experiment. Recommended 

doses of nitrogen (N), phosphorus (P) and potassium (K) fertilizers were applied @ 300-150-

125 kg ha-1. Phosphorus and potassium was applied as basal dose, while nitrogen was applied 

in splits. As in pot trial three levels of FYM were used and results revealed that increasing 

FYM level above 8 Mg ha-1 did not show significant response, therefore, in field trial only 

two levels were tested i.e. 0 Mg ha-1( no added FYM) and 8 Mg ha-1. There were three 

replications of each treatment. Split Plot Randomized Complete Block Design was used to 

install the experiment by keeping the farmyard manure applications in main plots and 

inoculation in sub plots. Canal water was used for irrigation. All the recommended 

agronomic practices were carried out. Rhizosphere phosphatase activity and mineralization 

of organic P were also evaluated as described in case of pot trial. At maturity, yield and yield 

contributing parameters were recorded. Straw and grain samples were analyzed for nitrogen 

and phosphorus as described in the previous section. Correlations were also developed 

between phosphatase activity, ACC-deaminase activity and auxin production of the isolates 

in the lab, and different growth and yield parameters of maize in field trial. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



45 
 

Table 1:  Physico-chemical characteristics of soil used for pot and field trials 

Characteristics Unit Pot Experiment Field trial 

Site-1 

Field trial 

Site-2 

Textural class - Sandy clay loam Loam Sandy clay Loam

Saturation percentage % 32.5 35.50 33.29 

pHs  8.1 7.9 8.2 

ECe dS m-1 1.6 1.49 1.45 

Organic matter g/kg 5.9 6.7 6.1 

Total nitrogen % 0.029 0.034 0.031 

Total P mg/kg       515.45   548.56     526.17 

Organic P mg/kg 121.19 138.67 126.79 

Available phosphorus mg kg-1 8.5 9.2 8.9 

Extractable potassium mg kg-1 131 121.3 120.6 

 

Table 2:  Chemical characteristics of organic matter (FYM) 

Characteristics Unit Value 

Organic C % 29.6 

Nitrogen  % 1.26 

Phosphorus  % 0.52 

C : N ratio  ---- 23.5 :1 

C : P ratio  ---- 56.9 : 1 
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3.8 Characterization of the isolates  

The selected bacterial isolates were also characterized for their chitinase activity and 

root colonization capability. The most effective isolates were identified by Biolog® 

Identification System.  

3.8.1 Chitinase activity 

Chitinase activity of the selected isolates was determined by modifying the procedure 

of Chernin et al. (1998). For this, colloidal chitin (0.2% [w/v]) was added in DF-minimal salt 

medium. The autoclaved medium was cooled and poured into sterilized Petri plates. A 

loopfull of each culture was placed on to the plates containing the solid media at five 

equidistant places. The plates were incubated at 28 ± 1°C for 72 to 96 hours until clearing 

zones of the chitin were observed around the colonies.  

3.8.2 Root colonization assay  

Root colonization assay of the selected bacterial isolates was evaluated under axenic 

conditions as described by Simons et al. (1996). Sterilized glass jars were filled with 

sterilized quartz sand moistened with 35 mL sterilized ½ strength Hoagland solution. The 

sand was compacted by gentle shaking and 12 cm sand/ Hoagland solution column was 

developed. Surface sterilized seeds were inoculated with respective isolates as described 

previously and were sown in sand at 1 cm depth. Treatments were arranged using completely 

randomized design with six replications of each. Jars were placed in growth chamber at 25 ± 

1°C, adjusted to 16 hours light and 8 hours dark period. Sand was kept moistened with 

sterilized Hoagland solution throughout the experiment. After seven days, 0.2 g root tips 

were removed and shaken vigorously in 5 mL sterilized water on orbital shaking incubator at 

100 rev. min.
-1 

for 15 min. The bacterial suspension was diluted from 10
-1 

to 10
-5

. Sterilized 

DF-salt minimal medium containing ACC as sole nitrogen source was poured into Petri 

plates along with 1mL of each dilution. The Petri dishes were incubated at 28 ± 1°C for 

bacterial growth. Bacterial colonies were counted using a digital colony counter and 

expressed as colony forming units/mL (CFU mL-1) of suspension. 

3.8.3 Identification of the isolates 

The isolates exhibiting the highest growth-promoting activity in jar, pot and field 

trials were biochemically identified by using Biolog® Identification System (Microlog TM 
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System Release 4.2, Hayward, CA, USA). For identification on Biolog system the isolates 

were grown on Biolog universal growth medium. Cells from the agar plates were separated 

with a sterile swab. The swab was twirled and pressed against the inside surface of the tube 

on the dry glass above the fluid line to break up clumps and release cells. The swab was 

moved up and down the wall of the tube until the organism mixed with the fluid and became 

a homogenous, clump free suspension. The turbidity was adjusted to appropriate value for 

each isolate. This suspension was poured into the multi-channel pipette reservoir. Eight 

sterile tips were fastened securely onto the 8-channel repeating pipetter. Tips were primed 

and 150 μL inoculum was poured into each well. Micro plate was covered with its lid and 

incubated at 30 oC for 6 hours. After incubation, micro plate was loaded to micro plate reader 

(Biolog) and identified putatively by microlog software. 

3.9 Statistical analyses 

The data collected was statistically analyzed using ANOVA (analysis of variance) 

techniques according to factorial design in pot trial and RCBD with split plot arrangement for 

field trials. The means were compared by LSD (least significant difference) test at p ≤ 0.05. 

(Steel et al., 1997). The software packages STATISTIX 8.1 (StatSoft, Inc., 2001), 

STATISTICA (Version 8, www.statsoft.com, OK 74104, US), was used for statistical 

analysis.  
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CHAPTER IV                                                                         RESULTS  
 

  A large number of rhizobacterial strains isolated from the rhizosphere of maize were first 

screened for their phosphatase, ACC-deaminase activities and auxin production assay under 

laboratory conditions and then further screening/evaluation for plant growth promotion activities 

was carried out by conducting jar trial under axenic conditions. The performance of the most 

effective plant growth promoting rhizobacterial isolates containing phosphatase activity along 

with  ACC-deaminase and auxin production was then evaluated in soil culture by conducting pot 

and field trials. Results of these experiments are discussed as under. 

 4.1 Phosphate-solublizing assay and phosphate solubilizing index 

The isolated rhizobacteria were screened for their phosphate-solubilizing ability on 

Pikovskaya (PVK) agar medium. Qualitative P-solubilization potential was anticipated by 

observing the large clear/ halo zones around the bacterial colonies on Pikovskaya agar media 

(Fig. 2). Out of 72 bacterial isolates tested, thirty isolates had P solublizing ability on solid media 

amended with tricalcium phosphate (TCP). The isolates exhibited different sorts of phosphate 

solublizing index (PSI) ranging from 1.59 to 6.27. Eight isolates (PS-07, PS-17, PS-21, PS-30, 

PS-32, PS-52, PS-60 and PS-63) showed PSI more than three (Table 3). Two isolates (PS-12 and 

PS-51 had PSI more than four. Maximum PSI (6.27) was observed in case of PS-01 and 

minimum (1.59) in case of PS-23.  

4.1.1 Determination of phosphate solubilization in liquid culture 

Data regarding quantitative P-solubilization potential revealed that all thirty bacterial 

isolates tested for P solubilization on solid media were also positive for P solublization on liquid 

media amended with tricalcium phosphate (TCP). The isolates exhibited variations in phosphate 

solubilization of inorganic P source which ranged from 309.40 to 733.68 µg mL-1. Twelve 

isolates (PS-01, PS-07, PS-12, PS-24, PS-32, PS-40, PS-41, PS-51, PS-52 and PS-60, PS-63 and 

PS-71) showed maximum P solubilization which ranged from 434.44 to 733.68 µg mL-1 (Table 

3). Four isolates (PS-30, PS-50, PS-67 and PS-69) showed minimum P solubilizing activity 

which ranged from 309.40 to 380.20 µg mL-1.  
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Table 3: Phosphate solubilizing index and available P by selected bacterial isolates                                    
(Average of three replicates ± SE) 

Isolates 
 
 
 
 

Halo zone 
Diameter 

(mm) 

Colony 
Diameter 

(mm) 

Phosphate 
Solubilizing 

Index 
(PSI) 

Available 
P 

(µg/mL) 
 

PS-01 20 ± 0.05 3.64 6.27 ± 0.18 682.88 ± 19.13 
PS-03 6 ± 0.06 5.40 2.11 ± 0.06 387.88 ± 10.88 
PS-07 10 ± 0.06 2.02 3.67 ± 0.64 487.00 ± 16.08 
PS-12 20 ± 0.05 2.87 4.87 ± 0.97 661.47 ± 10.24 
PS-17 5 ± 0.05 2.70 3.17 ± 0.30 390.16 ± 15.98 
PS-21 11 ± 0.06 4.60 3.45 ± 0.40 403.90 ± 11.34 
PS-23 3 ± 0.02 4.43 1.59 ± 0.03 388.25 ± 10.34 
PS-24 7 ± 0.03 3.93 2.29 ± 0.11 434.44 ± 7.89 
PS-26 6 ± 0.09 3.46 2.46 ± 0.14 408.64 ± 10.89 
PS-27 5 ± 0.08 5.50 1.70 ± 0.09 424.25 ± 10.47 
PS-30 4 ± 0.03 2.40 3.25 ± 0.15 338.14 ± 5.02 
PS-31 4 ± 0.03 2.11 2.75 ± 0.31 425.80 ± 23.17 
PS-32 15 ± 0.09 2.42 3.91 ± 0.33 523.24 ± 21.07 
PS-34 6 ± 0.10 4.47 2.17 ± 0.05 391.24 ± 9.92 
PS-36 4 ± 0.05 2.68 2.57 ± 0.27 399.99 ± 5.85 
PS-40 7 ± 0.09 2.35 2.71 ± 0.16 454.66 ± 10.73 
PS-41 13 ± 0.07 2.90 4.39 ± 0.35 619.60 ± 21.83 
PS-47 5 ± 0.05 1.99 2.83 ± 0.28 405.70 ± 9.99 
PS-49 4 ± 0.05 2.95 2.55 ± 0.25 385.06 ± 10.26 
PS-50 12 ± 0.06 4.95 2.74 ± 0.10 380.20 ± 9.73 
PS-51 13 ± 0.06 3.92 4.34 ± 0.48  733.68 ± 10.27 
PS-52 10 ± 0.10 3.18 3.54 ± 0.25 473.58 ± 9.85 
PS-55 8 ± 0.11 3.93 2.47 ± 0.12 418.60 ± 9.73 
PS-56 4 ± 0.03 2.43 2.25 ± 0.07 399.10 ± 10.78 
PS-60 7 ± 0.03 2.98 3.10 ± 0.27 601.79 ± 11.15 
PS-63 5 ± 0.05 2.16 3.63 ± 0.52 534.34 ± 10.49 
PS-66 6 ± 0.15 3.73 2.64 ± 0.07 399.58 ± 10.84 
PS-67 10 ± 0.07 4.15 2.26 ± 0.01 309.40 ± 16.34 
PS-69 6 ± 0.04 3.78 2.33 ± 0.05 374.92 ± 11.03 
PS-71 7 ± 0.05 4.15 2.85 ± 0.23 629.38 ± 10.91 
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Fig.2: Results of plate assay indicating halo/ clear zone formation around bacterial colonies 
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4.2: Phosphatase activities assay  

For the solubilization of organic phosphorus compounds, phosphate solublizing bacteria 

secrete phosphatase enzyme, so an effort was made to assess the phosphatase activities (acid & 

alkaline) of the isolates showing tricalcium phosphate (TCP) solubilization. In vitro results of 

phosphatase activities showed that all the isolates exhibited both acid and alkaline phosphatase 

activities in liquid culture containing β-glycerophosphate as substrate in varying degrees. 

Maximum acid phosphatase activity was obtained with fifteen isolates (PS-01, PS-07, PS-12, PS-

17, PS-21, PS-30, PS-31, PS-32, PS-40, PS-41, PS-51, PS-52, PS-60, PS-63, and PS-71) which 

ranged from 11.18 to 42.87 µg PNP g-1 h-1. Maximum acid phosphatase activity (42.87 µg PNP 

g-1 h-1) was determined in case of isolate PS-12. Minimum acid phosphatase activity (3.26 µg 

PNP g-1 h-1) was noted in case of inoculation with PS-27. Similarly, out of the thirty isolates, ten 

isolates (PS-01, PS-07, PS-12, PS-17, PS-32, PS-40, PS-41, PS-51 and PS-52) were among the 

higher alkaline phosphatase producers. The alkaline phosphatase activity of these isolates ranged 

from 11.23 to 27.66 µg PNP g-1 h-1.  Minimum alkaline phosphatase activity (1.27 µg PNP g-1 h-

1) was exhibited by the isolate PS-27. From the data, it is clear that the tested isolates showed 

higher acid phosphatase activities than their respective alkaline phosphatase activities in the 

growth media (Table 4). 

Of the seventy two bacterial isolates tested, thirty isolates which were found positive for 

P solubilization and mineralization (phosphatase activity) were further evaluated for ACC-

deaminase activity, auxin production.  

4.3: ACC-deaminase activity assay 

A qualitative ACC metabolism assay was carried out to determine the ability of the 

selected PGPR strains to utilize ACC as a sole source of nitrogen. In this assay, the rhizobacterial 

strains were grown on two nitrogen sources (ACC and ammonium sulfate) to observe the growth 

rate of the strains for ACC substrate in parallel to ammonium sulphate. Results analysis of 1-

amino cyclopropane-1-carboxlic acid (ACC) metabolism assay indicated that out of thirty 

strains, seventeen phosphatase-producing bacterial isolates possessed ACC-deaminase activity 

on the basis of their ability to utilize ACC as sole source of nitrogen. The optical density (OD) 

value (Table 5) of these isolates ranged from 0.58 to 0.77. Maximum OD value were noted in 

case of three isolates (PS-12, PS-31 and PS-32) which ranged from 0.70 to 0.77 and minimum 

(0.58 to 0.59) by PS-52 and PS-55.  
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Table 4: Phosphatase activities of the selected bacterial isolates                                           
(Average of three replicates ± SE) 

 
Isolates 
 

 

Phosphatase activities 
(µg PNP g-1 h-1) 

Acid Alkaline 
PS-01 35.18 ± 1.5 23.12 ± 1.0 
PS-03 9.85 ± 0.7 6.83 ± 0.6 
PS-07 11.33 ± 0.7 13.17 ± 0.7 
PS-12 42.87 ± 1.5 27.66 ± 1.1 
PS-17 19.54 ± 0.63 13.79 ± 0.8 
PS-21 11.49 ± 1 9.37 ± 0.74 
PS-23 ND 3.27+ 0.3 
PS-24 8.12  ±  0.8 4.90 ± 0.4 
PS-26 8.81  ±  0.6 7.79 ± 0.4 
PS-27 3.26  ±  0.6 1.68 ± 0.3 
PS-30 11.57  ±  0.6 10.41 ± 0.6 
PS-31 12.95  ± 1.0 9.6 ± 1.2 
PS-32 29.44  ±  1.6 14.21 ± 1.0 
PS-34 7.99  ±  0.7 7.85 ± 0.7 
PS-36 9.70  ± 1.1 8.12 ± 0.44 
PS-40 11.37  ±  1.3 11.23 ± 0.8 
PS-41 21.08  ±  1.2 15.64 ± 0.8 
PS-47 8.65  ±  0.6 9.11 ± 0.5 
PS-49 9.53  ±  0.6 5.50 ± 1.2 
PS-50 8.86  ±  0.5 6.23 ± 0.44 
PS-51 25.43  ± 1.7 21.14 ± 0.9 
PS-52 12.42  ± 1.0 11.99 ± 0.8 
PS-55 8.55  ±  0.8 10.39 ± 0.7 
PS-56 6.99  ±  0.6 8.28 ± 0.54 
PS-60 11.18  ± 0.8 9.27 ± 0.6 
PS-63 15.80  ±  0.7 4.99 ± 0.6 
PS-66 8.31  ±  0.6 5.79 ± 1.3 
PS-67 4.51  ±  1.3 1.97 ± 0.5 
PS-69 7.92  ± 0.6 6.94 ±1.1 
PS-71 19.86  ±  1.6 15.67 ± 1.2 

      ND= Not detectable 
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Regarding quantitative ACC-deaminase activity of these isolates, it was observed that the 

selected isolates possessed ACC-deaminase activity with different degree of efficacy (Table-1.2). 

Eight isolates (PS-01, PS-12, PS-17, PS-31, PS-32, PS-40, PS-51 and PS-63) showed maximum 

ACC-deaminase activity which ranged from 296 to 356 nmol α-ketobutyrate g-1 biomass h-1. Six 

isolates (PS-41, PS-52, PS-55, PS-60, PS-69 and PS-71) showed minimum ACC-deaminase 

activity which ranged from 190 to 240 nmol α-ketobutyrate g-1 biomass h-1. 

4.4: Auxin production assay 

Data (Table 6) regarding auxin biosynthesis by the selected PGPR showed that seven 

isolates (PS-12, PS-17, PS-21, PS-32, PS-34, PS-51 and PS-71) resulted in maximum auxin 

production (as IAA equivalents) in the absence of L-tryptophan which ranged from 1.72 to 3.18 

ppm. Maximum auxin production in the absence of L-tryptophan was obtained with isolate PS-

51. Of the thirty isolates tested, eleven isolates (PS-03, PS-23, PS-26, PS-36, PS-47, PS-49, PS-

50, PS-55, PS-66, PS-67 and PS-69) were found negative for auxin production in the absence of 

L-tryptophan. In the presence of L-tryptophan in the growth media, all the isolates except two 

(PS-50 and PS-55) were found able to produce auxin. Maximum auxin production in the 

presence of IAA precursor was observed in case of inoculation with twelve isolates (PS-01, PS-

12, PS-21, PS-30, PS-32, PS-41, PS-49, PS-51, PS-60, PS-69 and PS-71) and among these, PS-

51 was found relatively higher auxin producer. The range of IAA production by these isolates 

was from 10.83 to 36.63 µg mL-1. Minimum auxin production in the presence of L-tryptophan 

was indicated by seven isolates (PS-03, PS-23, PS-24, PS-26, PS-27, PS-34 and PS-47) which 

produced IAA equivalents ranging from 2.15 to 4.16 µg mL-1. 

4.5: pH drop experiment 

Rhizobacteria capable of solubilizing P are known to secrete different kinds of organic 

acids which result in lowering of pH of the media. To investigate pH changes, a pH drop 

experiment was conducted. In our pH drop experiment, it was found that after 5-Days of 

incubation period, eighteen isolates (PS-03, PS-07, PS-17, PS-21, PS-23, PS-24, PS-27, PS-30, 

PS-31, PS-32, PS-40, PS-41, PS-49, PS-50, PS-51, PS-52, PS-60 and PS-67) were found most 

effective in decreasing pH of the cultured media between 5.3 to 5.9 (Table 7). Maximum 

decrease in pH was observed in the culture inoculated with PS-30 (5.3) followed by PS-32 (5.4). 

Similarly, after 8-Days of incubation period, eight isolates (PS-03, PS-12, PS-26, PS-41, PS-49,  
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Table 5: OD values obtained through ACC metabolism assay and ACC-deaminase activity 

of selected bacterial isolates 

(Average of three replicates ± SE)                   

Isolates OD Value ACC-deaminase activity 

(nmol α ketobutyrate g-1biomass h-1) 

PS-01 0.66  ± 0.02 335 ± 9 
PS-03 ND* ND 
PS-07 0.65 ± 0.08 279  ±  6 

PS-12 0.74 ± 0.01 351 ± 4 

PS-17 0.62 ± 0.03 317 ± 10 
PS-21 0.61  ± 0.04 259  ±  10 
PS-23 ND ND 
PS-24 ND ND 
PS-26 ND ND 
PS-27 ND ND 
PS-30 0.62 ± 0.02 260 ± 11 
PS-31 0.70  ± 0.02 337 ± 8 
PS-32 0.77  ± 0.03 356 ± 13 
PS-34 ND ND 
PS-36 ND ND 
PS-40 0.64  ± 0.02 296  ±  4 
PS-41 0.63 ± 0.02 240 ± 4 
PS-47 ND ND 
PS-49 ND ND 
PS-50 ND ND 
PS-51 0.60 ± 0.03 316 ± 7 
PS-52 0.58  ± 0.01 190  ±  7 
PS-55 0.59 ± 0.02 210 ± 8 
PS-56 ND ND 
PS-60 0.62 ± 0.03 230 ± 6 
PS-63 0.62 ± 0.03 336  ±  11 
PS-66 ND ND 
PS-67 ND ND 
PS-69 0.67 ± 0.01 220 ± 5 
PS-71 0.61  ± 0.03 236 ± 10 
ND= Not detectable 
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Table 6: Auxin production by the selected bacterial isolates 

(Average of three replicates ± SE) 

Isolates 

Auxin  production (IAA equivalents) 
(µg mL-1) 

 
Without 
L-Tryptophan 

With 
L-Tryptophan 

PS-01 1.15 ± 0.2 21.11 ± 1.1 
PS-03 ND 4.16 ± 0.4 
PS-07 0.93 ± 0.3 9.70 ± 1.0 
PS-12 1.94 ± 0.3 24.80 ± 4.1 
PS-17 1.81 ± 0.4 8.11 ± 1.4 
PS-21 1.96 ± 0.3 12.64 ± 1.0 
PS-23 ND 2.22 ± 0.4 
PS-24 0.62 ± 0.2 3.62 ± 0.2 
PS-26 ND 3.47 ± 0.3 
PS-27 1.18 ± 0.3 2.15 ± 0.4 
PS-30 0.77 ± 0.1 16.02 ± 0.6 
PS-31 1.20 ± 0.3 6.65 ± 0.6 
PS-32 1.72 ± 0.3 25.13 ± 3.7 
PS-34 1.75 ± 0.6 3.40 ± 0.5 
PS-36 ND 9.53 ± 0.5 
PS-40 0.66 ± 0.3 7.11 ± 0.5 
PS-41 1.32 ± 0.2 30.56 ± 2.0 
PS-47 ND 3.74 ± 0.5 
PS-49 ND 11.32 ± 0.4 
PS-50 ND ND 
PS-51 3.18 ± 0.6 36.63 ± 2.0 
PS-52 1.53 ± 0.3 6.64 ± 0.6 
PS-55 ND ND 
PS-56 0.65 ± 0.2 8.14 ± 0.6 
PS-60 0.74 ± 0.3 10.83 ± 0.5 
PS-63 0.62 ± 0.2 14.13 ± 0.6 
PS-66 ND 7.59 ± 0.2 
PS-67 ND 6.25 ± 0.3 
PS-69 ND 11.04 ± 0.5 
PS-71 2.70 ± 0.6 17.92 ± 0.6 
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PS-50, PS-60 and 71) were found most effective in decreasing pH of the liquid media ranging 

from 4.5 to 5. Two isolates PS-12 and PS-41 caused maximum decrease in pH (up to 4.5 each). 

Similarly, after 13-Days of incubation time, ten isolates (PS-03, PS-12, PS-17, PS-26, PS-41, PS-

49, PS-50, PS-60, PS-67, and PS-71) were found effective in decreasing pH of the inoculated 

culture ranging from 4.3 to 4.7. Maximum decrease in pH of culture media was recorded with 

two isolates PS-12 and PS-41 which resulted in pH drop up to 4.3. 
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Table 7: pH drop by the selected isolates used in jar trial during 13-Days of incubation 

Isolates Day-1 Day-5 Day-8 Day-13 
PS-01 7.0 6.8 5.8 4.9 
PS-03 7.0 5.6 4.7 4.6 
PS-07 7.0 5.5 5.3 5.0 
PS-12 7.0 6.2 4.5 4.3 
PS-17 7.0 5.7 5.2 4.5 
PS-21 7.0 5.9 5.2 5.1 
PS-23 7.0 5.9 5.4 5.3 
PS-24 7.0 5.8 5.5 5.5 
PS-26 7.0 6.1 5.0 4.8 
PS-27 7.0 5.8 5.1 5.0 
PS-30 7.0 5.3 5.2 5.0 
PS-31 7.0 5.8 5.4 5.2 
PS-32 7.0 5.4 5.3 5.3 
PS-34 7.0 6.9 5.4 5.2 
PS-36 7.0 6.3 5.5 5.3 
PS-40 7.0 5.6 5.6 5.4 
PS-41 7.0 5.9 4.5 4.3 
PS-47 7.0 6.0 5.3 5.1 
PS-49 7.0 5.8 4.6 4.5 
PS-50 7.0 5.6 4.8 4.7 
PS-51 7.0 5.5 5.3 5.1 
PS-52 7.0 5.5 5.2 5.2 
PS-55 7.0 6.8 6.4 6.3 
PS-56 7.0 6.7 5.6 5.4 
PS-60 7.0 5.8 4.8 4.7 
PS-63 7.0 6.4 6.2 5.9 
PS-66 7.0 6.4 6.0 5.7 
PS-67 7.0 5.7 5.3 4.7 
PS-69 7.0 6.8 5.8 4.9 
PS-71 7.0 6.5 4.7 4.7 
Control 7.0 7.0 7.0 7.0 
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4.6 Screening trial for plant growth stimulation under axenic conditions  

After testing the phosphatase-containing bacteria for ACC-deaminase activities and auxin 

traits, best fifteen isolates were selected for further evaluation for their plant growth promoting 

activity in jar trial under axenic conditions in the presence of farmyard manure as a substrate to 

check the efficiency of PGPR having phosphatase activity. The effect of inoculation with 

selected bacterial isolates on different growth parameters of maize seedlings in a jar experiment 

under gnotobiotic conditions was assessed with the hypothesis that the inoculation with 

phosphatase producing bacteria would help in promoting growth of maize in the presence of 

organic matter. Statistical analysis revealed that a positive correlation existed between the PGPR 

showing efficient plant growth and their in vitro traits (phosphatase activity, auxin production 

and ACC-deaminase activity). Study revealed that selection of multi-trait bacteria could be more 

effective tool to select PGPR than single trait to improve plant growth. The effect of PGPR on 

different plant growth parameters is given below: 

4.6.1 Shoot length 
Inoculation of maize seeds with selected phosphatase producing bacterial isolates had 

significant effect on shoot length. Bacterial isolates had variable response regarding shoot length 

(Fig. 3). Out of fifteen isolates tested all the isolates except, two (PS-21 and PS-60) gave 

significant results in increasing shoot length compared with uninoculated control. Maximum 

increase in shoot length was observed in response to inoculation with PS-12 that caused up to 40 

% more shoot length than uninoculated control followed by PS-01 that caused up to 36 % 

increase in shoot length compared to uninoculated control. Three isolates (PS-32, PS-41 and PS-

51) were statistically at par with PS-12 and PS-01 and resulted in up to 34 % increase in shoot 

length compared with uninoculated control. Five isolates (PS-07, PS-17, PS-30, PS-31 and PS-

71) were non-significant among one another but were significant over control and caused up to 

27 % more shoot length compared to control. Similarly, other two isolates (PS-40, PS-52 and PS-

63) were also statistically non-significant with one another but improved shoot length up to 13 

%, results were statistically significant compared with uninoculated control. The isolate PS-21 

was found least effective to improve shoot length. The effect of inoculation with phosphatase 

producing bacterial isolates on maize seedlings growth can be visually observed in Fig. 5 and 6. 
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               Means sharing the same letter do not differ significantly at p ≤ 0.05 (Average of three replicates). 

 

Fig. 3: Effect inoculation with selected phosphatase producing bacterial isolates on shoot 
length of maize seedlings under axenic conditions (Average of three replicates) 

 
 

                                    Means sharing the same letter do not differ significantly at p ≤ 0.05 (Average of three replicates). 

Fig. 4: Effect inoculation with selected phosphatase producing bacterial isolates on shoot 
fresh weight of maize seedlings under axenic conditions (Average of three replicates) 
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Fig. 5: Effect of inoculation with phosphatase producing strain PS-01 on maize under 
axenic conditions 
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Fig. 6: Effect of inoculation with phosphatase producing strain PS-12 on maize seedling 
under axenic conditions 
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4.6.2 Shoot fresh weight  

Regarding shoot fresh weight of seedlings, response with inoculation of phosphatase 

producing bacterial isolates was significant (Fig. 4). Maximum increase (99 % over uninoculated 

control) in shoot fresh weight was obtained in response to inoculation with isolate PS-51 

followed by PS-01 and PS-12 which caused 77 and 55 % increases in shoot fresh weight, 

respectively compared with uninoculated control. The isolate PS-41 was statistically at par with 

PS-30, PS-31, PS-32 and PS-63 that caused up to 53 % increase compared with control. Four 

isolates (PS-07, PS-17, PS-21 and PS-60) were found non-significant compared with one another 

and improved shoot fresh weight up to 39 % over uninoculated control. Three isolates (PS-40, 

PS-52 and PS-71) gave non-significant results compared with one another and also with control. 

4.6.3 Shoot dry weight 

Data regarding shoot dry weight of maize seedlings under axenic conditions (Fig. 7) 

showed that except, five isolates (PS-07, PS-21, PS-31, PS-63 and PS-71) all the bacteria 

increased the shoot dry weight of maize seedlings significantly compared to uninoculated 

control.  Isolates PS-01, PS-12 and PS-32 resulted in highly significant increase in shoot dry 

weight and caused up to 69 % higher shoot dry weight compared to uninoculated control. The 

isolate PS-41 gave statistically similar results with PS-51 and caused up to 44 % more dry 

biomass compared with uninoculated control. Results indicated that five isolates (PS-17, PS-30, 

PS-40, PS-52, and PS-60) were non-significant when compared with one another but were 

significant over control and up to 35 % increase in shoot dry weight was obtained in response to 

inoculation with these isolates. PS-12 and PS-01 caused maximum increase in shoot dry weight 

over control followed by PS-32, PS-41 PS-51, PS-52, PS-60 and PS-63. The isolate PS-71 

caused minimum increase in shoot dry weight. 

4.6.4 Root length 

                Data showed that inoculation with all the selected phosphatase producing bacterial 

isolates increased the root length significantly except, with three isolates (PS-40, PS-52 and PS-

60) (Fig. 8). Results showed that six isolates (PS-01, PS-12, PS-32, PS-41, PS-51and PS-71) 

performed significantly better compared with control and rest of the isolates in increasing root 

length and caused up to 59 % increase in root length compared with uninoculated control. 

Similarly, the other six isolates (PS-17, PS-21, PS-30, and PS-31) were also effective in 

increasing root length which caused up to 40 % increase in root length than uninoculated control.  
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Means sharing the same letter do not differ significantly at p ≤ 0.05 (Average of three replicates). 

 

Fig. 7: Effect inoculation with selected phosphatase producing bacterial isolates on shoot 
dry weight of maize seedlings under axenic conditions (Average of three replicates) 

 
Means sharing the same letter do not differ significantly at p ≤ 0.05 (Average of three replicates). 

 

Fig. 8: Effect inoculation with selected phosphatase producing bacterial isolates on root 
length of maize seedlings under axenic conditions (Average of three replicates) 
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Fig. 9: Effect of inoculation with phosphatase producing strain PS-12 on root growth of 

maize seedling under axenic conditions 
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Fig. 10: Effect of inoculation with phosphatase producing strain PS-32 on root growth of 
maize under axenic conditions 
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Minimum increases in root length were obtained in response to inoculation with PS-52 and PS-

60 and which were statistically non-significant when compared with control. The effect of 

inoculation on root can be visually seen in figures 9 and 10. 

4.6.5 Root fresh weight  

It is apparent from the results that the phosphatase producing isolates increased root fresh 

weight of maize seedlings as compared to the uninoculated control (Fig. 11). However, three 

isolates (PS-21, PS-60 and PS-71) gave non-significant results regarding root fresh weight 

compared with uninoculated control.  Results indicated that four isolates (PS-01, PS-12, PS-32, 

PS-41) were found to be the best as their inoculation caused up to 98 % increase in root fresh 

weight than uninoculated control and among these the isolate PS-12 was the most effective that 

caused up to 98 % increase in root fresh biomass than uninoculated control. The isolates PS-51 

and PS-63 were the next effective isolates that caused up to 47 % increase in root fresh weight 

over control. The other six isolates (PS-07, PS-17, PS-30, PS-31, PS-40 and PS-52) gave 

statistically similar results compared with each other and resulted up to 35 % more root fresh 

weight compared with uninoculated control. Minimum increase in root fresh weight was noted in 

response to inoculation with three isolates (PS-21, PS-60 and PS-71).   

4.6.6 Root dry weight 

Figure 12 indicates the data regarding root dry weight of maize seedlings. The data show 

that inoculation with phosphatase producing bacterial isolates improved the root dry weight in 

varying degrees. Maximum increase in root dry weight was observed in response to inoculation 

with six isolates (PS-01, PS-12, PS-30, PS-32, PS-41 and PS-51) and among these PS-01, PS-12 

and PS-32 were found most effective which caused  up to 88 % increase in root dry weight as 

compared to uninoculated control and were also statistically at par with each other. Six isolates 

(PS-07, PS-17, PS-31, PS-40, PS-52 and PS-60) gave statistically same results when compared 

with one another and also over control and caused up to 31 % increase in root dry weight 

compared with uninoculated control. 

4.6.7 Pearson correlation analysis 

The different coefficients of Pearson correlation between pair of means of in vitro traits 

such as phosphatase activity, ACC-deaminase activity and auxin production with different 

growth   parameters were calculated and significance of correlation was determined at p = 0.05, 

using the software Statistics 8.1 versions. Statistical analysis (Table 3) revealed that a significant 
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Means sharing the same letter do not differ significantly at p ≤ 0.05 (Average of three replicates). 

Fig. 11: Effect inoculation with selected phosphatase producing bacterial isolates on root 
fresh weight of maize seedlings under axenic conditions (Average of three replicates) 

 
 

Means sharing the same letter do not differ significantly at p ≤ 0.05 (Average of three replicates). 

Fig. 12: Effect inoculation with selected phosphatase producing bacterial isolates on root 
dry weight of maize seedlings under axenic conditions (Average of three replicates) 
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Table 8: Correlation coefficients calculated between PGPR traits (Phosphatase activity, 

ACC-deaminase activity and auxin) and growth parameters of maize grown in a jar trial. 

PGPR 

traits  

  r  value   

Shoot 

length 

 

Root 

 length 

 

Shoot biomass Root  

weight 

Phosphatase activity 0.76** 0.70** 0.46**  0.52**

ACC-deaminase activity 0.34* 0.50** 0.30*  0.36*

Auxin production 0.65** 0.50** 0.39** 0.44** 

 

*Significant correlation at (p ≤   0.05)  

** Highly significant correlation at (p ≤   0.05)  
NS 

Non significant correlation at (p ≤   0.05)  
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and positive correlation existed between the PGPR showing efficient plant growth and their in 

vitro traits (phosphatase activity, auxin production and ACC-deaminase activity) under axenic 

conditions. 

4.7: Pot trial 

Based upon growth promoting activity observed in jar experiment under axenic 

conditions, five most efficient phosphatase producing isolates  viz. PS-01, PS-12, PS-32, PS-41 

and PS-51 were selected for conducting a pot trial at different manure levels [0, (no added 

organic matter, 8 and 16 Mg ha-1]. Results of the pot trial are summarized as under. 

4.7.1. Plant height 

Data (Table 9) showed that shoot length of maize increased significantly due to 

inoculation with all the selected phosphatase producing bacterial isolates except, with PS-41. The 

significant increase in shoot length at manure level (0 Mg ha-1) was observed in response to 

inoculation with three isolates (PS-01, PS-12 and PS-51 which caused up to 8 % increase in plant 

height compared with control. At manure level 8 Mg ha-1 the isolate PS-01 showed maximum 

increase in shoot length that was 14 % more than respective control and was statistically similar 

with PS-12 and PS-51 at same manure level and also with its inoculation at manure level 16 Mg 

ha-1.  The isolate PS-12 was the next effective isolate in increasing plant height which caused up 

to 13 % increase in plant height at 8 Mg ha-1 FYM. Similarly, at 16 Mg ha-1 FYM, maximum 

increase in plant height was recorded in response to inoculation with isolate PS- 01 that was 16 

% higher than respective control and was statistically at par with PS-12 and also with its 

inoculation at manure level 8 Mg ha-1. Minimum increase in plant height at manure level 16 Mg 

ha-1 was observed in response to inoculation with PS-41 that was 6 % higher than respective 

uninoculated control. The effect of inoculation at manure level 8 Mg ha-1 and 16 Mg ha-1 was 

statistically at par with each other but was significant over control. The effect of inoculation on 

plant height can be visually seen in figures 13 and 14. 

 4.7.2 Shoot fresh weight 

Data regarding shoot fresh weight (Table 9) revealed that all the isolates were effective in 

increasing shoot fresh weight compared to control in the presence and absence of FYM except, 

with PS-41 that gave non significant results at manure level 0 Mg ha-1. The increase in shoot 

fresh weight by inoculation with phosphatase producing bacterial isolates at different farmyard 

manure levels ranged from 5 to 17 % over control. At zero manure level, PS-32 produced  
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Table 9: Effect of inoculation with selected bacterial isolates on plant height and shoot 
                fresh weight of maize at different manure levels in a pot trial 

  
Treatment 

 
 

Plant height 
(cm)     

Shoot fresh weight  
(g/plant) 

Farmyard manure (Mg ha-1) 
0 8 16 0 8 16 

Control 125.7 g 127.5 fg    131.0 e-g 181.5 k 188.1 jk 193.8 h-j 

PS-01 135.6 de 145.7 a-c 152.4 a   200.8 f-h   208.6  c-f 212.6 b-d 

PS-12 135.3  de 144.3 bc   147.3 ab   199.7  g-i   212.5 b-d    219.7 ab 

PS-32 134.1 d-f 137.3 de  140.1 cd  203.1 e-g   207.5 d-g    223.1 a 

PS-41 130.3 e-g 137.0 de 139.1 cd  189.7  jk    205.5 d-g 210.2 c-e 

PS-51 136.3 de 138.9  cd 140.0 cd 191.6  ij     216.2  a-c 213.8 b-d 

LSD 6.979 8.6626 
*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 

 

Table 10: Effect of inoculation with selected bacterial isolates on shoot dry weight and root        
length of maize at different manure levels in a pot trial 

  
Treatment 

 
 

Shoot dry weight 
(g/plant) 

Root length 
     (cm) 

Farmyard manure (Mg ha-1) 
0 8 16 0 8 16 

Control 51.1 i 54.1 hi 58.4 gh 97.7 h 101.1 gh 103.2 f-h 

PS-01 67.4 d-f 68.1 d-f 78.0  ab 107.4  c-f 110.2 a-e 115.0  a 

PS-12 63.2 e-g 72.6 b-d 77.5 ab 106.6  d-g 109.0 b-f 113.1 ab 

PS-32 67.8 d-f 71.2 b-d 83.2 a 107.9 c-f 107.3   c-f 112.2 a-d 

PS-41 61.9 fg 63.4  e-g 69.7 c-e 105.5  e-g 108.2 c-f 110.6 a-e 

PS-51 62.4 fg 73.3  b-d 75.8 bc 108.4 c-f 109.1 a-e 113.1 a-c 

LSD 7.2858 5.8697 
*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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maximum shoot fresh weight that was 12 % more than uninoculated control followed by PS-01 

and PS-12 which caused up to 11 % increase in shoot fresh biomass. Minimum increase in shoot 

fresh weight was recorded with PS-41 that was 5 % higher than respective uninoculated control 

and was statistically same with PS-51 and also with control. At manure level 8 Mg ha-1, the 

isolate PS-51 significantly increased shoot fresh weight that was up to 15 % higher as compared 

to uninoculated control with same manure level and was statistically similar with PS-12 and PS-

32 at manure level 16 Mg ha-1. PS-41 showed minimum increase in shoot fresh weight at manure 

level 8 Mg ha-1 that was up to 9 % more than respective control. Similarly, at manure level 16 

Mg ha-1, PS-32 was found to be more effective that increased shoot fresh weight significantly by 

15 % over control which was statistically similar with PS-12 that caused up to 13 % increase in 

shoot fresh weight over respective uninoculated control. The isolate PS-41 resulted in minimum 

increase in shoot fresh weight that was 9 % higher than respective uninoculated control. 

4.7.3 Shoot dry weight 

Data regarding shoot dry weight is presented in Table 10. It is clear from the results that 

all the isolates were effective in increasing shoot dry weight compared to control both in the 

absence and presence of FYM. At manure level 0 Mg ha-1, all the isolates showed statistically 

same results when compared with one another but were significant as compared to control. PS-

32 produced maximum shoot dry weight that was 33 % higher than uninoculated control 

followed by PS-01 and PS-12. Minimum increase in shoot dry weight was recorded in response 

to inoculation with PS-41 that was 21 % higher than respective uninoculated control. At manure 

level 8 Mg ha-1, the isolate PS-51 significantly increased shoot dry weight that was 36 % higher 

as compared to uninoculated control with same manure level and was statistically similar to 

isolates PS-12 and PS-32 which yielded up to 34 % higher dry matter compared with respective 

uninoculated control. The isolate PS-41 resulted in minimum increase in shoot dry weight that 

was 17 % more than control. Similarly, at manure level 16 Mg ha-1, PS-32 was found to be more 

effective that increased shoot dry weight significantly up to 42 % over control. The isolate PS-41 

resulted in minimum improvement in shoot dry weight. 

4.7.4 Root length 

In case of root length (Table 10), significant increases were recorded in response to 

inoculation with all rhizobacterial isolates in the absence of FYM compared to respective 

uninoculated control. At zero manure (0 Mg ha-1), the bacterial isolates PS-51 and PS-32 showed 



72 
 

comparatively better results and increased root length up to 11 % over respective control. 

Minimum increase in root length was observed in case of inoculation with PS-41 that was 8 % 

higher than respective uninoculated control. At manure level 8 Mg ha-1, all the isolates gave non- 

significant results when compared with one another but were significant compared to respective 

control. PS-01 caused maximum increase in root length (up to 9 % increase over control). 

Similarly, at manure level 16 Mg ha-1, all the isolates gave statistically non significant results 

when compared with one another but were significant compared to uninoculated control. 

Maximum increase in root length was obtained in response to inoculation with PS-01 that was 11 

% higher than respective uninoculated control getting 16 Mg ha-1 manure. The isolate PS-12 and 

PS-51 were equally effective in increasing root length which caused up to 10 % increase in root 

length compared with respective uninoculated control. Minimum increase in root length was 

noted in response to inoculation with PS-41 that was 7 % higher than respective uninoculated 

control. The effect of inoculation at different manure levels on roots can be visually seen in 

figures 15 and 16. 

4.7.5 Root fresh weight 

In the absence of FYM, the effect of inoculation was non-significant compared to 

uninoculated control and also with one another, except, with PS-32 (Table 11) that caused 

significant increase in root weight up to 9 % higher than uninoculated control at 0 Mg ha-1 and 

the isolate PS-12 was significantly higher (13 %) than uninoculated control at manure level 8 Mg 

ha-1. The isolates PS-01 and PS-51 were the next effective isolates at 8 Mg ha-1 (8 % higher than 

control). However, PS-32 and PS-41 were non-significant compared with respective control.  At 

manure level 16 Mg ha-1, PS-01 was found to be more effective that caused up to 20 % increase 

in root fresh weight compared with respective uninoculated control followed by PS-32 that 

caused up to 13 % increase in root weight compared to respective uninoculated control. The 

isolate PS-41 and PS-51 gave non-significant results when FYM was applied @ 16 Mg ha-1 and 

resulted in up to 5 % increase in root fresh weight compared to uninoculated control.  

4.7.6 Root dry weight 

The data regarding inoculation effect on root dry weight at zero manure level showed that 

all the isolates gave non-significant results when compared with one another but were significant  
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Fig. 13: Effect of inoculation with phosphatase producing bacterial isolate PS-12 on maize       

at FYM level 16 Mg ha-1 in a pot trial 
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Fig. 14: Effect of inoculation with phosphatase producing bacterial isolate PS-01 on maize 

at FYM level 16 Mg ha-1  
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compared to uninoculated control except the isolates PS-41 and PS-51 which were statistically at     

par with control (Table 11). At 0 Mg ha-1 FYM level, maximum increase in root dry weight up to 

12 % higher than uninoculated control was obtained in response to inoculation with PS-32. PS-

01 was the next effective isolate at 0 Mg ha-1 (11% higher than control). At manure level 8 Mg 

ha-1, three isolates (PS-01, PS-12 and PS-51) gave better results which caused up to 14 % 

increase in root dry weight compared with respective uninoculated control. PS-32 and PS-41 

were statistically non significant at 8 Mg ha-1 compared with respective control. At 16 Mg ha-1, 

PS-01 was found to be more effective and caused up to 29 % increase in root dry weight 

compared with respective control. The isolates PS-12, PS-32 and PS-51 gave statistically same 

results and caused up to 13 % increase in root dry weight compared to respective uninoculated 

control. The isolate PS-41 gave non-significant results at FYM 16 Mg ha-1 but still caused up to 

3 % increase in root dry weight compared with control. 

4.7.7 100-grain weight 

Data (Table 12) showed that effect of inoculation with selected bacterial isolates was  

non-significant at manure level 0 Mg ha-1 when compared with one another but was significant 

when compared with respective control except, with three isolates (PS-01, PS-12 and PS-41) 

which gave non-significant results regarding the 100-grain weight in the absence of FYM 

application. Without FYM, the isolates PS-51 and PS-32 produced maximum 100-grain weight 

which caused up to 21 % increase in 100-grain weight than control treatment. At FYM level 8 

Mg ha-1, maximum 100-grain weight was obtained in response to inoculation with PS-12 that 

was 21 % more than uninoculated control followed by PS-51, PS-32 and PS-01 which caused up 

to 18 % increase in 100-grain weight compared to uninoculated control. At FYM level of 16 Mg 

ha-1, the isolate PS-01 caused maximum increase in 100-grain weight, which was up to 26 % 

more than uninoculated control. All the other isolates were statistically similar to PS-01 and 

caused up to 25 % increase in 100-grain weight compared to uninoculated control. 
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Fig. 15: Effect of inoculation with phosphatase producing bacterial isolate PS-12 on maize 

at FYM level 0 Mg ha-1 in a pot trial 
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Fig. 16: Effect of inoculation with phosphatase producing bacterial isolate PS-01 on maize 

root at FYM level 8 Mg ha-1 in a pot trial 
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Table 11: Effect of inoculation with selected bacterial isolates on root fresh and dry weights 
of maize at different manure levels in a pot trial 

  
Treatment 

 
 

Root fresh weight  
(g/plant)     

Root dry weight  
(g/plant) 

Farmyard manure (Mg ha-1) 
0 8 16 0 8 16 

Control 109.4  i 113.3 g-i 119.7 e-g 52.5 g 56.7 fg   60.4 d-f 

PS-01 116.2 f-i 122.8  d-f 143.4 a 58.3 ef 63.7  b-d 77.4  a 

PS-12 114.2  g-i 127.8 cd 132.1 bc 57.8 ef 64.6  b-d 68.2 b 

PS-32 119.0  e-h 120.3   d-g 135.7 b 58.7 ef 60.8 d-f 65.9 bc 

PS-41 111.6  hi 120.0 e-g 123.7  d-f 56.1 fg 60.7 d-f 62.1 c-e 

PS-51 113.7 g-i 122.7 d-f 126.1 c-e 56.7 fg 62.1 c-e 66.7 bc 

LSD 7.6542 4.7291 
*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
 
 
Table 12: Effect of inoculation with selected bacterial isolates on 100-grain weight 

and grain yield of maize at different manure levels in a pot trial 

  
Treatment 

 
 

100-grain weight 
 (g)     

Grain yield 
(g/plant) 

Farmyard manure (Mg ha-1) 
0 8 16 0 8 16 

Control 14.84 g 16.78 e-g 17.06 d-g 34.46 f 38.81 de 40.65 d 

PS-01 16.83 e-g 19.20 a-f 21.46 a 42.03 d  50.35 ab 50.41 a 

PS-12 17.27d-g 20.30 a-c 21.28 a 36.37 ef 51.67 a 53.87  a 

PS-32 17.93 c-f 19.68 a-d 20.76 ab 42.41 cd 46.13 bc 46.34 b 

PS-41 16.58 fg 19.42 a-e 20.40 a-c 34.90 f 39.42 de 40.78 d 

PS-51 18.02 b-f 19.79 a-d 21.10 a 35.98 ef 41.03 d 41.83 d 

LSD 2.7564 3.8058 
*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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4.7.8 Grain yield 

 Inoculation with all the selected phosphatase producing bacterial isolates significantly 

improved the grain yield of maize (up to 33 %) compared to uninoculated control at 16 Mg ha-1 

(Table 12). In the absence of FYM, three isolates (PS-12, PS-41 and PS-51) had non-significant 

effect compared to respective control and maximum grain yield was obtained in response to 

inoculation with PS-32 followed by PS-01 which were statistically similar with each other and 

produced up to 23 % more grain yield than respective control. Similarly, at FYM level 8 Mg ha-1, 

the isolate PS-12 caused maximum increase in grain yield which was statistically at par with PS-

01 and gave up to 33 % increase in grain yield compared to control at manure level 8 Mg ha-1. 

Minimum increase in grain yield was obtained in response to inoculation with PS-41 that was 2 

% more compared to uninoculated control. As far as inoculation effect with FYM application @ 

16 Mg ha-1 is concerned, the isolate PS-12 was found to be more effective that resulted in up to 

33 % increase in grain yield than uninoculated control followed by PS-01 and PS-32 that caused 

up to 24 % increase in grain yield than uninoculated control. The isolates PS-41 and PS-51 gave 

statistically same results compared with each other and also with respective control but caused 

up to 3 % increase in grain yield compared to respective uninoculated control. 

4.7.9 Nitrogen in straw 

Table 13 showed that out of the five isolates, only PS-32 had significant effect on 

nitrogen content of maize straw in the absence of FYM and up to 12 % increase in nitrogen 

content was recorded compared with respective control.  At manure level 8 Mg ha-1, the effect of 

inoculation was highly significant and up to 16 % increase in nitrogen content compared to 

control was observed in response to inoculation with PS-12 followed by PS-01 and PS-51 which 

caused up to 15 % increase in nitrogen content compared to respective uninoculated control. The 

isolate PS-41 produced statistically same results compared to PS-32 and also with control. 

Similarly, at FYM level of 16 Mg ha-1, maximum increase in nitrogen content was observed in 

response to inoculation with PS-01 that was 18 % more compared with uninoculated control. 

Other isolates PS-12, PS-32 and PS-51 also increased nitrogen of straw by 16, 11and 14 % 

respectively compared with control. Minimum increase in nitrogen in straw was observed in case 

of inoculation with PS-41 that was 7 % higher than respective uninoculated control. 
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4.7.10 Nitrogen in grain    

Inoculation with rhizobacteria containing phosphatase activities significantly increased 

the nitrogen content in grain in the presence of FYM (Table 13). In the absence of FYM (0 Mg 

ha-1), only three isolates (PS-12, PS-41 and PS-51) were significant compared with uninoculated 

control.  Maximum increase in nitrogen contents of grain was obtained in response to inoculation 

with PS-51 that was 17 % more than uninoculated control and was statistically similar to PS-12. 

At manure level 8 Mg ha-1,  maximum increase in nitrogen content in grain was obtained with 

isolate PS-01  that was 26 % higher than uninoculated control and was statistically at par with 

PS-12 and PS-32 which caused up to 25 % increase in nitrogen content in grain compared with 

respective uninoculated control treatment. At manure level 16 Mg ha-1, the effect of all PGPR 

isolates was significant regarding the nitrogen contents in grain. Maximum increase in nitrogen 

contents in grain was observed in case of inoculation with PS-12 which was 26 % higher than 

respective uninoculated control and was statistically at par with PS-01 and PS-32.  The isolates 

PS-41 caused minimum increase in nitrogen contents in grain that was up to 17 % higher than 

uninoculated control. 

4.7.11 Phosphorus in straw 

Data regarding the effect of inoculation on phosphorus content of maize straw is 

presented in Table 14. It is evident from the data that in the absence of FYM, all the isolates gave 

non-significant results when compared with one another but were significant when compared 

with control except PS-41 that gave non significant result compared with control. Without FYM 

application, up to 15 % increase in phosphorus content over control was observed in response to 

inoculation with PS-32 and PS-01. The isolate PS-12 also performed better and caused up to 

13% increase in phosphorus content. The two isolates, i.e. PS-01 and PS-12 caused maximum 

increase in phosphorus content at manure level 8 Mg ha-1 that was up to 17 % higher than 

respective uninoculated control. Although, at manure level 16 Mg ha-1, all the isolates showed 

non-significant results compared to one another but were highly significant over respective 

uninoculated control. Maximum increase in P in straw was recorded in response to inoculation 

with isolate PS-12 that was 24 % more than respective uninoculated control. The isolate PS-41 

produced minimum increase in P contents that was 17 % higher than respective uninoculated 

control. 
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Table 13: Effect of inoculation with selected bacterial isolates on nitrogen content in 

straw and grain of maize at different manure levels in a pot trial 

  
Treatment 

 
 

N content in straw 
(%)     

N content in grain 
(%) 

Farmyard manure (Mg ha-1) 
0 8 16 0 8 16 

Control 0.649 h 0.692 e-h 0.712 d-g 1.657  h 1.691  gh 1.715 gh 

PS-01 0.695 e-h 0.795 a-c 0.841 a 1.740 gh 2.129  ab 2.109 ab 

PS-12 0.675f-h 0.801 ab 0.824  a 1.870 f 2.110  ab 2.154 a 

PS-32 0.727 d-f 0.763 b-d 0.792 a-c 1.721 gh 2.064  a-c 2.143 ab 

PS-41 0.662 gh 0.739  c-e 0.763  b-d 1.763 g 1.959    ef 2.005 c-e 

PS-51 0.675  f-h 0.789 a-c 0.809  ab 1.939 ef 1.967   de 2.057 b-d 

LSD 0.0579 0.092 
*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 

 

Table 14: Effect of inoculation with selected bacterial isolates on phosphorus content 
in straw and grain of maize at different manure levels in a pot trial 

  
Treatment 

 
 

P content in straw 
(%)     

P content in grain 
(%) 

Farmyard manure (Mg ha-1) 
0 8 16 0 8 16 

Control 0.508  g 0.543 fg 0.554 fg 0.926 g 0.932 g 0.971 g 

PS-01 0.584 d-f 0.637 a-d 0.674 ab 1.148 d-f 1.186 a-d 1.231 a 

PS-12 0.575 ef 0.634 b-d 0.689 a 1.116 ef 1.179 a-d 1.217 ab 

PS-32 0.586 d-f 0.632 b-d 0.666 ab 1.153 c-f 1.197 a-d 1.198 a-d 

PS-41 0.555 fg 0.595 c-f 0.646 abc 1.104 f 1.167 b-e 1.175 a-d 

PS-51 0.563 f 0.628 b-e 0.664 ab 1.160 c-e 1.170 b-e 1.205 a-c 

LSD 0.0534 0.0560 
*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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4.7.12 Phosphorus in grain 

Data regarding phosphorus of maize grain are presented in Table 14. Inoculation with PS-

51 caused significant increase in phosphorus contents in grain in the absence of FYM that was 25 

% more than uninoculated control and was statistically same with PS-32 that also caused up to 

25 % increase in P content than uninoculated control. The isolates PS-01, PS-12 and PS-41 gave 

non-significant results but were significant when compared uninoculated control and caused up 

to 24 % increase in phosphorus content compared with uninoculated control. At manure level 8 

Mg ha-1, maximum increase in phosphorus content of maize grain was determined by inoculation 

with PS-32 (28 % more than uninoculated control) that was statistically same with all other 

isolates. At higher manure level (16 Mg ha-1) PS-01, PS-12 and PS-32 performed better and up to 

27 % increase in phosphorus content was recorded in response to inoculation with these isolates.  

4.7.13: Phosphatase activity in rhizosphere soil  

4.7.13.1 Phosphatase activity in rhizosphere soil after 30 days of sowing 

Soil phosphatase activity is considered an important index of soil fertility. Data regarding 

phosphatase activity of maize rhizosphere soil after 30 days of sowing are presented in Table 15. 

It is evident from the data that the inoculation with the selected bacterial isolates caused 

significant increase in rhizosphere phosphatase activity in the absence or presence of FYM. With 

no application of FYM, maximum increase in phosphatase activity was noted in response to 

inoculation with PS-32 that was 69 % more than uninoculated control followed by PS-12, PS-51 

and PS-01 which caused up to 63 % increase in phosphatase activity compared with uninoculated 

control. At manure level 8 Mg ha-1, maximum increase in phosphatase activity of maize 

rhizosphere was observed with PS-01 (88 % more than uninoculated control) followed by PS-12, 

PS-32 and PS-51 which caused up to 59 % increase compared with respective control. At higher 

manure level (16 Mg ha-1) PS-12 and PS-32 gave significantly better results and up to 208 % 

increase in rhizosphere phosphatase activity was recorded in response to inoculation with these 

isolates. At FYM level 16 Mg ha-1, the isolates, PS-41 and PS-51 were statistically same 

compared with each other but were significant compared with uninoculated control and caused 

up to 100 % increase in rhizosphere phosphatase activity.  
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4.7.13.2 Phosphatase activity in rhizosphere soil after 60 days of sowing 

Data regarding phosphatase activity of maize rhizosphere soil after 60 days of sowing 

indicated that inoculation with selected bacterial isolates having phosphate solublizing and 

mineralizing abilities caused significant increase in rhizosphere phosphatase activity in the 

absence of FYM, except with PS-41 (Table 15) and maximum increase in phosphatase activity 

was recorded in response to inoculation with PS-01 that was 75 % more than uninoculated 

control and was also statistically same with PS-12, PS-32 and PS-51 which increased rhizosphere 

phosphatase activity up to 73% more than uninoculated control. With FYM application @ 8 Mg 

ha-1, two isolates (PS-01 and PS-12) caused maximum increase in phosphatase activity of maize 

rhizosphere (212 % more than uninoculated control) and were statistically at par with PS-32 that 

caused up to 198 % increase compared with respective control. At higher manure level (16 Mg 

ha-1) PS-12 showed highly significant value for phosphatase activity and resulted in up to 231 % 

increase in rhizosphere phosphatase activity compared with respective control. Minimum 

increase in phosphatase activity was observed in response to inoculation with PS-41 that caused 

up to 191 % more than respective uninoculated control. 

4.7.13.3 Phosphatase activity in rhizosphere soil after 90 days of sowing 

Data regarding phosphatase activity of maize rhizosphere soil after 90 days of sowing 

showed that inoculation with all the selected bacterial isolates caused highly significant increase 

in rhizosphere phosphatase activity with increasing levels of FYM (Table 16). At manure level  

0 Mg ha-1, maximum increase in rhizosphere phosphatase activity was noted in response to 

inoculation with three isolates (PS-01, PS-12 and PS-32) which caused up to 58 % increase in 

phosphatase activity than uninoculated control and were also statistically at par with each other. 

The other two isolates (PS-41 and PS-51) were statistically non-significant compared with 

control. At  manure level 8 Mg ha-1, maximum increase in phosphatase activity of maize 

rhizosphere soil was observed with PS-01 (121 % more than uninoculated control) followed by 

PS-12 which caused up to 106% increase in rhizosphere phosphatase activity compared with 

respective control. At higher manure level (16 Mg ha-1) maximum increase in rhizosphere soil 

phosphatase activity was recorded in response to inoculation with PS-12 that was 189 % higher 

than uninoculated control and was statistically similar with PS-01 that resulted in up to 177 % 

increase in rhizosphere soil phosphatase activity as compared with respective control. Minimum 
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increase in soil phosphatase activity was observed in case of inoculation with PS-41 and resulted 

in 78 % increase in rhizosphere soil phosphatase activity as compared with respective control. 

4.7.14: Mineralization of organic phosphorus in soil 

Table 16 indicates the data regarding the effect of inoculation on the mineralization of 

organic P in soil at harvest.  Inoculation with all selected isolates caused significant increase in 

mineralization of organic P in the absence and presence of FYM. Without FYM application, 

maximum increases in mineralization of organic P were observed in response to inoculation with 

PS-01 and PS-12 which caused up to 111 % increase in mineralization of organic P compared 

with uninoculated control followed by PS-32 that caused up to 90 % increase in mineralization 

of organic P than uninoculated control. At manure level 8 Mg ha-1, maximum increase in 

mineralization of organic P was observed with PS-12 (187% more than uninoculated control) 

followed by PS-01 which caused up to one fold and 68 % increase in mineralization of organic P 

in soil compared with respective control. At higher manure level (16 Mg ha-1), maximum 

increases in mineralization were recorded in response to inoculation with PS-01 and PS-12 

which were 185 and 147 % higher than uninoculated control, respectively. The isolates PS-32 

and PS-51 also gave good results which caused up to one fold and 45 % increase in organic P 

mineralization. Minimum increase in mineralization was observed in case of PS-41 inoculation 

which resulted in 138 % increase compared with respective uninoculated control. 

4.7.15: Soil available phosphorus  

Table 17 indicates the data regarding available phosphorus in soil. It can be seen from the 

data that all the isolates were statistically non significant when compared with one another in the 

absence of FYM, however, these were significant compared with respective uninoculated 

control, except, with PS-41 that was statistically at par with control. Inoculation with PS-01 

caused significant increase in available phosphorus in soil in the absence of FYM that was up to 

11 % more than uninoculated control followed by PS-12 and PS-32 which resulted in up to 10 

and 9 % increase in soil available phosphorus compared to uninoculated control, respectively. 

 At manure level 8 Mg ha-1, maximum increase in soil available phosphorus was obtained 

in response to inoculation with PS-12 (38 % more than uninoculated control) followed by PS-01 

and PS-32 which caused up to  31 % increase in soil available phosphorus compared with 

respective control. Statistically, the isolates PS-51and PS-32 were similar to each other. 

Minimum increase in soil available P was obtained in response to inoculation with isolate PS-41  
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Table 15: Effect of inoculation with phosphatase producing bacterial on phosphatase 
activity in rhizosphere soil after 30 and 60 days of sowing (DOS) in a pot trial 

  
Treatment 

 
 

Phosphatase activity  
(µg PNP/dwt soil-h-1) 

30 DOS     

Phosphatase activity  
(µg PNP/dwt soil-h-1) 

60 DOS
Farmyard manure (Mg ha-1) 

0 8 16 0 8 16 
Control 53.0 i 113.4  fg    114.2 fg 113.4 j    134.2   ij 150.4  i 

PS-01 81.3 h 213.4 d    253.5  c 198.5 h 416.3 de 460.1  b 

PS-12 86.4  h 180.6 e    352.2  a 188.3 h    418.5 c-e 497.4  a 

PS-32 89.7 gh 178.1 e   311.6 b 195.7 h   399.8  ef 443.1 bc 

PS-41 65.1 i 121.9 f  214.4 d 127.1  ij 350.4  g 385.2 f 

PS-51 85.0  h 175.6  e   227.9 cd 184.0  h 373.8  fg 437.4 b-d 

LSD 26.079 26.481 
*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
 
 
Table 16: Effect of inoculation with phosphatase producing bacterial isolates on 

phosphatase activity in rhizosphere soil after 90 days of sowing (DOS) and 
mineralization of organic P in soil in a pot trial 

  
Treatment 

 
 

Phosphatase activity  
(µg PNP/dwt soil-h-1) 

90 DOS     

Mineralization 
of organic P  

(ppm) 
Farmyard manure (Mg ha-1) 

0 8 16 0 8 16 
Control 106.3 i 122.3 hi 132.1 h 13.6 i 14.2 i  17.5 hi 

PS-01 162.4  g 270.8 c 366.1  a 28.7 f    38.1 c-e 43.3 b 

PS-12 168.2  g 252.5 d 381.3 a 28.6 f    40.8 b-e 49.9 a 

PS-32 157.5 g 233.5 e 288.0 b 25.8 fg 36.8 e  42.1 bc 

PS-41 116.6 hi 214.4 f 234.8 e 21.5 gh 36.6 e   41.6 b-d 

PS-51 121.7 hi 214.8 f 303.0 b 25.1  fg   37.3 de 42.9 b 

LSD 15.982 4.3947 
*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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that was 12 % higher than respective uninoculated control. At higher manure level (16 Mg ha-1) 

PS-01 and PS-12 again performed better and up to 62 % increase in soil available phosphorus 

was recorded as compared to respective control. The isolates, PS-32 and PS-51 were non-

significant between each other but were significant when compared with respective uninoculated 

control at FYM level 16 Mg ha-1 which caused up to 44 % increase in soil available phosphorus 

contents. The isolate PS-41 was the least effective in increasing soil available phosphorus 

contents. 

4.7.16: Photosynthetic rate  

Data regarding photosynthetic rate of maize showed that inoculation with selected 

bacterial isolates having phosphate solublizing and mineralizing abilities caused significant 

increase in photosynthetic rate both in the presence or absence of FYM (Table 18). In the 

absence of FYM, maximum increase in photosynthetic rate was recorded in response to 

inoculation with PS-51 that was 96 % more than uninoculated control followed by PS-32 that 

caused up to 95 % increase in photosynthetic rate than respective uninoculated control. The 

isolate PS-41was non-significant compared with uninoculated control and resulted in minimum 

increase in photosynthetic rate up to 37 % more than uninoculated control. With FYM 

application @ 8 Mg ha-1, maximum increase in photosynthetic rate was observed due to 

inoculation with PS-12 (207 % more than uninoculated control). The isolates PS-01 and PS-32 

caused up to 160 % increase in photosynthetic rate compared with respective control. Similarly, 

the isolates PS-01, PS-12 and PS-32 showed better results regarding photosynthetic rate at higher 

manure level 16 Mg ha-1 and resulted in up to 142 % increase compared with respective control. 

Minimum increase in photosynthetic rate was noted in response to inoculation with PS-41 that 

was 87 % more than respective uninoculated control. 

4.7.17: Transpiration rate  

Regarding the effect of inoculation with selected bacterial isolates on transpiration rate of 

maize data indicated that in the absence of FYM, all the isolates were significant over respective 

uninoculated control (Table 18). Maximum increase in transpiration rate in the absence of FYM 

was recorded in response to inoculation with PS-32 that was 47 % more than uninoculated 

control followed by PS-51 that caused up to 42 % higher transpiration rate than uninoculated 

control.  With FYM application @ 8 Mg ha-1, maximum increase in transpiration rate was 

observed by inoculation with PS-12 (119 % more than uninoculated control) and that was 
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statistically at par with PS-01 that caused up to 103 % increase compared with respective control. 

At higher manure level 16 Mg ha-1 all the isolates showed statistically similar results regarding 

transpiration rate compared with one another but were significant compared with respective 

uninoculated control and resulted in up to 88 % increase in transpiration rate compared with 

respective control.  

4.7.18: Water use efficiency (A/E)  

Data regarding water use efficiency (WUE) of maize showed that inoculation with all the 

selected bacterial isolates except, PS-41 caused significant increase in WUE both in the absence 

and presence of FYM (Table 19). At manure level 0 Mg ha-1, maximum increase in WUE was 

recorded with PS-51 inoculation that was 38 % more than uninoculated control followed by PS-

12 and PS-32. At manure level @ 8 Mg ha-1, maximum increase in WUE of maize was observed 

in response to inoculation with PS-12 (40 % more than uninoculated control) and it was 

statistically at par with PS-01 that caused up to 29 % increase compared with respective control 

and also with its inoculation at manure level 16 Mg ha-1. Minimum increase in WUE was 

obtained in response to inoculation with PS-41 that was 6 % higher than respective uninoculated 

control and was non-significant compared with uninoculated control. Similarly, at higher manure 

level (16 Mg ha-1) three isolates (PS-01, PS-12 and PS-51) gave statistically same results but 

were highly significant compared with respective control and improved WUE by 31, 28 and 19 

% respectively, compared with their respective control. The isolate PS-41 was non-significant 

compared with respective uninoculated control.  

4.7.19: Substomatal CO2 concentration (Ci)  

Data regarding substomatal CO2 concentration of maize showed that inoculation with 

three selected PGPR isolates (PS-01, PS-32 and PS-51) caused significant increase in 

substomatal CO2 concentration in the absence of FYM (Table 20). At manure level 0 Mg ha-1, 

maximum increase in substomatal CO2 concentration was recorded with PS-32 inoculation that 

was 71 % more than uninoculated control and was statistically same with PS-01 and PS-51 

which caused up to 64 % increase in substomatal CO2 concentration than uninoculated control. In 

the presence of FYM @ 8 Mg ha-1, all the isolates gave significant results except, PS-41 and 

maximum increase in substomatal CO2 concentration was obtained in response to inoculation 

with PS-01 (78 % more than uninoculated control) and that was statistically at par with PS-12  
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Table 17: Effect of inoculation with phosphatase producing bacterial isolates on soil 
                                               available phosphorus in soil in a pot trial 

  
Treatment 

 
 

Soil available phosphorus  
(ppm)   

Farmyard manure (Mg ha-1) 
0 8 16 

Control 9.54 j 9.76 ij    10.08 h-j 

PS-01 10.56 gh 12.82 e 14.99 b 

PS-12 10.54 gh 13.47 d 16.30 a 

PS-32 10.43 gh 12.09 f   14.56 bc 

PS-41 10.11 h-j 10.95 g  13.05 de 

PS-51 10.22 hi 11.84  f 14. 17 c 

LSD 0.646 
*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 

 

Table 18: Effect of inoculation with phosphatase producing bacterial isolates on 
photosynthetic rate (A) and transpiration rate of maize in a pot trial 

  
Treatment 

 
 

Photosynthetic rate  
 (µmol m-2 S-1)     

Transpiration rate 
 (mmol m-2 S-1) 

Farmyard manure (Mg ha-1) 
0 8 16 0 8 16 

Control 4.28 i 5.23 i   7.35 gh 0.90 i   0.94 i 1.19 gh 

PS-01 7.39 gh 13.60 d    17.75 a 1.18 gh 1.90  cd 2.20 ab 

PS-12 7.70 fg 16.02 bc 17.55 ab 1.17 gh 2.06 bc 2.23 ab 

PS-32 8.34 fg 12.24 d 15.75 c 1.31 fg 1.77  d 2.22 ab 

PS-41 5.85  hi 9.27 ef 13.72 d 1.14 h 1.57  e 2.22 ab 

PS-51 8.41 e-g 10.01   e    16.42 a-c 1.28  f-h 1.44 ef    2.25 a 

LSD  1.6129   0.1742  

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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that caused up to 72 % increase compared with respective control. At higher manure level (16 

Mg ha-1) PS-12 showed highly significant value for substomatal CO2 concentration and resulted 

in up to 83 % increase in substomatal CO2 concentration compared with respective control. Other 

isolates PS-32, PS-41 and PS-51 substomatal CO2 concentration by 63, 60 and 63 % respectively, 

compared with respective control. The isolate PS-41 was the least effective in increasing 

substomatal CO2 concentration. 

4.7.20: Stomatal conductance (gs)  

Data regarding stomatal conductance of maize indicated that inoculation with all the 

selected bacterial isolates gave non-significant results compared with control at manure levels 0 

and 8 Mg ha-1 (Table 20). However, at higher manure level (16 Mg ha-1) all the isolates showed 

highly significant increase in stomatal conductance except with PS-41 compared with control 

and also with PS-51. Maximum increase was recorded in response to inoculation with PS-12 

which was 56 % higher than uninoculated control and that was also statistically at par with PS-01 

that caused up to 52 % increase in stomatal conductance as compared with respective control. 

The isolate PS-32 was statistically at par with PS-01. Minimum increase in stomatal conductance 

was observed in response to inoculation with PS-41 that was up to 15 % higher compared with 

respective control. 

 

 

 

 

 

 

 

 

 

 

 



90 
 

 

Table 19: Effect of inoculation with phosphatase producing bacterial isolates on water use 
efficiency of maize in a pot trial 

  
Treatment 

 
 

WUE (A/E) 
 (  µmol m-2 S-1 /mmol m-2 S-1)   

Farmyard manure (Mg ha-1) 
0 8 16 

Control 4.78   k 5.59 i-k 6.15 g-i 

PS-01 6.24   f-i 7.19 a-e 8.06  a 

PS-12 6.58  d-h 7.80 a-c 7.87 ab 

PS-32 6.35  e-i 6.92 c-g 7.14 a-f 

PS-41 5.16   jk 5.91 h-j 6.19 g-i 

PS-51 6.61   d-h 6.98  b-g 7.34 a-d 

LSD  0.9231  

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
 
 
Table 20: Effect of inoculation with phosphatase producing bacterial isolates on 

substomatal CO2 concentration (Ci) and stomatal conductance (gs) of maize in a pot trial 

  

Treatment 

 

 

Substomatal CO2  
concentration 

 (vpm)     

Stomatal 
conductance (gs) 

(mmol m-2 S-1) 
Farmyard manure (Mg ha-1) 

0 8 16 0 8 16 

Control 37.7 k 65.4 ij 78.5 gh 0.036 g 0.051 efg 0.079 cde 

PS-01 55.4 j 116.3  de 137.8 ab 0.042 fg 0.070 def 0.114 ab 

PS-12 43.4 k 112.5 ef 143.5 a 0.050  e-g 0.054 efg 0.123 a 

PS-32 64.6 j 104.9 f 127.9  bc 0.044   fg 0.077  de 0.108 abc 

PS-41 39.4 k 75.7 hi 125.9 cd 0.037  g 0.051  efg 0.091 bcd 

PS-51 61.7 j 86.4 g 127.8 bc 0.040  g 0.052 efg 0.120 ab 

LSD 10.736 0.0298 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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4.7.21 Pearson correlation analysis 

The different coefficients of correlation between pair of means of in vitro traits of 

microbes, i.e. phosphatase activity, ACC-deaminase activity and auxin production with different 

growth  and yield parameters were calculated and significance of correlation was performed at p 

≤ 0.05, using the software, Statistics 8.1 versions. Statistical analysis (Fig. 17 and Fig. 18) 

revealed that a significant and positive correlation was found between the PGPR showing 

efficient plant growth and yield parameters and their in vitro plant growth promoting traits of 

phosphatase activity, auxin production and ACC-deaminase activity. Similarly, rhizosphere 

phosphatase activity was strongly correlated with mineralization of organic P in soil; soil 

available P, grain yield and P contents in straw and grain of maize (Fig. 19 and Fig. 20). 
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Fig. 17: Sensitivity of plant height and root length to different plant growth promoting traits of the selected isolates; A & D) 
auxin   production; B & E) phosphatase activity and C & F) ACC-deaminase activity in a pot trial  

(significance of correlation was performed at p ≤ 0.05) 
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Fig. 18: Sensitivity of grain yield of maize to different plant growth promoting traits of the selected isolates; A) Auxin 

production; B) Phosphatase activity and C) ACC-deaminase activity in a pot trial (significance of correlation was 
performed at p ≤ 0.05) 

 
 

 
 
Fig. 19: Sensitivity of mineralization of organic P in soil (A), soil available P (B) and grain yield (C) to the rhizosphere 

phosphatase activity in soil  in a pot trial (significance of correlation was performed at p ≤ 0.05) 
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Fig. 20: Sensitivity of phosphorus contents in (A) straw and (B) grain of maize to the rhizosphere phosphatase activity in soil 

in a pot trial (significance of correlation was performed at p ≤ 0.05) 
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4.8 Field trials 
 
From the jar trial experiment under axenic conditions five bacterial isolates were selected 

for pot experiment under ambient temperature. These bacteria with phosphatase activity 

improved the growth and yield parameters, which revealed the mineralization of phosphorus 

from the added FYM. Since performance of bacterial isolates could be different while shifting 

from pot to field conditions due to their competition with diverse microbiota in the field. To 

verify this, a field experiment was conducted at two field sites by using five isolates viz. PS-01, 

PS-12, PS-32, PS-41 and PS-51. Pot study also gave indication that above 8 Mg ha-1 FYM, 

improvement in different plant growth parameters was almost consistent. On the basis of this 

finding, in field trial two levels of FYM were used i.e. 0 (no added FYM) and 8 Mg ha-1. The 

results of field trials are described below. 

4.8.1 Plant height 

Results of field trials at site-I and site-II revealed that inoculation of maize seeds with 

selected bacterial isolates significantly improved the plant height of maize in the absence of farm 

yard manure (FYM) compared to uninoculated control (Table 21). All the isolates showed non- 

significant results when compared with one another but were significant over uninoculated 

control where no FYM was added. Maximum plant height (229.70 cm) in the absence of FYM 

was observed in response to inoculation with PS-51 at site-I (19 % more than uninoculated 

control) followed by PS-01, PS-12 and PS-32 that increased plant height up to 16 % higher than 

uninoculated control without FYM application. In the presence of FYM, the isolate PS-32 caused 

up to 25 % increase in plant height compared to uninoculated control.  

Similarly, at site-II, in the absence of FYM, maximum increase in plant height (23 % 

over uninoculated control) was noted in response to inoculation with PS-32. Minimum increase 

in plant height was observed with PS-41. With FYM, maximum increase in plant height was 

noted in case of inoculation with PS-01 that was 31 % higher than respective control. The 

isolates PS-12, PS-32 and PS-51 were the next effective isolates which caused 24, 23 and 25 % 

increase in plant height over respective uninoculated control, respectively. 

4.8.2 Biological yield 

Data regarding biological yield (Table 22) revealed that all the isolates were effective in 

increasing biological yield compared to uninoculated control in the absence of FYM at site-I and 
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maximum increase in biological yield was observed due to the effect of inoculation with PS-01 

that was 36 % more than uninoculated control followed by PS-51 and PS-32 which increased 

biological yield up to 32 % compared to uninoculated control. Minimum increase in plant 

biomass was recorded in response to inoculation with PS-41 that was 17 % higher than 

uninoculated control where no FYM was added. The effectiveness of inoculation was enhanced 

in the presence of FYM compared to without FYM application. Maximum increase in biological 

yield was observed in response to inoculation with PS-51 that caused up to 44 % increase over 

uninoculated control and that was statistically at par with PS-12 which caused up to 28 % 

increase in biological yield compared to respective un-inoculated control. The other isolates (PS-

01 and PS-41) were non-significant among each other and also with respective uninoculated 

control.  

Similarly at site-II, maximum biological yield in the absence of FYM was recorded in 

response to inoculation with PS-51 followed by PS-01 which caused up to 38 % increase 

compared to uninoculated control. Similarly, PS-12 was the next effective isolate that resulted in 

up to 33 % increase in biological yield. The biological yield was further improved due to 

inoculation when FYM was applied. The inoculation with PS-32 produced 42 % more biological 

yield as compared to un-inoculated control followed by PS-51 that caused up to 37 % increase 

compared with respective uninoculated control. The isolates PS-01, PS-12 and PS-41 gave 

statistically same results and caused up to 27 % more biomass than respective uninoculated 

control.  

4.8.3 Cob yield 

The data pertaining to cob yield indicate that inoculation with selected bacterial isolates 

significantly affected the cob yield both in the presence and absence of FYM (Table 23). In the 

absence of manure, inoculation effect was significant at site-I and up to 31 % increase in cob 

yield was recorded by isolate PS-01 compared to uninoculated control. Minimum increase was 

observed in response to inoculation with PS-41 that caused up to 23 % increase over control. In 

case of inoculation in the presence of FYM, the isolate PS-12 caused up to 30 % increase in cob 

yield compared to respective control followed by PS-01 and PS-32 which caused up to 27 % 

increase in cob yield as compared to respective uninoculated control and were statistically 

similar with other two isolates (PS-41 and PS-51) but significantly differed from respective  
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Table 21: Effect of inoculation with selected bacterial isolates on plant height (cm) of maize 

in the absence and presence of farmyard manure (FYM) in field trials 

  

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 200.30 e 213.58 de 183.20 e 196.40 de 

PS-01 229.70 cd 263.17 a 217.33 cd 256.50 a 

PS-12 224.50 d 259.50 a 216.73 cd 243.90 ab 

PS-32 224.33 d 268.00 a 225.87 bc 242.40 ab 

PS-41 220.00 de 254.50 a-c 212.47 cd 232.57 bc 

PS-51 232.37 bcd 256.67 ab 217.13 cd 245.57 ab 

LSD Value 26.829 23.110 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
 
 
Table 22: Effect of inoculation with selected bacterial isolates on plant biomass (t/ha) of 

maize in the absence and presence of farmyard manure (FYM) in field trials 

  

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 19.9 g 23.8 de 17.2 g 20.6 f 

PS-01   27.1 b-d   27.8 b-d   23.3 c-f  24.7 cd 

PS-12   24.2 c-e 30.5 ab   22.9 d-f   26.1 a-c 

PS-32   25.7 b-d 28.8 bc 21.3 ef         29.2 a 

PS-41  23.3 de   27.5 b-d 20.5 f  25.8 b-d 

PS-51   26.2 b-d         34.3 a    23.8 c-e 25.3 ab 

LSD Value 5.2401 2.9595 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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control treatment. As far as site-II is concerned, all the isolates showed statistically same results 

in the absence of FYM but were significant over control. Maximum increase in cob yield in the 

absence of FYM was observed in response to inoculation with PS-32 which caused up to 23 % 

increase in cob yield followed by PS-12 and PS-01 which caused up to 22 % more cob yield 

compared with respective control. When inoculation was supplemented with FYM, the cob yield 

was further improved. Inoculation with PS-01 in the presence of FYM showed maximum 

increase (31 % over respective control) in cob yield and it was statistically at par with PS-12 and 

PS-51 which caused up to 25 % increase in cob yield. The isolate PS-41 showed non-significant 

results compared with uninoculated control. 

4.8.4 Grain yield 

 The data regarding grain yield revealed that inoculation with selected bacterial isolates 

significantly affected the grain yield in the presence or absence of FYM (Table 24). Data 

pertaining to the effect of manure and no manure application revealed statistical significance. 

Manure application showed maximum value in grain yield by 11.79 % increase in comparison 

with no manure application (Appendix 18). All the isolates showed non-significant between each 

other but significant over control where no inoculum was applied. However, isolates PS-01 

showed maximum grain yield (11 t/h) followed by PS-12, PS-32, PS-41 and PS-51.  At site-1, 

without FYM, inoculation effect was significant over uninoculated control except with PS-41 

and maximum grain yield was observed in response to inoculation with PS-01 that was 16 % 

higher than uninoculated control followed by PS-12, PS-51 and PS-32 which caused up to 15 % 

increase in grain yield compared to control. Regarding the effect of inoculation in the presence of 

FYM, the isolate PS-01 caused up to 29 % increase in grain yield compared to respective control 

followed by PS-12 and PS-32 which caused up to 27 % increase over control. 

Regarding the results at site-II, all the isolates showed statistically same results in the 

absence of FYM but were significant over control. Maximum increase in grain yield was 

observed in response to inoculation with PS-32 that caused up to 16 % increase in grain yield 

followed by PS-12, PS-01 and PS-51 which produced up to 13 % increase in grain yield as 

compared with respective control. When inoculation was supplemented with FYM, the grain 

yield was further improved and the inoculation with PS-12 showed maximum increase (24 % 

over respective control) in grain yield and it was at par by inoculation with PS-01 and PS-32 

which caused up to 22 % increase in grain yield over control. The isolates PS-41 and PS-51 gave 
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Table 23: Effect of inoculation with selected bacterial isolates on cob yield (t/ha) of maize in 

the absence and presence of farmyard manure (FYM) in field trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 8.4 e 9.4 de 8.3 e 8.9 de 

PS-01 11.0 a-c 11.9 ab 10.0 b-d 11.6 a 

PS-12 10.8 bc 12.2 a 10.1 b-d 11.1 ab 

PS-32 10.7 b-d 11.6 a-c 10.2 bc 10.3 bc 

PS-41 10.3 cd 10.8 bc 9.7 cd 10.1 b-d 

PS-51 10.6 b-d 11.6 a-c 9.9 b-d 11.0  ab 

LSD Value 1.3031 1.2586 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
 
 
 
Table 24: Effect of inoculation with selected bacterial isolates on grain yield (t/ha) of maize 

in the absence and presence of farmyard manure (FYM) in field trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 8.0 g 8.5 e-g 7.1  f 7.9 de 

PS-01 9.3 d 11.0 a 8.0 de 9.7 a 

PS-12 9.2 de 10.8 ab 8.0 c-e 9.8 a 

PS-32 9.1 d-f 10.1 bc 8.3  b-d 8.8 a 

PS-41 8.4 fg 9.4 cd 7.5  ef     8.5  b-d 

PS-51 9.1 d-f 9.5 cd 8.0  de 8.6  bc 

LSD Value 0.7459 0.5474 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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statistically same results but were significant over respective uninoculated control. The minimum 

increase in grain yield was noted in case of inoculation with PS-41 that was 7 % higher than 

respective uninoculated control. 

4.8.5 1000-grain weight 

 There was almost statistically non-significant effect of inoculation on 1000-grain weight of 

maize in the absence of FYM at site-1 (Table 25) compared to uninoculated control but the effect 

was significant over control at site-II. At site-I, only up to 5 % increase in 1000-grain weight was 

recorded due to the effect of inoculation with all the isolates except, PS-41 without FYM 

application, however, up to 13 % increase was observed due to inoculation in the presence of 

FYM. Maximum 1000-grain weight (13 % more than uninoculated control) was observed in 

response to inoculation with PS-01 and PS-12 in the presence of FYM. Minimum increase in 

1000-grain weight was obtained in response to inoculation with PS-41 that caused up to 5% 

increase compared with respective uninoculated control. 

Similarly at site-II, maximum 1000-grain weight without FYM application was noted in 

response to inoculation with PS-32 that caused up to 10 % increases in 1000-grain weight 

compared to uninoculated control. The isolates PS-01 and PS-12 both caused up to 9 % increase 

in 1000-grain weight as compared with respective uninoculated control. Similarly, in the 

presence of FYM, the inoculation with PS-01 and PS-12 caused up to 14 % increase in 1000-

grain weight as compared to un-inoculated control and were statistically at par with other two 

isolates PS-32 and PS-51 which caused up to 11 % increase in 1000-grain weight as compared to 

un-inoculated control. Minimum increase in 1000-grain weight was noted in case of inoculation 

with PS-41 that was up to only 6 % more as compared to un-inoculated control. 

4.8.6 Nitrogen in straw 

The data regarding the effect of inoculation on nitrogen concentration in maize straw is 

presented in Table 26. It was revealed from the data that at site-1, without farm yard manure 

application, inoculation effect was significant over uninoculated control and maximum nitrogen 

concentration in straw was observed in case of inoculation with PS-01 that was 13 % higher than 

uninoculated control in the absence of FYM followed by PS-12 and PS-51 which caused up to 9 

% increase in N concentration in maize straw compared to control. The isolates PS-32 and PS-41 
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Table 25: Effect of inoculation with selected bacterial isolates on 1000-grain weight (g) of 

maize in the absence and presence of farmyard manure (FYM) in field trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control         280.56 e    286.16 de 249.66 e 261.37 de

PS-01 295.13 c-e  322.78 a 271.52 cd      298.28 a

PS-12 295.43 c-e  323.48 a 272.13 cd      297.60 a

PS-32 294.33 de  316.35 ab 275.12 b-d  286.26 a-c

PS-41 289.30 de    301.85 b-d 266.15 de 277.70 b-d

PS-51 294.35 de  311.15 a-c 270.78 cd 291.04 ab 

LSD Value 16.738  18.751  

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
 
 
Table 26: Effect of inoculation with selected bacterial isolates on nitrogen content (%) in 

straw of maize in the absence and presence of farmyard manure (FYM) in field 

trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 0.661 j  0.682  i 0.657 f 0.670 ef

PS-01 0.750 e  0.811 bc 0.679 de 0.805  a

PS-12 0.719 f  0.856 a 0.665 ef 0.786   b

PS-32 0.701 gh 0.814  b 0.690 d 0.742   c 

PS-41 0.696 h 0.801 d 0.662 ef 0.737 c 

PS-51 0.704 g 0.806 cd 0.671 ef 0.746   c 

LSD Value 0.0110  0.0184  

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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were statistically at par with each other but were significant over control. The data regarding the 

effect of inoculation in the presence of FYM at site-I showed that all the isolates significantly 

increased the nitrogen concentration in straw. Maximum increase in nitrogen concentration in 

maize straw was found in response to inoculation with PS-12 that caused up to 26 % increase in 

nitrogen contents than uninoculated control followed by PS-32, PS-01 and PS-51 which caused 

up to 19 % increase compared to uninoculated control. Minimum increase in nitrogen 

concentration was observed in response to inoculation with PS-41 that caused up to 17 % 

increase compared with respective uninoculated control. 

At site-II, all the isolates showed statistically non significant results except two isolates 

(PS-01 and PS-32) in the absence of FYM compared with respective uninoculated control. 

Maximum increase in nitrogen concentration in straw was observed due to inoculation with PS-

32 which caused up to 5 % increase in nitrogen concentration as compared to uninoculated 

control. The isolate PS-01 was statistically at par with PS-32 and caused up to 3 % increase in 

nitrogen concentration in straw compared to respective control. On the other hand when 

inoculation was supplemented with FYM, a highly significant increase in nitrogen concentration 

was observed in response to inoculation with all the selected bacterial isolates. Maximum 

increase in nitrogen content was obtained in response to inoculation with isolate PS-01 followed 

by PS-12 which caused 20 and 17 % increase in nitrogen concentration in straw compared to 

uninoculated control, respectively. The isolates PS-32, PS-41 and PS-51 gave statistically same 

results but were statistically significant over respective uninoculated control and among these the 

isolate PS-41 caused minimum increase in N concentration in straw (up to 10 % higher than 

control).  

4.8.7 Nitrogen in grain   

Data regarding nitrogen concentration in grain of maize at site-I (Table 27) revealed that 

in the absence of farm manure, the isolate PS-12 and PS-32 caused maximum increase in 

nitrogen concentration in grain (14 % more than uninoculated control) followed by PS-01 (up to 

12 % more than control). The isolates PS-32, PS-41 and PS-51 were statistically similar and 

caused up to 12 % increase in nitrogen concentration in grain compared with uninoculated 

control. The data regarding the effect of inoculation with selected isolates in the presence of 

FYM application indicated that all the isolates performed better compared with uninoculated 

control. Maximum increase in nitrogen content was obtained in response to inoculation with PS-
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01 followed by PS-51 which were statistically similar with each other and caused up to 18 % 

increase in nitrogen concentration in grain as compared to respective uninoculated control. The 

isolates PS-12 and PS-41 were statistically at par with each other but significant when compared 

with control and caused up to 16 % increase in nitrogen content as compared to uninoculated 

control treatment in the presence of FYM. 

Similarly, results from site-II showed that PS-32 strain performed better  in the absence 

of FYM and caused up to 11 % increase in nitrogen content than uninoculated control and was 

statistically non significant with  all the other isolates except, PS-41 but was significant over  

uninoculated control.  On the other hand, the effect of inoculation was highly significant in the 

presence of FYM. Maximum increase in nitrogen content was recorded in response to 

inoculation with PS-12 followed by PS-01 which caused respective increases of 14 and 12 % 

increase in nitrogen concentrations in grains respectively, compared to uninoculated control. The 

isolates PS-32 and PS-51 caused 11 % increase in nitrogen contents compared to uninoculated 

control. The isolate PS-41 showed minimum increase in nitrogen content compared to other 

isolates, however, still it was significantly better than uninoculated control (7 % more than 

uninoculated control).  

4.8.8 Phosphorus in straw 

Data regarding the effect of inoculation on phosphorus content of maize straw are shown 

in Table 28. Data at site-I indicated that without farm yard manure application, phosphorus 

contents were enhanced significantly compared to uninoculated control. In the absence of   FYM, 

up to 24 % increase in phosphorus contents over control was observed in response to inoculation 

with PS-12 that was statistically at par with PS-32. Similarly, the inoculation effect with PS-41 

and PS-51 was also statistically at par with each other and gave up to 13 % increase in P contents 

as compared to their respective control. In case of inoculation in the presence of FYM, the isolate 

PS-01 and PS-12 gave statistically similar results and caused up to 32 % increase in P contents 

than respective uninoculated control. The isolates PS-32, PS-41 and PS-51 caused up to 28 % 

increase in P as compared to respective uninoculated control treatment. 

 At site-II, between 5 to 13 % increases in P contents were recorded in response to 

inoculation with selected isolates without FYM application; however, up to 22 % increase was 

observed in case of inoculation in the presence of FYM. Maximum P contents were observed in 

response to inoculation with PS-01 followed by PS-12 in the absence of FYM application which  
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Table 27: Effect of inoculation with selected bacterial isolates on nitrogen content (%) in 

grain of maize in the absence and presence of farmyard manure (FYM) in field 

trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 1.725 g  1.740 g 1.646  g 1.698 f

PS-01 1.926  f 2.053  a 1.806 e 1.907 ab

PS-12 1.975 d  2.015  c 1.788 e 1.931 a

PS-32 1.959  e  2.034   b 1.824 de 1.864  cd

PS-41 1.914  f 2.016    c 1.723 f 1.815 e 

PS-51 1.923 f 2.047 ab 1.789  e 1.888 bc 

LSD Value 0.0160  0.0422  

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
 

Table 28: Effect of inoculation with selected bacterial isolates on phosphorus content (%) 

in straw of maize in the absence and presence of farmyard manure (FYM) in 

field trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 0.528 g  0.540 g 0.494 e 0.515 de

PS-01 0.635 e  0.714 a 0.560 c 0.624 ab

PS-12 0.655 d  0.709 ab 0.550 c 0.629 a

PS-32 0.652 d  0.692 c 0.522 d 0.609 ab

PS-41 0.581 f  0.686 c 0.519 d 0.607 b

PS-51 0.597 f 0.693 bc 0.528 d 0.616 ab 

LSD Value 0.0158  0.0242  

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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were 13 and 11 % more than their respective uninoculated control, respectively and were 

statistically at par with each other. Similarly, the isolates PS-32, PS-41 and PS-51 also gave 

similar results when compared with one another but were significant when compared with their 

respective control treatment and caused up to 7 % higher P contents in straw compared to 

uninoculated control. On the other hand, the effect of inoculation on P concentration of maize 

straw was further boost up in the presence of FYM as is evident from table 28. All the isolates 

except, PS-12 showed non-significant results compared to one another but were significant 

compared with uninoculated control. Maximum P contents were noted in response to inoculation 

with PS-12 followed by PS-01 which resulted in up to 22 % more P in straw compared to 

uninoculated control in the presence of FYM. The isolate PS-41 caused minimum increase (18 

%) in P as compared to uninoculated control. 

4.8.9 Phosphorus in grain 

Data regarding phosphorus of maize grain are presented in Table 29. Results revealed 

that effect of inoculation with all the selected bacterial isolates was non-significant when 

compared with one another but was significant when compared with control. The isolate PS-01 

caused significant increase in grain phosphorus in the absence of FYM at site-I that was up to 32 

% more than uninoculated control followed by PS-32, PS-51and PS-12. PS-41 caused minimum 

increase in P content that was 28 % more than uninoculated control.  With FYM application, 

maximum increase in phosphorus contents  of maize grain were observed by inoculation with 

PS-12 (35 % more than uninoculated control) followed by PS-32, PS-51 and PS-01 which caused 

34, 33 and 32 % increase in P  as compared to uninoculated control. 

Similarly at site-II, nearly all the isolates showed statistically significant results compared with 

uninoculated control. Maximum increase in P contents of grain was observed in case of 

inoculation with PS-12 which caused up to 34 % increase in P as compared to uninoculated 

control followed by PS-01 and PS-51 which caused up to 33 % increase in P in grain compared 

to respective uninoculated control. On the other hand when inoculation was supplemented with 

FYM, a highly significant increase in P was observed due to inoculation with all the selected 

isolates. Maximum increase in phosphorus was obtained in case of isolate PS-01 followed by PS-

12 which caused up to 36 % increase in P in grain compared to uninoculated control. The isolate  
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Table 29: Effect of inoculation with selected bacterial isolates on phosphorus content (%) 

in grain of maize in the absence and presence of farmyard manure (FYM) in 

field trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 0.950 e  1.010 d 0.932 g 0.991 f

PS-01 1.253 c  1.329 ab 1.243 de 1.343 ab

PS-12 1.227 c  1.363 a 1.248 d 1.351 a

PS-32 1.249 c 1.352 ab 1.209 de 1.306 bc 

PS-41 1.216 c 1.309 b 1.203  e 1.295 c 

PS-51 1.237 c 1.341 ab 1.236 de 1.339 ab 

LSD Value 0.0533 0.0418 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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Fig. 21: A glimpse of field trial 
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PS-51 was the next effective isolate that resulted in up to 35 % increase in phosphorus contents 

compared with respective uninoculated control. 

4.8.11 Physiological Parameters 

4.8.11.1 Photosynthetic rate 

The data at site-I (Table 30) revealed that inoculation with phosphatase producing 

bacterial isolates significantly improved the photosynthetic rate in maize. The increases in 

photosynthetic rate due to inoculation with all the isolates were statistically significant compared 

with uninoculated control in the absence of FYM at site-I and maximum increase in 

photosynthetic rate was recorded in response to inoculation with PS-51 followed by PS-01 which 

caused 36 and 33 % increase compared to uninoculated control, respectively.  PS-12 and PS-32 

were the next effective strains which caused up to 28% increase in photosynthetic rate compared 

to respective uninoculated control without farmyard manure application. Similarly, PS-01 and 

PS-12 showed better results in increasing photosynthetic rate in the presence of FYM which 

caused up to 62 % increase in photosynthetic rate as compared to respective uninoculated 

control. Minimum increase in photosynthetic rate was observed in case of inoculation with PS-41 

that resulted in up to 22 % improvement in photosynthetic rate as compared to uninoculated 

control. 

As far as site-II is concerned, without FYM treatment, almost all the isolates showed 

statistically similar with each other but were significant compared with uninoculated control 

except with two isolates (PS-41 and PS-51) which gave non-significant results compared with 

control. The isolate PS-32 was the most effective isolate that caused up to 31 % increase in 

photosynthetic rate compared to control followed by PS-12 that was 26 % higher than respective 

uninoculated control. The isolates PS-01 was the next effective that caused up to 21% increase in 

photosynthetic rate compared with control. Minimum increase in photosynthetic rate was 

observed in case of inoculation with PS-41 that caused 12 % increase in photosynthetic rate 

compared with control. In the presence of FYM, a highly significant increase in photosynthetic 

rate was noted due to inoculation with all the selected isolates. Maximum increase in 

photosynthetic rate was obtained in response to inoculation with isolate PS-12 followed by PS-

01 which caused up to 49 % increase in photosynthetic rate compared to uninoculated control. 

Both these isolates were statistically same compared to each other and also with PS-32 that 

caused up to 35 % increase in photosynthetic rate compared to respective uninoculated control. 
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The isolate PS-41 gave statistically non significant result compared to PS-51 and caused up to 19 

% increase in photosynthetic rate compared to respective uninoculated and untreated control.  

4.8.11.2 Transpiration rate (E) 

Transpiration rate directly affects the photosynthetic rate. Larger the values of 

transpiration rate greater will be the photosynthetic rate and ultimate results will be increased 

growth and yield of plants. Regarding transpiration rate of maize, it was observed that without 

farmyard manure application, all the isolates showed statistically same results compared to 

uninoculated control (Table 31). Maximum increase in transpiration rate at site-I was recorded in 

case of inoculation with PS-51 that was 11 % more than uninoculated control followed by PS-01 

that increased transpiration rate up to 7 %   compared to uninoculated control. Similarly at same 

site, with FYM application, all the isolates showed significant increase in transpiration rate 

compared to respective uninoculated control treated with FYM. The isolate PS-12 caused 

maximum increase in transpiration rate (28 % more than uninoculated control) followed by PS-

01 and PS-32 which caused up to  25 and 18 % increase respectively, compared with respective 

uninoculated control. 

  At site-II, three isolates (PS-12, PS-32 and PS-51) gave statistically same results 

compared to one another but were significant when compared to untreated and uninoculated 

control.  Maximum increase in transpiration rate was obtained in response to inoculation with 

PS-32 in the absence of FYM which was 12 % higher than uninoculated control followed by PS-

12 that caused up to 10 % increase in transpiration rate over control. The isolates PS-01, PS-41 

and PS-51 produced statistically same results compared to uninoculated control and showed 8 % 

more transpiration rate than uninoculated control. Similarly at site-II, maximum increase in 

transpiration rate was observed by inoculation with PS-01 in the presence of FYM that was 20 % 

higher than uninoculated control and was statistically same with PS-12 and PS-32. Minimum 

increase in transpiration rate was observed in case of PS-41 which caused up to 3 % increase in 

transpiration rate compared with respective control.  
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Table 30: Effect of inoculation with selected bacterial isolates on photosynthetic rate (A) 

(µmol m-2 S-1) of maize in the absence and presence of farmyard manure (FYM) 

in field trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 15.54 f  18.05 e 13.86 f 17.65 de

PS-01 20.72 cd  29.28  a 16.72   de 26.10  a

PS-12 19.92 c-e  29.10 a 17.46 de 26.27 a

PS-32 18.75 de  25.72 b 18.18 d 23.91  ab

PS-41 18.67 de 21.97 c 15.57  ef 20.99  c 

PS-51 21.14 cd 25.01 b 15.95 d-f 22.35  bc 

LSD Value 2.4677 2.5156 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
 
Table 31: Effect of inoculation with selected bacterial isolates on transpiration rate (E) 

(mmol m-2 S-1) of maize in the absence and presence of farmyard manure (FYM) 

in field trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 5.10   c 5.14    c 4.82  e 5.26  b-d 

PS-01 5.45    c 6.41  a 4.95  c-e 6.33 a 

PS-12 5.37    c 6.58  a 5.32  bc 6.30  a 

PS-32 5.23   c 6.05  ab 5.39   b 5.94 a 

PS-41 5.17    c 6.02  ab 4.90   de 5.43  b 

PS-51 5.64   bc 6.02  ab 5.21   b-e 5.50   b 

LSD Value 0.5571 0.4312 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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4.8.11.3 Water use Efficiency (WUE) (A/E) 

There is direct correlation between production of photosynthates in plants and their water 

use efficiency (WUE). Data pertaining to the effect of manure and no manure application 

revealed statistical significance. Manure application showed maximum value in WUE by 13.9 % 

more in comparison with no manure application at site-I and by 23.2 % at site-II (Appendix 20). 

All the isolates showed non-significant results between each other but significant over respective 

control. However, isolates PS-01 showed maximum WUE followed by PS-12, PS-32, PS-41 and 

PS-51 It is evident from the data (Table 32) that inoculation with phosphatase producing 

bacterial isolates significantly improved WUE in maize. In the absence of FYM, the isolates PS-

32 and PS-41 showed statistically same results compared to uninoculated and untreated control 

whilst three isolates (PS-01, PS-12 and PS-51) were significant compared to uninoculated 

control and among these PS-01 was the most effective isolate that caused up to 25 % increase in 

WUE compared to control followed by PS-12 and PS-51 which caused up to 23 % increase in 

WUE compared to uninoculated control. Similarly, again PS-01 and PS-12 showed better results 

in increasing WUE in the presence of FYM which caused up to 30 % increase in WUE as 

compared to uninoculated control. Minimum increase in WUE was observed in response to 

inoculation with PS-41 that resulted in up to 4 % increase and it was statistically similar with PS-

51 and also with uninoculated control treated with FYM.  

As far as site-II is concerned, in the absence of FYM, all the isolates except with, PS-01 

and PS-32 gave statistically non significant results when compared with uninoculated control. 

Maximum increase in WUE was recorded with PS-32 that caused 18 % increase in water use 

efficiency compared to control followed by PS-01 that caused 17 % higher WUE than respective 

uninoculated control in WUE. The isolates PS-41 and PS-51 gave statistically non significant 

results when compared with control, but still, increased WUE up to 10 % compared to control. 

On the other hand when inoculation was supplemented with FYM, a highly significant increase 

in water use efficiency was noted due to inoculation with all the selected isolates although they 

were statistically at par among one another. Maximum increase in WUE was obtained in case of 

inoculation with isolate PS-12 followed by PS-01 which caused up to 24 % increase in WUE 

compared to uninoculated control. PS-51 was the next effective strain that caused 21 % increase 

in WUE compared to respective uninoculated control. The isolate PS-41 caused minimum 

increase in WUE that was up to 16 % higher than respective uninoculated control. 
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4.8.11.4 Substomatal CO2 concentration (Ci) 

It is revealed from the data (Table 33) that inoculation with phosphatase producing 

bacterial isolates significantly improved the substomatal CO2 concentration in maize leaves. The 

effect of inoculation on substomatal CO2 concentration with three isolates (PS-12,PS-32 and PS-

41)  was  statistically same among one another but was significant over uninoculated control in 

the absence of FYM at site-I. Maximum increase in substomatal CO2 concentration was recorded 

in response to inoculation with PS-51 that caused up to 24 % increase compared to uninoculated 

control followed by PS-01 that caused 18 % increase compared to uninoculated control. The 

other isolates were also significant compared with respective uninoculated control and caused up 

to 11 % increase in substomatal CO2 concentration without FYM application. Similarly, the 

isolates PS-01 and PS-32 showed statistically similar results in increasing substomatal CO2 

concentration in the presence of FYM which caused up to 41 % increase in substomatal CO2 

concentration as compared to uninoculated control. Minimum increase was observed with PS-41 

that resulted in 27 % increase in substomatal CO2 concentration and was also statistically at par 

with PS-51 in the presence of FYM. 

At site-II, all the isolates showed significant results compared with control in the absence 

of FYM, however, PS-32 and PS-51 performed comparatively well, and caused up to 20 % 

increase in substomatal CO2 concentration compared to control. The isolates PS-01 and PS-12 

gave statistically non significant results when compared with each other, but increased the 

substomatal CO2 concentration up to 11 % compared to respective uninoculated control. On the 

other hand when inoculation was supplemented with FYM, significant increases in substomatal 

CO2 concentration were noted due to inoculation with all the selected isolates. Maximum 

increase was obtained in case of inoculation with isolate PS-12 followed by PS-01 which caused 

up to 34 % increase in substomatal CO2 concentration compared to uninoculated control. Both 

these isolates were statistically same compared to each other. The isolates PS-32, PS-41 and PS-

51 gave statistically same results as compared to each other but were significant over respective 

uninoculated control and caused up to 24 % increase in substomatal CO2 concentration compared 

to respective uninoculated control. 
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Table 32: Effect of inoculation with selected bacterial isolates on water use efficiency A/E  

                 ( µmol m-2 S-1 /mmol m-2 S-1) of maize in the absence and presence of farmyard 

manure (FYM) in field trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control          3.05 e 3.51 de 2.88  d 3.35 cd 

PS-01 3.81 b-d 4.57  a  3.22 cd         4.12 a 

PS-12 3.72 cd 4.42  ab  3.27  cd         4.17 a 

PS-32 3.58 de 4.30  abc  3.39  bc         4.03 a 

PS-41 3.62 de 3.66 de         3.18  cd 3.87 ab 

PS-51 3.75 cd  4.07 a-d 3.21 cd         4.06 a 

LSD Value 0.6195 0.5652 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
 
Table 33: Effect of inoculation with selected bacterial isolates on substomatal CO2 

concentration (Ci) of maize in the absence and presence of farmyard manure 

(FYM) in field trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 139.00  g 144.33 fg 134.00 g 141.33 f 

PS-01 163.33 e 203.67 a 148.33 e 188.67 a 

PS-12 151.33 f 195.67 b 147.33 e 190.00 a 

PS-32 154.67 f  197.00 ab 160.33 c 173.00 b 

PS-41 148.67 f 183.00 cd 141.33 f 171.00 b 

PS-51 171.67 d 184.67 c 153.00 d 174.67 b 

LSD Value 12.028 5.009 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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4.8.11.5  Substomatal conductance (gs) 

Substomatal conductance directly affects the photosynthetic rate. Larger the values 

substomatal conductance greater will be the photosynthetic rate and ultimate results will be 

increased growth and yield of plants. Data regarding substomatal conductance of maize are 

presented in Table 34. Without FYM application, maximum substomatal conductance at site-I 

was recorded in case of inoculation with PS-32 that was 55 % more than uninoculated control 

followed by PS-01and PS-51 and PS-12 which resulted in increased substomatal conductance up 

to 43 % compared to uninoculated control. Similarly at same site, with FYM application, 

maximum increase in substomatal conductance was observed in response to inoculation with PS-

01 (88 % more than uninoculated control) and was statistically at par with PS-12 which caused 

up to 85 % increase in substomatal conductance compared with respective control. Minimum 

increase in substomatal conductance was recorded in case of PS-41 with FYM and that was 

statistically non significant compared with control and caused up to 20 % increase in substomatal 

conductance compared with respective control.  

At site-II, maximum increase in substomatal conductance was recorded with PS-51 

inoculation in the absence of FYM which was 78 % higher than uninoculated control and was 

statistically at par with PS-01, PS-12 and PS-32 which caused 63% increase in substomatal 

conductance over control.  Minimum increase (20 % more than uninoculated control) in 

substomatal conductance was observed in case of inoculation with PS-41 which was statistically 

non-significant with PS-12, PS-32 and also with respective uninoculated control. Similarly at 

site-II, maximum increase in substomatal conductance was indicated by inoculation with PS-12 

supplemented with FYM that was 95 % higher than uninoculated control and was statistically 

same compared with PS-01 that caused 91 % increase in substomatal conductance compared 

with uninoculated control. PS-32 and PS-51 inoculants were at par with each other but were 

significant over uninoculated control and increased substomatal conductance up to 59 % more 

than respective uninoculated control.  

4.8.12 Rhizosphere soil phosphatase activity  

Soil alkaline phosphatase activity is considered as an important index of soil fertility. 

Data regarding phosphatase activity of maize rhizosphere soil are presented in Table 35. 

Inoculation with all the selected bacterial isolates caused significant increase in rhizosphere soil 

phosphatase activity with and without FYM at both sites. Without FYM application, maximum 



115 
 

phosphatase activity at site-I was recorded in response to inoculation with PS-01 that was 63 % 

more than uninoculated control followed by PS-1 that caused up to 47 % increase in rhizosphere 

phosphatase activity over uninoculated control. The other isolates PS-32, PS-41 and PS-51 

produced statistically same results and showed up to 35 % increase compared to uninoculated 

control. In the presence of FYM, maximum increase in phosphatase activity of maize 

rhizosphere was observed with PS-12 (79 % more than uninoculated control) followed by PS-01 

and PS-51 which caused 71 and 50 % increase in rhizosphere phosphatase activity compared 

with respective control, respectively. At site-II maximum increase in rhizosphere phosphatase 

activity was recorded with PS-12 inoculation in the absence of FYM which was 53 % higher 

than uninoculated control followed by PS-32 which caused 36 % increase in rhizosphere 

phosphatase activity. The isolates PS-01 and PS-51 produced statistically same results and 

caused up to 25 % more phosphatase activity than uninoculated control. Minimum increase in 

soil phosphatase activity was observed in response to inoculation with PS-41 that caused up to 

only 11 % increase in rhizosphere soil phosphatase activity as compared with respective control. 

Similarly at site-II, maximum increase in rhizosphere phosphatase activity was recorded with 

PS-01 in the presence of FYM which was 102 % higher than uninoculated control followed by 

PS-12 which caused 80 % increase in rhizosphere phosphatase activity. The isolates PS-32 and 

PS-51 produced statistically same results and caused up to 43 % more phosphatase activity than 

uninoculated control.  

4.8.13 Mineralization of organic P in soil 

Mineralization of organic P in soil is related to phosphatase activity of soil which 

originates from plant roots or microbes present in the rhizosphere. Data regarding mineralization 

of organic P in soil of maize rhizosphere are presented in Table 36. In the absence of FYM, all 

the isolates showed significant results compared with uninoculated control except, PS-41. 

Maximum mineralization of organic P at site-I was observed in case of PS-01 that was 30 % 

more than uninoculated control and was statistically same compared with other three isolates 

(PS-12, PS-32 and PS-51) which resulted in up to 29 % increase compared to uninoculated 

control. Likewise at same site, in combination with FYM, maximum increase in mineralization 

of organic P was observed in response to inoculation with PS-12 (66 % more than uninoculated 

control) followed by PS-01 and PS-32 which caused up to 40 % increase in mineralization of 

organic P in soil compared with respective control. Minimum increase in mineralization of  
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Table 34: Effect of inoculation with selected bacterial isolates on substomatal conductance 

(gs) (mmol m-2 S-1) of maize in the absence and presence of farmyard manure 

(FYM) in field trials 

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 0.140 e 0.177 de 0.133  f 0.167 d-f 

PS-01 0.200 c-e 0.333 a   0.217 b-d 0.319 a 

PS-12 0.193 c-e 0.327 ab 0.192 c-e 0.325 a 

PS-32 0.217 cd 0.257 c 0.189 c-e 0.265 b 

PS-41 0.163 de 0.213 c-e 0.160 e-f 0.207 c-e 

PS-51 0.197 c-e 0.263 bc 0.237 bc 0.247 bc 

LSD Value 0.0915 0.0622 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
 
Table 35: Effect of inoculation with selected bacterial isolates on rhizosphere soil 

phosphatase activity (µg PNP/dwt soil-h)  of maize in the absence and presence of 

FYM in field trials   

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 167.58  h 203.82 g 135.85 h 152.66 fg 

PS-01 272.86 d 347.74 b 165.88  ef 308.18 a 

PS-12 246.10  e 364.78 a 207.20 c 274.07 b 

PS-32 225.44 f 293.25 c 184.96 d 206.77 c 

PS-41 213.26 fg 276.88 d 150.80  g 174.95 de 

PS-51 224.70 f 306.54 c 170.03 e 218.04 c 

LSD Value 14.124 12.568 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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organic P was recorded in case of PS-41 with FYM that was statistically similar with PS-51 and 

caused up to 23 % increase compared with respective control. Maximum increase in 

mineralization of organic P in soil at site-II was noted by inoculation with PS-32 followed by PS- 

12 and PS-01 which caused 42, 42 and 35 % increases in mineralization of organic P, 

respectively than uninoculated control in the absence of FYM. The isolates PS-41 and PS-51 

gave statistically non-significant results compared with respective control but still resulted in up 

to 17 % more mineralization of organic P in soil than uninoculated control. Similarly at site-II, 

maximum increase in organic P mineralization was indicated by PS-01 in combination with 

FYM that was 69 % higher than uninoculated control followed by PS-12 and PS-51 which 

caused up to 37 % increase compared with uninoculated control. PS-41 caused minimum 

increase in mineralization of organic P in soil that was up to 16 % more as compared with 

respective control. 

4.8.14 Soil available phosphorus 

Table 37 indicates the data regarding available phosphorus in soil. Inoculation with all 

the selected isolates caused significant increase in available phosphorus in soil in the absence or 

presence of FYM at both sites. In the absence of FYM, maximum available phosphorus in soil at 

site-I was recorded in response to inoculation with PS-12 that was 25 % more than uninoculated 

control followed by PS-01 that caused up to 16 % increase in available P compared to 

uninoculated control. PS-51was the next effective isolate that resulted in increased available 

phosphorus in soil up to 12 %   compared to uninoculated control. The two isolates, i.e. PS-32 

and PS-41 were statistically at par with each other and also with respective uninoculated control 

and caused up to 3 % more available phosphorus in soil. With FYM application, maximum 

increase in available phosphorus in soil was observed with PS-01 (34 % more than uninoculated 

control) followed by PS-12 and PS-51 which caused 27 and 25 % increase respectively, over 

control. 

  At site-II, in the absence of FYM, maximum increase in soil available phosphorus was 

recorded by inoculation with PS-01 that was 23 % higher than uninoculated control followed by 

PS-12 which caused 20 % increase in available phosphorus in soil. The isolates PS-32, PS-41 

and PS-51 were non-significant compared with uninoculated control (Table 37).  Similarly at 

site-II, maximum increase in available phosphorus in soil was recorded with PS-12 inoculation 

where FYM was applied that was 34 % higher than uninoculated control followed by PS-01  
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Table 36: Effect of inoculation with selected bacterial isolates on mineralization (ppm) of 

organic P in soil in the absence and presence of FYM in field trials   

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 29.41 g 31.95 fg 20.65 g    25.82 def 

PS-01 38.11 cd 44.71 b    27.81 cde 43.61 a 

PS-12 38.07 cd 53.04 a  29.31 cd 35.28 b 

PS-32 36.57 cde 44.31 b  29.35 cd 31.00 bc 

PS-41 32.97 efg 39.25 c   24.21 efg 29.83 cd 

PS-51 34.58 def 39.76 c 22.53 fg 34.88 b 

LSD Value 4.5574 4.9345 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
 

Table 37: Effect of inoculation with selected bacterial isolates on available P in soil (mg/kg)  

in the absence and presence of FYM in field trials   

 

Treatments 

Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 

Control 12.24  i 13.12 gh 11.14  g 12.76 ef 

PS-01 14.18 ef 17.55 a 13.68 c-e 15.69 b 

PS-12 15.31 cd 16.61 b 13.40 de 17.05 a 

PS-32 12.54 hi 15.98 bc 11.69 fg 14.75 bc 

PS-41 12.61 hi 14.92 de 11.61 fg 14.61 b-d 

PS-51 13.68 fg 16.38 b 11.97 fg 15.04 b 

LSD Value 0.8452 1.2758 

*Means sharing the same letter (s) do not differ significantly at P ≤ 0.05 according to LSD test. 
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which caused up to 23 % increase in available phosphorus in soil. The isolates PS-32, PS-41 and 

PS-51 caused up to 18 % more available phosphorus in soil than uninoculated control. 

4.8.15 Pearson correlation analysis 

The coefficients of correlation between pair of means of in vitro traits such as 

phosphatase activity, ACC-deaminase activity and auxin production with biological yield (Fig. 

22) and grain yield (Fig. 23) revealed that a significant and positive correlation was found 

between the plant growth and yield parameters and in vitro plant growth promoting traits of the 

selected isolates, i.e. phosphatase activity, auxin production and ACC-deaminase activity. 

Similarly, rhizosphere soil phosphatase activity (Fig. 24) was positively correlated with 

mineralization of organic phosphorus in soil (r = 88), soil available P (r = 0.89) and also with 

maize grain yield (r = 0.86). Similarly, a strong correlation was established between rhizosphere 

phosphatase activity and P contents in straw and grain of maize (Fig. 25). 
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          Fig. 22: Sensitivity of biological yield to different plant growth promoting traits of the selected isolates; a) Phosphatase 
activity; b) ACC-deaminase activity and c) auxin production (significance of correlation was performed at p ≤ 0.05) 

 
 

 
             Fig. 23: Sensitivity of grain yield to different plant growth promoting traits a) Phosphatase activity; b) ACC- 

deaminase activity; and c) auxin production of the selected isolates in field trial (significance of correlation was 
performed at p ≤ 0.05)
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                 Fig. 24: Sensitivity of rhizosphere phosphatase activity to a) Soil available P; b); Mineralization of organic P in soil: 

                                      and grain yield in field trial (significance of correlation was performed at p ≤ 0.05) 

 

  
                  Fig. 25: Sensitivity of rhizosphere phosphatase activity to P contents in a) straw and  b)  grain of maize in field trial 

(significance of correlation was performed at p ≤ 0.05) 
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4.9 Characterization of the isolates 

The selected bacterial isolates (PS-01, PS-12, PS-32, PS-41 and PS-51) were also 

characterized for their chitinase activity and root colonization capability.  These isolates were 

identified using Biolog® Identification System (Table 38). Regarding chitinase activity of the 

selected isolates, it was observed that out of five, three isolates (PS-01, PS-12 and PS-32) were 

found to be positive for this activity while other two isolates (PS-41 and PS-51) were negative 

for chitinase activity.  

Data regarding root colonization assay revealed that all the isolates were effective in 

colonizing maize roots but with variable efficacy. The isolate PS-01 exhibited  higher root 

colonization (7.74 × 105 cfu g-1) followed by isolate PS-12 (6.42 × 105 cfu g-1). The selected 

bacterial isolates were identified as Burkholderai cepaceae (PS-01) Bacillus sp. (PS-12) 

Pseudomonas sp. (PS-32), Flavobacterium sp. (PS-41) and Pseudomonas sp. (PS-51). 

 

 
 

 Table 38: Identification and characterization of the selected bacterial isolates 

Isolate 

code 

Identification 

 

Chitinase activity 
(qualitative) 

Root colonization 

(cfu g-1) 

PS-01 *Burkholderai cepaceae  +ve 7.84 × 105 
PS-12  Bacillus spp.                    +ve 6.92 × 105 
PS-32 Pseudomonas spp.            +ve 5.12 × 104 
PS-41 Flavobacterium spp.        -ve 4.27 × 104 
PS-51 Pseudomonas spp.           -ve 5.42 × 104

*Identified by Biolog® identification system (MicrologTM System Release 4.2, Hayward, CA, 

USA) 
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CHAPTER V                                                                DISCUSSION 

Phosphorus is very important nutrient for normal plant growth and development. But 

generally, it remains unavailable for plants due to immobilization. Its deficiency is known to 

suppress the growth and yield of plants. Maize is commonly considered to have high 

phosphorus requirement. Inoculation with PGPR having different traits has been reported 

extensively but inoculation of rhizobacteria containing phosphatase enzyme activity has not 

been explored frequently. Considering this important point the present work was conducted 

to demonstrate the effectiveness of plant growth promoting rhizobacteria with phosphate 

solublizing and/or phosphatase producing ability along with their ACC-deaminase and auxin 

producing capabilities for increasing the growth and yield of maize under axenic and potted 

conditions as well as under field conditions. Moreover correlations if any, of these plant 

growth promoting traits (phosphatase activity, ACC-deaminase activity and auxin 

production) of rhizobacteria with different plant growth and yield parameters were also 

evaluated.  

Bacteria isolated from the rhizosphere of maize were tested for P-solubilization/ 

mineralization, ACC-deaminase activity and auxin production. Out of seventy two bacteria 

thirty were positive for P-solubilization and interestingly it was found that majority of P-

solubilizers also had phosphatase enzyme to mineralize organic phosphorus. Results of 

qualitative P-solubilization potential as estimated by observing the large clear/ halo zones on 

agar media revealed that out of seventy two bacterial isolates tested, thirty isolates showed 

positive response. The formation of transparent yellow halos/zones around the bacterial 

colonies on agar media is the indication of phosphate solubilizing activity (Ponmurugan and 

Gopi, 2006). The isolates exhibited different sorts of phosphate solublizing index (PSI) 

ranging from 1.59 to 6.27, the results of which are in accordance with those of Rashid et al. 

(2004). As plate assay is not an authentic procedure for evaluating the true potential of the 

isolates to solubilize an insoluble phosphorus source, therefore, an experiment was carried 

out to determine the quantitative P solubilization potential of these isolates in liquid culture 

containing tricalcium phosphate (TCP) as substrate. The isolates showed variable efficacy for 

phosphate solubilization of inorganic P source which ranged from 434.44 to 733.68 µg mL-1. 

In the same way, Park et al. (2012) demonstrated solubilization of inorganic P source 



124 
 

Pantoea agglomerans in Pikovskaya’s medium up to 898 µg mL-1. To find out the possible 

mechanism for P-solubilization bacteria were incubated in liquid culture to observe the drop 

in pH. As many researchers (Cunninghamj, 1992; Motsara, 1995; Illmer et al., 1995; Bar 

Yosef et al., 1999: Rashid et al., 2004; El-Tarabily et al., 2008; Park et al., 2012) have 

reported the P-solubilization by bacterial inoculation by creating acidic condition in the 

media. In line with the reported mechanism, in our experiment P-solubilizers were equipped 

with capability to decrease pH (7.0 to 4.3) by production of different organic acids. For 

example, Henri et al. 2008 and Park et al. 2009 reported production of oxalic, trans-aconitic, 

citric, tartaric, malic, gluconic, succinic, fumaric acids by Pseudomonas fluorescens and 

lactate, acetate, propionate, pyruvate, malonate, maleate, tartarate, oxalate, succinate, 

fumarate, citrate, and trans-aconite acids by Pantoea sp. and Enterobacter sp. to solubilize 

the inorganic P, respectively. Contrary to lowering of pH by organic acids released by 

microbes or roots, it has been argued that at the pH of the cytoplasm (about pH 7), most if 

not all organic acids are de-protonated and are consequently released as anions from the 

cells, therefore, they do not decrease the pH. Instead, they release P by anion exchange 

(Jones, 1998) and by chelating Fe/Al (Whitelaw, 2000). The pH decrease is due to the release 

of H+ by the cells which is independent of organic acids released by the microbes (Illmer and 

Schinner 1992). Moreover, phosphate solubilizing bacteria synthesize exopolysaccharides 

which may also contribute indirectly in the solubilization of tricalcium phosphates by binding 

free P in the medium, upsetting the homeostasis of P solubilization (Yi et al. 2008). 

When P-solubilizers were tested for mineralization, nearly all the P- solubilizers were 

also capable to mineralize organic P with their phosphatase activity. Phosphatase is an 

enzyme which is released by microbes and help to release available P from organic P sources 

through breakdown of ester bond of monophosphoester (Tabatabai and Bremner, 1969; 

Eivazi and Tabatabai, 1977). In this study, P-solubilizing bacteria were also found to have 

phosphatase activity. The mechanism to mineralize organic P by microbes through 

production of phosphatase enzyme is well documented in the literature (Rodriguez and 

Fraga, 1999; Rao, 2000; Sahu and Jana, 2000; Jakobsen et al. 2005; Ponmurugan and Gopi, 

2006). In vitro results of phosphatase activity showed that most of the isolates exhibited both 

acid and alkaline phosphates activities with varying degrees in liquid culture containing 

organic phosphorus source (β-glycerophosphate) as substrate. Results revealed that the tested 
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isolates had higher acid phosphatase activities than their respective alkaline phosphatase 

activities in the growth media. It is evident from the in vitro tests that both solubilization of 

inorganic P and phosphatase activity (mineralization) can coexist in same bacteria as 

previously reported by Tao et al. (2008). Similar results were also reported by Ponmurugan 

and Gopi (2006) who found that phosphate solublizing rhizobacteria  isolated from the 

rhizosphere of different field crops including maize, were capable of   producing phosphatase 

enzyme under in vitro conditions. In another research on phosphatases secreted by a strain of 

Rhizobium leguminosarum that was carried out by Abd-Alla (1994) revealed that the strain 

grown on four different organic phosphorus compounds  as sources of phosphate, produced 

both acid and alkaline phosphatases in the liquid media amended with organic phosphorus 

substrates. Similarly, El-Tarabily et al. (2008) tested thirty-one non-streptomycete 

actinomycetes (NSA) and among them, an isolate Micromonospora endolithica caused 

maximum drop in pH in the cultured medium, solubilized a significant quantity of inorganic 

phosphate in the liquid medium. Along with production of different organic acids, the isolate 

also secreted acid as well as alkaline phosphatases to mineralize organic phosphorus.  

Microorganisms are known to produce ACC-deaminase enzyme as plant growth 

promoting metabolite. Results analysis of 1-amino cyclopropane-1-carboxlic acid (ACC) 

metabolism assay (qualitative) revealed that out of thirty strains tested, seventeen bacterial 

isolates possessed ACC-deaminase activity on the basis of their ability to utilize ACC as sole 

source of nitrogen. The data regarding quantitative ACC-deaminase activity showed that the 

selected isolates possessed ACC-deaminase activity with different degree of efficacy. In the 

same way, Naik et al. (2008) also reported that some phosphate solublizing bacteria produce 

ACC-deaminase as a plant growth promoting enzyme. Likewise, Poonguzhali et al. (2008) 

isolated ten pseudomonads strains on the basis of their high phosphate solubilization activity 

on tricalcium phosphate and noted that the selected strains also synthesize IAA, ACC-

deaminase and siderophores as plant growth promoting traits. 

In case of auxin production by the tested PGPR strains, out of thirty isolates, twenty 

one isolates showed auxin production either in the absence or presence of L-tryptophan. The 

strains produced relatively greater amount of auxin in the presence of physiological precursor 

L-tryptophan (L-TRP). Asghar et al. (2004) reported fivefold enhancement in auxin 

production by rhizobacteria with L-TRP than without L-TRP application. Likewise, 
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Ponmurugan and Gopi (2006) found that phosphate solublizing rhizobacteria isolated from 

the rhizosphere of maize were capable of   producing auxin under in vitro conditions. It has 

been reported that certain phosphate solubilizing bacteria and fungi act as plant growth 

promoters because of their ability to release IAA (Souchie et al., 2007). 

 Fifteen strains of rhizobacteria containing phosphatase enzyme activities from maize 

rhizosphere were screened initially, for their growth promoting activity under axenic 

conditions in a jar trial on maize in the presence of organic matter. Five promising strains of 

PGPR capable of solubilization of both organic and inorganic phosphorus i.e. PS-01 

(Burkholderai cepaceae), PS-12 (Bacillus spp.), PS-32 (Pseudomonas spp.), PS-41 

(Flavobacterium spp.) and PS-51 (Pseudomonas spp.) from maize axenic trial were further 

evaluated in pot trial for plant growth, yield and mineralization potential of organic P in soil 

at different farmyard manure levels [0, 8 and 16 Mg ha-1]. Similarly, the isolates were further 

tested under field conditions in the absence and presence of FYM. In addition to phosphatase 

activity, auxin production and ACC-deaminase, the selected bacterial isolates were also 

characterized for other attributes like chitinase activities and root colonization ability. 

Evaluation of plant growth promoting activities by the selected bacterial isolates under 

axenic conditions (Jar trial) 

The inoculation of maize seeds with selected bacterial isolates affected the early plant 

growth under axenic conditions. Bacteria with phosphatase activity responded to the added 

organic matter. Most of the isolates significantly increased the shoot and root length, fresh 

and dry weights as compared to uninoculated control. The application of microorganisms 

having phosphate solublizing ability, as microbial inoculants concurrently improves plant P 

uptake and crop yield. This increase in growth parameters may be attributed to the different 

plant growth promotion traits especially the release of available P from the organic matter. 

Similarly, Kapri and Tewari (2010) also found increased shoot and root length, fresh and dry 

weights of shoot and root of chickpea with the inoculation of phosphate solubilizing and 

phosphatase producing Trichoderma sp. In the same way, Sharma et al. (2007) also reported 

that seeds treated Pseudomonas fluorescens and Bacillus megaterium (phosphate solubilizing 

strains) increased radical and plumule length of chickpea (Cicer arietinum) under gnobiotic 

conditions. The other plant growth promoting bacterial traits such as ACC-deaminase activity 

could also contributed in growth promotion by lowering ethylene level in the rhizosphere 
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thereby increasing root elongation (Glick et al., 1995; Belimov et al, 2001; Hameeda et al., 

2006); through auxin production by formation of more fine roots which could have resulted 

in increased absorptive surface area for uptake of nutrients and water by plant (Tsavkelova et 

al., 2007) and/or through greater root colonization ability (Sharoona et al., 2006). In this 

context, a positive linear correlation was found between phosphatase activity (r = 0.70), 

auxin production (r = 0.50) and ACC-deaminase activity (r = 0.50) in lab to the root 

elongation of maize seedlings in jar trial under axenic conditions. 

Soil experiments (Pot and field trials) 

Pot trial 

On the basis of results from the jar trials, five most efficient isolates were selected 

and further evaluated by conducting pot trials in the wire-house under ambient conditions. 

These rhizobacterial isolates showed tremendous positive effect on root growth and other 

growth and physiological parameters of maize in pot trials and increased growth and yield 

parameters significantly compared to uninoculated control.  

As these isolates were selected by the criteria of solublizing both organic and 

inorganic phosphorus sources, the integrated use of these isolates with chemical fertilizer and 

farmyard manure (FYM) was found to be more effective in increasing the growth and yield 

parameters of maize as compared with untreated and uninoculated control. Moreover, it also 

significantly affected the nitrogen and phosphorus concentrations in grain and straw as 

compared to uninoculated control. Linu et al. (2009) also found an increase in N and P 

contents in chick pea due to inoculation with phosphate solubilizing bacteria. The combined 

application of rhizobacterial isolates along with organic matter (@ 8 and 16 Mg ha-1) in our 

experiment showed more promising results and increased almost all the growth and yield 

parameters like shoot/ root length, shoot/ root weight, grain yield and 100-grain weight in 

comparison without application of FYM. The performance of the selected isolates in 

increasing different growth and yield parameters of maize with increasing levels of organic 

matter showed that these strains could have used the mechanism of mineralization of organic 

P using phosphatases as is evident from increased rhizosphere phosphatase activity in 

inoculated plants compared with uninoculated control. It is likely that enhanced microbial 

activity in the rhizosphere due to inoculation consequently increased P solubilization as is 

evidenced by the higher levels of straw and seed P contents.  Similar kind of work has been 
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published by Afzal and Banoo (2005), who reported that phosphate solublizing 

microorganisms in combination with phosphatic fertilizer and organic manure significantly 

enhanced seed phosphorus content, tillers per m2, grain and biological yield of wheat. 

Similarly, Tarafdar et al. (1995) evaluated the effectiveness of several phosphatase-

producing fungi (PPF) in increasing the rhizosphere enzyme activities, the uptake of different 

nutrients, production of dry matter and grain yield of cluster bean under potted conditions. 

They found a significant enhancement in phosphatase, nitrogenase and dehydrogenase 

activities due to inoculation with phosphatase-producing fungal (PPF) isolates. Moreover, 

significant increases in dry matter, grain yield, number and dry weight of nodules and 

decreased shoot to root ratio were reported with PPF inoculation.  Similarly, the 

concentrations of N, P, Ca, Mg, Fe and Zn were also improved significantly with the 

inoculation of any of phosphatase-producing fungal isolates. These scientists concluded that 

phosphatase-producing fungi (PPF) had a positive effect on growth and nutrient uptake of 

cluster bean. According to Chen et al. (2006) P-solubilization ability of micro-organisms is 

well thought-out to be as one of the most important traits coupled with P nutrition of plants. 

In the present study, the mechanisms involved in plant growth promotion by the selected 

bacterial isolates under potted condition might also be related to their auxin and ACC-

deaminase activity besides phosphatase production. In this context, a significant and a 

positive correlation was found between ACC-deaminase activity (r = 0.62), phosphatase 

activity (r = 0.46), auxin production (r = 0.26) and plant dry biomass. A positive correlation 

was established between root length and bacterial in vitro traits of phosphatase activity (r = 

0.51), ACC-deaminase activity (r = 0.51) and auxin production (r = 0.50). Similarly, grain 

yield was also positively correlated with ACC-deaminase activity (r = 0. 44), phosphatase 

activity (r = 0.58) and auxin production (r = 0.23) in pot trial. Multiple regression analyses 

(Factor analysis) also indicated the positive response of root length and grain yield to in vitro 

traits of the selected isolates (Appendix 24). Factor analysis showed that root length 

increased with increasing activity of auxin and ACC-deaminase activities of the isolates as 

these traits are specifically considered to contribute in root growth promotion (Khalid et al. 

2004; Penrose and Glick, 2003), whilst the grain yield showed an increasing trend with 

increase in phosphatase activity followed by auxin and ACC-deaminase activities, 

respectively. Shaharoona et al. (2006) also investigated maize growth promoting activity in 
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response to inoculation with selected PGPR possessing ACC-deaminase activity in a pot trial 

and found that the most effective strain Pseudomonas fluorescens biotype G (N3) was also 

positive for P solubilization and auxin production besides ACC-deaminase activity. 

Although, moderately weak correlations of in vitro traits (phosphatase activity, auxin 

production and ACC deaminase activity) of the selected bacterial isolates  with grain yield 

and root length were found in pot trial study which suggested that other mechanisms such as 

production of siderophores; provision of phytopathogen biocontrol and production of  

hydrolytical enzyme (Vassilev et al., 2006);   increased biological nitrogen fixation affecting 

photosynthetic rate and water use efficiency (Kucey et al., 1989; Gyaneshwar et al., 2002); 

increased availability of trace elements  (Gyaneshwar et al., 2002) and also the production of 

antibiotics and HCN (Avis et al., 2008) might have also helped in enhancing plant growth 

and yield in response to inoculation with the selected isolates.  

Likewise, the stimulation of root growth or root hair elongation to a greater extent in 

response to inoculation with these microbes (Vessey and Heisinger, 2001) might have also 

contributed in increasing P uptake of the maize crop indirectly by exploiting greater soil 

volume and/or even by altering the rhizosphere community composition that consequently 

increased the number and activity of soil microbes owing to the release of photosynthetic C 

from roots in the rhizosphere (Jones et al., 2009). For enhancing plant growth, PGPR often 

have more than one mechanism and previous research has proved that the stimulation of 

plant growth is the combined effect of multiple mechanisms of action that may be activated 

all together (Martinez-Viveros et al., 2010). 

The increased rhizosphere phosphatase activity (after 30 days intervals) in response to 

inoculation with selected bacterial isolates provides a clue that these microbes might have 

produced phosphatase enzyme to mobilize organic P present in the organic matter applied in 

the form of farmyard manure or due to their higher microbial activities as reported in the 

previous studies conducted by other researchers like Oberson et al. (1993) and Linue et al. 

(2009). Moreover, there was significant and positive correlation was noted between 

rhizosphere phosphatase activity and mineralization of organic P in soil.  In support of this 

Garcia et al. (1992) reported that addition of organic matter contains greater amount of 

enzymatic substrates for phosphatases and on their application to soils, these substrates 

reinstate microbial growth and enzyme production and consequently, mineral nutrients like 



130 
 

orthophosphate ions become available. Tarafdar et al. (1995) also reported increased 

rhizosphere enzyme activities including phosphatase, nitrogenase and dehydrogenase of 

cluster bean in a pot trial due to inoculation with phosphatase-producing fungal isolates. 

Provision of soil phosphates for plant growth by soil microorganisms have massive potential 

and application of  P containing inoculants in the form of microorganisms could help in 

making the accumulated phosphates available for plant growth through solubilization of  

inorganic P (Goldstein, 1986; Gyaneshwar et al., 2002) and/or  mineralization of organic 

phosphate (Rodriguez and Fraga, 1999). Similarly, Garg and Bahl (2008) have established a 

positive correlation between soil available P and rhizosphere soil phosphatase activity in the 

presence of organic manure. It was also noted that phosphatase activity decreased as maize 

crop reached at maturity, the results of which are in accordance with those obtained by Linue 

et al. (2009) while studying the effect of inoculation of cowpea with phosphate solubilizing 

strains Gluconacetobacter sp. and Burkholderia sp.  

The results of pot trials further showed that effect of inoculation was relatively better 

with farm yard manure application than no application and the strains performed better and 

improved growth and yield parameters of maize. This may be due to the microbial 

production of phosphatase enzymes which helped in the mobilization of organic P 

compounds owing to greater microbial mineralization of native and added organic matter 

(Rodriguez and Fraga, 1999; Jakobsen et al. 2005). These results are also in accordance with 

the findings of Tarafdar et al. (1995) and Afzal and banoo (2005) who found that inoculated 

plants produced more shoot dry weight as compared to uninoculated control. It was observed 

that strains showed different response to FYM application. Rhizobacterial strain PS-32 (a 

higher ACC-deaminase producer) significantly increased root dry weight in the absence of 

FYM where as PS-12 (a higher phosphatase producer) was able to increase root dry weight 

significantly when supplemented with FYM. However, the inoculation effect at manure level 

8 and 16 Mg ha-1 was statistically at par with each other in most of the growth and yield 

parameters. Egamberdiyeva. (2007) also suggested that microbes perform differently under 

the prevailing status of soil nutrients.   

Results regarding the effect of inoculation on the mineralization of organic P at 

harvest in pot trial demonstrated that inoculation with all the selected bacterial isolates 

caused significant decrease in total P and increased the mineralization of organic P both in 
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the absence and presence of FYM that consequently resulted in increased soil available P. 

However, the effect of inoculation was more influencing in the presence of organic 

amendment compared to sole application. The results are in accordance with those of Molla 

Chaudhry (1984), Tarafdar and Junk (1987), Dick et al. (1988b), Sakurai et al. (2008) and 

also with Fitriatin et al. (2011).  

Different physiological parameters such as photosynthetic rate, transpiration rate and 

water use efficiency etc. of the growing plant also determine the ability of selected isolates to 

affect different growth and yield aspects as well. In our study, it was also observed that 

inoculation with phosphatase producing bacterial isolates significantly improved the 

photosynthetic rate in maize. Han and his co-workers (2006) also established an increase in 

photosynthetic rate in pepper and cucumber in response to inoculation with phosphate 

solubilizing bacterial strain Bacillus megaterium var. phosphaticum. Transpiration rate 

directly affects the photosynthetic rate. Larger the values of transpiration rate greater will be 

the photosynthetic rate and ultimate results will be increased growth and yield of plants. The 

effect of inoculation on transpiration rate was more pronounced in the presence of FYM 

application. The production of photosynthates in plants depends on their water use efficiency 

(WUE). It is evident from the study that inoculation with phosphatase producing bacterial 

isolates significantly improved WUE in maize and also some other physiological parameters 

like  substomatal CO2 concentration and stomatal conductance in leaves. Likewise, Patil et 

al. (2006) reported an increase in WUE in response to inoculation with phosphate 

solubilizing rhizobacteria in relation to larger up take of P by french bean crop. 

Field trials 

As observed in pot trial, the isolate PS-12 (Bacillus sp.) was identified as the most 

effective and significantly increased the growth and yield of maize in field trials. Similarly, 

strain PS-01 (Burkholderai cepaceae) and PS-32 (Pseudomonas spp.) also significantly 

increased the growth and yield of maize under field conditions. The superiority of these 

strains has been related to their phosphatase activity, auxin production, ACC deaminase 

activity, root colonization ability and also chitinase activity which made them more 

competitive under field conditions. Ability of strains to inhibit pathogens may also be one of 

the factors that increased the ability of these strains to survive and increased the growth of 

maize under field conditions (Glick et al., 1995). 
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The isolates have variable effects for improving growth and yield of maize. In present 

study, out of the five rhizobacterial isolates used for inoculation of maize seeds, PS-01 

(Burkholderai cepaceae),  PS-12 (Bacillus sp.) and PS-32 (Pseudomonas sp.) were the most 

effective isolates for improving growth and yield of maize under field conditions both in the 

absence and presence of farmyard manure. The variation in growth promotion by these 

isolates might be attributed to variation in their efficiency to colonize the germinating roots 

and hydrolysis of organic compounds in addition to other useful traits such as ACC-

deaminase and indole acetic acid (IAA) production. It was also observed that isolates with 

more root colonization ability performed more promisingly than others (Naveed et al., 2008).  

Indole acetic acid has been implicated in increasing root growth as well as root 

length, resulting in greater root surface area which enables the plants to access more nutrients 

from soil solution (Principe et al., 2007). In the same context, Kumar et al. (2001) 

demonstrated that the inoculation with Azotobacter chroococcum mutants capable of 

phosphate solubilization and phytohormones production resulted in increased grain, straw, 

biological yield, 1000-grain weight and root biomass of wheat compared with control and 

concluded that use of these mutant strains might have led to greater solubilization of 

insoluble phosphates in the soil resulting in larger uptake of P. These characteristics (ACC-

deaminase activity, phosphate solubilization, indole acetic acid and root colonization ability) 

of rhizobacterial isolates to a certain extent explain why these isolates were much better in 

improving the growth and yield of maize in pot trial and under field conditions than the other 

isolates.  

Inoculation with all the selected isolates caused significant increase in available 

phosphorus and rhizosphere phosphatase activity in soil with and without FYM application at 

both sites. Rhizosphere phosphatase activity was positively correlated with mineralization of 

organic phosphorus in (r = 88), soil available P (r = 0.89) and with grain yield (r = 0.86) at 

site-I. Similarly, significant and positive correlations were found between rhizosphere 

phosphatase activity and soil available P (r = 0.86) and with grain yield (r = 0.88) at site-II. 

In previous researches, Tarafdar and Junk (1987) had also reported a positive correlation 

between phosphatase (acid and alkaline) activities and the depletion of organic phosphorus 

(mineralization) in the rhizosphere of clover (r = 0.97) and wheat (r = 0.99) and in case of 

wheat crop Dick et al. (1988b) also found a significant and positive correlation between 
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wheat yield and acid phosphatase activity. This research is also supported by Sakurai et al. 

(2008) and Fitriatin et al. (2011) who also established a positive correlation between 

phosphatase activity and available P content in response to inoculation with phosphatase 

producing bacteria. Like in pot trial, different physiological parameters such as 

photosynthetic rate (A), transpiration rate (E) and water use efficiency (WUE) were also 

increased in response to inoculation with phosphatase producing rhizobacterial isolates. 

Moreover, a decrease in organic P in soil was also noted in response to inoculation with 

selected bacterial isolates the results of which are in accordance with those of Tarafdar and 

Junk (1987) and also with Turan et al. (2007). 

It is concluded that application of phosphorus solubilizing rhizobacterial isolates has 

advantageous effects on growth and yield of maize. The highest seed yield of maize possible 

with P fertilizer was achieved in conjunction with phosphorus solubilizing rhizobacterial 

strains, while the combined effect of FYM and phosphorus solubilizing rhizobacterial strains 

showed maximum increase in seed yield. In situations where high seed yield is desired, an 

adequate supply of P is essential to optimize yields. Hence, the study suggests that 

inoculation in combination with P fertilizer and FYM has enormous potential to increase 

seed yield and yield components of maize and to improve the usage efficiency of chemical 

fertilizers. From this work it can be concluded that the native strains of rhizobacteria capable 

of solubilizing both organic and inorganic phosphates along with ACC-deaminase activity 

and auxin production isolated from rhizosphere soils could play an essential role in helping 

plants to establish and grow by mobilizing P from organic and inorganic P sources, by 

producing phosphatases and organic acids, respectively. This study also showed that these 

types of microorganisms may be an efficient and reliable biological product for growth and 

yield improvement under field conditions.  

4.10 Future directions 

Under existing conditions of phosphorus restrictions to the crop plants, the microbial 

inoculants are being investigated globally to make this essential element for plant 

bioavailable. As, phosphorus is found both as organic and inorganic forms in soil, therefore, 

efforts should be made to explore those microorganisms which could simultaneously 

solubilize these two pools of phosphorus. From the above discussion, it can be emphasized 

that during screening and selection strategies, those bacteria should be selected which show 
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multiple traits rather than having a single trait. The multiple traits could be included as 

phosphatase activity; plant growth regulators production and/or ACC-deaminase activity 

which could be more effective for selecting an effective PGPR for improving the nutrients 

availability for plant uptake and consequently,  to increase the growth and  yield of  crop 

plants under deficient nutrient availability situations. 

However, further work is needed to explore the effectiveness of this approach to make it 

more useful for plant growth. In particular, attention should be given to the following 

aspects. 

 Increasing the population of soil microbes with phosphate solubilization and or 

phosphatase production by root/seed inoculation or by soil inoculation.  

 These PGPR strains can be used for preparation of effective biofertilizer to enhance 

crop growth. 

 Physiological interaction between plant, microbes and P need to be further explored 

and could lead to develop statistical models to manage P deficient soils.  

 Manipulation of phosphorus solubilizing rhizobacteria on genetic bases is needed so 

as to increase their ability to improve plant growth that could be cloning genes 

implicated in both mineral and organic phosphate solubilization, followed by their 

expression in selected rhizobacterial strains. 

 Selection of endophytic bacteria containing phosphatase enzyme so that to protect the 

PGPR from environmental constraints. 
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CHAPTER VI                                                                SUMMARY 

 

 Phosphorus exists in soil as organic and inorganic forms. Most of the total P in soils is 

present in organic matter forms. Soil organic phosphorus (SOP) thus plays a major role in P 

nutrition of crops. Soil phosphatases are needed to hydrolyze soil organic phosphorus which 

convert it into inorganic forms before it can be utilized and taken up by plant roots from the 

soil solution.  This reaction is catalyzed by phosphatase enzymes present in soil, 

microorganisms, plant roots and in extracellular forms in soil. Phosphatase-catalysed 

reactions are involved in the hydrolysis of both esters and anhydrides of H3PO4. The main 

source of phosphatase activity in soil is considered to be microorganisms. It is well 

documented that soil microorganisms are helpful in releasing P from organic complexes of 

total soil P by mineralization and from inorganic pools through solubilization. Simultaneous 

release of organic acids and phosphatases by microorganisms could increase both P 

solubility, by releasing bound organic phosphates and its mineralization by escalating the rate 

of hydrolytic cleavage. Besides this, microorganisms could effectively increase the surface 

area of roots. Most of the soils contain phosphorus in insoluble compounds which is 

unavailable to plants. Large quantities of chemical fertilizers are used to replenish soil 

nutrients, resulting in high costs and severe environmental contamination. Phosphate 

solubilizing bacteria (PSB) may be important for plant nutrition by increasing P uptake by 

the plants and playing a significant role as plant growth promoting rhizobacteria (PGPR). 

Some phosphate solubilising bacteria also produce ACC-deaminase as a plant growth 

promoting enzyme. Soil microorganisms containing ACC-deaminase activity are helpful in 

increasing root elongation through lowering ethylene levels in plant roots by converting ACC 

into NH3 and α-ketobutyrate in plants. It is likely that increased root growth could help in 

larger uptake of P for better plant growth, consequently, the bacteria having ACC-deaminase 

activity along with phosphatase enzymes or auxin production (i.e. multitraits bacterial 

strains) capability could be more effective in increasing the P availability to plants and 

ultimately increase the yield. Significant work has been done worldwide on microbial 

solubilization of insoluble inorganic P compounds, such as dicalcium phosphate, tricalcium 

phosphate, hydroxyapatite and rock phosphate but there is scarcity of research work 

regarding the microbial mineralization of organic phosphorus pool in mineral soils in 

response to inoculation with phosphatase producing bacteria.  
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A series of studies to evaluate the response of rhizobacteria with the hypothesis that the 

inoculation with phosphatase producing bacteria would help in promoting growth of maize in 

the presence of organic matter were conducted. The results obtained are summarized as 

under: 

1. A total of 72 rhizobacterial strains from maize rhizosphere soils were isolated by using 

general purpose media. Colonies showing prolific growth were streaked on fresh medium 

and pure cultures were isolated and preserved in 20% glycerol at -20 °C. Fifteen isolates 

with phosphatase activity, auxin production and ACC-deaminase activity were selected. 
2.        The selected rhizobacterial strains were initially screened for their plant growth 

promoting activity by conducting jar trial under axenic conditions in the presence of 

organic matter using microbial phosphatases. Most of the rhizobacterial isolates 

improved growth of maize seedlings. Inoculation caused up to 40 % increase in shoot 

length over uninoculated control in maize and up to 59 % increase in root length of 

maize seedlings was recorded compared to uninoculated control.  

3. The rhizobacterial isolates showing promising results under axenic conditions were 

tested for their effectiveness in the presence of organic matter under natural 

conditions by conducting pot and field trials. Most of the rhizobacterial isolates 

selected through screening under axenic conditions also exhibited growth promoting 

activity in maize in pot as well as in field trials and increased growth and yield 

contributing parameters significantly as compared to uninoculated control.  

4. In case of pot trial, the effect of inoculation with selected bacterial isolates was more 

pronounced at higher manure levels. Moreover, the effect was more obvious on shoot 

length, root length, grain yield and straw yield of maize. Inoculation caused up to 16, 

11, 33 and 42 % increase in shoot length, root length, grain yield and straw yield of 

maize, respectively.  

5. Inoculation also significantly increased the rhizosphere phosphatase activity after 

each thirty days interval by 208, 231 and 189 % after each 30, 60 and 90 days after 

sowing, respectively. Also, up to 185 % increase in mineralization of organic P was 

obtained in response to inoculation.  

6. The effect of inoculation with rhizobacteria on nutrient contents of N and P in straw 

and grain was also significant and up to 18 and 26 % higher N contents in straw and 

grain were obtained, respectively over control whereas up to 24 and 27 % respective 
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increases in P contents in straw and grain were found in response to inoculation with 

bacterial isolates under field conditions. 

7.     Regarding physiological parameters, it was found that inoculation with phosphatase 

producing bacterial isolates also resulted in enhanced photosynthetic rate, 

transpiration rate and water use efficiency which were up to 142, 88 and 31 % higher 

than uninoculated control. 

8. Under field conditions, inoculation with phosphatase producing bacterial isolates 

resulted in significant increase in plant height; cob yield; plant biomass and grain 

yield of maize (up to 25, 31, 44 and 31%, respectively) as compared to uninoculated 

control in the presence of FYM.  

9. The isolates had variable effects for improving growth and yield of maize in the 

presence of organic matter. Overall, the performance of that isolate was found better, 

which had a good combination of many plant growth promoting traits such as 

phosphatase activity, ACC-deaminase activity, auxin production, chitinase activity 

and root colonization ability.   

10.    Regarding physiological parameters, it was found that inoculation with phosphatase 

producing bacterial isolates also resulted in enhanced photosynthetic rate, 

transpiration rate and water use efficiency which were up to 62, 28 and 30 % higher 

than uninoculated control. 

 11. In field trials phosphatase activity was also studied which showed that some isolates 

performed better than others and up to 102 % higher phosphatase activity was 

observed in response to inoculation in the presence of farmyard manure. 

12.       The effect of inoculation on mineralization of organic P in soil was also positive and 

up to 69 % higher mineralization of organic P was noted in response to inoculation in 

the presence of farmyard manure. 

      13. The effect of inoculation with rhizobacteria on nutrient contents of N and P in straw 

and grain was also significant and up to 26, 18 % higher N contents in straw and grain 

were obtained, respectively over control whilst 32 and 36 % respective increases in P 

contents in straw and grain were found in response to inoculation with bacterial 

isolates under field conditions. 
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APPENDICES 

 

Appendix- 1: Effect of selected bacterial isolates on growth parameters of maize seedlings under 

axenic conditions.     (Average of three repeats) 

 
Bacterial 
Isolates 
 

Shoot parameters Root parameters 

Shoot 

length 

(cm) 

Shoot 

fresh 

weight 

(g) 

Shoot 

dry weight 

(g) 

Root length 

(cm) 

Root 

fresh 

weight 

(g) 

Root 

dry  weight 

(g) 

Control 38.27 f 1.33 e 0.127 g 16.20 e 0.733 h 0.136 f 

PS-01 51.97  a 2.34 b 0.207 ab 23.83 ab 1.220 b 0.240  a 

PS-07 47.43 c 1.85 d 0.160 d-g 20.13 d 0.917 ef 0.168 b-f 

PS-12 53.47  a 2.06  c 0.216 a 25.60 a 1.450 a 0.255 a 

PS-17 48.53 bc 1.84  d 0.172  cd 22.03 b-d 0.863 fg 0.178 b-f 

PS-21 39.70  ef 1.83  d 0.160 d-g 21.17  cd 0.733 h 0.202 a-e 

PS-30 47.17   c 1.88 cd 0.167 c-e 21.73 b-d 0.987 d-f 0.206  a-c 

PS-31 47.23  c 1.94  cd 0.134  e-g 22.63 bc 0.967 d-f 0.144  d-f 

PS-32 51.23 ab 1.98  cd 0.197 a-c 25.73 a 1.163 bc 0.244  a 

PS-40 41.97 de 1.40 e 0.170 c-e 17.33  e 0.967 d-f 0.168 b-f 

PS-41 51.13 ab 2.03 cd 0.175  b-d 23.57 ab 1.177  bc 0.213  ab 

PS-51 50.83 ab 2.64  a 0.183 a-d 23.03 bc 1.080  cd 0.205  a-d 

PS-52 42.63 de 1.35 e 0.166 c-f 16.23 e 0.903  ef 0.145    c-f 

PS-60 38.43  f 1.84  d 0.166 c-e 16.37  e 0.743 gh 0.143   ef 

PS-63 43.37  d 1.88  cd 0.161 c-g 21.00  cd 1.020  de 0.203 a-e 

PS-71 48.50 bc 1.34 e 0.129 fg 22.83 bc 0.743 gh 0.200 a-e 

LSD 3.2852 0.2074 0.0368 2.3444 0.1245 0.0616 
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Appendix- 2: Effect of selected bacterial isolates on percent increase over control growth parameters 

of maize seedlings under axenic conditions. 

 
Bacterial Isolates 
 

Shoot length Shoot 
fresh weight 

Shoot 
dry weight 

Root length 
 

Root 
fresh weight 

Root 
dry  weight 

----------------------------------Percent increase over control-------------------------------- 

PS-01 36 77 63 47 66 77 

PS-07 24 39 25 24 25 24 

PS-12 40 55 69 58 98 88 

PS-17 27 39 35 36 18 31 

PS-21 4 38 25 31 - 49 

PS-30 23 42 31 34 35 52 

PS-31 23 46 5 40 32 6 

PS-32 34 49 55 59 59 80 

PS-40 10 6 34 7 32 24 

PS-41 34 53 37 45 60 57 

PS-51 33 99 44 42 47 51 

PS-52 11 2 30 0 23 7 

PS-60 - 38 31 1 1 5 

PS-63 13 42 26 30 39 50 

PS-71 27 1 1 41 1 47 

 

Pot trial 

Appendix- 3: Effect of inoculation with selected isolates on percent increase over control of plant 
height, shoot fresh weight, shoot dry weight & root length of maize at different manure levels in a pot 

trial 

Isolates 
Plant height Shoot fresh weight  Shoot dry weight Root length

Farmyard manure (Mg ha-1)
0 8 16 0 8 16 0 8 16 0 8 16 

----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 8 14 16 11 11 10 32 26 34 10 9 11 
PS-12 8 13 12 10 13 13 24 34 33 9 8 10 
PS-32 7 8 7 12 10 15 33 32 42 10 6 9 

PS-41 4 7 6 5 9 8 21 17 19 8 7 7 
PS-51 8 9 7 6 15 10 22 35 30 11 8 10 
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Appendix- 4: Effect of inoculation with selected isolates on percent increase over control of root fresh          
weight, root dry weight, 100-grain weight and grain yield of maize at different manure 
levels in pot trial 

Isolates 
Root fresh weight Root dry weight 100-grain weight Grain yield 

Farmyard manure (Mg ha-1)
0 8 16 0 8 16 0 8 16 0 8 16 

----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 6 8 20 11 12 29 13 14 26 22 30 24 
PS-12 4 13 10 10 14 13 16 21 25 6 33 33 
PS-32 9 6 13 12 7 10 21 17 22 23 19 14 
PS-41 2 6 3 7 7 3 12 16 20 1 2 - 
PS-51 4 8 5 8 9 11 21 18 24 4 6 3 
 
Appendix- 5: Effect of inoculation with selected isolates on percent increase over control of nitrogen     

content in straw, nitrogen content in grain, phosphorus content in straw and grain of 
maize at different manure levels in a pot trial 

Isolates 
N content in straw N content in grain P content in straw P content in grain 

Farmyard manure (Mg ha-1)
0 8 16 0 8 16 0 8 16 0 8 16 

----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 7 15 18 5 26 23 15 17 22 24 27 27 
PS-12 4 16 16 13 25 26 13 17 24 21 27 25 
PS-32 12 10 11 4 22 25 15 16 20 25 28 23 

PS-41 2 7 7 6 16 17 9 10 17 19 25 21 
PS-51 4 14 14 17 16 20 11 16 20 25 26 24 

 

Appendix- 6: Effect of inoculation with phosphatase producing bacterial on percent increase over control 
of rhizosphere soil phosphatase activity after 30, 60 and 90 days of sowing mineralization of 
organic P in soil in a pot trial 

Isolates 
Rhizosphere 

phosphatase activity 
30 days of sowing 

Rhizosphere
phosphatase activity 

60 days of sowing

Rhizosphere
phosphatase activity 

90 days of sowing

Mineralization of 
organic P in soil 

Farmyard manure (Mg ha-1)
0 8 16 0 8 16 0 8 16 0 8 16 

----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 54 88 122 75 210 206 53 121 177 111 168 147 
PS-12 63 59 208 66 212 231 58 106 189 110 187 185 
PS-32 69 57 173 73 198 195 48 91 118 90 159 141 
PS-41 23 7 88 12 161 156 10 75 78 58 158 138 
PS-51 60 55 100 62 178 191 14 76 129 85 163 145 
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Appendix- 7: Effect of inoculation with phosphatase producing bacterial isolates on percent increase 
over control of soil available phosphorus; photosynthetic rate; transpiration rate and 
water use efficiency of maize in a pot trial 

Isolates 
Soil available 
phosphorus 

Photosynthetic rate Transpiration rate Water use efficiency

Farmyard manure (Mg ha-1)
0 8 16 0 8 16 0 8 16 0 8 16 

----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 11 31 49 72 160 142 32 103 84 31 29 31 
PS-12 10 38 62 80 207 139 31 119 86 38 40 28 
PS-32 9 24 44 95 134 114 47 89 86 33 24 16 
PS-41 6 12 29 37 77 87 27 68 86 8 6 1 
PS-51 7 21 41 96 92 123 42 53 88 38 25 19 

 

Appendix- 8: Effect of inoculation with phosphatase producing bacterial isolates on percent increase 
over control of substomatal CO2 concentration and stomatal conductance of maize in 
a pot trial 

Isolates 
Substomatal CO2  concentration Stomatal conductance 

Farmyard manure (Mg ha-1)
0 8 16 0 8 16 
----------------------------------Percent increase over control--------------------------------

Control ----- ----- ----- ----- ----- ----- 
PS-01 47 78 76 17 37 44 
PS-12 15 72 83 39 6 56 
PS-32 71 60 63 22 51 37 
PS-41 5 16 60 3 - 15 
PS-51 64 32 63 11 2 52 

 

Field trials 

Appendix- 9: Effect of inoculation with phosphatase producing bacterial isolates on percent increase over 
control of plant height and 1000-grain weight in the presence and absence of farmyard manure 
(FYM) in field trials 

Isolates 
Plant height 1000-grain weight 

Site-I Site-II Site-I Site-II 

Without  

FYM 

With  

FYM 

Without  

FYM 

With 

FYM 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 
----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 15 23 19 31 5 13 9 14 
PS-12 12 22 18 24 5 13 9 14 
PS-32 12 25 23 23 5 11 10 10 
PS-41 10 19 16 18 3 5 7 6 
PS-51 16 20 19 25 5 9 8 11 
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Appendix- 10: Effect of inoculation with phosphatase producing bacterial isolates on percent increase over 
control of grain yield and plant biomass of maize in the presence and absence of farmyard 
manure (FYM) in field trials 

Isolates 
Grain yield Plant biomass 

Site-I Site-II Site-I Site-II 
Without  

FYM 

With  

FYM 

Without  

FYM 

With 

FYM 

Without 

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 
----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 16 29 12 22 36 17 35 20 
PS-12 15 27 13 24 22 28 33 27 
PS-32 14 19 16 11 29 21 24 42 
PS-41 5 10 5 7 17 16 19 25 
PS-51 14 11 12 8 32 44 38 37 

 
Appendix- 11: Effect of inoculation with phosphatase producing bacterial isolates on percent increase over 
control of cob yield and straw nitrogen of maize in the presence and absence of farmyard manure (FYM) in field 
trials 

Isolates 
Cob yield Straw nitrogen 

Site-I Site-II Site-I Site-II 
Without  

FYM 

With  

FYM 

Without  

FYM 

With 

FYM 

Without 

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 
----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 31 27 21 31 13 19 3 20 
PS-12 29 30 22 25 9 26 1 17 
PS-32 27 23 23 16 6 19 5 11 
PS-41 23 15 16 13 5 17 1 10 
PS-51 27 23 19 24 7 18 2 11 
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Appendix- 12: Effect of inoculation with phosphatase producing bacterial isolates on percent increase over 

control of N concentration in grain and P concentration in straw of maize in the presence and 
absence of farmyard manure (FYM) in field trials 

Isolates 
N concentration in grain P concentration in straw 

Site-I Site-II Site-I Site-II 
Without  

FYM 

With  

FYM 

Without  

FYM 

With 

FYM 

Without 

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 
----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 12 18 10 12 20 32 13 21 
PS-12 14 16 9 14 24 31 11 22 
PS-32 14 17 11 10 23 28 6 18 
PS-41 11 16 5 7 10 27 5 18 
PS-51 11 18 9 11 13 28 7 20 

 
 
Appendix- 13: Effect of inoculation with phosphatase producing bacterial isolates on percent increase over 

control of P concentration in grain and photosynthetic rate of maize in the presence and 
absence of farmyard manure (FYM) in field trials 

Isolates 
P concentration in grain Photosynthetic rate 

Site-I Site-II Site-I Site-II 
Without  

FYM 

With  

FYM 

Without  

FYM 

With 

FYM 

Without 

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 
----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 32 32 33 36 33 62 21 48 
PS-12 29 35 34 36 28 61 26 49 
PS-32 31 34 30 32 21 42 31 35 
PS-41 28 30 29 31 20 22 12 19 
PS-51 30 33 33 35 36 39 15 27 

 
Appendix- 14: Effect of inoculation with phosphatase producing bacterial isolates on percent increase over 

control of transpiration rate and water use efficiency of maize in the presence and absence of 
farmyard manure (FYM) in field trials 

Isolates 
Transpiration rate Water use efficiency 

Site-I Site-II Site-I Site-II 
Without  

FYM 

With  

FYM 

Without  

FYM 

With 

FYM 

Without 

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 
----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 6.9 24.7 2.7 20.3 25 30 17 23 
PS-12 5.3 28.0 10.4 19.8 22 26 14 24 
PS-32 2.6 17.7 11.8 12.9 17 23 18 20 
PS-41 1.4 17.1 1.7 3.2 19 4 10 16 
PS-51 10.6 17.1 8.1 4.6 23 16 6 21 
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Appendix- 15: Effect of inoculation with phosphatase producing bacterial isolates on percent increase over control of 

substomatal CO2 concentration & substomatal conductance of maize in the presence and absence of 
farmyard manure (FYM) in field trials 

Isolates 
Substomatal CO2 concentration Substomatal conductance 

Site-I Site-II Site-I Site-II
Without  

FYM 

With  

FYM 

Without  

FYM 

With 

FYM 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 
----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 18 41 11 33 43 88 63 91 
PS-12 9 36 10 34 38 85 44 95 
PS-32 11 36 20 22 55 45 42 59 
PS-41 7 27 5 21 16 20 20 24 
PS-51 24 28 14 24 41 49 78 48 

 
 
Appendix- 16: Effect of inoculation with phosphatase producing bacterial isolates on percent increase over control of 

rhizosphere phosphatase activity & mineralization of organic P in soil in the presence and absence of 
farmyard manure (FYM) in field trials 

Isolates 
Rhizosphere phosphatase activity Mineralization of organic P 

Site-I Site-II Site-I Site-II
Without  

FYM 

With  

FYM 

Without  

FYM 

With 

FYM 

Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 
----------------------------------Percent increase over control-------------------------------- 

Control ----- ----- ----- ----- ----- ----- ----- ----- 
PS-01 63 71 22 102 30 40 35 69 
PS-12 47 79 53 80 29 66 42 37 
PS-32 35 44 36 35 24 39 42 20 
PS-41 27 36 11 15 12 23 17 16 
PS-51 34 50 25 43 18 24 9 35 

 

Appendix- 17: Effect of inoculation with phosphatase producing bacterial isolates on percent increase over control of 
available P in soil in the presence and absence of farmyard manure (FYM) in field trials 

Isolates 
Available phosphorus in soil 

Site-I Site-II 
Without  

FYM 

With  

FYM 

Without  

FYM 

With  

FYM 
----------------------------------Percent increase over control--------------------------------

Control ----- ----- ----- ----- 
PS-01 16 34 23 23 
PS-12 25 27 20 34 
PS-32 2 22 5 16 
PS-41 3 14 4 14 
PS-51 12 25 7 18 
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Appendix 18: Comparison of agronomical parameters between manure and no manure levels in field trials 

FYM 

Agronomical Parameters 

Site-I Site-II 
Plant height Biological yield Cob yield Grain yield 1000-grain 

weight 
Plant height Biological yield Cob yield Grain yield 1000-grain 

weight 

No manure 221.9 B 24.4 B 10.3 B 8.8 B 291.5 B 212.1 B 21.5 B 9.7 B 7.8 B 267.6 B
Manure 252.6 A 28.8 A 11.3 A 9.9 A 310.3 A 236.2 A 25.8 A 10.5 A 8.9 A 285.4 A

LSD 19.139 3.7022 0.7829 0.2810 7.3887 10.194 0.8727 0.7801 0.2073 9.4168

 
Appendix 19: Comparison of agronomical parameters among the selected isolates in field trials 

Parameters 

Isolates 

Site-I Site-II 
Control PS-01 PS-12 PS-32 PS-41 PS-51 Control PS-01 PS-12 PS-32 PS-41 PS-51 

Plant height 206.9 B 246.4 A 242.0 A 246.2 A 237.3 A 244.5 A 189.8 B 236.9 A 230.3 A 234.1 A 222.5 A 231.4 A

Biological yield 21.8 C 27.4 AB 27.4 AB 27.3 AB 25.4 B 30.2 A 18.9  C 24.0 AB 24.5 AB 22.2 AB 23.2 B 26.1 A 

Cob yield 8.9 C 11.5  A 11.5 A 11.1 AB 10.6 B 11.1 AB 8.6 C 10.8  A 10.6 AB 10.2 AB 9.9 B 10.5 AB 

Grain yield 8.2 D 10.1  A 10.0 A 9.6 AB 8.9 C 9.3 BC 7.5 D 8.9  A 8.9  A 8.5  AB 8.0 C 8.3  BC 

1000-grain weight 283.4 C 308.6 A 308.9 A 305.7 AB 295.6 B 303.3 AB 255.5 B 284.9 A 284.9 A 280.7 A 271.9 A 280.9 A 

 
Appendix 20: Comparison of physiological parameters between manure and no manure levels in field trials 

FYM 

Physiological Parameters 

Site-I Site-II 
Photosynthetic  

Rate 
 (A) 

Transpiration 
Rate 
(E) 

Water use 
efficiency  

(A/E) 

Substomatal 
CO2 

concentration 
(Ci) 

Substomatal 
conductance 

(gs) 

Photosynthetic  
Rate 
 (A) 

Transpiration 
Rate (E) 

Water use 
efficiency 

(A/E) 

Substomatal 
CO2 

concentration 
(Ci) 

Substomatal 
conductance  

(gs) 

No manure 19.1   B 5.33 B 3.59   B 154.8 B 0.185 B 16.3 B 5.10 B 3.19 B 147.4 B 0.188  B
Manure 24.9 A 6.06 A 4.09 A 184.7 A 0.262 A 22.9 A 5.79 A 3.94 A 173.1 A 0.255  A

LSD 1.1204 0.1515 0.3772 10.550 0.0746 1.2717 0.2741 0.4619 4.0212 0.0511
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Appendix 21: Comparison of physiological parameters among the selected isolates in field trials 

Parameters 
Isolates 

Site-I Site-II 

Control PS-01 PS-12 PS-32 PS-41 PS-51 Control PS-01 PS-12 PS-32 PS-41 PS-51 
Photosynthetic  Rate (A) 16.8  E 25.0 A 24.5 AB 22.2   C 20.3   D 23.1 BC 15.8    C 21.4  A 21.9  A 21.0  A 18.3 B 19.15   B 
Transpiration Rate (E) 5.12  B 5.9 A 5.9  A 5.64  A 5.59  A 5.90  A 5.04  C 5.64 A 5.81  A 5.66  A 5.16 BC 5.36   B 

Water use efficiency (A/E) 3.28  C 4.19 A 4.07  A 3.94 AB 3.64  BC 3.91  AB 3.12   B 3.75  A 3.72 A 3.71  A 3.53 A 3.56 A 
Substomatal CO2 concentration (Ci) 141.7 D 183.5 A 173.5   B 175.8 B 165.8   C 178.2 AB 137.7   D 168.5  A 168.7 A 166.7  AB 156.2 C 163.8  B 

Substomatal conductance (gs) 0.158 C 0.267 A 0.260 A 0.237 AB 0.188  BC 0.230 AB 0.150   D 0.268  A 0.259 AB 0.227   B 0.184   C 0.242 AB 

 
 

Appendix 22: Comparison of nutrient contents between manure and no manure levels in field trials 

FYM 

Physiological Parameters 

Site-I Site-II 
N in Straw 

(%) 
N in Grain 

(%) 
P in Straw 

(%) 
P in Grain 

(%) 
Available 
P in soil 
(mg/kg) 

N in Straw 
(%) 

N in Grain 
(%) 

P in Straw 
(%) 

P in Grain 
(%) 

Available P 
in soil 

(mg/kg) 

No manure 0.705 B 1.90 B 0.608 B 1.19 B 13.4 B 0.671 B 1.76 B 0.529 B 1.18  B 12.3  B 
Manure 0.795 A 1.98 A 0.672 A 1.28 A 15.8 A 0.748 A 1.85 A 0.600 A 1.27  A 15.0  A 

LSD 0.0090 0.0084 0.0055 0.037 0.236 0.010 0.021 0.017 0.023 0.762 

 
Appendix 23: Comparison of nutrient contents among the selected isolates in field trials 

Parameters 
Isolates 

Site-I Site-II 
Control PS-01 PS-12 PS-32 PS-41 PS-51 Control PS-01 PS-12 PS-32 PS-41 PS-51 

N in Straw (%) 0.672 E 0.781  B 0.788  A 0.758 C 0.748 D 0.755 C 0.664 E 0.742  A 0.726  B 0.716  BC 0.699     D 0.709    CD

N in Grain (%) 1.733 C 1.99  A 1.995  A 2.0 A 1.97 B 1.99  A 1.67    C 1.86  A 1.86  A 1.84  A 1.769   B 1.84 A 

P in Straw (%) 0.534    C 0.675  A 0.682  A 0.672 A 0.634   B 0.645  B 0.505   C 0.592  A 0.590  A 0.566   B 0.563   B 0.572   B 

P in Grain (%) 0.980    C 1.29  AB 1.30  A 1.30 A 1.26   B 1.29  AB 0.962   C 1.29 A 1.30  A 1.26   B 1.25  B 1.29  A 

Available P in soil 
(mg/kg) 

12.7   D 15.9  A 16.0  A 14.3 C 13.8 C 15.0   B 12.0    C 14.7 A 15.2  A 13.2  B 13.1   B 13.5   B 

 

 



169 
 

Appendix 24: Multiple regression analyses in plant growth 
 

Regression Analysis: Root length (R.L) versus Auxin (IAA), phosphatase activity (PAc) & ACC-deaminase       
activity (ACCdy) of selected bacterial isolates in a pot trial. 

 
 The regression equation is 
                                                        R.L = 101.997 + (0.145 * IAA) + (0.00253 * PAc) + (0.0132 * ACCdy) 
                
Predictor Coefficient Std. Error t P 
Constant 101.997 1.424 71.628 <0.001 
IAA 0.145 0.0829 1.749 0.086 
PAc 0.00253 0.108 0.0234 0.981 
ACCdy          0.0132          0.00958   1.382       0.173 

 
R = 0.567                       Rsqr = 0.321                     Adj Rsqr = 0.280 

 
                                                         Analysis of Variance: 
 
Source DF SS MS F P 
Regression 3 480.212 160.071 7.877 <0.001 
Residual 50 1016.041 20.321   
Total 53 1496.253 28.231   

 
Regression Analysis: Grain yield (G.Y) versus Auxin (IAA), phosphatase activity (PAc) & ACC-deaminase   

activity (ACCdy) of selected bacterial isolates in a pot trial. 
 

The regression equation is 
 
                                                         G.Y = 37.480 + (0.240 * IAA) + (0.503 * PAc) + (0.0128 * ACCdy) 
 
Predictor Coefficient Std. Error t P 
Constant 37.480 1.520 24.663 <0.001 
IAA 0.240 0.0885 2.706 0.009 
PAc 0.503 0.115 4.358 <0.001 
ACCdy 0.0128 0.0102 1.255 0.215 

 
R = 0.646                Rsqr = 0.418         Adj Rsqr = 0.383 

 Analysis of Variance: 
Source DF SS MS F P 
Regression 3 830.073 276.691 11.955 <0.001 
Residual 50 1157.185 23.144   
Total 53 1987.258 37.495   

 
 

Regression Analysis: Plant height (P.H) versus Auxin (IAA), phosphatase activity (PAc) & ACC-deaminase 
 activity (ACCdy) of selected bacterial isolates in field trial. 

 
The regression equation is 
 
                                               P.H = 128.475 + (0.135* IAA) + (0.201* PA) + (0.0111* ACCdy) 
 
Predictor Coefficient Std. Error t P 
Constant 128.475 2.390 53.763 <0.001 
IAA 0.135 0.139 0.970 0.337 
PAc 0.201 0.181 1.106 0.274 
ACCdy 0.0111 0.0161 0.690 0.493 

 
R = 0.580                        Rsqr = 0.337                Adj Rsqr = 0.297 
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Analysis of Variance: 
Source DF SS MS F P 
Regression 3 1451.301 483.767 8.453 <0.001 
Residual 50 2861.362 57.227   
Total 53 4312.663 81.371   

 
Regression Analysis: Biological yield (B.Y) versus Auxin (IAA), phosphatase activity (PAc) & ACC-

deaminase activity (ACCdy) of selected bacterial isolates in a field trial. 
 
The regression equation is 
                                                B.Y = 21.742 + (0.0784 * IAA) + (0.119 * PAc) + (0.0250 * ACCdy) 
 
Predictor Coefficient Std. Error t P 
Constant 21.742 1.355 16.048 <0.001 

IAA 0.0784 0.0789 0.994 0.328 
PAc 0.119 0.103 1.159 0.255 
ACCdy 0.0250 0.00911 2.744 0.010 

 
R = 0.595                     Rsqr = 0.354               Adj Rsqr = 0.294 

Analysis of Variance: 
Source DF SS MS F P 
Regression 3 215.282 71.761 5.852 0.003 
Residual 32 392.425 12.263   
Total 35 607.707 17.363   

 
 
 

Regression Analysis: Grain yield (G.Y) versus Auxin (IAA), phosphatase activity (PAc) & ACC-deaminase 
activity (ACCdy) of selected bacterial isolates in a field trial. 

 
  The regression equation is 
                                                       G.Y = 8.174 + (0.00930 * IAA) + (0.0440 * PAc) + (0.000840 * ACCdy) 
 
Predictor Coefficient Std. Error t P 
Constant 8.174 0.289 28.305 <0.001 
IAA 0.00930 0.0168 0.553 0.584 
PAc 0.0440 0.0219 2.007 0.053 
ACCdy 0.000840 0.00194 0.432 0.668 

R = 0.662                 Rsqr = 0.438           Adj Rsqr = 0.386 

                                              
  Analysis of Variance: 
Source DF SS MS F P 
Regression 3 13.920 4.640 8.329 <0.001 
Residual 32 17.827 0.557   
Total 35 31.747 0.907   
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