
4. RESULTS AND DISCUSSION 



Results and Discussion 

4.1. Physicochemical properties of soU samples 

4.1.1. Results 

Soil samples collected from the rhizospheric areas of crops and trees 

were analysed for physicochemical properties like pH, organic carbon, 

available NPK, water holding capacity and soil moisture content which 

generally govem the fertility status of soil. 

Table 4.1. Physico-chemical properties of rhizospheric soil samples 
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Table 4.1 shows the physicochemical properties of collected 

rhizospheric soils from different sampling sites. All the soils showed acidic 

pH which varied from 5.11 to 6.10, the lowest pH was found in soil of 

Rimbick Busty and the highest pH in the soil of Singla Tea Estate. Total soil 

carbon content varied from 1.92% to 3.98%. The maximum carbon content 

was found in Rimbick Busty while the minimum was recorded in Singla Tea 

Estate. Total soil nitrogen varied from 88.2% to 129.2%. The minimum value 

of nitrogen content was found in Singla Tea Estate while the maximum was 

recorded in Rimbick Busty. Total soil phosphorus varied from 29.7% to 

35. 7%, Singla Tea Estate showed the lowest while Birch hill forest showed 

the highest. Total soil potassium (kgfha) varied form 257.3% to 340.2%. The 

maximum value of potassium content was found in Pokhriabong Busty soils 

while the minimum was observed with Rimbick Busty soils. Water holding 

capacity varied from 32.6% to 54.2%. Singla Tea Estate showed minimum 

value while Rimbick Busty showed maximum value. The moisture content in 
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soils varied from 9.5% to 25%. Singla Tea Estate had the lowest value while 

the Rim hick Busty had the highest value. 

4.1.2. Discussion 

All the soil samples collected from study sites of Darjeeling hills 

showed acidic pH in the range of 5.11- 6.10 which are common in the hills 

due to sloppy elevation and high rainfall and such conditions in many 

tropical and subtropical soils are more critical due to the fact that the acidic 

nature of these soils which increases the rate of sorption (fJXation) and 

immobilization of P (Fankem et. al., 2006). 

The soil analysis result shows a variable phosphate content in all soil 

samples varying from 29.7 to 35.7 (kgjha). The physico-chemical analysis of 

the soil samples indicated high P content in relation with pH of the soils in 

case of Mangwa Busty, Pokhriabong Busty and Rimbick Busty, whereas the 

soil samples from Birch Hill Forest showed highest phosphate content 

relation to pH of the soils. The soil of Singla Tea Estate showed highest 

and low phosphate content. The first four soil samples showed low Organic 

Carbon (OC) content ranging from 1.92% to 2.38%, whereas soil sample 

from Rimbick Busty indicated high OC content which may be contributed by 

decaying biomass. 

Pepper plants are co-cultivated with several species of tree plantation 

crops like coconut, coffee, areca, tea, and sesbania (Seshachala & 

Tallapragada, 2012) showed low nutrition levels. It has been reported that 

hilly regions where pepper cultivation is extensive, have a sloppy terrain 

resulting in soil losing its nutrition (Hamza et. al., 2007). 

In our study available phosphorus is one-tenth of potassium. Previous 

studies reported that generally total phosphorus level of soils is low, which is 

usually no more than one-tenth to one-fourth of nitrogen, and one twentieth 

of potassium (Jones and Eva, 20 11). 

Soil moisture content was lowest in Singla Tea Estate, which may be 

attributed to the fact that it has no proper vegetational cover and thus more 

area is exposed to the sunlight. The lowest soil pH value in Rimbick Busty 

might be due to more leaf fall from the shade trees in the area, which on 

decomposition makes the soil more acidic. The low soil OC content was 

observed in Singla Tea estate (1.92%) might be due to the thin vegetal cover 
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resulting into little/no leaf fall. No significant difference was found in OC 

content which might be due to the little variation in the type ofvegetation. 

There was wide variation in the moisture content and water holding 

capacity among the soil samples of different sites which may be attributed to 

the variation in the soil types and the type of cultivations as well as amount 

of decomposing biomass. 

As reported by other workers (Malakooti and Nafisi, 1995) the organic 

content of the soil positively influenced the presence of phosphate 

solubilisers in the rhizospheric soils yielding greater numbers of these 

organisms than in the non rhizospheric soils. Phosphate solubilisation 

occurs less rapidly in acidic soils (Ouahmane et. al., 2000; Caracava et. al., 

2004). 

Low available phosphate content in all the soils may be attributed to 

the long term application of super phosphate in cropping fields 

simultaneous fixation to insoluble forms enhanced by acidic nature of soil. 

4.2. Isolation of phosphate solubilising microorganisms 

4.2.1. Results 

Table 4.2: Sampling sites and designation of different PSB isolates 

Sl. Sampling sites No. of colonies Designation of 
no. showing clearing isolates 

zones 
1. Singla Tea Estate, 4 GCS1, GCS2, GCS3, 

Drujeeling GCS4 
2. Mangwa Busty, 5 GCM1,GCM2, GCM3, 

Kalimpong GCM4, GCM5 
3. Rimbick Busty, 4 GCH1, GCH2, GCH3, 

Drujeeling GCH4 
4. Pokhriabong 6 GCO 1, GC02, GC03, 

Busty, Drujeeling GC04,GC05,GC06 
5. Birch Hill Forest, 5 GCF1, GCF2, GCF3, 

Q~eeling GCF4, GCF5 

Rhizospheric soil samples from different crops and forest trees were 

collected and screened for phosphate solubilising microorganisms in 

Pikovskaya's agar. Twenty four strains were selected on the basis of 

presence of clearing zones around the colonies in PKV agar for further 
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study. All of them were found to be bacteria. Sampling sites and designation 

of PSB are described in Table 4.2. 

4. 2. 2. Discussion 

Present study indicated the presence of low numbers of phosphate 

solubilisers in all sampling sites. A large proportion of the bacterial 

phosphate-solubilising (PS) population is found in the rhizosphere of plants 

(Sperber, 1958a). However, the PS bacteria, when viewed as a percentage of 

the total soil microbial population, were not found to constitute a 

significantly larger proportion of the rhizosphere microbial population 

(Sperber, 1958a; Katznelson and Bose, 1959). Kobus (1962) reported that 

the numbers of PSB in a soil were influenced more by soil type and the 

manner of its cultivation than by the physical composition or content of 

humus, N or P in the soil. The populations of inorganic phosphate 

solubilising microorganisms are sometimes very low, less than 102 cfujg of 

soil as observed in a soil in Northern Spain (Peix et. al., 2001). In four 

Quebec soils the number of root free PSM ranged from 2.5 to 3.0 x 

106cfujg of soil and they represented from 26 to 46% of the total soil 

microflora (Chabot et. al., 1993). As observed with other soil microbes the 

number of PSM is more important in the rhizosphere than in non

rhizosphere soil (Kucey et. al., 1989), and the number of phosphate 

solubilising bacteria is more important than that of fungi (Kucey, 1983). PSM 

occur in both fertile and phosphate deficient soils and the fastest initial 

rates of phosphate incorporation were observed in phosphate deficient 

soils (Oehl et. al., 2001). 

Fungi isolated from southern Alberta soils were found to be more 

active phosphate-solubilisers than bacterial isolates (Kucey, 1983) but on 

the contrary in the present study all the microorganisms isolated and 

characterised as phosphate solubilisers were bacteria. In our study no fungi 

with phosphate solubilising activity could be isolated during the study 

period. One of the reasons for this may be the use of antifungal agents in 

the crop fields. Among the whole microbial population in soil, PSB constitute 

1 to 50 %, while phosphorus solubilising fungi (PSF) are only 0.1 to 0.5 % 

with P solubilisation potential (Chen et. al., 2006). Among the soil bacterial 

communities, ectorhizospheric strains from Pseudomonas and Bacilli and 

endosymbiotic rhizobia have been described as effective phosphate 
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solubilisers (Igual et. al., 2001). Out of the efficient four PSB isolates 

identified in this study two are the species of Bacillus (Bacillus sp. - GCM1 

and Bacillus cereus- GCS2), one species of Pseudomonas (GCM2) and one 

novel species of Kurthia (GCS1). Occurrence of Bacillus spp. (GCMl and 

GCS2) in the rhizospheric soil in the hills with adverse edaphic factors like 

low temperature and pH was justified by their endospore forming property. 

Currently, researchers have described the phosphate solubilisation by 

Bacillus species because of their rapid colonization in the rhizosphere and 

stimulation of plant growth (Sindhu et. al., 2002) and also because they offer 

unique characteristics (e.g. stress-resistant spores) which may be 

appropriate for seed inoculants (DeFreitas et. al., 1997). Bacillus subtilis was 

found to be dominant phosphate solubilisers among bacteria isolated from 

Piper rhizosphere (Seshachala and Tallapragada, 2012). On the other hand 

phosphate solubilising efficiency of non-spore forming Gram-negative species 

like Pseudomonas isolated as PSB in this study may be attributed to their 

long term adaptation in adverse environmental conditions and compatibility 

to rhizospheric environment. Kurthia sp. is reported for the first time as 

phosphate solubilising bacteria (PSB) after confirming their capacity to 

solubilise considerable amount of tricalcium phosphate in the PKV medium. 

All the PSB strains were isolated from agricultural/plantation soils as earlier 

reports also showed that larger populations of PSB are found in agricultural 

and rangeland soils (Yahya and Azawi, 1998). Talukdar and Borthakur 

( 1981) recorded presence of efficient phosphate solubilising microorganisms 

in rhizosphere of indigenous rice varieties of Assam. The phosphate 

solubilising microbes, which include bacteria, fungi and actinomycetes, are 

ubiquitous and their number and type varies with soil, climate and 

vegetation. It has been reported that the highest numbers of PSM depends 

on the cultural activities and the different soil properties like physical and 

chemical properties and the content of organic matter and soil P (Yahya and 

Azawi, 1998). PSMs have been isolated from soil of various plants such as 

walnut (Xuan Yu et. al., 2011), rice (Chailharn and Lumyong, 2009), 

mustard (Chandra et. al., 2007), oil palm (Fankem et. al., 2006), soybean 

(Son et. al., 2006), aubergine and chilli (Ponmurugan and Gopi, 2006), and 

maize (Alam et. al., 2002). 
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4.3. Solubilisation Index (SI) and Solubilising Efficiency (SE) of PSB 

isolates 

4. 3.1. Results: 

Pure cultures of PSB isolates selected from preliminary screening 

were reinoculated on PKV agar and obseiVed for the production of clearing 

zone around the colonies (Plate 4.1). Diameter of colony as well as clearing 

zone was measured and subjected for calculation of SI and SE and the 

results are presented in Table 4.3. 

Table 4.3: SI & SE of PSB isolates on PKV agar plates after 7 days of 
incubation 

*PSB 
I 

Diameter of I Diameter of j Solubilisation Solubilisation 
isolates bacterial colony J halo zone 1 Index (SI) Efficiency (SE} 

(mm) (mm) , -0 {%} 
I 
I 
I GCM1 10 12 2.2 120 

GCM2 4 12 I 4 300 =j 
GCM3 11 12 2.09 109.09 I 

-· -1 GCM4 10 12 2.2 120 
GCM5 11 12 2.09 109.09 
GCS1 10 12 2.2 120 
GCS2 10 11 2.1 110 
GCS3 12 13 2.08 108.33 
GCS4 14 15 2.07 107.14 
GCH1 11 12 2.09 109.09 
GCH2 6 15 3.5 250 
GCH3 8 9 2.11 112.5 
GCH4 15 16 2.06 106.66 
GC01 13 15 2.15 115.38 
GC02 11 12 2.09 109.09 
GC03 08 14 2.75 175 -
GC04 14 15 2.07 107.14 
GC05 11 12 2.09 109.09 
GC06 9 10 2.11 111.11 
GCF1 13 14 2.07 107.69 
GCF2 12 13 2.08 108.33 
GCF3 15 16 2.06 106.66 
GCF4 11 12 2.09 109.09 
GCF5 14 15 2.07 107.14 

*For designation of PSB isolates vide Table 4.2. 
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The phosphate solubilisation efficiency of isolated strains of PSB 

indicated that all the strains solubilised inorganic phosphate content 

effectively in the PKV agar medium. 

These 24 bacterial isolates were able to produce halos around their 

colonies with diameters ranging from 6 mm to 16 mm (Plate 4.1. A to I). 

Solubilisation index of PSB strains ranged from 2.06 to 4 in the present 

work. Similarly, GCM2 identified as Pseudomonas sp. showed highest 

solubilisation index of 4 followed by strain GCH2 (3.5) and the least (2.06) 

was with GCF3 and GCH4 (Fig. 4.1.a) 

Solubilisation efficiency of these species on solid media ranged from 

106.66% to 300%. Strain GCM2 (Pseudomonas sp.) showed the highest 

solubilisation efficiency with 300% followed by strain GCH2 (250 %) and the 

least (106.66) was with GCF3 and GCH4 (Fig. 4.1.b.) 

a. 
4.5 ' 

4 ~ 
3.5 ·1 

3 

w 2.5 

b. 

'N ...,. 
"' Ill 

2 
1.5 

0.5 
0+-~--~~,-~~--~~,-~~~~~~~~~Ja~~~~~,-~~ 

350l 
300 

250 

200 

"60 

-oo 

50 

0 

:E :l :i :i ~ 00 N (") ..... :c N (") .... 15 N (") .... ""' «> u: N (") .... If (!) (I) (I) :I: :I: :I: 0 0 0 0 0 LL. LL. LL. 
u u u u u u u u u u u u u u u u g u u u u u u g ~ ~ (.!} (.!} ~ ~ ~ (.!} (.!} G ~ ~ ~ ~ G G G (.!} ~ ~ ~ ~ 

Fig. 4.1. Phosphate (a) solubilisation index (SI) and (b) solubilisation 

efficiency (SE) of different PSB isolates on PKV agar plates after 7 days of 

incubation. 
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4.3.2. Discussion 

All the PSB isolates in this investigation showed good aptitude in 

mobilising phosphorus from insoluble sources, both in liquid medium (Table 

4.4.) as well as on agar plates. This agrees with former studies made by 

Alikhani et. al., (2006) who found similar relationship between plate halo 

detection and phosphate solubilisation in liquid cultures. 

According to DeFreitas et. al., (1997), good phosphate solubilisers 

produce halos around their colonies with diameters higher than 15 mm 

since it has been reported some strains lose their phosphate-solubilising 

capability after several cycles of inoculation. Sometimes abrupt changes 

occurred in these values and similar observations have been reported by 

several workers (Subba Rao, 1988; Motsara et. al., 1995; Kim et. al., 1998; 

Kumar and Narula, 1999; Gaur, 1990; White Law, 2000). 

Murumkar et. al., (2012) reported that 47 isolates of Bacillus 

megaterium showed zone of clearance on PKV agar with the halozone 

diameter ranging from 5 to 14 mm and in the present study 24 PSB isolates 

showed halozone with the diameter ranging from 6 to 16 mm. As reported 

by Diby et. al., (2005), P. jluorescens strains produced 1.8 to 3.3 em of 

clearing zones indicating phosphate solubilisation. The broth assay also 

implicated the amount of phosphate released (0.4 to 0.6 ppm) from 

tricalcium phosphate to the medium by the strains of P. fluorescens. 

In the present study, the values that were obtained were lower than 

that have been observed by Pedrinho et. al., (2010) who reported that all the 

tested 27 isolates formed zones of clearance with diameters ranging from 12 

to 55 mm after 15 days of incubation. Similarly, Assumpcao et. al., (2009) 

reported that 62 endophytic bacterial isolates from soya seeds, of which 39% 

showed solubilising capacity with halos ranging from 0.2 to 8.3 em. Joseph 

and Jisha (2008) reported SE of 18 PSB isolates ranged from 100% to 575%. 

One of the isolate as Pseudomonas gladioli showed SE as 320.56 which was 

found to be almost similar with Pseudomonas sp. (GCM2) with 300% in the 

present study but higher than that has been reported by Qureshi et. al., 

(2012) which ranged from 233.3 to 275.0%. Kannapiran & Ramkumar, 

(20 11) reported that phosphate solubilisation efficiency ranged from 96.24 ± 

4.32 to 228.26 ± 6.12 on 7 days of incubation with Pseudomonas sp. to be 

the most efficient one. Strain GCM2 (Pseudomonas sp.) showed the highest 
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solubilisation efficiency in the present study which was greater than that 

have been reported by Kannapiran & Ramkumar, (2011). He even obsetved 

that, generally, halo zone increased with increase in colony diameter. On 

seventh day of incubation there was variation in the solubilisation efficiency. 

In most of the cases it gradually increased, while in few cases (Micrococcus, 

Alcaligenes, Corynebacterium and Flavobacterium) increased initially and 

later decreased. Similar types of obsetvations have been reported earlier 

(Gyaneshwar et. al., 1998; Chakravarthy et. al., 2010; Sahu et. al., 2007; 

Ponmurugan and Gopi, 2006) 

Phosphate solubilisation index of 24 PSB isolates varied from 2.06 to 

4 in the present study whereas Baon et. al., (2012) reported that SI of 

PSB strains isolated from coffee plants ranged from 1.00 to 3.60. Similarly, 

Sridevi et. al., (2007) obsetved that the colony diameter remained the same 

throughout the incubation period. She found that the SI of Rhizobium 

species on solid media ranged from 2.4 to 2.7 after 9 days of incubation. 

These isolates even showed the maximum solubilisation in liquid medium 

(840 ppm). It was found the maximum SI is almost equal to the maximum 

solubilisation in liquid medium after 9 days of incubation. 

Many isolates that do not produce a clearing zone on the agar plates 

can solubilise various types of insoluble inorganic phosphates in liquid 

media (Louw and Webley, 1959; Gupta et. al., 1994; Nautiyal, 1999) 

indicating that differences exist between media and formulations for 

inducing P solubilisation by PSM. 

In previous studies, Deubel and Merbach (2005) tested eight strains 

on calcium-phosphate agar plates and found that only two of them identified 

as phosphate solubilisers. Moreover, they realized that their best strain in 

solubilising the same phosphate source in liquid media was one of the 

strains which could not show clear zone on agar plates. Also the most 

efficient calcium phosphate mobilizing strain EDJ6 produced no halo zones 

on the corresponding agar plates, as obsetved by Fankem et. al., (2006). 

This indicates that the halo zone formation as criteria is not enough for 

phosphate solubilising micro-organisms selection, as many isolates that did 

not produce any visible halo zone on agar plates could conversely mobilized. 

significant amount of phosphate in liquid media (Louw and Webley, 1959; 

Gupta et. al., 1994). 
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Ponmurugan & Gopi (2006) found that out of 10 strains one of the 

strain solubilised 44.08 ppm phosphate which was the highest whereas the 

24.88 ppm phosphate was the lowest one. It was also observed that 

phosphate solubilising efficiency ranged between 44 and 75 %. This shows 

that there were wide variations in phosphate solubilisation efficiency. 

Similar type of findings was observed by many researchers (Kapoor et. al., 

1989; Singh & Kapoor, 1999). Srivastav et al., (2004) observed earlier that 

there was no relation between the phosphate solubilisation efficiency on 

solid and liquid medium. 

Abd El-Azeem et. al., (2007) observed that 81 rhizobacterial strains 

were tested for phosphate solubilisation in both in solid and liquid media. 

Out of these only 53 strains were able to solubilise tricalcium phosphate in 

qualitative method, but in quantitative method all strains showed diverse 

levels of phosphate solubilising activity. Therefore, the criterion the 

isolation of phosphate solubilisers based on the formation of a visible halo 

zone on agar plates is not an infallible technique. Gupta et. al., (1994) 

observed that some isolates with little clear zone on solid medium exhibited 

high efficiency for dissolving insoluble phosphates in liquid medium and 

some showed large clearance zones on agar but low phosphate 

solubilisation in liquid medium. This shows that the plate technique is 

insufficient to detect all phosphate solubilised as commented by Nautiyal 

(1999) that some microbes should be screened in broth cultures for the 

identification of most efficient solubilisers. 

Cunningham and Kuiack (1992) reported that the day on which clear 

zone is measured is important. It was observed by Rashid et. al., (2004) that 

certain bacteria lost their phosphate solubilisation ability after sub 

culturing. Similarly, Kucey (1983) has reported that a high percentage of the 

bacterial isolates loose their abilities when sub-cultured. But interestingly in 

our study all the 24 PSB isolates were able to show clearing zone after 

subculture also. This may be due to the less duration between the isolation 

and subculture process. 

In contrast to the precipitated phosphate agar plate assays, the liquid 

method is considered more sensitive for detecting Phosphate solubilisation 

by microorganisms because a measurable Pi concentration can be detected 
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from more microorganisms (Gupta et. al., 1994; Nautiyal, 1999; Sangeeta 

and Nautiyal, 2001). Laboratory screening for microorganisms that 

solubilised P can be achieved on either solid or liquid media (Abd-Alla, 1994; 

Wenzel et. al., 1994). It seems that halo zone formation on solid media is not 

sufficient to isolate phosphate solubilising microorganisms; research should 

be conducted to evaluate the phosphate solubilising efficiency of PSM 

strains in liquid media also. 

In conclusion, qualitative method of solubilisation is the universal 

method to isolate the phosphate solubilising microorganisms and is the 

easiest way as well as for the instant results; this method is the most 

appropriate one. Additionally, while screening a large number of micro

organisms, this method can be regarded as generally reliable for isolation 

and preliminary characterization of phosphate solubilising microorganisms 

(Rodriguez and Fraga, 1999). 

4.4. Quantification of phosphate solubilisation in. PKV broth 

4.4.1. Results 

All the 24 PSB isolates were studied for their ability to solubilise 

tricalcium phosphate in PKV broth and soluble phosphate in the broth was 

measured after every 7 days of incubation upto 28 days. 

Table 4.4. depicts the data of in vitro phosphate solubilising ability of 

all the PSB isolates in PKV broth after 7, 14, 21 and 28 days of incubation 

and corresponding change in pH of the medium. Increase in available 

phosphate in broth was associated to decrease in pH with increasing days of 

incubation was shown by 2j3rct of strains i.e. 16 out of 24 strains tested (Fig 

4.2.). Higher rate of phosphate solubilisation was also observed in PKV 

broth with these strains. Increase in available phosphate of 32.19 ppm, 

187.07 ppm, 188.8 ppm and 213.80 ppm with respect to pH decrease of 

5.29, 4.61, 4.32, and 3.61 respectively was observed in strain GCM2 

(Pseudomonas sp.). Similar type of relationship between pH and available P 

was observed in strains GCM1 (Bacillus sp.), GCM4, GCM5, GCSl, GCS2, 

GCS3, GCS4, GCH1, GCH2, GCH3, GCH4, GCOl, GC02, GC03, GC04, 

GC06 and GCFl (Fig. 4.4.1). 
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Out of the 24 selected strains 11 showed highest soluble P in the 

media after 28 days of incubation; 7 showed highest after 7 days of 

incubation, 4 after 21 days of incubation and 2 after 14 days of incubation 

(Table 4.4.). This indicates that solubilisation of TCP is a slow and steady 

process. The range of available phosphate after seven days of incubation was 

18.36 ppm (GC01) to 166.03 ppm (GCF4). 

There was slight increase in upper value of available phosphate after 

14 days of incubation i.e. 187.07 ppm (GCM2 -Pseudomonas sp.) where 

strain GCF2 showed lowest available phosphate (12.92 ppm). The range of 

available phosphate after 21 days of incubation was 5.27 ppm (GCOl) to 

188.8 ppm (GCM2 -Pseudomonas sp.). The lower value of the range still 

decreased after 21 days of incubation (GCOl) but higher value was 188.8 

ppm. It is interesting to note that lowest P solubilisation of 4.39 ppm (GC01) 

as well as the highest P solubilisation of 213.80 ± 1.59 ppm (GCM2 -

Pseudomonas sp.) was observed after 28 days of incubation (Table 4.4). 

Majority of strains (13 strains-GCM1 GCM2, GCS1, GCS2, GCS3, 

GCS4, GCHl, GCH2, GCH3, GCH4, GC03, GC04, GC05) yielded soluble 

phosphate in increasing order with respect to days of incubation. These 

strains even showed that with the decrease of pH there is the increase of the 

P solubilisation (fig 4.2.d). Soluble P released by 6 strains (GCM4, GCM5, 

GC01, GC02, GC06, and GCFl) was inversely related to days of incubation. 

Decrease in the available P upto 21 days of incubation followed by 

increase upto 28 days of incubation was observed in three strains (GCM3, 

GCF2 and GCF3). In one strain (GCF5) available phosphate level increased 

upto 21 days of incubation (142.82 ppm) and found suddenly decreased on 

28 days of incubation (95.59 ppm). A unique pattern of phosphate 

solubilisation i.e. highest (166.03 ppm) after 7 days of incubation, then 

decreased on 14 days of incubation then increased along with days of 

incubation was observed in isolate GCF4. 
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4.4.2. Discussion 
On the basis of the reports by many researchers, present study was 

based on initial selection of halozone producing bacteria on solid media and 

subsequent evaluation in liquid media. All such strains (24 isolates) were 

also efficient in phosphate solubilisation in liquid media. 

Table 4.4. Final pH and soluble phosphate (SP) in Pikovskaya's broth 
inoculated with PSB isolates after 7, 14, 21 and 28 days of incubation. 

*PSB 
No. of days (Incubation time) 

Isolates 7 14 21 28 
pH **SP (ppm) pH SP (ppm) Ph SP (ppm) pH SP (ppm) 

GCM1 50.49 5.12 135.21 4.81 149.84 4.87 
161.79 

5.22 ± 1.04 ± 1.10 ± 1.51 ± 1.57 

I GCM2 32.19 4.61 187.07 4.32 188.8 3.61 213.80 
5.29 ± 1.37 ± 1.68 ± 1.51 ± 1.59 

GCM3 164.58 
4.25 119.05 5.97 115.49 6.10 167.13 

' 4.76 ± 1.68 ± 1.52 ± 1.90 ± 1.56 

GCM4 4.96 143.01 5.81 121.69 6.50 
73.04 6.54 55.31 

± 1.59 ± 1.46 ± 1.51 ± 1.55 --
GCftv15 4.95 131.00 

1 5.23 
126.72 

16.27 
120.62 6.38 96.12 

± 1.65 ± 1.22 ± 1.38 ± 1.05 I 

40.62 44.30 47.51 At"'\ r::_f7 I 
GCS1 5.60 4551 5.32 5.23 

'"t';;;l.vt I 
± 1.13 ± 0.80 ± 1.56 ± 1.56 -

GCS2 4.69 136.72 
4.57 146.56 4.41 166.75 4.07 193.29 

± 1.70 ± 1.77 ± 1.15 ± 1.52 

GCS3 6.09 44.52 5.94 62.73 5.77 65.75 5.61 70.03 
± 1.562 ± 1.47 ± 1.79 ± 1.56 

GCS4 6.11 44.21 5.88 51.66 5.81 52.10 5.67 62.10 
± 1.32 ± 1.47 ± 1.46 ± 1.76 

GCH1 4.60 138.32 4.52 155.78 4.51 163.23 4.45 176.31 
± 1.20 ± 1.06 ± 1.51 ±1.14 

GCH2 4.68 125.43 4.61 128.70 4.47 136.12 4.43 192.54 
± 1.32 ± 1.65 ± 1.58 ± 0.99 

GCH3 6.30 49.36 6.06 49.93 6.03 50.81 5.76 
57.35 

± 1.56 ± 1.61 ± 1.33 ± 1.37 

GCH4 5.07 34.71 
4.86 59.61 4.86 

59.65 4.37 
85.12 

± 1.23 ± 1.52 ± 1.57 ± 1.38 

GC01 4.26 18.36 4.79 14.90 
6.44 

5.27 6.63 4.39 
± 1.56 ± 1.30 ± 1.80 ± 1.46 

GC02 4.19 134.05 
5.31 126.78 6.01 105.15 6.57 100.81 

± 1.37 ± 1.52 ± 1.13 ± 1.71 

GC03 6.41 32.76 
5.16 33.77 3.83 120.78 3.36 202.88 

± 2.05 ± 1.37 ± 1.16 ± 1.49 
!--· 

134.52 135.59 141.66 143.74 GC04 3.58 
± 1.14 4.05 ± 1.87 5.56 ± 1.10 

5.87 ± 1.99 

GC05 4.49 60.43 
4.72 73.67 5.20 111.60 5.87 

172.92 
± 1.18 ± 1.33 ± 1.68 ± 1.28 

GC06 4.07 146.22 
5.74 41.25 6.29 41.03 6.49 

30.78 
± 1.67 ± 1.38 ± 1.73 ± 1.47 

GCF1 3.41 129.08 
3.94 49.61 5.77 23.70 6.10 

22.98 
±2.44 ± 1.46 ± 1.70 ± 1.34 

GCF2 
42.64 

6.99 12.92 
5.83 11.22 5.7 

41.72 
5.78 ± 1.75 ± 1.20 ± 1.05 ± 1.26 

GCF3 3.74 93.86 
4.20 87.41 

4.90 
56.35 3.92 

112.54 
± 1.21 ± 1.36 ± 1.09 ± 1.08 

GCF4 5.43 
166.03 

5.70 94.55 
5.56 

128.48 5.49 145.56 
± 1.26 ± 0.91 ± 1.47 ± 1.70 

GCF5 6.28 
107.95 

5.44 136.97 
3.26 

142.82 4.31 
95.59 

± 0.52 ± 1.28 ± 1.46 ± 1.24 
*For designation of PSB 1solates Vide Table 4.2. ** Soluble phosphate 

62 



It is generally accepted that the mechanism of mineral phosphate 

solubilisation by PSB strains is associated with the release of low molecular 

weight organic acids (Goldstein, 1995; Kim et. al., 1997a), which through 

their hydroxyl and carboxyl groups chelate the cations bound to phosphate, 

thereby converting it into soluble forms (Kpomblekou and Tabatabai, 1994). 

Chelation process is also one of the important phosphate 

solubilisation processes (Whitelaw, 2000). Many aerobic PSMs excrete 2-

ketogluconic acid which is powerful chelator of calcium and such PSMs are 

versatile in solubilisation of various forms of hydroxyapatites, fluorapatites 

and aluminium phosphates. Humic and fulvic acids released during 

microbial degradation of plant debris are also good chelators of calcium, iron 

and aluminium present in insoluble phosphates (Stevenson, 2005). However, 

P-solubilisation is a complex phenomenon, which depends on many factors 

such as nutritional, physiological and growth conditions of the culture 

(Reyes et. al., 1998). There is experimental evidence to support the role of 

organic acids in mineral phosphate solubilisation (Halder et. al., 1990). 

However, the nature of the acid produced is also important (Vassileva et al., 

1998). 

The decrease in pH values clearly indicates the production of acids, 

which is considered the main mechanism responsible for phosphate 

solubilisation (Rodriguez et. al., 2004). It has been suggested that 

microorganisms, which decrease the medium pH during growth are efficient 

phosphate solubilisers (Nautiyal et. al., 2000). 

Earlier studies (Chen et. al., 2005) discussed that the solubilisation of 

TCP in the liquid medium by different strains was accompanied by a 

significant drop in pH (to 4.9 and 6.0) from an initial pH of 6.8-7.0 after 72 

hours of incubation. The soluble-phosphate concentration in the medium 

ranged between 31.5 and 519.7 mg/1 with variations among different 

isolates. In our study also range of pH among the isolates was 3.41 - 6.41 

with corresponding available phosphate of 18.36 - 166.03 mg/1 after seven 

days of incubation. Sixteen out of the twenty four PSB isolates remarkably 

followed the hypothesis of inverse relationship between phosphate 

solubilisation and pH (Fig 4.2.). The phosphate solubilising activity is 

determined by the microbial biochemical ability to produce and release 

organic acids, which through their carboxylic groups chelate the cations 
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(mainly Ca), bound to phosphate converting them into the soluble forms 

(Kpomblekou and Tabatabai, 1994). Significant drops in pH accompanied 

the release of soluble phosphate from TCP in the culture supematants were 

also reported by Alikhani et. al., (2006). This confirms the implication of 

organic acid production in P solubilisation by PSB like rhizobia also (Halder 

& Chakrabarty, 1993). 

From the results of this study, it is being reaffirmed that the 

phosphate solubilisation by different PSBs is involved with the production of 

organic acids as reported by earlier workers (Halder et. al., 1990; Goldstein, 

1995; Kim et. al., 1998; Rashid et. al., 2004). The type of organic acid 

produced and their amounts differ with different organisms. Bardiya and 

Gaur (1974) suggested that the nature of organic acids produced is more 

important than the total acidity. A..-onong them, gluconic acid and 2-

ketogluconic acid seems to be the most frequent agent of mineral phosphate 

solubilisation (Song et. al., 2008). Gluconic acid is the principal organic acid 

produced by Pseudomonas sp. (Illmer & Schinner, 1992), Erwinia sp. (Liu et. 

al., 1992) and in some Penicillum sp. (Kim et. al., 1997a). Bacillus spp. 

strains produced oxalic, 2-ketogluconic and succinic acids capable of 

solubilising phosphate (Banik and Dey, 1983). Other organic acids such as 

acetic, citric, lactic, propionic, glycolic, oxalic, malonic, succinic, fumaric, 

tartaric, etc. have also been identified among phosphate solubilisers (Ahmed 

and Shahab, 2011). Thus the PSB isolates like Pseudomonas sp. and 

Bacillus spp. in our study were also assumed to be capable to produce 

organic acids stimulating phosphate solubilisation. 

The effect of pH on phosphate solubilisation by fungi and bacteria at 

pH 9 and 7.2 was suitable for solubilisation of TCP and rock phosphate in 

their presence (Gupta et. al., 2007). The inverse relationship observed 

between the pH and soluble phosphate concentration indicates that organic 

acid production by these PSB strains plays a significant role in the 

acidification of the medium facilitating the phosphate solubilisation. Sixteen 

out of 24 PSB isolates in this study showed inverse relation of pH change 

and phosphate solubilisation and increasing phosphate concentration with 

respect to period of incubation upto the end of experiment i. e., 28 days (Fig. 

4.2.) Yadav et. al., 2011 also observed that after 7 days of incubation pH 

reduced to 4.9 with soluble phosphate 438 ppm, after 14 days pH again 
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dropped to 4.0 and finally after 21 days of incubation pH was lowest (3.5) 

with highest phosphate of 512 ppm. 

In some cases phosphate solubilisation declined or was stabilized 

after 14 days of incubation (Kang et. al., 2002). Gaind & Gaur (1999) 

reported that the drop in solubilisation after a maximum value might be 

attributed to deficiency in nutrients in the culture medium. In contrast to 

these, Dave and Patel (1999) observed that there is a fall in pH upto 9 days 

accompanied with phosphate solubilisation due to the production of organic 

acids but there is sudden increase in pH after 9 days of incubation. This 

may be due to solubilisation of organic acids produced during phosphate 

solubilisation by the Pseudomonas. The data were statistically analyzed 

using correlation coefficient and it was found that there is no correlation 

between liberated phosphate and final pH of the medium (Fankem et. al., 

2006). A decrease in the pH of the medium from the initial value of 7.0 to a 

final value of 2.0 was recorded by many workers (Gaur & Sachar, 1980; 

Illmer & Schinner, 1992) and in the present study, the decrease of the pH of 

TCP containing medium from pH 7.2 to pH 3.36 also followed this finding. 

All the tested 24 PSB isolates showed decrease in the pH of the medium with 

large variations, which was in agreement with Nahas (1996), and it may be 

due to the variations in the release of organic acids. Ramani and Patel (2011) 

also reported the relationship of pH reduction with increase in soluble 

phosphate. 

Two PSB isolates (GC04 and GCOS) showed increased pH with 

increased concentration of phosphate in the liquid medium (Fig. 4.4.). Such 

corresponding increase in values recorded at the end of fermentation in PVK 

medium is also recorded by Ogbo (2010). Illmer and Schinner (1992) 

reported that sometimes the culture filtrate pH was relatively high yet in the 

medium high phosphate solubilisation occurred, this may occur due to the 

chelation of organic acids with Ca++ ion in tricalcium phosphate. Similarly, it 

has been reported by Asea et. al., (1988), Salih et. al., (1989), Whitelaw et. 

al., (1999) that pH had no affect on phosphate solubilisation. Narsian et. al., 

(1995) also found no correlation between the pH and solubilisation of 

phosphate over an incubation period of 7 days. Wani et. al., (1979) reported, 

there was no correlation between the final acidity and P solubilisation in 

liquid medium by the microorganisms. Synergistic effects of the acids have 
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been proposed by several workers (Parks et. al., 1990). pH and organic acids 

were also found to be non significantly correlated with each other. Other 

reasons may be involved for drop in pH e.g., microbial respiration (Illmer & 

Schinner, 1992). 
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Figure 4.2. Trends in phosphate solubilisation (ppm) & change in pH by PSB 
isola:tes in PKV broth incubated at 3TC (a) after 7 days (b) 14 days (c) 21 
days and (d) 28 days of incubation 
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Inverse relationship between pH and soluble phosphate was reported 

earlier by Illmer and Schinner (1995) and Hwangbo et. al., (2003). El-Gibaly 

et. al., (1977) also reported that the pH values during the cultivation of the 

selected microbial isolates showed an inverse correlation with the quantity of 

soluble phosphate. Phosphate solubilisation by the Pseudomonas 

jluorescens, Bacillus megaterium and Azospirillum spp. were accompanied 

with pH reduction of the culture medium (El-Komy, 2005). Maximum pH 

reduction was 2.8, 1.2 and 0.5 units for Pseudomonas jluorescens, Bacillus 

megaterium and Azospirillum lipoferum strain 137 respectively. The optimum 

pH (5.0 to 7.6) range for maximum rock phosphate solubilisation was 

studied by Gaur (1990). Bacillus sp. and Aspergillus carbonum lowered the 

pH of the medium to 5.0 and 2.7 respectively, when compared to control pH 

of 6.8 (Gaur et. al., 1973). Phosphate released by the organisms was 

associated with reduction in pH of the medium (Yadav & Singh, 1991). 

Acidic pH of the medium enhanced phosphate-solubilising activity (Thakker 

et. al., 1993). 

There are other various mechanisms postulated by different authors. 

Organic acids contribute to the lowering of solution pH as they dissociate in 

a pH dependent equilibrium, into their respective anion(s) and proton(s). 

Organic acids buffer solution pH and continue to dissociate as protons, 

which are consumed by the dissolution reaction (Welch et. al., 2002). 

Efficiency of solubilisation is also dependent upon the strength and nature 

of acids. Tri- and di-carboxylic acids are more effective as compared to mono 

basic and aromatic acids. Aliphatic acids are also found to be more effective 

in phosphate solubilisation compared to phenolic, citric and fumaric acids 

(Mahidi et. al., 2011). The reduction of pH of the supernatant of PKV broth 

with increasing days of incubation in this study may also be attributed to 

the production of inorganic acids along with organic acids. Besides organic 

acids, inorganic acids such as nitric and sulphuric acids are also produced 

by the nitrifying bacteria and Thiobacillus during the oxidation of 

nitrogenous or inorganic compounds of sulphur which react with calcium 

phosphate and convert them into soluble forms (Khan et. al., 2007). PSMs 

are also known to create acidity by C02 evolution (carbonic acid); this type of 

acidification was observed in solubilisation of calcium phosphates. Some 
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PSMs, under anaerobic conditions release H2S which reacts with insoluble 

ferric phosphate to yield solubilised ferrous sulphate. 

In the present study it has been observed that the PSB play an 

important role in reclamation of P to the soil. All rhizospheric samples 

exhibited the presence of phosphate solubilising microbes which indicates 

good phosphate solubilisation activity in the soils. Among the identified PSB 

isolates the high capacity of GCM1 (Bacillus sp.), GCS2 (Bacillus cereus}, 

GCM2 (Pseudomonas sp.), and GCS1 (Kurthia sp.) of solubilising phosphate 

of 161.79 ppm, 193.29 ppm, 213.80 ppm, and 49.57 ppm respectively 

promise their use as potential phosphatic biofertilisers. Among the soil 

bacterial communities ectorhizospheric strains from Bacillus and 

Pseudomonas (Wani et. al., 2007b) have been described as effective 

phosphate solubilisers. Soil Bacillus and Streptomyces spp. are able to 

mineralize very complex organic phosphates by production of extracellular 

enzymes like phosphoesterases, phosphodiesterases, phytases and 

phospholipases (Walpola and Yoon, 2012). PSB strain GCM2 (Pseudomonas 

sp.) was found to be best phosphate solubiliser among the 24 bacteria 

isolated and characterised in this study. 

Kang et al., (2002) reported RP solubilisation within 2 days of 

incubation was associated with steep decline in pH from 6.5 to 2.5. pH 

remained constant 2.5 for 20 days indicating the production of strong acids. 

Mter 10 days of incubation period AlP04 solubilisation was accompanied 

with slight decrease in the pH from 6.5 to 6.0. AlP04 solubilisation was 

accompanied by a distinct pH decrease to about pH 2 (Illmer et. al., 1995). 

TCP, A1P04 and FeP04 solubilisation by Penicillum oxalicum CBPs-3F-Tra 

was associated with decrease in the pH values from 6.5 to 2.35, 2.74 and 

2.54 respectively (Gadagi & Sa, 2002). These reports suggest the efficiency of 

TCP solubilising microorganisms in solubilising aluminium phosphate also. 

Thus the PSB isolates characterised in our study may be useful as 

biofertilizers in acidic hill soils of Drujeeling and other such areas where 

applied phosphorus is bound as A1P04. 
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4. 5. Quantification of IAA Production by selected PSB isolates 

4. 5.1. Results 

All the PSB isolates were grown in tryptophan supplemented medium 

and IAA content in the media was estimated after 3 days of incubation. 

Table 4.5: In vitro production of IAA by PSB isolates 

*PSB isolates IAA production *PSB isolates IAA production 
(ppm) (ppm) 

GCMl 40.00 GCH4 18.75 
GCM2 35.00 GCOl 34.00 
GCM3 26.25 GC02 18.50 
GCM4 27.50 GC03 32.00 
GCM5 31.25 GC04 7.50 
GCSl 17.50 GC05 26.50 
GCS2 30.00 GC06 5.00 
GCS3 23.75 GCFl 23.75 
GCS4 10.00 GCF2 12.50 I 

I 

-
GCHl 12.50 GCF3 15.00 -- --
GCH2 11.25 GCF4 26.50 

1-· 
GCH3 GCF5 20.00 15.00 

*For designat10n of PSB 1solates vide Table 4.2. 

The results on the production of growth promoting substances by 24 

PSB isolates (Table 4. 5) indicated that all the isolates were able to produce 

IAA in the presence of a physiological precursor, tryptophan in the culture 

medium. 

Among the isolates GCMl (Bacillus sp.) produced highest amount of 

IAA (40 ppm), followed by the GCM2 (Pseudomonas sp.) produced 35 ppm 

while GC06 produced the least amount of 5.0 

ppm 

IAA production by PSB Isolates l• IAA production (ppm) I 

45 

40 

35 

30 

! 25 

~ 20 

15 

10 

I I 5 I • 0 

/////#~'~////~~~~~~~~~,/ 
Figure 4.3. Productwn of IAA by 24 PSB isolates after 3 days of mcubatwn 
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4.5.2. Discussion 

Auxins, a class of plant hormones is known to affect plant growth 

throughout ontogeny. Auxins are produced by plants (Okamoto et. al., 1976; 

Arshad and Frankenberger, 1991) and several micro-organisms, bacteria 

(Barea et. al., 1976) and fungi (Dvornikova et. al., 1970). 

PGPRs including PSB possess the ability to produce or change the 

concentration of plant growth regulators like indoleacetic acid, gibberellic 

acid, cytokinins and ethylene (Brown, 1972; Barea et. al., 1978; Arshad and 

Frankenberger, 1991; Glick, 1995; Ponmurugan and Gopi, 2006). Literature 

revealed the microbial production of auxins and its role in plant growth 

promotion (Sarwar et. al., 1992; Gull et. al., 2004; Martins et. al., 2004). 

There are evidences that phosphobacteria improve plant growth due to 

biosynthesis of pla..'1.t growth substances rather than their action in releasing 

available phosphate (Sharma et. al., 2007 ). 

Phosphate solubilising bacteria which are capable producing 

physiologically active auxins may have pronounced effects on plant growth. 

Many bacteria isolated from the rhizosphere have the capacity to synthesize 

IAA in vitro in the presence or absence of physiological precursors, mainly 

tryptophan (Caron et. al., 1995; Davies, 1995). An increase of IAA production 

was observed in the presence of tryptophan (Costacurta and Vanderleyden, 

1995; Tien et. al., 1979; Asghar et. al., 2002; Khalid et. al., 2004; 

Ponmurugan and Gopi, 2006; Swain et. al., 2007; Karnwal, 2009; Suresh et. 

al., 2010). This may occur in rhizosphere also as microbial biosynthesis of 

IAA in soil is enhanced by tryptophan from root exudates or decaying cells 

(Frankenberger and Arshad 1991; Benizri et. al., 1998). Additionally, amino 

acids like asparagine, alanine and lysine, known to be present in root 

exudates, can stimulate the activity of enzyme like tryptophan 

aminotransferase (Martens and Frankenberger, 1994) for IAA synthesis. 

Moreover, sugars, present in exudates, could be used as carbon source by 

bacteria; Leinhos (1994) has shown that those compounds had an effect not 

only on plant growth but also on auxin production by Pseudomonas sp. Lal 

(2002) reported that PSB isolated from the soils of pearl millet produced IAA, 

GA3 and cytokinin like substances, which ultimately enhanced the plant 

metabolism. 
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Many researchers reported that higher amounts of IAA (98.5 ~Jg/ 100 

ml) were produced by Enterobacter sp. strains and the amount of IAA 

production was lower (13.7!lg/100 ml) by Rhizobium strain as compared with 

some of PSB isolates which was reported by Mirza et. al., (2007). Husen 

(2003) reported that twelve bacterial strains produced IAA which ranged 

from 2.09 to 33.28 ppm out of those twelve strains, 2 isolates produced 

remarkably high amount of IAA (more than 30 ppm). 

In the present study the amount of IAA produced by some of the PSB 

isolates was higher (GCMl:- Bacillus sp.- 40 ppm; GCM2:- Pseudomonas sp. 

- 35 ppm, GCOl - 34 ppm) than that have been reported by Husen (2003) 

and by DeFreitas et. al., (1997) which ranged from 2.31 to 9.43 ppm. 

Ponmurugan and Gopi (2006), earlier reported that the IAA production by 

the strain CPO 1 as 45.31 ppm which was higher than all the 24 PSB isolates 

as GCMl (Bacillus sp.) was the highest producer (40 ppm) among 24 

isolates. 

Initially, Azotobacter and Azospirillum were believed to promote plant 

growth due to their ability to fix dinitrogen. Later, it was known that other 

plant growth stimulating hormones such as IAA was also involved (Kennedy, 

1998). The use of phosphate solubilising bacteria was reported to increase 

plant growth in some cases, but in other cases it was not. It indicated that 

other mechanisms may involve in growth response {DeFreitas et. al., 1997). 

The Azospirillum sp. and PSB isolates produced varying quantity of IAA from 

tryptophan which ranged from 2.0 to 10.5 ppm and 7.6 to 12.7 ppm 

respectively (Boro et. al., 2004). 

The range of IAA production in PSB isolates with tryptophan was 57-

288 ~Jg/ml (Shahab et. al., 2009). Production of IAA by Bacillus, 

Pseudomonas and Azotobacter (100%) followed by Rhizobium {85.7%) was 

reported by Joseph et. al., (2007). Reports are available on IAA production by 

Azotobacter spp. isolated from different sources (Gonzalez et. al., 1983; 

Jagnow, 1987; Nieto and Frankenberger, 1989). Higher level of IAA 

production by Pseudomonas was recorded by Xie et. al., (1996). The ability of 

bacteria to produce IAA in the rhizosphere depends on the availability of 

precursor and uptake of microbial IAA by plant (Joseph et. al., 2007). 

Production of IAA varies greatly among different crops and is also 

influenced by culture conditions, growth stage & availability of substrate(s) 

71 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 



(Vijila, 2000). Our findings of IAA production by PSB isolates are in 

agreement with those of other researchers. These isolates varied greatly in 

their intrinsic ability to produce IAA. 

As reported by Qureshi et. al., (2012) auxin biosynthesis potential of 

Bacillus sp. was ranged from 2.04 to 2. 78 ppm which was far low as 

compared to the 24 tested indigenous PSB isolates in our study as isolate 

GC06 was the least producer among all with 5.0 ppm. 

The maximum amount of IAA production was observed during 

stationary phase of growth as reported by Unyayar et. al., (2000) and 

Hansan (2002). The reason hypothesized was that during stationary phase 

the bacterium might be able to get maximum tryptophan from the dead 

bacterial mass, which could result in more IAA production. 

The variability in auxin production by rhizosphere bacteria has been 

reported previously (Prikryl et. al., 1985; Mordukhova et. al., 1991, Leinhos 

and Vacek, 1994; Bastian et. al., 1998). In the present study, it was 

observed that there was great variation in the IAA production by different 

PSB isolates, isolated from different host plant species (orange, tea, forest 

soil, maize and orchid) in the presence of tryptophan. These results are in 

agreement with Abd El-Azeem et. al., (2007) who observed that the 

rhizobacterial strains isolated from different host plant species greatly varied 

in their IAA production efficiency in the presence or absence of L

Tryptophan. The differences in the performance of auxin-producing PGPR 

may be attributed to the inherent properties of the individual bacteria 

(Sarwar et. al., 1992). 

Park et. al., (2005) reported that the IAA production by five strains 

identified as Stenotrophomonas maltophila (PMl, PM26), Bacillus fusiformis 

(PM-5, PM24) and Pseudomonas fluorescens (PM-13) in the presence of L

tryptophan ranged from 100.4 ppm (PM-13) to 255 ppm (PM-24). Souchie et. 

al., (2007) reported that studied PSB isolates produced IAA ranging from 3-7 

ppm. In contrast, Yasmin et. al., (2004) reported PGPR isolates that 

produced IAA ranging from 20-90 ppm. The large variation in the amount of 

IAA and GA3 produced by different strains has been attributed to the 

variability in the metabolism of the different strains of phosphate solubilising 

rhizobacteria (Leinhos and Vacek, 1994). 
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Enhancement of crop yield in field conditions by six superior PSB 

isolates (Table 4.15.1. and 4.15.2.) may be attributed to the production IAA 

in addition to phosphate solubilisation. This is evidenced by earlier reports 

which stated that numerous soil microflora involved in the synthesis of 

auxins in pure culture also efficiently produced the growth substances in 

soil (Barazani and Friedman, 1999). 

All the selected PSB isolates in the present study were able to produce 

considerable amount of IAA (Fig.4.3. ). This would be an additional advantage 

of the isolates to be developed as effective biofertilizers. Enhanced growth by 

growth hormones like IAA and stiffness promotion by increased P absorption 

make the crops resistant to adverse climatic conditions like heavy rain and 

wind with increased biomass production. 

4.6. Effect of TCP concentration on phosphate solubilisation by 

selected PSB isolates 

4.6.1. Results: 

Twelve superior PSB strains selected on the basis of their performance 

in standard PKV broth were further studied for their ability to solubilise 

phosphate using different concentration of TCP (1,2,3,4 and 5 g/1). The 

results are presented in Table 4.6.1., 4.6.2., 4.6.3. and 4.6.4. 

Available Phosphate in PKV broth after 7 days ofincubation (Table 4.6.2.) 

All the twelve strains were efficient in phosphate solubilisation even at 

1 g/1 TCP in PKV broth. PSB strain GCHl solubilised maximum phosphate 

(91.69 ppm) whereas minimum P (15.37 ppm) was observed with the strain 

GCM2. 

Available phosphate increased at 2 g/1 TCP, strain GC06 solubilised 

maximum phosphate ( 111.41 ppm) and strain GCS 1 solubilised minimum P 

(17.73 ppm). 

Increased concentration of TCP (3 g/1) yielded more soluble phosphate 

in PKV broth than at 2 g/1. Here, lowest phosphate solubilised by strain 

GCM2 (22.07 ppm) and highest phosphate was solubilised by strain GC06 

(122.57 ppm) which also yielded maximum soluble phosphate at 2 g/1 TCP. 
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TCP concentration of 4gjl also favoured phosphate solubilisation by 

all the strains tested. Maximum phosphate was in PKV broth inoculated with 

strain GCS2 (129.17 ppm) and minimum by strain GCM2 (23.50 ppm) which 

was also inferior to other strains in phosphate solubilisation at TCP 

concentration of 1 and 3 gjl. 

Prescribed concentration of TCP in PKV broth (5 g/1) was found most 

favourable for phosphate solubilisation by all the isolates. Soluble phosphate 

increased upto 164.58 ppm (strain GCM3). Even the lowest available 

phosphate was 32.19 ppm (strain GCM2) in the broth. 

Mter initial 7 days of incubation all the isolates yielded considerable 

amount of soluble phosphate in PKV broth, increase of which were directly 

related to TCP concentration. Again, reduction of pH was also observed with 

increasing a_mount of soluble phosphate in the medium (fig. 4.4a). 

Table 4.6.1. Final pH and soluble phosphate (SP) in Pikovskaya's broth 
containing different concentrations of tricalcium phosphate (TCP) and 
inoculated with PSB isolates after 7 days of incubation 

Concentration ofTCP in Pikovskaya's broth (g/1) 
*PSB 1 2 3 
isolates 

pH **SP pH 
SP I pH SP 

(ppm) (ppm) (ppm) 
Control 

GCM1 5.44 35.34 
5.37 38.92 5.31 42.16 

+ 1.59 ± 1.16 + 1.68 

GCM2 5.63 
15.37 

5.63 
17.94 

5.55 
22.07 

± 1.04 ± 0.94 ± 1.58 

GCM3 4.95 
49.68 4.85 62.38 

4.81 
91.91 

± 1.43 ± 1.27 ± 1.13 

GCM4 5.04 
43.99 

4.78 48.48 
4.64 

58.58 
± 1.37 ±1.45 ± 1.18 

GCSl 5.73 17.65 
5.73 17.73 5.69 28.27 

± 1.13 ± 1.48 ± 1.04 --
GCS2 4.91 68.51 

4.85 97.88 
4.74 

109.96 
± 1.57 ± 1.33 ± 1.06 

GCH1 4.77 91.69 
4.77 95.06 

4.72 
95.21 

± 1.37 ± 1.71 ± 1.05 

GCH2 5.12 87.16 
4.70 99.36 4.73 118.23 

± 0.75 ± 1.33 ± 1.38 

GC03 5.59 14.46 
5.57 20.9 5.51 24.46 

± 1.16 ±1.20 ±1.16 

GC04 5.24 
34.08 

5.15 
61.41 

4.26 73.86 
± 1.09 ± 1.30 ± 1.30 

GC05 5.41 25.97 
5.23 34.74 

4.58 52.57 
± 1.47 ± 1.47 ± 1.22 

GC06 5.05 
87.7 

4.71 111.41 
4.42 

122.57 
± 0.041 ± 1.13 ± 1.23 

*For des1gnation of PSB 1solates Vlde Table 4.2. 
** Soluble phosphate (mean ± SD 
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4 5 

pH 
SP 

pH SP (ppm} 
(pJ>m} 

5.26 
46.38 

5.22 
50.49 

± 1.32 ± 1.04 

5.32 
23.50 

5.29 
32.19 

± 0.95 ± 1.37 

4.79 
105.31 4.76 164.58 
± 2.02 ± 1.68 

4.92 
96.03 

4.96 143.01 
± 1.82 ± 1.59 

5.64 
29.94 

5.60 
40.62 

± 1.09 ± 1.13 

4.72 
129.17 4.69 

136.72 
± 1.31 ± 1.70 

4.70 
117.16 

4.60 
138.32 

± 1.37 ± 1.20 

4.71 
119.68 

4.68 125.43 
± 1.05 ± 1.32 

5.48 
29.9 

6.41 
32.76 

±1.20 ±2.05 

4.18 
93.33 

3.58 
134.52 

± 1.47 ± 1.14 

4.51 
57.70 

4.49 
60.43 

± 1.28 ± 1.18 

4.29 
128.11 

4.07 
146.22 

± 1.23 ± 1.67 



Available Phosphate in PKV broth after 14 days of incubation (Table 4.6.2.) 

Amount of the available phosphate was found to be maximum with a 

strain GCS2 (98.95 ppm) and the minimum was with GC03 (14.99 ppm) 

when supplied with only lg/1 of TCP. TCP concentrations was increased to 2 

gjl, where strain GCS2 being the most efficient phosphate solubiliser 

solubilised 100.94 ppm of phosphate and GC03 solubilised lowest 

phosphate (15.94 ppm). 

Strain GCS2 showed maximum solubilisation 136.3 ppm at 3 g/1 TCP 

concentration whereas GC03 showed the minimum of 20.25 ppm. 

TCP concentration were further increased to 4 g/1, where available 

phosphate was the highest with strain GCS2 (141.22 ppm) and the lowest 

with a strain GCSl (24.08 ppm). 

Table 4.6.2. Final pH and soluble phosphate (SP) in Pikovskaya's broth 
containing different concentrations of tricalcium phosphate (TCP) and 
inoculated with PSB isolates after 14 days of incubation 

! Concentration ofTCP in Pikovskaya's broth (g/1 
I *PSB 1 2 3 4 5 

isolates **SP SP SP SP SP 
pH 

(ppm) pH 
(ppml 

pH 
(ppm) 

GCMl 5.88 39.52 
5.72 53.49 5.67 67.57 

± 1.01 ± 1.51 ± 1.75 

GCM2 5.63 43.39 5.45 45.49 4.81 51.25 
± 0.94 ± 0.67 ± 1.44 

GCM3 5.07 62.60 4.72 66.19 4.70 84.93 
± 1.56 ± 1.09 ± 1.51 

GCM4 6.06 43.39 5.96 44.14 5.91 70.59 
± 1.46 ± 1.18 ± 1.28 

GCS1 4.64 
15.59 

4.82 19.44 4.69 22.03 
± 1.51 ± 1.09 ± 1.37 

GCS2 4.56 
98.95 

4.48 100.94 
6.41 

136.3 
± 1.05 ± 1.20 ± 1.23 

GCH1 4.92 44.55 
4.43 85.12 4.67 96.75 

± 1.98 ± 1.32 ±1.40 

GCH2 4.39 44.84 
4.59 99.02 4.23 102.32 

± 1.24 ± 1.23 ± 1.28 

GC03 4.20 14.99 4.22 15.94 
4.16 20.25 

± 1.32 ± 1.32 ± 1.37 

GC04 6.35 36.75 
5.70 55.84 

4.48 
73.70 

± 1.15 ± 1.37 ± 1.18 

GC05 6.46 
26.85 

6.26 37.25 
4.21 

48.23 
± 1.13 ± 1.57 ± 1.57 

GC06 4.06 
23.70 

6.17 25.97 
4.08 

26.6 
± 1.28 ± 1.46 ± 1.28 

*For des1gnation of PSB 1solates vide Table 4.2. 
** Soluble phosphate (mean ± SD) 
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pH 
(ppm) 

pH 
(ppm) 

5.41 102.95 5.12 
135.21 

± 1.43 ± 1.10 

4.77 80.21 4.61 
187.07 

±0.99 ± 1.68 

4.39 
114.02 4.25 

119.05 
± 1.24 ± 1.52 

5.89 
92.16 5.81 

121.69 
± 1.79 ± 1.46 

6.30 
24.08 5.51 

44.30 
± 1.01 ±0.80 

4.83 141.22 4.57 
146.56 

± 1.13 ± 1.77 

4.73 
97.7 4.52 

155.78 
± 1.47 ± 1.06 

6.07 115.94 4.61 
128.70 

± 1.05 ± 1.65 

6.26 29.74 5.16 
33.77 

± 1.42 ± 1.37 

6.23 98.86 4.05 
135.59 

± 1.56 ± 1.87 

6.18 
57.63 

4.72 
73.67 

± 1.14 ± 1.37 

4.25 
37.75 5.74 41.25 
± 1.63 ± 1.38 



Amount of the available phosphate was increased by all the strains 

when PKV broth was supplied with 5 gfl TCP which is the standard one. At 

this concentration it was observed that GCM2 released 187.07 ppm 

phosphate which was the highest among all the isolates whereas GC03 

released only 33.77 ppm. 

It was observed that after 14 days of incubation all the twelve strains 

were able to release good amounts of available phosphate even at the lowest 

TCP concentration 1g/l. It was also observed that the maximum amount of 

phosphate released by GCM2 (187.07 ppm) was the highest among all the 

strains and at all the TCP concentrations (1, 2, 3, 4 & 5 gfl). 

Available Phosphate in PKV broth after 21 days ofincubation (Table 4.6.3.) 

All the twelve strains were able to solubilise insoluble phosphate into 

the soluble one even after 21 days of incubation. PSB strain GCS2 

solubilised 71.79 ppm phosphate which was the maximum compared with 

other strains and GC04 solubilised the minimum 9.24 ppm Phosphate when 

supplied with 1 g/1 TCP. 

Strain GC03 was found to be the efficient phosphate solubiliser which 

solubilised 97.26 ppm phosphate and strain GC04 was the least (22.51 

ppm) at 2 g/1 TCP. 

Increased concentration of TCP 3 g/1 in the broth yielded more soluble 

phosphate than 1 and 2g/1 TCP. Strain GCH1 was found to be the best 

solubiliser which released 106.53 ppm phosphate and GC06 released only 

35.87 ppm which was the least. 

PSB strain GC03 showed maximum solubilisation 116.85 ppm at 4 

g/1 TCP concentration whereas GC06 showed the minimum 39.83 ppm. 

PKV broth when supplied with the standard amount of TCP 5 g/1, all 

the strains showed maximum solubilisation. Out of which strain GCM2 was 

found to be the most efficient phosphate solubiliser which solubilised 188.8 

ppm phosphate and strain GC06 solubilised lowest phosphate i.e. 41.03 

ppm. 
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Amount of the available phosphate was found to increase with 

increased concentration of TCP and all the twelve strains were able to 

solubilise insoluble phosphate at 1 g/1 TCP concentration which was the 

minimum concentration tested. It was observed that even after 21 days of 

incubation these strains were able to solubilise the insoluble phosphate. It 

was found that strain GCM2 released maximum amount of phosphate at 5 

g/1 TCP concentration which was the highest compared to other strains and 

with other concentrations of TCP. 

Table 4.6.3. Final pH and soluble phosphate (SP) of Pikovskaya's broth 
containing different concentrations of tricalcium phosphate (TCP) and 
inoculated with PSB isolates after 21 days of incubation 

I 
Concentration ofTCP in Pikovskaya's broth (g/1) 

I *PSB 1 2 3 4 5 

I 
isolates **SP H j SP SP I SP I H I SP 

pH (ppm} p I (ppm) pH (ppm) P,_H_-+j~("'-'pp"-'m~) -+1-p---+-1 (':"-p~p=-m-=-) -=--1 

L
!GCMl 6 72 48.96 6 .~0 58.61 6 11 59.80 S 08 93.10 1 4 .81 I 149.841 

. ±1.57 ±1.21 . ± 1.23 . ± 0.99 ± 1.51 

GCM3 64.11 80.72 105.68 106.22 115.49 
6.57 ±1.17 6.56 ±1.56 6.31 ± 1.27 6.01 ± 1.18 5.97 ± 1.90 

, GCM 4 6_ .. _7_5_ -+-~,-::i;_:_:~=-~=:--~-6-._72----+-~-=~:..:..:~.:...:i~_6 __ .6_9--+-~--,2=-i :~2 4:..:...7--+_6_._6_7-+--
7
-:-:±

2
:::-'i'-:-: 3-,-

1 2-'----r-6_._5_o-+-7-:-:±3=-i-=~-=-~-1 >-----------1---
12 95 38.96 41.03 45.44 47.51 

GCSl 6.43 ±l:29 4.83 ±l.l3 4.73 ± 1. 14 4.72 ± l.O'l 5.32 

GCS2 6.60 71.739 4.95 ~91.585 4.81 98.5352 4.64 11110.34 
±1.1 - .1 ± l. - . 

GCH 1 62.88 87.41 106.53 109.87 
4.94 ±1.56 4.80 ±1.56 4.68 ± 1.05 4.67 ± 1.37 

GCH2 6 63 24.43 6 57 73.36 4 53 82.04 4 50 96.78 
. ±1.05 . ±1.32 . ± 1.71 . ± 1.37 

10.15 97.26 106.28 116.85 
6.23 ±1.13 4.24 ±1.11 4.21 ± 1.09 4.17 ± 1.47 GC03 

I;C04 

32.32 41.31 92.16 104.24 
GC05 6. 72 ±1.28 6.54 ±1.28 6.13 ± 1.37 5.39 ± 1. 13 

23.32 28.29 35.87 39.83 
GC06 6.67 ±l.OS 6.41 ±1. 18 6.37 ± 1.32 6.31 ± 1.30 

*For designation of PSB Isolates v1de Table 4.2. 
** Soluble phosphate (mean ± SD) 

4.41 

4.51 

4.47 

3.83 

5.56 

5.20 

6.29 

± 1.56 
166.75 
± 1.15 
163.23 
± 1.51 
136.12 
± 1.58 
120.78 
± 1.16 
141.66 
±1.10 

111.6 
± 1.68 
41.03 
± 1.73 

Available Phosphate in PKV broth after 28 days of incubation (Table 4.6.4.) 

It was found that all the twelve strains were able to release good 

amounts of phosphate even at 1 g/1 of TCP concentration and after 28 days 

of incubation. Strain GCS2 was found to release the maximum amounts 

63.01 ppm phosphate and strain GC03 released the minimum 7.48 ppm 

phosphate. 
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Amount of available phosphate was found to be the maximum with a 

strain GC03 (99.64 ppm) and the minimum with GCH2 (20.68 ppm) at 2 g/1 

TCP concentration. 

TCP concentrations were increased to 3 g/1, where strain GC03 being 

the most efficient phosphate solubiliser which solubilised 119.55 ppm of 

phosphate and GC06 showed the least (24.04 ppm). 

Strain GCM3 showed maximum solubilisation of 166.38 ppm at 4 g/1 

TCP concentration whereas GC06 showed the minimum 27.57 ppm. 

TCP concentration 5 g/1 in PKV broth was observed to be the most 

favourable one where all the strains showed maximum solubilisation, out of 

which GCM2 was found to be the best phosphate solubiliser which 

solubilised 213.8 ppm phosphate and GC06 solubilised only 30.78 ppm 

phosphate. 

Table Final pH and soluble phosphate (SP) of Pikovskaya's broth 
containing different concentrations of tricalcium phosphate (TCP) and 
inoculated with PSB isolates after 28 days of incubation 

Concentration ofTCP in Pikovsk<:!Ya's broth (gjl} 

r·PSB 1 2 3 4 5 
Isolates 

pH 
**SP 

pH SP pH SP 
pH 

SP pH 
SP 

I 
(ppm) (ppm) (ppm) 

Control 

GCMl 6.71 17.29 6.69 63.64 6.36 74.71 
± 1.18 ± 1.56 ± 1.67 1--
24.87 69.80 72.32 GCM2 6.61 
± 0.97 5.13 ±0.95 4.68 ± 1.44 

GCM3 6.73 13.01 6.68 52.00 6.54 61.16 
± 1.32 ± 1.14 ± 1.56 

GCM4 6.70 16.06 
6.66 31.82 6.61 42.76 

± 1.39 ±1.38 ± 1.65 

GCS1 6.2 17.95 
5.61 39.74 5.57 41.99 

± 1.68 ±1.59 ± 1.28 -
GCS2 6.52 63.01 6.34 66.31 6.02 91.31 

±1.37 ± 1.27 ± 1.09 

GCH1 6.36 19.74 5.14 95.46 4.76 111.25 
± 1.51 ± 1.56 ± 0.57 

GCH2 6.34 20.24 
6.15 20.68 6.01 65.73 

± 1.13 ± 1.18 ± 1.39 

GC03 6.71 7.48 4.16 99.64 4.03 119.55 
±1.09 ±1.32 ± 1.37 

GC04 6.68 7.57 
6.28 21.44 6.11 28.29 

± 1.51 ± 1.74 ± 1.21 

GC05 6.67 12.98 
6.53 32.07 

6.29 94.71 
± 1.32 ± 1.37 ± 1.34 

GC06 6.65 19.66 
6.63 20.84 

6.62 24.04 ± 
±1.26 ± 1.18 1.09 

*For designatwn of PSB isolates Vide Table 4.2. 
**Soluble phosphate (mean±SD) 
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jpQmj (ppm) 

4.89 88.20 4.87 
161.79 

± 1.42 ± 1.57 
93.20 213.80 

3.87 ± 1.28 3.61 ± 1.59 

6.21 166.38 6.10 167.13 
± 1.37 ± 1.56 

6.59 
52.04 6.54 

55.31 
± 1.23 ± 1.55 

5.55 
44.41 5.23 49.57 
± 1.42 ± 1.56 

193.29 
4.88 

147.16 4.07 
± 1.04 ± 1.52 

4.54 
139.55 

4.45 
176.31 

± 1.28 ± 1.14 

4.74 
130.43 4.43 

192.54 
± 1.51 ± 0.99 

3.69 
144.30 3.36 202.88 
± 1.09 ± 1.49 

5.91 
136.66 5.87 143.74 
± 1.05 ± 1.99 

5.93 
149.39 5.87 172.92 
± 1.53 ± 1.28 

6.57 
27.57 ± 6.49 30.78 
1.26 ± 1.47 



4.6.2. Discussion 

There was an increase in the available phosphate with increased 

concentration of TCP in PKV broth. Isolate GCM2 showed the maximum 

amount of available phosphate (213.8 ppm) which was the highest among all 

the strains. Lower concentration TCP in PKV media also gave lower 

solubilising efficiency by PSB strains like Bacillus subtilis and Pseudomonas 

sp. as reported by earlier researchers (Rajankar et. al., 2007; Seshachala 

and Tallapragada, 2012). They concluded that increased TCP concentration 

upto 7 .Sg/1 resulted increased phosphate in the medium. In the present 

study all the PSB isolates solubilised maximum phosphate in the medium 

with Sg/1 TCP. 

Majority of PSB isolates has shown direct correlation between drops 

in pH and increase in available phosphate of the culture media (Fig. 4.4.) as 

observed by previous workers (Sperber, 1958b; Agnihotri, 1970; Liu et. al., 

1992). In other reports, the degree of solubilisation was not always 

proportional to the decline in pH (Mehta and Bhide, 1970; Wani et. al., 1979; 

Krishnaraj, 1987; Asea et. al., 1988). High phosphate solubilising capacity of 

B. subtilis has been reported in studies conducted in several experiments 

(Fankem et. al., 2006). 

Maximum phosphate solubilisation occurred with Sg/1 TCP. This is in 

accordance of standard protocol but good amount of soluble phosphate 

taking even lower concentration of TCP in PKV broth would be an added 

advantage for media formulation in future. In addition, all the twelve 

selected strains may be genetically superior in using all possible mechanism 

of phosphate solubilisation. 
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Figure 4.4. Effect of TCP concentration on phosphate solubilisation by PSB 
isolates after (a) 7 days (b) 14 days (c) 21 days and (d) 28 days of incubation. 
(Column - Soluble Phosphate; line- pH) 
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4. 7. Effect of glucose concentration on phosphate solubiUsation by 

selected PSB isolates 

4. 7.1. Results 

Six strains were further allowed to grow in Pikovskaya broth with 

varying concentration of glucose and observed for phosphate solubilisation 

and change in pH after 7, 14, 21 and 28 days of incubation. All the strains 

solubilised phosphate in increasing order with increasing glucose 

concentration. All the strains solubilised maximum phosphate at 20 g/1 

glucose. 

Amount of available Phosphate after 7 days of incubation (Table 4. 7 .1. ): 

All the strains were able to solubilise tricalcium phosphate at 5 g/1 of 

glucose with a maximum of 114.96 ppm by GCH2 and minimum of 14.84 

ppm by GC03. Reduction of pH of the broth was also observed (fig. 4.5a). 

}\mount of available phosphate in the broth was found to increase at 10 g/1 

glucose which is the prescribed concentration in PKV broth. Here strain 

GC06 solubilised maximum phosphate (146.22 ppm) and GCM2 was found 

least efficient in phosphate solubilisation with 32.19 ppm. 

Table 4.7.1. Final pH and soluble phosphate (SP) of Pikovskaya's broth 
containing different concentrations of glucose and inoculated with PSB 
isolates after 7 days of incubation 

Concentration of glucose in Pikovskaya's broth (g/1) 
*PSB 5 10 15 
Isolates **SP SP 

pH 
.(ppm) 

pH 
.(ppm) 

pH 

GCMl 4.84 45.22 
5.22 

50.49 5.46 
± 1.14 ± 1.04 

GCM2 6.69 
29.20 

5.19 
32.19 

5.44 
± 1.61 ± 1.37 

GCS2 6.08 
110.87 

4.69 
136.73 

4.63 ± 1.48 ± 1.70 

GCH2 5.89 
114.96 

4.68 
125.43 

4.63 ±1.71 ± 1.32 

GC03 6.48 
14.84 

5.41 
32.76 

4.73 ± 1.72 ± 2.05 

GC06 6.04 
63.95 

4.07 
146.22 

4.01 ± 2.04 ± 1.67 
*For designatiOn of PSB 1solates Vlde Table 4.2. 

** Soluble phosphate (mean±SD) 
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20 
SP 
(ppm) pH 

68.53 4.53 
± 1.36 
49.87 4.94 
± 1.24 
155.85 4.31 
± 1.48 
127.89 4.17 
± 1.51 
119.83 4.45 
± 1.61 
156.94 3.81 
± 1.41 

SP 
(ppm) 
145.15 
±1.70 
200.18 
± 1.28 
166.68 
± 1.47 
132.04 
± 1.25 
176.75 
± 1.71 
170.75 
± 1.73 



Increased concentration of glucose to 15 g/1 was found favourable for 

phosphate solubilisation. Available phosphate in PKV broth inoculated with 

selected strains was observed higher than that at 5 and 10 g/1 glucose. 

Strain GC06 solubilised maximum phosphate (156.94 ppm) and amount of 

phosphate solubilised by GCM2 was found minimum (49.87 ppm). Increase 

in available phosphate with decrease in pH was also observed in most of the 

cases (Fig. 4. Sa.). 

Highest amount of available phosphate in PKV broth was observed at 

20 g/1 glucose which was highest tested concentration in the present study. 

Minimum pH of the medium among the tested concentration of glucose was 

also recorded (Fig. 4.5.a). Strains GCM2 and GCH2 was found to solubilise 

maximum phosphate (200.18 ppm) and minimum phosphate (132.04ppm) 

respectively in the PKV broth. 

Thus after seven days of incubation all the tested strains were able to 

solubilise phosphate in increasing order in relation to glucose concentration 

with simultaneous reduction in pH (Fig 4.5.). 

Amount of available Phosphate after 14 days ofincubation (Table 4. 7.2.): 

Six strains were able to solubilise insoluble tricalcium phosphate into 

the soluble one at 5 g/1 of glucose. GCS2 release the highest (102.16 ppm) 

and GC03 the least (2.07 ppm). pH reduction was also observed with all the 

strains (Table 4.7.2.). 

Amount of available phosphate in the broth was found to increase at 

10 g/1 glucose which is the prescribed concentration of PKV broth. Strain 

GCM2 solubilised maximum phosphate (187.07 ppm) and GC03 released 

the least phosphate (33.77 ppm). 

Glucose concentration was increased to 15 g/1 which even favoured 

more solubilisation than that of 5 g/1 and 10 g/1. Strain GCH2 released the 

highest available phosphate (183.99 ppm) and GCM2 the least (87.35 ppm). 

All the six strains released the good amount of available phosphate at 

20 g/1 glucose concentration. Strain GCM1 released the highest available P 

of 199.84 g/1 while GCM2 the lowest (133.07 ppm). 
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Minimum pH was obsezved i.e., 4.18 with GCS2 at this concentration 

of glucose. 

Thus all the six strains were able to solubilise insoluble phosphate 

into the soluble form in an increasing order with respect to the glucose 

concentration as well as decrease in the pH value except one strain GCM2, 

which showed the highest solubilisation at 10 g/1 glucose concentration the 

standard medium, decrease at 15 g/1 glucose concentration and again 

increase at 20 g/1 glucose concentration. 

Table 4.7.2. Final pH and soluble phosphate (SP) of Pikovskaya's broth 
containing different concentrations of glucose and inoculated with PSB 
isolates after 14 days of incubation 

I Concentration of glucose in Pikovskaya's broth (g/lJ 

20 I *PSB 5 l1o j15 
tes ~-r;·-*S-P---t-· *SP -+---- *SP *SP 

I pH (ppm) pH Jp_Emj pH (ppm) pH (ppm) 
I 79.33 135.21 ·--+-'":-'14':-:1·~.6=-=9::-t----1~1799:::--.'::-8-=-4-i 

, GCMl i 5.82 ± 1.33 5.12 ± 1. 10 5.14 ± 1.61 4.47 ±1.63 
CM2 26.73 187.07 87.35 133.07 

6.86 ± 1.20 4.61 ± 1.68 6.45 ± 1.46 5.0 ± 1.34 

GCS2 102.16 146.56 162.26 162.51 
6.11 ± 1.67 4.57 ± 1.77 4.37 ± l.07 4.18 ± 1.74 1 

85.28 128.70 183.99 184.86 
GCH2 6.05 ± 0.67 4.61 ± 1.65 4.41 ± 1. 16 4.23 ± 1.39 

~-~~r---~~~~~r---~~~~~ 

GC03 6.64 ±2i~J2 5.16 :~·.;~ 5.08 ~o;_;g 4.43 ~8{:i~ 

*For designation of PSB isolates vide Table 4.2. 
**Soluble phosphate (mean±SD) 

Amount of available Phosphate after 21 days of incubation (Table 4. 7 .3.) 

Insoluble phosphate was converted into the available form by all the 

six strains at 5 gfl glucose concentration. GCS2 released the highest 

available form (108.01 ppm) and the lowest by strain GC03 (7.98 ppm). 

Available phosphate was increased by all the strains at 10 g/1 glucose 

concentration (prescribed concentration) than that at 5 g/1 glucose. In this 

case strain GCM2 showed the maximum (188.8 ppm) and GC06 being the 

least efficient in releasing phosphate with 41.03 ppm. 
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Glucose concentration was further increased from 10 to 15 g/1 where 

available phosphate was increased with a decrease in pH. Strain GCH2 being 

the most efficient phosphate solubiliser with 184.08 ppm and the GCM2 the 

least with 77.92 ppm. 

All six strains showed highest available phosphate at 20 g/1 glucose 

concentration. Strain GCH2 was found to solubilise the maximum with 

185.15 ppm and minimum solubilisation was observed with GC06 with 

164.52 ppm. 

Thus, all strains were able to solubilise the insoluble phosphate into 

the available form. It was observed that with increase in the glucose 

concentration there was increase in the available phosphate except strain 

GCM2. It showed the highest solubilisation at lOg/1 glucose concentration 

than that of 15 a..'"ld 20g/l glucose concentration. 

Table 4.7.3. Final pH and soluble phosphate (SP) of Pikovskaya's 
containing different concentrations of glucose and inoculated with PSB 
isolates after 21 days of incubation 

Concentration of glucose in Pikovskaya's broth (g/1) 

PSB 5 10 15 
Isolates 

pH *SP pH *SP pH {ppm) j~E_m) 

GCMl 4.91 107.51 4.81 149.84 4.82 ± 1.83 ± 1.15 

GCM2 6.48 38.8 4.32 188.8 5.19 ± 1.61 ± 1.51 

GCS2 6.08 108.01 4.41 166.75 4.45 ± 1.42 ± 1.15 

GCH2 6.28 57.54 4.47 136.12 4.22 ±1.11 ± 1.58 

GC03 6.39 7.98 3.83 120.78 4.13 ± 1.82 ± 1.16 

GC06 6.30 35.53 6.29 41.03 4.23 ± 1.37 ± 1.73 
*For designation of PSB isolates vide Table 4.2. 

** Soluble phosphate (mean±SD) 

*SP 
{ppm) 
163.27 
± 1.47 
77.92 
± 1.70 
170.94 
± 1.30 
184.08 
± 1.48 
167.95 
± 1.09 
161.69 
±1.51 

20 

pH *SP (ppm) 

4.20 171.88 
±0.77 

4.87 166.12 
± 1.56 

4.40 172.08 
± 1.38 

4.16 185.15 
± 1.70 

4.18 178.20 
± 1.58 

4.17 164.52 
± 1.67 

Amount of available Phosphate after 28 days of incubation (Table 4. 7 .4.) 

All six strains were able to convert insoluble phosphate into the 

soluble one. Strain GCMl was able to release 106.02 ppm phosphate while 

GC03 release 4.71 ppm phosphate which was the lowest at 5 g/1 glucose 
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concentration. Available phosphate was further increased as the glucose 

concentration increased from 5 g/1 to 10 gjl which is the standard one. At 

this concentration GCM2 release the maximum phosphate with 213.80 ppm 

while the minimum 30.78 ppm phosphate was released by the strain GC06. 

Increased concentration of glucose to 15 g/1 released comparatively 

more phosphate than 5 and 10 g/1 by all the six strains. Strain GCM2 

showed the highest available phosphate of 215.68 ppm and the least 163.58 

ppm was by the strain GCMl. 

Glucose concentration was again increased to 20 g/1 which even 

favoured more solubilisation. Here strain GCM2 was found to solubilise 

maximum phosphate (216.41 ppm) which was the highest among all the 

strains as well as at all the glucose concentrations and the minimum 

phosphate (167.16 ppm) was solubilised by GCMl. 

In all the cases it was observed that with increase in the glucose 

concentration available phosphate was also increased with the decrease in 

pH except by strain GC03. It showed maximum available phosphate at 10 

g/1 glucose concentration rather than 15 and 20 g/1. 

In comparison with other strains GCM2 showed the lowest pH of 3.26 

with highest solubilisation (Fig. 4.5.). 

Table 4. 7 .4. Final pH and soluble phosphate (SP) of Pikovskaya's broth 
containing different concentrations of glucose and inoculated with PSB 
isolates after 28 days of incubation 

Concentration of glucose in Pikovskaya's broth (g/1) 
PSB 5 10 15 
Isolates *SP *SP pH 

(ppm) pH (ppm) pH 

GCM1 5.12 106.02 4.87 161.79 4.82 ± 1.47 ± 1.57 

GCM2 6.79 41.12 
3.61 213.80 

3.29 ± 1.65 ± 1.59 

GCS2 6.17 100.02 
4.07 193.29 4.03 ± 1.61 ± 1.52 

GCH2 6.27 
83.01 

4.43 192.54 
4.46 ± 1.56 ±0.99 

GC03 6.94 
4.71 

3.36 202.88 
4.1 ± 1.93 ± 1.49 

GC06 6.75 
28.46 

6.49 30.78 
4.17 ± 1.68 ± 1.47 

*For des1gnation of PSB 1solates v1de Table 4.2. 

** Soluble phosphate (mean±SD) 
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*SP 
(ppm) 
163.58 
± 1.37 

215.68 
± 1.53 
198.70 
± 1.35 
194.41 
± 1.51 
178.26 
± 1.61 
179.84 
±1.53 

20 
*SP 

pH (ppm) 

4.18 
167.16 
± 1.52 

3.26 
216.41 
± 1.49 

4.00 
199.41 
± 1.51 

4.37 
195.97 
± 1.57 

4.09 
169.18 
± 1.63 

4.16 189.43 
± 1.70 
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Figure 4.5. Effect of Glucose concentration on Phosphate solubilisation by 
PSB isolates after (a) 7 days (b) 14 days (c) 21 days and (d) 28 days of 
incubation (Column- Soluble Phosphate, line- pH). 
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4. 7. 2. Discussion 

Phosphate solubilisation efficacy of microorganisms is influenced 

greatly by media composition, especially the N and C sources, and the 

buffering capability of the medium used (Cunningham and Kuiack, 1992; 

Whitelaw, 2000; Sangeeta and Nautiyal, 2001; Pradhan and Sukla, 2005). 

Many researchers have studied the efiect of carbon sources of phosphate 

solubilisation (Halder et. al., 1991; Narsian and Patel, 2000). PVK broth 

containing glucose as a carbon source shovved maximum solubilisation of 

phosphorus in. broth euH:u.re >vvith. resulting low pH {Yadav et:. al., 201.1). 

Glucose concentration directly influenced the level of soluble 

phosphate in PKV broth in present study. Out of the four glucose 

concentration used in the media (5, 10, 15 and 20g/l), highest soluble 

phosphate was observed at 20 g/1 glucose. Jung et. al., (2002) reported that 

increase in glucose concentration to 20g/l enhanced solubilisation of 

phosphate to 349-1675 ppm with abrupt drop in pH. All the isolates 

produced maximum phosphate after 28 days of incubation. Previously, Gaur 

(1990) reported that Penicillium digitatum solubilised the maximum 

phosphate in the presence of glucose, followed by sucrose, mannitol, 

arabinose, fructose, xylose and ga1actose. Nautiyal (1999) also found that 

not only was glucose necessary, but its concentration was important for 

bacterial phosphate solubilisation in liquid. Soluble phosphate concentration 

increased with an increase in glucose by Pseudomonas sp. (Nautiyal, 1999). 

On contrary to these, Cunningham and Kuiack (1992) found that under 

limited carbon conditions oxalic acid was produced by Penicillum billai and 

Penicillum sp. showed phosphate solubilisation even at low sugar 

concentration. This was better explained by the fact that suboptimal growth 

conditions are often necessary for the production of secondary metabolites 

(Illmer & Schinner, 1992). Shahab and Ahmed (2008) found that phosphate 

solubilisation was good in the presence of 1% glucose. This theory was even 

supported by Dixon et. al., (1998) who reported that with decreasing 

concentration of glucose there was decrease in the phosphate solubilisation. 

This even shows that glucose concentration is the important factor for 

solubilisation. Forty-eight bacteria isolated from wheat rhizosphere were able 

to solubilise dicalcium phosphate in the presence of 1 %glucose content in 

the medium (Harris et. al., 2006). Phosphate solubilisation was enhanced 
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with increase concentration of glucose from 0.5 to 2.0 % by Bacillus 

megaterium but with RP such enhancement was not observed beyond 0.5 %. 

Phosphorus release was increased with increased glucose concentrations 

that can be attributed to greater availability of the energy source for the 

growing organism and acid production (Yadav & Singh, 1991). 

Rhizobium sp. from Crotolaria retusa and Crotolaria verrucosa showed 

maximum solubilisation at 3.0% concentration of glucose. Linear increase in 

TCP solubilisation was observed as the concentration of glucose increased. 

This may be due to greater acidity produced at 3.0% concentration of 

glucose, which is an important factor for phosphate solubilisation. The 

variation in the effect of different concentrations of glucose is found to be 

statistically significant (Sridevi et. al., 2007). 

Penicillum radicum favoured higher sucrose concentration (e.g. 30g/l) 

for phosphate solubilisation (Whitelaw et. al., 1999). Glucose and maltose 

decreased culture solution pH and resulted in the highest phosphate 

solubilisation, whereas minimal pH change and P solubilisation occurred in 

the absence of a carbon source (Pradhan and Sukla, 2005). Fasim et. al., 

(2002) have reported such bacterial isolates, which solubilise only in the 

presence of glucose. DiSimmine (1998) reported solubilisation only in the 

presence of glucose and slight solubilisation was detected in presence of 

gluconate, galactose, glycerol, sorbitol and fructose. Gaur (1990), observed 

that glucose was the best carbon source followed by sucrose and galactose to 

solubilise insoluble phosphate in case of Pseudomonas striata. In contrast to 

this, Narsian and Patel (1995) proved fructose as the sole carbon source for 

Rhodotorula minuta NCIM 3359 and Saccharomyces cerevisiae ATCC 9896. 

There are reports of preference of sugar for solubilisation of phosphate 

by microorganisms. Enterobacter aerogenes was able to solubilise the 

insoluble phosphate TCP with different carbon sources like arabinose, 

fructose, sorbitol, mannitol, xylose, sucrose, maltose and lactose except 

xylose but with RP and all the sugars no solubilisation was observed 

(Thakker et. al., 1993). In the absence of sucrose, bacteria showed less 

phosphate solubilisation (Bharat and Sen, 1968). Media low in carbon 

concentration were better for screening phosphate solubilising Rhizobium as 

reported by Illmer and Schinner ( 1995). Bacillus subtilis showed maximum 

phosphate solubilisation in the PKV media containing TCP and glucose as 
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the main carbon source whereas minimum in the RP solubilisation in liquid 

medium (Selvi & Ravindran, 2012). This dependency of carbon concentration 

is also reported in soil; high carbon concentration in the rhizosphere 

supports and enhances microbial P solubilisation activities (Lynch and 

Whipper, 1990). 

Pikovskaya's medium was modified by changing the composition with 

the addition of 13 g/1 glucose instead of 10 g/1 (Rashid et. al., 2004). It is 

similar to the findings of Gaur (1990) who reported that by increasing the 

concentration of glucose from one to three percent in the medium the role 

and the quantity of rock phosphate solubilised by phosphorus solubilising 

fungal strain increased and also greater acidity was produced by glucose at 

the higher concentration, which is an important factor for phosphate 

dissolution (Rashid et. al., 2004). These are similar to our findings that 

linear increase in TCP solubilisation was observed as the concentration of 

glucose increased (Fig.4.7.). 

4.8. Biochemical characteristics of selected PSB isolates 

4.8.1. Results 

All the 24 PSB isolates were subjected to 20 biochemical parameters 

comprising of fermentation of 20 carbohydrates ( Adonitol, D-Arabinose, 

Cellobiose, Dextrose, Dulcitol, Galactose, Glucose, Lactose, Maltose, 

Mannitol, Mannose, Melezitose, D-Methyl-D-Mannoside, Raffinose, 

Rhamnose, Sorbose, Sucrose, Trehalose, Xylitol and Starch) and 8 

enzymatic activities (Arginine hydrolase, Catalase, Citrate utilisation, 

Esculin hydrolysis, Malonate utilisation, Nitrate reduction, ONPG and Voges

Proskaeur's reaction). 

The test parameters were selected on the basis of differentiation of soil 

bacteria. The results of the test are represented in Table 4.8. All the PSB 

isolates showed negative response to two biochemical parameters i.e., 

fermentation of Sorbose and ONPG test. Again all the strains except GCFl 

were positive for arginine hydrolysis. On the other hand isolate GC04 was 

only isolate to show positive response fermentation of Melezitose and D

Methyl-D- Mannoside. Considering the location of isolation of PSB isolates 

wide variation in response to biochemical parameters were observed. PSB 
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strains GCM1, GCM2, GCM3, GCM4 and GCMS were common only in 15 of 

the parameters. 

Similarly, isolates GCS 1, GCS2, GCS3 and GCS4 showed common 

response to 14 (50%) of parameters. 

Prevalence of common response to 16 out of 28 biochemical 

parameters was observed among GCHl, GCH2, GCH3 and GCH4. PSB 

strains GC01, GC02, GC03, GC04, GCOS and GC06 showed common 

response to 12 of the parameters only. 

Interestingly, isolates GCO 1, GC02 and GC03 exhibited positive 

response to 12 parameters and negative to rest 16 parameters. All of them 

were negative in Gram reaction. 

PSB isolates GCMl and GCS2, both being positive in Gram reaction 

and identified as Bacillus showed common response to 24 (85%) of the 

biochemical characters tested. Highest positive test 22 out of 28 biochemical 

parameters were shmvn by isolate GCF4 followed by isolates GCS4 

were positive to 19 parameters. Positive response to only 12 of the 

parameters was shared by three isolates (GCOl, GC02 and GC03). Overall 

there were wide variations in biochemical activities of PSB isolates. 

4.8.2. Discussion 

There was a wide variation among the PSB isolates in response to 

biochemical parameters. Common negative response to two (Sorbose and 

ONPG) of the 28 parameters by all the PSB isolates reflects their common 

habitat i.e., soil. Additionally, nearly total (above 80%) common positive 

response to four of the parameters (Arginine hydrolysis, Citrate utilisation, 

Esculin hydrolysis and Nitrate reduction) by all the isolates also signifies 

their preisolation rhizosphere habitat. Two PSB strains, GCMl and GCS2, 

identified as Bacillus sp. and Bacillus cereus showed 85°/o homology in 

biochemical parameters. In bacterial taxonomy equal weightage is given to 

positive and negative reaction and relationship between two Bacillus 

members also supports this theory while determining homology among the 

species. Less homology even among the Gram positive as well as Gram 

negative PSB members reflects the diversity of phosphate solubilising 

bacteria in hill areas of Drujeeling. 
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Table 4.8. Biochemical characteristics of selected PSB isolates 
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GCF4 + + + + + + + + + 

GCF5 + + + + + + 

*For designation ofPSB isolates vide Table 4.2. 
(+)=positive response, (-)=negative response 
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4.9. Morphological and Gram-staining characteristics of selected PSB 

isolates 

4.9.1. Results: 

Gram staining and morphological nature of bacteria are of taxonomical 

significance in addition to other characteristics. Overnight grown PKV broth 

cultures of all 24 PSB isolates were microscopically observed for their nature of 

Gram staining and morphology (Plate 4.3). The result is presented in Table 4.9. 

Table: 4.9. Morphological and Gram-staining characteristics of selected PSB 
isolates 

*PSB Gram's I Morphology 1 *PSB ! G ' I Morphology 

~ 
i _-rrams 

Isolates Reaction Isolates Reaction 
- --

GCMl +ve Rod GCH4 +ve Rod 

GCM2 -ve Rod GCOl -ve Rod 

GCM3 -ve Rod GC02 -ve Rod 

GCM4 +ve Rod GC03 -ve Short rod 

I GCMS +ve Coccus GC04 -ve Rod 

GCSl +ve Rod GCOS -ve Rod 
-

GCS2 +ve Rod GC06 -ve Rod 

GCS3 +ve Rod GCFl +ve Rod 
--

GCS4 +ve Coccus GCF2 +ve Short rod 

GCHl -ve Rod GCF3 +ve Rod 

GCH2 -ve Short rod GCF4 -ve Rod 

GCH3 +ve Rod GCFS -ve Rod 

*For designation of PSB isolates vide Table 4.2. 

Microscopic observation of the PSB isolates revealed almost equal 

population of Gram positive and Gram negative bacteria. Twelve (50%) out of 24 

isolates were Gram positive in nature and rest 12 (50%) were Gram negative. 

Morphologically 22 isolates were rod shaped and two were cocci. 
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4.9.2. Discussion 

Phosphate solubilising bacterial isolates from rhizospheric as well as 

non-rhizospheric soil and used as biofertilisers are found to be both Gram 

positive and Gram negative in nature. In the present study percentage of Gram 

positive and Gram negative PSB isolates were equal. Two of the Gram positive 

rod shaped PSB isolates GCM1 & GCS2 were confirmed and identified as 

Bacillus sp., and Bacillus cereus respectively by Indian Institute of Microbial 

Technology (Chandigarh, India). Similarly, one Gram negative rod shaped PSB 

isolate GCM2 was identified as Pseudomonas sp. and another Gram positive 

isolate GCS 1 was identified as Kurthia sp. 

Previous studies also reported the dominance of species of Bacillus and 

Pseudomonas as phosphate solubilisers (DeFreitas et. al., 1997; Joseph and 

Jisha, 2008; Igual et. al., 2001; Sindhu et al., 2002; Kannapiran & Ramkumar, 

2011; Seshachala and Tellapragada, 2012). 

PSB isolates GCSl identified as Kurthia sp., was not found in earlier 

population records of PSMs and considered as new member as phosphate 

solubilisers. Variation in sensitivity to !3-lactam antibiotics like ampicillin and 

penicillin were also in line to the nature of Gram staining of PSB isolates (Table 

4.10.). 

4.10. Antibiotic sensitivity pattern of PSB isolates 

4.10.1. Results 

Antibiotic sensitivity test of all 24 PSB isolates to 20 antibiotics Amikacin 

(AK-30 11g), Ampicillin (AMP-10 11g), Amoxycillin (AMX-10 11g), Cefadroxil (CFR-

30 11g), Cefoperazone (CPZ- 75 11g), Ceftazidime (CAZ- 30 11g), Ceftriaxone (CTR-

30 11g), Chloramphenicol (C- 30 iJ.g), Ciprofloxacin (CIP- 05 iJ.g), Cloxacillin (COX-

01 1-1g), Co-Trimoxazole (COT- 25 1-1g), Erythromycin (E- 15 1-1g), Gentamicin 

(GEN- 10 1-1g), Nalidixic acid (NA- 10 11g), Netillin (NET- 10 iJ.g), Nitrofurantoin 

(NIT- 300 11g) , Norfl.oxacin (NX- 10 11g), Penicillin (P- 10 units), Tobramycin 
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(TOB- 10 J.tg) and Vancomycin (VA- 30 J,tg) was done. Diameter of zone of 

inhibition around antibiotic impregnated discs (Plate 4.4) were measured and 

recorded (Table 4.10). 

Only two isolates GCM1 and GCH4 were sensitive to all the antibiotics 

tested. Resistance to one or more antibiotics was also observed among the 

isolates. Isolate GCM2 (identified as Pseudomonas sp.) was resistant to 10 

(50%) of the antibiotics in tested concentration. This was followed by isolate 

GCH2 which showed resistance to 7 of the antibiotics i.e., Ampicillin, 

Amoxycillin, Cefadroxil, Ceftazidime, Cloxacillin, Co-Trimoxazole and Penicillin. 

Similarly two isolates GCH 1 and GC06 were resistant to 6 antibiotics and 3 

isolates (GCF2, GCF4 and GCFS) which were resistant to 5 antibiotics. Isolates 

GCM4 and GCS1 Kurthia sp. (GCS1) were resistant to only one antibiotic i.e., 

Cotrimoxazole. GCMS was only resistant to ampicillin. 

Antibiotic Nitrofurantoin could inhibit the growth of 23 of the 24 isolates. 

Chloramphenicol produced largest inhibition zone (36 mm) against GCF3 and 

smallest zone (13 mm) against GCM2 (Pseudomonas sp.). Nitrofurantoin was 

also found efficient with largest inhibition zone (30 mm) against GCS 1 (Kurthia 

sp.) and smallest zone (13 mm) against GCF4. 

Cefadroxil was effective against 22 of the PSB isolates with largest 

inhibition zone (38 mm) against GCS1 (Kurthia sp.) and smallest (26 mm) 

against GCOl, GC04, GCF2 and GCF5. 

Another antibiotic Erythromycin was inhibitory to 21 of the PSB isolates 

with largest inhibition zone of 36 mm against GCSl and smallest zone (24 mm) 

against GCF3. 

Nineteen of the 24 PSB isolates were sensitive to Nalidixic acid. Antibiotic 

Cloxacillin inhibited 15 of the isolates showing largest inhibition zone (35 mm) 

against GCM1 (Bacillus sp.). 

Two of the antibiotics Ampicillin and Cotrimoxazole inhibited 14 of the 

isolates. Antibiotic Ampicillin inhibited GCM1 (Bacillus) with largest inhibition 

zone (30 mm) and smallest zone (12 mm) against GCFl. Co-trimoxazole 
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inhibited the growth of GCM1, GCM3, GCMS and GCS3, GCS4, GCH4, GCOl, 

GC02, GC03, GC04, GCOS, GCF3, GCF4 and GCFS with largest zone of 37 

mm. against GCF4. Ceftazidime could inhibit 13 PSB isolates with largest 

inhibition zone against GCM2 (25 mm). 

Penicillin was able to inhibit the growth of 12 isolates showing largest 

zone diameter (32 mm) against GCM1 (Bacillus sp.) and smallest (13 mm) 

against GCF2. 

Table 4.10. Antibiotic sensitivity pattern of PSB isolates 

I PSB Diameter of inhibition zone (mrn) I 
isolates 

I 
l 

I I 

I 

I 

0.. 

I >< &: ~ N [: >< f-. :.:: :E :E < 0.. 0 0 
< < < u u u u u 0 u u 

GCM1 28 30 29 31 34 22 33 34 34 35 35 

GCM2 28 - - - 27 25 22 13 28 - -
GCM3 20 - 28 30 26 23 24 - 29 30 35 

GCM4 21 13 27 29 32 21 31 32 31 34 -
GCM5 20 - 30 32 31 24 26 14 32 31 35 

GCSI 31 21 18 38 27 14 27 34 37 13 -
GCS2 25 17 15 29 22 24 25 34 28 11 

' 
-

GCS3 30 15 17 30 18 - 26 30 27 14 27 

GCS4 29 14 I 16 32 17 - 19 26 35 20 33 

GCHl 26 - - 30 13 - 17 30 24 - -
GCH2 25 - - - 28 - 15 33 29 - -
GCH3 30 13 - 31 19 - 18 35 33 12 -
GCH4 32 22 21 33 21 20 22 34 38 28 33 

GC01 28 15 15 26 20 19 18 16 21 20 21 
GC02 29 17 16 28 22 18 19 15 22 21 19 

GC03 32 16 14 28 21 20 18 15 23 22 20 

GC04 26 14 13 26 20 19 17 16 21 20 21 
-GC05 24 .. - 28 21 20 28 34 34 - 27 

GC06 25 - - 27 19 - 20 34 29 - -
GCF1 28 12 - 33 18 - 20 33 32 - -
GCF2 26 - - 26 22 - 17 30 31 - -
GCF3 31 13 - 32 22 - 22 36 36 15 22 
GCF4 30 - - 33 27 - 30 34 36 - 37 

GCF5 27 - - 26 23 - 18 32 31 - 35 

*For designation of PSB Isolates vtde Table 4.2 

(-) = Not sensitive 
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34 29 35 28 24 34 32 29 27 

- 19 - 19 - 31 - 32 -
31 20 32 27 23 32 29 28 26 

32 27 31 17 22 32 29 28 26 

30 12 29 28 25 33 29 29 28 

36 28 24 27 30 28 22 27 29 

29 25 29 28 18 33 - 28 25 

- 26 28 26 19 30 20 19 18 

- 28 22 32 17 33 17 22 26 

29 27 16 27 15 29 - 26 23 

29 22 27 27 18 30 - 24 23 

32 29 34 27 19 33 14 28 16 

39 30 32 33 20 34 24 31 27 

31 27 - 22 23 22 - 25 -

30 25 - 21 22 24 - 24 -

32 26 - 24 24 24 - 26 -
30 28 - 23 21 26 - 25 -

33 36 30 38 17 33 - 19 --z7", 
25 29 31 28 22 32 - 18 14 

26 30 30 26 21 29 10 31 24 

30 28 28 29 18 31 13 29 21 

24 29 30 29 19 32 15 28 25 

34 30 32 32 13 34 - 28 30 

25 28 29 28 14 30 - 27 22 



4.10.2. Discussion 

In the present study sensitivity of all 24 PSB isolates to eight of the 20 

antibiotic tested may be due to less or no use of antibacterial agents in the crop 

fields as bacterial pathogens are less common in the study area. 

r.3-lactam antibiotics (Ampicillin, Amoxycillin , Penicillin, Cloxacillin) 

inhibited Gram positive PSB isolates as usual, on the other hand Gram negative 

PSB isolates were found insensitive. 

DNA synthesis inhibitors like Nalidixic acid, Norfloxacin, Cifrofloxacin 

could inhibit all the PSB isolates irrespective of gra_m nature. Aminoglycosides 

like Gentamicin, Tobramycin, Amikacin were also inhibitory to all the PSB 

isolates. 

Macrolides (Erythromycin -E) which inhibit protein synthesis was also 

inhibitory to 21 of the 24 PSB isolates. 

Recently there has been widespread misuse of antibiotics not only in the 

treatment of diseases but to increase the life of foods (Garret, 1994). These 

practices have led to an increasing problem with "ordinary" bacteria becoming 

resistant (Delano, 1996). This may be one of the factors of resistance of GCM2 

(Pseudomonas sp.) to 10 of the 20 antibiotics tested. 

Among the various methods of taxonomic studies, the bacteria have been 

commonly classified on the basis of antibiogram along with their plasmid 

profiles (Gillespie et. al., 1990). Thus antibiotic sensitivity chart of the PSB 

isolates would also help in this matter. 

As a whole the antibiotic sensitivity pattern of PSB isolates shows 

inherent properties of Gram positive and Gram negative bacteria. 
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4.11. Native PAGE prof"lle of selected PSB strains 

4.11.1. Results 

Similarity values of protein bands in native PAGE has significant role in 

determining the homology between the organisms including others. Such values 

are calculated on the basis of protein banding pattern of the organisms in 

polyacrylamide gel electrophoresis (Plate 4.5.). 

Six PSB isolates were selected for the study. The result of similarity 

percentage among isolates is represented in Table 4.11. 

PSB strain GCS1 showed highest similarity (66.66%) to GCM2, followed 

by 61.11% to GC03 an.d the lowest 44.44% to GCM2. 

Table 4.11. Similarity percentage of Native PAGE protein bands of PSB isolates 

*PSB GCSI GCS2 GCMI GCM2 GCH2 GC03 
isolates 
GCSl 100% 55.55% 44.44% 66.66% 55.55% 61.11% 
GCS2 100% 43.75% 56.25% 62.5% 50% 
GCMl 100% 42.85% 42.85% 42.85% 
GCM2 100% 64.28% 57.14% 
GCH2 100% 69.23% 
GC03 100% 
*For des1gnat10n of PSB 1solates v1de Table 4.2 

Similarly, PSB isolate GCS2 showed maximum similarity (62.5%) to 

GCH2, slightly lower (56.25%) to GCM2 and lowest (43.75%) to GCMl. GCM1 

was less similar (42.85%) to GCM2, GCH2 and GC03. 

GCM2 showed highest similarity (64.28%) to GCH2 and lowest (57.14%) 

to GC03. GCH2 was very close to GC03 with highest similarity of 69.23 %. 

Lowest similarity was that of GCM1 to GCM2, GCH2 and GC03 (42.85%). 

Overall the similarity values varied from 42.85% to 69.23%. 
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4.11.2. Discussion 

Banding pattern in protein gel is one of the current parameters of source 

tracking along with taxonomical studies. PSB isolates in the present study 

showed similarity in the range of 42.85% to 69.23% (Table 4.11.). 

Highest similarity (69.23%) observed between GCH2 and GC03, 

similarity among four of the isolates GCM1, GCM2, GCH2, GC03 was the 

lowest (42.85%). 

The range of similarity varied from 41- 50% in 6 cases, 51-60% in 4 

cases and 61-70% in 5 cases. Out of the 6 isolates subjected to the 

electrophoresis pattern of protein in native PAGE showed 40-70% similarity in 

general. Thus the results also support the observations of previous experiments 

like carbohydrate fermentation, antibiotic sensitivity determined properties of 

PSB isolates. 

Variation in similarity percentage among the PSB isolates may 

attributed to the variation of their sources ranging from base to top 

mountain, agricultural field to virgin forest and others. The isolates 

retained the homology in the whole protein banding property (minimum of 

42.85%) which may contribute to the important common properties like P 

solubilisation, IAA production, etc. of the isolates. 

4.12. Effect of different pH on the survivality of selected PSB isolates 

4.12.1. Results 

PKV broth was adjusted to three different pH with NaOH, HCl and tested 

for growth response of PSB isolates upto 7 days of incubation. 

Population (cfujml) of PSB isolates in PKV broth at pH 5, 7 and 9 were 

determined on daily basis upto 7 days of incubation. 
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Four of the six isolates (GCMl, GCM2, GCH2 and GC03) showed 

maximum cfujml at acidic pH (5) throughout the period of study followed by 

one each isolate (GCS1) at neutral pH and (GCS2) at alkaline pH 9 respectively. 

Table 4.12. Survivali1y pattern of selected PSB isolates at different pH upto 7 
days of incubation 

I *PSB 

1 

isolates 
pH (cfux105 /ml) 

Incubation period (days) 1 1 2 3 4 5 6 r GCM1 5 537.9 441.7 423.4 146.9 22.2 2 
7 501.2 197.7 189.7 24.6 17.2 1.6 

1.6 

1.3 I 

l 
' GCM2 

9 242 166.4 155.6 I 18.4 I 14.3 1 f) 
.1. ,,G 

5 206.9 174.4 159 1 82.2 12.2 5.5 

7 181.5 169.8 85.83 54.7 7.2 2.7 
}-------j.__. 

I 1 I 
2.2 

9 122 118.7 58.6 32.8 3.5 2.7 1.7 
---G~c=~s~l-~~5~~5~8~8-.~2-+--43~7~.--1-+--9-5=-~--8-2-.4--~-6=7-.3~~~5~~-3=.~4~ 

7 77.8 54.9 52.6 29.8 9.2 3 2.7 

9 58.4 51.5 35.7 5.5 2.5 2.3 1 

GCS2 5 307.4 291.1 268.7 25.2 23.9 22.9 5.9 

7 292 285.2 242.1 20.9 20.4 10.4 2.2 

9 235.3 232.5 209.2 17.9 12.7 2 2 

GCH2 5 663.8 618 595.1 549.3 52.6 22.9 2 

7 273.7 262.3 256.5 251.3 43.5 22.8 2 

9 90.18 64.8 56.3 52.6 66.4 3.7 1 

5 755.3 686.7 59.5 37 33.2 9.2 7 

L 
7 469.2 375.3 37.3 32 20.6 2.7 1.8 

9 222 123.6 29.9 20 9.9 2.1 1.3 
-~------'--------'-----'-----'---.-L____---------'-------------' 

*For designation of PSB isolates vide Table 4.2. 

4.12.2. Discussion: 

Mala.kooti and Nafisi (1995) declared that the best pH for phosphorus 

uptake by plants is 6.5. The most efficient use of phosphate in neutral and 

calcareous soils occurs between pH 6 to 7 (Sharpley, 2006). The pH of the soil 

also plays an important role in phosphate uptake and has been shown that the 
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best pH for phosphate uptake is 6.5 (Venkateshwarulu et. al., 1984). In a study 

by Jung et. al., (2002) it was found that decrease in pH from 7.24 to 5.49 the 

population of PSB remained constant. 

Gupta et. al., (2007) studied the performance of 18 bacterial isolates and 

reported that no bacteria performed better in 4.5 pH except MB93, MB99 and 

MB94, which exhibited 16.0-18.5 mm halo zones at 4.5 pH at 37°C. Most of the 

bacteria preferred pH 7.2 at 30 oc for phosphate solubilisation. The highest 

halo zone measurement was recorded in MB93, i. e. 41mm in pH 7.2 e:md 30 oc. 
On the contrary all the six PSB isolates in this study showed best gro\vth at pH 

5.0 followed by 7.0 and 9.0. Survivality of all the isolated tested in this study in 

the pH range 7-9 would be an added advantage of universal use of these 

organisms as biofertilisers in future. 

Good growth of PSB isolates in acidic pH (pH 5) followed by 7 and 9 in 

our study may be that they were isolated from acidic soil and majority of them 

also solubilised good amount of phosphate with reduction in pH upto 3.36 

(GC03 after 28 days of incubation) and may be metabolically more active in 

carbohydrate fermentation for the production of organic acids. It is known that 

a diverse group of bacteria and fungi are involved in microbial phosphate 

solubilisation mechanisms through which insoluble forms of phosphates 

convert into soluble forms (HP04-2or H2P04-). 

Acidification of the medium, chelation, exchange reactions and 

production of various acids has been discussed as the key processes attributed 

to the conversion (Chung et. al., 2005; Gulati et. al., 20 10). The major 

microbiological means by which insoluble phosphate compounds are mobilized 

is the production of organic acids, accompanied by acidification of the medium. 

The organic and inorganic acids convert tricalcium phosphate to di and mono 

basic phosphates with the net result of an enhanced availability of the element 

to the plant. The type of organic acid produced and their amounts differ with 

different organisms. Among them, gluconic acid and 2-ketogluconic acid seems 

to be the most frequent agent of mineral phosphate solubilisation (Song et. al., 
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2008). Other organic acids, such as acetic, citric, lactic, propionic, glycolic, 

oxalic, malonic, succinic, fumaric, tartaric etc. have also been identified among 

phosphate solubilisers (Ahmed and Shahab, 2011). 

Pseudomonas corrngata isolated from Sikkim himalaya (Pandey and 

Palni, 1998) gave moderate growth at pH 6-8 and showed wide range of pH 

tolerance i. e., from 4-11. Similar to this observation PSB isolate GCM2 

(Pseudomonas sp.) in our study showed highest population at pH 5 throughout 

the period of incubation (upto 7 days). However they were able to grow well at 

pH 7 a.."l.d 9 showing wide pH tolerance. The form in which phosphate exists 

also changes according to soil pH. Below pH 6.0, most phosphate will be 

present as monovalent H2P04 species. The plant uptake at the 

range of 5.0-6.0, which indicates that phosphate taken up as monovalent 

form (Furihata et. al., 1992). 

Acidic pH of the rhizospheric soils from which the strains were isolated 

may be one of the factors for the optimum growth and survival of majority of 

isolates in low pH. This property of selected PSB isolates would be 

advantageous as their use as biofertilisers organisms preferably in hill 

agriculture where soil is acidic. 
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a. Survivality pattern of selected of PSB Isolates at pH 5 upto 7 days of incubation 

I o 1 day 0 2 days El 3 days Kl 4 days 81 5 days 121 6 days • 7 day3 

GCM1 GCf\112 GCS1 GCS2 GCH2 GC03 

b. Survivality pattern of PSB ISoa!tes at pH 7 upto 7 days of incubation 

[ 0 1 day l2l 2 days El 3 days 1::!1 4 days 1B 5 days m 6 days • 7 day~ 

GCM1 GCM2 GCS1 GCS2 GCH2 

c. Survivality pattern of selected PSB isoaltes at pH 9 upto 7 days of incubation 

lo 1 day 12l2 days El 3 days 1514 days 815 days 11116 days • 7 days I 

GCM1 GCM2 GCS1 GCS2 GCH2 GC03 

*For designation of PSB isolates vide Table 4.2. 

Figure. 4.6. Effect of different pH (a) 5, (b) 7, and (c) 9 on the survivality pattern 
of PSB isolates upto 7 days of incubation. 
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4.13. Survivality pattern of selected PSB isolates in sterilised soil at 

different incubation temperatures 

4.13.1. Results 

Six selected PSB strains inoculated to sterile garden soil, incubated at 

two different temperatures i, e., room temperature and 37°C, showed promising 

results (Table 4.13.). Population of PSB observed decreasing with respect to 

days of incubation but all the strains found to survive till the end of study (60 

days). 

Table 4.13. Survivality pattern of selected PSB isolates m sterilised soil at 
different incubation ternperatures 

Population ( cfu x 105/ g) 

j Incubation 1 day __ L __ ~~ days I 
30 days 45 days 60 days 

L Eeriod 
PSB Incubation temp 

isolates Room 37oc Room 370C I Room 37oc Room 37oc Room 37oc 
temp temp temp temp temp 

GCM1 64.0 75.2 37.2 68.0 10.1 12.16 7.6 9.2 2.6 1.30 

GCM2 66.0 87.2 42.0 61.6 14.2 18.2 4.0 9.4 2.64 1.02 

GCS1 60.0 82.2 31.4 69.6 21.2 27.6 8.4 7.6 3.0 1.04 

GCS2 51.0 53.6 35.2 40.8 16.0 26.4 10.8 14.6 1.28 1.12 

GCH2 63.0 72.0 20.8 26.0 12.2 19.6 2.4 4.16 1.12 3.60 

-- GC03 32.0 45.0 24.0 37.6 16.0 25.6 6.4 3.4 3.0 1.16 

*For designation of PSB isolates vide Table 4.2. 

PSB population at room temperature upto 60 days of incubation (Table. 4.13.} 

PSB strain GCMl with initial population of 64.0 X 105/ g of soil survived 

upto 60 days of incubation with a population of 2.6 X 105/g soil. Similarly, 

initial and final population of strain GCM2 was 66.0 and 2.64 x 105 cfu/ g soil 

respectively. Population of GCS1 also observed in reducing order from 60.0 x 

105/g (initial) to 3.0 x 105/g (at 60 days). Strain GCS2 with initial population of 

51 x 105/g could survive upto 60 days with population of 1.28 x 105/g. 

Considerable population of 1.12 x 105/g and 3.0 x 105/g of the isolates GCH2 

and GC03 respectively was also observed at 60 days of incubation. 
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b. Population (cfu x 105/g) of selected PSB Isolates incubated at 3?0C 
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*For designation of PSB isolates vide Table 4.2. 

GC03 

Figure 4. 7. Survivality pattern of PSB isolate in sterilized soil mat (a) room 
temperature and (b) 3T C upto 60 days of incubation. 

PSB population at 37°C upto 60 days of incubation (Table. 4.13.) 

Incubation temperature of 37oc favoured the growth of PSB isolates at 

initial days of incubation but room temperature favoured towards the end of 

incubation period. Isolates GCM1 & GCM2 with an initial population of 75.2 x 

105/g and 87.2 x 105 /g of soil could survive with a population of 1.3 x 105/g 

and 1.02 x 105/g soil respectively upto 60 days of incubation. Similarly two 
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isolates GCS1 and GCS2 showed highest population of 82.2 x 105/g and 53.6 x 

105/g soil after 24 hours. Their population found decreasing with respect to 

incubation period (4. 7b.). Both strains survived upto 60 days with a population 

of 1.04 x 105/g and 1.12 x 105/g respectively. Rest of the isolates GCH2 and 

GC03 followed similar pattern of survivality with respect to duration of 

incubation. 

Survivality pattern of PSB isolates at room temperature would be an 

added advantage for their development as biofertilizers to be used in hill 

agriculture as the experiment was performed in winter of 20 11 which was the 

coldest season of the year (Table 3.2.). 

4.13.2. Discussion 

Due to the ecotype diversity of PSMs and its tolerance to some 

environmental stresses, indigenous bacteria are of special importance as a 

biological fertilizer (Sharma, 2002). Six tested PSB in this study survived well in 

soil at room temperature during winter season. Initially growth rate was high at 

37oc but both incubation temperatures resulted in similar type of growth at 

later stages of incubation. Pandey et. al., (1998} recorded that the effect of 

bacterial inoculation was less encouraging at higher elevations that at the 

tropical site in Sikkim. This was probably due to the inability of the introduced 

bacteria to establish or survive at low temperatures. The introduced bacteria 

could be grown only at or above l4°C under in vitro conditions. The PSB 

isolates identified as species of Bacillus and Pseudomonas in present study 

could survive well at cold conditions. Earlier reports also stated that Bacillus 

and Pseudomonas were known to survive under adverse conditions and at lower 

temperatures (Sneath, 1984; Palleroni, 1984), perhaps may be more suitable for 

higher elevations (Pandey et. al., 1998). 

In sterilised soil, population of PSB isolates were high after seven days 

(one week) of incubation at room temperature as well as 37°C, it showed 

decreasing pattern with respect to period of incubation. But in the rhizosphere 
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of wheat population of phosphobacteria (Bacillus and Pseudomonas) increased 

upto seven weeks of growth then decreased (Kundu and Gaur, 1980). This 

difference in survivality of PSB isolates in rhizospheric and nonrhizospheric 

soils may be attributed to the compatibility and attraction to rhizospheric 

exudates. Since the population of inorganic PSM in the soil is comparatively 

low, the number of PSM in the rhizospheric soil is more important than in the 

non-rhizospheric soil (Chailharn et al., 2008). The availability of phosphate for 

plant uptake is also determined by the amount of bioactivity in the soil. 

Phosphate solubilising microorganisms acting in unison with the plant roots 

are responsible for solubilising phosphatic minerals (Levyal and Janer, 2001). 

Under some conditions plant hormones also stimulate microbial development 

(Lu et. al., 1958; Sullia, 1968). 

In the present study, it was observed that there was reduction in the 

population of the six PSB isolates on 60 days of incubation both at room 

temperature and at 3TC. These results are in line with the earlier findings of 

Anandham et. al., (2006) who reported that the incubation period also resulted 

in a significant decrease in the population. This may by attributed to the 

depletion of nutrients, moisture and autolysis of cells (Gaind and Gaur, 1990). 

4.14. Effect of PSB isolates on seed germination 

4.14.1. Results 

Surface sterilised fenugreek seeds treated with PSB isolates were placed 

on moistened filter paper (Plate 4.6) for germination and observed upto 7 days 

and percentage of germination was calculated. 

The treatment of fenugreek seeds with 6 PSB isolates was found to be 

beneficial. Percent increase in germination over control was found to range from 

6.0% to 20.0%. Strain, GCM2 Pseudomonas showed the highest increase 

(20.0%) followed by sp GCM1 (Bacillus sp.) (15.0%), GCS2 Bacillus sp. (12.5%), 
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GC03 (11.25%), GCSl Kurthia sp. (10%) and GCH2 (6.0%) respectively (Table 

4.14). 

Table: 4.14. Effect of selected PSB isolates on seed germination of fenugreek 
(Trigonella foenum). 

*PSB isolates Germination (%) Increase over control (%) 
GCMl 92 15.0 
GCM2 96 20.0 
GCSl 88 10.0 
GCS2 90 12.5 
GCH2 86 6.0 
GC03 89 11.25 

CONTROL 80 --. 
*For designation of PSB isolates v1de Table 4.2. 
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Figure: 4.8. Increase seed germination (%) over control of fenugreek seeds 

treated with selected PSB isolates 

4.14.2. Discussion 

Direct seed inoculation was adopted for the seed germination as well as 

field trial in present study. Earlier reports also supported that successful 

inoculation can be achieved by direct inoculation of the seed, which is most 

convenient, easy, economic, and the most effective method of inoculation 

(Kaiser, 1990). Seed or soil inoculation with phosphate solubilising 
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microorganisms is known to improve solubilisation of fixed soil phosphorus and 

applied phosphates resulting in higher crop yields (Jones and Darrah, 1994). 

High proportions of these PSMs are concentrated in the rhizosphere of plants 

(Vazquez et. al., 2000). Many studies have shown an increase in growth and 

phosphate uptake by plants through the inoculation of PSMs in pot 

experiments (Omar, 1998; Valverde et. al., 2006) and under field conditions 

(Duponnois et. al., 2005; Valverde et. al., 2006). It is accepted that purpose of 

applying biofertilisers is to bring beneficial organisms in contact with radical 

and seminal roots during and immediately after seed germination. The rate of 

inoculant application depends primarily, among other factors, on the microbial 

population in inoculum, seed rate and seed size. 

PSB isolate GCM2 (Pseudomonas sp.) favoured 96% seed germination 

and which was 16% above the control. This was followed by the isolate GCM1 

(Bacillus sp.) with 92% of seed germination i. e., 8.8% above the control. Same 

rate of seed germination was observed with isolate GCS1 (Kurthia sp.) and 

control (80%). We can see this phenomenon in the data graphed in Fig. 4.8. In 

our study Bacillus was most potent in the enhancement of seed germination of 

fenugreek, this may be due their rapid colonization and stimulation of plant 

growth (Sindhu et. al., 2002) and also because they offer unique characteristics 

(e.g. stress-resistant spores) which may be appropriate for seed inoculants 

(DeFreitas et. al., 1997). PSB enhanced the seedling length of Cicer arietinum 

(Sharma et. al., 2007). Seed inoculation of oat and millet with bacteria capable 

of solubilising tricalcium phosphate resulted in an increase in the yields and 

phosphorus contents of grain and straw (Uarova, 1956). Sundara Rao and Paul 

(1959) reported a significant increase in the yield of berseem due to inoculation 

with phosphobacteria. Subsequently, Sundara Rao and Sinha (1963) inoculated 

tomato seeds with Bacillus megaterium and observed an increase in the yield 

and phosphorus uptake. Inoculation of chickpea and soybean seeds with a 

siderophore-producing fluorescent pseudomonad resulted in increasing seed 

germination, growth and yield of the plant (Kumar and Dube, 1992). 

Bacterization of chickpea seeds with B. megaterium resulted in increased 
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germination and vigour index (Chakraborty et. al., 2009). The reported effects 

on yield, due to bacterial inoculations, have not always been positive. The 

effects depend on the bacterial strain, plant cultivar and environmental 

conditions (Fulchieri and Frioni, 1994). 

4.15. Effect of PSB isolates on the yield of pea (Pisum sativum) and potato 

(Solanum tuberosum) in the field 

4.15.1. Results on the field performance of selected PSB isolates on the 

pod numbers and yield of pea 

Six isolates selected on the basis of their activities during in vitro 

experiments were used to bacterise the pea seeds which were sown in the field 

( Plate 4.7) and at the onset of maturity, pod number and yield data were 

recorded and compared with control i. e., untreated seeds. 

Table: 4.15.1. Effect of selected PSB isolates in the yield of pea 

PSB Isolates No. of Increase 0/o Yield Increase o/o 
pods/plant over control (quintals/ha) over control 

GCMl 20 25 93.9 17.22 ---
GCM2 22 37.5 94.2 17.60 
GCSl 19 18.75 90.4 12.85 
GCS2 21 31.25 91.9 14.73 
GCH2 18 12.5 87.5 9.23 
GC03 19 18.75 91.3 11.48 
CONTROL 16 - 80.1 -

*For designation of PSB isolates vide Table 4.2. 

Tabl 4 15 2 Ef£ t f PSB . 1 t e: .. ec o 1so a es on ey1e o po a o th . ld f t t 
Treatm.ents Gross yield (Q fha) % of increase of yield 

over control 
GCM1 92.00 8.23 
GCM2 94.00 10.58 
GCS1 90.00 5.88 
GCS2 91.00 7.05 
GCH2 88.00 3.52 
GC03 89.00 4.70 
CONTROL 85.00 -

*For des1gnat10n of PSB isolates vide Table 4.2. 
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The result thus obtained is presented in Table 4.15.1. Increase in 

number of pods was observed in the range of 12.5% (GCH2) to 37.5% (GCM2) 

over the control. Similar effect was observed in yield also where PSB isolate 

GCH2 showed least increase in yield over control (9.23%) and isolate GCM2 was 

found most effective with the 17.60% increase over control. PSB isolate GCS2 

was next efficient to GCM2 in the number of pod as well as yield of pea in the 

field. 

4.15.2. Results on the effect of selected PSB isolates in the yield of potato 

Potato tubers bacterised with PSB isolates sown in the field (Plate 4.8) 

showed increased yields than the control (Table: 4.15.2). Isolate GCM2 resulted 

maximum increase (10.58 %) and GCH2 showed minimum increase (3.52 %) 

over the control. Increase in the yield of potato over the control by isolate GCM2 

(10.58 %) was followed by GCMl (8.23 %), GCS2 (7.05 %), GCSl (5.88 %), 

GC03 (4.70 %). 
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Figure: 4.9. Increase(%) over control in the no. of pods/plant and yield of pea of 
(a) and potato (b) treated with PSB isolates. 

110 



4.15.3. Discussion 

Since, phosphate solubilising micro-organism (PSM) proportion in 

natural microbial population is not more than 1%, hence it is a common 

practice in several Russian States, European and Asian countries to inoculate 

soil with PSM to increase phosphorus concentration in the soil solution (Taha 

et. al., 1969). Use of PSMs increased crop yields up to 70 percent (Verma, 

1993). Phosphate solubilising bacteria (PSB) are being used as biofertiliser since 

1950s (Kudashev, 1956; Krasilinikov, 1957). 

Encouraging results also in field conditions on the yield of two important 

cash crops of Drujeeling hills with indigenous PSB inoculation would be 

beneficial to other hill crop also. PSM application and increased growth and 

yield of crops including oats, coffee, tea, banana, mustard, maize, rice, 

sorghum, barley, chickpea, soyabean, groundnut, sugarbeet, cabbage, tomato, 

apple, walnut, peanut to the extent of 10-20% have been reported in India as 

well as in other countries (Jisha and Algawadi, 1996; DeFreitas et. al., 1997; 

Kumar et. al., 2001; Zaidi et. al., 2003; Saxena and Sharma, 2003; Saifudheen 

and Ponmurugan, 2003; Ponmurugan and Gopi, 2006; Hameeda et. al;, 2006). 

Many researchers have reported an increase in phosphorus uptake and seed 

yields, due to PSB inoculation of wheat, barley, mungbean, chickpea and maize 

genotypes (Singh and Kapoor, 1999; Ramirez et. al., 2001). Kumar et. al., (1999) 

reported a significant increase in sorghum plant height by inoculation of 

different bacterial strains. Shahab et. al., (2009) observed increased growth of 

mungbean by indigenous PSB in Karachi conditions. Similarly Algawadi (1996) 

reported an increase in size of ear head and number of spikelets per ear of 

sorghum by the co-inoculation of Trichoderma harzianum and Pseudomonas 

striata. Pseudomonas spp. enhanced the number of nodules, dry weight of 

nodules, yield components, grain yield, nutrient availability and uptake in 

soybean crop (Son et. al., 2006). Strains of Pseudomonas have increased root 

and shoot elongation in canola, lettuce and tomato (Glick et. al., 1997). One of 

the PSB members identified as Pseudomonas sp. (GCM2) in our study also 

shown efficiency in vitro as well as in field conditions 
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Inoculation with PSB alone increased the yield of wheat by 2.5% over 

control (Afjal and Bano, 2008). The PSB-plant inoculations resulted in 10-15% 

increases in crop yields in 10 out of 37 experiments (Tandon, 1987). Bacterial 

inoculation affected the early plant growth of wheat and maize. Many of 

bacterial strains Bacillus, Pseudomonas and Arthrobacter had a significant effect 

on growth of wheat, maize in nutrient-poor calcisol soil, while non-treated 

plants by comparison performed poorly under such conditions. DeFreitas & 

Germida, (1992) also demonstrated that in low fertility soil, Pseudomonas 

bacterial strains significantly enhanced early plant growth. According to 

Lazarovitz and Nowak (1997), the bacterisation only marginally increased yields 

when tested under ideal climatic situations. The greatest benefits occurred 

when crops encountered stressful conditions for prolonged periods. 

The interaction between associative PGPR including PSB and plants can 

be unstable. The good results obtained in vitro cannot always be dependably 

reproduced under field conditions (Chanway and Roll, 1993; Zhender et. al., 

1999). It is also noted that not all laboratory or field trials have offered positive 

results. For example, an inoculant using Bacillus megaterium var. 

phosphoricum, was applied successfully in the former Soviet Union and India, 

but it did not show the same efficiency in soils in the United States (Smith et. 

al., 1962). 

In the present study all the crops responded well to the selected four PSB 

isolates even in field conditions. In addition to phosphate solubilisation, 

production of IAA by the tested isolates (Table 4. 5) in the field conditions may 

have contributed to the enhanced yield of crops. Earlier reports also stated that 

numerous soil microflora involved in the synthesis of auxins in pure culture 

and soil (Barajani and Friedman, 1999). It is also known that P availability in 

soils is important for the uptake of N from soils and its utilization in plant (Kim 

et. al., 2003) and thus better crop growth. Increase in yield of pea in this study 

by PSB has also previous references; Chaykovskaya et. al., (2001) reported that 

PSB increased phosphorus accumulation in plants, yield of pea and barley. Two 

species of Bacillus (GCM 1 and GCS2) isolated in this study resulted in 
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increased seed germination as well as growth and yield of crops in field 

conditions. Increase in number of pods in leguminous plants by PSB is also 

reported by Kumari et. al., (2009). According to Asea et. al., (1988) Bacillus 

megaterium is considered the most effective PSMs in the field experiments. 

Many researchers reported increased plant height and spikelets per spike of 

various crop plants by microbial inoculation (Khalid et. al., 1997; Biswas et. al., 

2000a,b; Hilali et. al., 2000, 2001). The positive effects of Bacillus M-13 on the 

yield and growth of crops such as sugarbeet, apple, raspberry and barley were 

also explained by phosphate dissolving ability (Cakmakci et. al., 2001, 2006; 

Karlidag et. al., 2007). According to Mzal et. al. (2005), inoculation ofphosphate 

solubilising Pseudomonas and Bacillus species has resulted in increased 

phosphorus uptake followed by increased grain yield of wheat (Triticum 

aestiuum L.). Ekin (2010) also reported that application of PSB Bacillus M-13 

strain has beneficial effects on growth, yield and quality of sunflower. According 

to Gaind and Gaur (1991), Bacillus subtilis inoculant increased biomass, grain 

yield and phosphorus and nitrogen of mung bean. The advantage of using 

natural phosphate solubilisers over the genetically manipulated or ones that 

have been isolated from a different environmental sets-up is the easier 

adaptation and succession when inoculated into the medium containing rock 

phosphate (Xiao et. al., 2008). The environmental factors including climate, 

weather conditions, soil characteristics or the composition or activity of the 

indigenous microbial flora of the soil have direct effect on the performance of 

bioinoculants under field conditions. 

Since bioinoculants are biological entities, variations are expected due to 

environmental influences. That is why field experiments have been rather 

inconsistent (Kucey et. al., 1989). However, the present study retains its 

importance due to the habitat from which the microbial strains were isolated 

and collected. The repeated and injudicious applications of chemical phosphatic 

fertilizers, lead to (1) the loss of soil fertility (Gyaneshwar et. al., 2002) (2) 

disturbance to microbial diversity and their associated metabolic activities, and 

(3) reduced yield of agronomic crops (Khan et al., 2009). This has led to the 
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search for environment-friendly and economically feasible altemative strategies 

for improving crop production in low or phosphorus deficient soils. Thus 

biofertilisation technology has taken a part to minimise production costs, 

reduce pollution rate of soil and water (Galal et. al., 2001). 

From the successful increase in seed germination rate and in yield of 

tested crops the PSB isolates may be developed into biofertilisers to be adopted 

as environment-friendly and economically feasible altemative strategies for 

improving crop production in low or phosphorus deficient soils and importantly 

which would reduce the negative effect of chemical fertilizers. 

Selected indigenous PSB strains in L,_is study with the ability to 

solubilise phosphate in vitro as well as enhancing the rate of seed germination 

and yield of tested cash crops like pea and potato would not only help hill 

agriculture by providing soluble phosphate to plants but would also facilitate 

the growth of plants by stimulating the efficiency of nitrogen fixation, 

accelerating the accessibility of other trace elements and by synthesizing 

important growth promoting substances (Mittal et. al., 2008), including 

siderophores (Wani et. al., 2007a) and antibiotics (Lipping et. al., 2008), and 

providing protection to plants against soil borne pathogens (Hamdali et. al., 

2008). 

4.16. Effect of PSB isolate on growth parameters of orange seedling 

4.16.1. Results 

The treatment of orange seedling with PSB isolates is beneficial as there 

was increased in the plant height, length of the main root, the number of leaves 

per plant and the number of branches per plant as compared to control as 

observed in all cases (Table 4.16.). 

Inoculation with strain Bacillus sp. (GCMl), resulted in 25%, 42.10% and 

61.90% increased in plant height, length of main root and the number of leaves 

respectively. Similarly, treatment with Pseudomonas sp. (GCM2), there was 

increase in a plant height (21.52%), length of main root (36.84%), no. of leaves 
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(52.38%) as well as no. of branches as compared to control. There was little 

increase in plant height (16.66%), length of main root (26.31%), no. of leaves 

(42.85%) when inoculated with strain Kurthia sp. (GCS1). 

Table: 4.16. Growth parameters of PSB isolates treated Orange (Citrus 
reticulata) seedlings and percentage of increase over control (in parenthesis) 

*PSB Plant Height Length of No. of leaves No. of Branches 
Isolates (mm) Main root per plant per plant 

(mm) 
GCM1 180 135 34 2 (25%) (42.10%) (61.90%) 
GCM2 175 130 ~,... 

.:>4 2 (21.52%) (36.84%) 52.38%) 
GCSl 168 '120 30 2 

(16.66%) (26.31%) (42.85%) -----
GCS2 176 132 32 2 

(22.22%) (38.94%) (52.38%) 
GCH2 159 120 27 1 

(10.41%) (26.31%) (28.57%) 
GC03 171 124 31 

2 (19.75%) (30.52%) (47.61%) 
CONTROL 144 95 21 1 ___ _j 

*For designation of PSB isolates vide Table 4.2. 

The height, length of main root, number of leaves and number of 

branches of the plant when treated with strain Bacillus sp. (GCS2) 

resulted in an increase of 22.22%, 38.94% and 52.38 % respectively, over the 

control treatment. Of all the 6 isolates, strain GCH2 showed least increase 

plant height (10.41%), length of main root (26.31%) and number of leaves 

{28.57%), as well as there remained the same number of branches as compared 

to control. Similarly, treatment with GC03, it was observed that there was 

increase in a plant height (19. 75%), length of main root (30.52%), no. of leaves 

(47.61%) as well as number of branches as compared to control. 
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Figure: 4.10. Increase (%) over control in the plant height, length of main root 
and number of leaves per plant of orange seedlings treated with selected PSB 
isolates. 

4.16.2. Discussion 

Egamberdiyeva et. al., (2004) reported that PGPR in combination with 

phosphorit significantly increased shoot, root length of wheat and maize. There 

were stimulatory effects of Pseudomonas, Bacillus, Arthrobacter and Rhizobium 

on growth of wheat, maize and cotton growth, yield, N, P-uptake, soil phosphate 

content. 

The effect of these PSB isolates on orange plants was determined by a pot 

trial (Plate 4. 9). Although all the PSB strains were useful in enhancing the plant 

growth by inoculation, Bacillus sp. (GCMl) was the most effective strain in 

improving plant height, root length and number of leaves and branches of 

orange plants. This enhancement represented 25%, 42.10% and 61.90% over 

the control, respectively (Table 4.16.). The strain was followed by Bacillus cereus 

(GCS2), Pseudomonas sp. (GCM2), GC03, Kurthia sp. (GCS1) and GCH2 which 

significantly increased plant height, root length and number of leaves. Orange 

plants inoculated with Kurthia sp. (GCS1) and GCH2 showed less effect in all 

the parameters. 

Chakraborty et. al., (2009) reported that Bacillus megaterium promoted 

the growth of tea seedlings and two-year old plants significantly, as evidenced 
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by increased plant height, number of branches and leaves. Fluorescent 

pseudomonads isolated from the rhizosphere of sunflower, potato, maize and 

groundnut enhanced germination, root lengths, shoot lengths, fresh and dry 

weights of roots and shoots and yield of sunflower (Bhatia et. al., 2005). 

Lavania et. al., (2006), reported Serratia marcescens promoted the growth of 

betelvine cuttings. Nair and Chandra (2001) reported that growth response of 

nutmeg seedlings was more with native Azospirillum brasilense and Azotobacter 

chroococcum, resulted in increased height, number of branches and number of 

leaves. This may be attributed to its better adaptation to acidic soil conditions 

and higher N fiXing as well as phytohormone producing ability. 

It was further observed that PSB strains Bacillus sp. (GCMl) isolated 

from orange, showed more effectiveness for growth promotion of experimental 

plants. The PSB strains Pseudomonas sp. (GCM2) and GC03 which solubilised 

more phosphate, showed less impact on growth of orange plants as Bacillus sp. 

(GCMl} which solubilised least P of all the 6 PSB isolates except Kurthia sp. 

(GCSl), proved to be the most effective in enhancement of growth of orange 

seedlings. This effect may be supplemented by the production of plant growth 

promoting substance i.e., IM as Bacillus sp. (GCMl) was the highest producer 

(40 ppm) of all the 24 PSB isolates (Table 4.5.). 

Kurthia sp. (GCSl) showed less impact on the growth of orange plants, 

which may be attributed to the less solubilised phosphate, less IAA production 

(17.25 ppm) as well as this may be due to the isolation from other crops, 

tea plants and may have less affinity for orange roots. 

Out of 6 PSB isolates, GCH2 showed the less impact on the seedlings 

growth of orange which may be due to the less IAA production of 11.25 ppm 

(Table 4.5.) as well as the isolation from maize plants. This is in line with the 

findings of Sharma et. al., (2007) who observed that enhancement of seedling 

growth of Cicer arietinum, due to seed treatment with phosphate solubilising 

bacteria like P. jluorescens and B. megaterium may be due to release of plant 

growth promoting substances. Different plant seedlings respond differently to 

117 



variable auxin concentrations (Sarwar and Frankenberger, 1994). Strains of 

Pseudomonas have increased root and shoot elongation in canola, lettuce and 

tomato (Glick et. al., 1997). Similarly, inoculation with Paenibacillus polymyxa 

increased shoot and root growth in rice (Sudha et. al., 1999) and Bacillus 

polymyxa stimulated the growth of conifer species (Bent et. al., 2002). There are 

evidences that phosphobacteria improve plant growth due to biosynthesis of 

plant growth substances rather than their action in releasing available 

phosphate (Sharma et. al., 2007 ). Thus enhancement of growth of orange 

seedlings may be due to combined action of more available phosphate and IAA 

produced by the tested PSB strains. 

4.17. Conclusion 

On the basis of experimental results it can be concluded that moderately 

fertile soil of Darjeeling hills harbor diverse groups of phosphate solubilising 

bacteria capable of producing growth hormones like IAA; survivality well at 

adverse conditions; stimulating seed germination, seedling growth and yield of 

selected crops. The database generated in this study may be useful for further 

characterization of isolates for their use as biofertilizers in upland farming 

systems. 
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A. GCMl B. GCM2 C. GCM3 

D.GCM4 E. GCSl F. GCS2 

G. GCH2 H. GC03 I. GCF4 

Plate 4.1. PSB isolates showing clearing zone around the colony of 
Pikovskaya's agar plate (A. GCMl; B. GCM2; C. GCM3; D. GCM4; E. GCSl; 
F. GCS2; G. GCH2; H. GC03; I. GCF4). 



Plate 4 ') Biochemical activities of PSB isolates m biochemical test kit KB009 

Plate 4.5. Native PAGE profile of six PSB isolates 
(From right: Lane l-GCS2, Lane 2-GCSI, Lane 3- GCM L 
Lane 4~ GCM2, Lane 5- GCH2, Lane 6- GC03) 
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Plate 4.3. Morphology of PSB tsolates under the microscope. 
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Plate 4.4. Plates showing inhibition zones around antibiotic impregnated 
discs on the growth lawn of PSB isolates (captioned below the plates) 



Plate 4.6. Germination of PSB inoculated fenugreek seeds (Right control) 

Plate 4.7. PSB treated pea plants growing in the field 



Platf 4.8. PSR treated potato plants growing in the field 

Plate 4.9. PSB treated citn1s seedling growing inside greenhouse 


