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ABSTRACT 

 
A study was conducted in the Department of Soil Science, Soil and Water 
Conservation, PMAS Arid Agriculture University, Rawalpindi, Pakistan during 
the year 2012.  In this study sulfuric acid producing capability of Thiobacilli was 
used in solubilizing phosphorous (P) from phosphate rock. For this purpose, 
seven Thiobacillus strains (IW1, SW2, SS1, IW13, IW14, IW16 and SM1) were 
isolated, purified and labeled according to their sampling ecologies. A 
bioleaching experiment was carried out in shake flasks to test P solubilization 
ability of Thiobacilli,  where phosphate rock, Thiobacillus strains and elemental 
sulfur as an energy source for Thiobacilli were used. Bacterial sulfur oxidation 
phenomenon produced higher quantity of sulfuric acid which solubilized huge 
amount of P from phosphate rock. All Thiobacillus strains had different P 
solubilizing potential. Maximum solubilization of P was noted in Thiobacillus 
strain IW16 (8.00 g/L, 61% P) followed by strain SW2 (7.58 g/L, 57.81% P) during 
40-days of incubation. Phosphorous solubilization had positive significant 
correlation with concentration of biologically produced sulfates and negative 
significant correlation with pH of leach solutions. 

 
KEYWORDS: Sulfur oxidizing bacteria; Thiobacillus; sulfur; sulfur oxidation;  

phosphate rock, phosphorous solubilization; Pakistan. 
 

INTRODUCTION 
 
Low phosphorous availability to plants and its less mobility in soil are the 
main factors restricting the plant growth. Crop production is very much 
controlled by phosphorous (P) which is an essential element for plant growth 
(14). High crop production is strongly linked with the maintenance of sufficient 
amount of available P in soil that is very critical for long term productivity (11, 
27). Hence, P deficiency is a matter of great concern for crop yields (11). 
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Phosphorous exists in soil in two major forms viz. organic P and inorganic P. 
Both these forms have different nature and behavior (33). These forms exist 
in variety of compounds equilibrium with each other. Soil inorganic P 
constitutes 50 to 75 percent of total P and exists as different compounds of 
calcium, iron and aluminum with various solubilities. The primary minerals of 
P are strengite, apatites and variscite. These are highly stable and during 
weathering very small quantity of available P is released which is too low to 
meet the crop requirements. Secondary P minerals like calcium, aluminum 
and iron have different solubility rates in association with soil pH (25). 
Different P forms in soil like highly stable, moderately available and highly 
available to plants, are present in equilibrium with each other. 
 

In Pakistani soils which are calcareous and alkaline in nature (4, 29), P 
availability becomes further complicated by CaCO3 (32) as P adsorption 
ability of calcareous soils is very high and P release after adsorption is much 
difficult (17, 35). Phosphorous dynamics in calcareous soils is linked with 
different soil properties responsible for strong P retention (13). Precipitation 
reactions which are dominated in slightly calcareous to highly calcareous 
soils (21) produce sparingly soluble and plant available di-calcium phosphate 
(DCP) to more stable and less plant available P compounds like octa-calcium 
and hydroxy-apatite (2). Soil pH controls the solubility of these compounds. 
  
Soil microorganisms (1) especially phosphorous solubilizing bacteria (PSB) 
have the ability to solubilize soil P by acidifying rhizosphere through the 
production of organic acids and enzymes like phytases and phosphatases 
(12, 18, 30). Sulfur oxidizing bacteria (SOB) are involved in S oxidation and 
production of sulfuric acid and the energy produced during S oxidation is 
used by SOB for the synthesis of organic compounds from carbon dioxide 
(22). The genus Thiobacillus among SOB are very important in S oxidization 
(34, 38) which produces sufficient amount of sulfates like S fertilizers (3, 16, 
38). 
 
Major source of P in earth is phosphate rock which is the basic material used 
in phosphate fertilizers. Like calcareous soils, phosphate rock contains mainly 
insoluble calcium phosphate compounds such as apatite (Ca5(PO4)3(OH,F,Cl) 
from which P release is a matter of great importance. So, it is assumed that 
bacterially produced sulfuric acid as a result of biological S oxidation may 
solubilize P from insoluble calcium bounded compounds to soluble plant 
available P compounds. 
 

The present study was conducted to explain and characterize P solubilization 
mechanism from phosphate rock through the interactive effect of Thiobacillus 
spp. and elemental sulfur.  
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MATERIALS AND METHODS 
 

This study was conducted in the Department of Soil Science, Soil and Water 
Conservation, Pir Mehr Ali Shah Arid Agriculture University, Rawalpindi, 
Pakistan during the year 2012.  A completely randomized design with three 
replications was used for the experiment. Seven strains of sulfur oxidizing 
bacteria viz. IW1, SW2, SS1, IW13, IW14, IW16 and SM1 were isolated from 
different ecologies. These were labeled according to their sampling ecologies 
such as industrial wastewater (IW), sewage water (SW), sewage sludge (SS) 
and sulfur mud (SM). The isolated strains were purified, characterized and 
identified as Thiobacilli through physiological, morphological and biochemical 
tests (9, 10).  
 
The composition of thiosulfate growth medium (5) was: Na2S2O3, 5.0 g; 
K2HPO4, 0.1 g; NaHCO3, 0.2 g; NH4Cl, 0.1 g dissolved in 1.0 L distilled water. 
The pH of medium was adjusted at 8.0 and indicator used was bromo cresol 
purple. The growth medium was sterilized by autoclave method. Fresh 
cultures of the Thiobacilli strains were obtained by adding 1.0 ml inoculums 
into 20 ml growth media under aseptic conditions. The inoculated tubes were 
incubated at 30 °C in Biochemical Oxygen Demand (BOD) incubator for 4-5 
days.  Change in colour from purple to yellow indicated the growth of 
Thiobacilli in the tubes. The Thiobacilli strains were purified by streaking 
isolates on thiosulfate agar plates. 
 
Phosphate rock bioleaching experiment 
 

A bioleaching experiment was performed to test the phosphorous 
solubilization efficiency of seven Thiobacilli strains (IW1, SW2, SS1, IW13, 
IW14, IW16 and SM1). The experiment was organized in a completely 
randomized design  with three replications. Twenty four conical flasks of 250 
mL (including 3 as control) were used which contained 100 mL growth 
medium and 1.0 g elemental sulfur. The pH was adjusted at 8.0. After 
autoclave Thiobacilli strains were inoculated and flasks were incubated at 30 
°C. Sulfuric acid produced as a result of bacterial sulfur oxidation was utilized 
in P solubilization from 10 g pre-sterilized phosphate rock (total P 13.12 %) 
added after 7 days of inoculation. Aliquot samples (5mL) were drawn at 
various intervals i.e. 7, 10, 20, 30 and 40 days after incubation. The 
supernatants were tested for pH, sulfate contents and soluble P contents. 
 
Analytical techniques 
 
Mo-blue method (36) was used to determine soluble P concentration in leach 
solutions. Two reagents were used viz. reagent A (ammonium 
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heptamolybdate 12 g in 250 mL distilled water + antimony potassium tartrate 
0.2908 g in 100 mL distilled water) and reagent B (L-Ascorbic acid (C6H8O6) 
1.056 g + 200 mL of Reagent A). Both reagents were added to 1-L 5 N H2SO4 
in a 2-L volumetric flask and made the volume with distilled water. Aliquot 
sample (5.0 mL) was taken in a 50 mL volumetric flask, added 8 mL of 
reagent B and made volume to 50 mL with distilled water. Then absorbance 
of blank, standards and samples were read after 10 minutes at 882 nm 
wavelength in spectrophotometer (Optizen 2120 UV plus) and P 
concentration was read from the calibration curve. 
 

Metrohm High-precision 780 pH meter was used to determine pH of leach 
solutions and sulfate contents in leach solutions were measured by ion 
chromatography (conductivity detector L-2470, pump L-2130, column oven L-
2350) as described by Oh et al. (26). 
 

Statistical analysis 
 

Variance in pH, sulfate contents and quantity of P solubilized were statistically 
analyzed using MSTAT-C software (31) taking Thiobacilli as source of 
variance. Simple linear correlation and regression were determined through 
MS Excel to evaluate the extent of interrelationship and interdependence 
among various variables. 
 

RESULTS AND DISCUSSION 
 

Reduction in pH by Thiobacilli  
 
Thiobacillus spp. which decrease pH more sharply by producing high amount 
of sulfuric acid are declared as the most efficient Thiobacillus strains and vice 
versa.  The results indicated that all Thiobacillus strains decreased pH of 
growth media significantly as compared with control at 7, 10, 20, 30 and 40 
days after leaching period (Fig. 1).  
 
During first 7 days Thiobacillus strain IW16 declined more pH (1.44 with net 
decrease of 6.56 points) and strain SS1 dropped minimum pH (2.53 with net 
decrease of 5.47 points) in their leach solutions. At this stage phosphate rock 
was added due to which pH of inoculated flasks quickly increased by alkaline 
minerals (calcite and lime) present in the phosphate rock. Three days after 
phosphate rock addition, minimum pH (3.48) was observed in leach 
suspension of Thiobacillus strain IW16 and maximum in leach suspension 
ofThiobacillus strain SS1 (7.10). Then pH again started decreasing due to 
sulfuric acid generation by Thiobacillus strains as a product of biological S 
oxidation.  Continuous  decrease  in  pH  was  recorded  in 20th to 40th day of 
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incubation. Among Thiobacillus strains, the highest significant decrease in pH 
(3.33, 2.88 and 2.58 after 20, 30 and 40 leaching days, respectively) was 
again noted in strain IW16  against the lowest pH reduction (7.00, 5.36 and 
3.92 after 20, 30 and 40 leaching days, respectively) in strain SS1. No 
change in pH was noted in control flasks before/after phosphate rock 
addition. It was further observed that pH reduction in leach media closely 
linked with the concentration of sulfuric acid produced by Thiobacilli. High 
sulfuric acid producers dropped more pH in media than low sulfuric acid 
producers. These results are in accordance with previous findings (8, 15). 
 

 
Sulfates production by Thiobacilli 
 
Maximum concentration of sulfates was recorded after 7 days of incubation in 
all treatments except in control (Table 1) which ranged from 2.83 
(Thiobacillus strain SS1) to 34.77 g/L (Thiobacillus strain IW16). These 
sulfates were produced by Thiobacillus strains as a consequence of biological 
S oxidation process. Sulfates concentration immediately dropped with the 
addition of phosphate rock and the lowest values of sulfates were noted after 
10 days of incubation. The reason was the consumption of excess sulfates in 
reaction with alkaline minerals (calcite and lime) present in phosphate rock. 
Then again increased quantities of sulfates were observed from 20th to 40th 
days of incubation. Maximum sulfate contents were obtained with Thiobacillus 
strain IW16 (0.32, 0.45, 1.26 and 2.33 g/L after 10, 20, 30 and 40 days of 
incubation, respectively) followed by strain SW2 against minimum quantities 
with  strain  SS1 (nil, nil, nil and 0.11 g/L after 10,  20,  30  and 40 days of 
incubation,  respectively).  However,  no  sulfate  contents  were  recorded  in  
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Table 1. Sulfates production (g/l) by Thiobacilli strains in phosphate rock leach 

suspension after various intervals of incubation. 
 

Treatments 07 day 10 day 20 day 30 day 40 day 
Control 0.00h 0.00g 0.00g 0.00h 0.00h 
IW1 30.16±0.29c 0.09±0.02e 0.14± 0.02e 0.43± 0.04c 1.61±0.10c 
SW2 32.54±0.21b 0.19±0.03b 0.25± 0.03b 0.96± 0.07b 2.12±0.12b 
SS1 2.83±0.13g 0.00g 0.00g 0.00g 0.11±0.01g 
IW13 16.12±0.26e 0.01e 0.02± 0.01e 0.10± 0.01e 0.91±0.06e 
IW14 22.76±0.31d 0.04±0.01d 0.07± 0.01d 0.22± 0.03d 1.23±0.07d 
IW16 34.77±0.18a 0.32±0.04a 0.45± 0.05a 1.26± 0.08a 2.33±0.10a 
SM1 11.16±0.24f 0.00f 0.01f 0.05± 0.01f 0.38±0.03f 

P ≥ F 0.05. Values are means of three replications ± SE. Values with similar letter (s) values in a 
column are statistically same. 

 

control treatment throughout the incubation period. Several scientists also 
reported sulfates production by Thiobacilli as an end product of bacterial S 
oxidation (19, 20, 34, 37). After adding phosphate rock into flasks, one portion 
of the biologically produced sulfuric acid utilized in dissolving P from 
phosphate rock and other portion dropped pH of leach solutions. At this stage 
sulfate contents reached their lowest values in leach solutions. Therefore, pH 
of leach solutions immediately increased with the addition of phosphate rock 
and then again started decreasing gradually as S oxidation process 
progressed with time which is illustrated in the following chemical equation. 
  
                                                      Thiobacilli 

 S°+1.5 O2+H2O                                                SO4
2– + 2H   

                   (Δ Go = –587.1kJ / reaction) 
 

 

Thiobacillus strains IW16 and SW2 were found highly efficient in sulfates 
production and consequently these reduced pH quite sharply in their leach 
solutions. 
 
Phosphorous solubilization by Thiobacilli 
 
The data (Table 2) showed that solubilization of P started immediately after 
the addition of phosphate rock and solubilized P contents were detected in 
leach solution of Thiobacilli on 10th day of incubation. The amount of soluble 
P increased linearly from 10th to 40th day of incubation in all treatments except 
in control where no P was recorded during whole incubation period. 
Thiobacillus strain IW16 solubilized maximum P quantity (0.75, 2.22, 3.28 and 
8.00 g/L after 10, 20, 30 and 40 days, respectively) against minimum amount 
of P (0.05, 0.54, 1.28 and 2.39 g/L after 10, 20, 30 and 40 days, respectively) 
by strain SS1. 
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Table 2. Phosphorous solubilization (g/L) by Thiobacilli strains in phosphate rock 
leach suspension at various intervals. 

 

Treatments 07-days 10-days 20-days 30-days 40-days 
Control - 0.00h 0.00h 0.00h 0.00h 
IW1 - 0.62 ± 0.03 c 1.75 ± 0.08 c 2.56 ± 0.08 c 6.76 ± 0.09 c 
SW2 - 0.68 ± 0.02 b 1.99 ± 0.07 b 3.09 ± 0.07 b 7.58 ± 0.08 b 
SS1 - 0.05 ± 0.01 g 0.54 ± 0.06 g 1.28 ± 0.07 g 2.39 ± 0.08 g 
IW13 - 0.39 ± 0.06 e 1.19 ± 0.05 e 1.98 ± 0.08 e 4.37 ± 0.09 e 
IW14 - 0.51 ± 0.04 d 1.58 ± 0.07 d 2.19 ± 0.09 d 5.86 ± 0.08 d 
IW16 - 0.75 ± 0.03 a 2.22 ± 0.05 a 3.28 ± 0.06 a 8.00 ± 0.07 a 
SM1 - 0.25 ± 0.04 f 0.95 ± 0.07 f 1.63 ± 0.08 f 3.60 ± 0.09 f 

P ≥ F 0.05. Values are means of three replications ± SE. Similar letter (s) values in a column 
are statistically same. 

 

Elemental sulfur is an essential substrate for Thiobacilli (28) and its oxidation 
by Thiobacilli is a biological sulfuric acid generating process. Soon after the 
addition of phosphate rock (after 7 days) into pre grown cultures of Thiobacilli 
strains, P solubilization started under the influence of chemical reaction 
between phosphate rock and sulfuric acid produced. As phosphate rock 
contained calcite (CaCO3) and lime (CaO) in large quantities, these two 
gangue minerals consumed major portion of sulfuric acid and consequently 
gypsum (CaSO4∙2H2O) was formed. 
 
Bhatti et al. (7) also confirmed gypsum formation as a result of chemical 
reaction between sulfuric acid and alkaline minerals (calcite and lime). 
Mechanism of P solubilization and gypsum formation from phosphate rock 
was also reported earlier (8) and is hereby shown by following chemical 
equations:  
 

CaCO3 + H2SO4 + H2O  CaSO4 ∙2H2O + CO2 

 

Ca5 (PO4)3F  + 5H2SO4 + 10H2O     3H3PO4 + 5CaSO4∙2H2O+HF 
(Insoluble phosphate rock) 

 
CaO + H2SO4 + H2O          CaSO4∙2H2O 

 
The above chemical reaction resulted in the formation of phosphoric acid 
(H3PO4) that attacked fluorapatite mineral (Ca5(PO4)3F) present in the rock 
matrix and released P which further reacted with fluorapatite to form sparingly 
soluble calcium dihydrogen phosphate (Ca(H2PO4)2). The reaction is hereby 
shown by following chemical equation.  
 

Ca5(PO4)3F  + 7H3PO4       5Ca(H2PO4)2 +HF 
(Soluble calcium dihydrogen phosphate) 
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With the passage of time, pH of growth media dropped due to sufficient 
amount of biologically generated sulfuric acid and high concentration of 
soluble P was recorded. Fast release of P from phosphate rock was noted at 
low pH values and low quantity of soluble P was recorded at high pH values. 
Phosphorous solubilization data revealed that extent of P solubilization had a 
positive significant correlation with the amount of bacterially generated 
sulfuric acid (sulfates) in bioleaching process. Greater concentration of 
sulfuric acid resulted in high P solubilization rate and low quantity of sulfuric 
acid caused low P solubilization in the leach solutions. Therefore, importance 
of sulfuric acid in P dissolution from phosphate rock was well established. In 
this way it was clear that high sulfuric acid producing Thiobacilli strains were 
more efficient in P solubilization than low sulfuric acid producing Thiobacilli 
strains. The strains IW16 and SW2 were more efficient and exhibited high P 
solubilization capacity than others. Both these strains solubilized 8.00 (61.00 
% P) and 7.58 g/L P (57.81% P), respectively during 40-days of incubation. 
Maochun et al. (23) reported P dessolution by SOB from 24 to 100 percent. 
Similarly P solubilization from phosphate rock by Thiobacilli has also been 
reported (8) in the range of 41.8 to 70.2 percent. 
 
Correlation among variables 
 
Correlation (r) values (Table 3) revealed that pH had negative significant 
correlation with sulfate contents and quantity of P solubilized, while sulfate 

contents had positive significant correlation with the concentration of P 
solubilized. Coefficient of determination (R2) values between pH and 
concentration of P solubilized (0.95, 095, 0.93 and 0.72) showed the 
significance of data and regression line established a linear relationship 
between  them (Fig. 2).  Several  scientists  reported  similar conclusions and 
 

Table 3. Correlation among various variables. 
 

Correlation parameters pH Sulfates 
10-days 
Sulfates -0.71*  
P solubilized -0.98** 0.80* 
20-days 
Sulfates -0.68  
P solubilized -0.97** 0.80* 
30-days 
Sulfates -0.64  
P solubilized -0.96** 0.82** 
40-days 
Sulfates -0.67  
P solubilized -0.85**   0.96** 

* P ≥ F 0.05, ** P ≥ F 0.01 
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found a negative extensive association between pH and amount of P 
solubulized as a consequent of bacterially produced sulfates and sulfuric acid 
by Thiobacilli (6, 24, 34). 

 
CONCLUSION 

 
The genus Thiobacillus of sulfur oxidizing bacteria exhibited high capability of 
phosphorous solubilization from phosphate rock through its unique 
characteristic of sulfuric acid production. Further, Thiobacillus strains differed 
in their ability to solubilize P. Phosphorous potential of Thiobacilli in 
combination with elemental sulfur can be exploited for P solubilizing in 
alkaline and calcareous soils having huge amount of calcium bounded P like 
phosphate rock. 
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