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INTRODUCTION  

Calcareous soils are common in the arid areas of the 

earth (FAO, 2016), occupying >30% of the earth's sur-

face, and their CaCO3 content varies from just detecta-

ble up to 95% (Taalab et al., 2019).In India, the estimat-

ed area of calcareous soils is 228.8 m ha, covers 

69.4% of the country's total geographical area (TGA), 

and spreads over 38 out of 60 agro-ecological sub-

regions (Pal et al., 2000). High soil pH and excessive 

calcium carbonate (CaCO3) content are significant 

problems in calcareous soils, which reduce nutrient 

availability to crops, especially phosphorus and micro-

nutrients, and consequently affect the growth and yield 

of crops (Wright et al., 2012). Sensible fertilizer or 

amendments can improve nutrient balance in calcare-

ous soil, increasing crop yield and fertilizer use efficien-

cy. One method that has been used to boost the availa-
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bility of pH-sensitive nutrients in calcareous soils is pH 

modification. The most prevalent and economical acidi-

fying substance is sulphur. Elemental sulphur (ES) ap-

plication has been recommended to reduce the calcare-

ous soil's pH and consequently increase crop nutrient 

availability (Amin and Mihoub, 2021). Biochemical oxi-

dation of ES produces sulphuric acid, which decreases 

the soil pH and solubilizes CaCO3 in alkaline calcareous 

soil (Besharati, 2017). 

Pulses are particularly sensitive to S deficiency, giving 

low quality and lower yields. S plays a crucial role in 

chlorophyll and oil synthesis. Plants only uptake sulphur 

in sulphate form (SO4
2-) and reduce it to form S contain-

ing amino acids and other compounds (Dhani, 2020). 

Most of the S in soil environments (95% of total S) is 

bound to organic molecules and, therefore, not directly 

plant available. S oxidizers enhance the rate of natural 

oxidation of S and speed up the production of SO4
2-, 

making them available to plants at their critical stages, 

consequently resulting in increased plant yield (Youssif 

et al., 2015). The most crucial stage of the S cycle, 

which increases soil fertility, is S oxidation. S oxidation 

in the soil is significantly influenced by Sulphur Oxidiz-

ing Bacteria (SOB). Although the sulphate fraction 

(inorganic) typically makes up less than 5% of the total 

S in soil, it is the form of S that is absorbed by plant 

roots. Sulphate can be found in soil as either a water-

soluble or an adsorbed form, depending on the soil's 

properties like pH and the amount of iron oxide/

hydroxide present. While it is in organic form in the hu-

mid zone, sulphate salts of calcium, magnesium, sodi-

um, and potassium predominate in arid soils. However, 

due to co-precipitation with CaCO3, sulphate may also 

be present in calcareous soils in the insoluble form (De 

Bona and Monteiro, 2010). 

The soil microbial biomass, which has the highest ca-

pacity for both mineralization and subsequent changes 

in the oxidation state of sulphur, is solely responsible 

for the transport of sulphur between the inorganic and 

organic pools. While oxidation-induced acidity helps to 

solubilize plant nutrients that co-precipitate with CaCO3 

and improves alkali soils, it also produces sulphate, 

which plants can use. (Chapman, 1990). ES and two 

different SOB (Pandoraea thiooxydans ASTB16 and 

Methylobacterium thiocyanatumVRI7-A4) are used to 

develop bio sulphur granules. Comparatively to seed-

applied inoculants, whether in a powder or liquid formu-

lation, granular inoculants applied to soils boosted seed 

output (Bashan et al., 2014). Granular > Powder > Liq-

uid > Uninoculated is the order in which the formulation 

of inoculants has the most significant impact on nodule 

number, nitrogen build-up, and N2 fixation (Clayton et 

al., 2004). Application of clay-based pellet formulation 

of Thiobacillus to S-deficient soil increased groundnut 

growth, nodulation, and yield (Anandham et al., 2007). 

Coccobacilli bacteria pellet formulation based on ben-

tonite clay applied to calcareous soil of Kuwait im-

proved plant growth and nutrient concentration of Alfal-

fa plants(Almatawah, & Al-Surrayai, 2019). There is 

substantial information available on S nutrition and 

SOB in relation to blackgram growth (Vidyalakshmi and 

Sridar, 2007). However, the data related to S nutrition 

and SOB on S fractions in calcareous soils is insuffi-

cient under blackgram cultivation. Accordingly, the pre-

sent study was formulated with the following objectives 

(i) To develop bio-sulphur granular inoculants with ele-

mental sulphur and sulphur oxidizing bacteria and (ii) to 

ascertain the fate of applied BSG on the distribution of 

various sulphur fractions in calcareous soil used for 

growing blackgram. 

MATERIALS AND METHODS 

Growth conditions of SOB strains and development 

of Bio sulphur granules 

Bio sulphur granules were created by combining ES, 

rice gruel (used as an adhesive), and SOB strains. For 

mass culture, strains of VRI 7-A4 (Methylobacterium 

thiocyanatum) and ASTB 16 (Pandoraea thiooxydans) 

were routinely cultured in nutrient broth (Himedia, India) 

for 48 h at 30 °C under shaking conditions (120 rpm). 

ES was powdered, sieved through a fine mesh sieve 

(<0.5 mm), and sterilized. For 100 g of powdered ele-

mental S, 250 ml of freshly prepared culture (1 ×108 

cells/ml) were mixed and granulated by a pressure-less 

manual mixing method under aseptic conditions. By 

mechanical interlocking and cementing, ES powder, 

bacterial strains, and rice gruel were combined and 

united into agglomerates (granules). Granulates of var-

ied sizes are produced through manual preparation. 

Particle sizes ranging from 0 to 2 mm were separated 

using a 2 mm sieve. As a result, two separate bio-

sulphur granules, P. thiooxydans ASTB 16 (BSG-I) 

and M. thiocyanatum VRI 7-A4 (BSG-II), were created 

utilizing two different sulfur-oxidizing bacteria.  

The efficacy of these two granules was tested in pot 

experiments.   

 

Particulars of pot experiment  

A pot experiment was conducted in the Soil Science 

and Agricultural Chemistry Department, Tamil Nadu 

Agricultural University, Coimbatore district, with black-

gram variety VBN-8 as a test crop in S deficient calcar-

eous soil to study the sulphur fractions. The soil chosen 

for the study was sandy clay loam in texture having 

deficient in S, with alkaline soil reaction (pH-8.3), non-

saline (EC-0.03dSm-1), calcareous (free CaCO3-13.5%) 

and having low available nitrogen (140 kg ha-1) and 

phosphorus (10.8 kg ha-1), medium in organic carbon 

content (0.58%) and available potassium (252 kg ha-1). 
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Ten treatments were replicated thrice in a factorial ran-

domized block design (FRBD) using different treatment 

combinations mentioned in Table 1. 

Nitrogen (N), phosphorous (P), and potassium (K) were 

applied at rates of 25, 50, and 25 kg ha-1, respectively, 

and the treatment regimen dictated the use of vermin 

compost, BSG-I, and II were thoroughly mixed to the 

soil. The experimental soil texture was sandy clay 

loam, and the black gram VBN 8 variety's targeted 

yield (T) was 900 kg/ha. The available NPK (SN, SP & 

SK) in the soil was minimal, according to the results of 

the initial soil analysis. Initial soil characteristics of 

experimental soil are listed below (Table 2). For Soil 

Test based Crop Response (STCR) treatments, ferti-

lizer doses are determined using an existing Fertilizer 

Prescription Equation (FPE). The Fertilizer Prescrip-

tion Equation employed in this investigation was  

FN     = 10.84T-0.39SN   ---------- (1) 

FP2O5 = 7.23T-1.00SP   ---------- (2) 

FK2O = 5.20T-0.04SK   ---------- (3) 

Entered these available nutrient statuses and targeted 

yield into the STCR equation, and NPK was applied 

depending on the requirement. For STCR, NPK 

+vermicompost @ 4 t ha-1 treatments (65% moisture, 

1.42, 1.21, 1.13 % N, P, K) were applied in addition to 

the calculated fertilizer doses from FPE. All fertilizers 

and sulphur application calculations are based on the 

weight of the pots (10 kg). The bottom of the pots has 

drainage holes on the side. Filled the pots with ten 

seeds at first and trimmed the plants to 5 per pot after 

two weeks.  

 

Data acquisition  

Soil samples were collected treatment-wise from the 

pot periodically (30th, 45th, and 60thdays after sowing 

(DAS)), processed, and analyzed for different fractions 

of sulphur by sequential extraction as outlined by (Azmi 

and Seema, 2018). 

Water soluble or plant available sulphur 

First, distilled water was used to extract the soil sample 

at a ratio of 1:10 (w/v). Next, each sample was centri-

fuged for 10 minutes at 10,000 rpm after 30 minutes of 

shaking. Pipette out precisely 5 ml of the aliquot into a 

25 ml volumetric flask, and then add 10 ml of sodium 

acetate-acetic acid buffer (pH 4.8), 1 ml of gum acacia 

solution, and 1 g of BaCl2. With distilled water, the vol-

ume was filled and thoroughly shaken. After setting the 

meter to zero per unit absorbance with the blank, read 

the absorbance of this solution in a UV-VIS spectro-

photometer at 420 nm wavelength. Using the standard 

curve, the sulphate concentration was estimated (Azmi 

and Seema, 2018). 

 

Exchangeable or adsorbed sulphur 

Following the centrifugation, the samples were extract-

ed with 0.032 M NaH2PO4 at the 1:10 (w/v) ratio. After 

30 minutes of shaking, each sample was again centri-

fuged at 10000 rpm for 10 minutes. The extracted sul-

phur was estimated using turbidity (Azmi and Seema, 

2018). 

 

Inorganic sulphur  

Inorganic sulphur was extracted by adding 25 ml of 1% 

HCl solution to the soil residue obtained from the previ-

ous extraction, kept for shaking for 10 minutes, and 

filtered. Finally, the soil was leached with distilled water 

for free of chloride. After extraction of the S fraction, 

sulphur was estimated turbidometrically (Azmi and 

Seema, 2018).  

 

Occluded /precipitated sulphur  

The residue from the previous fraction was extracted 

with 1M HCl. The extraction ratio was 1:20 (w/v) ratio. 

After 60 minutes of shaking, the samples were centri-

fuged for 10 minutes at 10000 rpm. The extracted sul-

phur was estimated using turbidity (Azmi and Seema, 

2018). 

 

Total sulphur  

The total sulphur content was determined separately 

by the acid digestion method as per the procedure giv-

en by Chesnin and Yien (1951). First, five g of finely 

ground soil was mixed with 3 ml of 69% Nitric acid and 

heated in a steam bath. Then, 3 ml of 60% Perchloric 

acid and 7 ml of Phosphoric acid were added and heat-

ed in a sand bath at 190-210ºC until white fumes were 

visible. Finally, two ml of 37% Hydrochloric acid were 

added after cooling and heated again until white fumes 

were visible. The digest was transferred quantitatively, 

and the volume was adjusted to 100 ml using 1N HCl 

and analyzed using turbidimetry. 

T1 :  Absolute control (without NPK &S) 

T2 : NPK+S (Control) (RDF*) 

T3 : STCR based NPK 

T4 : 
 T3 + Sulphur as Elemental Sulphur @ 40 kg  
S/ha 

T5 : 
 T3 + Sulphur as Bio Sulphur Granules I@ 40 
kg S/ha 

T6 : 
 T3 + Sulphur as Bio Sulphur Granules II@ 40 
kg S/ha 

T7 :  T3 + Vermicompost @ 4 t ha-1 

T8 :  T4  + Vermicompost @ 4 t ha-1 

T9 :  T5 + Vermicompost @ 4 t ha-1 

T10 :  T6 + Vermicompost @ 4 t ha-1 

RDF*- 25:50:25 kg of N, P2O5, K2O ha-1, and 40 kg S ha-1 

Table 1. Treatment details for pot soil experiments 
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Statistical analysis  

The data obtained from the experiment were subjected 

to statistical analysis using AGRESS software version 

7.01. In addition, the treatment means were compared 

using Tukey's post hoc test at a 0.05 probability level. 

RESULTS AND DISCUSSION 

This study gives information to assess the impact of 

developed BSG on various sulphur fractions in calcare-

ous soil. According to the analysis of variance, applied 

sulphur enters into various forms, mainly organic and 

inorganic, water-soluble, and sulphate. All applied S 

significantly (P=.05) enhanced all fractions of S in  

calcareous soil on 30, 45th, and 60DAS, thus the  

maximum was recorded in inoculation of M.  

thiocyanatumVRI7-A4as BSG II @ 40 kg S ha-1+  

vermicompost (4t ha-1) applied treatment (T10) in a pot 

experiment.  

 

Water soluble sulphur fraction (WS-S) 

Water soluble fraction was recorded on the pot experi-

ment's 30th, 45th, and 60th day. This fraction exerts a 

significant interaction on S treatment and increases 

with the advancement of blackgram growth. The high-

est mean value of water soluble-S was recorded in T10 

(from 16.92 to 18.03 mg kg-1), and this was on par with 

T6 having a mean value of (15.89 to 17.9 mg kg-1) and 

the lowest mean value (from to 6.23 to 4.73 mg kg-1) 

was observed in control (Fig.1). This Mean value of WS 

-S accounted for around 4.9 to 14.6 % of total S which 

is shown in Table 3. Over time, the WS-S content in T10 

was enhanced by BSG II (40 kg S ha-1) as S source 

and vermicompost(4t ha-1) and remained higher than in 

other treatments. This may result from SOB-assisted 

ES oxidation and the release of S from organic 

sources. The poor outcomes with ES application could 

be because S oxidation and subsequent mineralization 

by the sulphur oxidizing bacteria take time. Similar re-

sults were also reported by (Karimizarchiet al., 2014), 

who discussed that concerning ES, S immobilization is 

the primary process at the beginning of S-oxidation. 

This is followed by S mineralization and the production 

of sulphates as inorganic soluble sulphur forms 

(Thirunavukarasu and Subramanian, 2015). 

 

Exchangeable-S/ Adsorbed sulphur fraction (EX-S) 

The plant available S fractions in the soil include the 

water soluble-S, adsorbed sulphur, and inorganic sul-

phur of the total sulphur. Among the available sulphur 

fractions, the trend observed was inorganic S > water-

soluble sulphur> exchangeable sulphur. It was also 

noted that there was a significant (P=.05) increase in 

the EX-S fraction. This Mean value of EX-S accounts 

for around 4.62 to 9.63 % of total sulphur, as shown in 

Table 3. These observations follow the findings of earli-

er researchers (Clarson and Ramaswami, 1992), who 

reported an increasing trend observed in available S 

with increasing levels of applied sulphur and crop 

growth. Among the treatments (T1to T10), application of 

ES @ 40 kg S ha-1 + M. thiocyanatumVRI7-A4 (T6)

registered the highest soil EX-S fractions significantly till 

45 DAS, and later it was on par with T10 @ 40 kg S ha-1 

+M.thiocyanatumVRI7-A4 + Vermicompost (4t ha-1) till 

60 DAS (Fig.2). Decrease in the available S (WS-S+EX

-S) content initially was due to higher removal of native 

S by the crop as the biomass production was reported 

to be higher initially (Islam et al., 2012). Later gradual 

build-up was due to lower biomass production and, in 

turn, lower uptake of native S compared to the rate of S 

mineralization from the soil (Lavanya et al., 2019). 

 

Inorganic S fraction 

The Inorganic S content in soil was significantly (P=.05) 

influenced by S nutrition (Fig. 3). ES with 

M.thiocyanatum VRI7-A4 (T6) increased the inorganic 

S. Among the treatments (T6 toT10), the highest inorgan-

ic-S content of 21.25 mg kg-1 was recorded in the soil 

applied with 40 kg ha-1 of ES with SOB (T6), which is on 

1. Physical properties 
Eastern block, 

TNAU, Coimbatore 

Bulk density (Mg m3) 1.24 

Partical density (Mg m3) 1.66 

Porosity (%) 6.57 

2. Mechanical analysis   

Coarse sand (%) 29.9 

Fine sand (%) 28.7 

Silt (%) 15.4 

Clay (%) 25.4 

Textural class Sandy clay loam 

3. Electrochemical properties 

pH 8.3 

EC(dS m-1) 0.03 

CEC (c mol (p+) kg-1) 34.7 

4. Chemical properties 

Organic carbon (%) 0.58 

Available Nitrogen(kg ha-1) 140 

Available Phosphorus (kg ha-1) 10.8 

Available Potassium (kg ha-1) 252 

Available Sulphur (mg kg-1) 2.5 

DTPA extractable Fe (mg kg-1) 5.10 

DTPA extractable Zn (mg kg-1) 1.61 

DTPA extractable Mn (mg kg-1) 0.99 

DTPA extractable Cu  (mg kg-1) 0.12 

Free CaCO3 (%) 13.5 

Table 2. Physicochemical properties of initial soil-pot  

experiment  
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par with 40 kg S ha-1 in the form of ES with 

M.thiocyanatum VRI7-A4+ vermicompost (T10) and the 

lowest content of 8.22 mg kg-1 was recorded in abso-

lute control (T1) on 60th days after sowing. Among dif-

ferent fractions, the inorganic S fraction registered 

about 8.28 to 17.3% (Table 3). The addition of S fertili-

zation with oxidizing micro organism to calcareous soil 

favoured solubilization of the sulphate that was co-

precipitated with CaCO3, and the solubilized sulphate 

was partly transformed into soluble inorganic form (Hu 

et al., 2005). The results conformed with the observa-

tions recorded by Sharma et al. (2014); they showed 

that zero fertilization led to a decline in the levels of all 

S forms, while application of S-containing fertilizer and 

organics increased it over control. This might be due to 

the release of S from inorganic and organic S sources 

applied to different treatments, and the treatments 

which recorded lower inorganic S were due to continu-

ous crop removal without the addition of any S source 

and conversion of the inorganic form of S to SO4
2--S 

(Roshiniet al., 2021). 

Organic sulphur fraction  

The organic-S fraction is the slowly available S fraction 

of the total sulphur. Over time, this fraction slowly re-

leases SO4
2- and serves as a soil available S pool. The 

extent of increase over the days was found maximum 

in T10 (from 65.98 to 67.06 mg kg-1), which received 

both vermicompost and BSG II, followed by T6 (from 

61.54 to 63.98 mg kg-1) (Fig.4). This Mean value of or-

ganic-S fraction accounts for around 34.24 to 53.74 % 

of total sulphur which is shown in Table 3. It was also 

found that; the soil organic-S fraction was higher than 

all available sulphur fractions. This might be due to the 

soil's precipitation of sulphates with calcium and other 

elements. These results are in close agreement with 

Balanagoudar and Satyanarayana (1990), who had 

reported that occluded sulphur or non-sulphate sulphur 

is mainly made up of sulphate occluded in and ad-

sorbed on carbonates or insoluble sulphur compounds 

of iron and aluminium in soil which remains un-

extractable after removal of organic carbon and SO4
2- 

sulphur (Jat and Yadav 2006; Lavanya et al., 2019).  

Fractions 
Water soluble S (%) Exchangeable S (%) Inorganic S (%) Organic S (%) 

Treatments 

T1- Absolute control 5.40 4.82 9.39 38.55 

T2-  NPK+S (Control) 4.92 4.62 8.28 34.24 

T3 - Soil test-based NPK 9.59 6.89 13.73 38.47 

T4 -  T3+ES 10.21 7.03 14.07 40.12 

T5 -  T3+BSG I 14.17 9.08 16.16 49.15 

T6 -  T3+BSG II 14.64 9.63 17.30 52.08 

T7 -  T3+Vermicompost 11.22 7.98 14.49 40.48 

T8 -  T4+Vermicompost 11.75 8.07 14.43 42.87 

T9 -  T5+Vermicompost 13.95 9.39 16.01 50.38 

T10 - T6+Vermicompost 14.45 9.44 16.79 53.74 

Mean 11.03 7.69 14.06 44.01 

Table 3. Percentage of various sulphur fractions concerning total sulphur in post-harvest surface soil (on 60th day) of 

Blackgram (Var-VBN 8) 

Fig. 2. Effect of BSG on exchangeable sulphur fractions in 

calcareous soil. (Mean ± SEM = Mean values ± Standard 

error of means of Ex-S) 

Fig. 1. Effect of BSG on water soluble sulphur fractions in 

calcareous soil. (Mean ± SEM = Mean values ± Standard 

error of means of WS-S) 
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Total sulphur (T-S) 

Regarding total sulphur, the effects of sulphur applica-

tion did not alter the T-S status. The maximum T-S was 

found in T10 (from 124.23 to 124.78 mg kg-1), followed 

by T6 (from 122.34 to 122.86 mg kg-1) on 60DAS. The 

use of organic manure (Vermicompost) and sulphur 

through S oxidation helped in the build-up of Total S in 

these treatments (Fig. 5). Das et al. (2012) discovered 

that there was no increase in total S content in manure 

fertilized treatment. They found the increase to be de-

pendent on the dose of this fertilizer. The results con-

formed with the findings of Mazur and Mazur (2015) 

and Gouravet al. (2018). Sulphur through SSP helped 

build Total S in T2 and T3 (without S) treatments. An 

increase in total sulphur content was found to be mini-

mum in treatment which received only control (86.84 to 

87.57 mg kg-1) (Fig.5). This might be due to cropping 

without S in calcareous soil results in the release of S 

from other S fractions to the available pool for crop 

uptake as there is equilibrium exists between different 

fractions of sulphur in soil (Nguyen and Goh, 1990; 

Roshini et al., 2021). 

Conclusion 

The present study concluded that BSG granules sub-

stantially influenced distinct soil fractions in calcareous 

soil. The different fractions of sulphur were present in 

the order of organic > inorganic > water soluble> ex-

changeable sulphur, and the primary form was organic. 

However, as there is equilibrium between the various 

fractions of S in the calcareous soil, treatments that 

involved cropping without sulphur in the soil caused S 

to be released from other pool fractions available for 

crop uptake. It was discussed how the availability of 

different forms of sulphur in calcareous soils was influ-

enced by S oxidation with the help of sulphur oxidizing 

bacteria under blackgram (var. VBN 8) cultivation. 

Therefore, the integration of elemental sulphur with 

sulphur oxidizing bacteria and organic manures is es-

sential for maintaining and sustaining soil fertility in 

terms of sulphur status for improved blackgram growth 

in calcareous soil. 
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