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Abstract 

 Sulfur-oxidizing bacteria (SOB) are involved in oxidation of elemental sulfur compounds to accessible sulfate. Sulfur 

plays a key role in formation of different proteins, vitamins, enzymes as well as amino acids. These elemental sulfur 

compounds present in different form in estuarine environment which is taken by different microbes and mangroves. The 

estuarine environment being dynamic has a variation in salinity pH and temperature. In the present study, an attempt is made 

to evaluate the influence of different physicochemical parameter including pressure on the abundance and activity of SOB. 

Sediment samples were sampled from the estuarine mangroves environment of Goa. Nine different isolates were chosen for 

further studies. Maximum thiosulfate oxidation of 3.03 mM d-1 by Isolate S8 under pH 8 was noticed and maximum sulfate 

of 1.84 mM d-1 was produced by isolate S7 at pH8. Isolate S1 showed highest sulfate production of 0.7 mM d-1 at 15 M Pa 

pressure. Isolate S2 showed maximum protein concentration at 32.865 ug/ml. Sulfide concentration of 0.264 µM d-1 was 

detoxified through bioleaching by SOB. This study suggest that, sulfur-oxidizing bacteria were able to oxidize sulfur 

compounds under broad range of pH (2-10) and various pressure conditions (5-15 M Pa) suggesting that, they can used to 

industrial applications and bioleaching of metals from different areas.  
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Introduction 

 Estuaries form a transition zone between river 

environments and ocean environments and are subject to 

both marine influences, such as tides, waves, and the 

influx of saline water; and river influences, such as flows 

of fresh water and sediment. The inflow of both seawater 

and freshwater provide high levels of nutrients in both 

the water column and sediment, making estuaries among 

the most productive natural habitats in the world. Goa 

has a vast coastline and hence a diverse mangrove area. 

Chorao Island in Mandovi River is one of the best 

mangrove forests and houses most of the species in Goa 

(Sappal et al., 2014; Misra et al., 2015). Mangroves are 

the primary producers of organic matter and provide a 

base for a large and complex food web (Zhang et al., 

2009). Richness in carbon and other nutrients support 

large number of microbial communities whose activity is 

responsible for major nutrient transformations within a 

mangrove ecosystem (Alongi, 1988; Holguin et al., 

2001). These microorganisms can decompose organic 

matter by both aerobic and anaerobic processes which 

produce protein rich detritus that serves as food for other 
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organisms (Steinke, 2000). Various groups of bacteria 

like nitrogen fixers, phosphate solubilizers, cellulose 

decomposers, nitrifiers and denitrifiers, sulfur oxidizers, 

iron oxidizers and iron reducers are usually present in 

mangrove environment (Holguin et al., 2001). Complex 

interactions among these microbes maintain the 

nutritional status and ecological balance of these 

mangroves (Holguin et al., 2006). 

 Among different groups of microorganisms, 

bacteria are known to be important degraders of organic 

matter and they control the recycling of essential 

nutrients in coastal sediments (Alongi, 1994). Bacteria 

are responsible for most of the carbon flux in the 

mangrove sediment and act as carbon sink (Holguin et 

al., 2001). Sulfate reducing bacteria (i.e.) Desulfovibrio, 

Desulfotomaculum, Desulfosarcina, Desulfococcus sp 

among others are the primary decomposers and N2 fixing 

bacteria such as Azotobacter, Rhizobium sp among 

others, recycle nitrogen in anoxic mangrove sediments 

(Chandrika et al., 1990). Factors such as temperature, 

moisture, salinity, pressure, pH and seasonality of 

temperature and moisture act to control wetland 

microbial activities, resulting in changes in key 

biogeochemical cycles (Gutknecht et al., 2006). Bacterial 

population in the mangrove sediment fluctuated 

depending on temperature, pH, redox potential and 

salinity of water and sediments (Holguin et al., 2001). 

Diversity of microbial communities inhabiting in this 

unique swampy, saline, partially anaerobic environment 

is useful since it provides information of the 

microorganisms and their adaptability to such habitats 

(Semenov et al., 1999). Besides their ecological role, 

microbes from mangrove ecosystem possess unique 

capability to tolerate the hyper saline condition and 

contain useful enzymes, proteins, antibiotics and salt 

tolerant genes of much biotechnological significance 

(Lageiro et al., 2007). Biological oxidation of hydrogen 

sulfide or sulfur is abundant in soil and water, and is the 

major reaction in extreme environments. The oxidation 

reactions in this ecosystem are performed by prokaryotes 

of the domains Archaea and bacteria. Sulfur oxidation by 

eukarya is mainly performed by chemotrophical bacterial 

endosymbionts in worms or mussels of the hydrothermal 

vent ecosystems. Aerobic sulfur oxidation of archaea is 

restricted to the members of the thermoacidophilic 

Sulfolobales. Chemolithoautotrophic sulfur bacteria are 

phylogenetically and physiologically diverse and are 

alkaliphilic, neutrophilic or acidophilic. Also, 

phototrophic sulfur-oxidizing bacteria are 

phylogenetically diverse and are mostly mesotrophic and 

neutrophilic (Friedrich et al., 2005). 

A number of microbiological processes utilizing 

bacteria of the Thiobacillus genus for the oxidation of 

sulfide have been described in literature. Thiobacillus sp 

is obligate autotrophic, acidophilic, sulfur oxidizing 

bacterium and belongs to Thiobacilli genera. It exhibits 

sulfide-oxidizing capacity in a wide range of pH and had 

a potentiality to be used in biological sulfide treatment. It 

converts inorganic sulfur into its reduced forms and also 

grows and oxidizes reduced sulfur compounds. 

Conversion path of sulfide to elemental sulfur by 

Thiobacillus sp is almost equal to stoichiometry which 

was demonstrated (Suzuki, 1974; Kelly, 1984) and the 

elemental sulfur which is produced further oxidize to 

sulfuric acid with sulfite and sulfate as different products 

(Ravichandran et al., 2006). The isolation and 

characterization of a new genus of sulfur-oxidizing 

bacteria Sulfolobus able to grow at high temperature and 
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low pH. So far, all strains isolated are able to grow 

heterotrophically as well as autotrophically. The SOB 

can also leach industrially contaminated soil efficiently 

with approximately 69% of the main toxic metals present 

being leached (White, 1998). The present study 

elucidates the importance sulfur-oxidizing bacteria in 

various fields through sulfide removal and bioleaching of 

different metals.  

Materials and Methods 

 The surface sediment samples (top 2 cm) were 

collected along Mandovi Riverside, Goa (15.5256° N, 

73.8753° E). All the samples were sealed air-tight, stored 

immediately at 4°C and brought to the lab for further 

analysis. The sediment samples were serially diluted to 

10-3 ml.L-1, and 50 l of sample was spread on modified 

SOB agar media (Bharathi et al., 1997) and incubated at 

room temperature for 5 to 7 days. Nine isolates based on 

morphological characteristics (colony morphology, color, 

nature of colony surface (rough, smooth), observed 

optical properties (opaque or translucent)) were chosen 

for further studies.  

Effect of pH, Temperature and Pressure 

 Individuals of the nine isolates (named as S1, S2, 

S3, S4, S5, S6, S7, S8 and S9) were incubated at 

different pH values of 2, 4, 6, 8 and 10 (manipulated 

using Sodium bicarbonate and HCL) for 4 days at room 

temperatures and their thiosulfate oxidation activity 

(TOA) was measured in SOB broth (Bharathi et al., 

1997). Similarly, the cultures were incubated at 4C at 28 

and 40C for 3 days and the change in their TOA was 

measured (Bharathi et al., 1997). Cultures were incubated 

at 5, 10 and 15 Megapascal pressure for 3 days their 

TOA was measured (Bharathi et al., 1997). 

 

Estimation of Thiosulfate   

 Total thiosulfate was analyzed by Rodina (1972). 

Briefly, 5 ml of sample was taken and diluted with 95 ml 

distilled water to which 25 ml of diluted sulfuric acid and 

12.5 ml of 0.0125 N iodine was added and titrated 

immediately with standardized 0.0125 N thiosulfate until 

most of the iodine was consumed. A few drops of freshly 

prepared starch solution was added and titrated until the 

blue color just disappeared. Blanks were maintained and 

estimated as mentioned above.  Thiosulfate (S2O3
2-) was 

expressed as mM g–1. 

Estimation of sulfide and sulfate 

 One milliliter of sample was fixed in 10 ml of zinc 

acetate (2% w/v) and later analyzed 

spectrophotometrically (V-730 UV-visible 

spectrophotometer; JASCO, Japan) (Cline, 1969). For 

sulfate analysis, 1 ml of sample was fixed in a vial 

containing concentrated HCl (0.01 ml) and the parameter 

was determined turbidometrically (V-730 UV-visible 

spectrophotometer; JASCO, Japan) by BaSO4 

precipitation (Clesceri et al., 1998). 

Estimation of Protein 

 Estimation of protein was done by Lowry's method 

(1951). To 1 ml of sample, 2 ml of 1 N NaOH was added 

and mixed well, and incubated at 100°C for 5 mins. 

Following incubation, samples were centrifuged for 5 

min at 4°C, and 0.5 ml of supernatant was taken in fresh 

vial and 0.5 ml distilled water and 0.5 ml of Lowry's 

reagent (1:1 ratio) was added. The samples were 

incubated in the dark condition for 10 mins, after which 

0.5 ml of freshly prepared Folin-Ciocalteu reagent (1:1 

dilution) was added. The mixtures were vortexed well 

and incubated for 20 mins in dark, followed by recording 
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the OD value at 750 nm spectrophotometrically (V-730 

UV-visible spectrophotometer; JASCO, Japan).  

Bioleaching 

 We designed an experimental setup to check the 

effectiveness of sulfur-oxidizing bacteria (SOB) with and 

without sulfur reducing bacteria (SRB) for leaching of 

heavy metals. The set up consists of a culture chamber, 

flow tube with control regulators connecting the substrate 

material and culture chamber, substrate chamber and 

leachate collection chamber (Fig. 1). We used artificial 

leachate (White et al., 1998) as a substrate material. The 

compositions of the starting material are as follows: 

Boric acid: 100 mg/l, Cadmium chloride: 500 mg/l, 

Chromium chloride: 500 mg/l, Cobalt chloride: 50 mg/l, 

Cupric sulfate: 5 mg/l, Iron sulfate: 500 mg/l, Manganese 

chloride: 500 mg/l, Mercuric chloride: 100 mg/l, Nickel 

chloride: 500 mg/l, Sodium molybdate: 50 mg/l, Zinc 

sulfate: 100 mg/l. 

Scanning Electron Microscope analysis (SEM) 

The preparation of cells for SEM was according to 

(Fernandes et al, 2005) with some modifications. 

Autoclaved glass slide were immersed in the suspensions 

of specific medium for the SOB isolates in a 2.5 ml 

eppendorf tube and incubated for 3±1 days. The glass 

pieces were retrieved and subjected to fixation step for 1 

hr in 2.5% glutaraldehyde prepared in 1X PBS buffer of 

pH 7.5. The glass piece having biofilm was washed three 

times in sterile saline and then subjected to dehydration 

steps immersing in increasing acetone concentrations 

from 10, 30, 50, 70, 95 and 100% for 5 mins each. The 

specimens after these steps were fixed on a stub using 

double coated carbon tape and sputter coated with gold 

Au/Pd in a vacuum chamber. The bacterial cells were 

observed under the SEM JEOL (JSM-5800 LV) and 

pictures were taken at different magnification. 

Fig. 1. Bio leaching setup 1) sulfur-oxidizing bacterial 

isolates, 2) Slica gel with artificial leacheate, 3) Elutant 

colleting chamber, 4) Control: SOB Media, 5) SOB 

+SRB consortia 

 

Results and Discussion 

Temperature of water was 28°C and the pH was 7.9 

and salinity 22 ppt (‰) during sediment collection. Nine 

isolates of different morphological characters with 

highest and lowest thiosulfate oxidation activity of were 

considered for further testing. Scanning electron 

microscope analysis isolate S8 and S7 was revealed rod-

shaped bacteria of 0.27-0.95 µM in size (Fig. 2). 
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Table 1. Sulfate-reducing, sulfur-oxidizing bacterial activities under heavy metal complex 

Parameters Control+ 

Artificial 

leachate 

(Initial) 

SOB + artificial leachate SRB+ artificial leachate SOB+SRB+ 

artificial 

leachate 

(Final) 

(Initial) (Final) (Initial) (Final) 

pH 7.8±0.02 7.6±0.03 5.27 ±0.04 7.48±0.02 6.7±0.02 5.15± 0.05 

Sulfide (mM ml-1) 0.108 0.108 0.016 0.108 0.085 0.036 

Sulfate (µM) 16.09 16.09 30.02 16.09 8.02 23.26 

 

Fig. 2. Electron micrograph of a) S7 and b) S8, sulfur-oxidizing bacteria isolates from mangrove sediment as 10 μM length 

 

Thiosulfate oxidation activity at different environmental 

condition 

 Thiosulfate oxidation activity of the SOB isolates 

were determined under different pH (pH 2, 4, 6, 8 and 

10) conditions. Generally at pH 6 and 8 most of the 

isolates exhibited TOA (Fig. 3). However, highest TOA 

(3.03 mM d-1) was observed in isolate S8 at pH 8 

suggesting   the versatility of this strain to alkaline pH. 

Srivastava et al. (2015) observed that SOB isolated from 

sediments exhibits TOA using bicarbonates as the carbon 

source which is alkaline in nature. Similarly TOA by 

SOB was also observed at neutral and alkaline pH 

(Sorokin et al., 2011). Moreover, Ito et al. (2004), stated 

that SOB isolated from waste water treatment plant, have 

optimal pH at 7.0 to 8.0, however, they were 

demonstrated to be grown at broad range of pH. They use 

the sulfur compounds like elemental sulfur and 

thiosulfate as their electron donors under different redox 

conditions. Under different temperatures, most of the 

SOB able to grow at 28°C as well as 40°C, in contrast, 

only isolate S1 and isolate S9, showed thiosulfate 

oxidation activity at 4°C of 0.27 mM d-1
, 0.28 mMd-1 

respectively. Fliermans and Brock (1972) isolated SOB 

from yellow national Park (USA) noticed that they able 

identify even at 55°C to 85°C. In addition, Ito et al. 

(2004) stated that, SOB grows under 15-42°C 

temperature, however, the optimum temperature was 30-

34°C. SOB isolated from Mahanadi River mangroves 

able to withstand broad range of temperatures, the sulfide 

oxidation was able to notice at 45°C (Behera et al., 

2016). The SOB isolates were able to grow under 

different pressure conditions, ranging from 5-15 Mpa. 

Maximum thiosulfate oxidation of 1.0 mM d-1, 1.14 mM 

d-1 was noticed at 5 and 15 Mpa respectively from isolate 

S7. Zhang et al. (2018) stated that, the SOB from 

bioleaching were able to grow up to 0.1 to 36 Mpa. The 

SOB were able to grow under substantial pressure under 

both aerobic (Torma, 1975) and anaerobic conditions 



Sam and Merlyn, 2018 

www.currentsciencejournal.info 

(Zhang et al., 2018) suggesting that, the dominant and 

diverse nature of sulfur oxidizing bacteria.  

Sulfate Production at different environmental condition 

 Under different pH conditions the SOB able to 

oxidize thiosulfate in to sulfate. The sulfate production 

from thiosulfate oxidation was noticed under all the pH 

conditions. However, at pH 2 an average sulfate 

production (0.021 mMd-1) decreased on an average of 93 

times as compared to pH 8 (1.9 mM d-1). At 8 the isolates 

were able to produce sulfate in a range from 0.53 to 1.84 

mM d-1, however, at pH 6 they were able to produce 0.59 

to 0.7 mM d-1 of sulfate. In the hydrothermal vents, more 

frequently and consistently, Teske et al. (2000) were able 

to isolate thiosulfate oxidizing bacteria and they were 

able to produce 2-4 mM sulfate under aerobic conditions. 

However, during in our study the isolates were able to 

produce 0-1.8 mM d-1 sulfate. Our result suggests that, in 

the mangrove environment the SOB able to oxidize 

thiosulfate and convert in to sulfate which is 

subsequently converted in to plant protein (McArthur, 

2006). Some chemolithoautotrophic SOB were able to 

grow extreme alkaline conditions, and mostly they 

associated with sulfide-oxygen interface and they 

successfully compete with chemical oxidation by 

oxidation sulfide or thiosulfate to sulfate (Sorokin and 

Kuenen, 2005). 

Fig. 3. Sulfur-oxidizing bacterial activity under different physochemical variables: a) Thiosulfate oxidation under different 

pH, b) Thiosulfate oxidation under different temperatures, c) Thiosulfate oxidation under different pressure, d) Sulfate 

producation under different pH, e) Sulfate producation under different temperatures, f) Sulfate producation under different 

pressure, g) Protein concentration under different pH, h) Protein concentration under different temperatures, i) Protein 

concentration under different pressure. 

 

 



 

 

 The SOB was able to produce sulfate under broad 

range of temperatures. Isolate S4 showed the maximum 

sulfate (0.60 mMd-1) production under 40°C, However, 

isolate S9 showed highest production (0.52 mMd-1) at 

28°C and isolate S8 showed maximum activity at 4°C 

clearly suggesting that, most of the isolates were able to 

grow under broad range of temperature, however 

maximum production was detected under mesophilic 

conditions. Similarly, different pressure conditions, 

doesn't have any impacts the maximum sulfate 

production (0.60 mM d-1) was noticed under 5 M Pa by 

isolate S5, at 10 M Pa, isolate S4 showed highest 

production (0.59 mM d-1), while at 15 M Pa isolate S1 

showed highest sulfate production of 0.70 mM d-1 

suggesting the SOB's able to withstand broad range of 

pressure conditions. The SOB's cell viability and colony 

forming ability was decreased 100 times after the 

exposure to 100 kg/cm2 for 1 hr. However, their cell 

viability and ability to oxidize sulfide was improved 

when prolong exposure under that pressure conditions, 

and this possible adaptation can be used widely for 

bioremediation of oil wells polluted with sulfide 

production (Bharathi et al., 1997). 

Protein determination at different environmental 

condition: Protein concentrations were estimated under 

different pH, temperature and pressure conditions. 

Maximum protein (32.9 µM d-1) was estimated at pH 8 

from isolate S3, followed by 32.8 was noticed at pH 4 by 

isolate S9. Maximum protein (37 µM d-1) was estimated 

under 28°C by isolate S9, however maximum (16.9 µM 

d-1) was determined at 4°C by and 22.7 µM d-1 at 40°C 

by isolate S7. Maximum protein (30.7 µM d-1) was 

determined at15 M Pa by isolate S1.  

 

Bioleaching 

Under different heavy metals complex, sulfate-

reducing bacteria-sulfur-oxidizing bacterial consortia 

were analyzed for sulfide production and sulfur-

oxidation. The sulfate-reducing bacteria were able reduce 

sulfate in to sulfide (0.085 mM ml-1), however, the 

microbial consortia of SRB, SOB were able to oxide 

nearly 42% of sulfide produced by SRB (Table 1), and  

sulfide concentration was measured as, 0.036 mMml-1, 

suggesting that, sulfur-oxidizing bacteria are able to 

detoxify under different heavy metal complex. These 

qualities suggest that, they can used under broad range of 

pH, temperature and pressure to remove/control excess 

sulfide production from different economic purposes like 

waste water treatment, bioremediation of industrial 

waste, and oil wells.   

Conclusion 

In this study, different sulfur-oxidizing bacteria 

were isolated which can sustain broad range of 

physicochemical parameters which also have the ability 

to oxidize thiosulfate and produce sulfate under different 

stress conditions. Their ability to detoxify sulfide in the 

presence of artificial leachate suggests not only that they 

have significant role in maintaining detoxification 

process in an ecosystem but also their application in 

metal leaching process in bio-mining industries.  
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