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2.1 INTRODUCTION 

Acidithiobacillus ferrooxidans (formerly known as Thiobacillus ferrooxidans) was 

isolated for the first time from acidic mine drainage (AMD) water (Temple and Colmer, 

1951 ). In early literature this organism had been referred by different names: T. 

ferrooxidans, Ferrobacillus ferrooxidans or Ferrobacillus sulfooxidans (Colmer and 

Hinkle, 1947; Hutchinson et al., 1966). All these isolates, however, subsequently turned 

out to belong to the single species Thiobacillus ferrooxidans (Kelly and Tuovinen, 1972). 

With the widespread use of 16S rRNA gene sequence analysis and of DNA-DNA 

hybridization, the members of the genus Thiobacillus was reclassified and have been re

distributed into a-, ~-, y- subclasses of the class Proteobacteria. Thiobacillus has been 

reassigned to three new genera and eight species. These are Acidithiobacillus (that include 

Thiobacillus thiooxidans, Thiobacillus ferrooxidans, Thiobacillus caldus and Jhiobacillus 

albertensis), Halothiobacillus (that include Thiohacillus neapolitans, Thohacillus 

halophilus and Thiobacillus hydrothermalis) and Thermithiobacillus (that include 

Thiobacillus tepidarius) (Kelly and Wood, 2000). Since then the name Acidithiobacillus 

ferrooxidans is used instead of Thiobacillus ferrooxidans. However, many of the strains 

placed under the species Acidithiobacillus ferrooxidans at present exhibit considerable 

genetic variation (Harrison, 1982; Kelly and Harrison, 1989; Goebel et al., 1999), that will 

in future lead to the reassignment of certain strains to new species of genera (Kelly and 

Wood, 2000). Molecular analysis using 16S rRNA gene sequence analysis and DNA-DNA 

hybridization of A. ferrooxidans show that the different strains belonging to this species 

can be grouped in to four phylogenetic groups characterized by a high degree of genome 

similarity (genomovars) (Karavaiko eta!., 2003). 

The organism Acidithiobacillus ferrooxidans is a chemolithoautotrophic bacterium 

obtaining its energy through the oxidation of ferrous iron, elemental sulfur, or reduced 

sulfur compounds (Brierley, 1978; Lundgren, 1980; Harrison, 1984; Tuovinen, 1990; 

Rawlings, 2002). The optimum temperature for the growth is 30°C and the pH 2.0, but can 

grow at pH 1.0 or below (Rohwerder et al., 2003). The ability of this organism to attack 

sulfide containing minerals and converting the insoluble sulfides of metals such as copper, 

lead, zinc, or nickel to their soluble metal sulfates makes it highly applicable in the 

hioleaching industries (Rawlings and Kusano, 1994 ). The organism along with other 
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acidophilic organisms is widely used in the commercial extraction of copper, uranium and 

gold (Brierly, 1978; McCready and Gould, 1990; Livesey-Goldblatt et al., 1983). 

In earlier days the medium formulated by Leathen et al. ( 1956) was widely used for 

the enrichment and isolation of the organism but since the cell yield of the medium was 

poor later it was modified quantitatively until medium 9K was formulated (Silverman and 

Lundgren, 1959). Beck ( 1960) found that the organism then belonging to Acidithiobacillus 

ferrooxidans described by Temple and Colmer ( 1951) has the ability to oxidize ferrous 

iron as well as elemental sulfur and thiosulfate. Landesman et a/. ( 1966) found that A. 

ferrooxidans in presence of both thiosulfate and colloidal sulfur derived from the 

decomposition of thiosulfate in acidic condition would only oxidize the soluble substrates. 

Silver and Lundgren ( 1968) suggested that A. ferrooxidans can oxidize thiosulfate as well 

as tetrathionate constitutively. However, it was found that the iron grown cells failed to 

oxidize thiosulfate (Tuovinen et al., 1976; Das et al., 1993). Margalith et al. (1966) 

observed that the rate of oxidation of elemental sulfur grown cells was lower than 

elemental sulfur grown cells. Moreover the sulfide oxidation carried out by A. 

ferrooxidans was found to be incomplete (Silver, 1970). On the other hand, A. 

ferrooxidans does not only oxidize but also efficiently grow on ferrous iron after 

successive growth in sulfur (Espejo and Romero, 1987). Different physiological features 

for the same organism by different authors in earlier days was a consequence of dealing 

mixed culture which was later confirmed by Kelly and Wood (2000) by l6S rRNA 

analysis. 

Because of the obligate autotrophic and acidophilic properties, it is very difficult to 

obtain pure culture of Acidithiobacillus ferrooxidans on substrate agar plates. The 

organism has been frequently found to be contaminated by acidophilic heterotrophs (Guay 

and Silver, 1975; Harrison, 1984; Goebel and Stackebrandt, 1994). Barron and Lueking 

( 1990) have described the optimal conditions that are required for growth and maintenance 

of the organism. They have shown that 5 % C02 in the air prompts the colony formation 

within 2 to 3 days in solidified ferrous medium. The importance of C02 concentration for 

the optimal growth of A. ferrooxidans has also been shown by Holouigue et a!. ( 1987). 

The concentration of ferrous sulfate also influences the growth rate of the organism. 2g/L 

of ferrous sulfate has been found to be the optimum concentration for the growth while > 

20g/L has been found to show the maximum inhibition for the growth of the organism 

(Barron and Lucking, 1990). The organisms can be stored on chalcopyrite at soc though 
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mostly the organism is maintained by serial transfer to the fresh medium on a monthly or 

bimonthly basis (Gupta and Agate, 1986). The cells can also be stored at -70°C in the 

complete medium containing Protect-100 beads (Barron and Lueking, 1990). Several 

modifications have been brought about for the formulation of solid media for A. 

ferrooxidans culture. Medium containing low concentration of agar, agarose, silica gel, or 

carrageenan etc have been employed by different workers for the preparation of solid 

media for the organisms (Mishra et al., 1983; Mishra and Roy, 1979; Harrison, 1981; 

Schrader and Holmes, 1988). 

The present work has described the process of enrichment, isolation and 

purification of A. ferrooxidans from the AMD samples of Garubathan, Darjeeling. 

Selection of sample site was made on the basis of an existing geological map. A systematic 

geological mapping in parts of Kalimpong sub-division of Darjeeling district, covering an 

area of 180 sq. km on 1:25000 scale in parts of Toposheet No. 78 A/8 and 12, was carried 

out by Roy, Choudhury and Ghosh (1974-75)[Records of the GSI, vol. 109, Part I, 1982]. 

Saha, Chakraborty and Bandopadhyaya ( 1974-1975) did the detailed investigation for 

lead- zinc ore in the area around Garubathan (26° 59': 88° 42') in Kalimpong sub-division. 

An area of 35 sq. km. was mapped on scale 1: 15,840(78 B/5 and 9) for locating further 

possible extensions of the mineralization both towards east and west of Garubathan. An 

area of 0.247 sq km on scale 1:2000 was covered by plane table mapping in the Khar 

Khola Block and Mal Khola Block. A total of 780.80 m boreholes were drilled in Mal 

Khola Block. A total of 131 samples, comprising of surface channel samples, float ore 

samples, borehole samples, composite samples, selective grab samples etc. were collected. 

The probable reserve estimated at 0.602 million tonnes with an average of 3.54% Pb, and 

2.70% Zn, and that of float ore is 2,910 tonnes, with an average of 7.14% Pb and 2.87% 

Zn. (records of GSI, vol. 109, Part I, 1982). 

The difficulties encountered during the purification of the organisms have also 

been described. Different physiological features of the isolates and their role in the 

bioleaching of the pyrite have also been described. 

2.2 MATERIALS AND METHODS 

2.2.1 Sampling site 

Acid mine drainage sampling sites were primarily located on physical verification 

of the mineral ore occurrence sites as spotted by Geological Survey of India. Dalimkhola 
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and Khanikhola of Garubathan (26o 59'N: 88° 42'E), 2800 ft. above the sea level, of 

Kalimpong sub-division, West Bengal, India, were selected as sampling sites. Only fresh 

discharges, unadulterated by alkaline surface waters were collected. pH of the samples was 

checked at the sites with the help of pH paper (HiMedia, India). Residues e.g. ferric 

hydrates were homogenized by mechanical blending and the mixture was used as the 

inoculum for the enrichment of the cultures. 

2.2.2 Media 

2.2.2.1 Broth 

i) 9K medium 

Modified 9K medium (Yates and Holmes, 1987) containing ferrous sulfate and 

elemental sulfur medium (Bounds and Colmer, 1972) were used as the enrichment medium 

for the acidophilic autotroph. 

The modified 9K medium contained a mixture of two solutions. Solution A 

containing (NH4)2S04, 1.0 g; MgS04.7H20, 0.5g; K2HP04, 0.5g; KCl, O.lg; in 800 ml 

distilled water, sterilized at 15 psi for 15 minutes, was mixed with filter sterilized (pore 

size 0.25!!) solution B containing FeS04.7H20, 33.0g and 4 ml lO(N) H2S04. 

ii) Elemental sulfur medium 

It was prepared by adding 10.0 g elemental sulfur to a basal salt solution containing 

(NH4)2S04, 3.0g; K2HP04, 3.0g; MgS04.7H20, 0.5g; CaCh, 0.25g; FeS04, O.Olg; pH 

adjusted to 4.0-4.5 with 1 (N) H2S04, in 1L distilled water. Basal salt solution containing 

elemental sulfur was sterilized at 1 oooc for 30 minutes. 

iii) Reduced sulfur compound media 

For preparation of media containing reduced sulfur compounds, Na2S20 3 or K2S406 

was used. The medium was prepared by mixing the two solutions. 800 ml solution A 

contained the same components as in case of basal salt solution of elemental sulfur 

medium, and 200 ml solution B contained 10.0 g of Na2S20 3 or K2S40 6. pH of solution A 

was adjusted to 4.0-4.5 with 1 (N) H2S04 Solution A was sterilized at 15 psi for 15 
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minutes while solution B was filter sterilized by passing it through the bacterial membrane 

(pore size 0.25~-t). 

iv) Pyrite medium 

Pyrite medium was prepared by adding chalcopyrite (brought from GSI, Kolkata, 

containing about 33% copper) in the basal salt solution of 9K medium. Pyrite was ground, 

sieved and washed with boiling 6(N) HCI. It was rinsed twice with distilled water followed 

by rinsing with acetone. Afterwards it was dried at 60°C. For all the experiments the grain 

size of pyrite was kept in the range of 50 to 200!-tm. 10 g of dry pyrite was added to 1000 

ml of 9K basal salt solution (minus iron and K2HP04) and was sterilized at 100oc for 15 

minutes. 

2.2.2.2 Solid media 

i) Ferrous agar medium 

The modified 9K solid medium was prepared by mixing three different solutions. 

Solution A contained the 9K basal salt solution in 200 ml of distilled water: solution B 

contained 10.0 g FeS04.7H20 and 4 ml 10 (N) H2S04 in 50 ml distilled water: solution C 

contained 8.0 g acetone washed agar in 750 m1 distilled water. Solution A and Solution C 

were sterilized at 15 psi for 15 minutes while solution B was filter sterilized (pore size 

0.25!-1). Solutions A and C were allowed to cool down to around 50°C and all the three 

solutions were mixed together in the aseptic condition. Care was taken to minimize acid 

hydrolysis of agar and trapping of air bubble. Well mixed solution was then poured into 

the sterilized Petri plates. Plates were then allowed to solidify. For the preparation of slants 

3 ml of the mixed solution was poured into the sterile culture tubes and allowed to solidify 

in slanting position. 

ii) Reduced sulfur compound agar medium 

Reduced sulfur compound solid medium was prepared by mixing the three 

solutions. 250 ml solution A contained the basal salt solution, 50 ml solution B contained 

the reduced sulfur compounds (Na2S20 3 or K2S40 6), and 700 ml solution C contained 8.0 g 

acetone washed agar solution. pH of the basal salt solution was kept in the range of 4.0-

4.5. Solutions A and C were sterilized at 15 psi for 15 minutes while solution B was filter 
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sterilized (pore size 0.25[-t). To minimize the acid hydrolysis of agar, sterilized solutions 

were allowed to cool down to around 50°C before mixing and pouring into the Petri-plates. 

2.2.3 Enrichment of acidophilic chemolithotrophic bacteria from 

Garubathan AMD 

Rusty red watery soil (sludge) samples were collected in heat sterilized, screw 

capped bottles transported on ice bucket and processed within 6 h of sample collection. 

Residues were homogenized by mechanical blending. 100 ml Erlenmeyer flask containing 

20 ml enrichment broth [modified 9K medium (Yates and Holmes, 1987) [(g/1), 

(NH4)2S04, 1.0 g; MgS04.7H20, 0.5g; K2HP04, 0.5g; KCl, O.Ig; FeS04.?H20, 33.0g; 

10(N) H2S04, 4ml] was inoculated with 1 g of blended rusty red watery soil (sludge) 

sample. Cultures were incubated at 28°C ± 2°C till the medium turned reddish-brown in 

color, and maintained through biweekly sub-culturing using 1 ml of previous enrichment 

and 20 ml of media. Freshly grown cells were harvested by centrifugation, washed, and re

suspended in sterile 0.01 N H2S04. Cells were then transferred to elemental sulfur medium 

[(g/L): K2HP04 3.0g; MgS04.?HzO 0.5g; CaClz 0.25g; (NH4)zS04 3.0g; FeS04, O.Olg; 

elemental sulfur 10.0g, pH of basal salt was adjusted to 4.0-4.5 and was sterilized at l00°C 

for 15 min] to test the use of elemental sulfur as an energy source. Elemental sulfur grown 

culture was aseptically filtered through a sterile Whatman filter paper no. 1 (to remove 

elemental sulfur particles), and the filtrate was centrifuged at 10,000 rpm for 10 min. The 

resultant pellet was washed with sterile 0.01 (N) H2S04 and was transferred back to 

modified 9K medium. The process of passing the culture from ferrous iron medium to 

elemental sulfur medium was repeated for at least three times before obtaining pure culture 

from the ferrous iron medium. 

2.2.4 Isolation and purification of Acidithiobacillus ferrooxidans strains 

Enriched cultures of A. ferrooxidans from ferrous iron enrichment medium was 

dilution plated on the 9K agar plates. To perform dilution plating the initial cell population 

was determined microscopically, using Petroff-Hausser counting chamber. Then a series of 

10-fold serial dilutions in test tubes containing sterile 0.01 (N) H2S04 was prepared so that 

the highest dilution would receive no cells. 0.1 ml of the diluted samples was spread on the 

9K agar plates and incubated at 28°C ± 2°C. Discrete colonies obtained in the plates having 

highest dilution samples were further purified through streak plate method. The purified 
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colonies were maintained in the 9K agar slants and/or 9K liquid medium with monthly or 

bi-weekly transfer on to the fresh 9K agar slants or 9K broth medium respectively .. 

The purified strains were again checked for their ability to oxidize elemental sulfur. 

For that, central portion of the colonies were picked up with the help of sterile toothpick 

and inoculated in 10 ml of fresh elemental sulfur medium. The inoculated elemental sulfur 

medium was incubated at 28°C ± zoe. Only those strains that were able to oxidize 

elemental sulfur were chosen for further study. 

All the strains were tested for their ability to oxidize other reduced sulfur (NazS203 

and K2S20 6) compounds. Cells growing in the elemental sulfur medium were filtered 

through the sterile Whatman filter paper number 1 to separate out the sulfur particles. The 

filtrate was then centrifuged at 10,000 rpm for 10 minutes. The cell pellet thus obtained 

was washed with and re-suspended in the sterile 0.01 (N) H2S04. l 00 fll of the 

concentrated mass of cells was inoculated in 100 ml Erlenmeyer flask containing 15 ml of 

the reduced sulfur compound (thiosulfate and tetrathionate) broth medium. pH and 

turbidity of the medium was regularly checked during the entire course of incubation. 

Decrease in pH and increase in turbidity indicated microbial growth. 

2.2.5 Quantitative Estimations 

2.2.5.1 Whole cell protein 

An aliquot of the cell suspension was taken and the volume was made up to 0.25 

ml with distilled water. To this, 0.25 ml of 1 (N) NaOH solution was added and the mixture 

was placed on a boiling water bath for 5 min. The mixture was then allowed to cool and 

5.0 ml of freshly prepared protein reagent (a mixture of 2% Na2C03, 10 ml of l(N) NaOH, 

1.0 ml of 1% Na-K-tartarate and 0.1 ml of 0.5% CuS04.5H20, final volume made tolOO 

ml with distilled water) was added. Then 5.0 ml of Folin-Ciocalteau's reagent was added 

and mixed immediately. The mixture was incubated at 37°C for 30 min and the absorbance 

was measured at 660 nm against the reagent blank. The amount of protein was calculated 

from a standard curve using bovine serum albumin fraction V as standard following the 

method of Lowry et al. ( 1951 ). 
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2.2.5.2 Estimation of copper 

Copper was quantitatively determined by the titrimetric method (Jeffery et al., 

1989). Copper leached out from chalcopyritepyrite was titrated with 0.01 (M) NazSz03. 

Thiosulfate solution was standardized by titrating it with standard solution of KI03 

(Jeffery et. al., 1989). 

The method is based on the principle that Cu(II) reacts with KI to liberate 

equivalent amount of free iodine giving brown coloration to the solution. The liberated 

iodine is titrated with the standard solution of Na-thiosulfate till the iodine is finished. 

Reagents: 

a. Na-thiosulfate 0.01 (M) 

b. Dilute Na-carbonate solution. 

c. Glacial acetic acid. 

d. Starch solution. 

e. 10% ammonium thiocynate 

f. 10% iodate free KI solution. 

Procedure: 

1. 2 ml of pyrite leachate was taken in a conical flask and the volume made up 

to 10 ml by adding distilled water. 

11. A few drop of Na-carbonate was added until a faint permanent precipitate 

appeared. 

111. The precipitate was dissolved with the help of a drop or two of acetic acid. 

IV. 2 ml of 10% KI solution was added and kept in the dark for not more than 

30 seconds until the generation of dark brown coloration due to liberation 

of iodine. 

v. The iodine so liberated was titrated with 0.01 (M) Na-thiosulfate solution 

taken in the burette till the color turned to light brown or yellow. 
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VI. A few drop of starch solution was added as an indicator, that turned the 

solution blue, and the titration was continued till the blue color faded. 

vii. A few drop of 10% ammonium thiocynate was added to intensify the blue 

color and titration was continued. The change of color to pale pink gave the 

end point of titration. 

VIII. The volume of Na- thiosulfate consumed was noted by reading the burette. 

The strength of copper was then determined by using the formula 

V1S1=V2S2. whereby 1 mole of Cu (II) was considered equivalent to 1 mole 

of thiosulfate. 

2.2.5.3 Ferrous iron estimation 

The amount of ferrous iron was calculated with the help of a standard curve of Fe 

(II) made by the known amount of FeS04 by the procedure as described by Thomas and 

Chamberlin (1974). The underlying principle is that iron (II) reacts with 1,10-

phenanthroline to form an orange-red complex [(C12H8N2hFe]2
+. The intensity of color is 

proportional to the amount of iron (II) present being independent of the acidity within a pH 

range of 2 to 9 and is stable for long period. The intensity of the color is measured at 480-

520 nm of wavelength of light. Total iron can also be determined utilizing this procedure 

through the reduction of ferric iron to ferrous iron using hydroxylamine hydrochloride. 

Reagents: 

a. 1,10-phenanthroline solution: 0.5% solution of 1,10-phenantholine in 50150 
alcohol/water mixture. 

b. Buffer Solution: Mixture of equal volume of 3 (N) HCl (360 g concentrated 
HCI/L) and 5 (N) ammonium acetate (385g/L). 

c. Hydroxylamine hydrochloride solution: 10% aqueous solution of 
hydroxylamine hydrochloride. 

Procedure: 

1. A standard curve (optical density versus f!g quantity of ferrous iron) for the 

ferrous iron, the concentration ranging from 1 0!-tg to 60 !!g was prepared against a blank. 
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11. 100 f.ll of the freshly inoculated 9K broth was mixed with 2900 f.ll of 0.1 

(N) H2S04 to make the volume of 3.0 ml. 60 f.ll of the diluted solution was again mixed to 

5940 f.ll of 0.1 (N) H2S04 to make the final volume of 5 ml. 

111. 5.0 ml of this sample solution was taken in a standard tube to which 1.0 ml 

of distilled water and 1.0 ml of buffer solution were added. For the estimation of ferrous 

iron hydroxylamine hydrochloride solution was not added. However for total iron 

estimation hydroxylamine hydrochloride solution was added. 

1v. 0.2 ml of 1, 10-phenantholine solution was added and the volume was made 

to 10 ml by adding distilled water. 

v. The solution was mixed well and the intensity of the color was measured in 

the colorimeter at 480nm against the blank containing all the reagents except iron (II). 

v1. Steps 2-5 were repeated after defined period of incubations for the samples 

withdrawn. 

vn. With the help of the standard curve the amount of ferrous iron present in the 

medium was determined. The rate of ferrous iron consumed as energy substrate per day 

was then calculated from the available data. 

2.2.5.4 Thiosulfate estimation 

Thiosulfate estimation was determined by titrating it with the KI03 solution of 

known concentration as described in the Vogel's Textbook of Quantitative Chemical 

analysis (Jeffery et al., 1989). The experiment is based on the principle that a standard 

solution of KI03 in presence of excess amount of KI and H2S04 leads to liberation of 

equivalent amount of b which can then be titrated against thiosulfate. The end point of 

titration is indicated by the disappearance of color of iodine. For enhancing the accuracy of 

the titration, starch was used as an indicator when iodine solution becomes pale yellow, to 

obtain a deep blue coloration. Titration is continued till the disappearance of blue color. 

The amount of thiosulfate was determined by the amount of thiosulfate consumed by the 

KI03 solution of known concentration. 
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Reagents: 

a. KIO] solution: 2.05 mM solution of KI03 was prepared by dissolving ll 0 

mg of KI03 in 250 m1 of distilled water. Prior to dissolution, distilled water was 

boiled to remove dissolved oxygen. 

b. KI solution: 10% iodate free KI aqueous solution. 

c. 1 (M) H2S04 solution. 

d. Starch solution: A few drops of water was added to 500 mg of starch and a 

paste was prepared. To this 50 ml of boiling distilled water was added and allowed 

to cool down to which 1 g of KI was added and thoroughly mixed. 

Procedure: 

1. A week old elemental sulfur culture was passed through the sterile Whatman filter 

paper no. I and centrifuged at 10000 rpm for 10 min. The cell pellet was washed with and 

re-dissolved in sterile distilled water. The suspension (average concentration of cells 2.6 x 

108/ml) was then inoculated in 250 ml Erlenmeyer flasks containing freshly prepared 50 

ml thiosulfate medium. 

ii. A known volume of thiosulfate medium was loaded in the burette. 

iii. 2.0 ml of 2.05 mM KI03 solution was taken in 100 ml Erlenmeyer flask and 

distilled water was added to make the final volume of 10 ml. 

IV. 4 ml of KI solution was added. 

v. 0.5 ml of 1 (M) H2S04 was added that liberated iodine from KI03. The flask was 

immediately covered by a clean watch glass and kept in the dark for 2 to 3 minutes to 

complete the reaction. 

v1. The liberated iodine was then immediately titrated with the thiosulfate solution by 

constant shaking till the color turned to pale yellow. 

vu. A few drops of starch solution were added that turned the mixture into deep blue in 

coloration. 
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viii. Titration was continued till the disappearance of the blue color. The amount of 

thiosulfate consumed was recorded from the burette reading. Calculation was done taking 

the reference that 1 mole of KI03 = 6 mole of NazSz03 

Steps 'ii' to 'viii' were followed for each sample withdrawn after a defined period 

of incubation. 

2.2.6 Characterization of Acidithiobacillus ferrooxidans strains of 

Garubathan 

2.2.6.1 Generation time 

To measure the generation time of the bacterial strains, cells were grown in the 

fresh elemental sulfur medium in duplicate. Cells were first harvested from the 72 hrs old 

ferrous sulfate culture. 100 ml of culture was centrifuged at 10000 rpm for 10 minutes and 

the cell pellet was washed with 0.01 (N) H2S04• The washed cell pellet was re-suspended 

in sterile 10 ml of 0.01 (N) H2S04 and same volume of the cell suspension was aseptically 

poured in several flasks containing 100 ml sterile fresh elemental sulfur medium. After 

every 10 hours of incubation at 28°C ± 2°C the flask was vortexed vigorously for 2 to 3 

minutes and a small aliquot of the sample was taken in the Petroff-Hausser chamber and 

the cell number was determined. Logarithmic number of cells was plotted on a graph 

against the time and the mean generation time was measured. 

2.2.6.2 Microometry 

1. Gram reaction 

A thin smear of broth culture taken on grease free slides and the standard protocol 

for the gram reaction was carried out to determine the gram reaction of the strains. Cell 

size and shape were micrometrically determined. 

11. Cellular motility 

The hanging-drop method was utilized to study the motility of the cells. A drop of 

culture was placed at the center of the cover-slip. The cover-slip was quickly inverted and 

placed over the concave slide so that the culture remained adhered on the cover-slip 
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forming a hanging drop. Microscopic observation was carried out immediately after the 

preparation was made:. 

2.2.6.3 Consumption of ferrous iron as energy substrate 

The rate of conversion of ferrous iron by the bacterial strains was determined by 

using the 1, 1 0-phenanthroline method in duplicate. 1 ml of cells (average concentration of 

cell 2.27x108/ml) of different strains was inoculated in different flasks containing 15 ml of 

9K medium and incubated at 28°C ± 2°C. A small aliquot of the culture was withdrawn 

from each flask after a definite period of incubation and Fe (II) content was measured. 

2.2.6.6 Consumption of thiosulfate as energy substrate 

The rate of utilization of thiosulfate was determined by titrating thiosulfate in the 

culture medium with the known concentration of KI03 solution as described above. The 

experiment was carried out in duplicate. 

2.2.6.5 Oxidation of elemental sulfur and tetrathionate 

Oxidation of elemental sulfur and tetrathionate was determined in an oxygen 

electrode cell (Yellow Spring Instrument Co., Inc.; Ohio; YSI Model 53) with 3 ml 

working volume, with constant temperature control at 30°C. Oxygen consumption was 

monitored by a Toshniwal (Toshniwal Brothers Pvt. Ltd.; Bombay, India) chart recorder, 

and the maximum sustained linear rates recorded were used in each case to calculated 

nanomoles of oxygen consumed per min per milligram of protein according to YSI 

electrode references supplied by the Scientific division, Yell ow Sprng Instrument Co. Inc., 

Ohio. Reaction mixture contained 300 !-!mole ~ alanine-H2S04 buffer (pH 3.0), intact cells 

equivalent to 300 !lg protein, and 100 mg elemental sulfur. Reaction mixture of the control 

I contained the same volume of distilled water instead of cells and control II contained all 

the components except the substrate. 

2.2.6. 7 Heavy metal tolerance of Acidithiobacillus ferrooxidans strains 

To determine the ability to tolerate different concentrations of heavy metals, 

bacterial strains were inoculated in 9K broth medium containing a series of different 

concentrations of heavy metals (Cu, Zn, Co, Ni, Cd and Cr). The range of different 
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concentrations for different heavy metals is given in Table 1.1. The ability of tolerance 

was determined by the growth of the cultures that turned the medium red in presence of 

heavy metals. The medium without any inoculum was considered as negative control, 

while the medium containing inoculum but without any heavy metals was considered as 

positive control. 

Table 1.1: Concentration of heavy metal solutions used in heavy 

metal tolerance experiment: 

Heavy metals Range of concentration (mM) 

Cu 10, 20, 50, 100, 200, 300 

Zn 10,20,50, 100,200,300,500,750,1000 

Co 10,20,50,100,200 

Ni 10,20,50,100,200 

Cd 02,05,10,20 

Cr 02,05,10,20 

2.3 RESULTS 

2.3.1 Isolation and selection of Acidithiobacillus fe"ooxidans strains 

Rusty sludge samples as well as liquid collected from the sample sites (Plate 1.1) 

showed a pH ~ 4.0 when tested with the 

pH paper. Homogenized mixture of solid 

samples as well as liquid samples turned 

modified 9K medium red after about a 

week of incubation (due to ferrous iron 

oxidation). The resultant cultures acted as 

the enrichment cultures. The same cultures 

were found to be capable of oxidation of 

elemental sulfur also. 

Plate 1.1: Rusty sludge of Garubathan AMD. 
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Enriched sludge was mixed in 100 ml of 9K medium in a 250 ml Erlenmeyer flask 

and incubated at 28°C ±2°C on a rotary shaker until the change of color of the medium to 

red. Serial dilutions of the red colored medium were plated on 9K agar at 28°C ±2°C. 

Several cloudy white bacterial colonies (on an average 23 colonies in 1000 time diluted 

sample) appeared on plates which changed into rusty red centered colonies (Plate 1.2). 

Colonies were picked up and dilution streaked on to plates of the same medium and 

incubated for 10 to 15 days to grow into single isolated colonies. Inoculum taken by 

scraping of colonies from the peripheral region with the help of a sterile tooth pick when 

inoculated into the 5 ml of fresh 9K broth medium, failed to oxidize ferrous iron. On the 

other hand inoculum taken from central portion of the colony showed the ability to oxidize 

ferrous iron in modified 9K medium, turning it red in color after 3 days of incubation. 

Plate 1.2. Colonies of Acidithiobacillus 
ferrooxidans strains from Garubathan AMD in 
ferrous-iron agar medium. 

Iron-grown cells harvested and washed with 0.01 (N) H2S04 were used as inocula 

m elemental sulfur medium. Elemental sulfur grown cells were again backed to 9K 

medium for isolation of single colonies. The selected strains were named as DK1, DK2, 

DK6.1, GB I, GB VI, CMI I, CMI II, CMO II, and CMO, Ill. They were named on the 

basis of the sites (DK, Daling khola; GB, Garubathan; CM, coal mine) from where they 

were obtained. 

The early appearance of the white colonies on ferrous agar plate was a regular 

phenomenon and such emergence was even evident after repeated transfer of the colonies 

to elemental sulfur medium or 9K medium followed by dilution plating on the ferrous 
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agar. The inoculum taken very carefully from the central portion of the colony also showed 

the initial development of the white colonies. To check the ability of these white colonies 

to oxidize ferrous iron, white colonies at the initial stage were picked up with the help of a 

sterile toothpick and inoculated in 1 ml of 9K medium contained in culture tubes. Out of 

25 colonies tested only 3 gave the positive result for the oxidation of ferrous iron. This 

indicated that the cells of A. ferrooxidans which develop into colonies in ferrous iron agar 

medium are contaminated with some heterotrophic organisms that lack the ability to 

oxidize ferrous iron. 

Contamination of iron-grown cultures with heterotrophs has been investigated in detail. 

Ferrous iron grown cultures of DKl and GBVI strains in the log phase were transferred to 

fresh 9K medium (5 % v/v). From the culture small aliquot was taken at different time 

intervals and dilution plated on the ferrous iron agar plates. The appearance of white and 

red colonies at different dilutions at different time of incubations was noted (Table 1.2). 

When 48 h old culture was plated, on 6th day of incubation only 2 to 3 white colonies 

appeared of which some turned to rusty-red colonies. On the other hand when 72 h old 

culture was plated, no white colonies were found on the 6th day of incubation. However 

with increase in the time of incubation, few red colonies and white colonies appeared on 

the plates. But the ratio of white to red colonies that appeared on the plates was found to be 

very low when compared to the plates inoculated from 48 hold culture. On contrary, plates 

inoculated from 96 h old culture initially showed innumerable small dots and later without 

producing any visible colonies the whole surface of the plates turned rusty red. It was 

therefore suggested that the multiplication of A. ferrooxidans on ferrous iron agar plates 

leading to colony formation is preceded by the initial mat formation by heterotrophic non 

ferrous oxidizers because most of the white colonies later turned to yellow or rusty red. In 

addition it can also be inferred that the population dynamics of heterotrophs (ferrous iron 

non oxidizer) was dictated by the age of iron-grown A. ferrooxidans culture. Their 

population was found to increase in the culture along with that of autotrophic A. 

ferrooxidans cells in the late log or stationary phase as shown by the appearance of 

innumerable white dots on the plates inoculated from 96 h old culture. It appeared that 

probably these organotrophic cells formed the white base of colonies that scavenge the 

organic materials released from acid hydrolysis of agar and/or excreted by dead or live 

cells of A. ferrooxidans cells as metabolic waste products. 



Table 1.2: Relative development of white and red colonies in ferrous iron agar plates in relation to the age of the culture and the 
incubation period. 

Age of the culture 48h 72h 96h 

Dilutions 10·5 104 10·4 10"5 104 10·5 

No. of Type of Type of Type of Type of Type of Type of 
days of Strains colonies colonies colonies colonies colonies colonies 
incubati-

on white red white red white red white red white red white red 

DK1 2 0 0 0 0 0 0 0 Innumerable 0 0 
6 microscopic 

GBVI 3 0 0 0 0 0 0 0 -do- 0 0 

DK1 1 2 1 0 1 2 0 1 Plate turned Many Small 
9 rusty red microxcopic 

GBVI 1 2 0 0 0 4 0 1 -do- Plates turned 
rust~ red 

DK1 0 3 0 1 0 3 0 2 -do- -do-
12 

GBVI 0 3 0 0 1 6 0 3 -do- -do-

DK1 0 3 0 1 0 5 0 2 -do- -do-
15 

GBVI 1 3 0 0 1 6 0 3 -do- -do-

----- - ~ 

.j::.. ...... 
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To study the nature of these contaminants, in another experiment, putatively pure 

A. ferrooxidans culture DK1 growing in ferrous iron medium was supplemented with 

glucose to make the final concentration of 0.01% and allowed to incubate at 28°C ± 2°C. 

After 48 h of incubation medium was found to be turbid. The culture was again transferred 

to another fresh ferrous iron medium containing 0.1% of glucose instead of 0.01% and 

incubated for 72 h. The medium was found to be turbid with no rusty coloration of the 

ferrous medium indicating that the growth of heterotrophs outnumbered iron oxidizing 

cells. Similarly presence of heterotrophs in other cultures of A. ferrooxidans strains was 

also noted. 

2.3.2 Characteristics of Acidithiobacillus ferrooxidans strains 

2.3.2.1 Generation time of Acidithiobacillus strains 

The log number of cells was plotted on the graph and mean generation time (g) was 

calculated using the formula g = 1/k where k = n/t [n= (log NclogN0)/log 2; Nt= Number 

of cells at time't' and No= Initial number of cells). Growth curve(s) for the strains DK 1, 

DK 2, GB I, GB VI, CMI I, and CMO III in elemental sulfur medium were prepared (Fig 

1.1). The generation time of DK 1, CMI I and CMO III was found to be 7.56 hrs, 7.5 hrs 

and 7.94 hrs respectively; whereas that of DK 2, GB VI, and GB I strains was found to be 

6.2 hrs, 5.11 hrs, 6.56 hrs respectively. 

2.3.2.2 Morphological characteristics of A. fe"ooxidans cells 

Cells of all the strains of Acidithiobacillus ferrooxidans were gram negative, motile 

and rod shaped (0.5xl.OJ.tm). They were acidophilic (pH range 1.6-4.5), mesophilic 

(optimum temperature 28-30°C) failing to grow at~ 42 oc. 

2.3.2.3 Rate of conversion of ferrous iron 

Six strains (DK1, DK2, DK6.1, CMI I, CMO III and GB VI) were selected to 

determine the rate of Fe (II) oxidation. All the strains oxidized iron almost at the same rate 

when the same amount of inoculum was added into the medium (Fig 1.3). The amount of 

ferrous iron in the medium was calculated with the help of standard curve of ferrous iron 

(Fig 1.2). The initial 25 mg/ml concentration of Fe (II) was found to be reduced to almost 
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negligible concentration after five days of incubation indicating about 5.0 mg mr 1dai 1 

rate of conversion of ferrous iron to ferric iron. 
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Fig 1.1: Growth curves of different strains of A. ferrooxidans grown in 
elemental sulfur medium. 

2.3.2.4 Rate of consumption of thiosulfate 

Five different strains of A. ferrooxidans (DKl , DK6.1, GB VI, CMI II, and CMO 

II) were selected for the determination of the rate of thiosulfate consumption. There was a 

sharp variation in the rate of thiosulfate oxidation among the different strains, GB VI being 

about 2 fold faster than DK6.1 (Fig 1.4). DKl , CMI II and CMO II oxidized thiosulfate 

more or less at the same rate. 
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Fig 1.2: Standard curve for ferrous iron estimation 
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Fig 1.3: Rate of utilization of ferrous iron by different strains of A. 
ferrooxidans isolated from Garubathan AMD. 
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2.3.2.5 Rate of oxidation of elemental sulfur 

45 

Five strains of A. ferrooxidans (DK1 , DK2, CMI I, CMO Ill and GB VI) along 

with NCffi8455 were tested to determine the rate of oxidation of elemental sulfur. The 

maximum rate of elemental sulfur oxidation by these strains ranged from 200 to 230 nmole 

0 2 consumed min-1 mg-1 cell protein (Fig 1.5), GBVI being the highest in the rate of 0 2 

consumption. 

2.3.2.6 Rate of oxidation of tetrathionate 

The same five strains along with NCffi 8455 used in the sulfur oxidation were used 

for analyzing the rate of tetrathionate oxidation. The rate of oxygen consumption was 
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much lower than in case of elemental sulfur, ranging fromlO to 20 nmole 02 consumed 

min-' mg- 1 cell protein only (Fig 1.6). There was no significant difference in the rate of 

oxygen consumption among the strains used. 
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Fig 1.5: Rate of oxygen consumption in presence of elemental sulfur by 
washed intact S0 -grown cells of A. fe rrooxidans strains. 
Oxygen uptake was estimated by an oxygen electrode cell. Reaction 
mixture contained 300 ~-tmole ~-alanine-H2S04 buffer (pH 3.0)> Intact 
cells equivalent to 300 ~-tg protein, and 100 mg elemental sulfur. 
Reaction mixture of the control I contained the same volume of distilled 
water instead of cells and control II contained all the components except 
the substrate . 
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Fig 1.6: Rate of oxygen uptake by sulfur grown cells of different strains 
of A. ferrooxidans in presence of tetrathionate 
Oxygen uptake was estimated by an oxygen electrode cell. Reaction 
mixture contained 300 ~-tmole ~-alanine-H2S04 buffer (pH 3.0)> Intact 
cells equivalent to 300 ~-tg protein, and 100 ~-tmole of tetrathionate. 
Reaction mixture of the control I contained the same volume of distilled 
water instead of cells and control II contained all the components except 
the substrate 
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2.3.2. 7 Heavy metal tolerance of Acidithiobacillus ferrooxidans strains 

Heavy metal resistance profile of five different strains (DKl, DK2, GB VI, CMI I 

and CMO II) is given in Table 1.3. Only DKl and GBVI were able to tolerate copper up to 

300mM concentration and Zinc up to 850 mM. On the other hand GB VI and CMI I could 

tolerate the concentration of Ni and Co up to the level of 200mM and 80 mM respectively. 

All the strains except DKl were able to tolerate Cd and Cr only up to the level of 5 mM 

and 2 mM respectively. 

Table 1.3: Heavy metal resistance profile of different strains of A. 
ferrooxidans isolated from Garubathan AMD 

Heav~ metals Bacterial Strains 
Name Concentration DKl DK2 CMII GBVI CMOII 

(mM) 
Cu 200 + + + + + 

250 + + ± + 
300 ± ± 

Zn 500 + + + + + 

750 + ± + 

850 ± ± 

Ni 100 + + + + + 

200 ± ± 

250 

Co 50 + + + + ± 

75 ± ± ± ± 

80 ± ± 

Cd 5 ± ± + + 

10 

Cr 2 + + + + ± 

5 

'+', positive in growth;'±', moderate growth;'-' , no growth 

2.3.2.8 Copper leaching by A. ferrooxidans strains 

Two strains of A. ferrooxidans DKl and CMO mwere first grown in 50 rnl 

elemental sulfur medium in 250 rnl Erlenmeyer flask till the cells reached a log phase. The 

cells free from sulfur particles were harvested and suspended in 1 rnl 0.01 (N) H2S04 and 

equal amount of cells were inoculated in 100 ml chalcopyrite medium in duplicate. The 
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medium without inoculum served as the negative control. At different time of incubation 

the amount of copper leached out from the pyrite was measured by titrimetric method 

using standard solution of thiosulfate. The ability of these strains to leach out copper from 

chalcopyrite was compared with the control. It was found that the amount of copper 

leached out from the chalcopyrite was about 24 mM compared to 7 mM in the control 

during the incubation of 26 days suggesting that the strains were capable of bioleaching of 

pyrite (Fig. 1.7). 

25.00 
c --!. ~ 20.00 
Q.- I 
8 E 15.00 ~ - .~ O "C 

c ~ 10.00 
::::s 
0 

~ 5.00 

0.00 ~ 

-o- DK1 -1:s- CM 0 Ill ---+- C 
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Fig 1.7: Amount of copper leached out from chalcopyrite by A. ferrooxidans 
strains at different times of incubation. C: Control. 

2.4 DISCUSSION 

The enrichment, isolation and purification of acidophilic autotrophic strains of 

Acidithiobacillus ferrooxidans have been described in this chapter. All the autotrophic 

strains were able to utilize ferrous iron, elemental sulfur, reduced sulfur compounds (Na

thiosulfate and K-tetrathionate) as their sole source of energy. The cells were highly motile 

as observed under the phase-contrast microscope in the hanging-drop preparation. The 
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autotrophic strains DK 1, DK 2, DK6.1, GB I, GB VI, CMI I, CMI II, CMO II and CMO 

m were studied in detail. 

The doubling time for all the strains in elemental sulfur medium was found in the 

range of 5-7.6 hrs, of them GB VI being the fastest among all the strains tested (Fig 1.1). 

The cell size of GB VI growing in elemental sulfur medium was found to be smaller 

compared to other strains, probably because of faster growth rate. 

There was not much difference in the rate of iron (II), elemental sulfur and 

tetrathionate oxidation but as far as thiosulfate is concerned the rate of oxidation by strain 

GB VI was about 2 fold higher than that of DK6, probably because of the higher growth 

rate of GB VI in elemental sulfur medium. Although thiosulfate is unstable at lower pH 

(Johnston and McArnish, 1973; Xu and Schoonen, 1995) yet considerable amount of 

thiosulfate remained available for the organism to utilize when it was kept at pH 4.5. 

Actually in the medium supplemented with 40 mM thiosulfate about 37 mM of 

undegraded thiosulfate was available for the organism during the initial stage of incubation 

(Fig 1.4). The final product of chemolithotrophic sulfur compound oxidation is sulfate. 

Thiosulfate dehydrogenase, catalyzes tetrathionate formation in thiosulfate metabolism and 

has been reported to be functional in A. ferrooxidans. Sulfide-ferric ion oxidoreductase 

(SFORase) and sulfite-feric ion oxidoreductase were shown to oxidize the reduced sulfur 

compounds (Sugio et al., 1987). Both the enzymes require Fe3
+ to catalyze reduction to 

Fe2
+ and oxidation of sulfide to sulfite. 

Genes associated with resistance to mercury, antimony, and arsenic have been 

discovered and characterized (Olsen et al., 1982; Butcher et al., 2000). Since A. 

ferrooxidans is a member of the consortium of bacteria involved in pyrite biooxidation it 

was expected that A. ferrooxidans would possess the ability to resist the heavy metals like 

copper, zinc, nickel etc. Not surprisingly, the strains isolated from Garubathan had been 

able to resist these heavy metal ions (Table 1.3). They could tolerate copper, zinc, nickel 

and cobalt concentration up to the level of 300 mM, 850 rnM, 200mM and 80 mM 

respectively. However maximum tolerable concentration of cadmium and chromium was 

found to be only 5 mM and 2 mM respectively. The strains have shown higher tolerance 

ability toward copper and zinc because of the selective pressure as the site from where 

these strains were obtained was rich in zinc. Moreover, the organisms were capable of 

leaching copper from chalcopyrite. 
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Earlier authors (Johnson and Kelso, 1983; Mishra et al., 1983) have also detected 

acidophilic heterotrophs in A. ferrooxidans cultures. The present study has also revealed 

similar fact during the isolation and purification of A. ferrooxidans strains from 

Garubathan AMD samples. The conditions (e.g. acidic, mesophilic, aerobic, ferrous iron 

etc.) that are suitable for the growth of A. ferrooxidans are also suitable for the 

perpetuation of some heterotrophic associates. It has been found that some organic 

substrates such as pyruvate, glutamate, aspartate, serine, glycine, and other amino acids 

that are excreted by A. ferrooxidans can serve as growth substrate for heterotrophs 

(Schnaltman and Lundgren, 1965; Arkesteyn et al., 1980; Ingledew, 1982). In this study 

the presence of heterotroph in putatively 'purified' colonies of A. ferrooxidans has been 

frequently encountered and process of freeing A. ferrooxidans from heterotrophic cells was 

not successful altogether. The population of these heterotrophs was found to vary in 

different stages of the growth of A. ferrooxidans in ferrous iron liquid medium and 

sometimes it was apparent that the cultures were totally devoid of heterotrophs. However 

in latter stages of the maintained cultures reappearance of these heterotrophs was evident. 

Hence the idea of characterizing these heterotrophs and to investigate the role of A. 

ferrooxidans in perpetuation of the heterotrophs was given a distinctive focus. 

2.5 CONCLUSION 

1. Obligately iron and sulfur chemolithotrophic strains were isolated from AMD 

samples of Garubathan. They were found to be able oxidize ferrous iron, elemental 

sulfur and reduced sulfur compounds. 

2. Physiological characterization of chemolithotrophic isolates revealed that the 

strains belonged to Acidithiobacillus ferrooxidans. The strains were tested for 

copper bioleaching activity. 

3. As reported by several earlier workers, here too A. ferrooxidans strains were found 

to remain associated with acidophilic heterotrophs in a mixed culture state. 
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