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Acidithiobacillus ferrooxidans (formerly, Thiobacillus ferrooxidans, Kelly and 

Wood, 2000) is a gram negative acidophilic chemolithotroph, deriving energy and 

electrons from the oxidation of ferrous iron and/or sulfur and other various reduced sulfur 

compounds. The organism is actively involved in the acid production in copper and coal 

mine and certain other Acid Mine Drainage (AMD) environments and hence being utilized 

in the solubilization of copper and gold in bioleaching operations (Holmes, 1998; 

Rawlings, 1997). The organism is an obligate autotroph and fixes C02 by Calvin-Bassham 

pathway (Drobner et al., 1990). Complete genome sequence of A . .ferrooxidans has been 

recently published (Valdes et al., 2008) 

1.1 Geological description of the sampling site: the original habitat of the 

Acidithiobacillus ferrooxidans strains used in the present study 

The geological formations of Darjeeling District consist of unaltered sedimentary 

rocks, confined to the hills on the south. A characteristic feature of this area is that the 

older formation rest on the younger, showing a complete reversal of the original order of 

superposition. The great range of Himalaya was elevated during the Tertiary period, and 

the area has accumulated sediments of different geological ages (Dash, 1947). 

The minerals of the Darjeeling district Himalaya include coal, graphite, iron and 

copper ores but none has been found to be economically profitable. Iron ore, varying from 

strong ferruginous clay to an impure brown hematite, is found at Lohagarh. High grade 

iron ores free from sulfur and phosphorus is found in Samalbong lying towards the east of 

river Teesta. Copper ore chiefly chalcopyrite, occur in the rocks of the Daling series near 

Ranihat, Baffupani etc (Dash, 1947). Saha, Chakraborty and Bandopadhyaya have done 

the detailed investigation for lead-zinc ore in the area around Garubathan (26° 59': 88° 

42') in Kalimpong sub-division whereby the probable reserve estimated is 0.602 million 

tones with an average of 3.54% Pb, and 2.70% Zn, and that of float ore is 2,910 tones, with 

an average of7.14% Pb and 2.87% Zn. (records of GSI, vol. 109, Part I, 1982). 

1.2 Microbial ecology of mineral rich acidic environments 

Mineral rich acidic environments are of especial interest because, in general, the 

acidic condition of the habitat is the result of microbial metabolism and not a condition 

imposed by the system as in case of other extreme environments (Gonzalez-Toril et al., 

2001 ). The microorganisms that are capable of oxidizing sulfur and iron usually produce 
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sulfuric acid resulting into the formation of Acid Rock Drainage (ARD) or Acid Mine 

Drainage (AMD) systems. ARD is the result of spontaneous oxidation of surface rock 

outcrops of sulfide masses whereas AMD is the result of the appearance of effluents 

produced by mining operations (Grande et al., 2005). They are formed when the sulfide 

ore of a mineral comes in contact with oxygen and atmospheric humidity which leads to a 

complex set of reactions resulting in the production of acid. The reaction is greatly 

accelerated in presence of ferric iron and by the action of bacteria that oxidizes ferrous iron 

to ferric iron (Sand et al., 200 l; Rohwerder et al., 2003). 

Since the acidophilic microorganisms growing in these systems have important 

biotechnological applications many conventional microbial ecological studies of such acid 

laden metal rich environments have been performed (Norris, 1990; Hallberg and Johnson, 

2001; Lopez-Archilla et al., 2001). Recently molecular approaches to examine the 

microbial diversity of these habitats have also been performed (Goebel and Stackebrandt, 

1994; De Wulf-Durand et al., 1997; Bond et al., 2000a). Because of the limited types of 

substrates available in such environments, the microbial diversity was initially expected to 

be extremely poor. Cultivation-based studies have however revealed a great diversity of 

the microbial community in AMD (Johnson, 1998; Hallberg and Johnson, 2001). 

Traditionally, through culture-dependent methods, Acidithiobacillus ferrooxidans 

and Leptospirillum ferrooxidans were recognized as the major chemolithotrophic bacteria 

responsible for acid production in AMD (Johnson, 1998; Hallberg and Johnson, 2001). 

Nowadays, however cultivation-based analysis is not considered a suitable method rather 

16S rRNA sequences analysis is considered as more reliable method for characterizing 

microbial diversity (De Wulf-Durand et al., 1997; Baker and Banfield, 2003). In the study 

of Tinto River the most representative bacterial species were found to be A. ferrooxidans 

(23%) and L. ferrooxidans (22%) and Acidiphilium. Other prokaryotes that were found to 

be the dominant microflora of Tinto River are Ferrimicrobium acidiphilum and closely 

related archaea Ferroplasma acidiphilum (Gonzalez-Torril et al., 2003). 16S rRNA-based 

analysis has revealed that there are other microorganisms also that occur as dominant 

microflora of the AMD. Thermopasmoles, Sulfobacillus, Acidimicrobium etc can remain as 

dominant flora of the AMD (Bond et al., 2002b ). The presence of archaebacteria including 

a group of sulfur and/or iron-oxidizers, such as Sulfolobus, Acidianus, Metalosphaera, 

Su/furisphaera has been reported from acidic environments (Edwards et al., 2000; Fuchs et 
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al., 1995). Beside these, the presence of Verrucomicrobia and Chlorobi in ARD has also 

been confirmed by the 16S rRNA analysis of the ARD system (Okabayashi et al., 2005). 

1.3 Physiology of Acidithiobacillus ferrooxidans 

Acidithiobacillus ferrooxidans is a gram-negative, rod shaped bacterium belonging 

to y-proteobacterium that has been shown to be active in the solubilizatin of copper and in 

the processing of refractory gold ores in bioleaching operations (Rawlings, 1997; Kelly 

and Wood, 2000; Rohwerder et al., 2003). The bacterium thrives optimally at 30°C and pH 

2.0, but can grow at pH 1.0 or below (Rohwerder et al., 2003). It is a chemolithotroph, 

deriving energy and electrons from the oxidation of ferrous iron and/or sulfur and reduced 

sulfur compounds using oxygen as the ultimate electron acceptor (lngledew, 1982). A 

number of early reports regarding its ability to grow heterotrophically are considered to be 

false. Actually heterotrophic acidophile Acidiphilium that remains associated with A. 

ferrooxidans was mistaken as A. ferrooxidans (Harrison, 1984 ). 

C02 fixation 

A. ferrooxidans is obligately autotrophic and fixes carbon dioxide via the Calvin

Benson-Bassham reductive pentose phosphate cycle (Calvin cycle) using energy and 

reducing power derived from the oxidation of iron and sulfur (Gale and Beck, 1967; Kelly 

and Harrison, 1989; Drobner et al .. 1990). Several enzymes of Calvin cycle, including D

ribulose 1 ,5-bisphosphate carboxylase/oxygenase (RuBisCO) have been described for A. 

ferrooxidans (Gale and Beck, 1967). However one strain has been reported to grow 

mixotrophically in presence of iron and glucose but in general, organic compounds inhibit 

the growth of A. ferrooxidans (Barros et al., 1984; Alexander et al., 1987). Moreover, low 

concentration formic acid can replace carbon dioxide as carbon source in most but not all 

the A. ferrooxidans strains (Pronk et al., 1991 b). 

Nitrogen fixation 

A. ferrooxidans is capable of fixing atmospheric nitrogen also, the property which 

is likely to be a general property of these bacteria (Mackintosh, 1978). An interesting 

feature is that the enzyme nitrogenase is oxygen labile and therefore obligate aerobic 

bacterium like A. ferrooxidans must have an extensive system to protect nitrogenase 

(Post gate, 1982). Mackintosh ( 1978) demonstrated that nitrogen fixation in A. fe rrooxidans 
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growing in presence of ferrous iron is possible when oxygen supply is critical. Oxygen had 

to be provided in a condition, sufficient to allow enough iron oxidation to supply energy 

for nitrogen fixation but insufficient to inhibit nitrogenase activity. A putative nitrogenase 

gene cluster (nifH-D-Kjerljer2-E-N-X) that potentially encode the nitrogenase complex 

and proteins involved in the synthesis of the nitrogenase MoCo cofactor has been reported 

(Valdes et al., 2003). 

1.4 Metabolism of Iron, Elemental Sulfur and Reduced sulfur compounds 

Iron oxidation 

A. ferrooxidans obtains energy by oxidizing ferrous ions or elemental sulfur and/or 

reduced sulfur compounds to ferric ion or sulfuric acid respectively. Since in aerobic 

condition ferrous ion is available only in acidic pH condition, the organism grows best at 

pH 1.5 to 2.5 with oxygen as an electron acceptor. 

There are several models for the iron oxidation pathway but none has yet been 

proven unequivocally (Appia-Ayme et al., 1999; Yamanaka and Fukumori, 1995). 

Recently with the help of bioinformatics analysis of the genome sequence of A. 

ferrooxidans it has been possible to identify the components of electron transport chain 

involved in iron and sulfur oxidation (Valdes et al., 2008). Genes encoding for iron 

oxidation are organized in two transcriptional units, the petl and rus operons. The petl 

operon encodes the three subunits of cytochrome be 1 complex, a predicted short chain 

dehydrogenase (Sdr) of unknown function and a cytochrome c4 that receive the electron 

from rusticyanin and pass them to the bc1 complex (Levican et al., 2002; Valdes et al., 

2008; Bruscella et al., 2007). The rus operon encodes two c-type cytochromes (Cycl and 

Cyc 2), whereby the former is a part of aa3-type cytochrome oxidase (CoxBACD) and the 

latter is a component of blue copper protein rusticyanin (Appia-Ayme et al., 1999). On the 

basis of transcriptional, biochemical and genetic studies it has been proposed that electrons 

from ferrous ion flow through Cyc2 to rusticyanin from where some of the electrons pass 

through c-cytochrome Cyc 1 to aa3 cytochrome oxidase and some electrons are used to 

regenerate NADH through reverse electron flow (Holmes and Bonnefoy, 2006). 

The levels of rusticyanin, which is a 16.5 kDa soluble, blue copper protein and 

found in the periplasm of A. ferrooxidans growing in iron, have been found to be reduced 

in the bacterium growing on the medium containing elemental sulfur as energy source 
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(Jedlicki et al., 1986), suggesting the differential expression of the proteins (Ramirez et al., 

2004). 

Another protein, Iron oxidase (Iro) (63 kDa) related to iron oxidation was also 

isolated and purified from A. ferrooxidans (Fukumori et al., 1988). The enzyme was found 

to reduce A. ferrooxidans ferricytochrome c552 in presence of Fe2
+ ions under acidic 

condition. The protein containing 90 amino acids has a high relationship with the high

redox-potential iron-sulfur proteins (HiPIP) of Rhodopseudomonas marina, R. glob(formis 

and Rhodomicrobium vannielii (Kusano et al., 1992). It was postulated that the protein 

encoded by iro gene is the first electron acceptor from Fe (II) ions (Bruscella et al ... 2005: 

Cavazza et al., 1995). However transcriptional studies of iro gene in A. ferrooxidans 

A TCC 33020 suggested that it may be involved in sulfur oxidation and is related to petll 

operon which is believed to be involved in sulfur oxidation (Kusano et al., 1992; Quatrini 

et al., 2005). 

Oxidation of reduced sulfur compounds 

The oxidative and electron transport pathways for oxidation of reduced inorganic 

sulfur compounds are more complicated than those for Fe (II) oxidation, making their 

prediction and elucidation more difficult (Pronk et al., 1990). Beside that some steps of 

inorganic sulfur oxidation occur spontaneously, without enzymatic catalysis which makes 

the study more difficult. 

The bacteria use any of the major forms of reduced sulfur, including sulfide (S2
-), 

elemental sulfur (S0 or cyclo-octa-sulfur S8), thiosulfate (S20 3 
2
-), and sulfite (S03 

2
-) which 

will be ultimately oxidized to sulfate (Soi·). 

Genes encoding enzymes and electron transfer proteins predicted to be involved in 

the oxidation of reduced inorganic sulfur compounds (RISCs) were detected in the 

genome. Based on the genome analysis some of the missing as well as novel enzymes are 

predicted (Valdes et al., 2008). 

In A. ferrooxidans the components involved in RISC metabolism have been 

recently detected. Those which has been experimentally validated are: pet/1 operon and 

quinol oxidases; a sulfide/quinine oxidoreductase (SQR) encoded by sqr gene and a 

tetrathionate hydrolase (Tth) encoded by tetH gene. SQR is suggested to be involved in the 
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oxidation of sulfide to sulfur (Brasseur et al., 2004; Bruscella et al., 2007) and it is 

believed to be involved in the oxidation of tetrathionate (Kanao et al., 2007). Another 

protein, rhodanese enzyme, first reported by Tab ita et al. ( 1969), has been postulated to be 

involved in thiosulfate metabolism. The protein is 21 kDa and its expression has been 

found to be accelerated during growth in pyrite, thiosulfate, elemental sulfur etc. but 

greatly repressed during growth in ferrous iron (Ramirez et al., 2002). The enzyme is 

thought to be involved in the splitting of thiosulfate into sulfur and sulfite however, 

experimental proof is yet to be established for its activity in the sulfur metabolism (Valdes 

et al., 2008). Nevertheless five genes have been predicted to encode rhodanese (thiosulfate 

sulfur transferase) enzyme that remain dispersed in the genome (Acosta et al., 2005). 

Another protein homologous to rhodanese is thiosulfate/quinine oxidoreductase (TQR) 

which is encoded by doxDA gene. The other proteins involved in RISC metabolism whose 

functions have been experimentally demonstrated are sulfur dioxygenase (SDO) and 

sulfite oxidase (SO) that oxidizes sulfite to sulfate in Acidithiobacillus ferrooxidans 

(Rohwerder eta/., 2003; Silver and Lundgren, 1968; Vestal and Lundgren, 1971). 

However, the genes for these enzymes have not been detected in the A. ferrooxidans type 

strain ATCC 23270 (Valdes et al., 2008). 

Oxidation in anaerobic condition 

Several strains of A. ferrooxidans have been reported to grow anaerobically. Some 

derive energy by utilizing ferric iron as the electron acceptor and formate, sulfur or 

hydrogen as electron donor while some use sulfur, reduced sulfur compounds as electron 

acceptor obtaining the electron from hydrogen (Das et al., 1992; Pronk et al., l99Ia; Sugio 

et al., 1985; Ohmura et al., 2002). 

The reduction of sulfur to hydrogen sulfide was predicted to be accomplished by 

the enzyme called, sulfur reductase (Ng et al., 2000). A gene cluster for the probable sulfur 

reductase has been detected in A. ferrooxidans A TCC 23720, the amino acid sequence of 

which shows a great similarity with the gene cluster to be responsible for sulfur reduction 

in Acidianus ambivalens (Laska et al., 2003). It has been postulated that the enzyme 

hydrogenase and sulfur oxidase can remain associated to form a super-complex which 

facilitates the use of both hydrogen as well as sulfur as electron donor and electron 

acceptor respectively (Valdes et al., 2008). There are reports of utilizing hydrogen as a 

source of energy. Based on the classification by Vignais et al. (2001) in A. ferrooxidans 
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four different types of hydrogenase have been grouped. Group 1 [NiFe ]-hydrogenase is a 

membrane-bound respiratory enzyme which is used by the cells to derive energy from 

molecular hydrogen. Group 2 [NiFe ]-hydrogenase is the cytoplasmic enzyme and is 

induced during nitrogen fixation. The enzyme use the molecular hydrogen as source of 

energy, released during the fixation of nitrogen (Appel et al., 2000). Group 3 hydrogenase 

is also a cytoplasmic protein which in association with other protein binds to soluble 

cofactors such as NAD, cofactor 420, and NADP (Vignais et al., 2001). The enzyme 

possibly plays a role in recycling of redox cofactors as has been suggested for Alcaligenes 

eutrophus (Lenz and Friedrich, 1998). Group 4 hydrogenase of A. ferrooxidans shows 

great similarity with the H2-evolving hydrogenase complex of other microorganisms like 

Methanococcus barkeri (Hedderich, 2004). In Escherichia coli it has been reported that 

group4 hydrogenase binds with formate dehydrogenase to form formate dehydrogenase 

complex that catalyzes the oxidation of formate with the evolution of oxygen (Andrew et 

al., 1997). 

A genome-based model for the oxidation of iron and reduced sulfur compounds has 

been constructed (V aides et al., 2008) (Fig 1). 

1.5 A TP production and uphill electron transport in A. ferrooxidans 

Unlike the other chemolithotrophic organisms, A. ferrooxidans while growing on 

ferrous iron under acidic condition does not derive H+ from its oxidizable substrate but 

obtains it from the environment. Since the cytoplasmic pH is maintained at 6.5, while 

growing in the environment of 2.0, a natural pH gradient of 4.5U is maintained in A. 

ferrooxidans cells (Cox et al., 1979). This gradient is then utilized to synthesize ATP 

molecules with the help of Mg2+ dependent A TPase (A pel et al., 1980). The fact was 

substantiated by the increase in the pH of suspending medium due to uptake of the H+ from 

the medium with the production of A TP when ferrous iron was supplied as oxidizable 

substrate (Apel et al., 1978; Cox et al., 1979). Therefore it was suggested that the electrons 

from Fe2+ are taken up by the cells to neutralize the H+ coming from the environment. 



A 2Fe-' 2Fe-' 

Outer membrane 

Cytoplasm" membrane 

NAD+ NADH 2H·+ 1120, H,O 

B 

Cytoplasmic membrane 

······-~ 

H,Q 

H,O 

Fig 1: Schematic representation of enzymes and electron transfer proteins 
involved in the oxidation of (A) ferrous iron and (B) reduced inorganic sulfur 
compounds (RISCs) (Valdes et al., 2008). NAD: Nicotinamide adenine 
dinucleotide; sdrA-1: Short chain dehydrogenase of unknown function; QH2: 

Quinole; bel: Cytochrome bel; Cyc: Cytochrome; Rus: Rusticyanin; Cyt aa3 

Ox: Cytochrome oxidase; SQR: sulfide/quinine oxidoreductase; TQR: 
thiosulfate/quinine oxidoreductase; SDO: Sulfur dioxygenase; SO: sulfite 
oxidase. 
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Though very little energy is available when the bacterium is grown in ferrous iron, 

the organism fixes C02 during the growth. Therefore the oxidation of ferrous iron must be 

coupled to the reduction of NAD(Pt required for the fixation of C02 and other anabolic 

processes. Since the electron reduction potential of Fe2
+ /Fe3+ is 770 m V at cytoplasmic 

pH of 6.5 and that of NAD(Pt/NAD(P)H is -305 mV, the electron cannot move from Fe2
+ 

to NAD(P) without the expense of energy (Cox et al., 1979). The experimental results 

showed that this uphill pathway involves a bc1 and an NADH-Q oxidoreductase complex 

functioning in reverse order, using the energy derived from ATP hydrolysis (Elbehti et al., 

2000). A tentative model for the reverse electron flow has been proposed. According to the 
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model the electrons arising from Fe2
+ pass through cytochrome oxidase to oxygen and 

establish the proton motive force which is utilized by A TP synthase in the A TP synthesis 

when the ATP/ADP ratio is low. The ratio is maintained low as long as the cells are 

involved in active anabolic processes. However when the carbon availability is limited and 

ATP is no longer used, ATP/ADP ratio increases. It has been hypothesized that this 

increased ATP/ ADP ratio then auto-regulates the cytochrome c oxidase by decreasing its 

activity. As a result proton motive force is decreased. This causes A TP synthase to 

function like ATPase and ATPs are hydrolyzed, the energy released during the hydrolysis 

is utilized in the generation of proton motive force which will then be used for the reverse 

electron transfer through be 1 to NAD(Pt leading to the formation of NAD(P)H required 

for C02 fixation (Elbehti et al., 2000) 

1.6 Bioleaching activity 

The mechanism for the oxidation and dissolution of metal sulfides has been 

determined (Schippers and Sand, 1999; Sand et al., 200 1). It has been proposed that the 

bacterial leaching of metal sulfides proceeds in two indirect mechanisms via thiosulfate or 

via polysulfide and sulfur pathway ultimately producing sulfuric acid (SOl-) that directly 

or indirectly dissolves the metal ions helping in the bioleaching. 

Thiosulfate pathway 

This pathway occurs during the oxidation of acid non-soluble metal sulfides (pyrite 

FeS2, Molybdenite MoS2, and tungstenite WS2). In this mechanism the main sulfur 

intermediate is thiosulfate. The bond between the metal sulfides is broken by six 

successive transfer of one electron from Fe (III) ions, producing thiosulfate and Fe (II) 

(Luther, 1987; Moses et al., 1987; Schippers et al., 1996): 

FeS2 + 6 Fe3
+ + 3 H20 

Thiosulfate so produced is oxidized to sulfate vta tetrathionate and other 

polythionates. It has also been reported that significant amount of elemental sulfur may be 

produced in absence of sulfur oxidizing bacteria (Schippers et al., 1996). 
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Polysulfide pathway 

This pathway is operated during the oxidation and dissolution of acid soluble metal 

sulfides (sphalerite ZnS, galena PbS, arsenopyrite FeAsS, Chalcopyrite CuFeS2. and 

Haurite MnS2). This mechanism does not necessarily require the presence of Fe (III) ions 

rather the bond between metal and sulfur moiety is broken by proton attack and hydrogen 

sulfide is formed. However in presence of Fe (III) ions the sulfur moiety is oxidized in a 

one-electron step concomitantly with the proton attack. Therefore the first sulfur 

compound that is produced is likely to be sulfide cation (H2S-) which can spontaneously 

dimerize to form disulfide (H2S2). Further dimerization results in the formation of 

polysulfide (H2Sn) (Steudal, 1996). Polysulfide nevertheless is finally oxidized to sulfate. 

The mechanism follows the following reactions: 

0.125 S8 + Fe2+ + H+ 

0.125 Ss + 1.5 0 2 + HzO 

1. 7 Genetics of Acidithiobacillus ferrooxidans 

The sequencing of A. ferrooxidans type strain ATCC 23720 has been recently 

completed in TIGR (The Institute for Genomic Research now called J. Craig Venter 

Institute). The total genome size of the bacterium has been found to be 2,982,397 bp with 

G+C content of 58.77%. A total of 3217 protein-coding genes have been predicted of 

which 64.3% (2070) have been assigned to have putative functions. The genome contains 

two ribosomal operons and 78 tRNA genes. There was no plasmid detected in the type 

strains (Valdes et al., 2008). 

Several chromosomal genes of A. ferrooxidans have been isolated, cloned and 

expressed in other bacteria such as E. coli, Salmonella etc. After getting the total genome 

sequence of the organisms and expression of different genes in other bacteria it has been 
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found that A. ferrooxidans has a complete set of genes required for living as 

chemolithoautotrophic organism .. Genes encoding for three different types of RuBisCO 

have been determined for A. ferrooxidans. The genes coding for form-I type and form-11 

type of RuBisCO have been found to be rbcLJ-rbcSJ and rbcL2-rbcS2 respectively 

(Kusano et al., 1991 ). These two types of RuBisCO have different catalytic properties, and 

have been shown to be differentially expressed depending on whether the organism was 

grown on iron- or sulfur-containing medium (Quatrini et al., 2006). Another gene for 

RuBisCo-like protein has been identified which is suggested to be involved in stress 

response. 

Earlier it was predicted that out of several genes required for the biosynthesis of 

most amino acids, ten genes are missing in A. ferrooxidans. Out of these ten genes seven 

have now been detected. They are: 6-phosphofructokinase, pyruvate dehydrogenase, 

shikimate kinase, homoserine kinase, N-acetyl-gamma-glutamil-1-phosphate reductase, 

pirroline-5-carboxilate reductase and asparagine synthase. The unidentified three genes 

that have been identified in E. coli are ornithine cyclodeaminase, aromatic-amino-acid 

transaminase and arogenate dehydrogenase (Valdes et al., 2008). 

The genes involved in nitrogen fixation in A. ferrooxidans have been isolated and 

characterized. Under the conditions of limited nitrogen supply the enzyme responsible for 

ammonia assimilation is glutamine synthase encoded by glnA that converts !-glutamate to 

L-glutamine is activated (Tyler, 1978). Other genes predicted to be responsible for 

ammonia transfer located in A. ferrooxidans genome is class-I glutamine amidotransferase 

encoded by amt I and amt2 genes. The enzyme in other organisms has been shown to 

transfer ammonia derived from the hydrolysis of glutamine to other substrates (Valdes et 

al., 2008). The nitrogenase gene from A. ferrooxidans has been isolated and characterized. 

Another important gene that has been isolated from A. ferrooxidans is recA gene. 

The gene function was studied by cloning and expressing in E coli, and it was found that 

RecA protein can exhibit both DNA repair associated and recombination activities 

(Ramesar et al., 1989). Similarly A. ferrooxidans has been found to contain genes for two 

glutamyl-t-RNA synthetase which are required as an intermediate in protein synthesis in 

many organisms (Valdes et al., 2008). Beside that rRNA genes encoding 16S and 23S 

rRNAs have been isolated (Salazar et al., 1989). The operon of rRNA genes has been 

found to be similar to that of rrnB operon of E. coli. The spacer region between l6S and 
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23S rRNA has also been sequenced. The region has been found to contain genes for 

isoleucine- and alanine-tRNA (Venegas et al., 1988). The gene for RNase P encoded by 

rnpB gene has also been isolated and sequenced which shows similarity to the y

proteobacterial group (Takeshima et al., 1989; Brown et al., 1991) 

Natural plasmids of A. ferrooxidans 

Although no plasmid was detected in the type strain of A. ferrooxidans ATCC 

23270, there are number of reports of the occurrence of natural plasmids in strains of A. 

ferrooxidans isolated from different parts of the world. The occurrence of plasmid has 

been reported from the strains of USA, Bulgaria, South Africa, Chile, Italy etc. isolated 

from sites heavily laden with heavy metals (Martinet al., 1981; Rawlings et al., 1983; 

Sanchez et al., 1986; Valenti et al., 1990). Some workers tried to correlate the presence of 

plasmid with the increase in uranium resistance. It was found that the strains exhibiting 

highest uranium resistance were all containing 20 kbp plasmid. This resistance was found 

to disappear with the loss of the plasmid (Martin et al., 1983). Other attempts have also 

been made to correlate the presence of plasmid with the metal resistance, but so far none 

have been successful. 

There are reports of cloning and expression as well as mobilization of plasmids 

isolated from A. ferrooxidans in Escherichia coli (Rawlings et al., 1984; Rawlings and 

Woods, 1985). Two A. ferrooxidans plasmids have been characterized in detail. Holmes et 

al. (1988) isolated a 6.7 kb mobilizable plasmid from A. ferrooxidans and cloned in 

pBR322. The plasmid was named as pTFl. Drolet et al. (2006) found that a 2.8 kbp region 

is required for the mobilization. The mobilization of plasmid was found to be dictated by 

two proteins, MobL (42.6 kDa) and MobS (11.4 kDa) which were found to be related with 

MobA (49%) and MobC (53%) of the broad-host range IncQ plasmids. 

Another plasmid that has been studied in more detail is pTF-FC2. It is a 12.2 kb, 

broad host range plasmid, highly mobilizable and was isolated from arsenic resistant 

culture of A. ferrooxidans. The nucleotide sequence of pTF-FC2 shows that it contains 

three regions: a replicon region, a mobilization region and a transposon-like element 

(Rawlings et al., 1993). The replicon region contains five or six genes and an oriV which 

is closely related to oriV of the broad-host range IncQ plasmids (Lin et al .. 1987). The 

mobilization region is located at 3.5 kbp DNA fragment and consists of an oriT and five 
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mob genes (Rohrer and Rawlings, 1992). Three mob proteins (Mob A, Mob C, and Mob 

D) are required for the mobilization whereas two mob proteins (Mob B and Mob E) 

determine the frequency of mobilization. The transposon-like regions of pTF-FC2 is 

bordered by two identical inverted repeats of 38 bp having a similarity to the inverted 

repeats of Tn21. The region between these two inverted repeats has been found to contain 

several ORFs, one of which is similar to the MerR regulatory proteins of the mercury 

reductase operon and another has the similarity with the cmlA (Chloramphenicol 

resistance) gene of Tbl696 of plasmid R 1033 from Pseudomonas aeruginosa (Bissonnette 

et al., 1991; Silver and Walderhaug, 1992; Rawlings et al., 1993). Other ORFs showed the 

relationship with the N-terminal region of resolvase (tpnR), C- terminus of Tn21 

transposase with 85% and 78% similarity respectively (Sherrat, 1989) 

Insertion Sequence elements of A. ferrooxidans 

Insertion Sequences (ISs) are prokaryotic autonomous transposable elements that 

encode a transposase gene mediating their ability to move from one to another locus. They 

are the smallest and most frequent transposable elements in prokaryotes where they play 

an important evolutionary role by promoting gene activation and genome plasticity. Their 

genomic abundance varies by several orders of magnitude for reasons largely unknown 

and widely speculated. ISs are widespread among prokaryotic genomes. Out of 262 

representative genomes surveyed, ISs are present in more than 75% of them (Touchon and 

Rocha, 2007). It was Holmes and his coworkers ( 1988) who for the first time discovered 

and isolated two families of insertion sequences from A. ferrooxidans viz. ISTJ and IST2. 

The representative of family 2 member IST2 was later sequenced and described (Yates and 

Holmes, 1987; Yates et al., 1988). The size of IST2 was found to be 1408-bp containing 

terminal inverted repeats of 25-bp and target duplication of 9-bp, and three ORFs. 

Similarly ISTJ, now referred to as ISAfel was isolated and sequenced from A. 

ferrooxidans A TCC 19859 and suggested to play a role in the phenotypic switching of the 

A. ferrooxidans cells (Holmes et al., 2001). In the year 1997, Chakraborty et al. isolated 

another IS element from A. ferrooxidans viz. IST445 which was 1219-bp long containing 8 

bp inverted repeats. They also found that the distribution of these elements to be different 

in different variants of A. ferrooxidans strains (Chakraborty et al., 2002). Till date there 

are forty one IS elements that have been detected in the genome of A. ferrooxidans type 

strain ATCC 23270 (Valdes et al., 2008). The mobility of both ISTJ and IST2 sequences 

has been apprehended. When the southern hybridization experiments were repeated after 
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several rounds on cell replication in the laboratory, the changes in banding patterns with 

ISTJ and IST2 were noticed (Holmes et al., 1988). 

1.8 Implication of genomic abundance of Insertion Sequences 

Insertion sequence(s) can spread within a genome by enzymatic reactions catalyzed 

by the transposase. These elements are transferred between genomes by all the classical 

mechanisms of horizontal gene transfer. IS elements can mediate the transfer of genetic 

information between genomes or between replicons of the same genome. They have been 

found to shuttle the transfer of adaptive traits, such as antibiotic resistance (Boutoille et al., 

2004 ), virulence (Lichter et al., 1996), and new metabolic capabilities (Schmid-Appert et 

al., 1997). ISs have many effects on genomes where they can also induce duplications, 

deletions and rearrangements (Naas et al., 1995 ). Due to their effects, ISs are regarded as 

key determinants of genome plasticity (Rocha, 2004) and have been suggested to provide 

significant adaptive change to genomes (Capy et al., 2000). Contrary to the situation of 

some transposable elements in eukaryotes, only few cases have been demonstrated in 

bacteria for which the action of insertion sequences led to the direct acquisition of an 

advantageous trait (Volff, 2006). Within the paradigm that insertion elements are 

advantageous for genomes, these sequences are thought to be partly responsible for the 

evolutionary breakthrough leading to the invasion of a new niche (Chain et al., 2004). A 

variant of this idea suggests that facultative ecological associations are correlated with 

higher abundance of insertion sequences. Though in general the genomes of ancient 

obligate endosymbionts do not contain insertion sequences, but the genome of Wolbachia 

(one of the most abundant bacterial endosymbiont on Earth) is literally found to be littered 

with IS elements (Cordaux et al., 2008). Results of Cordaux et al. (2008) have indicated 

that Wolbachiai genomes have experienced multiple and temporarily distinct IS invasions 

during their evolutionary history. In case of A. ferrooxidans and other bacteria 

Pseudomonas cepacia, Serratia marcescens etc. the events of phenotypic switching has 

been found to be related with IS-mediated genome rearrangement. This may represent the 

genetic and phenotypic diversity brought about by the IS-mediated genome changes. Loss 

of the ability to oxidize ferrous iron by A. ferrooxidans has been found to be due to the 

insertion of IS element into the resB gene leading to the inactivation of the gene involved in 

iron oxidation (Schrader and Holmes, 1988). 
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In the present study, an attempt has been made to characterize Acidithiobacillus 

ferrooxidans strains isolated from Garubathan AMD to explore the reasons behind the 

generation of colony morphology vis-a-vis genetic rearrangements caused by the 

movement of IS elements (IST445 and IST2). 

1.9 Objective of the study 

The objectives of the present study chiefly included the following: 

1. Isolation and characterization of Acidithiobacillus ferrooxidans strains indigenous 

to Darjeeling Himalaya 

2. To utilize IS elements of A. ferrooxidans in studying genotypic variability with 

special reference to the development of colony morphology, and iron-sulfur 

lithotrophy variants. 

3. Tagging of IS elements and pull out the mutant gene for identifying gene function. 

4. To test Fe/S oxidizing variants in developing high efficiency ore leaching strains. 
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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. 



34 

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. 

4.50 

4.00 

3.50 -E 
"iJ 3.00 --G) 
() 2.50 .... 
0 . 2.00 0 c 
0 1.50 ,.... 
0) 
0 
..J 1.00 

0.50 

0.00 
10 20 30 40 50 60 70 

Time (hour) 

-<>- D<1 -tr- D<2 -o-- GBVI 
-*- GB I -o-- CMI I -<>- CMO 

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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Fig 1.4: Rate of thiosulfate consumption by different strains of A. 

.ferrooxidans 

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). 
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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. 



51 

2.6 REFERNECES 

Arkesteyn, G. J. M. W. and deBont, J. A.M. (1980). Thiobacillus acidophilus: a study of 
its presence in Thiobacillus ferrooxidans cultures. Can. J. Microbial. 26: 1057-
1065. 

Baron, J. L. and Lueking, D. R. { 1990). Growth and maintenance of Thiobacillus 
ferrooxidans cells. Appl. Environ. Microbial. 56: 2801-2806. 

Beck, J. V. (1960). A ferrous-ion-oxidizing bacterium. I. Isolation and some general 
physiological characteristics. J. Bacterial. 79: 502-509. 

Bounds, H. C. and Colmer, A. R. (1972). Comparison of kinetics of thiosulfate oxidation 
by three iron-sulfur oxidizers. Can. J. Microbial. 18: 735-740. 

Brierley, C. L. (1978). Bacterial leaching. Crit. Rev. Microbial. 6: 207-262. 

Butcher, B. G., Deane, S. M. and Rawlings, D. E. {2000). The chromosomal arsenic 
resistance genes of Thiobacillus ferrooxidans have an unusual arrangement and 
confer increased arsenic and antimony resistance to Escherichia coli. Appl. 
Environ. Microbial. 66(5): 1826-1833. 

Colmer, A. R. and Hinkle, M. E. (1947). The role of microorganisms in acid mine 
drainage: a preliminary report. Science 106: 253-256. 

Das, A. Mishra, A. K. and Roy, P. (1993). Inhibition of thiosulfate and tetrathionate 
oxidation by ferrous iron in Thiobacillus ferrooxidans. FEMS Microbial. Letts. 
112:67-72. 

Espejo, R T. and Romero, P. (1987). Growth of Thiobacillusferrooxidans on sulfur. Appl. 
Environ. Microbial. 53{8): 1907-1912. 

Goebel, B. M. and Stackebrandt, E. (1994). Cultural and phylogenetic analysis of mixed 
microbial populations found in natural and commercial bioleaching environments. 
Appl. Environ. Microbiol. 60: 1614-1621. 

Goebel, B. M. Norris, P. R. and Burton, N. P. {1999). Acidophiles in biomining. In 
Applied Microbial Systematics. Edited by F. G. Priest and M. Goodfellow. 
Dordrecht: Kluwer. 

Guay, R. and Silver, M. {1975). Thiobacillus acidophilussp. nov., isolation and some 
physiological characteristics. Can. J. Microbial. 21: 281-288. 

Gupta, S. G. and Agate, A. D. (1986). Preservation of Thiobacillus ferrooxidans and 
Thiobacillus thiooxidans with activity check. Biovigyanum. 12: 121-127. 

Harrison, A. P. (1982). Genomics and physiological diversity amongst strains of 
Thiobacillus ferrooxidans, and genomic comparison with Thiobacillus thiooxidans. 
Arch. Microbial. 131: 68-76. 



52 

Harrison, A. P. Jr. (1981). Acidiphilium cryptum gen. nov., sp. nov., heterotrophic 
bacterium from acidic mineral environments. Int. J. Syst. Bacteriol. 31: 327-332. 

Harrison, A. P. Jr. (1984). The acidophilic thiobacilli and other acidophili bacteria that 
share their habitat. Annu. Rev. Microbiol. 38: 265-292. 

Holuigue, L. Herrera, L. Phillips, 0. M. Young, M. and Allende, J. E. (1987). C02 fixation 
by mineral-leaching bacteria: characteristics of the ribulose bisphosphate 
carboxylase-oxygenase of Thiobacillus ferrooxidans. Biotechnol. Appl. Biochem. 9: 
497-505. 

Hutchinson, M. Johnstone, K. I. and White, D. (1966). Taxonomy of the acidophilic 
thiobacilli. J. Gen. Microbial. 44: 373-381. 

Ingledew, W. J. (1982). Thiobacillus ferrooxidans: the bioenergetics of an acidophilic 
chemolithotroph. Biochim. Biophys. Acta. 638: 89-117. 

Jeffery, G. H., Bassett, J., Mendham, J. and Denney, R. C. (1989). Vogel's Textbook of 
Quantitative Chemical Analysis. 5th edition. Addison Wesley Longman Ltd. 

Johnson, D. B. and Kelso, W. I. (1983). Detection of heterotrophic contaminants in 
cultures of Thiobacillus ferrooxidans and their elimination by subculturing in 
media containing copper sulfate. J. Gen. Microbiol. 129: 2969-2972. 

Johnston, F. and McAmish, L. (1973). A study of the rates of sulfur production in acid 
thiosulfate solution using S-35. J. Colloid. Interface Sci. 42: 112-119. 

Karavaiko, G. I. Turova, T. P. Kondrateva, T. F. Lysenko, A. M. Kolganova, T. V. 
Ageeva, S. N. Muntyan, L. N. and Pivovarova, T. A. (2003). Phylogenetic 
heterogeneity of the species Acidithiobacillus ferrooxidans. Int. J. Syst. Evol. 
Microbiol. 53: 113-119. 

Kelly, D. P. and Harrisson, A. H. (1989). Genus Thiobacillus. In Bergey's Manual of 
Systematic Bacteriology, 2nd edn. vol 2. Edited by N. R. Krieg, J. T. Staley and D. 
J. Brenner. Michigan: J.G. Holt. Baltimore: Williams and Wilkins. 

Kelly, D.P. and Tuovinen, 0. H. (1972). Recommendation that the names Ferrobacillus 
ferrooxidans Leathan and Brierley and F erroobacillus sulfoxidans Kinsel be 
regarded as synonyms of Thiobacillus ferrooxidans Temple and Colmer. Int. J. 
Syst. Bacterial. 22: 170-172. 

Kelly, D. P. and Wood, A. P. (2000). Reclassification of some species of Thiobacillus to 
the newly designated genera Acidithiobacillus gen. nov., Halothibacillus gen. nov. 
and Thermithiobacillus gen. nov. Int. J. Syst. Evol. Microbiol. 50: 511-516 

Landesman, J. Duncan, D. W. and Wolden, C. C. (1966). Oxidation of inorganic sulfur 
compounds by washed cell suspensions of Thiobacillus ferrooxidans. Can. J. 
Microbiol. 12: 957-964. 



53 

Leathem, W. W. Kinsel, N. A. and Braley, S. A. (1956). Ferrobacillus ferrooxidans: a 
chemosynthetic autotrophic bacterium. J. Bacterial. 12: 700-704. 

Livesey-Goldblatt, E. Morman, P. and Livesey-Goldblatt, D. R. (1983). Gold recovery 
from arsenopyrite/pyrite ore by bacterial leaching and cyanidation. p. 627-641. In 
G. Rossi and A E Torma (ed.), Recent progress in biohydrometallurgy. 
Associazione Mineraria Sarda. Iglesias, Italy. 

Lowry, 0. H., Rosebrough, N. J., Parr, A. L. and Randall, R. J. (1951). Protein 
measurement with the folin phenol reagent. J. Bioi. Chern. 193: 265-75. 

Lundgren, D. G. (1980). Ore leaching by bacteria. Annu. Rev. Microbial. 34: 263-283. 

Margalith, P. Silver, M. and. Lundgren, D. G. (1966). Sulfur oxidation by the iron 
bacterium F errobacillus ferrooxidans. J. Bacterial. 92: 1706-1709. 

McCready, R. G. L. and Gould, W. D. (1990). Bioleaching of uranium. pp. 107-126. In H 
L Ehrlich and C L Brierly (ed.). Microbial mineral recovery. McGraw-Hill Book 
Co. New York 

Mishra, A. K. and Roy, P. (1979). A note on the growth of Thiobacillus ferrooxidans on 
solid medium. J. Appl. Bacterial. 41: 289-292. 

Mishra, A. K. Roy, P., Mahapatra, S. S. R. (1983). Isolation of Thiobacillus ferrooxidans 
from various habitats and their growth pattern on solid medium. Curr. Microbial. 
8: 147-152. 

Olsen, G. J. Forte, Rubeinstein, F. D. and Silver, S. (1982). Mercury reductase enzyme 
from a mercury-volatilizing strain of Thiobacillus ferrooxidans. J. Bactriol. 151: 
1230-1236. 

Rawlings, D. E. (2002). Heavy metal mining using microbes. Annu. Rev. Microbial. 56: 
65-91. 

Rawlings, D. E. and Kusano, T. (1994). Molecular genetics of Thiobacillus ferrooxidans. 
Microb. Rev. 58: 39-55. 

Rohwerder, T. Gehrke, T. Kinzler, K. and Sand, W. (2003). Bioleaching review part A: 
progress in bioleaching: fundamental and mechanisms of bacterial metal sulfide 
oxidation. Appl. Microbial. Biotechnol. 63(3): 239-248. 

Roy, K. K. Chowdhury, J. and Ghosh, S. K. (1974-1975). Records of the geological 
survey of India. 109: 92-93. 

Schnaltman, C. and Lundgren, D. G. (1965). Organic compounds in the spent medium of 
Ferrobacillusferrooxidans. Can. J. Microbial. 11: 23-27. 

Schrader, J. A. and Holmes, D. S. (1988). Phenotypic switching of Thiobacillus 
ferrooxidans. J. Bacterial. 170: 3915-3923. 



"""~'"""'"--liiiiiliiill-----------

54 

Shah, A. B. Chakraborty, S. and Bandhopadhyaya, S. (1974-1975). Records of geological 
survey of India. 109: 94. 

Silver, M. (1970). Oxidation of elemental sulfur compounds and C02 fixation by 
Ferrobacillusferrooxidans. Can. J. Microbial. 16: 845-849. 

Silver, M. and Lundgren, D. G. (1968). The thiosulfate oxidizing enzyme of 
Ferroobacillus ferrooxidans (Thiobacillus ferraoxidans). Can. J. Biochem. 46: 
1215-1220. 

Silverman, M. P. and Lundgren, D. G. (1959). Studies of the chemolithotrophic iron 
bacterium Ferraabacillus ferraaxidans. J. Bacterial. 77: 642. 

Sugio, T., Mizunashi, W., Magaki, K. and Tano, T. (1987). Purification and some 
properties of sulfur-ferric ion oxidoreductase from Thiabacillus ferrooxidans. J. 
Bacterial. 169: 4916-4922. 

Temple, K. L. and Colmer, A. R. ( 1951 ). The autotrophic oxidation of iron by a new 
bacterium: Thiobacillusferraaxidans. J. Bacterial. 62: 605-611. 

Thomas, L. C. and Chamberlin, G. J. (1974). Colorimetric Chemical Analytical Methods. 
81

h edition 1974. The Tintometer Ltd. Salisburg, England 

Tuovinen, 0. (1990). Biological fundamentals of mineral leaching processes. pp55-77./n 
H.L.Ehrlich and C L Brierley (ed.), Microbial mineral recovery. McGraw-Hill 
Book Co., New York, N.Y. 

Tuovinen, 0. H. Kelley, B. C. and Nicholas, D. J.D. (1976). Enzymatiic comparisons of 
the inorganic sulfur metabolism in autotrophic and heterotrophic Thiobacillus 
ferroaxidans. Can. J. Microbial. 22: 109-113. 

Xu, Y. and Schoonen, M. A. A. ( 1995). The stability of thiosulfate in the presence of 
pyrite in low-temperature aqueous solution. Geachim. asmochim. Acta. 59(22): 
4605-4622. 

Yates, J. R. and Holmes, D. S. (1987). Two families of repeated DNA sequences in 
Thiabacillusferraaxidans. J. Bacterial. 169: 1861-1870. 



ter-2 

of Garubathan origin 



'"" ___________________ _ 
55 

3.1 INTRODUCTION 

Acid mine drainage is rich in various metal ions of heavy metals such as iron, Zn, 

Cu, Pb, Cd etc. with low pH because of the acid production by sulfur or reduced sulfur

oxidizing organisms such as Acidithiobacillus ferrooxidans present as a dominant 

microflora (Banks et al., 1997; Lopez et at., 2001). The environment is therefore thought 

to be limited in the types of substrates available to the microorganism and the diversity of 

microflora (Okabayaski et al., 2005). However cultivation-based studies have revealed that 

the environment is rich in the diversity of microorganisms in AMD (Johnson, 1998; 

Hallberg and Johnson, 2001). This suggests that the minerals of mining environment 

themselves remain associated with organic compounds that may come as the metabolic 

waste product released by acidophilic autotroph such as Acidithiobacillus ferrooxidans 

(Paiment et al., 2001). These organic materials can then be utilized as the source of 

nutrients by the acidophilic heterotrophs such as Acidiphilium species; the process by 

which the inhibitory effect of organic compounds toward A. ferrooxidans is alleviated 

(Harrison, 1984). The AMD therefore has been found not only to be dominated by the 

autotrophic bacteria like A. ferrooxidans, A, thiooxidans, A. caldus, Leptospirillum 

ferrooxidans etc but also by the acidophilic heterotroph particularly belonging to the genus 

Acidiphilium (Harrison, 1984; Rawlings, 1997; Goebel and Stackebrandt, 1994; Lopez et 

al., 2001). 

The study of the acidophilic heterotroph of AMD has become very important as 

this is a common inhabitant of mineral sulfide environments (Berthelot et a/., 1997). 

Several characteristic features of these heterotrophs have been suggested to have beneficial 

effect on the bioleaching as well as for the sustenance of the iron oxidizing organisms in 

the environments and have been suggested to have beneficial effects. Pronk et al., (1990) 

have suggested that these heterotrophs enhance the bioleaching by scavenging or removing 

the toxic organic compounds from the environment. Beside that these heterotrophs have 

been found to be capable of reducing ferric iron (both amorphous and crystalline) to 

soluble ferrous iron which is very important in iron cycling for the mixed culture of A. 

ferrooxidans, L. ferrooxidans and acidophilic heterotrophs in ferrous-iron-glucose 

medium (Johnson and McGuinness, 1991). It is therefore important to characterize these 

heterotrophs and establish the relationship with A. ferrooxidans. 
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A. ferrooxidans has been isolated from various natural sources which are 

geographically different and extremely diverse in terms of their physico-chemical 

characteristics, such as presence of sulfide minerals, pH, temperature and the presence of 

organic compounds (Mishra et al., 1983; Karavaiko et al., 2003). Earlier workers reported 

the ability of A. ferrooxidans to grow heterotrophically on ferrous iron and other sulfide 

minerals (Shafia and Wilkinson, 1969; Tabita and Lundgren, 197la). Some workers have 

also reported the mixotrophic nature of A. ferrooxidans on glucose and ferrous iron 

(Barros et al., 1984; Sugio et al., 1982). It was also demonstrated that after prolonged 

growth in glucose containing medium, A. ferrooxidans lose the ability to oxidize ferrous 

iron and once it loses this ability it is very difficult to grow them autotrophically in ferrous 

iron medium (Sugio et al., 1982; Barros et al., 1984). It was presumed that after prolonged 

growth in glucose medium A. ferrooxidans culture gives rise to the new heterotrophic 

culture. These heterotrophs have the ability to utilize more different organic compounds as 

energy sources (Tab ita and Lundgren, 1971 b). However, later questions were raised 

against the purity of A. ferrooxidans culture when the A. ferrooxidans culture growing on 

ferrous iron and that growing on glucose medium were found to be serologically different 

(Shafia et al., 1972). 

Guay and Silver (1975) found that the G+C content of A. ferrooxidans culture 

differed when grown in different sulfide minerals and concluded that A. ferrooxidans 

culture may not comprise a distinct species. Further investigation led them to the isolation 

of an acidophilic heterotroph from A. ferrooxidans strains confirming the presence of these 

heterotrophs as the contaminant in A. ferrooxidans culture, which was enriched in glucose 

medium diluting the population of A. ferrooxidans. The absence of the growth on ferrous 

iron as well as the ability of utilization of different organic compounds by these isolates 

indicated that the isolates were not A. ferrooxidans (Lobos et al., 1986). The heterotroph 

isolated by Guay and Silver (1975) had the ability to grow in elemental sulfur medium in 

addition to its ability to exhibit heterotrophic growth on a variety of organic compounds 

and they named the organism Thiobacillus acidophilus. Later on the basis of 16S rRNA 

sequence analysis this organism was reassigned to a new genus and species Acidiphilium 

acidophilum (Hiraishi et al., 1998). 

These findings then led to the investigation of the presence of heterotroph from 

ostensibly pure culture of Acidithiobacillus ferrooxidans. Mackintosh ( 1978) found that A. 

ferrooxidans culture whether isolated in the liquid culture or received from different 
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culture collection center were contaminated by heterotrophs and concluded that A. 

ferrooxidans cultures remain as a mixed culture. Harrison et al. ( 1980) with the help of 

DNA homology study found that A. ferrooxidans cultures collected from different 

collection center as well as those maintained in their own laboratory were contaminated by 

at least five different heterotrophs other than Acidiphilium acidophilum. These isolates 

were found unable to utilize sulfur or iron as the source of energy. Beside that some of 

them also contained yellow pigments. Harrison ( 1981) isolated another acidophilic 

heterotrophic bacterium directly from acidic mineral environment which was found to be 

very similar to the one that had been isolated earlier from the culture of Acidithiobacillus 

ferrooxidans but unable to oxidize elemental sulfur. The organism was obligate acidophile 

whose growth was found to be inhibited in the rich medium. The bacterium was described 

as Acidiphilium cryptum (Harrison, 1981). There after, several other species of 

Acidiphilium (A. angus tum, A. facilis, A. rub rum, A. organovorum etc.) have been reported 

and described from several acidic mine drainage or from the culture of Acidithiobacillus 

ferrooxidans (Wichlacz et al., 1986; Lobos et al., 1986). 

This chapter deals with the enrichment, isolation and characterization of 

acidophilic heterotroph isolated from tentatively pure culture(s) of Acidithiobacillus 

ferrooxidans strains of Garubathan. 

3.2 MATERIALS AND METHODS 

3.2.1 Media 

Modified DSMZ 269 was used as the enrichment medium for the acidophilic 

heterotrophs (http:// www.dsmz . de I microorganisms I html I media I medium 

000269.html). Medium contained (Nli.)2S04 2.0g; K2HP04 0.5g; MgS04.?H20 0.5g; KCI 

0.25g; glucose LOg, yeast extract 0.1g in 1000 ml distilled water. pH of the medium was 

adjusted to 3.0 with 1 (N) H2S04. Basal salt without glucose and yeast extract was 

sterilized at 15 psi for 15 minutes. Glucose and yeast extract were separately sterilized as 

10% and 1% solution, and the required volume was added to the basal salt solution. 

Solid medium for the heterotrophs was prepared by mixing two solutions. 180 m1 

solution A contained DSMZ 269 basal salt solution and 800 ml solution B contained 12 g 

agar. The pH of solution A was adjusted to 3.0 with 1 (N) H2S04. Both the solutions were 
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separately sterilized at 15 psi for 15 minutes. Sterilized solutions were allowed to cool 

down to about 50°C and 10 ml each of the sterile 10% glucose and 1% yeast extract 

solutions was added to the basal salt solution. The resultant solution was then mixed with 

the solution B and poured into the sterile Petri plates. 

Slants were prepared by pouring 3ml of the molten medium in culture tubes and 

allowing them to solidify in slanting position. 

Ferric medium was prepared by mixing the two solutions. Solution A was prepared 

by dissolving 30 g of FeS04• 7H20 in 200 ml distilled water. The solution was boiled for 

30 min. to convert it into ferric form and allowed cool down to room temperature. The 

sediments (ferric hydroxide) were separated by passing the solution through Whatman 

filter paper No.1. Solution B contained all the ingredients of 9K medium except 

FeS04.7H20 in 800 ml distilled water. The pH of the medium was adjusted to below 3.0 

and was sterilized at 15 psi for 15 min. After sterilization under aseptic condition 10 ml of 

10% glucose and 10 ml of 1% yeast extract solution were added. The resultant medium 

was referred to as Ferric Medium. 

3.2.2 Enrichment and Isolation of acidophilic heterotrophs 

Acidophilic heterotrophs were enriched and isolated from the typical 9K medium 

culture of acidophilic autotroph. 1.5 ml of the enrichment broth cultures was centrifuged at 

10000 rpm for 10 minutes. The cell pellets so obtained were washed with and re-dissolved 

in sterile 0.01 (N) H2S04. The cell suspension was then seeded in the modified DSMZ 269 

broth that acted as the enrichment cultures for the heterotrophs. The cultures were then 

incubated at 28°C ± 2°C for 96 hours. 

Heterotrophic strains were isolated by serial dilution plating method. A series of 

10-fold serial dilutions in test tube was prepared and 0.1 ml of the highest dilution 

(determined by Petroff-Hausser counting chamber) was used for plating in the DSMZ 269 

plates. 

In another method of isolation of the acidophilic heterotrophs, the peripheral region 

of the A. ferrooxidans colonies, manifested on the ferrous agar plate was scraped by the 

sterile inoculating loop and then the dilution streaking was performed directly on the 

DSMZ 269 plates. The streaked plates were then incubated at 28°C ± 2°C for 96 hours. 

Sst 3 I 0$ I L !iii t ! 1111 lhtl£ill. 1 . . t.tfi44 ; J.ta• •u .uu. a: uw:.: . a . $$&: 
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Discrete colonies obtained on the DSMZ 269 plates were further purified by 

dilution streaking method. The purified colonies were then maintained in the slants with 

every fortnight transfer on to the fresh DSMZ 269 agar slants. 

3.2.3 Characterization of acidophilic heterotrophs from the AMD of 

Garubathan 

3.2.3.1 Micrometry 

1. Gram reaction 

Gram reaction was carried out following the standard protocol of differential 

staining using crystal violet and saffranin. Cell size and shape were determined. 

ii. Cellular motility 

Motility of the cells was determined by following the hanging-drop method as 

described in Chpater 1. 

iii. Slide culture technique 

A thin coat of molten DSMZ 269 medium was laid over the sterile cover-slip (18 mm2
). 

With the help of sterile toothpick acidophilic heterotrophic bacteria was centrally 

inoculated. Under aseptic condition the inoculated cover-slip was inverted and placed over 

a sterile slide. The boundary of the cover-slip was immediately sealed with paraffin and 

the slide was incubated at 28°C ± 2°C. Every day the microscopic observation was carried 

out. 

3.2.3.2 pH tolerance 

DSMZ 269 medium was adjusted to different levels of pH range. Small aliquot of 

the culture was inoculated and incubated at 28°C ± 2°C for 96 hrs. Visible growth at 

different pH was observed by comparing the turbidity of the inoculated and on-inoculated 

blank culture. 

3.2.3.3 Utilization of different organic carbon source 

For testing the ability of utilizing different organic carbon sources for growth, 

glucose in modified DSZM 269 medium was replaced with 0.1% final concentration of L

arabinose, gluconate, malonate asparagine, glycerol, lactose, D-xylose, maltose, mannitol, 

raffinose, ribose, D-galactose, D-fructose, sucrose, glutamate, lactate, or citrate. The 
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medium containing glucose and the acidophilic heterotroph served as the positive control 

and the medium without any inoculum served as the negative control. Growth of the 

organisms in different organic sources was determined by comparing the turbidity with the 

positive and negative control after incubating for 96 h at zsoc ± zoe. 

3.2.3.4 Catalase test 

Catalase test was performed to observe the activity of catalase enzyme in the 

heterotrophs. Presence of catalase enzyme was determined by flooding the slants with 1 ml 

of 3% H20 2. As the enzyme is capable of breaking hydrogen peroxide to water and 

oxygen, the production of effervescence gives the positive test for catalase test. 

Escherichia coli was taken as positive control while Bacillus subtilis was taken as negative 

control 

3.2.3.5 Oxidase test 

Oxidase test was performed to observe the activity of cytochrome oxidase. The 

ability of bacteria to produce cytochrome oxidase was determined by the addition of two 

or three drops of p- aminodimethylaniline oxalate on to the colonies grown in the agar 

plate. The light pink reagent serves as an artificial substrate donating electrons and thereby 

becoming oxidized to blackish compound in presence of the oxidase. Development of the 

black coloration on the surface of the colonies is indicative of positive test. Escherichia 

coli colonies were taken as the negative control while Pseudomonas colonies were taken as 

positive control. 

3.2.3.6 Antibiotic sensitivity test 

Antibiotic sensitivity test was performed by antibiotic sensitivity discs method. 15 

ml of sterile DSMZ269 agar medium (pH 5.5) was spread plated with 0.1 ml of 

concentrated cell suspension of acidophilic heterotrophic bacteria. Three antibiotic discs 

Penicillin-G lO~g, Streptomycin lO~g and chloramphenicol 30~g) were placed on top of 

the agar surface of the inoculated plates at equal distance from one another. The plates 

were incubated at zsoc ± zoe for 96 hours and the production of the zone of inhibition was 

observed. 
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3.2.3.7 Growth in nutrient rich and diluted media 

Nutrient rich media such as Nutrient Broth (NB) or Luria Bertani Broth (LB) was 

adjusted to pH of 3.0. Different concentrations (undiluted, ten and hundred times dilutions) 

of nutrient rich media were inoculated with the different strains of acidophilic 

heterotrophic bacterial strains and incubated at 28°C ± 2°C. The medium without an 

inoculum served as the control. After 96 hrs of incubation, growth was observed by 

comparing with the control. 

3.2.3.8 Growth in agar extract medium 

15g of agar was boiled in 100 ml of acidulated water (pH 3.0) for 10 minutes. The 

resultant solution was filtered through the Whatman filter paper no.1 to remove the solid 

agar particles. The filtrate so obtained was considered as agar extract medium and was 

sterilized at 15 psi for 15 minutes. 5 ml of the agar extract solution was taken in sterile 

culture tubes and heterotrophic strains were inoculated and incubated at 28°C ± 2°C. 

Uninoculated medium was considered as the control. Growth in the test tubes after an 

incubation of 96 hrs was compared with the control. 

3.2.3.9 Growth in elemental sulfur, reduced sulfur and ferrous sulfur media with or 

without the supplementation of glucose and yeast extract 

The ability of the heterotrophic strains to grow in different autotrophic media in 

presence or absence of glucose was tested. 1.5 ml of the bacterial culture was taken from 

log phase and centrifuged at 10000 rpm for 5 minutes. The cell pellets so obtained were 

washed with sterile 0.01 (N) HzS04 thrice to remove any traces of organic substances from 

the culture. The pellet was then re-suspended in sterile 0.01 (N) H2S04 and an equal 

volume of the cell suspension was inoculated in 15 ml of different media. In one set of 

experiment, the media used were supplemented with glucose (0.1%) while other set was 

devoid of glucose. The normal DSMZ 269 medium with the heterotrophic bacterial 

inoculum served as the positive control while the medium without inoculum served as 

negative control. Increase in the turbidity which indicated the growth of the bacteria, 

increase or decrease in pH, dissolution of sulfur particles as well as oxidation of the 

ferrous iron to ferric iron were observed carefully. 
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3.2.3.18Reduction of ferric iron 

To test the ability to reduce ferric iron exponentially growing culture of acidophilic 

heterotroph was inoculated in 100 ml Erlenmeyer flasks containing 15 ml of ferric medium 

in duplicates. At a regular time interval the amount of ferrous iron concentration in the 

medium was measured following the method described in chapter 1. The medium without 

the inoculum served as the control. 

3.2.3.11Tolerance to heavy metal 

Experiment to evaluate heavy metal tolerance was conducted in the test tubes 

containing 5 ml modified DSMZ 269 medium. A series of test tubes having different 

concentrations of heavy metals was prepared to which identical volume of inoculum from 

exponential phase of phase was added. The growth was determined by observing the 

increase in the turbidity. The test tube without any heavy metals was kept as the positive 

control and that without any inoculum was kept as the negative control. Growth of the 

cultures in different concentrations of heavy metals were compared with these controls and 

'+' sign was given to those strains having comparable growth while '-' sign was given to 

those which did not sho'_V any visible growth. The range of concentration of different 

heavy metals is given in Table 2.1. 

3.2.3.12Kinetics of glucose utilization 

Modified DSMZ 269 medium was inoculated with known number of cells. The rate 

of utilization of glucose was determined by the Dinitrosalicyclic acid method by 

determining the amount of glucose present in the medium at specific time intervals. 

Reagents: 

a. Dinitrosalicyclic acid (DNS) reagent: 

Dinitrosalicyclic acid: l.Og 

Crystalline Phenol: 200mg 

Sodium sulphite 50mg 

1% NaOH lOOml 

(NaOH is given lastly as it deteriorates the reagent) 

b. Rochelle's salt solution (40% Potassium sodium tartarate solution) 
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Procedure: 

i. 1 ml of the culture (-2.07xl05/ml) was inoculated in several flasks containing 15 

ml of modified DSMZ medium. 

ii. 0.3-1.5 ml of the medium was taken and the volume was made to 3 ml with 

distilled water. 

iii. 3 ml of DNS reagent was added and placed in the boiling water bath for 5 minutes. 

iv. With the solution still warm, 1 ml of Rochelle's salt solution was added. 

v. The solution was allowed to cool and the absorbance was measured at 540 nm 

filter. 

vt. Steps 2-5 were repeated every after 24 hrs of incubation. 

vu. The amount of glucose was calculated from a standard curve usmg known 

concentration of glucose. 

Table 2.1: Concentration of heavy metal solutions used 

in heavy metal tolerance experiment 

Heavy metals Range of concentration (mM) 

Cu 3.0, 5.0, 10, 13, 15, 

Zn 

Co 

Ni 

Cd 

Cr 

10,30,50, 70,90, 100,110 

2.0, '5.0, 10, 15, 17, 20 

10,30,50, 70,90, 100,110 

1.0, 2.0, 3.0, 4.0, 5.0 

0.1, 0.5, 1.0, 1.5, 2.0 
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3.3 RESULTS: 

3.3.1 Isolation of acidophilic heterotrophs from the enriched A. 

ferrooxidans culture and from A. ferrooxidans colonies 

Heterotrophic colonies were obtained from the enriched medium as well as from 

the colonies of A. ferrooxidans. The colonies that were smooth, cream-white in color 

(Plate 2.1) were phylogenetically related to Acidiphilium cryptum (by 16S rRNA analysis 

which is dealt in chapter 3). DKAPl.l, DKAP 1.2, DKAP 1.3, DKAP 1.4, GBAP VI.l and 

GBAP VI.3 strains were selected for further studies. 

Plate 2.1: Colonies of Acidiphilium cryptum 
developed in DSMZ269 agar plate. 

3.3.2 Characterization of acidophilic heterotrophs 

3.3.2.1 Morphological Characteristics 

Colonies of acidophilic heterotrophic strains were gram negative, smooth in 

appearance, initially white but turned into cream color on maturity. Cells were motile, 

small, rod-shaped and ranged in sizes between 0.5-0.8xl.O-l.3f1m. 
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3.3.2.2 Physiological characteristics 

Physiological properties of six strains of gram negative acidophilic heterotrophs 

(DKAP 1.1, DKAP 1.2, DKAP 1.3, DKAP 1.4, GBAP VI.l, and GBAP VI.3) are given in 

Table 2.2. There was very little difference in their physiological properties among the 

strains tested, e.g. only DKAP 1.4 was resistant to the antibiotic chloramphenicol, and only 

GBAP Vl.3 was sensitive to streptomycin; strains DKAP 1.2 and GB VI.3 failed to grow 

in the medium containing lactate and glutamate as sole source of organic carbon 

respectively. All of tested strains were found to be catalase and oxidase positive and were 

unable to utilize D-galactose as sole organic carbon source. Beside these all the strains 

failed to grow in citrate in presence of acetate. These strains were not capable of growing 

in the nutrient rich media like NB or LB, however the same medium was found to support 

the growth when it was diluted hundred times. This indicated that the cells prefer very low 

concentration of nutrients. This fact of oligotrophy exhibited by the strains was further 

substantiated when cells showed visible growth as tested by the increase in the turbidity in 

agar extract medium where no glucose or yeast extract was supplemented. The phenotypic 

features of these strains showed a high degree of similarity (Similarity coefficient of 

91.3%) with published characteristics of A. cryptum (Harrison 1981 ). 

3.3.2.3 Growth in ditTerent autotrophic media with or without the supplementation of 

glucose 

The growth of the heterotrophs (DKAPI.l, DKAP1.3, DKAP1.4, GBAP VI.l, and 

GBAP Vl.3) in ferrous iron and sulfur was found to be positive only in presence of glucose 

and/or yeast extract, but there was no decrease in pH of sulfur medium and no change in 

the coloration of ferrous medium to rusty red indicating that the heterotrophs were unable 

to utilize sulfur or ferrous iron (Table 2.3). However no growth was found in thiosulfate 

medium containing glucose. In fact cells taken from the thiosulfate medium was found to 

be non-motile when microscopic observation was carried out. On the other hand no growth 

was observed in strict autotrophic media (which were not supplemented with glucose). The 

results indicated that the strains of heterotrophs were obligate organotrophs and presence 

of high concentration of inorganic cations (Fe2+) did not affect the growth of the 

heterotrophs. 
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Table 2.2: Physiological properties of different strains of gram negative heterotroph 

Acidif!.hilium c~e,tum. 
Properties Strains 

DKAPl.l DKAP1.2 DKAP1.3 DKAP1.4 GBAP GBAP 
VI. I VI.3 

a. pH range 1.8.0- 6.0 1.8.0- 2.0-6.0 2.0-6.0 1.8-6.0 1.6-6.1 
6.0 

b. Temperature 30-34°C 30- 30- 34°C 30- 30- 30-
34°C 34°C 34°C 34°C 

c. Aerobic + + + + + + 

d. Catalase + + ± + + + 

e. Oxidase + + + ± ± + 

f. Organic Carbon Utilization 
L arabinose + + + + + + 

glycerol + + + + + + 

lactose ± + + + + ± 

D xylose + + + + + + 

maltose + + + + + + 

mannitol + ± + ± + + 

raffinose + + + + + + 

ribose ± ± + + + + 

D fructose + + + + ± + 

sucrose + ± ± ± ± + 

glutamate, + + + + + 

lactate + + + + + 

citrate + + + + + + 

D galactose 
asparagine ± ± + 

Gluconate + + + ± + + 

g. Growth in LB (dilution) 
100 
w-1 ± 

w-2 + + + + + + 

h. Growth in NB (dilution) 
10 
w-1 ± 

w-2 + + + + + + 

i. Growth in citrate in presence of acetate 

j. Antibiotic Resistance 
Streptomycin + + + + + 

Penicillin + + + + + + 

ChloramEhenicol + 

'+',positive growth; '±', moderate growth; '-',absence of growth. NB, Nutrient broth; LB, Luria-

Bertani 
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Table 2.3: Growth of acidophilic heterotrophic strains in different autotrophic media 
with/without the supplementation of glucose. 

Strains 
Media HAP 1.1 DKAP 1.2 DKAP 1.3 DKAP 1.4 GBAP VI.1 GBAP VI.3 

1. S'-meclium 
Growth 
Initial/ Final pH na na na na na na 
2. Sz03t=medium 
Growth 
Initial/ Final pH na na na na na na 
3. Fez+ -medium 
Growth 
Oxidation of Fe2+ to na na na na na na 
Fe3+ 

4. s' -medium + glucose (0.1%) 
Growth + + + + + + 
Initial/ Final pH same same same same same same 
5. Sz{)Jz -medium+ glucose (0.1%) 
Growth 
Initial/ Final pH na na na na na na 
6. Fez+ -medium+ glucose (0.1%) 
Growth + + + + + + 
Oxidation of Fe2

+ to No No No No No No 
Fe3+ 

'+',positive growth; '±', moderate growth; '-', absence of growth 

3.3.2.4 Reduction of ferric iron 

DKAPI.l and GBAP VI. I were found to be able to reduce ferric iron. Precipitation 

of large amount of iron occurred during the preparation of the medium and thus only a 

small amount of soluble ferric iron remained available in the medium for the reduction 

process. In this experiment the initial concentration of soluble ferrous iron was found to be 

near about 1.0 mg/ml. It was observed that there was a steady increment in the soluble 

ferrous iron from day 1 to day 10 (Fig. 2.1) while there was no increment in ferrous iron 

content in control, rather ferrous iron content was found to decrease in the later stages of 

incubation. This ability of ferric iron reduction by the acidophilic heterotrophs could 

certainly help in the recycling of ferrous in the environment while growing with A. 

ferrooxidans. 
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Fig 2.1: Rate of conversion of ferric iron to ferrous iron by 
A. cryptum DKAPl.l and GBAP Vl.l . .: 

3.3.2.5 Rate of glucose utilization 

Rate of utilization of glucose was analyzed with five strains of gram negative 

acidophilic heterotrophs (DKAPl.l, DKAP1.3, DKAP1.4, GBAP VI.l , and GBAP V1.3 ). 

All the strains displayed approximately the same rate of glucose utilization except DKAP 

1.3 whose rate of utilization was almost two fold more than that of the other strains tested 

(Fig 2.3). The amount of glucose utilized was determined from the standard curve prepared 

with known glucose concentration (Fig 2.2). 
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3.3.2.6 Tolerance to heavy metal 

Most of the strains were able to tolerate heavy metal to a considerably good extent 

as exhibited by their tolerance to Cu, 15.0 mM; Zn, 100 mM; Ni, 110 mM and Co, 17 mM. 

Tolerance level to chromium and cadmium was negligible for all the strains tested (Table 

2.4). 

Table 2.4: Heavy metal tolerance profile of the gram negative acidophilic heterotrophic strains of 
A. cry tum. 

Heav metals Bacterial Strains 
Name Concentration DKAPt.t DKAP1.2 DKAP1.3 GBAPVI.t GBAPV1.3 

(mM) 
10 + + + + + 

Cu 13 + + ± + 

15 ± ± ± 

90 + + + + + 
Zn 100 ± + ± 

110 

90 + + + + + 
Ni 100 ± + 

110 ± 

15 + + + + ± 
Co 17 ± ± ± ± 

20 

1.0 ± ± + + 
Cd 2.0 

0.5 ± ± ± ± ± 
Cr 1.0 

'+',positive growth; '±', moderate growth; '-', absence of growth 

3.4 DISCUSSION 

This chapter has described the process of isolation of heterotrophs from the 

cultures of Acidithiobacillus ferrooxidans and presented their atypical physiology of 

oligotrophism. These gram negative acidophilic heterotrophic strains morphologically and 

physiologically resembled with Acidiphilium cryptum in having the features of creamish

white colony, lacking the ability to grow mixotrophically utilizing elemental sulfur, and 

being unable to oxidize ferrous iron but capable of utilizing different kinds of organic 
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molecules (Table 2.2 and Table 2.3). 16S rRNA gene analysis (discussed in chapter 3) and 

other physiological properties led these heterotrophic isolates to be assigned to the species 

of Acidiphilium cryptum. The cells were highly motile, short rod in shape, having a pH 

range of 1.6-6.0 indicating that they are acidophilic in nature. The cells were incapable of 

growing in undiluted nutrient broth or Luria Bertani medium at the concentration used 

normally for the other heterotrophic organisms but the same medium when diluted 

hundred times was found to support the growth of these heterotrophs under acidic 

condition. This showed the oligotrophic nature of the organisms. This was further 

substantiated when their growth was observed in nutrient poor agar extract medium 

without any supplementation of glucose and/or yeast extract. They showed the ability to 

tolerate copper and cobalt up to the level of 15 mM and 17 mM respectively {Table 2.4) 

which was much lower compared to that of the A. ferrooxidans; however they were able to 

grow in a very high concentration of Zn and Ni (lOOmM and llOmM respectively). This 

suggested that the organisms might have been selected and or possessed required genetic 

system to grow in the environments which are rich in the heavy metal concentrations. 

Acidophilic heterotrophs have been found to remain associated with A. 

ferrooxidans strains isolated from a wide variety of sources {Johnson and Kelso, 1983; 

Mishra et al., 1983). 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 excreted by A. ferrooxidans 

can be utilized by the heterotrophs for their growth (Schnaltman and Lundgren, 1965; 

Arkesteyn et al., 1980; Ingledew, 1982). Several types of acidophilic heterotrophs 

(Acidiphilium cryptum, A. acidophilum, A. organovorum etc.) that are gram negative in 

nature were recovered from A. ferrooxidans enrichment cultures (Guay and Silver, 1975; 

Harrisson et al., 1980; Lobos et al., 1986). Further the present study also showed that 

Acidithiobacillus ferrooxidans cultures exhibit mixed culture with Acidiphilium cryptum. 

The A. ferrooxidans culture was always found to be mixed with heterotrophs like A. 

cryptum even after several rounds of purification processes. This observation has prompted 

to study the role of A. ferrooxidans in the sustenance of the heterotrophic partner. 
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3.5 CONCLUSION: 

1. Acidophilic heterotrophs could be isolated from the culture of Acidithiobacillus 

ferrooxidans. Several strains of these heterotrophs have been characterized and 

have been assigned to the species Acidiphilium cryptum. 

2. These heterotrophs were found unable to survive in nutrient rich media but were 

able to survive in low nutrient medium such as agar extract medium, diluted 

Nutrient broth or Luria Bertani Broth medium, indicating the oligotrophic nature of 

the bacteria. In addition to that they were found incapable of oxidizing elemental 

sulfur or reduced sulfur compounds as well as ferrous iron in presence or absence 

of glucose, suggesting that they are neither autotrophic or mixotrophic but obligate 

heterotrophic in nature. In fact the cells were found immotile when they were 

exposed to thiosulfate possibly suggesting that thiosulfate may be toxic to the 

orgamsm. 



73 

3.6 REFERENCES 

Arkesteyn, G. J. M. W. and deBont, J. A.M. (1980). Thiobacilluus acidophilus: a study of 
its presence in Thiobacillus ferrooxidans cultures. Can. J. Microbial. 26: 1057-
1065. 

Banks, D., Younger, P. L., Aernesen, R.T., Inversen, E. R. and Banks, S. B. (1997). Mine
water chemistry: the good, the bad and the ugly. Environ. Geol. 32: 157-175. 

Barros, M. E. C., Rawlings, D. E. and Woods, D. R. (1984). Mixotrophic growth of a 
Thiobacillus ferrooxidans strain. Appl. Environ. Microbial. 47: 593-595. 

Berthelot, D. B., Leduc, L. G. and Ferroni, G. D. (1997). Iron-oxidizing autotrophs and 
acidophilic heterotrophs from uranium mine environments. Geomicrobiol. J. 14: 
317-324. 

Goebel, B. M. and Stackebrandt, E. (1994). Cultural and phylogenetic analysis of mixed 
microbial populations found in natural and commercial bioleaching environments. 
Appl. Environ. Microbial. 60: 1614-1621. 

Guay, R. and Silver, M. (1975). Thiobacillus acidophilus sp. nov.; isolation and some 
physiological characteristics. Can. J. Microbial. 21: 281-288. 

Hallberg, K. B. and Johnson, D. B. (2001). Biodiversity of acidophilic prokaryotes. Adv. 
Appl. Microbial. 49: 37-84. 

Harrison, A. P. Jr. (1981). Acidiphilium cryptum gen. nov. sp. nov., heterotrophic 
bacterium from acidic mineral environment. Int. J. Sys. Bacterial. 31: 327-332. 

Harrison, A. P. Jr. (1984). The acidophilic thiobacilli and other acidophilic bacteria that 
share their habitat. Annu. Rev. Microbial. 38: 265-292. 

Harrison, A. P. Jr., Bruce, W., Jarvis, T. and Johnson, J. L. (1980). Heterotrophic Bacteria 
from Cultures of Autotrophic Thiobacillus ferrooxidans: Relationships as Studied 
by Means of Deoxyribonucleic Acid Homology. J. Bacterial. 143: 448-454. 

Hiraishi, A., Nagashima, K. V. P, Matsuura, K., Shimada, K., Takaichi, S., Wakao, N. and 
Katayama, Y. (1998). Phylogeny and photosynthetic features of Thiobacillus 
acidophilus and related acidophilic bacteria: its transfer to the genus Acidiphilium 
as Acidiphilium acidophilum. Int. J. Syst. Bacterial. 48: 1389-1398. 

lngledew, W. J. (1982). Thiobacillus ferrooxidans: the bioenergetics of an acidophilic 
chemolithotroph. Biochem. Biophys. Acta. 638: 89-117. 

Johnson, D. B. (1998). Biodiversity and ecology of acidophilic microorganisms. FEMS 
Microbial. Ecol. 27: 307-317. 

Johnson, D. B. and Kelso, W. I. (1983). Detection of heterotrophic contaminants in 
cult~res of _T~iobacillus ferrooxidans and their elimination by sub-culturing in 
medta contammg copper sulfate. J. Gen. Microbial. 129: 2969-2972. 



74 

Johnson, D. B. and McGuinness, S. (1991). Ferric iron reduction by acidophilic 
heterotrophs. Appl. Environ. Microbial. 57(1): 207-211. 

Karavaiko, G. I., Turova, T. P., Kondrateva, T. F., Lysenko, A. M., Kolganova, T. V., 
Ageeva, S. N., Muntyan, L. N. and Pivovarova, T. A. (2003). Phylogenetic 
heterogeneity of the species Acidithiobacillus ferrooxidans. Int. J. Syst. Evol. 
Microbial. 53: 113-119. 

Lobos, J., Chisolm, T. E., Bopp, L. H. and Holmes, D. S. (1986). Acidiphilium 
organovorum sp. nov., an acidophilic heterotroph isolated from a Thiobacillus 
ferrooxidans culture. Int. J. Syst. Bacterial. 36: 39-144. 

Lopez-Aechilla, A., Marin, I. and Amils, I. (2001). Microbial community composition and 
ecology of an acidic aquatic environment: the Tinto River, Spain. Microb. Ecol. 41: 
20-35. 

Mackintosh, M. E. (1978). Nitrogen fixation by Thiobacillus ferrooxidans. J. Gen. 
Microbial. 105: 215-218. 

Mishra, A. K., Roy, P. and Roy Mahapatra, S. S. (1983). Isolation of Thiobacillus 
ferrooxidans from various habitats and their growth pattern on soid medium. Curr. 
Microbial. 8: 147-152. 

Okabayaski, A., Wakai, S., Kanao, T., Sugio, T. and Kamimura, K. (2005). Diversity of 
16S ribosomal DNA-defined bacterial population in acid rock drainage from 
Japanese pyrite mine. J. Biosci. Bioeng. 100: 644-652. 

Paiment, A., Leduc, L. G. and Ferroni, G. D. (2001). The effect of the facultative 
chemolithotrophic bacterium Thiobacillus acidophilus on the leaching of low-grade 
Cu-Ni sulfide ore by Thiobacillusferrooxidans. Geomicron J. 18: 157-165. 

Pronk, J. T., Meesters, P. J. W., van Dijken, J. P., Bos, P. and Kuenen, J. G. (1990). 
Heterotrophic growth of Thiobacillus acidophilus in batch and chemostat cultures. 
Arch. Microbial. 153: 392-398. 

Rawlings, D. E. (1997). Restriction enzyme analysis of 16S rRNA genes for a rapid 
identification of Thiobacillus ferrooxidans, Thiobacillus thiooxidans and 
Leptospirillum ferrooxidans strains in leaching environments. pp. 9-18. In T. 
Vargas C. A., Jerez, J. V. Wiertz, and H Toledo (ed.), Biohydrometallurgical 
processing. vol.I/. University of Chile, Santiago. 

Schnaltman, C. and Lundgren, D. G. (1965). Organic compounds in the spent medium of 
Ferrobacillusferrooxidans. Can. J. Microbial. 11: 23-27. 

Shafia, F. and Wilkinson, R. F. Jr. (1969). Growth of Ferrobacillus ferrooxidans on 
organic matter. J. Bacterial. 97: 256-260. 

Shafia, F., Brinson, K. R., Heinxman, M. W. and Brady, J. M. (1972). Transition of 
chemolithotroph Ferrobacillus ferrooxidans to obligate organotrophy and 
metabolic capabilities of glucose-grown cells. J. Bacterial. 111: 56-65. 



75 

Sugio, T., Kudo, S., Tano, T. and Imai, K. (1982). Glucose transport system in facultative 
iron-oxidizing bacterium, Thiobacillus ferraaxidans. J. Bacterial. 150: 1109-1114. 

Tabita, R. and Lundgren, D. G. (197la). Heterotrophic metabolism of chemolithotroph 
Thiobacillus ferrooxidans. J. Bacterial. 108: 334-342. 

Tabita, R. and Lundgren, D. G. (197lb). Utilization of glucose and the effect of organic 
compounds on the chemolithotroph Thiabacillus ferroaxidans. J. Bacterial. 108: 
328-333. 

Wichlacz, P. L., Unz, R. F. and Langworthy, T. A. (1986). Acidiphilium angustum sp. 
nov., Acidiphilium facilis sp. nov., and Acidiphilium rubrum sp. nov.: acidophilic 
heteretrophic bacteria isolated from acidic coal mine drainage. Int. J. Syst. 
Bacterial. 36: 197-201. 



QQW-3 

A 

Garnbatltaa AMD samples 



76 

4.1 INTRODUCTION 

Acidithiobacillus ferrooxidans, an acidophilic obligate chemolithoautotrophic 

bacterium, plays an important role in the mining and metallurgical applications. Growth of 

different strains of A. ferrooxidans is inhibited by naturally occurring compounds such as 

pyruvic acid, citric acid, oxaloacetic acid and glucose (Borichewski, 1967; Harrison, 1984; 

Frattini et al., 2<X>O). Presence of such inhibitory substances has been shown to decrease 

the efficiency of bioleaching (Harrison, 1984; Johnson, 1995). This inhibition could be 

alleviated in presence of heterotrophic acidophiles such as Acidiphilium sp. resulting in the 

enhancement of iron (pyrite) oxidation (Paiment et al., 2001). Cultivation of A. 

ferrooxidans on acidic ferrous iron agar has always been difficult because of the presence 

of agar hydrolyzed products. Areas circumscribing point inoculations of acidophilic 

heterotrophs into ferrous iron agar were observed to be colonized by A. ferrooxidans 

(Harrison, 1984 ). Earlier authors have described a plate count procedure where acidophilic 

heterotrophic bacterium was used in agar medium to scavenge organic material for colony 

formation of A. ferrooxidans (Butler and Kempton, 1987). Acidophilic heterotrophs like 

A. cryptum required a very lean organic medium (oligotrophic) containing low 

concentrations of glucose (0.1%) and yeast extract (0.01% ). Higher concentration of 

glucose or complex organic supplements, which are commonly used in most heterotrophic 

media (eutrophic), completely inhibited growth (Harrison, 1981). On the other hand, 

acidophilic autotrophs of the genus Acidithiobacillus have shown self-inhibition towards 

their own metabolic by-products released in the environment (Borichewski, 1967). 

Therefore, growth of Acidithiobacillus may require a relationship with acidophilic 

heterotrophic members of the genus Acidiphilium (Peccia et al., 2<X>O). 

Geornicrobiological studies have shown the presence of acidophilic heterotrophic 

bacteria along with ferrous and/or sulfur oxidizing chemolithoautotrophs (Harrison, 1984). 

Few obligate acidophilic heterotrophic bacteria representing the genus Acidiphilium, such 

as A. cryptum (Harrison, 1981), A. angustum, A. facilis and A. rubrum (Lazaroff et al., 

1982, Jones et al., 1984), A. organovorum (Lobos et al.,. 1986), and A. acidophilum 

(Guay and Silver, 1975; Harrison, 1983) have been characterized. The acid-laden, sulfidic 

mineral-rich environments where they are characteristically found are invariably rich in 

ferrous and ferric ion as well as sulfur and reduced sulfur compounds. 
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Thiosulfate release from pyrite surface has been suggested by several authors 

(Luther, 1987; Rimstidt and Vaughan, 2003; Descostes et al., 2004). It has been observed 

that thiosulfate and polythionates are the significant products of pyrite oxidation in near 

neutral solution (Schippers and Sand, 1999), while only low amounts of intermediate 

sulfur oxyanion species have been observed in acidic solution (Druschel and Borda, 2006). 

In an earlier study it was shown that the glucose-limited chemostat cultures of Thiobacillus 

acidophilus (re-named as Acidiphilium acidophilum, Hiraishi et al., 1998) could oxidize 

thiosulfate (Pronk et al., 1990). Though sulfur di-oxygenase activity has been reported in 

A. acidophilum and A. cryptum DSM 2389 (Rohwerdert and Sand, 2003), 

chemolithotrophic growth of A. cryptum on thiosulfate could not be demonstrated. 

However, there are reports on oxidation of elemental sulfur by A. cryptum in the presence 

of organic substrates (Harrison, 1983; Hallberg et al., 2001). 

In this study, while examining the physiological/ growth characteristics of the 

Acidiphilium sp. DKAP1.1 isolated from enrichment culture of A. ferrooxidans (from acid 

mine drainage of Garubathan, West Bengal, India), it was noticed that the Acidiphilium 

strain failed to grow in its routine culture medium in presence of thiosulfate. This 

observation led us to investigate as to whether growth inhibition by thiosulfate was 

irreversible in pure culture and the role of the chemolithoautotrophic partner, A. 

ferrooxidans, in alleviating thiosulfate mediated inhibition in mixed culture. 

4.2 MATERIALS AND METHODS 

4.2.1 Bacterial strains 

One acidophilic heterotrophic strain DKAPI.l and one acidophilic autotrophic 

strain DK6.1 were used for this study. 

4.2.2 Characterization of DK6.1 and DKAPl.l 

4.2.2.1 Diagnostic tests for DK6.1 

Gram staining, motility, growth in different pH and temperature, autotrophic 

growth in different energy substrates (ferrous sulfate or elemental sulfur or thiosulfate or 

tetrathionate) were done according to the procedures described earlier (Chapter 1.) 
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4.2.2.2 Diagnostic tests for DKAPl.l 

Diagnostic tests for DKAPl.l were done as described in chapter 2. 

4.2.2.3 DNA isolation 

For the isolation of DNA from DK6.1 and DKAPl.l, pure culture was grown in 

elemental sulfur medium for two weeks and modified DSMZ 269 medium for 5-6 days 

respectively. Cells were harvested by centrifuging at 10,000 rpm for 10 min and frozen at -

20°C. Genomic DNA was isolated and purified by the procedure described earlier 

(Chakraborty et al .. , 1997), and stored in 0.1 X TE buffer or sterile double distilled water 

(reviewed in detail in chapter 5). 

4.2.2.4 Amplification, cloning, sequencing and analysis of 168 rDNA 

16S rONA gene fragments were amplified by PCR with Taq DNA polymerase and 

a pair set of eubacterial universal primers 27f and 1492 (Lane, 1991). PCR products were 

treated with a chloroform/isoamyl alcohol mixture and cloned in pGEM-T easy vectors 

following the manufacturer's instruction and then transformed into Escherichia coli XL1 

Blue. Nucleotide sequencing was performed with the ABI PRISM™ Dye Terminator 

Cycle Sequencing Ready Reaction kit and the reactions were analyzed on an ABI PRISM 

377 DNA sequencer using SP6 and T7 promoter primers. Nucleotide sequence analysis 

was performed using BLAST search programs [National Center for Biotechnology 

Information (NCBI)] (the procedure is reviewed in detail chapter 5). 

4.2.2.5 Growth of DKAP1.1 in Elemental sulfur spent medium of autotrophic DK6.1 

pure culture 

To test the oligotrophic nature, DKAPl.l was grown in elemental sulfur spent 

medium of autotrophic DK6.1 pure culture. Three weeks old elemental sulfur culture of 

DK6.1 was filtered through Whatman filter paper no.1 to remove the suspended elemental 

sulfur particles. The filtrate was centrifuged at 10,000 rpm to exclude DK6.1 cells as 

pellet. The supernatant was passed through bacterial filter (pore size: 0.25 J..tm) and 

sterilized by autoclaving with flowing steam for 20 min. By this process, any traces of 

sulphide and sulfite that may be present in the spent elemental sulfur medium would be 

oxidized to sulfate. Presence of any other oxyanions in the spent medium may be ruled out 
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as no other oxyanions are produced during the course of elemental sulfur oxidation by A. 

ferrooxidans. Soluble form of elemental sulfur, if at all present in the spent medium, would 

be as low as 5f.Lg/l (Roy and Trudinger, 1970~ Steudal et al., 1987). DKAPl.l cells were 

grown in elemental sulfur spent medium with and without the supplementation of glucose 

(0.1%) and yeast extract (0.0 1% ). Growth of the culture in different conditions was 

monitored by counting the viable cells in Petroff-Hausser bacterial counting chamber. 

4.2.2.6 Effect of submerged layering of heterotrophic DKAPl.l cells on the 

manifestation of chemoautotrophic DK6.1 colonies over modified 9K agar 

surface 

Effect of acidophilic heterotrophs in the growth of acidophilic chemoautotroph was 

assessed by growing them in single and double layered modified 9K agar plates. The 

conventionally prepared modified 9K agar plates used for spread-plating of acidophilic 

chemoautotrophic cells were considered as single layer plates. To prepare double layered 

plates, 10 ml of molten modified 9K agar medium (45-50°C) was mixed with washed and 

concentrated log phase cells of acidophilic heterotroph cells (-2 x 106 cells) and poured in 

a Petri- plate to solidify. After solidification of the first, a second layer was made by 

overlaying it with 10 ml sterile molten modified 9K agar solution and allowed to solidify. 

Direct spread-plating of diluted A. ferrooxidans culture was carried out in both single and 

double layer plates and were incubated at 28°C. The emergence and increase in diameter of 

colonies with respect to the period of incubation of plates were recorded. 

4.2.2.7 Growth of heterotrophic DKAPl.l in pure and co-culture with autotrophic 

DK6.1 in presence of thiosulfate under laboratory condition 

20 ml of modified DSMZ 269 medium containing 0.1% glucose and 0.01% yeast 

extract in each of the 250 ml Erlenmeyer flasks was supplemented with different 

concentrations of thiosulfate. 100 mM thiosulfate stock solution was prepared in distilled 

water and sterilized separately. The required quantity of sterile 100 mM thiosulfate 

solution was added to the medium to obtain the desired concentration (0.5, 0.7, 1.0, 1.5, 

and 2.0 mM) of thiosulfate. In the first experimental set, pre-grown OKAPI. I cells at an 

initial concentration of approximately 2.07-3.3 x 105 cells/ ml was added to the thiosulfate 

containing DSMZ 269 medium. Viability and growth of DKAP1.1 in presence of different 

concentration of thiosulfate was evaluated by dilution plating on DSMZ 269 agar for 
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determining the minimum inhibitory concentration. In another set of experiment, 

DKAP1.1 cells (2.01-2.6 x 105 cells/ml) mixed with DK6.1 cells (8.8x106 cells/ml) were 

inoculated in modified DSMZ 269 broth having different concentration of thiosulfate. 

Survivability of DKAP1.1 cells (in presence of DK6.1) in the thiosulfate supplemented 

medium was assessed through dilution plating of the mixed culture aliquot at different time 

intervals on fresh DSMZ 269 agar. On the other hand, viability of the acidophilic 

chemoautotroph DK6.1 in the thiosulfate supplemented DSMZ broth was determined by 

periodical inoculation of 50 ml of fresh modified 9K broth with 100 f-tl of the mixed 

culture and observation for the oxidation of ferrous iron. 

4.3 RESULTS 

4.3.1 Phenotypic and 168 rRNA gene characterization of the test strains 

Results of Phenotypic characterization of DK6.1 and DKAP1.1 have already been 

presented in chapter 1 and chapter 2. 

BLASTN analysis of 16S rRNA gene sequence of the isolate DK6.1 (Genbank 

accession no. FJ602383) revealed 99% similarity with partial16S rRNA gene sequence of 

A. ferrooxidans LMT 4 (Fig 3.1 and Fig 3.2). Distance tree constructed using Fast 

minimum Evolution of BLASTN 2.2.19+ program (Zhang et al., 2000) presented a robust 

cluster of DK6.1 sequence with partial 16S rRNA gene of A. ferrooxidans LMT4 

(AM502931) and uncultured bacterium clone ANG Pin f8 16S rRNA gene (EU 370304). 

BLASTN analysis of 16S rRNA gene sequence of the isolate DKAPl.l 

(GENBANK accession no. FJ602384) produced maximum similarity (99%) with 16S 

rRNA gene sequence of A. cryptum JF-5 [being the constituent of its complete genome 

sequence (CP000697)] (Fig 3.3 and Fig 3.4). In the Distance tree constructed using Fast 

minimum Evolution of BLASTN 2.2.19+ program (Zhang et al., 2000), DKAPl.l 

sequence clustered strongly with 16S rRNA gene of A. cryptum JF-5 and 16S rRNA gene 

sequence of Acidiphilium sp. SX-F (FJ194544). 

4.3.2 Growth of A. cryptum DKAP1.1 in Elemental sulfur spent medium 

of A. ferrooxidans DK6.1 pure culture 

DKAPl.l cells were able to grow in three weeks old elemental sulfur spent 

medium of A. ferrooxidans DK6.l, with or without supplementation of glucose and yeast 
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extract. However growth was not detected in fresh sterile basal salt solution of elemental 

sulfur medium devoid of glucose and yeast extract (Fig. 3.5). The ability of A. cryptum 

DKAPl.l to grow in low nutrient medium such as elemental sulfur spent medium explains 

the oligotrophic nature of the strain. 

tcgcagctac catgcagtcg acggtacagg tcttcggatg ctgacgagtg gcggacgggt gagtaatgcg 
taggaatctg tcttttagtg ggggacaacc cagggaaact tgggctaata ccgcatgagc cctgaggggg 
aaagcggggg atcttcggac ctcgcgctaa gagaggagcc tacgtccgat tagctagttg gcgggtaaag 
gcccaccaag gcgacgatcg gtagctggtc tgagaggacg accagccaca ctgggactga gacacggccc 
agactcctac gggaggcagc agtggggaat ttttcgcaat gggggcaacc ctgacgaagc aatgccgcgt 
ggatgaagaa ggccttcggg ttgtaaagtc ctttcgtgga ggacgaaaag gcgggttcta atacaatctg 
ctgttgacgt gaatccaaga agaagcaccg gctaactccg tgccagcagc cgcggtaata cggggggtgc 
aagcgttaat cggaatcact gggcgtaaag ggtgcgtagc ggtacgttag tctgtcgtga atccccgggc 
tcaacctggg aatggcggtg gaaaccggcg cactagagta tgggagaggg tggtggaatt ccaggtgtag 
cggtgaaatg cgtagagatc tggaggaaca tcagtggcga aggcggccac ctggcccaat actgacgctg 
aggcacgaaa gcgtggggag caaacaggat tagataccct ggtagtccac gccctaaacg atgaatacta 
gatgtttggt gcctagcgta ctgagtgtcg tagctaacgc gataagtatt ccgcctggga agtacggccg 
caaggttaaa actcaaagga attgacgggg gcccgcacaa gcggtggagc atgtggttta attcgatgca 
acgcgaagaa ccttacctgg gcttgacatg tccggaattc tgcagagatg cggaagtgcc cttcggggaa 
tcggaacaca ggtgctgcat ggctgtcgtc agctcgtgtc gtgagatgtt gggttaagtc ccgcaacgag 
cgcaaccctt gtccttagtt gccagcggtt cggccgggca ctctagggag actgccggtg acaaaccgga 
ggaaggtggg gatgacgtca agtcctcatg gcctttatgt ccagggctac acacgtgcta caatggcgcg 
tacagaggga agccaagccg cgaggtggag cagaccccag aaagcgcgtc gtagttcgga ttgcagtctg 
caactcgact gcatgaagtc ggaatcgcta gtaatcgcgg atcagcatgc cgcggtgaat acgttcccgg 
gccttgtaca caccgcccgt cacaccatgg gagtggattg taccagaagc agctagccta acctcgggag 
ggcgtaccac ggtacgtc 

Fig. 3.1: Partial16S rRNA gene sequence of acidophilic autotrophic strain DK6.1 

DK6 .1 11 CATGC-AGTCG-ACGGT-ACAGGTCTTCGGATGCTGACGAGTGGCGGACGGGTGAGTAAT 67 

IIIII IIIII IIIII 111111111111111111111111111111111111111111 
Aferr 27 CATGCAAGTCGAACGGTAACAGGTCTTCGGATGCTGACGAGTGGCGGACGGGTGAGTAAT 86 
DK6.1 68 GCGTAGGAATCTGTCTTTTAGTGGGGGACAACCCAGGGAAACTTGGGCTAATACCGCATG 127 

I II 111111 lllllllllllll II II II I IIIII I II Ill I II lllllllll II Ill II I 
Aferr 87 GCGTAGGAATCTGTCTTTTAGTGGGGGACAACCCAGGGAAACTTGGGCTAATACCGCATG 146 
DK6.1 128 AGCCCTGAGGGGGAAAGCGGGGGATCTTCGGACCTCGCGCTAAGAGAGGAGCCTACGTCC 187 

111111111111111111111111111111111111111111111111111111111111 
Aferr 147 AGCCCTGAGGGGGAAAGCGGGGGATCTTCGGACCTCGCGCTAAGAGAGGAGCCTACGTCC 206 
DK6.1 188 GATTAGCTAGTTGGC-GGGTAAAGGCCCACCAAGGCGACGATCGGTAGCTGGTCTGAGAG 246 

lllllllllllllll llllllllllllllllllllllllllllllllllllllllllll 
Aferr 207 GATTAGCTAGTTGGCGGGGTAAAGGCCCACCAAGGCGACGATCGGTAGCTGGTCTGAGAG 266 
DK6.1 247 GACGACCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGG 306 

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll 
Aferr 267 GACGACCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGG 326 
DK6.1 307 GAATTTTTCGCAATGGGGGCAACCCTGACGAAGCAATGCCGCGTGGATGAAGAAGGCCTT 366 

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll 
Aferr 327 GAATTTTTCGCAATGGGGGCAACCCTGACGAAGCAATGCCGCGTGGATGAAGAAGGCCTT 386 
DK6.1 367 CGGGTTGTAAAGTCCTTTCGTGGAGGACGAAAAGGCGGGTTCTAATACAATCTGCTGTTG 426 

111111 I II 1111111 II lllllllllllllllllllll II I II II II I II IIIII II II 
Aferr 387 CGGGTTGTAAAGTCCTTTCGTGGAGGACGAAAAGGCGGGTTCTAATACAATCTGCTGTTG 446 
DK6.1 427 ACGTGAATCCAAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGGGG 486 

Aferr 
llllllllllllll lllllllllllllllllllllllll II I II 1111111111 II II II 

447 ACGTGAATCCAAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGGGG 506 
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DK6.1 487 GTGCAAGCGTTAATCGGAATCACTGGGCGTAAAGGGTGCGTA-GCGGTACGTTA-GTCTG 544 

111111111111111111111111111111111111111111 11111111111 IIIII 
Aferr 507 GTGCAAGCGTTAATCGGAATCACTGGGCGTAAAGGGTGCGTAGGCGGTACGTTAGGTCTG 566 
DK6.1 545 TCGTG-AATCCCCGGGCTCAACCTGGGAATGGCGGTGGAAACCGGCGCACTAGAGTATGG 603 

IIIII 11111111111111111111111111111111111111111111111 Ill II II 
Aferr 567 TCGTGAAATCCCCGGGCTCAACCTGGGAATGGCGGTGGAAACCGGCGCACTAGAGTATGG 626 
DK6.1 604 GAGAGGGTGGTGGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAACATCA 663 

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll 
Aferr 627 GAGAGGGTGGTGGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAACATCA 686 
DK6.1 664 GTGGCGAAGGCGGCCACCTGGCCCAATACTGACGCTGAGGCACGAAAGCGTGGGGAGCAA 723 

I 11111111111111111111111111111111111111111111111111111111111 
Aferr 687 GTGGCGAAGGCGGCCACCTGGCCCAATACTGACGCTGAGGCACGAAAGCGTGGGGAGCAA 746 
DK6.1 724 ACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGATGAATACTAGATGTTTGGTGCC 783 

II 11111111111111111111111111111111111111111111111111111111 II 
Aferr 747 ACAGGATTAGATACCCTGGTAGTCCACGCCCTAAACGATGAATACTAGATGTTTGGTGCC 806 
DK6.1 784 TAGCGTACTGAGTGTCGTAGCTAACGCGATAAGTATTCCGCCTGGGAAGTACGGCCGCAA 843 

111111111111111111111111111111111111111111111111111111111111 
Aferr 807 TAGCGTACTGAGTGTCGTAGCTAACGCGATAAGTATTCCGCCTGGGAAGTACGGCCGCAA 866 
DK6.1 844 GGTTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATT 903 

I II 11111111 111111111 1111111 IIIII 1111111 llllllllllllllllllll I 
Aferr 867 GGTTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATT 926 
DK6.1 904 CGATGCAACGCGAAGAACCTTACCTGGGCTTGACATGTCCGGAATTCTGCAGAGATGCGG 963 

IIIII Ill I I 11111111111111 IIIII lllllllllllllllllllllllllllll II 
Aferr 927 CGATGCAACGCGAAGAACCTTACCTGGGCTTGACATGTCCGGAATTCTGCAGAGATGCGG 986 
DK6.1 964 AAGTGCCCTTCGGGGAATCGGAACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTG 1023 

I I Ill Ill II I I 111111111111111111111 IIIII 111111111111111 Ill I Ill 
Aferr 987 AAGTGCCCTTCGGGGAATCGGAACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTG 1046 
DK6.1 1024 AGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGTCCTTAGTTGCCAGCGGTTCGG 1083 

Ill II 11111111111111111111111 II II IIIII 1111111111111 111111 I Ill 
Aferr 1047 AGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGTCCTTAGTTGCCAGCGGTTCGG 1106 
DK6.1 1084 CCGGGCACTCTAGGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGT 1143 

I 1111111111111111111111111111 1111111111111111111111111111111 
Aferr 1107 CCGGGCACTCTAGGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGT 1166 
DK6.1 1144 CCTCATGGCCTTTATGTCCAGGGCTACACACGTGCTACAATGGCGCGTACAGAGGGAAGC 1203 

111111111111111111111111111111111111111111111111111111111111 
Aferr 1167 CCTCATGGCCTTTATGTCCAGGGCTACACACGTGCTACAATGGCGCGTACAGAGGGAAGC 1226 
DK6.1 1204 CAAGCCGCGAGGTGGAGCAGACCCCAGAAAGCGCGTCGTAGTTCGGATTGCAGTCTGCAA 1263 

I I I I II I II II llllllllllllllllll I Ill 111111111111 I 11111111 IIIII I 
Aferr 1227 CAAGCCGCGAGGTGGAGCAGACCCCAGAAAGCGCGTCGTAGTTCGGATTGCAGTCTGCAA 1286 
DK6.1 1264 CTCGACTGCATGAAGTCGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAATACG 1323 

I 111111111 lllllllllllllllllllllllllllllllllll 111111111 Ill I I I 
Aferr 1287 CTCGACTGCATGAAGTCGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAATACG 1346 
DK6.1 1324 TTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTGGATTGTACCAGAAGCAGC 1383 

I I I I II II II lllllllllllllllllllllllllllllllllllll 11111111 I 1111 
Aferr 1347 TTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTGGATTGTACCAGAAGCAGC 1406 
DK6.1 1384 TAGCCTAACCT-CGGGAGGGCG-T-ACCACGGTA 1414 

11111111111 1111111111 I 111111111 
Aferr 1407 TAGCCTAACCTTCGGGAGGGCGGTTACCACGGTA 1440 

Fig 3.2: Blastn result of 16SrRNA sequence of DK6.1 showing 99% homology with 
partial 16SrRNA gene sequence of Acidithiobacillus ferrooxidans LMT4. Vertical lines 
show the positions of identical bases. Aferr: A. ferrooxidans LMT4 

4.3.3 Effect of submerged layering of A. cryptum DKAPl.l ceUs on the 

manifestation of A. ferrooxidans DK6.l colonies on Iron-agar 

A. ferrooxidans DK6.1 cells grown in ferrous iron medium when dilution plated 

separately on single and double layered plates, showed marked variation with respect to 
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the number, emergence and robustness of colonies with time (Table 3.1). A positive effect 

on growth of A. ferrooxidans DK6.1 was observed when it was co-cultured with A. 

cryptum DKAPl.l in double layered plates. Incorporation of heterotrophic A. cryptum 

DKAPl.l in an underlay of ferrous-agar medium promoted growth of A. ferrooxidans 

DK6.1 colonies through enhanced ferrous iron oxidation. 

tcgcagctta ccatgcagtc gcacgggcag ggcaacctgt cagtggcgga cgggtgagta acgcgtagga 
atctatcctt gggtggggga caaccgtggg aaactacggc taataccgca tgatccctga ggggcaaagg 
cgaaagtcgc ctgaggagga gcctgcgtct gattaggtag ttggtggggt aaaggcctac caagcctgcg 
atcagtagct ggtctgagag gatgatcagc cacactggga ctgagacacg gcccagactc ctacgggagg 
cagcagtggg gaatattgga caatgggcga aagcctgatc cagcaatgcc gcgtggatga agaaggtctt 
cggattgtaa agtccttttg gcggggacga tgatgacggt acccgcagaa taagctccgg ctaacttcgt 
gccagcagcc gcggtaatac gaagggggct agcgttgctc ggaatgactg ggcgtaaagg gcgcgtaggc 
ggacggcaca gtcaggcgtg aaattcctgg gctcaacctg ggggactgcg tctgagacgt gttgtcttga 
gtatggaaga gggttgtgga atttccagtg tagaggtgaa attcgtagat attggaaaga acaccggtgg 
cgaaggcggc aacctggtcc attactgacg ctgaggcgcg aaagcgtggg gagcaaacag gattagatac 
cctggtagtc cacgctgtaa acgatgtgtg ctggatgttg gggtgcttag cacttcagtg tcgtagctaa 
cgcggtaagc acaccgcctg gggagtacgg ccgcaaggtt gaaactcaaa ggaattgacg ggggcccgca 
caagcggtgg agcatgtggt ttaattcgaa gcaacgcgca gaaccttacc aggatttgac atggggagta 
ccggtccaga gatggacttt cccgcaaggg gctctcgcac aggtgctgca tggctgtcgt cagctcgtgt 
cgtgagatgt tgggttaagt cccgcaacga gcgcaaccct cgccttcagt tgccagcatg tttgggtggg 
cactctgaag gaactgccgg tgacaagccg gaggaaggtg gggatgacgt caagtcctca tggcccttat 
gtcctgggct acacacgtgc tacaatggcg gtgacagtgg gaagccaggt ggtgacaccg agctgatctc 
aaaaagccgt ctcagttcgg attgcactct gcaactcgag tgcatgaagg tggaatcgct agtaatcgcg 
gatcagcatg ccgcggtgaa tacgttcccg ggccttgtac acaccgcccg tcacaccatg ggatttggtt 
tgaccttaag ttggtgcgct aacccgcaag gaggcagcca 

Fig: 3.3: Partial16SrRNA gene sequence of the acidophilic heterotroph DKAPl.l. 

DKAP1.1 3 GCA-GCTT-AC-CATGC-AGTCGCACGGGCAGGGCAACCTGTCAGTGGCGGACGGGTGAG 58 
Ill 1111 II IIIII 111111111111111111111111111111111111111111 

AcrJF-5 2012865 GCATGCTTAACACATGCAAGTCGCACGGGCAGGGCAACCTGTCAGTGGCGGACGGGTGAG 2012806 
DKAP1.1 59 TAACGCGTAGGAATCTATCCTTGGGTGGGGGACAACCGTGGGAAACTACGGCTAATACCG 118 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2012805 TAACGCGTAGGAATCTATCCTTGGGTGGGGGACAACCGTGGGAAACTACGGCTAATACCG 2012746 
DKAP1.1 119 CATGATCCCTGAGGGGCAAAGGCGAAAGTCGCCTGAGGAGGAGCCTGCGTCTGATTAGGT 178 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2012745 CATGATCCCTGAGGGGCAAAGGCGAAAGTCGCCTGAGGAGGAGCCTGCGTCTGATTAGGT 2012686 
DKAP1.1 179 AGTTGGTGGGGTAAAGGCCTACCAAGCCTGCGATCAGTAGCTGGTCTGAGAGGATGATCA 238 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2012685 AGTTGGTGGGGTAAAGGCCTACCAAGCCTGCGATCAGTAGCTGGTCTGAGAGGATGATCA 2012626 
DKAP1.1 239 GCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTG 298 

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll 
AcrJF-5 2012625 GCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTG 2012566 
DKAP1.1 299 GACAATGGGCGAAAGCCTGATCCAGCAATGCCGCGTGGATGAAGAAGGTCTTCGGA'l'TGT 358 

1111111111111111111111111111111111111111 II 111111111111111111 
AcrJF-5 2012565 GACAATGGGCGAAAGCCTGATCCAGCAATGCCGCGTGGATGAAGAAGGTCTTCGGATTGT 2012506 
DKAP1.1 359 AAAGTCCTTTTGGCGGGGACGATGATGACGGTACCCGCAGAATAAGCTCCGGCTAACTTC 418 

1111111111111111111111111111111111111111111111111111111111 II 
AcrJF-5 2012505 AAAGTCCTTTTGGCGGGGACGATGATGACGGTACCCGCAGAATAAGCTCCGGCTAACTTC 2012446 
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DKAP1.1 419 GTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGCTCGGAATGACTGGGCGTAAA 478 
111111111111111111111111111111111111111111111111111111111111 

AcrJF-5 2012445 GTGCCAGCAGCCGCGGTAATACGAAGGGGGCTAGCGTTGCTCGGAATGACTGGGCGTAAA 2012386 
DKAP1.1 479 GGGCGCGTAGGCGGACGGCACAGTCAGGCGTGAAATTCCTGGGCTCAACCTGGGGGACTG 538 

111111111111111111111111111111111111111111111111111 11111111 
AcrJF-5 2012385 GGGCGCGTAGGCGGACGGCACAGTCAGGCGTGAAATTCCTGGGCTCAACCT-GGGGACTG 2012327 
DKAP1.1 539 CGTCTGAGACGTGTTGTCTTGAGTATGGAAGAGGGTTGTGGAATTTCCAGTGTAGAGGTG 598 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2012326 CGTCTGAGACGTGTTGTCTTGAGTATGGAAGAGGGTTGTGGAATTTCCAGTGTAGAGGTG 2012267 
DKAP1.1 599 AAATTCGTAGATATTGGAAAGAACACCGGTGGCGAAGGCGGCAACCTGGTCCATTACTGA 658 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2012266 AAATTCGTAGATATTGGAAAGAACACCGGTGGCGAAGGCGGCAACCTGGTCCATTACTGA 2012207 
DKAP1.1 659 CGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCTGT 718 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2012206 CGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCTGT 2012147 
DKAP1.1 719 AAACGATGTGTGCTGGATGTTGGGGTGCTTAGCACTTCAGTGTCGTAGCTAACGCGGTAA 778 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2012146 AAACGATGTGTGCTGGATGTTGGGGTGCTTAGCACTTCAGTGTCGTAGCTAACGCGGTAA 2012087 
DKAPl.l 779 GCACACCGCCTGGGGAGTACGGCCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCG 838 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2012086 GCACACCGCCTGGGGAGTACGGCCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCG 2012027 
DKAPl.l 839 CACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGGATTTG 898 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2012026 CACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGGATTTG 2011967 
DKAP1.1 899 ACATGGGGAGTACCGGTCCAGAGATGGACTTTCCCGCAAGGGGCTCTCGCACAGGTGCTG 958 

1111111 II IIIII II II II II II II IIIII II II II Ill 111111 1111111111111 
AcrJF-5 2011966 ACATGGGGAGTACCGGTCCAGAGATGGACTTTCCCGCAAGGGGCTCCCGCACAGGTGCTG 2011907 
DKAP1.1 959 CATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC 1018 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2011906 CATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC 2011847 
DKAP1.1 1019 CTCGCCTTCAGTTGCCAGCATGTTTGGGTGGGCACTCTGAAGGAACTGCCGGTGACAAGC 1078 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2011846 CTCGCCTTCAGTTGCCAGCATGTTTGGGTGGGCACTCTGAAGGAACTGCCGGTGACAAGC 2011787 
DKAP1.1 1079 CGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTATGTCCTGGGCTACACACGT 1138 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2011786 CGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTATGTCCTGGGCTACACACGT 2011727 
DKAP1.1 1139 GCTACAATGGCGGTGACAGTGGGAAGCCAGGTGGTGACACCGAGCTGATCTCAAAAAGCC 1198 

11111111111111111111111111111111111111111111 1111111111111111 
AcrJF-5 2011726 GCTACAATGGCGGTGACAGTGGGAAGCCAGGTGGTGACACCGAGCTGATCTCAAAAAGCC 2011667 
DKAP1.1 1199 GTCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGGTGGAATCGCTAGTAATCG 1258 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2011666 GTCTCAGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGGTGGAATCGCTAGTAATCG 2011607 
DKAP1.1 1259 CGGATCAGCATGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCA 1318 

111111111111111111111111111111111111111111111111111111111111 
AcrJF-5 2011606 CGGATCAGCATGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCA 2011547 
DKAP1.1 1319 TGGGATTTGGTTTGACCTTAAGTTGGTGCGCTAACCCGCAAGG-AGGCAGCCA 1370 

AcrJF-5 2011546 
1111111111111111111111111111111111111111111 111111111 
TGGGATTTGGTTTGACCTTAAGTTGGTGCGCTAACCCGCAAGGGAGGCAGCCA 2011494 

Fig 3.4: Bla~ result of 16S rRNA sequence ofDKAPl.l showing 99% homology with 
the partiall6SrRNA sequence of Acidiphilium cryptum JF-5 (AcrJF-5). Vertical lines 
show the position of identical bases. 
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Fig 3.5: Growth of acidophilic heterotroph DKAPI.l in spent elemental 
sulfur medium with or without the supplementation of glucose. Error bars 
represent the standard deviation in replicate samples (n =3). 
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Table 3.1: Comparison of the rate of emergence and increase in the diameter of A. ferrooxidans 

GBVI colonies in Fe (II) iron agar in single and double layered plates. 

Single layered Fe(II)-agar plate Double layered Fe(II)-agar plate 

Dilution No. of No. of Average Dilution No. of No. of Average 

of the colonies days of diameter of the colonies days of diameter 

stock emerged incubation (mm) stock emerged incubation (mm) 

w· Nil 5 na w· 0 5 nd 

w-7 -do- 8 na w-7 14 8 2.0 
w-7 -do- 9 na w-7 14 9 2.6 

w-7 -do- 10 na w-7 14 10 3.2 
w-7 10 18 nd w-7 14 12 3.4 
w-7 10 23 0.5 w-7 14 13 3.6 

na, not applicable 
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4.3.4 Inhibitory effect of thiosulfate on growth of A. cryptum DKAPl.l 

and alleviation of inhibition in co-culture with A. ferrooxidans 

DK6.1 

A decrease in viability of A. cryptum D KAP l.l cells in thiosulfate supplemented 

modified DSMZ 269 medium was observed with the increase in the concentration of 

thiosulfate (Fig. 3.6). It was found that A. cryptum DKAPl.l could tolerate concentrations 

of thiosulfate up to 0.7 mM. It was observed that the number of viable cells were higher in 

48 h treated cells for a given concentration of thiosulfate as compared to 24 h treatment at 

the same concentration up to 0.7 mM. However at concentration above 1.0 mM, the effect 

of thiosulfate on the viability was much more pronounced with respect to both the 

concentration and time of treatment. At 1.0 mM concentration viable cells could be 

obtained from 24 h treated culture but no viable cells were obtained after 48 h treatment. 

On further increase of concentration no viable cells could be obtained from either 24 or 48 

h treated cells (Fig. 3.6). On the other hand, when pure culture of A. ferrooxidans DK6.1 

was incubated in modified DSMZ 269 medium for ~ 24 h with or without thiosulfate, the 

cells lost their ability to oxidize ferrous iron when transferred to fresh 9K medium. 
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Fig 3.6: Viable cell number of pure culture of A. cryptum DKAP 1.1 celJs 
in DSMZ 269 medium containing different thiosulfate concentrations. 
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The death of A. cryptum DKAP 1.1 cells due to presence of thiosulfate in DSMZ 

269 medium was prevented in co-culture with A. ferrooxidans DK6.1. Survival of the co

cultured DKAP1.1 cells even in presence 2.0 mM thiosulfate was noted (Fig. 3.7). 
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Fig 3.7: Viable cell number of A. cryptum DKAP 1.1 in co-culture 
(with A. ferrooxidans DK6.1) cells at different thiosulfate 
concentrations. Error bars represent the standard deviation on replicate 

A. ferrooxidans DK6.1 cells in co-culture remained viable (qualitatively tested by 

their ability to oxidize ferrous iron in 9K medium) throughout the expanse of the 

experiment. The lethal effect of thiosulfate on A. cryptum DKAPl.l in pure culture was 

found directly related to the concentration of thiosulfate in the medium and the lethality 

could be alleviated in mixed culture with A. ferrooxidans DK6.1. 

4.4 DISCUSSION 

A. ferrooxidans , unique among the acidophilic chemolithotrophic bacteria in its 

ability to oxidize ferrous iron and sulfidic minerals, was first isolated from acidic mine 

drainage (AMD) water (Temple and Colmer, 1951) and has since been isolated from a 

variety of acidic environments. Also, there are numerous reports of the isolation of 

acidophilic heterotrophs from reportedly pure cultures of A. ferrooxidans (Guay and 
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Silver, 1975~ Harrison et al. , 1980). These heterotrophs survive during prolonged 

cultivation of A. ferrooxidans in inorganic media, probably by scavenging low 

concentration of organic compounds excreted by A. ferrooxidans. Few of the acidophilic 

heterotrophic bacteria like A. cryptum and A. acidophilum, have the ability to reduce ferric 

ion to ferrous state. In this respect it has been suggested that the removal of (toxic) organic 

compounds and regeneration of ferrous ions by the heterotrophs may also be advantageous 

to A. ferrooxidans (Harrison, 1984; Marchand and Silverstein, 2003). 

The present work was carried out to gain a better understanding of the interactions 

among acidophilic chemolithoautotrophs and heterotrophs in AMD environments enriched 

with low amount of organic carbon substrates. In the microbial ecology of acid mine 

environments, members of the genus Acidiphilium may have considerable relations with 

sulfur- and iron-oxidizing bacteria. Certain conditions like acidic, mesophilic, aerobic, 

ferrous uon or other mineral sulfide substrate environment, which support growth of 

sulfur- and iron-oxidizing bacteria, are appropriate for the maintenance of some 

heterotrophic partners. Pure culture studies on Acidithiobacilus thiooxidans have shown 

that this bacterium excrete pyruvic and oxalo-acetic acids that are self inhibitory at 2 x 10-5 

to 7 x 10-5 M (Borichewski, 1967), and therefore, growth of A. thiooxidans may necessitate 

a partnership with an acidophilic heterotroph. It has also been shown that A. ferrooxidans 

cells excrete organic compounds, such as pyruvate, glutamate, aspartate, serine, glycine, 

and other amino acids, which the heterotrophs can use as substrates for growth (Arkesteyn 

and deBont, 1980; Schnaltman and Lundgren, 1965). On the other hand, lysed cells of A. 

ferrooxidans may provide an additional source of organic matter. In each case, the quantity 

of obtainable organic material in autotrophically grown A. ferrooxidans cultures is very 

small. Consequently, the acidophilic heterotrophs have to be competent forager of these 

organic compounds. Since some of these compounds have been shown to be inhibitory to 

A. ferrooxidans (Harrison, 1984~ Tabita and Lundgren, 1971), it is probable that the 

association is mutualistic in nature. Members of the genus Acidiphilium are capable of iron 

reduction. This biological reduction of Fe3
+ to Fe2

+ helps to compensate ferric iron 

production and thus attenuates acid production in acid mine drainage (Pronk and Johnson, 

1992). The aim of this work was to determine the role of the autotroph in such an extreme 

habitat which was of advantage for the survival of the heterotrophs. The 

chemolithoautotrophic strain, A. ferrooxidans DK6.1, used in this study was isolated and 

purified from the AMD sample of Garubathan, West Bengal, India. The acidophilic 
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heterotrophic strain used in this study was isolated from the AMD enrichment medium 

(typically used for isolation of A. ferrooxidans strains). It was characterized as A. cryptum 

DKAPl.l. We wanted to explore the degree of obligate oligotrophy in A. cryptum 

DKAP1.1 as we have observed that it failed to grow in nutrient rich medium (eutrophic 

medium). The elemental sulfur spent medium of three weeks old A. ferrooxidans DK6.1 

(which basically contained the residual basal salts and leachates/ excreta of the pure 

culture of the autotroph as total dissolved organic carbon) culture could support the growth 

of A. cryptum DKAPl.l. (Fig. 3.5). This growth in elemental sulfur spent medium was 

found to be enhanced by a factor of more than 10 in presence of glucose and yeast extract. 

It is well accepted that thiosulfate is central in much of the thinking concerning 

pyrite oxidation pathways (Druschel and Borda, 2006). Thiosulfate was found to be an 

important product during short term(< 24 h) experiment of pyrite oxidation at pH 5- 9.5 

(Goldhaber and Rey, 1977; Goldhaber, 1983). The rate of tetrathionate formation in pyrite

surface-catalyzed oxidation of thiosulfate was found to be of first order with respect to the 

pyrite surface concentration and fractional order with respect to thiosulfate concentration 

(Yong and Schoonen, 1995). Tetrathionate accumulation to the extent of 1.3% (after 24 h 

of incubation) was observed in chemical pyrite oxidation with 10 mM FeCi} at pH 1.9 at 

28°C (Schippers and Sand, 1999). Conversely, at neutral pH, the accumulation of 

thiosulfate (approximately 0.5 mM) was evident in pyrite oxidation (Schippers et al., 

1996). However, pyrite oxidation attending the formation of sedimentary roll-type uranium 

deposits does not occur in very low pH range (Goldhaber and Rey, 1977) and intermediate 

sulfur compounds like sulfite, thiosulfate, and tetrathionate offer suitable substrates for 

moderately acidophilic thiobacilli. The role of thiosulfate as an initial soluble intermediate 

in the pathway of pyrite oxidation has been postulated by different authors (Luther, 1987; 

Rimstidt and Vaughan, 2003). Earlier authors have suggested that pyrite oxidation 

generates thiosulfate, which reacts to tetrathionate in acidic solutions containing ferric 

iron. The acid-insoluble metal sulfides FeS2, MoS2, and WS2 are chemically attacked by 

iron (ffi) hexahydrate ions, generating thiosulfate, which is oxidized via tetrathionate, 

disulfane-monosulfonic acid, and trithionate to sulfuric acid (Schippers and Sand, 1999). 

The predominant metal sulfide dissolving microorganisms are extremely acidophilic 

bacteria that are able to oxidize either inorganic sulfur compounds and/or Fe2+ ions. 

Although autotrophic Fe2
+ oxidizing microorganisms are believed to play a more important 

role in acidic mineral rich environments, heterotrophic microbes have routinely been 
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cultured and detected in these extremely substrate limited environmental niches (Peccia et 

al., 2000). A. ferrooxidans thrives on the oxidation of reduced sulfur compounds and in 

addition, is able to oxidize H2, HCOOH, Fe2
+ ions and other metal ions. Leptospirillum 

ferrooxidans and L. ferriphilum can grow only by aerobically oxidizing Fe2
+ ions. Bacteria 

of the genus Acidiphilum display most diverse metabolic flexibility. Addition of thiosulfate 

profoundly affected the growth of cultures of acidophilic bacteria typical of acid mine 

drainage (AMD) sites: the iron and sulfur oxidizing autotrophic bacteria A. ferrooxidans, 

and a common heterotrophic strain A. cryptum. Growth of A. cryptum DKAPl.l on DSMZ 

269 medium was significantly inhibited in the presence of 1.0 mM thiosulfate in spite of 

favorable cultural conditions. The actual mechanism of this inhibition is not known. 

However, the lethal effect of the dual presence of tetrathionate and thiosulfate on 

Escherichia coli has been reported (Palumbo and Alford, 1970). The maximum lethal 

effect on E. coli occurred at a 3 to 1 molar ratio of thiosulfate-tetrathionate in growth 

medium. Tetrathionate is known to react with free sulfhydryl groups of enzyme and to 

cause their inactivation (Parker and Allison, 1969). Thiosulfate can also react with 

sulfhydryl groups (Postgate, 1963). It was therefore suggested that thiosulfate-tetrathionate 

mixture in growth medium of E. coli interfered with the synthesis, the activity, or both, of 

sulfur-containing enzymes or cell wall and membrane components (Palumbo and Alford, 

1970). Thiosulfate is unstable in acidic solutions. Inhibition of growth of heterotrophic A. 

cryptum DKAP1.1 in presence of thiosulfate in acidic growth medium could be due to 

similar effect as was suggested for E. coli. 

When A. ferrooxidans DK6.1 cells that were inoculated at the 1.0 g/1 glucose 

condition in DSMZ 269 medium (with or without thiosulfate) were transferred to a 

glucose-free 9K ferrous medium after 24 h of incubation, no iron oxidation was observed 

(even after a month incubation) suggesting that incubation in presence of dissolved organic 

carbon including glucose had an acute, and perhaps irreversibly toxic, effect on the 

autotroph. Interestingly, in co-culture both the autotroph and the heterotroph survived in 

thiosulfate containing DSMZ 269 medium. In the mixed-culture flask that experienced 

viability of A. cryptum DKAPl.l, it is likely that consumption of reduced sulfur species by 

autotrophic bacteria relieved the inhibitory stress of thiosulfate or its oxidized products in 

acidic DSMZ 269 medium, thereby allowing A. cryptum DK6.1 to grow. On the other 

hand, following A. cryptum DKAPl.l growth due to heterotrophic metabolism, it was 

likely that a significant fraction of the total organic carbon including glucose was not 
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present at inhibiting high concentration to affect the viability of A. ferrooxidans DK6.1. 

Inhibition of growth of A. ferrooxidans in the presence of 1.0 gil glucose and alleviation of 

the glucose toxicity by an acidophilic heterotroph in co-culture was demonstrated by 

earlier authors (Marchand and Silverstein, 2003). In this chapter we have also 

demonstrated a positive growth effect for A. ferrooxidans DK6.1 caused by co-culturing in 

ferrous iron agar medium in the presence of A. cryptum DKAPl.l. It was shown by earlier 

authors that heterotrophic cells can enhance iron oxidation by A. ferrooxidans in aerobic 

condition, even if the heterotrophs are not actively metabolizing organic carbon (Marchand 

and Silverstein, 2003). The presence of heterotrophic A. cryptum DKAP1.1 culture in the 

agar plate was probably responsible for lowering the bio-available total organic carbon 

(which resulted from acid hydrolysis of agar) to a level that permitted enhancement of iron 

oxidation by A. ferrooxidans DK6.1. Acidophilic heterotrophic bacterium has been used 

by earlier authors to scavenge organic material from normal agar in order to facilitate 

colony formation of A. ferrooxidans (Butler and Kempton, 1987). This work has provided 

additional evidences in support of the synergism between obligately autotrophic A. 

ferrooxidans and obligately oligotrophic heterotroph A. cryptum perceived to occur in 

natural ecosystem. 
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4.5 CONCLUSION 

1. Increase in the robustness of colony formation of A. ferrooxidans in ferrous 

iron agar plate in deliberate presence of Acidiphilium cryptum was 

observed. This suggested that the heterotroph plays an important role in the 

manifestation of colonies in ferrous iron agar plate. 

2. The ability of A. cryptum to grow in elemental sulfur spent medium showed 

the oligotrophic nature of the organism and also provided the best possible 

explanation for the co-existence of A. cryptum with A. ferrooxidans culture. 

3. Thiosulfate at the level of~ 0.7 mM was found to be toxic to the strains of 

Acidiphilium cryptum. However, this toxicity could be alleviated in 

presence of A. ferrooxidans which provides the additional support to the 

synergism that exists between A. ferrooxidans and A. cryptum. 
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5.1 INTRODUCTION 

The earliest attempt to isolate iron oxidizing bacterium from acid mine water on 

solid plate was done by Colmer et al. ( 1950), using 3% agar mixed with acid mine water 

for the isolation of thiobacilli. They found the growth of white frosty colonies on 

thiosulfate agar medium containing 0.5% agar which was different from that of 

Thiobacillus thiooxidans or T. thioparus. As hydrolyzed products of agar showed toxic 

effects on Acidithiobacillus ferrooxidans, later workers used silica gel medium for the 

purification of iron oxidizing A. ferrooxidans. (Razell and Trussell, 1963; Tuovinen and 

Kelly ,1974). To increase the plating efficiency of iron-oxidizing bacteria membrane filter 

technique was also developed that increased the plating efficiency by 66-82 % (Tuovinen 

and Kelly, 1973). Large number of modifications in the preparation of solid medium for 

the iron-oxidizing acidophilic organisms has been made by different workers. Mishra and 

Roy ( 1979) recommended the use of low concentration of purified agar, agarose or 

carrageenan for the development of colonies on ferrous iron medium. Harrison ( 1981) 

recommended a soft agar overlay method. Schrader and Holmes ( 1988) described an 

agarose based medium for growth of A. ferrooxidans, containing mixture of thiosulfate and 

ferrous sulfate at pH 3.5. Similarly several other solid medium formulations have been 

described (Johnson and McGuiness, 1991; Khalid et al., 1993; Peng et al., 1994) but none 

of them could satisfactorily resolve the problems related to the long incubation period 

required for the appearance of the colony and or the efficiency of plating. 

Colony morphology is one of the many characteristics of a microorganism that is 

specific for a particular strain on a defined medium. In many cases colony morphology of 

the same strain varies in different media. However, phenotypic switching has been 

reported in several organisms such as Pseudomonas cepacia (Gaffney and Lessie, 1987), 

Thiobacillus versutus (Claassen et al., 1986), Serratia marcescens (Paruchuri and Harshey, 

1987) and Candida albicans (Slutsky et al., 1985). Sometimes this characteristic is 

inherited indicating a genetic basis, but it can revert at high frequency to the parental type 

of alternate morphology (Schrader and Holmes, 1988). In case of Acidithiobacillus 

ferrooxidans it has also been found that the colony morphology mutants have the altered 

genomic distribution of repetitive DNA sequence (Chakraborty et al., 2002). 

Under the periods of prolonged stress in non-dividing or slow dividing population 

mutation which is adaptive in nature can occur (Hall, 1995; Foster, 1993). The main 
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difference of adaptive mutation from others is that it is selective to the conditions imposed 

which are generally not mutagenic (Hall, 1997; Hall, 1998). Though other mutations also 

do occur in these environmental conditions but those cells which have undergone 

mutations that do not confer any advantage in survivability would die and therefore they 

are not recovered (Hall, 1990). The possibility of the adaptive mutation has been 

challenged by the workers suggesting that the mutation which ultimately causes the 

evolution does not involve foresight (Dickinson and Seer, 1999). However Metzgar and 

Wills (2000) have reviewed and stated that the mechanism for adaptive mutation does not 

require any special foresight. They suggested that the cells undergoing adaptive mutation 

must have undergone a selection process repeatedly in the past for their ability to generate 

genetic changes. Therefore they only require a specific environmental condition under 

which the cells adapt themselves by the mutation in particular regions of the genome 

(Metzgar and Wills, 2000). Several explanations have been put forward for the explanation 

of adaptive mutation. Rosenberg et al. ( 1998) suggested that environmental-dependent 

global mutators are responsible for adaptive mutation under the condition of starvation. 

These phenotypes can revert back to the wild when they are grown under normal 

condition. It has been suggested that DinB and other similar type of enzymes which are the 

parts of SOS system may be operating when the cells are grown under starvation (Radman, 

1999). At the genetic level it has been found that the activity of Insertion Sequence 

elements increases under stressful or other starvation condition (Naas et. al., 1994; Naas et 

al., 1995). In fact recently in Acidithiobacillus ferrooxidans adaptive response has been 

observed while the cells were grown in sewage sludge (Matlakowska and Sklodowska, 

2007). The cells grown on the sludge were found to have elongated lag phase when 

compared to those growing in the mineral medium. Beside that the cells lacked 

carboxysome and rusticyanin and were found to contain low level of cytochrome along 

with the modification in the outer membrane protein. The cells were found to have 

undergone genetic modification when restriction fragment analysis was carried out which 

clearly indicated the modification at the genome level to facilitate the growth in sewage 

sludge (Matlakowska and Sklodowska, 2007) 

Several evidences have suggested that the generation of colony morphology 

variants of A. ferrooxidans is related to the genomic rearrangements due to Insertion 

Sequence elements (Schrader and Holmes, 1988; Chakraborty et al., 2002), and therefore 

it may be another case of adaptive mutation. In case of A. ferrooxidans colony morphology 
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differs from strain to strain (Mishra et al., 1983). Colony morphology variants have been 

described to arise spontaneously from wild type population due to their secondary growth 

on agarose medium containing both ferrous iron and thiosulfate (Schrader and Holmes, 

1988). Earlier Colmer et al. ( 1950) also found frosty colonies of A. ferrooxidans on 

thiosulfate medium. Schrader and Holmes (1988) observed that initially colonies were 

clear but soon turned pale yellow and developed 1 to 3 mm halos and lobes. Beside that 

the switch from parental to the alternate morphology was shown to be accompanied by a 

reversible loss of iron oxidation capability. 

The present study describes the manifestation of colony morphology variants in 

thiosulfate containing agar plates. The present work also describes the rate of the 

manifestation of colony morphology variants in thiosulfate agar plate. Thiosulfate agar has 

been used as the selective medium to obtain the colony morphology variants. Differences 

in the physiological characteristics between the wild types and their respective variants 

with respect to sulfur and reduced sulfur compounds oxidation, iron oxidation and pyrite 

leaching have been studied. 

5.2 MATERIALS AND METHODS: 

5.2.1 Organisms 

A single cell isolate of A. ferrooxidans DKI, GB VI, CMO II, and CMI I were 

used. They were purified in the ferrous sulfate agar medium (Mishra and Roy, 1979). The 

strains were maintained in ferrous sulfate agar slants by sub-culturing them to fresh slants 

at an interval of 3 weeks. 

5.2.2 Media 

i) 9K Medium: 9K broth and solid media (single layered and double layered) as 

described in chapter 3. 

ii) Elemental sulfur and thiosulfate broth media (described in chapter 1). 

iii) Selective medium formulation: Thiosulfate agar medium was used as medium for 

the selection of morphological variant(s) of A. ferrooxidans. Medium was prepared by 

mixing three different solutions. Solution A was prepared by dissolving (Nl4)2S0
4 
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K2HP04 0.5g, MgS04.?HzO 0.5g, CaC}z 0.25g, FeS04.7HzO 0.1g in 200 ml of distilled 

water; pH adjusted to 4.0 to 4.5 by 1 (N) HzS04. Solution B was prepared by dissolving 

5.0g of Na-thiosulfate in 50ml distilled water and Solution C contained 7.0g of acetone 

washed agar in 750ml distilled agar. All these three solutions were separately sterilized at 

110°C for 15 minutes. The temperature was allowed to come down to around 50°C and the 

three solutions were aseptically mixed together and poured into the petri-plates and 

allowed to solidify. 

iv) Double layered thiosulfate agar medium: It was prepared in a manner similar to 

that of ferrous iron double layered agar plates as described in Chapter 3. Here instead of 

ferrous iron agar, thiosulfate agar medium was used. 

v) Pyrite medium: Pyrite medium was prepared as described in chapter 1. 

5.2.3 Harvesting of cells 

5.2.3.1 From ferrous sulfate medium 

5 ml of 96 hrs grown cells from 9K medium were transferred to 95 ml of fresh 9K 

broth in 500 ml Erlenmeyer flask and incubated at 28°C for 96 hrs. The cultures were then 

filtered through sterile Whatman filter paper no.1 to remove ferric-iron precipitation 

Garosite ). The filtrate was then centrifuged at 10,000 rpm for 10 min. The cell pellet thus 

obtained was washed with and re-suspended in 100 111 of sterile basal salt solution or 0.01 

(N) HzS04. 

5.2.3.2 From elemental sulfur medium 

10 m1 of week old elemental sulfur culture was transferred to 90 ml of fresh 

elemental sulfur medium in 500 ml Erlenmeyer flask and incubated at 28°C for 10 to 14 

days till the medium turned turbid. The culture was then filtered through sterile Whatman 

filter paper no.l to remove solid sulfur particles. The filtrate was centrifuged at 10,000 rpm 

for 10 min. The cell pellet obtained was then finally re-suspended in sterile basal salt 

solution or 0.01 (N) HzS04 in a similar way as described above 
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5.2.4 Isolation of colony morphology variants of A. ferrooxidans 

A. ferrooxidans strains DKl, GB VI, CMO II, and CMI I, clonally purified in 

ferrous agar medium were inoculated in elemental sulfur medium. The cells were 

harvested from the late log phase, centrifuged, washed twice with basal salt solutions, and 

concentrated to a cell suspension 108/ml. A series of dilutions were prepared and 0.1ml of 

the cell suspension from each dilution was spread plated on the freshly prepared thiosulfate 

agar medium. The plates were incubated at 28°C and the emergence of colonies was 

observed. 

Simultaneously cells were also plated in ferrous iron double layered agar medium 

and in thiosulfate double layered thiosulfate agar medium to determine the initial number 

of viable cells at zero hour during plating. The ratio of the number of colonies generated in 

thiosulfate agar to the number of viable cells plated would give the frequency of he 

emergence of colony morphology variants (CMVs). The experiment was performed in 

triplicate. 

5.2.5 Microscopic observations 

5.2.5.1 Slide Chamber technique 

A sterile cover slip ( 18 mm2
) was coated with molten selective thiosulfate medium 

and allowed to solidify. The centre of the thin film of medium was inoculated with a sterile 

toothpick. The inoculated cover slip was immediately inverted over the sterile microscopic 

slide. Any excess medium coming out from the edges of cover slip was removed with the 

help of a sterile scalpel and then the edges were sealed with paraffin. The inoculated slides 

were incubated at 28°C. The slide culture chamber was observed at regular time intervals 

under a phase contrast microscope. 

5.2.5.2 Micrometry 

Standardization of microscope was carried out using the ocular micrometer and 

stage micrometer. The procedure involved (1) use of the stage micrometer to calibrate and 

standardize the ocular micrometer, (2) replacing the stage micrometer by the specimen 

followed by the measurement of ocular divisions, and (3) conversion of ocular divisions to 

standard scale units to obtain the real measurements. 
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i. Colony motility 

Colony motility was checked by a simple method called 'plate-method', on a petri

dish containing thiosulfate-agar medium. Cells were inoculated centrally by a sterile 

toothpick, and the diameter of the colony was measured by a ruler. This method provides 

semi-quantitative index of motility of the colony. 

u. Cellular motility 

Cellular motility was observed by 'hanging-drop method'. A drop of culture was 

placed centrally on the cover slip, and the cover slip was immediately inverted and placed 

over a concave slide in such a way that the culture remained in the form of hanging drop. 

The edges of the cover slip were sealed with a vaseline to avoid evaporation of the drop. 

Microscopic examination was immediately carried out after the preparation of the slide to 

check cellular motility. 

5.2.6 Protein Estimation 

Protein was estimated following the method of Lowry et al. ( 1951 ). 

5.2.6.1 Estimation of protein in whole cells 

Whole cell protein was estimated by the method as described in Chapter 1. 

5.2.7 Physiological characterization 

5.2. 7.1 Generation time 

Generation time of different strains of A. ferrooxidans strains isolated from Garubathan 

was determined in elemental sulfur medium (as described in Chapter 1). 

5.2.7.2 Determination of rate of oxidation of ferrous iron, elemental sulfur and 

reduced sulfur compounds; and bioleaching activity 

The same number of cells of the wild strains and colony morphology variant strains 

were inoculated in different media. The rate of oxidation of ferrous iron, elemental sulfur 
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and reduced sulfur compounds and the rate of copper leaching were determined following 

the methods described in Chapter 1. 

5.3 RESULT 

5.3.1 Isolation of colony morphology variants of A. fe"ooxidans 

Emergence of colony morphological variants was observed after 10-18 days of 

incubation on thiosulfate plates. Initially colonies appeared as transparent water 

microdrops that later turned to a unicellular layer of white colonies (Plate 4.1 ). The 

colonies initially exhibited the formation of cloudy irregular boundaries. In addition to 

that, with prolong incubations the colonies turn almost round and off-white in color. The 

spreading colony morphology could be 

re-produced on the fresh thiosulfate agar 

plate when the peripheral portion of the 

colonies were scraped and transferred to 

the fresh plates with the help of a sterile 

inoculating needle. However the central 

portion of the colonies failed to give the 

same result when the same procedure 

was followed. The diameter of the 

spreading colonies increased with time. 

Interestingly, the number of randomly 

emerging colonies on the thiosulfate agar 

plate increased with time of incubation 

(Fig 4.1 ). On plating diluted cell 

suspension ( 1 o-5
) there was an incidence 

Plate 4.1: Colonies of colony morphology 
spreading variant of Acidithiobacillus 
ferrooxidans in thiosulfate agar plate after 
18 days of incubation. 

of maximal appearance of 16 (average) colonies in thiosulfate agar in contrast to an 

average of 59 colonies in ferrous iron double layered plates. Therefore, the frequency of 

emergence of colony morphology variants out of the total viable colony forming units in 

thiosulfate agar plate was calculated to be about 27%. However there was a negligible 

difference in the emergence of colonies in single and double layered thiosulfate agar plates 

suggesting that unlike in ferrous iron agar plates here the role of acidophilic heterotroph is 

insignificant. 
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The single colony cultures of the spreading variants were then tested for their 

ability to oxidize both ferrous iron and elemental sulfur. Variant cell lines having these 

abilities were considered as the colony morphological variants strains of A. ferrooxidans. 

Four strains viz. DKlSl, GBVIS2, CMOSl , and CMIS2 were finally selected for further 

study. They were maintained in the thiosulfate agar slants with bi-weekly sub-culturing. 

These strains formed the rusty-red colonies on ferrous iron agar plate which were 

indistinguishable from those of the wild type colonies. 
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Fig 4.1: Increase in the emergence of number of colony morphology 
variants in thiosulfate agar plates. Error bars represent the standard 
deviation in replicate samples (n =3). 

5.3.2 Reversion of the colony morphology variants to the wild type 

The cells of the spreading variants of Acidithiobacillus ferrooxidans from 

thiosulfate agar plates were transferred to elemental sulfur medium. After the incubation of 

14 days under non-shaking condition the cells were harvested and transferred to ferrous 

iron liquid medium. After the growth in ferrous iron medium, the cells were again 
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transferred to elemental sulfur medium. The cells were allowed to reach the stationary 

phase before being harvested for plating assay. The same amount of diluted cells were 

plated in both ferrous iron double layered agar plates and the thiosulfate double layered 

agar plates to enumerate the frequency reversion of colony morphology variants. 

The results suggested that the colony morphology variants were specific to the 

thiosulfate agar plates only and reversion to the wild type takes place at greater frequency 

when grown in ferrous iron medium. However there was no significant difference in the 

frequency of emergence of colony morphology variants when they were grown in the 

elemental sulfur medium before the plating was done. Therefore while characterizing the 

colony morphology strains all the experiments were conducted with cells taken from the 

elemental sulfur medium excluding iron-grown cells. 

5.3.3 Growth of spreading variants on thiosulfate agar medium 

Spreading growth of CMV s was determined by measuring the increase in diameter 

of the colonies with time in thiosulfate agar medium. Peripheral cells of the growing 

colonies of CMV s in thiosulfate agar were picked up by the tip of sterile toothpicks and 

transferred to a central point in a fresh thiosulfate agar plate. Spreading of the colonies 

from the point of seeding was observed from the 3rd day in case of DKISI and GBVIS2 

whereas in case of CMOS I and CMIS2 it began on the 6th and lOth day respectively. The 

maximum rate of increase in colony diameter was 0.69~-trnlmin in the thiosulfate plate 

(Table 4.1 ). The diameter of colonies appeared to be affected by the concentration of agar 

present in the medium Lower concentration of agar promoted the better increase in the 

diameter of the colonies (Table 4.2). The logical explanation for this is that the plates 

containing higher concentration of agar tend to dry out more quickly than those containing 

lower concentration which provides more solid-liquid interface, therefore giving lesser 

resistance to out-migrating cells of the colonies to spread out in the plates. By varying the 

agar concentration in the substrate, the colony expansion dynamics were significantly 

altered. It was hence suggested that the concentration of agar also plays an important role 

in the production of the spreading colonies. 



Table 4.1: Increase in the average diameter of the colonies of different 
strains of A. ferrooxidans in the thiosulfate agar plates with the increase in 
the number of days of incubation. 
Number of days Diameter of colonies of different strains (mm) 

of Incubation DKlSl GBVIS2 CMOSl CMIS2 

3 3 3 
6 4 5 5 
7 5 6 5 
10 7 8 8 6 
12 9 9 11 9 
13 9 10 11 10 
14 10 10 12 11 
20 10 10 13 14 

Table 4.2: Increment in the average diameter of the colonies of spreading 
variants in the thiosulfate agar plates containing different concentrations of 
agar. 

No. of days Average diameter of the colonies at different 
Strains of concentrations of agar (mm) 

incubation 0.6% 0.8 % 1.0 % 1.2% 
5 7 6 6 4 

DKlSl 9 9.5 7.7 7.5 6 
12 12.5 8.8 8.5 7 
5 6.3 5.4 4.0 2.3 
9 8 ~ . 4.2 3 -.~.1 

GBVIS2 

12 9.3 7.3 5 3.8 
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5.3.4 Microscopic observation of spreading variant growing in slide 

chamber 

Colony growth of spreading variant was observed on bromophenol blue containing 

thiosulfate agar prepared on a microscope cover slip and sealed in a slide chamber. The 

colony was found to grow irregularly as several extensions. The movement of cells was 

recorded as discontinuous, short abrupt motion accompanied by the change in direction. 

The directional change did not show any regular relations to the axis of the cell. 
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5.3.4 Determination of generation time of spreading variants in 

elemental sulfur medium 

Generation times for the strains DKl and GBVI along with their respective 

morphological variants were determined and compared by growing them in the elemental 

sulfur medium. It was found that the generation time of these variants were comparable 

with their wild counterpart, only to have been faster by few minutes (Fig 4.2). The 

generation time (g) was calculated by using the formula g = 1/k where k =nit [n= (log Nc 

logNo)/log 2; Nt =Number of cells at time 't ' and No= Initial number of cells). Generation 

time of DKl and GBVI was found to be 7.56h and 5.1lh respectively while that of their 

respective variants DKlS 1 and GBVIS2 was found to be 7.23h and 4.99h respectively. 

However the generation time of CMV s and their wild counterparts in ferrous iron medium 

did not vary and remained unchanged. 
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Fig 4.2.Growth curves of wild and colony morphology variant 
strains of A. ferrooxidans . DKl and GBVI are wild type variants. 
DKlSl and GBVIS2 are the morphology variants derived from 
them respectively. 
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5.3.5 Comparative study of physiology of wild and morphological 

variants of A. ferrooxidans 

5.3.5.1 Ferrous Iron Oxidation 

20 ml of 9K medium in 100 ml Erlenmeyer flasks were inoculated with an average 

of 109 cells and incubated at 28°C. Small aliquot of the sample solution was taken at 

regular intervals of time and the amount of ferrous iron content was determined by 1 ,10-

phenanthroline method. Ability to oxidize ferrous iron by four strains DK1 , CMO II, 

DK1S1 and CMOSl was determined by calculating the amount of ferrous iron content 

decreased per unit time and their rate of oxidation was compared. No significant difference 

in the rate of ferrous iron oxidation was observed among the strains tested (Fig 4.3). 
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Fig 4.3: Rate of ferrous iron oxidation of different strains of A. 
ferrooxidans . DKl and CMO IT are wild type whereas DK1S1 and 
CMOS 1 are their respective morphology variants. 
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5.3.5.2 Elemental sulfur oxidation 

The rate of oxidation of elemental sulfur was determined indirectly by measuring 

the rate of oxygen consumption. Rate of oxygen consumption was measured by oxygen 

electrodes. Four strains DKl, DKlSl, CMI I and CMIS2 were grown in 50 rn1 of 

elemental sulfur medium in 250 rn1 Erlenmeyer flasks to determine the rate of sulfur 

oxidation. Rate of sulfur oxidation was found to be higher in case of the spreading variants 

as compared to the wild strains (Fig 4.4). 

Fig 4.4: Rate of oxygen consumption in presence of elemental sulfur 
by washed intact S0-grown cells of A. ferrooxidans 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 ll contained all the 
components except the substrate. DKl and CMI I are the wild type 
strains and DKlS 1 and CMIS2 are morphology variants of A. 
ferrooxidans. 
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5.3.5.3 Rate of oxidation of tetrathionate 

The same four strains were used to compare the rate of tetrathionate oxidation. The 

rate of oxygen consumption was found to be much lower as compared to that obtained 

during the oxidation of elemental sulfur, ranging around 17 nmole mg-1 cell protein min·' . 

However strains did not exhibit any significant difference in their rate of oxygen 

consumption (Fig 4.5). 

Fig 4.5 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 !!mole ~-alanine-H2S04 buffer (pH 3.0)> Intact cells 
equivalent to 300 !lg protein, and 100 !!mole of tetrathiobnate. 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. DKl and CMI I are the wild type strains and DKlSl and CMIS2 
are morphology variants of A. ferrooxidans. 

5.3.5.4 Rate of thiosulfate consumption 

The rate of thiosulfate consumption was determined by titrimetric method as 

described in Chapter 2 using KI03 standard solution. Four strains of A. ferrooxidans DKl, 

DKlSl , GB VI and GBVIS2 were used. A known volume of the sample was taken at 
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regular interval of time and the concentration of thiosulfate in the medium was determined 

by titrating it with the solution of known concentration of KI03. The rate of decrease in the 

concentration of thiosulfate by the strains was determined and compared. The result 

showed that the spreading variants consumed thiosulfate faster than their wild counterparts 

(Fig 4.6). 
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Fig 4.6: Rate of thiosulfate oxidation of different strains of 
A. ferrooxidans grown in the thiosulfate medium. DKl and 
GB VI are the wild type strains and DKlS 1 and GBVIS2 are 
their respective morphology variants. 

5.3.5.5 Rate of pyrite leaching 

A measure of the amount of leached out copper from the chalcopyrite was made. 

Copper was measured by titrimetric method using standard solution of Na2S20 3 as 

described in Chapter 1. The experiment was performed using two wild (DKl and CMO II) 

and their respective colony morphology variant strains (DKlS 1 and CMOS 1 respectively). 

A known volume of the pyrite leachate was taken as the samples at regular interval of time 

and the amount of copper present in the leachate was determined. The pyrite solution 
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without inoculum was taken as a negative control. The result showed that the rate of 

copper leached by CMVs was found to be higher than their wild counterparts (Fig 4.7). 

The amount of copper in the leachate of the control sample also increased by the process 

of chemical oxidation of pyrite but the amount of copper that was leached out in presence 

of bacteria was many fold higher. 
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Fig 4.7: The rate of copper leaching from pyrite medium by 
wild strains and morphology variants of A. ferrooxidans. 
DKI and CMO II are the wild type strains and DKISI and 
CMO S 1 are their respective morphology variants. 

5.4 DISCUSSION 

Isolation and characterization of four different spreading variant or CMVs (DKIS I, 

GBVIS2, CMOSI , and CMIS2) of Acidithiobacillus ferrooxidans strains (DKl, GBVI, 

CMO II and CMI I) isolated from Garunathan have been described. All the strains 

demonstrated chemolithoautotrophic growth on ferrous iron, elemental sulfur and reduced 

sulfur compounds. Though their colony morphology was indistinguishable from the wild 

type of strains in ferrous iron agar plates, but CMV s showed a unique spreading 

morphology on thiosulfate agar plate. It was also demonstrated that these colony 
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morphology variants often reverted back to the wild type when grown in ferrous iron 

medium. It was observed that thiosulfate agar plate itself prevented wild type cells to form 

colonies but selectively favoured the colonization of spreading variants. The more 

plausible explanations on their differences as inferred by the author are given below. 

The cells of spreading variants were found to be extremely motile as observed 

under phase contrast microscope in the hanging drop preparation. In elemental sulfur 

medium the generation time for the CMV s were found to be shorter than their respective 

wild type strains. There was marked differences between the wild and colony morphology 

variants with respect to the rate of oxidation of elemental sulfur, thiosulfate, 

and copper leaching activity, however no significant difference was found as far as the rate 

of oxidation of ferrous iron was concerned. DKlS 1 showed the highest rate of oxidation of 

elemental sulfur and tetrathionate while GBVIS2 showed highest rate of oxidation of 

thiosulfate. Compared to these colony morphology variants wild type cells showed much 

lower rate of oxidation of reduced sulfur compounds. Above all the variants had higher 

rate of pyrite leaching. 

Schrader and Holmes ( 1988) reported large spreading colony (LSC) of ATCC 

19859 on 0.5% agarose media containing thiosulfate and ferrous iron. However the 

spreading variants of this study showed a marked contrast in their biochemical properties 

with that of LSC variants reported by Schrader and Holmes ( 1988). The spreading variants 

of the present study could oxidize ferrous iron with equal efficiency as compared to their 

wild type parents unlike LSCs which lost the ability to oxidize ferrous iron. The 

phenotypic differences between the wild and spreading variants were distinct in terms of 

their ability to manifest as colonies on thiosulfate agar plate, their ability to oxidize 

elemental sulfur, reduced sulfur compounds and the pyrite leaching. The marked 

physiological variations were found to be stable and heritable indicating a genetic basis. In 

fact changes in the distribution of repetitive elements have been reported in case of colony 

morphology variants (Chakraborty et al., 2002) showing that genomic rearrangement is 

associated with colony morphology variants. 

The colonies on thiosulfate plates showed a two-dimensional rather than three

dimensional topography. It appeared that the cells separated and moved away from one 

another as soon as they divide. Therefore, while almost 100% of the wild cells growing in 

sulfur liquid medium were able to form colonies in ferrous iron double layered plates only 
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27% of them were able to form colonies in thiosulfate plates. Moreover, unlike the 

classical manifestation of mutant colonies at a time on selective plates the colonies of 

morphology variant did not emerge at the same time. Initially, only a few colonies of 

morphology variants emerged in the plates, followed by the increase in number with 

increased time of incubation (Fig 4.2). It could be possible that the cells plated on 

thiosulfate-agar experiences a unique sub-lethal physiological stress and had to undergo 

some kind of adaptation prior to forming colonies in thiosulfate agar medium. The rate or 

frequency at which the wild type cells are converted to variants is much higher (by several 

orders) than that can be caused by spontaneous mutations, and therefore can be interpreted 

as induced or adaptive mutation. In fact only a small percentage of cells plated were able 

to colonize on thiosulfate agar plates. Because the medium contained thiosulfate the 

advantage that were rendered by the heterotrophs in cleaning off the toxigenic effect was 

inhibited, hence, it was compulsive for the A. ferrooxidans to undergo change to effect 

colonization. The rate of phenotypic switching in this case is several orders higher than 

expected in spontaneous mutation. This suggested that the cells while growing in 

thiosulfate agar plates encounter with some kind of unknown stress which induces them to 

switch over to as spreading type to minimize/escape/avoid the onslaught of toxicity due to 

acid hydrolyzed organic products released from agar. 

Thus it may be interpreted that the colony morphology variants are undoubtedly the 

mutants produced as a consequence of imposition of some kind of sub-lethal stress 

(environmental or physicochemical). Since 1988 some startling results were published 

which suggested that under some circumstances Escherichia coli cells are able to mutate in 

a directed way that enables cells to survive under the environmental stress condition 

(Cairns et al., 1988). There is a puzzle about the possibility of the cells to utilize mutations 

in a positive fashion, either by increasing the rate at which mutations appear in their 

genomes, or by directing mutations towards specific genes. Both types of events might 

occur, at first glance, to go against the accepted wisdom that mutations occur randomly 

but, hyper-mutation and programmed mutations are possible without contravening this 

dogma. Hyper-mutation occurs when a cell allows the rate at which mutations occur in its 

genome to increase. An apparent increase in mutation rate arising from modifications of 

the normal DNA repair process does not contradict the dogma regarding the randomness of 

mutations. However, problems have arisen with reports, dating back to 1988 (Cairns et al., 

1988), which suggested that E. coli is able to direct mutations towards genes whose 
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mutations would be advantageous under he environmental conditions that the bacterium is 

encountering. The original experiments involved a strain of E. coli that has a nonsense 

mutation in the lactose operon, inactivating the protein needed for the utilization of lactose. 

The bacteria were spread on an agar medium in which the only carbon source was lactose. 

This meant that a cell could grow and divide only if a second mutation occurred in the 

lactose operon, reversing the effect of the nonsense mutation and therefore allowing the 

lactose enzymes to be synthesized. Mutations with this effect appeared to occur 

significantly more frequently than expected, and at a rate that was greater than mutations 

in other parts of the genomes of these E. coli cells. These experiments suggested that 

bacteria can program mutations according to the selective pressures that they are placed 

under. In other words environment can directly affect the phenotype of the organisms, as 

suggested by Lamarck, rather than operating through the random processes postulated by 

Darwin. With such radical implications, it is not surprising that the experiments have been 

debated at length, with numerous attempts to discover flaws in their design or offer 

alternative explanations for the results. Variations of the original experimental system have 

suggested that the results are authentic, and similar events in other bacteria have been 

described. Models based on gene amplification rather than selective mutation are being 

tested (Anderson et al., 1998), and attention has also been directed at the possible rates of 

recombination events such as transposition of insertion sequence elements in the 

generation of programmed mutations (Foster, 1999). 

The presence of organic compounds in the solid medium resulting from the acid 

hydrolysis of agar may be one of the stresses that can influence the cells to produce colony 

morphology variants. Since thiosulfate is an energy substrate of A. ferrooxidans, it cannot 

in any way be . responsible for a stressed condition that can lead to the production of 

mutants. However, the acidic pH of the medium and further acidification due to oxidation 

of thiosulfate to sulfuric acid (S02
-) can lead to the production of some organic hydrolyzed 

products of agar that has been shown to inhibit the growth of A. ferrooxidans. In chapter 3 

the presence of acidophilic heterotrophs have been found to relieve this inhibition. On the 

other hand as illustrated in the same chapter, it has also been shown that thiosulfate is toxic 

to the acidophilic heterotrophs that remain associated with A. ferrooxidans. Therefore 

unlike in ferrous iron double layered agar plates, in thiosulfate double layered agar plates 

no differences in the rate of emergence as well as in the size of colony in single and double 

layered thiosulfate agar plates were obtained. The heterotrophs, that often occur as co-
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habitant with the autotroph in the culture media, which could help the autotrophs to 

colonize in the agar surface by scavenging the organic substances, cannot survive in the 

thiosulfate medium. In presence of thiosulfate inseparable heterotrophs are inhibited hence 

the toxic organic compounds remain largely unutilized leaving an assault affecting the 

survivability of A. ferrooxidans cells. Thus, thiosulfate agar medium (not the broth) may 

actually be unfavorable for the obligate autotroph A. ferrooxidans, and some burst of 

change in gene expression affecting the phenotype becomes desirable to cope with the 

unfavorable environmental condition. In addition to this, the accumulation of metabolic 

waste product of A. ferrooxidans released during the growth of the cells also tends to make 

the environment unfavorable. It was observed that the cells of the central region of the 

spreading colonies did not proliferate when transferred to the fresh plate. Due to increase 

in cell number of a colony, the load of metabolic waste products in the growing areas goes 

beyond the tolerable limit. In case of ferrous iron agar medium these organic waste 

products are scavenged by the associated heterotroph that co-habit with the autotroph and 

safely build the multilayered colonies of non spreading nature. However, in thiosulfate 

agar medium the organic toxic effect is averted by deliberate attempts of the dividing cells 

to out-migrate by sensing the gradient positively towards energy substrate (i.e. thiosulfate) 

and negatively away from the density of the toxic organicals. These postulations have been 

further strengthened by the fact that the variant cells in thiosulfate agar medium displayed 

unusual motility. Spreading appears to be a plausible strategy for maximizing biomass 

production and substrate utilization. It was hypothesized that rapidly expanding colonies 

exhaust the nutrients under them and that nutrients cannot diffuse into the colony center 

because they are consumed by the peripheral population. However, our present knowledge 

of spreading behavior is insufficient to determine whether biomass maximization is 

actually the goal of spreading behavior or merely a secondary consequence of a growth 

mode that evolved for other reasons. 

The characters of morphological variants was found to be stable and heritable as 

long as they were grown in the thiosulfate medium showing that the character is genome 

based. Therefore it was assumed that there must be some kind of genomic rearrangements 

within the genome of A. ferrooxidans that has led to the emergence of colony morphology 

variants. Basically under stressful sub-lethal condition the genomic rearrangements have 

been found to be initiated by the mobile DNA elements called Insertion Sequence (IS) 

elements (Naas et al., 1994). Moreover IS-mediated genomic rearrangements have been 
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found to be related with the colony morphology variants in A. ferrooxidans (Chakraborty 

et. al., 2002; Schrader and Holmes, 1988). More detailed exploration at the molecular level 

has been discussed in the next chapter. 

5.5 CONCLUSION 

1. Thiosulfate agar medium did not allow normal colony development of the wild 

type A. ferrooxidans cells but selectively allowed the development of spreading 

variants. These variants were referred to as Colony Morphology Variants (CMVs). 

2. The colony morphology variants in pure culture were found to have shorter 

generation time in elemental sulfur media when compared with their respective 

wild type parent strains. The variants were found to differ from the wild type 

strains in several respects: a) they were found to be unusually motile than the wild 

type cells in the thiosulfate agar medium, b) they had comparatively higher rate of 

oxidation of thiosulfate, tetrathionate and elemental sulfur (however, no significant 

difference was found regarding the rate of iron oxidation), c) they were more 

efficient in leaching copper from chalcopyrite ore sample. 

3. About 27% of the wild type cells switched to an alternative spreading colony 

morphology in thiosulfate agar medium and the number of the colonies that 

emerged in thiosulfate medium increased with the time of incubation suggesting 

the possibility of adaptive mutation. 
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6.1 INTRODUCTION: 

Insertion sequence (IS) elements are small ( <2.5kb ), phenotypically cryptic 

segment of DNA with a simple genetic organization being capable of insertion on multiple 

sites in a target molecule (Mahillon and Chandler, 1998). They were initially identified as 

moving agents present in the plasmids that are capable of generating mutations as a result 

of their translocation. They often remain in cluster forming "islands" that promote the 

integration and excision of plasmid (Bukhari et al., 1977). Very often two copies of certain 

ISs flanking a DNA segment are able to act in concert, rendering the intervening region 

mobile, being referred to as composite of compound transposons (Berg and Howe, 1989). 

Over 500 different ISs have been identified till date. They can have pronounced 

and spectacular effects in shaping and reshuffling of the bacterial genome. Recent studies 

have shown such IS activity, which include the massive IS expansion during the 

emergence of some pathogenic bacterial species and the intimate involvement of ISs in 

assembling genes into complex plasmid structures. However, a global understanding of 

their impact on bacterial genomes requires detailed investigation and knowledge of their 

distribution across the eubacterial and archaeal kingdoms, understanding their partition 

between chromosomes and extra-chromosomal elements (e.g. plasmids and viruses), the 

factors which influence this, and appreciation of the different transposition mechanisms in 

action, the target preferences and the host factors that influence transposition. In addition, 

defective (non-autonomous) elements, which can be complemented by related active 

elements in the same cell, that also contribute to the evolution of genome organization are 

often overlooked in genome annotations (Siguier et al., 2006). 

6.1.1 Structure of Insertion Sequence 

Organization 

Structurally IS elements are small and compact DNA segments containing no other 

genes than those involved in their mobility. These include the active DNA sequences that 

define the ends of the element together with an enzyme, transposase (Tpase ), which 

renders them the ability to move from one location to another. The Tpase is generally 

encoded by one or perhaps two open reading frames (ORFs) and covers nearly the entire 

length of the element. 
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Terminal inverted repeats 

In the majority of the IS elements the sequence is terminated with a short terminal 

inverted repeat sequences (IR) between 10 and 40 bp. The IRs can be divided into two 

functional domains viz. (i) the one which is positioned within IR and is involved in Tpase 

binding and (ii) the terminal 2 or 3 bp which is involved in the cleavages and strand 

transfer reaction leading to transposition of the element (Derbyshire et al., 1990; Makris et 

al., 1988; Zerbib et al., 1990). Beside these, indigenous promoters are often located 

partially within the IR sequence upstream of the Tpase gene, called IRL which may 

provide a mechanism for autoregulation of Tpase synthesis by Tpase binding. 

Direct target repeats 

Another typical feature of IS element is the presence of a short directly repeated 

sequences (DRs) at the flanking regions of the IS. Generation of staggered cuts at the 

target site actually leads to the generation of such DRs. The length of DRs ranges between 

2 and 14 bp, their lengths being characteristics for a particular element. However 

sometimes there may be a total lack of the DRs because of the homologous inter-or 

intramolecular recombination between two IS elements, each with a different DR (Galas 

and Chandler, 1989; Turlan and Chandler, 1995). 

6.1.2 Influence of IS element in the expression of neighboring genes 

Certain IS elements have also been found that have deleterious effect on the 

expression of adjacent gene(s). When spontaneous Gal- mutations in gal operon of 

Escherichia coli K12 were examined, many were found to arise through the insertion of 

extra DNA into the bacterial genome (Starlinger and Saedler, 1976; Starlinger, 1980). 

When these insertions were examined, it was found that the same sequence occurred time 

and again in independent isolates which were recA mutants. In other words the same DNA 

sequence was repeated several times in the genome. Here, normal homologous 

recombination was ruled out as there is the absence of recA enzyme. Evolution of Gal

mutants was due to the disruption of the open reading frame of gal due to IS element that 

became incorporated within the gene. IS elements were found to be inserted into a gene in 

either of the two possible orientations. IS insertion into the gal operon, giving Gal

phenotype, are often very much polar (degree of polarity more than classical chain 
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termination mutations in the same region) (Jordan et al., 1967). At least in case of ISJ (in 

both orientations) and IS2 (in orientation 1), the polarity is due to rho-dependent 

transcriptional termination signals in the insertion elements (Besemer and Herpers, 1977). 

Gal+ phenotype can be restored by internal deletion of ISJ that removes the transcriptional 

termination site. 

Many IS elements, however, have been found to activate the expression of 

neighboring genes. It has been shown that some IS elements such as ISJ, IS2 etc. possess 

outwardly directed -35 promoter hexamer located in the terminal IRs. Therefore when it is 

placed at a correct distance from a resident -10 hexamer by transposition, new promoters 

capable of driving the expression of neighboring genes can be created (Galas and 

Chandler, 1989). In addition several inwardly directed -10 hexamers have also been 

detected in certain IRs. Therefore when two ends of such elements are juxtaposed in 

tandem, a combination of the -10 with a -35 hexamer resident in the neighboring right end 

can lead to the generation of a relatively strong promoter (Reimmann et al., 1989). When 

either of ISJ (in both orientations) or IS2 (in orientation I) of E. coli K-12 is integrated it 

has been found to reduce the expression of operon. However when IS2 is integrated in 

orientation II it influences the genes lying downstream to express constitutively at a level 

three times higher than normal (Nevers and Saedler, 1977). This has been shown to be due 

to the generation of a strong promoter which can act as the transcription initiation point for 

the downstream gene. This promoter, however, may have other consequences when IS2 is 

integrated in orientation I, when transcription from the IS2 promoter may run head on into 

an RNA polymerase coming from the existing promoter of the operon, thus contributing to 

the inhibitory effect of IS2 in orientation I. The two antipodal effects of IS2 suggests that it 

can act as a simple switch (Saedler et al., 1974). On the other hand when lSI is integrated 

it promotes deletion of the neighbouring DNA sequences at high frequency ( 1 o·4) leaving 

ISJ intact (Reif and Saedler, 1975; Peterson et al., 1975). 

Insertion elements have also been found to be responsible for the 'replicon fusion' 

whereby two different plasmids containing IS elements present in the same host may fuse 

together which is independent of the host recombination system, occurring also in recA 

mutants (Ohtsubo et al., 1980). It has been found that only the terminal repeats of IS 

elements and not the gene in between are required for the transposition. In case of ISJ any 

gene could be mobilized to a new transposon by enclosing it between two copies of JSJ 

(Calos and Miller, 1980; Rosner and Guyer, 1980). 
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Insertion sequences which are generally present in multiple copies in a genome can 

also serve as the regions of homology for the host's recombination system (Saedler and 

Hei~, 1973). The best known example is the integration ofF plasmid into the E. coli 

chromosome to give rise to Hfr strains. This recombination between plasmid and the 

chromosome seems to be due to the presence of several copies of insertion sequences in 

the plasmid and in the chromosome that results into the homologous recombination 

(Davison et al., 1975). However unlike other IS mediated recombination this 

recombination has been found to be recA dependent (Cullum and Broda, 1979). On the 

other hand when a gene is flanked by two copies of insertion sequence in the same 

orientation, an unequal crossing-over between sister copies of this region can result in 

tandem duplications of the gene, a process called amplification (Rownd et al., 1978; 

Schneider et al., 2000). On the other hand IS elements can also promote deletion of the 

DNA sequence but at a lower frequency (Farabaugh et al., 1978).However it must be 

realized that the IS-mediated genome rearrangement is dependent on the selection system 

used. 

6.1.3 Role of IS element in evolution of bacteria 

It is impossible to predict the outcome of evolution because of the two variables, 

the environmental condition and the genotype of an organism (de Visser et al., 2004). 

However the use of microorganism, because of their rapid generation, large population, 

ease of experimental control, and wealth of genetic and physiological information, in 

evolution experiments have offered a promising approach for the empirical exploration of 

the evolutionary role of these variables (Elena and Lenski, 2003). The information 

regarding the changes in the phenotypes due to change in the environmental condition can 

be obtained from these microorganisms (Imhof and Schlotterer, 2001; Rozen et al., 2002; 

Orr, 2003). These rare mutations are the ones that actually direct the evolution. The 

identification of these mutations that are beneficial to the organism, at the molecular level . 

would throw some lights in understanding of the evolution (Rainey et al., 2000; Travisano, 

2001; Otto, 2002). 

Insertion elements in bacterial genome can play a pivotal role in the spontaneous 

mutation (de Visser et al., 2004). Because of their ability of insertion into the coding 

region of the gene they can lead to the disruption of a gene or may increase the expression 

if the element is carrying a promoter that can promote the adjacent gene (Schneider and 
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Lenski, 2004). These IS elements have been shown to play an important role in the host 

adaptation to the changes in the environment (Wery et al., 2002; Bongers et al., 2003). 

Additionally recombination between two homologous IS elements can generate 

chromosomal inversions or deletions (Schneider et al., 2000) contributing significantly to 

spontaneous mutation in bacteria (Hall, 1999, Kitamara et al., 1995). 

From an evolutionary perspective two hypotheses have been proposed to explain as 

to how IS elements persist in genomes. i) IS elements are genome parasites that, on 

balance, harm their host, primarily by the increased rate of deleterious mutations that they 

cause. However they are maintained by replicative transposition to additional genomic 

structures like plasmids, along with the horizontal transfer into other lineages 

(Charlesworth et al., 1994). ii) IS elements also generate occasional beneficial mutations 

and are important for the adaptive evolution of their hosts, and are maintained by selection 

for some useful mutations that they produce sometimes (Blot, 1994). Several evolution 

experiments have substantiated the effects in the phenotypes of the bacteria brought about 

by IS-mediation. 

In the longest-running evolution experiment that involved 12 populations of E. coli 

B, whose populations were propagated for more than 20,000 generations by daily transfer 

in minimal medium supplemented with glucose, showed the competitive fitness of the 

bacteria to be increased by 70% as shown by their ancestor. Molecular characterization 

revealed that all the essential mutations detected were IS-mediated events, which involved 

insertions, deletions and inversions (Cooper and Lenski, 2000, Lenski, 2004, Lenski et al., 

1991). Another experiment utilized restriction fragment length polymorphism (RFLP) 

analyses using IS element probe in E. coli which had been stored in a stab for 30 years. 

Substantia! genetic diversity was revealed in this experiment: among the 118 clones 

analyzed, 68 different hybridization patterns were detected, and it was suggested that IS 

elements are important sources of genetic instability in the stab-culture conditions (Naas et 

al., 1994). It was also shown that the rate of IS-mediated genetic change is faster during 

starvation than during normal growth of the organism. Therefore, IS elements provide a 

useful marker for the determination of intra-strain polymorphisms and to quantify genome 

evolution (Papadopoulos et al., 1999). IS-mediated changes in the genome of E. coli have 

also been found in the population grown for a prolonged period in the stationary phase in 

Luria Bertani medium. The survivors were found to have acquired mutations that 

conferred increased fitness during the stationary phase (Finkel and Kolter, 1999). The 

$$4 



. I . J. 

----------------·-·~ 

125 

above findings led to the discovery of a novel mechanism of evolution (Zinser et al., 

2003). It is interesting to note the suggestions of some workers who believed that the effect 

of stress such as starvation, increased oxygen levels, or any adverse condition activate IS 

elements (Naas et al., 1994; Mahillon and Chandler, 1998; Hall, 1999) thereby helping 

their host to adapt to these adverse conditions. Thus, IS elements can even be viewed as 

adaptive mutator genes, that mediate mutations at increased rates (Chao et al., 1983; 

Moxon et al., 1994; Cooper et al., 2001). 

6.1.4 Insertion Sequences in A ferrooxidans genome 

The total genome sequence for Acidithiobacillus ferrooxidans type strain ATCC 

23270 and A. ferrooxidans ATCC 53993 have recently been completed at TIGR (The 

Institute for Genomic Research now called J. Craig Venter Institute) and at US DOE Joint 

Genome Institute respectively. The size of the genome has been determined to be 3.0 Mbp 

and 2.9 Mbp for A.ferrooxidans ATCC 23270 and ATCC 53993 strains respectively. They 

differ in their shape, while the former is rod in shape the latter shows a spiral shape 

(Valdes et al., 2008). 

Forty one IS elements have been identified of which thirty one have been classified 

as belonging to nine families according to the scheme proposed by Mahillona and 

Chandler (Siguier et al., 2006). In A. ferrooxidans ATCC 23270 the largest group of A. 

ferrooxidans IS elements are ISAfe3 and ISAfe4 which belong to the ISllO and IS3 

families respectively. In the bacterial genome they remain in 8 and 3 copies respectively. 

However all IS elements are not found in all the strains of A ferrooxidans e.g. ISAfel 

which is associated with phenotypic switching in A. ferrooxidans (Holmes et al., 2001) 

was not detected in the type strain A. ferrooxidans 23270 (V aides et al.,2008). 

Earlier, Yates and Holmes ( 1987) discovered two families of repeated sequences of 

1.3 and 1.4 kb in sizes that were repeated 20 to 30 times per chromosome covering 

approximately 6% of the chromosome. One of the representatives of the family, IS12, was 

sequenced and found to be 1408 bp long. It contained two imperfectly conserved, 25 bp 

inverted repeats at either end of the IS element and two 9 bp target site duplications 

immediately adjacent to the inverted repeats and three ORFs, the same feature that were 

used to identify IS elements in Shigella sonnei, E. coli and Halobacterium volcanii (Yates 

et al., 1988). It·was also reported that IST2 does not have rigid target-site specificity and 
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therefore can move to any place of the genome and its transposition does not involve 

recombination (Cadiz et al., 1994). Another repeated element ISTJ (now ISAfe1) about 1.3 

kb in size was found to contain 26 bp imperfectly paired inverted repeats similar to the 

ISL3 family and 5 bp target duplications and an ORF that potentially codes for the 

transposase gene along with -35 and -10 region which are separated by 18bp space. Out of 

the six tested four of the target sites showed strong preference to AT -rich region for ISAfe 1 

(Zhao and Holmes, 1997; Holmes et al., 2001). It has been suggested that the number of 

copies of ISAfel in the genome is low compared to other IS elements. Southern 

hybridization experiments using IST2 and ISTJ probes, showed different DNA banding in 

different strains of A. ferrooxidans after several generation of propagation. However there 

was high consistency as far as the distribution of ISAfe 1 is concerned (Holmes et al., 

2001). In 1997 Chakraborty et al., discovered another repeated element from A. 

ferrooxidans viz. IST445 in addition to IST2 which was distributed within the A. 

ferrooxidans genome at a frequency of 10 to 20 copies. IST445 was found to be 1219 bp 

long containing 8 bp terminal repeats which could be further extended to 23 or 48 bp with 

9 and 26 mismatches respectively and three ORFs along with the promoter and sequence 

typical of the Shine-Dalgarno sequence. The promoter of the sequence was found to lie 

within the left inverted repeats. The DNA sequence of IST445 was found to show a 

significant homology with ISAEJ of Alcaligenes eutrophus. They also found that the 

distribution of these elements were different in different strains substantiating the view that 

they are also mobile within the A. ferrooxidans genome (Chakraborty et al., 2002). 

Changes in the distribution of IS-elements can be related with the changes in the 

phenotype of A. ferrooxidans. Schrader and Holmes (1988) found the large, spreading, 

highly motile colonies in the medium containing thiosulfate and ferrous iron which lacked 

the ability to oxidize iron but retained the capacity to oxidize thiosulfate or tetrathionate. 

They suggested that the specific changes in the position of the mobile elements were 

associated with the formation of the large-colony variant. Beside that, it was also observed 

that in the wild type revertants specific changes in IS elements distribution returned to 

wild-type patterns suggesting its role in the phenotypic switching (Holmes and Haq 1989). 

In 2001 Holmes et al., found that the phenotypic switching is correlated with the high 

frequency insertion and excision of ISAfel into and out of the resB gene which encodes a 

cytochrome c-type maturation protein. They proposed that insertion of ISAfel into resB 

gene inactivated the capacity of ResB to satisfactorily mature a c-type cytochrome 
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resulting into the loss of the ability to oxidize iron but not sulfur (Cabrejos et al., 1999). 

Chakraborty et al. (2002) also found large spreading variants which were unlike Schrader 

and Holmes (1988)aM were found to be able to oxidize reduced sulfur compounds as well 

as ferrous iron. This showed that loss of the ability to oxidize ferrous iron can not be the 

only reason for the generation of large-spreading variants. 

The present work tries to explore the genes that might have been affected by the 

movement of the IS element using a novel methodology and PCR technology. A novel 

PCR-based strategy has been employed to look into altered distribution, caused by a single 

event of excision or insertion of the IS elements, in the genome of the mutants. The 

intervening DNA sequence(s) between two successive pre-existing IS elements (Inter-IS 

DNA sequence) in the genome could be successfully amplified by using combination of 

outwardly directed primers designed from the termini of IST2 and IST445 (Fig 5.1). 

Comparing the pattern of inter-IS amplicons of the wild and the mutant strains to identify 

the polymorphic bands enables to document an insertion or excision event of the IS. These 

primers were used in various combinations so as to get different banding profiles of 

flanked genomic DNA regions. Under the circumstance of already preoccupied/apparently 

fixed location of insertion sequences in a given genome of A. ferrooxidans, the 

amplification of DNA regions between two nearby IS elements (subject to the ability of 

the Taq polymerase to amplify IS flanked DNA regions of varied lengths, aborting many 

of the inter IS regions of relatively larger fragment, under a given PCR condition), could 

be amplified. 

If under a compelling environmental condition the mobility of an IS element causes 

a beneficial mutation to allow certain cells to out compete others in forming colonies, 

genomic DNA of mutant cell lines is supposed to manifest certain changes in the location 

of IS elements keeping others in the same genomic location identical to the wild type. On 

comparing the amplicon profile of inter-IS DNA regions of the mutant with the mother 

strain one may expect appearance of new band(s) or disappearance of band(s) due to fresh 

insertion(s) or deletion(s) of insertion element(s), in the vicinity of an already existing 

'lone' IS element (incapable of generating an amplicon under the existing PCR condition) 

to generate a new inter-IS region or a band that had suffered a deletion event of one of 

them or both. Whatever may be the case, the researcher will be in a state to locate 

polymorphic band(s). The sequence information from the polymorphic band would enable 

to locate the gene sequence(s) that has been affected by the mobility of the IS element. 
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6.2 MATERIALS AND METHODS 

6.2.1 Chromosomal DNA preparation 

Reagents: 

i) 0.15 (M) NaCl-0.1 (M) EDTA (pH 8.0) solution: 

ii) 3 (M) Na-acetate. 

iii) TE buffer: (lOX): 100mM Tris-Cl (pH 8.0) and lOmM EDTA (pH 8.0). 

iv) Proteinase K: 20mg/ml in sterile 50mM Tris-Cl (pH 8.0), 1.5 mM Ca-acetate; 

stored at -20°C. 

Procedure: 

Genomic DNA preparation was made following modification of Marrnur' s 

procedure (Marrnur, 1961) as described by Yates and Holmes (1987). Cells were grown in 

elemental sulfur medium up to late log phase and filtered through Whatman filter paper 

no.l to remove un-dissolved sulfur particles. Cells were harvested from 200 ml of the 

culture by centrifuging at 10000 rpm for 10 min at 4°C. The cell pellet was washed with 

distilled water and re-suspended in 2 ml of 0.15 M NaCl-0.1 M EDT A (pH 8.0) and the 

concentrated solution was frozen at -20°C for at least 4 hrs. The frozen cells were rapidly 

thawed at 55°C and lysozyme (1.5 mg/ml) was added. The mixture was then incubated at 

37°C for 15 min followed by the addition of SDS to the final concentration of 1% (w/v). 

The mixture was incubated at 55°C for 1 hour. Proteinase K was then added (5mg/ml) and 

the incubation was continued at 55°C until the solution became clear. The cell lysate was 

extracted with phenol, phenol:chloroform and then with chloroform at 4 oc. Finally the 

aqueous phase was collected in a beaker placed in ice. 1/10 volume of 3M Na-acetate and 

double volume of chilled ethanol was then added. The DNA was spooled with a sterile 

bent glass rod. The DNA obtained was air dried and suspended in TE buffer ( 10:1 ). 

6.2.2 Plasmid DNA preparation 

Plasmid DNA was obtained by alkaline lysis (Brinboim and Doly, 1979). 
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6.2.2.1 Minipreparation of plasmid DNA 

Reagents: 

i) Solution I: 25 mM Tris-HCl (pH 8.0), 50 mM EDT A, 1% glucose 

(w/v). 

ii) Solution II: 0.2 N NaOH, 1% SDS (w/v). 

iii) Solution III: 5M Acetic aid and 5 M K-acetate mixed in ration of 2:1. pH 

adjusted to 4.8 with either solution. 

*Solution I and Solution III were stored at 4°C. Solution II was freshly prepared. 

iv) Ethanol 

v) TE buffer 

vi) RNase A: lOmg/ml in 0.01 M Na-acetate. The solution was heated to l00°C 

for 15 minutes and allowed to cool slowly to room temperature. pH was then adjusted by 

adding 0.1 volume of 1M Tris-Cl (pH 7.4). The solution was stored at -20°C. 

Procedure: 

Cells were harvested in 1.5 ml microfuge tube by centrifugation at 8000 rpm for 5 

min at 4 °C. The bacterial pellet was made as dry as possible and suspended in 100 f.ll of 

ice-cold Solution I by vigorous vortexing followed by the addition of 200 f.ll of freshly 

prepared Solution II. 

The contents were mixed by inverting the tube rapidly for five times and stored in 

ice for 6 to 8 minutes. 

150 f.ll of ice-cold Solution III was added and mixed by inverting the tube several 

times. The mixture was then stored on ice for 3 to 5 minutes. 

The tube was centrifuged at 10000 rpm for 15 min at 4°C and the supernatant was 

transferred to a fresh tube. 
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An equal volume of phenol:chloroform was added and mixed by vortexing. The 

tube was then centrifuged at 10000 rpm for 2 minutes at 4°C. The aqueous phase of the 

mixture was transferred to a fresh tube. 

Plasmid DNA was recovered by precipitation by adding double volume of ethanol 

at room temperature. The solution was mixed by vortexing and allowed to stand for 2 

minutes at room temperature. 

The precipitated DNA was collected by centrifugation at 12000 rpm for 5 minutes 

at 4°C in a microfuge tube. The supernatant was removed by gentle aspiration and the tube 

was allowed to stand in an inverted position on a paper towel at room temperature to allow 

all the liquid to drain away. 

DNA was then dissolved m 50 ~-tl TE (10: 1) buffer containing DNase-free 

pancreatic RNase (20~-tg/ml) followed by incubation at 37°C for 1 hour. The solution was 

extracted with phenol, phenol:chloroform, chloroform and finally DNA was precipitated 

with ethanol. DNA pellet was washed with 70% ethanol, air dried and re-suspended in TE 

(10: 1) buffer. 

6.2.2.2 Maxipreparation of plasmid DNA 

Reagents: 

i) 

(w/v). 

Solution 1: 25 mM Tris-HCI (pH 8.0), 50 mM EDTA, 1% glucose 

ii) Solution II: 0.2 N NaOH, 1% SDS (w/v). 

iii) Solution III: 5M Acetic aid and 5 M K-acetate mixed in ratio of 2:1. pH 

adjusted to 4.8 with either solution. 

*Solution I and Solution III stored at 4°C. Solution II was freshly prepared. 

iv) Antibiotic for plasmid selection. 

v) Chloramphenicol (34mg/ml ethanol). 

vi) Ethanol. 
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vii) Isopropanol 

viii) STE buffer { IOmM Tris-Cl (pH 8.0), 0.1 M NaCl and 1mM EDTA (pH 

8.0)} 

ix) TE buffer 

x) Lysozyme: 10 mg/ml in lOmM Tris-Cl (pH 8.0) 

xi) RNase A: IOmg/ml in 0.01 M Na-acetate. The solution was heated 

to 100°C for 15 minutes and allowed to cool slowly to room temperature. pH was 

then adjusted by adding 0.1 volume of 1M Tris-Cl (pH 7.4). The solution was 

stored at -20°C. 

Procedure: 

30 ml of the rich medium (Luria-Bertani broth) was inoculated with a single colony 

and incubated till late log phase (OD600 = 0.6). About 25 ml of culture was transferred to 

500 ml of the medium containing the appropriate antibiotic in a 2 L flask. The culture was 

incubated with vigorous shaking to an OD6oo of -0.4. For amplifiable plasmid 2.5 ml of 

chloramphenicol was added and further incubated to 12-16 hrs at 37°C with constant 

shaking. 

Cells were harvested by centrifugation at 5000 rpm for 15 minutes at 4°C and made 

as dry as possible. Cell pellet was re-suspended in 200ml STE buffer and cells were 

collected by centrifugation as described above. Cells were then frozen at -20°C for 3 hrs 

followed by thawing at room temperature. 

Bacterial cells were re-suspended in 18 ml of Solution I and 2 ml of freshly 

prepared 1 Omg/mllysozyme solution. After that 40 ml of freshly prepared Solution II was 

added. The contents were mixed thoroughly by gently inverting the tubes several times. 

The bottle was then incubated at room temperature for 5 to 10 minutes.20 ml of ice-cold 

Solution III was then added followed by mixing well by swirling the bottle several times 

and stored on ice for 10 minutes. 

The bacterial lysate was then centrifuged at 11000 rpm for 30 minutes at 4°C. The 

supernatant was collected in a fresh tube and 0.6 volume of isopropanol was added and 
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allowed to stand in room temperature for 10 minutes. The precipitated DNA was recovered 

by centrifugation at 8000 rpm for 15 minutes at room temperature. Supernatant was 

decanted and the DNA pellet was rinsed with 70% ethanol. The pellet was dried and re

suspended in 3 ml of TE (pH 8.0) containing 20ttl RNase A (10 mg/ml). The mixture was 

incubated at 37°C for 1 hour. 

The solution was extracted with phenol, phenol:chloroform, chloroform and finally 

DNA was precipitated with ethanol. DNA pellet was rinsed with 70% ethanol, air dried 

and re-suspended in 1.5 ml TE ( 10: 1) (pH 8.0). 

6.2.3 Restriction digestion 

Restriction enzymes were purchased from Bangalore Genei, India. Reaction was 

conducted in a small polypropylene tube containing 10 ftl of the total mixture containing 

IX buffer, 1 ttg DNA and lunit of the enzyme following the manufacturer's instruction. 

The mixture was incubated at 37°C for 12hrs. The DNA was ethanol precipitated andre

suspended in TE (10:0.1) and stored at -20°C. 

6.2.4 Purification of DNA 

DNA was purified by separating in the agarose gel electrophoresis and eluting it 

from low melting agarose gel. 

6.2.4.1 Agarose gel electrophoresis 

Reagents: 

i) Agarose (SRL) 

ii) 1 X TAE buffer: 40mM Tris-acetate, 1mM EDT A. 

It was prepared by diluting the stock solution (50 X TAE). 50 X TAE buffer 

contained 242 g of Tris base (SRL), 57.1 ml glacial acetic acid and 100 m1 of 0.5 

M EDTA (pH 8.0). 
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iii) Ethidium bromide: Stock solution was prepared by dissolving 1 g of 

Ethidium bromide in 100 ml water. Required volume was added to T AE 

buffer with the final concentration of 1 1-lg mr 1• 

For the separation of large and medium sized DNA fragments, 0.8% agarose gel 

electrophoresis was performed, whereas for smaller sized fragments 1.5% agarose gel 

electrophoresis was performed following the method of Sambrook et al., (1989). 

Electrophoresis was performed in a horizontal tank containing 1 X TAE buffer using -50 

mV of electricity. 

6.2.4.2 Elution from low melting agarose gel 

1.5% low melting agarose purchased from SRL Company, India was used to isolate 

small amount of DNA of about l!!g or less. The gel was run for a required period of time 

under cold condition. After completion of the run, required DNA band was sliced with the 

help of sterile scalpel and taken in an eppendorf tube. The gel was melted by keeping in 

the water bath kept at 65°C for 5 minutes to which an equal volume IX TE was added. The 

mixture was freeze-thawed thrice and the agarose particles were then removed by phenol 

extraction. Finally DNA was precipitated in isopropanol and was re-suspended in 0.1 X TE 

buffer and stored at -20°C. 

6.2.5 Amplification of DNA using PCR (Polymerase Chain Reaction) 

PCR amplification was performed using 'PCR Amplification Kit' (GENEL India), 

in 50 ~-tl reaction volume, following instructions provided by the supplier. Each 50 !!1 PCR 

mix contained; 3 !!1 of lOmM dNTP mix, 5 !!I of lOX buffer containing 15 mM MgCh, 

12.5 pmol of each forward and reverse primer, 10 ng of template DNA and 1U Taq DNA 

Polymerase. Taq DNA polymerase was added after adding all the ingredients of the 

mixture. The PCR was done in a GenAmp PCR system (Applied Biosystems). 

Purity of DNA was tested with the help of UV spectrophotometer by determining 

the OD values at 260 and 280 nm (ratio of the two readings for pure DNA was considered 

to be 2.0), while concentration was determined by using the standard that the concentration 

of DNA will be 10 times the OD reading at 260nm. 
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6.2.5.1 Primers used 

A. To amplify the 16S rDNA a set of eubacterial universal primers 27f and 1492r 

(Lane, 1991) were used. Sequence of the primers used: 

27 f: 
1492r: 

5' AGAGTTTGATCCTGGCTCAG 3' 
5' TACGGTTACCTTGTTACGACTT 3' 

The program set to amplify 16S rDNA was: 5 min of initial denaturation at 94°C, 

30 sec of denaturation at 94 oc, 30 sec for annealing at 58°C, and 1.5 min at 72°C for 

extension, for a total of 35 cycles. 

B. To amplify IST445 and IS12 repetitive elements of A. ferrooxidans a set of 

primers were designed using the conserved terminal inverted repeats of the insertion 

sequences. For this total DNA sequences of IST445 and IS12 were retrieved from the 

Gene Bank and the primers having almost same melting temperature [Tm = {2(A+T) + 

4(G+C)} °C] values were designed as shown below. Inwardly directed primers are colored 

blue and outwardly directed primers are colored red. The symbols '<' and '>' shows the 

orientation of the primers when they are annealed with template DNA. The inverted 

repeats are underlined. The primer sequences and their melting temperatures are given in 

Table 5.1. 

B (1) Complete IST445 sequence showing Primer sequences used in the 

amplification of IST445 and inter IS polymorphic DNA regions: 
(RP3) 
<<<<<<<<<<<<<<<<<<<< 
ccgagaagacgcctaactca 
(Al) 

5' 
ggctcttctgcggattgagtgggtagggggtagaatgctgtggagcagttgggtcccgaataggagttag 
>>>>>>>>>>>>>>>>>> 

ctgatggtcccagaagatctgttttctctcgcgttagggttggtaccgccggtggttggtggacggaatg 

tgaccttccaagtggaggagaagcgcctggatctgcacatcaactttcccaagggcagtcgctttgcttg 

cccgtatgtggtgaggagtgtccggtacatgcaccctggaactataccggcggcacatggtttatttcag 

catgaagtcctatcccacgccgctgaccctggtcggagatgccagtattgacggtagcccgctggtcggc 

gagccgacacgctcctgtgcgggtgattgaccattatgtgcccgaagcccgtaccagggtggatatggcc 



aaatgtccatgcccggttcggcgtcgaattgagaaccaagcagtcggcgcggtcatgactacaatcacgc 

tcttcgtggatctgaatgcccggcgactcttgttccgtacgcccggcaaggatgccaagacctttgagaa 

attctccgaagatctacaggcccatggtggtagcgcggaaggcatcaaccgaattgtgagcatggccctc 

tcgccggccttccagaaaggggcttgccgaagcacctgcccaatgctgagatcaccttcgaatcgttttc 

acctcatgaagctcgttcaacgaggccgtggatgccgtgcgcaagggggaagtccttcacccagccaaat 

ctcaaaaagacccgctggctctggctcaagaatgattgtaacctcaaggccaggcagaaagaaaagctgc 

aggaattattaaaagaccagaacctgaaaacggcacaggcctaccagtttcgctgacttttcaggcattc 

ttcacagtcaagaatcgcaccagggcgccaaccctgctcaaggcctggatggaaaacgccaaggacagcg 

gaatgccgcctatggtcaaggtcgcctacaccattccattgaacaattgggatggccgttgcttccgctg 

gttcgaaaagccagattaccaatggaattcttggaaggcttcaacagcctcaatcaatccgccaaggcca 

aggcccggggttaccgaccacaagaattttatcaacatggcctacctgatcctgggtaagctggatctca 
>>>>>>>>>>>>>>>>>>>> 

ggctacccacttgaaaatgacgaagagcc 3' (RP4) 
<<<<<<<<<<<<<<<<<< 
acttttactgcttctcgg (A2 ) 
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B 2) Complete IST2 sequence showing Primer sequences used in the 

amplification of IST2 and inter IS polymorphic DNA regions: 
(RPl) 
<<<<<<<<<<<<<<<<<<<< 
ctcgatatcagtttagacca 
(GJ) 

5' 
gagctatagtcaaatctggtgtatgagcattttctgacatagatcaggcggcggtctgttgatcatccgg 
>>>>>>>>>>>>>>>>>> 

cagggtgaggttagccggtatgccatcgataaatttcacccctgcaaaaagctgcaggactttctctgga 

gcataaatcccaatccagcgtttttcagcctgctgcagcatcttgaaacccaatcccagaaagctgctgc 

gtgatacacagttcttcgtccgggtagtccggtggcgtaccgtagcgaaggtggactcaatggcattggt 

ggtccggatatgccgccagtgttcggccggaaaatcatagaaagcgagcaattcagcccgatctttttcc 



agtttagccacagccttgggatactttgcctggtaattgcgcacaaacacgtccagtgctttttccgcag 

cctggcgattggcggccatccagatttcctgcaacgctgccttggctttgctctgttgggctttgggaag 

ttcgttgaggatgttggcggtcttatgcacccagcagcgttgctgaccagtttcgggataggcttcatcc 

agtgcggcccaaaaccccatggcaccatccccaatggcgagcaaaggggccgtctccagaccgcgcgcct 

gcaggtcacgcaggatctccagccaggaagctttggattcgcgcaggccgtcactgaccatgaccagctc 

tttcttgccctctgccgtcacgccgataatcaccagcaggcasatacgcggatcctctccgcacggaggt 

tcgtataaataccgtctacccaccagtaagcatagcgctttcctgtaggagcggcgttgccaatgggcat 

actcttgcgcccactccgccttgagacgtcccaacaccgcaggcgaaagtcccttggcctcatcacccag 

caaaatggaaagggcttcctgcatgtggccggaagacaccccatgcagatagagccaaggtactgtagcg 

gctaccgttcgtgatttgcgtacatacggaggcgccagtaccgaattgaatttgatccccgatcctgacg 

gtcccgcaccttgggtactttgacgggtaccggacccagagcggtcatgatctcgcgctccggcagatgc 

ccattacgcacgaccgcctgacgcccatcaaccatccgcaccgtcgcaaattcttccagcaataccgcca 

cctctgcctctatggcctgctcaatgcagagtgccgcgcgtcgaagtatcccttcaatgcccagacccaa 

ctctcccatcccacctgctattacggtattcttttccacggcgtactccttatgttgctctttgagtcgg 
>>>>>>:>>>>>> 

aaaccctttgtagcaacagtacgccacctcattcaagccagttgtaacgcgcccatacaccactttcgag 
<<<<<<<<<< 
gtgaaagctc 

>>>>>>>> 
catagctc 3' (RP2) 
<<<<<<<< 
gta tcgag ( G4 ) 

6.2.5.1 PCR Program 
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The PCR programs set for the amplification of IST445 and Isn were as follows: 

IST445: 30 sec at 94°C for initial denaturation, 30 sec at sooc for annealing and 3 

min at 68°C for the extension, for a total of 30 cycles. 
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IS12: 30 sec at 94°C for initial denaturation, 30 sec at 48°C for annealing and 3 

min at 68°C for the extension, for a total of 30 cycles. 

Although sixteen different combinations of outwardly directed primers could be 

made (Fig 5.1) for the amplification of the inter IS regions of the genome, large differences 

in the Tm values (Table 5.1) allowed to use only two combinations, i.e., i) RPl and RP4, ii) 

RP2 and RP3. The PCR program set for the amplification of inter IS regions were as 

follows: 

i) RPl and RP4: 30 sec at 94 oc for initial denaturation, 30 sec at 52°C for 

annealing and 3 min at 72°C for the extension, for a total of 30 cycles. 

ii) RP2 and RP3: 30 sec at 94°C for initial denaturation, 30 sec at 55°C for 

annealing and 3 min at 72°C for the extension, for a total of 30 cycles. 

6.2.6 Cloning of PCR products 

6.2.6.1 Chemicals and reagents 

All the chemicals used m the experiment were purchased from SRL Fine 

Chemicals (SRL India Ltd.). De-ionized double distilled water was used for the 

preparation of reagents. The reagents were either filter-sterilized or autoclaved, wherever 

required, before use and preserved in glass containers. 

6.2.6.2 Elution of the PCR products from low melting point agarose 

Approximately 100 ~-tl of PCR products were directly precipitated and dehydrated 

in ethanol and were suspended in 25 ~-tl TE (lOmM Tris-Cl: 1 mM EDTA, pH 7.5). 20 ~-tl 

of the suspended DNA was loaded in an 'Low Melting Point Agarose' gel and were 

subjected to electrophoresis at 40-45 m V for at least 8 -10 h. Setting and running of the 

gel was performed at 4°C in IX TAE following techniques stated in 'Basic Methods in 

Molecular Biology' (Davis et al. 1987). The required band (s) were sliced and taken in a 2 

ml microcentrifuge tube, and were melted at 65 °C for 5 min. To the melted agarose equal 

volume of TAE buffer was added and agarose particles were removed by repeated phenol 

extraction. Finally DNA was precipitated, suspended in TE ( 1 OmM Tris-Cl: 0.1 mM 

EDTA, pH 7 .5) and quantified. 
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Table 5.1: Name and sequences of primers along with their T m and 
GC% values. 
Name Sequeuce TmeC) GC% 
A1 GGCTCTTCTGCGGATTGA 56 55.6 
A2 IGGCTCTTCGTCATTTTCA 52 44 
G3 GAGCTATAGTCAAATCTG 50 38.9 
G4 IGAGCTATGCTCGAAAGTG 54 50 
RPl IACCAGATTTGACTATAGCTC 56 40 
RP2 jACCACTTTCGAGCATAGCTC 60 50 
RP3 jACTCAATCCGCAGAAGAGCC 62 55 
RP4 ICTTGAAAATGACGAAGAGCC 58 45 

6.2.6.3 Cloning of the PCR product 

The pGEM-T Easy Vector System II, purchased from Promega Corporation, 

Madison, USA, was used for the cloning of PCR products following manufacturer's 

instructions. 

6.2.6.4 Ligation 

The vector (25 ng) and the insert DNA were taken in the molar ratio of 1 :2 and 

were suspended in 4Jll sterile double distilled water. 5 ~-tl of 2X rapid ligation buffer and 1 

~-tl of T4 DNA ligase were added and thoroughly mixed by vortexing and centrifugation. 

The mixture was kept at 4°C for at least 16 h, heated at 60°C for 10 min and 5-7 Jll was 

used to transform competent E. coli cells. 

6.2. 7 Transformation of recombinant plasmids 

6.2.7 .1 Preparatiou of fresh competent E. coli cells using Calcium Chloride aud 

Transformation 

A single colony from a plate freshly grown for 16-20 hours at 37°C was taken and 

transferred into 100 ml of LB broth in a 1 L flask. The culture was incubated for 

approximately 3 hours or more at 37°C with vigorous shaking to attain the viable cell 

number of 10
8 

cells ml-1
. The cells were transferred aseptically to a sterile, ice-cold 50 ml 

polypropylene tube. The culture was cooled to 0°C by storing the tube on ice for 10 

minutes. The cells were then recovered by centrifugation at 5000 rpm for 10 minutes at 

4 oc_ The medium was decanted from the cell pellet. The pellet was re-suspended in 10 ml 
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of ice cold 0.1M CaCh and stored on ice for 30 minutes. The cells were recovered by 

centrifugation at 4000 rpm for 10 minutes at 4 °C. The fluid was decanted from the cell 

pellet, and the tube was placed in an inverted position for 1 minute to drain all the traces of 

fluid. The pellet was re-suspended in 2 ml of ice cold 0.1M CaCh for each 50 ml of 

original culture. Using a chilled, sterile pipette tip, 200 J.1l of each suspension of the 

competent cells was transferred to a sterile microfuge tube. DNA (not more than 50 ng in a 

volume of 10 J,tl) was added to each tube. Gentle swirling of the microfuge tubes was done 

to mix the contents. The tubes were stored on ice for 30 minutes. The tubes were then 

transferred to a rack placed on a circulating water bath ( 42°C) for exactly 90 seconds 

followed by immediate transferring to an ice bath for chilling for 1-2 minutes. 800 J,tl of 

Luria-Bertani (LB) medium was added to each tube and incubated for 45 minutes in a 

water bath set at 37°C to allow the bacteria to recover and to express antibiotic resistance 

marker encoded for the plasmid. Appropriate volume (upto 200 J.tl per 9 em petriplates 

containing 15 ml medium each) of competent cells was transferred onto LB agar plate 

containing appropriate antibiotic. A sterile bent glass rod was used to spread the 

transformed cells over the surface of the agar plate. The plates were left at room 

temperature until the liquid had been absorbed. Finally plates were inverted and incubated 

at 37°C for 12-16 hours for the appearance of colonies. 

6.2. 7.2 Identification of bacterial colonies that contain recombinant plasmids by a

complementation method 

To sterile Luria-Bartani agar plate containing 50 J.Lg mr1 ampicillin, 0.5 mM 

isopropylthiogalactoside (IPTG) and X-gal (5-bromo-4-chloro-3-indolyl-13-D-galactoside) 

(80~-tg J.Lr\transformed competent cells were plated as described earlier. It was possible to 

recognize colonies that carried putative recombinant plasmids by blue-white screening of 

the colonies. Insertion of foreign DNA into the polycloning site of plasmid vectors leads to 

the incapability of complementation. Bacteria carrying recombinant colonies therefore 

produce white colonies. Re-circularized vectors containing bacteria could utilize 

chromogenic substrate X-Gal and thus form blue colonies. Recombinant-plasmids were 

isolated and screened by alkaline lysis method (Brinboim and Doly, 1979). Purified clones 

were checked by EcoRI restriction digestion followed by agarose gel electrophoresis. 
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6.2.8 DNA sequencing 

The recombinant plasmids were directly used for sequencing of the inserts using 

primers for T7 and SP6 promoters. Nucleotide sequencing was performed with the ABI 

PRISM™ Dye Terminator Cycle Sequencing Ready Reaction Kits (Perkin-Elmer) using 

specific primer and the reaction was analyzed in an 'AB 1 PRISM 377 DNA Sequencer'. 

6.2.8 Computer analysis of the sequence 

6.2.8.1 Restriction analysis 

For the determination of restriction map of the sequence, the software package 

NEB CUTTER v. 2.0 of New England Biolabs Inc. was used from the website 

http://tools.neb.com/NEBcutter2. 

6.2.8.2 Determination of open reading frame 

The possible open reading frame was obtained from the sequence by using the 

NCBI tool for ORF finder (http://www.ncbi.nlm.nih.gov/projects/gorf/). 

6.2.8.3 Similarity Search 

For similarity search studies of nucleic acid and amino acid sequences the BLAST 

N and BLAST P programs were used (Altschul et al., 1997) from the website 

http://www .ncbi.nlm.nih. 

6.2.8.4 Conserve domain search (CDD) 

The Domain analysis of the amino acid sequence of the inserts was done using the 

program of Marchler-Bauer and Bryant (2004) from the website http://www.ncbi.nlm.nih. 

6.2.8.5 Structure and function analysis of protein 

For determination of probable secondary and three-dimensional structure of the 

peptides, the software packages, 'PredictProtein', 'SWISS-Pdb Viewer 3.7 (SP5)' and 

'POV-Ray' from http://www.embl-heigelberg.de, http://www.expasy.org/spdbv/, and 
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http://www.povray.org/povlegal.html respectively were used. The function of the peptides 

was analyzed using the ProtFun 2.1 software of the website http://www.cbs.dtu.dk. 

6.2.9 Southern Hybridization 

DIG High prime DNA labeling and detection kit', purchased from Roche 

Diagnostics GmbH, Penzberg, Germany, was used for the experiments following 

manufacturer's instructions. 

6.2.9.1 Preparation of probes 

PCR amplification: For the preparation of probes the primers G3 and G4 were used 

to amplify the lSD fragment from the NCIB 8455 strain obtained from Bose Institute, 

Kolkata, India. The parameters for the PCR amplification were kept same as described 

earlier. Elution of the PCR products from low melting point agarose was performed as 

described earlier. 

6.2.9.2 Labeling of the PCR amplicons 

The random primed DNA labeling (non-radioactive) DIG- (Digoxigenin-dUTP) 

DNA labeling kit (Roche diagnostics, Germany) was used for the labeling reaction 

following manufacturer's instructions. Approximately 1.0 ~tg of template DNA was taken 

in 16 ~tl of sterile double-distilled water; denatured in a boiling water bath and 

immediately transferred to an ice bath. To the denatured DNA 4 ~tl of 'DIG-High Prime' 

was added, thoroughly mixed and incubated overnight at 37°C. On the next day 2 J!l of 0.2 

M EDTA was added to the mixture to stop the reaction. 

6.2.9.3 Transfer of DNA to the nylon membrane 

In an agarose gel (1%) the EcoRI restricted genomic DNA of Acidithiobacillus 

ferrooxidans strains DKI, positive control NCIB 8455 and negative control (Escherichia 

coli XLI) were loaded in separate lanes. The gel was electrophoresed at 50 mV for at least 

5h. The electrophoresed DNA products were then transferred to a positively charged nylon 

membrane by capillary transfer method (Sambrook et al., 1989) after depurination (0.25 N 

HCI, for 15 min); denaturation ( 1.5 M Nacl, 0.5 mM NaOH, for 20 min); and 
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neutralization (1.0 M Tris-el, 2.0 M NaCI, pH 5.0, for 25 min). After transfer, the DNA on 

the membrane was fixed using a UV -crosslinker (Stratagene, USA). 

6.2.9.4 Pre-hybridization 

The membrane was placed in a plastic hybridization bag and was allowed to wet in 

10 ml of preheated (40°e) DIG-Easy Hyb solution. The hybridization bag was properly 

sealed with care not allowing the trapping of any bubbles. The sealed bag was agitated in a 

water bath at 40°e for 30 min. 

6.2.9.5 Hybridization 

The pre-hybridization solution was forced out from the bag and 10 ml of fresh 

DIG-Easy Hyb solution was introduced again. The DIG-labeled DNA probe was denatured 

in boiling water bath for 5 min and was immediately placed on ice bath. The denatured 

probe was then introduced in to the hybridization bag and was mixed thoroughly taking 

care to avoid foaming. The bag was immediately placed into a water bath at 65oe and 

agitated for 15-16 h. 

6.2.9.6 Post hybridization wash 

After hybridization the membrane was placed in a plastic container and washed 

twice for 5 min in 50 ml Solution-A (2X SSe, 0.1% SDS) at 25oe under constant 

agitation. Stringent washes were also done twice for 15 min (2 X 15 min) in solution-B 

(0.5 x sse, 0.1 % SDS) at sooc. 

6.2.9. 7 Blocking of membranes 

After hybridization and stringent washes, the membrane was rinsed in 'washing 

buffer' (0.1 M Maleic acid; 0.15 M NaCI; pH 7.5; 0.3% Tween 20). Then the membrane 

was incubated for 30 min in 100 ml lX 'Blocking solution' (prepared by diluting lOX 

Blocking reagent with wash buffer). The incubated membrane was dipped into 20 ml 

'Antibody solution' (10 111 of Anti-Digoxigenin-AP was added in 50 ml Blocking solution) 

for 30 min and then washed twice in 10 ml wash buffer for 15 min to remove the unbound 

antibody. 
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6.2.9.8 Detection of hybridization by color development 

After blocking, the membrane was transferred to a glass tray and equilibrated with 

20 ml detection buffer (0.1 M Tris-Cl, 0.1 M NaCl, pH 9.5) for 5 min. The membrane was 

then placed in a fresh glass tray and 10 ml of freshly prepared 'color-substrate solution' 

(200 ~-tl NBTIBCIP stock solution to 10 ml detection buffer) was poured on it. The 

membrane was preserved in dark and the reaction was stopped after 16 h by transferring 

the membrane in water. 

6.3 RESULTS 

6.3.1 16S rRNA gene amplification 

About 1.5 kb 16S rDNA of the isolate Acidithiobacillus ferrooxidans strain DK6.1 

was amplified and checked in an agarose gel comparing with a molecular size marker 

(Figure 5.2). The PCR product was purified and cloned in pGEM T-easy vector (Fig 5.3) 

prior to sequencing. The recombinant plasmid containing 1.5 kb PCR product of DK6.1 

was named as pAR 1.1. 

bp M 1 

5000 

1500 
1000 

500 

Fig 5.2: Lane 1, amplified 16S rDNA from 
A. ferrooxidans DK6.1; and lane M, 500 bp 
DNA ladder. corresponding sizes of the 
fragment is given. 

The recombinant plasmids were transformed into the competent cells of E. coli 

XLI Blue and the clones containing recombinant plasmids were detected using blue-white 
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screening method in X -gal containing plates. White cells were taken and minipreparation 

of plasmid was carried out to check the presence of insert in the plasmid. Once the 

presence of desired insert in the plasmid was confirmed by restriction digestion, 

maxipreparation of plasmid was carried out. And the sequencing of the inserts of the 

recombinant plasmids was done using SP6 and T7 primers. 
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Fig5.3: Diagrammatic representation ofpGEM-T easy vector. 

The 16S rRNA gene sequences of the isolates Acidithiobacillus ferrooxidans 

DK6.1 was deposited in EMBL nucleotide database under accession no. FJ602383. 

Blanstn result of the 16SrRNA and assigning the strains from Garubathan AMD to 

Acidithiobacillusferrooxidans has already been described in chapter 3. 

6.3.2 Determination of preseaee of IST445 and IST2 sequences in 

Garubathan strains 

Using the primers A1-Az and G3-G4, IST445 and IST2 fragments from DNA of 

strains • DKI, GBVI, and CMO D along with the positive control A.ferrooxidans 

NCIB 8455 (obtained from Bose Institute, Kolkata, India) were amplified (Fig 5.4). The 

sizes of both fragments of IST445 and IST2 generated from Garubathan strains were found 

to be similar to that of the positive control NCIB 8455 that were around 1.2 kb and 1.4 kb 
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respectively. Since the nucleotide sequences of these fragments are already known (Yates 

et al., 1988; Chakraborty et al., 1997) the undertaken research work included the 

preparation of restriction maps using NEBcutter v2.0 (Fig 5.5A and 5.5 B ). Southern 

hybridization was performed to detect the presence of IST2 fragment in one of the strains 

(DK1) isolated from Garubathan along with the positive control NCIB 8455 and negative 

control E. coli XLI Blue. Hybridization was conducted using the IST2 fragment isolated 

from NCIB 8455 as probe labeled with Digoxigenin-dUTP. The hybridization reaction was 

conducted by incubating the IST2 probe with EcoRI digested genomic DNA at 65°C 

overnight. The presence of a multiple copies of IST2 in DKI as well NCIB 8455 strains 

but no hybridization signal with E. coli XLI Blue DNA was detected (Fig 5.6). 

1 2 3 4 5 6 M bp 

Fig 5.4: IST445 and IST2amplification of different strains of 

Acidithiobacillus ferrooxidans strains from Garubathan AMD. 

Lane M, 500 bp DNA ladder; corresponding sizes of the fragment is given; 

Lanes 1 to 4: IST445 fragments generated from the strains DKI, GBVI, 

CMO ll and NCIB 8455 respectively. Lane 5 and 6: IST2 fragments generated 

from DKI and NCIB 8455 respectively. 

6.3.2.1 Restriction fragment analysis of amplicon generated with IST445 specific 

internal primers 

Since the the restriction map of IST445 is available, the amplicon generated from 

DKI and NCIB8455 DNA (using IST445 specific primers) were digested with Pstl 

enzyme and analyzed by agarose gel electrophoresis. In case of NCIB8455, the DNA 

fragments so generated were of the sizes corresponding to the sizes predicted from 

NEBCutter v 2.0 analysis. However in case of DKl, Pstl digested DNA showed three 
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fragments of DNA. The sizes of the two DNA fragments out of three were consistent with 

that of the DNA fragments produced from Pstl digested NCffi8455 DNA (Fig 5.7). This 

result suggested that in case of DK1 in addition to IST445 another unknown DNA (- 1.1 

kb) fragment got co-amplified, which did not bear any Pstl site. 
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Fig 5.5: Restriction map of A, IST445 and B, IST2 prepared by using NEBCutter v 2.0. 

1 2 3 M 

Fig 5.6: Distribution of IS12 IS element in the genome of A. ferrooxidans 
strains. Genomic DNA was digested with EcoRI. Lanes: 1, E. coli, 2, DKI, 
and 3, NCffi 8455. M, is the marker DNA;si'Us of the DNA fragments are 
given. 
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Fig 5.7: Pstl digestion of the DNA 
fragments generated by IST445 primers. 
1, DK1, 2, NCffi8455, M, 500 bp DNA 
ladder 
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6.3.2.2 Cloning and sequence analysis of the unknown amplicon generated with 

IST445 specific internal primers 

The 1.1 kb amplicon having no Pstl restriction site was cloned in pGEM-T easy 

vector and the recombinant plasmid was named as pAR2. The plasmid was transformed 

into the competent cells of E. coli XLI Blue. After selecting the transformants via blue

white screening method, plasmid was prepared and the nucleotide sequence of the insert 

was determined. The complete nucleotide sequence of the amplicon containing 1081 bases 

was obtained (GQ 305308) using SP6 and T7 sequencing primers. Interestingly this 

sequence was found to bear inverted repeats at left and right termini identical to terminal 

repeats of IST445 (Fig 5.8). The restriction map of pAR2 sequence also has been presented 

here showing no Pstl site (Fig 5.9). 

6.3.2.3 Analysis of pAR2 sequence 

BlastN was performed using NCBI tool which revealed that the sequence is 98.8% 

homologous to the glutamyl-tRNA reductase of Acidithiobacillus ferrooxidans 23270 (Fig 

5.10). However sequence did not show any homology with the first 9 bases and the last 10 

bases of pAR2 nucleotide sequence within which the actual inverted terminal repeat is 

present, indicating that the gene may be intervened by the inverted repeats of IST445. 



149 

(Al)>>>>>>>>>>>>>> 
~&ctcttctgcggattgaggctcatccttcggcgtcactgagacgaaagagaatatccagtgccgcaac 

cagactttcgttggtcgcgtcctgacaaggctggcgaagggtcgcgatggggtcgtgaagaactttatt 
catcaaggctttggagaaggcttccagaaccgcacgagggtcctgcccctgatccagataatggctaaa 
acgccgtagctcctcctggcgacgtccctccacatgatcacgcaggcgacggatggcgggcaccacgtc 
cagactctcccgccattgctggaactcgccgacctcatcggcaatgatcagctccgccgccgacgccgc 
ctcgcggcgggcgcgcatgcccgcctgggcgatatcgttcagatcgtccagcgtatagagaaaacactg 
cgcaacaccttccacctccggggcgatatcccggggtacggcaagatccaccagcatcaggtcaccccg 
cgcccgccgtgccatgactgcggagatcgtttcccgcgtcactatgggcagcaggctcgcggtgcaact 
gaccaccacatcggcatcgtgcaacagatgggggatggcctccagcgcatgggagtcgcccgtaaattt 
ttcggcgagttgctgaccgcgttccgcactgcggttggctacggcgaatctctccaccccatgctcgcg 
cagatgggtcgccaccagctcgatggtatccccggcaccgatcaacagcaccgatttgccttcgagact 
gcccagcaactgcttggccaaacatacggcggcataggcgacactgaccggggccgaaccaatggcggt 
ctccgagcgcacccgctttgccacgcggaaggcccagtgcagcaggcgattcaataccggcccggcggc 
accgttatccgccgccgcctgataggcatccttgacctgaccgagaatctgcggctctccgatgatcat 
ggaatccagcccgcaggccacgcgaaacaggtggcgtacggcttccgcatcgctcgaatggtaaatatg 
cccatccagcaatcgcgggtccatgccgtgaaaatgacgaagagcc 

<acttttactgcttctcgg< (A2 ) 

Fig 5.8: Nucleotide sequence of the DNA insert of pAR2. Inverted repeats are underlined 
and primer sequenced is highlighted in bold letters. '<' and '>' mark the direction of 
primers 

Fig 5.9: Restriction map of pAR2 insert using NEBCutter v2.0 

PAR2 10 GCGGATTGAGGCTCATCCTTCGGCGTCACTGAGACGAAAGAGAATATCCAGTGCCGCAAC 69 
IIIII 111111111111111111111111111111111111111111111111111 II 

Aferr 2456312 GCGGACTGAGGCTCATCCTTCGGCGTCACTGAGACGAAAGAGAATATCCAGTGCCGCGAC 2456371 
PAR2 70 CAGACTTTCGTTGGTCGCGTCCTGACAAGGCTGGCGAAGGGTCGCGATGGGGTCGTGAAG 129 

Aferr 2456372 
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll 
CAGACTTTCGTTGGTCGCGTCCTGACAAGGCTGGCGAAGGGTCGCGATGGGGTCGTGAAG 2456431 

PAR2 130 AACTTTATTCATCAAGGCTTTGGAGAAGGCTTCCAGAACCGCACGAGGGTCCTGCCCCTG 189 
111111111111111111 11111111111111111111111111111111111111111 

Aferr 2456432 AACTTTATTCATCAAGGCCTTGGAGAAGGCTTCCAGAACCGCACGAGGGTCCTGCCCCTG 2456491 
PAR2 190 ATCCAGATAATGGCTAAAACGCCGTAGCTCCTCCTGGCGACGTCCCTCCACATGATCACG 249 

Aferr 2456492 
111111111111111111111111111111111111111 11111111111111111111 
ATCCAGATAATGGCTAAAACGCCGTAGCTCCTCCTGGCGTCGTCCCTCCACATGATCACG 2456551 

PAR2 250 CAGGCGACGGATGGCGGGCACCACGTCCAGACTCTCCCGCCATTGCTGGAACTCGCCGAC 309 
111111111111111111111111111111111111111111111111111111111111 

Aferr 2456552 CAGGCGACGGATGGCGGGCACCACGTCCAGACTCTCCCGCCATTGCTGGAACTCGCCGAC 2456611 
PAR2 310 CTCATCGGCAATGATCAGCTCCGCCGCCGACGCCGCCTCGCGGCGGGCGCGCATGCCCGC 369 

Ill 111111111111111 II II II 11111111111111111111111111111111111 
Aferr 2456612 CTCCTCGGCAATGATCAGCTCCGCCGCCGACGCCGCCTCGCGGCGGGCGCGCATGCCCGC 2456671 

PAR2 370 CTGGGCGATATCGTTCAGATCGTCCAGCGTATAGAGAAAACACTGCGCAACACCTTCCAC 429 

Aferr 2456672 
111111111111111111111111111111111111111111111111111111111111 
CTGGGCGATATCGTTCAGATCGTCCAGCGTATAGAGAAAACACTGCGCAACACCTTCCAC 2456731 
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PAR2 430 CTCCGGGGCGATATCCCGGGGTACGGCAAGATCCACCAGCATCAGGTCACCCCGCGCCCG 489 
I I I I I II I II I I I I 1111 I 111111111111111 I 11111111111111111111111 I I 

Aferr 2456732 CTCCGGGGCGATATCCCGGGGTACGGCAAGATCCACCAGCATCAGGTCACCCCGCGCCCG 2456791 
PAR2 490 CCGTGCCATGACTGCGGAGATCGTTTCCCGCGTCACTATGGGCAGCAGGCTCGCGGTGCA 549 

Ill I 111111 I lllllllllllllllllllllllllllllllllllllllllllllllll 
Aferr 2456792 CCGTGCCATGACTGCGGAGATCGTTTCCCGCGTCACTATGGGCAGCAGGCTCGCGGTGCA 2456851 
PAR2 550 ACTGACCACCACATCGGCATCGTGCAACAGATGGGGGATGGCCTCCAGCGCATGGGAGTC 609 

lllllllllllllllllllll llllllllllllllllllllllllllllllllll Ill 
Aferr 2456852 ACTGACCACCACATCGGCATCCTGCAACAGATGGGGGATGGCCTCCAGCGCATGGGCGTC 2456911 
PAR2 610 GCCCGTAAATTTTTCGGCGAGTTGCTGACCGCGTTCCGCACTGCGGTTGGCTACGGCGAA 669 

I I I I I I II I 111111111 I I I I I II I 1111111111111111111111 I 111111 I II II 
Aferr 2456912 GCCCGTAAATTTTTCGGCGAGTTGCTGACCGCGTTCCGCACTGCGGTTGGCTACGGCGAA 2456971 
PAR2 670 TCTCTCCACCCCATGCTCGCGCAGATGGGTCGCCACCAGCTCGATGGTATCCCCGGCACC 729 

Ill I II II I II I Ill I I I I IIIII I I I 11111111111111111111111111111111 
Aferr 2456972 TCTCTCCACCCCATGCTCCCGCAGATGGGTCGCCACCAGCTCGATGGTATCCCCGGCACC 2457031 
PAR2 730 GATCAACAGCACCGATTTGCCTTCGAGACTGCCCAGCAACTGCTTGGCCAAACATACGGC 789 

111111111111111111111111111111111111111111111111111111111111 
Aferr 2457032 GATCAACAGCACCGATTTGCCTTCGAGACTGCCCAGCAACTGCTTGGCCAAACATACGGC 2457091 
PAR2 790 GGCATAGGCGACACTGACCGGGGCCGAACCAATGGCGGTCTCCGAGCGCACCCGCTTTGC 849 

1111111111 I II I 111111111111111111111111111111111111111111111 
Aferr 2457092 AGCATAGGCGACACTGACCGGGGCCGAACCAATGGCGGTCTCCGAGCGCACCCGCTTTGC 2457151 
PAR2 850 CACGCGGAAGGCCCAGTGCAGCAGGCGATTCAATACCGGCCCGGCGGCACCGTTATCCGC 909 

II II [ 1111111111111111111111111111111111111111111111111111111 
Aferr 2457152 CACGCGGAAGGCCCAGTGCAGCAGGCGATTCAATACCGGCCCGGCGGCACCGTTATCCGC 2457211 
PAR2 910 CGCCGCCTGATAGGCATCCTTGACCTGACCGAGAATCTGCGGCTCTCCGATGATCATGGA 969 

I I 1111111 11111111111111111111111111 I 111111111111111111111 I I 
Aferr 2457212 CGCCGCCTGGTAGGCATCCTTGACCTGACCGAGAATCTGCGGCTCTCCGATGATCATGGA 2457271 
PAR2 970 ATCCAGCCCGCAGGCCACGCGAAACAGGTGGCGTACGGCTTCCGCATCGCTCGAATGGTA 1029 

11111111 I 1111111111111111 I I 111111111111111111111111111111111 
Aferr 2457272 ATCCAGCCCGCAGGCCACGCGAAACAGGTGGCGTACGGCTTCCGCATCGCTCGAATGGTA 2457331 
PAR2 1030 AATATGCCCATCCAGCAATCGCGGGTCCATGCCGTGAAAATG 1071 

11111111111111111111111111111 111111111111 
Aferr 2457332 AATATGCCCATCCAGCAATCGCGGGTCCACGCCGTGAAAATG 2457373 

Fig 5.10: BlastN result of pAR2 nucleotide sequence showing 98.8% homology with the 
'+'strand of A.ferrooxidans 23270. 

Further sequence analysis revealed that -2 frame of the sequence contained an open 

reading frame (ORF) of 345 amino acids starting with the ATG (Methionine codon) as the 

initiation codon and TGA as terminating codon located at 1059th and 24th nucleotide 

respectively (Fig 5.11 ). Pairwise alignment study revealed that the sequence is 98.6% 

homologous to the amino acid sequence of A. ferrooxidans glutamyl tRNA reductase gene 

retrieved from the website http://www.ncbi.nlm.nih.gov/protein!YP _002220789.1 (Fig 

5.12). The same study was also made with the representative molecule of glutamyl tRNA 

reductase (lgpj_a) of Methanoparus kandleri (Moser et al., 2001) which was already 

crystallized and whose 3D structure has been determined. The result showed a significant 

similarity of 36% homology with 0.7% of gap frequency (Fig 5.13). Although the 

sequence showed very high similarity with the glutamyl tRNA reductase gene of A. 

ferrooxidans pairwise alignment revealed that the pAR2 sequence is truncated at the N

terminal end by 91 amino acids. Similarly when compared with lgpj_a it was found that 

63 amino acid missing from the N terminal end. However in both the cases the C-terminal 

end showed no deletion in the sequence. 
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1059 atggacccgcgattgctggatgggcatatttaccattcgagcgat 
M D P R L L D G H I Y H S S D 

1014 gcggaagccgtacgccacctgtttcgcgtggcctgcgggctggat 
A E A V R H L F R V A C G L D 

969 tccatgatcatcggagagccgcagattctcggtcaggtcaaggat 
S M I I G E P Q I L G Q V K D 

924 gcctatcaggcggcggcggataacggtgccgccgggccggtattg 
A Y Q A A A D N G A A G P V L 

879 aatcgcctgctgcactgggccttccgcgtggcaaagcgggtgcgc 
N R L L H W A F R V A K R V R 

834 tcggagaccgccattggttcggccccggtcagtgtcgcctatgcc 
S E T A I G S A P V S V A Y A 

789 gccgtatgtttggccaagcagttgctgggcagtctcgaaggcaaa 
A V C L A K Q L L G S L E G K 

744 tcggtgctgttgatcggtgccggggataccatcgagctggtggcg 
S V L L I G A G D T I E L V A 

699 acccatctgcgcgagcatggggtggagagattcgccgtagccaac 
T H L R E H G V E R F A V A N 

654 cgcagtgcggaacgcggtcagcaactcgccgaaaaatttacgggc 
R S A E R G Q Q L A E K F T G 

609 gactcccatgcgctggaggccatcccccatctgttgcacgatgcc 
D S H A L E A I P H L L H D A 

564 gatgtggtggtcagttgcaccgcgagcctgctgcccatagtgacg 
D V V V S C T A S L L P I V T 

519 cgggaaacgatctccgcagtcatggcacggcgggcgcggggtgac 
R E T I S A V M A R R A R G D 

474 ctgatgctggtggatcttgccgtaccccgggatatcgccccggag 
L M L V D L A V P R D I A P E 

429 gtggaaggtgttgcgcagtgttttctctatacgctggacgatctg 
V E G V A Q C F L Y T L D D L 

384 aacgatatcgcccaggcgggcatgcgcgcccgccgcgaggcggcg 
N D I A Q A G M R A R R E A A 

339 tcggcggcggagctgatcattgccgatgaggtcggcgagttccag 
S A A E L I I A D E V G E F Q 

294 caatggcgggagagtctggacgtggtgcccgccatccgtcgcctg 
Q W R E S L D V V P A I R R L 

249 cgtgatcatgtggagggacgtcgccaggaggagctacggcgtttt 
R D H V E G R R Q E E L R R F 

204 agccattatctggatcaggggcaggaccctcgtgcggttctggaa 
S H Y L D Q G Q D P R A V L E 

159 gccttctccaaagccttgatgaataaagttcttcacgaccccatc 
A F S K A L M N K V L H D P I 

114 gcgacccttcgccagccttgtcaggacgcgaccaacgaaagtctg 
A T L R Q P C Q D A T N E S L 

69 gttgcggcactggatattctctttcgtctcagtgacgccgaagga 
V A A L D I L F R L S D A E G 

24 tga 22 

* 

Fig 5.11: ORF obtained from the -2 reading fratmofthe sequence of pAR2. 
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pAR2, 2 
Afer232, 93 

pAR2, 62 
Afer232, 153 

pAR2, 122 
Afer232, 213 

pAR2, 182 
Afer232, 273 

pAR2, 242 
Afer232, 333 

pAR2, 302 
Afer232, 393 

-~-- ·--~--~--------------
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LRHFHGMDPRLLDGHIYHSSDAEAVRHLFRVACGLDSMIIGEPQILGQVKDAYQAAADNG 
LCHFHGVDPRLLDGHIYHSSDAEAVRHLFRVACGLDSMIIGEPQILGQVKDAYQAAADNG 
* **** ***************************************************** 

AAGPVLNRLLHWAFRVAKRVRSETAIGSAPVSVAYAAVCLAKQLLGSLEGKSVLLIGAGD 
AAGPVLNRLLHWAFRVAKRVRSETAIGSAPVSVAYAAVCLAKQLLGSLEGKSVLLIGAGD 
************************************************************ 

TIELVATHLREHGVERFAVANRSAERGQQLAEKFTGDSHALEAIPHLLHDADVVVSCTAS 
TIELVATHLREHGVERFAVANRSAERGQQLAEKFTGDAHALEAIPHLLQDADVVVSCTAS 
************************************* ********** *********** 

LLPIVTRETISAVMARRARGDLMLVDLAVPRDIAPEVEGVAQCFLYTLDDLNDIAQAGMR 
LLPIVTRETISAVMARRARGDLMLVDLAVPRDIAPEVEGVAQCFLYTLDDLNDIAQAGMR 
************************************************************ 

ARREAASAAELIIADEVGEFQQWRESLDVVPAIRRLRDHVEGRRQEELRRFSHYLDQGQD 
ARREAASAAELIIAEEVGEFQQWRESLDVVPAIRRLRDHVEGRRQEELRRFSHYLDQGQD 
************** ********************************************* 

PRAVLEAFSKALMNKVLHDPIATLRQPCQDATNESLVAALDILFRLSDAEG 
PRAVLEAFSKALMNKVLHDPIATLRQPCQDATNESLVAALDILFRLSDAEG 
*************************************************** 

Fig 5.12: Pairwise alignment of the amino acid sequence of pAR2 and the glutamyl tRNA 
reductase of A. ferrooxidans 23270. 

pAR2, 16 
igpj_a, 79 

pAR2, 76 
igpj_a, 139 

pAR2, 136 
igpj_a, 199 

pAR2, 195 
igpj_a, 259 

pAR2, 255 
igpj_a, 319 

AEAVRHLFRVACGLDSMIIGEPQILGQVKDAYQAAADNGAAGPVLNRLLHWAFRVAKRVR 
SEAVRHLFRVASGLESMMVGEQEILRQVKKAYDRAARLGTLDEALKIVFRRAINLGKRAR 

********** ** ** ** ** *** ** ** * * * ** * 

SETAIGSAPVSVAYAAVCLAKQLLGSLEGKSVLLIGAGDTIELVATHLREHGVERFAVAN 
EETRISEGAVSIGSAAVELAERELGSLHDKTVLVVGAGEMGKTVAKSLVDRGVRAVLVAN 

** * ** *** ** **** * ** *** ** * ** *** 

RSAERGQQLAEKFTGDSHALEAIPHLLHDADVVVSCTASLLPIVTRETISAVMARR-ARG 
RTYERAVELARDLGGEAVRFDELVDHLARSDVVVSATAAPHPVIHVDDVREALRKRDRRS 
* ** ** * * ***** ** * * * 

DLMLVDLAVPRDIAPEVEGVAQCFLYTLDDLNDIAQAGMRARREAASAAELIIADEVGEF 
PILIIDIANPRDVEEGVENIEDVEVRTIDDLRVIARENLERRRKEIPKVEKLIEEELSTV 

* * *** ** * *** ** ** * * * 

QQWRESLDVVPAIRRLRDHVEGRRQEELRRFSHYLDQGQDPRAVLEAFSKALMNKVLH 
EEELEKLKERRLVADVAKSLHEIKDRELERALRRLKTG-DPENVLQDFAEAYTKRLIN 

* * * * * *** ** * * 

Fig 5.13: Pairwise alignment of the amino acid sequence ofpAR2 with lgpj_a molecule 
showing 36% homology with 0.7% gap frequency. 

When BlastP was performed with the help of the NCBI tool given in the website 

http://www.ncbi.nlm.nih.gov/blast/Blast.cgi the result showed the sequence to have the 

putative conserved domain, where the first 230 amino acids sequence showed the 

homology with the NADP-binding domain of glutamyl tRNA reductase which belongs to 
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NADB_Rossmann superfamily whereas the sequence starting from 246 to 344 homology 

with dimerization domain of glutamyl tRNA reductase (Fig 5.14). 

NADP-binding domain of glutamyl-tRNA reductase 
CD Length: 311 Bit Score: 252.57 B-value: 6e-68 

10 20 30 40 50 
80 

60 70 

... ·*· ... j •••• * .... j •••• * .... j ..•• * .... j •••• * .... j •••. * .... j •• ··*· ... j ••• 
. * .... I 

pAR2 4 
RLLDGHIYHSSDAEAVRHLFRVACGLDSMIIGEPQILGQVKDAYQAAADNGAAGPVLNRLLHWAFRVAKRVRSETAIGSA 83 
cd05213 78 
PELREYLYVGRGQDAVRHLFRVASGLDSMVVGETQILGQVKNAYKLAKEAGTSGKLLNRLFQKAIKVGKRVRTETGISRG 157 

90 100 110 120 130 140 150 
160 

.... * .... j •••. * .... j ••.. * .... j •••• * .... j •••• * .... j •••• * .... j •••• * .... j •••• * .... j 
pAR2 84 
PVSVAYAAVCLAKQLLGSLEGKSVLLIGAGDTIELVATHLREHGVERFAVANRSAERGQQLAEKFTGDSHALEAIPHLLH 163 
cd05213 158 
AVSISSAAVELAEKIFGNLKGKKVLVIGAGEMGELAAKHLAAKGVAEITIANRTYERAEELAKELGGNAVPLDELLELLN 237 

170 180 190 200 210 220 230 
.... * .... j •••• * .... j •... * .... j ••• ·*· ... j •••• * .... j •••. * .... j •••• * .... j 

pAR2 164 DADVVVSCTASLLPIVTREtisAVMARRARGDLMLVDLAVPRDIAPEVEGVAQCFLYTLDDLNDIAQAGM 233 
cd05213 238 EADVVISATGAPHYAKIVE---RAMKKRSGKPRLIVDLAVPRDIEPEVGELEGVRLYTIDDLEEVVEENL 304 

80 

Glutamyl-tRNAGlu reductase, dimerisation domain 
CD Length: 103 Bit Score: 78.06 B-value: 2e-l5 

10 20 30 40 50 60 

.... * .... j ••• ·*· ... j •••• * .... j •••• * .... j ••• ·*· ... j •••• * .... j •.•• * .... j ••• ·*· ... j 
pAR2 246 IIADEVGEFQQWRESLDVVPAIRRLRDHVEGRRQEELRRFSHYLDQ-
GQDPRAVLEAFSKALMNKVLHDPIATLRQPcQD 324 

70 

cd05213 6 
IIEEELAEFEEWLKSLEVVPTIKALREKAERIREEELEKALKKLGNlGKKEEEVLEKLTRSIVNKLLHDPTVALKEL-AA 84 

90 100 

· · · · * · · · · I · · · · * ·. · · I 
pAR2 325 ATNESLvAALDILFRLSDAE 344 
cd05213 325 ATNESLvAALDILFRLSDAE 344 

Fig 5.14: The amino acid sequence of pAR2 showing the conserved domain sequence of 
glutamyl tRNA reductase. 

Although the ORF typically began with the ATG codon but no typical Shine

Dalgarnho sequence AGGAGG was found at upstream of the initiation codon. It is likely 

to infer that the sequence is truncated at N-terminal point i.e. the ATG codon which is 

being referred here as the initiation codon, is actually not the initiation codon but only an 
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intermediate codon. The above results have already substantiated the probability of 

truncation at N-terminal end. However with the help of the software package SWISS-pdb 

Viewer v3.7 the three dimensional structures of lgpj_a as well as pAR2 could be created 

and compared (Fig 5.15 and 5.16). The structure shows very high similarity between these 

two. Like lgpj_a which remains in dimer form the dimer form of pAR2 also could be 

generated (Fig 5.17). Glutamyl-tRNA reductase molecule from Methanoparus kandleri has 

been extensively studied. The molecule has been detected to remain in dimer form 

containing two monomers each having a length of -125A o and together they span a width 

of -165A o. Each monomer contains three distinct linearly arranged domains. Domain I is 

the N-terminal domain and consists of two sub-domains. Sub-domain I (1-77 residues) 

contains four ~-sheets and 3 a-helices which are arranged in ~a~~aa~-motif typical to the 

RNA binding protein. Sub-domain II consists of three anti-parallel a-helices. Together 

these two sub-domains form a distorted anti-parallel helix bundle. Domain II (149-285 

residues) is composed of central six stranded ~-sheets linked to the Domain I by a short 

linker residues (142-148). Domain two has the classical nucleotide-binding fold. Domain 

m(355-360) is composed of three a-helices and is the dimerization domain. It is linked to 

the domain II by a 'spinal' a-helix (286-352) comprising of 18 a-helical turns (Moser et 

al., 2001). Even after seeing very high similarity with the representative molecule, the 

functionality of the truncated glutamyl-tRNA reductase is yet to be tested following 

expression coupled to structure-function studies. 

Fig 5.15: 3D structure of A, 1 GP.f.A; B, pAR2. In case of 1 GP.![\, the first 66 
amiino acids have been deleted from N-terminal to fit with pAR2 
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The nucleotide sequence of pAR2 showed almost 100% similarity with the 

sequence of glutamyl-tRNA of A. ferrooxidans except at the terminal inverted repeats (Fig 

5.10), this truncated nature of pAR2 may be the consequence of integration of the inverted 

sequence in the gene. 

Fig 5.16: 3D structure of A, 1 GP.IA; B, pAR2. All the amino acids have 
been accounted. 

6.3.2.4 Restriction fragment analysis of amplicon generated with IST2 specific 

internal primers 

Just like IST445 when IST2 was PCR amplified from the Garubathan strains DNA 

fragment size of around 1.4kb could be amplified (Fig 5.4). The DNA fragment was 

analyzed by digesting the fragment with Hindlll enzyme, the recognition site for which is 

present in IST2 sequence at 658 nucleotide position. The result showed that in case of DKl 

just like in case of IST445, three DNA fragments were found while in case of control DNA 

sample NCffi 8455 two DNA fragments corresponding to size of amplified fragment were 

generated (Fig 5.18). This led to conclude that during the amplification of IST2 another 

DNA fragment also got amplified. 
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Fig 5.17: Dimer structure of glutamyl tRNA. A, IGPJ..A.; B, pAR2 

6.3.2.5 Cloning of unknown PCR amplicon generated with IST2 internal primers and 

construction pAR4 clone 

The amplicon of DKI generated with IST2 internal primers (which did not bear the 
Hindiii site) was cloned in pGEM-T easy vector and the recombinant plasmid was 
screened, selected and named as pAR4. Minipreparaton followed by maxipreparation of 
the plasmid was carried out and sequencing of the insert was carried out using T7 and SP6 
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primers. Two sequences (part A 568bp and part B 581 bp) obtained from both ends were 
presented; complete sequence was not done with internal primer walking (Fig 5.19 A and 
B). Interestingly here also the two ends of the sequence had identical inverted repeats of 
IST2. 

1 2 M bp 

5000 

1500 
1000 

500 

Fig 5.18: Hindlll digestion of Lane 1, 
NCIB8455 and lane 2, DKl. M, 500 bp 
DNA ladder 

(Gl) 

GAGCTATAGTCAAATCTGGCATGGTGGCAGGGCGTGTCATCCTGATCTCAATAATGGGGCAGTGCCCGTGGCGCCCAGCGCCATCGCC 

ATTGCCGGTGAAGAAGTACATACCCCCAAAGGCAAGCAGACATACACCACCCCGCGTGCTCTGGCTGACGACGAAATCCCCGGGATTG 

TCGAAGGCTTTGCCCAGGCTGCCCGCAATGCCCGGTTGGCCGGTTTTGACCTGGTAGAAGTGCATGGCGCCAACGGTTATTTGCTGGA 

TGAATTTTTGCGGGATGGTGCCAATCATCGCCAGGGACCCTATGGTGGAGATCGGGAAAATCGCGCCCGTTTTCTTTTTGAAGTTCTG 

GCGGCAGTCTGCCAGGCGGTCGATGCAGATCGTGTCGGAGTGCGCCTTTCGCCACTGAACAGTTTTAACGATATGCGGGATAGTGATC 

CCGTTGGTTTGCTATCCTGGCTTGCTGGTCGACTGAATGATTTCGGATTGGCCTATTGCATCTGATGCGCGCAGATTTTTATGGACGT 

CAGACCGGAGATGTCCTGGCACCAGCCCGGAAACATTTTC (568) 

[A] 

GAGCTATGCTCGAAAGTGGAGGCGTGCAGTGGATGACCGCAGGGCGGGGCGTGATTCACTCGGAAATTCCGGAACAGGAAAAAGGCGT 

CATGGAGGGATTTCAGCTCTGGCTCAACCTGCCGAGCCAGGACAAGATGGCACCGCCGTGGTATCGCGATTTCTCTGCCGCAGATTTA 

CCGCGCTTTGTGACTCAGGAAGGAGTCGTCGTCACGGTAATTGCCGGAGAGAGTCATGGAGTCATTGGCGCGGTAACGCGGGAGAGCA 

CAAATCCGCTCTATCTGGACCTGCAATTGCCGGAAGGCGCACATTTCAAACAGCAACTGCCTGCTGATTACAACGCCTTTCTTTATGC 

ATATCGCGGTACCCTGGAAATCGTCGGCACACCTGTGTCTGTCCAGAGCATGGCCATACTCGAGAATGGCCCGGAAACCGACGGTGTG 

GACATCAAGGCGCTTACGAGTGCACGCTTACTGCTGATTGCGGGCCAGCCGTTGCATGAGCCAATTGTCCAGTATGGACCATTTGTCA 

TGAATACTCGGGAGGAAATATACCAGGCTTTTGAGGATATGAAGGAAGGCCGG (581) [B] 

Fig 5.19: Nucleotide sequence of pAR4; A, sequence done with SP6 primer; B, sequence 
done with T7 primer. Primer sequence is highlighted by bold letters and inverted repeats 
are underlined. 
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6.3.2.6 Analysis of the sequence of pAR4 clone 

BlastN was conducted with both the sequences. The nucleotide sequence (part B) 

that was determined using T7 primer (Fig 5.20) showed 98% similarity with A. 

ferrooxidans ATCC 23270 genome sequence. The other part of the sequence (part A) 

showed 67% homology with NADH:flavin oxidoreductase/flavin oxidase gene of 

Magnetococcus sp. but no homology with A. ferrooxidans DNA (Fig 5.21 ). 

PAR4 7 TGCTCGAAAGTGGAGGCGTGCAGTGGATGACCGCAGGGCGGGGCGTGATTCACTCGGAAA 66 
111 111 1111 11111111111 1 11 111111 11111 111 11111 11111111111 111 

Aferr 290499 5 TGCTCGAAAGCGGAGGCGTGCAATGGATGACCGCAGGGCGAGGCGTGATTCACTCGGAAA 29 05054 

PAR4 67 TTCCGGAACAGGAAAAAGGCGTCATGGAGGGATTTCAGCTCTGGCTCAACCTGCCGAGCC 126 
111111111111111111111111111111111111111111111111111111111111 

Af err 2905055 TTCCGGAACAGGAAAAAGGCGTCATGGAGGGATTTCAGCTCTGGCTCAACCTGCCGAGCC 29051 14 

PAR4 127 AGGACAAGATGGCACCGCCGTGGTATCGCGATTTCTCTGCCGCAGATTTACCGCGCTTTG 186 

111111111111111111111111111111111111111111111111111111111111 
Aferr 2905115 AGGACAAGATGGCACCGCCGTGGTATCGCGATTTCTCTGCCGCAGATTTACCGCGCTTTG 290 5174 

PAR4 187 TGACTCAGGAAGGAGTCGTCGTCACGGTAATTGCCGGAGAGAGTCATGGAGTCATTGGCG 246 

111111111111111111111111111111111111111111111111111111 IIIII 
Aferr 23270 TGACTCAGGAAGGAGTCGTCGTCACGGTAATTGCCGGAGAGAGTCATGGAGTCACTGGCG 290 523 4 

PAR4 247 CGGTAACGCGGGAGAGCACAAATCCGCTCTATCTGGACCTGCAATTGCCGGAAGGCGCAC 306 
1111111111111111111111111 1111111 111111111 11111 11111111111 11 

Aferr 23270 CGGTAACGCGGGAGAGCACAAATCCACTCTATCTGGACCTGCAATTGCCGGAAGGCGCAC 2905294 

PAR4 307 ATTTCAAACAGCAACTGCCTGCTGATTACAACGCCTTTCTTTATGCATATCGCGGTACCC 366 
1111111111111111111 111111 111111 11111 11 11111111111 111 11 1111 

Aferr 23270 ATTTCAAACAGCAACTGCCGGCTGATTACAACGCCTTTCTTTATGCATATCGCGGAACCC 29053 54 

PAR4 367 TGGAAATCGTCGGCACACCTGTGTCTGTCCAGAGCATGGCCATACTCGAGAATGGCCCGG 426 
11111111111111111111111111111111 111111111111111111111111111 

Aferr 23270 TGGAAATCGTCGGCACACCTGTGTCTGTCCAGCGCATGGCCATACTCGAGAATGGCCCGG 2905414 

PAR4 427 AAACCGACGGTGTGGACATCAAGGCGCTTACGAGTGCACGCTTACTGCTGATTGCGGGCC 486 
111111111111111111111111111111111111111111111111111111111111 

Aferr 23270 AAACCGACGGTGTGGACATCAAGGCGCTTACGAGTGCACGCTTACTGCTGATTGCGGGCC 2905474 

PAR4 487 AGCCGTTGCATGAGCCAATTGTCCAGTATGGACCATTTGTCATGAATACTCGGGAGGAAA 546 
11111111111111111111111111 111111111111111111 111 1 11 11 11111111 

Aferr 23270 AGCCGTTGCATGAGCCAATTGTCCAGTATGGACCATTTGTCATGAATACTCGGGAGGAAA 2905534 

PAR4 547 TATACCAGGCTTTTGAGGATATGAAGGAAGGCCGG 581 
I I II II II II I II I I I I I I I I I I I I I I I I I I I II I 

Aferr 23270 TATACCAGGCTTTTGAGGATATGAAGGAAGGCCGG 290 556 9 

Fig 5.20: BlastN result of part B nucleotide sequence of pAR4 showing 98% homology 
with the A.ferrooxidans 23270 nucleotide sequence . 

Three ORFs 192, 109 and 60 amino acids were obtained from part B sequence of 

pAR4 insert (Fig 5.22 A, B and C) from +3, +2 and -2 reading frame respectively .. The 
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ORF containing a sequence of 192 amino acids showed 98% homology with Pirin domain 

protein of A. ferrooxidans 53993. Beside that the presence of conserved domains for 

Cupin_2 and Pirin_C superfamily were also found (Fig 5.23). The result showed that 

the first 36 amino acids have the homology with the C-terminal part of the Cupin_ C while 

the last 101 amino acids starting from amino acid 91 showed the containment of Pirin_ C 

superfamily. BlastP result of 109 long amino acid chain did not show any significant 

homology with any of the non-redundant GenBank CDS while 60 amino acids long ORF 

showed 33% homology with the ATP-dependent ligase of Syenococcus sp. 

PAR4 134 GACGACGAAATCCCCGGTATTGTCGAAGGCTTTGCCCAGGCTGCCCGCAATGCCCGGTTG 193 

I I 111111 I II I IIIII I II 111 1111 I I 111111 1111111 
Mag 958330 GATGACGAACTGCCGGCCATTGTAAATGGGTTTGCCCGTGCGGCCCGCCATGCCCGCGCA 9583 89 

PAR4 194 GCCGGTTTTGACCTGGTATAAGTGCATGGCGCCAACGGTTATTTGCTGGATGAATTTTTG 253 

IIIII IIIII 1111 I 11111111 II III II II 1111 Ill IIIII II 
Mag 958390 GCCGGGTTTGATGGGGTAGAGGTGCATGGGGCCAATGGCTACCTGCTCGATCAATTTCTG 958449 

PAR4 254 CGGGATGGTGCCAATCATCCCCAGGGACCCTATGGTGGAGATCG--GGAAAATCGCGCCC 311 

11111111 Ill 1111 I II 111111111 I Ill Ill II 1111111 
Mag 958 450 CGGGATGGCAGCAACCATCGCAGCGGTGCCTATGGTG--GCTCGGTGGAGAACCGCGCCC 958507 

PAR4 312 GTTTTCTTTTTGAGGTTCTGGCGGCAGTCTGCCAGGCGATCGATGCA--GATCGTGTCGG 369 

1111 I II IIIII I I Ill 1111 II II I Ill II II II II 
Mag 958508 GTTTGTTGTTGGAGGTGATTGAGGCGGTCTCCCTAGC--CTGGGGCAGTGAGCGGGTGGG 958565 

PAR4 370 AGTGCGCCTTTCGCCACTGAACAGTTTTAACGATATGCGGTATAGTGATCCCGTTGGTTT 429 

1111 I II II II IIIII 111111111111 I II IIIII I II II 
Mag 958566 GCTGCGGATCTCTCCCCTTAACAGCTTTAACGATATGATCGACAGCGATCCTATGGGGTT 958625 

PAR4 430 GCTATCCTGGCTTGCTGGTCGACTGAATGATTTCGGATTGGCCTATTTGCATCTGATGCG 489 

I IIIII II IIIII II I I 1111111111 1111 11111111 
Mag 95 8626 GGCGGAGTGGCTGGCCAAGCGACTAAACGCCTATCCATTGGCCTATCTGCACCTGATGCG 958685 

PAR4 490 -CGCAGATTTTTATGGACGTCGGACCGGAGATGTCCTGGCACCAGCCCGGAAACATTTTC 548 

Ill II 1111 II I I 11111111 I I I I Ill I II I I 
Mag 958686 TCGC-GACTTTTTGGGTCAACAACAGGGAGATGTGGTTCCCCTGGTACGGCAGCACTATA 958744 

PAR4 549 AGGGCCCCTTGATTGTCAACATGGGTTA 576 

IIIII II 1111 I II 11111111 
Mag 958745 AGGGCACCCTGATCGGTAATATGGGTTA 958772 

Fig 5.21: BhistN result of part A nucleotide sequence of pAR2 showing 67% homology 
with Magnetococcus sp. MC-1 (Mag). 

From part A nucleotide sequence of pAR4, three ORFs of 122, 70 and 38 amino 

acids were found from -1 , +3 and -1 reading frame respectively (Fig 5.24). BlastP of 122 

long amino acids sequence showed the highest homology of 25% only with transcriptional 

regulator of Ara family protein of Stigmatella aurantiaca while that of 70 amino acids 

sequence showed the highest homology of 41% with the NADH dehydrogenase subunit I 
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of Streptomyces ghanaensis ATCC 14672. On the other hand 38 amino acid sequence did 

not show any significant homology with any of the non-redundant GenBank CDS. 

6 atgctcgaaagtggaggcgtgcagtggatgaccgcagggcggggc 
M L E s G G v Q w M T A G R G 

51 gtgattcactcggaaattccggaacaggaaaaaggcgtcatggag 
v I H s E I p E Q E K G v M E 

96 ggatttcagctctggctcaacctgccgagccaggacaagatggca 
G F Q L w L N L p s Q D K M A 

141 ccgccgtggtatcgcgatttctctgccgcagatttaccgcgcttt 
p p w y R D F s A A D L p R F 

186 gtgactcaggaaggagtcgtcgtcacggtaattgccggagagagt 
v T Q E G v v v T v I A G E s 

231 catggagtcattggcgcggtaacgcgggagagcacaaatccgctc 
H G v I G A v T R E s T N p L 

276 tatctggacctgcaattgccggaaggcgcacatttcaaacagcaa 
y L D L Q L p E G A H F K Q Q 

321 ctgcctgctgattacaacgcctttctttatgcatatcgcggtacc 
L p A D y N A F L y A y R G T 

366 ctggaaatcgtcggcacacctgtgtctgtccagagcatggccata 
L E I v G T p v s v Q s M A I 

411 ctcgagaatggcccggaaaccgacggtgtggacatcaaggcgctt 
L E N G p E T D G v D I K A L 

456 acgagtgcacgcttactgctgattgcgggccagccgttgcatgag 
T s A R L L L I A G Q p L H E 

501 ccaattgtccagtatggaccatttgtcatgaatactcgggaggaa 
p I v Q y G p F v M N T R E E 

546 atataccaggcttttgaggatatgaaggaaggccgg 581 
I y Q A F E D M K E G R (A) 

2 agctatgctcgaaagtggaggcgtgcagtggatgaccgcagggcg 
s y A R K w R R A v D D R R A 

47 gggcgtgattcactcggaaattccggaacaggaaaaaggcgtcat 
G R D s L G N s G T G K R R H 

92 ggagggatttcagctctggctcaacctgccgagccaggacaagat 
G G I s A L A Q p A E p G Q D 

137 ggcaccgccgtggtatcgcgatttctctgccgcagatttaccgcg 
G T A v v s R F L c R R F T A 

182 ctttgtgactcaggaaggagtcgt cgtcacggtaattgccggaga 
L c D s G R s R R H G N c R R 

227 gagtcatggagtcattggcgcggtaacgcgggagagcacaaatcc 
E s w s H w R G N A G E H K s 

272 gctctatctggacctgcaattgccggaaggcgcacatttcaaaca 
A L s G p A I A G R R T F Q T 

317 gcaactgcctgctga 331 
A T A c * (B) 

529 atgacaaatggtccatactggacaattggctcatgcaacggctgg 
M T N G p y w T I G s c N G w 

484 cccgcaatcagcagtaagcgtgcactcgtaagcgccttgatgtcc 
p A I s s K R A L v s A L M s 

439 acaccgtcggtttccgggccattctcgagtatggccatgctctgg 
T p s v s G p F s s M A M L w 

394 acagacacaggtgtgccgacgatttccagggtaccgcgatatgca 
T D T G v p T I s R v p R y A 

349 taa 347 C) 

Fig 5.22: ORF obtained from part B of the pAR4 insert. A, 191 amino 
acids long at +3 frame; B, 109 amino acids long at +2 frame; and C, 60 
amino acids at -2 reading frame. 
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~seq. 

~llilies } -..z _.._lg) Pirin_C ~laily 

Pirin C-terminal cupin domain The best-scoring hit on this query sequence is by member 
pfam05726: 

CD Length: 103 Bit Score: 119.98 E-value: 2e-28 

10 20 30 4 0 5 0 6 0 7 0 80 

····*···· 1····*····1····*···· 1· · ··*···· 1····*···· 1····*···· 1·· · ·*····1 ··*··· · I 
pAR 4 91 YuDLQ :.. PEGAH FKQQLPADYNAFLYAYRGTL EIVGT PVSVQSMAI L>O .. GPETDGVDIKALTSAR LLL IAGQPLHEP I VQ 169 
pfam05726 1 YLD ITLEAGARFTLPLP EGFERAVYVLEGEGEVGGD •VDEGRLAVL GPPGDELVLR~GAGAR FLLLGGEPLGEPVVI 78 

pAR 4 17: 
pfam0 572 6 79 

90 100 

. . . *. . . I . ... * .... I .. · 
·.'MNTREE I Yi,iAFEDMKEGR 192 

V''TKE EI EQAFEDWREGR l 01 

Cupin domain The best-scoring hit on this query sequence is by member pfam02678 

CD Length: 104 Bit Score: 61.90 E-value: 8e-ll 

10 20 3 0 
.... * . . .. I .... * .... I . ... * .... I .... * 

pAR 4 2 LESGGVQWMTAGRGVI HSE I PEQEKGVMEGFQLWL 36 
pfam02678 70 IRPGDVQWMTAGRG IVHSEMPPSSEGPLHGLQLWV 104 
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Fig 5.23: Amino acid sequence of partB of pAR4 showing conserved domain sequence of 
Pirin_C superfamily. 

6.3.3 Ampification of inter-IS sequence using outwardly directed 

primers of IST445 and IST2: 

The idea behind the designing of outwardly directed primers sequences to amplify 

the inter IS regions has already been explained in the last two paragraphs of the 

introduction. The primers were named as RP 1, RP2, RP3 and RP4 that will move in the 

direction opposite to G3, G4, A1, and A2 respectively (Fig 5.1 and Table 5.1). Using the 

combinations of primers having more or less same T m value, PCR amplifications were 

conducted for different strains (both wild and colony morphology variants) and the profiles 

of amplified DNA bands specific to a particular strain were obtained. Comparison of 

'fingerprint of amplified fragments' (FAF) of the wild with their colony morphology 

variants confirmed their mother-daughter identity. However FAFs derived from different 

mother strains of A. ferrooxidans (DKI, GBVI, CMO II, CMI I) established their 

distinctiveness. Moreover, presence of few amplified fragments of same size present in the 

profile of all the strains tested indicated the conservation of few inter-IS fragment which in 

evolution suffered minimum IS-mediated rearrangements. 



367 ctggcagactgccgccagaacttcaaaaagaaaacgggcgcgatt 
L A D C R Q N F K K K T G A I 

322 ttcccgatctccaccatagggtccctggcgatgattggcaccatc 
F P I S T I G S L A M I G T I 

277 ccgcaaaaattcatccagcaaataaccgttggcgccatgcacttc 
P Q K F I Q Q I T V G A M H F 

232 taccaggtcaaaaccggccaaccgggcattg cgggcagcctgggc 
Y Q V K T G Q P G I A G S L G 

187 aaagcct tcgacaatcccggggatt t cgtcgtcagccagagcacg 
K A F D N P G D F V V S Q S T 

142 cggggtggtgtatgtctgcttgcctttgggggt atgtacttcttc 
R G G V C L L A F G G M Y F F 

97 accggcaatggcgatggcgctgggcgccacgggcactgccccatt 
T G N G D G A G R H G H C P I 

52 attgagatcaggatgacacgccctgccaccatgccagatttgact 
I E I R M T R P A T M P D L T 

7 atagct 2 

I A {A) 

21 atggt ggcagggcgtgtcatcctga t ctcaataatggggcagtgc 
M V A G R V I L I S I M G Q C 

66 ccgt ggcgcccagcgccatcgccat t gccggtgaagaagtacata 
p W R P A P S P L P V K K Y I 

111 cccccaaaggcaagcagacata caccaccccg cgtgctctggctg 
P P K A S R H T P P R V L W L 

156 acgacgaaatccccgggattgt cgaaggctttgcccaggctgccc 
T T K S P G L S K A L P R L P 

201 gcaatgcccggttggccggttt t gacctggtag 233 

A M P G W P V L T W * {B) 

568 gaaaatgtttccgggctggtgccaggacatctccggtctgacgtc 
E N V S G L V P G H L R S D V 

523 cataaaaatctgcgcgcatcagat gcaataggc caatccgaaa tc 
H K N L R A S D A I G Q S E I 

478 attcagtcgaccagcaagccagga tag 452 

I Q S T S K P G * {C) 

Fig 5.24: ORFs obtained from partA nucleotide sequence of pAR4 
at: A, -1; B, +3, and C, -1 reading frame respectively. 
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Theoretically there are sixteen different possible combinations of primers (RP1-

RP1 , RP2-RP2, RP3-RP3, RP4-RP4, RP1-RP2, RP2-RP1 , RP1-RP3, RP3-RP1, RP1-RP4, 

RP4-RP1, RP2-RP3, RP3-RP2, RP2-RP4, RP4-RP2, RP4-RP3 and RP3-RP4) (Fig 5.1). In 

practice, two combinations were optimized which yielded consistent results. The T m values 

of different outwardly directed primers are summarized in the Table 5.1 . These calculated 

Tm values have allowed selecting two combinations of primers i.e. RP1-RP4 and RP2-RP3. 

In other theoretical possible combinations the chances of nonspecific amplification of 

DNA would be augmented. To cite an example, in case of RPl and RP3 combination of 

primers, maintaining the annealing temperature at 58°C ( 4 °C below the T m of RP3) will 

not allow RPl to bind with the template DNA because the T m of RP l is still 2°C below the 

annealing temperature. On the other hand if the temperature is lowered down to 54°C (2°C 
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below the T m of RP 1 ), RP3 can bind nonspecifically to the template DNA because now the 

annealing temperature is 8°C below its T m value. Hence only two combinations of primers 

(RP l-RP4 and RP2-RP3) were used. 

6.3.3.1 Inter IS amplification using RP2 and RP3 primers and the analysis of the 

DNA fragments 

A total of eight strains (four wild and their respective colony morphology variants) 

viz. DKl, DKlSl, GBVI, GBVIS2, CMO II, CMOSl, CMI I and CMIS2 (symbol 'S' 

placed after mother strain names denotes spreading variant) were used in this experiment. 

PCR was conducted at 55°C annealing temperature. Once the PCR amplification was 

accomplished, the products were analyzed by running the agarose gel electrophoresis. The 

gel contained 2% agarose and the electrophoresis was performed at 50mV of electricity for 

about one hour. The separated DNA bands in the gel were observed and documented. With 

the help of the marker DNA molecule the size of each DNA fragment was manually 

determined and tabulated (Fig 5.25 and Table 5.2). 

bp M 1 2 3 4 bp M 5 6 7 8 M bp 

5000 5000 5000 

2000 2000 
2000 1500 1500 
1500 

1000 
1000 1000 

500 
500 500 

Fig 5.25: PCR amplification of inter-IS regions of different strains of A. 
ferrooxidans using RP2-RP3 combination of primers. 
Lanes: M, 500 bp DNA ladder; 1, DKl; 2, DKlSl ; 3, CMO II; 4, 
CMOSl; 5, CMI I; 6, CMIS2; 7, GBVI; 8, GBVIS2. 
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Table 5.2: Analysis of inter-IS DNA fragments (Kb) generated from wild and colony 
morpholog~ variants strains of A. [!rrooxidans using RP2-RP3 £rimers 

STRAINS 
Size (Kb) DKI DKISI GBYI GBYIS2 CMO CMOS2 CMI CMIS2 

2.8 v v v v v v 
2.1 " " " " " " v v 
1.8 " " " " " " 1.5 " " v v 
1.4 v v v v 
1.1 " v 
0.9 v v " v 
0.8 " v v v 
0.7 v v 
0.5 v " " " 0.4 v " v v 
0.3 v v 

'-../' & '-'denote the presence and absence of the DNA fragments 
DK1, GBVI, CMO and CMI are the wild type strains while DKlSl, GBVIS2, CMOS2 
and CMIS2 are their colon~ morpho log~ variants respectively. 

Analysis of these amplified DNA fragments have revealed that some DNA band(s) 

are highly conserved among the strains. e.g. a DNA band of 2.1 kb has been found in all 

the strains tested irrespective of their origin (Table 5.2). There were eight DNA bands (2.8 

kb, 2.1 kb, 1.8 kb, 1.5 kb, 1.4 kb 0.9 kb, 0.8 kb and 0.4 kb) present in all CM strains 

(CMO,CMI, CMOSl, and CMIS2) indicating that these inter-IS DNA fragments are 

highly conserved among the strains of coal mine. An additional amplicon of 0.5 kb present 

in both mother (CMO) and its variant (CMOS2) reveals the genotypic difference between 

CMO and CMI strains. However, the number of such conserved DNA bands was found to 

be lower in case of DK (DKI and DK1Sl) and GB (GBVI and GBVIS2) strains. FOFs so 

obtained with wild type and their colony morphology variants displayed high Dice 

coefficient. Hence it can be inferred that the bands are strain specific and can be efficiently 

used for typing A. ferrooxidans strains. 

The common DNA bands existing in the strains can be considered as possible 

ancestral fragments and it may be assumed that the genomic reorganization of IS elements 

in different strains had originated from one or few common ancestral DNA sequences 

residing in a particular DNA locus at a time 0. Let nA be the number of ancestral copies 

which is common in the strains tested, and nx1 be the number of additional DNA 

fragment{s) that have been generated by the movement of IS elements in strain X with the 
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total (Nx) of nA + nx1• Similarly for strain Y, Nv will be equal to nA + nYJ. The number of 

identical amplified DNA band shared by these two strains will be equal to nxy. Assuming 

that all the same sized DNA fragments generated by outwardly directed primers are those 

that remained unchanged from the common ancestor, the expected proportion of fragments 

that remain unchanged in both strains were calculated by the formula, D = 2nxv I (Nx+Nv ), 

which is known as Dice coefficient of similarity (Goldstein et al., 1995; Nei and Li, 1979). 

Highest D value was obtained for the pairs between the wild type and their respective 

colony morphology variant/mutants (e.g between DKl and DKlSl or CMO and CMOS2 

etc.) while the lowest D value was obtained for the pair between CMI and GB strains 

(Table 5.3). This indicated that GB strains are most distantly related with CMI strains 

compared to the others. On the other hand very low D value for these DNA bands obtained 

from these strains indirectly indicated the differential movement of the IS elements in the 

strains of A. ferrooxidans. 

Table 5.3: Dice similarity coefficient (D) of different sample pairs 

DK1 DK1S1 GBVI GBVIS2 CMO CMOS2 CMI CMIS2 

DK1 
DK1S1 1 
GBVI 0.25 0.25 
GBVIS2 0.25 0.25 I 
CMO 0.17 0.17 0.29 0.29 
CMOS2 0.17 0.17 0.29 0.29 1 
CMI 0.18 0.18 0.15 0.15 0.88 0.88 
CMIS2 0.18 0.18 0.15 0.15 0.88 0.88 

As was expected, the amplicons generated with RP2 and RP3 combination of 

primers amplifying DNA region flanked by IST2 on one side and IST445 on the other in a 

particular orientation, showed the different patterns of distribution of IS elements in 

different strains isolated from different locations. However, no unique band in the pairs 

between the wild and their colony morphology variant was found. Absence of polymorphic 

band(s) in the array of amlicons generated with primer pairs (RP2 and RP3) for the wild 

type and variants can not be taken for granted that rearrangement in the genome of CMV s 

due to movement of either of the two or both ISs did not occur at all. Under the set of PCR 

reaction condition, the chances of amplification of larger inter-IS regions have diminished 

blurring the prospect of identifying unique bands. 

Therefore in the search of the unique band( s) another combination or primers was 

used in the next experiment. 
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6.3.3.2 Inter IS amplification using RPl and RP4 primers and the analysis of the 

DNA fragments 

For the primer combinations of RP11and RP4, the annealing temperature was kept 

at 52°C. Similar to the generation of amplicons with RP2 and RP3 combination, a profile 

of amplicons (FAFs) were obtained from different strains of A. ferrooxidans (Fig 5.26). 

The sizes of the different fragments were determined and tabulated (Table 5.4). Unlike in 

RP2-RP3 combination, no DNA band of identical sizes could be identified. Dice 

coefficients for all the pairs were measured and it was found that the strains isolated from 

same location revealed greater similarities (Table 5.5). However, in case of DKl and 

DKlSl, D value was not found to be 1.0 due to the occurrence of a unique band of0.4 kb 

in DKISl (which was absent in its parent strain DKl) (Fig 5.26). 

M 12 bpM 3 4 5 6M bp78M 

bp 

5800 
5000 

2000 

2000 1500 
1800 

1500 
1800 580 

580 

Fig 5.26: PCR amplification of inter-IS regions of different strains of A. ferrooxidans 
using RP1-RP4 combination of primers. Lanes: M, 500 bp DNA ladder; 1, CMO IT; 
2, CMOS2; 3, GBVI; 4, GBVIS2; 5, CMI I; 6, CMIS2; 7, DKI; 8, 
DKlSl.Unique band is shown by an arrow. 

Amplification of unique DNA fragment of about 0.4 kb was repeatedly observed in 

DKlSl but not in other colony morphology variants. The PCR product was then run in the 

low melting agarose gel electrophoresis and the DNA of the unique band was eluted from 

the gel. The DNA was then cloned in pGEM-T easy vector as described in the material and 

methods. The recombinant plasmid was named pARI. Cloning was followed by the 

screening and sequencing. 
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Table 5.4: Analysis of inter-IS DNA fragments (Kb) generated from wild and colony 
morphology variants strains of A. ferrooxidans using RP1-RP4 primers 

STRAINS 
Size (Kb) DK 1 DKISI GBVI GBVIS2 CMO CMOS2 CMI CMIS2 

2.8 
2.3 

2.0 

1.7 

1.3 
1.2 

1.1 

1.0 

0.8 
0.7 

0.5 
0.4 

'·f & '-'denote the presence and absence of the DNA fragments 
DKl, GBVI, CMO and CMI are the wild type strains while DKlSl, GBVIS2, CMOS2 
and CMIS2 are their colony morphology variants respectively. 

Table 5.5: Dice similarity coefficient (D) of different sample pairs 

DKI DKlSl GBVI GBVIS2 CMO CMOS2 CMI CMIS2 
DKl 
DKISl 0.85 
GBVI 0.25 0.22 l 
GBVIS2 0.25 0.22 I 1 
CMO 0 0 0.5 0.5 
CMOS2 0 0 0.5 0.5 I I 
CMI 0.22 0.2 0.54 0.54 0 0 
CMIS2 0.22 0.2 0.54 0.54 0 0 

6.3.4 Analysis of pARl sequence 

1 

A sequence of 420 bp was obtained from DNA fragment cloned in pARI which 

contained inverted repeats of IST445 and IST2 at the terminal ends (Fig 5.27). The 

sequence has been deposited in the Genbank (Accession number of GQ305311 ). BlastN 

result showed 95% identity with the portion of A. ferrooxidans ATCC 53993 genome 

sequence, which featured the natural resistance-associated macrophage protein of A. 

ferrooxidans (Fig 5.28). However on careful analysis it was revealed that the first 20 bp 

and the last 20 bp sequences which were actually the part of inverted repeats of IS 

elements (designed as outwardly directed primers) followed by 4 bases ought to have been 
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target site duplicated direct repeat, indicated the disruption of the intact ORF due to 

transpositional event of IS72 and IST445. Further analysis with BlastX (translated 

nucleotide sequence query versus protein sequence) showed 97% identities with natural

resistance macrophage resistance protein of Acidithiobacillus ferrooxidans ATCC 53993 

(Fig 5.29). 

5' 
(RP1) 
>>>>>>>>>>>>>>>>>>>> 
ACCAGATTTGACTATAGCTCATCCTGCACATCCTGCGGCAAAGCAGCCTGGGCAGCATCGGGACCGCCCTGTTTGC 
CCTGGGCCTCGTCGAGGCTGGGCTGATAGCGGCCATCGCCATTACCGCCAGCACTTCCTGGGCGGTGGGCGAGGCG 
CTCAAACTGCCCCGCAGCCTGAATCTCAAACCGCAACGCGCACTGCCTTTTTATCTGTCCGGCATACTCAGCGCCG 
CCATGGCCGCCATGGTGGTCCTGATTCCTCATATCCCCTTGGGCTTCCTGAATCTTACCGTCCAGGTGATTGCCTC 
CATTTTCATGCCCGCCGCCATGCTATTCCTGCTCATGCTGCTCAATGACCGGGACATCATGGGAAGCTATATCAAC 
CGGCCATGGCAGAATTGGTTGGCTCTTCGTCATTTTCAAG (RP4) 

<<<<<<<<<<<<<<<<<<<< 3' 

Fig 5.27: Nucleotide sequence of pARI containing the inverted repeats assigned to 
IST445 and IS72. The primer sequences are highlighted by bold letters and the 
inverted repeats are underlined (5' end contains inverted repeats of IS72 and 3' end 
contains inverted repeats of IST445. 

PAR1 20 CATCCTGCACATCCTGCGGCAAAGCAGCCTGGGCAGCATCGGGACCGCCCTGTTTGCCCT 79 
11111111 111111111111111111111111111111111111111111111111111 

Aferr53993 147502 CATCCTGCGCATCCTGCGGCAAAGCAGCCTGGGCAGCATCGGGACCGCCCTGTTTGCCCT 147443 

PAR1 BO GGGCCTCGTCGAGGCTGGGCTGATAGCGGCCATCGCCATTACCGCCAGCACTTCCTGGGC 139 
111111111111111 11111111 lllllllllllllllllllllllllllllllllll 

Aferr53993 147442 GGGCCTCGTCGAGGCAGGGCTGATTGCGGCCATCGCCATTACCGCCAGCACTTCCTGGGC 147383 

PAR1 140 GGTGGGCGAGGCGCTCAAACTGCCCCGCAGCCTGAATCTCAAACCGCAACGCGCACTGCC 199 
111111111111111111111111111111111111111 IIIII 111111111 1111 

Aferr53993 147382 GGTGGGCGAGGCGCTCAAACTGCCCCGCAGCCTGAATCTTAAACCACAACGCGCATTGCC 147323 

PARl 200 TTTTTATCTGTCCGGCATACTCAGCGCCGCCATGGCCGCCATGGTGGTCCTGATTCCTCA 259 
1111111111111111111111111111 111111111111111111 11111111 II 

Aferr53993 147322 CTTTTATCTGTCCGGCATACTCAGCGCCGGCATGGCCGCCATGGTGGTGCTGATTCCCCA 147263 

PAR1 260 TATCCCCTTGGGCTTCCTGAATCTTACCGTCCAGGTGATTGCCTCCATTTTCATGCCCGC 319 
111111 1111 11111111 II lllllllllllllllllllllllllllllllllll 

Aferr53993 147262 CATCCCCCTGGGGTTCCTGAACCTGACCGTCCAGGTGATTGCCTCCATTTTCATGCCCGC 147203 

PAR1 320 CGCCATGCTATTCCTGCTCATGCTGCTCAATGACCGGGACATCATGGGAAGCTATATCAA 379 
111111111 II lllllllllllllllllllllllllllllllllllllllllllllll 

Aferr53993 147202 CGCCATGCTGTTTCTGCTCATGCTGCTCAATGACCGGGACATCATGGGAAGCTATATCAA 147143 

PAR1 380 CCGGCCATGGCAGAATT 396 
1111111111111111 

Aferr53993 147142 TCGGCCATGGCAGAATT 147126 

Fig 5.28: BlastH. result of pAR 1 showing 95 % identity with A. ferrooxidans ATCC 53993 
genome sequence. 



PARl 36 RQSSLGSIGTALFALGLVEAGLiaaiaitastsWAVGEALKLPRSLNLKPQRALPFYLSG 215 
RQSSLGSIGTALFALGLVEAGLIAAIAITASTSWAVGEALKLPRSLNLKPQRALPFYLSG 

A ferr 311 RQSSLGSIGTALFALGLVEAGLIAAIAITASTSWAVGEALKLPRSLNLKPQRALPFYLSG 370 

PARl 216 ILSAAMAAMVVLIPHIPLGFLNLTVQVIASifmpaamlfllmllNDRDIMGSYINRPWQN 395 
ILSA MAAMVVLIPHIPLGFLNLTVQVIASIFMPAAMLFLLMLLNDRDIMGSYINRPWQN 

A ferr 371 ILSAGMAAMVVLIPHIPLGFLNLTVQVIASIFMPAAMLFLLMLLNDRDIMGSYINRPWQN 430 

PARl 396 WLA 404 
+ A 

A ferr 431 YAA 433 

Fig 5.19: BJastX result of pARt showing 97 % homology with tbe natural
resistance macrophage protein of A. fen-ooxidons ATCC 53993. 
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Using ORF finder tool three ORFs coding for 132, 116 and 82 amino acids from 

+3, +2 and -2 frames for the sequence were obtained (Fig 5.30). The ORF containing 132 

amino acids sequence showed 96% homology with the natural resistance-associated 

macrophage protein (Nramp) of Acidithiobacillus ferrooxidans ATCC 53993. The 

sequence was found to contain conserved domain for MntH transporter protein belonging 

to the Nramp superfamily (Fig 5.31). Other ORFs did not show any significant homology 

with any of the non-redundant GenBank CDS. 

As the total genome sequence of A. ferrooxidans is now available in GenBank, 

total gene sequence coding for MntH protein was retrieved and analyzed. MntH gene of A. 

ferrooxidans was found to contain a sequence of 1371 bp in the '-' strand of A. 

ferrooxidans genome starting from 148416 to 147046. In the first step of the analysis, pair

wise alignment between the A. ferrooxidans MntH and cloned amplicon sequence was 

performed. The aligned sequence of A. Jerrooxidans A TCC 53993 genome sequence with 

amplicon sequence from DK1S1 showed a certain degrees of homology in few bases with 

the inverted repeats of ISs in the terminal region (Fig 5.32). This result indicated the 

possibility of genomic rearrangement by insertion of IS due to recombimational event 

disrupting the MntH gene. Non specific annealing of primers leading to amplification of 

that DNA region has been ruled out by the PCR condition which would not allow the 

binding of primers with the DNA sequences having around 55% homology with two gaps 

in between. In addition to that, the same fragment of DNA under the same PCR condition 

could not be amplified from DK1 strain. Hence, the non-specific amplification of inter IS 

region was ruled out. Therefore the insertion of two ISs in the genome is very likely; or the 

presence of such homologous sequences could have led to the homologous recombination 
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of MntH gene sequence with the IS elements resulting into the integration of the IS 

elements into the gene. 

24 ctgcacatcctgcggcaaagcagcctgggcagcatcgggaccgcc 
L H I L R Q s s L G s I G T A 

69 ctgtttgccctgggcctcgtcgaggctgggctgatagcggccatc 
L F A L G L v E A G L I A A I 

114 gccattaccgccagcacttcctgggcggtgggcgaggcgctcaaa 
A I T A s T s w A v G E A L K 

159 ctgccccgcagcctgaatctcaaaccgcaacgcgcactgcctttt 
L p R s L N L K p Q R A L p F 

204 tatctgtccggcatactcagcgccgccatggccgccatggtggtc 
y L s G I L s A A M A A M v v 

249 ctgattcctcatatccccttgggcttcctgaatcttaccgtccag 
L I p H I p L G F L N L T v Q 

294 gtgattgcctccattttcatgcccgccgccatgctattcctgctc 
v I A s I F M p A A M L F L L 

339 atgctgctcaatgaccgggacatcatgggaagctatatcaaccgg 
M L L N D R D I M G s y I N R 

384 ccatggcagaattggttggctcttcgtcattttcaag 420 
p w Q N w L A L R H F Q [A] 

2 ccagatttgactatagctcatcctgcacatcctgcggcaaagcag 
p D L T I A H p A H p A A K Q 

47 cctgggcagcatcgggaccgccctgtttgccctgggcctcgtcga 
p G Q H R D R p v c p G p R R 

92 ggctgggctgatagcggccatcgccattaccgccagcacttcctg 
G w A D s G H R H y R Q H F L 

137 ggcggtgggcgaggcgctcaaactgccccgcagcctgaatctcaa 
G G G R G A Q T A p Q p E s Q 

182 accgcaacgcgcactgcctttttatctgtccggcatactcagcgc 
T A T R T A F L s v R H T Q R 

227 cgccatggccgccatggtggtcctgattcctcatatccccttggg 
R H G R H G G p D s s y p L G 

272 cttcctgaatcttaccgtccaggtgattgcctccattttcatgcc 
L p E s y R p G D c L H F H A 

317 cgccgccatgctattcctgctcatgctgctcaatga 352 
R R H A I p A H A A Q * [B] 

260 atgaggaatcaggaccaccatggcggccatggcggcgctgagtat 
M R N Q D H H G G H G G A E y 

215 gccggacagataaaaaggcagtgcgcgttgcggtttgagattcag 
A G Q I K R Q c A L R F E I Q 

170 gctgcggggcagtttgagcgcctcgcccaccgcccaggaagtgct 
A A G Q F E R L A H R p G s A 

125 ggcggtaatggcgatggccgctatcagcccagcctcgacgaggcc 
G G N G D G R y Q p s L D E A 

80 cagggcaaacagggcggtcccgatgctgcccaggctgctttgccg 
Q G K Q G G p D A A Q A A L p 

35 caggatgtgcaggatgagctatag 12 

Q D v Q D E L * [C] 

Fig 5.30: ORFs of pAR1 sequence obtained from A, +3 frame; B, +2 frame and C, -2 
frame containing 132, 116 and 82 amino acids respectively. 
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Fig 5.31: pARI sequence showing the conserved sequence for MntH ofthe Nramp family 
protein. 

pAR1, 3 
Afer53, 898 

pAR1, 62 
Afer53, 958 

pAR1, 122 
Afer53, 1018 

pAR1, 182 
Afer53, 1078 

pAR1, 242 
Afer53, 1138 

pAR1, 302 
Afer53, 1198 

pAR1, 362 
Afer53, 1258 

CAGATTTGA-CTATAGCTCATCCTGCACATCCTGCGGCAAAGCAGCCTGGGCAGCATCGG 
CAACTTTGATATACAGGCCATCCTGCGCATCCTGCGGCAAAGCAGCCTGGGCAGCATCGG 
** ***** ** ** ******** ********************************* 

GACCGCCCTGTTTGCCCTGGGCCTCGTCGAGGCTGGGCTGATAGCGGCCATCGCCATTAC 
GACCGCCCTGTTTGCCCTGGGCCTCGTCGAGGCAGGGCTGATTGCGGCCATCGCCATTAC 
********************************* ******** ***************** 

CGCCAGCACTTCCTGGGCGGTGGGCGAGGCGCTCAAACTGCCCCGCAGCCTGAATCTCAA 
CGCCAGCACTTCCTGGGCGGTGGGCGAGGCGCTCAAACTGCCCCGCAGCCTGAATCTTAA 
********************************************************* ** 

ACCGCAACGCGCACTGCCTTTTTATCTGTCCGGCATACTCAGCGCCGCCATGGCCGCCAT 
ACCACAACGCGCATTGCCCTTTTATCTGTCCGGCATACTCAGCGCCGGCATGGCCGCCAT 
*** ********* **** **************************** ************ 

GGTGGTCCTGATTCCTCATATCCCCTTGGGCTTCCTGAATCTTACCGTCCAGGTGATTGC 
GGTGGTGCTGATTCCCCACATCCCCCTGGGGTTCCTGAACCTGACCGTCCAGGTGATTGC 
****** ******** ** ****** **** ******** ** ***************** 

CTCCATTTTCATGCCCGCCGCCATGCTATTCCTGCTCATGCTGCTCAATGACCGGGACAT 
CTCCATTTTCATGCCCGCCGCCATGCTGTTTCTGCTCATGCTGCTCAATGACCGGGACAT 
*************************** ** ***************************** 

CATGGGAAGCTATATCAACCGGCCATGGCAGAATTGGTTGGCTCTTCGTCATTTTC 417 
CATGGGAAGCTATATCAATCGGCCATGGCAGAATTACGCGGCA-TTCGCCATCGTC 
****************** **************** *** **** *** ** 

Fig 5.32: Pairwise alignment of the pARI sequence with MntH gene of A. ferrooxidans 

ATCC 53993 showing 91.8% similarity. The primer sequences designed from inverted 

repeats are highlighted in bold letters. 

MntH gene in the genome of A. ferrooxidans ATCC 53993 was thoroughly 

analyzed (Fig 5.33) and superimposed with inter-IS genomic sequence to locate the 
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position of insertion and predict the effect of such insertions. The promoter sequence 

containing both -10 and -35 regions along with the Shine-Dalgarno sequence could be 

detected in the upstream of the sequence. Interestingly, while looking for the transcription 

terminators at the downstream of the MntH gene, it was found that immediately after the 

stop codon of MntH gene, another initiation codon followed after a gap of 11 bp. The 

second gene of 198 bp encodes for a hypothetical protein of A. ferrooxidans. The third 

gene sequence starts after 17 bp from the stop codon of the second gene with an initiation 

codon. The third gene has been found to contain 702 bp long DNA sequence encoding for 

the MgtC protein responsible for the transport of Mg2
+ ion. After the stop codon of MgtC 

gene a gap of 30 bp was encountered before the initiation codon of the last gene of this 

operon which coded for carbohydrate-sensitive Porin molecule. After the porin gene there 

is an intergeneric gap of 695 base pairs. The probable sequences for the hairpin formation 

that may lead to the transcription termination could be predicted at the downstream of the 

porin gene. This indicated that the MntH is the first gene to be transcribed of the novel 

transport operon. An opportunity to name this operon as MnMgCarpo operon (MntH, 

MgtC, Carbohydrate-sensitive porin) has been taken. 

148802 
agccgattca tctgatgtgc ccggggaatc gggccgcgtc caagtccctt gggcggattg 
gatctgtcgt atcgggtgac cctctggatg gagccggtcg attttttctt gacgcgcttc 
tgcgggatgg tgtaaaagct cgacatcatt ttggcgttag gaggcagcga ggcttggaca 
gtcaccctag taggccccat gggggcaact cagggccctg gatttggggc ggcttggtca 
agtaacgctt gcgccgccgt ctggtcctcg ggcggtgtga accatttttc cctattcaca 
tgtgggttcc cggccttgct tctggcgaga cgggcggggt ggttgtgtcg aagtcgcgct 

-35 

ccatts:ttca ttGtggas:ga tgcgttats:t cggcaatacc ggaaacccct gcggcaccca 
-10 TI SD IC 1 --ccgaggcgga tctcctgcag catctgcccg aggatgcgcg tcagcgcatc caggatcgct 

ggcgggttta ccaactgcgc catcatccct cctggtggcg gcgactcctg ctgtttttga 
gtctgatcgg gccgggcatc ctcgtcatga tcgccgacaa cgatgccggc ggcgtcatca 
cctacgccca gacaggggca atgtacggta tcggtttttt tatccccttc ctgttgctca 
tgatcccggt ggcctatgtg gtgcaggaaa tgaccgtgcg tcttggtgca gtgacccatc 
gcggtcacgc cgagatgatc tgggggcgtt atggcgcctt ttggggcgtg ttttccctgc 
tcgatctcac cgtggccaac atcctgaccc tagtgaccga gttcatcggc atccgggtgg 
gcatgagcat cttttccgtg ccgccgatca tttccgtacc ggtcgcttgg gtattcgtcg 
cttccatcat gatctttttg cattacagca cctgggaacg attggcgctg tggatcgccg 
ccggcaacat catttttgtc cccctggcca ttgccgcgca tccggactgg agccgggtcg 
tggccgccgt tggcaactgg catattcccg ccggcgccgc cctgggtgcc tttacctatg 
tcatcctggc caacctgggc accaccgtcg ccccctggat gctgtttttc gagcagtcct 
ccgtcgtcga caagggcctg acggtcaatg acatccccag cggtcaggcg gacacggcca 
ttggcagcct ctccatgggg atcatcgcca ttgccatcgt cgtgctgacg ggaacgctgg 
tctatggaca cgcggacgcg gtcaactttg atatacaggc catcctgcgc atcctgcggc 
aaagcagcct gggcagcatc gggaccgccc tgtttgccct gggcctcgtc gaggcagggc 
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tgattgcggc catcgccatt accgccagca cttcctgggc ggtgggcgag gcgctcaaac 
tgccccgcag cctgaatctt aaaccacaac gcgcattgcc cttttatctg tccggcatac 
tcagcgccgg catggccgcc atggtggtgc tgattcccca catccccctg gggttcctga 
acctgaccgt ccaggtgatt gcctccattt tcatgcccgc cgccatgctg tttctgctca 
tgctgctcaa tgaccgggac atcatgggaa gctatatcaa tcggccatgg cagaattacg 
cggcattcgc catcgtcgga tttctcatcc tggccaacgg gctttatggc tataccgtgg 
ttttcccttc ctcctgagga tccttccatg caccacaaag aagactttca tgcggcacca 

sc 1 IC 2 -acccaagatt ttctggcgtt tttcgaggag gaaacccatc tggaacccca acccctcacc 
cgcgccccgg ttcggggatg gatccaggtc gccttctggg gcctgcgcat ctacatcgtg 
gtgatgctgg tcatggtggc catcggcttc gcgcgcggga ttcattgacc gggggatatc 

sc 2 -cgtcatgacg ccacaggtgc ccaacctcat tctcactgcg gaagacttgc tcctcgcctt 
IC 3 

tgtcctgggt gccctcattg gtattgagcg gcaatggcgt caacggactg cgggcctgcg 
aaccaatacg ctggtggcgg tgggcgctgc catcttcgtg gacctggccc tgcgcatggg 
cggatcggca gaagccatcc gggtagtcgc ttacgtcgtt tcgggtgtgg gctttttggg 
cgcgggaacc atcatgaagg aaggggccaa tgtgcgcggc ctcaataccg ccgcgacctt 
gtggggctcc gcggccgtcg gcgcctgcgc cggggcggag caatggctgc cggcgatcct 
ggcggcgggc ttcgtgatca gtgccaacac cctcttgcgc ccagtggtga accgcatcaa 
ccgggcgcca ctgagcgaga ccggcaccga actcaattat acattctctc tcatcgtgcc 
ccgcggccag gaagcggcac tcctggatat cctcagcgaa aaactggaaa cagccggtta 
tcccgtacgc gatttgcgca tgcacccctt cggacagagc gaaacggaaa tgcatgcgat 
ccttttgccc agcagcgtcg atggcgaggt gctggatcgc ctgtccgcgc agttcagcca 
gatgccccag gtgcgccagg ccttctggaa ccagagcgcc ggtgagtgac cggaggcaac 

sc 3 
aacccgagga gcaccagaat gaatcgattc ctgtcgtgcc gcaggttggc ctgctgggcc 

IC 4 
acgggcttgc tcatggtcct tccggcggtt tcggcgtccg ctgctccaac ggggattccg 
gcagcgaccc acgcatcatt gtcctcccta cccctgtcgg ccgccttcct gcccgcctat 
caacagtggt tcgatgggct agcctgggcg gcccatatcg acacggagac ggtatcgaat 
ctggtcggcg gcatcgcccc gggaacggtc gcgatcctgg tgggtcacgc cggcttttcc 
tatcacaccg cccgcgcagg tctctggacg ggcggcaagt tcacgctgaa cgtgctcggc 
atcgagagcg ggaatccgga ggatagggta ggggatgtcc aaggcgtcag caatctgtat 
gcgcgcagcc agtttcggct ctatcgtctg acgttccggc agcacctcgg accagccacc 
ctgcgtcttg gactgatgag cgccaatgat tactttgacg tcaccgggca agcggcccaa 
ctcatcaaca gctccttcgg catcaccccc accctgagcg gcaatatacc ggggatggcg 
acctatccct actcggggct gggcgtcatg acggcggtcc atggtggtgc atgggaggcc 
aaggcgggct ggtatcaggg tgaccccatt caccccttct ccgatccctt cggtcagggc 
gatatggcgt tggcggaact cgattaccgc aacacgaagc aggagcgaac ctatgtcctc 
aaactcggtg cctggcacta ccagcaacgc gcgatctaca acgccgtatt gggaccgcgc 
accagcggcc tgtacgccgt ggccgaatac gccgaaccac ttccgcgcgg ccgcaggctc 
ggcctcttcc tgcaggcggg ttccaccccg cagagcgtca accttattcc ttactatctg 
ggggccggct tccgggtcaa ggggttgtta cccgggcgcg gggcggatgt attcagcatg 
gggatgacgc gggcctggtt gcgcaacgca ccgtatccgg cggagaccgc ctgtgaaatc 
acctatgccg cccaagtggt gccccacatc ttcttacaac cggatcttca atgggtcgtt 
catcccggcg gtctctaccc caacgccctg gtggcgggcc tgagcttgca tgtgcagctt 
ttttgatgac gt2cccttcc •2i!•!liic tgctcgtaat ggcaggacaa tgtgacagcc 

sc 4 Probable traa•cr~t.ton terminator 
gcattgcgat catgtgaact agaaatggaa ttggcgcctg tgtggggagg gaacagggtc 
accctcggcg tagcccgttg ttgcatgaac aagtgagtaa cgtggacgtg tccctggtgc 
ccgagccaga atccgcaaaa gacgctcacg gctattacca tgagtatctt cagggaaatg 
cgaaagcggc gcagcacgta ccacagcccc gatcaggaag gccggtggcg atcctttgcg 
gattgctgcc accagtagac ggctttgtgg gtattctggg gtacgccctc tccgaagttg 
taggcaaagg cgaggttgaa cgcgccctgg gcattcctgg gcattcccgg ccaaagctgc 
cttacgctta cggtaccaga ccgcggcttt tttccagtga gtgtggtcag ccaaattgat 
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ggtcctctgg tcaacttatt tgaggggcag acggcggcaa taaggccacg cgacccggtt 
tcgtgaacag gtggcgtggc tatggactga gcagatcctc acaacggagg atcgtcgtca 
gtttgttggc gcctttttta acaaccactt gttcatcaga actcaggcag agcttccgca 
actcttcccg cacggtattc catcagttga cgagagacga tcatgcggcc cctgcgggaa 

IC 5 
gtaattccgt cttaatccag ctaagtgtat cgcggacgct taccgagaaa tcgcgcgcca 
tccaacccag ttcgcgttcc gcacgggcgc tcgtaaagtg cgcctcgcga tggccgtact 
ccttgacgaa cgcacag 144046 

Fig 5.33: A. ferrooxidans ATCC 53993 gene showing the operon of four genes 
(MnMgCarpo operon). The sequence in pink color shows the region which is 
homologous to the pAR 1 sequence. Probable transcriptional terminator region is 
underlined and italicized TI: Transcription initiation point; SD: Shine-Dalgamo 
sequence; IC: Initiation codon; SC: Stop codon. 

MntH gene spans a length of 1371 bp in the genome of A. ferrooxidans ATCC 

53993 (Fig 5.33). Critical analysis of the MntH gene revealed that the positions of the 

insertion of IST2 and IST445 elements to be 914 bp and 1291 respectively from the 

initiation codon of the gene (Fig 5.34 and Fig 5.35). It was also found that the insertion of 

IST2 at the 914 bp position results into the generation of a new non sense codon at 960 bp 

from the initiation codon (Fig 5.36) suggesting that the insertion of IST2 element causes 

the disruption of MntH gene and probably the MnMgCarpo operon. 

ttgtgtcgaagtcgcgctccattgttcattgtggaggatgcgttatstcggcaataccggaaacccctgcgg 
Promoter SD Initiation codon of MntH 

cacccaccgaggcggatctcctgcagcatctgcccgaggatgcgcgtcagcgcatccaggatcgctggcgggt 
ttaccaactgcgccatcatccctcctggtggcggcgactcctgctgtttttgagtctgatcgggccgggcatc 
ctcgtcatgatcgccgacaacgatgccggcggcgtcatcacctacgcccagacaggggcaatgtacggtatcg 
gtttttttatccccttcctgttgctcatgatcccggtggcctatgtggtgcaggaaatgaccgtgcgtcttgg 
tgcagtgacccatcgcggtcacgccgagatgatctgggggcgttatggcgccttttggggcgtgttttccctg 
ctcgatctcaccgtggccaacatcctgaccctagtgaccgagttcatcggcatccgggtgggcatgagcatct 
tttccgtgccgccgatcatttccgtaccggtcgcttgggtattcgtcgcttccatcatgatctttttgcatta 
cagcacctgggaacgattggcgctgtggatcgccgccggcaacatcatttttgtccccctggccattgccgcg 
catccggactggagccgggtcgtggccgccgttggcaactggcatattcccgccggcgccgccctgggtgcct 
ttacctatgtcatcctggccaacctgggcaccaccgtcgccccctggatgctgtttttcgagcagtcctccgt 
cgtcgacaagggcctgacggtcaatgacatccccagcggtcaggcggacacggccattggcagcctctccatg 
gggatcatcgccattgccatcgtcgtgctgacgggaacgctggtctatggacacgcggacgcggtcaactttg 
atatacaggcgagctatgctcgaaagtggtgtatgggcgcgttacaactggcttgaatgaggtggcgtactgt 

LIR of IST2 Newly generated stop codon 
tgctacaaagggtttccgactcaaagagcaacataaggagtacgccgtggaaaagaataccgtaatagcaggt 
gggatgggagagttgggtctgggcattgaagggatacttcgacgcgcggcactctgcattgagcaggccatag 
aggcagaggtggcggtattgctggaagaatttgcgacggtgcggatggttgatgggcgtcaggcggtcgtgcg 
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taatgggcatctgccggagcgcgagatcatgaccgctctgggtccggtacccgtcaaagtacccaaggtgcgg 
gaccgtcaggatcggggatcaaattcaattcggtactggcgcctccgtatgtacgcaaatcacgaacggtagc 
cgctacagtaccttggctctatctgcatggggtgtcttccggccacatgcaggaagccctttccattttgctg 
ggtgatgaggccaagggactttcgcctgcggtgttgggacgtctcaaggcggagtgggcgcaagagtatgccc 
attggcaacgccgctcctacaggaaagcgctatgcttactggtgggtagacggtatttatacgaacctccgtg 
cggagaggatccgcgtatctgcctgctggtgattatcggcgtgacggcagagggcaagaaagagctggtcatg 
gtcagtgacggcctgcgcgaatccaaagcttcctggctggagatcctgcgtgacctgcaggcgcgcggtctgg 
agacggcccctttgctcgccattggggatggtgccatggggttttgggccgcactggatgaagcctatcccga 
aactggtcagcaacgctgctgggtgcataagaccgccaacatcctcaacgaacttcccaaagcccaacagagc 
aaagccaaggcagcgttgcaggaaatctggatggccgccaatcgccaggctgcggaaaaagcactggacgtgt 
ttgtgcgcaattaccaggcaaagtatcccaaggctgtggctaaactggaaaaagatcgggctgaattgctcgc 
tttctatgattttccggccgaacactggcggcatatccggaccaccaatgccattgagtccaccttcgctacg 
gtacgccaccggactacccggacgaagaactgtgtatcacgcagcagctttctgggattgggtttcaagatgc 
tgcagcaggctgaaaaacgctggattgggatttatgctccagagaaagtcctgcagctttttgcaggggtgaa 
atttatcgatggcataccggctaacctcaccctgccggatgatcaacagaccgccgcctgatctatgtcagaa 
aatgctcatacaccagatttgactatagctccatcctgcgcatcctgcggcaaagcagcctgggcagcatcg 

RIR of IST2 
ggaccgccctgtttgccctgggcctcgtcgaggcagggctgattgcggccatcgccattaccgccagcacttc 
ctgggcggtgggcgaggcgctcaaactgccccgcagcctgaatcttaaaccacaacgcgcattgcccttttat 
ctgtccggcatactcagcgccggcatggccgccatggtggtgctgattccccacatccccctggggttcctga 
acctgaccgtccaggtgattgcctccattttcatgcccgccgccatgctgtttctgctcatgctgctcaatga 
ccgggacatcatgggaagctatatcaatcggccatggcagaattCAJ1lfggctcttcgtcattttcaagtgg 

TD LIR of IST445 
gtagcctgagatccagcttacccaggatcaggtaggccatgttgataaaattcttgtggtcggtaaccccggg 
ccttggccttggcggattgattgaggctgttgaagccttccaagaattccattggtaatctggcttttcgaac 
cagcggaagcaacggccatcccaattgttcaatggaatggtgtaggcgaccttgaccataggcggcattccgc 
tgtccttggcgttttccatccaggccttgagcagggttggcgccctggtgcgattcttgactgtgaagaatgc 
ctgaaaagtcagcgaaactggtaggcctgtgccgttttcaggttctggtcttttaataattcctgcagctttt 
ctttctgcctggccttgaggttacaatcattcttgagccagagccagcgggtctttttgagatttggctgggt 
gaaggacttcccccttgcgcacggcatccacggcctcgttgaacgagcttcatgaggtgaaaacgattcgaag 
gtgatctcagcattgggcaggtgcttcggcaagcccctttctggaaggccggcgagagggccatgctcacaat 
tcggttgatgccttccgcgctaccaccatgggcctgtagatcttcggagaatttctcaaaggtcttggcatcc 
ttgccgggcgtacggaacaagagtcgccgggcattcagatccacgaagagcgtgattgtagtcatgaccgcgc 
cgactgcttggttctcaattcgacgccgaaccgggcatggacatttggccatatccaccctggtacgggcttc 
gggcacataatggtcaatcacccgcacaggagcgtgtcggctcgccgaccagcgggctaccgtcaatactggc 
atctccgaccagggtcagcggcgtgggataggacttcatgctgaaataaaccatgtgccgccggtatagttcc 
agggtgcatgtaccggacactcctcaccacatacgggcaagcaaagcgactgcccttgggaaagttgatgtgc 
agatccaggcgcttctcctccacttggaaggtcacattccgtccaccaaccaccggcggtaccaaccctaacg 
cgagagaaaacagatcttctgggaccatcagctaactcctattcgggacccaactgctccacagcattctacc 
ccctacccactcaatccgcagaagagccacgcggcattcgccatcgtcggatttctcatcctggccaacgggc 

RIR of IST445 
tttatggctataccgtggttttcccttcctcctga 

Stop codon of MntH 

Fig 5.34: MntH gene sequence showing disruption by the integration of IST445 and IST2 
elements within it. Promoter region, initiation codon and stop codon are underlined. 
Sequence in blue color is the superimposed region of pAR l.RIR: Right inverted repeat; 
LIR: Left inverted repeat; SD: Shine-Dalgarno sequence; TD: Probable target duplication. 
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6.4 DISCUSSION 

From the above results it was found that A. ferrooxidans showed the presence of 

repeated elements (IST445 and IST2) in the genome (Fig 5.4 and 5.6). The molecular 

characterization of the organisms was also determined. 

In addition to IST445 and IST2 two other genes viz. Glutamyl tRNA reductase and 

Pirin was amplified by the primers designed to amplify IS elements. Almost a total 

sequence of glutamyl tRNA reductase gene (pAR2) was obtained which showed the 

conserved domains of NADB_Rossmann superfamily during BlastP analysis. Glutamyl 

tRNA reductase catalyzes the conversion of glutamyl-tRNA to glutamate-1-sernialdehyde, 

initiating the synthesis of tetrapyrrole. The sequence has been analyzed and compared with 

the reference molecule obtained from SwissProt protein database. The reference molecule 

lGPJA isolated from Methanoparus kandleri (Moser et al. , 2001) showed a high similarity 

with the glutamyl tRNA reductase obtained from Garubathan strain. This was further 

substantiated by the 3D structures obtained with the help of software Spdb-Viewer and 

POV -Ray which showed the two structures to be highly comparable to one another except 

that the pAR2 sequence is truncated at its N-terminal end (Fig 5.12 and Fig 5.13). The 

point of interest here is that the pAR2 sequence was amplified with the internal primers 

(A 1 and A2) which were designed from the conserved inverted repeat sequences of IST445. 

Therefore the two ends of the pAR2 sequence had the exact sequences as that of the 

inverted repeats of IST445 (Fig 5.8). Nevertheless the translated sequence yielded a 

protein that showed 98.8% identity with glutamyl tRNA reductase gene of A. ferrooxidans 

and 37% identity with lgpj_a from Methanoparus kandleri. Again by using G3 and G4 

internal primers, in addition to IS72 (which was desired) another DNA segment was 

amplified, of which one part of the sequence was found to code for the Pirin gene of A. 

ferrooxidans while other part of the sequence did not match with any gene sequences 

available in the GenBank. 

IS elements in bacterial genomes can be a significant source of spontaneous 

mutation. By inserting into coding regions they can disrupt a gene, while an increase in 

gene expression may occur when an element carrying an outwardly directed promoter 

inserts upstream of a gene (Schneider and Len ski, 2004 ). Different copies of the same IS 

element may also form the substrate for recombination and result in chromosomal 

rearrangements such as deletions, duplications or inversions (Gray, 2000). The role of IS 
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elements in evolution has not been clearly elucidated. A school has viewed them as 

parasites in the genome having potential deleterious effect on their host, while the 

opposing view emphasizes beneficial effects and their improvement in host adaptation 

(Riehle et al., 2001). IS elements can ever be seen as adaptive mutator genes, since the 

mutations they mediate can occur at increased rates particularly during adverse conditions 

such as starvation or oxygen stress (Naas et al., 1994). These studies often involved simple 

homogenous environments with conditions that either allowed regular growth or caused 

starvation. There has been studies that compared IS- mediated mutations under growth and 

starvation conditions (Hall, 1999). 

In the present work, it was sought to detect and characterize IS-mediated mutations 

in populations of Acidothiobacillus ferrooxidans DKl that are adapting to thiosulphate

agar growing condition in the laboratory. A. ferrooxidans obtains energy either from the 

oxidation of ferrous ions to ferric or reduced- sulfur compounds to sulfuric acid. Most 

isolates of A. ferrooxidans have remarkably modest nutritional requirements. Aeration of a 

sample of iron pyrite in acidified water is sufficient to support growth at the expense of 

pyrite. The pyrite provides energy source and low pH provides the growth environment. 

When attempts were taken to grow A. ferrooxidans on solid medium hurdles appeared in 

providing the acidified growth environment. Agar gets hydrolyzed in presence of acid, and 

hydrolyzed carbon compounds are toxic to A. ferrooxidans. Hence the heterotrophs come 

into picture to rescue and help colonize autotrophic A. ferrooxidans in the milieu created 

by the acidophilic heterotroph on the agar surface. It has been shown in this study that 

thiosulfate inhibits the growth of acidophilic heterotroph Acidiphilium; therefore, 

presumably the heterotrophic rescuers in the putatively pure culture of A. ferrooxidans 

fails to provide the growth environment free of toxic organics (produced by acid 

hydrolysis of agar) in thiosulfate agar medium for growth and manifestation of A. 

ferrooxidans colonies. The condition that prevails in thiosulfate agar is a serious stress to 

the population of A. ferrooxidans seeded on it. 

This work has attempted to reason and look into the role of ISs in enabling a 

fraction of the population to emerge out successfully in colonizing on thiosulfate. 

Variations in IS copy number and position among related A. ferrooxidans suggested that 

the elements are mobile. The basic interest of this work was to investigate the effect of 

stress due to the presence of thiosulfate in acidic agar medium, as earlier authors have 
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suggested that some adverse conditions activate IS elements (Schrader and Holmes, 1988; 

Chakraborty et al., 2002), thereby perhaps helping their host to adapt to those adverse 

conditions. Basically, stressful conditions can enhance the transposition rate of IS 

elements, but also the selection of IS-mediated mutations, and prevailing approaches can 

not distinguish between the possibilities. In this study, we have adopted a novel strategy in 

fishing out the rearranged DNA segment in the genome that appears in the variants due to 

activity of IS elements. Bypassing the classical southern hybridization to locate additional 

IS bands followed by cloning and sequence of the IS flanked DNA region to know the 

mutations in a particular gene, we looked in for inter IS DNA regions i.e. the DNA regions 

spanned by two IS elements. In a given genome, before any fresh insertion or deletion 

events, the inter IS genomic regions should be fixed; on movement of the ISs, there will be 

either a formation of a new inter IS region {because of the earlier location of an IS and 

insertion of another copy in its vicinity (left or right) or insertion of two new IS copies in 

an unaffected region }or loss of an existing inter IS region {due to deletional event of one 

of the existing IS which bracketed the inter IS region}. The PCR strategy of using 

outwardly directed primers from IST2 and IST445 in pairs enabled to identify one such 

novel inter IS band in the colony morphology variant of DKl which appeared due to 

movement of IS within the host cell. 

In the post-genomic, gene identification and genome organization analysis allow 

initial predictions to be made as to whether genes are linked in possible functional units. 

This information can then be used to reconstruct metabolic pathways "in silico" and to 

begin to unravel the often complicated and multilevel regulation of cellular functions. 

Missing enzymes and potential bottlenecks can be identified and central control modes of 

regulation can be pinpointed. The present study has opened up another opportunity to map 

IS insertion mutations. We traced IS-mediated mutations in A. ferrooxidans DKI and the 

unique inter-IS genomic region of DK51 (colony morphology variant of DKI strain) was 

cloned and sequenced which matched with part of the Mn2
+ transporter gene. This chapter 

described a simple method of mapping IS-mediated mutations, which identified a DNA 

region essential for transport of Manganese, Magnesium and carbohydrate. The Natural 

Resistance Associated Macrophage Protein (N RAMP) class of Mn2
+ transporter gene of 

the "Mn Mg Carpo Operon" (as we named it) got disrupted by insertion of IST2 and IST 

445. 



181 

The NRAMP class of Mn2
+ transporter also depends on membrane potential and 

not on ATP (Saier, 2000). It is found virtually in all bacterial types, and also in yeast, 

plants and animals.lt is involved in highly competitive battle over Mn2
+ by bacteria living 

alone in external environments or in mixed populations with other microbes, or within 

plant or animal cells. These are members of a large class of membrane transporters called 

'ABC' transporters, but at other times (and for heterotrophic microbes) for uptake of 

amino acids or sugars (Saier, 2000). Due to insertional mutagenic effect in the first gene of 

the Mn Mg Carpo Operon, the downstream genes would also be affected due to polar 

effect. The third cistron of the operon codes for carbohydrate porin. Proteins called 

'porins' are present in the outer membrane of gram negative bacteria, and these proteins 

function as channels for the entrance and exit of hydrophilic low molecular weight 

substances. Several porins have now been identified, and both specific and non-

specific classes are known. Some porins are highly specific because they contain a specific 

binding site for one or more substances. Porins are transmembrane proteins and associate 

to form small membrane holes (- lnm in diameter). Apparently a mechanism exists for 

opening and closing the pores. The carbohydrate-selective porin Opr B family includes for 

example the Pseudomonas aeruginosa Porin B, a substrate-selective channel for a variety 

of different sugars. This protein may facilitate the diffusion of variety of diverse 

compounds, but is restrictive to carbohydrates and does facilitate glucose fusion across the 

outer membrane (Wylie and Worobee, 1995). Using interposon mutagenesis, strains of P. 

aeruginosa were generated which lack or over express the substrate-selective OprB porin 

of that species.A marked decrease or increase in the initial uptake of glucose by those 

strains verified the role of OprB in facilitating the diffusion of glucose across the outer 

membrane of P. aeruginosa. It was also demonstrated that the loss or over expression of 

OprB had a similar effect on the uptake of three other sugars- mannitol, glycerol and 

fructose to support the growth of bacteria. In our case, if the expression of the 

carbohydrate-porin of A. ferrooxidans is severely affected due to polar mutation the entry 

of carbohydrates will be severely affected. 

To an obligate autotrophic organism like A. ferrooxidans this would not severely 

affect the growth; but will offer a selective advantage in an environment like thiosulfate

agar (acidified) medium; where entry of agar hydrolyzing carbohydrates (toxic to A. 

ferrooxidans) would be prevented. The colony morphology variant DKlSI will therefore, 

spread in response to the gradient of thiosulfate for enhanced mobilization of thiosulfate 
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into the cell for deriving energy. In an earlier study it was reported that spreading variants 

of A. ferrooxidans demonstrated greater chemotactic activity toward thiosulfate 

(Chakraborty et al., 2002). There may be cross talk operating between chemotoxins and 

cation transport. Under the condition of the disruption of Mn 2+gene (as in DK1H), the cells 

will be driven towards higher gradient of ions for facilitating diffusion of cations through 

less specific cation transport system. The genotypic characterization of the colony 

morphology variant was the most important objective that the chapter has attempted to 

address. 

6.5 CONCLUSION 

1. Acidithiobacillus ferrooxidans strains isolated from AMD samples of Garubathan 

from Darjeeling Himalayas produced unique fingerprints of amplified fragments 

(FAFs).The technique of using outwardly directed primers of insertion sequences 

in pair-wise combination to amplify inter IS DNA fragments produced unique 

strain specific profile. This profile can be efficiently used for typing A. 

ferrooxidans strains/ strain identification. 

2. In addition to the amplification of IST2 and IST445 with internal primer specific to 

each element, two other DNA fragments that co-amplified were cloned, sequenced 

and analyzed using different bioinformatics tools. The one that co-amplified with 

IST445 was found to be a truncated glutamyl-tRNA reductase gene at N-terminal 

end (as inferred after being compared with the intact sequence derived from whole 

genome sequence). The 3D model of the protein was constructed and compared 

with the ideal model. A. ferrooxidans protein was found to be highly similar to the 

representative molecule of glutamyl-tRNA reductase. Another DNA fragment that 

co-amplified with IST2 was cloned, sequenced and analyzed. A part of the 

sequence was homologous to Pirin molecule of Acidithiobacillus ferrooxidans. 
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3. Amplification of inter-IS regions using a novel PCR based technique (using 

outwardly directed primers of IST445 and IST2) could be successfully reproduced 

in tracking genomic regions affected by the movement of ISs under cultural stress 

condition. 

4. When inter IS DNA banding profiles between the wild type (DKl) and its colony 

morphology variant (DKlSl) was analyzed, one unique polymorphic inter-IS band 

appeared in DKlSl. It was sequenced and analyzed using various bioinformatics 

tools and in-silica superimposed on A. ferrooxidans while genome sequence to map 

mutations due to IS insertions in an operon (which was named as MnMgCarpo 

operon). 

5. The possible effect of the disruption of MntH gene of the MnMgCarpo operon 

leading to the advantage of the colony morphology variant, DKlSl, on thiosulfate 

agar medium was discussed in details 
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7. GENERAL DISCUSSION 

Acidithiobacillus ferrooxidans (formerly Thiobacillus ferrooxidans) was first isolated by 

Temple and Colmer from AMD water in 1951. The ability of the organism to grow in 

mineral rich environment and oxidize ferrous iron as well as sulfur and reduced sulfur 

compounds to produce acid makes this organism ideal for the bioleaching processes. In 

different parts of the world bioleaching is carried out on commercial basis (Cerro 

Colorado, Chile; Cerro Verda, Peru; Fairview, South Africa; Wiluna, Australia etc.) 

(Olson et al., 2003). Therefore, to exploit this ability of the microorganisms scientists are 

trying to explore and understand the biology of this microorganism. 

The organism is obligately autotrophic and is very difficult to get in pure form to 

understand its true physiology. The bacterium often remains associated with other 

heterotrophic acidophile like Acidiphilium acidophilum, A. cryptum etc. In the present 

study A. ferrooxidans culture was found to be co-habitated by gram negative bacterium A. 

cryptum. Tbe heterotroph was found to play an important role in scavenging the organic 

compounds in the natural as well as under laboratory environments. The presence of the 

heterotroph was found to enhance the efficiency of colony formation of Acidithiobacillus 

ferrooxidans in ferrous iron plate as well as the rate of bioleaching of copper from pyrite 

probably by scavenging the organic products produced due to acid hydrolysis of agar or 

excretion of metabolic waste products by the autotroph. On the other hand thiosulfate, one 

of the key intermediates of pyrite leaching was found to have a toxic effect on A. cryptum 

at the concentration above 0. 7 mM. A. cryptum in tum was however able to survive in 

thiosulfate . even at the concentration above 2.0 mM when grown in presence of 

Acidithiobacillus ferrooxidans. These experimental data showed that these organisms live 

together in mutual association benefiting each other. 

A. ferrooxidans has a great application in bioleaching, however several practices to 

improve the strain by mutation and selection in most cases have proven to be futile due to 

its recalcitrant nature to form colonies in agar plates. However Schrader and Holmes 

(1988) isolated large spreading colony morphology variants of A. ferrooxidans which were 

lacking the property of oxidizing ferrous iron. Later it was found that the loss of iron 

oxidizing property was because of the insertion of lSAfe 1 insertion element in the resB 

gene (Holmes et al., 2001). Chakraborty et al. (2002) also found large spreading variants 

which were capable of ferrous oxidation. They found that the generation of colony 
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morphology variants was related to the movement of insertion elements, IST2 and IST445, 

as southern hybridization revealed that the distribution of IS elements to be different in 

wild and variant type of A. ferrooxidans. Since then several IS elements have been 

detected in the genome of A. ferrooxidans. In recently completed genome sequence of type 

strain A. ferrooxidans ATCC23270 forty one different IS elements have been detected 

(V aides et al., 2008). 

It is very difficult to explain the reason for the generation of colony morphology variants 

in A. ferrooxidans. However one of the plausible explanations may be the activation or 

inactivation of some of the genes that may be caused by the movement of the insertion 

sequences. There are several reports in other bacteria with regard to the movement of IS 

elements playing roles in the generation of the variants. It has been suggested that the 

effect of stress due to starvation and increased oxygen levels or any adverse condition 

activate IS elements (Naas et al., 1994; Mahillon and Chandler, 1998; Hall, 1999) thereby 

helping the cells to adapt in these adverse conditions. Therefore IS elements can be seen as 

adaptive mutator genes, since the mutations caused by them occur at increased rates in 

relation to the expected rate of mutation (Chao et al., 1983; Moxon et al., 1994; Cooper et 

al., 2001). In this study all the colonies of morphology variants did not emerge at the same 

time. Instead initially only a few colonies emerged and after that the number started to 

increase till it reached to a maximum level, indicating that the cells had to undergo some 

kind of adaptation in the given environment before forming the colonies; and only those 

cells which succeeded in undergoing adaptation formed the colonies. Beside that the 

frequency of occurrence of colony morphology variants was found to be around 27% 

which could not be co-related with the spontaneous mutation rate. Therefore it has been 

suggested that the emergence of colony morphology variants may be the case of adaptive 

mutation. 

The movement of IS elements in several strains of A. ferrooxidans has been reported 

(Holmes et al., 2001; Chakraborty et a.,l 2002). In this study the presence of IST2 and 

IST445 has been shown in the A. ferrooxidans strains isolated from Garubathan by 

amplifying the IS elements using PCR technology. The internal primers for these IS 

elements were designed from their conserved terminal inverted repeats. In the strains of 

Garubathan when PCR amplification was conducted with these primers, in addition to 

IST445 and IST2 two other DNA fragments got co-amplified. Both the non-IS fragments 

were found to contain the same conserved inverted repeats at their ends. 
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The non-IS sequence, that co-amplified with IST445 internal primers, was found to contain 

the conserved domain sequence for glutamyl-tRNA-reductase gene. The sequence was 

comp&red with the representative molecule of glutamyl-tRNA-reductase (isolated from 

Methanoparus kandleri) (Moser et al., 2001) and was found to be very similar. 3D model 

of both these molecules have also been presented (fig 5.15 and 5.16). The other non-IS 

amplicon which was generated with the internal primers of IST2 when sequenced and 

analyzed was found to contain the conserved domain for Pirin_C molecule of A. 

ferrooxidans. 

Tracing the movement of IS elements was performed with a novel PCR-based strategy. 

Once the presence of the IST2 and IST445/ ISAfel was confirmed in the strains of 

Garubathan, primers were designed from the same conserved inverted sequence but 

outwardly directed. The outwardly directed primer pairs allowed to amplify DNA region 

spanning two IS elements. The variously amplified fragments of different sizes were then 

analyzed by gel electrophoresis. The basic idea was that the unique DNA band(s) which 

would be present or absent in either of the wild or variant strain(s) will be cloned and 

sequenced to analyze the genes that got affected by the movement of IS elements. 

In the present investigation the amplification of the inter IS regions could be successfully 

performed using different combinations of outwardly directed primers (Fig.5.25 and 5.26). 

Although 16 different combinations of primers were theoretically possible for the inter IS 

amplification, only two specific combinations of primers (RP1-RP4 and RP2-RP3) could 

be used considering the similarities in their annealing temperatures and relatively very 

small difference in Tm values of the primers (Table 5.1 ). 

The electrophoretic profile of amplified DNA fragments revealed similar banding profile 

in DK1 and DKlS 1 strains when RP2-RP3 combination of primer sequence was used. The 

use of same set of primers in strains GBVI produced a distinctly different DNA banding 

pattern which differed remarkably from DK strains in their Dice Coefficient value. 

However the two GB strains showed very similar DNA profile when GB strains were 

amplified using RP 2- RP3 primers. Similar results were obtained when CMO strains 

(CMO I and CMOS2) and CMI strains (CMI and CMI S 2) were amplified with the same 

primer combination (Fig 5.25). The change in the primer set (RP 1-RP 4) again produced 

very similar profile in the two DK strains with the appearance of one unique band of 

interest in DKSl strain which was purified and cloned for further analysis. The fragment 
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of interest was found to be completely lacking in all other strains when amplified with the 

same primer sequence (RP1-RP4). The differences in banding patterns arising in different 

isolates of A. ferrooxidans may perhaps be attributed to the difference in the distribution of 

IS elements and differences in their habitats owing to their occurrence in different 

geographical locations. 

The unique inter IS fragment generated in DI<lSl was 420bp in length (pARI) and was 

found to contain the partial ORF of MntH transporter protein which is responsible for the 

transport of bivalent cations such as Mn2
+, Zn2

+ and Fe2
+. The nucleotide sequence showed 

95% identity with A. ferrooxidans ATCC 53993 strain. However BlastN result did not 

show any similarity with the terminal sequence of pARI which contained the terminal 

inverted repeats of IST445 and IST2 indicating the event of insertion of IS elements in 

MntH gene. The total gene sequence for MntH gene of A. ferrooxidans ATCC 53993 was 

retrieved and pair-wise alignment was performed. The pair-wise alignment result showed 

that the terminal repeat sequences of IS elements present in the inter IS fragment was 

partially similar to the sequence present in the flanking regions of the A. ferrooxidans 

sequence. The non specific amplification of this inter IS fragment with RP1-RP4 primer 

pair however was ruled out because the same fragment was not amplified in DKI strain. 

Therefore, it can be inferred that the presence of such sequences which are partially 

homologous to the inverted repeat sequence of the IS elements may act as a substrate for 

recombination with terminal repeats of IS elements leading to the integration of IS 

elements or active transposition during the growth in the stressed condition. 

Further retrieval of sequence from A. ferrooxidans whole genome revealed the presence of 

an operon where the MntH gene was followed by MgtC gene and porin gene responsible 

for transport of Mg2
+ and carbohydrate transport respectively. The operon contained the 

promoter sequence as well as SD sequences at the upstream of the MntH gene indicating 

the MntH gene is the first gene among all other genes to be transcribed. 

The morphological and physiological characters of the wild and colony morphology 

variants were studied and compared. The colony morphology of the variants on thiosulfate 

agar was large, white and spreading. The colonies were unicellular in thickness probably 

because they separated from one another as soon as they were divided. The physiology of 

these variants were compared with their mother (wild type) strains in terms of generation 

time in elemental sulfur medium, rate of oxidation of iron, sulfur, thiosulfate, tetrathionate 
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and leaching. The generation time for these CMV s were found to be shorter and rates of 

oxidation of elemental sulfur and reduced sulfur compounds were found to be significantly 

higher than that observed in case of the wild types. In addition to that, the rate of copper 

leaching from pyrite was also found to be slightly higher than the wild types. 

The origin of CMV s from their respective mother strains was unequivocally established 

from Dice coefficient data (Table 5.3 and 5.5) The difference in inter IS amplicon profile 

of DKfil with DKl by a single polymorphic band indicated the activity of ISs in host cells 

when plated in thiosulfate agar medium. Some kind of stress has compelled to modify 

genetically to adapt and survive in the medium. Therefore, it is suggested that thiosulfate 

being a readily utilizable substrate for A. ferrooxidans, does not impose any kind of stress 

to the organism especially in natural environment (where the amount of thiosulfate 

generated is very small during pyrite leaching). However, higher concentration of 

thiosulfate that prevails in thiosulfate agar medium is inhibitory to the inseparable 

heterotrophic partner, Acidiphilium, and that induces stress condition. The stress is due to 

the accumulation of acid hydrolyzed products of agar which remain unscavenged due to 

suppression of the heterotroph. Under such circumstances, A. ferrooxidans struggles to 

survive. Beneficial mutations mediated by ISs may help rescue the situation by 

inactivating the genes that help import organic molecules from the growing environment. 

In chapter 3 it has been discussed that the presence of organic molecules inhibits and 

sometimes kills the A. ferrooxidans cells. It was also shown that this inhibition can be 

relieved in presence of acidophilic heterotroph. However thiosulfate is toxic to the 

heterotroph and therefore unlike in ferrous iron double layered agar plates, same kind of 

enhancement of colony formation in thiosulfate double layered agar plate could not be 

performed. This indicates that few heterotroph cells whieh may remain as a co-habitant 

with the A. ferrooxidans in culture medium plays a very important role in the colony 

formation of A. ferrooxidans in the agar plates. However since thiosulfate is toxic to the 

heterotrophs, the A. ferrooxidans cells in thiosulfate agar plate directly comes in contact 

with the organic products produced due to acid hydrolysis of agar. This may be the cause 

for stress for A. ferrooxidans cells growing in thiosulfate agar plates. Because of this, 

many of the cells instead of forming a normal colony forms a spreading colony whereby 

cells get separated out and move away from each other as soon as they are divided so as to 

avoid the organic compounds produced as the metabolic waste product in absence of the 

scavenger like A. cryptum. This postulation can be substantiated with the oligotrophic 
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nature of the acidophilic heterotrophs which were able to grow in spent sulfur medium 

also. 

The polymorphic inter IS band that appeared in the variant DKf;1, was sequenced and 

analyzed using various bioinformatics tool. The sequence having terminal repeats of IS 

elements, was superimposed on the corresponding region of whole genome sequence of A. 

ferrooxidans ATCC 53993 to map the mutations due to insertions of IS elements in one of 

the genes of a transporter operon. This transporter operon was named as Mn Mg Carpo 

operon. The possible effect of the disruption of MntH gene, the first cistron of the operon, 

the polar effect of this mutation on the transcription of other three cistrons, were discussed 

in detail in chapter 5 of this thesis. It was theoretically interpreted that such rearrangements 

due to IS activity disrupting an operon function could in tum be beneficial to the host 

organism to colonize on thiosulfate agar medium haaving unique colony morphology. The 

possible reason for the spreading of DKE 1 in thiosulfate agar was also discussed. 

However, much more research works need to be undertaken to understand the central 

control modes of regulation and reveal the mechanism of cross talk between transport 

function and chemotaxis via assimilatory and dissimilatory metabolism. 
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8. SUMMARY 

1. A brief review of literature pertaining to the line of investigation has been 

presented along with general introduction. Besides this, literature relevant to the 

chapter has also been cited separately in the introduction of each of the five 

chapters. The presented review mainly deals with the isolation and characterization 

of Acidithiobacillus ferrooxidans and other bacterial genera which occur in close 

association with this bacterium in acid mine drainage (AMD), the biodiversity, 

ecology, bioenergetics and physiology of acidophilic microorganisms with special 

reference to their bioleaching activity, generation of colony morphology variants 

and location and role of insertion sequences in genomic rearrangements. 

2. Materials and methods used in this investigation and experimental procedures 

followed have been discussed in detail. 

3. Several obligate iron and sulfur chemolithotrophic strains were isolated from AMD 

samples of Garubathan, Darjeeling,West Bengal, India. They were found to be able 

oxidize ferrous iron, elemental sulfur and reduced sulfur compounds. 

4. Physiological characterization of chemolithotrophic isolates revealed that the 

strains belonged to Acidithiobacillus ferrooxidans. The strains were tested for 

copper bioleaching activity. 

5. Acidophilic heterotrophs could be isolated from the culture of Acidithiobacillus 

ferrooxidans. Several strains of these heterotrophs have been characterized and 

have been assigned to the species Acidiphilium cryptum. 

6. The heterotrophs were found unable to survive in nutrient rich media but were able 

to survive in low nutrient medium such as agar extract medium, diluted Nutrient 

broth or Luria Bertani Broth medium, indicating the oligotrophic nature of the 

bacteria. In addition to that they were found incapable of oxidizing elemental sulfur 

or reduced sulfur compounds as well as ferrous iron in presence or absence of 

glucose, suggesting that they are neither autotrophic or mixotrophic but obligate 

heterotrophic in nature. In fact the cells were found immotile when they were 
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exposed to thiosulfate possibly suggesting that thiosulfate may be toxic to the 

organism. 

7. Increase in the robustness of colony formation of A. ferrooxidans in ferrous iron 

agar plate in deliberate presence of Acidiphilium cryptum was observed. This 

suggested that the heterotroph plays an important role in the manifestation of 

colonies in ferrous iron agar plate. 

8. The ability of A. cryptum to grow in elemental sulfur spent medium showed the 

oligotrophic nature of the organism and also provided the best possible explanation 

for the co-existence of A. cryptum with A. ferrooxidans culture. 

9. Thiosulfate at the level of ;:::: 0.7 mM was found to be toxic to the strains of 

Acidiphilium cryptum. However, this toxicity could be alleviated in presence of A. 

ferrooxidans which provides the additional support to the synergism that exists 

between A. ferrooxidans and A. cryptum. 

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

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

rational basis of obligatory dependence/synergistic relationship between 

Acidiphilium strains and Acidithiobacillus ferrooxidans was also established. 

11. Thiosulfate agar medium did not allow normal colony development of the wild 

type A. ferrooxidans cells but selectively allowed the development of spreading. 

variants. These variants were referred to as Colony Morphology Variants (CMVs). 

12. About 27% of the wild type cells switched to an alternative spreading colony 

morphology in thiosulfate agar medium and the number of the colonies that 

emerged in thiosulfate medium increased with the time of incubation suggesting 

the possibility of adaptive mutation. 

13. The colony morphology variants m pure culture were found to have shorter 

generation time in elemental sulfur media when compared with their respective 

wild type parent strains. The variants were found to differ from the wild type 

strains in several respects: a) they were found to be unusually motile than the wild 

type cells in the thiosulfate agar medium, b) they had comparatively higher rate of 
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oxidation of thiosulfate, tetrathionate and elemental sulfur (however, no significant 

difference was found regarding the rate of iron oxidation), c) they were more 

efficient in leaching copper from chalcopyrite ore sample. 

14. The amplicon generated with the primers specific to IST445 from one of the 

isolates was also found to amplify another DNA fragment bearing an ORF coding 

for putative glutarnyl-tRNA reductase (HemA) flanked by inverted repeats along 

with the IST445 fragment. Similarly PCR product amplified with IST2 primers in 

one of the Garubathan isolates has been found to amplify another DNA fragment 

that partially coded for pirin gene along with IST2 fragment. The newly generated 

DNA fragment was found to be flanked by the inverted repeats of IST2 at the 

terminal ends. 

15. Amino acid sequence of Glutamyl-tRNA reductase from Garubathan isolate 

obtained from 3D model of the protein showed a remarkable similarity of 36% 

homology with the representative molecule of Glutamyl-tRNA reductase molecule 

isolated from Methanoparus kandleri. Further analysis revealed the absence of 

some portion from theN-terminal end. 

16. A novel PCR based method was adopted to produce inter-IS sequence fragment 
A 

polymorphism of the eight different strains DK1, DKlSl, GBVI, GBVIS2, CMOII, 

CMOSI, CMI I and CMIS2 (4 wild and their respective colony morphology 

variants) to investigate the role of Insertion sequence as a mutator. 

16. Analysis of inter IS DNA fragments revealed that some of the DNA bands are 
8 highly conserved among the strains irrespective of their origin as revealed by their 

high Dice coefficient. Moreover, the bands were strain specific and hence can be 

efficiently used for typing A. ferrooxidans strains. 

17. Dice coefficient values of the wild type and their respective CMV s were found to 

be equal to unity except in case of DKI and DKISI because of the occurrence of a 

unique band of 0.4 kb in DKlSl which was completely absent in its parent strain 

DKL 
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18. The unique DNA fragment contained the same terminal inverted repeats of IST2 

and IST445 and showed 95% identity with the portion of A. ferrooxidans ATCC 

53993 genome sequence which featured the natural resistance-associated 

macrophage protein MntH gene responsible for the transport of divalent metal ions. 

19. Critical analysis of the genome sequence of A. ferrooxidans ATCC 53993 showed 

the MntH gene to be a part of an undefined operon for transport of ions. Based on 

this it has been predicted that the insertion of IST2 and IST445 within the MntH 

gene has disrupted the first gene of the operon and probably influenced the 

transcription of the other three genes by polar effect. 

20. Acidithiobacillus ferrooxidans strains isolated from AMD samples of Garubathan 

from Darjeeling Himalayas produced unique fingerprints of amplified fragments 

(FAFs).The technique of using outwardly directed primers of insertion sequences 

in pair-wise combination to amplify inter IS DNA fragments produced unique 

strain specific profile. This profile can be efficiently used for typing A. 

ferrooxidans strains/ strain identification. 

21. The results of the investigation have been properly analyzed and their implications 

have been thoroughly discussed. 
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