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General Discussion and Summary 

The study of acidophilic heterotrophs of AMD has become very important 

because they are regular inhabitants of mineral sulphide environments (Berthelot et al., 

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-oxidising 

organisms in the environments. Earlier studies have shown that both sulfur- and iron

oxidizing bacteria such as Acidithiobacillus ferrooxidans, A. thiooxidans and 

Leptospirillum ferrooxidans were present in rather high numbers (Baker and Banfield, 

2003). A. ferrooxidans and Ferroplasma has been considered principally responsible 

for the extreme conditions of AMD systems (Bond et al., 2000; Okabayashi et al., 

2005). The presence of heterotrophs associated with chemolithotrophs like A. 

ferrooxidans has been observed (Wichlacz and Unz, 1981; Bond et al., 2000), but 

studies of such heterotrophs are largely restricted to obligately acidophilic bacteria like 

Acidiphilium sp. (Johnson and McGinness, 1991; Bruneel et al., 2003; Okabayashi et 

al., 2005). It was observed that a significant symbiosis exists between heterotrophic and 

certain autotrophic species. Acidophilic autotrophs produces organic materials as their 

by product. Heterotrophs makes a way by utilizing/removing organic compounds toxic 

for the autotrophs (Pronk et al., 1990; Das and Mishra, 1996). Mixotrophic growth was 

evidenced by certain facultative chemolithotrophs where limited amount of both 

inorganic and organic substrates are present in AMD (Clark and Norris, 1996). 

Assuming larger degree of metabolic plasticity of facultative acidophilic heterotrophs 

over obligately acidophilic heterotrophs, in the present study, cultivation and 

characterization of acidtolerant heterotrophs from AMD samples from Garubathan ore 

reserves of West Bengal, India, has been attempted to study their physiology, to 

understand their role in nature and to identify their potential in biotechnological 

applications. 

The enrichment techniques, isolation, purification and preliminary screening of 

acid-tolerant heterotrophic isolates from AMD sites of Garubathan have been described 

in this chapter I. Isolation and identification of acid-tolerant heterotrophs from AMD 

samples from Garubathan, India, has partially revealed diversity of the strains in terms 
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of pH tolerance, growth at a wide range of temperature, and chemolithotrophy. 

Primarily, eighty one acid-tolerant heterotrophic isolates were obtained from the AMD 

samples. Out of which ten heterotrophic isolates were purified from the autotrophic 

culture of Acidithiobacillus ferrooxidans colonies. Earlier authors (Johnson and Kelso, 

1983; Mishra et al., 1983) have also detected acidophilic heterotrophs in A. 

ferrooxidans cultures. 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). An important molecular technique has 

proved to be useful in typing bacterial strains is Sodium Dodecyl Sulphate 

Polyacrylamide Gel Electrophoresis (SDS-PAGE) of whole cell bacterial proteins of 

the isolates, wherein differences seen in protein bands have been successfully used to 

group bacteria (Krech et al. 1988; Huey and Hall, 1989; Maiti et al., 2009). In this 

study too, SDS-PAGE of total protein isolated from the strains was used to screenout 

the similar banding patterns and finally eighteen of them showing differential banding 

patterns of protein was selected for further studies. Twelve of the eighteen acid-tolerant 

isolates were found to be Gram negative. All the isolates showed growth at diverse 

range of pH, (from I to 12) and temperature (from 4 oc to 42 °C). The isolates showed 

best growth at pH 3 and temperature (28-30) °C except GMXI, GMX7, and 

GAHI which showed psychro-tolerant nature growing best at 16 °C. Nine acid-tolerant 

heterotrophic isolates were tentatively found to be mixotrophic (facultative sulfur

oxidizing) strains (Table 1.1 ). Reduced sulfur species of sulfidic mineral origin in 

Garubathan AMD sites of Darjeeling Himalayas must have favoured abundant 

microbial populations of sulfur-oxidizers (both mesophilic and psychro-tolerant), 

including autotrophic Acidithiobacillus species as well as heterotrophic sulfur

oxidizing strains. These strains may provide genetic resources for the development of 

novel biotechnological processes. Hence, in the following chapter i.e chapter 2 

contained the detailed study of facultative sulfur lithoautotrophy, organotrophy and 

biochemical characterization of these isolates. 
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Lithoautotrophic sulfur oxidizers are found in environments rich in H2S, such as 

AMD. Particularly most sulfur-oxidizing bacteria are both acidophilic and autotrophic 

(Pronk et al., 1991 ). Nine of the acid-tolerant isolates could grow 

chemolithoautotropically on thiosulfate (Fig. 2.1) however four isolates, GAH2, GAH5, 

GMX I, GMX6 grew relatively poorer than the others; whereas, elemental ·sulfur 

medium could not support the growth of any of the acid-tolerant isolates. Concurrent 

utilization of organic (succinate) and inorganic (thiosulfate) substrates, termed as 

mixotrophic nutritional ability (Matin, 1978), were shown by ten of the isolates 

reported in this study (Fig. 2.4). GMX4 which could not sustain in MST medium was . 

able to grow when yeast extract was added to the medium (MSTSY). These 

mixotrophic behaviours of the isolates were also evident during the study of 

Thiobacillus A2 which showed mixotrophic metabolism when in the natural 

environment both inorganic sulfur compounds and organic substrates were available 

simultaneously (Gottschal and Kuenen, 1980). All nine isolates have demonstrated 

growth by utilizing thiosulfate as the energy source (Fig. 2.3). Rate of depletion of 

thiosulfate in the medium with GMX7 and GMX5 was highest among all the nine 

isolates. Chemolithotrophic growth of acid-tolerant isolates on thiosulfate in MST 

medium (Fig. 2.1 J) and the data regarding consumption of thiosulfate (% consumption) 

by these isolates (Fig. 2.3) supported each other which means cell growth was coupled 

with the utilization of thiosulfate. The diversity of physiology was evident from the 

wide range of physicochemical requirements like temperature, pH tolerance etc. 

Similarly autotrophic growth of different isolates in this study in batch cultures on 

thiosulfate produced different growth yields. It was inferred from the growth 

experiment that external physical parameters do not influence the growth yield on 

thiosulfate for different isolates. Concurrently it also enabled to set up a working 

hypothesis that there may be difference in the mode of dissimilar sulphur compounds 

oxidation pathways, electron transport mechanisms and moues of energy conservation. 

Abundance of reduced sulfur species of sulfidic mineral ori'gin 'in Garubathan AMD 

sites of Darjeeling Himalayas could be the reason of the prevailing· 'diversity amongst 

culturable microbial populations of sulfur-oxidizers (both 'mesdphilic and 

psychrotolerant), including autotrophic Acidithiobacillus species (Guhmg .and 

Chakraborty, 2009) as well as heterotrophic sulfur-oxidizing strains. Similar diversity 
194 



qenera[ CDiscussion e1, Summary 

of thiosulfate-oxidizing bacteria has been reported from marine sediments and 

hydrothermal vents (Teske et al., 2000). Chemolithoautotrophy on thiosulfate is also 

known in non-thiobacilli of facultative lithotrophs like Paracoccus pantotrophus, 

hydrogen oxidizing heterotrophs, and heterotrophic marine pseudomonads (Ruby et al., 

1981; Kelly, 1989). The final product of chemolithotrophic sulfur compounds oxidation 

is sulfate. The role and production of polythionates as intermediates in oxidations of 

sulfur, sulfide and thiosulfate to sulfite had been addressed starting from the initial 

studies (Kelly, 1982, 1989). Peck (1960) first proposed a separate view of thiosulfate 

oxidation independent of tetrathionate formation, in ~hich s2ot was cleaved to S2' 
and SO/· by the enzyme thiosulfate reductase. He showed that S0 was produced from 

sulfide (S2
) oxidation, while the sol· was oxidized to sulfate forming APS (adenylyl 

sulfate) as the intermediate product. Kelly (1989) proposed a 'common pathway", a 

hypothetical scheme proposed on the basis of the discrete available data generated with 

the various strain, viz., T. concretivorus (strain T thiooxidans), T thiooxidans, T 

thioparus, T. novellus, T jerrooxidans, T denitrificans, and T neapolitanus. All these 

strains oxidize thiosulfate. The. differences on the oxidative metabolism of thiosulfate 

by different members of sulfur lithotrophs were primarily due to the differences in the 

mechanism of initial cleavage of S-S bond of thiosulfate. Tabita et al., (1969) proposed 

the involvement of two different enzymes in the metabolism of thiosulfate- (i) 

Rhodanese and (ii) thiosulfate oxidizing enzyme. Rhodanese cleaves the S-S bond, 

thereby producing membrane associated (S0
) and sulfite (SO/). The thiosulfate 

oxidizing enzyme, thiosulfate cytochrome c oxidoreductase catalyzes union of two 

molecules of thiosulfate to form one molecule of tetrathionate (S4ol·), which could be 

further oxidized to produce thiosulfate (S20/') and sulfite (SOl-). The oxidation of 

thiosulfate without the formation and accumulation of polythionates has been best 

studied with facultative species T versutus. Cytochrome-dependent complete oxidation 

of thiosulfate to sulfate was demonstrated with enzyme preparations '{Kelly, 1989). A 

multi-enzyme system that performs the sequence of oxidation reactions of thiosulfate 

was identified in some greater detail (Kelly, 1989). Thiosulfate oxidation pathways 

operating in sulfur-oxidising bacteria have been tentatively grouped in three categories 

(Meyer et al., 2007): (a) pathway involving breakdown of thiosulfate to polythionate 

intermediates by thiosulfate dehydrogenase and tetrathionate hydrolase, which is 
195 



(}enera[ CDiscussion c5(, Summary 

common in extremophilic sulfur oxidisers (Acidithiobacillus, Thermothiobacillus, and 

Halothiobacillus) (Kelly et al., 1997); (b) pathway for direct conversion of thiosulfate 

to sulfate without sulfur globule formation by multienzyme complex (Sox) system, 

active in photo- and chemotrophic alphaproteobacteria (Friedrich et al., 2001; 

Mukhopadhyaya et al., 2000); (c) branched thiosulfate oxidation pathway involving 

formation of sulfur globules operating in sulfur-storing bacteria (Hensen et al., 2006). 

Sox enzyme system is present in diverse thiosulfate oxidizing bacteria. Activity of 

thiosulfate dehydrogenase, which occurs in a wide range of chemolithotrophic bacteria, 

was observed in the cell-free extracts of nine of the thiosulfate oxidizing strains, with 

GAH2 showing the least activity; GMXl, GMX5 and GMX6 showing no activity. 

(Table 2.1). Even if cell free extracts produces tetrathionate, doubts prevail about the 

nature of the intermediate; as tetrathionate may not always be a normal intermediate in 

thiosulfate oxidation by normal cells (Dam et al., 2007). 

Studies in energy conservation in sulfur oxidation constitute electron transport 

(ETS) and translocation of proton. Electrons generated from sulfur substrates 

oxidations may couple the redox reaction at the level of cytochrome c or electron enters 

at cytochrome b or more higher status in the electron transport chain for ene.rgy 

generation (Kelly, 1989). The terminal reaction, sol·+ H20 -7 sol-+ 2W + 2e-, is. 

common in all the sulfur compound oxidation to produce sulfate from sulfite. In almost 

all the members of thiobacilli the enzyme responsible for the catalysis of this reaction, 

sulfite cytochrome c oxidoreductase, has been found to be actively present. The 

electron negative redox couple of sol-! sol- is adequate to couple to the ·electron 

transport system at the level of flavin-quinone-cytochrome b. In some species it has 

been shown that cytochrome c is the physiological electron acceptor and the start point 

where the energy is coupled to the electron transport chain. Alternatively, adenosine 

phosphosulfate (APS) reductase has been shown to be operative in thiosulfate 

metabolism in several strains of Thiobacillus. It catalyzed the same terminal oxidation 

reactions of sulfite to sulfate. The electrons enteringthe chain at- level of cytochrome b, 

are benefited in two ways- by conserving energy synthesizing A TP at the site of 

transfer in between cytochrome b f.o cytochrome c sector in the ETS and also at the 

cytochrome c I oxidase sector. These differences in major electron transport chain cause 
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the differences in growth yields e.g., T. denitrificans and T. tepidarius, produce better 

yields of growth when compared to the growth of T. versutus and T. neapo/itanus 

(Kelly, 1989). Sulfite dehydrogenase activity was observed in cell-free extracts of all of 

the nine test strains (Table 2.1 ). soxC encodes a sulfite dehydrogenase, the requirement 

for which in thiosulfate-dependent lithotrophic growth, experimentally verified 

in Paracoccus denitrificans (Mukhopadhyaya et al., 2000). 

Organotrophic growth for the acid-tolerant isolate was done on MSSY and R2A 

medium. Thirteen of the acid-tolerant isolates showed good growth on both the media 

(Fig. 2.4 and Table 2.2). R2A medium was greatly preferred (better growth within 24 h) 

by them. The isolates also displayed a wide range of substrate utilization as well (Table 

2.3). R2A is a low-nutrient containing medium. Oligotrophic bacteria are generally 

tested for their ability to grow in R2A medium (Bhowal and Chakraborty, 2011). The 

isolates DK1AH1 and DK2AH2 were excluded from biochemical characterization 

study as they could not survive in pH more than 5.5. The rest of the acid-tolerant 

heterotrophic isolates showed varying differential properties from each other 

biochemically. The results of SsM values scored between the isolates have reflected 

similar behaviour as obtained from total protein profile. Growth of acid-tolerant isolates 

in R2A medium has impelled us for the identification of oligotrophic property of these 

isolates (elaborated in chapter 3). 

Acid mine drainage contains relatively low concentration (10 mg/1) of dissolved 

organic carbon (Kolmer! and Johnson, 2001), and, as such, is called an oligotrophic 

environment. For the purposes of enumeration, oligotrophic aquatic bacteria have been 

tentatively defmed as bacteria that develop on first cultivation on media with a minimal 

content of organic matter of either I mg or I to 15 mg of C per liter, usually supplied as 

complex mixtures of peptone, Trypticase, and other nutrients. Eutrophic bacteria, on the 

other hand, have been considered to be organisms able to grow on similar nutrients but 

at levels supplying 2 or more g of C per liter (Akagi et al., 1977). The two types of 

media, differing widely in nutrient level, have been used to determine the distribution 

of oligotrophic and eutrophic bacteria in the sea (Akagi et at., 1977) and in lake water 
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(Ishida et a/., 1980). Oligotrophic bacteria were considered to be those organisms 

which grew at the lower nutrient level but failed to grow when transferred to the higher 

level. In another study organisms able to grow only at the lower concentration of 

nutrients were called obligate oligotrophs, whereas those which grew at both low and 

high concentrations of nutrients were termed facultative oligotrophs (Ishida eta/., 1980, 

1982). When one detects growth by measuring changes in numbers of viable cells in a 

liquid medium by using the plate count technique (Van der Kooij et a/., 1980; ZoBell 

and Grant, 1942), the concentrations of nutrients required to produce detectable 

increases in cell numbers are at least two orders of magnitude smaller than those 

needed to produce turbidity in a liquid medium or colonies on a solid medium. Thus, 

using plating techniques, ZoBell and Grant in 1943 were able to show that Escherichia 

coli, Staphylococcus citreus, Bacillus mega{ .erium, Proteus vulgaris, and 

Lactobacillus /actis multiplied in solutions containing 0.1 mg of glucose (supplying 40 

Jlg of C per liter) (ZoBell and Grant, 1942). Lower concentrations were not tested for 

technical reasons. Even Pseudomonas aeruginosa has been shown to grow in tap water 

at 25 Jlg of C per liter supplied by any one of a number of compounds (Van der Kooij 

et a/., 1982), and Aeromonas hydrophi/a multiplied when C supplied as glucose was 

added at I 0 J.Lg/liter (Van der Kooij et a/., 1980). These organisms are ordinarily not 

considered to be oligotrophs, yet they more than qualify when the current defmition of 

an oligotroph as an organism which can grow in a medium containing nutrient 

supplying I to 15 mg of C per liter is applied. Oligotrophic bacteria are generally tested 

for their ability to grow in R2A medium. Very recently, diluted Luria-Bertani broth has 

been used to detect oligotrophic bacteria from environmental water samples (Kumar et 

at., 2010; Oh eta/., 2009). Sixteen acid-tolerant heterotrophic strains from Garnbathan 

AMD are facultatively oligotrophic capable of growing in R2A and diluted Luria

Bertani as well as in diluted modified DSMZ 269 media (Table 3.1). There are 

numerous reports of the isolation of acidophilic heterotrophs from extensibly pure 

culture of Acidithiobacillus ferrooxidans (Guay and Silver, 1975; Harrison eta/., 1980) 

and they are the part of the consortium present in the sulfide mineral occurrence sites 

(Harrison, 1981, Berthelot et a/., 1997). Although these environments are very poor in 

organic materials, the heterotrophs probably survive by scavenging on the low 

concentration of organic compounds excreted by A. ferrooxidans and other autotrophic 
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chemolithotrophs. Heterotrophic acidophiles are able to utilize organic materials 

produced by acidophilic autotrophs. The culture filtrate from the autotroph A. 

forrooxidans contained sufficient organic matter to support heterotrophic growth of 

Sulfobacillus thermosulfidooxidans TH I (Norris and Kelly, 1980) and Acidiphilium sp. 

DKAPI.l (Gurung and Chakraborty, 2009). Of the seven strains reported in this study, 

two strains, which tolerated pH to the extreme of 1.0, GAHI and GAH4, were able to 

grow in sterile acid mine water (pH 1.0-1.5) and elemental sulfur spent medium of A. 

ferrooxidans (pH 1.5-2.0) while the others (lesser acid-tolerant; Table 1.1 of chapter I) 

have shown growth in the said media only when pH was increased to 3.0 - 4.0. DOC 

measurements of AMD samples from Garubathan (17-22 mg r') and elemental sulfur 

spent medium of A. ferrooxidans (65-71 mg r') have confirmed very low carbon 

content which supported the oligotrophic growth of the acid-tolerant strains. This 

demonstrated the adaptation of these acid-tolerant heterotrophs to a low nutrient 

condition that usually prevails in the mineral rich environments. The ability to grow in 

low nutrient condition, on the other hand is highly beneficial to the autotrophic partner 

A. ferrooxidans. 

Microorganisms surviving in AMD environment meet substantial selective 

pressure to develop resistance mechanism to metal ions, supporting them with a 

competitive selective advantage. As a result, in shaping the characteristics of microbial 

communities in acidic environments in terms of both structure and function, the 

efficacy of diverse heavy metal resistance mechanisms would play a significant role 

(Dopson et al., 2003). Acidophilic heterotrophic bacteria representing Acidiphilium and 

Acidocella genera were found to resist high levels of Cd, Zn, Ni, and Cu (Ghosh et al., 

1997; Mahapatra and Banerjee, 1996). Distinct patterns of heavy metal resistance in 

isolates from coal mining environments of Brazil were evidenced, being the Zn and Ni 

· resistance the most widespread (Castro-Silva et al., 2003). The AMD sites selected in 

this study is restricted to an area of 0.247 sq.km where zinc ore has been found to occur 

(Shah el al., 1974-75). Not surprisingly, the strains isolated from Garubathan had been 

able to resist the heavy metal ions. Acid-tolerant heterotrophic isolates from AMD 

samples could be classified into nine groups on the basis of distinct patterns of metal 

resistance (Table 3.2). Isolates of Group lll, strains GAH2 and GAH5, tolerated Co(II), 
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Ni(ll), and Zn(II) as high as 35, 30, and 40 mM respectively. Similarly, isolates of 

Group IX, strains DKIAH I and DK2AH2 tolerated Ni(II) and Zn(II) at its most 90, 

20; and 450, 30 mM. The maximum tolerance of I 00 mM Zn (II) was shown by GAH4. 

They could tolerate cobalt, nickel, copper, zinc, and arsenite concentration up to the 

level of 35 mM, 450 mM, 5 mM, 100 mM, and 10 mM respectively. However, 

maximum tolerable concentration of chromium, cadmium, and mercury was found to 

be only 1.5 mM, I mM, and 0.1 mM respectively. The strains have shown multiple 

metal tolerance as well as higher metal tolerance ability due to the selective pressure as 

the site from where these strains were obtained was rich in mineral occurrences. 

For further characterization, it was important to test the sensitivity of the acid

tolerant isolates towards several antibiotics. The antibiotics tested were selected to 

represent 7 different classes: Aminoglycosides, Antifolates, Cephalosporins, Penicillin, 

Quinolones, and Others. The detailed antibiotic tolerance profiles of the acid-tolerant 

isolates were given in Table 3.3. Four (GAH4, GAH44, DKIAHI, and DK2AH2) out 

of eighteen strains were found to be sensitive towards antibiotics tested. However five 

(GAHI, GAH3, GAH8, GAH9, and GAHIO) of them were resistant to all the 12 panel 

of antibiotics tested. The rest of the strains showed resistance towards two or more than 

two antibiotics. The resistance to a particular heavy metal has been correlated to 

antibiotics and other heavy metal resistance in a variety of organisms (Austin and 

Colwell, 1977; Luli et a/., 1983; Sabry et a/., 1997) and the role of plasmids in 

confering resistance to both antibiotics and metals has been previously demonstrated 

(Foster, I 983; Lyon and Skurray, I 987). Hence, research followed a natural tract to 

uncover phylogenetic affiliations of the AMD isolates (elaborated in Chapter 4). 

The outcome of the 16S rRNA sequence comparisons was presented in Chapter 

4, indicating phylogenetic diversity among the isolates studied. The 16S phylogeny of 

the fifteen acid-tolerant, thiosulfate metabolising bacteria isolated from AMD samples 

of Garubathan, India, fell into the genus Burkholderia , Comamonas, Serratia, 

Psychrobacter, Acidiphilium and Bacillus (Fig. 4.3-4.17) of the sub-class Beta

proteobacteria, Gamma-proteobacteria, Alpha-proteobacteria and Firmicutes. Despite 

extremities, a diverse range of bacteria, including representatives of Proteobacteria, 

Nitrospirae, Firmicu(es, and Actinobacteria, inhabit AMD environments. Besides the 
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most studied group of bacteria under Gamma-proteobacteria, bacteria under Alpha- and 

Beta-proteobacteria were also identified in the acid mine environments (Baker and 

Banfield, 2003; Valverde et al., 2006; Xiao et al., 2009). Reduced sulfur species of 

sulfidic mineral origin in Garubathan AMD sites of Darjeeling Himalayas favor 

abundant microbial populations of sulfur oxidizers (both mesophilic and 

psychrotolerant), including autotrophic Acidithiobacillus species as well as 

heterotrophic sulfur-oxidizing strains. Similar diversity of thiosulfate oxidizing bacteria 

has been reported from marine sediments and hydrothermal vents (Teske et al., 2000). 

High sequence similarities of the 16S rRNA gene sequence of the two strains 

with Burkholderia species and clustering of them with Burkholderia pyrrocinia in the 

phylogenetic tree (Fig. 4.18) suggest that the isolates GAH2 and GAH5 can be assigned 

as novel acid- and metal-tolerant (elaborated in chapter 3) thiosulfate-oxidizing strains 

of Burkholderia pyrrocinia. In the phylogenetic trees, isolates GMXS and GMX8 

clustered with Bacillus megaterium with a bootstrap support of I 00%. Another Gram 

positive heterotrophic strain, GMX6, clustered with B. cereus with a bootstrap support 

of78%. 

Ampllftcation of soxB gene lwmo/ogs and Pllylogeny witll soxB gene 

sequences: The soxB gene encodes the SoxB component of the periplasmic thiosulfate

oxidizing Sox enzyme complex, which has been proposed to be widespread among the 

various phylogenetic groups of sulfur-oxidizing bacteria (SOB) that convert thiosulfate 

to sulfate with and without the formation of sulfur globules as intermediate. Thiosulfate 

oxidation pathways operating in sulfur-oxidising bacteria have been tentatively 

grouped in three categories (Meyer et al., 2007): (a) pathway involving breakdown of 

thiosulfate to polythionate intermediates by thiosulfate dehydrogenase and tetrathionate 

hydrolase, which is common in extremophilic sulfur oxidisers (Acidithiobacillus, 

Thermothiobacillus, and Halothiobacillus) (Kelly et al., 1997); (b) pathway for direct 

conversion of thiosulfate to sulfate without sulfur globule formation by multienzyme 

complex (Sox) system, active in photo- and chemotrophic alphaproteobacteria 

(Friedrich et al., 2001; Mukhopadhyaya et al., 2000); (c) branched thiosulfate 

oxidation pathway involving formation of sulfur globules operating in sulfur-storing 
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bacteria (Hensen et a/., 2006). Sox enzyme system is present in diverse thiosulfate 

oxidizing bacteria 

Two pairs of degenerate soxB primers (Petri eta/., 2001; Meyer et al., 2007) 

were used to amplifY gene sequences. Two of the sequences obtained from the PCR 

products allowed a first view of the distribution of this gene among sulfur oxidizing 

Beta-proteobacteria and its phylogenetic relationships. Phylogenetic trees constructed 

with diverse soxB gene homologues available in the databases revealed that Gamma

proteobacterla and Alpha-proteobacteria were not monophyletic and formed at least 

four and two clusters respectively, while Beta-proteobacteria were shown to be 

monophyletic (Anandham et a/., 2008; Meyer et a/., 2007; Petri et a/., 2001). With 

introduction of two novel soxB gene homologues of Burkholderia spp. (strains, GAH2 

and GAH4) in the database, the SoxB phylogenetic tree presented in this report has 

established for the first time that Beta-proteobacteria were not monophyletic but 

formed at least two distinct groups (Fig. 4.37). Thiobacillus thioparus, T. denitrificans, 

Herminimonas arsenicoxydans, Methylibium petroleiphilum, and Pandorea spp. 

formed a distinct cluster (cluster I), congruent to the cluster obtained in an earlier study 

(Anandham et a/., 2008) and the newly described Burkholderia strains GAH2 and 

GAH4 formed a new group among Beta-proteobacteria (cluster II). The soxB gene 

homologues of GAH2 and GAH4 were closest to soxB homologue of phototrophic 

sulfur-oxidising Allochromatium vinosum ABE01359. A partial sox gene cluster 

constituted of soxB and soxXA, detected in by PCR assay, was predicted to be essential 

for reduced sulfur compound oxidation in A. vinosum (Friedrich et a/., 2001). 

Inactivation of fccA and aprBA genes in A. vinosum, which codes for cytochrome 

subunit of flavocytochrome c-sulfide dehydrogenase and adenosine-51
-

phosphosulphate reductase respectively, left hydrogen sulfide and sulfite oxidation 

unaffected (Dahl, 1996; Reinartz et a/., 1998). Event of lateral soxB gene transfer is 

therefore the most reasonable explanation for the inferred close relationship of soxB 

from thiosulfate -metabolising Burkholderia spp. (strains GAH2 and GAH4) and A. 

vinosum species that are distantly related on the basis of the I 6S rRNA gene phylogeny. 

Interestingly, amplicons generated by degenerate soxB primers produced 

sequence similar to the genes for ABC transport protein (A TP binding) in GAHI, 
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GAH5 and GMX7 (Fig. 4.29-4.34). Part of gene sequence in GMX7 (Fig. 4.35) was 

found to possess truncated portion of thiosulfate binding protein. ABC systems 

constitute probably the largest superfamily of proteins ever detected in living 

organisms. Most ABC systems are primary transporters that transport unidirectionally 

molecules through membranes (Schneider and Hunke, 1998). The ABC-type drug 

transporters also belong to the ABC superfamily, the members of which all contain a 

highly conserved ATP-binding cassette (Higgins,1992; VanVeen eta/., 2001). They 

utilize the energy released by ATP-hydrolysis to pump cytotoxic compounds out of the 

cell. The substrates handled by these transporters are extraordinarily varied, ranging 

from small molecules (ions, carbohydrates, amino acids, antibiotics) to macromolecules 

(polysaccharides, proteins). Purified ABC proteins or modules have been shown to bind 

and hydrolyze ATP (Dayan et a/.1 1996; Higgins et a/.,1985; Ko et a/.1 1994; Morbach et 

al.1 1993; Muller et at., 1994; Shimabuku et at~ 1992; Thiagalingam and Grossman, 

1993), making reasonable the hypothesis that they couple the energy of A TP hydrolysis 

to the movement of substrates by an unknown mechanism. 

As the acid-tolerant heterotrophic isolates GAHI, GAH5 and GMX7 isolated 

from AMD possess facultative thiosulfate chemolithoautotrophic property, the 

sequence obtained for A TP binding ABC transporters, probably participate in the sulfur 

metabolism. A number of transport and binding genes appear to play roles in sulfur 

metabolism of A. ferrooxidans. Recently in one of the study it was seen that the the 

expression level of transport and binding protein encoding genes for ABC transporter 

was up-regulated when A. ferrooxidans culture was grown on sulfur (Xia et al., 201 0). 

Candidate genes potentially encoding uptake of inorganic sulfate were discovered, 

including a sulfate permease belonging the Su!P family of the major facilitator 

superfamily of transporters (MFS) and a possible sulfate/thiosulfate/molybdenate A TP 

binding cassette (ABC)-type transporter in A.ferrooxidans (Valdes eta!., 2003). 

In the last and final Chapter 5, the authoress has attempted to relate heavy metal 

tolerance phenotype with the plasmid (if any) determinants present in any of the acid

tolerant heterotrophic isolates. In the present study, five plasm ids, sizes approximately 

55 kb, 23kb, 4 kb, 2 kb, and I kb, were reported from the Acidiphilium strain DK2AH2 
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(Fig.5.1). Plasm ids of acidophilic heterotrophs of the 

genera Acidiphi/ium and Acidocella, were demonstrated by earlier authors to carry 

metal resistant genes. While genes conferring arsenic resistance in Acidiphilium 

multivorum are similar to those analyzed from other sources, there is no sequence 

similarity with the reported Cd- and Zn-resistant genes with cloned plasmid DNA 

fragments from Acidiphilium symbioticum KM2 and Acidocella GS 19h strains which 

were found to have link with Cd and Zn resistance phenotype. Such observations have 

indicated some novel aspects of metal resistance in acidophilic bacteria. Acidiphilium 

organovorum contained at least three distinct plasm ids; one of them was > 30 kb, and 

the other two were < 4.0 kb (Lobos et a/., 1986). Another AMD strain Acidiphilium 

multivorum AIU 301 was shown to harbour multiple plasmids of different sizes. One of 

the plasmids, pKW301A (56 kb), when transferred into Escherichia coli JM109 by 

electroporation, an E. coli transformant carrying pKW301 displayed resistance to 

sodium arsenite, sodium arsenate, and mercuric(!!) chloride (Suzuki et. al., 19~7). 

Another acidophilic bacterium, Acidiphilium symbioticum H8, resistant to high levels of 

several heavy metals, hydrophobic agents, and organic solvents, was found to host a 9.6 

kb plasmid pASH8. One of the clones of the plasmid bank was found to encode a single 

putative open reading frame (ORF) showing significant homology to several 

rusticyaninA1 proteins. Another clone, pASH8, encoded for a 43-kDa protein having 

conserved domain homology with several outer envelope ToiC proteins, functionally 

complemented an Escherichia coli tolC mutant strain, making it resistant to several 

toxic hydrophobic agents, earlier for which it was sensitive. The third clone encoded for 

a putative 318-aa AcrA (acriflavine resistance protein A) protein and the clone was 

resistance to plasmid curing dye acriflavine. The clone contained a. truncated ORF, 

showing significant homology to cation-efflux pump AcrB (Singh et. al., 20 I 0). A. 

multivorum AIU301T, on whole genome analysis, was found to contain nine replicons;_ 

one circular chromosome (3,749,411 bp, 67.6% G+C, 3,449 ORF) and eight circular 

plasmids pACMVI (271,573 bp, 62.9% G+C, 284 ORF), pACMV2 (65,564 bp, 61.9% 

G+C, 69 ORF), pACMV3 (54,248 bp, 61.2% G+C, 61 ORF), pACMV4 (40,588 bp, 

60.1% G+C, 44 ORF), pACMV5 (14,328 bp, 59.0% G+C, 19 ORF), pACMV6 (12,125 

bp, 59.6% G+C, 14 ORF), pACMV7 (5,178 bp, 57.6% G+C, 8 ORF) and pACMV8 

(1, 728 bp, 60.9% G+C, I ORF). Several genes with putative involvement in heavy 
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metal-transport, and three operons (which appeared to contribute to arsenic resistance) 

were identified from the chromosome and circular plasmids. A. 

multivorum AIU301 T chromosome showed overall high conservation of synteny 

with A. cryptum JF-5 chromosome which has been sequenced, excluding a few regions 

( http://www.nbrc.nite.go.jp/e/index.htrnl). The largest plasmid detected and isolated 

from Acidiphilum strain DK2AH2 was named pDK2AH2 (55 kb); restriction digested 

and gene bank was constructed with EcoRl fragments of the same. Three gene bank 

clones, pDK2-3, pDK2-5 and pDK2-9, were partially sequenced. Sequence analyses of 

pDK2-5 (Fig. 5.9 and 5.ll) and pDK2-9 (Fig. 5.13 and 5.15) revealed significant 

similarities (>80% homologous) to the hypothetical protein of Acidiphilium multivorum 

AIU301 plasmid and hypothetical protein of A. cryptum JF5 (Fig. 5.10a,b and 5.14a,b). 

Translated sequences of pDK2-5 and pDK2-9 revealed that -2 frame· of the sequence 

contained an open reading frame (ORF) (!64 and 101 amino acid long respectively), 

showing 100% and 81% homology respectively with hypothetical protein APM_0575 

of Acidiphilium sp. PM. Partial nucleotide sequence of pDK2-3 on in-silica translation 

revealed that +2 frame of the sequence contained an ORF showing 74% homology with 

hypothetical protein of uncultured Sphingobacteria and glycosyl transferase protein of 

uncultured Flavobacteria (Fig. 5.8a); and "I frame showing 71% homology with 

conserved domain protein of E. coli MS 69-1 (Fig. 5.8b). 

As natural consequence, the Acidiphilium strains inhabiting AMD are often 

subjected to several physico-chemical stresses such as high and low temperatures and 

exposure to various heavy metals, etc. Stress induced changes in cell morphology has 

been observed with Acidiphilium symbioticum H8 where maximum alterations in size 

occurred when the bacterium was exposed to sub-inhibitory concentrations of Cu and 

Cd. (Chakravarty and Banerjee, 2008). Such changes in cellular morphology are 

generally observed with biofilm forming strains and biofilm formation is also induced 

by stress factors. It may be so that the authors (Chakravarty and Banerjee, 2008) have 

missed the evidences to relate such changes with biofihn formation; and biofilm 

formation is also related to metal resistance in bacteria. In one of the successive studies 

on Acidiphilium strains, extracellular polymeric substances (EPS) that constitute 

biofilm was reported from Acidiphilium 3.2Sup(5) (Tapia et al. 2009). Electron 
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microscopy (both TEM and SEM) enabled to detennine the degree of attachment and 

the growth of the biofilm overtime on two solid supports: carbon fibre cloth and 

graphite rods (Tapia el a/. 2009). In the present study it was shown that Acidiphilium 

sp.DK2AH2 is also capable of fanning biofilm on glass surface. Extracellular 

polymeric substances (EPS) produced by microorganisms are a complex mixture of 

biopolymers primarily consisting of polysaccharides, as well as proteins, nucleic acids, 

lipids and humic substances. EPS make up the intercellular space of microbial 

aggregates and fonn the structure and architecture of the biofilm matrix. The key 

functions of EPS comprise the mediation of the initial attachment of cells to different 

substrata and protection against environmental stress and dehydration. Many 

chromosomal genes have now been shown to be involved in different stages of biofilm 

development. By contrast, the contribution of the extra-chromosomal plasmid gene 

pool (representing as much as I 0-20 % of total bacterial DNA) to biofilm biology is 

poorly understood. As a consequence, with the exception of biotechnology application 

and antibiotic resistance spread, the role of plasmids in bacterial ecology has been 

largely overlooked. Even though conjugation has been studied first and foremost in 

liquid, most natural bacterial populations are found associated with environmental 

surfaces in complex multispecies communities called biofilms. Biofilms are ideally 

suitable for the exchange of genetic material of various origins, and it has been shown 

that bacterial conjugation occurs within biofilms. It was shown that conjugative 

plasmids contribute directly to the capacity of the bacterial host to form a biofilm. 

Natural conjugative plasmids expressed factors that induced planktonic bacteria to fonn 

or enter biofilm communities, which favour the infectious transfer of the plasmid. This 

general connection between conjugation and biofilms suggested that medically relevant 

plasmid-bearing strains are more likely to fonn a biofilm (Ghigo, 2001). Though 

biofilms have been envisaged to be involved in persistence, the process of biofilm 

fonnation remained complex and poorly understood in E. coli 0157:H7. A mini-Tn5 

transposon insertion library was constructed in strain EDL933 and screened for biofilm

negative mutants using a microliter plate assay in order to comprehend the genetics of 

this process. Of 11,000 independent insertions 95 of (0.86%) them failed to produce 

biofilm and transposon insertions were located in 51 distinct genes/intergenic regions 

that must be involved either directly or indirectly in biofilm fonnation. All of the 51 
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biofilm-negative mutants showed reduced biofilm formation on both hydrophilic and 

hydrophobic surfaces. Thirty-six genes were unique including genes on the virulence 

plasmid p0157. The type V secreted autotransporter serine protease EspP and the 

enterohemolysin translocator EhxD were found to be directly involved in biofilm 

formation. In addition, EhxD and EspP were also important for adherence to T84 

intestinal epithelial cells, suggesting a role for these genes in tissue interactions in vivo 

(Pnttamreddy et a/., 20 I 0). In the present study it was shown that plasmids in 

Acidiphilium sp. DK2AH2 on getting cured the biofilm forming ability is lost to a great 

extent coupled to the sensitivity towards Cu(Il) andZn(Il). Significant advances have 

been made to reveal new insights into biofilms and their constituents. The expansion of 

knowledge in relation to molecular mechanisms involved in bacterial-mineral 

attachment may be relevant in the enhancement ofbioleaching timing and efficiency 

Finally, it may be concluded in a way that isolation and identification of acid

tolerant bacteria from AMD samples from Garubathan, India, have revealed diversity of 

the strains in terms of phylogenetic affiliation and thiosulfate chemolithotrophy. These 

strains may provide genetic resources for the development of novel bioteclmological 

processes. 

207 



qenera{ CDiscussion rtl Summary 

References 

Akagi, V., N. Taga, and U. Simidu. 1977. Isolation and distribution of oligotrophic 

marine bacteria. Can. J. Microbial. 23: 981-987. 

Anandham, R., P. Indira Gandhi, M. Madhaiyan, K. Y. Ryu, H. J. Jee, T. M. Sa. 

2008. Chemolithoautotrophic oxidation of thiosulfate and phylogenetic distribution of 

sulfur oxidation gene (soxB) in rhizobacteria isolated from crop plants. Res. Microbial. 

159: 579-589. 

Arkesteyn, G.J.M.W., and J. A. M. deBont. 1980: Thiobaci/luus asidophilus: a study 

of its presence in Thiobacillusferrooxidans cultures. Can. J. Microbial. 26: 1057-1065. 

Austin, D.A., and R. R. Colwell. 1977. Antibiotic resistance patterns of metal tolerant 

bacteria isolated from an estuary. Antimicrob. Agents Chern. 12: 545-547. 

Baker, B.J., and J. F. Banfield. 2003. Microbial communities in acid mine drainage. 

FEMS Microbial. Ecol. 44: 139-152. 

Berthelot, D.B., L. G. Leduc, and G. D. Ferroni. 1997. Iron-oxidizing autotrophs and 

acidophilic heterotrophs from uranium mine environments. Geomicrobial. J. 14: 317-

324. 

Bond, P.L., G. K. Druschel, and J. F. Banfield. 2000. Comparison of acid mine 

drainage microbial communities in physically and geochemically distinct ecosystems. 

Appl. Environ. Microbial. 66: 4962-4971. 

Bruneel, 0., J.-C. Personne, C. Casiot, M. Leblanc, F. Elbaz-Poulicbet, B. J. 

Mahler, A. Le Fleche, and P. A. D. Grimont. 2003. Mediation of arsenic oxidation 

by Thiomonas sp. in acid mine drainage (Carnoules, France). J. Appl. Microbial. 95: 

492-499. 

208 



(]enera{ (])iscussion d Summary 

Castro-Silva, M.A., A. 0. S. Lima, A. V. Gerchenski, D. B. Jaques, A. L. 

Rodrigues, et al. 2003. Heavy metal resistance of microorganisms isolated from coal 

mining environments of Santa Catarina. Braz. J. Micro bioi. 34: 45-47. 

Chakravarty, R., and P. C. Banerjee. 2008. Morphological changes in an acidophilic 

bacterium induced by heavy metals. Extremophiles. 12: 279-284. 

Clark, D.A., and P.R. Norris. 1996. Acidimicrobiumferrooxidans gen. nov., sp. nov. 

mixed-culture ferrous iron oxidation with Sulfobacillus species. Microbiology. 142: 

785-790. 

Dam, B., S. Mandai, W. Ghosh, S. K. Das Gupta, and P. Roy. 2007. The S4-

intermediate pathway for the oxidation of thiosulfate by the chemolithoautotroph 

Tetrathiobacter kashmirensis and inhibition of tetrathionate oxidation by sulfite. Res. 

Microbial. 158: 330-338. 

Das, A., and A. K. Mishra. 1996. Role of Thiobacillus ferrooxidans and sulfur 

(sulphide )-dependent ferric-ion-reducing activity in the oxidation of sulphide minerals. 

Appl. Microbial. Biotechnol. 45: 377-382. 

Dayan, G., H. Baubichoncortay, J. M. Jault, J. C. Cortay, G. Deleage, and A. 

Dipietro. 1996. Recombinant N-terminal nucleotide-binding domain from mouse P

glycoprotein-overexpression, purification, and role of cysteine 430. J. Bioi. Chern. 

271:11652-11658. 

Dhal, C. 1996. Insertional gene inactivation in a phototrophic sulfur bacterium: APS

reductase-deficient mutants ofChromatium vinosum. Microbiology. 142: 3363-3372. 

Dopson, M., C. Baker-Austin, P.R. Koppineedi, and P. L. Bond. 2003. Growth in 

sulfidic mineral environments: metal resistance mechanisms in acidophilic micro

organisms. Microbiology. 149: 1959-1970. 

209 



qenera{ CDiscussion ttl Summary 

Foster, T. J. 1983. Plasmid-detennined resistance to antimicrobial drugs and toxic 

metal ions in bacteria. Microbial. Res. 47: 361-409. 

Friedrich, C.G., D. Rother, F. Bradischewsky, A. Quentmeier, and J. Fischer. 

200 I. Oxidation of reduced inorganic sulfur compounds by bacteria: emergence of a 

common mechanism? Appl. Environ. Microbial. 67: 2873-2882. 

Ghigo, J. M. 2001. Natural conjugative plasmids induce bacterial biofilm development. 

Nature. 412: 442-445. 

Ghosh, S., N. R. Mahapatra, and P. C. Banerjee. 1997. Metal resistance in 

Acidocella strains and plasmid-mediated transfer of this characteristic to Acidiphilium 

multivorum and Escherichia coli. Appl. Environ. Microbial. 63: 4523-4527. 

Gottschal, J.C., and J. G. Kuenen. 1980. Mixotrophic growth of Thiobaci/lus A2 on 

acetate and thiosulfate as growth limiting substrates in the chemostat. Arch. Microbial. 

126: 33-42. 

Guay, R., and M. Silver. 1975. Thiobaci/lus acidophilus sp. nov.; isolation and some 

physiological characteristics. Can. J. Microbial. 21: 281-288. 

Gurung, A., and R. Chakraborty. 2009. The role of Acidithiobacillus ferrooxidans in 

alleviating the inhibitory effect of thiosulfate on the growth of acidophilic Acidiphilium 

species isolated from acid mine drainage samples from Garubathan, India. Can. J. 

Micro bioi. 55: I 040-1048. 

Harrison, A. P. Jr. 1981. Acidiphilium cryptum gen. nov., sp. nov., heterotrophic 

bacterium from acidic mine environments. Int. J. Syst. Bacterial. 31: 327-332. 

Harrison, A.P.Jr., B. W. Jarvis, and J. I. Johnson. 1980: Heterotrophic bacteria from 

cultures of autotrophic Thiobacillus ferrooxidans: relationships as studied by means of 

deoxyribonucleic acid homology. J. Bacterial. 143: 448-454. 
210 



qenera[ CDiscussion c5l Summary 

Hensen, D., D. Sperlingm, H. G. Triiper, D. C. Brune, and C. Dhal. 2006. 

Thiosulfate oxidation in the phototrophic sulfur bacterium Al/ochromatium vinosum. 

MoL MicrobiaL 62: 794-810. 

Higgins, C. F. 1992. ABC transporters: from microorganisms to man. Annu. Rev. Cell 

Bioi. 8:67-113. 

Higgins, C.F., I. D. Hiles, K. Whalley, D. J. Jamieson. 1985. Nucleotide binding by 

membrane component of bacterial periplasmic binding protein-dependent transport 

systems. EMBO. J. 4: 1033-1040. 

Hney, B., and J. Hall. 1989. Hypervariab1e DNA fingerprinting in Escherichia coli: 

minisatellite probe from bacteriophage M13. J. Bacteriol. 171: 2528. 

l.yon, B.R., and R. Sknrray. 1987. Antimicrobial resistance of Staphylococcus 

aureus: genetic basis. MicrobiaL Rev. 51: 88-134. 

Ingledew, W. J. 1982. Thiobacil/us ferrooxidans: the bioenergetics of an acidophilic 

chemolithotroph. Biochem. Biophys. Acta. 638: 89-117. 

Ishida, Y., I. Imai, T. Miyagaki, and H. Kadota. 1982. Growth and uptake kinetics of 

a facultatively oligotrophic bacterium at low nutrient concentrations. Microb. Ecol. 

8:23-32. 

Ishida, Y., K. Shibahara, H. Uchida, and H. Kadota. 1980. Distribution of obligately 

oligotrophic bacteria in Lake Biwa. BulL Jpn. Soc. Sci. Fish. 46:1151-1158. 

Johnson, D.B., and S. Me Ginness. 1991. Ferric iron reduction by acidophilic 

heterotrophic bacteria. AppL Environ. MicrobiaL 57: 207-211. 

211 



(}enera[ CJJiscussion rtl Summary 

Johnson, D.B., and W. I. Kelso. 1983. Detection of heterotrophic contaminants in 

cultures of Thiobacillus ferrooxidans and their elimination by subculturing in media 

containing copper sulfate. J. Gen. Microbial. 129: 2969-2972. 

Kelly, D. P. 1982. Biochemistry of the chemolithoautotrophic oxidation of inorganic 

sulphur. Phil Trans R Soc. (London) B298: 444-528. 

Kelly, D. P. !989. Physiology and biochemistry of unicellular sulfur bacteria. 

Autotrophic Bacteria (Schlegel HG & Bowien B, eds), pp. 193-217. Springer-Verlag, 

Berlin Science Tech Publishers, Madison, WI. 

Kelly, D.P., J. K. Shergill, W. P. Lu, and A. P. Wood. 1997. Oxidative metabolism 

of inorganic sulfur compounds by bacteria. Antonie Van Leeuwenhoek. 71:95-107. 

Ko, Y.H., P. J. Thomas, P. L. Pedersen. 1994. The cystic fibrosis transmembrane 

conductance regulator. Nucleotide binding to a synthetic peptide segment from the 

second predicted nucleotide binding fold. J. Bioi. Chern. 269: 14584-14588. 

Kolmert, A., and D. B. Johnson. 2001. Remediation of acidic waste waters using 

immobilised, acidophilic sulfate-reducing bacteria. 76: 836-843. 

Krech, T., J. de Chastonay, and E. Falsen. 1988. Epidemiology of diptheria: 

polypeptide and restriction enzyme analysis in comparison with conventional phage 

typing. Eur. J. Clin. Microbial. Infect. Dis. 7: 232-237. 

Kumar, A., S. Mukherjee, R. Chakraborty. 2010. Characterization of a novel 

trimethoprim resistance gene, dfrA28, in class I integron of an oligotrophic 

Acinetobacter johnsonii strain, MB52, isolated from river Mahananda, India. Microb. 

Drug Resist. 16: 29-37. 

212 



qenera{ ~Discussion ef, Summary 

Lobos, J. H., T. F. Chisolm, L. H. Bopp, and D. S. Holmes. 1986. Acidiphilium 

organovorum sp. nov., an acidophilic heterotroph isolated from a Thiobacil/us 

ferrooxidans culture. Int. J. Syst. Bacteriol. 36:139-144. 

Luli, G.W., J. W. Talnagi, W. R. Strohl, and R. M. PfiSter. 1983. Hexavalent 

chromium-resistant bacteria isolated from river sediments. Appl. Environ. Microbial. 

46: 846-854. 

Mahapatra, N.R., and P. C. Banerjee. 1996. Extreme tolerance to cadmium and high 

resistance to copper, nickel and zinc in different Acidiphilium strains. Lett. Appl. 

Microbiol. 23: 393-397. 

Maiti, B., M. Shekar, R. Khushiramani, I. Karunasagar, and I. Karunasagar. 

2009. Evaluation of RAPD-PCR and protein profile analysis to differentiate Vibrio 

harveyi strains prevalent along the southwest coast of India. J. Genet. 88: 273-279. 

Matin, A. 1978. Organic nutrition of chemolithotrophic bacteria Annu. Rev. 

Microbial. 32: 433=468. 

Meyer, B., J. F. Imhoff, and J. Kuever. 2007. Molecular analysis of the distribution 

and phylogeny of the soxB gene among sulfur-oxidizing bacteria- evolution of the Sox 

sulfur oxidation enzyme system. Environ. Microbial. 9: 2957-2977. 

Mishra, A.K., P. Roy, and S. S. R. Mahapatra. 1983. Isolation of Thibacillus 

ferrooxidans from various habitats and their growth pattern on solid medium. Curr. 

Microbial. 8:147-152. 

Morbach, S., S. Tebbe, E. Schneider. 1993. The A TP-binding cassette (ABC) 

transporter for maltose/maltodextrins of Salmonella (Yphimurium-characterization of 

the ATPase activity associated with the purified Ma!K subunit. J. Bioi. Chern. 2668: 

18617-18621. 

213 



(}enera( CDiscussion rtf, Summary 

Mukhopadhyaya, P.N., C. Deb, C. Lahiri, and P. Roy. 2000. A soxA gene encoding 

a diheme cytochrome c and a sox locus, essential for sulfur oxidation in new sulfur 

lithotrophic bacterium. J. Bacterial. 182: 4278-4287. 

Muller, K.M., C. Ebensperger, R. Tampe. 1994. Nucleotide binding to the 

hydrophilic C-terminal domain of the transporter associated with antigen processing 

(TAP). J. Bioi. Chern. 269: 14032-14037. 

Norris, P.R., and D. P. Kelly. 1980. Dissolution of pyrite (FeS2) pure and mixed 

cultures of some acidophilic bacteria. FEMS Microbial. Letts. 4: 143-146. 

Oh, H., J. Lee, K. Kim, J. Kim, Y. Choung, and J. Park. 2009. A novel laboratory 

cultivation method to examine antibiotic-resistance-related microbial risks in urban 

water environments. Water Sci. Techno!. 59: 346-352. 

Okabayashi, A., S. Wakai, T. Kanao, T. Sugio, and K. Kamimura. 2005. Diversity 

of 16S ribosomal DNA-defined bacterial population in acid rock drainage fiom 

· Japanese pyrite mine. J. Biosci. Bioeng. 100: 644-652. 

Peck, H.D. Jr. 1960. Adenosine 5/ phosphosulfate as an intermediate in the oxidation 

of thiosulfate by Thiobacillus thioparus. Proc. Nat!. Acad. Sci (USA) 36: 1053-1057. 

Petri, R., L. Podgorsek, J. F. Imhoff. 2001. Phylogeny and distribution of the soxB 

gene amongthiosu1fate-oxidizing bacteria. FEMS Microbial. Lett. 197: 171-178. 

Pronk, J.T., W. M. Meijer, W. Hazen, J. P. van Dijken, P. Bos, and J. G. Kuenen. 

1991. Growth of Thiobacillus ferrooxidans on formic acid. Appl. Environ. Microbial. 

57: 2057-2062. 

Pronk, J.T., P. J. W. Meesters, J.P. van Dijken, P. Bos, and J. G. Koenen. 1990. 

Heterotrophic growth of Thiobacillus acidophi/us in batch and chemostat cultures. 

Arch. Microbial. 153: 392-398. 
214 



qeneraUDiscussion r4, Summary 

Puttamreddy, S., N. A. Cornick, F. C. Minion. 2010. Genome-wide transposon 

mutagenesis reveals a role for pO !57 genes in biofilm development in Escherichia coli 

0157:H7 EDL933. Infect. Immun. 78: 2377-2384. 

Reiuartz, M., J. Tschape, T. Bruser, H. G. Triiper, C. Dahl. 1998. Sulfide oxidation 

in the phototrophic sulfur bacterium Chromatium vinosum. Arch. Microbiol. 170: 59-

68. 

Ruby, E.G., C. 0. Wirsen, H. W. Jaunasch. 1981. Chemolithotrophic sulfur

oxidising bacteria from the Galapagos rift hydrothermal vents. Appl. Environ. 

Microbiol. 42: 317-324. 

Sabry, S.A., H. A. Ghozlau, and D. -M. Abou-Zeid. 1997. Metal tolerance and 

antibiotic resistance patterns of a bacterial population isolated from sea water. J. Appl. 

Microbiol. 82: 245-252. 

Schnaltman, C., and D. G. Lundgren. 1965. Organic compounds in the spent medium 

of Ferrobacillusferrooxidans. Can. J. Microbial. 11: 23-27. 

Shah, A.B., S. Chakraborty, and P. Bandhopadhyaya. 1974-1975. Records of 

geological survey oflndia. 109: 94. 

Shimabuku, A.M., T. Nishimoto, K. Ueda, T. Komano. 1992. ?glycoprotein ATP 

hydrolysis by the N-terminal nucleotide-binding domain. J. Bioi. Chern. 267: 4308-

4311. 

Singh, S.K., A. Singh, and P. C. Banerjee. 20 I 0. Plasmid encoded AcrAB-TolC 

tripartite multidrug-effiux system in Acidiphilium symbioticum H8. Curr. Microbial. 

61: 163-168. 

215 



qenera[ 1Jiscussion ~Summary 

Suzuki, K., N. Wakao, Y. Sakurai, T. Kimura, K. Sakka, a nd K. Ohmiya. 1997. 

Trans formation o f Escherichia coli with a large plasmid of Acidiphilum mu/til·orum 

A I U 30 I encoding arsenic resistance. Appl. Environ. M icrobiol. 63: 2089-2091. 

Tabita, R., M. Silver, and D. G. Lundgren . 1969. The rhodanese enzyme o f 

Ferrobacillusferrooxidans (Thiobacillusferrooxidans ). Can. J. Biochem. 47= 1141 -

11 45. 

Tapia, J.M., J . A. Munoz, F. Gon7..3lez, M . L. Blazquez, M. Malki, and A. 

Ballester. 2009. Extraction of extracellular polymeric substances from the acidophi lic 

bacterium Acidiphilium 3 .2Sup(5). Water. Sci. Techno I. 59: 1959-1967. 

Teske, A., T. Brinkhoff, G. Muyzcr, D. P. Moser, J. Rcthmcier, and H. W. 

Jannasch. 2000. Diversity of thiosulfate-oxidizing bacteria from marine sed iments and 

hydrothermal vents. Appl. Environ. M icrobiol. 66: 3125-3133. 

Tbiagalingam, S., and L. Grossman. 1993. The multiple ro les for ATP in the 

Escherichia coli UvrABC endonuclease-catalyzed incis ion reaction. Nucleic. Ac ids. 

Res. 268: 18382-18389. 

Valdes, J ., F. Vcloso, E. J cdlicki, and D. Holmes. 2003. Metabo lic reconstruction of 

ulfur assimilation in the extremophile Acidithiobacillusferrooxidans based on genome 

analysis . BMC Genomics. 4:5 1. 

Valverde, A., P. Delvasto, A. Peix, E. Vela ' zquez, I. Santa-Regina et al. 2006. 

!Jurkholderia f errariae sp. nov., iso lated from an iron ore in Brazil. Int. J. Syst. Evol. 

M icrobio l. 56: 2421-2425. 

Van der Kooij, D., A. Visser, and W . A. M. Hijoen. 1980. Growth of Aeromonas 

· hydrophila at low concentrations of s ubstrates added to tap water. Appl. l: nviron. 

M icrobio l. 39: I 198-1204. 

216 



qenera{ ([)iscussion c{[ Summary 

van Vecn, H.W ., C. F. Higgins, and W. N. Konings. 2001. Mo lecular basis of 

multidrug transport by ATP-binding cassette transporters: A proposed two-cy linder 

e ng ine mode l. J. Mo l. M icrob io l. Biotech no I. 3: 185-192. 

Wichlacz, P. L., and R. F. Unz. 1981. Acidophilic, heterotrophic bacteria of acidic 

mi ne waters. Appl. Env iron. M icrobiol. 41 : 1254-1261. 

Xia, J ., R. Zhang, Q . Zhang, W. U. S hun, C. Zhang, Z. Nie, and G. Qiu. 2010. 

Differential expression of genes encoding s ulfur metaboli m-re lated periplasmic 

prote ins of Acidithiobacillus ferrooxidans A TCC 23270. Trans. Nonferrous Met. oc. 

C hina. 20: 2366-2370. 

Xiao, S., X. Xic, J. Liu. 2009. Mic robial communi ties in acid water e nvironments of 

two mines, C hi na. Environ. Po ll ut. 157: I 045-1050. 

ZoBell, C.E., a nd C. W . G r a nt. 1942. Bacter ial activity in dilute nutrient so lutions. 

Science 96: I 89. 

217 


