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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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· 1$$ k2l$ liUI.$ tO ! & I 2 I J 1 I II 4 I ; 11 a:z: !£4 it U.ll L I 1 &I a ZA Ut ; 



~------------- .,,, 

99 

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. 

DK1 51 ____.____ GB VI -e- GBVIS2 

.... 
0 2.50 . 
0 
c 2.00 ~ 
0 .,.... 

c:n 1.50 ~ 
0 

1.00 J ...J 

0.50 ~ 

0.00 ~ 

10 20 30 40 

Time (H 

50 • I 

1ft:-:::~ 

')' l 
_j ) 

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 



111 

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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