THE MICROBIOLOGY OF MINING LEACH

LYQUOR REGENERATION

BY

MARIA EUGENIA CARVALHO BARROS

A dissertation submitted in partial fulfilment
of the requirements for the degree of
| Master of Science
in the Faculty of Science,

University of Cape Town.

Cape Town

March 1983.




The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



CONTENTS

Page
Abstract
Chapter 1: General Introduction ......c.ceu.o... 1
Chapter 2: Determination of Thiobacillus
Ferrooxidans Growth................. 9
Chapter 3: Physiology of Iron-Oxidising
Thiobacillus .........cciciiinnnn.. 31
Chapter 4: Characterization of Bacteria in
Mining Leach Liquors ... ............ 45
Chapter 5: Conclusion .......... e ia et 89
!
APPENDIX A: Media ........... e e e e e e mae e 92
APPENDIX B: Buffers and Solutions ......... . eeee 97
APPENDIX C: Chemicals ....ecvveeenennn et 101

LITERATURE CITED




ACKNOWLEDGMENTS

I wish to express my gratitude to my supervisors, Dr D.E.
Rawlings and Professor D.R. Woods for their guidance
during the course of this work and for the criticisms on

‘this dissertation.

I wish to acknowledge the University of the Witwatersrand
Senior Bursary awarded to me for 1981 and the South
African Council for Scientific and Industrial Research

Bursary awarded to me for 1982.




ABSTRACT

A method for monitoring the growth of Thiobacillus

ferrooxidans independently of iron oxidation was developed.

This method involved the analysis of protein using the
Coomassie Blue protein-binding assay. It was found to
be free from interference by the inorganic ions present in

T. ferrooxidans culture medium.

The effect of ferrous iron concentrations and mixtures of
ferrous and ferric irons on the rate of iron oxidation by

T. ferrooxidans in batch culture was determined. The

exponential iron oxidation rate was not affected by the
ferric iron concentration per se but rather by the ferrous-

ferric ratio.

The growth of T. ferrooxidans in the iron medium supple-

mented with different levels of glucose and yeast extract

was investigated. T. ferrooxidans LT2, FD1l and ATCC

19859 strains were able to utilize both organic compounds
‘up to concentrations of 0.1% but 0.5% of either glucose or

yeast extract inhibited growth.

Acidophilic heterotrophic bacteria were isolated from LT2

and FDl cultures of T. ferrooxidans after a stepwise adap-

tation to grow on glucose. An identical GC content and a
high degree of DNA homology was observed between the two

heterotrophic bacteria isolated.



The relationship between T. ferrooxidans strains and the

- heterotrophic bacteria was studied. The heterotrophic

&

bacteria benefitfed from T. ferrooxidans by utilizing
organic by-products released during the growth of

Thiobacillus. These acidophilic heterotrophs did not

seem to affect the growth of T. ferrooxidans in the iron

media.

Identical DNA base composition and a high degree of DNA

homology was obtained for the iron-oxidising Thiobacillus

'LT2, FDl, ATCC 19859 and TF1-35. A GC content of 60,54

mol% was observed for the FDUL scrain grown in the iron and

‘iron-glucose medium (*FDl1). A high DNA homology (85%)

~was obtained between FD1 and *FDl, suggesting that these two

bacteria are the same organism. T. ferrooxidans FD1l strain

proved to be a facultative autotrophic iron-oxidising bacteria

able to grow in iron and to utilize glucose in the presence

of iron. Higher bacterial yiélds were obtained in the

- iron-glucose medium in contrast to the iron medium. When

grown in a mixotrophic medium, the ratio of iron to glucose

determined the ability of T. ferrooxidans FDl strain to use

either of the substrates.

The cell densities of different T. ferrooxidahs strains

. were determined by centrifugation in a Percoll gradient.

Cells from the facultative autotroph T. ferrooxidans FDl
strain had a much lower density than the cells from the

obligate autotrophic strains. This centrifugation method

" has the potential of separating these two groups of

T. ferrooxidans strains.



CHAPTER 1 1

GENERAL INTRODUCTION

The exhaustion of high grade mineralvores has greatly
influenced the development of microbiological leaching as

a means of procéssing lower grade ores. The term 'micro-
biological leaching' has been defined as a biochemical
oxidation process catalysed by living organisms (Torma, 1977).
The significance of using bacteria in hydrometallurgical
operations is attributea to the higher costs involved in
mining lower grade ores by conventional means (Brierley,v

1978).

Bacterial oxidation of sulphide minefals is a natural pheno-
menon that has been known to occur for centuries. . It is
believed that the Romans were the first to recover copper
from sites of natural leaching but, it was only in theleth
century that defails of a copper recovery process were docu-
mented at Rio Tinto in Spain. During this century large-
scale operations have been developed in the United States of
America for the recovery of low;grade copper waste material

(Kelly, Norris & Brierley, 1979).

Leaching of uranium deposits. on a commercial scale has been
carried out successfully for a number of Years but not to
the extent of copper leaching (Brierley, 1978). The first

leaching operations of mined-out areas and low-grade heaps



at the uranium mines in the Elliot Lake area of Canada began
in the early 1960s. The demand for uranium as a nuclear'
fuel has contributed greatly to the improvement of technology

for the recovery of deep and low-grade uranium resources.

The main bacterially assisted leaching methods in which the
leaching solution is percolated through heaps of ore include
dump, heap and vat leaching. Underground in situ leaching
is the only system that does not require the transport of
the ore to the surface followed by crushing and grinding.

In this method the lixiviant solution is pumped into the ore
and allowed to percolate until it reaches the impermeable
rock where it collects and is then withdrawn to the surface.
When the ore body is not porous it is fractionated by under-
ground explosions.so that the leach liquor can penetrate
(Brierley, 1978; Kelly, Norris & Brierley, 1979). In situ
leaching is applicable to oxide and sulphide minerals of
copper and uranium. In the case of copper, léaching occurs
by a combination of direcf bacterial attack with indirect
chemical solubilization. The first method occurs in areas
where oxygen is abundant and requires a physical contact
between the bacteria and the iron pyrites that exist in asso-
ciation with copper. The second mechaﬁism occurs in
anaerobic conditions such as in the centre of a heap of ore,
by the chemical action of the highly oxidizing acidic ferric
sulphate solution that percolates fhrough the ore. This
solution is produced by the bacteria (Manchee, 1979). Leach;
ing of uranium takes place'by the indirect method only.

Direct attack by the bacteria does not occur with uranium



ores because they are often in the form of insoluble oxides
(Torma, 1977).

Thiobacillus ferrooxidans is considered to be the most

important organiSm in acid leaching. It is a motile, gram-

negative, rod-shaped bacterium. T. ferrooxidans is a strict

aerobe growing well at a temperature between 28 and 35°C and
it requires an acid environment (pH 1.5 - 3.5). Being an
autotrophic organism it uses CO2 as the sole sourcé of carbon,
fixing it via the Calvin-Benson cycle and the carboxylation
of phosphoenol pyruvate, simultaneously (Silver, 1978). The
energy, in the form of ATP, required for the assimilation of
CO2 and other growth functions is obtained directly from the
oxidation of inorganic substances such as sulphur, sulphides

and ferrous iron.

Pyrite, which is found in association with uranium, consti-
tutes one of the most important energy sources (Manchee,
1979). The reactions involved in the oxidation of iron

pyrite are shown in the following equations (Manchee, 1979):

+ 2 H.O bacteria

2 Fe52 + 7 O2 2 > 2 FeSO4 + 2 H2504 (1)
bacteria ’
4 F‘eSO4 + o2 ’f 2 sto4 —_T2 Fe2(504)3 + 2 [-120 (.2)

Unlike many other chemolithotrophic bacteria, T. ferrooxidans
has no protons associated with its energy source. During

. . 2+ 3+ .
the oxidation of Fe to Fe one electron is removed by

the cell and, in order to maintain a balance of electrical

charge, a-proton is obtained from the organism's natural



environment. This proton may be ultimately utilized for

the reduction of CO2 and 02.

the lack of protons associated with the organism's energy

Apel & Dugan (1978).suggested that

source may explain the obligately acidophilic nature of this

bacterium. An Ht gradient exists across T. ferrooxidans'

cytoplasmic membranes due to the low external pH compared

to the relatively high internal pH. It is postulated that
this bacterium utilizes this HT gradient to generate cellular
energy via a chemiosmotic coupling mechanism (Apel, Dugan

& Tuttle, 1980). Furthermore, the extent of nt uptake is
dependent on E‘e2+ concentration and the initial pH of the
suspending medium. This suggested that the primary function
of iron oxidation by these cells may be the release of
electrons which are utilized for the electrical neutraliza-

tion of H' on the cell interior (Apel, Dugan & Tuttle, 1980).

T. ferrooxidans contains cytochromes as components of elec-

tron transport mechanisms for the operation of a complete
respiratory chain. The isolation of cytochrome c and
cytochrome a from this bacterium suggested that iron oxida-
tion occurs through the cytochrome system with oxXxygen as the

final electron acceptor (Torma, 1977).

Fez+ oxidized cyt ¢ reduced cyt a % O, + H.O

E‘e3+ reduced cyt c¢ oxidized cyt a H,O

T. ferrooxidans obtains its nitrogen from either dissolved

ammonia or nitrate. However, if dissolved sources of nitro-

gen are in short supply, this organism is able to fix




atmospheric nitrogen (MacKintosch, 1978).

The main application of bacterially assisted leaching in
South Africa is in the recovery of uranium. Being a major
supplier of this strategic metal bacterial leaching will
enable the recovery, at a much lesser cost, of uranium from
high grade ores as well as small amounts of uranium left in
the wastes from the processing of richer ores. In addition,
pyrite, the major energy source for bacterial growth, is
found in South African uranium bearing ores together with

‘other essential factors (Livesley-Goldblatt, 1977).

As mentioned before, T. ferrooxidans plays an indirect role

in the uranium leaching process in that it produces suitable
chemical conditions for the dissolution of uranium (Tomizuka,

& Yagisawa, 1978). This bioleaching process is mediated through dif-
fusion‘of soluble ferric ions to the uranium particles dis-
persed in the ore matrix (Guay & Silver, 1980/81). Ferric

iron is a powerful chemical solubilizing agent for numerous
minerals and its acfion is enhanced in the presence of

sulphuric acid. The ferric iron formed during the oxidation

of iron pyrite can produce more acid in a nonbiological

reaction:

2 Fe2 (SO4)3 + 12 H)0 ——> 4 Fe(OH)3 + 6 H SO (3)

2 2774

The mixture of ferric sulphéte (equation 2) and sulphuric
acid (equations 1 and 3) is able to react with the insoluble
tetravalent form of uranium present in the ore converting

it to the soluble hexavalent uranyl sulphate according to




the following equations (Tuovinen & Kelly, 1974; Torma,

1977):
U 02 + Fe2 (SO4)3 —_— U OZSO4 + 2 FeSO4
U O3 + HZSO4 > U OZSO4 + HZO

The presence of the above iron-oxidizing bacterium ensures
that ferric iron is constantly regenerated to maintain a more
or less constant supply of chemical oxidants (Guay & Silver,

1977).

The oxidation of ferrous sulphate by T. ferrooxidans in liquid

medium is accompanied by the accumulation of insoluble ferric
compounds known as jarosite. This jarasite'preCipitate is
composed of ferric hydroxides and basic ferric sulphates.

The former is produced according to the following equation

(Guay & Silver,vl980/81):

Fe, (S0,)3 + 6 H,0 ———>2 Fe(OH); + 3 H,SO

2 2 2774

The basic ferric sulphates are formed by the reaction

(Ivarson, 1973):

Fe2 (SO4)3‘+ 2 HZO —_—>2 Fe(OH)SO4+ HZSO4

In addition, it has been observed that a considerable propor-
tion of the bacterial population attaches to this deposit of

jarosite. The close association of T. ferrooxidans with

the inorganic substrates constitute a problem as far as the

enumeration of these bacteria is concerned. - Often the growth




of T. ferrooxidans is measured as the oxidation of ferrous

iron. However, Kelly & Jones (1978) reported iron oxidation

‘in chemostat and batch cultures of non-growing T. ferrooxidans

suspensions for certain levels of CO2 and oxygen supply.
It is then necessary to have a means of monitoring the

growth of T. ferrooxidans that does not depend on the oxi-

dation of iron only because under certain conditions non-.
growth associated iron oxidation can occur. A detailed
account of the problems encountered in the enumeration of

T. ferrooxidans and the method developed in this study is

given in Chapter 2.

As previously discussed, the regeneration of ferric iron
liquor plays a central role in the bacterially assisted
uranium recovery from ores. Consequently it is important

to understand the physiology of T. ferrooxidans in relation

to ferrous and ferric iron. In Chapter 3 of this manuscript
the implications of the relatiQe concentrations of ferrous
and ferric irons and the effect of ferric iron accumﬁlation
in the growth of this bacterium are discussed. Various
types of thermophilic bacteria have been reported to exist

in léaching systems (Kelly, Norris & Brierley, 1979; Brierley,
19525. They can derive energy from oxidizing inorganic
compounds like ferrous iron, sulphur and soluble or insoluble
sulphides. Although generally theyican fix carbon aioxide>
some are fully autotrophic and others require organic sub-
stances for growth. The isolation of the various bacteria
present in natural leaching environments is essential in

determining the role played by these bacteria in mineral



breakdown. A report on the bacteria isolated from

mining leach liquors is given in Chapter 4.




CHAPTER 2 9

DETERMINATION OF T. FERROXIDANS' GROWTH

Summary: The growth of T. ferrooxidans LT2 on different

solid media was investigated. No colonies were produced
on agar even whén membrane filters were used. On agarose
media slightly pink colonies were observed after a long
period of incubation. These colonies deveioped over a

lawn of Thiobacillus growth.

Indirect estimation of T. ferrooxidans growth in liquid

media was determined by various methods of protein analysis.,

The inorganic ions present in T. ferrooxidans culture media

interfered with the Ninhydrin assay and.with the Lowry method
using Folin-Coicelteu reagent. The Coomassie Blue protein
assay was free from interference by the inorganic ions.

This assay was found to be a reproducible and sensitive

method for monitoring the growth of Thiobacillus cells.

The assay correlated well with the direct microscopic
bacterial counts and with the amount of bécterial iron oxi-

dation.

INTRODUCTION

The growth of T. ferrooxidans in ferrous sulphate liquid

medium leads to the formation of a vellow precipitate re-
ferred to as jarosite. It has been postulated that jarosite

is composed of ferric hydroxides and basic ferric sulphates
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that can serve as substrates to which the bacteria have
been found to adhere (Ivarson, 1973). A similar bacterial'
deposit is formed on ferrous sulphate agar medium. The
relationship and significance between the iron-oxidising
bacteria and the preéipitate formed is not exactly known.
The presence of theése inorganic substrates conétifutes a
problem as far as the enumeration of these bacteria is con- .
cerned. Techniques that are normally used to measure
bacterial growth, namely direct microscopic counting and.
colorimetric techniques are dependent on bacteria existing
as isolated single cell units. It is therefore extremely

difficult to apply these methods to T. ferrooxidans. The

most probable number (MPN) method requires serial dilutighgm
of liquid medium. Again, a great limitation results from
the fact that representative samples cannot be obtained of
the mineral particles or the bacteria (Brierley, 1978). ?he
same reasoning applies to the bacterial dry weight mefhod.

The culturing of many iron oxidising Thiobacillus strains

on so0lid medium has not been very successful. Agar was found
to be toxic and therefore inhibit colony development on
ferrous iron medium (Beck, 1960). Tuovinen & Kelly (1973)

used membrane filters to grow T. ferrooxidans on solid-

medium so that the bacteria would be physically separated

_ from the inhibitory materials of the agar. However,‘some
toxicity due to a diffusible soluble agar component was
~observed. ‘It was suggested that galactose, the main product
of the acid hydrolysis of the agar, is the responsible agent.
Other solidifying agents have been tried in order to get

single-colony growth of T. ferrooxidans. Razzel & Trussell




11

(1963) managed to isolate this microorganism on silica gel
plates and Manning (1975) reported successful growth on agar
plates using a low concentration of purified agar. However,

only one strain of T. ferrooxidans was tested and it is

likely that other strains will have slightly different
requirements for which optimum conditions have to be estéb-
lished. Although some strains are able to grow as isolated
colonies on solid medium there are many strains that do not
have this ability. >The use of the Coulter Counter for

determination of cell number and size of T. ferrooxidans

strains has also been reported (Brierley, 1978). The prob-
lem of the precipitated ferric iron salts was solved by
dissolving them with a mixture of NaCl and EDTA. One
disadvantage of this method is that cell numbers attached

to mineral particles cannot be determined because EDTA does
not disintegrate these particles as it does the ferric iron
precipitate. The othe; disadvantage of the Coulter Counter
is that it does not differentiate between species such as

Thiobacillus thiooxidans and T. ferrooxidans because their

cell sizes are similar (Brierley, 1978). It is crucial

to be able to distinguish different species of Thiobacillus

when one aims either to get a pure culture of T. ferrooxidans

or to check the purity of a particular culture.

Several indirect techniques have been used for the enumera-
tion of iron-oxidising bacteria. Smith, Fliermans &
Brock (1972) used a technique based on l4CO2 uptake to

study the autotrophic fixation of carbon dioxide by

T. ferrooxidans. The suitability of this technique is that
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it allows the determination of bacterial activity aséociated
with solid substrates. = However, a limitation to the use

of this method is that it does not differentiate between
organisms which take up carbon dioxide..  Another factor
that may contribute to innacurate results is that organic
material is utilized by these organisms to a certain extent
and it is possible that assimilation of available organic
carbon is prefefred to carbon dioxide (Brierley, 1978).

Often the growth of Thiobacillus strains is measured as

the oxidation of ferrous iron. However, a drawback to this

method is that some Thiobacillus species which are not

able to oxidise ferrous iron have been found in acid mine
drainage. In addition, it has been shown that non growth-
associated iron oxidation may occur (Kelly & Jones, 1978).
It is therefore necessary to obtain a method that does not
depend on ifon oxidation only so that either of the above
parémeters can be determined. Other methods used include

those where some cell component is measured such as total

cellular nitrogen and analysis of protein. Determination
of|bacterial nitrogen as a means of estimating bacterial cells
is of limited value in that it does not distinguish between
bacterial nitrogen and nitrogen which precipitates as
ammoniojarosite and it will also measure nitrogen contain-

ihg organic by-products of microbial growth (Brierley, 1978).
Estimation of bacterial numbefs by protein determination

has been used but problems involving the interference from
inorganicbions have been reported (Le Roux, North & Wilsén,

1973).

This study was undertaken to develop a means of determining
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bacterial growth of local isolates of T. ferrooxidans in

both solid and liquid media. In order to find a suitable
platihg method, different solidifying agents were tested,
namely agarose, methocel, silica gel and different brands

of agar. To follow T. ferrooxidans' growth in liquid

medium measurements of protein were determined and its
values correlated with the readings obtained for the titra-
tion of the residual ferrous iron in the medium. If the
protein content was to be measured its release from the micro-
organism hadlto be ensured. Disintegrationvof bacterial
cells by a physical method (ultrasonic treatment) or their
hydrolysis by a chemical mechanism (cold or hot alkali
treatment) were tested. Three different protein assays
were used, namely the determination of amino-acids with

the Nihhydrin reaction after alkaline hydrolysis of the
protein, the estimation of bacterial protein with the Folin
Coicelteu reagent and the binding of Coomassie Brilliant
Blue to protein. To prevent interference by ferric iron
in some of the protein assays, two methods of washing the

samples prior to protein estimation were followed.

MATERIALS AND METHODS

All % values are w/v unless otherwise stated. Details of
the media are listed in Appendix A. Details of buffers
and solutions are listed in Appendix B. Specialised chemicals

and their sources are listed in Appendix C.
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Bacteria

The T. ferrooxidans strain used was . LT2 which was isolated

from the BACFOX Unit at the Buffelsfontein Mine, General

Mining (Livesley-Goldblatt, 1979).

Growth of T. ferrooxidans on Solid Media

Solid 9K media were prepared according to Silverman & Lund-

gren (1959) using three different types of agar (Table 2.1).
Iron-salts-purified agar medium (ISP) was prepared accbrding
to Manning (1975). ISP solid medium was also prepared
using agarose, methocel and silica gel instead of agar

(Table 2.1). The growth of T. ferrooxidans was also

tested on membrane filters plaged on 9K and ISP plates
solidified with Oxoid Agar 3 and ferrous-iron solid medium
(Oxoid Agar 3) prepared according to Tuovinen & Kelly (1973).
Oxo0id membrane, Miliipore AP2504200 and Sartorius SM 11106
filters were used. As the filters might contain inhibitory
materials, they were either boiled in sterile distilled
water for 10 min and left in water 24h before use or they

were soaked for 24h.

T. ferrooxidans strain LT2 was cultured in 9K iron broth

medium of Silverman & Lundgren (1959). The culture was
incubated at 30°C in a rotary shaker at 150 rev-min_t until
the iron in the médium was completely oxidised. The

culture (0,1 m¢) was plated on the solid media and the plates

incubated at 30°C for 2 to 4 weeks. The plates were
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TABLE 2.1: Concentrations of different solidifying
agents used in the preparation of solid

ferrous iron media, pH 2.0.

Medium Type and Concentration of Solidifying
Agent '
9K 1,6% Oxéid Agar 3.
9K . 1,6% Difco Bacto Agar
9K , 1,6% Difco Noble Agar
ISP | . 0,7% Oxoid Agar 3
ISP : 0,3% Agarose
ISP 0,6% Methocel
ISP ] 0,2% Silica Gel
incubated in plastic bags to prevent dehydration. A

single colony or a loopful of growth was transferred from
the plates into flasks containing 9K medium. The flasks
were incubated at 30°C in a rotary shaker for a maximum of

6 weeks. A freshly oxidised T. ferrooxidans culture was

plated iﬁ the membrane filters by filtering through the
membranes which were placed on the solid media. The inverted
plates containing the membrane filters were incubatéd at 30°C
for 3 weeks. After incubation the membranes were removed
and the colonies stained for 15 min by placing them on 5cm
Whatman No. 17 absorbant pad soaked with 1% aqueous acid
fuchsin. The membrane filters were allowed to dry at room
temperature and were examined under a dissecting micro-

scope.
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Determination of Ferrous Iron Oxidation in Liquid Media

Ferrous iron was estimated by titrating the residual férrous
iron with standard potassium dichromate solution. Samples
(5 mg) were pipetted into conical flasks togéther with

15 me of HZSO4—H3PO4 water mixture (Appendix B). Sodium
diphenylamine sulphonate (6-8 drops) was added as an indi-

cator. ‘These solutions were then titrated with standard

potassium dichromate solution to a purple end point.

Direct Counts

Direct microscopic bacterial counts were determined with

a haemocytometer.

Protein Determinations

Washing of Samples

The methods of Tabita and Lundgren (1971-a) and Berry & Murr

(1978) were used to wash Thiobacillus cells. In the method

of Tabita & Lundgren T. ferrooxidans cells were harvested

by centrifugation (14 000 rpm, 10 min) from a 40 mf oxidised

culture: The pellet was resuspended in 6 mg¢ of 0.2M

 Tris-HC1 buffer pH 7.9. The mixture was centrifuged at

1 000 rpm for 10 min to remove precipitated'ferric iron.
The supernatent was decanted and the cells collected by

éentrifugation at 14 000 rpm. The pellet was resuspended
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in 6 m¢ of the Tris-buffer and 0,5 m2 of the resuspended
pellet was removed and tested for interference against Nin-
hydrin and Folin-Coicelteu. The remaining 5,5 ml were
centrifuged for 15 min at 14 000 rpm. The pellet was re-
suspended in 5,5 m# of the Tris-buffer, 0,5 m# weréiremoved
and checked for its effect on Ninhydrin and Folin-Coicelteu
while the rest was centrifuged again. The next pellet

was resuspended in 5 mg Tris-buffer, 0,5 m2 were removed

to be tested and the rest centrifuged at 14 000 rpm for 15
min. The final pellet was resuspended in 4,5 mﬂ-of the
Tris-buffer and 0,5 m# were removed and verified for inter-

ference against Ninhydrin and Folin Coiceltequ.

In the method of Berry & Murr (1978) T. ferrooxidans cells
were harvested from an oxidised culture by centrifugation

at 15 000 rpm for 10 min. The pellet was resuspended in

6 m2 cold distilled water acidified to pH 2.5 with HZSO4

and allowed to stand for at least 6h at 4°C. The turbid
supernatent was carefully decanted from the underlying layer
of.precipitated iron and allowed to stand overnight at 4°C.
Five millilitres of the supernatent containing the cells
were decanted and 0,5 mf removed and tested for interference
against Ninhydrin and Folin-Coicelteu. The remaining

4,5 m¢ was centrifuged at 15 000 rpm and the pellet resus-
pended in 4,5 m# of distilled water pH 2.5. An aliquot
_(0,5 m¢) was removéd and tested against Ninhydrin and Folin-
Caiiceltey while the remaining 4 m# was centrifuged again

and the pellet resuspended in 4 ml of distilled water pH 2.5.

An aliquot (0,5 m#) was again removed and the rest centrifuged
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at 15 000 rpm for 10 min. The final pellet was resus-
pended in 3,5 m¢ of distilled water of which 0,5 m2 were
removed ahd tested for interference against Ninhydrin and

Folin-Ceicelteu.

Ninhydrin Assay

This indirect method of measuring protein'involves the
alkaline hydrolysis of the protein with barium hydroxide
followed by a Ninhydrin estimation of the amino acids released
(McGrath, 1972). The Ninhydrin solution was prepared by
dissolving 0,5 g of Ninhydrin in 100 m2 of-ethylene glycol
monoethyl ether. Protein solutions (1 m#) were pipetted

into test tubes, 100 mg of Ba(OH)28H20 were added and the
contents of the tubes well mixed. The mixture was heated

at 120°C for 10 min in an autoclave to ensure hydrolysis of
the protein and 2 mf of sodium acetate buffer was added to
dissolve the barium hydroxide completely. The pH was

checked and.adjusted if necessary to 5.1 + 0.1 with 2 M

HC1. The Ninhydfin solution (3 meg) was added and the mix-
ture was heated to 108°C for 5 min in a.pressure cooker to
ensure complete colour development. The solution was allowed
to cool and the blue/purple coloﬁr read at 570 nm in a

Bauch and Lamb spectrophotometer against a reagent blank.
Each'saﬁple was assayed in triplicate. The amount of pro-
tein in the culture sample wes determined from a calibration
curve prepared with 10, 20, 50, 75 and 100 npg/m2 of bovine

serum albumin (BSA).
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Folin-Coicelteu Assay

Reagent A was prepared by dissolving 20 g Na2C03 and 2 g
NaK tartrate in 1 000 m¢ of distilled water. Reagent B

was made up by adding 50 g CuSO .5H20 to 1 000 m¢ distilled

4
water. Reagent A (50 parts)(ﬁas mixed with Reagent B (1
part) to make up Reagent C. This was prepared fresh

before use. A protein sample (1 m2) was pipetted into a
test tube. Reagent C (5 m#) was added, mixed well and the
solution allowed to stand for 10 min at room temperature.
Folin-Coicelteu Reagent (0,5 m¢) was added, mixed well and
allowed to stand for 30 min at room temperatufe for maximum
colour development. The optical density was then read at
690 nm. , The amount of protein in the sample was determined
from a calibration curve prepared with different concen-

trations of bovine serum albumin ranging from 10 to 100

Pg/mﬂ.

Coomassie Blue Assay

Coomassie Blue reagent was prepared by dissolving 100 mg of
Coomassie Brilliant Blue G-250 in 50 mf of 90% ethanol. To
this solution 100 mg of 85% phqsphoric acid was added. The
resulting solution was diluted to a final volume of 1 £ with
distilled water. Coomassie Blue reagent (5 m¢) was added
to 1 m¢ of protein sample, the solution was mixed well and
allowed to stand for 5 to 30 min before determining the
absorbance at 595 nm. The protein in the sample was

determined from a calibration curve prepared with different
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cohcentrations of BSA ranging from 0,1 to 20 pg/mﬁ. Protein

assays were carried out in triplicate.

Protein Extraction

Alkaline Hydrolysis

Samples of 9K medium (50 mf) were centrifuged at 3 000 rpm
for 15 min and the pellets were resuspended in 2 mf of 1N
NaOH. Two millilitres of the mixture were immediately
pipetted into test tubes and kept at room temperature for

10, 30, 60 and 120 min or overnight. The samples were

then centrifuged at 3 000 rpm for 10 min in order to remove
the insoluble cell wall components. The supernatents (1 mg)
were either assayed for protein or were placed in a boiling
water bath for 5, 10, 15 and 20 min respectively. The

boiled samples were centrifuged at 3 000 rpm for 10 min

before being assayed for protein.

Ultrasonic Disintegration

Samples of 9K medium (5 mg) were centrifuged (3 000 rpm,

10 min). Half of the pellets were resuspended in 2 mg of
1IN NaOH and mixed together in a small beaker. The other
half was resuspended in distilled water. The two mixtures

were then sonicated using a Soniprep 150 Disintegrator at
an amplitude of 10 p for a total of 9 min for periods of

20 sec. - Samples were removed from both mixtures after 3,



21

6 and 9 minutes of sonication, centrifuged and the super-

natents assayed for protein.

RESULTS

Growth of T. ferrooxidans on Solid Media

Attempts to grow single colony cultures of LT2 on solid

ferrous sulphate medium were unsuccessful. T. ferrooxidans

grew as a yellow lawn in what seemed to be a deposit of

oxidised iron surrounding the growth of T.vferrooxidans.

No iron oxidation was obtained in 9K liquid medium flasks
inoculated with a loopful of this apparent growth. However
isolated colonies were recently obtained with another

T. ferrooxidans strain.(T. ferrooxidans FD1) on 9K medium

solidified with Difco noble agar containing 3 g/f of ferrous
iron (A. Petersen, personal communication). Single colo-

nies inoculated into 9K liquid medium oxidised the iron.

An unexpected result was the development on Agarose plates
of tiny pinkish colonies over the yellow lawn of bacteria
and oxidised iron. The colonies were formed séme weeks
after the plates had been taken out of the incubator énd
left at room temperature. When these colonies were inocu-
lated into 9K medium no iron. oxidation took place. However -
good growth was obtained when the colonies were inoculated

into Tryptone-glucose-yeast extract medium. Growth of

T. ferrooxidans LT2 was not observed on membrane filters.
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Protein Estimation using Ninhydrin

The inorganic ions present in T. ferrooxidans culture medium

interfered with the Ninhydrin reaction resulting in the
production of additional colour (Table 2.2). The genera-
tion of colour by fhe ions present in the oxidised super-
natent fluid seemed to be independent of the concentration
of iron éince similar interference colour factors were ob-

tained with different samples. .

The interference observed on the Ninhydrin reaction by the

iron associated with T. ferrooxidans cells was eliminated .

by a series of washings with acidified distilled water
according to the method by Berry & Murr (1978). The method
suggested by Tabita and Lundgren (1971) did not release all

the iron attached to the cells.

Protein Estimation using Folin-Coicelten

A precipitate was formed after addition of reagent C which
became more pronounced upon addition of Folin-Coicelteu

reagent. This precipitate strongly interfered with the

‘reading obtained. The interference was eliminated by a

series of washings with acidified distilled water according

~to the method by Berry & Murr (1978). However, this method

was not very sensitive in that small amounts of protein

(0,5 pg) were not detected.
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Protein Estimation using Coomassie Blue

The Coomassie Blue protein-binding assay was free of inter-

ference from the inorganic ions present in T. ferrooxidans

culture media (Table 2.3). A correlation coefficient of
0,9993 was obtained when the protein concentrations for

the two BSA preparations were compared. The éffect of the
final pH of the sample on the absorbance of Coomassie Blue
was determined (Table 2.4). Although there was an in-
creasevin absorbance with an increase in pH, this increase
Was negligible between pH 5 and pH 11.. After the extraction
of protein the pH of sample should be readjusted to between

this range.

TABLE 2.3: Effect of inorganic ions present in

T. ferrooxidans cultures on the Coomassie

Blue pfotein—binding assay.

p . .
Expected Apparent ‘roteln Concentration

Concentration
of BSA added (ng)

Oxidised Supernatent Water + BSA
Fluid + BSA :

10 11,25 (+ 0,112) 11,31 (+ 0,16)
15 17,03 (+ 0,01) 117,03 (+ 0,01)
20 20,71 (+ 0,18) 21,34 (+ 0,56)
25 23,21 (+ 0,32) 23,62 (+ 0,48)

Standard deviations in brackets.
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Different concentrations of Coomassie Blue were tried
and 100 mg proved to bé the most suitable which is in
agreement with Bradford's report (1976). The colour
stability of the protein-dye complex was not affected

between 5 and 45 min after addition of the protein reagent.

TABLE 2.4: Effect of acid and alkaline conditions on the

Coomassie Blue protein-binding assay.

pH Absorbance 595 mm

1 M HCl o

1 0,172
2 0,260
3 0,269
5 - 0,277
7 | 0,273
11 _ 0,276
12 0,282
‘13 _ 0,545
1 M NaOh 0,77

‘The optimum time for complete hydrolysis of two identical
bacterial samples depended on the temperature of hydrolysis
(Table 2.5). Treating the cells for 5 min with boiling
NaOH or 60 min at 20°C was sufficient to ensure maximum
‘solubilization of the protein. The Aecrease in protein

absorbance observed when the sample was boiled for longer than
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5 min suggested that this treatment was too severe and
that hydrolysis for 60 min at room temperature was more

suitable.

TABLE 2.5: Effect of temperature and time of hydrolysis
of T. ferrooxidans cells by 1 N NaOH

Temperature Time (min) Bg Protein (BSA)

Boiling 0. 1,8841
5 2,1739
10 | 1,7713
15 1,3688
20 1,1755

Room Temperature 10 A . 0,4992

(20°C)

- 30 | 1,4010
60 | 2,1578
120 1,9807
o/N 0,8374

Sonication of bacterial samples did not prove to be a suit-

able means of disintegrating T. ferrooxidans cells as

detectable amounts of protein were not obtained after 6

min of sonication. The growth of iron oxidising Thiobacillus

measured by the Coomassie Blue protein binding assay, direct

bacterial counts and the amount of iron oxidation Figure?.l).
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After 4 d of aeration, iron oxidation was complete and the

number of bacteria as determined by direct count and protein
assay had reached a peak. A good correlation between the

three methods used to estimate T. ferrooxidans growth was

observed at ail times. Correlation coefficients for
plots of the amount of iron oxidised veréus the protein assay,
the direct cell count versus the protein assay and the amount
of iron oxidised versus the direct count were 0,9924,

0,9823 and 0,9849 respectively. Standard deviations
amounted to 2,11% of the protein at the lowest levels of

protein determined and 2,22% at peak protein levels. Bac-

.terial cell numbers of 3,6 x lO5 cells/m2 could be determined

with the above reproducibility by means of the protein-

binding assay.

DISCUSSION

The'inability to grow T. ferrooxidans strain LT2 on solid

medium agrees with previous observations that agar inhibits
colony development on ferrous-iron medium (Tuovinen & Kelly,
1973). Manning (1975) reported that.potassium phosphate
was the component responsible for the inhibition of growth
of iron colonies on 9K medium. However, when ISP medium
was used no colonies were formed. Toxicity of the agar

was also observed when membrane filters were used. This
confirmed previous findings that although the bacteria had
no physical contact with the agar the inhibition of colony
development could have been due to some diffusible toxic

soluble component of the agar (Tuovinen & Kelly, 1973).
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Free sugars, formed from acid hydrolysis of the agar, were
proposed as possible toxic components. An interesting
finding was the growth as single colonies of strain FD1 on
solid‘medium and its ability to oxidise iron when transferred
into liquid medium. This emphasises the variations among

T. ferrooxidans strains and differences in agar tolerance

suggested by Mishra & Roy(1979). The growth obtained when

T. ferrooxidans FD1 was inoculated onto solid media may

indicate that this strain is not as sensitiVe to agar. The
vellow ‘precipitate observed on 9K agar medium is due to

the formation of ammoniojarosite . instead of potassium or
sodium jarosite that is formed in liquid medium (Ivarson,
1973). The preference of ammonium over potassium for the
formation of the basic ferric sulphate may result from the
conditions of the solid agar medium in a way similar to the
observed preferential incorporation éf aluminium over “iron
when acidity is reduced (Ivarson, 1973). .The formation of
this precipitate which accompanies bacterial oxidation of
ferrous iron was retarded by keeping the pH below 1.85.

The pink colonies obtained on Agarose plates after some

weeks of incubation could either be another Thiobacillus

species since it did not oxidise iron when transferred into
9K 1liquid medium or another organism able to use organic

matter released by T. ferrooxidans. The second explanation

is more likely as this organism was able to grow rapidly
on Tryptone-glucose-yeast extract media in the absence of

iron.

An examination of the protein assays used for the indirect
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estimation of bacterial numbers indicated the sensitivity
of colourimetric protein assays to inorganic ions in the

T. ferrooxidans culture, Protein estimations by both

 J
the Ninhydrin and Folin-Coicelteu assays were very sensi-

tive to interference. Although washing of the samples
proved successful in preventing interference, a drawback

was the possible loss of bacterial cells which would lead to
inaccurate results since small samples are used each time.
Washing was also time-consuming. In addition, these two
methods were not very sensitive to small amounts of protein.
The Coomassie Blue protein-binding assay préved to be com-
pletely free of interference from ions and is a convenient
and sensitive technique for monitoring the growth of

Thiobacillus. A possible drawback to this protein assay

method seemed to be the alkaline hydrolysis of T. ferrooxidans

cells prior to protein measurement in that according to
Bradford (1976), Coomassie Blue was affected by strongly
alkaline solutions. However, the addition of acid and
buffer to the protein extract was sufficient to maintain
the final sample pH within the pH range in which Coomassie
Blue was stable. A technique that has also been used
successfully to monitor the growth of iron-oxidising

Thiobacillus is the incorporation of 14C02 into cellular

material (Beck, 1960; Kelly & Jones, 1978}). This tech-
nique has a drawback in that it requires the use of sealed
flasks which interferes with the transfer of gases and

2 and CO2 to

the bacterial cells. Sealing of containers is not required

hence the partial pressures and supply of O

for the Coomassie Blue protein-binding assay.
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PHYSIOLOGY OF TRON-OXIDISING THIOBACILLUS

Summary: The effect of ferrous and ferric iron concentra-

tions on the rate of iron oxidation by T. ferrooxidans was

investigated in batch culture using LT2, ATCC 19859 and

FWl strains. The rate of iron oxidation was exponential
and maximum rates were obtained at ferrous concentrations of
60~80 mM. Exponential iron oxidation rates were a function
of the initial ferrous concentration and were affected by
the ferrous-ferric ion rétio. Oxidation rates were almosf
constant at ferrous-ferric ion ratios greater than 1 and

decreased when this ratio was lower than 1.

INTRODUCTION

The economic potential of T. ferrooxidans in the recovery
of métals from their ores and the need to find alternative
means for conventional methods of mining and ore processing
has greatly contributed to the application of bacterially
assisted leaching by the mineral industry. However, it
has been reported that the rate of microbiological leaching
is slower than the rate.obtained with some chemical methods
of exfraction (Brierley, 1982) . Research in this area

is mainly concerned with improving the rate of bacterial
leaching by studying the factors that influence bacterial

growth.



32

The role of T. ferrooxidans in the extraction of uranium

is confined to the generation of ferric sulphate, the
oxidising agent, and sulphuric acid, the solvent, according

to the equation:

2 Fe S, + 75 0 +HO————>Fe2(SO4)3+HSO

2 2 2 2774

The ferric sulphate can react chemically with the insoluble
tetravalent form of uranium present in the ore oxidising
it to the soluble hexavalent form as follows (Chackrabarty,

1978):

UO2 + FeZ(SO4)3 —_— UOZSO4 + 2 Fe SO4

The ferric iron is constantly regenerated by the micro-
organism via the reoxidation of the ferrous iron pfoduced.
This ferrous-ferric reoxidation is thought to be one of
the rate—limitiﬁg steps in the leaching of metals by

T. ferrooxidans.

Dugan and Lundgren (1965) proposed a model to explain the

mechanism of iron oxidation by T. ferrooxidans. According

to their model ferrous iron forms a complex in the growth
medium or at the cell surface and it is oxygenated but not
bxidised, since no electron transport has taken place.

The complex somehow binds to the cell wall or membrane, or
to both. At the binding site iron oxidase or oxygenase
reacts with this complex oxidising the iron and feleasing
‘one electron. After oxidation the ferric ions diffuse away

from the cell and react with water or sulphate to form ferric
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ﬁydroxide or sulphate. The authors suggested that either
sulphate or a flavoprotein is involved in‘the initial
electron-transfer link between iron and the cell. A more
recent model was proposed by Silver (1978). He-suggesfed
that ferrous iron forms a complex with an organic molecule
and that coenzyme Q is the intermediate electron carrier
between the ferrous iron-sulphate-organic complex associated
with the cell envelope. The iron cytochrome c-oxidoreductase
responsible for iron oxidation binds sequentially to ferrous
and ferric irons by a mechanism elucidated by Din & Suzuki

- (1967). In this mechanism the enzyme containing one atom
of ferric iron binds one atom of ferrous iron resulting in
the reduction of the bound iron to ferrous iron and a
molecule of ferric iron is released. The oxidised cyto-
chromec theﬁ binds to the enzyme and is immediately reduced
by its bound ferrous iron. The reduced cytochrome c is

then reduced.

Lazaroff (1963) reported the requirement of a relatively
high quantity of sulphate ions ﬂx-gnmmh and iron oxidation.
He suggested two possible-explanations for this anion
irequirement, the one being the need for sulphate for the
.synthesis of a sulphur compound involved in energy transfer
from the iron oxidase and the other, a role for sulphate in
controlling the entrance of ferrous iron into the cell.

The need for sulphate ion in' the autotrophic iron oxidation
was later confirmed by Lees, Kwok & Suzuki (1969). No iron

oxidation took place when FeSO4 was replaced by FeCl2 and the

PH was adjusted with HC1l instead of H,S04 - Similar results
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were obtained by Beck (1969).

Schnaitman (1969) did some kinetic analyses of ferrous iron

oxidation by T. ferrooxidans cells and showed that iron.

oxidation follows zero order kinetics. An interesting ob-
servation was that the major effect of pH on the-iron oxidation
reaction'was on thg maximum reaction velocity (Vmax) and not

on the Michaelis-Menten constant (Km). The author

suggested that this pH effect could be due to the loss of
iron-binding groups present in the cell envelope or to the
ionization of groups around the active sites of the enzymes

involved in iron oxidation.

Bodo and Lundgren (1974) repbrted that the enzymes associ-
ated with iron oxidation are located in the cell envelope.
They suggested that this enzyme localization would be
advantagebus'to the cell'in that any toxic products released
during irbn oxidation are less liable toventer the cytoplasm.
It was proposed by Chackrabarty (1978) that ferric iron
represses the rate of iron oxidation by competitively inhi-
bifing tﬁe binding of ferrous iron to the enzyme responsible
for iron oxidation. Kelly & Jones (1978) investigated ‘
this further and reported that the principal factor limiting

the growth of T. ferrooxidans in batch culture is the inhi-

bitory effect of ferric iron on the ferrous iron oxidation
step. In addition, he regarded both ferrous and ferric

irons as potentially toxic metals to T. ferrooxidans. The

-inhibition by ferric iron on iron oxidation by T. ferrooxidans

was also studied by Wong et al. (1973) as quoted by
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Brierley, (1978) who proposed a noncompetitive inhibition
by ferric iron. The competitive inhibition of ferric
iron for the enzyme binding site is easily followed by Silver's

model (1978) of iron oxidation.

Brierley'(l978) suggested that possible differences in the
ihhibitory effect of ferric iron on iron oxidation by

T. ferrooxidans could result from strain differences.

An important aspect of the economical application of bacterial
assisted leaching in the industrial recovéry of;metals is
the microbial recycling of the lixiviant solutions. In
the case.of uranium leaching, the ferric iron reduced to

ferrous is returned to the leach where the ferrous iron is

re-oxidised by T. ferrooxidans to ferric iron (Livesley-

Goldblatt, 1977). Since the regeneration of leach liquor '
occurs in the presence of both ferrous and ferric ions it is

important to establish the effect of one on the other.

In this study the effect of ferrous iron concentrations

and mixtures of ferrous and ferric iron on the rate of iron

oxidation by T. ferrooxidans in batch culture was determined.
To test the effect of strain diversity in the oxidation of

iron, three different T. ferrooxidans strains were used.

3.2 MATERIALS AND METHODS

3.2.1 Bacteria

The T. ferrooxidans strains used are listed in Table 3.1.
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TABLE 3.1: 1Iron oxidising bacteria used in this study.

T. fgrroox1dans Source

strain

LT2 BACFOX Unit of the Buffelsfontein Mines
General Mining - South Africa

FW1 Fairview Water Leach Residue Ore -
General Mining - South Africa.

ATCC 19859 American Type Culture Collection.

Effect of Different Ferrous Iron Concentrations on

the Rate of Iron Oxidation

Sterile double strength 9K Basal Salts (75 mf) were dispensed
into 15 sterile 250 mf conical flasks. Double strength

ferrous sulphéte solutions (75 mg¢) containing 18, 70, 139

’ ’

268 and 344 mM of ferrous iron were prepared in triplicate.
The pH of the iron solutions was adjusted to 1.8 with

HZSO4 and sterilised through a membrane filter (0,45 pm

pore size) and added to the rest of the médium when cool.

The final pH of the culture medium was adjusted to 1.7 and
kept constant throughout the experiment. The bacterial
cultures were inoculated into each set of flasks containing
different concentrations of iron. The flasks were incubated
at 30°C in a Gallenkamp Orbital Shaker. Samples wefe
withdrawn at regular time intervals .and assayed for ferrous

iron oxidation by titration with standard potassium dichromate

solution.
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Effect of Different Ferric Iron Concentrations on

the Rate of Iron Oxidation

Sterile double strength 9K Basal Salts (75 mg#) were dispensed
into 12 sterile 250 m2 conical flasks. Ferrous sulphate
solutions (32,5 m¢) were prepared in triplicate to give

final concentrations of 118 mM ferrous iron. The pH of-

the iron solution was adjusted to 1.8 with beO4,‘sterilised
through a membrane filter (0,45 Hm pore size) and added to

the Basal Salts when cool.

Double strength ferric sulphate (32,5 mg) containing 36,72

and 140 mM of ferric iron were prepared in triplicate and

sterilised by membrane filtration. The ferric iron solu-

tion was added to 9 'of the 12 flasks. The remaining 3

flasks were used as contmols and 32,5 mf of sterile distilled

.water were added to make up the volume to 150 mg. Samples were

withdrawn at regular time intervals and assayed for ferrous

iron oxidation and ferric iron concentration.

RESULTS

For the three iron oxidising bacterial straihs the rate

of bacterial growth, determined by iron oxidation at dif-
ferent time intervals, proved to be proportional to the
amount of ferrous sulphate present. Figure 3.1 shows the

exponential iron oxidation for the T. ferrooxidans FW1

strain. In a plot of the log of ferrous iron oxidised

versus time (Figure 3.2) it can be seen that the exponential

relationship no longer holds when a large proportion of the
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iron has been oxidised. Figure 3.3 shows the specific
growth rate calculated from the linear portion of the
exponential rates of ferrous sulphate oxidation, as a
function of the initial concentration of ferrous iron.

A maximum rate of iron oxidation was obtained at ferrous iron
concentrations between 60-80 mM for the three bacterial
strains, followed by a decline for ferrous iron values greater
than 80 mM. The specific growth rate was calculated for
eaéh point of the bent portion of the linear plot of thé
exponential rate of ferrous sulphate oxidation (Figure 3.2)
as a function of the ferrous-ferric ratio‘(Figure 3.4).

Oxidation rates were constant for ferrous-ferric ratios

- greater than 1. In the presence of additional ferric iron

the rate of iron oxidation is still dependent on the ferrous-

ferric ratio (Figure 3.5).

DISCUSSION

Wong et al. (1973), as quoted by Brierley (1978), suggested
that ferrous iron oxidation was inhibited by ferric iron

at concentrations between 2,58 mM and 15,0 mM. Kelly &
Jones (1978) studied the effect of ferric iron on iron
oxidation in batch culture and found that ferric iron
initially decreased the rate of iron oxidation but appeared
stimulafory at higher concentrations of ferrous iron. In

this study a similar result was obtained in that the exponen-

tial rate of iron oxidation was no longer linear when a

certain proportion of oxidised iron was reached.
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The observation that the exponential growth rate remained
constant for the ratio of ferrous to ferric greater than 1
and decreased When this ratio was lower than 1 indicated that
the ferrous-ferric ratio was the determining factor in the
rate of iron oxidation. This was confirmed when the growth
medium was supplied with different concentrations of ferric
iron. The effect of ferric inhibition was mainly due to
the lowering of the ferrous-ferric ratio. These results
are consistent with the competitive inhibition of ferric
iron on ferrous iron oxidation shown‘in the manometric studies
of Keily & Jones (1978). This competitive inhibition can
be explained by the model of Silver (1978) in which it is
suggested that ferric ions canvcombine with the eﬁzyme
responéible for iron oxidation in such a way that it com=
petes with férrous ions for binding at the active site.

A compétitive inhibitioniby ferric iron was then suggested‘
for ferrous-ferric ratios lower than 1. Kelly & Jones
(1978) found that the specific growth rate increased at
initial ferrous sulphate concentrations ranging from 10-60
mM and remained constant at concentrations of 77-165 mM.

In the present study maximum rates of iron oxidation were
obtained at ferrous concentrations between 60-80 mM, This
confirmed previous reports that ferrous iron could be an
inhibitory substrate at high concentrations (Kelly &

Jones, 1978).
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CHARACTERISATION OF BACTERIA IN MINING LEACH LIQUOR

Summary: £ After a stepwise adaptétion of T. ferrooxidans

strains to grow on glgcose hedia, heterotrophic bateria
were 1isolated from LT2 and FDl1 cultures - Het LT2 and
Het FDl respectively. ATCC 19859 and TF1-35 could not
be adapted to grow on glucose media and were then con-

sidered to be pure cultures.

The growth of T. ferrooxidans on iron medium supplemented

with different levels of glucose and yeast extract was
investigated. LT2, FDl and ATCC 19859 were able to utilize
both organic compounds up to a concentration of 0.1% but

0.5% of either glucose or yeast extract inhibited growth.

The relationship between T. ferrooxidans strains and the

heterotrophic bacteria was studied. The heterotrophic

~ bacteria benefitted from T. ferrooxidans by utilizing

organic by-products released during the growth of

Thiobacillus. These acidophilic heterotrophs did not

seem to affect the growth of T. ferrooxidans cultures in

iron media.

The DNA base composition of the iron-oxidising Thiobacillus

LT2, FDl, ATCC 19859 and TF1-35 was found to vary from
59,80 to 60,54 mol% GC. A GC content of 60,54 was

observed for the FD1 strain grown in iron and iron-glucose
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~medium (*FD1). . A high degree of DNA homology (85%) was

obtained between FDl and *FDl suggesting that these two

bacteria are the same organism.  The T. ferrooxidans FD1

strain was able to ufilize glucose in the presence of iron
suggesting that it is a facultative autotrophic iron-
oxidising bacterium. This was cénfirmed by the higher
bacterial yield obtained in iron-glucose medium in
contrast to iron medium. When grown in mixotrophic
medium the ratio of iron to glucose determined the ability

of the T. ferrooxidans FD1l strain to use either of the

substrates. : For the same glucose concentration (0.5%)
when the ferrous iron in the medium was 4g/¢, iron and
glucose were utilized simultaneously. However, when
the ferrous iron concentration Qas 79/2 the iron was used

first followed by glucose utilization.

The cell densities of different T. ferrooxidans strains

were determined by centrifugation in a Percoll gradient.

Cells from the facultative autotroph T. ferrooxidans FD1

strain had a much lower density (1,023 mg/m¢) than the
cells from the obligate autotrophic strains. Thi s céntri—
fugation method has the potential of separating these two

groups of T. ferrooxidans strains.

INTRODUCTION

Mixed populations of bacteria are known to exist in natural
feaching systems. In order to understand bacterial

leaching it is of fundamental importance to know the
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microorganisms 1involved in the leaching process and their

interactions.

The types of organisms reported to be involved in leaching

besides T. ferrooxidans, include T. thiooxidans,

Thiobacillus acidophilus, Leptospirillum ferrooxidans,

Sulfolobus and Sulfolobus-like bacteria, heterotrophic

bacteria and fungi (Kelly, Norris & Brierley, 1979).

T. thiooxidans cannot oxidise iron but it was suggested

that mineral leaching by T. ferrooxidans could be enhanced

by this organism's ability to oxidise sulphur generated
in leaching systems (Brierley, 1982). A possible
mutualistic action in ore leaching exists between

L. ferrooxidans and T. organoparus. L. ferrooxidans in

pure culture can only grow on soluble ferrous iron and

T. organoparus cah only oxidise sulphur. However mixed

cultures of these two bacteria grow and degrade pyrite
and chalcopyrite which neither of them can metabolize
alone (Balashova et al; 1974; Kelly, Norris & Brierley,

1979). A Beijerinckia species has been reported to

accelerate the leaching of copper-nickel sulphide by

T. ferrooxidans possibly by either fixing atmospheric

nitrogen or removing the autoinhiﬁito;y organic secretions
(TSuchiya, Trivedi & Schuler, 1974; Kelly, Norris &
Brierley, 1979). This suggests that heterotrophic bacteria
may a;sd have a stimulatory effect in the leaching of

minerals.

In contrast to early reports that organic materials

inhibited T. ferrooxidans growth more recent data indicate
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that in some strains of this bacterium, when autotrophically
grown cells are adapted to grow on glucose they can use it
as the sole source of energy (Shafia & Wilkinson,jr.,
1969). The prolonged incubation on organic matter

resulted in the organism becoming an obligate heterotroph.
However, not all iron-oxidising bacteria can be adapted to
grow on glucose suggesting that this is a stable feature
among certain species which could be considered as a basis

for species differentiation (Shafia & Wilkinson, jr.,

1969; Tabita & Lundgren, 1971 -a). A study of the

metabolic alterations occurring in T. ferrooxidans when

it switches from an autotrophic existence to a hetero-
trophic one, showed an induction of the enzymes glucose-
6-phésphate dehydrogenase, 6-phosphogluconate dehydrase

and 2-keto-3-deoxy-6-phosphogluconate alolase {(Tabita & .
Lundgren, 1971 -b). The increase in the levels of these
enzymes which are involved in glucose metabolism occurred
when the organism was grown on an iron;glucose—supplemented
medium or on glucose alone. In contrast, low levels are

present in autotrophic cells (Tabita & .Lundgren, 1971 -b).

Zavarzin (1972) reported the isolation of a heterotrophic
bacterium after supplementing the growth medium of a -

T. ferrooxidans culture with yeast extract. The addition

of an excess of organic matter rendered the cells incapable
of growfh on ferrous iron. The characteristics of this

heterotrophic satellite of T. ferrooxidans are identical

to the so-called glucose adapted cells of Shafia and

Wilkinson, jr.(1969) and Tabita & Lundgren (1971 - a).

Research has been carried out on the transition of
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chemolithotrophic T. ferrooxidans to obligate organo-

trophy by Shafia et al (1972). Conversion of cellular
nutrition to organotrophy resulted in a gradual loss of

Fe2+

oxidation and cessation of CO2 fixation with an
increase in the ability to utilize a variety of organiq
compounds. Furthermore, the above investigators observed
that although the bacterium became obligately heterotrophic
it still retained a characteristic of the orginal auto—'
trophic isolate involving a requirement for high concentra-
tions éf hydrogen ions. A role for this hydrogen iron
requirement was suggested to be associated with adsbrption
and transpoft of nutrient because incorporation of glucose

by the cell was not observed in slightly acidic or neutral

media. Shafia et al (1972) did some serological studies

on the authotrophic T. ferrooxidans cells and the hetero-
trophic convertant and showed the existence of a definite

antigenic relationship between the two cell types.

Although intrigued with the inability of the heterotro—

phically grown T. ferrooxidans to revert to its autotrophic

mode of nutrition, workers tended to assume that the

-adapted bacterium was in fact T. ferrooxidans. It was

only in 1975 that Guay & Silver, in order to test the
validity of this assumption, examined the DNA base composi-
tion of the ferrous iron grown organism with the strain
obtained through this autotrophic-heterotrophic transition.
Based on the results obtained in the analysis of DNA, the
authors proposed that this facultative heterotrophic

bacteria derived from T. ferrooxidans cultures, which grow

on either organic compounds or reduced sulphur; but not
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on ferrous iron, be included in a new species -

T. acidophilus. As yet, it is not known what exactly

allows the maintenance of the autotrophic population in
the glucose grown culture nor the nature of the close

interdependence between T. ferrooxidans and T. acidophilus.

These findings suggest the possibility of a heterogenous
culture of iron-oxidising bacteria (Guay & Silver, 1975).
In addition, it has been demonstrated that it is possible

to grow T. ferrooxidans on glucose providing that the

toxic material produced by glucose was constantly

removed (Borichewski, 1967). Apparently, it was the
iphibitory accumulation of this organic material, identified
as pyruvic acid, that limited the growth of this autotroph

(Borichewski, 1967).

Mackintosch (1978) observed that when T. ferrooxidans from

a liquid culture was plated out, two types of colonies
were produced. She suggested that the colony that

produces a brown precipitate is T. ferrooxidans and the

one that does not have this precipitate of iron is

T. acidophilus.  Once again, mixed cultures of acidophilic

bacteria were proposed. This hypothesis was later put
forward by Tuovinen et al (1978) who postulated that

some strains of T. ferrooxidans are mixed cultures.

According to these workers the heterotrophic variants can
survive on organic materials liberated by the autotrophic
‘organism in a medium containing ferrous iron or inorganic
sulphur compounds as the energy source. Similarly, in
heterotrophic cultures the autotrophic bacteria may be

able to survive at low concentrations. The loss of
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iron oxidation by the mixed population could indicate that
the autotrophic iron-oxidisers are gradually eliminated
during the series of subcultures on glucose (Tuovinen

et al, 1978).

Recently, a yellow-pigmented heterotroph was reported to

be a contaminant in T. ferrooxidans and other Thiobacillus

cultures (Harrison, jr., Jarvis & Johmnson, 1980). This
bacterium differs from the previously reported obligately
acidophilic heterotrophs in that it grows better at pH 6.7
and the colonies formed on glucose agar are white or
pinkish in colour. In addition, it does not utilize
sulphur or ferrous iron as energy sources., The GC content

of its DNA was later found to be 69,8 mol% and its name

was proposed to be Acidophilium cryptum sp.nov. (Harrison,

jr., 1981). The high GC value of this organism

differentiates it from both T. acidophilus, which has a

GC content of 62,9 to 63,2 mol% and T. ferrooxidans with
a GC value of 57,2 mol% (Harrison, Jjr., 1981). Harrison,
jr., Jarvis & Johneon (1980) suggested that all obligate

heterotrophs in T. ferrooxidans cultures may probably be

contaminants that seem to play some role with this

organism in its natural habitat.

A search for heterotrophic bacteria existing in acidic

mine dfainages was undertaken by Wichlacz ..&. Unz (1981).

' These results indicate that'a variety of bacteria with a
requirement of an acid pH for growth exist in various parts
of natural mine streams, with a high proportion found in

association wiith ferric hydrates. However, neither a
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taxonomic position nor a function could be established for
these acidophilic heterotrophic bacteria. Co-existence of
two different strains of the same species in a presumably

pure culture of T. ferrooxidans was reported by Harrison,

jr. (1982). A comparison of the GC content of the DNA
obtained when this culture was grown on férrous sulphate
with the DNA from the séme culture grown on sulphur showed
différent values and yielded different DNA homology
results. Apparently, the individual stréins attained
different relative populations in the two media. Similar
fesults were recorded earlier by Torma (1977) and by
Silver (1978). They reported that different DNA base
compositions were obtained when the iron oxidising bacteria

were grown on different substrates.

Recently, Sugio et al (1982) isolated two kinds of iron-

oxidising bacteria from a T. ferrooxidans strain. One

was a strict autotroph able to utilize ferrous iron or
sulphur as the enérgy source and unable to utilize organic
substances. The other was a faéultative iron-oxidising
bacterium able to utilize ferrous iron or sulphur in
addition to organic substances. A colohy of the facul-
tative iron-oxidising bacterium strain obtained from a
ferrous-glucose-salts agar plate managed to grow on ferrous
sulphate—glucose-salts liquid medium. However, it failed
to do so on glucose-salts liquid medium alone. . This suggests
the requirement of somelgréwth factors in the absence of iron

(Sugio et al, 1982).

Brierley (1982) reported the isolation of heterotrophic

. . . s . {
microorganisms in acidic environments. However, the role
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of these microorganisms in the leaching process is still
unknown. It is therefore important to establish the
genetic relationship between these obligate heterotrophs

and T. ferrooxidans as-well as to detéermine if the heterotrophs

are just contaminants or contribute in some way to the

growth of leaching bacteria.

Séparation of soil microorganisms have been successfully
carried out by density gradient centrifugation in Percoll
(Martin & Macdonald, 1981). Percoll is composed of
coloidal silica particles which have been coated with
polyvinylpyrrolidone to render them non-toxic to éells.
The heterogeneity df its particles’ sizes results in the
spontaneous formafioncﬁfagradiént upon centrifugation due
to the differential sedimentation in a gravitathxml field
(Martin & Macdonald, 1981). In an attempt to isolate

possible different species of acidophilic Thiobacillus

present in our cultures, samples were mixed with a suspen-
sion of Percoll and the cells separated on the basis of

their relative densities.

In the present study the isolation of a heterotrophically
grown bacterium from South African isolates of

T. ferrooxidans using the method by Shafia & Wilkinson, jr.

(1969) is described. - The function of this heterotrophic

bacterium in T. ferrooxidans cultures was investigated.

Silver, Margalith . & Lundgren (1967) reported that
glucose had an inhibitory effect on ferrous iron oxidation

by T. ferrooxidans. This was confirmed later when




Tuovinen, Niemela &. Gyllenbérg (1971) tested the
addition of some common organic compounds to the ferrous
sulphate medium. In the present investigation the
influence of organic matter on the oxidation of ferrous

iron by T. ferrooxidans in pure culture and in the presence

of the heterotroph was compared.

Finally, the differentiation of iron grown and glucose

grown Thiobacillus strains was determined based on the

guanine-cytosine mole ratio of DNA. This was followed by
DNA homology studies between the different strains in order

to determine to what extent they are denetically related.

MATERIALS AND METHODS

Details of the media are listed in Appendix A, buffers

and solutions in Appendix B.

Isolation of Heterotrophic Bacteria from T. ferrooiidans

Cultures

The iron-oxidising bacterial strains used in these experi-

ments were LT2, FDl1, ATCC 19859 and TF1-35.

’

Stock cultures of the organisms were maintained in 9k

liquid medium. Sixty milliiitres of O.S%-giucose medium

" supplemented with 2% Feso,.7 H,0 (FeG medium) were placed

in 100 m% conical flasks. An inoculum (0,5%) of each

T. ferrooxidans stock culture was given to each tube
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respectively. After being inoculated the flasks were
incubated at 30°C on a gyratory shaker. Once all the

iron was oxidised the cultures were tested for heterotrophic
growth in 100 m¢ flasks containing 60 mg of 0,5% glucose

medium (GYE medium) and a 5% inoculun from the FeG cultures.

'GYE cultures were incubated at 30°C on a gyratory shaker.

Growth was tested as total cell count, with the use of a
haemocytometer. Cells grown in GYE medium were inculated

back into fresh FeG medium to test for iron oxidation.

Plates were prepared for FeG and GYE media with 2% Difco
Noble Agar. Once the cultures were grown on liquid media
they were streaked on the corresponding solid media and

incubated at 30°?C until colony growth was visible.

Effect of Glucose and Yeast Extract on the Oxidation of

Iron by T. ferrooxidans Strains in Pure Culture and in

the Presence of the Heterotroph

ATCC

7

The iron-oxidising bacterial strains LT2, FDl
19859 and the heterotrophic bacteria isolated from LT2

strain were used.

Sterile 9K medium (150 m¢) was placed in seven .sterile
250 m2 conical flasks. Three of the flasks were supple-
mented with glucose to give .a final concentration of 0,1,
1,0 and 5,0 g/2. To another three flasks yeast extract
was added to give final concentrations of 0,1, 1,0 and

5,0 g/e. The remaining flask was used as a control.
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Four sets of seven flasks were used. Three sets of flasks
were given a 5% inoculum from a fresh culture of LT2, ATCC

19859 and FD1l, respectively. The fourth set of flasks

were given a 5% inoculum from the ATCC 19859 culture

together with 1,5% inoculum of the Het LT2 culture. The

inoculated cultures were incubated at 100 rev/min at 30°C

in a GallenKamp Orbital Shaker.

Samples (5 m2) of each culture were withdrawn at daily

intervals and the ferrous iron concentration determined

- by volumetric titration with standard potassium dichromate

(Vogel, 1961).

Relationship between T. ferrooxidans FD1 Strain and Het FD1

Sterile 9K medium (150 mg) was placed in four sterile
250 mg flasks. The first flask was given a 5% inoculum

of a FDl1 culture, the second a 5% inoculum of FD1 together

with 1,5% .inoculum of Het FD1 and the third a 1,5% inculum

of Het FD1. The fourth flask was used as a control.
Samples‘were withdrawn daily and assayed for ferrous iron
concentration and direct bacterial counts. Viable counts
were obtained by plating the cells onto FeG and GYE plates.

The plates were incubated at 30°C for 7 to 28 days.

Comparative Study of T. ferrooxidans FDl1 Strain Grown on

Iron Supplemented with Glucose

Sterile 9K medium (1 200 m2) and, sterile FeG medium
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4.7 HZO was

placed in two sterile 2 £ conical flasks. A 5% inoculum

(1 200 m2) containing 0,5% glucose -and 2% FeSO

of a FDl culture grown on 9K medium was given to each
flask. The flasks were incubated .at 30°C in a gyratory

shaker.

Samples of each culture were withdrawn at daily intervals
and assayed for ferrous iron concentration, direct'bacterial
count, protein content by the Coomassie Blue protein-
binding assay and glucose concentration. To determine
glucosé 10 mg samples of the FeG cuiture were centrifuged

at 3 000 rpm for 10 minutes and 10 pu¢ of the supernatent
tested for glucose using the Beckman Glucose Analyzer 2.
Viable counts were attempted by plating the cells onto

FeG and GYE plates. Once all the iron was oxidised the
yield of both cultures was determined by measuring dry

cell weight. Samples (200 mg) of each culture were centri-

"fugued at 7 000 rpm for 10 minutes and the pellet resus-

pended 'in 10 m2 of 9K Basal Salts pH1l.6. Each sample was
filtered through a preweighed 0,45 pum membrane filter.

The membrane filters and cells were dried in an oven at
100°C until constant weight. The filters were weighed
again and the yield calculated according to the previous

weight of the membranes.

Utilization of Glucose by T. ferrooxidans FDl Strain at

Different Concentrations of Iron-

Sterile double strength 9K Basal Salts (75 m#) supplemented

with 5 g/2 sterile glucose were dispensed into six sterile
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250 m2 conical flasks. Double strength ferrous sulphate
solutions (75 m¢) containing 4,7 and 9 g/¢ of ferrous iron

were prepared in duplicate. The pH of the iron solutions

was adjusted to 1.8 with H,SO0, and sterilised through a

2774

membrane filter (0;45 ym pore size) ana added t6 the rest

of the mediﬁm when cool. The final pH of‘the culture
medium was adjusted to 1.7 and kept conétant throughout

the experiment. One set of flasks was inoculated with 5%
FD1 culture and the other set was used as control.

Samples (10 m?) were withdrawn daily, centrifuged at

3 000 rpm for 10 minﬁtes and 10 uf of the supernatént tested
for glucose using a Beckman Glucose Analyzer 2. In
addition samples were assayed daily for ferrous iron concen-

tration and direct bacterial count.

Extraction of DNA

The baéteria used are listed in Table 4.1

TABLE 4.1: Strains of iron-oxidising and heterotrophic

bacteria as well as the energy source of which
they were grown for DNA isolation

Bacteria ' Strain Energy Source
T. ferrooxidans LT2 . Iron
T. ferrooxidans ATCC 19859 Iron
T. ferrooxidans FD1 Iron
T. ferrooxidans TF1-35 Iron
Heterotrophic

bacteria Het LT2 Glucose
Heterotrophic -

bacteria Het FD1 Glucose
T. ferrooxidans _ *FD1 Iron and Glucose
E. coli E. coli Beef Extract,

' Yeast Extract,
Peptone

*FD1 -~ grown on FeG medium
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LT2, ATCC 19859, FD1 and TF1-35 cultures were grown in
2 000 m2 conical flasks on a Gallenkamp Orbital Shéker at

30°cC. The flasks contained 1 200 m# of 9K medium (7 g/2

Fe2+) pH 1.7 and were given a 5% inoculum of the above

r

iron-oxidising Thiobacillus. The cultures were incubated

until all the iron was oxidised. Het LTZ and Het FD1

were grown in 1 000 m¢ conical flasks on a Gallenkamp
Orbital Shaker at 30°C. The flasks contained 600 mQAof

GYE medium and were given a 5% inoculum of the abvoe
hetéfotrophic bacteria. The flasks were incubated for

2 days. In addition, another 5% .inoculum of FDl1 was used

to inoculate 1 200 mg¢ of FeG medium. The flésk was incu-
bated until all the iron was oxidised. An overnight culture
of E.coli was diluted 1:10 in Nutrient Broth (NB) and incubated at

37°C with constant aeration until a log phase culture was reached.

The bacterial cultures were harvested by centrifugation.
The collected cells were. suspended in a total volume of
10 m2 of single strength acidified Basal Salts (pH 1.6).

The mixture was centrifuged using a Sorvall Centrifuge and

S5-34 Rotor at 7000 rpm for 10 mih; The pellets were
resuspended in 3 to 5 mg¢ of SET buffer. The suspension
was kept at -20°C for at least. 1 hour. Predigested (1h

at 37°C) pronase (20mg/m% stock) was added to give a

final concentration of 2 mg/mQ. Once the mixture had
melted i% SDS was added to give a final concentration of 10%.
The suspension was kept at 4;C for 10 min. RNase was
added to a final concentration of 50 JAg/me and the mixture
incubated af 37°C for 10-15 min. : The solution was

placed in- a dialysis bag and Qialysed overnight at 50°C
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against 0.1X SSC, After dialysis the sample was cooled
to +4°C and an equal volume of cold chloroform: isoamyl
alcohol (24:1 v/v) was added. The two layers were gently

mixed by rotation and then centrifuged at 3000 rpm for 10

min, The top layér wasiremoved and deproteinized
repeatedly with cold chléroform: isoémd alcohol until the
interface was clear. The final layer was cooled to +4°C
and sodium acetate added to a final concetration of 0.3 M.
This mixture was kept in an ice bath for approximately

30 min: . The nucleic acids were precipitated by gently
layering 2 volumes‘of cold 95% alcbhol on the previous
mixture. The nucleic acids were spooled in a glass rod
and dissolved in 0.1X SSC. The small pieces of DNA
present in the mixture were collected by centrifugation at
3000 rpm for 10 min: The pellet was dissolved in 0.1X
SscC. The solution was then placed in a dialysis bag and
dialysed overnight at 4°C against 0.1 SSC. The DNA was

stored at 4°C over chloroform.

Determination of Guanine plus Cytosine Content of DNA

The DNA base composition was calculated from the thermal
denaturation profiles of the DNA determined in 0.1X SSC

on a Beckman DU-8 Spectrophotometer equipped with a Tm

Analysis System. The DNA solution was degassed to prevent
the formation of bubbles during heating. One sample was
analysed at a time. The rate of change in absorbance per

degree change in temperature was printed out by the instru-

ment as well as the first derivative. The temperature
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at which the first derivative was at a maximum was

considered to be the Tm value.

E. coli DNA was used as a reference DNA which has a GC:°
ratio of 51+ 0,25 mol%. The formula provided by Mandel

& Marmur (1968) was corrected using this value and the

experimental Tm value for E. coli DNA. The GC content of
the samples was calculated from the equation GC = (Tm -
54,49) 2,44.

Determination of DNA Homology

The DNA samples were diluted with 0.1X SSC to give a
concentration of 20 ug/mg. The absorbance reading was
determined at 260 nm using a Beckman Du-8 Spectrophotometer.
Each DNA solution (2 mf#) was denatured by heating at 90°C
for 10 min followed by a rapid cooling on ice. The
absorbénce reading at 260 nm was detefmihed again. Each
DNA sample was pipetted into é siliconised scintillation
vial of 25 mm in diameter. A nitrocellulose disc was
placed into the scintillation vial and left for lh at 4°C
with intermittent shaking to allow DNA to bind to the
filter. The filter was then baked for 2 hours at 80°C.
The remaining DNA in the vial was heated for 10 min. at

90°C and the absorbance reading determined at 260 nm in the

"Beckman Du-8 Spectrophotometer. A prehybridization mixture

was prepared as follows: 5 mg of crude salmon sperm DNA

contained in 10 m2 of 6X SSC was sonicated twice for

15 sec.- each time. Dernhart's solution (20 u#) was
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added containing 10% Ficol, 10% Polyvinylpyrolidihe and 10%
Bovine Serum Albumin. The prehybridization mixture (2 mg)
was added.to 25 mm vials. Each of the nitrocellulose
discs was placed into the vial and incubated at 65°C for
,éh. The prehybridization mixture was then removed with a
pasteur pipette and 2 m# of hybridization mixture were
added followed by incubation with shaking at 65°C over-
night. The prehybridization mixture was prepared as
follows: to 1 mf of nick translated DNA (reference DNA)
in TE buffer was mixed with 0,2 mg of 1IN NaOH and left at
room temperature for 10 min, An aliquot of 1M Tris-
HC1 buffer (0,2 mf) pH 8.4 and 0,2 mg2 1M HCl were added
and ﬁixed. A solution containing 3 mg¢ of 20X SSC and 3,9
m 2 HZO containing 25 mg crude sonicated DNA was added.
Denhart's solution klOO Pﬂ) and 0,5 mg¢ 10% SDS were added
and the volume made up to 10 m# with HZO' Labelled DNA
was separated from the unreacted nucleotidés by washing
through a Sephadex G50 column with 10 mM TE buffer.
Fractions containing labelled DNA (0,5 mf) were collected

and the radioactivity counted in a scintillation counter.

The two reference DNA strains used, namely, FD1 and Het
FD1 were prepared for hybridization by mixing each DNA

sample (1 pg) with nucleotide/buffer solution (10 ug),

labelled (& 32P)d CTP(5u2), an enzyme solution (5 pnf2) and
water to 50 n¢ . This reaction mixture was incubated at
15°C for 2 h. Specific activities of 5'x106 cpm/ng and

8 xlO6 cpm[pg were obtained for FDl1 and Het FD1l respectively.
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Separation of Thiobacillus Cultures Using Density Gradient

Centrifugation in a Percoll Solution

The bacterial strains used are listed in Table 4.2.

TABLE 4.2: Bacterial strains used in the characterlsa—
tion of bacteria in iron liquors.

Bacteria Strain ' Source

T. ferrooxidans LT2 BACFOX unit at the Buffels-
fontein Mines - General
Mining - SA

T. ferrooxidans FD1 Florence Devonian Ore -
General Mining - SA

T. ferrooxidans TF1-35 Claude Nicolau - Centre de
Biophysique Moleculaire -
Orleéns

T. ferrooxidans ATCC 19859 American TypevCulture
Collection

The four T. ferrooxidans strains were grown in 250 m¢

flasks containing 150 m2 of ferrous sulphate medium at
pH 1.7. The cultures were incubated at 37°C until the
ferrous iron in the medium was completely. oxidised. All
cultures were harvested by centrifugation,.washed once,
and resuspended in 2 mQ single strength basal salts

medium at pH 1.6.

Percoll was purchased from Pharmacia Fine Chemicals. Self-
generating gradients (8 m2) of 50% Percoll were prepared
with physiological saline (G. Carr, personal communication).

The gradient solution containing 4 m2 of Percoll, 0,8 m2 of
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8,5% saline and 2,7 mf# distilled water was thoroughly
mixed with 0,5 mf of sample. ‘A suspension (10 pe) of
density gradient marker beads (Pharmacia Fine Chemicals,
Uppsala, Sweden) were added to the gradient tubes. The
tubes were centrifuged at 21000 rpm in a Beckman L8;70
Ultracentrifuge with an angle-head rotor (Ti-50) fof 25
min. at 15°C. The beads are coloured derivatives of
Sephadex of known density and cover the range 1,017 - 1,143
g/mg for Percoll/0,15 M NaCl mixtures (Percoll Density
Marker Beads, 1978). The cell densities were estimated
by correlating the position of the cell band with the

positions of the Coloured Marker Beads.

After centrifugation bacterial cells contained in each
fraction were inoculated into ferrous sulphate medium to
test the ability of viable bacteria to oxidise iron.

RESULTS

Adaptation of T. ferrooxidans to Grow on Glucose

Following a short adaptation period to glucose, two of the

T. ferrooxidans cultures were able to grow on glucose

media in the absence of any iron (Table 4.3) overleaf.

Upon prolonged incubation on GYE media a heterotrophic
bacterium was isolated from strains LT2 and FD1. These
two bacteria when transferred back to FeG media failed to

oxidise iron suggesting the presence of an iron-oxidising



TABLE 4.3: Growth of four strains of T. ferrooxidans on .

two different liquid media -~ 1iron medium
supplemented with glucose and glucose medium.

, _ Medium
Bacterial strain
FeG GYE
LT2 G / G
FD1 G | G
ATCC 19859 G NG
TF1-35 G v NG
G - Growth
NG - No growth
Bacterium in the above cultures. No heterotrophic growth

was obtained when strains ATCC 19859 and:TF1-35 were inocu-

lated into GYE liquid medium.

LT2 and FDl1 colonies were formed on GYE plates after three
to five days of incubation. The colonies were slightly
pinkish and became darker pink upon ageing. No growth

was observed on the FeG plates.

Effect of Glucose and Yeast Extract on the Rate of Iron

Oxidation

The inhibitory effect of two sources of organic matter on
the ability of ATCC 19859, LT2 and FDl strains of

T. ferrooxidans to oxidise iron was established for

increasing doses of glucose and yeast extract (Figures 4.1,

4.2 and 4.3). The iron-oxidising bacteria seemed to
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Effect of increasing concentrations of
glucose and yeast extract on iron oxidation

by T. ferrooxidans ATCC 19859. Control (X)
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tolerate glucose and yeast extractAup to a concentration of
1 g/1. A concentration of 5 g/ 2 of either of the above
carbon sources was found to be inhibitory in that no growth
was obtained after 7d of incubation. Yeast extract
appeared to be more inhibifory than glucose at the same
concentration, especially for strains LT2 and ATCC 19859.
In order to establish whether the heterotrophic organism is

able to assist T. ferrooxidans to tolerate greater concen-

trations of organic matter, the rate of iron oxidation in
iron medium supplemented with different concentrations of
glucose and yeast extract was also compared for ATCC 19859
in pure culture and in the presence of Het LTZ2. Although
the ATCC 19859 - Het LTZ2 culture showed only a slight
increase in the rate of iron oxidation when compared with
the ATCC 19859 strain alone, this difference was more '
marked at higher coﬁcentrétions of both carbonvsourceé
(Figureé 4.4 and 4.5). A concentration of 5 g/¢# of
glucose caused complete inhibition of iron oxidation by
ATCC 19859 alone in contrast to 15% iron oxidation
observed for ATCC 19859 - Het LT2. The same concentration

of yeast extract was inhibitory in both cases.

Relationship between T. ferrooxidans FDl1 Strain and Het FD1

Previously it was shown (Section 4.3.2) that the heterotrophic
bacteria slightly improved the rate of iron oxidation by

T. ferrooxidans in 9K medium containing organic matter.

However, the heterotrophic bacteria might benefit from the

autotrophic Thiobacillus. In order to determine if the
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growth of the heterotrophic bacterium is influenced by

T. ferrooxidans, a culture containing FDl1 and Het FDl was

comparedbwith two other cultures, one containing FDl1 alone
and the other Het FD1 alone (Figure 4.6). The threev
cultures were in 9K medium with no organic matter present.
FD1 culture oxidised iron completely after 3d of incubation
with a proportional increase in bacterial number as deter-
mined by direct count. No blate counts were obtained on
GYE solid medium since this medium contains no iron.

Although this strain of T. ferrooxidans managed to grow on

iron solid media (Section 2.4.1) no growth was observed on
FeG plates containing iron and glucosé probably because of
the extra amount of organic matter in addition to the agar.
No iron oxidation or growth detected by direct count was
observed fér Het FDl since no organic matter was present in
the medium. No colonies were detected on FeG plates and a
drop in the number of colonies was observed on GYE plates.
The rate of iron oxidation of the FDl1 - Het FDl'mixed_
culture was similar fo the rate observed for the FD1

culture alone. Growth was observed on GYE plates but not
on FeG plates. A marked increase in viable counts on GYE
solid media occurred after the second day of incubation

when approximately 62% of the iron had been oxidised indica-
ting that Het FDl was growing_in the mixed culture and pre-
sumably living on the by-products released during the growth

of FD1.
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Utilization of Glucose by Iron Grown FDl1 Strain of

T. ferrooxidans

The growth of T. ferrooxidans FDl strain in iron medium and

in iron medium supplemented with glucose was determined
using all the different methods that have been followed in

this study to estimate the growth of T. ferrooxidans.

Strain FDl grew equally well in both types of media

(Figure 4.7). The rate of iron oxidation was faster in

9K medium containing 9 g/¢ of ferrous iron than in FeG
medium which had only 4 g/2 of ferrous iron. . However, FeG
medium contained 0.5% glucose which could have slowed down>
the rate of iron oxidation. The amount of glucose present
in FeG medium decreased from 5 g/2 to 2,5 g/f& as the iron
was oxidised. This decreasé was not due to aéid hydro-
lysis of glucose as no glucose was degraded in an uninocu-

lated control. T. ferrooxidans cells failed to grow on

FeG and GYE plates. This indicated that some component of
the agar together with the glucose present in the media was
inhibitory to growth. A higher bacterial yield (4,3096

2+

g/mole Fe and 0,388 g/mole glucose) was obtained when

T. ferrooxidans was grown in FeG medium as compared to 9K

2+)

medium (1,5291 g/mole Fe . The yield obtained in FeG

medium was due to both iron and glucose in the proportion

2+ 03,6025 g/mole glucose. Both the

of 0,7071 g/mole Fe
increase in yield and disappearance of glucose from FeG

medium suggested that T. ferrooxidans FDl strain was able

to use the glucose present in FeG medium as a carbon and
energy source. There was good correlation between the

three methods used to estimate T. ferrooxidans growth,

namely, iron oxidation, direct counts and protein.
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Utilization of Glucose by T. ferrooxidans FDl1 strain at

Different Concentrations of Iron

To determine whether FDl strain of T. ferrooxidans when

grown in mixotrophic medium utilizes ferrous iron pre-
ferentially or, ferrous iron and glucose simultaneously,
its growth was determined for different concentrations of
ferrous sulphate at a constant amount (0,5%) of glucose
(Figure 4.8) At a concentration of 4 g/2 of ferrous iron
FD1 utilized both iron and glucose concurrently although
iron was exhausted first. At 7 g/ of ferrous iron there
was a slight lag phase where'ferrous iron was utilized
alone. Fefrous iron was therefore utilized preferentially
although some glucose was also consumed, but when the con-
centration of ferrous iron dropped to approximately 4 g/4%
both iron and glucose were utilized simultaneously with
iron being exhausted first. At 9 g/2 of iron there was
complete inhibition of iron oxidation and glucose utiliza-
tion suggesting that at this concentration of iron, glucose
becomes inhibitory. Furthermore it seems that glucose
per se is not inhibitory in mixotrophic medium but rather

the ratio of iron to glucose affected the ability of the

organism to use either of the substrates.

DNA Base Composition

The base compositions of the DNA of the iron-oxidising

T. ferrooxidans were found to be identical (Table 4.4).

However, the GC content of LT2 and FDl differed signifi-
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cantly from their respective heterotrophs suggesting that

they are two completely different bacteria.

TABLE 4.4: Moles % GC content of DNA of different bacterial

strains.

Bacterial Strain Tm % GC
LT2 , 79,0 59,80
FD1 ' 79,3 60,54
ATCC 19859 79,3 60,54
TF1-35 79,3 60,54
Het LT2 82,3 67,86
Het FD1 82,3 67,86
*FD1 © 79,3 60,54
E. coli 75,4 51,02

DNA homology studies for the iron-oxidising Thiobacillus
strains aﬂd the two heterotrophic isolates were determined
using FD1 and Het FD1l as probes. Homology values lower
than 5% were obtained between Het FDl and the iron-oxidising
strains showing that these bacteria are not related (Table
4.5). Zero homology was observed between FDl1 and the

two heterotrophs confirming that both heterotrophs are not

related to the iron oxidising T. ferrooxidans strains.

Different degrees of homology occurred between FDl and the

other T. ferrooxidans strains (Table 4.5). FD1 and *FD1l

seem to be closely related since a high degree of homology
was obtained between them. Similarly, the two heterotrophs

proved to be the same organism.
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TABLE 4.5: DNA homologies among strains of T. ferroox1dans

and heterotrophic bacteria.

Percent homology to

Strain Energy source

FD1 Het FD1
LT2 Iron 27 0
Het LT2 Glucose 0 ’ 100
FD1 Iron 100 | 3,1
Het FD1 Glucose 0 100
*FD1 Irén and Glucose 85 4,8
ATCC 19859 Iron 39 ' 2,2

Differentiation of Thiobacillus Cultures by Cell Density

on Percoll Gradients

The four T. ferrooxidans strains formed a single band

after centrifugation on Percoll gradients (Figure 4.9).
The band produced by the FD1 étrain was at much lower
density (1,023 mg/mg¢) than the bands produced by the other

three Thiobacillus strains. The cell densities for

T. ferrooxidans strains LT2, ATCC 19859 and TF1-35 were

1.066, 1.071 and 1.078 mg/m¢ respectively (Figure 4.10).

The growth in the ferrous iron medium of T. ferrooxidans

cells recovered from the Percoll gradient fraction indi-
cated that Percoll has no effect on the ability of

Thiobacillus to oxidise iron.
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DISCUSSION

The heterotrophic bacteria isolated from LT2 and FDi1
cultures after prolonéed incubatioh on organic mafter had
similar characteristics to the glucose-grown cells reported
by Shafia & Wilkinson, jr.(1969): glucose adapted cells
became obligately heterotrophic after a couple of transfers
in a medium lacking oxidisable iron and, on agar medium the

colonies were circular, smooth and slightly pinkish.

Howéver, only two of fhe Thiobacillus cultures tested were
able to aaapt to grow on glucose alone. TF1-35 and
ATCC 19859 could tolerate O,S g/ glucose‘in the presence
of iron but did not grow on glucose alone. Oﬁe possible
explanation for the difference in growth characteristics

among the four strains of Thiobacillus tested could be that

LT2 and FD1 cultures existed as a mixed culture of’

T. ferrooxidans and a closely associated heterotrophic

acidophilic bacterium, while ATCC 19859 and TF1-35 were

pure T. ferrooxidans cultures. An alternative explanation
for this phenomenon, based on reports that there are

different strains of T. ferrooxidans with different meta-

bolic activities, could be that, LT2 and FDl belonged to

a different group of T. ferrooxidans capable of using

organic substrates. However, the obligate heterotrophy
of Het LT2 and Het FD1 ruled out this second possibility
and it was apparent that LTZ2 and FD1 were mixed cultures.
Attempts were made to get LT2 free from the heterotrophic
bacteria by subculturing in iron medium but the heterotrophic
bacteria were not completely eliminated from the iron grown

culture. As a result, upon prolonged adaptation of this
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culture to glucose the heterotrophic bacteria were
isolated again. A more efficient way of purifying

T. ferrooxidans LT2 from this apparent mixed culture

would be in the same way that T. ferrooxidans FDl was

purified, through repeated transfers on solid iron media.
However, as reported in Chapter 2, this is not possible due

to the inability of T. ferrooxidans LT2 to form colonies on

purified agar media. Tt was however possible to obtain
pure cultures of Het FDl and Het LT2 by repeated sub-

culturing on media lacking iron.

The study of the effect of different levels of organic
matter in the rate of iron oxidation for three strains of

iron-oxidising Thiobacillus demonstrated that these auto-

tfophic bacteria are in fact able to oxidise iron in the
presence of glucose and yeast extract up to a concentration
of 1 g/f. Glucose was more easily utilised than yeast
extract which was .expected since yeast extract is a more
complex organic mixture. Tuovinen, Niemela & Gyllen-
berg (1971) observed a similar type of response when 5 g/2
of glucose aﬁd vyeast extract were used in ferrous sulphaté
medium containing 2 g/f of ferrous iron. A lag of three
days was observed for glucose and a complete inhibition up
v to fourteen days was found for yeast extract. However,

in the present study a concentration of 5 g/% of either of
the two organic compounds caused complete inhibition of
iron oxidation in 9K medium possibly because the concentra-

tion of ferrous iron in the medium was 9 g/4¢.

The close association of the heterotrophic bacteria with
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T. ferrooxidans illustrated by the difficulty in isolating
pure cultures of LT2 led to the investigation of a possible
role for the heterotrophic bacteria. As suggested by
Harrison, Jarvis and Johnson (1980) the heterotrophic
bacteria might play a role in the natural habitat of

T. ferrooxidans by utilizing the organic matter harmful to

T. ferrooxidans. In an attempt to find some kind of

function for the heterotrophic bacteria a pure culture of

T. ferrooxidans ATCC 19859 was mixed with Het LT2. A

marked increase in the rate of iron oxidation, in the
presence of organic matter, was expected for the ATCC 19859 -
Het LT2 mixed culture if the heterotroph had a positive

effect in T. ferrooxidans growth. Although only a slight

improvement in the rate of iron oxidation was observed at
all concentrations of glucose and yeast extract thé ATCC
19859 - Het LT2 mixed culture oxidised iron at a greater
rate than the ATCC 19859 culture alone. If the role for
this heterotrophic bacterium is in the removal of poten—

tially inhibitory organic matter from the T. ferrooxidans

environment, this role would appéar to be a minor one.
‘This is not an unexpected result since if some organic
matter is present in a mining environment, its level is
unlikely to be as high as 0,5%. Furthermore, when

T. ferrooxidans FDl1 was mixed with the Het FDl in a mixo-

trophic medium the acidophilic bacteria did not contribute

in any wéy to the development of T. ferrooxidans.. On the

other hand the reason for thé close existence between

T. ferrooxidans and the acidophilic heterotrophic bacteria

may be that the heterotrophs might obtain their organic
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carbon from the autotrophic Thiobacillus without

necessarily benefitting the Thiobacillus. In order to

test this possibility the growth pattern as well as the
rate of iron oxidation, in 9K medium with no organic matter,

was determined for the T. ferrooxidans FDl strain mixed

with Het FDl and was compared with FD1 and Het FD1 cultures.
Béing a heterotrophic bacterium, Het FDl alone did not grow
in 9K medium which had no carbon source, but it managed to

do so when mixed with T. ferrooxidans FD1. This suggested

that FD1 contributed to the growth of Het FD1 which is able

to grow on the organic by-products of the T. ferrooxidans

strain. - Brierley (1982) suggested that the heterotrophic
bacteria found in leaching environments live either, on the
small amounts of organic matter present in those environ-
ments or, on the organic excreta produced by the iron-
oxidising Thiobacillus. The present work shows that the

/

latter is able to take place. T. ferrooxidans plays

then a role in supporting the growth of heterotrophic

microorganisms found in acidic environments and the

dependence of these bacteria on T. ferrooxidans explains

the tenacious association of these bacteria.

Analysis of the DNA base composition of the iron-oxidising
and the heterotrophic bacterial strains demonstrated that
these two groups of bacteria are not related. The GC
content‘of the DNA within each group; was similar for all
bacteria belonging to that pérticular group. An |
interesting observation was the fact that the same GC value

was obtained for FDl1 when grbwn in iron medium and when"
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grown in iron medium supplemented with glucose (*FD1l).

If FDl was a mixed culture the heterotroph would be expected
to have outgrown the autotroph in the presence of glucose
due to the high energy cost of autotrophic growthvVersus
heterotrophic growth. The GC value would then be the

same as the one obtained for the heterotroph. However,

it was not similar to the GC content of the Het FD1 but was

identical to the iron grown cultures of T. ferrooxidans.

The high DNA homology between the two FD1 strains and the
low DNA homology between these strains and the obligate

autotrophic T. ferrooxidans LT2 and ATCC 19859 suggested

that there are two distinct groups of iron-oxidising

Thiobacillus. The higher bacterial cell yield obtained

when the FDl strain was grown in iron-glucose medium

compared to iron medium alone indicated that this Thiobacillus

strain used glucose as an energy source as well as.a carbon
source. FD1 is therefore a facultative autotrophic

T. ferrooxidans similar to the one reproted by Sugio, Tano

& Imai (1982) while ATCC 19859 and LT2 seem to be strict
autotrophs. Sugio, Tano & Imai (1982) reported the iso-

lation of a facultative iron-oxidising. strain of T. ferrooxidans

based on the uptake of [}4é] glucose into the cells and
the ability to metabolize it to COZAand HZO in a medium
containing both iron and glucose. However, they did not
show that the genetic composition of the facultative auto-
tropic iéolate grown in iron medium, is the same to the one
grown in iron-glucose mediuml ' The above authors found
that at a concentrétion‘of 10 g/2 ferrous iron and 0,5%

glucose, ferrous was utilized immediately and rapidly
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followed by uptake of glucose into the cells. The

T. ferrooxidans FDl strain used in the present study also

utilized iron first until it dropped to approximately 4 g/

after which glucose was also utilized. However, 9 g/# of

ferrous'iron strongly inhibited the growth of T. ferrooxidans
FD1 in a mixotrophic medium containing 0,5% glucose. As
Sugio, Tano & Imai (1982) suggested the concentration of

ferrous iron seems to determine the growth of T. ferrooxidans

in the presence of glucose although the reason is still
unclear. DNA homology studies between Het FD1 and Het

LT2 and between these bactéria and the T. ferrooxidans

strains confirmed that Het FD1l and Het LT2 are not iron-
oxidising bacteria but acidophilic heterotrophs. This
supported the hypothesis proposed by Tuovinen et al (1978)

that, T. ferrooxidans strains capable of growing on organic

matter with subsequent loss in their ability to oxidise
iron after a series of transfers in glucose, were in fact
mixed cultures. From these results it appears that some

T. ferrooxidans strains are obligate autotrophs, some are

facultative autotrophs able to use glucose in the presence

of iron and that often T. ferrooxidans cultures are very

closely associated with a heterotrophic bacterium.

4

The cells densities of T. ferrooxidans strains, grown in the

same substrate, were determined by centrifugation in a

Percoll gradient. T. ferrooxidans T2 ATCC 19859 and

TF1-35 had similar densities with a maximum difference of
1,15%. However the cells obtained from the facultative

autotrophic T. ferrooxidans FDl had a much lower density.
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This suggested that Percoll gradients could be used to

separate the obligate autotrophic T. ferrooxidans strains

found in mining environments from the facultative auto-

trophic ones.
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CONCLUSION

The aim of this study was:

(i) to deVelop a method for monitoring the growth of

T. ferrooxidans that did not depend on iron oxidation

alone;

(ii) to investigate the effect of ferrous and ferric iron

concentrations on the rate of iron oxidation;

(iii) to isolate other bacteria besides T. ferrooxidans .

that might be present in mining leach liquors.

An indirect method of determining bacterial growth was
developed. This method involved the measurement of protein
by the Coomassie Blue protein—binding assay.. It Qas found
" to be a sensitive and reproducible method completely free of
interference from ions found in acid mine leach liquors.
Other brotein assays tested, namely, Ninhydrin and Folin
Coicalteu reagent were subject to interference by inorganic
ions and were not sensitive to very low levels of protein.

The inability to obtain isolated colonies of T. ferrooxidans

on different solid media supported previous findings that
some component of the agar inhibits colony development on
ferrous iron medium. However isolated colonies were

obtained for the T. ferrooxidans FDl strain suggesting that

it is an agar tolerant strain.
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Iron oxidation rates in batch culture were found to be
exponential and a function of the initial ferrous iron
concentration. The exponential rates were not affected
by the ferric iron concentration per se but rather by the
ferrous-ferric ratio High concentrations of ferrous

iron were found to inhibit the rate of iron oxidation.

The heterotrophic bacteria isolated from T. ferrooxidans
LT2 and FDl1 strains after a stepwise addition of glucose
to the medium indicated that these two cultures were mixed
cultures while ATCC 19859 and TF1-35 were pure. The DNA
base composition determined for the iron—oxidising

Thiobacillus and the heterotrophic bacteria, showed that

these two groups of bacteria were not related to each other.
In addition, the heterotrophic bacteria isolated from the

T. ferrooxidans cultures are the same organism since a

high degree of homology was observed between their DNA.

All T. ferrooxidans cultures had identical DNA GC content

including a T. ferrooxidans FDl culture grown in iron-

glucose medium. The high degree of homology observed
between the DNA obtained from the FD1 culture grown in iron
and the one grown in iron-glucose medium confirmed that they

are the same organism. The ability of this T. ferrooxidans

'strain to utilize either iron or glucose but not glucose.
alone proved that it is a facultative autotrophic. iron-
oxidising bacterium. This was further confirmed by the
higher bacterial yields bbtained in the iron-glucose medium

compared to iron medium.

The cell densities of the facultative autotrophic

-



91

T. ferrooxidans FDl1 and the obligate autotrophic LT2,

lATCC 19859 and TF1-35 strains were determined by centrifu-
gation in a Percoll gradient. Cells from the facultative
autotrophic strainbhad a much lower density than the other
strains suggesting the potential of this centrifugation

method in separating these two groups of T. ferrooxidans

strains.

A commensal relationship exists between T. ferrooxidans

and the heterotrophic bacteria in that the acidophilic
heterotrophs live on organic by-products released by

T. ferrooxidans. T. ferrooxidans appears to be

unaffected by this close association.

The present study shows that some of the T. ferrooxidans

strains isolated from the mining environment are obligate
autotrophs and some are facultative autotrophs which are
able to utilize glucose in the presence of iron. Further-

more many cultures of T. ferrooxidans are closely associated

with acidophilic heterotrophs.
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9k Liquid Medium

Solution A:

Solution B:

APPENDIX A

~

(NH,),SO

472774

kCl1

K2HP04

MgSO4.7H20
Ca(NO3)2

Distilled water

FeSO4.7H20

Distilled water

92

3,0 g
0,1 g
0,5 g
2 g
0,01 g

500m2e

45 g unless otherwise
specified

500 m¢

pH adjusted to 1.8 with H SO

2774

Solution A was sterilized by autoclaving and solution B was

filter sterilized.

The two solutions were mixed together

2774

when cool and the pH adjusted to 1.7 with . H,SO,.

9k Solid Medium

Solution A:

"Solution B:

FeSO4.7H20

Distilled water

As in 9%k liquid medium

45 g unless otherwise
specified

300 m¢g

PH adjusted to 1.8 with H.,SO:

2774



Solution C: Agar

Distilled water

Solutions A and C were sterilized by

.B was filter sterilized. Solutions

from the autoclave, allowed to cool for 10 min and

mixed.

pH was adjusted with HZSO4 and the mixtured poured

petri dishes,

Solution B was then added and mixed well.

16 g

200 m¢

autoclaving. Solution

A and C were remerd

then
The

into

Ferrous Tron Solid Medium (Tuovinen & Kelly, 1973)

Solution A: KZHPO4

4.7H20
(NH4)ZSO

MgSO

4

Distilled water

FeSO4.7ﬁZO

Distilled water

Solution B:

pPH adjusted to 1.8

Solution C: Agar

Distilled water

Solutions A and C were sterilized by

10 min after being removed from the autoclave.

was then added and mixed well.

0,8 g
0,8 g

0,8 g

- 400 mg

66,6 g
300 mg
with HZSO4
7,0 g

300 mge

autoclaving and mixed

Solution B



FeG (Iron-glucose) Liquid Medium

Solution A: (NH4)2SO4

MgSO4.7H 0

2
KH2PO4

Distilled water

Solution B: Glucose

Yeast extract

Distilled water

Solution C: FeSO4.7H20

Distilled water

Solutions A and B were autoclaved separately.

2 g
0,04 g
0,01 g
400 me
549
0,1 g
300 mg
20 g
7300 me

They were

éllowed to cool for 10 min at room temperature and then

mixed well. Solution C was filter sterilized and then

added to the previous mixture.

1.7 with HZSO4.

FeG (Iron-Glucose) Solid Medium

~

Solution A: As in FeG liquid medium
Solution B: As in FeG liquid medium

Agar 20 g
Solution C: As in FeG liquid medium

The pH was adjusted to

Solutions A, B and C were sterilized and mixed as in FeG

liquid medium and the mixture poured into petri dishes.
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GYE (Glucose) Liquid Medium

Solution A: (NH4)SO4 2 g
MgS0, . 7H,0 0,04 g
KH, PO, 0,01 g
Distilled water 700 mg

Solution B: Glucose 5 g
Yeast extract 0,1 g
Distilled water 300 me

Solutions A and B were autoclaved separately. They were

allowed to cool for 10 min at room temperature and then

mixed well. The pH was adjusted to 2.0 with HZSO4'

GYE (Glucose) Solid Medium

Solution A: As in GYE liquid medium
Solution B: As in GYE liquid medium
Agar 20 g

Solutions A and B were autoclaved separately then mixed

and plates poured.

ISP (Iron-salts-purified agar) Medium

Solution A: (NH4)SO4 6,0 g
KC1 : 0,2 g
MgSO, .7H,0 1,0 g

4 2



Solution B:

Solution C:

Solutions A and C

temperature after

Ca(NO3)2 0,02 g
Distilled water 550 mg
The pH was adjusted to 3.0 and the solu-

tion autoclaved at 121°C for 15 min.

FeSO4.7H20 33,4 g
Distilled water 300 mg
The pH was adjusted to 2.5 with HZSO4 and

the solution was filter ste;ilized.

Agar 7,0 g
Distilled water - 150 m2
The mixture was soaked for 15 min and

autoclaved at 121°C for 15 min.

were allowed to cool for 10 min at room

autoclaving. Solution A was then added

to solution C with gentle mixing. Solution B was then

added and mixed well. The mixture was poured into petri

dishes.

Tryptone-Glucose-Yeast Extract Liquid Medium

Tryptone
Glucose

Yeast extract

5,0 g
1,0 g

2,5 g

Distilled water 1 000 me
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APPENDIX B

BUFFERS AND SOLUTIONS

Phosphate Buffer (0.5M)

Solution A: NaH2P04.7H20 15,601 g
Distilled water 200 m2

Solution B: NaZHPO4 | 14,196 g
Distilled water 100 m2

Solution A (200 mg) and solution B (100 m¢) were mixed to

give a final pH of 5.70.

SET Buffer
Tris (50 mM) 0,6057 g
EDTA (2mM) 0,0745 g
Sucrose 25 g
Distilled water 100 me

pH adjusted to 8.0 with HC1

Tris—-HCl1l Buffer (0.2 M)

Solution A: Tris (0.2 M) 0.6057 g
Distilled water 25 m¢
Solution B: HC1 (0.1 N) 30 mg

Solution A and solution B were mixed and diluted to 100 m4e

to give a final pH of 7.9.



o8

Tris-HC1l Buffer (1M)

Tris (1M) 12,114 g
Distilled water 100 mg

pH adjusted to 8.4 with concentrated HC1

TE Buffer (10 mM)

Tris (10 mM) 0,1211 g
EDTA (1 mM) 0,0372 g
Distilled water "~ 100 mg

pPH adjusted to 8.0 with concentrated HC1

SSC (0.1X)
NaCl (0.015 M) 0,8766 g
Trisodium citrate 0,4412 g
Distilled water 1000 mg

pH adjusted. to 7.0

Cuprous Iodide Catalyst

CuSO4 (1N) in Distilled water 1 me

- KI (10% w/v) in Distilled water 3 mg
‘HZSO4'(5% v/v) in Distilled water 1 m2
Starch (1% w/v) in Distilled water 2 drops

i

This solution was titrated with Na25203 solution (as below)

until blue colour disappears. When the precipitate has
settled the supernatent is poured off and 20 m¢ HZO added

and the solution well mixed. The clear solution is then

decanted off and 20 m¢ H,0 added. The solution is shaken

before use.-.



Sodium Diphenylamine Sulphonate Indicator

Barium diphenylamine sulphonate 0,32 g

Concentrated HZSO4 ‘ \ 1 me

Distilled water . 100 me
First the water was added to the sulphonate, then the
acid. When the barium sulphonate had settled the clear

reagent was decanted off and used.

Standard Potassium Dichromate solution

1

KZCR207 . 4,39 g

Distilled water 1000 m¢

Starch Indicator

Starch (1% w/v) in distilled water

H2504-H3PO4—H20 Mixture

Distilled water 700 me

H PO, (85% v/v) 150 me

Concentrated stO4 ' 150 me
Na25203

Na,S,05.5H,0 (0.05 N) : 12,409 g

Distilled water 1000 mg
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Ferrous (Fe2+) Iron Titration (Vogel, 1961, p.309)

To 5 m2 of sample, 15 me of HZSO4.H3PO4.H20 mixture was
added as well as 6-8 drops of sodium diphenylamine sulpho-
nate indicator. The solution was titrated with standard

potassium dichromate solution to purple end point.

Ferric (Fe3+) Iron Titration (Vogel, 1961, p.372)

To 5 m2 of sample were added 1 m2 5% H,SO 1 mg2 Cuprous

4'!

'. iodide catalyst suspension and a few crystals of potassium

iodide. The mixture was titrated with 0.05 N Na28203
until a pale straw vellow colour. ‘Starch indicator was
added (2-3 drops) and the solution titrated further until

clear colour for at least 30-45 secs.
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APPENDIX C

CHEMICALS

Bovine serum albumin (BSA) (5 x crystallized) - Miles

Laboratories, Goodwood, SA.
Coomassie Brilliant Blue G-250-Sigma Chemical Co.

Density Gradient Marker Beads - Pharmacia Fine Chemicals,

Uppsala, Swedehf
Percoll - Pharmacia Fine Chemicals, Uppsala, Sweden.
Pronase E - Merck, Darmstadt
Ribonuclease A - Sigma Chemical Co.

Salmon Sperm DNA - Sigma Chemical Co.
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