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Industrial practice and the biology of leaching of metals from
ores
The 1997 Pan Labs Lecture
DE Rawlings

Department of Microbiology, University of Cape Town, Rondebosch, 7700, South Africa

Biomining processes have been used successfully on a commercial scale for the recovery of metals, the most
important of which are copper, uranium and gold. These processes are based on the activity of chemoautolitho-
trophic bacteria which are able to use either iron or sulfur as their energy source and which grow in highly acid
conditions. In general, low-rate dump and heap leaching processes are used for copper recovery while the biooxid-
ation of difficult-to-treat gold-bearing arsenopyrite ores is carried out commercially in highly aerated stirred tank
reactors. Because of the high levels of bacterial activity required, limitations in the growth rate of the micro-
organisms which were not apparent in low-rate processes have become an important factor. A key to the commer-
cialization of the gold-bearing arsenopyrite biooxidation process was the development of a rapidly-growing, arsenic-
resistant bacterial consortium. The empirical technique of mutation and selection in a continuous-flow system was
used to improve the ability of the bacteria to decompose the ore. This approach resulted in a dramatic initial
enhancement in growth rate but a plateau in improvement of performance has been reached. Further advances will
require a more direct approach based on an understanding of the underlying physiological mechanisms and an
application of the tools of molecular biology. Considerable advances have been made in our understanding of the
molecular biology of Thiobacillus ferrooxidans . However much less is known about the other biomining bacteria.
Recent studies using 16S rRNA analysis techniques have indicated that T. ferrooxidans may play a smaller role in
continuous flow stirred tank biomining processes than was previously thought.

Keywords: biomining; bioleaching; biooxidation; ore decomposition; Thiobacillus; Leptospirillum

Introduction

Research on biomining and the microbes involved in bio-
mining is a subject in which I have been involved for the
past 19 years. During that time the use of microbes in the
recovery of metals from ores has greatly expanded and one
of the aims of this report is to convince the reader that
biomining has become a very significant part of industrial
microbiology. Large scale copper bioleaching has been tak-
ing place for centuries using what may be considered to be
a low technology process, the irrigation of dumps [4]. Since
the early 1960s, the copper recovery process was made
more efficient by the construction and irrigation of specially
designed heaps [4,46]. Also in the 1960s, it was discovered
that uranium could be recovered by bioleaching, and indus-
trial scale uranium bioleaching was carried out by spraying
stope walls with acid mine drainage and thein situ irri-
gation of fractured underground ore deposits [29]. Then in
the 1980s, a process for the biooxidation of gold-bearing
arsenopyrite ores in highly aerated stirred tank reactors was
developed by Gencor, South Africa (now renamed Billiton)
[27,43]. With that process, biomining became a significant
part of the fermentation industry. An illustration of this is
that the biooxidation plant built at the Ashanti gold-fields
in Ghana [10] is currently (with the possible exception of
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some sewage treatment facilities), the largest fermentation
plant in the world. Today at least six commercial stirred-
tank gold-ore biooxidation plants operate in five countries
using highly controlled fermentation technology. Biomin-
ing has come of age as an important part of industrial
microbiology.

An aspect of biomining that has interested me is the fas-
cinating physiology of the microorganisms involved
[23,28]. The most important microbes are characterized by
their ability to grow chemolithotrophically using ferrous
iron or reduced sulfur compounds as an energy source.
Microorganisms with this ability are found in a large num-
ber of environments ranging from the mesophilic to the
hyperthermophilic and in water which varies from neutral
pH to highly acidic [31,32]. All current industrial bioleach-
ing or biooxidation processes are carried out at below 50°C,
using a consortium of mesophilic or moderately thermo-
philic iron and sulfur-oxidizing bacteria, at a pH of 1.6 or
less. With the exception of a single biooxidation plant [30],
currently operating commercial bioleaching plants operate
at 40°C or below.

Biomining bacteria

Mesophiles
The most important ‘players’ in biomining operations that
take place at less than 40°C are the bacteria,Thiobacillus
ferrooxidans, Leptospirillum ferrooxidans(Figure 1) and
Thiobacillus thiooxidans. These Gram-negative bacteria
have a physiology which is ideally suited for growth in
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Figure 1 A scanning electron microscope illustrating the typical spiral
shape of a strain of aLeptospirillum from the biooxidation tanks of the
Fairview mine (magnification approx. 20000×).

an inorganic mining environment [4,28,41]. They are all
obligately chemoautolithotrophic bacteria which obtain
their energy through the oxidation of ferrous to ferric iron
(T. ferrooxidansandL. ferrooxidans) or reduced inorganic
sulfur compounds to sulfate (T. ferrooxidans and T.
thiooxidans) [22]. The production of sulfate results in the
accumulation of sulfuric acid so that the pH of their
environment is typically pH 1.5–2.0 (or lower) and all of
the important biomining bacteria are obligately acidophilic.
A typical source of energy is the oxidation of a mineral
such as pyrite.

4FeS2 + 15O2 + 2H2O → 2Fe2(SO4)3 + 2H2SO4

Biomining bacteria are considered to be aerobic, although
in the absence of oxygen,T. ferrooxidansis able to grow
on reduced inorganic sulfur using ferric iron as an alternate
electron acceptor [47].T. ferrooxidanshas been shown to
fix atmospheric nitrogen and allT. ferrooxidansandL. fer-
rooxidans tested havenif genes [34,39]. Their unique
physiology means that biomining bacteria are able to grow
in what would appear to be very nutrient-poor solutions.
Aeration of a suitable ore in water is usually sufficient to
satisfy their essential growth requirements. Air provides the
carbon (CO2), nitrogen (N2) and electron acceptor (O2)
source, ore is the source of energy and water the growth
medium. Essential trace elements are provided as impurities
in the ore or water. The organisms are probably not capable
of fixing nitrogen when growing in an aerobic environment
so that when growing in highly aerated stirred tank reactors,
small amounts of inexpensive fertilizer-grade ammonium
sulfate and potassium phosphate are added to ensure that
sufficient nutrients are present. Biomining bacteria have
other advantages. They tolerate moderate to high levels of
many metal ions [48] and because few other organisms are
capable of growth in an inorganic low pH environment, it
is unnecessary to ensure the sterility of industrial processes
which employ these bacteria.

Moderate thermophiles
A number of bacteria are capable of oxidizing iron or sulfur
compounds at temperatures of between 45–55°C. These
include the Gram-negative bacterium,Thiobacillus caldus
[17] which is capable of oxidizing sulfur optimally at 45°C.
T. caldusstrains rapidly oxidize sulfur within the tempera-
ture range 35–50°C and occur in greater numbers in bioox-
idation plants thanT. thiooxidans(Gardner and Rawlings,
unpublished).T. caldusappears to be the moderately therm-
ophilic equivalent ofT. thiooxidans. A comparison of 16S
rRNA sequences fromT. caldusand T. thiooxidansindi-
cates that the two bacteria are phylogenetically closely
related [17]. In contrast to the mesophilic iron-oxidizing
bacteria, the iron-oxidizing moderate thermophiles are
more commonly Gram-positive spore-forming bacteria
belonging to the genusSulfobacillus [32]. Sulfobacillus
thermosulfidooxidanshas been reported to be the most
efficient iron-oxidizing moderate thermophile and its
growth and ability to oxidize iron is stimulated in the pres-
ence of yeast extract and carbon dioxide-enriched air [32].
Acidimicrobium ferrooxidansis a moderate thermophile
which grows well even in the absence of added carbon
dioxide, but its ability to oxidize iron is less thanSulfobac-
illus thermosulfidooxidanseven when grown in carbon
dioxide-enriched air. Mixed cultures of both bacteria are
efficient oxidizers of iron in the absence of added carbon
dioxide [32]. It has been suggested that the reason for this
is that Acidimicrobium is more efficient at fixing carbon
dioxide thanSulfobacillus thermosulfidooxidansand when
grown in mixed culture,Acidimicrobium secretes small
amounts of organic nutrients which are used by theSulfo-
bacillus. This enables theSulfobacillusto oxidize iron rap-
idly.

Current industrial processes

Although several minerals are amenable to commercial
scale bioleaching/biooxidation, currently only two metals
are recovered using this technology; these are copper and
gold. In the 1980s substantial amounts of uranium were
mined usingin situ bioleaching technology [29]. During
1988 approximately 300 tons of uranium with a value of
over US$ 25 million were recovered from a single mine
(Dennison mine, Lake Elliot district, Canada). However,
with the reduction in demand for uranium in more recent
years, this mine has stopped production.

Copper leaching
In terms of tonnage, copper is the most important metal to
be recovered by biomining [5]. Bioleaching of copper
involves the conversion of water-insoluble copper sulfides
to water-soluble copper sulfates. Copper-containing min-
erals such as chalcocite (Cu2S) or covellite (CuS) are
crushed, acidified with sulfuric acid and agglomerated in
rotating drums to bind fine material to coarser particles
[46]. The agglomerate is stacked in heaps onto lined pads
on which aeration piping may be placed. The stacked heaps
are irrigated with an iron-containing solution (usually
recycled spent leach liquor) through a second system of
pipes laid on or just below the heap surface (Figure 2).
Aeration may be enhanced by forcing air through the heap
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Figure 2 Irrigation of heaps of copper ore at a mine near Santiago, Chile.
The crushed ore is stacked on pads and sprayed with a raffinate leaching
solution (8 g sulfuric acid plus 0.3–0.5 g residual copper per L) through
a system of pipes and nozzles placed on top of the ore. (By kind per-
mission of EM Domic, Sociedad Minera Pudahuel Ltd, Santiago, Chile.)

from the bottom using low pressure fans. The solution per-
colates through the heap and bacteria growing on the sur-
face of the ore and in solution catalyze the release of cop-
per. Small amounts of inorganic nutrients in the form of
fertilizer grade ammonium sulfate and potassium phosphate
may aid microbial growth and copper dissolution. The fer-
ric iron generated by the bacteria plays an important role
in the production of copper sulfate.

FeSO4 + O2 + H2SO4 JJ→bacteria2 Fe2(SO4)3 + H2O

Cu2S + 1/2 O2 + H2SO4 JJ→bacteriaCuS+ CuSO4 + H2O

CuS+ 2 O2 JJ→bacteriaCuSO4

Cu2S + 2 Fe2(SO4)3 JJ→ 2 CuSO4 + 4 FeSO4 + S

CuS+ Fe2(SO4)3 JJ→ CuSO4 + 2 FeSO4 + S

The pregnant leach solution containing 1.5–6 g L−1 soluble
copper and up to 20 g L−1 iron is collected and sent to a
recovery plant. The most common methods for copper
recovery are by precipitation using iron filings
(cementation), electrowinning or solvent extraction fol-
lowed by electrowinning. The latter procedure produces the
highest grade of copper. The most important copper-pro-
ducing country in the world is Chile and the largest heap
bioleaching operations are located in that country. Copper
mines at Quebrada Blanca and Cerro Colorado use bio-
leaching to produce 75000 and 60000 metric tons of copper
per annum respectively [5].

Gold biooxidation
The potential of microbes to assist in the extraction of gold
from some recalcitrant ores was first realized in the early
1980s. Much of the credit for this belongs to the late Eric
Livesey-Goldblatt [27], who at the time was director of the
Gencor Process Research Laboratory in Krugersdorp, South
Africa. Gold is usually extracted from ores using cyanide.

Recalcitrant ores are those in which gold is encased in a
matrix of arsenopyrite/pyrite, so that even after fine milling,
the gold cannot be efficiently recovered. Pretreatment of
the ore is required to open up the molecular structure of
the ore which permits cyanide to make contact with and
extract the gold. Since the quantities of ore to be treated
are huge and most of the gold is present in a small
pyrite/arsenopyrite fraction, the ore is crushed and a gold-
bearing concentrate is prepared by flotation. Prior to 1986,
concentrate pretreatment processes were physico-chemical.
For example, the concentrate was roasted at 700°C in the
presence of oxygen or digested with acid under pressure in
an oxygen-enriched atmosphere (autoclaved). In contrast,
biomining bacteria decompose ores and concentrates at
atmospheric pressure and at temperatures which are closer
to ambient.

2 FeAsS (arsenopyrite)+ 7 O2 + H2SO4

+ 2 H2O JJ→bacteria2 H3AsO4 + Fe2(SO4)3

Without pretreatment, only 30–50% of the gold is reco-
vered depending on the concentrate, while after biooxid-
ation more than 95% of the gold is recoverable. Since gold-
bearing concentrates are valuable substrates relative to cop-
per, it is economically viable to carry out the pretreatment
biooxidation processes in efficient, aerated, temperature-
and pH-controlled vat-type fermenters. Unlike the bioleach-
ing of copper ores, where the copper is solubilized in the
biological process, the gold is not solubilized by microbial
action but a separate chemical process is required. Since
gold is not leached from the ores the term ‘biooxidation’
is used to describe the treatment of gold ores as opposed
to the term ‘bioleaching’. Bioleaching strictly applies only
to processes in which uranium and base metals such as cop-
per, nickel, zinc or lead are solubilized as a result of
microbial activity.

Development of the Biox process: Early experi-
ments on gold-biooxidation were carried out in a series of
three or four continuous-flow, aerated, stirred tank reactors
[44]. As these reactors are expensive to construct and oper-
ate, the rate of concentrate decomposition has an important
effect on the economics of the process. The initial processes
were very slow because unadapted cultures of biooxidation
bacteria were sensitive to the arsenic released from the
arsenopyrite. Concentrate was decomposed until the build-
up of arsenic inhibited further microbial activity. Arsenic
toxicity was reduced by the introduction of an arsenic pre-
cipitation step between each of the aerated reactors. This
process was unworkable and uneconomical. A retention
time of over 12 days was required for sufficient biooxid-
ation to allow more than 95% gold recovery. However, a
continuous flow process provides strong selection for
arsenic tolerance because slow growing cells were preferen-
tially washed out and the faster growing cells retained.
Over a period of 2 years the arsenic resistance of the cul-
tures increased from less than 1 g to over 13 g total arsenic
L−1. Largely because of this increase in arsenic resistance,
the retention time of concentrate in the reactors was
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reduced to 7 days. During 1986 the first full-scale continu-
ous biooxidation plant designed to treat 10 tons of gold-
bearing arsenopyrite concentrate per day was built at the
Fairview mine (Figure 3) in South Africa [50]. By 1989,
the growth rate of the bacteria had improved still further
so that the retention time had been reduced to 3.5 days.
At the same time the solid concentration in the liquor was
increased from 10 to 18% so that the same equipment could
be used to treat almost four times the amount of concentrate
per day as initially. This process which had been developed
by Gencor SA [10,50] was registered as the Biox process.
The Biox process has proved to be highly robust and since
1990, plants using Biox technology were commissioned at
Sao Bento, Brazil (150 tons day−1); Harbour Lights (40 tons
day−1) and Wiluna (115 tons day−1) both in Western Aus-
tralia and Sansu, Ghana (1000 tons day−1). The latter plant
consists of 24 1000 m3 aeration tanks and is the largest
fermentation plant in the world. A typical Biox plant oper-
ates at 40°C and a considerable amount of energy for coo-
ling is required to maintain the process at this temperature.

The BacTech process: An alternative to the Biox
process was developed by BacTech (Australia). In 1994 a
plant using this BACOX technology was constructed to
treat 120 tons of gold-bearing concentrate per day at the
Yuoanmi mine, Western Australia [30]. The BacTech and
Biox processes use similar highly aerated stirred tank reac-
tors with the major difference being that the BacTech pro-
cess is operated at close to 50°C. As a result biooxidation
of the concentrate is carried out by moderately thermophilic
bacteria, although the exact composition of the bacterial
population is unclear [14]. Like the Biox process, the
BACOX process has been reported to be highly robust and
has the advantage that less cooling is required. A disadvan-
tage is that the solubility of oxygen and carbon dioxide is
lower at the higher temperatures.

Use of heaps to treat gold-bearing ores: A process
in which a gold-bearing concentrate is treated in a heap

Figure 3 A photograph of the first production-scale biooxidation plant
for the treatment of gold-bearing arsenopyrite ore. The plant was com-
missioned at the Fairview mine, Barberton, South Africa and was orig-
inally designed to treat 30% of the mine’s production. In 1991 this demon-
stration plant was extended to treat the full production of approximately
40 tons of concentrate per day. (By kind permission of Gencor Ltd,
Johannesburg, South Africa.)

rather than a tank reactor has recently been reported. In this
process (developed by Geobiotics, Hayward, CA, USA),
the concentrate is agglomerated onto a support rock which
is then stacked on a pad, inoculated with microorganisms
and irrigated [52]. Air is blown through the stack and after
a period the partly oxidized material is removed for gold
recovery.

Advantages and disadvantages of biooxidation: A
major advantage of biooxidation is that relatively little of
the ore needs to be decomposed to allow near complete
gold recovery. The gold particles create a weakness in the
pyrite/arsenopyrite crystal lattice and biooxidation takes
place preferentially in these areas of weakness [9]. Capital
costs for biooxidation have been reported to be about 2-
fold lower than roasting or pressure oxidation and operating
costs are also lower [10]. Waste disposal following biooxid-
ation is comparatively easy. The pH of the ferric arsenate
effluents is raised to above pH 5 with lime. This precipitates
arsenic as FeAsO4 which is almost insoluble (,0.2 mg L−1

arsenic) and may be disposed of to a tailings dam [10].
Biooxidation of gold-bearing ores has proved to be a
remarkably reliable process. Early concerns about the
possibility of phage infection and process instability were
unfounded. A major drawback of the biooxidation com-
pared with the physico-chemical pretreatment processes is
that in many cases the consumption of cyanide in the sub-
sequent gold-recovery process is considerably higher fol-
lowing biooxidation.

Development of genetic systems for biomining
bacteria
There are several challenges in the development of genetic
systems for the highly acidophilic, obligately autotrophic
bacteria involved in biomining. These are suitable cloning
vectors, selectable markers and methods for getting DNA
into the cells.

Plasmids: Because of their unique physiology and
specialized ecological niche, there was a concern that these
bacteria may have been genetically isolated from the more
commonly studied bacteria for which cloning vectors are
available. As a result, replicons from plasmids considered
to be broad-host-range might not have been functional in
these bacteria. Early studies concentrated on the use of
indigenous plasmids (which are widespread in the
thiobacilli) as cloning vectors. SeveralT. ferrooxidansplas-
mids have been cloned and some completely or partially
sequenced (see Reference 42 for a review). In general,T.
ferrooxidans plasmids have replicons that are closely
related to those of more commonly studied bacteria [12]
and the broad-host-range plasmid replicons that have been
tested inT. ferrooxidansandT. thiooxidanshave been func-
tional [19,36]. Mobilization functions ofT. ferrooxidans
plasmids are likewise related to those of plasmids of hospi-
tal bacteria isolates [13,42]. There are no reports on the
frequency of plasmid occurrence in the leptospirilli and no
broad-host-range plasmids have been tested in these bac-
teria.

Heterologous gene expression and selectable
markers: It was not initially known whether genes
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from other bacteria would be expressed in the autotrophic
thiobacilli or which genetic markers would be suitable.
Phylogenetic studies based on 16S rRNA [26], RecA [21],
and ATP synthase sequence data [7] have indicated thatT.
ferrooxidansis closely related to bacteria likeE. coli, more
so than might be expected given the differences in their
physiology. Gene expression studies ofT. ferrooxidans
genes cloned inE. coli have confirmed that the majority of
housekeeping genes fromT. ferrooxidansthat have been
tested complement correspondingE. coli mutants (see Ref-
erence 42 for a review). In one study the transcription start
of the clonedT. ferrooxidansthioredoxin (trxA) gene inE.
coli was found to be identical to the start of the same gene
in T. ferrooxidans[38]. No complementation or chromo-
somal gene expression studies have been reported with
eitherT. thiooxidansor members of the genusLeptospiril-
lum.

There are strong indications that expression of heterolog-
ous genes inT. ferrooxidansandT. thiooxidansshould not
be difficult. In spite of this, finding suitable selectable mar-
kers for the genetic manipulation ofT. ferrooxidansandT.
thiooxidans has been problematic. One reason for this
would appear to be that the low pH produced (when grow-
ing on sulfur media) and presence of metal ions (when
growing on iron media) result in the inactivation of most
antibiotics. Another is that the bacteria are slow growing
and the antibiotic becomes inactive during the 10–14 day
incubation period before colonies appear. Kanamycin is the
only selectable marker that has been successfully used on
sulfur [19,36] and mercury resistance has been used on iron
media [24]. However, selection for mercury resistance was
not completely effective and only about 50% of the colon-
ies that grew on mercury plates possessed the gene for the
selected marker. Presumably the long incubation period
allowed for the non-biological reduction in mercury tox-
icity. Clearly, the choice of selectable markers is less than
satisfactory. No selectable markers for use with the lepto-
spirilli have been identified.

Gene delivery systems: Gene delivery systems have
been reported for only two of the bacteria involved in bio-
leaching,T. ferrooxidansand T. thiooxidans. After many
unsuccessful attempts to transformT. ferrooxidansby con-
jugation either directly fromE. coli or via a less acidophilic
facultatively heterotrophicThiobacillus intermediate, the
first report of success in transformation of the bacterium
was by electroporation [24]. More than 30 isolates ofT.
ferrooxidanswere tested, only one of which was success-
fully transformed at a very low frequency using a mercury
resistance marker. After many years work in several labora-
tories the transformation of bothT. ferrooxidans[36] and
T. thiooxidans[19] by conjugation directly fromE. coli
at a low frequency was eventually achieved. IncP or IncQ
plasmids were used with kanamycin as the selective marker
on solid media with a rather high initial pH of 4.6–4.8. The
high plate pH was almost certainly the secret of success
as the mating frequency fromE. coli and the stability of
kanamycin decrease rapidly with pH. No experiments on
the transformation of leptospirilli have been reported. Since
leptospirilli will only grow on iron media at a very low pH,

conjugation directly fromE. coli is unlikely to be success-
ful and electroporation is the most promising option.

Molecular studies of unique aspects of the
physiology of biomining bacteria
An investigation into the molecular genetics and biochem-
istry of the systems associated with the ability of biomining
bacteria to oxidize iron and sulfur in a highly acidic
environment has yielded interesting findings [1–3,8,53].
These are also the properties of the bacteria that make them
valuable from a commercial viewpoint. Since DNA probes
for these genes or defined mutants lacking them were
unavailable, these studies have been highly challenging. In
spite of this, a considerable amount of success has been
achieved in an investigation of the iron oxidation system
of T. ferrooxidans. Most if not all of the components com-
prising the iron oxidation electron transport chain have
been identified although the exact role of each component
remains to be settled [53]. For example, the extensively
studied small copper protein rusticyanin is considered to
form part of the electron transport chain but recently it was
reported that the aporusticyanin acts as specific receptor
which stimulates the adhesion of the bacterium to pyrite
[35]. Several of the genes involved in iron oxidation have
been cloned and sequenced [1,25,42,53]. A particularly
interesting finding was that the ability to oxidize iron may
have evolved independently on more than one occasion
[2,3] since there seems to be very little in common between
the components of the iron oxidation systems ofT. ferroox-
idans, L. ferrooxidansand some of the moderately thermo-
philic iron-oxidizing bacteria.

Organisms in Biox tanks and heap reactors
For many yearsT. ferrooxidanswas thought to dominate
the microbial population in stirred tank and heap reactors
that operate at 40°C or less. However, several recent find-
ings have led researchers to re-evaluate the role ofT. fer-
rooxidans in bioleaching/biooxidation processes. Because
of their sensitivity to organic matter including the free
sugars present in or released from agar [49], considerable
difficulties have been experienced in growing bacteria on
plates. Some success has been achieved using heterotrophic
acidophilic bacteria (which are frequently found growing
in close association with the autotrophic iron and sulfur
oxidizers) to mop up free sugars [20]. A breakthrough in
investigating the ecology of biomining processes was achi-
eved by the application of the now widely used techniques
of polymerase chain reaction (PCR) amplification of 16S
rRNA genes from total DNA extracted from environmental
samples. This has allowed an analysis of the composition
of the bacteria in stirred tank reactors in a manner that does
not require growth of the bacteria in a laboratory
[15,40,51]. Sequences of 16S rRNAs are available for most
of the bacteria commonly found in biomining environments
[26]. Using this technology, several workers have reported
that T. ferrooxidansoccurs in very low numbers in stirred
tank reactors and that the population of bacteria is domi-
nated byLeptospirillum, T. thiooxidans[15,16,40] or T.
caldus(unpublished). Using similar techniques to measure
species-dependent 16S and 23S rDNA intergenic spacing,
the near absence ofT. ferrooxidansand dominance ofLep-
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tospirillum and T. thiooxidanshas also been reported in
copper heap leaching environments, operating in conditions
of high acidity (pH 0.7) [51].T. ferrooxidanshas however
been reported to be dominant during the heap leaching of
copper ores to which ferrous iron had been added [37] and
is frequently the dominant bacterium in the drainage from
mining wastes [45].

An important question is why researchers believed that
T. ferrooxidanswas the dominant bacterium in stirred tank
reactors for so long. Part of the answer is that when samples
from biooxidation tanks were grown on soluble iron media
in batch culture,T. ferrooxidansoutgrew its iron-oxidizing
competitors and dominated the population. This is because
in batch cultureT. ferrooxidanshas a faster growth rate on
iron than doesLeptospirillum[18]. However, the ability of
T. ferrooxidansto oxidize ferrous iron is severely inhibited
by the presence of ferric iron whereas the iron-oxidizing
ability of Leptospirillum is relatively unaffected [33]. In
continuous flow stirred tank reactors, ferric iron is always
present at high levels relative to ferrous iron and growth of
T. ferrooxidansis inhibited. However when samples from
biooxidation tanks are placed in iron media and grown in
batch culture, there is no ferric iron present at the start of
growth and the fewT. ferrooxidanscells present are able
to outcompete the leptospirilli and dominate the population.
Other reasons for the dominance ofLeptospirillum is that
these bacteria are somewhat more tolerant of temperatures
as high as 40°C and pH values of 1.4–1.6 thanT. ferrooxid-
ans [33].

The future

Biomining is set to expand into the recovery of other base
metal sulfides such as those of nickel, cobalt and zinc. The
Billiton Company (UK) has registered a process for the
recovery of nickel from metal sulfide concentrates called
BioNIC [11] and a cobalt recovery plant is due to be com-
missioned by the Kasese Cobalt Company in Uganda in
1999 [6]. Both of these processes use stirred tank bioreac-
tors and huge reactors of 1380 m3 have been designed for
the Kasese site. There is much potential for the recovery
of copper from ores such as chalcopyrite which it is unec-
onomic to treat biologically at present. Bioleaching is a
combination of chemical solubilization and microbial
activity to regenerate the chemicals. The solubilization of
copper from chalcopyrite is temperature-dependent and
intensive research is currently being carried out to develop
processes which operate at above 65°C. Such processes
would require the use of hyperthermophilic iron and sulfur-
oxidizers. Biomining has clearly become a significant part
of industrial microbiology and its application is likely to
further increase still further during the coming century.
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