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THE BACTERIA,

BIOLOGY AND BIOTECHNOLOGY

OF BIOMINING

Microbes have been involved in the formation and
decomposition of minerals in the earth’s crust since
geologically ancient times. Mining operations have
benefited from the activities of such microbes,
especially from the ability of sorme bacteria to leach
metals from insoluble ores. As early as 1000 BC
mine workers in Mediterranean countries recoverad
copper that was leached into mine drainage waters
by bacteria, although they would not have been
aware that microbes were involved. Romans in the
first century, Welsh in the 16th century (Figure 1)
and the Spanish who worked the Rio Tinto mine in
the 18th century almost certainly used microbial
leaching for extracting metals.

Figure 1.
bicleaching was used for centuries.

the foreground.

Research on biomining and the microbes
involved in biomining is a field in which | have been
involved for the past 19 years. During this time the
use of microbes in the recovery of metals from ores
has been extended to the point where biomining has
become a very significant part of industrial microbi-
ology. Large-scale copper bioleaching takes place
by using what may be considered to be a low-tech-
nology process, the irrigation of dumps (Brierley,
1982). Since the early 1960s the copper recovery

Site of the now disused Parys copper mine, where
The mine is located on
the island of Angelsey, North Wales. Dr Barrie Johnson is in

process has been made more efficient by the con-
struction and irrigation of specially designed heaps
(Brierley 1982, Schnell, 1987). Also in the 1960s it
was discovered that uranium could be recovered by
bioleaching and industrial-scale uranium bicleaching
was carned out by spraying stope walls with acid
mine drainage and by the in situ irrigation of frac-
tured underground ore deposits (Mc Cready and
Gould, 1990). Then in the 1980s a process for the
biooxidation of gold-bearing arsencpyrite ores in
highly aerated stirred-tank reactors was developed
by Genceor, South Africa {(now sold to Billiton) (Live-
sey-Goldblatt et af, 1983). With that process, bio-
mining 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 (Dew et af, 1997) is cur-
rently the largest fermentation plant in the
world (with the possible excaeption of some
sewage treatment facilities). Today at least
six commercial stirred-tank gold-ore biooxi-
dation plants operate in five countries
using highly controlled fermentation tech-
nology. Biomining has come of age as an
important part of industrial microbiology.

An aspect of biomining that has inter-
ested me is the fascinating physiology of
the microorganisms involved (Kelly ef al,
1979; Lundgren and Silver, 1980; Rawlings,
1997). The most important microbes are
characterised by their ability 1o grow
chemolithotrophically using ferrous iron ar
reduced sulfur compounds as an energy
source. Microorganisms with this ability
are found in a large number of environ-
ments ranging from the mesophilic to the hyper-
thermophilic and in water which varies from neutral
pH to highly acidic (Norris, 1990; MNorris, 1937). All
current industrial bicleaching or biooxidation proces-
ses are carried out at below 50°C, using a consor-
tium of mesophilic or moderately thermophilic iron
and sulfur-oxidising bacteria, at a pH of 1.6 or less.
With the exception of a single biooxidation plant
(Miller, 1997), currently operating commercial bio-
leaching plants function at 40°C or below.
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Figure 2. An electron micrograph of rod-shaped

bacteria belenging to the genus Thiobacillus
among particles of crushed ore. The iron- and
sulfur-oxidising bacteria Thicbacillus ferrooxi-
dans and the strictly sulfur-oxidising bacteria
Thiobacillus thicoxidans look very similar to each
other and it is not possible to tell them apart frem
this photograph.

BIOMINING BACTERIA
Mesophiles

The most important "players” in biomining opera-
tions that take place at less than 40°C are the bacte-
ria, Thiobacillus ferrooxidans, Leptospirllum ferro-
oxidans and Thiobacillus thiooxidans (Figure 2).
These Gram-negative bacteria have a physiology
which is ideally suited for growth in an inorganic
mining ervironmeant (Lundgren, 1980; Rawlings,
1997). They are all obligately chemoautolithotrophic
bacteria which obtain their energy through the oxi-
dation of ferrous to ferric iron (T, ferrooxidans and L.
ferrooxidans) or reduced inorganic sulfur com-
pounds to sulfate | T, ferrooxidans and T, thicoxidans)
{Kelly and Harrison, 1983}). The production of sulfate
results in the accumulation of sulfuric acid so that
the pH of their environmeant is typically pH 1.5 -2.0
lor lowwer) and all of the important biomining bacteria
are obligately acidophilic. A typical source of energy
is the oxidation of a mineral such as pyrite,

d FESE + 15 D"? + 2 HECI_+2 Fe!t504}3 + 2 stoq_

Biomining bacteria are considered to be aerobic,
although in the absence of oxygen T. ferrooxidans is
able to grow on reduced inorganic sulfur using ferric
iron as an alternate electron acceptor (Sugio et al,
1985). T. ferrooxidans has been shown to fix atmos-
pheric nitrogen and all T. ferrooxidans and L. ferrooxi-
dans tested have nif genes (Morris et af, 1995; Prato-
rius ef al, 1986). Their unique physiology means that
biomining bacteria are able to grow in what would ap-
pear to be very nutrient-poor solutions. Aeration of a

air

pH1.5-2.0

4FeS,+ 150,+ 2H,0—+2Fe,(SO,),+ 2H,S0,

Thiobacilius ferrooxidans Feand S
Thiohacillus thiooxidans S only
Thiohacilius caldus S only
Leptospirilium ferrooxidans Fe only

Figure 3. Biomining bacteria require remarkably
few nutrients for growth. Air, water, trace ele-
ments and an iron- or sulphide-containing ore are
sufficient.

suitable ore in water is usually sufficient to satisfy
their essential growth requirements. Air provides the
carbon (CO,), nitrogen (M,) and electron acceptor (O;)
source, ore is the source of energy and water the
growth medium. Essential trace elements are provi-
ded as impurities in the ore or water (Figure 3). The
organisms are probably not capable of fixing nitrogen
when growing in an aerobic environment. So when
they are growing in highly aerated stirred-tank reac-
tors, small amounts of inexpensive fertiliser-grade
ammonium sulfate and potassium phosphate are
added to ensure that sufficient nutrients are present.
Biomining bacteria have other advantages. They tol
erate moderate to high levels of many metal ions
{Tuovinen et al, 1971} and because few other organ-
isms are capable of growth in an inorganic low-pH
environment, it is unnecessary to ensure the sterility
of indusirial processes which employ these bacteria.

Moderate thermophiles

A number of bacteria are capable of oxidising iron
or sulfur compounds at temperatures of between 45-
558°C. These include the Gram-negative bacterum,
Thiobacilius caldus (Hallberg and Lindstrom, 1924},
which is capable of oxidising sulfur optimally at 45°C.
T. caldus strains rapidly oxidise sulfur within the tem-
perature range 35-50°C and occur in greater numbers
in biooxidation plants than T. thiooxidans (Gardher and
Rawlings, unpublished). T caldus appears 1o be the
moderately thermophilic equivalent of T. thivoxidans.
A comparison of 165 rRMNA sequences from T caldus
and T. thicoxidans indicates that the two bacteria are
phylogenetically closely related (Hallberg and Lind-



strom, 1994). In contrast to the mesophilic iron-oxidi-
sing bacteria, the iron-oxidising moderate thermophi-
les are more commonly Gram-positive spore-forming
bacteria belonging to the genus Sulfobacillus (Norris,
1997). Sulfobacillus thermosulfidooxidans has been
reported to be the most efficient iron-oxidising mode-
rate thermophile and its growth and ahility to oxidise
iron is stimulated in the presence of yeast extract anc
carbon dioxide-enriched air.  Acidimicrobium ferrooxi-
dans is a moderate thermophile which grows well,
even in the absence of added carbon dioxide, but its
ability to oxidise iron is less than Sulfobacillus thermo-
sulfidooxidans, even when grown in carbon dioxide-
enriched air. Mixed cultures of both bacteria are effi-
cient oxidisers of iron in the absence of added carbon
dioxide (Norris, 1997). It has been suggested that the
reason for this is that Acidimicrobium is more efficient
at fixing carbon dioxide than Sulfobaciilus thermosulfi-
dooxidans and when it is grown in mixed culture, Aci-
dirmicrobium secretes small amounts of organic nu-
trients which are used by the Sulfobacilius. This en-
ables the Sulfobaciiius to oxidise iron rapidly.

CURRENT INDUSTRIAL
PROCESSES

Although several minerals are amenable to commer-
cial-scale bicleaching/biooxidation, currently only two
metals are recovered using this technology; these
are copper and gold Rawlings and Silver 1888). In
the 1980s substantial amounts of uranium were
mined using in situ bioleaching technology (Me-
Cready and Gould, 1990). During 1988 approximate-
Iy 300 tons of uranium with a value of over US$25
million was recoverad from a single mine (Dennison
mine, Lake Elliot district, Canada). However, with the
reduction in demand for uranium in recent years, this
mine has stopped production.

COPPER BIOLEACHING

In terms of fonnages copper is the most important
metal to be recovered by biomining (Brierley, 1997),
Bioleaching of copper involves the conwversion of
waterHnsoluble copper sulfides to water-soluble cop-
per sulfates. Copper-containing minerals such as chal-
cocite (Cu,S) or covellite (CuS) are crushed, acidified
with sulfuric acid and agglomerated in rotating drums
to bind fine material to coarser particles (Schnell,
1957). 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. Aeration may be enhanced by forcing air
through the heap from the bottom using low-pressure
fans. The solution percolates through the heap and
bacteria growing on the surface of the ore and in solu-
tion catalyse the release of copper. Small amounts of
inorganic nutrients in the form of fertilisergrade
ammaonium sulfate and potassium phosphate may aid
microbial growth and copper dissolution. The ferric
iron generated by the bacteria plays an important role
in the production of copper sulfate.

2 FeSO, + 1/2 0, + H,S0, 0 o Fey(SO, + H,0
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CuS+20, bocerin . CuS0O,
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The pregnant leach solution containing 1.5 to & g/l
soluble copper and up to 20 gfl iron is collected and
sent to a recovery plant. The most common methods
for copper recovery are by means of precipitation
using iron filings (cementation), electrowinning or sok
vent extraction followed by electrowinning. The latter
procedure produces the highest grade of copper. The
most important copperproducing country in the
wiorld is Chile and the largest heap bioleaching opera-
tions are located in that country. Copper mines at
Quebrada Blanca (Figure 4) and Cerro Colorade use
bicleaching 1o produce 75,000 and 60,000 metric tons
of copper per annum respectively (Brierlay, 1997).

The copper mine at Quebrada Blanca,
Maorthern Chile, where copper is leached from ore
by irrigating crushed ore that has been stacked on
pads. The ore is sprayed with a raffinate leaching
solution {8 g sulfuric acid plus 0.3-0.5 g residual
copper par |) through a system of pipes and noz-

Figure 4.

zles placed on top of the ore. The bacteria grow
on the surface of the crushed ore where they
assist in the conversion of inseluble copper sul-
fides to soluble capper sulfate.
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Figure 5. Steps required to prepare gold-bear-
ing arsenopyrite oras for gold recovery, A con-
centrate is prepared to reduce the tonnage of ore
required to be treated. This concentrate contains
essentially all of the gold. Prior to 1986, roasting
or pressure leaching were used as pretreatment
processes, but since 1990 bicoxidation has al-
most entirely displaced these technologies.

GOLD BIOOXIDATION

The potential of microbes to assist in the extraction
of gold from some recalcitrant ares was first realized
in the early 1980s. Much of the credit for this
belongs to the late Eric Livesey-Goldblatt, who at
the time was director of the Gencor Process Re-
search 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 guantities 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 (Figure
5). Prior to 1986 concentrate pretreatment process-
es were physico-chemical. For example, the con-
centrate was roasted at 700°C in the presence of
oxygen or digested with acid under pressure in an
oxygan-enriched atmosphere (autoclaved), In con-
trast, biomining bacteria decompose ores and con-
centrates at atmospheric pressure and at tempera-
tures that are closer to ambient.

2 FeAss (arsenopyrite} + 7 0, + H,S0, + 2 H,0
bectera 2 HLASO, + Fe,(SO,),

Without pretreatrment, only 30-50% of the gold is
recovered depending on the concentrate, while after
bicoxidation more than 95% of the gold is recover-
able. Since gold-bearing concentrates are valuable

substrates relative to copper, it is economically
viable to carry out the pretreatment hiooxidation pro-
cesses in efficient, aerated, temperature- and pH-
controlled vat-type fermenters. Unlike the bioleach-
ing of copper ores, where the copper is solubilised
in the biclogical process, the gold is not solubilised
by microbial action, but a separate chemical process
is reguired. Since gold is not leached from the ores,
the term 'hiooxidation’ is used to describe the treat-
ment of gold ores as opposed to the term ‘bioleach-
ing'. Bioleaching strictly refers only to processes in
which uranium and base metals such as copper,
nickel, zinc or lead are solubilised as a result of
microbial activity.

Development of the Biox process
Early experiments on gold-biooxidation were car-
ried out in a series of three or four continuous-flow,
aarated, stirred-tank reactors {Rawlings and Woods,
1995). As these reactors are expensive to construct
and operate, the rate of concentrate decomposition
has an important effect on the economics of the
process. The initial processes were very slow be-
cause unadapted cultures of bicoxidation bacteria
were sensitive to the arsenic released from the arse-
nopyrite. Concentrate was decomposed until the
build up of arsenic inhibited further microbial activity.
Arsenic toxicity was reduced by the introduction of
an arsenic precipitation step between each of the
aerated reactors. This process was unworkable and
unaconomical. A retention time of over 12 days was
required for sufficient biooxidation to allow more
than 95% gold recovery. However, a continuous-
flow process provides strong selection for arsenic
tolerance because slow-growing cells were prefer-
entially washed out and the faster growing cells
retained. Over a period of two years the arsenic re-
sistance of the cultures increased from lessthan 1 g
to over 13 g total arsenic/l. Largely because of this
increase in arsenic resistance, the retention time of
concentrate in the reactors was reduced to 7 days.
During 1986 the first full-scale continuous hicoxida-
tion plant designed to treat 10 tons of gold-bearing
arsencpyrite concentrate per day was built at the
Fairview mine (Figure 6) in South Africa. By 1989
the growth rate of the bacteria had improved still fur-
ther so that the retention time was reduced to 3.5
days. At the same time the solid concentration in
the liguor 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 than for-
merly. This process, which had been developed by
Gencor SA (van Aswegen et al., 1991; Dew et al,
1997}, was registered as the Biox process. The Biox
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A photograph of the first production-
scale biooxidation plant for the treatment of gold-
bearing arsenopyrite ore. The plant was commis-

Figure 6.

sioned at the Fairview mine, Barberton, South
Africa and was originally designed to treat 30% of
the mine's production. In 1991 this demaonstra-
tion plant was extended to treat the full produc-
tion of approximately 40 tons of concentrate per
day.

process has proved to be highly robust and since
1990 plants using Biox technology have been com-
missioned at Sao Bento, Brazil (150 tons/day),
Harbour Lights (40 tonsfday) and Wiluna (115
tons/day), both in Western Australia, and Sansu,
Ghana (1000 tons/day). The latter plant consists of
mwenty-four 1000 m= aeration tanks and is the lar-
gest fermentation plant in the world. A typical Biox
plant operates at 40°C and a considerable amount of
energy for cooling is required to maintain the pro-
cess at this temperature.

Advantages and disadvantages of
biooxidation

A major advantage of bicoxidation is that rela-
tively little of the ore need be decomposed to allow
near complete gold recovery. The gold particles cre-
ate a weakness in the pyritefarsenopyrite crystal lat-
tice and bicoxidation takes place preferentially in
these areas of weakness (Claasen et al, 1933).
Capital costs for biooxidation have been reported to
be about 2-fold lower than roasting or pressure oxi-
dation, and operating costs are also lower (Dew et
al, 1997). Waste disposal following biooxidation is
comparatively easy. The pH of the ferric arsenate
effluents is raised to above pH 5 with lime. This pre-
cipitates arsenic as FeAsQ,, which is almost insolu-
ble (0.2 mg/ arsenic) and may be disposed of to a
tailings dam (Dew et al, 1997). Biooxidation of gold-
bearing ores has proved to be a remarkably reliable
process. Early concerns about the possibility of
phage infection and process instability proved to be
unfounded. A major drawback of the bicoxidation
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Figure 7. The basic requirements of a genetic
system for a bacterium like T. ferrooxidans are: 1)
a plasmid that will replicate in the organism to be
modified, 2) a gene encoding some desirable
property that will be expressed in the bacterium
and 3)a method for introducing the new DNA con-
struct into T. ferrooxidans.

compared with the physico-chemical pretreatment
processes is that in many cases the consumption of
cyanide in the subsequent gold-recovery process is
considerably higher following 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 genetic mar-
kers and methods for getting DNA into the cells
(Figure 7).

Plasmids

Because of their unique physiology and specia-
lised ecological niche, there was a concern that
these bacteria may have been genetically isolated
fram 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. Sewveral T. ferrooxidans plasmids
have been cloned and some completely or partially
sequenced (reviewed in Rawlings and Kusano,
1994). In general T. ferrooxidans plasmids have re-
plicons that are closely related to those of more




commenly studied bacteria (Dorrington and Raw-
lings, 1990} and the broad-host-range plasmid repli-
cons that have been tested in T ferrooxidans and
T thicoxidans have been functional Jin et &, 1992,
Peng et al., 1994}, Mobilisation functions of T. ferro-
oxidans plasmids are likewise related to those of
plasmids of hospital bacteria isolates {(Rawlings and
Kusano, 1994). There are no raports on the frequen-
cy of plasmid occurrence in the leptospirilli and no
broad-host-range plasmids have been tested in
these bacteria.

Heterologous gene expression and

selectable markers

It was not initially known whether genes from
other bacteria would be expressed in the autotroph-
ic thiobacilli or which genetic markers would be suit-
able. Phylogenetic studies based on 1685 rRNA
{Lane et al., 1992}, RecA (Karlin et al, 1995} and ATP
synthase seguence data (Brown and Rawlings,
1993) have indicated that T ferrooxidans is closely
related to bacteria such as E coll, more so than
might be expected given the differences in their
physiology. Gene expression studies of T ferro-
oxidans genes cloned in E. coli have confirmed that
the majority of housekeeping genes from T. ferro-
oxidans that have been tested complement corres-
ponding E. coli mutants (reviewed in Rawlings and
Kusano, 1994). In one study the transcription start
of the cloned T. ferrooxidans thioredoxin {trx4) gens
in E. coliwas found to be identical to the start of the
same gene in T. ferrooxidans (Powles et al., 1995).
Mo complementation or chromosomal gene expres-
sion studies have been reported for either T thioox-
igans or members of the genus Leptospirillum.

There are strong indications that expression of
hetarclogous genes in T ferrooxidans and T thioox/-
gans should not be difficult. In spite of this, finding
suitable selectable markers for the genatic manipu-
lation of T. farrooxidans and 7. thiooxidans has been
problematic. One reason for this would appear tc be
that the low pH produced (when growing on sulfur
media) and the presence of metal ions (when grow-
ing on iron madia) results in the inactivation of most
antibiotics.  Another is that the bacteria are slow
growing and the antibiotic becomes inactive during
the 10- to 14-day incubation period before colonies
appear.  Kanamycin is the only selectable marker
that has been successfully used on sulfur [Jin et al,
1992; Peng et al,, 1994) and mercury resistance has
been used on iron media (Kusang et al, 1882).
However, selection for mercury resistance was not
completely effective and only about 50% of the
colonies that greww on mercury plates possessed the

gene for the selected marker. Presumably the long
incubation period allowed for the non-biological re-
duction in mercury toxicity. Clearly, the choice of se-
lectable markers is less than satisfactory. Mo selec-
table markers for use with the leptospirilli have been
identified.

Gene delivery systems

Gene delivery systems have been reported for
only two of the bacteria involved in bicleaching,
T. ferrooxidans and T. thicoxidans. After many un-
successful attempts to transform T, ferrooxidans by
conjugation either directly from E. coli or via a less
acidophilic facultatively heterotrophic Thiobaciflus in-
termediate, the first report of success in transforma-
tion of the bacterium was by electroporation (Ku-
sano et al, 1992). More than 30 isclates of T. ferro-
oxidans were tested, only one of which was suc-
cessfully transformed at a very low freguency using
a mercury resistance marker. After many years
work in several laboratories the transformation of
both T. ferrooxidans (Peng et al, 1994) and T. thio-
oxidans (Jin et al, 1992) by conjugation directly from
E. coli at a low frequency was eventually achieved.
IncP or IncQ plasmids were used with kanamycin as
the selsctive 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 from E. coli and the stability of kanamycin
decreases 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 from E. coli is un-
likely to be successful and electroporation is the
most promising option.

ML EEULAR STLHRIES OF
UNIOQUE ASPECTS OF THE
PHYSIOLOGY OF BIOMINING
BACTERIA

An investigation into the molecular genetics and bio-
chemistry of the systems associated with the ability
of biomining bacteria to oxidise iron and sulfur in a
highly acidic environment has yielded interesting
findings [Appia-&yme et al,, 1997; Blake et al, 18992,
Blake et al., 1993; Cavazza and Bruschi, 1995; Yama-
naka and Fukumori, 1995). These ara also the prop-
erties of the bacteria that make them valuable from a
commercial viewpeint. Since DNA probes for these
genes or defined mutants lacking them were unavail-
able, these studies have been highly challenging. In



spite of this, considerable success has been
achieved in an investigation of the iron oxidation sys-
termn of T ferrooxidans. Most if not all of the compo-
nents comprising the iron oxidaticn electron trans-
port chain have been identified {Figure B, although
the exact role of each component remains to be set-
tled {Yamanaka and Fukumori, 1895). For example,
the extensively studied small copper protein rusticya-
nin is considered to form part of the electron trans-

port chain, but it was reported recently that the
aporusticyanin acts as specific recaptor which stimu-
lates the adhesion of the bacterium to pyrite (Oh-
rmura and Blake, 1997). Several of the genes invol-
ved in iron oxidation have been cloned and se-
guenced {Appia-fAyme et al, 1997; Rawlings and ku-
sano, 1984: Yamanaka and Fukumori, 1995). A par-
ticularly interesting finding was that the ability to oxi-
dise iron may have evelved independently on more
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than one cccasion (Blake et al, 1982, Blake et al,
1993), since there seems to be very little in common
between the components of the iron oxidation sys-
terns of T. ferrooxidans, L. ferrooxidans and some of
the moderately thermophilic iron-oxidising bacteria.

ORGANISMS IN BIO-
OXIDATION TANKS AND
HEAP REACTORS

Faor many years T. ferrooxidans was thought to
dominate the microbial population in stirred-tank and
heap reactors that operate at 40°C or less. How-
ever, several recent findings have led researchers to
re-evaluate the role of T ferrooxidans in bio-
leaching/biooxidation processes. Because of their
sensitivity to organic matter, including the free su-
gars present in or released from agar (Tuovinen et
al. 1971}, considerable difficulties have been expe-
rienced in growing bacteria on plates. Some suc-
cess has been achieved using heterotrophic acido-
philic bacteria twhich are frequently found growing
in close association with the autotrophic iron and
sulfur oxidisers) to mop up free sugars (Johnson and
McGinness, 1993). A breakthrough in investigating
the ecology of biomining processes was achieved
by the application of the now widely used tech-
niques of polymerase chain reaction (PCR) amplifi-
cation of 165 rBMA genes from total DMNA 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 (Goebel and
Stackebrandt, 1995; Rawlings, 1995; Vasquez and
Espejo, 1997). Sequences of 185 rBNAs are avail-
able for most of the bacteria commonly found in bio-
mining environments (Lane et al, 1991}, Using this
technology, several workers have reported that T
ferrooxidans occurs in very low numbers in stirred-
tank reactors and that the population of bacteria is
dominated by Leptospiniflum, T. thiooxidans (Goebel
and Stackebrandt, 1994; Goebel and Stackebrandt,
1995; Rawlings, 1995) or T caldus (unpublished).
Using similar technigues to measure species-depen-
dent 165 and 235 rDMA intergenic spacing, the near
absence of T. ferrcoxidans and dominance of
Leptospirlium and T. thiooxidans has also been re-
ported in copper heap leaching environments, oper-
ating in conditions of high acidity {(pH 0.7) (Vasquez
and Espejo, 1997). T ferrooxidans has, however,
been reported to be dominant during the heap leach-
ing of copper ores to which ferrous iron had been
added (Pizarro et al, 1996} and is frequently the
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dominant bacterium in the drainage from mining
wastes (Schippers et al, 1995).

An important guestion is why researchers
believed that T. ferrooxidans was the dominant bac-
terium 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 cul-
ture, T. ferrooxidans outgrew its iron-oxidising com-
petitors and dominated the population. This is
because in batch culture T ferrooxidans has a faster
growth rate on iron than does Leptospirilffum
{Hansford, 1997). However, the ability of T. ferroox-
idans to oxidise ferrous iron is severely inhibited by
the presence of ferric iron, whereas the iron-oxidis-
ing ability of Leptospirillum is relatively unaftfected
{Morris et al, 1998; Rawlings et al, 1999). In con-
tinuous-flow stirred-tank reactors ferric iron is
always present at high levels relative to ferrous iron
and growth of T. ferrooxidans is inhibited. However,
whan 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 few
T. ferrooxidans cells present are able to outcompete
the leptospirilli and dominate the population.
Another reason for the dominance of Leptospirifum
is that these bacteria are somewhat more tolerant of
temperatures as high as 40°C and pH values of 1.4
to 1.6 than T. ferrooxidans iMorris et af,, 1988).

FOTLRE

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 (Dew et al,, 1997) and a
cobalt recovery plant is due to be commissioned by
the Kasese Cobalt Company in Uganda in 1999
(Briggs and Millard, 1997). Both of these processes
use stired-tank bioreactors and huge reactors of
1380 m® have been designed for the Kasese site.
There is considerable potential for the recovery of
copper from ores such as chalcopyrite, which it is un-
economical to treat biologically at present. Bicleach-
ing is a combination of chemical solubilisation and
microbial activity to regenerate the chemicals. The
solubilisation of copper from chalcopyrite is tempera-
ture dependent and intensive research is currently
being carried out to develop processes that operate at
above 65°C. Such processes would require the use
of hyperthermophilic iron and sulfur-oxidisers. Biomi-
ning has clearly become a significant part of industrial
microbiology and its application is likely to increase
still further during the coming century.
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