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The oxidation of either ferrous iron or sulfur by Thiobacillus ferrooxidans was selectively inhibited or
controlled by various anions, inhibitors, and osmotic pressure. Iron oxidation was more sensitive than sulfur
oxidation to inhibition by chloride, phosphate, and nitrate at low concentrations (below 0.1 M) and also to
inhibition by azide and cyanide. Sulfur oxidation was more sensitive than iron oxidation to the inhibitory effect
of high osmotic pressure. These differences were evident not only between iron oxidation by iron-grown cells
and sulfur oxidation by sulfur-grown cells but also between the iron and sulfur oxidation activities of the same
iron-grown cells. Growth experiments with ferrous iron or sulfur as an oxidizable substrate confirmed the
higher sensitivity of iron oxidation to inhibition by phosphate, chloride, azide, and cyanide. Sulfur oxidation
was actually stimulated by 50 mM phosphate or chloride. Leaching of Fe and Zn from pyrite (FeS,) and
sphalerite (ZnS) by T. ferrooxidans was differentially affected by phosphate and chloride, which inhibited the
solubilization of Fe without significantly affecting the solubilization of Zn.

Thiobacillus ferrooxidans is a gram-negative acidophilic
chemolithoautotroph, using CO, as a carbon source and ob-
taining its energy for growth from the oxidation of ferrous iron,
sulfur, and reduced sulfur compounds (26). T. ferrooxidans was
initially isolated from acidic copper-leaching waters and be-
lieved to be the dominant bacterium responsible for metal
sulfide solubilization (18). Iron oxidation in response to pH (1,
28), organic acids (40), anions (2, 17), and cations (21, 38) has
been extensively studied. Sulfur oxidation has received sub-
stantially less attention, with limited references to certain an-
ions (26).

Thiobacilli have considerable economic importance in the
treatment of acid mine drainage (10, 22) and desulfurization of
waste gases (SO, and H,S) (10, 12, 29). The use of bacteria in
the mining industry is a growing field of interest (4, 25). Levels
of tolerance of key metals by 7. ferrooxidans growth on Fe*"
are as follows: Cd**, 0.75 M; Ni**, 1 M; Zn>", 1 M; Cu**, 0.6
M; Co**, 0.15 M; Cr**, 0.075 M; Pb®", 1 mM; Hg™", 0.1 mM;
Hg?*, 10 uM; and Ag*, 1 pM (21). The naturally occurring
counterion sulfate is not inhibitory at 0.14 M (26, 39), and the
concentration may reach as high as 1.25 M during bacterial
leaching of sulfide minerals (7).

Metal extraction from mineral ore by T. ferrooxidans is
achieved through two reactions: the oxidation of ferrous to
ferric iron (2Fe*" + 1/2 O, + 2H" — 2Fe** + H,0) and that
of sulfide/sulfur to sulfuric acid (H,S + 20, — H,SO, or S° +
1120, + H,O0 — H,SO,). Uranium solubilization from ura-
ninite, for example, requires only iron oxidation (UO, +
2Fe** —2Fe** + UO,*", 2Fe*" + 1/20, + 2H* —2Fe** +
H,0), while zinc solubilization from sphalerite necessitates
sulfide oxidation (ZnS + 20, — ZnSO,). Metal extraction
becomes complicated when ores contain mineral combinations
(19, 27). In a pyrite-sphalerite mixture 7. ferrooxidans will
oxidize both sulfide (ZnS + 20, — ZnSO,) and iron plus
sulfide [4FeS, + 150, + 2H,0 — 2Fe,(SO,); + 2H,SO,],
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creating difficulty in further zinc recovery from the leachate.
Low concentrations of ferric sulfate are beneficial in the indi-
rect leaching of mineral ores. Higher concentrations, however,
result in the production of jarosite, a ferric iron precipitate
which can cover the ore surface, preventing further leaching
from occurring. Higher jarosite levels also produce an addi-
tional disposal problem.

We propose to show that the iron and sulfur oxidation ac-
tivities of T. ferrooxidans can be differentially controlled
through the use of specific anions and inhibitors. Under certain
conditions iron oxidation can be blocked with little to no effect
on sulfur oxidation and vice versa. Through this type of ma-
nipulation we hoped to achieve specific metal extraction from
an ore sample, with the absence or at least reduction of con-
taminating metals.

MATERIALS AND METHODS

Media. T. ferrooxidans strain SM-4 (20) was grown in modified 9K medium
(MIK): 0.4 g of (NH,),SO,, 0.1 g of K,HPO,, 0.4 g of MgSO, - 7H,0, and 33.3 g
of FeSO, - 7TH,0 per liter, adjusted to pH 2.3 with H,SO,. Cells used for sulfur
oxidation were grown in Starkey no. 1 medium (33) after adaptation on sulfur
(37): 0.3 g of (NH,),SO,, 3.5 g of KH,PO,, 0.5 g of MgSO, * 7H,0, 0.25 g of
CaCl,, and 18 mg of FeSO, - 7H,O per liter, adjusted to pH 2.3 with H,SO,.
Powdered sulfur (10 g of BDH sulfur per liter) was spread evenly over the
surface after inoculation. Thiobacillus thiooxidans strain SM-6 grown on sulfur
was used for most of the growth experiments on sulfur, since sulfur-adapted 7.
ferrooxidans was not available. The results of key experiments, however, were
later confirmed with sulfur-adapted 7. ferrooxidans strain SM-4.

Culture procedures. Iron-grown cells were cultured in M9K using a 10%
inoculum. The flasks were incubated at 25°C and placed on a rotary shaker at 150
rpm for 48 h. The culture was passed through Whatman no. 1 filter paper to
remove the majority of the precipitated ferric iron. The supernatant was centri-
fuged at 8,000 X g for 10 min. The cell pellet was resuspended in 0.1 M B-alanine
sulfate buffer (pH 2.3) and centrifuged at 1,000 X g for 5 min to allow further
ferric iron sedimentation. The supernatant was transferred to a secondary tube
and centrifuged at 10,000 X g for 10 min. The cells were centrifuged a fourth
time, generating a final suspension of 50 mg of cells (wet weight) per ml in the
same buffer. The protein concentration was determined using bovine serum
albumin as the standard (37).

Sulfur-grown cells were cultured in Starkey no. 1 medium using a 2.5% inoc-
ulum. The stationary flasks were incubated at 28°C for 4 days. The cell collection
procedure was identical to that for iron-grown cells.

Determination of iron and sulfur oxidation using cell suspensions. The rates
of iron and sulfur oxidation were measured using a Gilson oxygraph equipped
with a Clark oxygen electrode at 25°C. The reaction vessel contained 10 pl of cell
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FIG. 1. Effects of concentrations of various anions, sucrose, and B-alanine on the oxidation of ferrous iron and sulfur in iron-grown 7. ferrooxidans strain SM-4 and

of sulfur in sulfur-grown T. ferrooxidans strain SM-4. Please note the different scales on the y axes.
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although absolute activities varied from 10 to 20%. Standard deviations in the
activity determinations fell within 10% of the stated values except for sulfur
oxidation by iron-grown cells, where the values could deviate by as much as 20%.
It should be noted that all of the experiments testing iron and sulfur oxidation
were repeated with T. ferrooxidans ATCC 19859, with similar results.

Determination of iron and sulfur oxidation and carbon dioxide fixation using
growing cell cultures. The rates of iron and sulfur oxidation in growing cell
cultures were measured using a Micro-oxymax respirometer (Columbus Instru-
ments) at Cominco Research Limited, Trail, British Columbia, Canada. The
reaction vessel contained a 5% inoculum, 12 mmol of FeSO,  7H,O (for iron
oxidation) or 1 g of BDH sulfur sprinkled on the surface plus 18 mg of FeSO, *
7H,0 per liter (for sulfur oxidation), various concentrations of anionic salts or
inhibitors, and M9K at pH 2.3, making a total volume of 100 ml. The reaction was
stirred with a magnetic stirrer, and both O, consumption (oxidation) and CO,
consumption (autotrophic growth) were measured at 26°C.

Shake flask leaching of metals. Flotation tailings, provided by Cominco Re-
search Limited, contained 3.3% Zn as sphalerite and 5.5% Fe as pyrite (FeS,)
and were in the form of a finely ground powder. Five grams of tailings was placed
in a 250-ml Erlenmeyer flask with 100 ml of M9K at pH 2.3 with or without
additional potassium phosphate. The flask was inoculated with 5 ml of T. fer-
rooxidans SM-4 (grown on FeSO,) and left stationary at 25°C for 24 h, followed
by shaking on rotary shaker at 180 rpm for the remainder of the experiment.
Five-milliliter samples were taken at time zero, 2 and 14 days, filtered through
Whatman no. 1 filter paper, and analyzed for dissolved Fe and Zn content by
atomic absorption spectrophotometry. The extent of metal leaching was calcu-
lated as percent extraction from the total metal content of the tailings.

RESULTS AND DISCUSSION

Effect of anions on iron and sulfur oxidation. Cell suspen-
sions were initially used to determine the effects of anions and
selective inhibitors on the iron and sulfur oxidation activities of
T. ferrooxidans. The reaction in each case was carried out at pH
3, an acidic pH comparable to natural growing conditions. The
specific activities of iron (Fig. 1A) and sulfur (Fig. 1B and C)
oxidation in buffer concentrations ranging from 0.01 to 0.5 M
were determined. Enzymes required for iron and sulfur oxida-
tion are differentially expressed depending on the bacterial
growth substrate (14, 23, 37). Cells grown on ferrous iron
showed only low levels of sulfur-oxidizing activities (Fig. 1B)
compared to sulfur-grown cells (Fig. 1C). Although not shown
in Fig. 1, iron oxidation experiments were also carried out at
pHs 2.3 and 1.8, and they showed a stronger inhibition by the
potassium salts. Sucrose was not inhibitory at all pH values,
while B-alanine was less inhibitory than the potassium salts at
lower pH values.

Sulfate is an anion that is normally associated with the en-
vironment in which the organism is found, e.g., acid mine
drainage water. It was initially believed to act as a bridging
ligand between ferrous iron and the cell (16, 17). Further
experiments showed its role in the transfer of electrons from an
iron sulfur cluster to the copper(I) ion of rusticyanin in the
oxygen-dependent iron oxidation electron transport chain (8).
A sulfate requirement for rusticyanin reduction by ferrous iron
was also reported with a partially purified iron:rusticyanin ox-
idoreductase (3). Figure 1 shows that sulfate up to a concen-
tration of 0.2 M had very little effect on either the iron or sulfur
oxidation pathway. Beyond this point, iron oxidation was only
marginally affected, while sulfur oxidation showed a dramatic
drop in activity. This apparent preferential inhibition of sulfur
oxidation at high sulfate concentrations is believed to be
caused by changes in osmotic pressure, as it was observed in all
other buffers at high concentrations (Fig. 1) except nitrate, a
specific inhibitor of iron oxidation (17), as discussed below.
High osmotic pressure inhibited sulfur oxidation in all the
buffers tested both with iron-grown (Fig. 1B) and sulfur-grown
(Fig. 1C) cells. Iron oxidation by the same iron-grown cells,
however, was insensitive to high osmotic pressure (Fig. 1A).

Chloride is a known inhibitor of cell growth and ferrous iron
oxidation (17, 26). It is an inhibitor of cell-free iron-cyto-
chrome ¢ reductase (6). A concentration of 0.14 M was re-
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TABLE 1. Inhibition by azide and cyanide of sulfur and iron
oxidation by T. ferrooxidans strain SM-4

Conc (pum) required for 50% inhibition”

Inhibitor Fe>*_grown cells $° oxidation by
0. Q
Fe?* oxidation S oxidation SP-grown cells
NaN3 0.7 32 19
KCN 3.2 323 77

¢ Percent inhibition was calculated using the activity in 0.05 M K,SO,-H,SO,
(pH 3) as 100%.

ported as being toxic to the bacteria in its initial description in
1963 (26). Figure 1A shows that chloride is indeed inhibitory
compared to sulfate for iron oxidation even at the lowest con-
centration used, 10 mM. Increased chloride concentrations
resulted in a marginal added decrease in specific activity. Sul-
fur oxidation, on the other hand, was inhibited only at very
high chloride concentrations. Iron-grown cells were inhibited
at 0.2 M chloride (Fig. 1B), while sulfur-grown cells were
relatively unaffected up to a concentration of 0.4 M (Fig. 1C).

Phosphate is required for normal bacterial function (2).
Cells grown with phosphate limitation present a filamentous
morphology due to a lack of cell division (31, 32). Phosphate
starvation studies show changes in the degree of synthesis of at
least 25 proteins, some of which are exclusively synthesized
under starvation conditions (30-32). A number of these pro-
teins have been linked to the bacterial surface, suggesting the
existence of a phosphate scavenging system in 7. ferrooxidans
(13, 30). Phosphate concentrations used in this study were not
limiting but rather in excess. The lowest phosphate concentra-
tion used, 10 mM, allowed for maximal iron and sulfur oxida-
tion in iron- and sulfur-grown cells, respectively (Fig. 1A and
C). Additional phosphate resulted in a sharp decrease in iron
oxidation up to 0.1 M, followed by a moderate return of activ-
ity. Sulfur oxidation in iron-grown cells (Fig. 1B) showed both
activation at low phosphate concentrations and inhibition at
high phosphate concentrations. Sulfur-grown cells, on the
other hand, showed inhibition only at high phosphate concen-
trations, similar to sulfate or chloride. Thus, iron-grown cells
with low sulfur-oxidizing activities and sulfur-grown cells with
high oxidizing activities responded differently at low phosphate
concentrations yet similarly at high phosphate concentrations,
distinct from their response in iron oxidation.

Nitrate is an inorganic anion known to inhibit oxidation by
and growth of T. ferrooxidans on ferrous iron (17). Iron oxida-
tion using cell suspensions was completely inhibited by sodium
nitrate concentrations of 1 to 94 mM (17, 26). The large degree
in variation is due to experimental design and strain specificity.
T. ferrooxidans strain SM-4 was sensitive to nitrate at the lowest
concentration used. Increased levels of nitrate completely in-
hibited iron oxidation. Sulfur oxidation was more resistant,
showing little to no inhibition up to 0.1 M. Higher nitrate
concentrations, however, resulted in a substantial drop in sul-
fur oxidation. It should be noted that nitrate was more strongly
inhibitory in growth experiments on sulfur at pH 2.3, as shown
below.

The sucrose and B-alanine buffers used in this study were
adjusted with sulfuric acid. The purpose of these buffers was to
show the effect of osmotic pressure on the two key reactions
examined (iron and sulfur oxidation). Ferrous iron oxidation is
believed to take place on the outer surface of the cell mem-
brane (11). The ferrous ion is soluble and is expected to inter-
act with the polynuclear iron coat surrounding the cell (11) or
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FIG. 2. Effect of phosphate concentration on oxygen consumption. (A) Growth of T. ferrooxidans on Fe**; (B) growth of T. thiooxidans on S°.

the iron-cytochrome ¢ reductase on the exterior membrane (9).
Only the electrons enter the cell, moving through the electron
transport system, with the final reduction of oxygen to water. In
this general scheme, osmotic pressure is not expected to have
any significant effect on iron oxidation. Sucrose and B-alanine
at high concentrations, i.e., high osmotic pressure, had little
effect on iron oxidation (Fig. 1A). Sulfur oxidation, on the
other hand, in both iron- and sulfur-grown cells (Fig. 1B and
C) was inhibited by high osmotic pressure.

As shown in Fig. 1, phosphate, chloride, and nitrate all
preferentially inhibited iron oxidation. Phosphate caused 50%
inhibition of iron oxidation at 100 mM, the concentration at
which sulfur oxidation was maximal. Sulfur oxidation activities
of iron-grown cells and sulfur-grown cells were equally inhib-
ited by increasing osmotic pressures, created by high concen-
trations of either inorganic salts (K,SO,, KCl, KP;, or KNO;),

sucrose, or B-alanine sulfate (Fig. 1). Essentially identical re-
sults were obtained with T. ferrooxidans ATCC 19859. Since
growth on sulfur induces new proteins in iron-grown 7. fer-
rooxidans (23), it is surprising that the two types of cells re-
sponded similarly. This uniform effect must be directly related
to the mechanism of sulfur oxidation, which is different from
that of iron oxidation. Sulfur, unlike ferrous iron, is an insol-
uble substrate. At high osmotic pressure the cells lose water
and the membranes shrink, making contact with the sulfur
particles and their subsequent oxidation difficult. Similar inhi-
bition of sulfur oxidation by high osmotic pressure has been
obtained with T. thiooxidans (36). The general trend observed
with cell suspensions (Fig. 1) was found to be applicable to
growing cell cultures, as shown below.

Effects of azide and cyanide on iron and sulfur oxidation.
The sulfur and iron oxidation pathways and their interactions
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FIG. 3. Effect of phosphate concentration on carbon dioxide consumption. (A) Growth of T. ferrooxidans on Fe?*; (B) growth of T. thiooxidans on S°.

are surrounded by a great deal of controversy. Sugio et al.
suggest that ferric iron reduction is coupled to sulfur oxidation
under both aerobic and anaerobic conditions (34, 35). An
alternate theory proposed by Corbett and Ingledew suggests
that the iron and sulfur oxidation pathways are two separate
entities but that ferric iron can replace oxygen as a terminal
electron acceptor under anaerobic conditions (5). Iron- and
sulfur-dependent oxygen uptake occurs via two separate oxi-
dases (24). Azide at low concentrations is a specific inhibitor of
the terminal oxidase of ferrous iron oxidation, but not that of
sulfur oxidation (24). The results in Table 1 agree with the
concept of two terminal oxidases being differentially inhibited
by azide. Inhibition of iron oxidation by 50% required only 0.7
wM azide, while that of sulfur oxidation required 19 to 32 uM
azide. Cyanide is also a specific inhibitor of the terminal oxi-
dase. It behaved in a manner similar to that of azide, prefer-

entially inhibiting iron oxidation. As shown in Table 1, only 3.2
wM cyanide was required to cut the iron oxidation in half,
while 77 to 323 uM was necessary to produce a similar effect on
sulfur oxidation.

Effects of anions and inhibitors on cell growth. The second
part of this paper deals with the use of the above-mentioned
anions and inhibitors on growing cell cultures. Cells growing
on single substrates were monitored in a Micro-oxymax respi-
rometer. Iron oxidation and sulfur oxidation were measured in
terms of cumulative oxygen consumption. Since we did not
have sulfur-grown T. ferrooxidans SM-4 available for these
growth experiments, we used sulfur-grown 7. thiooxidans SM-6
instead for experiments on sulfur. Important findings were
later confirmed with sulfur-adapted 7. ferrooxidans. Figure 2
shows the effects of increasing concentrations of phosphate on
iron and sulfur oxidation by growing cells. The control in each
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TABLE 2. Inhibition of oxidation and growth on Fe?* or S°

Conc required for 50% inhibition on“:

Addition Fe?* N
0, Co, 0, co,
KH,PO,-H;PO, 58 mM 59 mM 140 mM 120 mM
KCI-HCl1 79 mM 90 mM 160 mM 120 mM
KNO;-HNO;4 43 mM 56 mM 63 mM 42 mM
NaNj; 0.4 uM 0.4 uM 0.9 uM 1.0 uM
NaCN 2.8 uM 3.0 M 11 M 7.7 pM

“ Micro-oxymax data on O, and CO, consumption after 42 h. The control
(100%) flask contained the M9K without additions.

case contained a 5% inoculum along with ferrous sulfate or
precipitated sulfur as the substrate. Cumulative oxygen con-
sumption was plotted as a function of time for each of the
reaction vessels. Iron oxidation (Fig. 2A) was decreased by half
in the presence of 50 mM phosphate. Sulfur oxidation (Fig.
2B), on the other hand, increased to twice the control level in
the presence of 50 mM phosphate. Similar results were ob-
tained with 50 mM chloride, which also inhibited iron oxida-
tion and stimulated sulfur oxidation, although slightly less ex-
tensively (data not shown).

Cumulative carbon dioxide consumption was used to mea-
sure the cellular growth rate. Figure 3 shows the effects of
phosphate ions on growth using either ferrous iron or elemen-
tal sulfur as a substrate. A phosphate concentration of 50 mM
caused a 50% drop in iron oxidation and was equally effective
in inhibiting growth on ferrous iron (Fig. 3A). Growth on
elemental sulfur (Fig. 3B) required more than twice as much
phosphate for 50% inhibition. At 50 mM, potassium phosphate
stimulated growth on sulfur (Fig. 3B) as well as sulfur oxida-
tion (Fig. 2B). The stimulatory effect of phosphate was con-
firmed with T. ferrooxidans adapted on sulfur; 75 mM potas-
sium phosphate increased growth on sulfur by 20% and sulfur
oxidation by 30%.

Table 2 provides a summary of the effects of anions and
inhibitors on cell growth (CO, consumption) and iron and
sulfur oxidation (O, consumption). As mentioned above, half
as much phosphate was required to inhibit 50% of the oxida-
tion and growth on iron compared to sulfur. Chloride had a
similar effect, inhibiting oxidation and growth on iron while
stimulating those on sulfur at lower anion concentrations (data
not shown). Nitrate was unique among the anions in its strong
inhibitory effect on both cell cultures. Azide and cyanide both
showed significant differences with respect to the two cell
types. Iron growth was 2.5 times more sensitive to azide and 3
to 4 times more sensitive to cyanide inhibition than sulfur
growth.

Effect of anions on metal leaching. Leaching of Fe and Zn
from pyrite and sphalerite by 7. ferrooxidans was differentially
affected by phosphate concentrations, as shown in Fig. 4. Phos-
phate at or above 25 mM inhibited the solubilization of Fe
completely while allowing the zinc solubilization to proceed
with only some rate reduction. The effect at 75 and 100 mM
was essentially the same as that at 50 mM. Although not shown
in Fig. 4, KCl at 50 mM inhibited Fe solubilization by 84 and
35% after 2 and 14 days, respectively, and did not inhibit Zn
solubilization at all. KNOj also inhibited the leaching of Fe
more strongly than that of Zn, inhibiting Fe solubilization by
86% and Zn solubilization by only 16% at 50 mM after 14 days.
The effect of NaN; and NaCN at 0.1 to 5 .M was not apparent
after 14 days because of their volatility at pH 2.3 as HN; and
HCN escaping from the flasks through the cotton plugs. After
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FIG. 4. Effect of phosphate concentration on the extraction of Fe and Zn
from a mixture of pyrite and sphalerite.

2 days, however, 1 uM NaN; and 5 pM NaCN inhibited Fe
solubilization by 65% without significantly affecting Zn solubi-
lization (14 and 25% inhibition for NaCN and NaNj, respec-
tively). These preliminary leaching experiments support the
concept of differential leaching of Fe and Zn by inhibiting iron
oxidation but not sulfur oxidation, thus favoring the solubili-
zation of Zn from ZnS over the solubilization of Fe from FeS,.
Detailed studies (L. Harahuc, H. M. Lizama, and I. Suzuki,
submitted for publication; I. Suzuki and L. Harahuc, June
1998, Canadian Patent Office) of selective solubilization of
metals from sulfide ores by this method support its potential
application in bacterial leaching.

Bioleaching has become an increasingly important process
due to the growing need to use lower-grade ores, the relative
ease of implementation, and the low start-up costs required
compared to those of a conventional mining operation (4).
Under natural conditions an ore body may show a tendency for
selective solubilization of certain metals. The mineral that is
extensively oxidized is (i) the most hydrophobic, (ii) the lowest
of an electrochemical series, or (iii) behaving as the anode of
a galvanic cell (14). We have demonstrated in this study that
the bacterial activities responsible for metal leaching, the oxi-
dation of ferrous iron and that of sulfur, can be selectively
controlled by manipulation of the media, leading to differential
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leaching of Fe and Zn. This control of bacterial activities raises
the potential of successful bacterial leaching beyond the three
physical criteria listed above.
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