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Acidophilic bacteria of the genera Thiobacillus and Sulfolobus are able to
reduce ferric iron when growing on elemental sulfur as an energy source. It has
been previously thought that ferric iron serves as a nonbiological oxidant in the
formation of acid mine drainage and in the leaching of ores, but these results
suggest that bacterial catalysis may play a significant role in the reactivity of
ferric iron.

Although the bacterial reduction of ferric
iron has been extensively studied in environ-
ments ofneutral pH (6-9), there has apparently
been no report of ferric iron reduction by acido-
philic bacteria. The bacterial reduction of ferric
iron at acid pH would appear to be energeti-
cally and kinetically feasible, especially since it
is only at acid pH values that ferric iron has
any significant solubility in water (16). The role
of ferric iron as an oxidant of pyrite and other
sulfide minerals is well established (5, 14, 16,
17), but the evidence has suggested that this
process is strictly nonbiological. For instance,
Silverman (14) has shown that the nonbiologi-
cal oxidation of pyrite by ferric iron proceeds
rapidly in the absence of bacteria. Also, cinna-
bar, the mercury sulfide mineral, is oxidized by
ferric iron, but at considerably slower rates (5).
During some work on the relationships be-

tween iron and sulfur oxidation states in acid
geothermal habitats (4a; S. D. Zinder and T. D.
Brock, submitted for publication), we discov-
ered that ferric iron was relatively stable at low
pH in the presence of elemental sulfur, al-
though it reacted rapidly with sulfide. Since
high concentrations of soluble ferric iron often
develop in the highly acidic environments
where iron- and sulfur-oxidizing bacterial oc-
cur, it seemed possible that these bacteria
might use ferric iron as an oxidant when grow-
ing on elemental sulfur. Since elemental sulfur
is thought to build up on the surface of sulfide
minerals during their oxidation by 02 (11), the
ability of bacteria to oxidize elemental sulfur
using ferric iron as an oxidant could be geo-
chemically significant in the leaching of sulfide
ores and in the development ofacid mine drain-
age. For this reason, we initiated studies to
determine whether these acidophilic bacteria
might be able to reduce ferric iron during their
oxidation ofelemental sulfur. The bacteria cho-

sen were Thiobacillus thiooxidans and T. fer-
rooxidans, two mesophilic sulfur-oxidizing bac-
teria, and Sulfolobus acidocaldarius, a ther-
mophilic bacterium able to oxidize both sulfur
(13) and ferrous iron (4a). All three organisms
were found to be able to reduce ferric iron to the
ferrous state.

MATERIALS AND METHODS
The cultures ofS. acidocaldarius strains 98-3 and

79-13 were isolated from Yellowstone hot springs.
Strain 98-3 is the type strain (4), and 79-13 was
isolated on autotrophic sulfur-containing medium
by J. L. Mosser in this laboratory. They were cul-
tured routinely in screw-capped bottles at 70°C. The
culture of T. thiooxidans was obtained from J. Shiv-
eley of Clemson University. The T. ferrooxidans
culture had been isolated on ferrous iron in this
laboratory for some previous work (3) and was
adapted for growth on elemental sulfur for the pres-
ent study. Both Thiobacillus cultures were main-
tained at room temperature in Erlenmeyer flasks
and were shaken gently with a Burrell wrist-action
shaker.
The culture medium was that of Allen (1) ad-

justed to pH 2. For the ferric iron reduction experi-
ments, the pH was lowered to 1.6 to maintain the
solubility of ferric iron. Elemental sulfur was steri-
lized by Tyndallization and added at a level of 2 g/
liter. Ferric chloride was added from a stock solution
of FeCl3 6H20 to a final concentration of 400 ,tg of
Fe3+ per ml.

Cell growth was quantified by microscopic count-
ing using a Petroff-Hausser counting chamber. No
attempt was made to count cells attached to elemen-
tal sulfur particles, so that the counts during the
early stages of incubation were probably greatly
underestimated. As shown with fluorescence mi-
croscopy for S. acidocaldarius (13), in the later
stages of growth the majority of cells were unat-
tached, so that Petroff-Hausser cell counts would be
meaningful.

Ferric iron reduction was measured by assaying
the formation of ferrous ions, using the phenanthro-
line reagent (2).
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RESULTS
Chemical reaction between elemental sul-

fur and ferric iron. The nonbiological reaction
between elemental sulfur and ferric iron was
found to be virtually undetectable at room tem-
perature, and quite slow even at 700C. This was
true even if colloidal sulfur was used (prepared
by the method of Brierley [Ph.D. thesis, Mon-
tana State Univ., Bozeman, 1966]). Because
colloidal sulfur quickly crystallizes in culture
medium, there was no advantage to using col-
loidal sulfur in the experiments with bacteria.
With sterile rolled sulfur, no reduction of ferric
iron was observed in uninoculated controls
even after 34 days of incubation at room tem-
perature. At 70°C, significant nonbiological re-
duction occurred, but the extent of reduction
was less than in inoculated flasks. Because of
the slow reaction between elemental sulfur and
ferric iron, it was possible to measure the bacte-
rial reduction process, even during the rela-
tively long incubation periods necessary during
growth on elemental sulfur.
Reduction of ferric iron by T. thiooxidans.

Figure 1 illustrates the results of an experi-
ment in which ferrous iron formation and
growth were measured simultaneously. As
seen, growth and iron reduction were essen-
tially parallel throughout the duration of the
experiment. At the end of the experiment, vir-
tually all of the ferric iron had been reduced to
the ferrous form. It should be noted that this
experiment was carried out aerobically, with
continuous shaking of the cultures. At the low
pH of the medium, the ferrous iron formed is
stable to autooxidation, and, since T. thiooxi-
dans is unable to oxidize ferrous iron, it accu-
mulates.
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FIG. 1. Reduction offerric iron and cell growth of
T. thiooxidans. Aerobic incubation at room tempera-
ture. Energy source, elemental sulfur.

Reduction of ferric iron by T. ferrooxidans.
The T. ferrooxidans culture was adapted to
growth on elemental sulfur after successive
transfers over a number of months. The culture
never grew as well on elemental sulfur as T.
thiooxidans, but eventually it grew at a rate
sufficient so that ferric iron reduction experi-
ments could be initiated.

In initial experiments, no formation of fer-
rous iron could be detected during aerobic incu-
bation. Since it seemed likely that any ferrous
iron formed was being oxidized back to the
ferric form by the bacteria, after 10 days of
incubation, when good growth had been ob-
tained, the cultures were rendered anaerobic by
bubbling vigorously for 30 min with oxygen-
free N2. They were then returned to the shaker
and incubation was continued. Within the next
24 h, significant ferrous iron could be detected
in the inoculated flasks, but not in the uninocu-
lated controls, and the amount of ferrous iron
continued to increase during further incuba-
tion. Thus, T. ferrooxidans is able to reduce
ferric iron, but the reduction is not seen aerobi-
cally because of the rapid bacterial reoxidation
of the ferrous iron in the presence of oxygen.

Reduction of ferrous iron by S. acidocaldar-
ius. Figure 2 shows the results of an experi-
ment measuring the reduction of ferric iron by
strain 79-13. As seen, there is significant non-
biological reduction, but the reduction in the
inoculated flask is considerably greater. Note
that this experiment was done with cultures
that were unaerated but without exclusion of
oxygen. Because of the low solubility of 02 at
70°C, the system more closely resembles a mi-
croaerophilic one. Since natural populations of
S. acidocaldarius do oxidize ferrous iron under
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FIG. 2. Reduction offerric iron and cell growth of
S. acidocaldarius. Aerobic incubation at 70°C. En-
ergy source, elemental sulfur.
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these conditions (4a), it might have been
thought that the reduction of ferric iron would
be undetectable, yet almost quantitative reduc-
tion of ferric iron occurred during the 14- to
16-day incubation period. The pure culture
used was isolated on sulfur and may be un-
able to oxidize ferrous iron.

Since S. acidocaldarius grows readily heter-
otrophically on yeast extract or a variety of
simple organic carbon sources (4), experiments
were set up to see whether ferric iron reduction
would occur with heterotrophically grown cells.
Strain 98-3 was adapted to growth using 0.5%
glutamate as sole carbon and energy source, in
a medium at pH 2. Under these conditions,
instead of growth requiring weeks for comple-
tion, as in sulfur, stationary phase was reached
after 3 to 4 days of incubation. Rapid growth
and ferric iron reduction occurred during the 3-
to 4-day incubation period under aerobic (mi-
croaerophilic, see above) conditions (Fig. 3).
Experiments were also set up to see whether S.
acidocaldarius could grow using ferric iron as
electron acceptor anaerobically with glutamate
as energy source, but these experiments were
thwarted when it was discovered that under
anaerobic conditions glutamate (and several
other organic compounds used by S. acidocal-
darius as energy sources) reduced ferric iron
non-biologically. It is conceivable that the re-
duction of ferric iron seen with heterotrophic
cells under aerobic conditions could be nonspe-
cific, resulting from the utilization of dissolved
02 by the bacteria, with the subsequent chemi-
cal reduction of ferric iron by residual gluta-
mate. Because S. acidocaldarius does not grow
well under forced aeration, it was impossible to
increase the 02 tension to test this point.
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FIG. 3. Ferric iron reduction and cell growth ofS.
acidocaldarius in glutamate-containing medium.
Aerobic incubation at 70°C.

DISCUSSION
These results show that three acidophilic,

sulfur-oxidizing bacteria are able to reduce fer-
ric iron using elemental sulfur as electron do-
nor. In the case of T. ferrooxidans, the process
can only be demonstrated under anaerobic con-
ditions, since the ferrous iron formed by the
reduction process is reoxidized to ferric iron
when 02 is present. T. thiooxidans, which does
not oxidize ferrous iron, is the most favorable
organism for study of the ferric iron reduction
process, since the ferrous iron formed is chemi-
cally stable at the pH values used and accumu-
lates quantitatively.

Still to be answered by further work is the
question of whether these bacteria can grow
anaerobically using ferric iron as an electron
acceptor. Because the free energy of the reac-
tion S + 6Fe3+ + 4H20 = HS04- + 6Fe2+ +
7H+ (assuming pH 2) is -75 kcal, and the free
energy of the reaction 2S° + 302 + 2H20 =
2HS04- + 2H+ (assuming pH 2) is -124 kcalIS
atom (-247 kcal for the whole reaction), there
is more energy avilable using 02 than Fe3+ as
electron acceptor. However, the oxidation of
elemental sulfur using nitrate is known to
serve for growth (of Thiobacillus denitrifi-
cans), and the free energy of the reaction S +
H20 + 3NO3-= 3NO2- + S042- + 2H+ (assum-
ing pH 7) is - 84 kcal, only slightly higher than
the reaction using ferric iron (if complete deni-
trification to N2 occurs, then the free energy is
considerably higher using NO3-, -130 kcal/S
atom). Thus, it seems reasonable that anaero-
bic growth of Thiobacillus and Sulfolobus us-
ing ferric iron could be possible. Since the con-
centrations of ferric iron in the environments
where these organisms live is often quite high
(over 100 ,ug/ml), ferric acid is not uncommon
in Yellowstone acid springs (4a), it seems likely
that these organisms have evolved the ability
to use this electron acceptor when 02 is absent.
The relevance of ferric iron reduction for the

generation of acid mine drainage and for micro-
bial leaching of ores is of considerable interest.
The mechanism of bacterial pyrite oxidation
has been clarified by the work ofSilverman (14)
and Singer and Stumm (15). The early work of
Sato (11) is also relevant. Two mechanisms for
bacterial pyrite oxidation have been recog-
nized, a direct mechanism in which the bacte-
ria attach to the pyrite crystals and oxidize the
mineral and an indirect mechanism in which
the bacteria oxidize soluble ferrous iron to the
ferric state, and the latter reacts with pyrite
chemically to oxidize the mineral. The indirect
mechanism is considered to be the most likely
reaction under most conditions. This mecha-
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nism requires the presence of molecular 02,

since this is the only electron acceptor with an
electrode potential more positive than that of
the ferrous/ferric couple. As long as 02 is pres-
ent, oxidation of pyrite can continue to comple-
tion, since ferrous iron formed during the reac-
tion can continue to be returned to the ferric
state by the bacteria. However, Sato (11) has
shown that during the oxidation of sulfide min-
erals, the metal atoms move into the surround-
ing solution to become aqueous cations, thus
enriching the remaining solid phase with sulfur
atoms. When solid sulfur is finally left over, it
becomes oxidized to sulfate. With pyrite and
marcasite, Sato (11) concluded that the sulfur
released from the crystal structure was con-
verted to unstable S2 molecules, which would
be instantly oxidized in the presence of oxidiz-
ing agents. In the case of the other metal sul-
fides studied (copper, lead, silver, and zinc),
Sato (11) concluded that stable solid sulfur
would be formed, which would eventually be
oxidized to sulfate. Such solid sulfur, probably
at the oxidation state of SO, reacts slowly with
ferric iron in the absence ofbacteria, so that the
bacterial utilization of ferric iron as an electron
acceptor for the oxidation of elemental sulfur
should greatly speed up the reaction. Thus, in
the case of the oxidation of metal sulfides other
than those of iron, the ability of sulfur-oxidiz-
ing bacteria to utilize ferric iron as an electron
acceptor would appear to be of considerable
importance, when 02 is absent, and possibly
even when 02 is present (10).
What is the availability of 02 in environ-

ments where sulfide minerals are undergoing
oxidation? In leaching dumps, it seems likely
that 02 would often be limiting within the
depths of the piles. Most of the copper leach
dumps in operation in the United States are
quite large in size (see Table 1 of Sheffer and
Evans [12]), and 02 penetration to the center
must be markedly restricted. Since there is a
considerable 02 demand during the oxidation of
sulfide minerals, anaerobic or microaerophilic
conditions must often develop. All of the in-
fluent leach liquors used in the leaching of
copper sulfide minerals have high concentra-
tions of ferric iron, derived from the scrap metal
used in the copper recovery process. Ferric iron
is probably the prime oxidant in the leaching
process, since all of the ferric iron in the in-
fluent leach solution is found in the ferrous
form in the effluent (12). It has generally been
assumed that the oxidation of sulfide minerals
by ferric ions is strictly a nonbiological process
(15). However, since solid sulfur builds up on
the mineral particles as the oxidation proceeds,

and elemental sulfur does not react rapidly
with Fe3+, it seems reasonable that the ability
of T. ferrooxidans to utilize ferric iron as an
electron acceptor would provide an important
mechanism for speeding up the rate of oxida-
tion of the sulfide minerals. Unfortunately,
most of the work on microbial leaching (see 17)
has been done under laboratory conditions
where good aeration has been maintained. It
would be of considerable importance to meas-
ure 02 concentrations within leach piles and to
measure the rate of bacterial oxidation of sul-
fide minerals anaerobically in the presence of
ferric iron. If the proposed mechanism is cor-
rect, it suggests that more rapid or effective
leaching with ferric iron would be obtained if
care were taken to develop and maintain a
large active population of bacteria within the
leach dump.

ACKNOWLEDGMENTS
This work was supported by a research grant from the

National Science Foundation (GB-35046), a contract from
the Energy Research and Development Agency (100-2161-
31), and the College of Agricultural and Life Sciences.

LITERATURE CITED
1. Allen, M. B. 1959. Studies with Cyanidium caldarium,

an anomalously pigmented chlorophyte. Arch. Mik-
robiol. 32:270-277.

2. American Public Health Asociation. 1971. Standard
methods for the examination of water and wastewa-
ter, 13th ed. American Public Health Association,
Inc., New York.

3. Brock, T. D. 1975. Effect of water potential on growth
and iron oxidation by Thiobacillus ferrooxidans.
Appl. Microbiol. 29:495-501.

4. Brock, T. D., K. M. Brock, R. T. Belly, and R. L.
Weiss. 1972. Sulfolobus: a new genus of sulfur-oxidiz-
ing bacteria living at low pH and high temperature.
Arch. Microbiol. 84:54-68.

4a. Brock, T. D., S. Cook, S. Peterson, and J. L. Mosser.
1976. Biochemistry and bacteriology of ferrous iron
oxidation in geothermal habitats. Geochim. Cosmo-
chim. Acta 40:493-500.

5. Burkstaller, J. E., and P. L. McCarty. 1975. Oxidation
of cinnabar by Fe (III) in acid mine waters. Environ.
Sci. Technol. 9:676-678.

6. de Castro, A. F., and H. L. Ehrlich. 1970. Reduction of
iron oxide minerals by a marine Bacillus. Antonie
van Leeuwenhoek J. Microbiol. Serol. 36:317-327.

7. Ottow, J. C. G. 1968. Evaluation ofiron-reducing bacte-
ria in soil and the physiological mechanism of iron-
reduction inAerobacter aerogenes. Z. Allg. Mikrobiol.
8:441-443.

8. Ottow, J. C. G. 1969. The distribution and differentia-
tion of iron-reducing bacteria in gley soils. Zentralbl.
Bacteriol. Parasitenkd. Infektions-Kr. Hyg. Abt. 2
123:600-615.

9. Ottow, J. C. G., and A. von Klopotek. 1969. Enzymatic
reduction of iron oxide by fungi. Appl. Microbiol.
18:41-43.

10. Sakaguchi, H., A. E. Torma, and M. Silver. 1976. Mi-
crobiological oxidation of synthetic chalcocite and
covellite by ThiobaciUus ferrooxidans. Appl. Envi-
ron. Microbiol. 31:7-10.

11. Sato, M. 1960. Oxidation of sulfide ore bodies. II. Oxida-

APPL. ENVIRON. MICROBIOL.



VOL. 32, 1976

tion mechanisms of sulfide minerals at 25°C. Econ.
Geol. 55:1202-1231.

12. Sheffer, H. W., and L. G. Evans. 1968. Copper leaching
practices in the western United States. U.S. Bureau
of Mines Information Circular 8341. Government
Printing Office, Washington, D.C.

13. Shiwers, D. W., and T. D. Brock. 1973. Oxidation of
elemental sulfur by Sulfolobus acidocaldarius. J.
Bacteriol. 114:706-710.

FERRIC IRON REDUCTION 571

14. Silverman, M. P. 1967. Mechanism of bacterial pyrite
oxidation. J. Bacteriol. 94:1046-1051.

15. Singer, P. C., and W. Stumm. 1970. Acidic mine drain-
age: the rate-determining step. Science 167:1121-
1123.

16. Stumm, W., and J. J. Morgan. 1970. Aquatic chemistry.
Wiley-Interscience, New York.

17. Zajic, J. E. 1969. Microbial biogeochemistry. Academic
Press Inc., New York.


