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Abstract

Psychrotrophic (6 20³C) enrichment cultures from deep Pacific marine sediments and Alaskan tundra permafrost reduced
ferric iron when using organic acids or H2 as electron donors. The representative culture W3-7 from the Pacific sediments grew
fastest at 10³C, which was 5-fold faster than at 25³C and more than 40-fold faster than at 4³C. Fe(III) reduction was also the
fastest at 10³C, which was 2-fold faster than at 25³C and 12-fold faster than at 4³C. Overall, about 80% of the enrichment
cultures exhibited microbial Fe(III) reduction under psychrotrophic conditions. These results indicated that microbial iron
reduction is likely widespread in cold natural environments and may play important roles in cycling of iron and organic matter
over geological times. ß 1999 Published by Elsevier Science B.V. All rights reserved.
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Microbial iron reduction plays an important role
in the cycling of iron and organic matter in natural
environments [1^3]. Many iron-reducing bacteria can
also reduce other metals, including manganese, chro-
mium, cobalt and uranium [2,4^6], as well as degrade
petroleum hydrocarbons [7,8]. Thus, this process is
important for bioremediation of contaminated envi-
ronments. Furthermore, microbial iron reduction is
considered to be an early form of respiration and
may have implications in the evolution of life on
Earth [1,3,9,10].

Dissimilatory Fe(III) reduction by mesophilic (20^
35³C) bacteria has been extensively studied [1,4,11^

15]. For example, Geobacter and Shewanella species
were isolated from diverse sedimentary environments
including marine and freshwater aquatic sediments,
pristine deep aquifers and a petroleum-contaminated
shallow aquifer [3,11^14]. Phylogenetic analysis
showed that most of the mesophilic iron-reducing
bacteria belong to the delta and gamma subdivisions
of the Proteobacteria [15^17].

Recently, thermophilic (s 45³C) iron-reducing
bacteria have been reported from geothermal envi-
ronments such as the deep subsurface [18^20] and
continental hot springs ([21] ; Reysenbach et al.,
1998, abstract for the 1998 American Geophysical
Union Meeting, San Francisco, CA, USA). Vargas
et al. [10] reported that several hyperthermophilic
archaeal bacterial species could reduce Fe(III) to
Fe(II) and conserve energy to support growth. Fur-

0168-6496 / 99 / $20.00 ß 1999 Published by Elsevier Science B.V. All rights reserved.
PII: S 0 1 6 8 - 6 4 9 6 ( 9 9 ) 0 0 0 7 5 - 6

* Corresponding author. Tel. : +1 (423) 576-7544;
Fax: +1 (423) 576-8646; E-mail: zhouj@ornl.gov

FEMSEC 1081 12-11-99

FEMS Microbiology Ecology 30 (1999) 367^371



thermore, thermophilic iron-reducing bacteria ob-
tained from the deep subsurface produced magnetite
particles that were distinct from those formed by
mesophilic iron-reducing bacteria [22]. This ¢nding
may have signi¢cant implications for potential mi-
crobial contributions to paleomagnetism in geother-
mal environments. Studies of Fe(III) reduction under
psychrotrophic (6 20³C) conditions, however, are
rare [23]. The objective of this study was to examine
psychrotrophic iron reduction in enrichment cultures
obtained from the deep Paci¢c marine sediments and
the Alaskan tundra permafrost.

A modi¢ed medium from Zhang et al. [6] was used
for the enrichment and cultivation of psychrotrophic
iron-reducing bacteria. The medium contained NaCl
(1 g l3 for permafrost samples, 30 g l3 for marine
sediments), MgCl2W6H2O (0.2 g l3 for permafrost
samples, 5 g l3 for marine sediments), NaHCO3

(2.5 g l3), CaCl2W2H2O (0.1 g l3), NH4Cl (1.0 g
l3), yeast extract (0.0 or 0.5 g l3), trace minerals
and vitamins [6]. Fe(III) was provided as ¢lter-steri-
lized Fe(III)-citrate or Fe(III)-EDTA (V20 mM ¢-
nal concentration) or autoclave-sterilized amorphous
ferric oxyhydroxide (70 mM ¢nal concentration).
These iron forms were used to examine how they
would a¡ect the growth of iron-reducing bacteria
and the rate of iron reduction. H2 (balanced with
20% CO2) and the organic acids pyruvate, acetate
and formate (all 10 mM ¢nal concentrations) were
used as the electron donors.

All enrichment cultures were grown in 26-ml pres-
sure tubes containing about 10 ml media. Initial in-
oculation was made in an anaerobic chamber (N2/
H2, 95:5, v:v) by transferring 1-g samples into tubes
using sterile spatulas. Tubes were capped with rub-
ber septa and gassed with N2/CO2 for pyruvate, ace-
tate or formate-grown cultures and gassed with H2/
CO2 for hydrogen-grown cultures. Incubations were
performed in the dark at 1.5, 4, 10 and 25³C. Con-
trol experiments included (1) ferric citrate plus or-
ganic acids or hydrogen for abiotic reduction of
iron in the absence of bacteria, (2) enrichment cul-
ture without organic acids or hydrogen for iron re-
duction via bacterial fermentation of yeast extract
that was provided in the medium, and (3) enrichment
culture plus only ferric citrate for iron reduction via
bacterial fermentation of citrate that was chelated
with the iron. Bacterial growth and iron reduction

was initially determined by the disappearance of the
brownish color of Fe(III) and by increases in cell
density indicated by turbidity. Subsequent transfers
of the cultures into fresh media were made using
sterile needles and syringes. At least three transfers
were made to verify the presence of iron reducers in
each sample. Cell numbers were enumerated using

Fig. 1. Time-course analysis of cell abundance (A) and Fe(II)
production (B) in W3-7 enrichment cultures at di¡erent tempera-
tures using pyruvate (10 mM) as the electron donor and Fe(III)-
citrate (20 mM) as the electron acceptor. Values are the
mean þ S.D. of two replicate samples.
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epi£uorescence microscopy as previously described
[6].

The rate and extent of Fe(III) reduction was de-
termined using a method modi¢ed from Zhang et al.
[6]. In this method, 0.1^0.3 ml-liquid sample was
withdrawn from the tube and added directly to 3 ml
ferrozine solution pH 7. The sample was mixed, ¢l-
tered through a Whatman syringe ¢lter (13-mm ¢lter
diameter, 0.2-Wm pore diameter) and measured for
absorbance at 562 nm.

Initial screening showed that enrichment cultures
from the two Alaskan samples and from 16 of the
20 Paci¢c marine samples were able to reduce Fe(III)
at 10³C when grown on organic acids or hydrogen in
the presence of 0.05% yeast extract. The disappear-
ance of brownish color of Fe(III)-citrate usually oc-
curred ¢rst in pyruvate or H2/CO2-amended cultures
and last in formate or acetate-amended cultures.
Without the organic acids or hydrogen, however,
the biomass was low and the color did not disappear,
suggesting that iron reduction was insigni¢cant by
the enrichment culture grown only on the yeast ex-
tract. Iron reduction was not detected if (1) ferric
citrate plus organic acids or hydrogen were added,
but the enrichment cultures were not (Fig. 1B, con-
trol, 10³C), or (2) ferric citrate plus enrichment cul-
tures were added, but organic acids or hydrogen was
not (data not shown). These results suggested that
iron reduction was not occurring abiotically and the
enrichment cultures could not ferment citrate for
iron reduction.

Time-course experiments performed at 4, 10 and
25³C were shown in Fig. 1 for the W3-7 enrichment
culture. Among these temperatures, the 10³C experi-
ment showed the fastest rates of biomass production
and iron reduction. The rate of biomass production
at 10³C was about 47-fold faster than at 4³C and
5-fold faster than at 25³C. The rate of Fe(II) pro-

duction at 10³C was about 12-fold faster than at 4³C
and 2-fold faster than at 25³C (Table 1). Calcula-
tions of biomass production based on per mmol
Fe(II) produced also indicated that more cells were
produced at 10³C than at the other two temperatures
(Table 1). Note that in Fig. 1B, the ¢nal Fe(II) con-
centrations at 4³C (9.64 mM, 144 h) and at 25³C
(9.42 mM, 48 h) were lower than the ¢nal concen-
tration at 10³C (11.9 mM, 72 h). This may be due to
a slower reduction rate and not enough incubation
time at these temperatures. Additional experiments
at 1.5³C showed a 2-fold increase in biomass
(8.6U107 þ 8.6U106 cells ml31 at 0 h and
1.8U108 þ 1.4U106 cells ml31 at 336 h) and 5-fold
increase in Fe(II) (3.1 þ 0.14 mM at 0 h and
14.5 þ 0.1 mM at 336 h), after 2 weeks of incubation.

W3-7 could also reduce Fe(III)-EDTA and amor-
phous ferric oxyhydroxide. The rate of amorphous
Fe(III) reduction, however, was much slower than
the reduction of Fe(III)-citrate. This is perhaps be-
cause the reduction of a solid iron form requires a
physical contact between the bacteria and the solid
material [24]. Because soluble iron is more available
to the bacteria, organic ligands such as nitrilotri-
acetic acid have been used to bind to insoluble iron
oxide to increase the bioavailability of the iron in
environmental samples [25].

This study demonstrated that Fe(III) was signi¢-
cantly reduced at low temperatures (6 15³C) by bac-
terial growth on organic acids and hydrogen (Fig. 1).
The lack of growth and iron reduction using yeast
extract as the sole carbon source suggested that cel-
lular growth in the enrichments was mainly a result
of iron reduction coupled to the oxidation of the
organic acids and hydrogen. However, because we
were using a mixed culture, other bacteria may be
present and grow using the byproducts of the iron
reducers. For example, the biomass in the pyruvate-

Table 1
Rates of biomass production and Fe(III) reduction in W3-7 cultures within the ¢rst 24 h of incubation at 4, 10 and 25³C

Temperature (³C) Biomass production
(cells ml31 h31)

Fe(II) production
(mM h31)

Cells mmol31

Fe(II)24 h
Cells mmol31

Fe(II)48 h

4 0.2U106 0.02 2.33U108 1.86U1010

10 9.3U106 0.23 3.89U109 3.44U1010

25 1.9U106 0.14 Not available 1.23U1010

Also calculated were the biomass productions per mmol Fe(II) produced at 24 and 48-h incubations. Fe(III)-citrate (20 mM) was used as
the electron acceptor and pyruvate (10 mM) was used as the electron donor.
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amended culture continued to increase when Fe(III)
reduction had ceased (Fig. 1). Further study using
pure isolates is needed to fully characterize the proc-
ess of iron reduction at low temperatures.

Acknowledgements

We thank Liyou Wu, Yul Roh, Heshu Huang,
Shirley Scarborough and Lisa Fagan for help with
the experiments performed in this study. The Paci¢c
marine samples were provided by Alan Devol. The
Alaskan tundra samples were provided by Thomas
Ager. Discussions with John Coates improved the
design of the experiments. This research was spon-
sored by the U.S. Department of Energy Microbial
Genome Program, Ocean Margin Program and Sub-
surface Science Program, as well as by the Oak
Ridge National Laboratory Directed Research and
Development Fund. Oak Ridge National Laboratory
is managed by Lockheed Martin Energy Research
Corp. for the U.S. Department of Energy under con-
tract DE-AC05-96OR22464. R.D. Stapleton was
supported by the Hollander Distinguished Postdoc-
toral Fellowship Program administered by the Oak
Ridge National Laboratory and Oak Ridge Institute
for Science and Education.

References

[1] Lovley, D.R. (1991) Dissimilatory Fe(III) and Mn(IV) reduc-
tion. Microbiol. Rev. 55, 259^287.

[2] Lovley, D.R. (1993) Dissimilatory metal reduction. Annu.
Rev. Microbiol. 47, 263^290.

[3] Nealson, K.H. and Sa¡arini, D. (1994) Iron and manganese in
anaerobic respiration: Environmental signi¢cance, physiology,
and regulation. Annu. Rev. Microbiol. 48, 311^343.

[4] Myers, C.R. and Nealson, K.H. (1988) Bacterial manganese
reduction and growth with manganese oxide as the sole elec-
tron acceptor. Science 240, 1319^1321.

[5] Gorby, Y.A. and Lovley, D.R. (1992) Enzymatic uranium
precipitation. Environ. Sci. Technol. 26, 205^207.

[6] Zhang, C., Liu, S., Logan, J., Mazumder, R. and Phelps, T.J.
(1996) Enhancement of Fe(III), Co(III), and Cr(VI) reduction
at elevated temperatures and by a thermophilic bacterium.
Appl. Biochem. Biotechnol. 57/58, 923^932.

[7] Lovley, D.R., Baedecker, M.J., Lonergan, D.J., Cozzarelli,
I.M., Phillips, E.J.P. and Siegel, D.I. (1989) Oxidation of ar-
omatic contaminants coupled to microbial iron reduction. Na-
ture 339, 297^300.

[8] Lovley, D.R. and Lonergan, D.J. (1990) Anaerobic oxidation
of toluene, phenol, and p-cresol by the dissimilatory iron-re-
ducing organism, GS-15. Appl. Environ. Microbiol. 56, 1858^
1864.

[9] Nealson, K.H. and Myers, C.R. (1990) Iron reduction by
bacteria: A potential role in the genesis of banded iron for-
mations. Am. J. Sci. 290, 35^45.

[10] Vargas, M., Kashe¢, K., Blunt-Harris, E.L. and Lovley, D.R.
(1998) Microbiological evidence for Fe(III) reduction on early
Earth. Nature 395, 65^67.

[11] Lovley, D.R. and Phillips, E.J.P. (1986) Availability of ferric
iron for microbial reduction in bottom sediments of the fresh-
water tidal Potomac River. Appl. Environ. Microbiol. 57,
751^757.

[12] Caccavo Jr., F., Blakemore, R.P. and Lovley, D.R. (1992) A
hydrogen-oxidizing, Fe(III)-reducing microorganism from the
Great Bay Estuary, New Hampshire. Appl. Environ. Micro-
biol. 58, 3211^3216.

[13] Roden, E.E. and Lovley, D.R. (1993) Dissimilatory Fe(III)
reduction by the marine microorganism Desulfuromonas ace-
toxidans. Appl. Environ. Microbiol. 59, 734^742.

[14] Coates, J.D., Phillips, E.J.P., Lonergan, D.J., Jenter, H. and
Lovley, D.R. (1996) Isolation of Geobacter species from di-
verse sedimentary environments. Appl. Environ. Microbiol.
62, 1531^1536.

[15] Lonergan, D.J., Jenter, H.L., Coates, J.D., Phillips, E.J.P.,
Schmidt, T.M. and Lovley, D.R. (1996) Phylogenetic analysis
of dissimilatory Fe(III)-reducing bacteria. J. Bacteriol. 178,
2402^2408.

[16] Lovley, D.R., Giovannoni, S.J., White, D.C., Champine, J.E.,
Phillips, E.J.P., Gorby, Y.A. and Goodwin, S. (1993) Geo-
bacter metallireducens gen. nov., sp. nov., a microorganism
capable of coupling the complete oxidation of organic com-
pounds to reduction of iron and other metals. Arch. Micro-
biol. 159, 336^344.

[17] Nealson, K.H. and Little, B. (1997) Breathing manganese and
iron: solid-state respiration. Adv. Appl. Microbiol. 45, 213^
239.

[18] Boone, D.R., Liu, Y., Zhao, Z.J., Balkwill, D.L., Drake,
G.R., Stevens, T.O. and Aldrich, H.C. (1995) Bacillus infernus
sp. nov., an Fe(III)- and Mn (IV)-reducing anaerobe from the
deep terrestrial subsurface. Int. J. Syst. Bacteriol. 45, 441^448.

[19] Liu, S.V., Zhou, J., Zhang, C., Cole, D.R., Gajdarziska-Josi-
fovska, M. and Phelps, T.J. (1997) Thermophilic Fe(III)-re-
ducing bacteria from the deep subsurface: The evolutionary
implications. Science 277, 1106^1109.

[20] Kieft, T.L., Fredrickson, J.K., Onstott, T.C., Gorby, T.A.,
Kostandarithes, H.M., Bailey, T.J., Kennedy, D.W., Li,
S.W., Playmale, A.E., Spadoni, C.M. and Gray, M.S. (1982)
Dissimilatory reduction of Fe(III) and other electron accep-
tors by a Thermus isolate. Appl. Environ. Microbiol. 65,
1214^1221.

[21] Slobodkin, A.I., Reysenbach, A., Strutz, N., Dreier, M. and
Wiegel, J. (1997) Thermoterrabacterium ferrireducens gen.
nov., sp. nov., a thermophilic anaerobic dissimilatory
Fe(III)-reducing bacterium from a continental spring. Int. J.
Syst. Bacteriol. 47, 541^547.

FEMSEC 1081 12-11-99

C. Zhang et al. / FEMS Microbiology Ecology 30 (1999) 367^371370



[22] Zhang, C., Vali, H., Romanek, C.S. and Phelps, T.J. (1998) A
transmission electron microscopic study of biogenic magnetite
formed by thermophilic iron-reducing bacteria. Am. Mineral.
83, 1409^1418.

[23] Bowman, J.P., McCammon, S.A., Nichols, D.S., Skerratt,
J.H., Rea, S.M., Nichols, P.D. and McMeekin, T.A. (1997)
Shewanella gelidimarina sp. nov. and Shewanella frigidimarina
sp. nov., novel Antarctic species with the ability to produce
eicosapentaenoic acid (20g3) and grow anaerobically by dis-

similatory Fe(III) reduction. Int. J. Syst. Bacteriol. 47 (5),
1040^1047.

[24] Lovley, D.R. (1990) Magnetite formation during microbial
dissimilatory iron reduction. In: Iron Biominerals (Frankel,
R.B. and Blakemore, R.P., Eds.), pp. 151^166. Plenum Press,
New York.

[25] Lovley, D.R., Woodward, J.C. and Chapelle, F.H. (1994)
Stimulated anoxic biodegradation of aromatic hydrocarbons
using Fe(III) ligands. Nature 370, 128^131.

FEMSEC 1081 12-11-99

C. Zhang et al. / FEMS Microbiology Ecology 30 (1999) 367^371 371


