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ABSTRACT : Microbial metal reduction influences the biogeochemical cycles of carbon and metals
as well as plays an important role in the bioremediation of metals, radionuclides, and organic
contaminants. The use of bacteria to facilitate the production of magnetite nanoparticles and the
formation of carbonate minerals may provide new biotechnological processes for material synthesis
and carbon sequestration. Metal-reducing bacteria were isolated from a variety of extreme envi-
ronments, such as deep terrestrial subsurface, deep marine sediments, water near hydrothermal vents,
and alkaline ponds. Metal-reducing bacteria isolated from diverse extreme environments were able to
reduce Fe(Ill), Mn(1V), Cr(VI), Co(Ill), and U(VI) using short chain fatty acids and/or hydrogen as
the electron donors. These bacteria exhibited diverse mineral precipitation capabilities including the
formation of magnetite (Fe;04), siderite (FeCO;), calcite (CaCOs), rhodochrosite (MnCOs), vivianite
[Fes(POs), - 8H20)], and uraninite (UOz). Geochemical and environmental factors such as atmo-
spheres, chemical milieu, and species of bacteria affected the extent of Fe(lll)-reduction as well as
the mineralogy and morphology of the crystalline iron mineral phases. Thermophilic bacteria use
amorphous Fe(IlI)-oxyhydroxide plus metals (Co, Cr, Ni) as an electron acceptor and organic carbon
as an electron donor to synthesize metal-substituted magnetite. Metal reducing bacteria were
capable of CO, conversion into sparingly soluble carbonate minerals, such as siderite and calcite
using amorphous Fe(Ill)-oxyhydroxide or metal-rich fly ash. These results indicate that microbial
Fe(ll1)-reduction may not only play important roles in iron and carbon biogeochemistry in natural
environments, but also be potentially useful for the synthesis of submicron-sized ferromagnetic
materials.
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Introduction

Microbial Fe(Ill) reduction plays an important
role in the cycling of iron(IlI) and organic
matter in natural environments (Canfield et al.,
1993; Lovley, 1991, 1993, 1995; Nealson and
Saffarini, 1994). Many Fe(Il)-reducing bacteria
can also reduce a variety of other metals and
radionuclides including uranium(VI) (Lovley,
1995; Lovley and Phillips, 1992), technetium
(VII) (Lloyd and Macaskie, 1996), cobalt(1Il)
(Zhang et al., 1996; Gorby et al, 1998),
chromium(V]) (Zhang er al, 1996; Lovley,
1993), arsenic(V) (Laverman et al., 1995), and
selenium(VI) (Oremland, 1994) as well as de-
grade petroleum hydrocarbons (Lovley ef al.,
1989; Lovley and Lonergan., 1990).

Fe(Ill)-reducing bacteria participate various
geochemical processes, such as weathering and
formation of minerals (Lovley et al, 1987;
Bazylinski ef al., 1988; Ferris ef al., 1994;
Zhang et al., 1997, 1998: Fredrickson et al.,
1998), formation of ore deposits (Nealson and
Myers, 1990), and cycling of organic matter
(Lovley, 1991; Nealson and Saffarini, 1994).
Fe(llI)-reducing bacteria can precipitate or trans-
form amorphous or crystalline Fe(Ill) oxides
into other crystalline iron phases, such as mag-
netite (Fe;0y), siderite (FeCOs), vivianite [Fe;
(POy) - 2H,0], and maghemite (Fe;O;) (Zhang
et al., 1997, 1998; Fredrickson et al., 1998;
Roh and Moon, 2000, 2001a, 2001b).

Microbial Fe(Ill) reduction is considered to
be an early form of respiration and may have
implications in the evolution of life on Earth
(Nealson and Myers, 1990; Lovley, 1991;
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Nealson and Saffarini, 1994; Liu ef al., 1997).
Most of the oxidation of organic matter coupled
to Fe(Ill) reduction in Precambrian sedimentary
environments was probably the results of dis-
similatory Fe(IlI)-reducing microorganisms which
could completely oxidize organic compounds to
carbon dioxide with Fe(IIl) as the sole electron
acceptor (Lovley, 1991, 1993; Nealson and
Myers, 1990; Baur et al., 1985; Walker, 1984,
1987). Deposition of large quantities of siderite
and magnetite in low temperature (<100TC)
environments may be complemented by
bacterial iron reduction (Nealson and Myers,
1990).

Extremophiles, microorganisms that grow under
extreme conditions, prefer such environments as
very hot (thermophiles), very cold (psychrophiles),
increased salt concentrations (halophiles), very
acidic (acidophiles), or highly alkaline (alkali-
philes) environments (Bowman et al., 1997,
Colwell et al, 1997; Liu er al, 1997;
Slobodkin et al., 1997). Their habitat may be
cold polar seas, deep-sea sediments, deep sub-
surface sedimentary rock, high saline lakes,
carbonate springs, or soda lakes. Extremophiles
are of great interest to researchers trying to
develop improved ways for the synthesis of
useful materials, radionuclide immobilization at
contaminated filed sites, or hydrogen production
for energy. Information about microbial metal
reduction under thermophilic, psychrophilic, and
alkaliphilic conditions is limited (Liu et al,
1997; Stapleton et al., 2002; Roh et al., 2002;
Zhang et al., 1999; Ye et al., 2002). Previous
studies reported isolation of phylogenetically
different thermophilic and psychrophilic enrich-
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ment cultures capable of reducing Fe(Ill) and
forming Fe(ll)-containing iron minerals (Liu ef
al., 1997, Stapleton et al, 2002; Roh and
Moon, 2001a; Roh er al., 2002). As an exten-
sion of this study, we continue to examine
metal reduction and biomineralization by thermo-
philic, psychrophilic, and alkaliphilic bacteria
isolated from extreme environments.

The objective of this paper summarizes recent
research results on metal reduction and bio-
mineralization by psychrophilic, thermophilic,
and alkaliphilic Fe(IlI)-reducing bacteria as well
as the utilization of biomineralization processes
for magnetite nanoparticle synthesis and carbon
sequestration.

Fe(IIl) Reducing Bacteria Isolated
From Extreme Environments

Table 1 shows thermophilic, psychrophilic,

and alkaliphilic Fe(ITI) reducing bacteria isolated
by Oak Ridge National Laboratory (ORNL)
researchers from a variety of cold, hot, and
alkaline environments, such as deep marine
sediments, sea water near hydrothermal vent,
deep subsurface environments, and a leachate-
pond containing high levels of salt and boric
acid.

Thermophilic Fe(IlT)-reducing bacteria were
isolated from deep subsurface sedimentary rocks
including Taylorsville Triassic Basin and Piceance
Cretaceous Basin (Table 1). Geological and
hydrological evidences suggested that the deep
basins were hydrogeologically separated from
the surface for millions of years. The current
temperature of sampling depth (860~2800 m
below land surface) ranged from 42~857T and
fluid pressure ranged from 30 to 35 Mpa
(Coldwell et al., 1997, Boone et al., 1995;
Tseng et al., 1996). The sampling processes and

Table 1. Microbial isolates investigated at Oak Ridge National Laboratory

Isolates Growth Genus and Site
condition species Description Geology/Sample Type References
TOR-39 Thermophilic Thermoanerobacter ~ Taylorsville Triassic shale, Liu et al.,
40~757C) ethanolicus Basin, Northern siltstone, and 1997
Virginia sandstone
C1 Thermophilic Thermoanerobacter  Piceance cemented Liu et al.,
(40~757C) ethanolicus Basin sandstone; 1997
Wasatch cross-bedded
Formation, Western siltstones and
‘ Colorado shales
X513 Thermophilic Thermoanerobacter ~ Piceance cemented Roh et dl.,
X514 40~757C) ethanolicus Basin sandstone; 2002
X561 Wasatch Formation, cross-bedded
Western Colorado  siltstones and
shales
NV-1 Psychrotolerant Shewanella alga Naha vents, Iron-rich Stapleton et
0~377) Coast of microbial material al., 2002
Hawaii assoicated with a
hydrothermal vent
W3-6-1 Psychrotolerant Shewanella Deep Pacific Ocean Marine sediment Stapleton et
W3-7-1 (0~377C) pealeana Marine Sediments al., 2002
CBS-011  Alkaliphilic Alkaliphilus Boron-rich Leachate-pond containing Ye ez al.,
pH = 8.0~11 transvaalensis sites at the U.S. high level of 2002

Borax mine in
Borax, CA

salt (~12 % NaCl) and

boric acid
(2~8 g/l B)
at pH 9~10.
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quality controls were described elsewhere (Liu
et al., 1997, Roh et al, 2002). Phylogenetic
analysis indicate that the thermophilic Fe(Iil)-
reducing bacteria were closely related to
Thermoanerobacter  ethanolicus (Liu et al.,
1997; Roh et al., 2002). Psychrotolerant Fe(Ill)-
reducing bacteria were isolated from deep
marine sediments in the Pacific Ocean off of
the Washington state, and sea water near
hydrothermal vents off the coast of Hawaii
(Table 1). Phylogenetic analysis indicated that
the psychrotolerant Fe(Ill)-reducing bacteria
were closely related to the members of Shew-
anella genus, Shewanella alga and Shewanella
pealeana (Roh and Moon, 2001a; Roh et al,
2001c; Stapleton er al., 2002). Alkaliphlic Fe
(IIN)-reducing bacteria were isolated from a
leachate pond containing high levels of salt
(~12% NaCl) and boric acid 2~8 g/L B) at
pH 9.0~10.0 (Ye et al, 2002). Phylogenetic
analysis indicate that the alkaliphilic Fe(III)-
reducing bacteria were closely related to
Alkaliphilus transvaalensis, an alkaliphilic bac-
terium isolated from a deep South African gold
mine. These results suggest that the microbial
population responsible for Fe(1ll) reduction were

different among these sampling locations, in-situ
temperatures, and salinity. The results also
indicated that microbially mediated iron reduc-
tion is likely widespread in cold (<107C), hot
(>457C), and alkaline (>3M salt concentration)
natural environments.

Metal Reduction and Biomineralization

Fe(lll)-reducing microorganisms isolated from
extreme environments have the capability of
reducing various contaminant metals and radi-
onuclides (Table 2), which can lead to immobi-
lization of these contaminants in subsurface
environments. Thermophilic microorganisms iso-
lated from Taylorsville and Piceance Basin were
found to reduce Co(lll), Cr(VI), Fe(Illl), Mn
(IV), and U(VI) to reduced species, such as
Co(I), Cr(IIl), Fe(Il), Mn(Il), and U(IV) at
temperature of up to 75°C. Psychrotolerant and
alkaliphilic Fe(IlI)-reducing bacteria were also
able to reduce Co(Ill), Cr(VI), Fe(Ill), and
Mn(IV) to reduced species, such as Co(Il),
Cr(II), Fe(ID), and Mn(Il).

The thermophilic bacteria were able to reduce
several Fe(Ill)-species including Fe(IIl)-citrate,

Table 2. Metal reduction and mineral formation by thermophilic, psychrotolerant, and alkaliphilic

Fe(Il)-reducing bacteria

Isolates Growth Electron Electron .
Minerals formed
temperature range donors acceptors
TOR-39 40~75C Lactate Fe(IIl) Magnetite (Fe30s)
X513 Pyruvate Mn(VI) Siderite (FeCOs)
X561 Acetate U(VID) Maghemite (Fe20s)
Formate Cr(VD) Uraninite (UO»)
Glucose Co(1ID) Rhodochrosite (MnCO3)
Cl 40~75C Lactate Fe(I1T) Magnetite (Fe;04)
X514 Pyruvate Mn(V1) Siderite (FeCOs)
Acetate uvIn Rhodochrosite (MnCOs)
Formate Cr(VI)
Glucose Co(l1il)
Hydrogen
NV-1 0~37TC Lactate Fe(1II) Magnetite (Fe;Oy)
W3-6-1 Formate Co(IlI) Siderite (FeCOs)
W3-7-1 Pyruvate Vivianite [Fe;(POs); - 8HO]
Hydrogen
CBS-011 25T, Lactate Fe(IlI) Magnetite (Fe3Os)
pH up to 11 Acetate Co(IID) Siderite (FeCOs)
Hydrogen Cr(VI) Vivianite [Fe;(POs), - 8HO]
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Fe(1l)-EDTA, and amorphous Fe(IiI)-oxides us-
ing acetate, lactate, formate, glucose, pyruvate,
and hydrogen as the electron donors. The
psychrotolerant and alkaliphilic Fe(III)-reducing
bacteria were also able to reduce the Fe(Ill)-
species using lactate, formate, pyruvate, and
hydrogen as the electron donors. However, the
psychrotolerant cultures (NV-1, W3-6-1, W3-
7-1) could not use acetate as an electron donor
to reduce the Fe(Ill)-species.

Table 2 and Fig. 1show X-ray diffraction
(XRD) analyses and electron micrographs of
crystalline minerals formed by the Fe(Ill)-
reducing bacteria, respectively. The thermophilic
and psychrotolerant Fe(Ill)-reducing bacteria
were capable of reducing amorphous Fe(lIl)
oxides and transform them into Fe(Il) con-
taining minerals, such as magnetite (FesO4) and
siderite (FeCOs) (Table 2; Fig. 1A, B, and C).
The thermophilic bacteria reduced uranyl car-
bonate [UOx(COs);"] and MnO, and formed
sparingly soluble minerals including uraninite
(UOy) (Fig. 1H) and rhodochrosite (MnCOs)
(Fig. 1E). Psychrotolerant and alkaliphilic Fe
(IID-reducing bacteria precipitated vivianite [Fes
(PO4), - 8H,O] from POs (25 mM) containing
media when soluble Fe(IIl), Fe(Il)-citrate and
Fe(III)-EDTA were used as the electron accep-
tor. Vivianite formation was only observed
when soluble Fe(Ill), Fe(Ill)-citrate and Fe(II)-
EDTA, were used as the electron acceptor.

Geochemical and environmental factors, such
as atmospheres, chemical milicu, salinity, pH,
and incubation temperature affected the extent
of Fe(Ill) reduction as well as the mineralogy
of the crystalline iron mineral phases. Magne-
tite was dominantly formed under N> and H»
atmospheres (Fig. 1A and B). Siderite forma-
tion was dominant under an H»-CO; atmosphere
(pCO, = 10'2) (Fig. 1D). A mixture of magnetite
and siderite was formed in the presence of a
N>-CO, headspace (pCO;= 10'2). Predominant
mineral formed in HCO; buffered medium
(>120 mM) with lactate was siderite (Fig. 1D).
Temperature profile of microbial Fe(Ill) reduc-
tion showed that the thermophilic Fe(IIl)-

reducing bacteria reduced amorphous Fe(IIl)
oxyhydroxide to magnetite in the temperature
range of 40 to 75C (Liu et al., 1997; Roh and
Moon, 2000) and psychrotolerant Fe(lll)-reduc-
ing bacteria formed magnetite at temperature
ranging from 0 to 37°C using amorphous Fe(III)
oxyhydroxide as an electron acceptor (Roh and
Moon, 2001a, Stapleton er al., 2002). Thermo-
philic and psychrotolerant Fe(ll)-reducing
bacteria reduced amorphous Fe(Ill) oxyhydroxide
to magnetite at pH range between 6.9 and 8.5
(Roh and Moon, 2000). But alkaliphilic Fe(III)-
reducing bacteria, CBS-011, reduced Fe(Ill)-
species, Fe(Ill)-citrate and Fe(II)-EDTA, at pH
up to 10.5 and formed vivianite (Fig. 1G) in
phosphate buffered media (>25 mM POQs).
Thermophilic Fe(1ll)-reducing bacteria formed
Ni-substituted magnetite using amorphous Fe(IID)
oxyhydroxide plus metals (Ni*") as an electron
acceptor and organic carbon as an electron
donor without a soluble electron shuttle, anthra-
quinone disulfonate (AQDS) (Fig. 1C). The
microbial processes produced copious amounts
of nm-sized, metal-substituted  magnetite
crystals. Chemical and X-ray powder diffraction
analyses showed that these metals, such as Co,
Cr, Ni substituted for Fe in biologically
facilitated magnetite (Roh and Moon, 2001b;
Roh et al., 2001a). Psychrotolerant and thermo-
philic Fe(lll)-reducing bacteria formed calcite
(CaCO3) (Fig. 1F) and siderite (FeCOs) using
metal-rich fly ash and lime in the presence of
CO; headspace gases (pCO,=107) as well as
in HCOs; buffered media (30~210 mM).
Chemical analysis of the culture media after the
incubation revealed that the leaching of Ca and
Fe from fly ash was significantly reduced in the
presence of CO> atmosphere and in HCO;y
buffered media (140~210 mM) (Roh et al.,
2001b). This effect was a consequence of
microbial metal reduction and the precipitation
of siderite in the presence of appropriate
electron donors, such as lactate and glucose.
The precipitation of carbonate minerals is likely
facilitated by the organisms altering local Eh,
pH, and nucleation conditions (Roh et al.,
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Fig. 1. Scanning and transmission electron micrographs of minerals
formed by the Fe(lll)-reducing bacteria: (A) Magnetite (FesO4) formed by
NV-1 at 28C (B) Magnetite (Fe;O4) formed by TOR-39 at 65C; (C) Ni-
substituted magnetite formed by TOR-39 at 65T; (D) Siderite (FeCOs)
formed by NV-1 at 14C; (E) Rhodochrosite (MnCOs) formed by X514 at
60°C; (F) Calcite (CaCO;) formed by TOR-39 at 65°C; (G) Vivianite
[Fe;(PO4), - 8H>0O] formed by CBS-011 at 25T; (H) Uraninite (UOz)

formed by X514 at 60C.
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2001b). Biological carbonate mineral formation
using fly ash and lime materials indicated that
bacteria may complement the capture of carbon
dioxide from fossil fuel plants while potentially
stabilizing fly ash wastes.

Geochemical and Biotechnological
Implications

In extreme environments, microbial oxidation
of organic matter or hydrogen coupled to the
reduction of Fe(Ill) and other metals is an
important process for the bioremediation and
natural attenuation strategy for waters and
sediments contaminated with heavy metals and
radionuclides. The biotechnological applications
of Fe(Ill)-reducing bacteria isolated from ex-
treme environments include (1) remediation of
subsurface water and sediments contaminated
with metals, radionuclide and organics, (2)
synthesis of magnetite nanoparticles, and (3)
utilization for carbon sequestration.

Geochemical Implications

Fe(lll) reduction and mineral formation by
Fe(Ill)-reducing bacteria isolated from extreme
environments support the hypothesis that metal-
reducing bacteria, such as Thermoanerobacter
and Shewanella species are important compo-
nents in the overall biogeochemical cycling of
iron, manganese, and other elements in subsur-
face sediments. Microbial Fe(IIl) respiration
influences not only the speciation of iron in
anoxic marine sedimentary environments but
also the carbon cycles and the fate of a variety
trace metals and nutrients.

The data suggested that the Fe(IIl)-reducing
bacteria in subsurface environments may have
the capability of forming magnetite (Fe;0.) and
siderite (FeCQOj3;) by growing on short chain
fatty acids or hydrogen as an energy source
various geochemical conditions. The biomineral-
ization of Fe(II)-containing minerals is a com-
plex process influenced by multiple biological
and chemical factors as they are reduced by

Fe(Ill)-reducing bacteria. The major factors
controlling iron biomineralization is the compo-
sitions and concentrations of cations and anions,
medium pH, atmosphere, and other conditions,
such as incubation temperature and time. In-
creasing bicarbonate concentration and pCO, in
the chemical milieu resulted in increased pro-
portions of siderite relative to magnetite. In fact,
the presence of the inorganic ligand, Cos%,
facilitated the - reduction of amorphous Fe(III)
oxyhydroxide, probably by creating conditions
which thermodynamically favors reduction. This
study showed that microbial magnetite forma-
tion is favored by neutral to slightly alkaline
and reducing conditions. If the pH becomes too
low (i.e., <6.0) magnetite will not form because
the high proton concentrations may incline the
decomposition of magnetite to Fe(OH); (Roh et
al., 2001a).

This study showed that the biologically
facilitated formation of magnetite and siderite
using amorphous Fe(IIl) oxyhydroxide or amor-
phous Fe(lll) oxyhydroxide added heavy metals
(Co, Cr, Ni) as the electron acceptor does not
require the addition of exogenous electron
carrier substances, such as humic acids. The
ability of Fe(lll)-reducing bacteria to reduce
amorphous Fe(IIl) oxide plus heavy metals and
to form magnetite and siderite has far reaching
implications for microbial processes in subsur-
face sediments where Fe(Ill) oxides associated
with heavy metals may represent the largest
mass of electron acceptor. Microbial formation
of carbonate mineral and iron oxides may play
an important role in trace metal immobilization
because metals (Co, Cr, Ni) are readily incor-
porated into the magnetite and siderite crystal
structure  when the Fe(Ill) reducing bacteria
formed magnetite (Fredrickson et al., 2001; Roh
et al., 2001a; Roh and Moon 2001b).

Anaerobic extremophiles including thermo-
philes, psychrophiles, and alkaliphiles from
isolated diverse subsurface environments ex-
hibited the ability of reducing Co(1ll), Cr(VI),
Fe(II), Mn(IV), and U(VI) using as an electron
acceptor to Co(Il), Cr(Iil), Fe(Il), Mn(II), and
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U(IV). Microbial reduction of uranyl carbonate
and precipitation of uraninite (UO,) has the
potential to restrict the risk and the transport of
uranyl-carbonate in aqueous environments by
producing sparingly soluble phases. The use of
Fe(Ill) and other metals by certain microbial
groups as terminal electron acceptors for anaer-
obic respiration is of particular relevance to
bioremediation and natural attenuation of heavy
metals and radionuclides (Lovley, 1995: Zhang
et al., 1996). In addition to direct precipitation
of redox-sensitive metals, the utilization of
organic matter to produce carbonates and crys-
talline magnetite may also contribute to indirect
sequestration of metals and radionuclides by
facilitating precipitation of metal-carbonates or
magnetic co-precipitation of non redox-sensitive
radionuclides. Nitroaromatics and chlorinated
solvents can be abiotically reduced by microbi-
ally generated Fe(Il) ions and formed Fe(ll)
containing minerals (Heijman et al., 1993, 1995;
Lovley and Lonergan, 1990).

Biotechnological Implications

Given the abundance of Fe in anacrobic
sedimentary systems, the capacity of Fe(ill)-
reducing bacteria to precipitate siderite using
iron oxides and dissolved Fe ion species could
have a significant impact on carbon sequestra-
tion. In addition to precipitation of iron car-
bonate mineral, the microbial utilization of
organic matter and hydrogen may also con-
tribute to direct or indirect precipitation of
redox sensitive metals in subsurface environ-
ments.

The capability of iron reducing bacteria to
precipitate carbonate minerals using fly ash
creates the possibility of more effective CO;
sequestration than would be possible with
photosynthetic systems in alkaline ponds. In the
environments with high bicarbonate concentra-
tions, the microbial production of Fe(Ill) from
Fe-rich fly ash may stimulate siderite formation.
Ca-rich fly ash or lime facilitated calcium
carbonate crystallization by the organisms alter-

ing local Eh, pH, and nucleation conditions.
Biological carbonate mineral formation using fly
ash and lime materials indicated that bacteria
may complement the capture of carbon dioxide
from fossil fuel plants while potentially sta-
bilizing fly ash wastes.

The use of bacteria to facilitate the production
of magnetite nanoparticles may provide new
biotechnological procedures for material synthesis
(Roh and Moon 2000, 2001b; Roh et al,
2001a). The microbial processes produced co-
pious amounts of nm-sized, metal-substituted
magnetite crystals. These biosolid-state reactions
may describe novel solid-state processes and
maybe potentially useful to the development and
design of submicron-sized ferromagnetic mate-
rials. Precise biological control over the activa-
tion and regulation of the solid-state processes
can result in magnetite particles of well-defined
size and crystallographic morphology. The ad-
vantages of biologically-facilitated production of
metal-substituted magnetites may include: (1)
the biologically-facilitated production of mag-
netite does not require the addition of ex-
ogeneous electron carrier substances such as
humic acids (Fredrickson et al., 2001); (2)
particles can in principle be grown to a size
that would not be feasible if the particles
formed inside the cell; (3) the bacteria are not
sacrificed in order for the product to be
harvested; and (4) agitation, fluid flow, or
magnetic forces may be capable of dislodging
the particles when a desired size is attained.
Knowledge concerning such novel bio-solid
processes may be important in the development
and design of submicron-sized ferromagnetic
materials.
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