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Adsorption of heavy metals and radionuclides (HMR) onto iron and manganese oxides has long been
recognized as an important reaction for the immobilization of these compounds. However, in environments
containing elevated concentrations of these HMR the adsorptive capacity of the iron and manganese oxides
may well be exceeded, and the HMR can migrate as soluble compounds in aqueous systems. Here we
demonstrate the potential of a bioremediative strategy for HMR stabilization in reducing environments based
on the recently described anaerobic nitrate-dependent Fe(II) oxidation by Dechlorosoma species. Bio-oxidation
of 10 mM Fe(II) and precipitation of Fe(III) oxides by these organisms resulted in rapid adsorption and
removal of 55 �M uranium and 81 �M cobalt from solution. The adsorptive capacity of the biogenic Fe(III)
oxides was lower than that of abiotically produced Fe(III) oxides (100 �M for both metals), which may have
been a result of steric hindrance by the microbial cells on the iron oxide surfaces. The binding capacity of the
biogenic oxides for different heavy metals was indirectly correlated to the atomic radius of the bound element.
X-ray absorption spectroscopy indicated that the uranium was bound to the biogenically produced Fe(III)
oxides as U(VI) and that the U(VI) formed bidentate and tridentate inner-sphere complexes with the Fe(III)
oxide surfaces. Dechlorosoma suillum oxidation was specific for Fe(II), and the organism did not enzymatically
oxidize U(IV) or Co(II). Small amounts (less than 2.5 �M) of Cr(III) were reoxidized by D. suillum; however,
this appeared to be inversely dependent on the initial concentration of the Cr(III). The results of this study
demonstrate the potential of this novel approach for stabilization and immobilization of HMR in the
environment.

The mobility of trace metals and radionuclides released into
aquatic and terrestrial environments by mining, industrial pro-
cesses, and municipal waste disposal practices is an area that
deserves significant scientific, public health, and regulatory at-
tention. The U.S. Environmental Protection Agency includes
cadmium, chromium, copper, lead, mercury, nickel, silver, and
zinc on its priority pollutant list for waste effluents. Geochemi-
cal controls that regulate the trace element concentrations in
oxic natural waters include adsorption and coprecipitation by
hydrous oxides of iron and manganese. These hydrous oxides
occur as discrete grains and as coatings on aquifer materials.
They have been shown to be the major host minerals for many
trace elements in soils and for 60Co and isotopes of plutonium
and americium in soils and sediments of a disposal area at Oak
Ridge National Laboratory (27).

Adsorption of heavy metals and radionuclides (HMR) onto
iron and manganese oxides has long been recognized as an
important reaction for immobilization of these compounds (2,
4, 28, 33, 45, 46, 47, 51, 52). However, the adsorptive capacity
of the hydrous oxides in some environments may not be suffi-
cient to immobilize all of the HMR present. Many studies have
investigated the bioremediative potential of stimulating reduc-
ing bacteria to use some of the soluble HMR as electron
acceptors and thus precipitate them out of solution (10, 35, 42,

43). However, there are many unknowns and potential limita-
tions for this technique, including (i) the fate of the reduced
immobilized HMR once the bioremediative process is com-
plete and the environment reverts back to an oxic state; (ii) the
potential for bio-oxidation and subsequent resolubilization of
the reduced immobilized HMR; (iii) the fact that reductive
remediation may not be suitable for low-level, long-term con-
tamination as there may be insufficient HMR contaminants
available to support a metal-reducing microbial community;
and (iv) the fact that many metals are bound and solubilized by
natural and anthropogenic organic matter present in most en-
vironments regardless of their valence state (12, 16, 50, 59).

An alternative to bioreduction is selective anaerobic bio-
oxidation of added Fe(II) under anoxic conditions. This tech-
nique, if successful, should result in immobilization of contam-
inating HMR on newly formed Fe(III) oxides. Anaerobic bio-
oxidation of Fe(II) was only recently identified, and very little
is known regarding the ubiquity and diversity of organisms
capable of this metabolism. Previous studies have shown that
Fe(II) oxidation is mediated by anoxygenic phototrophs (32,
61), as well as various nitrate-respiring organisms (8) and per-
chlorate-respiring organisms (11, 15, 20, 38, 48). The end prod-
uct of this metabolism is generally amorphous Fe(III) oxide (8,
11, 57, 61). Amorphous Fe(III) oxide [Fe2O3 · H2O(am)], or
ferrihydrite, has often been used for studies of adsorption of
trace metals because it is a uniform material with well-known
surface properties that is easily reproduced (2). It is also rep-
resentative of metal oxides in the natural environment and is a
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precursor of many natural forms of crystalline Fe(III) oxides,
such as goethite and hematite (22, 53, 63). Previous studies
have shown that metals such as cobalt, chromium, cadmium,
lead, uranium, and radium are rapidly adsorbed by this iron
form (2, 4, 44, 51), and some of these metals with lower ionic
radii (e.g., Co2� and Cd2�) are incorporated into the Fe(III)
oxide structure as the amorphous Fe(III) oxides begin to re-
crystallize with age. Under these conditions these trace metals
become tightly bound in the Fe(III) oxide crystals (2) and are
thus immobilized.

As part of a study on the metabolic diversity of organisms
capable of growth by anaerobic respiration of perchlorate, we
isolated a novel organism, Dechlorosoma suillum strain PS,
from a swine waste lagoon (1, 20, 48). Physiological character-
ization revealed that D. suillum rapidly oxidized Fe(II) with
nitrate or chlorate as the electron acceptor under strictly an-
aerobic conditions (15, 38, 48). Recently, we demonstrated that
Fe(II) oxidation by D. suillum resulted in the formation of
different end products depending on the rate of Fe(II) oxida-
tion (15, 38). In cell suspension experiments, Fe(II) was rapidly
oxidized to an amorphous ferrihydrite similar to that formed
by other previously described nitrate-dependent Fe(II) oxidiz-
ers (38); however, under growth conditions with acetate as a
cosubstrate and nitrate as the electron acceptor, Fe(II) oxida-
tion resulted in the production of a broad range of crystalline
iron minerals, including magnetite, which accounted for as
much as 25% of the original Fe(II) in the culture under the
growth conditions tested (15). Here we report on the biore-
mediation potential of this metabolism for immobilization of
HMR in reducing environments as a result of engineered an-
aerobic bio-oxidation.

MATERIALS AND METHODS

Medium and culture conditions. D. suillum strain PS was maintained in an
anoxic, defined freshwater medium described previously (11) with acetate (10
mM) as the sole electron donor and chlorate (10 mM) or nitrate (10 mM) as the
sole electron acceptor. Standard anaerobic techniques were used throughout this
study (34). Anoxic medium (pH 6.8) was prepared by boiling the medium to
remove dissolved O2 before it was dispensed under an N2-CO2 (80:20, vol/vol)
gas phase into anaerobic pressure tubes or serum bottles that were sealed with
thick butyl rubber stoppers.

Alternative electron donors and acceptors were added from sterile stock so-
lutions. Chloride salts of the metals cadmium (CdCl2), cobalt (CoCl2), and
uranium (UCl2O2) were also added from sterile stock solutions. Reduced U(IV)
was produced in culture medium by amending freshly prepared anoxic basal
medium with an anoxic uranyl chloride stock to give the desired final U(IV)
concentration. The medium was further amended with palladium-coated alumi-
num chips and gassed out with H2 to abiotically reduce the UO2Cl2. Once the
uranium was reduced, the headspace gas was replaced with N2-CO2 and the
aluminum chips were removed by decantation.

Cell suspension preparation. Cells of D. suillum strain PS were grown anaer-
obically in 500-ml volumes of medium with acetate (10 mM) as the electron
donor and chlorate or nitrate (10 mM) as the electron acceptor. After dense
growth of D. suillum, cells were harvested by centrifugation at 4°C under an
N2-CO2 headspace. The cell pellets were each washed twice and resuspended in
1 ml of anoxic bicarbonate buffer (2.5 g liter�1, pH 6.8) and sealed in a 10-ml
serum vial with a thick butyl rubber stopper under an N2-CO2 headspace.

Analytical techniques. Acetate concentrations were analyzed by high-perfor-
mance liquid chromatography with UV detection at 210 nm (model SPD-10A;
Shimadzu Scientific Instruments, Columbia, Md.) by using an HL-75H� cation-
exchange column (catalog no. 79476; Hamilton Company, Reno, Nev.). The
eluent was 0.016 N H2SO4 at a flow rate of 0.4 ml min�1. Chlorate, chloride,
nitrate, and nitrite concentrations were analyzed by ion chromatography with
conductivity detection (model CDD-6A; Shimadzu Scientific Instruments) by
using IonPac AS9-HC with suppressed conductivity by ASRS-II in a recycle

mode (catalog no. 51786; Dionex Corporation, Sunnyvale, Calif.). The eluent
was 9 mM sodium carbonate at a flow rate of 1.0 ml min�1. Growth of cultures
on soluble electron acceptors was determined by direct cell counting and by
monitoring the increase in optical density at 600 nm. Concentrations of HCl-
extractable Fe(II) were determined colorimetrically by the ferrozine assay at 562
nm (41). For insoluble Fe(II) minerals, the total Fe(II) content was determined
by extraction for 24 h in 5 N HCl prior to analysis with the ferrozine assay.

Soluble concentrations of U(VI) were determined by using reverse-phase
chromatography coupled to postcolumn derivatization with the dye Arsenazo III.
This method is a modification of the method first described by Barkley et al. (7).
A detection limit of 0.50 �M can be achieved with this technique. A Dionex
DX500 instrument equipped with a Supelcosil LC-18 column (150 by 450 mm),
an absorbance detector set to a wavelength of 658 nm, and a pneumatic unit for
delivery of the postcolumn reagent was used. The chromatographic conditions
included a mobile phase of 85% 0.20 M hydroxyisobutyric acid (pH 4.0) and 15%
methanol at a flow rate of 1.4 ml · min�1 and 0.125 mM Arsenazo III as a
postcolumn reagent at a flow rate of 0.60 ml·min�1.

X-ray absorption spectroscopy. The biogenic Fe(III) oxides containing ura-
nium were centrifuged, and the resulting wet paste was mounted in a hollowed-
out Plexiglas (thickness, 1.5 mm) sample holder. Kapton film was used to contain
the sample within the hollowed-out region of the Plexiglas holder and to allow
penetration of the synchrotron radiation. The centrifuge tube was opened, and
the material was mounted in the Plexiglas holder in an anaerobic glove box (Coy
Laboratories) to maintain anoxic conditions. Uranium L-III edge fluorescence
X-ray absorption fine-structure (XAFS) spectroscopy (37) measurements were
obtained for the wet homogeneous paste. All XAFS measurements were made at
the Materials Research Collaborative Access Team insertion device beamline
(54) at the Advanced Photon Source, Argonne National Laboratories, Argonne,
Ill. The energy of the incident X rays was selected by using Bragg reflection from
two Si(III) crystals from the third harmonic of the beamline undulator. Higher-
order harmonics were rejected by using an Rh mirror. The incident X-ray
intensity was sampled by using an ion chamber filled with nitrogen gas, and the
fluorescent X-ray intensity was sampled by using a Stern-Heald detector filled
with free-flowing Ar gas at atmospheric pressure. An Sr filter of six absorption
lengths was used to reduce the elastically scattered radiation contributing to the
background signal. Linearity tests (36) indicated that there was less than 0.38%
nonlinearity in the experimental setup for a 50% decrease in incident X-ray
intensity. The incident X-ray intensity varied by less than 15% throughout the
energy range of the XAFS measurements. The transmission XAFS signal of an
yttrium-containing X-ray filter was used as an energy reference to accurately
align the edge-energy positions of all data, as described elsewhere (23). Three
energy scans were collected at six different locations on the sample to reduce
radiation-induced chemical effects on the sample. The sample was exposed for
approximately 1 min for each of the three measurements at each location.
Measuring several spectra at each of the six sample locations allowed determi-
nation of radiation-induced chemical effects at the 1-min time scale. No time-
dependent change was observed in the X-ray absorption near-edge spectra
(XANES) data for any of the samples.

Three experimental U extended X-ray absorption fine-structure standards
were measured: hydrated uranium ([U] � 500 ppm in double-distilled deionized
water, pH 0.96), uranium in an acetic acid solution ([U] � 500 ppm in acetic acid
[ratio of U to acetic acid, 1:100], pH 4.4), and a uranium phosphate solution ([U]
� 500 ppm [ratio of U to P, 1:100], pH 1.5). In addition, to determine the average
valence state of the U in a bio-oxidized sample, two U XANES powder standards
(UO2 and UO3) were measured. The theoretical codes contained in the UWX-
AFS package (55) were used to analyze all data. The program FEFF7 (62) was
used to construct the theoretical XAFS data on the basis of uranyl crystal
structures, and the results are presented in Table 1. The results of a best-fit
analysis of the experimentally obtained data with theoretically generated data
indicated that the S02 best-fit values were 1.0 � 0.2. The value for E0 was
determined in the fit. For the standards, two different E0 values were used. The
structural parameters determined in a fit to the U-containing biogenic Fe(III)
oxide XAFS data included Ndegen (coordination number), R (distance to the
neighboring atoms for a single scattering path), and �2 (relative mean square
displacement between the absorbing U atom and the neighboring atoms for a
single scattering path). Fitting of the XAFS data for the U-containing biogenic
Fe(III) oxides had three independent points and 12 variables. Error analysis and
goodness-of-fit parameters were calculated with the fitting routine FEFFIT.

RESULTS AND DISCUSSION

Abiotic adsorption of HMR onto ferrihydrite. When the
Fe(II) content of anoxic uninoculated basal culture medium
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(11) was abiotically oxidized by a brief (1-min) exposure to air,
an orange-brown precipitate, presumably amorphous ferric
oxyhydroxide, rapidly formed within 1 h. Addition of Co(III)
or U(VI) (100 �M) to the air-treated medium resulted in slow
removal of the soluble metals from solution over a period of
120 days (Fig. 1). In contrast, if the anoxic Fe(II)-containing
medium was exposed to oxygen after addition of the uranium
or cobalt, the HMR were rapidly removed from solution, and
complete removal was observed within 2 h (Fig. 1). Previous
studies have similarly shown that metals such as cobalt, cad-
mium, lead, uranium, and radium are rapidly adsorbed by
ferric iron mineral phases, especially amorphous ferric oxyhy-
droxide, and pulled from solution over time (2, 4, 51). In

addition, some metals with lower ionic radii (e.g., Co2� and
Cd2�) may be incorporated into the Fe(III) oxide structure as
the amorphous Fe(III) oxides crystallize with age. These trace
metals can become tightly bound into the Fe(III) oxide crystals
(2) and thus become immobilized.

Anoxic biological HMR immobilization. Addition of soluble
U(VI) or Co(III) at a concentration of 100 �M had no effect
on growth or on nitrate-dependent Fe(II) oxidation by D.
suillum (Fig. 2). Similar to what was observed for abiotic oxi-
dation of the Fe(II)-containing medium (see above), anaerobic
biological oxidation of the Fe(II) by D. suillum in the presence
of either Co(III) or U(VI) also resulted in rapid removal of the
HMR from solution (Fig. 3). Interestingly, the removal of the
U(VI) or Co(III) by the biogenically produced oxides was not
as complete as the removal observed in the abiotic experi-
ments, and only 55% of the initial 100 �M uranium was re-
moved from solution. This difference in binding capacity be-
tween the abiotically produced Fe(III) oxides and the biogenic
Fe(III) oxides may be the result of microbial cells bound to the
reactive surfaces of the biogenically produced Fe(III) oxides,
resulting in a decrease in available binding sites for HMR.

More cobalt (81% of the initial 100 �M) than uranium was
removed from solution as a result of biological Fe(II) oxida-
tion. When a similar experiment was performed with cadmium,
69% of the initial 100 �M was bound by the biogenically
formed iron minerals. Comparison of the atomic radii of these
ions (RU � 1.75 Å, RCd � 1.55 Å, RCo � 1.35 Å) to the atomic
radius of Fe (1.4 Å) suggests that the amounts of U, Cd, and
Co removed from solution are inversely related to the similar-
ity of their sizes to the size of Fe.

Valence state and local chemical environment of uranium
bound to the biogenic iron oxides. XANES is a useful tech-
nique for determination of the average valence state of ura-
nium in samples (3, 9, 24, 37) as the energy position of the edge
step (i.e., the increase in adsorption) is directly related to the
valence state of the uranium. Comparison of the energy-

FIG. 1. Adsorption and precipitation of uranium and cobalt by
Fe(III) oxides abiotically formed prior to and after addition of soluble
U(VI) and Co(III).

FIG. 2. Growth of D. suillum in the absence and in the presence of
soluble uranium and cobalt. OD600, optical density at 600 nm.

TABLE 1. Best-fit values for the XAFS data for the uranium-
containing biogenic iron oxide samplea

Path Ndegen R (Å) �2 (10�3 Å2)

U-Oax 2.0 1.797 � 0.015 0.0 � 0.2
U-Oeq 4.7 � 4.5 2.379 � 0.045 5.1 � 15.3
U-Oeq 1.7 � 0.7 2.161 � 0.143 5.1 � 15.3
U-Oax1–U-Oax1 2.0 3.594 � 0.029 0.0 � 0.7
U-Oax1–U-Oax2 2.0 3.594 � 0.029 0.0 � 0.7
U-Oax1–U-Oax2 2.0 3.594 � 0.029 0.0 � 0.7
U-Fe1 0.7 � 0.2 2.921 � 0.033 0.0 � 15.4
U-Fe2 0.5 � 0.4 3.521 � 0.061 0.0 � 15.4

a Path indicates the atom types in the scattering paths of the photoelectron
that are included in the model of the experimental XAFS data. For example,
U-Oax represents a single scattering path from a uranium atom to an axial
oxygen atom and then back to the original uranium atom. U-Fe1 and U-Fe2
represent two unique single scattering paths with different distances between the
U atom and the Fe1 or Fe2 atom. Ndegen is the degeneracy of the specific path.
For single scattering paths, the degeneracy is equal to the average number of
atoms at the same average distance from the U atom, commonly referred to as
the XAFS coordination number. R is one-half of the photoelectron path length
described by the path. The R for a single scattering path is the average distance
between the uranium atom and the backscattering atom. �2 is the relative mean
square displacement about the equilibrium half-path length. �2 is commonly
referred to as the XAFS Debye-Waller factor.
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aligned and step-height-normalized XANES data from the
uranium content of the biogenically formed iron oxides pro-
duced by D. suillum with the data obtained with UO2 [U(IV)]
and UO3 [U(VI)] standards indicated that the uranium was
present only in the oxidized U(VI) state (Fig. 4A).

Theoretical models based on the crystal structure of hydro-
gen uranyl phosphate tetrahydrate (49) and sodium uranyl(VI)
triacetate (58) were generated with the FEFF7 theoretical
codes and used as preliminary models for the experimental
XAFS data for uranium acetate, uranium phosphate, and hy-
drated uranyl solutions. The fit to the hydrated uranyl standard
showed the importance of multiple scattering paths from the
two closely bound axial oxygen atoms of the uranyl. Therefore,
these multiple scattering paths were included in the fitting of
the XAFS data for the bio-oxidized sample. Two distinct equa-
torial oxygen paths improved the quality of the fit for the
biogenic sample, decreasing the reduced chi-square value by a
factor of 2.6. The results of the best fit of the XAFS data
indicated that two different equatorial oxygen groups were
present in the biogenic uranium-iron oxide solids with approx-
imately 4.7 oxygen atoms at 2.2 Å and 1.7 oxygen atoms at 2.4
Å (Table 1). The data in the Fourier transform region from 2
to 3.5 Å were modeled with two higher coordination shells
containing all possible combinations of C, P, U, or Fe at �2.9
and �3.5 Å. The model that included two Fe shells was sta-
tistically better than any other model, reducing the reduced
chi-square value by a factor of 3 to 7. Results of the fit to the
experimental magnitude and real part of the Fourier trans-
formed data are shown in Fig. 4B. The sum of the average
numbers of Fe atoms in both higher coordination shells is
consistent with one, indicating that uranyl was associated with
the surface of the iron (hydr)oxides in two different geome-
tries. A U-Fe distance of approximately 3.5 Å is consistent with
U(VI) forming bidentate inner-sphere complexes with iron
(hydr)oxide surfaces.

Similar uranium XAFS studies of uranium-iron (hydr)oxide

interactions have been described previously (6, 44, 60). Al-
though U-C distances of �2.9 Å have been reported in a
previous study (6), the results from the fitting of our experi-
mental data are better described with a U-Fe correlation of
�2.9 Å than with a U-C correlation at �2.9 Å. It is important
that in our experimental system there are a large number of
crystallographic iron (hydr)oxide phases. Therefore, the
shorter U-Fe distance reported here (to our knowledge, the
first observation of its kind) may be due to an as-yet-unknown
interaction between uranium and iron (hydr)oxide.

Potential remobilization of uranium as a result of biological
Fe(II) oxidation. With a reduction potential (E�0) of approxi-
mately �0.07 V at pH 7.0 for the U(VI)-U(IV) couple (26), it
is possible that any insoluble U(IV) in the environment abi-
otically could react with biogenically produced Fe(III) to form

FIG. 3. Adsorption and precipitation of soluble uranium and cobalt
by Fe(III) oxides biogenically formed after addition of U(VI) and
Co(III).

FIG. 4. (A) Energy-aligned and step-height-normalized XANES
data from the UO2 [U(IV)] and UO3 [U(VI)] standards compared
with data from the uranium content of biogenically formed iron oxides.
(B) Magnitude and real part of the Fourier transformed 	(k)*k best-fit
model and data from biogenic solids.
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soluble U(VI) and Fe(II). If anaerobic biogenically formed
Fe(III) (hyd)oxides are to be utilized as a way to attenuate
radionuclides in reducing environments, it is very important to
ensure that metals such as uranium are not abiotically reoxi-
dized and solubilized by these iron (hydr)oxides. To ensure
that the bio-oxidation of Fe(II) did not result in resolubiliza-
tion of any previously reduced and immobilized U(IV), an
anaerobic washed cell suspension of D. suillum was amended
with insoluble U(IV) and 10 mM FeCl2 and with nitrate (10
mM) as the sole electron acceptor. Cation chromatography
analysis indicated that in the absence of Fe(II), no U(VI) was
present in solution, demonstrating that D. suillum cannot use
reduced uranium as an electron donor (Fig. 5). If O2 was
added to the headspace of the control culture that was not
amended with Fe(II), the uranium rapidly appeared in solution
as U(VI), demonstrating that in the absence of the biogenically
produced Fe(III) (hydr)oxides the U(IV) in this system was
unstable and could readily be reoxidized and solubilized (Fig.
5). This was expected as U(IV) is notoriously unstable in the
presence of oxygen (26). In samples amended with Fe(II), the
uranium did not come back into solution during the incuba-
tion, although nitrate-dependent Fe(II) oxidation occurred
rapidly, indicating that the insoluble uranium remained in an
insoluble form regardless of its valence state in the presence of
the biogenically formed Fe(III) (hydr)oxides (Fig. 5).

Oxidation of other metals. Many of the organisms known to
be capable of dissimilatory Fe(III) reduction have also been
shown to be capable of utilizing the oxidized forms of several
other transition metals as alternative electron acceptors in
place of Fe(III) (13, 14, 17, 18, 19, 21, 39, 40). It is currently not
known if nitrate-dependent Fe(II) oxidizers can similarly uti-
lize the reduced forms of other transition metals as surrogates
for Fe(II). As outlined above, the results shown in Fig. 5
indicated that U(IV) was not oxidized by D. suillum with ni-

trate as the sole electron acceptor. Similar to the results ob-
served for U(IV) (see above), when an anaerobic washed cell
suspension of D. suillum in bicarbonate buffer was amended
with 100 �M Co(II) as a potential electron donor and nitrate
as the sole electron acceptor, no Co(III) was produced during
incubation. In contrast, however, when a similar experiment
was performed with Cr(III), small amounts of Cr(VI) were
produced during the 4-h incubation, and a total of 2.5% of the
initial Cr(III) was oxidized (data not shown). No Cr(III) oxi-
dation occurred if the cells or the nitrate was omitted. If the
initial Cr(III) concentration was increased to 500 �M, only
0.24% of the Cr(III) was oxidized (data not shown), suggesting
that chromium toxicity may have affected enzymatic oxidation
of the Cr(III) by the cells.

Significance. Anaerobic bio-oxidation of Fe(II) was only
recently identified, and very little is known regarding the ubiq-
uity and diversity of organisms capable of this metabolism.
Previous studies have shown that Fe(II) oxidation is mediated
by anoxygenic phototrophs (32, 61), as well as by various ni-
trate-respiring organisms (8, 29, 56, 57). Recent studies have
also demonstrated that members of the newly described genera
Dechloromonas and Dechlorosoma (1), isolated for their ability
to grow by dissimilatory perchlorate reduction, also oxidize
Fe(II) anaerobically with chlorate or nitrate as an alternative
electron acceptor (11, 15, 20, 38, 48). Previous investigations
demonstrated that nitrate-dependent Fe(II) oxidation by D.
suillum was not limited to soluble Fe2� ions and that insoluble
Fe(II) bound up in mineral matrices was also available for
these organisms (15). In addition, these studies also demon-
strated that the oxidized iron end product formed [amorphous
Fe(III) (hydr)oxide or carbonate-containing green rusts] was
dependent on the rate of Fe(II) oxidation by this organism (15,
38). Both of these forms of iron are known to be unstable in the
environment and are strong adsorbents for HMR (4, 5, 25, 30,
31).

The results of this study demonstrate that this metabolism
offers a unique alternative for immobilization of toxic HMR in
affected environments. Thus, selective anaerobic bio-oxidation of
Fe(II) added to the environment may be an effective means of
capping off and completing the attenuation of HMR in a reducing
environment, allowing the system to naturally revert to an oxic
state while preventing remobilization of previously reduced and
immobilized HMR. This bio-oxidation process may be applied in
two ways: (i) by precipitating Fe(III) (hydr)oxides over immobi-
lized HMR in situ, forming an insoluble barrier that crystallizes
with time, inhibiting future bioreduction, and adsorbing any
leached HMR locally, or (ii) by engineering an Fe(III) oxide wall
in situ, downstream of the immobilized HMR, which catches and
adsorbs any HMR that may be solubilized and remobilized as a
result of environmental fluxes, such as reoxidation (biotically or
abiotically) or ligation.
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2708 LACK ET AL. APPL. ENVIRON. MICROBIOL.



REFERENCES

1. Achenbach, L. A., R. A. Bruce, U. Michaelidou, and J. D. Coates. 2001.
Dechloromonas agitata gen. nov., sp. nov. and Dechlorosoma suillum gen.
nov., sp. nov., two novel environmentally dominant (per)chlorate-reducing
bacteria and their phylogenetic position. Int. J. Syst. Evol. Microbiol. 51:
527–533.

2. Ainsworth, C., J. Pilon, P. Gassman, and W. Van der Sluys. 1994. Cobalt,
cadmium, and lead sorption to hydrous iron oxide: residence time effect. Soil
Sci. Soc. Am. J. 58:1615–1623.

3. Allen, P. G., D. K. Shuh, J. J. Bucher, N. M. Elelstein, T. Reich, M. A.
Denecke, and H. Nitsche. 1996. EXAFS determinations of uranium struc-
tures: the uranyl ion complexed with tartaric, citric, and malic acids. Inorg.
Chem. 35:784–787.

4. Ames, L., J. McGarrah, B. Walker, and P. Salter. 1983. Uranium and radium
sorption on amorphous ferric oxyhydroxide. Chem. Geol. 40:135–148.

5. Ames, L. L., J. E. McGarrah, and B. A. Walker. 1983. Sorption of uranium
and radium by biotite, muscovite, and phlogopite. Clay Miner. 31:343–351.

6. Bargar, J. R., R. Reitmeyer, J. J. Lenhart, and J. A. Davis. 2000. Charac-
terization of U(VI)-carbonato ternary complexes on hematite: EXAFS and
electrophoretic mobility measurements. Geochim. Cosmochim. Acta 64:
2737–2749.

7. Barkley, D. J., L. A. Bennett, J. R. Charbonneau, and L. A. Pokrajac. 1992.
Applications of high performance ion chromatography in the mineral pro-
cessing industry. J. Chromatogr. 606:195–201.

8. Benz, M., A. Brune, and B. Schink. 1998. Anaerobic and aerobic oxidation of
ferrous iron at neutral pH by chemoheterotrophic nitrate-reducing bacteria.
Arch. Microbiol. 169:159–165.

9. Bertsch, P. M., D. B. Hunter, S. R. Sutton, S. Bajt, and M. L. Rivers. 1994.
In situ chemical speciation of uranium in soils and sediments by micro X-ray
absorption spectroscopy. Environ. Sci. Technol. 28:980.

10. Bopp, L. H., and H. L. Ehrlich. 1988. Chromate resistance and reduction in
Pseudomonas fluorescens strain LB300. Arch. Microbiol. 150:426–431.

11. Bruce, R. A., L. A. Achenbach, J. D. Coates. 1999. Reduction of (per)chlorate
by a novel organism isolated from a paper mill waste. Environ. Microbiol.
1:319–331.

12. Buffle, J. 1988. Complexation reactions in aquatic systems. Wiley, New York,
N.Y.

13. Caccavo, F., J. D. Coates, R. A. Rossello-Mora, W. Ludwig, K. H. Schleifer,
D. R. Lovley, and M. J. McInerney. 1996. Geovibrio ferrireducens, a phylo-
genetically distinct dissimilatory Fe(III)-reducing bacterium. Arch. Micro-
biol. 165:370–376.

14. Caccavo, F., D. J. Lonergan, D. R. Lovley, M. Davis, J. F. Stolz, and M. J.
McInerney. 1994. Geobacter sulfurreducens sp. nov., a hydrogen- and acetate-
oxidizing dissimilatory metal-reducing microorganism. Appl. Environ. Mi-
crobiol. 60:3752–3759.

15. Chaudhuri, S. K., J. G. Lack, and J. D. Coates. 2001. Biogenic magnetite
formation through anaerobic biooxidation of Fe(II). Appl. Environ. Micro-
biol. 67:2844–2848.

16. Coates, J. D., R. Chakraborty, S. M. O’Connor, C. Schmidt, and J. Thieme.
2001. The geochemical effects of microbial humic substances reduction. Acta
Hydrochim. Hydrobiol. 28:420–427.

17. Coates, J. D., T. Councell, D. R. Lovley, and D. J. Lonergan. 1998. Carbo-
hydrate-oxidation coupled to Fe(III) reduction, a novel form of anaerobic
metabolism. Anaerobe 4:277–282.

18. Coates, J. D., D. J. Lonergan, and D. R. Lovley. 1995. Desulfuromonas
palmitatis sp. nov., a long-chain fatty acid oxidizing Fe(III) reducer from
marine sediments. Arch. Microbiol. 164:406–413.

19. Coates, J. D., and D. R. Lovley. Genus Geobacter. In G. M. Garrity (ed.),
Bergey’s manual of systematic bacteriology, 2nd ed., vol. 2, in press. Spring-
er-Verlag, New York, N.Y.

20. Coates, J. D., U. Michaelidou, R. A. Bruce, S. M. O’Connor, J. N. Crespi, and
L. A. Achenbach. 1999. Ubiquity and diversity of dissimilatory (per)chlorate-
reducing bacteria. Appl. Environ. Microbiol. 65:5234–5241.

21. Coates, J. D., E. J. P. Phillips, D. J. Lonergan, H. Jenter, and D. R. Lovley.
1996. Isolation of Geobacter species from a variety of sedimentary environ-
ments. Appl. Environ. Microbiol. 62:1531–1536.

22. Cowan, C. E., J. M. Zachara, and C. T. Resch. 1991. Cadmium adsorption on
iron oxides in the presence of alkaline-earth elements. Environ. Sci. Technol.
25:437–446.

23. Cross, J. L., and A. I. Frenkel. 1998. Use of scattered radiation for absolute
X-ray energy calibration. Rev. Sci. Instrum. 70:38–40.

24. Dent, A. J., J. D. F. Ramsay, and S. W. Swanton. 1992. An EXAFS study of
uranyl ion in solution and sorbed onto silica and montmorillonite clay col-
loids. J. Colloid Interface Sci. 150:45.

25. Domingo, C., R. Rodriguez-Clemente, and M. Blesa. 1994. Morphological
properties of alpha-FeOOH, gamma-FeOOH obtained by oxidation of aque-
ous Fe(II) solutions. J. Colloid Interface Sci. 165:244–252.

26. Dounce, A. L., and J. F. Flagg. 1949. The chemistry of uranium compounds,
p. 55–145. In C. Voegtlin and H. C. Hodge (ed.), Pharmacology and toxi-
cology of uranium compounds. McGraw-Hill, New York, N.Y.

27. Drever, J. L. 1997. The geochemistry of natural waters. Prentice Hall, Upper
Saddle River, N.J.

28. Dzombak, D. A., and F. M. M. Morel. 1990. Surface complexation modeling:
hydrous ferric oxide. John Wiley and Sons, New York, N.Y.

29. Hafenbradl, D., M. Keller, R. Dirmeier, R. Rachel, P. Robnagel, S. Burggraf,
H. Huber, and K. O. Stetter. 1996. Ferroglobus placidus gen. nov., sp. nov., a
novel hyperthermophilic archaeum that oxidizes Fe2� at neutral pH under
anoxic conditions. Arch. Microbiol. 166:308–314.

30. Hansen, H. C. B., and C. B. Koch. 1998. Reduction of nitrate to ammonium
by sulfate green rust—activation energy and reaction mechanism. Clay
Miner. 33:87–101.

31. Hansen, H. C. B., C. B. Koch, H. Nancke-Krogh, O. K. Borggaard, and J.
Sorensen. 1996. Abiotic nitrate reduction to ammonium: key role of green
rust. Environ. Sci. Technol. 30:2053–2056.

32. Heising, S., and B. Schink. 1998. Phototrophic oxidation of ferrous iron by
a Rhodomicrobium vannielii strain. Microbiology 144:2263–2269.

33. Hohl, H., and W. Stumm. 1976. Interaction of Pb2� with hydrous Al3O3. J.
Colloid Interface Sci. 55:281–288.

34. Hungate, R. E. 1969. A roll tube method for cultivation of strict anaerobes.
Methods Microbiol. 3B:117–132.

35. Ishibashi, Y., C. Cervantes, and S. Silver. 1990. Chromium reduction in
Pseudomonas putida. Appl. Environ. Microbiol. 56:2268–2270.

36. Kemner, K. M., A. J. Kropf, and B. A. Bunker. 1994. A low-temperature total
electron yield detector for X-ray absorption fine structure spectra. Rev. Sci.
Instrum. 65:3667–3669.

37. Koningsberger, D. C., and R. Prins. 1988. X-ray absorption: principles,
applications, techniques of EXAFS, SEXAFS, and XANES. Wiley, New
York, N.Y.

38. Lack, J. G., S. K. Chaudhuri, R. Chakraborty, L. A. Achenbach, and J. D.
Coates. Anaerobic bio-oxidation of Fe(II) by Dechlorosoma suillum. Microb.
Ecol., in press.

39. Lovley, D. R., and J. D. Coates. 2000. Novel forms of anaerobic respiration
of environmental relevance. Curr. Opin. Microbiol. 3:252–256.

40. Lovley, D. R., S. J. Giovannoni, D. C. White, J. E. Champine, E. J. P.
Phillips, Y. A. Gorby, and S. Goodwin. 1993. Geobacter metallireducens gen.
nov. sp. nov., a microorganism capable of coupling the complete oxidation of
organic compounds to the reduction of iron and other metals. Arch. Micro-
biol. 159:336–344.

41. Lovley, D. R., and E. J. P. Phillips. 1988. Novel mode of microbial energy
metabolism: organic carbon oxidation coupled to dissimilatory reduction of
iron or manganese. Appl. Environ. Microbiol. 54:1472–1480.

42. Lovley, D. R., and E. J. P. Phillips. 1992. Bioremediation of uranium con-
tamination with enzymatic uranium reduction. Environ. Sci. Technol. 26:
2228–2234.

43. Lovley, D. R., E. J. P. Phillips, Y. A. Gorby, and E. R. Landa. 1991. Microbial
reduction of uranium. Nature 350:413–416.

44. Manceau, A., L. Charlet, M. C. Boisset, B. Didier, and L. Spadini. 1992.
Sorption and speciation of heavy metals on hydrous iron and manganese
oxides. From microscopic to macroscopic. Appl. Clay Sci. 7:201–230.

45. Means, J. A., and D. A. Crerar. 1978. Migration of radioactive wastes:
radionuclide mobilization by complexing agents. Science 200:1477–1481.

46. Means, J. L., D. A. Crerar, and M. P. Borcsik. 1978. Adsorption of Co and
selected actinides by Mn and Fe oxides in soils and sediments. Geochim.
Cosmochim. Acta 42:1763–1773.

47. Means, J. L., D. A. Crerar, M. P. Borcsik, and M. P. Duguid. 1978. Radio-
nuclide adsorption by manganese oxides and implications for radioactive
waste disposal. Nature 274:44–47.

48. Michaelidou, U., L. A. Achenbach, and J. D. Coates. 2000. Isolation and
characterization of two novel (per)chlorate-reducing bacteria from swine
waste lagoons, p. 271–283. In E. D. Urbansky (ed.), Perchlorate in the
environment. Kluwer Academic/Plenum, New York, N.Y.

49. Morosin, B. 1978. Hydrogen uranyl phosphate tetrahydrate, a hydrogen ion
solid electrolyte. Acta Crystallogr. Sect. B Struct. Crystallogr. Cryst. Chem.
34:3732–3834.

50. Moulin, V., and C. Moulin. 1995. Fate of actinides in the presence of humic
substances under conditions relevant to nuclear waste disposal. Appl. Geo-
chem. 10:573–580.

51. Salomons, W., and U. Forstner. 1984. Metals in the hydrocycle. Springer-
Verlag, New York, N.Y.

52. Saunders, J. A., M. A. Pritchett, and R. B. Cook. 1997. Geochemistry of
biogenic pyrite and ferromanganese coatings from a small watershed: a
bacterial connection. Geomicrobiol. J. 14:203–217.

53. Schwertmann, U., and R. M. Taylor. 1989. Iron oxides, p. 379–438. In J. B.
Dixon and S. B. Weed (ed.), Minerals in the soil environment. Soil Science
Society of America, Madison, Wis.

54. Segre, C. U., N. E. Leyarovska, L. D. Chapman, W. M. Lavender, P. W. Plag,
A. S. King, A. J. Kropf, B. A. Bunker, K. M. Kemner, P. Dutta, R. S. Duran,
and J. Kaduk. 2000. Synchrotron radiation instrumentation: eleventh U. S.
conference, p. 419–422. American Institute of Physics, College Park, Md.

55. Stern, E. A., M. Newville, B. Ravel, Y. Yacoby, and D. Haskel. 1995. The
UWXAFS analysis package: philosophy and details. Physica B 208–209:117–
120.

VOL. 68, 2002 BIO-IMMOBILIZATION OF TOXIC METALS 2709



56. Straub, K. L., M. Benz, and B. Schink. 2001. Iron metabolism in anoxic
environments at near neutral pH. FEMS Microbiol. Ecol. 34:181–186.

57. Straub, K. L., M. Benz, B. Schink, and F. Widdel. 1996. Anaerobic, nitrate-
dependent microbial oxidation of ferrous iron. Appl. Environ. Microbiol.
62:1458–1460.

58. Templeton, D. H., A. Zalkin, H. Ruben, and L. K. Templeton. 1985. Rede-
termination and absolute configuration of sodium uranyl(VI) triacetate.
Acta Crystallogr. Sect. C 41:1439–1441.

59. Thurman, E. M. 1985. Organic chemistry of natural waters. Martinus Ni-
jhoff/Dr W. Junk Publishers, Boston, Mass.

60. Waite, T. D., J. A. Davis, T. E. Payne, G. A. Waychunas, and N. Xu. 1994.

Uranium(IV) adsorption to ferrihydrite: application of a surface complex-
ation model. Geochim. Cosmochim. Acta 58:5465–5478.

61. Widdel, F., S. Schnell, S. Heising, A. Ehrenreich, B. Assmus, and B. Schink.
1993. Ferrous iron oxidation by anoxygenic phototrophic bacteria. Nature
362:834–835.

62. Zabinski, S. I., J. J. Rehr, A. Ankudinov, R. C. Albers, and M. J. Eller. 1995.
Multiple-scattering calculations of X-ray-absorption spectra. Phys. Rev. B
52:2995–3009.

63. Zachara, J. M., R. L. Girvin, R. L. Schmidt, and C. T. Resch. 1987. Chro-
mate adsorption on amorphous iron oxyhydroxide in the presence of major
groundwater ions. Environ. Sci. Technol. 21:589–594.

2710 LACK ET AL. APPL. ENVIRON. MICROBIOL.


