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Effect of Competing Electron Acceptors on the Reduction
of U(VI) by Desulfotomaculum reducens

Pilar Junier, Elena I. Suvorova, and Rizlan Bernier-Latmani
Environmental Microbiology Laboratory, Ecole Polytechnique Fédérale de Lausanne (EPFL),

Lausanne, Switzerland

The biological reduction of soluble U(VI) to the less soluble
U(IV) has been proposed as a strategy to remediate uranium-
contaminated sites. However, the majority of the contaminated
sites contain, in addition to U(VI), competing electron acceptors
(CEAs) that can either enhance or inhibit U(VI) reduction. Desul-
Jotomaculum reducens MI-1 is a sulfate-reducing bacterium able to
reduce a variety of electron acceptors including U(VI). We charac-
terized U(VI) reduction by D. reducens in the presence of pyruvate
and three CEAs: sulfate, nitrate or soluble ferric iron. In the pres-
ence of sulfate or ferric iron and U(VI), cell growth was driven by
respiration of the CEA. Nitrate was not used as an electron ac-
ceptor for growth and vegetative cells grew instead by fermenting
pyruvate. Sulfate remaining after sulfate reduction has ceased or
the presence of nitrate did not affect U(VI) reduction. However, in
the case of sulfate, the addition of H, after the depletion of pyruvate
greatly enhanced U(VI) reduction. Contrary to sulfate and nitrate,
the presence of Fe(Il), the product of Fe(III) reduction, abolished
U(VI) reduction. The results from this investigation suggest that
this microorganism and others with similar characteristics may
play a role in U(VI) bioremediation efforts but only after the solu-
ble Fe(Il) produced by Fe(III) reduction has been advected away.

Keywords biomineralization, bioremediation, metal reduction,
subsurface microbiology, sulfate-reducing bacteria
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INTRODUCTION

U(V]) contamination as a legacy of nuclear fuel and weapons
production is a severe problem in many U.S. Department of
Energy (DOE) sites and similar locales worldwide. A potential
solution for the remediation of this contaminant involves in situ
immobilization of U by the reduction of the hexavalent form
(U(VI)) to the less soluble and less bio-available tetravalent
form (U(IV)), which precipitates as the mineral UO, (Wall and
Krumholz 2006). In general, the strategy considered consists of
adding an appropriate electron donor that would stimulate the
indigenous microbial community and promote the use of U(VI)
as a terminal electron acceptor (Anderson et al. 2003; Wu et al.
2007; Yabusaki et al. 2007; N’Guessan et al. 2008; Madden
et al. 2009).

However, the majority of the contaminated sites to be re-
mediated contain, in addition to U(VI), other potential electron
acceptors that are either naturally occurring (e.g., Fe(IIl)) or
deposited during the uranium fuel and weapon manufacturing
process (e.g., NO3, SOZ‘) (Riley et al. 1992). Several stud-
ies have evaluated the effect of competing electron acceptors
(CEAs) on U(VI) reduction; the results vary greatly -from inhi-
bition to stimulation- depending on the CEA, the microorganism
or microbial community and the speciation of U(VI) (Spear et al.
1999; Finneran et al. 2002; Anderson et al. 2003; Pietzsch and
Babel 2003; Elias et al. 2004; Istok et al. 2004).

Species from various bacterial genera are capable of U(VI)
reduction, for example: Shewanella (Lovley 1991), Geobac-
ter (Lovley 1991), Desulfovibrio (Lovley and Phillips 1992;
Lovley et al. 1993) and Anaeromyxobacter (Wu et al. 2006),
all of which are Gram-negative proteobacteria. However, field
studies of U(VI)-reducing microbial communities increasingly
suggest the relevance of Gram-positive bacteria, especially
Firmicutes, in environmental settings. Firmicutes appear to be
responsible for the immobilization of U(VI) after in situ bios-
timulation with acetate at a site belonging to the U.S. Depart-
ment of Energy, in Rifle (Colorado, USA) (N’Guessan et al.
2008). Communities from acidic subsurface environments con-
taminated with U(VI) in Shiprock (New Mexico, USA) were
also found to be dominated by Firmicutes (Petrie et al. 2003),
and enrichments favoring the growth of fermentative bacteria
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from the same site revealed the presence of microorganisms
related to Clostridium spp., which were capable of reducing
U(VI) (Madden et al. 2007).

Desulfotomaculum reducens strain MI-1 is an isolate that
could serve as a model for these Gram-positive bacteria. It is a
sulfate-reducing, spore-forming bacterium isolated from marine
sediments contaminated with Cr(VI) and was the first described
sulfate-reducer able to couple growth to the reduction of metals
(Cr(VID), Mn(IV), Fe(III)) (Tebo and Obraztsova 1998). Despite
its marine origin, this organism has been grown under fresh-
water conditions in our laboratory suggesting that it could live
in the subsurface. Desulfotomaculum reducens strain MI-1 is
capable of fermenting pyruvate to produce acetate, H, and CO5,
which is common for many Desulfotromaculum species (Wid-
del 1992). Cultures of D. reducens grown in the presence of
uranium reduce the radionuclide only after pyruvate has been
depleted and growth has ceased. This behavior was attributed
to the involvement of spores, produced in the late exponential
phase, in U(VI) reduction by D. reducens. Spores reduce U(VI)
using H; as an electron donor but require the presence of a fac-
tor present in the spent medium to carry out this process (Junier
et al. 2009).

The effect of competing electron acceptors (Fe(Ill) and
SOZ‘) on U(VI) reduction by strain MI-1 was deemed worth
investigating because the bacterium is able to couple growth to
the respiration of Fe(III) as well as SO?{ (Tebo and Obraztsova
1998), and the effect of these CEAs on spore-driven U(VI) re-
duction was unknown. Nitrate is an additional CEA commonly
found in U(VI) contaminated areas (Riley et al. 1992). Prior to
this work, nitrate respiration by D. reducens had not been tested
nor had the effect of NO; on U(VI) reduction by this bacterium.
The overall goal of this study was to evaluate the effect of com-
peting electron acceptors, specifically SOﬁ‘, Fe(Ill) and NOy,
on U(V]) reduction by D. reducens.

We found that U(VI) reduction by strain MI-1 was not inhib-
ited by the competing electron acceptors NO3 and SO?[ , but
was abolished in the presence of Fe(IIl) or, rather, the product
of its reduction, Fe(II).

MATERIAL AND METHODS

Cultivation Conditions

Desulfotomaculum reducens strain MI-1 was kindly provided
by Anna Obraztsova. Standard anaerobic conditions were used
throughout the study (Balch et al. 1979). Widdel low phosphate
(WLP) medium, modified from Widdel and Bak (1992), was
used for growth experiments. In addition to vitamins and trace
minerals, the constituents of WLP were as follows (per liter):
NH4Cl, 0.25 g; CaCl,.2H,0, 0.1 g; MgCl,.6H,0, 0.5 g; NaCl,
5 g; KCl, 0.5 g; and KH,POy, 0.03 g adjusted to pH 7.2. The
medium was dispensed in 50 mL volumes into 100-mL glass
serum bottles and autoclaved.

The following solutions were added from sterile anaerobic
stocks (final concentration): yeast extract, 0.05%; NaHCOs3,
30 mM; pyruvic acid, 10 mM. Additionally, due to the high
salt content of the medium, 20 mM 1,4-piperazinediethane sul-
fonic acid disodium salt monohydrate (PIPES) was added to
maintain pH and prevent U(VI) precipitation. The final pH of
the medium was 7.2 £ 0.2. All cultures were grown in a 100%
N, atmosphere. All chemical compounds were obtained from
Sigma-Aldrich unless otherwise indicated.

U(VI) Reduction Experiments in the Presence of CEAs

For reduction assays, 100 uM U(VI) (as uranyl acetate),
5 mM sulfate (as Na;SOy,), 2 mM nitrate (as NaNO3), or § mM
iron(IIl) (as soluble ferric citrate) were added from anaerobic
stocks to WLP medium. A sporulated culture initially grown
in the presence of 20 mM lactic acid and 20 mM sulfate was
used as an inoculum (10% vol/vol of inoculum) for 50 mL of
medium containing the relevant electron acceptor(s). Through-
out this manuscript, ‘sporulated culture’ refers to a culture that
was allowed to form spores but that still contains a majority
of cells. Two controls were included in the experiments: one
did not contain cells and the other lacked electron donor. All
experiments were carried out in biological triplicates. Cultures
were incubated at 37°C and sampled using disposable syringes
in the anaerobic chamber. The presence or absence of spores
was determined by optical microscopy.

Spore Preparation

Pasteurized spore suspensions referred to herein as ‘spore
preparations’ were obtained by centrifuging a 60-hour pyruvate-
grown culture at 8000 x g for 15 min and resuspending it in
fresh anaerobic medium containing 20 mM acetate and 1 mM
sulfate to induce sporulation as described previously (Junier
et al. 2009). To prepare a pasteurized spore suspension, the
preparation was pasteurized for 20 minutes at 80°C. The fi-
nal spore preparations were concentrated 100-fold in anaero-
bic MilliQ water and yielded a spore suspension containing
~1 x 10® spores per mL as determined by direct counting with
a Petroff-Hauser counting chamber and no visible vegetative
cells.

U(VI) Reduction in Spent Medium

Spent fermentative medium was obtained from a pyruvate
fermentation culture after the depletion of pyruvate. Cells and
spores were removed by centrifugation. The supernatant was
filter-sterilized in the anaerobic chamber (5% H;) and trans-
ferred anaerobically to a new sterile container. An Hj,-depleted
spent medium control was obtained by filter-sterilizing Hj-
free sulfate reduction spent medium in an H,-free (N,-only)
glove box. To test U(VI) reduction in either spent medium,
aliquots of 5 ml of spent medium were added to sterile Hun-
gate tubes containing either an atmosphere of 100% hydrogen
(26 mM H; in the tube) or 100% N, and amended with a final
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concentration of 100 uM anaerobic U(VI) (as uranyl acetate).
Prior to U(VI) addition, some of the tubes were also amended
with 10 mM of anaerobic Fe(II)-chloride that partially precip-
itated as Fe(II)CO;. Unpasteurized spores were added to the
assays and U(VI) concentration was monitored over time.

Analytical Methods

Protein from a centrifugally pelleted culture was extracted by
incubation at 95°C for 10 min in 0.1% Triton X-100, 0.1% SDS,
10 mM EDTA and 1 mM Tris-HCI. After a 100-fold dilution,
the protein concentration was determined using the Bradford as-
say (Biorad, Hercules, CA). Uranium was analyzed by kinetic
phosphorescence analysis (KPA-11A; Chemcheck Instruments,
Richland, WA) after anaerobic filtration (Millipore Millex-GV
PVDF 0.2 pm). Nitrate and sulfate were analyzed by ion chro-
matography (DX-500, Dionex, Sunnyvale CA) in an IonPac
AS12A column and a 30 mM bicarbonate eluent after filtration
and 20- to 50-fold dilution. HCl-extractable Fe(Il) was mea-
sured with ferrozine as previously described (Sorensen 1982).
Total iron in the samples was measured using a Perkin-Elmer
2000 inductively coupled plasma optical emission spectrometer
(ICP-OES) in 1% HNOj;. Organic acids were measured using
an ion chromatograph (DX-3000, Dionex, Sunnyvale, CA) with
an IonPac AS11-HC column. Elution was carried out using a
gradient of 0.5 to 30 mM KOH. Hydrogen was measured using
a GC-TCD (Hewlett Packard HP6890-TCD) with a carboxen
capillary column and nitrogen as a carrier gas.

RESULTS

Effect of Sulfate on U(VI) Reduction

In a culture grown with pyruvate, sulfate and U(VI), sulfate
reduction ceased after 30 hours (Fig. 1A) due to the depletion of
pyruvate (data not shown). The stoichiometry of pyruvate and
sulfate consumption (consumed pyruvate/sulfate ratio of ~3.9)
corresponded to the expected ratio 4:1 for sulfate respiration
with pyruvate as an electron donor. Acetate and CO; are the
products of pyruvate respiration whereas acetate, H, and CO,
are the products of pyruvate fermentation. Thus, pyruvate fer-
mentation did not occur as was evidenced by the absence of
H; production (Table 1). The use of pyruvate as an electron
donor instead of a fermentative substrate is dictated by thermo-
dynamic considerations because the AG®’ for sulfate respiration
with pyruvate as an electron donor is approximately double that
of pyruvate fermentation (AG®” fermentation = —47.3 versus
AG? sulfate respiration = —85.3) (Thauer et al. 1977).

Limited U(VI) reduction was observed in the presence of sul-
fate: after 180 hours, only 15 uM U(VI) was reduced (Fig. 1A).
By 324 hours, only 37 uM was reduced (data not shown) and,
over that time frame, 0.5 umoles U(VI) were reduced per mg
protein, significantly less than in the absence of sulfate (Table 1).
No significant chemical reduction of U(VI) by hydrogen sulfide
was observed in the abiotic control (data not shown).
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FIG. 1. Sulfate reduction in the presence (filled symbols) and absence (open

symbols) of U(VI). (A) Protein (¢ and <), sulfate (A and A) and U(VI) (*)
concentration. (B) Sulfate reducing culture in the presence of U(VI). Sulfate
(A) and U(VI) (x) concentration. After 140 hours (indicated by arrow), Hj
(20 mM) was added in duplicate cultures and the effect on sulfate and U(VI)
concentrations observed (dotted lines) as compared to replicate cultures in which
no H, was added (solid lines). Triplicates were run for all conditions and the
error bars represent the standard deviation within the set.

In a previous study, H, was shown to be required as an elec-
tron donor for U(VI) reduction by spores of D. reducens (Junier
etal. 2009). Microscopic analysis of the sulfate-reducing culture
(Table 2) showed that spores were present at a significant con-
centration (~12%) in sulfate-reducing cultures (at 108 hours).
Thus, we suspected that the absence of H, in those cultures
could explain the limited U(VI) reduction observed. To test
this hypothesis, H, was added to a culture after it had stopped
reducing sulfate (i.e., after pyruvate was depleted) and U(VI)
reduction monitored in the amended as compared to the un-
amended cultures (Fig. 1B). Addition of H; clearly stimulated
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TABLE 1
Maximum biomass (in pug/mL of protein) obtained during the entire growth profile and concentration of H, produced (mM) and
U(VI) reduced (iumoles per mg protein) after 324 hours of incubation

Maximum pmoles U(VI) U(VI)
biomass reduced per mg reduced after

Condition (ug/mL) H, conc (mM) protein 324 hours (uM)
Sulfate 66 + 4.6 0
Sulfate + U(VI) 78 £ 1.6 0 0.5 37
Nitrate 35+ 1.5 10£0.3
Nitrate + U(VI) 36 £4.1 9.24+0.8 3.3 119
Fe(II) 70 £ 9.1 1.9+0
Fe(II) 4+ U(VI) 64 +9.2 2.84+0.2 0.0 3
Fermentation* 194+0.2 454+0.2
Fermentation + U(VI)* 18+ 6 54+0.0 4.7 85

Pyruvate was used in all the condtions as the electron donor. * = For comparison the values for fermentation and fermentation + U(VI) are

presented in the table.

U(VI) reduction as compared to the control, indicating that H,
is an electron donor for U(VI) reduction by D. reducens. Sulfate
reduction also appears to be stimulated by the addition of Hj,
suggesting that H, could serve as an electron donor for sulfate
reduction by D. reducens.

Additionally, spent medium from a sulfate-reducing culture
was filter-sterilized and used for U(VI) reduction assays with
strain MI-1 pasteurized spores or pasteurized cells. The results
show that pasteurized spores can reduce U(VI) when provided
with H, as an electron donor, despite the presence of 3.2 mM
sulfate in the spent medium (Table 3). In the absence of H, and
in the case of pasteurized cells, there was not significant U(VI)
reduction.

Thus, the observed lesser extent of U(VI) reduction in a
D. reducens sulfate-reducing culture (Fig. 1A) is not directly
due to the presence of sulfate but rather to the fact that sulfate
respiration does not lead to H, production, which is needed
for U(VI) reduction. The limited U(VI) reduction catalyzed by
sulfate-reducing cultures in the absence of added H is attributed
to the injection of small amounts of H, from the anaerobic
chamber atmosphere (5% H,) into the culture serum bottles at
each sampling event.

TABLE 2
Spore and cell concentrations in various cultures after
108 hours of growth
Cell Spore

Growth concentration concentration
condition (cells/ml) (spores/ml)
Pyruvate fermentation 2.3 x 107 3.2 x 10°
Sulfate reduction 4.4 x 107 5.1 x 10°
Iron reduction* 1.5 x 107 0

*Spore content was also evaluated in Fe(III)-grown cultures after
200 hours and no spores were detected then as well.

We conclude that sulfate does not act as a direct competing
electron acceptor for U(VI) reduction suggesting that spores-
driven U(VI) reduction could conceivably take place in the
presence of sulfate.

Effect of NO3 on U(VI) Reduction

In the case of nitrate as a CEA, we observed little differ-
ence in U(VI) reduction in the presence or absence of ni-
trate during growth of D. reducens with pyruvate (Fig. 2 and
Table 1). In addition, no detectable nitrate reduction was ob-
served throughout the experiment in the presence or absence of

T 110

Nitrate concentration (mM)
-
o

U(VI) concentration (uM)

0 T T T T T T T T T 30
0 20 40 60 80 100 120 140 160 180
Time (h)

FIG. 2. Nitrate and U(VI) reduction in a growing culture of D. reducens.
Nitrate reduction in the presence (A) and absence (A) of U(VI) and U(VI)
reduction in the presence (¢) and absence (&) of nitrate. Triplicates were run
for all conditions and the error bars represent the standard deviation within
the set.
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TABLE 3
U(V]) reduction by spores and cells in the presence of spent pyruvate-free fermentative or sulfate-reducing medium amended
with or free of H,

% U(VI]) reduced

Spent fermentative medium

Spent sulfate-reducing medium

20 mM H, added 20 mM H, added No H,
Pasteurized spores 73.5+24 432 1+4.0 0.5+£0.0
Unpasteurized spores 839+ 1.0 ND 22 +£0.1
Pasteurized cells 1.9+5.6 324+0.1 1.3+£0.0
Abiotic (no spores or cells) 2.14+59 04 +£0.1 1.0 £ 0.1

The spore concentration was 1.6 * 10° spores/mL and the cell concentration 2.3 * 107 cells/mL. Spent sulfate-reducing medium contains

3.2 mM sulfate.

U(VD) (Fig. 2). These results clearly indicate that NO5 is not
reduced by strain MI-1 and does not act as a competing electron
acceptor for U(VI) reduction by strain MI-1 spores.

Effect of Fe(lll) on U(VI) Reduction

The reduction of U(VI) was evaluated for cells grown with the
competing electron acceptor Fe(IIl) and pyruvate as an electron
donor (Fig. 3). Fe(IIT) was reduced to Fe(IT) and the stoichiome-
try of consumption of pyruvate and Fe(IIT) matches the expected
stoichiometry for Fe(IIl) respiration with pyruvate as an elec-
tron donor (Fig. 3): 2 moles of Fe(IIl) per mole of pyruvate. In
addition, it is apparent that biomass production is greater when
cells are grown with pyruvate and Fe(Ill) than with pyruvate
alone (Table 1), which is consistent with Fe(III) respiration be-
ing a more energetic process (AG®’ ferric iron respiration =
—275.8) (Thauer et al. 1977).

Interestingly, little U(VI) reduction was observed in the entire
experiment (Fig. 3A). Even after 324 hours, long after Fe(IIl)
and pyruvate were depleted (data not shown), only 3 uM of
U(VI) were reduced despite the presence of H, (Table 1). Micro-
scopic observation of Fe(IIl)-grown cultures showed the com-
plete absence of spores (Table 2) and the association of cells
with an Fe precipitate (Fig. 3B). Hence, sporulation was in-
hibited under these conditions. We suspect that the most likely
explanation for sporulation inhibition is the precipitation of an
x-ray amorphous Fe(II) carbonate mineral phase. This mineral
released gas when acidified and was not identifiable by conven-
tional x-ray diffraction. A thermodynamic model of the possible
supersaturated phases under these conditions suggests the for-
mation of a Fe(Il) carbonate phase corresponding to siderite
(data not shown). The production of FeCO3 was supported by
EDX analysis of the Fe(I) precipitates formed after Fe(III) re-
duction (Fig. 3B). Small area electron diffraction (SAED) also
confirmed a poorly crystalline FeCO3 as the main mineral phase
(Fig. 30).

To probe whether the effect of iron extends only to inhibiting
sporulation or whether iron may also inhibit U(VI) reduction
by spores, a culture grown with Fe(III), U(VI) and pyruvate for
190 hours was amended with spores after pyruvate had been
depleted and Fe(III) reduced to Fe(Il) (Fig. 4A). This treatment
did not initiate U(VI) reduction, even when fermentation spent
medium was added. Therefore, U(VI) reduction was inhibited
despite the presence of spores, H, and spent medium. This result
suggests that the presence of Fe(Il) not only inhibits sporula-
tion but also interferes directly with U(VI) reduction when D.
reducens spores are present. However, this inhibition is clearly
not solely due to electron acceptor competition between U(VI)
and Fe(Ill) as it persists after all Fe(II) has been converted to
Fe(ID).

In order to test directly the effect of Fe(II) on U(VI) reduction
by spores, anaerobic Fe(Il)-chloride was added to fermenta-
tion spent growth medium containing H, that was later supple-
mented with an unpasteurized spore preparation (10% vol/vol
dilution) and U(VI). We observed partial precipitation of the
Fe(Il)-chloride (presumably as Fe(II) CO;3) prior to U(VI) ad-
dition (data not shown). After U(VI) was added, it remained in
solution during the duration of the experiment (Fig. 4B). Spores
added to the Fe(II)-treated spent medium did not exhibit U(VI)
reduction, while U(VI) reduction took place in the un-treated
fermentation spent medium (Fig. 4B). This result suggests that
either precipitated and/or soluble Fe(II) inhibited U(VI) reduc-
tion by strain MI-1 spores.

DISCUSSION

In this study, we considered the effect of competing electron
acceptors on U(VI) reduction by D. reducens in the presence
of pyruvate as an electron donor. A previous study showed the
ability of D. reducens to use U(V]) as the sole electron acceptor
using butyrate as an electron donor (Tebo and Obraztsova 1998).
We found that in the case of pyruvate, growth was preferentially
driven by fermentation (pyruvate only or pyruvate and nitrate)
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FIG. 3. Fe(Ill) reduction in the presence (filled symbols) and absence (open symbols) of U(VI). (A) Protein (4 and <), Fe(Il) (A and A) and U(VI) (%)
concentrations. Triplicates were run for all conditions and the error bars represent the standard deviation within the set. (B) TEM image of Fe(II) precipitates
formed after Fe(III) reduction by D. reducens. (C) EDX spectra taken in the area indicated by an arrow in B. D. SAED obtained on the precipitates.

or respiration of the competing electron acceptor (sulfate and
iron), rather than by U(VI) reduction. The majority of U(VI)
reduction occurred after growth ceased and was dependent on
the presence of H, as an electron donor. It is not straightforward
to compare the metabolism of D. reducens when butyrate serves

as the electron donor to that when pyruvate is present. Thus, it
is difficult to comment on the apparent differences between our
results and those of Tebo and Obraztsova (1998).

Many U contaminated sites in the United States and in Europe
contain high concentrations of nitrate and/or sulfate due to the
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FIG. 4. (A) U(V]) reduction in an Fe(Ill) reducing culture in which, at
192 hours, the replicates were subjected to separate treatments: amendment
with spores (0) and no addition ((J). Spent medium was added to one of the
two replicate and in all cases there was no effect on U(VI). Fe(Il) resulting from
Fe(III) reduction is shown with a dotted line (®). Duplicates were run for all
conditions and the error bars represent the range. (B) Concentration of U(VI)
over time after incubation in fermentative spent growth medium supplemented
with spores of D. reducens strain MI-1 and Hj in the presence or absence of
Fe(II) chloride. Abiotic control supplemented with 10 mM Fe(II) chloride ().
Spores supplemented with 10 mM Fe(II) chloride (A). Positive control with
spores in the absence of Fe(II) chloride (4).

use of nitric and/or sulfuric acid for the processing of uranium
ore (Riley et al. 1992; Akob et al. 2009). In addition, Fe(III) is
naturally occurring in many of the subsurface environments in
which U contamination is found (Kelly et al. 2008; N’Guessan
et al. 2008). The occurrence of these competing electron accep-

tors can be problematic for bioremediation efforts because the
preferential use of alternative electron acceptors by microorgan-
isms can delay or even completely inhibit U(VI) reduction. In
anoxic environments, the range of potential competitive elec-
tron acceptors (CEASs) is diverse (e.g., nitrate, manganese, iron
and sulfate), and the sequence of use is dictated by availability
and redox potential of the acceptors (Lovley 1991; Nealson and
Saffarini 1994).

Nitrate is a particularly problematic co-contaminant because
it was shown to compete significantly with U(VI) reduction
as it is preferentially reduced by Geobacter spp. (Istok et al.
2004), microbial consortia (Shelobolina et al. 2003) and acetate-
amended aquifer sediments (Finneran et al. 2002). For D. re-
ducens, nitrate did not serve as an electron acceptor and U(VI)
reduction in the presence of pyruvate appeared to be indepen-
dent of nitrate (Fig. 2).

Interestingly, recent findings from enrichment cultures in
contaminated sediments from the Oak Ridge Field Research
Center (OR FRC) also showed almost complete reduction of
uranium with little loss of nitrate at slightly acidic pH values
(from 5.7-6.2) (Madden et al. 2007). Although Clostridium-
like bacteria appear to be dominant, the analysis of the micro-
bial community in the enrichments revealed the presence of
Desulfotomaculum-like microorganisms, particularly at higher
pH (pH 6.2) in the presence of methanol and glycerol. The re-
sults of the present study suggesting that U(VI) reduction by
Desulfotomaculum spp. is insensitive to nitrate are consistent
with the findings at the OR FRC.

U(V]) reduction in the presence of sulfate has been studied
for different SRB (Lovley and Phillips 1992; Tucker et al. 1996;
Spear et al. 2000). In many studies, the addition of sulfate to
pure SRB cultures or to subsurface sediments stimulated the rate
of U(VI) reduction (Abdelouas et al. 2000; Spear et al. 2000). In
the case of D. reducens, sulfate did not affect U(VI) reduction
significantly if the electron donor for U(VI) reduction (H,) was
present.

But U(VI) reduction was severely limited if H, was not pro-
vided. Sulfate-grown cultures must be amended with the appro-
priate electron donor, Hy, for U(VI) reduction to occur because
pyruvate fermentation and the concomitant release of H, are
compromised during sulfate respiration. In the presence of Hy,
U(V]) reduction proceeded unhindered independently of the ex-
cess of sulfate still present in the medium and H, was simultane-
ously used as an electron donor for sulfate reduction (Fig. 1B).
Thus, D. reducens shows a distinct behavior from other SRB for
which sulfate enhances U(V]) reduction (Abdelouas et al. 2000;
Spear et al. 2000) in that sulfate does not directly interfere with
or promote U(VI) reduction.

Although sulfide has the potential for chemical U(VI) reduc-
tion, previous results suggest that, in the presence of a bicar-
bonate buffered system, sulfide (1 mM) is a poor reductant of
U(V]) (Lovley and Phillips 1992; Hua et al. 2006). Similarly, the
presence of 2.5 mM sulfide does not induce chemical reduction
in the medium used for U(VI) reduction by D. reducens, which
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contained 30 mM bicarbonate and 20 mM PIPES as buffers
(data not shown).

In the case of Fe(III), another respirable and potentially com-
peting electron acceptor, U(VI) reduction by D. reducens was
completely inhibited (Fig. 3). Although the absence of spores
in Fe(IIl)-grown cultures could partially explain the lack of
U(VI) reduction, the addition of spores did not rescue the ac-
tivity (Fig. 4B and Table 2). Additionally, an inhibitory effect
of soluble and/or solid phase Fe(Il) was observed (Fig. 4B).
Previous work has shown that Fe(II) accumulation at the sur-
face of Shewanella spp. inhibits the cells’ reducing activity
(Urrutia et al. 1998). Thus, a similar mechanism could be re-
sponsible for the Fe(Il)-mediated inhibitory effect on U(VI)
reduction. An alternative explanation could be that the forma-
tion of the Fe(Il) precipitate leads to the sorption of a factor
present in spent medium, thus effectively removing it from so-
lution. This factor was shown to be a necessary component for
spore-driven U(VI) reduction (Junier et al. 2009). The detailed
mechanism of inhibition was not investigated but merits some
attention.

The presence of Firmicutes such as the genera Desulfotomac-
ulum or Desulfosporosinus in uranium-contaminated sites has
been documented (Chang et al. 2001; Madden et al. 2007;
N’Guessan et al. 2008). Based on this work, we expect that
microorganisms similar to D. reducens would play an impor-
tant role in the subsurface after Fe(IIl) reduction is completed,
during and after the sulfate reduction phase. In the subsurface,
it is likely that Fe(I) would not have a long-lasting deleterious
effect on sporulation or U(VI) reduction because precipitation
of Fe(Il) may not take place and advection will move dissolved
Fe(Il) away from the area of electron donor amendment over
time (Anderson et al. 2003).

A study at the Old Rifle site in Colorado identified an in-
crease in the population of Gram-positive SRB known to reduce
U(V]) during the sulfate reduction phase (Anderson et al. 2003).
Another study at the same site showed a significant bloom of
Firmicutes at one location (Vrionis et al. 2005). Finally, a third
study showed that after Fe(IIl) and sulfate reduction, a new
phase started during which sustained U(VI) removal was ob-
served even after acetate amendments were stopped (N’Guessan
et al. 2008). Firmicutes were identified as responsible for the
removal of U(VI) during that phase and found to adsorb rather
than reduce U(VI). The results of these three studies are consis-
tent with a potential role of Desulfotomaculum-like bacteria in
U(VI) immobilization after the completion of Fe(IlI) reduction
and possibly sulfate reduction.

In summary, the results presented here show that U(VI) re-
duction by D. reducens is insensitive to the presence of nitrate
and sulfate but is inhibited by iron and suggest that this mi-
croorganism and others with similar characteristics (e.g., spore
forming Clostridium relatives) may play a role in the redox cy-
cling of uranium in the subsurface after Fe(IIl) reduction has
occurred.

REFERENCES

Abdelouas A, Lutze W, Gong W, Nuttall EH, Strietelmeier BA, Travis BJ. 2000.
Biological reduction of uranium in groundwater and subsurface soil. Sci Total
Environ 250:21-35.

Akob DM, Burkhardt EM, Sitte J, Kerkhof L, Kusel K, Watson DB, Palumbo
AV, Kostka JE. Year. Identification of active microbial communities linked
to bioremediation and natural attenuation of radionuclides and heavy metals
in contaminated aquifers. In: 19th Annual VM Goldschmidt Conference; Jun
21; Davos, SWITZERLAND: A19.

Anderson RT, Vrionis HA, Ortiz-Bernad I, Resch CT, Long PE, Dayvault R,
Karp K, Marutzky S, Metzler DR, Peacock A, White DC, Lowe M, Lovley
DR. 2003. Stimulating the in situ activity of Geobacter species to remove
uranium from the groundwater of a uranium-contaminated aquifer. Appl
Environ Microbiol 69:5884-5891.

Balch WE, Fox GE, Magrum LJ, Woese CR, Wolfe RS. 1979. Methanogens—
Re-evaluation of a unique biological group. Microbiol Rev 43:260—
296.

Chang Y, Peacock AD, Long P, Stephen JR, McKinley JP, Macnaughton SJ,
Anwar Hussain AKM, Saxton AM, White DC. 2001. Diversity and char-
acterization of sulfate-reducing bacteria in groundwater at a uranium mill
tailings site. Appl Environ Microbiol 67:3149-3160.

Elias DA, Suflita JM, Mclnerney MJ, Krumholz LR. 2004. Periplasmic
cytochrome c3 of Desulfovibrio vulgaris is directly involved in Hj-
mediated metal but not sulfate reduction. Appl Environ Microbiol 70:413—
420.

Finneran KT, Housewright ME, Lovley DR. 2002. Multiple influences of ni-
trate on uranium solubility during bioremediation of uranium-contaminated
subsurface sediments. Environ Microbiol 4:510-516.

Hua B, Xu H, Terry JH, Deng B. 2006. Kinetics of uranium (VI) reduction by
hydrogen sulfide in anoxic aqueous systems. Environ Sci Technol 40:4666—
4671.

Istok JD, Senko JM, Krumholz LR, Watson D, Bogle MA, Peacok A,
Chang Y-J, White DC. 2004. In situ bioreduction of technitium and
uranium in a nitrate-contaminated aquifer. Environ Sci Technol 38:468—
475.

Junier P, Frutschi M, Wigginton NS, Schofield EJ, Bargar JR, Bernier-Latmani
R. 2009. Metal reduction by spores of Desulfotomaculum reducens. Environ
Microbiol 11:3007-3017.

Kelly SD, Kemner KM, Carley J, Criddle CS, Jardine PM, Marsh T,
Phillips D, Watson D, Wu WM. 2008. Speciation of uranium in sedi-
ments before and after in situ biostimulation. Environ Sci Technol 42:1558—
1564.

Lovley DR. 1991. Dissimilatory Fe(IIT) and Mn(IV) reduction. Microbiol Rev
55:259-287.

Lovley DR, Phillips EJ. 1992. Reduction of uranium by Desulfovibrio desulfu-
ricans. Appl Environ Microbiol 58:850-856.

Lovley DR, Roden EE, Phillips EJP, Woodward JC. 1993. Enzymatic
iron and uranium reduction by sulfate-reducing bacteria. Mar Geol 113:
41-53.

Madden AS, Palumbo AV, Ravel B, Vishnivetskaya TA, Phelps TJ, Schadt
CW, Brandt CC. 2009. Donor-dependent extent of uranium reduction for
bioremediation of contaminated sediment microcosms. J Environ Qual 38:53—
60.

Madden AS, Smith AC, Balkwill DL, Fagan LA, Phelps TJ. 2007. Microbial
uranium immobilization independent of nitrate reduction. Environ Microbiol
9:2321-2330.

N’Guessan AL, Vrionis HA, Resch CT, Long PE, Lovley DR. 2008. Sus-
tained removal of uranium from contaminated groundwater following stim-
ulation of dissimilatory metal reduction. Environ Sci Technol 42:2999—
3004.

Nealson KH, Saffarini D. 1994. Iron and manganese in anaerobic respiration:
environmental significance, physiology, and regulation. Annu Rev Microbiol
48:311-343.



20: 50 4 Decenber 2010

[ EPFL Lausanne] At:

Downl oaded By:

THE REDUCTION OF U(VI) BY Desulfotomaculum Reducens 443

Petrie L, North NN, Dollhopf SL, Balkwill DL, Kostka JE. 2003. Enumera-
tion and characterization of iron(IlI)-reducing microbial communities from
acidic subsurface sediments contaminated with uranium(VI). Appl Environ
Microbiol 69:7467-7479.

Pietzsch K, Babel W. 2003. A sulfate-reducing bacterium that can detoxify
U(VI) and obtain energy via nitrate reduction. J Basic Microbiol 43:348—
361.

Riley RG, Zachara JM, Wobber FJ. 1992. Chemical contaminants on DOE
Lands and selection of contaminant mixtures for subsurface science research.
Washington DC: US DOE.DOE/ER-0547T.

Shelobolina ES, O’Neill K, Finneran KT, Hayes LA, Lovley DR. 2003. Potential
for in situ bioremediation of a low-pH, high-nitrate uranium-contaminated
groundwater. Soil Sediment Contam 12:865-884.

Sorensen J. 1982. Reduction of ferric iron in anaerobic marine sediment and
interaction with reduction of nitrate and sulfate. Appl Environ Microbiol
43:319-324.

Spear JR, Figueroa LA, Honeyman BD. 1999. Modeling the Removal of Ura-
nium U(VI) from Aqueous Solutions in the Presence of Sulfate Reducing
Bacteria. Environ Sci Technol 33:2667-2675.

Spear JR, Figueroa LA, Honeyman BD. 2000. Modeling reduction of ura-
nium U(VI) under variable sulfate concentrations by sulfate-reducing bacte-
ria. Appl Environ Microbiol 66:3711-3721.

Tebo BM, Obraztsova AY. 1998. Sulfate-reducing bacterium grows with Cr(VI),
U(VI), Mn(IV), and Fe(IIl) as electron acceptors. FEMS Microbiol Lett
162:193-198.

Thauer RK, Jungermann K, Decker K. 1977. Energy conservation in
chemotrophic anaerobic bacteria. Bacteriol Rev 41:100-180.

Tucker MD, Barton LL, Thomson BM. 1996. Kinetic coefficients for simulta-
neous reduction of sulfate and uranium by Desulfovibrio desulfuricans. Appl
Microbiol Biotechnol 46:74-77.

Urrutia MM, Roden EE, Fredrickson JK, Zachara JM. 1998. Microbial and
surface chemistry controls on reduction of synthetic Fe(IIl) oxide minerals
by the dissimilatory iron-reducing bacterium Shewanella alga. Geomicrobiol
J 15:269-291.

Vrionis HA, Anderson RT, Ortiz-Bernad I, O’Neill KR, Resch CT, Peacock
AD, Dayvault R, White DC, Long PE, Lovley DR. 2005. Microbiological
and geochemical heterogeneity in an in situ uranium bioremediation field
site. Appl Environ Microbiol 71:6308-6318.

Wall JD, Krumholz LR. 2006. Uranium reduction. Annu Rev Microbiol 60:149—
166.

Widdel F. 1992. The genus Desulfotomaculum. In: The Prokaryotes (Ballows
A, Truper HG, Dworkin M, Harder W, Schleifer K-H, Eds.). Springer, Berlin.
P 1792-1799.

Widdel F, Bak F. 1992. Gram-negative mesophilic sulfate-reducing bacteria. In:
The Prokaryotes (Ballows A, Truper HG, Dworkin M, Harder W, Shleifer
K-H). Springer, Berlin. P 3352-3378.

Wu Q, Sanford RA, Loffler FE. 2006. Uranium(VI) reduction by
Anaeromyxobacter dehalogenans strain 2CP-C. Appl Environ Microbiol
72:3608-3614.

Wu WM, Carley J, Luo J, Ginder-Vogel MA, Cardenas E, Leigh MB, Hwang CC,
Kelly SD, Ruan CM, Wu LY, Van Nostrand J, Gentry T, Lowe K, Mehlhorn
T, Carroll S, Luo WS, Fields MW, Gu BH, Watson D, Kemner KM, Marsh T,
Tiedje J, Zhou JZ, Fendorf S, Kitanidis PK, Jardine PM, Criddle CS. 2007.
In situ bioreduction of uranium (VI) to submicromolar levels and reoxidation
by dissolved oxygen. Environ Sci Technol 41:5716-5723.

Yabusaki SB, Fang Y, Long PE, Resch CT, Peacock AD, Komlos J, Jaffe
PR, Morrison SJ, Dayvault RD, White DC, Anderson RT. 2007. Ura-
nium removal from groundwater via in situ biostimulation: Field-scale
modeling of transport and biological processes. J Contam Hydrol 93:216—
235.



