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Deinococcus radiodurans is an exceptionally radiation-resistant microorganism capable of surviving acute
exposures to ionizing radiation doses of 15,000 Gy and previously described as having a strictly aerobic res-
piratory metabolism. Under strict anaerobic conditions, D. radiodurans R1 reduced Fe(III)-nitrilotriacetic acid
coupled to the oxidation of lactate to CO, and acetate but was unable to link this process to growth. D. radio-
durans reduced the humic acid analog anthraquinone-2,6-disulfonate (AQDS) to its dihydroquinone form,
AH,DS, which subsequently transferred electrons to the Fe(III) oxides hydrous ferric oxide and goethite via a
previously described electron shuttle mechanism. D. radiodurans reduced the solid-phase Fe(I1I) oxides in the
presence of either 0.1 mM AQDS or leonardite humic acids (2 mg ml™") but not in their absence. D. radio-
durans also reduced U(VI) and Tc(VII) in the presence of AQDS. In contrast, Cr(VI) was directly reduced in
anaerobic cultures with lactate although the rate of reduction was higher in the presence of AQDS. The results
are the first evidence that D. radiodurans can reduce Fe(III) coupled to the oxidation of lactate or other organic
compounds. Also, D. radiodurans, in combination with humic acids or synthetic electron shuttle agents, can re-
duce U and Tc and thus has potential applications for remediation of metal- and radionuclide-contaminated
sites where ionizing radiation or other DNA-damaging agents may restrict the activity of more sensitive organisms.

Deinococcus radiodurans is the most radiation-resistant or-
ganism discovered to date, exhibiting the ability to withstand
doses of ionizing radiation to 15,000 Gy without lethality (8).
D. radiodurans, at this dose of radiation, incurs a large number
of double-stranded DNA breaks, 130 per chromosome (8).
Extremely efficient DNA repair mechanisms in operation dur-
ing recovery in the absence of radiation are responsible for the
extreme radiation resistance observed in this organism (6, 7,
25). Resistance to such high levels of ionizing radiation prob-
ably does not represent a direct response adaptation, since
there are no natural terrestrial environments that generate
such high fluxes of ionizing radiation (25). It is more likely that
the efficient DNA repair system in this bacterium represents an
adaptation to prolonged desiccation as dehydration of cells
results in DNA damage, double-stranded DNA breaks, similar
to that resulting from exposure to ionizing radiation (24).

The remarkable ability to withstand high doses of radiation
including chronic or continuous doses, periods of extended
desiccation, and numerous other DNA-damaging agents cou-
pled with the relative ease of genetic manipulation (33) has
made D. radiodurans an attractive candidate for genetic ma-
nipulation for enhancing organopollutant degradation. Such
organisms could have potential applications at contaminated
sites where mixed wastes are problematic. To this end, Lange
et al. (17) constructed strains of D. radiodurans that expressed
toluene dioxygenase activity. The resulting D. radiodurans con-
structs could oxidize toluene, chlorobenzene, 3,4-dichloro-1-
butene, and indole; the engineered strain also grew and syn-
thesized toluene dioxygenase while being exposed to ionizing
radiation at a dose of 60 Gy h™'. More recently, a mercuric ion
reductase gene (merA) was cloned and expressed in D. radio-
durans (3) with the goal of using such constructs for bioreme-
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diation in high-radiation environments. Such environments
exist at U.S. Department of Energy (DOE) sites previously
involved in the production of nuclear materials.

Recently, we isolated a Thermus sp. from a groundwater sam-
ple collected from an ultradeep (3.2-km) gold mine in South
Africa that could utilize Fe(IIT) as an electron acceptor cou-
pled to the oxidation of lactate (15). Due to the interest in us-
ing highly radiation-resistant D. radiodurans for remediation of
radioactive metal- and radionuclide-contaminated sites and be-
cause of the close phylogenetic relationship between members
of the genera Thermus and Deinococcus (14), we investigated
the potential for metal reduction by D. radiodurans strain R1.

MATERIALS AND METHODS

Cultures and media. D. radiodurans R1 was routinely cultured in TYG me-
dium containing 5 g of tryptone, 3 g of yeast extract, and 1 g of dextrose per liter
of deionized water. Cultures were incubated at 30°C on a rotary shaker. Cells
were harvested by centrifugation and washed three times in either sterile, pH 7,
phosphate-buffered 0.85% saline or bicarbonate buffer containing 2.5 g of
NaHCO; and 0.1 g of KCl per liter of deionized water.

The ability of D. radiodurans R1 to reduce Fe(IIT) and other electron accep-
tors was evaluated using a defined basal medium consisting of 0.42 g of KH,PO,,
0.22 g of K,HPO,, 0.2 g of NH,Cl, 0.38 g of KCl, 0.36 g of NaCl, 0.04 g of CaCl,
2H,0, 0.1 g of MgSO, + 7TH,0, 1.8 g of NaHCOs;, 0.5 g of Na,CO3, 0.19 mg of
Na,SeO,, 10 ml of trace element solution, and 15 ml of a vitamin mixture per
liter of deionized water. The trace element solution contained 2.14 g of nitrilo-
triacetic acid (NTA), 0.1 g of MnCl, - 4H,0, 0.3 g of FeSO, - 7H,0, 0.03 g of
CuCl, - 2H,0, 0.17 g of CoC, - 6H,0, 0.2 g of ZnSO, + 7TH,0, 5 mg of
AIK(SO,), - 12H,0, 5 mg of H;BO;, 0.09 g of Na,MoO,, 0.11 g of NiSO, -
6H,0, and 0.02 g of Na,WO, - 2H,0 per liter of deionized water. The vitamin
mixture contained 2.0 mg of biotin, 2.0 mg of folic acid, 10.0 mg of pyridoxine
HCI, 5.0 mg of riboflavin, 5.0 mg of thiamine, 5.0 mg of nicotinic acid, 5.0 mg of
pantothenic acid, 0.1 mg of cyanocobalamin, 5.0 mg of 4-aminobenzoic acid, and
5.0 mg of thioctic acid per liter of deionized water. Media were autoclaved or
filter sterilized and purged with an O,-free gas mix comprised of 80% N, and
20% CO,.

Electron acceptors and donors. The ability of D. radiodurans to reduce Fe(IITI)
was examined in cultures containing 10 mM Fe(III)-NTA and 10 mM lactate in
the basal medium described above at 30°C. Stocks of 100 mM Fe(III)-NTA were
prepared by dissolving 1.64 g of NaHCOs, 2.56 g of trisodium NTA, and 2.7 g of
FeCl; - 6H,O in 100 ml of deionized water. Acetate, pyruvate, succinate, ethanol,
L-lactate, and p-lactate at 10 mM each or H, at 33 mM was evaluated as an
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electron donor supporting Fe(IIT) reduction. Other forms of Fe(III) evaluated as
electron acceptors for D. radiodurans R1 included hydrous ferric oxide (HFO)
(12), ferric pyrophosphate, ferric citrate, and goethite (a-FeOOH) (41) at 10
mM each. Other metals evaluated for reduction coupled to lactate included
U(VI), Tc(VII), and Cr(VI). Anthraquinone-2,6-disulfonate (AQDS; Sigma
Chemical Co., St. Louis, Mo.), 0.1 mM, was also evaluated as an electron
acceptor. HFO, goethite, Tc(VII), U(VI), and Cr(VI) were also tested for re-
duction with 0.1 mM AQDS as an electron shuttle (21). Leonardite humic acid
was purchased from the International Humic Substances Society (University of
Minnesota, St. Paul) and was used at a concentration of 2 mg ml~'. Fe(Il)
generated in experiments with Fe oxides was extracted with 0.5 N HCI before
determining the concentration using the ferrozine assay, as previously described
(12).

For experiments with AQDS, Tc, U, and Cr, pressure tubes containing bicar-
bonate buffer (30 mM NaHCOj; and 1.3 mM KCI) and 10 mM sodium lactate as
electron donor were purged with O,-free N,:CO, (80:20) and sealed with thick
butyl rubber stoppers. Washed D. radiodurans cells suspended in anaerobic
bicarbonate buffer were added using a needle and syringe and purged with
N,:CO,, to a final density of ~5 X 107 cells ml~ . Filter-sterilized (0.2-pwm pore
size) AQDS was purged with O,-free N, and added to obtain a final concentra-
tion of 0.1 mM. Technetium, as NH,”Tc(VII)O, (Amersham Life Sciences
Products, Arlington Heights, I1l.), and uranium, as U(VI) acetate (Fluka Chem-
ical Co., Milwaukee, Wis.), were also purged with O,-free N, and added to
achieve final solution concentrations of 5 to 200 wM. All subsequent incubations
and sampling were conducted in an anoxic atmosphere (Forma Scientific Inc.,
Marietta, Ohio, or Coy Laboratory Products, Ann Arbor, Mich.) containing Ar
(95%) and H, (5%) and (<1 X 107*)% O,. Controls consisted of identical
treatments either without cells or without AQDS. All treatments were carried
out in duplicate or triplicate.

At selected time points, samples were withdrawn from pressure tubes using a
needle and syringe and filtrates (<0.2-wm pore size) were collected. Total Tc
activity in filtrates was determined by liquid scintillation counting (model 1411;
Wallac Inc., Gaithersburg, Md.). Pertechnetate (TcO,'”) remaining in the so-
lution was determined by direct extraction (36) and liquid scintillation counting.
A decrease in TcO,'~ concentration indicated that Tc(VII) was reduced, pre-
sumably to other lower oxidation states. Soluble U(VI) was analyzed using a
kinetic phosphorescence analyzer (4) (KPA-10; Chemchek Instruments, Inc.,
Richland, Wash.). Cr(VI) was quantified by mixing filtrates (pore size, 0.2 pm)
with sym-diphenylcarbizide reagent (0.25% in acetone) and measuring the ab-
sorbance of solutions at 540 nm (37). Reduction of AQDS was measured using
a scanning spectrophotometer (model DU-50; Beckman Instruments, Palo Alto,
Calif.). AQDS and its reduced form, AH,DS, were measured at 325 and 405 nm,
respectively.

Fe reduction coupled to lactate oxidation. Mineralization of lactate to CO,
was measured in conjunction with the reduction of Fe(III)-NTA in HCO;-
buffered medium at neutral pH, and in cultures lacking Fe(III), using uniformly
labeled Na lactate (150 mCi mmol !, 99% radiopurity; American Radiolabeled
Chemicals, Inc., St. Louis, Mo.). Ethanol was removed from the lactate before
use by purging with N,. The lactate was added to sterile anaerobic water and
diluted in the basal medium prior to addition to the cultures. Cultures for
measuring mineralization of lactate consisted of 10 ml containing 2.8 X 10° cells
ml~!, 3 mM sodium lactate (Sigma), 10 mM Fe(III)-NTA (except in controls),
and approximately 0.4 Ci of '*C-labeled lactate in basal medium. Cultures were
incubated in 30-ml serum bottles with 80:20 N,:CO, headspace at 30°C without
shaking. A 2-ml cryovial (Nalgene) was suspended inside the serum bottle to trap
evolved CO,. A 1.0 N KOH (0.1-ml) solution was added to each cryovial at a
volume sufficient to trap both the evolved *CO, and the CO, in the headspace.
At each sample point, duplicate cultures were sacrificed by adding 1.0 ml of 5.5
N HCI to each culture and 1.0 ml of KOH to each trap. KOH, 0.95 ml, was
removed and added to Opti-Fluor scintillation fluid (Packard Instrument, Down-
ers Grove, I1L.) for liquid scintillation counting. These cultures were also analyzed
for Fe(II) using the ferrozine assay (34). Additionally, identical 10-ml cultures
containing 10 mM Fe(IIT)-NTA with and without 3 mM lactate were prepared.
At the same time points that the cultures containing ['*C]lactate were sampled,
a duplicate set of cultures containing unlabeled lactate were also sacrificed and
analyzed for Fe(II) and concentrations of lactate and acetate. Loss of lactate as
well as oxidation products in cultures with and without Fe(IIT)-NTA was mea-
sured from culture filtrates with a DX 500 ion chromatography system (Dionex,
Sunnyvale, Calif.) using an Ion Pac AS 11 (Dionex) analytical column and a CD
20 conductivity detector (Dionex). The eluent gradient was programmed to
result in a 0.2 mM NaOH solution during equilibration and analysis and a 35 mM
NaOH solution during column regeneration. The flow rate was 1 ml min !, and
the injection volume was 50 pl.

Growth measurements. The ability of D. radiodurans populations to grow with
Fe(III)-NTA as the sole electron acceptor was examined. These cultures were
composed of the same medium described above amended with tryptone at 50 mg
liter ™! and yeast extract at 30 mg liter ™! and contained 3 mM lactate. Initial cell
concentrations were 5.7 X 10° ml~!. Lactate consumption and evolution of other
metabolic products were analyzed by ion chromatography as described above.
Aerobic cultures of D. radiodurans in the same medium described above but
without Fe(III)-NTA were also tested for growth. Cell concentrations were
determined by microscopic counting of acridine orange-stained cells.
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FIG. 1. Mineralization of '“C-labeled lactate coupled to Fe(IIT)-NTA reduc-
tion by D. radiodurans. All values represent the means of three replicates, and the
absence of error bars indicates that the magnitude of the error is less than the
size of the symbol.

Electron microscopy and X-ray diffraction (XRD). Solids associated with
HFO-AQDS cultures were imaged and analyzed using scanning electron micros-
copy. All samples were prepared in an anaerobic glove box to avoid oxidation of
reduced solids. Whole mounts were prepared by placing a drop of cell suspension
on a Formvar-coated copper transmission electron microscopy grid. Grids were
dried and stored in a sealed vial under an anaerobic atmosphere until they were
transferred to the high vacuum of the electron microscope. Samples were ana-
lyzed using a LEO 982 field emission scanning electron microscope. Elemental
analyses were accomplished using an Oxford-Link Isis energy-dispersive spec-
trometer, equipped with a SiLi detector.

For XRD analysis, settled mineral residue was removed from the pressure
tubes to minimize liquid transfer and dried under anaerobic conditions; the dried
solid was smeared on a glass slide. The slides were maintained under an anoxic
atmosphere until the time of analysis. The XRD apparatus consisted of two
Philips wide-range vertical goniometers with incident-beam 2-theta compensat-
ing slits, soller slits, fixed 2-mm receiving slits, diffracted beam graphite mono-
chromators, and scintillation counter detectors. The X-ray source was a Philips
XRG3100 X-ray generator operating a fixed-anode, long-fine-focus Cu tube at 45
kV, 40 mA (1,800 W). Instrument control was by means of Databox NIMBIM
modules (Materials Data, Inc., Livermore, Calif.).

RESULTS

Fe(III)-NTA reduction coupled to oxidation of organic sub-
strates. D. radiodurans effectively coupled the oxidation of
[*“C]lactate to CO, with the reduction of Fe(III)-NTA to
Fe(Il) in the absence of O, (Fig. 1). The stoichiometry of
Fe(IIT) reduced to lactate oxidized in this experiment was
12.8:1. However, if the Fe(Il) and percent [**C]lactate miner-
alized were corrected for controls lacking either electron do-
nor (lactate) or electron acceptor (Fe-NTA), the ratio was
8.6:1. In separate cultures with unlabeled lactate, ion chroma-
tography analyses revealed that one-half (1.45 mM) of the
lactate was consumed and 0.8 mM acetate was produced over
the same incubation period (116 h). D. radiodurans cultures
containing 3 mM lactate were unable to reduce either ferric
citrate or ferric pyrophosphate.

D- and L-lactate were equally effective as electron donors for
Fe(IIT)-NTA reduction (Fig. 2). Pyruvate was as effective as
lactate, and succinate was approximately 48% as effective as
pyruvate. Cultures with ethanol did not result in more Fe(III)
reduced than was observed in the no-donor control (Fig. 2).
Acetate also promoted Fe(III)-NTA reduction (3.2 mM Fe?™")
over an incubation period of 18 days by D. radiodurans com-
pared to no-donor control (1.7 mM Fe?") although H, did not
(data not shown). These results, in combination with the ace-
tate analyses from the lactate cultures described above, indi-
cate that acetate is incompletely oxidized by D. radiodurans
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FIG. 2. Effectiveness of various organic electron donors for the reduction of
Fe(III)-NTA by D. radiodurans.

coupled to Fe(III)-NTA reduction. Additional studies are re-
quired to more thoroughly examine the oxidation of acetate
coupled to Fe(III)-NTA reduction by D. radiodurans.
Growth experiments. The ability of D. radiodurans to grow
anaerobically with Fe(III)-NTA (10 mM) as the sole electron
acceptor was investigated using bicarbonate-buffered medium
containing 3 mM lactate amended with tryptone (50 mg li-
ter ') and yeast extract (30 mg liter*). Although D. radio-
durans cells reduced Fe(III) (1.43 mM) in excess of that in the
cultures without lactate (0.54 mM), there was no increase in
cell numbers over the period during which Fe reduction was
observed. The same medium without Fe(III)-NTA supported
the growth of D. radiodurans in aerated liquid cultures as in-
dicated by a visible increase in turbidity. These results indicate
that the lack of growth in the anaerobic cultures was not due to
the absence of one or more necessary growth factors. Also,
D. radiodurans did not grow in anaerobic TYG broth or TYG
supplemented with SO,*~, S°, or NO;~, nor was there any
evidence of these potential electron acceptors being reduced.
Reduction of AQDS and electron shuttling to Fe oxides.
AQDS is a model humic acid compound (35) that can be
utilized as an electron acceptor for respiration and growth by
a variety of dissimilatory metal-reducing bacteria including
Geobacter spp. and Shewanella spp. (21). As an electron ac-
ceptor, AQDS is reduced to the corresponding dihydroqui-
none (AH,DS) (31). Suspensions of D. radiodurans cells (6 X
107 cells ml~!) reduced 0.1 mM AQDS to AH,DS regardless
of whether lactate was added or not, although more was re-
duced in the cultures with lactate (Fig. 3). In the absence of
cells, less than 7% of the initial AQDS was reduced. These
results are consistent with the observation that cultures of D.
radiodurans cells, at similar densities, reduced >2 mM Fe(III)-
NTA in the absence of any exogenous electron donor (Fig. 2).
Reduction of electron acceptors in the absence of exogenous
electron donor is likely due to respiration with endogenous
carbon reserves. This phenomenon has been observed for oth-
er metal-reducing organisms including Thermus strain SA (15).
To determine whether D. radiodurans could reduce Fe(III)
oxides with AQDS or humic acid functioning as an electron
shuttle (22, 41), the reduction of freshly precipitated HFO and
a medium-surface-area (~55 m? g~ ') goethite by D. radio-
durans in the presence and absence of 0.1 mM AQDS was in-
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FIG. 3. Reduction of AQDS to AH,DS by D. radiodurans.

vestigated. The results of this experiment demonstrate that
D. radiodurans can effectively reduce HFO in the presence of
AQDS and leonardite humic acid but not in their absence (Fig.
4).

The reduction of HFO in the presence of AQDS resulted in
the precipitation of white solids that were identified as vivianite
[Fe;(PO,), - 8H,O]. These solids were large (50 to 150 pm)
lathe-shaped crystallites and were composed primarily of Fe,
O, and P. The XRD pattern of these solids was consistent with
the d-spacings for vivianite specimens. D. radiodurans also re-
duced 451 uM Fe(III) of the synthetic goethite over a 19-day
period in the presence of AQDS but only 9.6 uM Fe(IIl) in its
absence over the same time period.

Reduction of dissolved metals and radionuclides. Because
D. radiodurans could couple the reduction of AQDS to the
reduction of Fe oxides, we hypothesized that it may also be
able to couple its reduction to other metals and radionuclides.
Previous studies have shown that microbially reduced AQDS is
an effective reductant of U(VI) (13). In the presence of 0.1
mM AQDS, D. radiodurans effectively reduced 95 to 100% of
Tc(VII) and U(VI) at concentrations ranging from 5 to 100
uM within a period of 21 days (Table 1). At the highest con-
centrations evaluated (>200 wM), the percentage of Tc(VII)
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FIG. 4. D. radiodurans reduction of HFO promoted by AQDS or leonardite
humic acid (LHA) as electron shuttles.
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TABLE 1. Reduction of varying concentrations of Tc(VII) and
U(VI) by D. radiodurans in the presence of 0.1 mM AQDS

Tc(VII) or U(VI) concn (pM)“ for expt no.:

Incubation
Element time (days) ; 5 3 :
Tc(VII) 0 54(0.1) 557(17) 110.4 (2.0) 222.8 (4.9)
3 0.4 (0.1) 0.5(0.2) 27.7(0.1) 144.7(2.7)
21 0.3 (0.1) 1.3 (0.3) 1.8 (0.1) 39.0(7.2)
U(VI) 0 47(0.1) 56.5(3.2) 117.5(0.4) 235.5(6.5)
21 BD? BD 2.5(3.6) 26.7 (2.4)

“ Values in parentheses are the standard errors of the means of duplicate
samples.
® BD, below the analytical detection limit.

or U(VI) that was reduced was slightly lower, 82 and 89%,
respectively, than the lower starting concentrations of the ra-
dionuclides. D. radiodurans was unable to directly reduce Tc(VII)
at 100 wM or U(VI) at 100 or 500 wM in the absence of AQDS
with lactate as the electron donor (data not shown). In the
U(VI) reduction experiments, 30 mM NaHCO; was used as a
buffer and therefore the predominant U(VI) species in solu-
tion would have been UO,(CO;);*~ and UO,(CO5),*~ (13).

In contrast to U(VI) and Tc(VII), D. radiodurans was able to
directly reduce Cr(VI) with approximately 72% of the initial
Cr(VI) being reduced after 14 days under anaerobic conditions
(Fig. 5). Consistent with the results for U(VI) and Tc(VII),
AQDS enhanced the rate and extent of Cr(VI); after 14 days
the initial Cr(VI) was reduced to below the detection level.
Some Cr(VI) was also reduced by cells in the absence of
lactate, but the amount was much less (22 to 28%) than when
lactate was included (Fig. 5). Cells incubated aerobically with
Cr(VI) and lactate but without AQDS reduced >50% of the
Cr(VI) within the same time period as the anaerobic incuba-
tions (27 days). Growth with Cr(VI) as the electron acceptor
was not tested.

DISCUSSION

Species of the genus Deinococcus, including D. radiodurans,
have been described as having a strictly aerobic metabolism
(11) with no known capacity for either fermentative or respi-
ratory metabolism in the absence of O,. The results presented
here demonstrate that D. radiodurans strain R1 can oxidize
lactate to CO, coupled to the reduction of Fe(III)-NTA under
strictly anaerobic conditions. Although other bacteria, includ-
ing several Thermus spp. that, interestingly, are phylogeneti-
cally related to Deinococcus (10), have been shown to conserve
energy for growth from the oxidation of lactate coupled to
Fe(II)-NTA reduction (15), D. radiodurans was unable to grow
with this electron acceptor-electron donor combination. This
same medium without Fe(III)-NTA supported vigorous growth
in air, suggesting that the reduction of Fe(III)-NTA under
anaerobic conditions with lactate is a fortuitous catabolic re-
action.

D. radiodurans also effectively utilized pyruvate and succi-
nate to reduce Fe(III)-NTA; the ability to reduce Fe(III) was
limited to the Fe-NTA complex; other forms of Fe(III) includ-
ing ferric citrate, ferric pyrophosphate, HFO, and goethite
were not directly reduced. For dissimilatory iron-reducing bac-
teria, such as Shewanella putrefaciens, dissolved Fe(I1I)-organic
complexes including Fe(IIT)-NTA are more readily reduced
than solid-phase Fe oxides (9), although some crystalline Fe
oxides are also extensively reduced (29, 41). The reduction of
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Fe(IIT)-organic complexes might be expected to be more rapid
than that of Fe oxides given the relative insolubility of the
latter at circumneutral pH values. This, however, does not
completely explain the inability of D. radiodurans to reduce the
solid-phase Fe oxides. S. putrefaciens MR-1, recently reclassi-
fied as Shewanella oneidensis (38), as well as other Shewanella
spp., can reduce Fe(III) associated with a variety of oxides
including HFO (12), goethite and hematite (41), and magne-
tite (16). The ability to reduce solid-phase Fe(III) has been
attributed to the localization of Fe(III)-reducing cytochromes
to the outer membrane (26, 27) where they can potentially
come in direct contact with the solid-phase oxides. The pres-
ence of an extracellular c-type cytochrome in Geobacter sul-
furreducens that could reduce ferrihydrite and manganese di-
oxide led Seeliger et al. (32) to speculate that this protein is
involved in electron transfer from cells to the solid-phase ox-
ides. However, the specific mechanisms by which dissimilatory
iron-reducing bacteria transfer electrons to solid Fe oxides
remain poorly understood. One possible explanation for the
inability of D. radiodurans to reduce solid-phase Fe oxides is
that this organism lacks surface-associated or extracellular
electron transfer factors, accounting for its inability to reduce
solid-phase Fe oxides such as HFO or goethite in the absence
of an electron shuttle.

The reasons for the inability of D. radiodurans to reduce
Fe(III)-citrate are also unclear, although intrinsic differences
in the ability to utilize different forms of soluble, complexed
Fe(III) have been noted among various dissimilatory iron-
reducing bacteria. For example, the reduction of Fe(III)-NTA
by S. putrefaciens (ATCC 8071) was over fivefold greater than
that of Fe(III)-citrate; the anaerobic growth of this organism
with lactate and Fe(III)-citrate was also noted to be poor (9).

D. radiodurans reduced AQDS to AH,DS and could couple
this reaction, in addition to the reduction of humic acids, to the
reduction of solid-phase Fe oxides including HFO and goe-
thite. Since more Fe(III) (1.56 mM) was reduced than could be
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FIG. 5. Reduction of Cr(VI) by D. radiodurans, with or without AQDS, as
measured by loss of Cr(VI) from solution.
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accounted for even if all of the 0.1 mM AQDS was initially
reduced (Fig. 4) in these experiments, AQDS must have cycled
between the oxidized and reduced forms, functioning as an
electron shuttle (during the oxidation of lactate or endogenous
carbon reserves) between D. radiodurans and the oxides. A
major end product of HFO reduction was vivianite, also ob-
served as a biogenic mineral resulting from HFO reduction in
P-containing cultures of S. putrefaciens strain CN32 in bicar-
bonate buffer with lactate and 0.1 mM AQDS (12).

Several dissimilatory iron-reducing bacteria including Geo-
bacter metallireducens and Shewanella algae are capable of uti-
lizing humic acids as electron acceptors during respiration (21).
The quinone moieties of humic acids have been identified as
the electron acceptors for bacterial respiration (20, 31). Mi-
crobially reduced humic acids, and the model humic acid com-
pound AQDS, are facile reductants of Fe oxides. The presence
of humic acids or AQDS in cultures of metal-reducing bacteria
has been shown to enhance the rate and extent of reduction of
Fe oxides (12, 22) including crystalline phases such as goethite
and hematite (41). This effect has been attributed to an elec-
tron shuttle mechanism whereby the bacteria reduce soluble
humic acids that in turn reduce Fe(III) associated with the
solid-phase oxide (21).

The reduction of HFO in the presence of 0.1 mM AQDS by
D. radiodurans was relatively slow, 22% reduction of 10 mM
HFO in 14 days (Fig. 3), in comparison to the dissimilatory
metal-reducing bacterium G. metallireducens and to S. putrefa-
ciens strain CN32. These bacteria reduced approximately 50%
of 6 mM HFO within 3 h (21) and >50% of 50 mM HFO
within 72 h (12), respectively, in the presence of 0.1 mM
AQDS. The differences in the rates of HFO reduction coupled
to AQDS electron shuttling may be due to an inherently lower
rate of AQDS reduction by D. radiodurans. In D. radiodurans
cultures with lactate and 0.1 mM AQDS, 88% of the AQDS
was reduced within 7 days (Fig. 3) whereas S. putrefaciens
CN32 lactate cultures completely reduced 0.1 mM AQDS in
approximately 1 h (J. Fredrickson, unpublished data).

The standard potential (E°) for the AQDS-AH,DS couple
(0.23 V) is significantly below that for the couple UO,(CO;);* -
UO, (0.69 V) (13) or TcO, -TcO, (0.75 V) (40) and is con-
siderably lower than that for CrO,* -Cr(OH); (1.28 V) (1).
Thus, the transfer of electrons from AH,DS to each of these
metals is thermodynamically feasible. This possibility was sup-
ported by experiments demonstrating the reduction of U(VI)
and Tc(VII) in D. radiodurans cultures containing, but not in
those lacking, AQDS. Although D. radiodurans directly re-
duced Cr(VI) under anaerobic conditions, the rate and extent
of Cr(VI) reduction were greater when AQDS was present
(Fig. 5).

The inability of D. radiodurans to directly reduce U or Tc
may be due to enzyme substrate specificity or enzyme inhibi-
tion rather than lack of a sufficiently low enzyme midpoint
potential since AQDS was reduced to AH,DS. The redox
potential of cultures in which AQDS was present is readily
calculated from the ratio of the oxidized to reduced species
(12). In the experiment with 0.1 mM AQDS (Fig. 3), the cal-
culated E, in the solution incubated with D. radiodurans and
lactate for 22 days was —0.227 V. This potential is sufficiently
reducing that both U (13) and Tc (40) would be expected to
exist predominantly in the +4 oxidation state. Additional re-
search is required to identify the enzyme(s) in D. radiodurans
that is responsible for Fe(IIT)-NTA and AQDS reduction, de-
termine whether it is part of the organism’s electron transport
system, and determine if metal reduction is more broadly dis-
tributed throughout the deinococci. The entire genome of D.
radiodurans R1 has recently been sequenced (39), potentially
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facilitating the identification and study of genes involved in
Fe(III)-NTA and AQDS reduction.

The enzymatic reduction of multivalent metals and radionu-
clides can have a major impact on their solubility and, hence,
mobility in the environment. Such changes in solubility make
microbial metal reduction an attractive process for removing
metals and radionuclides from contaminated waters via ex situ
processes or for immobilizing these contaminants in situ (19).
As a result of the production of weapons-grade nuclear mate-
rials between 1945 and 1986, the DOE is facing challenging
cleanup problems at more than 18 facilities across the United
States. The most common inorganic contaminants at these
sites are uranium, strontium, cesium, plutonium, technetium,
chromium, lead, and mercury (28). Among these, U, Pu, Tc,
and Cr are less mobile when reduced, and all can be reduced
by microorganisms (5, 18, 23, 30). Localized contaminated
sediments and soils at DOE sites, particularly beneath leaking
waste storage tanks, can have radiation levels that exceed those
that can be tolerated by most microorganisms. Under such
conditions where ionizing radiation fields are especially high
and other DNA-damaging agents are present at inhibitory con-
centrations, D. radiodurans may provide a means for limiting
the migration of multivalent radionuclides and heavy metals.
Such a remediation strategy would require the presence of hu-
mic acids as electron shuttles. Because they function as cata-
lysts for bacterial metal reduction, relatively small concentra-
tions are required to facilitate reduction (22). Humic acids,
because of their recalcitrance to biodegradation, are common
to many soils and sediments (21). However, in their absence,
humic acids or other quinone-containing organic compounds
could be added to stimulate metal reduction at contaminated
sites.

The deinococci appear to be widely distributed in soils and
have been routinely isolated from organically rich as well as
dry, nutrient-poor environments (2). Therefore, it is possible
that deinococci capable of reducing metal and radionuclides
may be native to some contaminated environments. Additional
research is required to better understand the ecology of the
deinococci and the potential for naturally occurring strains to
reduce metals.
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