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Resting cells of Desulfovibrio desulfuricans coupled the oxidation of a range of electron donors to Tc(VII)
reduction. The reduced technetium was precipitated as an insoluble low-valence oxide. The optimum electron
donor for the biotransformation was hydrogen, although rapid rates of reduction were also supported when
formate or pyruvate was supplied to the cells. Technetium reduction was less efficient when the growth sub-
strates lactate and ethanol were supplied as electron donors, while glycerol, succinate, acetate, and methanol
supported negligible reduction. Enzyme activity was stable for several weeks and was insensitive to oxygen.
Transmission electron microscopy showed that the radionuclide was precipitated at the periphery of the cell.
Cells poisoned with Cu(II), which is selective for periplasmic but not cytoplasmic hydrogenases, were unable
to reduce Tc(VII), a result consistent with the involvement of a periplasmic hydrogenase in Tc(VII) reduction.
Resting cells, immobilized in a flowthrough membrane bioreactor and supplied with Tc(VII)-supplemented
solution, accumulated substantial quantities of the radionuclide when formate was supplied as the electron

donor, indicating the potential of this organism as a biocatalyst to treat Tc-contaminated wastewaters.

Technetium (°*Tc; half-life, 2.1 X 10° years), a fission prod-
uct of >**U, is a problematic component of some wastes from
the nuclear fuel cycle (19). In its most stable form, the highly
soluble pertechnetate ion (TcO,  [9]), the element is very
mobile in the environment (25, 27) but can enter the food
chain; the anion is actively assimilated by plants using sulfate
transport mechanisms (3). For these reasons treatment at its
source is highly desirable.

Due to the low solubility of reduced Tc, e.g., Tc(IV) and
Tc(V) oxides (9), microbial reduction of the pertechnetate ion
has been proposed as the basis of a biotechnological method
for treating Tc(VII)-contaminated effluents (16, 19). Lloyd and
Macaskie (13) subsequently developed a novel PhosphorIm-
ager-based technique to monitor the microbial reduction of
Tc(VII). Using this technique, they demonstrated the direct
enzymatic reduction of Tc(VII) by resting cells of Shewanella
putrefaciens and Geobacter metallireducens. The reduced Tc
products detected in culture fluids were species specific. Only
soluble reduced Tc species were detected in cultures of S.
putrefaciens. In contrast, only trace amounts of the soluble
species were detected in the cultures of G. metallireducens, and
appreciable quantities of the radionuclide were precipitated,
probably as an insoluble low-valence oxide of Tc. Recent stud-
ies have also shown that anaerobically grown cells of Esche-
richia coli are able to couple the oxidation of formate or hy-
drogen to Tc(VII) reduction and precipitation (11, 12). The
enzyme responsible for Tc(VII) reduction was identified, by
using physiological and genetic approaches, as hydrogenase 3,
a component of the formate hydrogenlyase (FHL) complex
(11). Resting cells of this organism, immobilized in a mem-
brane bioreactor and supplied with formate or hydrogen as
electron donors for Tc(VII) reduction, have also been used
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successfully to remove the radionuclide from a challenge so-
lution, supplied to the flowthrough bioreactor (12).

Several studies have suggested that sulfate-reducing bacteria
(SRB) may be involved in Tc(VII) reduction, with the radio-
nuclide precipitated as an insoluble sulfide (1, 8, 22). Lovley
(16) subsequently proposed, on the basis of broad-metal re-
ductase activity against other high-valence metals [Cr(VI),
Fe(III), Mn(1V), and U(VI)], that SRB may be able to reduce
Tc(VII) enzymatically. This hypothesis is also supported by the
following observations: (i) the pertechnetate anion is bioavail-
able as a sulfate analogue and may therefore be a surrogate
electron acceptor for anoxic growth, (ii) SRB are the closest
known relatives to G. metallireducens [subsequently shown to
reduce Tc(VII)] by the criterion of 16S rRNA analysis (17),
and (iii) SRB have high uptake-hydrogenase activities in the
periplasm (20); hydrogenase-mediated reduction of Tc(VII) by
E. coli has already been demonstrated (11).

Indeed, we have recently confirmed that SRB are able to
reduce and precipitate heptavalent Tc enzymatically (15).
Resting cells of Desulfovibrio desulfuricans, supplied with hy-
drogen as an electron donor, reduced the pertechnetate anion
as an electron acceptor in lieu of sulfate. Previous studies have
suggested that in the presence of sulfate, H,S is produced by
SRB, resulting in the formation of insoluble Tc(VII) and
Tc(IV) sulfides (21). In our recent studies, however, proton-
induced X-ray emission (PIXE) showed Tc to be the major
element detected in a black precipitate from sulfate-free (non-
sulfidogenic) resting cultures (15). Minimal sulfur was found in
association with the enzymatically reduced Tc by energy-dis-
persive X-ray microanalysis and PIXE, while reduction of the
radionuclide was confirmed by X-ray absorption spectroscopy
(XAS). Electron microscopy studies showed the reduced, pre-
cipitated Tc to be cell associated. The goals of the present
study were therefore to further characterize the enzyme system
responsible for Tc(VII) reduction, in the absence of sulfate, by
a model SRB (D. desulfuricans) and to determine whether
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TABLE 1. Effect of electron donor on Tc reduction and removal by
resting cells of D. desulfuricans®

Electron donor CR
Hydrogen 12,850
Formate 11,648
Pyruvate 6,393
Lactate 2,940
Ethanol 1,093
Succinate 363
Glycerol 336
ACELALE c.vveeveieeeeeiete ettt ae et e e eeneste e neenens 197
Methanol 101

“ Results are expressed as the CR, calculated after 24 h of incubation at 30°C.

immobilized cells of this organism could be used to treat Tc-
(VII)-contaminated water in a flowthrough bioreactor.

MATERIALS AND METHODS

Organism and cultivation conditions. D. desulfuricans ATCC 29577 was ob-
tained from D. R. Lovley, University of Massachusetts. Stocks of the organism
were maintained in 100-ml aliquots of Postgate’s medium B (23) in 110-ml serum
bottles sealed with a butyl rubber stopper under an atmosphere of N, at 30°C.
The N, was passed through an oxygen trap (Phase Separations, Ltd., Deeside,
Clwyd, United Kingdom). Stocks of the organism were resubcultured every 3 to
4 weeks (inoculum added to 10% of final volume). Cultures for metal reduction
experiments were grown in Postgate’s medium C (23), in sealed bottles, also
under N,. This growth medium contained a lower concentration of iron in
addition to citrate: the latter prevents precipitation of the ferrous sulfide formed
in the cultures (23). Inocula (10% [vol/vol]) were added to medium C (from the
medium B stocks), and the cells were grown for 48 h at 30°C. Cells were then
repeatedly subcultured until negligible iron sulfide precipitate, carried over from
medium B, was noted at the end of the 48-h growth phase (typically two sub-
cultures in medium C). Cells were then collected by centrifugation at 5,000 rpm
for 20 min (in an MSE benchtop centrifuge) and washed four times in 20 mM
morpholinepropanesulfonic acid (MOPS)-NaOH buffer (pH 7.0; preequilibrated
with N, to displace O,). The cells were resuspended in MOPS buffer at a biomass
density of about 0.5 g (dry weight) liter ™!, measured as described by Lloyd and
Macaskie (13). All manipulations of the cells were made under an atmosphere of
nitrogen.

Te(VID) reduction by resting cell suspensions. Aliquots (2 to 8 ml) of the
washed cell suspension resuspended in MOPS buffer were transferred under
nitrogen to 12-ml serum bottles sealed with butyl rubber stoppers. Ammonium
pertechnetate (NH,TcO,; Amersham International, Amersham, Buckingham-
shire, United Kingdom) was added to a final concentration of 250 uM to 1.0 mM
from a concentrated stock solution through the rubber stopper by using a hypo-
dermic syringe fitted with a needle. Potential electron donors (ethanol, glycerol,
methanol, or sodium salts of formate, pyruvate, lactate, succinate, or acetate)
were added from concentrated stocks to a final concentration of 10 mM as
appropriate. All solutions were de-aerated with nitrogen before use. When
hydrogen was supplied as an electron donor for metal reduction, the gas was
introduced into the headspace of the bottles displacing the nitrogen. The cultures
were incubated at 30°C without agitation.

Electron microscopy. Bacterial pellets were harvested with a Heraeus Sepat-
ech Biofuge 13 microfuge (13,000 rpm, 10 min), rinsed twice in distilled water,
and sectioned for viewing. Bacterial pellets were fixed for 60 min in 2.5% (wt/vol)
aqueous glutaraldehyde, washed once in distilled water, and then fixed for a
further 60 min in 1% (wt/vol) aqueous osmium tetroxide. The cells were then
dehydrated by using an ethanol series (70, 90, 100, 100, and 100% ethanol in
water; 15 min each step). Two 15-min washes in propylene preceded embedding
in epoxy resin under vacuum for 20 min. The resin was left to polymerize (24 h,
60°C). Sections (100 to 150 nm thick) were cut from the resin block with a
microtome and placed onto a carbon-coated copper grid prior to analyses.
Sections were viewed with a JEOL 120CX2 transmission electron microscope
fitted with a Link ISI EDAX system (Jeol Ltd., Welwyn Garden City, Hertford-
shire, United Kingdom). The limit of resolution of the EDAX microprobe was
approximately 0.1 pm.

Hollow-fiber bioreactor. A 17-ml glass reactor which contained a fiber bundle
composed of 12 XM50 acrylic hollow-fiber membranes (1.1 mm, internal diam-
eter; Romicon) was used throughout this study (see reference 12). The fibers
were embedded in PTFE end plugs by using Rapid Araldite adhesive (Ciba-
Geigy Plastics, Cambridge, United Kingdom), with the fiber bundle held in place
by a silicone O-ring which fitted over the PTFE end plugs. The molecular mass
cutoff of the membranes was 50 kDa, and the fiber bundle occupied about 3 ml
(total volume) of the reactor. The fiber bundles were washed sequentially in 0.05
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M H;PO,, 0.125 M NaOH, and distilled water (30 min each wash) prior to use
as described by Devereux and Hoare (5).

All components of the reactor, except the fiber bundle, were autoclaved at
121°C for 15 min prior to use. Sterilization of the fibers was done in situ by
pumping sodium hypochlorite (200 ppm of available chloride ion) through the
reactors at 10 ml h™! for 1 h. Residual hypochlorite was rinsed out before use by
pumping sterile phosphate-buffered saline (20 mM, pH 7.0, supplemented with
8.5 mM NaCl) through the reactors at 40 ml h™! for a minimum of 4 h.

Cells were inoculated into the reactor by pumping about 200 ml of washed
cells in 20 mM MOPS buffer (pH 7.0) into the reactor at a flow rate of 50 ml h™".
The biomass concentration in the 17-ml reactor was equivalent to 5 g (dry
weight) of cells per liter of reactor volume. The reactor was operated in “trans-
verse mode” (10) with MOPS buffer supplemented with 50 uM Tc(VII) and 25
mM formate as an electron donor pumped into the reactor via the shell-side port
at a flow rate of 5 ml h™ . The effluent exiting the reactor was collected from the
lumen side of the hollow fibers.

Measurement of Tc. Tc in solution was assayed by autoradiography by using a
PhosphorImager (Molecular Dynamics, Sevenoaks, Kent, United Kingdom) as
described by Lloyd and Macaskie (13). Samples (150 pl) were removed from the
cultures, and a 10-pl aliquot was placed on 3MM cellulose chromatography
paper. The remaining sample was centrifuged in a Heraeus Sepatech Biofuge 13
microfuge (13,000 rpm, 10 min). Then, 10 ul of the culture supernatant was
placed on the chromatography paper adjacent to the noncentrifuged sample, and
the paper was wrapped in cling film. The radionuclide-impregnated paper was
then exposed to a storage phosphor screen (Molecular Dynamics). After 16 h of
exposure, the spots of radioactivity were visualized with a PhosphorImager, and
a densitometer scan of the resulting image was made by using the ImageQuant
software package (Molecular Dynamics). Tc uptake was calculated by dividing
the peak height corresponding to the culture supernatant by the peak height
obtained from the sample (prior to centrifugation) and was expressed as the
percentage removed from solution.

Reproducibility of data. Protein determinations and PhosphorImager analyses
were done in triplicate; the experimental error was within 5% of the mean
throughout.

RESULTS

Effect of electron donor. To determine the optimal electron
donor for Tc(VII) reduction and precipitation by D. desulfuri-
cans, washed resting cells were challenged with 250 uM Tc and
supplied with a range of organic acids, alcohols, or hydrogen.
The organic acids (formate, pyruvate, lactate, succinate, or
acetate) and alcohols (ethanol, glycerol, and methanol) were
supplied at a concentration of 10 mM; hydrogen was supplied
in the headspace of the cultures. Tc removal from solution was

%Tc remaining

Time (h)

FIG. 1. Tc(VII) reduction by resting cells of D. desulfuricans supplied with
hydrogen (A), formate (A), and lactate (CJ) as an electron donor. Control
cultures (@) contained no added electron donor.
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FIG. 2. Transmission electron micrographs of thin sections of D. desulfuricans incubated in the presence (A) or absence (B) of 1 mM Tc(VII). Hydrogen was
supplied as the electron donor for metal reduction. Electron-dense reduced Tc was precipitated at the periphery of the cell in culture A. Bar = 1 pm.

measured after 24 h of incubation at 30°C, and the uptake of
the radionuclide by the biomass was calculated and expressed
as a concentration ratio (CR; ratio of becquerels of Tc per
gram [dry weight] of cells to becquerels of Tc per milliliter of
spent medium). Hydrogen and formate were the best electron
donors, with CR of 12,850 and 11,648, respectively (Table 1).
These cultures contained a black precipitate indicative of re-
duced insoluble Tc (15). Other substrates, including pyruvate
(CR = 6,393) and lactate (CR = 2,940) (the latter being the
electron donor for sulfate reduction in the growth medium),
supported less-efficient reduction of the radionuclide. Some Tc
removal was also noted with ethanol (CR = 1,093), which is
also utilized for growth (4). Very little removal was recorded
when succinate, glycerol, acetate, or methanol were supplied as
the electron donors. Very low amounts of Tc were removed by
dead autoclaved cells supplied with lactate, formate, or hydro-
gen (CR = 20 to 28) or by control cultures containing live cells

incubated under nitrogen in the absence of the electron donor
(CR = 68). This bioaccumulation probably represents nonspe-
cific biosorption onto the biomass.

The rates of Tc(VII) reduction by resting cells supplied with
hydrogen, formate or lactate as the electron donor were also
measured (Fig. 1). Tc(VII) reduction was most rapid with
hydrogen; approximately 85% of the 250 uM Tc challenge was
removed in less than 1 h. Analysis of the supernatant from
these cultures by chromatographic separation followed by vi-
sualization of the different oxidation states of Tc with a Phos-
phorImager (13) showed that only 5% (12.5 uM) of the
Tc(VII) added remained in the heptavalent state, with the
remaining 10% detected as a nonmigrating spot, probably Tc
(V) previously reported as a product of hydrogen-dependent
Tc(VII) reduction by D. desulfuricans (15). In a previous study,
similar levels of formate-dependent Tc reduction and removal
were only achieved after several days of incubation with resting
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FIG. 3. Deposition of reduced Tc (black precipitate) in a hollow-fiber mem-
brane bioreactor containing resting cells of D. desulfuricans and supplied with
MOPS buffer supplemented with 50 uM Tc(VII) and 25 mM formate (top
bioreactor). No black precipitate was deposited in a control bioreactor supplied
with Tc(VII) but no electron donor (formate [bottom bioreactor]). The biore-
actors were operated for 94 h at 30°C.

cells of E. coli at a similar biomass concentration (11). Rapid
rates of reduction were also noted when formate was supplied
as the electron donor, with a substantial loss in reaction rate
when lactate was utilized. The enzyme activity was stable with
hydrogen; washed cells remained active for several weeks when
stored at 4°C under nitrogen. In addition, sparging of the
culture with air for 15 min had no discernible effect on enzyme
activity (if assayed immediately), and freeze-dried cells, kept in
air, also maintained most of their radionuclide reducing activ-
ity. Complete loss in activity was noted, however, if lactate or
formate was used as the electron donor, suggesting that the
enzyme systems required to generate reducing equivalents
from the organic compounds were oxygen sensitive.
Localization of the site of reduced Tc deposition. In a pre-
vious study, XAS and PIXE analysis confirmed that Tc(VII)
was reduced and precipitated as a low-valence oxide by D.
desulfuricans (15). Preliminary observations of air-dried prep-
arations of cells by transmission electron microscopy also sug-
gested that the reduced Tc precipitate was cell associated. In
this study we looked at thin sections of cells by transmission
electron microscopy to determine more accurately the site of
reduced Tc precipitation. Cells challenged with 1 mM Tc (89%
removed from solution over a period of 24 h) contained an
electron-opaque precipitate at the periphery of the cell (Fig.
2A). Analysis of the sections by energy-dispersive X-ray anal-
ysis confirmed that the Tc was confined to this area of the cells
(data not shown). Cells which were not challenged with the
radionuclide remained unstained (Fig. 2B). A similar pattern
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of elemental palladium deposition has also been noted in rest-
ing cultures of D. desulfuricans supplied with hydrogen and Pd
(IT) (14), suggesting a common mode of enzymatic metal re-
duction. These results suggest a role for a periplasmic enzyme
in Tc(VII) reduction. Given the recently identified role of
hydrogenase 3 as the Tc(VII) reductase in E. coli (11), it is
possible that a periplasmic hydrogenase acts as the radionu-
clide reductase in D. desulfuricans. Indeed, Tc(VII) reductase
activity was abolished by preincubation of the cells in 0.5 mM
Cu(II) for 10 min prior to challenge with Tc(VII). Cu(II) is an
inhibitor of periplasmic but not cytoplasmic hydrogenases (7).

Tc reduction and accumulation by immobilized cells. The
following experiment was done to determine whether resting
cells of D. desulfuricans immobilized in a flowthrough bioreac-
tor could be used to treat a Tc(VII)-contaminated solution.
Resting cells were immobilized in a hollow-fiber membrane
bioreactor at a concentration of 5 g (dry weight) of cells per
liter of reactor volume. MOPS buffer supplemented with 50
uM Te(VII) and 25 mM formate was pumped into the reactor
at a flow rate of 5 ml h™*, with the reactor operated in “trans-
verse” or “ultrafiltration” mode (10). Tc(VII)-supplemented
buffer was delivered from the shell-side of the reactor, and
treated solution was collected from the lumina of the fibers. A
control reactor was also constructed and supplied with buffer
containing Tc(VII) but not formate.

Within a few hours of operation, the fibers in the reactor
supplied with Tc(VII) and formate began to darken. After
72 h, a heavy black precipitate (reduced insoluble Tc [15]) was
noted (Fig. 3). The precipitate was most apparent around the
inlet into the reactor, indicating that Tc removal was efficient
and localized in the first few milliliters of reactor space. No
precipitate was noted on the fibers in the control reactor sup-
plied with Tc(VII) but not formate. At the end of the experi-
ment (94 h of continuous operation), the fibers were removed
from the reactor and exposed to a PhosphorImager screen for
6 h. Comparatively high concentrations of Tc were detected on
the fibers from the reactor supplied with formate (Fig. 4).
Image analysis of Fig. 4 showed that only 1% of this high load-
ing was accumulated on the fibers in the control reactor.

DISCUSSION

The physiological factors underlying Tc(VII) reduction and
precipitation by D. desulfuricans were investigated. Hydrogen
was the preferred substrate for Tc(VII) reduction, a finding
consistent with the involvement of a hydrogenase. Hydroge-
nases have recently been identified as oxyanion metal reduc-
tases in Clostridium pasteurianum (28) and E. coli (11). Indeed,
the periplasm is a major site of hydrogenase activity in SRB
(20), and our observation of Tc precipitation at the periphery
of the cell is entirely consistent with direct enzymatic reduction
of Tc(VII) catalyzed by a periplasmic hydrogenase. In support
of this hypothesis, cells treated with Cu(II), a selective poison
for periplasmic but not cytoplasmic hydrogenases, had no Tc
(VII) reductase activity. Lovley has also shown that hydroge-
nase activity plays a pivotal role in metal reduction by Desul-
fovibrio vulgaris (16). Hydrogen-dependent U(VI) and Cr(VI)
reduction is catalyzed by cytochrome c5 coupled to a hydroge-
nase, the latter enzyme being required to abstract electrons
from the gas for metal reduction (16). As the periplasm con-
tains appreciable quantities of cytochrome c (20), this enzyme
could also be the biocatalyst responsible for Tc(VII) reduction
in SRB.

The oxidation of several organic electron donors was also
coupled to Tc(VII) reduction but did not support the rapid
rate of reduction noted with hydrogen. Of these electron do-
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FIG. 4. Tc accumulation by membrane-entrapped cells of D. desulfuricans.
(A) Fiber bundle from a bioreactor supplied with MOPS buffer supplemented
with 50 uM Tc(VII) and 25 mM formate was heavily stained by the radionuclide.
(B) Fiber bundle from a control bioreactor supplied with Tc(VII) but no electron
donor (formate), lightly stained by the radionuclide. Tc was visualized by using
a PhosphorImager (exposure time to storage phosphor screen of 6 h). Hollow-
fiber membrane bioreactors were operated for 94 h.

nors, Tc(VII) reduction was most rapid with formate. It is
interesting that SRB of the genus Desulfovibrio contain a ru-
dimentary FHL complex consisting of a formate dehydroge-
nase coupled to a hydrogenase via a cytochrome (20). This
complex is also located in the periplasm. Thus, formate oxida-
tion may also be coupled to Tc(VII) reduction by a multien-
zyme complex analogous to the FHL complex of E. coli as
described by Lloyd et al. (11).

The rate of Tc(VII) reduction recorded in resting cultures of
D. desulfuricans supplied with hydrogen (800 pmol of Tc g of
biomass—' h™') was far higher than those recorded in other
bacteria studied to date (64, 28, and 36 times the rate mea-
sured in E. coli, S. putrefaciens, and G. metallireducens cultures
respectively [11, 13]). This factor, in combination with the dem-
onstrated oxygen- and radio-tolerance of the enzyme cata-
lyzing Tc(VII) reduction, suggests that SRB show considerable
potential to treat Tc(VII)-contaminated wastewater. Indeed,
cells of D. desulfuricans, immobilized a membrane bioreactor,
reduced and accumulated substantial quantities of Tc over a
period of 94 h. In light of the very high CRs noted in this study
(e.g., 12,850 for resting cells supplied with hydrogen), these
results also highlight the role of SRB in Tc(VII) mobility in the
environment as a subject that warrants further investigation.
As a comparison, much lower levels of uptake have been re-
corded in other aquatic organisms, including phytoplankton
(CR = 17[6]), brown algae (CR = 250 to 2,500 [26]), green al-
gae (CR = 1to 20 [6, 24]), and lobster (CR = 1,000 to 1,400 [2]).

In an earlier study we showed that resting cells of D. desul-
furicans, incubated in the presence of both lactate and sulfate,
were able to reduce sulfate to H,S, with Tc subsequently pre-
cipitated as an insoluble sulfide (15). The CR in sulfidogenic
cultures (CR = 5,748) was considerably lower than that
achieved in this study with direct enzymatic reduction with
formate or hydrogen supplied as electron donors. Other ad-
vantages of enzymatic precipitation over biogenic sulfide pre-
cipitation include the following: (i) there is no need to supple-
ment low-sulfide wastewater streams with added sulfate; (ii)
nongrowing cells can be used, leading to the generation of a
low-biomass waste for disposal; (iii) potentially hazardous toxic
H,S is not produced as a byproduct of the process, and indeed
other workers have noted technical difficulties in using resting
SRB cells to reduce sulfate to H,S (18); (iv) the process is
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potentially environmentally benign if hydrogen is used as a
feedstock because there is no additional carbon substrate
added to the wastewater; and (v) the reduced Tc is held within
the outer compartments of the cell, potentially spatially sepa-
rated from oxidizing and chelating agents that may be present
in the effluent. In order to develop further an efficient biopro-
cess to treat Tc-contaminated solution, we are currently assess-
ing the ability of SRB to reduce and precipitate Tc in a con-
tinuously operating bioreactor under more realistic operating
conditions. Results from these studies will be reported else-
where.
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