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SUMMARY

Desulfovibrio desulfuricans (DSM 1924) can be adapted to grow in the presence of 10 mM selenate or 0.1 mM selenite. This growth occurred in media
containing formate as the electron donor and either fumarate or sulfate as the electron acceptor. As determined by electron microscopy with energy-dispersive X-
ray analysis, selenate and selenite were reduced to elemental selenium which accumulated inside the cells. Selenium granules resulting from selenite metabolism
were cytoplasmic while granules of selenium resulting from selenate reduction appeared to be in the periplasmic region. The accumulation of red elemental
selenium in the media following stationary phase resulted from cell lysis with the liberation of selenium granules. Growth did not occur with either selenate or
selenite as the electron acceptor and *C nuclear magnetic resonance indicated that neither selenium oxyanion interfered with fumarate respiration. At 1 pM
selenate and 100 uM selenite, reduction by D. desulfuricans was 95% and 97%, respectively. The high level of total selenate and selenite reduced indicated the

suitability of D. desulfuricans for selenium detoxification.

INTRODUCTION

Selenium oxyanions in the environment are of concemn
because oxidized forms of selenium at elevated concentrations
are highly toxic to living systems [27]. As analogues to sulfate
and sulfite, selenate and selenite interact with enzymes of
assimilatory sulfate reduction. Selenate inhibits sulfate trans-
port systems in bacteria [8,9,19,23,28] while selenite inhibits
sulfite reductases [18,20]. Additionally, the oxyanions of sel-
enium inhibit dissimilatory sulfate reduction in Desulfovibrio
and Desulfotomaculum [25,30].

Several different bacteria reduce selenate or selenite to
elemental selenium [22,35]. One mechanism for selenium
detoxification involves glutathionine and glutathionine
reductase [6]. Since glutathionine is not at a detectable level
in Desulfovibrio [12], the formation of elemental selenium
initially reported by Postage [30] with strains of sulfate-respir-
ing bacteria may be expected to be attributed to a chemical
reaction involving hydrogen sulfide. At least one patient has
been filed to exploit the use of sulfate-reducing bacteria in
detoxification of selenate in mine wastes [2].

With the report [24] that selenate serves as an electron
acceptor for a new bacterial isolate, it became important to
examine selenium metabolism by Desulfovibrio. In this report
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we provide evidence that the transformation of selenate or sel-
enite by D. desulfuricans can occur under conditions where
metabolism has no influence on electron acceptor activity by
the culture. The information presented in this paper helps
define the conditions under which sulfate-reducing bacteria
can participate in selenium detoxification in a sulfate-
enriched environment.

MATERIALS AND METHODS

Growth

D. desulfuricans subsp. desulfuricans (DSM 1924),
obtained from the German Culture Collection in
Braunschweig, was grown in a defined medium that contained
the following: 4.71 g NaHCO,, 0.8 g NaH,PO,, 0.4 ¢ KH,PO,,
238 mg NH,CI, 83 mg CaCl,, 102 mg MgCl,-6H,0, 20 mg
FeCl,-4H,0, 1 mg Na,EDTA, 136 mg sodium acetate, 1 ml of
metal mixture, 10 ml of a vitamin solution and 1 L of distilled
water. The metal mixture contained in 1L: 0.5 g Na,EDTA,
0.5 g MnCl,-4H,0, 50 mg H;BO,;, 50 mg ZnCl,, 50 mg
(NH)6M0,0,44H,0, 50mg AlClL, CoCl,-6H,0, 50 mg
NiClL,-6H,0, 30 mg CuCl,-2H,0. The vitamin solation con-
tained the following in 1 L: 5 mg pyridoxine, 5 mg thiamine,
5 mg riboflavin, 5 mg niacinamide, 5 mg D-pantothenic acid,
5 mg p-aminobenzoic acid, 5 mg b,L-o-lipoic acid, 5 mg cyan-
ocobalamine, 2 mg biotin, and 2 mg folic acid. The electron
donor was 40 mM sodium formate while the electron acceptor
was either 40 mM disodium fumarate or 40 mM sodium sulf-
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ate. Ten milliliters of the filter-sterilized medium was placed
in 27-ml serum tubes and 80% Ar/20% CO, was added under
two atmospheres of pressure. At equilibrium, the pH of the
medium was 6.5. Ten microliters of an active culture was used
as an inoculum and the optical density was followed at 580 nm
using a Bausch and Lomb Spectronic 20 (Bausch and Lomb
Inc., Rochester, NY, USA).

Nuclear Magnetic Resonance (NMR) spectroscopy

Proton-decoupled *C-NMR spectra were accumulated with
the aid of a Bruker AM400wb spectrometer system (Bruker
Instruments, Inc., Billerica, MA, USA) operated at a carbon
frequency of 100.61 MHz, using a sweep width of 22727 Hz
in 16 K data points, and operated at an acquisition time of
0.36 s. A relaxation delay of 0.7 s was applied after each 16 us
(60°) pulse. Bi-level decoupling (0.5-4 Watts) was used to
avoid sample heating. The 20-mm spinning sample tubes were
maintained at 25 °C. A 10-Hz exponential was applied before
Fourier transformation. The chemical shifts were referenced
to tetramethylsilane by applying the spectral-reference fre-
quency for the B-anomeric carbon of glucose to 97.3 p.p.m.
[7].

77Se was followed using natural abundance in commer-
cially available selenate and selenite using established pro-
cedures [26]. Sample processing was as described for *C
NMR analysis. Standardization was accomplished using 1 M
solutions of sodium selenate and sodium selenite. To ensure
detection of inorganic selenium compounds in solution, data
from sample tubes was collected over a period of several
hours.

Determination of selenium

To measure selenium in the reactions, a fluorimetric pro-
cedure using 2,3-diaminonaphthalene as an essential reagent
[32] was employed. Cells to be analyzed were collected on
filters (Millipore Corp., Bedford, MA, USA) with a pore diam-
eter of 0.2 um and the filters were washed three times with
0.85% NaCl to remove soluble selenium species. These filters
were placed in acid-cleaned test tubes to be digested with per-
chloric acid and nitric acid as previously described [32]. Limits
of sensitivity for this assay system under the conditions
employed was 5 ng selenium.

Electron microscopy

Whole mounts were prepared by withdrawing aliquots with
a tuberculin syringe and placing a drop on a TEM grid coated
with formvar. The sample was dried at room temperature and
grids were coated with carbon at this time. For sections, the
sample was fixed in 2.5% glutaraldehyde in 0.1 M HEPES
buffer at pH 7.6, dried with ethanol and embedded in a low
velocity resin using the procedures previously published [33].
A light carbon film was deposited over the sectioned specimen
to preserve selenium granules while the specimen was exposed
to the electron -beam. Cells were examined with a JEOL
2000EX scanning-transmission electron microscope (JEOL
USA Inc., Peabody, MA, USA) and elemental analysis was
achieved with a energy-dispersive X-ray analysis using a
Tracor Northern 5500 spectrophotometer system (Tracor
Northern, Inc., Middleton, WI, USA).

RESULTS

Growth response

The growth of D. desulfuricans in formate/fumarate media
containing selenate or selenite are presented in Fig. 1. The lag
phase of growth was extended as the amount of selenate or
selenite was increased in the media. While a lag period of over
30 h was observed with media containing selenate, a lag phase
of only a few hours was noted with selenite added to the
media. Cell yields in seleniom-containing media was compara-
ble to controls receiving no additions of selenate or selenite.
Cultures grown in 100 M selenite produced elemental sel-
enium at a time earlier than cultures exposed to selenate. The
appearance of a red color in the medium (arrows in Fig. 1(B))
was suggestive of the formation of elemental selenium and
this was preceeded by the cessation of growth.

When D. desulfuricans was grown with sulfate as the elec-
tron acceptor (Fig. 1(C and D)), cultures attained a higher
maximum cell yield than those cultures grown in fumarate-
containing media. This phenomenon was not related to selen-
ate or selenite presence because greater cell yields were
obtained with sulfate as compared to fumarate as the electron
acceptor in cultures receiving no selenium. Cultures of D.
desulfuricans exposed to selenate and grown with sulfate as
the electron acceptor did not show the lag phase observed in
cultures grown in fumarate media containing selenate. D.
desulfuricans grown in 1 uM selenate grew at the same rate
and reached the same cell yield as cultures grown in media to
which selenate was not added. Cells inoculated into
formate/sulfate medium with 10 uM selenate grew at a rate
slower than control cultures. The growth rate for cultures in
1 uM selenate was lower than in selenate-containing media.

Evidence was found for an inorganic reaction between sul-
fide produced by metabolizing bacteria and selenite added to
the media. A pale orange color developed at about 50 h after
inoculation with D. desulfuricans in a tube containing 0.1 mM
selenite at a time when no sign of turbidity was evident (left
arrow in Fig. 1(D)). Bacterial growth was detected in this tube
after the color developed and continued to increase (right
arrow in Fig. 1(D)). Because of these chemical artifacts
additional experiments were conducted only with fumarate as
the electron acceptor.

Cells transferred from cultures growing in 0.1 mM selenite
or selenate were used for a series of growth experiments. With
the inoculum taken from a culture grown in selenate medium,
increased resistance to selenate (Fig. 2) relative to unadapted
cultures (Fig. 1) was observed. These cultures with inocula
from adapted cultures grew without a lag phase but continued
to show slower rates and cell yields than controls receiving
no selenate. Cultures failed to grow in 1 mM or 10 mM selen-
ite when the inoculum used was taken from cultures adapted
to 0.1 mM selenite or 10 mM selenate. To maintain cultures
of D. desulfuricans adapted to selenate or selenite, it was
necessary to subculture no later than when the culture entered
the stationary phase.

Several different growth patterns were obtained when D.
desulfuricans were grown in media containing 0.1 mM cyst-
eine in addition to selenate or selenite. Cultures grew in
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Fig. 1. Growth response with unadapted cultures of D. desulfuricans. (A) Formate/fumarate medium containing selenate. (B) As in (A) but the
medium contained selenite. (C) Formate/sulfate medium containing selenate. (D) As in (C) but the medium contained selenite. Additions of
selenate or selenite: none, open squares; 1 uM, solid squares; 10 uM, open circles; 100 uM, solid circles; 1 mM, plus signs; 10 mM, asterisks.
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Fig. 2. Growth response of adapted cultures of D. desulfuricans. (A) Formate/fumarate medium containing selenate with inoculum from 100 uM
selenate. (B) Formate/fumarate medium containing selenite with inoculum from 100 uM selenite. Additions of selenate or selenite: none, open
squares; 100 uM, solid circles; 1 mM, plus signs; 10 mM, asterisks.

10 mM selenate at a rate comparable to cultures not receiving It was necessary to adhere rigidly to a suitable scheme for
cysteine and elemental selenium was produced as the culture the addition of selentum compounds and cysteine to avoid
reached early stationary phase. Repeated transfer of bacteria ~ chemical reactions. If cysteine was added to the pH-equilib-
in cysteine-supplemented media containing 0.1 mM selenite rated media before selenite, no elemental selenium was pro-
resulted in a growth rate that was similar to media not contain- duced; however, if selenite was added before cysteine, red
ing cysteine or selenite. Even with cysteine added to the elemental selenium was instantly produced. With selenate
media, D. desulfuricans did not grow in media containing there was no evidence of a chemical reaction with cysteine;
1 mM or 10 mM selenite. therefore, the sequence for cysteine addition was less critical.
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TABLE 1

Selenate and selenite reduced by D. desulfuricans with assays conduc-
ted after cells reached the stationary phase

Concentration Selenate Selenite
added to
medium e Se % Se ug Se % Se
reduced reduced reduced reduced
1 pM 0.7 95 0.7 94
10 uM 5.3 67 7.3 92
100 uM 18.0 23 76.3 97
1 mM 21.0 3 111.0 14
10 mM 7.0 <1 8.8 <1

Measurement of elemental selenium

Cultures that grew in the presence of selenate or selenite in
formate/fumarate media were analyzed for elemental selenium
after reaching stationary phase. Elemental selenium was pro-
duced at all concentrations of selenate and selenite (Table 1);
however, red colloidal selenium could be detected only in cul-
tures containing an initial concentration of <0.1 mM selenate
or selenite. To visually detect a red color at 0.01 mM level of
selenium oxyanions, it was necessary to allow the cells to
settle to the bottom of the tubes. The small amount of elemen-
tal selenium produced at the 1 mM or 10 mM levels of sel-
enium are a reflection of the poor growth that occurred in these
unadapted cultures.

Electron microscopy

D. desulfuricans grown in the presence of selenite dis-
played altered form (Fig. 3) while cells grown in selenate-
containing media had a curved cell similar to cells not exposed
to selenium. Cells taken from selenate or selenite cultures at
the time of early logarithmic phase did not show internal gran-
ules; however, cells taken from stationary phase cultures con-
tained one to three large granules. The production of granules

Fig. 3. Transmission electron microscopy of D. desulfuricans cells

showing distorted cell morphology. Unstained cell taken from a cul-

ture growing in medium containing 100 uM selenite (marker =
0.5 pm).

in selenate media appeared to be near the periphery of the cell
(Fig. 4) while the granules were clearly intracytoplasmic and
nonmembrane enveloped in cells grown in media containing
selenite (Fig. 5). These granules were analyzed using energy-
dispersive X-ray spectrometry and shown to contain selenium
as the only detectable element heavier than sodium (Fig. 6).
When this selenium granule was subjected to X-ray diffraction
analysis, no regular diffraction pattern was displayed indicat-
ing that selenium in the granule was amorphous and not crys-
talline. A study by electron microscopy of stationary phase
cultures revealed cell fragments and individual granules. This
supported our hypothesis that red selenium colloid in the cul-
ture was a result of cell lysis with the liberation of internal
selenium granules.

Metabolic observations

Selenate and selenite did not have an effect on the metab-
olism of D. desulfuricans. From the analysis by'*C nuclear
magnetic resonance of carbon compounds in the medium fol-
lowing growth, the oxidation of formate with reduction of
fumarate to succinate was observed. There was no evidence
for fumarate dismutation when selenium oxyanions were pre-
sent. The NMR spectrum shown in Fig. 7(A) is typical of the
carbon compounds detected in uninoculated media. Fig. 7(B)
is the spectrum of the culture tube following growth, indicating
that succinate is the end product of fumarate reduction when

Fig. 4. Thin section of bacterial cell cultivated in formate/fumarate
medium containing 100 uM selenate (marker = 0.2 um).



Fig. 5. Thin section of bacterial cell cultivated in formate/fumarate
medium containing 100 pM selenite (marker = 0.25 pwm).

no selenium is present. When selenate or selenite was added
to this medium, NMR analysis of the media following growth
indicates that succinate was the only product of metabolism
(Fig. 7(C and D)). In selenium-free media where formate was
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not added, D. desulfuricans dismutated fumarate to acetate and
succinate. When selenate or selenite was added to media where
fumarate was both electron donor and electron acceptor, only
acetate was produced (see Fig. 7(E)). If selenate or selenite
would have promoted the fermentation of fumarate, ethanol
would have been produced instead of acetate and this was
not observed.

D. desulfuricans failed to grow or produce elemental sel-
enium in fumarate-free media containing 0.1-10 mM selenate
or selenite. Inocula used for these tests included cultures
unadapted to selenium and cultures that grew in 100 pM selen-
ate or 100 uM selenite.

We did not find evidence for the production of H,Se, dime-
thylselenide, or dimethyldiselenide by D. desulfuricans grow-
ing in the presence of selenate or selenite. No 7’Se NMR signal
for HSe™ or for selenite was detected in stationary phase cul-
tures of D. desulfuricans grown in media containing 10 mM
selenate. The sensitivity of this testing was sufficient to detect
100 uM selenide. Examination of numerous X-ray spectra
from electron microscopy microprobe analysis indicated that
there were no particles present in the bacteria or on the surface
of the cell that contained both iron and selenium. If selenide
had been produced in this medium with high iron content,
ferrous selenide would have been produced. Finally, red
elemental selenium was not produced when culture filtrates
were exposed to the air for prolonged periods.

DISCUSSION

This is the first report to characterize the reduction of selen-
ate or selenite to elemental selenium with internal deposition
by a sulfate-reducing bacterium. This report establishes that

INTERN SE

Fig. 6. Energy-dispersive X-ray spectrometry of internal granules. Cells grown in 100 uM selenite.
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Fig. 7. Natural abundance (1%) '*C nuclear magnetic resonance (NMR) spectra of carbon compounds in the growth medium. (A) Tube inoculated

with D. desulfuricans containing 10 mM selenate prior to growth. (B) Tube inoculated with D. desulfuricans but no selenate or selenite present

in the medium. Analysis conducted after cuiture has reached stationary phase. (C) and (D) as in (B) but the media contained 100 uM selenate

or 100 uM selenite, respectively. (E) The tube was inoculated with D. desulfuricans into fumarate medium which did not contain formate. The

medium contained 100 uM selenite. Identification of *C NMR peaks: 1, ~13CH,—"*CH,~ of succinate; 2, —3COO"~ of succinate; 3, H'3*CH=*CH-
of fumarate; 5, —>*COO~ of fumarate; 6, H*COO™; 7, *CH,~ of acetate.

reduction of selenate and selenite by D. desulfuricans is attri-
buted to cytoplasmic activities and not due to a chemical reac-
tion in the growth media. The development of tolerance to
either of the two selenium species and their reduction to
elemental selenium were found to be two separate phenomena.
The visual appearance of red elemental selenium in the
medium was preceeded by a cessation of growth. While the
mechanisms of cell resistance to selenate and selenite remains

unresolved in sulfate-reducing bacteria, characteristics demon-
strated by these bacteria merit consideration.

Inhibition of growth for D. desulfuricans may be attributed
to a structural similarity between selenate and sulfate. Selenate
interferes with sulfate activation, the first step in the assimilat-
ory or dissimilatory reduction of sulfate [1,10,36]. This results
in the synthesis and subsequent hydrolysis of the adenosine-
5’-phosphosulfate (APS) analog adenosine-5'-phosphoselenate



(APSe) to AMP and selenate [34,36]. Thus, selenate metab-
olism results in depleting the cell of ATP and reducing the
rate of growth. Under the conditions where D. desulfuricans
grows with fumarate instead of sulfate as the electron acceptor
for growth, the requirement of sulfate is reduced and there is
no competition between selenate and sulfate in dissimilatory
reduction.

The pathway of assimilatory sulfate reduction has been
shown to be highly regulated and the addition of cysteine to
culture medium represses assimilatory sulfate reduction in bac-
teria [11,14,29]. With the addition of cysteine to the medium,
the use of hydrogen sulfide to synthesize cysteine [17] is not
required and assimilatory sulfate reduction would not function.
The increased tolerance of D. desulfuricans to selenite or sel-
enate in media containing cysteine may reflect the lack of sulf-
ate utilized by these bacteria. Alternately, glutathione pro-
duction may increase in the presence of cysteine and under
conditions employed in this experiment glutathione production
may occur. Selenite resistance has been attributed to gluta-
thione production in Escherichia coli [31]; however, sulfate-
reducing bacteria do not produce measurable levels of gluta-
thione under standard growth conditions [12]. The formation
of elemental selenium may follow the glutathione reaction
scheme previously discussed [6]. Clearly the production of
glutathione and glutathione reductase merits additional study
in sulfate-reducing bacteria.

While several strains of Desulfovibrio can grow with the
dismutation of fumarate {13], D. desulfuricans continued to
dismutate fumarate with the production of succinate and acet-
ate even when selenate or selenite were added to fumarate-
containing media. Selenite in particular could have inhibited
coenzyme A-mediated production of acetate from fumarate
since selenite is known to react with thiol groups and partici-
pate in oxidation-reduction reactions with biological material
[15,16,27]. This wide spectrum of toxicity mechanisms could
explain the inability of D. desulfuricans to grow at levels of
selenite above 0.1 mM. Additionally, one can infer that selen-
ite concentration in the cytoplasm is below the level required
to inhibit cellular metabolism. High concentrations of selenite
in the cell wall region could interfere with thiol groups
resulting in distorted cell morphology observed here (Fig. 3),
with W. succinogenes [35] and with Clostridium pasteuri-
anum [21].

In a related report by Zehr and Ormland [37], nanomolar
levels of selenate and selenite were reduced to hydrogen selen-
ide by D. desulfuricans subsp. aestuarii (ATCC 17990). The
formation of hydrogen selenide from selenate by D. desulfur-
icans subsp. aestuarii was inhibited by sulfate with no hydro-
gen selenide produced from selenate when the sulfate concen-
tration was greater than 10 mM. As reported here, the
reduction of selenate to elemental selenium by D. desulfur-
icans subsp. desulfuricans occurred in the presence of 40 mM
sulfate. Although the publication [37] did not mention that
colloidal selenium was produced by D. desulfuricans (ATCC
17990), the production of elemental selenium from hydrogen
sulfide reacting with selenate and selenite has been reported
[30]. In future experiments, it would appear useful to examine
environmental isolates to determine the frequency at which

Selenium metabolism in Desulfovibrio desulfuricans
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sulfate-reducing bacteria can produce elemental selenium in
high sulfate-containing environments.

Clearly, the levels of selenium tolerated by D. desulfuricans
would enable these organisms to participate in a bioremedi-
ation process. A characterization of selenium granules pro-
duced by bacteria revealed that surface charge on the granule
is similar to that observed on bacterial cells [3,5]. Thus, fairly
simple designs could be developed to decontaminate natural
waters where selenium granules have been produced from sulf-
ate-reducing bacteria [4].
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