
Vol. 53, No. 6APPLIED AND ENVIRONMENTAL MICROBIOLOGY, June 1987, p. 1365-1369
0099-2240/87/061365-05$02.00/0
Copyright © 1987, American Society for Microbiology

Reduction of Selenate to Selenide by Sulfate-Respiring Bacteria:
Experiments with Cell Suspensions and Estuarine Sediments

JONATHAN P. ZEHRt AND RONALD S. OREMLAND*

U.S. Geological Survey, Menlo Park, California 94025

Received 5 January 1987/Accepted 25 March 1987

Washed cell suspensions of Desulfovibrio desulfuricans subsp. aestuarii were capable of reducing nanomolar
levels of selenate to selenide as well as sulfate to sulfide. Reduction of these species was inhibited by 1 mM
selenate or tungstate. The addition of 1 mM sulfate decreased the reduction of selenate and enhanced the
reduction of sulfate. Increasing concentrations of sulfate inhibited rates of selenate reduction but enhanced
sulfate reduction rates. Cell suspensions kept in 1 mM selenate were incapable of reducing either selenate or

sulfate when the selenate/sulfate ratio was .0.02, indicating that irreversible inhibition occurs at high selenate
concentrations. Anoxic estuarine sediments having an active flora of sulfate-respiring bacteria were capable of
a small amount of selenate reduction when ambient sulfate concentrations were low (<4 mM). These results
indicate that sulfate is an inhibitor of the reduction of trace quantities of selenate. Therefore, direct reduction
of traces of selenate to selenide by sulfate-respiring bacteria in natural environments is constrained by the
ambient concentration of sulfate ions. The significance of this observation with regard to the role sediments play
in sequestering selenium is discussed.

Sulfur and selenium are both group VIA elements, and
their chemical similarities result in some analogous biochem-
ical and geochemical reactions (2, 6, 24). However, in
contrast to the case for sulfur, the biogeochemical cycle of
selenium in nature has not been well defined. Reported
microbial transformations of selenium include oxidation of
reduced species (21, 26), assimilation into organic com-
pounds (22, 24), and the formation and destruction of meth-
ylated compounds (3, 4, 15, 20). Reduction of selenite to
elemental selenium and selenide was reported for whole cells
of aerobically grown Salmonella heidelberg (11), as well as
for H2-incubated anaerobic cell extracts of Micrococcus
lactilyticus, Clostridium pasteurianum, and Desulfovibrio
desulfuricans (29). However, although dissimilatory reduc-
tion of sulfate to sulfide by sulfate-respiring bacteria (SRB) is
an important aspect of the sulfur cycle in nature, it is not
clear if the corresponding reduction of selenate to selenide
by these organisms occurs in the environment.
Our recent interest in the biogeochemistry of selenium

was prompted by the discovery of toxic concentrations of
this element in evaporation ponds of the Kesterson National
Wildlife Refuge in California (19). This salt marsh environ-
ment is characterized by high sulfate concentrations (50 to
100 mM; 19) and extensive anaerobic bottom sediments (9,
15). Preliminary studies indicated that selenate ions in the
waters of the marsh were not chemically conservative (19)
and accumulated in the sediments as a reduced precipitate
(9). Therefore, circumstantial evidence implied that SRB in
the Kesterson sediments may have directly reduced selenate
to selenide, which then formed insoluble precipitates, such
as iron selenides.

Selenate and other group VI oxyanions are competitive
inhibitors of sulfate respiration (1, 16, 18). However,
whereas molybdate or tungstate analog of adenosine-5'-phos-
phosulfate (APSO42-) (formed from ATP-sulfurylase) were
putatively unstable, the selenate analog adenosine-5'-phos-
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phoselenate (APSeO42-) had greater stability (28). These
results implied that trace concentrations of selenate could
enter the pathway of dissimilatory sulfate reduction and
ultimately be converted to selenide. We now report that
washed cell suspensions of D. desulfuricans as well as
anoxic estuarine sediments were capable of reducing 75Se-
selenate to 75Se-selenide. However, sulfate inhibited this
reduction. These results have important implications for the
ability of SRB to immobilize selenium in sulfate-rich sedi-
ments.

MATERIALS AND METHODS
Preparation of washed cell suspensions. D. desulfuricans

subsp. aestuarii (ATCC 17990) was grown in 50-ml batches
in serum bottles (150 ml) sealed under N2. The lactate-yeast
extract medium of Mara and Williams (10) was used as
modified by Oremland and Silverman (14). Late-log-phase
cultures (100 ml; -50 ,ug of cell protein per ml) were
combined and centrifuged under N2. The pellet was sus-
pended in 100 to 140 ml of sulfate-free mineral salts (see
below), centrifuged, and suspended again in fresh mineral
salts. The final cell suspensions were dispensed in 15-ml
portions into serum bottles (30 ml) which were then crimp
sealed under N2 with black butyl rubber stoppers. All
manipulations were made in an anaerobic glove box (Coy
Manufacturing Co., Ann Arbor, Mich.) to avoid exposure to
02. The mineral salts solution was composed of the follow-
ing (millimolar): NaCl (431), MgSO4 7H2O (8.0), NH4Cl
(18.9), FeSO4. 7H2O (1.8), KH2PO4 (1.8), K2HPO4 (1.4),
CaCl2- 2H2O (1.4). The solution was adjusted to a final pH
of 7.5. All bottles were flushed with O2-free N2 (-150 ml/min
for 5 min) prior to initiation of the experiments to ensure
anaerobiosis. Additions of Na2SO4, Na2SeO4, or Na2WO4
(concentrations given in the text) and 35S-sulfate, 75Se-
selenate, or 75Se-selenite (see below) were made just prior to
the start of the experiments via syringe injection from
anaerobic stock solutions. Tungstate was used as an inhibi-
tor of sulfate respirers instead of molybdate to avoid the
formation of molybdosulfide complexes, which interfere
with acid volatilization of sulfides (1, 14). Sodium lactate
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(final concentration, 63 mM) was added at the start of the
experiment (unless indicated otherwise) to provide an elec-
tron donor for the SRB. Experimental bottles were incu-
bated at room temperature (-20°C), and subsamples (2 ml)
were withdrawn periodically for extraction of radioactive
selenide and sulfide (see below). Rates of sulfate or selenate
reduction by washed cell suspensions were calculated from
the respective linear portions of the 35S-sulfide or 75Se-
selenide production curves.

Preparation of sediment slurries. Sediments were taken
from a San Francisco Bay salt marsh and homogenized
under N2 with an equal volume of sulfate-free artificial bay
water (13). The slurry was dispensed (20 ml) into serum
bottles (30 ml) sealed under N2. Selected experimental
bottles were (i) autoclaved (121°C and 250 kPa for 45 min),
(ii) supplemented with sodium lactate (1 mM) or sodium
selenate (1 mM), or (iii) incubated under an atmosphere of
H2 instead of N2. Experimental conditions were tested in
duplicate (selenate reduction) or triplicate (sulfate reduction)
sets of bottles. Bottles received additions of either 35S-
sulfate or 75Se-selenate (see below) and were incubated in
the dark at 20°C with constant rotary shaking (-150 rpm).
Subsamples (5 ml) were withdrawn periodically for extrac-
tion of radioactive sulfide or selenide (see below). "Low-
sulfate" slurries contained less than 4 mM sulfate, as calcu-
lated from the possible carry-over of interstitial sulfate.

Radioisotopes. 35S-sulfate (carrier free; 1.505 Ci/,umol),
75Se-selenate (1.722 Ci of Se per mmol), and 75Se-selenite
(15.089 Ci of Se per mmol) were obtained from ICN
Radiochemicals, Irvine, Calif. The purity of the Se isotopes
was >99% and was checked by high-pressure liquid chro-
matography separation (Waters model 6000A solvent deliv-
ery system with a Nova-pak C-18 column and a model 480
UV-visible detector) of selenite and selenate followed by
fraction collection and counting. No contamination was

noted, and counts were confined to only the injected species.
Stock solutions (10 ,uCi/ml) were prepared in water under
N2. Syringe injections of radioisotopes (2 ,Ci) were made
into the cell suspensions or into the sediment slurries to yield
final activities of 0.13 ViCi/ml (cells) or 0.10 ,uCi/ml (sedi-
ments). Concentrations of selenate and sulfate achieved by
isotope additions were 58 to 77 nM and 66 to 89 pM,
respectively.

Extraction of 75Se-selenide and 35S-sulfide. Subsamples of
the cell suspensions (2 ml) or the sediment slurries (5 ml)
were injected into sealed reaction bottles (20 ml) connected
to an N2 stripping-trapping train described elsewhere (23).
The subsamples were acidified by injection of an equal
volume of 6 N HCl. Liberated acid-volatile 35S-sulfide and
75Se-selenide were trapped by bubbling through two sequen-
tial 16 mM zinc acetate traps. More than 85% of the
extracted radioisotope was recovered in the first sequential
trap. Teflon tubing was used throughout the stripping-
trapping system. When 75Se-selenide was extracted, it
proved necessary to change the tubing after each extraction
because 75Se adsorption on the walls of the tubing resulted in
high background levels (adsorbed activity was usually less
than 5% and not more than 15% of the quantity trapped). For
the determination of 35S, 10 ml of scintillation cocktail
(Aquasol II; New England Nuclear Corp., Boston, Mass.)
was added to an equal volume of trapping fluid and counted
in a Beckman scintillation counter. Samples were corrected
for quench by using the external standard method. The
efficiency of trapping of 35S-sulfide was 85% (23). 75Se-
selenide was trapped in 15 ml of the zinc acetate trapping
fluid, the subsequent gamma radiation was quantified on a

Beckman Gamma 8000 counter, and background counts
(-129 cpm) were subtracted from experimental data. The
efficiency of trapping of 75Se-selenide was determined by
reducing 75Se-selenate to 75Se-selenide with sodium
borohydride. A glass scintillation vial containing distilled
water (3 ml) and sealed with a Teflon-lined stopper was
connected to the zinc acetate trapping system with Teflon
tubing. A constant flow of N2 was maintained through the
reaction vial and traps. 75Se-selenite (2 KCi), sodium
borohydride solution (1 ml of 0.16 M NaBH4 in 0.025 N
NaOH), and 6 N HCI (3 ml) were injected in sequence into
the reaction vessel. The reaction proceeded for 2 to 5 min.
The radioactivity left in solution, adsorbed to the Teflon
stopper and tubing, and present in the traps was then
determined. The quantity of radioactivity lost from the
solution upon acidification of the borohydride-treated 75Se-
selenite was compared with the amount captured in the
traps. This resulted in an efficiency of -97 ± 6% (n = 15).
The efficiency of extraction of 75Se-selenide from the

sediment slurries and washed cell suspensions was not
investigated. A significant fraction of 35S-sulfide in sediments
may not be volatilized upon acidification of the sediments
owing to the formation of elemental sulfur or to processing
artifacts and isotopic exchange with pyrite (7, 8). A similar
situation may exist for 75Se-selenide, and therefore, our
measured rates probably underestimate the true rate of
75Se-selenide production. However, these experiments were
designed to determine whether this reaction occurs rather
than to estimate in situ rates.

RESULTS

Washed cell suspensions. Cell suspensions of D.
desulfuricans were capable of reducing sulfate, selenate, or
selenite. Reduction of these compounds was greatly stimu-
lated by the presence of lactate. For example, in the case of
selenate, after 4 h of incubation, -6,000 dpm/ml was recov-
ered in lactate-amended suspensions, while only -200
dpm/ml was recovered in suspensions lacking an electron
donor. Similarly, sulfate reduction was enhanced by lactate
(-40,000 dpm/ml with lactate versus -4,000 dpm/ml without
lactate). Reduction of sulfate and selenate proceeded at a
constant rate (Fig. 1). However, selenite reduction was
erratic, although it generally increased with time (data not
shown). Nonetheless, significant counts were recovered
from lactate-amended selenite suspensions (4,000 to 7,000
dpm/ml after 2 to 5 h of incubation), as opposed to suspen-
sions incubated without an electron donor (<500 dpm/ml).

In two separate experiments, cell suspensions of D.
desulfuricans reduced either selenate to selenide (Fig. IA) or
sulfate to sulfide (Fig. 1B). Formation of the reduced radio-
isotopes was generally linear for over 2 h in both cases. The
addition of 1 mM sulfate slightly retarded selenate reduction
(Fig. 1A); in contrast, sulfate reduction was enhanced (Fig.
1B). The addition of either 1 mM selenate or 1 mM tungstate
strongly inhibited the reduction of either isotope.
The effects of various concentrations of sulfate upon the

rate of reduction of either sulfate or selenate are shown in
Table 1. Increased sulfate concentrations stimulated the rate
of sulfate reduction, while they had an inhibitory effect upon
the reduction of traces (-68 nM) of selenate. Sulfate con-
centrations of 50 mM inhibited the rate of selenate reduction
by 99.4%.
The effect of various concentrations of sulfate ions (1, 5,

or 50 mM) upon the inhibition by 1 mM selenate of the
reduction of either selenate or sulfate was examined. Total
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FIG. 1. Formation of 75Se-selenide (A) and 35S-sulfide (B) in
parallel experiments with washed cell suspensions of D.
desulfuricans. Cells were incubated without sulfate (A), with 1 mM
sulfate (O), with 1 mM selenate (*), or with 1 mM tungstate (K).

inhibition of the reduction of either radioisotope occurred at
all the added sulfate levels (Fig. 2A and B). Significant
reduction of these radioisotopes proceeded only in the
absence of selenate (sulfate concentration, 1 mM). There-
fore, inhibition by 1 mM selenate was irreversible by sulfate.

Experiments with anoxic sediment slurries. Reduction of
selenate and sulfate occurred in parallel experiments with

TABLE 1. Effect of sulfate on the rates of sulfate reduction and
selenate reduction in two separate experiments with washed cell

suspenmions of D. desulfuricans
Reduction of:

Sulfate
(mM) Sulfate (nmol/ Selenatea (pmol/

ml per h) ml per h)

0.01 0.6 NDb
0.20 26.8 5.17
1.0 130.0 4.40

10.0 317.0 1.21
50.0 340.0 0.03
a Selenate concentration, 68 pmol/ml.
b ND, Not determined.
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FIG. 2. Formation of 75Se-selenide (A) and 35S-sulfide (B) by
washed cells of D. desulfuricans. Cells were incubated with 1 mM
sulfate but without selenate (0), 1 mM selenate plus 1 mM sulfate
(-), 1 mM selenate plus 5 mM sulfate (K>), and 1 mM selenate plus
50 mM sulfate (0).

low-sulfate sediment slurries (Fig. 3). The production of
acid-volatile selenide increased with time and was stimulated
by H2 or lactate, while no significant increases were noted in
the autoclaved controls (Fig. 3A). Significant production of
acid-volatile sulfide occurred over the course of incubation
in a parallel set of low-sulfate slurries (Fig. 3B). This activity
was inhibited 93% by 1 mM selenate, and total inhibition
occurred with autoclaving. Only a very small quantity of
75Se-selenide was formed from the added 75Se-selenate,
accounting for at most only -0.14% of the radioisotope
added (Fig. 3A). In contrast, significantly higher conversions
(maximum, -3.6%) of 35S-sulfate to 35S-sulfide occurred
(Fig. 3B).

DISCUSSION

Washed cells of D. desulfuricans subsp. aestuarii were
capable of reducing either selenate or sulfate to selenide or
sulfide, respectively (Fig. 1 and 2 and Table 1). These
reductions were dependent upon the inclusion of an electron
donor (lactate), indicating that they were respiratory in
nature. Reduction of either compound was strongly inhibited
by 1 mM selenate or tungstate (Fig. 1), both of which stop
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FIG. 3. Formation of 75Se-selenide
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l ratios as low as 0.02 (Fig. 2). Postgate (17) reported that
selenate was not reduced by cell suspensions of D.
desulfuricans. The absence of selenate reduction in that
study was probably due to his use of micromolar to mil-
limolar quantities of the compound rather than the
nanomolar levels we were able to use with radiotracers. In
addition, Postgate (17) reported only a partial inhibition of

HX sulfate reduction at selenate/sulfate ratios between 0.02 and
0.1 (the selenate concentrations ranged between 0.04 and 4.0

L=ttmM), although these levels also inhibited growth (18). In
Endogenous contrast, our results with radiotracers indicated a complete

Autoclaved inhibition at ratios between 0.02 and 1.0 (at selenate concen-Autoclaved trations of 1 mM) (Fig. 2). Thus, inhibition by selenate

ll J appears to be related to its absolute concentration and not
just the selenate/sulfate ratio. The fact that we found inhibi-
tion by 1 mM selenate to be irreversible even in the presence
of 50 mM sulfate suggests that noncompetitive inhibition
may occur at high selenate concentrations. A similar situa-
tion was reported for molybdate inhibition of sulfate reduc-

I tion in marine sediments (1).
genous It is of interest to compare the above results to reports of

selenate concentrations in the environment to predict
whether this compound will be reduced or if it will inhibit the
metabolism of sulfate respirers. We recognize that extrapo-
lation of bacterial responses to selenate in washed cell
experiments to field conditions is tenuous, but such compar-
isons are useful in recognizing the dimensions of the envi-

1 mM SeO4 ronmental contamination problem. Measured concentrations
oAutoclaved- of selenate in unimpacted California waters are low: San

l Joaquin River (-1.3 to 21.2 nM), Sacramento River (-0.4 to
5 6 7 8 1.3 nM), and San Francisco Bay (<2.0 nM) (G. Cutter and

M. Lourdes, Eos (Am. Geophys. Union) 67:937, 1986).
(A) and 35S-sulfide (B) in These values fall well within the range in which we observed
4 mM) estuarine sediments. selenate reduction by D. desulfuricans. By comparison, the
ates (selenate reduction) or selenium-impacted waters of the Kesterson National Wild-
indicate the range in values life Refuge contain 1.8 to 18 p.M selenate and 50 to 100 mM
ie absence of bars indicates sulfate (19), which would produce selenate/sulfate ratios

between 4 x 10-5 and 4 x i0-4. While these levels of
selenate approach the inhibitory range for sulfate reduction

ion, 1 mM sulfate did not (17, 18), it is not clear if this would be compensated for by
e or selenate. Therefore, the very low selenate/sulfate ratios.
iction by 1 mM selenate Decreased rates of selenate reduction by D. desulfuricans
tion rather than merely a occurred with sulfate concentrations above 1.0 mM (Table
selenate. 1). The decrease in the rate of production of selenide was
inhibited both selenate probably caused by competitive inhibition by sulfate.
1). Apparently, the low Nanomolar quantities of selenate were reduced by D.
77 nM) obtained upon desulfuricans in the presence of 1 mM sulfate (Fig. IA and

suspensions were below Table 1). However, higher concentrations (>10 mM) of
)ceeded via the pathway sulfate inhibited this reduction, with almost complete inhi-
'SeO42- product of ATP- bition occurring at 50 mM (Table 1). Indeed, we did not
further sequential reduc- observe 75Se-selenate reduction by a growing culture of D.
occur, provided that the desulfuricans, apparently because the medium contained
ligh levels of selenate as high levels of sulfate (-25 mM; unpublished data). We only
ns deplete ATP pools of observed a small amount of such reduction when the slurries
i of the pyrophosphatase were incubated in low-sulfate (<4 mM) water (Fig. 3A). The
Lse enzyme system (27). fact that selenate reduction was stimulated by lactate or
selenate, but since this hydrogen (Fig. 3A), both of which stimulate sulfate reduc-
impetitive inhibitor (17), tion in sediments (12, 14), implies the involvement of SRB.
f sulfate (18). Transport Further evidence consisted of the ability of these sediments
th competitive inhibition to reduce sulfate (Fig. 3B) and the fact that this activity was
hile high concentrations inhibited by 1 mM selenate, an effective inhibitor of sulfate
L6). reduction in marine sediments (1). However, we did not
t what concentration the observe selenate reduction in a preliminary experiment with
tion occurs. We noted a slurries kept in 20 mM sulfate (unpublished data). It is
nd sulfate reductions at indicated from the above results that the reduction of selen-
and at selenate/sulfate ate by SRB in sediments is constrained by the presence of
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sulfate ions. Therefore, we predict that in environments
having high sulfate concentrations, (e.g., salt marshes),
reduction of selenate to selenide by SRB will take place at

depths in the sediments where sulfate concentrations are

much lower than at the surface. In contrast, freshwater
sediments represent a more likely environment for SRB to

carry out direct reduction of traces of selenate near the
sediment-water interface.
SRB can be involved indirectly in the reduction of selenite

by producing hydrogen sulfide, which chemically reduces
selenite to elemental selenium (11). Thus, free sulfide formed
from sulfate reduction in anaerobic sediments can reduce
any selenite entering the sediments. Precipitation of elemen-
tal selenium from selenite was observed during incubation
under H2 of extracts of D. desulfuricans (29). Postgate (18)
reported the precipitation of elemental selenium during
growth of D. desulfuricans with sulfite (-10 mM) as the
electron acceptor in the presence of 1 to 20 mM selenate.
Under these conditions, selenate was probably biologically
reduced to selenite, and precipitation of elemental selenium
was likely the result of chemical reduction by sulfide gener-

ated from the respired sulfite ions. We also observed that cell
suspensions of D. desulfuricans can directly reduce 75Se-
selenite to selenide; however, such reduction was far more

erratic than that of75Se-selenate. This was due to the greater
chemical reactivity of selenite than of selenate, which inter-
fered with the biological reduction we were attempting to

measure.
In summary, we have found that SRB can directly reduce

traces of selenate and selenite to selenide. In the case of
selenate, this reduction is inhibited by high concentrations of
the compound itself, owing to its toxicity for SRB. In
addition, sulfate is an inhibitor of the reduction of traces of
selenate by SRB. Therefore, the fact that insoluble forms of
selenium occur in relative abundance in the sulfate-rich
surface (upper 5 cm) sediments of the Kesterson National
Wildlife Refuge (0. Were and L. Tsao, Eos (Am. Geophys.
Union) 67:941, 1986) suggests that some reaction other than
direct reduction by SRB occurs in this selenium-impacted
system.

ACKNOWLEDGMENTS

We are grateful to T. Hollibaugh, G. King, and B. Taylor for
helpful discussions and critical reviews of this manuscript.

LITERATURE CITED
1. Banat, I. M., and D. B. Nedwell. 1984. Inhibition of sulfate

reduction in anoxic marine sediment by group VI anions.
Estuarine Coastal Shelf Sci. 18:361-366.

2. Doran, J. W. 1982. Microorganisms and the biological cycling of
selenium. Adv. Microb. Ecol. 6:1-32.

3. Doran, J. W., and M. Alexander. 1977. Microbial transforma-
tions of selenium. Appl. Environ. Microbiol. 33:31-37.

4. Francis, A. J., J. M. Duxbury, and M. Alexander. 1974. Evolu-
tion of dimethylselenide from soils. Appl. Microbiol. 28:
248-250.

5. Furusaka, C. 1961. Sulfate transport and metabolism by
Desulfovibrio desulfuricans. Nature (London) 192:427-429.

6. Howard, J. H.,III. 1977. Geochemistry of selenium: formation
of ferroselite and selenium behavior in the vicinity of oxidizing
sulfide and uranium deposits. Geochim. Cosmochim. Acta
41:1665-1678.

7. Howarth, R. W., and S. Merkel. 1984. Pyrite formation and the
measurement of sulfate reduction in salt marsh sediments.

Limnol. Oceanogr. 29:598-608.
8. King, G. M., B. L. Howes, and J. W. H. Dacey. 1985. Short-term

endproducts of sulfate reduction in a salt marsh: formation of
acid volatile sulfides, elemental sulfur, and pyrite. Geochim.
Cosmochim. Acta 49:1561-1566.

9. Lawrence Berkeley Laboratories. 1986. Hydrological, geochemi-
cal, and ecological characterization of the Kesterson Reservoir;
progress report December 1985-June 1986. Lawrence Berkeley
Laboratories report no. LBID-1188. Lawrence Berkeley Labo-
ratories, Berkeley, Calif.

10. Mara, D. D., and J. D. A. Williams. 1970. The evaluation of
media used to enumerate sulfate-reducing bacteria. J. Appl.
Bacteriol. 33:543-552.

11. McCready, R. G. L., J. N. Campbell, and J. I. Payne. 1966.
Selenite reduction by Salmonella heidelberg. Can. J. Microbiol.
12:703-714.

12. Nedwell, D. B., and I. M. Banat. 1981. Hydrogen as an electron
donor for sulfate-reducing bacteria in slurries of salt marsh
sediment. Microb. Ecol. 7:305-313.

13. Oremland, R. S., and S. Polcin. 1982. Methanogenesis and
sulfate reduction: competitive and noncompetitive substrates in
estuarine sediments. Appl. Environ. Microbiol. 44:1270-1276.

14. Oremland, R. S., and M. P. Silverman. 1979. Microbial sulfate
reduction measured by an automated electrical impedance tech-
nique. Geomicrobiol. J. 1:355-372.

15. Oremland, R. S., and J. P. Zehr. 1986. Formation of methane
and carbon dioxide from dimethylselenide in anoxic sediments
and by a methanogenic bacterium. Appl. Environ. Microbiol.
52:1031-1036.

16. Peck, H. D., Jr. 1959. The ATP-dependent reduction of sulfate
with hydrogen in extracts of Desulfovibrio desulfuricans. Proc.
Natl. Acad. Sci. USA 45:701-708.

17. Postgate, J. R. 1949. Competitive inhibition of sulfate reduction
by selenate. Nature (London) 164:670-671.

18. Postgate, J. R. 1952. Competitive and non-competitive inhibi-
tors of bacterial sulfate reduction. J. Gen. Microbiol. 6:128-142.

19. Presser, T. S., and I. Barnes. 1984. Selenium concentrations in
the waters tributary to and in the vicinity of the Kesterson
National Wildlife Refuge, Fresno and Merced Counties, Cali-
fornia. Water Resources Investigation report 84-4122. U.S.
Geological Survey, Menlo Park, Calif.

20. Reamer, D. C., and W. H. Zoller. 1980. Selenium biomethyla-
tion products from soil and sewage sludge. Science 208:500-502.

21. Sarathchandra, S. U., andJ. H. Watkinson. 1981. Oxidation of
elemental selenium to selenite by Bacillus megaterium. Science
211:600-601.

22. Shrift, A. 1961. Biochemical interrelations between selenium
and sulfur in plants and microorganisms. Fed. Proc. Fed. Am.
Soc. Exp. Biol. 20:695-702.

23. Smith, R. L., and M. J. Klug. 1981. Reduction of sulfur
compounds in the sediments of a eutrophic lake basin. Appl.
Environ. Microbiol. 41:1230-1237.

24. Stadtman, T. C. 1974. Selenium biochemistry. Science 183:
915-922.

25. Taylor, B. F., and R. S. Oremland. 1978. Depletion of adenosine
triphosphate in Desulfovibrio by oxyanions of group VI ele-
ments. Curr. Microbiol. 3:101-103.

26. Torma, A. E., and F. Habashi. 1972. Oxidation of copper (II)
selenide by Thiobacillus ferroxidans. Can. J. Microbiol.
18:1780-1781.

27. Ware, D. A., and J. R. Postgate. 1971. Physiological and
chemical properties of a reductant-activated inorganic pyro-
phosphatase from Desulfovibrio desulfuricans. J. Gen. Micro-
biol. 67:145-160.

28. Wilson, L. G., and R. S. Bandurski. 1958. Enzymatic reactions
involving sulfate, sulfite, selenate, and molybdate. J. Biol.
Chem. 233:975-981.

29. Woolfolk, C. A., and H. R. Whiteley. 1962. Reduction of
inorganic compounds with molecular hydrogen by Micrococcus
lactilyticus. J. Bacteriol. 84:647-658.

VOL. 53, 1987


