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The addition of 59 mM nitrate inhibited biogenic sulfide production in dilute sewage sludge (10% [vol/voll)
amended with 20 mM sulfate and either acetate, glucose, or hydrogen as electron donors. Similar results were
found when pond sediment or oil field brines served as the inoculum. Sulfide production was inhibited for
periods of at least 6 months and was accompanied by the oxidation of resazurin from its colorless reduced state
to its pink oxidized state. Lower amounts of nitrate (6 or 20 mM) and increased amounts of sewage sludge
resulted in only transient inhibition of sulfide production. The addition of 156 mM sulfate to bottles with 59 mM
nitrate and 10% (vol/vol) sewage sludge or pond sediment resulted in sulfide production. Nitrate, nitrite, and
nitrous oxide were detected during periods where sulfide production was inhibited, whereas nitrate, nitrite, and
nitrous oxide were below detectable levels at the time sulfide production began. The oxidation of resazurin was
attributed to an increase in nitrous oxide which persisted in concentration of about 1.0 mM for up to 5 months.
The numbers of sulfate-reducing organisms decreased from 106 CFU ml-' sludge to less than detectable levels
after prolonged incubation of oxidized bottles. The addition of 10 mM glucose to oxidized bottles after 14.5
weeks of incubation resulted in rereduction of the resazurin and subsequent sulfide production. The prolonged
inhibition of sulfide production was attributed to an increase in oxidation-reduction potential due to biogenic
production of nitrous oxide, which appeared to have a cytotoxic effect on sulfate-reducing populations.

The use of nitrate to abate odors caused by sulfate-
reducing bacteria in waste water treatment was recognized
as early as 1929 (1). Since that time, sporadic reports have
appeared suggesting that nitrate addition has some success
in controlling odors in sewage (1, 5, 8, 16, 31), cannery (33),
and pulp mill wastes (25) and in sulfide production in rice
paddies (36). However, some workers have felt that nitrate
treatment has only a transient effect on sulphide production
and that effective control of sulfide production involves
repeated treatments that result in high chemical costs. This
reasoning was based on the observation that nitrate is
reduced preferentially to sulfate under anaerobic conditions.
Once nitrate is metabolized, the remaining organic matter is
used to reduce sulfate to sulfide unless additional nitrate is
added.
Although the transient inhibition of sulfide production by

nitrate addition has been observed in many instances, long-
term inhibition of sulfide production by nitrate addition has
been reported (1, 16, 31). Allen found that the addition of 1
g of nitrate per liter to sewage sludge inhibited sulfide
production for at least 29 days (1), which was the longest
period tested. This inhibition was attributed to the increase
in redox potential caused by the presence of nitrate. Poduska
and Anderson (31) found that nitrate addition did control
sulfide production in a waste water lagoon so long as enough
nitrate was added initially to raise the redox potential of the
lagoon above 300 mV. Once the redox potential was above
that value, it was easily maintained at that level with little or
no additional nitrate. The reason why the redox potential
remained high was attributed to a reduction in the amount of
organic matter and the production of N2 gas during
denitrification, which allowed for mixing in the lagoon
sediment.

Microbially enhanced oil recovery (MEOR) processes rely
on the ability of indigenous or injected bacteria to anaerobi-
cally metabolize added nutrients and produce useful by-
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products such as gases, biosurfactants, polymers, etc., a
process that results in additional oil recovery (10, 12).
Nitrate is often added to the injected nutrient mixtures
because it enhances the energy-yielding capacity of bacteria
under O2-limited conditions. Since many oil reservoirs have
high concentrations of sulfate and sulfate-reducing bacteria,
the addition of large amounts of organic matter to these
environments can potentially stimulate sulfide production.
Sulfide production is a major concern to the petroleum
industry since it is toxic and corrosive and since it causes
plugging due to the formation of insoluble iron sulfides (32).
Therefore, it is important to determine whether nitrate
addition can effectively control sulfide production.

This study examined the conditions of nitrate and sulfate
amendment under which sulfide production occurs. It also
provided evidence that the addition of high nitrate concen-
trations leads to the buildup of N20, which raises the redox
potential, resulting in the long-term inhibition of sulfide
production.

MATERIALS AND METHODS

Sample sites. Sewage samples were obtained from a
secondary anaerobic sewage slude digestor in Norman, Okla.
Sediment samples were collected at the duck pond on campus
and landfill samples were gathered from the aquifer
underlying the Norman municipal landfill. Oil reservoir
samples were coproduced brine and oil taken from the
well-head of producing wells.
Media and conditions of cultivation. Samples were imme-

diately brought to the laboratory and incubated overnight
inside the anaerobic chamber (Coy Laboratory Products,
Ann Arbor, Mich.). Samples were dispensed into sterile
160-ml serum bottles containing MOPS (morpholinepro-
panesulfonic acid) medium: Na2SO4, 2.84 g/liter; KH2PO4,
0.68 g/liter; MgCl2 6H20, 0.41 g/liter; NH4Cl, 0.32 g/liter;
CaC12 2H20, 0.09 g/liter; resazurin, 0.00001 g/liter; 10 mM
MOPS (final pH, 7.0). The final liquid volume was 50 ml.
Trace metals and vitamin solutions described by Balch et al.
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(3) were added separately at 0.1% (vol/vol) and 0.5%
(vol/vol), respectively. Sodium nitrate was added at final
concentrations of 6, 20, and 59 mM. Sodium acetate and
glucose were added at concentrations of 15 and 5 mM,
respectively. A 2.5% (wt/vol) cysteine hydrochloride-2.5%
(wt/vol) Na2S * 9H20 reducing agent (17) was added at a
final concentration of 0.05% (wt/vol) of each component.
The serum bottles were capped with sterile black rubber
stoppers and aluminum crimp seals and were removed from
the glove box. The atmosphere inside the bottles was re-
placed with 100% 02-free N2 (123.6 kPa) by evacuating and
purging the bottles three consecutive times. Bottles with H2
as the electron donor were prepared as above, with 100% H2
added instead of N2.
The bottles were incubated in the dark at 25°C without

agitation. Samples were withdrawn at weekly intervals with
a 5-ml sterile glass syringe that had been previously degassed
with 02-free N2. A portion of the sample was used immedi-
ately for sulfide analysis while the remainder of the sample
was centrifuged (12,100 x g, 10 min, 4°C) and then frozen
(-20°C) in sealed tubes until other analyses were performed.

Sulfate-reducing bacteria were enumerated with plate-
counting techniques by using the MOPS medium described
above with 15 g of Bacto-Agar per liter (Difco Laboratories,
Detroit, Mich.), 0.5 g of FeSO4 * 7H2O per liter and 15 mM
acetate. The medium was boiled under a stream of 100% N2,
1 mM dithiothreitol was added, and the medium was dis-
pensed into Balch tubes (3) under the same gas phase. The
tubes were stoppered with black rubber stoppers and
autoclaved for 20 min in a press. After cooling to 60°C, the
tubes were placed inside the glove box, and the contents
were poured into petri dishes containing 0.1 ml of 10-fold
serial dilutions of the appropriate environmental sample.
Nitrous oxide-producing bacteria were enumerated by using
the MOPS agar medium without FeSO4 * 7H2O or dithio-
threitol and with a 2.0% (vol/vol) cysteine-sulfide solution
(17) and 0 to 59 mM NaNO3. Nitrous oxide-producing
bacteria were identified by the presence of a pink, diffusible
halo that surrounded the colony, owing to the localized
oxidation of resazurin (20). The diluent was 10 mM MOPS
buffer (pH 7.0), which had been preincubated overnight in
the anaerobic chamber.
Enumeration of hydrogen-using sulfate reducers was done

by the three-tube most-probable-number method. The
MOPS medium without agar or FeSO4 * 7H2O was anaerobi-
cally dispensed into Balch tubes containing a small amount
of reduced iron powder (J. T. Baker Chemical Co., Phil-
lipsburg, N.J.). Each tube was inoculated with 1 ml of the
appropriate dilution, stoppered, and the gas phase replaced
with 100% H2 (123.6 kPa) by evacuating and purging the tube
three times. Positive tubes were identified by a blackening of
the medium. Hydrogen-using N2O-producing bacteria were
enumerated by using the above medium with 59 mM NaNO3
added and the iron powder deleted. Positive tubes were
identified by the pink coloration of the medium, which is
indicative of N2O formation (20). Most probable numbers
were calculated with the computer program described by
Hurley and Roscoe (18). Sulfate-reducing bacteria from oil
reservoir brines were assayed according to the methods of
the American Petroleum Institute (2).

Analytical techniques. A modified version of the colorimet-
ric method of Truper and Schlegel (40), using 0.02% zinc
acetate in 0.2% acetic acid, was chosen to measure sulfide
concentrations. The standard curve was prepared with
Na2S * 9H2O crystals that were washed with distilled water
and blotted dry before being weighed. The turbidimetric

procedure was used to measure sulfate (14). Sulfate stan-
dards were obtained from Hach Chemical Co. (Ames, Iowa).

Nitrate was measured with a nitrate ion-specific electrode
(Corning Glass Works, Corning, N.Y.) and an expanded-
scale pH/ion meter (Fisher Scientific Co., Pittsburgh, Pa.).
The addition of known concentrations of NO3- to replicate
samples indicated that no interfering substances were pre-
sent. Nitrite was determined by using the colorimetric
method described by Hanson and Phillips (15).
Glucose was measured colorimetrically by the glucose-

oxidase method (Sigma Chemical Co., St. Louis, Mo.).
Acetate was quantitated by gas chromatography. Samples
were acidified by adding 0.1 ml of 6 N hydrochloride to 0.9
ml of sample. A 1.0-,u sample was then injected into a gas
chromatograph (model 3400; Varian Instruments Group,
Walnut Creek, Calif.) equipped with a flame ionization
detector and a fused silica column (diameter, 530 ,um; length,
10 m; Hewlett-Packard, Palo Alto, Calif.) packed with
Carbowax 20 M (Union Carbide). The carrier gas was helium
(11.5 ml/min). The oven temperature was set at 60°C for 3
min, increased by 4°C/min until 100°C was reached, in-
creased again by 7.5°C/min until 200°C was reached, and
then held at 200°C for 5 min. Acetate was quantitated by
comparing peak area to that of known standards.
Oxygen, CO2, CH4, NO2, and H2 were measured with a

gas chromatograph (model 427; Packard Instrument Co.,
Downers Grove, Ill.) equipped with a thermal conductivity
detector and a Porapack Q column (Supleco, Inc.,
Bellefonte, Penn.). The oven, detector, and injector temper-
atures were 70, 90, and 90°C, respectively. Peak identifica-
tion was made by comparing peak retention times with those
obtained by external standards prepared from high purity
gases (Supelco). Calibration curves were prepared by adding
high-purity gases with a gas-tight syringe to 160-ml serum
bottles flushed with O2-free nitrogen and sealed with a black
rubber stopper. Peak areas were determined either by an
integrator (model 3390A; Hewlett-Packard) or by use of a
computer (Model IIe; Apple Computer, Inc., Cupertino,
Calif.) equipped with a graphics tablet and an electronic
planimeter.

Small amounts of nitrous oxide were measured with a gas
chromatograph (model 3400; Varian) equipped with a
Porapak Q column and a 63Ni-electron capture detector.
Oven and injection temperatures were set at 55°C while the
detector temperture was set at 300°C. Carrier gas was 5%
CH4-95% Ar at a flow rate of 15 ml/min. Samples (5 p.l) were
taken with a gas-tight syringe. The pressure of each tube was
measured with a pressure transducer (Validyne Engineering
Corp., Northridge, Calif.). The minimum detectable pres-
sure of N20 was 12.1 Pa when a 5-,ul sample was used.
Concentration of N20 in the liquid phase was estimated by
measuring the amount of N20 in the gas phase and calculat-
ing with the published values for the Ostwald coefficient (41).

Total residue in environmental samples was determined
by drying 3 ml of the sample at 50°C in a tared aluminum
weighing dish to measure constant weight. The reported
values were means from three replicate samples.

RESULTS
The effect of nitrate addition on sulfide production in

different environmental samples was studied. No sulfide was
produced during the 14-day incubation period when 59 mM
nitrate was added to diluted samples of anaerobic sewage
sludge or pond sediment that were amended with 20 mM
sulfate and 15 mM acetate (Table 1). No sulfide was detected
when two oil reservoir brines were treated as above (data not
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TABLE 1. Effect of nitrate and sulfate addition on biogenic
sulfide productiona

Sulfide concn (mg/liter)
Addition Sewage Pond

sludge sediment

20 mM S042- 41.2 ± 18.4 130.8 ± 34.1
20 mM S042- + 59 mM NO3- <1.5 <1.5
156 mM SO42- 56.7 ± 4.3 73.9 ± 35.0
156 mM S042- + 59 mM NO3- 86.6 ± 19.9 231.0 ± 47.9

a Serum bottles containing MOPS medium supplemented with 15 mM
sodium acetate and 3.5 g of NaHCO3 per liter were inoculated with 10%
(vol/vol) of the environmental sample. An 80%o N2-20o CO2 gas phase was
used. Sulfide concentration was determined after 2 weeks of incubation and
values are means of 4 or 5 replicates ± standard error. Initial sulfide
concentrations were 2.0 mg/liter and less than the detection limit (1.5 mg/liter)
for bottles inoculated with sewage sludge and pond sediment, respectively.

shown). In these experiments, nitrate, sulfate, and acetate
were added to the undiluted brines. The presence of viable
sulfate-reducing bacteria in the inoculum was confirmed by
plating onto solid medium or by liquid enrichment. When the
sulfate concentration was increased to 156 mM, large
amounts of sulfide were produced even in the presence of 59
mM nitrate (Table 1). In fact, much higher sulfide concen-
trations were found in bottles that received 156 mM sulfate
and 59 mM nitrate compared with bottles that received 156
mM sulfate. No attempt was made to follow the fate of
nitrate in these samples to determine if and when nitrate was
used in relation to sulfide production. Because of its avail-
ability, anaerobic sewage sludge was used as the inoculum
source for the remainder of the study.
Two different patterns of sulfide inhibition were observed

when the amount of sewage sludge added to each bottle was
varied (Fig. 1). In the bottles containing undiluted or 50%
(vol/vol) sewage sludge, the addition of 59 mM nitrate
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FIG. 1. Effect of sewage sludge concentration on sulfide produc-

tion. Serum bottles containing MOPS medium amended with 20 mM
Na2SO4, 15 mM sodium acetate, and 59 mM NaNO3 were inoculated
with the indicated volume of sewage sludge. The average total
residue of the sewage sludge was 3.2% (dry weight/vol) and values
are corrected for the initial sulfide levels in the sludge (15 mg/liter).
Symbols: A, and A, 10% (vol/vol) sludge; O, 50o (vol/vol) sludge;
0, 100%to (vol/vol) sludge.
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FIG. 2. Effect of acetate and different nitrate concentrations on

sulfide production in sewage sludge. Serum bottles containing 20
mM Na2SO4 and 10% (vol/vol) sewage sludge were amended with
the indicated nitrate concentration and 15 mM sodium acetate.
Values are averages of concentrations in three bottles. Standard
error bars are shown for cases in which the standard error was larger
than width of the symbol. Symbols: 0, NO3-; A, NO2-; Cl, sulfate;
0, sulfide; A, acetate.

temporarily delayed the onset of sulfide production by 9 and
25 days, respectively. Sulfide was detected within 3 days of
incubation in bottles without added nitrate (data not shown).
However, when a 10% (vol/vol) sewage sludge inoculum was
used, sulfide was not detected in bottles containing 59 mM
during the 56-day period. In other experiments, sulfide
production was not observed for periods of 4 to 6 months in
bottles containing 10% (vol/vol) sewage sludge and amended
with nitrate, acetate, and sulfate as described above.
A series of experiments was conducted to determine

whether the length of sulfide inhibition depended on nitrate
concentration or the type of electron donor. Bottles with
10% (vol/vol) sewage sludge were amended with 20 mM
sulfate, 0 to 59 mM nitrate, and 15 mM acetate (Fig. 2).
Sulfide production began by week 1 or 2 of incubation in
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bottles with 20 mM nitrate or less. No sulfide was detected
(< 0.1 mM) during the 4-week incubation period in bottles
that were amended with 59 mM nitrate. When sulfide was
produced in bottles amended with nitrate, no nitrate, nitrite,
or nitrous oxide was detected at the time that sulfide
production occurred. In bottles with 59 mM nitrate added,
residual levels of nitrate (about 11 to 16 mM) and nitrite
(about 2 mM) remained throughout the sampling period.
These bottles also contained about 0.1 to 2 mM soluble
concentrations of nitrous oxide (the importance of this
compound will be discussed below). About 85 to 95% of the
added acetate was used within 1 week in bottles with 20 or 59
mM nitrate. In bottles with lower levels of added nitrate, less
than 10% of the added acetate was used after 1 week, and
acetate concentrations of 0.2 to 14 mM were detected after 4
weeks of incubation. Sulfate levels remained high (15 to 20
mM) until sulfide production began. Similar results were
obtained when 5 mM glucose or 100% H2 (123.5 kPa) was
added as the electron donor instead of acetate (data not
shown).
These results suggest that the temporary inhibition of

sulfide production is due to the preferential use of nitrate as
an electron acceptor, a finding that has been reported by
others (30, 32). When nitrate is completely used, sulfate is
reduced to sulfide. However, the redox state of resazurin
during these incubations suggests that another mechanism
for sulfide inhibition also occurs. In all cases in which sulfide
production was inhibited for long periods of time (greater
than 30 days), the redox indicator, resazurin, changed from
its colorless reduced state to its pink oxidized state. This
oxidation started at the bottom of the bottle (i.e., at the
liquid/sediment interface) and then spread throughout the
entire sample, unlike oxygen contamination, in which oxi-
dation starts at the air/liquid interface and diffuses down-
ward.
The following sequence of color changes was consistently

observed in all bottles amended with nitrate. Initially, the
medium turned green or yellow-green and then pink. These
changes were followed by the development of a white cloudy
precipitate. In bottles with acetate added, a yellow-green
color followed the pink color, and the pink color and white
cloudy precipitate occurred simultaneously. The white
cloudy precipitate was not observed when dithiothreitol
replaced cysteine-sulfide as the reducing agent, suggesting
that the precipitate was most likely the result of oxidation
products of cysteine, such as the cysteine sulfur dioxides,
which are insoluble in water. The onset and duration of each
color change depended on the source of inoculum, the
electron donor present, and the amount of nitrate added to
the bottles. The sequence of color changes was usually
completed within 2 weeks of incubation in bottles with 20
mM nitrate or less. These bottles turned gray or black,
indicating the production of sulfide. Bottles without nitrate
added and bottles containing 10% (vol/vol) sewage sludge
that were autoclaved for 30 min at 121°C before the addition
of the electron donors and acceptors did not change color
throughout the 4-week incubation period.
The above experiments suggested that the oxidation of the

medium was likely the result of biological nitrate reduction.
The NO3/NO2 redox couple has an Eo' of +433 mV,
whereas the Eo' of the NO/N20 and N20/N2 redox couples is
+1,175 and +1,355 mV, respectively (37). The addition of
380 nM of N2O or about 10 nM of NO to reduced medium
with 0.0025% (wt/vol) each of cysteine hydrochloride and
Na2S * 9H2O completely oxidized the medium (20). How-
ever, the addition of up to 72 mM sodium nitrate or 59 mM

sodium nitrite (highest concentration tested) did not oxidize
the medium (20). When N2O levels were followed by gas
chromatography, it was observed that N2O accumulation
(0.1 to 2.0 mM) immediately preceded the oxidation of the
medium and N2O levels declined before the rereduction of
the medium (data not shown). N20 concentrations remained
high in bottles containing 10% sewage sludge and amended
with 59 mM nitrate, even after extended incubation (21
weeks). Oxygen was not detected in the bottles when they
became oxidized. Although nitrite accumulated at the time
the bottles became oxidized, the addition of large amounts of
nitrite to reduced medium did not affect the redox state of
resazurin. Also, nitrite was not detected in oxidized bottles
with H2 as the electron donor (data not shown). These
observations strongly argue against nitrite accumulation as
the cause of the oxidation. They also strongly indicate that
the biological production of N20 caused the oxidation of the
medium. However, it is possible that NO production was
also important in this regard, since our gas chromatographic
procedures may not have been sensitive enough to detect
this compound. Sulfide production was not observed in
bottles containing N20 even after prolonged incubation.
Thus, the prolonged inhibition of sulfide production could, at
least in part, be attributed to the increased redox potential of
the medium caused by N20 production.

Bottles with 10% (vol/vol) sewage sludge amended with 15
mM acetate, 20 mM sulfate, and 59 mM nitrate with either 1
mM dithiothreitol or 2.5% (wt/vol) each of cysteine hydro-
chloride and Na2S * 9H20 as the reducing agent were vented
to the atmosphere of the glove box by using sterile filters.
These bottles also demonstrated the above sequence of color
changes, and no sulfide production was observed in the
4-week incubation period. Sterile, reduced medium exposed
to the glove box atmosphere remained reduced, indicating
that little or no oxygen was present. These experiments
showed that the oxidation of the medium occurs even in an
open system.
Although the above data strongly indicate that N20 pro-

duction results in the oxidation of the medium, oxygen was
detected in the bottles after prolonged incubation and may
have contributed to the prolonged oxidation of the medium.
To test this possibility, three bottles originally amended with
59 mM nitrate, 15 mM acetate, and 20 mM sulfate that had
remained pink (oxidized) after 122 days were subjected to
the following treatments. The headspace of one bottle (bottle
B in Fig. 3) was replaced with O2-free nitrogen by evacuating
and purging the bottle three times with this gas. Another
bottle (A) was treated in this manner and also received 2 ml
of cysteine-sulfide solution which turned resazurin back to
its colorless reduced state. The third bottle (C) served as the
untreated control. Figure 3 shows the changes in sulfate,
sulfide, nitrate, nitrite, and acetate concentrations in each
bottle. No sulfide was detected in any of these bottles after
147 days of incubation, 25 days after the nitrogen and
cysteine-sulfide treatments, even though sufficient levels of
sulfate and acetate were present to support sulfide produc-
tion. In fact, bottles A and B were reoxidized only a few
days after the above treatment was applied. Oxygen was not
detected in bottles A and B, but N20 was detected in
concentrations of 1.0 and 0.9 mM in bottles A and B,
respectively. After 21 weeks of incubation, bottles A and B
were again treated as described above, but these bottles
became oxidized and produced N20 within a few days. No
sulfide was detected in them. These experiments show that
the prolonged oxidation of the medium was the result of N20
production rather than 02 contamination.
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FIG. 3. Effect of gas purging and addition of reductant on sulfide production in oxidized bottles. Three oxidized bottles amended with 59

mM NaNO3 (shown in the uppermost panel of Fig. 2) were treated as described in the text. The posttreatment concentrations of sulfate,
acetate, and nitrate are represented as fractions of the concentrations shown in Fig. 2 for bottles A, B, and C. Nitrite concentration is
represented as a fraction of the initial nitrate concentration. Jagged lines on the top of the bars indicate that the concentration exceeded the
initial value. Symbols: 1, NaSO4; 1, N03- + N02-; 1, sodium acetate. Sulfide is represented in each case by a minus sign.

When large amounts of glucose (10 mM) were added to
bottles that had been oxidized for 14 weeks, the bottles
became reduced after 2 days, and sulfide production was
observed. This suggests that electron donor concentration
was limiting and that this factor contributed to the prolonged
oxidation of the medium.

Initial populations of nitrous oxide-producing bacteria in
sewage sludge were 1.5 + 0.28 x 106, 3.5 ± 0.7 x 106, and
7.4 x 104 bacteria per ml when glucose, acetate, and
hydrogen, respectively, were used as electron donors. Sul-
fate-reducing bacteria were found in concentrations of 9.3 +

0.5 x 105 and 106 cells per ml when acetate and H2,
respectively, were used as electron donors. Population lev-
els of nitrous oxide-producing bacteria remained high in
oxidized bottles after 17.5 weeks of incubation, ranging from
105 to 106 cells per ml. However, less than 10 sulfate-
reducing bacteria per ml were found in these bottles. In
another experiment, the number of sulfate-reducing bacteria
in oxidized bottles decreased from 106 to 103 cells per ml
after 9 weeks of incubation.

DISCUSSION
Our results support the contention of Poduska and

Anderson (31) that prolonged inhibition of sulfide production
is due to the increase in the redox potential of the environ-
ment as a result of the action of nitrate-using bacteria.
Biological sulfide production does not occur when the redox
potential is above -100 mV (32). However, we attribute the
cause of the increased redox potential to the accumulation of
N20, or possibly of NO, rather than to the decrease in

soluble organic matter (31). The oxidation of the medium
was associated with the accumulation and persistence of
N20. Also, the addition of low levels of either NO or N20
oxidized reduced medium (20) or diluted sewage sludge. The
rereduction of the medium was associated with a decrease in
N20 concentrations (20). This should not be unexpected,
since the Eo' of NO/N20 (+1,175 mV) and N2O/N2 (+1,355
mV) (37) redox couples is very high, much higher than that
of resazurin (-42 mV) (17). These data and observations are
consistent with the hypothesis that N20 production results
in the oxidation of the medium. Our results may explain the
unexpected high redox potential (+222 mV) observed by
Sorensen (35) in marine sediments amended with nitrate and
the lack of sulfide production observed by Balderston and
Sieburth (4) in their aqua-culture system. They may also
explain why strict anaerobes such as sulfate-reducing bacte-
ria that respire nitrate reduce it to ammonium and not to N20
or N2 (9, 21, 27), as well as why addition of nitrate to
anaerobic environments can cause inhibition of meth-
anogenesis in some cases.
The transient inhibition of sulfide production which we

observed with low nitrate levels (6 or 20 mM) (Fig. 2) and the
lack of sulfide inhibition when high sulfate concentrations
(156 mM) were added (Table 1) are probably caused by
competition among sulfate-reducing bacteria and denitri-
fiers, as discussed by other workers (30, 32, 42). Many
sulfate-reducing bacteria can use nitrate as well as sulfate as
an electron acceptor (21, 27). Thus, it is possible that
transient sulfide inhibition was the result of the preferential
use of nitrate rather than sulfate by sulfate-reducing bacte-
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ria. This would explain why nitrate did not inhibit sulfide
production when sulfate levels were high (156 mM).

Inhibition of sulfide production by nitrate addition was
more pronounced with low sludge concentratidns (iO%
vol/vol) than with high sludge concentrations. With increas-
ing sludge concentrations, the electron donor to electron
acceptor ratio increased. Dissimilatory nitrate reduction
rather than denitrification is the predominant pathway for
nitrate use when electron donor concentrations are high (22,
28, 34, 39), which may be the reason why prolonged oxida-
tion of the medium and inhibition of sulfide production were
not observed at higher sludge concentrations. It is also
possible that the turnover rates of NO or N20 were more

rapid at higher sludge concentrations, thus preventing the
buildup of NO and N20.
The prolonged oxidation of the medium could indirectly be

caused by nitrate or the accumulation of nitrite. It has been
observed that under certain nutrient conditions both NO3
and NO2- inhibit the reduction of NO and N20 (7, 13, 29).
However, Betlach and Tiedje did not observe this inhibition
in their experiments (6). In our experiments, N03 and in
some instances NO2 were present after 21 weeks of incu-
bation in the oxidized bottles. Kucera et al. found that the
buildup of NO2- and N20 can inhibit nitrate reductase in
Paracoccus denitrificans by channeling electrons through
nitrite and nitrous oxide reductases (24). This may explain
why N03 was present after 5 months of incubation in our

bottles, since large amounts ofN20 were also present, which
could have inhibited the further reduction of nitrate.
The persistence of N03-, NO2-, and N20 could also be a

result of the limitation of an electron donor necessary to
reduce these compounds. The addition of 10 mM glucose to
oxidized bottles after 14.5 weeks of incubation resulted in
the rereduction of the redox indicator resazurin. Although
glucose itself is a reducing sugar, the medium was not
reduced until 2 to 4 days after glucose addition. This implies
that glucose metabolism was required for the reduction to
occur. However, bottles that were vented to the atmosphere
of the anaerobic chamber containing H2 remained oxidized
for prolonged periods of time. The presence of an oxidized
environment or nitric oxide (23) may have prevented the use
of H2 in these bottles.
Another reason for the lack of sulfide production and the

prolonged oxidation of the medium may be the reduced level
of sulfate-reducing bacteria. Numbers of these bacteria
decreased by several orders of magnitude during the pro-
longed incubation of oxidized bottles. The accumulation of
some product of denitrification or the long-term exposure to
high redox conditions may be toxic to the sulfate-reducing
bacteria. Nitric oxide is known to be bacteriostatic to certain
bacteria (26), and N20 can be cytotoxic (38). However, the
effects of these chemicals on sulfate-reducing bacteria are
not known.
Our results suggest that there are two different reasons

why sulfide production was inhibited for prolonged periods
by nitrate addition. The first reason is that the redox poten-
tial increased. This increase was due to the buildup of N20
or NO or both, which resulted in an oxidized environment.
This buildup will occur in environments with high
denitrification capacities and in instances in which the ratio
of electron donor to electron acceptor (NOI-) is low. The
relative importance of NO3-, NO2-, and N20 in maintaining
these oxidized conditions is not understood at this time,
although the addition of high concentrations of the electron
donor, glucose, does result in rereduction of the oxidized
medium. However, simply reducing the medium without

adding an external electron donor does not result in sulfide
production. Therefore, continued input of organic matter
can shorten the period in which the environment remains
oxidized. The second reason is that the levels of sulfate-
reducing bacteria decreased during the prolonged exposure
to an oxidizing environment and high N20 concentration.
Our work suggests that the use of high nitrate concentra-

tions may prevent sulfide production during microbially
enhanced oil recovery processes and groundwater reclama-
tion projects and may be useful in controlling biogenic
sulfide production in other anaerobic environments. Jack et
al. found that the addition of 2.4 mM N03 inhibited sulfide
production in samples obtained from oil field filters for 4
months (19). However, further work is needed on the control
of electron flow during denitrification as well as on the effect
of N20 and NO on sulfate-reducing bacteria.
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