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Nitrogen fixation (C2H2 reduction) in a sediment-water system was studied
under anaerobic incubation conditions. Sodium sulfide at low concentrations
stimulated activity, with a twofold increase in C2H4 production occurring in the
presence of 8 ,umol of S2- per ml of stream water. Sodium sulfide at concentra-
tions of 16 ,umol of S2- per ml or greater inhibited nitrogen fixation, with 64 ,mol
of S2- per ml being completely inhibitory. Sulfide at levels of 16 ,umol/ml or above
inhibited CO2 production, and the degree of inhibition increased with increasing
concentration of sulfide. Titanium (III) citrate (used to modify Eh levels)
stimulated both nitrogen fixation and CO2 production, but could not duplicate, at
any concentration tested, the twofold increase in nitrogen fixation caused by 8
,umol of S2- per ml. Sulfide additions caused pH changes in the sediment, and
when the sediment was adjusted and maintained at pH 7.0 all concentrations of
sulfide inhibited nitrogen fixation activity. From considerations of the redox
equilibria of H2, H2S, and other sulfur species at various pH values, it appeared
that H2S was the toxic entity and that HS- was less toxic. The observed
stimulation of activity was apparently due to a pH change coupled with the
concurrent production of HS from H2S.

Sulfide has been shown to inhibit nitrous
oxide reduction during denitrification both in
soil (17) and in pure cultures of denitrifiers (14,
17), although the inhibitory effect of sulfide on
soil nitrification is much weaker than that of
other volatile sulfur compounds such as carbon
disulfide (2). In addition, the presence of both
molybdate and sulfide inhibited hydrogen pro-
duction by Ruminococcus albus and Rumino-
coccus bromei (19). On the other hand, it has
been reported that in Oscillatoria limnetica and
in the Chlorobiaceae, anoxygenic photosynthe-
sis proceeds optimally in the presence of 0.7 to 5
and 4 to 8 mM S2-, respectively (6, 12). Nitro-
gen fixation by cyanobacteria has been observed
in anaerobic sediments (9), and sulfide may
serve as an electron donor for nitrogen fixation
in the dark (15). Also, sulfide has been reported
to relieve the acetylene inhibition of nitrous
oxide reduction in soil; the optimum concentra-
tion of sulfide for the relief of inhibition was 8
,umol/g of soil (17).

Sulfide production usually occurs at neutral
pH values and at low redox potentials (3). In
fact, it is considered to be one of the predomi-
nant volatile sulfur compounds in tidal salt
marsh soil (5), estuaries (8), flooded rice soil (4),
and marine sediments (7, 11, 13). High concen-
trations of H2S production (8.85 ,umol/ml) at 1

cm below the sediment surface in a small lagoon
have been reported (7).
Although a relation between sulfate reduction

and nitrogen fixation in soil has been reported
(4), the effect of sulfide on nitrogen fixation has
not previously been studied. This is particularly
important in assessing nitrogen fixation in sulfid-
ic habitats such as coastal marine and some
freshwater sediments.

MATERIALS AND METHODS
Sediment and water samples were obtained from a

stream near Floradale, Ontario, Canada. Sediment
was taken with a sediment core sampler. Both sedi-
ment and stream water samples were stored at 4°C in
the dark before use. A detailed description of the
characteristics of the sediment and stream water sam-
ples was reported previously (18).
The sediment was extruded from the plexiglass

cores, and the samples (0- to 10-cm depth) were
carefully mixed. To each 50-ml Erlenmeyer flask, 10 g
(fresh weight) of the sediment and 10 ml of the stream
water were added. When sterile controls were re-
quired, flasks containing the sediment and stream
water were autoclaved at 121°C for 1 h on 2 consecu-
tive days. All flasks were capped with sterile serum
stoppers and evacuated and back-filled three times
with helium (He). Autoclave-sterilized glucose solu-
tion (0.2 ml of a 5% [wt/vol] solution) was added to
each flask. Sodium sulfide and titanium (III) citrate
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TABLE 1. Eh values of the sediment-water system
in the presence of various concentrations of sulfide

and titanium citrate

Concn of reductant Eh (mV)
(Rmol/ml of stream water) Sulfide Titanium citrate

0 -165 -165
2 -205 -212
4 -225 -220
8 -290 -222
16 -360 -225
32 -405 -228
64 -430 -275

128 -480 -322

solutions were prepared under an He atmosphere.
Titanium (III) citrate solution was adjusted to pH 7.0
by using sodium carbonate solution as described by
Zehnder and Wuhrmann (20). As required, 0.2-ml
portions of either sodium sulfide or titanium (III)
citrate solution (concentrations expressed in micro-
moles per milliliter of stream water and indicated in
the text) were filter-sterilized before addition to the
flasks with a sterile syringe. For measuring the initial
redox potentials (Eh values) in each treatment, reduc-
tants in a parallel set of flasks were allowed to equili-
brate with the sediment-water for 1 h in the dark at
20°C. Flasks were uncapped, and Eh values were
measured by the procedures of Jones and Pickard (10).
The Eh values for various treatments are presented in
Table 1.

In another series of flasks, the pH of the sediment
was monitored for 12 days after the addition of the
various sodium sulfide concentrations. The amount of
1 N HCl or 1 N NaOH required to maintain a pH of 7.0
was measured, and this amount was added to another
set of flasks which were thereby maintained at pH 7.0
for the 12-day duration of the experiment. All flasks
were incubated in the dark at 20°C.
For analysis of acetylene reduction activity, high-

purity C2H2 to give 0.1 atm (10.13 kPa) was injected
into the flasks after an equivalent amount of gas phase
had been removed. At appropriate intervals, gas-phase
samples were subjected to gas chromatographic analy-
sis as previously described (18). Portions (0.2 ml) of
the gas phase from each flask were withdrawn with a

syringe equipped with a Mininert valve (Precision
Sampling Corp., Baton Rouge, La.) and analyzed for
CO2, C2H4, and C2H2 by gas chromatography. All gas
chromatographic data are corrected for leakage and
solubility and are expressed in nanomoles (C2H4) or
micromoles (CO2) per milliliter of stream water. All
significant differences (P = 0.05, n = 3) were calculat-
ed according to the Student-Newman-Keuls multiple-
range test.

RESULTS AND DISCUSSION
The presence of Na2S at concentrations from

2 to 8 ,umol/ml of stream water stimulated nitro-
gen fixation (C2H2 reduction) by the sediment-
water system (Fig. 1). Indeed, a twofold in-
crease in total C2H4 produced compared with
the controls was observed when the sulfide
concentration was 8 ,umol/ml. On the other
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FIG. 1. Production of C2H4 from C2H2 by the sedi-
ment-water system. The sediment was supplemented
with glucose and the following concentrations of
Na2S: 0 (0), 2 (A), 4 (A), 8 (V) 16 (V), 32 (O), 64 (U),
and 128 (0) ,mol/ml. In the sterile controls, flasks
contained sterile stream water and sterile sediment
plus 128 ,umol of S2- per ml (0). Non-significantly
different values (P = 0.05) for different treatments on
the same day of sampling have been placed horizontal-
ly on the same line.

hand, Na2S concentrations of 16 to 32 ,umol/ml
inhibited nitrogen fixation, with total inhibition
occurring at 64 p.mol/ml. Ethylene production
was not observed in the sterile controls, indicat-
ing that there was no chemical reaction between
sediment, sulfide, and C2H2. In addition, carbon
dioxide production was inhibited by sulfide at
concentrations from 8 to 128 ,umol/ml (Fig. 2).
The degree of inhibition increased as the con-
centration of sulfide increased, and complete
inhibition of CO2 production occurred at 128
,umolIml.
The presence of sulfide may have enhanced

the nitrogen fixation by lowering the redox po-
tential of the system, by providing additional
reducing power or energy for nitrogenase activi-
ty, by changing the pH or other environmental
factors, or by combinations of these mecha-
nisms.
To investigate whether lowered redox poten-

tial alone could account for the twofold increase
in nitrogen fixation promoted by 8 ,umol of S2-
per ml, titanium (III) citrate solution (a strong
reducing agent) was used at molar concentra-
tions equal to those of the sulfide. During the
preparation of titanium (III) citrate solution, an
excess amount of citrate was used to ensure
complete reaction with titanium (III) ions, thus
resulting in some free citrate in the solution.
Some part of the microbial populations in the
sediment could have utilized this free citrate as a
source of carbon or energy. The addition of
titanium (III) citrate to the sediment-water sys-
tem stimulated nitrogen fixation (Fig. 3). Nitro-
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FIG. 2. Production of CO2 by the sediment-water
system in the presence of various concentrations of
Na2S. Treatments and symbols are the same as in Fig.
1. Non-significantly different values (P = 0.05) for
different treatments on the same day of sampling have
been placed horizontally on the same line.

gen-fixing activity increased as the concentra-
tion of titanium (III) citrate increased. An almost
1.5-fold increase in C2H4 production occurred
when the concentration of titanium (III) citrate
was 64 ixmollml (Fig. 3). Further increase in
titanium (III) citrate concentration to 128 ,moV
ml caused a small decrease in C2H4 production.
In the sterile control flasks, C2H4 production did
not occur, indicating that there was no chemical
reaction between sediment, titanium (III) cit-
rate, and C2H2. The production of CO2 in-
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FIG. 3. Production of C2H4 from C2H2 by the sedi-
ment-water system. The system was supplemented
with glucose and the following concentrations of titani-
um (III) citrate: 0 (0), 2 and 4 (A), 8 (A), 16 and 32
(V), 64 (V), and 128 (U) ,umol/ml. In the sterile
controls, flasks contained sterile sediment and water
plus titanium (III) citrate at 128 ,umol/ml (0). Non-
significantly different values (P = 0.05) for different
treatments on the same day of sampling have been
placed horizontally on the same line.
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FIG. 4. Production of CO2 by the sediment-water

system. The sediment was supplemented with glucose
and the following concentrations of titanium (III)
citrate: 0 and 2 (0), 4 and 8 (A), 16 (A), 32 (V), 64 (V),
and 128 (O) ,umol/ml. In the sterile controls, flasks
contained sterile sediment and water plus titanium
(III) citrate at 128 ,umol/ml (0). Non-significantly
different values (P = 0.05) for different treatments on
the same day of sampling have been placed horizontal-
ly on the same line.

creased as the concentrations of titanium (III)
citrate increased, suggesting that some of the
citrate was metabolized to CO2 (Fig. 4). Evi-
dently, the lowering of the redox potential by
titanium (III) and the provision of an extra
carbon or energy source from the citrate could
not reproduce the twofold increase in nitrogen
fixation promoted by sulfide.

Sulfide addition caused an increase in the pH
of the sediment. A concentration of 2 ,umol/ml
resulted in a transient increase in pH to 8.1 for a
period of 2 days, whereas concentrations of 8,
32, and 128 pumol/ml caused the pH to increase
to 8.7, 10.3, and 12.9, respectively. With these
higher levels, the sediment remained above pH
8.0 for 8, 12, and >12 days, respectively. When
the pH of the sediment was maintained at 7 for
the duration of the experiment (Fig. 5), no
stimulation of nitrogen fixation was caused by
the low sulfide levels. All concentrations of
sulfide led to decreased C2H2 reduction activity
in the sediment. At pH levels greater than 7 and
at Eh values more reducing than -0.20 V, HS-
is the predominant species present. At lower pH
levels H2S predominates (1, 16). Rapid intercon-
versions between HS- and H2S are probable in
aqueous systems even though the oxidation-
reduction kinetics of sulfur species are complex
and are influenced by trace catalysis due to
metals, anions, and organic compounds (16).
Even though the concentrations of the various
sulfur species under various Eh and pH condi-
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I ' 1 tions may promote nitrogen fixation activity
when toxic effects are eliminated.
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FIG. 5. Production of C2H4 from C2H2 by the sedi-
ment-water system maintained at pH 7.0 throughout
the incubation in the presence of the following concen-

trations of Na2S: 0 (0), 2 (A), 4 (A), 8 (V), 16 (V), 32
(L), 64 (U), and 128 (0) ,umol/ml. Non-significantly
different values (P = 0.05) for different treatments on

the same day have been placed horizontally on the
same line.

tions are usually calculated at equilibrium, that
equilibrium will be rapidly approached in sedi-
ment-water systems.
The effect of sulfide was twofold; it changed

the pH of the sediment and was also toxic (as
H2S) at low concentrations at pH 7. Low con-
centrations of sulfide caused only a small, tem-
porary change in the pH of the sediment (from
6.8 to 8.0 for 2 days). Under those conditions,
the C2H2 reduction activity was stimulated.
When the pH of the sediment was maintained at
7, the sulfide was predominantly in the form of
H2S, instead of HS-, and was toxic at all tested
concentrations.
The results obtained are consistent with the

following hypothesis. The toxic form of reduced
sulfur in sediment systems is H2S (in terms of
nitrogen fixation inhibition). The HS- ion is
relatively nontoxic and is predominant at pH
values above 7 under anaerobic conditions. The
addition of sulfide causes an increase in pH,
thereby promoting the formation of the "non-
toxic" HS- species, but also inhibiting C2H2
reduction activity when it raises pH levels to
above 8.5. The apparent stimulation of nitrogen
fixation activity caused by low sulfide concen-
trations is due to it causing only a small pH
increase, but this changes the predominant re-

duced sulfur species from H2S to HS-. This
prevents toxic effects from being manifested and
may also cause the stimulation by changing the
pH to more favorable levels for nitrogen fixation
activity. The small degree of stimulation noticed
with titanium citrate addition may also indicate
that lowered Eh values caused by sulfide addi-
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