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Intermediate nitrite accumulation during denitrification by Pseudomonas stutzeri isolated from a denitrifying
fluidized bed reactor was examined in the presence of different volatile fatty acids. Nitrite accumulated when
acetate or propionate served as the carbon and electron source but did not accumulate in the presence of
butyrate, valerate, or caproate. Nitrite accumulation in the presence of acetate was caused by differences in the
rates of nitrate and nitrite reduction and, in addition, by competition between nitrate and nitrite reduction
pathways for electrons. Incubation of the cells with butyrate resulted in a slower nitrate reduction rate and a
faster nitrite reduction rate than incubation with acetate. Whereas nitrate inhibited the nitrite reduction rate
in the presence of acetate, no such inhibition was found in butyrate-supplemented cells. Cytochromes » and ¢
were found to mediate electron transport during nitrate reduction by the cells. Cytochrome ¢ was reduced via
a different pathway when nitrite-reducing cells were incubated with acetate than when they were incubated with
butyrate. Furthermore, addition of antimycin A to nitrite-reducing cells resulted in partial inhibition of
electron transport to cytochrome c in acetate-supplemented cells but not in butyrate-supplemented cells. On
the basis of these findings, we propose that differences in intermediate nitrite accumulation are caused by

differences in electron flow to nitrate and nitrite reductases during oxidation of either acetate or butyrate.

A problem often encountered in denitrifying reactors is the
accumulation of nitrite due to incomplete reduction of nitrate
to nitrogen gases. Maximum admissible nitrite concentrations
in potable water are as low as 0.03 mg of NO, nitrogen per
liter. This stringent requirement has triggered studies aimed at
obtaining an understanding of the factors underlying nitrite
accumulation in denitrifying organisms. These studies, which
were carried out both in situ and with denitrifying isolates,
revealed that a number of factors underlie nitrite accumula-
tion. In denitrifying bacteria exposed to low levels of oxygen,
nitrite accumulation resulted from differential repression of
the synthesis and activities of nitrite and nitrate reductases (7,
11). Shifts in the pH values of the medium were also found to
affect nitrite accumulation (2, 4, 27). Competition between
nitrate and nitrite reductases for common electron donors is an
additional factor which causes nitrite accumulation in some
denitrifiers (12, 27). A kinetic explanation for nitrite accumu-
lation in denitrifying isolates based on differences in maximum
reduction rates of nitrate and nitrite reductase activities was
provided by Betlach and Tiedje (5). A model for nitrite accu-
mulation combining both kinetic parameters of and competi-
tion for electrons between these reductases was recently pro-
vided by Almeida et al. (2). Finally, the choice of carbon source
was shown to affect the level of nitrite accumulation in deni-
trifying reactors (15). The carbon source may lead to specific
enrichment of nitrite-accumulating bacteria, as was found in a
study on denitrifying reactors, in which addition of fermentable
substrates enhanced the growth of nitrate-respiring fermenta-
tive bacteria, causing nitrite accumulation (30). Alternatively,
individual denitrifiers may accumulate nitrite when grown on
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different carbon sources. The latter reason for nitrite accumu-
lation has been examined little (6, 16, 17).

The operation of most denitrifying reactors involves the
addition of external carbon sources, such as methanol, glucose,
and acetate. Volatile fatty acids (VFA) are major degradation
products of the fermentation of organic materials in reduced
environments (10) and constitute an excellent carbon source
for denitrifying bacteria (8, 9). In previous studies we described
the performance of fluidized bed reactors used for removal of
nitrate from intensive fish culture systems (1, 3). VFA were
found to be the main carbon and electron donors fueling deni-
trification in these reactors, and occasionally elevations in ef-
fluent nitrite levels were observed.

In this study, data are presented on a Pseudomonas stutzeri
strain isolated from a fluidized bed reactor. It is shown that
during reduction of nitrate by this strain, competition for com-
mon electron donors and differences in the nitrate and nitrite
reduction rates caused the accumulation of nitrite. In addition,
nitrite accumulation by this bacterium was found to depend on
the type of VFA supplied. Distinct differences in cytochrome ¢
redox kinetics were found between nitrite-reducing P. stutzeri
incubated with acetate and that incubated with butyrate. It is
concluded that differences in electron flow to cytochrome ¢
underlie the differences in nitrite accumulation by cells grown
on either one of these VFA.

MATERIALS AND METHODS

Organism. P. stutzeri was isolated from granules derived from a denitrifying
fluidized bed reactor (1) after standard enrichment procedures under anoxic
conditions at 30°C in medium containing (per liter) 7.2 g of Na,HPO, - 7H,0,
1.5 g of K,HPO,, 0.3 g of NH,Cl, 0.1 g of MgSO,, - 7H,0, 0.3 g of KNO3, and
2 ml of a trace element solution (29). Acetate, propionate, and butyrate were
used in combination as carbon sources, each at a concentration of 5 mM.
Identification was conducted with the API NE system, consisting of 8 conven-
tional tests and 12 assimilatory tests (18), as well as by gas chromatography of
whole-cell fatty acids (22). Similar results were scored with both identification
tests, each with a high probability.

Culture conditions and nitrate and nitrite reduction studies. P. stutzeri was
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cultured anaerobically at 30°C in the aforementioned synthetic medium supple-
mented with acetate (5 mM), propionate (5 mM), butyrate (5 mM), valerate (2
mM), or caproate (2 mM). The pH of the medium was 7.2. The initial nitrate
concentration in the medium was 2.85 mM. Nitrate was the growth-limiting
nutrient under these conditions, since addition of nitrate at concentrations stoichio-
metrically required for complete oxidation of the various VFA leads to the accu-
mulation of nitrite to growth-inhibiting concentrations (27a).

Nitrate and nitrite reduction studies were conducted on cells harvested during
the late log phase of growth (after 4 to 5 days). Cells were washed twice and
resuspended in medium similar to that used for isolation, except that either
nitrate or nitrite was added at various concentrations. Although nitrate and
nitrite were added at concentrations less than that required for complete oxida-
tion of the VFA, their initial concentrations were sufficient to allow determina-
tion of maximum nitrate and nitrite reduction rates. Experiments were con-
ducted in a temperature-controlled (30°C) incubation vessel (300 ml) which was
placed on a magnetic stirrer and fitted with nitrate, pH, and oxygen-temperature
electrodes. Anaerobic conditions in the vessel were obtained by continuous
flushing with prepurified nitrogen gas. Overpressure within the incubation vessel
prevented oxygen penetration, as verified by continuous oxygen monitoring. The
experiments were initiated by the addition of one of the carbon sources. The
initial carbon concentration varied, depending on the carbon sources, but was
always in excess of the concentration required for complete reduction of the
nitrate or nitrite in the medium. Periodically, samples were withdrawn for VFA
and nitrite determinations. Changes in nitrate levels and pH were monitored
every 2 to 5 min, whereas protein and ammonia concentrations in the vessel were
determined in aliquots withdrawn at the beginning and end of the experiment. A
minimum of five runs were performed for each electron donor-acceptor combi-
nation; nitrate reduction rates, nitrite reduction rates, and VFA uptake rates
(expressed per gram of protein) for the runs did not differ by not more than 10%.
During the various experiments, the bacterial biomass (as measured by protein
analysis) did not increase by more than 15%. Decreases in ammonia concentra-
tions corresponded with the increases in bacterial biomass in the medium. An
increase in pH (not exceeding 0.4 units) was measured in all experiments.

Maximum values for nitrate and nitrite reduction rates during each run were
obtained by nonlinear regression analyses of at least 30 datum points based on
Michaelis-Menten kinetics, using the Enzfitter software program (Elsevier-Bio-
soft, Amsterdam, The Netherlands).

Cytochrome studies. Cells used for cytochrome studies were grown with ace-
tate as the electron and carbon donor and nitrate as the electron acceptor. Cells
were harvested in the late log phase of growth, washed with 50 mM phosphate
buffer (pH 7.1), and resuspended in the same buffer at various concentrations.
Cytochrome studies were performed in closed 3-ml cuvettes with a Hitachi
(model U-3000) double-beam spectrophotometer. Difference spectra (400 to 600
nm) of cells supplemented with various combinations of electron donor and
acceptor were obtained by comparing these cells with dithionite-reduced cells.
Cytochrome c redox kinetics were studied at 553 nm by comparison of electron
donor- and acceptor-supplemented cells with cells which had been fully oxidized
by the addition of solid ferricyanide. Antimycin A was solubilized in N,N-dimethyl-
formamide and was added to a final concentration of 20 pg/ml.

Analytical procedures. Total ammonia (NH; and NH, ") was determined as
described by Scheiner (23), nitrite was measured according to the method of
Strickland and Parsons (26), and nitrate was measured with a specific nitrate
electrode (Radiometer, Copenhagen, Denmark) amplified with a pH meter
(Radiometer model PHM92). VFA were determined with a Hewlett-Packard
(model 5890) gas chromatograph equipped with a stainless steel column (inside
diameter, 1/8 in. [0.3175 cm]; length, 200 cm) packed with 60- to 80-mesh
Chromosorb W. The injector, oven, and flame ionization detector temperatures
were set at 170, 140, and 175°C, respectively. Nitrogen was used as the carrier gas
at a flow rate of 20 ml/min. Analytical-grade VFA were used as standards.
Protein was determined according to the method of Lowry et al. (14) with bovine
serum albumin as the standard. Oxygen levels and temperature were measured
with a YSI (model 57) temperature-oxygen probe (Yellow Springs Instruments
Co., Yellow Springs, Ohio).

RESULTS

Denitrification characteristics of P. stutzeri with acetate as
carbon and electron donor. A total of 15 denitrifying strains
were isolated from biofilm-coated sand derived from a deni-
trifying fluidized bed reactor. Incubation of these isolates un-
der anaerobic conditions with nitrate as the electron acceptor
and acetate as the carbon and electron donor resulted in in-
termediate nitrite accumulation in most, but not all, of the
isolates. With acetate as the carbon and electron source, ni-
trate and nitrite reduction rates were determined in an isolate
in which nitrate reduction coincided with intermediate nitrite
accumulation in the medium (Fig. 1). In this strain, identified
as P. stutzeri, the maximum nitrate reduction rate (= the stan-
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FIG. 1. Changes in nitrate (A) and nitrite (m) concentrations upon incuba-
tion of P. stutzeri (protein content, 77.6 mg/liter) under anoxic conditions in
culture medium (see Materials and Methods) containing acetate (5 mM) as the
carbon and electron donor and nitrate (3.9 mM) as the electron acceptor.

dard deviation) was 375.7 = 35.7 pumol of NO;™ reduced per
g of protein per min while the maximum nitrite reduction rate
was 162.9 = 29.3 wmol of NO, ™ reduced per g of protein per
min. When this strain was incubated with nitrite as the sole
electron acceptor, the maximum nitrite reduction rate rose to
326.4 = 20.0 pmol of NO, ™ reduced per g of protein per min,
approximately twice as fast as that measured in the presence of
nitrate. Various studies (2, 12, 27) have presented evidence
that in some denitrifiers, intermediate accumulation of nitro-
gen oxides is caused by competition among the terminal re-
ductases for common electron donors. To test whether com-
petition between nitrate and nitrite reductases for electrons
occurs during nitrate reduction by P. stutzeri, the following
experiment was conducted. P. stutzeri was incubated in the
presence of acetate in medium in which the nitrate concentra-
tion fluctuated between 71.4 and 280 wM because of periodic
nitrate amendments (Fig. 2). Maximum nitrate and nitrite re-
duction rates were determined. As might be expected from
Michaelis-Menten kinetics, at low ambient nitrate concentra-
tions, rates of nitrate reduction in P. stutzeri were lower (257.9
+ 2.9 wmol of NO; ™ reduced per g of protein per min) than at
high ambient nitrate concentrations (375.7 = 35.7 pmol of
NO,™ reduced per g of protein per min) (Fig. 1). However,
faster nitrite reduction rates were obtained with cells incubated
at low ambient nitrate concentrations than with cells incubated
at high ambient nitrate concentrations (250.0 * 64.2 and 162.8
+ 29.3 pmol of NO,™ reduced per g of protein per min,
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FIG. 2. Changes in nitrate (A) and nitrite (W) concentrations upon incuba-
tion of P. stutzeri (protein content, 61.3 mg/liter) under anoxic conditions in
culture medium (see Materials and Methods) with acetate (5 mM) as the carbon
and electron donor and nitrate as the electron acceptor. Nitrate (as KNO;) was
added in 16 periodic amendments of 0.21 mmol of NO;™ per liter.
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TABLE 1. Maximum rates (* standard deviations) of nitrate and
nitrite reduction by P. stutzeri incubated with nitrate and different
volatile fatty acids

Maximum reduction rate for:

Carbon source Nitrate (wmol of NO; /g

of protein/min)

Nitrite (pmol of NO, /g
of protein/min)

Acetate 375.7 =357 162.9 + 29.3
Propionate 267.9 = 50.0 1943 +29.3
Butyrate 2529 = 12.1 328.6 = 47.9
Valerate 235.7 =279 265.0 = 30.0
Caproate 109.3 + 36.4 185.7 + 114

respectively). This finding supports the notion that during ac-
etate oxidation, respiratory electron flow is insufficient for both
nitrate and nitrite reductase activities to be maximal. This
suggests that intermediate nitrite accumulation by this P.
stutzeri strain with acetate as the sole carbon and electron
donor is caused by some metabolic regulatory process that
results in inhibition of nitrite reduction under conditions in
which the rate of respiratory electron flow is insufficient to
allow both nitrate and nitrite reduction rates to be maximal.
Because the rate of nitrate reduction depends on its concen-
tration, in this specific case, the concentration of nitrate in the
medium is an additional factor influencing the extent of inter-
mediate nitrite accumulation.

Denitrification characteristics of P. stutzeri with different
VFA. The effects of individual VFA on the denitrification char-
acteristics of P. stutzeri were tested, and intermediate nitrite
accumulation was found to depend on the type of VFA sup-
plied. Incubation with propionate, like acetate, resulted in in-
termediate nitrite accumulation. In contrast, nitrite did not
accumulate when cells were incubated with butyrate, valerate,
or caproate if nitrate served as the electron acceptor. Maxi-
mum nitrite reduction rates for bacterial suspensions grown on
butyrate, valerate, or caproate were higher than the maximum
nitrate reduction rates with these VFA (Table 1). Therefore, in
addition to the factors already mentioned, the type of carbon
source oxidized by this bacterium was yet another factor which
determined intermediate nitrite accumulation. The question of
how the nature of the carbon source exerts this influence in this
P. stutzeri strain was addressed by comparing its denitrification
characteristics in the presence of acetate with those exhibited
in the presence of butyrate (Table 2). The maximum nitrate
reduction rate during incubation of the cells with butyrate was
slower than that obtained when acetate was provided, whereas
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in the absence of nitrate, acetate- and butyrate-supplemented
cells reduced nitrite at similar rates. Contrary to what was
found in bacterial suspensions incubated with acetate, nitrate
did not affect the nitrite reduction rate in cells incubated with
butyrate. The maximum acetate consumption rate was higher
than the maximum butyrate consumption rate. Butyrate oxida-
tion did not lead to intermediate VFA accumulation (acetate
or propionate); therefore, electron flow rates during oxidation
of acetate and butyrate can be compared when considering
that the electron donor potential of acetate is 8 mole-electrons
per mole and that of butyrate 20 mole-electrons per mole. The
calculated maximum electron flow rates were 1.76 X 107> and
1.20 X 1072 mole-electrons/g of protein per min in the pres-
ence of acetate and butyrate, respectively. Finally, incubation
of P. stutzeri with acetate and butyrate (in combination) as
carbon and electron donors and nitrate as the electron accep-
tor resulted in no intermediate nitrite accumulation in the
medium (Fig. 3). The maximum nitrate reduction rate was
close to that obtained when cells were grown on acetate alone,
while the maximum nitrite reduction rate was close to that of
cells grown on butyrate alone (Table 2).

On the basis of these differences, we propose that in this P.
stutzeri strain, differences in electron flow along the respiratory
chain underlie the difference between nitrite accumulation
during oxidation of acetate and that during oxidation of bu-
tyrate. Were the oxidations of acetate and butyrate to follow
the same pathway, intermediate nitrite accumulation by this
bacterium would be higher with butyrate than with acetate,
since electron limitation during butyrate oxidation is more
severe than it is during acetate oxidation. Furthermore, inhi-
bition of nitrite reduction rates by nitrate in the presence of
acetate, but not butyrate, is not consistent with the view that
terminal reductases are reduced through a similar electron
flow pathway with acetate and butyrate.

Cytochrome ¢ redox transitions during nitrite reduction by
P. stutzeri in the presence of acetate or butyrate. Cytochrome
studies were performed during nitrate and nitrite reduction in
the presence of either acetate or butyrate. Difference spectra
(absorbance of dithionite-reduced cells minus absorbance of
nitrate-oxidized cells [in the presence of either acetate or bu-
tyrate]) revealed that cytochromes b (529 nm) and ¢ (553 nm)
were involved in the reduction of nitrate (Fig. 4). The oxida-
tion states of both cytochromes during nitrate reduction were
higher in acetate-supplemented cells than in butyrate-supple-
mented cells (Fig. 4). The redox kinetics of cytochrome ¢ were
examined after addition of nitrite to either acetate- or bu-
tyrate-supplemented cells. Cytochrome ¢ redox transitions

TABLE 2. Rates of nitrate reduction, nitrite reduction, and VFA consumption by P. stutzeri incubated with different combinations of electron
acceptor(s) and donor(s)

Reduction rate for:

Carbon source(s) Electron VFA consumption rate (pmol
acceptor(s) Nitrate (nmol of NO; /g Nitrite (nmol of NO, /g of of VFA/g of protein/min)
of protein/min) protein/min)
Acetate Nitrite NR“ 326.4 = 20.0 ND?
Nitrate + nitrite 375.7 =357 162.9 = 29.3 222 +11.3
Butyrate Nitrate 2529 = 12.1 NR ND
Nitrite NR 3429 = 36.4 ND
Nitrate + nitrite 253.6 0.7 328.6 = 479 60 = 4.0
Acetate + butyrate Nitrate + nitrite 3350+ 17.1 417.9 = 50.0 ND

“ NR, not relevant.
> ND, not determined.
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FIG. 3. Changes in nitrate (A) and nitrite (@) concentrations upon incuba-
tion of P. stutzeri (protein content, 79.1 mg/liter) under anoxic conditions in
culture medium (see Material and Methods) with acetate (5 mM) and butyrate
(5 mM) in combination as carbon and electron donors and nitrate (5 mM) as the
electron acceptor. Sodium nitrite (0.6 mM) was added to the medium at the
indicated time.

were distinctively different, as it was found (Fig. 5) that nitrite
reduction in acetate-supplemented cells resulted in a consid-
erably higher degree of cytochrome ¢ oxidation than it did in
butyrate-supplemented cells. It was of interest to examine
whether the observed differences in nitrite accumulation by
acetate- and butyrate-oxidizing cells could be explained by
these differences in redox transitions. A difference spectrum
(absorbance of cells incubated with butyrate, acetate, and ni-
trite minus absorbance of cells incubated with acetate and
nitrite) resulted in a positive difference in absorbance; i.e.,
during the redox transition, cytochrome ¢ remained more re-
duced in butyrate-supplemented cells (Fig. 6). A similar dif-
ference spectrum (absorbance of cells incubated with butyrate,
acetate, and nitrite minus absorbance of cells incubated with
butyrate and nitrite) revealed no significant differences in ab-
sorption (data not shown). It is concluded, therefore, that
cytochrome ¢ accepts electrons more readily from butyrate
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FIG. 4. Difference spectra (400 to 600 nm) (absorbance of dithionite-re-
duced cells minus absorbance of nitrate-oxidized cells) for P. stutzeri grown on
acetate, harvested in the late exponential phase of growth, and washed and
resuspended in phosphate buffer (pH 7.1). Spectra of cells incubated with acetate
(5 mM) or butyrate (5 mM) in the presence of nitrate (3.6 mM) were examined.
The protein content of each of the bacterial suspensions was 1,063 mg/liter.
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than from acetate. A possible explanation for this finding
would be that butyrate donates electrons in closer proximity to
cytochrome c¢ than does acetate. This possibility was examined
by following cytochrome ¢ redox transitions in nitrite-reducing
cells incubated with either acetate or butyrate, with or without
antimycin A, an inhibitor known to block electron flow be-
tween cytochromes b and c. A clear difference was noticed
between the cytochrome ¢ redox transitions in nitrite-reducing
cells incubated with acetate in the presence of antimycin A and
those in cells incubated with acetate in the absence of antimy-
cin A. During reduction of nitrate by cells incubated with
acetate and antimycin A, cytochrome ¢ became more oxidized,
and subsequent reduction back to its original reduction state
took longer than in similar cells without antimycin A (Fig. 7A).
In contrast to those of acetate-incubated cells, redox transi-
tions during nitrite reduction in butyrate-incubated cells were
similar in the absence or presence of antimycin A (Fig. 7B), a
finding which suggests that during butyrate oxidation by this P.
stutzeri strain, electrons enter the respiratory chain at a more
downstream region of the electron transport chain than during
acetate oxidation.

DISCUSSION

Betlach and Tiedje (5) described intermediate nitrite accu-
mulation during nitrate reduction of Pseudomonas fluorescens
by Michaelis-Menten kinetics. According to this concept, the
reduction rate of any nitrogen oxide depends only on its con-
centration. In the present study, a similar explanation for ni-
trite accumulation in P. stutzeri can be ruled out, since nitrate
and nitrite reduction rates were controlled not only by the
concentrations of their substrates. Two findings support the
notion that additional factors influence nitrite accumulation in
this organism. First, nitrate was shown to influence nitrite
reduction rates in cells incubated in the presence of acetate
(Table 2), and second, nitrite accumulation was influenced by
the type of carbon source supplied. The finding that the pres-
ence of nitrate lowered nitrite reduction rates indicates com-
petition between nitrate and nitrite reductases for electrons.
Such a competition has been described in studies with Para-
coccus denitrificans (12, 13, 27) and with Pseudomonas fluore-
scens (2). On the basis of these studies, it was suggested that
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FIG. 5. Ass; (cytochrome c) of P. stutzeri cells grown on acetate, washed and
resuspended in phosphate buffer (pH 7.1), and incubated in the presence of
either acetate (5 mM) or butyrate (5 mM). At the indicated time, sodium nitrite
(0.71 mM) was added. The absorbance was read against a reference cuvette
containing ferricyanide-oxidized P. stutzeri at the same density (protein content,
1,561 mg/liter) as the sample cuvette.
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FIG. 6. Differences in Ass;3 values of P. stutzeri cells incubated in medium
with acetate (5 mM) to which butyrate (5 mM) and sodium nitrite (0.71 mM)
were added (as indicated) versus readings of a reference cuvette containing cells
incubated with acetate (5 mM) and supplemented with sodium nitrite (0.71 mM)
at the same time point. Cells were grown on acetate and then washed and
resuspended in phosphate buffer (pH 7.1) at a protein concentration of 1,063
mg/liter.

respiratory nitrate reduction in these denitrifiers follows a
branched electron transport chain in which alternative termi-
nal reductases compete for a common reductant.

In this study, incubation of nitrate-reducing cells with bu-
tyrate, caproate, or valerate did not lead to nitrite accumula-
tion, in contrast to incubation of the cells with acetate or
propionate. A comparison of the denitrification characteristics
of acetate- and butyrate-supplemented cells clearly shows dif-
ferences in nitrate and nitrite reduction. In principle, during
the metabolism of the various carbon sources, different pri-
mary hydrogenases and electron-transferring proteins are in-
volved. Therefore, it seems reasonable to assume that meta-
bolic differences among the carbon sources lead to differences
in electron flow velocities which, in turn, lead to different
nitrate and nitrite reduction rates. Butyrate oxidation results in
a slower electron flow velocity than does oxidation of acetate
(Table 2). Consequently, the slower nitrate reduction rate in
butyrate-supplemented cells compared with that in acetate-
supplemented cells can be explained on kinetic grounds. How-
ever, on the basis of differences in the rates of acetate and
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butyrate oxidation, one cannot explain the observed differ-
ences in nitrite reduction rates. In the presence of nitrate, the
nitrite reduction rate in P. stutzeri was faster with butyrate than
with acetate.

Relatively little information is available on the effect of the
carbon source on nitrite accumulation in denitrifiers. In a study
on Paracoccus denitrificans (6), nitrite accumulation changed
when alterations in the nutritional composition of the medium
were made, a finding which was explained by differences in the
induction times required for synthesis of nitrate and nitrite
reductases in cells incubated in various culture media. Nish-
imura et al. (16, 17) found that when Pseudomonas denitrificans
was grown on formate instead of citrate, nitrite accumulation
was markedly depressed. This was attributed to lower nitrate
and higher nitrite reductase activities in the presence of for-
mate. Finally, the extent of the reduction state of the carbon
source was found to influence a periplasmic nitrate reductase
in Thiosphaera pantotropha (21) and Paracoccus denitrificans
(24). In these organisms, which are capable of aerobic denitri-
fication, both a periplasmic and a membrane-bound nitrate
reductase were present. The activity of periplasmic nitrate
reductase (operating under aerobic conditions) was shown to
be influenced by the nature of the carbon substrate, whereas
membrane-bound nitrate reductase (operating under anoxic
conditions) was not.

In most denitrifiers, nitrate reductase accepts electrons in
the upstream region of the respiratory chain from either
ubiquinone or cytochrome b whereas nitrite reduction occurs
in a more downstream region, at the site of cytochrome c (25).
In the present study, we found that antimycin A affects the
cytochrome ¢ redox transition in nitrite-reducing cells incu-
bated with acetate whereas in the presence of butyrate no such
effect was evident. Considering the different locations of the
terminal reductases, these findings could be explained by ace-
tate donating electrons closer to nitrate reductase (upstream)
and butyrate donating electrons closer to nitrite reductase,
downstream of the site of antimycin A blockage. In this con-
text, the findings on methanol oxidation by Paracoccus denitri-
ficans (28) illustrate the existence of different electron transfer
routes. In the latter study, methanol oxidation was shown to be
coupled to electron transport via cytochrome ¢ and, compared
with other electron donors, was not inhibited by antimycin A.
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FIG. 7. Ass3 (cytochrome c) of P. stutzeri cells grown on acetate and washed and resuspended in phosphate buffer (pH 7.1) at a protein concentration of 2,942
mg/liter. (A) Acetate (5 mM)-supplemented cells with (solid line) and without (broken line) antimycin A (20 pg/ml) to which sodium nitrite (0.71 mM) was added as
indicated. (B) As in panel A except cells were supplemented with butyrate (5 mM) instead of acetate. Reference cuvettes contained ferricyanide-oxidized P. stutzeri

cells.
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Studies on butyrate oxidation by denitrifiers have shown that
butyrate (and probably longer-chain VFA) is metabolized by
either B-oxidation and subsequent incorporation into the tri-
carboxylic acid cycle or condensation of butyrate to form
B-ethylmalate (19, 20). To the best of our knowledge, the
question of the electron transfer route involved during either
of these oxidation pathways has not been examined.

In conclusion, in this study we provide evidence for the fact
that in addition to previously known factors, the type of carbon
source may also influence nitrite accumulation in denitrifiers.
The significance of the finding that different VFA cause dif-
ferences in nitrite accumulation lies in the fact that in many
treatment plants designed for nitrate removal, VFA are the
most abundant carbon and electron sources available for deni-
trifiers. Although this study was conducted with a bacterial
strain isolated from a denitrifying fluidized bed reactor, it is
impossible to predict the effect of VFA on nitrite accumulation
in such reactors on the basis of these results. Follow-up studies
aimed at discerning the relative abundance of this P. stutzeri
strain and bacterial strains with similar metabolic characteris-
tics under in situ conditions are in progress.
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