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Abstract

The use of chlorate as a selective inhibitor of dissimilative nitrate reduction was studied using pure cultures of Comamonas
testosteroni (a denitrifier) and Klebsiella pneumoniae (a nitrate-ammonifier) isolated from estuarine sediment, and in sediment slurry.
Pure culture experiments demonstrated that chlorate selectively inhibited membrane-bound nitrate reductase (Nar) activity,
probably by blocking nitrate transporters (NarK). Sediment slurry experiments showed that chlorate inhibited nitrate reduction and
N,O formation, but did not inhibit nitrite reduction and its N,O formation, indicating that chlorate selectively inhibited only the
first step of nitrate reduction. Chlorite chemically oxidized nitrite to nitrate and could not be used as a selective inhibitor of nitrite
metabolism, although chlorite apparently selectively inhibited formation of N,O from nitrite. Chlorate can be used as a specific

inhibitor to distinguish between nitrate reduction by Nap or Nar in natural communities of microorganisms.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Dissimilatory nitrate reduction plays a key role in the
biological nitrogen cycle. There are two distinct pro-
cesses of dissimilatory nitrate reduction: denitrification,
reduction of nitrate to gaseous nitrogen (N,O or Nj),
and nitrate ammonification, reduction of nitrate to
ammonium. These processes are widely distributed
among bacteria. Denitrification is performed by organ-
isms with respiratory type metabolism, such as Pseudo-
monas species, and nitrate ammonification by bacteria
with a fermentative type of metabolism such as Aero-
monas, Klebsiella, Wolinella and Vibrio spp. [1]. Both
processes occur under oxygen-limited or anaerobic
condition. Although the complete pathway for micro-
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bial denitrification has been established as:
NO; — NO; - NO — N>O — N,, and the pathway of
nitrate ammonification has been published as
NO; — NO; — NHj, with N,O as byproduct [1], dis-
tinguishing the processes in mixed cultures or complex
natural microbial communities is very difficult, even
using a tracer isotope N technique, due to the common
substrate (NO3) and gaseous intermediates or byprod-
uct (N,O) [1].

Due to the similarities between chemical structures of
chlorate and nitrate, and of chlorite and nitrite, chlorate
has been used as a selective inhibitor to study nitrifica-
tion in activated sludge [2], flooded soil [3], acid forest
soil [4,5], grassland soil [4] and in the Rhone River
plume [6]. Chlorate has been also used in molecular
studies of dissimilative nitrate reduction to differentiate
between the activities of two different nitrate reductases,
Nar and Nap [7], in Pseudomonas sp. G-179 [8], Para-
coccus denitrificans [9], the archacon Haloferax volcanii
[10] and Anabaena sp. PCC-7120 [11].
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Chlorate and chlorite may enter the environment as
by-products of bleaching processes in the textile, pulp
and paper industries [12], as disinfectant in several ap-
plications, or as a by-product of ozonation of drinking
water treated with chlorine [13]. Chlorate is chemically
stable in water, and conventional water and physical
treatments are not effective in removing this oxyanion of
chlorine [14]. Many studies investigating the toxicity of
chlorate/chlorite have been made in algae, bacteria and
fungi [15,16], including Aspergillus nidulans [17] and
Salmonella typhimurium [18]. Previously, there was a
suggestion that chlorate toxicity was caused by simple
competition with nitrate reduction [19]. Other re-
searchers [20,21] suggested that chlorite, a reduction
product of chlorate, was responsible for chlorate toxicity
to Proteus mirabilis [20], Rhodobacter capsulatus and
Rhodobacter sphaeroides [21]. However, few data are
available on the selective inhibition mechanism of
chlorate on dissimilative nitrate reduction, and most are
for model organisms such as Escherichia coli which are
not representative of estuarine nitrate utilizing popula-
tions. Therefore, this study was undertaken to investi-
gate the specificity of chlorate as a selective inhibitor of
dissimilative nitrate reduction both in pure cultures of
Comamonas testosteroni (a denitrifier) and Klebsiella
pneumoniae (a nitrate ammonifier), isolated from estu-
arine sediment, and in sediment slurry, as a potential
tool for investigating nitrogen cycling in estuarine
environments.

2. Materials and methods
2.1. Chemical analyses

Nitrate, nitrite and ammonium were analysed color-
imetrically [22]. Nitrate was analysed as nitrite after
samples had been passed through a copper—cadmium
reduction column [22]. Ammonium was measured using
a modified indophenol blue method with dichloroisoc-
yanurate as chlorine donor and developed in the dark
[23-25]. N,O was measured with a gas chromatograph
(GC) fitted with an electron capture detector [26,27].

Chlorate was analysed by ion exchange chromatog-
raphy (series 2000 I, Dionex Corp) with a 1.7-mM
NaHCO; and 1.8-mM Na,COs; eluent, at a flow rate of
3 mlmin~! and regenerant 0.07% solution of concen-
trated sulphuric acid at a flow rate of 8 mlmin~!. Peak
areas of samples were measured with an integra-
tor (Dionex Corp) and compared to those of known
standards.

2.2. Bacterial isolates

Comamonas testosteroni [28] and K. pneumoniae [29],
isolated from sediment of Colne estuary, East Coast of

England, United Kingdom, were used as model examples
of a denitrifier and a dissimilative nitrate ammonifier,
respectively. C. testosteroni has both membrane-bound
nitrate reductase (Nar) and periplasmic nitrate reduc-
tase (Nap), while K. pneumoniae has only Nar [30]. The
estuary and the sample sites used have been described
in [27].

2.3. Inhibition by chlorate of nitrate reduction by C.
testosteroni and K. pneumoniae

Denitrifying bacteria were grown on the medium of
Barford et al. [31] with 1.87 mM ammonium and 15
g17'NaCl. Ammonium was added as a source of nitro-
gen for assimilation so that nitrate was only used dis-
similatively. Sodium acetate (2.72 gl~') was the carbon
source for growth of C. testosteroni and glycerol for K
pneumoniae. The medium was made anoxic by gassing
with oxygen-free N, (OFN) to remove dissolved oxygen
and oxygen in the headspace.

An initial experiment with five different concentra-
tions of chlorate showed that 10 mM chlorate was the
minimum concentration required to inhibit nitrate re-
duction by both bacteria (data not shown). This con-
centration of chlorate was used to investigate more
detail of its effect on both C. testosteroni and K. pneu-
moniae. The experiments were conducted using anoxic
medium in triplicate flasks sealed with suba-seals. An-
aerobiosis was established by gassing the medium with
OFN for 15 min. Flasks were incubated on a shaker (150
revmin~') at 20 °C, and chlorate or chlorite (10 mM
final concentration) was added after 24 h. Subsamples of
headspace gas and culture were taken daily up to 5 days.
Nitrous oxide concentration was measured in the subs-
amples of headspace gas, while nitrate, nitrite and am-
monium in the cultures were analysed using the methods
described previously.

2.4. Inhibitory concentration of chlorate and chlorite on
N, O formation in sediment

Sediment was taken from 0 to 2 cm layer of sediment at
the Hythe, Colne estuary. The slurry was made by mixing
sediment 50% (v/v) with anaerobic artificial seawater (2%
salinity, made with Tropic Marine salts, Chorley Wood,
UK) and placed in an Erlenmeyer flask fitted with a
subaseal. Anaerobic conditions were maintained by
gassing with OFN for 15 min. An initial experiment to
determine the optimum inhibitory concentration of
chlorate and chlorite was conducted with 20 ml volumes
of slurry in 50-ml bottles. A series of flasks of slurry with
initial concentrations of either 1| mM nitrate or nitrite
were dispensed, each with initial concentrations of 0, 1,
10, 20, 50 and 100 mM chlorate or chlorite (triplicate
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flasks at each concentration). After incubation for 3 h at
20 °C, N,O concentration in the headspace was analysed
using the GC. The optimum concentration of chlorate/
chlorite that inhibited N,O formation in this experiment
was used for the next experiment.

2.5. Inhibition by chloratelchlorite of nitratelnitrite re-
duction in sediment slurry

Aliquots of 120 ml slurry were transferred into 200-
ml flasks and sealed with subaseals and gassed again
with OFN for 15 min. The minimum concentration of
the inhibitors (20 mM) determined from the previous
experiment was used to examine the effects of chlorate
and chlorite on nitrate and nitrite reduction. Flasks of
slurry were set up as described with initial concen-
trations of 1 mM of either nitrate or nitrite and in-
cubated on a shaker (150 revmin~'; at 20 °C) for up
to 6 h. Sub-samples of headspace gas and slurry were
taken hourly. N,O concentration was measured in
sub-samples of headspace gas, while nitrate, nitrite
and ammonium in slurry sub-samples were analysed
using the methods described previously. To determine
the effect of chlorate on the gaseous end products
of denitrification, similar experiments were conducted
with and without acetylene block. Acetylene was
used to inhibit further reduction of N,O to N,, and
total N, production in the slurry was calculated as

(N,O formation in presence of acetylene)

— (N0 formation in absence of acetylene).

3. Results

3.1. Inhibition by chlorate of nitrate reduction in pure
cultures of C. testosteroni

Nitrate, nitrite and N,O concentrations in the cul-
tures of C. testosteroni are shown in Fig. 1. Addition of
chlorate after 24 h inhibited nitrate removal over the
following two days by C. testosteroni by 56%. Nitrite
concentration increased on the first day in both treat-
ments, prior to chlorate addition, and decreased after
chlorate addition until the end of incubation. N,O
production appeared to be inhibited by chlorate. The
concentration of chlorate during the incubation period
was stable, indicating that there was no removal of
chlorate from the cultures.

3.2. Inhibition by chlorate of nitrate reduction in pure
cultures of K. pneumoniae

Nitrate, nitrite, ammonium and N,O concentrations
in the cultures of K. pneumoniae are shown in Fig. 2. The
data show that both nitrate reduction and ammonium
formation were completely inhibited after chlorate ad-
dition, indicating that chlorate inhibited nitrate ammo-
nification by K. pneumoniae. In the control, nitrite
concentration increased during the first day and then
decreased as nitrite was reduced to ammonium. In the
chlorate treatment, nitrite concentrations did not de-
crease after chlorate addition, indicating that nitrite re-
duction to ammonium was also inhibited by chlorate.
N,O production was completely inhibited by chlorate.
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Fig. 1. Nitrate, nitrite, N,O concentrations in the cultures of C. testosteroni either with or without addition of 10 mM chlorate: —, chlorate addition;
[, nitrate in control (without chlorate addition); B, nitrate with 20 mM chlorate addition; <}, nitrite in control; 4, nitrite with 20 mM chlorate
addition; A, N,O in control and A, N,O with 20 mM chlorate addition. Bars indicate SEs (n = 3). Bold lines indicate linear regression of nitrate

concentration versus time for 2 days after chlorate addition.
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Fig. 2. Nitrate, nitrite, N,O concentrations in the cultures of K. pneumoniae either with or without addition of 10 mM chlorate: —, chlorate addition;
O, nitrate in control (without chlorate addition); M, nitrate with 20 mM chlorate addition; <), nitrite in control; 4, nitrite with 20 mM chlorate
addition; A, N,O in control; A, N,O with 20 mM chlorate addition; O, ammonium in control and @, ammonium with 20 mM chlorate. Bars
indicate SEs (n = 3).

In the control, N,O production mostly occurred to-
wards the end of the experiment. Chlorate concentration
was stable throughout the experiment, and there was no
reduction of chlorate in the cultures.

3.3. Optimum concentrations of chlorate and chlorite that
inhibit nitratelnitrite reduction in slurry

The initial experiment to examine the inhibitory effect
of chlorate and chlorite showed that N,O production
from nitrate was inhibited by 10 mM of either chlorate or
chlorite. In contrast, N,O production from nitrite was
only inhibited by chlorite but not by chlorate. The min-
imum concentration of chlorate and chlorite required to
completely inhibit N, O production was 20 mM, and this
concentration was used for further experiments.

3.4. Inhibition by chlorate and chlorite of nitratelnitrite
reduction in slurry

Nitrate and nitrite concentrations during 6 h of in-
cubation in the slurry with chlorate, chlorite and con-
trol treatments are shown in Fig. 3. Chlorate and
chlorite both apparently inhibited nitrate removal from
the slurry compared to the control; chlorite apparently
inhibiting nitrate removal more than chlorate. How-
ever, chlorate did not inhibit nitrite removal which was
identical to that in the control (see Fig. 3(b)). In con-
trast, chlorite apparently inhibited both nitrate (Fig.
3(a)) and nitrite reduction but from nitrite being im-
mediately removed in the presence of chlorite (Fig.
3(b)), and from the presence of high nitrate immedi-
ately after chlorite addition to slurry containing nitrite

(data not shown), it was evident that the effect of
chlorite was due to an immediate chemical oxidation of
nitrite to nitrate.
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Fig. 3. Nitrate and nitrite concentration during 6 h of incubation with

chlorate, chlorite and control treatments in sediment slurry. (a) Nitrate
substrate and (b) nitrite substrate. Bars indicate SEs (n = 3).
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Nitrite concentrations in the slurry with nitrate added
are shown in Fig. 4. There was a peak of nitrite con-
centration from nitrate reduction in the control after 2 h
incubation, which then decreased due to further reduc-
tion of nitrite. Addition of both chlorate and chlorite
apparently inhibited reduction of nitrate to nitrite.
However, addition of chlorite produced a high concen-
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Fig. 4. Changes in nitrite concentration in slurry with added nitrate,
with chlorate, chlorite and control treatments. Bars indicate SEs
(n=3).
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Fig. 5. N,O concentration in the headspace of slurry with nitrate or
nitrite added as substrates, with chlorate, chlorite and control treat-
ments. Bars indicate SEs (n = 3).

tration of nitrate immediately after addition of nitrite,
and the apparent inhibitory effect of chlorite was an
artefact of chemical oxidation of nitrite to nitrate by
chlorite.

N,O concentration up to 6 h of incubation in the
control, chlorate added, and chlorite added is shown
in Fig. 5. The N,O concentrations increased until in-
cubation for 3 h in the controls with either nitrate or
nitrite added. N,O production from nitrate was in-
hibited by both chlorate and chlorite, while N,O
production from nitrite was inhibited by chlorite but
not by chlorate. This implied that chlorite actually did
inhibit nitrite reduction to N;O, even though most
nitrite was oxidized back to nitrate.

3.5. Effect of chlorate on nitrate reduction in sediment
slurry and its gaseous end-product with acetylene block
technique

Nitrate, nitrite and N,O concentrations in sediment
slurry with and without acetylene block are shown in
Fig. 6. The data show that the acetylene block treatment
did not affect the rate of nitrate reduction (the linear
regressions for nitrate removal £ acetylene were not
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Fig. 6. Nitrate, nitrite and N,O concentrations in sediment slurry:
(a) without acetylene block, (b) with acetylene block; [, nitrate in
control (without chlorate addition); M, nitrate with 20 mM chlorate
addition; <, nitrite in control; @, nitrite with 20 mM chlorate addition;
A, N,O in control and A, N>O with 20 mM chlorate addition. Bars
indicate SEs (n = 3). Bold lines indicate linear regression of nitrate
concentration with time.
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significantly different). However, chlorate inhibited the
rate of nitrate reduction by 45% of that in the control in
the series of flasks either with or without acetylene
(45.3% without acetylene and 44.9% with acetylene),
and completely inhibited nitrite production. N,O con-
centration in the headspace increased with time in con-
trols both with and without acetylene, and also in the
chlorate treatment with the acetylene block. However
N,O accumulation in chlorate treatment without the
acetylene block was completely inhibited. N,O concen-
tration in the control with acetylene was approximately
100 times greater than without acetylene block, con-
firming that the majority of the nitrate was denitrified to
N,. In addition, N; formation was slightly inhibited by
chlorate. Chlorate concentration in sediment slurry was
stable in the slurry both with and without acetylene in-
hibition, and there was no removal of chlorate during
the incubation period.

4. Discussion

4.1. Effect of chlorate on nitrate reduction in C. testos-
teroni and K. pneumoniae

Much of the research done on denitrification and
nitrate ammonification has been carried out with model
organisms such as E. coli that have probably little rele-
vance to estuarine sediments. We used C. testosteroni
that has Nar and Nap as a model denitrifier from sedi-
ment and K. pneumoniae that has only Nar as a model
nitrate ammonifier. Chlorate concentration in both
K. pneumoniae and C. testosteroni cultures did not change
with time, confirming that no chlorate was being re-
duced during the experiments, although it has been re-
ported that Nar can reduce chlorate [8,32-34]. It can be
concluded that chlorate inhibited Nar activity in both
the denitrifier and nitrate ammonifier. Our results
showed that there was complete inhibition by chlorate
of both nitrate removal and ammonium accumulation in
K. pneumoniae which has only the nar gene. In contrast,
in C. testosteroni which has both nar and nap, only some
50% of nitrate removal and N, formation (as deter-
mined by acetylene inhibition) was inhibited by chlorate.
Others [8,32-34] have demonstrated that chlorate does
not inhibit nitrate reduction by Nap, and the residual
nitrate reduction activity by C. testosteroni was pre-
sumably because of continued activity by this enzyme
even in the presence of chlorate.

Although chlorate is structurally similar to nitrate, the
nitrate transporter discriminates against chlorate and
does not allow it to pass through the membrane [35]. This
is probably caused by the different charge in which
chlorate is more electronegative than nitrate [36]. How-
ever, the discrimination of nitrate transporters can be
removed by adding low concentrations of detergents such

as Triton X-100, which then allow intact cells to reduce
chlorate [37]. This suggests that inhibition of Nar activity
by chlorate was probably due to inhibition, presumably
by blocking the NarK nitrate transporter, of nitrate
transport into the cytoplasm where the active site of Nar
is located, rather than inhibition of the Nar activity itself.
NarK was first identified in E. coli and is located directly
upstream from the structural genes encoding Nar [38].
The function of NarK as a nitrate/nitrite antiporter was
previously proposed, and Rowe et al. [39] demonstrated
evidence that NarK in E. coli was a nitrite efflux protein.
There are two types of NarK [35]; NarK1 was a nitrate/
proton symporter and NarK?2 was a nitrate/nitrite anti-
porter [40]. A hypothetical mechanism of the chlorate
inhibition is as shown in Fig. 7.

There was no chlorate reduction in either the pure
cultures of C. testosteroni and K. pneumonia or in sedi-
ment slurry. Recently, some bacteria have been reported
that respire using chlorate as a terminal electron ac-
ceptor [14,20,41-44]. These bacteria have a single en-
zyme that can dismute chlorite to chloride [20]. The
chlorate reduction pathway is suggested as:

Clo; — ClO; — CI”

Moreover, Kengen et al. [43] reported that this enzyme
is periplasmic, but Wallace et al. [42] reported that the
activity of the enzyme was found in both the membrane
and soluble fractions of the cell lysate. Bruce et al. [44]
suggested that there was no correlation between this
enzyme and the denitrification enzyme. This supports
the proposal that chlorate cannot pass through the cell
membrane, and therefore that chlorate inhibits trans-
port by NarK.

NOTZ' NO;
H* NOs NO, NOs
Nap P
NarK | ) | | ( NarK Il
+ . NO; NOJ
SERC T
NO; No2 NOg Noa
|
Chlorate Chlorate P
@) ( Narkil ) m |
NarG c

(b)

Fig. 7. Hypothetical mechanisms of chlorate inhibition on Nar activity:
(a) no chlorate inhibition and (b) chlorate inhibition. P, periplasm; M,
membrane and C, cytoplasm.
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4.2. Effects of chlorate and chlorite on nitrate and nitrite
reduction in slurry

Chlorate clearly inhibited nitrate reduction, but not
nitrite reduction. The slurry experiment results showed
inhibition by chlorate of nitrate reduction and N,O
formation in the slurry with nitrate added, but lack of
inhibition of nitrite reduction or N,O formation in the
slurry with nitrite added, indicating that chlorate only
inhibited the first step of nitrate reduction pathways.
This conclusion was confirmed by lack of inhibition of
nitrite removal by chlorate addition. Nitrate removal in
the slurry was not inhibited completely by chlorate, but
only by about 45% of that of the control. This was
presumably because chlorate has different effects on the
two different dissimilative nitrate reductases-membrane
bound nitrate reductase (Nar) and periplasmic nitrate
reductase (Nap) that are known to have different phys-
iology, biochemistry and genetics [8,32,33,35]. Previous
laboratory studies have shown that Nar but not Nap
can reduce chlorate [8,32-34] but our data showed that
the chlorate concentration in the slurry was stable, and
that even Nar activity in these sediments was not re-
moving chlorate and that any inhibitory effect of chlo-
rate was consistent throughout the period of the
experiments.

The differential mode of action of chlorate on Nar
and Nap was also shown on N,O production with and
without C,H, inhibition. These data showed that N,
production during denitrification was not inhibited by
chlorate. N, gas is the end product of denitrification
[8,32] with complete reaction as follows:

NO; — NO; — NO — N,O — N,

Almost all true denitrifiers such as P. denitrificans,
Paracoccus pantotropha, Pseudomonas aeruginosa and
P. denitrificans either have both Nar and Nap or only
have Nap [45]. However, nitrate ammonifiers such as
Klebsiella oxytoca, K. pneumoniae, Bacillus subtilis and
Bacillus stearothermophilus have only Nar [45]. This
suggests that in the microbial community in the sediment
slurry chlorate inhibited dissimilative nitrate reduction to
ammonium, but did not completely inhibit denitrification
as that by Nap continued. Inhibition of N,O production
by chlorate in this slurry experiment presumably indi-
cated that N,O was only produced by dissimilative ni-
trate reduction by Nar. In contrast, in freshwater
sediment Kelso et al. [1] reported that N,O was produced
by dissimilative nitrate reduction to ammonium. Chlorite
apparently inhibited nitrate reduction because of its
ability to oxidize nitrite to nitrate chemically. This was
shown by formation of nitrate in slurry with nitrite
treatment soon after chlorite added. The possible reac-
tion of nitrite oxidation by chlorite is as follows:

2NO; + ClO; — 2NO;3 + CI”

Our data indicate that chlorate is likely to be a useful
tool for field ecological studies on anaerobic nitrogen
cycling in sediment, to differentiate between the contri-
bution of Nar and Nap to nitrate removal and its gas-
eous end-product accumulation.
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