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The effects of nitrogen oxides on anammox bacteria are not well known. Therefore, anammox bacteria were
exposed to 3,500 ppm nitric oxide (NO) in the gas phase. The anammox bacteria were not inhibited by the high
NO concentration but rather used it to oxidize additional ammonium to dinitrogen gas under conditions

relevant to wastewater treatment.

Nitric oxide (NO) has several different roles in bacteria,
fungi, and mammals (24). In nitrogen cycle bacteria, it acts as
an intermediate and cell communication/signal transduction
molecule. On the other hand, NO is a highly reactive and toxic
compound that contributes to ozone depletion and air pollu-
tion (5). Due to its reactive nature, many bacteria employ an
arsenal of proteins (those encoded by norl’W, as well as bac-
terial globins, heme proteins, etc.) that are used to detoxify NO
to the less-reactive and more-stable nitrous oxide (N,O) (24).
Still, N,O is a very effective greenhouse gas and an unfavorable
constituent in the off-gases from nitrification/denitrification ni-
trogen removal systems (4). The presence of gene(s) encoding
cytochrome cd,; nitrite reductase (EMBL accession no.
CAJ74898), flavorubredoxin NorVW (accession no. CAJ73918
and CAJ73688), and bacterial hemoglobin (accession no.
CAJ72702) in the genome of Kuenenia stuttgartiensis led to the
proposal that NO also plays this dual role (metabolic versus
toxic) in anammox bacteria (Fig. 1) (10, 20). This has ramifi-
cations for both application and metabolism of anammox bac-
teria. The source of NO in an anammox reactor could be the
activity of other community members (ammonium-oxidizing or
denitrifying bacteria) or high concentrations of nitrite in the
influent wastewater stream. Full-scale anammox reactors typ-
ically contain a significant population of ammonium-oxidizing
bacteria (AOB). In the single nitritation-anammox reactors,
these carry out the conversion of 50% of the ammonium in the
wastewater to nitrite (6). It has been shown that AOB may
produce significant amounts of NO (2, 7), and recently it was
reported that NO and N,O could be emitted from these reac-
tors up to 0.005 and 1.2% of the total nitrogen load to the
reactor, respectively (6, 23). NO may inhibit the anammox
bacteria and could also be further reduced to N,O in these

* Corresponding author. Mailing address: Radboud University Ni-
jmegen, Institute for Water and Wetland Research, Department of
Microbiology, 6525 AJ Nijmegen, Netherlands. Phone: (31)
243652557. Fax: (31) 243652830. E-mail: kartal@science.ru.nl.

T Present address: Board for the Authorisation of Plant Protection
Products and Biocides, 6707 AA Wageningen, Netherlands.

§ Present address: Merck Sharp & Dohme BV, 5342 CC Oss, Neth-
erlands.

1 Present address: Waterschap Aa en Maas, 5201 GA ’s-Hertogen-
bosch, Netherlands.

¥ Published ahead of print on 30 July 2010.

6304

reactors (6, 23). It is presently unknown whether anammox
bacteria contribute to the NO or N,O emissions, although it
has been suggested previously that anammox bacteria do not
produce N,O under physiologically relevant conditions (10).
Nevertheless, if conversion of NO could be coupled to anaer-
obic ammonium oxidation, the toxic air pollutant NO would
facilitate further removal of ammonium in full-scale anammox
bioreactors. In the present study, we investigated the effect of
very high NO fluxes on anammox bacteria.

NO has been described many times as a potent inhibitor of
nitrogen cycle bacteria; aerobic ammonium oxidizers, nitrite
oxidizers, and denitrifiers were all inhibited by concentrations
as low as a few micromolar units (1, 18, 24). In a previous
study, it was suggested that “Candidatus Brocadia anammoxi-
dans” could tolerate up to 600 ppm NO (approximately 1 mg
NO - day~ ! NO load) (16). In the reported experiments, with-
out direct measurement of nitrous oxide (N,O) in the effluent
gas stream, it was postulated that NO was reduced to N,O
(16). In the present study, we used a carefully monitored se-
quencing batch reactor (SBR) to further our understanding of
the effect and fate of NO in a laboratory-scale anammox re-
actor under conditions which are relevant in wastewater treat-
ment plants.

An SBR (working volume, 3.5 liters) consisting of approxi-
mately 80% of the anammox bacterium “Candidatus Brocadia
fulgida” and no detectable aerobic ammonium oxidizers (de-
termined by fluorescence in situ hybridization (FISH) as de-
scribed previously [15]) was used in the present study. Before
the first introduction of NO into the reactor, the influent (syn-
thetic wastewater) (21) was supplied to the reactor at a flow
rate of 1.4 ml - min~' with nitrite and ammonium concentra-
tions (assayed as previously described [9]) at 45 and 39 mM,
respectively (corresponding to a total of 2,370 mg N - day ).
All nitrite was consumed in the reactor, while 2 mM ammo-
nium was still present in the effluent. For every 1 mol of
ammonium, 1.22 mol of nitrite was consumed, similar to the
previously determined anammox stoichiometry (19). NO was
first introduced at a concentration of 400 to 600 ppm in the gas
phase at a flow rate of 10 ml/min (CLD 700EL chemilumines-
cence NOx analyzer, detection limit of 0.1 ppm NO, with 15
ml/min Ar/CO, as the dilution gas [a load of 25 to 28 mg
NO - day '[; EcoPhysics, Michigan). During this period, 45%
(£6%) of the supplied NO was removed from the system.
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FIG. 1. The hypothetical anammox pathway with possible routes of
NO removal. Solid black arrows: anammox pathway, including nitrite
oxidation to nitrate; gray arrow, possible detoxification pathway to
N,O (not observed in the bioreactor); dashed gray arrow, NO oxida-
tion to nitrite/nitrate (not possible under anoxic conditions).

Initially, there was no detectable change in the ammonium and
nitrite removal efficiencies and no detectable nitrous oxide
(N,O) in the flue gas (analyzed with an Agilent 6890 gas
chromatograph). It is most likely that NO was converted to N,
but the increase in the N, concentrations in the off-gas was
below the detection limit (1,000 ppm).

At day 49, the influent NO concentration was increased to
3,500 ppm (640 mg NO - day ' load). Simultaneously, the
stirring speed of the reactor was increased from 200 to 600 rpm
to enable better mass transfer to the flocculent anammox bio-
mass. The increase in the stirring speed did not result in any
disturbance in the floc size and settling ability of the biomass
but did lead to a much higher level of NO removal (128 mg
NO - day™ ') by the anammox bacteria. The converted NO
could theoretically be converted to N,O via detoxification en-
zymes or coupled to ammonium oxidation (Fig. 1). Surpris-
ingly, there was no change in the nitrite removal capacity of the
bioreactor, suggesting that NO was not a substrate preferred
over nitrite. Nitrate concentrations (assayed according to the
method in reference 9) were stable around 7.2 mM (*0.7
mM). Theoretically, as anammox bacteria reduce NO, they
could oxidize a larger proportion of nitrite to nitrate (Fig. 1) to

3-
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increase their capacity for CO, fixation; however, such an in-
crease in nitrate production was not observed (or could not be
discriminated by the method used [sensitivity, 100 uM]). Dur-
ing this phase of the experiment, the effluent ammonium con-
centration gradually decreased to below the detection limit
(Fig. 2). There was only a minimal N,O (0.6 ppm) emission
from the system, and the total N, production increased from
3,060 to 3,680 mg N, - day™'. This indicated that NO reduction
was coupled to the catabolism of the anammox bacteria rather
than being detoxified by anammox or other community mem-
bers. To the best of our knowledge, this was the first time that
such a high load of NO was not found to be toxic to the
nitrogen cycle bacteria. In a previous study, an NO load of 1
mg NO - day ' was reported to be toxic to anammox bacteria,
most probably due to the fact that the experiments were con-
ducted with biomass that had a 100-fold lower cell density and
10-fold lower activity compared to the current enrichment cul-
tures. Furthermore, the NO conversion in the current experi-
ments was stoichiometrically coupled to ammonium oxidation
and not converted to N,O, indicating that the previously re-
ported N,O emissions from full-scale anammox bioreactors
originated not with the anammox bacteria but rather with
other community members as hypothesized previously (8).
To determine if there could be more NO-dependent ammo-
nium removal, the influent ammonium concentration was first
increased to 41 mM (day 80) and then to 43 mM (day 81). This
resulted in a slow but gradual increase in the effluent ammo-
nium concentration, and additional ammonium did not appear
to be completely converted, most probably due to NO mass
transfer limitations. As a result of the higher level of ammo-
nium removal, the observed anammox stoichiometry in the
reactor decreased from 1.22 to 0.91 (nitrite/ammonium). Be-
tween days 95 and 131, the NO supply to the reactor was
turned off, which resulted in an average ammonium concen-

640 mg NO-d"'

NOoff < NO off <

100 150 200
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FIG. 2. Ammonium concentration in the effluent of the anammox

bioreactor. Dashed lines indicate the trend of effluent ammonium concen-

tration during different phases of the reactor operation. Black arrows indicate the manipulations to influent NO stream, and the gray arrow points

to an increase in the influent ammonium concentration. d, day.
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tration of 3.3 mM (+0.9 mM) in the effluent. Following this
period, on day 132, the NO load on the reactor was increased
back to 640 mg NO - day ' (Fig. 2). As a result, the effluent
ammonium concentration gradually decreased again to an av-
erage of 1.5 mM (*0.36 mM). The highest level of NO re-
moval achieved in this period was 371 mg NO - day~'. When
the NO supply was turned off on day 165, ammonium concen-
trations increased back to 3.5 mM (=0.71 mM).

During the course of the experiment, the biodiversity of the
reactor was monitored using FISH and 16S rRNA gene se-
quence analysis as described previously (15) with probes spe-
cific to eubacteria (3), Planctomycetes (13), anammox bacteria
(15), “Ca. Brocadia fulgida” (11), and a variety of aerobic
ammonium-oxidizing bacteria (12, 22). Before the experiments
started and throughout the cultivation of the anammox bacte-
ria with NO, the only detectable anammox species (with FISH
and 16S rRNA gene sequence analysis) was “Candidatus Bro-
cadia fulgida.”

In the present study, we showed that 2 mM ammonium
(45% of the influent concentration) could be removed by
anammox bacteria via direct coupling to NO reduction. These
observations support the proposal of NO as an intermediate of
the anammox reaction and have two consequences for appli-
cation of the anammox process for nitrogen removal. First, we
obtained strong indications that previously reported N,O emis-
sions (6, 8) from full-scale anammox reactors were not gener-
ated by anammox bacteria. In our experiments, even under a
very high load of NO, there was hardly any detectable N,O in
the effluent gas stream. The competition for nitrogen oxides by
denitrifying and anammox bacteria needs further study but
may ultimately be used to design operational conditions that
would reduce or even prevent NO and N,O emissions from
full-scale nitritation-anammox reactors. Second, by imple-
menting the results of this study, in the future the anammox
process could be designed to remove NO from flue gases. Since
NO is mostly emitted together with O,, this could be achieved
by the combination of anammox and aerobic ammonium-
oxidizing bacteria, for example, with CANON (completely
autotrophic nitrogen removal over nitrite)- or OLAND (ox-
ygen-limited autotrophic nitrification-denitrification)-type
reactor systems (14, 17).
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