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Anaerobic ammonium oxidation is a recent addition to the microbial nitrogen cycle, and its metabolic
pathway, including the production and conversion of its intermediate hydrazine, is not well understood.
Therefore, the effect of hydroxylamine addition on the hydrazine metabolism of anaerobic ammonium-oxidizing
(anammox) bacteria was studied both experimentally and by mathematical modeling. It was observed that
hydroxylamine was disproportionated biologically in the absence of nitrite into dinitrogen gas and ammonium.
Little hydrazine accumulated during this process; however, rapid hydrazine production was observed when
nearly all hydroxylamine was consumed. A mechanistic model is proposed in which hydrazine is suggested to
be continuously produced from ammonium and hydroxylamine (possibly via nitric oxide) and subsequently
oxidized to N,. The electron acceptor for hydrazine oxidation is hydroxylamine, which is reduced to ammo-
nium. A decrease in the hydroxylamine reduction rate, therefore, leads to a decrease in the hydrazine oxidation
rate, resulting in the observed hydrazine accumulation. The proposed mechanism was verified by a mathe-
matical model which could explain and predict most of the experimental data.

The anammox process is the oxidation of ammonium with
nitrite as an electron acceptor—in the absence of oxygen—
resulting in the formation of dinitrogen gas (N,) (33). This
process has so far only been shown for certain organisms be-
longing to the order Planctomycetales (29). Because of its
unique ability to combine two different nitrogen compounds to
form dinitrogen gas (34) and its relevance to the global nitro-
gen cycle (4, 14, 15, 19, 23, 25), the anammox process has
gained much attention lately. Furthermore, the process was
successfully applied in wastewater treatment (8, 18, 35, 39).

Although catabolic pathways of anammox bacteria have
been proposed (31, 34), no definite catabolic scheme is avail-
able since none of the intermediates has been detected under
physiological conditions (when converting ammonium and ni-
trite). Hydrazine is suggested to be an intermediate because of
its production upon the addition of hydroxylamine (34) or
nitric oxide (NO) (B. Kartal, personal communication) in en-
richment cultures. Whether hydroxylamine and/or nitric oxide
are intermediates in the anammox process as well is unclear.
The presence of nirS (which encodes an enzyme that converts
nitrite exclusively to nitric oxide) in the genome of “Candidatus
Kuenenia stuttgartiensis,” however, implies that NO is an in-
termediate (31).

The production of hydrazine upon the addition of hydroxy-
lamine in microorganisms is unique, and thus, hydrazine mea-
surements following the hydroxylamine addition can be
regarded as a “benchmark” for anammox bacteria (9). There-
fore, hydroxylamine addition experiments were used during
several enrichment studies (5, 11, 12, 22, 36, 40), and the
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subsequent production of hydrazine was regarded as an indi-
cator of successful enrichment.

The unavailability of pure anammox cultures makes research
into the metabolism particularly challenging. Several comple-
mentary approaches have been used over the years to elucidate
the metabolism. First, enzymes were purified from anammox
enrichment cultures (3, 20, 26); second, anammox proteins
were expressed in Escherichia coli (7); third, the genetic blue-
print of an anammox bacterium was unraveled in an environ-
mental genome project (31); and finally, batch experiments
were performed with physically purified cells (10, 30).

Additionally, valuable information can also be obtained by
the disturbance of the metabolism of anammox bacteria by the
sudden addition of relevant chemicals. Perturbations lead to
an imbalance in the metabolism and, therefore, to measurable
changes in the concentration of intermediates. In this study, we
have used this perturbation approach by adding hydroxylamine
and monitoring the concentration of ammonium and hydrazine
in time. This dynamic response under different conditions was
used to evaluate the possible interaction between different
metabolic reactions in anammox cells and to evaluate the role
of hydroxylamine in anammox enrichments. Based on the data,
a metabolic model was constructed that was able to predict
most of the observed phenomena.

MATERIALS AND METHODS

Biomass origin. Two different anammox species were used in this study. Most
of the experiments used a biomass collected from a lab-scale anammox reactor,
containing a granular biomass from an earlier enrichment (37). The reactor
volume was 15 liters, with a liquid volume of 8 liters. The pH was not controlled
but was stable at 7.5 = 0.4. The temperature was controlled at 38°C. The
hydraulic retention time was 2.5 days. The reactor was fed with a medium which
was similar to the one described by Van de Graaf et al. (33) but with increased
ammonium and nitrite levels to obtain a total nitrogen load of 100 mM/day. The
reactor contained granules with an average diameter of 0.3 mm and a total
biomass concentration of 5 g C/liter. To maintain anoxic conditions and to
provide a pH buffer, the reactor was flushed at 25 ml/min with 95% Ar-5% CO,
(vol/vol). Fluorescence in situ hybridization analysis (hybridization with probes
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AMX-820 and KST-1273) showed that the enriched organism was “Candidatus
Kuenenia stuttgartiensis” in a proportion of about 70% of the total biomass. To
assess whether the findings were strain specific, a second set of experiments was
performed with a “Candidatus Brocadia fulgida” enrichment from a sequencing
batch reactor under similar conditions (13).

Biomass preparation. Thirty-milliliter samples from the enrichment reactor
were taken and washed with a nitrogen-free medium similar to that of Van de
Graaf et al. (33) but containing no ammonium, nitrate, or nitrite. Granules were
washed until the nitrate concentration was below 0.1 mM. The biomass was
transferred to 100-ml bottles, and the liquid volume was set to 50 ml with the
nitrogen-free medium solution. The bottles contained septa for sample taking
and were made anaerobic by sparging with 95% Ar-5% CO, (vol/vol). The
bottles were placed in a thermostated shaker (37°C, 150 rpm), and 1 ml of a 100
mM solution of ammonium [as (NH,),SO,] was added to achieve a starting
concentration of about 2 mM. After acclimatizing for 2 h, experiments were
started with the addition of NH,OH.

Hydroxylamine addition tests. A total of 0.25 to 5 ml of freshly prepared 100
mM NH,OH - HCI solutions were added to the test bottles to achieve initial
hydroxylamine concentrations of 0.5 to 10 mM. Samples were taken from the
bottles after short (5-s) settling of the granular biomass and immediately filter-
sterilized (0.2-pm filters). The filtrate was analyzed for hydroxylamine, hydra-
zine, ammonium, and—for selected samples—nitrate and nitrite. The concen-
trations were corrected for the volume removed by the sampling. The biomass
content was determined after the experiment by the measurement of the dry
weight (DW). As a negative control, the same experiment was performed with
the nitrogen-free medium in the absence of the biomass.

Influence of ammonium, short-chain fatty acids, and oxygen. Freshly prepared
hydroxylamine solution (2 ml, 100 mM) was added to the test bottles (prepared
as described above) to achieve an initial concentration of 4 mM. Ammonium,
formate, acetate, or propionate was added immediately to achieve a concentra-
tion of 2 mM in the test bottles. In the aerobic experiment, the sample bottles
were flushed with air (rather than with Ar/CO, gas) during preparation. During
this experiment, the headspace was in direct contact with the atmosphere. The
oxygen level was not measured, but in view of the low conversion rates, the liquid
was supposed to be saturated with oxygen throughout the experiment.

Effect of hydroxylamine on NO, N,O, and NO,. Because of the small volume
of the sample bottles, NO, N,O, and NO, could not be measured in the batch
tests, and therefore, the hydroxylamine addition experiments were also con-
ducted directly in the 15-liter enrichment reactor which contained the “Candi-
datus Kuenenia stuttgartiensis” biomass. The experiment was started by stopping
the influent and effluent pumps for 3 h, followed by the addition of hydroxy-
lamine (50 ml of 1 M NH,OH, giving a final concentration of 6 mM). Samples
were taken regularly for hydroxylamine, ammonium, nitrite, nitrate, and N,O.
The pH was measured online, and off-gas was collected continuously in sample
bags. From these sample bags, the NO and NO, levels were determined auto-
matically every 20 min.

Analytical procedures. The hydroxylamine level (30 to 100 M) was measured
spectrophotometrically using the method of Frear and Burrell (6). Briefly, 100 .l
of 0.5 M phosphate buffer (pH 7), 200 ul of 12% (wt/wt) trichloroacetic acid, and
200 wl of 1% (wt/wt) quinolinol in absolute ethanol were added to 2.7 ml of
(diluted) sample. After shaking, 1 ml of 10.6% (wt/wt) (1 M) Na,COj; solution
was added. The mixture was heated for 1 min in a water bath at 100°C. After
cooling (10 min), the hydroxylamine level was determined spectrophotometri-
cally at 705 nm (Novaspec 4049; Biochrom, Cambridge, United Kingdom). Hy-
drazine detection (3 to 30 wM) was performed using a modification of the
method of Watt and Chrisp (38). A total of 100 pl of hydrazine reagent (4 g
para-dimethylaminobenzaldehyde dissolved in 20 ml ethanol and 2 ml concen-
trated HCI) was added to 900 pl of the sample. After 20 min, the sample was
measured spectrophotometrically at 458 nm (Novaspec 4049; Biochrom, Cam-
bridge, United Kingdom).

Ammonium (1 to 143 wM), nitrite (43 to 429 uM), and nitrate (16 to 964 uM)
were detected using commercial test kits (Dr. Lange kits LCK304, LCK 341 and
LCK339, respectively; Hach Lange GmbH, Diisseldorf, Germany) and deter-
mined on a designated spectrophotometer (CADAS 50S). The standard devia-
tions of the measurements were estimated to be 5% of the measured value.
Acetate and propionate levels were determined by gas chromatography
(Chrompack CP 9001 equipped with a Hewlett Packard HP INNOWAX col-
umn). The pH was measured at the beginning and end of each experiment and
was always in the optimum pH range for anammox activity (32).

NO and NO, levels were measured in the gas phase using a chemilumines-
cence analyzer (CLD 700EL; Ecophisics, Ann Arbor, MI). The N,O level in the
liquid was measured off-line with a reversed Clark-type sensor (Unisense; Arhus,
Denmark).

APPL. ENVIRON. MICROBIOL.

Mathematical modeling. Simulations with the proposed kinetic model were
performed with AQUASIM software (version 2.0; P. Reichert, Swiss Federal
Institute for Environmental Science and Technology, Diibendorf, Switzerland).
The reaction volume was modeled as one homogeneously mixed compartment.
Rate equations were of Monod-type saturation for all relevant substrates. Re-
action stoichiometry and rate equations that were used are presented in the
Discussion section. The initial solute and biomass concentrations in the simu-
lated batch tests were set to the measured values.

Thermodynamic calculations. The Gibbs energy of the reaction (AGR") was
always calculated under standard conditions in the biological frame of reference
(temperature, 298 K; pressure, 1 bar; concentration of reactants and products, 1
M, pH 7). Values for the Gibbs energy of formation (AG,’) of H,O, N,, NH,*,
and NO were taken from the CRC Handbook of Chemistry and Physics (17). For
hydroxylamine and hydrazine, AG,” values of —23.4 and 127.8 kJ/mol, respec-
tively, were used. These values were calculated from standard reduction poten-
tials (16).

RESULTS

Hydrazine and hydroxylamine evolution in time. The results
of the batch experiments in which hydroxylamine was added to
the anammox cells in the absence of nitrate and nitrite are
shown in Fig. 1A. In all hydroxylamine addition tests, little
hydrazine accumulated (maximum concentration, ~5 to 10
wM) as long as hydroxylamine was still present. When hydrox-
ylamine was nearly completely converted, the hydrazine con-
centration rose within 5 min (up to 10-fold more than the
starting concentration) and then gradually decreased. Ammo-
nium production was significant in all experiments until the
appearance of the hydrazine peak. Thereafter, no significant
ammonium production could be detected. In the negative con-
trol (in which no biomass was present), a hydroxylamine con-
version rate of only 0.1 mM/h was estimated, and no hydrazine
could be detected at all. Thus, the rate of “chemical” hydrox-
ylamine conversion was too low to explain the observed behav-
ior, indicating that the process was biological in nature.

From the experiments with various biomass and hydroxy-
lamine concentrations, it can be seen that larger amounts of
the biomass in the experiment resulted in a shorter time before
the hydrazine peak appeared (Table 1) and the more rapidly
hydroxylamine was converted. Higher initial concentrations of
hydroxylamine resulted in a later appearance of the hydrazine
peak with the same amount of biomass (Table 1 and Fig. 2).

N,O and NO production. Experiments in which NO and
N,O levels were measured (Fig. 1C) were performed directly
in the 15-liter reactor. The evolution of hydroxylamine, ammo-
nium, and hydrazine in time in this reactor (Fig. 1B) showed
similar trends with the experiments in small (100-ml) bottles
(Fig. 1A). The N,O level in the liquid rose to 2 pM after the
hydroxylamine addition and remained constant until all hy-
droxylamine was converted. After the conversion of hydroxy-
lamine, the N,O level dropped again. The NO level in the gas
phase initially increased to 100 ppm (4 nM; this value corre-
sponds to about 2 wM in the liquid phase at equilibrium) and
decreased again after the hydrazine peak had reached its max-
imum. The slow logarithmic decrease of NO in the gas phase
after the hydrazine peak can be explained by the slow gas
dilution rate (the headspace had a volume of 7 liters, which is
a large amount compared to the gas flow rate of 25 ml/min).
Therefore, NO production can be assumed to have already
stopped when all hydroxylamine had been converted. NO, in
the gas phase was always below the detection level (<1 ppm or
<5% of the measured NO level).
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FIG. 1. Measured evolutions of different nitrogen compounds after hydroxylamine addition to anammox enrichments in small (100-ml) bottles
(A) and a large (15-liter) reactor (B, C). Hydroxylamine addition leads first to ammonium production and a slight hydrazine accumulation. A
transient hydrazine peak appears upon the near completion of hydroxylamine conversion. The experimental conditions were as follows: (A) 100-ml
bottle, 3.7 g DW/liter biomass, and 4 mM initial hydroxylamine concentration added at 0 h; (B, C) 15-liter cultivation reactor after a stop in the
feed (t = 0) and hydroxylamine added after 5.7 h. Symbols for panels A and B: ¢, NH,*; (], NH,OH; O, NO;~; —, pH; A, N,H,. Symbols for
panel C: , NO); *, NOg,; A, N,O. a.u., arbitrary units; subscripts (L) and (G), liquid phase and gas phase, respectively.

Measurements of nitrite seemed to show an accumulation
(up to 34 pM) upon the hydroxylamine addition. This level
decreased again after the conversion of hydroxylamine. How-
ever, a critical evaluation of the analytical procedure showed
that the measured nitrite value can be fully attributed to the
interference of nitric oxide on the analytical determination of

nitrite. Control measurements with water (containing no ni-
trite) sparged with 100 ppm NO (therefore, containing 2 pM
NO in the liquid) showed already a value of 10 wM nitrite.
Although clearly not a measure for nitrite, these measure-
ments are nevertheless useful as a qualitative indication of the
NO concentration in the liquid and are therefore shown in Fig.
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TABLE 1. Experimental conditions and main results of the hydroxylamine addition batch tests

Initial Time to Height of NH,* produced —ANH,*/ NH,OH N,H, disappearance
Experiment NH,OH N,H, N,H, peak at N,H, peak ANH,OH (elliter) conversion rate  rate after N,H, peak
concn (mM) peak (h) (nM) (mM) (mol/mol) (mmol/g DW/h) (mmol/g DW/h)

Different initial NH,OH 0.5 0.32 15 ND“ ND 54 0.31 0.0086

concns 1 0.47 26 ND ND 54 0.42 0.0070
2 0.43 62 0.26 0.23 5.1 0.91 0.010
2 0.75 57 0.39 0.20 4.8 0.71 0.017
4 1.5 53 1.3 0.31 52 0.51 0.010
4° 1.9 69 1.9 0.48 3.7 0.43 0.017
6 2.8 61 1.1 0.19 4.5 0.47 0.024
10 59 98 2.8 0.28 3.0 0.57 0.024
Different biomass concns 4¢ 0.8 82 0.9 0.22 7.8 0.66 0.012
4 43 59 1.0 0.27 2.1 0.41 0.006
Acetate addition (2 mM) 4 35 62 1.0 0.25 ND n.a/ n.a.

Different NH," concns
6 mM 4 3.1 96 ND ND ND n.a. n.a.
9 mM° 6 2.2 152 2.5 0.41 5.1 0.52 0.021
“Ca. Brocadia fulgida” 4 4.0 28 0.5 0.25 ND n.a. n.a.
enrichment

Presence of oxygen 4 No peak  No peak n.a. ND ND n.a. n.a.
Control (no biomass) 4 No N,H, No N,H, n.a. n.a. n.a. n.af n.a.

“ Estimate based on the amount of biomass in the reactor and the sample size.
b Experimental results were also depicted in Fig. 1A.

¢ Experimental results were used for model fitting and depicted in Fig. 5.

4 ND, not determined.

¢ This experiment was performed with 8 liters of biomass within the biomass cultivation reactor. Results are also shown in Fig. 1B and C.

/n.a., not applicable.
& The conversion rate was estimated at 0.1 mM/h (at 4 mM NH,OH).

1C. Corroborated with the NO measurements in the gas phase,
these measurements confirm the observation that NO accumu-
lated slightly upon the hydroxylamine addition but disappeared
again directly after the full conversion of the hydroxylamine.

Influence of the presence of acetate, formate, and propi-
onate. It has been shown that anammox bacteria can convert
short-chain fatty acids to CO, as an additional energy source
while nitrite is reduced to N, via ammonium. The produced
ammonium is immediately turned over to combine with nitrite
to form dinitrogen gas (10). Formate, acetate, or propionate
was added together with hydroxylamine in a series of batch
tests. However, none of these acids were found to affect the
conversion of hydroxylamine (Table 1), indicating that the
conversion of NH,OH could neither be further stimulated nor

NoH, [ HM]

Time [hours]

FIG. 2. Measured evolution of the hydrazine concentration after
the addition of various amounts of hydroxylamine. The initial hydrox-
ylamine concentrations (mM) are denoted in circles above the hydra-
zine maximum. The higher initial hydroxylamine levels led to a delayed
apparition of the hydrazine peak.

inhibited by these organic acids. The other general trends, such
as the ammonium production and the sharp hydrazine peak,
were also observed when the organic acids were added.

Influence of ammonium, nitrate, and oxygen. Varying the
ammonium concentration in the batch tests did not affect the
overall behavior. The initial concentrations of 2, 6, and 9 mM
(the latter not in the 100-ml vessels but directly in the 15-liter
reactor) all resulted in hydroxylamine conversion, ammonium
production, and sudden hydrazine accumulation (Table 1). As
the experiment in the 15-liter reactor, which gave results sim-
ilar to those from the 100-ml batch tests, was performed in the
presence of nitrate, nitrate (at least up to 12 mM) also seemed
not to influence the general behavior. Also, in the presence of
oxygen, hydroxylamine conversion occurred at a rate very sim-
ilar to the rate of conversion in the absence of oxygen. Hydra-
zine production, however, was not observed at all under these
conditions (Table 1).

Influence of anammox species. To determine whether the
sudden appearance of hydrazine was a specific effect for the
employed enrichment (consisting of “Candidatus Kuenenia
stuttgartiensis”), a batch experiment was also performed with
an anammox enrichment containing “Candidatus Brocadia
fulgida.” A qualitatively similar behavior was observed (the
sudden appearance of hydrazine and about 25% ammonium
production), but the hydroxylamine conversion was slower and
thus the hydrazine peak appeared later than in similar exper-
iments with “Candidatus Kuenenia stuttgartiensis.” Also, the
height of the hydrazine peak was lower (Table 1).

DISCUSSION

General trends. In our experiments, hydroxylamine was con-
verted in the absence of added electron acceptors by anammox
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bacteria. The control experiments in the absence of a biomass
(both in this study as, in the presence of nitrite, in the study by
Van de Graaf et al. [34]) did show a very low conversion of
hydroxylamine, indicating that the observed conversion was
not chemical in nature. When hydroxylamine is converted by
anammox bacteria, the main products are ammonium (about
25% of the converted hydroxylamine) and N,. The nitrogen
gas was not measured, but it is most likely the main end
product because no other gaseous nitrogen compounds (such
as N,O, NO, and NO,) were detected in appreciable amounts.
The conversion into ammonium and dinitrogen gas indicates
that the overall hydroxylamine conversion is a disproportion-
ation,

3NH,OH + H* — N, + NH," + 3H,0

with a AGR"" of —228 kJ/mol NH,OH. According to this dis-
proportionation, the yield of ammonium from hydroxylamine
is 0.33 mol/mol. This value is close to the experimentally de-
termined one of about 0.25 mol/mol.

Although hydrazine accumulation upon hydroxylamine con-
version has also been detected by others (5, 21, 22, 34), the
hydrazine peak has never appeared as suddenly as in this study.
The number of hydrazine samples taken from each experiment
in this study is substantially larger than the number taken from
the hydroxylamine addition experiments in most other studies.
It is therefore possible that the hydrazine accumulation had
also occurred in the previously reported experiments just as
suddenly as in this study but that the sampling frequency was
too low to notice this behavior. The maximum concentrations
of hydrazine reported in other studies are markedly higher
than in this study (up to 2.8 mM [5] compared with 100 nM in
this study). It was not possible, however, to correlate these
higher values in hydrazine level to differences in experimental
conditions or to a different type of anammox bacteria that was
used in these experiments.

The observation that the rate of hydroxylamine conversion
in the presence of oxygen was similar to the rate in the absence
of oxygen was quite unexpected, since oxygen is inhibiting the
conversion of ammonium and nitrite by anammox bacteria.
Hydrazine accumulation, however, could not be detected upon
(near) hydroxylamine depletion in experiments conducted in
the presence of oxygen (Table 1). This indicated that hydrazine
was not formed during this experiment or that the formed
hydrazine was immediately oxidized.

Influence of initial biomass and initial hydroxylamine con-
centrations. The relationship between the (initial) hydroxy-
lamine/biomass ratio and the time until the hydroxylamine
peak is linear. Therefore, the kinetics of hydroxylamine con-
sumption fit well with a zero-order reaction rate (Fig. 3). This
indicates that in the chosen range of the initial hydroxylamine/
biomass ratio, neither hydroxylamine limitation nor inhibition
took place. Also, the time to the hydrazine peak is inversely
proportional to the initial biomass concentration (Fig. 3),
which reflects a first-order dependency of the hydroxylamine
conversion rate on the biomass concentration. The initial hy-
droxylamine conversion rate was 0.6 (*£0.2) mmol NH,OH/g
DW/h on average. From the linear part of the decreasing slope
of the hydrazine peak, a net hydrazine conversion rate of 0.012
(%£0.006) mmol N,H,/g DW/h was estimated (see Table 1).
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FIG. 3. Results from batch tests in 100-ml bottles at various initial
hydroxylamine and biomass concentrations show that the time from
hydroxylamine addition until the time of appearance of the hydrazine
peak is proportional to the biomass-specific hydroxylamine concentra-
tion (M). In contrast, the maximum hydrazine concentration in each
experiment (A) is stable at a hydroxylamine/biomass ratio above 0.4
mmol NH,OH/g DW.

This rate is 20 to 80 times lower than the initial hydroxylamine
conversion rate. The hydrazine peak height reached a maxi-
mum of about 70 to 100 pM (Fig. 2) for an initial hydroxy-
lamine/biomass ratio of 0.4 mmol NH,OH/g DW. Essentially,
the behavior of the experiments at higher initial hydroxy-
lamine/biomass ratios were, after lower hydroxylamine bio-
mass ratios were reached during the experiment due to the
conversion of hydroxylamine, similar to the experiments
started at those lower ratios. Only for those experiments which
were started at an initial hydroxylamine/biomass ratio lower
than 0.4 mmol NH,OH/g DW was the hydrazine peak signif-
icantly lower.

Influence of the anammox species. The behavior of the
“Candidatus Kuenenia stuttgartiensis” enrichment employed
in this study was qualitatively similar to the behavior of the
“Candidatus Brocadia fulgida” enrichment. We cannot exclude
that the quantitative differences between the two enrichments
(in conversion rate and peak height) could be species specific.
It is, however, also possible that the mode of enrichment, level
of enrichment, differences in sample preparation, or time delay
between sample taking (in Nijmegen, The Netherlands) and
performance of the test (in Delft, The Netherlands) 16 h later
have led to the measured differences in peak height and hy-
droxylamine conversion rate.

Influence of other community members. Because no pure
anammox culture is available for experiments at this moment,
information regarding the anammox process is generally ob-
tained using enrichment cultures. The possible contribution of
other members of the anammox community to the hydroxy-
lamine conversion was not determined in this study. Other
possible community members are denitrifiers, nitrifiers, and
sulfate-reducing bacteria. However, to our knowledge, no hy-
drazine accumulation upon hydroxylamine addition by bacteria
other than anammox bacteria has been reported. Furthermore,
since hydroxylamine conversion and hydrazine production
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were always observed in anammox cultures (at several levels of
enrichment and probably with different community composi-
tions), it is unlikely that the other community members played
a significant role in the hydroxylamine conversion.

Source of NO and N,O. N, gas was the main oxidation
product of hydroxylamine conversion. From the nitrogen mass
balance during the experiment in the 15-liter reactor, the
amount of hydroxylamine which was converted into nitrous
and nitric oxide was estimated to be at maximum 0.01%. How-
ever, small amounts of N,O and NO did accumulate during
hydroxylamine conversion (Fig. 1C). This could indicate that
(i) nitrous oxide and/or nitric oxide were intermediates in the
hydroxylamine disproportionation, (ii) they were the end prod-
ucts of side reactions, or (iii) they were produced by other
community members than anammox bacteria. The different
options are discussed below.

(i) If nitric oxide or nitrous oxide were intermediates in the
hydrazine formation reaction (the first reaction; see the mech-
anism in the next paragraph), this implies the oxidation of
hydroxylamine to NO/N,O, followed by reduction to form hy-
drazine as proposed on the basis of the genome data (31).
Since NO is probably an intermediate in the anammox pro-
cess—more specifically, a substrate in the hydrazine formation,
as is suggested based on the genome information (31)—this is
indeed a possible mechanism. We are not aware of any indi-
cations that N,O can be converted by anammox bacteria, and
it is at the moment unlikely that N,O is an intermediate.

(ii) Hydroxylamine can also be converted to NO and N,O by
the hydroxylamine oxidoreductase enzyme present in substan-
tial amounts in anammox bacteria (20), and this side reaction
could be the source of the NO and/or N,O. Furthermore,
nitrous oxide production via one of several potential nitric
oxide detoxification enzymes identified from the anammox ge-
nome (10) is another possible anammox-related source of ni-
trous oxide.

(iii) Given the small amounts of N,O and NO produced
during the experiment, the possibility that other community
members (see the previous paragraph) are producing the ni-
trogen oxides cannot be excluded. These other bacteria would
then start to produce NO/N,O upon hydroxylamine addition.
Denitrification by heterotrophs is improbable, as there is no
known reaction of denitrification for hydroxylamine. Aerobic
ammonium-oxidizing bacteria, present in small quantities in
anammox enrichments, are known to produce NO and N,O,
especially under anoxic conditions (28), and this could be a
source of NO and N,O.

Possible mechanism of hydrazine accumulation. The sud-
den accumulation of hydrazine upon the full conversion of
hydroxylamine in the batch tests could be caused by: (i) a quick
increase in the production of hydrazine and/or (ii) a sharp
decrease in its conversion. The measured concentration
changes presented in Fig. 1 and 2 show that hydrazine concen-
trations increased gradually before they abruptly increased.
Possibly, at a hydroxylamine concentration of >0.2 mM, hy-
drazine is continuously turned over—that is, produced and
consumed at the same rate in different reactions—with only a
very small excess in its production rate. This would also be
consistent with the production of **N = N'* when **N-labeled
hydroxylamine or ammonium is employed in hydroxylamine
addition experiments (34).

APPL. ENVIRON. MICROBIOL.

A sudden rise in the net hydrazine production upon the near
completion of hydroxylamine conversion could only be ex-
plained by assuming a toxic or inhibitive effect of hydroxy-
lamine on the hydrazine production rate, as postulated by
Shimamura et al. (26). This mechanism could potentially ex-
plain the hydrazine production upon hydroxylamine addition
in the presence of nitrite and ammonium, as when hydrazine is
already being produced from ammonium and nitrite, inhibition
of the hydrazine oxidation reaction would immediately lead to
hydrazine accumulation. Our work (in the absence of nitrite)
does not suggest any inhibition by hydroxylamine, because if
hydroxylamine were to inhibit hydrazine oxidation, a stronger
inhibition at higher concentrations is likely. Therefore, the
addition of hydroxylamine would have led to the accumulation
of hydrazine immediately after the hydroxylamine addition
(when the hydroxylamine concentration was highest). The de-
layed hydrazine production observed in this study, taking place
only upon the nearly complete consumption of the hydroxy-
lamine, could therefore not be explained by hydroxylamine
inhibition.

A sudden stop in hydrazine conversion could, however, be
explained by a limited amount of electron acceptor in the later
stage of the experiments. A possible reduction reaction in the
system is the conversion of hydroxylamine to ammonium.
When coupled with hydrazine oxidation, the AGR" of this
reaction is —318 kJ/mol NH,OH, and thus, the reaction is
thermodynamically favorable. If this hydroxylamine reduction
reaction would cease or significantly slow down (e.g., because
of the depletion of one of the electron carriers or because of
the low affinity for its substrate, hydroxylamine), the oxidation
of hydrazine would suddenly stop as well.

Two possible schemes, based on such a sudden stop in hy-
drazine conversion upon the nearly complete conversion of
hydroxylamine, that could explain the observed disproportion-
ation and sudden accumulation of hydrazine are shown in Fig.
4A and B. Hydrazine conversion after the hydrazine peak
could run via a generalized (possibly multiple-enzyme) hydra-
zine disproportionation reaction (Fig. 4A) or could involve the
reverse of the hydrazine formation step, thus producing hy-
droxylamine and ammonium (Fig. 4B). The small amounts of
hydroxylamine produced in this way can be converted again to
ammonium with the remaining hydrazine (which is converted
to N,). Both mechanisms thus result in the same overall reac-
tion (see the first reaction equation below). However, the ac-
tual reversibility of the hydrazine-producing reaction is not
known, since the enzyme capable of this conversion has not
been purified and the plausibility of the reversibility assump-
tion thus cannot be tested.

In both schemes in Fig. 4, the following three metabolic
regimens can be distinguished from the evolution of the con-
centrations of nitrogen compounds in the hydroxylamine ad-
dition batch experiments.

(i) For regimen I, the hydroxylamine combination with am-
monium to form hydrazine is the rate-limiting step. Hydrazine
oxidation to N, is coupled with hydroxylamine reduction to
ammonium. In this regimen, the hydroxylamine concentration
falls and ammonium increases, while the hydrazine concentra-
tion remains at very low levels.

(ii) For regimen II, the ammonium production is strongly
slowed down when hydroxylamine is nearly depleted. There-
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FIG. 4. Two reaction mechanisms (A and B) can explain the response of ammonium and hydrazine toward hydroxylamine additions in
anammox enrichments. Three regimens can be distinguished in each mechanism. Regimen I (at high hydroxylamine levels) involves a continuous
turnover of hydrazine with ammonium and N, production. Regimen II (at low hydroxylamine levels) is a stop in hydroxylamine reduction, which
ceases hydrazine oxidation, leading to sudden hydrazine accumulation. Regimen III (at relatively high hydrazine levels and low hydroxylamine
levels) in mechanism A is the disproportionation of hydrazine into ammonium and dinitrogen gas; in mechanism B, regimen III is the slow removal
of hydrazine via oxidation to N, and the reversal of the hydrazine combination reaction. The possible place of NO as an additional intermediate
in hydrazine formation, and the resulting electron flows, are shown with dotted lines.

fore, hydrazine oxidation (which is coupled with hydroxy-
lamine reduction) is stopped, and as a result, hydrazine accu-
mulates.

(iii) For regimen III, the hydrazine concentration falls due to
its removal via two possible mechanisms: direct disproportion-
ation into ammonium and N, (Fig. 4A) or disproportionation
into ammonium and hydroxylamine, the latter further reacting
to ammonium while the remaining hydrazine is converted to
N, (Fig. 4B).

These reaction schemes involving NH,OH do not exclude
NO participation in the hydroxylamine disproportionation or
in the anammox metabolism, as both alternatives (Fig. 4A and
B) could possibly be extended to have NO as an additional
intermediate (as is shown in Fig. 4). The hydroxylamine com-
bination with ammonium to form hydrazine is still the overall
reaction in these schemes, but hydroxylamine is first converted
to nitric oxide. Nitric oxide (instead of hydroxylamine) subse-
quently combines with ammonium to form hydrazine. Since
the overall reaction is the same, the electron balance also
remains unaffected. The three-electron oxidation of hydroxy-
lamine to NO is balanced by the three-electron reduction from
the combination of NO and ammonium to form hydrazine.

Mathematical model. A mathematical model was constructed
to test the hypothetical metabolic schemes proposed for the hy-
droxylamine degradation. The model could describe the sudden
hydrazine accumulation and its subsequent consumption. The
reaction equations were based on alternatives A and B and were
constructed in such a way that in all reactions the electron and
element balances were satisfied. Ammonium (NH, ") was consid-
ered in all reactions instead of ammonia (NHj;), because at the
working pH (7.5), this is the dominant species, at least in the
extracellular solution. The pH effects were not taken into account

in this model. The notations and parameters used in the model
equations are presented in Table 2.

The first reaction is the hydrazine-forming step from ammo-
nium and hydroxylamine,

NH," + NH,OH — N,H, + H,0 + H*

with a AGR"" of —47 kJ/mol NH,OH and rate r, as follows:

CNHzOH

o=k -

CNHZOH + I(1,NHzOH

The rate dependency of the ammonium concentration was
neglected because (i) the measured ammonium levels (2 to 3
mM) are much higher than the half-saturation coefficients
(K,,,) for ammonium in bacteria (which are generally in the 10
to 100 M range) and (ii) batch experiments did not indicate
sensitivity of the reaction rate to the ammonium concentration
(Table 1).

In a second reaction, hydrazine oxidation to N, is coupled
with hydroxylamine reduction to NH,* as

2NH,OH + N,H, + 2H* — N, + 2NH,* + 2H,0

with a AGR"" of —318 kJ/mol NH,OH and rate r, as follows:

CNzH4 CNHzOH

Cx

r, =k, - . :
: P Ot Konone Cninon + Konion
The application of the combination of these first two reac-
tions in a mathematical model is capable of reproducing the
hydroxylamine consumption and the swift hydrazine accumu-
lation (results not shown). However, for the hydrazine con-
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TABLE 2. Parameters for the kinetic model of the hydroxylamine disproportionation in the experiment shown in Fig. 5

Value”
Parameter Description Unit
Model A Model B
k, Rate constant of hydrazine formation” mmol/g DW/h 0.25 0.29
ks Rate constant of ammonification” mmol/g DW/h 0.30 0.31
ks Rate constant for hydrazine disproportionation” mmol/g DW/h 0.024 n.ad
kg Rate constant for reversed hydrazine formation” mmol/g DW/h 0.080
Ki nmon Half-saturation constant for hydroxylamine conversion with mM 0.0011 0.010
ammonium into hydrazine®

Koo, Half-saturation constant for hydrazine oxidation to N,” mM 0.00063 0.00050
Ko N0 Half-saturation constant for hydroxylamine reduction to ammonium?® mM 0.14 0.20
Ksann, Half-saturation constant for hydrazine” mM 0.044 n.a.
Ksp ot Half-saturation constant for hydrazine® mM n.a. 0.0061
C, Biomass concn® g DW/liter 7.8 7.8
Cont, Initial hydrazine concn® mM 0.0001 0.0001

0.NH, Initial ammonium concn® mM 2.0 2.0

0,NH,OH Initial hydroxylamine concn® mM 4.1 4.1

“ Model A involved a separate hydrazine disproportionation reaction, whereas with model B, the hydrazine formation reaction was considered to be reversible. The
two reaction schemes are presented in Fig. 4.

b Parameters were fitted to the measured nitrogen species concentrations.

¢ Initial conditions were based on measured values.

4 n.a., not applicable.

sumption when all hydroxylamine is depleted (regimen III), a In the second alternative (reaction 3B), the reaction is the
separate reaction has to be introduced. reverse of reaction 1, that is,
Hydrazine disappears in this third reaction, which can be

+ +
either hydrazine disproportionation (Fig. 4A) or the reverse of N:H, + H" + H,O — NH," + NH,;OH

reaction 1 with the production of ammonium and hydroxy-  with a AG, of +47 kJ/mol N,H, and rate r,y as follows:
lamine (Fig. 4B). In the case of the direct disproportionation of
hydrazine, reaction 3A is employed as Crony

rp =k o m e G

N,H, + 4/3H* — 1/3N, + 4/3NH,* ,
The AGR" for reaction 3B is close enough to zero to make

: 0’ . . o . .
with a AG™ of —180 kJ/mol N,H, and rate r;, as follows: the assumption of reversibility plausible, since at the actual
C concentrations, after the hydrazine peak, of ammonium
Fan = Ky - NoHy .C (~1073 M), hydroxylamine (~10~> M), and hydrazine (~10"*
3 X .
Crony + Koo, M), the AG, is much closer to zero (~20 kJ/mol).
5 7 160
N 1 140
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E? i\,
: JAN, 1 120
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FIG. 5. The experimental results of a batch experiment with a hydroxylamine addition (CJ, hydroxylamine; A, hydrazine; ¢, ammonium) are
fitted with the kinetic models A (---) and B (—). The models are both capable of describing the observed phenomena quantitatively. The
experimental conditions (NH,OH, 4.1 mM; biomass, 7.8 g DW/liter) and all other parameters were taken from Table 2. N, is represented as a
cumulative production of mmol N, per mol liquid volume.
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The kinetic model both in reaction 3A as well as in reaction
3B satisfactorily could explain the experimentally determined
evolution of hydrazine concentration over time (Fig. 5). The
model parameters (i.e., the maximum rate constants and half-
saturation coefficients) were experimentally determined from
the batch experiment with 7.8 g DW/liter biomass and 4.1 mM
hydroxylamine. All the parameters for this kinetic model are
shown in Table 2.

The kinetic model with parameters thus obtained in one
batch experiment can be used to predict the effect of various
biomass and initial hydroxylamine levels in the other experi-
ments. However, the model is not capable of predicting exactly
the time at which the hydrazine peak occurs. The differences
between the model and the experiments can be fully attributed
to variances in the measured biomass-specific hydroxylamine
reduction rate. Because the overall reaction of the model is the
disproportionation of hydroxylamine in ammonium and N,,
the final ammonium production is fixed at one-third of the
converted hydroxylamine. Since the measured production is
actually about 25% lower, this shows a systematic error in the
prediction of the ammonium level.

In the described mathematical model, the affinity for hydrox-
ylamine is much lower than the affinity for hydrazine (that is,
Ko ninon = Konony)- A lower difference in affinities in the
model will result in a more gradual accumulation of hydrazine
(because the hydroxylamine reduction and thus the hydrazine
oxidation are slowed down earlier), which would not be in
agreement with the observed behavior. In anammox bacteria,
the enzyme responsible for ammonification is unknown, but
based on genomic (31) and enzymological (10, 20) informa-
tion, pentaheme nitrite reductase (NrfA), hybrid cluster pro-
tein (HCP), and the cd1 nitrite reductase (NirS) are candidates
for this conversion. The reported half-saturation constants of
these enzymes, purified from bacteria other than anammox
bacteria, with hydroxylamine as a substrate are high, ranging
from 0.6 mM to 30 mM (1, 2, 27). The values reported in these
studies are more than two orders of magnitude higher than the
K, value of these enzymes for nitrite (which is in the uM
range). The model requirement of a low affinity for hydroxy-
lamine in the ammonification reaction, therefore, seems to be
also plausible based on the nature of the enzyme(s) performing
this conversion.

Implications of the mechanism for the “normal” anammox
metabolism. The production of hydrazine in the presence of
excess hydroxylamine was originally considered a strong indi-
cation that hydrazine and hydroxylamine were both interme-
diates in the anammox process (34). However, recent evidence
points toward the reduction of nitrite to nitric oxide (not hy-
droxylamine) as the fist step in anammox metabolism, suggest-
ing that nitric oxide and hydrazine are the intermediates in the
anammox process (24, 31). The subsequent conversion of nitric
oxide and ammonium to hydrazine involves the coupling of two
nitrogen atoms, in combination with a three-electron reduction
reaction. If hydroxylamine were an additional intermediate,
there would be a separation of the three-electron reduction
(NO to hydroxylamine) from the formation of the N-N bond
(combination of hydroxylamine and ammonium to hydrazine).
If the combination of hydroxylamine and ammonium via the
mechanism that was proposed in this study takes place directly
(and not via NO [see Fig. 4]), the possibility exists that also
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under physiological conditions hydroxylamine is an (addi-
tional) intermediate in the anammox process. However, the
direct measurement of hydroxylamine during the conversion
of ammonium and nitrite is required to validate this hypoth-
esis.

Conclusions. Hydroxylamine was disproportionated by ana-
mmox enrichments into ammonium and N,. Hydrazine accu-
mulated slightly during the conversion of hydroxylamine but
rose sharply when nearly all of the hydroxylamine had been
consumed. NO and N,O were also produced in small amounts.
It was suggested that hydrazine was an intermediate in the
hydroxylamine disproportionation. In this hypothesis, the sud-
den accumulation of hydrazine was caused by the sudden stop
in the conversion of hydrazine, while the production still con-
tinued. Although the experiments were mostly performed with
one anammox species (“Candidatus Kuenenia stuttgartiensis”),
comparable results in a test with “Candidatus Brocadia
fulgida” indicate that the described phenomenon is a general
anammox characteristic. Two simple kinetic models were ca-
pable of explaining the observed behavior. Both models pre-
dict a very low hydroxylamine affinity for the hydroxylamine
reduction to ammonium, compared to the conversion of hy-
droxylamine with ammonium to form hydrazine.
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