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Abstract

Hydroxylamine is an intermediate in the oxidation of ammonia to nitrite, but until now it has not been possible to grow
Nitrosomonas europaea on hydroxylamine. This study demonstrates that cells of N. europaea are capabie of growing
mixotrophically on ammonia and hydroxylamine. The molar growth yield on hydroxylamine (4.74 g mol~! at a growth rate
of 0.03 h™ ') was higher than expected. Aerobically growing cells of N. europaea oxidized ammonia to nitrite with little loss
of inorganic nitrogen, while significant inorganic nitrogen losses occurred when cells were growing mixotrophically on
ammonia and hydroxylamine. In the absence of oxygen, hydroxylamine was oxidized with nitrite as electron acceptor, while
nitrous oxide was produced. Anaerobic growth of N. europaea on ammonium, hydroxylamine and nitrite could not be

observed at growth rates of 0.03 h™! and 0.01 h™'.
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1. Introduction

The oxidation of ammonia to nitrate by nitrifying
bacteria is considered to be a strictly aerobic process,
although there is evidence that autotrophic nitrifiers
can survive under oxygen limitation [1,2]. Under
oxygen limitation, significant inorganic nitrogen
losses have been observed [3,4]. These nitrogen losses
were due to the production of nitric oxide and ni-
trous oxide. The formation of NO and N,O by
ammonia oxidizers is attributed to reduction of ni-
trite by the enzyme nitrite reductase. The oxidation
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of hydroxylamine or hydrazine was suggested to
provide the reduction equivalents [5-7]. Organic
substances, such as pyruvate or formate, are also
suitable electron donors for NO and N,O production
{8]. The denitrifying activity of Nitrosomonas eu-
ropaea could not be related to growth, but it may
serve as a survival mechanism in anaerobic habitats

During mixotrophic growth of N. europaea on
ammonia and pyruvate, hydroxylamine is formed [8).
Although N. europaea oxidizes hydroxylamine to
nitrite, this substrate does not support growth even
when added continuously [9]. Utilization of hydrox-
ylamine as growth substrate by N. europaea under
hydroxylamine limitation has not been reported. This
paper describes the growth of N. europaea on mix-
tures of hydroxylamine and ammonium under aero-
bic conditions in chemostat culture. During transition
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experiments from aerobic to anaerobic conditions,
the potential for anaerobic growth of N. europaea
was investigated. We also show that, in batch experi-
ments under anaerobic conditions, N,O is produced
from nitrite and hydroxylamine.

During the review of the first version of this
manuscript, Bottcher and Koops published a paper,
in which growth of several ammonia-oxidizing bac-
teria on mixtures of ammonia and hydroxylamine in
batch cultures was described [20].

2. Materials and methods
2.1. Organism and cultivation

Nitrosomonas europaea LMD 86.25 was obtained
from the culture collection of the Department of
Microbiology and Enzymology, Delft, the Nether-
lands. N. europaea was routinely maintained in batch
cultures. Phenol red (0.05 mg 1~') was included as a
pH indicator. Sodium carbonate (7%) was used to
adjust the pH to 8. The cultures were incubated at
30°C in the dark. N. ewropaea was grown in a
synthetic medium containing per litre of demineral-
ized water: KH,PQ,, 0.2 g; (NH,),SO,, 2.64 g;
MgSO, - 7H,0, 0.04 g and 2 ml trace element solu-
tion. The trace element solution contained per litre of
demineralized water: EDTA, 50 g; ZnSO, - 7H,0,
2.2 g; Co(Cl, - 6H,0, 1.61 g; MnCl, - 4H,0, 5.06 g;
CuSO, - 5H,0, 1.57 g; (NH,)Mo,0,, - 4H,0, 1.10
g; CaCl, - 2H,0, 5.54 g; FeSO, - TH,0, 4.99 g. The
medium was autoclaved at 120°C, hydroxylamine
was filter-sterilized. Contamination by heterotrophs
was monitored by plating onto tryptone and yeast
extract agar with subsequent incubation at 30°C for 2
weeks.

2.2. Growth conditions

Continuous cultivations were performed in App-
likon laboratory fermenters with a working volume
of 10 1. The medium was automatically adjusted to
pH 8.0 with 1 M Na,CO,. The aerobic cultures were
continuously gassed with air and stirred at 400 rpm.
During the anaerobic period of the transition experi-
ments from aerobic to anaerobic conditions, the cul-
tures were gassed with 5% CO,/95% Argon. The

medium vessels were kept anaerobic by sparging
with Argon. The dissolved oxygen concentration was
monitored with a polarographic electrode (Ingold,
Urdorf, Switzerland). Ammonia-limited chemostat
cultures were grown on 20 mM NH; at a dissolved
oxygen concentration of 30% air saturation at 30°C
and at a dilution rate of 0.03 h™'. The chemostats
were wrapped in black paper to exclude light.

2.3. Anaerobic batch culture experiments

Anaerobic batch culture experiments were done in
the dark at 30°C in 30-ml thermostatically controlled
reaction chambers which were tightly closed with
butyl rubber septa after flushing with argon. The
cells for these experiments were obtained by contin-
uous centrifugation of 20 1 continuous culture fluid
at 10000 X g. The pellet was resuspended in anaero-
bic mineral medium. Biomass was determined after
each experiment. Ammonium, nitrite and hydroxyl-
amine concentrations were determined and rates cal-
culated. All experiments were performed at least
three times.

2.4. Analytical procedures

Nitrite was determined using the Griess-Romijn
reagent [10). Ammonia and hydroxylamine were de-
termined colorimetrically [11,12]. Nitrous oxide was
analysed with a gas chromatograph (Packard Instru-
ment company, USA) equipped with a TCD detector
and a 180-cm column of CTR packed with Porous
Polymer Mixture (Chromosorb 101). The term ‘am-
monium’ will be indicating both the protonated and
unprotonated forms, since, at the pH values used in
these experiments, ammonium and ammonia both
would be present. Dry weight of the cell suspensions
was determined by filtrating aliquots over nitrocellu-
lose filters (pore diameter 0.45 pm, Gelman Sci-
ences, USA). The cells were washed three times with
demineralized water and dried to constant weight.

2.5. Oxygen uptake experiments

Respiration rates of cells were assayed polaro-
graphically with a Clark-type oxygen electrode (Yel-
low Springs Instruments Inc., Yellow Springs, OH).
Cells from ammonia-limited chemostat cultures were



P. de Bruijn et al. / FEMS Microbiology Letters 125 (1995) 179-184 181

assayed directly in the culture fluid. Calculations
were made on the basis of an oxygen concentration
of 0.24 mM in air-saturated mineral medium at 30°C.

3. Results

3.1. Chemostat cultures grown on ammonium and
hydroxylamine

Growth of N. europaea in ammonia-limited
chemostat cultures was studied at a dilution rate of
0.03 h™!, being approximately 30% of its maximum
growth rate [13]. The molar growth yield of N.
europaea in these ammonia-limited chemostat cul-
tures was 1.43 g (mol ammonia)~'. This yield is
similar to values described for other N. europaea
strains [14]. The cells obtained from a steady state
culture were capable of oxidizing hydroxylamine at a
rate of 150 nmol min~! (mg dry weight)~!. Until
now, it has not been possible to grow N. europaea
on hydroxylamine, because of its toxic nature [6,9].
However, the observed capacity to oxidize hydroxyl-
amine suggested that N. europaea might be able to
grow mixotrophically on a mixture of ammonia and
hydroxylamine, provided that both compounds were
kept growth-limiting to prevent toxicity problems.
Therefore hydroxylamine was included in the
medium to a level that would not exceed the ob-
served hydroxylamine oxidation capacity. In this way
a mixotrophic steady state culture could be estab-
lished with hydroxylamine at undetectably low con-
centrations. Following a similar procedure, the hy-
droxylamine concentration in the medium reservoir
could gradually be increased without exceeding the
hydroxylamine oxidation capacity of the previous
steady state culture.

Addition of hydroxylamine to the reservoir
medium of ammonia-limited chemostat cultures re-
sulted in a linear increase of biomass density (Fig.
1). This indicated that N. europaea was able to grow
on hydroxylamine, while simultaneously oxidizing
ammonia. The increase in biomass was higher than
growth on ammonia alone (Fig. 1) and higher than
the theoretically calculated growth yield on a mix-
ture of ammonia and hydroxylamine. During growth
on ammonium and hydroxylamine, the nitrogen re-
covery in the form of nitrite was lower than expected
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Fig. 1. Effect of increasing concentrations of hydroxylamine and
ammonia in the reservoir medium on the biomass concentration in
chemostat cultures of N. europaea. The dotted line indicates the
theoretical growth yield on a mixture of hydroxylamine and
ammonia on the basis of electron availability. Circles, dry weight
on ammonium alone; triangles, mixotrophic growth yields on
ammonium and hydroxylamine.

for biomass formation (Table 1; 0.26 mM Ny s
for growth on 20 mM NH}). This gap in the nitro-
gen balance could be due to formation of nitrous
oxide, which was detected in the off gas. Formation
of N,O by N. europaea has also been described
previously [4,15]. Measurements of the affinity con-
stants (K,) for NH; (0.2 mM) and NH,OH (130
M) during growth on a mixture of ammonium and
hydroxylamine, or ammonia alone showed no signif-
icant difference.

Table 1
Nitrogen balances for growth of N. europaea on ammonia and
hydroxylamine

[NH; J(mM) [NH,O0H)(mM) [NO;](mM) N loss (%)

Medium Medium Culture fluid

20.0 0 19.3 35
29.8 0 29.5 1.1
26.9 1.4 25.2 10.0
19.8 8.0 233 16.2
19.0 9.8 24.4 15.3
210 10.4 26.2 16.6

Growth conditions: growth rate, 0.03 h™'; pH, 8.0; temperature,
30 °C.
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3.2. Anaerobic activity experiments

N. europaea cells incubated under anaerobic con-
ditions in the presence of a combination of nitrite,
hydroxylamine and ammonia, converted only nitrite
and hydroxylamine (Table 2). Also when cells were
incubated in the presence of nitrite and hydroxyl-
amine without ammonia, both nitrite and hydroxyi-
amine were consumed. In both cases nitrous oxide
was formed. When cells were incubated with nitrite
alone nitrous oxide was also formed, while nitrite
was consumed, probably by using reduction equiva-
lents derived from storage compounds as electron
donor. Incubation with hydroxylamine alone showed
no consumption of hydroxylamine and no formation
of nitrous oxide. This suggests that, under anaerobic
conditions, N. europaea uses nitrite as electron ac-
ceptor and produces nitrous oxide from nitrite with
hydroxylamine as electron donor. When the cells
were heat-inactivated, the concentrations of nitrite,
hydroxylamine and ammonia remained unchanged
while there was no formation of nitrous oxide. This
excludes chemical formation of nitrous oxide.

3.3. Transition experiments from aerobiosis to
anaerobiosis

N. europaea was cultivated in chemostat culture
at a dilution rate of 0.03 h™! and at a dissolved
oxygen concentration of 30% air saturation under
combined ammonia and hydroxylamine limitation
with a NH} /NH,OH ratio of 4. When the culture
had reached steady state, the dissolved oxygen con-
centration was decreased to 0% by gassing the cul-
ture with 5% CO, and 95% argon. At the moment of
the switch to anaerobic conditions, the nitrite concen-
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Fig. 2. Wash-out curve of N. europaea (@) and accumulation of
NH] (o) and NH,OH (+) during transition experiments from
aerobic to anaerobic conditions at a dilution rate of 0.03 h™}. The
dashed line indicates the thearetical wash-out.

tration was approximately 26 mM (Table 1), thus
providing ample electron acceptor for anaerobic
metabolism of hydroxylamine. In Fig. 2 the density
in the culture is presented as a function of time. It
can be seen that the density of the culture started to
decrease and that it followed the theoretical wash-out
line, thus indicating that there was no significant
growth. After the shift from aerobic to anaerobic
conditions, ammonia and hydroxylamine directly
started to accumulate into the medium. Anaerobic
growth of N. europaea was also not observed during
transition experiments at a dilution rate of 0.01 h™!
(not shown).

Table 2

Nitrous oxide production during anaerobic incubation in batch cultures of N. europaea cells (pH 8.0; 30°C) *

Addition Increase N,O Decrease NOy Decrease NH,OH
5 mM NOy 1 1 0

2 mM NH,0H 0 0 0

1 mM NH,0H + 5 mM NOj; 4 5 10

5 mM NO;, NH} 3 6 0

2mM NH,OH + 5 mM NH; 0 0 0

2 mM NH,0H + 5 mM NH; ,NOJ 4 3 5

Sterilized cells \] 0 0

® Values are velocity in nmol min~ ' (mg dry weight)~'.
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4, Discussion

Growth of N. europaea on hydroxylamine has not
been reported previously. Due to the toxicity of
hydroxylamine, substrate-limited growth conditions
are required for utilization of this compound by N.
europaea. It is well known that hydroxylamine is
toxic at millimolar concentrations [16). Cultures
growing on ammonia and hydroxylamine could only
be obtained by careful manipulation of the influent
hydroxylamine concentration. When ammonia and
hydroxylamine were present in the culture at
growth-limiting concentrations, N. europaea could
use hydroxylamine as a source of energy for growth.
The increase in biomass concentration as a result of
hydroxylamine addition was 4.74 g mol™' or 1.18 g
(mol redox equivalents)"'. The molar growth yield
of N. europaea in ammonia-limited chemostat cul-
tures grown at the same dilution rate was 143 g
mol™" or 0.72 g (mol redox equivalents) '. Thus,
the energetic value of the hydroxylamine redox
equivalents is (1.18:0.72) X 100% = 164% of that of
the redox equivalents from ammonia oxidation. Stud-
ies have shown that hydroxylamine and ammonia
oxidation are coupled to proton translocation (171
The H* /O ratios reported for hydroxylamine are 3.9
and for ammonium ions 2.7 [17). The energetic value
of hydroxylamine redox equivalents should be
(3.9:2.7) X 100% = 144% of that of the redox equiv-
alents from ammonia oxidation, which is still 20%
less than the measured values.

During growth of N. europaea on ammonia, a
gap of 2% in the nitrogen balance was found (Table
1). This gap could be due to formation of nitrous
oxide by a nitrite reductase. It is well known that
ammonia-oxidizing bacteria produce small amounts
of nitrous and nitric oxides in addition to nitrite.
Gorreau et al. [3] found a yield of 2.5% total N as
N,O for N. europaea. During growth on ammonia
and hydroxylamine, the gap in the nitrogen balance
increased to 16% (Table 1), which is comparable to
the value observed by Stitven et al. [8]. A soluble
nitrite reductase has been characterized from N.
europaea which catalyses the reduction of nitrite to
N,O and of O, to water. [18]. When nitrite is used as
electron acceptor instead of oxygen, the limited
amount of oxygen present can be used by the
monooxygenase (K for O, = 15-20 pM). Oxida-

tion of hydroxylamine to nitrite does not require
molecular oxygen [19). Cells of N. europaea pro-
duced N,O by the reduction of nitrite under anaero-
bic conditions (Table 2). Production of N,O in-
creased when cells were incubated with hydroxyl-
amine and nitrite, while hydroxylamine was con-
sumed. This indicates that N,O is formed by oxida-
tion of hydroxylamine using nitrite as electron accep-
tor.

Although it would seem possible for N. europaea
to grow anaercbically while oxidizing hydroxyl-
amine, shift experiments from aerobic to anaerobic
conditions at a dilution rate of 0.03 h™' showed that
N. europaea was unable to grow under these circum-
stances, even when the dilution rate was decreased to
0.01 h™' (Fig. 2). During these experiments, ammo-
nia and hydroxylamine accumulated into the medium.
The failure to grow N. europaea anaerobically is
probably the result of inhibition effects of hydroxyl-
amine observed in biochemical reactions involving
autotrophic CO, fixation [6]. It would be highly
interesting to grow N. europaea in chemostat cul-
tures under hydroxylamine limitation to enable accu-
rate estimates of growth yield and maintenance sub-
strate consumption.
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