
ENVIRONMENTAL BIOTECHNOLOGY

Reactivation of aerobic and anaerobic ammonium oxidizers
in OLAND biomass after long-term storage

Siegfried E. Vlaeminck & Joke Geets & Han Vervaeren &

Nico Boon & Willy Verstraete

Received: 18 August 2006 /Revised: 16 November 2006 /Accepted: 16 November 2006 / Published online: 11 January 2007
# Springer-Verlag 2007

Abstract The biomass of an oxygen-limited autotrophic
nitrification/denitrification (OLAND) biofilm reactor was
preserved in various ways to find a storage method for
both aerobic and anaerobic ammonium-oxidizing bacteria
(AerAOB and AnAOB). Storage occurred at −20°C with
and without glycerol as cryoprotectant and at 4 and 20°C
with and without nitrate as redox buffer. After 2 and
5 months, reactivation of AerAOB and AnAOB was
achieved with the biomass stored at 4°C with and without
nitrate and at 20°C with nitrate. Moreover, the presence of
the AerAOB and AnAOB was confirmed with fluorescent
in situ hybridization (FISH). Preservation in a nitrate
environment resulted in a lag phase for the AnAOB
reactivation. The supplied nitrate was denitrified during
storage, and a real-time polymerase chain reaction with
nitrifying and denitrifying genes allowed to estimate that
at least 1.0 to 6.0% of the OLAND biofilm consisted of
denitrifiers. It was concluded that reactivation after long-
term storage is possible and that preservation at 4°C
without nitrate addition is the recommended storage
technique. The possibility to store OLAND biomass will
facilitate research on AnAOB and can overcome larger-
scale start-up and inhibition problems of novel nitrogen
processes involving AnAOB.
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Introduction

Recently, several new nitrogen-removal processes have
been developed to treat wastewaters that are rich in
ammonium and poor in organic carbon (Ahn 2006). One
of these processes is oxygen-limited autotrophic nitrifica-
tion/denitrification (OLAND), a process in which ammoni-
um is autotrophically oxidized to dinitrogen gas with nitrite
as the electron acceptor under oxygen-limited conditions
(Kuai and Verstraete 1998). Similar processes are the
aerobic deammonification process (Hippen et al. 1997)
and the completely autotrophic nitrogen removal over
nitrite (CANON) process (Third et al. 2001). These
autotrophic processes consume 63% less oxygen and
100% less biodegradable organic carbon compared to the
conventional nitrification/denitrification process and there-
fore have a lower operating cost (Verstraete and Philips
1998). In its current technical configuration, the OLAND
process is operated in a rotating biological contactor (RBC),
producing a thick biofilm (Pynaert et al. 2003). The
OLAND biofilm consists primarily of two major groups
of bacteria responsible for autotrophic nitrogen removal:
the aerobic ammonium-oxidizing bacteria (AerAOB, Nitro-
somonas spp.) convert ammonium to nitrite with oxygen as
the electron acceptor and the anaerobic ammonium-oxidiz-
ing bacteria (AnAOB, close relatives of Kuenenia stuttgar-
tiensis, belonging to the Planctomycetales) subsequently
oxidize ammonium with nitrite as the electron acceptor
(Pynaert et al. 2003; Strous et al. 1998; Wyffels et al. 2003).

A current problem in research and industry is the lack of
considerable quantities of biomass capable of initiating this
form of autotrophic ammonium to dinitrogen conversion.
One of the reasons is that the AnAOB grow very slowly,
with an optimal doubling time of 11 days (Strous et al.
1998). In addition, the anammox reaction is easily inhibited
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by oxygen and nitrite. Very low oxygen levels (<0.04 mg/l)
inhibit reversibly (Strous et al. 1997) and high nitrite
concentrations (>100 mg N/l) inhibit irreversibly (Strous
et al. 1999). By seeding stored and reactivated OLAND
biomass into new set-ups, a rapid start-up of lab-scale
experiments or even full-scale reactors could be obtained.
Moreover, stored biomass would allow to quickly restore
the process whenever it is disturbed or inhibited.

Hence, the goal of this study was to find a simple and
adequate method to store highly active OLAND biomass.
Most conservation techniques have been developed mainly
for axenic microbial cultures. To our knowledge, only two
studies have reported on the conservation of a complex
microbial community. Vogelsang et al. (1999) reported on
the storage of a nitrifying culture by freezing and Laurin
et al. (2006) investigated the conservation of a denitrifying
sludge by freezing and starvation. The results of these
conservation studies are compared with the results from our
study in “Discussion”.

In the view of practical applicability on semi-industrial
scale, the storage of OLAND biomass was investigated at
three commonly available temperatures: deep-frozen at
−20°C and starved at 4°C and at 20°C. At these three
temperatures, the effect of a suitable additive was investi-
gated. For the frozen samples, the use of glycerol as a
cryoprotectant was tested, and at positive temperatures, the
addition of nitrate as redox buffer was examined. For the
nitrate treatments, nitrate concentration during storage was
monitored, and nitrate was re-added when necessary to
prevent the occurrence of sulphate reduction leading to
anaerobic conditions. The origin of the nitrate removal was
investigated by screening the original biomass with real-
time polymerase chain reaction (PCR) for denitrification
genes. After 2 months of storage, the activity of the
AnAOB as well as the AerAOB was tested in batch. The
treatments that allowed for reactivation were re-investigated
after 5 months, and fluorescent in situ hybridization (FISH)
was used to confirm the presence of the AerAOB and
AnAOB.

Materials and methods

Origin of biomass

The biomass was harvested from the lab-scale RBC
described by Pynaert et al. (2003). The reactor was operated
in a climate-controlled room at 34±1°C. At the moment of the
biomass harvesting, the reactor had a loading rate of 0.52±
0.02 g NH4

+–N l−1 day−1 and a nitrogen removal of 0.47±
0.03 g N l−1 day−1. Dissolved oxygen concentration and pH
in the reactor were 0.56±0.05 mg O2/l and 7.73±0.09,
respectively. Means and standard deviations were calculated

from 13 data points over a period of 2 months of stable
reactor operation. Biomass used for storage and reference
activity tests was harvested from the reactor by scraping off
parts of the biofilm (in the whole depth) of several discs.
The biomass had a dry matter content of 4.4±0.4%, and the
volatile suspended solids (VSS)-to-total suspended solids
(TSS) ratio was 91.4±0.9%. Microscopic investigations
showed that the biomass aggregate diameter varied from
about 250 to 1,000 μm.

Storage of biomass

To remove all dissolved nitrogen compounds originating
from the reactor liquid, the harvested biofilm biomass was
washed with tap water in a sieve (pore size 250 μm). For
storage in the freezer, plastic tubes of 50 ml were used. In
the glycerol treatment, 25 ml of glycerol solution was
added to 25 g of washed biomass, resulting in a final
glycerol concentration of 20%. For storage at 4 and 20°C,
60-ml serum flasks (55-ml active volume) were used, each
containing 35 g of biomass. As such, the final biomass
concentration was about 26 g VSS/l. In the nitrate treatment,
initially 20 ml of a NaNO3 solution (80 mg N/l) was added
to the biomass. The flasks were closed with butyl rubber
stoppers and aluminium caps. Three flasks per temperature
were reserved for frequent sampling through the septum to
monitor nitrate, nitrite and ammonium in the liquor. New
nitrate was added whenever the nitrate depletion was near.
Both at 4 and 20°C, nitrous oxide in the gas phase was
measured for the nitrate treatments after 5 months of
storage. For the samples stored without nitrate, 20 ml of
tap water was added to the biomass instead of the nitrate
solution.

Aerobic and anaerobic batch tests

The aerobic and anaerobic ammonium removal was tested
at the moment of biomass harvesting and after preservation
of the biomass. Aerobic and anaerobic batch experiments
were performed in triplicate as described by Windey et al.
(2005). In short, aerobic batch experiments were performed
in 250-ml Erlenmeyer flasks with 100-ml working volume.
Per Erlenmeyer, 0.1 g NH4Cl–N/l and a buffering solution
(final concentrations 1 g NaHCO3/l, 3.4 g KH2PO4/l and
4.4 g K2HPO4/l) were supplied to the biomass (0.22±
0.02 g VSS). The flasks were incubated on a shaker at 28±
2°C. During the experiment, pH and dissolved oxygen
concentration were monitored, and samples were taken for
ammonium, nitrite and nitrate analyses. For the anaerobic
batch tests, 120-ml serum flasks were used, containing
80 ml of mixed liquor. Once the biomass (0.22±0.02 g
VSS) and a buffering solution (final concentrations 1 g
NaHCO3/l and 0.04 g KH2PO4/l) were added, the flasks
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were closed with rubber stops and flushed with N2 gas.
Then, flushed substrate solutions of NH4Cl and NaNO2

were supplemented by means of needled syringes. Final
concentrations were 0.1 g NH4

+–N/l and 0.1 g NO2
−–N/l.

The flasks were incubated at 34±1°C, and liquid samples
were taken for ammonium, nitrite and nitrate analyses.

Chemical analyses

Ammonium was determined colorimetrically with Nessler
reagent according to standard methods (Greenberg et al.
1992). Both nitrite and nitrate were determined using a
Metrohm 761 Compact Ion Chromatograph equipped with a
conductivity detector. The operational parameters were as
follows: column metrosep A supp 5; eluent 1.06 g Na2CO3/l;
flow 0.7 ml/min; sample loop 20 μL. VSS and TSS were
determined by drying and weighing according to standard
methods (Greenberg et al. 1992). The pH was determined
potentiometrically with a portable Consort C532 pH meter.
The dissolved oxygen (DO) concentration was measured
with a portable Endress–Hauser COM381 DO meter. Nitrous
oxide was measured on a Shimadzu GC-14B gas chromato-
graph fitted with an electron capture detector. A 1-m
Porapack Q column separated N2O from the other gases,
and the temperature of the detector, injector and oven were
250, 100 and 35°C, respectively. The carrier gas helium was
flowing at 55 ml/min. Nitrous oxide dissolved in the aqueous
phase was accounted for (Moraghan and Buresh 1977).

Real-time PCR

Real-time PCR was used to quantify the denitrifiers in
OLAND biomass. DNA was extracted from 2-ml samples
according to Boon et al. (2000) and purified over a
Promega Wizard Minicolumn DNA purification kit. DNA
was resuspended in 100 μl H2O, and the DNA concentra-
tion was adjusted to 100 ng/μl, measured with a NanoDrop
ND-1000 spectrophotometer. Quantitative PCR was per-
formed on an ABI Prism® SDS 7000 (PE Applied
Biosystems). Amplification reactions were carried out with
the SYBR Green PCR master mix (PE Applied Biosys-
tems). Primer names, references and target genes are listed
in Table 1. An oligonucleotide concentration of 300 nM
and DNA template volume of 1 μl was added to 24 μl PCR
master mix in MicroAmp Optical 96-well reaction plates
(PE Applied Biosystems). Standard curves were con-
structed using reference organisms Nitrosomonas europaea
ATCC 19718 (for 16S rRNA AerAOB and amoA genes),
Paracoccus denitrificans LMG 4049T (for nirS and nosZ
genes) and Alcaligenes faecalis LMG 1229T (for nirK and
nosZ genes), obtained from the American Type Culture
Collection and the BCCM/LMG Bacteria Collection
(Ghent, Belgium). The standard curves had an R2 value of

0.98, 0.99, 0.98, 0.99 and 0.98 and a slope of −3.1, −3.3,
−3.8, −3.6 and −3.6 for 16S rRNA AerAOB, amoA, nirK,
nirS and nosZ, respectively.

FISH

FISH was used to investigate the presence of β-proteobac-
terial aerobic ammonia oxidizers and Planctomycetales in
stored and reactivated biomass. Biomass samples were
fixed in a 4% paraformaldehyde solution, washed with
phosphate-buffered saline and stored in phosphate-buffered
saline–ethanol (1:1) at −20°C until further processing
(Amann et al. 1990a). The following oligonucleotide
probes were used: (1) Cy3 labeled Nso1225, targeting β-
Proteobacteria ammonia-oxidizers (Mobarry et al. 1996),
(2) Cy3 labeled Pla46, targeting Planctomycetales (Neef et
al. 1998) and (3) a 1:1:1 mixture of FLUO labelled
EUB338I, EUB338II and EUB338III, targeting all bacteria
(Amann et al. 1990b; Daims et al. 1999). Image acquisition
was done on a Zeiss Axioskop 2 Plus epifluorescence
microscope using a Hamamatsu Orca IIIm camera.

Results

1. Nitrogen removal during storage of OLAND biomass
For the nitrate supplemented biomass, nitrate and nitrite

concentrations were monitored over time. Nitrate was
consumed during storage (Fig. 1), and to prevent anaero-
biosis, new pulses were given when nitrate depletion was
near. At 4 and 20°C, mean nitrate consumption rates were
0.08±0.01 and 0.59±0.14 mg NO3

−–N g−1 VSS day−1,
respectively. No significant amounts of ammonium were
detected in the liquid, and the largest observed nitrite
concentrations were 3.7 and 9.8 mg N/l at 4 and 20°C,
respectively. To elucidate the origin and biochemical nature
of the nitrate removal, a real-time PCR with nitrification
and denitrification primers was done on OLAND biomass
from the reactor. This revealed the presence of the nitrite
reductase encoding nirS and nirK and the nitrous oxide
reductase gene nosZ (Table 1), demonstrating the presence
of denitrifiers in OLAND biomass. In addition, the nitrous
oxide concentration in the gas phases was measured. From
this, it was calculated that 3.2±1.0 and 3.5±2.2 μg N2O–
N g−1 VSS day−1 were formed at 4 and 20°C, respectively.
Thus, the majority of consumed nitrate was denitrified
into dinitrogen gas, with 3.1±11% (at 4°C) and 0.68±
0.43% (at 20°C) of the removed NO3

−–N remaining as
N2O–N.
2. Activity tests on preserved OLAND biomass

After 2 months of biomass storage, the aerobic and
anaerobic ammonium-oxidizing capacity of the biomass
was investigated for the first time. The treatments that
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enabled for reactivation of both AerAOB and AnAOB were
also examined after 5 months of storage. The maximum
ammonium removal rate was calculated from the steepest
decrease in ammonium concentration between two sam-
pling points. A comparison of the resulting removal rates

relative to the activity of reference OLAND biomass is
presented in Fig. 2.

Biomass stored at −20°C could be reactivated aerobical-
ly, both with and without glycerol addition. The aerobic
ammonium removal was about three times higher with

Fig. 1 Nitrate (open square)
and nitrite (filled square) con-
centration (mg N/l) during an-
oxic storage of OLAND
biomass with nitrate addition.
Whenever nitrate was near to
depletion, a new nitrate pulse
was given (arrows). a Storage at
4°C. b Storage at 20°C. Means
and standard deviations were
calculated from a triplicate test.
Standard deviations for the ni-
trite concentrations were too
small to see on the graph
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glycerol added during storage. Reactivation of the AnAOB
was not successful: anaerobically, no ammonium was
removed, regardless of glycerol addition. Nitrite consump-
tion was observed, though, at a rate of 34±4 and 18±7 mg
N g−1 VSS day−1 for the treatments with and without
glycerol, respectively. As there was no anaerobic ammoni-
um removal after 2 months, no further tests were performed

after 5 months of storage at −20°C. Biomass stored at 4°C
showed an aerobic and anaerobic ammonium removal after
2 and 5 months of storage. This was the case for storage
with and without nitrate. Finally, biomass stored at 20°C
without added nitrate turned black after 1 week; therefore,
no further work was done on this particular biomass. For
the nitrate-supplied biomass, both aerobic and anaerobic

Table 1 Primer sets and copy
numbers of total bacterial and
selected nitrifier/denitrifier
genes as determined by
real-time PCR in OLAND
biomass

a Primers’ short names used in
the reference
b A mixture of CTO 189f A/B
and CTO 189f C at the weight
ratio of 2:1 was used as
the forward primer.

Primer namesa Primer reference(s) Target gene Gene copy number
per ml mixed liquid

Ratio gene
copy number/
16S rRNA

P338F (Ovreas et al. 1997) 16S rRNA (5.0±3.0)×108 1.0
P518r
CTO189f A/Bb (Kowalchuk et al. 1997) 16S rRNA AerAOB (2.7±2.0)×108 0.54
CTO189f Cb

CTO654R
amoA-1F (Rotthauwe et al. 1997) amoA (4.9±2.1)×108 0.98
amoA-2R
nirK 1F (Braker et al. 1998) nirK (7.0±2.1)×106 0.014
nirK 5R
nirS cd3AF (Throback et al. 2004) nirS (7.0±2.1)×105 0.0014
nirS R3cd
nosZ-F (Kloos et al. 2001) nosZ (5.6±2.8)×106 0.010
nosZ 1622R (Throback et al. 2004)

Fig. 2 Maximum specific aerobic and anaerobic ammonium-oxidizing
capacity of stored OLAND biomass relative to reference biomass
activity. Reference biomass converted 49±10 mg N g−1 VSS day−1

aerobically and 65±8 mg N g−1 VSS day−1 anaerobically. Results are
grouped per storage treatment; glyc and nitr stand respectively for the
addition of glycerol (20%) and nitrate during storage. Tests for

reactivation were done after 2 (2m) and 5 (5m) months of preservation,
except for the storage at −20°C, which was not tested after 5 months
(filled diamond). AerAOB aerobic ammonium-oxidizing bacteria,
AnAOB anaerobic ammonium-oxidizing bacteria. All experiments
were performed in triplicate
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activity could be partially restored after 2 and 5 months of
storage at 20°C.

Apart from the ammonium removal rate, the lag phase is
another reactivation aspect. The lag phase was defined as
the last sampling time without significant ammonium
removal. For the aerobic tests, no lag phases were observed
for biomass stored at −20, 4 and 20°C. For the anaerobic
tests, however, lag phases were seen for the nitrate
treatments (Fig. 3). This was not the case for storage
without nitrate at 4°C.

The presence of both AerAOB and AnAOB after
5 months of storage was confirmed with FISH. A probe
for all bacteria and a specific probe for either β-proteo-
bacterial aerobic ammonia oxidizers or Planctomycetales
was added to both stored and reactivated biomass. The
results for all treatments indicate that the aerobic ammonia
oxidizers and the Planctomycetales were present before and
after reactivation (Fig. 4).

Discussion

A problem in novel nitrogen removal processes involving
the use of AnAOB is the lack of considerable biomass
quantities. The goal of this study was, therefore, to provide
a simple technique for storage of a microbial community
containing AnAOB in casu OLAND biomass. Three of the
examined treatments have been found suitable for adequate
preservation of a biomass containing both AerAOB and
AnAOB: biomass stored without nitrate at 4°C and with
nitrate supplement at 4 or 20°C. All three treatments
allowed for both aerobic and anaerobic ammonium conver-

sion after a biomass storage period of 5 months. However,
the initial ammonium conversion capacity of the biomass
was not restored. Inactivation or die-off of AerAOB or
AnAOB as a function of storage time was not likely, as
removal rates after 5 storage months were higher than or
equal to those after 2 months. A possible explanation of the
partial reactivation is that the biomass was not fully
reactivated within the time frame of the reactivation test.
This was verified in an additional test: during reactivation
of biomass stored at 4°C with nitrate, a second substrate
pulse was given after AnAOB depletion of the nitrite. This
resulted in an ammonium removal of 36±2 mg N g−1 VSS
day−1, about twice as fast as the removal after the first pulse
(17±5 mg N g−1 VSS day−1).

Fig. 4 FISH pictures of reactivated OLAND biomass after 5 months
of storage at 4°C without nitrate supply. All bacteria are coloured with
the EUB probe mixture (green). a Aerobically reactivated biomass
hybridized with Nso1225 probe (red) highlighting ammonia oxidizers.
b Anaerobically reactivated biomass hybridized with PLA46 probe
(red) highlighting planctomycetes

Fig. 3 Lag phases observed during AnAOB reactivation of stored
OLAND biomass. Results are grouped per treatment; nitr stands for
the addition of nitrate. Grey bars show lag phases after 2 months of
storage, black bars after 5 months. No observed AnAOB lag phase is
indicated by filled diamond. Reported lag phases were the same for
each flask of the triplicate experiment, so standard deviations are zero
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During storage of the nitrate-added treatments, a steady
consumption of nitrate was measured. Therefore, nitrate
had to be re-added several times at both 4 and 20°C. As
preliminary tests with Fe3+ or Mn4+ as redox stabilizers
could not prevent the blackening of the biomass at 20°C,
nitrate was chosen as redox buffer in spite of its
consumption. The presence of the denitrification genes
nirS, nirK and nosZ, as well as the production of some N2O
in the absence of ammonium, prompts to conventional
heterotrophic denitrification as nitrate-removing process.
Heterotrophs have been found previously in autotrophic
nitrifying biofilms (Kindaichi et al. 2004). In reactor
systems, active nitrifiers release organic molecules from
substrate metabolism and biomass decay (Rittmann et al.
1994), which are then degraded and utilized by hetero-
trophs (Okabe et al. 2005). Yet, in the biomass storage test,
the origin of the electron donor for denitrification is unclear.
Supposedly, organic molecules, which were steadily released
from decaying biomass, fuelled the nitrate consumption.

The reference anaerobic ammonium-removal rate of
freshly harvested OLAND biomass (65 mg N g−1 VSS
day−1) allows quantification of the AnAOB. The responsi-
ble AnAOB (close relatives of K. stuttgartiensis; Pynaert et
al. 2003) was reported to remove 320 mg N g−1 VSS day−1

at a culture purity of 88% (Egli et al. 2001). Based on these
values, 18% of the OLAND biomass would consist of
AnAOB. The percentage nitrifiers and denitrifiers in the
OLAND biomass can be calculated using the real-time PCR
results (Table 1) and current genomic knowledge. The
redundancy of the amoA operon in nitrifier cells is species-
dependent and varies from two to three copies in β-
proteobacterial AerAOB (Norton et al. 2002). The N.
europaea genome has two amoA copies and one copy of
the 16S rRNA gene (Chain et al. 2003). These numbers of
N. europaea are in correspondence with the OLAND
biomass analyses, showing an amoA/16S rRNA AerAOB
ratio of almost 2 (Table 1). Therefore, the value of a single
16S rRNA AerAOB gene copy per OLAND nitrifying cell
(Nitrosomonas spp.; Pynaert et al. 2003) was assumed,
implying that at least 54% (Table 1) of the OLAND biofilm
consisted of AerAOB. Together with 18% AnAOB, the
maximum possible percentage of denitrifiers was 28%.
With one 16S rRNA copy per AnAOB cell (Strous et al.
2006), the non-AerAOB and non-AnAOB cells cannot have
more than six 16S rRNA copies per cell, on average. As the
nitrite reductase encoding nirK is also present in the nitrifier
N. europaea (Casciotti and Ward 2001), the denitrifier
percentage was calculated with the nitrous oxide reductase
encoding nosZ copy number, although not all denitrifiers
possess nosZ (Zumft 1997). As a nosZ-containing deni-
trifying cell contains one nosZ gene copy (Philippot 2002),
at least 1.0 to 6.0% (Table 1) of the OLAND bacterial
community consisted of denitrifiers.

Laurin et al. (2006) described the 17-month storage of a
denitrifying biofilm at 4 and at −20°C with and without
glycerol. Under starvation conditions at 4°C, inactivation or
die-off of the denitrifiers was suggested by the steady
decrease in the denitrification rate as a function of the
storage time. As a possible explanation, exposure to H2S was
put forward. In our study, nitrate addition effectively
prevented sulphate reduction at 20°C. At 4°C however, the
lower temperature restrained sulphate reduction for a period
of at least 5 months, rendering nitrate addition redundant.
The addition of nitrate at 4°C had even a small negative
effect on the AnAOB removal rates, which were significant-
ly lower compared to the treatment without nitrate (Fig. 2).
In the freezing experiments of Laurin et al. (2006), glycerol
had a beneficial effect on the survival of denitrifiers. This is
in correspondence with the difference we observed in anoxic
nitrite consumption rates after biomass freezing with and
without glycerol. As no organic carbon was added in the
anoxic batch tests, the observed denitrification rates suggest
that part of the biomass had died during storage and, as such,
released organic carbon, which became available for surviv-
ing heterotrophic denitrifiers.

Vogelsang et al. (1999) described the 2 to 3 months
storage of a gel-entrapped nitrifying culture at −80°C with
and without glycerol. Biomass frozen with glycerol main-
tained 40% of its activity, versus 60% without glycerol. The
findings of our study (Fig. 2), on the contrary, indicate a
better AerAOB survival after freezing at −20°C with added
glycerol (70%) than without glycerol (23%). Possibly, the
freezing temperature, the presence of nitrite oxidizers or the
biomass form (biofilm, suspended, gel entrapped...) influ-
ences AerAOB survival after freezing. For storage of
AerAOB at positive temperatures, all treatments allowed
for reactivation at more than 50% of the original ammoni-
um oxidizing rate (Fig. 2). Recently, Geets et al. (2006)
reviewed the physiological traits of AerAOB that are
advantageous for their survival under conditions of
substrate limitation, starvation and fluctuation. Three
strategies in particular are suitable for survival during
long-term ammonium and/or oxygen starvation. First of
all, AerAOB have a stable set of catabolic cellular
components such as energy-generating enzymes. This is
in correspondence with our observation that the aerobic
ammonium oxidation started very quickly upon reactiva-
tion of the stored biomass. As a second physiological
advantage, AerAOB have low decay rates and a low
maintenance-energy demand. Finally, cell-to-cell commu-
nication by AerAOB might initiate signalling pathways
involved in starvation survival. However, the AerAOB
production of signalling molecules during starvation has
not been demonstrated yet.

Concerning AnAOB, this is the first report on possible
biomass storage conditions. In nature, anammox was found
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to be co-responsible for N2 production in sea ice (Rysgaard
and Glud 2004). In our results however, AnAOB seemed
not able to survive freezing at −20°C, regardless of glycerol
addition (Fig. 2). Further research in this area could reveal
the possible influence of freezing rate, freezing temperature
or salinity on cryotolerance or cryosurvival of specific
AnAOB. From the three storage treatments that allowed for
AnAOB reactivation, lag phases of at least 24 h were
observed when storage occurred in a nitrate environment
(Fig. 3). This suggests the de novo synthesis of the
necessary RNA and enzymes for combining ammonium
and nitrite. Possibly, the AnAOB switch to a different
metabolism in the presence of nitrate. It is, for instance,
known that nitrate can act as electron acceptor for the
AnAOB oxidation of ammonium (Vandegraaf et al. 1995),
propionate (Guven et al. 2005) and iron (Strous et al. 2006).
Another possible factor influencing the AerAOB and
AnAOB lag phases is that the growth rates differ a factor
of 10: AerAOB have a growth rate of about 0.04 h−1 (Jetten
et al. 2001), whereas this is only 0.003 h−1 for AnAOB
(Strous et al. 1998).

Three techniques were found in this study to preserve a
biomass containing both AerAOB and AnAOB for at least
5 months. Both treatments with nitrate addition were
suitable and could possibly be improved by using a higher
nitrate concentration (e.g. 2 g N/l) to avoid repeated
changes in redox conditions due to frequent pulsing at
low nitrate concentrations. From the successful techniques,
we recommend storage of the biomass at 4°C without
nitrate addition. This treatment allowed for the best
AnAOB reactivation (55% of the original activity), no lag
phase was present upon AnAOB reactivation, and there was
no need for nitrate addition and monitoring. This study
provides a simple biomass storage method, which is most
likely applicable for any active biomass containing
AnAOB, as from the Anammox (deGraaf et al. 1996),
CANON (Third et al. 2001) or deammonification process
(Hippen et al. 1997). In a broader context, this study differs
from most conservation or long-term starvation studies that
not a single species or functionality was investigated but a
complex bacterial community with two concrete functions,
i.e. aerobic and anaerobic ammonium removal.
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