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Abstract

Until now enrichments of ammonia-oxidizing bacteria from natural ammonium-limited environments have been performed mainly in the
presence of much higher ammonia concentrations than those present in the natural environment and many have resulted in the enrichment
and isolation of environmentally less important bacteria. Therefore, we used continuous cultures to enrich ammonia-oxidizing bacteria at
growth-limiting ammonium concentrations of around 5 WM from the root zone of the macrophyte Glyceria maxima from the lake
Drontermeer (The Netherlands). Molecular analysis at the end of the enrichment experiments showed that all continuous cultures consisted
of Nitrosomonas cluster 6a, which comprises also Nitrosomonas ureae and Nitrosomonas oligotropha. This was independent of whether
Nitrosomonas- or Nitrosospira-like bacteria were dominant in the inoculum. Thus all known ammonia-oxidizing bacteria belonging to
Nitrosomonas cluster 6a are able to grow at very low ammonium concentrations. ß 2001 Federation of European Microbiological
Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Ammonia oxidation, the chemolithoautotrophic oxida-
tion of ammonium to nitrite via hydroxylamine [1] is in
many ecosystems limited by the availability of ammonium
[2,3]. Additionally the ammonia-oxidizing bacteria have to
compete with heterotrophic bacteria and plants for the
available ammonium in natural environments. Laboratory
experiments are showing that ammonia-oxidizing bacteria,
like Nitrosomonas europaea, are very bad competitors for
ammonium compared to heterotrophic bacteria [4,5] and
plants [6,7]. These results indicate that there is low ammo-
nium availability for the ammonia-oxidizing bacteria in
the oxygenated parts around roots of submerged plants.
For example, the ammonium concentration in pore water
samples from the root zone of the macrophyte Glyceria
maxima varied between 0.3 and 0.8 mM over one year
[8] and in a fertilized paddy soil close to the rice root it
was 0.15 mM [9].

Enrichments and isolations of ammonia-oxidizing bac-

teria have been done up to now at a wide range of initial
ammonium concentrations: 0.67 mM [10], 0.75 mM [11],
1.4 mM [12], 3.78 mM [13], 10 mM [14,15], up to more
than 100 mM ammonium [11,12,16,17]. The pH value of
the medium was in the most cases between 7 and 8. But
unfortunately present culture methods resulted only in the
isolation of a fraction of the total diversity of the ammo-
nia-oxidizing bacteria [18].

Therefore we chose a di¡erent approach to enrich am-
monia-oxidizing bacteria at low ammonium concentra-
tions. The goal of this study was to investigate whether
there were ammonia-oxidizing bacteria which are speci¢-
cally adapted to grow at low ammonium concentrations
and whether other factors like low oxygen or the addition
of carbon had also an in£uence on the outcome of the
enrichment experiments. We present continuous culture
experiments in which ammonia-oxidizing bacteria were en-
riched at low ammonium concentrations. As an inoculum
we used sediment from the root zone of the macrophyte G.
maxima from the lake Drontermeer (The Netherlands).
The community development in the continuous cultures
was followed with denaturing gradient gel electrophoresis
(DGGE). The bands belonging to the ammonia-oxidizing
bacteria were identi¢ed by sequencing the excised bands
from the DGGE.
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2. Materials and methods

2.1. Site description and sampling

Sediment samples were taken inside the root zone of the
macrophyte G. maxima (reed sweet grass) at the lake
Drontermeer, near the township of Elburg (52³58PN,
5³50PE), transported to the lab, and stored in PVC cylin-
ders at 4³C. For a more detailed site description we refer
to Bodelier et al. [8].

2.2. Extraction of bacteria

Bacteria were extracted according to the method de-
scribed by Jacobsen and Rasmussen [19]. Sediment sam-
ples (85 g each) were shaken at 150 rpm for 30 min in
0.85% NaCl solution and spun down for 5 min at 3000
rpm. The pellet was extracted twice with 8.5 g Chelex 100,
100 glass beads (q= 3 mm) and 170 ml NDP solution
(0.1% sodium deoxycholate and 2.5% polyethylene glycol
6000) at 150 rpm for 1 h and spun down again at 3000
rpm for 5 min. All supernatants were pooled and spun
down for 20 min at 12 000 rpm. The pellets were washed
twice with 0.85% NaCl. Afterwards the cells were diluted
in mineral salt medium without ammonium to get an ali-
quot of cells present in 10 g sediment, which was used as
inoculum for the chemostats. This method of extraction
based on Chelex 100 was used for the continuous culture
experiments Ch2^Ch5. Chelex 100 produces hydrogen per-
oxide, which inhibits the hydroxylamine oxidoreductase
[20]. Therefore we inoculated Ch1 and Ch6 directly with
10 g sediment and observed no di¡erences between the two
methods.

2.3. Medium

Mineral salt medium containing di¡erent amounts of
ammonium, 10 mM NaCl, 1 mM KCl, 0.2 mM
MgSO4W7H2O, 1 mM CaCl2W2H2O and 1 ml l31 trace ele-
ments [5] was used to enrich the ammonia-oxidizing bac-
teria. For the batch experiments we added two and a half
times more HEPES (4-(2-hydroxyethyl)piperazine-1-etha-
nesulfonic acid) than ammonium calculated on the molar
basis to keep the pH value around 7.0. The pH of the

media used for the batch experiments was adjusted to
7.8 with sodium hydroxide before autoclaving. After au-
toclaving a KH2PO4 solution was added to get a ¢nal
phosphate concentration of 1 mM.

2.4. Continuous culture experiments

The continuous culture enrichments were carried out in
Biostat M fermenters (B. Braun, Melsungen, Germany)
[5]. All cultures were kept at a temperature of 25³C and
a stirrer speed of 300 rpm. The pH was adjusted to
7.5 þ 0.1 by adding Na2CO3 solution.

At the start continuous cultures containing mineral salt
medium without ammonium were inoculated with 10 g
sediment or bacteria extracted from 10 g sediment. Then
the pumps were started to add new mineral salt medium
with ammonium in di¡erent concentrations (Table 1) at a
dilution rate of 0.014 h31. Di¡erent conditions like re-
duced oxygen partial pressure and addition of casamino
acids were applied to the continuous cultures (Table 1).
When the ammonium was consumed completely, we in-
creased the ammonium concentration in the reservoir to
get more biomass in the cultures.

The chemostats were sampled daily to determine the
ammonium, nitrite and nitrate concentrations and every
third day (i.e. after every volume change) for molecular
analysis.

2.5. Batch culture experiments

Batch culture experiments were done in 100 ml Erlen-
meyer £asks with 50 ml HEPES-bu¡ered medium. In some
experiments the ammonium was measured from time to time
and if it was consumed, new ammonium and sodium hy-
droxide were added to restore the ammonium concentration
and pH value. The growth rate was determined by measuring
the nitrite and nitrate concentrations and calculated via ln
transformation of the nitrite plus nitrate contents [21].

2.6. Chemical analysis

The samples were analyzed immediately or stored at
320³C. Ammonium was determined colorimetrically [22].
Nitrite and nitrate were measured with high-pressure

Table 1
Experimental set up of the di¡erent continuous culture experiments to enrich ammonia-oxidizing bacteria

Continuous culture
experiments

Initial NH�4 concentration
in the reservoir (mM)

pO2 (%) Casamino acids concentration
in the reservoir (mg l31)

Inoculum Sampling
date

Start of the
chemostat

Ch1 0.5 16 sediment Nov. 1997 Nov. 1997
Ch2 0.5 16 extracted bacteria Nov. 1997 Nov. 1997
Ch3 0.05 16 extracted bacteria Nov. 1997 Jan. 1998
Ch4 0.05 20 4 extracted bacteria Nov. 1997 Jan. 1998
Ch5 0.05 1 extracted bacteria Nov. 1997 Jan. 1998
Ch6 0.1 16 sediment Apr. 1998 Jan. 1999
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liquid chromatography (HPLC). We used a HPLC con-
sisting of a LC-XPD pump (Pye Unicam), a guard column
Ionpac AG9-SC and a separator column Ionpac AS9-SC
(Dionex, Breda, The Netherlands). The columns were
£ushed with a helium degassed carbonate bu¡er (2 mM
Na2CO3, 0.75 mM NaHCO3, pH 9.3) with a £ow rate of
0.8 ml min31. Nitrite and nitrate were detected with an
UV detector (Milton Roy, Riviera Beach, FL, USA) at a
wavelength of 214 nm. Sampling was done with a Mara-
thon autosampler (Spark Holland, Emmen, The Nether-
lands).

2.7. Molecular analysis

For the molecular analysis after every volume change
50 ml of chemostat culture liquid or 10 ml of the batch
cultures were ¢ltered through a 0.2-Wm membrane ¢lter
NC20 (Schleicher and Schuell, Dassel, Germany). These
¢lters were cut into two pieces, put into 2-ml screw-
cap tubes and stored until further analysis at 380³C.
Sediment samples (0.5 g) from the beginning of the ex-
periment were also stored in 2-ml screw-cap tubes at
380³C.

2.8. DNA extraction

We added 0.7 ml high salt MgCl2 lysis bu¡er (HSB)
[23] and 0.5 g 0.1 mm diameter acid-washed zirconium
beads to the ¢lters or to the sediment in the 2-ml
screw-cap tubes. The tubes were shaken twice on a
Mini Bead beater for 30 s at 5000 rpm and stored
in-between on ice. Afterwards the samples were stored
for at least 30 min on ice. Then 0.07 ml HSB with
CTAB (hexadecyltrimethylammoniumbromide) was ad-
ded to get a ¢nal CTAB concentration of 1% and
the samples were again shaken on the Mini Bead
beater. After centrifugation for 5 min at 10 000 rpm,
0.5 ml of the aqueous phase was transferred to a new
screw-cap tube and extracted once with bu¡er saturated
phenol (pH 8) and twice with phenol/chloroform/
isoamylalcohol (25:24:1; pH 8). The DNA in 0.4 ml of
the aqueous phase was precipitated with 0.04 ml 3 M
sodium acetate (pH 5.2), 0.8 ml 96% ethanol and 2 Wl
glycogen overnight at 320³C. After centrifugation at
13 000 rpm for 30 min the DNA was washed once
with 70% ice-cold ethanol and spun down again
(13 000 rpm, 5 min). The pellet was vacuum-dried for
2 min, resuspended in 100 Wl TE bu¡er (1UTE = 10 mM
Tris, 1 mM EDTA, pH 8), dissolved for 30 min at
60³C, and stored at 4³C (short term) or 380³C (long
term).

2.9. PCR, DGGE and phylogenetic analysis with ammonia
oxidizer-speci¢c primers

The DNA was directly ampli¢ed with the CTO189F-

GC/CTO654-R primer set [24,25] with the following mod-
i¢cations: we used 1.75 mM Mg2� and 40 cycles of PCR.

We were not able to amplify the DNA from all starting
cultures with this direct PCR approach, so we used a
nested approach for the comparison of the di¡erent con-
tinuous cultures with their starting cultures. First the
DNA was ampli¢ed with the LAMOf/LAMOr primer set
[17]. The PCR products were diluted 1:100 or 1:1000 and
used as template for a PCR with the CTO primers [24,25].

DGGE (denaturing gradient gel electrophoresis) was
done as described by Kowalchuk et al. [24] with modi¢ca-
tions from De Bie et al. [25] and the sequencing of the
DGGE bands and the analysis of the data as described by
De Bie et al. [25]. For sequencing the center of the band
was cut out and incubated overnight in 50 Wl TE at 4³C.
The supernatant was used for a PCR with the CTO primer
set. Afterwards the PCR products were reanalyzed on
DGGE to con¢rm the recovery of the excised bands and
used without further puri¢cation for sequencing. Sequenc-
ing was done with internal Cy5-labeled primers 357F and
518R [26] and a cycle sequence kit (Amersham Pharmacia
Biotech, Little Chalfont, UK) according to the manufac-
turer's instructions. Sequence reactions were analyzed on
an ALF express II (Amersham Pharmacia Biotech, Little
Chalfont, UK) according to the manufacturer's instruc-
tions.

Sequences were determined with ALF express Sequence
Analysis Software (Amersham Pharmacia Biotech, Little
Chalfont, UK). Alignment of the sequences was done with
the Dedicated Comparative Sequence Editor program
(DCSE) [27] including sequences from the ssu rRNA data-
base (Antwerp, Belgium) [28]. Distance analysis of 402
nucleotide positions (Escherichia coli numbering: 206^
608) of the alignment was performed with Treecon version
1.3b software [29] using Jukes-Cantor (1969) [55] correc-
tion. Gaps were not taken into account in the analysis.
The bootstrap analysis was based on 100 replicates. Addi-
tionally maximum parsimony and distance analyses of the
sequences were done with the PHYLIP version 3.5c [30].
All methods showed the same grouping in the phyloge-
netic tree. The overall clustering of the di¡erent clusters
of ammonia-oxidizing bacteria in the tree remained the
same, when using 400 or 1100 bp for tree building (results
not shown). The sequences determined in this study have
been deposited in the EMBL database under the accession
numbers: AJ299043^AJ299057.

2.10. PCR with amoA-speci¢c primers and restriction
fragment analysis of the products

The DNA from the end cultures of the continuous cul-
ture enrichments was also ampli¢ed with the amoA1F*/
amoA2R primer set speci¢c for the amoA gene of the L-
subgroup ammonia-oxidizing bacteria [31,32]. The PCR
products were digested with the restriction enzyme MspI
and analyzed on a 2.5% agarose gel [32,33].
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3. Results

Ammonium limitation in the littoral zone of macro-
phytes in the lake Drontermeer is assumed to be the con-
trolling factor of the activity of the ammonia-oxidizing
bacteria [8]. We used continuous cultures to enrich these
bacteria under more natural conditions, i.e. low ammo-
nium availability.

All six continuous culture enrichments were following a
similar pattern, resulting in a growth-limiting substrate
concentration of around 5 WM, and the enrichment of a
special group of Nitrosomonas-like bacteria.

3.1. Continuous culture enrichment Ch6

First we show the continuous culture enrichment Ch6 in
detail (Fig. 1A,B): The ammonium concentration was in-
creasing in the beginning (Fig. 1A). Nitrite and nitrate

production started after one and two volume changes,
respectively. Already after 4.5 volume changes the ammo-
nium concentration in the continuous culture was lower
than 10 WM and reached a steady-state value of around
5 WM. After 10 volume changes the ammonium concen-
tration in the chemostat increased a little, because the
ammonium concentration in the reservoir was increased
from 0.1 to 0.2 mM ammonium. At the same time the
nitrite concentration in the culture reached a value below
the detection limit indicating that the complete nitri¢ca-
tion sequence took place.

After every volume change a sample was taken for mo-
lecular analysis, comprising DNA isolation, PCR, DGGE
and sequencing. DGGE of PCR products obtained with
the ammonia oxidizer-speci¢c primers resulted partly in
multiple bands due to the use of degenerated primers
[24] (Figs. 1, 2, and 5). All bands indicated in the ¢gures
by circles were excised, reampli¢ed, and separated again

Fig. 1. Inorganic nitrogen dynamics and molecular analysis of the continuous culture experiment Ch6 during 14 volume changes ( = 42 days). A: Am-
monium, nitrite and nitrate concentrations. B: Denaturing gradient gel electrophoresis (DGGE) of PCR products obtained with direct PCR with ammo-
nia oxidizer-speci¢c primers. Codes indicate excised bands from which sequences have been determined (see Fig. 3). (AOB marker, ammonia oxidizer
marker; Nsm cl6, Nitrosomonas cluster 6; Nsp cl1, Nitrosospira cluster 1; Nsp cl3, Nitrosospira cluster 3.)
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on DGGE. If they resulted in the same multiple banding
pattern (i.e. Fig. 2, Ch1S) only one of these bands was
used for sequencing. The DGGE of the PCR products
ampli¢ed with ammonia oxidizer-speci¢c primers (Fig.
1B) showed in the starting culture one dominant band.
After two volume changes, when ammonium oxidation
had started, a second band came up. The two bands coex-
isted in the chemostat over 10 volume changes until the
end of the experiment, indicating that bacteria correspond-
ing to these bands remained present in the culture. Se-
quencing of the bands showed that both sequences are
belonging to di¡erent groups of Nitrosomonas cluster 6a
(Fig. 3).

Parallel to the continuous culture enrichment experi-
ment Ch6 we inoculated batch cultures containing 0.5
mM ammonium with the sediment (1% w/v) to investigate
a possible di¡erence in the outcome of the enrichment
related to di¡erent initial ammonium concentrations. In
these batch culture enrichments ammonium was oxidized
within a few days and DGGE showed the enrichment of
the ammonia-oxidizing bacterium, which was already do-
minant in the starting culture (Ch6S; results not shown).

3.2. Comparison of the di¡erent continuous culture
enrichments

Ammonium and nitrite consumption in the other con-

tinuous culture enrichments showed almost the same pic-
ture as continuous culture experiment Ch6. In the contin-
uous culture enrichments Ch1^Ch4 nitrite production
started later after 3^5 volume changes and nitrate produc-
tion after 8^14 volume changes. The continuous culture
experiment Ch5 running under oxygen-limited conditions
with an oxygen partial pressure of 1% O2 produced no
nitrite for eight volume changes (24 days) and two subse-
quent weeks running without further medium addition.
After this time, the continuous culture was completely
switched o¡. However, testing for nitrite 3 days later
showed low amounts of nitrite. At that moment the oxy-
gen partial pressure in the culture had increased to 5% O2.
Therefore everything was switched on again to reestablish
the previous conditions. Three days later 0.05 mM ammo-
nium was completely oxidized to nitrite and the pumps
were started to add new medium. Nitrate was never de-
tected in this continuous culture indicating that no nitrite
oxidation took place.

The growth-limiting substrate concentrations presented
in Table 2 were determined in all continuous culture en-
richments as the mean of the ammonium concentration
over the last 3^5 volume changes assuming the cultures
to be at the steady state. They were lower than 10 WM
ammonium in all cultures.

To compare all starting cultures with the end cultures of
the di¡erent continuous culture enrichments we performed

Fig. 2. DGGE of the nested PCR products from the starting and end cultures of the di¡erent continuous culture enrichments. Codes indicate excised
bands from which sequences have been determined (see Fig. 3) (S, starting culture; E, end culture). (AOB marker, ammonia oxidizer marker; Nsm cl6,
Nitrosomonas cluster 6; Nsp cl1, Nitrosospira cluster 1; Nsp cl3, Nitrosospira cluster 3.)
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DGGE analysis of PCR products obtained with a nested
PCR approach (Fig. 2). The additional PCR step was
necessary to get PCR products of all starting cultures. In
contrast the DNA of the end cultures of all continuous
culture enrichments could be ampli¢ed also without the

nested approach. A comparison by DGGE of the PCR
products from the nested and the direct approach showed
only one additional DGGE band in the nested PCR prod-
ucts from the continuous culture enrichment Ch6 (Figs. 1
and 2). Sequencing the excised bands obtained by the di-

Fig. 3. Neighbor-joining phylogenetic tree of the 16S rRNA sequences from the ammonia-oxidizing bacteria enriched in continuous and batch cultures.
Codes (in bold) are corresponding with the names in Figs. 1, 2 and 5.

FEMSEC 1279 26-11-01

A. Bollmann, H.J. Laanbroek / FEMS Microbiology Ecology 37 (2001) 211^221216



rect and the nested PCR approach showed almost no dif-
ferences (6 1%) between the sequences (results not
shown). For the cultures Ch1 and Ch2, DGGE analysis
showed that the location of the bands representing the
starting culture was di¡erent from those representing the
end culture (Fig. 2). Sequencing the bands resulted in se-
quences closely related to Nitrosospira sp. Np2221 and
Nitrosospira sp. C128 in the starting culture and to Nitro-
somonas cluster 6a-A in the end culture (Fig. 3). The con-
tinuous cultures Ch3, Ch4 and Ch5 were inoculated with a
starting culture, which was closely related to the end cul-
ture, and all were belonging to Nitrosomonas cluster 6a-A
(Fig. 3). The culture Ch6 started with an ammonia-oxidiz-
ing bacterium belonging to Nitrosomonas cluster 6a-B and
resulted in a mixture of the starting culture (Nitrosomonas
cluster 6a-B) and two other ammonia-oxidizing bacteria
belonging to the Nitrosomonas clusters 6a-A and 6a-C,
respectively. In comparison we enriched members of Ni-
trosomonas cluster 6a-A in all continuous cultures. At the
end of the di¡erent enrichments wall growth was observed
in all continuous cultures. DGGE analysis indicated that
there were no di¡erences in the ammonia-oxidizing com-

munities present in the culture liquid and in the bio¢lm on
the wall of the vessel (results not shown).

In addition to the 16S rRNA-based PCR approach, we
ampli¢ed the DNA of the end cultures of all continuous
culture experiments with amoA-speci¢c primers and di-
gested the PCR products (Fig. 4). The restriction pattern
obtained from the di¡erent continuous cultures was sim-
ilar to the pattern of newly isolated (Bollmann, A., unpub-
lished results) and already cultured members of Nitroso-
monas cluster 6a.

3.3. In£uence of di¡erent initial ammonium concentrations
on the enrichment culture Ch6

The results of the molecular analyses indicate that mem-
bers of Nitrosomonas cluster 6a were dominant among the
ammonia-oxidizing bacteria in the continuous culture en-
richments.

The continuous culture enrichment Ch6 ended up with a
coculture of two (direct PCR approach) or three (nested
PCR approach) di¡erent ammonia-oxidizing bacteria. We
did a batch experiment with this coculture to investigate if
the initial ammonium concentration had an in£uence on
the ¢nal community structure of the ammonia-oxidizing
bacteria. Therefore we inoculated 10% of the culture liquid
from the continuous culture experiment Ch6 into batch
cultures with di¡erent initial ammonium concentrations
(0.1, 0.25, 1.0, 2.5, 10 mM). When these cultures had con-
sumed all ammonium, they were supplied with ammonium
and sodium hydroxide to restore the initial ammonium
concentration and a pH value of 7.5^7.8. Molecular anal-
ysis showed that the two major bands Ch6E2 (Nitrosomo-
nas cluster 6a-B) and Ch6E3 (Nitrosomonas cluster 6a-A)
of the continuous culture enrichment experiment had dis-
appeared in all batch enrichments (Fig. 5). Only the am-
monia-oxidizing bacteria corresponding to the third band
(Ch6E1, Nitrosomonas cluster 6a-C, Fig. 3) could be re-
covered in the batch cultures. With the exception of one of

Table 2
Growth-limiting ammonium concentrations in the di¡erent continuous
culture experiments

Continuous culture experiment Growth-limiting ammonium
concentration (WM)a

Ch1 7.0 þ 1.1
Ch2 7.5 þ 1.9
Ch3 6.1 þ 2.4
Ch4 4.1 þ 2.5
Ch5 4.5 þ 1.9
Ch6 6.8 þ 3.6

Continuous cultures were running under comparable conditions: 25³C,
300 rpm stirrer speed, D = 0.014 h31, pH = 7.5 þ 0.1.
aValues are calculated as mean ( þ S.D.) from the ammonium concentra-
tions at the last 3^5 volume changes (n = 9^15).

Fig. 4. Restriction patterns of amoA PCR products after digestion with MspI from the di¡erent continuous culture enrichments in comparison with iso-
lates. Isolates Is32 and Is86 are belonging to Nitrosomonas cluster 6a and Is79A3 and Is5 to Nitrosomonas cluster 6a-A based on 16S rRNA sequence
analysis (Bollmann, A., unpublished results).
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the two ammonia-oxidizing bacteria appearing in the cul-
tures incubated at an initial ammonium concentration of
10 mM (Fig. 5, Ba 10-1) we observed a clear shift of the
dominant ammonia-oxidizing bacteria with increasing ini-
tial ammonium concentration. At initial ammonium con-
centrations of 0.1 mM and 0.25 mM, members of Nitro-
somonas cluster 6a-C, at 0.25 mM, 1 mM, and 2.5 mM,
members of Nitrosomonas cluster 6a-D and at 10 mM, a
member of Nitrosomonas cluster 6, related to strains from
marine and estuarine environments arose (Figs. 3 and 5).
The additional band in the cultures incubated at 10 mM
ammonium (Ba 10-1) could originate from cells that
started to grow when the ammonium concentration again
reached lower values.

3.4. Growth behavior of the enrichment culture Ch5

The ammonia-oxidizing bacteria in the continuous cul-
ture enrichments were growing at ammonium concentra-
tions around 5 WM. DGGE analysis of three continuous
cultures showed only one band, indicating the dominance
of only one ammonia-oxidizing strain. In the three other
cultures more than one band appeared, indicating cocul-
tures of more than one ammonia-oxidizing bacterium. We
enriched the culture from the continuous culture Ch5 fur-
ther, to make sure that only one ammonia-oxidizing bac-
terium was present. This culture was incubated at di¡erent
ammonium concentrations to investigate whether these
bacteria are also able to grow at higher ammonium con-
centrations (0.5^10 mM, Fig. 6). The ammonia-oxidizing
bacteria started to grow exponentially after 28^40 days,
depending on the initial ammonium concentration. The

calculated growth rates showed an optimum curve with
the highest value at an initial ammonium concentration
of 5 mM ammonium. We monitored the ammonia-oxidiz-
ing bacteria with DGGE. No new bands appeared, indi-
cating that no other ammonia-oxidizing bacteria, which
can be detected with the primer system, grew up (results
not shown). Additionally at higher ammonium concentra-
tions members of Nitrosomonas cluster 6a-A will be out
competed by other ammonia-oxidizing bacteria if present
(Fig. 5).

4. Discussion

Despite the di¡erent starting cultures and the di¡erent
conditions applied (Table 1) we enriched bacteria from
Nitrosomonas cluster 6a-A in all continuous cultures
(Figs. 2 and 3), indicating that Nitrosomonas cluster 6a-
A had excellent competitive abilities under the prevailing
conditions. We assume that the low growth-limiting am-
monium concentration (6 10 WM) is the factor, which
makes the conditions favorable for the enrichment of
this group.

4.1. Nitrosomonas cluster 6a

The good competitive abilities of the Nitrosomonas clus-
ter 6a-A-like bacteria enriched at low ammonium concen-
trations could be due to the fact that the bacteria belong
to a phylogenetic group that is adapted to grow at low
ammonium concentrations. Cultured representatives like
Nitrosomonas sp. JL21, Nitrosomonas sp. AL212, Nitroso-
monas ureae, Nitrosomonas oligotropha, and two other iso-
lates had lower Ks or Km values for ammonia than N.
europaea, Nitrosomonas eutropha and close relatives
[12,35^37]. Thus all known isolated ammonia-oxidizing
bacteria belonging to Nitrosomonas cluster 6a are able to

Fig. 5. DGGE of PCR products obtained with direct PCR with ammo-
nia oxidizer-speci¢c primers from the batch experiment inoculated with
the end culture of the continuous culture enrichment experiment Ch6.
Codes indicate excised bands from which sequences have been deter-
mined (see Fig. 3). (AOB marker, ammonia oxidizer marker; Nsm cl6,
Nitrosomonas cluster 6; Nsp cl1, Nitrosospira cluster 1; Nsp cl3, Nitro-
sospira cluster 3.)

Fig. 6. Growth rates (day31) (mean þ range, n = 2) of the community of
continuous culture Ch5 observed at di¡erent initial ammonium concen-
trations.
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grow at low ammonium concentrations. But these bacteria
are also able to grow at higher initial ammonium concen-
trations (Fig. 6), although they showed a long lag phase,
indicating that the bacteria had to adapt to the higher
ammonia availabilities. Three genes encode the ammonia
monooxygenase, the key enzyme converting ammonia to
hydroxylamine [1] and each gene is present in two or more
copies [38,39]. N. europaea has two copies of the amoA
gene [40]. Mutations in one of the copies of the gene
showed that N. europaea is able to grow with only one
active copy [41]. One of these mutants is growing slower
than the wild-type, the other one at the same rate [41]. So
one of the reasons that these bacteria are able to grow at
very low ammonium concentrations could be that there is
a di¡erential expression or regulation of amoA.

In all continuous culture systems we observed wall
growth. Molecular analysis showed no di¡erence between
the ammonia-oxidizing bacteria in the culture and on the
wall of the vessel (results not shown). Attachment of am-
monia-oxidizing bacteria can have several positive e¡ects
on the ammonia-oxidizing bacteria, like the increase of the
ammonia-oxidizing activity [42,43], the reduction of the
lag phase [44], and the increase of the activity at low pH
values [45,46]. Hence attachment of the ammonia-oxidiz-
ing bacteria could decrease the growth-limiting substrate
concentration in the continuous cultures.

The closest relatives of the enriched ammonia-oxidizing
bacteria were clones obtained from lakes and lake sedi-
ments in the Netherlands and Belgium and from contami-
nated groundwater by growth-independent molecular
methods [47,48], indicating that we enriched a widely dis-
tributed and probably environmental important group of
ammonia-oxidizing bacteria. There are only a few other
studies investigating ammonia-oxidizing bacteria from
freshwater environments. AmoA sequences from clones
from the Scho«hsee in Germany clustered together with
N. ureae [31,33]. In other oligotrophic and eutrophic lakes
other Nitrosomonas-like ammonia-oxidizing bacteria have
been found. Some belong to Nitrosomonas cluster 7,
whereas the a¤liation of others is not clear [10,49^51].

4.2. Nitrosomonas cluster 6a versus Nitrosospira

Nitrosospira-like bacteria, which were present in starting
cultures of the continuous culture experiments Ch1 and
Ch2 (Figs. 2 and 3) and also in sediment samples from
the root zone of G. maxima from the same sampling lo-
cation [48,52] were never enriched. This indicates that the
conditions in the continuous cultures ¢tted better for Ni-
trosomonas cluster 6a than for the Nitrosospira-like bacte-
ria.

The growth rate applied to the continuous cultures
could have been too high for the Nitrosospira-like bacteria.
Pure culture experiments with di¡erent Nitrosospira-like
bacteria showed maximum growth rates between 0.006
h31 and 0.035 h31 [21,53]. In the continuous cultures we

applied a growth rate of 0.014 h31. So the Nitrosospira-
like bacteria present in the starting culture could have had
lower maximum growth rates than the applied dilution
rate and consequently could have been washed out from
the continuous culture system.

Secondly the long- and the short-term storage at 4³C
had a di¡erent e¡ect on the Nitrosospira- and on the Ni-
trosomonas-like bacteria. In the samples taken in Novem-
ber 1997 both Nitrosospira-like bacteria and di¡erent
members of Nitrosomonas cluster 6a were present. The
dominance of both groups in the starting cultures de-
pended on the storage time of the cores. If we used the
sediment directly after taking it to the laboratory, we
found Nitrosospira-like bacteria in the starting culture
(Fig. 3, Table 1). When using sediment, which had been
stored for 2^3 months at 4³C, Nitrosomonas cluster 6-like
bacteria were dominant in the starting culture (Fig. 3,
Table 1). Di¡erent activities and growth rates of ammo-
nia-oxidizing bacteria at low temperatures have been
shown for Nitrosospira-like bacteria [53]. Nitrosomonas
cryotolerans is able to grow at 0³C [54]. These observa-
tions indicate that di¡erent ammonia-oxidizing bacteria
have di¡erent sensitivities to low temperatures, which
could be a reason for the shift in the dominant bacteria
in the starting cultures during the storage at 4³C.

4.3. In£uence of the ammonium concentration on the
enrichment of ammonia-oxidizing bacteria

Observations about the selectivity of the ammonium
concentration have been made before in other studies.
Batch enrichments from sediments and freshwater lakes
resulted in the enrichment of Nitrosomonas cluster 6a at
an initial ammonium concentration of 0.5/0.67 mM, and
of Nitrosospira-like ammonia-oxidizing bacteria at 1/12.5
mM ammonium ([10], Bollmann, A. unpublished results).
Suwa et al. [12,35] enriched Nitrosomonas cluster 7-like
bacteria at 70 mM and Nitrosomonas cluster 6a-like bac-
teria at 1.4 mM ammonium. This selectivity of the ammo-
nium concentration on the enrichment of ammonia-oxidiz-
ing bacteria could be caused by the better competitive
abilities of certain bacteria under the prevailing condi-
tions, but it could also be due to di¡erent sensitivities
against the toxic e¡ects of ammonium. The ¢rst hypothesis
is favored by our observations concerning the competitive
abilities of the di¡erent bacteria under di¡erent ammo-
nium concentrations in continuous and batch cultures
and the second hypothesis by the observation that the
growth of the Nitrosomonas cluster 6a-A is inhibited at
ammonium concentrations of 10 mM.

Finally we can conclude, that continuous cultures are a
good additional tool to enrich speci¢c groups of ammonia-
oxidizing bacteria (for example Nitrosomonas cluster 6a-
A), because members of this group have been enriched
only in continuous cultures. However, other approaches
seem to be required to enrich e.g. Nitrosospira-like bacte-
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ria. The enrichment of new ammonia-oxidizing bacteria
o¡ers also the possibility to isolate these strains and to
investigate their ecological niches.
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