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Immunoblot analyses performed with three monoclonal antibodies (MAbs) that recognized the nitrite
oxidoreductase (NOR) of the genus Nitrobacter were used for taxonomic investigations of nitrite oxidizers. We
found that these MAbs were able to detect the nitrite-oxidizing systems (NOS) of the genera Nitrospira,
Nitrococcus, and Nitrospina. The MAb designated Hyb 153-2, which recognized the a subunit of the NOR
(a-NOR), was specific for species belonging to the genus Nitrobacter. In contrast, Hyb 153-3, which recognized
the b-NOR, reacted with nitrite oxidizers of the four genera. Hyb 153-1, which also recognized the b-NOR,
bound to members of the genera Nitrobacter and Nitrococcus. The molecular masses of the b-NOR of the genus
Nitrobacter and the b subunit of the NOS (b-NOS) of the genus Nitrococcus were identical (65 kDa). In contrast,
the molecular masses of the b-NOS of the genera Nitrospina and Nitrospira were different (48 and 46 kDa).
When the genus-specific reactions of the MAbs were correlated with 16S rRNA sequences, they reflected the
phylogenetic relationships among the nitrite oxidizers. The specific reactions of the MAbs allowed us to classify
novel isolates and nitrite oxidizers in enrichment cultures at the genus level. In ecological studies the
immunoblot analyses demonstrated that Nitrobacter or Nitrospira cells could be enriched from activated sludge
by using various substrate concentrations. Fluorescence in situ hybridization and electron microscopic anal-
yses confirmed these results. Permeated cells of pure cultures of members of the four genera were suitable
for immunofluorescence labeling; these cells exhibited fluorescence signals that were consistent with the
location of the NOS.

Nitrification, the microbial oxidation of ammonia to nitrate,
is an integral part of the nitrogen cycle. Chemolithoautotro-
phic ammonia oxidizers convert ammonia to nitrite, and sub-
sequently nitrite is oxidized to nitrate by chemolithoauto-
trophic nitrite oxidizers. The two groups of organisms occur
together and have been isolated from diverse aerobic environ-
ments (reviewed in references 5 and 19).

In natural samples nitrifiers have commonly been analyzed
by the most-probable-number technique (23), which is often
criticized because the culture conditions are not optimal (3).
Antibodies or rRNA-targeted oligonucleotide probes are used
for in situ analyses in order to avoid the limitations of the
most-probable-number technique. Immunological detection of
nitrifiers is limited by the serological diversity of cells originat-
ing from the same ecosystem (4, 16, 33). Furthermore, the
organisms need to be isolated prior to antibody development.
Thus, unknown and possibly unculturable nitrifiers are not
detectable. Nitrobacter species have commonly been isolated by
standard procedures and therefore are considered the domi-
nant nitrite oxidizers in freshwater and terrestrial ecosystems
(5). Therefore, mainly antibodies that recognize Nitrobacter
species are known so far. However, in situ analyses performed
with rRNA-targeted oligonucleotide probes recently revealed
that Nitrospira species and not Nitrobacter species are the dom-
inant nitrite oxidizers in sewage sludge, aquaria, and bioreac-
tors (10, 15, 17, 25).

Genus-specific monoclonal antibodies (MAbs) that recog-
nize the nitrite oxidoreductase (NOR) of Nitrobacter species
may be used to overcome the problem of serological diversity.
The NOR is ubiquitous in Nitrobacter species, and the MAbs

react similarly with members of the species Nitrobacter ham-
burgensis, Nitrobacter winogradskyi, and Nitrobacter vulgaris (1).
The MAbs designated Hyb 153-1 and Hyb 153-3 bind to the b
subunit of the NOR (b-NOR), whereas the MAbs designated
Hyb 153-2 recognize an epitope of the a-NOR (1). Immuno-
logical analyses revealed recently that Hyb 153-3 also detects
the nitrite-oxidizing system (NOS) of Nitrospira species (29,
30).

In this study, immunoblot analyses provided evidence that
the MAbs recognized the key enzymes of all genera of nitrite
oxidizers that have been described so far. Since the immuno-
reactions were specific for each genus of nitrite oxidizers, the
MAbs were also used to identify undescribed isolates and en-
richment cultures. Immunoblot analyses of enrichment cul-
tures obtained from activated sludge allowed us to identify
Nitrobacter and Nitrospira strains which were cultivated on me-
dia containing different substrate concentrations. In addition,
immunofluorescence (IF) labeling could be used to visualize
whole cells from pure cultures and was therefore used to ex-
amine enrichment cultures obtained from activated sludge.

(This paper is based on the doctoral study of S. Bartosch at
the University of Hamburg).

MATERIALS AND METHODS

Bacterial strains and culture conditions. Nitrobacter hamburgensis X14 and
Nitrobacter winogradskyi Engel (6, 7) were isolated from soil from the old Bo-
tanical Garden in Hamburg, Germany. Nitrobacter vulgaris K55 was obtained
from sandstone of Cologne Cathedral (7). Nitrospira moscoviensis M-1 originated
from an iron pipe in a heating system in Moscow, Russia (11), and Nitrospira
marina 295 was isolated from seawater from the Gulf of Maine (38). The marine
organisms Nitrospina gracilis 3/211 and Nitrococcus mobilis 231 have been de-
scribed by Watson and Waterbury (37). Nitrobacter alkalicus AN 1 and AN 4
were isolated from a soda lake in Siberia and a soda soil in Kenya, respectively
(27). Strains BS 5/6 and BS 5/13, which originated from the sulfidic ore mine in
Baia Sprie, Romania, have not been described previously. Other previously
undescribed nitrite-oxidizing bacteria, designated Ns (42°C) and Ns (47°C), were
enriched from steel pipes in a heating system in Moscow. All of the strains have
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been deposited in the culture collection of the Institut für Allgemeine Botanik,
Abteilung Mikrobiologie, Universität Hamburg.

Nitrobacter hamburgensis X14, Nitrobacter winogradskyi Engel, and Nitrobacter
vulgaris K55 were grown mixotrophically, and Nitrobacter alkalicus AN 1 and AN
4 were grown lithoautotrophically in the presence of 2 g of NaNO2 liter21 (7).
Nitrospira moscoviensis M-1 and strains BS 5/6, BS 5/13, Ns (42°C), and Ns (47°C)
were cultivated in lithoautotrophic medium supplemented with 0.2 g of NaNO2
liter21 (11). Nitrospira marina 295 was grown in a seawater medium containing
0.4 g of NaNO2 liter21 (38). Nitrospina gracilis 3/211 and Nitrococcus mobilis 231
were cultivated in seawater media as described by Watson and Waterbury (37).
Most cultures were incubated at 28°C; the only exceptions were the Nitrospira
moscoviensis M-1, Ns (42°C), and Ns (47°C) cultures, which were incubated at 37,
42, and 47°C, respectively.

Escherichia coli K-12 strain ATCC 23716, Pseudomonas putida ATCC 12633,
and Micrococcus denitrificans NCIP 8944 were grown under anaerobic conditions
in the presence of 2 g of NaNO3 liter21. Nitrate and nitrite concentrations were
monitored regularly by high-performance liquid chromatography (HPLC) (11).

Bradyrhizobium japonicum DSM 30131 and Rhodopseudomonas palustris DSM
126 were obtained from the German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany. These organisms were cultivated as recom-
mended by the German Collection of Microorganisms and Cell Cultures.

Activated sludge samples. The activated sludge samples used originated from
the aeration stage of the sewage treatment plant in Dradenau near Hamburg,
Germany. Nitrite-oxidizing bacteria were enriched in mixotrophic medium con-
taining 55 mg of sodium pyruvate liter21, 150 mg of yeast extract liter21, 150 mg
of peptone liter21, and 2 g of NaNO2 liter21 or 0.2 g of NaNO2 liter21.

MAbs. MAbs were produced by Aamand et al. (1), who used purified NOR of
Nitrobacter hamburgensis X14 as the antigenic peptide. The MAbs designated
Hyb 153-1 and Hyb 153-3 recognize the b-NOR, while the MAbs designated Hyb
153-2 bind to the a-NOR.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblot-
ting. Cells were harvested by centrifugation, washed with 0.9% NaCl, and son-
icated on ice for 15 to 30 min by using a Biorupter apparatus. The protein
concentrations of the crude extracts were determined colorimetrically by using
the method of Bradford (9), as modified by Spector (28). The protein concen-
trations of crude extracts of pure cultures were adjusted to 0.5 mg ml21, and the
protein concentrations of crude extracts of enrichment cultures were adjusted to
1 to 5 mg ml21. Samples were diluted (1:1) with 10 mM Tris-HCl buffer (pH 6.8)
containing 2% sodium dodecyl sulfate, 20% glycerol, 1% 2-mercaptoethanol,
and 0.001% bromophenol blue and boiled for 8 min. Samples (10 ml) were
loaded onto lanes of 1-mm-thick polyacrylamide gels prepared as described by
Laemmli (22). The stacking and separating gels contained 4.5 and 10% poly-
acrylamide, respectively. Electrophoresis was performed at 30 mA by using a
Minigel Twin apparatus (Biometra). The separated proteins were electroblotted
(Pegasus, PHASE) onto a cellulose nitrate membrane (pore size, 0.2 mm; Schlei-
cher & Schuell) by using a discontinuous buffer system (21). The proteins were
transferred for 2 h at 0.8 mA per cm2 of cellulose nitrate membrane. The
membrane was then blocked overnight in phosphate-buffered saline (PBS) con-
taining 1% bovine serum albumin (BSA). The proteins on the cellulose nitrate
membrane were incubated with MAbs (diluted 1:1,000 in PBS containing 0.05%
BSA and 0.025% Tween 20) for 1 h at room temperature. Then they were
incubated with alkaline phosphatase-conjugated secondary antibodies (Sigma)
diluted 1:1,000 in PBS containing 0.05% BSA, 0.025% Tween 20, and 5% goat
serum for 1 h at room temperature. After incubation with the antibodies, the
cellulose nitrate membrane was washed twice with 10 mM Tris-HCl (pH 8.6)
containing 0.02% BSA and 0.05% Tween 20. The membrane was then incubated
with a substrate solution containing 0.005% 5-bromo-4-chloro-3-indolylphos-
phate (BCIP), 0.001% 4-nitroblue tetrazolium, 0.1 M NaHCO3, 0.05 M Na2CO3,
and 0.004 M MgCl2. The enzymatic reaction was stopped by adding distilled
water. A dense blue color indicated that a reaction was positive.

Cell fixation, IF labeling, and FISH. Three different modified fixation proce-
dures were used, as described by Beimfohr et al. (2). Cells were fixed in 3%
formaldehyde for 1 h on ice and stored in PBS-ethanol (1:1) at 220°C; cells were
fixed in 0.3% formaldehyde in ethanol for 1 h on ice and stored in PBS-ethanol
at 220°C; or cells were not fixed with formaldehyde and were stored in PBS-
ethanol at 220°C. The samples were placed on gelatin-coated slides and dehy-
drated by using 50, 80, and 96% ethanol (3 min each) (13). In the case of
Nitrobacter cells an additional lysozyme treatment enhanced permeation of the
MAbs (12). All of the samples were blocked with PBS containing 3% BSA for 30
min at room temperature. The samples were then incubated with the MAbs
diluted 1:10 in PBS containing 0.05% BSA and 0.025% Tween 20 for 1 h at room
temperature and with Cy3-labeled secondary antibodies (Biotrend) diluted 1:100
in PBS containing 0.05% BSA, 0.025% Tween 20, and 5% goat serum for 1 h at
room temperature. The reactions were stopped by washing the slides in PBS.
Control preparations without MAbs were included in every experiment.

Fluorescence in situ hybridization (FISH) was performed with oligonucleotide
probes S-*-Ntspa-1026-a-A-18, specific for Nitrospira moscoviensis (17), and
NIT3, specific for the genus Nitrobacter (36). To detect total cells, samples were
stained with 49,6-diamidino-2-phenylindole (DAPI) (10 mg ml21) for 5 min.

Fluorescence microscopy and confocal laser scanning microscopy. DAPI
staining results were visualized by using Leica filter set A (BP 340-380 exc.; RKP
400; LP 425 em.). IF labeling and FISH results were visualized with a confocal

laser scanning microscope (CLSM) (model TCS 4D; Leica); excitation was sup-
plied by an argon-krypton laser (568 exc.; LP 590 em.). Image processing was
performed with the standard software (Scanware 5.1; Leica).

Electron microscopy. The methods used for cell fixation, embedding, ultrathin
sectioning, and shadow casting were the methods described by Ehrich et al. (11).
Electron microscopy was performed with a Philips model 420 transmission elec-
tron microscope.

RESULTS

Immunoblot analyses. Figure 1a shows that MAb Hyb 153-3
was suitable for detecting all described genera of nitrite oxi-
dizers. The MAb recognized proteins with molecular masses of
65 kDa in Nitrobacter hamburgensis X14, Nitrobacter alkalicus
AN 1 and AN 4, and Nitrococcus mobilis 231. In Nitrospira
moscoviensis M-1 and Nitrospira marina 295 Hyb 153-3 de-
tected 46-kDa proteins. In addition, this MAb bound to a
48-kDa protein in Nitrospina gracilis 3/211. The proteins rec-
ognized by the MAbs in Nitrococcus, Nitrospira, and Nitrospina
strains were considered the b-subunits of the NOS (b-NOS),
analogous to the b-NOR of Nitrobacter strains. Hyb 153-1,
which recognized the b-NOR of Nitrobacter strains, like Hyb
153-3, bound to proteins in Nitrobacter hamburgensis X14, Ni-
trobacter alkalicus AN 1 and AN 4, and Nitrococcus mobilis 231
that had molecular masses of 65 kDa (Fig. 1b). Unlike Hyb
153-3, Hyb 153-1 did not react with the b-NOS of Nitrospina
gracilis 3/211, Nitrospira moscoviensis M-1, or Nitrospira marina
295. Hyb 153-2, which bound to the a-NOR of Nitrobacter
strains, were specific for this genus. These MAbs recognized a
protein with a molecular mass of 130 kDa in Nitrobacter ham-
burgensis X14 and Nitrobacter alkalicus AN 1 and AN 4 (Fig.
1c), but no cross-reactions with the members of the other
genera anlayzed were observed. The immunoblot results are
summarized in Table 1, which shows that the MAbs reacted
specifically with the members of the different genera of nitrite
oxidizers.

Based on the genus-specific reactions, the MAbs were used
to determine the taxonomic affiliations of four unknown nitrite
oxidizers. Two strains, designated BS 5/6 and BS 5/13, were
isolated from the sulfidic ore mine in Baia Sprie, Romania
(17a). Hyb 153-1 and Hyb 153-3 detected 65-kDa proteins in
both of these strains (Fig. 1a and b). Hyb 153-2 reacted with a
130-kDa protein of strain BS 5/13 but not with strain BS 5/6
(Fig. 1c). Thus, strain BS 5/13 was identified as a member of
the genus Nitrobacter, but BS 5/6 could not be classified yet.

Two additional strains, designated Ns (42°C) and Ns (47°C),
were enriched from a heating system in Moscow (22a). Hyb
153-3 detected 46-kDa proteins (Fig. 1a) in crude extracts of
these organisms, whereas no signals were obtained with Hyb
153-1 and Hyb 153-2 (Fig. 1b and c). These results indicated
that Nitrospira cells were present in both cultures.

In addition, immunoblot analyses were performed with nat-
ural samples collected from activated sludge from the sewage
treatment plant in Dradenau. In order to obtain detectable
quantities of the nitrite-oxidizing enzymes, the nitrite oxidizers
in the samples had to be enriched. This process was carried out
by using mixotrophic media containing 2 or 0.2 g of NaNO2
liter21. In the enrichment culture containing the high substrate
concentration (2 g of NaNO2 liter21), Hyb 153-3 recognized a
protein with a molecular mass of 65 kDa (Fig. 2a), whereas
Hyb 153-2 detected a 130-kDa protein (Fig. 2b). These results
indicated that Nitrobacter cells were present. However, in the
culture containing the lower substrate concentration (0.2 g of
NaNO2 liter21), Hyb 153-3 detected a protein with a molecular
mass of 46 kDa (Fig. 2a). Since no signals were obtained with
the Nitrobacter-specific MAbs Hyb 153-2 (Fig. 2b), the pres-
ence of Nitrospira cells was confirmed.
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In order to prove that the MAbs were specific, additional
control experiments had to be performed. In addition to the
control experiments of Aamand et al. (1), nitrate-reducing
pure cultures of E. coli, P. putida, and M. denitrificans were
analyzed by the immunoblot procedure in order to examine
possible serological similarities between the genetically closely
related nitrate reductases NRZ and NRA of E. coli and NOR
of Nitrobacter hamburgensis X14 (18). In the crude extracts of
each strain, no signals were obtained with any of the MAbs
(data not shown). In addition, immunoblot analyses were car-
ried out with B. japonicum DSM 30131 and R. palustris DSM
126 because these strains are phylogenetically closely related to
the genus Nitrobacter (35). Again, the MAbs did not react with
crude extracts of these organisms.

IF labeling. For microscopic in situ detection of nitrite oxi-
dizers with the MAbs, IF labeling was performed with whole
cells from pure cultures of members of the different genera. To
obtain successful antibody penetration into the bacteria, vari-
ous permeation procedures had to be used. For IF labeling of
members of the genus Nitrobacter (Nitrobacter hamburgensis
X14, Nitrobacter winogradskyi Engel, and Nitrobacter vulgaris
K55) cells were stored directly in PBS-ethanol at 220°C and
then treated with lysozyme. IF labeling was successful with Hyb
153-1, Hyb 153-2, and Hyb 153-3. After IF labeling, the cells
exhibited bright signals at the cell periphery (Fig. 3a). Cells of
Nitrospira moscoviensis M-1, Nitrospina gracilis 3/211, and Ni-
trococcus mobilis 231 could be labeled by the MAbs after treat-
ment with formaldehyde. In the case of Nitrospira moscoviensis

FIG. 1. Immunoblots of different nitrite-oxidizing bacteria. (a) Hyb 153-3, which recognized the b-NOR. (b) Hyb 153-1, which recognized the b-NOR. (c) Hyb
153-2, which recognized the a-NOR. The values on the left are molecular masses (in kilodaltons). Lane A, Nitrobacter hamburgensis X14; lane B, Nitrospira moscoviensis
M-1; lane C, Nitrospina gracilis 3/211; lane D, Nitrococcus mobilis 231; lane E, Nitrobacter alkalicus AN 1; lane F, Nitrobacter alkalicus AN 4; lane G, strain BS 5/6; lane
H, strain BS 5/13; lane I, Nitrospira marina 295; lane J, strain Ns (42°C); lane K, strain Ns (47°C). All cells were disrupted by sonication and were added to the gel at
protein concentrations of 0.25 to 1 mg ml21.
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M-1 IF labeling occurred only with Hyb 153-3; fluorescence
signals were observed at the cell periphery (Fig. 3b). After IF
labeling of Nitrospina gracilis 3/211 with Hyb 153-3, the signals
appeared to be spread over the whole cell (Fig. 3c). IF labeling
of Nitrococcus mobilis 231 occurred with Hyb 153-3 and Hyb
153-1. In these cases, fluorescence signals were present at the
cell periphery as well as in the cytoplasm (Fig. 3d). In control
experiments without MAbs the cells exhibited no fluorescence
signals. In addition, no IF labeling occurred with nitrate-re-
ducing cultures of E. coli, P. putida, and M. denitrificans.

Based on the results described above, enrichment cultures
obtained from activated sludge from the sewage treatment
plant in Dradenau were analyzed by IF labelling. As deter-
mined by the immunoblot analysis, Nitrobacter cells were found
in the enrichment culture containing 2 g of NaNO2 liter21.
Accordingly, the cells had to be permeated by storage in PBS-
ethanol at 220°C and an additional lysozyme treatment, and
IF labeling occurred with all of the MAbs (Fig. 4). In the
enrichment culture containing 0.2 g of NaNO2 liter21 Nitro-
spira cells were present according to the immunoblot results. In
this case IF labeling failed the use of different permeation
procedures use of 13, 14).

FISH. The immunoblot analysis indicated that Nitrobacter
cells were present in the activated sludge enrichment culture
containing 2 g of NaNO2 liter21. This result was confirmed by
FISH. The dominant cells were stained with the Nitrobacter-
specific oligonucleotide probe NIT3 (36) (Fig. 5a and b). In
contrast, FISH of the activated sludge enrichment culture con-

taining the low substrate concentration (0.2 g of NaNO2
liter21) succeeded with probe S-*-Ntspa-1026-a-A-18, which
was specific for Nitrospira moscoviensis (17). Microcolonies of
Nitrospira-like organisms occurring in tetrads were detected
(Fig. 5c and d). This finding is consistent with the results of the
immunoblot analysis, in which Nitrospira cells were detected as
the dominant nitrite oxidizers. Nitrospira-like organisms were
also found in the activated sludge from the sewage treatment
plant in Dradenau when it was analyzed by FISH. Consistent
with the results of the FISH analysis of the enrichment culture
containing 0.2 g of NaNO2 liter21, the organisms occurred in
microcolonies (Fig. 5e and f). However, oligonucleotide probe
NIT3 (36) did not detect any Nitrobacter cells in the activated
sludge.

Electron microscopic analyses. Electron microscopic inves-
tigations were used to visualize the dominant organisms in the
enrichment cultures obtained from activated sludge. The dom-

FIG. 2. Immunoblots of enrichment cultures from activated sludge from the
sewage treatment plant in Dradenau. (a) Hyb 153-3, which recognized the
b-NOR. (b) Hyb 153-2, which recognized the a-NOR. The values on the left are
molecular masses (in kilodaltons). Lane A, Nitrobacter hamburgensis X14; lane B,
enrichment culture containing 2 g of NaNO2 liter21; lane C, enrichment culture
containing 0.2 g of NaNO2 liter21; lane D, Nitrospira moscoviensis M-1. All cells
were disrupted by sonication and were added to the gel at protein concentrations
of 0.25 to 2.5 mg ml21.

FIG. 3. IF labeling with Hyb 153-3. (a) Nitrobacter vulgaris K55 (zoom step
7.4). (b) Nitrospira moscoviensis M-1 (zoom step 9.9). (c) Nitrospina gracilis 3/211
(zoom step 7.3). (d) Nitrococcus mobilis 231 (zoom step 7.3). Bars 5 1 mm. The
objective used was a Neoflutar objective (1003/1.4oil). The images were ob-
tained with a CLSM by using different zoom steps (model TCS 4D microscope;
Leica); excitation was provided by an argon krypton laser (568 exc.; LP 590 em.).

FIG. 4. Epifluorescence micrographs of the enrichment culture from acti-
vated sludge from the sewage treatment plant in Dradenau containing 2 g of
NaNO2 liter21. (a) DAPI staining. (b) IF labeling with the Nitrobacter-specific
Hyb 153-2. Bars 5 5 mm. The objective used was a Neoflutar objective (1003/
1.4oil). DAPI was visualized with Leica filter set A (BP 340-380 exc.; RKP 400;
LP 425 em.), and IF labeling was visualized with Leica filter set I3 (BP 450-490
exc.; RKP 510; LP 515 em.).
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inant cells growing with 2 g of NaNO2 liter21 had a morphol-
ogy similar to the morphology of Nitrobacter cells (5, 7). They
had a characteristic asymmetric cell wall with an electron-
dense inner layer and a polar cap consisting of intracytoplasmic
membranes (Fig. 6a). These findings are consistent with the
results of the immunoblot analysis of this enrichment culture,
in which Nitrobacter cells were identified (Fig. 2). In the en-
richment culture growing in the presence of 0.2 g of NaNO2
liter21, the dominant cells lacked intracytoplasmic membranes
and carboxysomes and had characteristic enlarged periplasmic

spaces (Fig. 6b). These properties are typical of both Nitrospira
species (11, 38). Correspondingly, a 46-kDa protein was iden-
tified in the immunoblot analysis, which indicated that Nitro-
spira cells were present (Fig. 2a). Unlike cells of Nitrospira mos-
coviensis and Nitrospira marina, these cells were surrounded by
a layer of extracellular polymeric substances (EPS). Further-
more, ultrathin sections of the activated sludge revealed micro-
colonies of Nitrospira-like cells, which were also surrounded by
EPS (Fig. 6c).

DISCUSSION

We found that the MAbs that recognize the NOR of Nitro-
bacter species (1) allowed us to detect the NOS of Nitrococcus,
Nitrospina, and Nitrospira species (Fig. 1). Table 1 shows that
the immunoreactions were specific for each genus of nitrite
oxidizers. The MAbs reacted identically with the four known
Nitrobacter species (1; this study). Nitrobacter alkalicus was
recently described by Sorokin et al. (27). As demonstrated in
this study, the NOR of this species (Fig. 1) was serologically
similar to the NOR of Nitrobacter winogradskyi, Nitrobacter
hamburgensis, and Nitrobacter vulgaris (1). Nitrospira-specific
reactions were observed with both of the Nitrospira species that
have been described, Nitrospira moscoviensis and Nitrospira
marina. The genera Nitrococcus and Nitrospina each consist of
only one species, (37), which exhibited a genus-specific immu-
noreaction as well.

The reactions of the three MAbs were correlated with the
phylogeny of nitrite oxidizers based on 16S rRNA sequences
(Table 1). This indicated that the levels of similarity of the
NOS of the genera Nitrococcus, Nitrospina, and Nitrospira to
the NOR of the genus Nitrobacter were higher the more closely
the organisms are related to the genus Nitrobacter. Originally,
the three MAbs were developed for Nitrobacter hamburgensis
X14 (a member of the alpha subclass of the class Proteobacteria
[alpha-Proteobacteria] [35]). Nitrococcus mobilis, which belongs
to the gamma-Proteobacteria (35), reacted with two of the
MAbs (Fig. 1a and b). The molecular masses of the proteins
detected were identical to the molecular mass of the b-NOR of
Nitrobacter species (Fig. 1a and b). Accordingly, the locations
of the nitrite-oxidizing enzymes of Nitrobacter and Nitrococcus
species are similar. These enzymes are associated with the
inner sides of the cytoplasmic and intracytoplasmic membranes
(29, 31, 34). The genus Nitrospina (a member of the delta-
Proteobacteria [35]) and the genus Nitrospira (which belongs to
its own phylum [11]) are not as closely related to the genus
Nitrobacter as the genus Nitrococcus is. Members of these gen-
era reacted only with Hyb 153-3, and the molecular masses of
their b-NOS differed from the molecular mass of the b-NOR
of Nitrobacter species (Fig. 1a). Furthermore, the cellular lo-
cations of the NOS of Nitrospira and Nitrospina species are
different than the cellular location of the NOR of Nitrobacter
species. They have been found to be associated with the
periplasmic sides of the cytoplasmic membranes (30, 31).

The genus-specific reactions of the MAbs were used to tax-
onomically classify three undescribed nitrite oxidizers. Immu-
noblot analyses revealed that strain BS 5/13 belonged to the
genus Nitrobacter, whereas Ns (42°C) and Ns (47°C) were iden-

FIG. 5. FISH analyses of activated sludge from the sewage treatment plant in
Dradenau and subsequent enrichment of nitrite oxidizers. (a) Epifluorescence
micrograph of DAPI-stained enrichment culture containing 2 g of NaNO2 li-
ter21. (b) CLSM image after FISH of panel a with oligonucleotide probe NIT3,
which recognizes Nitrobacter species (36). (c) Epifluorescence micrograph of
DAPI-stained enrichment culture containing 0.2 g of NaNO2 liter21. (d) CLSM
image after FISH of panel c with oligonucleotide probe S-p-Ntspa-1026-a-A-18,
which is specific for Nitrospira moscoviensis (17). (e) Epifluorescence micrograph
of DAPI-stained activated sludge from the sewage treatment plant in Dradenau.
(f) CLSM image after FISH of panel e with oligonucleotide probe S-p-Ntspa-
1026-a-A-18, which is specific for Nitrospira moscoviensis (17). Bars 5 5 mm. The
objective used was a Neoflutar objective (1003/1.4oil). DAPI was visualized with
Leica filter set A (BP 340-380 exc.; RKP 400; LP 425 em.), and FISH was
visualized with a CLSM (Leica model TCS 4D); excitation was provided by an
argon krypton laser (568 exc.; LP 590 em.)].

FIG. 6. Electron micrographs of ultrathin sections of activated sludge and enrichment cultures containing nitrite oxidizers. (a) Pleomorphic short rods were the
dominant cells in the nitrite-oxidizing enrichment culture containing 2 g of NaNO2 liter21. The cells each had an asymmetric cell wall and cytomembranes with an
electron-dense layer on the inner side, a polar cap consisting of intracytoplasmic membranes, and carboxysomes like Nitrobacter. Bar 5 0.25 mm. (b) Nitrospira-like cells
were the dominant cells in the nitrite-oxidizing enrichment culture containing 0.2 g of NaNO2 liter21. The cells had no intracytoplasmic membranes and carboxysomes
but had enlarged periplasmic spaces. Bar 5 0.25 mm. (c) Activated sludge from the sewage treatment plant in Dradenau contained microcolonies of Nitrospira-like cells.
Bar 5 1 mm. C, carboxysome; CW, cell wall; CY, cytoplasm; ICM, intracytoplasmic membranes; OM, outer membrane; P, periplasm.
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tified as members of the genus Nitrospira (Fig. 1a). Microscopic
analyses performed by Kirstein 17a) and by Lebedeva (22a)
confirmed these conclusions.

However, classification of strain BS 5/6 was not possible.
This strain had morphological and ultrastructural similarities
to Nitrobacter species (28a), and the 16S rRNA sequence re-
vealed greater than 98% similarity with this genus (22b). In
contrast, the protein profile (20) and G1C content (63%)
(17a) of strain BS 5/6 differed from the protein profiles and
G1C contents of Nitrobacter winogradskyi, Nitrobacter hambur-
gensis, and Nitrobacter vulgaris. Thus, strain BS 5/6 might be-
long to a new Nitrobacter species. Surprisingly, the Nitrobacter-
specific MAbs Hyb 153-2 did not react with strain BS 5/6 (Fig.
1c). This result indicated that the NOS of strain BS 5/6 and the
NOR of Nitrobacter species developed in different ways, al-
though the 16S rRNA sequences of these organisms remained
very similar. Since the genus Nitrobacter belongs to a phyloge-
netically young group (24, 26), few modifications of the 16S
rRNA sequence are found in this genus. The Nitrobacter clus-
ter is also closely associated with B. japonicum, R. palustris,
Afipia clevelandensis, and Blastobacter denitrificans (24, 26, 35).
Thus, 16S rRNA sequences alone could not be used to deter-
mine the taxonomic affiliations of such closely related organ-
isms. According to Stackebrandt and Goebel (32), DNA-DNA
reassociation studies are necessary to determine clear taxonomic
affiliations for bacteria whose levels of 16S rRNA sequence
similarity are greater than 97%. Additional studies to charac-
terize strain BS 5/6 are in progress.

Moreover, the specific immunoreactions were useful for eco-
logical studies. Different nitrite oxidizers originating from the
activated sludge from the sewage treatment plant in Dradenau
were identified by the MAbs after enrichment in particular
media. Nitrobacter cells were enriched by using a high substrate
concentration (2 g of NaNO2 liter21) and were detected by the
MAbs that bound to the 65-kDa b-NOR and the 130-kDa
a-NOR (Fig. 2). This result was confirmed by a FISH analysis
performed with Nitrobacter-specific oligonucleotide probe
NIT3 (Fig. 5b). In addition, the electron microscopic analysis
revealed pleomorphic rods with an ultrastructure like that of
Nitrobacter cells (Fig. 6a). In the enrichment culture containing
a low substrate concentration (0.2 g of NaNO2 liter21), Nitro-
spira cells were identified in the immunoblot analysis by
Hyb153-3, which reacted with 46-kDa b-NOS. A FISH analysis
performed with oligonucleotide probe S-*-Ntspa-1026-a-A-18
(Fig. 5d) specific for Nitrospira moscoviensis (17) confirmed
this result. Furthermore, investigations of ultrathin sections
(Fig. 6b) revealed mainly cells with a morphology and ultra-
structure like the morphology and ultrastructure of Nitrospira
cells (11, 38). These results demonstrated that Nitrobacter and
Nitrospira cells were present in the activated sludge. The dif-
ferent genera of nitrite-oxidizing bacteria could be selectively
enriched by varying the substrate concentration. Whereas Ni-

trobacter strains tolerate high concentrations of nitrite (5, 7),
Nitrospira strains are inhibited by 1 g of NaNO2 liter21 (11, 38).
Combined FISH analyses of nitrite ixodizers and in situ mea-
surements of nitrite with microelectrodes in nitrifying biofilms
(24a, 25) confirmed that Nitrobacter cells prefer microenviron-
ments with higher nitrite concentrations (.0.5 mM), whereas
Nitrospira cells dominate in microenvironments with lower ni-
trite concentrations (0 to 0.5 mM). However, in the activated
sludge from the sewage treatment plant in Dradenau, the
genus Nitrospira seemed to be the dominant genus of nitrite
oxidizers. In this case FISH performed with oligonucleotide
probe S-*-Ntspa-1026-a-A-18 (17) (Fig. 5f) and electron mi-
croscopic investigations (Fig. 6c) revealed characteristic micro-
colonies containing Nitrospira-like cells. Immunoblot analyses
did not detect Nitrospira cells in the activated sludge. We
supposed that the NOS concentration remained below the
detection limit of this technique. In the activated sludge Nitro-
bacter cells were detected neither by FISH nor by the electron
microscopic analysss. Obviously, the number of Nitrobacter
cells remained below the detection limit of microscopic anal-
yses. Accordingly, the concentration of Nitrobacter NOR was
too low for detection with immunoblot analyses. These findings
agreed with the results of recent studies (10, 15, 17, 25) in
which Nitrospira species and not Nitrobacter species were de-
scribed as the most abundant nitrite oxidizers in freshwater
aquaria and sewage sludge. If Nitrospira species had been the
dominant nitrite oxidizers in the activated sludge from the
sewage treatment plant in Dradenau, Nitrobacter cells might
have outcompeted Nitrospira cells during enrichment with 2 g of
NaNO2 liter21. Isolation of Nitrospira cells from this activated
sludge is in progress.

IF labeling with the MAbs was possible when carried out
with whole cells from pure cultures of nitrite oxidizers (Fig.
3). Unlike antibodies that recognize strain-specific epitopes
outside the cell wall, the MAbs needed to penetrate the cells to
reach the membrane-bound enzymes involved in nitrite oxida-
tion. We accomplished this by using different permeation pro-
cedures for Nitrobacter, Nitrococcus, Nitrospina, and Nitrospira
species. Although Nitrobacter species are gram negative, these
organisms possess an additional layer on the inner side of the
cell wall (8). Therefore, we had to use permeation procedures
that are known to improve the permeation of gram-positive
bacteria (2). Formaldehyde treatment enabled antibody pene-
tration in Nitrococcus, Nitrospina, and Nitrospira species. IF
labeling was successful with the same MAbs that reacted in the
immunoblot analyses with the different genera of nitrite oxi-
dizers. The IF signals in cells corresponded to the locations of
the key enzymes at the cytomembranes (Fig. 3). In situ detec-
tion of Nitrobacter cells in the enrichment culture was possible
with IF labeling (Fig. 4) with all of the MAb. In situ detection
of Nitrospira-like cells has not been successful when we used a
permeation procedure that permeated Nitrobacter cells in pure

TABLE 1. Reactions of different MAbs with the nitrite oxidizers analyzed and phylogenetic relationships based on 16S rRNA sequences

Taxon(s) Phylogenetic position MAb(s) Size of NOS (kDa)

Nitrobacter hamburgensis, Nitrobacter vulgaris, Nitrobacter winogradskyi,
Nitrobacter alkalicus

a-Proteobacteria Hyb 153-1 65
Hyb 153-2 130
Hyb 153-3 65

Nitrococcus mobilis g-Proteobacteria Hyb 153-1 65
Hyb 153-3 65

Nitrospina gracilis d-Proteobacteria Hyb 153-3 48

Nitrospira moscoviensis, Nitrospira marina Nitrospira phylum Hyb 153-3 46
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cultures. FISH was more successful. As revealed by ultrathin
sections, Nitrospira-like cells were surrounded by slime coats
consisting of EPS (Fig. 6b and c). Since the oligonucleotide
probe molecules were smaller than the antibody molecules,
these EPS might have hindered antibody penetration.
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