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In many studies, Nitrobacter was thought to be the dominant nitrite oxidizer because it was 
commonly isolated from sludges and wastewater treatment systems.  In this study, we used 
molecular biological methods to assess the diversity of Nitrobacter species rDNA. Neither 
PCR amplification nor hybridization using Nitrobacter specific probes yielded results 
indicating the presence of Nitrobacter in the R5 bioreactor.  This corresponds with many 
recent studies indicating that Nitrobacter is low in numbers in many natural and engineered 
nitrifying environments.  It appears that Nitrobacter species are not the major bacteria 
responsible for nitrification in the R5 bioreactor since we were not able to detect its presence 
in the bioreactor mixed culture. 

 
 
   Nitrification, an initial step in the removal of nitrogenous component of modern wastewater treatment, involves 
two steps - the conversion of ammonia to nitrite and nitrite to nitrate (1). Two distinct groups of bacteria are 
involved in the nitrification process. Ammonia-oxidizing bacteria (AOB) are responsible for the first step of 
nitrification, oxidizing ammonia to nitrite; whereas, nitrite-oxidizing bacteria (NOB) are involved in the second step 
of nitrification oxidizing nitrite to nitrate (2). Most of the characterized freshwater ammonia oxidizers are the 
members of the β subclass of the class Proteobacteria including the genera Nitrosomonas and Nitrosospira (10). In 
the second step the genus Nitrobacter is said to be responsible for the majority formation of NO3

- from NO2
- (6). The 

characterized nitrite oxidizers isolated from freshwater habitats mostly belong to the genus Nitrobacter, which are 
the members of α subclass of Proteobacteria (10). There have been many studies of AOB using molecular methods; 
however, NOB have not been studied in the same way. One of the studies showed the presence of Nitrobacter spp. 
using fluorescent in situ hybridization (7). However, Nitrobacter could not be detected in other studies (1, 11). 
Therefore, it was speculated that either there are other bacteria responsible for nitrite oxidation (1) or the diversity of 
the Nitrobacter is too large to be detected using the general Nitrobacter-specific probes.  
   Furthermore, most nitrification studies were performed using Nitrobacter winogradskyi as the NOB representative 
because it is easy to obtain from international bacterial culture collections. However, it might not represent those 
nitrifying bacteria dominant in the environments analyzed (7).  
   The observation that the activity in Rob Simm’s nitrifying bioreactors did not consistently correlate to the 
hybridization analysis of the mixed population using probes directed towards the 16s RNA of known nitrifying 
bacteria, could be attributed to mismatches between the probes and the 16s RNA sequences of the bacteria. In this 
study, we focused on one of the main nitrite oxidizer, Nitrobacter, and hypothesized that the inconsistent correlation 
between the presence of Nitrobacter and its activity in the bioreactor is due to diversity of the genus Nitrobacter. 
Therefore, the Nitrobacter-specific probes were assumed to not bind properly. It is also understood that the degree of 
diversity depends on the sample size (6). To identify the diversity of Nitrobacter, we used comparative DNA 
sequencing to characterize different isolates of Nitrobacter 16S rDNA (8). Sequences were aligned with the regions 
of the Nitrobacter specific probes to study the degree of diversity using ‘matcher’ and BLASTn programs.  
 

MATERIALS AND METHODS 
 
Organisms. The nitrifying bacteria that are investigated in this study were obtained from samples of a completely stirred tank reactor, R5 
bioreactor, taken by Robert Simm on October 27, 2003.  
Oligonucleotide Primers and Probes. The oligonucleotide primers used for PCR priming were: (i) 27F; (ii) 1390R; (iii) FGPS1269’ (sequences 
are showed in Table 1).  Two specific probes used for Nitrobacter were: (i) NIT3; (ii) NB1000 (sequences are showed in Table 1). 
DNA extraction. DNA was extracted and purified as described by Yu and Mohn (12), except that the silica beads used were 0.1mm in diameter 
instead of 1mm and distilled water was used without diethylpyrocarbonate pre-treatment. RibonucleaseA was added to 10 µg/ml as a last step to 
ensure there is no RNA present in the sample. DNA integrity was then checked by electrophoresis in agarose gel (1%) electrophoresis with Tris-
Acetate buffer (12).   
PCR amplification of DNA. DNA isolated from the mixed bioreactor culture was amplified by using primers 27F as the forward primer and 
1930R as the reverse primer, in PCR to obtain near-full-length 16S rDNAs. The reaction mixture was prepared in accordance with the 
manufacture’s instructions (AccuPrime SuperMix II) in a total volume of 50 µl. A cycling program was performed using a BioRad Gene 
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CyclerTM Thermal Cycler with an initial denaturation step at 94°C for 240 s, followed by 35 cycles of DNA denaturation at 94°C for 45 s, primer 
annealing at 58.5°C for 50 s, DNA extension at 72°C for 180 s, and a final extension at 72°C for 600 s. The presence of the PCR products was 
confirmed by agarose gel electrophoresis. 
 
 

Table 1. Names and sequences of the probes used in this study 
 

Primers/Probes Probe sequence 
27F 5’-GAGTTTGATCCTGGCTCAG-3’ 

1390R 5’-CGGTGTGTACAAGGCCC-3’ 
FGPS1269’ 5’-TTTTTTGAGATTTGCTAG-3’ 

NIT3 5’-CCTGTGCTCCATGCTCCG-3’ 
NB1000 5’-TGCGACCGGTCATGG-3’ 

 
 
DNA Cloning. The amplified PCR products were cloned using TOPO TA Cloning Kit (Invitrogen™). To set up the TOPO Cloning reaction, 4 µl 
of fresh PCR sample was mixed with 1µl of salt solution (1.2M NaCl; 0.06 M MgCl2) and 1µl of TOPO vector. The reaction was incubated for 
30 minutes at room temperature instead of the suggested 5 minutes to increase the yield of colonies. After the cloning reaction, regular chemical 
transformation of the supplied competent Top10 cells was used for the transformation step: 2 µl of the cloning reaction mixture was added to the 
E. coli cells, and the cells were incubated on ice for 30 minutes. Then, the cells were subjected to heat-shock for 30 seconds at 42°C and 
immediately transferred to ice. A volume of 250 µl of SOC medium (Invitrogen) at room temperature was added to the transformed cells and the 
tube was shaken horizontally at 37°C for 1 hour.  Volumes of 20, 30, 50, 100 µl of transformed cells were spread onto pre-warmed LB agar plates 
containing 50 µg/ml ampicillin and 40 mg/ml X-gal in dimethylformamide. The plates were then incubated at 37°C overnight. White colonies, 
which grow from successfully transformed cells containing PCR inserts, were picked from the four plates and patched onto LB medium 
containing 50 µg/ml of ampicillin using sterile toothpicks. A total of 100 colonies were picked onto 2 plates and incubated at 37°C overnight. 
Colony lifting. The colonies grown on the grid plates were transferred to nitrocellulose membrane according to described procedures (3). The 
colonies transferred onto the nitrocellulose membranes were lysed and the denatured DNA was stabilized on the membrane (3). 
Hybridization. The DNA fixed on the membranes was hybridized with two labelled synthetic oligonucleotide probe, Nb1000 and NIT3. The two 
probes were radiolabelled using the KinaseMax 5’-end labelling kit (Ambion). DNA substrate (2 pmol) was mixed with 1 µl of 25 pmol [γ-32P] 
ATP, 2 µl of 10X Kinase Buffer, 1µl T4 Polynucleotide Kinase, and nuclease-free water in a final volume of 20 µl. The radiolabelled kinase 
reaction was incubated for an hour at 37°C and heated to 95°C for 2 minutes to stop the reaction. QIAquick nucleotide removal kit (Qiagen) was 
used to free the labelled probes of unincorporated 32P. After DNA probes were labelled with γ-32P-ATP, each probe was added to the pre-
hybridized nitrocellulose membrane with 8 ml of hybridization buffer and incubated at 45°C overnight (3). The membranes were washed twice 
with 12 ml of pre-warmed 1x SSC in the hybridization tube at incubation temperature for 30 minutes in each wash dried at room temperature and 
then exposed to Kodak Bio Max Film overnight at room temperature.   
Sequencing. Four possible positive colonies identified using autoradiogram were selected and plasmid DNA was isolated using the High Purity 
Plasmid Purification System (Concert). Purified products were sent to Nucleic Acid Protein Service (NAPS) units at UBC for sequence analysis.  
Analysis of sequence data. Sequences obtained using reverse primer M13. Reverse primer was first reversed by reverse-complement program 
READSEQ from Pasteur Biological Software (http://bioweb.pasteur.fr/seqanal/formats-uk.html). Sequences obtained from forward primer were 
then merged with the new reversed sequence to obtain a complete sequence using ‘merger’ program. The sequences were individually aligned 
with both Nb1000 and NIT3 by using ‘matcher’ program. The partial sequences were also compared with those on publicly accessible data base 
by using the BLASTn (Basic Local Alignment Search Tool). The sequences were then aligned with each other using CLUSTALW and a 
phylogenetic tree was generated.    
 

RESULTS 
 
PCR amplification of fixed culture DNA. The two primers, a Nitrobacter-specific primer FGPS1269’ and a non-
specific primer 27F were first used for PCR amplification. The product of amplification was checked by 
electrophoresis; no signal was detected on the agarose gel. The absence of a band is insufficient to conclude the 
absence of Nitrobacter in the sample. A nested PCR was then performed using the Nitrobacter-specific primer FGPS 
1269’ and non-specific primer 27F. This nested PCR yielded no product. We repeated another PCR amplification 
using two non-specific primers, 27F and 1390R. A 1430-bp band was visualized using electrophoresis (data not 
shown). The product obtained from the amplification using two non-specific primers was then analyzed using 
molecular biological methods in the hope that this PCR product would contain Nitrobacter spp.    
 
Cloning and Hybridization. PCR products obtained from amplification using two non-specific primers were 
cloned into pCR 2.1-TOPO plasmid (Invitrogen™). A total of 100 positive clones were picked, transferred onto 
nitrocellulose membranes and probed with radio-labelled NIT3 and NB1000 probes individually. Autoradiography 
of the two replica membranes revealed very faint bands after exposure for 24 hours. Extension of exposure time to 
72 hours slightly increased the signal of the bands for both hybridized membranes.  The positive clones on the 
membrane probed with NIT 3 did not correspond to the positive clones on the replica membrane probed with 
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NB1000, suggesting false-positive results. The intensity of the bands was approximately the same on both 
membranes. A total of 4 possible positive colonies from NIT3 and NB1000 hybridization were selected for 
sequencing.     
 
 

Table 2. Percent similarity between sequences obtained from hybridization and sequence of NIT3 probe 
 

Clone No. # of nucleotides 
aligned 

# of aligned nucleotides 
matched 

% similarity with aligned 
nucleotide of NIT3 probe 

Overall % identity 
with the probe 

1 10 9 90% (9/10) 50% (9/18) 
2 10 9 90% 50% 
3 10 9 90% 50% 
4 10 9 90% 50% 

 
 
 

Table 3. Percent similarity between sequences obtained from hybridization and sequence of NB1000 probe 
 

Clone No. # of nucleotides 
aligned 

# of aligned 
nucleotides matched 

% similarity with aligned 
nucleotide of NB1000 probe 

Overall % identity 
with the probe 

1 15 11 73.3% (11/15) 73.3% (11/15) 
2 14 10 71.4% 66.6% 
3 8 7 87.5% 46.6% 
4 14 10 71.4% 66.6% 

 
 
 
 

 
Figure 1. Phylogenetic tree showing the comparison of published Nitrobacter sequences and the sequences of Clone 

1-4. The tree is based on the results of maximum-likelihood analysis. 
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DNA Sequence analysis. Clone sequences were individually compared with NIT 3 and NB 1000 probes. Alignment 
results from ‘matcher’ program are given in Table 2 and 3.  Based on the program, the percent similarity between the 
clone sequences and probe NIT3 are 90% match. However, it is recognized that the percentage matched determined 
by ‘matcher’ analysis is based on the alignment that gives the highest percentage. If the alignment took into account 
the whole probe sequence, the percent match between each clone and NIT3 probe decreased to 50 %. Similar results 
are also obtained from the alignment of each clone with probe NB1000. Clone 1 had the highest overall percent 
alignment with NB1000; whereas Clone 3 only matched with 7 out of the 15 nucleotides of the NB1000 probe 
sequence.  
   The BLAST program was also used to compare the clone sequences against the publicly accessible database. 
Results of most closely matched sequences from BLAST comparisons are given in Table 3. According to the 
BLAST results, the sequences of Clone 1 and Clone 2 match most closely with bacteria that belong to the group of 
β-proteobacteria; whereas Clone 3 and Clone 4 match most closely with bacteria belonging to α-proteobacteria and 
γ-proteobacteria. These results from pair-wise comparison did not indicate the presence of Nitrobacter in the 
bioreactor.   
   The clone sequences were aligned with some published sequences of Nitrobacter using CLUSTALW program. The 
data were phylogenetically analyzed as shown in Figure 1. This tree diagram shows the four clones grouped closely 
to each other and to proteobacterial family but were distant from the published sequences of Nitrobacter species.  
This phylogenetic tree corresponds to the results in Table 4 where most of the sequences belong to the group of 
proteobacteria and does not reveal significant similarity to the sequences of Nitrobacter.    
 
 

Table 4. Results of alignment of the cloned sequences against the publicly accessible database determined by 
BLAST search 

 
Clone 

No. Closest match Class of the matched 
organisms belong 

No. of nucleotides 
compared 

% identity with 
the closest match

1 Aquaspirillum delicatum β-proteobacteria 1308 92 
1 Xylophilus ampelinus β-proteobacteria 1303 92 
1 glacier bacterium FXI10 β-proteobacteria 1308 92 
1 Variovorax sp. β-proteobacteria 1327 90 
1 Variovorax paradoxus β-proteobacteria 1305 91 
1 Delftia sp.  .. β-proteobacteria 1234 91 
2 Hydrogenophaga palleronii β-proteobacteria 1361 99 
2 Hydrogenophaga sp. β-proteobacteria 1361 97 
2 beta proteobacterium β-proteobacteria 1382 95 
2 Acidovorax sp. β-proteobacteria 1380 94 
2 Xenophilus azovorans β-proteobacteria 1365 94 
2 Aquamonas gracilis enterobacteria 1382 94 
2 Aquaspirillum delicatum β-proteobacteria 1302 95 
2 Variovorax sp. β-proteobacteria 1302 94 
3 Zoogloea sp. β-proteobacteria 734 97 
3 Rasbo bacterium β-proteobacteria 737 97 
3 Dechloromonas sp. β-proteobacteria 690 95 
3 Bradyrhizobium sp. α-proteobacteria 718 94 
3 Afipia felis α-proteobacteria 744 93 
3 Bosea minatitlanensis α-proteobacteria 679 94 
3 Oligotropha carboxidovorans α-proteobacteria 679 93 
4 Pseudoxanthomonas mexicana γ-proteobacteria 1996 99 
4 Pseudoxanthomonas sp. γ-proteobacteria 1377 99 
4 Xanthomonas campestris. γ-proteobacteria 1398 96 
4 Xanthomonas gardneri strain γ-proteobacteria 1383 96 
4 Pseudoxanthomonas sp. γ-proteobacteria 1308 96 
4 Stenotrophomonas sp. γ-proteobacteria 1378 95 
4 Luteimonas mephitis γ-proteobacteria 1392 94 
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DISCUSSION 
 
   In many studies, Nitrobacter was recognized as the dominant nitrite oxidizer and was commonly isolated from 
wastewater treatment systems, bioreactor and activated sludge (1). In this study Nitrobacter was not detected in the 
R5 bioreactor mixed culture population, indicating that the contribution of Nitrobacter to the nitrification measured 
in the bioreactor is minor.    
   The lack of a specific amplification product in the initial PCR reactions using one non-specific primer and one 
Nitrobacter-specific primer as well as nested PCR amplification suggest the possibilities that (i) the DNA extraction 
method (12) using SDS-phenol/chloroform/bead-beating was not sufficient or suitable to obtain Nitrobacter DNA 
and/or that (ii) the Nitrobacter population present in the bioreactor is very small and thus escaped amplification by 
PCR and/or that (iii) the strains of Nitrobacter present in the bioreactor were too diverse to be recognized by the 
published Nitrobacter-specific primer. We chose then to clone and characterize PCR products of the amplification of 
the entire mixed population using the two non-specific primers. Hybridization screening with probes NIT3 (Table 2) 
and NB1000 (Table 3) did not successfully detect Nitrobacter isolates.  No true-positive clone was detected by both 
probes. The positive cloned sequences showed little homology to published Nitrobacter rDNA sequences.  Thus, the 
autoradiograph likely shows false-positives resulting from partial binding of the probes to DNA from unrelated 
organisms present in the bioreactor.   
   The sequence analysis of the 4 selected clones showed no close match to the published sequences of Nitrobacter 
species (Table 4). The failure to detect the presence of Nitrobacter using the Nitrobacter-specific probes, NIT3 and 
NB1000 is probably due to (i) improper hybridization conditions, especially the washing temperature and/or (ii) 
again the small population of Nitrobacter present in the mixed culture. It is understood that the specific and proper 
binding of the probes to the sequences only occurs when the hybridization conditions are ideal. The conditions we 
used for the hybridization were a rough estimate. No literature value was available and different tools to determine 
melting temperature gave significantly different predictions. Therefore, the large amount of non-specific 
hybridization suggests the temperature chosen for hybridization was probably too low and the temperature selected 
for washing was probably not high enough to release probe bound unspecifically. On the other hand, even if the 
hybridization conditions were ideal, the chance of amplifying the low population of Nitrobacter using PCR and 
subsequently successfully cloning it into the plasmid would be small. It would be necessary to screen many more 
positive clones at a higher stringency to identify members of a small population. This study yielded no positive 
results indicating the presence of Nitrobacter in the R5 bioreactor.   
   Many recent studies have reported that Nitrobacter was low in numbers in many natural and engineered nitrifying 
environments (7, 11). It is probable that Nitrobacter was not the main NOB responsible for nitrite oxidation in the 
samples for this study.  Therefore, it is tempting to conclude that Nitrobacter were not the major bacteria responsible 
for nitrification in the R5 bioreactor since we were not able to detect its presence in the bioreactor mixed culture. 
 

FURTHER EXPERIMENTS 
 
   The condition of amplification could be modified to be more stringent, allowing only Nitrobacter bacteria to be 
picked up and amplified. A positive control can also be included to ensure a known Nitrobacter sample makes a 
clone product. Another suggestion is to modify the hybridization washing temperature by increasing it to a 
temperature high enough to release unspecifically bound probes. Assuming a 2% population of Nitrobacter in the 
bioreactor, more screening or sequencing would increase the chance of detecting the presence of Nitrobacter 
species.  
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