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Utilizing the principle of competitive PCR, we developed two assays to enumerate Nitrosomonas oligotropha-
like ammonia-oxidizing bacteria and nitrite-oxidizing bacteria belonging to the genus Nitrospira. The speci-
ficities of two primer sets, which were designed for two target regions, the amoA gene and Nitrospira 16S
ribosomal DNA (rDNA), were verified by DNA sequencing. Both assays were optimized and applied to
full-scale, activated sludge wastewater treatment plant (WWTP) samples. If it was assumed that there was an
average of 3.6 copies of 16S rDNA per cell in the total population and two copies of the amoA gene per
ammonia-oxidizing bacterial cell, the ammonia oxidizers examined represented 0.0033% � 0.0022% of the total
bacterial population in a municipal WWTP. N. oligotropha-like ammonia-oxidizing bacteria were not detected
in an industrial WWTP. If it was assumed that there was one copy of the 16S rDNA gene per nitrite-oxidizing
bacterial cell, Nitrospira spp. represented 0.39% � 0.28% of the biosludge population in the municipal WWTP
and 0.37% � 0.23% of the population in the industrial WWTP. The number of Nitrospira sp. cells in the
municipal WWTP was more than 62 times greater than the number of N. oligotropha-like cells, based on a
competitive PCR analysis. The results of this study extended our knowledge of the comparative compositions
of nitrifying bacterial populations in wastewater treatment systems. Importantly, they also demonstrated that
we were able to quantify these populations, which ultimately will be required for accurate prediction of process
performance and stability for cost-effective design and operation of WWTPs.

Nitrification, the bio-oxidation of ammonia (NH3) to nitrate
(NO3

�), is a key process in the removal of ammonia from
wastewater, which alleviates problems of aquatic toxicity, high
oxygen demand in receiving waters, and nutrient contributions
to eutrophication (3, 13). The number and physiological activ-
ity of nitrifying bacteria in wastewater treatment reactors are
considered the rate-limiting parameters for the bioconversion
of nitrogen in sewage (48). The slow growth rate of nitrifying
bacteria and the sensitivity of these organisms to several envi-
ronmental factors (e.g., pH, O2, temperature, substrate con-
centration, and the presence of toxic substances) influence the
minimum sludge age during wastewater treatment required to
establish stable nitrification (34). Consequently, early detec-
tion of a decline in the nitrifying population by rapid and
reliable molecular methods may improve process control and
prevent washout of these organisms from a wastewater treat-
ment system.

Chemolithotrophic nitrification is a two-step biochemical
process involving sequential transformation of NH3 to NO3

�

via NO2
� (6). In wastewater treatment plants (WWTPs), the

reactions are catalyzed by two phylogenetically distinct groups
of bacteria, the ammonia-oxidizing bacteria (AOB) belonging
to the � subclass of the class Proteobacteria and nitrite-oxidiz-
ing bacteria (NOB). In AOB, oxidation of NH3 to NO2 is

carried out in two steps: NH3 is oxidized to hydroxylamine
(NH2OH) by ammonia monooxygenase (30), and then
NH2OH is oxidized to NO2

� by hydroxylamine oxidoreductase
(41). In NOB, the oxidation of NO2

� is catalyzed by the en-
zyme nitrite oxidoreductase (18).

The use of quantitative molecular techniques with environ-
mental samples is challenging, mainly due to small quantities
of templates in complex biological backgrounds and the po-
tential presence of inhibitory compounds that can copurify
with the nucleic acids (9). The competitive PCR (cPCR) assay
is based on competitive coamplification of a specific target
sequence together with an internal standard whose concentra-
tion is known (50). This approach has excellent sensitivity and
quantitative accuracy and has the added advantage, because of
the competitive principle on which it is based, of stringent
internal control (36). cPCR has been used to enumerate both
culturable and nonculturable organisms in environmental sam-
ples, including AOB (16, 23, 31, 35, 45), although its use with
this group of bacteria in activated sludge has been very limited
(23). No cPCR assay has been developed previously for quan-
tification of NOB in activated sludge.

The goal of this research was to design and evaluate cPCR
assays for quantification of AOB and Nitrospira spp., the dom-
inant NOB in activated sludge (17), in mixed-liquor suspend-
ed-solids (MLSS) samples from a municipal WWTP. The
amoA gene was used to characterize the indigenous ammonia-
oxidizing population, and the information obtained was used to
design a specific cPCR assay for this gene. Both assays were
also applied to samples retrieved from an industrial WWTP.

* Corresponding author. Mailing address: Department of Microbi-
ology, The University of Tennessee, 676 Dabney Hall, Knoxville, TN
37996-1605. Phone: (865) 974-8080. Fax: (865) 974-8086. E-mail: sayler
@utk.edu.
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All the data obtained were compared with total 16S ribosomal
DNA (rDNA) data determined by dot blot hybridization with
a universal oligonucleotide.

MATERIALS AND METHODS

Samples. MLSS samples were collected from the aeration basins of a munic-
ipal WWTP in June 1999 and between February 2000 and January 2001. MLSS
samples were collected from an industrial WWTP between June and September
2000. Both WWTPs employed a complete-mix suspended growth, aerobic acti-
vated sludge process (with biomass recycling). The bioreactors were operated in
the neutral pH range and in the mesophilic temperature range. However, the
chemical compositions of the influent wastewater, in addition to various opera-
tional and environmental parameters, differed considerably for the two facilities.

The municipal WWTP (27) biologically treats an average of 40 million gallons
per day in a tank reactor with a 6-h hydraulic retention time. The wastewater
consists primarily of sanitary sewage collected from a local municipality; how-
ever, industrial and hospital discharges contribute to the overall flow. Typical
influent 5-day biochemical oxygen demand and ammonia nitrogen levels are 200
and 20 mg/liter, respectively. Organic carbon oxidation and nitrification occur in
the same treatment reactor which operates with an average biological solids
retention time of 10 days. The average level of ammonia removal in the plant for
the 12 samples analyzed was 86.7% � 7.8%.

The industrial WWTP (24, 26) treats approximately 27 million gallons of
wastewater per day with a hydraulic retention time of 24 h. The waste flows result
from the manufacture of fibers, plastics, and chemicals and consist mainly of
acetic acid, propionic acid, n-butyric acid, ethylene glycol, ethanol, methanol,
isopropanol, and acetone. No sanitary sewage is discharged into this WWTP. The
carbonaceous influent is supplemented with both nitrogen (ammonia) and phos-
phorus (phosphoric acid). The average influent 5-day biological oxygen demand
and ammonia nitrogen levels are 750 and 45 mg/liter, respectively. The WWTP
is operated with a biological solids retention time of between 12 and 14 days. The
average level of ammonia removal in the plant for the three samples analyzed
was 98.4% � 1.79%.

DNA extraction. Genomic DNA was extracted in triplicate from 2 ml of an
MLSS sample by using a FastDNA kit (Bio 101, Vista, Calif.), with the following
minor modifications: the binding matrix-DNA complex was washed twice with
80% (vol/vol) ethanol after the recommended salt-ethanol wash step, and the
DNA was eluted in 100 �l of 10 mM Tris-HCl buffer (pH 8.0). The three extracts
were combined before the DNA was analyzed. The integrity of DNA samples
was analyzed by electrophoresis by using 0.8% (wt/vol) agarose (Fisher Scientific,
Pittsburgh, Pa.), 1� TBE (40), and 1� GelStar nucleic acid gel stain (FMC
Corporation, Rockland, Maine).

Total 16S rDNA enumeration by dot blot hybridization. Genomic DNA sam-
ples were denatured in a 0.4 N NaOH solution and incubated in a boiling water
bath for 10 min. Nucleic acids (0.4 to 0.6 �g) were transferred to BIOTRANS
nylon membranes (ICN Pharmaceuticals, Costa Mesa, Calif.) by using a dot blot
apparatus (Bio-Rad, Hercules, Calif.). The membranes were baked for 30 min at
80°C, washed twice in 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) (40), and then baked for 60 min at 80°C. The filters were prehybridized
at 37°C in a solution containing 0.5 M NaH2PO4, 1 mM EDTA, and 7% (wt/vol)
sodium dodecyl sulfate. Hybridizations were performed overnight at 37°C by
adding 32P-labeled oligonucleotide 1392r (25) (1.5 � 107 to 3.0 � 107 cpm) to the
prehybridization solution. After hybridization, the membranes were washed
twice for 15 min each time at the same temperature in a solution containing 10
mM NaCl, 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, and 0.5% (wt/vol) sodium
dodecyl sulfate. The membranes were exposed to a phosphor screen, and the 16S
rDNA was quantified with a Molecular Dynamics Storm 840 phosphor imager
(Molecular Dynamics, Sunnyvale, Calif.) equipped with ImageQuant 5.0 analysis
software. The total number of 16S rDNA molecules was determined as previ-
ously described (2).

amoA gene libraries. The gene encoding the enzyme ammonia monooxygenase
(amoA) was amplified by PCR from genomic DNA extracted from MLSS from
the municipal WWTP collected in June 1999 by using primers amoA1-F and
amoA2-R (38). PCR amplification was performed in 25-�l (total volume) mix-
tures by using Ready-To-Go PCR beads (Amersham Pharmacia, Piscataway,
N.J.). The program used for the amplification was as follow: 5 min at 94°C,
followed by 50 cycles consisting of 30 s at 94°C, 30 s at 62°C, and 30 s at 72°C and
a final cycle consisting of 7 min at 72°C. The PCR product was cloned into the
pCR 2.1 vector according to the instructions of the manufacturer (TA cloning kit;
Invitrogen, Carlsbad, Calif.). Clones were screened by colony hybridization as
previously described (40), using the amoA gene from Nitrosomonas europaea as
the probe (30). Plasmid DNA from randomly selected clones were isolated with

an RMP AFS kit (Bio 101). DNA were sequenced at the Molecular Biology
Resource Facility of the University of Tennessee (Knoxville) by using an ABI
PRISM dye terminator cycle sequencing kit with AmpliTaq DNA polymerase
(protocol P/N 402078, revision A), an Applied Biosystems 373 DNA sequencer
(Perkin-Elmer, Foster City, Calif.), and M13f or M13r located on the pCR 2.1
plasmid as the primer.

amoA cPCR. A 100-bp oligonucleotide corresponding to the target DNA (121
bp of the M-20 clone from the amoA gene library, with a 21-bp internal deletion;
5� GAA TAT GTT CGC CTG ATT GAG CAA GGC TCA CTG CGT ACC
TTT GGT GGA CAC TTC GCA GCG TTC GTA TCC ATG TTG ATG TTC
TGC GTA TGG TGG TAC TTT G 3�) was synthesized with an Oligo 1000 DNA
synthesizer (Beckman, Palo Alto, Calif.). PCR amplification of the competitor
was performed in a 25-�l (total volume) mixture by using Ready-To-Go PCR
beads (Amersham Pharmacia), 10 pmol of primer amo598f (5� GAATATGTT
CGCCTGATTG 3�; corresponding to positions 598 to 616 of the N. europaea
amoA gene [30]), 10 pmol of primer amo718r (5� CAAAGTACCACCATACG
CAG 3�; corresponding to positions 699 to 718 of the N. europaea amoA gene),
and 100 pmol of the 100-bp competitor as the template. The program used for
amplification of the competitor was as follow: 5 min at 94°C, followed by 40
cycles consisting of 15 s at 94°C, 15 s at 60°C, and 15 s at 72°C and a final cycle
consisting of 7 min at 72°C. The PCR product was cloned in the pCR 2.1-topo
vector (TA cloning kit; Invitrogen) and sequenced to confirm its identity. To
prepare a stock solution of the competitor, PCR amplification was conducted in
a 100-�l (total volume) reaction mixture containing 1� PCR buffer (50 mM KCl,
10 mM Tris-HCl [pH 8.3], 1.5 mM MgCl2, 0.001% [wt/vol] gelatin), 50 nmol of
each deoxynucleoside triphosphate, 40 pmol of each primer, 1 ng of plasmid
DNA, and 2.5 U of Taq DNA polymerase (Gibco BRL, Gaithersburg, Md.) by
using the same program. The amplified fragment was cleaned with a QIAquick
PCR purification kit (QIAGEN Inc., Valencia, Calif.). The DNA was quantified
by using a DyNA Quant200 fluorometer (Hoefer Pharmacia Biotech, San Fran-
cisco, Calif.) and agarose gels with a mass ladder (GenSura Laboratories, San
Diego, Calif.).

Amplification of the cPCR product was performed in 25-�l (total volume)
mixtures containing Ready-To-Go PCR beads (Amersham Pharmacia), 10 pmol
of primer amo598f, 10 pmol of primer amo718r, dilutions of the competitor
(2,500 to 100,000 copies), and 15 to 30 ng of MLSS genomic DNA. Amplification
was performed by using the program described above, shortened to 30 cycles.
PCR products were separated by electrophoresis by using 3% (wt/vol) NuSieve
3:1 agarose (BMA, Rockland, Maine), 1� TBE (40), and 1� GelStar nucleic
acid gel stain (FMC Corporation, Rockland, Maine). The intensities of the
individual bands were quantified with an AlphaImager 1220 documentation and
analysis system (Alpha Innotech Corporation, San Leandro, Calif.). The fluo-
rescence of the competitor product was corrected by a factor of 121/100 so that
the corrected fluorescence intensity of the 100-bp band could be directly com-
pared with the measured fluorescence intensity of the 121-bp band. The com-
petition equivalence point was determined as previously described (9).

Primer design and amplification of Nitrospira sp. 16S rDNA from suspended-
solids genomic DNA. Nitrospira 16S rDNA primers NSR1113f (5� CCTGCTTT
CAGTTGCTACCG 3�) and NSR1264r (5� GTTTGCAGCGCTTTGTACCG
3�) were deduced from 16S rDNA sequences aligned with the CLUSTAL W
program (47). The alignment contained two Nitrospira partial 16S rDNA se-
quences obtained from industrial MLSS (K. C. Cook, A. C. Layton, H. M.
Dionisi, and G. S. Sayler, Abstr. 100th Gen. Meet. Am. Soc. Microbiol., abstr.
N-35, 2000) and Nitrospira 16S rDNA sequences available from GenBank (Na-
tional Center for Biotechnology Information). The Nitrospira clones from the
industrial MLSS, 931 (AF420301) and 9335, were 99% similar to each other and
98% similar to other Nitrospira 16S rDNA sequences, including Y14639,
AF155154, and AJ224038.

PCR amplification of the Nitrospira sp. 16S rDNA was performed in 25-�l
mixtures containing Ready-To-Go PCR beads (Amersham Pharmacia), 10 pmol
of primer NSR1113f, 10 pmol of primer NSR1264r, and 2 ng of genomic DNA
from MLSS samples as the template. The program used for amplification was 5
min at 94°C, followed by 40 cycles consisting of 30 s at 94°C, 30 s at 65°C, and 30 s
at 72°C and a final cycle consisting of 15 min at 72°C. The PCR product was
cloned and analyzed as described above.

Nitrospira 16S rDNA cPCR. A 119-bp oligonucleotide, corresponding to the
target DNA (151 bp of Nitrospira sp. 16S rDNA positions 1113 to 1264 [Esche-
richia coli numbering] with 32-bp internal deletion; 5� CCT GCT TTC AGT
TGC TAC CGG GTC ATG CCG AGC ACT CTG AAA GGA CTG CCC AGG
AGA ACG GGG AGG AAA TGC CTG GGG CCA CAC ACG TGC TAC
AAT GGC CGG TAC AAA GCG CTG CAA AC 3�) was synthesized and
amplified by using primers NSR1113f and NSR1264r as described above. The
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PCR product was cloned and sequenced. The stock solution of the competitor
was prepared as described above for the amoA competitor.

Amplification of the cPCR product was performed in 25-�l (total volume)
mixtures containing Ready-To-Go PCR beads (Amersham Pharmacia), 10 pmol
of primer NSR1113f, 10 pmol of primer NSR1264r, dilutions of the competitor
(2,500 to 100,000 copies), and 0.5 to 3 ng of MLSS genomic DNA. The program
used for amplification was 5 min at 94°C, followed by 35 cycles consisting of 15 s
at 94°C, 15 s at 65°C, and 15 s at 72°C and a final cycle consisting of 7 min at 72°C.
PCR products were separated by electrophoresis and analyzed as described
above for the amoA cPCR products, except that a correction factor of 151/119
was used.

Analysis of sequence data. Partial Nitrospira 16S rDNA and amoA sequences
were compared with sequences in publicly accessible databases by using the
program Basic Local Alignment Search Tool (BLAST) (1). Sequences were
aligned by using ClustalW. Trees were inferred from distance matrix analyses by
using FITCH with global rearrangements and randomized input order. Phylo-
genetic analysis of amoA sequences was carried out by using the Phylogeny
Inference Package (PHYLIP, version 3.57c).

Nucleotide sequence accession numbers. Nucleotide sequences have been
deposited in the GenBank database under accession numbers AF420290 to
AF420300.

RESULTS

Analysis of AOB from the municipal WWTP. The amoA
gene was amplified by using genomic DNA isolated from
MLSS from a municipal WWTP as the template and primers
amoA1-F and amoA2-R (38). The PCR products were used for
generation of an amoA library. The sequences of randomly
selected clones indicated that non-amoA sequences that were
approximately the expected size (491 bp) were coamplified
with amoA sequences. Such nonspecific amplification occurred
with this sample even after the annealing temperature was
increased to 62°C. The resulting sequences were not similar to
sequences available in the GenBank database. Hybridization
with the amoA gene from N. europaea was employed to identify
amoA sequences in the library. Colony hybridization indicated
that 1 of every 10 clones hybridized with N. europaea amoA.
Sequences from these clones were affiliated with amoA se-
quences from AOB belonging to the � subclass (Fig. 1). All
amoA sequences retrieved from the municipal WWTP plant
belonged to the Nitrosomonas marina cluster and were be-
tween 92 and 95% identical to the amoA gene from Nitrosomo-
nas oligotropha. The closest environmental clone was SP-9 (92
to 95% identical), which was retrieved from activated sludge
from a sewage treatment plant in Germany (Fig. 1) (38).

Validation of the amoA cPCR assay. A new set of primers
was designed for cPCR analysis of the amoA gene due to the
lack of specificity of the amoA1-F–amoA2-R primer set with
the municipal WWTP sample. Amplification of genomic DNA
from MLSS with primers amo598f and amo718r produced an
approximately 120-bp fragment. The PCR products were
cloned, and 10 clones were randomly selected and sequenced.
All sequences were identified as the amoA gene, and no false-
positive results were obtained.

The 121-bp fragment amplified from clone M-20 was used to
test the cPCR assay. Good agreement between the expected
copy number and the copy number determined was observed
for the amoA gene (Fig. 2A). The efficiencies of amplification
of the competitor and target DNA were the same for between
10 and 50 cycles of the PCR (data not shown). When the amoA
cPCR technique was applied to total genomic DNA from an
MLSS sample, bands were detected in the gel at approximately
121 and 100 bp, which corresponded to the target and com-

petitor sizes (Fig. 3A). Addition of 15 to 30 ng of MLSS
genomic DNA to the PCR mixture resulted in reproducible
quantitative PCR analysis. However, when more than 50 ng of
DNA was added, amplification of both competitor and target
DNA was inhibited. These results indicate that this cPCR assay
is suitable for use with a complex DNA sample and is capable
of detecting and quantifying the N. oligotropha-like popula-
tions of AOB in activated sludge samples.

Amplification of Nitrospira 16S rDNA. Primers NSR1113f
and NSR1264r were designed to amplify 16S rDNA sequences
specific for Nitrospira spp. These primers encompass the clade
II group as described by Burrell et al. (8). The amplification
specificity of primers NSR1113f and NSR1264r was tested by
using genomic DNA extracted from municipal MLSS as the
template. A library was generated by cloning the PCR product,
and 18 clones were randomly selected and sequenced. All
sequences were identified as Nitrospira sequences, and they
exhibited more than 98% similarity to one another. No false-
positive results were obtained, indicating the specificity of this
primer set.

Validation of cPCR for Nitrospira 16S rDNA. A cPCR assay
was developed to quantify Nitrospira 16S rDNA in MLSS.
Although cPCR assumes that the amplification efficiencies of
target and competitor are equal, control experiments sug-
gested that the target sequence (151 bp) was amplified about
threefold more efficiently than the competitor sequence (119
bp) (data not shown), independent of the number of cycles
used (10 to 50 cycles). Amplification of the competitor and
amplification of the target reached saturation at the same
number of cycles (40 cycles) (data not shown), demonstrating
that the assay can be used to quantify Nitrospira 16S rDNA if
a correction factor is used. When the expected copy number
based on the concentration of the cloned Nitrospira 16S rDNA
gene was plotted versus the copy number calculated by the
assay, the copy number was overestimated, but the relationship
was linear with a slope of 2.74 (Fig. 2B). Therefore, this value
was utilized as a correction factor for the cPCR assay. Appli-
cation of this assay to environmental samples showed that two
bands of the expected sizes (119 and 151 bp) were amplified
(Fig. 3C). Between 0.5 and 3 ng of suspended solids genomic
DNA in the PCR mixture produced reproducible results.

Assessment of MLSS samples from full-scale WWTPs.
Genomic DNA were extracted from 12 MLSS samples ob-
tained from the municipal WWTP between February 2000 and
January 2001. The total number of 16S rDNA copies was
determined for each sample by using dot blot hybridization
with oligonucleotide 1392r as the probe (25). The total 16S
rDNA values were not significantly different for different sam-
ples and values ranged from 1.64 � 1013 to 3.76 � 1013 copies
per liter of mixed liquor (Table 1). Similar total 16S rDNA
values (2.91 � 1013 to 3.00 � 1013 copies per liter) were
obtained for suspended solids collected over a 3-month period
from an industrial WWTP (Table 1). The traditional method
used to quantify biomass in WWTPs, the mixed-liquor volatile
suspended-solids (MLVSS) method, was also used to assess
total organism concentrations in both systems (Table 1). The
MLVSS values ranged from 1,631 to 3,264 mg/liter.

The amoA cPCR assay was used for the same set of munic-
ipal and industrial samples. The number of amoA gene copies
per liter of mixed liquor varied between 8.67 � 107 and 8.10 �
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108 for municipal WWTP samples, and there were not appar-
ent seasonal differences (Table 1). In contrast, no amplification
of N. oligotropha-like amoA was observed with the samples
from the industrial WWTP. This result suggests that this type

of AOB was not present in the industrial activated sludge
samples.

The values for Nitrospira 16S rDNA content determined by
cPCR were considerably higher than the values for amoA gene

FIG. 1. Phylogenetic Fitch-Margoliash amoA dendrogram (PHYLIP, version 3.57c, global rearrangements and randomized input [three
jumbles]), showing the relationship of cloned amoA sequences from an industrial WWTP (I-212) and a municipal WWTP (M-379 and M-20) with
cultured ammonia oxidizers (37). The root was determined by using the gamma-subclass AOB sequence from Nitrosococcus oceani C-107 as an
outgroup. The numbers in brackets are accession numbers for the amoA sequences. Clusters were labeled by using the assignments of Purkhold
et al. (37).
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content, ranging from 5.82 � 109 to 5.47 � 1010 copies per liter
of mixed liquor from the municipal WWTP (Table 1). Similar
values were obtained for samples from the industrial WWTP,
in which the Nitrospira 16S rDNA content ranged from 8.14 �
109 to 4.29 � 1010 copies per liter (Table 1). These values for
Nitrospira 16S rDNA content represent 0.113% � 0.076% and
0.101% � 0.064% of the total 16S rDNA found in 12 samples
from the municipal WWTP and three samples from the indus-
trial WWTP, respectively.

DISCUSSION

Many questions regarding the quantitative dynamics of ni-
trifying bacteria in wastewater treatment remain unanswered
due to the lack of reliable quantification techniques. To our
knowledge, this is the first description of quantification of
NOB belonging to the genus Nitrospira with cPCR and the
Nitrospira spp. in a WWTP activated sludge process. A specific
cPCR assay for quantification of N. oligotropha-like AOB was
also designed, and the data obtained was compared with total
16S rDNA values.

The amoA gene, encoding the ammonia monooxygenase
active site, has been used increasingly as a phylogenetic bi-
omarker for molecular diversity studies of AOB in environ-
mental samples (12, 14, 16, 17, 23, 31, 37, 38, 39, 45), as 16S

rDNA-based approaches may result in coamplification of se-
quences belonging to nonnitrifying members of the � subclass
of the Proteobacteria (38). Three clusters can be identified by
amoA analysis: the Nitrosospira cluster, the N. marina cluster,
and the N. europaea-Nitrosococcus mobilis cluster (37). Using
the amoA1-F–amoA2-R primer set (38), we studied the AOB
population in a municipal WWTP. Only amoA sequences re-
lated to N. oligotropha belonging to the N. marina cluster were
detected (Fig. 1). Members of the N. oligotropha lineage were
recently detected in different WWTPs (12, 37, 38, 46), as well
as in freshwater and soil (22, 44), indicating the ecological
versatility in this group of AOB.

cPCR assays have been developed previously for enumera-
tion of the amoA gene (16, 31, 45). However, the primer set
designed by Rotthauwe and coworkers (38) could not be used
for quantification with our samples because of nonspecific am-
plification. Therefore, we developed a cPCR assay specific for
the amoA gene found in the municipal WWTP examined. The
technique allowed us to quantify the N. oligotropha-like amoA
gene content in all 12 samples analyzed (Table 1). Use of this
technique with activated sludge samples from an industrial
WWTP, by contrast, resulted in no amplification (Table 1). An
amoA library from this plant suggested that sequences similar
to Nitrosomonas nitrosa (99.8 to 100% identity) (Fig. 1) were
present. These sequences had two mismatches with the
amo598f primer and eight mismatches with the amo718r
primer. Interestingly, N. nitrosa was originally isolated from
activated sludge from a chemical-processing facility (22) but
has not been detected previously in WWTP samples by amoA
analysis (37). The N. nitrosa-like amoA gene expands the list of
AOB species found in activated sludge with this technique.

The wide diversity of the amoA sequences retrieved from
different WWTPs (37, 38; this study) indicates that it may be
difficult to develop a quantitative assay able to detect all clus-
ters simultaneously. As multiple populations can coexist, sev-
eral primer sets may be needed to perform ecological studies
of different AOB subpopulations activated sludge. Quantifica-
tion of the amoA gene, like quantification of any other target
gene, can be biased easily by incorrect specificity of the primer
set used. Overestimation of the AOB population could result
from the use of a broad set of primers due to nonspecific
amplification. On the other hand, although the intolerance of
PCR to base pair mismatches enhances assay specificity, it can
reduce the sensitivity of a PCR for detecting genes that exhibit
high levels of sequence degeneracy, such as the amoA gene.

cPCR relies on measurement of PCR products at the end
point, after gel electrophoresis. An internal standard mini-
mizes quantification problems caused by impurities in the sam-
ples, which can affect PCR amplification. However, the basic
assumption that the internal standard (competitor) and the
target product are amplified equally needs to be verified. In
this study, the target and the competitor were amplified at the
same rate in the amoA cPCR assay. In contrast, the Nitrospira
sp. 16S rDNA target product was amplified more efficiently
than the competitor molecule constructed. Consequently, an
extra correction factor accounting for the differences was in-
corporated into calculations of the Nitrospira 16S rDNA copy
number. Preferential amplification of the target gene over a
competitive template or vice versa can occur due to differential
denaturation or as a result of different target lengths (9), al-

FIG. 2. Quantification of copies of the amoA gene (A) and the
Nitrospira 16S rDNA gene (B). Numbers of determined copies were
calculated by using cPCR as described in Materials and Methods with
a PCR product of clone M-20 (A) or a plasmid containing the 16S
rDNA gene of Nitrospira (B). Error bars indicate the standard devia-
tions of the means (n � 3 or 4). The dashed lines indicate a ratio of
actual number of copies to determined number of copies of 1:1.
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though only a 1°C difference in melting temperature and 32 bp
differentiate the two amplicons. Similar differences in amplifi-
cation efficiencies (3.1-fold) have been reported for another
cPCR system (28).

Cultivated NOB have been assigned to the genera Ni-
trobacter, Nitrospira, Nitrococcus, and Nitrospina (5). Recent
findings obtained by 16S rDNA sequence analysis and fluores-
cence in situ hybridization (FISH) demonstrated that Nitro-
spira spp. are the dominant nitrite-oxidizing microorganisms in
freshwater aquaria, nitrifying fluidized bed reactors, phos-
phate-removing biofilms, and activated sludge (8, 12, 15, 17, 42,
43, 49). Although the AOB population varies within and be-

tween different WWTP systems, the levels of NOB (i.e., Nitro-
spira 16S rDNA) were remarkably similar in the municipal
activated sludge and the industrial activated sludge (5.82 � 109

to 5.47 � 1010 and 8.14 � 109 to 4.29 � 1010 copies per liter,
respectively) (Table 1). In addition, Nitrospira sp. 16S rDNA
sequences from the two libraries were 98% similar (data not
shown), suggesting that NOB in activated sludge are less di-
verse and phylogenetically distinct than AOB. Because of the
similarity of Nitrospira 16S rDNA this cPCR assay could be
applied to different activated sludge systems without further
optimization.

The number of rDNA operons per bacterial genome varies

FIG. 3. cPCR for amoA gene and Nitrospira sp. 16S rDNA. (A) Agarose gel containing cPCR products of the amoA gene from a mixed-liquor
sample from a municipal WWTP (sample M-09-07-00), obtained by procedures described in Materials and Methods. (B) Determination of the
competition equivalence point for the data shown in panel A. (C) Agarose gel containing cPCR products of the Nitrospira 16S rDNA gene from
a mixed-liquor sample from a municipal WWTP (sample M-04-01-00). (D) Determination of the competition equivalence point for the data shown
in panel C. Fl., fluorescence; Corr. Fluor., corrected fluorescence. The equations and fits of the lines are shown.
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from 1 to as many as 15, and it has been suggested that the
copy number affects the ability of bacteria to adapt quickly to
changing environmental conditions (10, 19). If it was assumed
that there was an average of 3.6 copies of 16S rDNA per cell
(20), the total cell numbers in samples from both plants cal-
culated by the dot blot hybridization method ranged from
4.55 � 1012 to 1.04 � 1013 cells per liter of suspended solids.
When the MLVSS values calculated for the test samples and a
conversion value of 2.8 � 10�13 g/cell (29) were used, total cell
concentrations between 5.8 � 1012 and 1.2 � 1013 per liter
were obtained. Thus, the cell concentrations obtained with the
two methods were comparable.

If it was assumed that there were 3.6 copies of 16S rDNA per
cell in the total population and two copies of the amoA gene
per AOB cell (the number of copies per chromosome in N.
europaea [30]), N. oligotropha-like AOB represented 0.0033%
� 0.0022% of the total bacterial population in the municipal
MLSS. Unfortunately, the number of 16S rDNA copies per cell
of the most closely related Nitrospira species isolated so far,
Nitrospira moscoviensis (11), has not been determined. How-
ever, only one copy of the rDNA operon is present in the
chromosome of a Nitrobacter species that is similar physiolog-
ically but not phylogenetically (33). Therefore, if it was as-
sumed that there was one copy of the 16S rDNA gene per
NOB cell, Nitrospira spp. represented 0.39% � 0.28% of the
total bacterial population in the municipal WWTP and 0.37%
� 0.23% of the population in the industrial WWTP.

The average ratio of the Nitrospira spp. population to the N.
oligotropha-like population was 194.97 � 133.4 during the 12
months studied for the municipal WWTP (if it was assumed
that there were one copy of 16S rDNA per Nitrospira cell and
two copies of the amoA gene per AOB cell). Other studies, in
which FISH was used to quantify nitrifying populations in a
phosphate-removing biofilm and in a nitrifying fluidized bed
reactor, indicated that the NOB population was more than 1

order of magnitude larger than the AOB population and could
be as much as 30 times larger (12, 42). Another study of the
nitrifying bacteria present in a water treatment lagoon also
showed that nitrite-oxidizing autotrophs outnumbered the am-
monia oxidizers (32). Similarly, in natural aerobic environ-
ments, such as water-saturated grassland soils with low nitrite
concentrations, the number of lithotrophic NOB was 2 orders
of magnitude greater than the number of lithotrophic AOB
(7).

Due to the low percentages of the bacterial populations
belonging to the AOB and NOB groups in MLSS samples, use
of dot blot rRNA or DNA hybridization analysis to study these
populations resulted in signals below the detection limit (un-
published data). On the other hand, although quantification of
the nitrifying community by FISH analysis has been used suc-
cessfully for organisms growing in biofilms (42), it is difficult to
use this method with activated sludge aggregates. PCR-based
quantification, such as cPCR analysis, due to its high analytical
sensitivity and precision, is a more appropriate technique for
quantifying organisms present at very low levels in activated
sludge.

Engineering design, efficient operation, and assessment of
alternative process control strategies for nitrification require
information about the quantities and activities of AOB and
NOB in activated sludge treatment systems. It is important to
note that engineering biokinetic parameters for WWTP design
models estimated that nitrifying populations accounted for 5 to
8% of the total MLSS (4). Such an estimate, while highly
conservative relative to WWTP performance design, can sub-
stantially increase capital and operation costs due to overca-
pacity. In contrast, a more recent model estimated that the
autotrophic biomass was negligible, accounting for only 2 to
3% of the total activated sludge mass in municipal wastewater
(21). Our values suggest that the amount of autotrophic bio-
mass in municipal WWTP may be even smaller. Given these

TABLE 1. Numbers of total 16S rDNA, amoA gene, and Nitrospira sp. 16S rDNA copies per liter and MLVSS concentrations in samples
from a municipal WWTP and an industrial WWTP

Samplea No. of 16S rDNA copies per
literb

No. of amoA copies per
literc

No. of Nitrospira 16S rDNA
copies per literc

MLVSS concn
(mg/liter)

M-02-02-00 (2.31 � 0.88) � 1013 (4.79 � 1.64) � 108 (1.49 � 0.39) � 1010 1,960
M-03-13-00 (1.65 � 0.26) � 1013 (2.80 � 0.62) � 108 (1.18 � 0.43) � 1010 1,736
M-04-01-00 (1.78 � 0.39) � 1013 (5.81 � 3.14) � 108 (1.88 � 0.37) � 1010 2,226
M-05-01-00 (2.51 � 1.01) � 1013 (8.10 � 0.61) � 108 (2.53 � 0.51) � 1010 2,051
M-06-02-00 (2.29 � 0.78) � 1013 (4.50 � 0.48) � 108 (3.04 � 0.35) � 1010 1,631
M-07-14-00 (1.93 � 0.46) � 1013 (1.17 � 0.27) � 108 (2.71 � 0.19) � 1010 2,191
M-08-02-00 (1.71 � 0.39) � 1013 (8.67 � 1.10) � 107 (1.40 � 0.24) � 1010 1,939
M-09-07-00 (3.76 � 0.27) � 1013 (1.38 � 0.48) � 108 (2.44 � 0.37) � 1010 2,184
M-10-05-00 (1.64 � 0.04) � 1013 (5.02 � 0.77) � 108 (5.47 � 0.20) � 1010 1,974
M-11-17-00 (1.94 � 0.28) � 1013 (1.12 � 0.44) � 108 (5.82 � 0.98) � 109 1,890
M-12-01-00 (3.59 � 0.88) � 1013 (2.58 � 1.60) � 108 (2.95 � 0.24) � 1010 1,974
M-01-04-01 (2.67 � 0.03) � 1013 (2.16 � 0.66) � 108 (2.56 � 0.52) � 1010 1,890
I-06-26-00 (2.97 � 0.35) � 1013 ND (8.14 � 1.20) � 109 2,635
I-08-07-00 (2.91 � 0.04) � 1013 ND (4.29 � 1.32) � 1010 2,516
I-09-04-00 (3.00 � 0.07) � 1013 ND (3.90 � 0.14) � 1010 3,264

a Samples whose designations begin with M were obtained from the municipal WWTP, and samples whose designations begin with I were obtained from the industrial
WWTP. Sample numbers correspond to the month-day-year of sampling.

b The data were generated by dot blotting and hybridization with the universal 1392r probe of equal amounts of template DNA (genomic DNA extracted from
suspended solids). Means � standard deviations were calculated from data for three or four replicate dots for each of the samples which was hybridized with the probe,
quantified by phosphor imaging, and compared with known amounts of 16S rDNA applied to the membrane.

c The numbers of amoA gene and Nitrospira 16S rDNA copies per liter of mixed liquor were estimated by cPCR as indicated in Materials and Methods. The results
are means � standard deviations based on three to five determinations. ND, not detected.
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discrepancies, additional data for nitrifying populations col-
lected by cPCR under a wide range of operational conditions
are needed.
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