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ABSTRACT 
 

Aerated-anoxic processes operate under the principle that small additions of oxygen to 
an anoxic reactor induce simultaneous nitrification and denitrification. In these 
systems, ammonia oxidation in the anoxic zone can easily account for 30-50% of the 
total nitrification in the reactor, even though the dissolved oxygen concentration is 
usually below detection limit.  To investigate whether the nitrification efficiency in 
aerated-anoxic processes was due to the presence of specialized ammonia-oxidizing 
bacteria (AOB), an analysis of the AOB population in an aerated-anoxic Orbal process 
and a conventional nitrogen removal process was carried out using phylogenetic 
analyses based on the ammonia monooxygenase A (amoA) gene. Terminal restriction 
fragment length polymorphism (TRFLP) analyses revealed that Nitrosospira-like 
organisms were one of the major contributors to ammonia oxidation in a full-scale 
aerated-anoxic Orbal reactor.  However, the relative populations of Nitrosospira-like 
and Nitrosomonas-like AOB were not constant and appeared to have seasonal 
variability.  Cloning and sequence comparison of amoA gene fragments demonstrated 
that most of the AOB in the aerated-anoxic Orbal process belonged to the Nitrosospira 
sp. and Nitrosomonas oligotropha lineages.  The abundance of Nitrosospira-like 
organisms in aerated-anoxic reactors is significant, since this group of AOB has not 
been usually associated with nitrification in wastewater treatment plants. 
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INTRODUCTION 
 
Nitrogen removal from wastewater is achieved by a combination of nitrification and denitrification. 
The nitrification process is catalyzed by aerobic chemoautotrophic ammonia-oxidizing bacteria (AOB) 
and nitrite-oxidizing bacteria (NOB).  Denitrification is mediated by heterotrophic bacteria capable of 
utilizing nitrite and nitrate as electron acceptors in the absence of dissolved oxygen (DO).  The DO 
concentration is a major environmental factor controlling nitrification and denitrification rates, and 
therefore, traditional nutrient removal treatment plants include separate anoxic and aerobic zones. 
Although significant nitrification is not expected at DO below 0.3 mg/L (Stenstrom and Poduska, 
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1980), treatment processes that promote simultaneous nitrification/denitrification can achieve up to 
80% of the total nitrification under conditions involving minimal aeration (aerated-anoxic process) 
with no detectable DO levels (Albertson and Coughenour, 1995). Nitrification at low DO conditions 
contradicts the general paradigm that the DO concentration should be maintained above 1.5 mg/L for 
efficient nitrification (Wanner, 1997). 

 
We hypothesize that the nitrification efficiency of aerated-anoxic processes could be due to the 
presence of AOB adapted to grow at low DO concentrations. This hypothesis is supported by recent 
observations of AOB with low half-saturation constants for oxygen in low DO natural environments 
(Bodelier et al., 1996). As an initial step for the evaluation of this hypothesis, we used TRFLP 
(terminal restriction fragment length polymorphism) analyses based on the ammonia monooxygenase 
A (amoA) gene (Horz et al., 2000).  The analysis was complemented by cloning and sequencing the 
amoA gene fragment to detect and identify specific AOB. Using this approach, the AOB populations in 
an aerated-anoxic Orbal wastewater treatment plant (WWTP) and a modified University of Cape Town 
(UCT) process were evaluated and compared. Here we present the results of this comparison and 
demonstrate that indeed, the two treatment plants have different AOB populations. 
 
 

MATERIALS AND METHODS 
 
Full-scale wastewater treatment plants. Two full-scale WWTPs were sampled during this study 
(Figure 1).  The Marshall WWTP (Marshall, WI) is an aerated-anoxic Orbal process treating 900 ~ 
1,300 m3/day of domestic wastewater. The biological reactor in this plant consists of three closed loop 
basins (Figure 1a). Influent wastewater and return activated sludge (RAS) discharge into the outermost 
channel (1st channel).  Water successively flows from the 1st channel to the 2nd and 3rd channels and 
then to the clarifier. Each looped channel is operated at different DO concentrations, which are 
controlled by disc type mechanical aerators. The DO in the 1st channel is maintained near 0 mg/L, 
while the 2nd and 3rd channels are maintained at 0.5 ~ 5.0 mg/L DO. The operation of this plant is also 
characterized by a long solid retention time (SRT), generally 10 ~ 30 days, and a hydraulic retention 
time (HRT) of 30 ~ 43 hours.  Because of the concentric channel design, 50.4% of the total reactor 
volume corresponds to the aerated-anoxic zone (1st channel), and 49.6% to the aerated zone (2nd and 3rd 
channels).  
 
The Nine Springs WWTP (Madison, WI) is a variation of the UCT process and treats 150,000 ~ 
200,000 m3/day of domestic wastewater. Supernatant from the primary settler and mixed liquor from 
the end of the anoxic basin enter the anaerobic basin (Figure 1b).  From the anaerobic zone, the water 
flows to the anoxic and then to the aerobic zones. Return activated sludge containing nitrate flows 
directly into the anoxic basin.  The Nine Springs WWTP is operated with an SRT of 9 days and an 
HRT of 8.7 ~ 11 hours.  The anaerobic, anoxic, and aerobic zones comprise 16.5%, 5.5%, and 78% of 
the total reactor volume, respectively. The DO concentration in the anaerobic and anoxic zones is 
below detection limit, while in the aerobic zone DO is maintained between 0.8 and 4.5 mg/L.  
 
Grab samples of activated sludge were taken at both plants from the end of the aerobic zone.  After 
collection, the samples were placed in a cooler and immediately transported to the laboratory for 
analysis. 
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aerated-anoxic stage, TKN losses in the anaerobic and anoxic zones at Nine Springs were less than 3% 
of the total nitrogen. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Nitrogen mass balances at Marshall and Nine Springs WWTPs. Data labels indicate 
kgN/day. 

 
 
TRFLP analyses of AOB.  AOB populations at the Marshall and Nine Springs WWTPs were 
evaluated using amoA-based TRFLP analyses based on the procedure of Horz et al. (2000).  The 
expected terminal fragments and the corresponding AOB phylogenetic groups (Horz et al., 2000; 
Purkhold et al., 2000) are shown in Table 1.  Although valid for the majority of the sequences 
available, Purkhold et al. (2000) recently reported on AOB clones that did not follow these group 
assignments.    
 

Table 1. AOB groups and their corresponding TaqI terminal fragments 
 

AOB group* Terminal fragment size (bp) 
  Nitrosospira lineage 
  Nitrosomonas europaea lineage 
  Nitrosomonas oligotropha lineage 
  Nitrosomonas cryotolerans lineage 
  Nitrosomonas marina lineage 
  Nitrosomonas communis lineage 
  Others 

283 
219 

48, 354, 441, 491 
491 

48, 491 
48, 354, 491 

48, 219 
                              * See phylogenetic tree in Figure 5 for AOB groups 
 
The amoA-based analysis of the AOB populations at Marshall and Nine Springs are presented in 
Figure 4, for a sampling period of six months.  For all the analyses, the expected 48 bp terminal 
fragment could not be unequivocally detected, due to high background noise for fragments smaller 
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than 100 bp. Nevertheless, the TRFLP profiles from Marshall consistently contained terminal 
fragments at 219 bp, 283 bp, 354 bp, and 491 bp, while the samples from Nine Springs showed only 
two well-defined peaks at 219 bp and 354 bp. These results suggest that the AOB population at Nine 
Springs contains organisms related to the Nitrosomonas europaea lineage (219 bp peak) and the N. 
oligotropha or N. cummunis lineages (354 bp), while the Marshall WWTP has a more diverse AOB 
community, possibly encompassing all the phylogenetically distinct AOB groups shown in Table 1.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. amoA-based TRFLP profiles from Marshall and Nine Springs WWTPs. T
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(Kowalchuk et al., 1998), rice paddies (Horz et al. 2000), and freshwater (Hastings et al., 1998), but 
are not commonly reported as relevant AOB in activated sludge (Wagner et al., 1995, Wagner et al., 
1996, Juretschko et al., 1998, Purkhold et al., 2000). Interestingly, environments such as rice paddies, 
soil, and sediments typically have low DO concentrations, and it is therefore possible that AOB 
belonging to the Nitrosospira lineage are better adapted to low DO habitats.  This hypothesis would 
also explain their significant presence in the aerated-anoxic Orbal process studied. 
 
Another characteristic of the TRFLP profiles from Marshall is the apparent seasonal variation in the 
relative intensity of the different terminal fragments.  The samples taken in summer show that 
Nitrosospira relatives (283 bp) were a significant fraction of the population while Nitrosomonas 
europaea relatives (219 bp) were less important.  This is in contrast to the winter samples that showed 
a decrease in the Nitrosospira population and a relative increase in the N. europaea-related AOB.  
These results suggest that Nitrosospira relatives may be susceptible to low temperature conditions.  
These observations can only be qualitatively considered, since quantification of the relative importance 
of the different AOB groups was not possible because of the inability to detect the expected 48 bp 
fragment.  In addition, it is likely that population quantifications based on TRFLP analyses would have 
similar problems as PCR based quantifications (Von Wintzingerode et al., 1997). 
 
Cloning of amoA gene fragments. To further investigate the AOB community structure in the two 
WWTPs, the amoA gene fragment flanked by the amoA-1F and amoA-2R primers was cloned and 
sequenced.  A total of 60 clones from Marshall and 71 clones from Nine Springs were retrieved. The 
clone distribution according to their expected terminal fragment is summarized in Table 2. This clone 
distribution matched well the TRFLP results (Figure 4), although with some differences in relative 
ratios. In addition, the presence of AOB clones with a 48 bp terminal fragment was confirmed in both 
treatment plants although at low frequency. 
 
The amoA sequences obtained from Marshall and Nine Springs were aligned with previously published 
sequences (Horz et al., 2000, Purkhold et al., 2000) using the neighbor-joining method (Figure 5).  As 
shown in Figure 5, most of the clones from Marshall corresponded to the Nitrosomonas oligotropha 
and the Nitrosospira lineages while the majority of clones from Nine Springs were related to the 
Nitrosomonas europaea cluster and a few of them were distributed among different AOB clusters. 
These results validated the TRFLP analyses and supported the hypothesis that the different operational 
conditions used in the aerated-anoxic Orbal plant at Marshall and the UCT process at Nine Springs 
strongly affected the AOB population structure.  The low DO environment and the creation of 
appropriate conditions for simultaneous nitrification/denitrification in the aerated-anoxic Orbal process 
may be critical factors for the involvement of Nitrosospira relatives in wastewater treatment.  
 
 
 

Table 2. TaqI terminal fragments distribution in the clone library 
 

Number of terminal fragment (clones) Sample name 
48 bp 219 bp 283 bp 354 bp 441 bp 491 bp Unknown Total 
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2 

1 
37 

5 
2 

18 
17 

0 
1 

20 
4 

15 
8 

60 
71 

 
 
 



 

H-D. Park, J.M. Regan, D.R. Noguera 
IWA Conference on microorganisms in activated sludge and biofilm processes, Rome, June 2001  8 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. AOB phylogeny based on amoA gene fragments.  Clones from Marshall and Nine Springs 
are underlined. The scale line indicates 10% difference in nucleotide sequences. 

 
 
 

SUMMARY AND CONCLUSIONS 
 
• In the aerated-anoxic Orbal WWTP at Marshall, about 30% of the TKN is removed via 

simultaneous nitrification/denitrification in the low-DO aerated-anoxic stage. 
• The efficiency of the Marshall WWTP to nitrify at low DO conditions was correlated with the 

presence of a significant fraction of AOB belonging to the Nitrosospira and Nitrosomonas 
oligotropha lineages.   

• Simultaneous nitrification/denitrification in the anoxic stage was not a significant process at the 
Nine Springs WWTP.  Consistent with this finding, Nitrosospira relatives were not significantly 
abundant in this reactor. 

• The Marshall WWTP appeared to have a greater diversity of AOB than the Nine Springs WWTP.  
This diversity was apparently affected by temperature. 

 
 
 
 

0.1 

Nitrosospira sp. NpAV 
RR60H2 

Marshall 6 

SP-7 
Marshall 59 

RR90-3 
Nitrosospira sp. AP-AHB1 

Nine Springs 64 
RR60H5 
Nab015 

RR60H6 
Nitrosospira sp. NP39-19 

SP-14 
Nitrosospira briensis C128

Nsmultiformis
Plußsee

Nine Springs 5 
N. cryotolerans 

N. aestuarii 
N. marina 

N. Nm51 
Marshall 41 

N. halophila Nm1 

N. eutropha C91 

Nitrosococcus mobilis 

N. europaea C31 

SP-6 
TUK23 

Nine Springs 18 

Nine Springs 56 

Nine Springs 23 

N. nitrosa Nm90 
N. Nm41 

N. Nm33 N. communis 

ASK76 
Schöhsee 

N. ureae 

Nine Springs 30 
Marshall 35 Marshall 54 

SP-9 Marshal 11 
N. oligotropha 

TUK7 
ASK5 
TUK18 

Marshall 33 
Nine Springs 70 

Marshall 52 
Marshall 42 

N. europaea 
Cluster 

N. communis Cluster 

N. oligotropha 
Cluster 

N. marina 
Cluster 

N. cryotolerans 
Cluster 

Nine Springs 42 

Nine Springs 51 

Nitrosospira 
Cluster 

RR90-4 



 

H-D. Park, J.M. Regan, D.R. Noguera 
IWA Conference on microorganisms in activated sludge and biofilm processes, Rome, June 2001  9 

ACKNOWLEDGEMENTS 
 

The authors thank Steve Swiggum from the Marshall WWTP and the personnel at the Madison 
Metropolitan Sewerage District for allowing sample collection at their facilities.  This work was 
supported by grant BES9875642 from the National Science Foundation.  Additional support was 
provided by US Filter/Envirex and a traineeship from the National Institutes of Health (Grant NIH 5 
T32 GM08349). 
 

 
REFERENCES 

 
Albertson, O. E. and Coughenour, J. (1995). Aerated anoxic oxidation-denitrification process. Journal 

of Environmental Engineering 121, 720-726. 
Bodelier, P. C., Libochant, J. A., Bloem, C. W. P. M. and Laanbroek, H. J. (1996). Dynamics of 

nitrification and denitrification in root-oxygenated sediments and adaptation of ammonia 
oxidizing bacteria to low-oxygen or anoxic habitats. Applied and Environmental Microbiology 
62, 4100-4107. 

Bothe, H., Jost, G., Schloter, M., Ward, B. B., Witzel K.-P. (2000). Molecular analysis of ammonia 
oxidation and denitrification in natural environments. FEMS Microbiology Reviews 24, 673-690 

Hastings, R. C., Saunders, J. R., Hall, G. H., Pickup, R. W., and McCarthy A. J. (1998). Application of 
molecular biological techniques to a seasonal study of ammonia oxidation in a eutrophic 
freshwater lake. Applied Environmental Microbiology 64(10), 3674-3682. 

Horz, H.-P., Rotthauwe, J.-H., Lukow T. and Liesack, W. (2000). Identification of major subgroups of 
ammonia-oxidizing bacteria in environmental samples by t-RFLP analysis of amoA PCR 
products. Journal of Microbial Methods 39, 197-204. 

Juretschko, S., Timmermann, G., Schmid, M., Schleifer, K.-H., Pommerening-Röser, A., Koops, H.-P., 
and Wager, M. (1998). Combined molecular and conventional analysis of nitrifying bacterium in 
diversity in activated sludge: Nitrosococcus mobilis and Nitrospira-like bacteria as dominant 
populations. Applied and Environmental Microbiology 64(8), 3042-3051. 

Kowalchuk, G. A., Bodelier, B. L. E., Heilig, G. H. J., Stephen, J. R., and Laanbroek, H. J. (1998). 
Community analysis of ammonia-oxidising bacteria, in relation to oxygen availability in soil and 
root-oxygenated sediments, using PCR, DGGE and oligonucleotid probe hybridization. FEMS 
Microbiology Ecology 27, 339-350. 

Kuai, L. and Verstraete, W. (1998). Ammonia removal by the oxygen-limited autotrophic nitrification 
and denitrification system. Applied and Environmental Microbiology 64(11), 4500-4506.  

Littleton, H. X., Diagger, G. T., Strom, P. F. and Cowan, R. A. (2000). Evaluation of autotrophic 
denitrification and heterotrophic nitrification in simultaneous biological nutrient removal 
systems. Proceedings of the 73rd Annual Conference & Exposition of the Water Environment 
Federation, Anaheim, CA. 

Purkhold, L., Pommerening-Röser, A., Juretschko, S., Schmid, M. C., Koops, H.-P., and Wagner M. 
(2000). Phylogeny of all recognized species of ammonia oxidizers based on comparative 16S 
rRNA and amoA sequence analysis: implications for molecular diversity surveys. Applied and 
Environmental Microbiology 66(12), 5368-5382.  

Standard Methods for the Examination of Water and Wastewater (1995). American Public Health 
Association, American Water Works Association, Water Pollution Control Federation, 19th 
edition, Washington, D. C. 

Stenstrom, M. and Poduska, R. A. (1980). The effect of dissolved oxygen concentration on 
nitrification. Water Research 14, 643-649.  



 

H-D. Park, J.M. Regan, D.R. Noguera 
IWA Conference on microorganisms in activated sludge and biofilm processes, Rome, June 2001  10 

Wanner, J.(1997). Microbial population dynamics in biological wastewater treatment plants, p.35-59. 
In T. E. Cloeteand N. Y. O. Muyima (ed.), Microbial Community Analysis: The key to the design 
of biological wastewater treatment systems. IAWQ, London. 

Wagner, M., Rath, G., Amann, R., Koops, H.-P. and Schleifer, K.-H. (1995) In situ identification of 
ammonia-oxidizing bacteria. Systematic Applied Microbiology 18, 251-264. 

Wagner, M., Rath, G., Koops, H.-P., Flood, J., and Amman, R. (1996). In situ analysis of nitrifying 
bacteria in sewage treatment plants. Water Science and Technology 34(1-2), 237-244.  

Von Wintzingerode, F., Göbel, U. W. and Stackebrandt, E. (1997) Determination of microbial 
diversity in environmental samples: pitfalls of PCR-based rRNA analysis. FEMS Microbiology 
Reviews 21, 213-229. 

Zhou, J., Bruns M. A. and Tiedje J. M. (1996) DNA recovery from soils of diverse composition. 
Applied and Environmental Microbiology 62(2), 316-322. 


	Hee-Deung Park, John M. Regan and Daniel R. Noguera
	ABSTRACT
	KEYWORDS
	Full-scale wastewater treatment plants. Two full-scale WWTPs were sampled during this study (Figure 1).  The Marshall WWTP (Marshall, WI) is an aerated-anoxic Orbal process treating 900 ~ 1,300 m3/day of domestic wastewater. The biological reactor in thi
	The Nine Springs WWTP (Madison, WI) is a variation of the UCT process and treats 150,000 ~ 200,000 m3/day of domestic wastewater. Supernatant from the primary settler and mixed liquor from the end of the anoxic basin enter the anaerobic basin (Figure 1b)



