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In wastewater treatment plants, nitrifying systems are usually operated with elevated levels of aeration to
avoid nitrification failures. This approach contributes significantly to operational costs and the carbon
footprint of nitrifying wastewater treatment processes. In this study, we tested the effect of aeration rate on
nitrification by correlating ammonia oxidation rates with the structure of the ammonia-oxidizing bacterial
(AOB) community and AOB abundance in four parallel continuous-flow reactors operated for 43 days. Two of
the reactors were supplied with a constant airflow rate of 0.1 liter/min, while in the other two units the airflow
rate was fixed at 4 liters/min. Complete nitrification was achieved in all configurations, though the dissolved
oxygen (DO) concentration was only 0.5 * 0.3 mg/liter in the low-aeration units. The data suggest that efficient
performance in the low-DO units resulted from elevated AOB levels in the reactors and/or putative develop-
ment of a mixotrophic AOB community. Denaturing gel electrophoresis and cloning of AOB 16S rRNA gene
fragments followed by sequencing revealed that the AOB community in the low-DO systems was a subset of the
community in the high-DO systems. However, in both configurations the dominant species belonged to the
Nitrosomonas oligotropha lineage. Overall, the results demonstrated that complete nitrification can be achieved
at low aeration in lab-scale reactors. If these findings could be extended to full-scale plants, it would be possible

to minimize the operational costs and greenhouse gas emissions without risk of nitrification failure.

The water industry is energy intensive. In the United King-
dom, the water industry uses 9 TWh, releasing 5 million tonnes
(carbon dioxide equivalent) of greenhouse gases (GHGs) to
the atmosphere per year (61). Driven by increasing operational
power costs and the need to abate anthropogenic GHG re-
lease, the water industry is being forced to develop new low-
energy and cost-effective technologies. In activated sludge sys-
tems, particular regard should be given to nitrification, the
two-step biological oxidation of ammonia to nitrate via nitrite.
This process prevents excessive hazardous discharges of nitro-
gen into receiving waters. Conventional nitrification is carried
out by the ammonia-oxidizing bacteria (AOB) and the nitrite-
oxidizing bacteria (NOB). The AOB, responsible for the first
and often limiting step of nitrification (39), are generally con-
sidered to have a strictly chemolithoautotrophic aerobic me-
tabolism, to grow slowly, and to be poor competitors for oxy-
gen (22, 60). Consequently, nitrifying systems are usually
operated at a solid retention time (SRT) longer than 5 days
and dissolved oxygen (DO) concentration above 2 mg/liter to
satisfy both carbon and nitrogen removal requirements and to
overcome diffusional resistance in the flocs (59).

However, there is evidence that complete nitrification can
also occur at low DO levels (<0.5 mg/liter) (35) or with inter-
mittent aeration (30). Also, a recent theoretical study modeling
the risk of failure in nitrification based on the overall oxygen
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transfer coefficient (K,a) suggested that the risk of failure
increases at intermediate aeration rates, while high (K, a > 35
day ') and relatively low (4 day * < K, a < 10 day ') aeration
rates promote process stability (33). These studies are prom-
ising, for though it may take many years to renew the physical
assets of the water industry to meet the challenge of a low-
energy and low-carbon footprint, in principle, the less efficient
biological assets could be replaced in a few weeks. Studies
investigating the type of AOB in both activated sludge flocs
and biofilms, where low oxygen was available, have been per-
formed already using culture-independent techniques (12, 25,
30, 34, 35), but the results are sometimes conflicting. For ex-
ample, Park and Noguera (34, 35) reported that AOB com-
munities in activated sludge were dominated by members of
the Nitrosomonas europaea lineage and the Nitrosomonas oli-
gotropha lineage under low-DO conditions (<0.24 mg/liter),
while members of the N. oligotropha lineage were dominant at
higher DO concentrations. These results partially contradict
comparable research on biofilms, where N. oligotropha-like and
N. europaea-like groups were both found in high-DO zones
(12).

Each AOB group is assumed to be characterized by specific
growth kinetic parameters (and thus different yields and affin-
ities for oxygen and ammonia), which are used to define the
aeration requirements (40). The true yield of the AOB (Y op)
depends on the reactions involved in cell synthesis and energy
production. All nitrifiers are known to be chemolithotrophic
bacteria, using ammonia as electron donor and oxygen as elec-
tron acceptor, and consequentially have low growth yields
(0.34 kg volatile suspended solids [VSS]/kg NH,"-N) (42).
However, recent studies reported chemoorganoheterotrophic
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growth of N. europaea and Nitrosomonas eutropha in the pres-
ence of pyruvate, lactate, acetate, serine, succinate, and fruc-
tose under anoxic conditions (48). Also, some Nitrosomonas
species are able to replace molecular oxygen with nitrogen
dioxide or dinitrogen tetroxide as an electron acceptor (49, 50).
In the presence of oxygen, N. europaea has been reported to
grow chemolithoheterotrophically, deriving energy from am-
monia and using fructose as carbon source (17). The growth
rate of N. europaea under such conditions was lower than the
growth rate on CO,, but a high growth yield was observed (17).
Enhanced growth yield and rate have also been reported for
Nitrobacter hamburgensis (NOB) when D-lactate and NO, ™~
were supplied as the sole carbon source and as energy source,
respectively (52). Similarly, Nitrospira appeared to simultane-
ously assimilate inorganic and organic carbon (e.g., pyruvate),
but it is still unclear whether Nitrospira spp. use organic sub-
strates only as carbon sources or also for the production of
energy. However, the growth rate of Nitrospira marina under
mixotrophic conditions was higher than that under chemolitho-
trophic conditions (62).

The yield is related also to the cell-specific ammonia oxida-
tion rate (CSAOR), which is a measure of the AOB commu-
nity activity and defines the work rate of AOB in nitrification.
It has been suggested that CSAORs between 4 and 10 fmol
cell ' h™! represents a good balance between risk of nitrifica-
tion failure and meeting the needs of the AOB (37). This is
consistent with the results reported by Coskuner et al. (5) in
which a plant close to failure had a high CSAOR and a low
number of nitrifiers. In these studies, parameters such as AOB
number and activity were emphasized rather than AOB diver-
sity and composition in controlling and predicting nitrification
failures. Nevertheless, it is generally assumed that a more di-
verse AOB community will be able to cope better with varia-
tions in operating conditions, maintaining process stability (8),
especially given the fragile coupling of AOB and NOB in
bioreactors (13).

This study focuses on the effect of aeration rate on nitrifi-
cation and aims to provide a deeper insight into the structure
of the AOB community selected under high- and low-DO
conditions. Furthermore, we are interested in how AOB activ-
ity and oxygen demand can be maximized so that nitrifying
bioreactors might be operated at shorter solid retention times,
which has further cost advantages. Finally, we hypothesize that
AOB abundance, activity, diversity, and community composi-
tion are influenced by oxygen availability, which is key to un-
derstanding process resilience in future applications.

MATERIALS AND METHODS

Bench-scale reactors. Four continuous-flow lab-scale reactors were operated
in parallel for 43 days. The reactors consisted of glass cylinders with a funnel
bottom in which a porous glass grid was placed in the center. The systems were
inoculated (day 1) with 3 liters of return activated sludge (RAS) from a munic-
ipal wastewater plant in Spennymoor (County Durham, England; 54°42'0"N,
1°35'24"W), and the liquor was constantly mixed by a stirrer (~130 rpm). Two of
the reactors (RH3 and RH4) were supplied with a constant airflow rate of 4 liters
per minute, while in the other two units (RL1 and RL2) the airflow rate was
initially fixed at 0.2 liter/min but was decreased to 0.1 liter/min after 4 days of
operation. Synthetic wastewater, containing 66 mg/liter (NH,),SO,, 320 mg/liter
peptone, 190 mg/liter meat extract, 30 mg/liter yeast extract, 30 mg/liter urea, 28
mg/liter K,HPO,, 2 mg/liter CaCl, - 2H,0, 2 mg/liter of MgSO, - 7H,0O, 1 ml/
liter of trace element solution (0.75 g/liter FeCl; - 6H,0, 0.075 g/liter H;BOs5,
0.015 gfliter CuSO, - 5SH,0, 0.09 g/liter KI, 0.06 g/lliter MnCl, - 4H,0, 0.03
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g/liter NaMoO, - 2H,0, 0.06 g/liter ZnSO, - 7H,0, 0.075 g/liter CoCl, - 6H,0,
0.5 g/liter EDTA, and 1 ml/liter concentrated hydrochloric acid), and 0.8 mg/liter
NaHCOj; (21), was continuously pumped into the reactors at a fixed solid and
hydraulic retention time (SRT and HRT, respectively) of 3 days. The ammonia
and chemical oxygen demand (COD) concentrations in the influent were 15.4 =
2.6 mg/liter and 717 = 107 mg/liter, respectively. Samples (200 ml) from each
reactor and the feed synthetic wastewater were collected every 3 days for chem-
ical, physical, and microbial community analyses.

Physical and chemical analyses. The dissolved oxygen (DO) concentration,
temperature, and pH were constantly monitored with specific probes (Broadley
Technologies Ltd., United Kingdom). Nitrification performance was assessed by
analyzing NH,*-N, NO, -N, and NO;~-N levels in the bulk solution over time.
NO, ™ and NO;~ were measured using ion chromatography (Dionex DW-100
ion chromatograph; Dionex Corp., Sunnyvale, CA) The ion chromatograph was
fitted with an IonPac AS14A analytical column and a 25-pl injection loop. It was
operated at a flow rate of 1 ml/min with 8.0 mM Na,CO;-1.0 mM NaHCOj; as
eluent. Ammonia concentration (NH,"-N), total suspended solids (TSS), and
volatile suspended solids (VSS) were determined according to standard methods
(4a). COD from nonfiltered samples (i.e., including the biomass) was measured
using the COD cell test (Merck KGaA, Germany) according to the manufactur-
er’s instructions.

DNA extraction and quantitative PCR (qQPCR). DNA was extracted from the
mixed liquor (250 pl) collected from the four reactors at days 1, 10, 19, 28, and
43 and stored at —20°C until further analyses. After mechanical cell lysis using
lysing matrix E (MP Biomedicals, Solon, OH) in a Ribolyser (Hybaid Ltd.,
United Kingdom), DNA extraction was performed using the FastDNA Spin kit
for soil (MP Biomedicals, Solon, OH) in accordance with the manufacturer’s
instructions.

The abundance of AOB in the mixed liquor was evaluated by primers CTO
189fA/B (5'-GGAGRAAAGCAGGGGATCG-3"), CTO189fC (5'-GGAGGAA
AGTAGGGGATCG-3') (23), and RT1r (5'-CGTCCTCTCAGACCARCTAC
TG-3") (16). Primers were supplied by Sigma-Genosys (The Woodlands, TX).
The qPCRs were performed in a Bio-Rad iCycler equipped with an iCycler iQ
fluorescence detector and associated software (Bio-Rad; version 2.3). PCRs used
a 15-pl reaction mixture, which contained 2 ul of DNA template, 1 ul of primer
mixture (7.5 pmol each), and 12 pl of PCR Precision Mastermix PCR reagent
(Primer Design Ltd., United Kingdom). For fluorescence detection, SYBR green
T (10,000%; Sigma, United Kingdom) was firstly diluted 1/100 in sterile and
autoclaved molecular water and such solution was added to the PCR mixture as
1% (vol/vol) of the total volume of the reaction mix. The thermal cycling was
carried out as previously reported by Hermansson and Lindgren (16). The 16S
rRNA gene copy numbers were converted to equivalent cell numbers, assuming
that one TRNA operon existed per AOB cell (20).

Calculation of theoretical AOB numbers, AOB fraction, yield, and cell-specific
ammonia oxidation rate. The theoretical AOB numbers were calculated as
previously described by Rittmann et al. (42) using the following equation:

+(1=f)x X

Xaos = [YAOBI (17+]Zi0la i/\gn 9:| ANH," — N

where 6 is the solid retention time (3 days), b is the endogenous respiration rate
(0.15 day ™), £, is the fraction of the active biomass that is biodegradable (0.8),
and Yop is the AOB yield (0.34 kg VSS/kg NH,*-N) (43). X,0p is expressed
as mg/liter, and the biomass results were converted in cell numbers considering
the diameter and total density of an AOB cell to be equal to 1 wm and 0.636
g/em?, respectively (5). Similarly, the AOB cell numbers (cells/ml) obtained by
qPCR were converted in biomass (X, op) to infer the AOB percentage and yield
(YaoB)- The AOB fraction in the systems was calculated by dividing X,op (mg
VSS sop/liter) by the total volatile suspended solids, X (mg VSS/liter). To eval-
uate Ypop (mg VSSAop/mg NH,"-N), the equation was solved.

The cell-specific ammonia oxidation rates were inferred according to the
method of Daims et al. (6).

Nested PCR and denaturant gradient gel electrophoresis (DGGE). A nested
PCR approach, followed by DGGE, was performed to monitor AOB population
dynamics. In the first PCR, a 465-bp fragment of the 16S rRNA gene of AOB
was amplified using CTO189F (5'-GAGRAAAGYAGGGGATCG-3') and
CTOG654R (5'-CTAGCYTTGTAGTTTCAAACGC-3') (23). The PCR products
from this reaction were used as a template for a second PCR with primer
3 (5'-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCC
TACGGGAGGCAGCAG-3") and primer 2 (5'-ATTACCGCGGCTGCTGG-
3") (31). All the PCRs were carried out in 25-pl reaction mixtures containing 23.5
pl of PCR buffer (MegaMix-Blue; Microzone Ltd., United Kingdom), 0.5 pl of
each primer (10 pmol), and 0.5 pl of DNA template. The PCR conditions for the
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CTO primer set and primer 3 and primer 2 set were previously described (23, 31),
and all the PCRs were performed using a Px2 thermal cycler (Thermo Hybaid,
Hybaid Ltd., United Kingdom).

Nested-PCR-amplified fragments were separated using a D-Code DGGE sys-
tem (Bio-Rad Laboratories Ltd., United Kingdom). Each sample was loaded
onto a 10% (wt/vol) polyacrylamide gel using a denaturing gradient ranging from
35% to 55% (100% of denaturant comprises 7 M urea and 40% [vol/vol] deion-
ized formamide). The gel was prepared with 10% (wt/vol) acrylamide stock
solution (acrylamide-N,N-methylenebisacrylamide; 37:1) in 1X TAE buffer
(Tris-acetate-EDTA; 40 mM Tris-acetate, 1 mM EDTA, pH 8.0) with an appro-
priate amount of 100% denaturant solution. The electrophoresis was run in 1X
TAE buffer at 60°C for about 4.5 h at constant voltage (200 V). The gels were
stained in a solution of SYBR green I (Sigma, United Kingdom) diluted 1/10,000
in 1X TAE buffer for 30 min and examined under UV illumination (Bio-Rad
Fluor-S Multilmager; Bio-Rad, United Kingdom). The gels were processed using
Bionumerics 4.0 (Applied Maths BVBA, Saint-Martens-Latem, Belgium); pair-
wise similarities between DGGE profiles were calculated with Raup and Crick
coefficients for cluster analyses (single linkage clustering), which were conducted
using PAST (15). The Raup and Crick similarity index (Sg¢) is defined by the
probability that the expected similarity (randomized data) would be greater than
or equal to the observed similarity. Similarity values between 0.05 and 0.95 are
indicative of random occurrence of the same organism (DGGE band) in two
samples, whereas Si above 0.95 and below 0.05 indicates significant similarity
and significant dissimilarity, respectively. The algorithm assumes that the taxa
are equally likely to be selected. The strongest bands detected on the DGGE
gels were excised and sequenced. The sequences were then compared to the
GenBank database using BLASTn (2) at the National Center for Biotechnology
Information (NCBI).

Clone library preparation. To evaluate and compare the AOB community
structure selected in high- and low-DO reactors after 43 days of operation, gene
clone libraries were constructed from AOB partial 16S rRNA genes amplified
from samples collected from each reactor at the end of the experiment. PCR
products amplified with the CTO primer set were cloned with a TOPO TA
cloning kit (Invitrogen, Ltd., United Kingdom) according to the manufacturer’s
instructions. Following PCR amplification, the correct size of the fragment was
checked by electrophoresis in a 1.5% agarose gel run in 1X TAE buffer stained
with ethidium bromide. The bands were excised and purified with a Qiaquick
PCR gel extraction kit (Qiagen Ltd., United Kingdom). The PCR products and
the vector provided by the kit were ligated and used to transform OneShot
competent cells according to the manufacturer’s instructions (Invitrogen, Ltd.,
United Kingdom). Clones (~40) were randomly picked and transferred to a
30-pl PCR mixture containing the primers T3 (5'-ATTAACCCTCACTAAAG
GGA-3') and T7 (5'-TAATACGACTCACTATAGGG-3"). PCR products of
the correct size were prepared for sequencing using ExoSAP-IT (GE Healthcare,
United Kingdom), and the sequences of the partial 16S rRNA gene fragment (ca.
465 bp) were determined by Genevision, United Kingdom.

The sequences obtained were aligned using ClustalX v1.83 (56), and vector
and primer sequences were removed. The triggered sequences with >97% iden-
tity were then grouped by FastGrouplI (http://biome.sdsu.edu/fastgroup/fg_tools
.htm) into operational taxonomic units (OTUs), and the representative se-
quences of each group were analyzed using BLASTn. The representative OTUs
were also checked for putative chimeras with the online software Bellerophon
(18) using a window size of 200 bp. Chimeric sequences were identified and
removed. Comparisons between cloned sequences of the representative OTUs
and DGGE-derived sequences were performed using the sequence identity ma-
trix function implemented in BioEdit freeware (14). MEGA version 4 (54) was
used to conduct phylogenetic analysis. The evolutionary history was inferred
using the minimum evolution (ME) method (44) using the OTUs found in this
study and selected AOB and Ferribacterium sequences for which 16S rRNA gene
sequences longer than 1,200 bp are available in the ribosomal database project,
RDP (26). A bootstrap consensus tree was determined from 1,000 replicates (9).
Branches corresponding to partitions reproduced in less than 50% bootstrap
replicates were collapsed. The evolutionary distances were computed using the
maximum composite likelihood method (55) and are in units of the number of
base substitutions per site. The ME tree was searched using the Close-Neighbor-
Interchange (CNI) (32) algorithm at a search level of 1. The neighbor-joining
algorithm (46) was used to generate the initial tree. All positions containing
alignment gaps and missing data were eliminated in pairwise sequence compar-
isons.

Nucleotide sequence accession numbers. The sequences determined in this
study have been deposited in the GenBank database under accession numbers
JF327348, JF327350, JF327351, and JF327354 to JF327363.
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RESULTS

Reactor performance. There was no apparent difference in
ammonia removal over time between the four reactors (P
value > 0.05, nested analysis of variance [ANOVA]) (Fig. 1).
The DO concentrations in the systems were assessed (Fig. 2),
and the reactors supplied with air at a flow rate of 0.2 liter/min
had a lower DO concentration than did the reactors supplied
at a high rate (P value = 0.015, nested ANOVA); the DO
concentrations of duplicate reactors were, however, compara-
ble (P value = 0.185, nested ANOVA). When the airflow was
decreased from 0.2 liter/min to 0.1 liter/min in RL1 and RL2,
the DO concentrations significantly decreased in the low-aer-
ation reactors (P value < 0.05, ANOVA), enhancing the dif-
ference in DO concentration between the two treatments (P
value < 0.05, nested ANOVA). Although oxygen supply rates
were the same in the two low- and two high-DO reactor pairs,
respectively, actual DO levels differed among the four reactors
(P value < 0.05, nested ANOVA), even if the scale of differ-
ences in DO concentrations between the low- and high-DO
reactors was an order of magnitude greater than that between
reactor pairs with the same oxygen supply rates. The average
temperature in the systems was 23.7 = 0.5°C, while the pH
ranged between 7 and 7.4 and 8 and 8.10 in RH3-RH4 and in
RL1-RL2, respectively. The mixed liquor VSS averaged 297 +
140 mg/liter and 243 = 69 mg/liter in RL1-RL2 and RH3-RH4,
respectively. The large variance in the low-DO reactors was
due to an increase in VSS in RL1, where the VSS concentra-
tion averaged 198 * 38 mg/liter between day 1 and 28 and
539 = 41 mg/liter between day 31 and 43. Nevertheless, the
COD removal efficiency was indistinguishable among configu-
rations (P value > 0.05, nested ANOVA), averaging 77.5% =
0.2%. The COD removal in the systems was lower than ex-
pected by mass balance calculations (82.7% =+ 16.3%; P
value = 0.012, ANOVA) (43), accounting for the determined
VSS concentrations and the SRT, probably because the COD
was measured in nonfiltered bulk samples.

AOB abundance assessed by qPCR and CSAOR. The abun-
dance of AOB species fluctuated over time (Fig. 3); however,
there was no significant difference (nested ANOVA) between
reactors supplied with high and low aeration (P value = 0.6)
and between duplicate reactors (P value = 0.23). Overall, the
numbers of AOB ranged between 2.8 X 10° and 1.6 X 10° cells
per ml, slightly higher than the results predicted by the Ritt-
mann model (1.2 X 10° and 1.4 X 107 cells per ml) (42, 43).
The AOB averaged 9% * 1.4% of the total biomass in the
original sludge, but the AOB fraction decreased over the ex-
periment to 5.2% = 2.1% (P value = 0.027, nested ANOVA).
In general, the percentage of nitrifying bacteria was not af-
fected by the aeration rate (P values = 0.2, nested ANOVA).
Standard process models (42) predicted a lower percentage of
AOB, ranging between 0.2% and 2.4%. This suggests that the
parameters used in the model of Rittmann et al. are not ap-
propriate for the AOB found in the reactors studied here
and/or operating conditions used.

Cell-specific ammonia oxidation rates ranged from 0.07 to
5.6 fmol cell ! h™!, and a linear relationship between log
CSAORs and log AOB abundance was observed when the
ammonia removal was higher than 95% (y = 7.136 to 0.9537x,
Fig. 4). Three outliers were observed when the ammonia re-
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FIG. 1. Concentrations of ammonia (circles), nitrite (squares), and nitrate (diamonds) in reactors with low aeration (RL1 and RL2) and high
aeration (RH3 and RH4). The vertical dashed line represents the time when the airflow rate was decreased from 0.2 liter/min to 0.1 liter/min in

RLI1 and RL2.

moval efficiency was lower, and these points correspond to the
times when the airflow rate was decreased from 0.2 liter/min to
0.1 liter/min in RL1-RL2 (Fig. 4). In general, the CSAORs
were not significantly different under conditions of high and
low aeration nor between duplicate reactors (all P values >
0.05, nested ANOVA).

Calculations of the growth yield under the two aeration
levels revealed higher yield values (1.56 * 1.2 kg VSS/kg
NH,"-N) in the RL1 and RL2 reactors (operated at 0.1 liter/
min) than in highly aerated reactors (Fig. 5) (P value = 0.021,
Kruskal-Wallis test). Furthermore, the AOB growth yield in
the high-DO reactors (0.45 = 0.53 kg VSS/kg NH,"-N) was
comparable to the yield of 0.34 reported by Rittmann et al.
(42). No differences in growth yield were detected between
duplicate reactors (P value = 0.985, nested ANOVA).
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FIG. 2. Average DO concentrations measured in the systems dur-
ing the two phases of the experiment.

Analysis of AOB community structure by DGGE. Changes
in AOB community structure were detected by DGGE over
time in all reactors (Fig. 6); the strong bands from the inocu-
lum became fainter or disappeared, and new bands became
dominant. Cluster analyses based on Raup and Crick similarity
indices (Sg) showed a parallel change over time of the puta-
tive AOB communities in duplicate reactors (Fig. 7). Initially,
the samples from the reactors treated with different aeration
rates grouped together according to the sampling day. By day
43, all the reactors were clustered more strongly according to
the aeration mode than to the sampling day. The average
number of bands detected at day 1 (13 = 0.81) was not signif-
icantly different from that observed at the end of the experi-
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FIG. 3. AOB abundance in the systems over time assessed by
qPCR. Bars show the means of duplicate samples, while error bars
represent standard deviations.
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removal is higher and when it is lower than 95%.

ment (9 = 1.8) (P value = 0.127, nested ANOVA), while the
samples from the low-DO systems revealed a lower number of
bands than did the reactors supplied with high aeration (P
value = 0.028, nested ANOVA).

The strongest bands detected on the DGGE gel were excised
and sequenced to characterize predominant members of the
AOB community. Five bands out of seven were related to
Nitrosomonas spp., while two were associated with non-AOB
species (Table 1). Bands A, B, and C were dominant in the
inoculum, but only A was found in the DGGE pattern of RH3
and RH4 after 43 days of operation; all the others dropped
below the detection limit. In contrast, bands E and D were
faintly present in the inoculum, but band E became the stron-
gest band at the end of the experiment in all systems.

Composition of the AOB community. Of the 133 partial
sequences obtained from the clone libraries, only one was
identified as non-AOB. The remaining clones had 98 to 99%
sequence identity to Nitrosomonas 16S rRNA sequences pres-
ent in GenBank. The 16S rRNA sequences were sorted into six
groups, and the distribution of the representative OTUs in the
reactors is summarized in Fig. 8. All sequences retrieved from
the reactors supplied with a small amount of oxygen were
grouped in one OTU, while the reactors with high aeration
showed more diverse communities: three OTUs and five OTUs
were found in RH3 and RH4, respectively. The representative
sequence from each OTU was analyzed using BLASTn to
identify the most closely related sequence in the GenBank
database (Table 2), and phylogenetic analysis was conducted
(Fig. 9). The OTU retrieved from the low- and high-DO reac-
tors (1-R458) was affiliated with uncultured Nitrosomonas
clones related to the N. oligotropha lineage. In the high-DO
reactors, one OTU (7-R477) retrieved only in RH4 was closely
related to Nitrosomonas ureae, while the other representative
OTUs (3-R34, 4-R334, and 8-R473) were similar to uncultured
AOB clones related to Nitrosomonas species. OTU 9-R455,
found only in RH4, was instead related to Ferribacterium spp.
Since the number of OTUs can be considered a crude indicator
of the species richness, it was probable that the low-aeration
reactors had a lower number of AOB taxa than did the high-
aeration reactors.

Most of the sequences retrieved from the AOB clone library
and the DGGE gel were closely related to the same species.
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FIG. 5. Average yield values observed in the reactors with low aera-
tion (RL1 and RL2) and high aeration (RH3 and RH4) (P value = 0.021,
Kruskal-Wallis test).

The few discrepancies between the cloned and the DGGE-
derived sequences could be due to the length of the latter (198
bp), which are too short for conclusive phylogenetic analyses.
Also, the DGGE sequences cover a highly variable region of
the 16S rRNA gene, whereas the cloned fragments encompass
both conserved and variable regions. Nevertheless, the most
abundant clones, 1-R458 and 3-R34, had more than 99% iden-
tity with the DGGE band sequences A and E (Table 2). In
addition, the low identities found between clones 4-R334 and
7-R477 and the pool of DGGE sequences were due to the low
frequency of these clones, presumably associated with faint
bands not excised from the DGGE gels.

DISCUSSION

This study suggests that effective nitrification can be
achieved in reactors with low DO and provides preliminary
insights into the basis for this capacity. Oxygen supply rate did
not seem to limit the performance of the systems, as low
effluent ammonia levels were consistently observed. The re-
sults obtained, together with previous reports that showed
complete nitrification at low DO concentrations (<0.5 mg/
liter) in chemostats (35), lab-scale reactors treating swine sew-
age (30), and biofilms (12), suggest that the aeration require-
ments in nitrifying systems can be substantially lowered as long
as there is no associated increase in the release of the GHGs
(especially N,O) (53). Although we did not measure N,O here,
its release is typically associated with the accumulation of am-
monia and nitrite and/or shock loadings (1, 10, 19, 41, 64),
none of which occurred in our system. We are optimistic that
stable and efficient nitrifying systems kept at constant low DO
concentrations will have acceptable emissions of nitrous oxide
(1). We therefore believe that our findings hold out the pos-
sibility of reducing energy and operational costs, as well as
greenhouse gas emissions, without increasing the risk of nitri-
fication failures.

Nevertheless, nitrification in the low-DO reactors studied
here seems to be different from textbook accounts of
autotrophic nitrification. It is possible that the ammonia was
removed by mixotrophic AOB communities, able to use or-
ganic carbon sources and inorganic electron donors (43). Al-
though carbon assimilation by the nitrifying biomass was not
directly assessed, calculated growth yields in the low-DO re-
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FIG. 6. AOB 16S rRNA gene community fingerprints detected at days 1, 10, 19, 28, and 43 by DGGE. Bands A, B, C, D, E, F, and G were

excised and sequenced for phylogenetic analyses.

actors were much higher than those reported in the literature
for chemolithoautotrophic bacteria (39, 43). A likely explana-
tion for this discrepancy is that the AOB were utilizing organic
compounds as a carbon source in the low-DO systems, decreas-
ing the need for an energetically expensive reductive process to
convert CO, to cellular carbon inherent in autotrophic metab-
olism. In contrast, mixotrophic metabolism reduces the energy
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FIG. 7. Cluster analysis of the AOB DGGE profiles based on the
Raup and Crick coefficient.

requirement for cell synthesis as organic carbon is used,
thereby increasing the cell yield (17, 43, 52, 62). Chemolitho-
organotrophic growth of AOB has been demonstrated under
anoxic conditions where molecular oxygen is replaced with
nitrogen dioxide or nitrogen tetroxide as electron acceptor and
pyruvate or lactate is replaced with CO, as carbon source (24,
48). Also, the combination of aerobic and anaerobic ammonia
oxidation has been reported to play an important role in the
anoxic and oxic zones of plug flow reactors (28) and in a
phosphate-removing biofilm (12). Therefore, the selection of
an AOB community capable of chemolithoorganotrophic

TABLE 1. Closest matches (BLASTn) of the seven AOB bands
excised from the DGGE gel”

Band QC (%) MI (%) ACC;SSIOH Description

A 100 97 FM200933  Uncultured Nitrosomonas
sp., clone MBR-
30_LF_AS36

B 100 100 AF527015 Uncultured Nitrosomonas
sp. strain 26Ft

C 99 98 AF527015 Uncultured Nitrosomonas
sp. strain 26Ft

D 100 100 EU285310  Uncultured bacterium
clone AOB7

E 100 99 EU285313  Uncultured bacterium
clone AOB10

F 100 98 AJ890204 Uncultured
Ferribacterium sp.

G 100 96 EU381112  Uncultured

Ferribacterium sp.

“ QC, query coverage; MI, maximum identity.
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FIG. 8. Distribution of the retrieved clones in the reactors. The
clones were sorted in six OTUs, represented by the bars in different
shades of gray.

growth under low-oxygen conditions reduces the energy re-
quirements, and thus CO, emissions, associated with aeration.
This is an interesting hypothesis suggested by the data re-
ported, and direct measurement of organic carbon assimilation
by AOB in reactors under different levels of aeration will be
required to provide more direct evidence to test the hypoth-
esis.

The reactors were capable of reliable operation at short
SRTs and irrespective of the DO level, as COD and ammonia
removals were consistent in all systems. The COD removal
efficiency was low in comparison with what is required in
wastewater treatment plants (WWTPs), probably because the
short SRT reduced the VSS in the systems. This, in turn, could
have also decreased the total volumetric nitrification rate but
increased the ratio of active nitrifying bacteria in the total
biomass as suggested in previous batch kinetic and modeling
tests (51). Nonetheless, the relatively high percentage of AOB
(more than 5%) and the elevated abundances (up to >10°
cells/ml) present in the systems were likely responsible for the
high and reliable nitrifying performance (37). Furthermore,
the overall low cell-specific oxidation rates suggest that the
systems were not close to failure and were being supplied with
more oxygen than needed (5, 37). However, when the oxygen
supply was decreased from 0.2 liter/min to 0.1 liter/min in the
low-DO reactors, a transient reduction in AOB metabolic ac-
tivity was observed (Fig. 4, outlier points), suggesting that the
ammonia oxidizer community was inhibited and/or that it
needed to acclimatize to the new conditions. It seems that the
AOB community was not working too hard and hence the
nitrification process was prone to failure as the cell numbers
transiently appeared to be too low to support effective nitrifi-
cation. Presumably, some of the AOB populations were lost,
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while the rest of the nitrifying biomass made the necessary
physiological adjustments before increasing in number. Varia-
tions in kinetic parameters of the ammonia oxidation in lab-
scale sequencing batch reactors operated under oxygen-limit-
ing conditions at SRTs ranging between 3 and 24 days have
been already suggested by Pollice et al. (38). They also ob-
served comparable ammonia oxidation rates irrespective of the
aeration level.

The community developed in the low-DO reactors was a
subset of the high-DO community. The DGGE banding pat-
terns from the AOB communities clustered according to the
aeration conditions at the end of the operating time. The low
DO concentration apparently drove parallel variations in the
structure of the AOB community in agreement with a study
monitoring AOB dynamics in chemostats operated at low DO
(35). However, in our study this process resulted in loss of
species rather than changes in species composition. The mi-
crobial communities in the high-DO reactors were also not
static. The SRT could have been one of a number of factors
that underlie such change. Probably, the SRT in our systems,
much shorter than the SRT of the WWTP of the original
inoculum, might have influenced the structure of the AOB
community (45).

Surprisingly, none of the sequences retrieved from RL1 and
RL2 was phylogenetically close to N. europaea or N. eutropha,
the only AOB species reported to be able to grow chemolit-
hoorganotrophically so far (48). In contrast, most of the clones
and the strongest band belonged to organisms from the N.
oligotropha lineage. Members of this lineage have been de-
tected in various environments (22), including less oxygenated
layers of biofilms (12), chemostat reactors operated with high
and low DO (34), and the upstream region of the Schelde
estuary with low DO and salinity levels (7), suggesting flexibil-
ity in the physiology of this AOB lineage. The adaptation of
Nitrosomonas oligotropha-like AOB to low-DO conditions has
been reported to be due to an increase of the expression of
ammonia monooxygenase enzymes and the high affinity for
ammonia rather than a high affinity for oxygen per se (34).
Furthermore, members of the N. oligotropha lineage are known
to produce urease (22), and this may have also favored the
growth of such bacteria in our reactors, which were fed with
synthetic wastewater containing urea. This suggests that the
presence of urea might induce the AOB community to grow
chemolithoheterotrophically under oxygen-depleted condi-
tions.

The low number of different AOB taxa found in the low-DO
reactors did not affect nitrification performance. Those who
contend that high-species-diversity ecosystems are more resis-

TABLE 2. Closest matches (BLASTn) of the representative OTUs retrieved from the clone libraries”

OTU QC (%) MI (%) Accession no. Description ID’b(Z)ngl[)g%GE
1-R458 95 99 EU285313 Uncultured bacterium clone AOB10 99 (E)
3-R34 94 99 FM200933 Uncultured Nitrosomonas sp., clone MBR-30_LF_AS36 99 (A)
4-R334 92 100 FM201063 Uncultured Nitrosomonas sp., clone MBR-8_LF_BF28 98 (A)
7-R477 95 98 AF272414 Nitrosomonas ureae 95 (A, B, D, F)
8-R473 95 98 EU285313 Uncultured bacterium clone AOB10 99 (E)
9-R455 93 98 AJ238205 Uncultured Ferribacterium sp. 99 (F)

“ QC, query coverage; MI, maximum identity; ID, identity. The DGGE band is the closest DGGE-derived sequence.
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FIG. 9. Phylogenetic tree of the AOB 16S rRNA gene sequences of the representative OTUs and their phylogenetic relatives constructed by
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were retrieved in all reactors, clones marked XX were found in both high-DO reactors, and clones marked #* and = were retrieved only in RH3

and RH4, respectively.

tant to sudden environmental variations, i.e., operating condi-
tions (8, 58), would predict an elevated risk of failure in the
low-DO systems with reduced diversity. Nevertheless, stable
wastewater treatment plants with extensive aeration also har-
bored only one or two dominant AOB species (37), which
implies that high diversity is not essential. In fact, resource
ratio theory (57) predicts less diversity in a community when
the ratio of different resources is high, i.e., low oxygen and high
ammonia. It seems, therefore, that engineers must make a
choice between operational costs and functional redundancy.
However, it has been proposed that stability is correlated with
functional redundancy rather than the population diversity per
se (3), and our findings appear to support this suggestion. It
could be speculated that ammonia-oxidizing archaea (AOA),
which are functionally redundant but phylogenetically separate
from the AOB, might have enhanced the performance and
stability of our systems, as they have been already found in
bioreactors (36, 63, 65) and freshwater and seawater column/

sediment (4, 11, 29, 47) with low DO concentrations. However,
AOA were not detected in our systems by qPCR (results not
shown); presumably, the relatively high ammonia loading did
not promote their growth in our systems (27). This hypothesis
can be confirmed only when the mechanisms selecting for
AOA, and their real role, in activated sludge are better under-
stood.
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