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Bacteria of the Candidate Phylum TM?7 are Prevalent in Acidophilic Nitrifying
Sequencing-Batch Reactors
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Laboratory-scale acidophilic nitrifying sequencing-batch reactors (ANSBRs) were constructed by seeding with sewage-
activated sludge and cultivating with ammonium-containing acidic mineral medium (pH 4.0) with or without a trace amount
of yeast extract. In every batch cycle, the pH varied between 2.7 and 4.0, and ammonium was completely converted to nitrate.
Attempts to detect nitrifying functional genes in the fully acclimated ANSBRs by PCR with previously designed primers
mostly gave negative results. 16S rRNA gene-targeted PCR and a subsequent denaturating gradient gel electrophoresis analysis
revealed that a marked change occurred in the bacterial community during the overall period of operation, in which members
of the candidate phylum TM?7 and the class Gammaproteobacteria became predominant at the fully acclimated stage. This
result was fully supported by a 16S rRNA gene clone library analysis, as the major phylogenetic groups of clones detected
(>5% of the total) were TM7 (33%), Gammaproteobacteria (37%), Actinobacteria (10%), and Alphaproteobacteria (8%).
Fluorescence in situ hybridization with specific probes also demonstrated the prevalence of TM7 bacteria and
Gammaproteobacteria. These results suggest that previously unknown nitrifying microorganisms may play a major role in

ANSBRs; however, the ecophysiological significance of the TM7 bacteria predominating in this process remains unclear.
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Nitrification is an important biological process not only in
the global nitrogen cycle, but also in agriculture and waste-
water treatment technology. The oxidation of ammonia to
nitrite is the first and rate-limiting step of nitrification, which
is performed by two different phylogenetic groups of micro-
organisms, i.e., ammonia-oxidizing archaea (AOA) and
bacteria (AOB). The subsequence oxidation of nitrite to
nitrate is mediated by nitrite-oxidizing bacteria (NOB). AOA
members, most of which have been detected as uncultured
environmental clones, have been assigned to the phylum
Thaumarchaeota (29, 31), while the main AOB groups be-
longtotheclasses Betaproteobacteriaand Gammaproteobacteria.
Although these phylogenetic groups of ammonia oxidizers
are widely distributed in nature, AOA and AOB may have
different affinities to ammonia as the substrate and ecological
niches (31, 57, 63). Archaeal amoA genes, coding for the
ammonia monooxygenase (AMO) a subunit, are abundant in
most soils, suggesting that AOA as well as AOB have import-
ant roles in ammonia oxidation in terrestrial environments
(49, 63). Studies on the relative abundance of AOA and AOB
in wastewater treatment systems have been undertaken in
recent years (for a review, see ref. 50), and information on
this subject is fragmentary and controversial (42, 60, 67, 76,
80, 82, 83).

Ammonia oxidation in wastewater treatment was previ-
ously considered to occur at an approximately neutral pH and
was inhibited under acidic conditions. One of the main
reasons for this was that the acidification of wastewater, for
example, due to the accumulation of nitrite and nitrate as the
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products of nitrification, reduces the bioavailability of
ammonia by ionization (25, 26, 70). Furthermore, free nitric
acid has been shown to negatively affect the growth and
activity of nitrifying microorganisms at low pHs (3).
However, a recent study on the biodegradation of N,N-
dimethylformamide by a mesh-filtration bioreactor demon-
strated that nitrogen removal occurred under strongly acidic
conditions (41). The oxidation of ammonia has also been
detected in acidic fen (33) and acidic soils (40, 51, 52, 61, 79,
84), in which AOA rather than AOB are responsible for
this activity. A chemolithotrophic, obligately acidophilic
thaumarchaeal ammonia oxidizer, “Candidatus Nitrosotalea
devanaterra,” was previously obtained from nitrifying acidic
agricultural soil (48). Nevertheless, little or no information is
currently available on the nitrifying activity and microorgan-
isms involved in nitrogen removal from acidified wastewater.

In the present study, we successfully constructed acido-
philic nitrifying sequencing-batch reactors (ANSBRs) capa-
ble of nitrification in artificial mineral wastewater at pH 4.0
and below. The main aims of this study were to estimate the
ability of ANSBRs to nitrify and elucidate microbial commu-
nity dynamics in the ANSBR system. We employed 16S
rRNA gene-targeted PCR and denaturating gradient gel
electrophoresis (DGGE), 16S rRNA gene cloning and
sequencing, fluorescence in situ hybridization (FISH), and
real-time quantitative PCR (qPCR) targeting 16S rRNA and
amoA genes to determine microbial community dynamics.
We herein demonstrated that members of the candidate
phylum TM7, a major bacterial lineage currently known only
from environmental sequence data (37, 38), as well as those
of the class Gammaproteobacteria, were prevalent in
ANSBRs at the fully acclimated stage.
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Materials and methods

Construction and operation of ANSBRs

Two CULSTIR® flasks (Shibata Scientific Technology Ltd.,
Soka, Japan) having a working volume of 1 L were used to construct
ANSBRs. The flasks were seeded with activated sludge taken from
the sewage treatment plant of Toyohashi University of Technology
to give an initial concentration of mixed liquor suspended solids
(MLSS) as 2,000 mg L~!. The activated sludge plant from which the
sample was taken treats domestic sewage discharged within the
university campus and the main aeration tanks are maintained under
neutral conditions. The mixed liquor suspension used as the seed
had a pH of 7.1 when used. One of the reactors, designated ANSBR
1, was loaded with synthetic mineral wastewater SMW1, which
contained (per L) 107 mg NH,Cl, 168 mg NaHCO;, 136 mg
KH,PO,, 30 mg MgSO,-7H,0, 10 mg CaCl,-2H,0, and 1 mL of
trace element solution SL8 (8). The other reactor, designated
ANSBR 2, was loaded with SMW1 medium supplemented with
0.01% Bacto® yeast extract (Beckton and Dickinson and Company
[BD], Franklin Lakes, NJ, USA). Both of these media were adjusted
to pH 4.0 and autoclaved before use. Furthermore, 0.5 mM cyclo-
heximide was added to the media to suppress the growth of eukary-
otic microorganisms. The reactors were operated at 25°C for 98 d
with a batch cycle of 3—4 d, and half of the supernatant of the
reactors was exchanged with fresh medium in each batch cycle. The
mixed liquor in ANSBRs was always rotated on a magnetic stirrer at
160 rpm and aerated with an air pump to give a dissolved oxygen
(DO) tension at 3—5 mg L~!. Experiments to construct ANSBRs 1
and 2 were performed in three independent runs.

Analysis of physicochemical parameters

The pH of the reactors was measured with a Horiba pH meter.
Dissolved oxygen tension was measured with a DO meter. MLSS
was determined by measuring the optical density at 660 nm (ODygq)
and using a linear regression equation showing the relationship
between ODgg and dry weight of sludge as measured by a standard
method (4).

Measurement of nitrifying activity

The nitrifying activity of ANSBRs was determined by monitoring
the consumption of ammonium as the substrate and production of
nitrate as the end product in each batch cycle. Mixed liquor samples
were taken from ANSBRs and centrifuged to save the supernatant.
The supernatant samples were filtered through membrane filters
(pore size, 0.2 um) and directly subjected to analyses. Vial tests
with mixed liquor samples taken from ANSBR 1 on d 84-98 were
performed to determine nitrifying activities. These samples were
introduced into 60-mL vials containing 10 mL of SWM1 medium
adjusted to pH 3.5 to 7.0, and then incubated aerobically with vigor-
ous shaking at 25°C for 2472 h, followed by the measurement of
ammonium and nitrate. In some cases, vial tests with 10 mM chlo-
rate, a potent inhibitor of nitrite oxidation (7), were performed to
examine the production of nitrite from ammonium. The concentra-
tion of ammonia/ammonium ions was measured using indophenol
spectrophotometry (4). Nitrite and nitrate were measured by ion
chromatography as described previously (71). The apparent nitrifi-
cation rate (ANR) was determined based on the maximum velocity
of the conversion of ammonium to nitrate in a batch cycle, i.e., the
average ammonia consumption and nitrate production rates.

Direct cell counting

Regarding cell counting, 5 mL of a mixed-liquor sludge sample
from ANSBRs was added to a BD Falcon™ tube, sonicated for 100 s
(20 kHz; output power 50 W), and diluted with filter-sterilized
phosphate-buffered saline (pH 7.0). Aliquots (10-50 uL) of these
diluted samples were taken and used for direct cell counting. The
direct total count was measured by epifluorescence microscopy with
4,6-diamidino-2-phenylindole (DAPI) or SYBR Green I (Invitrogen
Corporation, Carlsbad, CA, USA) staining as described (22, 76). A
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direct viable count was also obtained using a Molecular Probe
LIVE/DEAD® BacLight™ Viability kit (Invitrogen) as described
(24, 81). Stained specimens were observed under an Olympus model
BX-50 phase-contrast/epifluorescence microscope equipped with an
Olympus DP70 digital camera (Olympus Corporation, Tokyo, Japan).

Fluorescence in situ hybridization (FISH)

The biomass from ANSBRs was taken into BD Falcon™ tubes,
prepared as noted above for total cell counting, and subjected to
FISH analyses. Six oligonucleotide probes previously designed for
the specific detection of microorganisms at the domain, phylum, and
class levels were commercially synthesized (Life Technologies
Corporation, Carlsbad, CA, USA) and used together for multicolor
identification. An equimolar mixture of the three bacterial probes,
EUB338 I, EUB338 II, and EUB338 III (2, 14), which targeted
members of the domain Bacteria, were 5'-labeled with Alexa Fluor®
488. Three probes, ARCI915, TM7905, and GAM42a, which
targeted the domain Archaea (68), the candidate phylum TM7 (38),
and class Gammaproteobacteria (54), respectively, were 5'-labeled
with the cyanine dye Cy3 or Alexa Fluor® 546. Hybridization was
performed under optimized conditions using standard FISH proto-
cols as described (38, 54, 68). The FISH-stained biomass was
counterstained with DAPI and observed under the Olympus epifluo-
rescence microscope system as described above. FISH images were
taken and analyzed using the ImageJ version 1.47 program (http://
rsb.info.nih.gov/ij/).

DNA extraction and purification

The bulk DNA of the biomass collected from ANSBRs was
extracted as previously described (35, 43). Extracted DNA was fur-
ther purified by a standard procedure including phenol/chloroform/
isoamyl alcohol (25:24:1, v/v/v) and RNase A treatment and ethanol
precipitation (56).

Standard PCR assays for 16S rRNA and nitrifying functional genes

PCR experiments for the amplification of 16S rRNA and amoA
genes from ANSBRs were performed with previously reported pair
primer sets. The primer sets used were 27f/1492r (46) for bacterial
16S rRNA genes, A21{/1492r, A21{/A958r (16), and A109f/A934b
(29) for archaeal 16S rRNA genes, amoA-1F/amoA-2R (65)
for betaproteobacterial amoAd genes, amoA-3F/amoB-4R for
gammaproteobacterial (Nitrosococcus) amoA genes (64), and
Arch-amoAF/Arch-amoAR (22), amoll1F/amo643R (75), and
CrenamoA23f/CrenamoA616r (74) for archaeal amod genes. In
addition, the presence of the nitrite oxidation genes nxrA4 from
Nitrobacter and nxrB from Nitrospira was determined using
FlnorA/R1norA (62) and nxrBF916/nxrBR1237 (53) primers, re-
spectively. Amplification was performed using an AmpliTaq Gold Tag
DNA polymerase kit (Applied Biosystems, Foster City, CA, USA)
and Takara Thermal Cycler (Takara Bio, Otsu, Japan). The PCR
profile consisted of activation of the polymerase at 94°C for 10 min
and 30 cycles of denaturation at 94°C for 1 min, annealing at
53°C for 1 min, and extension at 72°C for 1 min, followed by a
5-min extension at 72°C. The annealing temperature was also
changed between 45 and 60°C for the amplification of amoA. PCR
products were detected by 1.5% agarose gel electrophoresis with
ethidium bromide staining.

Real-time gPCR

To determine the copy numbers of bacterial 16S rRNA and amoA
genes in ANSBRs, real-time qPCR assays were performed using a
primer set of 3411/938r (46) and amoA-1F/amoA-2R (65), respec-
tively, and Light Cycler (Roche, Basal, Switzerland) with SYBR
Premix Ex Taq Perfect Real Time (Takara) as described (78). The
reaction mixture contained 1 or 10 ng of template DNA according to
the manufacturer’s instructions. The standards to quantify the 16S
rRNA and amoA gene copies were prepared using PCR products
from Escherichia coli 1AM 121197 and Nitrosomonas europaea IFO
14298T (NBRC 14298), respectively. The PCR procedure consisted
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of an initial 5-s denaturation step at 95°C followed by 40 cycles of
5 s denaturation at 95°C, 10 s annealing at 50°C for 16S rRNA genes
and 55°C for AOB amoA, and 45 s extension at 72°C. All PCR
amplifications were performed in triplicate. Melting curve analysis
was performed to confirm the specificity of the results of real-time
qPCR. Amplicons were also detected by agarose gel electrophoresis
with ethidium bromide staining.

PCR-DGGE

Bulk DNA samples extracted from ANSBRs on d 0, 14, 21, 35,
49, 63, and 91 were used for PCR-DGGE. The variable region V3 of
bacterial 16S rRNA genes, corresponding to positions 341-534 in E.
coli 16S rRNA (10), was PCR-amplified using the forward primer
GC341f with a GC-clamp on the 5' terminus and the reverse primer
534r as described previously (59). Amplification was performed
using an AmpliTaq Gold 7ag DNA polymerase kit and Takara
Thermal Cycler. The PCR profile consisted of 10 min activation of
the polymerase at 94°C and 40 cycles of 1 min denaturation at 94°C,
1 min annealing at 53°C, and 1 min extension at 72°C, followed by
5 min extension at 72°C. Amplicons were checked by agarose gel
electrophoresis with ethidium bromide staining, purified with a
MicroSpin S-HR400 Column (Amersham Biosciences, Piscataway,
NJ, USA), and analyzed by DGGE using a Bio-Rad DCode™
system (Bio-Rad Laboratories, Hercules, CA, USA) as described
previously (24). DGGE bands were detected by staining with ethid-
ium bromide, photographed, and analyzed for their intensity using
the ImageJ version 1.47 program. DNA fragments from the major
DGGE bands were extracted and purified for sequencing as
described (24).

Construction of a 16S rRNA gene clone library

DNA samples from ANSBR 1 on d 91 were used to construct a
16S rRNA gene clone library. 16S rRNA gene fragments from the
purified DNA were PCR-amplified using a PCR primer set of 27f
and 1492r as described above. The PCR products were purified
using the Qbiogene Geneclean Spin kit (MP Biomedicals, Santa
Ana, CA, USA) and subcloned using the pTBlue Perfectly Blunt
cloning kit (Novagen, Madison, WI, USA) and E. coli IM109 com-
petent cells (Takara). Plasmid DNA was purified using a plasmid
extraction kit (Sigma-Aldrich, St. Louis, MO, USA) according to
the manufacturer’s instructions and subjected to the analyses
described below.

Phylogenetic analyses of 16S rRNA gene clones

16S rRNA gene clones as plasmid inserts were re-amplified with
the PCR primers 27{/1492, digested with the restriction enzymes
Haelll, Hhal, or Mspl, and separated by MetaPhor™ agarose gel
electrophoresis to analyze restriction fragment length polymor-
phisms (RFLP), as described previously (34). Clones showing
different RFLP patterns were classified into different operational
taxonomic units (OTUs). 16S rRNA gene clones were sequenced
using a BigDye Terminator v3.1 cycle sequencing kit (Applied
Biosystems) and an Applied Biosystems 3130x1 genetic analyzer
according to the manufacturer’s instructions. Sequence data were
compiled with the GENETYX-MAC ver. 17 program (GENETYX,
Tokyo, Japan) and compared to those available from the public
database using the BLAST search system (1) and RDP-11 Seqmatch
algorithm with the option of the type-strain match (13). Chimeric
sequences were examined by a partial treeing analysis (39). The
multiple alignments of sequences were performed with the
CLUSTAL X version 2.0 program (47), and neighbor-joining (NJ)
phylogenetic trees (66) based on Kimura’s two-parameter model
(44) were re-constructed using MEGA software version 5.0 (72).
The tree topology was evaluated by bootstrap resampling with 1,000
replicates (20).

Nucleotide sequence accession numbers

The 16S rRNA gene sequences determined in this study have been
deposited under the DDBJ accession numbers AB809939 to AB809970.
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Results

Characteristics and performance of ANSBRs

We constructed ANSBRs | and 2 in three respective inde-
pendent experiments, and found that the performance of the
two types of reactors regarding nitrification was good, with
similar features being observed in the three runs. The typical
physicochemical features of ANSBRs 1 and 2 during the
overall period of operation are shown in Fig. 1. In ANSBR 1,
MLSS lowered gradually with time and steadied at 25% of
the initial concentration after 2 months of operation, where-
as ANSBR 2 kept 50% of the initial concentration of the
biomass by the end of operation because of the possibly
stimulating effects of the added yeast extract on chemo-
organotrophic growth (Fig. 1a). In both reactors, the pH varied
between 2.7 and 4.0 (Fig. 1b), and the net amount of ammo-
nium added was almost completely consumed and converted
to nitrate by the end of each batch cycle under these acidic
conditions (Fig. 1¢). Nitric acid was not produced in detectable
amounts at any stage. Nitrification decayed when the concen-
tration of ammonium fed to the reactors in each batch cycle
was elevated to 2 mM (data not shown).

A typical batch profile of fully acclimated ANSBR 1
showing a reverse relationship between ammonium removal
and nitrate production is shown in Fig. 2a. The ANRs in
every batch cycle were calculated on the basis of this relation-
ship. The recorded ANRs increased gradually with the opera-
tional time and reached approximately 1.0 mmol-N g-MLSS!
d! at the end of operation (Fig. 2b). Although this ANR value
was lower than those previously reported for nitrogen
removal in the standard activated sludge process (19, 58), the
fully acclimated ANSBR process showed similar ANRs in
the three different runs, indicating the reproducibility of the
nitrification process adapted to acidic conditions.

In ANSBR 1, the cumulative amount of NO;™-N produced
corresponded to 77% of NH4*-N added to the ANSBR (data
not shown). To determine whether the nitric acid produced
from ammonium was lost via evaporation under acidic condi-
tions, we attempted to detect nitric acid by inhibiting nitrite
oxidation with 10 mM chlorate. However, this attempt was
unsuccessful because the consumption of ammonium itself
was inhibited by the addition of chlorate at pH 4.0. Although
the fate of the remaining 23% of NH4*-N remains unknown,
it may be explained by assuming that denitrification occurred
in ANSBR 1. Autotrophic denitrification with the formation
of NO and N,O as byproducts by neutrophilic ammonia oxi-
dizers has been well documented (for reviews, see refs. 5 and
11). On the other hand, ANSBR 2 produced a cumulative
amount of NO;™-N corresponding to 105% of NH,*-N added,
possibly because some nitrogen compounds derived from the
added yeast extract were additionally converted to nitrate.
Since the total nitrogen content of Bacto® yeast extract is
approximately 11% on a dry wt basis (6), ANSBR 2 may
have been supplied with 5.5 mg-N from this component in
each batch cycle. Therefore, ANRs as determined based on
the averages of the net amounts of ammonium added and
nitrate produced may have been underestimated.

To establish whether the nitrification process we
constructed was actually acidophilic, the effects of pH on
nitrifying activity were studied in vials using the biomass
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Fig. 1. Physicochemical characteristics and nitrification performance of ANSBRs 1 (left) and 2 (right) during 98 d of operation. (a), MLSS

concentration; (b), pH; (c), NH;*N concentration; (d), NO;™-N (circles),

and NO, -N (triangles) concentrations. Fig. 1b—1d show changes in the

parameters in every batch cycle (at least two data points at the start [just after the addition of the substrate] and at the end of a batch cycle).

taken from ANSBR 1 on d 84-98. As shown in Fig. 3, the
maximum ANR was recorded at pH 5-6, thereby confirming
that the nitrifying community acclimated was acidophilic, but
not acid-tolerant.

Appearance of biomass and direct total counts

The sewage sludge used as the seed for constructing
ANSBRs was brownish gray; however, acclimation of the
reactors turned the sludge biomass beige to bright gray.
Compact sludge flocs were observed under a phase-contrast
microscope (Fig. S1a), and microorganisms at the fully accli-
mated stage were embedded in extracellular matrices that
were weakly stained with SYBR Green (Fig. S1b). Although
these flocs were not easily broken by sonication, possibly
because of the presence of extracellular substances, we tem-
porarily used a sonic treatment for 100 s to disperse microbial
cells for direct cell counting.

The direct total counts in ANSBRs as measured by DAPI
or SYBR Green staining varied in proportion to the concen-
tration of MLSS, ranging from 0.8 to 3.1x10° mL~! in ANSBR

1 and from 1.3 to 3.1x10° mL~! in ANSBR 2. In the BacLight
kit-using assays, the biomass that stained fluorescent red with
propidium iodide accounted for 14 to 24% of the total bio-
mass in ANSBRs during the overall period of operation.
These results indicated that, although the concentration of the
biomass in ANSBRs decreased with the operation time, 80%
of the ANSBR population on average was constantly viable.

PCR detection of 16S rRNA and amoA genes

We performed PCR assays for 16S rRNA and amoA genes
from ANSBRs 1 and 2 for each week of operation. Both
bacterial and archaeal 16S rRNA genes could be detected in
ANSBRs at all stages of operation, although the amplification
of archaeal 16S rRNA genes was possible only with the
primer set of A1091/915r (data not shown). The PCR signals
of archaeal 16S rRNA fragments were less than 3% of those
of bacterial 16S rRNA genes during the overall period of
operation, thereby suggesting that Archaea constituted a
minor population in ANSBRs.

Bacterial amoA gene fragments with amoA-1F/amoA-2R
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SWMI1 medium as a function of external pH. The pH of the medium was
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prepared with 50 mM MES for pH 5-6, 50 mM MOPS pH 7, and 50 mM
Tricine for pH 8-9. The data show the averages (+ standard deviations)
for five different determinations for ANSBR 1 on d 84-98.

could be PCR-amplified in both ANSBRs with a decrease
being observed in the intensity of PCR signals with the oper-
ation time (Fig. S2a). No AOB amoA genes with a primer set
of amoA-1F/amoA-2R or amoA-3F/amoB-4R were detected
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at the end of operation (data not shown). Real-time qPCR
assays for ANSBR | showed that, whereas the number of
bacterial 16S rRNA gene copies was relatively constant, the
number of AOB amoA gene copies with primers amoA-1F/
amoA-2R rapidly reduced with time (Fig. S2b). This result
suggested that the role of AOB, as detected by the PCR
primer set used, became less significant with the operation
time. Attempts to detect archaeal amoA genes in ANSBRs
with  Arch-amoAF/Arch-amoAR or amoll1F/amo643R
mostly gave negative results during the overall period of
operation. We detected weak PCR signals with the primer set
of CrenamoA23f/CrenamoA616r in ANSBR 1 at some stages
of operation (data not shown); however, the amount of these
amplicons was too low to accomplish subcloning and
sequencing. Standard PCR assays with any primer set failed
to detect AOA amoA at the end of operation, similar to AOB
amoA. Fully acclimated ANSBRs gave no PCR products of
the nitrite oxidation gene nxr4 of Nitrobacter, while only
faint PCR signals of Nitrospira nxrB were detected.

PCR-DGGE profiles

Based on the results of PCR experiments described above,
we performed PCR-DGGE analyses targeting the 16S rRNA
genes (V3 region) of bacteria as the major populations to
roughly estimate bacterial community dynamics in ANSBRs.
The DGGE patterns from ANSBR | markedly changed with
the operational time, and four major bands became conspicu-
ous at the fully acclimated stage (Fig. 4). These DGGE clones
were assigned with members of TM7 (bands grouped as d),
Gammaproteobacteria (those grouped as e), Actinobacteria
(those grouped as f), and Alphaproteobacteria (those grouped
as g) (Table S1). An image analysis of the d 91 lane on the gel
showed that the intensity ratio of bands d, e, f, and g was
38:26:18:18. Similar results for PCR-DGGE profiling were
obtained with ANSBR 2 (data not shown). These results
demonstrated the prevalence of TM7 bacteria in the ANSBR
system at the fully acclimated stage.

Clone library analysis

To confirm the results of PCR-DGGE profiling, we con-
structed a 16S rRNA gene clone library from ANSBR 1 on d
91. More than 300 clones were obtained from this library,
sequenced, and examined for chimeric artifacts. Positive 212
clones as complete sequences thus obtained were grouped
into 35 OTUs (designated OTU 1 to OTU 35) on the basis of
combined data on Haelll-, Hhal-, and Mspl-digested RFLP
patterns, and 1 to 22 clones of each OTU were sequenced.
The clones within a single OTU had almost the same
sequence at 99.8—-100% levels of similarity, and those of dif-
ferent OTUs were different from one another at < 99.0%
similarity levels. An exception was that OTU 33 and OTU 34
were very similar to each other at a 99.7% level of similarity.

Phylogenetic analyses using BLAST and RDP Seqmatch
revealed that the clones of the 35 OTUs could be assigned to
9 phyla, i.e., Acidobacteria, Actinobacteria, Armatimonadetes,
Cyanobacteria, Firmicutes, Nitrospira, Planctomycetes,
Proteobacteria (Alpha-, Beta-, and Gammaproteobacteria),
and TM7 (Table 1). Most of the clones belonged to
Gammaproteobacteria (37.3%) and TM7 (33.0%). Significant
proportions of all clones were represented by Actinobacteria
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Fig. 4. Changes in 16S rRNA gene (V3 region)-targeted PCR-DGGE
profiles of ANSBR 1 with the operational time. Major DGGE bands
(designated a—g) were cut off from the gel, sequenced, and phylogeneti-
cally analyzed. Detailed information on the phylogenetic assignment of
the DGGE clones is shown in Table S2. Similar PCR-DGGE patterns
were obtained from ANSBR 2 (data not shown).

Table 1. Phylogenetic assignment of the 16S rRNA gene clones

obtained from ANSBR 1 ond 91
No. of OTUs No. of clones

Phylum/class detected deteoted % clones
Acidobacteria 5 7 33
Actinobacteria 6 22 10.4
Armatimonadetes 1 4 1.9
Cyanobacteria 1 1 0.5
Firmicutes 2 2 0.9
Nitrospira 2 2 0.9
Planctomycetes 1 2 0.9
Proteobacteria

Alphaproteobacteria 7 17 8.0

Betaproteobacteria 2 6 2.8

Gammaproteobacteria 6 79 373
™7 2 70 33.0
Total 35 212 100

(10.4%) and Alphaproteobacteria (8.0%). These results were
consistent with those of PCR-DGGE profiling.

An NJ phylogenetic tree re-constructed based on 16S
rRNA gene clones and their closest relatives retrieved
from the database is shown in Fig. 5. Out of the 207 clones
incorporated, 65% (including all of the TM7 phylum and
Acidobacteria, 77% of Actinobacteria, and 42% of the
Gammaproteobacteria) exhibited less than 95% similarity to
their closest relatives as the established species. Therefore, it
was difficult to infer from the phylogenetic tree what the
physiological nature of the uncultured bacteria was as the
source of these major clones, except that those of
Acidobacteria were most likely acidophilic. Nevertheless,
several other clones clustered with the genera consisting of
acidophilic species, i.e., Acidocella, Acidisphaera, and
Aciditerrimonas, and 53% of the gammaproteobacterial
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clones proved to be close at > 97% similarity to Alkanibacter
difficilis (AJ313020), for which the culture medium was
optimized at pH 5.0 (23). Furthermore, few clones were tightly
clustered with the nitrite-oxidizer Nitrospira moscoviensis
(X82558). No clones clustered with the previously known
species of AOB and alphaproteobacterial NOB at >90% levels.

Dinis et al. (18) reported that the TM7 bacteria so far
described can be classified into subdivisions 1 and 2 within
the phylum TM7. In this context, we constructed another NJ
tree based on the 16S rRNA gene sequences of the TM7
clones detected in this study and of uncultured TM7 bacteria
retrieved from the database, and found that our TM7 clones
were positioned in subdivision 1 (Fig. S3).

rRNA-targeted FISH

To estimate the abundance of different phylogenetic
groups of microorganisms in the nitrification process, 16S
and 23S rRNA-targeted FISH assays with specific oligonu-
cleotide probes was also performed for ANSBR 1 on d
70-91. FISH probing with a mixture of the EUB338 series
and ARCHO915 resulted in the detection of 78+5% and
1.0+0.5% of the DAPI- or SYBR-Green-stained total popula-
tion, respectively (data not shown). This result suggested that
members of the domain Bacteria constituted the main popu-
lation of microorganisms in ANSBRs, which was consistent
with the results of PCR experiments. FISH probing with
TM7905 and GAM42a revealed that the populations of TM7
(Fig. 6b) and Gammaproteobacteria (data not shown) accounted
for 34+4% and 22+5% of the DAPI-stained populations,
respectively. Phase-contrast microscopy (Fig. 6a) and FISH
probing (Fig. 6b) showed that the TM7 bacteria as a morphotype
of rods to coccobacilli occurred in compact cell aggregates.

Discussion

Nitrification in wastewater has been described as acid
sensitive and generally inhibited at pH 6 and below. Despite
these limitations of nitrification, several studies previously
reported the occurrence of nitrification in acidic soils (30, 40,
51,52,61, 69,79, 84), an acidic fen (33), and acidified waste-
water environments (27, 28, 41). In the present study, we
successfully constructed ANSBRs capable of the complete
conversion of ammonium to nitrate at pH 4 and below.
Although the average ANR at the acclimated stage (ca. 1.0
mmol-N g-MLSS™! d™!) was lower than those found in the
standard nitrifying process (19, 58), the maximum activity of
our ANSBR system was observed at pH 5-6. Therefore, we
concluded that acidophilic, but not acid-tolerant nitrifying
communities were constructed in our system.

The bioavailability of ammonia as the substrate for AMO
is reduced by ionization under acidic conditions (25, 26, 70),
and high concentrations of free nitric acid also negatively
affect the growth and activity of nitrifying microorganisms
(3). Therefore, one of the major questions regarding acido-
philic nitrification in wastewater is how nitrifiers survive and
take up ammonia as the substrate for AMO at low pHs.
Although previous studies postulated the existence of neutral
or less-acidic microenvironments to explain nitrifying activ-
ity under acidic conditions (15, 27), there has so far been no
direct evidence to demonstrate this hypothesis. On the other
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Fig. 5. Neighbor-joining distance matrix tree showing phylogenetic positions of the 16S rRNA gene clones obtained from ANSBR 1 on d 91.
Representative clones of the 35 OTUs are shown with their closest relatives of established species and/or uncultured bacteria whose sequences were
retrieved from the public database. The sequence of Aquifex pyrophilus (M83548) was used as the outgroup to root the tree. The nodes supported by
a bootstrap value of more than 80% are shown by closed circles. Bar = 2% nucleotide substitution rate (K,.).

hand, physiological adaptations to low pH have been pro-
posed to explain the occurrence of ammonia oxidation under
acidic conditions. Namely, ammonia oxidizers coping with
acidic environments may have high affinity to ammonia and
express additional functions, e.g., ammonium transporters,
that allow them to exhibit nitrifying activity in acidified
wastewater (27). An obligately acidophilic thaumarchaeal
ammonia oxidizer has been discovered (48), indicating its
physiological adaptations to acidic environments. In view of

this finding, together with the isolation of an acidophilic
nitrite-oxidizing bacterium (32), the complete conversion of
ammonium to nitrate may occur even in acidic water, as
observed in our ANSBR system. The “omics” approaches to
research on these obligately acidophilic nitrifiers should help
us to understand the mechanism underlying chemolithotro-
phic nitrification under acidic conditions.

The culture-independent molecular approaches used in this
study revealed that the ANSBR system had an unusual bacte-
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Fig. 6. FISH probing of the microbial community of ANSBR 1 in the
fully acclimated stage. (a), phase-contrast micrograph; (b), DAPI-
stained fluorescence micrograph of the same field as (a); (c) fluorescence
micrograph of the same field as (a) showing the biomass stained with
the TM7-targeted FISH probe TM9705 (red). Scale bars = 20 pm.
Hybridization with the probe TM7905 (labelled with Alexa Fluor® 546)
was performed at 46°C for 2 h in the presence of 20% formamide.

rial community structure. One of the most important results
of the present study is that members of the candidate phylum
TM7, as well as of the class Gammaproteobacteria, were
prevalent in the fully acclimated ANSBRs, as shown by 16S
rRNA gene-targeted PCR-DGGE and clone library analyses.
These results were completely supported by FISH probing of
phylum- and class-specific rRNA molecules. TM7 bacteria as
the uncultured clones have not only been detected in a wide
range of natural habitats (37), but have also been commonly
found in the human oral microbiome (9, 17, 18, 55). Activated
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sludge processes and other wastewater treatment systems also
harbor TM7 bacteria (12, 18, 38, 73, 77). However, no habi-
tats in which TM7 bacteria constitute the major population of
the whole community have so far been reported. For exam-
ple, the relative abundance of TM7 bacteria to total bacteria
in activated sludge as measured by qPCR was ca. 3% on
average (18). To the best of our knowledge, this study is the
first to describe an ecosystem in which TM7 bacteria predom-
inate. Within the candidate phylum TM7, most of the clones
retrieved from soil, water, and wastewater environments have
been classified into subdivision 1, while those from oral and
rumen microbiomes have been classified into subdivision 2
(18). In accordance with this classification system, the TM7
clones detected in this study (OTU 33 and OTU 34) were
categorized into subdivision 1. There has been no definite
information on the biological significance of TM7 bacteria in
the environment, and, because of limited data at this time, our
study cannot definitively answer why TM7 bacteria as well as
Gammaproteobacteria were abundant in the ANSBR system.
Furthermore, the detection of a large proportion of actinobac-
terial clones (ca. 10%) in ANSBR was more than expected. Since
some members of Actinobacteria are capable of heterotrophic
nitrification (36), further studies are warranted on this subject.

In the present study, PCR assays targeting the amoA genes
of both AOA and AOB in the fully acclimated ANSBRs
mostly gave negative results. These results suggest that
nitrifiers not detectable with conventional PCR primer sets
for AOA and AOB may predominant and be involved in the
ANSBR system. Our concurrent study showed that nitrifica-
tion occurred in ANSBRs, even in the presence of streptomy-
cin (45). Interestingly, an atypical nucleotide substitution in
16S rRNA that may be responsible for resistance to strepto-
mycin at the ribosome level is found in most TM7 sequences,
similar to those of Archaea (38). We confirmed that this
unique nucleotide substitution was present in the 16S rRNAs
of OTU 33 and OTU 34 as the TM7 phylotypes. Since the
PCR experiments revealed the overwhelming majority of
bacteria rather than archaea in ANSBRs, one of the possible
candidates responsible for ammonia oxidation in the ANSBR
system is unusual streptomycin-resistant bacteria, such as
TM7 bacteria. In this context, the 16S rRNA gene-targeted
high throughput sequencing of streptomycin-resistant
ANSBR communities is in progress.

Despite isolation efforts by several laboratories, no axenic
cultures of the TM7 phylum have so far been obtained,
although microcultivation of soil bacteria under conditions
mimicking in situ environments resulted in the successful
growth of a TM7 bacterium as microcolonies (21). The isola-
tion of TM7 bacteria as axenic cultures and/or metagenomic
approaches to the ANSBR microbial community should pro-
vide a clearer insight into the biological significance of TM7
bacteria in the acidophilic nitrification process. This is also
true for the uncultured Gammaproteobacteria that were
detected as the major clones in the ANSBR system.

Acknowledgements

We are grateful to M. Matsuba, M. Abe, and S. Matsuura of the
Department of Environmental and Life Sciences, Toyohashi
University of Technology, for their technical assistance. We also



TM7 bacteria in nitrifying reactors

thank K. Okamura of the Electronics-Inspired Interdisciplinary
Research Institute (EIIRIS), Toyohashi University of Technology,
for her technical advice regarding the PCR experiments.

References

1.

10.

12.

13.

15.

16.

17.

18.

19.

20.

21.

Altschul, S.F., T.L. Madden, A.A. Schiffer, J. Zhang, Z. Zhang, W.
Miller, and D.J. Lipman. 1997. Gapped BLAST and PSI-BLAST: a
new generation of protein database search programs. Nucleic Acids
Res. 25:3389-3402.

Amann, R.I., B.J. Binder, R.J. Olson, S.W. Chisholm, R. Devereux,
and D.A. Stahl. 1990. Combination of 16S rRNA-targeted oligonucle-
otide probes with flow cytometry for analyzing mixed microbial
populations. Appl. Environ. Microbiol. 56:1919-1925.

Anthonisen, A.C., R.C. Loehr, T.B.S. Prakasam, and E.G. Srinath.
1976. Inhibition of nitrification by ammonia and nitrous acid. J. Water
Pollut. Control Fed. 48:835-852.

APHA. 1998. Standard Methods for the Examination of Water and
Wastewater, 20th ed. American Public Health Association,
Washington, D.C.

Arp, D.J., and L.Y. Stein. 2003. Metabolism of inorganic N
compounds by ammonia-oxidizing bacteria. Crit. Rev. Biochem. Mol.
Biol. 38:471-495.

BD Biosciens. 2006. BD Bionutrients™ Technical Manual, 3rd. ed.
Revised, p. 28, BD Biosciens, Maryland.

Belser, L.W., and E.L. Mays. 1980. Specific inhibition of nitrite
oxidation by chlorate and its use in assessing nitrification in soils and
sediments. Appl. Environ. Microbiol. 39:505-510.

Biebl, H., and N. Pfennig. 1978. Growth yields of green sulfur bacteria
in mixed cultures with sulfur and sulfate reducing bacteria. Arch.
Microbiol. 117:9-16

Brinig, M.M., P.W. Lepp, C.C. Ouverney, G.C. Armitage, and D.A.
Relman. 2003. Prevalence of bacteria of division TM7 in human
subgingival plaque and their association with disease. Appl. Environ.
Microbiol. 69:1687-1694.

Brosius, J., M.L. Palmer, P.J. Kennedy, and H.F. Noller. 1978.
Complete nucleotide sequence of a 16S ribosomal RNA gene from
Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 75:4801-4805.

. Chandran, K., L.Y. Stein, M.G. Klotz, and M.C. van Loosdrecht.

2011. Nitrous oxide production by lithotrophic ammonia-oxidizing
bacteria and implications for engineered nitrogen-removal systems.
Biochem. Soc. Trans. 39:1832-1837.

Chouari, R., D. Le Paslier, P. Daegelen, C. Dauga, J. Weissenbach,
and A. Sghir. 2010. Molecular analyses of the microbial community
composition of an anoxic basin of a municipal wastewater treatment
plant reveal a novel lineage of proteobacteria. Microb. Ecol. 60:272-281.
Cole, J.R., Q. Wang, E. Cardenas, et al. 2009. The Ribosomal
Database Project: improved alignments and new tools for rRNA
analysis. Nucleic Acids Res. 37 (Database issue):D141-D145.

. Daims, H., A. Brithl, R. Amann, K.-H. Schleifer, and M. Wagner.

1999. The domain-specific probe EUB338 is insufficient for the
detection of all Bacteria: Development and evaluation of a more
comprehensive probe set. Syst. Appl. Microbiol. 22:434-444.

de Boer, W., and G.A. Kowalchuk. 2001. Nitrification in acid soils:
microorganisms and mechanisms. Soil Biol. Biochem. 33:853-866.
DeLong, E.F. 1992. Archaea in coastal marine environments. Proc.
Natl. Acad. Sci. U.S.A. 89:5685-5689.

Dewhirst, F.E., T. Chen, J. Izard, B.J. Paster, A.C. Tanner, W.H. Yu,
A. Lakshmanan, and W.G. Wade. 2010. The human oral microbiome.
J. Bacteriol. 192:5002-5017.

Dinis, J.M., D.E. Barton, J. Ghadiri, et al. 2011. In search of an
uncultured human-associated TM7 bacterium in the environment.
PLoS One. 6:¢21280.

Dotro, G., B. Jefferson, M. Jones, P. Vale, E. Cartmell, and T.
Stephenson. 2011. A review of the impact and potential of intermittent
aeration on continuous flow nitrifying activated sludge. Environ.
Technol. 33:1685-1697.

Felsentein, J. 1985. Confidence limits on phylogenies: an approach
using the bootstrap. Evolution 39:783-791.

Ferrari, B.C., S.J. Binnerup, and M. Gillings. 2005. Microcolony cul-
tivation on a soil substrate membrane system selects for previously
uncultured soil bacteria. Appl. Environ. Microbiol. 71:8714-8720.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

361

Francis, C.A., K.J. Roberts, J.M. Beman, A.E. Santoro, and B.B.
Oakley. 2005. Ubiquity and diversity of ammonia-oxidizing archaea
in water columns and sediments of the ocean. Proc. Natl. Acad. Sci.
U.S.A. 102:14683-14688.

Friedrich, M.M., and A. Lipski. 2008. Alkanibacter difficilis gen. nov.,
sp. nov. and Singularimonas variicoloris gen. nov., sp. nov., hexane-
degrading bacteria isolated from a hexane-treated biofilter. Int. J. Syst.
Evol. Microbiol. 58:2324-2329.

Fujii, Y., and A. Hiraishi. 2009. Combined use of cyanoditolyl tetra-
zolium staining and flow cytometry for detection of metabolically
active bacteria in a fed-batch composting process. Microbes Environ.
24:57-63.

Gerardi, M.H. 2002. Nitrification and Denitrification in the Activated
Sludge Process. Wastewater Microbiology Series. Wiley-Interscience.
A John Wiley & Sons, Inc., New Jersey.

Gerardi, M.H. 2005. Nitrification in the activated sludge process.
Water Encyclopedia. 1:751-755.

Gieseke, A., S. Tarre, M. Green, and D. de Beer. 2006. Nitrification in
a biofilm at low pH values: role of in situ microenvironments and acid
tolerance. Appl. Environ. Microbiol. 72:4283-4292.

Green, M., Y. Ruskol, O. Lahav, and S. Tarre. 2001. Chalk as the
carrier for nitrifying biofilm in a fluidized bed reactor. Water Res.
35:284-290.

GroBkopf, R., P.H. Janssen, and W. Liesack. 1998. Diversity and
structure of the methanogenic community in anoxic rice paddy soil
microcosms as examined by cultivation and direct 16S rRNA gene
sequence retrieval. Appl. Environ. Microbiol. 64:960-969.
Gubry-Rangin, C., G.W. Nicol, and J.I. Prosser. 2010. Archaea rather
than bacteria control nitrification in two agricultural acidic soils.
FEMS Microbiol. Ecol. 74:566-574.

Gubry-Rangin, C., B. Hai, C. Quince, M. Engel, B.C. Thomson, P.
James, M. Schloter, R.I. Griffiths, J.I. Prosser, and G.W. Nicol. 2011.
Niche specialization of terrestrial archaeal ammonia oxidizers. Proc.
Natl. Acad. Sci. U.S.A. 108:21206-21211.

Hankinson, T.R., and E.L. Schmidt. 1988. An acidophilic and a neu-
trophilic nitrobacter strain isolated from the numerically predominant
nitrite-oxidizing population of an acid forest soil. Appl. Environ.
Microbiol. 54:1536-1540.

Herrmann, M., A. Hédrich, and K. Kiisel. 2012. Predominance of
thaumarchaeal ammonia oxidizer abundance and transcriptional
activity in an acidic fen. Environ. Microbiol. 14:3013-3025.

Hiraishi, A., K. Muramatsu, and Y. Ueda. 1996. Molecular genetic
analyses of Rhodobacter azotoformans sp. nov. and related species of
phototrophic bacteria. Syst. Appl. Microbiol. 19:168-177.

Hiraishi, A., M. Iwasaki, and H. Shinjo. 2000. Terminal restriction
pattern analysis of 16S rRNA genes for the characterization of bacte-
rial communities of activated sludge. J. Biosci. Bioeng. 90:148—156.
Hirsch, P., L. Overrein, and M. Alexander. 1961. Formation of nitrite
and nitrate by actinomycetes and fungi. J. Bacteriol. 82:442-448.
Hugenholtz, P., B.M. Goebel, and N.R. Pace. 1998. Impact of culture-
independent studies on the emerging phylogenetic view of bacterial
diversity. J. Bacteriol. 180:4765-4774.

Hugenholtz, P., G.W. Tyson, R.I. Webb, A.M. Wagner, and L.L.
Blackall. 2001. Investigation of candidate division TM7, a recently
recognized major lineage of the domain Bacteria with no known
pure-culture representatives. Appl. Environ. Microbiol. 67:411-419.
Hugenholtz, P., and T. Huber. 2003. Chimeric 16S rDNA sequences
of diverse origin are accumulating in the public databases. Int. J. Syst.
Evol. Microbiol. 53:289-293.

Isobe, K., K. Koba, Y. Suwa, J. Ikutani, Y. Fang, M. Yoh, J. Mo, S.
Otsuka, and K. Senoo. 2012. High abundance of ammonia-oxidizing
archaea in acidified subtropical forest soils in southern China after
long-term N deposition. FEMS Microbiol. Ecol. 80:193-203.
Kamimoto, Y., Y. Kiso, T. Oguchi, T. Yamada, J.-Y. Jun, and H. Hu.
2009. DMF decomposition and nitrogen removal performance by a
mesh-filtration bioreactor under acidic conditions. J. Water Environ.
Technol. 7:1-8.

Kayee, P., P. Sonthiphand, C. Rongsayamanont, and T. Limpiyakorn.
2011. Archaeal amoA genes outnumber bacterial amoA genes in
municipal wastewater treatment plants in Bangkok. Microb. Ecol.
62:776-788.



362

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Khan, S.T., Y. Horiba, M. Yamamoto, and A. Hiraishi. 2002. Members
of the family Comamonadaceae as primary poly(3-hydroxybutyrate-
co-3-hydroxyvalerate)-degrading denitrifiers in activated sludge as
revealed by a polyphasic approach. Appl. Environ. Microbiol.
68:3206-3214.

Kimura, M. 1980. A simple method for estimating evolutionary rates
of base substitution through comparative studies of nucleotide
sequences J. Mol. Evol. 16:111-120.

Kurogi, T., N.T.T. Linh, T. Kuroki, T. Yamada, and A. Hiraishi. 2014.
Culture-independent detection of “TM7” bacteria in a streptomycin-
resistant acidophilic nitrifying process. AIP Conf. Proc. 1585:53-58.
Lane, D.J. 1991. 16S/23S rRNA sequencing, p. 115-117. In E.
Stackebrandt and M. Goodfellow (ed.), Nucleic Acid Techniques and
Bacterial Systematics. Wiley, Chichester.

Larkin, M.A., G. Blackshields, N.P. Brown, et al. 2007. Clustal W and
Clustal X version 2.0. Bioinformatics 23:2947-2948.
Lehtovirta-Morley, L.E., K. Stoecker, A. Vilcinskas, J.I. Prosser, and
G.W. Nicol. 2011. Cultivation of an obligate acidophilic ammonia
oxidizer from a nitrifying acid soil. Proc. Natl. Acad. Sci. U.S.A.
108:15892-15897.

Leininger, S., T. Urich, M. Schloter, L. Schwark, J. Qi, G.W.
Nicol, J.I. Prosser, S.C. Schuster, and C. Schleper. 2006. Archaca
predominate among ammonia-oxidizing prokaryotes in soils. Nature
442:806-809.

Limpiyakorn, T., M. Fiirhacker, R. Haberl, T. Chodanon, P. Srithep,
and P. Sonthiphand. 2013. amoA-encoding archaea in wastewater
treatment plants: a review. Appl. Microbiol. Biotechnol. 97:1425-1439.
Lu, L., W. Han, J. Zhang, Y. Wu, B. Wang, X. Lin, J. Zhu, Z. Cai, and
Z. Jia. 2012. Nitrification of archaeal ammonia oxidizers in acid soils
is supported by hydrolysis of urea. ISME J. 6:1978-1984.

Lu, L., and Z. Jia. 2012. Urease gene-containing Archaea dominate
autotrophic ammonia oxidation in two acid soils. Environ. Microbiol.
15:1795-1809.

Liicker, S., M. Wagner, A.J. Roger, et al. 2010. A Nitrospira metage-
nome illuminates the physiology and evolution of globally important
nitrite-oxidizing bacteria. Proc. Natl. Acad. Sci. U.S.A. 107:13479—
13484.

Manz, W., R. Amann, W. Ludwig, M. Wagner, and K.-H. Schleifer.
1992. Phylogenetic oligodeoxynucleotide probes for the major sub-
classes of Proteobacteria: problems and solutions. Syst. Appl.
Microbiol. 15:593-600.

Marcy, Y., C. Ouverney, E.M. Bik, et al. 2007. Dissecting biological
“dark matter” with single-cell genetic analysis of rare and uncultivated
TM7 microbes from the human mouth. Proc. Natl. Acad. Sci. U.S.A.
104:11889-11894.

Marmur, J. 1961. A procedure for the isolation of deoxyribonucleic
acid from micro-organisms, J. Mol. Biol. 3:208-218.
Martens-Habbena, W., P.M. Berube, H. Urakawa, J.R. de la Torre,
and D.A. Stahl. 2009. Ammonia oxidation kinetics determine niche
separation of nitrifying Archaea and Bacteria. Nature 461:976-979.
Mikami, E. 1985. Nitrogen removal by batch-activated sludge
process. Jpn. J. Water Pollut. Res. 8:148-152 (in Japanese).

Muyzer, G., E.C. de Waal, and A.G. Uitterlinden. 1993. Profiling of
complex microbial populations by denaturing gradient gel electropho-
resis analysis of polymerase chain reaction-amplified genes coding for
16S rRNA. Appl. Environ. Microbiol. 59:695-700.

Oishi, R., K. Hirooka, K. Otawa, C. Tada, and Y. Nakai. 2012.
Ammonia-oxidizing Archaea in laboratory-scale activated sludge
systems for wastewater of low- or high-ammonium concentration.
Anim. Sci. J. 83:571-576.

Okamura, K., A. Takanashi, T. Yamada, and A. Hiraishi. 2012.
Ammonia-oxidizing activity and microbial community structure in
acid tea (Camellia sinensis) orchard soil. J. Phys. Conf. Ser. 352:012052.
Poly, F., S. Wertz, E. Brothier, and V. Degrange. 2008. First explora-
tion of Nitrobacter diversity in soils by a PCR cloning-sequencing
approach targeting functional gene nxr4. FEMS Microbiol. Ecol.
63:132-140.

Prosser, J.I., and G.W. Nicol. 2012. Archaeal and bacterial ammonia-
oxidisers in soil: the quest for niche specialisation and differentiation.
Trends Microbiol. 20:523-531.

Purkhold, U., A. Pommerening-Réser, S. Juretschko, M.C. Schmid,
H.-P. Koops, and M. Wagner. 2000. Phylogeny of all recognized
species of ammonia oxidizers based on comparative 16S rRNA and
amoA sequence analysis: implications for molecular diversity surveys.
Appl. Environ. Microbiol. 66:5368-5382.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

HANADA et al.

Rotthauwe, J.H., K.P. Witzel, and W. Liesack. 1997. The ammonia
monooxygenase structural gene amoA as a functional marker: molec-
ular fine-scale analysis of natural ammonia-oxidizing populations.
Appl. Environ. Microbiol. 63:4704-4712.

Saitou, N., and M. Nei. 1987. The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol. Biol. Evol.
4:406-425.

Sonthiphand, P., and T. Limpiyakorn. 201 1. Change in ammonia-oxidizing
microorganisms in enriched nitrifying activated sludge. Appl.
Microbiol. Biotechnol. 89:843-853.

Stahl, D.A., and R. Amann. 1991. Development and application of
nucleic acid probes in bacterial systematics, p. 205-248. In E.
Stackebrandt and M. Goodfellow (ed.), Nucleic Acid Techniques in
Bacterial Systematics. Wiley & Sons Ltd., Chichester.

Stopnisek, N., C. Gubry-Rangin, S. Hofferle, G.W. Nicol, I. Mandic-
Mulec, and J.I. Prosser. 2010. Thaumarchaeal ammonia oxidation in
an acidic forest peat soil is not influenced by ammonium amendment.
Appl. Environ. Microbiol. 76:7626-7634.

Suzuki, 1., U. Dular, and S.C. Kwok. 1974. Ammonia or ammonium
ion as substrate for oxidation by Nitrosomonas europaea cells and
extracts. J. Bacteriol. 120:556-558.

Takahashi, M., T. Yamada, M. Tanno, H. Tsuji, and A. Hiraishi. 2011.
Nitrate removal efficiency and bacterial community dynamics in a
denitrification process using poly(L-lactic acid) as the solid substrate.
Microbes Environ. 26:212-219.

Tamura, K., D. Peterson, N. Peterson, G. Stecher, M. Nei, and S.
Kumar. 2011. MEGAS: Molecular evolutionary genetics analysis
using maximum likelihood, evolutionary distance, and maximum
parsimony methods. Mol. Biol. Evol. 28:2731-2739.

Thomsen, T.R., B.V. Kjellerup, J.L. Nielsen, P. Hugenholtz, and P.H.
Nielsen. 2002. /n situ studies of the phylogeny and physiology of
filamentous bacteria with attached growth. Environ. Microbiol. 4:383-391.
Tourna, M., T.E. Freitag, G.W. Nicol, and J.I. Prosser. 2008. Growth,
activity and temperature responses of ammonia-oxidizing archaea and
bacteria in soil microcosms. Environ. Microbiol. 10:1357-1364.
Treusch, A.H., S. Leininger, A. Kletzin, S.C. Schuster, H.P. Klenk,
and C. Schleper. 2005. Novel genes for nitrite reductase and Amo-
related proteins indicate a role of uncultivated mesophilic crenarchae-
ota in nitrogen cycling. Environ. Microbiol. 7:1985-1995.

Wells, G.F., H.D. Park, C.H. Yeung, B. Eggleston, C.A. Francis, and
C.S. Criddle. 2009. Ammonia-oxidizing communities in a highly
aerated full-scale activated sludge bioreactor: betaproteobacterial
dynamics and low relative abundance of Crenarchaea. Environ.
Microbiol. 11:2310-2328.

Xia, Y., Y. Kong, T.R. Thomsen, and P.H. Nielsen. 2008.
Identification and ecophysiological characterization of epiphytic
protein-hydrolyzing Saprospiraceae (“Candidatus Epiflobacter” spp.)
in activated sludge. Appl. Environ. Microbiol. 74:2229-2238.
Yamada, T., S. Araki, W. Ikeda-Ohtsubo, K. Okamura, A. Hiraishi, H.
Ueda, Y. Ueda, K. Miyauchi, and G. Endo. 2013. Community struc-
ture and population dynamics of ammonia oxidizers in composting
processes of ammonia-rich livestock waste. Syst. Appl. Microbiol.
36:359-367.

Yao, H., Y. Gao, G.W. Nicol, C.D. Campbell, J.I. Prosser, L. Zhang,
W. Han, and B.K. Singh. 2011. Links between ammonia oxidizer
community structure, abundance, and nitrification potential in acidic
soils. Appl. Environ. Microbiol. 77:4618-4625.

Ye, L., T. Zhang, T. Wang, and Z. Fang. 2012. Microbial structures,
functions, and metabolic pathways in wastewater treatment bioreac-
tors revealed using high-throughput sequencing. Environ. Sci.
Technol. 46:13244-13252.

Yoshida, N., H. Fujii, and A. Hiraishi. 2006. A modified cyanoditolyl
tetrazolium reduction method for differential detection of metaboli-
cally active gram-positive and gram-negative bacteria. Microbes
Environ. 21:272-277.

You, J., A. Das, E.M. Dolan, and Z. Hu. 2009. Ammonia-oxidizing
archaea involved in nitrogen removal. Water Res. 43:1801-1809.
Zhang, T., L. Ye, A.H. Tong, M.F. Shao, and S. Lok. 2011. Ammonia-
oxidizing archaea and ammonia-oxidizing bacteria in six full-scale
wastewater treatment bioreactors. Appl. Microbiol. Biotechnol.
91:1215-1225.

Zhang, L.M., HW. Hu, J.P. Shen, and J.Z. He. 2012. Ammonia-
oxidizing archaea have more important role than ammonia-oxidizing
bacteria in ammonia oxidation of strongly acidic soils. ISME 1J.
6:1032-1045.



