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Culture enrichments and culture-independent molecular methods were employed to identify and confirm the
presence of novel ammonia-oxidizing bacteria (AOB) in nitrifying freshwater aquaria. Reactors were seeded
with biomass from freshwater nitrifying systems and enriched for AOB under various conditions of ammonia
concentration. Surveys of cloned rRNA genes from the enrichments revealed four major strains of AOB which
were phylogenetically related to the Nitrosomonas marina cluster, the Nitrosospira cluster, or the Nitrosomonas
europaea-Nitrosococcus mobilis cluster of the (3 subdivision of the class Proteobacteria. Ammonia concentration
in the reactors determined which AOB strain dominated in an enrichment. Oligonucleotide probes and PCR
primer sets specific for the four AOB strains were developed and used to confirm the presence of the AOB
strains in the enrichments. Enrichments of the AOB strains were added to newly established aquaria to
determine their ability to accelerate the establishment of ammonia oxidation. Enrichments containing the
Nitrosomonas marina-like AOB strain were most efficient at accelerating ammonia oxidation in newly estab-
lished aquaria. Furthermore, if the Nitrosomonas marina-like AOB strain was present in the original enrich-
ment, even one with other AOB, only the Nitrosomonas marina-like AOB strain was present in aquaria after
nitrification was established. Nitrosomonas marina-like AOB were 2% or less of the cells detected by fluores-

cence in situ hybridization analysis in aquaria in which nitrification was well established.

Recent studies of many environments have demonstrated a
large amount of diversity among ammonia-oxidizing bacteria
(AOB) (4, 14, 21, 31, 39). AOB are responsible for the first
step in nitrification, the oxidation of ammonia to nitrite, and
are generally members of the B subdivision of the class Pro-
teobacteria except for the marine genus Nitrosococcus, which
belongs to the -y subdivision (37). Historically, Nitrosomonas
europaea has generally been believed to be the bacterium re-
sponsible for ammonia oxidation, as it was commonly isolated
from nitrifying systems by traditional culturing techniques (3).
However, the application of cultivation-independent molecular
techniques, including rRNA gene surveys (38), fluorescent in
situ hybridization (FISH) (2), and denaturing gradient gel elec-
trophoresis (DGGE) (24), has removed biases associated with
cultivation, and additional AOB have been identified from a
number of environments, including soils (34), sand dunes (16),
biofilms (32), fluidized bed reactors (30, 31), lakes (11), waste-
water (14), and seawater (26).

Purkhold et al. (29) recently summarized the results of the
many phylogenetic studies on AOB and improved upon an
existing AOB phylogenetic framework (27) by using nearly
full-length sequences of 16S rRNA and partial sequences for
amoA genes. This work resulted in the formation of seven
general clusters of AOB which can serve as a template for
constructing relationships of newly discovered AOB. However,
molecular techniques alone may not provide detailed ecolog-
ical information, unless they are combined with physiological
and environmental data to establish the conditions under
which particular microbial species will flourish. Furthermore,
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cultivation-independent molecular techniques alone may not
always identify the microorganisms of interest, as evidenced by
a previous study which failed to identify the bacteria respon-
sible for ammonia oxidation in freshwater aquaria (12). How-
ever, in seawater aquaria, the same methods were able to
detect AOB of the B subdivision of the class Proteobacteria
(12). These findings implying a physiological difference be-
tween the species of AOB responsible for ammonia oxidation
in the two systems, which differ only in terms of salinity. The
effect of salinity on the growth and physiology of AOB has
been demonstrated, and it has been shown that some AOB
require salt for growth while salt is inhibitory for others (9).
The aim of this study was to combine cultivation-indepen-
dent molecular techniques and cultivation methods to identify
AOB responsible for ammonia oxidation in freshwater aquar-
ium systems. Several enrichments of AOB were established
from material collected from actively nitrifying freshwater sys-
tems. A range of molecular techniques were used to identify,
target, and confirm the presence of putative AOB in the en-
richments. Lastly, the establishment of ammonia oxidation in
newly established aquaria seeded with enrichments of different
AOB strains was compared to that in unseeded aquaria.

MATERIALS AND METHODS

Sources of nitrifying seed biomass. Nitrifying biomass for enrichments was
collected from biofarms (Table 1). Biofarms are proprietary self-contained units
dedicated to producing nitrifying biofilms on BioWheels. BioWheels are a form
of rotating biological contactor used as a biological filter in aquatic life support
systems manufactured by The Aquaria Group (Moorpark, Calif.). Biofarms
received a daily dose of ammonium chloride (2.86 mol) and sodium bicarbonate
as a buffer to maintain the pH above 8.0.

Operation of bioreactors. Laboratory-scale bioreactors were used to produce
the enriched nitrifying biomass. The bioreactors were circular columns of clear
polyvinyl chloride pipe 198 mm in diameter and 600 mm tall for a maximum
volume of 18.5 liters. Each reactor had a lid to minimize aerial contamination
and aerosol production. A magnetic stirrer and air diffuser served to maximize
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TABLE 1. Source and age of the nitrifying biomasses chosen for clone library analysis along with the range of ambient ammonia
concentrations maintained in the culture system

Clone library Seed or source of biomass

Age of biomass when sampled Ammonia concn (mg of NH;-N/liter)

BioFarm16 BioFarm sump and BioWheel biomass

BC5 BioFarm sump and BioWheel biomass

BC5(2) BioFarm sump and BioWheel biomass

R3 Biomass from an aquarium cultured for 335 days

R7 BC5 biomass

RS Water filter from ammonia feed stock solution reservior
R7PostBA BioWheel from aquarium inoculated with R7 material

3yr 40-60
1.5 yr 5-10
1.5yr 5-10
6 mo in reactor 5-10¢
6 mo in reactor 5-10
6 mo in reactor 40-60
1 mo in aquarium 5-10

“ Initially was a reactor at 40 to 60 mg of NH;-N per liter.

mixing and maintain the dissolved oxygen concentration above 5 mg/liter. The
bioreactors were kept in darkened cabinets at 26°C. The influent comprised a
simple autotrophic medium, free of organic carbon, consisting of potassium
phosphate (0.5 mg/liter) and ammonium chloride. The ammonia N concentra-
tion in the enrichment medium was kept in the range of 5 to 10 mg/liter for the
low-concentration ammonia reactors and 40 to 60 mg/liter for the high-concen-
tration ammonia reactors (Table 1). Bioreactors were monitored daily and main-
tained at their predefined ammonia N concentrations by feeding the autotrophic
media when required. Ammonia, nitrite, and nitrate concentrations were rou-
tinely monitored by flow injection analysis and ion chromatography (12). The pH
of the bacterial suspensions was kept at or above a pH of 8.0 through the addition
of sodium bicarbonate. Fifty percent water changes were performed weekly by
allowing the nitrifying biomass to settle, decanting and discarding the appropri-
ate volume of supernatant, and replacing it with the equivalent volume of deion-
ized water.

For analysis of the enriched bioreactor biomass, a sample was removed via the
sampling port after the bioreactor’s internal surfaces had been scrubbed and the
biomass was evenly resuspended.

DNA extraction. Sampled biomass was initially centrifuged at 12,000 X g for 10
min. The supernatant was discarded, and the pellet was resuspended in 200 .l of
cell lysis buffer (40 mM EDTA, 50 mM Tris-HCI [pH 8.3]). Lysozyme was added
to achieve a final concentration of 10 mg/ml and incubated at 37°C for 90 min.
Sodium dodecyl sulfate (SDS; 20% ) was added to a final concentration of 1%
and incubated at 37°C for 60 min. The sample was then subjected to four
freeze-thaw cycles at —20 and 65°C, respectively. Proteinase K solution was
added (stock concentration, 10 mg/ml) to a final concentration of 2 mg/ml and
incubated at 50°C for 35 min. After cell lysis, the extracted DNA was recovered
using the DNA Easy extraction kit (Qiagen Inc., Santa Clarita, Calif.) per the
manufacturer’s instructions. The DNA was eluted with 50 .l of supplied elution
buffer and quantified by Hoechst type 33258 dye binding and fluorometry (Dy-
naQuant 200; Hoefer Pharmacia Biotech Inc., San Francisco, Calif.).

Amplification and cloning of 16S rDNA. Seven general 16S rDNA clone
libraries and two AOB-specific clone libraries were constructed to examine the
bacterial diversity of nitrifying biomass (Table 1).

General clone libraries were constructed using 16S rRNA genes (16S rDNA)
from the total extracted DNA. The 16S rDNA was amplified by using the
bacterial conserved primers 27f (GTTTGATCCTGGCTCAG) and 1492r (GG
TTACCTTGTTACGACTT) (17). PCR conditions, cycle parameters, and reac-
tion components were as described by DeLong (8). The nearly complete 16S
rDNA PCR products were evaluated by agarose gel electrophoresis, purified,
and concentrated with a Centricon concentrator (Amicon, Inc. Beverly, Mass.)
and TE buffer (pH 8.0). PCR fragments were cloned by using TA cloning kits
(Invitrogen, Carlsbad, Calif.). Inserts from the individual clones from each clone
library were amplified and grouped according to restriction enzyme analysis
(REA) using previously described methods (5, 7). At least two clone represen-
tatives from each REA group were reamplified and cleaned for subsequent
sequencing using the PCR purification kit (catalog no. 28142; Qiagen). The
representative clones from each REA group were initially screened by sequenc-
ing with the 1100r primer (GGGTTGCGCTCGTTG) (17) and then tentatively
identified by BLAST analysis (1). From these results, clones were chosen for
complete 16S rDNA sequencing using a range of conserved primers (27f, 3571,
519r, 530f, 1492r, 907r, and 926f) (17). Sequencing was performed with a LiCor
4000L automated DNA sequencer on template that had been cycle-sequenced
with fluorescently labeled primers and SequiTherm Excelll DNA sequencing kits
(Epicentre Technologies, Madison, Wis.).

Clone libraries specific for AOB belonging to the  subdivision of the Pro-
teobacteria were also constructed from two nitrifying biomasses, BioFarm16 and

R7 (Table 1). The methods used in constructing and characterizing the specific
clone libraries were as described above for the general clone libraries except that
the 16S rRNA genes were amplified with the conserved bacterial primer 27f and
the B proteobacterial AOB-specific primer NITROSO4E (12). Representative
clones from each REA group were initially sequenced with the primer 519r.
Then the full 640-nucleotide 16S rDNA fragment for each clone of interest was
determined by using the sequencing primers 27f, 357f, and 519r.

Data analysis. Partial and full-length 16S rDNA sequences were analyzed
using the CHECK_CHIMERA program (19) to detect sequence chimeras. Non-
chimeric 16S rDNA sequences were subjected to BLAST (1) followed by phy-
logenetic analysis using several programs (ARB, PHYLIP, and PAUP). ARB (O.
Strunk and W. Ludwig, Department of Biology, Technische Universtitit
Miinchen, Munich, Germany) was used initially for sequence alignment and
phylogenetic analysis. The topology of the phylogenetic tree generated in ARB
was confirmed by using neighbor joining and parsimony analysis with bootstrap
values (PAUP* version 4.0b2a; Sinauer Associates, Sunderland, Mass.). Similar-
ity matrices between sequences and their closest bacterial relatives were done
using the PHYLIP program (version 3.5c; J. Felsenstein, Department of Genet-
ics, University of Washington, Seattle). Phylogenetic analyses were performed
for the full-length and partial (specific AOB, 640 nucleotides) 16S rDNA clone
sequences.

PCR primer and oligonucleotide probe design. Primers and oligonucleotide
probes were developed through the manual alignment of full-length 16S rDNA
sequences and utilization of the ARB probe design tool and probe match pro-
grams (Table 2). The specificity of the oligonucleotide probes was verified with
BLAST (1) and CHECK_PROBE (18). The probes were labeled at the 5’ end
with indocarbocyanine dye (Cy-3) and/or with fluorescein isothiocyanate (FITC).
Primers and probes were synthesized by Operon Tech Inc. (Alameda, Calif.).

The specificity of the designed primers was determined by amplifying template
from inserts of known AOB 16S rDNA clones or pure bacterial cultures. Step-
wise increments of annealing temperatures from 46 to 60°C were used to deter-
mine the optimal primer annealing temperature.

A general AOB PCR was used to screen DNA extracted from nitrifying
biomass for the presence of AOB using two published oligonucleotides,
CTO189f (16) and NITROSO4Er (12), at an annealing temperature of 57°C for
30 cycles. Samples were also analyzed for the presence of specific strains of AOB
using primers developed in this study. Nitrosomonas marina-like AOB were
detected with NSMR71f and NSMR74r (54°C annealing temperature, 35 cycles),
Nitrosospira tenuis-like AOB were detected with NSMR32f and NSMR33r (56°C,
35 cycles), Nitrosomonas europaea-like AOB were detected with NSMR52f and
NSMRS53r (56°C, 35 cycles), and Nitrosococcus mobilis-like AOB were detected
with NMOBI1f and NMOBIr (56°C, 30 cycles) (Table 2).

Bioreactor biomass and pure cultures of Nitrosomonas europaea, Nitrosospira
multiformis, and Nitrosomonas cryotolerans were used to evaluate the specific
probes designed in this study. Two new probes (NSMR76 and NSMR34) and one
previously reported probe (NITROSO4E) (12) were tested. To determine the
stringency for optimal probe specificity and signal intensity, stepwise 5% incre-
ments in formamide concentrations from 0 to 40% were used. The specificity of
the NITROSOAE probe was tested in a series of single hybridizations on a range
of bioreactor biomass and pure cultures and also in a series of dual hybridizations
with the Nsol90 probe (23) at increasing formamide stringencies. The two
specific AOB probes were then confirmed for specificity through a series of dual
hybridizations with the NITROSOA4E probe.

FISH. After sampling, the biomass was immediately processed and fixed in 4%
paraformaldehyde for 3 h at 4°C. Then the biomass was washed with phosphate-
buffered saline (pH 7.4) and stored at a 1:1 ratio of phosphate-buffered saline
and 100% ethanol at —20°C.
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In situ hybridizations were performed as described by Manz et al. (20). Fixed
cell biomass was spotted onto clean microscope slides, dehydrated (3 min in 50,
80, and 98% ethanol), and air dried. After the addition of the selected probe (5
ng/pl), slides were incubated at 46°C for 120 min. The probe was added to a
hybridization buffer containing 20 mM Tris-HCI (pH 7.4), 0.9 M NaCl, 0.01%
SDS, and the appropriate formamide concentration. A stringent wash step fol-
lowed, using a wash buffer at 48°C for 15 min. The wash solution contained 20
mM Tris-HCI (pH 7.4), 0.01% SDS, and the appropriate NaCl concentration.
After washing, the slides were removed and rinsed with distilled water and air
dried. The slides were mounted with Citifluor (Ted Pella Inc., Redding, Calif.) to
avoid bleaching and examined with a Axioskop 2 epifluorescent microscope (Carl
Zeiss, Jena, Germany).

The presence of nitrite-oxidizing bacteria (NOB) of the genus Nitrospira in the
flocs was accessed by FISH using a probe previously designed for slot blot
analysis (13) (Table 2).

A semiquantitative method was established by visualizing the flocs and ex-
pressing the proportion of cells that hybridized to a particular probe in relation
to another, more general oligonucleotide probe. Generally, the percentage of
cells which hybridized to the AOB strain-specific probes was expressed as the
proportion of cells that hybridized to the NITROSO4E or EUB probe.

Biomasses were dually stained for AOB-AOB or AOB-NOB analysis and
photographed with a Spot SP100 cooled digital color charge-coupled-device
camera (Diagnostic Instruments, Inc., Sterling Heights, Mich.). Captured images
were overlaid in Adobe Photoshop 6.0.

DGGE analysis and profiling. General DGGE was performed to describe the
microbial diversity and complexity of the nitrifying biomass. For DGGE analysis,
rDNA fragments were amplified with the 357f primer (Table 2) with a 40-
nucleotide GC clamp on the 5’ end and the primer 519r (Table 2). The PCR
procedure and subsequent analysis were as described by Hovanec et al. (13).

A specific AOB DGGE was performed to examine the diversity of AOB in
nitrifying biomasses. The method was the same as that described above except
that the NITROSOA4E primer replaced the 519r primer.

Representative clone AOB were run alongside the seven biomass samples as
standards for the detection of candidate AOB in both the general and AOB-
specific DGGE. Putative AOB DGGE bands were excised and sequenced with
the 357f and either the 519r (general DGGE) or NITROSO4E (AOB-specific
DGGE) primers. Confirmation of the sequence’s identity was performed by
BLAST and phylogenetic analysis.

Nucleotide sequence accession numbers. The sequences reported in this study
are available in GenBank under accession no. AF386746 to AF386757.

RESULTS

General clone library analysis. A total of 643 clones were
screened from the seven libraries, with 92 clones fully se-
quenced and another 348 clones partially sequenced (Table 3).
Sequencing revealed that the general clone libraries contained
bacteria belonging to a number of bacterial phyla, including
the Proteobacteria, Cytophagales, Actinomycetales, low-G+C
gram-positive bacteria, Acidobacteria, Nitrospira, OP11, green
nonsulfur bacteria, and Planctomycetales. The most common
clones in each library were affiliated with either Nitrospira or
Proteobacteria. In the libraries BioFarm16, R7, and RS, a large
number of proteobacterial clones were shown to be related to
known AOB belonging to the B subdivision of the Proteobac-
teria by BLAST analysis. No clones in any library were related
to AOB belonging to the vy subdivision of the Proteobacteria.

Full-length sequencing and subsequent phylogenetic and
BLAST analyses of the putative AOB clones showed that there
were four strains of AOB in the enrichments which could be
grouped in three clusters, using the terminology of Purkhold et
al. (29), of the B subdivision of the Proteobacteria (Fig. 1; Table
3). The three clusters were the Nitrosospira cluster (Ni-
trosospira tenuis-like AOB), the Nitrosomonas europaea-Ni-
trosococcus mobilis cluster (Nitrosomonas europaea-like or Ni-
trosococcus mobilis-like AOB), and the Nitrosomonas marina
cluster (Nitrosomonas marina-like AOB) (Fig. 1).
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TABLE 3. Number of clones screened and sequenced for each clone library and numbers of clones for each AOB strain from this study
found in the libraries

No. of clones for:

Group
Bio-Farm16 BC5 BC5(2) R3 R7 RS R7PostBA

Clones screened” 54 76 104 36 185 105 83
Clones fully sequenced 20 21 2 12 18 15 4
Clones partially sequenced 34 47 86 6 110 21 44
8 proteobacteria AOB

Nitrosomonas marina-like AOB 4 2 2 0 13 0 0

Nitrosospira tenuis-like AOB 16 0 0 7 0 62 0

Nitrosomonas europaea-like 0 0 0 1 0 19 0

AOB

Nitrosococcus mobilis-like AOB 1 0 0 0 0 0 0
Nitrospira-like NOB 0 2 14 24 51 0 2

“ Screened by REA.

A single AOB clone (BF16¢57) most similar to Nitrosomo-
nas aestuarii was found but not studied any further (Fig. 1). In
many instances, multiple clones from each AOB strain were
identified in a number of the clone libraries (Table 3). All
putative AOB clones were partially sequenced to confirm their
identity, but only a subset were fully sequenced for phyloge-
netic and oligonucleotide design purposes. For phylogenetic
studies, several fully sequenced clones of three of the AOB
strains were randomly chosen. For the Nitrosococcus mobilis-
like AOB, the only clone found was used. Tree topologies
generated by PAUP and ARB (not shown) analyses were iden-
tical (Fig. 1).

Nitrosomonas marina-like AOB clones, represented by clone
R7c140, were found in four of the general clone libraries (Fig.
1; Table 3). Similarity analysis showed this clone sequence to
be most similar to Nitrosomonas marina (98.8%). Nitrosomo-
nas marina-like AOB clones represented 7% of all R7 clones,
2% in the two BC5 clone libraries, and 7% of the BioFarm16
library clones (Table 3). A majority of the Nitrosomonas ma-
rina-like AOB clones found in the R7 clone library were of
a second Nitrosomonas marina-like AOB clone sequence
(R7c155) (Fig. 1). This sequence differed by 5 bases, of over
1,450 bases, from the Nitrosomonas marina-like AOB sequence
and was not found in the other three clone libraries. Similarity
analysis showed the two sequences to be 99.6% similar to each
other and most likely represent multiple 16S rDNA operons of
the Nitrosomonas marina-like AOB.

Nitrosospira tenuis-like AOB clones (98.8% similar to Ni-
trosospira tenuis) were found in three general clone libraries
and represented 30, 19, and 59% of all of the clones in the
BioFarm16, R3, and R5 clone libraries, respectively (Table 3).
Two of these enrichments were high-ammonia-concentration
reactors, while the third enrichment (R3) had been initially
maintained as a high-ammonia reactor and then switched to a
low-ammonia reactor.

Nitrosomonas europaea-like AOB clones were found in only
two general clone libraries, R3 (3% of all clones) and R5 (18%
of all clones). This clone sequence was determined to be 98.4%
similar to the sequence of Nitrosomonas europaea.

A single Nitrosococcus mobilis-like AOB clone was found in
the high ammonia concentration reactor of BioFarm16 and

was determined to be most similar to Nitrococcus mobilis
(97.6%).

The two clone libraries created from the same BC5 biomass
(BC5 and BCS) (2) to test the reproducibility of the clone
library technique had similar general bacterial diversity (Table
3), and each contained only two Nitrosomonas marina-like
AOB clones.

Specific AOB clone library analysis. The BioFarm16 and R7
specific clone libraries provided a greater resolution in identi-
fying AOB present in the biomass than the general clone
libraries. Phylogenetic analysis of clones from both the specific
and general Biofarm16 clone libraries using 640 nucleotides
indicated that the clones were nearly identical. Both clone
libraries contained Nitrosomonas marina-like AOB, Nitroso-
spira tenuis-like AOB, and Nitrosococcus mobilis-like AOB.
However, REA analysis of the specific BioFarm16 clone library
produced five patterns, whereas only three patterns were found
in the general BioFarm16 clone library. Sequencing deter-
mined that the fourth and fifth patterns were due to the pres-
ence of Nitrosomonas europaea-like AOB and the second se-
quence for the Nitrosomonas marina-like AOB. Neither of
these strains of AOB were detected in the general BioFarm16
clone library. In addition, the AOB diversity of the specific R7
clone library was greater than that of the general R7 clone
library. Nitrosomonas marina-like AOB were the only AOB
identified in the general R7 clone library, whereas the specific
R7 clone library identified clones belonging to all four strains
of AOB found in this study.

FISH. The NITROSOA4E probe, used as a general AOB
FISH probe, specifically hybridized to pure cultures of Nitro-
somonas europaea, Nitrosospira multiformis, and Nitrosomonas
cryotolerans in both single- and dual-hybridization experiments
with the AOB-specific Nso190 probe. The NITROSOA4E probe
yielded an optimal signal at 20% formamide.

Neither the NSMR76 probe, designed for the detection of
Nitrosomonas marina-like AOB, nor the NSMR34 probe, de-
signed for the detection of Nitrosospira tenuis-like AOB, hy-
bridized to pure cultures of Nitrosomonas europaea, Nitro-
sospira multiformis, or Nitrosomonas cryotolerans at the tested
formamide stringencies, demonstrating specificity for their tar-
get AOB. The optimal signal for NSMR76 and NSMR34 was
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determined to be at 20% formamide. The NSMR34 probe did
not hybridize to “Nitrosomonas marina’-like, Nitrosomonas eu-
ropaea-like, or Nitrosococcus mobilis-like AOB cells. The
NSMR?76 probe did not hybridize to Nitrosospira tenuis-like,
Nitrosomonas europaea-like, or Nitrosococcus mobilis-like
AOB cells at the tested formamide stringencies (Fig. 2).

FISH analysis of biofilms. FISH analysis of the BioFarm16
biomass revealed that about 50% of the EUB-positive cells
cohybridized with the general AOB probe. However, only
about 2% of these AOB-positive cells were estimated to be
Nitrosomonas marina-like AOB. The majority (>90%) of the
AOB-positive cells were Nitrosospira tenuis-like, with the re-
maining 8% or so being unidentifiable with regard to strain
type.

The BCS biomass sample was highly autofluorescent. AOB
detected with the AOB general probe comprised less than 5%
of the EUB-positive cells. Virtually 100% of these cells hybrid-
ized with the Nitrosomonas marina-like AOB probe. No cells
were positive with the specific probes for the other AOB
strains found in this study.

General AOB probing revealed two distinct AOB strains in
the R3 biomass. By using the specific AOB probes in dual

Ns. briensis (L35505)

Ns. multiformis (L35509)
Nitrosospira
g0 R5

c20
Ns. tenuis-like AOB cluster
R3c5

Ns. tenuis (M96397)

N. europaea (M96399)
R3c12
99 N. europaea-like AOB
R5¢47
N. eutropha (M96402
uiropha { ) N.europaeaNc. mobilis
N. halophila (AF272413) cluster
NM104
98 L NM107

100 BF16652 Nc. mobilis-like AOB
79] Nc. mobilis (AF037105)
N. communis (AF272417)
E NM33
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FIG. 1. Phylogenetic relationships of the four strains of AOB (in
bold) found in this study inferred from comparative analysis of 16S
rDNA sequences. The tree is based on neighbor-joining distance anal-
ysis of nearly full-length sequences (minimum of 1,370 nucleotides).
Parsimony bootstrap values of 70% or greater are presented at the
nodes (from 100 replicates). AOB cluster designations, at right, are
adapted from the work of Purkhold et al. (29).
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hybridization experiments, it was estimated that Nitrosospira
tenuis-like AOB comprised 90% of the NITROSO4E-positive
cells while the remaining 10% of the cells were unidentifiable
as to the strain of AOB. No Nitrosomonas marina-like AOB-
positive cells were detected in the R3 biomass.

In the RS reactor sample, over 90% of the EUB-positive
cells hybridized to the general AOB FISH probe, indicating a
large concentration of AOB cells in this reactor biomass. FISH
analysis with the AOB-specific probes demonstrated that 90%
of the general AOB-positive cells hybridized with the Ni-
trosospira tenuis-like AOB probe, with the remaining 10% be-
ing unidentifiable as to strain type. No Nitrosomonas marina-
like AOB were detected in the R5 biomass by FISH.

Only about 10% of the EUB-positive cells in the R7 biomass
hybridized to the general AOB probe. More than 95% of these
AOB positive cells hybridized with the Nitrosomonas marina-
like AOB-specific probe.

Nitrospira spp. were found to be in close association with
AOB in the biomass from each reactor (Fig. 2).

FISH analysis of aquaria inoculated with AOB biomass.
The R7PostBA biomass, which was collected from an aquar-
ium inoculated with a biomass dominated by Nitrosomonas
marina-like AOB, was microbiologically complex, with many
bacterial morphotypes hybridizing with the EUB probe. The
only AOB strain detected was Nitrosomonas marina-like cells.
Probing of samples from aquaria inoculated with biomass from
reactors BC5 (Nitrosomonas marina-like AOB) and R3 (Ni-
trosospira tenuis-like AOB) were also dominated by Nitrosomo-
nas marina-like AOB, although the R3 sample did contain
some Nitrosospira tenuis-like AOB. However, the total percent-
age of AOB in each sample was 2% or less of the total bacterial
community. The biofilm collected from an aquarium inocu-
lated with RS biomass (Nitrosospira tenuis-like AOB) was the
only one in which FISH analysis did not detect Nitrosomonas
marina-like AOB. Nitrospira spp. were detected in the biomass
from each aquarium by FISH (Fig. 2).

Use of AOB-specific PCR primers. The four primer sets
developed in this study for specific strains of AOB amplified
only their target templates at the optimal annealing tempera-
ture, producing PCR products of the correct size (Table 2).
Analysis of the bioreactor biomass with the AOB-specific
primer sets showed Nitrosomonas marina-like AOB to be
present in all bioreactor samples except RS5. Nitrosospira tenuis-
like AOB were detected in the BioFarm16, R3, R7, and R5
biomasses but could not be detected in the BCS sample. No
Nitrosomonas europaea-like AOB could be detected in bio-
masses harvested from aquaria inoculated with the various
bioreactor enrichments. Nitrosococcus mobilis-like AOB were
detected only in the BioFarm16 biomass.

DGGE. General DGGE analysis revealed a pattern of mul-
tiple bands of various intensities which reflects the complex
microbial community in each sample (Fig. 3). The sequencing
of selected DGGE bands that had migrated the same distance
in the gel as the clonal representatives of the AOB strains
identified in this study confirmed the presence of the various
AORB strains in the bioreactor biomass.

The two sequences for Nitrosomonas marina-like AOB
which differ by only a single base pair in the amplified fragment
were easily differentiated in the general DGGE (Fig. 3).

The AOB-specific DGGE was able to detect three of the






VoL. 67, 2001

four AOB strains found in this study with good spatial resolu-
tion (Fig. 4). Only the Nitrosomonas europaea-like AOB strain
could not be reliably detected in the AOB-specific DGGE.
Agarose gel analysis of cloned Nitrosomonas europaea-like
AOB DNA amplified with the specific PCR primers showed a
positive reaction (data not shown). However, when the mate-
rial was run on DGGE, it remained at or near the top of the
gel, which may represent a problem with the percentage of
denaturant used in the DGGE gel.

DISCUSSION

A suite of culture-independent molecular techniques were
combined with long-term enrichments to identify novel AOB
in freshwater aquarium systems. These techniques were in
close, but not absolute, agreement with each other in terms of
the presence or absence in our samples of the four strains of
AOB found in this study.

16S rDNA clone library analysis revealed that enriched ni-
trifying biomass were microbially diverse which is consistent
with other observations of autotrophic microbial communities
from bioreactors fed a simple nutrient solution (7, 22). How-
ever, clone library analysis also showed that the most common
clones in many of the enrichments were from either the Nitro-
spira phylum, which contains NOB commonly found in a num-
ber of aquatic environments, including aquaria (13) and waste-
water facilities (7, 14, 31), or associated with the class
Proteobacteria.

All putative AOB identified in the clone libraries were mem-
bers of the B subdivision of the class Proteobacteria. The phy-
logeny of the four strains of AOB recovered from biomass in
this study, with the phylogenetic 16S rRNA tree of Purkhold et
al. (29) superimposed, is shown in Fig. 1. The four strains of
this study fall into three of the clusters described by Purkhold
et al. (29): the Nitrosomonas marina cluster, the Nitrosospira
cluster, and the Nitrosomonas europaea-Nitrosococcus mobilis
cluster. However, only the Nitrosospira tenuis-like AOB, Nitro-
somonas europaea-like AOB, and Nitrosococcus mobilis-like
AOB showed a high similarity with previously published AOB
sequences (Fig. 1).

The Nitrosomonas marina-like AOB strain from this study
likely represents a new species of freshwater AOB, since full-
length 16S rDNA sequences are only 95% similar to Nitro-
somonas marina. It has been shown that at 16S rRNA similarity
values below 97%, the DNA similarity between two organisms
is likely to be less than 70%, and thus, the organisms are
probably distinct species (33). That these criteria apply to AOB
belonging to the B subdivision of the class Proteobacteria was
confirmed by Purkhold et al. (29).

Nitrosomonas marina-like AOB are the bacteria most likely
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responsible for ammonia oxidation in aquaria, as they were
found by multiple molecular techniques in all but one of the
bioreactors maintained at low ammonia concentrations (5 to
10 mg of NH; N per liter) and enrichments containing Nitro-
somonas marina-like AOB successfully accelerated nitrifica-
tion in aquaria. These criteria were not matched by any of the
other AOB strains found in this study. In addition, Nitrosomo-
nas marina-like AOB were detected by FISH in all the bio-
masses extracted from nitrifying aquaria accelerated with an
enrichment except for one (R5). However, Nitrosomonas ma-
rina-like AOB seem to represent only a small percentage of the
microbial community in an aquaria, as neither they nor any
other AOB strain was found in the clone library developed
from biomass extracted from a nitrifying aquarium. The rela-
tively low number of Nitrosomonas marina-like AOB cells in
the microbial community of aquaria may make detection by
various molecular methods difficult and could explain why
these microorganisms were not previously detected as the pu-
tative AOB in freshwater aquaria (12).

The effect of heterotrophic bacterial growth on the percent-
age of AOB and NOB in aquarium biofilm samples is evident
upon examination of the NOB numbers in biomass samples
before and after inoculation. In reactor 7, Nitrospira-like bac-
teria were nearly 28% of the clones screened. However, after
1 month in an aquarium only 2.4% of clones screened in
aquarium biomass were Nitrospira-like NOB. This value com-
pares well with previous results obtained with oligonucleotide
probes for Nitrospira-like NOB in aquaria (13). In that study,
there was 1.5 to 3.4% hybridization of the Nitrospira-like NOB
probe relative to the eubacterial probe for biomass extracted
from aquaria after 50 days.

Figure 2E and F show the close association of AOB and
NOB cells with each other in the nitrifying biomass. The as-
sociation of these two groups of bacteria in the nitrifying flocs
points out the difficulty in obtaining pure cultures of AOB.
This association has been demonstrated previously in the nu-
trient-rich environment of wastewater systems (14, 31) and is
now extended to the comparatively nutrient-poor aquarium
systems. Furthermore, the structure of the nitrifying consor-
tium is reminiscent of the consortium of archaea and sulfate-
reducing bacteria responsible for anaerobic oxidation of meth-
ane on the ocean floor (6, 25) and would be a good candidate
for the further application of coupled FISH and secondary ion
mass spectrometry (25).

The topology of the phylogenetic tree, parsimony analysis
bootstrap analysis, and similarity matrix analysis suggest that
the Nitrosospira tenuis-like AOB represent a unique clade
which is distinct from Nitrosospira briensis, Nitrosospira multi-
formis, and Nitrosospira tenuis (Fig. 1). Nitrosospira tenuis-like
AOB grew best in the reactors maintained with a high concen-

FIG. 2. Whole-cell FISH of nitrifying biomasses. (A) FITC stain of Nitrosomonas marina-like AOB enrichment to be added to aquaria. (B)
Simultaneous hybridization of AOB enrichment with Cy-3 stain for all AOB (red) and FITC stain for Nitrosomonas marina-like AOB, resulting
in a yellow color for this AOB strain. (C) Simultaneous hybridization of biomass enrichment before addition to a newly established aquarium with
Cy-3 stain for all AOB (red) and FITC stain for Nitrosomonas marina-like AOB, resulting in a yellow color for Nitrosomonas marina-like AOB and
showing some non Nitrosomonas marina-like AOB. (D) Biomass material harvested from an aquarium with active ammonia oxidation after
inoculation with the enrichment from panel C showing the presence of only Nitrosomonas marina-like AOB, which are yellow from the
simultaneous hybridization with Cy-3 stain for all AOB and FITC stain for Nitrosomonas marina-like AOB. (E) Dual staining of nitrifying
enrichment with Cy-3 for all AOB and FITC for Nitrospira spp. showing the proximity of AOB to NOB. (F) Dual staining of nitrifying biomass
with FITC for Nitrosomonas marina-like AOB and Cy-3 for Nitrospira sp. NOB, elucidating the structure of the nitrifying consortium.
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FIG. 3. DGGE of AOB enrichments, amplified with a universal
and specific eubacterial primer set, from which clone libraries were
constructed. Lane D is material collected from an aquarium which was
seeded with the R7 enrichment (lane C). Lanes G through J are from
clones representing Nitrosomonas marina-like AOB (sequence type 1),
Nitrosomonas marina-like AOB (sequence type 2), Nitrosospira tenuis-
like AOB, and Nitrosomonas europaea-like AOB, respectively.

tration of ammonia. Nevertheless, enrichments of Nitrosospira
tenuis-like AOB were able to accelerate nitrification when
added to new aquaria. However, Nitrosospira tenuis AOB could
not be detected by PCR or FISH in the majority of aquarium
biomass samples several weeks after being added. Thus, it
appears that Nitrosomonas marina-like AOB may outcompete
Nitrosospira tenuis-like AOB in the low-ammonia-concentra-
tion environment of an aquarium.

The Nitrosomonas europaea-like AOB are phylogenetically
most closely related to Nitrosomonas europaea and were found
only in reactors with a history of high ammonia concentration.
This strain of AOB was also absent in clone libraries and FISH
analysis of biomass grown at consistently low ammonia con-
centrations, suggesting their affinity for high-ammonia-concen-
tration environments.

PCR and FISH analyses did, at times, produce conflicting
results. In the process of identifying the active AOB in the
nitrifying biomass by FISH analysis, it became apparent that
some of the results contradicted results of PCR analysis. Two
biomass samples which were PCR positive for a specific strain
of AOB were negative in the AOB-specific FISH studies (R3
and R7). The occurrence of a positive PCR but negative FISH
result can be due to the presence of active but scarce AOB
cells, or the PCR result could be a false positive caused by the

APPL. ENVIRON. MICROBIOL.

amplification of DNA from inactive cells or dead cells. The
latter can be expected due to the presence of extracellular
DNA, which is stable long-term, and the passive dispersal of
cells (29). Under these circumstances, AOB implicated with a
positive PCR-negative FISH result in a particular sample could
not be absolutely associated with ammonia oxidation. Our re-
sults suggest that when there was a conflict, the PCR tests
provided a false indication of the presence of an active AOB
strain.

It was apparent from the results of this study that by altering
the ammonia concentrations in the bioreactors, different pop-
ulations of AOB were generated. The ability to phylogeneti-
cally differentiate AOB on the basis of the ambient ammonia
concentration has been previously demonstrated under a vari-
ety of conditions (10, 15, 28, 35, 36). Koops et al. (15) used
maximum ammonia tolerance as one criterion to classify eight
new species of AOB. Princic et al. (28) examined shifts in the
AOB community at ammonium concentrations ranging from
50 to 3,000 mg of N per liter, which overlaps the higher ranges
of this study. At these ammonia concentrations, Princic et al.
(28) found AOB that fell into the Nitrosomonas europaea-
Nitrococcus mobilis cluster of Purkhold et al. (29), which cor-
relates with our results for the Nitrosomonas europaea-like and
Nitrosococcus mobilis-like AOB. Gieseke et al. (10) found a
spatial separation of Nitrosomonas europaea-Nitrosococcus mo-
bilis cluster AOB and Nitrosomonas oligotropha cluster AOB in
a phosphate-removing biofilm, with only Nitrosomonas oligo-
tropha being present in the deeper (lower-ammonia-concen-
tration) layers of the biofilm, which further supports the pos-
sibility of there being physiological differences between the
Nitrosomonas europaea-like and Nitrosococcus mobilis-like
AOB found in high-ammonia environments and the low-am-
monia Nitrosomonas marina-like AOB.

That AOB can be phylogenetically differentiated on the ba-
sis of the ambient ammonia concentration was also demon-

rina-like
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FIG. 4. DGGE of AOB enrichments (same samples as in Fig. 3)
except that the samples were amplified with an AOB-specific primer
set. Nitrosomonas europaea-like AOB could not be successfully visual-
ized under the gel conditions of this DGGE.
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strated by Suwa et al. through isolation studies (35) and 16S
rDNA sequence analysis for detecting two general groups of
AOB based on their degree of sensitivity to (NH,),SO, (36).
The (NH,),SO,-insensitive strains found by these researchers,
which could tolerate (NH,),SO, concentrations above 30 mM,
would be grouped in the Nitrosomonas europaea-Nitrosococcus
mobilis cluster of Purkhold et al. (29), and this compares fa-
vorably with our finding that AOB strains from high-ammonia
reactors also fall into this cluster. The (NH,),SO,-sensitive
AOB of Suwa et al. (35, 36), which grew at 3.57 mM
(NH,),SO, but were inhibited at 10.7 mM (NH,),SO,, would
be grouped in the Nitrosomonas oligotropha cluster, which is on
the same main branch leading to the Nitrosomonas marina
cluster containing the Nitrosomonas marina-like AOB (low-
ammonia-concentration AOB) found in this study.

When ammonia concentrations were varied, AOB popula-
tion shifts did occur, thereby altering the presence and activity
of important AOB. Low-ammonia environments will likely
produce Nitrosomonas marina-like AOB, while as the ammo-
nia concentration increases, Nitrosospira tenuis-like and Nitro-
somonas europaea-like AOB will become important until at the
highest ammonia concentration Nitrosococcus mobilis-like
AOB may be predominant. Our results suggest that the AOB
found in fish culture environments, such as public aquaria,
aquaculture facilities, and home aquaria, where the ambient
ammonia concentration rarely exceeds 5 mg of N per liter, are
different from the traditional Nitrosomonas europaea-Nitroso-
coccus mobilis cluster type AOB, which are prevalent in the
high-ammonia concentrations typically found in environment
such as wastewater and sewage treatment facilities. This, and
our results with enrichments of the various strains of AOB in
newly set-up aquaria, strongly suggest that start-up inocula for
the establishment of nitrification in aquatic culture systems
should optimally consist of Nitrosomonas marina-like AOB
rather than Nitrosomonas europaea-Nitrosococcus mobilis clus-
ter AOB.
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