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ABSTRACT Nitrite-oxidizing bacteria (NOB) are responsible for the second step of
nitrification in natural and engineered ecosystems. The recently discovered genus Ni-
trotoga belongs to the Betaproteobacteria and potentially has high environmental
importance. Although environmental clones affiliated with Nitrotoga are widely dis-
tributed, the limited number of cultivated Nitrotoga spp. results in a poor under-
standing of their ecophysiological features. In this study, we successfully enriched
the nonmarine cold-adapted Nitrotoga sp. strain AM1 from coastal sand in an eel-
grass zone and investigated its physiological characteristics. Multistep-enrichment
approaches led to an increase in the abundance of AM1 to approximately 80% of the
total bacterial population. AM1 was the only detectable NOB in the bacterial commu-
nity. The 16S rRNA gene sequence of AM1 was 99.6% identical to that of “Candidatus Ni-
trotoga arctica,” which was enriched from permafrost-affected soil. The highest nitrogen
oxidation rate of AM1 was observed at 16°C. The half-saturation constant (K,) and the
generation time were determined to be 25 uM NO, ™ and 54 h, respectively. The nitrite
oxidation rate of AM1 was stimulated at concentrations of <30 mM NH,Cl but com-
pletely inhibited at 50 mM NH,Cl. AM1 can grow well under specific environmental
conditions, such as low temperature and in the presence of a relatively high concen-
tration of free ammonia. These results help improve our comprehension of the func-
tional importance of Nitrotoga.

IMPORTANCE Nitrite-oxidizing bacteria (NOB) are key players in the second step of
nitrification, which is an important process of the nitrogen cycle. Recent studies
have suggested that the organisms of the novel NOB genus Nitrotoga were widely
distributed and played a functional role in natural and engineered ecosystems. How-
ever, only a few Nitrotoga enrichments have been obtained, and little is known about
their ecology and physiology. In this study, we successfully enriched a Nitrotoga sp. from
sand in a shallow coastal marine ecosystem and undertook a physiological characteriza-
tion. The laboratory experiments showed that the Nitrotoga enrichment culture could
adapt not only to low temperature but also to relatively high concentrations of free am-
monia. The determination of as-yet-unknown unique characteristics of Nitrotoga contrib-
utes to the improvement of our insights into the microbiology of nitrification.

KEYWORDS Nitrospira, Nitrotoga, ammonia, coastal sand, cultivation, enrichment,
microbial communities, nitrification, nitrite-oxidizing bacteria, physiology

n nitrification, ammonia is oxidized into nitrate via nitrite by phylogenetically differ-
ent chemolithoautotrophic microorganisms, and this is an integral part of the global
nitrogen cycle. The reactions are catalyzed by ammonia-oxidizing bacteria (AOB),
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ammonia-oxidizing archaea (AOA), and nitrite-oxidizing bacteria (NOB). Recent inves-
tigations have also demonstrated complete nitrification by a single cell (1, 2). Biological
nitrite oxidation prevents an accumulation of this highly toxic intermediate and pro-
duces nitrate as a nitrogen source for microbes, fungi, and plants (3, 4). Therefore,
nitrite oxidation is an important process of the nitrogen cycle. The phylogenetically
diverse NOB are, to date, classified into seven genera (Nitrobacter, Nitrococcus, Nitro-
spina, Nitrospira, Nitrotoga, Nitrolancea, and “Candidatus Nitromaritima”) in four phyla
(5). The uncultured new marine NOB “Candidatus Nitromaritima,” which is a Nitrospina-
like bacterium, was suggested by single-cell genomics in the brine-seawater interface
layer of the Red Sea (6).

During the 3 decades since the first description of Nitrospira (7), cultivation-
independent methods have shown that this genus is widely distributed and predom-
inant in many natural ecosystems and engineered systems (8-11). Recently, “Candida-
tus Nitrotoga arctica” was enriched from permafrost-affected soil in the Siberian Arctic,
and it is the only known cold-adapted nitrite-oxidizing betaproteobacterium (12).
Nitrotoga-like 16S rRNA genes were identified in other cold habitats, such as deglaci-
ated soils (13) and periglacial soils at 5,400 m elevation (14). Moreover, the 16S rRNA
gene clone libraries obtained from a subglacial Antarctic lake showed a significant level
of Nitrotoga sp. (13% and 7.8% of the sequences obtained in the water column and
sediment, respectively) (15). Nitrotoga-related clones were also detected in oligotrophic
ecosystems, such as cave biofilms (16), groundwater seep (17), river water (18), Yellow
Sea intertidal beach seawater (19), and salt marsh sediments (20). Surprisingly, Nitro-
toga was the only detectable NOB in two out of 20 full-scale wastewater treatment
plants (WWTPs) analyzed in Germany and Switzerland (21). Subsequent analysis of
microbial communities in 13 WWTPs in Denmark demonstrated that Nitrotoga had a
higher transient read abundance than Nitrospira in several activated sludge samples
(22). These investigations suggest that Nitrotoga is the primary nitrite oxidizer in some
ecosystems.

To understand the ecological roles of widely distributed Nitrotoga organisms, it is
necessary to elucidate their physiological properties by the use of enriched or pure
cultures. So far, only two Nitrotoga enrichment cultures, one from permafrost soil (12)
and one from a biofilter of a cold-freshwater aquaculture plant (23), have been
characterized in detail. The affinity for nitrite of “Ca. Nitrotoga arctica” was higher than
that of Nitrobacter spp., and the half-saturation constant for nitrite (K,,,) of “Ca. Nitrotoga
arctica” was 2.1 to 6.4 times higher than that of Nitrospira (24). Hipeden and colleagues
demonstrated that Nitrotoga could adapt not only to low temperature but also to a
moderately low pH environment (23). However, the cultivation of Nitrotoga-like bac-
teria under laboratory conditions is difficult, and thus, most of their physiological
properties remain unknown.

The purpose of this study was to obtain and characterize a highly enriched culture
of Nitrotoga from a novel source, a sandy sediment of eelgrass (Zostera marina). The
eelgrass zones in the coastal shallows of Japan assume a key role as primary producers
and contribute to the conservation of biodiversity (25). Z. marina enhances nitrogen
transformations, including ammonification by discharge of organic nitrogen and nitri-
fication by release of O, from the roots (26). Previously, the number of crenarchaeotal
and betaproteobacterial ammonia monooxygenase alpha subunit gene copies was
estimated by quantitative PCR in sand of the eelgrass zone at Tanoura Bay, Shizuoka,
Japan, where nitrification occurs throughout the year (27). Considering that clones
related to Nitrotoga were detected in coastal ecosystems (19, 20), Nitrotoga was likely
to contribute to nitrite oxidation in the sand of the eelgrass zone during winter,
although nitrite in the sand was estimated to be below the quantitative limit (27). Here,
we successfully performed selective enrichment of Nitrotoga sp. from sand of the
eelgrass zone by incubating at low temperature and controlling the NaCl concentra-
tion. Then, physiological characterization of the enrichment culture was conducted to
reveal its optimum temperature for nitrite oxidation, the influence of NH,Cl, its toler-
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FIG 1 Flow chart of the procedure to enrich Nitrotoga-like bacteria from sand in an eelgrass zone. All cultures for enrichment were incubated in mineral medium
containing 0.5 to 1.4 mM NaNO, in the dark without shaking. The cultures were transferred with inocula of 1 or 10% (vol/vol), except when serial dilutions were

used. In growth tests, + indicates the relative cell growth rate in batch cultures.

ance for NaCl, and its kinetic parameters, which suggested as-yet-unknown unique
characteristics of Nitrotoga.

RESULTS

Enrichment of Nitrotoga-like bacteria. Combined incubation in batch cultures and
in a bioreactor was applied to enrich Nitrotoga from coastal sand over 6 years (Fig. 1).
A Nitrotoga-specific primer pair (NTG200F/840R) did not amplify the 16S rRNA gene
from the sand of the eelgrass zone. After incubation in artificial seawater (ASW) medium
at 10°C for several months, using type-specific primers (see Table 1), only PCR product
amplified by NTG200F/840R was detected by agarose gel electrophoresis. Nitrotoga-like
denaturing gradient gel electrophoresis (DGGE) bands were detected from the first
enrichment culture after a serial dilution step (see Fig. S2 in the supplemental material);
however, the cells corresponding to Nitrotoga could not be observed with a micro-
scope. Microscopic observation was performed without cell concentration.

Subsequently, a bioreactor at room temperature (23°C), which had been successfully
used for enrichment of NOB in our laboratory (28), was applied to increase the
abundance of Nitrotoga cells. Modified medium without NaCl was fed to the bioreactor.
Overgrown microorganisms attached to the polyester nonwoven fabric materials were
regularly discharged. The ratios of NOB cells to the total bacterial population were
estimated by fluorescence in situ hybridization (FISH) analysis by microscopic direct
counting throughout the second and third enrichment steps. As expected, after
incubation in the bioreactor for 4 months, Nitrotoga cells increased to 12% of the total
bacteria. The abundances of Nitrospira lineages | and Il reached 24% and 4%, respec-
tively, although these Nitrospira spp. were not detected by Ntspa81F/Ntspa662R after
the first enrichment step (see Fig. S1 in the supplemental material). The second
enrichment step with the bioreactor was certainly effective for the growth of Nitrotoga.
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TABLE 1 Oligonucleotide primers and probes used in this study

Applied and Environmental Microbiology

Enrichment Primer or probe Reference or

step name Use Sequence (5’ to 3') Target source

First step
NTG200F PCR CTC GCG TTT TCG GAG CGG Nitrotoga 16S rRNA gene 12
NTG840R PCR CTA AGG AAG TCT CCT CCC 12
Ntspmar62F PCR GCC CCG GAT TCT CGT TCG Nitrospira marina-related Nitrospira 11
Ntspa662R PCR GGA ATT CCG CGC TCC TCT 16S rRNA gene 10
Ntspa81F PCR TTR TAA RGC GGC GAA CGG GT Nitrospira lineage | and Il 16S This study
Ntspa662R PCR GGA ATT CCG CGC TCC TCT rRNA genes 10
NitSSU_130F PCR GGG TGA GTA ACA CGT GAA TAA Nitrospina 16S rRNA gene 60
NitSSU_282R PCR TCA GGC CGG CTA AMC A 60
Nbacter1050F PCR CAC CTG TGC TCC ATG CTC CG Nitrobacter 16S rRNA gene 61
Nbacter1433R PCR CGG GTT AGC GCA CCG CCT 62
Eub341F-GC PCR-DGGE CGC CCG CCG CGC CCC GCG ccc All bacterial 16S rRNA genes 52 (modified)

GTC CCG CCG CCC CCG ccc
GCC TAC GGG AGG CAG CAG

Univ907R PCR-DGGE CCG TCA ATT CCC TTT RAG TTT 53

Second or third

step

27f Cloning AGA GTT TGA TCM TGG CTC AG All bacterial 16S rRNA genes 53
1492r Cloning TAC GGY TAC CTT GTT ACG ACT T 53
nxrB169f PCR TAC ATG TGG TGG AAC A Nitrospira and Nitrospina nxrB 63
nxrB638r PCR CGG TTC TGG TCR ATC A gene? 63
F1norA PCR CAG ACC GAC GTG TGC GAA AG Nitrobacter nxrA gene 64
R1norA PCR TCY ACA AGG AAC GGA AGG TC 64
EUB338 FISH GCT GCC TCC CGT AGG AGT Most bacteria 57
EUB338 II FISH GCA GCC ACC CGT AGG TGT Most Planctomycetales 65
EUB338 Il FISH GCT GCC ACC CGT AGG TGT Most Verrucomicrobiales 65
NTG840 FISH CTA AGG AAG TCT CCT CCC Nitrotoga 12
Ntspa1431 FISH TTG GCT TGG GCG ACT TCA Nitrospira lineage | 66
Ntspa1151 FISH TTC TCC TGG GCA GTC TCT CC Nitrospira lineage |l 66

aThe reverse primer has three mismatches to the nxrB gene of Nitrospina toward the 5’ end of the primer.

Nevertheless, the population ratio of NOB in the bioreactor showed that room tem-
perature (23°C) placed Nitrospira in a more advantageous position than Nitrotoga.

To test whether temperature enhanced the cell growth of Nitrotoga bacteria,
bioreactor samples were incubated in batch cultures at 4, 10, and 23°C. The batch test
revealed that the ratio of Nitrotoga bacteria increased selectively at 10°C, conditions
under which the growth of Nitrospira was inhibited. To operate the bioreactor at low
temperature was difficult, and thus the microorganisms attached to the nonwoven
fabric materials were transferred to batch culture and incubated at 10 to 16°C for 1 year
to selectively enrich Nitrotoga cells. Consequently, the abundance of Nitrotoga in-
creased to approximately 80% of the total microbial cells. The primer pairs F1norA/
R1norA and nxrB169f/638r, targeting nxrA of Nitrobacter and nxrB of Nitrospira and
Nitrospina, respectively, were used to check the possibility of contamination. The genes
possessed by these NOB were not amplified. Therefore, no Nitrobacter, Nitrospina, or
Nitrospira bacteria were detected by agarose gel electrophoresis. However, considering
that the source sample was sand of the eelgrass zone, these marine NOB might be still
present in the high-Nitrotoga enrichment below the detection limit of PCR. The
presence of very few other NOB cells did not affect the physiological analysis of the
Nitrotoga-enriched culture.

Phylogenetic analysis. A partial 16S rRNA gene of Nitrotoga amplified by NTG200F/
840R in the early stage culture of the first enrichment step was directly sequenced. The
closest environmental clone was an uncultured bacterium clone from salt mash
sediments (accession no. HQ272404, 99.6% identity). We named the initial Nitrotoga
clone AMO.

In the high-Nitrotoga enrichment culture after the third enrichment step, the
microbial community structure was analyzed based on 16S rRNA gene sequences
(Table S1). A total of 29 clones picked for plasmid isolation were grouped into 16
operational taxonomic units (OTUs). The most abundant OTU, OTU1 (8/29 clones),
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FIG 2 Phylogenetic tree based on 165 rRNA gene sequences of the genus Nitrotoga and representatives of the
family Gallionellaceae as the outgroup. The tree was constructed using the maximum likelihood algorithm.
Bootstrap values at the branch nodes were iterated 1,000 times. Sequences of Nitrotoga obtained in this study and
other enriched cultures are in bold. The scale bar corresponds to 1% estimated sequence divergence. Accession
numbers are shown to the right of the organism names/descriptions. DO, dissolved oxygen.

defined as Nitrotoga sp. strain AM1, showed a high level of identity with the sequence
of “Ca. Nitrotoga arctica” (99.6%) (Fig. 2). The closest isolate, based on the 16S rRNA
gene sequence, was the Fe-oxidizing bacterium Sideroxydans lithotrophicus strain ES-1
(95.0%) (29). OTU1 belongs to a different cluster than the Nitrotoga clones detected in
Yellow Sea intertidal beach seawater and salt marsh sediments. The 16S rRNA gene
sequence of AM1 was different from that of AMO (99.2%). The second largest OTU in the
Nitrotoga-enriched culture (4/29 clones) was assigned to the recently proposed novel
genus Pseudorhodoferax, which is in the class Betaproteobacteria and the family Coma-
monadaceae (30). The total number of bacterial species was estimated by Chao1 to be
30 (31).

Morphology. Nitrifying bacteria have genus-specific morphology and ultrastruc-
ture, for example, the presence or absence of intracytoplasmic membranes. The cell size
and tendency to aggregation vary between species. Although other AOB and NOB
isolated from activated sludge by a cell sorting system form single-species microcolo-
nies (32-34), such microcolonies of Nitrotoga were not found in this study. The enriched
Nitrotoga cells were planktonic or aggregated with heterotrophs (Fig. 3A). The multiple-
species aggregates were mainly composed of Nitrotoga cells.

We regarded dominant bacteria forming aggregates as Nitrotoga in the electron
microscopic images. As shown by electron microscopy, a coccoid or short straight
cytoplasm was surrounded by an extraordinarily wide periplasmic space, especially
toward the long axis of the cells (Fig. 3B). Cross-sections of irregular star-shaped
Nitrotoga cells enriched in this study resembled Nitrotoga sp. strain HAM-1 from
activated sludge (35). The cells were loosely coupled by thin layers of extracellular
polymeric substances, as well as other Nitrotoga cells (Fig. 3C) (23, 35). Planktonic cells
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FIG 3 Morphology of AM1. (A) Confocal laser scanning microscopy image of FISH-stained Nitrotoga cells (yellow)
by Cy3-labeled NTG840, and other microorganisms (green) by fluorescein isothiocyanate (FITC)-labeled EUB338
mixture. (B) Overview of ultrathin sections of Nitrotoga-like bacteria observed by TEM. An extraordinarily wide
periplasmic space (P) surrounded the cytoplasm (Cy). (C) SEM image of Nitrotoga-like bacterial cells loosely coupled
by thin layers of extracellular polymeric substances (EPS).

of Nitrotoga-like bacteria ranged from 0.3 to 0.5 um in the short axis and from 0.5 to
1.2 um in the long axis. The overall appearance was a wrinkled rod shape.

Optimum temperature. AM1 consumed nitrite within the temperature range of 4
to 29°C, as monitored over 3 days. The optimum temperature for nitrite consumption
was 16°C, and nitrite oxidation activity at 10 to 23°C was >40% of the maximal activity
(Fig. 4).

Kinetic parameters of nitrite oxidation. AM1 cells in the exponential-growth
phase oxidized nitrite immediately after the addition of nitrite. Since the nitrite oxida-
tion rate of a single Nitrotoga cell was too low to measure, the Nitrotoga enrichment
culture was concentrated by centrifugation. Short-time centrifugation did not nega-
tively affect the nitrite oxidation activity of Nitrotoga (Fig. S3). The half-saturation
constant (apparent K, value) and maximum cell activity were calculated by manually fitting
the data obtained to the Michaelis-Menten equation. The K, and maximum cell activity
were determined to be 24.7 = 9.8 uM NO,~ and 6.1 = 0.2 fmol NO,~ - cell=" - h™7,
respectively (Fig. 5A and B). AM1 cells in exponential phase produced a little more nitrate
than oxidized nitrite (data not shown). The concentration of excess nitrate had no influence
on determination of the K, value.

The generation time was also determined. AM1 stoichiometrically oxidized nitrite to
nitrate and grew over time in nitrite-limited mineral medium (Fig. 6A). To facilitate
single-cell counting with a microscopy, the samples were sonicated for an appropriate
time. The Nitrotoga aggregates were completely disrupted to single planktonic cells
without the loss of too many cells (Fig. S4). Generation time was calculated by fitting

0.8 r

Consumed nitrite [mM]
o
(=)}

O 1 1 J
0 10 20 30

Temperature [°C]
FIG 4 Nitrite oxidation activity of AM1 during 3 days of incubation at different temperatures. Experi-

ments were performed with transferred cells in early stationary phase. Error bars show standard
deviations of biological triplicate measurements.
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FIG 5 Representative data of half-saturation constants (apparent K,,)) for nitrite of exponential-growth-phase cells of AM1 at
16°C without shaking. (A) The initial nitrite concentration was adjusted to 0.3 mM. The samples were taken out every 2.5 to
20 min. (B) Michaelis-Menten plots were fitted by the least-squares method. The K, value and maximum cell activity were
calculated from biological 3-fold measurements.

the cell growth curve to an exponential equation (Fig. 6B). Based on the change in cell
number between days 1 and 9, the average generation time was calculated to be 54 h.

Influence of stress on nitrite oxidation rate. To investigate the influences of
increasing concentrations of NH,Cl and NaCl on nitrite oxidation activity, AM1 was
incubated in batch culture with medium containing NH,Cl or NaCl. Compared to a
control without NH,Cl, the nitrite oxidation rates of AM1 were accelerated at concen-
trations below 30 mM NH,CI (Fig. 7A). The highest nitrite oxidation rates were recorded
in 1 or 10 mM NH,Cl. No nitrite oxidation occurred in the presence of 50 mM NH,CI.

NaCl strongly affected the activity of AM1. Complete depletion of nitrite occurred
only in medium without NaCl (Fig. 7B). About 0.3 mM NO,~ was consumed over 2
weeks at 0.5% NaCl, but no more oxidation was observed after that. AM1 could not
oxidize nitrite in NaCl-supplemented medium, although the salinity in standard sea-
water is generally about 3.5% (36).

DISCUSSION

Enrichment. The 16S rRNA genes of the genus Nitrotoga are distributed in a variety
of habitats, but only two highly enriched cultures have been obtained, one from
permafrost-affected soil (12) and one from a biofilter of a cold-freshwater aquaculture
plant (23). In this study, we successfully enriched a new member of the genus Nitrotoga
from coastal sand. During the enrichment procedures, the cultures were checked
regularly by type-specific primers and FISH analysis to monitor the growth of Nitrotoga.

A ; 12 B 200000 ¢
03 = ¥ = 6639.8¢030%x a2
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E 8 3 @ 0..- &
wn 2 O L
E < 5] At
g 6 % = 20000 f
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FIG 6 Growth and nitrite oxidation activities of AM1. (A) The plots indicate nitrite concentration (diamonds), nitrate concentration (squares), and
cell numbers (circles) in nitrite-limited mineral medium at 16°C. Each experiment was performed with transferred cells (10% inoculum) in early
stationary phase. (B) Changes in the cell number from day 1 to day 9 were fitted to the exponential-growth curve. All error bars show the standard
deviations of biological triplicate measurements.
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FIG 7 Nitrite consumption of the enrichment culture of AM1 at 16°C. Incubations were performed with transferred cells in early stationary phase
and in mineral medium supplemented with various NH,Cl concentrations (A) or NaCl concentrations (B). The experiments were started with
inocula of 1% (A) and 10% (B). Noticeable results were obtained; thus, these experiments were performed once.

This routine allowed us to establish a protocol for enrichment of Nitrotoga. As a result,
multiple enrichment steps led to the enrichment of Nitrotoga sp. AM1.

In the first enrichment step, an initial sample from coastal sand was incubated in 2%
NaCl-amended mineral medium at 10°C, but the growth of AMO was limited in ASW
medium. Similarly, this condition was not suitable for enrichment of AM1. In fact, later
physiological experiments revealed that AM1 cannot tolerate concentrations higher
than 0.5% NaCl (Fig. 7B). Therefore, the abundance of Nitrotoga was below the
microscopic detection limit, even after long-term incubation at low temperature in ASW
medium. This suggested that AM1 enriched from coastal sand might have originated
on land and has low activity in the seafloor.

Since Nitrotoga was not enriched any more despite extended incubation for 5 years,
the culture conditions were renewed. In the second enrichment step, modified medium
without NaCl was continuously fed into the bioreactor, which allowed the growth of
Nitrotoga. This is consistent with a previous study (37) where an influx of synthetic
medium with 4% NaCl in a sequencing batch reactor resulted in a decreased nitrogen
consumption-specific rate by non-salt-adapted nitrifiers from nitrifying activated sludge
(genera Nitrosomonas, Nitrobacter, and Nitrospira), but their activities were partially
restored after salt stress was removed.

In the last enrichment step, the culture was transferred from the bioreactor into
batches incubated at 10 to 16°C to selectively enrich Nitrotoga. On incubation for 4
months in the bioreactor at 23°C, Nitrospira outcompeted Nitrotoga. This was simply
because the culture conditions were more suitable for Nitrospira than Nitrotoga. Growth
tests using microorganisms attached to the fabric materials within the bioreactor
showed that Nitrotoga grew well at 4 or 10°C. In contrast, the optimum temperature for
the culture of Nitrospira cells is 28 to 32°C (23, 32, 33). Thus, temperature was a key
driver regulating the competition between Nitrotoga and Nitrospira. Previous studies
demonstrated that Nitrotoga outgrew Nitrospira during long-term cultivation at 5 and
10°C (35, 38). Consistent with these studies, a final enrichment step in batch culture at
10 to 16°C resulted in AM1 enrichment to approximately 80% of the total bacterial
population. Incubation in low temperature without NaCl was an important process to
obtain the new high level of Nitrotoga enrichment.

The sampling site was a freshwater-saltwater interface, so nonhalophilic Nitrotoga
sp. was enriched depending on the culture conditions. For the same reason, the ratios
of Nitrospira lineages | and Il increased in the second enrichment step. AM1 and these
Nitrospira lineages probably survive as very minor members during the initial 5 years.

Response to free ammonia. NOB and ammonia-oxidizing microbes coexist in
environments where nitrification occurs (39). The two coupled steps imply that NOB are
exposed to NH;/NH,*. Free ammonia, i.e., unionized ammonia, affects potential nitrite
oxidation rates (40).
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TABLE 2 Comparison of characteristics among Nitrotoga-enriched cultures investigated in

detail
“Ca. Nitrotoga
Characteristic AM1 arctica”@ HW29b
Sample source Coastal sand Permafrost-affected RAS (fish tank)
soil
Tendency to aggregate Weak Weak Weak
Overall appearance Wrinkled rod shape Irregular coccoid Irregular coccoid
Optimum temp (°C) 16 13 22
Applied pH for 8.0-8.3 (7.8)c 7.4-7.6 6.8-7.4
cultivation
K., (uM) 247 +98 58 + 28 ND
Maximum cell activity 6.1 0.2 2 ND
(fmol - cell=7 - h—1)
Generation time (h) 54 44 ND

9Information is from references 23 and 24.
binformation is from reference 23. RAS, recirculation aquaculture system; ND, no data.
pH values applied for initial incubation with 2% NaCl, which was not an effective enrichment procedure.

According to Blackburne and colleagues, Nitrospira had an inhibition threshold for
free ammonia between 0.04 and 0.08 mg of NH;-N - liter—' (41). Furthermore, a recent
study based on Nitrospira isolates demonstrated that the nitrite oxidation activity of
Nitrospira strains ND1 and NJ1 was inhibited at concentrations above 0.85 and 4.3 mg
of NH5-N - liter—7, respectively (42). With respect to thermophilic NOB related to
Nitrospira calida derived from a nutrient-rich composting fertilizer, its sensitivity for free
ammonia was lower than those of other reported Nitrospira spp., characterized by
half-maximal inhibition of 5.0 mg of NH;-N - liter=" (43). In this study, the presence of
free ammonia at 0.04 to 1.30 mg of NH;-N - liter=' (1 to 30 mM NH,CI [pH 8.1])
prompted the nitrite oxidation by AM1. Thus, AM1 had a much higher tolerance for free
ammonia than Nitrospira, although the nitrite oxidation activity of AM1 was completely
inhibited at 30.2 mg of NH;-N - liter—' (50 mM NH,CI). These results suggest that free
ammonia can be a selective factor for the enrichment of Nitrotoga versus Nitrospira.

Interestingly, the nitrite oxidation rate of AM1 was higher at concentrations be-
tween 1 and 30 mM NH,Cl than in the control (0 mM NH,CI). Nitrobacter winogradskyi
grew well in 1 mM NH,Cl-amended medium, and the expression level of Nwi_0718,
which is the associated hypothetical assimilatory nitrite reductase NirBC encoded by
Nwi_0719 and Nwi_0720, was 5.0-log-fold lower than that in unamended culture (44).
Similarly, AM1 could save energy for assimilatory nitrite reduction using ammonium in
the 1 to 30 mM NH,Cl-augmented treatments, so that complete depletion of nitrite was
faster than in other treatments.

Physiological characteristics compared with other Nitrotoga and Nitrospira.
This cultivation-based study presents further physiological information on Nitrotoga. In
contrast to the relatively high 16S rRNA gene sequence similarity of 99.0 to 99.6%
among “Ca. Nitrotoga arctica,” Nitrotoga sp. strains HW29 and AM1, their physiological
properties, such as optimum temperature for nitrite oxidation, pH for cultivation, and
kinetic parameters, are different (Table 2).

Low temperature enhanced the activities of the three Nitrotoga-enriched cultures,
but their optimum temperatures ranged from 13°C to 22°C. Slightly acidic pH provided
an advantage for Nitrotoga sp. HW29 (23), while the other Nitrotoga enrichment
cultures were incubated in media with pH values of 7.4 to 8.3 (Table 2). The affinities
for nitrite also differed among the enrichment cultures; this is an important factor that
can determine the community structure of NOB (24, 45, 46). The K,, value of AM1 (25
M NO, ™) indicated better adaptation to low nitrite concentration than that of “Ca.
Nitrotoga arctica” (58 uM NO, ™), although its affinity was still lower than or equal to
those of Nitrospira defluvii (9 uM NO, ™), Nitrospira moscoviensis (9 uM NO, ™), and
Nitrospira lenta BS10 (27 uM NO, ™) (24). The generation times of the Nitrotoga-enriched
cultures were 54 h (Nitrotoga sp. AM1) and 44 h (“Ca. Nitrotoga arctica”), which were =7
h longer than that of Nitrospira cultures (24). Diversity of physiological characteristics is
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thus observed in the genus Nitrotoga as well as Nitrobacter and Nitrospira, whereas
Nitrotoga and Nitrobacter form a monophyletic clade, and Nitrospira consists of deeply
branching lineages (10, 47-49).

Initially, AMO was detected in the early stage culture of the first enrichment step,
which was potentially halophilic Nitrotoga bacteria. The growth of AMO was confirmed
by PCR-DGGE, although the cells were below the detection limit of microscopic
observation without cell concentration. Not all halophilic NOB grow in artificial marine
medium prepared with NaCl (7, 50), indicating that AMO might be enriched in natural
seawater at low temperature. Interestingly, the partial 16S rRNA gene sequence of AMO
was closely related to clones of Nitrotoga retrieved from coastal ecosystems (accession
numbers GU061253 and HQ272404 in Fig. 2). This suggests the possibility that these
clones related to Nitrotoga are marine NOB. The abundance of AMO was decreased in
the second enrichment step. Probably, this is because the mineral medium without
NaCl fed to the bioreactor collapsed ion homeostasis of AMO. After culture conditions
were changed, AM1 (which is phylogenetically different from AMO) was successfully
enriched.

In conclusion, this study revealed previously unknown physiological characteristics
of Nitrotoga. AM1 showed adaptation to low temperature and relatively high concen-
trations of free ammonia. Considering that the few Nitrotoga cultures characterized to
date are stimulated by specific environmental conditions, such as low temperature and
slightly acidic pH, Nitrotoga might grow under such conditions which are unfavorable
for other NOB and play an important role in the nitrogen cycle in natural and
engineered systems. The availability of pure cultures and genomic analyses of Nitrotoga
will shed further light on their microbiology and unique physiological properties.

MATERIALS AND METHODS

Sampling and enrichment. Sand samples from an eelgrass (Z. marina) zone were collected 0 to 5
cm below the seafloor at a water depth of about 4 m on 16 July 2009. The seawater temperature above
the eelgrass at the time of sampling was 19°C. The outline of the enrichment procedures is shown in Fig.
1. The first enrichment before the serial dilution was started using the following artificial seawater (ASW)
medium: 34.5 mg - liter—' NaNO, as the sole energy and nitrogen source, 20 g - liter~' NaCl, 10.64 g -
liter—" MgCl,-6H,0, 1.1 g - liter—' CaCl,, 660 mg - liter—" KCl, 10 mg - liter—" K,HPO,, 3.91 g - liter~' Na,SO,,
3 mg - liter— " EDTA-Fe(lll), 119 mg - liter—" NaHCO,, and 1 ml - liter ' nonchelated trace element mixture
(51). The cultures incubated at 10°C were transferred (10% inoculum) to fresh medium when the absence
of nitrite was confirmed. Subsequent serial dilutions (10~" to 10~'°) were performed in test tubes. For
the serial dilution step and incubation after the serial dilutions, 22.3 ml of the filtered 2.5% NaHCO,
solution and 1 ml of the trace element mixture (51) were added to 1 liter of autoclaved ASW medium.
The pH was adjusted to 7.8 with 1 M HCl or 3 M NaOH. After the serial dilutions, nitrite-oxidizing
cultures were inoculated in a 100-ml flask including 30 ml of the modified ASW medium and then
incubated at 10°C in the dark without agitation. Detailed information on the initial enrichment step
is shown in Fig. S1.

As the second enrichment step to increase total microorganisms, the culture incubated at 10°C was
inoculated into a continuous feeding bioreactor with nonwoven fabric materials (0.7-cm thickness; Japan
Vilene) as biomass carriers (28). The bioreactor was operated at room temperature (23°C) with aeration.
The effluent nitrite concentration was maintained below 0.07 mM. The influent nitrite concentration was
controlled at 0.7 to 1.4 mM. The composition of mineral medium fed into the bioreactor was modified
from that in a previous report (28). The modified inorganic medium comprised 25.4 mg - liter—' K,HPO,,
40.6 mg - liter~' MgS0O,,-7H,0, 6.6 mg - liter—' CaCl,-2H,0, 3.2 mg - liter~" FeSO,-7H,0, 54.2 ug - liter '
MnSO,-5H,0, 49.4 ug - liter=' H;BO,, 43.1 ug - liter—' ZnSO,-7H,0, 27.6 g - liter—' Na,Mo,0,, and 25
ug - liter—1 CuSO,-5H,0. Unless otherwise noted, the modified mineral medium was used for enrichment
and physiological experiments. Microbial community structures were observed routinely using fluores-
cence in situ hybridization (FISH) probes. The ratios of FISH-stained NOB to total bacteria were quanti-
tatively measured by a microscopic direct counting method (see below). To determine the effect of
temperature on Nitrotoga growth, aliquots of the bioreactor culture were initially incubated in Erlen-
meyer flasks at 4, 10, and 23°C. Subsequently, biomass attached to the nonwoven fabric materials was
transferred to Erlenmeyer flasks, and selective enrichment in batch culture was performed in the dark at
10 to 16°C without shaking. The initial nitrite concentration in the flasks was 1.4 mM NaNO,. The culture
was transferred to fresh medium regularly to avoid any influence of metabolite accumulation.

PCR and phylogenetic analyses. For the first enrichment culture, DNA was extracted using a
DNeasy blood and tissue kit (Qiagen, Valencia, CA), and DNA fragments containing NOB 16S rRNA genes
were amplified in TaKaRa Ex Taq (TaKaRa Bio, Otsu, Japan) using type-specific primer pairs (listed in Table
1). The Nitrotoga-PCR product was visualized on an agarose gel stained with ethidium bromide, purified
with a Qiagen Il gel extraction kit (Qiagen), and then cloned with a TOPO TA cloning kit (Life
Technologies, Carlsbad, CA). The M13F/M13R PCR product was sequenced with a BigDye Terminator
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version 3.1 (Applied Biosystems, Foster City, CA) on a 3130x| genetic analyzer (Applied Biosystems).
Denaturing gradient gel electrophoresis (DGGE) was used to assess the absence of Nitrotoga in the first
enrichment culture after the serial dilutions. For DGGE analysis, DNA fragments encoding bacterial 16S
rRNA genes were amplified in TaKaRa Ex Taq (TaKaRa Bio) PCR cocktail with the primers Eub341F with
GC-clamp and Univ907R (52). Several DGGE bands on the gel image were purified and used as the
template DNA for sequencing.

DNA was extracted from the high Nitrotoga enrichment culture in the third enrichment step with the
Isoplant Il extraction kit (Nippon Gene, Tokyo, Japan), as per the manufacturer’s instructions. Bacterial 16S
rRNA genes were amplified with the eubacterial primers 27f and 1492r (53). PCR products were purified
using the Wizard SV gel and PCR cleanup system (Promega, Tokyo, Japan) and cloned into the pGEM-T
Easy vector system (Promega), as per the manufacturer’s instructions. The cloned 16S rRNA genes were
sequenced by Fasmac (Kanagawa, Japan). The nucleotide sequences obtained were combined into
operational taxonomic units (OTUs) based on 16S rRNA gene similarities of =98.7% (54). OTUs were
assigned to the lowest possible Silva taxonomy (55). OTUs belonging to the genus Nitrotoga and related
clone sequences were aligned using MEGA 6.06 (56). A phylogenetic tree was constructed based on the
maximum likelihood algorithm in MEGA.

FISH. Microbial community structures during the second and third enrichment processes were
checked regularly by FISH analysis. FISH was conducted based on a previous protocol (57). The
oligonucleotide probes used in this study are listed in Table 1. FISH-stained cells were observed and
recorded using a fluorescence microscope (Axioskop 2 Plus; Carl Zeiss, Oberkochen, Germany) or
confocal laser scanning microscope (FV1000-1X81-S; Olympus, Tokyo, Japan) after dropping SlowFade
antifade reagents (Thermo Fisher Scientific, Waltham, MA).

Disruption of Nitrotoga aggregates for cell counting. Since Nitrotoga formed aggregates with
heterotrophic bacteria, single planktonic cells were counted after ultrasonic treatment (model Q55;
QSonica, Newtown, CT, USA) for 30 s at an amplitude of dial 30 on ice. Cell numbers were counted
directly by microscopic observation. The average cell numbers were determined from at least 10
representative microscopic images of enrichment samples.

Electron microscopy. Ultrathin sections of enriched Nitrotoga cells were analyzed with a transmis-
sion electron microscope (TEM) (JEM-1200EX; JEOL, Tokyo, Japan) at 80 kV. The cell appearance was
viewed in a scanning electron microscope (SEM) (JSM-6320F; JEOL) at 5 kV. These analyses were
conducted at the Hanaichi Ultrastructure Research Institute, Okazaki, Japan, as previously described (32).

Physiological analyses. Physiological characterization was conducted in the modified mineral
medium using early stationary-phase cells, which were incubated for 1 to 2 days after nitrite was
completely depleted, at a temperature of 16°C, unless otherwise noted. The physiological experiments
were performed at low nitrite concentrations (=2.6 mM NO,~) to avoid inhibition of Nitrotoga cell
growth.

Optimum temperature for nitrite oxidation, and tolerance for NH,Cl and NaCl. To determine the
optimum temperature for nitrite oxidation, enrichment cultures were incubated at 4 to 29°C for 3 days.
Samples (10 ml) were inoculated into 50-ml test tubes closed with rubber stoppers and shaken (100 rpm).
The experiment was performed in biological triplicates. To test the tolerance limits, NH,Cl or NaCl was
added in different concentrations, with the pH maintained at 8.1. Nitrotoga-enriched culture was
inoculated into Erlenmeyer flasks. Samples were taken regularly, and nitrite concentrations were mea-
sured colorimetrically with the Griess reagent (58). The tolerance experiments against NH,Cl and NaCl
were performed independently once.

The free ammonia concentration was calculated from the NH,Cl concentration, pH value, and
temperature, as follows (59):

Lo L total ammonia (in mg N literfl) X 10PH
Free ammonia (m mg N liter ) = KK+ 1070 (1)
b w

where K, is the ionization constant of the ammonia equilibrium equation and K, is the ionization
constant of water. K,/K,, may be related to temperature in the following manner:

Ky/K,, = e(6344/273+°C) )

Also, the proportion of free ammonia depends on salinity. However, we neglected the effect of salinity,
because the mineral medium used in the tolerance experiment for free ammonia contained negligible
amounts of salts. The composition of the mineral medium was described above.

Determination of kinetic parameters. The half-saturation constant K,,, was calculated based on the
relationship between nitrite concentration and the nitrite oxidation rate. Cells in the exponential-growth
phase, which were incubated for 2 to 4 days after nitrite addition, were centrifuged (2,900 X g, 30 min),
and then the supernatant was removed. Determination of the exponential-growth phase referred to the
experiment for generation time. Fresh mineral medium containing 0.3 mM nitrite was added to a 5-ml
glass chamber in a final volume of 3 ml. The glass chamber was incubated at 16°C without shaking until
all nitrite was completely depleted. During incubation, 50-ul aliquots of the samples were taken out
every 2.5 to 20 min and immediately heated at 95°C for 5 min to inactivate the Nitrotoga cells. After
measurement for nitrite concentration with the Griess reagent (58), apparent K,,, values were determined
by the least-squares method. Here, we defined the half-saturation constant for nitrite concentration (in
micromoles) as the apparent K, value, because purified enzymes were not used in these experiments.
However, cell growth can be neglected in a short-term experiment. The difference between the nitrite
oxidation rate (V) obtained from the experiment described above and V estimated by the Michaelis-
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Menten equation was minimized. Maximum cell activity (in femtomoles NO,~ per cell per hour) was
calculated from the maximum nitrite oxidation rate per hour and per single cell.

To measure generation time, early stationary-phase cells were transferred into Erlenmeyer flasks, and

2-ml samples were taken regularly to analyze nitrite and nitrate concentrations using ion chromatog-
raphy. These experiments for determination of kinetics parameters were performed in biological tripli-
cates.

Chemical analysis. The concentrations of nitrite and nitrate were determined by ion chromatogra-

phy with a TSKgel SuperlC-Anion HS (IC-2010; Tosoh, Tokyo, Japan). Nitrite concentration was alterna-
tively checked colorimetrically with Griess reagent (58). All samples measured were filtered through
0.22-um-membrane filters (SLGP033NB; Merck Millipore, Billerica, MA) before analysis.

Accession number(s). All 16S rRNA gene sequences in this study were deposited to the DNA Data

Bank of Japan under accession numbers LC190436 to LC190451 and LC217313. No chimeric sequences
were submitted.
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