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The functioning of recirculation aquaculture systems (RAS) is essential to maintain water quality for fish health, and one crucial
process here is nitrification. The investigated RAS was connected to a rainbow trout production system and operated at an aver-
age temperature of 13°C and pH 6.8. Community analyses of the nitrifying biofilm revealed a coexistence of Nitrospira and Ni-
trotoga, and it is hypothesized that a slightly acidic pH in combination with lower temperatures favors the growth of the latter.
Modification of the standard cultivation approach toward lower pH values of 5.7 to 6.0 resulted in the successful enrichment
(99% purity) of Nitrotoga sp. strain HW29, which had a 16S rRNA sequence similarity of 99.0% to Nitrotoga arctica. Reference
cultures of Nitrospira defluvii and the novel Nitrotoga sp. HW29 were used to confirm differentiation of these nitrite oxidizers in
distinct ecological niches. Nitrotoga sp. HW29 revealed pH and temperature optima of 6.8 and 22°C, respectively, whereas Nitro-
spira defluvii displayed the highest nitrite oxidation rate at pH 7.3 and 32°C. We report here the occurrence of Nitrotoga as one
of the main nitrite-oxidizing bacteria in freshwater aquaculture systems and indicate that a slightly acidic pH, in addition to
temperatures below 20°C, can be applied as a selective isolation criterion for this microorganism.

Nitrogen is one of the most important elements of life and
nitrification is a key process in the global N cycle, since the

biological conversion of ammonia to nitrate is required wherever
organic matter accumulates. This oxidation of ammonia to nitrate
via nitrite is catalyzed by chemolithoautotrophic ammonia-oxi-
dizing bacteria (AOB) and archaea (AOA) and nitrite-oxidizing
bacteria (NOB). The biotechnological application of nitrification
in recirculating aquaculture systems (RAS) has gained increasing
attention for the production of aquatic organisms, since it allows
an efficient and ecological way of fish breeding. To remove toxic
ammonia released by fish gills or mineralization of feces and feed
offcut, biological filtration is required. Nitrification is promoted
on the surfaces of carrier elements in well-aerated moving-bed
reactors. The carrier elements (plastic beads) are colonized by
nitrifying bacteria, which form a dense biofilm together with het-
erotrophic bacteria.

In biofilters of most aquaculture systems (marine and freshwa-
ter), Nitrosomonas and Nitrospira were identified as the main am-
monia and nitrite oxidizers, respectively (1–4), but members of
the genera Nitrobacter and Nitrotoga are also potential candidates
for nitrite removal (5, 6). Cold-adapted Nitrotoga spp. were ini-
tially found in permafrost-affected soils in Siberia (7), and the
preference for low temperatures was confirmed by the detection of
Nitrotoga-like 16S rRNA gene sequences in other cold soils such as
recently deglaciated soils (8) or periglacial soils (9). Nitrotoga was
also abundant in oligotrophic aquatic environments such as the
Movile cave (10), a neutral groundwater seep (11) and inside a
drinking water filter, where it constituted 4.8% in a 16S rRNA
clone library (12). Nitrotoga was even more abundant in a subgla-
cial Antarctic lake, representing 13 and 7.8% of all 16S rRNA
sequences in the water column and sediment, respectively (13).
Although all of these ecosystems have a pristine character, Nitro-
toga seems to be also relevant for nitrite oxidation in eutrophic
ecosystems, provided that the operation temperature is low. For
instance, these NOB were abundant in bioreactors treating indus-

trial wastewaters (14) and on a reverse osmosis membrane of a
wastewater treatment plant (WWTP) operating at 5°C to 10°C
(15). In a screen of 20 full-scale WWTPs in Germany and Switzer-
land, Nitrotoga was detected in about half of the sludges, together
with Nitrospira, and was the only NOB found at two of the plants
(6). In accordance with this, in several Danish plants Nitrotoga was
even more abundant than Nitrospira, which has been to date con-
sidered the dominant nitrite oxidizer in activated sludge (16).

In addition to temperature, the pH is a key driver of niche
differentiation of NOB. With the exception of Nitrobacter alkali-
cus (17), pH optima of 7.6 to 8.0 were determined for terrestrial
species of Nitrobacter and Nitrospira in physiological experiments
(18–20) and a neutral range (7.4 to 7.6) is mainly used for the
cultivation of NOB in general (21). In the aquaculture plant de-
scribed here, the pH was manually lowered to 6.8 to shift the
equilibrium of ammonia toward ammonium, since this reduces
toxicity effects to fish (�0.1 mg of NH3-N liter�1) (22). The ap-
proach of intensive fish culture at high ammonia and low pH was
supposed to circumvent the necessity of nitrifying biofilters by
reducing the fraction of toxic NH3 (23). In contrast to the de-
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scribed flowthrough system, the plant investigated here could not
be operated safely without a nitrifying unit. Hence, a first biofilter
(BF1) and later on an additional biofilter (BF2) inside the same
module were constructed in 2008 and 2010, respectively. The goal
of the present study was to monitor the development of nitrifica-
tion potentials in BF1 and BF2 and to identify the dominant nitri-
fying microorganisms.

MATERIALS AND METHODS
Sampling sites. The investigated freshwater recirculating aquaculture sys-
tem (RAS) is located in northeast Germany and supplied with groundwa-
ter. In a RAS, biofiltration takes place in separated basins (biofilters) con-
taining biocarrier elements. Two distinct biofilters have been used in this
study. The moving-bed biofilter 1 (BF1) was initially put into operation in
2008. To improve the biofiltration power, a second biofilter (BF2) was
added to the system in November 2010. Both biofilters were filled with
two types of high-density polyethylene biocarriers (BCN009, surface of
497 m2 m�3; KLL012, surface of 704 m2 m�3; Stöhr, Marktrodach, Ger-
many). To simplify matters, only carrier elements of type BCN009 were
chosen for all experiments for this study. During investigation period, the
respective ponds were filled with rainbow trout (Oncorhynchus mykiss)
until September 2011, when stock has been changed to alsatian char
(Salvelinus alpinus � fontinalis). The average temperature of the process
water ranged from 10 to 14°C, and the pH was at 6.8. The oxygen concen-
tration was kept at 9 to 10 mg liter�1.

Cultivation and physiological experiments. Mineral salts medium
(24) with a pH value of 7.4 and 0.3 mM nitrite was used as the basic
medium for all cultivation procedures and physiological experiments in
the present study, unless noted elsewise. Enrichments and physiological
tests were done in 300-ml Erlenmeyer flasks. Enrichment cultures of bio-
film material were started with two to three densely covered biocarrier
elements in 150 ml of medium. Incubation was performed either at 10 or
17°C in darkness without agitation. The presence of nitrite was regularly
checked by a Griess-Ilosvay spot test (25) and replaced in case of con-
sumption. For the enrichment of Nitrotoga sp. HW29, a mineral salts
medium at either pH 7.4 or 6.0 was used. Subsequent serial dilutions
(10�1 up to 10�8) were performed in acidic medium at pH 5.7 according
to the method of Schmidt and Belser (26) with slight modifications (21).
The enrichment procedure was checked regularly for the presence of Ni-
trospira and Nitrotoga via PCR with genus-specific primer pairs as de-
scribed below. The potential activity of nitrifying biofilms was determined
by the separation of AOB and NOB approaches. Five colonized biocarrier
elements were counted into 50 ml of either AOB or NOB mineral salts
medium (24, 27) with a substrate concentration of 1 mM ammonia or
nitrite, respectively. Incubation was performed at 17°C, and flasks were
agitated (150 rpm) in the dark. Then, 1-ml samples were taken hourly
until substrate depletion and analyzed via high-pressure liquid chroma-
tography (HPLC) to control nitrification performance. Physiological tests
of isolated or enriched NOB were conducted with 1 mM nitrite and inoc-
ulated with 1% of a well-grown, active preculture. To test pH optima,
sterile-filtered mineral salts media of definite pH values were used (pH 5.5
to 7.5), and subsequent tests were performed in duplicates. For the deter-
mination of temperature optima, cultures were incubated at 4 to 37°C
without agitation. Samples (1 ml) were taken regularly, and nitrite and
nitrate were analyzed using HPLC. A substrate inhibition test was per-
formed with nitrite concentrations from 0.3 to 10 mM, followed by incu-
bation at 22°C.

Chemical analyses. Nitrite and nitrate were quantified by HPLC via
ion pair chromatography with a LiChrospher RP-18 column (125 by 4
mm; Merck KGaA, Germany) and UV detection in an automated system
(Hitachi LaChrom Elite; VWR International GmbH, Darmstadt, Ger-
many). Data acquisition and processing was performed with the inte-
grated software EZChrom Elite 3.3.2.

Cell harvesting and DNA extraction. To obtain cell material from
biocarriers for DNA extraction, ten biofilm covered biocarriers were

shaken vigorously in 10 ml of 0.9% NaCl by the addition of 2.5 g of sterile
glass beads (2.0 and 0.5 mm in diameter) for 4 h. The liquid phase was
centrifuged, and DNA was extracted from the cell pellet using the Ultra-
Clean microbial DNA isolation kit (MoBio Laboratories, Carlsbad, CA)
according to the manufacturer’s instructions. In the case of NOB cultures,
centrifugation (8,000 rpm, 30 min) of 50- to 100-ml culture volumes was
done prior to DNA extraction, as described above.

Molecular and phylogenetic analyses. To demonstrate the presence
of three different NOB genera, PCRs with genus-specific primer pairs
targeting Nitrotoga (NTG 200f/NTG 840r) (28), Nitrospira (Nsp 60-kf/
Nsp662r) (28, 29) and Nitrobacter (Nb 1000gf/degr; modified as described
by Degrange and Bardin, Mobarry et al., and Alawi [28, 30, 31]) were
performed. A Nitrotoga-specific PCR was carried out using a nested PCR
approach with the eubacterial primers 27f and 1492r (32) for the first
round of amplification, followed by a second round of amplification with
Nitrotoga-specific primers as described above. PCR products were puri-
fied with Geneaid Gel/PCR DNA fragment extraction kit according to the
manufacturer’s instructions (DF100/DF300; Geneaid Biotech, Ltd, Tai-
wan) and subsequently sequenced using the Sanger method. For separa-
tion, the respective PCR product was ligated into a TOPO-TA cloning
vector system according to the manufacturer’s instructions (Invitrogen/
Life Technologies, Carlsbad, CA). Prior to Sanger sequencing, plasmid
primers T7 and T3 were used to reamplify the cloned inserts. The obtained
nucleotide sequences were analyzed using BLASTn (33). Next, 10 ng of
DNA of Nitrotoga sp. HW29 enrichment culture was used as the template
for preparative PCR with the primers 515f and 806r (34) to generate 16S
rRNA amplicons for 454 pyrosequencing. Preparative PCR, as well as
subsequent 454 amplicon sequencing, with a sequencing depth of 3,000
reads was performed at a sequencing service facility. Denoised sequences
were generated into operational taxonomic units (OTU), and chimeras
were removed. The taxonomic classification of OTU was accomplished by
using BLASTn compared to information from the GreenGenes, RDPII,
and NCBI databases.

FISH. Biofilm material was harvested as described above. The pellet
was fixed with paraformaldehyde as described previously (35). Fluores-
cence in situ hybridization (FISH) was performed according to the proto-
col detailed by Manz et al. (36) with the Cy5-labeled universal bacterial
probes EUB338, EUB338II, and EUB338III (35, 37), as well as the Fluos-
labeled probes Ntspa-662 and Ntspa-772 (38) and the Cy-3-labeled probe
Ntoga-122 (6), targeting the genera Nitrospira and Nitrotoga, respectively.
After hybridization, the cells were stained with DAPI (4=,6=-diamidino-2-
phenylindole) and embedded in Citifluor AF1 (Citifluor, Ltd., London,
United Kingdom) prior to microscopic observation. Probe-conferred
fluorescence was recorded on a Leica LSM SP8 with a white-light laser
(Leica Microsystems GmbH, Wetzlar, Germany). Digital image analysis
was carried out using the software package LAS AF Lite 2.6 (Leica Micro-
systems).

Transmission electron microscopy (TEM). For transmission elec-
tron microscopic observations, cells were mechanically removed from the
biocarriers (see above) and fixed in 2.5% (vol/vol) glutaraldehyde for 1.5 h,
followed by an overnight incubation in 2% (wt/vol) osmium tetroxide.
Fixed cells were embedded in Spurr resin (39) as described previously
(21). Ultrathin sections were stained with uranyl acetate and lead citrate
(40, 41). Micrographs were obtained using a Zeiss model Leo 906E
charge-coupled device camera (model 794; Carl Zeiss, Jena, Germany).

Nucleotide sequence accession numbers. All 16S rRNA gene se-
quences obtained in this study were deposited at GenBank (National
Center for Biotechnology Information) after quality filtering and re-
moving chimeras, with the following accession numbers: KT778545
and KT805947 to KT805950.

RESULTS AND DISCUSSION
What controls nitrification in RAS? Biofilter performance, mea-
sured as potential nitrification rates in batch incubations, is af-
fected by several parameters, like ammonia concentration, and is
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therefore strongly dependent on stocking density and feeding in-
tensity. Further important factors influencing nitrification kinet-
ics in biofilters are the temperature and the pH value besides the
dissolved oxygen concentration, organic matter content, alkalin-
ity, salinity, and turbulence (42, 43). Three months after the ad-
dition of new carrier elements into BF2, a well-established biofilm,
consisting of AOB and NOB, as well as heterotrophic bacteria,
became visible inside the carriers (see Fig. S1 in the supplemental
material). Determination of potential nitrification rates revealed
complete nitrification in both biofilters despite the low average
temperature of 13°C and the slightly acidic pH of 6.8 (see Fig. S2 in
the supplemental material). After an initial phase with low nitri-
fying activities following the startup in November 2010, the nitri-
fication potential in BF2 increased compared to BF1 to maximum
turnover rates of 27 g h�1 m�3 total ammonia nitrogen (TAN),
mediated via AOB, and 66 g h�1 m�3 total nitrite nitrogen (NO2-
N), mediated via NOB. The activity levels of BF2 remained nearly
constant from February to June 2011 but decreased by 55% (AOB)
and 60% (NOB) in September when the fish population was
changed from rainbow trout to alsatian char with lower stocking
and feeding rates.

RAS efficiency at low temperature and slightly acidic pH. Ac-
cording to Strauss et al. (44), pH is one of the most important
variables for regulating nitrification, and a pH of 6.5 can com-
pletely inhibit NOB activity (45). To elucidate the metabolic ac-
tivity of biofilm inhabiting NOB in dependency on pH, we
performed laboratory scale short-term nitrite consumption ex-
periments at different pH values with biofilm material from
BF2 (September 2011). Nitrite was oxidized over the whole spec-
trum investigated, with the highest nitrite oxidation rates of 160
�M nitrite/h at pH 7.1 (see Fig. S3 in the supplemental material).
Only minor differences in oxidation rates were found between pH
6.0 and 7.5, with still 50% of the maximal activity at pH 6.0.
Growth at low pH might be enhanced by a dense biofilm (46),
since NOB are protected from adverse conditions (47).

NOB community analyses. Although it was found earlier that
nitrification proceeds at temperatures of 12°C (48), no commu-
nity analyses were performed in combination with process mea-
surements thus far (49). In this study, the NOB community com-
position of a freshwater RAS was identified by means of specific
PCR primers, typical ultrastructural criteria, and genus-specific
FISH probes.

PCR using genus-specific primers for Nitrotoga, Nitrospira, or
Nitrobacter revealed the continuous presence of Nitrotoga and Ni-
trospira in both biofilters, with the exception of June and July
2011, when Nitrotoga could not be detected in BF2 (Table 1).
Instead, Nitrobacter appeared in BF2 from July to September 2011.
Sequence analyses of the 16S rRNA gene amplicons of Nitrotoga
revealed a similarity of 99.7% to Nitrotoga HAM-1 from activated
sludge (5). Two representatives of Nitrospira could be detected,
which were 99.1 and 99.7% similar to N. defluvii, respectively. The
obtained Nitrobacter 16S rRNA sequence was 98.9% identical to
N. hamburgensis.

TEM of the July 2010 sample of BF1 (Fig. 1A) showed a high
abundance of irregular shaped Nitrotoga cells and of Nitrospira
aggregates. Both NOB grew in dense microcolonies in close vicin-
ity to Nitrosomonas-like ammonia oxidizers (Fig. 1B). Nitrospira
colonies consisted of short, slightly curved cells, which were
tightly packed in extracellular polymeric substances (EPS) (Fig.
1C). Nitrotoga cells were situated in loosely grouped aggregates
surrounded by thin layers of EPS (Fig. 1D) and had an extremely
wide particular periplasmic space (Fig. 1E). Directly after the
start-up of BF2 in November 2010, dense clusters of Nitrospira
were detected by TEM, but only single microcolonies of Nitrotoga-
like cells (not shown). After an operating time of 6 months, Nitro-
toga formed large colonies again, which were scarcely distributed
within the biofilm matrix. In accordance with previous investiga-
tions (1, 2, 4, 50), a higher density of NOB compared to Nitro-
somonas-like AOB was observed in most samples. In addition to
TEM, specific molecular identification via FISH was performed
with BF2 samples taken in February 2011. FISH visualization re-
vealed a high level of cells in huge colonies, which hybridized with
the Nitrotoga genus-specific probe Ntoga-122 (Fig. 2A). Use of the
Nitrospira-specific probes Ntspa-712 and Ntspa-662 resulted in a
lower abundance of this NOB, arranged in small colonies (Fig.
2B). In accordance with the electron microscopic investigations,
coccoid cells of Nitrotoga were clearly different from the densely
aggregated cells of Nitrospira.

Previous studies on the RAS bioreactor community composi-
tion of nitrite oxidizers identified Nitrospira as the most abundant
and active NOB inside these systems (1, 2, 51). In the cold-water
system investigated here, the simultaneous presence of Nitrotoga
and Nitrospira was detected by microscopic and molecular analy-
ses. In the beginning of our survey, Nitrotoga even occurred as the

TABLE 1 Identification of NOB present in BF1 and BF2 by genus-specific PCR and TEM

Biofilter and sampling
date (mo/yr)

PCRa TEMb

Nitrotoga Nitrospira Nitrobacter Nitrotoga Nitrospira Nitrobacter

BF1
07/2010 � � – ��� �� –
10/2010 � � –

BF2
11/2010 � � – � �� –
12/2010 � � –
03/2011 � � –
06/2011 – � – � �� –
07/2011 – � �
08/2011 � � �
09/2011 � � �

a �, positive reaction; �, no reaction.
b �, present; �, not present. The number of plus signs reflects the approximate abundance of the respective NOB visible via TEM.
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most abundant NOB in BF1, but Nitrospira dominated the nitri-
fying biofilm when the new biofilter BF2 was connected to the
running system and therefore appears as the primary resident of
the new plastic beads. Nevertheless, Nitrotoga reemerged to high
cell densities in February 2011, as demonstrated by FISH, but was
not detectable even by PCR during the summer months June and
July. However, the negative PCR results might be due to patchy
distribution of the microcolonies causing bias in DNA isolation.
Overall, Nitrotoga was a permanent and main NOB of the reactor
biofilm in this RAS, since it was continuously detected until 2014

(data not shown). Therefore, Nitrotoga is considered a relevant
nitrite oxidizer inside biofilms of cold-water-operated RAS. At
temperatures of �17°C, where the activity of Nitrospira is drasti-
cally reduced, Nitrotoga is able to compete with other NOB (52).
Nitrobacter was only occasionally detectable via PCR due to the
higher sensitivity compared to TEM and FISH. The rare appear-
ance of Nitrobacter inside RAS biofilters had already been ob-
served in earlier studies and leads to the general assumption
that this NOB seems to play a minor role in these systems (1, 2,
50, 53).

FIG 1 Ultrathin section of the nitrifying biofilm grown on a carrier element of BF1 sampled in July 2010 and visualized via TEM. (A) Overview of the nitrifier
arrangement inside the biofilm. Microcolonies of AOB Nitrosomonas are marked with dotted lines; for the second step of nitrification, Nitrospira (black outline)
and Nitrotoga (white outline) were present. (B to D) Microcolonies of Nitrosomonas (B), Nitrospira (C), and Nitrotoga (D) in detail. (E) Typical ultrastructure of
Nitrotoga cells, revealing the extremely wide periplasmic space with a particulate appearance.
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Separation of Nitrotoga from Nitrospira at low pH and low
temperature. The initial enrichment of Nitrotoga arctica was per-
formed at 10°C as the optimal incubation temperature for the
inhibition of other mesophilic NOB (7), but the pH value has not
been considered as an additional criterion thus far. The results of
NOB community analyses in the present study indicated that a
slightly acidic pH in combination with the low temperature might
have a selective growth effect on Nitrotoga. To confirm this hy-
pothesis, a three-step modified enrichment approach with de-
creased pH values (5.7 and 6.0), temperatures of 10 and 17°C, and
a low substrate concentration (0.3 mM nitrite) was utilized (Fig.
3). In step 1, to enrich NOB, the cultures were inoculated with
densely covered biocarrier elements of BF1 (sampled in October
2010) in mineral salts medium (pH 7.4) and then incubated at
17°C. In step 2, after 7 months, the incubation was shifted to a

slightly acidic pH of 6.0 and to lowered incubation temperature of
10°C to selectively advance the growth of Nitrotoga and inhibit
Nitrospira, respectively. In step 3, since both NOB were still pres-
ent after 6 months, a dilution series was prepared in acidic media
at pH 5.7 and incubated at 17°C to accelerate growth. After incu-
bation for 9 months, the dilution 10�6 was the last dilution step
that tested positive for nitrite oxidation and contained only one
Nitrotoga sp. with a 16S rRNA sequence similarity of 99.0% to
Nitrotoga arctica. The absence of Nitrospira was confirmed by ge-
nus-specific PCR. Final estimation of the enrichment purity de-
gree via 454 amplicon pyrosequencing indicated the persistence of
a few heterotrophic bacteria, but the vast majority (99%) of the
obtained reads were affiliated with the genus Nitrotoga. The highly
enriched culture of this NOB was from now on termed Nitrotoga
sp. HW29.

Our low-pH strategy led to the selective enrichment of Nitro-
toga from the investigated RAS biofilter and the loss of Nitrospira
after a few passages and one dilution row. Nevertheless, this strat-
egy might only be successful by the combination of further factors,
such as a low incubation temperature and a low substrate concen-
tration. Nitrospira can overgrow Nitrotoga during extensive feed-
ing because this NOB possesses the highest affinity for nitrite (52).
However, the beneficial growth of Nitrotoga versus Nitrospira in
acidic medium was confirmed with other cultures, and further at-
tempts to enrich Nitrospira in acidic medium failed (unpublished
results). This might be due to the fact that, in contrast to Nitrobacter,
cells of Nitrospira are easily inhibited by free nitrous acid (FNA) (54),
although the FNA concentration at pH � 5 is very low (55).

Physiological characterization of Nitrotoga sp. HW29 com-
pared to Nitrospira defluvii. To demonstrate whether a slightly
acidic pH might be one of the reasons for the predominance of
Nitrotoga over Nitrospira, pH optima for Nitrospira defluvii A17
(56, 57), a member of sublineage I that is closely related to Nitro-
spira in the present RAS, and for highly enriched Nitrotoga sp.
HW29 were evaluated. Both NOB developed distinct temperature
optima and showed a drastic loss of activity when exposed to
slightly higher temperatures. The highest nitrite oxidation rates

FIG 2 FISH visualization of 3-month-old biofilm material of BF2 sampled in February 2011, stained with genus-specific probes. (A) Section of a huge Nitrotoga
colony stained with probe Ntoga-122. (B) Dense biofilm reveals a large number of Ntoga-122-stained Nitrotoga clusters (pink) and fewer Ntspa-712- and
Ntspa-662-stained microcolonies of Nitrospira (green). EUB338-, EUB338II-, and EUB338III-stained cells are colored blue.

FIG 3 Schematic representation of the selective enrichment procedure for
Nitrotoga sp. HW29.
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were observed at 32°C (151 �M nitrite consumption/day) for Ni-
trospira defluvii A17, as previously shown (21), and at 22°C (121
�M nitrite consumption/day) for Nitrotoga sp. strain HW29 (Fig.
4A). This value is clearly higher than the average temperature of
the pristine RAS (13°C) and the temperature optimum of Nitro-
toga arctica 6680 (13°C) (data not shown). At 10°C Nitrotoga still
retained about 40% of its maximal activity, whereas Nitrospira
activity was reduced to 15%. Although the enrichment of HW29
revealed a sequence similarity of 99.0% on the 16S rRNA gene
level to Nitrotoga arctica, these two NOB feature distinct physio-
logical characteristics, such as the temperature optimum shown
here, which makes the highly enriched HW29 a potential candi-
date for a new species of Nitrotoga.

Evaluation of pH effects on nitrite oxidation was performed
close to the respective temperature optima of 17°C for HW29 and
28°C for A17 (Fig. 4B). The latter showed optimal growth at pH
7.0 to 7.3 (440 �M nitrite consumption/day). In contrast, Nitro-
toga sp. HW29 achieved nearly identical nitrite oxidation rates
between pH 6.5 and 7.2, revealing a broad pH spectrum with a
slight maximum at pH 6.8 (261 �M nitrite consumption/day).
Even at pH 6.1 a relative nitrite turnover rate of 75% was detected,
whereas the activity levels of N. defluvii were reduced to ca. 14%.
The results showed different pH optima for these two NOB, indi-
cating the separation of Nitrospira and Nitrotoga into distinct eco-
logical niches and further confirming our assumption regarding
the relevance of Nitrotoga in the investigated RAS running at pH

6.8. In contrast to distinct pH optima, activity studies of enrich-
ment cultures of Nitrospira and Nitrotoga via FISH-microautora-
diography (MAR) have shown that both NOB were active when
incubated at 14°C in media at pH 6.4 and 7.2 (data not shown).
Nevertheless, it should be taken into account that FISH-MAR
analyses were conducted under short-term incubation (6 h) and
that only long-term cultivation of both NOB led to the loss of
Nitrospira and a high enrichment of Nitrotoga under cultivation
conditions with slightly acidic pH.

Nitrotoga is well suited for the treatment of wastewaters.
Low substrate concentrations of 0.3 mM nitrite were regarded as
optimal for the growth of Nitrotoga arctica, and early enrichment
cultures were already inhibited at 1.2 mM (7). In contrast, in the
present study a substrate inhibition test revealed activity of Nitro-
toga sp. HW29 up to a nitrite concentration of 8 mM, with total
nitrite consumption within 2 weeks. Using FISH-MAR, Lücker
et al. detected Nitrotoga activity from wastewater at up to
10 mM nitrite (6), but it has to be considered that the substrate
conversion appears to be strain and fitness dependent. The
ability of Nitrotoga to oxidize nitrite to relative high concentra-
tions could be a reason for its appearance in WWTPs (5, 6) and
aquaculture systems (the present study) with rising nitrite con-
centrations, although the tolerance level of 30 mM Nitrospira
defluvii is much higher (57).

Ecological aspects of nitrite oxidation at low pH. There are
only a few studies examining nitrite oxidation at low pH (58, 59),
and the only described acidophilic NOB culture belongs to Nitro-
bacter (Io acid), which is able to grow optimally at pH 5.5 (60, 61).
Interestingly, Nitrotoga sp. HW29 is the first known NOB with a
pH optimum in the slightly acidic range. The closest relative of the
Nitrotoga sp. HW29 strain investigated here is Nitrotoga arctica
(99.0% sequence similarity of the 16S rRNA gene), which origi-
nates from Siberian permafrost soil (7). Considering the sampling
site pH of 5.6 to 6.5 (62), it is not surprising to find the pH opti-
mum of this NOB in culture at lower values. With the adaptation
to a slightly acidic pH, Nitrotoga might be able to occupy distinct
habitats, such as acid-impacted lakes (63). This fact makes this
NOB even more interesting regarding niche differentiation
among NOB. Nitrotoga seems to be not only cold adapted but also
moderately acid tolerant.
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FIG 4 (A) Temperature optima of highly enriched Nitrotoga sp. HW29 (�)
and Nitrospira defluvii A17 (�) grown at pH 7.4. (B) Influence of the pH on
growth of Nitrotoga sp. HW29 (�) incubated at 17°C and Nitrospira defluvii
A17 (�) incubated at 28°C. NOB growth corresponds to the capability for
nitrite consumption per day.
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