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Summary

Nitrification is a two-step process where ammonia is considered to first be oxidized to nitrite by
ammonia-oxidizing bacteria (AOB) and/or archaea (AOA), and subsequently to nitrate by nitrite-
oxidizing bacteria (NOB). Described by Winogradsky already in 18901, this division of labour
between the two functional groups is a generally accepted characteristic of the biogeochemical
nitrogen cycle2. Complete oxidation of ammonia to nitrate in one organism (complete ammonia
oxidation; comammox) is energetically feasible and it was postulated that this process could occur
under conditions selecting for species with lower growth-rates but higher growth-yields than
canonical ammonia-oxidizing microorganisms3. Still, organisms catalysing this process have not
yet been discovered. Here, we report the enrichment and initial characterization of two Nitrospira
species that encode all enzymes necessary for ammonia oxidation via nitrite to nitrate in their
genomes, and indeed completely oxidize ammonium to nitrate to conserve energy. Their ammonia
monooxygenase (AMO) enzymes are phylogenetically distinct from currently identified AMOs,
rendering recent acquisition by horizontal gene transfer from known ammonia-oxidizing
microorganisms unlikely. We also found highly similar amoA sequences (encoding the AMO
subunit A) in public sequence databases, which were apparently misclassified as methane
monooxygenases. This recognition of a novel amoA sequence group will lead to an improved
understanding on the environmental abundance and distribution of ammonia-oxidizing
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microorganisms. Furthermore, the discovery of the long-sought-after comammox process will
change our perception of the nitrogen cycle.

Nitrification, the aerobic oxidation of ammonium to nitrate is divided into two subsequent
reactions: ammonium oxidation to nitrite (equation (1)) and nitrite oxidation to nitrate
(equation (2)). These two reactions are catalysed by physiologically distinct clades of
microorganisms.

NHj +1.505 — NO3 +H20+2H" (AG%= - 274.7 kJ -mol 1) (1)

NO; +0.50; — NO3 (AG%=—74.1LkJ-mol™") (2)

NH] +205 — NO3 +Hy0+2H" (AG”= — 348.9 kJ - mol 1) 3)

Even though the existence of a single microorganism capable of oxidizing ammonium to
nitrate (equation (3)) was not previously reported, it was proposed that such a
microorganism could have a competitive advantage in biofilms and other microbial
aggregates with low substrate concentrations3.

In this study, to characterize the microorganisms responsible for nitrogen transformations in
an ammonium-oxidizing biofilm, we sampled the anaerobic compartment of a trickling filter
connected to a recirculation aquaculture system (RAS)4 with an ammonium effluent of less
than 100 pM. To enrich for the N-cycling community, a bioreactor was inoculated and
supplied with low concentrations of ammonium, nitrite and nitrate under hypoxic conditions
(£ 3.1 uM 0O5). Within 12 months, we obtained a stable enrichment culture, which efficiently
removed ammonium and nitrite from the medium (Extended Data Fig. 1). The culture
showed anaerobic ammonium-oxidizing (anammox) activity (Fig. 1a), and fluorescence /in
situhybridization (FISH) revealed that anammox organisms of the genus Brocadia
constituted ~45% of all FISH-detectable bacteria. Surprisingly, Nitrospira-like NOB
accounted for ~15% of the community and co-occurred with the Brocadia species in flocs
(Fig. 2a). This tight clustering with anammox bacteria was unexpected as both
microorganisms require nitrite for growth. Together with the presence of Nitrospiraat very
low oxygen concentrations, this indicated that there could be a functional link between these
organisms.

To determine the function of Nitrospirain the community, we extracted and sequenced total
DNA from the enrichment culture biomass. In total 4.95 Giga base pairs of trimmed
metagenomic sequence were obtained and used for de novo assembly. By differential-
coverage and sequence composition-based binning5 it was possible to extract high-quality
draft genomes of two Aitrospira species. The two strains had genomic pairwise average
nucleotide identities (ANI)6 of 75% and thus clearly represented different species
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(Nitrospira sp.1 and sp.2, Extended Data Fig. 2 and Extended Data Table 1). Surprisingly,
both genomes contained the full set of AMO and hydroxylamine dehydrogenase (HAQ)
genes for ammonia oxidation, in addition to the nitrite oxidoreductase (NXR) subunits
necessary for nitrite oxidation in Nitrospirar. In both species all these genes were localized
on a single contiguous genomic fragment, along with general housekeeping genes that
allowed reliable phylogenetic assignment. Consequently, these Nitrospira species had the
genetic potential for the complete oxidation of ammonia to nitrate. No AMO of canonical
ammonia-oxidizing bacteria or archaea could be detected in the trimmed metagenomic reads
or by amoA-specific PCR8,9 on DNA extracted from reactor biomass, and no other
indications for the presence of ammonia-oxidizing microorganisms were found in the
metagenome or by FISH analyses. The AMO structural genes (amoCAB) of both Nitrospira
species, along with the putative additional AMO subunits amo£EDD210,11, formed one gene
cluster with ~aoAB-cycAB (encoding HAO, the putative membrane anchor protein HaoB,
electron transfer protein cytochrome ¢554 and quinone reducing cytochrome ¢ss2,
respectively)12 and showed highest similarities to their counterparts in betaproteobacterial
AOB (60% average amino acid identity to the Nitrosomonas europaea genes; Fig. 3 and
Supplementary Table 1). The same genomic region also contained genes for copper and
heme transport, cytochrome ¢ biosynthesis, and iron storage. These accessory genes were
highly conserved in ammonia-oxidizing bacteria but not in other Nitrospirar,13, indicating
their involvement in AMO and HAQ biosynthesis or activation. Nitrospirasp.1 encoded
three discrete amoC genes, one of which was clustered with a second, almost identical copy
of amoA (97.7% amino acid identity). Nitrospirasp.2 lacked the second amoA, but
contained four additional amoC and a second /aoA gene (Supplementary Table 1). Unlike
other Nitrospirai,13, both species lacked enzymes for assimilatory nitrite reduction,
indicating adaptation to ammonium-containing habitats. For ammonium uptake, they
encoded low affinity Rh-type transporters most closely related to Rh50 found in
Nitrosomonas europeal4, in contrast to most AOB and NOB that have the high affinity
AmtB-type proteins. Both species encoded ureases and the corresponding ABC transport
systems, indicating that urea could be used as an alternative ammonium source.
Interestingly, Ca. N. inopinata, the moderately thermophilic ammonia-oxidizing Nitrospira
described by Daims et a/.15, encoded a similar set of AMO, HAO and urease proteins, and
also lacked genes for assimilatory nitrite reduction. Unlike the two species described here,
however, it contained a periplasmic cytochrome ¢ nitrite reductase (NrfA) that could allow it
to conserve energy by dissimilatory nitrite reduction to ammonium (DNRA), but might also
provide ammonium for assimilation. The evolutionary divergence of these organisms was
also reflected in the low ANI values of 70.3 - 71.6% between Ca. N. inopinata and the two
species described here. Concerning their genetic repertoire for nitrite oxidation, sp.2 had
four almost identical (>99% amino acid identity) NXR alpha and beta (NxrAB) subunits. Sp.
1 had two nxrAB copies encoding identical NxrB subunits, but NxrA subunits with amino
acid identities of 89.6%, which were separated into distinct clusters in phylogenetic
analyses. One homolog branched with sequences from N. moscoviensis, while the other
formed a novel sequence cluster together with the sequences from sp.2 (Extended Data Fig.
3).
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To ascertain that ammonia oxidation occurred under hypoxic conditions in the enrichment
culture, we supplied the bioreactor with 1°N-labelled ammonium. While the anammox
bacteria consumed 15NH,* and converted it into 2°N,, a steady increase of 3°N, was also
observed (Fig. 1a). This formation of 3°N, could only be explained by the production

of 15N-labelled nitrite derived through aerobic ammonium oxidation. As metagenomic
analyses confirmed that the Aitrospira species were the only organism in the enrichment
harbouring AMO and HAO, this clearly showed that they were able to perform this reaction
even at O, concentrations lower than 3.1 uM. To unambiguously link this activity to
Nitrospira, we visualized the AMO protein /n situ using batch incubations with reactor
biomass and fluorescein thiocarbamoylpropargylamine (FTCP), a fluorescently labelled
acetylene analogue that acts as suicide substrate for AMO16 and covalently binds to the
enzymel7. When counterstained with Nitrospira-specific FISH probes, including a newly
designed probe specifically targeting the 16S rRNA-defined phylogenetic group comprising
spp.1 and 2 (Extended Data Table 2 and Extended Data Fig. 4), strong FTCP labelling of
Nitrospira cells was observed, providing strong support for the presence of the ammonia-
oxidizing enzyme at single-cell level (Fig. 2b and Extended Data Fig. 5).

Batch incubations were performed at ambient oxygen concentrations to determine
conversion rates of ammonium and nitrite, the level of inhibition by allylthiourea (ATU; a
potent inhibitor of bacterial ammonia oxidation18,19), and the use of urea as ammonium
source for nitrification. Flocs were mechanically disrupted to ensure complete exposure of
the biomass to oxygen, which inhibits the anammox and denitrification processes20,21. This
inhibition was confirmed by the lack of labelled N5 formation in incubations with 15NH,4*.
In these incubations (Fig. 1 and Extended Data Fig. 6), the culture oxidized ammonium (6.0
+ 1.0 UM NHg4*/h) and nitrite (23 + 4.7 uM NO,/h) to nitrate. ATU selectively inhibited
ammonia oxidation, but did not affect nitrite oxidation rates. Urea was converted to
ammonium, which was subsequently oxidized to nitrate (7.8 + 1.1 pM nitrate/h) suggesting
that these Nitrospira species were capable of using urea as source of ammonia to drive
nitrification, as was also reported for some AOA22 and AOB23. This trait could enable them
to thrive in environments like fertilized soils, wastewater treatment plants (wwtps), and
many aquatic systems where urea is often present at micromolar levels24. However, it
should be noted that the two Aitrospira spp. were not the only organisms in the enrichment
culture that encoded ureases.

To investigate substrate-dependent inorganic carbon fixation as a proxy for energy
conservation from ammonia and nitrite oxidation, we used FISH in combination with
microautoradiography (FISH-MAR)25. Aerobic incubations with mechanically disrupted
flocs were performed in the presence of 500 UM ammonium, 500 pM ammonium with 100
UM ATU, or 500 uM nitrite. Nitrospiraincorporated carbon from 14C-labelled bicarbonate in
the presence of either ammonium or nitrite, and ammonia-dependent carbon fixation was
strongly inhibited by the addition of ATU (Fig. 2c and Extended Data Fig. 7). Only flocs
containing Nitrospira were labelled during all incubations, suggesting that these were the
only chemolithoautotrophic nitrifying organisms present in the culture and indeed could
conserve energy from the oxidation of ammonia and nitrite.
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In 16S rRNA-based phylogenetic analyses, the two ammonia-oxidizing Nitrospira species
from our enrichment culture formed two separate lineages within one strongly supported
sequence cluster affiliated with Aitrospira sublineage 1126 (Extended Data Fig. 4). They both
grouped with highly similar sequences (>99% nucleotide identity) from a diverse range of
habitats, including soil, groundwater, RAS, wastewater treatment plants (wwtps) and
drinking water distribution systems. The formation of distinct clusters containing sp.1 and
sp.2 indicated that the last common ancestor encoded genes for complete nitrification and
that this lifestyle might be conserved in most organisms affiliated with this sequence group.

To explore the environmental relevance of these Nitrospira, we searched the NCBI nr
database27 for closely related amoA genes. Surprisingly, we found the AmoA proteins of
the two Nitrospira species to be phylogenetically divergent from the described bacterial
AmMOA sequences. Nitrospirasp.2 AmoA was 97-98% identical to the so-called “unusual”
methane monooxygenase (PMO) proteins of Crenothrix polyspora?8. The two AmoA copies
from Nitrospirasp.1 had lower similarities to Crenothrix PmoA (90-91% identity), but also
affiliated with this group (Fig. 4). Sequences within this group cannot be amplified by
standard amoA primers, but only by pmoA primers when used at reduced stringency29.
Therefore the public databases only contain few closely related sequences, which mainly
were derived from habitats studied for their bacterial methane-oxidizing (MOB)
communities. Highly similar sequences derived from wwtps and drinking water systems,
however, indicated occurrence of ammonia-oxidizing Nitrospirain a range of engineered
and natural environments. We furthermore screened all publicly available shotgun datasets
on MG-RAST30. Indeed, 168 metagenomes (out of 6255) and 28 metatranscriptomes (out
of 1051) contained at least two reads affiliated with this amoA group, yielding a total of
3727 reads that were obtained mainly from soil, sediments and wwtps (Extended Data Table
3). Thus, our results showed that the Crenothrix sequence group consists of so far
unrecognized AMO sequences overlooked in nitrification studies based on amoA gene
detection. Based on these findings, it is highly likely that the PCR-based determination of
the Crenothrix pmoA gene from an environmental sample28 was erroneous, and this cluster
only contains genes encoding AMOs. Nevertheless, with the currently available information
it cannot be excluded that certain Crenothrix species attained an amoA gene through lateral
gene transfer and use the encoded protein as a surrogate PMO.

In conclusion, here we demonstrated the existence of complete nitrification in a single
organism (comammox) and identified two Nitrospira species capable of catalysing this
process (equation (3)). In 16S rRNA or amoAl pmoA-based studies these organisms would
have been classified as NOB or MOB, respectively. Hence, our results show that a whole
group of ammonia-oxidizing organisms was previously overlooked. Our findings
furthermore disprove the long-held assumption that nitrification (ammonia oxidation via
nitrite to nitrate) is catalysed by two distinct functional groups, thus redefining a key process
of the biogeochemical nitrogen cycle.

Based on their physiology, differences in genome content, and separation in different
phylogenetic groups in 16S rRNA-based analyses, we propose tentative names for both
Nitrospira species present in our enrichment: “ Candidatus Nitrospira nitrosa” (Etymology:
L. fem. adj. nitrosa, full of natron; the nitrite and nitrate forming Aitrospira) for sp.1 and
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“Candidatus Nitrospira nitrificans” (N.L. part. adj. nitrificans, nitrifying; the nitrifying
Nitrospira) for sp.2. Both species are chemolithoautotrophic and fully oxidize ammonia via
nitrite to nitrate.

Enrichment and cultivation

A bioreactor was inoculated with biomass from a RAS biofilter (3.5 I, obtained from the
anoxic part of the trickling filter compartment) connected to an aquaculture system. The
system accommodated common carp (Cyprinus carpio, approximately 3.5 kg total weight)
and had a total volume of 900 I. The bioreactor (Applikon Biotechnology BV, Schiedam,
The Netherlands) consisted of stainless steel and glass, had a 7 | working volume, was
equipped with pH and dissolved oxygen sensors (Applikon Dependable Instruments BV
Applisens, Schiedam, The Netherlands) and connected to an ADI11030 biocontroller
(Applikon Biotechnology BV, Schiedam, The Netherlands). It was operated as a sequencing
batch reactor (SBR) with 12 h or 24 h cycles. In the first 5 months, the reactor was operated
with a 24 h cycle that consisted of 23 h 15 min filling, 15 min settling (no stirring) and 30
min removal of the supernatant. Afterwards, in 12 h cycles, each filling cycle consisted of 11
h 15 min, followed by 15 min settling and 30 min removal of the supernatant. During every
filling period, the reactor was supplied with 600 ml of medium (0.83 ml/min). The reactor
and the medium were flushed constantly with Ar/CO, (95%/5% v/v, 10 ml min-1). The
temperature was kept at 23 + 1°C with a heating blanket and pH was maintained at 6.99

+ 0.1 using a 1 M KHCOg solution. The reactor was stirred at 200 rpm. Medium was
prepared using aquaculture water taken from the RAS biofilter. This water contained 300 -
1,848 yM NO3", 0 - 29 UM NO5™ and 0 - 75 pM NH4*. The water was filter-sterilized
(polysulfone filter HF80S, Fresenius Medical Care, Bad Homburg, Germany) and
supplemented with 100 - 500 pM NH,4*, 100 - 450 pM NO,™ and 500 UM NO3".

DNA extraction and genome sequencing

DNA was extracted using the PowerSoil DNA isolation kit (MoBio, Carlsbad, CA) or a
CTAB-based extraction method31. 1 pg of DNA was used to prepare paired-end sequencing
libraries using the TruSeq PCR-free kits (Illumina, San Diego, CA, USA) following the
manufactures recommendation except that the 550 bp protocol was used with 1 pg of input
DNA. Mate-pair libraries were prepared using the Nextera Mate-pair kit (Illumina) using the
gel-free approach. The prepared libraries were sequenced using an Illumina MiSeq with
MiSeq Reagent Kit v3 (2x301 bp; lllumina).

Bioinformatics

Data generation and binning of metagenome scaffolds to individual genome bins was
conducted as described in the mmgenome workflow32 which builds on the multi-
metagenome principles5. Paired-end Illumina reads in FASTQ format were imported to CLC
Genomics Workbench v. 8.0 (CLCBio, Aarhus, Denmark) and trimmed using a minimum
phred score of 20, a minimum length of 50 bp, allowing no ambiguous nucleotides and
trimming off Illumina sequencing adaptors. Mate-pair reads in FASTQ format were trimmed
using NextClip33 and only reads in class A were used for assembly. Passing reads were co-
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assembled using CLCs de novo assembly algorithm, using a kmer of 63 and a minimum
scaffold length of 1 kbp. The trimmed metagenome reads were afterwards independently
mapped to the assembled scaffolds using CLCs “map reads to reference” algorithm, with a
minimum similarity of 95% over 80% of the read length.

Open reading frames were predicted in the assembled scaffolds using the metagenome
version of Prodigal34. A set of 107 HMMs of essential single-copy genes35 were searched
against the predicted open reading frames using HMMER336 with default settings, except
for the use of the trusted cutoff (-cut_tc). Identified proteins were taxonomically classified
using BLASTP against the RefSeq (version 52) protein database with a maximum e-value
cutoff of 1e-5. MEGAN37 was used to extract class level taxonomic assignments from the
BLAST .xml output file. The script network.pl was used to extract paired-end read
connections between scaffolds using a SAM file of the read mappings to the metagenome.

Individual genome bins were extracted using the multi-metagenome principles5 and refined
using tetranucleotide frequencies, as implemented in the mmgenome R package32. The
script extract.fastg.reassembly.pl was used to extract paired-end reads from the binned
scaffolds, which were used for re-assembly using SPAdes 3.5.038. Paired-end and mate-pair
connections were used to manually refine the extracted genome bins. For all genomes
quality was assessed using coverage plots through the mmgenome R package and by the use
of QUAST39 and CheckM40 (see Supplementary Table 2 for CheckM counts of single-copy
genes). Manual inspection of potential misassemblies was done using Circos41 as
described32. In addition, key regions were manually inspected in CLC Genomics
Workbench.

The Nitrospira draft genomes were integrated into the MicroScope annotation platform42.
The automatic annotation of genes in key metabolic pathways was manually refined using
the respective tools in MaGe43 as described previously7. Genomic pairwise average
nucleotide identity values were calculated using BLAST (ANIb) in JSpecies6.

Absence of canonical bacterial or archaeal amoA sequences in the metagenome data was
confirmed by searching a set of reference sequences against a BLAST database containing
all trimmed metagenome reads.

Code availability

The Rmarkdown files used for extracting the genome bins are available for download32.

Activity assays

For activity assays, the reactor was supplied with medium containing labelled ammonium
(15NH,4%). The medium flow was kept at normal operating rate (0.83 ml/min) and the
biomass was stirred continuously. Isotopic compaosition of the nitrogen gas produced was
analysed using gas chromatography (Agilent 6890 equipped with a Porapak Q column at
80°C and a TCD detector at 300°C; Agilent Technologies, Santa Clara, CA, USA) combined
with mass spectrometry (Agilent 5975c, quadruple inert MS).
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For batch assays, 150 ml biomass was taken from the reactor and harvested by centrifugation
(300 x g, 10 min). Flocs were disrupted by resuspending the biomass in 1.5 ml mineral
medium44, followed by rigorous horizontal shaking in the presence of a %" glass sphere for
10 minutes. Subsequently, biomass was washed twice in mineral medium and resuspended
in 150 ml mineral medium containing no N-source. 12 ml biomass per incubation was
transferred to 30 ml serum bottles and ammonium, nitrite or urea was added (200 pM final
concentration). To test for anammox activity and denitrification 1>NH,* was used and the
headspace analysed for labelled dinitrogen gas production as described above. For inhibition
experiments ATU was added to a final concentration of 100 pM and biomass was
preincubated for 10 min before substrate addition. Bottles were sealed with rubber stoppers
and 10 ml air was added to the headspace to ensure slight overpressure. Incubations were
performed at room temperature in the dark with mild agitation (50 rpm). At each time point,
0.5 ml sample was taken and stored at -20°C for further analysis.

Analytical methods

Ammonium was determined colorimetrically using a modified orthophatal-dialdehyde
assay45 (detection limit 10 uM) and nitrite (=5 pM) by the sulfanilamide reaction46. Nitrate
(=1 pM) was measured by converting it into nitric oxide at 95°C using a saturated solution
of VClI3z in HCI. Nitric oxide was than measured using a Nitric Oxide Analyser (NOA280i,
GE Analytical Instruments, Manchester, UK). To determine the total organic carbon (TOC)
concentration of the medium, medium was first acidified to remove inorganic carbon. After
6.5x dilution with ultrapure water, samples were measured using a TOC-L CPH/CPN
analyser (Shimadzu, Duisburg, Germany).

Fluorescence in situ hybridization (FISH)

For FISH analysis, samples from the reactor were fixed with 4% (v/v) paraformaldehyde
(PFA), followed by hybridization with fluorescently labelled oligonucleotides as described
elsewhere47. FISH probes used in this study (Extended Data Table 2) were 5” labelled with
the dyes FLUOS (5(6)-carboxyfluorescein-N-hydroxysuccinimide ester), Cy3 or Cy5
(Thermo Electron Corporation, Ulm, Germany). After hybridization, slides were air-dried
and embedded in Vectashield (Vector Laboratories Inc., Burlingame, CA). Probe-conferred
fluorescence was recorded on an Zeiss Axioplan 2 (Carl Zeiss AG, Oberkochen, Germany)
equipped with a HBO 100 light source and specific filter sets for the detection of FLUOS,
Cy3 and Cy5, a Leica TCS SP2 AOBS (Leica Microsystems, Wetzlar, Germany) or a Zeiss
LSM510 META (Carl Zeiss AG) confocal laser scanning microscope (CLSM), both
equipped with one argon ion (450-514nm) and two helium neon lasers (543 and 633 nm).
Images were recorded with 63x glycerol or oil immersion objectives at a resolution of 1024
x 1024 pixels and 8 bit depth.

For quantifying relative biovolume fractions, PFA-fixed reactor biomass was hybridized to
probes Ntspa662, Amx820 and EUB338mix (Extended Data Table 2) as described above.
Subsequently, 45 image pairs were recorded at random fields of view using the Leica TCS
SP2 AOBS CLSM. The images were imported into the image analysis software daime48 and
evaluated as described elsewhere49.
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AMO-labelling

Washed and disrupted (see above) biomass was incubated for 30 minutes at room
temperature with freshly prepared fluorescein thiocarbamoylpropargylamine (FTCP,
synthesized as described elsewhere16). After incubation, cells were harvested, washed, PFA-
fixed and hybridized to specific FISH probes as described above.

FISH combined with microautoradiography (FISH-MAR)

FISH-MAR experiments were performed as described before50. 150 ml biomass was taken
from the reactor and flocs were disrupted as described above. After harvesting and washing,
the biomass was resuspended in mineral medium44 and transferred to serum bottles.
Ammonium or nitrite was added to a final concentration of 500 pM. As controls, incubations
with ammonium and ATU (100 pM), without nitrogen source and a dead control (PFA-fixed
biomass) were performed. 10 uCi [14C]-labelled bicarbonate were added to all samples,
bottles were sealed with rubber stoppers and incubated at room temperature in the dark for
18 h. After incubation, the biomass was harvested by centrifugation (20,000 x g, 10 min),
PFA-fixed and FISH was performed on coverslips as described above. Hybridized samples
were dipped in preheated (48°C) and diluted (1:1 with deionised water) film emulsion
(I1ford Nuclear Emulsion K5, Harman Technology, UK). After overnight drying at room
temperature, samples were exposed for 6 days at 4°C and developed in Kodak D19
developer as described before50. Images were recorded on a Zeiss LSM510 META CLSM
as detailed above. To correct for the different levels of unspecific silver grain deposition in
the incubations, the degree of silver grain formation in areas without biomass was compared
to the amount of silver grains above biomass flocs. Only cell clusters which showed grain
deposition clearly above background level were considered positive.

Phylogenetic analyses

16S rRNA sequences with nucleotide identities 298% and amoA sequences with identities
>70%, to the respective sequences of Nitrospirasp.1 or sp.2 were identified in the NCBI nr
database by BLAST?27. 16S rRNA sequences were imported into the SILVA51 small subunit
ribosomal RNA database release 119, amoA sequences in a custom-made database
containing a reference set of amoA and pmoA sequences. nxrA sequences were imported in
a custom-made database containing all published sequences from Njtrospira, Nitrospina and
anammox organisms. Sequence alignments for all datasets where generated and manually
refined using ARB 5.552. Bayesian interference trees were calculated using MrBayes
3.2.353 until a standard deviation <0.01 was reached. For 16S rRNA analyses the GTR
substitution model and a 50% conservation filter resulting in 1463 valid alignment positions
were used. amoA genes were translated into their amino acid sequence and a 10%
conservation filter resulting in 264 alignment positions in combination with the WAG
substitution model were used for tree calculation. nxrA trees were calculated from nucleic
acid sequences with the GTR substitution model and without conservation filter, resulting in
2660 distinct alignment patterns. For all trees 50% majority rule consensus trees are shown.
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All 7306 public shotgun metagenomes and metatranscriptomes available in MG-RAST54
were searched for the presence of the diagnostic armoA gene. Datasets were downloaded and
searched against a small set of characteristic amoA sequences using DIAMONDS5 with the
default settings. The resulting 44993 hits were filtered using a BLAST score ratio56 of the
initial alignment score versus the alignment score against the NCBI nr.
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Extended Data Figure 1. Ammonium and nitrite conversion by the enrichment culture.
Inorganic nitrogen load of the enrichment culture per 24 h cycle (filled symbols) and effluent

concentrations (open symbols) for (a) ammonium (diamonds) and (b) nitrite (triangles).
Effluent nitrite concentrations were below the detection limit (<5 uM) at all time points.
Data points represent the mean of three technical replicates, error bars the standard
deviations of these triplicates. Nitrate concentration in the medium varied between 0.5 and
2.0 mM and total organic carbon (TOC) content between 1.30 and 1.44 ppm, which was due
to medium preparation with water obtained directly from the RAS.
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Extended Data Figure 2. Metagenome binning.
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Extraction of the Nitrospirasp.l (a) and sp.2 (b) genome sequences from the metagenome
using differential coverage binning. Each circle represents a metagenomic scaffold, with size
proportional to scaffold length; the plots contain a total of 47584 scaffolds. The inlay of each
figure shows the secondary binning based on tetranucleotide frequencies, with a total of 331
(a) and 281 (b) scaffolds included. Taxonomic classification is indicated by colour; a total of
3158 essential marker genes were detected. The extracted bins are enclosed by a dashed line.
Genome contaminations were excluded by generating linkage maps of the final bins of sp.1
(c, 25 scaffolds) and sp.2 (d, 86 scaffolds) using mate-pair sequencing data.
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_C Nitrospira defluvii nxrA1, CBK42928
Nitrospira defluvii nxrA2, CBK42946

10%

{ Nitrospina gracilis 3/211 nxrA2, WP_042250442

Nitrospina gracilis 3/211 nxrA1, WP_042251421
Candidatus Brocadia sinica, GAN32427
Candidatus Brocadia fulgida, KKO18748

Candidatus Jettenia caeni, GAB61114
Candidatus Kuenenia stuttgartiensis, CAJ72445

Candidatus Scalindua brodae, KHE93157

Extended Data Figure 3. Phylogenetic analysis of NXR.
Bayesian interference tree (s.d.=0.0099) showing the affiliation of the Nitrospirasp.1 and sp.

2 nxrA sequences in comparison to other genome-sequenced Nitrospira, Nitrospina and
anammox bacteria. Posterior probabilities =70% and =290% are indicated by open and filled
circles, respectively. NCBI protein accession numbers for all publicly available sequences
are indicated, numbers with an asterisk are IMG gene IDs. The described Nitrospira
sublineages are indicated by coloured boxes and roman numbers. The scale bar represents
10% sequence divergence. Note the different affiliation of the “Ca. N. nitrosa” (sp.1) nxrA
sequences. The tree contains 25 sequences from 12 species, belonging to 3 different phyla.
Sequences from closely related bacterial putative nitrate reductases were used as outgroup
(n=4); the outgroup position is indicated by the arrow.
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Ntspad76 | activated sludge clone SBR1015, AF155152
3 aquatic Nitrospira clone, AR147420
activated sludge clone GD 1-45, KC551568
MBR wastewater treatment pilot plant clone 2e, HE964760

Hanford Site subsurface clone HDB_SION1685, HM186100
drinking water distribution system simulator clone DSSD45, AY328743
activated sludge clone SBR2046, AF 155155

|- sequencing batch reactor clone GC86, Y14644

—— autothermal thermophilic aerobic digester clone ¢13, FN687453

i biofilm clone M2B07, FJ439824

|— activated sludge clone SBR1024, AF155153

— i i clone M1-5, EU015101
- membrane bioreactor biofilm clone M3B50, FJ439870

activated sludge clone MN-23, KP054177

L——— Mammoth Cave Karst Aquifer biofilm clone MACA-RR39, GQ500769
lake water clone N4_089, JX406234
water reservoir clone Fei_13Dec10m_23, AB930755

drinking water and groundwater cluster (6)

drinking water distribution system clone 5A-44, JQ923583
Chongxi wetland soil clone P-R48, JN038835
sulfidic cave spring microbial mat clone SS_LKC22_UB224, AM490665

environmental cluster (64)

N. japonica et rel. (17)
lava tube wall yellow microbial mat clone KA6130005, HM445506

f ——— N. lenta et rel. (12)

Kamchatka volcano mud clone kab58, FJ936775
[—— cave wall biofilm clone GCaltP6F 10, HE603172
lava tube wall yellow microbial mat clone GM21301f05, JF265912

———4 sl cluster (5)
H——— — sedimentcluster (5)

— moderately thermophilic environmental cluster (5)
French Guiana coast shallow fluidized muds clone 4_42, KC009989

Bay of Bengal baroduric sediment clone SDT4S15, JQ073807
L Nitrospira moscoviensis, X82558
hot spring clone W1B-18, KM221443
subsurface thermal spring clone FG34B-7, FR846900
Great Artesian Basin bacterial community clone G19, AF407702
hot spring clone FWS-B26, KC437362
subsurface thermal spring clone AB2B-54, FR846920

10%

Extended Data Figure 4. 16S rRNA-based phylogenetic analysis.
Bayesian interference tree (s.d.=0.0098) showing the affiliation of the Nitrospirasp.1 and sp.

2 16S rRNA sequences within Nitrospira sublineage Il. Posterior probabilities =270% and
>90% are indicated by open and filled circles, respectively. The strongly supported sequence
group containing the novel Nitrospira spp. catalysing complete nitrification is shaded in
grey, the two subgroups containing Nitrospirasp.1 and sp.2 (in bold) are highlighted by
green and red boxes, respectively. N. moscoviensis is depicted in bold for comparison. The
curly bracket indicates the target group of the newly designed FISH probe Ntspa476 (see
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Extended Data Table 2). Scale bar indicates 10% sequence divergence. The tree contains a
total of 181 sequences; the size of sequence groups is indicated in brackets. Sequences from
members of Nitrospira sublineages | and IV were used as outgroup (n=24); the outgroup
position is indicated by the arrow.

Extended Data Figure 5. Control experiments of AMO-labelling.
a, Cells incubated with the fluorescent dye FTCP (green) were stained by FISH using probes

specific for Nitrospira (Ntspa662, red) and all bacteria (EUB338mix, blue). A small cell

Nature. Author manuscript; available in PMC 2016 May 26.
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cluster was stained by FTCP and targeted by both probes (resulting in a white overlay
signal), while all other bacteria (in blue) were not or only slightly stained by FTCP. The
green signal is due to autofluorescence and unspecific FTCP binding to the floc matrix. b,
Anammox cells (Amx820, blue) showed minor staining by FTCP (green), but to a much
lesser degree than Nitrospira (Ntspa662, red; yellow overlay). ¢ and d, Positive controls: (c)
ammonium oxidizing bacteria (Ns01225 and Nso0190, red) in an aerobic enrichment culture
and (d) a Nitrosomonas europaea pure culture (NEU, red, and EUB338mix, blue) were
stained by FTCP (resulting in yellow and white overlays, respectively). e and f, Negative
controls: (e) canonical Nitrospirain an aerobic enrichment culture (Ntspa662, blue) and (f) a
Nitrospira moscoviensis pure culture (Ntspa662, red, and EUB338mix, blue; magenta
overlay) did not show any labelling with FTCP (green). The two bright green structures in
(c) and the bright pink signal in (e) are due to autofluorescence. Images are representative of
two (a and b) or one (c to f) individual experiments, with three technical replicates each.
Scale bars in all panels represent 10 um.
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Extended Data Figure 6. Batch incubations with nitrite, urea and without substrate.

a and b, Nitrite (triangles) oxidation by the enrichment culture to nitrate (squares) (a) in the
absence and (b) in the presence of ATU. The ammonia (diamonds) in (b) presumably stems
from biomass decay and is not oxidized due to ATU inhibition. ¢, Urea conversion to
ammonium (diamonds) and subsequent oxidation to nitrate (squares). d, No-substrate
control; minor amounts of ammonium (diamonds) presumably stem from mineralisation of
degrading biomass, leading subsequently to nitrate (squares) formation. Symbols in all plots
represent averages of three independent incubations; ammonium was determined in single

Nature. Author manuscript; available in PMC 2016 May 26.

*

500



siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

van Kessel et al. Page 16

measurements, nitrite and nitrate in duplicate (a and b) or triplicate (c and d). Error bars
represent standard deviations of three biological replicates.

Extended Data Figure 7. FISH-MAR
FISH with probes for all bacteria (EUB338mix, blue), and probes specific for Nitrospira

(Ntspa662, red; resulting in magenta) and anammox bacteria (Amx820, green; resulting in
cyan). a, Ammonia-dependent carbon fixation. Only Njitrospira cells were active, as
indicated by silver grain deposition. Note the inactive anammox cells on the left side of the

Nature. Author manuscript; available in PMC 2016 May 26.
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smaller floc, co-localizing with highly active Nitrospira cells on the right side of the same
floc. b, Inhibition of ammonia-dependent carbon fixation by ATU. ¢, Nitrite-dependent
carbon fixation. Only Nitrospira cells incorporated 14CO,. d, No-substrate control. Images
are representative of two individual experiments, with two technical replicates each. Scale
bars in all panels represent 10 pm.

Extended Data Table 1

General genomic characteristics of Nitrospirasp.1 and sp.2.

Ca. N. nitrosa (sp.1) Ca. N. nitrificans (sp.2)

Bin initial final initial final
Genome size (bp) 4413075 4422398 4088547 4117083
Contigs 25 15 86 36
Largest contig (bp) 1073143 1804237 335390 475968
N50 659693 727365 103850 174194
# Ns per 100 Kbp 355 0 420 0

Completeness*
Contamination™
Coverage (CTAB)T
Coverage (Kit)Jr
Average G+C content

Number of coding sequences (CDS)

99% (97%)
0% (2.3%)

>99% (97%)
0% (2.3%)

rRNA operons
tRNAs

>095% (97%)
<1% (2.8%)

>95% (97%)
<1% (2.7%)

1 13.0 A 4.9
7 10.0 7 5.0
3 54.8 3 56.6
4 4309 4 4502
s 1 F 1
4 46 - 43

*
Values are based on evaluation of the binning plots and manual inspection; numbers in brackets are based on CheckM40

fFor details on DNA extraction see Methods section .

fThese values were only determined for the final genomic bins.
Extended Data Table 2

FISH probe specifications.

Probe name Probe full name™ Sequence (5'-3")  Binding positionJr FA%T Specificity Ref.

Amx820 S- " Amx-0820-a-A-22 AAA ACC CCT 820 - 841 40 Genera Brocadia, Kuenenia 57
CTACTT AGT
GCCC

Arch915 S-D-Arch-0915-a-A-20  GTG CTC CCC 915 - 934 nd$ Domain Archaea 58
CGCCAATTC
CT

Eub338 // S-D-Bact-0338-a-A-18 GCT GCC TCC 338-355 0-50 Domain Bacterfa 59
CGT AGG AGT

Eub338l1 // S-"Bact-0338-h-A-18 GCA GCC ACC 338 - 355 0-50  Order Planctomycetales 60
CGT AGG TGT

Eub338lll // S- Bact-0338-c-A-18 GCT GCC ACC 338-355 0-50  Order Verrucomicrobiales 60
CGT AGG TGT

NEU S-*-Nsm-0651-a-A-18 CCCCTCTGC 653 - 670 40 Nitrosomonas spp. 61
TGC ACT CTA
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Probe name Probe full name™ Sequence (5'-3")  Binding positionJr FA%T Specificity Ref.

cNEU - TTC CAT CCC 659 - 676 - Competitor to NEU 61
CCT CTG CCG

NmV S-S-Nmob-0174-a-A-18 TCC TCA GAG 174 - 191 35 Nitrosococcus mabi/islineage” 62
ACT ACG CGG

Ns0190 S-F-bAOB-0189-a-A-19 CGA TCC CCT 189 - 207 55 Betaproteobacterial AOB 63
GCTTTTCTC
C

Ns01225 S-F-bAOB-1224-a-A-20 CGC CAT TGT 1224 - 1243 35 Betaproteobacterial AOB 63
ATT ACG TGT
GA

Ntspa662 S-G-Ntspa-662-a-A-18 GGA ATT CCG 662 - 679 35 Genus Nitrospirae 26
CGCTCCTCT

cNtspa662 - GGA ATT CCG 662 - 679 - Competitor to Ntspa662 26
CTC TCCTCT

Ntspa712 S- *-Ntspa-712-a-A-21 CGCCTT CGC 712 - 732 35 Phylum Nitrospirae 26
CAC CGG CCT
TCC

cNtspa712 - CGC CTT CGC 712 - 732 - Competitor to Ntspa712 26
CAC CGG TGT
TCC

Ntspa476 S- *-Ntspa-0476-a-A-22 CTG CAG GTA 476 - 494 20 Ca. N. nitrosa, Ca. N. This study
CCG TCC GAA nitrificans

cNtspa476 - CTG GAG GTA 476 - 494 - Competitor to Ntspad 76 This study
CCG TCC GAA

*
Probe nomenclature according to Alm et a/.64

fprobe binding position according to E£scherichia coli 16S rRNA gene numbering.

’tPercent formamide (v/v) added to the hybridization buffer for optimal hybridization stringency.

Not determined.

Probes where used in a equimolar mixture (EUB338mix) to detect all Bacteria.

”Probe targets . mobilis, which is affiliated with the betaproteobacterial Nitrosomonas lineage and not the

gammaproteobacterial genus Nitrosococcus.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ammonium oxidation by the enrichment culture.
a, 2%N, (open circles) and 3°N, (filled circles) production from 1°NH,* by the enrichment.

b, Ammonium (diamonds) oxidation to nitrate (squares) in aerobic batch incubations in the
absence (filled symbols) and presence (open symbols) of ATU. Nitrite concentrations were
below the detection limit (<5 uM) at all time points. c, Nitrite (triangles) oxidation to nitrate
(squares) in aerobic batch incubations. In b and c, total nitrogen balances are indicated
(dashed lines). Symbols in all plots represent averages of three individual experiments.
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Ammonium concentrations were determined in single measurements, other compounds in
triplicate. Error bars represent standard deviations of three biological replicates.
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Figure 2. In situ detection of Nitrospira and their ammonia-oxidizing capacity.
a, Co-aggregation of Nitrospiraand Brocadiain the enrichment. Cells are stained by FISH

with probes for all bacteria (EUB338mix, blue), and specific for Nitrospira (Ntspa712,
green, resulting in cyan) and anammox bacteria (Amx820, red, resulting in magenta). b,
AMO labelling by FTCP (green). Nitrospira was counterstained by FISH (probes Ntspa662
(blue) and Ntspad76 (red), resulting in white). ¢, Ammonium-dependent CO», fixation by
Nitrospira shown by FISH-MAR. Silver grain deposition (black) above cell clusters
indicates 14CO, incorporation. Nitrospirawas stained by FISH (probes Ntspa476 (red) and

Nature. Author manuscript; available in PMC 2016 May 26.
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Ntspa662 (blue), resulting in magenta). Images in b and ¢ are representative of two
individual experiments, with three (b) or two (c) technical replicates each. Scale bars in all
panels represent 10 um.
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Figure 3. Schematic illustration of the AMO genomic region in Nitrospira and selected AOB.
The AMO locus in Nitrospirasp.1 in comparison to sp.2 and the beta- and

gammaproteobacterial AOB Nitrosomonas europaea and Nitrosococcus oceani, respectively.
The position of NXR on the AMO-containing Nitrospira contigs is also indicated.
Homologous genes are connected by lines. Functions of the encoded proteins are
represented by colour, the arrow shows direction of transcription. Numbers specify amino
acid identities to Nitrospirasp.1. Parallel double lines designate a break in locus
organization. Locus tags for each organism are listed on the right. Genes are drawn to scale.
amo, ammonia monooxygenase; bfr, bacterioferritin; ccm, cytochrome ¢ biogenesis; cop,
copper transport; cyc, cytochrome ¢, dct, sodium:dicarboxylate symporter; hao,
hydroxylamine dehydrogenase; nxr, nitrite oxidoreductase.
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Figure 4. Phylogenetic analysis of the AmoA/PmoA sequence family.
Bayesian interference tree (s.d.=0.01) showing the affiliation of the Nitrospira AmoA.

Posterior probabilities 270% and =90% are indicated by open and filled circles, respectively.
Scale bars indicate 10% sequence divergence. a, Radial tree indicating the localisation of the
novel AmoA/’unusual’ PmoA sequence group in relation to the main functional groups
within the sequence family. Numbers in brackets indicate sequences per group (137
sequences in total). Amo, ammonia monooxygenase; Emo, ethane monooxygenase; Hmo,
hydrocarbon/butane monooxygenase; Pmo/Pxm, particulate methane monooxygenase. b,
Cladogram detailing the affiliation of the Nitrospira sp.1 (green box) and sp.2 (red box)
AmoA sequences within this sequence group. Nitrospiraand Crenothrix sequences are
depicted in bold. One representative sequence per study is shown for highly similar
sequences; numbers in brackets indicate the number of sequences represented.
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