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Abstract
Nitrifying microorganisms occur across a wide temperature range from 4 to 84 °C and previous studies in geothermal
systems revealed their activity under extreme conditions. Archaea were detected to be responsible for the first step of
nitrification, but it is still a challenging issue to clarify the identity of heat-tolerant nitrite oxidizers. In a long-term cultivation
approach, we inoculated mineral media containing ammonium and nitrite as substrates with biofilms and sediments of two
hot springs in Yellowstone National Park (USA). The nitrifying consortia obtained at 70 °C consisted mostly of novel
Chloroflexi as revealed by metagenomic sequencing. Among these, two deep-branching novel Chloroflexi were identified as
putative nitrite-oxidizing bacteria (NOB) by the presence of nitrite oxidoreductase encoding genes in their genomes.
Stoichiometric oxidation of nitrite to nitrate occurred under lithoautotrophic conditions, but was stimulated by organic
matter. Both NOB candidates survived long periods of starvation and the more abundant one formed miniaturized cells and
was heat resistant. This detection of novel thermophilic NOB exemplifies our still incomplete knowledge of nitrification, and
indicates that nitrite oxidation might be an ancient and wide-spread form of energy conservation.

Introduction

Nitrification, the biological conversion of ammonia to nitrite
and nitrate, is a fundamental process of the global nitrogen

cycle and must be sustained in engineered and natural
environments including those with extreme conditions.
Ammonia and nitrite oxidation are accomplished by a
number of highly specialized nitrifiers, adapted to a wide
temperature spectrum [1, 2]. Described nitrite-oxidizing
bacteria (NOB) are scattered among the Alpha-, Beta-, and
Gammaproteobacteria [1, 3] or belong to the distinct bac-
terial phyla Nitrospirae and Nitrospinae [4, 5]. With the
isolation of the moderately thermophilic nitrite oxidizer
Nitrolancea affiliated with the phylum Chloroflexi [6], it
became obvious that the diversity of NOB is even more
complex than previously thought.

Geothermal settings are suitable habitats for a highly
active nitrogen cycle and process measurements revealed
nitrogen fixation, ammonia oxidation, denitrification and
nitrate reduction to ammonium in US hot springs [7, 8].
Chemolithotrophic microorganisms are important primary
producers in high-temperature environments [9] and
ammonia oxidation may be a major source for biomass
production [10]. The ammonia-oxidizing archaeon (AOA)
“Candidatus Nitrosocaldus yellowstonii” with a growth
optimum of 72 °C has been isolated from a hot spring in
Yellowstone National Park (YNP) [11]. Additional ther-
mophilic AOA from the Nitrosocaldus clade were described
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recently [12, 13]. Although nitrate formation could be
measured in geothermal areas of Iceland and Kamchatka [2]
and calculations of energy yields confirmed that both steps
of nitrification are thermodynamically feasible in hot
springs [10], nitrite-oxidizing microorganisms have not yet
been identified in these systems. Instead, it was speculated
that in geothermal springs nitrite was removed by anaerobic
respiration [14].

Evidence for nitrite oxidation at elevated temperatures was
brought by molecular detection and enrichment of Nitrospira,
but the temperature optimum of such cultures was in the range
of 37–52 °C [15–17]. To elucidate the microorganisms
responsible for nitrite oxidation in geothermal settings, cul-
tured representatives are valuable to gain a deeper under-
standing of the physiological and genomic potential of these
to date unidentified species. Although the geothermal area in
YNP is a “hot spot” for the detection of novel microorganisms
[18–20], thermophilic NOB with a temperature optimum
above 52 °C have not been identified so far. Long-term cul-
tivation and metagenomics listed several bacterial and
archaeal candidates for nitrite oxidation in high-temperature
bioreactors, but the diverse community impeded identification
of single microbes [21]. Just recently, thermophilic, putative
nitrite oxidoreductase (NXR)-containing Chloroflexi were
enriched along with Nitrosocaldus islandicus [13]. In this
study we present first culture-dependent and genome-based
insights on microorganisms that drive nitrite oxidation at high
temperature.

Materials and methods

Sampling

Sampling was performed in September 2007 at YNP
UWG009 Spring (Lat: 44.4795014, Lon:−110.8518253) and
YNP Diadem Spring (Lat: 44.5600075, Lon: −110.8328473)
in the Upper and Lower Geyser Basin of YNP. Both non-
sulfurous springs are characterized by slightly alkaline to
neutral pH values of 8.0 and 7.1 and vent temperatures of
92 °C and 74 °C, respectively (Table S1). UWG009 harbors
microbial mats of different colors on the shore (Fig. S1a, b),
whereas gray to brownish sediment was sampled from
Diadem Spring with a strong acclivity (sampling spots Yell
4–Yell 6; Fig. S1c). The temperatures at the sampling sites
were 63 °C and 59 °C, respectively (Table S2).

Cultivation media

For enrichment of nitrifying microorganisms, either
unbuffered mineral medium for ammonia-oxidizing bacteria
(AOB) with 0.5 mM ammonium chloride [22] or a mineral
NOB medium with 0.3 mM, 1 mM, or 3 mM sodium nitrite

[23] was used. Since 2015, the NOB medium was prepared
with a modified trace element solution [24]. Half-strength
R2A media consisted of 0.25 g yeast extract, 0.25 g pro-
teose peptone, 0.25 g casamino acids, 0.25 g glucose, 0.25 g
soluble starch, 0.25 g Na-pyruvate, 0.15 g K2HPO4, 0.025 g
MgSO4 × 7H2O, dissolved in 1 L distilled water. The final
pH was adjusted to 7.2 with crystalline KH2PO4 and auto-
claved for 15 min at 121 °C. R2A plates were prepared by
adding 13 g L−1 agarose, nitrite (0.125 mM) and ammonium
(1 mM). HWB medium (half-strength) was composed of
0.25 g L−1 peptone, 0.25 g L−1 yeast extract, 0.25 g L−1

meat extract, 0.292 g L−1 sodium chloride, pH 7.3–7.4.

Enrichment

The samples were transported at ambient temperature by
courier to the University of Hamburg (Germany). A sample
aliquot of 0.5 ml (spring water with biofilm or sediment)
was inoculated into 100 ml screw cap Schott bottles, con-
taining 50 ml of mineral medium. Cultures were incubated
at 70 °C (±2 °C) and evaporation was compensated for with
sterile distilled water. All batch cultures were grown under
static conditions. When ammonium was depleted, it was
replenished to 400–500 µM with sterile 5 M ammonium
chloride solution. Ammonium measurements were done
with Quantofix test stripes (Macherey-Nagel, Düren,
Germany). The pH value was manually adjusted with 5%
NaHCO3 to about 7.4. Cultures were transferred with 1–2%
(v/v) inoculum. Since 2011, culturing was continued in
100–300 ml Erlenmeyer flasks at a reduced temperature of
60–65 °C to enhance growth. In Fig. S2, the enrichment
procedure is exemplarily shown for culture Yell 2.

In 2015, a follow-up culture of A6 (derived from original
culture Yell 2, Fig. S2) was supplemented with nitrite and
formate. After 5 months, the nitrifying culture was inoculated
into autotrophic NOB medium (containing additionally 0.5
mM ammonium), which was mixed with half-strength R2A
medium (initially 1:5 diluted with NOB medium, later 1:10).
Subsequently, cultures were fed with nitrite when it was
consumed and ammonium (as N-source) when growth ceased.

Microscopic investigations

For electron microscopy, cells were collected, fixed with
2.5% (v/v) glutaraldehyde and 2% (w/v) osmium tetroxide
and embedded in a mixture of Spurr and acetone as
described [23]. Thin sections were stained with 2% (w/v)
uranyl acetate and 2% (w/v) lead citrate. Microscopic
examination was carried out with a transmission electron
microscope (Zeiss model Leo 906E with a CCD camera
model 794). Gamma corrections were applied on pictures of
very dark cells. For the visualization of whole cells, 3 µl
concentrated biomass was pipetted on EM grids (300 mesh,
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Stork Veco B.V, The Netherlands) and stained with 2%
(w/v) uranyl acetate.

4′−6′-diamidino-2-phenylindole stained cells were
observed using a confocal laser scanning microscope LSM
800 equipped with an Airyscan (Zeiss, Jena, Germany)
equipped with Plan-Apochromat 63× and 100 × 1.4 oil
objectives. Light microscopic images were taken with an
AxioScope epifluorescence microscope equipped with a N-
Achroplan 100 × 1.25 oil objective and an AxioCam ICc1
1.4-megapixel CCD camera (Zeiss, Jena, Germany).

Fluorescence in situ hybridization

Cells were pelleted at 10 °C and 13,000 × g for 15 min,
washed with 0.9% NaCl and fixed with 1:1 (v/v) 96%
ethanol:PBS as described previously [25]. To increase
permeability, cells were partly treated with Proteinase K (5
mg ml−1) for 30 min at 37 °C and Lysozyme (1 mgml−1)
for 15 min at room temperature. After dehydration in
ethanol [26] cells were hybridized overnight in hybridiza-
tion buffer containing 20% formamide with the FITC-
labeled universal bacterial probe EUB338 [27] and Cy3-
labeled probes specific for Ca. Nitrocaldera or Ca. Nitro-
theca (Table S3), which were designed as described below.
Up to three probes labeled with the same fluorescent dye
were used simultaneously to detect Ca. Nitrocaldera to
increase signal intensity. Signal specificity was ensured by
performing negative control hybridizations using the
NON338 probe labeled in Cy3 [28]. Cells were embedded
in Citifluor AF1 (Citifluor Ltd, London, UK) prior to
microscopic observation at the LSM 800 (Zeiss).

Chemical analyses

Nitrite and nitrate were determined qualitatively with analy-
tical test stripes (Merck KGaA, Germany) and quantitatively
by HPLC via ion pair chromatography on a LiChrospher RP-
18 column (125 × 4mm; Merck) with UV detection in an
automated system (Hitachi LaChrom Elite; VWR Interna-
tional GmbH, Darmstadt, Germany). Data acquisition and
processing of nitrite and nitrate was performed with the
integrated software EZChrom Elite 3.3.2. Ammonium was
measured by an ortho-phthalaldehyde fluorescence assay
[29, 30]. To test for growth of NOB, nitrite was determined
using the Griess–Ilosvay spot test [31].

DNA extraction

DNA for PCR and cloning was isolated using the Ultra-Clean
DNA isolation kit (MO BIO Laboratories, Inc. Carlsbad, CA).
For Illumina sequencing of culture A5 and A7 DNA was
isolated via the RTP® DNAMini Kit (Stratec molecular, Berlin,
Germany) according to the manufacturer’s instruction. DNA of

culture A6 was obtained by phenol-chloroform extraction [32]
using TE-sucrose buffer (10mM Tris, 1mM Na2EDTA, pH
8.0, 20% (w/v) sucrose) in combination with freeze/thaw cycles
(5× liquid nitrogen/65 °C for 5min). DNA of nitrite-oxidizing
cultures was extracted with the PowerSoil® DNA isolation Kit
(MO BIO Laboratories, Inc, Carlsbad, CA) according to the
manufacturer’s instructions with slight modifications: Before
cell disruption via vortexing (step 5) Proteinase K (1mgml−1),
Lysozyme (4mgml−1) and RNase A (1mgml−1) were added.
The vortexing step was extended to 30min at 37 °C.

PCR

To test for the presence of functional genes of bacterial and
archaeal ammonia oxidation, the primer sets amoA-1f/
amoA-2r [33] and Arch-amoAf/Arch-amoAr [34] were used
(Table S3). The presence of NOB belonging to Nitrospira
was checked using the 16S rRNA gene-targeted primer set
NxrB-169f/NxrB-638r [35] and of Nitrobacter with the
nxrA (encoding NXR subunit A)-targeted primers F1NorA/
R1NorA [36].

Cloning and RFLP analyses

Bacterial 16S rRNA genes were amplified by the bacterial
primers 27F and 1492R [37] (Table S3). The PCR products
were ligated into the pGEM-T vector cloning system (Pro-
mega, Mannheim, Germany) and transformed into chemically
competent Escherichia coli JM109 as described in the man-
ufacturer’s instructions. For partial and near-complete
sequencing of clone inserts, the plasmid primers SP6 and
T7 were used to reamplify the insert. Restriction digestion
was performed with the enzyme HapII. Unique RFLP patterns
were identified after separation on a 3% (w/v) agarose gel.

(Semi) specific PCR for thermophilic NOB

Fragments of the nxrA and 16 S rRNA genes of the three
putative NOB were amplified using primer sets 1–6
(Tables S3 and S4), which were designed as described
below. The following PCR program was used: initial
denaturation at 95 °C, 4 min; 36× denaturation at 95 °C,
35 s, annealing at 50 °C, 45 s (primer set 1), elongation at
72 °C, 45 s; final elongation 8 min (primer sets 1, 3, 5) or
12 min (primer sets 2, 4, 6). The annealing temperatures for
the other primer sets were 2: 50 °C, 3: 56 °C, 4: 54 °C, 5:
50 °C, and 6: 45 °C.

FISH probe and PCR primer design

16S rRNA-targeted FISH probes and 16S rRNA gene-
targeted PCR primers were designed and evaluated using
the “design probes” and “match probes” functions of ARB
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[38] and the nonredundant SILVA SSURef NR 99 database
(releases 123 for probe design and 132 for probe evaluation)
[39]. Probe sequences suggested by the probe design tool
were checked and refined in the ARB sequence editor
against manually curated alignments of all 16S rRNA gene
sequences obtained in this study (see below) and a subset of
Chloroflexi, including all highly similar sequences present
in SILVA SSURef NR 99 release 123 and downloaded
from the NCBI nr database, and representative sequences
from the more distantly related genera within the phylum.
All oligonucleotides were designed to target one of the
NOB candidates identified in the enrichment cultures by
metagenomic sequencing (see below), and the most closely
related sequences present in the dataset (<94% sequence
identity and monophyletic clustering in phylogenetic ana-
lyses). This rough level of sequence identity was chosen to
ensure that the oligonucleotides designed here would also
work in case of strain diversity among the enrichment
cultures, and to allow future identification of also more
distantly related NOB candidates in environmental samples.
Probe and primer sensitivity and specificity were queried by
matching the newly designed oligonucleotides against the
complete SILVA SSURef NR 99 release 132 database
allowing for 0 mismatches. Target and nontarget groups
were defined based on monophyletic clustering in phylo-
genetic analyses (see below). All oligonucleotides were
ensured to have 100% coverage of the target group, with no
perfect-match non-target organism present in the database.
Due to the high specificity of the newly designed FISH
probes and the lack of pure cultures, no formamide series
were performed to determine the optimal formamide con-
centrations during hybridization. Instead, all probes were
employed at 20% formamide in the hybridization buffer
(see above).

NxrA-targeted primers were designed manually in the
ARB sequence editor. During primer design the main focus
was on designing oligonucleotides that specifically distin-
guish between the NOB candidates present in the enrich-
ments. In case this was not possible, group-specific forward
were combined with semi-specific or highly specific reverse
primers, which in combination allowed distinguishing
between the NOB candidates.

Amplicon sequencing

For selected cultures, 10 ng of genomic DNA were used to
generate 16S rRNA gene amplicons. For cultures A5, A7, N2a
and N2b, amplicons were generated using the primers 341F
and 785R [40], followed by 454 pyrosequencing (300 bp,
3000 reads per sample). For all other cultures the primers
515F and 806R [41] were used, with subsequent Illumina
MiSeq sequencing (2 × 300 bp, 20,000 reads per sample).
Operational taxonomic units (OTUs) were obtained from the

preprocessed sequences by the qiime (v1.9.1) [42] de novo
OTU picking workflow, summarized and visualized by the
qiime summarize_taxa_through_plots.py script. Illumina
sequences were processed, classified and summarized by MR
DNA and their analysis pipeline (MR DNA, Shallowater, TX,
USA) [43]. In short, sequences were joined and depleted of
barcodes, followed by removal of sequences < 150 bp or with
ambiguous base calls. Sequences were denoised, OTUs gen-
erated and chimeras removed. OTUs were defined by clus-
tering at 3% divergence (97% similarity). Final OTUs were
taxonomically classified using BLASTn against a curated
database derived from NCBI and RDPII (www.ncbi.nlm.nih.
gov, http://rdp.cme.msu.edu). 16S rRNA gene amplicon data
of the autoclaved culture N7 were obtained from Macrogen
Inc. (Seoul, Rep. of Korea) with the bacterial primers 341F
and 805R on the Illumina platform (2 × 300 bp, 100,000 reads
per sample) with subsequent OTU clustering as
described above.

Metagenomic sequencing

DNA was fragmented using a Bioruptor (Diagenode,
Seraing, Belgium). Sequencing libraries were generated
using the NEBNext Ultra DNA Library Prep Kit for Illu-
mina (New England Biolabs, Ipswich, USA) as per the
manufacturer’s recommendations. Size and quality of the
libraries were visualized on a Bioanalyzer High Sensitivity
Chip (Agilent Technologies, Santa Clara, USA). Diluted
libraries were multiplex sequenced on the Illumina HiSeq
2500 instrument (Illumina, St. Diego, USA) by paired-end
sequencing (2 × 100 bp).

Metagenome assembly and binning

Adapter removal, contaminant filtering, and quality trimming
of Illumina HiSeq paired-end sequencing reads was per-
formed using BBDUK (BBTOOLS version 37.76) [44].
Terminal base calls with a quality score below Q17 were
trimmed. Processed reads with a mean quality score of ≥Q20
and length of ≥70 bp were corrected for sequencing errors
using BayesHammer [45]. Corrected reads for all samples
were co-assembled using metaSPAdes v3.11.1 [46] with
default settings. MetaSPAdes iteratively assembled the
metagenome using kmer size of 21, 33, 55, 77, 99, and 127.
Trimmed reads were mapped back to the metagenome sepa-
rately for each sample using Burrows–Wheeler Aligner
(BWA 0.7.17) [47], employing the “mem” algorithm. The
sequence mapping files were handled and converted as nee-
ded using SAMtools 1.6 [48]. Metagenome binning was
performed for contigs greater than 1500 bp using five binning
algorithms: BinSanity v0.2.6.1 [49], COCACOLA [50],
CONCOCT [51], MaxBin 2.0 2.2.4 [52] and MetaBAT 2
2.12.1 [53]. The five bin sets were supplied to DAS Tool 1.0
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[54] for consensus binning to obtain the final optimized bins.
The quality of the generated bins was assessed through single-
copy marker gene analysis using CheckM 1.0.7 [55]. Sub-
sequently, the binned genomes where annotated using Prokka
[56] against the NCBI RefSeq bacteria_protein database
(release 86). Genes of interest where identified by BLAST
searches [57] with selected reference sequences against the
nucleotide and protein FASTA output files, or by manual
inspection of the Prokka annotation. Functional pathway
annotation was performed using the KEGG Automatic
Annotation Server [58].

The absence of additional NXR genes in the unbinned
fraction of the metagenome (unbinned contigs ≥1500 bp from
low-abundance organisms and contigs <1500 bp) was verified
by blasting representative nxrA gene sequences against the
complete metagenomic assembly using BLASTN and
TBLASTX [57], and by mapping the corrected reads from all
samples against the nxrA gene sequences identified in the
binned genomes using BBMap (BBTOOLS version 37.76)
[44] with the minimal alignment similarity cutoff set to 0.7
(parameters minid= 0.70 idfilter= 0.70).

Phylogenetic analyses

16S rRNA gene sequences present in the genome bins were
imported into ARB [38] in the Silva ARB database SSURef
NR 99 release 123 [39], which was manually updated to
contain all highly similar sequences from the NCBI nr
database. After automatic alignment (using the Fast align
option within the ARB sequence editor) and subsequent
manual refinement, a phylogenetic tree was constructed
using the PhyML program [59] implemented in ARB with
the GTR nucleotide substitution model, which was identi-
fied as best model available in ARB by ModelFinder (http://
iqtree.cibiv.univie.ac.at), and 100 nonparametric bootstraps.
No conservation filter was applied and only alignment
columns without information were filtered out, resulting in
1841 valid alignment positions.

For NxrA analyses, the protein sequences identified in the
metagenomic bins were imported and aligned in ARB as
described above. Subsequently, phylogenetic trees were cal-
culated using MrBayes [60] (version 3.2.3, with the para-
meters aamodelpr=mixed samplefreq= 500 diagnfreq=
5000 nruns= 2 nchains= 4 stoprule= yes stopval= 0.01),
and using RAxML [61] (with the PROTMIX rate distribution
and WAG amino acid substitution models and 100 rapid
bootstrap runs) and PhyML (with the WAG amino acid
substitution model and 100 non-parametric bootstraps) within
ARB. The WAG substitution model was identified by
MrBayes as the amino acid model with a posterior probability
= 1.0. For all NxrA tree calculations a 10% conservation filter
was applied, resulting in 1198 valid alignment positions.
Partial sequences were omitted from tree calculations.

The phylogenomic tree was reconstructed using UBCG
[62]. First, all Chloroflexi (phylum) genomes available in the
NCBI RefSeq Assembly database (accession date February
22, 2018) were dereplicated using dREP [63] (with parameter
settings -l 1500000 -comp 90 -con 10 -sa 0.95 -comW 2
-conW 1 -strW 1 -N50W 2 -sizeW 1 --checkM_method tax-
onomy_wf). Only the best genome assembly was retained for
genomes >95% identical. Subsequently, a set of 92 universal
bacterial conserved phylogenetic marker proteins was auto-
matically identified, aligned and concatenated in UBCG, fol-
lowed by tree calculation using RAxML. UBCG also
calculated separate trees for each marker protein; the support
of each node by these single protein trees is indicated in the
final concatenated tree.

Environmental distribution analysis

The integrated microbial next generation sequencing
(IMNGS) platform [64] was used to analyze the envir-
onmental distribution of the organisms retrieved via
metagenomic sequencing in this study. In short, the 16S
rRNA gene sequences extracted from the genome bins
were used to query all prokaryotic 16S rRNA amplicon
datasets available in the NCBI Sequence Read Archive
(SRA), which are integrated into IMNGS as sample-
specific sequence databases and OTU-based profiles
(accession data: June 16, 2019). This query was per-
formed using 97 and 99% 16S rRNA identity cutoffs. The
resulting distribution patterns (expressed in sequence hit
counts per amplicon dataset) were summarized to reflect
the number of amplicon datasets from a common origin
(e.g. hot springs) positive for the respective query
sequence. The study origins for studies without automatic
classification into one of the main categories within
IMNGS were manually curated. Only amplicon datasets
with ≥2 query hits were counted as positive. Sequence
count summaries were generated in Microsoft Excel using
the PivotTable functionalities.

Results

Enrichment of thermophilic NOB with ammonium

Mineral media containing ammonium as sole energy
source were used with the initial goal to enrich both,
ammonia and nitrite oxidizers, simultaneously. Cultures
were inoculated with biofilms and sediments from two
hots springs in YNP (UWG009 and Diadem Spring;
Fig. S1a–c, Tables S1 and S2). After 6 years of incubation
at 65–70 °C and several transfers (Fig. S2) with repeated
ammonia consumption (Fig. S3), we obtained a diverse
bacterial community in cultures derived from both
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springs, which mostly consisted of novel members of the
phylum Chloroflexi (Fig. 1, Fig. S4, and Table S5).
Known AOB were not found and no positive PCR reac-
tion was achieved with the described primer sets for
ammonia and nitrite-oxidizing microorganisms
(Table S3). The thermophilic AOA Nitrosocaldus yel-
lowstonii [11] was detected in primary enrichments, but
disappeared during further transfers probably due to dis-
tinct cultivation conditions. High-throughput metage-
nomic sequencing revealed candidate genes for the key
enzyme of nitrite oxidation (see below), but not for
ammonia oxidation. This finding inspired us to initiate
nitrite-oxidizing cultures from the ammonia-oxidizing
enrichments (Fig. S2) to select for the novel NOB.

Mixotrophic growth of thermophilic NOB

In the beginning of our cultivation attempts, nitrite oxidizers
could not reproducibly be grown in standard mineral NOB
media. In contrast, oxidation of nitrite to nitrate could be
stimulated for unidentified reasons in the cultures that were
transferred from AOB medium when ammonium and
organic carbon (R2A, 1:5) were added to the mineral NOB
medium. Before cells were transferred, the mineral AOB
medium had been supplemented with nitrite and formate in
order to stimulate growth of mixotrophic NOB [6]. After
nitrification was induced, growth of the nitrite-oxidizing
consortia was most successful when using a reduced
amount of R2A (1:10). At 55 °C and 60 °C, 2.5 mM nitrite

Candidatus Nitrocaldera robusta, Y2B4_01996
United States Great Basin hot spring sediment clone G04b_L1_H05, EU635937

Antarctica fumarolic soil clone ERBTW20082009OTU094, KF923325
Tramway Ridge mineral soil clone ERB-B12, EU490271

Candidatus Nitrotheca patiens, Y2B5_01353
Polihnitos hot springs clone Pol_B_42, EF444701

hot spring clone S2R-176, FN545887
Kilauea geothermal-heated soil clone TCa-25, DQ791402
Tengchong geothermal field hot spring clone LX3-B40, KP784754

El Tatio Geyser Field boiling pool sediment clone Tat-08-001_8, GU437234
Tramway Ridge hot mineral soil clone ERB-F11, EU490276

Thermoflexus sp., Y2B1_02841
United States Great Basin hot spring sediment clone G04b_L1_A02, EU635935
geothermal system clone GAL35, DQ324886
Little Hot Creek hot spring sediment clone LHC3_L1_E03, EU924249
El Tatio Geyser Field microbial mat clone Tat-08-006_27_49, GU437667
Thermoflexus hugenholtzii JAD2, KC526151

Manantial del Toro hypersaline groundwater clone MT5B144, JF747625
South Atlantic Ocean deep-sea surface sediment clone Ucm1523, AM997306

Thermomicrobium sp., Y2B3_02770
Thermomicrobium carboxidum, NR_134218
switchgrass adapted thermophilic consortia clone Z155, JN091914
Tengchong geothermal fields hot spring clone W8B-67, KM221437
Thermomicrobium roseum DSM 5159, CP001275
Mushroom Spring microbial mat clone msunder118, KX214012

Great Basin hot spring sediment clone GBS_L1_F04, DQ490006
El Tatio Geyser Field sediment clone Tat-08-015_51_72, GU437584

Thermorudis peleae, KF193530

uncultured

Nitrolancea hollandica Lb, JQ345500
pig deep litter system clone A176, KM456113

Sphaerobacter thermophilus DSM 20745, CP001823
pilot scale municipal drum compost clone PS74, FN667055

lake Texcoco extreme saline-alkaline soil clone TX2_2E16, JN177967
Gulf of Khambhat coastal soil clone SL45, JX240552

Chloroflexia

Candidatus Caldibacter yellowstonii, Y2B2_02341

uncultured

contaminated sediment clone 654970, DQ404640

Dehalococcoidia

Anaerolineaceae

Ardenticatena maritima, AB576167

Caldilineaceae

Ktedonobacteria

10%

≥50%
Bootrap support

≥70%
≥90%

Fig. 1 16S rRNA gene-based phylogenetic analysis. Maximum-
likelihood tree indicating the affiliation of the MAGs derived from
the Yell 2 cultures within the phylum Chloroflexi. The tree was cal-
culated without conservation filter, resulting in 1841 valid alignment
positions. Sequences obtained in this study are shown in bold. The

open, gray and solid circles indicate ≥50%, ≥70% and ≥90% bootstrap
support, respectively. The arrow indicates the position of the outgroup,
which consisted of a selection of nine Cyanobacteria. The scale bar
corresponds to 10% estimated sequence divergence
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was stoichiometrically oxidized to nitrate within 40 days
(Fig. 2a), but no nitrite oxidation was observed with highly
dilute R2A (1:20) or without R2A. Only little nitrite was
consumed using elevated concentrations of organic matter
(1:4 or 1:2), which lead to strongly increased growth of
heterotrophic bacteria. Tests for optimal growth temperature
revealed stoichiometric oxidation of 1 mM nitrite to
nitrate in the presence of diluted R2A (1:10) in the range of
50–71 °C with maximum activity at 60 °C (Fig. 2b).

Community analyses

A high-throughput metagenomic sequencing approach
included three cultures enriched in mineral AOB medium
(A5, A6, and A7) and two cultures grown in mixotrophic
NOB medium (N1 and N2a), five cultures which were

derived from an initial enrichment inoculated with biofilm
sampled in Spring UWG009 (Yell 2; Fig. S2). Co-assembly
of the reads from these cultures resulted in a total of 523
contigs (≥1500 bp) with a total length of 16142227
nucleotides (Table S6). The use of a consensus binning
approach allowed the retrieval of five distinct metagenome-
assembled genomes (MAGs; Table S7). In correlation with
16S rRNA gene amplicon sequencing (Fig. S4) and cloning
of the 16S rRNA genes (Table S5), most phylotypes
belonged to distinct subgroups, which are (distantly) related
to Thermoflexus hugenholtzii [65] or were identified as
members of the genus Thermomicrobium [66, 67]. These
thermophilic heterotrophs were originally isolated from
sediment of Great Boiling Spring in Nevada (USA) [65], an
alkaline hot spring in YNP [66] or volcanic soil in Hawaii
[67].

The metagenomes of the nitrite- and ammonia-oxidizing
cultures were mostly dominated by a single organism
represented by bin_4 (Fig. S5). The 16S rRNA gene
sequence of this bacterium, provisionally designated as
Candidatus Nitrocaldera robusta, has 86% identity to
Thermoflexus hugenholtzii (Fig. 1) and is 99% similar to
environmental sequences from Antarctica fumarolic soil
[68]. A Thermoflexus-like bacterium (bin_1; 99% 16S
rRNA gene identity to T. hugenholtzii) and a Thermo-
microbium carboxidum-like bacterium (bin_3; 99% 16S
rRNA gene identity to T. carboxidum) were also regularly
observed. Similar to bin_4, two additional MAGs (bin_5,
named Candidatus Nitrotheca patiens and bin_2, named
Candidatus Caldibacter yellowstonii) have no close tax-
onomically described relatives (Fig. S6). Their closest
relatives are T. hugenholtzii (84% 16S rRNA gene identity)
and Sphaerobacter thermophilus (85% 16S rRNA gene
identity), respectively. Except for Ca. Caldibacter, all
phylotypes are highly similar to environmental 16S rRNA
gene sequences derived from geothermal settings (Fig. 1).

Genomic identification of putative NOB

Surprisingly, in three of the five MAGs genes encoding the
nitrite oxidoreductase complex were detected. This
molybdopterin-binding enzyme within the DMSO reductase
type II family [69, 70] occurs in two forms: The Nitro-
bacter-type NXR, including the enzymes of Nitrococcus
and Nitrolancea, is characterized by a cytoplasmic orienta-
tion of the enzyme complex, while the Nitrospira-type
NXR, including the Nitrospina enzyme, is located in the
periplasmic space [3, 5, 70]. The NxrA of Nitrobacter,
Nitrococcus, and Nitrolancea is related to the alpha subunit
of the respiratory membrane-bound nitrate reductase (NarG)
of denitrifying bacteria [6, 71], whereas those of Nitrospira
and Nitrospina reveal a distinct phylogenetic affiliation with
the NxrA of the anaerobic ammonium-oxidizing

Fig. 2 Incubation experiments of Yell 2 cultures in mixotrophic NOB
medium. a: Growth of cultures N2a (55 °C, circles) and N2b (60 °C,
squares) in diluted R2A (1:10) that contained 2.5 mM nitrite. b:
Temperature optimum of culture N6 with 1 mM nitrite and R2A
(1:10). Activity was followed by measuring nitrate production, with
the consumption rate evaluated between day 10 and 60. The graph
shows two biological replicates
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Brocadiaceae [70]. Recently, an additional distinct type of
NXR was described in Nitrotoga, which is distantly related
to the enzyme found in Nitrospira and also located in the
periplasmic space [72]. In Ca. Nitrocaldera two distinct

NXR candidates (Nitrobacter-type and Nitrotoga-type)
were found (Fig. 3), with the protein sequence of the first
showing 71% identity to the NxrAs of Nitrobacter and
Nitrolancea hollandica. The two other MAGs contain only

Nitrobacter/Nitrococcus NxrA

Candidatus Nitrocaldera robusta, Y2B4_01996
Thermomicrobium sp., Y2B3_00540

Methylomirabilis oxyfera, CBE67843

Nitrolancea hollandica NxrA

Candidatus Methanoperedens sp. BLZ1, KPQ44267
Candidatus Thiomargarita nelsonii, KHD11956
Chloroflexi bacterium RBG_16_56_11, OGO32329

Chrysiogenetes/Deltaproteogacteria NarG

Anaeromyxobacter dehalogenans, WP_011421222
Anaeromyxobacter sp. Fw109-5, YP_001380760

Geobacter metallireducens, WP_004513191
Deltaproteobacteria bacterium CSP1-8, KRT74986

Candidatus Melainabacteria RIFCSPLOWO2_12_FULL_35_11, OGI06510
Bdellovibrionales bacterium GWA2_49_15, OFZ16873

Chloroflexi bacterium OLB14, KXK10874

bacterial NarG

Thermaceae NarG

Chloroflexi bacterium GWB2_54_36, OGN80238
Chloroflexi bacterium, OJX38223

Anaerolineae bacterium CG2_30_64_16, OIO88163
Geobacter metallireducens GS-15, YP_383297
Geobacter lovleyi SZ, ZP_01592997

Ferroglobus placidus, WP_012964838
Deferribacter desulfuricans, WP_013008782

bacterial NarG

Vulcanisaeta distributa, WP_013336552

Thermoprotei NarG

Thiocapsa sp. KS , CRI68048
Candidatus Acetothermum autotrophicum, BAL57372

Dechloromonas PcrA

Halobacteria NarG

Ammonifex degensii, WP_015739860

bacterial ClrA, DdhA, EbdA, SerA

Halobacteria putative NarG

Candidatus Magnetobacterium putative NarG

Candidatus Methanoperedens sp. BLZ1, KPQ43397
Candidatus Methanoperedens nitroreducens, KCZ70344
Omnitrophica bacterium, OGW71750
Omnitrophica bacterium, OGW93249

Elusimicrobia bacterium, OGR87124
Candidatus Nitrotheca patiens, Y2B5_01989
Acidobacteria bacterium RBG_16_64_8, OFV82403

Euryarchaeota archaeon, OGS47032
Euryarchaeota archaeon, OGS48845

Candidatus Nitrocaldera robusta, Y2B4_00501
Candidatus Acetothermum autotrophicum, BAL57377

Thioalkalivibrio/Rokubacteria putative NarG

Nitrotoga fabula, SPS06751
Nitrospirae bacterium HCH-1, KWT86067
Deltaproteobacteria bacterium, OGP05492

candidate division NC10 bacterium CSP1-5, KRT68883

putative NarG

Hydrogenobaculum sp. Y04AAS1, ZP_02060688
Hydrogenobacter thermophilus, WP_012964344

Nitrospira/Nitrospina/Brocadiaceae-like NxrA

candidate division Zixibacteria bacterium RBG-1, EQB62431
Planctomycetes bacterium RIFCSPHIGHO2_02_FULL_52_58, OHB89378

Halobacteria putative NarG

0.1

Bootrap support

<70%
≥70%
≥90%

conflicting topology

MB rML

pML
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one variant of NXR. Ca. Nitrotheca encodes a Nitrotoga-
type, while Thermomicrobium sp. has a Nitrobacter-type
NXR with 80% similarity to the enzyme of Ca. Nitrocaldera
(Table 1 and Fig. S7a).

In accordance with their affiliation with the Nitrotoga
branch (Fig. 3), the second putative NxrA identified in Ca.
Nitrocaldera and the enzyme of Ca. Nitrotheca are also
predicted to have a periplasmic orientation. They cluster
together with molybdopterin oxidoreductases from subsur-
face metagenomes [73], which are supposed to originate
from autotrophic microorganisms in a thermophilic biofilm
(~70 °C) and represent extremophilic “dark matter” [74].
The Nitrotoga-like NxrA-like sequence of Ca. Nitrocaldera
is distantly related to a NXR/nitrate reductase of the deeply
branching bacterium Candidatus Acetothermum auto-
trophicum [75]. BLAST analyses identified two partial
sequences in the recently described Candidatus Caldiarch-
aeum subterraneum [76] as close relative of the NxrA-like
protein of Ca. Nitrotheca. These “Aigarchaeota” are a sister
lineage to the AOA-containing Thaumarchaeota [20], but
no nitrite-oxidizing potential has been reported to date.

Notably, Ca. Nitrocaldera is the first putative NOB,
which contains two different types of NxrA (Table 1 and
Fig. 3). It is tempting to speculate that this organism pos-
sesses a flexible metabolism with regard to nitrite oxidation,
indicating an adaptation to a wide range of nitrite con-
centrations. Alternatively, only one of the enzymes might
be a real NXR, while the second type serves as dedicated
nitrate reductase.

Although the Nitrotoga branch of NxrA contains many
uncharacterized enzymes also from nitrate-reducing micro-
organisms, strong support for the nitrite-oxidizing nature of
Ca. Nitrotheca was found in an enrichment of Yell 3
(Table S2), which was grown at 55 °C in mixotrophic NOB
medium. This culture, consisting of 39% Ca. Nitrotheca,
only 5% Ca. Nitrocaldera as second putative NOB and
Thermorudis peleae as main heterotroph (Fig. S8a), accu-
mulated 3.4 mM nitrate after the consumption of the same
amount of nitrite.

Organization of the NXR operon

In Nitrobacter, the membrane-associated NXR complex
consists of the catalytic alpha (NxrA), an electron-
transporting beta (NxrB), and a membrane-integral, heme-
containing gamma (NxrC) subunit. In addition, the NXR
operon encodes a peptidyl-prolyl cis-trans isomerase
(NxrX) and a TorD-like chaperone (NxrD) involved in
insertion of the molybdopterin cofactor into NxrA. These
genes are arranged in a nxrAXBDC order. The operons of
the putative Nitrobacter-type NXR in Ca. Nitrocaldera and
Thermomicrobium sp. reveal a syntenic genetic organiza-
tion as found in all other NOB containing this NXR type,
with a highly conserved gene cluster furthermore containing
a c-type cytochrome and a putative C4-dicarboxylate
transporter (Fig. S7a).

Similarly, Ca. Nitrotoga fabula contains genes for the
three structural subunits of NXR (NxrABC), as well as a
TorD-like chaperone NxrD. Unlike in the Nitrobacter-like
enzyme complex, however, the Nitrotoga fabula NxrA
contains a N-terminal signal peptide for export into the
periplasm via the twin-arginine translocation (TAT) system,
and NxrC a signal peptide for translocation via the Sec
pathway [72], as has also been described for Nitrospira
defluvii [70]. Furthermore, the NXR gamma subunit does
not contain any predicted transmembrane helices, indicating
a soluble nature of the enzyme. Contrastingly, while the
TAT signal peptide is conserved in the Nitrotoga-type
NxrAs of Ca. Nitrocaldera and Ca. Nitrotheca NxrAs, the
NxrC subunit of Ca. Nitrocaldera contains one C-terminal
transmembrane helix (amino acid positions 304–326) in
addition to the N-terminal signal peptide, and the Ca.
Nitrotheca NxrC a N-terminal transmembrane helix (amino
acid positions 58–80) and no signal peptide. This indicates
an anchoring of the NXR complex to the periplasmic face of
the cytoplasmic membrane, which might be a necessary
adaptation due to the apparent absence of outer membranes
in many Chloroflexi [77]. A TorD-like chaperone could not
be identified in these genomes (Fig. S7b).

Genomic features of the novel NOB

The total length of the obtained MAGs ranged from 2.4 to
3.6 Mb. The high G+ C content of the different genomes
(65.2–69.9%; Table S7) is in accordance with known
thermophilic Chloroflexi species (64–69%) [65]. The gen-
omes of the two putative NOB Ca. Nitrotheca and Ca.
Nitrocaldera are predicted to be near-complete and phylo-
genetic analyses of concatenated marker protein alignments
revealed that these bacteria, along with the nonnitrifying
Ca. Caldibacter, form a separate phylogenetic lineage
within the phylum Chloroflexi that is distinct from the
described species (Fig. S6). Despite their close phylogenetic

Fig. 3 Phylogenetic analysis of the NxrA protein. Bayesian inference
tree indicating the affiliation of the NxrA-like sequences identified in
the nitrite-oxidizing candidates present in the Yell 2 cultures. The tree
was calculated using a 10% conservation filter, resulting in 1198 valid
alignment positions. Analysis reached convergence after 3,475,000
generations with a final standard deviation of 0.009976. Statistical
branch support obtained with different treeing algorithms is indicated
by pie charts. MB, MrBayes; rML, RAxML (100 rapid bootstraps);
pML, PhyML (100 nonparametric bootstraps). Conflicting tree topol-
ogy between the Bayesian inference tree and one of the maximum-
likelihood methods is indicated in red. The scale bar corresponds to
5% estimated sequence divergence. The arrow indicates the position of
the outgroup, which consisted of six selected members of the
MobB_4 sequence group of the type II DMSO reductase
protein family
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affiliation, the genome of our Thermoflexus strain shares an
average nucleotide identity of 94.8% with Thermoflexus
hugenholtzii, which indicates that they form two distinct
species [78].

In Ca. Nitrocaldera, the genetic inventory for CO2 fixa-
tion via the Calvin–Benson cycle indicated the potential for
autotrophic growth predicted to be ribulose 1,5-bispho-
sphate carboxylase/oxygenase (Rubisco) with the large
subunit (RbcL) having 78% identity to the corresponding
enzyme of Synechococcus. Rubisco is also present in
Nitrobacter, Nitrococcus, Nitrolancea and Nitrotoga, but
not in Nitrospira and Nitrospina, which use the reductive
citric acid cycle for carbon fixation [5, 6, 72, 79]. Thus, Ca.
Nitrocaldera is a potential chemolithoautotrophic organism,
although amendment of organic carbon stimulated nitrite
oxidation. It could not be clarified in this study if this effect
is due to mixotrophic growth of the novel NOB as described
for Nitrobacter [80] and most other NOB [81], or if
organics mediate the chemical degradation of reactive
oxygen species (ROS) against which many nitrifiers are
sensitive [82]. Alternatively, organics might have an indir-
ect positive effect by stimulating coexisting heterotrophs,
which detoxify ROS or produce metabolites that support
growth of the NOB.

In contrast to Ca. Nitrocaldera, Rubisco genes were not
identified in the draft genomes of Ca. Nitrotheca or Ther-
momicrobium sp. Instead, Ca. Nitrotheca encodes all
enzymes of the reductive tricarboxylic acid (TCA) cycle
and for pyruvate synthesis from acetyl-CoA, with the
exception of the key enzyme ATP-citrate lyase. However, a
reversibility of citrate synthase was demonstrated recently
in Thermosulfidibacter takaii and Desulfurella acetivorans
[83, 84], which might also explain the apparent autotrophic
potential of Ca. Nitrotheca. Although some reactions of the
rTCA cycle are oxygen-sensitive, enzymatic adaptations
allow its functioning in aerobic NOB like Nitrospira [70] as
this probably also is the case in nitrite-oxidizing
Chloroflexi.

As mentioned above, Ca. Nitrocaldera is related to
thermophilic bacteria inhabiting the oligotrophic subsurface
of Tramway Ridge, Antarctica (CO2 rich steam fumaroles)
[68]. A possible reason for reduced autotrophic growth in
our thermophilic cultures is a limitation of carbon dioxide,
due to its low solubility at elevated temperatures. However,
autotrophic growth was achieved when culture N1 was
transferred into mineral NOB medium (culture N7) without
R2A, but supplemented with bicarbonate (0.5 mM
NaHCO3; Fig. S2). Under these conditions especially the
abundance of Ca. Nitrotheca increased, along with Ther-
moflexus sp. (Fig. S4). In earlier ammonia-oxidizing cul-
tures, amendment of NaHCO3 for pH adjustment might
have fulfilled CO2 requirements of the thermophilic NOB,
thus allowing lithoautotrophic growth.

Interestingly, all NOB candidates enriched in this study
lacked genes for assimilatory nitrite reduction, indicating a
dependency on ammonium for growth. The same observa-
tion has been made for Nitrolancea hollandica [6] and thus
appears to be a general characteristic of nitrite-oxidizing
Chloroflexi and will contribute to their apparent lack of
growth in standard NOB medium [23]. A comparison of the
main features of Ca. Nitrocaldera, Ca. Nitrotheca and
Nitrolancea is shown in Table S8.

Morphological diversity of thermophilic nitrite-
oxidizing cultures

Microscopic investigations of nitrite-oxidizing cultures of
Yell 2 revealed a strong phenotypic heterogeneity (Fig. S9),
but all cultures contained similar morphotypes as seen in the
preliminary ammonia-oxidizing enrichments (Fig. S10).
Two of the main morphotypes (MT1 and MT3) are very
similar in cell shape and ultrastructure to the described
species of Thermoflexus [65] and Thermomicrobium
[66, 67], respectively, and MT2 resembles the coccoid cells
of Sphaerobacter [85]. Notably, MT4 and MT5 have a
unique morphology and ultrastructure (Fig. 4; see

Table 1 Differentiation of
NxrA-containing bacteria
derived from Yell 2

bin Taxonomic affiliation NxrA
typea

Putative
morphotype (MT)

Rubisco (rbcL) Detection in
nitrite-oxidizing
culturesb

3 Thermomicrobium sp. Nb-like MT3 – N1–N6

4 Ca. Nitrocaldera robusta Nb-like
Nt-like

MT4 78%
Synechococcus

N1–N7

5 Ca. Nitrotheca patiens Nt-like MT5 – N1–N4, N7

Summary of the results of metagenomic binning, electron microscopy and growth experiments. Only
bacteria with a relative abundance of >1% (amplicon sequencing) are shown. The main NOB candidate is
printed in bold

N7: autotrophic growth with NaHCO3, inoculated with N1

N5–N6: cultures derived from autoclaved biomass
aNb= nitrobacter, Nt= nitrotoga
bN1–N6: mixotrophic growth
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supplementary text). They remain the best NOB candidates
and their occurrence in nitrite-oxidizing cultures obtained
from Yell 2 and Yell 3 was proven by amplicon sequencing
and FISH. Probes targeting Ca. Nitrocaldera labeled pleo-
morphic short rods (Fig. 5a), which gave a strong fluor-
escent signal at the cell poles (Fig. S11b). Ca. Nitrotheca
specific probes labeled ovoid cells and compact short rods
in nitrite-oxidizing cultures derived from Yell 2 and Yell 3
(Fig. S12 and S13a).

Putative NOB are heat resistant

During our cultivation approach, the first active nitrite-
oxidizing culture N1 was obtained after supplementing the
ammonia-oxidizing culture A6 with an aliquot of cell sus-
pension from an ammonia-oxidizing culture inoculated in
2007, which had been “sterilized” by autoclaving (Fig. S2;
supplementary text). The goal of this procedure was to

possibly add missing trace elements present in the seeding
material. Whereas most cells in active cultures containing
Ca. Nitrocaldera revealed pleomorphic rods (Fig. S14a),
small light-refracting granules were observed in aging cul-
tures (Fig. S14b). This finding indicated the presence of
heat-resistant cells and the autoclaving process was repeated
with culture N3 (121 °C, 20 min). The autoclaved material
was spread on R2A agarose plates (containing nitrite and
ammonium) and inoculation of mixotrophic NOB medium
with cells from a brownish colony resulted in culture N5.
Primarily, Ca. Nitrocaldera was identified by the universal
16S rRNA gene primer set 27F/1492R and by (semi) spe-
cific PCR, but after 106 days positive signals for Thermo-
microbium sp. were also obtained (Table S4). In subsequent
enrichments, they coexisted in mixotrophic NOB medium
(cultures N6a+ b) and were furthermore accompanied by
Geobacillus (Fig. S4). Whereas autoclaving of NOB cul-
tures supplemented with R2A containing glucose selected

Fig. 4 Overview of the main
morphotypes (MT) in NOB
cultures derived from Yell 2 and
their proposed identity based on
correlation with literature data
(MT1 and MT3) [65–67], as
well as our own 16S rRNA gene
amplicon data (Figs. 5, S4, S8,
and S11), specific PCR
(Table S4) and FISH analyses
(Figs. 5, S11–S13, and S18). For
comparison, the pure culture of
Thermomicrobium carboxidum
KI3 (DSM 27067) was also
investigated (not shown).
Electron micrographs of a MT1
(Thermoflexus sp.), b MT2 (Ca.
Caldibacter yellowstonii), c
MT3 (Thermomicrobium sp.), d
MT4 (Ca. Nitrocaldera robusta;
see also Fig. 5 and S11), e: MT5
(Ca. Nitrotheca patiens; see also
Figs. S12 and S13). All pictures
were derived from culture N2a
except MT2, which was
observed in a follow-up culture
of N2a at 55 °C. The arrow
indicates a membrane-derived
structure interpreted to be a
lateral vesicle of unknown
function
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for the enrichment of Geobacillus, heat treatment of the
autotrophic culture N7 proved to be a more appropriate
strategy to enrich for the putative NOB. Again, cells of Ca.
Nitrocaldera survived, whereas the relative abundance of
Ca. Nitrotheca was reduced (Fig. S11a).

Consequently, cells of Ca. Nitrocaldera persisted heat
treatment (121 °C) at 1 bar repeatedly, but the mechanism of
heat-resistance requires further clarification. One strategy
might be the formation of exospores, which has already
been observed in the related Chloroflexi Ktedonobacter,
Thermosporothrix and Thermogemmatispora [86]. Another
survival strategy is the differentiation of vegetative cells
into resistant resting structures which are produced under
harsh conditions by many non-spore formers. Modified cells
of circular shape and reduced size have been shown to be
able to persist extreme conditions like wet heat or desic-
cation [87, 88]. Interestingly, after dormancy with low
metabolic activity, Ca. Nitrocaldera depends on the supply
of small amounts of organic matter for proliferation and
subsequent nitrite oxidation.

Ca. Nitrocaldera appears as main NOB

The molecular, metagenomic, and microscopic results
imply that Ca. Nitrocaldera represents the dominant NOB
candidate in nitrifying cultures containing ammonium and/

or nitrite as energy source (Figs. 5, S4, S5, and Table 1).
The abundance of Ca. Nitrotheca declined over time,
whereas Ca. Nitrocaldera was maintained during con-
tinuous growth in mixotrophic NOB medium (Table S4).
Cells retained their nitrite-oxidizing activity with stoichio-
metric nitrate formation after several transfers (Fig. 2a) and
could be enriched to nearly 50% purity when the compo-
sition of the mixotrophic medium was modified (Fig. 5).
Ca. Nitrocaldera could also be enriched from the second
investigated hot spring (Diadem Spring, samples Yell 4 and
5; Table S5) and is supposed to be widely distributed in this
thermophilic area.

Environmental distribution of novel chloroflexi

All 16S rRNA amplicon datasets available at NCBI were
subsequently screened for the presence of the five novel
Chloroflexi species identified by metagenomic sequencing
in the ammonia- and nitrite-oxidizing cultures. As expected,
sequences closely related to the organisms identified in this
study were detected in a range of datasets derived from hot
springs and fumarolic sediments (Fig. S15). Also soil and
the rhizosphere apparently frequently harbor especially Ca.
Nitrotheca and Thermomicrobium-like organisms, and
Thermomicrobium furthermore is encountered in many
composting systems and activated sludge. Interestingly, this
analysis additionally indicated the gut of organisms as
diverse as catarina scallops (Argopecten ventricosus), green
sea urchins (Lytechinus variegatus), and the house mouse
(Mus musculus) as a major habitat of both Ca. Nitrocaldera
and Ca. Nitrotheca, but also of Thermoflexus and Ca.
Caldibacter, indicating their adaptation to a surprisingly
diverse range of ecosystems.

Discussion

The phylum Chloroflexi is one of the main bacterial groups
found in hot springs worldwide [89] and it also is abundant
in various natural and constructed habitats [90]. Our
knowledge of the diversity of Chloroflexi has undergone
enormous expansion in the last 15 years, revealing diverse
physiological features (e.g. photosynthesis, organohetero-
trophy or lithoautotrophy) with at least seven subclasses
containing both mesophilic and thermophilic representa-
tives [65].

In this study, two putative nitrite-oxidizing novel
Chloroflexi (Ca. Nitrocaldera and Ca. Nitrotheca) were
found in nitrifying cultures derived from hot springs in
YNP. In contrast, a third NXR-containing bacterium is
nearly identical to Thermomicrobium carboxidum [67],
which however may have distinct requirements to consume
nitrite compared to Ca. Nitrocaldera. Alternatively, the

Fig. 5 Identification of Ca. Nitrocaldera in a nitrite-oxidizing culture
inoculated with N1 and grown at 60 °C in mixotrophic NOB medium
(0.3 mM nitrite, 0.5 mM ammonium) with 10% HWB. a FISH analysis
with a combination of probes Ncal_1281+Ncal_825 (Cy3, in red)
and EUB338 (FITC, in green), cells labeled with both dyes appear
yellow, b Electron micrograph of typical Gram-positive rods con-
stituting approximately 80% of the embedded cells. c Relative abun-
dance of bacterial species-level OTU obtained by 16S rRNA gene
amplicon sequencing
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NXR-like enzyme might function as canonical nitrate
reductase in Thermomicrobium sp.

The community of thermophilic NOB and associated
heterotrophic bacteria investigated here represents a dynamic
system, which is able to adapt to varying culture conditions.
They revealed morphological (Figs. S16–S19) as well as
physiological flexibility with a proposed potential for auto-
trophic, mixotrophic and heterotrophic growth. Never-
theless, the complex community consisting of five different
Chloroflexi was a very stable consortium adapted to limiting
concentrations of nutrients and oxygen, resembling the
natural environmental conditions. This community could be
maintained for 12 years in mineral AOB or NOB medium.

Both, the putative nitrite oxidizers and the accompanying
bacteria belong to the phylum Chloroflexi. Thermoflexus sp.,
Thermomicrobium sp. and Ca. Caldibacter are assumed to
be heterotrophic, but also exist under lithoautotrophic con-
ditions like in initial ammonia-oxidizing cultures. In con-
trast, the putative NOB Ca. Nitrocaldera and Ca. Nitrotheca
appear to have the ability for autotrophic growth, but prefer
an ancient chemolithomixotrophic life style [75]. Their
abundance increased in incubation strategies similar to cul-
ture N1 (Table S4), supplemented once with organic matter
and subsequently only supplied with nitrite and ammonium.
Ca. Nitrocaldera represents the first heat-resistant nitrite
oxidizer, a survival strategy enabling existence in hot springs
and volcanic soils. The growth temperature optimum and
maximum of 60 °C and 71 °C, respectively, are clearly
above those of the thermophilic members of Nitrospira
(growth temperature limit 60–65 °C) [15, 16]. A putative
thermophilic NOB with nxrAB genes within the Nitrobacter/
Nitrolancea cluster was already enriched in co-culture with
an ammonia-oxidizing Thaumarchaeon from a hot spring in
Iceland [13], which supports our finding that the phylum
Chloroflexi contains several novel NOB.

Filamentous Chloroflexi provide a matrix in which other
cells can become stably embedded [91] and occurrence in
multicellular aggregates cause enormous difficulties in iso-
lation procedures. Another reason for the failure of isolation
of Ca. Nitrocaldera might be its dependency on a (faculta-
tively) heterotrophic bacterium and complex interactions in
the nitrifying consortia are hypothesized. Nitrite was only
oxidized in co-culture with Thermomicrobium sp. and/or
Thermoflexus sp., which were consistently detected in the
nitrifying enrichments since 2007. In some cultures, puta-
tive NOB were also accompanied by spore forming mem-
bers of the genus Geobacillus, which sporadically
proliferated when R2A was added and are known to sti-
mulate thermophilic bacteria by CO2 supply [92]. So far, no
nitrite-oxidizing pure culture could be obtained.

Dependency on other members of the natural community
is a well-known finding in hot springs [91] and might be
due to growth on low-molecular weight organic compounds

or other metabolites excreted by others [93]. Bacterial
interactions are in the focus of new cultivation concepts [94]
and development of new media and isolation strategies are
required. Nevertheless, by the design of novel (semi) spe-
cific primer sets, it will now be possible to detect these (and
other) new NOB in environmental samples, e.g. from vol-
canic systems. These reference cultures are of high scientific
value to study the diversity and adaptations to low nutrient
availability and extreme conditions as well as evolutionary
processes, as hot spring conditions are typical to the early
environment of the planet earth [95].

Taxonomic consideration of “Candidatus
Nitrocaldera robusta” gen. nov. sp. nov

L. n. nitrum: nitrate, N.L. fem. n. caldera: from the Spanish
n. caldera, cauldron; designating a volcanic crater. L. fem.
adj. robusta: strong. A robust (autoclaving-resistant) nitrate-
forming bacterium from a volcanic caldera. Phylogeneti-
cally affiliated with the phylum Chloroflexi.

Pleomorphic rods 0.3 × 0.5–3 µm with an electron-dense
cytoplasm, Gram-positive. Lateral vesicle extrusion, pro-
duces aggregates, formation of dwarf cells, which are con-
nected by fibers. Aerobic, facultative chemolithoautotroph
that oxidize nitrite (0.3–5 mM) to nitrate and use carbon
dioxide as carbon source. Growth is stimulated by organic
compounds, requires ammonium supplements. Obligately
thermophilic with a temperature range of 50–71 °C and an
optimum of 60 °C; Heat resistant, survives autoclaving at
121 °C. Prefers neutral pH, but tolerates slightly acidic
conditions (pH 5.5). The DNA G+C content is 67 mol%.

Taxonomic consideration of “Candidatus Nitrotheca
patiens” gen. nov. sp. nov

L. n. nitrum: nitrate, L.n. theca: capsule, L. adj. patiens:
persistent. A perennial, spiny EPS covered putative nitrite-
oxidizing bacterium within the phylum Chloroflexi.

Ovoid cells (0.2 × 0.3 µm) extending to rods (up to 1.5
µm) with an electron-dense cytoplasm, Gram-positive.
Covered by a regular protein layer and crystal-like extra-
cellular polymeric substances. Aerobic, obligate chemo-
lithoautotroph that oxidizes nitrite to nitrate, requires
ammonium supplementation. Obligately thermophilic,
grows at 55–70 °C. The DNA G+C content is 69 mol%.

Taxonomic consideration of “Candidatus Caldibacter
yellowstonii” gen. nov. sp. nov

L. adj. caldus: hot, N. L. masc. n. bacter: a rod, N. L. masc.
adj. yellowstonii: pertaining to the habitat of the type strain,
the YNP. Phylogenetically affiliated with the phylum
Chloroflexi.
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A thermophilic bacterium that oxidizes organic sub-
stances at neutral pH and temperatures between 55–70 °C.
The DNA G+C content is 70 mol%.
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