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Kinetic analysis of a complete nitrifier reveals an 
oligotrophic lifestyle
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Nitrification, the oxidation of ammonia (NH3) via nitrite (NO2
−) 

to nitrate (NO3
−), is a key process of the biogeochemical nitrogen 

cycle. For decades, ammonia and nitrite oxidation were thought 
to be separately catalysed by ammonia-oxidizing bacteria (AOB) 
and archaea (AOA), and by nitrite-oxidizing bacteria (NOB). The 
recent discovery of complete ammonia oxidizers (comammox) 
in the NOB genus Nitrospira1,2, which alone convert ammonia 
to nitrate, raised questions about the ecological niches in which 
comammox Nitrospira successfully compete with canonical 
nitrifiers. Here we isolate a pure culture of a comammox bacterium, 
Nitrospira inopinata, and show that it is adapted to slow growth in 
oligotrophic and dynamic habitats on the basis of a high affinity for 
ammonia, low maximum rate of ammonia oxidation, high growth 
yield compared to canonical nitrifiers, and genomic potential for 
alternative metabolisms. The nitrification kinetics of four AOA 
from soil and hot springs were determined for comparison. Their 
surprisingly poor substrate affinities and lower growth yields reveal 
that, in contrast to earlier assumptions, AOA are not necessarily 
the most competitive ammonia oxidizers present in strongly 
oligotrophic environments and that N. inopinata has the highest 
substrate affinity of all analysed ammonia oxidizer isolates except 
the marine AOA Nitrosopumilus maritimus SCM1 (ref. 3). These 
results suggest a role for comammox organisms in nitrification 
under oligotrophic and dynamic conditions.

Nitrification links reduced and oxidized pools of inorganic  
nitrogen, is a pivotal step of wastewater treatment, reduces nitrogen 
fertilization efficiency in agriculture4, and produces the greenhouse 
gas nitrous oxide (N2O)5. A century after the discovery of AOB and 
NOB, landmark studies demonstrated that ammonia-oxidizing 
chemolithoautotrophic Thaumarchaeota are widespread and abun-
dant in oxic environments6,7. Substrate affinity measurements on the 
first isolated AOA strain, Nitrosopumilus maritimus SCM16, revealed 
a half-saturation constant for NH3 two orders of magnitude below that 
of any cultured AOB and suggested that ammonia oxidation kine
tics are a major driver of niche separation between AOA and AOB3. 
Comammox Nitrospira comprise a previously overlooked third group 
of aerobic ammonia oxidizers1,2. They appear to be environmentally 
widespread1,2, but the lack of pure comammox cultures has hampered 
their physiological characterization.

As previously reported, four years of enrichment yielded a culture con-
taining the comammox organism Nitrospira inopinata (approximately 
60% of the community) and a betaproteobacterium (approximately 40%)1. 
Sub-cultivation resulted in the isolation of N. inopinata (Supplementary 
Information and Extended Data Fig. 1a), which appeared mostly in cell 
aggregates with some individual cells and had a coiled spiral morphology 
(Extended Data Fig. 2a). Isolated N. inopinata oxidized NH3 stoichio
metrically to NO3

− with a transient accumulation of NO2
− (Extended 

Data Fig. 2b) and showed optimal activity at 37 °C (Extended Data Fig. 3a).

The pure N. inopinata culture enabled us to elucidate the nitrification 
kinetics of this isolated comammox organism without interference by 
other microorganisms. We determined the rates of total ammonium 
(NH3 +​ NH4

+) and NO2
− oxidation from substrate-dependent oxygen 

(O2) consumption rates of early stationary-phase batch cultures, which 
had depleted both total ammonium and NO2

−. Ammonium-dependent 
O2 consumption reached a maximum rate within seconds of ammo-
nium addition, and total ammonium and O2 were consumed with a 
stoichiometry of 1:2 (mean =​ 1:2.03; s.d. =​ 0.06; n =​ 3) as expected 
for complete nitrification. The calculated mean maximum oxidation 
rate of total ammonium (Vmax) was 14.8 μ​mol N per mg protein per h  
(s.d. =​ 1.2; n =​ 6) (Fig. 1a and Extended Data Fig. 4). Remarkably, 
N. inopinata reached Vmax at total ammonium concentrations as low 
as 5 μ​M. Ammonia oxidation by N. inopinata followed Michaelis–
Menten-type kinetics, with a mean apparent half-saturation constant 
of Km(app) =​ 0.84 μ​M total ammonium (s.d. =​ 0.17; n =​ 6; equivalent to 
approximately 63 ±​ 10 nM NH3) (Fig. 1a and Extended Data Fig. 4). 
This high affinity of N. inopinata for ammonia was confirmed using 
two techniques to determine Km(app), which consistently yielded Km(app) 
values of 0.65 to 1.1 μ​M total ammonium (around 49 to 83 nM NH3) 
(Fig. 1a and Extended Data Fig. 4). Since substrate diffusion into the 
(albeit small) cell aggregates of N. inopinata may be rate limiting, we 
consider the measured Km(app) values as an upper estimate for the 
half-saturation constant.

Nitrite oxidation by N. inopinata also followed Michaelis–Menten 
kinetics, and the maximum rate of nitrite-dependent O2 uptake 
was reached at high concentrations >​2 mM NO2

−. The stoichio
metry of NO2

− and O2 consumption was 2:1 as in canonical NOB8 
(mean =​ 1.96:1; s.d. =​ 0.03; n =​ 3). Notably, the mean Km(app) for NO2

− 
(449.2 μ​M NO2

−; s.d. =​ 65.8; n =​ 4, Fig. 2 and Extended Data Fig. 5) 
was up to 50-fold larger than the known Km(app) values (9 to 27 μ​M 
NO2

−) of canonical nitrite-oxidizing Nitrospira8,9. The poorer affinity 
for NO2

− of N. inopinata resembles that of Nitrobacter hamburgensis, a 
nitrite oxidizer adapted to eutrophic conditions (Fig. 3), and is consist-
ent with the transient accumulation of nitrite observed during complete 
nitrification (Extended Data Fig. 2b).

The Km(app) for NH3 of N. inopinata is 4- to 2,500-fold below values 
reported for AOB (Fig. 3a). Only the reported affinities for ammonia 
of N. maritimus SCM1 (Km(app) ≈​ 3 nM NH3), which is closely related 
to AOA living in oxic seawater containing <​10 nM ammonium3, and of 
two AOA enrichment cultures of ‘Candidatus (Ca.) Nitrosoarchaeum 
koreensis’ from marine sediments and agricultural soil10,11 exceed that 
of N. inopinata (Fig. 3a). However, substrate affinity determinations by 
microrespirometry in nitrifier enrichments can lead to overestimation 
(but not underestimation) of actual affinities, because of additional  
oxygen consumption by contaminating species, if the NH4

+:O2 con-
sumption stoichiometry is not determined. Therefore, N. maritimus  
remains the only nitrifier with a documented higher affinity for 
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ammonia than N. inopinata. However, N. inopinata was cultured from 
biofilm covered by hot water1 and belongs to Nitrospira lineage II, 
which is usually not found in seawater1,12. Therefore, the ammonia 
oxidation kinetics of N. inopinata were compared to cultured AOA 
from soil and thermal habitats, which represent habitat types colonized 
by lineage II Nitrospira including comammox organisms1,12. We car-
ried out kinetic analyses on two pure cultures of non-marine AOA: 
Nitrososphaera viennensis from soil13 and Nitrososphaera gargensis from 
a hot spring14 (both group I.1b Thaumarchaeota). The highly enriched 
AOA ‘Ca. Nitrosotenuis uzonensis’ (group I.1a Thaumarchaeota) that 
was obtained from a thermal spring15 and enrichment ‘5A’ of a ‘Ca. 
Nitrosotenuis uzonensis’-related AOA (Extended Data Fig. 1b) recently 
obtained from the same source as N. inopinata were also analysed.

The mean Km(app) values of the two group I.1b AOA isolates of the 
genus Nitrososphaera (3.3 to 6.8 μ​M total ammonium, equivalent to 
approximately 410 to 703 nM NH3, n =​ 4 each) were one or two orders 
of magnitude larger than those of N. inopinata (P <​ 0.0001) and the 
group I.1a member N. maritimus SCM1, respectively (Fig. 1b, c and 3a;  
Extended Data Figs 6 and 7). For ‘Ca. N. uzonensis’ (41.4 μ​M total 
ammonium, approximately 5.2 μ​M NH3, n =​ 3) (Figs 1d and 3a; 
Extended Data Fig. 8) and the closely related strain 5A (8.6 to 9.5 μ​M  
total ammonium, approximately 870 to 960 nM NH3, n =​ 2), even 
higher mean Km(app) values were measured, showing variability of 
substrate affinity within group I.1a AOA. A comparison of the amoA, 
amoB, amoC and amoX sequences from the N. gargensis pure culture 
(sequenced in 2014) to sequences from its first enrichment in 2008 
(only amoA and amoB)16 and the first complete genome17 sequence 
obtained in 2010 revealed no differences, demonstrating that the  
relatively poor substrate affinity was not caused by mutations of the 
ammonia monooxygenase during this period of cultivation. The Km(app) 
values determined with enrichment cultures of ‘Ca. N. uzonensis’ 
from 201315 and strain 5A, which has been cultured only since May 
2016, also show that the poorer affinities of the AOA investigated here 

compared to N. maritimus SCM1 are not caused by adaptation during 
long-term cultivation.

Previous work has regarded differences in ammonia oxidation kine
tics as a major driver of niche differentiation and competition between 
AOA and AOB18,19, with all AOA assumed to have an extremely high 
affinity for NH3 similar to that of N. maritimus SCM13. By contrast, our 
results reveal that the affinity of AOA for ammonia is not consistently 
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Figure 1 | Ammonia oxidation kinetics of N. inopinata and three 
ammonia-oxidizing Thaumarchaeota. a–d, Michaelis–Menten plots 
for N. inopinata, N. gargensis, N. viennensis and ‘Ca. N. uzonensis’. 
Total ammonium oxidation rates were calculated from microsensor 
measurements of NH3-dependent O2 consumption and discrete slopes 
over many substrate concentrations. Apparent half-saturation constants 

(Km(app)) and maximum oxidation rates (Vmax) for total ammonium were 
calculated by fitting the data to the Michaelis–Menten kinetic equation. 
The red curve indicates the best fit of the data. Standard errors of the 
estimates based on nonlinear regression are reported. Data from biological 
replicates are shown in Extended Data Figs 4, 6, 7 and 8.
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Figure 2 | Nitrite oxidation kinetics of N. inopinata. Rates of NO2
− 

oxidation were calculated from microsensor measurements of NO2
− 

-dependent O2 consumption and discrete slopes over many substrate 
concentrations. The apparent half-saturation constant (Km(app)) and 
maximum oxidation rate (Vmax) for NO2

− were calculated by fitting the 
data to the Michaelis–Menten kinetic equation. The red curve indicates 
the best fit of the data. Standard errors of the estimates based on nonlinear 
regression are reported. Data from biological replicates are shown in 
Extended Data Fig. 5.
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orders of magnitude higher than the affinity of AOB. Instead, the 
known Km(app) values (0.3 to 4.0 μ​M NH3) of oligotrophic AOB 
belonging to Nitrosomonas cluster 6a are in the range we report for 
non-marine AOA (Fig. 3a). This finding demonstrates that predictions 
on the ecological niche separation of AOA and oligotrophic AOB are 
quite different than previously assumed.

Intriguingly, the comammox organism N. inopinata has a lower 
Km(app) for NH3 than all isolated and kinetically characterized non- 
marine ammonia oxidizers (Fig. 3a). The ability of an organism 
to collect substrate from a dilute solution is best described by its  
specific affinity (ao)20. As shown by comparing the specific affini-
ties for NH4

+ of ammonia oxidizers (Extended Data Fig. 9a) and by  
simulating the competition among these organisms (Fig. 4), N. inopinata  
(mean ao =​ 3,162 l per g cells per h; s.d. =​ 409; n =​ 6) might outcompete 
all investigated AOB and the tested non-marine AOA at the lowest 
ammonia concentrations (<​5 μ​M total ammonium).

Theory predicts that complete ammonia oxidizers have a higher 
growth yield per mol of ammonia oxidized than incomplete oxidizers,  
because their longer pathway offers additional ATP production from 
nitrite oxidation. A more efficient coupling between catabolic and 
anabolic reactions could also increase the growth yield. We demon-
strated that N. inopinata has a growth yield per mol of NH3 oxidized 
that is 32.3% and 29.7% higher than that of the AOA N. gargensis 
(P =​ 0.0003) and N. viennensis (P =​ 0.0004) (Extended Data Fig. 9c), 
respectively. Published yields of AOB are even lower than those of 
both AOA (Extended Data Fig. 9c), probably reflecting the use of a 
more efficient CO2 fixation pathway by AOA compared to AOB21. The 
high yield, high substrate affinity, and comparatively low maximum  
oxidation rate (Extended Data Fig. 9b) suggest a niche for N. inopinata 
that is characterized by slow growth under highly oligotrophic condi-
tions. These results lend support to an earlier hypothesis, which was 
based entirely on theoretical considerations and predicted that slow 
growth in ammonia-depleted biofilms, soils or sediments represents the  
fundamental niche of comammox organisms22.

Uncultured comammox Nitrospira are highly abundant in biofilms 
from groundwater wells, drinking water treatment systems, and fresh-
water biofilters exposed to bulk concentrations of NH4

+ from around 
4 to 60 μ​M1,23–26. Furthermore, recent amoA quantitative PCR data 
showed that comammox Nitrospira were the most abundant ammonia  
oxidizers in a groundwater well containing on average 2 μ​M  
ammonium, and they represented 12 to 30% of all detected ammonia  
oxidizers in a rice paddy soil, a forest soil and an activated sludge 

sample, providing further support for the environmental relevance 
of these ammonia oxidizers27. The mean Km(app) of in situ ammonia 
oxidation reported for grassland soils (12 nM NH3)28 is close to the 
substrate affinity of N. inopinata and would be consistent with an 
important role of comammox Nitrospira for nitrification in these soils, 
but comparisons of the Km(app) from heterogeneous soil environments 
with the Km(app) of a pure culture have to be interpreted with caution. 
However, like AOB and also AOA (Fig. 3a), the diverse1,2,27 comammox  
Nitrospira might span a broad range of adaptations to different  
substrate levels and it is impossible to extrapolate substrate affinities 
from a single or a few representatives of a group of ammonia oxidizers  
to all members of that group. Multiple environmental factors18, the 
ability to utilize additional sources of ammonia such as cyanate and 
urea14,29, and alternative energy metabolisms30 also influence the niche 
partitioning and specialization of nitrifiers. Consistently, annotation 
of the whole genome sequence of N. inopinata suggests extensive 
metabolic versatility, including hydrogen and sulfide oxidation and 
fermentative metabolism (Supplementary Information). A thorough 
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Figure 3 | Comparison of the affinities for NH3 and NO2
− between 

the comammox organism N. inopinata and canonical ammonia- and 
nitrite-oxidizing microbes. a, Km(app) for NH3 of N. inopinata (red), AOA 
(blue) and AOB (orange). Km(app) values for NH3 were used when given, 
or calculated from reported total ammonium concentrations using the pH 
and temperature values provided from the respective studies. Species for 

which affinities were determined in this study are depicted in bold and  
N. inopinata is highlighted in red. b, Km(app) for NO2

− of N. inopinata 
(red), canonical Nitrospira (purple), Nitrotoga (yellow) and Nitrobacter 
(black). Km(app) values shown in a and b were derived from measurements 
with either pure cultures (circles) or enrichments (diamonds). See 
Methods for references.
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Figure 4 | Influence of total ammonium concentration on the rate of 
ammonia oxidation by N. inopinata, N. gargensis and Nitrosospira spp. 
as described by ammonia oxidation kinetics. For N. inopinata and N. 
gargensis, calculations were based on the kinetic parameters as determined 
in this study. For Nitrosospira spp., Km(app) and Vmax were inferred from 
the literature assuming a linear relationship between the rate of ammonia 
oxidation and the maximum specific growth rate. See Methods for 
references.
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and encompassing knowledge of the ecophysiology of both comammox 
Nitrospira and canonical nitrifiers is essential for our understanding of 
nitrogen cycling on our planet and for optimizing nitrification man-
agement strategies in drinking water treatment, wastewater treatment, 
and agriculture.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Methods
No statistical methods were used to predetermine sample size. The experiments 
were not randomized and investigators were not blinded to allocation during 
experiments and outcome assessment.
Studied ammonia-oxidizing microbes. The complete nitrifier N. inopinata1  
isolated in this study; N. gargensis, an AOA strain isolated from a hot spring14,16; 
‘Ca. N. uzonensis’, an AOA strain enriched from a hot spring15; ‘Ca. N. uzonensis’- 
related strain 5A enriched from hot well water (this study); and N. viennensis, an 
AOA strain isolated from soil13, were used in this study. N. gargensis (JCM 31473, 
DSM-103042) has been deposited in both the Japan Collection of Microorganisms 
(JCM) and the German Collection of Microorganisms and Cell Cultures (DSMZ). 
N. inopinata has been deposited in the JCM (JCM 31988).
Isolation of N. inopinata. A pure culture of the completely nitrifying bacterium 
N. inopinata was isolated from a previously described enrichment culture, ENR6, 
which contained N. inopinata and a betaproteobacterium affiliated with the family 
Hydrogenophilaceae1. Culture ENR6 had been obtained from a microbial biofilm 
that grew on the surface of a pipe and was covered by hot water (56 °C, pH 7.5),  
which was raised from an oil exploration well 1,200 m deep. Details of the sampling 
site and the procedure of enrichment have been provided elsewhere1. Successful 
isolation of N. inopinata was achieved through continued serial dilution to 
extinction as described previously1, with the only exception that the cultures were 
incubated at 42 instead of 46 °C. Purity of the culture was initially indicated by 
phase-contrast microscopy showing a uniform cell morphology resembling that 
of N. inopinata1, and by the absence of heterotrophic growth in organic media 
(0.1 ×​ lysogeny broth, 0.1 ×​ R2A medium, or 0.1 ×​ tryptic soy broth) and in AO 
medium (see below) supplemented with either 20 mM thiosulfate or 5 mM sodium 
methanesulfonate (both substrates support the growth of the betaproteobacterium).  
In addition, fluorescence in situ hybridization (FISH) and quantitative PCR (qPCR) 
analyses of the culture were performed to confirm absence of the betaproteobacterial 
contaminant. FISH with 16S rRNA-targeted oligonucleotide probes was performed 
as described elsewhere31 using probes Ntspa662 and Ntspa712, which are specific 
for the genus and phylum Nitrospira32, and probe Nmir1009, which is specific 
for the betaproteobacterial contaminant1 in ENR6. Cells were counterstained 
by incubation for 5 min in a DAPI (4′​,6-diamidino-2-phenylindole, 0.1 μ​g ml−1)  
solution. The qPCR tests were performed using primers Nino_amoA_19F and 
Nino_amoA_252R, which target the amoA gene of N. inopinata, and primers 
soxB_F1 and soxB_R1, which target the soxB gene of the betaproteobacterium, 
as described previously1. For qPCR, cell lysis for 10 min at 95 °C was followed by 
40 PCR cycles of 30 s at 95 °C, 30 s at 53 °C, and 30 s at 72 °C. All qPCR reactions 
were performed using the iQ SYBR Green Supermix kit on a C1000 CFX96 real-
time PCR system (Bio-Rad). Finally, the purity of the N. inopinata culture was 
confirmed by deep Illumina sequencing (see below).
Enrichment of ‘Ca. N. uzonensis’-related strain 5A. The ‘Ca. N. uzonensis’- 
related AOA strain 5A was enriched from the same sampling site as N. inopinata 
in Aushiger, North Caucasus. Details of the site have been provided elsewhere1. 
One litre of hot water (52 °C, pH 7.6), which was raised from an oil exploration well 
1,200 m deep, was filtered using membrane filters (0.2 μ​m pore size) on 27 April 
2016. The retained particles were suspended in 40 ml of the sampling water and 
the sample was kept at 4 °C before cultivation. On 10 May 2016, 5 ml of the sus-
pension was inoculated into a 100 ml Schott bottle containing 45 ml AO medium  
(see below) and 0.5 mM NH4Cl. The culture was incubated at 46 °C and fed with 
0.5 to 1 mM NH4Cl when all ammonium had been consumed. Serial dilutions were 
performed 66 and 108 days after the initial inoculation. An aliquot of 5 ml was 
taken from the most diluted (10−7) ammonia-oxidizing culture from the second 
dilution series. To select for very small cells, this aliquot was filtered through a 
cellulose acetate filter (0.2 μ​m pore size, Thermo Scientific) into a 100 ml Schott 
bottle containing 20 ml AO medium. This filtered culture was propagated at 42 °C 
and supplied with 0.5 mM NH4Cl when all ammonium had been consumed. 
Observation by light microscopy revealed cells whose morphology resembled 
that of ‘Ca. N. uzonensis’15. Deep Illumina sequencing of the culture confirmed 
a high degree of enrichment of Thaumarchaeota (Extended Data Fig. 1b) closely 
related to ‘Ca. N. uzonensis’ (99.93% 16S rRNA and 99.54% amoA gene sequence 
identity). The enriched AOA was tentatively named strain 5A.
Cultivation of N. inopinata and AOA. A medium for ammonia oxidizers 
(AO medium), whose composition and preparation are detailed elsewhere1, 
was used for the cultivation of ENR6, the isolation and further cultivation of 
N. inopinata, and the cultivation of all investigated AOA except N. viennensis.  
The desired concentration of NH4

+ was adjusted by adding an autoclaved 
NH4Cl stock solution to autoclaved AO medium. N. viennensis was cultured in 
a freshwater medium (FWM)13 amended with 1 ml of sterile filtered (0.2 μ​m)  
non-chelated trace element mixture33, 1 ml of vitamin solution33, and 1 ml of 
Fe–NaEDTA solution13. Sterile filtered (0.2 μ​m pore size) sodium bicarbonate 

and sodium pyruvate were added to autoclaved FWM to final concentrations 
of 2 mM and 1 mM, respectively. The pH was adjusted to 7.6 by adding 
10 ml l−1 HEPES buffer (1 M HEPES, 0.6 M NaOH)13,34. Unless otherwise 
stated, all nitrifier cultures were grown chemolithoautotrophically in the 
respective medium containing 1 mM NH4

+ at 37 °C (N. inopinata), 42 °C  
(N. viennensis, ‘Ca. Nitrosotenuis uzonensis’ and the ‘Ca. Nitrosotenuis uzonensis’- 
related enrichment 5A), or 46 °C (N. gargensis). N. inopinata and N. gargensis were 
cultured in 250 to 300 ml of AO medium in 1 l Schott bottles. The enrichment 
cultures of ‘Ca. N. uzonensis’ and the ‘Ca. N. uzonensis’-related strain 5A were 
cultured in 20 to 50 ml of AO medium in 100 ml Schott bottles. N. viennensis was 
cultured in 50 ml of FWM in 250 ml Schott bottles. All cultures were grown in the 
dark and without agitation.
(Meta)genome sequencing and bioinformatics analyses of the N. inopinata 
pure culture and of the enriched ‘Ca. N. uzonensis’-related strain 5A. DNA 
was extracted from N. inopinata using the PowerSoil DNA Isolation Kit (MoBio) 
and from strain 5A using the FastDNA SPIN Kit for Soil (MP Biomedicals). For 
N. inopinata, sequencing libraries were prepared using the Nextera DNA Sample 
Preparation Kit (Illumina Inc.) following the manufacturer’s recommendation 
using 50 ng of input DNA. The prepared libraries were sequenced using an Illumina 
MiSeq with MiSeq Reagent Kit v.3 (2 ×​ 301 bp; Illumina Inc.). For ‘Ca. N. uzonensis’- 
related strain 5A, sequencing libraries were prepared using the NEBNext Ultra 
DNA Library Prep Kit (Illumina Inc.) following the manufacturer’s recommen-
dation with 95.4 ng of input DNA. The prepared libraries were sequenced using 
an Illumina HiSeq with HiSeq Reagent Kit v.4 (2 ×​ 125 bp; Illumina Inc.). Paired-
end Illumina reads in the FASTQ format were imported into CLC Genomics 
Workbench v.10.0 (CLCBio, Qiagen) and trimmed using a minimum phred score 
of 20 and a minimum length of 50 bp, allowing no ambiguous nucleotides and 
trimming off Illumina sequencing adaptors if found. All trimmed reads were 
co-assembled using CLCs de novo assembly algorithm, using a kmer of 63 and a 
minimum scaffold length of 1 kbp. The trimmed reads were mapped to the de novo 
assembled scaffolds using CLCs map reads to reference algorithm, with a minimum 
similarity of 90% over 80% of the read length. The metagenomic data set obtained 
from the ‘Ca. N. uzonensis’-related enrichment 5A was binned using coverage 
and the G+​C content of DNA. Furthermore, for the N. inopinata pure culture the 
trimmed reads were mapped, by using similar settings, to an earlier metagenome 
assembly from N. inopinata enrichment culture ENR6 containing the previous 
betaproteobacterial contaminant1. The data was analysed using mmgenome35.
Chemical analyses. Concentrations of ammonium were determined photometri-
cally using a previously described assay36,37. Nitrite concentrations were measured 
photometrically by the acidic Griess reaction38. Nitrate was reduced to nitrite with 
vanadium chloride, measured as NOx by the Griess assay, and nitrate concen-
trations were calculated from the NOx measurements as described elsewhere39. 
Standards for the photometric assays were prepared in AO or FWM medium. All 
photometric analyses were performed using an Infinite 200 Pro spectrophotometer 
(Tecan Group).
Determination of temperature optima of activity. Specific ammonia oxidation 
rates of N. inopinata and N. gargensis were measured over ranges of incubation 
temperatures (30 to 50 °C for N. inopinata and 37 to 50 °C for N. gargensis). Biomass 
was harvested by centrifugation (9,000g, 15 min, 20 °C), washed with NH4

+-free 
AO medium, and resuspended in AO medium containing 1 mM NH4

+. Samples 
(0.5 ml) were taken regularly from triplicate cultures, centrifuged (21,000g, 
15 min, 4 °C), and the supernatants were stored at −​20 °C until chemical analysis 
(see above). Specific ammonia oxidation rates were determined by calculating the 
slope of the log-transformed NO2

− (N. gargensis) or inverse NH4
+ (N. inopinata) 

concentrations against time.
Measurements of substrate-dependent oxygen uptake. The ammonium concen-
trations in the respective nitrifier cultures were monitored daily during a period of 
7 days before the instantaneous oxygen uptake measurements. To ensure that the 
organisms were analysed during the early stationary phase, the cultures were sam-
pled upon substrate depletion, which was predictable to within 2 to 3 h of stationary 
phase onset. Experiments with N. inopinata and N. viennensis were performed 
using concentrated or un-concentrated biomass to collect data across a range 
of cell concentrations. Cells were concentrated by gentle centrifugation (6 min,  
N. inopinata: 3,000g, N. viennensis: 6,000g). Since filtration or centrifugation of  
N. gargensis cells and filtration of ‘Ca. N. uzonensis’ cells resulted in a complete loss of 
activity, experiments with these organisms were carried out using un-concentrated  
biomass. Oxygen uptake measurements were performed with a microrespira-
tion (MR) system that consisted of a 2 ml glass MR chamber fitted with a MR 
injection lid, a glass coated stir bar, a microsensor multimeter (Unisense), and an 
OX-MR oxygen microsensor with 500 μ​m tip diameter (Unisense). Oxygen sensors 
were polarized continuously for >​7 days before use, and all measurements were  
performed in a recirculating water bath at the optimum temperature for activity of 
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each studied organism3. The optimum temperatures were 37 °C for N. inopinata 
(Extended Data Fig. 3a), 46 °C for N. gargensis (Extended Data Fig. 3b), 42 °C for 
N. viennensis34, and 46 °C for ‘Ca. N. uzonensis’15. Aliquots (around 50 ml) of the 
cultures were incubated in a recirculating water bath before being sub-sampled 
into a 2 ml MR chamber with a stir bar. MR chambers were overfilled with culture 
and closed with MR injection lids to ensure that no headspace was left inside 
the chambers. Full chambers were immersed in a recirculating water bath, and 
initial sensor equilibration (1 to 2 h) and stirring (200 to 400 r.p.m.) were started. 
The sensor signal drift was stable for at least 10 min before initial substrate injec-
tions. A concentrated stock solution of substrate was injected into MR chambers 
with a Hamilton syringe through the port in the MR injection lid. For single-trace 
oxygen-uptake measurements, ammonium was injected once into a MR chamber 
and oxygen uptake was recorded until ammonium depletion. For multiple-trace 
oxygen-uptake measurements, discrete slopes of oxygen uptake were measured 
for 5 to 10 min for each individual injection of ammonium (the injections led to 
different start concentrations of ammonium in the MR chamber). Multiple trace 
oxygen uptake measurements with nitrite as substrate were performed as described 
for ammonium. After the oxygen-uptake measurements, the total protein content 
in each MR chamber was determined photometrically using a Pierce bicinchoninic 
acid (BCA) protein assay kit (Thermo Scientific) according to the manufacturer’s 
‘Enhanced Test-tube’ procedure. Cells were lysed with Bacterial Protein Extraction 
Reagent (Thermo Scientific) according to the manufacturer’s instructions before 
BCA quantification. Concentrations of ammonium, nitrite and nitrate were meas-
ured photometrically (see above) to confirm injected substrate concentrations and 
their oxidation to product.
Calculation of kinetic constants. The kinetic constants (Km(app) and Vmax) of  
N. inopinata, N. gargensis and N. viennensis for ammonium were estimated from 
both single- and multiple-trace oxygen-uptake measurements for comparison. 
Total numbers of biological replicates were n =​ 6 for N. inopinata, n =​ 4 for  
N. gargensis, and n =​ 4 for N. viennensis. The kinetics of ‘Ca. N. uzonensis’  
(biological triplicates) and of the closely related strain 5A (biological duplicates) 
were determined only from multiple-trace oxygen-uptake measurements, because 
single-trace analyses were hampered by slow rates of ammonia oxidation. The 
kinetics of N. inopinata with nitrite were also analysed only by multiple trace 
oxygen uptake experiments (four biological replicates). Single-trace measure-
ments with nitrite were not feasible because of the high Km(app) of N. inopinata 
for NO2

− and the low solubility of O2 in water at 37 °C. Substrate oxidation rates 
were calculated from the measured oxygen-uptake data according to a substrate 
to oxygen consumption stoichiometry of 1:1.5 for AOA, 1:2 for N. inopinata using 
ammonium, and 2:1 for N. inopinata using nitrite. For all analysed organisms, 
the oxygen consumption stoichiometry was experimentally confirmed. The 
very low endogenous respiration rates were always taken into account. With the 
enrichments of ‘Ca. N. uzonensis’ and of the ‘Ca. N. uzonensis’-related strain 
5A, a stoichiometry between 1:1.50 and 1:1.53 was obtained, indicating that 
any contribution of accompanying heterotrophic organisms to respiration by 
these enrichments was very small (equal to or less than 3% of the total oxygen  
consumed). Michaelis–Menten plots of total ammonium (NH3 +​ NH4

+), ammonia 
(NH3), or nitrite oxidation rates versus substrate concentration were obtained by 
fitting a Michaelis–Menten model to the data using the equation V =​ (Vmax ×​ [S]) 
×​ (Km +​ [S])−1. Here V is rate, Vmax is the maximum rate (μ​M h−1), Km is the half 
saturation constant (μ​M), and [S] is the substrate concentration (μ​M). Specific 
substrate affinity (ao, l per g wet cells per h) was calculated using the equation 
ao =​ Vmax ×​ Km

−1. Here Vmax is the maximum rate (in g substrate per g wet cells 
per h) and Km is the half saturation constant (in g substrate). For conversion, the 
factor of 5.7 g wet weight per g of protein was used40. For N. inopinata only, the 
measured nitrite oxidation rate was taken into account when calculating the total 
ammonium (NH3 +​ NH4

+) and ammonia (NH3) oxidation rates. Km(app) values of 
other nitrifiers shown in Fig. 3 were compiled from the literature3,8–11,41–53. If only 
total ammonium (NH4 +​ NH3) information was given by the authors for Km(app), 
the corresponding ammonia (NH3) values were calculated based on the reported 
experimental temperatures and pH values54.
Determination of molar growth yield. N. inopinata and N. gargensis were grown 
at their optimum temperatures of 37 °C and 46 °C, respectively (Extended Data 
Fig. 3), in 100 ml of AO medium in 250-ml Schott bottles, without agitation in the 
dark. N. viennensis was grown at 42 °C in 100 ml of FWM medium in 500-ml Schott 
bottles, without agitation in the dark. For all organisms, ammonium-depleted bio-
mass was used as inoculum to avoid transfer of residual ammonium. The starting 
concentration of ammonium in all cultures was 500 μ​M. The ammonium levels 
in all cultures were measured twice per day, and cultures were re-fed with 500 μ​M 
NH4

+ once all ammonium had been converted to nitrite or nitrate, respectively. In 
total, N. gargensis consumed 2 mM NH4

+ whereas N. inopinata and N. viennensis 
consumed 1.5 mM NH4

+. The total protein content was determined as described 

for the substrate-dependent oxygen-uptake measurements. It was measured 
at the beginning of the experiments and immediately after all of the substrate 
had been consumed (264 h for N. inopinata, 192 h for N. gargensis, and 120 h for  
N. viennensis). The growth yields in mg protein were normalized to the mol 
substrate (NH3) consumed, taking into account the amount of protein present 
at the beginning of each experiment. All experiments were performed in parallel 
with four biological replicates.
Replication of physiological experiments and statistical analyses. All physio
logical experiments were conducted with at least three and up to six biological 
replicates. The numbers of replications are detailed in the subsections for each 
specific experiment. The supplementary experiments with the newly enriched 
‘Ca. N. uzonensis’-related strain 5A could only be performed in duplicates because 
of limiting biomass availability. The experiments were not randomized. No sta-
tistical methods were used to predetermine sample size. The investigators were 
not blinded to allocation during experiments and outcome assessment. Statistical 
significance of differences between N. inopinata, N. gargensis and N. viennensis 
for Km(app), Vmax, substrate affinity (ao), and molar growth yield was assessed using 
pairwise one-way ANOVA tests with correction for multiple comparisons using 
the Tukey–Kramer method. For Km(app) only, values were log transformed before 
statistical analysis due to the order of magnitude difference in the determined 
values. The Brown–Forsythe test was used to assess variance in different sample 
groups for each one-way ANOVA test.
Simulation of competition among N. inopinata, N. gargensis and soil 
Nitrosospira spp. The Km(app) and Vmax values (Vmax normalized to protein) 
determined in this study from physiological measurements were linearized into 
Lineweaver–Burk plots. The best fit linear regression line was then used to generate 
consensus Michaelis–Menten best fit curves for N. inopinata and N. gargensis.  
Normalized, best fit N. inopinata Km(app) and Vmax values were 0.65 μ​M and  
14.5 μ​M h−1; N. gargensis Km(app) and Vmax values were 5.5 μ​M and 28.5 μ​M h−1. 
For soil Nitrosospira spp., reported Km(app) values were obtained from previous 
literature18,45,55 (approximately 90 μ​M NH3 +​ NH4

+), which are well within 
the range of oligotrophic AOB such as N. oligotropha and Nitrosomonas sp. Is79  
(75 to 105 μ​M NH3 +​ NH4

+). The Vmax values for soil Nitrosospira spp. were 
inferred from reported specific growth rate (μmax) values (actual value =​ 0.05 h−1), 
assuming a linear relationship between the rate of ammonium oxidation and μmax. 
The inferred value for Vmax for soil Nitrosospira spp. was 59.1 μ​M h−1. The final best 
fit Lineweaver–Burk plots were then charted together on a Michaelis–Menten plot.
Electron microscopy. For scanning electron microscopy, N. inopinata cells were 
fixed on poly-l lysine coated slides with a filter-sterilized 2.5% glutaraldehyde 
fixation solution in cacodylate buffer (25 mM sodium cacodylate, 0.7 mM MgCl2, 
pH 7.0) after letting the cells adhere to the slide by placing it into an active culture 
for 3 days. Subsequently, fixed cells were washed three times for 10 min in caco-
dylate buffer and were post-fixed with a 1% OsO4 solution in cacodylate buffer 
for 40 min. The fixed cells were again washed three times in cacodylate buffer and 
dehydrated in a 30 to 100% (v/v) ethanol series, washed in acetone, and critical 
point dried with a CPD 300 unit (Leica). Samples were mounted on stubs, sputter 
coated with gold using a sputter coater JFC-2300HR (JEOL), and images were 
obtained with a JSM-IT300 scanning electron microscope (JEOL).
Data availability. Sequence data that support the findings of this study have been 
deposited in the European Nucleotide Archive (ENA) with the accession codes 
PRJEB20196 (for the raw sequence data from the N. inopinata pure culture) and 
PRJEB20386 (for the raw metagenome sequence data from the ‘Ca. N. uzon-
ensis’-related AOA enrichment 5A). The pure culture of N. inopinata has been 
deposited at the Japan Collection of Microorganisms (http://jcm.brc.riken.jp/en/
catalogue_e)with the accession code JCM 31988. Source Data for Extended Data 
Figs 2b, 3 and 9 are provided with the paper. 2
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Extended Data Figure 1 | Binning of the metagenome scaffolds from 
nitrifier cultures. Circles represent scaffolds, scaled by the square 
root of their length. Only scaffolds ≥5 kbp are shown. Clusters of 
similarly coloured circles represent potential genome bins. a, Sequence-
composition-independent binning of the scaffolds from the N. inopinata 
isolate. The previous enrichment culture ENR6, which contained  
N. inopinata and only one contaminating betaproteobacterial organism1, 
was used for comparison in differential coverage binning. The lack of 
scaffolds from the betaproteobacterium (coverage =​ 0) shows the absence 
of this organism in the pure culture of N. inopinata. To further confirm 
that no trace amounts of the betaproteobacterium were left in the pure 
culture, the trimmed sequence reads were also mapped to the ENR6 
metagenomic assembly that contained the contaminant1. None of  

5.8 million reads mapped to the betaproteobacterium, whereas 99.8%  
of reads mapped to the closed genome of N. inopinata. Purity of the  
N. inopinata culture was also confirmed by fluorescence in situ 
hybridization, quantitative PCR targeting the amoA gene of N. inopinata 
and the soxB gene of the betaproteobacterium1, and the absence of  
growth in an organic medium. b, Binning of the scaffolds from the  
‘Ca. N. uzonensis’-related enrichment culture 5A based on coverage and 
the G+​C content of DNA. Aside from the ‘Ca. N. uzonensis’-related AOA 
strain 5A (99.93% 16S rRNA sequence identity), the culture contained an 
alphaproteobacterium at low abundance. Since the genome coverage of 
strain 5A was 1,512×​ and that of the alphaproteobacterium was 8×​, the 
relative abundance of strain 5A in the enrichment culture was 99.5%.
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Extended Data Figure 2 | Morphology and completely nitrifying activity 
of the N. inopinata isolate. a, Scanning electron micrograph of spiral-
shaped N. inopinata cells. The cells had a diameter of 0.2 to 0.3 μ​m and 
length of 0.7 to 1.7 μ​m. The scale bar represents 2 μ​m. b, Near-stoichiometric 

oxidation of 1 mM ammonium to nitrate with transient accumulation of 
nitrite. Data points show means, error bars show 1 s.d. of n =​ 3 biological 
replicates. If not visible, error bars are smaller than symbols.
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Extended Data Figure 3 | Temperature optima of the ammonia-
oxidizing activity of N. inopinata and N. gargensis. a, Ammonia 
oxidation by N. inopinata over a temperature range from 30 to 50 °C. Since 
the optimum for activity was at 37 °C, kinetic analyses of N. inopinata were 
performed at this temperature. b, Ammonia oxidation by N. gargensis 

over a temperature range from 37 to 50 °C. Since the optimum for activity 
was at 46 °C, kinetic analyses of N. gargensis were performed at this 
temperature. Data points in a and b show means, error bars show 1 s.e.m. 
of n =​ 3 biological replicates. If not visible, error bars are smaller than 
symbols.
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Extended Data Figure 4 | Ammonia oxidation kinetics of N. inopinata. 
Apparent half-saturation constants (Km(app)) and maximum oxidation 
rates (Vmax) for total ammonium were determined by fitting the data to the 
Michaelis–Menten kinetic equation. The red curve indicates the best fit of 
the data. Standard errors of the estimates based on nonlinear regression 
are reported. See Methods for details of experiments and calculations.  
a, b, Total ammonium oxidation rates were calculated from microsensor 

measurements of NH3-dependent O2 consumption and discrete slopes 
over many substrate concentrations. Results for two biological replicates 
are shown here; a third biological replicate is shown in Fig. 1a.  
c–e, Total ammonium oxidation rates were calculated from microsensor 
measurements of NH3-dependent O2 consumption in single-trace 
measurements. Results for three biological replicates are shown.
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Extended Data Figure 5 | Nitrite oxidation kinetics of N. inopinata.  
a–c, Nitrite oxidation rates were calculated from microsensor 
measurements of NO2

−-dependent O2 consumption and discrete  
slopes over many substrate concentrations. Results for three biological 
replicates are shown here; a fourth biological replicate is shown in Fig. 2. 
Apparent half-saturation constants (Km(app)) and maximum oxidation rates 
(Vmax) for nitrite were determined by fitting the data to the Michaelis–

Menten kinetic equation. The red curve indicates the best fit of the 
data. Standard errors of the estimates based on nonlinear regression are 
reported. See Methods for details of experiments and calculations. Single 
trace measurements to analyse nitrite oxidation were not feasible because 
of the high Km(app) of N. inopinata for NO2

− and the low solubility of O2 in 
water at 37 °C.
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Extended Data Figure 6 | Ammonia oxidation kinetics of N. gargensis. 
Apparent half-saturation constants (Km(app)) and maximum oxidation 
rates (Vmax) for total ammonium were determined by fitting the data to the 
Michaelis–Menten kinetic equation. The red curve indicates the best fit of 
the data. Standard errors of the estimates based on nonlinear regression 
are reported. See Methods for details of experiments and calculations.  
a, b, Total ammonium oxidation rates were calculated from microsensor 

measurements of NH3 dependent O2 consumption and discrete slopes  
over many substrate concentrations. Results for two biological replicates 
are shown here; a third biological replicate is shown in Fig. 1b.  
c, Total ammonium oxidation rates were calculated from microsensor 
measurements of NH3-dependent O2 consumption in a single-trace 
measurement.
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Extended Data Figure 7 | Ammonia oxidation kinetics of N. viennensis. 
Apparent half-saturation constants (Km(app)) and maximum oxidation 
rates (Vmax) for total ammonium were determined by fitting the data to the 
Michaelis–Menten kinetic equation. The red curve indicates the best fit of 
the data. Standard errors of the estimates based on nonlinear regression 
are reported. See Methods for details of experiments and calculations.  
a, b, Total ammonium oxidation rates were calculated from microsensor 

measurements of NH3-dependent O2 consumption and discrete  
slopes over many substrate concentrations. Results for two biological 
replicates are shown here; a third biological replicate is shown in Fig. 1c.  
c, Total ammonium oxidation rates were calculated from microsensor 
measurements of NH3-dependent O2 consumption in a single-trace 
measurement.
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Extended Data Figure 8 | Ammonia oxidation kinetics of ‘Ca. 
Nitrosotenuis uzonensis’. Apparent half-saturation constants (Km(app)) 
and maximum oxidation rates (Vmax) for total ammonium were 
determined by fitting the data to the Michaelis–Menten kinetic equation. 
The red curve indicates the best fit of the data. Standard errors of the 
estimates based on nonlinear regression are reported. See Methods for 
details of experiments and calculations. a, b, Total ammonium oxidation 

rates were calculated from microsensor measurements of NH3-dependent 
O2 consumption and discrete slopes over many substrate concentrations. 
Results for two biological replicates are shown here; a third biological 
replicate is shown in Fig. 1d. Single-trace measurements to analyse 
ammonium oxidation were hampered by the slow rate of ammonium 
oxidation by ‘Ca. N. uzonensis’.
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Extended Data Figure 9 | Adaptation of N. inopinata to slow growth 
under highly oligotrophic conditions. Data for N. inopinata are depicted 
in red, for AOA in blue, and for AOB in orange. a, b, Calculated specific 
affinities (a) and maximum rates of ammonia oxidation (b). Organisms 
for which parameters were determined in this study are depicted in bold. 
Remaining values were obtained from the literature3. Values from this 
study were determined with n =​ 6 biological replicates for N. inopinata 
and n =​ 4 biological replicates each for N. gargensis and N. viennensis. 
The specific affinity and Vmax of N. inopinata were significantly different 
from that of N. gargensis (P <​ 0.0001) and N. viennensis (P =​ 0.0001). 
c, Molar growth yield of ammonia-oxidizing microbes expressed as 

cellular protein formed per mol of NH3 oxidized. Organisms for which 
parameters were determined in this study are depicted in bold. Remaining 
values were obtained from the literature (see Methods for references). 
Values from this study were determined with n =​ 4 biological replicates 
each for N. inopinata, N. gargensis and N. viennensis. The mean molar 
growth yield of N. inopinata was 394.7 μ​g protein per mol of NH3 oxidized 
(s.d. =​ 20.2; n =​ 4), that of N. gargensis was 298.4 μ​g protein per mol of 
NH3 (s.d. =​ 24.2; n =​ 4), and that of N. viennensis was 304.3 μ​g protein per 
mol of NH3 (s.d. =​ 17.9; n =​ 4). The molar growth yield was significantly 
different between N. inopinata and that of N. gargensis (P =​ 0.0003) and  
N. viennensis (P =​ 0.0004).
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