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Outline

• Introduction to cultivation-independent methods

• Metagenomics

• Activity assays

• Linking Function to Identity
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Microbial Ecology: Who, when, where and why?
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Microbial Diversity

One gram of soil
>1,000,000,000 microbes 
>10,000 species

People on our planet:
7,847,645,500 (22 Feb 2021)
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Traditional Microbiological Analysis
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Majority of Prokaryotes is Unculturable

Habitat Cultured (%)

Seawater 0.001-0.1

Freshwater 0.25

Mesotrophic lakes 0.1-1

Estuarine waters 0.1-3

Activated sludge 1-15

Sediments 0.25

Soil 0.3
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Cultivation Introduces Bias

What you think you study What you actually study
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Uniform Bacterial Morphology
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Molecular phylogeny
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rRNA

rRNA 

SSU LSU 

Ribosomal RNA
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Advantages :

• Functionally constant

• Ubiquitous in all organisms

• High information content

• Varying sequence conservation

• Large dataset available

16S rRNA as Phylogenetic Marker
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Base conservation level across the 16S rRNA
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The rRNA Approach

Comparative analysis

Cloning

PCREnvironmental 
sample 16S rDNA 

16S rDNA sequences

Library

Phylogeny

Sequencing
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The Discovery Phase of Microbial Ecology
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The rRNA Approach is a Success Story
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nar nxr

nor

nif - nitrogenase
Nitrogen fixation

amo - ammonia monooxygenase
Nitrification

hao - hydroxylamine oxidoreductase
nxr - nitrite reductase

nar - nitrate reductase
Denitrification

nir - nitrite reductase

nos - nitrous oxide reductase
nor - nitric oxide reductase

Anammox
hzs - hydrazine synthase
hdh - hydrazine dehydrogenase

nrf - pentaheme nitrite reductase
DNRA

nod - NO dismutase

Functional Marker Genes for the Nitrogen Cycle
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The rRNA Approach

Comparative analysis

Cloning

PCREnvironmental 
sample 16S rDNA 

16S rDNA sequences

Library

Phylogeny

Sequencing

rRNA gene sequencing
is not suitable to

determine accurately the
abundance of microbes in 

the sample!
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Science 243:1360-3 (1989)

Fluorescence In Situ Hybridization (FISH)
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Fluorescence In Situ Hybridization (FISH)

All advantages of rRNA 
as phylogenetic marker 
apply.

rRNA is a naturally
amplified target 
molecule.

probe A ribosomeprobe B

species Bspecies A

hybridization

species A species B
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Fluorescence In Situ Hybridization (FISH)

Amann & Fuchs, 2008
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Fluorescence In Situ Hybridization (FISH)

This is quantitative !
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The Full Cycle rRNA Approach

Design

Comparative analysis

Cloning

PCREnvironmental 
sample 16S rDNA 

16S rDNA sequences

Library

Probes

Phylogeny

FISH

Sequencing
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FISH to Study Microorganisms in Environmental Samples

Nitrospira-like bacteria in nitrifying biofilm

Oligonucleotide probes:

• EUB338 probe mix (Domain Bacteria)

• Ntspa712 (Phylum Nitrospirae)

• Ntspa662 (Genus Nitrospira)

© Holger Daims

10 µm
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Outline

• Introduction to cultivation-independent methods

• Metagenomics

• Activity assays

• Linking Function to Identity
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What is a genome?

Genome = Parts list of a single species
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How do we get microbial genomes?

Culturing
Few microorganisms can be easily cultured (<<5%)
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How do we get microbial genomes?

Culturing
Few microorganisms can be easily cultured (<<5%)

Metagenomics
Analyses of microbial genomes directly from 
the environment
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What is metagenomics?

Metagenome = Parts list of the community

Photo: D. Kunkel; color, E. Latypova
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The Environmental Genomics Approach

Amplicon sequencing Metagenomics
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(Meta)genomic Sequencing Timeline and Milestones

https://doi.org/10.3389/fgene.2015.00348
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Illumina MiSeq Nanopore MinION PacBio Sequel

DNA requirements Low
1 ng – 50 ng

Moderate/high
10 ng – 1,500 ng

High
100 ng – 5,000 ng

Amplification Yes
PCR, Bridge amplification

No
Single molecule sequencing

No
Single molecule sequencing

Genome coverage Biased Some bias Unbiased

Read length Short
2 x 300 bp

Long
1 Kb to >100 Kb

Long
Mean 30 Kb, up to 100 Kb

Throughput High
15 Gb

High
10 – 30 Gb

High
Up to 20 Gb

Accuracy High
systematic error rate: ~0.1%

Low
Random and systematic error rate

5% – 10%

Low/high
Random error rate: ~13%

Consensus error rate: 0.001%

Other features Paired-end sequencing Portable, inexpensive,
fast, real-time results

Detect DNA modifications

Sequencing Technologies | Short and long read sequencing
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Metagenomic Workflow

DNA extraction

Search against 
database

Sequencing

Assembly 
Contigs

1000+ bp

100-150 bp

Reads

100++ Species
(≈3 Mbp each)
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Pure Culture Genomics

Sequencing Assembly 
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Recovering Genomes from Metagenomes

Sequencing

Assembly 
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DNA extraction

Search against 
database

Sequencing

Assembly 
Contigs

1000+ bp

100-150 bp

Reads

100++ Species
(≈3 Mbp each)

Metagenomic workflow

Phylogenetic classification
Who is there?

Functional classification
What can they do?

Bacterium A
Bacterium B
...
Bacterium X

Gene A
Gene B
...
Gene X
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Metagenomics

Lion + Eagle ≠ Flying Lion 
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If you want to understand the ecosystem 

you need to 

understand the individual species

in the ecosystem
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Metagenomic workflow

DNA extraction

Search against 
database

Sequencing

Assembly 
Contigs

1000+ bp

100-150 bp

Reads

100++ Species
(≈3 Mbp each)

Binning Binning =
Separation of genomes

Who is there and what can every 
individual do?
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Complex sample

PhD student

Binning

Binning
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Contig
Taxonomic 

classification

Tetranucleotide 
frequencies

Presence of key genes 
or pathways

% GC

Length

Abundance in 
different samples

Read connections 
to other scaffolds

In situ proximity

Binning
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Using Abundance Data for Binning

Assembly 

ContigsMetagenome reads

Sequencing

Original sample
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Using Abundance Data for Binning

Assembly 

ContigsMetagenome reads

Sequencing

Original sample

Mapping

Abundance

3x
1x
1x
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Sequence Composition-Based Binning

G
C

%

Species abundance (coverage)
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Sample 1
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Sequence Composition-Independent Binning

Sample 2
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Sequence Composition-Independent Binning

C
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Coverage sample 2
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Short term 
enrichment

Environmental sample SBR reactor

Reduction of Diversity
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Days

Relative abundance Species diversity

Days

Albertsen et al., 2013 Nat. Biotech.

Reduction of Diversity
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Two different
DNA extraction

methods

Environmental sample

Albertsen et al., 2013 Nat. Biotech.

Sequence Composition-Independent Binning
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Colored using a set of 100 phylogenetic marker genes

Zoom on target

Sequence Composition-Independent Binning

Albertsen et al., 2013 Nat. Biotech.
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Zoom on target

Sequence Composition-Independent Binning

Albertsen et al., 2013 Nat. Biotech.
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Concept | Long reads are more specific and significantly reduce complexity of de novo assembly

You get a bigger piece of the puzzle..
..making the puzzle easier to solve.

Long reads can:

§ Span large repetitive regions 
§ Resolve low-complexity and homopolymer regions,

big structural variants & polymorphisms
§ Identify long palindromes, determine microsatellite 

lengths, tandem repeats

Advantages of Long-Read Sequencing
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Outline

• Introduction to cultivation-independent methods

• Metagenomics

• Activity assays

• Linking Function to Identity
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CH4 + 2O2 CO2 + 2H2O 

time

co
nc

en
tr

at
io

n CO2

CH4

Measuring Direct Substrate Turnover
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Not Always in Bottles
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Stable Isotopes

• The number of protons in the nucleus defines an element
• The nucleus contains protons and neutrons
• Light isotopes vs. heavy isotopes

S. Montanari (2012)
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Stable Isotopes Commonly Used in Environmental Microbiology
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Activity Assays Using Stable Isotopes

• Feed labelled substrates

• Trace back the label

• MS (mass spectrometry)
• NMR (nuclear magnetic resonance)

à Which processes take place?



Department of Microbiology

Mass Spectrometry

Sample is 
converted into 

ions

Ions are 
accelerated and 

go into the 
detector

Mass-to-
charge-ratio 

selection
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Detecting Anaerobic Ammonium Oxidation (Anammox)

NH4+ + NO2- à N2
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29
N

2
vs

 28
/2

9/
30

N
2

Change in ratio 
= 

conversion of substrate

15NH4+

14NO2-

Detecting Anammox Activity

• Add 15N-labelled ammonium (or 15N-nitrite)

• Anoxic conditions

• Measure 29N2 in the headspace
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Distinguish Processes that Have the Same End Product

DenitrificationAnammox
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Outline

• Introduction to cultivation-independent methods

• Metagenomics

• Activity assays

• Linking Function to Identity
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• Uptake of radioactive substrate

- FISH-MAR

• Uptake of substrate labeled with stable isotopes

- SIP

- FISH-Raman

- FISH-SIMS / HISH-SIMS

Functional Analysis - Substrate Uptake/Utilization
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Radioactive Isotopes

• Isotope: Atoms of the same element that have same numbers of protons, but different numbers of neutrons

stable (98.89%) stable (1.11%) instable (0.001%)
half life: 5730 years

β-decay into 14N

C126 C136 C146
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• combination of sample incubation with radioactively labeled substrate, FISH and 
microautoradiography

FISH-MAR

Incubation of sample with 
radioactively labeled substrate

Washing/Fixation/Sectioning

Fluorescence in situ hybridization

Overlay with photographic emulsion

Detection using an inverse microscope

Fluorescence:
Identification

Silver grains:
Substrate uptake

Appl Environ Microbiol 65: 1289-1297 (1999)
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Radioisotope incorporation (FISH-MAR)

CLSM

FISH: Bacteria stained 
with fluorescently 
labeled probes

MAR: Cells which took up 
radioactively labeled 
substrate induce silver 
grain formation.
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KITP Lecture:
Complete Nitrification by a Single Microorganism

Sebastian Lücker

Department of Microbiology

Institute for Water and Wetland Research

Radboud University, Nijmegen
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Outline

• Introduction

• Complete nitrification by Nitrospira

• Novel physiologies of comammox Nitrospira

• In situ detection of ammonia-oxidizing bacteria

• Ammonia oxidation kinetics of comammox Nitrospira
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The biogeochemical nitrogen cycle



Department of Microbiology

Nitrification essential for nitrogen removal from wastewater

N2

NH4
+/NH3

NO2
-

NO3
-

Denitrification

NO2
--oxidation NO3

--reduction

NH
3 -oxidation

Sewage

Anam
m
ox
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Nitrification increases fertilizer runoff

NH4
+/NH3

NO2
-

NO3
-

NO2
--oxidation

NH
3 -oxidation

N2O
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Phylogeny of nitrifying bacteria

Syntrophobacter wolinii, X70905

Desulfobacter postgatei, AF418180
Desulfovibrio desulfuricans, AF192153

Nitrospina gracilis, L35504
Bradyrhizobium japonicum, X87272

Nitrobacter winogradskyi, CP000115
Nitrobacter hamburgensis,

CP000319
Rhizobium leguminosarum, AY509899

Agrobacterium tumefaciens, M11223

Escherichia coli, X80725

Nitrosococcus oceani, AF363287

Ectothiorhodospira mobilis, X93481

Nitrococcus mobilis, L35510

Chromatium okenii, AJ223234

Candidatus Magnetobacterium bavaricum, X71838
Thermodesulfovibrio yellowstonii, AB231858

Leptospirillum ferriphilum, AF356829
Nitrospira marina, X82559

Candidatus Nitrospira defluvii, DQ059545

Nitrospira moscoviensis, X82558

δ-Proteobacteria

Nitrospirae

Candidatus Nitrospira bockiana, EF084879
Nitrospira calida, HM485590 Candidatus Brocadia fulgida, DQ459989

Candidatus Jettenia asiatica, DQ301513
Candidatus Anammoxoglobus propionicus, DQ317601

Candidatus Kuenenia stuttgartiensis, AF375995

Candidatus Scalindua marina, EF602039

Planctomycetes

Burkholderia cepacia, U96927
Rhodocyclus tenuis, D16208

Candidatus Nitrotoga arctica, DQ839562
Gallionella ferruginea, L07897
Nitrosospira multiformis, AB070984

Nitrosomonas europaea, AB070982

β-Proteobacteria

Chloroflexus aurantiacus, D38365

Roseiflexus castenholzii, AB041226

Thermomicrobium roseum, M34115

Nitrolancea hollandica
Sphaerobacter thermophilus, AJ420142
Thermobaculum terrenum, AF391972

Chloroflexi

Rhodopseudomonas strain LQ17, AF123087

Thiocapsa strain KS, EF581005

γ-Proteobacteria

α-Proteobacteria
Nitrospinae
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Redox schemes of inorganic electron donors
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Different mechanisms of nitrite oxidation

½O2
+ 2H+

H2O

nH+

NO3
- + 2H+

αβ

NO2
- + H2O

Mo-co

Fe-S
Fe-S

Cytoplasm

Periplasm

Nitrospira

Ehrich et al., 1995

Nitrobacter

Bock et al., 1991

+ 2H+
α

β

γ

Mo-co

Fe-S

Fe-S

NO3
- + 2H+

NO2- + H2O

nH+

NO3
-

NO2
-

?

Cyt. aa3

½O2 H2O

Cytoplasm

Periplasm

Lücker et al., 2010
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Respiratory chain of Nitrospira

Lücker et al., 2010
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Outline

• Introduction

• Complete nitrification by Nitrospira

• Novel physiologies of comammox Nitrospira

• In situ detection of ammonia-oxidizing bacteria

• Ammonia oxidation kinetics of comammox Nitrospira
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Free energy in ammonia and nitrite oxidation

Ammonia oxidation:

NH4
+ + 1.5 O2 → NO2

- + H2O + 2H+ (ΔG0’= -274.7 kJ∙mol-1)

Nitrite oxidation

NO2
- + 0.5 O2 → NO3

- (ΔG0’= -74.1 kJ∙mol-1)

Complete nitrification

NH4
+ + 2 O2 → NO3

- + H2O + 2H+ (ΔG0’= -348.9 kJ∙mol-1)
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r strategist K strategist

AOB: High growth rates, low yield Comammox: Low growth rates, high yield
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Bioreactor enrichment culture

• Inoculum: 

- Biofilm from aquaculture biofilter

• Medium:

- Aquaculture water, supplemented with 

NH4
+, NO2

-, NO3
-

- No extra carbon source

• Hypoxic conditions (≤3.1 μM O2)

van Kessel et al. (2015) Nature 528: 555-9

Maartje van Kessel
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Measuring anammox avtivity

van Kessel et al. (2015) Nature 528: 555-9
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Anammox activity assays

• Formation of 29N2 in incubations with 15N-labelled NH4
+ confirms anammox activity

29N2 formation 
from 15NH4

+
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van Kessel et al. (2015) Nature 528: 555-9
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FISH on bioreactor enrichment

• Nitrospira are always present in flocs with anammox (Brocadia)

• Stable coculture

red = anammox; green = Nitrospira; blue= all bacteriavan Kessel et al. (2015) Nature 528: 555-9
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Bioreactor metagenome sequencing

• Recovery of two high quality Nitrospira genomes

Mads Albertsen

van Kessel et al. (2015) Nature 528: 555-9
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16S rRNA phylogeny

van Kessel et al. (2015) Nature 528: 555-9
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Metagenomic analyses

• Both Nitrospira spp. genomes contain genes for
- Ammonia monooxygenase

- Hydroxylamine dehydrogenase

- Nitrite oxidoreductase

Only in ammonia oxidizers

Only in nitrite oxidizers

van Kessel et al. (2015) Nature 528: 555-9
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Ammonia monooxygenase (amoA) phylogeny

Lake Washington sediment clone pmoAa3, DQ367741

boreal lake littoral wetland clone M19_47B, FN597181

Crenothrix polyspora, DQ295904

Eastern Snake River Plain Aquifer clone W10_682_3, DQ008438

drinking water distribution system biofilm clone B7233-77, AJ564440

riverbed gravel clone OTU89 Cray_13733, LK021635

riverbed gravel clone OTU79 Chess_17756, LK021624

Crenothrix polyspora, DQ295899
boreal lake littoral wetland soil clone G15_19B, FN597164

river floodplain soil clone WP1AD11, FN395324

forest soil clone gp22, AF264136
landfill cover soil clone Der31, EU07112

artesian well water clone AW-a, DQ984193

Candidatus Nitrospira nitrificans
acidic forest soil clone P12.5, AY080943
rice field floodwater clone FW-B, AB222694

Chongxi wetland soil clone pmoAN10, KF264986
rice field microcosm surface soil clone SS-N, AB222695
paddy field rice straw clone RS.F2.3, AB222931

rice field microcosm floodwater clone MCR-C, AB222684

Candidatus Nitrospira nitrosa
waste water treatment plant Lieshout clone 4, JF706214

Brazilian ferralsol clone OA33, FN394203
Brazilian ferralsol clone OA42, FN394210

paddy field soil clone PS.N.2, AB222896

paddy field rice straw clone RS.C2, AB222928
rice field soil clone 26-2000yo-B, JN591189

paddy soil clone 454-Crenothrix, KP218998

environmental cluster (35)

10%

van Kessel et al. (2015) Nature 528: 555-9
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Ammonia monooxygenase (amoA) phylogeny

van Kessel et al. (2015) Nature 528: 555-9
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Determining comammox activity via the anammox process 
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Anammox activity assays

• Formation of 30N2 from 15NH4+ indicates ammonia oxidation
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van Kessel et al. (2015) Nature 528: 555-9
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Aerobic batch incubation assays

NH4
+ + ATU

NO2
- oxidation

NH4
+ oxidation
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van Kessel et al. (2015) Nature 528: 555-9



Department of Microbiology

Ammonia-dependent carbon fixation

NH4
+

NO2
-

NH4
+ + ATU

no substrate

red= Nitrospira; green = anammox; blue= all bacteriavan Kessel et al. (2015) Nature 528: 555-9
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Conclusions I

• Novel Nitrospira spp. are complete nitrifiers

• Cooperation between anammox and comammox possible
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Outline

• Introduction

• Complete nitrification by Nitrospira

• Novel physiologies of comammox Nitrospira

• In situ detection of ammonia-oxidizing bacteria

• Ammonia oxidation kinetics of comammox Nitrospira
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Original comammox/anammox enrichment culture

• Inoculum: 

- Biofilm from aquaculture biofilter

• Medium:

- Aquaculture water, supplemented with 

NH4
+, NO2

-, NO3
-

- No extra carbon source

• Hypoxic conditions (≤3.1 μM O2)
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FISH on bioreactor enrichment

• Comammox Nitrospira are always present in flocs with anammox (Brocadia)

• Stable coculture

red = anammox; green = Nitrospira; blue= all bacteria
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Complete nitrification

NH4
+ + 2 O2 → NO3

- + H2O + 2H+ (ΔG0’= -348.9 kJ∙mol-1)

Interaction and competition between anammox and nitrifiers
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Alternative metabolisms of comammox under O2 limitation

Ammonia oxidation:

NH4
+ + 1.5 O2 → NO2

- + H2O + 2H+ (ΔG0’= -274.7 kJ∙mol-1)
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Anammox activity assays

• Formation of 30N2 from 15NH4+ indicates ammonia oxidation under hypoxic conditions
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Alternative metabolisms of comammox under O2 limitation

Nitrite comproportionation

NH4
+ + NO3

- + O2 → 2 NO2
- + H2O + 2H+ (ΔG0’= -200.6 kJ∙mol-1)
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Simulate phenotype – metabolic modelling

A

Ae

D

E F Fe

B

Be

C

Extracellular

G Ge

A

C
D
E
F
G

B

R1 R2 R3 R4 R5 R6 E1 E2 E3 E4

Reactions

M
et

ab
ol

ite
s

-1

1

-1
1 -1

1 -1
1 -1

1
-1

1

Intracellular

1
1

-1
-1

S = Stoichiometry Matrix

Metabolic Network
Christopher Lawson



Department of Microbiology

Aerobic, complete ammonia oxidation

NH4
+ limiting

III IV
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Nitrite comproportionation in the presence of nitrate

à Maximizes O2 flux to AMO and NO2
- production

III IV

O2 limiting + NO3
-
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How does O2 control comammox activity?

NO2
- production and growth are maximized under O2 limiting fluxes

NH3 NO2
- NO3

-

NH3 limiting:

O2 limiting:
NH3 NO2

-
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-:
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Anammox/comammox coculture in synthetic medium

• Mineral medium:

- [NH4+] 100-200 µM
- [NO2-] 90-180 µM
- [NO3-] 250 µM

- Carbon source CO2

• Hypoxic

Maartje van Kessel
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Stable anammox/comammox coculture

anammox, Nitrospira, all bacteria
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Determining comammox/anammox interactions
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30N2 production indicates ammonia oxidation
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30N2 production indicates ammonia oxidation
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29N2 production indicates nitrate reduction
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Conclusions II

• Cooperation, not competition of anammox and comammox 

• Comammox can supply anammox with nitrite

• Comammox performs nitrite comproportionation
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Outline

• Introduction

• Complete nitrification by Nitrospira

• Novel physiologies of comammox Nitrospira

• In situ detection of ammonia-oxidizing bacteria

• Ammonia oxidation kinetics of comammox Nitrospira
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Comammox and nitrite-oxidizing Nitrospira are indistinguishable based on 16S rRNA

comammox Nitrospira
(ammonia and nitrite oxidizing)

canonical Nitrospira
(only nitrite oxidizing)
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Presence of unique ammonia monooxygenase
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AMO as functional marker

- AMO labeling with fluorescein thiocarbamoylpropargylamine (FTCP)

- phylogenetic staining with FISH

• Low staining efficiency

• Fluorescein isothiocyanate and propargylamine are highly toxic

van Kessel et al. (2015)
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ABPP-based AMO labeling
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In situ detection of ammonia monooxygenase (AMO)

adapted from Bennett et al. (2016), AEM 82 (8): 2270-2279

1,7OD

AMO/PMO+

Biomass 1,7-octadiyne

1,7OD

AMO/PMO

‘click’

Azide Fluor 488

1,7OD

AMO/PMO

+

Alkyne group

FISH

Dimitra Sakoula
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No 1,7-ODAMO, Nitrosomonas, all bacteria

AMO labeling of Nitrosomonas europaea

+ 1,7OD - 1,7OD
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AMO labeling of Nitrospira inopinata

AMO, Nitrospira

+ 1,7OD - 1,7OD
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N. europaea M. oryzae - pMMO M. tundrae - sMMO

Intracytoplasmic membrane 
system

Intracytoplasmic membrane 
system

Cytoplasmic

AMO/MMO-based staining, FISH-based staining

Subcellular localization of the AMO/MMO-derived signal



Department of Microbiology

AOB

comammox Nitrospira

canonical Nitrospira
AMO
Nitrospira
all bacteria

Linking function (AMO labeling) and identity (FISH)
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AMO labeling in combination with cell sorting

https://www.tes.com/lessons/Wpg6sEfF7jdPgg/electrical-impedance

Fluorescence-activated cell sorting

Targeted
metagenomics

+
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Nitrospira

Nitrospira

Nitrosomonas

Targeted metagenomics – nitrifying enrichment culture

3 high quality MAGs
>92% completeness
<3.7% redundancy
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Very low abundance of ammonia 
oxidizers in original sample 
(0.03% of total reads)

Nitrosomonas high quality MAG 
(188-fold enrichment)

Nitrosomonas
5 MAGs à Competibacteraceae

Targeted metagenomics – activated sludge
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Conclusions III

• ABPP-based protocol allows
- specific detection of AMO (and PMO) containing bacteria

- phylogenetic identification in combination with FISH

- targeted retrieval of enriched metagenomes

+ 1,7-Octadiyne - 1,7-Octadiyne



Department of Microbiology

Outline

• Introduction

• Complete nitrification by Nitrospira

• Novel physiologies of comammox Nitrospira

• In situ detection of ammonia-oxidizing bacteria

• Ammonia oxidation kinetics of comammox Nitrospira
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Niche adaptations of complete and canonical nitrifiers
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Niche adaptation of complete nitrifiers

Kits et al., 2017
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ü Inoculated with an enrichment of 
Ca. N. nitrosa & Ca. N. nitrificans
(as described in van Kessel et al., 2015)

üContinuous flow membrane bioreactor 

üSupplied with low concentrations of ammonium 
(80 μΜ - 2.5 mM NH4+/day)

Influent NOB medium
pH 7.5

Exchange rate 20-30%
Stirring 200 rpm

Temperature 20-24 (RT)
Oxygen supply 5% 

Bioreactor for the enrichment of comammox Nitrospira

Dimitra Sakoula
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Enrichment of Nitrospira bacteria in the system

Nitrospira, general bacteria

~ 80% enrichment in Nitrospira bacteria
Absence of canonical ammonia oxidizers 
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üclosed comammox Nitrospira genome

ühigh-quality draft canonical Nitrospira
genome (5 contigs)

Comammox Nitrospira
77.5%

Ca. N. nitrificans

Canonical Nitrospira
83.56%

N. defluvii

Average Nucleotide Identity (ANI)

Ca. Nitrospira kreftii (comammox)

Enrichment of novel Nitrospira
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Ammonia affinity

Km(app) = 3.8 ± 1.1 μΜ NH4+ + NH3
~ 0.067 μΜ NH3

Vmax = 242.7 ± 24.7 μΜ Ν h-1

= 103.4 μmol N mg protein-1 h-1
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Ammonia affinity
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Kits et al., 2017

Surprising novel physiology – Ammonia inhibition

Ki = 139.9 ± 41.5 μΜ NH4+ + NH3
~ 2.49 μΜ NH3
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Surprising novel physiology – Nitrite affinity
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Conclusions IV

• Comammox is adapted to highly limited ammonia concentrations

• Ammonia oxidation partially inhibited at increasing ammonia concentrations
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