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What is wrong with the Nitrogen Cycle–
and how can we fix it ?

1

Archaea Unit @ Uni Wien
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Archaea ... and their viruses

Zillig et al. 1984, Prangishvili et al. 2005
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122 °C

pH <0

Saturated Salt Solutions
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Archaea Biotechnikum
University of Vienna
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Lipids of Archaea

Very rigid:
Ether link
Isoprenoid side chains
Mono- and bilayer

6



23.05.25

4

Methanogens
-methane production Ammonia Oxidizing Archaea (AOA)

Eukaryogenesis

Extreme Environments/Viruses

Moissl-Eichinger et al., 2021

Archaea @ Uni Wien
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Biological nitrification inhibition - the consortium

HORIZON-WIDERA-2021-ACCESS-03
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Microorganisms turn the Nitrogen Cycle

Schleper, N&V 2008
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https://www.bild.bundesarchiv.de/dba/de/search/?query=Bild+183-S13651

Das Bundesarchiv Bild 183-S13651 

Industrial Fixation of Atmospheric Nitrogen

N2 + 3 H2 à 2 NH3

High temperature
High pressure

catalysis

1909: Fritz Haber discovers the process of ammonia
synthesis from atmospheric nitrogen and hydrogen

1913: Carl Bosch develops the process to industrial size
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https://www.bild.bundesarchiv.de/dba/de/search/?query=Bild+183-S13651
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Erisman et al. 2015. 
Erisman, J.W.; J.N. Galloway; N.B. Dice; M.A. Sutton; A. Bleeker; B. Grizzetti; A.M. Leach & W. de Vries. 2015. Nitrogen: too much of a 
vital resource. Science Brief. WWF Netherlands, Zeist, The Netherlands.
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modified from Erisman et al., 2008 Nature Geosciences

Around 50% of the world’s population is fed by
Haber-Bosch nitrogen
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Use of mineral fertilizer in India (1000 t)

Nitrogen           Phosphate            Potassium

https://www.cfr.org/blog/india-needs-second-green-revolution

The green revolution:
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An over-fertilized world

Ini 2011
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https://www.cfr.org/blog/india-needs-second-green-revolution
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Nitrous Oxide : N2O

Nitrous oxide (N2O)
- 3rd most important 
greenhouse gas
- damages ozon layer

298 x more effective 
than CO2

Responsible for 6.5% 
of global warming 
(global carbon project, 2020)
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• anthropogenic emissions 
responsible for the growth in 
atmospheric N2O, increased by 
30% since 1980, dominated by 
nitrogen fertilization in croplands. 

• The recent increase in global N2O 
emissions exceeds the emission 
trends of the least optimistic 
scenarios developed by the 
Intergovernmental Panel on 
Climate Change (IPCC), 
underscoring the urgent need to 
mitigate N2O emissions. 

2020 update on N2O
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The Nitrogen Cascade

One Nitrogen atom
can have multiple 
impacts on different
scales

Erisman et al. 2005
Galloway et al. 2003
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Up to 70% of N-fertilizer ends up in the
Environment (not in the plant!)

Due to low NUE
(Nitrogen Use Efficiency)

The problem:

18
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Nitrification

NH4
+ NO2

- NO3
-AOA/AOB NOB

Commamox (Nitrospira)

AOB:
• Nitrosomonas (Betaprot.)
• Nitrosococcus (Gammaprot.)
• Nitrosospira (Betaprot.)

AOA:
• Nitrososphaera
• Nitrosocosmicus

NH2OH + H2O ® NO2- + 5H+ + 4e-

Ammonia oxidation

NH3 + O2 + 2H+ 2e- ® NH2OH + H2O

NOB:
• Nitrobacter (Alphaprot.)
• Nitrospina (Deltaprot.)
• Nitrococcus (Gammaprot.)
• Nitrospira (Betaprot.)

NO2- + H2O ® NO3- + 2H+ + 2e- 

Nitrite oxidation

CHEMOLITHOAUTOTROPHS

SEM of AOB: Nitrosospira 
briensis, Nitrosospira 
multiformis, Nitrosovibrio 
tenuis (Norton et al. 2008)

Bacteria

Archaea
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54d9 ~MFFLVRLGVNYTSNIKIAVVALFAIVMSTSTMIAIAQTAEGHGVQAQ~~~LQSRFVRIQDEAFSAQTLNTGDQLVVTGNLQSLVNKPLRAWLSLFSESTNAGNRWEFIA
Sargasso Sea ~~~~~~~~~MVDRKVMAFALATVMVVGVFGPNVATMIQTAEGHGVQAQ~~~LQSRFIRIEDETFNRQSLQTGEVLTLSGAFVSLIDSDMRAWSSIFSESTNAGNRWEILA
AmoB Nitr.eur.ATCC19718 ~~~~MGIKNLYKRGVMGLYGVA~YAVAALAMTVTLDVSTVAAHGERSQEPFLRMRTVQWYDIKWGPEVTKVNENAKITGKFHLAEDWPRAAAQPDFSFF~NVGSPSPVFV
AmoB Nitr.sp. ENI-11 ~~~~MGIKNLYKRGVMGLYGIA~YAVAALAMTVTLDVSTVAAHGERSQEPFLRMRTVQWYDIKWGPEVTKVNENAKITGKFHLAEDWPRAAASPDFSFF~NVGSPSPVFV
AmoB Nitr.cryo. ~~~~~MSIKNIFKLGIIGLYGVAYGVATLALTVVLDVSPVAAHGERSQEPFLRMRTIQWYDLKWGPQTTKVNDIATMTGKFHLAEDWPRAVGKPERAFF~NVGSPSPVFV
AmoB Nitrosoc. oceani ~~~~~~~~MKGTHITNRARKWLAIGFTAVIASSVFYIPTVAAHGEKAQAAFLRMRTIHWYDMVWSKDTIAVNETYTISGKFRVFEDWPEAVEKPHVSFL~NAGQPGPVTA
AmoB Nitrosoc.sp. C-113 ~~~~~MENMKGTHITNRAKKWLAIGFTAVIASSVFYIPTVAAHGEKAQAAFLRMRTIHWYDMVWSKDTIAVNETYTISGKFRVFEDWPEAVEVPHVSFL~NAGQPGPVTT
AmoB Nitrosp.sp.NpAV ~~~~~~~~~MNAKNLFKLGVIGLYGMATLALS~TLDISPAAAHGERSQEPFLRMRTIQWYDMKWGPDTTKVNDFATMTGKFHLAEDWPRAVGKPGRAFF~NVGSPSPVFV
PmoB Methylos. trich. ~~MKALERMAELATGRVGKLLGLSVAAAVAATAA~SVAPAEAHGEKSQQAFLRMRTLNWYDVKWSKTSLNVNESMVLSGKVHVFSAWPQAVANPKSSFL~NAGEPGPVLV
PmoB Methyloc.caps.Bath ~~~~~~~~~MKTIKDRIAKWSAIGLLSAVAATA~FYAPSASAHGEKSQAAFMRMRTIHWYDLSWSKEKVKINETVEIKGKFHVFEGWPETVDEPDVAFL~NVGMPGPVFI
PmoB Methylocys.sp.M ~~~~~~~~~~~~~MKKLVKLAAFGAAAAVAATLG~AIAPASAHGEKSQQAFLRMRTLNWYDVQWSKTTVNVNEEMILSGKVHVFSAWPQAVANPRVSFL~NAGEPGPVLV
PmoB Methylocys.sp.SC2 ~~~~~~~~~~~~~~MKKFVKLAAIGAAAAVAATLGAVAPASAHGEKSQQAFLRMRTLNWYDVQWSKTTVNVNEEMVLSGKIHVFSAWPQAVANPRVSFL~NAGEPGPVLV
PmoB Methylocys.sp.SC2 MKSLNLHSMAKCATARVVRLWILGLAVAGALTTLPAATPAAAHGERSQQAFLRMRTLNWYDVKWSKTELNVNDEMELTGKVHVFSGWPQAVARPGESFL~NVGEPGPVLI
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54d9 RDPPGNIFDIPPQGTIPYSITAKALEPGV~~~~~~~YHVHTQLNVEHVGPGLGPGQTIQVSGPAILKAVPWGNVAYQVI~LIGAGLGVTFATR~PWQVI          
Sargasso Sea RDPPGNVFDIPGNDVVDYEISARALEPGV~~~~~~~YHVHTQLNIEHVGPGLGPGQTVVVEGEPILKPIPYTNIAYQSI~IIAVGYVITFATR~PWQVI          
AmoB Nitr.eur.ATCC19718 RLSTKINGHPWFISGPLQIGRDYEFEVNLRARIPGRHHMHAMLNVKDAGPIAGPGAWMNITGSWDDFTNPLKLLTGETIDSETFNLSNGIFWHVVWMSIGIFWIGVFTA
AmoB Nitr.sp. ENI-11 RLSTKINGHPWFISGPLQIGRDYEFEVNLRARIPGRHHMHAMLNVKDAGPIAGPGAWMNITGSWDDFTNPLKLLTGETVDSETFNLSNGIFWHVVWMSIGIFWIGVFTI
AmoB Nitr.cryo. RLSTKLNGEPTFIAGPLVIGRDYEFEVKLKARIPGRHHMHAMVNVKDAGPIAGPASWMNITGSWDDFTNPIKTLTGKTIDTETFNHGNGVFWHALWMGLGVFWIGYFVA
AmoB Nitrosoc. oceani RLTSYVNGMFVPRSIGLELGGDYDFEMTMQGRRPGTWHVHTLLNVQGGGPLIGPGKYITITGDMADFENKITDLTGNTVNLETMATGTVIGWHLSWYVLGIAWIGWWAR
AmoB Nitrosoc.sp. C-113 RLTSYINGMFVPRSIGLELGGDYEFEMTMQGRRPGTWHVHTLLNVQGGGPLIGPGKYITITGDMADFENKVTDLTGNTVNLETMATGTVIGWHLFWYVLGIAWIVWWAR
AmoB Nitrosp.sp.NpAV RLSTKLNGEPTYISGPLEIGRDYAFEVKLKARIPGRHHMHAMVNIKDAGPIAGPAAWMNITGSWDDFTNPVKLLTGETIDTETFNFNNGIFWHLLWLGLGCFWIGYYVA
PmoB Methylos. trich. RTAQFIGEQFAPRSVSLEVGKDYAFSIDLKARRAGRWHVHAQINVEGGGPIIGPGQWIEIKGDMADFKDPVTLLDGTTVDLETYGIDRIYAWHFPWMIAAAAWILYWFF
PmoB Methyloc.caps.Bath RKESYIGGQLVPRSVRLEIGKTYDFRVVLKARRPGDWHVHTMMNVQGGGPIIGPGKWITVEGSMSEFRNPVTTLTGQTVDLENYNEGNTYFWHAFWFAIGVAWIGYWSR
PmoB Methylocys.sp.M RTAQFIGEQFAPRSVSLEIGKDYAFSINLRGRRAGRWHVHAQINVEGGGPIIGPGQWIEIKGDMKDFTDPVTLLDGSTVDLENYGISRIYAWHLPWLAVGAAWILFWFI
PmoB Methylocys.sp.SC2 RTAQFIGEQFAPRSVSLVPGNDYAFSINLRGRRAGRWHVHAQINVEGGGPIIGPGQWIEIKGDMKDFTDPVTLLDGSTVDLETYGISRVYAWHLPWLAVGAAWILFWFV
PmoB Methylocys.sp.SC2 RKSAFVGEVPVPRTFSMDVGNDYEYKIVLKARRQGRYHVHVQINVKDGGPIVGPGQWITIKGDMKDFTNPVTLLEGSTIDLETYGITWTYIYHFFWMAAAAAWILYWFM

purB Clch chp cbp tfb porAG porBnirK AB
amo

Soil fosmid 54d9
Treusch et al. 2005

23S16S

Discovery of Ammonia monooxygenase in Archaea and Bacteria

rRNA

His33 His72

His137 His139
Arrows point to amino acids predicted in metal
coordination in Pmo of Methylococcus capsulatus Bath Treusch et al. 2005
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pristine agricultural

53 14 1.5 2.5 2.3 5.4 2.8 232 78 149 70 93

Leininger et al., 2006

AOA Outnumber AOB in Soils

21

Nitrososphaera viennensis

Tourna et al. (2011) and Stieglmeier et al. (2014).

Stieglmeier et al. (2014)

1 μm

1 μm 0.1 μm

NH4
+ NO2

-

Nitrososphaera viennensis
(2 mM oxidized ammonia)

22
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Nitrososphaera viennensis

Nitrosocaldus cavascurensis Nitrosocosmicus arcticus

Nitrosocosmicus epidermidis Nitrosopumilus adriaticus

Abby et al., 2016
Isolated by Michael Melcher.

Stieglmeier et al,. 2014

Isolated by Max Dreer (in preparation)

Isolated by Ülkü Perier (in preparation)

Nitrosopumilus piranensis

Bayer et al., 2016

AOA Isolated in Vienna

23

Ammonia Oxidation in the Two Domains of Life

AMO
(6 subunits) 

? ?NH3 NH2OH ?

AOA
NO2

-

HAOAMO
(3 subunits) ?NH3 NH2OH NO

AOB/Comammox
NO2

-

24
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Jung et al. 2021, ISME

1. Niche differentiation: Most AOA lineages have a higher affinity for NH3 than AOB

Implication: Niche 
differentiation

25

2. Niche differentiation: AOA are active at low pH – i.e. in acidic agricultural soils
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3. Niche differentiation: Archaea are more active at higher temperatures

27

Stieglmeier et al. ISME J. 2016

4. AOB produce N2O under oxygen depletion

N.viennensis

28
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Solution  to Nr losses in agriculture:    Inhibit Nitrification

NH4
+ NO2

-

Ammonia Oxidizers

NH4
+ NO2

-

Ammonia Oxidizers

Fertilizer + 
Nitrification 
Inhibitor (NI)

Fertilizer

29

NH4
+ NO2

-

Ammonia Oxidizers

NH4
+ NO2

-

Ammonia Oxidizers

Fertilizer + 
Nitrification 
Inhibitor (NI)

Fertilizer
3,4-dimethylpyrazole phosphate (DMPP)
*In use since ~2000.

Synthetic Nitrification Inhibitor (SNI)

Slows down nitrification, less 
nitrogen lost, more nitrogen for 
plants, less fertilizer needed.

Solution  to Nr losses in agriculture:    Inhibit Nitrification

30
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Front.Microb. 2020

Nitrapyrin Ethoxyquin 3,4-dimethylpyrazole 
phosphate

dicyandiamide

Archaea vs. Bacteria: Different sensitivities to nitrification inhibitors

AOB

AOA

NOB

Nitrapyrin (NP)
Ethoxyquin (EQ)
3,4-dimethylpyrazole-phosphate (DMPP)
dicyandiamide (DCD) 

EC50 in μM

31

What is an ideal nitrification inhibitor ?

- Inhibits both AOA and AOB

- No ‘off target‘ effects

32
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Phylogenetic placement of the AMO within the CuMMO superfamily, (A + B subunit)

Archaea Bacteria

Alves et al. Nature Comm. 2018

The AMO of Archaea is very distantly related to the bacterial AMO and pMMO

33

Phylogenetic placement of the AMO within the CuMMO superfamily, (A + B subunit)

Archaea Bacteria

Alves et al. Nature Comm. 2018

1. The AMO of Archaea is very distantly related to the bacterial AMO and pPMO

34
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A B

C D

E F

The composition of the archaeal AMO complex is different from bacterial enzymes

Hodgskiss et al. , ISME J 2023

35

What is an ideal nitrification inhibitor ?

- Inhibits both AOA and AOB

- No ‘off target‘ effects

- Known mode of action

- High performance in different soils

- Short halflife / high biodegradability

- Cheap enough

- Even better: produced by the crop itself

36
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Pearl millet 
(Pennisetum glaucum)

Ghatak et al., 2022
Otaka et al., 2022

Modified from Coskun et al., 2017

?

9

Biological Nitrification Inhibitors

37

Env. Microb. 2023

N. europaea            Nitrobacter          N. multiformis N. sinensis      N. franklandianus

Archaea (AOA)Bacteria (AOB, NOB)

Archaea vs. Bacteria: differential sensitivities to BNIs
EC50 in μM

38
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Pearl millet 
(Pennisetum glaucum)

Ghatak et al., 2022
Otaka et al., 2022

Modified from Coskun et al., 2017

?

?

9

Few BNIs and Unknown Mode of Action

39

BNI: biological nitrification inhibitor

Can we find new inhibitors? 

40
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High throughput screening of root exudates from wheat varieties for BNI

Alexandros Kanellopoulos 
Hugo Ribeiro
Andrea Malits
Palak Chaturveda

41

A case study in BNI producing plants: BNI-enabled wheat

11

Lr#n= 3Nsb chrom.
(Leymus 
racemosus)

3B chrom.
(Triticum aestivum)

Lr#n-
SA=T3BL.3NsbS

BNI-trait:

Ø Development of a wheat variety with 
nitrification inhibition capacity.

42
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0 kg 
N/ha

250 kg 
N/ha

250 kg N/ha
+DCD

Split-plot design

Experimental design for the BNI-wheat field experiment

March 19th May 27th
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Wheat growth

Relative abundance of ammonia oxidizing archaea

…does not change
dramatically….

44
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Summary

- Inhibits both AOA and AOB

- No ‘off target‘ effects

- Known mode of action

- High performance in different soils

- Short halflife / high biodegradability

- Cheap enough

- Even better: produced by the crop itself

What is an ideal nitrification inhibitor ?

45

BNI consortium Vienna and Collaborators  

HORIZON-WIDERA-2021-ACCESS-03
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