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What is wrong with the Nitrogen Cycle-
and how can we fix it ?
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and their viruses

Zillig et al. 1984, Prangishvili et al. 2005
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Archaea Biotechnikum
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Archaea @ Uni Wien
Extreme Environments/Viruses

e e

Methanogens

“methane production ’ Ammonia Oxidizing Archaea (AOA)
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Moissl-Eichinger et al., 2021

Biological nitrification inhibition - the consortium

/ v N
0 rchaea
Biology and Ecogenomics

JIRCAS

ust
.

ACTEC N

HORIZON-WIDERA-2021-ACCESS-03

8 CENTRALELYON

FOR THE PROTECTION OF THE ENVIRONMENT

[C3) UNIVERSITY OF

@ ALBERTA

E GRANTHAM FOUNDATION




23.05.25

Microorganisms turn the Nitrogen Cycle

Greenhouse gas
emission

Nitrogen xa

: Anammox - —
Organic sources Denitrification
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Schleper N&V
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Industrial Fixation of Atmospheric Nitrogen

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

N,+3H,> 2NH,
High temperature

High pressure
catalysis

1913: Carl Bosch develops the process to industrial size

bild 2guery=Bild+183-513651
Das Bundesarchiv Bild 183-S13651
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CREATION OF REACTIVE NITROGEN

N-FIXATION | N-FIXATION
OCEANS PLANTS COMBUSTION |  BURNING
% .
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NATURAL N, FIXATION HUMAN N, FIXATION

N, AS ARESULT OF POLLUTION

12,5%

TOTAL N; FIXATION

Erisman et al. 2015.
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Around 50% of the world’s population is fed by
Haber-Bosch nitrogen
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The green revolution:

Use of mineral fertilizer in India (1000 t)

Nitrogen Phosphate Potassium

Stickstoff Phosphat Kali
1960/61 212 53 29
1965/66 575 133 77
1970/71 1479 541 236
1975/76 2149 467 278
1980/81 3678 1214 624
1985/86 5661 2000 810
1990/91 7997 3221 1328
1995/96 9 823 2 898 1156
1999/2000 12 475 4906 1762

https://www.cfr.org/blog/india-needs-second-green-revolution
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https://www.cfr.org/blog/india-needs-second-green-revolution
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Nitrous oxide (N,0)

- 3 most important
greenhouse gas

- damages ozon layer

298 x more effective
than CO,

Responsible for 6.5%

of global warming
(global carbon project, 2020)

Nitrous Oxide : N,O

F-gases 2%

Methane
16%

Carbon Dioxide
(fossil fuel and industrial
processes)

65%

Carbon Dioxide
(forestry and other
land use)

11%

15

GLOBAL CARBON
PROJECT

2020 update on N,O

“Anthropogenic N>O Emissions: Total

1.2 7¢-~~_,__/\

0.8

10l A\ A

* anthropogenic emissions
responsible for the growth in
atmospheric N0, increased by
30% since 1980, dominated by

nitrogen fertilization in croplands.

* Therecentincrease in global N,O

_—North America

— Africa emissions exceeds the emission
trends of the least optimistic
-Europe scenarios developed by the

South America

Intergovernmental Panel on

0.6 ,\/J V\j\/ Climate Change (IPCC),
‘ « ~\ ’ \/ underscoring the urgent need to
0.4 SRE // _\/ Russia mitigate N,O emissions.
AN ) ;_ 1 /\/\ a \ \/
0.2 L=, XTI/ N/ \ ~——Oceania
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SPACE

REGIONAL

LOCAL

The Nitrogen Cascade

Stratospheric ozone depletion,
climate change,
carbon sequestration

*
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One Nitrogen atom
can have multiple
impacts on different
scales

Erisman et al. 2005

TIME Galloway et al. 2003
17
The problem:
Up to 70% of N-fertilizer ends up in the
Environment (not in the plant!)
Due to low NUE
gAa j (Nitrogen Use Efficiency)
A N,/ NH.'t%—»‘—”»N:oL:‘;;,
18
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Nltrlflcatlon CHEMOLITHOAUTOTROPHS

/ \

AOA/AOB W NOB
2 J

Commamox (Nitrospira)

~

ammonia oxidation \ Nitrite oxidation

NH; + O, + 2H* 2e- - NH,0H + H,0O
NH,0H + H,0 — NO, + 5H* + 4e-

NO, -+ HyO — NOj3 + 2H* + 2e-

NOB:

AOB: '
* Nitrobacter (Alphaprot.)

¢ Nitrosomonas (Betaprot.)

Bacteria ¢ Nitrosococcus (Gammaprot.) x{:rospina(D(ztaprot.) t)
* Nitrosospira (Betaprot.) {rocoFcus ammaprot.
* Nitrospira (Betaprot.)
N\
AOA:
Archaea

. .
Nitrososphaera SEM of AOB: Nitrosospira
* Nitrosocosmicus briensis, Nitrosospira

\ / multiformis, Nitrosovibrio

tenuis (Norton et al. 2008)
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Discovery of Ammonia monooxygenase in Archaea and Bacteria

amo
purB  nirK Clch chpcbptb B A POrAG  porB rRNA

rrrrrrrr -G D HrBHD &) B I (- CHIES T
Soil fosmid 54d9
Treusch et al. 2005

His33 His72

i I i . . EIRE | |
54d9 IKI ALFAT I. IA
Sargasso Sea L o 1 : A
AmoB Nitr.eur.ATCC19718 I SFF
AmoB Nitr.sp. ENI-11 I I E' I SEF
AmoB Nitr.cryo. MSIKNIFKLGII I
AmoB Nitrosoc. oceani I IGFTAVIASSVFYI IAUNETYTI
AmoB Nitrosoc.sp. C-113 I IGFTAVIASSVFYT Y
AmoB Nitrosp.sp.NpAV KLGVI A TLDT. v
PmoB Methylos. trich. ~~MKA
PmoB Methyloc.caps.Bath IKDRIAKWSAIGLL INETVET T
PmoB Methylocys.sp.M KLVKL ~AL I
PmoB Methylocys.sp.SC2 VKLAAT 1
PmoB Methylocys.sp.SC2  MKSLN. I LT
5449 RDPPGNIFDIPPQGTIPYSITAKA: TQVSEPAT: I~EIGAGL! T
Sargasso Sea T ISARA r TLKPIBYENIAYQSI~IIAVGYVITFAT cl
AmoB Nitr.eur.ATCC19718 RL WF I KLE IFWNHVVAMSIGIFWIGVETA
AmoB Nitr.sp. ENI-11 BL WFISGPE I i IFREVVAMSIGI FREGVETT
AmoB Nitr.cryo. B TAGPE I TNB: TGYEVA
AmoB Nitrosoc. oceani RLTSYVNGMF I IGWHLSWYVLET,
AmoB Nitrosoc.sp. C-113 RLTSYINGMFV] I GPGKYITI IGHHLFRYVLEIAWEVWRAR
AmoB Nitrosp.sp.NpAV L TYI§CPEE: EXART TKDAGPE. TNBVKLETGETT I FRELLREGL yva
PmoB Methylos. trich. RTAQF DRI PAMIAAARWILYWFF
PmoB Methyloc.caps.Bath RKE! ¥ 16
PmoB Methylocys.sp.M Rraor RI WLAVEARWELERET
PmoB Methylocys.sp.SC2  RTAQFI 1 1 I PRLAVEARWELEWFV
PmoB Methylocys.sp.SC2  RKSAFVGE! I 1 GPGOWITI TN DEETYGITWTYIYHF WILYWFM

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

20
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AOA Outnumber AOB in Soils
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Nitrososphaera viennensis

AOA Isolated in Vienna

Nitrosocosmicus epidermidis

Nitrosopumilus adriaticus

@25 __ i b
27 Armorium 1" er v N, ® NG, O Collabundance 5
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g | 3 g 2
8 \ l40e+7 T 2 0l 22
500 ¥ o g s
=4\ 120047 0] 3
— ‘\ _____ o
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Time (h) Time (d)
Stieglmeier et al,. 2014 Isolated by Ulkii Perier (in preparation)
Nitrosocaldus cavascurensis Nitrosocosmicus arcticus . . . .
A Nitrosopumilus piranensis =
A 800 01
1500071 po-m-e - a 0 5
- 750 —&-No; R ¥ NH' @ NO, O Cellabundance
E - : el axio° e . P
'n;llvomm— [ arch 168 RNA g z e E] 800 2
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Time (days)
Abby etal., 2016 Isolated by Max Dreer (in preparation) e
Isolated by Michael Melcher. Y prep: Bayeretal., 2016
A ia Oxidation in the Two D [ f Lif
Ammonia Oxidizers
Bacteria Archaea
First Step 3 subunit AMO 6 subunit AMO
Second Step HAO ?
Third Step? ? ?
Electron Carriers cytochrome ¢ (Fe) plastocyanin (Cu)
Quinones Ubiquione Menaquinone
Carbon Fixation 3-HP/4-HB CBB
Membrane Lipid bi-layer (gram neg.) S-layer
Lipids Fatty acids Isoprenoid lipids
Informational Machinery Bacterial Eukaryotic-like

NH,OH

(6 subunits)

AOB/Comammox

AMO

NH3 NH,OH

(3 subunits)

? NO,

NO NOy

24
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1. Niche differentiation: Most AOA lineages have a higher affinity for NH; than AOB
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a AOA AOA o8 . . . .
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Fig.2 Substrate-d d idation kinetics of . s

and S8. Note the different scales.

"'l".lvvl
(b) specific substrate affinity (a°) for NH3, (¢) Kim(app) for total ammonium, (d) a° for total ammonium, and (e) maximum oxidation rate (Vimay), of
AOA (red), comammox (blue), and AOB (black) are provided. Symbols filled with light gray represent previously published values from
reference studies (references provided in Materials and Methods). The four different gradations of red differentiate the four AOA phylogenetic
lineages: (1) Nitrosopumilales, (Il) ‘Ca. Nitrosotaleales; (Ill) Nitrososphaerales, and (IV) ‘Ca. Nitrosocaldales. Measurements were performed with
either pure (circles) or enrichment (diamonds) cultures. Multiple symbols per strain represent independent measurements performed in this
study and/or in the literature. The individual Michaelis-Menten plots for each AOM determined in this study are presented in Figs. S1, S3-5,

The (a) apparent substrate affinity (Kmapp) for NH;,

Jung et al. 2021, ISME

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

0.20 | Pendleton cropped 0.5 1 Pendleton noncropped
Niche differentiation : § | o208
E E 03
Temperature 3 A
F
i i
s s
H H
5 §
£ i
H H
g g
i ¥
) [ 10 20 30 w‘
Taylor et al., 2017. The ISME journal eceemu 00) REbe 20
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4. AOB produce N,O under oxygen depletion

Denitrification

N,O (pmol L culture)

Leaching

N,O (umol L™ culture)

20

05

I N.viennensis

Stiegimeier et al. ISME J. 2016

28
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Solution to Nrlosses in agriculture: Inhibit Nitrification
Fertilizer
NH," I NO
Ammonia Oxidizers
Fertilizer +
Nitrification
Inhibitor (NI)
N H4+ N 02_
Ammonia Oxidizers
29
Solution to Nrlosses in agriculture: Inhibit Nitrification
3,4-dimethylpyrazole phosphate (DMPP)
Fertilizer *In use since ~2000.
NH,* NO, N
4 2 H\N/ N\
Ammonia Oxidizers - . H3P04
Fertilizer + Synthetic Nitrification Inhibitor (SNI)
Nitrification
Inhibitor (NI)
N H4+ N 02- Slows down nitrification, less
nitrogen lost, more nitrogen for
Ammonia Oxidizers plants, less fertilizer needed.
30
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Archaea vs. Bacteria: Different sensitivities to nitrification inhibitors

ECsoin HM

NP EQ Ql DMPP EQNL DCD 105

10*

181.4 (¢23.3bB) | 199.8 (+10.8,0C) 5434 (:1115¢C) | 2219 (=29bA) |N. europaea 10°

AOB 2148 (:39.608) | 65.1 (:6.28) 3605 (+105.7,c8) | 2487 (7.4bcA) | N. multiformis 102

10

AOA 1778.7 (+4399bB) | 1295 (+258A) | 15685 (x237.1,0B) | Ca. N. franklandus | R

6.7 (+1.8,aA 359.5 (+43.1,0A) | 266 (:5.7aA) | 477.8(256.6cA) | Ca. N. sinensis
NOB | 1678(x41.2aB) | 166.7(+535aB) | 247.2(657,aD) [12581.3 (+1979.2bC)] 562 (385aC) | >100000* | Nitrobacter sp.

Nitrapyrin (NP)
Ethoxyquin (EQ)

3,4-dimethylpyrazole-phosphate (DMPP)

dicyandiamide (DCD)

Comparison of Novel and Established Nitrification Inhibitors

Relevant to Agriculture on Soil Ammonia- and Nitrite-

Oxidizing Isolates

Evangelia . Papadopoulou®’

Afroditi Katsaouni*

Eleftheria Bachtsevani®

st . Cécile Thion'

Eleni Lampronikou* Eleni Adamou®

Urania Menkissoglu-Spiroudi®

Front.Microb. 2020
31
What is an ideal nitrification inhibitor ?
- Inhibits both AOA and AOB
- No ‘off target’ effects
32
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The AMO of Archaea is very distantly related to the bacterial AMO and pMMO

Archaea Bacteria

pPMMO

HMO/BMO methane

ethane

propane pMMO

butane
hexadecane

pPMMO
ethylene

methane

[l Alphaproteobacteria (Proteobacteria) Ultrafast GD SH-aLRT
[C] Betaproteobacteria (Proteobacteria) bootstrap
ia ( i @:95%
[ Deltaproteobacteria (Proteobacteria) Q2z90%
[ Nitrospira (Nitrospirae) Oz85%

[ Methylacidiphilae (Verrucomicrobia)
[ Actinobacteria (Actinobacteria)

) L AMO
Candidate division NC10 ammonia
[ Nitrososphaeria (Thaumarchaeota)

HMO/EMO
ethane
ethylene “pYMO”

O 10 Sequences AMO

ammonia

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

Alves et al. Nature Comm. 2018
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1. The AMO of Archaea is very distantly related to the bacterial AMO and pPMO

Archaea Bacteria

HMO/BMO

ethane

propane pMMO

butane
hexadecane
ethylene

[ Alphaproteobacteria (Proteobacteria) Uttrafast (]D SH-aLRT
[C] Betaproteobacteria (Proteobacteria) bootstrap )
ia (| i @=95% ammonia
[ Deltaproteobacteria (Proteobacteria) ©290%
[ Nitrospira (Nitrospirae) Oz85%
[ Methylacidiphilae (Verrucomicrobia)

[ Actinobacteria (Actinobacteria)

Candidate division NC10 ammonia
[ Nitrososphaeria (Thaumarchaeota)

HMO/EMO
ethane
ethylene “pYMO”

O 10 Sequences AMO

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

Alves et al. Nature Comm. 2018

34
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The composition of the archaecal AMO complex is different from bacterial enzymes
A B

S 1.;
\ .

fu

- -
—

Non-AOA Thermoprotocta

e e i 25
e § e e 2

"2; s dem e o 43 3
[T
e S s o R
@‘“4—4—4——»;«:

NTAB | g e w0 )
Noha e u— e m—) | (2 Hodgskiss et al. , ISME J 2023
— = p—idm—im | I

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
\*’NH,I;‘"’ 5 ";"L,,h, - Cheap enough
N/
e - Even better: produced by the crop itself
36
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Biological Nitrification Inhibitors

\/

Sorghum Signalgrass Rice Wheat Maize Pearl millet
(Sorghum bicolor) (Brachiaria humidicola) (Oryza sativa) (Triticum aestivum) (Zea mays) (Pennisetum glaucum)
! ! ! v
Q oy Sorgoleone HO A~~~ OH 7] ?
1,9-Decanediol
H,CO N
o
)‘ Zeanone (1)
2 ‘ [ 2,7-Dimethoxy-
- 1,4-naphthoquinone ]
OH
HZCO
OH O Sakuranetin
[e)
7 ] O/
HOTT KPP AMO HAO NXR
NHy/NH,” ———> NH,OH ———> NO,” ——— > NO;y’
Modified from Coskun et al., 2017
Ghatak et al., 2022
Otaka et al., 2022 9
37
Archaea vs. Bacteria: differential sensitivities to BNIs
) ECso in LIM
= = T3 _ ’ 1e+05
1596.6 (+123.1,aA) > 3000 (**) =0 84.3 (x14,bB) >300 (**) Quinic acid
339.3 (+32.4,cB) 7.4 (£1.3,fC) 104 (+12.8,bcdC) 268.2 (+3.8,aB) 877.7 (+165.3,bA) | MHPP
> 5000 (**) 238.99 (£25.9,bcB) | 191.2 (+42,bcB) 334.9 (£21,aB) 1420.4 (x167.8,aA) | Shikimic acid 1e+04
777.5 (+49.9,bA) 71.9 (¢8.9,efB) 81.2 (+9.4,bcdB) 65.5 (+6.9,bB) 148.9 (#80.3,dB) | Chlorogenic acid
>500 (**) 377.7 (£19.8,aA) 407.3 (£63,aA) 237.4 (+44.8,aA) 460 (+86.1,cA) 1-Butyl-4-propyl-triazole 1e+03
> 500 (**) 290.6 (+35,abA) > 500 (**) 283.6 (£71.7,aA 284.8 (+46,cdA) | 1.4-Dibutyltriazole
> 46 (**) 24.0 (£4.7,fA) 4.5 (0.6,bB Zeanone 1e+02
203.3 (¥15.8,cA) SE(E) 140.2 (+12.8,bcdB) 19.5 (£6,eC Caffeic acid
> 218 (**) 27.8 (+2.2,1A) > 218 () 5.2 (£0.1,bB) 2.9 (20.3,eB) | 2-Methoxy-1.4-naphthoquinone 1e+01
> 250 155.7 (+20.6,cdeA) | 144.3 (x19,bcdA) =10 () <10 (%) Sakuranetin e
> 100 (**) >100 (**) > 100 (**) <5(*) 25.7 (#5.8,e) Simvastatin =
I 1e+00
N. europaea Nitrobacter N. multiformis N.sinensis  N. franklandianus
Bacteria (AOB, NOB) Archaea (AOA)
Assessing the activity of different plant-derived molecules and potential biological
nitrification inhibitors on a range of soil ammonia- and nitrite-oxidizing strains
Authors: Maria Kolovou, Dimitra Panagiotou, Lars SuBe, Olivier Loiseleur, Simon Williams, Dimitrios G. Karpouzas, Evangelia S. Papadopoulou
AUTHORS INFO & AFFILIATIONS Env. Microb. 2023
38
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Few BNIs and Unknown Mode of Action

\/

Sorghum Signalgrass Rice Wheat Maize
(Sorghum bicolor) (Brachiaria humidicola) (Oryza sativa) (Triticum aestivum) (Zea mays)
HO. OH i o
D ) o owe
19-Decanediol 5 O‘
\ g e .
\ ,-' e o .7
\ ; Lo Zeanone (1)
N \ , e [2,7-Dimethoxy-
. \ / L 1,4-naphthoquinone ]
OH S y / e i
weo o LV | ~ N s
OO | T A -
OH O Sakuranetin| T ’? &
_______ /
[e}
5
HO MHPP | AMO HAO NXR

” = =
NH,/NH,” ————> NH,0H ——> NO,, ———> NO,
Modified from Coskun et al., 2017

Ghatak et al., 2022

Otaka et al., 2022

Pearl millet
(Pennisetum glaucum)

39
Can we find new inhibitors?
N gas emissions
N input: : g
ferti:ilfer or Nzo iy NZO My
catch crop biomass A A "\
1
\ .
T
1
1
N,
BNIs : - N,0
BNIs o© g
A . ) 2 N - AR (‘%\‘\
Nt — ™ NHOH (= N0y =S e Ny e = 9 0%“
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BNI: biological nitrification inhibitor
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High throughput screening of root exudates from wheat varieties for BNI
Pl crsmpeave RE28 15.22 51.60 9.20 -3.84
o - RE9 3495 43.44 31.11 4.74
! - RE36  28.96 56.05 25.52 15.34
[ —— o s ciires. N s s el RE19 10.64 12.19 -0.42 -8.41
» nmmvw.muwmm Inpﬂ\hm\tgw uth phase. . RE35 6.67 16.85 13.60 3.70
RE6 18.93 10.99 14.42 5.29
2 RE22 13.95 11.30 9.37 312
g ClusterC RE2 19.07 23.70 32.32 475 .
S RE8 6.36 16.59 27.08 -13.70
i RE17— 12.70 071 7.19
s ClusterD RE11 27.88 11.35 8.68
bt e westigof s o RE12 52 39 22.83 17.35 0.29
viodoutecntfgation DO: RE44 27.73 9.01 -11.78 3.83 Wheat genotype origin
] 1 ] Cluster E RE30 35.39 21.88 15.59 14.67 M Austria
— RE40 26.50 15.64 4.39 16.26 M India
Cluster F RE34 24.72 10.48 16.71 5753 M
ClusterG RE3 33.88 18.11 3243 31.33 l
RE10 54.30 16.10 29.50 20.62
Clster! RE20 511 894 [7izsmm 773 M
Clust RE32 [es4gi 267 IS 528 |
Ca. N. franklandianus N. multiformis N. ureae N. viennensis g’
5
3
. 3
AOM strains °
Alexandros Kanellopoulos S
. . o
Hugo Ribeiro 3
Andrea Malits s
Palak Chaturveda
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BNI-trait: i . . n
Lri#n- i H PNAS  eseancunmmcie | achicutrunas sciences o oPEN Access
SA=T3BL.3NsbS --18--' R : 2 ;
Enlisting wild grass genes to combat nitrification
in wheat farming: A nature-based solution
Guntur V. Subbarao (¥) 221, Masahiro Kishii®!, Adrian Bozal-Leorri (3 <, Ivan Ortiz-Monasterio
b, Xiang Gao (9 2, Maria Itria Ibba®, Hannes Karwat () ©, M. B. Gonzalez-Moro, Carmen
Gonzalez-Murua®, Tadashi Yoshihashi ) 2, Satoshi Tobita (3 9, Victor kommerell (3 b, Hans-
Joachim Braun®, and Masa Iwanaga®
Lr#tn= 3Nsb chrom. 3B chrom.
(Leymus (Triticum aestivum)
racemosus)

» Development of a wheat variety with
nitrification inhibition capacity.
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Experimental design for the BNI-wheat field experiment

Split-plot design

March 19t May 27t
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Cor;tml

Okg 250 kg 250 kg N/ha
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Relative abundance of ammonia oxidizing archaea

Wheat growth
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Summary
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
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