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OUR MICROBIAL PLANET

Think microbes are bad guys? Think again.

Many very useful (anaerobic) microbes
— Wastewater treatment
— Oxygen production
— Nitrogen fixation
— Fermentation
— Food digestion/Vitamins e
— Drugs and Antibiotics 3
— Degradation of xenobiotics

Very few pathogens How much do we know about
the microbes on our planet?
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Underexplored microbial diversity

40,000 strains in DMSZ & ATCC
3,224,600 16S rRNA genes in RDP*
10,000,000,000,000,000,000,000,000,000,000 Nonillion microbial cells on Earth
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Microbial Metabolic Diversity

Chemicals

<

Chemotrophy

Organic /

chemicals
(glucose, acetate, etc.)

\ Inorganic
chemicals

(Hp, H,S, Fe**, NH,* CH,

Chemoorganotrophs Chemolithotrophs Phototrophs
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The Quest for the “impossible” anaerobic microbes

ELECTRON DONORS
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. S0,?- -- After 40 years of searching in vain
They were being called
0, - “impossible” microbes
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The Quest for the “impossible” anaerobic microbes
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How to discover these “IMPOSSIBLE” microbes?

 Survey of selected ecosystems

Bring the best samples to lab

 Design optimal bioreactors

Enrichment under optimal conditions

» Grow enough cells

Use of the molecular toolbox to unravel
their secrets

Back to the ecosystem
* Application of the new microbes
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Pre requisite 1
Excellently educated & enthusiastic team members

o
www.ru.nl/microbiology/vacancies
www.ru.nl/masters/microbiology
www.anaerobic-microbiology.eu/scientists/jobs
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(Inter)national Collaboration & Funding

Soehngen Institute of Anaerobic Microbiology
www.anaerobic-microbiology.eu

OUR PEOPLE

THE SCIENTISTS IN THE SOEHNGEN INSTITUTE OF
ANAEROBICMICROBIOLOGY ARE TACKLING ONE OF
THE GREATEST CHALLENGES FACING OUR SOCIETY:

TOHELP BUILD A SUSTAINABLE ECONOMY ON NEW
ANAEROBIC MICRO-ORGANISMS

THE PEOPLE BEHIND SIAM. | >
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Pre requisite 3 State-of-the-art methods

Bioreactors, Bioreactors, Bioreactors,
Bioreactors, Bioreactors, and more Bioreactors

Gevangen door een

" modderbacterie

Metagenomics, Microscopy, new experiments

ion torrent
[

*xAOXO+x

llumina
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1. Anaerobic oxidation of ammonium (anammox)
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Calculations in the N cycle

[ Zeitachitt fir Allg. Mikeobiologio | v ] o [on | 44 |

(tsstvat £z Physikalische Chemic,
Universitit Wien)

Two kinds of lithotrophs missing in nature

Engelbert Broda 1910-1983 . Brona

(Bingegangen am 14. 9. 1976)
Two groups of lithotrophio bacteria, the existence of which may be expected on oraluua sy
and thermodynamical grounds, have not yot been detectod: (A) photosynthotic, anacrobic,
monia bccu:n analogous to colonred sulphuar bacteris, and (B) chemosynthotic bacteria uw.

CElu‘ Gclegmph Gxidize aramonia to mtsogen with O, of Rilcate s oxidant.

The versatility of the prokaryotes in their energy metabolism has long astonished
micmhiologius‘ The bacteria havo dovclopcd.proccucn. 1.6., enzymes, for the utili-
L Furope zation of a wide range indeed of exergonic reactions. Attention is now drawn to further
Honta processes in energy metabolism which on the basis of considerations on the evolution
ol the bioenergetic processes (Broba 1975a) may be expectod to have existed, or
to exist, bat wluc)x have not yet been l’ouml 'l‘wn kinds of “lithotrophic” bacteria
with such mech will now be predi hs are bacteria that use in-
organic reductsnts in their enorgy meushoh-m (Fnoumno'r and Sexpz 1960); all
autotrophs must be lithotrophs, though the reverse need not be true. The two bac-
toria here prodicted would generate dinitrogen (N,).

g bacteria mak: ino tri ATP, through oxidative phos-
phorylnuon conpled to the aerobic oxidation of in, » highly proocess,
Thus, in nitrification Nitrosomonas produces nitrite, and Nitrobacler makes mmno
The redox reactions are:

spy book names Engelbert Broda as KGB atomic spy in
Britain
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Anaerobic pilot plant, TU Delft, the Netherlands
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days
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TUDelft
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ANAMMOX MILESTONES

ANAEROBIC PILOT PLANT

Mulder et al FEMS 1995
SBR ENRICHMENT CULTURES

Strous et al AMB 1998
PHYLOGENETIC IDENTITY

Strous et al Nature 1999
LADDERANE LIPIDS

Damste et al Nature 2002
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ANAMMOX MILESTONES

ANAEROBIC PILOT PLANT

Mulder et al FEMS 1995
SBR ENRICHMENT CULTURES

Strous et al AMB 1998
PHYLOGENETIC IDENTITY

Strous et al Nature 1999
LADDERANE LIPIDS

Damste et al Nature 2002

Isgoerans Jettenia asiatica
Jettenia caeni
Jettenia moscovienisis

——o/ www.anaerobic-microbiology.eu
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5% sequence
difference

K.stuttgartiensis
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Anammox in the Ocean’s oxygen minimum zones

=

Metagenomic analysis of nitrogen and
methane cycling in the Arabian Sea
oxygen minimum zone

Massive nitrogen loss from the Benguela upwelling
system through anaerobic ammonium oxidation

aute Lavik*, Dagmar Woebken, Markus Schmid", Bernhard M. Fuchs®, Rudolf Amann*,

Marcel M. M. Kuypers'
3

Claudia Lake'”, Daan R.Speth'’, Martine A.R. Kox', Laura Villanueva’ and
Mike S.M. Jetten' "

@ Max-Planck-Institut @ : ‘o.z
P<r5) www.anaerobic-microbiology.eu fiir Marine Mikrobiologic v B f}
[(Sram | k
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ANAMMOX MILESTONES OMZs: 50% N loss

Black Sea Kuypers et al Nature 2003
Namibia OMZ Kuypers et al PNAS 2005
Peru OMZ Lam et al PNAS 2007; Stewart et al 2012

Arabian Sea ward et al Nature 2008; Jensen et al ISME J 2011; Villanueva et al
Frontiers Microbiology 2014; Lueke et al PeerJ 2016

——o/ www.anaerobic-microbiology.eu F }
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ANAMMOX MILESTONES

2006 GENOME ASSEMBLY

Strous et al Nature

2008 CELL BIOLOGY
Van Niftrik et al Mol Mic

2011 HYDRAZINE & NO METABOLISM ~ METER

Kartal et al Nature :&::::1(.‘::]‘.‘1‘1 mechanism of anaerobic ammonium

2013 CHINESE WETLANDS
Zhu et al Nature Geoscience
2014 ANAMMOXOSOME ISOLATION
Neumann et al Mol Micr LETTER

2015 PEPTIDOGLYCAN DETECTED s

The inner workings of the hydrazine synthase

van Teeseling et al Ncomm e e

PROTEIN STRUCTURES

Dietl et al Nature
2016 FULL SCALE METAGENOME

Speth et al Ncomm

l— R K=:<N
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3-step anammox pathway

NH,

NO, — nir —> NO — HzS —| N,H, |— HDH — N,

Nir = nirSin Scalindua
Nir = nirK in Jettenia
Nir =? in Brocadia

8-6-2016
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From Discovery to Application

SEW
1996 PATENT
APPLICATION

1998 LICENSE P{l-JBS
AGREEMENT

2002 FULL SCALE N
PROOF OF
IMPLEMENTATION concerr

2006 EXPORT TO
CHINA

.....

3
TUDelft
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ANAMMOX APPLICATION
Added Value

1995 DISCOVERY
WWTP & Ocean

ERC PoC LTANITRO 2011-2012

ENGINEERING

Sewage Treatment with Anammox

B.Kartal,' J. . Kuenen,” M. C. M. van Loosdrecht’

8-6-2016

HYPOTHESIS

ANAMMOX
BACTERIA DO EXIST

b (3] o Paques bv
PAQUES
« Postbus 52
= 8360 AB Bak
t 0514-608500
f 0514603342
Date + Balk, March 12° 2009 e info@paques.nl
To Editorial staff v paques.nl

Press release
Chinese food company chooses for sustainability and cost savings:

Paques builds world’s largest ANAMMOX® wastewater
plant for i isp in China

Paques Environmental Technology Shanghai, a sister company of Paques bv
in Balk, the Netherlands, has reached an agreement for the design and

g\w N

NH,* + NO,” & N, + 2H,0

Less oxygen demand
No COD use
Less biomass production

No emission of CO, and N,O

Form energy use to

energy production

fupelit PAQUES gt—tc\W/ stowa

12



8-6-2016

ANAMMOX APPLICATION .y ) +
Added Value NH,*+ NO, = N, + 2H,0

‘‘‘‘‘‘‘‘‘‘

Press release

Paques builds world’s largest ANAMMOX® wastewater
treatment plant for ammonium disposal in China

pany of Pa
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Energy from -44 to +24 (Wh p1d?)
Savings NL 140 GWh =
-66 to + 33 Meuro a! |

Meihua China 11 ton N/d
Rendac NL 15ton N/d

TABLE OF CONTENT

Anaerobic oxidation of methane (AOM)

Funded by

ERC AG 339880 EcoMoM 2014-2018
ERC PoC Initiator 2016-2017

STW 13146 N & CH4 removal 2014-2017

Ewspeen Ressarsn. Council

p
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Importance of methane

Green house gas

Energy carrier

John Dalton (1766-1844)
collecting marsh fire gas (methane) with
youngsters near Manchester

Statue by Marc Ruygrok celebrating
(The Manchester Murals Ford Madox Brown) 50 year of gas extraction in NL
(Photo: Reinier Treur)
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HET ONTSTAAN EN VERDWIINEN

Aerobic methane oxidation (1906) WATERSTOFN;EN METHAAN

CH4 + 2 02 R CO2 + 2 HZO Drd:rdzrj invlozd van het
ORGANISCHE LEVEN.

door

NICOLARS  LOUIS SOHNGEN,

Quest for nitrite/nitrate/iron AOM

A i
5 1o ol

> T
DELFT — J. VIS Jr. \¥/

106,

Nitrite dependent anaerobic oxidation of methane

3CH, + 8NO,” + 8H* — 3CO, + 4N, + 10H,0

Nitrate dependent anaerobic oxidation of methane

5CH, + 8NOy + 8H* — 5CO, + 4N, + 14H,0

Iron dependent anaerobic oxidation of methane

CH, + 8Fe(OH); + 7CO, — 8 FeCO, + 14H,0

——o/ www.anaerobic-microbiology.eu
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HIGH NO; due to agricultural run-off /ground water
HIGH CH, production in the sediment
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Suitable counter gradient profiles of
nitrate & methane

o =+-NO3-
©
-150 -B-NH4+
~#-CH4
Activity tests 200
qPCR concentration[umol/L]

Stable isotopes 250
Enrichment

FISH

Metagenome

Nutrient profile

——o/ www.anaerobic-microbiology.eu F ;?
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Monitoring

Inoculum Paddy field soil
Electron donor CH,
Electron acceptor NaNO,
Type Continuous SBR
Time of operation 2 years
gPCR

batch experiments
nitrate, nitrite measurements
Metagenome analysis

—=0/) www.anaerobic-microbiology.eu
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Monitoring of enrichment culture for AOM archaea & bacteria

16S rRNA copies in AU mi-1

om m B A 4,

——o/ www.anaerobic-microbiology.eu
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Vaksmaa et al (2016) in prep

=  AOM archaea

4 AOM Bacteria

Time in high patience units

Vaksmaa et al (2016) in prep

8-6-2016
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namre Vil 440(13 Aprl 2006 dek 10,1038 /matura0481T

LETTERS

A microbial consortium couples anaerobic methane

oxidation to denitrification

Ashna A. Raghoeba
Katharina F. Ettwig', W.
Huub J. M. Op den Cam

——o/ www.anaerobic-microbiology.eu

Raghoebarsing et al (2006) Nature;

+ Nitrate

Archaea
Methanoperedens
Metagenome extrapolations

nen', Alfons 1. P. Smolders®,
aap 5. Sinninghe Damsté’,

8-6-2016

N+S | Journaal

Consortium of

&

e
crres

}
‘jg &

+ Nitrite

Bacteria
Methylomirabilis
NO dismutase?

Physiology

¥
P
" Genome
S = Stable isotopes
—=o/ www.anaerobic-microbiology.eu . X F I
Raghoebarsing et al (2006) Nature; Ettwig (2010) Nature; Haroon et al (2013) Nature N
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Methylomirabilis oxyfera

iy ! o

'

e
0,5 -
— 04 4
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é 0,3
= 0,2 1 [ J
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‘S 0,1 4 <
_ P
Courtesy of Gambe En 0,0 _—'L
0 100 200

¢ Doubling time of 2 weeks

Time (min)
¢ Ecophysiology Ks & Yield?

e Enrichment >80 % M. oxyfera
¢ Polygonal shape

® Rubisco

= : bic-microbiology. )
www.anaerobic-microbiology.eu _’J_Lw i%f}

Genome of Methylomirabilis oxyfera

5NO, —*5N0—<

? 250,
3 CH,

CH,OH---» CO,

pathway of (aerobic) methane oxidation
2010 Incomplete denitrification
Putative NO dismutase

—o0/ www.anaerobic-microbiology.eu ) B }
Ettwig (2010) Nature W
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Possible mechanisms of M. oxyfera

Use of suicide substrates, inhibitors and 1°N8QO nitrite

Unknown Oz 02
enzyme
O, 0, O,

15N180, —PNO)C: ®N, 7 0,
/
15N180,” — NO 3602&
MMO —>

5

enzyme

formate a
C3H6

C;HgO

acetylene

Qe S . . .
@ www.anaerobic-microbiology.eu
[Sram |

Ettwig (2010) Nature

Methylomirabilis oxyfera putative NO dismutase

2NO = N, +0,
804 o e N
# nitrite & propylene .
Anitrite, propylene & acetylene e A
70 1 | nitrite & methane P ’
® nitrite, propylene & oxygen ., Nitrite-driven anaerobic methane
601 hd g xidati xygenic bacteri
£ o A e A . irn :
S ’
2 50 1 L’
2 .
° e
E a0 N
.
8 304 - i
@ A .
5 * 8,7
[e] 20 7
A ’
10 23
a¥ = a® .
e . ]
ot " [) e — . ,
0 60 120 180 240 300 360 420 480
time [min]

15N180 experiments show: Oxygen Production

——o/ www.anaerobic-microbiology.eu

Ettwig (2010) Nature
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New impossible anaerobes can be discovered

* Hydrazine synthase in anammox

* M oxyfera makes O, from NO

* Novel nitrate reducing AOM archaea

+ AOM present in many ecosystems

+ Combinations for application in WWTP

Day =0 Day =61
Moxy193 = red
Amx368= blue

——o/ www.anaerobic-microbiology.eu
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Anammox, Moxyfera, Methanoperedens and other new
(an)aerobic microbes could save the world

By Jeanna Bryner
Live Science
Unique bacteria hiding out in a witches’ brew of anoxic

water not only thrive in cold wetlands and oceans but
also chow down its ammonium and methane

Thank you !

‘erc (E) ‘erc
g —>0
SIAM
P IEY NJ/O
Ay~
- C\A/ NESSC rganisati
l enersnas s v sosnes e o epranas Organlsation P
www.anaerobic-microbiology.eu TUDelft ‘:i :E
A

e
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Anammox and M. oxyfera

M. oxyfera and anammox bacteria use the same
electron acceptor and live under similar
environmental conditions

It should be possible to enriched co-cultures in
the same bioreactor if nitrite, ammonium and
methane are sufficiently present.

European Research Counx

l Luesken, sanchez et al unpublished

Anammox and M. oxyfera

Use a stable M. oxyfera reactor
- check if anammox 16s rRNA
genes are still present
- start adding ammonium
- monitor
FISH, 16S rRNA, activity

& \ UNIVERSIDAD Simultaneous T\'i1|.it~{-Du|wc||«Ic|1l .—\l;):::.’\n»lviu Methane and
Urevamad 4L DE LOS ANDES Prisicn AT A Sanabria’

delValle A3/ L NEZUGELA Hub 1. M. Op

8-6-2016
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Day =61

Moxy193 = red

Amx368= blue

Day = 106
Moxy193 = red
Amx368= blue

Day =0
Moxy193 = red
Amx368= blue

European Research Councl

Simultaneous Nit ependent An ethane and

Oxidation P

Sampling site: Bothnian Sea
: = j Wf i ‘

Olivia
Rasigraf

216 m water depth

SEDIMENT TYPE D Sand

[l Becrocx [l Hao ciay
[ Hera votiom [ Mua

Matthias Egger & Caroline Slomp

/.?:‘ (T2 af of o ¢ Universiteit Utrecht
= www.anaerobic-microbiology.eu N €' =22 \' H i

8-6-2016
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Sediment biogeochemistry

r [“mol/l] . Olivia

Rasigraf
S0,* CH, IH,S Fe*
0 6000 0 6000 0 200 O 2000
I A | [ | N N P T |

€

Y

c .

a iron-AOM

[}

a)

CH, + 8Fe(OH), + 7CO, -> 8 FeCO, + 14H,0
— Universiteit Utrech

www.anaerobic-microbiology.eu |k‘I essc K N e ‘ §%’\e
CETheLR0S ARTH SYSTEM SCENCE CRNTHE N2

13CH, oxidation to 13CO, coupled to Fe3* reduction

5 B
4 B
=
o
£
3 3 A
—
~
o
& 2
-
| S T TR N g™ control
1] ..'...::.“:.,.,...I. -l._‘,. - Wil ]
0 T T T T T d
0 20 40 60 80 100 120
days
= Al [ af af ad
= — ne2SSC )
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13CH, oxidation to 13CO, coupled to Fe3* reduction

5 -
p— 4 1
©
€
237
o * only 13CH,
rsi-, 2 > ot
- R N pd
5. R, “®  control
1 -
0 T T T T T 1
0 20 40 60 80 100 120
days
- NEeSSC &,
——o/ Www.anaerobic-microbiology.eu NETHERL 8505 EANTH SYSTEM SCIENCE GENTRE H 3
ol
13CH, oxidation to 13CO, coupled to Fe3* reduction
6 -
A
5 4 13CH, & Fe?*
.A"
— 47 !
© AE
£ &
‘5 3 d 4 '...
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S, | only 3CH,
(2]
-
control
1 .
0 T T T T T 1
0 20 40 60 80 100 120
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13CH, oxidation to 13CO, coupled to Fe3* reduction

6 -
Fe3*injection A 5 3
5 - . CH, & Fe
"_,..x

— 4 T .

©

£

ERR "

g & s

o] e only 13CH,

s} 2 1 A_.~‘ e .. P posl

Lol
E@'H“"WE"JN o g control
fencelecknology

Iron-Mediated A bic Oxidation of Methane in Brackish Coastal
Sediments
Matthias Egger,*" Olivia Rasigraf;’ Célia J. Sapart, ! Tom Jilbert, Mike S. M. Jetten,*
Thomas Rickmann,® Carina van der Veen, Narcisa Binds,’ Boran Kartal,#* Katharina F. Ettwig,’ 80 100 120

and Caroline P. Slomp”
"Department of Earth Sciences - Geochemistry, Faculty of Geosciences, Utrecht University, Budapestlaan 4, 3584 CD Utrecht, The
Netherlands

*Department of Microbiology, Institute for Water and Wetland Research, Faculty of Science, Radboud University Nijmegen,
Heyendailseweg 135, 6525 AJ Nijmegen, The Netherlands

SInstitute for Marine and Atmospheric Research Utrecht (IMAU), Utrecht University, Princetonplein 5, 3584 CC Utrecht, The
Netherlands

"Laboratoire de Glaciologie, Université Libre de Bruxelles, S0 Avenue F. D. Roosevelt, B-1050 Bruxelles, Belgium
#Department of Biochemistry and Microbiology, Laboratory of Microbiology, Ghent University, K. L 35,9000 Gent,
Belgium

More Evidence for iron AOM

Microbial Cel

Fagtore MICROBIAL PHYSIOLOGY

Artificial electron acceptors decouple

Reversing methanogenesis to capture o= archaeal methane oxidation from
methaneu for qu‘uid‘ bfiofuel precursors sulfate reduction
Sthan Schellr,” ¥ an L. Chadwids, Shavwn E. McGlyan, | V
Time (day} B

b =75 “® sulfate

snier * Mcr3 é % Fe-citrate (10 mM)

5 “® Fe-itrate (5 mM)
£ o e “O-Fe-citrate (2 mM)
2 3 s %-Fe-EDTA (1.6 mM)
k &
E ENTS g
= 3
€ 5
% 26104 Empty H 25
3 H
o
o
o
o 0 1 2 3 4 5
n 7 8 3 time (days)

Growth of engineered Methanosarcina Activity of AOM

On Methane & 10 mM FeCl; On Methane & 10 mM Fe-Citrate

——o/ www.anaerobic-microbiology.eu
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35 Improvement of N removal

H * Less oxygen demand
E * No COD use

« Less biomass production

» No emission of CO, and N,O

7 MAY 2010 VOL 328 SCIENCE www.sciencemag.org

stowa ey

* X x

* *

* IcoN * (;
AR TU Delft Radboud Universiteit Nijmegen {%7
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Improvement of N removal

* Less oxygen demand
* No COD use

| R s L LY NI

ENGINEERING
Wastewater treatment including high rate

Sewa g e Treatment with An ammox anammox processes have the potential

to become energy-neutral or even

energy-producing.
B.Kartal,' J. G. Kuenen M. . M. van Loosdrecht’ e e

7MAY 2010 VOL 328 SCIENCE www.sciencemag.org
stowa Zewy
* X x

. IcoN ) 4
A TUDelft Radboud Universiteit Nijmegen {7

SHARON & ANAMMOX

95% N,

NH,-N 5% NO;-N

100%

50% NH,-N
50% NO,-N

Sharon ’ Anammox
(Chemostat) (SBR)

No Chemicals; No CO, emission;
Energy from -44 to +24 (Wh p1 d?)
Savings NL 140 GWh = -66 to + 33 Meuro a'!

28
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ANAMMOX APPLICATION .y ) +
Added Value NH,*+ NO, = N, + 2H,0

NRC#HANDELSBLAD

Tomatensoep zuivert water
[

Less oxygen demand

No COD use
Less biomass production

No emission of CO, and N,O

ENGINEERING

Sewage Treatment with Anammox

B.Kartal,' J. G. Kuenen, M. C. M. van Loosdrecht’

.
TUDelft

energy-producing.

ANAMMOX APPLICATION .y . +
e NH,* + NO, = N, + 2H,0

) e Paques bv
I S T. de Boerstraat 24
AL Postbus 52

8560 AB Balk

t 0514-608500
f 0514-603342
Date : Balk, March 12 2009 e info@paques.ni
To + Editorial staff i www.paques.nl

Press release
Chinese food company chooses for sustainability and cost savings:

Pagques builds world’s largest ANAMMOX® wastewater
plant for ium disposal in China

Paques il i, a sister company of Paques bv
in Balk, the Netherlands, has reached an agreement for the design and

W -

Meihua China 11 ton N/d
Rendac NL 15ton N/d

igh rate 2
TUDelft

ENGINEERING

Sewage Treatment with Anammox

B.Kartal,' J. G. Kuenen,* M. C. M. van Loosdrecht*
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surprise symbionts

environmental
microbiology reports

Environmental Microbiology Reports (2016) 00(00), 00-00

doi:10.1111/1758-2229.12407

Maartje van Kessel

Branchial nitrogen cycle symbionts can remove
ammonia in fish gills

Pseudomonas

7

Funded by ERC AG 232937 ANAMMOX 2009-2013

Ewrapaan Ressarch Cauncil

OKE, ERC AG 2008
—o0/ www.anaerobic-microbiology.eu anammox

Van Kessel (2016) EMIR

8-6-2016
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environmental
microbiology reports

Environmental Microbiology Reports (2016) 00(00), 00-00 0i:10.1111/1758-2229.12407

Branchial nitrogen cycle symbionts can remove
ammonia in fish gills

Maartje van Kessel

control/air o o =

"N, -0, “© @
(L

"NH, - 0, ( z) 9 (@

& p o
"NO, +0, co © @

© ©

=

"NH, +0,

0 01 0.2 0.3 0.4 0.5 0.6 0.7
Ratio “N*N vs [“N“N +“N"N +"N°N]

Fig. 1. Nitrogen gas production by dissected gills of common carp.
Dissected gills were incubated for 90 min with '>N-labelled ammo-

nium or nitrite in the presence or absence of oxygen. Production of
labelled nitrogen gas is shown by an increase in the ratio of *°N to

total nitrogen gas. Values are the mean = SD (n = 6).

Ewspaan Researsh Cauncil

QKE. ERC AG 2008
——9/) Wwww.anaerobic-microbiology.eu anammox

Van Kessel (2016) EMIR

Nitrogen cycle microorganisms in fish gills 3

Fig. 2. (FISH) on the gl of common carp (A. B, C.) A FISH using
eubmix (Eub I, II, Ill, labelled with qa) targeting all bacteria. B FISH targeting beta-proteobacteria (betd2a + competitor, labelled wi

FLUOS). C. FISH targeting beta-protecbacterial ammonia-oxidizing bacteria (NSO1225, labelled with CyS). The bacterial dlusters are b:lgmad
by the probes. Many bacteria within the dusters are ammonia-oxidizing bacteria. Scale bar represents 10 um. Transmission electron micros-
copy on gills of common carp (D., E., F.). D. Clusters of bacteria are found close to blood vessels within the carp gill. E. Bacteria reside in host
cells. . Magnification of the bacterial cells in the carp gills. Scale bars represent 5 um, 5 um and 500 nm for panels D, E, and F, respectively.

——o/ www.anaerobic-microbiology.eu F
Van Kessel (2016) EMIR W

8-6-2016
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NITROGEN CYCLE

// N, N,-fixation
N,OR N,-ase

nifH

NZO nosZ N H4+

Anammox
Hzs/hdh/nxr

NOR

NO ¥

denitrification W
NO,

- napA

=y www.anaerobic-microbiology.eu N 03 F ]
STAM e
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HOW DOES ANAMMOX GET NITRITE?
NH,* + NO,” & N, + 2H,0

COOPERATION WITH OTHER N-CYCLE MICROBES

AOB NH,* + O, = NO,
AOA NH,* + O, = NO,
NOB Competition?
DENITRIFIERS NO; + ORG = NO,
DNRA NO; + ORG = NO, /NH,
AOM-Archaea NO; + CH, =» NO,
= B A

Microbial interactions of ANAMMOX bacteria

High NH,* - High S* NO;
LowO, AOB NoO, DNRA
Sliekers et al 2002 Lam et al 2008
.. Russ et al 2014
Q o' ?
Ana mmox

.o . ,.o
Low NO;-

Low NH,* ..*’ '

Yan et al 2012

High CH,
No O,

AAA/Moxyfera
Luesken et al 2012
Haroon et al 2013

No O, Denitrifiers
LowO, AOA _ Russ et al 2015

Low NO;-

Low O, Nitrospira
Van Kessel et al
Nature 2015

o/ Www.anaerobic-microbiology.e

-

8-6-2016
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TRENDS in Microbiology Vol.14 No.5 May 2006 Fulltext provided by wiw.sciencedirect.com

ELSEVIER

Why is metabolic labour divided
in nitrification?

Engracia Costa', Julio Pérez" and Jan-Ulrich Kreft?

[
@
B
@
©

NH,* +150, = NO, AOB/AOA

Does a Complete ammonium oxidiser
(comammox) exist?

Funded by ERC AG 232937 ANAMMOX 2009-2013

Ewspaan Researsh Cauncil

DKE. ERC AG 2008
——9/) Wwww.anaerobic-microbiology.eu anammox

SIAM

LETTER

doi:10.1038/nature16459

Complete nitrification by a single microorganism

Maartje A. H. J. van Kessel', Daan R. Speth', Mads Albertsen?, Per H. Nielsen?, Huub J. M. Op den Camp!, Boran Kartal'?,
Mike S. M. Jetten' & Sebastian Liicker'

Inoculum: Biofilm from aquaculture biofilter
Medium: Aquaculture water with
low [NH,*, NO,, NO;] < 0.5 mM

No extra carbon source; No O, supply

=>» Conditions for anammox & comammox

=> After 1 year NH,* plus NO,  consumption

——o/ www.anaerobic-microbiology.eu F t
e
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Fluorescence in situ hybridization
of commamox & anammox

Januari 2012 November 2012

pink = anammox; green = Nitrospira; blue= all bacteria

Nitrospira is always present in flocs with anammox

Stable coculture; cross feeding? What does Nitrospira do?

www.anaerobic-microbiology.eu 5%%

STAM o

What does Nitrospira do in this culture?

Extract DNA

Sequence DNA by high trough put

Assemble contigs & bin genomes
\ Analysis of genomes

Design new experiments

ion torrent
bxAOXDO+% ||um|na

e U oo

e S G S 2

% . 3 .

$

T

H o, G
= www.anaerobic-microbiology.eu %%%
e
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Metagenome sequencing, assembly & coverage binning

Two high quality Nitrospira genomes (((
Nitrospira nitrificans & Nitrospira nitrosa

AALBORG UNIVERSITY
DENMARK

a b
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——o/ www.anaerobic-microbiology.eu H 2

SIAM g

COMAT_10020- 1
COMA1_10070 - 98

COMA2_50158 - 85;
COMA2_50263 - 4

> 1000bp wm ammonia oxidation s hydroxylamine oxidation wm nirite oxidation s cytochrome ¢ biogenesis wm iron storage mm transport mm unknown function

Experimental validation
with ATU = amo inhibitor
with FISH MAR

with specific AMO labeling

——o/ www.anaerobic-microbiology.eu

SIAM

8-6-2016

36



8-6-2016

Excellent example of synergy & collaboration

(d &

D& )
LETTER ™= meummnam A

i DENMARK ARTICLE

Complete nitrification by Nitrospira
bacteria 2

Complete nitrification by a single microorganism

Comammox does exist = Nitrospira species
unusual/novel amoA gene
Future research:

Isolation & defined co-cultures

Environmental relevance & detection

[E’ o Lianna Poghosyan Sebastian Luecker K==}
——o/ www.anaerobic-microbiology.eu H 2
STAM KN
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