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Many very useful (anaerobic) microbes 

– Wastewater treatment 

– Oxygen production 

– Nitrogen fixation 

– Fermentation 

– Food digestion/Vitamins 

– Drugs and Antibiotics 

– Degradation of xenobiotics 

 

Very few pathogens 

 

 

How much do we know about  
the microbes on our planet? 
 

www.anaerobic-microbiology.eu 

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 

 

Terra incognita New anaerobes for 

Health, 

Environment & 

Biobased economy 

*RDP Release 11, Update 4 :: May 26, 2015 
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Microbial Metabolic Diversity 

CH4 

O2 
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The Quest for the “impossible” anaerobic microbes 
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After 40 years of searching in vain  
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Raghoebarsing et al (2006) 
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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 

 

www.anaerobic-microbiology.eu 

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  

http://www.ru.nl/microbiology/vacancies
http://www.ru.nl/masters/microbiology
http://www.anaerobic-microbiology.eu/vacancies
http://www.anaerobic-microbiology.eu/vacancies
http://www.anaerobic-microbiology.eu/vacancies
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Pre requisite 3 State-of-the-art methods 

 

Bioreactors, Bioreactors, Bioreactors,  

Bioreactors, Bioreactors, and more Bioreactors 

 

Metagenomics, Microscopy, new experiments 
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Calculations in the N cycle 

NH4
+ + NO2

-  N2 + 2H2O     ΔG’0 = -358 kJ/mol 

 

Engelbert Broda 1910-1983 

www.anaerobic-microbiology.eu 

Anaerobic pilot plant, TU Delft, the Netherlands 

Influent 

Effluent 

Mulder , van de Graaf  et al FEMS Ecology 1995 

 Mulder et al (1995) FEMS  Microbiology Ecology 
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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 

 

      

 
Jettenia asiatica 

Jettenia caeni 

Jettenia moscovienisis 

© Jetten et al 2009 

www.anaerobic-microbiology.eu 
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Anammox in the Ocean’s oxygen minimum zones 

 

17 

ANAMMOX MILESTONES 
 

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 

 

 

OMZs: 50% N loss 

www.anaerobic-microbiology.eu 
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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 
    Kartal et al Nature 

2013 CHINESE WETLANDS 
   Zhu et al Nature Geoscience 

2014 ANAMMOXOSOME ISOLATION 
   Neumann et al Mol Micr  

2015 PEPTIDOGLYCAN DETECTED 
   van Teeseling et al  Ncomm 

         PROTEIN STRUCTURES 
   Dietl et al Nature 

2016 FULL SCALE METAGENOME  

   Speth et al Ncomm 
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3-step anammox pathway 

2H+ 

N2H4 HZS 

NH4
+ 

2H+ 

HDH N2 

4H+ 

1e
 

3e
 

4e
 

NO2
- 

nir NO 

Nir = nirS in Scalindua 

Nir = nirK in Jettenia 

Nir = ? in Brocadia 
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How does ANAMMOX make the rocket fuel hydrazine?  

 Protein purification 
Hydrazine synthase 

15N14N

Protein activity 
Hydrazine and N2 production 

Crystalisation 
(hzsABC)2 

Immunogold labelling hzsA 

Expression of hzsABC 

 Kartal  et al (2011) Nature; Dietl et al (2016) Nature  www.anaerobic-microbiology.eu 
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From discovery to application

PROOF OF 

CONCEPT

HYPOTHESIS
ANAMMOX 

BACTERIA DO EXIST
1995 DISCOVERY
WWTP & Ocean

1996 PATENT
APPLICATION

1998 LICENSE 
AGREEMENT

2002 FULL SCALE 
IMPLEMENTATION 

2006 EXPORT TO 
CHINA

From Discovery to Application 

www.anaerobic-microbiology.eu 

  

ERC PoC LTANITRO 2011-2012 

ANAMMOX APPLICATION 

Added Value  
NH4

+ + NO2
-  N2 + 2H2O  

Less oxygen demand  

No COD use  

Less biomass production  

No emission of CO2 and N2O 

 

Form energy use to  

 energy production 
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ANAMMOX APPLICATION 

Added Value  
NH4

+ + NO2
-  N2 + 2H2O  

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

Energy from -44 to +24 (Wh p-1 d-1)   

Savings NL 140 GWh =  

       -66 to + 33 Meuro a-1 

TABLE OF CONTENT 

 

Introduction anaerobic microbiology 

 

1. Anaerobic oxidation of ammonium (anammox) 

2.   Anaerobic oxidation of methane (AOM) 

3.   Combinations & home message 
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Funded by  

ERC AG 339880 EcoMoM 2014-2018 

ERC PoC Initiator 2016-2017 

STW 13146 N & CH4 removal 2014-2017 
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John Dalton (1766-1844) 

collecting marsh fire gas (methane) with 

youngsters near Manchester  

(The Manchester Murals Ford Madox Brown)  

Statue by Marc Ruygrok celebrating  

50 year of gas extraction in NL  

(Photo: Reinier Treur) 

www.anaerobic-microbiology.eu 

Importance of methane 

 

Green house gas                             Energy carrier 

Aerobic methane oxidation (1906) 

Nitrite dependent anaerobic oxidation of methane 

Nitrate dependent anaerobic oxidation of methane 

Quest for nitrite/nitrate/iron AOM 

www.anaerobic-microbiology.eu 

ERC AG 339880 EcoMoM 2014-2018 

ERC PoC Initiator 2016-2017 

Iron dependent anaerobic oxidation of methane 

CH4 + 8Fe(OH)3 + 7CO2   →   8 FeCO3 + 14H2O 

http://en.wikipedia.org/wiki/The_Manchester_Murals
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HIGH NO3
- due to agricultural run-off /ground water 

HIGH CH4 production in the sediment 

Twente 

kanaal Brunsummerheide 

Ooij 

polder 

Where do we find nitrate/nitrite-AOM? 

Vercelli Paddy Fields 

Bothnian Sea 

www.anaerobic-microbiology.eu 

Suitable counter gradient profiles of 

nitrate & methane 
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Nutrient profile 

Activity tests 
qPCR 
Stable isotopes 
Enrichment 
FISH 
Metagenome 
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Enrichment Culture CH4 & Nitrate 

  

Inoculum Paddy field soil 

Electron donor CH4 

Electron acceptor NaNO3 

Type Continuous SBR 

Time of operation 2 years 

Monitoring 

qPCR 

 batch experiments 

 nitrate, nitrite measurements 

Metagenome analysis 

www.anaerobic-microbiology.eu 

Annika Vaksmaa 

 Vaksmaa  et al (2016)  in prep 

Monitoring of enrichment culture for AOM archaea & bacteria 

AOM archaea 

AOM Bacteria 
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www.anaerobic-microbiology.eu  Vaksmaa  et al (2016)  in prep 

Time in high patience units 
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Consortium of Archaea  

& Bacteria? 

 

Raghoebarsing et al (2006) Nature; 

Bacteria 

Methylomirabilis  

NO dismutase? 

 

Physiology 

Genome 

Stable isotopes 

Archaea 

Methanoperedens  

Metagenome extrapolations 

 

+ Nitrate + Nitrite 

 

www.anaerobic-microbiology.eu 
Raghoebarsing et al (2006) Nature; Ettwig (2010) Nature; Haroon et al (2013) Nature 

Microbe_Journaal_14-04-2006.wmv
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Methylomirabilis oxyfera 

• Doubling time of 2 weeks 

• Ecophysiology Ks  & Yield? 

• Enrichment >80 %  M. oxyfera  

• Polygonal shape 

• Rubisco 

 

Courtesy of Gambelli 0,0
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Karin Stultiens 
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Genome of Methylomirabilis oxyfera 

2010 
pathway of (aerobic) methane oxidation 

Incomplete denitrification 

Putative NO dismutase 

www.anaerobic-microbiology.eu 
Ettwig (2010) Nature 
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Possible mechanisms of M. oxyfera 

Use of suicide substrates, inhibitors and 15N18O nitrite 

 

MMO 

enzyme 

C3H6 
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- NO 

15N18O2
- NO 

30N2
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Unknown 
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O2
 

O2
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O2
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formate 

37 Ettwig (2010) Nature 
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Methylomirabilis oxyfera putative NO dismutase   

2NO  N2 +O2 

15N18O experiments show:  Oxygen Production 
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New impossible anaerobes can be discovered 

 

• Hydrazine synthase in anammox 

• M oxyfera makes O2 from NO 

• Novel nitrate reducing AOM archaea 

• AOM present in many ecosystems 

• Combinations for application in WWTP 
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Day = 0 

Moxy193 = red 

Amx368= blue 

Day = 61 

Day = 106 

Anammox, Moxyfera, Methanoperedens and other new 

(an)aerobic microbes could save the world 

Thank you ! 

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 

www.anaerobic-microbiology.eu 

../../Downloads/MSM Jetten - Science Cafe Enschede.avi
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Materials not shown at melissa  
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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.  

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 

 

 

Anammox and M. oxyfera 
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Day = 0 

Moxy193 = red 

Amx368= blue 

Day = 61 

Moxy193 = red 

Amx368= blue 

Day = 106 

Moxy193 = red 

Amx368= blue 

Anammox and M. oxyfera 

www.anaerobic-microbiology.eu 

Sampling site: Bothnian Sea 

216 m water depth 

Matthias Egger & Caroline Slomp 

Olivia  
Rasigraf 
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Sediment biogeochemistry 

• iron-AOM 

CH4 + 8Fe(OH)3 + 7CO2 → 8 FeCO3 + 14H2O 
 

Olivia  
Rasigraf 

www.anaerobic-microbiology.eu 

13CH4 oxidation to 13CO2 coupled to Fe3+ reduction 
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13CH4 oxidation to 13CO2 coupled to Fe3+ reduction 

www.anaerobic-microbiology.eu 

More Evidence for iron AOM 

Growth of engineered Methanosarcina 
On Methane & 10 mM FeCl3 

Activity of AOM  
On Methane & 10 mM Fe-Citrate 
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• Less oxygen demand  

• No COD use  

• Less biomass production  

• No emission of CO2 and N2O 

IcoNIcoN

Improvement of N removal 
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• Less oxygen demand  

• No COD use  

• Less biomass production  

• No emission of CO2 and N2O 

IcoNIcoN

Improvement of N removal 

NH4-N 

100% 50% NO2-N 

50% NH4-N 5% NO3-N 

95% N2 

Sharon 

(Chemostat) 

Anammox 

(SBR) 

O2 

No Chemicals; No CO2 emission;  

Energy from -44 to +24 (Wh p-1 d-1)   

Savings NL 140 GWh = -66 to + 33 Meuro a-1 

SHARON & ANAMMOX 
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ANAMMOX APPLICATION 

Added Value  
NH4

+ + NO2
-  N2 + 2H2O  

Less oxygen demand  

No COD use  

Less biomass production  

No emission of CO2 and N2O 

ANAMMOX APPLICATION 

Added Value  
NH4

+ + NO2
-  N2 + 2H2O  

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

www.anaerobic-microbiology.eu 
Van Kessel  (2016)  EMIR 

ERC AG 2008 

anammox 

Funded by ERC AG 232937 ANAMMOX 2009-2013 

NH4
+ NO2

- N2
 

carp 

Pseudomonas 

Maartje van Kessel 
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Van Kessel  (2016)  EMIR 

ERC AG 2008 

anammox 

Maartje van Kessel 
 

carp 

N2
 

N2
 

N2
 

N2
 

www.anaerobic-microbiology.eu 
Van Kessel  (2016)  EMIR 

carp 

gills 
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N2 

NO2
- 

NO 

N2O 

denitrification  nitrification 

NH4
+ 

NH2OH 

NO3
- 

NirS/nirK 

NOR 

NarG 

napA 

N2OR 

nosZ 

HAO 

AMO 

Nxr 

(N)O2 

N2-fixation 

Nrf 

N2-ase 

nifH 

The nitrogen cycle & anammox 

Anammox 

Hzs/hdh/nxr 

www.anaerobic-microbiology.eu 

NrfA 

NITROGEN CYCLE  
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HOW DOES ANAMMOX GET NITRITE?  

NH4
+ + NO2

-  N2 + 2H2O  

COOPERATION WITH OTHER N-CYCLE MICROBES 

 
AOB      NH4

+ + O2
-     NO2      

AOA      NH4
+ + O2

-     NO2    

NOB      Competition? 

DENITRIFIERS    NO3 + ORG   NO2    

DNRA     NO3 + ORG   NO2 /NH4 

AOM-Archaea    NO3 + CH4     NO2  

 

Microbial interactions of ANAMMOX bacteria 

High NH4
+   

Low O2       AOB 
Sliekers et al 2002 

NO2
- 

Low NH4
+   

Low O2       AOA 
Yan et al 2012 

Low NO3
-   

Low O2 Nitrospira 
Van Kessel et al  
Nature 2015 

High S2- NO3
-   

No O2       DNRA 
Lam et al 2008 
Russ et al 2014 

Low NO3
-   

No O2  Denitrifiers 
Russ et al 2015 

High CH4  
No O2   
AAA/Moxyfera 
Luesken et al 2012 
Haroon et al 2013 

Anammox 

www.anaerobic-microbiology.eu 
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NH4
+  + 1.5 O2        NO2

-
         AOB/AOA 

NO2
-  + 0.5 O2        NO3

-
         NOB 

NH4
+  + 2 O2          NO3

-      ? 

 

Does a Complete ammonium oxidiser 

(comammox) exist? 
 

 

 

 

ERC AG 2008 

anammox www.anaerobic-microbiology.eu 

Funded by ERC AG 232937 ANAMMOX 2009-2013 

Inoculum: Biofilm from aquaculture biofilter 

Medium: Aquaculture water with 

low [NH4
+, NO2

-, NO3
-] < 0.5 mM 

No extra carbon source; No O2 supply 

 

Conditions for anammox & comammox 

After 1 year NH4
+ plus NO2

- consumption 

www.anaerobic-microbiology.eu 
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Fluorescence in situ hybridization 

of commamox & anammox  

Nitrospira is always present in flocs with anammox 

Stable coculture; cross feeding?  What does Nitrospira do? 

 

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

Januari 2012 November 2012 

www.anaerobic-microbiology.eu 

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 

www.anaerobic-microbiology.eu 
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Metagenome sequencing, assembly & coverage binning 

Two high quality Nitrospira genomes 

Nitrospira nitrificans        &          Nitrospira nitrosa 

 

www.anaerobic-microbiology.eu 

Nitrospira genomes do contain amoA & hao! 

 

 

 

 

 

 

 

 

 

Experimental validation 

with ATU = amo inhibitor 

with FISH MAR 

with specific AMO labeling 

Sebastian Luecker 

www.anaerobic-microbiology.eu 
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Excellent example of synergy & collaboration 

  

 

 

 

 

 

Comammox does exist = Nitrospira species 

unusual/novel amoA gene 

 

Future research: 

Isolation & defined co-cultures 

 

 

Environmental relevance & detection 

www.anaerobic-microbiology.eu 

Dimitra Sakoula 
 

Lianna Poghosyan 

Maartje van Kessel 
 

Sebastian Luecker  


