


 

 

 

Microbial activities and interactions 

in anoxic methane-rich environments 

 

 

Dissertation 

zur Erlangung des Grades eines Doktors der Naturwissenschaften 

- Dr. rer. nat. - 

im Fachbereich Geowissenschaften der 

Universität Bremen 

 

 

 

Sina Schorn 

Bremen, Mai 2021 

 





Diese Arbeit wurde in der Zeit vom September 2017 bis Mai 2021 im Rahmen des Programms „The 

International Max Planck Research School of Marine Microbiology“ (MarMic) angefertigt. Die 

Ergebnisse dieser Arbeit wurden am Max-Planck-Institut für Marine Mikrobiologie in der Abteilung 

Biogeochemie erarbeitet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Autorin: Sina Schorn 

Universität Bremen 

Max-Planck-Institut für Marine Mikrobiologie 

 

Gutachter: Prof. Dr. Marcel M. M. Kuypers 

Universität Bremen 

Max-Planck-Institut für Marine Mikrobiologie 

 

Zweitgutachter: Prof. Dr. Ir. Mike S. M. Jetten 

Radboud Universiteit Nijmegen 

 

Prüfungskolloquium: 12.07.2021 



 

 

Table of contents 

 

Acknowledgements 1 

Summary 3 

Zusammenfassung 5 

Chapter 1 9 

General introduction 

Study sites 

Aims and outline 

 

Chapter 2 33 

Diverse methylotrophic methanogenic archaea cause high methane emissions from 
seagrass meadows  

Chapter 3 79 

Growth and activity of aerobic methanotrophic bacteria under anaerobic conditions  

Chapter 4 103 

Flow of methane-derived carbon through the microbial community in a stratified lake  

Chapter 5  121 

Anaerobic endosymbiont generates energy for ciliate host by denitrification  

Chapter 6 181 

Synthesis 

Discussion and outlook 
 

Appendix 199 

Author contributions 

Other publications   

Versicherung an Eides Statt  211 

  

 





 

 

Acknowledgements 
 

I would like to express my sincere gratitude to everyone who supported me over the past years. Of 

course, this includes the everyday work, but also the private side of things, which together made the 

time in Bremen very enjoyable. 

… Marcel Kuypers – I would like to thank you for the opportunity to do my PhD in your department, 

which not only gave me the chance to work in such a scientifically stimulating environment, but also to 

gain a lot of experience in many different fields. Thank you very much for your advice and for sharing 

your enthusiasm about science - and for pacing me through this PhD! 

… Jana Milucka – I am very grateful for the time you spent teaching me so much about 

biogeochemistry, methane microbes, and science in general, but also about the most important 

principles of field and lab work, for the times we spent together on cruises, field trips, conferences, and 

in the office, for the many discussions we had, for sending me around the world to do research, for your 

advice on how to deal with not so pleasant situations and generally sharing many experiences with me. 

This was very valuable for me and will surely help me a lot also on my further way. Thank you very 

much for this! 

… Mike Jetten – Thank you very much for reviewing my thesis. 

… Carsten Schubert – I want to thank you for your scientific input during my thesis committee meetings 

and for welcoming me so often at the Eawag (even on short notice), for the fun boat trips and for sharing 

that great vegan Bolognese recipe. 

… all former and current Biogeo members – I want to thank you all for your input after my talks, for 

always asking the right questions that make me think further, because all of you make the Biogeo such 

a scientifically inspiring place.  

… Gaute – Thank you for teaching me so much about (the magic of) stable isotopes and mass 

spectrometers and still always being patient with me looking through my loooong excel spreadsheets. 

… Manuel – Thank you very much for your participation in my committee meetings and for being such 

a nice collaborator. 

… Boran – Thanks for your scientific advice in committee meetings (and in the Biogeo tea kitchen), 

and for always having a funny line to share. 

… Tim Ferdelman – Thank you for the great experience I had on my first cruise led by you as a cruise 

leader and for generally sharing your knowledge about methane biogeochemistry with me. 

1



 

 

… Jon – I am very grateful that you were here from the beginning to the end of my PhD, for helping 

me a lot during the whole time and including me in the coolest project ever. As I am writing this, I am 

already getting sad because I realize that we will never ever go on field trips together again (by the way, 

I counted and it was 9 field trips with a total of 96 days). 

… Kathi – Thanks so much for your support throughout my time as a PhD student and particularly now 

on that last (very long and steep uphill going) mile. I think I wouldn’t have survived some of the field 

trips without having you getting up with me in the middle of the night to suffer in the lab ;) (I just read 

the acknowledgments in your thesis and realized that its about time we start doing sports again)! 

… my fellow Biogeo field trippers – Thanks for sharing the nice and the tough field trip experiences to 

everywhere around the world! 

… Kirsten, Gabi, Nadine, Daniela, Swantje, Mandy, Nina – I am very grateful for the time and patience 

you have invested over the past years to support me. This includes of course all the pre and post 

processing of field work but also teaching me new methods and always being really nice colleagues. 

… Sten and Abiel – Thanks for showing me how to measure samples on the nanoSIMS – and for your 

trust in letting me operate it on my own! 

… Jon, Kathi, Hannah, Soeren – I am very grateful to all four of you for supporting me during the last 

weeks - to finish my thesis, to find the right words and for visiting me in the library from time to time. 

… all former and current Biogeo PhD students – Abiel, Alexander, Clarissa, Farooq, Jan, Julia, 

Margarita, Niek, Miriam, Nadine, Paloma, Philipp – Thanks to you, conferences, field trips, and 

everyday life was much nicer!  

… Tom & Ralf – Thanks for the help in organizing field work even on short notice. 

… Ulrike – Thank you for all the help with organizing field trips and conferences. 

… Verena Carvalho – It was you who brought me to the MPI. I would like to thank you for that and for 

guiding me through my first steps in the life of a scientist. 

… Heribert Cypionka – Thank you for being a great teacher, for introducing me to the fascinating world 

of microbiology and of course for teaching me the essentials of a scientist's life - Hofstadter's law and 

'clarity over completeness'. 

… Hans-Peter Grossart – I would like to thank you for your always warm welcome and for the nice 

collaborations - no matter the topic. 

… and Danny Ionescu – Thank you for sharing the enthusiasm about a crazy bacterium! 

… Soeren – I thank you from the bottom of my heart for all your support, patience and that you believe 

in me. Also for always being understanding and bringing me back on the right track when I am again 

in doubt. I am very happy to have you by my side. 

2



 

 

Summary  

Methane is a key component of the aquatic carbon cycle and both methane production and consumption 

are largely controlled by microbial activity. Increasing eutrophication and climate feedbacks influence 

the activity of methane-producing and consuming microorganisms, ultimately leading to increased 

methane emissions from aquatic environments. Most methane is biogenic in origin and produced by a 

microbial process called methanogenesis, performed by a group of strictly anaerobic archaea. Microbial 

methane oxidation is the main biological sink for methane and is performed by either methane-oxidizing 

bacteria or archaea, so-called methanotrophs. Together, methanogenic and methanotrophic 

microorganisms control the processes of methane production and consumption in the environment, and 

thus the emissions of this potent greenhouse gas. However, many aspects of the ecophysiology and 

metabolic properties of methanogenic and methanotrophic microorganisms are poorly understood, 

making predictions of future methane dynamics difficult.  

This thesis combines stable isotope labeling experiments, phylogenetic and geochemical analyses to 

determine the ecophysiology, metabolic activity, and interactions of methanogenic and methanotrophic 

microorganisms that control methane production and consumption processes in aquatic environments.  

Marine and freshwater sediments are hotspots of methanogenesis, and particularly vegetated coastal 

sediments show high methane emissions, the underlying processes are, however, unknown. In 

chapter 2, the methane-producing capacity of sediments underlying Posidonia oceanica seagrass 

meadows in the Mediterranean Sea is investigated. Our data show that methane is produced only from 

methylated compounds and not by fermentation of the buried organic carbon. The detection of various 

methylated compounds, that are known methane precursors, in the seagrass tissue suggest that the plant 

itself is the source of methanogenic substrates in this environment. Phylogenetic analysis of the mcrA 

gene to identify methanogenic and methanotrophic archaea, reveal the presence of both traditional 

methanogens belonging to the phylum Euryarchaeota as well as uncultured archaea possessing 

divergent mcr-like genes, but whose ability to produce methane is controversial. Most of the McrA 

sequences belong to the latter, more specifically, to the uncultured phylum ‘Candidatus Helarchaeota’, 

suggesting a possible involvement of these divergent mcr-like genes in methane metabolism. Overall, 

our results suggest that methane production in seagrass sediments is linked to the activity of the seagrass 

plants, which provide various methylated substrates for a diverse community of methylotrophic 

methanogens. 

Also in freshwater sediments, methane is abundantly produced through methanogenesis. However, 

stratified lakes, such as Lake Zug, usually have low methane emissions due to efficient microbial 

methane removal mediated by methane-oxidizing bacteria (MOB). These MOB are considered obligate 

aerobes and show the highest methane oxidation activity at oxic-anoxic interfaces, but are often 
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abundant also in anaerobic environments, indicating that they may oxidize methane anaerobically as 

well. In chapter 3, the activity and growth of gammaproteobacterial MOB (gamma-MOB) under 

hypoxic and anoxic conditions is investigated using stable isotope labeling experiments and 

nanometer-scale secondary ion mass spectrometry (nanoSIMS). These results show ongoing methane 

oxidation under anoxic conditions carried out by gamma-MOB belonging to the Methylococcales. 

NanoSIMS analysis provide direct evidence that the growth of gamma-MOB in anoxic incubations is 

methane-derived and highlights marked differences in activity of distinct gamma-MOB subpopulations. 

These results provide insight into the in situ activity of aerobic gamma-MOB and suggest a facultative 

anaerobic lifestyle, highlighting the role of this important microbial group in mitigating methane 

emissions in both aerobic and anaerobic environments. 

Gamma-MOB are not only a crucial biological methane filter, but form the basis of a methane-driven 

food web. It is speculated that gamma-MOB release some intermediates formed during methane 

oxidation, which are then used as a carbon source by the microbial community. In chapter 4, the 

transfer of methane-derived carbon from the gamma-MOB to the microbial community is investigated 

by analyzing the assimilation of methane-derived carbon by non-methanotrophic microorganisms. 

These analyses show that methane-derived carbon is indeed assimilated by a diverse, non-

methanotrophic microbial community, under anoxic conditions mainly by bacteria belonging to the 

Betaproteobacteriales, including methylotrophic taxa known to utilize methanol but not methane 

directly. These data emphasize the importance of methane as a carbon source for a diverse microbial 

community and highlight differences in the carbon transfer dynamics depending on oxygen availability.  

Finally, chapter 5 describes the discovery of a symbiosis between a eukaryotic plagiopylean ciliate and 

an intracellular Gammaproteobacterium that thrive together in the anoxic hypolimnion of Lake Zug. 

The endosymbiont, ‘Candidatus Azoamicus ciliaticola’, encodes genes for the complete denitrification 

pathway but no aerobic terminal oxidases, suggesting that its respiration is based on nitrate rather than 

oxygen as terminal electron acceptor. Incubation experiments with 15N-labeled nitrate and nitrite 

provide direct evidence for active denitrification by the ciliate host via its denitrifying endosymbiont. 

Furthermore, the ciliate host appears to be an obligate anaerobe since it exhibits negative aerotaxis. The 

presence of an ATP/ADP translocase gene in the endosymbiont genome further suggests that the 

symbiosis is based on the transfer of energy in the form of ATP from the endosymbiont to its ciliate 

host.  

Chapter 6 contextualizes the findings of this thesis in the light of current literature and suggests future 

directions for studying the distribution and metabolic activity of methanogenic and methanotrophic 

microorganisms in aquatic environments. 
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Zusammenfassung  

Methan ist eine Schlüsselkomponente des aquatischen Kohlenstoffkreislaufs und sowohl die 

Produktion als auch der Verbrauch von Methan werden überwiegend durch mikrobielle Aktivität 

bestimmt. Die zunehmende Eutrophierung vieler aquatischer Ökosysteme sowie Rückkopplungen 

durch Klimaveränderungen beeinflussen die Aktivität von methanproduzierenden und -verbrauchenden 

Mikroorganismen, was letztlich zu erhöhten Methanemissionen führt. Methan ist größtenteils biogenen 

Ursprungs und wird von einer Gruppe obligat anaeroben Archaeen durch Methanogenese gebildet. Die 

mikrobielle Methanoxidation ist die wichtigste biologische Senke von Methan und wird von 

methanoxidierenden, so genannten methanotrophen, Bakterien oder Archaeen durchgeführt. Zusammen 

steuern diese methanogenen und methanotrophen Mikroorganismen die Prozesse von 

Methanproduktion und -verbrauch in der Umwelt und damit die Emissionen dieses starken 

Treibhausgases. Viele Aspekte der Ökophysiologie und in-situ-Aktivität von methanogenen und 

methanotrophen Mikroorganismen sind noch nicht vollständig aufgeklärt, was die Vorhersage 

zukünftiger Methanemissionen erschwert. 

In dieser Dissertation wurden physiologische Experimente mit phylogenetischen und geochemischen 

Analysen kombiniert, um die Ökophysiologie, Stoffwechselaktivität und Interaktionen von 

methanogenen und methanotrophen Mikroorganismen in aquatischen Ökosystemen zu untersuchen.  

Meeres- und Süßwassersedimente sind Hotspots der Methanogenese, und insbesondere 

vegetationsreiche Küstensedimente weisen hohe Methanemissionen auf, jedoch sind die 

zugrundeliegenden Prozesse nicht gänzlich geklärt. In Kapitel 2 wird die Methanproduktion in 

Sedimenten untersucht, die von Posidonia oceanica Seegräsern bewachsen sind. Die Daten zeigen, dass 

Methan ausschließlich durch die Verwertung methylierter Verbindungen produziert wird und nicht 

durch Fermentation von im Sediment abgelagertem organischem Kohlenstoff. Der Nachweis 

verschiedener methylierter Verbindungen im Gewebe der Seegräser deutet darauf hin, dass die Pflanze 

selbst die Quelle methanogener Substrate in diesem Habitat ist. Phylogenetische Analysen zur 

Untersuchung des mcrA-Gens, das typischerweise zum Nachweis methanogener und methanotropher 

Archaeen genutzt wird, identifizierte sowohl bereits bekannte, kultivierte Methanogene als auch 

unkultivierte Archaeen. Diese unkultivierten Archaeen besitzen zwar mcr-Gene, diese sind aber nur 

entfernt verwandt mit denen der kultivierten Methanogenen, weshalb ihr Beitrag zur Methanproduktion 

umstritten ist. Die meisten der gefundenen McrA-Sequenzen gehören zur Gruppe der unkultivierten 

‘Candidatus Helarchaeota’, was auf eine mögliche Beteiligung dieser Archaeen am 

Methanstoffwechsel hindeutet. Insgesamt lassen unsere Ergebnisse darauf schließen, dass die 

Methanproduktion in Seegraswiesen eng an die Aktivität der Seegraspflanze gekoppelt ist, welche 
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verschiedene methylierte Substrate für eine vielfältige Gemeinschaft methylotropher Methanogener 

bereitstellt. 

Auch in Süßwassersedimenten werden große Mengen von Methan durch Methanogenese produziert. 

Stratifizierte Seen, wie zum Beispiel der Zugersee, haben jedoch in der Regel nur geringe 

Methanemissionen aufgrund einer effizienten mikrobiellen Methanentfernung durch 

methanoxidierende Bakterien (MOB). Diese MOB gelten als obligat aerobe Organismen und zeigen die 

höchste Methanoxidationsaktivität an oxisch-anoxischen Grenzschichten, kommen aber auch in 

anaeroben Umgebungen vor, was auf die Fähigkeit zur anaeroben Methanoxidation hindeutet. 

In Kapitel 3 wurden Aktivität und Wachstum methanoxidierender Gammaproteobakterien 

(gamma-MOB) unter hypoxischen und anoxischen Bedingungen untersucht. Diese Ergebnisse zeigen 

eine kontinuierliche Methanoxidation auch unter anoxischen Bedingungen, welche durch Einzelzell-

Analysen auf die Aktivität der zu den Methylococcales gehörenden gamma-MOB zurückgeführt 

werden konnte. Die Assimilierung von Methan Kohlenstoff durch gamma-MOB lieferte den direkten 

Beweis, dass deren Wachstum in anoxischen Inkubationen Methan-abhängig war, zeigte aber deutliche 

Unterschiede in der Aktivität verschiedener gamma-MOB Subpopulationen. Diese Ergebnisse geben 

einen Einblick in die in-situ-Aktivität der gamma-MOB, und deuten auf eine fakultativ anaerobe 

Lebensweise hin und unterstreichen damit die Rolle dieser wichtigen mikrobiellen Gruppe bei der 

Minderung von Methanemissionen, sowohl in aeroben als auch in anaeroben Umgebungen. 

Gamma-MOB sind nicht nur ein wichtiger biologischer Methanfilter, sondern bilden auch die 

Grundlage eines Nahrungsnetzes das auf Methan als Kohlenstoffquelle basiert. Es wird spekuliert, dass 

gamma-MOB einige bei der Methanoxidation gebildeten Zwischenprodukte (also aus Methan-

abgeleiteten  Kohlenstoffverbindungen) freisetzen und damit eine wichtige Kohlenstoffquelle für die 

mikrobielle Gemeinschaft sind. In Kapitel 4 wurde der Transfer von aus Methan-abgeleiteten 

organischen Kohlenstoff-Verbindungen von den gamma-MOB zur mikrobiellen Gemeinschaft 

untersucht. Diese Analysen zeigen, dass tatsächlich eine vielfältige mikrobielle Gemeinschaft von 

nicht-methanotrophen Mikroorganismen Methan-abgeleiteten Kohlenstoff assimilierte. Unter 

anoxischen Bedingungen wurde Methan-abgeleiteter Kohlenstoff hauptsächlich von Bakterien 

assimiliert, die zu den Betaproteobacteriales gehören, von denen teilweiße bekannt ist, dass sie 

Methanol verwerten, jedoch nicht Methan direkt. Diese Daten unterstreichen die Bedeutung von 

Methan als Kohlenstoffquelle für eine vielfältige mikrobielle Gemeinschaft und zeigen Unterschiede in 

der Dynamik des Kohlenstofftransfers, abhängig von der Sauerstoff Verfügbarkeit. 

In Kapitel 5 wird die Entdeckung einer Symbiose zwischen einem eukaryotischen Ciliaten und einem 

intrazellulären Gammaproteobakterium beschrieben, die gemeinsam im anoxischen Hypolimnion des 

Zugersees leben. Der Endosymbiont, ‘Candidatus Azoamicus ciliaticola’, kodiert den vollständigen 

Stoffwechselweg für Denitrifikation, jedoch keine aeroben terminalen Oxidasen, was darauf hindeutet, 

dass seine Atmung auf Nitrat und nicht auf Sauerstoff als terminalem Elektronenakzeptor basiert. 
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Inkubationen mit 15N-markiertem Nitrat und Nitrit lieferten zudem den direkten Beweis für die aktive 

Denitrifikation durch den Ciliaten über seinen denitrifizierenden Endosymbionten. Darüber hinaus 

scheint der Ciliat obligat anaerob zu leben, da er eine negative Aerotaxis zeigt. Das Vorhandensein 

eines ATP/ADP-Translokase-Gens im Genom des Endosymbionten deutet außerdem darauf hin, dass 

die Symbiose auf dem Transfer von Energie in Form von ATP vom Endosymbionten zu seinem 

Ciliaten-Wirt beruht.  

Kapitel 6 setzt schließlich die Ergebnisse dieser Dissertation in den Kontext aktueller Literatur und 

formuliert Perspektiven für zukünftige Untersuchungen zur Verteilung und Stoffwechselaktivität 

methanogener und methanotropher Mikroorganismen in aquatischen Ökosystemen. 
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Chapter 1 

Introduction 

Methane emissions to the atmosphere are significantly altering the global climate, as increasing 

atmospheric methane concentrations accelerate global warming. Although the concentration of methane 

in the atmosphere is much lower than that of carbon dioxide, the warming potential of methane is 

considerably higher, making it the more potent greenhouse gas (IPCC, 2014). Generally, methane 

emissions stem either from anthropogenic (up to 478 Tg yr-1) (Liu and Whitman, 2008; Saunois et al., 

2020) or natural sources (up to 526 Tg yr-1) (Saunois et al., 2020), with about half of the global methane 

emissions currently assumed to stem from aquatic environments (Rosentreter et al., 2021) (summarized 

in Figure 1).  

The ocean represents the largest methane reservoir on Earth, however, emissions from the ocean to the 

atmosphere are low, due to efficient microbial methane removal (Reeburgh, 2007; Rhee et al., 2009). 

Yet, there are marine environments with high methane emissions, namely shallow, coastal sediments 

that account for up to 75% of the total marine methane emissions (Bange et al., 1994). Particularly 

coastal areas colonized by seagrasses, salt marshes, and mangroves are important sources of methane 

to the atmosphere (Al-Haj and Fulweiler, 2020; Rosentreter et al., 2021). Also in freshwater 

environments, microbial methane removal significantly mitigates methane emissions (Bastviken et al., 

2004), however, less efficiently than in the ocean. Therefore, despite covering a comparably smaller 

area, freshwater environments contribute more to methane emissions than the ocean (Bastviken et al., 

2004). Particularly, shallow well-mixed lakes emit large quantities of methane to the atmosphere, 

whereas seasonally or permanently stratified lakes have strongly reduced methane emissions. 

 

1 The role of methane in the aquatic carbon cycle 

Methane is a key component of the aquatic carbon cycle, and both production and consumption of 

methane are governed by microbial activity. As such, methane fluxes are controlled by microbial 

methane production (methanogenesis) or methane consumption (methanotrophy).  

The largest carbon source for the ocean is atmospheric carbon dioxide, which, dissolved in water, is 

converted to biomass through primary production, forming the basis of the aquatic carbon cycle. 

Primary production is predominantly carried out by phototrophic microorganisms in sunlit surface 

waters. A fraction of the newly produced organic carbon is exported to the sediment and, as it sinks 

through the oxygenated water column, is partially degraded by aerobic heterotrophic microorganisms. 

Organic carbon that reaches the sediment is rapidly mineralized, leading to consumption of oxygen and 
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consequent development of anoxia. Under anoxic conditions, the organic material is respired by 

anaerobic microorganisms using electron acceptors such as nitrate, metal oxides, and sulfate. At the 

same time, fermentation of the buried organic material yields simple compounds such as acetate and 

volatile fatty acids, which together with hydrogen, are converted into methane in the final step of 

anaerobic respiration, termed methanogenesis.  

More than two thirds of the global methane pool is produced by methanogenesis (Conrad, 2009; 

Denman et al., 2007). The highest methanogenic activity is typically found in anoxic environments that 

receive a high input of organic matter. Methanogens are ubiquitous in nature, inhabiting marine and 

freshwater sediments, wetlands, agricultural soils, landfills, hydrothermal vents, as well as ruminant 

and termite digestive tracts.  

 

 

 

Figure 1. Synthesis of global methane emissions. Anthropogenic and natural sources account for about 55% and 

45% of total emissions, respectively. Since emissions from different sources are quantified differently, 

uncertainties arise that make a direct comparison difficult. Anthropogenic sources, for example, are mainly 

estimated from atmospheric methane concentrations, while aquatic sources are determined from process-based 

experiments. The reported emissions are therefore mainly adapted from (a) Saunois et al. (2020) to ensure 

comparability and complemented with emission estimates from (b) Liu and Whitman (2008), (c) Al-Haj and 

Fulweiler (2020), (d) Rosentreter et al. (2021), and (e) Rhee et al. (2009). Methane emissions are given in 

Tg CH4 yr-1. 
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The largest biological sink of methane is microbial methane oxidation, termed methanotrophy. In 

aquatic systems, bacterial methanotrophs oxidize methane mostly aerobically, using oxygen as the 

terminal electron acceptor. Alternatively, archaeal methanotrophs inhabiting anoxic environments 

perform anaerobic oxidation of methane, mainly with sulfate as electron acceptor (Boetius et al., 2000). 

In marine environments, most methane is oxidized anaerobically (Knittel and Boetius, 2009), whereas 

in freshwater environments, aerobic methane oxidation predominates (Bastviken et al., 2008).  

As outlined above, freshwater and marine environments are sites of intense methane turnover governed 

by microbial methane production and consumption. Therefore, studying the processes and 

microorganisms involved in aquatic methane production and consumption is crucial to better understand 

their impact on environmental methane emissions and hence global warming.  

 

2 Methanogenesis 

2.1 Taxonomy of methanogens  

The capacity for methane production by methanogenesis is restricted to a group of obligate anaerobic 

archaea, termed methanogens, that are constrained to permanently anoxic, highly reduced environments 

depleted of inorganic electron acceptors such as nitrate, metal oxides, and sulfate.  

Traditionally, all cultivated and physiologically characterized methanogens belong to the archaeal 

phylum of Euryarchaeota and are classified into six main orders, namely the Methanobacteriales, 

Methanococcales, Methanomicrobiales, Methanosarcinales, Methanocellales, and Methanopyrales 

(Thauer et al., 2008; Garcia et al., 2000) (Figure 2). Recently, a seventh order of methanogens has been 

proposed for the Methanomassiliicoccales (Borrel et al., 2014; Dridi et al., 2012). It should be 

mentioned that the archaeal taxonomy has recently been fundamentally revised based on the comparison 

of multiple concatenated single copy genes, rather than single phylogenetic marker genes, leading to a 

new classification of the methanogenic orders (Parks et al., 2018). According to this new taxonomy, the 

traditional euryarchaeal methanogens no longer belong to the phylum Euryarchaeota. Instead, 

Methanobacteriales, Methanococcales, and Methanopyrales now belong to the phylum 

Methanobacteriota, and Methanomicrobiales, Methanosarcinales, and Methanocellales belong to the 

phylum Halobacteriota. The order Methanomassiliicoccales has also been reclassified and now belongs 

to the phylum Thermoplasmatota. In this thesis, I will continue to refer to "euryarchaeal" methanogens 

as there is a certain tradition associated with this terminology that distinguishes these archaea from 

several recently described putative methanogenic archaeal groups that are introduced later.  

2.2 Methanogenesis pathways 

Methanogens typically have a very limited substrate spectrum and can only use a handful of simple 

compounds for methanogenesis. Most methanogens are not capable to use complex organic compounds 
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directly and therefore rely on syntrophic fermenting bacteria to provide them with simple fermentation 

products such as acetate, hydrogen, and methylated compounds. Accordingly, acetate, hydrogen and 

carbon dioxide, as well as methylated compounds are considered the main methanogenic substrates and 

the methanogenesis pathways classify as acetoclastic (disproportionation of acetate to methane), 

hydrogenotrophic (hydrogen-dependent reduction of CO2 to methane), and methylotrophic (reduction 

of methylated compounds, such as methylamine, to methane). Most methanogens are hydrogenotrophic, 

i.e., they use hydrogen to reduce CO2 to methane (Liu and Whitman, 2008; Sakai et al., 2008; Thauer 

et al., 2008). Hydrogenotrophic methanogens form the most phylogenetically diverse group and are 

ubiquitous in marine and freshwater environments. However, substantially more methane is produced 

from acetate, a major intermediate formed during the anaerobic degradation of organic matter (Liu and 

Whitman, 2008). During acetoclastic methanogenesis, acetate is disproportionated into a carboxyl 

group, which is oxidized to CO2, and a methyl group, which is reduced to CH4. It is the methanogenic 

pathway that is phylogenetically most restricted and is performed only by members of the order 

Methanosarcinales. The only two known obligate acetate metabolizers among the Methanosarcinales 

belong to genera Methanothrix (Zinder et al., 1987) and Methanosarcina (Smith and Mah, 1980). 

Whereas Methanothrix grows exclusively on acetate, most Methanosarcina spp. grow however on 

methylated substrates as well (Smith and Mah, 1978; Thauer et al., 1989).  

Methylotrophic methanogenesis can be split into two types: non-hydrogen-dependent and hydrogen-

dependent. Non-hydrogen-dependent methylotrophic methanogenesis is carried out by the order 

Methanosarcinales, which use methyl group-containing substrates (such as methylated amines and 

methanol), whose methyl group they transfer to methyl-CoM using substrate-specific 

methyltransferases. In most Methanosarcinales methanogens, the required electrons for the reduction 

of the methyl-group to CH4 are generated from the oxidation of additional methyl-groups to CO2 via a 

reversal of the hydrogenotrophic methanogenesis pathway (Thauer et al., 2008). In general, the 

Methanosarcinales methanogens are the most metabolically versatile methanogens capable of 

hydrogenotrophic, acetoclastic, and methylotrophic methanogenesis (Liu and Whitman, 2008). 

Hydrogen-dependent methylotrophic methanogens require external hydrogen to reduce the methyl-

group directly (Dridi et al., 2012; Liu and Whitman, 2008; Miller and Wolin, 1985; Sorokin et al., 2018; 

Sprenger et al., 2000; Thauer et al., 2008). Hydrogen-dependent methylotrophic methanogenesis is 

carried out by euryarchaeal Methanosphaera (Fricke et al., 2006; Miller and Wolin, 1985), 

Methanomicrococcus (Sprenger et al., 2000), Methanonatronarchaeum (Sorokin et al., 2018) as well 

as members of the Methanomassiliicoccales (Dridi et al., 2012). So far, hydrogen-dependent 

methylotrophic methanogens are predominantly found in digestive tracts of animals, but their 

environmental distribution is unclear (Dridi et al., 2012; Miller and Wolin, 1985; Sprenger et al., 2000).  
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2.3 Competitive and non-competitive methanogenic substrates 

Hydrogenotrophic and acetoclastic methanogenesis are the predominant pathways of methane 

production in marine and freshwater sediments (Zinder, 1993). However, hydrogen and acetate are also 

common substrates for sulfate-reducing bacteria, and in fact, sulfate reducers routinely outcompete 

methanogens for these compounds. Therefore, hydrogenotrophic and acetoclastic methanogenesis 

typically do not co-occur with sulfate reduction in marine sediments, and hydrogen and acetate are 

hence termed competitive substrates (Oremland and Polcin, 1982). In freshwater environments, sulfate 

concentrations are naturally low, so methanogens do not have to compete with sulfate reducers, 

resulting in enhanced rates of anaerobic degradation of acetate and hydrogen through methanogenesis. 

By contrast, methylated compounds, such as methylated amines (e.g. mono-, di-, and trimethylamine) 

and methanol are almost exclusively used by methanogens, and are thus referred to as non-competitive 

substrates (King et al., 1983; Oremland and Polcin, 1982). Particularly in marine coastal environments, 

methylated compounds are abundantly present and important precursors of methane (King, 1984; 

Oremland et al., 1982).  

In addition to these common methanogenic substrates (acetate, hydrogen, methylated amines, and 

methanol), recent studies have identified several compounds that are also used as substrates by 

methanogens (Kurth et al., 2020). These include methylated sulfur compounds, methoxylated aromatic 

compounds, and quaternary ammonium compounds such as choline (N,N,N-trimethylethanolamine) 

and betaine (N,N,N-trimethylglycine).  

Methylated sulfur compounds (such as dimethyl sulfide; DMS) are substrates of Methanosarcinales 

methanogens, mainly in saline habitats, where DMS is formed from the degradation of the algal 

osmolyte dimethylsulfoniopropionate (DMSP) (Lomans et al., 2002; Lyimo et al., 2000). Methoxylated 

aromatic compounds derived from lignin and coal beds are substrates for Methermicoccus methanogens 

that directly convert these complex organic compounds to methane (Mayumi et al., 2016). Tertiary 

amines, such as betaine and choline, are also well known precursors of methane, as during their 

breakdown trimethylamine is formed (Oren, 1990), a common methanogenic substrate (Jameson et al., 

2019; Jones et al., 2019). Recent studies have shown that betaine and choline may also be used directly 

by the methanogenic genera Methanococcoides and Methanolobus (Ticak et al., 2015; Watkins et al., 

2012, 2014). The origin of these methylated compounds is largely plant-derived: methoxylated 

compounds are produced during the degradation of lignin, dimethyl sulfide and betaine are compatible 

solutes produced by marine biota under the influence of high salinity, and choline is a key component 

of plant cell membranes.  

2.4 Traditional and evolving view on the role of Mcr  

All methanogens share a conserved set of enzymes of which the methyl-coenzyme M reductase (Mcr) 

is the key one (Figure 2), as it catalyzes the final step of methanogenesis and liberates methane (Thauer, 
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1998). The Mcr complex is conserved among all methanogenic archaea and its subunit A (McrA) is 

traditionally used as phylogenetic marker gene to identify methanogenic archaea in the environment 

(Friedrich, 2005). However, anaerobic archaeal methanotrophs performing methane oxidation use the 

same biochemical pathway as the methanogenic archaea, but in this case, the McrA catalyzes the first 

step of methane activation. These archaeal methanotrophs are closely related to the euryarchaeal 

methanogens of the order Methanosarcinales and Methanomicrobiales. Thus, Mcr is not only a 

phylogenetic marker for identifying methanogenic but also methanotrophic archaea (Friedrich, 2005).  

Traditionally, all archaeal methanogens and methanotrophs were believed to belong exclusively to the 

archaeal phylum of Euryarchaeota (Gribaldo and Brochier-Armanet, 2006). However, this view has 

been challenged by the recent discovery of putative methane-metabolizing genes in several archaeal 

phyla outside the Euryarchaeota. Genome-centric metagenomics identified mcr-like genes in several 

archaeal clades only distantly related to the classical euryarchaeal methanogens. These novel mcr-like 

genes represent distant homologues of the euryarchaeal Mcr and have been largely overlooked in the 

past as a consequence of sequence mismatches of conventional primers used to amplify mcr genes 

sequences in environmental samples (Evans et al., 2015). So far, mcr-like genes have been identified in 

the genomes of several uncultivated archaeal lineages, suggesting that the metabolic traits of 

methanogenesis and methanotrophy are phylogenetically more widespread within the archaea than so 

far recognized. 

The first evidence for methane metabolism by non-euryarchaeal methanogens emerged from 

metagenome-assembled genomes (MAGs) belonging to members of candidate phylum 

Bathyarchaeaota (formerly Miscellaneous Crenarchaeotal Group), that were recovered from coal beds 

(Evans et al., 2015). Their MAGs encoded the full Mcr complex and substrate-specific 

methyltransferases involved in methylotrophic methanogenesis but no hydrogenotrophic or acetoclastic 

methanogenesis genes, which suggested the potential to perform methylotrophic methanogenesis 

utilizing methanol, methylamine, and methylated sulfides as substrates. Shortly after, mcr-like genes 

were discovered in the archaeal candidate phylum Verstraetearchaeota, which possess a hydrogen-

dependent methylotrophic methanogenesis pathway similar to that encoded by 

Methanomassiliicoccales methanogens (Vanwonterghem et al., 2016).  

At the same time, the genus ‘Candidatus Syntrophoarchaeum’ was described, which possesses a 

completely different metabolism, namely the oxidation of medium-chain alkanes instead of methane, 

as demonstrated by an enrichment culture of these archaea (Laso-Pérez et al., 2016). Mcr-like genes 

belonging to ‘Ca. Syntrophoarchaeum’ phylogenetically group together with those of 

‘Ca. Bathyarchaeota’ and branch distantly from the known methanogenic and methanotrophic 

euryarchaeal lineages. The high sequence divergence was presumed to reflect an evolutionary 

adaptation to the utilization of alkanes instead of methane (Laso-Pérez et al., 2016). Recently, mcr-like 
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genes were also discovered in the genome of ‘Ca. Helarchaeota’ affiliated with the superphylum of 

Asgard archaea (Seitz et al., 2019). 

Altogether, these findings led to the assumption that archaea possessing mcr-like genes might be 

involved in alkane oxidation rather than methane oxidation or methanogenesis. However, methanogenic 

and methanotrophic archaea encode the same set of genes, making it difficult to distinguish between 

these metabolic pathways based on the presence or absence of certain genes in a metagenome-

assembled genome (Evans et al., 2019). Except for ‘Ca. Syntrophoarchaeum’, the metabolic activity of 

the other archaeal lineages possessing mcr-like genes has so far not been experimentally demonstrated 

and therefore remains controversial. 

 

Figure 2. Diversity of methanogens. Schematic representation of methanogenic diversity based on McrA 

phylogeny. For simplicity, only the main substrate preference per lineage is shown but a few exceptions should 

be highlighted: Members of the Methanosarcinales are the most versatile methanogens, capable of 

hydrogenotrophic, acetoclastic, and methylotrophic methanogenesis, some are also hydrogen-dependent 

methylotrophic (Methanomicrococcus blatticola) or use methoxylated aromatic compounds (Methermicoccus). 

Methanobacteriales are typically hydrogenotrophic, but Methanosphaera are obligate methylotrophic 

methanogens. 
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3 Methanotrophy 

Microbial methane oxidation (i.e. methanotrophy) is the largest biological sink for methane and 

significantly mitigates methane emissions to the atmosphere. Due to the inert nature of the methane 

molecule, the capacity for methane oxidation is constrained to a specific group of microorganisms, 

termed methanotrophs. Methane oxidation occurs in oxic and anoxic environments and is carried out 

either by anaerobic archaeal methanotrophs (Knittel and Boetius, 2009) or aerobic bacterial 

methanotrophs (Chistoserdova and Lidstrom, 2013; Trotsenko and Murrell, 2008). Therefore, there is 

usually a distinct partitioning of aerobic and anaerobic methane-oxidizing microorganisms in the 

environment, depending on the presence of oxygen.  

3.1 Anaerobic archaeal methanotrophs 

Anaerobic oxidation of methane (AOM) is carried out by methanotrophic archaea that use the reversed 

methanogenesis pathways for methane oxidation and can therefore oxidize methane anaerobically. They 

activate methane via the methyl-coenzyme M reductase (Mcr) either directly (Milucka et al., 2012) or 

in consortia with sulfate-reducing bacteria in anoxic environments (Knittel and Boetius, 2009).  

AOM coupled to sulfate reduction is particularly common in marine sediments, where high 

concentrations of sulfate and methane facilitate the process. It is estimated that AOM coupled to sulfate 

reduction removes more than 90% of the methane produced by methanogenesis in marine environments 

(Hinrichs and Boetius, 2003; Reeburgh, 2007). Reports of AOM in freshwater environments are limited 

to environments with elevated sulfate concentrations (Eller et al., 2005; Schubert et al., 2011) and as 

such, anaerobic archaeal methanotrophs are generally not very abundant in freshwater lakes (Oswald et 

al., 2016). The occurrence of AOM with electron acceptors other than sulfate, such as nitrate and metal 

oxides has also been demonstrated, expanding the activity of archaeal methanotrophs to sulfate-depleted 

environments (Ettwig et al., 2016; Haroon et al., 2013). The environmental importance of non-sulfate-

dependent AOM is, however, not well constrained. 

3.2 Aerobic bacterial methanotrophs 

Phylogenetically, based on 16S rRNA gene analyses, methane-oxidizing bacteria (MOB) classify as 

Gammaproteobacteria (type I), Alphaproteobacteria (type II) (Hanson and Hanson, 1996), 

Verrucomicrobia (Dunfield et al., 2007; Islam et al., 2008; Pol et al., 2007) and the candidate phylum 

NC10 (Ettwig et al., 2010). Most gammaproteobacterial MOB have a distinctive morphology 

characterized by comparatively large cell volumes and conspicuous cell shapes. More specifically, some 

MOB grow as long filaments (Oswald et al., 2017), in the form of single rods or in clusters of coccoid 

cells (Oswald et al., 2016).  

MOB possess a distinct enzymatic machinery to gradually oxidize methane to CO2, proceeding stepwise 

via the formation of methanol, formaldehyde, formate, and finally carbon dioxide (Figure 3). The first 
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step is catalyzed by a methane monooxygenase, which requires molecular oxygen to activate methane. 

As such, the methane monooxygenase is a prerequisite for bacterial methanotrophy and present either 

as particulate (pMMO) or soluble (sMMO) form. Whereas almost all MOB possess the pMMO (except 

Methylocella) (Theisen et al., 2005), only some additionally possess the sMMO.  

Most MOB assimilate carbon from intermediates produced during the oxidation of methane. 

Gammaproteobacterial MOB assimilate carbon heterotrophically from formaldehyde via the ribulose 

monophosphate pathway, alphaproteobacterial MOB assimilate carbon either from formaldehyde or 

autotrophically from CO2 via the serine pathway (Chistoserdova, 2011; Trotsenko, 1983), and 

verrucomicrobial MOB grow solely autotrophically (Dunfield et al., 2007). 

3.3 Activity of bacterial methanotrophs 

Bacterial methanotrophs are presumed to be obligate aerobes because they require molecular oxygen 

for methane activation. Usually, MOB exhibit highest activity at oxic-anoxic interfaces within opposing 

gradients of oxygen and methane (Carini et al., 2005; Schubert et al., 2010). In well-mixed freshwater 

lakes, oxic-anoxic interfaces are found at the sediment surface, whereas in stratified lakes, they are 

found in the water column. In the marine environment, MOB also inhabit oxygenated sediment surfaces 

(Tavormina et al., 2008), as well as oxic-anoxic interfaces of oxygen minimum zones (Tavormina et 

al., 2013). Methane oxidation activity has also been detected in oxic surface waters, albeit the activity 

was rather modest (Valentine et al., 2001). Most MOB are versatile in their oxygen requirements and 

can therefore thrive under various oxygen concentrations (Mayr et al., 2020). An exception among the 

MOB is the candidate phylum NC10 (Raghoebarsing et al., 2006) that perform nitrite-dependent AOM 

but use the oxygen-dependent methane oxidation pathway by producing their own oxygen 

intracellularly through the dismutation of nitric oxide (Ettwig et al., 2010). NC10 bacteria are abundant 

in anoxic environments of freshwater (Deutzmann et al., 2014; Graf et al., 2018; Mayr et al., 2020) and 

marine environments (Padilla et al., 2016; Thamdrup et al., 2019). In stratified freshwater lakes, 

methane oxidation in the anoxic hypolimnion is usually assigned to the activity of NC10 bacteria (Graf 

et al., 2018; Mayr et al., 2020). 

At the same time, methane-oxidizing bacteria belonging to the Gammaproteobacteria (gamma-MOB) 

are also present and active in anoxic environments despite their presumed aerobic lifestyle (Blees et al., 

2014; Oswald et al., 2016). Some of the activity of gamma-MOB in anoxic environments can be 

explained by a tight coupling of oxygen production and consumption processes. In shallow lakes where 

light penetrates into anoxic depths, oxygenic photosynthesis can produce oxygen in situ and fuel aerobic 

methane oxidation (Milucka et al., 2015). Also, intrusions of oxygenated water into anoxic depths could 

provide oxygen for aerobic gamma-MOB (Blees et al., 2014).  

For some gamma-MOB, specific adaptations of their metabolic activity have been described that enable 

them to cope with oxygen limitation. For example, some gamma-MOB substitute nitrate for oxygen as 
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the terminal electron acceptor during respiration (Kits et al., 2015a) or perform fermentation 

(Kalyuzhnaya et al., 2013). Both pathways reduce the oxygen demand of the gamma-MOB by making 

more oxygen available for methane activation (Kits et al., 2015a). For example, Methylomonas 

denitrificans couples methane oxidation to the reduction of nitrate when oxygen is limiting, releasing 

nitrous oxide as the end product of their anaerobic respiration (Kits et al., 2015a). In fact, almost all 

known gamma-MOB possess genes of the respiratory denitrification pathway (Stein and Klotz, 2011). 

It is assumed that nitrate can replace oxygen in the respiratory chain of most methanotrophs, which 

would therefore only require oxygen for the first oxygen-dependent step of methane activation (Kits et 

al., 2015a; Kits et al., 2015b). Environmental evidence for this process has been demonstrated 

experimentally for Crenothrix filaments that showed methane-dependent growth under anoxic 

conditions when nitrate was present (Oswald et al., 2017). The Crenothrix genome encoded genes for 

both oxygen and nitrate respiration, suggesting a facultative anaerobic lifestyle in which methane 

oxidation is coupled to nitrate reduction. Methylobacter species are also presumed to be involved in 

anaerobic methane oxidation, as they, too, possess genes of the partial denitrification pathway and 

methane-based fermentation and are abundant members of the methanotrophic community in anoxic 

environments (van Grinsven et al., 2020a; Smith et al., 2018).  

3.4 Role of methanotrophs in carbon cycling 

MOB are difficult to isolate as pure cultures because of the persistent co-enrichment of contaminating 

bacteria (Hanson and Hanson, 1996). However, it was subsequently established that these bacteria 

interact with the MOB and are therefore being co-enriched. The concept of ‘communal methane 

metabolism’ describes this interaction, and suggests that MOB provide methane-derived organic carbon 

to non-methanotrophic microorganisms (Chistoserdova and Kalyuzhnaya, 2018; Yu and Chistoserdova, 

2017). While the use of methane itself as an energy and carbon source is constrained to methanotrophs, 

they are assumed to excrete or leak certain compounds formed during methane oxidation, thereby 

forming the basis of a methane-driven food web. 

During the stepwise oxidation of methane, various intermediates are formed. Of these, methanol is 

formed in the periplasm and could therefore easily escape the cell by diffusion and subsequently become 

available for degradation by the microbial community. Additionally, methane may be fermented under 

anoxic conditions, forming organic compounds such as acetate, succinate, and lactate as intermediates. 

Therefore, potentially different substrates are produced and released by the MOB that support the 

growth of heterotrophic microbial communities (Kalyuzhnaya et al., 2013) (Figure 3). 

Direct evidence for the cross-feeding of methane-derived carbon was originally obtained from stable 

isotope incubations that showed assimilation of methane-derived carbon by non-methanotrophic 

bacteria belonging to the Bacteroidetes, Firmicutes, Actinobacteria, Actinomycetes, and Proteobacteria 

(Qiu et al., 2009; Cébron et al., 2007; He et al., 2015) as well as methanol-utilizing (i.e. methylotrophic) 
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bacteria belonging to the Betaproteobacteriales (Hutchens et al., 2004; Radajewski et al., 2002). 

Enrichment cultures consistently yield co-cultures of methanotrophs and betaproteobacterial 

methylotrophs (which can utilize C1 compounds such as methanol, but not methane directly), 

particularly affiliated with betaproteobacterial Methylophilaceae (van Grinsven et al., 2020b; Oshkin et 

al., 2015). Also environmental studies showed the co-occurrence of methanotrophs and methylotrophs 

in various environments (Beck et al., 2013; Crevecoeur et al., 2015; Martineau et al., 2010) and based 

on this, it became widely accepted that methanotrophs mainly interact with methylotrophic bacteria. 

Methane-derived carbon can also be transferred to higher trophic levels via grazing, with early studies 

indicating that methanotrophs might be an important food source for zoobenthos (Bunn and Boon, 

1993). More specifically, benthos-associated larvae, amoeba, ciliates, and flagellates were shown to 

feed on methanotrophs (Bunn and Boon, 1993; Murase and Frenzel, 2007). This is especially the case 

in benthic habitats, where the oxic-anoxic interface is located at the sediment-water transition, where 

aquatic grazers can feed on the detritus and associated microorganisms present in the sediment. In turn, 

these grazers might then themselves serve as a food source for higher trophic levels, such as fish (Jones 

and Grey, 2011).  

The role of methane-derived carbon for higher trophic levels seems to be less common in pelagic food 

webs due to the generally low abundance of MOB in the oxygenated water column. Stratified lakes 

might be an exception, as strong stratification of the water column leads to high accumulation of MOB 

at the oxic-anoxic interface. In this layer, MOB are accessible to pelagic grazers, such as Daphnia 

crustacea (Kankaala et al., 2006). By contrast, in the anoxic hypolimnion of stratified lakes, eukaryotic 

life is usually constrained due to the lack of oxygen for respiration. As such, anoxic environments are 

only inhabited by a few protist taxa that have adapted to life under permanently anoxic conditions, 

including strictly anaerobic forms of ciliates (Fenchel et al., 1990). These anaerobic ciliates perform 

fermentation either in the cytosol or in specialized organelles called hydrogenosomes, which share a 

common origin with mitochondria (van der Giezen et al., 2002). Hydrogenosome-bearing ciliates 

typically contain endosymbiotic methanogens that use hydrogen produced by the ciliate during 

fermentation to reduce carbon dioxide and might in turn provide their ciliate host with organic carbon 

compounds (Fenchel and Finlay, 1991). Some ciliates possessing mitochondria might also substitute 

oxygen with nitrate as their terminal electron acceptor (Finlay et al., 1983) allowing them to exploit 

oxygen-deficient environments, such as nitrate-replete anoxic depths of eutrophic, stratified freshwater 

lakes. Such ciliates could thus prey on the resident community of methane-oxidizing bacteria in anoxic 

waters. 
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Figure 3. Physiology and interactions of methane-oxidizing bacteria. Methane is initially oxidized to methanol 

via the methane monooxygenase (pMMO or sMMO). Methanol is further oxidized to formaldehyde via the 

methanol dehydrogenase (MDH). Formaldehyde is assimilated into biomass or further oxidized to formate and 

subsequently to carbon dioxide. Under oxygen-limitation, methane can be metabolized via a novel form of 

fermentation-based methanotrophy, yielding acetate, succinate, and formate. Together with methanol or other 

intermediates of the methane oxidation pathway, these compounds can leak from the cell and become accessible 

for degradation by the methylotrophic or heterotrophic microbial community. 
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Study sites 

As highlighted in this introduction, the activity of methanogens and methanotrophs is largely 

determined by the environment in which they live. Therefore, it is crucial to study the environmental 

parameters that shape the activity and interactions of the resident microbial community. In this thesis, 

I studied the processes of microbial methane production and consumption in two environments that 

were characterized by either high methanogenic or methanotrophic activity, and which I introduce in 

the following sections.  

Coastal sediments colonized by seagrasses 

Seagrass meadows are highly productive ecosystems of the coastal tropical and temperate oceans 

(Duarte and Chiscano, 1999; Duarte et al., 2010; Short et al., 2007). Seagrasses have the capacity to 

sequester large amounts of carbon in their underlying sediments, and are therefore highly valued as 

important blue carbon ecosystems (Duarte et al., 2010; Fourqurean et al., 2012). However, seagrasses 

are also net sources of methane to the atmosphere (Bahlmann et al., 2015; Banerjee et al., 2018; Deborde 

et al., 2010; Garcias-Bonet and Duarte, 2017), which partially offsets their blue carbon function. 

Although methane emissions from seagrass-covered coastal areas are low compared to marshes and 

mangroves (Al-Haj and Fulweiler, 2020), seagrasses are considered important to the methane budget 

due to their global distribution (Garcias-Bonet and Duarte, 2017). We investigated sediments along the 

coast of Elba (Italy) in the oligotrophic Mediterranean Sea covered with Posidonia oceanica seagrasses. 

Posidonia seagrasses grow as large meadows, and more importantly, they form massive subsurface peat 

deposits that store large amounts of carbon (Mateo et al., 1997). Methane emissions from Posidonia-

covered sediments have not yet been determined but the high organic carbon content in their anoxic, 

highly reduced sediments offer ideal conditions to host methanogenic archaea and thus to promote 

methanogenesis. 

Lake Zug: A deep, stratified freshwater lake 

Lake Zug, as well as other seasonally or permanently stratified freshwater lakes, accumulate high 

methane concentrations in the anoxic bottom waters but usually have low methane emissions due to 

efficient microbial methane removal. In the last years, the abundance and activity of the methanotrophic 

community in the water column of Lake Zug have been extensively studied. The methanotrophic 

community in Lake Zug is dominated by unicellular and filamentous methane-oxidizing bacteria 

belonging to the Gammaproteobacteria (gamma-MOB) (Oswald et al., 2016, 2017). These 

gamma-MOB are abundant in the water column and exhibit highest methane oxidation activity at the 

oxic-anoxic interface. Alphaproteobacterial and anaerobic archaeal methanotrophs are usually absent 

in the water column (Oswald et al., 2016). NC10 bacteria have also been detected in the water column 

of Lake Zug, but are not thought to be part of the integral methanotrophic community, but rather to 

21



Chapter 1 - Introduction 

 

bloom under special environmental conditions (Graf et al., 2018). Due to its stable biochemical 

conditions in terms of oxygen stratification and nitrate availability, as well as the stable methanotrophic 

community composition in the water column, Lake Zug offers an ideal location to study the activity 

and interactions of gamma-MOB. 

 

Aims and outline  

The aim of this thesis was to gain a better understanding of the processes and microorganisms involved 

in microbial methane production and consumption, and the environmental factors that shape their 

activity. I used stable isotope labeling experiments in combination with single cell analysis as the main 

tools to determine the metabolic activity of methanogenic and methanotrophic microorganisms on the 

level of the bulk community and single cells. I complemented this stable isotope-based approach with 

metagenomics and analytical techniques to characterize specific parameters of the respective habitats. 

This enabled insights into the ecophysiology, metabolic activity, and interactions of environmentally 

relevant methanogenic and methanotrophic microorganisms.  

In chapter 2, we investigated the methane-producing capacity of sediments underlying Posidonia 

oceanica seagrass meadows in the oligotrophic Mediterranean Sea. To identify the dominant pathways 

of methane production, we used substrate-addition and inhibitor experiments. To test which substrates 

are used for methanogenesis, we incubated sediments with 13C-labeled isotopes of common 

methanogenic substrates, including acetate, carbon dioxide added with hydrogen, and methylamine. 

The early finding that only methylated compounds led to methane production prompted us to further 

test the utilization of other methylated compounds as well, including methanol, dimethylamine, and 

dimethyl sulfide, in subsequent research expeditions. We also performed sediment incubations with 
13C-labeled methane to test for methane oxidation activity. In addition to incubation experiments, 

metagenome sequencing and phylogenetic analyses of mcrA gene diversity allowed us to examine the 

abundance and diversity of methanogenic and methanotrophic archaea in sediments underlying 

Posidonia seagrasses. To obtain a holistic view of the methane-producing capacity, we quantified the 

emissions of methane from the sediments and analyzed potential compounds that might act as methane 

precursors in this environment. 

In chapter 3 and 4, we investigated the activity of gamma-MOB and their interactions with the 

microbial community in the water column of Lake Zug. In Lake Zug, the methanotrophic community 

is dominated by unicellular or filamentous aerobic gamma-MOB that are abundant and active at the 

oxic-anoxic interface as well as in anoxic water depths. In chapter 3, we incubated lake water with 
13C-labeled methane to investigate the methane oxidation activity of the microbial community. The 

combination with single cell imaging mass spectrometry allowed us to investigate the activity of single 
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cells by visualizing the 13C uptake into the biomass of single gamma-MOB by nanometer-scale 

secondary ion mass spectrometry (nanoSIMS). This approach enabled us to relate the observed bulk 

methane oxidation activity to individual cells. The gamma-MOB could be distinguished based on their 

cell shapes, and as such, methane oxidation activity of morphologically distinct subpopulations could 

be determined. The combined data set comprising bulk methane oxidation measurements and single 

cell analysis allowed us to calculate cell-specific methane oxidation and assimilation rates that revealed 

interesting differences in single cell activity of morphologically distinct gamma-MOB. Using the same 

approach, we further investigated the assimilation of methane-derived carbon of non-methanotrophic 

microorganisms (chapter 4). Using these data, we quantified the relative amounts of methane that were 

either oxidized or assimilated by the gamma-MOB and transferred to the microbial community. 

A project that emerged during the course of my PhD was the discovery of an anaerobic ciliate thriving 

in the anoxic hypolimnion of Lake Zug in symbiosis with a gammaproteobacterial endosymbiont. 

Metagenomic analysis showed that the endosymbiont lacked terminal oxidases but possessed the 

complete pathway for respiratory nitrate reduction as well as genes of ATP and ADP translocases, 

suggesting a prominent role of the endosymbiont in providing its host with energy (chapter 5). As part 

of this study, I investigated different aspects of the host's ecology by performing stable isotope labeling 

experiments to determine the denitrification activity associated with the ciliates, as well as physiological 

experiments to understand their anaerobic lifestyle. 
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Abstract 

Marine coastlines colonized by seagrasses are a net source of methane to the atmosphere. However, 

methane emissions from these environments are still poorly constrained, and the underlying processes 

and responsible microorganisms remain largely unknown. Here, we investigated methane turnover in 

seagrass meadows of Posidonia oceanica in the Mediterranean Sea. The underlying sediments exhibited 

average net fluxes of methane into the water column of ca. 175 µmol CH4 m-2 d-1. Our data show that 

this methane production was sustained by methylated compounds produced by the plant, rather than by 

fermentation of buried organic carbon. Interestingly, methane production was maintained long after the 

living plant died off, likely due to the persistence of methylated compounds, such as betaine and choline, 

in buried plant rhizomes. We recovered multiple mcrA gene sequences, encoding for methyl-

coenzyme M reductase (Mcr), the key methanogenic enzyme, from the seagrass sediments. Most 

retrieved Mcr sequences were affiliated with a clade of divergent Mcr and belonged to the uncultured 

‘Ca. Helarchaeota’ of the Asgard superphylum, suggesting a possible involvement of these divergent 

Mcr in methane metabolism. Taken together, our findings show that methane production in seagrass 

meadows is linked to the metabolic activity of the living plant, hence revealing the mechanism behind 

methane emissions from these blue carbon ecosystems.  

 

Significance statement 

Seagrass meadows colonize shallow coastlines around the world and represent sites of intense carbon 

cycling. Due to their capacity to produce methane, seagrass ecosystems constitute net sources of 

methane to the atmosphere. Here, we identify key processes and microorganisms responsible for 

methane formation in seagrass-covered sediments in the Mediterranean Sea. Our work shows that 

methane is solely formed from methylated compounds that are produced and released by the plant itself. 

Due to the long persistence of these compounds in buried plant material, microbial methane production 

continues after the death of the living plant. These results provide a comprehensive understanding of 

methane production in seagrass habitats, thereby contributing to our knowledge on these important blue 

carbon ecosystems. 
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Introduction 

Coastal areas represent only a tiny fraction of the ocean’s volume compared to the open ocean but they 

contribute disproportionately more to marine methane emissions (13 Tg CH4 yr-1 from coastal areas 

(Bange et al., 1994) versus 0.6 to 1.2 Tg CH4 yr-1 from the open ocean (Rhee et al., 2009)). High methane 

emissions from coastal regions are caused by high fluxes of methane from the sediment, of which more 

than two thirds are biogenic in origin, i.e. produced by a microbial process called methanogenesis 

(Conrad, 2009; Denman et al., 2007). Methanogenesis is a form of anaerobic respiration during which 

oxidized carbon (such as CO2) is used as the terminal electron acceptor. The biochemical pathway of 

methanogenesis contains a conserved set of enzymes (Thauer, 1998) of which methyl-coenzyme M 

reductase (Mcr) is the key one. Therefore, the gene encoding for Mcr (mcrA) is traditionally used as 

universal phylogenetic marker to identify methanogenic microorganisms. 

The capacity for methanogenesis is constrained to a group of strictly anaerobic methanogenic archaea 

(Garcia et al., 2000; Thauer et al., 2008). Traditionally, methanogens were believed to belong 

exclusively to the phylum Euryarchaeota, and to date, most described methanogens still affiliate with 

this phylum. However, several recent studies have described novel putatively methanogenic archaeal 

phyla based on the presence of the mcrA gene in their genomes. These novel putative methanogens 

belong to ‘Candidatus Bathyarchaeota’ (Evans et al., 2015), ‘Candidatus Methanomethyliaceae’ 

(formerly Verstraetarchaeota) (Vanwonterghem et al., 2016), and Thermoplasmata (Poulsen et al., 

2013). These observations suggest that the metabolic trait of methanogenesis is phylogenetically more 

widespread than previously thought. Additionally, genes encoding putative methyl-CoM reductase-like 

enzymes have also been found in the genomes of ‘Ca. Syntrophoarchaeum’ (Laso-Pérez et al., 2016) 

and Helarchaeota (Seitz et al., 2019), albeit here, this enzyme is presumed to be involved in the 

anaerobic oxidation of butane.  

Due to their obligately anaerobic nature, methanogens are typically constrained to permanently anoxic 

habitats where other, thermodynamically more favorable electron acceptors are absent. Methanogens 

have a very limited substrate range and can only use a handful of simple organic compounds. Depending 

on the utilized substrate, the pathways of methanogenesis classify as hydrogenotrophic (using H2 to 

reduce CO2 to CH4), acetoclastic (using acetate disproportionation to form CH4), and methylotrophic 

(using methyl groups of methylated compounds, such as methylamine, to form CH4). 

Hydrogenotrophic methanogenesis is the predominant pathway of methane production in anoxic marine 

sediments, followed by acetate disproportionation (Zinder, 1993). Both hydrogen and acetate are 

formed in situ mainly through the activity of fermentative bacteria. Additionally, plant-associated fungi 

can facilitate plant tissue breakdown (Orsi, 2018), thereby providing methanogenic substrates to the 

microbial community. However, hydrogen and acetate can also be used by sulfate-reducing bacteria 

(SRB) and, in fact, SRB routinely outcompete methanogens for these compounds (Lovley et al., 1982; 
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Oremland and Taylor, 1978). Therefore, hydrogenotrophic and acetoclastic methanogenesis usually do 

not co-occur with sulfate reduction in marine sediments (King et al., 1983; Oremland and Taylor, 1978; 

Thauer et al., 2008) and H2 and acetate are thus also referred to as so-called competitive substrates 

(Oremland and Polcin, 1982). 

In contrast, methylated compounds such as methylated amines (mono-, di-, trimethylamine) or 

methylated sulfides (dimethyl sulfide) can exclusively be used by methanogens and represent so-called 

non-competitive substrates (Oremland et al., 1982). Methylotrophic methanogenesis can therefore 

readily proceed under high ambient sulfate concentrations and has been reported to dominate in e.g. 

organic-rich muddy sediments (Maltby et al., 2018; Xiao et al., 2018) and hypersaline environments 

(King, 1988). Methylated compounds, such as trimethylamine, choline and betaine, are ubiquitous in 

coastal marine environments (Fitzsimons et al., 1997; Lee and Olson, 1984) as different marine 

organisms (including marine plants) produce them to cope with osmotic stress (Touchette, 2007). The 

degradation of these compounds can lead to the release of methane, and methylotrophic methanogenesis 

might thus play an important role in coastal sediments with high salinity and under the influence of 

algae or plants (King et al., 1983; Oremland et al., 1982). 

Many coastlines are vegetated by macroalgae and seagrasses (Gattuso et al., 2006). Seagrasses are 

marine flowering plants that form some of the most productive ecosystems on Earth (Duarte and 

Chiscano, 1999). At the same time, seagrass ecosystems, such as sediments colonized by eelgrass 

(Zoster sp.) and turtlegrass (Thalassia sp.) are recognized as important sources of methane to the 

atmosphere (Al-Haj and Fulweiler, 2020; Bahlmann et al., 2015; Garcias-Bonet and Duarte, 2017; 

Oremland, 1975). Average methane fluxes from seagrass ecosystems are somewhat lower than from 

mangroves and salt marshes, but seagrasses cover more coastal area than mangroves and marshes 

combined (Al-Haj and Fulweiler, 2020). Posidonia seagrasses can be found throughout the 

Mediterranean Sea (P. oceanica) and around the southern coast of Australia (P. australis). Due to their 

large size and their capacity to form massive underground peat deposits (Mateo et al., 1997) Posidonia 

meadows represent an important marine blue carbon ecosystem (Duarte et al., 2013; Fourqurean et al., 

2012). To date, there are no reported methane production rates for Posidonia seagrasses, and the 

metabolic processes and microorganisms involved in methane metabolism in these ecosystems are still 

largely unknown. 

In this study, we investigated the methane-producing capacity and the prevailing modes of 

methanogenesis in sediments underlying living and dead seagrass meadows of Posidonia oceanica in 

the Mediterranean Sea, by combining flux measurements with substrate-addition and inhibitor 

experiments. Additionally, the diversity of methanogenic microorganisms in these sediments was 

examined using 16S rRNA gene and McrA analyses. 
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Results 

Porewater chemistry and methane production in sediments underlying Posidonia oceanica 
meadows  

We sampled sediments underlying living and dead Posidonia oceanica seagrass meadows in the bay of 

Fetovaia, Elba (Italy) on three campaigns over the course of two consecutive years (Figure 1B and C). 

We investigated sediments colonized by living Posidonia seagrasses (hereafter referred to as “vegetated 

sediment”) as well as sediments underneath dead Posidonia meadows (hereafter referred to as “dead 

seagrass sediment”). Both types of sediments consisted of fine sand (Figure S2 and Text S1). On each 

campaign, the porewater was collected from distinct depth horizons using gas-tight stainless-steel 

porewater lances (see methods). Oxygen concentrations were below detection levels (ca. 1 µM) in all 

but the uppermost depth horizons (0-6 cm sediment depth, Figure 1D). Porewater sulfide concentrations 

were persistently very low (below 0.05 mM) and did not follow a clear depth trend. Sulfate 

concentrations were constant down to ca. 50 cm depth, at a concentration of around 29 mM with small 

fluctuations (Figure 1F). Porewater methane concentrations increased from 37±7 nM in surface 

sediment to 85±21 nM at 10 cm depth and then remained stable down to a sediment depth of 50 cm 

(Figure 1E). 

To quantify the methane flux from the sediment into the water column, we incubated whole sediment 

cores from the vegetated sediment (n=11) in the dark at ambient temperature (22 °C). Methane fluxes 

from these replicate cores varied from 5 to 490 µmol m-2 d-1 with an overall mean of 

175±171 µmol m-2 d-1 over a 24 hour time period (Figure S6). Some of the incubated cores (n=7) 

contained an intact seagrass plant but there was no clear difference in terms of methane flux out of the 

sediment between cores that contained a plant and those that did not contain a plant (see methods for 

details on core composition and Figure S6). 

To investigate the potential of vegetated sediments to produce methane, we set up unamended 

incubations with sediment from three different depth horizons. The depth horizons were defined 

visually, based on the sediment composition. The uppermost surface layer was sandy, with plant 

rhizomes and roots (D1, 2-10 cm), the intermediate layer contained a thick mesh of plant roots (D2, 

10-30 cm), and the deepest layer consisted of highly degraded plant material (D3, 30-45 cm; see 

methods). Highest methane production rates were observed in the uppermost sediment layer (2-10 cm) 

with an average net rate of 887 pmol gsed
-1 d-1 (Figure 1G). At 10-30 cm depth, methane production 

proceeded at a lower rate of 346 pmol gsed
-1 d-1 and no methane production was detected in sediment 

incubations from the deepest layer (30-45 cm). When integrating the volumetric rates over the incubated 

sediment depth, these rates amount to a net methane flux of ca. 113 µmol m-2 d-1. 
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Figure 1. Characteristics of sediments underlying Posidonia oceanica seagrass meadows in Fetovaia Bay. (A) 

Illustration of leaf, rhizome, and root growth of P. oceanica; roots and dead plant material accumulate as thick 

peat layers in the sediment. CO2 fixation takes place in the plant’s leaves and organic carbon is transported and 

stored in the plant's rhizomes and roots. (B) Map of the island of Elba (Italy) with P. oceanica distribution 

(highlighted in green) after (Telesca et al., 2015); note that the distribution of P. oceanica along the coast is not 

comprehensively documented. (C) Sketch of Fetovaia Bay; the investigated seagrass patch had a density of 

approximately 680 P. oceanica shoots per m2. Next to the seagrass meadow, a small patch was located where the 

living plants died off ca. 25 years ago. Porewater profiles of (D) oxygen, (E) methane, (F) sulfide (red) and sulfate 

(blue). Dotted lines depict average concentrations measured from four replicate porewater profiles, grey shaded 

area represents the concentration range. (G) Methane production rates in sediment incubations from different 

depth layers in vegetated and dead seagrass sediment.  

In addition to vegetated sediments, porewater was also collected in dead seagrass sediment directly 

adjacent to the seagrass patch. Here, the Posidonia plants died off more than 25 years ago (M.W. and 

C.L., pers. observ.), leaving behind dead seagrass sediment overlying buried peat deposits (Figure S3A). 

The methane concentration in the porewater was notably higher and showed a pronounced peak in 

deeper sediment layers (Figure S3B), coinciding with a simultaneous increase in sulfide concentrations 

(Figure S3C). Sulfide concentrations reached up to 5 mM between 20-40 cm sediment depths, whereas 

sulfate concentrations remained constant around 29 mM (Figure S3C). Unamended incubations of these 

dead seagrass sediments showed methane production occurring in the two upper depths (638 and 490 

pmol gsed
-1 d-1), with rates largely similar to the rates measured in incubations of vegetated sediment. 

No methane production rates could be detected in the incubations from the deepest depth (Figure 1G). 
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When integrating the volumetric methane production rates over the incubated sediment depth, these 

rates amount to a net methane flux of ca. 116 µmol m-2 d-1. Direct methane flux measurements from 

dead seagrass sediment cores (n=4) over a 24 hour time period were slightly lower than for vegetated 

sediment cores, averaging 120±55 µmol m-2 d-1 (Text S2). 

Pathways of methane production in vegetated sediments  

In order to investigate which pathway of methane production was active in vegetated sediments, 

sediment and peat from three depth horizons (2-10, 10-30, and 30-45 cm) was incubated with various 
13C-labeled substrates to test for the presence of acetoclastic, hydrogenotrophic, and methylotrophic 

methanogenesis. The increase of 13C-labeled methane in the incubations over time was used to calculate 

methane production rates. Thus, all reported rates represent net turnover rates of the added tracer and 

assume an equal background concentration of the non-labeled substrate across incubations and depths. 

Methane production from acetate and H2/CO2 was undetectable in all three sampling campaigns and in 

all investigated depths (Figure 2A, B). Only incubations with added methylated substrates showed 

methane production (Figure 2C). Incubations from the uppermost sediment layer (2-10 cm) generally 

yielded the highest methane production rates averaging 1017 pmol gsed
-1 d-1. The rates then tended to 

decrease with depth (453 pmol gsed
-1 d-1 at 10-30 cm and 260 pmol gsed

-1 d-1 at 30-45 cm; Figure 2C). 

Near complete inhibition of methane production was observed when 10 mM 2-bromoethanesulfonate 

(BES; a competitive inhibitor of archaeal methanogenesis) was added to monomethylamine-

supplemented incubations (Figure 2D). 

Other methylated compounds, such as dimethylamine (DMA), dimethylsulfide (DMS), and methanol 

(MeOH) also stimulated methane production in vegetated sediment incubations (Figure 2E). In general, 

the methane production rates from dimethylated compounds (DMA, DMS) were roughly twice as high 

(607 and 580 pmol gsed
-1 d-1) as in incubations with compounds carrying a single methyl group (MMA; 

260 pmol gsed
-1 d-1; Figure 2E). Incubations with sediment from the same core showed similar degree of 

activity with different substrates, i.e. the highest rates for DMA were measured in incubations from the 

same core, for which there were highest rates for MMA and DMS as well. For all tested substrates, 

methane concentration increased at a linear or slightly exponential rate, which could be explained by 

either diffusion limitation of the labeled substrate at the start of the experiment or actual microbial 

growth during the 24 hour incubation (Figure 2F). 

Incubations of dead seagrass sediment also only showed methane production from methylated 

compounds. Rates of methane production from monomethylamine in the two uppermost sediment 

horizons (2-10 and 10-30 cm) were about twice as high as in incubations of vegetated sediment from 

the same depth. In contrast, the rates in the deepest sediment horizon (30-45 cm) were considerably 

lower for incubations supplemented with monomethylamine and other methylated compounds 

(Figure S4). 
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Figure 2. Methane production from competitive and non-competitive substrates in incubations of vegetated 

sediments underlying a P. oceanica meadow. 13C-labeled substrates were added to sediment incubations to test 

for methane production from (A) 13C2-acetate, (B) H2 and 13C-bicarbonate, (C) 13C-monomethylamine, and (D) 
13C-monomethylamine added together with 10 mM of the methanogenesis inhibitor 2-bromoethanesulfonate 

(BES). (E) Methane production from other methylated compounds in sediment incubations of the deepest 

analyzed depth horizon (30-45cm). (F) Exemplary representation of methane production over time for the 

different methylated substrates in the deepest depth horizon. All 13C-labeled compounds were added at a final 

concentration of 10 µM, except for DMS (30 µM) and bicarbonate (250 µM). Dissolved H2 was added at a 

concentration of 20 µM. Abbreviations are: DMA, dimethylamine; DMS, dimethylsulfide; MMA, 

monomethylamine; MeOH, methanol. 

Aerobic and anaerobic methane oxidation in vegetated sediments  

The potential for microbial methane oxidation was tested in sediment incubations from October 2018 

and September 2019 (Figure 3). For this, sediment from three depth horizons was supplemented with 
13CH4 and methane oxidation was monitored as the production of 13CO2 over 24 hours. Methane 

oxidation experiments were set up under both anoxic (Figure 3A, C; all three depths) and oxic 

conditions (Figure 3B, D; only surface 2-10 cm). Oxic incubations contained around 3.5±2 µM oxygen. 

Of the two investigated campaigns, methane oxidation (measured as production of 13CO2) was only 

detected in incubations from October 2018, whereas no methane oxidation rates could be detected in 

incubations from September 2019 (detection limit ca. 60 pmol gsed
-1 d-1). In the vegetated sediment, the 
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rates of aerobic methane oxidation reached around 114±10 pmol gsed
-1 d-1 in the surface layer (Figure 

3B). Anaerobic methane oxidation rates in the surface layer were somewhat lower (94±33 

pmol gsed
-1 d-1) but they increased with sediment depth (from 202±125 pmol gsed

-1 d-1 at 10-30 cm to 

212±90 pmol gsed
-1 d-1 at 30-45 cm; Figure 3A).  

In incubations of dead seagrass sediment (Figure 3C, D), rates of aerobic methane oxidation in the 

surface sediment layer (2-10 cm) were lower (71±55 pmol gsed
-1 d-1) in comparison to incubations from 

vegetated sediment. Rates of anaerobic methane oxidation remained similar over the three sediment 

depths (D1: 212±15 pmol gsed
-1 d-1, D2: 189±88 pmol gsed

-1 d-1, D3: 218±82 pmol gsed
-1 d-1) and were in 

the same range as those in vegetated sediment incubations. 

 

Figure 3. Rates of aerobic and anaerobic methane oxidation in vegetated and dead seagrass sediments. Rates of 

(A) anaerobic and (B) aerobic methane oxidation in incubations of vegetated sediment. Rates of (C) anaerobic 

and (D) aerobic methane oxidation in incubations of dead seagrass sediment. Incubations were carried out in 

October 2018 and September 2019; but no methane oxidation rates were detected in incubations from September 

2019. 

Microbial community composition 

We analyzed the microbial community composition in all three depth horizons of three vegetated 

seagrass cores that had been used to measure methane production rates. First, the 16S rRNA gene 

sequences from unassembled metagenomes were taxonomically classified. In all investigated samples 

(n=9), the microbial community was dominated by bacterial 16S rRNA gene sequences. The relative 

abundance of archaeal 16S rRNA gene sequences increased with depth, from 6 % in the uppermost 

sediment layer between 2-10 cm, to 12 % in the sediment between 10-30 cm and 16 % in the sediment 

between 30-45 cm. It should be noted that archaeal abundances in the presented dataset might be 

underestimated, as bacteria, in contrast to archaea, tend to contain multiple copies of the 16S rRNA 

gene per genome (Větrovský and Baldrian, 2013).  
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Overall, most bacterial 16S rRNA gene sequences in surface (D1, 2-10 cm), middle (D2, 10-30 cm), 

and deep (D3, 30-45 cm) sediment layers were classified as Gammaproteobacteria (27, 21, and 12 % in 

D1, D2, and D3, respectively; percentages give the average relative abundance of all bacterial 

sequences) and Deltaproteobacteria (21, 20, and 18 %); the most abundant families of the latter included 

Desulfarculaceae and Desulfobacteraceae. Other obligate anaerobic taxa (for example Anaerolinea and 

Dehalococcoidia) also increased in abundance towards deeper sediment depths (Figure 4A). Taxa 

belonging to putative fermenters, such as Clostridiales and Vibrionales, were stable members of the 

community in all depths. 

 

Figure 4. Microbial diversity in sediments underlying seagrass meadows of Posidonia oceanica at different 

depths. (A) Relative abundance of the 30 most abundant bacterial taxa grouped at order level based on 16S rRNA 

gene abundances. (B) Relative abundance of archaeal 16S rRNA gene sequences grouped at phylum level. 

Most recovered archaeal 16S rRNA gene sequences in surface, middle and deep sediment layers 

belonged to Woesearchaeia (25, 17, and 13 % in D1, D2, and D3, respectively), Nanohaloarchaeia (7, 

6, 7 %), Bathyarchaeia (22, 36, 40 %), Lokiarchaeia (8, 4, 5 %), Odinarchaeia (4, 7, 6 %), 

Thermoplasmata (19, 21, 21 %), and Nitrososphaeria (5, 1, 0 %) (Figure 4B; percentages give relative 

abundance to all archaeal sequences averaged per depth). Some taxonomic groups showed a clear depth 
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distribution, e.g. aerobic Nitrososphaeria were only detected in the surface sediment horizon, and only 

in low abundances in deeper layers (below 10 cm, Figure 4B). Similarly, the relative abundance of 

Woesearchaeia sequences decreased with depth, whereas Bathyarchaeia sequences increased with depth 

(Figure 4B). 

Few of the retrieved 16S rRNA gene sequences were affiliated with classical methanogenic orders 

within the phylum of Euryarchaeota, such as Methanofastidiosales, Methanomicrobiales, 

Methanosarcinales, and Methanobacteriales. Among those, members of the Methanococcoides had the 

highest relative abundance in all three sediment horizons and showed a decreasing trend with depth. 

Overall, the relative abundances of these ‘classical’ euryarchaeal methanogenic taxa was low (< 2 % of 

all archaeal 16S rRNA sequences) and likewise decreased with depth.  

Interestingly, taxa belonging to novel putatively methanogenic orders were overrepresented in the 

archaeal community of vegetated sediments. Up to 40 % of archaeal 16S rRNA gene sequences 

belonged to the candidate phylum Bathyarchaeota. In order to investigate the diversity of 

Bathyarchaeota in more detail, 16S rRNA gene sequences were assembled from metagenomic reads 

and used for phylogenetic analyses. The bathyarchaeal 16S rRNA sequences affiliated with 5 different 

subgroups of Bathyarchaeota (formerly MCG (Kubo et al., 2012); Figure S5); mostly within the 

subgroups MCG-6 and MCG-8. The MCG-8 group was previously shown to contain a sequence 

belonging to a putative methanogen/alkane oxidizer (BA2) encoding the mcrA gene (Evans et al., 2015). 

Our retrieved sequences formed a distinct sub-cluster within the MCG-8 group (Figure S5). 

Other putatively methanogenic archaeal lineages, such as Thermoplasmata and 

Methanomassiliicoccales were also present in the vegetated sediment, at relative abundances of up to 

21 % and <1 %, respectively. However, most sequences that were classified as Thermoplasmata 

affiliated with Marine benthic group D and DHVEG-1, for which no anaerobic hydrocarbon metabolism 

has been proposed so far. 

We also searched for putative aerobic and anaerobic methane-oxidizing bacteria and archaea in the 

samples. Known aerobic gammaproteobacterial methanotrophs of the order Methylococcales, anaerobic 

bacterial methanotrophs of the phylum NC10, as well as anaerobic archaeal methanotrophs (ANME-1, 

-2, -3) were detected in most samples but only at very low abundances (max. 0.005 % of bacterial or 

archaeal sequences). The abundance of aerobic and anaerobic methanotrophs suggests that potential 

methane oxidation in these sediments might be most likely coupled to the reduction of oxygen and 

sulfate in the oxic and anoxic parts of the sediment, respectively. Additionally, anaerobic methane 

oxidizers could also be active in anoxic micro-niches in oxic sediment depths. The strikingly low 

abundance of archaeal and bacterial methanotrophs in the sedimentary microbial community fits well 

to the measured low rates of both aerobic and anaerobic methane oxidation (Figure 3) and could be 

explained by the low methane concentrations in the sediment (Text S1). 
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Methyl-coenzyme M reductase subunit A phylogeny 

We also searched for sequences of the methyl-coenzyme M reductase A gene (mcrA), the marker gene 

for methanogenic and methanotrophic archaea and we phylogenetically analyzed McrA protein 

sequences retrieved from assembled metagenomes from vegetated sediment (Figure 5A). From the 

surface sediment layer we recovered two McrA sequences. One McrA sequence was almost complete 

in length (573 amino acids; mcrA_Elba_MG_09/2019_C6_2-10cm_573aa) and was most similar to 

McrA sequences belonging to Methanococcoides. Phylogenetic analysis showed the placement of the 

recovered McrA sequence within a cluster of Methanosarcinales McrA sequences and affiliated closest 

with a sequence of Methanococcoides methylutens (WP_048204805.1, 98.6 % amino acid identity) of 

the order Methanosarcinales (Figure 5B). The second McrA sequence was only partial (184 amino 

acids; mcrA_Elba_MG_09/2019_C6_2-10cm_184aa_partial) and was most similar to Methanolobus, 

which is also closely affiliated with the Methanosarcinales. Another McrA sequence affiliated with the 

Methanosarcinales sequences was recovered from sediments between 10 and 30 cm depth 

(mcrA_Elba_MG_06/2019_C2_10-30cm_118aa_partial). 

Additionally we recovered seven McrA protein sequences that clustered with the group of ‘divergent’ 

McrA sequences comprised of ‘Ca. Helarchaeota’, ‘Ca. Bathyarchaeota’ and ‘Ca. Syntrophoarchaeum’ 

(Figure 5C). One of these divergent McrA sequences was near full-length (606 amino acids; 

mcrA_Elba_MG_09/2019_C6_10-30cm_ 606aa), the others were of partial length (ranging from 58 to 

353 amino acids in length). All recovered McrA sequences that clustered together with divergent McrA 

sequences, were closest affiliated to McrA sequences from the candidate phylum Helarchaeota of the 

Asgard archaea (Figure 5C). 
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Figure 5. Phylogeny of McrA sequences recovered from vegetated sediments. (A) Maximum Likelihood tree of 

214 McrA protein sequences of classical euryarchaeal as well as divergent McrA protein sequences obtained from 

GenBank, together with 10 McrA protein sequences recovered from our sediment metagenomes (highlighted in 

red). (B) Maximum Likelihood tree of 34 McrA protein sequences belonging to the order Methanosarcinales 

showing the placement of the metagenome-recovered McrA protein sequence (highlighted in bold) within a cluster 

of Methanococcoides sequences. (C) Maximum Likelihood tree showing the placement of 7 McrA protein 

sequences from vegetated sediments (highlighted in bold) in a subcluster together with divergent McrA sequences. 

Bootstrap support was generated from 1,000 bootstrap iterations and is represented as black, grey, and white dots 

for 100, >90, <90 % support, respectively. Scale bars indicate substitution per site. 
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Discussion 

Methane fluxes from Posidonia oceanica seagrass meadows 

Posidonia oceanica is the dominant seagrass species in the Mediterranean Sea and covers at least 

11,687 km2 of its coastline (Telesca et al., 2015; Figure 6A). We show that the Posidonia 

oceanica-covered sediments off the island of Elba are a net source of methane to the water column. The 

measured flux of methane from the unamended whole core incubations was comparable to the flux from 

depth-integrated methane production rate measurements of non-amended sediment incubations, and 

varied strongly between 4.6 to 490 µmol m-2 d-1. It is notable that the methane emissions into the water 

column and the methane-producing potential of the dead seagrass sediment remained largely 

comparable to that of the living seagrass meadow (120 µmol m-2 d-1 vs. 175 µmol m-2 d-1, respectively; 

Figure S6). This suggests that methane production can be sustained in seagrass sediments long after the 

living plant’s disappearance. We propose that this observation can be explained by the persistence of 

methylated compounds in the plant’s rhizomes, as e.g. choline, betaines and DMSP were found in high 

concentrations also in partially degraded rhizomes from the dead seagrass sediments (Figure S7).  

It should be noted that our measured methane fluxes represent dark fluxes and do not account for 

potential changes associated with the plant’s diel cycle. However, current reports suggest that methane 

emissions from seagrass-covered sediments might be independent of light or dark conditions (Bahlmann 

et al., 2015; Garcias-Bonet and Duarte, 2017). Also, these fluxes represent net fluxes that account for 

methane oxidation. Our measured fluxes from P. oceanica meadows are among the highest reported to 

date from seagrass meadows, together with Cymodocea in the Red Sea (135.5 - 565.3 µmol m-2 d-1) 

(Garcias-Bonet and Duarte, 2017) and Zostera in Rio Formosa (105.6 - 1,704 µmol m-2 d-1) (Bahlmann 

et al., 2015) and Arcachon Bay (4.8 - 868.8 µmol m-2 d-1) (Deborde et al., 2010). These methane 

emissions from P. oceanica-covered sediments into the water column (upscaled 0.0003 to 0.033 

Tg CH4 yr-1 for the Mediterranean Sea) partially off-set the effect of CO2 uptake by the plant and 

therefore affect the blue carbon function of the seagrasses (Text S3). Due to the shallow water depths 

of the seagrass beds (as a consequence of their dependence on light), and the generally low methane 

oxidation rates in the mixed water column (Ward et al., 1987), it can be expected that the emitted 

methane will efficiently exchange between the water column and the atmosphere, similar to other 

settings (Butler et al., 1987).  

Posidonia oceanica as a source of substrates for the methanogenic community in the sediment 

The ability of seagrass ecosystems to produce methane is typically assigned to their capacity to release 

high amounts of labile organic carbon into the underlying sediments (Garcias-Bonet and Duarte, 2017). 

Through their fermentation, methanogenic substrates such as hydrogen and acetate can be produced. 

Posidonia seagrasses additionally bury large amounts of plant material in the form of massive 

underground peat deposits (Mateo et al., 1997 and Figure S3A), a feature analogous to terrestrial 
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peatlands, another recognized source of methane to the atmosphere (Matthews and Fung, 1987). In 

terrestrial peats, the predominant modes of methane production are acetoclastic and hydrogenotrophic 

methanogenesis (Conrad, 1999). Due to the absence of sulfate, terrestrial methanogens do not have to 

compete with sulfate reducers for H2 and acetate. Instead, competition between methanogens and 

acetogens may affect methane production in peat bogs or fens (Bräuer et al., 2004; Hunger et al., 2015). 

On the contrary, our substrate-addition experiments with P. oceanica-covered sediments showed that 

no methane was produced from competitive substrates, such as hydrogen or acetate. This suggests that 

hydrogenotrophic and acetoclastic methanogenesis did not significantly contribute to methane 

production in the seagrass peat. Instead, these substrates were likely used up by the abundant community 

of sulfate-reducing Deltaproteobacteria, which dominated the microbial community in all sediment 

depths (Figure 4). This highlights an interesting difference between microbial methane production in 

marine and terrestrial peat ecosystems. 

Apart from burying plant material, seagrasses are also a source of small methylated compounds for the 

surrounding sediment. For example, methanol may be formed during bacterial degradation of lignin 

(Conrad, 1999; Donnelly and Dagley, 1980) and compounds such as methylamines can be readily 

produced as degradation products of e.g. choline or glycine betaine (Neill et al., 1978). These two 

osmolytes are produced by seagrasses (and other aquatic plants) to cope with osmotic stress caused by 

high or fluctuating salinity (Touchette, 2007) and are excreted or leak into the surrounding sediment 

through the plant rhizomes and roots. We successfully detected choline, betaines (glycine and proline) 

and dimethylsulfoniopropionate (DMSP) in seagrass leaves, as well as in their rhizomes (Figure S7). 

Highest concentrations of these compounds were detected in rhizomes from the surface sediment layer 

and their concentrations decreased in older plant pieces (i.e. recovered from deeper parts of the 

sediment). This mirrors the depth distribution of our measured methane production rates, which 

followed the same trend (Figure 1G and 2C). These data thus show that a wide variety of methane 

precursor molecules in the form of small methylated compounds is produced, stored and released by 

the living plant into the surrounding sediment. Subsequently, glycine betaine, for example, might be 

fermented to trimethylamine (and probably other methylamines) (King, 1984; Oren, 1990) that are 

suitable substrates for methanogens (Hippe et al., 1979). Many fermentative bacteria have documented 

capacity to degrade glycine betaine to form methylamines (Jones et al., 2019). Our investigated seagrass 

sediments also hosted numerous populations of typical fermenters, including Clostridiales and 

Vibrionales (Figure 4), which may be potential candidates for providing methylamines to the 

methanogens. 

Methylotrophic methanogenesis prevails in Posidonia oceanica sediments  

In all our incubations, methylotrophic methanogenesis was the sole detected pathway of methane 

production. This was the case for the vegetated, as well as for dead seagrass sediments (Figure 2 and 

Figure S4). This suggests that only methanogenesis from non-competitive substrates, which are 
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inaccessible to sulfate reducers, can proceed in these marine sediments. Similar observations have been 

made for other vegetated marine sediments, such as salt marshes (Oremland et al., 1982) and intertidal 

sediment containing algal detritus (King, 1984; King et al., 1983). 

Highest rates of methane production were consistently measured in the uppermost depth horizon 

(887 pmol gsed
-1 d-1) and the rates appeared to decrease in deeper depths. However, it should be noted 

that all rates represent turnover rates of the added tracer and not total turnover rates (i.e. do not account 

for non-labeled substrates present in the sediment). For example, even though the tracer-derived rates 

measured in the vegetated sediment appear lower than in the dead seagrass sediment (1,017 

pmol gsed
-1 d-1 vs. 2,897 pmol gsed

-1 d-1, respectively), the total ‘real’ rates of methane production might 

be in fact higher in the vegetated sediment, where the background concentration of the non-labeled 

substrate is higher (i.e. the labeling percentage of the substrate is lower; Figure S7). This is corroborated 

by the fact that in unamended incubations (i.e. with residual in situ substrate concentrations) methane 

production rates in the dead seagrass sediment were lower than in the vegetated ones. Importantly, all 

measured activity could clearly be attributed to archaeal methanogenesis as the addition of BES, a 

specific inhibitor of the archaeal methanogenic enzyme Mcr, consistently inhibited methane production 

(Figure 2D).  

Given the strictly anaerobic nature of archaeal methanogenesis, it was surprising that highest rates were 

measured in the surface sediments which likely experience periodic events of oxygenation (Figure 1D). 

However, the phenomenon of oxygen-tolerant methane production via methanogenesis has previously 

been observed in other environments. For example, oxic methane production in ventilated soil crusts 

has been attributed to the development of oxygen tolerance due to the expression of genes controlling 

oxygen toxicity (e.g. catalases) (Angel et al., 2011). In the soils of a freshwater wetland, the highest 

methanogenic activity likewise occurred in the oxygenated layer rather than in anoxic depths, with 

methane production probably occurring within anoxic microniches of the oxygenated soil layer (Angle 

et al., 2017). The latter could also be the possible explanation for methanogenic activity in the seagrass 

sediment where anoxic microniches might form as a result of rapid oxygen respiration by the aerobic 

microbial community. 

Diverse methylotrophic methanogens in Posidonia oceanica sediment 

Methylotrophic methanogenesis is traditionally performed by members of the Methanosarcinaceae 

family (formerly phylum Euryarchaeota, now Halobacteriota). We recovered 16S rRNA gene 

sequences belonging to this family from our vegetated sediments, albeit at a relatively low abundance 

(<2 % of the archaeal community). Members of the genus Methanococcoides were the most abundant 

euryarchaeal methanogens in all sediments based on 16S rRNA gene abundances. Importantly, we also 

recovered a full McrA protein sequence from the oxic surface sediment that clustered together with 

McrA sequences of Methanococcoides, with closest phylogenetic affiliation to Methanococcoides 
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methylutens. M. methylutens is a marine methanogen originally isolated from a sediment underlying a 

mat of algae and seagrass debris (Sowers and Ferry, 1983). While it can grow on methylated 

compounds, it cannot use H2 or acetate (Sowers and Ferry, 1983). This fits well to our substrate addition 

experiments, where only the addition of methylated compounds resulted in methane production. Other 

closely related McrA sequences belonged to e.g. a choline-utilizing methanogen isolated from marine 

sediment (97.9 % amino acid identity to WP_135613124.1) (Webster et al., 2019). These methanogens 

have been observed to form syntrophic associations with fermentative bacteria (e.g. Clostridia sp., 

Pelobacter sp.), which provide (tri-)methylamines from the degradation of glycine betaine and/or 

choline (Jameson et al., 2019; Jones et al., 2019). However, Methanococcoides have also been reported 

to be capable of using choline and glycine betaine directly (Watkins et al., 2012, 2014) and might thus 

not require a bacterial partner for methane production. In a recent study, Methanococcoides, 

Methanosarcina, and Methanolobus species were successfully enriched on methylated compounds from 

Zostera seagrass sediments (Zheng et al., 2020). Based on our combined results, we thus propose that 

members of these cosmopolitan and ubiquitous methylotrophic methanogens were likely responsible 

for methane production in P. oceanica seagrass meadows. 

Interestingly, the P. oceanica-covered sediments also contained high abundances of other putatively 

methylotrophic methanogenic archaeal groups - such as ‘Ca. Bathyarchaeota’ (Evans et al., 2015), 

Asgard archaea (Seitz et al., 2019), and Thermoplasmata (Poulsen et al., 2013). It should be noted that 

for each of these phyla only a handful of species is presumably capable of methane metabolism; most 

Bathyarchaeota, Asgard archaea and Thermoplasmata are metabolically versatile and are often involved 

in e.g. lignin and peptide degradation, acetogenesis and exogenous protein mineralization (Lazar et al., 

2016). Additionally, the Mcr proteins from Bathyarchaea and Helarchaea (subgroup of Asgard archaea) 

belong to the ‘divergent’ Mcr proteins which typically share very low amino acid sequence homology 

to the Mcr from classical methanogens. It has thus been proposed that they may not be involved in 

methane metabolism (Evans et al., 2019). Instead, the divergent Mcr of ‘Ca. Syntrophoarchaeum’, for 

example, has been shown to be involved in butane oxidation (Laso-Pérez et al., 2016) and a similar role 

has been proposed for the divergent bathyarchaeal (Evans et al., 2019) and helarchaeal Mcr (Seitz et 

al., 2019). 

We retrieved seven McrA protein sequences from vegetated sediments that were affiliated with the 

clade of ‘divergent’ Mcr sequences (Figure 5A), more specifically, with the McrA sequences from 

‘Ca. Helarchaeota’ (Figure 5C). Given the lack of evidence for the presence of butane in the 

investigated sediments it does not seem immediately obvious that the seagrass-associated Helarchaea 

should make a living off the oxidation of butane. Instead, given the high potential for methane 

production, we suggest that a possible involvement of this Mcr in methane metabolism should be 

reexamined. 
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Figure 6. Methane production in vegetated sediments. (A) Distribution of Posidonia oceanica (green, after 

Telesca et al., 2015) along with sandy sediments (yellow, source: Emodnet) in the Mediterranean Sea. (B) 

Visualization of microbial processes in vegetated sediments, exemplifying methane production in the surface layer 

from labile organic matter excreted by the plant. Decomposition of the buried plant material by fermenting bacteria 

(FEM) may provide substrates for sulfate-reducing bacteria (SRB), but does not fuel methane production from 

methanogenic archaea (MG). Abbreviations are: GPP, gross primary production (in mmol m-2 d-1); R, respiration 

(in mmol m-2 d-1); NEM, net ecosystem metabolism (in mmol m-2 d-1); Corg, organic carbon; Ac, acetate. Numbers 

on GPP, R, and NEM were taken from Koopmans et al., 2018. 

Conclusions 

Our work shows that methane production in seagrass habitats can be fully attributed to methylated 

compounds that are produced and released by the plant itself. Both, known as well as non-traditional 

methanogens from uncultured ‘Ca. Helarchaeota’ might be involved in methane production. As 

seagrass habitats are declining around the world due to increased eutrophication and physical 

disturbances of their habitats, these ecosystems lose their ability to sequester carbon dioxide from the 
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atmosphere. However, the capacity of these sediments to produce methane may persist long after the 

meadow die-off, thus continuing to offset the blue carbon function of these ecosystems in the long run. 

 

Materials and Methods 

Sampling site 

Seagrass meadows of Posidonia oceanica were studied during three sampling campaigns in October 

2018, June 2019, and September 2019 in Fetovaia Bay, Elba, Italy. We visualized the distribution of 

P. oceanica meadows in the Mediterranean Sea according to Telesca et al. (2015) using QGIS (v 3.14). 

Data for sediment distribution in the Mediterranean Sea was downloaded from EMODnet 

(https://www.emodnet.eu, last visit 7/28/2020). In the bay of Fetovaia, P. oceanica forms dense 

meadows in shallow, 7 m deep water (Figure S1A). Additionally, there are patches of extinct seagrass 

meadows where the surficial cover of living plants had died off, leaving behind dead seagrass overlying 

peat-carrying sediments with highly degraded plant tissue (Figure S3A). We sampled the sediment from 

an intact seagrass meadow (referred to as “vegetated sediment”) and from an adjacent eroded side that 

was no longer covered with living seagrass plants (referred to as “dead seagrass sediment”). 

Porewater sampling and sediment coring 

During the three sampling campaigns, sediment porewater was retrieved in a total of 13 scuba dives for 

analysis of oxygen, methane, sulfide, sulfate, and nutrient concentrations. Porewater sampling was 

performed with a 1 m long, gas-tight, stainless-steel lance. The lance contained an inner mesh (63 µm) 

to avoid intake of sediment and plant material. The porewater was extracted from different depths 

horizons into polyethylene syringes and care was taken to avoid formation of gas bubbles and loss of 

dissolved gases. For determination of dissolved oxygen, the porewater was first percolated through an 

oxygen flow-through cell that was installed between the porewater lance and the syringes (Figure S8). 

The oxygen flow-through cell contained an oxygen-sensitive fluorescent dye on the inside, from which 

dye excitation and emission could be measured contactless from the outside via a glass fiber connected 

to an underwater oxygen OEM module (Pyroscience, FSO2-SUBPORT). Oxygen concentrations were 

logged using a diver-operated motorized microsensor system (DOMS; Weber et al., 2007). Prior to 

porewater sampling, the oxygen flow-through cell was calibrated using a two-point calibration 

procedure by which the flow-through cell was first percolated with aerated seawater (100% oxygen 

reading) followed by treatment of the seawater with sodium dithionate (0% oxygen reading). The 

porewater was extracted from the sediment in intervals of 10 cm ranging from 0 to 50 cm. For 

determination of dissolved oxygen, the porewater was extracted with a higher resolution in intervals of 

0, 3, 6, 10, 20, 30, 40, and 50 cm. The porewater was sampled in duplicates by sampling 2-times 20 ml 

from two adjacent sites to ensure sufficient sample recovery from each depth horizon. Sampling of 
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20 ml in 10 cm depth intervals results in a sampling halo with a radius of 1.68 cm, indicating that there 

was no overlap between individual depth horizons. 

Immediately after porewater retrieval, the syringes containing the porewater samples were attached to 

a lift bag and brought to the boat for further processing. The porewater was carefully transferred into a 

12 ml exetainer (Labco, UK), fixed in 100 µl saturated mercuric chloride solution, and closed 

headspace-free for analysis of dissolved methane concentrations. Another 3 ml were fixed in 5 % zinc 

chloride solution for sulfide and sulfate measurements. The remaining 25 ml were sterile-filtered and 

kept at -20°C for nutrient analysis. 

At the same locations, the sediment was sampled with 50 cm long stainless steel cores, which were 

drilled into the sediment by divers (Figure S1B). The cores had sharp edges to cut through the plant 

material in the sediment. After the cores were removed from the sediment, they were closed with rubber 

stoppers and kept at 22°C in a barrel filled with seawater until further processing. 

Whole core incubations for methane flux measurements 

To quantify the methane flux from the sediment into the water column, we incubated whole sediment 

cores from vegetated sediment (n=11) and from dead seagrass sediment (n=4) in the dark at 22°C upon 

arrival of the cores in the lab. Vegetated sediment cores were collected within a seagrass meadow and 

some of the cores contained an intact plant with leaves, whereas for some cores, the plant leaves were 

cut off during the coring process. Cores from dead seagrass sediment were collected from a site where 

the living meadow had died off and did thus naturally never contain a seagrass plant. Before the 

incubation, the cores were filled up with fresh seawater from which a sample was collected into a serum 

vial to determine the methane concentration at the start of the incubation (T0). The cores were then 

closed off gas-tight and incubated at ambient temperature (22°C) for 24 hours. At the end of the 

incubation (after 24 hours), another water sample was transferred into a serum vial. All water samples 

transferred into serum vials were closed off headspace-free with butyl rubber stoppers, crimped and 

saturated mercuric chloride solution was added to stop microbial activity. The methane concentration 

(in ppm) in the sampled water was measured on a cavity ring-down spectrometer (G2303, Picarro Inc.) 

coupled to a closed-loop measurement system. For that, a 20 ml headspace of artificial air was set onto 

the serum bottles and dissolved methane was equilibrated with the headspace by vigorous shaking. 

Methane concentrations (in nmol l-1) in the samples were determined using a calibration curve for which 

three standards were measured: a. degassed water (zero calibration), b. air-saturated distilled water and 

c. air-saturated salt solution (10 % NaCl). 

The methane production rate (in µmol CH4 l-1 d-1) was calculated based on the change in methane 

concentration in 24 hours. The rates were then converted to an areal flux of methane from the sediment 

into the water column over a 24 hour time period (in µmol CH4 m-2 d-1) taking into account the core 

diameter (6.8 cm) and the volume of the overlying water (around 500 ml). 

52



 Chapter 2 - Methane production in seagrass meadows  

 

Sediment incubations, stable isotope labeling experiments and isotope ratio mass spectrometry 

During three sampling campaigns in October 2018, June 2019, and September 2019, we collected a 

total of 12 vegetated sediment cores and 10 dead seagrass sediment cores from which substrate-addition 

experiments with stable isotopes were set up to investigate methane production from different 
13C-labeled compounds. 

The cores typically had a length of 45 cm and were divided into three depths according to their 

composition, consisting of a sandy top layer with rhizomes and roots from 2 to 10 cm depth (D1), a 

deeper layer with plant roots between 10 to 30 cm (D2), and a peat layer from 30 to 45 cm depth (D3). 

The depth horizons were defined based on the sediment appearance (Figure S1C) and their absolute 

depths thus slightly varied between cores. Thorough care was taken not to expose the sediment core to 

air and all core handling was done in a glove bag filled with dinitrogen gas. Sediment material from 

each depth was homogenized and about 20 g of wet weight were added into 120 ml serum bottles, 

prefilled with sterile, anoxic, helium-degassed seawater. The bottles were closed headspace-free with a 

butyl rubber stopper and sealed with aluminum crimps (Figure S1D, E). Stable isotope incubations were 

set up in separate incubation bottles with either 13C-monomethylamine (purchased from Cambridge 

Isotope Laboratories), 13C2-dimethylamine, 13C2-acetate, 13C-methanol, 13C-bicarbonate (250 µM) 

added together with 20 µM hydrogen, 13C2-dimethylsulfide (30 µM), all added at 10 µM final 

concentration if not indicated differently (all substrates purchased from Sigma Aldrich if not indicated 

differently). A control experiment was conducted to which 10 mM 2‐bromoethane sulfonate (BES; 

structural homologue of methyl-CoA; purchased from Sigma Aldrich) had been added together with 
13C-monomethylamine in order to inhibit archaeal methanogenesis. A second control sediment 

incubation was left unamended to measure bulk methane production from substrates readily available 

in the sediment. To all incubations with 13C-labeled substrates, non-labeled methane (100 nM) was 

added to capture 13C-labeled methane production. Both hydrogen and non-labeled methane were added 

as dissolved gases that were dissolved in sterile-filtered, anoxic seawater by replacing 1 ml of the 

seawater (in a prefilled 12 ml exetainer) with 2 ml of the respective gas, assuming that both gases will 

dissolve at their maximum solubility.  

After substrate addition, the incubations were sampled at time intervals of 0, 3, 6, 12, and 24 hours by 

removing 6 ml of the incubation water and simultaneous replacement with sterile, anoxic seawater. The 

sampled incubation water was transferred into 6 ml Exetainers (Labco, UK) containing 100 µl saturated 

mercuric chloride solution to stop microbial activity and closed headspace-free. 

Methane production from 13C-labeled compounds was measured by isotope ratio mass spectrometry 

(IRMS) on a Picarro G2201-i cavity ring-down spectrometer coupled to a Liaison interface (A0301, 

Picarro Inc.) in 3 ml of sample acidified with 100 µl 20 % phosphoric acid. Methane production from 

unamended sediment incubations were measured via gas chromatography (see section on ‘Methane 

concentration measurements via gas chromatography’). 
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Calculation of methane production rates 

The rates of net methane production were calculated from the slope of linear increase of 13C-CH4 over 

total CH4 over time and normalized for the amount of sediment added per incubation (rates given as 

pmol per gram sediment wet weight). All rates were inferred from the slope of linear regression across 

all five time points and are reported only if slopes were significantly different from zero (P < 0.05, 

one-sided Student's t-test). For all incubations with added 13C-labeled methylated compounds, methane 

concentration increased slightly exponentially over time, which could be due to diffusion limitation of 

the added tracer in the first hours of the experiment. The methane production rates might thus represent 

a conservative estimate of the potential rate. For comparison, we also report rates for which T0 values 

were not included in the rate calculation (Table S2). 

Methane oxidation experiments 

Experiments to determine the methane oxidation potential of the sediment community were conducted 

in October 2018 and September 2019. Sediment incubations were set up as described above (see section 

on ‘stable isotope labeling experiments’) to which 1 µM 13C-labeled CH4 (purchased from Cambridge 

Isotope Laboratories) was added in dissolved form, prepared the same way as described for hydrogen 

and non-labeled methane. Anaerobic methane oxidation was investigated in the same three sediment 

depths as for the other incubation experiments (2-10, 10-30, 30-45 cm). Anaerobic methane oxidation 

was investigated in sediment incubations to which no electron acceptor had been added in addition to 

in situ sulfate. Aerobic methane oxidation was investigated only in the surface sediment layer (2-10 cm) 

for which the incubations were kept at low oxygen concentrations (3.5±2 µM). The oxygen 

concentration in the incubations was monitored at all sampling time points using oxygen sensor spots 

(OXSP5, Pyroscience) glued to the inner side of the incubation bottles and read off with optical fibres 

from the outside. Due to high respiration rates in the sediment, the incubations turned periodically 

anoxic in between the sampling points. Therefore, they were replenished with new oxygenated water 

with every sampling. Incubations were subsampled after 0, 3, 6, 12, and 24 hours to follow the 

production of 13CO2 (as described in ‘sediment incubations’). Production of 13CO2 from 13C-labeled 

methane was measured by isotope ratio mass spectrometry (IRMS) on a Picarro G2201-i cavity ring-

down spectrometer coupled to a Liaison interface (A0301, Picarro Inc.). Methane oxidation rates were 

calculated from the slope of linear increase of 13CO2 over total CO2 over time. 

Methane concentration measurements via gas chromatography 

Methane concentrations from porewater samples and from unamended incubations were determined by 

gas chromatography (GC; Agilent Technologies, 7820A GC Systems) equipped with a packed Porapak 

Q column and a flame ionization detector. Porewater samples that were stored in 12 ml exetainers got 

a 3 ml helium headspace from which 0.5 ml were injected into the gas stream of the GC. Incubation 

samples that were stored in 6 ml exetainers also got a 3 ml headspace from which 0.5 ml were injected. 
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The removed gas volume was simultaneously replaced by distilled water. Standard calibration was done 

by injecting different volumes of calibration gas (100 ppm CH4 in Helium, purchased from Air Liquide, 

Germany). 

Chemical analysis of sulfide and sulfate 

Porewater samples for sulfide and sulfate concentration measurements were fixed in 5 % zinc chloride 

solution directly after sampling. Between 10 µl to 1000 µl of the sulfide samples were diluted with 

ultrapure water to reach a total sample volume of 2 ml. To each 2 ml sample, 160 µl of diamine reagent 

was added. The sample was immediately closed and left to rest for a minimum of 30 minutes in the dark 

at room temperature. The spectrophotometer was zeroed using a cuvette filled with a blank (ultrapure 

water with the diamine reagent). The samples were briefly shaken, then measured in cuvettes (1 cm 

path length) in the spectrophotometer at the wavelength 670 nm. 

Sulfate concentrations of zinc chloride-treated porewater samples were determined by suppressed ion 

chromatography (IC) using a Metrohm 761 Compact IC (Metrohm A Supp 5 column) with CO2 

suppression and online removal of zinc (Metrohm A PPC 1 HC matrix elimination column).  

Extraction and identification of methylated compounds from plant tissue 

To determine concentrations of small methylated compounds (choline, betaines and 

dimethylsulfoniopropionate) in the plant tissue, we sampled seagrass leaves as well as rhizomes. For 

vegetated sediments, seagrass leaves (n=6) were collected from seagrass plants and seagrass rhizomes 

were collected from the three different sediment depths horizons, if present (2 to 5 rhizomes per depths). 

Rhizomes from the uppermost depth horizon were intact, but partly degraded in the deeper depth 

horizons. From dead seagrass sediment cores that did not have a surficial cover of living seagrass plants, 

only the rhizomes from the different depths horizons were sampled (two rhizomes per depths). Plant 

tissue samples were cleaned from sediment by rinsing them with MilliQ and kept at -20°C until 

extraction. Directly before extraction, the plant pieces were freeze dried and grounded to a fine powder. 

About 50 mg of powder per sample were extracted with 1 ml solvent mixture (Roessner and Dias, 

2013). 50 µl of each extract was dried in a vacuum rotation device and after resuspended in 50 µl water. 

Subsequently, 1 µl sample and 1 µl standard mixtures (1-100 µM) were spotted on a target for matrix-

assisted laser desorption ionisation mass-spectrometry. After drying, dihydroxybenzoic acid matrix was 

used to coat the sample and analyzed using an AP-SMALDI10 source and an Orbitrap QExactive 

mass-spectrometer as described previously (Geier et al., 2020). Identity and concentrations of 

methylated compounds were determined by comparing measured m/z values to exact masses of choline, 

glycine betaine and dimethylsulfoniopropionate and by comparing ion intensity to measured standard 

mixtures. Dimethylsulfoniopropionate was not contained in the standard mixture and concentrations 

were estimated from measured ion intensities of glycine betaine standards.  
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Nucleic acid extraction and metagenome sequencing 

DNA was extracted from sediment samples taken in October 2018, as well as in June and September 

2019 from the same sediment cores and sampling depths as used for stable isotope incubations. 

Sediment samples were frozen and kept at -80°C until DNA extraction. DNA was extracted from 2 g 

of sediment with the DNeasy PowerSoil Kit (Qiagen) according to the manufacturer's instructions and 

quantified with the Qubit dsDNA HS Assay Kit on a Qubit 2.0 Fluorometer (Invitrogen). Library 

preparation and sequencing were performed at the Max Planck Genome Center Cologne, Germany 

(https://mpgc.mpipz.mpg.de/home/). 10 ng genomic DNA was used for library preparation with 

NEBNext Ultra II FS DNA Library Prep Kit for Illumina (New England Biolabs). Library preparation 

included 8 cycles of PCR amplification. Quality and quantity were assessed at all steps via capillary 

electrophoresis (TapeStation, Agilent Technologies) and fluorometry (Qubit, Thermo Fisher 

Scientific). Libraries were sequenced on HiSeq2500 system (Illumina) with 2 x 250 bp paired end reads 

(Table S1).  

Additionally, two samples (C3_D1 and C3_D3) were sequenced using PacBio Sequel II. DNA was 

quality assessed by capillary electrophoresis (FEMTOpulse, Agilent) and barcoded low input PacBio 

libraries were prepared as recommended by PacBio with the SMRTbell® Express Template Prep Kit 

2.0 (Pacific Biosciences) without an additional fragmentation. Complexes consisting of library 

fragments / polymerase / primer were build with Sequel® II Binding Kit 2.0 and sequenced with 

Sequel® II Sequencing chemistry 2.0 on a single SMRT cell (8 M ZMWs) for 30 hours with a final 

library concentration of 70 pmol on plate in HiFi mode. The total output was 290.86 gigabase CLR 

data. HiFi data was extracted from the two pooled libraries yielding 7.7 and 1.8 gigabases, respectively. 

Microbial community profiling and 16S rRNA gene phylogeny 

Microbial community composition based on 16S rRNA gene sequences in raw metagenomes was 

performed using phyloFlash (v3.3b2) (Gruber-Vodicka et al., 2019) and the SILVA database (release 

138) (Quast et al., 2013). Prior to calculation of relative abundances, reads phylogenetically assigned 

to mitochondria, plastids and Eukarya were removed. Additionally, full-length 16S rRNA gene 

sequences taxonomically assigned to Bathyarchaeia were assembled from metagenomic 16S rRNA 

gene sequences using SPAdes assembler v3.11.1 (Bankevich et al., 2012) as implemented in 

phyloFlash. A Neighbor-joining tree using Jukes-Cantor substitution model with 1,000 bootstrap 

iterations was calculated in ARB (v 6.1) (Ludwig et al., 2004) from 98 representative 16S rRNA gene 

sequences (longer than 900 bp) of uncultivated Bathyarchaeia (Kubo et al., 2012; Meng et al., 2014) 

and our metagenome-recovered 16S rRNA gene sequences that classified as Bathyarchaeia. 16S rRNA 

gene sequences of 12 cultivated Thaumarchaeota species were used as an outgroup. Sequences were 

aligned using SINA web aligner (v 1.2.11) (Pruesse et al., 2012). 
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Identification and phylogeny of metagenomic mcrA sequences 

Adapter and quality trimming of raw metagenomic Illumina reads was performed using Trimmomatic 

0.32 (Bolger et al., 2014) (parameters: LEADING:3 TRAILING:3 SLIDINGWINDOW:4:10 

MINLEN:200) and each metagenomic Illumina dataset obtained from 2019 was assembled individually 

using metaSPAdes 3.13.0 (Nurk et al., 2017) and standard parameters. Furthermore, Illumina 

metagenomes from 2018 (C1-C4, depth D3) were combined and co-assembled as described above. The 

PacBio CCS (circular consensus sequences) reads were generated and demultiplexed by PacBio SMRT 

Link version 8 and default settings. Afterwards, the bam2fastq tool, shipped with SMRT Link, was used 

to convert resulting xml files into fastq format. 

For identification of mcrA gene sequences in contigs of Illumina assemblies (minimum length 750 bp 

for co-assembly of 2018 metagenomes, no minimum length for other assemblies) and PacBio circular 

consensus reads (CCS), protein-coding sequences were predicted using prodigal 2.6.3 (Hyatt et al., 

2010) in metagenomic mode and amino acid sequences were subsequently searched for McrA 

sequences using hmmscan (of the HMMer package) (Eddy, 2011) and McrA HMM models obtained 

from PFAM (PF02249.17, PF02745.15) (El-Gebali et al., 2019) using trusted cut-offs (--cut_tc). 

McrA protein sequences from the vegetated sediment metagenomes were added to the alignment 

published by Boyd et al. (2019) comprising classical and divergent McrA protein sequences using the 

MAFFT alignment program (version 7). A Maximum Likelihood tree from 214 McrA protein sequences 

was calculated with IQ-TREE multicore version 1.6.11 (Trifinopoulos et al., 2016) using model 

LG+F+I+G4 and 1,000 bootstrap iterations. The constructed McrA phylogenetic tree was modified with 

itol webtool (https://itol.embl.de) (Letunic and Bork, 2007). Amino acid sequence identities were 

determined with Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Data and materials availability  

All data needed to evaluate the conclusions in the paper are present in the Supplementary Materials, 

including raw output from PhyloFlash used as a base for Figure 4, individual McrA sequences (from 

assembled Illumina metagenomes and PacBio circular consensus sequences) and assembled archaeal 

16S rRNA gene sequences. Raw metagenomic Illumina sequences and PacBio circular consensus 

sequences are available from the corresponding author upon reasonable request. 
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Supplementary Information 

Supplementary Files 

Data files are deposited online (https://owncloud.mpi-bremen.de/index.php/s/blBBHFAOvhO0vRB) 

 

Data file S1: Information on recovered McrA sequences from sediment metagenomes (excel file) 

Data file S2: McrA protein sequences recovered from Illumina and PacBio sequencing (text file) 

Data file S3: 16S rRNA gene sequences classified as ‘Ca. Bathyarchaeota’ recovered from sediment 

metagenomes (fasta file) 

Data file S4: Assembled archaeal 16S rRNA sequences (fasta file) 

Data file S5: Classification of assembled 16S rRNA gene sequences belonging to data file 4 

(classification file) 

Data file S6: Raw output from PhyloFlash used as base for Figure 4 (excel file) 

Data file S7: Accession numbers used as base for Figure S5 (excel file) 

 

Supplementary Text 

Text S1. Characteristics of the sediment underlying a Posidonia oceanica meadow and the 
implications for methane fluxes 

Our investigated Posidonia meadow off the coast of Fetovaia Bay, Elba, grows on sandy sediments; in 

fact, the Mediterranean coastline largely consists of sandy sediments (Figure 6A). Grain sizes from the 

sediment underneath a living seagrass meadow ranged from < 50 µm to 800 µm with a median size of 

177 µm (Figure S2A, B). Typically, sand classifies as grain sizes from 63 µm to 2 mm, whereas mud is 

defined to have particle sizes below 63 µm (Folk, 1980). Therefore, the majority of grains can be 

classified as fine sand. Additionally, we investigated the sediment porosity of vegetated and dead 

seagrass sediments. In the surface layer of vegetated sediment (0-6 cm), we determined a constant 

porosity of 0.4±0.04 among four replicate measurements, typical of sandy sediments (Ahmerkamp et 

al., 2017). In the deeper sediment layers (6-40 cm), the average porosity was 0.47±0.09 and showed a 

much higher variability, which can be assigned to the heterogeneity of the sediment that is interspersed 

by plant tissue. The porosity of the dead seagrass sediment (measured on three cores) was similar to 

that of the vegetated sediment (Figure S2C). 
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In sandy sediments, porewater advection leads to a more rapid water exchange as compared to muddy 

sediments (Ahmerkamp et al., 2017; Huettel et al., 2014). Our porewater gas profiles of vegetated 

sediments did not show subsurface methane accumulation typical for muddy sediments. Even though 

the porewater methane concentrations were supersaturated with respect to atmospheric equilibrium 

(ca. 2 nM), the concentrations were only in the nanomolar range (29 - 132 nM) and stayed constant 

throughout the investigated upper 50 cm of sediment, implying rapid exchange between the sediment 

porewater and the water column. A slight decrease in methane concentrations was only detected at the 

sediment surface, which might indicate loss of methane from the sediment to the overlying water 

column.  

Overall, it is thus expected that methane will rapidly exchange between the sediment, water column and 

the atmosphere in these vegetated sediments due to the shallow water depths of the seagrass beds and 

their growth in sandy sediments that support advective transport.  

Text S2. Methane production in dead seagrass sediments  

In the bay of Fetovaia, there are sites where the living seagrass plants have died off in the past due to 

physical disturbance (Figure S3A). The sediment under these eroded seagrass beds still contains the 

peat substrate consisting of dead plant material but is no longer interspersed by the living plant tissue. 

Based on the chemical porewater profiles, there was a profound difference between sediments covered 

with living and dead seagrass, respectively (Figure 1D, E, F and Figure S3B, C). Most apparent was the 

high accumulation of methane and free sulfide in the porewater of dead seagrass sediments. Clearly, 

the living plant alters the sediment biogeochemistry, and after its disappearance, certain functions of 

the plant are no longer maintained. One of these functions is the ventilation of the sediment by periodic 

oxygen intrusions through the plant tissue (Oremland and Taylor, 1977), which may control the 

accumulation of free sulfide. Downward oxygen transport by the plant can occur passively through gas 

diffusion driven by differences in partial pressures between leaves and rhizomes or through mass flow 

inside the plant driven by a ‘pumping’ effect induced by the plant movement through the action of 

waves (Borum et al., 2006). The absence of the living plant as a conduit for gas exchange between the 

sediment and the water column might also explain the higher methane accumulation in dead seagrass 

sediments.  

In contrast to the porewater profiles, the potential rates of methane production in the dead seagrass 

sediments were largely similar to those in the vegetated ones (Figure 2 and Figure S4). Only in the 

deepest sediment depth, below 30 cm, the rates of methane production were notably lower. This implies 

that significant capacity for methane production in seagrass sediments may remain even long after the 

disappearance of the living plant.  
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Text S3. Methane emissions and carbon offset of Posidonia oceanica meadows 

Upscaled, the total methane emissions from P. oceanica meadows into the water column in the 

Mediterranean Sea range from 0.0003 to 0.033 Tg CH4 yr-1. Due to the shallow depth of the seagrass 

beds (7 m), the methane released into the mixed water column is not expected to undergo any significant 

oxidation before exchanging with the atmosphere. Thus, assuming that the methane flux to the water 

column equals that to the atmosphere, then P. oceanica-associated emissions from the Mediterranean 

Sea would represent between 0.3 - 1.2 % of the global methane emissions from seagrass ecosystems 

(0.09 - 2.7 Tg yr-1) (Al-Haj and Fulweiler, 2020; Garcias-Bonet and Duarte, 2017). The emissions of 

methane from the vegetated sediment offset the effect of CO2 uptake by the plant - both in terms of 

carbon storage, as well as the global warming effect. In seasons of high productivity (early summer) 

P. oceanica showed an average net ecosystem metabolism (i.e. carbon storage described as its 

production (photosynthesis) minus its consumption (respiration)) of 77 mmol CO2 m-2 d-1 (Koopmans 

et al., 2018). Our measurements show that these vegetated sediments emit on average 175 µmol 

CH4 m-2 d-1. This means that only a negligible fraction of the fixed carbon is lost from the ecosystem as 

methane (ca. 0.002 %). However, due to the higher warming potential of methane over carbon dioxide 

(28 to 36 times higher; (IPCC, 2014)), between 6.4 and 8.2 % of the blue carbon function of this plant 

might be offset by its methane-producing capacity.  

 

Supplementary methods 

Determination of sediment porosity 

We determined the sediment porosity from four vegetated sediment cores and from three dead seagrass 

sediment cores. Subcores of 3 cm3 were sampled in intervals of 7 to 10 cm over a depth of up to 50 cm. 

2 ml of sediment was added into a cylinder, weighed and dried at 60°C. The porewater volume was 

then determined by calculating the difference of sediment wet weight and dry weight divided by the 

seawater density. Subsequently, the sediment porosity (cm3 porewater cm-3 wet sediment) was 

determined by dividing porewater volume by the total volume of the wet sediment. 

From a subsample we determined the grain size of the sediment from a total of 500 sand grains sampled 

from the upper 6 cm of the vegetated sediment. Sand grains were equally and randomly distributed in a 

petri dish and imaged using a Leica DMI 6000B inverted microscope. The diameter (in pixels) was then 

measured manually using an in-house developed matlab script (Mathworks R2017b) and converted into 

µm units based on a reference scale measurement.  
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Supplementary Figures 

 

 

Figure S1. Sampling site and sediment work. (A) Seagrass meadow of Posidonia oceanica located in 7 m deep 

water in the bay of Fetovaia, Elba, Italy. (B) Sediment cores were retrieved with an underwater operated pressure 

drill. (C) Composition of a 50 cm long sediment core sampled from underneath a seagrass meadow. (D, E) 

Incubation bottles with approximately 20 g sediment and peat material from vegetated and dead seagrass sediment. 

(D) Incubation bottles with sediment from a vegetated sediment core from different depth horizons of 2-10 cm, 

10-30 cm, and 30-45 cm (from left to right). (E) Corresponding incubation bottles from dead seagrass sediment 

cores from the same depth horizons as shown in D. The sediment material was much more degraded in these dead 

seagrass sediment cores but roots and rhizomes were still discernible in the peated material.   
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Figure S2. Physical properties of vegetated and dead seagrass sediments. (A) Grain size distribution from the 

upper 6 cm of sediment underneath a seagrass meadow, as visualized in (B). (C) Porosity of vegetated and dead 

seagrass sediments. 
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Figure S3. Porewater profiles of dead seagrass sediment. (A) Dead seagrass sediment in the bay of Fetovaia which 

was formerly colonized by P. oceanica seagrasses (left image) as well as peat deposition underneath a living 

seagrass meadow that persists after seagrass die-off (right image). Respective areas are outlined by white dashed 

lines. (B) Methane porewater concentrations measured in October 2018, June 2019, and September 2019. (C) 

Corresponding porewater concentrations of sulfide (red) and sulfate (blue).  
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Figure S4. Methane production from competitive and non-competitive substrates in incubations of dead seagrass 

sediments. 13C-labeled substrates were added to sediment incubations to test for methane production from (A) 
13C2-acetate, (B) H2 and 13C-bicarbonate, (C) 13C-monomethylamine, and (D) 13C-monomethylamine added 

together with 10 mM of the methanogenesis inhibitor 2-bromoethanesulfonate (BES). (E) Methane production 

from other methylated compounds in the deepest analyzed depth horizon. (F) Exemplary representation of 

methane production over time for the different methylated substrates in incubations of the deepest sediment 

horizon. All 13C-labeled substrates were added at a final concentration of 10 µM, except for DMS (30 µM), and 

bicarbonate (250 µM). Dissolved H2 was added at a concentration of 20 µM. Abbreviations are: DMA, 

dimethylamine; DMS, dimethylsulfide; MMA, monomethylamine; MeOH, methanol. 
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Figure S5. Placement of metagenome-recovered 16S rRNA genes classifying as ‘Ca. Bathyarchaeota’. The 

neighbour joining tree (1,000 bootstraps iterations) with 98 representative 16S rRNA gene sequences of 

uncultured Bathyarchaeia (formerly MCG) (Kubo et al., 2012; Meng et al., 2014) showing the placement of 

metagenome-recovered Bathyarchaeia 16S rRNA gene sequences. We assembled twenty 16S rRNA gene 

sequences from metagenomic reads (orange) and four 16S rRNA gene sequences from metagenome assembled 

bins (red) that affiliated with 5 subgroups of the phylum ‘Ca. Bathyarchaeota’, comprising subgroups 6, 8, 10, 15, 

and 17. 16S rRNA gene sequences of 12 cultivated Thaumarchaeota species were used as an outgroup. Bootstrap 

support is shown with white (>70%) and black (>90%) circles. Scale bar indicates substitutions per site. 
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Figure S6. Methane fluxes from whole core incubations of vegetated and dead seagrass sediments. Some cores 

sampled from vegetated sediment (from within the seagrass meadow) contained a plant with leaves (here referred 

to as “vegetated cores with plant”), whereas for some cores the plant leaves were cut off during the coring and 

were therefore not contained in the core (here referred to as “vegetated cores without plant”). Cores sampled from 

dead seagrass sediment did naturally never contain a plant as the surficial cover off plants had died off.   

 

 

Figure S7. Concentration of choline, betaine, and dimethylsulfoniopropionate (DMSP) in seagrass leaves as well 

as in rhizomes sampled from different depth layers of vegetated and dead seagrass sediments. Vertical black lines 

denote the median of multiple measurements.  
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Figure S8. Porewater was sampled using scuba diver-operated stainless steel push-point lances. In order to 

monitor oxygen concentrations instantly, an oxygen flow-through cell (Pyroscience) was connected between 

porewater lance and the polyethylene syringe. The cell was connected via a glass-fiber to a read-out module and 

underwater logger (DOMS) and porewater oxygen concentrations were determined at the sediment-water interface 

(0 cm) and at depths of 3, 6, 10, 20, 30, 40, and 50 cm. Additionally, porewater samples were collected at 0, 10, 

20, 30, 40 and 50 cm for analysis of dissolved gases and nutrients. At each depth horizon, 20 ml of porewater 

were carefully extracted via a PE syringe that was connected to the lance using gas-tight fluorocarbon tubing 

(Viton). After sampling, the syringes from each depth horizon were immediately transferred to the water surface 

for further processing. The combination of 10 cm depth horizons and 20 ml extraction volume results in a sampling 

halo with a radius of 1.68 cm, indicating that there was no overlap between individual depth horizons.   
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Supplementary Tables 

Table S1. Summary of raw metagenomic sequences used in this study. 

ID 
Sequencing 
technology 

No. of 
(paired-

end) reads 

Total 
sequenced 

(Gbp) Sample origin and date 

C6_D1_19 HiSeq2500 (2×250 bp) 21,280,150 10.6 Fetovaia Bay, seagrass bed core C6, 2-10 cm, September 2019 

C6_D2_19 HiSeq2500 (2×250 bp) 21,920,511 11.0 Fetovaia Bay, seagrass bed core C6, 10-30 cm, September 2019 

C6_D3_19 HiSeq2500 (2×250 bp) 21,254,640 10.6 Fetovaia Bay, seagrass bed core C6, 30-45 cm, September 2019 

C3_D1_19 HiSeq2500 (2×250 bp) 17,439,745 8.7 Fetovaia Bay, seagrass bed core C3, 2-10 cm, September 2019 

C3_D2_19 HiSeq2500 (2×250 bp) 18,798,846 9.4 Fetovaia Bay, seagrass bed core C3, 10-30 cm, September 2019 

C3_D3_19 HiSeq2500 (2×250 bp) 21,067,396 10.5 Fetovaia Bay, seagrass bed core C3, 30-45 cm, September 2019 

C2_D1_19 HiSeq2500 (2×250 bp) 18,188,497 9.1 Fetovaia Bay, seagrass bed core C2, 2-10 cm, June 2019 

C2_D2_19 HiSeq2500 (2×250 bp) 20,236,526 10.1 Fetovaia Bay, seagrass bed core C2, 10-30 cm, June 2019 

C2_D3_19 HiSeq2500 (2×250 bp) 21,658,672 10.8 Fetovaia Bay, seagrass bed core C2, 30-45 cm, June 2019 

C1_D3_18 HiSeq2500 (2×250 bp) 16,018,078 8.0 Fetovaia Bay, seagrass bed core C1, 30-45 cm, October 2018 

C2_D3_18 HiSeq2500 (2×250 bp) 20,604,031 10.3 Fetovaia Bay, seagrass bed core C2, 30-45 cm, October 2018 

C3_D3_18 HiSeq2500 (2×250 bp) 15,815,141 7.9 Fetovaia Bay, dead seagrass sediment C3, 30-45 cm, October 2018 

C4_D3_18 HiSeq2500 (2×250 bp) 15,801,501 7.9 Fetovaia Bay, dead seagrass sediment C4, 30-45 cm, October 2018 

C3_D1_19 PacBio Sequel II (CCS 
reads) 1,376,013 - Fetovaia Bay, seagrass bed core C3, 2-10 cm, September 2019 

C3_D3_19 PacBio Sequel II (CCS 
reads) 284,325 - Fetovaia Bay, seagrass bed core C3, 30-45 cm, September 2019 

 

  

75



 Chapter 2 - Methane production in seagrass meadows  

 

Table S2. Methane production rates from monomethylamine-amended incubations. Rates were calculated from 

all five time points sampled over 24 hours (referred to as “all time points”) and from only the last four time points 

(referred to as “T2 - T5”), omitting T0. Rate calculations from only the last four time points gave a better linear 

regression (R2) than including all five time points into the calculation. The average rate per depth was 10 to 12% 

higher by only taking the linear regression of the four last time points, in comparison to taking all five time points. 

Significance (p-value) was tested using one-tailed student's t-Test. 

 
 

Sediment 
depth 

All time points (1)  T2 - T5 (2) 

Rate 
(nM d-1) R2 (p-value) Average 

per depth (nM d-1)  Rate 
(nM d-1) R2 (p-value) Average 

per depth (nM d-1) 

D1 
2-10 cm 

883 0.94 (0.003)   975 0.96 (0.003)  
1252 0.93 (0.004)   1407 0.96 (0.004)  
627 0.94 (0.003)   700 0.97 (0.002)  

1305 0.98 (0.001) 1017  1399 0.99 (0.0004) 1120 

D2 
10-30cm 

106 0.94 (0.003)   117 0.96 (0.003)  
761 0.95 (0.003)   845 0.97 (0.002)  
718 0.92 (0.005)   809 0.96 (0.004)  
229 0.95 (0.003) 453  255 0.97 (0.002) 506 

D3 
30-45 cm 

46 0.94 (0.003)   51 0.96 (0.003)  
92 0.88 (0.009)   105 0.92 (0.008)  
126 0.94 (0.003)   141 0.97 (0.002)  
775 0.94 (0.003) 260  867 0.97 (0.002) 291 

 

(1) The rate of methane production was calculated from all five time points sampled over 24 hours. 

(2) For comparison, the rate of methane production was calculated from only the last four time points, omitting T0, 

assuming that the added tracer first needed to equilibrate with the unlabeled methylamine in the incubation bottle.  
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Abstract 

Freshwater lakes emit large amounts of methane to the atmosphere. However, methane emissions from 

permanently stratified, meromictic lakes are strongly reduced due to efficient biological methane 

removal by methane-oxidizing bacteria (MOB). Most lacustrine MOB are traditionally considered to 

be obligate aerobes, and they typically exhibit highest activity at oxic-anoxic interfaces. Recent   

evidence has suggested that aerobic MOB are also abundant in anoxic environments, indicating they 

may oxidize methane anaerobically.   

Here, we investigated microbial methane oxidation in the water column of the meromictic Lake Zug 

using stable isotope labeling experiments and single cell imaging mass spectrometry. Our results 

provided evidence for ongoing methane oxidation under hypoxic as well as anoxic conditions mediated 

by aerobic gammaproteobacterial methanotrophs belonging to the Methylococcales. Single cell 

analyses revealed differences in growth and methane oxidation activity for morphologically different 

groups of MOB. Whereas all investigated MOB showed activity under hypoxic conditions, only large 

rod-shaped cells were active under (apparent) anoxia. The single cell methane oxidation and methane 

assimilation rates for this particular phenotype were essentially identical under hypoxic and anoxic 

conditions. Our combined results reveal striking differences in their response to anoxia within this 

cosmopolitan group of MOB and for the first time demonstrate methane-derived growth of an aerobic 

gammaproteobacterial methanotroph under anoxic, denitrifying conditions. 

 

Introduction 

Freshwater lakes represent the second largest natural source of methane (CH4), with annual emissions 

of 8 to 72 Tg CH4 y-1 (Bastviken et al., 2004, 2011). Lacustrine methane is produced in the sediment by 

the decomposition of organic matter and is largely released into the overlying water column. Especially 

mixed freshwater lakes are major methane emitters to the atmosphere, whereas seasonally or 

permanently stratified lakes have strongly reduced methane emissions due to efficient methane removal 

in the water column by microbial methane oxidation (Bastviken et al., 2004). Methane oxidation by 

methane-oxidizing bacteria (i.e. methanotrophs or MOB) is therefore considered an important 

biological methane filter.   

Gammaproteobacterial methane-oxidizing bacteria (gamma-MOB) often dominate methanotrophic 

communities in freshwater lakes (Hanson and Hanson, 1996). Bacterial methanotrophs activate 

methane via a soluble or particulate methane monooxygenase that catalyzes the initial oxidation of 

methane to methanol using molecular oxygen. Bacterial methane oxidation is therefore an 

oxygen-dependent process and as such, MOB activity is thought to be constrained to oxic environments. 
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It has been shown recently that various taxa of MOB differ in their oxygen requirements and therefore 

inhabit distinct niches in the water column (Mayr et al., 2020a). Typically, MOB exhibit highest activity 

under hypoxic conditions (Steinle et al., 2017; Walkiewicz et al., 2018), either at the oxic-anoxic 

interfaces in the water column or the sediment, where they experience high fluxes of both methane and 

oxygen (Bastviken et al., 2003). 

Interestingly, classical aerobic methanotrophs belonging to the Methylococcales of the 

Gammaproteobacteria are also often present and active in oxygen-deficient water depths of stratified 

lakes (Mayr et al., 2020a; Oswald et al., 2016a; Blees et al., 2014) or lake sediments (Martinez-Cruz et 

al., 2017). It is currently assumed that even under apparent anoxia, MOB activity is linked to trace 

amounts of oxygen, which is produced or transported there. For example, in shallow lakes, where light 

penetrates into anoxic water depths, aerobic methane oxidation was shown to be sustained by in situ 

oxygen production by photosynthetic algae (Milucka et al., 2015; Oswald et al., 2016b). Additionally, 

lateral and/or vertical intrusions of oxic waters into anoxic depths were proposed to sustain 

methanotrophic activity in situ (Blees et al., 2014).  

Some aerobic MOB possess specific metabolic strategies to overcome oxygen starvation. For example, 

methanotrophs belonging to the Methylomicrobium have been shown to conserve energy through 

fermentation rather than aerobic respiration when oxygen becomes limiting (Kalyuzhnaya et al., 2013). 

Also, the use of an alternative terminal electron acceptor (such as nitrate) may allow methanotrophs to 

thrive under hypoxic conditions and, in fact, almost all known gamma-MOB possess the genes for 

respiratory nitrate reduction (Stein and Klotz, 2011). Anaerobic respiration of nitrate has also been 

demonstrated experimentally for the culture Methylomonas denitrificans (Kits et al., 2015a).  

A widespread capacity of gamma-MOB for anaerobic respiration would bear great significance for the 

in situ activity of this important group of organisms. Yet, at this point, the occurrence and prevalence 

of this process in the environment remains unclear. 

Here, we investigated the activity of aerobic gamma-MOB in the water column of Lake Zug, a deep, 

permanently stratified freshwater lake in central Switzerland. We investigated the methane oxidation 

activity and growth of diverse gamma-MOB under either hypoxic (circa 20 µM oxygen) or anoxic 

(oxygen below detection) conditions by combining stable isotope incubations with single cell imaging 

mass spectrometry. Our combined results showed marked differences in methane oxidation activity by 

the different gamma-MOB and provide evidence for distinct gamma-MOB populations capable of 

performing methane oxidation under anoxic, denitrifying conditions. 
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Results 

Chemistry and methane fluxes in the water column of Lake Zug 

During a sampling campaign in September 2017, the oxycline was located at 123 m water depth and 

oxygen remained undetectable down to the lowest sampling depth of around 180 m (Figure 1a). Nitrate 

was detected throughout most of the anoxic hypolimnion and showed a steady decrease with depth, 

from 16 µM at 123 m (oxic-anoxic interface) to 0.4 µM at 160 m. Nitrite was also detected in the water 

column, albeit at concentrations well below 100 nM (Figure 1b). 

Methane concentrations were highest above the sediment surface in the anoxic hypolimnion (around 

40 µM) and decreased towards the oxycline (Figure 1a). Approximately 10 meters below the oxycline, 

methane concentrations dropped below the detection limit. Based on the methane concentration profile, 

we identified three zones of concentration decreases comprising a gradual decrease from the sediment 

surface to about 160 m depths, followed by a sharp decrease between 160 m and 135 m, as well as 

between 135 m and 120 m. This decline in methane concentration suggested that there was either a 

substantial methane sink situated well below the oxic-anoxic interface or differences in vertical mixing 

of the water column. Based on the methane concentration profile, we calculated turbulent methane 

fluxes for the three distinct zones in the water column. The highest methane flux of 3.6 mmol m-2 d-1 

occurred in the anoxic hypolimnion between the sediment surface and 160 m water depth. Between 

160 m and 135 m, the methane flux was slightly lower with 0.9 mmol m-2 d-1 and lowest, with 

0.05 mmol m-2 d-1, around the oxycline between 135 m and 120 m. 

Classical type I gammaproteobacterial methanotrophs (gamma-MOB) of the Methylococcales were 

visualized by CARD FISH using probe mix Mγ84+Mγ705. Gamma-MOB were detected in all analyzed 

water depths (125, 135, and 160 m) and their abundance slightly increased with depth, from 

1.6 × 104 cells ml-1 at 125 m to 2.7 × 104 cells ml-1 at 160 m (Figure 1c). 
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Figure 1. Depth profiles of dissolved gases and nutrients, denitrification and methane oxidation rates, and cell 

counts of gamma-MOB in the water column of Lake Zug. (a) In situ concentration profiles of oxygen (black) and 

methane (red) below 100 m water depth. Black arrows indicate sampling depths for stable isotope incubations. 

Inlet shows oxygen concentrations at the oxycline at 123 m. (b) In situ concentrations of nitrate (black symbol) 

and nitrite (grey symbol) as well as denitrification rates (blue bars). (c) Methane oxidation rates and CARD FISH-

based cell counts of gamma-MOB targeted by probe mix Mγ84+Mγ705 (Eller et al., 2001). Aerobic and anaerobic 

methane oxidation rates are depicted as grey and orange bars, respectively. Note that anaerobic methane oxidation 

is approximately 10-fold lower than aerobic methane oxidation. Methane oxidation and denitrification rates were 

calculated from the slope of linear regression across six time points over a total of 12 days. Error bars represent 

standard error of the slope.  

Bulk methane oxidation and denitrification rates 

Methane oxidation experiments were performed with water sampled from three distinct depths. The 

water depths were characterized by different in situ concentrations of oxygen and methane. We sampled 

at the base of the oxycline at 123 m, approximately ten meters below the oxycline at 135 m, as well as 

from deep, anoxic and methane-rich waters at 160 m depth (Figure 1a).  

Bulk methane oxidation rates were determined from stable isotope incubations amended with 
13C-labeled methane. Incubation experiments were carried out under hypoxic (with 20 µM O2) or anoxic 

conditions (O2 concentration below detection, amended with 15N-labeled nitrate). Methane oxidation 

was subsequently quantified as the production of 13C-labeled CO2 in six subsamples taken across 

12 days. In all investigated depths, aerobic methane oxidation rates were about 10-times higher than 

rates of anaerobic methane oxidation. In hypoxic incubations, highest methane oxidation activity was 

measured in water from the oxycline at 123 m (2.7 µM d-1), but 13CO2 production showed an initial 

2 day lag phase and only afterwards increased linearly over the time course of the experiment (at a 

higher rate of 4.0 µM d-1). Hypoxic methane oxidation rates in water from both anoxic depths were 
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approximately 2-times lower with 1.2 µM d-1 at 135 m and 1.1 µM d-1 at 160 m but here, 13CO2 

production started immediately and increased linearly during the incubation. In anoxic incubations, 

methane oxidation rates were highest at 135 m with 0.2 µM d-1 and lower in the depths above and below 

(0.05 µM d-1 at 123 m and 0.06 µM d-1 at 160 m) (Figure 1c).  

In anoxic incubations, we also determined denitrification activity, measured as 30N2 production from 
15N-labeled nitrate. Generally, denitrification rates increased with depth, from 0.03 µM N d-1 at 123 m, 

to 0.81 µM N d-1 at 135 m, and 1.04 µM N d-1 at 160 m. Denitrification rates did not correlate with 

methane oxidation rates, probably because other anaerobic microorganisms used nitrate for 

denitrification as well. 

Growth characteristics of morphologically different gamma-MOB populations 

CARD FISH showed that gamma-MOB of different shapes and sizes were present in our incubations, 

which were stained by the Mγ84+Mγ705 probe mixture. Based on their appearance, we defined three 

groups of morphologically distinct gamma-MOB populations, comprising populations of coccoid cells 

(3.2±1 µm3), as well as small (1.6±1 µm3) and large rod-shaped cells (7.4±2.1 µm3). Additionally, we 

observed long filamentous cells in the water samples (55.3±45.1 µm3), reminiscent of Crenothrix sp., 

another abundant methanotroph in Lake Zug (Oswald et al., 2017), comprising a fourth group of 

methanotrophs in our incubations (not targeted by CARD FISH) (Figure 2 a-d). We determined their 

growth rates and doubling times in hypoxic and anoxic incubations by direct CARD FISH-based cell 

counts performed after 1, 2, and 5 days of incubation. All identified methanotrophs showed growth in 

hypoxic incubations with doubling times between 1.8 and 2.5 days. In anoxic incubations, only the large 

rod-shaped cells showed pronounced growth with doubling times of 6.7 days (approximately 4-times 

lower compared to their growth rate in hypoxic incubations), whereas for all other gamma-MOB groups, 

no growth was observed and in some cases their cell numbers declined over time in anoxic incubations 

(Table S1). 
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Figure 2. Morphology and activity of gamma-MOB. (a - d) CARD FISH images of gamma-MOB stained with 

probe mix Mγ84 and Mγ705 (red) and counterstained with 4′,6-diamidino-2-phenylindole (DAPI; blue) above 

corresponding nanoSIMS images that show their cellular 13C enrichment in 13C at% after 24 hours of hypoxic 

incubation. Crenothrix-like filaments were identified only based on their appearance after DAPI staining. 

Gamma-MOB were classified based on their size and shape as filamentous (a), large rods (b), coccoid (c), and 

small rods (d). (e,f) Excess 13C enrichment (in at%) of gamma-MOB after incubation with 13C-labeled methane 

for 24 hours under hypoxic (e) and anoxic (f) conditions determined by nanoSIMS analysis. 13C at% is given as 

excess value for each analyzed cell; the 0 value on the y-axis depicts the natural abundance of 13C (1.1%). The 

number of cells analyzed per category (n) is shown as scatter and indicated at each boxplot. Boxplots depict the 

25-75% quantile range, with the center line representing the median (50% quantile, highlighted in red) and 

whiskers representing the 5 and 95 percentile. All analyses were performed on samples from 135 m water depth. 

Three individual cells of one filament showed enrichments of 37, 40, and 41 at% 13C in the anoxic incubation and 

are not displayed in the graph for better visibility (indicated by red asterisk). 
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Methane C-based growth under hypoxic and anoxic conditions 

To confirm that the observed growth of gamma-MOB in our incubations was methane-derived, we 

quantified the assimilation of 13C-labeled methane-derived carbon into the biomass of the different 

gamma-MOB using nanometer-scale secondary ion mass spectrometry (nanoSIMS). Under hypoxic 

conditions, Crenothrix-like filaments showed the highest 13C assimilation per cell (averaging 

29 at% 13C) within 24 hours of incubation. Other gamma-MOB (i.e. coccoid, small and large rods) 

showed similarly high 13C assimilation, averaging 23 at% 13C within 24 hours, with only minor 

differences between the morphologically different groups (Figure 2e).  

Interestingly, under anoxic conditions, only the large rod-shaped gamma-MOB assimilated 13C-labeled 

carbon into their biomass of circa 18 at% 13C per cell within 24 hours, confirming that the observed 

growth in our anoxic incubations was methane-derived. Crenothrix-like filaments also sporadically 

showed 13C assimilation within 24 hours, averaging 2 at% 13C per cell. Notably, the 13C enrichment was 

different among individual filaments, whereas we did not observe a difference in 13C enrichment within 

individual cells of the same filament. Some filaments showed almost no 13C enrichment, whereas others 

showed 13C enrichment of up to 41 at% 13C per cell after 24 hours. By contrast, all analyzed rod-shaped 

gamma-MOB incorporated 13C at a similarly high level under hypoxic and anoxic conditions and their 
13C assimilation per cell was comparable between the two conditions (Figure 3). Coccoid and small 

rod-shaped gamma-MOB showed only negligible 13C assimilation of circa 1 at% 13C per cell after 

24 hours of anoxic incubation. 

As anoxic incubations additionally contained 15N-labeled nitrate (which can be either respired to N2 

during denitrification or assimilated as nitrogen into biomass), we analyzed the assimilation of 15N by 

the gamma-MOB as a proxy for their activity. Mainly the large rod-shaped gamma-MOB assimilated 
15N from nitrate in anoxic incubations, whereas substantially lower enrichments were observed for the 

other gamma-MOB populations (Figure S1).  

Single cell methane oxidation and assimilation rates 

Single cell imaging mass spectrometry clearly showed that only the large rod-shaped gamma-MOB 

were active under anoxic conditions, whereas most other gamma-MOB were not. Over the course of 

5 days, the large rod-shaped gamma-MOB assimilated essentially the same amount of 13C-labeled 

carbon irrespective of whether they were incubated under hypoxic or anoxic conditions (Figure 3). As 

such, apparently only a subset of gamma-MOB were active under anoxic conditions in our bulk 

incubations. To account for the lower abundance of active gamma-MOB, we normalized the bulk 

methane oxidation rates (163 nmol d-1 and 59 nmol d-1 under hypoxic and anoxic conditions, 

respectively) by the number of active cells per incubation, based on their relative 13C assimilation, to 

compare how the activity of single cells responded to hypoxic and anoxic conditions (see methods for 

calculation). We calculated that 2.3 fmol cell(large rod)
-1 d-1 and 3.7 fmol cell(large rod)

-1 d-1 of methane were 
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oxidized by single large rod-shaped gamma-MOB under hypoxic and anoxic conditions, respectively. 

At the same time, the large rod-shaped gamma-MOB assimilated methane carbon at 

33.9 fmol cell(large rod)
-1 d-1 under hypoxic and 29.8 fmol cell(large rod)

-1 d-1 under anoxic conditions. As 

such, the single cell rates of methane oxidation and methane carbon assimilation were similar under the 

two conditions, suggesting that the lower bulk methane oxidation rates observed under anoxic 

conditions likely resulted from the lower abundance of active gamma-MOB in the incubations, rather 

than from an overall lower per cell activity of the active gamma-MOB.  

 

Figure 3. 13C assimilation by large rod-shaped gamma-MOB determined by nanoSIMS analysis. 13C enrichment 

(in at%) of large rod-shaped gamma-MOB (identified with CARD FISH probes Mγ84 and Mγ705) after 24 hours 

of incubation with 13C-labeled methane under (a) hypoxic and (b) anoxic conditions. 13C (at%) values are given 

as excess values for each analyzed cell; the 0 value on the y-axis depicts the natural abundance of 13C (1.1%). The 

number of cells analyzed per category (n) is shown as scatter and indicated above each boxplot. Boxplots depict 

the 25-75% quantile range, with the center line representing the median (50% quantile, highlighted in red) and 

whiskers representing the 5 and 95 percentile. 

 

Phylogeny of gammaproteobacterial MOB 

To identify the gamma-MOB responsible for methane oxidation in the water column of Lake Zug, 

metagenome sequencing was performed, from which ten 16S rRNA gene sequences were extracted 

belonging to the gamma-MOB of the Methylococcales. Most 16S rRNA gene sequences were affiliated 

with genera Methylobacter, Crenothrix, as well as with the uncultured clade CABC2E06 (Figure 4). 
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Figure 4. Phylogenetic tree of 16S rRNA gene sequences affiliated with the Methylococcales. Ten partial 

16S rRNA gene sequences (900 to 1500 bp in length; in bold) were retrieved from water column metagenomes 

sampled from 123 m, 135 m, and 160 m depth. The tree was calculated with the RAxML maximum likelihood 

program implemented in the ARB package. Bootstrap support (100 iterations) is shown in black (>90%) and grey 

(>70%) circles in front of the respective nodes. Sequences affiliated with alphaproteobacterial Methylocystis were 

used to root the tree. Nucleotide accession numbers are given in brackets. The scale bar shows an estimated 

nucleotide sequence divergence of 1%.  

 

Discussion 

An intriguing feature of aerobic gammaproteobacterial methane-oxidizing bacteria (gamma-MOB) is 

their regular presence in anoxic environments, where they are presumed to oxidize methane 

anaerobically (Blees et al., 2014; Oswald et al., 2016a). This challenges the paradigm of their obligate 

aerobic lifestyle, but at the same time lacks a mechanistic explanation of how methane oxidation can 

proceed in oxygen-devoid environments. Our incubation experiments provided evidence for anaerobic 

methane oxidation by classical ‘aerobic’ gamma-MOB belonging to the Methylococcales by showing 

their active methane oxidation and methane-based growth under apparent anoxic, denitrifying 

conditions. 

Methane oxidation activity and gamma-MOB community  

Usually, gamma-MOB exhibit highest activity at oxic-anoxic interfaces. Our stable isotope incubations 

confirmed that highest aerobic methane oxidation activity coincided with the depth of the oxycline 
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(2.7 µM d-1 at 123 m), in line with previous observations in Lake Zug (Oswald et al., 2016a). The initial 

two-day lag period in hypoxic incubations of water from 123 m depth suggested that the methanotrophic 

community was not well adapted to using methane, as the in situ methane concentration at the oxycline 

is usually below the detection limit (Figure 1a) (Oswald et al., 2016a). By contrast, rates of aerobic 

methane oxidation in lake water from the two deeper depths were slightly lower (1.2 µM d-1 at 135 m 

and 1.1 µM d-1 at 160 m), but methane was oxidized immediately and the rates developed linearly across 

12 days. Crucially, we measured methane oxidation rates also in anoxic incubations, suggesting ongoing 

methane oxidation under apparent anoxic conditions. The highest rates of anaerobic methane oxidation 

were detected about 10 m below the oxycline (at 135 m). At the same depth, in situ methane 

concentration decreased below the detection limit, suggesting that efficient microbial methane oxidation 

occurred well below the oxycline in anoxic waters. In general, rates of anaerobic methane oxidation 

were lower compared to hypoxic incubations, yet, at all depths, anaerobic methane oxidation started 

immediately and proceeded linearly over the duration of the incubation (12 days) suggesting that the 

methanotrophic community was well adapted to these conditions. 

The methanotrophic community in the water column of Lake Zug is typically dominated by aerobic 

gammaproteobacterial methanotrophs, whereas alphaproteobacterial and anaerobic archaeal 

methanotrophs are essentially absent in the water column (Oswald et al. 2016). At the time of sampling, 

gamma-MOB belonging to the Methylococcales were present at all investigated water depths and 

reached the highest abundance (2.7 × 104 cells ml-1) in the deep, anoxic hypolimnion at 160 m. Based 

on CARD FISH, we detected classical aerobic unicellular gamma-MOB belonging to the 

Methylococcales. Phylogenetic analysis of 16S rRNA gene sequences assembled from Lake Zug 

metagenomes identified gamma-MOB belonging to genera Methylobacter, Crenothrix, and to the 

uncultured clade CABC2E06 across all investigated water depths. Most 16S rRNA gene sequences 

were assigned to the uncultured clade CABC2E06. Their physiology is largely unknown but they are 

regularly detected in stratified lakes, yet predominantly under elevated oxygen concentrations (Mayr et 

al., 2020b, 2020a). We obtained sequences belonging to the CABC2E06 clade from all three analyzed 

depths, of which two (135 m and 160 m) were devoid of oxygen. Additionally, some 16S rRNA gene 

sequences belonged to members of the Methylobacter and Crenothrix, which are abundant 

methanotrophs in anoxic environments and presumably involved in methane oxidation using alternative 

terminal electron acceptors for anaerobic respiration (van Grinsven et al., 2020; Oswald et al., 2017). 

Methane-based growth of aerobic gamma-MOB under apparent anoxic conditions 

Our nanoSIMS analysis provided clear evidence that the observed growth of aerobic gamma-MOB in 

hypoxic and anoxic incubations was methane-derived (Figure 2). Under hypoxic conditions, four 

morphologically distinct populations of gamma-MOB actively assimilated methane carbon into their 

biomass, but intriguingly, under anoxic conditions, methane carbon was only assimilated by a 

morphologically distinct gamma-MOB subpopulation comprising large rod-shaped cells (Figure 2c and 
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Figure 3). This showed that different subpopulations of gamma-MOB were active under the different 

conditions. Although the bulk methane oxidation rates were somewhat lower in anoxic incubations, the 

activity of single cells was very similar under hypoxic and anoxic conditions, as inferred from single 

cell 13C assimilation rates (based on nanoSIMS analysis; 33.9 fmol cell(large rod)
-1 d-1 under hypoxic vs. 

29.8 fmol cell(large rod)
-1 d-1 under anoxic conditions) and the single cell methane oxidation rates (based 

on bulk incubations; 2.3 fmol cell(large rod)
-1 d-1 in hypoxic vs. 3.7 fmol cell(large rod)

-1 d-1 in anoxic 

incubations). Thus, the lower bulk methane oxidation rates in anoxic incubations probably resulted from 

the lower abundance of active gamma-MOB, and not from reduced activity due to oxygen limitation. 

On the basis of direct CARD FISH-based cell counts, the large rod-shaped gamma-MOB showed 

substantially slower growth under anoxic conditions (1.8 vs. 6.7 days under hypoxic and anoxic 

conditions, respectively), although 13C-based growth rates were similar. We hypothesize that this 

discrepancy might be due to a reduction in cell numbers by predation, as in fact, an anaerobic ciliate 

dwelling in the anoxic hypolimnion of Lake Zug was found to ingest gamma-MOB (Graf et al., 2021). 

But likely also other eukaryotes might feed on the gamma-MOB. Due to the large cell size of the active 

gamma-MOB under anoxic conditions, they might be preferentially grazed by predators (Gonzalez et 

al., 1990).  

MOB couple methane oxidation to denitrification 

We cannot exclude the possibility that the observed methane oxidation activity in our apparent anoxic 

incubations was sustained by nanomolar concentrations of oxygen in our incubations. Nanomolar 

concentrations of oxygen are not resolved with the optodes used in this study but are in principle 

sufficient to sustain aerobic methane oxidation. Also in the environment, aerobic MOB in anoxic waters 

may thrive on trace amounts of oxygen that is either down-welled from the oxycline (Blees et al., 2014) 

or produced at anoxic depths by oxygenic phototrophs (Milucka et al., 2015). In Lake Zug, both 

possibilities seem unlikely, given the year-round stable stratification of the water column and the deep 

and permanently dark water depth at which anaerobic methane oxidation occurred (below 120 m). 

Bacteria of the NC10 phylum were suggested to be mainly responsible for the observed methane 

oxidation activity in anoxic depths in freshwater (Deutzmann et al., 2014; Graf et al., 2018; Mayr et al., 

2020a) and marine environments (Chronopoulou et al., 2017; Padilla et al., 2016; Thamdrup et al., 

2019) by coupling nitrite reduction to methane oxidation via an intracellular, oxygen-producing 

pathway (Ettwig et al., 2010). 

But also aerobic gamma-MOB are abundantly present in various anoxic, nitrate-replete water depths of 

stratified lakes (Biderre-Petit et al., 2011; Blees et al., 2014; van Grinsven et al., 2020; Oswald et al., 

2016a). Possibly, aerobic gamma-MOB overcome oxygen limitation by conserving energy through 

fermentation (Kalyuzhnaya et al., 2013) or anaerobic respiration of nitrate (Kits et al., 2015a). Both 

pathways still require oxygen for initial methane activation but would substantially reduce the overall 
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oxygen demand of the cells by replacing oxygen in the respiratory chain by a different terminal electron 

acceptor, or by performing fermentation. We measured immediate denitrification (as production of 30N2 

from 15N-labeled nitrate) in anoxic incubations, suggesting a link between the methane and nitrogen 

cycle. Our denitrification rates did not directly correlate with the methane oxidation rates, yet, the 

denitrification activity at all depths would be sufficient to support methane oxidation. In fact, almost all 

known gamma-MOB encode genes for respiratory nitrate reduction in their genomes (Stein and Klotz, 

2011), which would allows them to switch to an anaerobic lifestyle when oxygen becomes limiting 

(Kalyuzhnaya et al., 2015; Kits et al., 2015b; Oswald et al., 2017; Stein and Klotz, 2011). Environmental 

evidence for this process has so far only been experimentally demonstrated for Crenothrix filaments 

that showed methane-dependent growth under anoxic conditions when nitrate was present (Oswald et 

al., 2017). The Crenothrix sp. genome encoded genes for both oxygen and nitrate respiration, 

suggesting a facultative anaerobic lifestyle, in which methane oxidation proceeds simultaneous to 

nitrate reduction. Also unicellular gamma-MOB, such as members of the genus Methylobacter, are 

presumably involved in anaerobic methane oxidation, as they too possess genes of the partial 

denitrification pathway and methane-based fermentation (van Grinsven et al., 2020; Smith et al., 2018). 

Members of the Methylobacter genus form conspicuous rod-shaped cells which strongly resemble the 

cell shapes of the active gamma-MOB in our anoxic incubations. Based on their appearance and the 

detection of Methylobacter-affiliated 16S rRNA gene sequences, we speculate that the large rod-shaped 

gamma-MOB that were active in our anoxic incubations belonged to the genus Methylobacter.  

 

Materials and Methods 

Sampling site and water column chemistry 

Lake Zug is located in central Switzerland at an elevation of about 400 m above sea level. Water column 

profiling of Lake Zug was done in September 2017 at the deepest point of the lake (about 200 m water 

depth) in the northern basin (N 047°22.379, E 008°32.482). First, dissolved oxygen in the water column 

was monitored online with normal and trace micro-optodes (types PSt1 and TOS7, Presens) and directly 

analyzed on-board to select discrete sampling depths. A syringe sampler equipped with twelve 60 ml 

syringes was used to collect water samples from discrete depths for analysis of methane, nitrate, and 

nitrite concentrations. 

For determination of methane concentrations, water was transferred into 60 ml serum bottles and care 

was taken to avoid intrusions of gas bubbles. Copper chloride was added to the serum bottles to stop 

microbial activity and the bottles were closed headspace-free with rubber stoppers and aluminium 

crimps and were kept at room temperature until analysis. For determination of nitrate and nitrite 
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concentrations, water was sterile-filtered through 0.2-µm syringe filters and kept frozen until analysis 

on a commercial QuAAtro Segmented Flow Analyzer (SEAL Analytical Inc.). 

Lake water for incubations was sampled with 5 L Niskin bottles from three water depths, comprising 

the base of the oxycline at the oxic-anoxic interface (at 123 m; D1), approximately 10 m below the 

oxycline (at 135 m; D2), and from the anoxic, methane-rich hypolimnion (at 160 m; D3). The water 

was sampled directly from the Niskin bottles into 2 L Schott bottles avoiding air intrusion. The bottles 

were allowed to overflow and then closed headspace-free with rubber stoppers. The incubation bottles 

were kept cold (4°C) and in the dark until the start of the experiment (after approximately 1 week).  

From the same depths as for the incubations, water samples for catalyzed reporter deposition 

fluorescence in situ hybridization (CARD FISH) were fixed on site with 2% paraformaldehyde and kept 

at 4°C until further processing. Within 12 hours after starting the fixation, the water from each depth 

was filtered onto polycarbonate filters (0.2-µm pore size; 25 mm diameter; Millipore) at volumes of 10 

and 20 ml, rinsed with sterile-filtered lake water and preserved at -20°C until analysis. 

Samples for DNA extraction were collected with Niskin bottles from 125 m, 135 m, and 160 m. Per 

depth, 1 L of lake water was filtered directly on board onto 0.22-μm Sterivex filter cartridges (Merck 

Millipore) using a peristaltic pump. Filters were stored at -20°C until further processing. 

Determination of methane concentrations via gas chromatography 

Methane concentrations were determined by gas chromatography as described previously by (Oswald 

et al., 2016a). 

Flux calculations 

Methane fluxes were calculated for three zones in the water column that showed a linear, gradual 

decrease of methane concentration over depths. Methane fluxes were calculated by applying Fick’s first 

law F=D×dc/dd, with D as turbulent diffusion coefficient of 0.27 cm2 s-1 (Oswald et al., 2016a), and 

changes of methane concentration (dc) for respective depth intervals (dd). Depth intervals were defined 

based on changing slopes in the methane concentration profiles between 180 m (deepest sampling 

depth) and 160 m water depth, between 160 m and 135 m, and between 135 m and 120 m. 

Determination of methane oxidation 

The 2 L Schott bottles containing lake water was introduced into an anaerobic chamber and 220 ml each 

were aliquoted into 250 ml serum bottles under an N2/CO2 atmosphere, leaving a circa 30 ml headspace. 

The bottles were then individually degassed with helium for about 15 minutes to minimize any potential 

oxygen contamination. Different incubations were set up in separate incubation bottles to investigate 

aerobic methane oxidation (referred to as hypoxic incubations) and anaerobic methane oxidation with 

nitrate as electron acceptor (referred to as anoxic incubation). To each incubation bottle, 5 ml of 
13C-labeled methane (purchased from Cambridge Isotope Laboratories) was added into the headspace 
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(1.14 mM final concentration) and allowed to equilibrate with the water for about 1 hour. Hypoxic 

incubations were supplied with 20 µM of oxygen (final concentration dissolved in water). Anoxic 

incubations were supplied with 15N-labeled nitrate (purchased from Sigma Aldrich), added at a final 

concentration of 20 µM, at a labeling percentage about 30% (variable for the different depths). The 

oxygen concentration in the incubations was monitored at all sampling time points using oxygen sensor 

spots (OXSP5, Pyroscience), glued to the inner side of the incubation bottles and read off with optical 

fibers from the outside. Hypoxic incubations were replenished with oxygen at each time point of 

sampling by injecting air into the headspace. Incubations were subsampled after 0, 1, 2, 5, 8, and 

12 days.  

At each time point, 6 ml of water was withdrawn from the incubation bottles and the volume was 

simultaneously replaced with helium. The sample was transferred into a 6 ml exetainer (Labco, UK) to 

which 50 µl saturated mercuric chloride solution was added to stop microbial activity. In these samples, 

methane oxidation activity was determined as 13CO2 production.  

Additionally, 6 ml of incubation water was fixed in 2% paraformaldehyde for 1 hour at room 

temperature and subsequently filtered on gold-coated filters (0.2-µm pore size, 25 mm diameter, 

Millipore) for nanoSIMS analysis. Filters were air-dried at room temperature and kept at -20°C until 

further processing for single cell analysis.  

For analysis of 15N2 production, 2 ml subsamples of the headspace were taken at each time point during 

the incubation by withdrawing 2 ml of the gaseous headspace and simultaneously replacing the removed 

volume by helium. This gas sample was transferred into 12 ml exetainers (Labco, UK) that were 

pre-filled with helium-degassed water and stored until analysis.  

Measurement and calculation of methane oxidation rates 

Methane oxidation rates were determined as the production of 13CO2 from 13C-labeled methane across 

six time points. For the measurement, 3 ml of sample were transferred from the original 6 ml exetainer 

into a 12 ml N2-flushed exetainer and acidified with 100 µl of 20% phosphoric acid to release the 

dissolved CO2 into the headspace. The production of 13CO2 was measured by a Picarro G2201-i cavity 

ring-down spectrometer coupled to a Liaison interface (A0301, Picarro Inc.). 

Bulk methane oxidation rates were determined from the increase of 13CO2/total CO2 (in ppm) over time. 

Rates were calculated from the slope of linear regression across the 6 time points sampled during the 

incubations. When rates developed exponentially over time, rate calculations were done from only those 

time points where the 13CO2 production was linear.  

Measurement and calculation of denitrification rates 

Denitrification potential was assessed by measuring the production of 30N2 over time in 15N-nitrate 

amended incubations by isotope ratio mass spectrometry (IRMS; Isoprime Precision running 
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ionOS v4.04, Elementar). Denitrification rates were calculated from the slope of the linear increase of 
30N2 in the headspace over the time course of the experiments. The rate of 30N2 production was corrected 

for dilution of the headspace introduced by subsampling and by the measured total 15N labeling 

percentage. 

Single cell analysis 

Single cell analysis by nanometer-scale secondary ion mass spectrometry (nanoSIMS) was performed 

for hypoxic and anoxic incubations on samples obtained from 135 m water depth after 1, 2, and 5 days 

of incubation.  

CARD FISH assay 

Catalyzed reporter deposition fluorescence in situ hybridization (CARD FISH) was performed to (1) 

determine cell numbers at each time point of the incubation and (2) to determine single cell 13C-labeled 

methane-derived carbon assimilation by nanoSIMS analysis. For determination of cell numbers, filter 

pieces were embedded in 0.1% agarose, for nanoSIMS analysis, filter pieces were not embedded as the 

agarose treatment could lead to a dilution of the 13C enrichment. Apart from the embedding, the filter 

pieces were treated identically for both types of analysis as described in the following. 

Gammaproteobacterial methanotrophs were targeted using probe mix Mγ705 (5’-CTG GTG TTC CTT 

CAG ATC-3’) and Mγ84 (5’-CCA CTC GTC AGC GCC CGA-3’) (Eller et al., 2001) specific for type-I 

methanotrophs, following standard CARD FISH procedures (Pernthaler et al., 2002) with some 

probe-specific modifications. Briefly, both probes (Mγ705 and Mγ84) were hybridized at 20% 

formamide concentration, followed by amplification with Alexa594-labeled tyramides. Filter sections 

were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and viewed on an AxioImager M2 

fluorescence microscope (Zeiss).  

Nanometer-scale secondary ion mass spectrometry (nanoSIMS) analysis 

For nanoSIMS analysis, round filter pieces were punched out from the original filter to fit the nanoSIMS 

sample holder. Hybridized cells were marked with a laser micro-dissection microscope (LMD 6000B, 

Leica) and high resolution images of the marked regions were taken with an AxioImager M2 

fluorescence microscope (Zeiss) to help identify the cells during subsequent analysis. Single cell 13C 

assimilation was determined via nanoSIMS analysis as described previously (Martínez-Pérez et al., 

2016) with some sample-specific modifications. Briefly, cells were pre-sputtered for 2 minutes with a 

Cs+ beam before measurement. Each measurement recorded a field size of 25 × 25 or 35 × 35 µm with 

a resolution of 256 × 256 pixels and a dwelling time of 1 ms per pixel over 40 planes.  

Processing of raw nanoSIMS data 

Raw nanoSIMS data was processed using the Look@NanoSIMS software package (version 

2018-02-18) (Polerecky et al., 2012) in Matlab (version 2017b). Single cells were identified based on 
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the corresponding CARD FISH images and the sulfur signal obtained from the measurement, used to 

define the cells as regions of interest (ROI). For each ROI, ratios of 13C/(12C+13C) were derived and 

used to calculate single cell 13C enrichment values. Excess 13C atom% values for each ROI were 

calculated by subtracting the natural abundance of 13C/(12C+13C) (i.e. 1.1%) determined from three 

background measurements for each field of view. From the same ROIs, excess 15N at% values were 

derived from ratios of 12C15N/(12C14N+12C15N) minus the natural abundance (i.e. 0.36%). ROIs with a 

poisson error > 5% (in 13C/12C and 12C15N/12C14N ratios) were excluded from subsequent analysis. 

Single cell 13C enrichments were visualized in matlab using a modified boxplot function. 

Calculations 

For each gamma-MOB population (filamentous, coccoid, large and small rod-shaped cells), we 

determined the cell counts, the biovolume and the 13C assimilation at three time points across the 

incubations (1, 2, and 5 days). We used these data to determine single cell rates of 13C assimilation and 

methane oxidation.  

Determination of growth and doubling times 

The growth of gamma-MOB during the incubation was determined based on the CARD FISH counts 

from samples taken at the beginning of the experiment and after 5 days of incubation. Growth rates and 

doubling times were estimated based on the following equations: 

Gr = log(2)(Nt/N0)/t 

Dt = log(2)/Gr 

where Gr is the growth rate, Nt the number of cells after t days (after 5 days), N0 the initial number of 

cells (at the beginning of the experiment), t is the number of days and Dt the doubling time in days. 

Single cell C-based growth rates were estimated from 13C excess values determined from nanoSIMS 

analysis following equation: 

Gr(C-based) = at%excess × 1/t 

where at%excess is the 13C at% excess value of the gamma-MOB and t is the time of incubation. 

Determination of biovolume and carbon content 

The biovolume (in µm3) of different gamma-MOB populations was determined from fluorescence 

images. For coccoid gamma-MOB, we measured the cell diameter assuming a spherical cell shape. For 

small and large rod-shaped gamma-MOB, we assumed a cylindrical cell body with a half-sphere on 

both sides. For filamentous gamma-MOB, we measured the length of the whole filament assuming a 

cylindrical cell shape. The carbon content per cell was determined with the formula C(pg)=0.433×V0.863 

(in pg C µm-3), where V is the biovolume of the cells (Verity et al., 1992). 
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Calculation of single cell methane oxidation and assimilation rates 

To calculate single cell methane oxidation rates for the different gamma-MOB, we used the data 

obtained from bulk methane oxidation rate measurements and the single cell 13C assimilation 

determined by nanoSIMS analysis.  

We assumed that the relative 13C assimilation per population was proportional to the contribution of 

each population to methane oxidation (i.e. a population that assimilated more methane carbon into 

biomass was assumed to oxidize proportionally more methane to CO2). To calculate the 13C content per 

cell (in fmol 13C cell-1) the carbon content per cell was multiplied with the excess ratio of 13C/(12C+13C) 

determined by nanoSIMS. To calculate the total amount of 13C assimilation by each population, the 13C 

content per cell was multiplied with the total cell counts per population. Using these data, we calculated 

the contribution of each population to the total 13C assimilation, by dividing the 13C assimilation of each 

population by the total 13C assimilation of all gamma-MOB. To calculate single cell methane oxidation 

rates (in fmol cell-1 d-1), we multiplied the bulk methane oxidation rate (in nmol) with the relative 

activity of each population (based on 13C enrichment) and divided this by the population-specific cell 

counts and the time of incubation. 

Nucleic acid extraction, sequencing, and phylogenetic analysis of 16S rRNA gene sequences  

DNA was extracted as described by Graf et al. 2018 with the DNeasy PowerSoil Kit (Qiagen) according 

to the manufacturer's instructions and quantified with the Qubit dsDNA HS Assay Kit on a Qubit 2.0 

Fluorometer (Invitrogen). Library preparation and sequencing were performed at the Max Planck 

Genome Center Cologne, Germany (https://mpgc.mpipz.mpg.de/home/). 

Microbial community composition based on 16S rRNA gene sequences in raw metagenomes was 

performed using phyloFlash (v3.3b2) (Gruber-Vodicka et al., 2019) and the SILVA database (release 

138) (Quast et al., 2013). Near full-length 16S rRNA gene sequences taxonomically assigned to 

Methylococcales were assembled from metagenomic 16S rRNA gene sequences using SPAdes 

assembler v3.11.1 (Bankevich et al., 2012) as implemented in phyloFlash. A maximum likelihood tree 

with 100 bootstrap iterations was calculated in ARB (v 6.1) (Ludwig et al., 2004) from 24 representative 

16S rRNA gene sequences of the Methylococcales (longer than 900 bp) obtained from Genbank and 

our metagenome-recovered 16S rRNA gene sequences that classified as Methylococcales. Seven 

sequences affiliated with alphaproteobacterial Methylocystis were used as an outgroup to root the tree. 

Sequences were aligned using SINA web aligner (v 1.2.11) (Pruesse et al., 2012). 
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Supplementary Information 

Supplementary Figures 

 

Figure S1. 15N assimilation by gamma-MOB in anoxic, 15N-nitrate amended incubations.  
12C15N/(12C14N+12C15N) ratios are given as excess values for each analyzed cell; the 0 value on the y-axis depicts 

the natural abundance of 15N (0.36%). Boxplots depict the 25-75% quantile range, with the center line representing 

the median (50% quantile, highlighted in red) and whiskers representing the 5 and 95 percentile. The number of 

cells analyzed per category (n) is shown as scatter and indicated above each boxplot. 

Supplementary Tables 

Table S1. Growth rates based on cell counts and 13C assimilation of morphologically different gamma-MOB in 

hypoxic and anoxic incubations. Estimated doubling times (in days) are given in brackets. Under anoxic 

conditions, cell count-based growth was negative for small rod-shaped and filamentous gamma-MOB as their cell 

numbers declined during the incubation. 

Gamma-MOB by 
morphology 

Growth rates 

Hypoxic incubation  Anoxic incubation 

Cell count-based 13C-based  Cell count-based 13C-based 

Large rod-shaped 0.17 (1.8 days) 0.24  0.05 (6.7 days) 0.18 

Small rod-shaped 0.12 (2.5 days) 0.21  negative 0.01 

Coccoid 0.13 (2.3 days) 0.23  0.02 (15 days) 0.01 

Filamentous 0.13 (2.3 days) 0.29  negative 0.02 
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Abstract  

Methane-oxidizing bacteria (MOB or methanotrophs) have the unique capacity to use methane as a 

carbon and energy source and thereby form the basis of a methane-driven food web. Methanotrophs 

often co-occur with non-methanotrophic bacteria, such as methylo- and heterotrophs. It is speculated 

that these bacteria feed off carbon compounds that are formed during methane oxidation and thus, that 

their growth is indirectly supported by methane. Here we investigated the flow of methane-derived 

carbon through a microbial community in a stratified lake using stable isotope labeling experiments and 

nanometer-scale secondary ion mass spectrometry (nanoSIMS). We collected samples from the 

permanently stratified Lake Zug in Switzerland that is characterized by an anoxic, methane-rich 

hypolimnion and high methane oxidation activity. Incubations with 13C-labeled methane showed high 

methane oxidation rates under hypoxic and anoxic, denitrifying conditions. NanoSIMS analyses 

revealed increasing 13C enrichment in the biomass of individual gammaproteobacterial methane-

oxidizing bacteria (gamma-MOB). Interestingly, various bacteria associated with the gamma-MOB also 

became enriched over time, indicating that they grew on methane-derived carbon compounds. Under 

anoxic, denitrifying conditions, bacteria belonging to the Betaproteobacteriales assimilated 

significantly more methane-derived carbon compared to other, non-methanotrophic bacteria, suggesting 

that they might have a competitive advantage in scavenging methane-derived carbon. Our results 

highlight the importance of methane as a carbon source for the growth of heterotrophic and 

methylotrophic communities in the water column of stratified lakes.  

 

Introduction 

Methane is a potent greenhouse gas and abundantly produced in the sediments of freshwater lakes 

(Bastviken et al., 2004, 2011). Particularly shallow lakes are sources of methane to the atmosphere, 

whereas stratified lakes have strongly reduced methane emissions due to efficient methane removal by 

methane-oxidizing bacteria (MOB or methanotrophs) (Bastviken et al., 2004). Lacustrine MOB are 

considered aerobes and usually exhibit highest activity at oxic-anoxic interfaces (Rudd et al., 1976). 

Due to the inert nature of the methane molecule, the capacity to use methane as an energy and carbon 

source is constrained to methanotrophs that possess a unique enzymatic machinery to activate methane 

(Hanson and Hanson, 1996). Methane oxidation by MOB proceeds stepwise via the formation of the 

intermediates methanol, formaldehyde, formate, finally releasing carbon dioxide. Under 

oxygen-deficient conditions, methane oxidation can proceed via mixed-acid fermentation leading to the 

production of, for example, acetate and succinate, however, molecular oxygen is still required for the 

initial activation of methane (Kalyuzhnaya et al., 2013). Some of these intermediates might become 
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accessible for degradation by other bacteria as they are excreted or leaked from the MOB (Kalyuzhnaya 

et al., 2013; Modin et al., 2007), probably in the form of methanol (Krause et al., 2017). 

Gammaproteobacterial methane-oxidizing bacteria (gamma-MOB) co-occur with other bacteria in 

natural populations or enrichment cultures and it has been speculated that these so called satellite 

communities feed off carbon compounds that are released by the gamma-MOB (van Grinsven et al., 

2020; Hernandez et al., 2015; Oshkin et al., 2015; Wei et al., 2016). Environmental studies have shown 

that non-methanotrophic bacteria indeed assimilated methane-derived carbon into their biomass 

although they do not possess the enzymatic machinery to utilize methane directly (Hutchens et al., 2004; 

Radajewski et al., 2002). Most often, gamma-MOB co-occur with methylotrophic bacteria, for example 

belonging to the family Methylophilaceae (of the Betaproteobacteriales), that can utilize C1 

compounds, such as methanol, but not methane directly. As such, particularly methylotrophic bacteria 

have been suggested to benefit from the cross-feeding of methane-derived carbon compounds 

(Kalyuhznaya et al., 2009; Kalyuzhnaya et al., 2008). 

During a sampling campaign to Lake Zug in September 2017, we collected water samples from a depth 

of 135 m, about 10 m below the oxycline. At 135 m, the methane concentration was below the detection 

limit and gamma-MOB showed methane oxidation activity in this depth under hypoxic and anoxic 

conditions (chapter 3). To investigate the transfer of methane-derived carbon from aerobic 

gamma-MOB to their satellite community, we performed stable isotope labeling experiments combined 

with nanometer-scale secondary ion mass spectrometry (nanoSIMS). Single cell 13C assimilation of 

individual gamma-MOB as well as non-methanotrophic microorganisms showed that besides the 

methanotrophic gamma-MOB, a broad non-methanotrophic microbial community fed on methane-

derived carbon compounds under hypoxic conditions. This showed that methane is not only an 

important carbon source for methane-oxidizing bacteria but for a broad microbial community. 

Furthermore, preferential uptake of methane-derived carbon by bacteria belonging to the 

Betaproteobacteriales in anoxic incubations suggested that these bacteria might have a competitive 

advantage in scavenging methane-derived carbon under anoxic, denitrifying conditions. 
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Results 

Assimilation of methane-derived carbon by gamma-MOB and their satellite community 

We performed stable isotope labeling experiments with lake water retrieved from 135 m depth 

incubated with 13C-labeled methane to investigate methane-derived carbon assimilation by 

gamma-MOB and non-methanotrophic microorganisms. We used CARD FISH to identify gamma-

MOB (using probes Mγ84 and Mγ705) and bacteria belonging to the Betaproteobacteriales (using probe 

Bet42a with competitor probe Gam42). Filter sections were counterstained with 4′,6-diamidino-2-

phenylindole (DAPI) to visualize microorganisms that did not stain with either of the probes. 

Betaproteobacteriales as well as other non-methanotrophic cells were variable in shape and size and 

either coccoid or rod-shaped, with an average biovolume of 0.5 µm3 (n=20 for each population). Using 

nanoSIMS, we analyzed the assimilation of 13C-labeled methane-derived carbon by the microbial 

community after 1, 2, and 5 days of incubation under either hypoxic (20 µM O2) or anoxic (O2 below 

detection) conditions. Gamma-MOB showed the highest 13C enrichment at all time points but also 

bacteria belonging to the Betaproteobacteriales as well as other, non-methanotrophic microorganisms 

became enriched in 13C over time (Figure 1). 

 

Figure 1. Methane-derived 13C assimilation by the microbial community. CARD FISH and corresponding 

nanoSIMS images show the 13C enrichment of gamma-MOB and non-methanotrophic cells incubated under 

hypoxic (a, b) and anoxic (c, d) conditions after 1 day (a, c) and 12 days (at the end of the incubation experiment) 

(b, d). CARD FISH images show gamma-MOB stained with probes Mγ84 and Mγ705 (red), Betaproteobacteriales 

stained with probe Bet42a (green), and other non-methanotrophic microorganisms stained with 4′,6-diamidino-2-

phenylindole (DAPI; blue).  
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Quantification of 13C assimilation by non-methanotrophic bacteria 

We determined methane oxidation rates under hypoxic and anoxic conditions in incubations 

supplemented with 13C-labeled methane (chapter 3). Methane oxidation rates were higher under 

hypoxic (1.2 µM d-1) than under anoxic conditions (0.2 µM d-1) (Figure 2). Single gamma-MOB showed 

the highest enrichment after 1 day of incubation, of 24 at% 13C under hypoxic conditions and 18 at% 
13C under anoxic conditions. Notably, only a subpopulation of large rod-shaped gamma-MOB was 

active in anoxic incubations (chapter 3). 

From the same incubations, we analyzed the assimilation of 13C by non-methanotrophic 

microorganisms, assuming that the enrichment of 13C in the biomass of these non-methanotrophs 

derived from cross-feeding of intermediates formed during methane oxidation by the gamma-MOB. In 

general, non-methanotrophs assimilated more methane-derived carbon under hypoxic than under anoxic 

conditions. On average, non-methanotrophs showed an enrichment of 3 at% 13C per cell after 1 day of 

hypoxic incubation (Figure 2a and Table S1). After 2 days, their single cell 13C enrichment had 

approximately doubled to 8 at% 13C and saturated thereafter with no significant increase observed after 

5 days of incubation. Non-methanotrophic cells showed a large variability in 13C enrichment, yet, 83% 

of all analyzed non-methanotrophic cells showed significant enrichment in 13C (i.e. 13C excess 

value > 0). We did not observe a clear difference in 13C assimilation between Betaproteobacteriales and 

other, non-methanotrophic cells in hypoxic incubations. CARD FISH-based cell counts showed no 

difference in cell abundance within the first two days of incubation. Only after 5 days, other non-

methanotrophs had increased in total abundance, while Betaproteobacteriales showed a decrease in 

abundance. 

Under anoxic, denitrifying conditions (incubated with 15N-labeled nitrate), the average single cell 13C 

biomass enrichment of non-methanotrophic cells was lower compared to oxic conditions, averaging 

0.2 at% 13C per cell after 1 day (Figure 2b). By contrast to hypoxic incubations, the single cell 13C 

enrichment of non-methanotrophs continued to increase over the first 5 days of incubation. We observed 

a significant difference in 13C enrichment of bacteria belonging to the Betaproteobacteriales and other 

non-methanotrophic cells. At all three investigated time points, Betaproteobacteriales were consistently 

about 2-times higher enriched in 13C than other cells (two-sided, two-sample Wilcoxon test, p = 0.041, 

p = 0.044, and p = 0.01 for enrichment after 1, 2 and 5 days of anoxic incubation, respectively). 

Betaproteobacteriales also slightly increased in abundance over the experiment based on cell counts, 

whereas other cells showed a slight decrease after 5 days of incubation (Figure 2). The enrichment of 

single cells in 15N in anoxic incubations (assimilated from 15N-nitrate) showed a similar trend. The 

enrichment in 15N of Betaproteobacteriales and other non-methanotrophic bacteria continued to increase 

over time and was slightly higher for Betaproteobacteriales (Figure S1). 
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Figure 2. Methane oxidation activity, 13C assimilation and cell counts of non-methanotrophic microorganisms in 

hypoxic (a) and anoxic (b) incubations. Methane oxidation rates were determined by the production of 13CO2 from 
13C-labeled methane (left panels). Single cell 13C enrichment of Betaproteobacteriales (green) and other non-

methanotrophs (grey) in incubations with 13C-labeled methane determined by nanoSIMS analysis (middle panels). 
13C at% is given as excess value for each analyzed cell; the 0 value on the y-axis depicts the natural abundance of 
13C (1.1 at%). The number of cells analyzed per category (n) is shown as scatter of each boxplot. Boxplots depict 

the 25-75% quantile range, with the center line representing the median (50% quantile, highlighted in red) and 

whiskers representing the 5 and 95 percentile. Under anoxic conditions, Betaproteobacteriales were significantly 

higher enriched in 13C than other, non-methanotrophic cells as indicated by black asterisk (two-sided, two-sample 

Wilcoxon test comparing the 13C enrichment of both groups at each time point, p-value < 0.05). Some outliers are 

not displayed for better visibility and are indicated by red asterisk. Cell counts were determined from CARD FISH 

(using probe Bet42a) and DAPI staining at each time point (right panels). 

Cross-feeding of methane-derived carbon 

To quantify the amount of methane-derived carbon that was cross-fed to the non-methanotrophic 

community, we used the data obtained from the methane oxidation measurements (from bulk 

incubations) and the single cell 13C assimilation (from nanoSIMS analyses). We assumed that the sum 

of methane oxidized to CO2 and methane-derived carbon assimilated into biomass represented the total 

amount of methane that was metabolized in our incubations at each time point. The amount of 13CO2 

produced during methane oxidation (e.g. 1.2 µM d-1 in hypoxic incubations) was low compared to the 
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in situ concentration of dissolved inorganic carbon (1.2 mM). Therefore, the contribution of autotrophic 

carbon fixation to the measured 13C assimilation in our nanoSIMS analyses was considered negligible. 

As such, the cross-feeding of methane-derived carbon was probably the main carbon source for the 

non-methanotrophic community. Under hypoxic conditions, 7% of methane was oxidized to CO2, 

whereas 90% of the methane carbon was assimilated into biomass by gamma-MOB. Under anoxic 

conditions, 11% of methane was oxidized to CO2, slightly more than under hypoxic conditions, and 

88% of methane carbon was assimilated into biomass by gamma-MOB. The relative amounts of 

methane-derived carbon that was transferred to the Betaproteobacteriales were surprisingly similar 

under the two conditions, comprising 1.3% and 1% under hypoxic and anoxic conditions, respectively. 

Other non-methanotrophs assimilates 1.4% of methane-derived carbon under hypoxic conditions, but 

less than 0.01% under anoxic conditions (Figure 3 and Table S2).  

 

Figure 3. Schematic representation of the transfer of methane-derived carbon from gamma-MOB to their satellite 

community under hypoxic (a) and anoxic (b) conditions. Amount of methane-derived carbon uptake by 

methanotrophs and non-methanotrophs as well as methane oxidized to CO2 is given as the percentage of the total 

methane carbon recovered either as biomass or CO2. Arrows indicate methane carbon assimilation and methane 

oxidation by the gamma-MOB (solid line) and methane-derived carbon transfer to non-methanotrophs (dashed 

line). Gamma-MOB (grey), Betaproteobacteriales (green), other non-methanotrophs (blue). All percentages were 

calculated as average from bulk methane oxidation and single cell methane-derived carbon assimilation 

determined at 1, 2, and 5 days of incubation.  
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Discussion 

The capacity to use methane as a carbon source is constrained to methanotrophs that possess a unique 

enzymatic machinery to activate methane, whereas to other, non-methanotrophic microorganisms 

methane as a direct carbon source is inaccessible. The concept of communal methane metabolism 

suggests that methanotrophs serve a broader environmental role, that is, in addition to methane removal, 

to provide methane-derived carbon for a diverse microbial community (Chistoserdova and 

Kalyuzhnaya, 2018; Yu and Chistoserdova, 2017).  

We investigated the dynamics of methane-derived carbon transfer within the microbial community in 

the anoxic water column of Lake Zug. Using stable isotope labeling experiments combined with single 

cell imaging mass spectrometry, we showed that methane-derived carbon was assimilated by 

non-methanotrophic microorganisms in our incubation experiments. Environmental studies on 

methane-derived carbon transfer dynamics in natural communities so far are restricted to sediment and 

soil environments (Cébron et al., 2007; Oshkin et al., 2015; Qiu et al., 2009). Our data show that 

methane is also an important carbon source for the microbial community in the water column of a 

stratified, methane-rich freshwater lake. Studies on methane-derived carbon transfer in rice roots (Qiu 

et al., 2009) and soil incubations (Cébron et al., 2007) showed that besides methylotrophic taxa, also 

non-methylotrophs (such as Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria) assimilated 

methane-derived carbon. Our incubations support this, as we observed methane-derived carbon 

assimilation by a diverse microbial community, suggesting that the growth of a broad microbial 

community was indirectly supported by methane. 

Our results furthermore show that there was an immediate transfer of methane-derived carbon to the 

non-methanotrophic community as evident by the 13C biomass enrichment in non-methanotrophic 

microorganisms already after 24 hours of incubation. The 13C assimilation by non-methanotrophs was 

higher under hypoxic than under anoxic conditions, as non-methanotrophs assimilated more 13C when 

oxygen was present (3 at% 13C cell-1 in hypoxic vs. 0.2 at% 13C cell-1 in anoxic incubations after 1 day). 

This corresponds well with the higher bulk methane oxidation rates observed under hypoxic conditions 

(1.2 µM d-1 in hypoxic vs. 0.2 µM d-1 in anoxic incubations). This indicates that the transfer of methane-

derived carbon to the non-methanotrophic community was linked to the methane oxidation activity of 

the gamma-MOB, suggesting that non-methanotrophic organisms fed on carbon compounds formed as 

intermediates during methane oxidation. The oxidation of methane proceeds stepwise via the formation 

of methanol, formaldehyde, formate, and carbon dioxide. Although theoretically possible, 13C 

enrichment of non-methanotrophs probably did not stem from autotrophic C-fixation of 13C-labeled 

carbon dioxide produced during methane oxidation. It is more likely that methanol is the main 

intermediate being cross-fed, as methanol is formed in the periplasm of the cell and may therefore be 

readily lost from the cell by diffusion. On this basis, it has been suggested that particularly 
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methylotrophic bacteria (that can utilize C1 compounds other than methane) benefit from methanol 

produced during methane oxidation (Krause et al., 2017). Evidence for such a cross-feeding of methane-

derived carbon was further derived from stable isotope incubations that showed assimilation of 

methane-derived carbon by methanol utilizers belonging to the Betaproteobacteriales (Hutchens et al., 

2004; Radajewski et al., 2002; Grinsven et al., 2020). 

Also in our incubations, bacteria belonging to Betaproteobacteriales assimilated methane-derived 

carbon under both hypoxic and anoxic conditions. Interestingly, under anoxic, denitrifying conditions, 

Betaproteobacteriales assimilated significantly more methane-derived carbon compared to other non-

methanotrophs (Figure 3b). Previous studies indicated that the availability of oxygen and nitrate 

facilitates the transfer of methane-derived carbon from the gamma-MOB to the methylotrophic 

community, particularly between aerobic methane-oxidizing bacteria of the genus Methylobacter and 

methylotrophic Betaproteobacteriales belonging to the Methylophilaceae (Grinsven et al., 2020; 

Hernandez et al., 2015; Oshkin et al., 2015). Gamma-MOB belonging to the genus Methylobacter are 

abundant members of the methanotrophic community in the water column of freshwater lakes (Bodelier 

et al., 2013; Oswald et al., 2017) and are readily able to outcompete other methanotrophs under hypoxic 

conditions (Hernandez et al., 2015). Also in Lake Zug, gamma-MOB, reminiscent of Methylobacter 

species, were shown to be the only active methanotrophs under anoxic conditions (chapter 3). 

Betaproteobacteriales also represented a large fraction of the microbial community in our incubations 

and showed growth under anoxic conditions. Betaproteobacterial methylotrophs possess the genes for 

respiratory denitrification (Grinsven et al., 2020; Kalyuhznaya et al., 2009; Kalyuzhnaya et al., 2006; 

Mustakhimov et al., 2013), which they use to couple methanol oxidation to nitrate reduction 

(Kalyuzhnaya et al., 2012). As such, betaproteobacterial methylotrophs may have a competitive 

advantage over other bacteria in scavenging methane-derived carbon compounds under anoxic, 

denitrifying conditions. However, the cell count-based growth of the Betaproteobacteriales was not 

matched by the 13C-based growth, suggesting that they did not obtain all of their carbon for growth from 

cross-feeding of methane-derived carbon. 

Collectively, our data suggest that the carbon cycle in Lake Zug is tightly controlled by 

methanotroph-heterotroph assemblages that consume methane cooperatively. This can probably be 

expanded to other eutrophic, stratified lakes that offer anoxic, nitrate-replete conditions. Furthermore, 

our data provide evidence for specific interactions between methanotrophs and methylotrophs that may 

be particularly pronounced under anoxic, denitrifying conditions. Yet, also other non-methanotrophic 

bacteria assimilated methane-derived carbon in our incubations, suggesting that the growth of a diverse 

heterotrophic and methylotrophic microbial community was indirectly supported by methane. 
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Materials and Methods 

Sampling 

Samples were collected in September 2017 from the water column of Lake Zug in the northern basin 

(N 047°22.379, E 008°32.482) as described in chapter 3. Briefly, dissolved oxygen concentration in 

the water column was monitored online with normal and trace micro-optodes (types PSt1 and TOS7, 

Presens) and directly analyzed on-board to select for discrete sampling depths. For this study we 

collected water from 135 m depths, which was located about 10 m below the oxycline (at 123 m). Water 

was collected with 5 L Niskin bottles and transferred into 2 L Schott bottles, avoiding air intrusion. The 

bottles were allowed to overflow and then closed headspace-free with rubber stoppers. The bottles were 

kept cold at 4°C and in the dark until the start of the experiment (approximately 1 week after sample 

collection).  

Stable isotope labeling experiments and determination of methane oxidation rates 

Stable isotope incubations were performed as described in chapter 3. Briefly, the water from the 2 L 

Schott bottles was aliquoted á 220 ml into 250 ml serum bottles under an N2/CO2 atmosphere leaving a 

circa 30 ml headspace. The bottles were then individually degassed with helium for about 15 minutes 

to decrease potential oxygen contamination. Incubations were set up to investigate aerobic methane 

oxidation (referred to as hypoxic incubations) and anaerobic methane oxidation with nitrate added as 

terminal electron acceptor (referred to as anoxic incubation). To each incubation bottle, 5 ml of 
13C-labeled methane (purchased from Cambridge Isotope Laboratories) was added into the headspace 

(1.14 mM final concentration) and allowed to equilibrate with the water for about 1 hour. Hypoxic 

incubations were supplied with oxygen at a concentration of circa 20 µM O2 dissolved in water. Anoxic 

incubations were supplied with 15N-labeled nitrate (purchased from Sigma Aldrich), added at a final 

concentration of 20 µM, at a 30% labeling percentage. The oxygen concentration in the incubations was 

monitored at all sampling time points using oxygen sensor spots (OXSP5, Pyroscience) glued to the 

inner side of the incubation bottles and read off with optical fibres from the outside. Hypoxic 

incubations were replenished with oxygen at each sampling time point by injecting air into the 

headspace. Incubations were subsampled after 0, 1, 2, 5, 8, and 12 days. At each timepoint, 6 ml of 

water was withdrawn from the incubation bottles and transferred into a 6 ml exetainer (Labco, UK). 50 

µl saturated mercuric chloride solution was added to stop microbial activity for measurement of 

methane oxidation activity determined as 13CO2 production. Additionally, 6 ml of water was withdrawn 

from the incubation bottles and fixed in 2% paraformaldehyde for 1 hour at room temperature and then 

filtered onto gold-coated polycarbonate filters (0.2-µm pore size; 25 mm diameter, Millipore). Filters 

were air-dried at room temperature and kept at -20°C until further processing for single cell analysis. 

Methane oxidation rates were determined as the production of 13CO2 from 13C-labeled methane across 

six time points. For the measurement, 3 ml of sample were transferred from the original 6 ml exetainer 
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into a 12 ml N2-flushed exetainer and acidified with 100 µl of 20% phosphoric acid to release the 

dissolved CO2 into the headspace. The production of 13CO2 was measured on a Picarro G2201-i cavity 

ring-down spectrometer coupled to a Liaison interface (A0301, Picarro Inc.). Bulk methane oxidation 

rates were determined from the increase of 13CO2/total CO2 (in ppm) over time. Rates were calculated 

from the slope of linear regression across six time points. 

Double CARD FISH assay 

Single cell analysis was performed after 1, 2, and 5 days of incubation. Catalyzed reporter deposition 

fluorescence in situ hybridization (CARD FISH) was performed to determine cell numbers at different 

time points of the incubation and to determine single cell 13C enrichment by nanoSIMS analysis. For 

determination of cell numbers, filter pieces were embedded in 0.1% agarose, for nanoSIMS analysis 

filter pieces were not embedded, as the agarose treatment might dilute the 13C enrichment of the cells 

measured by nanoSIMS. Apart from the embedding, the filter pieces were treated identical for both 

types of analysis. Gammaproteobacterial methanotrophs were targeted using probe mix Mγ705 

(5’-CTG GTG TTC CTT CAG ATC-3’) and Mγ84 (5’-CCA CTC GTC AGC GCC CGA-3’) (Eller et 

al., 2001) specific for type-I methanotrophs, following standard CARD FISH procedures (Pernthaler et 

al., 2002) with some probe-specific modifications. Briefly, both probes (Mγ705 and Mγ84) were 

hybridized at 20% formamide concentration, followed by amplification with Alexa594-labeled 

tyramides. Betaproteobacteriales were hybridized on the same filter section after inactivation of the 

HRP enzyme linked to the methanotroph probes with 0.01 M HCl and 50 µl 30% H2O2 for 30 minutes 

at room temperature followed by 1 minute treatment at 0.1 M HCl. For the second hybridization step, 

probe Bet42a (5'- GCC TTC CCA CTT CGT TT -3') was added together with Gam42 competitor probe 

(5'- GCC TTC CCA CAT CGT TT -3') at 35% formamide concentration, followed by amplification 

with OG488-labeled tyramides. Filter sections were counterstained with 4′,6-diamidino-2-phenylindole 

(DAPI) and viewed on a AxioImager Zeiss microscope. 

Nanometer-scale secondary ion mass spectrometry (nanoSIMS) analysis 

For nanoSIMS analysis, regions of interest containing hybridized cells were marked with a laser micro-

dissection microscope (LMD 6000B, Leica) and high resolution images of the marked regions were 

taken with a Zeiss fluorescence microscope (AxioImager M2 Zeiss microscope) to facilitate 

identification of target cells during nanoSIMS analysis. Single cell 13C assimilation was determined via 

nanoSIMS analysis as described previously (Martínez-Pérez et al., 2016) with some sample-specific 

modifications. Large gamma-MOB (> 1µm) were pre-sputtered for 2 minutes with a Cs+ beam before 

measurement. Smaller non-methanotrophic cells (< 1µm) were pre-sputtered only for 30 seconds before 

recording field sizes of 10 × 10  to 15 × 15 µm, consisting of 256 × 256 pixels and a dwelling time of 

1 ms per pixel over 40 planes. 
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Determination of growth, biovolume and carbon content 

The growth of non-methanotrophic cells during the incubation time was assessed from CARD FISH-

based cell counts before and after incubation. The biovolume of different cells was determined from 

fluorescence images for bacteria belonging to the Betaproteobacteriales and other, non-methanotrophic 

bacteria. For coccoid cells, we measured the cell diameter assuming a spherical cell shape, for small 

and large rod-shaped cells we assumed a cylindrical cell body with a half-sphere on both sides. The 

carbon content for cells smaller than 0.5 µm3 was determined with formula C(fg) = 197×V0.46 (in 

fg C μm-3), where V is the volume of the cell (Khachikyan et al., 2019). For cells larger than 0.5 µm3, 

the carbon content was determined using formula C(pg) = 0.433×V0.863 (in pg C µm-3; Verity et al., 1992). 

Calculation of carbon transfer 

At each time point (1, 2, and 5 days), we calculated the amount of methane that was oxidized (based on 

the bulk methane oxidation rates) as well as the amount of methane carbon that was fixed into bacterial 

biomass (based on the nanoSIMS analysis). To quantify the amount of methane-derived carbon 

assimilation of single cells, we multiplied the average single cell 13C assimilation per cell (in fmol) of 

morphologically different gamma-MOB, Betaproteobacteriales and other non-methanotrophic cells by 

the absolute cell counts of each population. We assumed that the sum of methane, that was either 

oxidized to CO2 or fixed into biomass, represented the total amount of methane carbon that was 

metabolized. Using these data, we calculated the fraction (in percent) of methane that was either 

oxidized to CO2 or fixed into biomass. To calculate the transfer of methane-derived carbon from the 

methanotrophs to non-methanotrophs, we assumed that any methane-derived carbon assimilated by the 

non-methanotrophic community resulted from cross-feeding. 

Statistical analysis 

Boxplots were plotted in matlab using a modified boxplot function. Statistical analysis was performed 

with RStudio. Significance was tested by a two-sided, two-sample Wilcoxon test using function 

wilcox.test() with specifications exact = TRUE, correct = FALSE, conf.int = FALSE, alternative = 

"two.sided". 
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Supplementary Information 

Supplementary Figure 

 

 

Figure S1. 15N assimilation by non-methanotrophs in anoxic, 15N-nitrate amended incubations. 
12C15N/(12C14N+12C15N) ratios are given as excess values for each analyzed cell; the 0 value on the y-axis depicts 

the natural abundance of 15N (0.36%). Boxplots depict the 25-75% quantile range, with the center line representing 

the median (50% quantile, highlighted in red) and whiskers representing the 5 and 95 percentile. 
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Supplementary Tables 

 

Table S1. 13C enrichment of gammaproteobacterial methane-oxidizing bacteria (gamma-MOB), 

Betaproteobacteriales, and other non-methanotrophs given in excess 13C at%. 

 Hypoxic incubations  Anoxic incubations 

1 day 2 days 5 days  1 day 2 days 5 days 

Gamma-MOB 24 33 38  18 33 46 

Betaproteobacteriales 5 9 7  0.17 0.95 1.89 

Other non-methanotrophs 1 7 10  0.16 0.55 0.79 

 

 

Table S2. Fractions (given in percent) of methane recovered as CO2 or assimilated into biomass of 

gammaproteobacterial methane-oxidizing bacteria (gamma-MOB), Betaproteobacteriales, or other 

non-methanotrophic bacteria after 1, 2, and 5 days of incubation. 

 
Hypoxic incubations 

 

Anoxic incubations 

1 day 2 days 5 days average 1 day 2 days 5 days average 

Methane oxidized to CO2 3.5 7.0 11.0 7.2  13.8 5.2 14.4 11.1 

Methane assimilated by 
gamma-MOB 

94.3 90.1 86.1 90.1  85.3 94.0 83.3 87.5 

Methane-derived carbon 
assimilated by 
Betaproteobacteriales 

2.0 1.6 0.2 1.3  0.5 0.5 2.0 1.0 

Methane-derived carbon 
assimilated by other 
non-methanotrophs 

0.3 1.3 2.7 1.4  <0.01 <0.01 <0.01 <0.01 
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Abstract 

Mitochondria are specialized eukaryotic organelles with a dedicated function in oxygen respiration and 

energy production. They evolved about 2 billion years ago from a free-living bacterial ancestor 

(probably an alphaproteobacterium), in a process called endosymbiosis1,2. Many unicellular eukaryotes 

have since adapted to life in anoxic habitats and their mitochondria have undergone further reductive 

evolution3. As a result, obligate anaerobic eukaryotes with mitochondrial remnants derive their energy 

from fermentation4.  

Here we describe ‘Candidatus Azoamicus ciliaticola’, which is an obligate endosymbiont of an 

anaerobic ciliate and has a dedicated role in respiration and providing energy for its eukaryotic host. 

‘Candidatus A. ciliaticola’ contained a highly reduced 0.29-Mbp genome that encodes core genes for 

central information processing, the electron transport chain, a truncated tricarboxylic acid cycle, ATP 

generation and iron-sulfur cluster biosynthesis. The genome encodes a respiratory denitrification 

pathway instead of aerobic terminal oxidases, which enables its host to breathe nitrate instead of oxygen. 

‘Candidatus A. ciliaticola’ and its ciliate host represent an example of a symbiosis that is based on the 

transfer of energy in the form of ATP, rather than nutrition. This discovery raises the possibility that 

eukaryotes with mitochondrial remnants may secondarily acquire energy-providing endosymbionts to 

complement or replace functions of their mitochondria. 

 

Main 

Eukaryotic life evolved at least around 1-1.9 billion years ago5,6, after the gradual oxygenation of the 

atmosphere of the Earth (which started about 2.4 billion years ago7,8). The ensuing diversification of 

eukaryotes has been attributed to their ability to harvest copious amounts of energy from the respiration 

of oxygen, an abundant, high-potential electron acceptor. Oxygen respiration is performed in 

mitochondria, which are specialized subcellular organelles that arose from a free-living prokaryotic 

organism through endosymbiosis9. During the evolution towards a contemporary organelle, the 

endosymbiont has either lost its genes or transferred them to the host genome; mitochondria have kept 

only a small subset of genes10 that pertain to translation and the electron transport chain11,12. 

Some eukaryotes that inhabit anoxic environments do not contain aerobic mitochondria. Originally 

thought to be ‘ancestral’13, all of these amitochondriate eukaryotes in fact evolved secondarily from 

predecessors that had aerobic mitochondria14; they possess highly-reduced mitochondria-related 

organelles, or at least contain genes of mitochondrial origin in their nuclear genome15. Throughout the 

course of evolution, anaerobic unicellular protists have lost the capacity to generate ATP via oxidative 

phosphorylation (with some notable exceptions16,17). Instead, these eukaryotes generate ATP from 
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fermentation through substrate-level phosphorylation, coupled to the formation of H2 (ref18). This 

reaction takes place in the cytoplasm or - more commonly - in hydrogenosomes. Hydrogenosomes are 

specialized organelles, which have independently evolved from mitochondria in evolutionarily distant 

organisms18,19. Some ciliates that contain hydrogenosomes also contain endosymbiotic methanogenic 

archaea that scavenge the produced H2, which thereby increases the energy yield of the reaction20. 

In contrast to strict anaerobes that exclusively ferment, some facultatively anaerobic eukaryotes can 

perform anaerobic respiration21. Nitrate and/or nitrite reduction has previously been demonstrated for 

some foraminifera and Gromiida22-24, fungi25,26, and the ciliate Loxodes27. The underlying molecular 

mechanism of eukaryotic denitrification and energy conservation is largely unknown. Here we report 

the discovery of an obligate endosymbiont of an anaerobic ciliate that provides its host with energy 

derived from denitrification.  

Anaerobic ciliates with bacterial endosymbionts 

We investigated Lake Zug, an approximately 200-m deep and permanently stratified freshwater lake 

that is located in Switzerland. Lake Zug contains deep waters that remain permanently anoxic and 

replete in nitrate, which is a feature that is characteristic of many stratified fresh and marine waters 

depleted in oxygen. The thickness of the anoxic hypolimnion varied between 40 and 100 m over a 

period of 5 years (2016–2020) (Extended Data Fig. 1). In 2018, oxygen was undetectable below a depth 

of 160 m, and a decrease in NOx (mainly nitrate) concentration below the base of the oxycline indicated 

ongoing denitrification (Extended Data Fig. 1).  

We observed a high abundance of motile unicellular eukaryotes throughout the anoxic layer (Fig. 1, 

Extended Data Fig. 1, Supplementary Video 1). Many of these eukaryotes contained macro- and 

micronuclei and had the typical morphology of ciliates (Fig. 1, Extended Data Fig. 2). Their abundances 

increased from about 6,000 cells per litre at the base of the oxycline (a depth of 160 m) to around 25,000 

cells per litre within the core of the anoxic hypolimnion (a depth of about 180 m) (Supplementary 

Table 1). The ciliates exhibited negative aerotaxis, which indicates an obligate anaerobic lifestyle 

(Extended Data Fig. 3). In some cases, we observed fragmented and densely packed 4′,6-diamidino-2-

phenylindole (DAPI) signals that might have depicted microbial prey in food vacuoles (Fig. 1, Extended 

Data Fig. 2). However, a substantial fraction of the ciliates observed in the anoxic hypolimnion also 

contained multiple intracellular DAPI signals reminiscent of endosymbionts. These putative 

endosymbionts did not show the typical cofactor F420 autofluorescence that is indicative of methanogen-

hydrogenosome assemblages (which are often found in anaerobic ciliates) nor did they hybridize with 

a general archaeal oligonucleotide probe (Extended Data Fig. 2). We further confirmed the absence of 

methanogenic archaea in the ciliate by single-ciliate transcriptome sequencing (Supplementary 

Discussion, Supplementary Table 13). Instead, we obtained clear fluorescent signals after hybridization 
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with a general bacteria-specific oligonucleotide probe (EUB-I) (Supplementary Table 3), which 

identified the potential ciliate endosymbionts as bacteria (Extended Data Fig. 2). 

 

Figure 1. Visualization and phylogenetic affiliation of ‘Ca. A. ciliaticola’ and its ciliate host. a, Representative 

scanning electron microscopy image of a ciliate from the anoxic hypolimnion of Lake Zug (February 2020, depth 

of 186 m). Scale bar, 5 µm. b-d, Differential interference contrast image (b) and confocal laser scanning 

microscopy image (c) of a ciliate after hybridization with a ‘Ca. Azoamicus’-specific oligonucleotide probe 

(eub62A3_813) (yellow) and counterstaining with DAPI (blue). d, Overlay of fluorescence and differential 

interference contrast image. The macronucleus (MAC) with attached micronucleus (arrowheads) and putative 

food vacuoles of the ciliate are outlined. Scale bars, 5 µm. e, 16S rRNA gene sequence-based maximum likelihood 

phylogenetic tree of ‘Ca. A. ciliaticola’ (bold denotes sequence derived from circular metagenome-assembled 

genome) and members of related gammaproteobacterial orders and environmental clades. Subgroups A and B of 

the ‘Ca. Azoamicus’ group are indicated. The sequence similarities of respective groups to the 16S rRNA gene 

sequence of ‘Ca. A. ciliaticola’ are shown in parentheses. The full tree is shown in Extended Data Fig. 4. 

Taxonomic groups were assigned on the basis of SILVA taxonomy45. Metag., metagenome. f, Ciliate 18S rRNA 

gene sequence-based maximum likelihood phylogenetic tree of the class Plagiopylea based on EukRef-Ciliophora 

reference alignment30. Sequences of ciliates from Lake Zug (in bold) were amplified from individual ciliates 

(S1-S4) or combined ciliates (C5, C10). Stars denote positive identification of a ‘Ca. A. ciliaticola’ 16S rRNA 

sequence amplified from the same ciliate: black, ‘Ca. A. ciliaticola’ 16S rRNA gene sequence verified by Sanger 

sequencing; grey, positive band on gel. For both trees, bootstrap values are shown as circles at the respective 

nodes, and indicate bootstrap support of >70% (grey) or >90% (black) out of 100 resamplings. Scale bars, 0.05 

nucleotide substitutions per site. 
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Endosymbiont and host phylogeny 

To identify the putative endosymbiont, we used DNA extracted from the anoxic lake water for 

metagenome sequencing (Supplementary Table 4). We identified a small (about 290 kb), circular 

metagenome-assembled genome with typical endosymbiotic features (as described in ‘Bacterial 

genome with endosymbiotic features’). The 16S rRNA gene sequence retrieved from the endosymbiont 

circular metagenome-assembled genome shared the highest identities (about 86%) with Legionella 

clemsonensis and ‘Candidatus Berkiella cookevillensis’ C99, which is an intranuclear bacterium of 

Acanthamoeba polyphaga. Given the high degree of sequence divergence between the endosymbiont 

and related bacteria, we named this organism ‘Candidatus Azoamicus ciliaticola’ (see Methods for 

etymology).  

Our phylogenetic analysis showed that ‘Ca. A. ciliaticola’ belongs to the understudied eub62A3 group 

of the Gammaproteobacteria (Fig. 1e, Extended Data Fig. 4). The eub62A3 group (which we refer to as 

the ‘Ca. Azoamicus’ group) probably represents its own order within Gammaproteobacteria. The 

‘Ca. Azoamicus’ group appears to consist of at least two distinct subgroups. Sequences affiliated with 

subgroup A are closely related to ‘Ca. A. ciliaticola’ (98.5-99.1% sequence identity) and have been 

retrieved from geographically distant anoxic freshwater lakes and reservoirs (Fig. 1e). Subgroup B 

contains sequences that are more divergent (89.5-92.9% sequence identity) and that have been retrieved 

from more diverse aquatic habitats (Fig. 1e). 

We used a fluorescently labelled ‘Ca. Azoamicus’-specific oligonucleotide probe (eub62A3_813) 

(Extended Data Fig. 5, Methods, Supplementary Table 3) and found that the endosymbionts were 

exclusively located inside small ovoid (25.4±3.2-µm long, 19.5±2.0-µm wide, n = 9 cells, standard 

deviation from average) ciliate hosts (Fig. 1, Extended Data Fig. 2). In 2018, all the ciliates we found 

at 180 m depth contained the ‘Ca. A. ciliaticola’ symbiont (Supplementary Table 1). We extracted DNA 

from individually picked ciliates from the deepest depth (189 m, which was sampled in 2019) and 

amplified ‘Ca. A. ciliaticola’ 16S rRNA gene using specific primers (Supplementary Table 2). We 

successfully retrieved sequences that were closely related to ‘Ca. A. ciliaticola’ (96.5-99.9% identity) 

from picked ciliates. Our analysis of the partial 18S rRNA gene amplified from the same DNA extracts 

using ciliate-specific primers28 (Supplementary Fig. 1) identified all of the picked ciliates as members 

of the class Plagiopylea within the Ciliophora phylum (Fig. 1f). We further confirmed their Ciliophora 

affiliation by analyses of single-copy orthologous gene transcripts from single-ciliate transcriptomes 

(Extended Data Fig. 6). Plagiopyleans are anaerobic or micro-aerobic ciliates that are typically found 

in anoxic freshwater or marine habitats. They are generally thought to rely on hydrogenosomes, and 

some host methanogenic archaea29. The class Plagiopylea is phylogenetically divided in two clades30. 

One clade contains well-described members of the order Plagiopylida (such as Plagiopyla frontata or 

Trimyema compressum), and the second clade contains our ‘Ca. A. ciliaticola’-associated plagiopylean 

ciliate as well as diverse 18S rRNA gene sequences from freshwater and marine anoxic habitats (Fig.1f). 
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Our phylogenetic analyses thus indicate that ‘Ca. A. ciliaticola’ represents an endosymbiont of an 

anaerobic freshwater plagiopylean ciliate. 

Bacterial genome with endosymbiotic features 

The closed genome of ‘Ca. A. ciliaticola’ was very small (292,520 bp), and has a notably low average 

G+C content (24.4%) and a high protein-coding density (94.0%) (Fig. 2a). It has retained 310 protein-

coding genes, 1 rRNA operon (16S, 23S, 5S), 35 tRNAs that decode all 20 standard amino acids (genetic 

code 11) and 1 transfer-messenger RNA; as such, it is, to our knowledge, the smallest protist 

endosymbiont genome reported to date. Genomes of a similar size and with similar general features 

have thus far been found only in obligate endosymbionts of insects31,32 (Fig. 2b). On the basis of these 

similarities, we thus concluded that ‘Ca. A. ciliaticola’ is an obligate endosymbiont. 

‘Ca. A. ciliaticola’ encodes a similar proportion of genes related to translation, replication and repair to 

that encoded by other highly reduced endosymbionts of ciliates and insects (Fig. 2c). The genome 

encodes several subunits of the DNA polymerase III holoenzyme (dnaE, dnaQ and dnaX), DNA-

directed RNA polymerase (rpoA, rpoB, rpoC, rpoD, rpoH and rpoZ) and a complete gene set of 30S 

and 50S ribosomal proteins. These genes were highly transcribed and accounted for about 20% of 

cumulative transcripts per million (Extended Data Fig. 7). Therefore, ‘Ca. A. ciliaticola’ - despite its 

reduced genome - appears to be capable of self-replication inside its host. 

By contrast, the ‘Ca. A. ciliaticola’ genome exhibits extensive loss of genes that underlie cell wall, 

membrane and envelope biogenesis. The genetic repertoire for the biosynthesis of vitamins and amino 

acids is also markedly reduced, which is notably different from other endosymbionts of insects or 

ciliates (Fig. 2c, Extended Data Fig. 7). As many endosymbionts provide essential amino acids or 

vitamins to supplement the nutritionally poor diet of their hosts, they often retain extensive biosynthetic 

pathways for these compounds32. The ‘Ca. A. ciliaticola’ genome encodes only three copies of a 

tyrosine and tryptophan transporter (tyrP) and a glutamate and gamma-aminobutyrate antiporter that 

might serve to import aromatic amino acids and glutamate into the cell. Notably, ‘Ca. A. ciliaticola’ 

appears to depend on its host for most of the other essential cellular building blocks (for example, 

nucleotides, phospholipids, lipopolysaccharides), as no genes for their biosynthesis are encoded in the 

genome. It is therefore puzzling that, similar to other obligate endosymbionts33, ‘Ca. A. ciliaticola’ 

genome largely lacks transport systems for these metabolites (Supplementary Table 5, 6, Supplementary 

Discussion). Other genes that have previously been shown to be related to nutritional (for example those 

that encode pectinases34) or defensive symbioses known from ciliates35 were also absent from the 

genome. 
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Figure 2. Features of the genome of ‘Ca. A. ciliaticola’. a, Circular genome plot of ‘Ca. A. ciliaticola’ showing 

(from inside to outside) GC skew (red, positive; light orange, negative), GC content, RNA (black) and protein-

coding genes (grey) encoded on forward or reverse strand of the genome (in kb). b, Relationship between genome 

size and GC content of complete prokaryotic genomes deposited at Genbank (cut-off at 2 Mbp; accessed May 

2018). Genome of ‘Ca. A. ciliaticola’, Jakoba libera mitochondrion and endosymbionts of insects and ciliates are 

highlighted. 1, ‘Ca. A. ciliaticola’; 2, J.libera mitochondrion; 3, ‘Ca. Carsonella ruddii’ PV; 4, Buchnera 

aphidicola; 5, Caedibacter taeniospirales. Legionella clemsonensis is not shown in this panel as its genome size 

(3.27 Mb) exceeds the depicted range. c, Comparison of the number of genes in selected functional gene categories 

(as a percentage of total protein-coding genes) (Supplementary Table 9) between ‘Ca. A. ciliaticola’ (magenta), 

Jakoba libera mitochondrion (blue), selected insect and ciliate endosymbionts (orange), and Legionella 

clemsonensis (grey) as an example of a related free-living bacterium. The asterisk highlights the presence of an 

anerobic respiratory chain. Single-letter codes of COG functional categories are shown in parentheses.  

Anaerobic respiration and energy metabolism 

In contrast to most other functional gene categories, genes related to respiration and energy production 

and conversion (Figs. 2c, 3a, Supplementary Table 5) are abundantly retained in the ‘Ca. A. ciliaticola’ 

genome. ‘Ca. A. ciliaticola’ encodes a complete ATP-generating electron transport chain, including 

NADH dehydrogenase (nuoA to nuoN), cytochrome bc1 complex (qcrA, qcrB and qcrC) and ATP 

synthase (atpA to atpH). In many endosymbionts, genes related to respiration and energy production 

and conversion are affected by marked losses; some endosymbionts are even thought to be ATP 

parasites32. Instead, a substantial fraction of the ‘Ca. A. ciliaticola’ genome is dedicated to energy 

production and conversion, which is a feature that it shares with all known mitochondrial genomes 

(Fig. 2c). 

The ‘Ca. A. ciliaticola’ genome does not encode genes for aerobic respiration, such as terminal oxidases 

(for example, cytochrome c oxidase and cytochrome bd oxidase). In principle, the terminal oxidase 

genes could have been relocated to the nuclear genome (as is the case with many endosymbiont genes). 

However, electron transport chain complexes I, II, IV and V are conserved in the mitochondrial core 

genome across many eukaryotes, and it is expected that genes that encode components of the electron 
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transport chain are amongst the least likely to be transferred to the nucleus11. We also did not find 

transcripts for mitochondrially encoded cytochrome c oxidase in the host transcriptome (Supplementary 

Discussion, Supplementary Table 10). This confirms the obligate anaerobic nature of the host, as 

already indicated by its negative aerotactic behavior (Extended Data Fig. 3). 

The ‘Ca. A. ciliaticola’ genome encodes a complete gene set for respiratory denitrification (Fig. 3a, 

Supplementary Table 5). The gene set contained all four core enzymes: nitrate reductase (narG, narH, 

and narI), copper-containing nitrite reductase (nirK), nitric oxide reductase (norB and norC) and nitrous 

oxide reductase (nosZ). These genes were complemented by a wide variety of accessory proteins, such 

as cytochromes c4 and c5 for redox coupling, enzyme maturation factors (narJ, nosR, nosD, nosF, nosY 

and nosL), and nitrate and nitrite transporters (nark and narT). ‘Ca. A. ciliaticola’ encodes a molybdate 

import system (modA, modB and modC) and a pathway for the biosynthesis of bis-molybdopterin 

guanine dinucleotide, which is an essential cofactor of nitrate reductase. In eukaryotes, this pathway is 

- for the most part - a cytosolic process that is encoded by nuclear genes36. Similarly, a pathway of iron-

sulfur cluster biosynthesis pathway (Suf-type) (sufB, sufC, sufD and sufS) is also encoded in the 

‘Ca. A. ciliaticola’ genome; this was the only pathway that we detected for iron-sulfur cluster 

biosynthesis in the ciliate host. We did not detect transcripts that pertain to the Isc-type pathway of iron-

sulfur cluster biosynthesis (which operates in hydrogenosomes, mitochondria and mitochondria-related 

organelles) in the single ciliate transcriptome (Supplementary Table 11). 

Although the trait of respiratory denitrification is widespread among free-living prokaryotes37,38, to our 

knowledge no obligate endosymbiont described to date encodes a denitrification pathway. We 

confirmed active denitrification by ciliates using 15N stable isotope incubations (Fig. 3c, Supplementary 

Discussion, Extended Data Fig. 8). Possible electron donors for denitrification might be di- and/or tri-

carboxylates provided by the tricarboxylic acid cycle, such as succinate and malate (Supplementary 

Discussion). Malate is used by many known energy-producing anaerobic mitochondria or 

hydrogenosomes of ciliates or other protists4. The high transcription of malate dehydrogenase (mdh) 

and a putative 2-oxoglutarate and malate transporter (yflS) (Fig. 3b) indicates that malate also has a key 

role in the metabolism of ‘Ca. A. ciliaticola’. Similarly, genes related to energy conservation - including 

ATP synthase (atpA to atpH) and denitrification genes (narG, narH, narI, nirK, norBC and nosZ) - 

were among those showing highest transcription (Fig. 3b), and, altogether, we found that more than half 

of the transcriptional effort of ‘Ca. A. ciliaticola’ was devoted to energy production and conversion 

(Extended Data Fig. 7). 

Crucially, the ‘Ca. A. ciliaticola’ genome also contains a putative ATP and ADP (hereafter, ATP/ADP) 

translocase gene (tlcA) that encodes a single-domain nucleotide transport protein. These nucleotide 

transport proteins have canonical roles in energy transfer in plastids and intracellular parasites, although 

these might not be their only functions39. The ‘Ca. A. ciliaticola’ nucleotide transport protein has several 

conserved residues that are critical for function and substrate specificity of ATP/ADP translocases 
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(Supplementary Discussion, Extended Data Fig. 9). Moreover, the tlcA gene was among the ten highest 

transcribed ‘Ca. A. ciliaticola’ genes, together with other genes involved in energy conservation 

(Fig. 3b). On this basis, we speculate that the TlcA nucleotide transporter serves to exchange ATP and 

ADP between ‘Ca. A. ciliaticola’ and its host. As ‘Ca. A. ciliaticola’ lacks the ability to synthesize any 

nucleotides de novo, this nucleotide transport protein might also be involved in the uptake of nucleotides 

other than ATP and ADP. 

 

Figure 3. Metabolic potential and activity of ‘Ca. A. ciliaticola’. a, Genome-inferred metabolic potential related 

to anaerobic respiration via denitrification, ATP generation and exchange, tricarboxylic acid (TCA) cycle, iron-

sulfur cluster (Fe-S) and bis-molybdopterin guanine dinucleotide (bis-MGD) biosynthesis, protein export and 

other transporters. The presence of a double membrane is presumed by analogy with mitochondria. 

b, Metatranscriptome coverage of two metatranscriptomic datasets, from samples obtained in 2016 and 2018, of 

the ‘Ca. A. ciliaticola’ genome. There is a highly consistent transcriptome profile between years and the 

exceptionally high transcription of genes related to energy conservation, ATP production and transport, and 

denitrification (orange, red, and blue shading, respectively). Coverage was corrected for sequencing depth; higher 

coverage in the 2018 sample is due to the higher endosymbiont abundance in that year. Genes related to 

denitrification (blue), electron transport chain (orange), tricarboxylic acid cycle (grey) and ATP generation as well 

as transport (red) are highlighted. The highlighted genes account for more than 55% of all transcripts. Further 

information is provided in Supplementary Table 5. c, Correlation of ciliate abundance and denitrification rates 

(30N2 production) in water from the anoxic hypolimnion (189 m, May 2019) with and without ciliates. Each data 

point represents a volumetric denitrification rate calculated from the linear regression of six individual time points 

of an experiment. Error bars represent s.e. from linear regression. Denitrification rates in incubations without 

ciliates are due to the activity of denitrifying bacteria that are still present in the water. 
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As known from other obligate endosymbionts, the genome of ‘Ca. A. ciliaticola’ has presumably 

preserved traits that are beneficial to the host. Given the fact that the highly reduced genome of 

‘Ca. A. ciliaticola’ has retained an extensive genetic potential for energy metabolism, the main function 

of this endosymbiont thus appears to be the production of ATP for its host. In this respect, the function 

of ‘Ca. A. ciliaticola’ is strongly evocative of mitochondria and hydrogenosomes (that is eukaryotic 

energy-providing organelles). On the basis our combined metagenomic and transcriptomic results, we 

propose that ‘Ca. A. ciliaticola’ functions as a respiratory endosymbiont that conserved and provides 

energy from anaerobic respiration to its plagiopylean host. 

Evolution of the respiratory symbiosis 

Unicellular eukaryotes that have secondarily adapted to an anaerobic lifestyle often possess 

mitochondria-related organelles such as hydrogenosomes. These organelles have retained their energy-

generating function - although they have often lost their genomes, and their enzymes are predominantly 

nuclear-encoded and expressed by the eukaryotic host40. When analysing the single cell transcriptomes 

of our ciliate host, we found transcripts that potentially encode hydrogenosomal proteins 

(Supplementary Methods, Supplementary Discussion, Supplementary Table 11 and 12). This suggests 

that our ciliate host – as with all eukaryotes known to date – may contain remnants of a mitochondrial 

organelle, which is probably capable of hydrogenosomal metabolism (Fig. 4).  

The putative presence of hydrogenosomes in the extant host implies that, at some point, its ancestor 

possessed aerobic mitochondria. However, in a host capable of aerobic respiration, the acquisition of a 

denitrifying endosymbiont is unlikely to have increased the fitness of the host sufficiently to warrant 

stable integration. It is thus more likely that the ciliate host was already a hydrogenosome-containing 

obligate anaerobe before the acquisition of the predecessor of ‘Ca. A. ciliaticola’ (Fig. 4). A fermenting 

eukaryote that possessed only rudimentary means of energy generation would have profited 

considerably from the acquisition of a bacterium with the capacity for anaerobic nitrate respiration and 

chemiosmotic ATP production. The positive effect of the ‘Ca. A. ciliaticola’ endosymbiont on the 

fitness of the ciliate host could explain our observation that only ‘Ca. A. ciliaticola’-containing ciliates 

were observed in the deep anoxic nitrate-containing waters of Lake Zug (Supplementary Table 1).  

The predecessor of ‘Ca. A. ciliaticola’ may have entered its host as a parasite, as many members of the 

related Legionellales and Francisellales groups are parasitic. Alternatively, the bacterial predecessor 

could have been acquired through endocytosis and then persisted intracellularly after managing to 

escape digestion, as has previously been suggested for some bacteria41. In either case, the protein that 

was probably fundamental for the integration of the bacterium into its host is the ATP/ADP transporter. 

Phylogenetic analyses showed that the putative ATP/ADP translocase of ‘Ca. A. ciliaticola’ clusters 

with mostly alphaproteobacterial nucleotide transporter sequences from uncharacterized metagenomic 

sequences related to Holosporales or Caedibacter (Extended Data Fig. 10), which are known to be 
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intracellular parasites or endosymbionts of ciliates42,43. Considering that the free-living predecessor of 

‘Ca. A. ciliaticola’ was a gammaproteobacterium, we speculate that the ATP/ADP translocase might 

have been obtained via lateral gene transfer from an alphaproteobacterial donor (for example, 

Holospora-related) (Supplementary Discussion). At this point, it is not clear whether the lateral gene 

transfer happened before or after the engulfment of the predecessor of ‘Ca. A. ciliaticola’ by the ciliate 

(Fig. 4).  

In its extant form, ‘Ca. A. ciliaticola’ encodes only the denitrification respiratory chain. This is 

noteworthy as almost all pro- and eukaryotic denitrifying organisms known to date possess a hybrid 

respiratory chain that is also capable of oxygen respiration38,44. On this basis, it seems likely that the 

predecessor of ‘Ca. A. ciliaticola’ acquired by the ciliate host was a facultatively anaerobic denitrifying 

bacterium (Fig. 4). Subsequently, it might have lost its capacity for oxygen respiration when it became 

superfluous in a ciliate that exclusively inhabited anoxic waters. However, any gene loss in 

‘Ca. A. ciliaticola’ might also be the result of genetic drift, which is known to affect obligate 

endosymbionts with small population size and restricted gene flow31. 

Over the course of its existence, ‘Ca. A. ciliaticola’ has evolved into an obligate endosymbiont with a 

distinct role in respiration and energy generation for its host; in eukaryotes, these roles are traditionally 

reserved for mitochondria and related organelles. Even though the ciliate host might contain 

mitochondria-related organelles (that is, putative hydrogenosomes), it appears that the quintessential 

mitochondrial functions related to respiration, the electron transport chain, oxidative phosphorylation 

and iron-sulfur cluster biosynthesis are taking place in its endosymbiont. 

‘Ca. A. ciliaticola’ therefore represents an example of an obligate endosymbiont that has retained 

cellular functions that are markedly similar to mitochondria, although it did not originate from the 

mitochondrial line of descent. This discovery provokes the question whether other prokaryotic 

endosymbionts may enable eukaryotes to tap into the broad pool of electron acceptors that is available 

in nature. 

 

 

 

 

 

131



  Chapter 5 - Denitrifying endosymbiont of a ciliate   
 

 

 

Figure 4. Hypothesized evolution of the ‘Ca. A. ciliaticola’-ciliate symbiosis. (1) Secondary adaptation of an 

aerobic ciliate to an anoxic, nitrate-containing environment involved the deterioration of its aerobic mitochondria 

and the formation of hydrogenosomes. (2) Acquisition of a facultatively anaerobic, denitrifying bacterium that 

entered the anaerobic ciliate host either via endocytosis (2a) or as a parasite (2b). In the latter case, the ‘Ca. A. 

ciliaticola’ ancestor might have already possessed an ATP/ADP translocase for energy parasitism. (3) 

Alternatively, the ATP/ADP translocase was acquired at a later point via lateral gene transfer (LGT) from (for 

example) an alphaproteobacterial cosymbiont in the host cell. Persistent anoxic and nitrate-rich conditions would 

result in the loss of genes for oxygen respiration that gave rise to the present-day ‘Ca. A. ciliaticola’-Plagiopylea 

symbiosis. The presence of hydrogenosomes in the extant host is based on indications from single-ciliate 

transcriptome sequencing, and is yet to be conclusively confirmed. 

 

Materials and Methods 

Geochemical profiling 

Sampling for geochemical profiling was carried out in September 2016 and October 2018 at a single 

station located in the deep, southern lake basin of Lake Zug (~197 m water depth; 47°06'00.8'' N, 

8°29'35.0" E). In September 2016, a multi-parameter probe was used to measure conductivity, turbidity, 

depth (pressure), temperature and pH (XRX 620, RBR Ltd.). Dissolved oxygen was monitored online 

with normal and trace micro-optodes (types PSt1 and TOS7, Presens) with detection limits of 125 and 

20 nM, respectively, and a response time of 7 s. In October 2018, a CTD (CTD60, Sea&Sun 

Technology) equipped with a Clark-type oxygen sensor (accuracy ±3%, resolution 0.1%) was used to 

record oxygen profiles. 

Sample collection  

Water for bulk DNA/RNA analyses was collected in September 2016 and October 2018. Sample 

collection for DNA and RNA extraction in September 2016 has been described previously45. In October 

2018, water was sampled with a Niskin bottle (Hydro-Bios) from 160 m, 170 m and 180 m. For each 

depth, 2 liter lake water were directly filtered onboard onto 0.22 µm Sterivex filter cartridges (Merck 

Millipore) using a peristaltic pump, subsequently purged with RNAlater preservation solution (Life 
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Technologies) and stored at -20ºC until further processing. For FISH analyses, water from the same 

depths was fixed onboard with formaldehyde (1.5% final concentration; Electron Microscopy Sciences) 

and incubated in a chilled cool box for ~6 hours before filtration onto 3 µm polycarbonate filters (Merck 

Millipore). Additional FISH samples using the same approach were collected in May 2019 from 189 m. 

Water for incubation experiments and single ciliate PCR was sampled in May 2019 from 189 m depth 

using a 10 l Go-Flo bottle (General Oceanics), filled into 2.5 l glass bottles without headspace, closed 

with butyl rubber stoppers and kept cold (~4 °C) and dark until further handling. During sampling, 

oxygen contamination was minimized by overflowing the bottle with anoxic lake water. 

For combined FISH and differential interference contrast (DIC) microscopic analyses, individual, live 

ciliates were picked from lake water (186 m depth, collected February 2020) and directly fixed on 

microscope slides. Briefly, microscope slides were treated with 0.1 mg ml-1 poly-L-lysine for 10 min at 

room temperature, washed with MQ and dried. Ciliates were pre-enriched by gravity flow of bulk lake 

water through a 5 µm membrane filter and picked using a glass capillary under a binocular microscope. 

Picked ciliates were transferred into a droplet of formaldehyde (2% in 0.1x PBS, pH 7.6) on poly-L-

lysine coated microscope slides, incubated (1h at room temperature) and washed with MQ. FISH was 

performed as described below. 

Nutrient measurements 

Water samples for measurements of nutrients (ammonium, NOx and nitrite) were retrieved with a 

syringe sampler from fifteen discrete depths at and below the base of the oxycline. 40 ml of water was 

directly injected into a 50-ml Falcon tube containing 10 ml of OPA reagent for fluorometric ammonium 

quantification46. In 2018, ammonium concentration was determined using the same method except that 

the lake water was immediately sterile filtered after sampling and frozen at -20°C until further 

processing. For NOx quantification, 10 ml of water was sterile-filtered into a 15-ml Falcon tube and 

combined nitrate and nitrite concentration was determined by a commercial QuAAtro Segmented Flow 

Analyzer (SEAL Analytical Inc.).  

Clone library construction and Sanger sequencing 

Ca. A. ciliaticola-specific 16S rRNA gene primers were designed based on the Ca. A. ciliaticola 

metagenome-assembled circular genome (cMAG) sequence. Primers targeted the intergenic spacer 

regions ~50 bp up- and downstream of the 16S rRNA gene, resulting in a 1568 bp long PCR product. 

For clone library construction, the Ca. A. ciliaticola 16S rRNA gene was amplified by a nested PCR 

approach from the same DNA extract used for metagenome sequencing obtained in September 2016 

from 160 m water depth using the newly designed Ca. A. ciliaticola-specific primers (eub62A3_29F 

and eub62A3_1547R) followed by PCR amplification with general bacterial 16S rRNA gene primers 

(8F and 1492R; Supplementary Table 2). Cloning and construction of the clone library is described in 

more detail in Supplementary Methods. Inserts of purified plasmids from five clones were sequenced 
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by Sanger sequencing using the BigDye Terminator v3.1 sequencing kit (Thermo Fisher Scientific) and 

primers M13f or M13r. The sequencing PCR contained 3 µl purified plasmid, 0.5 µl 10x sequencing 

buffer, 0.5 µl primer (10 µM) and 1 µl BigDye reagent. The PCR reactions were performed as follows: 

99 cycles (1°C s-1 ramp) of denaturation (10s at 96°C), annealing (5s at 60°C) and elongation (4 min at 

60°C). The PCR products were purified using gel filtration (Sephadex G-50 Superfine, Amersham 

Bioscience) followed by Sanger sequencing (3130xl genetic analyzer, Applied Biosystems). The Sanger 

sequences were quality trimmed and assembled using Sequencher v5.4.6 and standard settings before 

trimming off vector and primer sequences. 

Probe design for fluorescence in situ hybridization 

To visualize Ca. A. ciliaticola cells in the environment, we designed a specific fluorescence in situ 

hybridization (FISH) probe based on the Ca. A. ciliaticola cMAG 16S rRNA gene sequence and closely 

related sequences within the clade eub62A3. The Ca. A. ciliaticola 16S rRNA gene sequence was 

imported into Arb47 v6.1 and aligned to the SILVA SSU Ref NR 99 132 database using the SINA-

Aligner48. A FISH probe specific for Ca. A. ciliaticola and most members of clade eub62A3 was 

designed (probe eub62A3_813 5’ CTAACAGCAAGTTTTCATCGTTTA 3’, Supplementary Table 3) 

using the probe design tool implemented in Arb, and further manually refined and evaluated in silico 

using MathFISH49. The newly designed probe eub62A3_813 targets Ca. A. ciliaticola and 78% of the 

Ca. Azoamicus subgroup A and B sequences included in SILVA SSU Ref NR 99 138 (7 out of 9; the 

two not targeted sequences belong to Ca. Azoamicus subgroup B), and shows no non-target hits. Some 

sequences in the database had only 1-2 weak mismatches (< 0.5 weighted mismatches) to the probe 

sequence. To ensure specificity in our FISH experiments and exclude the detection of non-target 

organisms, we designed unlabeled competitor probes for these sequences with weak mismatches to the 

probe (competitor 1, 5’ CTAACAGCAAGTTCTCATCGTTTA 3’ and competitor 2, 

5’ CCAACAGCAAGTTCTCATCGTTTA 3’, Supplementary Table 3). These competitor probes were 

included in all FISH experiments (excluding Clone-FISH). To further ensure that no non-target 

organisms were present in our samples, we searched for 16S rRNA gene reads with perfect matches 

against the eub62A3_813 probe sequence in one metagenome (Zug 2018, 180 m). Almost all of the 

reads (82 out of 86) had >98% identity with the 16S rRNA gene sequence of Ca. A. ciliaticola. The 

remaining reads shared >94% identity with Ca. A. ciliaticola and all shared as top hits sequences 

belonging to Ca. Azoamicus subgroup A when blasted against the NCBI nr database (accessed June 

2020). 

Clone-FISH 

Clone-FISH was performed as described in ref50. In brief, a purified plasmid containing the 

Ca. A. ciliaticola 16S rRNA gene sequence (see clone library construction) in the correct orientation 

(confirmed by PCR using M13F and 1492R primers) was transformed into electro-competent E. coli 
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JM109(DE3) cells (Promega) by electroporation using the Cell Porator and Voltage Booster System 

(Gibco) with settings 350 V, 330 µF capacitance, low ohm impedance, fast charge rate and 4 kΩ 

resistance (Voltage Booster). After electroporation, cells were transferred into SOC medium (Sigma 

Aldrich), incubated for 1h at 37 °C and plated onto LB plates containing 100 mg l-1 kanamycin. After 

incubation overnight at 37 °C, four clones were picked and the presence of the insert was checked with 

PCR (primers M13f, 1492R) as described in the clone library procedure followed by gel electrophoresis. 

An insert-positive clone was selected at random and grown in LB medium containing 100 mg l-1 

kanamycin at 37 °C until OD600 reached 0.37. Transcription of the plasmid insert was induced using 

isopropyl β-d-1-thiogalactopyranoside (IPTG, 1 mM final concentration). After addition of IPTG, cells 

were incubated for 1h at 37 °C followed by addition of 170 mg l-1 chloramphenicol and subsequent 

incubation for 4h. Cells were harvested by centrifugation, fixed in 2% formaldehyde solution for 1h at 

room temperature, washed and stored at 4 °C in phosphate buffered saline (pH = 7.4) containing 50% 

ethanol until further processing. Formamide melting curves51 were carried out using a Ca. Azoamicus-

specific, HRP-labelled probe (eub62A3_813, Extended Data Fig. 5). In brief, cells were applied to glass 

slides. Permeabilization with lysozyme, peroxidase inactivation, hybridization (10%, 30%, 35%, 40%, 

45% and 50% formamide) and tyramide signal amplification (Oregon Green 488) was performed as 

described previously52. For each formamide concentration, pictures of three fields of view were 

recorded using the same exposure time for all formamide concentrations, which was optimized at 10% 

formamide all same settings using an Axio Imager 2 microscope (Zeiss) and analyzed using 

Daime 2.153. 

Double labeled oligonucleotide probe fluorescence in situ hybridization (DOPE-FISH) and 
microscopy 

Hybridization with double-labeled oligonucleotide probes (terminally double-labeled with Atto488 dye, 

for probe details see Supplementary Table 3; Biomers, Ulm, Germany) and counterstaining with 4’,6-

diamidino-2-phenylindole (DAPI) was performed according to ref54. In brief, samples (either cut filter 

sections or ciliates picked and fixed on a glass slide, see section above) were incubated in hybridization 

buffer containing 25% formamide and 5 ng DNA µl-1 probe (same concentration for eub62A3_813 

competitor 1 and 2) for 3 hours at 46 °C and subsequently washed in pre-warmed washing buffer (5 mM 

EDTA, 159 mM NaCl) for 30 minutes at 48 °C. After a brief MQ wash, samples were incubated for 

5 minutes at room temperature in DAPI solution (1 µg ml-1), briefly washed in MQ and air-dried. Filter 

sections were mounted onto glass slides. Samples were embedded in Prolong Gold Antifade Mountant 

(Thermo Fisher Scientific), and left to cure for 24h. Confocal laser scanning and DIC microscopy was 

performed on a Zeiss LSM 780 (Zeiss, 63x oil objective, 1.4 numerical aperture, with DIC prism). 

Z-stack images were obtained to capture entire ciliate cells and fluorescence images of FISH probe and 

DAPI signals were projected into 2D for visualization. Cell counting was performed using a Axio 

Imager 2 microscope (Zeiss) in randomly selected fields of view (40x objective, grid length = 312.5 µm) 
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on polycarbonate filters (3 µm pore size, 32 mm effective filter diameter; Merck Millipore) onto which 

0.5 l PFA-fixed lake water was filtered. 

For light microscopy, live ciliates were picked from Lake Zug water (May 2019, 189 m) and prepared 

for live ciliate imaging using light microscopy as described in ref55 on an Axio Imager 2 microscope 

(Zeiss). For image acquisition and processing Zeiss ZEN (blue edition) 2.3 was used. 

Scanning electron microscopy 

Ciliates sampled in February 2020 were individually picked under a binocular and washed in droplets 

of sterile-filtered lake water. Washed ciliates were then transferred into ~200 µl fixative on top of a 

polylysine-coated silicon wafer (0.1 mg ml-1 poly-l-lysine for 10 min at room temperature) and fixed 

for 1h at room temperature. The fixative contained 2.5% glutaraldehyde (v/v, EM grade) in PHEM 

buffer (pH 7.4, see ref56). Fixed ciliates attached to the silicon wafer were dehydrated in an ethanol 

series (30%, 50%, 70%, 80%, 96%, 100%) before automated critical point drying (EM CPD300, Leica). 

Scanning electron microscopy was performed on a Quanta FEG 250 (FEI). Images were obtained using 

FEI xTM v6.3.6.3123 at an acceleration voltage of 2 kV under high vacuum conditions and were 

captured using an Everhart-Thornley secondary electron detector. The image represents an integrated 

and drift corrected array of 128 images captured with a dwell time of 50 ns. 

Single ciliate PCR 

Ciliates were picked from Lake Zug water (189 m, 2019) under the binocular with a glass micropipette 

and subsequently washed twice in drops of sterile nuclease-free water (Ambion) before being 

transferred into lysis buffer. DNA was extracted using MasterPure DNA purification kit (Ambion) 

following manufacturer’s instructions with a final elution in 1xTE buffer (25 µl). Overall, DNA was 

extracted from four individual ciliates (S1-S4), five (C5) and ten pooled ciliates (C10) as well as no 

ciliate (control). 16S (Ca. A. ciliaticola) and 18S rRNA gene sequences (ciliate host) were then 

separately amplified by PCR using primer pairs eub62A3_29F/_1547R and cil_384F/_1147R. PCR 

reactions (20 µl) with Ca. A. ciliaticola-specific primers (eub62A3_29F/_1547R) was performed as 

described in the Methods section with following modifications: 5 µl template, 58°C annealing 

temperature and 40 amplification cycles. PCR with ciliate-specific primers (cil_384F/_1147R) was 

performed analogously with following modifications: 55°C annealing temperature, 50 s elongation and 

35 amplification cycles. The PCR reactions with primer pairs eub62A3_29F/_1547R were further 

amplified in a second round of PCR (same conditions) using 2 µl PCR reaction from the first round. 

For each PCR step, successful amplification of products was checked using gel electrophoresis as 

described in Supplementary Methods. PCR reactions were subsequently purified using QIAquick PCR 

purification Kit (Qiagen) according to manufacturer’s instructions with a final elution in sterile 

nuclease-free water (25 µl; Ambion). Purified PCR reactions were subsequently sequenced using 

Sanger sequencing and processed as described in Methods with following modifications: primers 
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eub62A3_29F, eub62A3_1547R (annealing temperature 58°C) or cil_384F, cil_1147R (annealing 

temperature 55°C). Two of the single ciliate DNA extracts amplified with the endosymbiont-specific 

primers either showed a faint (S4) or no band (S2) and were not sequenced. 

Nucleic acid extraction from lake water 

Bulk DNA and RNA extraction as well as metagenome and metatranscriptome sequencing of lake water 

samples collected in 2016 have been described in ref45. For 2018 samples, filters were purged of 

RNAlater, briefly rinsed with nuclease-free water and removed from the Sterivex cartridge. RNA and 

DNA was then extracted from separate filters using PowerWater RNA or DNA isolation kits (MoBio 

Laboratories) according to manufacturer’s instructions.  

Metagenome and bulk metatranscriptome sequencing 

For metagenomic sequencing, DNA libraries were prepared as recommended by the NEBNext Ultra™ 

II FS DNA Library Prep Kit for Illumina (New England Biolabs). Sequencing-by-synthesis was 

performed on the Illumina HiSeq2500 sequencer (Illumina Inc.) with the 2 x 250 bp read mode. For 

metatranscriptomic sequencing, rRNA was removed (Ribo-Zero rRNA Removal Kit for bacteria, 

Illumina Inc.) and an RNAseq library was prepared according to the NEBNext Ultra™ II Directional 

RNA Library Prep Kit for Illumina (New England Biolabs). Sequencing-by-synthesis was performed 

on the Illumina HiSeq3000 sequencer (Illumina Inc.) with the 1 x 150 bp read mode. Library preparation 

and sequencing was performed by the Max Planck-Genome-centre Cologne, Germany 

(http://mpgc.mpipz.mpg.de/home/). Detailed information for each metagenomic and 

metatranscriptomic dataset can be found in Supplementary Table 4. 

Genome assembly and finishing 

The genome of Ca. A. ciliaticola was reconstructed from a metagenomic dataset sampled in 2018 as 

follows: metagenomic reads (MG_18_C) were trimmed using Trimmomatic57 v0.32 as described 

previously45 and assembled using metaSPAdes58 v3.13.0 and k-mer lengths 21,33,55,77,99,127. From 

this assembly, contigs with high similarity to the previously reconstructed Ca. A. ciliaticola genome 

from the 2016 metagenome samples (for details see Supplementary Methods) were identified by blastn 

(identity >95%) and metagenomic reads were mapped back to the contigs using BBmap59 v35.43 (minid 

= 0.98). Mapped reads were subsequently reassembled using SPAdes v3.13.0 with mismatch corrector 

and coverage threshold enabled (--careful --cov-cutoff 60) resulting in the assembly of a single contig 

(292,647 bp) that was circularized by trimming the identical overlapping ends (127 bp) giving rise to 

the closed genome (292,520 bp). The start position was set in an intergenic spacer region near the 

maximum of the GC disparity curve generated with oriFinder60 v1.0. The two independently assembled 

cMAGs (from 2016 and 2018 metagenomes, see Supplementary Methods) shared 99.99% identity. For 

all subsequent analyses, the genome reconstructed from the 2018 dataset was used due to higher 

coverage. 
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Genome annotation and comparative analyses 

Genome annotation was performed using a modified version of Prokka61 v1.13.3 to allow annotation of 

genes that overlap with tRNA genes. The annotation of key metabolic genes was manually inspected 

and refined using searches against NCBI non-redundant protein or conserved domain database62. 

Transmembrane transporters were predicted and classified using the Transporter Automatic Annotation 

Pipeline (TransAAP) web service63 and the Transporter Classification Database64. Pseudo genes were 

predicted using pseudo finder65 v0.11 and standard settings. Circular genome maps were created using 

DNAplotter66 v18.1.0.  

For comparative analyses, protein-coding CDS encoded in the genomes of insect endosymbionts 

(Carsonella ruddii PV, AP009180.1; Buchnera aphidicola BCc, CP000263.1), mitochondrion of 

Jakoba libera (NC_021127) and a free-living relative of Ca. A. ciliaticola (Legionella clemsonensis, 

CP016397.1) were downloaded from NCBI Genbank. Additionally, protein-coding CDS of the ciliate 

endosymbiont Caedibacter taeniospiralis (PGGB00000000.1) were obtained using Prokka annotation. 

Classification of functional categories was performed using the eggNOG-mapper v1 web service67 with 

mapping mode DIAMOND and standard settings. The classification of the functional category C 

(energy production and conversion) for Ca. A. ciliaticola was modified to also include norB and nirK, 

which were grouped by eggNOG into different categories (Q and P, respectively). 

Multiple sequence alignment of Ca. A. ciliaticola and other plastidic and bacterial ATP/ADP 

translocases was generated using MuscleWS68 v3.8.31 with default settings implemented in Jalview69 

v2.11.1.0. 

Metatranscriptomic analyses of bulk water samples 

Raw metatranscriptomic Illumina reads trimming and removal of rRNA sequences was performed as 

described previously45. Non-rRNA reads were then mapped to the genome of Ca. A. ciliaticola using 

Bowtie270 v2.2.1.0 and standard parameters. Sorted and indexed BAM files were generated using 

samtools71 v0.1.19 and transcripts per feature (based on the Prokka annotation) were quantified using 

EDGE-pro72 v1.3.1 and standard settings. Gene transcription was subsequently quantified as transcripts 

per million73 (TPM) using the formula 𝑇𝑃𝑀𝑖 =
𝑐𝑖

𝑙𝑖
×

1

∑𝑗
𝑐𝑖
𝑙𝑖

× 106 to assign each feature i a TPM value 

where c = feature count, l = length and j = all features. 

Read coverage visualization and plotting was performed using pyGenomeTracks74 (average coverage 

over 100 bp bins) implemented in deepTools275 v3.2.0. 

Phylogenetic analyses 

The full length 16S rRNA gene sequence was retrieved from the cMAG of Ca. A. ciliaticola using 

RNAmmer76 v1.5, aligned using the SILVA incremental aligner48 (SINA 1.2.11) and imported to the 

SILVA SSU NR99 database77 (release 132) using ARB47 v6.1. Additional closely related 16S rRNA 
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gene sequences were identified by BLASTN in the NCBI non-redundant nucleotide database and JGI 

IMG/M 16S rRNA Public Assembled Metagenomes (retrieved July 2018) and also imported into ARB. 

A maximum likelihood phylogenetic tree of 16S rRNA gene sequences was calculated using RAxML78 

v8.2.8 integrated in ARB with the GAMMA model of rate heterogeneity and the GTR substitution 

model with 100 bootstraps. The alignment was not constrained by a weighting mask or filter. For the 

complete tree shown in Extended Data Fig. 4, additional Ca. A. ciliaticola sequences obtained from a 

clone library and individual single ciliates were added to the tree using the Parsimony “Quick add” 

algorithm implemented in ARB. 

For the ciliate phylogeny, sequences obtained from Sanger sequencing of picked ciliates were added to 

the EukRef-Ciliphora30 Plagiopylea subgroup alignment using MAFFT79 online service version 7 

(argument: --addfragments). An additional metagenome-assembled full length 18S rRNA gene 

sequence assigned to Plagiopylea was obtained using phyloFlash80 v3.0 from one of the Lake Zug 

metagenomes (MG_18_C) and also added to the alignment (argument: --add). A phylogenetic tree was 

calculated using IQ-TREE webserver (http://iqtree.cibiv.univie.ac.at) running IQ-TREE81 1.6.11 with 

default settings and automatic substitution model selection (best-fit model: TIM2+F+I+G4). 

Phylogenetic trees were visualized using the Interactive Tree of Life (iTOL) v4 web service82. 

For the ATP/ADP translocase phylogenetic tree, amino-acid sequences were retrieved from NCBI 

RefSeq (250 top hits) and NCBI nr (15 top hits, both accessed June 2019) using NCBI blastp web-

service83 with the amino acid sequence of ATP/ADP translocase sequence of Ca. A. ciliaticola 

(ESZ_00147) as query. Additional amino acid sequences of characterized nucleotide transporters 

described in the literature were also added. After removal of duplicates, sequences were clustered at 

95% identity using usearch84 v8.0.1623 and aligned using MUSCLE68 v3.8.31. Phylogenetic tree 

construction using IQ-TREE (best-fit model: LG+F+I+G4) and visualization was performed as 

described for the 18S rRNA gene phylogenetic tree. 

Incubation experiments 

Incubation experiments were performed to provide experimental evidence for the denitrifying activity 

linked to the ciliate host. Three different incubations were set up which contained (a) no ciliates (filtered 

fraction), (b) lake water that was enriched in ciliates (enriched fraction), and (c) bulk lake water. For 

that, lake water was size-fractionated using a 10 µm polycarbonate filter (Merck Millipore) under N2 

atmosphere in a glove bag at 12 °C. Enriched and filtered fractions were obtained by gravity filtration 

of 0.5 l water until 0.25 l supernatant was left. Thus, in the enriched fraction, ciliates from 0.5 l lake 

water were concentrated in 0.25 l lake water. In the filtered fraction, organisms larger than 10 µm 

(including ciliates) were filtered out. Both the enriched water (plus filter) and the filtered water were 

transferred to separate serum bottles (no headspace) and closed with butyl rubber stoppers. For bulk 

incubations, unfiltered water was directly filled into 250 ml serum bottles under N2 atmosphere. 
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Denitrification potential was assessed by measuring the production of 30N2 over time in 15N-nitrite and 
15N-nitrate amended incubations by isotope ratio mass spectrometry (IRMS; Isoprime Precision running 

ionOS v4.04, Elementar). For that, a 30 ml helium headspace was set for the 250 ml serum bottles and 

the water was degassed with helium for 10 minutes to ensure anoxic conditions and reduce N2 

background. A 15N-labelled mixture of nitrate and nitrite (20 µM and 5 µM final concentration, 

respectively; Sigma Aldrich) was supplied at a 99 % labelling percentage and the water was incubated 

for a total of 30 hours at 4°C in the dark. Subsamples of the headspace were taken at regular time 

intervals during the incubation by withdrawing 3 ml of the gaseous headspace and simultaneously 

replacing the removed volume by helium. This gas sample was transferred into 12 ml Exetainers (LabCo 

Limited) that were pre-filled with helium-degassed water and stored until analysis. 30N2 in the gas 

samples was measured on an IRMS (see above) and denitrification rates were calculated from the slope 

of the linear increase of 30N2 in the headspace over the time course of the experiments. The rate of 30N2 

production was corrected for dilution of the headspace introduced by subsampling and by the measured 

total 15N labeling percentage. Ca. A. ciliaticola-containing ciliate abundance in the different incubation 

bottles was assessed by microscopic counts after cell fixation, FISH hybridization (eub62A3_813) and 

DAPI staining as described above. 

Statistics and Reproducibility 

No statistical methods were used to predetermine sample size and experiments were not randomized. 

The investigators were not blinded to allocation during experiments and outcome assessment. 

Fig. 1a, b. a, SEM image is representative of n = 6 recorded images that were obtained from one 

experiment. b, Differential interference contrast image is representative of n = 6 recorded images that 

were obtained from one experiment.  

Fig. 2c and Extended Data Fig. 2i. FISH fluorescence images (eub62A3_813 probe) are representative 

of n = 33 recorded images that were obtained from five independent experiments of three biological 

replicate samples. 

Fig 2c and Extended Data Fig. 2f, h, j. DAPI fluorescence images are representative of n = 21 recorded 

images that were obtained from five independent experiments of three biological replicate samples. 

Extended Data Fig. 2 a-e, g. a, FISH fluorescence image (Arch915 probe) is representative of n = 6 

images that were obtained from one experiment. b, d, F420 autofluorescence images are representative 

of n = 11 recorded images that were obtained from three independent experiments of one sample. c, g, 

FISH fluorescence images (EUB-I probe) are representative of n = 15 images obtained from three 

independent experiments of two biological replicate samples. e, FISH fluorescence image (NON338 

probe) is representative of n = 15 recorded images that were obtained from three independent 

experiments of two biological replicate samples. 
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Extended Data Fig. 5a, Each of the six FISH fluorescence images (eub62A3_813 probe) is 

representative of n = 3 images from one experiment. 

Note that for the shown fluorescence images, the number of analyzed cells was typically much higher 

(n>100) than the ones that were eventually recorded. 

Data availability 

The annotated genome of Ca. A. ciliaticola has been deposited at the European Nucleotide Archive 

(ENA) under the BioProject PRJEB27314 (accession number LR794158). Small subunit rRNA gene 

sequences of Ca. A. ciliaticola and the plagiopylean host have been deposited at ENA under BioProject 

PRJEB27314 and accession numbers LR798074-LR798089. Raw metagenomic and 

metatranscriptomic sequencing data of bulk water samples as well as single ciliate transcriptomes have 

been deposited at ENA under BioProject PRJEB36502 using the data brokerage service of the German 

Federation for Biological Data (GFBio)85. Metatranscriptomic sequencing data obtained in the year 

2016 has been previously deposited at the Sequence Read Archive under BioProject PRJNA401219. 

Publicly available sequences used for phylogenetic trees are available under their respective accession 

codes at the SILVA rRNA database (http://www.arb-silva.de/; Fig. 2e, Extended Data Fig. 4), JGI 

Integrated Microbial Genomes and Microbiomes database (http://img.jgi.doe.gov/; Fig. 2e), EukRef-

Ciliophora database (https://github.com/eukref/curation; Fig. 2f), orthoDB (http://www.orthodb.org/; 

Extended Data Fig. 6) and NCBI protein database (http://www.ncbi.nlm.nih.gov/protein/; Extended 

Data Fig. 9 and 10). Genomes used for comparative analyses are available under their respective 

accession codes (see Methods) at NCBI (http://www.ncbi.nlm.nih.gov/genome/; Fig. 2b, c). Transporter 

classification information (Supplementary Table 6) can be found at the Transporter Classification 

Database (http://www.tcdb.org/). 

Etymology 

N.L. pref. azo-, pertaining to nitrogen; L. masc. n. amicus, friend; L. neut. n. Azoamicus, Friend that 

pertains to nitrogen, alluding to its role as denitrifying endosymbiont. 

L. ciliate, a group of ciliated protozoa; L. suff. -cola (from L. masc. n. incola), dweller, inhabitant; L. 

fem. ciliaticola, dwelling within a ciliate. 
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Extended Data  

 

 

Extended Data Fig. 1. Lake Zug physicochemical profiles and abundance of ciliates containing ‘Ca. A. 

ciliaticola’. a, b, Depth profiles of oxygen and NOx (nitrate + nitrite) throughout the lower water column of Lake 

Zug measured in 2016 (a) and 2018 (b). In 2018, the abundance of ciliates containing ‘Ca. A. ciliaticola’ (shown 

as grey bars in b) from immediately below the base of the oxycline (160 m) was 3.2 × 103 cells per litre 

(n = 29 cells), which corresponds to approximately half of all unicellular eukaryotes at this depth. At 180 m, all 

investigated eukaryotes were ciliates that contain ‘Ca. A. ciliaticola’, and their abundance had increased to 

24.5 × 103 cells per litre (n = 77 cells) (Supplementary Table 1). 
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Extended Data Fig. 2. Fluorescence images of ciliates from Lake Zug. a–e, g, Epifluorescence images of ciliates 

from Lake Zug (2018, 180 m) after hybridization with a general probe for archaea (a) (Arch915), most bacteria 

(c, g) (EUB-I) and a negative control (e) (NON338). F420 autofluorescence (b, d) (in grey-scale) and Arch915 

probe (a) images did not show discrete signals indicative of endosymbiotic methanogenic archaea. By contrast, 

clear signals of intracellular bacteria (endosymbiotic or in food vacuoles) are visible with the EUB-I probe (c, g). 

f, h, j, DAPI images show presence of macronucleus and micronucleus as well as endosymbionts. i–k, Confocal 

laser scanning microscopy images of two ciliates after hybridization with ‘Ca. Azoamicus’-specific 

oligonucleotide probe (eub62A3_813) (yellow) and counterstaining with DAPI (cyan). Overlay (k) and individual 

channels (eub62A3_813 (i) and DAPI (j)) from the same field of view; fluorescence images from a z-stack were 

projected into 2D for visualization. Two morphotypes of ‘Ca. A. ciliaticola’ are visible on the images: evenly 

distributed ovoid cells (1.5-2-μm long) and densely packed, irregular clusters (3-10-μm diameter) of cells. The 

macronucleus (MAC) with attached micronucleus (grey arrow) and putative food vacuoles (V) of the ciliate are 

outlined in the overlay image (k). In all images, ciliate cells are outlined with grey dotted lines (corresponding 

fields of view in a and b; c and d; e and f; g and h; and i and k). Scale bars, 5 μm. 
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Extended Data Fig. 3. Negative aerotactic behaviour of ciliate hosts exposed to varying concentrations of oxygen. 

a, Schematic of a two-capillary experimental setup that allows for simultaneous oxygen measurements and ciliate 

tracking. b, Reference experiment showing the positioning of ciliates under anoxic conditions on the basis of 3 

measurements after 0 s, 300 s and 600 s. The positioning is expressed as probability density and is defined as the 

percentage of the ciliates at a specific distance to the anoxic bubble. c, Chemotaxis experiments in which ciliates 

were exposed to a gradient of increasing oxygen concentration. These data were extracted from the video in 

Supplementary Video 2 with simultaneous ciliate tracking and oxygen concentration determination. 
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Extended Data Fig. 4. Phylogenetic affiliation of ‘Ca. A. ciliaticola’ within the Gammaproteobacteria. 16S rRNA 

gene sequence-based maximum-likelihood phylogenetic tree of ‘Ca. A. ciliaticola’ and other members of the 

Gammaproteobacteria. The circular metagenome-assembled genome-derived 16S rRNA gene sequences (cMAG 

2016 and cMAG 2018) (details are provided in Supplementary Discussion), as well as ‘Ca. A. ciliaticola’ Sanger 

sequences retrieved from a clone library (clones 2, 6, 9, 13 and 15; details are provided in Methods), and amplified 

from individual (S1 and S3) or combined ciliates (C5 and C10), were included in the tree. ‘Candidatus Azoamicus’ 

subgroup A and B are highlighted in red. Four sequences belonging to the Alphaproteobacteria served as outgroup 

(Rickettsia rickettsia, L36217; Magnetospira thiophila, AB021370; Hyphomicrobium methylovorum, AB680579; 

and Rhodobacter blasticus, D16429). Bootstrap values >70% (out of 100 resamplings) are shown in front of the 

respective nodes, and the scale bar indicates nucleotide substitutions per site. 
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Extended Data Fig. 5. Eub62A3_813 FISH probe optimization using clone-FISH. a, Fluorescence pictures of 

E. coli cells transcribing the 16S rRNA gene of ‘Ca. A. ciliaticola’ hybridized at different formamide 

concentrations (10%, 30%, 35%, 40%, 45% and 50%) with ‘Ca. A. ciliaticola’-specific probe eub62A3_813. 

Scale bar, 10 μm. b, Formamide melting curve for probe eub62A3_813. Centre values show average fluorescence 

intensity and error bars represent s.e. (10%, n = 28 cells; 30%, n = 22 cells; 35%, n = 26 cells; 40%, n = 10 cells; 

45%, n = 4 cells). The fluorescence intensity of cells hybridized at 50% formamide could not be determined owing 

to the low intensity, and was therefore not included in the formamide melting curve. 
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Extended Data Fig. 6. Ciliate host phylogeny based on three different benchmarking universal single-copy 

orthologues. a–c, The orthologue group name and identifier is shown at the top of each phylogenetic tree 

(10862at33630 (a), 29724at33630 (b) and 33467at33630 (c)). Comma-separated accessions in parentheses at tree 

leaves represent the ‘int_prot_id‘ and ‘pub_gene_id' as provided by orthoDB. The corresponding open reading 

frame representing the ciliate host is highlighted in red. Asterisks highlight branches with a Shimodaira-

Hasegawa-like approximate likelihood ratio test value ≥ 80% and an ultrafast bootstrap support ≥ 95%. 

Phylogenies were rooted on the basis of the minimal ancestor deviation method. Scale bars indicate amino acid 

substitutions per site. 
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Extended Data Fig. 7. Total gene transcription and number of genes per functional category. a, Bar chart showing 

the sum of TPM (indicated above each bar) of ‘Ca. A. ciliaticola’ genes within different functional categories. 

For the TPM calculation, the Lake Zug bulk water metatranscriptome data (MT_18_C) were used. Genes with 

several assigned categories were not included in the analysis. b, Bar chart showing the number of genes encoded 

in the genome of ‘Ca. A. ciliaticola’ assigned to different functional categories on the basis of clusters of 

orthologous genes analysis. The number of genes within each functional category is indicated above each bar. 
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Extended Data Fig. 8. Linear production of 30N2 from 15N-labelled nitrate and nitrite. Incubation of Lake Zug 

water containing ciliates (sampled in May 2019 from 189 m) (Methods) amended with a mixture of 15N-labelled 

nitrate and nitrite. The production of 30N2 was followed over the course of 25 h. 
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Extended Data Fig. 9. Multiple sequence alignment of ‘Ca. A. ciliaticola’ nucleotide transport protein with other 

bacterial and plastidic nucleotide transport proteins. Conserved residues that are important for transport efficiency, 

substrate specificity and counter exchange properties of ATP/ADP translocase from Arabidopsis thaliana 86 are 

highlighted in blue, and numbered according to their position in Arabidopsis NTT1 (AtNTT1). All of these 

residues are conserved in the nucleotide transporter of ‘Ca. A. ciliaticola’. Accession codes are provided in 

parentheses, and further information regarding the aligned sequences is listed in Supplementary Table 8. 
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Extended Data Fig. 10. Phylogenetic affiliation of ‘Ca. A. ciliaticola’ ATP and ADP translocase and related 

nucleotide transporters. Maximum-likelihood phylogenetic tree based on amino acid sequences of bacterial and 

plastidic ATP/ADP translocases and related nucleotide transporters. ‘Ca. A. ciliaticola’ ATP/ADP translocase 

(red arrow) clusters with environmental sequences related to the Holosporales and Caedibacter. The colours of 

groups reflect the predominant phylogenetic affiliation of taxa within a group. Sequences that have been shown 

to translocate ATP and ADP are marked with grey dots (Supplementary Table 7). Pam, Protochlamydia 

amoebophila; Ct, Chlamydia trachomatis; Sn, Simkania negevensis; Li, Lawsonia intracellularis; Rp, Rickettsia 

prowazekii; La, Liberibacter asiaticus; Ec, Encephalitozoon cuniculi; Cv, Caedimonas varicaedens; Ho, 

Holospora obtusa; St, Solanum tuberosum; Gs, Galdieria sulphuraria; At, Arabidopsis thaliana. ATP/ADP 

translocases of E. cuniculi served as outgroup and are shown with truncated branch length, which is indicated as 

a break. 
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Supplementary Information 

Supplementary Methods 

Initial ‘Ca. A. ciliaticola’ genome re-construction.  

Two genomes were independently reconstructed from metagenomic datasets sampled in 2016 and 2018. 

For the initial ‘Ca. A. ciliaticola’ genome reconstruction from metagenomes derived from water 

samples in 2016, raw metagenomic paired-end Illumina reads (2 x 250 bp) were trimmed as described 

in Methods. Three trimmed metagenomic datasets sampled in 2016 (MG_16_A, B, C) were co-

assembled using metaSPAdes assembler58 3.9.1 and k-mer lengths of 21,33,55,77,99,127. A single 

contig (289,063 bp) that represented almost the complete genome of ‘Ca. A. ciliaticola’ was then 

iteratively extended and polished as follows: combined metagenomic reads used for assembly were 

mapped to the contig using BBmap59 35.43 and standard settings. Mapping paired-end reads were then 

reassembled with SPAdes 3.10.1 with the same k-mer lengths as before and mismatch corrector 

(--careful). Next, the mapping step with the combined metagenomic reads was repeated using the 

longest contig from the first re-assembly as reference and the mapped reads were then assembled again 

using SPAdes 3.10.1 supplied with the longest contig from the previous assembly as trusted contig. 

This process of read mapping and assembly was repeated seven times and resulted in a contig, which 

was extended by 3,457 bp compared to the original contig of 289,063 bp, where the sequences at both 

ends showed an identical overlap of 127 bp. The combined metagenomic reads were mapped to this 

contig using BBmap and strict mapping settings (minid=0.95, maxindel=1000) and the mapped reads 

were assembled using SPAdes 3.10.1 with mismatch corrector enabled but without supplying a trusted 

contig. Finally, the longest contig from this assembly was then circularized by removing one 

overlapping end resulting in the initial ‘Ca. A. ciliaticola’ genome. An additional genome of 

‘Ca. A. ciliaticola’, which was used for all subsequent analyses due to higher coverage, was 

reconstructed as described in Methods. Both reconstructed genomes had the same length and were 

almost identical (40 mismatches out of 292,520 bp). 

Clone library construction.  

The ‘Ca. Azoamicus’-specific PCR was performed using the Platinum Taq DNA polymerase kit 

(Thermo Fisher Scientific) and included 0.75 µl MgCl2 (50 mmol l-1), 2.5 µl Taq reaction buffer (10x), 

2.5 µl deoxyribose nucleotide triphosphate mix (dNTPs, 2 mmol l-1), 0.12 µl eub62A3_29F and 

eub62A3_1547R primers (50 pmol µl-1; Biomers, Ulm, Germany), 2.5 µl bovine serum albumin 

(10 mg ml-1), 0.1 µl Platinum Taq DNA polymerase (10 U µl-1), 15.4 µl PCR water and 0.5 µl template. 

The PCR reaction proceeded as follows: initial denaturation (94 °C, 2 min), 35 cycles of denaturation 

(94 °C, 30 s), annealing (55.8 °C, 30 s), elongation (72 °C, 90 s) followed by final elongation (72 °C, 

10 min). The resulting PCR product was purified using QIAquick PCR purification kit (Qiagen) and 
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subsequently used as a template for a PCR reaction with the general bacterial primers 8F and 1492R. 

The PCR reaction and product purification was performed analogous as before with following 

modifications to the PCR reaction: 0.25 µl of each 8F and 1492R primers (50 pmol µl-1; Biomers), 2 µl 

template (purified specific PCR product), annealing temperature 55 °C. 

Ligation and transformation of the purified PCR product (4 µl) obtained with primers 8F and 1492R 

into chemically-competent Escherichia coli TOP10 cells was done using the TOPO TA cloning kit 

(Thermo Fisher Scientific) according to manufacturer’s instructions. The transformed cell suspension 

(10 µl) was plated onto LB medium (10 g l-1 Tryptone, 5 g l-1 NaCl, 5 g l-1 Yeast extract, pH 7.0) agar 

(5 g l-1) plates containing kanamycin (50 µg ml-1) and 40 µl 5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (X-gal, 50 mg ml-1 in dimethylformamide) and incubated at 37 °C overnight. In total, 

15 white colonies were picked with sterile toothpicks which were dipped in PCR master-mix (same as 

used for general PCR, using M13F and 1492R primer pair) to confirm correct insert orientation, stroked 

onto LB agar PCR master plates and added to 5 ml LB liquid medium (both containing 50 µg ml-1 

kanamycin and incubated at 37 °C overnight). Correct insert orientation and size (PCR product ~1500 

bp) was confirmed by agarose gel electrophoresis (1.5% in TAE buffer). 100 bp DNA ladder (New 

England Biolabs) served as marker. Based on this, five clones were chosen at random and the plasmids 

were purified according to manufacturer’s instructions from the corresponding liquid cultures using a 

PureLink Quick Plasmid Miniprep Kit (Thermo Fisher Scientific). 

Chemotaxis assays with ciliates.  

Chemotaxis experiments were performed to follow the locomotion and tactical reaction of individual 

ciliates to oxygen exposure. For this purpose single ciliates were picked from lake water samples after 

enrichment by gravity flow through a 5 µm filter. Care was taken not to expose the ciliates to oxygen 

or temperature changes, therefore experiments were performed in a temperature-controlled room at 

14°C and sample handling was done in a glove bag filled with dinitrogen gas. ~17 ciliates were collected 

in a droplet of sterile-filtered lake water and, subsequently, transferred into a glass capillary with 

1.5 mm inner-diameter using capillary motion. The capillary with the ciliates was placed in an Exetainer 

(Labco) prefilled with degassed water. One end of the capillary was protruding from the Exetainer cap 

and was open to the oxic atmosphere (Extended Data Fig. 3). A second capillary was placed in approx. 

4 mm distance to the first capillary and filled with 100 µg ml-1 oxygen-sensitive nanoparticles dissolved 

in sterile-filtered lake water for ratiometric luminescence imaging to monitor the oxygen diffusion in 

parallel. The nano-particles are composed of the oxygen-sensitive dye Platinum(II) meso-(2,3,4,5,6-

pentafluoro)phenyl porphyrin (PtTFPP) and a reference dye Macrolex fluorescence yellow 10GN 

(MY), both immobilized in a polymer matrix87,88. The Exetainer with both capillaries was mounted onto 

a custom-build long-distance microscope setup equipped with a 7x magnification lens system (Optem 

Fusion) and a microscope camera (Grasshopper3, 5.0 MP, 15 FPS, SONY ICX625, RGB, FLIR). Nano-

particle excitation and ciliate illumination was performed for 15 ms with a bright blue light emitting 
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diode (LPS 3, ILA5150) through a semi-transparent mirror installed in the lens system. The locomotion 

of the ciliates as well as the development of the oxygen gradient was recorded over 10 minutes, whereby 

at 0, 5 and 10 minutes the movement was continuously recorded for 30 s at 2 Hz. The recorded color-

images were decomposed into the red, green and blue channel, where the red and green channels were 

used for determination of oxygen concentrations and the blue channel was used for ciliate tracking.  

Oxygen concentrations were determined by calculating the pixelwise ratio of the red emission by the 

oxygen-sensitive dye (PtTFPP) and the green emission of the reference dye (MY) in Matlab 

(Mathworks 2018b). Calibration was performed in the same setup using nano-particles dissolved in MQ 

water at five different oxygen concentrations. The resulting functional response of the red-to-green ratio 

to the oxygen concentrations was fitted using the Stern-Volmer equation. Ciliate position and size were 

determined using a tracking algorithm implemented in Matlab (Mathworks 2017b). Briefly, the average 

background was subtracted from the time-lapse recordings and ciliates were identified as spots with 

increased brightness. Ciliate area and position was determined by calculating the connected bright 

pixels with a minimum area of 31 µm2 (2 px x 2 px) to avoid tracking of noise. 

Single ciliate transcriptomics.  

For single ciliate transcriptomics, lake water samples were obtained from the anoxic hypolimnion of 

Lake Zug (185 m, February 2020) as described for the other years. Ciliates were individually picked 

anoxically with a micropipette at 12°C in a glove bag filled with N2 and washed by subsequent transfers 

of the ciliate into PCR water droplets (4 transfers) while minimizing the volume for each transfer. After 

washing, 1 µl PCR water containing the ciliate was transferred into a 96-well PCR plate (Bio-Rad), 

frozen in liquid N2 and stored at -80°C. Three transcriptomic libraries from single ciliates (CT_01 – 03) 

and one library from four combined ciliates (CT_04) were generated with the QIAseq FX Single Cell 

RNA Library Kit (Qiagen) with either oligo-dT (library CT_01) or a mixture of random and oligo-dT 

priming (libraries CT_02 – 04) to target eukaryotic and prokaryotic transcripts (Supplementary 

Table 4). Amplification products were fragmented and an Illumina-compatible library was produced, 

followed by sequencing-by-synthesis on a HiSeq3000 (Illumina) with 2 x 150 bp paired end read mode.  

Adapter removal and trimming of raw transcriptomic reads was performed using Trimmomatic57 0.39 

and parameters “TruSeq3-PE.fa:2:30:10:2:keepBothReads LEADING:3 TRAILING:3 

SLIDINGWINDOW :4:10 MINLEN:75”.  

Community profiling based on small subunit rRNA sequences of the trimmed transcriptomic reads was 

performed using phyloFlash80 v3.3b3 (parameters “-readlength 150 -readlimit 1000000 -

almosteverything) and the SILVA database77 (release 138). An NTU table was generated using the 

utility script “phyloFlash_compare.pl'' supplied with phyloFlash. Only NTUs that had >3 read counts 

in any sample were retained. 
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Prior to assembly, ribosomal RNA reads were removed from the trimmed transcriptomic reads using 

SortMeRNA89 v2.1 and the prepackaged eight rRNA databases (silva‐bac‐16s‐id90, silva‐arc‐id95, 

silva‐euk‐18s‐id95, silva‐bac‐23s‐id98, silva‐arc‐23s‐id98, silva‐euk‐28s‐id98, rfam‐5s‐id98, rfam‐

5.8s‐id98). Next, non-rRNA reads from the single ciliate libraries were taxonomically classified using 

Kaiju90 (version 1.7.3, default parameters) and the nr+euk database (released 25th May 2020) and 

standard parameters. Reads classified as being bacterial, archaeal or viral were removed while retaining 

reads classified as either eukaryal or unclassified. The taxonomically filtered reads from all four 

libraries were combined and co-assembled using rnaSPAdes91 (version 3.14.1, default parameters). 

ORF prediction and amino acid translation of assembled transcripts was performed using 

Transdecoder92 (version 5.5.0) either with the Ciliate nuclear code (parameters: '-G Ciliate, -m 70') or 

Protozoa mitochondrial code (parameters '-G Mitochondrial-Protozoan -m 30'). Transcriptome 

completeness was assessed using BUSCO93 (version 4.0.6, parameters: ' -m protein -l alveolata' ) based 

on the predicted ORFs by Transdecoder using the Ciliate nuclear code. Phylogenies were reconstructed 

using the inferred complete single-copy orthologs and corresponding BUSCO ortholog groups. 

Therefore, ortholog proteins of alveolates were downloaded via API from orthoDB94 (version 10.1) and 

combined with the corresponding ORF inferred from ciliate host sequencing. A multiple sequence 

alignment per BUSCO group was obtained using the MAFFT tool95 (Version 7.407, 'linsi‘ option). 

Afterwards, phylogenetic trees were reconstructed from alignments via IQ-TREE96 (Version 1.6.10, 

parameters:' -alrt 1000 -bb 1000') and the resulting phylogenies were rooted in FigTree97 (version 1.4.4) 

on the root branches inferred by the MAD method98 (version 2.2). 

For identification of transcripts encoded by mitochondrial DNA (mtDNA), ORFs (amino acid) 

predicted using the Protozoa mitochondrial code from the taxonomically filtered assembly were used 

as a BLAST database for homology searches using BLASTP83 v2.9.0 with a set of reference amino acid 

sequences as query (e-value cutoff 10-6). The reference set included mtDNA-encoded protein sequences 

obtained from NCBI Proteins database (Tetrahymena pyriformis, AF160864.1; Sterkiella 

historimuscorum, JN383843.1; Paramecium aurelia, NC_001324.2) and ref. Lewis et al.17 (Cyclidium 

porcatum, Metopus contortus, Metopus es, Metopus striatus, Nyctotherus ovalis). From the resulting 

hits, sequences that shared >95% amino acid identity with protein sequences encoded by ‘Ca. A. 

ciliaticola’ genome were identified using BLASTP and removed, resulting in four remaining sequences. 

Best BLASTP hits (by e-value) with the final four sequences as queries were generated using the 

mtDNA reference sequence set or NCBI non-redundant protein database (NCBI-nr, accessed 06/2020) 

as databases. For taxonomic assignment of transcript ORFs, amino acid sequences were queried against 

NCBI-nr using BLASTP (10-6 e-value cut-off) and the taxonomic assignment (collapsed at phylum) 

using the top ten blast hits (by e-value) was performed using the last common ancestor algorithm 

implemented in MEGAN699 6.19.4 with standard settings. 
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For identification of nuclear encoded hydrogenosomal and glycolytic transcripts, ORFs (amino acid) 

predicted using the Ciliate nuclear code were used as a BLAST database for homology searches (e-value 

cut-off 10-6) using BLASTP with a set of reference amino acid sequences as query. The hydrogenosome 

proteome reference set included all protein sequences of predicted hydrogenosome proteomes from 

Cyclidium porcatium, Metopus contortus and Plagiopyla frontata published in ref17. Hits that shared 

<30% identity and <50% query coverage with the hydrogenosome proteome reference set and hits that 

were homologous to ‘Ca. A. ciliaticola’ proteins (>90% identity and >50% query coverage) were 

identified with BLASTP searches and removed. Best BLASTP hits (by e-value) with the remaining 71 

sequences as queries were generated using the hydrogenosome protein reference sequence set and 

NCBI-nr as database. Functional annotation using amino acid sequences was performed using the 

KEGG Automatic Annotation Server100 (KAAS; accessed 08/2020) with the single-directional best hit 

method and the representative gene data set for Eukaryotes (plus Tetrahymena thermophila and 

Paramecium tetraurelia). Taxonomic classification was performed as described above. 

For the identification of putative Fe-only hydrogenase transcripts, a set of reference [FeFe] hydrogenase 

amino acid sequences from several protists (Plagiopyla frontata, Cyclidium porcatum, Metopus 

contortus, Trichomonas vaginalis, Nyctotherus ovalis) was used as query against the predicted ORFs 

for homology searches (cutoffs: e-value <10-6, identity >30%, query coverage >10%) using BLASTP. 

Hits that were homologous to ‘Ca. A. ciliaticola’ proteins (>95% identity) were identified with 

BLASTP searches and removed. Sequences were validated as being [FeFe] hydrogenase by searches 

against the Conserved Domain Database101 (CDD) v3.18 and HydDB102 (both accessed 08/2020). A 

sequence was classified as being [FeFe] hydrogenase if domain hits against CDD models 

FeFe_hydrog_A superfamily, Fe_hyd_SSU or Fe_hyd_lg_C were found. The remaining validated 

[FeFe] hydrogenase sequences were taxonomically classified as described above. Finally, validated 

hydrogenase sequences that were either taxonomically classified as Ciliophora or had a hydrogenase 

sequence of N. ovalis as top BLASTP hit (by e-value) were retained. 
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Supplementary Tables 

Supplementary Table 1. Abundance of eukaryotic cells and ‘Ca. A. ciliaticola’-containing ciliates in Lake Zug 

(2018). Eukaryotic cells were identified based on visualization of a nucleus (using DAPI staining) and weak 

autofluorescent outlines. ‘Ca. A. ciliaticola’-containing ciliates were identified by FISH (probe eub62A3_813). 

Depth (m) Number of eukaryotic cells 
examined 

Total eukaryotes  
(cells l-1) 

‘Ca. A. ciliaticola’-
containing eukaryotes 
(cells l-1) 

‘Ca. A. ciliaticola’-
containing eukaryotes 
(%) 

160 29 6,046 2,502 41 

170 46 9,354 8,947 95 

180 77 25,365 25,365 100 

 

Supplementary Table 2. PCR Primers. List of PCR primers names, sequences and associated references. 

Primer name Length Sequence Reference 
eub62A3-29_F 23 nt 5’-AATTTGTGTATTTAAAATCGAAG-3’ - 

eub62A3-1547_R 22 nt 5’-AGTTAAATACTATAAGGAGGTG-3’ - 

8F 18 nt 5’-AGAGTTTGATYMTGGCTC-3’ Juretschko, et al. 103 

1492R 19 nt 5’-GGYTACCTTGTTACGACTT-3’ Loy, et al. 104 

M13F 16 nt 5’-GTAAAACGACGGCCAG-3’ - 

M13R 17 nt 5’-CAGGAAACAGCTATGAC-3’ - 

Cil_384F 20 nt 5’-YTBGATGGTAGTGTATTGGA-3’ Dopheide, et al. 28 

Cil_1147R 20 nt 5’-GACGGTATCTRATCGTCTTT-3’ Dopheide, et al. 28 

 

Supplementary Table 3. FISH probes. Double labelled FISH probes (all labelled with Atto488 on 5’- and 3’- 

ends, except unlabelled eub62A3_813 competitors) used in this study. 

Probe name Specificity Sequence Reference 
EUB-I Most Bacteria 5’-GCTGCCTCCCGTAGGAGT-3’ Amann, et al. 105  

Arch915 Most Archaea 5’-GTGCTCCCCCGCCAATTCCT-3’ Amann, et al. 106 

eub62A3_813 Ca. Azoamicus subgroup A and 
most members of subgroup B 

5’- CTAACAGCAAGTTTTCATCGTTTA -3’ - 

eub62A3_813 comp. 1 - 5’- CTAACAGCAAGTTCTCATCGTTTA -3’ - 

eub62A3_813 comp. 2 - 5’- CCAACAGCAAGTTCTCATCGTTTA -3’ - 

NON338 - 5’- ACTCCTACGGGAGGCAGC-3’ Wallner, et al. 107 
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Supplementary Table 4. Sequencing datasets. Summary of all metagenomic, metatranscriptomic and single 

ciliate transcriptome datasets generated in this study. 

ID Type Sequencing 
technology 

No. of (paired-
end) reads 

Total 
sequenced 

(Gbp) 
Sample origin and date 

MG_16_A DNA HiSeq2500  
(2×250 bp) 25,085,070 12.5 Lake Zug water column (110m), September 2016 

MG_16_B DNA HiSeq2500 
 (2×250 bp) 23,611,159 11.8 Lake Zug water column (120m), September 2016 

MG_16_C DNA HiSeq2500  
(2×250 bp) 25,567,478 12.8 Lake Zug water column (160m), September 2016 

MG_18_C DNA HiSeq2500  
(2×250 bp) 20,519,714 10.3 Lake Zug water column (180m), October 2018 

MT_16_C RNA HiSeq3000 
 (1×150 bp) 67,587,421 10.1 Lake Zug water column (180m), September 2016 

MT_18_C RNA HiSeq3000 
 (1×150 bp) 78,233,812 11.7 Lake Zug water column (180m), October 2018 

CT_01 RNA HiSeq3000 
 (2×150 bp) 58,096,064 17.4 Single ciliate, Lake Zug water column (185m), 

February 2020 

CT_02 RNA HiSeq3000 
 (2×150 bp) 51,273,853 15.4 Single ciliate, Lake Zug water column (185m), 

February 2020 

CT_03 RNA HiSeq3000 
 (2×150 bp) 51,569,739 15.5 Single ciliate, Lake Zug water column (185m), 

February 2020 

CT_04 RNA HiSeq3000 
 (2×150 bp) 43,848,712 13.2 Four ciliates, Lake Zug water column (185m), 

February 2020 
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Supplementary Table 5. Transcription of selected functional genes of ‘Ca. A. ciliaticola’. Listed are functional 

genes involved in denitrification, electron transport chain, ATP generation/exchange, tricarboxylic acid cycle, 

transmembrane transport (see also Supplementary Table 6), protein export as well as [Fe-S] cluster and bis-

molybdopterin guanine dinucleotide (bis-MGD) biosynthesis. Transcription was quantified as transcripts per 

million (TPM) in metatranscriptomes obtained from Lake Zug in 2016 from 160 m (MT_16_C) and in 2018 from 

180 m (MT_18_C). 

Name Gene Locus tag 
Transcription (TPM) 

2016 2018 

Denitrification 
Nitrate reductase narG ESZ_00058 7,789 6,282 
 narH ESZ_00059 11,049 8,428 
 narJ ESZ_00060 4,839 4,511 
 narI ESZ_00061 6,466 3,627 
Nitrite reductase, copper-containing nirK ESZ_00224 22,878 16,772 
Nitric oxide reductase norB ESZ_00225 21,906 13,004 
 norC ESZ_00226 20,174 18,714 
Nitrous oxide reductase nosZ ESZ_00265 45,424 37,835 
Nitrate transporter narT ESZ_00062 5,035 3,926 
Nitrate/nitrite transporter narK ESZ_00057 9,360 7,261 

Electron transport chain 
Cytochrome bc1 complex qcrA ESZ_00136 4,477 5,752 
 qcrB ESZ_00135 3,797 3,949 
 qcrC ESZ_00134 2,786 3,646 
NADH dehydrogenase nuoA ESZ_00349 3,645 1,805 
 nuoB ESZ_00348 6,427 4,119 
 nuoC ESZ_00347 4,259 4,211 
 nuoD ESZ_00346 5,794 7,584 
 nuoE ESZ_00345 5,094 4,692 
 nuoF ESZ_00344 5,750 4,769 
 nuoG ESZ_00343 3,855 5,574 
 nuoH ESZ_00342 3,701 4,852 
 nuoI ESZ_00341 4,112 7,551 
 nuoJ ESZ_00340 3,861 4,866 
 nuoK ESZ_00339 3,223 4,390 
 nuoL ESZ_00338 2,552 3,292 
 nuoM ESZ_00337 4,635 4,992 
 nuoN ESZ_00336 4,140 3,782 

ATP synthesis and exchange 
F0F1 ATP synthase atpB ESZ_00046 13,608 9,168 
 atpE ESZ_00047 40,396 30,674 
 atpF ESZ_00048 45,761 48,635 
 atpH ESZ_00049 28,181 31,862 
 atpA ESZ_00050 32,861 33,381 
 atpG ESZ_00051 23,454 30,565 
 atpD ESZ_00052 30,397 22,795 
 atpC ESZ_00053 30,331 31,276 
ATP/ADP translocase tlcA ESZ_00147 21,683 26,477 

Tricarboxylic acid cycle and related enzymes 
2-oxoglutarate:ferredoxin oxidoreductase korA ESZ_00304 5,136 5,285 
 korB ESZ_00305 6,527 4,161 
Succinate--CoA ligase sucC ESZ_00312 2,983 1,741 
 sucD ESZ_00313 3,231 1,882 
Succinate dehydrogenase sdhB ESZ_00216 3,995 4,651 
 sdhA ESZ_00217 4,853 4,573 
 sdhD ESZ_00218 3,215 1,717 
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 sdhC ESZ_00219 861 504 
Malate dehydrogenase mdh ESZ_00034 24,835 18,130 

Transporters 
Mla phospholipid trafficking system mlaB ESZ_00171 263 219 
 mlaC ESZ_00172 373 698 
 mlaD ESZ_00173 396 962 
 mlaE ESZ_00174 809 1,125 
 mlaF ESZ_00175 1,279 1,944 
 mlaA ESZ_00247 345 88 
Tyrosine-specific transport protein tyrP_1 ESZ_00008 1,184 1,219 
 tyrP_2 ESZ_00157 428 571 
 tyrP_3 ESZ_00168 966 730 
Molybdate ABC transporter modA ESZ_00293 278 78 
 modB ESZ_00294 908 390 
 modC ESZ_00295 1,025 451 
Putative malate transporter yflS ESZ_00033 18,385 10,659 

Protein export 
Sec-independent protein translocase tatA ESZ_00230 2,033 759 
 tatC ESZ_00146 806 328 
Sec protein translocase secA ESZ_00246 1,044 970 
 secY ESZ_00148 2,296 2,576 
 secE ESZ_00327 1,249 1,629 
 secG ESZ_00274 1,469 2,088 
 secD ESZ_00091 351 561 
 secF ESZ_00090 108 334 

[Fe-S] and bis-MGD biosynthesis 
Suf system sufU ESZ_00286 2,180 1,284 
 sufS ESZ_00287 2,010 1,779 
 sufD ESZ_00288 186 167 
 sufC ESZ_00289 810 852 
 sufB ESZ_00290 1,250 826 
MGD biosynthesis moaA ESZ_00063 1,887 2,212 
 moaC/moaB ESZ_00064 3,075 3,165 
 moeA ESZ_00065 1,506 1,316 
 moaD ESZ_00066 78 358 
 moaE ESZ_00067 290 755 
 mobA ESZ_00068 471 551 
 moeB ESZ_00296 8,059 2,795 
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Supplementary Table 6. Additional predicted transmembrane transporter genes not shown in Supplementary 

Table 5. Transporters were classified using the Transport Classification (TC) system. Transcription was quantified 

as transcripts per million (TPM) in bulk metatranscriptomes obtained from Lake Zug in 2016 from 160 m 

(MT_16_C) and in 2018 from 180 m (MT_18_C). 

Locus tag Name Gene TC# 

Transcription 
(TPM) 

2016 2018 

ESZ_00070 K(+)-insensitive pyrophosphate-energized proton pump hppA 3.A.10 1,218 1486 

ESZ_00104 Na(+)/H(+) antiporter NhaP nhaP 2.A.36 433 244 

ESZ_00105 Glutamate/gamma-aminobutyrate antiporter gadC 2.A.3 729 363 

ESZ_00192 S-adenosylmethionine/S-adenosylhomocysteine transporter - 2.A.7 249 388 

ESZ_00261 Nitrous oxide reductase family maturation NosY nosY 3.A.1 979 1,200 

ESZ_00262 Nitrous oxide reductase family maturation NosF nosF 3.A.1 2,956 4,963 

ESZ_00263 Nitrous oxide reductase family maturation NosD nosD 3.A.1 3,372 4,975 

ESZ_00281 Na(+)/H(+) antiporter NhaD nhaD 2.A.62 117 197 

ESZ_00283 Putative polyketide transporter YadH yadH 3.A.1 604 423 

ESZ_00284 Putative polyketide transporter YadG yadG 3.A.1 1,949 1,874 

ESZ_00335 Putative permease PerM perM 2.A.86 652 869 

 

 

Supplementary Table 7. Nucleotides transporters (NTTs) with confirmed ATP/ADP translocase activity. Listed 

are accession codes, gene names, organisms and substrate specificities as reported in the associated references. 

Accession Gene Organism Substrates Reference 

CAE46506 PamNTT1 ‘Ca. Protochlamydia amoebophila’ ATP/ADP Haferkamp, et al. 108 

CAB39534 CtNTT1  Chlamydia trachomatis ATP/ADP/NAD Tjaden, et al. 109 

WP_013942850 SnNTT1 Simkania negevensis ATP/ADP  Knab, et al. 110 

WP_004599717 RpNTT1 Rickettsia prowazekii ATP/ADP Audia and Winkler 111 

WP_012778542 LaNTT1 Liberibacter asiaticus ATP/ADP Vahling, et al. 112 

CAD29686 CcNTT Caedimonas varicaedens ATP/ADP Linka, et al. 113 

AAM80566 HoNTT Holospora obtusa ATP/ADP Linka, et al. 113 

NP_001274794 StNTT1 Solanum tuberosum ATP/ADP Tjaden, et al. 114 

CAC80882 GsNTT1 Galdieria sulphuraria ATP/ADP Linka, et al. 113 

CAA89201 AtNTT1 Arabidopsis thaliana ATP/ADP Neuhaus, et al. 115 

CAA64329 AtNTT2 Arabidopsis thaliana ATP/ADP Möhlmann, et al. 116 

ABW20407.1 EcNTT1 Encephalitozoon cuniculi ATP/ADP Tsaousis, et al. 117 

ABW20408.1 EcNTT2 Encephalitozoon cuniculi ATP/ADP Tsaousis, et al. 117 

ABW20409.1 EcNTT3 Encephalitozoon cuniculi ATP/ADP Tsaousis, et al. 117 

ABW20410.1 EcNTT4 Encephalitozoon cuniculi ATP/ADP Tsaousis, et al. 117 
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Supplementary Discussion 

Ciliate denitrification rates.  

Deep anoxic lake water containing ciliates (189 m, May 2019) was incubated anaerobically with added 
15N-nitrate and 15N-nitrite. The linear production of 30N2 over time in the bulk water provided direct 

evidence for ongoing denitrification at this depth (Extended Data Fig. 8). Active denitrification by 

ciliates was confirmed by comparing size-fractionated incubations with and without ciliates (see 

Methods). Incubations with no ciliates (<10 µm size fraction) showed a denitrification rate of ~60 nmol 

N l-1 d-1 whereas denitrification was enhanced in incubations containing ciliates (bulk water and >10 µm 

enriched water; up to 95 nmol N l-1 d-1; Fig. 3c). Crucially, the abundance of ‘Ca. A. ciliaticola’-

containing ciliates was significantly correlated with the denitrification rates (R2 = 0.90, p = 0.003). The 

resulting average single ciliate denitrification rates were ~12±2 pmol N ciliate-1 day-1, which amounts 

to a volumetric rate of ~2.3 fmol N µm-3 day-1. For comparison, the volumetric denitrification rates 

reported for foraminifera24 are substantially lower and range between 0.002 and 0.05 fmol N µm-3 day-1. 

Estimated age and origin of the ‘Ca. A. ciliaticola’ endosymbiosis.  

In order to approximate the age of the ‘Ca. A. ciliaticola’ endosymbiosis we used the 16S rRNA gene 

sequence divergence between the putatively symbiotic and non-symbiotic, free-living subgroups, 

assuming 1-2% 16S rRNA sequence divergence per 50 Ma118. The ‘Ca. Azoamicus’ subgroup A 

contains ‘Ca. A. ciliaticola’ and very closely (>98.5 %) related sequences, and we therefore consider 

all members of this subgroup to be obligately endosymbiotic. Assuming that the members of the ‘Ca. 

Azoamicus’ subgroup B are not yet endosymbionts, then the divergence between symbionts and non-

symbionts occurred roughly at the split of subgroups A and B, which amounts to ~106-213 Mya ago. 

By this time, the ancient Ciliophora phylum had already diversified into many lineages, including 

anaerobic ones119. Note that this a conservative estimate, which could substantially increase if 

‘Ca. Azoamicus’ subgroup B, or even the more distantly related NKB5 group, also contain 

endosymbiotic members. 

Given that the ‘Ca. A. ciliaticola’ symbiosis is so ancient, its origin clearly predates the formation of 

the post-glacial Lake Zug (~10 ky old). Hence, the symbiosis must have evolved in an analogous 

location elsewhere. Nonetheless, many present-day freshwater bodies with permanently anoxic waters, 

steady availability of nitrate, and shallow oxygen and nitrate gradients, likely represent a suitable habitat 

for these anaerobic, nitrate-respiring eukaryotes.  

In general, anaerobic eukaryotes still represent a vastly understudied group of organisms; owing, no 

doubt, to the difficulty of their collection and cultivation. Somewhat habitually, too, hydrogenosomal 

metabolism is often presumed for species thriving in the absence of oxygen. The discovery of the 
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Azoamicus symbiosis suggests that the anaerobic metabolic capacities of these peculiar eukaryotes 

might be more diverse than we so far assumed. 

Genome-inferred metabolic potential of ‘Ca. A. ciliaticola’ related to carbon metabolism, 

chaperones and transporters.  

The ‘Ca. A. ciliaticola’ genome encoded a subset of the TCA cycle genes (Fig. 3a, Supplementary 

Table 5). Two of these, the membrane-bound succinate dehydrogenase (sdhABCD) and malate 

dehydrogenase (mdh) likely operate in oxidative direction, producing reduced NADH and ubiquinol, 

respectively, which directly transfers electrons into the electron transport chain. This suggests that both 

succinate and malate might be important substrates for ‘Ca. A. ciliaticola’. On the other hand, 

2-oxoglutarate oxidoreductase (korAB) and succinate--CoA ligase (sucCD) are decoupled from the 

ETC and could also work in the reverse direction, thus producing reduced ferredoxin (Fdx). Genes for 

ferredoxin were found to be encoded in the ‘Ca. A. ciliaticola’ genome and these [FeS] proteins might 

play a role in the cell as low potential electron donors. At this point, it is not clear which biosynthetic 

or respiratory complexes might utilize reduced ferredoxin, as the Rnf complex and other common 

Fdx-utilizing enzymes, were not encoded in the endosymbiont genome. 

Further, the ‘Ca. A. ciliaticola’ genome contained genes encoding chaperone proteins GroES, GroEL, 

and DnaK, which were highly transcribed (GroEL belonging to the top 20 transcribed genes; Fig. 3b). 

Molecular chaperones tend to be highly expressed in obligate symbionts to ameliorate the effects of 

lower protein stability that results from their accumulation of deleterious mutations120,121. Genes 

involved in DNA repair (e.g. mut, hol, rec) or rod shape-determining genes (i.e. ftsZ, ispA, mreB, rodA) 

were absent from the ‘Ca. A. ciliaticola’ genome. These genes are also often missing from the extremely 

reduced genomes of insect endosymbionts31,32. 

Due to the absence of most genes for the biosynthesis of essential cellular building blocks (i.e. 

nucleotides, amino acids, phospholipids, vitamins), ‘Ca. A. ciliaticola’ likely relies on its host to 

provision these metabolites. Yet, surprisingly few transporters were predicted in the endosymbiont 

genome (Supplementary Table 5 and 6). Three homologous genes predicted to encode for 

tryptophan/tyrosine-specific amino acid permeases could facilitate the uptake of aromatic amino acids. 

Additionally, the ‘Ca. A. ciliaticola’ genome contained a gene predicted to encode for a 

glutamate/gamma-aminobutyrate antiporter (gadC), which could be involved in the uptake of 

glutamate. However, it is not clear if indeed gamma-aminobutyrate (GABA) can be used by the 

endosymbiont since no genes for GABA metabolism were encoded in the genome. No other transporters 

for the uptake of other amino acids were identified in the ‘Ca. A. ciliaticola’ genome. Likewise, 

‘Ca. A. ciliaticola’ did not encode genes for phospholipid biosynthesis. Interestingly, however, the 

genome encoded a complete Mla pathway (mlaABCDEF). This pathway, together with the likewise 

encoded putative polyketide drug exporter (yadGH), could be involved in the acquisition of 
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phospholipids from the host, since it has been shown to be responsible for phospholipid trafficking 

between outer and inner membrane in Gram-negative bacteria122-124.  

Several transporters appear to serve specific functions related to denitrification, such as the 

nitrate/nitrite transporters (narK), and the ABC transporters for molybdopterin uptake (modABC) and 

nitrous oxide reductase maturation (nosDFY). The encoded protein translocases (Sec and Tat-type) are 

likely needed for the translocation of putatively non-cytoplasmatic enzymes either directly or indirectly 

involved in respiratory denitrification (e.g. nitrous oxide reductase, nitrite reductase, cytochrome c4). 

Other predicted transporter-related genes included two sodium/proton antiporters (nhaP/D), a 

transporter related to Autoinducer-2 Exporter Family (perM), a H+-translocating pyrophosphatase 

(hppA) and a S-adenosylmethionine/S-adenosylhomocysteine transporter. 

Nucleotide exchange and possibly uptake could be mediated by a nucleotide transporter (NTT) of the 

ATP:ADP Antiporter (AAA) family. These transporters exhibit specificity for one or several 

nucleotides or nucleoside-derived substrates111. In ‘Ca. A. ciliaticola’, the NTT transporter may mainly 

serve as an ATP/ADP translocase, albeit transport of other nucleotides cannot be excluded. For the 

plastidic NTT from Arabidopsis thaliana (AtNTT1), which functions as a ATP/ADP translocase, 

several charged amino-acid residues (K155, E245, E385, K527; counted on the basis of AtNTT1) have 

been shown to be important for nucleotide transport86. Specifically, K527 appears to be important for 

nucleoside triphosphate specificity86. All of these residues were also conserved in other functionally 

verified ATP/ADP translocase sequences and also in the NTT sequence of ‘Ca. A. ciliaticola’ (Extended 

Data Fig. 9). However, it should be noted that K527 was also conserved in NTTs with different or 

broader substrate specificity (Extended Data Fig. 9), such as NTTs of Chlamydia trachomatis125, 

Rickettsia prowazekii111 or ‘Ca. Protochlamydia amoebophila’108. 

NTTs are a defining feature of an obligately intracellular lifestyle and all characterized single-domain 

NTTs (as opposed to NTT fusion proteins39) are either from parasites with reduced genomes or 

endosymbiotic organelles (e.g. plastids), where they allow the uptake of nucleotides and other host 

metabolites. NTTs are known to undergo horizontal transfer among bacteria as well as between bacteria 

and eukaryotes39. ATP/ADP translocases in particular are common among intracellular parasites and 

also some endosymbionts use this enzyme to obtain ATP from their host and complement their energy 

requirements126. ATP/ADP translocases are bidirectional and work along the concentration 

gradient126,127. In actively-metabolizing ‘Ca. A. ciliaticola’ cells, the intracellular ATP levels will be 

high and under such conditions the putative ATP/ADP translocase would export ATP out of the cell in 

exchange for ADP from the host cytoplasm. 

Microbial community composition and Ciliophora marker genes in single ciliate transcriptomes. 

Seven ciliates were picked for the preparation of single ciliate transcriptome libraries. Their affiliation 

with Plagiopylea and the presence of ‘Ca. A. ciliaticola’ in their cells was confirmed by a taxonomic 
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analysis of the small subunit rRNA gene (SSU) reads in the retrieved transcriptomes (Supplementary 

Table 13, CT_01–CT_04). In all four transcriptomes, we retrieved SSU reads belonging to the host and 

to ‘Ca. A. ciliaticola’ (classified as Plagiopylea and eub62A3, respectively). Overall, the combined 

relative abundance of SSU reads assigned to Plagiopylea and ‘Ca. A. ciliaticola’ was 9.75% (CT_01), 

26.4% (CT_02), 3.2% (CT_03) and 21.4% (CT_04). In all libraries, >95% of all Ciliophora sequences 

were classified as belonging to Plagiopylea. The relative abundance of ‘Ca. A. ciliaticola’ varied 

between different libraries (1.7-7.5% of SSU sequences) but was generally among the top 10 observed 

taxa (except library CT_03). These results confirmed that the single cell transcriptomes were obtained 

from plagiopylean ciliates harboring ‘Ca. A. ciliaticola’. However, these single ciliate transcriptomes 

should, for all intents and purposes, be considered metatranscriptomes since a substantial fraction of 

the SSU reads appeared to be also associated with Gammaproteobacteria (mainly orders 

Methylococcales, Burkholderiales) and also Eukaryota (mainly Cryptomonadales). Some of these 

organisms, e.g. the Methylococcales bacteria, have been shown to be prominent members of the 

indigenous microbial community in the anoxic hypolimnion of Lake Zug128,129. The detection of reads 

belonging to these organisms could be due to the presence of these organisms in the food vacuoles of 

the picked ciliates, which we also observed by microscopy (see Fig. 1 and Extended Data. Fig. 2). 

Alternatively, (some of) these organisms could constitute endo- or ecto-symbionts of the ciliate host.  

Further, using Alveolata Benchmarking Universal Single-Copy Orthologs (BUSCOs; Complete or 

Fragmented, see Supplementary Methods) we estimated that ca. 55.6% of the host genome was covered. 

19.9% of BUSCOs were full-length sequences (“BUSCO complete”), while only 4.1% were full-length 

sequences and found in multiple copies. To validate the taxonomic affiliation of retrieved BUSCO 

marker proteins with Ciliophora, phylogenies were reconstructed for three examples of proteins 

covering different cellular functions (Extended Data Fig. 6). 

Our community analysis of the single ciliate transcriptomes further showed that methanogenic archaea, 

which often occur in hydrogenosome-bearing anaerobic ciliates, were virtually absent from the 

plagiopylean ciliate host. For three out of the four single ciliate transcriptomes we could not detect any 

archaeal 16S rRNA sequences; only in one transcriptome (CT_04) were we able to identify 8 reads 

taxonomically assigned to the genus Methanoregula. Although some species of Methanoregula indeed 

occur as endosymbionts of anaerobic ciliates130, the very low relative abundance of Methanoregula 

sequences (~0.004%) makes it highly unlikely that the same is the case for the ‘Ca. A. ciliaticola’-

containing ciliate host. 

Detection of mitochondrial transcripts in single cell transcriptomes.  

To investigate whether the plagiopylean host of ‘Ca. A. ciliaticola’ contains mitochondria, we compiled 

a reference set of protein sequences encoded by mitochondrial DNA (mtDNA) from eight different 

ciliate species (see Supplementary Methods for details). This reference set was used for homology 

171



  Chapter 5 - Denitrifying endosymbiont of a ciliate   

 

searches against predicted open reading frames (ORFs) from a co-assembly of our four single ciliate 

transcriptomes. In total, we could identify four transcripts that were homologous to the mtDNA 

reference sequences (32-49% identity, see Supplementary Table 10). However, based on the subsequent 

taxonomic classification of the transcripts (see Supplementary Methods for details), none of these 

sequences appeared to be assigned to Ciliphora but rather to Bacteria or Streptophyta. Therefore, it 

seems more likely that the identified transcripts were of prokaryotic, rather than of mitochondrial origin. 

Hence, at this point, we have no evidence to suggest that the plagiopylean ciliate contains mitochondria. 

Detection of transcripts related to glycolytic and hydrogenosomal metabolism in single ciliate 
transcriptomes.  

The presence of hydrogenosomes in the plagiopylean host of ‘Ca. A. ciliaticola’ was investigated using 

a similar approach as used for mitochondrially-encoded genes. As a reference dataset for homology 

searches, previously published sequences17 of hydrogenosomal proteins of the ciliates Cyclidium 

procatum, Metopus contortus and Plagiopyla frontata were used. In brief, the reference set broadly 

covered enzymes involved in carbon metabolism (cytosolic glycolysis, partial tricarboxylic acid cycle), 

Fe-only hydrogenase, protein translocation and processing, electron transport chain, oxidative 

phosphorylation, [FeS] cluster biosynthesis (Isc-type) and solute transmembrane transport. 

Most importantly, we were able to retrieve three transcripts encoding a partial large subunit of the Fe-

only hydrogenase. The sequences were very short (86–164 amino acids) but homology searches suggest 

that these sequences were likely of Ciliophora origin (Supplementary Table 12). We also found 

transcripts of the mitochondrial import inner membrane translocase TIM17 and of the mitochondrial 

solute carrier family proteins (Supplementary Table 11). Furthermore, we identified transcripts for six 

different enzymes of the cytosolic glycolysis pathway (Supplementary Table 11) for the generation of 

pyruvate (or malate), which can serve as substrates for hydrogenosomes131 (and ‘Ca. A. ciliaticola’). 

We could not identify homologs of the malic enzyme among the transcripts but we identified several 

transcripts of malate dehydrogenase homologs, which have been suggested to play a role in the 

hydrogenosomal malate metabolism of Plagiopyla frontata17. 

Regarding the hydrogenosomal process of oxidative decarboxylation of pyruvate, we found transcripts 

encoding two subunits of the pyruvate dehydrogenase (PDH) complex (2-oxoglutarate dehydrogenase 

E1 component, dihydrolipoyl dehydrogenase E3 subunit). The PDH complex is commonly employed 

by hydrogenosome-containing ciliates17. Furthermore, we identified transcripts for the alpha subunit of 

succinyl-CoA synthetase that might be involved in ATP production via substrate-level phosphorylation, 

as it has been shown for hydrogenosomes of Trichomonas vaginalis132. However, we did not find 

transcripts encoding for pyruvate:ferredoxin oxidoreductase or pyruvate:NADP+ oxidoreductase, which 

are used in hydrogenosomes of some protists (such as Tritrichomonas foetus133 or Euglena gracilis134). 
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Overall, the results of our ciliate transcriptome analyses lend support to the speculation that 

hydrogenosome-like organelles are present in the ciliate host. However, further research is needed to 

clarify how similar are the hydrogenosomes of the ‘Ca. A. ciliaticola’-containing host to the 

hydrogenosomes of other ciliates, given the absence of transcripts for other proteins typically associated 

with hydrogenosomes, notably the Isc-type [FeS] cluster biosynthesis pathway. 
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Supplementary Figure 

 

 

Supplementary Figure 1. Agarose gels of PCR amplification of 16S and 18S rRNA genes from individual 

and pooled ciliates. Agarose gels of PCR reactions (10 µl each) amplified with ‘Ca. A. ciliaticola’-specific 16S 

primer pair (eub62A3_29F, eub62A3_1547R; a,b) and ciliate-specific 18S primer pair (Cil_384F, Cil_1147R; c). 

DNA extracted from four individual ciliates (S1-S4) and pooled ciliates (C5, 5 ciliates; C10, 10 ciliates) picked 

from Lake Zug water in May 2019 from 189 m water depth served as templates (panels a and c). The 16S rRNA 

sequence of ‘Ca. A. ciliaticola’ was amplified in a second PCR reaction (b) where the PCR product from the first 

PCR reaction (a) was used. DNA extracted from bulk water (~2 l) sampled in September 2016 from 160 m water 

depth served as positive control (+) whereas the negative control (–) followed the same procedure used for the 

picked individual ciliates except that no ciliate was picked. A DNA ladder (100-1,517 bases) was used as marker 

(M) and marker fragment sizes are indicated for each panel as number of bases. 
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Supplementary Files 

These files are available as online supplementary datasets (https://www.nature.com/articles/s41586-

021-03297-6#Sec28). 

 

Supplementary Table 8 

This file contains Supplementary Table 8, which lists characterized nucleotide transporters used for 

Extended Data Fig. 9. 

Supplementary Table 9 

This file contains Supplementary Table 9, which lists the number of genes assigned to COG functional 

categories encoded in the ‘Ca. A. ciliaticola’ and other genomes presented in Fig. 2c. 

Supplementary Table 10 

This file contains Supplementary Table 10, which lists transcripts (derived from ‘Ca. A. ciliaticola’-

containing single ciliate transcriptomes) identified by homology searches against mitochondrially 

encoded reference sequences of ciliates. 

Supplementary Table 11 

This file contains Supplementary Table 11, which lists transcripts (derived from ‘Ca. A. ciliaticola’-

containing single ciliate transcriptomes) putatively involved in hydrogenosomal and glycolytic 

metabolism of the ‘Ca. A. ciliaticola’-containing ciliate. 

Supplementary Table 12 

This file contains Supplementary Table 12, which lists FeFe-hydrogenase transcripts identified in 

‘Ca. A. ciliaticola’-containing single ciliate transcriptomes. 

Supplementary Table 13 

This file contains Supplementary Table 13, which lists the number of small subunit rRNA reads 

assigned to a given taxon (as reported by the tool phyloFlash) for four ciliate transcriptome libraries 

(CT_01-04; Supplementary Table 4). Taxon names related to the plagiopylean host and 

‘Ca. A. ciliaticola’ (eub62A3) were highlighted in bold. 

Supplementary Video 1 

This file contains a Supplementary Video 1, which shows a video of a living ciliate from Lake Zug 

(sampled in May 2019 from 189 m depth) observed using light microscopy. 
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Supplementary Video 2 

This file contains a Supplementary Video 2, which shows a video of the two-capillary experimental 

setup which allows for simultaneous oxygen measurements and ciliate tracking. The upper capillary 

indicates the oxygen concentration where bright purple represents anoxic conditions and dark green 

oxic conditions. The moving white line indicates the 10% oxycline. The lower capillary shows the 

position and movement of the ciliates relative to the changing oxygen gradients. Shown are short 

intervals (~30 seconds) recorded approximately every five minutes over the course of 30 minutes. See 

Supplementary Methods for further information on the image processing. 
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Chapter 6 

Synthesis 

The findings presented in this thesis provide insights into various aspects of methane-producing and 

consuming microorganisms – into their ecophysiology, metabolic activity, and interactions with the 

microbial community. Environmental studies suggest a previously unknown metabolic and 

phylogenetic diversity of methane-producing and consuming microorganisms, emphasizing that many 

aspects of their environmental activity are still poorly understood. 

In this thesis, I investigated manifold aspects of microbial methane production and consumption in two 

environments characterized by either high methanogenic (chapter 2) or methanotrophic (chapter 3, 4, 

and 5) activity. I used an interdisciplinary approach that combined stable isotope labeling experiments, 

phylogenetic analyses, single cell imaging mass spectrometry, and different analytical techniques to 

characterize key environmental parameters of the respective habitats. The combined application of these 

methods revealed different aspects of microbial methane production and consumption and provided 

insights into the underlying processes, both on the level of the bulk community and single cells 

(Figure 4). 

Chapter 2 describes the key processes and microorganisms involved in methane production associated 

with the Mediterranean seagrass Posidonia oceanica and emphasizes the importance of vegetated 

coastal environments for marine methane emissions. It is the first study to provide a comprehensive 

understanding of the key metabolic pathways underlying methane production in seagrass ecosystems. 

Using stable isotope labeling experiments, we identified methylotrophic methanogenesis as the only 

active pathway of methane production. The detection of various methylated compounds stored in 

seagrass tissue led to the conclusion that methane production in this ecosystem is linked to the activity 

of the plant, and that thus the plant itself is the source of methanogenic substrates in seagrass-covered 

sediments. In addition, this study provides insights into the distribution and activity of non-traditional 

archaeal clades that may be involved in methanogenesis, as we recovered putative methanogenic, but 

poorly characterized, mcr-like genes from seagrass sediment metagenomes that were closely related to 

Mcr sequences from the candidate phylum Helarchaeota of the Asgard archaea. Other closely related 

sequences have previously been recovered predominantly from deep sea sediments and have been 

suggested to be involved in alkane rather than methane metabolism. However, our results suggest that 

the nature of these mcr-like genes may actually be methanogenic and that thus their involvement in 

methane production should be considered. 

In chapters 3 to 5, we studied the microbial community in a permanently stratified freshwater lake 

(Lake Zug). Aerobic gammaproteobacterial methane-oxidizing bacteria (gamma-MOB) are common 
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members of the lake community and act as efficient methane filters that significantly mitigate methane 

emissions. They are considered obligate aerobes due to their dependence on molecular oxygen to 

activate methane, but their occurrence and activity in anoxic water depths suggests that we do not yet 

fully understand their lifestyle. In chapter 3, we investigated the activity of gamma-MOB under 

anaerobic conditions using stable isotope labeling experiments combined with nanometer-scale 

secondary ion mass spectrometry (nanoSIMS). This study provides direct evidence for the methane-

derived growth of gamma-MOB under anoxic, denitrifying conditions and at the same time highlights 

marked differences in activity of morphologically distinct gamma-MOB subpopulations on the single 

cell level. These data suggest a crucial role of gamma-MOB in mitigating methane emissions from 

aerobic, as well as anaerobic environments. Our single cell analyses additionally revealed the 

assimilation of methane-derived carbon by bacteria that are not known to have the capacity to use 

methane directly as a carbon source. In chapter 4, we describe the cross-feeding of methane-derived 

carbon from the gamma-MOB to the non-methanotrophic microbial community and highlight the 

importance of methane-derived carbon for a diverse microbial community in the water column of Lake 

Zug. 

Chapter 5 describes the discovery of a denitrifying gammaproteobacterium living in symbiosis with 

an anaerobic plagiopylean ciliate in the anoxic, nitrate-rich hypolimnion of Lake Zug. The 

endosymbiont, ‘Candidatus Azoamicus ciliaticola’, encodes genes of the respiratory denitrification 

pathway but no aerobic terminal oxidases, suggesting a role of the endosymbiont in the context of 

energy production for its ciliate host through denitrification. We examined the ecology of these ciliates 

using stable isotope labeling experiments that provided evidence for denitrification activity associated 

with the ciliate host. In addition, aerotaxis assays showed a negative tactical response of the ciliate when 

exposed to oxygen. This behavior may reflect an adaptation of the ciliate to an anaerobic lifestyle in the 

anoxic, nitrate-rich hypolimnion of Lake Zug. 

The findings presented in this thesis are discussed in detail in the individual chapters. In the following 

sections, I therefore want to elaborate on some implications these findings have on microbial methane 

production and consumption for aquatic environments in general and propose directions for future 

research. 
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Figure 4. Illustration of the main findings presented in chapter 2 to 5 of this thesis. Shown are methylotrophic 

methanogenesis as the dominant methanogenesis pathway in Posidonia-covered sediments (chapter 2), the 

activity of gamma-MOB under the oxic and anoxic conditions (chapter 3), their interactions with the microbial 

community (chapter 4) and the plagiopylean ciliate thriving in the anoxic hypolimnion of Lake Zug (chapter 5). 
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Discussion & Outlook 

Methanogenesis in seagrass habitats and implications for other aquatic environments  

Seagrass meadows have only recently been recognized as important sources of methane to the 

atmosphere (Garcias-Bonet and Duarte, 2017) but the underlying processes and microorganisms are so 

far unknown. In chapter 2 of this thesis, we highlight several aspects pertaining to the methane-

producing capacity of seagrass-covered sediments. In the following sections, I will specifically address 

the role of non-euryarchaeal phyla putatively involved in methanogenesis, the use of plant-derived 

organic matter as substrate for methanogenesis, and discuss the relevance of methylotrophic 

methanogenesis in freshwater environments. 

Implications for methanogenesis performed by archaeal phyla outside the Euryarchaeota 

Traditionally, methanogenesis is considered to be restricted to the archaeal phylum Euryarchaeota, 

because all cultured methanogens affiliate with this phylum (Gribaldo and Brochier-Armanet, 2006). 

However, the discovery of divergent homologs of the Mcr gene, the key phylogenetic marker gene of 

methanogenic and methanotrophic archaea, belonging to archaeal phyla outside the Euryarchaeota, 

suggests that the metabolic trait of methanogenesis is phylogenetically more widespread than so far 

recognized (Evans et al., 2015; Vanwonterghem et al., 2016). In chapter 2, we report the recovery of 

such mcr-like genes that closely affiliate with these putative methanogenic lineages, more specifically 

with the candidate phylum Helarchaeota belonging to the superphylum of Asgard archaea (Seitz et al., 

2019). 

Most archaea possessing mcr-like genes are so far uncultivated, and their possible metabolic activity 

has therefore been largely inferred from genomic information. An enrichment culture of such archaea, 

however, provided evidence for alkane oxidation activity (Laso-Pérez et al., 2016) and accordingly, 

metagenome assembled genomes (MAGs) harboring divergent Mcr homologues were proposed to 

mediate alkane oxidation rather than methane oxidation or methanogenesis (Boyd et al., 2019; Evans 

et al., 2019; Seitz et al., 2019). Furthermore, it was speculated that the sequence divergence of these 

mcr-like genes reflects an adaptation to oxidizing medium- to long-chain hydrocarbons (Laso-Pérez et 

al., 2016). Such a substrate-specificity would limit the distribution of the alkane-oxidizing archaea to 

environments that receive high input of hydrocarbons, which are usually constrained to deep sea 

hydrothermal vents and seeps (Mendes et al., 2015). In line with the hypothesized alkane-oxidizing 

metabolism, most of these mcr-like gene sequences have indeed been recovered from deep subseafloor 

sediments highly enriched in thermogenic hydrocarbons, including sediments along the Juan de Fuca 

Ridge (Boyd et al., 2019), Guaymas Basin hydrothermal vent (Laso-Pérez et al., 2016; Seitz et al., 

2019), and Costa Rica margins (Zhao and Biddle, 2021). However, several MAGs possessing mcr-like 

genes additionally harbor methyltransferases that are specific enzymes that facilitate the transfer of a 
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methyl group to methyl-CoM during methylotrophic methanogenesis. The presence of these 

methyltransferases in MAGs harboring mcr-like genes thus led to the belief that the corresponding 

archaea are involved in methylotrophic methanogenesis rather than alkane oxidation (Evans et al., 2015; 

Vanwonterghem et al., 2016; Wang et al., 2019). Intriguingly, these MAGs have been recovered from 

environments rich in plant-derived organic carbon, such as coal beds (Evans et al., 2015), anaerobic 

cellulose-fed digesters (Vanwonterghem et al., 2016) and digestive tracts of ruminants (Poulsen et al., 

2013).  

Unfortunately, we could not reconstruct the MAGs to which the mcr-like genes of the 

‘Ca. Helarchaeota’ belonged and therefore have no insight into other genes or metabolic pathways 

present in these archaea. Thus, we can only speculate about their lifestyle based on our collected 

experimental data. These data suggest that the seagrass sediments from which our mcr-like gene 

sequences were recovered had a high capacity for methane production, but were very inefficient in 

removing methane. In addition, sediments beneath seagrass beds are rich in organic carbon, whereas 

geologic sources of methane and other hydrocarbons (such as cold seeps) are not considered relevant 

(Al-Haj and Fulweiler, 2020). Therefore, we speculated that the Helarchaea-related Mcr sequences 

recovered from seagrass sediments might be methanogenic rather than methanotrophic or alkanotrophic 

in nature (chapter 2).  

Although these putative methanogenic archaea are widespread in the environment, they do not seem to 

be particularly abundant, making the recovery of sufficient genomic information challenging. For 

example, Seitz et al (2019) estimated that the Helarchaea comprised less than 0.01% of the sediment 

community in Guaymas Basin hydrothermal vent sediments (Seitz et al., 2019). Deep sequencing is 

therefore crucial to obtain sufficient genomic information for genome reconstruction from metagenomic 

datasets. Nevertheless, it is not entirely conclusive to infer metabolic activity only from genomic 

information; the reconstructed genomes may not be complete, and especially for methane metabolism, 

where enzymes of the methanogenesis pathway operate bidirectionally, the directionality of the 

metabolic pathway cannot be resolved from sequence data alone. Therefore, sequencing, combined with 

activity measurements and characterization of key environmental parameters, provides a holistic view 

into the different traits of microbial metabolism in the environment. Given the current literature 

reporting multiple methanogenic substrates in addition to the conventional ones (Kurth et al., 2020), it 

is tempting to speculate that some of these novel mcr-like genes possess adaptations to utilize 

unconventional methanogenic substrates, or perhaps to even utilize more complex organic compounds 

directly. 

Implications for substrate versatility of methanogens  

In chapter 2, we show that methane was solely produced from methylated compounds such as 

mono- and dimethylamine, dimethyl sulfide, and methanol. These methylated compounds are 
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ubiquitous in marine environments and represent important methane precursors in seagrass beds but 

also in other coastal environments (King et al., 1983; Oremland and Polcin, 1982). Methylated 

compounds are produced through anaerobic degradation of glycine betaine, choline sulfate, or 

dimethylsulfoniopropionate (DMSP), which in turn are produced by marine plants, including seagrasses 

(Borges and Champenois, 2015; Subhashini et al., 2013; Touchette, 2007). We detected several 

methylated compounds (betaines, choline, and DMSP) in the tissue of Posidonia seagrasses and 

concluded that the plant itself is the source of the methanogenic substrates in seagrass environments 

(chapter 2). Seagrasses leak or excrete a substantial amount of the carbon that they sequester during 

primary production in reduced and dissolved form (Wetzel and Penhale, 1979) and we speculate that 

some of the methylated compounds detected in the plant’s tissue might likewise be leaked or released 

into the surrounding sediment and would thereby become accessible for degradation by the anaerobic 

community. 

Typically, betaine and choline are degraded by syntrophic communities of sulfate reducers, fermenters, 

and methanogens, but some methanogens can also use these compounds directly. Such direct utilization 

of betaine and choline was demonstrated for Methanococcoides and Methanolobus strains (Ticak et al., 

2015; Watkins et al., 2012, 2014; Webster et al., 2019), known methylotrophic methanogens belonging 

to the metabolically versatile methanogenic family of Methanosarcinaceae. In line with this, our 

metagenomic analysis of the sediment community identified Mcr sequences closely affiliated with 

Methanococcoides and Methanolobus strains (chapter 2) that have also been detected in sediments 

underlying Zostera seagrasses (Zheng et al., 2020) and in salt marshes (Jameson et al., 2019; Jones et 

al., 2019). The detection of closely related methanogenic strains in different seagrass and salt marsh 

habitats suggests that the underlying pathway of methane production is likely similar across different 

vegetated coastal environments. 

We only examined the utilization of the degradation products and therefore cannot address whether 

betaine and choline were used directly as substrate by the methanogenic community. Environmental 

evidence for the direct utilization of compounds like betaine and choline is scarce and it is not clear if 

the methanogens can indeed compete for these compounds with sulfate reducers and fermenters in situ 

(Watkins et al., 2012). Testing the direct utilization of betaine and choline is limited by the fact that 

their 13C-labeled derivatives are commercially very expensive. Instead, metagenomic and 

metatranscriptomic data could be used to investigate the utilization of betaine by methanogens, as well 

as other microorganisms. The enzymes involved in direct utilization of glycine betaine in 

methylotrophic methanogenesis have been well described (Creighbaum et al., 2019); the key gene 

facilitating direct betaine utilization being a glycine betaine methyltransferase (mtgB) (Ticak et al., 

2014). Although this methyltransferase is encoded also by many non-methanogenic microorganisms 

that utilize betaine as well (such as sulfate-reducing and fermenting bacteria), mtgB sequences 

belonging to Methanococcoides and Methanolobus branch distantly from the gene sequences of sulfate 
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reducers and fermenters and can therefore be phylogenetically distinguished (Creighbaum et al., 2019). 

Furthermore, proteomic analysis showed that the protein involved in betaine utilization became more 

abundant when cells were fed with betaine (Creighbaum et al., 2019), suggesting substantial 

transcriptomic upregulation of mtgB expression. As such, sediment samples for transcriptomic analysis 

could be used to evaluate the utilization of betaine by the methanogens (assuming that betaine is present 

in the investigated sediments). At the same time, mtgB transcripts of methanogens and, for example, 

sulfate reducers could be compared to test if methanogens are indeed competitive for betaine utilization 

under environmental conditions, which could be inferred from their respective levels of mtgB 

transcripts. 

Implications for methylotrophic methanogenesis in freshwater environments 

Due to low sulfate concentration in most freshwater environments, methanogens do not need to compete 

for hydrogen and acetate with sulfate-reducing bacteria, leading to enhanced methanogenesis rates from 

these substrates (Conrad, 1999), whereas methylotrophic methanogenesis might only have a negligible 

contribution (Lovley and Klug, 1983; Schink and Zeikus, 1982). Hydrogen and acetate are usually 

abundant in freshwater environments, as they are produced as primary metabolic end-products of 

anaerobic fermentation (Capone and Kiene, 1988). Accordingly, hydrogenotrophic Methanobacteriales 

and acetoclastic Methanosarcinales are the most commonly encountered methanogenic orders in anoxic 

freshwater sediments (for example, Chan et al., 2005; Glissman et al., 2004; Zepp Falz et al., 1999).  

As I highlighted in the previous sections, one particular factor that seems to control the activity of 

methylotrophic methanogens is the availability of plant-derived organic matter. Just like seagrass-

covered marine coastal areas, freshwater environments also receive plant organic matter, for example, 

from terrestrial vegetation. However, the methylated compounds available in freshwater environments 

might differ from those in marine habitats. While betaine constitutes an important methane precursor 

in the marine environment (King, 1984), the concentration of betaine and its degradation products in 

freshwater environments might be lower (Capone and Kiene, 1988). Instead, other methylated 

compounds might be more abundant methanogenic substrates, such as dimethyl sulfide (DMS), which 

is produced from the degradation of methoxylated aromatic compounds (Bak et al., 1992; Lomans et 

al., 2002), choline, which is a membrane component also of freshwater plants, and methanol, which is 

readily produced during anaerobic degradation of lignin (Ander and Eriksson, 1985) and pectin (Schink 

and Zeikus, 1980).  

So why would methylotrophic methanogens not inhabit specific niches in freshwater environments and 

make a living from the utilization of methylated compounds? Particularly in freshwater lakes with 

elevated sulfate concentrations, as for example Lake Lugano or Lake Cadagno, methylotrophic 

methanogens could readily thrive on the utilization of methylated compounds, whereas 
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hydrogenotrophic and acetoclastic methanogens would face competition with sulfate reducers for their 

common substrates. 

For example in Lake Cadagno, which is a shallow freshwater lake in Switzerland with considerable 

amounts of sulfate (2 mM) in the bottom waters, sediment profiles of methane and sulfate are indicative 

of sulfate-dependent anaerobic methane oxidation, characterised by a distinct zone of methane and 

sulfate depletion (Schubert et al., 2011), similar to marine sediments. Interestingly, the authors 

recovered 16S rRNA gene sequences belonging to Thermoplasmatales-related archaea. A preliminary 

blast search of these sequences (for example, accession number: AM851086) against a public database 

revealed a close affiliation (96% identity) with an environmental sequence belonging to a 

Methanomassiliicoccales-related archaeon recovered from a sediment sample (accession number: 

KC682068; Hedlund et al., 2013).  

Intriguingly, Methanomassiliicoccales constitute a novel order of hydrogen-dependent methylotrophic 

methanogens whose occurrence has so far predominately been described from animal guts. Evidence 

for their environmental occurrence is limited to a few studies that describe these archaea in marine and 

freshwater environments, with either pelagic or benthic lifestyles (Li et al. 2016; Zhou et al. 2014; 

Bowen De León et al. 2013; Söllinger et al. 2016). Crucially, Methanomassiliicoccales methanogens 

possess genes for reducing methylated compounds such as methanol and methylamine to methane using 

external hydrogen for energy conservation (Borrel et al., 2013). Whether Methanomassiliicoccales 

methanogens were involved in methanogenesis in these sediments was not the focus of the study by 

Schubert et al. (2011) but the presence of these archaea indicates that they might be a source of methane 

in these sediments. 

Dedicated experiments could be performed to test for the environmental occurrence and activity of 

hydrogen-dependent methylotrophic methanogens – e.g. with stable isotope incubations combined with 

metagenome analysis as done in chapter 2, but with modified substrate additions (for example, 
13C-labeled methanol added together with hydrogen). Comparison of methane production between 

hydrogen-amended and non-hydrogen-amended incubations could show if methane production is 

indeed stimulated by addition of hydrogen.  

From a quantitative perspective, the contribution of methylotrophic methanogenesis to total methane 

production in freshwater lakes would likely still be much lower than methane production from 

hydrogenotrophic or acetoclastic methanogenesis. However, given the total amount of methane emitted 

from freshwater systems (up to about 200 Tg CH4 yr-1; Saunois et al., 2020), the overall contribution of 

methane produced from methylated compounds might still be substantial. It would also be interesting 

from an ecophysiological perspective to analyze the environmental adaptation of these freshwater 

methanogens, since they possess vastly different pathways for methane production. Therefore, the 

recent findings on the phylogenetic and metabolic diversity of methanogens provide an interesting 

188



 Chapter 6 – Discussion and Outlook  

 

opportunity to re-evaluate the pathways and microorganisms performing methanogenesis in freshwater 

environments in future studies. 

 

The role of bacterial methanotrophs in lacustrine carbon cycling 

Despite high methanogenic activity in freshwater sediments, particularly stratified lakes show only low 

methane emissions due to efficient microbial methane removal by aerobic methane-oxidizing bacteria 

(MOB). These MOB are an important biological methane filter and mitigate methane emissions in 

stratified lakes by up to 99% (Bastviken et al., 2008). Aerobic MOB are abundant and active in anoxic 

environments, too, despite their seemingly obligate aerobic lifestyle (Blees et al., 2014; Oswald et al., 

2016a) suggesting that they play an important role in methane oxidation in anoxic environments as well. 

In chapters 3 and 4, we studied the activity and growth of MOB under oxygen-deficient conditions 

and addressed their interactions with the surrounding microbial community. In the following sections, 

I will discuss various aspects of aerobic gammaproteobacterial MOB (gamma-MOB), regarding their 

role in anaerobic methane oxidation and as central players in the anaerobic food chain. 

Aerobic gamma-MOB and the utilization of alternative terminal electron acceptors  

In chapter 3, we describe the growth and activity of aerobic gamma-MOB under anaerobic conditions. 

Our data challenges the long-standing paradigm of the obligate aerobic nature of gamma-MOB, with 

important implications for their metabolic activity, as well as for their environmental role in mitigating 

methane emissions. Although there is so far no explanation of how methane would be enzymatically 

activated without molecular oxygen, there is extensive environmental evidence for the anaerobic 

activity of these gamma-MOB in freshwater and marine systems (Blees et al., 2014; Chronopoulou et 

al., 2017; Martinez-Cruz et al., 2017; Oswald et al., 2016a, 2016b, 2017). 

Gamma-MOB are well known to have versatile oxygen requirements (Hernandez et al., 2015; Mayr et 

al., 2020) and might even grow best under hypoxic conditions (Steinle et al., 2017). Under oxygen-

limiting conditions, some gamma-MOB conserve energy through fermentation (Kalyuzhnaya et al., 

2013) or use an alternative terminal electron acceptor such as nitrate for respiration, instead of oxygen 

(Kits et al., 2015). Anaerobic respiration would indeed be suitable for remaining active in oxygen-

deplete but nitrate-replete environments, such as eutrophic freshwater lakes, where nitrate is abundant 

throughout most of the anoxic hypolimnion. However, molecular oxygen is still required by methane 

monooxygenase to catalyze the initial oxidation of methane to methanol and thus essential for methane-

dependent growth of gamma-MOB. Although some gamma-MOB can also grow autotrophically by 

fixing carbon dioxide, methane is still their main source of carbon. Interestingly, the growth of gamma-

MOB in our anoxic incubations was clearly methane-derived and largely identical under hypoxic and 
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anoxic conditions, as evident by similar rates of single-cell methane assimilation and oxidation under 

both conditions (chapter 3).  

So far it has not been demonstrated that methane oxidation by gamma-MOB occurs under complete 

anoxia. Indeed, in many environments where methane oxidation by gamma-MOB occurs, traces of 

oxygen are probably present at anoxic depths, originating either from vertical intrusions of oxygenated 

water (Blees et al., 2014) or by in situ oxygen production where light reaches anoxic depths in shallow 

lakes (Milucka et al., 2015). However, both possibilities are unlikely to apply to Lake Zug because the 

water column exhibits stable stratification throughout the year and light does not reach the deep anoxic 

hypolimnion. Assuming our incubations were indeed anoxic, one might speculate that methane was 

activated by a different compound than oxygen. Genomic information can provide valuable insights 

into the metabolic repertoire and regulation of metabolic pathways that enable the anaerobic lifestyle 

of methanotrophs, such as denitrification or adaptation to low oxygen concentrations.  

Although the mechanism behind the observed activity is unknown, our results highlight the prominent 

role of gamma-MOB in mitigating methane emissions from anoxic environments in stratified lakes, but 

perhaps also in stratified marine systems, devoid of oxygen but rich in methane and nitrate. 

Anaerobic food web based on methane-derived carbon 

Methanotrophic organisms undoubtedly play an important role in the lacustrine carbon cycle by 

mitigating methane emissions. However, methanotrophs also have the ability to convert methane into 

bioavailable carbon by incorporating methane-derived carbon into their biomass. In addition, 

methanotrophs are thought to support the growth of their surrounding microbial community by cross-

feeding some carbon compounds formed during methane oxidation. Indications for such a cross-feeding 

have been derived from stable isotope experiments showing the incorporation of methane-derived 

carbon by non-methanotrophic bacteria. The current view is that predominantly methylotrophs 

(i.e. microorganisms that oxidize C1 compounds such as methanol but not methane directly) benefit 

from such a cross-feeding, as previous studies consistently identified gammaproteobacterial 

methanotrophs (for example, Methylobacter) and betaproteobacterial methylotrophs (for example, 

Methylotenera) as the main methane consumers (Beck et al., 2013; Nercessian et al., 2005; Oshkin et 

al., 2015). In chapter 4, we visualized the cross-feeding of methane-derived carbon between the 

methanotrophs and the satellite community by combining CARD FISH with single cell imaging mass 

spectrometry using nanoSIMS. Such a cross-feeding of methane-derived carbon from the gamma-MOB 

to their satellite community also occurs in marine environments with elevated methane concentrations 

(such as methane seeps) (Taubert et al., 2019; Tavormina et al., 2010). Also oxygen minimum zones, 

with a strong water column stratification and methane-rich bottom waters could be explored for the 

cross-feeding of methane-derived carbon. 
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Initially, we hypothesized that the carbon transfer from the methanotrophs to the methylotrophs might 

be facilitated by a direct association of the two partners. This appears likely, given that methanol is 

produced in the periplasm of the cell and could therefore be readily lost to the surrounding environment 

through diffusion. Undoubtedly, methylotrophs that adhere to a methanotroph would scavenge these 

carbon compounds more efficiently than cells that rely on random encounters with these compounds in 

the environment. This would also explain the regular co-occurrence and co-enrichment of 

methanotrophs and methylotrophs in the environment and in enrichment cultures (Grinsven et al., 2020; 

Hernandez et al., 2015; Oshkin et al., 2015). However, as shown in chapter 4, the cross-feeding of 

carbon seemed to be rather unspecific, as other non-methanotrophs assimilated similar amounts of 

methane carbon into their biomass compared to bacteria belonging to the Betaproteobacteriales, 

supporting the hypothesis that compounds excreted by the methanotrophs become available for a 

metabolically diverse microbial community (Kalyuzhnaya et al., 2013). Nevertheless, we observed 

methanotroph-methylotroph assemblages in our samples that appeared to be physically associated 

(chapter 4, Figure 1d), but our experiments did not provide conclusive evidence for a more efficient 

carbon transfer between methanotrophs and methylotrophs that were closely associated and those that 

were not. This may however be affected by our sampling strategy, as it alters the original spatial 

arrangement of the sample. During the filtration in preparation for visualization, cells could either be 

filtered on top of each other, making them appear associated, when in fact, they were not, and at the 

same time, cells that were originally associated could get separated during the process of filtration. As 

such, bulk incubations are not suitable to resolve such interactions between methanotrophs and 

methylotrophs on the level of single cells.  

This limitation could be overcome by using dedicated devices that allow studying the interactions 

between individual microorganisms under controlled conditions without altering the spatial 

arrangement of the cells. For example, a microfluidic setup could be used, in which cells are introduced 

into chambers, incubated under a 13C-labeled methane gas atmosphere and well-defined oxygen 

concentrations to mimic hypoxic or anoxic conditions, and then preserved for single-cell activity 

measurements without changing the spatial arrangement of the cells. The use of such an experimental 

setup could provide insights into the dynamics of cross-feeding between methanotrophs and their 

satellites at the level of single cells and additionally visualize whether methylotrophic bacteria actually 

engage in direct cell contact with the methanotrophs. 

Transfer of methane-derived carbon to higher trophic levels  

Methanotrophic bacteria are a carbon source not only for bacteria but also for organisms of higher 

trophic levels that graze on them (Bunn and Boon, 1993; Jones and Grey, 2011; Murase and Frenzel, 

2007). Most eukaryotes are constrained to oxic environments and therefore feed on methanotrophic 

bacteria predominantly at oxic-anoxic interfaces at the sediment surface or in the water column (Jones 
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and Grey, 2011), whereas predation in anoxic environments is usually less pronounced simply because 

of the low abundance of eukaryotic predators. 

In chapter 5, we describe an anaerobic plagiopylean ciliate that thrives in the anoxic hypolimnion of 

Lake Zug in symbiosis with a denitrifying endosymbiont. These ciliates were found predominantly at 

anoxic water depths and were only rarely encountered at the oxic-anoxic interface. Our studies on the 

ecology of these ciliates also provided clear evidence for their anaerobic lifestyle, indicative from the 

denitrification activity associated with the ciliate host, and the negative tactical response of the ciliates 

when they were exposed to oxygen. 

Abundant and active gamma MOB in anoxic water depths could be an ideal food source for these 

plagiopylean ciliates in the anoxic hypolimnion of Lake Zug. As shown in chapter 3, aerobic 

gamma-MOB showed methane oxidizing activity and growth in anoxic incubations and could thus be 

an ideal food source to meet the carbon demands of anaerobic ciliates. Indeed, transcriptomic analysis 

of individually sequenced ciliates revealed a number of methanotroph-related sequences found 

concurrently with the ciliates, suggesting that they were ingested by the ciliates. Most sequences 

belonged to the Methylococcales, more specifically, to genera Crenothrix, Methylobacter, 

Methyloprofundus, and Methylosarcina (chapter 5, supplementary table 13), which generally constitute 

abundant members of the methanotrophic community in the anoxic bottom waters of Lake Zug (Oswald 

et al., 2016a). Notably, most 16S rRNA transcripts belonged to the gamma-MOB, suggesting that the 

methanotrophs indeed were the predominant prey of these ciliates.  

One might speculate that particularly methane- and nitrate-replete environments provide ideal 

conditions to accommodate anaerobic, nitrate-respiring ciliates. On the one hand, nitrate is important to 

maintain their anaerobic respiration, and on the other hand, methanotrophs provide a rich source of 

nutrition. One could mimic these conditions to facilitate the enrichment of these ciliates in laboratory 

cultures by cultivating the ciliates in Lake Zug water with gamma-MOB as a food source. Addition of 

methane as the sole carbon source to these enrichments would promote the growth of gamma-MOB. 

My preliminary attempts to enrich methanotrophs present in the water column of Lake Zug resulted in 

cultures dominated mainly by gamma-MOB (Methylobacter sp.) and betaproteobacterial methylotrophs 

(Methylotenera sp.) (results not included in this thesis). Co-enrichment of methylotrophic bacteria is 

likely beneficial because they consume methanol and thus prevent the toxic accumulation of this 

compound. In addition, gamma-MOB incubated with 13C-labeled methane would assimilate the 
13C-labeled carbon into their biomass and transfer it to their grazers upon ingestion. As such, one could 

even visualize the carbon transfer from gamma-MOB to their ciliate grazers using nanoSIMS. 

Importantly, the successful enrichment of the ciliates would facilitate further studies on their physiology 

and ultrastructure, encouraged by the results presented in chapter 5. An enrichment culture would 

provide sufficient sample material in preparation for transmission electron microscopy, which would 

192



 Chapter 6 – Discussion and Outlook  

 

enable a detailed investigation of the host’s ultrastructure. For example, electron microscopy could 

reveal host-associated organelles (e.g., hydrogenosomes) and the intracellular location of the 

endosymbiont, and e.g. if the endosymbiont is enclosed in a membrane system, which has important 

implications for the exchange between host and it’s endosymbiont. In addition, ecophysiological studies 

could be performed to investigate the energetic advantage gained by the ciliate host from nitrate 

respiration instead of fermentation, for example, by measuring its fitness by determining the swimming 

speed of ciliates in the presence and absence of nitrate. Detailed studies of both ultrastructure and 

ecophysiology will provide key insights into the nature of this symbiosis. 

 

In conclusion, the findings presented in this thesis reveal important aspects of the metabolic activity, 

ecophysiology, and interactions of methane-producing and consuming microorganisms. Stable isotope 

incubations are a powerful tool to identify the main metabolic pathways underlying methane production 

and consumption in the environment. The combination with metagenomic analyses, single cell imaging 

techniques, and methods to characterize environmental parameters allowed to describe the activity of 

environmentally relevant methane-producing and consuming microorganisms and to draw conclusions 

about their lifestyle. The results presented here describe the activity of methanogens and methanotrophs 

in specific marine or freshwater environments, but probably similar processes underlie methane 

production and consumption in other aquatic environments too and are therefore of relevance for aquatic 

environments in general. 

This thesis thus provides the basis for future research examining the metabolic activity of both 

methanogens and methanotrophs in the environment, which will hopefully close some gaps in our 

understanding of the environmental distribution and in situ activity of these important microbial groups 

that control global methane emissions. 
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Abstract 

Achromatium is the largest freshwater bacterium known to date and easily recognized by conspicuous 

calcite bodies filling the cell volume. Members of this genus are highly abundant in diverse aquatic 

sediments and may account for up to 90% of the bacterial biovolume in the oxic-anoxic interfaces. The 

high abundance implies that Achromatium is either rapidly growing or hardly prone to predation. As 

Achromatium is still uncultivated and does not appear to grow fast, one could assume that the cells 

might escape predation by their unusual shape and composition. However, we observed various 

members of the meiofauna grazing or parasitizing on Achromatium. By microphotography, we 

documented amoebae, ciliates, oligochetes and plathelminthes having Achromatium cells ingested. 

Some Achromatium cells harboured structures resembling sporangia of parasitic fungi (chytrids) that 

could be stained with the chitin-specific dye Calcofluor White. Many Achromatia carried prokaryotic 

epibionts in the slime layer surrounding the cells. Their regular distribution over the cell might indicate 

that they are commensalistic rather than harming their hosts. In conclusion, we report on various 

interactions of Achromatium with the sediment community and show that although Achromatium cells 

are a crispy diet, full of calcite bodies, predators do not spare them. 
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Abstract 

Achromatium oxaliferum is a large sulfur bacterium easily recognized by large intracellular calcium 

carbonate bodies. Although these bodies often fill major parts of the cells’ volume, their role and 

specific intracellular location are unclear. In this study, we used various microscopy and staining 

techniques to identify the cell compartment harboring the calcium carbonate bodies. We observed that 

Achromatium cells often lost their calcium carbonate bodies, either naturally or induced by treatments 

with diluted acids, ethanol, sodium bicarbonate and UV radiation which did not visibly affect the overall 

shape and motility of the cells (except for UV radiation). The water-soluble fluorescent dye fluorescein 

easily diffused into empty cavities remaining after calcium carbonate loss. Membranes (stained with 

Nile Red) formed a network stretching throughout the cell and surrounding empty or filled calcium 

carbonate cavities. The cytoplasm (stained with FITC and SYBR Green for nucleic acids) appeared 

highly condensed and showed spots of dissolved Ca2+ (stained with Fura-2). From our observations, we 

conclude that the calcium carbonate bodies are located in the periplasm, in extra-cytoplasmic pockets 

of the cytoplasmic membrane and are thus kept separate from the cell's cytoplasm. This periplasmic 

localization of the carbonate bodies might explain their dynamic formation and release upon 

environmental changes. 
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Abstract 

Achromatium is large, hyperpolyploid and the only known heterozygous bacterium. Single cells contain 

approximately 300 different chromosomes with allelic diversity far exceeding that typically harbored 

by single bacteria genera. Surveying all publicly available sediment sequence archives, we show that 

Achromatium is common worldwide, spanning temperature, salinity, pH, and depth ranges normally 

resulting in bacterial speciation. Although saline and freshwater Achromatium spp. appear 

phylogenetically separated, the genus Achromatium contains a globally identical, complete functional 

inventory regardless of habitat. Achromatium spp. cells from differing ecosystems (e.g. from freshwater 

to saline) are, unexpectedly, equally functionally equipped but differ in gene expression patterns by 

transcribing only relevant genes. We suggest that environmental adaptation occurs by increasing the 

copy number of relevant genes across the cell’s hundreds of chromosomes, without losing irrelevant 

ones, thus maintaining the ability to survive in any ecosystem type. The functional versatility of 

Achromatium and its genomic features reveal alternative genetic and evolutionary mechanisms, 

expanding our understanding of the role and evolution of polyploidy in bacteria while challenging the 

bacterial species concept and drivers of bacterial speciation. 
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Abstract 

Seagrasses are one of the most efficient sinks of carbon dioxide on Earth1: They bury carbon 35 times 

faster than tropical rainforests on a per unit area basis2. While we know that carbon sequestration in 

terrestrial plants is intimately linked to the microorganisms living in their soils3-6, the interactions of 

seagrasses with their rhizospheres are poorly understood. We show that three seagrass species from two 

oceans excrete simple sugars, mainly sucrose, into their rhizosphere that accumulate to over 200 µM. 

Such high concentrations are at least 80 times higher than previously observed in the ocean, and 

surprising, as sugars are quickly consumed by microorganisms. In situ analyses and incubation 

experiments indicated that phenolic compounds from the seagrass inhibited microbial consumption of 

sucrose. Metagenomic and metatranscriptomic analyses of the microbial communities in the seagrass 

rhizosphere revealed that many members had the genes for degrading sucrose, but these were only 

expressed by a few specialists that also expressed genes for degrading phenolics. Our results explain 

why sucrose accumulates under seagrass meadows, where it comprises as much as 40% of the dissolved 

organic carbon. Destruction of extant seagrass canopies would allow sediment microorganisms to 

consume the tremendous deposits of sucrose buried underneath their meadows, thereby releasing large 

amounts of CO2 into the oceans and atmosphere. 
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