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Summary 
In deep sediment layers, geothermal heat degrades organic matter into a complex mix 

of hydrocarbons. These compounds migrate towards the sediment surface, where a rich 

microbial community of anaerobic and aerobic microorganisms oxidizes them. 

Microorganisms involved in anaerobic alkane oxidation have been identified for most 

compounds. However, the anaerobic oxidation of the second most abundant alkane, ethane, 

was unexplored. This thesis aimed to cultivate an anaerobic ethane oxidizer and extend our 

understanding of the anaerobic oxidation of ethane. 

In this work, an ethane-degrading thermophilic archaeon was cultured and named 

"Candidatus Ethanoperedens thermophilum" (Chapter 2). Using metagenomic, 

transcriptomic, and metabolomic data, Ca. E. thermophilum was shown to activate ethane 

using a methyl-coenzyme M reductase (MCR) homolog. Ethane is completely oxidized to CO2, 

and electrons are passed to the sulfate-reducing partner bacterium. In a fluorescence in-situ 

hybridization (CARD-FISH) study, ethanotrophs were detected at various hydrocarbon 

seepage sites. 

In chapter 3, a modified mRNA-FISH protocol was developed to analyze activity 

dynamics in spatially segregated consortia. Tetra-labeled oligonucleotide probes were used to 

target the mRNA of the metabolic key enzyme of the ethanotroph, ethyl-coenzyme M reductase 

(ECR). With this method, activity differences were shown and appear to be dependent on the 

position in the archaeal monospecies cluster and distance from the nearest partner cell.  

Chapter 4 describes the structural characterization of the ethane-specific MCR 

homolog from Ca. E. thermophilum. The first structure of a non-canonical MCR showed many 

sophisticated differences from canonical MCR structures, and the enzyme was named 

ethyl-coenzyme M reductase after its presumed function. The ECR contains a novel 

dimethylated F430-cofactor and has many amino acid substitutions at the active site building a 

widened catalytic chamber. Additionally, large insert regions form loops at the enzyme surface, 

marking the entry to a hydrophobic tunnel that leads ethane to the catalytic chamber. 

This study forms the base for understanding enzymes involved in the anaerobic 

oxidation of ethane and a potential future biotechnological application.  
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Zusammenfassung  
In tiefen Sedimentschichten werden durch geothermische Wärme organische Stoffe zu 

einem komplexen Mix von Kohlenwasserstoffen abgebaut. Diese Verbindungen wandern zur 

Sedimentoberfläche, wo sie von einer diversen mikrobiellen Gemeinschaft oxidiert werden 

können. Mikroorganismen die in anaerobe Alkanoxidation involviert sind wurden für die 

meisten Verbindungen identifiziert. Die anaerobe Oxidation des zweithäufigsten Alkans, 

Ethan, war jedoch bisher unerforscht. Ziel dieser Arbeit war es, einen anaeroben Ethanoxidierer 

zu kultivieren und unser Verständnis der anaeroben Oxidation von Ethan zu erweitern. 

In dieser Arbeit konnte ein ethanabbauendes thermophiles Archaeon kultiviert werden 

und erhielt den Namen „Candidatus Ethanoperedens thermophilum“ (Kapitel 2). Mit Hilfe 

von Metagenomik-, Transkriptomik- und Metabolitdaten wurde gezeigt, dass Ca. E. 

thermophilum Ethan mit Hilfe eines Methyl-Coenzym M Reduktase- (MCR) Homologs 

aktiviert. Ethan wird vollständig zu CO2 oxidiert und die Elektronen an das sulfatreduzierende 

Partnerbakterium weitergegeben. In einer Fluoreszenz in-situ Hybridisierung (CARD-FISH) 

basierten Untersuchung wurden die ethanotrophe Archaeen an verschiedenen 

Kohlenwasserstoffsickerstellen nachgewiesen. 

In Kapitel 3 wurde ein modifiziertes mRNA-FISH Protokoll entwickelt um die 

Aktivitätsdynamik in räumlich getrennten Konsortien zu analysieren. Es wurden 

vierfach-markierte Oligonukleotidsonden wurde verwendet, die spezifisch an die mRNA des 

metabolischen Schlüsselenzyms Ethyl-Coenzym M Reduktase (ECR) der ethanotrophen 

Archaeen binden. Mit dieser Methode wurden Aktivitätsunterschiede abhängig von der 

Position der Archaeen in den Konsortien und der Entfernung zur nächsten Partnerzellen 

gezeigt.  

Kapitel 4 beschreibt die strukturelle Charakterisierung des ethanspezifischen MCR-

Homologs aus Ca. E. thermophilum. Die erste Struktur einer nicht-kanonischen MCR zeigte 

viele ausgefeilte Unterschiede zu kanonischen MCR-Strukturen. Das Enzym wurde nach seiner 

vermuteten Funktion Ethyl-Coenzym M Reduktase (ECR) benannt. Die ECR enthält einen 

neuartigen dimethylierten F430-Kofaktor. Sie weist zahlreiche Aminosäuresubstitutionen am 

aktiven Zentrum auf, die für eine vergrößerte katalytische Kammer, im Vergleich zur 

kanonischen MCR, verantwortlich sind. Zusätzlich bilden große Insertionsbereiche Schleifen 

an der Außenseite des Enzyms, die den Eingang zu einem hydrophoben Tunnel markieren, der 

Ethan in die katalytische Kammer führt.  
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Diese Studie bildet die Grundlage für das Verständnis von Enzymen, die an der 

anaeroben Oxidation von Ethan beteiligt sind, sowie für eine mögliche zukünftige 

biotechnologische Anwendung.      
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Chapter 1 

Introduction 
  

1.1 Natural hydrocarbons and their impact on climate 
Natural hydrocarbon seeps can be found throughout the oceans, mostly along 

continental margins, forming crucial deep-sea habitats (German et al. 2011). The main 

processes leading to the formation of hydrocarbons in the subsurface sediments are microbial 

transformations and the thermocatalytic decay of organic matter. Microbial transformation 

happens in anoxic subsurface sediments, where microorganisms degrade and ferment 

recalcitrant organic material. These processes leave behind simple molecules like organic 

acids, H2, and CO2 that methanogenic archaea can use to form methane (Zinder 1993, Thauer 

et al. 2008). In anoxic sediments with low concentrations of sulfate, nitrate, Mn(IV), or Fe(III), 

methane is a significant end product that migrates towards the upper sediment layers (Thauer 

et al. 2008). Geothermal activity drives thermocatalytic decay. At temperatures greater than 

100°C, complex organic matter is transformed and broken down, resulting in the release of 

various alkanes and other hydrocarbons that can migrate to the surface (Mahlstedt, 2018). 

Dissolved methane can form methane hydrates, a type of water ice with trapped gaseous 

hydrocarbons, and its stability is controlled by temperature, pressure, and methane 

concentration (Kvenvolden 1993, Kvenvolden 1995). The formation of these gas hydrates can 

only occur when the bottom water temperature is below ~2°C, and water depth exceeds ~300 

m (Kvenvolden 1995). In deep subsurface sediments, the temperature rises, and therefore gas 

hydrates are only stable from the seabed to the melting depth. This area is called the “hydrate 

stability zone.” The carbon isotopic composition of gas hydrates determines the origin of 

methane. The methane of biogenic origin has δ13C values < -60‰, whereas thermogenic 

methane has δ13C values > -60‰ (Bernard et al. 1976). While gas hydrates of biogenic origin 

contain almost exclusively methane (> 99%), gas of thermogenic origin forms hydrates with 

more significant portions of C2+-alkanes like ethane, propane, butane, and pentane (Sassen et 

al. 2004, Lu et al. 2007, Norville and Dawe 2007). These more complex hydrates are more 

stable than pure methane hydrates and can contain > 24% C2+- alkanes, dominated by ethane, 

but also contain substantial amounts of propane and butane (Lu et al. 2007).
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 The majority of the gaseous hydrocarbons migrating to the surface either end up as gas 

hydrates or get degraded by the microbial community within the sediment (Judd 2004). 

Hydrocarbons that escape from the seabed in large bubbles mostly disperse in the water column 

and oxidize there (Grant and Whiticar 2002). Therefore, natural hydrocarbon emission to the 

atmosphere from these natural sources is relatively low (Etiope and Klusman 2002, Etiope and 

Ciccioli 2009). With deep ocean temperatures increasing due to climate change, the 

temperature-sensitive gas hydrates destabilize (Archer et al. 2009). As a result, fewer 

hydrocarbons will be trapped in gas hydrates in the future. Additionally, the outburst from the 

destabilized gas hydrates will have a strong short-term effect. Models suggest an additional 

temperature increase of 0.5 – 0.6°C connected to gas hydrate release if the earth's climate 

increases by 3°C (Archer et al. 2009).  

The main climate-active gas released from natural seeps is methane. Methane, after 

carbon dioxide, is the second most important anthropogenic greenhouse gas and has a global 

warming potential (GWP) of 25 (Boucher et al. 2009). It has a short lifetime in the atmosphere 

of only 10 years, but the oxidation to CO2 causes a long-term effect. Also, the C2+ alkanes are 

relevant for the climate if they reach the atmosphere, foremost ethane is essential in this context 

(Forster et al. 2007). Ethane is the non-methane hydrocarbon with the most extended lifetime 

in the atmosphere. It has a moderate direct climate effect but more substantial indirect effects, 

leading to a GWP of 5.5 – 10 (Thompson et al. 2003, Forster et al. 2007, Hodnebrog et al. 

2018). Understanding seep dynamics is of great importance regarding the potential climate 

effects and the native microbial community is a crucial part of regulating the natural 

hydrocarbon emission. 

 

1.2 Cold seep and hydrothermal vent systems 
The areas where natural hydrocarbons emerge to the seabed are called seeps or vents, 

and they form oasis-like ecosystems at the seafloor. In general, we differentiate between cold 

seeps and hydrothermal vents. Marine cold seeps are located in the hydrate stability zone and, 

as the name indicates, release cold fluids enriched in hydrocarbons. At active plate margins, 

deep geothermal activity fuels cold seeps with thermogenic compounds that migrate to the 

surface (Suess 2020). At passive continental margins, overpressure and changes in sediment 

permeability can lead to the release of hydrocarbon-rich fluids (Suess 2014). In addition, 

destabilization of gas hydrates and buried organic-rich sediments can fuel cold seep 

environments (Römer et al. 2014, Skarke et al. 2014, Wallmann et al. 2018). A well-studied 
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cold seep site at an active plate margin with large gas hydrate deposits along the hydrate 

stability limit is the Cascadia margin off Oregon (Bohrmann et al. 1998, Sahling et al. 2002). 

The complex gas hydrates in the Cascadia margin are of thermogenic origin, and the two main 

components are methane and ethane with 75.36% and 11.41%, respectively (Lu et al. 2007). 

Other important constituents are propane with 5.66% and butane and iso-butane with 2.11 and 

1.22, respectively (Lu et al. 2007).  

The Gulf of Mexico is a well-studied site for passive margin seeps and is generated 

from underlying salt strata (Suess 2020). Salt domes push through the deep sediments and 

facilitate the migration of fluids and liquid hydrocarbons to the surface. Deep reservoirs build 

up immense pressure, causing the rise of hydrocarbons to the seafloor surface, where they are 

emitted as gas flares and natural oil spills. As most deep deposit-fueled seep sites, the Gulf of 

Mexico is a cold seep with temperatures of 2 – 4°C. At locations where oil reaches the surface, 

it has a lava-like flow and solidifies quickly, covering the surrounding area with a brittle asphalt 

layer (Brüning et al. 2010). Complex gaseous hydrocarbons of thermogenic origin accompany 

the oil seeps and form gas hydrates (Sahling et al. 2016). The Gulf of Mexico cold seeps offer 

a great variety of short and long hydrocarbons that emerge to the surface.   

If geothermal activity leads to the emission of fluids with elevated temperatures, the 

resulting structures are called hot seep or hydrothermal vents. Hydrothermal vents occur at 

seafloor spreading zones with magma chambers 1 – 3 kilometers beneath the surface (Kelley 

et al. 2002, German et al. 2004). The Mid-Atlantic Ridge and the Arctic Mid-Ocean Ridge are 

slow or ultra-slow spreading zones, respectively, and harbor extensive and long-lived 

hydrothermal vent systems (Rona et al. 1986, Pedersen et al. 2010). These hydrothermal vents 

release hot fluids of up to 320°C, enriched in reduced compounds attracting rich deep-sea fauna 

(Pedersen et al. 2010, Baumberger et al. 2016). The sea floor surrounding the vents is covered 

by basalt and basically sediment-free, limiting the microbial communities to the basalt surface 

and cracks (Rona et al. 1986, Steen et al. 2016).   

The Guaymas Basin's hydrothermal vents in the Gulf of California are a well-studied 

example of a heated hydrocarbon seep with diverse and rich microbial sediment communities 

(Figure 1-1). The Guaymas Basin is a young marginal rift basin showing active seafloor 

spreading. High riverine sediment fluxes and productive surface waters cause a substantial 

deposition of organic matter (Lonsdale and Becker 1985). This deposition leads to a thick layer 

of organic-rich sediment atop the spreading center. High pressure and temperatures of 200 – 

300°C quickly transform buried organic matter into diverse hydrocarbons (Teske and Carvalho 

2020). The temperature gradient is steep in the surface sediments, reaching temperatures above 
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>80°C within 50 cm below the surface (Teske et al. 2021). The sharp temperature gradient 

limits the habitable zone for microorganisms, and rising hot fluids require regular 

recolonization of sediments exposed to the hot fluids. The microorganisms in these zones are 

thermophilic or thermotolerant, and some of them specialize in the use of methane and other 

alkanes (Teske and Carvalho 2020).   

 
Figure 1-1 Concept sketch of Guaymas Basin hydrothermal vent system. Deep spreading center fuels 
thermocatalytic decay of hydrocarbons that migrate towards the surface. The axial hydrothermal area is subjected 
to hot fluids combined with concentrations of complex thermogenic hydrocarbons. Organic rich sediment layer 
harbors diverse microbial communities. Transferred from Teske and Carvalho (2020).  

 

1.3 Discovery and metabolism of anaerobic oxidation of methane 
Methane migrating from deeper layers of the sediment is oxidized with sulfate 

migrating from the water column. Geochemical analysis of methane-rich sediments had 

predicted the presence of this process already in the 1970s (Barnes and Goldberg 1976, 

Reeburgh 1976). These zones of mutual depletion of sulfate and methane are called 

sulfate-methane transition zone (SMTZ). The underlying reactions were measured using 

radiolabeled methane and sulfate tracers, and the process was called anaerobic oxidation of 

methane (AOM) (Hinrichs et al. 1999, Boetius et al. 2000).  



  Introduction 

5 
 

In 1980 a study showed that 2-bromoethanesulfonic acid (BES), an inhibitor of 

methanogenesis, inhibits anaerobic methane oxidation. This finding raised the idea that 

organisms related to methanogens could perform AOM (Zehnder and Brock 1980). Later it 

was suggested that symbiotic consortia of methanogen-like organisms and sulfate-reducing 

bacteria that exchange molecular intermediates such as hydrogen perform AOM (Hoehler et 

al. 1994). It took a few more years until 16S rRNA gene sequences identified a distinct branch 

within the methanogens, the ANME-1 archaea, as a likely candidate for the methane oxidation 

in sediments (Hinrichs et al. 1999). Additionally, the same study found a single sequence of a 

second methanogen-related organism, later identified as ANME-2 (Hinrichs et al. 1999). Using 

fluorescence in-situ hybridization (FISH) with specific probes for ANME-2 and 

sulfate-reducing bacteria (SRB) of the branch Desulfosarcina/Desulfococcus, consortia of 

these organisms were visualized in hydrocarbon-rich sediments, indicating that those are 

responsible for the sulfate dependent AOM (Boetius et al. 2000). These consortia can represent 

>90% of the microbial community in layers of SMTZ of active seep sites (Boetius et al. 2000, 

Orphan et al. 2001, Michaelis et al. 2002). This finding makes AOM consortia a crucial part of 

seep communities and a significant methane sink in anoxic environments (Knittel et al. 2005, 

Niemann et al. 2006). 

Phylogenetically, anaerobic methanotrophic archaea (ANME) are divided into the 

polyphyletic groups ANME-1, ANME-2 and ANME-3 within the class of Methanomicrobia 

(Knittel and Boetius 2009). The ANME-1 linage belongs to the recently defined order Ca. 

Methanophagales, whereas the ANME-2 and ANME-3 belong to the order of 

Methanosarcinales (Adam et al. 2017). All ANME archaea use a reversed version of the 

methanogenesis pathway, with the key enzyme methyl-Coenzyme M reductase (MCR), 

mediating the initial binding of methane to the Coenzyme M (Figure 1-2). The methyl group 

is transferred to tetrahydromethanopterin (H4MPT) by the Na+-translocating methyl-H4MPT 

coenzyme M methyltransferase (MTR). In the next step, the methyl-tetrahydromethanopterin 

is oxidized to methylene-tetrahydromethanopterin. In all methanogens and ANME-2, the 

enzyme F420-dependent methylene-H4MPT reductase (MER) catalyzes this step. ANME-1 

genomes lack the mer gene. Instead, the N5,N10-methylene-tetrahydrofolate (metF), acquired 

by horizontal gene transfer from bacteria, mediates this step (Meyerdierks et al. 2010, 

Krukenberg et al. 2018). From there on, the substrate is further oxidized in the reverse 

methanogenesis pathway, and finally, CO2 is released (Figure 1-2).  

AOM has a meager energy yield close to the bare minimum that allows microbial life 

(Thauer 2011). The low energy yield results in doubling times of 7 months for these organisms 
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(Nauhaus et al. 2002, Nauhaus et al. 2007). The energy yield of sulfate-dependent AOM under 

standard conditions is -21 kJ/mol of methane, which equals less than 2 generated ATPs per 

oxidized methane (Scheller et al. 2010, Thauer 2011). Energy conservation in ANME archaea 

is driven by electron flow-dependent H+ and Na+ pumps, creating gradients that fuel ATPases 

(Figure 1-3C). The Na+ gradient is also required for methyl group transfer from the Coenzyme 

M to tetrahydromethanopterin by the MTR (Evans et al. 2019). The F420H2 dehydrogenase 

(FPO) drives the H+ gradient. The Na+-translocating ferredoxin–NAD oxidoreductase (RNF) 

maintains the sodium gradient in ANME-2. Gene sequences for this enzyme have also been 

found in the strain ANME-1-THS but are missing in other ANME-1 genomes (Krukenberg et 

al. 2018, Borrel et al. 2019). Energy conserving hydrogenases are crucial for hydrogenotrophic 

methanogens, but for AOM they are not required and consequently not found in ANME 

genomes (Thauer 2011, Krukenberg et al. 2018). Some [FeFe]-hydrogenases were described 

in ANME-1 genomes but lack the active site features essential for hydrogenase activity 

(Meyerdierks et al. 2010, Thauer 2011, Wang et al. 2019). All genomic studies of ANME-1 

and ANME-2 rely on incomplete metagenome-assembled genomes (MAGs), and no closed 

genome of an MCR-dependent alkanotrophic archaeon has been published yet. 

AOM is not limited to sulfate reduction as electron-sink but can also use alternative 

electron acceptors (Figure 1-2). In a bioreactor incubation with sediments from a Dutch 

channel, a new clade distantly related to ANME-2 coupled AOM to nitrate reduction 

(Raghoebarsing et al. 2006). This new clade was named AOM-associated archaea (AAA) and 

later renamed ANME-2d, despite its polyphyletic relationship to the other ANME-2 clades 

(Knittel and Boetius 2009, Haroon et al. 2013). However, the name ANME-2d was initially 

used for environmental sequences from the hydrocarbon seeps in the Gulf of Mexico (Mills et 

al. 2003, Mills et al. 2004, Mills et al. 2005, Martinez et al. 2006). The phylogenetic clade 

formed by these sequences was later renamed GoM-Arc1 (Lloyd et al. 2006). I will use ANME-

2d for the mostly limnic methanotrophs that perform nitrate- or metal-dependent AOM and 

GoM-Arc1 for marine archaea found at various seep sites. These two groups are 

phylogenetically distinct and represent sister lineages within the order of Methanosarcinales 

(Knittel and Boetius 2009). The first described ANME type species was Ca. Methanoperedens 

nitroreducens from the ANME-2d linage. It harbors a complete reverse methanogenesis 

pathway and genes for reducing nitrate to nitrite acquired by horizontal gene transfer (Haroon 

et al. 2013). Consequently, the ANME-2d lineage was renamed to Ca. Methanoperedenaceae. 

The Ca. Methanoperedenaceae family is metabolically diverse and contains the first described 
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organisms to perform AOM coupled to iron and manganese reduction (Ettwig et al. 2016, Cai 

et al. 2018, Leu et al. 2020).  

 
Figure 1-2 Current understanding of metabolic pathway of methanotrophic archaea. ANME cells (blue rectangle) 
use the reverse methanogenesis pathway to oxidize methane to CO2 fully. Reverse methanogenesis has been 
shown for the clades ANME-1, ANME-2abc, Ca. Methanoperedens (ANME-2d) and ANME-3. There is still 
limited genomic and physiological knowledge of ANME-3, so it will not be further mentioned. Circles within 
enzyme complexes mark genes present in ANME-2 genomes; crosses mark genes present in ANME-1. Enzymes 
with a cross and circle are present in all methanotrophs. ANME-1 uses metF instead of Mer. ANME-2d couples 
AOM to the reduction of nitrate, iron, and manganese. Sulfate-reducing bacteria (yellow rectangle) use reducing 
equivalents from AOM for the reduction of sulfate. Modified from Evans et al. (2019). 

 

1.4 Syntrophy in sulfate-dependent AOM 
ANME archaea lack genes for dissimilatory sulfate reduction, and for sulfate-dependent 

AOM, they require sulfate-reducing partner bacteria (SRB). Different SRB, mainly from the 

Deltaproteobacteria, have been identified, but factors determining the phylogenetic 

composition of consortia are not fully understood yet. The phylogenetic affiliation of SRB in 

consortia seems to depend on two main factors, temperature and nutrient exchange, i.e., 

diazotrophic capability (Holler et al. 2011, Green-Saxena et al. 2014, Krukenberg et al. 2018, 

Metcalfe et al. 2021). The deep branching deltaproteobacterial species Ca. Desulfofervidus 

auxilii is the dominant SRB partner strain in geothermally heated seep environments and high-
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temperature incubations (>50°C) (Krukenberg et al. 2016, Wegener et al. 2016). In cold and 

moderate seep environments, the diversity of partner bacteria is much broader. Most SRB at 

these hydrocarbon seeps are affiliated to Desulfosarcina/Desulfococcus (DSS, SEEP-SRB1) or 

the deep branching SEEP-SRB2 (Kleindienst et al. 2012). Patterns in the co-occurrence of 

ANME-2b and SEEP-SRB1g were linked to the diazotrophic activity of the bacterial partner 

(Metcalfe et al. 2021). This finding proposes nutrient exchange as an essential factor for pairing 

(Metcalfe et al. 2021). ANME-3 has so far mostly been detected with partner cells from 

Desulfobulbus/Desulforhopalus (Niemann et al. 2006, Lösekann et al. 2007). ANME-1 and 

ANME-2a/c predominantly pair with SEEP-SRB1a and SEEP-SRB2 (Schreiber et al. 2010, 

Kleindienst et al. 2012). Despite indications for specific nutrient exchange in this syntrophy, 

factors determining the pairing of alkanotrophic bacteria and SRB remain unknown. 

AOM consortia organize in different ways. Often ANME and SRB appear segregated 

in different zones within the consortia (Figure 1-3A). However, mixed consortia or individual 

ANME cells without apparent partner bacteria have also been found (Knittel et al. 2005, Knittel 

and Boetius 2009). To allow energy-yielding methanotrophy, reducing equivalents liberated 

by the methanotrophs need to be neutralized. In sulfate-dependent AOM, the SRB consume 

the reducing equivalents in the reduction of sulfate to sulfide. The molecular mechanisms 

underlying the reducing equivalent exchange within AOM consortia are not resolved yet. It has 

been speculated that the partner organisms exchange intermediate substrates via diffusive flux, 

but for most compounds maintaining the gradient would reduce the energy gain too much to 

make it a feasible process (Sørensen et al. 2001). Additionally, none of these possible 

intermediates was measured in AOM enrichment cultures (Nauhaus et al. 2002). The addition 

of different potential intermediates like colloidal sulfur, carbon monoxide, methyl sulfide, 

methanol, acetate, or formate to AOM cultures did not yield a response by the partner organism, 

indicating that these intermediates are not relevant for the transfer in the consortium (Wegener 

et al. 2015). Considering these studies, an exchange of reducing equivalents via intermediates 

is unlikely. The most widely accepted theory suggests direct interspecies electron transfer 

(DIET) between the methanotrophs and their partner bacteria. Both partner organisms highly 

express extracellular cytochromes (Krukenberg et al. 2018). In addition, pili-based 

nanowire-like structures may facilitate the electron transfer (Figure 1-3B) (Wegener et al. 

2015). Models for electric conductivity between the syntrophic partners considering 

intermixing and distance between cells are most fitting to observed activities (McGlynn et al. 

2015, He et al. 2019, He et al. 2021). Alternatively, the ANME archaea might be incomplete 

sulfate reducers themselves. In this hypothesis, the partner disproportionate zero-valent sulfur 
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(Milucka et al. 2012). The only SRB partner bacterium isolated so far, the thermophilic 

Deltaproteobacterium Ca. Desulfofervidus auxilii, is an obligate sulfate reducer. Ca. 

Desulfofervidus auxilii is incapable of elemental sulfur metabolism, indicating that, at least for 

thermophilic environments, the second theory is unlikely (Krukenberg et al. 2016). So far, no 

proliferating culture performing sulfate-dependent AOM has been established in which ANME 

cells thrive without partners, suggesting an obligate syntrophy. 

 
Figure 1-3 Direct electron transfer in AOM consortia and model for energy conservation in ANME-2. A 
Fluorescence micrograph of ANME-2 (red, ANME-2-538) and the sulfate-reducing partner (green, DSS658) in a 
segregated consortium. Scale bar 10 µm. Transferred from Wegener et al. (2016). B Micrograph of a thin section 
of ANME-1 cells (A) and Hot-Seep-1 cells (H) surrounded by nanowire structures. Scale bar 300 nm. Transferred 
from (Wegener et al. 2015). C Simplified scheme for energy conservation and electron transfer from ANME-2a-c 
to the sulfate-reducing partner bacterium. Reducing equivalents from methane oxidation are generated through 
the methyl branch of the Wood–Ljungdahl pathway. They are deposited in the membrane-bound 
methanophenazine pool (Mp/MpH2) by the enzymes Hdr, Fpo, and Rnf that oxidize CoM-SH/CoB-SH, F420H2, 
and Fdred, respectively. CoB-SH and CoM-SH are reduced by MCR and MTR, respectively (reaction not shown). 
The electrons are transported by multiheme c-type cytochromes (orange) from MpH2 to the syntrophic partner. 
Modified from (McGlynn et al. 2015). Image idea adapted from Scheller et al. (2020).  
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1.5  Chemistry of bacterial anaerobic alkane activation 
 

Alkanes are saturated hydrocarbons. Linear alkanes are called n-alkane and have the 

general formula CnH2n+2. The similar electronegativity of hydrogen (2.20) and carbon (2.55) 

causes the formation of non-polar σ-bonds, making the compounds very stable and unreactive 

at low temperatures (Wilkes et al. 2020). Organisms have to perform a homolytic cleavage of 

a C-H or a C-C bond to create an alkyl radical that is accessible. For the homolytic cleavage, 

cells have to invest substantial amounts of energy, known as the homolytic bond dissociation 

energy (McMillen and Golden 1982). The cleavage of terminal C-H bonds requires more 

significant energy than the cleavage of subterminal C-H bonds since the required energy is 

linked to the stability of the formed radical (Wilkes et al. 2020). Therefore, the smallest 

n-alkanes, methane and ethane, which do not contain subterminal C-H bonds, are especially 

hard to metabolize. 

Aerobic alkanotrophs perform an oxygen-dependent radical reaction to hydroxylate the 

alkanes, forming alcohols as primary intermediates. Such reactions are not possible in the 

absence of molecular oxygen. Hence, for long time alkanes were believed to be inert in anoxic 

sediments. The first anaerobic hydrocarbon-degrading bacteria were isolated in the 1990s 

(Aeckersberg et al. 1991). In the following years, various cultures on various alkanes were 

established. The so-far best-known pathway for the anaerobic alkane activation is the addition 

to fumarate. This process has been demonstrated for n-alkanes ranging from C3 to C20. The 

reaction is mediated by enzymes from the pyruvate formate lyase family called 

(1-methylalkyl)succinate synthase (MAS) or alternatively alkylsuccinate synthase (ASS) 

(Grundmann et al. 2008, Callaghan et al. 2010). In this reaction, the alkane is activated at the 

secondary carbon atom by a glycyl radical reaction in the catalytic subunit masD/assA and then 

added to fumarate, yielding a (1-methylalkyl) succinate (Rabus et al. 2001). Subsequently, the 

(1-methylalkyl)succinate is transferred to a coenzyme A (CoA), yielding 

(1-methylalkyl)succinyl-CoA. (1-methylalkyl)succinyl-CoA is rearranged to 

(2-methylalkyl)malonyl-CoA and finally decarboxylated to (R)-4-methyloctanoyl-CoA, which 

is then subjected to ß-oxidation, yielding acetyl-CoA and (R)- 2-methylhexanoyl-CoA (Wilkes 

and Rabus 2020). In the well-studied hexane oxidation, the 2-methylhexanoyl-CoA would be 

epimerized and degraded in two more rounds of ß-oxidation to two acetyl-CoA and one 

propionyl-CoA. This case yields a total of three acetyl-CoA that can be introduced to the TCA 

cycle and a propionyl-CoA that can be used to regenerate fumarate (Wilkes et al. 2002).  
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The activation does not happen in all instances at the subterminal carbon. In the case of 

propane, activation of the terminal carbon was demonstrated with an estimated activation rate 

of 30% at the terminal and 70% at the subterminal carbon (Kniemeyer et al. 2007, Jaekel et al. 

2014). Activation of methane or ethane by addition to fumarate has been suggested, but 

microorganisms performing such reactions are not known (Thauer and Shima 2008). Alkane 

activation by addition to fumarate only occurs in the realm of Bacteria except for the archaeon 

Archaeoglobus fulgidus strain VC-16 (Khelifi et al. 2014). Archaeoglobus fulgidus is a 

hyperthermophilic sulfate reducer that most likely acquired its alkane oxidation genes via 

horizontal gene transfer from bacteria. Organisms can perform this process with diverse 

electron acceptors, including sulfate, nitrate, manganese, and ferric iron, but can also grow 

under methanogenic conditions (Zengler et al. 1999, Weelink et al. 2009, Widdel et al. 2010, 

Berdugo-Clavijo and Gieg 2014, Embree et al. 2014). In marine seep environments, sulfate-

reducing bacteria of the class Deltaproteobacteria are the key players in alkane activation by 

addition to fumarate (Acosta-González et al. 2013, Kleindienst et al. 2014, Stagars et al. 2016).  

An alternative mechanism for bacterial alkane activation is the anaerobic hydroxylation 

described for the Deltaproteobacterium Desulfococcus oleovorans strain Hxd3 (Aeckersberg 

et al. 1998). Instead of adding two carbon atoms, like in the addition to fumarate, the n-alkane 

activation in D. oleovorans indicated the carboxylation of one carbon atom (Aeckersberg et al. 

1998, Wilkes and Rabus 2020). When growing D. oleovorans on alkanes with odd carbon 

numbers, it produces even-numbered fatty acids (Aeckersberg et al. 1998). In the proposed 

pathway, a putative alkane hydroxylase (AHY) introduces a hydroxyl group to the subterminal 

carbon, yielding alkane-2-ols (Heider et al. 2016). Subsequently, the substrate is 

dehydrogenated and carboxylated at the tertiary carbon and then transferred to coenzyme A, 

resulting in a 2-acetylalkanoate-CoA that is subjected to ß-oxidation. This pathway needs 

further research, and little is known about its environmental importance for n-alkane oxidation 

(Shou et al. 2021). 

 

1.6  Chemistry of archaeal anaerobic alkane activation 
Archaea developed a completely different strategy to attack n-alkanes. As described 

before, they use a reverse version of the well-described methanogenesis pathways that can run 

bi-directional due to the relatively flat energy profile of all of its intermediates (Thauer 2011, 

Scheller et al. 2020). The overall mechanism is well-studied in methane formation by 

methanogens, but our experimental data of methanotrophic MCR is still limited. In contrast to 
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the glycyl radical reaction described for bacterial alkane activation, methanotrophic archaea 

use organometallic chemistry to cleave methane's particularly strong C-H bond. The crucial 

enzyme carrying out this initial challenging step is the MCR (Figure 1-4A). The MCR of 

methanogens and methanotrophs is highly conserved (Knittel and Boetius 2009, Shima et al. 

2012, Wagner et al. 2017). Therefore, it was expected that MCR should have the capability to 

work bi-directional. Indeed, it was shown that MCR from a methanogen is capable of methane 

oxidation at rates observed for AOM (Scheller et al. 2010).  

Investigations of pink Black Sea mats containing relatively homogenous populations of 

ANME-1 cells led to the first structural description of a methanotrophic MCR (Shima et al. 

2012). The acquired ANME-1 MCR crystal structure showed a resolution of 2.1Å, giving 

detailed insights into the biochemical properties of archaeal methane oxidation (Shima et al. 

2012). The ANME-1 MCR complex has a size of 300 kDa, consisting of a compact 

heterohexameric structure (αβγ)2 that is virtually identical to methanogenic MCR (Ermler et 

al. 1997, Grabarse et al. 2001, Scheller et al. 2020). ANME-1 archaea contain a methylthio-

F430-cofactor instead of the classical F430-cofactor, but this alteration does not seem crucial for 

methane activation since ANME-2 cells have a classical F430-cofactor (Figure 1-4B) (Mayr et 

al. 2008). Also, the active site in ANME-1 MCR is highly similar to the active site of 

methanogens. The only difference are five additional cysteine residues that might be used as a 

redox-relay system for the re-activation to the Ni(I) state (Prakash et al. 2014). These 

observations led to the conclusion that methanogenic and methanotrophic MCR uses the same 

catalytic mechanism.  

 MCR with its nickel F430-cofactor can catalyze the challenging methane oxidation by 

converting methane and the CoM-S-S-CoB disulfide to a methyl-thioether (methyl-S-CoM) 

and a thiol (HS-CoB) (Figure 1-4C). However, the exact catalytic mechanism of this reaction 

is still disputed (Scheller et al. 2020). So far, the reaction could not be reproduced in laboratory 

experiments, but two main theories explain the chemistry behind methane activation by MCR. 

The first theory suggests a radical mechanism involving a highly endergonic hydrogen atom 

abstraction by a thiyl radical from methane. A methyl radical would be formed that would 

immediately combine with a Ni(II)-thiolate to form methyl-CoM and F430 in the Ni(I) oxidation 

state (Pelmenschikov and Siegbahn 2003, Chen et al. 2012). The described reaction is 

supported by spectroscopic evidence and matches measured kinetic isotope effects (Scheller et 

al. 2013, Wongnate et al. 2016). The second theory describes an organometallic mechanism in 

which a non-radical C-H bond activation is initiated by coordinating methane to the nickel 

center of F430 to form an organometallic complex (Scheller et al. 2020). Electron paramagnetic 
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resonance (EPR) spectroscopic data showed that the cofactor F430 is able to form Ni-C, Ni-H,

and Ni-S bonds (Harmer et al. 2005, Hinderberger et al. 2006, Yang et al. 2007, Harmer et al. 

2008, Sarangi et al. 2009).  

Figure 1-4 Chemistry of MCR-based methane activation. A Heterohexameric structure (αβγ)2 of ANME-1 MCR 
homolog from Black Sea mats (3SQG)(Shima et al. 2012). B Structure of cofactor F430. R =S-CH3 for 
17’’-methylthio-F430 in ANME-1 and R =H for ANME-2 + 3 as found in methanogens (Mayr et al. 2008, Scheller 
et al. 2020). C Potential reaction of the methyl radical mechanism adapted in reverse from Shima et al. (2020). 
The precise process is still disputed.  

 

1.7 Microbes involved in anaerobic oxidation of non-methane alkanes 
AOM appears to be the primary metabolic process in anoxic seep sediments, but in 

seeps that transport complex hydrocarbons, sulfate reduction rates can exceed methane 

oxidation rates by more than two magnitudes (Joye et al. 2004, Omoregie et al. 2009, Orcutt et 

al. 2010, Bowles et al. 2011). Porewater profiles from complex, hydrocarbon-rich sediments 

indicate that next to methane, short-chain alkanes, such as ethane, propane, and butane, are 

depleted in the SMTZ (Quistad and Valentine 2011, Bose et al. 2013, Laso-Pérez et al. 2019). 

The mitigation of non-methane fluxes in seep sediments has been observed earlier, but 

knowledge about microbial processes of anaerobic short-chain alkane oxidation was limited. 

Some sulfate-reducing bacteria (SRB) from the Deltaproteobacteria can anaerobically oxidize 

short-chain alkanes (C2 – C5) or longer hydrocarbons (Kniemeyer et al. 2007, Widdel and 

Grundmann 2010, Bose et al. 2013). These bacteria use the addition to fumarate by the 

(1-methylalkyl)succinate synthase (MAS) for alkane activation. A phylogenetic analysis of the 
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catabolic subunit masD from different seep sites revealed many bacterial alkanotrophs (Stagars 

et al. 2016). Enrichment-based experiments with sediments from the Amon mud volcano and 

the Guaymas Basin showed a fast bacterial response to butane and dodecane (Kleindienst et al. 

2014). The study concluded that these alkane oxidizers are the key alkane degraders at marine 

seeps (Kleindienst et al. 2014). However, most studies did not consider the potential role of 

Archaea in anaerobic non-methane alkane degradation at marine seeps. Until recently, the 

belief was that MCR-based alkane activation is limited to C1-compounds.  

The MCR is a highly conserved enzyme and structural analyses revealed only minor 

differences between methanogenic and methanotrophic MCR, including a methylthio-F430 

cofactor variant in ANME-1 (Shima et al. 2012, Wagner et al. 2017). However, all known 

MCR structures' folding and active site architecture is almost identical (Wagner et al. 2017). 

This high degree of conservation reflects in the catabolic subunit alpha (McrA) protein 

sequence, a commonly used phylogenetic marker for these organisms (Knittel and Boetius 

2009). Recently, a new type of highly divergent MCR was detected in MAGs of the phylum 

Bathyarchaeota (Figure 1-5) (Evans et al. 2015). These MAGs were the first archaea outside 

the Euryarchaeota phylum harboring mcr genes. The original study suggested that this new 

MCR type catalyzes methane oxidation (Evans et al. 2015). Soon after, Laso-Pérez et al. (2016) 

discovered similar divergent MCR types in MAGs of Ca. Syntrophoarchaeum, in samples 

retrieved from a butane-oxidizing culture. Ca. Syntrophoarchaeum branches deeply in the 

Euryarchaeota, adjacent to the order of Ca. Methanophagales, forming the order of Ca. 

Syntrophoarchaeales (Adam et al. 2017). Metabolite analysis revealed the formation of butyl-

CoM in this culture, indicating that the novel MCR type is responsible for butane activation 

(Laso-Pérez et al. 2016). Both described Ca. Syntrophoarchaeum genomes contain four copies 

of divergent MCR, all branching far off the canonical MCRs and are closest related to 

Bathyarchaeota MCR sequences (Laso-Pérez et al. 2016). A third unclassified member of the 

Ca. Syntrophoarchaeales order was discovered recently, branching far off the two described 

species, Ca. S. caldarius and Ca. S. butanivorans (Dong et al. 2020). This Ca. 

Syntrophoarchaeales member only contains two non-canonical MCR sequences with unknown 

substrate range (Dong et al. 2020). 
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Figure 1-5 Current phylogenetic tree with McrA amino acid sequences from canonical and non-canonical 
MCR-homologs. Colored branches indicate predicted or experimentally shown substrate as following: Methane 
oxidation (red), non-methane alkane oxidation (orange), unknown function Verstraetearchaeota-type (blue), 
unknown Bathyarchaeota-type (purple), and methanogenesis (black). Figure modified from Wang et al. (2021). 

 

1.8 MCR diversity and the fate of ethane 
In recent years, the non-canonical MCR type was discovered in many additional MAGs, 

suggesting a high diversity and importance of Archaea for the anaerobic oxidation of 

non-methane hydrocarbons (Figure 1-5). New non-canonical MCR sequences were discovered 

in Ca. Polytropus marinifundus (Archaeoglobi) from deep subseafloor sediment samples, 

retrieved from the Juan de Fuca Ridge, Pacific, and in a Hadesarchaeon from the Jinze Hot 

Spring, Yunnan, China (Boyd et al. 2019, Wang et al. 2019). Additionally, Helarchaeota from 

the Asgard superphylum contain non-canonical MCR sequences and possibly play a role in 

anaerobic hydrocarbon oxidation in deep sediments (Zhang et al. 2021). Hydrocarbon 

oxidizing archaea are not limited to short-chain alkanes but can likely also activate longer 

hydrocarbon chains. The class Ca. Methanoliparia (former DC06 cluster) contains two MCR 

copies, a canonical MCR and a non-canonical MCR closest related to MCR sequences of 

Bathyarchaeota and Hadesarchaeota (Borrel et al. 2019, Laso-Pérez et al. 2019). A 
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disproportionation of alkanes has been proposed for Ca. Methanoliparia, where the non-

canonical MCR is responsible for activating a long-chain alkane, and the canonical MCR 

would act as classical methanogenic MCR, releasing methane (Laso-Pérez et al. 2019). Ca. 

Methanoliparia cells have been found in diverse oil-contaminated anoxic environments and 

were localized with in-situ hybridization in or on oil droplets without apparent partner cells. 

So far, no active culture a Ca. Methanoliparia could be established, and their proposed pathway 

remains to be confirmed. 

Despite the progress made in understanding microbial oxidation of non-methane 

alkanes, the fate of the second most abundant alkane ethane remained elusive. Ethane has been 

described as “a hydrocarbon with essentially unexplored microbiology and biochemistry under 

anoxic conditions” (Widdel and Grundmann 2010). The only bacterial culture capable of 

anaerobic ethane oxidation was a slurry incubation with 16S rRNA sequences linked to the 

deltaproteobacterial strain Bus5 (Kniemeyer et al. 2007, Bose et al. 2013). Ethane can be 

measured at most seep sites in substantial amounts, and its origin is assumed to be thermogenic. 

Recently, MAGs of the GoM-Arc1 clade that contain a single non-canonical MCR homolog 

were described in metagenomic studies (Dombrowski et al. 2017, Borrel et al. 2019). This 

MCR homolog branches far off other non-canonical MCRs, indicating the specialization on an 

alkane substrate other than methane or butane (Figure 1-5) (Laso-Pérez et al. 2019). In contrast 

to Ca. Syntrophoarchaeum, GoM-Arc1 genomes contain no beta-oxidation pathway, which 

leads to the prediction that these organisms might thrive on ethane (Borrel et al. 2019). 

GoM-Arc1 16S rRNA gene sequences appear at high frequencies at various seep sites and often 

co-occur with ANME archaea, suggesting that they have an essential role in seep sediment 

communities (Lloyd et al. 2006, Orcutt et al. 2010, Dowell et al. 2016). As an anaerobic ethane 

oxidizer, archaea from the GoM-Arc1 clade would fill a significant gap in our understanding 

of seep environments and the mechanistic of MCR-based alkane activation.  

 

1.9 Aims and hypotheses 
Geochemical data strongly suggest that microbial ethane oxidation occurs within sediments, 

but no organisms performing such a process have been discovered at the start of my thesis. The 

overall aim of my thesis was to culture such organisms from gas-rich sediments and analyse 

their ecophysiology. Based on this aim, my thesis followed these hypotheses: 
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H1: Thermophilic variants of ethane oxidizing archaea can be cultured from hydrothermally 

heated sediments of the Guaymas Basin. 

 The Guaymas Basin hydrothermal vent site is ideal for the cultivation of anaerobic 

alkane oxidizers. Diverse hydrocarbons, including short-chain alkanes, migrate to the heated 

sediment surface, and the first centimeters of the sediment harbor a dense thermophilic 

alkanotrophic community (Teske and Carvalho 2020). These conditions make the presence of 

an ethane oxidizing strain at this site likely. Additionally, MAGs of the suspected ethane 

oxidizing clade GoM-Arc1 have been recovered from this site (Dombrowski et al. 2017). 

Thermophilic ANME archaea have higher activities and shorter doubling times than 

mesophilic, cold water adapted ANME (Holler et al. 2011, Wegener et al. 2016). Assuming an 

MCR homolog-based pathway for the anaerobic oxidation of ethane, a thermophilic strain 

would allow faster cultivation and consequently higher biomass production allowing follow-up 

experiments. 

 

 

H2: Ethane oxidizing archaea thrive in partnerships with sulfate-reducing bacteria. The 

activity of individual cells might be a function of the proximity of these partners and could be 

visualized by the expression of key genes in the organisms.  

In consortia of ethane oxidizing archaea and their SRB partner, similar to many AOM 

consortia, the partner organisms are spatially segregated. This organization is not well 

understood and counterintuitive, considering their obligate syntrophy. We will use a direct 

FISH method to target the mRNA of the key gene for anaerobic oxidation of ethane. The direct 

labeling will allow dynamic visualization of expression-based activity patterns in the archaeal 

monospecies aggregates within the consortia and correlate the signal intensity to the expression 

level in the archaeal cells. Furthermore, we could investigate the influence of the distance to 

the bacterial-archaeal interface on archaeal activity.  

 

 

H3: Archaea activate ethane with a specific MCR homolog. The MCR homolog will have 

unique features that will help understand which structural changes allow for the use of ethane 

instead of methane. 

Once we establish a thermophilic culture performing anaerobic oxidation of ethane, we 

would have the opportunity to harvest enough biomass to explore this new process on 

enzymatic levels. We aim for the crystallization of the key gene for anaerobic oxidation of 
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ethane, the MCR homolog. A crystal structure of the enzyme with high diffraction would allow 

a detailed study of changes in the enzyme. The first successful visualization of a non-canonical 

MCR homolog would revolutionize our understanding of MCR specificity towards alkanes.  
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2.1 Abstract 
Cold seeps and hydrothermal vents deliver large amounts of methane and other gaseous 

alkanes into marine surface sediments. Consortia of archaea and partner bacteria thrive on the 

oxidation of these alkanes and its coupling to sulfate reduction. The inherently slow growth of 

the involved organisms and the lack of pure cultures have impeded the understanding of the 

molecular mechanisms of archaeal alkane degradation. Here, using hydrothermal sediments of 

the Guaymas Basin (Gulf of California) and ethane as the substrate, we cultured microbial 

consortia of a novel anaerobic ethane oxidizer, “Candidatus Ethanoperedens thermophilum” 

(GoM-Arc1 clade), and its partner bacterium “Candidatus Desulfofervidus auxilii,” previously 

known from methane-oxidizing consortia. The sulfate reduction activity of the culture doubled 

within one week, indicating a much faster growth than in any other alkane-oxidizing archaea 

described before. The dominance of a single archaeal phylotype in this culture allowed retrieval 

of a closed genome of “Ca. Ethanoperedens,” a sister genus of the recently reported ethane 

oxidizer “Candidatus Argoarchaeum.” The metagenome-assembled genome of “Ca. 

Ethanoperedens” encoded a complete methanogenesis pathway including a methyl-coenzyme 

M reductase (MCR) that is highly divergent from those of methanogens and methanotrophs. 

Combined substrate and metabolite analysis showed ethane as the sole growth substrate and 

production of ethyl-coenzyme M as the activation product. Stable isotope probing 

demonstrated that the enzymatic mechanism of ethane oxidation in “Ca. Ethanoperedens” is 

fully reversible; thus, its enzymatic machinery has potential for the biotechnological 

development of microbial ethane production from carbon dioxide. 

2.2 Importance 
In the seabed, gaseous alkanes are oxidized by syntrophic microbial consortia that 

thereby reduce fluxes of these compounds into the water column. Because of the immense 

quantities of seabed alkane fluxes, these consortia are key catalysts of the global carbon cycle. 

Due to their obligate syntrophic lifestyle, the physiology of alkane-degrading archaea remains 

poorly understood. We have now cultivated a thermophilic, relatively fast-growing ethane 

oxidizer in partnership with a sulfate-reducing bacterium known to aid in methane oxidation 

and have retrieved the first complete genome of a short-chain alkane-degrading archaeon. This 

will greatly enhance the understanding of nonmethane alkane activation by noncanonical 

methyl-coenzyme M reductase enzymes and provide insights into additional metabolic steps 

and the mechanisms underlying syntrophic partnerships. Ultimately, this knowledge could lead 
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to the biotechnological development of alkanogenic microorganisms to support the carbon 

neutrality of industrial processes. 

 

Keywords 
alkane degradation, archaea, syntrophy, methyl-coenzyme M reductase, model 

organism, hydrothermal vents 

2.3 Introduction 
In deep marine sediments, organic matter undergoes thermocatalytic decay, resulting in 

the formation of natural gas (methane to butane) and crude oil. If not capped, the gas fraction 

will rise toward the sediment surface due to buoyancy, porewater discharge, and diffusion. 

Most of the gas is oxidized within the sediments coupled to the reduction of the abundant 

electron acceptor sulfate (Hinrichs and Boetius 2002, Reeburgh 2007). Responsible for the 

anaerobic oxidation of alkanes are either free-living bacteria or microbial consortia of archaea 

and bacteria. Most free-living bacteria use alkyl succinate synthases to activate the alkane, 

forming succinate-bound alkyl units as primary intermediates (Rabus et al. 2001). Usually, 

these alkanes are completely oxidized, and this process is coupled to sulfate reduction in the 

same cells, as has been shown, for example, in the deltaproteobacterial butane-degrading strain 

BuS5 (Kniemeyer et al. 2007). However, alkane oxidation in seafloor sediments is to a large 

extent performed by dual species consortia of archaea and bacteria (Boetius et al. 2000, Chen 

et al. 2019). As close relatives of methanogens, the archaea in these consortia activate alkanes 

as thioethers and completely oxidize the substrates to CO2. The electrons released during 

alkane oxidation are consumed by the sulfate-reducing partner bacteria. 

The anaerobic methane-oxidizing archaea (ANME) activate methane using 

methyl-coenzyme M (CoM) reductases (MCRs) that are highly similar to those of 

methanogens, forming methyl-coenzyme M as the primary intermediate (Shima et al. 2012). 

The methyl group is oxidized via a reversal of the methanogenesis pathway (Hallam et al. 

2004). Thermophilic archaea of the genus “Candidatus Syntrophoarchaeum” thrive on the 

oxidation of butane and propane. In contrast to ANME, they contain four highly divergent 

MCR variants, which generate butyl and propyl-coenzyme M (CoM) as primary intermediates 

(Laso-Pérez et al. 2016). Based on genomic and transcriptomic evidence, the CoM-bound alkyl 

units are transformed to fatty acids and oxidized further via beta-oxidation. The reactions 

transforming the CoM-bound alkyl units to CoA-bound fatty acids and the enzymes performing 
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such reactions are so far unknown. The CoA-bound acetyl units are completely oxidized in the 

Wood-Ljungdahl pathway including the upstream part of the methanogenesis pathway. In 

hydrogenotrophic methanogens, the enzymes of this pathway are used to reduce CO2-forming 

methyl-tetrahydromethanopterin for methanogenesis and for biomass production. In “Ca. 

Syntrophoarchaeum,” this pathway is used in reverse direction for the complete oxidation of 

acetyl-CoA. Both the thermophilic ANME-1 and “Ca. Syntrophoarchaeum” form dense 

consortia with their sulfate-reducing partner bacterium “Candidatus Desulfofervidus” 

(HotSeep-1 clade) (Holler et al. 2011, Krukenberg et al. 2016). The transfer of reducing 

equivalents between the alkane-oxidizing archaea and their partners is likely mediated by 

pilus-based nanowires and cytochromes produced by the two consortial partners (Walker et al. 

2018). For a critical view on electron transfer in anaerobic oxidation of methane (AOM) 

consortia, see reference (Walker et al. 2018). 

Sulfate-dependent ethane oxidation has been described multiple times in slurries of 

marine sediments (Kniemeyer et al. 2007, Adams et al. 2013, Bose et al. 2013). The first 

functional description of this process was based on a cold-adapted culture derived from Gulf 

of Mexico sediments (Chen et al. 2019). In this culture, “Candidatus Argoarchaeum” (formerly 

known as GoM-Arc1 clade) activates ethane with the help of divergent MCRs that are 

phylogenetically placed on a distinct branch next to those of “Ca. Syntrophoarchaeum.” Based 

on the presence of all enzymes of the Wood-Ljungdahl pathway that can be used for 

acetyl-CoA oxidation, it has been suggested that the CoM-bound ethyl groups are transferred 

to CoA-bound acetyl units. The required intermediates for this reaction mechanism are so far 

unknown (Chen et al. 2019). “Ca. Argoarchaeum” forms unstructured consortia with 

yet-unidentified bacterial partners and grows slowly with substrate turnover rates comparable 

to AOM (Chen et al. 2019). Additional metagenome-assembled genomes (MAGs) of the 

GoM-Arc1 clade derived from the Guaymas Basin and the Gulf of Mexico have similar gene 

contents, suggesting that these GoM-Arc1 archaea are ethane oxidizers (Dombrowski et al. 

2017, Borrel et al. 2019). 

To date, the understanding of short-chain alkane-metabolizing archaea mainly relies on 

comparison of their genomic information with those of methanogens that are well characterized 

with regard to their enzymes. Due to the slow growth of the alkane-oxidizing archaea and the 

resulting lack of sufficient biomass, specific biochemical traits remain unknown. For instance, 

the structural modifications of noncanonical MCRs or the proposed transformation of the 

CoM-bound alkyl to CoA-bound acetyl units in the short-chain alkane degraders has not been 

proven. Here, we describe a faster-growing, thermophilic ethane-oxidizing culture from 
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sediments of the Guaymas Basin. Metagenomic analyses of Guaymas Basin sediments revealed 

a great diversity of potential alkane degraders with divergent MCR enzymes (Laso-Pérez et al. 

2016, Dombrowski et al. 2018). With ethane as sole energy source and sulfate as electron 

acceptor, we obtained well-growing meso- and thermophilic ethane-degrading enrichment 

cultures from these sediments. Their low strain diversity makes them particularly suitable for 

assessing the pathways of the anaerobic oxidation of ethane. 

Taxonomy of “Candidatus Ethanoperedens thermophilum.” Etymology: ethano 

(new Latin), pertaining to ethane; peredens (Latin), consuming, devouring; thermophilum 

(Greek), heat-loving. The name implies an organism capable of ethane oxidation at elevated 

temperatures. Locality: enriched from hydrothermally heated, hydrocarbon-rich marine 

sediment of the Guaymas Basin at 2,000 m water depth, Gulf of California, Mexico. 

Description: anaerobic, ethane-oxidizing archaeon, mostly coccoid, about 0.7 µm in diameter, 

forms large irregular cluster in large dual-species consortia with the sulfate-reducing partner 

bacterium “Candidatus Desulfofervidus auxilii.” 

2.4 Results and discussion 

2.4.1 Establishment of meso- and thermophilic ethane-oxidizing enrichment 

cultures.  
Sediments were sampled from the gas- and oil-rich sediments covered by 

sulfur-oxidizing mats of the Guaymas Basin. From these sediments and artificial seawater 

medium, a slurry was produced under anoxic conditions and distributed into replicate bottles. 

These bottles were supplied with an ethane headspace (2 atm) and incubated at 37°C and 50°C. 

Additional growth experiments were performed with methane, and controls were set up with a 

nitrogen atmosphere. As a measure of metabolic activity, sulfide concentrations were tracked 

over time (for further details, see Materials and Methods). Both methane and ethane additions 

resulted in the formation of 15 mM sulfide within 4 months. Nitrogen controls produced only 

little sulfide (<2 mM) that likely corresponds to the degradation of alkanes and organic matter 

from the original sediment. Subsequent dilution (1:3) of the ethane and methane cultures and 

further incubation with the corresponding substrates showed faster, exponentially increasing 

sulfide production in the ethane culture, suggesting robust growth of the ethane-degrading 

community (Figure 2-1A). After three consecutive dilution steps, virtually sediment-free 

cultures were obtained. These cultures produced approximately 10 mM sulfide in 8 weeks. All 

further experiments were conducted with the faster-growing 50°C culture (Ethane50). 
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Sequencing of metagenomes, however, was done on both, the 50°C and 37°C (Ethane37) 

culture. 

A stoichiometric growth experiment with the Ethane50 culture (Figure 2-1B) showed 

that ethane was completely oxidized while sulfate was reduced to sulfide according to the 

formula 4 C2H6 + 7 SO4
2−    →    8 HCO3

−  +  7  HS− + 4 H2O + H+ .  

An experiment tracking the exponential development of sulfide over time suggested 

doubling times of only 6 days at low sulfide concentrations of <5 mM (Figure 2-1B), which is 

substantially faster than estimated for thermophilic AOM consortia, with about 60 days (Holler 

et al. 2011), and also faster than the cold-adapted anaerobic ethane-oxidizing cultures (Chen et 

al. 2019). Sulfide concentrations over 5 mM seemed to suppress activity and growth of the 

ethane-oxidizing microorganisms (Figure 2-1C). Hence, flowthrough bioreactors could be 

beneficial to increase biomass yields of anaerobic ethane degraders. 
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Figure 2-1 Cultivation and stoichiometry test of the Ethane50 culture. (A) Rates of methane-dependent (blue) and 
ethane-dependent (red) sulfide production in sediments of the Guaymas Basin incubated at 50°C. (B) 
Determination of activity doubling times in anaerobic ethane-oxidizing culture. Logarithmic y axis with sulfide 
production shows a decrease in activity at 3 mM sulfide and estimated activity doubling times in low sulfide 
concentrations of 6 to 7 days. (C) Development of ethane (diamonds), sulfate (triangles), and sulfide (squares) 
concentrations in the Ethane50 culture. Gray symbols show corresponding concentrations measured in control 
incubations without ethane addition (data from 1 of 3 replicate incubations; for complete data, see Table S2-8). 
The ratios of the slopes of sulfate and sulfide to ethane (1.92 and 1.82, respectively) are close to the stoichiometric 
ratios of sulfate reduction and ethane oxidation. The small offset may relate to biomass production and sampling 
artifacts. 

2.4.2 Microbial composition of the Ethane50 culture.  
Amplified archaeal and bacterial 16S rRNA genes of the original sediment and early, 

still sediment-containing cultures (150 days of incubation) were sequenced to track the 

development of microbial compositions over time (for primers, see Table S2-1 in the 

supplemental material). The original sediment contained large numbers of ANME-1 and the 

putative partner bacterium “Ca. Desulfofervidus.” The AOM culture became further enriched 

in ANME-1 archaea and “Ca. Desulfofervidus,” whereas in the Ethane50 culture the 

GoM-Arc1 clade increased from <0.1% in the original sediment to roughly 35% of all archaea 

(Figure 2-2A). Notably, the relative abundance of “Ca. Desulfofervidus” increased also in the 
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Ethane50 culture. This indicates that “Ca. Desulfofervidus” was also involved as a partner 

bacterium in the thermophilic ethane culture. 

To visualize the cells involved in the anaerobic oxidation of ethane (AOE), 

oligonucleotide probes specific for the GoM-Arc1 clade and “Ca. Desulfofervidus” were 

applied on the Ethane50 culture using catalyzed reporter deposition fluorescence in-situ 

hybridization (CARD-FISH; for probes, see Table S2-1). The Ethane50 culture contained large 

and tightly packed consortia with sizes of up to 40 µm in diameter formed by GoM-Arc1 and 

“Ca. Desulfofervidus” cells (Figure 2-2D and E). In the consortia, archaea and bacteria grew 

spatially separated. These large consortia apparently develop from small but already dense 

consortia found in the inoculate, similar to what was found for cold-adapted AOM consortia 

(Nauhaus et al. 2007). Such a separation of the partner organisms is also characteristic for 

consortia in the butane-degrading culture (Laso-Pérez et al. 2016) and for most AOM consortia 

(Knittel and Boetius 2009). In contrast, in thermophilic AOM consortia of ANME-1 and “Ca. 

Desulfofervidus,” the partner cells appear well mixed (Wegener et al. 2016). The Ethane50 

culture differs from the cold-adapted ethane-oxidizing culture, in which “Ca. Argoarchaeum” 

forms rather loose assemblages with yet-uncharacterized bacteria (Chen et al. 2019). 
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Figure 2-2 Microbial composition of the Ethane50 culture. (A and B) Relative abundance of phylogenetic clades of archaea 
(A) and bacteria (B) based on 16S rRNA gene amplicon sequencing present in the inoculated sediment, and in cultures with 
no substrate, with methane and ethane after 150 days of incubation. (C) Relative abundance of active microbial groups based 
on 16 rRNA fragments recruited from the genome of Ethane37 and Ethane50 after 2.5 years of incubation and the transcriptome 
of the Ethane50 culture after 1 year of incubation with ethane. (D and E) Laser-scanning micrograph (D) and epifluorescence 
micrograph (E) of microbial consortia stained with probes specific for the GoM-Arc1 clade (red, Alexa 594) and “Ca. 
Desulfofervidus” (green, Alexa 488) in the Ethane50 culture. Bar, 10 µm. 

To analyze the metabolic potential of the microorganisms involved in ethane 

degradation, Ethane37 and Ethane50 cultures were subjected to transcriptomic and genomic 

analysis. The 16S rRNA sequences extracted from the shotgun RNA reads of the Ethane50 

culture were strongly dominated by GoM-Arc1 (50%) and “Ca. Desulfofervidus” (20%; Figure 

2-2C), supporting a crucial role of these two organisms in thermophilic ethane degradation. 

Long-read DNA sequencing for the Ethane50 culture resulted in a partial genome of GoM-Arc1 

with 76.2% completeness (GoM-Arc1_E50_DN), whereas by applying this approach to the 

Ethane37 culture, we obtained a closed genome of the GoM-Arc1 archaeon (GoM-Arc1_E37). 

The two GoM-Arc1 genomes share an average nucleotide identity (ANI) of 98%; hence, a 
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complete consensus genome for Ethane50 (GoM-Arc1_E50) was obtained by mapping long 

reads of the Ethane50 culture on the closed GoM-Arc1_E37 genome (see Materials and 

Methods and Table S2-2). GoM-Arc1_E50 had a size of 1.92 Mb and a GC content of 46.5%. 

To assess the genomic diversity of archaea of the GoM-Arc1 clade, additionally a MAG of 

GoM-Arc1 from the Loki’s Castle hydrothermal vent field (GoM-Arc1-LC), with a 

completeness of 68% and eight single-cell amplified genomes (SAGs) from different cold seeps 

and different completenesses (10% to 59%) were retrieved (Table S2-4). The MAG 

GoM-Arc1-LC and the eight single cells have an average nucleotide identity (ANI) of over 

90%, suggesting that they belong to the same or closely related species. The 16S rRNA gene 

identity is in the range of 99.5%, supporting a definition as same species, and shows that the 

same species of GoM-Arc1 can be found in diverse seep sites (Table S2-2 and Figure S2-1). 

Together with several MAGs of the GoM-Arc1 clade archaea from public databases 

(Dombrowski et al. 2018, Borrel et al. 2019, Chen et al. 2019) these MAGs now provide an 

extensive database for the genomic description of the GoM-Arc1 clade. All GoM-Arc1 clade 

genomes have an estimated size smaller than 2 Mb, which is in the range of the other 

thermophilic alkane degraders, such as “Ca. Syntrophoarchaeum” (1.5 to 1.7 Mb) and 

ANME-1 (1.4 to 1.8 Mb) (Laso-Pérez et al. 2016, Krukenberg et al. 2018). The genome is, 

however, much smaller than the 3.5-Mb genome of the mesophilic sister lineage “Candidatus 

Methanoperedens.” This organism thrives on methane and is able to reduce nitrate or metals 

without partner bacteria (Haroon et al. 2013, Cai et al. 2018). 

All GoM-Arc1 genomes contain the genes encoding the enzymes of the methanogenesis 

pathway, including a highly similar divergent-type MCR and the Wood-Ljungdahl pathway, 

but no pathway for beta-oxidation of longer fatty acids. Hence, it is likely that all members of 

this clade are ethane oxidizers. Based on 16S rRNA gene phylogeny and a genome tree based 

on 32 marker genes, the GoM-Arc1 clade divides into two subclusters. According to a 16S 

rRNA gene identity of ~95% (Figure S2-1) and an average amino acid identity (AAI) of ~63% 

(Figure 2-3A; Table S2-3), these clusters should represent two different genera. One cluster 

contains the recently described ethane oxidizer “Candidatus Argoarchaeum ethanivorans” and 

genomes derived from cold environments including the Gulf of Mexico and the moderately 

heated Loki’s Castle seeps (Steen et al. 2016). The second cluster includes the thermophilic 

GoM-Arc1 strains found in the Ethane50 and Ethane37 cultures and sequences of other MAGs 

from the Guaymas Basin (Dombrowski et al. 2017, Dombrowski et al. 2018). Based on the 

substrate specificity (see results below) and its optimal growth at elevated temperatures, we 

propose to name the Ethane50 strain of GoM-Arc1 “Candidatus Ethanoperedens 
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thermophilum” (Ethanoperedens, Latin for nourishing on ethane; thermophilum, Latin for heat 

loving). 

 
Figure 2-3 Phylogenetic affiliation based on 32 marker genes and mcrA amino acid sequences of “Ca. 
Ethanoperedens.” (A) Phylogenetic affiliation of “Ca. Ethanoperedens” within the Euryarchaeota based on 32 
aligned marker gene amino acid sequences; outgroup is Thaumarchaeota. The scale bar indicates 10% sequence 
divergence. (B) Phylogenetic affiliation of mcrA amino acid sequences. The mcrA sequences of GoM-Arc1 form 
a distinct branch within the noncanonical, potentially multicarbon alkane-activating MCRs. The mcrA genes of 
the GoM-Arc1 cluster can be further divided into those from cold-adapted organisms, including “Ca. 
Argoarchaeum ethanivorans,” and the cluster including the thermophiles of the genus “Ca. Ethanoperedens.” 
Sequences from the Ethane50 enrichment are depicted in red, environmental sequences from metagenomes and 
single-cell genomes from this study are in gray, and “Ca. Argoarchaeum ethanivorans” sequences are in blue. The 
VerArKor cluster contains mcrA sequences belonging to the Verstraetearchaeota, Archaeoglobus, and 
Korarchaeota. 
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2.4.3 Genomic and catabolic features of “Ca. Ethanoperedens.” 
 The main catabolic pathways of “Ca. Ethanoperedens” are a complete methanogenesis 

and a Wood-Ljungdahl pathway (Figure 2-4). Its genome encodes only one MCR. The three 

MCR subunits αβγ are on a single operon. The amino acid sequence of the alpha subunit (mcrA) 

of “Ca. Ethanoperedens” is phylogenetically most closely related to the recently described 

divergent-type MCR of “Ca. Argoarchaeum” with an amino acid identity of 69% but also with 

all other mcrA sequences of GoM-Arc1 archaea (Dombrowski et al. 2017, Dombrowski et al. 

2018, Chen et al. 2019, Laso-Pérez et al. 2019). These MCRs form a distinct cluster in 

comparison to other divergent MCRs and to the canonical MCRs of methanogens and 

methanotrophs (Figure 2-3B). The similarity of GoM-Arc1 mcrA sequences to the described 

canonical and noncanonical sequences is below 43%, and changes in the amino acid sequences 

are also found in the highly conserved active site of the enzyme (Figure S2-2). The relative 

expression of the mcr subunits compared to all reads mapping to “Ca. Ethanoperedens” (reads 

per kilobase per million mapped reads [RPKM], i.e., mcrA = 9,790) is at least two times higher 

than the expression of all other genes of the main catabolic pathway (Figure 2-4; Table S2-5). 

The relative mcr expression of “Ca. Ethanoperedens” is higher than the expression of the 

multiple mcr genes in “Ca. Syntrophoarchaeum” but lower than the expression of mcr in 

thermophilic ANME-1 archaea (Laso-Pérez et al. 2016, Krukenberg et al. 2018). The relatively 

low expression of mcr in short-chain alkane-oxidizing archaea can be explained by the 

properties of their substrates. Short-chain alkane oxidation releases larger amounts of energy 

than methane oxidation. Furthermore, the cleavage of C-H bonds in multicarbon compounds 

requires less energy than the cleavage of C-H bonds of methane (Ruscic 2015); hence, less 

MCR might be required to supply the organism with sufficient energy. 
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Figure 2-4 Metabolic model of anaerobic ethane oxidation in “Ca. Ethanoperedens thermophilum.” Ethane is 
activated in the ethane-specific MCR. The produced CoM-bound ethyl groups are consecutively oxidized and 
transformed to CoA-bound acetyl units. Acetyl-CoA is cleaved using the ACDS of the Wood-Ljungdahl pathway. 
The remaining methyl groups are fully oxidized on the reversed methanogenesis pathway. Similarly to ANME 
archaea and “Ca. Syntrophoarchaeum,” “Ca. Ethanoperedens” does not contain a reductive pathway; hence, 
electrons released during ethane oxidation are transferred to the partner bacterium “Ca. Desulfofervidus auxilii.” 
Therefore, in both partners, cytochromes and pili are present and expressed, similarly to what is described in 
thermophilic consortia performing AOM (Krukenberg et al. 2018) (for detailed expression patterns, see Table 
S2-5). 

To test the substrates activated by the MCR of “Ca. Ethanoperedens,” we supplied 

different alkanes to the active Ethane50 culture replicates and analyzed the extracted 

metabolites. Cultures supplied with ethane show the m/z 168.9988 of the authentic ethyl-CoM 

standard (Figure 2-5A and B), which was not observed in the control incubation without 

substrate. Moreover, addition of 30% [1-13C]ethane resulted in the increase of masses expected 

for [1-13C]ethyl-CoM and [2-13C]ethyl-CoM (Figure 2-5C). This confirms that “Ca. 

Ethanoperedens” produces ethyl-CoM from ethane. To test substrate specificity of “Ca. 

Ethanoperedens,” we provided culture replicates with four different gaseous alkanes (methane, 

ethane, propane, and n-butane and a mix of all four substrates). Besides the ethane-amended 

culture, sulfide was produced only in the Ethane50 culture supplied with the substrate mix 

(Figure S2-3). In agreement with this, no other alkyl-CoM variant apart from ethyl-CoM was 

detected (Figure 2-5A). This shows that the MCR of “Ca. Ethanoperedens” and most likely all 
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MCR enzymes of GoM-Arc1 archaea (Figure 2-3B) activate ethane but no or only trace 

amounts of methane and other alkanes. The high substrate specificity of the MCR is crucial for 

GoM-Arc1 archaea, since they lack the fatty acid degradation pathway that is required to 

degrade butane and propane (Laso-Pérez et al. 2016). “Ca. Ethanoperedens” contains and 

expresses a complete methyltransferase (mtr). The corresponding enzyme might cleave small 

amounts of methyl-CoM that might be formed as a side reaction of the MCR. The methyl unit 

would be directly transferred to the methylene-tetrahydromethanopterin (H4-MPT) reductase 

(mer) and oxidized in the upstream part of the methanogenesis pathway to CO2 (Figure 2-4). 

 
Figure 2-5 Detection of coenzyme M-bound intermediates in the Ethane50 culture. (A) Top four lines show total 
ion counts for UHPLC peaks for authentic standards of methyl-, ethyl-, propyl-, and butyl-CoM, respectively, and 
chromatograms for ethane and mixed alkane gases (methane to butane). (B and C) Mass spectra (m/z 168.5 to 
171.5) for culture extracts after providing the Ethane50 culture with nonlabeled ethane (B) and 30% 13C-labeled 
ethane (C). Diagrams show the relative intensities (y axes) for ethyl-CoM-H (12C4H9S2O-) (calculated m/z 
168.9988) and its isotopologues with [1-13C]ethyl-CoM or [2-13C]ethyl-CoM or one 34S isotope. 

Based on the observed net reaction and the genomic information, “Ca. Ethanoperedens” 

completely oxidizes ethane to CO2. In this pathway, coenzyme A-bound acetyl units are 

oxidized in the Wood-Ljungdahl pathway including the upstream part of the methanogenesis 

pathway (Figure 2-4). Our model, however, does not explain how CoM-bound ethyl groups are 

oxidized to acetyl units and ligated to CoA. Similar transformations are required in the other 

multicarbon alkane-oxidizing archaea, such as “Ca. Syntrophoarchaeum” and “Ca. 

Argoarchaeum” (Laso-Pérez et al. 2016, Chen et al. 2019). Those oxidation reactions lack 

biochemical analogues; hence, genomic information alone allows only indirect hints on their 

function. In “Ca. Ethanoperedens,” a release of ethyl units and transformation as free molecules 

(ethanol to acetate) is unlikely, because a formation of acetyl-CoA from acetate would require 

CoA ligases, which are not present in the genome. Instead, the transformation of ethyl into 

acetyl units could be performed by a tungstate-containing aldehyde ferredoxin oxidoreductase 
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(AOR) that could catalyze the oxidation with cofactors such as CoM or CoA. In the archaeon 

Pyrococcus furiosus, AORs transform aldehydes to the corresponding carboxylic acid (Heider 

et al. 1995). Both “Ca. Ethanoperedens” and “Ca. Argoarchaeum” genomes contain three aor 

copies, and in all cases these genes are located either in close proximity to or on operons with 

genes of the methanogenesis pathway. We detected a high expression of two of the three aor 

genes (RPKM aor = 3,805 and 7,928), indicating a viable function of the enzymes. Likewise, 

very high protein concentrations of these enzymes were shown for “Ca. Argoarchaeum” (Chen 

et al. 2019), supporting the hypothesis of a critical function. An aor gene is also present in the 

butane oxidizer “Ca. Syntrophoarchaeum,” yet its expression is rather moderate (Laso-Pérez 

et al. 2016), which puts in question its role in the catabolic pathway of this organism. In 

contrast, ANME archaea do not contain or overexpress aor genes, likely because the encoded 

enzymes have no central role in their metabolism. We searched the cell extracts for potential 

intermediates in the pathway, but based on retention time and mass, we were not able to detect 

potential intermediates such as ethyl-CoA. Similarly, acetyl-CoA, the substrate of the 

Wood-Ljungdahl pathway, was not detected. A lack of detection, however, does not exclude 

those compounds as intermediates. Instead, the compound turnover might be very fast, which 

could be required for an efficient net reaction. Additionally, a mass spectrometric detection of 

unknown intermediates could be hindered by compound instability or loss during the 

extraction. Further metabolite studies and enzyme characterizations are required to understand 

the role of AOR in alkane oxidation 

Acetyl-CoA, the product formed by the above-proposed reactions, can be introduced 

into the Wood-Ljungdahl pathway. The acetyl group is decarboxylated by the highly expressed 

acetyl-CoA decarbonylase/synthase (ACDS), and the remaining methyl group is transferred to 

tetrahydromethanopterin (H4-MPT). The formed methyl-H4-MPT can then be further oxidized 

to CO2 following the reverse methanogenesis pathway (Figure 2-4). “Ca. Ethanoperedens” 

lacks genes for sulfate or nitrate reduction, similarly to other genomes of the GoM-Arc1 clade. 

The electrons produced in the oxidation of ethane thus need to be transferred to the 

sulfate-reducing partner bacterium “Ca. Desulfofervidus auxilii,” as previously shown for the 

anaerobic oxidation of methane and butane. In co-cultures of “Ca. Argoarchaeum” and their 

partner bacteria, Chen and coworkers (2019) suggest the transfer of reducing equivalents via 

zero-valent sulfur between the loosely aggregated “Ca. Argoarchaeum” and its partner 

bacterium, analogous to the hypothesis of Milucka et al. (2012). In the Ethane50 culture, such 

a mode of interaction is highly unlikely, as the partner “Ca. Desulfofervidus auxilii” is an 
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obligate sulfate reducer, incapable of sulfur disproportionation (Krukenberg et al. 2016). Based 

on genomic information, direct electron transfer appears to be more likely. Alkane-oxidizing 

archaea and their partner bacterium “Ca. Desulfofervidus auxilii,” produce cytochromes and 

pilus-based nanowires when supplied with their substrate (McGlynn et al. 2015, Wegener et 

al. 2015, Laso-Pérez et al. 2016). Also, “Ca. Ethanoperedens” contains 11 different genes for 

cytochromes with expression values of up to 14,800 RPKM representing some of the 

highest-expressed genes in the culture (Table S2-5). Interestingly, “Ca. Ethanoperedens” also 

contains and expresses a type IV pilin protein with a high RPKM value of 11,246. The partner 

bacterium “Ca. Desulfofervidus” also shows a high expression of pili and cytochromes under 

ethane supply, showing their potential importance for the interaction of these two organisms in 

the syntrophic coupling of ethane oxidation to sulfate reduction. 

2.4.4 Environmental distribution of GoM-Arc1 archaea. 
16S rRNA gene sequences clustering with “Ca. Ethanoperedens” and “Ca. 

Argoarchaeum” have been found in hydrocarbon-rich marine environments like cold-seep and 

hot-vent environments, including asphalt seeps in the Gulf of Mexico and the Guaymas Basin 

hydrothermal vents in the Gulf of California (Lloyd et al. 2006, Orcutt et al. 2010, Dowell et 

al. 2016). In some environments like oil seeps of the Gulf of Mexico and gas-rich barite 

chimneys of Loki’s Castle, 16S rRNA gene surveys have shown that up to 30% of archaeal 

gene sequences belonged to the GoM-Arc1 clade (Laso-Pérez et al. 2019). To estimate absolute 

abundances and potential partnerships of GoM-Arc1 in the environment, we performed 

CARD-FISH on samples from different seep and vent sites across the globe (Figure 2-6). With 

up to 108 cells per ml, archaea of the GoM-Arc1 clade were particularly abundant in cold-seep 

sediments in the northern Gulf of Mexico (station 156). This cold seep transports thermogenic 

hydrocarbon gases that are particularly enriched in short-chain alkanes (Bohrmann et al. 2008, 

Brüning et al. 2010). Other cold-seep and hot-vent sediments from the Guaymas Basin, Hydrate 

Ridge, and Amon Mud Volcano contain between 105 and 106 GoM-Arc1 cells per ml of 

sediment, which represents 1 to 5% of the archaeal community (Figure 2-6A). At all sites, we 

found that GoM-Arc1 associates with partner bacteria. At the hydrothermally heated site in the 

Guaymas Basin, GoM-Arc1 aggregated with “Ca. Desulfofervidus,” the partner bacterium of 

the Ethane37 and Ethane50 cultures. At Loki’s Castle, GoM-Arc1 and “Ca. Desulfofervidus” 

were co-occurring in barite chimneys based on sequence information, yet they were not found 

to form the same tight consortia as at other sites. At the temperate site Katakolo Bay in Greece, 

GoM-Arc1 archaea formed consortia with very large, yet unidentified vibrioform bacteria 
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(Figure 2-6B to F). These cells hybridized with a probe for Deltaproteobacteria but not with 

probes for known partner bacteria (for probes, see Table S2-1). At the cold-seep sites, the 

associated cells could not be stained with probes for the known partner bacteria of cold-adapted 

ANME, including SEEP-SRB1 and SEEP-SRB2, and also not with that for “Ca. 

Desulfofervidus.” It remains an important question as to how the archaea can select only a few 

specific types of bacteria as partners in the anaerobic alkane oxidation and for which specific 

traits they are selected. Based on their global presence in hydrocarbon-rich environments, 

GoM-Arc1 archaea could be considered key players in the anaerobic oxidation of ethane in 

marine sediments. Their role would be similar to the role of ANME archaea in AOM. 

 
Figure 2-6 Abundance and exemplary micrographs of GoM-Arc1 archaea in sediments from cold seeps and 
Guaymas Basin. (A) Abundance estimations of archaeal cells detected by the GoM-Arc1-specific probe 
GOM-ARCI-660 in a CARD-FISH survey. Detection limit, approximately 5 X 104 cells per ml sediment. (B to 
F) Epifluorescence (B to E) and laser scanning (F) micrographs of environmental samples using CARD-FISH 
with combination of the GoM-Arc1-specific probe (red) and the general bacterial probe EUB-338 (green). 
Environmental samples originated from the seep sites Hydrate Ridge, Oregon (B); Gulf of Mexico (C); Guaymas 
Basin (D); Loki’s Castle (E); and Katakolo Bay, Greece (F). Bars, 5 µm (D to F) and 2 µm (B and C). 
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2.4.5 Future possible applications of “Ca. Ethanoperedens.”  
Archaea of the GoM-Arc1 cluster are likely the dominant, if not the only, organisms 

capable of anaerobic oxidation of ethane on the global seafloor. An important further task is to 

assess deep oil and gas reservoirs for their diversity of ethane oxidizers. The rapid growth of 

“Ca. Ethanoperedens” and the streamlined genome make it a model organism for the study of 

anaerobic ethanotrophy in archaea. The biochemistry of short-chain alkane-oxidizing archaea 

will be of high interest for future biotechnological applications. An organism using the 

metabolism of “Ca. Ethanoperedens” in the reverse direction should be able to produce ethane, 

similarly to methane production by methanogens. Yet, there is scarce isotopic evidence for the 

existence of ethanogenic organisms in nature (Hinrichs et al. 2006). Furthermore, under 

common environmental conditions thermodynamics favor the production of methane from 

inorganic carbon over the production of ethane. To test the general reversibility of the ethane 

oxidation pathway, we incubated the active Ethane50 culture with 13C-labeled inorganic carbon 

and traced the label transfer into ethane. Within 18 days 13C ethane values increased from -3‰ 

to +120‰, whereas isotopic compositions in the nonlabeled culture remained stable (Figure 

S2-4). Considering the forward rate and ethane stock, the back reaction amounts to 1.5‰ to 

3% of the forward reaction, which is in the range for back fluxes of carbon measured in AOM 

(Holler et al. 2011, Wegener et al. 2016). This experiment shows that the ethane oxidation 

pathway is fully reversible. To test the net ethane formation in the Ethane50 culture, we 

removed sulfate from culture aliquots and added hydrogen as electron donor. These cultures 

formed between 1 and 17 µmol liter-1 ethane within 27 days (Table S2-10). The ethane 

production was, however, a very small fraction (0.08%) of the ethane oxidation rate in replicate 

incubations with ethane and sulfate. No ethane was formed in the presence of hydrogen and 

sulfate. We interpret the ethane formation in the culture as enzymatic effect in the 

ethane-oxidizing consortia. Bacterial hydrogenases will fuel reducing equivalents into the 

pathway, which may ultimately lead to the reduction of carbon dioxide to ethane. A growing 

culture could not be established under these conditions, however, the experiments suggest that 

related or genetically modified methanogenic archaea could thrive as ethanogens. A complete 

understanding of the pathway and enzymes of GoM-Arc1 archaea, however, is required to 

develop the biotechnological potential of an ethanogenic organism. To allow 

energy-conserving electron flows in this organism, a genetically modified methanogen should 

be used as host organism. For a targeted modification of such archaea, the pathway of ethane 
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oxidation must be completely understood, and research should focus especially on the 

transformation of coenzyme M-bound ethyl units to coenzyme A-bound acetyl units. 

2.5 Material and methods 

2.5.1 Inoculum and establishment of alkane-oxidizing cultures 
This study is based on samples collected during R/V Atlantis cruise AT37-06 with 

submersible Alvin to the Guaymas Basin vent area in December 2016 (for locations, see Table 

S2-6 in the supplemental material). A sediment sample was collected by push coring within a 

hydrothermal area marked by conspicuous orange-type Beggiatoa mats (dive 4869, core 26, 27 

0.4505 N 111°24.5389 W, 2,001-m water depth, 20 December 2016). The sampling site was 

located in the hydrothermal area where, during a previous Alvin visit, sediment cores 

containing locally 13C-enriched ethane had indicated ethane-oxidizing microbial activity 

(Dowell et al. 2016). In-situ temperature measurements using the Alvin heat flow probe 

revealed a steep temperature gradient reaching 80°C at 30- to 40-cm sediment depth. The 

retrieved samples contained large amounts of natural gas as observed by bubble formation. 

Soon after recovery, the overlying Beggiatoa mat was removed, and the top 10 cm of the 

sediment was filled into 250-ml Duran bottles, which were gastight sealed with butyl rubber 

stoppers. In the home laboratory, sediments were transferred into an anoxic chamber. There, a 

sediment slurry (20% sediment and 80% medium) was produced with synthetic sulfate reducer 

(SR) medium (pH 7.0) (Widdel and Bak 1992, Laso-Pérez et al. 2018) and distributed into 

replicate bottles (sediment dry weight per bottle, 1.45 g). These bottles were amended with 

methane or ethane (0.2 MPa) or kept with an N2 atmosphere without alkane substrate. These 

samples were incubated at 37°C, 50°C, and 70°C. To determine substrate-dependent sulfide 

production rates, sulfide concentrations were measured every 2 to 4 weeks using a copper 

sulfate assay (Cord-Ruwisch 1985). Ethane-dependent sulfide production was observed at 

37°C and 50°C but not at 70°C. When the sulfide concentration exceeded 15 mM, the cultures 

were diluted (1:3) in SR medium and resupplied with ethane. Repeated dilutions led to virtually 

sediment-free, highly active cultures within 18 months. A slight decrease of the initial pH value 

to 6.5 led to increased ethane oxidation activity and faster growth in the culture. 

2.5.2 Quantitative substrate turnover experiment  
The Ethane50 culture was equally distributed in six 150-ml serum flasks using 20 ml 

inoculum and 80 ml medium. Three replicate cultures were amended with 0.05-MPa ethane in 
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0.1-MPa N2-CO2, while 3 negative controls were amended with 0.15-MPa N2-CO2. Both 

treatments were incubated at 50°C. Weekly, 0.5-ml headspace gas samples were analyzed for 

ethane content using an Agilent 6890 gas chromatograph in splitless mode equipped with a 

packed column (Supelco Porapak Q, 6 ft by 1/8 ft by 2.1-mm stainless steel column, oven 

temperature 80°C). The carrier gas was helium (20 ml per minute), and hydrocarbons were 

detected by flame ionization detection. Each sample was analyzed in triplicates and quantified 

against ethane standards of 5, 10, and 100%. Derived concentrations were converted into molar 

amounts by taking the headspace size, pressure, and temperature into account. Results were 

corrected for sampled volumes. Sulfide concentrations were measured as described above. To 

determine sulfate concentrations, 1 ml of sample was fixed in 0.5 ml zinc acetate. Samples 

were diluted 1:50 with deionized water (MilliQ grade; >18.5 MD), and samples were measured 

using nonsuppressed ion chromatography (Metrohm 930 Compact IC Metrosep A PCC HC/4.0 

preconcentration and Metrosep A Supp 5-150/4.0 chromatography column). 

2.5.3 DNA extraction, 16S rRNA gene amplification, and tag sequencing  
DNA was extracted from the different cultures and the original sediment with the Mo 

Bio Power soil DNA extraction kit (Mo Bio Laboratories Inc., Carlsbad, CA, USA) using a 

modified protocol. Twenty milliliters of the culture was pelleted via centrifugation (5,000 X g; 

10 min). The pellet was resuspended in phosphate-buffered saline (PBS) and transferred to the 

PowerBeat tube (Mo Bio Power soil DNA extraction kit; Mo Bio Laboratories Inc., Carlsbad, 

CA, USA). The cells were lysed by three cycles of freezing in liquid nitrogen (20 s) and 

thawing (5 min at 60°C). After cooling down to room temperature, 10 µl of proteinase K (20 

mg ml-1) was added and incubated for 30 min at 55°C. Subsequently, 60 µl of solution C1 

(contains SDS) was added, and the tubes were briefly centrifuged. The samples were 

homogenized 2 times for 30 s at 6.0 m/s using a FastPrep-24 instrument (MP Biomedicals, 

Eschwege, Germany). In between the runs, the samples were kept on ice for 5 min. After these 

steps, the protocol was followed further according to the manufacturer’s recommendations. 

DNA concentrations were measured using a Qubit 2.0 instrument (Invitrogen, Carlsbad, CA, 

USA). Two nanograms of DNA was used for amplicon PCR, and the product was used for 16S 

rRNA gene amplicon library preparation according to the 16S metagenomic sequencing library 

preparation guide provided by Illumina. The Arch349F-Arch915R primer pair was used to 

amplify the archaeal V3-V5 region, and the Bact341F-Bact785R primer pair was used for the 

bacterial V3-V4 region (see Table S2-1 in the supplemental material). Amplicon libraries for 

both Archaea and Bacteria were sequenced on an Illumina MiSeq instrument (2- by 300-bp 
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paired-end run, v3 chemistry) at CeBiTec (Bielefeld, Germany). After analysis, adapters and 

primer sequences were clipped from the retrieved sequences using cutadapt (Martin 2011) 

(v1.16) with 0.16 (-e) as maximum allowed error rate and no indels allowed. Resulting reads 

were analyzed using the SILVAngs pipeline using the default parameters 

(https://ngs.arb-silva.de/silvangs/) (Quast et al. 2012, Yilmaz et al. 2014, Glockner et al. 2017). 

2.5.4 Extraction of high-quality DNA, library preparation, and sequencing of 

gDNA 
Biomass from 200 ml of the Ethane50 and Ethane37 cultures was pelleted by 

centrifugation and resuspended in 450 µl of extraction buffer. Genomic DNA was retrieved 

based on a modified version of the protocol described in reference Zhou et al. (1996), including 

three extraction steps. Resuspended pellet was frozen in liquid N2 and thawed in a water bath 

at 65°C. Another 1,350 µl of extraction buffer was added. Cells were digested enzymatically 

by proteinase K (addition of 60 µl of 20 mg/ml, incubation at 37°C for 1.5 h under constant 

shaking at 225 rpm) and chemically lysed (addition of 300 µl 20% SDS for 2h at 65°C). 

Samples were centrifuged (20 min, 13,000 X g), and the clear supernatant was transferred to a 

new tube. Two milliliters of chloroform-isoamyl alcohol (16:1, vol/vol) was added to the 

extract, mixed by inverting, and centrifuged for 20 min at 13,000 X g. The aqueous phase was 

transferred to a new tube, mixed with 0.6 volumes of isopropanol, and stored overnight at -20°C 

for DNA precipitation. If precipitate formed, sample was heated to 65°C for 5 min and then 

centrifuged for 40 min at 13,000 X g. The supernatant was removed, and the pellet was washed 

with ice-cold ethanol (80%) and subjected to centrifugation for 10 min at 13,000 X g. The 

ethanol was removed, and the dried pellet was resuspended in PCR-grade water. This procedure 

yielded 114 µg and 145 µg high-quality genomic DNA (gDNA) from the Ethane37 and the 

Ethane50 cultures, respectively. Samples were sequenced with Pacific Biosciences Sequel as a 

long amplicon (4 to 10 kb) and long-read gDNA library at the Max Planck-Genome-Centre 

(Cologne, Germany). To evaluate the microbial community, we extracted 16S rRNA gene 

reads using Metaxa2 (Bengtsson-Palme et al. 2015) and taxonomically classified them using 

the SILVA ACT online service (Pruesse et al. 2012). For assembly, either HGAP4 

(implemented in the SMRTlink software by PacBio) or Canu (https://github.com/marbl/canu) 

was used. The closed GoM-Arc1 genome from the Ethane37 culture was prepared manually 

by the combination of assemblies from the two above-mentioned tools. The final genome was 

polished using the resequencing tool included in the SMRTLink software by PacBio. For 

noncircularized de novo genomes, the resulting contigs were mapped via minimap2 
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(https://github.com/lh3/minimap2; parameter: ‘-x asm10’) to a reference genome. The 

reference consensus genomes were prepared using the resequencing tool implemented in the 

SMRTLink software of PacBio using either the circular GoM-Arc1 de novo genome from this 

study or the publicly available “Ca. Desulfofervidus” genome (accession no. NZ_CP013015.1) 

as reference. Final genomes were automatically annotated using Prokka (Seemann 2014), and 

the annotation was refined manually using the NCBI BLAST interface (Johnson et al. 2008). 

Average nucleotide and amino acid identities were calculated using Enveomics tools 

(Rodriguez-R and Konstantinidis 2016). 

2.5.5 Single-cell genomics 
Anoxic sediment aliquots were shipped to the Bigelow Laboratory Single Cell 

Genomics Center (SCGC; https://scgc.bigelow.org). Cells were separated, sorted, and lysed, 

and total DNA was amplified by multiple displacement amplification. Single-cell DNA was 

characterized by 16S rRNA gene tag sequences (Stepanauskas et al. 2017, Laso-Pérez et al. 

2019). The single-cell amplified DNA from Gulf of Mexico samples was analyzed and 

sequenced as described before in Laso-Pérez et al. (2019). Single-cell amplified DNA from 

Amon Mud Volcano AAA-792_C10 was sequenced with HiSeq 3000 and MiSeq technology, 

and reads were assembled using SPAdes (Nurk et al. 2013) with the single-cell mode. 

Assembled reads were binned based on tetranucleotides, coverage, and taxonomy using 

MetaWatt (Strous et al. 2012). The final SAG was evaluated for completeness and 

contamination using CheckM (Parks et al. 2015). Genome annotation was performed as 

described above. 

2.5.6 Extraction of RNA, reverse transcription, sequencing, and read processing 
Extraction and sequencing of total RNA was performed in triplicates. RNA was 

extracted from 150 ml active Ethane50 culture grown in separate bottles at 50°C. Total RNA 

was extracted and purified as described in reference (Laso-Pérez et al. 2016) using the 

Quick-RNA miniprep kit (Zymo Research, Irvine, CA, USA) and RNeasy MinElute cleanup 

kit (Qiagen, Hilden, Germany). Per sample, at least 150 ng of high-quality RNA was obtained. 

The RNA library was prepared with the TruSeq stranded total RNA kit (Illumina). An rRNA 

depletion step was omitted. The samples were sequenced on an Illumina NextSeq with v2 

chemistry and 1- by 150-bp read length. The sequencing produced ~50-Gb reads per sample. 

Adapters and contaminant sequences were removed, and reads were quality trimmed to Q10 

using bbduk v36.49 from the BBMAP package. For phylogenetic analysis of the active 
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community, 16S rRNA reads were recruited and classified based on SSU SILVA release 132 

(Pruesse et al. 2012) using phyloFlash (Gruber-Vodicka et al. 2020). Trimmed reads were 

mapped to the closed genomes of “Candidatus Ethanoperedens thermophilum” and “Ca. 

Desulfofervidus” using Geneious Prime 2019.2.1 (Biomatters, Ltd., Auckland, New Zealand) 

with a minimum mapping quality of 30%. The expression level of each gene was quantified by 

counting the number of unambiguously mapped reads per gene using Geneious. To consider 

gene length, read counts were converted to reads per kilobase per million mapped reads 

(RPKM). 

2.5.7 Phylogenetic analysis of 16S rRNA genes, marker genes, and mcrA amino 

acid sequences. 
A 16S rRNA gene-based phylogenetic tree was calculated using publicly available 16S 

rRNA sequences from the SSU Ref NR 128 SILVA database (Quast et al. 2012). The tree was 

constructed using ARB (Ludwig et al. 2004) and the FastTree 2 package (Price et al. 2010) 

using a 50% similarity filter. Sequence length for all 16S rRNA genes was at least 1,100 bp. 

After tree calculation, partial sequences retrieved from single cells were included into the tree. 

ARB (Ludwig et al. 2004) was used for visualization of the final tree. The marker gene tree 

was calculated using 126 publicly available genomes and genomes presented in this study. The 

tree was calculated based on aligned amino acid sequences of 32 marker genes picked from 

known archaeal marker genes (Table S2-7) (Rinke et al. 2013). For the preparation of the 

aligned marker gene amino acid sequences, we used the phylogenomic workflow of Anvi’o 5.5 

(Eren et al. 2015). The marker gene phylogeny was calculated using RAxML version 8.2.10 

(Stamatakis 2014) with the PROTGAMMAAUTO model and LG likelihood amino acid 

substitution. One thousand fast bootstraps were calculated to find the optimal tree according to 

RAxML convergence criteria. The software iTOL v3 was used for tree visualization (Letunic 

and Bork 2016). The mcrA amino acid phylogenetic tree was calculated using 358 sequences 

that are publicly available or presented in this study. The sequences were manually aligned 

using the Geneious Prime 2019.2.1 (Biomatters, Ltd., Auckland, New Zealand) interface, and 

1,060 amino acid positions were considered. The aligned sequences were masked using Zorro 

(https://sourceforge.net/projects/probmask/), and a phylogenetic tree was calculated using 

RAxML version 8.2.10 (Stamatakis 2014) using the PROTGAMMAAUTO model and LG 

likelihood amino acid substitution. One thousand fast bootstraps were calculated. The tree was 

visualized with iTOL v3 (Letunic and Bork 2016). 
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2.5.8 Catalyzed reported deposition fluorescence in-situ hybridization (CARD-

FISH) 
Aliquots of the Ethane50 culture and environmental samples were fixed for1h in 2% 

formaldehyde, washed three times in PBS (pH 7.4)-ethanol (1:1), and stored in this solution. 

Aliquots were sonicated (30 s; 20% power; 20% cycle; Sonoplus HD70; Bandelin) and filtered 

on GTTP polycarbonate filters (0.2-µm pore size; Millipore, Darmstadt, Germany). 

CARD-FISH was performed according to reference (Pernthaler et al. 2002) including the 

following modifications. Cells were permeabilized with a lysozyme solution (PBS [pH 7.4], 

0.005 M EDTA [pH 8.0], 0.02 M Tris-HCl [pH 8.0], 10 mg ml-1 lysozyme; Sigma-Aldrich) at 

37°C for 60 min followed by proteinase K solution treatment (7.5 µg ml-1 proteinase K [Merck, 

Darmstadt, Germany] in PBS [pH 7.4], 0.005 M EDTA [pH 8.0], 0.02 M Tris-HCl [pH 8.0]) 

at room temperature for 5 min. Endogenous peroxidases were inactivated by incubation in a 

solution of 0.15% H2O2 in methanol for 30 min at room temperature. Horseradish peroxidase 

(HRP)-labeled probes were purchased from Biomers.net (Ulm, Germany). Tyramides were 

labeled with Alexa Fluor 594 or Alexa Fluor 488. All probes were applied as listed in Table 

S2-1. For double hybridization, the peroxidases from the first hybridization were inactivated in 

0.15% H2O2 in methanol for 30 min at room temperature. Finally, the filters were 

counterstained with DAPI (4=,6=diamino-2-phenylindole) and analyzed by epifluorescence 

microscopy (Axiophot II imaging; Zeiss, Germany). Selected filters were analyzed by confocal 

laser scanning microscopy (LSM 780; Zeiss, Germany) including the Airyscan technology. 

2.5.9 Synthesis of authentic standards for metabolites 
To produce alkyl-CoM standards, 1 g of coenzyme M was dissolved in 40 ml 30% 

(vol/vol) ammonium hydroxide solution, and to this solution 1.8 to 2 g of bromoethane, 

bromopropane, or bromobutane was added. The mixture was incubated for 5 h at room 

temperature under vigorous shaking and then acidified to pH 1 with HCl. The produced 

standard had a concentration of approximately 25 mg ml-1, which for mass spectrometry 

measurements was diluted to 10 µg ml-1. 

2.5.10  Extraction of metabolites from the Ethane50 culture 
In the anoxic chamber, 20 ml of Ethane50 culture was harvested into 50-ml centrifuge 

tubes. Tubes were centrifuged at 3,000 relative centrifugal force (rcf) for 10 min, and the 

supernatant was removed. The pellet was resuspended in 1 ml acetonitrile-methanol-water 

(4:4:2, vol/vol/vol) mixture in lysing matrix tubes (MP Biomedicals, Eschwege, Germany) 
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with glass beads. Afterward, the tubes were removed from the anoxic chamber and the samples 

were mechanically lysed in a FastPrep homogenizer (MP Bio) with 5 cycles with 6 M/s for 50 

s and cooling on ice for 5 min between the homogenization steps. Finally, the samples were 

centrifuged for 5 min at 13,000 X g, and the supernatant was transferred to a new tube and 

stored at -20°C. 

2.5.11 Solvents for LC-MS/MS 
All organic solvents were liquid chromatography-mass spectrometry (LC-MS) grade, 

using acetonitrile (ACN; BioSolve, Valkenswaard, The Netherlands), isopropanol (IPA; 

BioSolve, Valkenswaard, The Netherlands), and formic acid (FA; BioSolve, Valkenswaard, 

The Netherlands). Water was deionized by using the Astacus MembraPure system 

(MembraPure GmbH, Berlin, Germany). 

2.5.12 High-resolution LC-MS/MS. 
The analysis was performed using a QExactive Plus Orbitrap (Thermo Fisher Scientific) 

equipped with a heated electrospray ionization (HESI) probe and a Vanquish Horizon 

ultra-high-performance liquid chromatography (UHPLC) system (Thermo Fisher Scientific). 

The metabolites from cell extracts were separated on an Accucore C30 column (150 by 2.1 

mm, 2.6 µm; Thermo Fisher Scientific), at 40°C, using a solvent gradient created from the 

mixture of buffer A (5% acetonitrile in water, 0.1% formic acid) and buffer B (90/10 IPA-

ACN, 0.1% formic acid). The solvent gradient was the following: fraction B of 0, 0, 16, 45, 

52, 58, 66, 70, 75, 97, 97.15, and 0%, at -2 min (prerun equilibration) and 0, 2, 5.5, 9, 12, 14, 

16, 18, 22, 25, 32.5, 33, 34.4, and 36 min of each run, and a constant flow rate of 350 µl min-1. 

The sample injection volume was 10 µl. The MS measurements were acquired in negative 

mode for a mass detection range of 70 to 1,000 Da. In alternation, a full MS and MS/MS scans 

of the eight most abundant precursor ions were acquired in negative mode. Dynamic exclusion 

was enabled for 30 s. The settings for full-range MS1 were mass resolution of 70,000 at 200 

m/z, automatic gain control (AGC) target of 5 X 105, and injection time of 65 ms. Each MS1 

was followed by MS2 scans with the following settings: mass resolution of 35,000 at 200 m/z, 

AGC target of 1 X 106, injection time of 75 ms, loop count of 8, isolation window of 1 Da, and 

collision energy set to 30 eV. 

2.5.13 Determination of carbon back flux into the ethane pool 
Aliquots of active AOM culture (50 ml) were transferred into 70-ml serum bottles with 

N2:CO2 headspace. In the stable-isotope probing (SIP) experiment, addition of 99% 13C-labeled 
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dissolved inorganic carbon (DIC) (1 ml, 350 mM) led to 3-13C-DIC values of +25,000‰ as 

measured by cavity ringdown spectrometry. Ethane (2 atm = 1.8 mM) was added to both 

experiments, and cultures were stored at 50°C. To determine the overall ethane oxidation 

activity, sulfide concentrations were measured every few days as described above and 

converted to ethane oxidation rates using ratios in the chemical formula in Results and 

Discussion. To measure the development of ethane 3-13C values, 1 ml of the gas phase was 

sampled every few days and stored in 10-ml Exetainer vials with 2 ml NaOH, and ethane 

isotopic composition was measured using gas chromatography coupled via a combustion 

interface to isotope ratio mass spectrometry (Trace GC Ultra with Carboxene-1006 Plot 

column, 40°C oven temp., carrier gas He with flow rate 3 ml min-1; coupled via GC IsoLink to 

Delta V isotope ratio MS). 

2.5.14 Net ethane production test 
To test for net ethane production, in 156-ml serum flasks replicate incubations with 

about 0.5 g (wet weight) active Ethane50 culture in 100 ml of sulfate-free medium was 

prepared. Four different conditions were tested in three biological replicates with the addition 

of (i) 1.5 atm H2; (ii) conditions replicating the first but with only 0.05 g biomass; (iii) 1.5 atm 

H2 plus 28 mM sulfate; and (iv) an activity control with addition of sulfate and 1.5 atm ethane. 

Cultures were incubated over 27 days at 50°C, and sulfate and ethane concentrations were 

monitored as described above. 

2.5.15 Data availability 
All sequence data are archived in the ENA database under the INSDC accession 

numbers PRJEB36446 and PRJEB36096. Sequence data from Loki’s Castle are archived under 

NCBI BioSample number SAMN13220465. The 16S rRNA gene amplicon reads have been 

submitted to the NCBI Sequence Read Archive (SRA) database under the accession number 

SRR8089822. All sequence information has been submitted using the data brokerage service 

of the German Federation for Biological Data (GFBio) (Diepenbroek et al. 2014), in 

compliance with the Minimal Information about any (X) Sequence (MIxS) standard (Yilmaz 

et al. 2011), but some data are still under ENA embargo. 
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2.7 Supplemental material 

2.7.1 Supplemental figures 

 
Figure S2-1 Phylogenetic affiliation of the GoM-Arc1 clade archaea with other archaea based on 16S rRNA gene 
comparison. The tree was constructed using ARB (Ludwig et al. 2004) and the FastTree 2 package (Price et al. 
2010) using a 50% similarity filter. 410 sequences with a length of at least 1100 bp, excluding partial sequences 
retrieved from single cells, were used. Bar shows 10% sequence divergence. 
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Figure S2-2 Comparison of mcrA sequences from the GoM-Arc1 clade to described canonical and non-canonical 
mcrA sequences. A, alignment of the active site of the mcrA from different representative genomes. The four 
different Ca. Syntrophoarchaeum sequences belong to the same genome bin. Amino acid positions refer to Ca. E. 
thermophilum E50 mcrA sequence. B, identity matrix of mcrA sequences based on NCBI blastp alignment. 

 
Figure S2-3 Development of sulfide concentrations in substrate experiments in replicate incubations of the 
Ethane50 culture supplied with (A) ethane, alternative alkanes or a mix of these substrates; and (B) ethane and 
sulfate compared to ethane with elemental sulfur or only elemental sulfur. Results show that that ethane is the 
only alkane used as electron donor in Ca. E. thermophilum, and sulfate is the only used electron acceptor. Further, 
elemental sulfur is not disproportionated. 
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Figure S2-4 Test for the transfer of inorganic carbon into ethane in the ethane 50 culture. A, development of 
sulfide concentrations in the culture with ethane as energy source and sulfate as electron acceptor B, development 
of δ13C values in ethane in the two cultures (controls δ13C DIC -35‰) 13C-DIC amended culture with δ13CDIC 
=+25994 ‰. Based on simple mass balance calculations on the development of fractions we infer that sulfate-
dependent anaerobic AOM in these enrichments is accompanied by a back flow of inorganic carbon amounting 
to 1-3% of the forward rate. This back reaction indicates a general reversibility of ethane oxidation. 
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2.7.2 Supplemental tables 
Table S2-1 PCR primers used the amplification of archaeal and bacteria 16S rRNA genes and oligonucleotide 
probes used for CARD-FISH. 

Primer name Ref. in probeBase 
database Sequence 5'→3’   Reference 

Arch349F S-D-Arch-0349-a-S-17 GYG CAS CAG KCG MGA 
AW 

 
Takai and 
Horikoshi 
(2000) 

Arch915R S-D-Arch-0915-a-A-20 GTG CTC CCC CGC CAA 
TTC CT 

 (Amann et al. 
1990) 

Bact341F S-D-Bact-0341-b-S-17 CCT ACG GGN GGC WGC 
AG 

 (Herlemann et 
al. 2011) 

Bact785R S-D-Bact-0785-a-A-21 GAC TAC HVG GGT ATC 
TAA TCC 

 (Herlemann et 
al. 2011) 

Probe name Specificity Sequence 5’→3’ FA 
% Reference 

EUB338 I Bacteria GCTGCCTCCCGTAGGAGT 35 (Amann et al. 
1990) 

EUB338 II supplement to EUB338 GCAGCCACCCGTAGGTGT 35 (Daims et al. 
1999) 

EUB338 III supplement to EUB338 GCTGCCACCCGTAGGTGT 35 (Daims et al. 
1999) 

GOM-ARCI-660 most GoM Arc 1, 
Methanocellaceae AGTACCTCCTACCTCTCCC 35 (Laso-Pérez et 

al. 2019) 

c1GOM-ARCI-660 
most ANME-2d 
(competitor) AGTACCTCCCACCTCTCCC  (Laso-Pérez et 

al. 2019) 

c2GOM-ARCI-660 

Methanosaetaceae / 
Methanobacteriales 
(most ANME-2d 
(competitor) 

AGTACCTCCAACCTCTCCC  (Laso-Pérez et 
al. 2019) 

c3GOM-ARCI-660 Diverse archaeal groups 
(competitor) AGTACCTCCGACCTCTCCC  (Laso-Pérez et 

al. 2019) 

HotSeep1-1465 Ca. Desulfofervidus CGCCGACCACACCTTGGG 20 (Krukenberg et 
al. 2016) 

DSS658 Desulfosarcina/  
Desulfococcus TCCACTTCCCTCTCCCAT 50 (Manz et al. 

1998) 

DELTA495 Most Deltaproteobacteria AGTTAGCCGGTGCTTCCT 35 (Loy et al. 2002) 
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Table S2-2 - Summary of SAGs and MAGs presented in this study. 

 
 
Table S2-3 Genomes and gene expression data of the Ethane50 culture and overview of genes potentially involved 
in the ethane metabolism and electron cycling in the Ethane50 culture. Expression values shown in triplicates for 
Ca. E. thermophilum and Ca. D. auxilii.  

Large excel table can be downloaded under following link: 

https://journals.asm.org/doi/suppl/10.1128/mBio.00600-20/suppl_file/mbio.00600-

20-st003.xlsx 

 

  

Internal name Organism Sample source Genome type
Completenes

s (%)
Size (MB) Contamination (%)

GoM-Arc1_E50_DN Ca. E. thermophilum GBE50 MAG 78 1.48 1.3

GoM-Arc1_E50 Ca. E. thermophilum GBE50 Ref. genome 98 1.92 2.1

GoM-Arc1_E37 Ca. E. thermophilum GBE37
Closed 

genome
99 1.92 2.3

GoM-Arc1-LC Ca.  A. ethanivorans LC MAG 68 1.25 0

GoM-Arc1-AMV-AAA_792_C10 Ca.  A. ethanivorans AMW SAG 31 0.68 0.7

GoM-Arc1-GOM-AG-392-D22 Ca.  A. ethanivorans GoM SAG 59 1.22 0.7

GoM-Arc1-GOM-AG-392-E03 Ca.  A. ethanivorans GoM SAG 10 0.25 0

GoM-Arc1-GOM-AG-392-J18 Ca.  A. ethanivorans GoM SAG 56 0.95 1.3

GoM-Arc1-GOM-AG-392-M11 Ca.  A. ethanivorans GoM SAG 28 0.55 0

GoM-Arc1-GOM-AG-392-O15 Ca.  A. ethanivorans GoM SAG 25 0.64 0

GoM-Arc1-GOM-AG-393-N10 Ca.  A. ethanivorans GoM SAG 10 0.27 0

GoM-Arc1-GOM-AG-394-J04 Ca.  A. ethanivorans GoM SAG 32 0.62 0

HotSEEP1_E50_DN Ca. D. auxilii GBE50 MAG 71 1.77 5

HotSEEP1_E50 Ca. D. auxilii GBE50 Ref. genome 95 2.54 3.7

HotSEEP1_E37 Ca. D. auxilii GBE37 MAG 87 1.8 3.5

HotSEEP1_E37_DN Ca. D. auxilii GBE37 Ref. genome 95 2.54 4.1

GBE=Guaymas Basin 50°C enrichment, LC=Loki’s Castle, GoM=Gulf of Mexico; AMV=Amon Mud Volcano; MAG=metagenome assembled 
genome; SAG=Single amplified genome; Ref. genome=consensus reference genome
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Table S2-4 Overview of environmental sampling sites used for this study. 

 

Location Cruise Station 
Location 
(latitude, 
longitude) 

Site description Methods applied Site reference 

Hydrate 
Ridge SO148/1 19-2 44.34104, -

125.08807 
Beggiatoa mat and 
gas hydrates 

CARD-FISH; Cell 
abundance estimation 

(Linke and Suess 
2001) 

Hydrate 
Ridge SO148/1 38-1 44.34186, -

125.08847 
Calyptogena field 
and gas hydrates 

CARD-FISH; Cell 
abundance estimation 

(Linke and Suess 
2001) 

Guaymas 
Basin AT15-40 4489-1 27.0468, -

111.24537 
Yellow mat and 
hydrocarbon rich 

CARD-FISH; Cell 
abundance estimation 

(Meyer et al. 
2013) 

Guaymas 
Basin AT37-06 4869-

26 
27.00, -
111.24 

Orange microbial 
mat and 
hydrocarbon rich 

Cultivation; CARD-FISH; 
DNA and RNA 
sequencing 

(Meyer et al. 
2013) 

Gulf of 
Mexico M114/2 19351-

14 
21.8999, -
93.43518 

Microbial mat and 
crude oil Single cell genomes (Sahling et al. 

2016) 
Gulf of 
Mexico M67/2 10625-

9 
21.53907, -
93.262049 Oily sediment CARD-FISH; Cell 

abundance estimation 
(Bohrmann et al. 
2008) 

Gulf of 
Mexico SO174 140 21.90002, -

93.43727 
Gas hydrates, oil 
and carbonates 

CARD-FISH; Cell 
abundance estimation 

(Bohrmann and 
Schenck 2003) 

Gulf of 
Mexico SO174 156 27.78247, -

91.50777 
Tubeworms and gas 
hydrates 

CARD-FISH; Cell 
abundance estimation 

(Bohrmann and 
Schenck 2003) 

Gulf of 
Mexico SO174 161 27.55807, -

90.98098 

Gas hydrates, oily 
sediment, melted 
gas hydrates 

CARD-FISH; Cell 
abundance estimation 

(Bohrmann and 
Schenck 2003) 

Amon Mud 
Volcano M70-2 760-

113 
32.221299, 
31.426623 

Bacterial mat and 
gassy seep 

Single cell genome; 
CARD-FISH; Cell 
abundance estimation 

(Dupré et al. 
2008) 

Locis Castle 

R/V G.O. 
Sars cruise 
to the LCVF 
in 2009 and 
2010 

BaCh2 73.3399, 
8.097 

Small barite 
chimney and 
hydrothermal 
sediment densely 
populated with S. 
contortum 

CARD-FISH; 
Metagenomics (Steen et al. 2016) 

Katakolo Bay / / 37.64477, 
21.32019 Gassy seep CARD-FISH (Etiope et al. 

2013) 
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Table S2-5 Marker genes used for calculation of genome tree based on archaeal marker genes presented in Rinke 
et al. (2013). 

Excel table can be downloaded under following link: 

https://journals.asm.org/doi/suppl/10.1128/mBio.00600-20/suppl_file/mbio.00600-

20-st005.xlsx 

 
Table 2-6 Development of ethane, sulfide and sulfate concentrations in E50 culture in triplicates. 

 
 

 

  

Days of incubation 3 11 17 26 32 39 46 53 60 67
Ethane_1 8.73 7.76 6.97 6.11 4.96 4.14 3.58 3.03 2.49 2.11
Ethane_2 8.67 7.54 6.95 6.02 4.81 3.88 3.22 2.73 2.28 1.95
Ethane_3 8.83 7.74 6.89 6.33 5.23 4.48 3.81 3.22 2.74 2.32
Negative_1 1.24 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08
Negative_2 1.24 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08
Negative_3 1.24 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08

Days of incubation 3 11 17 26 32 39 46 53 60 67
Ethane_1 0.73 1.53 2.65 5.02 6.65 8.29 10.29 10.47 11.42 12.04
Ethane_2 0.87 1.45 2.51 4.44 5.02 6.15 7.60 7.20 8.76 8.44
Ethane_3 0.84 1.35 2.65 4.51 5.85 6.84 8.00 7.96 10.76 10.98
Negative_1 0.73 0.18 0.29 0.11 0.36 0.29 0.15 0.15 0.22 0.15
Negative_2 0.73 0.07 0.15 0.04 0.29 0.36 0.22 0.15 0.33 0.18
Negative_3 0.80 0.15 0.11 0.04 0.29 0.25 0.18 0.22 0.29 0.04

Days of incubation 3 11 17 26 32 39 46 53 60 67
Ethane_1 17.69 16.55 15.93 14.48 12.83 12.21 11.58 11.00 9.75 9.02
Ethane_2 17.26 17.04 16.11 14.63 14.36 13.56 13.50 12.85 12.16 11.80
Ethane_3 17.03 17.11 0.20 14.72 14.07 13.37 12.69 12.02 10.52 10.12
Negative_1 18.17 18.00 17.64 17.39 17.23 17.86 18.21 17.90 17.17 17.60
Negative_2 17.87 18.07 17.41 16.94 17.99 17.88 18.14 18.04 17.48 16.75
Negative_3 17.58 17.93 17.85 17.67 17.15 18.22 18.01 18.33 17.08 17.77

Ethane (mmol)

Sulfide (mmol)

Sulfate (mmol)
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Table 2-7 Development of sulfide concentration in E50 culture in 10 replicates. 

 

 

Table S2-8 Development of ethane and sulfide concentrations in triplicates of the Ethane50 culture with hydrogen 
gas (1.5 atm) with and without sulfate. 

 

 

Days of incubation 0 2 5 7 10 12 14 16 18 21 23 25 27 29 31 33 35 37 39 44 46 49

E501to10C1 0.33 0.58 1.09 1.31 2.62 2.95 3.42 4.40 4.87 6.22 6.69 7.20 8.51 9.31 9.67 9.71 11.75 14.11 14.62 15.60 16.40 16.91
E501to10C2 0.18 0.58 1.09 1.38 2.44 2.95 3.13 4.40 4.91 5.64 6.44 7.89 8.47 8.76 10.15 10.55 12.04 13.82 14.51 15.89 16.11 17.24
E501to10C3 0.33 0.62 1.27 1.53 2.69 3.35 3.82 4.84 5.45 6.29 7.45 7.96 9.16 9.45 10.65 10.98 13.20 13.78 14.00 15.93 17.35 17.42
E501to10C4 0.47 0.58 1.16 1.31 2.58 2.87 3.78 4.36 5.02 6.36 6.98 7.85 9.67 9.85 10.62 11.05 13.27 14.07 14.25 16.29 17.05 18.29
E501to10C5 0.36 0.51 0.95 1.20 2.00 2.73 2.95 4.00 4.33 5.53 5.89 7.05 8.00 8.73 9.53 9.56 10.76 12.07 12.69 14.51 16.36 16.33
E501to10C6 0.44 0.73 1.16 1.35 2.40 2.98 2.95 4.29 4.51 5.64 5.75 7.02 7.93 8.51 10.00 10.18 11.05 12.55 13.20 13.53 15.02 16.36
E501to10C7 0.36 0.65 1.09 1.31 2.40 2.95 3.42 3.85 4.36 5.16 6.00 6.84 7.24 8.15 8.76 9.38 10.73 11.35 11.93 13.24 14.15 14.18
E501to10C8 0.47 0.58 1.13 1.42 2.44 3.16 3.45 3.96 5.20 5.89 6.69 7.85 8.51 8.84 10.40 10.58 13.05 13.64 13.78 14.76 16.55 16.65
E501to10C9 0.44 0.55 0.87 0.98 1.67 2.18 2.58 3.13 3.75 4.47 4.98 5.89 6.65 7.13 8.04 8.36 10.40 10.95 11.35 13.20 13.96 14.44
E501to10C10 0.44 0.58 0.87 1.02 2.00 2.40 2.91 3.27 3.60 4.55 5.02 6.22 6.98 7.67 9.16 8.91 11.38 11.89 12.98 13.20 13.45 15.85

Sulfide (mmol)

Days of incubation 0 5 19 27
Positive_S1 1.5 atm 1.5 atm 1.5 atm 1.5 atm
Positive_S2 1.5 atm 1.5 atm 1.5 atm 1.5 atm
Positive_S3 1.5 atm 1.5 atm 1.5 atm 1.5 atm
No_SO42-_S4 1.00 0.11 0.26 0.22
No_SO42-_S5 0.77 0.34 3.24 5.65
No_SO42-_S6 0.50 1.04 11.22 17.05
With_SO42_S7 0.31 0.17 0.20 0.20
With_SO42_S8 0.21 0.20 0.22 0.27
With_SO42_S9 0.31 0.14 0.14 0.15

Days of incubation 0 5 19 27
Positive_S1 0.11 2.04 9.89 13.78
Positive_S2 0.07 6.40 22.69 27.38
Positive_S3 0.07 1.96 9.31 11.42
No_SO42-_S4 0.11 0.00 0.15 0.25
No_SO42-_S5 0.11 0.29 0.11 0.29
No_SO42-_S6 0.18 0.25 0.22 0.15
With_SO42_S7 0.11 0.00 0.62 1.09
With_SO42_S8 0.07 0.40 1.71 2.51
With_SO42_S9 0.07 0.40 1.64 2.40

Ethane (µmol per liter culture)

Sulfide (mmol per liter culture)
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3.1 Abstract 
 

At gas-rich vents and seeps, microbial consortia of ethane-oxidizing archaea and 

sulfate-reducing bacteria mitigate the flux of ethane from deep marine sediments into the 

oceanic water column. The ethanotrophic archaea lack a reductive pathway. Instead, they 

transfer the liberated electrons to their partner bacteria. A well-mixed arrangement of both 

partners would favor the syntrophic interactions via the transfer of molecular intermediates in 

the consortia. However, fluorescence in-situ hybridization (FISH) images of consortia show 

that the cells are spatially segregated. The anaerobic oxidation of ethane (AOE) by the archaea 

is driven by ethane activation by the key enzyme ethyl-coenzyme M reductase (ECR). Here, 

we visualized gene transcripts for the catabolic alpha subunit of ethyl-coenzyme M reductase 

(ecrA) and investigated its expression within the consortia. We designed a set of six probes 

targeting different regions of the ecrA transcript sequence, and each probe was labeled with 

four fluorophores. These probes were hybridized to fixed samples of an AOE culture enriched 

from heated sediment from the Guaymas Basin, Gulf of California. Signal intensity 

corresponds to the ecrA expression level within archaeal-bacterial consortia. Using this direct 

mRNA-FISH technique, we analyzed 67 monospecies clusters of Ca. Ethanoperedens for the 

expression of ecrA. This analysis revealed differences in ecrA expression in the archaeal 

monospecies cluster. Central regions of the clusters showed lower ecrA expression, 

independent of the size of the cluster. A 3D image of a Ca. Ethanoperedens monospecies cluster 

at the outside of a consortium showed the highest transcription activity at the archaeal-bacterial 

interface, while the activity in cells with greater distance to the partner bacteria was lower. The 

direct mRNA-FISH staining approach allowed the visualization of fine-scaled activity 

differences in microbial consortia.  

 

3.2 Introduction 
 

The symbiotic partnership between alkanotrophic archaea and sulfate-reducing bacteria 

(SRB) is of great importance for the understanding of the cycling of short-chain alkanes in deep 

marine sediments (Knittel and Boetius 2009, Evans et al. 2019). Multicellular consortia of 

alkanotrophic archaea and SRB are responsible for the degradation of large parts of the short-

chain alkanes within the anoxic sediment layers and thus prevent gas emissions to the water 



Spatial resolution of ecrA transcripts  
 

59 
 

column and, finally, the atmosphere (Boetius et al. 2000, Joye et al. 2004, Etiope and Ciccioli 

2009, Mastalerz et al. 2009, Laso-Pérez et al. 2016, Laso-Pérez et al. 2019, Hahn et al. 2020). 

Despite the importance of these consortia, we still lack an understanding of their internal 

organization. Since the partner cells depend on the transfer of reducing equivalents for growth, 

a mixing of the cells would be expected to minimize the distance between the archaea and 

bacteria. Instead, most alkanotrophic archaea form segregated consortia that result in large 

distances between these partners (Knittel et al. 2005, Laso-Pérez et al. 2016, Wegener et al. 

2016, Hahn et al. 2020). 

Consortia describe functional assemblages of cells living in a syntrophic relation. In 

segregated alkanotrophic consortia, the archaeal cells form monospecies clusters that are 

surrounded by several layers of bacterial cells. Alkanotrophic consortia can consist of a single 

archaeal monospecies cluster surrounded by bacterial cells or several archaeal clusters with 

bacterial cells in between (Knittel et al. 2005, Wegener et al. 2016, He et al. 2021). Based on 

bioorthogonal noncanonical amino acid tagging (BONCAT) and active 15NH4 assimilation, it 

has been shown that in segregated alkanotrophic consortia, all cells are active, and only in 

monospecies clusters with large distances to the archaeal-bacterial interface a decrease in 

metabolic activity can be measured (McGlynn et al. 2015, Hatzenpichler et al. 2016, He et al. 

2021). The cell activity drops by >70% when the distance to the bacterial-archaeal interface 

reaches 15 µm for bacteria and 30 µm for archaea (He et al. 2021). An alternative way to 

measure the activity of cells is to target the transcribed mRNA of key genes for their 

metabolism. The mRNA is an instable product and has a high turnover rate in cells, which is 

estimated to be in the range of minutes in most cases (Selinger et al. 2003, Andersson et al. 

2006, Chan et al. 2018, Vargas-Blanco and Shell 2020). This high turnover rate allows for the 

detection of dynamic changes of functions and activities in microbial communities. The gene 

expression in microbial communities can be assessed by real-time reverse transcription 

polymerase chain reaction (RT-qPCR) or metatranscriptomic studies (Nolan et al. 2006, Frias-

Lopez et al. 2008). The dynamic characteristics of mRNA can also be used as a functional 

activity indicator on a single-cell level by fluorescence in-situ hybridization (FISH). This 

approach was used to visualize expressed particulate methane monooxygenase (pMMO) and 

link it to 16S rRNA-based identity in environmental sediment samples (Pernthaler and Amann 

2004). The mRNA was hybridized with polynucleotide probes (450 nucleotides) labeled with 

horseradish peroxidase (HRP), and an amplified fluorescent signal was achieved in a secondary 

catalyzed reporter deposition (CARD) reaction (Pernthaler et al. 2002, Pernthaler and Amann 

2004). Also, oligonucleotide-based approaches to assess activity on mRNA level have been 
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presented, using different amplification based methods like RNase H-assisted rolling circle 

amplification (Roll)-, click-amplifying (Clamp)- and hybridization chain reaction (HCR)-FISH 

(Wu et al. 2018, Rouhanifard et al. 2019, Takahashi et al. 2020, Metcalfe et al. 2021). 

Amplification based FISH methods are good to target low abundance target molecules, but are 

in general time intensive, and a direct correlation to target gene abundance is not possible. In a 

study using directly labeled oligonucleotide probes, Skinner et al. (2013) were able to correlate 

mRNA expression rates to mRNA-FISH signal intensity directly. However, they used an 

extensive probe set of 48 – 76 oligonucleotides per target for Escherichia coli pure cultures. In 

a recent study, mcrA transcripts were stained in a Methanosarcina barkeri culture and an 

ANME-2 enrichment with a novel technique called fluorescent in-situ hybridization of 

transcript-annealing molecular beacons (FISH-TAMB). This technique uses directly labeled 

molecular beacons that contain oligonucleotide sequences and can hybridize to target 

sequences without prior fixation (Harris et al. 2021). In general, mRNA-FISH holds more 

challenges than 16S rRNA-FISH since specific mRNAs are present in far lower copy numbers 

compared to 16S rRNA sequences. While only about 50 mRNA sequence copies can be 

expected at a time for a highly expressed gene, the number of ribosomal bound 16S rRNA can 

exceed 1000 copies (Skinner et al. 2013). In addition to the low copy numbers, mRNA 

sequences are less stable than 16S rRNA and can easily be degraded by RNases. Therefore, 

mRNA-FISH requires more careful handling of samples.  

In this study, we work with the enrichment culture Ethane50 containing consortia of the 

anaerobic ethane oxidizer Ca. Ethanoperedens thermophilum and its sulfate-reducing partner 

bacterium (SRB) Ca. Desulfofervidus auxilii (Hahn et al. 2020). This culture grows at 50°C 

with ethane as the sole substrate and has an exceptionally high activity for alkanotrophic 

cultures, with doubling times of approximately 7 days (Hahn et al. 2020). Consortia in the 

Ethane50 culture can reach up to 100 µm in diameter and are tightly packed with spatially 

segregated bacterial and archaeal cells. The spatially segregated consortia form multiple 

archaeal monospecies clusters surrounded by bacterial partner cells. Ca. Ethanoperedens cells 

highly express the key gene for anaerobic oxidation of ethane (AOE), the ethyl-coenzyme M 

reductase (ECR) (Hahn et al. 2021). Here, we adapted the before mentioned method of 

mRNA-targeted FISH to assess the transcription-based activity of Ca. Ethanoperedens within 

consortia of the Ethane50 culture. We used tetra labeled oligonucleotides to hybridize to 

transcripts of the catalytic subunit alpha of the ECR (ecrA). This amplification independent 

approach allows for dynamic mRNA detection with a probe set of only six probes. We used 

this technique to assess the ecrA expression-based activity of Ca. Ethanoperedens 
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thermophilum cells and investigated how increasing distance to the bacterial-archaeal interface 

affects expression of this key gene for ethane consumption.  

3.3 Material and methods 

3.3.1 Origin and maintenance of Ethane50 culture 
Sediment samples for the establishment of the Ethane50 culture derived from the 

Guaymas Basin hydrothermal vent and were collected during the RV Atlantis mission AT 

37-06 with the submarine Alvin in December 2016. Sediment aliquots were mixed with SR 

medium for sulfate-reducing bacteria (Widdel and Bak 1992), and ethane was added as 

substrate. Samples were incubated at 50°C in 100 ml injection vials, and activity was tracked 

by measurement of ethane-dependent sulfide production using a copper sulfate assay (Cord-

Ruwisch 1985). The active cultures were diluted several times over the period of one year until 

a sediment-free culture was established (for details, see Laso-Pérez et al. (2018) and Hahn et 

al. (2020)). Cultures were further kept at 50°C in 1 l Duran flasks with 800 ml medium and 1.5 

bar ethane in the headspace. The medium was exchanged once 15 mM sulfide was formed, and 

when 10 mM sulfide was formed within ~7 days, cultures were diluted 1:10. 

3.3.2 Phylogeny of MCR and ECR alpha subunits 
400 complete or nearly complete amino acid sequences of the alpha subunits of MCR 

and ECR were automatically aligned with ClustalΩ (Sievers et al. 2011) with default 

parameters. Sequences were obtained from public databases. Complete sequences were used, 

and 957 amino acid positions were considered for the analysis. Aligned sequences were masked 

using Zorro (https://sourceforge.net/projects/probmask/). The phylogenetic tree was calculated 

with RAxML version 8.2.12 (Stamatakis 2014) with PROTGAMMAAUTO model, LG 

likelihood amino acid substitution settings, and 100 fast bootstraps. The final tree was 

visualized with iTol v6 (Letunic and Bork 2016). 

3.3.3 EcrA mRNA probe design 
Four Ca. Ethanoperedens, four Ca. Argoarchaeum and four canonical MCR ecrA gene 

sequences were translated to amino acid sequences using translatorX (Abascal et al. 2010). An 

automated alignment was created using ClustalW (Larkin et al. 2007) with default parameters. 

The amino acid alignment was then used as a backbone for the nucleic acid alignment. Aligned 

ecrA gene sequences were manually checked for highly conserved regions to design the probes. 

Six probes with a length of 39 – 40 bases with zero mismatches to the cultures Ca. 
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Ethanoperedens E37 and E50 were designed (Figure 3-1A). The probes showed no more than 

two mismatches to environmental ecrA gene sequences of the genus Ca. Ethanoperedens. 

Sequence similarity between Ca. Ethanoperedens and Ca. Argoarchaeum was too low to find 

a probe that covers the ecrA of both genera. The dissimilarity to canonical MCR is considerable 

so that a false binding can be excluded with at least 11 mismatches (Figure 3-1). Only about 4 

mismatches would still allow binding of the probe to oligonucleotide sequences of a length of 

40 bases. Probes were ordered from biomers.net (Ulm, Germany) with 4xAlexa488 

fluorophores attached.  
Table 3-1 Probes targeting ecrA mRNA sequences. Four Alexa488 fluorophores per probe were directly attached to either 
guanine or cytosine. Modifications on the probe sequences are indicated by a “6” for modified guanine or a “7” for modified 
cytosine.   

Probe name Probe sequence G+C-content 
[%] 

ecrA-245 T6CCCACTCGCG6TCAAGACCT6TTATCCTGTAGGTCT6C 57.5 
ecrA-367 G7ATATCGTCGTAG7ACTGCTGCATTG7AGGGTTGTT7TC 52.5 
ecrA-529 7TGGGTTTGTCT7TGCTGTGTGCTC7ATCATGATCGCA7C 55 
ecrA-584 CT6CCAGTTCATC6TTTCCTGTGAA6CACTTGGCATA6C 51.3 
ecrA-996 6ACCTTTACT6GGTCAATTCCGCC6TCAAGCCCTTCGA6T 55 
ecrA-1148 TA6ATTGCGCC6TGGTATCC6TAGTCTTCGA6CACCTCAT 52.5 

 

3.3.4 mRNA fluorescence in-situ hybridization (mRNA-FISH) 
Aliquots from the Ethane50 culture were fixed in 4% formaldehyde for 1.5 h at room 

temperature. Fixed samples were washed two times in PBS (pH 7.4) and afterward stored 

at -20°C in PBS-ethanol (1:1). An aliquot was filtered on GTTP polycarbonate filters (0.2 µm 

pore size; Millipore, Darmstadt, Germany) at -200 mbar pressure. Filters were stored at -20°C. 

The FISH experiment was performed on a filter section. The reaction was started in a screw 

cap polyethylene hybridization chamber with a tissue soaked in deionized water mixed with 

formamide concentration according to hybridization buffer and 2.25 M NaCl. 45 µl of the 

hybridization buffer (0.9 M NaCl, 20 mM Tris-HCl pH 8.0, 35% (vol/vol) formamide, 1% 

(wt/vol) Blocking Reagent (Roche Diagnostics, Germany), 10% (wt/vol) dextran sulfate and 

0.02 % (wt/vol) sodium dodecyl sulfate (SDS); modified from Pernthaler et al., 2002) were 

mixed with 5 µl probe mix containing 8.4 pmol/µl of each probe. The probes were labeled with 

four Alexa-488 tyramides. The hybridization buffer probe mixture was placed in 50 µl droplets 

on a petri dish, and filter pieces were placed face down into the droplet. Petri dish with filter 

pieces was placed in the reaction chamber and incubated for 3 h at 46°C. After the 
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hybridization, the filter pieces were removed from the hybridization mixture and incubated in 

pre-warmed stringent washing buffer (0.08 M NaCl, 20 mM Tris-HCl pH 8.0, 5 mM EDTA 

pH 8.0, 0.01 (wt/vol) SDS) for 15 minutes at 48°C. Filter sections were washed 30 seconds in 

deionized water and briefly dipped in 80% ethanol. Filter sections were air-dried and then 

placed face down in a 70 µl droplet of DAPI solution (4,’6’-diamino-2-phenylindole; 1 µg/ml 

in deionized water). Filter pieces were incubated for 7 minutes at room temperature and then 

washed for 30 seconds in deionized water and briefly dipped in absolute ethanol. After air-

drying, the filter pieces were placed on microscopy slides with mounting solution (Citifluor 

AF1, Electron Microscopy Sciences, Hatfield, USA and Vectashield, Vector Laboratories, 

California, USA; 3:1 (vol/vol)) and were stored at -20°C. For double hybridization of Ca. 

Ethanoperedens and ecrA mRNA, 2.5 µl probe working solution of the probe GOM-Arc-I-660 

tetra-labeled with Alexa-594 targeting 16S rRNA of Ca. Ethanoperedens (Laso-Pérez et al. 

2019) and 2.5 µl of the ecrA mRNA probe mix were added to the hybridization buffer. Stained 

filter pieces were analyzed by confocal laser scanning epifluorescence microscopy (CLSM; 

model LSM 780; Zeiss, Germany), including the Airyscan technology.  

3.3.5 Determination of ecrA mRNA signal distribution 
Fluorescent micrographs were taken with the CLSM showing double hybridized cells 

with probes specific for the 16S rRNA gene of Ca. Ethanoperedens and the ecrA mRNA 

sequence were used for image analysis. For image preparation, individual stack layers were 

imported into ZEN software (black edition, Zeiss, Germany). Images were “min/max” scaled 

in the ecrA mRNA probe signal containing channel. Afterward, the channel background was 

reduced by limiting the signal to the peak region. Image sections containing consortia were 

exported from Zen using the “cut region” function. Images were then transformed to greyscale 

in Irfanview (https://www.irfanview.com/). EcrA mRNA probe signals were automatically 

counted using ACMEtool3 (Bennke et al. 2016) (M. Zeder; 

https://www.mpi-bremen.de/automated-microscopy.html). Following parameters were used 

for the automated counting of mRNA-FISH signals: Preprocessing: lowpass filter, kernel size 

= 3, iterations = 3; Cell detection: dynamic threshold, min. intensity = 128, kernel size = 6, 

offset = 8. The exact area of the archaeal monospecies clusters was manually defined based on 

DAPI signals, corresponding to 16S rRNA probe GoM-Arc-I-660 FISH signals targeting Ca. 

Ethanoperedens. A region of interest (ROI) was manually drawn around the monospecies 

clusters. Automatically detected mRNA signals were manually verified, and signals missed by 

the software were added manually. Finally, numbers of mRNA signals and their exact position 
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within a region of interest (x-, y-coordinates) were exported to Excel. The signal position was 

calculated from the bounding boxes vertices x- and y-coordinates by using the following 

equation to determine its central point (calculation according to Probandt et al. (2018)): 

 

Eq. I                                             𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥 = 𝑙𝑙𝑐𝑐𝑙𝑙𝑐𝑐 + 𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡
2

 

Eq. 2                                             𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑦𝑦 = 𝑐𝑐𝑡𝑡𝑡𝑡 + 𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏 − 𝑡𝑡𝑏𝑏𝑡𝑡
2

 

 

Coordinates of the boundary points of the ROI were used to define the monospecies 

cluster area. From the ROI boundary, several distance classes towards the monospecies cluster 

center were defined by steps of 0.54 µm corresponding to the average cell diameter of Ca. 

Ethanoperedens cells. These distance classes will further be called rings for simplicity. 

Coordinates of the ecrA mRNA FISH signals were then assigned to the monospecies cluster 

area, i.e., ring number and signals per ring were counted. The signals per ring were normalized 

against the ring area, yielding signals per µm2 for each distance ring (see Figure S3-1 for visual 

example). 

3.3.6 Average cell size of Ca. Ethanoperedens 
To define the ring width for the calculation of the ecrA mRNA-FISH signal distribution, 

an average cell diameter for Ca. Ethanoperedens had to be calculated. We prepared images for 

ACMEtool3 as described before and used ROI to define the area of individual Ca. 

Ethanoperedens cells based on DAPI signals corresponding to 16S rRNA probe FISH signals. 

Ca. Ethanoperedens have a coccoid shape, and therefore a spherical shape was assumed for the 

diameter calculation. 

Eq. 3                               𝑐𝑐𝑐𝑐𝑙𝑙𝑙𝑙 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ��𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙 𝑎𝑎𝑟𝑟𝑙𝑙𝑎𝑎
𝜋𝜋

� ∗ 2 

The calculated diameter was scaled for the conversion from pixel to µm depending on 

the scaling factor (see Tab. S3-1 for details). 30 cells were measured, and a mean diameter of 

0.54 µm with a standard deviation of 0.13 µm was calculated. 
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3.4 Results  

3.4.1 In-situ detection of ethyl-coenzyme M reductase transcripts 
To study changes in the transcription-based activity of ethanotrophic cells in densely 

packed consortia, we designed a set of six tetra-labeled oligonucleotide probes. The probes are 

39 – 40 nucleotides in length and have a GC content in the range of 51.3 – 57.5%. These probes 

were used for FISH to target mRNA transcripts of the catalytic alpha subunit of the ecr gene 

(Figure 3-1A). The probe set is specific for ecrA transcripts of the thermophilic ethanotrophic 

genus Ca. Ethanoperedens, including sequences from enrichment cultures and Guaymas Basin 

sediment samples (Figure 3-1B) (Dombrowski et al. 2017, Dombrowski et al. 2018, Hahn et 

al. 2020). The probes have no mismatches to the two sequences of Ca. E. thermophilum 

growing in the Ethane37 and Ethane50 cultures. They have up to two mismatches to ecrA from 

metagenome-assembled genomes of uncultured Ca. Ethanoperedens strains. Nevertheless, 

with two mismatches on 40 bases, the probes would still bind to the target (Moraru et al. 2011). 

Although the ECR is a homolog of the methyl-coenzyme M reductase (MCR), false-positive 

signals from other MCR homologs can be excluded. The sequence similarity to canonical and 

non-canonical mcrA sequences is low, with an identity of ~50% and at least nine mismatches 

for each probe-target region (Figure 3-1AB). The ethane-oxidizing archaeon Ca. 

Argoarchaeum contains an ecrA homolog with a nucleotide sequence similarity of ~68% to 

Ca. Ethanoperedens ecrA (Chen et al. 2019, Hahn et al. 2020) and at least five mismatches to 

all designed probes (Fig 3-1A). Thus, members of the genus Ca. Argoarchaeum could not be 

targeted. Developing a universal ecrA probe set for detecting all known ethanotrophs was 

impossible due to the high sequence dissimilarity of ecrA between the two genera. Hence, the 

designed ecrA primers are specific to Ca. Ethanoperedens. 
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Figure 3-1 Alignment of ecrA genes, the phylogeny of alpha subunits of MCR/ECR and micrograph of a Ca. 
Ethanoperedens/Ca. Desulfofervidus consortium. A Alignment of publically available sequences of ecrA and mcrA for the 
target sites of the six ecrA mRNA probes (Ca. Ethanoperedens (red bar), Ca. Argoarchaeum (green bar) and canonical mcrA 
(black bar); additional sequence information Table S3). Light red background indicates mismatches to the probe sequence. 
Given positions refer to Ca. Ethanoperedens thermophilum E50 ecrA sequence. B Phylogenetic tree based on 400 amino acid 
sequences of the alpha subunit of ECR and MCR. ECR sequences form a distinct branch divided into sequences affiliated to 
Ca. Argoarchaeum and Ca. Ethanoperedens. The ecrA probe mix only targets ecrA sequences affiliated with Ca. 
Ethanoperedens. Scale bar indicates 10% sequence divergence and ● indicates bootstrap values of > 90%. C Epifluorescence 
micrograph of microbial consortia stained with probes for Ca. Ethanoperedens (GOM-Arc1-660, red) and Ca. Desulfofervidus 
(HotSeep1-1465, green, Krukenberg et al. (2016)) in the Ethane50 culture. Cells were counterstained with DAPI (blue). Scale 
bar 20 µm. 

 

For the tetra-labelled ecrA mRNA probe mix, we used a simple FISH protocol that can 

be executed within 4 – 5 hours (see material and methods). The staining is based on the direct 
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labeling of target cells since the fluorophores are directly attached to the probes. A great 

advantage of direct labeling is that the signal strength correlates with the amount of probe 

bound to mRNA transcripts and, consequently, with the gene's expression in individual cells. 

The binding of 24 fluorophores (6 probes x 4 fluorophores) per mRNA molecule can be 

achieved when all six probes bind to the target sequence. For a highly expressed gene, we 

expect ~50 mRNA copies per cell (Skinner et al. 2013). Therefore, each cell may hybridize 

with around 1200 fluorophores, which exceeds the minimum amount of ~400 fluorophores per 

cell for detection (Hoshino et al. 2008, Schimak et al. 2016, Barrero‐Canosa et al. 2017).  

At the time of the harvest of the Ethane50 culture, the activity was confirmed by high 

rates of ethane-dependent sulfide production (~10 mM sulfide within 10 days). Confocal laser-

scanning microscopy (CLSM) with Airyscan technology allowed the detection of ecrA mRNA 

probe signals. A double hybridization of the samples with the tetra labeled 16S rRNA probe 

GOM-Arc1-660 locates the ecrA probe fluorochrome in the cells of Ca. E. thermophilum (Fig 

3-2A-D). EcrA mRNA signals were detected at several spots within the archaeal cells, 

indicating areas of ecrA mRNA accumulation. In comparison, the 16S rRNA targeting probe 

caused a bright signal equally distributed over the whole cell area (Figure 3-2B). The probe 

signal was clearly distinguishable from the background signal that was emitted from the 

consortia matrix and the SRB partner cells (Figure 3-2C). This background signal appeared 

blurry without identifiable spots. As a negative control, we used cultures that were incubated 

without ethane. Starved Ca. Ethanoperedens cells did not show ecrA signals (Figure 3-2G).  

 

3.4.2 Induction of ecrA transcription  
To test how substrate availability affects ecrA gene transcription in Ca. E. 

thermophilum, we studied ecrA transcript-based activity in three different growth conditions 

(for details, see materials and methods). Condition A) Active Ethane50 culture grown for seven 

days on ethane; condition B) Ethane50 culture starved for five days without ethane in the 

medium and condition C) induction of ethane oxidation by adding 1 bar ethane to the starved 

culture and incubation for three days before subsampling. The active Ethane50 culture showed 

specific ecrA mRNA signals as described before. Hybridization of the starved cells resulted in 

no specific signals, and only an unspecific background signal was detectable (Figure 3-2E-H). 

In contrast, starvation did not affect the signal intensity of the 16S rRNA probe. The re-induced 

Ca. Ethanoperedens cells showed clear signals that appeared to be even stronger than the 

signals of cells that have been constantly exposed to ethane (Figure 3-2I-L).  
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Figure-3-2 Laser scanning micrographs of Ethane50 culture stained with ecrA probe. Panels A-D show an active 
Ethane50 culture; panels E-H show an Ethane50 culture incubated five days without ethane, and panels I-L show a re-induced 
Ethane50 culture three days after ethane addition. Ca. Ethanoperedens cells were hybridized with the 16S rRNA probe 
GOM-Arc1-660 (red) and the mRNA targeting ecrA probe mix (green). Samples were counterstained with DAPI (blue). Scale 
bar indicates 2 µm.  

3.4.3 Spatial distribution of ecrA gene expression  
Ca. Ethanoperedens and its sulfate-reducing partner bacterium are organized in 

segregated consortia of a size of 4 to over 100 µm in diameter. These consortia consist of a 

single or of multiple archaeal monospecies clusters surrounded by the bacterial partner cells 

(Figure 3-1C). We investigated a total of 67 Ca. E. thermophilum monospecies clusters with 

diameters between 3 µm and 13 µm. Such monospecies clusters consist of ~20 to ~1750 cells, 

assuming spherical shapes. Monospecies clusters were divided into rings for data analysis, 

ranging from the bacteria-archaeal interface to the center, with a ring width of the average cell 

size of Ca. Ethanoperedens of 0.54 µm. The average number of signals ranged between 1 and 
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3 signal per µm2 with a standard deviation (SD) of +/- ~1 throughout the monospecies cluster. 

Even cells in the center of larger monospecies clusters, with a distance of up to 6.48 µm to the 

bacterial-archaeal interface, show ecrA expression (Figure 3-3). However, most signals per 

µm2 were counted within 1.62 µm to the bacterial-archaeal interface with ~2.5 signals per µm2 

(+/- 1.04 – 1.40 SD), indicating that cells close to the bacterial-archaeal interface might be 

slightly more active. In the distance range from 1.63 to 3.78 µm, the counted signals dropped 

to ~1.5 signals per µm2 (+/- 0.86 – 1.63 SD). We observed a trend of generally fewer signals 

in the central region of the monospecies clusters, independent of their total size (Figure 3-3). 

For the distance classes above 3.78 µm, the average signal count increased to up to 3 signals 

per µm2. However, for these distances, no more than three monospecies clusters were analyzed. 

Therefore, the data for these size classes has to be interpreted with care. More monospecies 

clusters would need to be analyzed for a stronger statement about activity in distances larger 

than 3.78 µm from partner cells.  

 
Figure 3-3 Density of ecrA mRNA- FISH signals as a function of distance to the bacterial-archaeal interface. Ca. 
Ethanoperedens monospecies clusters were segmented into rings for analysis with a width of 0.54 µm from the edge to the 
center. Detected ecrA specific FISH signals were automatically counted and normalized against the ring area. Red line 
indicates the mean signals per µm2 for each distance class ring.   
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3.4.4 Distribution of ecrA mRNA signals within a stacked image of a Ca. 

Ethanoperedens monospecies cluster 
The activity seemed to be reduced towards the center on the level of individual 

monospecies clusters independent of size. To test this hypothesis, we prepared a stacked image 

of a complete Ca. Ethanoperedens monospecies cluster (Figure 3-4A-C). We counted ecrA 

mRNA signals in 19 layers of 0.232 µm thickness and calculated the signals per µm2 for each 

ring in each layer (Figure 3-4D). The thickness per layer is less than the diameter of a Ca. 

Ethanoperedens cell (0.54 µm) and therefore, three layers could show signals for the same cell. 

We decided to consider each layer as an independent sample and accept that some cells may 

contribute ecrA transcript signals to more than one layer. In 15 out of the 19 layers, the ecrA 

expression increased towards the outside of the monospecies cluster, indicating higher cell 

activity closer to the bacterial-archaeal interface. On average, the signals per µm2 increased 

from the center at 3.24 µm distance with 0.86 (+/- 0.91 SD) towards the outside at 0.54 µm 

distance with 1.36 (+/- 0.51 SD). However, the five topmost layers of the monospecies cluster 

showed low activity at the 0.54 µm distance with only 0.69 signals per µm2 (+/- 0.20 SD) 

compared to 1.60 signals per µm2 (+/- 0.33 SD) for the 14 lower layers. A closer investigation 

of the whole consortium suggests that the top area of the monospecies cluster was located at 

the edge of the consortium and not surrounded by partner bacteria or consortium matrix (Figure 

S3-2). The cells in the top area would therefore have a large distance to the bacterial-archaeal 

interface. The background glow of the cell-matrix only surrounds the bottom part of the Ca. 

Ethanoperedens monospecies cluster. However, the shape of the consortium might also have 

been altered during sample preparation. 
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Figure 3-4 Distribution of ecrA mRNA-FISH signals in a single Ca. Ethanoperedens monospecies cluster. A-C 3D image 
of Ca. Ethanoperedens monospecies cluster calculated from 30 layers. 16S rRNA probe GoM-Arc1-660 (red) shows Ca. 
Ethanoperedens and mRNA targeting probe shows ecrA transcripts (green). Scale bar indicates 2 µm. D EcrA mRNA signal 
distribution through depicted monospecies cluster in 19 vertical layers. Layers were counted independently, and the 
monospecies cluster was segmented into rings of 0.54 µm width from the edge to the center. The values shown are signals per 
µm2 for each ring. Heatmap color code lowest value green to highest value red.       

3.5 Discussion 

3.5.1 Dynamic detection of ecrA transcripts 
EcrA probes showed signals corresponding to ecrA expression in the Ca. 

Ethanoperedens monospecies clusters. Additionally, we demonstrated that our mRNA-FISH 

protocol could detect dynamic changes in mRNA transcription activity. After just five days 

without ethane, the number of ecrA transcripts in Ca. Ethanoperedens cells were too low for 
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signal detection (Figure 3-2). The appearance of the observed probe signals was in line with 

earlier studies using either amplified (Pernthaler and Amann 2004, Rouhanifard et al. 2019, 

Tsuneoka and Funato 2020) or directly labeled (Skinner et al. 2013, Harris et al. 2021)  mRNA-

FISH probes. However, the signal intensity of the ecrA mRNA probe was low, and signals 

could only be visualized with the Zeiss Airyscan technology. The Airyscan module uses a 32 

channel detector where each channel functions as a single, small pinhole (Huff 2015). This 

technology allows for very light-efficient imaging, with improved resolution and signal-to-

noise ratio (Huff 2015). With a common epifluorescence microscope, the probe signal could 

not be distinguished from the background noise emitted by the consortium matrix.  

The rapid decrease of ecrA expression observed after the removal of ethane was 

remarkable. Ca. Ethanoperedens depends on sufficient ECR enzyme concentration to activate 

its sole substrate, ethane (Hahn et al. 2020). An unregulated ecr expression would provide for 

a constantly high amount of ECR enzymes in case the substrate becomes available again. 

However, Ca. Ethanoperedens cells appear to downregulate the ecr expression when no 

substrate is available. This behavior would only be feasible if Ca. Ethanoperedens has a 

mechanism of substrate-induced upregulation of the metabolic key gene. So far, little is known 

about transcriptional regulation in methanogenic and alkanotrophic archaea, and the research 

in this field is still in its early stage (Shalvarjian and Nayak 2021). However, the methanogen 

Methanococcus maripaludis shows gene regulation as a response to the availability of H2 and 

formate (Hendrickson et al. 2007, Hendrickson et al. 2008, Costa et al. 2013). Substrate-

dependent gene regulation was also found in the acetoclastic methanogens from the order 

Methanosarcinales (Reichlen et al. 2012). Therefore, Ca. Ethanoperedens might also be able 

to actively downregulate its metabolic key gene's expression to reduce its energy consumption. 

The fast response to ethane induction measured by sulfide production and ecrA mRNA-FISH 

would indicate that Ca. Ethanoperedens has a mechanism to dynamically react to substrate 

availability. 

3.5.2 ecrA expression patterns in Ca. Ethanoperedens monospecies cluster 
The ecrA mRNA signal distribution we observed suggests high activity in most regions 

of the Ca. Ethanoperedens monospecies cluster, with active ecrA transcription in cells up to 

6.48 µm from the bacterial-archaeal interface. In the studied enrichments, Ca. Ethanoperedens 

cells appear in monospecies clusters of 3 – 13 µm in diameter. These monospecies clusters are 

surrounded by their partner bacteria (Figure 3-1C) that use the reducing equivalents from AOE 

to perform sulfate reduction (Hahn et al. 2020). Thus, the archaea need to transfer their 
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electrons to the sulfate-reducing partner bacteria efficiently. The molecular basis of the 

interspecies electron transfer in these alkanotrophic consortia is still under discussion but is 

most likely mediated by direct electron transfer via pili-based nanowires (Wegener et al. 2015). 

Electrons can be transferred efficiently over longer distances through such conductive pili 

(Reguera et al. 2005, Summers et al. 2010). A direct interspecies electron transfer (DIET) via 

conductive pili may allow a rather uniform distribution of activity through the monospecies 

clusters since electrons can be transferred rather independently of the distance to the partner 

cell. For an intermediate exchange system based on diffusion (mediated interspecies electron 

transfer, or MIET), we would expect higher activity towards the bacterial-archaeal interface 

due to the build-up of reaction products (Orcutt and Meile 2008, He et al. 2019). The decrease 

of activity towards the center in such a system would be rather sharp.  

The distance independent expression activity in medium-sized monospecies clusters 

(<30 µm in diameter) is in line with observations made using BONCAT and nanoSIMS-

resolved stable isotope probing (McGlynn et al. 2015, Hatzenpichler et al. 2016). Our study 

confirmed that increasing distance to the bacterial-archaeal interface does not inhibit cell 

activity within small to medium-sized archaeal monospecies clusters and that cells at the 

interface are not necessarily the most active cells (Figure 3-3) (McGlynn et al. 2015). However, 

we find that cells with a distance greater than 2.16 µm to the bacterial-archaeal interface have 

a lower activity based on the counted signals per µm2. Often the small central area did not cover 

any ecrA mRNA signals, leading to a value of zero signals per µm2 for these distance classes. 

Indeed, when looking at individual monospecies cluster micrographs, the central regions had 

fewer or no ecrA mRNA signals. While results shown in Figure 3-3 suggested a lower cell 

activity with increasing distance to the bacterial-archaeal interface, it appears to be rather an 

effect of lower cell activity in the central region, independent of the total monospecies cluster 

size. It also has to be considered that some Ca. Ethanoperedens monospecies clusters are 

located at the outside edge of a consortium and are not fully surrounded by partner bacteria. 

For cells in these clusters the distances to the partner bacteria might vary compared to those 

monospecies clusters fully surrounded by partner bacteria. However, a simultaneous staining 

of Ca. Ethanoperedens, Ca. Desulfofervidus and the ecrA mRNA would be required to better 

correlate the distance of active Ca. Ethanoperedens cells to the bacterial-archaeal interface.    

The reason for the decreased activity in the central region of the monospecies cluster 

cannot be explained by our data. Nutrient limitation appears unlikely since also small clusters 

showed decreased activity in the central region. So far, the availability and distribution of 

nutrients within the monospecies clusters have not been investigated. However, the even uptake 
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of 15N labeled ammonium throughout segregated AOM consortia would suggest an even 

nutrient distribution in the Ethane50 consortia (McGlynn et al. 2015). A recent study showed 

that an increased distance between partner cells increases the ohmic resistance for the electron 

transfer, and archaeal cells lost 70% of activity in distances >30 µm (He et al. 2021). A 

decreased activity might also be linked to cell division patterns in consortia. Assuming that the 

transfer of electrons to the partner bacteria depends on a direct connection via conductive pili, 

cells dividing in the central region of a monospecies cluster might have to establish a 

connection first. It is unknown if cells share the network of nanowires within consortia or if 

every cell has to establish its own connection to the partner cell (Wegener et al. 2015). Cell 

division might also directly impact ecrA expression by inhibition. 

3.5.3 Case study for a monospecies cluster at the consortia edge 
We observed spatial differences in ecrA expression in our stacked image study of a 

single monospecies cluster at the edge of a consortium (Figure 3-4). As in other monospecies 

clusters, the central region has fewer signals per µm2 compared to cells closer to the archaeal-

bacterial interface. However, we also observed a decrease in activity towards the top part of 

the monospecies cluster. The top part does not show the unspecific signal of the consortia 

matrix, indicating the absence of bacterial partners in this region (Figure S3-2). Assuming the 

lack of a bacterial-archaeal interface in this region, the distance for cells located in the top part 

to their partner cells would greatly increase. The monospecies cluster had a vertical diameter 

of 4.42 µm. However, the cluster appeared squeezed towards the bottom, and the actual vertical 

distance might have been larger. The squeezing might be an artifact from the underpressure 

needed for filtration. Since a possible decrease in activity caused by ohmic resistance in the 

nanowires would be gradual rather than total, we might see a distance-related partial reduction 

of activity. He et al. (2021) modeled that archaeal cells lose 70% of their activity within 30 µm 

from the bacterial-archaeal interface. Our observation would indicate that the reduced activity 

by ohmic resistance might be visible at less than 30 µm with a sensitive method like mRNA-

FISH. One must also consider that the signal's absence does not equal complete inactivity but 

only indicates that the mRNA copy number is insufficient for signal detection. Additionally, 

the signal intensity should be used as a cell activity indicator in future studies since the direct 

mRNA staining allows a correlation of signal intensity to mRNA copy number.  
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3.5.4 Outlook: Environmental ecrA mRNA detection and partner localization  
We presented a set of six probes targeting the ecrA mRNA sequence of the genus Ca. 

Ethanoperedens from environmental and cultured strains. In this study, the probes were only 

applied to Ca. Ethanoperedens cells from the Ethane50 culture. However, the probe coverage 

for the environmental Ca. Ethanoperedens sequences is good, with no more than two 

mismatches on 40 bases. Therefore, an environmental application of the probe set should be 

possible. Our understanding of the ecrA diversity in the environment is still limited. For the 

ecrA of the genus Ca. Ethanoperedens, only five sequences have been published, three 

sequences were published from two metagenomics studies with Guaymas Basin sediment 

samples (Dombrowski et al. 2017, Dombrowski et al. 2018), and two sequences come from 

enrichments from the Guaymas Basin (Hahn et al. 2020). The in-situ abundance of Ca. 

Ethanoperedens in the Guaymas Basin is very low with ~0.1% relative abundance (Hahn et al. 

2020). However, ecrA sequences of the genus Ca. Argoarchaeum have been found at multiple 

locations, including the Scotian Basin (Dong et al. 2020), Guaymas Basin (Dombrowski et al. 

2018), Gulf of Mexico (Borrel et al. 2019, Chen et al. 2019, Laso-Pérez et al. 2019, Hahn et al. 

2020) and Loki’s Castle (Hahn et al. 2020). In some locations, the anaerobic ethane oxidizers 

reach relative abundances of up to 30%, and FISH studies showed their existence at many seep 

sites (Laso-Pérez et al. 2019, Hahn et al. 2020). An extension of the probe set to target the ecrA 

mRNA of Ca. Argoarchaeum would allow for a study of the ecrA expression in environmental 

samples. A spiking experiment could be conducted to test if ecrA mRNA-FISH with 

environmental samples is feasible. By mixing fixed Ethane50 culture with environmental 

samples, we could exclude the presence of inhibiting substances in the environmental samples 

that might prevent a successful hybridization. The environmental ecrA expression detection by 

mRNA-FISH could be used to show active ethane oxidation and thereby extend our 

understanding of AOE in marine sediments. 

A triple hybridization could be conducted using specific probes for Ca. 

Ethanoperedens, the sulfate-reducing partner bacterium Ca. Desulfofervidus auxilii and the 

ecrA specific probes presented in this study to better understand archaeal-bacterial dynamics. 

The Ca. Desulfofervidus auxilii 16S rRNA specific probe Hot-SEEP1-1465 (Krukenberg et al. 

2016) could be labeled with an Alexa-647 fluorophore, which would complement the 

fluorophores Alexa-488 and Alexa-594 used in this study. The triple hybridization would help 

to locate the bacterial-archaeal interface. The information could be used to better differentiate 

between monospecies clusters located in the middle of a consortium or at the edge and allow 
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for a more accurate correlation of ecrA expression-based activity and distance to the bacterial-

archaeal interface. 

Additionally, the signal brightness of the ecrA probe should be taken into account for 

activity prediction. Since we used directly labeled oligonucleotides for mRNA hybridization, 

an increase in signal brightness correlates with an increase in mRNA copy numbers. This 

increase in brightness can be quantified by calculating mean gray values from gray scale 

transformed micrographs. The additional information from the location of the partner bacteria 

and probe brightness will help to understand activity dynamics in spatially segregated consortia 

further. 

  

3.6 Supplementary data 
Table S3-1Cells measured to determine the average cell diameter of Ca. Ethanoperedens. The scaling parameter 
was used to convert pixel to µm.   

 Sample Area Diameter Scaling 
Size 

(µm) 
Cell1 147_2_R1E_t2_1 195.33 15.8 0.035 0.55 
Cell2 147_2_R1E_t2_1 244.88 17.7 0.035 0.62 
Cell3 147_2_R1E_t2_1 247.97 17.8 0.035 0.62 
Cell4 147_2_R1E_t2_1 198.11 15.9 0.035 0.56 
Cell5 147_2_R1E_t2_1 273.03 18.6 0.035 0.65 
Cell6 147_2_R1E_t2_1 193.43 15.7 0.035 0.55 
Cell7 147_2_R1E_t2_1 247.6 17.8 0.035 0.62 
Cell8 147_2_R1E_t2_1 251.57 17.9 0.035 0.63 
Cell9 147_2_R1E_t2_1 234.7 17.3 0.035 0.61 
Cell10 147_2_R1E_t2_1 263.43 18.3 0.035 0.64 
Cell11 147_2_R1E_t2_1 264.86 18.4 0.035 0.64 
Cell12 147_2_R1E_t2_1 346.73 21.0 0.035 0.74 
Cell13 147_2_R1E_t2_1 304.02 19.7 0.035 0.69 
Cell14 147_2_R1E_t2_1 381.72 22.0 0.035 0.77 
Cell15 147_2_R1E_t2_1 251.26 17.9 0.035 0.63 
Cell16 147_2_R1E_t2_2 206.91 16.2 0.035 0.57 
Cell17 147_2_R1E_t2_2 239.99 17.5 0.035 0.61 
Cell18 147_2_R1E_t2_2 296.5 19.4 0.035 0.68 
Cell19 147_2_R1E_t2_1 146.52 13.7 0.035 0.48 
Cell20 147_2_R1E_t2_1 90.1 10.7 0.035 0.38 
Cell21 147_2_R1_t2_3 91.19 10.8 0.035 0.38 
Cell22 147_2_R1_t2_3 107.88 11.7 0.035 0.41 
Cell23 147_2_R1E_t2_2_l13 44.79 7.6 0.049 0.37 
Cell24 147_2_R1E_t2_2_l13 37 6.9 0.049 0.34 
Cell25 147_2_R1E_t2_2_l13 42.9 7.4 0.049 0.36 
Cell26 147_2_R1E_t2_2_l13 54.73 8.3 0.049 0.41 
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Cell27 147_2_R1E_t2_2_l13 58.1 8.6 0.049 0.42 
Cell28 147_2_R1E_t2_2_l13 57.87 8.6 0.049 0.42 
Cell29 147_2_R1E_t2_2_l13 47.94 7.8 0.049 0.38 
Cell30 147_2_R1E_t2_2_l13 51.69 8.1 0.049 0.40 
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Table S3-2 Raw counting data of mRNA-FISH signals counted with ACMEtool3. “Distance” shows the distance 
class ring from the bacterial-archaeal interface, with the maximum distance shown in µm. Values for monospecies 
cluster shown in signals per µm2 for each distance class.   

Distance µm 0.54 1.08 1.62 2.16 2.70 3.24 3.78 4.32 4.86 5.40 5.94 6.48 
Cluster_1 0.95 0.67 1.02 0.73         
Cluster_2 0.96 1.35 1.27 0.00 0.00        
Cluster_3 1.31 2.23 1.21 0.00         
Cluster_4 1.08 1.69 1.82 2.65         
Cluster_5 2.74 1.91 2.63 2.62         
Cluster_6 2.63 3.00 1.43          
Cluster_7 1.39 0.98 0.99 0.57 0.00        
Cluster_8 2.22 3.30 7.22          
Cluster_9 2.48 1.79 1.27 0.00         
Cluster_10 1.46 1.34 2.06 0.41         
Cluster_11 2.37 3.19 3.25 6.48         
Cluster_12 1.46 2.40 2.38 1.57 2.88 1.11       
Cluster_13 1.14 1.48 1.49 1.71 1.15 1.36 1.62 1.73 1.70 1.96 1.57 1.17 
Cluster_14 1.94 1.91 1.76 2.11 2.02 2.14 1.55 2.63 1.72 2.26   
Cluster_15 2.14 2.36 2.85 2.90 2.69 3.80       
Cluster_16 2.87 3.19 3.11 2.68 1.57 1.17       
Cluster_17 1.53 1.27 1.83 3.02 2.93 1.84       
Cluster_18 2.75 3.35 1.62 2.31 3.43 2.39 0.00      
Cluster_19 1.18 2.68 2.77 2.10 2.52 0.00       
Cluster_20 1.92 1.48           
Cluster_21 1.95 3.37           
Cluster_22 1.10 1.07 0.62 0.56 0.00        
Cluster_23 1.43 2.10 0.75 3.09         
Cluster_24 1.54 2.52 1.55 1.40 1.19        
Cluster_25 2.52 2.75 2.75          
Cluster_26 2.71 1.60 0.74 0.00         
Cluster_27 1.06 3.36 4.23 3.85         
Cluster_28 1.42 1.94 4.30          
Cluster_29 1.07 1.86 1.19 1.03 0.00        
Cluster_30 1.33 2.31 2.51 2.91         
Cluster_31 1.64 1.38 2.24 1.73 1.37 0.74 1.67 1.20 1.06 4.03   
Cluster_32 3.18 2.00 3.13          
Cluster_33 1.34 0.99 1.13 1.16 0.35 0.93 2.33      
Cluster_34 2.53 2.13 1.97          
Cluster_35 3.23 2.05           
Cluster_36 2.67 3.27 3.19 2.10         
Cluster_37 1.11 0.77 1.00 1.14 0.00        
Cluster_38 4.27 2.10 2.71 0.00         
Cluster_39 1.60 2.51 1.83 1.25 1.89 0.96       
Cluster_40 3.93 4.86 2.71          
Cluster_41 3.35 3.79 3.76 2.68         
Cluster_42 4.64 2.20 5.09          
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Cluster_43 2.74 2.69           
Cluster_44 3.95 1.28 4.23          
Cluster_45 3.86 5.14           
Cluster_46 4.22 2.67 4.29          
Cluster_47 3.73 4.04 4.72          
Cluster_48 2.68 2.43 0.00          
Cluster_49 2.96 3.62           
Cluster_50 3.61 3.43 1.89          
Cluster_51 3.48 3.58 2.51 0.00         
Cluster_52 3.33 3.52           
Cluster_53 4.93 3.96           
Cluster_54 4.64 3.57 4.06 0.00         
Cluster_55 2.39 2.75 2.16 3.10         
Cluster_56 3.69 3.20           
Cluster_57 3.62 3.29 2.81 0.00         
Cluster_58 2.37 2.00 4.21 0.00         
Cluster_59 2.79 1.97 2.93 6.90         
Cluster_60 3.38 3.35 2.84 0.00         
Cluster_61 2.95 2.86 3.24          
Cluster_62 2.63 2.48 2.03          
Cluster_63 3.71 3.01 6.17          
Cluster_64 1.97 4.08           
Cluster_65 2.95 5.84           
Cluster_66 2.72 2.09 2.22 2.23         
Cluster_67 2.61 2.70 2.04 2.10 5.50        
Average 2.51 2.57 2.53 1.73 1.64 1.49 1.43 1.85 1.49 2.75 1.57 1.17 
StDev 1.05 1.04 1.40 1.63 1.52 1.02 0.86 0.73 0.37 1.12 0.00 0.00 
n= 67 67 56 40 18 11 5 3 3 3 1 1 
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Table S3-3-1 mcrA/ecrA sequences used to design ecrA mRNA probes (shown in Figure 3-1A).  

Strain Genus Product Acc. Number 
Ca. Ethanoperedens thermophilum E50 Ca. Ethanoperedens Ethyl-CoM LR991654.1 
Ca. Ethanoperedens thermophilum E37 Ca. Ethanoperedens Ethyl-CoM LR991653.1 
GoM-Arc1 ex4572_44 Ca. Ethanoperedens Ethyl-CoM PHP46140.1 
GoM-Arc1 B65_G16 Ca. Ethanoperedens Ethyl-CoM RLG26650.1 
GoM-Arc1 B25_G9 Ca. Argoarchaeum Ethyl-CoM RLG26955.1 
GoM-Arc1-LC-WB58 Ca. Argoarchaeum Ethyl-CoM NMG83409.1 
Ca. Argoarchaeum ethanivorans  Ca. Argoarchaeum Ethyl-CoM RZB32666.1 
GoM-Arc1-GOS Ca. Argoarchaeum Ethyl-CoM RZN16117.1 
Methanosarcina acetivorans C2A Methanosarcina Methane NC_003552 
Ca. Methanoperedens nitroreducens Ca. Methanoperedens Methyl-CoM KCZ72673.1 
ANME-1 - G37ANME1 Ca. Methanophagales Methyl-CoM PXF51295.1 
ANME-2 - E20ANME2  ANME-2 Methyl-CoM PXF60686.1 

 

       

 
Figure S3-1 Example for image processing and calculation of ecrA mRNA signal distribution. A Original CLSM 
image of Ca. Ethanoperedens monospecies cluster. FISH staining of Ca. Ethanoperedens (GOM-Arc1-660, red) 
and ecrA mRNA (ecrA probe mix, green). B Greyscale image imported to ACMEtool3 of the same archaeal 
monospecies cluster. Red arrow indicated monospecies cluster further highlighted in panels C and D. Red line 
indicates manually defined ROIs, blue spots show cell signals marked automatically by ACMEtool3, and red spots 
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indicate manually added signals. C Distance class rings from bacterial-archaeal interface to center (= average Ca. 
Ethanoperedens cell diameter). Green dots indicate signals counted for the corresponding distance class ring. D 
Final result for calculation of signals per µm2 for this exemplary monospecies cluster.   

 
Figure S3-2 3D image of Ethane50 consortium calculated from 30 stacked layers. 16S rRNA probe 
GoM-Arc1-660 (red) shows Ca. Ethanoperedens and mRNA targeting probe mix shows ecrA transcripts (green). 
White arrows indicate the top part of the monospecies cluster analyzed in Figure 3-4.
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4.1 Abstract 
Ethane, the second most abundant hydrocarbon gas in the seafloor, is efficiently 

oxidized by anaerobic archaea in syntrophy with sulfate-reducing bacteria. Here, we report the 

0.99-angstrom-resolution structure of the proposed ethane-activating enzyme and describe the 

specific traits that distinguish it from methane-generating and -consuming methyl-coenzyme 

M reductases. The widened catalytic chamber, harboring a dimethylated nickel-containing F430 

cofactor, would adapt the chemistry of methyl-coenzyme M reductases for a two-carbon 

substrate. A sulfur from methionine replaces the oxygen from a canonical glutamine as the 

nickel lower-axial ligand, a feature conserved in thermophilic ethanotrophs. Specific loop 

extensions, a four-helix bundle dilatation, and posttranslational methylations result in the 

formation of a 33-angstrom-long hydrophobic tunnel, which guides the ethane to the buried 

active site as confirmed with xenon pressurization experiments. 

4.2 Main text 
Natural seeps perfuse the marine seafloor with a variety of different hydrocarbons, 

including alkane gases (Clark et al. 2000, Etiope and Ciccioli 2009). Most of the volatile 

fraction is consumed within the sediment by a process coupled to the reduction of sulfate 

(Boetius et al. 2000, Joye et al. 2004, Etiope and Ciccioli 2009, Mastalerz et al. 2009, Laso-

Pérez et al. 2019), which is mainly carried out by consortia of anaerobic alkane-oxidizing 

archaea and sulfate-reducing bacteria (Boetius et al. 2000, Orphan et al. 2001, Holler et al. 

2011, Laso-Pérez et al. 2016, Chen et al. 2019, Laso-Pérez et al. 2019, Hahn et al. 2020). The 

oxidation of the generated sulfide represents the basis of light-independent ecosystems in the 

deep sea (Sibuet and Olu 1998, Boetius et al. 2000, Orphan et al. 2001, Holler et al. 2011, Chen 

et al. 2019, Hahn et al. 2020). Ethane is the second-most abundant gaseous alkane, but its 

natural emissions from sediments are estimated to be rather low (Etiope and Ciccioli 2009). 

This low emission results from efficient metabolism of microorganisms that consume the 

ethane within the seafloor. Recent discoveries pointed out two archaeal species that activate 

and completely oxidize ethane under anoxic conditions: Candidatus Argoarchaeum 

ethanivorans (Chen et al. 2019) and Candidatus Ethanoperedens thermophilum (Hahn et al. 

2020). These two closely related species belonging to the GoM-Arc1 clade are widely present 

in marine subsurface sediments (Chen et al. 2019, Laso-Pérez et al. 2019, Hahn et al. 2020). 

Analogously to the anaerobic oxidation of methane (AOM), the ethanotrophs generate 

ethyl-coenzyme M from ethane and coenzyme M (HS-CoM). It has been proposed that such 
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activation works in the same fashion in other alkane-oxidizing archaea (Laso-Pérez et al. 2016, 

Borrel et al. 2019, Laso-Pérez et al. 2019). It is assumed that ethyl-CoM is further metabolized 

to acetyl-coenzyme A (acetyl-CoA) by a so-far-unknown process (Chen et al. 2019, Hahn et 

al. 2020). The acetyl-CoA decarbonylase-synthase complex turns acetyl-CoA into CO2 and 

methyl-H4MPT, and the methyl group is oxidized to CO2. These organisms depend on ethane 

as substrate and are incapable of metabolizing other alkanes (Chen et al. 2019, Hahn et al. 

2020). Generated electrons are transferred to the partner bacteria, supposedly through external 

cytochromes, nanowires, or diffusible sulfur species, as already discussed for consortia 

performing the AOM (McGlynn et al. 2015, Wegener et al. 2015, Chen et al. 2019, Hahn et al. 

2020). 

The central enzyme for alkane-activation in ethanotrophs was proposed to be the 

methyl-CoM reductase (MCR) (Chen et al. 2019, Miller and Booker 2019, Thauer 2019, Hahn 

et al. 2020, Wang et al. 2021). Extensively studied in methanogens, MCR harbors a specific 

Ni-porphinoid F430 cofactor that catalyzes the reduction of a CoM-bound methyl group with 

coenzyme B (HS-CoB), forming methane and the heterodisulfide CoM-S-S-CoB (Ermler et al. 

1997, Wongnate et al. 2016, Thauer 2019). The anaerobic methane-oxidizing archaea (ANME) 

reverse the methanogenesis pathway, using MCR to activate methane, forming methyl-CoM 

and HS-CoB (Hallam et al. 2004, Meyerdierks et al. 2010). MCR produced by the ANME-2 

clade contains the canonical F430 cofactor, whereas a methylthio-F430-cofactor was found in 

MCR from the ANME-1 clade (Krüger et al. 2003, Shima et al. 2012, Kaneko et al. 2014). The 

MCR-homolog from ethanotrophs would capture ethane and generate ethyl-CoM and HS-CoB. 

This hypothesis is corroborated by three observations: (i) genes coding for the three subunits 

of the MCR-homolog are among the most expressed (Chen et al. 2019, Hahn et al. 2020); (ii) 

ethyl-CoM was formed during anaerobic oxidation of ethane (AOE) by the consortium when 

incubated in the presence of ethane (Chen et al. 2019, Hahn et al. 2020); and (iii) MCR from 

methanogenic archaea was shown to generate ethane from ethyl-CoM and HS-CoB, yet with 

rates much lower than for methane generation from methyl-CoM (Gunsalus et al. 1978, 

Scheller et al. 2013). The alkane capture machinery in Ca. E. thermophilum appears to be 

specialized for ethane; ethyl-CoM was the only detectable alkyl-CoM in cells incubated with a 

mixture of different alkanes (Hahn et al. 2020). Moreover, in ethanotrophs the protein 

sequences of the MCR subunits are substantially different from methanogenic MCRs, with 

large insertions and substitutions of canonical residues (Figure S4-1 and Table S4-1). 

Understanding the specific structural features of this enzyme may explain how MCR was 

adapted to accommodate ethane. 
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To obtain material for MCR-homolog structure determination, we used a thermophilic 

AOE enrichment cultured from sediments collected at the Guaymas Basin hydrothermal vents 

(Hahn et al. 2020). The culture has a doubling time of only 7 days (Hahn et al. 2020), which is 

notable compared with thermophilic AOM cultures isolated from the same site that exhibit 

doubling times of 50 days (Holler et al. 2011). Ca. E. thermophilum and its sulfate-reducing 

bacterial partner, Candidatus Desulfofervidus auxilii, constitute most of the active population 

of the enrichment (Hahn et al. 2020). When we amended the culture medium with the 

methyl-CoM analog 2-bromoethane sulfonate (BES), a known inhibitor of alkyl-CoM 

reductases (Thauer 2019), both ethane consumption and sulfide production decreased, 

dependent on the amount of BES (Figure 4-1A and Figure S4-2). A control ANME culture 

showed the same sensitivity at similar BES concentrations (Figure 4-1A). The results 

corroborate the hypothesis of an MCR-like enzyme performing ethane activation. 

 
Figure 4-1 Inhibition of AOE and comparison of cell extracts from methanogen cultures and methanotrophic and 
ethanotrophic enrichments. (A) Sulfide generation and alkane degradation in AOM (black) and AOE (purple) 
cultures incubated at 50°C, in the absence (circles, full lines) or presence (squares, dashed lines) of the 
MCR-specific inhibitor 2-bromoethane sulfonate at 10 mM (Figure S4-2). (B) High-resolution clear native 
polyacrylamide gel electrophoresis of purified MCR from M. thermolithotrophicus (MtMCR, 1.5 mg) and soluble 
extracts from hydrogenotrophic (M. thermolithotrophicus and M. marburgensis) and methylotrophic 
(Methanosarcina barkeri) methanogens, AOM and AOE enrichments (10 mg each). The asterisk indicates the 
position of the MCR homolog from Ca. E. thermophilum. 

 

MCR relative abundance in cell extracts from hydrogenotrophic and methylotrophic 

methanogens as well as ANME-1, ANME-2, and Ca. E. thermophilum were compared (Figure 

4-1B). Native gel profiles of all methanogens indicate an intense band at a size corresponding 

to isolated MCR. As expected from previous reports (Krüger et al. 2003, Shima et al. 2012), 

the methanotrophic enrichments exhibit a band attributed as MCR with much stronger intensity 
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compared with that of methanogens, resulting from the overproduction of MCR that 

characterizes these consortia (Wang et al. 2014, Krukenberg et al. 2018). The profile of Ca. E. 

thermophilum contained a protein at a similar position on the native gel that we confirmed with 

mass spectrometry to be the MCR-homolog (supplementary materials, materials and methods). 

Compared with the high relative abundance of MCR in ANME enrichments, the cell extract 

profile of AOE enrichment appears to have a stronger background, similar to that of pure 

cultures of methanogens. Such lower MCR abundance could result from the lower energy 

required for the activation of CH bonds of ethane than of methane (Scheller et al. 2013, Thauer 

2019). This, and the overall higher energy yield of sulfate-dependent ethane oxidation (Thauer 

2011, Chen et al. 2019), may explain the observed faster growth as compared with those of 

respective methane-oxidizing cultures. 

We purified (Figure S4-3) and crystallized anaerobically the native MCR from Ca. E. 

thermophilum. The x-ray crystal structure was solved and refined to 0.99-Å resolution (Table 

S4-2) and presents an organization similar to the eight structurally characterized homologs of 

MCR from methanogens and ANME-1 (Figure 4-2A and Table S4-1). The MCR of Ca. E. 

thermophilum has the canonical 2(αβγ) organization and is 20 kDa larger as compared with 

Methanothermobacter marburgensis, resulting from insertions (α10-18, α90-111, α330-340, 

β70-95, and γ227-240) found in all three subunits. These insertions are present in the enzymes 

from other ethanotrophs but absent in those of methanogens and methanotrophs (Figure S4-4). 

The insertions are located in the same area of the protein surface and redesign the surface 

charges without interfering with the HS-CoB tunnel, a hydrophilic cavity that connects the bulk 

solvent to the catalytic center containing HS-CoM and F430 (Figure 4-2B and Figure S4-5). The 

active site organization and coenzymes position indicate a Ni(II)-inactive state. HS-CoM and 

HS-CoB are present at full occupancy. Most of the residues involved in HS-CoM and HS-CoB 

binding are conserved with other MCRs, with the exception of the α′Ala259 and γTyr120, which 

are perfectly conserved in ethanotrophs, replacing the canonical arginine and leucine to 

position the carboxy-group of HS-CoB and sulfonate-group of HS-CoM, respectively (Figures 

S4-1, S4-4, and S4-6).  
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Figure 4-2 Structure of the MCR from Ca. E. thermophilum and its dimethylated F430-cofactor. (A) Overall 
structural organization of the MCR-homolog from Ca. E. thermophilum (PDB 7B1S) represented in cartoon where 
each subunit harbors a different color code. Prime symbols correspond to the opposing monomers. (B) 
Superposition of MCR from Ca. E. thermophilum (purple) and MCR type I from M. marburgensis (PDB 5A0Y, 
white surface) (Wagner et al. 2016). The additional loops in Ca. E. thermophilum (red) are protruding from the 
M. marburgensis surface. (C) Structure of the cofactor F430 from M. marburgensis (white) (Wagner et al. 2016), 
the methylthio-F430 of ANME-1 from Black Sea mats (PDB 3SQG, black) (Shima et al. 2012), and the 
dimethylated-F430 from Ca. E. thermophilum (purple). The green ball represents nickel, and the methylations are 
indicated with red arrows. The 2Fo-Fc map is contoured at 6s and shown as a transparent blue surface with a black 
mesh. (D) UV-visible spectra of MCRs (both at 78 mM concentration) and (E) the extracted F430 (normalized for 
comparison) from Ca. E. thermophilum (purple) and M. thermolithotrophicus (gray). 

 

The core of the enzyme embeds the Ni-porphinoid F430-cofactor, exhibiting two 

methylations of the carbon backbone according to the unambiguous electron density (Figure 

4-2C). Mass spectrometry and hydrolytic profile confirmed the presence and the position of 

these methylations (Figures S4-7 and S4-8). A gene (locus FHEFKHOI_00788) annotated as 

a putative uroporphyrinogen-III C methyltransferase and accompanying the coding sequence 

of the co-factor F430 synthetase (cfbE) (Zheng et al. 2016, Moore et al. 2017) could be a 

candidate for the methylation of F430 (Figure S4-9). Sequence alignment and phylogenetic 

analysis indicate that this gene is an additional copy of the cobM gene, which is specific to 

ethanotrophs (Figure S4-9C). The protein encoded by the locus FHEFKHOI_00788 groups in 

a distinct branch of the CobM methyltransferase phylogenetic tree (Figure S4-9C). The second 

homolog branches with CobM sequences from other alkanotrophs and methanogens. 
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The ultraviolet (UV)-visible spectrum of the purified protein exhibits a different pattern 

with a maximal absorption peak at 441.5 nm, compared with 424.0 nm for a methanogenic 

MCR (Figure 4-2D). We extracted the dimethylated-F430 from the protein to evaluate whether 

the differences in the spectra are due to the cofactor modifications or a specific protein 

environment. The extracted dimethylated-F430 showed a maximal absorbance at 432.6 nm, thus 

shifted compared with the classical F430, which has a maximum at 430.4 nm (Figure 4-2E). 

Hence, the observed shift of protein-bound F430 mostly results from differences in its 

coordination in the enzyme rather than its methylations. 

Contrary to all structurally characterized MCRs, the enzyme from Ca. E. thermophilum 

coordinates the nickel by means of a methionine instead of the canonical glutamine. The sulfur 

from the methionine interacts with the nickel without disturbing the metal position in the 

porphinoid ring (Figure 4-3, A and B, and Figure S4-10). The methionine substitution cannot 

be considered as a prerequisite for ethane activation because the canonical glutamine is 

conserved in the MCR of the ethane oxidizer Ca. A. ethanivorans and relatives from cold seep 

environments (Figure S4-1 and S4-4). MCRs from methanogens and ANME archaea have 

virtually identical active sites, illustrating the selective pressure on the residues necessary for 

this complicated reaction (Figure S4-11, A and B) (Shima et al. 2012, Thauer 2019). It is 

therefore noteworthy to observe a different composition of the active site in the MCR-homolog 

from ethane oxidizers (Figure 4-3C). The most notable differences are in the loop α367-374, 

carrying the bulky αTrp373 that replaces the canonical phenylalanine. This loop displaced the 

porphinoid ring owing to hydrogen bond network from the αAsn375 and accompanied by a 

clamping effect from αTyr376 and αPhe441, causing a tilting of the ring by 11.4° compared with 

other MCRs (Figure 4-3C and Figure S4-11B). As a result, the distance between the thiol 

groups of HS-CoM and HS-CoB is the longest reported so far in inactive Ni(II) structures of 

MCRs, with 6.6 Å compared with the 6.3 Å on average (Figure 4-3, A and B). The catalytic 

chamber gains in volume (Figure 4-3, D and E, and Figure S4-11, C and D), allowing ethane 

binding through appropriate van der Waals interactions. The chamber widening could impair 

the correct positioning of a classic cofactor F430 on the protein scaffold (Figure 4-3, C to E, and 

Figure S4-11). However, the additional methylations on the F430 would structurally overcome 

this issue by maintaining its correct position and the integrity of the porphinoid planarity. We 

propose that these methylations accommodate the cofactor in this dilated active site and assure 

its appropriate environment to maintain its reactivity (Figure 4-3, C to E). 
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Figure 4-3 A widened active site to accommodate ethane. (A and B) Nickel coordination in atomic resolution 
structures of Ca. E. thermophilum [(A), PDB 7B1S] and MCR type I from M. marburgensis [(B), PDB 5A0Y]. 
Distances between the nickel (green ball) and its surrounding atoms are indicated with dashes and given in 
angstroms. (C) Cartoon representation of MCR from ANME-1 (transparent black, with nickel as ball, PDB 3SQG) 
superposed on the C terminus of the a-subunit of Ca. E. thermophilum (purple). HS-CoM, HS-CoB reactive thiols 
are shown as balls. F430s and residues involved in the tilting of the dimethylated-F430 are shown as balls and sticks, 
and hydrogen bonds are indicated with red dashes. Most ethanoic and propanoic groups of the F430s and water 
network were omitted for clarity. (D) Volume of each of the catalytic cavities in MCR structures from 
methanogens (white, indicated by PDB codes) (supplementary materials, materials and methods), methanotroph 
(black), and ethanotroph (purple) are reported on the histogram. (E) Comparison of the catalytic cavity volume 
between MCR from ANME-1 (black surface) and Ca. E. thermophilum (purple mesh). Surrounding residues are 
shown as sticks. The αTrp373 position is indicated with balls and sticks. 

The structure of MCR from M. marburgensis revealed a spherical electron density 

between the thiols of HS-CoM and HS-CoB (Thauer 2019). Similarly, the MCR of Ca. E. 

thermophilum has a weak elongated electron density at this position. The modeling of a 

diatomic molecule such as ethane would be preferred to a water molecule, albeit static disorder 

in the cavity could also lead to the observed density (Figure S4-12). To confirm the 
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ethane-binding site and characterize a putative path inside the enzyme, we performed a 

xenon-pressurization experiment. Across the whole MCR from Ca. E. thermophilum, 16 Xe 

sites were unambiguously detected (Figure S4-13 and Table S4-3). The major Xe site was 

found at the ethane site, between the two coenzymes, without interfering with the thiol groups. 

A second site was detected in a hydrophobic cavity located between the active site and the 

surface. Computational analysis confirmed that this cavity is part of an extended tunnel of 33 

Å length (Figure 4-4). According to the atomic-resolution structure, the tunnel is devoid of 

water molecules, attesting to its hydrophobic properties, which are ideal for the diffusion of 

hydrophobic gases such as ethane. All other Xe sites were found on the surface in hydrophobic 

pockets. No Xe was detected in the coenzyme tunnel because the proteins in the crystal 

systematically contain both HS-CoM and HS-CoB, preventing Xe diffusion into the tunnel. A 

similar computational analysis did not detect a similar tunnel in MCRs from M. marburgensis 

and ANME-1. 

 

 
Figure 4-4 Ethane tunnel supporting gas diffusion toward the catalytic chamber. The protein is displayed in 
cartoon, with the a′-subunit as white surface. Posttranslational modifications, cofactor, and coenzymes are shown 
in sticks, with additional methyls and sulfurs as green and yellow balls, respectively. The hydrophobic tunnel 
calculated by the CAVER program (Chovancova et al. 2012) creating a route for the substrate to the catalytic 
center of the enzyme is shown as a cyan surface. The anomalous Fourier map contoured at 15s shown as black 
mesh indicates the position of Xe atoms obtained with xenon-pressurization experiment (PDB 7B2C), indicated 
with dark blue spheres. 
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The MCR from M. marburgensis can generate ethane from ethyl-CoM and HS-CoB, 

albeit with low affinity and activity compared with methane production (Gunsalus et al. 1978, 

Scheller et al. 2013). Xenon-pressurization of crystals from M. marburgensis MCR isoform I 

[named type I, in reference to Wagner et al. (2016)] revealed 12 Xe sites exclusively located at 

the surface of the enzyme in hydrophobic pockets (Figure S4-14 and Table S4-3), and no Xe 

could be detected in the catalytic chamber. These results suggest that the internal tunnel is 

specific to ethane oxidizers and could allow for efficient transport of ethane to the catalytic 

center. In Ca. E. thermophilum, the tunnel is formed at the interface of a four-helix bundle 

from the α subunit (helices 340-367, 373-382, 443-463, and 527-544). It is covered and flanked 

at the outer surface by the specific additional loops and the helix 385-401 (Figure S4-15). The 

opposite side of the tunnel, opening in the active site, is covered with posttranslationally 

modified residues: S-methylcysteine-354, 3-methylisoleucine-377, 2(S)-methylglutamine-445, 

and N2-methylhistidine-491 (Figure 4-4, S4-15 and S4-16). The N2-methylhistidine-491 is of 

particular interest because this residue is a tyrosine or phenylalanine in all other MCRs (Figure 

S4-1 and S4-4). Installation of these modifications would require a specific machinery that will 

need further investigation. Other modifications systematically found in methane-releasing 

MCRs were detected in the electron density and confirmed with mass spectrometry (Figure 

S4-16).  

Our results reveal specific structural features harbored by the MCR-homolog of the 

ethane oxidizer Ca. E. thermophilum, which favors ethane consumption over methane or larger 

alkanes (Hahn et al. 2020). We propose to rename this enzyme, which is the entry point for 

anaerobic oxidation of ethane, to ethyl-CoM reductase (ECR). Assuming a similar organization 

of the active Ni(I) enzyme, the larger volume of the catalytic cavity would likely impair correct 

positioning of methane. The chamber volume would not be sufficient to accommodate alkanes 

larger than ethane, especially in the heterodisulfide-containing enzyme. Moreover, the 

hydrophobic tunnel inner diameter (average bottleneck radius 1.02 Å) would already prevent 

more voluminous alkanes such as propane from accessing the active site. Future investigations 

should resolve how the ECR active site constrains a particular reactive state of the ethane, 

allowing its exclusive and efficient capture. 
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4.3 Supplementary materials 

4.3.1 Materials and Methods 

4.3.1.1 Origin and cultivation of Ethane50, AOM50 and AOM20 enrichments 

The Ethane50 culture derived from heated sediments of the Guaymas Basin 

hydrothermal vents sampled during RV Atlantis mission AT 37-06 with submarine Alvin in 

December 2016. The culture was retrieved by incubating sediment aliquots in sulfate reducer 
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(SR) medium (Widdel and Bak 1992) with ethane as substrate at 50°C in 100 ml injection vials. 

Activity in these cultures was tracked by measuring ethane-dependent sulfide production using 

a copper sulfate assay (Cord-Ruwisch 1985). Ethane-dependent sulfide formation was 

observed after three months, and the active cultures were diluted multiple times and further 

incubated at 50°C, yielding a sediment free, highly active ethane-degrading culture within one 

year [for details see Laso-Pérez et al. (2018) and Hahn et al. (2020)]. For this study, large 

amounts of Ethane50 culture were grown in 1 l Duran flasks with 900 ml SR medium and 

ethane headspace (0.2 MPa). In this assay, the medium was exchanged when sulfide 

concentration reached around 15 mM and cultures were diluted 1:10 when sulfide production 

exceeded 10 mM in 7 days. Similarly, the AOM50 culture derived from the Guaymas Basin 

(sampled during RV Atlantis mission AT 15-56 in December 2009) and cultivation was 

performed with methane as sole provided energy substrate. The cultivation conditions and 

microbial compositions have been described before (Holler et al. 2011, Wegener et al. 2016, 

Krukenberg et al. 2018, Laso-Pérez et al. 2018). The ANME-2 dominated AOM20 culture 

derived from sediments from Amon Mud Volcano, Eastern Mediterranean Sea, retrieved 

during Nautinil Expedition RV Atalante in 2003. Cultivation was performed at room 

temperature (20°C) with methane as sole energy substrate. The microbial composition of this 

culture is well-described (Wegener et al. 2016). 

4.3.1.2 Cultivation of methanogenic archaea 

Methanothermococcus thermolithotrophicus DSM 2095, Methanothermobacter 

marburgensis DSM 2133 and Methanosarcina barkeri DSM 800 were obtained from the 

Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany. 

M. barkeri was cultivated at 37°C under strict anoxic conditions in a medium which 

composition was already described (Karrasch et al. 1989). Sterile and anoxic methanol (1 % 

v/v) was added as carbon and energy source. The initial gas phase contained N2/CO2 (90/10 %) 

at 50 kPa. The overpressure coming from the metabolic activity during growth was regularly 

evacuated. M. marburgensis was cultivated at 65°C under strict anoxic condition in minimal 

medium (Schönheit et al. 1980) and M. thermolithotrophicus at 65°C under strict anoxic 

condition in a medium containing, per liter, 9.76 g of 2-(N-morpholino)ethanesulfonic acid 

(MES) buffer, 558 mg KH2PO4, 1 g KCl, 25.13 g NaCl, 840 mg NaHCO3, 700 mg Na2SO4, 

367.5 mg CaCl2 × 2 H2O, 7.725 g MgCl2 × 6 H2O, 1.18 g NH4Cl, 61.1 mg, nitrilotriacetic acid 

(NTA), 6.16 mg FeCl2 × 4 H2O, 3.3 mg Na2WO4 × 2 H2O, 2.42 mg Na2MoO4 × 2 H2O, 2 µM 

Na2SeO3 × 5 H2O, 0.4 g resazurin, 10 ml of anoxic trace element solution. The pH was set at 6 
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by addition of 1 M KOH. Trace element solution contained, per liter, 1.36 g NTA, 91.4 mg 

MnCl2 × 6 H2O, 183.3 mg FeCl3 × 6 H2O, 60.26 mg CaCl2 × 2 H2O, 180.8 mg CoCl2 × 6 H2O, 

90 mg ZnSO4 × 7 H2O, 35.21 mg CuSO4 × 5 H2O, 46 mg Na2MoO4 × 2 H2O and 90 mg NiCl2 × 

6 H2O. Both organisms were cultivated in flasks with a medium:gas ratio of 1:9 with a 100 kPa 

gas phase containing H2/CO2 (80/20 %) mixture. The M. thermolithotrophicus biomass used 

for MCR purification was obtained from a 2 l fermenter. For all three methanogens, the cells 

were harvested in late-exponential phase by centrifugation and kept frozen at −80°C under 

anoxic conditions before use. 

4.3.1.3 Influence of 2-bromoethane sulfonate (BES) on AOM and AOE 

In an anaerobic chamber, replicates of AOM50 and Ethane50 cultures were prepared in 126 ml 

serum flasks with 80 ml medium and 46 ml headspace. Anoxic BES (1 M) was added to the 

different cultures in order to reach 0.1 mM, 1 mM, 10 mM final concentration (n=3 each). As 

substrates, 20 ml of methane or ethane were added to the headspace. All cultures were 

incubated at 50°C. Sulfide production from sulfate reduction was measured with a copper 

sulfate assay (Cord-Ruwisch 1985). Methane and ethane concentrations were analyzed from 

0.2 ml headspace samples on an Agilent 6890 gas chromatograph in splitless mode equipped 

with a packed column (Supelco Porapak Q, 6 ft by 1/8 ft by 2.1 mm stainless steel column, 

oven temperature 80°C). Helium was used as carrier gas (20 ml min−1) and hydrocarbons were 

detected using flame ionization detection. For figure construction, replicates are presented and 

polynomial regression fits are drawn. For Figure 4-1A, polynomial regression fit equations and 

R2 are: Sulfide generation: AOE: y=−0.0034x2+0.5081x+0.3779 (R2=0.995); AOE + BES: 

y=−0.0001x2+0.0137x+0.4954 (R2=0.6075); AOM: y=−0.00005x2+0.051x+0.0169 

(R2=0.988); AOM + BES: y=−0.0001x2+0.0039x+0.1471 (R2=0.3757); Alkane consumption: 

AOE: y=−0.0011x2+0.1925x+10.142 (R2=0.9932); AOE + BES: 

y=−0.0004x2+0.0399x+9.817 (R2=0.3093); AOM: y=−0.0003x2+0.0803x+11.395 

(R2=0.8673); AOM + BES: y=−0.0014x2+0.0969x+11.464 (R2=0.6904). All individual 

replicates are presented in Figure S4-2, with the respective polynomial regression fit equations 

and R2. 

 

4.3.1.4 Protein extraction and purification 

Exponentially growing Ethane50 culture was used for the protein extraction. The 

medium was removed with a stainless steel needle by applying N2:CO2 (90:10 %) overpressure. 

After a 3 min long flushing with N2:CO2 (90:10 %), the cells were pelleted by centrifugation 
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for 15 min at 16,250g in an anaerobic chamber filled with a N2/CO2 atmosphere (90:10 %) at 

room temperature and the supernatant was removed. Cells were suspended in SR medium 

(Widdel and Bak 1992) and stored at −80°C under an N2:CO2 (90:10 %) atmosphere until 

purification. Cell lysis and preparation of extracts were performed in an anaerobic chamber 

filled with an N2/CO2 atmosphere (90:10 %) at room temperature. A volume of 9 ml of 

sedimented cells, corresponding to 4 l of cultures, was suspended in two volumes of a 50 mM 

tricine buffer, pH 8, 2 mM dithiothreitol (DTT; Buffer A). The lysis protocol included a 

sonication step (BANDELIN Sonopuls HD 2200) followed by three rounds of French Press at 

around 1000 PSI (6.895 MPa), yielding to a homogenous deep-black extract. To minimize 

oxygen contamination, the French press cell was flushed with N2 and washed twice with anoxic 

buffer A. Soluble extract (105.4 mg of total proteins) was obtained by ultracentrifugation at 

140,000g for one hour at 4°C. Enzyme purification was carried out under anaerobic conditions 

in a Coy tent, filled with an N2/H2 atmosphere (95:5 %), at 20°C and under yellow light. For 

each step, chromatography columns were washed with at least three-column volume (CV) with 

the corresponding loading buffer and samples were filtrated on 0.2 µm filters prior loading. 

During purification, the enzyme was followed by high resolution Clear Native PolyAcrylamide 

Gel Electrophoresis (hrCN PAGE, see below), Sodium Dodecyl Sulfate PAGE (SDS PAGE) 

and absorbance monitoring at 280, 415 and 550 nm. 

Extracts were diluted with Buffer A to obtain a final 13-fold dilution before being 

loaded on 4 × 5 ml anion exchanger HiTrapTM Q HP columns (GE Healthcare) equilibrated 

with the same buffer. After a 2 CV washing, proteins were eluted with a 0 to 0.75 M NaCl 

linear gradient for 7.5 CV at a 2 ml min−1 flow rate. The fractions of interest containing MCR 

from Ca. E. thermophilum eluted between 0.36 M and 0.43 M NaCl. The pooled fractions were 

diluted with three volumes of an anoxic 50 mM Tris-HCl Buffer, pH 7.6, 2 mM DTT (Buffer 

B) containing 2 M ammonium sulfate, before being loaded on a SourceTM 15PHE 4.6/100 PE 

(GE Healthcare) equilibrated with the same buffer. After a 4 CV washing, proteins were eluted 

with a 1.6 to 0 M ammonium sulfate linear gradient for 53 CV at a 1 ml min−1 flow rate. The 

enzyme eluted between 0.58 M and 0.43 M ammonium sulfate. Pooled fractions were 

supplemented with 1 M ammonium sulfate and loaded a second time on SourceTM 15PHE 

4.6/100 PE, the protein being eluted with a 0.9 to 0.3 M ammonium sulfate linear gradient for 

10 CV at a 1 ml min−1 flow rate. The enzyme eluted in one peak between 0.63 M and 0.42 M 

ammonium sulfate. Fractions of interest were pooled, concentrated on 30-kDa cut-off 

centrifugal concentrator (nitrocellulose, Vivaspin from Sartorius) and size-exclusion 

chromatography using a Superdex 200 Increase 10/300 GL (GE Healthcare) was used as last 
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purification step. The enzyme eluted in a Gaussian peak with an 11.1 ml elution volume. The 

purification process yielded 4.8 mg of pure enzyme. The pooled fractions were concentrated, 

and the protein was directly used for anaerobic crystallization or flash-frozen in liquid nitrogen 

and stored at −80°C under aerobic conditions. The MCR from Ca. E. thermophilum is 

considered to be in the inactive Ni(II) state based on the structure and therefore no activities 

were tested. 

The MCR from M. thermolithotrophicus was purified from 20 g of wet cells. Pellet was 

suspended in 5 volumes of 50 mM Tris-HCl pH 8, 2 mM DTT (Buffer C) in an anoxic tent 

filled with N2:CO2 (90:10 %). Cells were lysed by osmotic shock followed by sonication 

(BANDELIN Sonopuls HD 2200). Unbroken cells and debris were discarded by centrifugation 

for 30 min at 16,250g at room temperature under an N2:CO2 (90:10 %) atmosphere. Enzyme 

purification was carried out under anaerobic conditions in a Coy tent, filled with an N2/H2 

atmosphere (95:5 %), at 20°C and under yellow light. For each step, chromatography columns 

were washed with at least three-column volume (CV) with the corresponding loading buffer 

and samples were filtrated on 0.2 µm filters prior loading. During purification, the enzyme was 

followed by SDS PAGE and absorbance monitoring at 280 and 415 nm. The soluble fraction 

was diluted with two volumes of Buffer C before being loaded on 4 × 5 ml anion exchanger 

HiTrapTM Q HP columns equilibrated with the same buffer. After a 2 CV washing, proteins 

were eluted with a 0 to 0.5 M NaCl linear gradient for 6 CV at a 2 ml min−1 flow rate. The 

fractions of interest eluted between 0.31 M and 0.40 M NaCl. The pooled fractions were diluted 

with 5 volumes of an anoxic Buffer B containing 2 M ammonium sulfate, before being loaded 

on a HiTrapTM Phenyl Sepharose HP 5 ml (GE Healthcare) equilibrated with the same buffer. 

After a 4 CV washing, proteins were eluted with a 1.5 to 0.6 M ammonium sulfate linear 

gradient for 24 CV at a 1 ml min−1 flow rate. The enzyme eluted between 0.95 M and 0.68 M 

ammonium sulfate. Fractions of interest were pooled, concentrated on 30-kDa cut-off 

centrifugal concentrator (nitrocellulose, Vivaspin from Sartorius) and size-exclusion 

chromatography using a Superdex 200 Increase 10/300 GL was used as last purification step. 

The enzyme eluted in a Gaussian peak with an 11.04 ml elution volume. The pooled fractions 

were concentrated, flash-frozen in liquid nitrogen and stored at −80°C under aerobic 

conditions. 

The MCR homologue from M. marburgensis, used for crystallization and 

xenon-pressurization experiments, was purified according to a protocol already described 

(Wagner et al. 2016). For all samples, protein concentration was estimated according to the 

Bradford methods by using the protein assay dye reagent concentrate from BioRad. A bovine 
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serum albumin standard was used to estimate protein concentration. Samples were recorded by 

spectrophotometric absorbance at 595 nm. 

 

4.3.1.5 High resolution clear native polyacrylamide gel electrophoresis (hrCN PAGE) 

The hrCN PAGE protocol was adapted from (Lemaire et al. 2018). The electrophoresis 

was performed in an anaerobic chamber filled with a N2:CO2 (90 %:10 %) atmosphere. Fresh 

anaerobic samples were used. Glycerol (20 % v/v final) was added to samples and 0.001 % 

(w/v) Ponceau S is used as a protein migration marker. The anaerobic electrophoresis cathode 

buffer contained a buffer mixture of 50 mM tricine; 15 mM Bis-Tris at a pH 7 supplemented 

with 0.05 % (w/v) sodium deoxycholate; 0.01 % (w/v) dodecyl maltoside and 2 mM DTT. The 

anaerobic anode buffer contained 50 mM Bis-Tris buffer, pH 7; 2 mM DTT. hrCN PAGE were 

carried out using an 8 to 15 % linear polyacrylamide gradient, incubated overnight in an 

anaerobic tent, soaking in anaerobic cathode buffer. Gels were run with a constant 20 mA 

current using a PowerPacTM Basic Power Supply (Bio-Rad). After electrophoresis, protein 

bands were stained with Instant BlueTM (Expedeon). 

 

4.3.1.6 Protein crystallization 

Crystals were obtained by initial screening at 20°C using the sitting drop method on a 

96-Well MRC 2-Drop Crystallization Plates in polystyrene (SWISSCI). The crystallization 

reservoir contained 90 µl of mother liquor. Crystallization drop contained a mixture of 0.6 µl 

protein and 0.6 µl precipitant. Crystals of the MCR homologue from Ca. E. thermophilum were 

obtained by initial screening using the JBScreen Pentaerythritol screen from Jena Bioscience 

in a Coy tent under an N2:H2 atmosphere (95:5 %). The crystallization reservoir contained 45 

% (w/v) Pentaerythritol Propoxylate (5/4 PO/OH), 100 mM Tris/HCl pH 8.5 and 400 mM 

potassium chloride. The initial protein concentration was 16.22 mg ml−1. The crystal used for 

xenon-pressurization derived from the same crystallization condition. Both structures of MCR 

homologue from Ca. E. thermophilum were obtained from crystals prepared from the same 

purification. Crystal used for xenon-pressurization of M. marburgensis MCR homologue was 

obtained under aerobic condition using a crystallization reservoir containing 27.5 % (v/v) 

polyethylene glycol 400, 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) pH 7.5, 250 mM MgCl2, 200 mM NaCl and 20 mM 2-oxoglutarate. The crystallized 

sample was in 25 mM Tris-HCl pH 7.6, 10% glycerol and 2 mM DTT at a protein concentration 

of 25 mg ml−1. 
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4.3.1.7 Xenon-pressurization experiment 

Crystals were harvested using a MiTeGen MicroRT loop. In order to protect the crystal 

during xenon-pressurization, a part of the plastic capillary, usually used for room temperature 

diffraction experiments, was placed around it. The loop was then mounted in an Oxford Xcell 

xenon chamber. Xe pressure was gradually increased using a manual pump to reach 25 bars. 

After 7 min, pressure was slowly released and the crystal immediately plunged in liquid 

nitrogen. Data collection was performed at 100 K using a wavelength of 1.5498 Å for MCR 

from Ca. E. thermophilum and 2.0750 Å for MCR type I of M. marburgensis on the X06DA 

beamline of the Swiss Light Source synchrotron in Villigen, Switzerland. Integration of the 

diffraction frames yielded a complete dataset with an overall resolution of 1.80 Å for MCR 

from Ca. E. thermophilum and 2.12 Å for M. marburgensis. These datasets were used to 

compute anomalous Fourier maps. 

 

4.3.1.8 X-ray data collection, model building and refinement 

MCR crystals from Ca. E. thermophilum were directly frozen in liquid nitrogen under 

anoxic conditions prior to x-ray diffraction studies. All diffraction experiments were performed 

at 100 K. Initial screenings of the MCR from Ca. E. thermophilum was performed at Proxima-1 

at the SOLEIL synchrotron, Saclay. The best diffracting crystals were collected at the X06DA 

beamline of the Swiss Light Source synchrotron in Villigen, Switzerland. The data were 

processed and scaled with autoPROC (Vonrhein et al. 2011). Structures of MCR from Ca. E. 

thermophilum were further processed with STARANISO correction integrated in the 

autoPROC pipeline (Tickle et al. 2018) (STARANISO. Cambridge, United Kingdom: Global 

Phasing Ltd.). The first structure of the MCR from Ca. E. thermophilum was solved by 

molecular replacement with Phenix (Liebschner et al. 2019) using MCR type II from 

Methanothermobacter wolfeii (PDB 5A8W) as a template. 

All models were manually built via Coot (Emsley et al. 2010). Xenon-pressurized 

structures of MCR type I from M. marburgensis and MCR from Ca. E. thermophilum were 

refined with PHENIX.REFINE (Liebschner et al. 2019) and BUSTER (BUSTER version 

2.10.3. (Bricogne et al. 2017)), respectively. Xe occupancies were adjusted and refined. 

Correlations between refined Xe atom occupancies and ANODE peak heights (Thorn and 

Sheldrick 2011) are given in Table S4-3. The atomic resolution structure of MCR from Ca. E. 

thermophilum was refined by Phenix (Liebschner et al. 2019) (version 1.17.1-3660) following 
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this process: 1) the protein was built at a resolution of 1.5-Å by using the Non-Crystallography 

Symmetry and Translational-Liberation Screw (TLS) options; 2) when the model was 

completed, the resolution was extended to 0.99-Å. The STARANISO software was used to 

correct for anisotropy in the diffraction data. The diffraction limits (local (I)/sig(I) > 1.2) along 

the h, k, and l axes were 1.07, 0.99, and 1.14A, respectively. Further refinement was performed 

without TLS but by refining with all atoms anisotropic. The last refinement steps were 

performed with hydrogens in riding position for all models. Hydrogens were omitted in the 

final deposited models. All models were ultimately validated by the MolProbity server (Chen 

et al. 2010) (http://molprobity.biochem.duke.edu). The Table S4-2 contains the statistics of 

data collection, refinement as well as the PDB codes for the deposited models. X-ray 

crystallography raw and processed data are accessible at Zenodo (Hahn et al. 2021). 

4.3.1.9 Structural analyses 

All figures were generated and rendered with PyMOL (Version 1.8, Schrödinger, LLC). 

Internal tunnel prediction was performed by CAVER (Chovancova et al. 2012) by applying a 

probe radius of 1.0-Å. Volumes of the catalytic chamber cavity calculations were performed 

by HOLLOW (Ho and Gruswitz 2008) by applying a grid factor of 0.05-Å and a sphere radius 

of 20-Å starting from the Tyr391 or homologous residues in other MCRs (MCR from 

Ca. E. thermophilum numbering). The water molecules generated by HOLLOW corresponding 

to the catalytic chamber were isolated and their respective volume was calculated through the 

Voss Volume Voxelator server (Voss and Gerstein 2010) with a probe radius of 0. Each site 

from each MCR were processed individually. Results were averaged and the standard 

deviations for multiple sites are shown in Figure 4-3D. Thus, the number of replicates depends 

on the number of MCR catalytic sites in the asymmetric unit. PDB codes in Figure 4-3D 

corresponds to the following structures from: M barkeri (Grabarse et al. 2000) (PDB 1E6Y), 

M. thermolithotrophicus (Wagner et al. 2017) (PDB 5N1Q), Methanotorris formicicus 

(Wagner et al. 2017) (PDB 5N28), Methanopyrus kandleri (Grabarse et al. 2000) (PDB 1E6V), 

Methanothermobacter wolfeii type I (Wagner et al. 2016) (PDB 5A8K) and II (Wagner et al. 

2016) (PDB 5A8W), M. marburgensis type I and II (Wagner et al. 2016) (PDB 5A8R), 

ANME-1 from Black Sea mats (Shima et al. 2012) (PDB 3SQG) and Ca. E. thermophilum. 

4.3.1.10 Bioinformatic analyses 

Gene annotation was extracted from publicly available sequences. Annotations were 

confirmed using the BLASTx search (Altschul et al. 1997) against the NCBI non-redundant 

protein sequences database. To identify the genes involved in the biosynthetic pathway of 
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cofactor F430 (cfbA-E), we designed BLAST+ databases for the genomes and searched for cfb 

genes using the BLASTx algorithm. Genes described in Zheng et al. (2016) from 

Methanosarcina acetivorans C2A were used as reference. Identified genes were confirmed by 

a BLASTx search against the NCBI non-redundant protein sequences database. 

4.3.1.11 MCR amino acid sequence alignment and methyltransferase phylogeny 

The complete amino acid sequences of 33 MCR (Figure S4-1 and S4-4) from 

methanogenic, methanotrophic and ethanotrophic archaea were aligned using Clustal Omega 

(Sievers et al. 2011) with default parameters. The three subunits α, β and γ were aligned 

separately. All sequences used for the alignment are publicly available. For elaboration of 

Figure S4-1, a manual refinement by scanning for patterns of the alignment in Geneious Prime 

(v. 2019.2.3, Biomatters, Ltd., Auckland, New Zealand) was performed and a selection of 

seven MCR sequences was picked for visualization, but the highlighting for consensus 

sequences and identity values refer to complete alignment. The Figure S4-4 was generated by 

Espript 3.0 (Robert and Gouet 2014) server (ESPript - http://espript.ibcp.fr).  

For the phylogenetic analysis of methyltransferases, 223 publicly available amino acid 

sequences of methanogens and alkanotrophs were aligned using Clustal Omega (Sievers et al. 

2011) with default parameters. The sequences were obtained by a BLAST research using 

sequence of the protein encoded by the locus FHEFKHOI_00788 as query. 904 amino acid 

positions were considered for the analysis and aligned sequences were masked using Zorro 

(https://sourceforge.net/projects/probmask/). A phylogenetic tree was calculated using 

RAxML version 8.2.12 (Stamatakis 2014) with PROTGAMMAAUTO model and LG 

likelihood amino acid substitution settings and 100 fast bootstraps were calculated. The tree 

was visualized with iTol v6 (Letunic and Bork 2007). 

4.3.1.12 UV/Vis spectra, cofactor extraction 

Cofactors extraction was performed on about 500 µg of pure enzyme using C18-SPE 

spin columns, prepared with 500 µl acetonitrile 100% (v/v) before being washed with 2 ml of 

acetic acid 0.1% (v/v). Samples were diluted in 10 volumes of acetic acid 0.1% (v/v) before 

loading on columns. Elution was enhanced by centrifugation at 100g, the flow through being 

applied again on a column. The loading procedure was repeated ten times to ensure saturation 

of the column. After a 500 µl washing with acetic acid 0.1% (v/v), cofactors were eluted with 

1 ml of acetonitrile 100 % (v/v). Acetonitrile was then evaporated using a centrifugational 

vacuum concentrator at 35°C. When volume reached around 100 µl, three volumes of 

deionized water were added before a second concentration step, with a final volume of around 
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100 µl. After a three-fold dilution with deionized water, samples were filtered through 0.2 µm 

UltraFree® centrifugal filters (Merck) and concentrated to a final volume of 10 µl. After a 

two-fold dilution in 100 mM Tris HCl buffer, pH 7.6, UV-Vis spectra of the extracted cofactors 

were monitored. 

Spectral analyses were performed aerobically using a Cary 60 UV-Vis 

spectrophotometer (Agilent technologies). Absorbance spectra were measured in a wavelength 

range between 250 to 600 nm, with a measurement every 0.5 nm, in a 1 mm-pathlength Traycell 

(Hellma Analytics) at room temperature. For pure proteins, a concentration of 78 µM was used 

(calculated based on the heterohexamer molecular weight of 293 kDa), diluted in 50 mM 

Tris-HCl pH 7.6. For extracted cofactors, spectra were normalized after measurement in order 

to be comparable. Presented graphs in Figure 4-2D and E are representatives of at least three 

measurements. 

4.3.1.13 Mass spectrometry  

Bands from SDS-/hrCN-PAGE were extracted. Samples were digested with 

sequencing-grade modified trypsin (Promega) and the resulting peptide mixtures were 

analyzed by nanoLC (PepMap100 C-18 RP nanocolumn and UltiMate 3000 liquid 

chromatography system, Dionex). The cofactor or peptide containing samples were desalted 

with C18-SPE, the eluates were concentrated using a vacuum dryer and then analyzed with a 

matrix-assisted laser desorption/ionization (MALDI) (time of flight) mass spectrometer 

(MALDI-TOF MS). Samples were prepared directly onto a MALDI-Plate by mixing with a 

matrix composed of 3 mg ml−1 αcyano‐4‐ hydroxycinnamic acid in 80% (v/v) acetonitrile and 

0.3% (v/v) trifluoroacetic acid (Dried-Droplet Crystallization). MALDI‐TOF‐MS analysis was 

performed with a 4800 Proteomics Analyzer (Applied Biosystems/MDS Sciex) using the 4800 

Series Explorer software (positive‐ion reflector mode) in a mass range from 800 to 3500 Da. 

The data were calibrated externally using a peptide mixture spotted onto the same MALDI 

target. 

To detect the post-translational modifications in the MCR, the protein was digested by 

bovine α-Chymotrypsin (Sigma-Aldrich), Staphylococcus aureus GluC (Sigma-Aldrich), 

porcine pancreas elastase (Sigma-Aldrich) or sequencing-grade modified trypsin (Promega) at 

30°C using a 2.5 ng µl−1 protease final concentration. Digested peptides were separated by 

UltiMate 3000, separation column (PicoTip-Emitter, itself filled with ReproSil 120 C18-AQ, 

42 cm) and analyzed with a Q Exactive (plus) Orbitrap Mass Spectrometer (ThermoFisher). 
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The Orbitrap data was interpreted with Thermo Proteome Discoverer 1.4 and Byonic software. 

Raw and processed mass spectrometry data are accessible at Zenodo (Hahn et al. 2021). 

 

4.3.1.14 Esterification and hydrolysis of F430-cofactor 

For the esterification, the classic F430 extracted from MCR type I from M. marburgensis 

(molar mass 905.27 Dalton), was desalted using a C18-SPE (C18 Silica Microspin column, 

The Nest Group, Inc.; 5-60 µg capacity) and vacuum dried in a 1.5 ml cup. Then, 100 µl 

methanol was added and the sample was dissolved by sonication. The mixture was incubated 

with gaseous HCl for 9 hours at room temperature. Gaseous HCl was synthesized by mixing 

0.8 ml 80% H2SO2 to 1.2 g NaCl. After the reaction, methanol and HCl were removed by 

vacuum drying and passed on MALDI. Mass spectrometry spectra of the proportionally 

esterified F430 are shown in the Figure S4-8A. The artificially methylated F430 and the native F430 

extracted from the MCR of Ca. E. thermophilum (molar mass 933.33 Dalton) were further 

saponified. For saponification, samples were dried, suspended in 100 µl of 10% NH4OH, 

sonicated for 60 sec and then incubated at 30°C under agitation for 30 minutes. The samples 

were then vacuum-dried, dissolved in 25 µl 5% (v/v) formic acid and measured on the MALDI 

(Supplementary Figure S4-8B and S4-8C). Because there was no trace of saponification with 

F430 from Ca. E. thermophilum, the sample was incubated with 20% NH4OH for another 20 

minutes and the MALDI measurement was repeated: the molar mass of 933.33 Dalton did not 

change. 
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4.3.2 Supplementary figures 
 

 
Figure S4-1 Amino acid sequence conservation among MCR homologues. A, Characteristic regions in all three 
subunits forming the substrate tunnel and those involved in coordination of F430, HS-CoB and HS-CoM. 
Numbering is based on Ca. E. thermophilum MCR amino acid sequence. Sequence identity is based on 33 MCR 
sequences extracted from methanogens (n=15), methanotrophs (n=11) and ethanotrophs (n=7). Accession numbers 
are given in Figure S4-4. B, Insertions locations in MCR homologue from ethanotrophs (Ca. E. thermophilum for 
numbering). Insertions are highlighted by red bars. 
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Figure S4-2 Influence of 2-Bromoethane sulfonate (BES) on alkane consumption and sulfide production in the 
AOM50 and Ethane50 enrichments. Triplicates of AOM50 (black squares) and Ethane50 (purple triangles) 
cultures were incubated at 50°C in the presence of different concentration of BES. A-D, Methane consumption 
by AOM50 cultures and ethane consumption by Ethane50 cultures, monitored by gas chromatography. E-H, 
Sulfide production, monitored by copper sulfate assay. Polynomial regression fit equation and R2 are given for 
each replicate. 
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Figure S4-3 Native purification and SDS-PAGE profile of MCR from Ca. E. thermophilum. A, MCR 
purification based on hrCN PAGE profile. The purification steps correspond to the following order: 1, soluble 
extract (10 µg); 2, HiTrapTM Q HP (2 µg); 3, SourceTM 15PHE 4.6/100 PE (2 µg); 4, second SourceTM 15PHE 
4.6/100 PE (2 µg); 5, Superdex 200 Increase 10/300 GL (2 µg). B, SDS-PAGE profile of purified MCR from 
Ca. E. thermophilum and M. thermolithotrophicus. 
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Figure S4-4 Distribution of surface charges in different structurally characterized MCRs. A, Ca. E. thermophilum 
(PDB: 7B1S), B, M. marburgensis (MCR type I, PDB: 5A0Y) and C, ANME-1 from Black Sea mats (PDB: 
3SQG), are shown as surface. The color code from red to blue represents the electrostatic charges from negative 
to positive, respectively. The deep purple arrows indicate the entrance for HS-CoM and HS-CoB to the active site. 
The grey arrow points the additional loops of MCR from Ca. E. thermophilum. 
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Figure S4-5 Coordination of HS-CoM and HS-CoB among different MCRs. Protein backbone is shown as a 
cartoon and residues providing hydrogen bonds (highlighted by red dashes) or van der Waals interactions with 
ligands are represented as balls and sticks. A-C, representation of HS-CoB binding site. D-F, HS-CoM binding site. 
Panels A and D correspond to Ca. E. thermophilum (green, PDB 7B1S), B and E to MCR type I from M. 
marburgensis (white, PDB 5A0Y) and C and F to MCR from ANME-1 Black Sea mats (black, PDB 3SQG). 2Fo-
Fc map for HS-CoB and HS-CoM are contoured at 6 σ in A and D and represented as a black mesh. Water network 
was omitted for clarity. In A-C, α΄-mH291, α΄-mH257, α΄-mH271 and α-M499* corresponds to N1-
methylhistidine and methionine-sulfoxide, respectively. G and H, superposition at the HS-CoB (G) and HS-CoM 
(H) sites for the three previously mentioned models. 
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Figure S4-6 Mass spectrometry profiles of extracted F430-cofactors. Top panel, Mass spectrometry spectrum of the 
F430 cofactor from the MCR of M. thermolithotrophicus (905.27 Da). Bottom panel, mass spectrometry spectrum 
of the dimethylated F430 cofactor from the MCR of Ca. E. thermophilum (933.32 Da). 
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Figure S4-7 Confirmation of the dimethylation of the F430 in Ca. E. thermophilum by mass spectrometry. A, Mass 
spectrometry profile of the cofactor F430 from MCR of M. thermolithotrophicus artificially methylated with 
methanol and HCl (see materials and methods). A table indicating the predicted masses of methylated F430 is shown 
at the bottom. B, Saponification of the artificially methylated F430 by 10% ammonium hydroxide treatment for 30 
min. The unmethylated product at 905 Da is observed. C, The dimethylated F430 from Ca. E. thermophilum was 
saponified by 10% ammonium hydroxide treatment for 30 min. No unmethylated product at 905 Da can be 
observed, proving that methylations are not coming from esterification. 
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Figure S 4-8 Analysis of gene clusters coding for F430 biosynthesis in different archaea. A, Upper panel: Operon 
coding for major elements of the biosynthesis of F430-biosynthesis (cfb) in M. acetivorans C2A. Other panels: 
Operons with homologous genes indicated in green. Genes coding for putative CobM 2 methyltransferases are 
indicated in blue. Genes unrelated to F430 biosynthesis and methyltransferases unrelated to CobM are shown in 
light and dark grey, respectively. Locus tags are written above genes. B, Amino acid sequence identity compared 
to Cfb proteins from M. acetivorans C2A. C, Phylogenetic tree of CobM-related methyltransferases. Ethanotrophs 
encode in their genome two copies of the gene coding for the CobM methyltransferase. One of these homologues 
forms a distinct branch (colored in dark blue) of the CobM phylogenetic tree (colored in light blue) and was named 
CobM 2. Sequences of CobI, CobJ and CobA were used as outgroups for tree construction. For clarity, only CobA 
branch is indicated, an arrow indicates the CobJ/CobI branch. An asterisk indicates that in this taxonomic group, 
sequences branch in two separate parts of the phylogenetic tree, albeit only one sequence is found per organism. 
Scale bar represents the number of amino acid substitutions per site and black circle represents bootstrap values 
of over 90%. 



 Crystal structure of ECR 

121 
 

 
Figure S4-9 Coordination of the F430-cofactor in different MCR enzymes. For all panels, the protein is shown as 
transparent cartoon. F430, dimethylated-F430, HS-CoM and residues involved in hydrogen bonds (represented as 
red dashed lines) and close van der Waals contacts are shown as balls and sticks. The dark green sphere represents 
the nickel atom. Extra methylations of Ca. E. thermophilum F430 are highlighted as spheres. Water network was 
omitted for clarity. A, Top view of Ca. E. thermophilum (PDB 7B1S). B, Bottom view of Ca. E. thermophilum. 
C, Top view of MCR type I from M. marburgensis (PDB 5A0Y). D, Bottom view of MCR type I from M. 
marburgensis. 
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Figure S4-10 Superposition of the MCR structures and catalytic cavity differences. A, Ribbon representation of 
the overall superposition of MCRs structures on the α-subunit. A purple arrow points to the extensions contained 
in Ca. E. thermophilum enzyme. B, Close up of the active site, with the F430 cofactors, HS-CoB, HS-CoM, 
αTrp373, αTyr376 and αPhe441 of Ca. E. thermophilum and their analogous position in other MCRs are shown in 
sticks. Green, Ca. E. thermophilum (PDB 7B1S); Dark red, Methanopyrus kandleri (PDB 1E6V); Blue, M. barkeri 
(PDB 1E6Y), Yellow, MCR type I product complex M. marburgensis (PDB 1HBM); Black, ANME-1 Black Sea 
mats (PDB 3SQG); White, MCR type I M. marburgensis (PDB 5A0Y); Red, MCR type II M. marburgensis (PDB 
5A8R); Pink, MCR type I Methanothermobacter wolfeii (PDB 5A8K); Dark blue, MCR type II 
Methanothermobacter wolfeii (PDB 5A8W); Orange, MCR M. thermolithotrophicus (PDB 5N1Q), Cyan, MCR 
Methanotorris formicicus (PDB 5N28). C, D, Stereo view of comparison of the catalytic cavity volume between 
MCR type I from M. marburgensis (white surface, PDB 5A0Y) and Ca. E. thermophilum (purple mesh). 
Surrounding residues are shown as sticks. A 180° rotation along the Y-axis differentiates orientation of panel C 
and D. 
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Figure S4-11 Electron density between coenzymes in the catalytic center of MCRs. A and B, Elongated electron 
density in the Ca. E. thermophilum MCR active site 1 (A) and 2 (B). Modelled water molecule in the M. 
marburgensis MCR type I active site 1 (C) and 2 (D) (PDB 5A0Y). 2Fo-Fc maps are contoured at 1 σ and shown 
as a black mesh. Tyr391 in Ca. E. thermophilum MCR is out of planarity compared to the Tyr367 of MCR type I 
from M. marburgensis. Tyrosine, HS-CoM, HS-CoB and water molecules are shown as balls and sticks with the 
carbon colored as cyan, pink, light purple and red, respectively. Oxygen and sulfur atoms in the coenzymes and 
residues are colored in red and yellow, respectively. The green sphere represents the F430 Ni atom. 



Crystal structure of ECR 

124 
 

 
Figure S4-12 Xe positions in Ca. E. thermophilum. MCR from Ca. E. thermophilum (PDB 7B2C) is shown as 
transparent cartoon. Dimethylated-F430, HS-CoM, HS-CoB and Xe are shown as balls and sticks and colored as 
purple, pink, light purple and black, respectively. The anomalous map was contoured at 4 σ at the Xe sites and 
represented by an orange mesh. Panels A and B, differ by a rotation of 90° along the X-axis. Red arrows point at the 
Xe atoms located in the gas tunnels of the enzyme, shown as a cyan surface. 
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Figure S4-13 Xe positions in MCR type I from M. marburgensis. MCR type I from M. marburgensis (PDB 7B2H) 
is shown as transparent cartoon. F430, HS-CoM, HS-CoB and Xe atoms are shown as balls and sticks and colored 
as green, pink, light purple and black, respectively. The anomalous map was contoured at 4 σ at the Xe sites and 
represented by an orange mesh. Panels A and B, differ by a rotation of 90° along the X-axis. 
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Figure S4-14 Gas tunnel architecture. MCR from Ca. E. thermophilum (PDB 7B1S) is shown as a transparent 
cartoon. The subunits α, β, γ, and β´ are colored in green, marine, yellow, and cyan, respectively. A, The gas 
tunnel detected by CAVER (Chovancova et al. 2012) is represented as orange transparent surface with the two 
Xe sites (from PDB 7B2C) indicated by cyan balls. Dimethylated-F430 cofactor and HS-CoM are shown as balls 
and sticks, carbons being colored as purple and pink respectively. Residues constituting the gas tunnel are 
represented in balls and sticks, the additional methylations of Cys354, Ile377, Gln445, His491 are highlighted by 
balls. B, Outside view of the tunnel surrounded by the additional loops highlighted by non-transparent cartoon. 
The helix bundle constituting the tunnel is colored in black. 
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Figure S 4-15 Post-translational modifications in the MCR from Ca. E. thermophilum. Red arrows point at the 
modifications. 2Fo-Fc maps are contoured at 5 σ and represented as a black mesh. The hooks above and below the 
peptide sequence mark the breaking sites of the peptide backbone where the fragment masses together form a 
ladder. 
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4.3.3 Supplementary tables 
 

 
Table S 4-1 Sequence identity between the subunits of different MCRs and root mean square deviation (r.m.s.d.) 
of structurally characterized MCRs. An asterisk indicates that the protein is attributed to the former name of 
M. marburgensis in the Protein Data Bank. 
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Table S4-2 X-ray crystallography data statistics. 
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Table S4-3 Correlation between ANODE peak heights and refined occupancies for Xe atoms in both MCR from 
M. marburgensis and Ca. E. thermophilum pressurized with Xe. 
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Chapter 5 

Discussion and outlook 

5.1 General discussion 
At the start of my thesis, the microbiology of anaerobic ethane degradation was 

essentially unexplored. Despite the observation that ethane is oxidized in anoxic sediments, the 

organisms involved in the process were unknown. In the years before my thesis started, 

non-canonical MCR sequences affiliated to Bathyarchaeota were discovered that widened the 

distribution of MCR within the domain Archaea and challenged the concept of high 

conservation in this enzyme family (Evans et al. 2015). One year later, the anaerobic butane 

oxidizer Ca. Syntrophoarchaeum was described, an archaeon that contains four of these non-

canonical MCR sequences (Laso-Pérez et al. 2016). In enrichment cultures of Ca. 

Syntrophoarchaeum, it was shown that non-canonical MCRs are responsible for the anaerobic 

activation of butane (Laso-Pérez et al. 2016). In the following years, many metagenomics based 

studies further extended the scope of MCR sequences, indicating a grand, so far unexplored 

diversity in archaeal alkane metabolism (Vanwonterghem et al. 2016, Dombrowski et al. 2017, 

Dombrowski et al. 2018, Borrel et al. 2019, Boyd et al. 2019, Laso-Pérez et al. 2019, McKay 

et al. 2019, Wang et al. 2019).

To identify and cultivate an organism capable of anaerobic ethane metabolism would 

add an important puzzle piece to the understanding of carbon cycling at natural seep sites. 

Active ethane oxidizing enrichment cultures have been obtained in earlier studies, but 

organisms responsible for the process could not be identified (Kniemeyer et al. 2007, Adams 

et al. 2013, Bose et al. 2013, Singh et al. 2017). Using the knowledge from the recently 

discovered butane oxidizer (Laso-Pérez et al. 2016, Laso-Pérez et al. 2018) and environmental 

genomic information (Dombrowski et al. 2017, Dombrowski et al. 2018, Laso-Pérez et al. 

2019), I started the hunt for an archaeal ethanotroph. I used hydrothermally heated sediment 

samples of the Guaymas Basin in the Gulf of California to inoculate for our incubations. The 

Guaymas Basin is a model system for studying hydrocarbon degradation with a tremendous 

microbial diversity due to its extensive temperature and geochemical gradients (Teske et al. 

2002, Teske et al. 2014, Teske 2020, Teske and Carvalho 2020). High organic matter input has 
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formed a thick layer of organic-rich sediments over a spreading center, causing a broad 

thermogenic hydrocarbon profile to emerge towards the surface (Lonsdale and Becker 1985, 

Teske and Carvalho 2020). Sediment samples from the Guaymas Basin have already been used 

to show bacterial short-chain alkane degradation in enrichment cultures (Kniemeyer et al. 2007, 

Jaekel et al. 2013). Also, the before mentioned butane oxidizer Ca. Syntrophoarchaeum was 

enriched from Guaymas Basin sediment (Laso-Pérez et al. 2016). Additionally, metagenomics 

data indicated a greater diversity in Archaea involved in the anaerobic oxidation of alkanes at 

this site. This includes two MAGs affiliated to the GoM-Arc1 archaea with non-canonical 

mcrA sequences (Dombrowski et al. 2017). 16S rRNA sequences of GoM-Arc1 archaea have 

been found at many hydrocarbon seeps, but prior to my thesis, their physiology was unknown 

(Lloyd et al. 2006, Knittel and Boetius 2009, Orcutt et al. 2010, Dowell et al. 2016, Steen et al. 

2016).  

 

5.2 A model organism for anaerobic oxidation of ethane  
In my thesis, I attempted to cultivate a thermophilic variant of an anaerobic ethanotroph 

from the Guaymas Basin. I established stable ethane-oxidizing cultures at 20, 37, and 50°C, 

whereas incubations at 70°C did not result in an active ethane-degrading culture. For further 

research, I focused on 50°C but also included the 37°C culture in some analyses. Both cultures 

were dominated by an archaeal strain affiliated to the GoM-Arc1 archaea. We named the genus 

Ca. Ethanoperedens after the closely related methanotrophic nitrate reducer Ca. 

Methanoperedens (formerly ANME-2d). The cultivated ethanotroph we named Ca. 

Ethanoperedens thermophilum, which has the following meaning: ethano (new Latin), 

pertaining to ethane; peredens (Latin), consuming, devouring; thermophilum (Greek), heat-

loving. The name, therefore, implies the capability of ethane oxidation at elevated 

temperatures. Shortly before we finalized the first study about Ethanoperedens, another ethane 

oxidizer was discovered that was named Ca. Argoarchaeum ethanivorans (Chen et al. 2019). 

Ca. Argoarchaeum is a slow-growing psychrophilic ethanotroph with doubling times of ~seven 

months and was cultivated from cold seep sediments of the Gulf of Mexico (Chen et al. 2019). 

Ca. Argoarchaeum and Ca. Ethanoperedens are sister genera within the GoM-Arc1 cluster. 

While Ca. Argoarchaeum can be found in samples from cold seeps and samples from the 

Guaymas Basin with low sediment temperature, the thermophilic genus Ca. Ethanoperedens 

was found at hydrothermal vent sites with high sediment temperature. Looking at the 

phylogenetic affiliation of MAGs and ECR sequences, including those from public databases, 
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I could show that the two genera appeared according to their predicted temperature preference 

(Figures 2-3 and S4-4). 

Similar as observed for thermophilic and cold-adapted methanotrophs, the thermophilic 

Ca. Ethanoperedens grows substantially faster than Ca. Argoarchaeum. Indeed, Ca. 

Ethanoperedens thermophilum has the fastest growth of all studied alkanotrophic archaea with 

doubling times of only seven days (Chapter 2). In comparison, Ca. Methanoperedens has 

doubling times of several weeks (Raghoebarsing et al. 2006), thermophilic ANME double in 

about two months (Holler et al. 2011, Wegener et al. 2016), whereas cold-adapted ANME and 

Ca. Argoarchaeum have doubling times of seven months (Nauhaus et al. 2007, Chen et al. 

2019). The relatively fast biomass production of Ca. E. thermophilum allows for many 

experiments and a deep investigation of this strain. I was able to extract sufficient high-quality 

DNA to perform deep PacBio sequencing. This sequencing technology allowed me to 

reconstruct the first two closed genomes of MCR-dependent alkanotrophic archaea, Ca. 

Ethanoperedens thermophilum E37 and Ca. Ethanoperedens thermophilum E50. The closed 

genomes with high coverage of up to 214x (Ca. Ethanoperedens thermophilum E37) allow for 

a reliable prediction of gene arrangements. The fast growth combined with available high-

quality genomes will make Ca. E. thermophilum a new model organism for the study of 

anaerobic oxidation of ethane and archaeal alkanotrophy in general. 

  

5.3 Adaptation of methyl-coenzyme M reductases for multi-carbon 

metabolism 
MCR was believed to be a highly conserved enzyme that was limited to the generation 

and oxidation of methane and only present in organisms of the phylum Euryarchaeota. In the 

years before my thesis, this conception changed by the discovery of non-canonical MCRs in 

the phylum Bathyarchaeota and anaerobic butane oxidizer Ca. Syntrophoarchaeum (Evans et 

al. 2015, Laso-Pérez et al. 2016). The genome of Ca. Ethanoperedens contains a single copy 

of a non-canonical MCR that is highly expressed in the active culture. Additionally, I found 

ethyl-CoM in the metabolome of the ethane oxidizing culture, confirming that an MCR-based 

activation drives the anaerobic oxidation of ethane. Therefore, I concluded that Ca. 

Ethanoperedens uses its MCR homolog in an alteration of the reverse methanogenesis pathway 

for AOE. During the time of my thesis, the field of non-canonical MCRs has been fast evolving. 

Many new non-canonical MCR sequences were published, including sequences from the 
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Helarchaeota (Asgard superphylum) (Seitz et al. 2019), Archaeoglobi (Boyd et al. 2019, Wang 

et al. 2019), and Hadesarchaeota (Hua et al. 2019, Wang et al. 2019). For all of these sequences, 

no potential substrate could be determined yet. MCR homologs are also predicted to be 

involved in long-chain alkane activation in the genus Ca. Methanoliparia. Ca. Methanoliparia 

contains two copies of an MCR homolog, a canonical with predicted methanogenic function 

and a non-canonical, predicted to activate long alkanes (Borrel et al. 2019, Laso-Pérez et al. 

2019). These archaea are regularly found in oil-rich samples in abundances of up to 23% of the 

archaeal community (Laso-Pérez et al. 2019). During my thesis, I contributed to the 

characterization of Ca. Methanoliparia by in-situ abundance estimations and visualizing their 

presence associated with oil droplets (Laso-Pérez et al. 2019). Cells appeared immersed into 

the oil at the surface of the oil droplet. However, exact localization proved difficult since the 

oil droplets showed a strong autofluorescence, and the CLSM could not visualize the inner 

region of the droplet (Laso-Pérez et al. 2019). Ca. Methanoliparia mostly appeared as single 

cells or in chains and had no associated organisms suggesting a metabolism independent from 

syntrophic associations (Laso-Pérez et al. 2019).  

Within about six years, a great diversity of new, non-canonical MCR homologs was 

discovered (Figure 1-5). These appear in MAGs of multiple archaeal phyla that were binned 

from various environments, including cold seeps and hydrothermal vents, oil fields, and hot 

springs, which suggest a great diversity in alkanotrophic archaea (Dombrowski et al. 2017, 

Dombrowski et al. 2018, Borrel et al. 2019, Boyd et al. 2019, Hua et al. 2019, Laso-Pérez et 

al. 2019, McKay et al. 2019, Wang et al. 2019, Wang et al. 2021). My thesis represents a crucial 

step towards a better understanding of the function of these non-canonical MCRs by obtaining 

an atomic resolution crystal structure of the ethane-specific MCR homolog of Ca. 

Ethanoperedens.  

5.4 Comparison of MCR, ECR and long-chain alkane activating MCR 

homologs 
The crystal structure of the ECR revealed many differences compared to canonical 

MCR, allowing it to accommodate ethane instead of methane (Chapter 4). The five insertions 

in the ECR sequence, compared to canonical MCR, form loops on the outside of the enzyme, 

surrounding the entry to a tunnel-like structure. The tunnel is flanked by methylated amino 

acids, forming a hydrophobic environment. It leads to the catalytic chamber, which is almost 

double in size compared to canonical MCR and apparently ideal for accommodating the larger 
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ethane molecule (Figure 4-3). In the enzyme core is a dimethylated Ni-porphinoid 

F430-cofactor, and it is the first time that this dimethylated form was described. The 

methylations are likely an adaptation to stabilize the position of the F430-cofactor in the widened 

catalytic chamber. These novel methylations would require a specialized methyltransferase, 

and I discovered a likely candidate to perform this methylation. Ca. Ethanoperedens and Ca. 

Argoarchaeum contain a non-canonical second copy of the Precorrin-4 C(11)-

methyltransferase (cobM) located on an operon with the coding sequence of the co-factor F430 

synthetase (cfbE). This cobM variant is unique to ethanotrophs (Figure S4-9). All these 

elaborate changes in the enzyme make it a distinct ECR instead of a MCR, showing that MCR 

chemistry is much more versatile than assumed for a long time. 

The profound changes in the ECR structure compared to the canonical MCR are 

reflected in many changes in the amino acid sequence. ECR sequences form a distinct branch 

in phylogenetic mcrA trees, off the canonical and non-canonical sequences (Figures 2-3B and 

3-1B; Wang et al. (2021)). In the following, I will compare ecrA sequences to other MCR 

homologs under considerations of what we learned from the ECR structure. Amino acid 

positions refer to the ecrA sequence of Ca. Ethanoperedens. The large inserts in the ECR 

sequence that form loops at the entrance to the ethane channel are unique to the ECR (Figure 

4-2B). However, we can also find a large insert region in non-canonical mcrA sequences of 

Ca. Methanoliparia, Ca. Hadesarchaea, Ca. Bathyarchaeota and Ca. Helarchaeota. These MCR 

homologs are predicted to be involved in the activation of longer alkanes (AA position 330, 

Figure 6-1) (Evans et al. 2019, Hua et al. 2019, Laso-Pérez et al. 2019, Seitz et al. 2019). The 

inserts are at a similar AA position, creating a shared trait between these sequences that might 

be important in using longer alkane substrates.  

In Ca. Ethanoperedens, a methionine (αM181) coordinates the nickel in the cofactor 

F430 instead of the canonical glutamine (Figure 4-3AB). The canonical glutamine is conserved 

in most non-canonical MCR homologs with the exception of Ca. Helarchaeota, where the 

glutamine is exchanged with leucine and in one of the MCRs of Ca. Syntrophoarchaeum, where 

we find a methionine as in Ca. Ethanoperedens (Figure 5-1). This MCR homolog from Ca. 

Syntrophoarchaeum is phylogenetically closer to the ECR than to the other non-canonical 

MCRs, but its function is so far unknown (Laso-Pérez et al. 2016) (Figures 2-3B and 3-1B). 

The exchange of the canonical glutamine with methionine could indicate similarities in the 

enzyme to the ECR, but this exchange seems to be no prerequisite for ethane activation since 

Ca. Argoarchaeum has the canonical glutamine. The active site in the ECR shows some 

remarkable changes compared to the canonical MCRs, especially on the loop α367-374, where 
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a bulky tryptophan replaces the canonical phenylalanine. This exchange is responsible for the 

increase of volume of the catalytic chamber and is most likely crucial for the ethane positioning. 

The MCR homolog of Ca. Syntrophoarchaeum (OFV68676) has an identical AA sequence in 

this loop, including the bulky tryptophan (Figure 5-1). This MCR homolog might be rather an 

ECR like enzyme with similar properties, considering these similar AA substitutions, 

especially in the active site. The other non-canonical MCR homologs also show changes in the 

amino acid sequence of the active site compared to the conserved sequences in the canonical 

MCRs. This is a strong indication that these enzymes are able to accommodate alkanes other 

than methane or ethane.  

Another interesting group of MCR homologs are the recently discovered non-

euryarchaeotal MCRs from Ca. Verstraetearchaeota, Ca. Nezhaarchaeota and Thaumarchaeota 

(Vanwonterghem et al. 2016, Hua et al. 2019, Wang et al. 2019). These sequences form a 

distinct cluster in the mcrA phylogenetic tree, but their function is so far unknown (Figure 2-

3B, Wang et al. (2021)). This cluster can be considered part of the canonical MCRs, as the 

branch is rather short. In addition, the mcrA sequence alignment shows that the active site is 

conserved with other canonical MCRs, indicating a likely use of C1 compounds by these species 

(Figure 5-1). For the Ca. Verstraetearchaeota methylated C1 compounds have been proposed as 

substrates (Vanwonterghem et al. 2016, Kadnikov et al. 2019). The presence of a complete 

hydrogenotrophic methanogenesis pathway in Ca. Verstraetearchaeota strengthened the 

hypothesis of an ancient origin of the mcr gene, rather than repeated events of horizontal gene 

transfer (Berghuis et al. 2019). Similar canonical MCR sequences have also been found in the 

deeply rooted archaeal phylum Ca. Korarchaeota and the euryarchaeotal Archaeoglobi (McKay 

et al. 2019, Wang et al. 2019, Liu et al. 2020).    
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Figure 5-1 Alignment of amino acid sequences of ECR and MCR homologs. This alignment is an extension to 
the alignment shown in Figure S4-1, including non-canonical and non-euryarchaeotal MCR homologs. MCR 
homologs were grouped in the following clusters: ECR (dark blue), MCR homologs from butane oxidizer 
(yellow), other non-canonical (light blue), methanotrophs (red), non-euryarchaeotal canonical (purple) and 
canonical MCR (green). Numbering is based on Ca. E. thermophilum MCR amino acid sequence.   

 

5.5 Deciphering the novel pathway for AOE 
 Ca. Ethanoperedens and Ca. Argoarchaeum harbor a novel pathway to oxidize ethane 

to CO2 (Chapter 2, Chen et al. (2019)). Both genera lack genes for the ß-oxidation that 

catalyzes the degradation of the alkanes in Ca. Syntrophoarchaeum and Ca. Methanoliparia 

(Laso-Pérez et al. 2016, Borrel et al. 2019, Laso-Pérez et al. 2019). In the ß-oxidation, the 

alkane is oxidized, yielding an acetyl-CoA and an n-alkane-CoA (Wilkes and Rabus 2020). 

The acetyl-CoA decarbonylase:synthase (ACDS) can then decarboxylate the resulting acetyl-

CoA yielding CO2 and a methyl group. The methyl group is transferred to a 

tetrahydromethanopterin (H4MPT), forming methyl-H4MPT, which is then introduced to the 

downstream methane oxidation pathway. ß-oxidation only works with longer alkanes (>C3), 

but ethanotrophs most likely also use acetyl-CoA as intermediate. Therefore, the anaerobic 

oxidation of ethane would need to involve an unprecedented transformation of an alkylthioester 
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to an acetylthioester. The enzymes catalyzing such reactions are unknown, yet here I present 

some possible pathways for transforming ethyl-CoM to acetyl-CoA.   

When investigating the genome of Ca. Ethanoperedens, our first hypothesis was that 

the ethanotrophs use the enzymes of the reverse methanogenesis pathway, the C1-branch of 

the Wood-Ljungdahl pathway, for the oxidation of ethyl-groups (C2-compound). All genes of 

the reverse methanogenesis pathway are present and expressed in Ca. Ethanoperedens, 

including the N5-methyltetrahydromethanopterin-:coenzyme M methyltransferase (mtr), 

which is missing in the genomes of the anaerobic butane oxidizers (Laso-Pérez et al. 2016). 

However, all enzymes of the reverse methanogenesis pathway are canonical based on their 

amino acid sequence and resemble those of methanogens. To catalyze multi-carbon reactions, 

the active site of these enzymes should be modified. In addition, the metabolite extracts did not 

contain H4MPT or MF-bound intermediates with a C2-group. Simple use of the pathway with 

a C2-group instead of a C1-group is therefore improbable. Instead, the expressed mtr might be 

involved in eradicating methyl groups produced as a side reaction of the ethane oxidation. 

The more likely hypothesis involves a novel pathway to transform the ethyl-CoM to 

acetyl-CoA. Acetyl-CoA would then be decarboxylated and introduced to the downstream part 

of the reverse methanogenesis pathway. As discussed in Chapter 2 this novel pathway possibly 

involves an aldehyde ferredoxin oxidoreductase (aor) as a key gene. Ca. Ethanoperedens 

contains three aor gene copies in close proximity or on the same operon as methanogenesis-

related genes. The aor genes belong to the highest expressed genes of Ca. Ethanoperedens. 

This is a strong indication of the importance of AOR for the ethane-specific metabolism in Ca. 

Ethanoperedens. Also, ANME and Ca. Syntrophoarchaeum contain aor genes, yet in these 

organisms, such genes are not found in the vicinity of those coding for methanogenesis, and 

the genes are underexpressed (Laso-Pérez et al. 2016, Krukenberg et al. 2018). AOR-like 

enzymes usually catalyze the oxidation of aldehydes to carboxylic acids and are well described 

for hyperthermophilic archaea (Heider et al. 1995, Roy and Adams 2002, Hagedoorn et al. 

2005). Hence, oxidoreductases are capable of reactions required for steps of the conversion of 

ethyl-CoM to acetyl-CoA. For example a pyruvate:ferredoxin oxidoreductase (PFOR) can 

oxidize pyruvate + CoA-SH to acetyl-CoA + CO2 + 2e– + H+ in a single reaction (Chabrière et 

al. 1999). Figure 5-2 presents three hypotheses for a potential pathway to oxidize the 

ethyl-CoM to acetyl-CoA.  

The first hypothesis involves an initial exchange of the ethyl-bound CoM with CoA-SH 

by a transferase-like enzyme. Classical CoA-transferases only mediate the reversible transfer 

reaction of coenzyme A groups from CoA-thioesters to free acids (Heider 2001). Only 
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CoA-transferases of class III appear to have a greater substrate and reaction range and are 

primarily found in anaerobic organisms (Heider 2001, Berthold et al. 2008). However, no 

transferase enzyme mediating the exchange of a CoM-group with a CoA-group has been 

reported yet. In a second step, an Fd-reductase dependent enzyme would oxidize ethyl-CoA to 

vinyl-CoA. As the third reaction, a hydratase transforms the vinyl-CoA to a CoA-bound 

aldehyde. In a final reaction, an F420-dependent enzyme would oxidize the aldehyde-group to 

an acetyl-group, forming acetyl-CoA. The AOR might mediate the final step since this enzyme 

is usually involved in the oxidation of aldehydes to carboxylic acids (Heider et al. 1995) 

(Figure 5-2 yellow box). Alternatively, the same reaction could take place with the C2-

compound bound to CoM. In the last step, the transferase-like enzyme would transform acetyl-

CoM to acetyl-CoA (Figure 5-2 blue box). The third hypothesis involves the initial cleavage 

of the CoM by a hydrolase enzyme, forming free ethanol. The ethanol would then be oxidized 

by an alcohol dehydrogenase (ADH) like enzyme, forming acetaldehyde. Alcohol 

dehydrogenases are widespread in anaerobic bacteria and archaea and are responsible for 

diverse ethanol-based catabolic processes (Reid and Fewson 1994, Radianingtyas and Wright 

2003). An F420-reductase dependent AOR would then mediate the oxidation of the acetaldehyde 

to acetate. The transformation of acetate to alcohol using a ferredoxin-dependent AOR and 

ADH has previously been demonstrated in the hyperthermophilic archaeon Pyrococcus 

furiosus (Roh et al. 2002, Basen et al. 2014). This process is bi-directional and can generate 

acetate from ethanol (Basen et al. 2014, Keller et al. 2017). However, in the genome of Ca. 

Ethanoperedens, no alcohol dehydrogenase homolog was detected. An alternative or novel 

enzyme for such a common reaction seems unlikely. In a final reaction, an ATP-dependent 

ligase could mediate the binding of the acetate to CoA-SH, forming acetyl-CoA (Figure 5-2 

red box). Afterward, the acetyl-CoM would be decarboxylated and introduced to the reverse 

methanogenesis pathway as described in the anaerobic oxidation of butane (Laso-Pérez et al. 

2016). 
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Figure 5-2 Hypothetical pathway for the anaerobic oxidation of ethane. The three colored boxes present three 
hypotheses for the conversion of ethyl-CoM to acetyl-CoA. Yellow triangles indicate potentially involved 
proteins. ECR is represented by PDB structure 7B1S. ADH: alcohol dehydrogenase; AOR: aldehyde 
oxidoreductase; HDR: heterodisulfide reductase; ACDS: CO dehydrogenase/acetyl-CoA synthase. Figure created 
with BioRender.com. 
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5.6 F420-reduction drives anaerobic oxidation of ethane 
For energy conservation and electron shuttling, the coenzyme F420 seems to play an 

important role in Ca. Ethanoperedens, replacing the ferredoxin that is used as an electron 

carrier in most methanogens and alkanotrophs. Energy conservation in methanogens and 

alkanotrophs depends on energy-conserving membrane complexes. These complexes either 

drive a proton gradient with the energy-conserving hydrogenase complex (ECH) or (Ni-Fe)-

hydrogenases or a sodium gradient with the ferredoxin:NAD+-oxidoreductase (RNF) (Wang et 

al. 2014, Shima et al. 2020). At least one of these complexes can be found in the genome of 

most methanogens and alkanotrophs, underlining their importance (Figure 6-2). However, 

genomes of the ethanotrophs lack genes for classic energy-conserving hydrogenases like those 

found in Ca. Methanoperedens and Ca. Syntrophoarchaeum or the RNF complex found in 

ANME-2 genomes. This indicates a different system for energy conservation in AOE (Figure 

6-2). The operon of the carbon monoxide dehydrogenase (CODH) is conserved in most 

methanogens and alkanotrophs. Interestingly, in Ca. Ethanoperedens and Ca. Argoarchaeum 

the CODH operon contains a gene for the coenzyme F420
- reductase (Figure 6-2). This indicates 

that F420-reduction drives anaerobic oxidation of ethane rather than the reduction of ferredoxin. 

Indeed, crystal structures of the CODH and the formyl-methanofuran dehydrogenase (FMD) 

from Ca. Ethanoperedens contain an additional subunit, the coenzyme F420
- reductase, 

indicating the generation of reduced F420H2 by these enzymes (Lemaire, personal 

communication). Additionally, I detected F420
- reductases in operons with the heterodisulfide 

reductase (HDR) and the aldehyde oxidoreductase (AOR), suggesting that these enzymes 

might also reduce coenzyme F420
- instead of ferredoxin (Figure 6-3). In total, I detected 10 F420

- 

reductase (FRH) or F420-dependent sulfite reductase (FSR) genes in the Ca. Ethanoperedens 

genome (Figure 6-3). 

Genes for the F420H2 dehydrogenase (fpoABCDHIJKLMNO) complex are highly 

expressed in Ca. Ethanoperedens. The F420H2 dehydrogenase (FPO) has been proposed as part 

of the energy-conserving electron transport system in methanogens and methanotrophs and 

could use the generated F420H2 to drive a proton gradient at the membrane (Bäumer et al. 2000, 

Arshad et al. 2015, Krukenberg et al. 2018, Leu et al. 2020). According to the potential pathway 

presented for Ca. Ethanoperedens, seven molecules of reduced F420H2 might be produced per 

fully oxidized ethane, i.e. 2 x F420H2 is produced by the HDR, 1 x Fdred and 1 x F420H2 are 

produced during the oxidation of ethyl-CoM to acetyl-CoA, 2 x F420H2 by CODH and FMD 

and 2 x F420H2 are produced during the downstream reverse methanogenesis, resulting in 14 
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H+ that could be pumped over the membrane by Fpo. The proton gradient is driven by the 

nanowire-based transfer of electrons towards the sulfate-reducing partner bacteria. Ca. 

Ethanoperedens highly expresses a v-type ATP synthase, which is responsible for the 

generation of ATP from the generated proton gradient. ATP synthases have an H+/ATP ratio 

of 4, meaning that 1 ATP is produced for every 4 protons pumped over the membrane (Cross 

and Müller 2004). Therefore, 3.5 ATP could be produced per oxidized ethane. However, 1 ATP 

might be needed to ligate acetyl-CoA (Figure 5-2 red box). Also, the reactivation of the inactive 

ECR-Ni(II) to the active ECR-Ni(I) state is likely ATP dependent as described for MCR 

reactivation (Prakash et al. 2014). In comparison, for AOM a production of 0.5 ATP per 

methane has been proposed (Scheller et al. 2010, Thauer 2011). However, our understanding 

of the anaerobic oxidation of ethane is still limited, and a thorough thermodynamic assessment 

would be required to make a reliable comparison to AOM.  

  

 

5.7 Adaption of a direct FISH protocol for the visualization of mRNA 

expression  
Ca. Ethanoperedens thermophilum and its partner bacterium Ca. Desulfofervidus 

auxilii grow in dense consortia. A mixed growth within the consortia would allow an ideal 

exchange of reducing equivalents. Instead, the consortia appear spatially segregated with 

archaeal monospecies clusters surrounded by their sulfate-reducing partner bacteria (Figures 

2-2DE and 3-1C). This segregated appearance has also been observed for consortia involved 

in AOM  and anaerobic butane oxidation (Knittel et al. 2005, Laso-Pérez et al. 2016, Wegener 

et al. 2016). In my thesis, I assessed if the transcription-based activity is influenced by the 

distance of Ca. Ethanoperedens cells to the bacterial-archaeal interface. For this, I developed a 

direct mRNA-FISH protocol based on a mono-FISH protocol (Fuchs et al. 2007). I used a mix 

of six tetra-labeled oligomer probes, each consisting of about 40 nucleotides (Chapter 3), to 

achieve a signal intensity that is high enough to be detected. I targeted the mRNA sequence of 

the alpha subunit of the ethyl-coenzyme M reductase (ecrA) with the probes. mRNA molecules 

have a short lifetime and are therefore suitable to visualize dynamic changes in cell activity 

(Belasco, 1993; Selinger et al., 2003; Andersson et al., 2006).  

We showed differences in expression activity by quantifying the mRNA-FISH signals, 

but the distance to partner cells seemed not to be the only activity limiting factor (Figure 3-3). 
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This result differs from other studies reporting even activity in segregated AOM consortia 

(McGlynn et al. 2015, Hatzenpichler et al. 2016). The electron transfer via pili-based nanowires 

between the partner cells would allow larger distances without reduced physiological 

capabilities. This form of syntrophic exchange has been proposed for segregated AOM 

consortia and would most likely also apply for thermophilic AOE consortia (McGlynn et al. 

2015, Wegener et al. 2015). A decrease in activity in segregated consortia has been reported 

for AOM, where an activity loss of 70% in the archaea was measured when the distance 

between partners exceeded 30 µm (He et al. 2021). The activity loss with increasing distance 

to the bacterial-archaeal interface was explained by ohmic resistance, which increases with the 

distance the electrons have to travel through the nanowires (He et al. 2019, He et al. 2021). 

However, the maximum distance from the center of a monospecies cluster to the bacterial-

archaeal interface measured in my thesis was only 6.4 µm (Figure 3-3). The observed decrease 

in activity in the central region of the archaeal clusters was intriguing and appeared to be 

independent of the distance to the bacterial-archaeal interface. This observation has not been 

reported in previous studies using stable isotope probing or BONCAT-FISH for the activity 

assessment (McGlynn et al. 2015, Hatzenpichler et al. 2016, He et al. 2019, He et al. 2021). 

However, for the analyzed 3D micrograph, we had indications that the activity in the archaeal 

cells might already be significantly reduced at distances shorter than 30 µm to the bacterial-

archaeal interface. In this monospecies cluster, one side of the cluster was located at the outside 

of the consortium, increasing the distance to the bacterial-archaeal interface. We could see an 

increase of signals from the exposed part of the monospecies cluster towards the bacterial-

archaeal interface. However, to get a better understanding of these activity dynamics, further 

research is required.    

 

5.8 Outlook 
The discovery of anaerobic oxidation of ethane filled a large gap in our understanding 

of microbial hydrocarbon degradation. This study showed the global importance of this process 

and set the first steps towards a deeper understanding of the pathway. The thermophilic strain 

Ca. Ethanoperedens thermophilum, with its rapid growth and streamlined genome, is a great 

model organism that will enable many future studies. All steps of the reverse methanogenesis 

pathway are reversible, and we showed that AOE, like AOM, has a back leakage of the 

substrate (Figure S2-4). A full reversal of the process would allow for ethanogenesis from CO2 

and potentially provide an excellent renewable energy source for the future. However, 
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indications for natural ethanogenesis in the environment are very scarce (Oremland 1981, 

Hinrichs et al. 2006, Xie et al. 2013, Oremland 2021). Besides being proposed based on 

metagenomics, organisms performing energy-yielding ethanogenesis have not been described 

yet. Future research should target cloning and expression of crucial AOE enzymes in a 

methanogenic organism, with the ultimate aim to design an ethanogenic microbe. However, 

the described modifications on the ECR and its dimethylated cofactor F430 are very complex, 

and the production of a functional ECR in a methanogen would not be a trivial task. Ethane is 

an energy-rich biofuel with a gas heating value of 1783 higher heating value in british thermal 

units per standard cubic feet (HHV BTU/SCF) compared to the 1012 HHV BTU/SCF of 

methane (Cronshaw 2021).  

The characterization of missing enzymes for AOE will be of great importance not only 

for the understanding of natural ethane circulation but also for biotechnological interests. A 

targeted protein purification protocol under anoxic conditions would be a promising approach. 

The Ethane50 culture has a high biomass production that would make larger scale protein 

purifications feasible. However, compared to other anaerobic model organisms, the biomass 

gain from the Ethane50 culture is extremely low, making this a very challenging project. That 

a targeted protein purification protocol can uncover novel enzymes only based on genetic and 

potential functional information in anaerobic systems has been demonstrated before for the 

coenzyme F430 biosynthesis (Zheng et al. 2016).  

The cofactor F420-reduction dependent system for energy conservation observed in Ca. 

Ethanoperedens could demonstrate an efficient alternative to known systems from 

methanogens and alkanotrophs. The F420H2 driven pumping of protons by the F420H2 

dehydrogenase (FPO) is a well-described process, however, it was not considered to be of great 

importance for alkanotrophs (Bäumer et al. 2000, Krukenberg et al. 2018, Leu et al. 2020). So 

far, all investigated oxidative steps during ethane oxidation in Ca. Ethanoperedens show the 

use of F420
- instead of ferredoxin as an electron shuttle. Direct coupling of the proton pump and 

transfer of electrons might be an energy-efficient adaptation in ethanotrophs. Future studies 

will show how this alternative energy conservation system affects the anaerobic oxidation of 

ethane and if this system is more favorable to the described systems. Also, for other obligate 

syntrophic alkanotrophs, the use of F420 dependent energy conservations might be of greater 

importance than previously thought. For example, genomes of ANME-1, like ethanotrophs, 

lack genes for classic energy-conserving hydrogenases or sodium pumps and show the 

presence of F420-reductase genes on operons with CODH genes (Figure 6-2). However, the 
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slow growth of ANME-1 cultures makes protein purification challenging. Future studies will 

show if this system might also be important for ANME-1. 

The mRNA-FISH protocol presented in this thesis should be used in future experiments 

as a quick method to assess the expression of specific mRNAs. The fast preparation and limited 

amount of steps make it very robust and easy to apply. It could be used to visualize the 

expression of specific genes as a reaction to substrate change in cultures or as an early indicator 

for decreased expression in unfavorable conditions. mRNA-FISH probes could also be applied 

to environmental samples used to show the expression of metabolic key genes. In the case of 

ecrA, the probe mix would have to include Ca. Argoarchaeum ecrA specific probes since this 

genus is more abundant in the environment than Ca. Ethanoperedens. Additionally, the signal 

intensity should be used as a cell activity indicator in future studies. Direct labeling allows for 

correlation of signal intensity to target copy number  
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Figure 6-1 ESPript 3.0 alignment of ECR/MCR homologs containing canonical and non-canonical sequences as 
an addition to Figure 5-1. PDB number or NCBI protein_id provided next to species name if available. Otherwise, 
a reference to NCBI project is provided.
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