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Preface 

This doctoral thesis project was funded primarily by the Cluster of Excellence 209 grant "The 

Ocean in the Earth System - MARUM - Center for Marine Environmental Sciences‖. 

Additional funding and support was given by the University of Bremen. With this project, my 

goal was to investigate potential microbial activity driven mechanisms that drive concurrent 

reduction of iron oxides in sediments from the methanic zone of Helgoland Mud Area, North 

Sea. Primary supervision was given by Prof. Dr. Michael W. Friedrich and the main results 

compiled in this thesis are submitted as a dissertation to obtain a doctoral degree (Dr. rer. 

Nat.) in Marine Microbiology from the University of Bremen, Bremen, Germany.  

Experiments and analyses yielding the presented results were carried out at the Microbial 

Ecophysiology Group, University of Bremen (Bremen, Germany), MARUM-Center for 

Marine Environmental Sciences (University of Bremen), Alfred Wegener Institute for Polar 

and Marine Research (Bremerhaven, Germany) and the Max Planck Institute for Marine 

Microbiology (Bremen, Germany). 

The project was divided into three work packages and the thesis is presented in a format 

where methods used and results generated from each work package are written as 

independent chapters. Chapter one (Introduction) gives a general overview about anaerobic 

food chain in marine sediments and the questions my dissertation aimed to address. Chapters 

two, three and four present each work package as manuscripts that are either accepted, in 

preparation or submitted as at the time of thesis submission. Chapter five harmonises the 

main findings from each work package and presents my perspective of the research questions 

addressed based on data generated from my thesis. 
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Summary 

Elevated dissolved iron concentrations (Fe
2+

), as signpost for on-going iron oxide reduction 

in the methanic zone, are currently being detected in a wide range of marine environments. 

The various mechanisms that result in Fe
2+

 release into porewater are a subject of intense 

debate amongst sediment geo-microbiologists. While abiotic cryptic sulfur cycling is 

suggested for some sites, biotic mechanisms potentially mediate iron reduction in many other 

sites, including the Helgoland Mud Area, North Sea. Iron oxide dependent anaerobic 

oxidation of methane (Fe-AOM) is primarily hypothesised as the biotic mechanism driving 

iron reduction in the methanic zone but organic matter degradation linked iron reduction 

could also play a role. Beyond geochemical data however, physiological evidence 

demonstrating that these processes occur and the microorganisms involved is rather scarce.  

In chapter two, a short-term radiotracer based experiment revealed that Fe-AOM is indeed 

feasible in the methanic zone of Helgoland Mud Area, albeit at very low rates under close to 

in situ conditions (0.095 ± 0.03 nmol cm
-3

 d
-1

). Despite the low rates, these estimates 

represent the first demonstration of Fe-AOM in a marine environment bearing geochemical 

preconditions for Fe-AOM to occur in situ. Additionally in long-term incubations, various 

iron oxides (lepidocrocite, hematite and magnetite) stimulated Fe-AOM in sediments from 

the methanic zone. Especially with crystalline magnetite, ANME-2a were highly enriched 

after 250 days showing clearly, and for the first time, that ANME-2a are involved in Fe-

AOM. 

Previous studies from the Helgoland Mud Area revealed that aromatic hydrocarbons are 

likely the preferred fermentation substrate in the methanic zone. This may have led to the 

strong correlations between fermentative bacteria, methanogenic archaea (which use 

fermentation products) and Fe
2+

 concentrations. Chapter three investigated this possibility 

further, initially in sediment incubations and subsequently in highly enriched cultures. With 
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benzoate as the only carbon substrate, enrichment efforts with crystalline iron oxides 

(magnetite and hematite) led to concurrent iron reduction and methanogenesis from benzoate 

degradation. In contrast, with poorly crystalline lepidocrocite, benzoate degradation and 

methanogenesis was slower. Thus, concurrent reduction of crystalline iron oxides facilitates 

organic matter degradation while poorly crystalline lepidocrocite inhibits the process. 

Therefore, a likely scenario might be in play in Helgoland Mud Area, whereby buried 

crystalline iron oxide phases which make up to 1.6 weight % of sediment volume could be 

advantageous to the microbial communities. These crystalline iron oxides likely facilitate 

methanogenic organic matter degradation while being reduced concurrently, thereby 

contributing to the Fe
2+ 

pool detected in porewater. Additionally, we uncovered the clostridial 

family Halobacteroidaceae as previously unknown benzoate degraders from marine 

sediments. 

In chapter four, sediment incubations with an easily fermentable substrate (glucose) revealed 

that crystalline iron oxides could act as conduits for electron transfer, as electron acceptors 

for iron reduction or act as both under various temperature regimes. Furthermore, iron 

reduction was more favorable under lower temperatures than at mesophilic conditions and 

dissimilatory iron reducers from the order Desulfuromonadales were enriched during iron 

reduction. 

These findings substantially advance the current state of the art regarding the biotic 

mechanisms that drive the apparent concurrent iron reduction in methanic zones of marine 

sediments. Besides providing direct evidence for Fe-AOM, the body of work presented in this 

thesis demonstrates the various ways iron oxides could facilitate methanogenic organic 

matter degradation in ferruginous methanic marine sediments. The exact molecular guides for 

these various processes should be subject of future studies. 
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Zusammenfassung 

Derzeit werden in zahlreichen marinen Habitaten erhöhte Konzentrationen von gelösten 

Eisenionen (Fe
2+

) gefunden, was als ein deutliches Signal für die Reduktion von Eisenoxiden 

in den methanreichen Sedimentschichten der Meere gilt. Die verschiedenen Mechanismen, 

die zu diesem Fe
2+

-Eintrag in das Porenwasser führen könnten, werden kontrovers diskutiert. 

Einerseits wird für einige Habitate der abiotische kryptische Schwefelkreislauf als Ursache 

für die Eisenreduktion vorgeschlagen, für andere zieht man andererseits bestimmte biotische 

Prozesse als Erklärung in Betracht, darunter auch für die Schlammzonen um Helgoland 

(Helgoland Mud Area, „HMA―). Die Eisenoxid-abhängige, anaerobe Oxidation von Methan 

(Fe-AOM) ist dabei der primär vermutete biotische Prozess hinter der Eisenreduktion in den 

Methanzonen, aber ebenso könnte sie durch den Abbau organischer Kohlenstoffverbindungen 

bedingt sein. Es gibt jedoch abseits geochemischer Daten wenig physiologische Beweise 

dafür, daß die hypothetisierten Prozesse wirklich ablaufen und nur wenig Anhaltspunkte für 

die daran beteiligten Mikroorganismen. 

Der zweite Abschnitt der vorliegenden Arbeit schildert, wie mit Hilfe von radioaktiven 

Tracern in Kurzzeitexperimenten gezeigt werden konnte, daß Fe-AOM ein plausibler Prozess 

in der HMA sein kann, wenn auch mit sehr geringen Raten (0.095 ± 0.03 nmol cm
-3

 d
-1

) unter 

annähernd den Bedingungen, wie sie auch in situ vorliegen. Trotz des geringen Wertes 

repräsentieren die gefundenden Prozessraten die erste Demonstration von Fe-AOM in einer 

marinen Umwelt, die die dafür benötigten Vorbedingungen aufweist. Zusätzlich wurde in 

Sedimenten aus den Methanzonen gezeigt, wie unterschiedliche Eisenoxidtypen 

(Lepidokrokit, Magnetit, Hematit) Fe-AOM stimulieren. Besonders der Zusatz von 

kristallinem Magnetit führte zu einer Anreicherung von ANME-2a Organismen nach 250 

Tagen. Dies ist der erste klare Hinweis auf eine Beteiligung dieser Organismen am 

untersuchten Prozess. 
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Ältere Studien der HMA demonstrierten, daß aromatische Kohlenwasserstoffe das 

wahrscheinlich bevorzugte Substrat für die Gärung in den Methanzonen darstellen. Dies 

wiederum könnte die hohe Korrelation zwischen fermentativen Bakterien, methanogenen 

Archeen - die Gärungsprodukte nutzen - und der Fe
2+

-Konzentration erklären. Das dritte 

Kapitel der Arbeit untersuchte diese Möglichkeit näher, zunächst in Sedimentinkubationen, 

dann in hochangereicherten Kulturen. Mit Benzoat als alleiniger Kohlenstoffquelle führten 

Anreicherungen mit kristallinen Eisenoxiden (Magnetit und Hematit) zur gleichzeitigen 

Eisenreduktion und Methanogenese durch Benzoatabbau. Im Gegensatz dazu verlangsamten 

sich beide Prozesse unter Anwesenheit von niederkristallinem Lepidokrokit. Daraus folgt, 

daß die simultane Reduktion von hochkristallinen Eisenoxidspezies den Abbau organischer 

Materie beschleunigt, während niederkristalline Eisenoxide diesen Abbau inhibieren. Daher 

ist es ein mutmassliches Szenario in der HMA, daß sich abgelagerte kristalline 

Eisenoxidphasen (die bis zu 1.6% der Sedimenttrockenmasse ausmachen) positiv auf die 

mikrobiellen Gemeinschaften auswirken. Wahrscheinlich ist die Reduktion dieser Eisenoxide 

an den methanogenen Abbau organischer Substanzen gekoppelt, die damit zu den erhöhten 

Fe
2+

-Konzentrationen im Porenwasser beitragen könnte. Zusätzlich konnten wir die Familie 

der Halobacteroidaceae erstmals als am Benzoatabbau beteiligt identifizieren. 

Im vierten Kapitel wird gezeigt, daß in Sedimentinkubationen mit einem leicht zugänglichen 

Gärungssubstrat (hier Glukose) die Rolle von Eisenoxiden sich mit der 

Inkubationstemperatur ändert, indem sie temperaturabhängig als Leiter für den 

Elektrontransfer, als Elektronenakzeptoren, oder in beiden Rollen simultan fungieren. 

Eisenreduktion lief unter niedrigeren Temperaturen bevorzugt ab, und dissimilatorische 

Eisenreduzierer aus der Ordnung Desulfuromonadales wurden dabei angereichert.  

Diese Befunde tragen substantiell zur Verbesserung unseres Verständnis von biotischen 

Prozessen bei, die die mikrobielle Eisenreduktion in methanreichen Sedimentschichten 
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antreiben. Neben der Führung eines direkten Nachweises für den tatsächlichen Ablauf von 

Fe-AOM demonstriert diese Arbeit die verschiedenen Möglichkeiten der Beteiligung von 

Eisenreduktion an methanogenen Abbauwegen in eisenreichen Meeressedimenten. Die 

exakten molekularen Vorgänge sollten in zukünftigen Studien untersucht werden.  
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Abbreviations 

AOM Anaerobic oxidation of methane 

ANME Anaerobic methane oxidising archaea 

BCR Benzoyl-CoA reductase 

BES Bromoethanesulfonate 

CARD-FISH Catalysed reporter deposition fluorescence in situ hybridization 

DEPC Diethyl pyrocarbonate 

DIC Dissolved inorganic carbon 

DIET Direct interspecies electron transfer 

DNA Deoxyribonucleic acid 

dNTP Deoxyribonucleotide triphosphate 

EDS Energy dispersive X-ray spectroscopy 

Fe-AOM Iron dependent anaerobic oxidation of methane 

FTICR-MS Fourier-transform ion cyclotron resonance mass spectrometry 

GC Gas chromatograph 

HMA Helgoland Mud Area 

KeV Kilo electron volts 

LC-MS Liquid chromatography - mass spectometry 

MCR Methyl-coenzyme M reductase 

mcrA Methyl coenzyme M reductase alpha subunit gene 

mDIET Mineral mediated direct interspecies electron transfer 

OTU Operational taxonomic unit(s) 

PCR Polymerase chain reaction 

pmoA Particulate methane monooxygenase alpha subunit gene 

qPCR Quantitative polymerase chain reaction 

RNA Ribosomal ribonucleic acid 

rRNA Ribosomal ribonucleic acid 

S-AOM Sulfate dependent anaerobic oxidation of methane 

SEM Scanning electron microscope (microscopy) 

SIP Stable isotope probing 

SMT Sulfate methane transition 

SRB Sulfate reducing bacteria 

TEAP Terminal electron accepting processes 
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 Chapter One 

General Introduction 

1.  Anaerobic food chain in marine sediments 

About 70 % of the earth is occupied by marine water bodies, underneath which sediments 

rich in organic carbon accumulate over geological time scales (Parkes et al., 2014). These 

sediments harbour up to ~ 15,000 * 10
18

 g organic carbon, the biggest pool of organic carbon 

on earth (Hedges and Keil, 1995; Parkes et al., 2014). Marine sediments also account for a 

vast diversity of active prokaryotes (bacteria and archaea) that survive under extreme energy 

limitations by adapting to lifestyles governed by extraordinarily low metabolic activities 

(D'Hondt et al., 2004; Schippers et al., 2005; Biddle et al., 2006; Lloyd et al., 2013). Despite 

their extremely low energy requirements, degradation of the organic matter reaching benthic 

communities from both marine and terrestrial sources is the primary energy source for their 

metabolic activities (Jørgensen and Boetius, 2007). While the microbes in the surface 

sediments have access to more labile organic matter, microbial communities in deeper 

sediments gain energy from degradation of more recalcitrant organic matter depending on 

sediment age and depth (Middelburg, 1989; Biddle et al., 2006). Thus, microbial activity in 

deep marine sediments is estimated to be approximately 10, 000 times less than in near-

surface sediments (Parkes et al., 2014).  

During the degradation of organic carbon, large macromolecules typically undergo a series of 

exoenzymatic hydrolyses and depolymerisation followed by fermentation of monomeric 

organic carbon by specialist microbes. The later steps in the mineralisation of organic carbon 

couple the microbial oxidation of fermentation intermediates (volatile fatty acids, H2 and 

acetate) to terminal electron accepting processes (TEAPs; Figure 1).  
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Figure 1: Anaerobic food chain in marine sediment detailing the geochemical zonation of terminal electron 

accepting processes for mineralisation of organic matter in marine sediments. Adapted from Jørgensen, 2006; and 

Wehrmann and Riedinger, 2016. 

Therefore, distinct geochemical zones are formed based on energy yield from each process 

(Froelich et al., 1979; Berner, 1981; Jørgensen, 2006) (Table 1). 

Table 1: Terminal electron accepting processes and their standard free energy yields following the classical 

geochemical zonation in marine sediments after Jørgensen (2006).  

Pathway Reaction stoichiometry ΔG
0 

(kJ mol 
-1

) 

Aerobic respiration CH
2
O + O

2
 → CO

2
 + H

2
O -479 

Nitrate reduction 5CH
2
O + 4NO

3

- 

→ 2N
2
 + 4HCO

3

-

 + CO
2
 + 3H

2
O -453 

Mn(IV) reduction CH
2
O + 3CO

2
 + H

2
O + 2MnO

2
 → 2MnO

2
 + 4HCO

3

-

 -349 

Fe(III) reduction CH
2
O + 7CO

2
 + 4Fe (OH)

3
 → 4Fe

2+

 + 8HCO
3

-

 + 3H
2
O -114 

Sulfate reduction 2CH
2
O + SO

4

2- 

→
 

H
2
S + 2HCO

3

-

 -77 

Hydrogenotrophic methanogenesis 4H
2
 + HCO

3

-

 + H
+

 → CH
4
 + 3H

2
O -136 
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The extent of each geochemical zone within the sediments is proposed to be controlled by 

organic matter fluxes, availability of electron acceptors and sediment accumulation rates 

(Arndt et al., 2013; Wehrmann and Riedinger, 2016). Consequently, the less available but 

more thermodynamically favourable electron acceptors (oxygen, nitrate and metal oxides, 

respectively) are rapidly depleted in the upper few centimetres of surface sediments 

especially in high productivity regions (D'hondt et al., 2002; D'Hondt et al., 2004; Wehrmann 

and Riedinger, 2016). The rate of organic matter degradation in sediments ultimately 

decreases continuously with sediment age and depth, regardless of prevailing redox zonation 

and potential changes in the degradation pathway (Beulig et al., 2017). 

Sulfate is the most available electron acceptor, accounting for 12–29 % of organic carbon 

flux on the seafloor (Bowles et al., 2014). These estimates are based on recent assessment of 

global organic matter fluxes to marine sediment (Dunne et al., 2007; Regnier et al., 2013). 

Below the sulfate zone is the methanic zone, where biogenic methane is being produced 

(Whiticar et al., 1986; Whiticar, 1999). An interphase between the sulfate zone and the 

methanic zone, known as the sulfate methane transition (SMT) (Iversen and Jørgensen, 

1985), exists where upward diffusing methane from the methanic zone gets in contact with 

downward diffusing sulfate from the sulfate zone and methane is consequently oxidized. 

Anaerobic oxidation of methane (AOM) coupled to sulfate reduction strongly controls the 

fluxes of methane to the atmosphere such that up to 90 % of the methane produced in marine 

sediment is estimated to be consumed in the SMT (Hinrichs and Boetius, 2003; Knittel and 

Boetius, 2009). The process is biologically mediated by a specialised consortium of anaerobic 

methane oxidizing archaea (ANME) and sulfate reducing bacteria (SRB) (Hinrichs et al., 

1999; Boetius et al., 2000). Within the methanic zone, sulfate becomes depleted and CO2 

becomes the available electron acceptor for microbial processes. Thus, CO2 reduction driven 

methanogenesis predominates (Whiticar et al., 1986; Whiticar, 1999), with hydrogen derived 
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mostly as an intermediate of organic matter degradation or from radiolysis and 

mechanochemistry (Wehrmann and Riedinger, 2016) acting as the electron donor 

(hydrogenotrophic methanogenesis; Figure 1). Detection of micro-molar concentrations of 

acetate and methanol in some marine environments (Beulig et al., 2017; Zhuang et al., 2018) 

and the dominance of acetoclastic methanogens like Methanosaeta over hydrogenotrophic 

methanogens in some marine environments (Carr et al., 2018) are indicative of other active 

methanogenic pathways in the methanic zone. However, as recent data from the Baltic Sea 

shows, CO2 reduction driven methanogenesis is favoured over acetoclastic methanogenesis in 

terms of turnover rates and preferential pathway utilised by the respective methanogens 

(Beulig et al., 2017).  

2. Overlapping geochemical zones in marine sediments 

There are indications that the standard model of finely defined geochemical zonation for 

TEAPs might be an oversimplification of the complex biogeochemical system fuelling the 

microbial food chain in marine sediments (Wehrmann and Riedinger, 2016). For example, 

concurrent sulfate reduction and methanogenesis were suggested to occur in the methanic 

zone (Mitterer, 2010; Treude et al., 2014). The most recent geochemical modelling estimates 

from over 740 sites globally highlight only a 70 % contribution of AOM to sulfate reduction 

rates in the SMT (Egger et al., 2018). Therefore, organic matter degradation, coupled to 

sulfate reduction, likely occurs alongside sulfate driven AOM in the SMT. Although 

hydrogenotrophic and acetoclastic methanogenesis are the dominant methanogenic pathways 

in marine sediments, methylotrophic methanogenesis also occurs, with highest rates in the 

sulfate zone (Zhuang et al., 2016; Xiao et al., 2018; Zhuang et al., 2018). Here, non-

competitive substrates (mostly C-1 compounds such as methanol and methylamines) that are 

not metabolised by sulfate reducers (Oremland et al., 1982; King et al., 1983) are used 

exclusively by methylotrophic methanogens.  
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Elevated dissolved iron (Fe
2+

) concentrations have been observed in the methanic zone of 

several marine sediments around the world (Table 2). The observations indicate a microbial 

activity induced iron reduction concurrently occurs in the methanic zone (Oni et al., 2015b). 

The sites are widely distributed globally varying from coastal sediments to deep sea 

sediments, and are usually characterised by either high accumulation rates of terrigenous 

organic matter or non-steady state systems (Table 2).  

Table 2: Dissolved iron (Fe
2+

) concentration ranges below the SMT in many sites around the world from 

shallow coastal sediments (e.g. the Bothnian Sea) to deep sub-seafloor continental margins (e.g., Peru Margin). 

Sediment depths were represented otherwise stated where only core depth was given.  

Location Sediment depth sampled 
Fe

2+
 concentrations in the 

methanic zone (µM) 
References 

Amazon Shelf* 2.5 m
§
 150–500 (Aller et al., 1986) 

Amazon Fan 7 m 10–130 (Schulz et al., 1994) 

Bering Sea 800 m 0–60 (Takahashi et al., 2011) 

Canterbury Basin 1000 m 10–38 (Fulthorpe et al., 2011) 

Peru Margin 500 m 2–20  (D'Hondt et al., 2004) 

Aarhus Bay 6 m 50–250 (Holmkvist et al., 2011) 

Taiwan coast 25 m 2–13 (Lim et al., 2011) 

Zambezi Fan 600 cm 3–13 (März et al., 2008) 

Argentine Basin 10 m 3–90 
(Hensen et al., 2003; 

Riedinger et al., 2014) 

Bothnian Sea 60 cm
§
 250–2000 (Egger et al., 2015) 

Black Sea 8 m
§
 20–680  (Egger et al., 2016a) 

Baltic Sea 100 m 120–1700  (Egger et al., 2017) 

Alaskan Beaufort Sea 5 m 30–80 (Treude et al., 2014) 

North Sea (Helgoland 

Mud Area) 
5 m 0–370 (Oni et al., 2015b) 

§
Represent sites where core depths were reported. *Methane concentrations were not measured in the 

Amazon shelf study (Aller et al., 1986), therefore only the sulfate profile was used to estimate 

potential SMT at the site. 

The source and microbial processes fuelling these dissolved iron concentrations is currently a 

hot-topic in sub-surface geo-microbiology. The following sections describe the state of the 

art, potential pathways and mechanisms currently being discussed to drive deep iron 

reduction. 
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3.   Microbial iron reduction in methanic zone of marine sediments and potential 

mechanisms  

Microbial iron reduction accounts for around 17 % of total carbon mineralisation in a wide 

range of marine sediments (Thamdrup 2000) and could contribute up to 50 % of oxidised 

carbon in non-sulfidogenic sediments (Canfield et al 1993, Thamdrup 2000). Until recently, 

iron reduction was thought to be restricted to the upper few centimetres of marine sediments 

and could be facilitated by abiotic and biotic metabolisms. A number of abiotic and biotic 

mechanisms such as cryptic sulfur cycling, anaerobic oxidation of methane coupled to iron 

reduction and dissimilatory iron reduction have been discussed as possible mechanisms 

driving concurrent iron reduction in the methanic zone of marine sediments. These factors are 

discussed below. 

3.1 Cryptic sulfur cycling 

Sulfate reduction primarily drives biogeochemical sulfur cycling in marine sediments 

(Jørgensen and Kasten, 2006; Wasmund et al., 2017). Sulfate reduction, however, typically 

occurs in the surface sediments and the SMT rich in sulfate (up to 28 mM; Wasmund et al., 

2017). However, there is molecular evidence that sulfate reducing bacteria constitute a high 

proportion of bacteria in the methanic zone of some sites (Leloup et al., 2007; Leloup et al., 

2009; Schippers and Blazejak, 2011; Aoki et al., 2015). Nevertheless, sulfate concentrations 

in the methanic zone of these sites are low (< 500 µM). These low sulfate concentrations 

were referred to as ‗background concentrations‘ (Leloup et al., 2007) and the presence of 

sulfate in the methanic zone might in fact be due to sulfate contamination coming from sea 

water that gets in contact with sediment cores during core recovery and pore water extraction 

(Brunner et al., 2016; Pellerin et al., 2018). Low porewater concentration of sulfate and low 

availability of reactive organic matter suppresses sulfate reduction in the methanic zone 

(Holmkvist et al., 2011). In the Aarhus bay sediments for example, sulfate reduction rates in 
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the methanic zone accounted for only 0.1 % of total sulfate reduction throughout the 

sediment core analysed (Holmkvist et al., 2011). Therefore, reduction of endogenously 

formed sulfate might not be the process driving the survival of sulfate reducers in these 

depths. Other metabolisms that could fuel the survival of sulfate reducing bacteria in the 

methanic zone could be sulfur disproportionation and iron reduction linked cryptic sulfur 

cycling (Holmkvist et al., 2011) or fermentation (Holmkvist et al., 2011; Glombitza et al., 

2015). The role of fermentation might be less apparent due to the low availability of easily 

accessible organic matter. Hence, cryptic sulfur cycling, which involves rapid recycling of 

sulfur species at low sulfate concentrations (Holmkvist et al., 2011; Brunner et al., 2016; 

Wasmund et al., 2017), was hypothesised as the likely mechanism fuelling the presence of 

sulfate reducers and iron reduction in the methanic zone of Aarhus bay (Figure 2). 

 

Figure 2: Schematic representation of major reactions involved during abiotic cryptic sulfur cycling in the 

methanic zone. Scheme modified from Holmkvist et al (2011). 

A major constraint for cryptic cycling to occur in the methanic zone is the availability of 

downward diffusing sulfide from the SMT. In Aarhus Bay, where cryptic sulfur cycling was 
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proposed to fuel Fe
2+

 dissolution into the pore waters, sulfide produced from sulfate reduction 

diffuses downwards to the methanic zone, thereby leading to a ‗sulfidization front‘ in the 

methanic zone (Holmkvist et al., 2011). Because there are deeply buried iron oxides in the 

methanic zone, abiotic free sulfide oxidation coupled to iron oxide reduction (Poulton et al., 

2004) was therefore proposed in a cryptic sulfur cycling process that eventually yields sulfate 

(Figure 2; Holmkvist et al., 2011). Sulfate reducing bacteria constitute about 8 % of total 

bacteria cells in the methanic zone of Aarhus Bay, and they were proposed to use the 

generated sulfate to fuel their survival (Leloup et al., 2009; Holmkvist et al., 2011). A key 

factor in this hypothesis, however, is the location of the sulfidization front, providing high 

concentrations of free sulfide that rapidly react with Fe(III) as shown in Figure 2 (Holmkvist 

et al., 2011). In many other sites with elevated Fe
2+

 concentrations in the methanic zone, the 

sulfidization front is often distant, as free sulfide concentrations are below detection limits in 

the methanic zone (März et al., 2008; Lim et al., 2011; Riedinger et al., 2014; Egger et al., 

2015). Therefore, other mechanisms might explain the elevated Fe
2+

 concentrations serving 

as a proxy for on-going iron reduction at other sites. 

3.2 Anaerobic oxidation of methane coupled to iron reduction 

Sulfate reduction coupled AOM occurs in the SMT of marine sediments and is responsible 

for 70 % of sulfate reduction in the SMT (Egger et al., 2018). This process was thought to be 

the only sink for methane in anoxic marine sediments, accounting for 2 % of methane 

oxidised in natural environments globally (Reeburgh, 2007; Saunois et al., 2016). The 

coupling of AOM to other electron acceptors such as nitrate has also been shown 

(Raghoebarsing et al., 2006). Nitrate profiles decrease with depth in sub-surface marine 

sediments (Froelich et al., 1979), therefore nitrate dependent AOM is unlikely. The first study 

that demonstrated the potential for other electron acceptors other than sulfate and nitrate to 

facilitate AOM stimulated methane oxidation activity in incubations amended with iron and 
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manganese oxides from cold seep sediments (Beal et al., 2009). A similar study also showed 

that addition of iron oxides to cold seep sediments stimulates higher rates of AOM (Sivan et 

al., 2014). However, both studies did not assess, if and to what extent background sulfate 

concentrations may have contributed to the observed methane oxidation activity. It was 

previously observed that background sulfate concentrations detected in marine sediments 

(70–100 µM) can stimulate S-AOM (Segarra et al., 2015; Timmers et al., 2016). Another 

important finding from cold seep sediments successfully excluded the possible sulfate 

involvement during AOM while demonstrating the potential for ANME-2a and ANME-2c to 

use artificial electron acceptors (ferric citrate, 9,10-anthraquinone-2,6-disulfonate) to 

uncouple AOM from sulfate reduction (Scheller et al., 2016). ANME-1 archaea were also 

shown to uncouple AOM from sulfate reduction at deeper depths in incubation experiments 

from metalliferous hydrothermal vent sediments (Wankel et al., 2012). Besides these 

stimulation experiments from marine sediments, a number of studies have suggested the 

occurrence of Fe-AOM by both near in situ and long-term enrichment studies from terrestrial 

environments and coastal sediments (Sivan et al., 2011; Chang et al., 2012; Segarra et al., 

2013; Egger et al., 2015; Segarra et al., 2015; Ettwig et al., 2016; Bar-Or et al., 2017; 

Martinez-Cruz et al., 2017; Tu et al., 2017; Cai et al., 2018). While these studies showed the 

turnover of methane coupled to iron oxide reduction, the involved microorganisms and 

proposed mechanism vary (Figure 3). For example, ANME-2d archaea (Candidatus 

‗Methanoperedens‘), enriched in bioreactors with materials from freshwater sediments, can 

couple methane oxidation to Fe(III) reduction without a bacterial partner (Ettwig et al., 2016; 

Cai et al., 2018). In terrestrial mud volcanoes, ANME-2a were proposed to be capable of 

coupling AOM to iron reduction together with deltaproteobacterial iron reducing partners 

from the order Desulfuromonadales (Chang et al., 2012; Tu et al., 2017). 
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Figure 3: Proposed mechanisms for Fe-AOM. (a) Syntrophic coupling of CH4 oxidation to iron reduction by 

ANME-2a archaea and dissimilatory iron reducing Desulfuromonadales bacteria (b) direct coupling of CH4 

oxidation to iron reduction by novel ANME-2d archaea (c) proposed complex metabolic coupling of Fe-AOM 

where methanotrophic bacteria directly or indirectly activates CH4 and methyl (unconfirmed) intermediates 

are metabolised with syntrophic partners (Methanogens). Fe(III) provides final outlet for electrons from both 

partners. Authors demonstrated the importance of methanogens, as 2-bromoethanesulfonate addition inhibits 

methane oxidation completely. 

Methanotrophic bacteria appear to be primarily involved in methane turnover during Fe-

AOM (Bar-Or et al., 2017; Martinez-Cruz et al., 2017) in ferruginous lake sediments. Bar-Or 

et al., (2017) also demonstrated by inhibiting methanogenesis with 2-bromoethanesulfonate 

(a specific inhibitor of the methyl-coenzyme M reductase [MCR] enzyme, crucial a key 

enzyme for of methanogenesis and anaerobic methanotrophy) that methanogens are crucial 

for AOM by methanotrophic bacteria. However, the mechanism governing this type of 

methane turnover in anaerobic incubations, and the metabolic intermediates that facilitate 

Fe(III) reduction were not clearly explained yet. Recently, a biochemical framework was 

used to demonstrate that pure cultures of Methanosarcina acetivorans reversed their 

methanogenic pathway into an AOM pathway facilitated by Fe(III) dependent respiration 

(Yan et al., 2018). Therefore, unlike sulfate dependent AOM whose mechanism is based on 

syntrophic interactions facilitated by direct interspecies electron transfer (McGlynn et al., 
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2015; Wegener et al., 2015), Fe-AOM metabolism appears to be mediated by both bacteria 

and archaea with or without syntrophic partners (Figure 3).  

Given these indications that Fe-AOM is feasible in different natural environments, it is 

currently being proposed based on geochemical models from pore water profiles of iron, 

sulfate and methane that Fe-AOM occurs in the methanic zone of many of these deep iron 

reduction sites (Riedinger et al., 2014; Egger et al., 2015; Egger et al., 2016a; Egger et al., 

2016b; Rooze et al., 2016; Egger et al., 2017). The juxtaposition of deeply buried iron oxides, 

alongside elevated methane concentrations in the absence of sulfate and appreciable amounts 

of reactive organic matter (Riedinger et al., 2014), is the strongest premise for this 

hypothesis. However, whether this process indeed occurs in situ and at what rates it occurs is 

not known. Consequently, the microbial key players for Fe-AOM in these deep sub-seafloor 

sediments are unknown as well. 

3.3 Dissimilatory iron reduction 

Microorganisms that couple the oxidation of organic or inorganic electron donors to the 

reduction of iron oxides (dissimilatory iron reducers) have a strong influence on the 

geochemistry of many natural environments (Lovley, 1997; Thamdrup, 2000; Kappler and 

Straub, 2005). Bacteria from the deltaproteobacterial order Desulfuromonadales are widely 

known as dissimilatory iron reducers and have been implicated for iron reduction in surface 

marine sediments (Lovley, 1997; Lovley, 2006; Vandieken et al., 2006; Vandieken and 

Thamdrup, 2013). Sequences affiliated with the order Desulfuromonadales were found in the 

methanic zone of the Helgoland Mud Area sediments, albeit at very low relative abundance 

(0.01–0.1%; Oni et al., 2015b). Dissimilatory iron reducers require electron donors similar to 

those required by methanogens, i.e., acetate and hydrogen (Lovley and Phillips, 1986; Roden 

and Wetzel, 1996). In theory, iron reduction should outcompete methanogenesis (see Table 

1), but this does not seem to be the case, as active biogenic methane formation is on-going in 
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many of these sites (Riedinger et al., 2014; Egger et al., 2017). In addition, methanogens 

themselves can switch from methane production to iron reduction (Bond and Lovley, 2002; 

Van Bodegom et al., 2004; Zhang et al., 2012; Zhang et al., 2013; Sivan et al., 2016), 

facilitated by methanophenazines that serve as redox carriers in their cell membranes and 

thus act as electron shuttles (Beifuss et al., 2000; Sivan et al., 2016). However, whether (I) 

dissimilatory iron reduction is on-going or (II) the potential dissimilatory iron reducers 

detected in low abundance in the sediments are active or (III) methanogens themselves 

reduce iron in the sediments in situ has not been demonstrated yet. 

3.4 Fermentative iron reduction 

Microorganisms that convert simple sugars and other fermentable substrates to volatile fatty 

acids, acetate and hydrogen are capable of transferring up to 5 % of reducing equivalents 

generated during fermentation to iron oxides (Lovley and Phillips, 1986, 1988; Lovley, 

2006). Despite being a minor pathway for electron flow in fermentative microorganisms 

(Lovley, 1997), the ability to fortuitously reduce iron oxides confers ecological advantages on 

fermenting organisms (Dobbin et al., 1999; Lehours et al., 2010). The subsurface 

environments, where deep iron reduction has been observed, harbour distinct microbial 

communities dominated by fermenting microorganisms whose distribution through the 

sediments are tightly linked to the dissolved iron profile (Oni et al., 2015b; Oni et al., 2015a). 

In the iron-oxide rich Helgoland Mud Area methanic sediments, Fourier transform ion 

cyclotron resonance mass spectrometry (FTICR-MS) was used to characterise the 

bioavailable fractions of organic matter potentially utilised by fermenting organisms. The 

results suggested that aromatic hydrocarbons were depleted and consequently likely degraded 

in the methanic zone by respective organisms.  

Aromatic hydrocarbons represent some of the most abundant classes of organic compounds 

on earth (Carmona et al., 2009; Fuchs et al., 2011; Rabus et al., 2016) and their capability as 
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growth substrates for many fermentative bacteria has been well studied (Harwood et al., 

1998; Gibson and Harwood, 2002; McInerney et al., 2008; Carmona et al., 2009; Sieber et al., 

2010; Rabus et al., 2016; Nobu et al., 2017). Recently, members of the Bathyarchaeota 

phylum were linked to growth on aromatic lignin monomers (Yu et al., 2018), thus extending 

the scope of aromatic hydrocarbon degraders in the environment beyond bacteria to archaea 

as well. Because aromatic compounds are chemically inert and recalcitrant, they are 

mechanistically difficult to access by respective microorganisms living in anoxic 

environments such as marine sediments (Rabus et al., 2016). Activation of aromatic 

compounds by fermentative bacteria is also endergonic under standard conditions (McInerney 

et al., 2008). One strategy employed by fermenting organisms to overcome these energetic 

barriers and access aromatic compounds is to establish syntrophic interactions with sulfate 

reducers or methanogens. These syntrophic partners ensure that fermentative intermediates 

like acetate, H2 and formate are kept at concentrations that are sufficiently low to facilitate 

organic matter degradation by fermenting partners (Harwood et al., 1998; Gibson and 

Harwood, 2002; McInerney et al., 2008; Rabus et al., 2016). It is possible that fermenting 

organisms also fortuitously reduce iron by using iron oxides as outlet to overcome 

thermodynamic barriers while degrading recalcitrant aromatic compound. Besides iron 

reducers are also capable of aromatic carbon degradation (Lovley and Lonergan, 1990; 

Lovley et al., 1993; Lonergan et al., 1996). The existence of an iron oxide driven 

fermentative metabolism could confer ecological advantage on microbial life in the energy 

limited deep biosphere by enhancing the rates of recalcitrant organic matter degradation. In 

the Helgoland Mud Area where aromatic compounds appear to be degraded in the methanic 

zone, and fermentative organisms are tightly linked to dissolved Fe
2+

 profile (Oni et al., 

2015b; Oni et al., 2015a), it is feasible that fermentative bacteria, and or iron reducers 

together with methanogens are involved in a complex syntrophic relationship. Such 
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interaction would facilitate effective degradation of aromatic compounds in methanic zone, 

leading to faster methanogenesis rates while iron oxides are concurrently reduced allowing 

for dissolution of Fe
2+

 in porewater. A missing link to support these ideas is an experimental 

evidence, where aromatic monomers or compounds like benzoate that act as central 

intermediates during the degradation of most aromatic hydrocarbons (Carmona et al., 2009) 

are metabolised coupled to concurrent iron reduction and methanogenesis by a consortia of 

fermenting organisms and methanogens. Besides, knowledge on microorganisms that degrade 

aromatic hydrocarbons in marine sediments is unknown. 

4. Direct interspecies electron transfer as a novel and more efficient electron 

transfer mechanism 

Interspecies electron transfer, discovered by Bryant et al. (1967), is a key mechanism utilised 

in syntrophic methanogenic communities to overcome energy barriers (Stams and Plugge, 

2009; Sieber et al., 2012). Transfer of diffusible intermediates of organic matter degradation 

such as H2/formate is a well-known type of interspecies electron transfer (Morris et al., 2013; 

Schink and Stams, 2001; Sieber et al., 2014; Shrestha and Rotaru, 2015). Direct interspecies 

electron transfer (DIET) is a novel, ‗electrical‘ and potentially faster alternative form of 

interspecies electron transfer (Cheng and Call, 2016; Lovley, 2016; Lovley, 2017). First 

discovered in syntrophic co-cultures of Geobacter metallireducens and Geobacter 

sulfurreducens (Summers et al., 2010), DIET is currently being suggested to proffer 

advantages to microorganisms under some environmental conditions (Lovley, 2017). 

Strategies that participating organisms explore to facilitate DIET include (I) electron transfer 

with biological appendages such as electrically conductive pili or outer membrane 

cytochromes (II) abiotic conduits such as minerals, electrodes or carbon material (Shrestha 

and Rotaru, 2015; Lovley, 2017). DIET might also have a biogeochemical significance: 

Anaerobic consortia mediating anaerobic oxidation coupled to sulfate reduction were shown 
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to transfer electrons via DIET (McGlynn et al., 2015; Wegener et al., 2015). Furthermore, 

DIET could also be important in syntrophic photosynthesis (Ha et al., 2017).  

The potential role of crystalline iron minerals to facilitate mineral mediated DIET (mDIET; 

Shrestha & Rotaru, 2015) in natural environments has been studied using in vitro microcosms 

designed to metabolise carbon substrates to methane. In rice field soils, Geobacter 

metallireducens, known iron reducer in these environments, opted to participate in DIET with 

acetoclastic methanogen Methanosarcina in the presence of either hematite or magnetite 

(Kato et al., 2012). This resulted in enhancement of methanogenesis both in terms of 

increased process rate and reduced lag phase. A similar syntrophic association was 

subsequently shown in other rice field soils (Zhou et al., 2014; Li et al., 2015; Yang et al., 

2015; Zhuang et al., 2015), anaerobic digesters (Cruz Viggi et al., 2014; Rotaru et al., 2014), 

river sediments (Jiang et al., 2013), lake sediments (Zhang and Lu, 2016), and coastal 

sediments (Rotaru et al., 2018). While the carbon substrate metabolised, syntrophic partners 

and methanogenic pathway may vary in the aforementioned studies, the potential relevance 

of this mechanism and the potential for crystalline iron minerals to facilitate electron transfer 

in natural environments was established. Therefore, mDIET could play a similar role in 

ferruginous sub-seafloor sediments given the relatively large fractions of crystalline iron 

oxides present in situ, but this needs to be demonstrated. 

5. Temperature control of methanogenesis and iron reduction in marine sediments 

Temperature is an important environmental factor that controls rates of biogeochemical 

processes (Arndt et al., 2013). About 85 % of global oceans have average temperatures below 

5 ºC (Jørgensen, 2006), to which dominant microbial communities have to adapt optimally 

(Arndt et al., 2013). Therefore, in situ activity rates at lower temperatures are not intrinsically 

slower, especially for organisms in permanently cold sediments (Jørgensen, 2006). Most 

isolated strains of iron reducers in pure culture are mesophilic (Lovley et al., 2004) and few 



General Introduction 

16  

 

psychrophilic iron reducers have been isolated from surface arctic sediments (Vandieken et 

al., 2006). There is so far no available data showing that microbes from these deep iron 

reduction sites actually reduce crystalline iron oxide fractions present in the sediments under 

psychrophilic conditions. Dissimilatory iron reducers in sub-glacial sediments reduced poorly 

crystalline ferrihydrite at faster rates at psychrophilic conditions (Nixon et al., 2017). It is yet 

unknown whether iron reduction in marine sediments also proceeds similarly such that lower 

temperatures favour higher rates of iron reduction.  

Influence of temperature on methanogenesis on the other hand has been well studied from 

sedimentary and terrestrial environments. Previous studies showed that methanogenesis is 

favoured at mesophilic temperatures compared to psychrophilic (Zeikus and Winfrey, 1976; 

Van Hulzen et al., 1999; Fey and Conrad, 2000; Yao and Conrad, 2000). As discussed in 

section 4 above, crystalline iron oxides might also accelerate methane production in natural 

environments via mDIET. These mDIET stimulating studies were however carried out at 

either mesophilic or thermophilic temperatures. Given the slower process of methanogenesis 

at cold temperatures which predominates in marine sediments (Jørgensen, 2006), the 

availability of crystalline iron oxides in the methanic zone could enable accelerated 

methanogenesis in these environments. However, the potential for mDIET to occur under 

psychrophilic conditions that predominate in subsurface marine sediments is yet unknown 

Therefore, a gap exists in literature to identify what potential roles (either reduction or 

conduit function) crystalline iron oxides play at cold temperatures in marine sediments.  

6. Study site and aims of thesis 

The Helgoland Mud Area, located on the German bight of the North Sea is an area of fine 

grained mud with high sedimentation rates resulting in co-deposition of terrestrially derived 

organic matter and metal oxides (Hebbeln et al., 2003). Previous work in the area showed that 

metal oxide reduction (iron and manganese oxides) concurrently occurs in the methanic zone, 
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with iron oxide reduction being more predominant based on pore water concentrations of 

dissolved constituents (Oni et al., 2015b). Initial investigations into the microbial community 

composition in methanic zone sediments showed a tight correlation between distinct 

microbial communities and the dissolved iron profile suggesting iron reduction is microbial 

activity driven (Oni et al., 2015b).  

Figure 4: Map of the Helgoland Mud Area study site (Oni et al., 2015b). While fresh cores were collected for 

this project during a 2015 expedition to the site, the sampling locations were similar to those of the station 

HE376-007 listed on the map. 

Indications from the water-extractable organic matter fractions also suggested aromatic 

hydrocarbons are preferentially degraded by fermenting microorganisms in the methanic zone 

(Oni et al., 2015a). In the present study, I aimed at the following objectives: 
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A. Provide experimental evidence for Fe-AOM in the methanic zone of Helgoland Mud 

Area sediments, obtain activity rates at close to in situ conditions and identify the 

microorganisms that are involved. 

B. Set up enrichment cultures using a substrate (benzoate) that models the type of 

organic matter preferentially degraded in situ. By stimulating methanogenic benzoate 

degradation with crystalline iron oxides, I investigated how fermentative iron 

reduction during organic matter degradation could play a role in Fe
2+

 dissolution into 

the pore waters in addition to Fe-AOM. I specifically aimed to stimulate concurrent 

iron reduction during methanogenic benzoate degradation, enrich the microbial 

communities involved and investigate the ecological advantage conferred on the 

microbial communities by adding crystalline iron oxides to the enrichments.  

C. The influence of temperature on microbial utilisation of crystalline iron oxides either 

as electron acceptors or as conduits to facilitate methanogenesis in marine sediments 

via mDIET was studied systematically. The aim of this study was to shed more light 

on how crystalline iron oxides, which were previously thought to be not bioavailable, 

could be serving microbial communities under different temperature regimes in 

sedimentary settings. 
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Abstract 

In marine environments, the flux of methane from the seabed is largely controlled by 

anaerobic oxidation of methane (AOM) coupled to sulfate reduction. Recent studies suggest 

an additional iron-oxide dependent methane sink in the methanic zone but direct proof of 

iron-oxide coupled anaerobic oxidation of methane (Fe-AOM) is still lacking. Using short-

term radiotracer experiments, we demonstrate Fe-AOM in samples from the iron-oxide rich 

methanic zone of the Helgoland Mud Area, North Sea, with methane oxidation rates of 0.095 

± 0.03 nmol cm
-3

 d
-1

. In comparison, sulfate dependent AOM (S-AOM) rates in the sulfate 

methane transition were 59 times higher (5.6 ± 2.5 nmol cm
-3

 d
-1

). The iron oxide phases 

lepidocrocite, hematite, and magnetite facilitated Fe-AOM in long-term sediment slurry 

incubations from the methanic zone when sulfate reduction was inhibited. Especially 

amendment with magnetite triggered substantial Fe-AOM activity; in this incubation 

anaerobic methane oxidizing archaea of the ANME-2a clade were particularly enriched. We 

show that Fe-AOM is a hidden methane sink in methanic marine sediments containing 

mineral-bound ferric iron, and is therefore an important component in the global methane 

budget that has the potential to sustain microbial life in the deep biosphere. 

Significance Statement 

The anaerobic oxidation of methane (AOM) in marine sediments is a crucial biological filter 

that mitigates the flux of the greenhouse methane into the atmosphere. Previous studies 

extensively documented a coupling of AOM to sulfate reduction. More recently, some 

evidence hinted towards metal oxide dependent AOM as additional methane sink in marine 

sediments. Here, we used a multi-pronged approach to show iron oxide driven AOM (Fe-

AOM) occurs in the methanic zone of iron-oxide rich marine sediments and especially 

identified ANME-2a as a key microorganism involved. Given the larger volume of methanic 
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zones compared to the sulfate methane transition where sulfate dependent AOM occurs, Fe-

AOM could contribute significantly to global methane budgets from marine environments. 

Introduction 

In marine sediments globally, methanogenic archaea naturally form large amounts of the 

potent greenhouse gas methane (1). Because of a rather effective biological filter, the 

anaerobic oxidation of methane (AOM), an estimated 90 % of this methane is consumed 

before escaping from the sediment (2, 3). AOM is commonly mediated by a consortium of 

anaerobic methane oxidizing archaea (ANME) and sulfate reducing bacteria (2-5), which 

results in the establishment of a sulfate methane transition (SMT) (6, 7), a reactive layer into 

which methane from the subsurface and sulfate from seawater diffuse. In addition to sulfate-

coupled AOM (S-AOM), the role of other electron acceptors as additional sinks for methane 

in marine sediments is not fully established. Metal oxides such as those of iron and 

manganese have been suggested to serve as additional electron acceptors in AOM (8) in a 

number of terrestrial and marine environments (9-26). To date, only few highly enriched 

cultures from freshwater samples exist, in which Candidatus ‗Methanoperedens 

nitroreducens‘ and Ca.’Methanoperedens ferrireducens‘ (also known as members of the clade 

ANME-2d) were unequivocally shown to couple iron oxide reduction to anaerobic methane 

oxidation (Fe-AOM) (17, 18): 

        (  )              
                   (I) 

Although Fe-AOM is thermodynamically feasible, especially with the highly soluble iron 

citrate (16, 17), direct proof for the occurrence of the process in marine environments, where 

solid phase iron oxides are present in high abundance, remains elusive. Recently, Fe-AOM 

has been suggested to occur ubiquitously in the methanic zone of marine sediments (9-15). 

Elevated concentrations of dissolved Fe
2+

 in porewater, low to undetectable concentrations of 
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sulfate, high contents of buried reactive iron oxides and the presence of methane have been 

suggested as signpost of geochemical feasibility of Fe-AOM in methanic sediments (9-15). In 

fact, geochemical modeling suggests Fe-AOM as the likely major mechanism driving iron 

oxide reduction in the methanic zone of marine sediments (10-15).  

The existence of an additional methane sink in the vast methanic zone of continental shelf 

and margin sediments fueled by iron oxides might hold important implications for the cycles 

of iron and carbon and for microbial life in the energy-limited deep sedimentary biosphere. 

Here, we investigated methanic sediments of the Helgoland Mud Area in the North Sea, 

which are characterized by high concentrations of dissolved Fe and methane, undetectable 

sulfate, as well as high amounts of buried reactive iron oxides (15) (Figs. 1, S1, S3). In a 

multi-pronged approach including geochemical analysis of porewater and sediments, radio 

and stable isotope labeling experiments, molecular biology and lipid stable isotope probing 

(SIP), we demonstrate the presence of Fe-AOM, provide activity rates at near in situ 

conditions and identified ANME-2a as a key microorganism of this process. 

Results and Discussion 

Direct evidence for iron-driven methane oxidation in methanic sediments 

For measuring AOM activity, we carried out short-term 
14

CH4 incubation experiments at near 

in situ temperatures of 10 ºC (27) using sediments from the methanic zone and the SMT (see 

methods). In methanic zone sediment incubations, methane was oxidized at a rate of 0.27 ± 

0.01 nmol cm
-3

 d
-1

 (Fig. 1c). For comparison, in SMT sediment incubations, the methane 

oxidation rate (5.6 ± 2.5 nmol cm
-3

 d
-1

) was 14 to 31 times higher (Fig. 1c). Because minimal 

sulfate concentrations (ranging from 70–100 µM) were shown to stimulate S-AOM (28, 29), 

molybdate, a known inhibitor of sulfate reduction (30), was added to a set of replicate 

incubations. Yet, methane oxidation (0.095 ± 0.03 nmol cm
-3

 d
-1

) was detected under 
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inhibition of sulfate reduction in the incubations with methanic sediments, indicating a 

decoupling of AOM from sulfate reduction below the SMT (Fig. 1c). Similarly, AOM under 

molybdate inhibition was found in the methanic zone of Alaskan Beaufort Sea sediment, 

albeit at substantial in situ sulfate concentrations (30–500 µM) (25). In contrast, sediments 

from the methanic zone of the Helgoland Mud Area are sulfate-depleted and replete with 

metal oxides (15) (mostly iron oxides ranging from 0.49–1.64 wt %, Fig. S1; but also 

manganese oxides ranging from 0.02–0.11 wt %; Fig. S2). These metal oxides potentially 

serve as electron acceptors during AOM. Although elevated dissolved Mn concentrations 

suggest ongoing manganese reduction at these depths, Mn concentrations were between 2–10 

fold lower than Fe concentrations (Fig. S3). Thus, iron oxide reduction is quantitatively more 

important than manganese reduction, and consequently, AOM below the SMT is 

predominantly driven by the presence and the reduction of iron oxides. The mode of AOM in 

the SMT was different from the methanic zone because molybdate addition inhibited S-AOM 

completely in the SMT (Fig. 1c). In contrast, Fe-AOM occurred in the methanic zone, even 

when sulfate reduction was inhibited. Thus, Fe-AOM in the sulfate-depleted methanic zone is 

not a side reaction of S-AOM (31) and probably requires specifically adapted 

microorganisms. 

In order to pinpoint microorganisms involved in Fe-AOM at our study site, its microbial 

community composition was studied at various sediment depths. Based on sequencing of the 

functional gene marker mcrA encoding the methyl coenzyme M reductase alpha subunit (32, 

33), we detected phylogenetically diverse ANME populations in sediments from the methanic 

zone (Fig. 2a). An ―ANME-1-related‖ clade (34) dominated the methane metabolizing 

microbial community (up to 55 % of mcrA genes; Fig. 2a). Moreover, estimates of absolute 

mcrA gene copy numbers of the different ANME phylotypes showed that ANME-2a (5, 

35) and ANME-3 (36) archaea, previously identified as key players during S-AOM, were 
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abundant in the sediments from the methanic zone (Fig. 2b). Of these groups, ANME-2a was 

the most abundant, particularly at 220 cm depth (6.0 ×10
6 

copies per gram wet weight; Fig. 

2b) and was also dominant based on mcrA gene sequencing (44 %; Fig 2a). In addition, the 

distribution profile of mcrA gene copies of ANME-1-related clade correlates strongly with 

the dissolved Fe concentration across all depths (Pearson's r=0.64, 95 % CI 0.23–0.86, 

p<0.01; Figs. 1b, 2b, Table S3). Domain-specific cell counts based on catalysed reporter 

deposition fluorescence in situ hybridization (CARD-FISH) revealed potentially active 

archaeal cells in the methanic zone (at least 3.9 × 10
6
 cells per gram wet weight; Fig. 2c). 

Thus, methanic sediments of the Helgoland Mud Area harbor several abundant ANME 

groups known from S-AOM (5, 34, 36, 37) that are potentially involved in Fe-AOM in situ. 

Iron oxide amendment increases Fe-AOM activity in the methanic zone 

The crystalline iron oxides lepidocrocite, hematite and magnetite are quantitatively important 

as potential Fe-AOM electron acceptors in the methanic zone of the Helgoland Mud 

Area (15) (Fig S1). Therefore, we conducted enrichments with 
13

CH4 to identify those iron 

oxides that were preferentially utilized by Fe-AOM mediating microorganisms and compared 

these results with enrichments from the sulfate zone (Figs. 3a, 3b). Over 250 days, δ
13

C-DIC 

values, serving as a proxy for methane oxidation, increased continuously in sediment 

incubations from both geochemical zones (Fig. 3). In methanic zone incubations performed 

under inhibition of sulfate reduction, iron oxide addition, and in particular magnetite, resulted 

in higher levels of methane oxidation compared to the control incubation amended with 

13
CH4 and molybdate (Fig. 3b). In contrast, excess sulfate amendment (30 mM) resulted in 

lower rates of methane oxidation. In sulfate zone sediment incubations, lepidocrocite and 

molybdate addition led to lower rates of methane oxidation than sulfate addition (Fig. 3a), 

indicating that the presence of iron oxides did not stimulate AOM under inhibition of sulfate 

reduction. Hence, our slurry incubations demonstrate that a geochemical niche separation 
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possibly occurs in the environment with sulfate and ferric iron as electron acceptors for 

methane oxidation in the sulfate zone and methanic zone, respectively. Among the reactive 

iron minerals present in the methanic zone, magnetite stimulated Fe-AOM most strongly, 

suggesting that this iron mineral could be important for in situ Fe-AOM. Similar findings 

were obtained from incubation experiments with lake sediments (19) and supported by a 

geochemical modeling study on Baltic Sea sediments
 
(11). 

Microbial key players involved in Fe-AOM  

Potential key players for AOM in our long-term 
13

CH4 incubation experiments were 

identified by 16S rRNA gene sequencing, mcrA gene qPCR of specific ANME phylotypes, 

lipid SIP of bacterial fatty acids and archaeal ethers, as well as pmoA gene amplification and 

cloning. In methanic zone sediment incubations showing Fe-AOM, 16S rRNA gene 

sequences of detected archaeal methane-oxidizers were affiliated to ANME-1b, ANME-

2a/2b, ANME-3 (up to 8.5 % of all archaeal sequences; Fig. 5a) but not ANME-2c/2d (Figs. 

S7, S9). More importantly, in magnetite-molybdate incubations, ANME-2a/2b increased 

strongly in relative 16S rRNA gene sequence abundance (7 % to 40 % of ANMEs) and 

ANME-2a specific mcrA gene copies (50-fold, Fig. 4) between 120 and 250 days. Thus, in 

concert with the highest methane oxidation activity recorded (Fig. 3b), ANME-2a performed 

Fe-AOM under inhibition of sulfate reduction in magnetite added incubations of methanic 

zone sediment. Moreover, ANME-1-related and ANME-3 were stimulated as well in the 

other Fe-AOM incubations (Figs. 4, 5a). However, a similar trend was observed without 

molybdate addition and in N2 amended controls (Figs. S7, S8). The stimulation of ANMEs in 

the N2 controls might have been due to methane supply via co-occurring methanogenesis in 

these incubations (Fig. S12) recently termed ―cryptic methane cycling‖ and detected in the 

SMT of Aarhus bay and other marine sediments (38-40).  
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In order to exclude the possible involvement of methanotrophic bacteria in Fe-AOM (19, 20), 

we studied 
13

C uptake from 
13

CH4 into bacterial lipids. Given the substantially lower 

incorporation of 
13

C-label in bacterial fatty acids (Fig. 5b, Table S5) and the absence of a 

specific pattern related to methanotrophic bacteria compared to lake sediment incubations 

(19, 20), there was no evidence to support direct uptake of label from CH4 into bacteria in 

samples from both, the sulfate zone and the methanic zone. Generally, this rather hints 

towards the incorporation of 
13

C-DIC or another unknown metabolic intermediate or a 

mixture of both. Lipid SIP results were corroborated by the lack of detection of pmoA genes, 

a molecular marker for methanotrophic bacteria (41) in Fe-AOM performing incubations 

(Fig. S13, Table S4). Thus, in contrast to Fe-AOM in lake sediments, methanotrophic 

bacteria were not involved in our marine sediment incubations. 

In other environments, ANMEs perform Fe-AOM either alone (17, 18), or potentially 

together with iron-reducing Desulfuromonadales as syntrophic partners (21, 22). However, 

microbial communities performing Fe-AOM in marine iron oxide-rich and sulfate-depleted 

methanic sediments were not identified until now. Our multi-pronged approach allowed us to 

show for the first time that ANME-2a performs Fe-AOM (Figs. 3, 4, 5). Unexpectedly, 

investigation of archaeal ether lipids in Fe-AOM incubations did not show any 
13

C-label 

incorporation (Table S7), suggesting that ANMEs were neither directly assimilating CH4, nor 

indirectly incorporating DIC into their biomass, with the latter previously shown to be the 

dominant mode for their relatives mediating S-AOM (42). This is, moreover, in accordance 

with archaeal lipid isotopes from Fe-AOM incubations using lake sediments where associated 

methanogens were similarly found with only marginal incorporation of 
13

C-label (19). In 

contrast, we found clear indication for incorporation of label into archaeal lipids (Table S7) in 

incubations from the sulfate zone as expected for S-AOM (42, 43) that occurs at a much 

higher rate compared to Fe-AOM (Figs. 1c, 3). The bacterial community composition 



Fe-AOM in Methanic Marine Sediments 

38  

 

analysis based on 16S rRNA gene sequencing showed that potential iron-reducing partner 

bacteria from the order Desulfuromonadales (21, 22) were present in all 
13

CH4 amended 

incubations (up to 6.4 %, Figs. 5a, S10). However, whether they are syntrophic partners of 

ANME in Fe-AOM requires further research.  

Environmental significance of Fe-AOM 

By showing (I) the turnover of 
14

CH4 and
 13

CH4 to CO2 (II) the presence of ANME 

phylotypes in the methanic zone of the Helgoland Mud Area and (III) increased gene copy 

numbers of these microorganisms in incubation experiments stimulating Fe-AOM, our study 

provides direct evidence for Fe-AOM in marine sediments. At our study site of the Helgoland 

Mud Area, Fe-AOM in the methanic zone occurs at a low lower rate of 0.095 ± 0.03 nmol 

cm
-3

 d
-1

,
 
which is only roughly ~ 2 % of that of S-AOM (5.6 ± 2.5 nmol cm

-3
 d

-1
) in the SMT 

(Fig. 1c). Modeled estimates from coastal sediments of the Bothnian Sea also suggested a 

3 % vs. 97 % contribution of Fe-AOM and S-AOM, respectively, to methane consumption
 

(10). In general, Fe-AOM rates based on either 
13

CH4 enrichment incubations or modeling 

approaches are low (8, 10, 11, 23, 24). But given the estimated global volume of sediments 

below the SMT (10
8
 km

3
 or 32 % of total subsurface), considerable amounts of methane 

could be consumed locally over substantial time-scales in the methanic zone before upward 

diffusion into the SMT (45).  

Our study shows that Fe-AOM is an additional sink for methane in marine sediments, 

especially in environments characterized by high sedimentation rates facilitating the burial of 

reactive iron oxides underneath the SMT. Such environments bearing elevated Fe
2+

 

concentrations as indicator for ongoing iron reduction are widely distributed from shallow 

sediments on coastal shelves to deep subseafloor settings at lower continental margins (9-15, 

25, 46-54). Besides, Fe-AOM might have been an important methane sink in the early 

Archean before the accumulation of sulfate in the ocean (55) and it was previously suggested 
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that Fe-AOM should be considered in methane oxidation budgets (9). Our study provides the 

first rate estimates for Fe-AOM in iron oxide-rich methanic marine sediments. Now, an 

extensive evaluation of this process on a global scale is required to complement current 

diagenetic models (10-14)
 
and improve our understanding of methane budgets in marine 

environments. 
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Figures  

Fig. 1 

  

 

Figure 1: Geochemical profiles and near in situ rates of anaerobic methane oxidation in the 

Helgoland Mud Area. (a) Distribution of DIC, sulfate, and sulfide (b) concentrations of dissolved Fe 

(µM) and methane (mM) over depth (c) rates of methane turnover based on a 
14

CH4 in samples from the 

SMT (50–75 cm), n = 3, and the methanic zone (200–225 cm), n = 2, error bar represent 1 s.d. of 

biological replicates. INSET: scale adjusted activity rates in the methanic zone. Grey bars within the 

profiles reflect the SMT. See Table S1 for sediment sampling information for the various porewater and 

molecular analysis. Using 
14

CH4, rates of methane turnover were below abiotic control samples in 

14
CH4 and molybdate treatment from the SMT and in the methanic zone samples from depths 300–325 

cm and 400–425 cm after 8 days. 
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Fig. 2 

 

Figure 2: Distribution and abundance of microorganisms in the Helgoland Mud Area core. 

Relative abundances of (a) mcrA genes and (b) mcrA gene copies of ANME. Error bars represent 1 

s.d. of technical qPCR triplicates. (c) Cell counts of potentially active bacteria and archaea based on 

CARD-FISH. Grey bars within the profiles depict the SMT. 
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Fig. 3 

 

Figure 3: Change in δ
13

C DIC values over 250 days in slurry incubation experiments with 

Helgoland Mud Area sediments. (a) Sulfate zone (0–25 cm) and (b) the methanic zone (347–372 cm) 

with 
13

CH4 tracer, n = 3, error bars represent 1 s.d. of biological replicates. The 
13

C-increase in the DIC 

pool serves as proxy for AOM. DIC isotope values in control incubations are provided in Fig. S4. 
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Fig. 4 

Figure 4: Abundance of mcrA gene copies assigned to different ANME clades in the methanic 

zone after 120 and 250 days of incubation in molybdate amended incubations from the methanic 

zone. Grey line in each plot represents estimates of gene copies of the different ANME subtype at 

respective incubation depths (see Fig. 2b) as indication for increasing gene copies during the 250 day 

incubation experiment. mcrA copies across all incubations with or without molybdate from the sulfate 

zone and methanic zone are provided in Fig. S8. INSET: log scaled adjusted mcrA gene copies of 

ANME-2a. Error bars represent 1 s.d. of technical qPCR replicates. 
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Fig. 5 

 

Figure 5: Molecular fingerprints providing insights into microbial activity during 
13

CH4 oxidation 

and potential key players involved in Fe-AOM. (a) Relative abundances of ANME and 

Deltaproteobacteria based on 16S rRNA gene sequencing in the Fe-AOM incubations from the methanic 

zone after 120 and 250 days. Relative abundance based on total sum scaling of bacterial and archaeal 

16S rRNA genes is provided in Fig S7, S9-S11. (b) Development of carbon isotopic composition of 

dominant bacterial fatty acids (‰ VPDB) over time during S-AOM in the sulfate zone (supplemented 

with sulfate) and Fe-AOM in the methanic zone (supplemented with molybdate and lepidocrocite). 

Complete list of δ
13

C values of fatty acids and total uptake by each fatty acid is given in Table S5 and 

S6. 
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Materials and Methods 

Sampling from the Helgoland Mud Area  

This study took a multi-year sampling approach to the Helgoland Mud Area (Table S1). 

Sediment samples were obtained from gravity cores collected during RV HEINCKE cruises 

HE406 (July, 2013), HE443 (May, 2015) and HE461 (April, 2016) (Table S1). As data from 

previous campaign show (see reference (1) and Fig. 1a, 1b), the geochemical zonation of the 

sediments at the study sites are consistent over the years. Porewater sampling of gravity cores 

HE443-010-3 and HE461-004-1 for dedicated geochemical analysis was done on board using 

rhizon samplers (2, 3). Sediment samples for solid phase geochemical analysis (Table S1) 

were collected as described in reference (1).  

Geochemical and molecular assessments were done on samples that were directly taken on 

board after the gears were retrieved. The gravity core HE443-077-1 was stored on board at 4 

ºC and sectioned immediately (at 25 cm intervals) after the expedition and stored in the dark 

at 4 ºC in 2.6 L anoxic jars. Within 3 months after collection, these sediments were used for 

13
CH4 incubation experiments. Potential for anaerobic oxidation of methane (AOM) was 

investigated with fresh sediments from HE461-064-1 gravity core sectioned and used for 

14
CH4 experiments a week after core retrieval.  
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Table S1: Sampling information for all gravity cores retrieved from the Helgoland Mud Area. 

Sampling objective 
Sampling 

date 
Station name 

Coordinates 

Latitude Longitude 

Total Fe and Mn quantification 

and sequential extraction 

July 2013 HE406-004-2 54° 6.03' N 07° 59.01' E 

Total Fe quantification and 

sequential extraction 

July 2013 HE406-008-2 54° 5.01' N 07° 58.04' E 

Total Fe quantification and 

sequential extraction, porewater 

profiles, mcrA gene sequencing 

and qPCR 

May 2015 HE443-010-3 54° 05.19' N 07° 58.21' E 

Long-term experiments with 

13
CH4 (including molecular 

analyses), CARD-FISH counts of 

active bacteria and archaea 

May 2015 HE443-077-1 54° 05.23' N 07° 58.04' E 

Porewater profiles April 2016 HE461-004-4 54° 05.20' N 07° 57.99' E 

Determination AOM rates 

experiment 

April 2016 HE461-064-1 54° 05.20' N 07° 57.99' E 

 

Geochemical analyses 

Sulfate, hydrogen sulfide, and CH4 measurements were done from porewater and sediment 

slurry (for CH4) samples as described in reference (1). For dissolved inorganic carbon (DIC) 

measurements, 2 mL of porewater samples were filled into 2 mL glass vials without 

headspace and DIC was measured directly after the cruise using a SEAL nutrient analyzer 

(based on the procedure described by Hall and Aller (4) using the Dickson standard for 

calibration). Dissolved Fe and Mn concentrations in porewater were determined by 

inductively coupled plasma-optical emission spectrometry (Iris Intrepid II ICP-OES).  

For the determination of total iron and manganese contents in the solid phase, about 50 mg of 

freeze-dried and ground sediment was fully digested in a concentrated acid mixture of 3 mL 

HCl, 2 mL HNO3, and 0.5 mL HF using a CEM Mars Xpress microwave system at Alfred 

Wegener Institute, Bremerhaven. Sequential extractions were performed after Poulton and 

Canfield (5) using ~50 mg of dry sediment and 5 mL of a) MgCl2 for adsorbed Fe, b) Na-
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acetate for Fe-carbonates and surface-reduced Fe(II), c) hydroxylamine-HCl for easily 

reducible iron oxides (ferrihydrite, lepidocrocite), d) Na-dithionite/citrate for reducible iron 

oxides (mostly goethite and hematite and some magnetite) and e) ammonium oxalate/oxalic 

acid for extractable magnetite. Sequential extractions of manganese oxides were done 

similarly but different operationally defined Mn phases were not determined. However, the 

extraction gave an indication regarding the quantity of reactive manganese oxides that could 

be present in the sediment. Fe and Mn measurements in the total digestion and the sequential 

extraction solutions were performed by ICP-OES.  

Determination of methane oxidation rates using a 
14

CH4 assay 

Potential for AOM in the iron oxide-rich methanic zone and the sulfate methane transition 

(SMT) of the Helgoland Mud Area was tested via 
14

CH4 AOM rate measurements. In 15 mL 

serum vials (n=4 per treatment), 7 g of fresh sediment (50–75 cm from the SMT and 200–225 

cm, 300–325 cm, 400–425 cm from the methanic zone) was anoxically homogenized 

(N2:CO2; 80%:20%, 152 kPa) with 7 mL sulfate-depleted artificial sea water (ASW; 

composition [L
-1

]: 26.4 g NaCl, 11.2 g MgCl2·6H2O, 1.5 g CaCl2·2H2O and 0.7 g KCl). 

Sodium molybdate (10 mM; as inhibitor of dissimilatory sulfate reduction) and CH4 or only 

CH4 were supplemented to the treatments. Killed controls (n=4) were similarly prepared 

using heat inactivated sediments (autoclavation) to account for abiotic reactions. Headspace 

in the vials was subsequently exchanged with CH4 (99.999%) and the incubations were 

allowed to equilibrate at 10 °C for two days, in the dark. After pre-incubation, the headspace 

in the vials was completely filled with CH4 saturated sulfate-depleted ASW. 100 µL of 

dissolved 
14

CH4 (~24 kBq; dissolved in slightly alkaline double-deionized water) was 

injected into each vial and the slurries were incubated in the dark at 10 °C for 8 days. 

Afterwards, the incubation was stopped by transferring the samples into 100 mL vials 

containing 10 mL of 25 g L
-1

 NaOH, to fix the formed radiolabeled DIC pool as solid phase. 
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The concentration of applied CH4 was determined from headspace CH4 using gas 

chromatography (GC) coupled to flame ionization detection (FID; Focus GC, Thermo 

Scientific; Porapak-Q column 60/80 mesh, 4 mm length, 2 mm inner diameter). The 
14

C 

content of applied CH4 (activity) was determined by stripping and combusting the headspace 

CH4 to CO2 at 850 °C in a combustion furnace, trapping this gas in scintillation vials 

containing 7 mL phenethylamine (6). Blanks (air) were measured to estimate background 

activity within the system at the end of each day. Radioactivity was measured in a liquid 

scintillation counter (2900TR LSA, Packard) after adding 7 mL Irgasafe Plus (Perkin Elmer, 

Waltham, USA) scintillation cocktail. Radioactivity in the DIC pool was determined by acid 

digestion (7) with slight modifications. Briefly, slurries were transferred to 250-mL 

Erlenmeyer flasks containing an antifoam agent and few drops of bromothymol blue as pH 

indicator. Serum vials were rinsed with 25 g L
-1

 NaOH 2–3 times to transfer the leftover 

slurry. A scintillation vial containing 1 mL, 0.5 M NaOH and 1 mL phenethylamine was 

placed in the plastic loop and flasks were sealed with rubber stoppers to which the plastic 

loop was attached using a metal wire. Acid digestion was carried out by adding 6 mL of 6 N 

HCl by passing a needle and a syringe alongside the rubber stopper. Flasks were tightly 

sealed using metal clamps before shaking at 90 rpm for 4 hours in order to release and trap 

the DIC in the scintillation vials. Radioactivity was measured as mentioned above after 

adding 2 mL Irgasafe Plus scintillation cocktail. AOM rates were calculated using the 

following equation: 

AOM rate (nmol gdw
-1

 d
-1

) = (
14

C-DIC/
14

CH4) × [CH4] × (1/t) × (1/gdw) 

Where, 
14

C-DIC is the activity of the AOM product pool, 
14

CH4 is the activity of the reactant 

pool, [CH4] is the concentration of headspace CH4 in nmol, t represents the incubation period 

and gdw is the dry weight of the sediment samples. Dry weight estimates were obtained from 
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heat drying slurries as previously prepared in 50-mL tubes at 80 °C for 48 hours. Final rates 

were calculated after deducting rates measured in killed controls. 

Long-term incubations with 
13

CH4 tracer  

For the long-term AOM experiments, sediments from the sulfate zone (0–25 cm) and 

methanic zone (347–372 cm) (see Table S1) were used to set up slurry incubations. 

Individual anoxic slurries were prepared by mixing 60 mL of sediments with sulfate-depleted 

ASW (1:3 w/v) in 120-mL serum vials. Headspace of slurries was filled with either CH4 

(99.999 %, core treatments) or N2 (99.999 %, negative controls). Slurries were incubated at 

4 
o
C for 14 days to equilibrate the system and ensure the microcosms are completely reduced. 

Afterwards, 15 % (~ 9 mL) of the headspace of CH4 carrying slurries was removed using an 

air tight syringe and replaced with 9 mL 
13

CH4. 
13

CH4 was added to the headspace to track 

CO2 formation in form of DIC within incubations from the different sediment layers and with 

different amendments as a proxy for AOM. From the sulfate zone sediments, treatment sets 

(n=3) were prepared with the following modifications: (I) 
13

CH4 and 5 mM
 
sodium sulfate; 

(II) 
13

CH4, 30 mM sodium molybdate and 30 mM lepidocrocite; (III) 
13

CH4 and 30 mM
 

lepidocrocite; (IV) 
13

CH4 (V) N2 headspace, un-amended slurry; (VI) N2 headspace and 5 

mM
 
sodium sulfate; (VII) N2 headspace and 30 mM lepidocrocite. To slurry sets (n=3) from 

the methanic zone, the following treatment modifications were made: (I) 
13

CH4 and 30 mM 

lepidocrocite; (II) 
13

CH4, 5 mM sodium molybdate and 30 mM lepidocrocite; (III) 
13

CH4 and 

30 mM hematite; (IV) 
13

CH4, 5 mM sodium molybdate and 30 mM hematite; (V) 
13

CH4 and 

30 mM magnetite; (VI) 
13

CH4, 5 mM sodium molybdate and 30 mM magnetite; (VII) 
13

CH4 

and 5 mM sodium molybdate; (VIII) 
13

CH4 and 30 mM sodium sulfate; (IX) 
13

CH4 ; (X) N2 

headspace, un-amended slurry; (XI) N2 headspace and 30 mM lepidocrocite; (XII) N2 

headspace and 30 mM hematite; (XIII) N2 headspace and 30 mM magnetite; (XIV) N2 

headspace and 30 mM sodium sulfate. To be able to carry out lipid stable isotope probing 
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(SIP) subsequently, we prepared several replicates for sacrificial sampling from two 

treatment types described above; (I) from the sulfate zone, where we expected to stimulate S-

AOM (
13

CH4 + sulfate) and (II) from the methanic zone, where we expected to stimulate Fe-

AOM (
13

CH4 + molybdate + lepidocrocite). All treatments were incubated at 30 
o
C, sampled 

initially after 12–18 hours (taken as time-point 0) for dissolved Fe
2+

 and DIC measurements 

and subsequently over the course of 250 days. Replicate samples for lipid SIP were also 

sacrificially sampled at each time-point (including time-point 0) by directly opening each 

serum bottle and transferring the contents into a sterile 50-mL falcon tube, which was stored 

immediately at -20 ºC until lipid extraction. Fe
2+

 formation in aqueous phase was monitored 

spectrophotometrically, according to reference (8). 

For analysis of DIC isotopic composition, 2 mL of sediments from each microcosm, using 

syringes pre-flushed with N2, were transferred into 2.5-mL micro-centrifuge tubes pre-

flushed with N2. The tubes were centrifuged at 15,300 g for 3 minutes followed by careful 

transfer of the supernatants into 4-mL glass vials. Vials were stored at -20 
o
C until 

measurements. DIC analysis was done using a Delta Ray Isotope Ratio Infrared Spectrometer 

(IRIS) with URI Connect and autosampler (Thermo Fisher Scientific, Germany). As 

preparation of the DIC analysis, 100 µL of 45 % H3PO4 was added to gas tight 12-mL 

exetainer vials with septum caps and flushed for 3 minutes with CO2 free air using the Delta 

Ray system. Afterwards, 1 mL of stored liquid sample was transferred into each exetainer 

vial using a gas tight syringe and left for equilibration at room temperature overnight. During 

equilibration, the DIC components in the liquid were released as CO2 into the headspace due 

to acidification. The headspace was analyzed for carbon isotope ratio of CO2 as 
13

C DIC 

against CO2 reference gas using the Delta Ray IRIS with URI connect. 

Concentrations of CH4 in headspace samples (100 µL) of N2 controls were measured on a GC 

(Shimadzu GC-2014, Tokyo, Japan) as described elsewhere (9). CH4 concentrations formed 
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in headspace were calculated using the ideal gas law with incubation temperature (30 ºC) as 

variable. 

Molecular analyses of sediments and 
13

CH4 tracer experiments  

Nucleic acid extraction 

Aliquots of sediments were sampled depth-wise directly on board during porewater sampling 

from HE443-010-3 gravity core (Table S1) and were immediately frozen at -20 ºC. Using 

these sediment samples, DNA was extracted from 0.5 g of sediment per depth in duplicates 

following the phenol-chloroform-isoamylalcohol method (10). Similarly, nucleic acids were 

extracted at specific time-points (day 0, 120 or 144 and 250) in the 
13

CH4 experiments. Here, 

~ 0.5 g sediment pellets, which were stored during sampling from biological triplicates 

samples of each treatment, were used for the extraction (porewater previously extracted for 

DIC measurement). 50 µL of DEPC water was added to elute nucleic acids from the first 

sample replicate. This eluent was subsequently transferred to other sample replicates in order 

to have the nucleic acids pooled together in one tube.  

Next generation sequencing of mcrA and 16S rRNA genes 

Using polymerase chain reaction (PCR) method, mcrA genes were amplified from DNA 

extracts from sediment samples taken from HE443-010-3 gravity core. The primer 

pairs mlasF (5‘-GGTGGTGTMGGDTTCACMCARTA-3‘) (11) and ME2mod (5‘-

TCATBGCRTAGTTNGGRTAGT-3‘) (12) were used for the amplification. DNA was 

amplified using AmpliTaq DNA polymerase kit (Thermo Fisher Scientific, Germany) 

containing 1X PCR buffer, 0.2 mM dNTP mix, 1.5 mM MgCl2, 0.2 mg mL
-1

 bovine serum 

albumin (BSA), 500 nM of each primer, 1U of AmpliTaq DNA polymerase and 2 µL of 

diluted DNA in a 50 µL reaction volume.
 
Amplification was done at the following PCR 

conditions: 95 °C: 5 minutes; 30 cycles at 95 °C: 30 seconds, 50 °C: 45 seconds, 72 °C: 
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45 seconds and 72 °C: 5 minutes. Amplicons were screened on gel electrophoresis (2 % 

Agarose, 100V, 60 minutes) and purified using the QIAGEN MinElute kit (QIAGEN, Hilden, 

Germany) following the manufacturer‘s instruction. Purified amplicons were sent to MR 

DNA (Molecular Research LP, Texas, USA) for sequencing on an Illumina MiSeq (2 x 300 

bp) sequencing platform.  

Bacterial and archaeal 16S rRNA genes were amplified from DNA extracts from the 
13

CH4 

incubation experiments using Illumina HiSeq 4000 (2 x 150 bp) amplicon sequencing 

platform. Primer pairs Bac515F (5‘-GTGYCAGCMGCCGCGGTAA-3‘) (13) and Bac805R 

(5‘-GACTACHVGGGTATCTAATCC-3‘) (14) were used for targeting bacteria, whereas 

Arc519F (5‘CAGCMGCCGCGG AA-3‘) (5‘CAGCMGCCGCGG AA-3‘) (15) 

and Arc806R (5‘GGACTACVSGGGTATCTAAT-3‘) (16) were used for targeting archaea. 

Each primer was synthesized with an additional unique barcode sequence (8 bp long) that 

facilitated multiplexing of several samples in one sequence library (17). PCR reaction mix 

(50 µL) contained 1 x KAPA HiFi buffer, 0.3 mM dNTP mix, 0.25 U KAPA HiFi DNA 

polymerase (KAPA Biosystems, Germany), 1.5 µM each of forward and reverse barcoded 

primer pairs, and 2 µL of 10-fold diluted DNA template from each sample. PCR cycling 

conditions include: 95 °C: 5 minutes; 28 cycles at 98 °C: 20 seconds, 60 °C: 20 seconds, 

72 °C: 20 seconds; 72 °C: 1 min. PCR products were screened by gel electrophoresis as 

mentioned before and purified using Monarch® PCR & DNA purification kit (New England 

Biolabs, Germany). PCR products were quantified using Quant-iT PicoGreen dsDNA assay 

kit (Invitrogen-Thermo Fischer Scientific, Steinheim, Germany). Based on the estimated 

quantities from the PicoGreen assay, an equimolar library of samples was constructed. 

Amplicon library was sequenced at GATC Biotech GmbH, Germany. 
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Cloning and quantification of mcrA genes of anaerobic methane oxidizing archaea 

(ANME) 

Due to the unavailability of cultured strains of methanotrophic archaea, we cloned genes 

obtained from Helgoland Mud Area sediment samples to use them as standards for 

quantifying gene copy numbers of ANMEs. DNA extracts from different depths of the 

Helgoland Mud Area sediments (HE376-007-5 (1); HE443-10-3: this study) were amplified 

using the primer pairs (I) mcrA-312f (5‘ CAACBCNGCVA GCAGCAG 3‘, this study) –

ME2mod and (II) mlasF–ME2mod using the AmpliTaq DNA polymerase kit (same as 

before). The following PCR program was used for the mcrA-312f–ME2mod primer pairs: 95 

°C: 5 minutes; 30 cycles at 95 °C: 30 seconds, 55 °C: 1 minute, 72 °C: 1.5 minute; and 72 °C: 

5 minutes. PCR products were purified using QIAGEN MinElute kit following the 

manufacturer‘s instructions. Purified PCR products were cloned, sequenced and edited as 

described (1). An in-house mcrA gene database was created by acquiring (from 

https://www.ncbi.nlm.nih.gov/nucleotide/) and manually aligning long (>1000 bp) gene 

sequences of cultured and published methanogenic, methanotrophic and hydrocarbon 

degrading archaea in ARB 6.02 (18). Using the RAxML algorithm in ARB, a phylogenetic 

tree was constructed, to which shorter mcrA gene sequences were added using the ARB 

Parsimony tool. Edited FASTA sequences were imported and translated into their protein 

sequences in ARB. The protein sequences of clones were manually aligned and imported in 

the aforementioned mcrA gene database using the ARB Parsimony tool in order to determine 

their taxonomic affiliations (on DNA and protein level). Abundances of specific ANME 

phylotypes were determined from various sediment depths and from 
13

CH4 tracer 

experiments using quantitative PCR (qPCR). In order to estimate increase in biomass of 

ANME phylotypes in the incubations experiments over 250 days, abundances from their 

respective depths were considered as baseline proxy. qPCR assay was done following 
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reference (19) with few modifications. Standard templates were prepared by amplifying 

ANME clones using plasmid specific M13 primer pairs and the AmpliTaq DNA polymerase 

kit. PCR products were then purified (QIAGEN MinElute kit) and quantified using Quant-iT 

PicoGreen dye. Takyon ROX SYBR 2X MasterMix (Eurogentec, Seraing, Belgium) was 

used as a replacement kit instead of the MESA BLUE qPCR kit for the SYBR qPCR assay as 

recommended by the company. DNA extracted from the incubations and in situ sediment 

samples was quantified using Quant-iT PicoGreen dye and diluted to 500 pg /µL (standards 

and sulfate zone incubations) and 50 pg /µL (methanic zone incubations). 2 µL of diluted 

DNA was used as template for all qPCR assays. qPCR assays were run using the following 

program: 95 °C: 10 minutes; 40 cycles at 95 °C: 30 seconds, 52 °C or 62 °C: 20–30 seconds, 

72 °C: 40 seconds. A post amplification melting curve analysis was performed in order to 

rule out PCR by-products by detecting change in fluorescence every 0.5 °C from 60 °C to 95 

°C. qPCR primers, assay conditions, efficiencies and clone information are provided 

in Table S2. 
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Table S2: Supporting information for phylotype specific qPCR assays  

Target 

mcrA gene 

Annealing 

temperature/time 

Average 

efficiency 
R

2
 

Clone 

used 

Mass of  

one gene 

(Da) 

Primer sequences (5' - 3') Reference 
Primer  

concentration 

Product  

length 

(bp) 

ANME-1 
62 °C/ 

30 seconds 
84.45% >0.99 E-3 878414 F: AYGACCAGYTGTGGTTCGGAACGT 

Miyazaki 

et al (20) 

600 nM 175 bp 

  
     

R: TCCATGTTSARCTTGTCGCCCTTY 
 

  

ANME-2a 
62 °C/ 

30 seconds 
84.96% >0.99 F-79 862362 F: ATATGGCAGATATTGTCCAGACCTCAAGG 600 nM 218 bp 

  
     

R: ATTTATCCCAKCCGTAYTC 
 

  

ANME-3 
52 °C/ 

20 seconds 
85.67% >0.984 AII58 440445 F: AAGGAYATYRSAACCGAATC 400 nM 180 bp 

  
     

R: TTGAAAGGTACCATSSKGAAAGACC 
 

  

ANME-1 

related 

52 °C/ 

20 seconds 
89.08% >0.99 E-155 870491 F: GAGATCGCVRTVGACATGTTCGG Zhou et al 

(21) 

400 nM 172 bp 

            R: GCCCTMACAGAMCCRCCGAAGTG     
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Analysis of mcrA and 16S rRNA gene sequences 

Sequence analysis was performed on the QIIME 1.8.0 platform (22) based on the analysis 

pipeline as recommended (23) with modifications. To analyse mcrA gene sequences, 

barcodes were extracted and sequences were reoriented starting with the forward primer 

sequence. Reoriented reads were joined using a minimum overlap of 50 bases. Joined reads 

were demultiplexed with a filter quality of Q0 (24). Demultiplexed sequences were quality 

filtered using USEARCH 10 (expected error value of 0.5) (25). At this step, all sequences 

were truncated to a length of 352 bp. USEARCH 10 was further used to dereplicate 

sequences, sort them by their abundances and subject them to remove singletons. OTU 

clustering and chimera removal was done using the UPARSE-OTU algorithm (26) to create 

an OTU database. Chimeric sequences were checked and discarded by the UPARSE-OTU 

algorithm during this step. The truncated, non-dereplicated reads were mapped back to the 

OTU database to create an OTU table. OTUs were classified for their taxonomy using uclust 

and an in-house mcrA gene database as reference (see mcrA genes cloning section). The 

taxonomic assignment was done on the family level at a sequence identity of 0.7 (27). The 

OTU table and taxonomy assignment files were merged together using a set of ―biom‖ 

commands (28) to obtain a tab-delimited text file useful for downstream analysis. A few 

modifications of the above pipeline were done to analyze 16S rRNA gene sequences. 

Forward reads were used to analyze the community composition. After extraction of 

barcodes, forward reads were de-multiplexed, quality filtered and their lengths were truncated 

to 143 bp. Taxonomic assignment was done on clustered OTUs against the 16S rRNA gene 

SILVA database (Release 128 for QIIME) (29).
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Cloning and amplification of pmoA gene 

To maximize amplification of pmoA genes, a two-step PCR was conducted with AmpliTaq 

DNA polymerase kit with slight modifications compared to the mcrA gene amplification 

(1.25U of AmpliTaq polymerase and 3 mM MgCl2 were used instead). Primer pairs of A189F 

(5‘-GGNGACTGGGACTTCTGG-3‘) (30) and 682  (5‘-GAASGCNGAGAAGAASGC-3‘) 

(30) were used for the first PCR at the following conditions: 94 °C: 4 minutes; 35 cycles at 

94 °C: 30 seconds, 50 °C to 60.5 °C (0.3 °C per cycle) and 72 °C for 1 minute; 72 °C: 7 

minutes. PCR products were purified using the QIAGEN MinElute kit. Purified products 

were further amplified using primer pairs A189F and mb661  (5‘-

CCGGMGCAACGTCYTTACC-3‘) (31) at the following conditions: 94 °C: 4 minutes; 35 

cycles at 94 °C: 30 seconds, 55 °C: 1 minute and 72 °C: 1 minute; 72 °C: 1 minute. Cloning 

was done (see mcrA gene cloning) to identify the unspecific PCR products of ~300-350 bp 

from the pmoA gene PCR amplification (Fig. S13). PCR products from 
13

CH4 + molybdate + 

magnetite (P) and 
13

CH4 + molybdate + lepidocrocite (L) incubations were purified, cloned 

and sequenced as per mentioned in mcrA gene cloning section. Using BioEdit (32) (version 

7.0.9.0), vector sequences were trimmed and the sequences were reoriented (if necessary) by 

locating the A189F primer sequence. A sorted six-frame translation of the nucleotide 

sequences was performed in BioEdit and the longest amino acid sequences (110 amino acids; 

without a stop codon) in the positive frame were selected and stored in the FASTA file 

format. Amino acid sequence FASTA files were uploaded to the Protein BLAST suite (blastp 

suite; https://blast.ncbi.nlm.nih.gov/Blast.cgi) and BLAST hits were tabulated in Table S4. 
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Bacterial and archaeal cell counts using catalyzed reporter deposition-fluorescence in 

situ hybridization (CARD-FISH) 

CARD-FISH was performed as previously described (33) to quantify potentially active 

bacterial and archaeal cells at different sediment depths of the Helgoland Mud Area (HE443-

077-1). Approximately 0.5 g of sediment samples were weighed in 2-mL vials and were fixed 

in 4 % formaldehyde and 1X phosphate-buffered saline. The 2-mL vials were incubated at 

4 °C for 2.5 hours under constant shaking (180 rpm on an overhead shaker). The suspension 

was centrifuged and the sediment was washed with 1.5 mL of 1X PBS twice. After decanting 

the supernatant, fixed samples were re-suspended using 1.5 mL 1X PBS:ethanol (v:v) 

solution. 100 µL of fixed samples were transferred to 900 µL of 1X PBS:ethanol (v:v) 

solution and sonicated in pulses at 10 % power for 30 seconds (two times paused by 30 

seconds) in a cryo-box. 250 µL of sonicated samples were mixed with 10 mL of Milli-Q 

water (H2OMQ) and vacuum filtered through a polycarbonate filter (0.22 µm) in order to 

capture fixed cells on the filter. After air drying, the filter was dipped in molten, 0.2 % low 

melting point Agarose and allowed to dry at 46 °C. Permeabilization of the cell walls was 

done using 100 µL solutions of lysozyme (60 minutes, 37 °C) and achromopeptidase (30 

minutes, 37 °C). The filters were washed with H2OMQ after each treatment. Inactivation of 

endogenous peroxides, hybridization with horseradish peroxidase labeled probes, washing of 

unbound probes and tyramide signal amplification (with 500 µL amplification buffer) was 

done as mentioned in reference (32). Bacterial cells were targeted with a mixture of three 

probes namely, EUB338 (5‘ GCTGCCTCCCGTAGGAGT 3‘) (34), EUB338II (5‘ 

GCAGCCACCCG AGG G  3‘) (34) and EUB338III (5‘ GC GCCACCCG AGG G  3‘) 

(35). Archaeal cells were targeted with the A C915 probe (5‘ 

GTGCTCCCCCGCCAATTCCT 3‘) (34). The filters were mounted on a clean glass slide 
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containing a drop of VectaShield H-1200 containing DAPI in order to counter-stain cellular 

DNA. Cells were observed and counted following reference
 
(33). 

Lipid SIP 

13
C incorporation into bacterial and archaeal membrane lipids was monitored during the 

13
CH4 incubations. Sacrificed replicates from each time-point were used to investigate 

changes in stable carbon isotopic composition of the lipids. While bacterial lipids were 

continuously monitored over the whole incubation period, archaeal lipids were only 

determined at the start and the end. 

Total lipids were extracted from freeze-dried slurries (10–12 g) following a modified Bligh 

and Dyer method (36). Afterwards, polar lipid derived fatty acids (PLFAs) of bacteria were 

released from aliquots (30 %) of the total lipid extract (TLE) and converted into fatty acid 

methyl esters (FAMEs) (37). Intact and core archaeal lipids from a second TLE aliquot 

(30 %) were separated by preparative HPLC and ether lipids in each fraction were converted 

to hydrocarbons (38). Separation was achieved by a LiChrosphere Diol-100 column (250 x 

10 mm, 5 µm particle size, Alltech) connected to an Agilent 1200 series HPLC that was 

equipped with an Agilent 1200 series fraction collector, at 30 °C, with a flow rate of 3 mL 

min
-1

. The eluent gradient was 0 % to 24 % B in 15 min, to 100 % B in 5 min and hold for 10 

min where eluent A was composed of n-hexane and isopropanol (IPA) (90/10; v/v) and eluent 

B of 100 % IPA. FAMEs and ether-cleaved hydrocarbons were subsequently analyzed by a 

Thermoquest Trace GC mass spectrometry (GC-MS) system and GC-isotope ratio-MS (GC-

IRMS) using a Trace GC ultra-coupled via GC Isolink and a Conflo IV interface to a Thermo 

Scientific Delta V plus following published protocols (39). 

Uptake of 
13

CH4 into PLFAs was calculated as the product of excess 
13

C and the amount of 

PLFA carbon based on quantification via GC-FID measurements (39). Excess 
13

C is the 
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difference between the fractional abundance (F) of 
13

C in PLFAs after 250 days relative to 

the T0 sample where F = 
13

C/(
13

C+
12

C) = R/(R+1), with R being derived from the measured 

δ
13

C values as R = (𝛿13
C/1000+1) × RVPDB. 

Statistical analysis and figures production 

Correlation analysis and figures were made within the R environment (40, 41). Pearson 

correlation coefficients (r) were calculated along with confidence intervals (95 %). P values 

were adjusted for multiple testing (False Discovery Rate method). 
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Supplementary Results and Discussion 

Total iron contents and sequentially leached iron mineral phases  

Total iron and contents of different iron mineral phases in the Helgoland Mud Area sediments 

were analyzed following reference (5) (Fig. S1). FeCarb represents carbonate bound solid 

phase Fe(II) such as siderite, ankerite, but also surface reduced Fe(II)
 
(5, 42). This fraction 

appears to be the most abundant in the sediment. FeOX1 represents poorly crystalline iron 

oxides like ferrihydrite and lepidocrocite. FeOX2 derives from crystalline iron oxides 

(akaganéite, hematite and goethite) and up to 50 % of magnetite (42). FeMag displays the 

magnetite fractions. These sequentially extracted fractions are abundant in the methanic zone 

of the Helgoland Mud Area (up to 0.93 wt %). 

 

Fig. S1: Total Fe contents and operationally defined iron phases in gravity cores from the Helgoland Mud Area (see 

Table S1). (FeCarb: sodium acetate extractable, FeOX1: hydroxylamine-HCl extractable, FeOX2: dithionite 

extractable and FeMag: oxalate extractable iron oxide phases). Grey area represents the SMT. 
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Fig. S2: Operationally defined manganese oxide phases in Helgoland Mud Area obtained from HE406-4-2 

gravity core. (Mnacetate: sodium acetate extractable, Mnhyam: hydroxylamine-HCl extractable, Mndithio: dithionite 

extractable and Mnoxa: oxalate extractable manganese oxide phases). Grey area represents the SMT. 
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Fig. S3: Dissolved Fe and Mn profiles in gravity cores taken during HE443 and HE461 cruises (see Table S1). 

Grey area represents the SMT. 

Table S3: Correlation analysis of dissolved Fe and Mn
 
profile with mcrA gene based copies of different ANME 

phylotypes. Dissolved Fe and Mn concentrations (in µM), respectively, in the core HE443-010-3, were 

correlated to absolute gene copy numbers of each phylotype across all depths in the methanic zone. ‗n.s.‘ 

represents non-significant p-values (> 0.05) and their confidence intervals were thereby not estimated (NA).  

ANME phylotype 

Dissolved Fe Dissolved Mn 

Pearson‘s r P(adj) 
95 % CI 

upper 

95% CI 

lower 
Pearson‘s r P(adj) 

95 % CI 

upper 

95 % CI 

lower 

ANME-1 0.28 n.s. NA NA -0.14 n.s. NA NA 

ANME-1-related 0.64 0.01 0.23 0.86 -0.67 0.01 -0.87 -0.26 

ANME-2a -0.06 n.s. NA NA 0.15 n.s. NA NA 

ANME-3 -0.08 n.s. NA NA 0.10 n.s. NA NA 

 

DIC values in control samples from the 
13

CH4 AOM experiments 

For the long-term AOM experiments, N2 headspace filled controls were prepared to show the 

depletion of δ
13

C-DIC (Fig. S4) in contrast to the enrichment of δ
13

C-DIC observed during 
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AOM (Fig. 3). Results presented in Fig. S4 serve as negative control showing that the 

increase in δ
13

C-DIC observed in Fig. 3 is due to the addition of 
13

CH4 to the incubations. 

 

Fig. S4: DIC measurements in control incubations over time showing the 
13

C depletion of DIC in N2 headspace 

filled controls. 

Dissolved Fe
2+

 measurement across all incubations 

As shown in Fig. S1, FeCarb phases, which are representative of Fe(II) phases, are abundant 

in the sediment. Given that the incubation experiments were carried out using natural 

sediment samples replete with solid phase Fe(II) fractions, measurement of HCl extractable 

Fe(II) would potentially leach out Fe(II) fractions already present in the sediment. 

Consequently, this overprints on the freshly produced Fe(II) from ongoing microbial iron 

reduction. Therefore, dissolved Fe
2+

 in aqueous phase was measured in real time and directly 

used as proxy for rates of microbial iron oxide reduction (Fig. S5, Fig. S6). While 

lepidocrocite amended incubations showed the highest concentrations of dissolved Fe
2+

, 

magnetite amended incubations in the methanic zone showed the lowest concentrations of 

dissolved Fe
2+

 in the headspace. 
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Fig. S5: Dissolved Fe
2+

 measurements over time in incubations with 
13

CH4 in the headspace. 

Fig. S6: Dissolved Fe
2+

 measurements over time in control incubations with N2 in the headspace. 

Although the Fe
2+

 concentrations formed in N2 amended control incubations (Fig. S6) are 

slightly lower than in parallel incubations with 
13

CH4 in the headspace (Fig. S5), the results 

show that there are potentially other pathways generating Fe
2+

 in the sediment, mostly due to 

organic matter in the sediments. The fact that iron oxide reduction in these incubations cannot 

be totally attributed to Fe-AOM alone shows that these Fe
2+

 data cannot be used for an 

accurate stoichiometric assessment of Fe-AOM. Future enrichments of sediment free 

communities from these sediments will allow for such assessments. 
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Microbial community composition in 
13

CH4 incubation experiments 

Extracted DNA in all incubations from the 
13

CH4 experiment was investigated for Fe-AOM 

key players using 16S rRNA gene sequence and mcrA gene qPCR analysis (Figs. S7–S11). 
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Fig. S7: 16S rRNA genes belonging to known ANME as a fraction of total archaeal 16S rRNA genes in 

incubations of both geochemical zones.  
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Fig. S8: mcrA gene qPCR results of ANMEs from all incubations after either 120 or 144 days as intermediate time-point and after 250 days of incubation. 

Gene copy numbers were compared with copy numbers from the respective depths (grey baselines) used for setting up the experiment in both 

geochemical zones. 
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Fig. S9: Total sum scaling of archaeal 16S rRNA genes across all incubations from both geochemical zones. 
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Fig. S10: 16S rRNA sequences belonging to Deltaproteobacteria across all incubations. Sequences belonging to 

dissimilatory iron reducing family Desulfuromonadales were more abundant, relative to known sulfate reducers, in 

incubations with molybdate amendment. This indicated that Fe-reducers were predominant in these incubations due to 

Fe-AOM. 
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Fig. S11: Total sum scaling of bacteria 16S rRNA genes across all incubations from both geochemical zones.  
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CH4 in the headspace of N2 controls 

The microbial community composition dataset shown in Figures S7–S11 showed the 

presence and stimulation of ANMEs in N2 filled microcosm controls as well. Therefore, CH4 

in the headspace of controls was measured to check for CH4 production in the incubations 

(Fig. S12). Since CH4 production was observed in the control incubations the amount of CH4 

found in the headspace potentially fueled the survival of ANMEs in the N2 controls. 

 

Fig. S12: CH4 in the headspace of N2 controls after ~ 500 days.  

Although additional carbon source was not added to the sediments, inherent organic matter in 

the sediments fueled CH4 production.  
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pmoA and bacteria PLFA results reveal the absence of aerobic methanotrophs in our 

incubations 

Given the recent evidence that methanotrophic bacteria are involved in Fe-AOM (43), we 

carried out two-step pmoA PCR (see methods section above) to check for the presence of 

pmoA functional gene in our methanic zone treatments. Expected length of PCR product (472 

bp) was only found in the initial sediment slurry used for the incubation experiment and not 

in the treatments after 250 days (Fig. S13); however there was an unspecific amplification at 

330 bp whose identity was checked by cloning. The cloned sequences were not closely 

related to any known methanotrophic bacteria (Table S4) or pmoA gene. 

 

 

 

 

 

 

 

 

 

Fig. S13: Unspecific amplification of the pmoA gene from incubations (L–Q and C) from the methanic zone.  
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Table S4: Protein BLAST analysis of sequences from the pmoA cloning experiments. 

Clone 

name 
Incubation setup 

Sequence 

length 

(bp) 

Translated 

protein length 

without stop 

codons 

(amino acids) 

Protein BLAST hit(s) 
Max  

score 

Total  

score 

Query  

coverage (%) 

E  

value 

Indentity  

(%) 
Accession 

P5 

13CH4 + Molybdate + 
Magnetite 355 97 APS reductase alpha subunit [Endosymbiont of Sclerolinum contortum] 50.4 50.4 78 1.0E-05 37 CAP03145 

        

Carbon monoxide dehydrogenase activity/acetyl-CoA synthase, partial 

[Terrisporobacter glycolicus] 49.7 49.7 23 9.0E-05 96 CCA62924 

        Flavin oxidoreductase [Stenotrophomonas chelatiphaga] 48.1 48.1 21 3.0E-04 100 CDQ30636 

        Nitrite reductase [uncultured bacterium] 45.8 45.8 26 7.0E-04 82 BAH95949 

        Methyl-conenzyme M reductase alpha subunit [uncultured archaeon] 45.8 45.8 23 0.001 88 CBF64715 

        Putative heat shock protein isoform a [Lithodes maja] 44.7 44.7 22 0.003 92 CEK41093 

        Cytochrome P450 CYP153 alkane hydroxylase [uncultured bacterium] 35.8 35.8 34 6.3 66 CCO96973 

P1 

13CH4 + Molybdate + 

Magnetite 333 110 No significant similarity found - - - - - - 

P6 

13CH4 + Molybdate + 
Magnetite 333 110 No significant similarity found - - - - - - 

P9 

13CH4 + Molybdate + 

Magnetite 333 110 No significant similarity found - - - - - - 

L1 

13CH4 + Molybdate + 

Lepidocrocite 332 110 No significant similarity found - - - - - - 

L3 

13CH4 + Molybdate + 

Lepidocrocite 333 110 No significant similarity found - - - - - - 

L4 

13CH4 + Molybdate + 
Lepidocrocite 333 110 No significant similarity found - - - - - - 

L6 

13CH4 + Molybdate + 

Lepidocrocite 333 110 No significant similarity found - - - - - - 

L7 

13CH4 + Molybdate + 

Lepidocrocite 333 109 No significant similarity found - - - - - - 

L8 

13CH4 + Molybdate + 
Lepidocrocite 333 110 No significant similarity found - - - - - - 
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Table S5: Development of δ
13

C values of fatty acids (in ‰) over 250 days during incubation with 
13

CH4 of sediment samples from the sulfate zone (S-AOM) and the 

methanic zone (Fe-AOM) with the latter supplemented with lepidocrocite (for details see methods); PA: phytanic acid, n.d. : not determined due to low concentration. 

S-AOM 

Time 

(days) 

C14:0 iC15:0 aiC15:0 C15:0 iC16:0 C16:17c C16:17t C16:15c C16 
10-Me 

C16:0 
iC17:0 aiC17:0 C17:16c C17:0 PA C18:19c C18:17c C18:0 

0 -28.0  -29.2  -34.5  -24.8  -32.0  -6.4  -34.2  -58.2  -27.3 -29.1 -21.8 -32.8 n.d. -27.3  -22.4  -29.9  -25.1  -28.9  

40 -25.4  -23.2  -30.3  -22.4  -30.4  70.2  39.3  -29.8  -19.2  -28.7  -26.2 -31.8  n.d. -24.7  -22.6  -24.4  -3.4  -28.2  

82 -20.9  -18.5  -23.9  -18.2  -25.6  121  87.2  25.0  -14.0  n.d. n.d. n.d. n.d. -27.6  -21.7  -18.1  4.0  -27.5  

120 -20.4  -17.4  -25.3  -9.1  -23.9  155  128  27.2  -6.9  n.d. -24.7  -26.4  n.d. -25.4  -22.2  -14.3  15.0  -24.5  

160 -16.8  -13.2  -9.9  -12.9  -19.8  166  141 63.4  -7.7  n.d. n.d. n.d. n.d. -27.4  -22.9  -4.5  16.3  -27.3  

200 -21.9  -15.5  -13.1  -23.4  -11.7  121  80.4  30.6  -19.4  n.d. -22.6  -14.7  n.d. -31.1  -25.0  -16.9  17.4  -27.8  

250 1.1  10.2  -11.5  5.2  -10.6  197  169  49.6  32.0  334  -27.2  -9.3 n.d. -29.0  -22.5  -7.5  72.0  -28.2  

                   

                   

                   
Fe-AOM 

Time 

(days) 

C14:0 iC15:0 aiC15:0 C15:0 iC16:0 C16:17c C16:17t C16:15c C16 
10-Me 

C16:0 
iC17:0 aiC17:0 C17:16c C17:0 PA C18:19c C18:17c C18:0 

0 -27.7  -27.5  -30.3  -24.3  -33.5  -19.9  -33.4  -38.8  -28.4  n.d. -30.6  -31.9  n.d. -31.2  -21.5  -29.4  -31.3  -30.1  

40 -26.0  -23.7  -27.4  -23.6  -30.8  19.8  6.5  -18.9  -18.4  n.d. -34.5  -37.4  n.d. -29.4  -21.3  -22.5  -1.0  -29.5  

82 -27.6  -26.2  -29.3  -24.6  -26.0  -6.0  -21.0  -25.7  -24.9  -12.1  n.d. n.d. n.d. -29.2  -23.3  -23.6  -22.6  -29.2  

120 -27.6  -25.7  -29.1  -24.3  -24.1  -8.0  -25.5  -33.6  -25.1  -19.4  -29.7  -32.1  -14.5  -31.6  -20.0  -27.7  -19.9  -30.5  

160 -27.5  -25.7  -28.9  -24.8  -24.9  -8.6  -32.5  -25.6  -26.1  -21.8  n.d. n.d. -7.0  -30.6  -23.1  -24.6  -23.7  -29.2  

200 -24.6  -24.2  -27.2  -18.7  -29.5  2.6  -13.2  -15.0  -20.9  24.3  -34.3  -34.0  47.5  -32.5  -22.5  -20.8  -19.6  -29.5  

250 -23.1  -24.1  -27.5  -10.1  -27.5  9.4  -9.2  7.6  -13.1  27.3  -22.6  -26.2  66.0  -23.7  -23.7  -4.1  -11.3  -30.1  
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Table S6: Total uptake of 
13

CH4 into bacterial fatty acids (in ng 
13

C/g dw) after 250 days based on the excess of 
13

C relative to the original sediment (T0 sample) during 

incubation of sediment samples from the sulfate zone (S-AOM) and the methanic zone (Fe-AOM) with the latter supplemented with lepidocrocite (for details see methods). 

Negative 
13

C-uptake of fatty acids because of absence of increase in δ
13

C values over the incubation period is considered zero. n.d.: not determined due to low concentration. 

*: Fatty acids with no δ
13

C value in the T0 sample. To calculate 
13

C-uptake for these, the average δ
13

C value of all other fatty acids is used, i.e. -30‰. 

 
 

C14:0 iC15:0 aiC15:0 C15:0 iC16:0 C16:17c C16:17t C16:15c C16 
10-Me 

C16:0 
iC17:0 aiC17:0 C17:16c C17:0 C18:19c C18:17c C18:0 

S-AOM 0.08 0.04 0.04 0.03 0.02 0.27 0.07 0.05 1.06 0.59 0 0.01 n.d. 0 0.03 0.10 0.01 

Fe-AOM 0.03 0.01 0.01 0.03 0.01 0.11 0.02 0.02 0.50 0.05* 0.01 0.00 0.11* 0.01 0.06 0.03 0.00 

 

Table S7: δ
13

C values (in ‰) of phytane (phy) and biphytanes (bphy) derived from archaeal membrane core lipids (CL, left panels) and intact polar lipids (IPL, right panels) 

over 250 days of incubation with 
13

CH4 of sediment samples from the sulfate zone (S-AOM) and the methanic zone (Fe-AOM) with the latter supplemented with 

lepidocrocite (for details see methods); n.d. : not determined due to low concentration. 

S-AOM 

Time 

(days) 

phy  
bphy 

0  

bphy 

1  

bphy 

2  

bphy 

3  
phy  

bphy 

0  

bphy 

1  

bphy 

2  

bphy 

3  

0 -59  -26  n.d.  -22  -20  -33.0 -33.0 n.d. -29 -21 

250 -52  -28  n.d.  n.d.  n.d.  n.d. +7 +124 +58 +33 

 

Fe-AOM 

Time 

(days) 

phy  
bphy 

0  

bphy 

1  

bphy 

2  

bphy 

3  
phy  

bphy 

0  

bphy 

1  

bphy 

2  

bphy 

3  

0 -31  -28  n.d.  -25  -19  -32 -36 n.d. -29 -19 

250 -30  -27  n.d.  -26  -19  -32 -35 n.d. -30 -18 
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Abstract 

Elevated dissolved iron (Fe
2+

) concentrations have been recently detected in methanic zones 

of multiple marine environments; the source is currently attributed to abiotic and biotic 

reactions. Here, using a targeted cultivation approach with sediments from Helgoland Mud 

Area, North Sea, we present an additional explanation that biotic organoclastic iron reduction 

contributes to the Fe
2+

 pool and enhances methanogenic degradation of complex organic 

matter in iron-oxide rich methanic sediments. Based on previous observations that aromatic 

hydrocarbons were likely preferentially degraded by microbes in the methanic zone, 

benzoate, a model aromatic substrate, was provided initially to sediment incubations and 

subsequently in enrichment cultures obtained from the sediment incubations. In the presence 

of crystalline iron oxides (magnetite and hematite), concurrent iron reduction and 

methanogenesis was stimulated from benzoate degradation with methanogenesis being the 

dominant electron sink. Growth on and concurrent reduction of crystalline magnetite 

facilitated benzoate degradation to CH4 but poorly crystalline lepidocrocite inhibited the 

process. In addition to known benzoate degraders from other environments, Clostridia family 

Halobacteroidaceae were dominant (33–52 %) in one of the enrichments suggesting we 

unmasked previously unknown benzoate degraders from marine sediments. The presence of 

genes involved in all steps of the benzoate degradation pathway in various metagenomic bins 

suggests a syntrophic mode of benzoate consumption in the highly enriched cultures. The 

findings presented here simulates a possible scenario for iron reduction in situ and indicates 

that organoclastic iron reduction possibly contributes to the elevated Fe
2+

 observed in the 

methanic zone of multiple marine sediments.  
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Introduction  

The final steps during microbial mineralisation of organic matter in marine sediments are 

largely controlled by available terminal electron accepting processes (TEAP). These TEAPs 

couple the downstream oxidation of fermentation products from organic matter degradation 

over a redox cascade based on availability and thermodynamic feasibility. This well-known 

redox cascade (Froelich et al., 1979; Jørgensen, 2006) results in the establishment of distinct 

biogeochemical zones wherein microbial oxygen respiration is followed by nitrate reduction, 

metal oxide (manganese and iron) reduction, sulfate reduction and CO2 reduction, 

respectively. There is evidence that some biogeochemical zones overlap in marine sediment 

such that more than one TEAP concurrently occurs in distinct zones. An example is the 

detection of dissolved iron (Fe
2+

) in the methanic zone below the sulfate methane transition 

(SMT) of high accumulation marine sediments. This observation from multiple marine 

environments indicates active co-occurrence of microbial iron reduction and methanogenesis 

in the methanic zone (Riedinger et al., 2014; Oni et al., 2015b; Egger et al., 2017). 

A number of hypotheses have been put forward to explain the potential mechanisms that 

could fuel the co-existence of microbial iron reduction in a biogeochemical zone where 

methanogenesis is the dominant TEAP. Cryptic sulfur cycling is one (Holmkvist et al., 2011), 

while anaerobic oxidation of methane coupled to iron reduction (Fe-AOM) is another 

(Riedinger et al., 2014; Egger et al., 2015; Oni et al., 2015b; Egger et al., 2017). 

Dissimilatory iron reduction could also occur at these depths but requires similar electron 

donors (acetate and H2) as methanogenesis (Lovley and Phillips, 1986; Roden and Wetzel, 

1996). One potential mechanism that has not been so far investigated is fermentation based 

organoclastic iron reduction. Sequential extraction of iron oxides from a number of these sites 

(Oni et al., 2015b; Egger et al., 2017) indicates both crystalline and poorly crystalline phases 

are abundant in the methanic zone. Besides, recent findings from rice field soils, lake and 
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marine sediments show that these crystalline iron oxides accelerate methanogenic 

degradation of organic matter (Kato et al., 2012; Jiang et al., 2013; Aromokeye et al., 2018a; 

Rotaru et al., 2018). Fermentative iron reduction has also been previously shown in pure 

culture studies to account for up to 5 % of electrons during organic matter degradation 

(Lovley and Phillips, 1986, 1988; Lovley, 2006). Thus, a complex biogeochemical interplay 

between iron minerals, organic matter fermentation and methanogenesis might be on-going in 

iron oxide rich methanic sediments such that both iron reduction and methanogenesis are 

concurrently fuelled during organic matter degradation.  

In previous studies, we investigated the Helgoland Mud Area (HMA), a high accumulation 

marine sediment with high Fe
2+

 concentrations in the methanic zone (Oni et al., 2015b) and 

performed molecular characterisation on the nature of bio-available fraction of the organic 

matter utilized by the microbial communities therein (Oni et al., 2015a). The results 

suggested that terrestrially derived aromatic compounds are preferentially degraded in the 

methanic zone. Benzoate is the central intermediate in the anaerobic degradation pathway of 

most aromatic compounds (Carmona et al., 2009; Fuchs et al., 2011). Therefore, benzoate is 

widely used as a model compound to study anaerobic degradation of aromatic hydrocarbons 

(Gibson and Harwood, 2002; Carmona et al., 2009). Methanogenic benzoate degradation 

requires a complex syntrophic community of bacteria and archaea (Hopkins et al., 1995; 

Schink, 1997; Schöcke and Schink, 1997) to be thermodynamically feasible under 

environmental conditions according to the following equation: 

                                 
  

                             

Here, we cultivated methanogenic benzoate degrading microbial communities from the 

methanic zone of the HMA, and provided these microbial communities with iron oxides that 

differ in their crystallinity: both in sediment slurry incubations and over 5 successive 

sediment-free planktonic enrichments. By providing benzoate as the only carbon source for 
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these microbial communities, a similar scenario as the environment (HMA) was simulated 

with a type of substrate preferentially degraded in situ (Oni et al., 2015a). The results we 

present show (1) how the presence and concurrent reduction of crystalline iron oxides 

facilitate methanogenic benzoate degradation (2) ecological advantage of microbe-crystalline 

mineral interaction during organic matter degradation and (3) novel benzoate degrading 

communities enriched from these iron oxide-rich methanic marine sediments. 

Materials and Methods 

Benzoate degradation experiment within sediment slurry 

Geochemical profiles and depositional history of sampling site, the Helgoland Mud Area is 

previously described (Hebbeln et al., 2003; Oni et al., 2015b; Aromokeye et al., 2018b). For 

the current study, sediments were taken during RV HEINCKE research expedition HE-443 

(54° 05.23' N; 007° 58.04' E) in May 2015 and preserved prior to incubation set up as 

described elsewhere (Aromokeye et al., 2018a). In order to study methanogenic degradation 

of benzoate in the presence of iron minerals, sediment samples from depths in the methanic 

zone (247–279 cm) were used. Several anoxic slurry incubations (1:3 w/v) were made in 120-

mL serum vials with sulfate-free artificial sea water (ASW; composition [L
-1

]: 26.4 g NaCl, 

11.2 g MgCl2, 1.5 g CaCl2.2H2O and 0.7 g KCl). To triplicate vials, 5mM sodium benzoate 

and 30 mM iron oxides (lepidocrocite, hematite or magnetite; LanXess GmbH, Germany) 

were added. In addition, slurry incubations (n=3) devoid of either sodium benzoate or the 

aforementioned iron oxides (30 mM) were prepared to serve as background controls. Since 

samples were taken from depths of active methanogenesis (Oni et al., 2015b) and it is our 

goal to study methanogenic degradation of benzoate, it was necessary to create conditions 

favourable for methanogenesis to occur. Test experiments, incubated at 10 °C did not result 

in methanogenesis even after 200 days until the vials were transferred to 30 °C (Oni, 2015). 
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For this reason, we decided to incubate the slurries prepared in this study at 30 °C, in the 

dark. 

Cultivation of sediment-free benzoate degrading enrichment cultures 

A modified strictly anaerobic sterile salt water enrichment medium was used for cultivation 

of the enrichment cultures following Widdel et al (1983). The bicarbonate-buffered (30 mM) 

sulfate depleted basal medium contained 20 g/L NaCl, 3 g/L MgCl2.6H20, 0.5 g/L KCl, 0.2 

g/L KH2PO4, 0.25 g/L NH4Cl, and 0.15 g/L CaCl2.2H2O and 2 mM Na2S.9H2O as reducing 

agent. Trace elements, vitamin solution and selenite-tungsten were added respectively as 

previously described (Widdel, 1980; Widdel and Pfennig, 1981; Widdel et al., 1983).The pH 

of the complete medium was between 7–7.2 before dispensing into serum bottles and used for 

cultivation. Headspace of serum bottles were flushed and completely filled with N2-CO2 

(80:20 %). In the initial transfer from sediment slurry incubations, 2 mL of slurry from the 

sediment incubation from respective treatment types were transferred into salt water media 

described above and cultivated with 5 mM benzoate and 30 mM respective iron oxide (50 mL 

final volume). After methanogenesis was observed, these cultures served as 1st generation 

transfers. For subsequent transfers, 5 mL from the previous generation amounting to 10 % of 

media volume was transferred. The cultivation media became completely sediment free after 

the 2nd generation transfer. Continuous transfer was done until the 5th generation transfer 

where several triplicates were made with similar concentration of benzoate and or iron 

oxides.  

Analytical methods 

Methane concentrations in incubation headspace samples (100 µl) were monitored over time 

as previously described (Aromokeye et al., 2018a). Because of the difficulty of getting an 

accurate determination of iron reduction kinetics by measuring total Fe(II) produced in 
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sediment incubations (Aromokeye et al., 2018a), Fe
2+

 formation in aqueous phase of 

sediment incubations was monitored spectrophotometrically (Viollier et al., 2000). However 

in the sediment free enrichment cultures, total Fe(II) was measured as described (Aromokeye 

et al., 2018a). It was possible to accurately determine total Fe(II) because the provided iron 

oxide is only iron oxide present in the enrichment medium unlike the slurry incubations. 

To quantify benzoate concentration in both the sediment incubations and sediment free 

enrichment cultures, sterile deionised-water diluted 200 µl aliquot of supernatant (stored at -

20 °C before analysis) obtained from centrifuged (20,000 x g) 1 ml sediment slurry was 

derivatized to benzoic acid which was then measured using LC-MS. LC–MS analysis was 

performed with a Vanquish UPLC system coupled to a Q Exactive Plus mass spectrometer 

(Thermo Fisher Scientific, Germany), using a heated electrospray ionization (HESI-II) 

source. Separation was performed on a C18 column (C18 BEH, 100 x 2 mm, 1,7 µm particle 

size, ACQUITY Waters, equipped with guard-column) with a flowrate of 0.45 mL/min 

(solvent A: H2O + 0.1 % formic acid (FA), solvent B: acetonitrile (ACN) + 0.1 % FA). After 

injection, the samples were eluted isocratically at 8 % B for 4 min, followed by a gradient to 

99 % B and held for 0.7 min. The re-equilibration phase at 8 % B was 2.5 min. MS spectra 

were acquired in full MS mode with a resolution of 70,000 in negative mode and a scan range 

of 70 to 1050 m/z. The auxiliary gas and transfer capillary temperature was set to 350 °C, the 

spray voltage was 2.9 kV, the sheath gas flow rate was 45 and auxiliary gas rate 15. In order 

to ascertain high mass accuracy at the low mass range (70–1050 m/z), phenylacetic acid 

(C8H8O2) and pyruvic acid (C3H4O3) were added as calibrants at 20 µg per ml to the Negative 

Ion Calibration Solution (Pierce, Thermo Fisher). To limit the accumulation of salt deposits, 

the first 0.7 min of each run were discarded to waste. Each pore water sample was diluted 

1:20 with water containing the injection standard (phenylacetic acid at a final concentration 
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of 20 µg per mL). Benzoic acid was quantified relatively to the injection standard and an 

external calibration curve. 

Intermediates from benzoate degradation (butyrate and acetate) were measured from 

deionised-water diluted aliquots (200 µL) from supernatant of the highly enriched cultures 

following Heuer et al. (2006). H2 measurements in the headspace were done at time points 

where methanogenesis was on-going following Lin et al (2012) but H2 was undetectable, and 

the results were not reported. 

DNA extraction, 16S rRNA gene amplification and sequencing  

DNA was extracted from 1 ml of slurry taken from incubation at certain time-points using a 

direct lysis protocol (Lueders et al., 2004) with modifications described elsewhere 

(Aromokeye et al., 2018a). For the enrichment cultures, DNA was extracted from 6 ml of 

each culture; the 6 ml volume was dispensed into triplicate screw-cap tubes containing 

zirconium beads (0.1 mm diameter) and centrifuged (15,300 g, 5 mins). Supernatant was 

removed from each tube, leaving behind ~ 200 µL followed by DNA extraction with phenol-

chloroform-isoamylalcohol steps (Lueders et al., 2004). Triplicate DNA extracts from each 

sample were dissolved together in 50 µL diethyl pyrocarbonate (DEPC) treated water. DNA 

was stored at -20 ºC until use. For further processing of the sediment free cultures in the 5th 

generation, biological replicates were analysed separately unlike the sediment cultures where 

replicates were pooled for sequencing. PCR amplification, bacteria and archaea 16S rRNA 

Illumina HiSeq 4000 sequencing and subsequent analysis of sequencing methodology were 

described elsewhere (Aromokeye et al., 2018a).  

Metagenomic sequencing and analysis of highly enriched cultures 

For metagenomic sequencing, 200 ng of extracted DNA from each of the three highly 

enriched cultures (BM5, BL5, and B5) were used as starting material. Each DNA sample was 
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fragmented in a M220 Focused-Ultrasonicator (Covaris Inc., Massachusetts, USA) to an 

average fragment size of 550 bp according to the Illumina TrueSeq Nano DNA LT Library 

preparation protocol (Illumina Inc., San Diego, California, USA). The DNA sequencing 

libraries were created as stated in the manufacturer‘s protocol. Sequencing run was 

performed on an Illumina MiSeq Sequencer using MiSeq V3 Reagent Kit according the 

manufacturer‘s instructions. 

The resulting sequences (BM5 = 6684988, B5 = 6844877, and BL5 = 6281456, paired end 

reads) were analysed with the MetaWRAP pipeline (Uritskiy and DiRuggiero, 2018). First, 

sequencing adapters were removed and sequences were quality trimmed using the 

READ_QC module, a wrapper for that consistently applies quality and adapter trimming to 

FastQ files. Afterwards, the sequences were assembled with metaSPAdes assembly 

module (Nurk et al., 2017). For binning of the scaffolds tree different binning-programs, 

MaxBin2 (Wu et al., 2014), MetaBAT (Wu et al., 2014) and CONCOCT (Alneberg et al., 

2014) were used. The MetaWRAP binning refinement uses CheckM (Parks et al., 2015) for 

quality control and refinement of bins. The MetaWRAP module reassemble_bins was used to 

improve the bin quality. To classify the bins, the metaWRAP classify_bins module wrapping 

MEGABLAST (Chen et al., 2015) and Taxator-tk (Dröge et al., 2014) was used. The 

annotation of the binned sequences was performed with PROKKA (Seemann, 2014) within 

MetaWRAP. The selection of pathway specific annotations was done with custom Perl 

scripts.  he phylogenomics analysis was performed with ANVI‘O phylogenomics pipeline 

(Eren et al., 2015) which calculates the phylogenomic tree using profile hidden Markov 

models with HMMER (Eddy, 2011) from a collection of different constitutive 

proteins/genes (Campbell et al., 2011). 
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Scanning electron microscopy (SEM) 

After ~ 200 days of cultivating BM5, B5 and BL5 cultures, 500 µl aliquots of the triplicates 

from each of the three cultures were pooled together. 50 µl from each of the three pooled 

samples were fixed for SEM imaging using paraformaldehyde (PFA) with a final 

concentration of 2 % for 1h at room temperature. The samples were rinsed 3x with PBS and 

some drops of the sample material were deposited on silicon wafers (Ted Pella, USA). 

Sample materials were dehydrated with ethanol of different concentrations (30 %, 50 %, 

80 % and 96 % for 10 minutes). After dehydration, the samples were dried using a critical 

point dryer (CPD 300) (Leica, Wetzlar, Germany). The prepared samples were mounted on 

an aluminium stub with sticky carbon tape (PLANO GmbH, Wetzlar Germany). Mounted 

samples were imaged on a scanning electron microscope (Quanta
TM

 250 FEG, FEI 

Eindhoven, Netherlands) with either 2 keV (for secondary electron images) or 5 keV (back 

scattered electron images). An elemental mapping of the samples was performed using 

energy dispersive X-ray spectroscopy (EDS). For EDS the SEM is equipped with a Bruker 

double detector system XFlash 6/30 (Bruker Nano GmbH, Berlin, Germany) with an energy 

resolution <123 eV at Manganese Kα line. EDS maps were made with 15 keV. The mapping 

data where processed using the Bruker Quantax 400 software package. 

Results and Discussion 

The potential mechanisms that mediate concurrent microbial iron reduction in the methanic 

zones of rapidly accumulating marine sediments are currently of high interest in sediment 

biogeochemistry. Fe-AOM has been the main biotic mechanism hypothesized to majorly 

contribute to pore water dissolved Fe
2+

 concentrations at these depths (Riedinger et al., 2014; 

Egger et al., 2015; Egger et al., 2016a; Egger et al., 2016b; Rooze et al., 2016; Egger et al., 

2017). Here, we present data supporting an additional explanation. By stimulating microbial 

communities involved in benzoate degradation, iron reduction and methanogenesis, we show 
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how iron reduction and methanogenesis could be concurrently fuelled by organic matter 

degradation. Benzoate degrading microbial communities from the methanic zone of marine 

sediments have not been previously identified. Therefore, we also present sediment-free 

microbial communities involved in methanogenic benzoate degradation in marine sediments.  

Concurrent iron reduction and methanogenesis in sediment incubations 

As model iron oxides in our sediment incubations, hematite (crystalline, semi-conductive), 

magnetite (crystalline, conductive) and lepidocrocite (poorly crystalline, poorly conductive) 

were used. We found that in sediment slurry incubations with benzoate and (semi) conductive 

iron oxides i.e. hematite and magnetite, both methanogenesis and benzoate degradation were 

accelerated compared to the benzoate only and the lepidocrocite amended incubations, 

accompanied by a concurrent increase in Fe
2+

 concentrations (Fig. 1a, b, c). Interestingly, 

increase in Fe
2+

 concentrations reached a plateau at similar time points as when no further 

increase in methane amounts were observed and benzoate was below detection (90–95 days; 

Fig. 1a, b, c). In contrast, with benzoate and lepidocrocite, methanogenesis (Fig. 1a) did not 

occur until no further increase in Fe
2+

 concentrations were observed (after 120 days; Fig. 1b). 

In control incubations without addition of benzoate, iron reduction occurred, probably fuelled 

by electrons from organic matter in the sediment. Fe
2+

 concentrations in these controls were 

however not as high as in benzoate amended incubations. Thus, the concurrent stimulation of 

crystalline iron reduction and methanogenesis in these sediment incubations was 

predominantly fuelled by electrons from benzoate degradation. Positive correlation between 

methanogenesis and iron reduction both in situ and in incubation experiments was previously 

demonstrated during organic matter degradation in terrestrial environments such as arctic 

tundra soils that are rich in iron oxides and aromatic carbon (Herndon et al., 2015; Yang et 

al., 2016). Similar processes may also explain high Fe
2+

 concentrations in the methanic zone 

of the HMA and other marine or limnic settings.  
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Methanogenic benzoate degraders from marine sediments have not been previously 

identified. However, the bacteria communities stimulated by benzoate addition to the slurries 

(mostly families Peptococcaceae and Syntrophomonadaceae; Fig. 1d) were hitherto identified 

as syntrophic benzoate degraders from other environments (McInerney et al., 2008; Carmona 

et al., 2009; Sieber et al., 2010). The deltaproteobacterial order Desulfuromonadales harbours 

organisms known to perform microbial iron reduction in coastal marine sediments 

(Vandieken et al., 2006; Aromokeye et al., 2018a). This order was found to increase in 

relative abundance from 1.5 % at day 0 to at least 6 % at day 105 across all benzoate 

amended incubations (Fig. 1d). In addition to their involvement in iron reduction, these 

organisms can also potentially transfer electrons via mineral mediated direct interspecies 

electron transfer (mDIET) to methanogens in the sediment matrix, thus accelerating 

methanogenesis in magnetite and hematite amended slurries (Kato et al., 2012; Rotaru et al., 

2014; Rotaru et al., 2018; Aromokeye et al., 2018a). Therefore, the pathway of utilization of 

the iron oxides seems to involve both, reduction and use as conduit. Members of the genus 

Methanosarcina, Methanosaeta and the family Methanomicrobiaceae were the dominant 

methanogens enriched during the phase of active methanogenesis (Fig. 1d). These enriched 

communities were specifically stimulated by benzoate addition only (Fig. 1d). 

Concurrent iron reduction and methanogenesis in 5th generation sediment-free 

planktonic cultures 

Given the distinct observation of concurrent reduction of crystalline iron oxides and 

methanogenesis in the sediment slurry incubations, we cultivated the microbial communities 

over 5 successive transfers in an artificial enrichment medium. The aim was (I) to gain a 

better understanding on how electrons from benzoate degradation fuel both iron reduction 

and methanogenesis (II) to obtain active enrichment cultures performing benzoate 

degradation in marine sediments. For the 5th generation physiological experiments, ~ 250 
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µmol of benzoate was fed to triplicates of the benzoate only enrichment (B5), benzoate-

magnetite enrichment (BM5) representing crystalline iron oxides and benzoate-lepidocrocite 

enrichment (BL5) representing poorly crystalline iron oxides. We monitored methane 

formation, iron reduction (where possible), build-up and eventual depletion of fermentation 

intermediates during benzoate degradation. 

In BM5, we observed magnetite reduction, alongside methanogenesis during benzoate 

degradation (Fig. 2), similarly to what was observed during the slurry incubations (Fig. 1). 

While H2 was not detected, a transient build-up of acetate (max 200 µmol) and butyrate (max 

30 µmols) was observed. CH4 and Fe(II) concentrations leveled up after 100 days and 

intermediates were not detected at this time-point reflecting complete degradation of 

amended benzoate. Bacteria community in the BM5 enrichment sequenced after 100 days of 

incubation was dominated by members of the genus Sporotomaculum (53–62 %), followed 

by Syntrophomonas (11–19 %), and Therminicola (5–8 %). Amongst the bacteria taxa 

detected in low relative abundance, genus Caldicoprobacter (2 %), and families 

Synergistaceae (2 %) and Coriobacteriaceae (2–4 %) which have not been previously 

associated with benzoate degradation were observed. Within the archaea community, genus 

Methanosarcina (64–73 %) was dominant. Methanoculleus (24–28 %) and Methanosaeta (2–

7 %) were also enriched.  

For the B5 enrichment cultivated over time without adding iron oxides, methanogenic 

benzoate degradation was also evident in triplicates from the 5th transfer. In two of three 

replicates however, about 200 µmoles of methane was detected after the first 100 days. 

Subsequently, there was no further increase in methane amounts, despite monitoring CH4 

until 200 days. In the third replicate, 520 µmoles of methane was produced already after 

121 days. Methanogenesis thus appeared to be inhibited in two of 3 replicates such that no 

further increase in CH4 amounts were observed in both cultures after 121 days. Instead, high 
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amounts of acetate were measured in both cultures: 1290 and 1330 µmoles after 200 days. 

There was also a transient build-up of butyrate (up to 69 µmoles) over the 200 days. The 

enriched bacterial community which was sequenced after 131 days showed that clostridial 

family Halobacteroidaceae was dominant (33–52 %). Bacillales was also dominant (13–

33 %). Syntrophomonas (14–40%), Synergistaceae (4–8 %) and Desulfotomaculum (2–10 %) 

were also enriched. Amongst the archaea community, both Methanosarcina and 

Methanoculleus were dominant (Fig. 3). Unlike the BM5 enrichment, Methanosaeta were not 

enriched in high proportions in the B5 enrichment.  

The potential for the B5 enrichment to reduce crystalline iron and produce methane 

simultaneously was also investigated. Another triplicate set up was prepared at the start of the 

5th transfer and amended with 30 mM magnetite. Similarly to the BM5, the enrichment B5 

could also reduce magnetite and produce methane concurrently, albeit at slower rates. A 

transient build-up of butyrate was detected (up to 230 µmoles). More interestingly, the build-

up of acetate was not as high as the B5 enrichment without magnetite amendment as more 

electrons could be transferred to methane while magnetite was also partly reduced. Inhibitory 

effects of acetate on syntrophic benzoate degradation either by adding a thermodynamic 

barrier or by affecting the proton electrochemical gradient was previously demonstrated 

(Dolfing and Tiedje, 1988; Hopkins et al., 1995; Schöcke and Schink, 1997). Under such 

conditions, thermodynamic barriers placed by acetate accumulation were removed by 

providing the co-cultures with an acetate oxidizing syntroph (Schöcke and Schink, 1997). 

Here, we show that crystalline magnetite could remove such thermodynamic barrier caused 

by acetate accumulation. The microbial community composition after 197 days was similar to 

the habitual B5 enrichment. Therefore the same community, enriched over four generation of 

successive transfers without iron oxides, which struggled to completely convert acetate to 
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methane, could as well reduce iron and produce more methane concurrently, when available 

(Fig. 3). 

For the BL5 enrichment cultivated with poorly crystalline lepidocrocite, benzoate 

degradation was slower and incomplete after 200 days (Fig. 4) compared to the BM5 and B5 

enrichments (Figs. 2 and 3). Between 29–79 µmols of benzoate was measured after 197 days, 

much more than the 3 µmols found in the B5 culture after 121 days or the non-detection of 

benzoic acid in BM5 cultures after 100 days. The trend was similar to the initial sediment 

slurry incubations where lepidocrocite amendment also slowed down benzoate degradation 

compared to other benzoate amended set-ups (Fig. 1). Inhibitory effects of poorly crystalline 

lepidocrocite on benzoate degradation was rather unexpected, as this is ideally a more 

reactive iron oxide compared to hematite and magnetite (Lovley and Phillips, 1986), and 

should facilitate benzoate degradation. Although butyrate was not detected in the time-points 

sampled, benzoate and acetate were still detected after 200 days showing that methanogenic 

benzoate degradation was limited by lepidocrocite addition. Therefore, while crystalline iron 

oxides facilitate methanogenic benzoate degradation, poorly crystalline lepidocrocite 

constrains the process (Figs. 1–4) but iron reduction was more pronounced with lepidocrocite 

(Figs. 1b, 4). Unlike BM5 grown with magnetite, methanogenesis did not start in BL5 around 

the same time as iron reduction. Instead, there was a build-up of Fe(II) without methane 

formation for the first 100 days. However, during methanogenesis, iron reduction was still 

on-going such that increased methane amounts were accompanied by increased Fe(II) 

amounts (Fig. 4). The bacterial community composition after 197 days was dominated by 

Desulfotomaculum (20–37 %), Therminicola (11–26 %), Syntrophomonas (2–18 %), 

Coriobacteriaceae (13–18 %) and Thiohalomonas (2–14 %). The archaea community was 

dominated by Methanosarcina (73–92 %) and Methanoculleus (7–9 %). Uncultured 

Methanomicrobiales Archaeon EJ-E01 was enriched in one of the triplicates (15 %; Fig. 4). 
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Similarly to the initial sediment incubations (Fig. 1), we show that even after several 

transfers, the highly enriched cultures performing methanogenic benzoate degradation 

concurrently reduce iron oxides, when available. Electron balance calculations from benzoate 

revealed that both methanogenesis and iron reduction must have been fuelled by electrons 

from benzoate degradation but methanogenesis, when feasible, is the dominant electron sink: 

both in the sediment incubations and in the highly enriched cultures (Tables 1 and 2). Both 

acetate and butyrate as intermediates of benzoate degradation were also completely degraded 

from the system when methanogenesis was favourable. Members of the Peptococcaceae 

family; in particular, the genus Sporotomaculum were previously shown to ferment 3-

hydroxybenzoate to butyrate and acetate in pure cultures (Brauman et al., 1998). A similar 

pathway might have been used to ferment benzoate by the Peptococcaceae families 

(Desulfotomaculum, and Sporotomaculum) enriched in our cultures. The formation of 

butyrate as intermediate is particularly interesting as this point to a secondary fermentation 

pathway to convert butyrate to acetate and or H2, in addition to benzoate fermentation in the 

enrichments. Methanogenic benzoate degradation and the complete disappearance of 

intermediates from the system were fastest in the BM5 culture enriched with magnetite (Fig. 

2). Removal of the high amounts of acetate in the B5 enrichment when provided with 

magnetite (Fig. 3b) further illuminated the beneficial role crystalline iron oxides play to 

facilitate organic matter degradation in the environment. 

While previously known benzoate degraders enriched from other environments such as 

Desulfotomaculum, Sporotomaculum and Syntrophomonas (Harwood et al., 1998; Gibson 

and Harwood, 2002; McInerney et al., 2008; Rabus et al., 2016) were enriched, we also found 

evidence for enrichment of microorganisms which have not been previously linked to 

benzoate degradation in these marine sediment derived enrichment cultures. An example is 

family Halobacteroidaceae who are known as strictly anaerobic, gram negative fermentative 
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halophiles (Oren, 2014). This family was highly enriched only in the benzoate cultivation 

without iron oxides, since the 2nd transfer (See Fig. S1–S3) and persisted until the 5th 

generation (Fig. 3). It is clear from bacteria community dataset that these are novel benzoate 

degraders enriched from the methanic marine sediments. In addition, the Synergistaceae 

family from the phylum Synergistetes and NJ-1n from the phylum Tenericutes was also 

enriched in the BM5 and B5 enrichment and in the previous transfers (Figs. 2, 3, S1, S2). The 

phylum Synergistetes and Tenericutes are present in unamended sediments from HMA but in 

very low relative abundance (0.1 % of bacteria, Fig. 1d). Here, we show physiological data 

identifying benzoate as a potential substrate they thrive on. Interestingly, known dissimilatory 

iron reducers from the order Desulfuromonadales were not enriched in these cultures, despite 

the apparent high amount of Fe(II) produced. Instead, we found other organisms such as 

Therminicola who are capable of dissimilatory iron reduction (Wrighton et al., 2008; Byrne-

Bailey et al., 2010) but are from the Peptococcaceae family of known benzoate degraders and 

actinobacterial sequences from the family Coriobacteriaceae which have been previously 

enriched with iron oxides (Lentini et al., 2012). Therefore, it is highly probable that iron 

reduction in these cultures is tightly linked to benzoate degradation (organoclastic iron 

reduction). The lack of increased Fe(II) amounts in controls without microbial cells (Fig. S4) 

also supports this conclusion that iron reduction in the enrichments is microbial activity 

driven. 

SEM imaging reveals microbe-mineral interaction in highly enriched cultures 

SEM was done after 200 days of incubating the 5th generation enrichment to identify patterns 

of microbial interaction with either crystalline magnetite (BM5) or poorly crystalline 

lepidocrocite (BL5) in comparison to the enrichment without iron oxides (B5). In the BM5 

enrichment, microbial cells were observed on the magnetite surface (Fig. 5a). Formation of 

closely knitted dense aggregates of different cell shapes was not visible from the SEM 
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retrieved images unlike the control B5 enrichment where closely knitted dense aggregates 

were observed (Fig. 5b). Although syntrophic interactions was required to metabolise 

benzoate, the SEM images show that growth of BM5 with magnetite (Fig. 5a) provided an 

ecological advantage that nullified the need to form closely knitted aggregates observed in B5 

enrichment (Fig. 5b). This in turn might have facilitated partial reduction of magnetite while 

the unreduced portions could still enhance the degradation of benzoate to CH4. For BL5, the 

pattern of microbial cell distribution around lepidocrocite was different compared to BM5 

grown on magnetite (Fig. 5c). Cell aggregates were formed, but not on the lepidocrocite 

surface, less dense cell networks were also observed unlike BM5 and B5 culture. Because 

lepidocrocite is poorly crystalline and not conductive, aggregates were not formed on 

lepidocrocite (Fig. 5c). As the images suggest, syntrophic communities growing on 

lepidocrocite mostly established longer cell-lepidocrocite distances, and could not form dense 

aggregates as seen in the control (B5, Fig. 5b). This probably resulted in the slower rates of 

benzoate degradation in the BL5 enrichment. 

Benzoate degradation pathway in highly enriched cultures points to a syntrophic 

metabolism 

Multiple nearly complete metagenomic bins containing genes involved in the various steps 

during anaerobic benzoate degradation were recovered from each of the three highly enriched 

cultures (Fig. 6, Table S1-S3). Each of these metagenomic bins contained genes involved in 

parts or nearly all the steps in the well-studied pathway known from anaerobic benzoate 

degraders (Carmona et al., 2009). The upper degradation pathway involves benzoate 

activation to benzoyl-CoA, dearomatization of benzoyl-CoA and β-oxidation leading to the 

formation of 3-hydroxypimelyl-CoA. The intermediate formation of pimelyl-CoA and its 

subsequent conversion to 3-hydroxypimelyl-CoA was ignored in scheme since it was only 

previously shown for phototrophic α-Proteobacteria Rhodopseudomonas palustris (Harwood 
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et al., 1998). Eventually R. palustris converts pimelyl-CoA to 3-hydroxypimelyl-CoA like 

other known benzoate degraders. In the lower pathway, 3-hydroxypimelyl-CoA is converted 

to acetyl-CoA which subsequently forms acetate (Fig. 6a). Butyrate was also detected as 

intermediate in the BM5 and B5 enrichments (Fig. 2–3). Therefore, the pathway for benzoate 

fermentation to butyrate via crotonyl-CoA and the subsequent butyrate degradation pathway 

mostly utilised by members of the family Syntrophomonadaceae (Sieber et al., 2010) might 

have facilitated butyrate degradation in our highly enriched cultures. It is likely that members 

of the family Syntrophomonadaceae who were also enriched based on bacteria 16S rRNA 

genes (Fig. 2–4) could be responsible for the turnover of butyrate. Due to time constraint for 

thesis submission, genes involved in the butyrate degradation pathway were not analysed 

from the metagenome yet. ATP-independent benzoyl-CoA reductase (BCR) genes (BamB-I), 

that catalyse the dearomomatization of benzoyl-CoA in obligate anaerobes (Wischgoll et al., 

2005; Fuchs, 2008), were not found in the metagenomic bins presented. Instead the classical 

ATP-dependent BcrC known to be present in facultative anaerobes were found in BM5 and 

BL5 enrichments (Butler et al., 2007; McInerney et al., 2007). In the B5 enrichment, known 

analogues of the BCR were not found in the metagenomic bins. This could be due to either an 

assembly artefact that led to an overlook of the genes or possibly an unknown or previously 

overlooked gene in benzoate degradation is utilised by the B5 enrichment (Fig. 3). The mode 

of benzoyl-CoA dearomatization in our enrichments will be explored further in future 

versions of this manuscript. 

With exception to a few bins (bin 10, and 18 for BM5; bin 5 for B5; bin 2 and 7 for BL5), the 

genes involved in benzoate degradation which were predominantly present in the 

metagenomic bins were those involved in the lower pathway. This suggests that the activation 

of benzoate and the upper pathway steps were carried out by these ‗specialists‘ bins whose 

closest taxonomic affiliation based on ANVI‘O concatenated protein classification are given 
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in Table S4 and Figure S5–S7. These observations also point to the syntrophic mode of 

benzoate degradation by these enrichment cultures. 

Implication for iron-oxide rich methanic marine sediments  

In comparison to other processes in the anaerobic food chain, genes for organic matter 

fermentation have been shown to be the most abundant in methane-rich subsurface sediments 

(Kirchman et al., 2014). It is therefore conceivable that during the degradation of buried 

organic matter over time by hydrolytic and fermentative bacteria, crystalline, 

(semi)conductive portion of bound iron minerals in the sediments (Oni et al., 2015b; 

Aromokeye et al., 2018b) act as a conduit that help channel electrons directly to methanogens 

thereby accelerating methanogenesis (Kato et al., 2012; Jiang et al., 2013; Zhou et al., 2014; 

Li et al., 2015; Liu et al., 2015; Zhang and Lu, 2016). The crystalline iron mineral phases 

may also be partly reduced in the process of mineral-mediated electron transfer between 

fermentative bacteria and methanogens as shown in Figs. 1–4. The individual contributions of 

fermentative microorganisms (Lehours et al., 2010) and methanogens (Liu et al., 2011; Sivan 

et al., 2016) to iron reduction is however unclear and would require further targeted 

experiments. Iron mineral-mediated electron transfer between organic matter-fermenting 

bacteria and methanogens has been demonstrated in pure cultures, and enrichment cultures 

from anaerobic digesters, rice paddy soils and lake sediments (Kato et al., 2012; Jiang et al., 

2013; Cruz Viggi et al., 2014; Zhou et al., 2014). In a previous study, we also established the 

potential for such syntrophic interaction to occur in methanic marine sediments (Aromokeye 

et al., 2018a). The findings from our slurry incubations and enrichment cultures re-create a 

scenario that likely explains the connection between organic matter degradation, 

methanogenesis and high concentrations of pore-water dissolved Fe in iron-oxide rich 

methanic zones of marine sediments.  
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Besides Fe-AOM which was also shown to occur in the HMA (Aromokeye et al., 2018b), our 

study provides an additional perspective regarding the biotic source of dissolved iron in 

methanic sub-seafloor sediments as shown in the scheme presented in Fig. 7. We argue that 

some of the Fe
2+

 detected in pore-water of sulfate-depleted methane-rich subsurface 

sediments like the HMA originates from concurrent organoclastic iron oxide reduction during 

methanogenic fermentation of complex organic matter. The possibility of co-occurring Fe-

AOM and iron reduction-linked methanogenic degradation of organic matter may therefore 

explain the observed correlation between organic matter degrading bacteria (e.g. Atribacteria 

(Dodsworth et al., 2013; Nobu et al., 2016) and Burkholderiales (Tong et al., 2015)), and 

methanogenic/methane oxidizing archaea with high Fe
2+

 concentrations in some methane-

rich sub-seafloor environments (Algora et al., 2015; Oni et al., 2015b). Further studies of the 

mechanistic details of such interdependencies between microbial cycling of organic carbon 

and iron will be important for understanding how iron oxides support microbial life in the 

deep biosphere which represents the biggest reservoir of organic carbon on Earth (Whitman 

et al., 1998). 
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Table 1 Electron balance calculations for benzoate degradation in highly enriched cultures showing yield in 

CH4 and Fe(II). Addition of 5 mM benzoate as carbon substrate amounted to 250 µmol carbon. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
B5A: habitual cultivation of the benzoate only enrichment without iron oxides. B5B: amendment of seperate B5 

enrichment replicates with magnetite. NA: not applicable 

 

Table 2 Electron yield in CH4 from original sediment incubations. Addition of 5 mM benzoate as carbon 

substrate amounted to 187.5 µmol carbon. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Enrichment 
Amount CH

4
 

(µmol) 

% CH
4
 yield in 

methanogenesis 

Amount Fe(II) 

µmol 

% yield in iron 

reduction 

BM5 717.6 76.5 340 9.1 

BM5 742.7 79.2 285.5 7.6 

BM5 575.9 61.4 245 6.5 

B5A.1 165.7 17.7 NA NA 

B5A.2 227.9 24.3 NA NA 

B5A.3 535.4 57.1 NA NA 

B5B.1 559.3 59.7 125 3.3 

B5B.2 466.7 49.8 184 4.9 

B5B.3 356.7 38. 119.5 3.2 

BL5 502.4 53.6 454 12.1 

BL5 357.6 38.2 368 9.8 

BL5 596.5 63.6 565 15.1 

Treatment Amount CH4 (µmol) % CH4 yield in methanogenesis 

Benzoate + Hematite 389.5 55.4 

Benzoate + Magnetite 383.2 54.5 

Benzoate only 353.6 50.3 

Benzoate + Lepidocrocite 327.6 46.6 
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Figures and captions 

 

 

Fig. 1 Concurrent methanogenesis and crystalline iron reduction during benzoate degradation in sediment slurry 

incubations. a enhancement of methanogenesis by (semi)conductive crystalline iron minerals (hematite and magnetite) and 

inhibition of methanogenesis by non-conductive, poorly crystalline iron lepidocrocite, n = 3, error bars are 1 s.d. b 

concurrent reduction of crystalline iron(III) minerals during phase of active methanogenesis (after day 60). Higher 

concentrations of dissolved Fe
2+

 were observed in the presence of hematite and magnetite as compared to controls with 

benzoate only. c time course of benzoate degradation in incubations, obtained by measuring the decrease in benzoic acid 

concentrations. d bacteria and archaea communities enriched during the sediment slurry incubations. Two types of colour 

panels were used for the plots to differentiate communities stimulated during the incubation and presented on either order, 

family or genus level from the communities whose relative abundance did not increase presented on phylum or class level. 
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Fig. 2 Concurrent iron reduction and methanogenesis in BM5 enrichment cultivated with benzoate and magnetite 

as substrates in the 5th generation. a Kinetics of benzoic acid degradation, build-up and removal of intermediates 

(butyrate and acetate), increasing Fe(II) and CH4 amounts over time. b 16S rRNA gene derived bacteria and 

archaea community composition presented on family or genus level. Brown arrows in the ‗a‘ panel reflect the time 

point from which DNA was extracted for sequencing. 
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Fig. 3 Kinetics of benzoate degradation and the 16S rRNA derived microbial community composition in B5 enrichment cultivated without iron oxides after 5 transfers. a 

Panel presents time course of intermediate (acetate and butyrate) build-up, methanogenesis and microbial community composition in triplicates from the habitual cultivation. 

Acetate, first detected after 85 days, stayed in the system until 200 days in 2 of 3 replicates and caused the inhibition of complete benzoate turnover to CH4. b Panel presents 

kinetics of separate B5 triplicates amended with magnetite demonstrating that acetate accumulation was effectively removed by concurrent magnetite reduction as 

methanogenesis progressed. Brown arrows in both panels ‗a‘ and ‗b‘ reflect time-point (day 136) sequenced for microbial community composition. 
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Fig. 4 Kinetics of benzoate degradation and microbial community composition in BL5 enrichment (5th generation) 

cultivated with lepidocrocite. a Time course of benzoate degradation, transient acetate build-up, iron reduction and 

methanogenesis. b 16S rRNA gene derived microbial community composition after 197 days as indicated by brown 

arrows in the ‗a‘ panel. 
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Fig. 5 Scanning electron microscopy images from highly enriched 5th generation cultures after 200 days. a BM5 enrichment 

on magnetite. b B5 enrichment cultivated without iron oxides. c BL5 enrichment cultivated with lepidocrocite. Images in 

panels ‗a‘ and ‗c‘ combined images from back scattered (blue colour) and secondary electron (orange colour) images to 

clearly distinguish between microbial cells and iron oxides. Accordingly, red arrows in the aforementioned panels point 

towards microbial cells. 
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Fig. 6 Pathway of benzoate degradation utilised by anaerobic bacteria. a The pathway and genes involved in benzoate degradation 

leading to the formation of acetate is reflected. b Presence of genes involved in the various steps of the benzoate degradation 

pathway in multiple metagenomic bins from highly enriched cultures BM5, B5 and BL5.  
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Fig. 7 Schematic description of the various biotic processes that possibly contribute to Fe
2+

 pool detected in 

porewater of iron-oxide rich methanic marine sediments e.g. Helgoland Mud Area. Previous studies have 

implicated Fe-AOM as the major mechanism mediating this process but this study shows an additional 

perspective that organoclastic iron reduction is involved as well. Red, Brown and Black colorations are 

representative of the various forms of Fe(III) present in the environment. 
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Fig. S1 Microbial community composition after four generation of transfers from the benzoate–magnetite 

sediment incubations. a Bacteria 16S rRNA gene sequences. b Archaea 16S rRNA gene sequences. Taxa are 

presented on order, family or class level for bacteria and on genus level for archaea. 
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Fig. S2 Microbial community composition after 4 generation of transfers from the benzoate only sediment 

incubations. a Bacteria 16S rRNA gene sequences. b Archaea 16S rRNA gene sequences. Taxa are presented 

on order, family or class level for bacteria and on genus level for archaea. 
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Fig. S3 Microbial community composition after four generation of transfers from the benzoate-lepidocrocite 

sediment incubations. a Bacteria 16S rRNA gene sequences. b Archaea 16S rRNA gene sequences. Taxa are 

presented on order, family or class level for bacteria and on genus level for archaea. 
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Fig S4 Kinetics of benzoate, methane and Fe(II) in control incubations without microbial cells from the 5th generation experiment. Butyrate and acetate were 

not detected. The absence of evidence for increased amounts of products or loss of benzoates confirm the processes observed in Fig. 2-4 of main article results 

from a biotic process. 
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Table S1 Quality metrics of the metagenomic bins containing genes encoding the various steps in the benzoate 

degradation pathway from the BM5 enrichment. 

Bin 
Completeness 

(%) 
Contamination 

GC 

content 
Lineage N50 Size Coverage Contigs 

bin.1 90.9 2.73 0.45 Bacteria 16930 2894654 7 197 

bin.10 99.1 1.59 0.44 Firmicutes 165997 3382841 220 36 

bin.11 98.6 0.0 0.37 Clostridiales 92960 3562057 8 88 

bin.12 69.9 0.67 0.33 Bacteria 2301 1337031 2.5 622 

bin.13 96.9 0.0 0.45 Clostridiales 25790 2750548 12 143 

bin.15 87 1.49 0.36 Bacteria 6840 4074501 4 740 

bin.16 74.7 4.91 0.45 Clostridia 4224 2976530 3.5 780 

bin.18 98.9 5.27 0.42 Clostridia 89471 4156954 8 75 

bin.19 100 0.0 0.44 Bacteria 38721 2842865 9 81 

bin.2 92.7 2.91 0.49 Bacteria 189548 2855454 30 19 

bin.4 97.4 0.55 0.47 Clostridia 106554 3426057 8 49 

bin.5 94.8 4.69 0.37 Bacillales 12436 4547570 5 484 

bin.6 97.9 0.0 0.46 Euryarchaeota 42539 3653553 260 67 

bin.7 99.5 0.65 0.62 Euryarchaeota 102102 2432528 145 24 

bin.8 99.2 1.87 0.42 Clostridia 99571 3912647 76 56 

bin.9 96 2.94 0.43 Clostridia 24403 3276692 7 179 

 

Table S2 Quality metrics of the metagenomic bins containing genes encoding the various steps in the benzoate 

degradation pathway from the B5 enrichment. 

Bin 
Completeness 

(%) 
Contamination 

GC 

content 
Lineage N50 Size Coverage Contigs 

bin.1 89.3 4.6 0.3 Bacilli 86229 3430657 9 73 

bin.10 99.8 0.0 0.46 Euryarchaeota 37529 4163165 300 64 

bin.11 73.2 4.8 0.32 Bacteria 5766 3609375 4 686 

bin.12 99.3 0.99 0.47 Bacilli 64219 4270005 39 91 

bin.13 100 0.0 0.44 Bacteria 230807 3042721 27 15 

bin.2 97.6 0.0 0.46 Clostridia 96929 2623609 11 55 

bin.4 93.9 0.96 0.45 Firmicutes 55843 3083413 10 91 

bin.5 99.7 2.2 0.43 Clostridia 97363 3973561 52 90 

bin.6 60.1 1.5 0.43 Firmicutes 3742 2083497 4 616 

bin.7 81 3.1 0.51 Deltaproteobacteria 4808 3133879 3 742 

bin.8 65.1 1.2 0.52 Bacteria 3136 2641100 2.5 883 

bin.9 97.4 2.5 0.38 Firmicutes 250195 5083581 85 43 
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Table S3 Quality metrics of the metagenomic bins containing genes encoding the various steps in the benzoate 

degradation pathway from the BL5 enrichment. 

Bin 
Completeness 

(%) 
Contamination 

GC 

content 
Lineage N50 Size Coverage 

bin.1 99.5 0.38 0.46 Clostridia 150788 3880704 58 

bin.10 53.2 0.0 0.43 Bacteria 2899 2276154 3 

bin.11 90.9 2.91 0.45 Bacteria 522498 3204169 52 

bin.13 57.7 9.01 0.57 Firmicutes 1576 2926831 2 

bin.14 88.7 0.97 0.56 Deltaproteobacteria 9980 5040300 7 

bin.16 90.9 5.64 0.46 Bacteria 1803718 3345903 19 

bin.17 99.7 3.23 0.43 Clostridia 179469 3583623 84 

bin.18 95.8 0.0 0.63 Euryarchaeota 10338 2168266 36 

bin.19 51.6 1.2 0.38 Firmicutes 1651 1615649 2.5 

bin.2 99.7 3.18 0.47 Firmicutes 34814 3844584 14 

bin.4 99.9 0.64 0.45 Firmicutes 110545 2838791 88 

bin.5 81.1 0.65 0.57 Euryarchaeota 102489 2221645 25 

bin.6 99.8 0.0 0.46 Euryarchaeota 40412 3755994 270 

bin.7 93.4 2.78 0.44 Firmicutes 153211 4065565 23 

bin.8 82.5 2.08 0.35 Paenibacillaceae 10654 3009856 5 

bin.9 96.7 0.0 0.45 Clostridiales 40683 2886690 21 

 

Table S4 Bins containing genes involved in benzoate activation and upper pathway of benzoate degradation and 

their taxonomic lineages based on MetaWrap and ANVI‘O based closest relatives. 

Enrichment Bin 
Completeness 

(%) 
Lineage (MetaWRAP) ANVI‘O classified closest relative 

BM5 10 99.1 Firmicutes Desulfotomaculum reducens 

 
18 98.9 Firmicutes_Clostridia Desulfotomaculum reducens 

B5 4 93.9 Firmicutes Desulfotomaculum reducens 

 
5 99.7 Firmicutes_Clostridia Syntrophomonas wolfei 

BL5 2 99.7 Firmicutes Desulfotomaculum reducens 

 
7 93.4 Firmicutes Dethiobacter alkaliphilus 
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Fig. S5 ANVI‘O concatenated proteins based phylogenetic affiliation of metagenomic bins involved in the benzoate 

degradation pathway (Fig. 6) from the BM5 enrichment. 
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Fig. S6 ANVI‘O concatenated proteins based phylogenetic affiliation of metagenomic bins involved in the 

benzoate degradation pathway (Fig. 6) from the B5 enrichment. 
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Fig. S7 ANVI‘O concatenated proteins based phylogenetic affiliation of metagenomic bins involved in the benzoate 

degradation pathway (Fig. 6) from the BL5 enrichment. 

 

 

  



Concurrent Iron Reduction and Methanogenesis 
 

134  

 

 

Chapter Four 

Temperature Controls Crystalline Iron Oxide Utilization by Microbial 

Communities in Methanic Ferruginous Marine Sediment Incubations 
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Abstract 

Microorganisms can use crystalline iron minerals for iron reduction linked to organic matter 

degradation or as conduits for direct interspecies electron transfer (mDIET) to syntrophic 

partners, e.g., methanogens. The environmental conditions that lead either to reduction or 

conduit use are so far unknown. We investigated microbial community shifts and interactions 

with crystalline iron minerals (hematite and magnetite) in methanic ferruginous marine 

sediment incubations during organic matter (glucose) degradation at varying temperatures. 

Iron reduction rates increased with decreasing temperature from 30 °C to 4 °C. Both hematite 

and magnetite facilitated iron reduction at 4 ºC, demonstrating that microorganisms in the 

methanic zone of marine sediments can reduce crystalline iron oxides under psychrophilic 

conditions. Methanogenesis occurred, however at higher rates with increasing temperature. At 

30 ºC, both hematite and magnetite accelerated methanogenesis onset and maximum process 

rates. At lower temperatures (10 ºC and 4 ºC), hematite could still facilitate methanogenesis 

but magnetite served more as an electron acceptor for iron reduction than as a conduit. 

Different temperatures selected for different key microorganisms: at 30 ºC, members of genus 

Orenia, Halobacteroidaceae, at 10 ºC, Photobacterium and the order Clostridiales, and at 4 ºC 

Photobacterium and Psychromonas were enriched. Members of the order 

Desulfuromonadales harbouring known dissimilatory iron reducers were also enriched at all 

temperatures. Our results show that crystalline iron oxides predominant in some natural 

environments can facilitate electron transfer between microbial communities at psychrophilic 

temperatures. Furthermore, temperature has a critical role in determining the pathway of 

crystalline iron oxide utilization in marine sediment shifting from conduction at 30 °C to 

predominantly iron reduction at lower temperatures. 
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Introduction 

Iron oxide minerals are ubiquitous in natural environments (Straub et al., 2001; Kappler and 

Straub, 2005; Braunschweig et al., 2013) and exist chemically as amorphous, poorly 

crystalline or crystalline phases (Cornell and Schwertmann, 2003). Microbial reduction of 

amorphous and poorly crystalline iron oxide phases is thermodynamically more favourable 

than using crystalline phases (Weber et al., 2006); therefore, microorganisms preferentially 

utilize less crystalline phases for dissimilatory and fermentation-linked iron reduction (Munch 

and Ottow, 1980; Munch and Ottow, 1983; Lovley and Phillips, 1986; 1987; Lovley, 1991). 

There is growing evidence that the more crystalline iron oxide mineral phases may 

nevertheless support microbial metabolism either as (I) terminal electron acceptors during 

oxidation of complex organic matter or fermentation end products such as acetate and H2 

(Lentini et al., 2012; Hori et al., 2015) or as (II) conduits for electron transfer between 

microorganisms living in syntrophic association (Kato et al., 2012; Liu et al., 2015). 

Several incubation studies with marine sediments have previously demonstrated the feasibility 

of microbial reduction of amorphous iron(III) and poorly crystalline phases like ferrihydrite 

under psychrophilic (Zhang et al., 1999; Stapleton Jr et al., 2005; Roh et al., 2006; Vandieken 

et al., 2006), mesophilic (Roden and Lovley, 1993) and thermophilic conditions (Kashefi and 

Lovley, 2003; Kashefi et al., 2008; Manzella et al., 2013). Microbial reduction of crystalline 

iron oxides such as goethite (α-FeOOH), hematite (α-Fe2O3) and magnetite (Fe(II)Fe(III)2O4) 

was previously demonstrated under mesophilic (Roden and Zachara, 1996; Lentini et al., 

2012; Hori et al., 2015) but not under psychrophilic conditions. Meanwhile, elevated 

concentrations of dissolved Fe
2+ 

have been detected
 
in the

 
methanic zone of some sub-

seafloor sediments bearing appreciable amounts of these crystalline mineral phases (e.g. 

Hensen et al., 2003; Riedinger et al., 2005; März et al., 2008; Riedinger et al., 2014; Oni et 

al., 2015a, Egger et al., 2017). Therefore, microbial reduction of crystalline iron oxides could 
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be a prime metabolic process in these sediment layers. Despite the large body of work on iron 

reduction at varying temperature conditions and in various environments, knowledge of the 

diversity of microorganisms involved in crystalline iron mineral reduction in cold marine 

sediments is still limited.  

Mineral-mediated electron transfer between metabolically dependent microbes is particularly 

important in methanogenic environments such as flooded rice field soils (Kato et al., 2012; 

Zhou et al., 2014). Despite mineral-meditated direct interspecies electron transfer (mDIET) 

being central to the functioning of methane-producing microbial communities, the 

environmental factors that govern these interactions are yet to be studied (Shrestha and 

Rotaru, 2014). In contrast to other environments such as rice field soils (Kato et al., 2012; 

Zhou et al., 2014; Li et al., 2015; Zhuang et al., 2015) freshwater (Jiang et al., 2013; Zhang 

and Lu, 2016) and coastal sediments (Rotaru et al., 2018), microbial communities capable of 

mDIET in methanic marine sediments are not known.  

Although it is established that microorganisms from different environments can reduce 

crystalline iron minerals or utilise them as conduits to facilitate electron transfer to syntrophic 

partners, controls of these interactions under different environmental conditions are not 

known yet. Here, we posit that temperature controls the mode of crystalline iron minerals 

utilisation, either reduction, conduction or both. To address this hypothesis, we specifically 

studied (1) the role of crystalline iron minerals during microbial community shifts in marine 

sediment incubations under varying temperature conditions, (2) the potential for reduction of 

crystalline iron minerals in sub-seafloor sediments at different temperatures and (3) identified 

microbial populations that can interact with crystalline iron minerals in marine sediments 

under varying temperature regimes.  
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Materials and Methods 

Sampling Site 

The Helgoland Mud Area is a highly depositional site of fine-grained mud located in the 

German Bight, North Sea. The depositional history and geochemical profiles of this site were 

previously described (Hebbeln et al., 2003; Oni et al., 2015a). Samples were collected using a 

gravity corer (5 m core length) during RV HEINCKE research expedition HE 443 (54° 05.23' 

N; 007° 58.04' E) in May 2015. The core HE443/077-1 was stored at 4 °C on board, 

transported to the laboratory within a few days of core retrieval, and sliced into 25-cm 

sections. Each 25-cm section was stored at 4 °C in 2.6-L jars, under a headspace of N2 

(99.999 % purity, Linde, Germany).  

Incubation Experiments 

Anoxic 50-mL slurry incubations were prepared in 120-ml serum vials with sediment from 

416–441 and 441–466 cm depths and anoxic sulphate-free artificial sea water (ASW; 

composition [L
-1

]: 26.4 g NaCl, 11.2 g MgCl2·6H2O, 1.5 g CaCl2·2H2O and 0.7 g KCl) at a 

ratio of 1:3 (w/v) under a headspace of N2. Incubations (n=9) were supplemented by adding ~ 

1020 µmoles of iron oxides (hematite or magnetite; LanXess, Germany) and 68 µmoles of 

glucose as electron donor. Control incubations (―glucose only‖, n = 9) were supplemented 

with 68 µmoles glucose only (Table S1). Control sediment slurry incubations containing iron 

oxides only were considered not necessary as previous incubation studies with subsurface 

sediments from the Helgoland mud area demonstrated that endogenous organic matter is not 

reactive enough to stimulate iron reduction and methanogenesis within tolerable laboratory 

incubation times (approx. 200 days; (Oni, 2015). The sediments of the Helgoland Mud Area 

are rich in different phases of iron minerals (up to 0.8 wt %; Oni et al., 2015a). Hence, adding 

a carbon source (glucose) to the sediment even without adding iron oxides stimulated 

microbial iron reduction in the sediments. The potential for reduction of amended hematite 
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(HG) or magnetite (MG) was evaluated by comparing the amount of Fe
2+

 formed in 

crystalline iron-treated incubations to those of the ―glucose only‖ control (G).  riplicates of 

each treatment set were incubated statically in the dark at 4 °C, 10 °C, or 30 °C. Triplicate 

supplementary incubations were set up at 30 °C, for testing the effect of the inhibitor 2-

bromoethanesulfonate (BES) on methanogenesis and iron reduction in the presence of 

crystalline iron oxides. This was achieved by adding ~ 15mM BES to freshly prepared 

triplicate slurries (―glucose only‖, magnetite and glucose, hematite and glucose). Another set-

up in duplicates was done for all treatments across all temperatures to investigate the effects 

of pH during glucose fermentation (Table S2).  

Analytical Methods 

All incubations were first sampled after approximately 12 hours at respective temperatures, 

and designated as ―day 0‖. One millilitre of slurry was collected under anoxic conditions in 

1.5 ml reaction tubes pre-flushed with N2. HCl extractable Fe(II) was determined for each 

sample first by mixing 100 µl of slurry from each sample with 100 µl 0.5 M HCl. The mixture 

was subsequently incubated at room temperature for 24 hours. Afterward, the supernatant was 

collected by centrifugation (15,300 g, 5 mins) followed by spectrophotometric determination 

of Fe(II). However, we observed high amounts of HCl extractable Fe(II) at day 0 that likely 

originated from precipitated iron carbonate (e.g., siderite) and sulphur compounds (e.g., FeS) 

within sediment samples. Given the large background of sediment indigenous Fe(II) 

compounds, it was not possible to determine accurately the amount of freshly formed Fe(II) 

over the course of the incubation, which precipitates rather rapidly (Figure S1). Therefore, the 

aqueous Fe
2+

 measured was used as a proxy for evaluating iron reduction kinetics. This was 

done by centrifugation of freshly collected anoxic slurry and directly adding 100 µl of 

supernatant from each centrifuged sample (15,300 g, 5 mins) to ferrozine reagent following 
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Viollier et al. (2000). The rest of the slurry was stored at -20 °C and subsequently used for 

DNA extraction where required.  

Methane concentrations in incubation headspace samples (100 µl) were monitored over time 

using a gas chromatograph (GC) (Shimadzu GC-2014, Tokyo, Japan) coupled to a methanizer 

(nickel reactor, CP 11952, Agilent, Germany). GC was equipped with a flame ionisation 

detector and a packed column (Porapak Q, 2 m x 1/8"; inner diameter 2 mm, mesh range: 

80/100; Agilent, Waldbronn, Germany). H2 served both as carrier gas (99.999 % purity; 500 

kPa, 30 ml min
-1 

flow rate) and combustion gas (40 kPa). Compressed air (50 kPa) was used 

for combustion, while make-up gas was N2 (500 kPa). Temperature conditions were as 

follows; detector (200 °C), injector (120 °C), column (70 °C), and methanizer (350 °C). 

Chromatographic data was recorded using a Peak Simple data system (model 2002, SRI, Bad 

Honnef, Germany). Methane amounts formed in headspace were calculated using the ideal 

gas law with incubation temperature as variable. Methanogenesis rates were systematically 

evaluated for each time-point by dividing the methane concentration change by the time 

elapsed between two successive time-points measured per replicate (∆[CH4]*∆t
-1

).  

Nucleic Acid Extraction 

One millilitre of slurry from individual incubations, at specific time points, was used for 

nucleic acid extraction following a modified protocol from Lueders et al. (2004). Nucleic 

acids were precipitated from aqueous supernatant by adding 2 volumes of 30 % polyethylene 

glycol (PEG-6000) followed by centrifugation (15,300 g, 90 mins at 4 °C). Pellets were 

washed twice with 500 µl 70 % ethanol (15,300 g, 5 mins at 4 °C) followed by elution in 50 

µl diethylpyrocarbonate (DEPC) treated water (Carl Roth, Germany). Nucleic acid 

concentrations were measured with NanoDrop 1000 spectrophotometer (Peqlab 

Biotechnologie, Erlangen, Germany). For further processing, day 0 samples from the ―glucose 
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only‖ incubations were taken as day 0 for all incubations. All extracted nucleic acids were 

stored at -20 °C until use. 

Amplification of 16S rRNA Genes and Illumina Hiseq Sequencing 

Illumina amplicon sequencing PCR was prepared using primers targeting 16S rRNA genes of 

either Bacteria or Archaea. Bacteria targeting primers used were Bac515F (5‘-

GTGYCAGCMGCCGCGGTAA-3‘; Parada et al., 2016) and Bac805  (5‘-

GACTACHVGGGTATCTAATCC-3‘; Herlemann et al., 2011). Archaea targeting primers 

were Arc519F (5‘CAGCMGCCGCGG AA-3‘; Ovreås et al., 1997) and Arc806R 

(GGACTACVSGGGTATCTAAT; Takai & Horikoshi, 2000). Each primer had in addition a 

unique barcode sequences (8 bp; Hamady et al., 2008) that facilitated multiplexing of several 

samples in one sequence library. 

PCR reaction mix (50 µl) contained 1 x KAPA HiFi buffer, 0.3 mM dNTP mix, 0.25 U 

KAPA HiFi DNA polymerase (KAPA Biosystems, Germany), 1.5 µM each of forward and 

reverse primer pairs, and 2 µl of 10x diluted DNA template from each sample. Thermal 

cycling conditions include initial denaturation at 95 °C for 5 min, final denaturation at 98 °C 

for 20 sec, 20 sec of annealing at 60 °C, extension at 72 °C for 20 sec and final elongation at 

72 °C for 1 min. A total of 28 PCR cycles were run. PCR products were screened by gel 

electrophoresis before purification using Monarch
®
 PCR & DNA purification kit (New 

England Biolabs, Germany). PCR products were quantified using Quant-iT PicoGreen 

dsDNA assay kit (Thermo Fisher Scientific, USA). Based on the measured quantities by 

PicoGreen, a library of samples was constructed using equimolar amounts from each 

amplicon. Amplicon library was sequenced at GATC GmbH (Konstanz, Germany) using the 

Illumina 2*150 base pairs HiSeq 4000 Platform.  
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Sequence Analysis 

Sequence analysis was performed on the QIIME 1.8.0 platform (Caporaso et al., 2010) based 

on the 16S rRNA gene profiling analysis pipeline recommended by Pylro et al. (2014) with 

modifications. Forward reads were used as inputs for analysis from which barcodes were 

extracted followed by de-multiplexing with a Q20 filter quality (Caporaso et al., 2011). De-

multiplexed sequences were further quality filtered with USEARCH 8.1 (Edgar, 2010). All 

sequences were truncated to a length of 143 bp. USEARCH 8.1 was further used to de-

replicate sequences, sort them by their abundances and remove singletons. OTU clustering 

was done using the UPARSE-OTU algorithm (Edgar, 2013) to create an OTU database. 

Chimeric sequences were automatically discarded by the UPARSE-OTU algorithm during 

this step. The truncated, non-dereplicated reads were mapped back to the OTU database to 

create an OTU table. OTUs were classified for their taxonomy based on a 97 % identity 

threshold using UCLUST (Edgar, 2010) and SILVA database as reference. The final OTU 

table was used for taxonomic annotations in the downstream analysis of community 

composition. Bacteria sequence reads from archaea OTU table and Archaea sequence reads 

from Bacteria OTU table were removed after which absolute numbers of the remaining reads 

in the respective OTU tables were processed for microbial community analysis (Table S3-S4). 

For graphical representation, abundance data from the OTU table was scaled to the sum of 

observation in each sample. The raw sequence data for this study have been submitted to 

GenBank Short Reads Archive (SRA) under the accession number SRP123441. 

Statistical Analysis 

Significant influence of hematite and magnetite amendment to methane formation rates was 

inferred by performing post hoc analysis with Tukey procedures for each temperature and 

time point. The general linear hypothesis test for triplicates with default adjustments for 
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multiple testing was applied (Hothorn et al., 2008) within the R environment (R Core Team 

2018; R version 3.4.4). 

Results  

Microbial Iron Reduction and Methanogenesis 

Microbial iron reduction, tracked by increasing Fe
2+

 concentrations in the aqueous phase over 

incubation time, was evident across all temperatures (Figure 1A, B and C). At 4 °C, Fe
2+ 

concentrations were considerably higher in magnetite-glucose amended (MG) and hematite-

glucose amended (HG) incubations in comparison to the ―glucose only‖ control (G).  his 

implies that reduction of magnetite and hematite occurred, albeit more pronounced in the case 

of magnetite (Figure 1A). At 10 °C, iron reduction was more pronounced in MG incubations 

than in G and HG incubations (Figure 1B). Reduction of the crystalline iron oxides was not 

observed at 30 °C as similar concentrations of Fe
2+

 were detected in G, MG and HG 

incubations (Figure 1C). In general, the potential for microbial iron reduction increased with 

decrease in temperature from 30 °C to 4 °C (Figure 2). By comparing the maximum amounts 

of Fe
2+

 observed in each treatment (Figure 2), we could show that in the MG treatments at 4 

ºC, 2.5-fold more Fe
2+ 

were
 
detected than at 30 ºC. Similarly, hematite also stimulated 1.8-

fold more Fe
2+

 at 4 ºC compared to the same treatments at 30 ºC. Although additional iron 

oxides were not added to the G treatments, 1.4-fold more Fe
2+

 was measured at 4 ºC 

compared to 30 ºC. 

As a measure for the occurrence of mDIET as implied in previous studies (see Lovley 2017 

and references therein), we followed methane formation in all incubations assuming that the 

presence of (semi)conductive iron minerals such as hematite and magnetite would facilitate 

more efficient electron transfer to methanogenic archaea. Methanogenesis occurred after Fe
2+

 

concentrations in the aqueous phase levelled off across all temperatures (Figure 1D, 1E, 1F). 

Based on the amounts of CH4 measured in the headspace across all incubations and the 

expected stoichiometry from glucose fermentation assuming all 68 µmoles electrons from 
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glucose is turned over to CH4, methanogenesis was the dominant sink for electrons across all 

temperatures (Table 1). At 30 °C, onset of methanogenesis was observed after 23 days and 

continued until 47 days (Figure 1F). Methanogenesis started much later at 10 °C (after 120 

days) and continued until no further increase in CH4 amounts was detected after 216 days 

(Figure 1E). At 4 ºC, onset of methanogenesis was not observed after the initial 200 days. 

However, we observed after two years (~ 780 days, Figure 1D) that methanogenesis was 

completed in HG incubations but continued in the MG and G incubations (898 days). 

Methanogenesis rates were lower with decrease in temperature from 30 ºC to 4 ºC (Figure 3A, 

3B, 3C). Across all temperatures, hematite enhanced methanogenesis in HG incubations such 

that both the onset and the maximum rates of methane formation were reached faster 

compared to G incubations (Figure 3A, 3B, 3C). Magnetite, similarly to hematite also 

enhanced the onset and maximum rates of methanogenesis; however, this was only observed 

at 30 ºC (Figure 3C). At 10 ºC, the enhanced onset of methanogenesis with magnetite was 

observed in only 2 of 3 replicates (Figure 3B). At 4 ºC, addition of magnetite did not enhance 

methanogenesis (Figure 3A). In summary, we found that hematite enhanced methanogenesis 

both in terms of acceleration and maximum process rates, whereas the magnetite only 

improved its acceleration (i.e., the time between process onset and reaching maximum 

process rates), compared to incubations without iron oxide amendments. 

In order to assess the role of methanogenesis in electron flow through iron oxides, 

methanogenesis was specifically inhibited by adding BES (15 mM) to incubations (30 ºC). 

Based on the Fe
2+

concentrations measured, there was no difference in the rates of iron 

reduction in the presence of hematite and magnetite when compared to the glucose + BES 

incubations (Figure S2). 
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Microbial Community Shifts at Varying Incubation Temperatures  

Microbial community composition in slurry incubations was analysed in order to identify key 

microorganisms involved in glucose and iron oxide utilization. Because of the different 

temperature regimes applied, microbial activities were different, which is reflected in the 

different time intervals of sampling (see Figure S3, S4, S5). At 4 ºC, the genera 

Photobacterium and Psychromonas were dominant and their relative abundance was highest 

after 21 days (ranging from 24–34 % respectively; Figure 4). While sequences related to 

Psychromonas were not observed at 10 ºC, Photobacterium spp. were enriched (10–15 % 

after 90 days; Figure 4). Both Psychromonas and Photobacterium populations were absent at 

30 ºC; Figure 4. Members of the order Clostridiales were observed across all temperatures and 

were mostly dominant at 10 ºC (up to 36 % at day 90). Within the order Clostridiales, the 

genus Fusibacter was observed across all temperatures (Figure S7). However, there were 

differences in the other dominant Clostridiales family or genus observed at the different 

temperatures. For example, Alkalibacter spp. was low in relative abundance at 4 ºC (<1 %); 

enriched at 10 ºC (3–6 % after 90 days) in all treatments and was only observed in the 

magnetite amended treatment at 30 ºC (4 %, day 23). Family JTB 215 and Clostridiaceae_1 

were only enriched at 30 ºC (Figure S7). GoM-GC232-4463-Bac1 was enriched at 10 ºC and 

30 ºC but not at 4 ºC (Figure S7). Representatives of the order NB1-n (phylum Tenericutes) 

were present, but only at 10 ºC after 200 days (4–8 %; Figure 4). At 30 ºC, members of the 

genus Orenia were enriched (26–36 % after 23 days; Figure 4) but were not observed under 

psychrophilic conditions. 

Known iron-reducing taxa detected in enrichments were related to the order 

Desulfuromonadales and the genus Sulfurospirillum (family Campylobacteraceae, class 

Epsilonproteobacteria) (Figure 5). At low temperatures, where we obtained indications that 

magnetite (4 ºC and 10 ºC) and hematite (4 ºC) reduction occurred, members of the order 
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Desulfuromonadales were more abundant in MG and HG compared to the control, G (Figure 

4). While Desulfuromonadales were also present at 30 ºC, their relative abundance was lower 

in the iron oxide amendments (Figure 5). This correlated with the observations that hematite 

and magnetite were not reduced at 30 ºC (Figure 1). Within Desulfuromonadales, genus 

Desulfuromonas was the dominant taxa enriched at 4 ºC and 10 ºC (up to 11 %; Figure S8). In 

contrast at 30 ºC, the genus Pelobacter was dominant (up to 10 %; Figure S8). The relative 

abundance of Pelobacter was less than 0.5 % at 4 ºC and 10 ºC (Figure S8). Desulfuromonas 

were only enriched in the magnetite amended treatment (4.2 ± 0.5 % at day 50) at 30 ºC. At 

4 ºC, the relative abundance of members of the genus Sulfurospirillum in MG was higher after 

83 days (9 ± 1.8 %) compared to HG (3 ± 0.2 %) and G (4.08 ± 2 %). Sulfurospirillum was 

not enriched at 10 ºC or 30 ºC.  

Among Archaea, Methanosarcina were the only methanogens enriched across all incubations 

regardless of incubation temperature (Figure 6). Generally, the relative abundance of other 

Archaea taxa did not change except at time-points when methanogenesis occurred and 

Methanosarcina was enriched (Figure S3-S5). 

Discussion  

Crystalline Iron Oxides Utilisation Under Temperature Control 

Iron oxide minerals are known as electron acceptors but their important role as conductors for 

facilitating microbial interspecies electron transfer was only recently recognized (Kato et al., 

2012; Jiang et al., 2013; Cruz Viggi et al., 2014; Zhou et al., 2014). Conversely, factors are 

unknown that determine whether iron oxides are reduced in dissimilatory fashion or used to 

facilitate electron flow between microbial populations in the environment. Here, we 

demonstrate that temperature has a pronounced effect on crystalline iron oxide utilization in 

marine sediment incubations. A shift from low (i.e., 4–10 °C) to high temperature (i.e. 30 °C) 

resulted in lower iron reduction rates indicated by higher amounts of Fe
2+

 detected at lower 
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temperatures (Figure 2). Consequently, electron transfer towards methanogenesis was 

enhanced in the presence of hematite or magnetite, especially at 30 ºC (Figure 3A, 3B, 3C). 

Thus, temperature appears to be a prime regulator controlling the mode (reduction or 

conduction) of iron oxide utilization by microorganisms in marine sediments. The underlying 

mechanisms are most likely multifactorial encompassing (1) community composition 

changes, (2) the reaction thermodynamics and pathways of degradation involved, and (3) 

specific adaptations to temperature. 

Firstly, temperature is known to have a strong effect on metabolic adaptation and microbial 

community composition, both, for planktonic and benthic microorganisms (Fuhrman, 2009; 

Robador et al., 2009; Blake et al., 2015). Bottom water temperatures overlying the sediments 

of the Helgoland Mud Area are fluctuating annually between 2 °C in March and 19 °C in 

August (Oehler et al., 2015). Thus, incubations at 4 °C and 10 °C reflected seasonal in situ 

temperatures, whereas 30 °C reflected a strong temperature shift. Not surprisingly, induced by 

different temperature regimes and glucose amendment, different key microorganisms were 

enriched (Figure S3, S4, S5) similar to other studies (Upton et al., 1990; Robador et al., 2009; 

Adams et al., 2010; Blake et al., 2015). In addition to their largely different taxonomic 

affiliations, temperature selected for communities that differed in their capabilities of 

crystalline iron oxide utilization (Figure 2, 3). Secondly, thermodynamics of the reactions 

involved seems to favour different physiological guilds competing for common electron 

donors. For example, methanogenesis is known to be thermodynamically more feasible under 

warmer (mesophilic) temperatures (Zeikus and Winfrey, 1976; Van Hulzen et al., 1999; Fey 

and Conrad, 2000; Yao and Conrad, 2000) than under lower temperatures (Conrad and 

Wetter, 1990), and can have a strong effect on carbon fractionation in temperature dependent 

methanogenesis (Fey et al., 2004). Nevertheless, methanogenic activity in freshwater and 

arctic wetland sediments has been observed over a wide temperature range from 1 °C to 45 °C 

(Zeikus and Winfrey, 1976; Franzmann et al., 1992; Simankova et al., 2003; Blake et al., 
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2015). Some methanogenic isolate are psychrophiles. For example, Methanogenium frigidum, 

isolated from Ace Lake in Antarctica, which grows optimally at 15 °C but not above 18 - 20 

°C (Franzmann et al., 1997). Sequences of methanogenic archaea were detected in sediments 

of the Helgoland Mud Area (Oni et al., 2015b) suggesting a potential for methanogenesis in 

these sediments. Although we did not observe methanogenesis at 4 °C during the initial time-

course of the experiments (200 days), its subsequent occurrence was only a matter of 

incubation time (~ 780 days). Methanosarcina were the only methanogens enriched from our 

incubations regardless of incubation temperature or addition of crystalline iron oxides (Figure 

6) and majority of the electrons from glucose fermentation ended up being used by 

Methanosarcina for methane formation (Table 1). Microorganisms are known for specific 

temperature adaptations such as membrane fluidity, composition and expressed amount of 

enzymes, as well as specific regulation response for coping with temperature stress (D'Amico 

et al., 2006; De Maayer et al., 2014). Our results show that microbial iron reduction was more 

feasible at lower temperatures (4 °C and 10 °C) than at 30 °C, to the extent that both amended 

crystalline iron minerals were reduced at 4 °C (Figure 1A, 2). When methanogenesis was BES 

inhibited in 30 °C incubations (Figure S2), reduction of magnetite and hematite still remained 

low. Similar Bacteria communities were observed in the BES incubations when compared to 

the 30 °C incubations without BES (Figure S5 and S6). Thus, the absence of enhanced iron 

reduction with magnetite or hematite addition at 30 °C was not due to the onset and transfer 

of electrons from glucose fermentation to methanogenesis. Rather, the microorganisms 

enriched in the sediments at 4 °C and 10 °C are better adapted to perform crystalline iron 

oxide reduction than those enriched at 30 °C. Similarly, iron reduction rates increased with a 

decrease in temperature from 15 °C to 4 °C in ferrihydrite reducing slurry incubations from 

glacial sediments (Nixon et al., 2017). 
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The observed strong increase in methanogenesis rates (up to twofold) in the presence of 

hematite (Figure 1 and 3) suggests that (semi)conductive hematite may have served as conduit 

in our marine sediment incubations, facilitating mDIET. This is also the first study that 

demonstrates that mineral mediated enhancement of methanogenesis can occur at 

psychrophilic temperatures down to 4 ºC. Therefore, mDIET based enhancement of 

methanogenesis, which has only been previously demonstrated in enrichments from rice field 

soils and river sediments (see Lovley 2017); can also enhance methanogenesis in cold marine 

sediments. Electrons from glucose fermentation were likely shunted to methanogens via the 

(semi)conductive, crystalline iron minerals (i.e. hematite and magnetite). Similarly, Kato et al 

(2012) found an enhancement of methane formation in rice field soil incubations, which was 

accompanied by stimulated growth of Geobacter spp in incubations amended with hematite 

and magnetite. Comparable effects on methanogenesis were observed with magnetite at 30 

°C, but at 10 °C and 4 °C, magnetite served preferentially as an electron acceptor than as a 

conduit (Figure 1, 2, 3). At 4 °C, hematite apparently played a dual role, acting initially, as an 

electron acceptor and subsequently facilitating electron transfer when the conditions were 

favourable for methanogenesis to occur. More Fe
2+

 was observed in hematite + glucose 

incubations compared to the glucose amended control but methanogenesis was subsequently 

enhanced in hematite amended incubations (Figure 1A, 1D, 3A). Likewise, Zhou et al. 

(2014), in rice field soil enrichments incubated at 30 °C, observed a similar effect in the 

presence of magnetite.  

Since sediment incubations are less defined than pure culture studies, other potential 

mechanisms could have been operative in addition to or instead of mDIET. Magnetite could 

have served as electron acceptor (Yang et al. 2015), or as part of an iron redox cycle, could 

have been important in the production of H2 from acetate to support hydrogenotrophic 

methanogenesis (Jiang et al. 2013); however, iron reduction was not observed in our 
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incubations concurrently while methanogenesis was on-going (Figure. 1). More research is 

required to elucidate the exact mechanism for enhanced methanogenesis in the presence of 

crystalline iron oxides. 

Crystalline Iron Oxide Reducing Bacteria Under Psychrophilic Conditions 

Due to easier accessibility by microorganisms and thermodynamic favourability (Weber et al., 

2006), poorly crystalline iron minerals have been mostly used in studying iron reduction in 

samples from sedimentary environments (Roden and Lovley, 1993; Zhang et al., 1999; 

Vandieken et al., 2006; Hori et al., 2015). This has led to the lack of knowledge of the 

diversity of microorganisms capable of reducing crystalline iron minerals, despite their 

abundance in natural environments (Hori et al., 2015).  

The increase in the relative abundance of Sulfurospirillum with increasing concentration of 

Fe
2+

 (Figure 1A, 5) implies their involvement in dissimilatory reduction of magnetite at 4 °C. 

Members of the genus Sulfurospirillum have been previously linked to growth with poorly 

crystalline iron oxides at mesophilic temperatures. For example, Sulfurospirillum barnesii can 

use amorphous Fe(III) and ferrihydrite as terminal electron acceptors (Stolz et al., 1999; 

Zobrist et al., 2000) while S. deleyianum is capable of ferrihydrite dependent growth coupled 

to sulphur cycling (Straub and Schink, 2004; Lohmayer et al., 2014). The increase in relative 

abundance of Desulfuromonadales over time in the 4 ºC incubations correlated with the iron 

reduction kinetics, i.e. a higher relative abundance of Desulfuromonadales sequences was 

observed in incubations with higher Fe
2+

 concentration (Figure 1A, 5). At 10 ºC in 

incubations with added magnetite, a higher abundance of Desulfuromonadales sequences also 

correlated with the higher Fe
2+

 concentrations measured (Figure 4, 1B). Along with the 

different temperature regimes, the dominant genus enriched within the Desulfuromonadales 

order were clearly different. Desulfuromonas was dominant at lower temperatures while 

Pelobacter was dominant at 30 ºC (Figure S8). Desulfuromonas species are capable of 
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reducing poorly crystalline iron oxides in marine surface sediments (Roden and Lovley, 1993; 

Vandieken et al., 2006). Here, we show they are involved in magnetite reduction as well 

under psychrophilic conditions in the marine sub-surface.  

mDIET-Linked Microorganisms Under Mesophilic and Psychrophilic Conditions 

Most known members of the family Halobacteroidaceae ferment carbohydrates to acetate, 

ethanol, H2, and CO2 (Oren, 2014). Besides, some species are homoacetogenic but can also 

use a variety of electron acceptors, e.g., selenate, arsenate, and iron oxides (Oren, 2014). 

Therefore, the dominance of the genus Orenia, regardless of the presence or absence of the 

crystalline iron oxides within the enriched communities at 30 °C (Figure 4), suggests that 

members of the genus Orenia were largely responsible for glucose fermentation. In addition, 

Orenia might have been involved in iron reduction together with Pelobacter spp., who are 

capable of fermentative and dissimilatory Fe(III) reduction (Lovley et al., 1995). Syntrophic 

interactions that occur between microbes and iron minerals during methanogenic fermentation 

of organic matter mediate the electron transfer during these interactions (Kato et al., 2012; 

Yang et al., 2015). Although an isolated species within the genus, Orenia metallireducens 

strain Z6, can reduce both poorly crystalline and crystalline iron oxides (Dong et al., 2016), 

the reduction of amended magnetite and hematite was not detectable based on a lack of 

increasing Fe
2+

 concentrations at 30 °C. Thus, it is likely that the enriched members of the 

genus Orenia detected here shuttled electrons from glucose fermentation to Methanosarcina 

via mDIET to the amended hematite or magnetite; this in turn accelerated the onset of 

methane formation and enhanced the process rates (Figure 3C). 

The enrichment of members of the known psychrophilic genera Photobacterium and 

Psychromonas at 4 ºC might be linked to glucose fermentation (Seo et al., 2005; Auman et al., 

2006). Enrichment of different Clostridiales sub-groups at different temperatures (Figure S7) 

demonstrates the versatility of the order Clostridiales to thrive at various temperature regimes. 
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The order Clostridiales is well known for harbouring a wide variety of fermenting 

microorganisms. For example, the genus Fusibacter which was enriched across all 

temperatures studied (Figure S7) has been shown to be capable of glucose metabolism (Ravot 

et al., 1999; Hania et al., 2012; Fadhlaoui et al., 2015; Smii et al., 2015). Some organisms 

within the order Clostridiales are also exoelectrogens (Jiang et al., 2013; Fuller et al., 2014; 

Moscoviz et al., 2017), thus, they can potentially transfer electrons to methanogens directly 

via mDIET in our incubations. This in turn, may have resulted in the enhanced rates of 

methanogenesis observed at 10 ºC and 4 ºC. 

Conclusion 

Our results open a new window into understanding environmental regulators of microbial 

interaction and utilization of crystalline iron minerals. We identified temperature as one of the 

regulators important for the mode of crystalline iron mineral utilization by microorganisms. 

We also demonstrate the potential for mDIET to occur in sub-surface marine sediments and at 

temperatures down to 4 ºC. Thus, crystalline iron oxides may facilitate electron transfer 

between microorganisms thriving in anoxic cold sediments in addition to serving as electron 

acceptors. This extended role of crystalline iron oxides in microbial metabolism could have an 

impact on the biogeochemical cycling of carbon in sedimentary environments by accelerating 

the rate of organic carbon biomineralisation. More work is certainly required to identify 

specific molecular adaptations to iron reduction or utilization as conduit under temperature 

control.  
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Table 1. Average amounts of methane formed and maximum methanogenesis rates per treatment across 

temperatures 

Temperature Treatment Average maximum CH
4
 

amount measured 

(µmol) 

% Expected CH
4
 

accounted for 

Maximum CH
4 

formation rate  

(nmol * ml Slurry
-1

 

day
-1

) 

4 ºC 
Glucose 93.8 ± 27.5 46 1.9 ± 1.5 

Magnetite + Glucose 67 ± 5.8 32.9 1.9 ± 0.3 
Hematite + Glucose 163.1 ± 17.8 80 5.6 ± 0.6 

 
    

10 ºC 
Glucose  103.2 ± 17 50.6 83.5 ± 22 

Magnetite + Glucose 111.7 ± 16.3 54.8 79 ± 12.7 
Hematite + Glucose 136.3 ± 7.2 66.8 141.1 ± 36 

 
    

30 ºC 
Glucose 94.3 ± 8.8 46.2 179.2 ± 38 

Magnetite + Glucose 90.4 ± 2.2 44.3 180 ± 12.7 
Hematite + Glucose 114.7 ± 6.3 56.2 233.7 ± 4.2 
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Figures 

 

Figure 1: Time course of iron reduction and methane formation in sediment incubations. Left column plots show time 

course of iron reduction at 4 °C (A), 10 °C (B), and 30 °C (C). Fe
2+

 was measured over time until a stable concentration 

was observed in the aqueous phase across all temperatures. Right column plots show time course of methane formation at 

4 °C (D), 10 °C (E), and 30 °C (F). In panel A, the 800-day time point was added to demonstrate that iron reduction was 

not on-going in the methanogenesis phase. 
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Figure 2: Maximum dissolved Fe (µM) measured in the various treatments across all temperatures showing the effect of 

crystalline iron minerals on iron reduction in sediment incubations. 
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Figure 3: Effect of crystalline iron minerals on methane formation in sediment incubations. Methane formation rates at 4 °C 

(A), 10 °C (B), and 30 °C (C). Bar plots were displayed for methane formation rates at 4 ºC because fewer time-points were 

measured (Figure 1D). 
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Figure 4: Dominant bacteria communities enriched over time at 4 °C, 10 ºC and 30 ºC determined by 16S rRNA gene 

analysis. A threshold of relative abundance increase of 5 % was used to determine key taxa (from order to genus 

level) compared to controls. Percentages show relative abundance of individual genus or order. Data presented here 

are reflecting the main bacteria taxa that were stimulated by glucose addition to slurry incubations. 
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Figure 5: Potential iron reducing bacteria based on 16S rRNA gene analysis across all temperatures. 

Sulfurospirillum shown at 4 ºC only; were below 1 % relative abundance at other temperatures. 
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Figure 6: Relative abundance of Methanosarcina spp. across all temperatures determined by archaea 16S rRNA gene analysis. 

Methanosarcina was the only known methanogen that increased in relative abundance during methane formation regardless of 

incubation temperature. 
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Supplementary Figures 

 

Figure S1: HCl extractable Fe(II) measured across selected time-points during the iron reduction experiments. 

The total Fe(II) measurements were done on whole slurry material (see methods) unlike the Fe
2+ 

measurements 

from pore water (Fig. 1, main text). 
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Figure S2: Effect of BES on iron reduction (A) and methanogenesis (B) in the presence of the crystalline iron 

minerals. Incubations were performed at 30 °C. Data presented for the non BES amended controls are presented 

in Figure 1 of the main text but are re-plotted here as controls for evaluating the effect of BES on iron reduction 

in comparison to the controls. 

 



Temperature Control of Microbe-Iron Oxide Interactions 
 

174  

 

 

Figure S3: Total sum scaling of archaea (A) and bacteria (B) communities in incubations at 4 ºC between day 0, day 21 (intermediate iron reduction phase), day 83 (peak of iron 

reduction phase based on Fe
2+

 concentrations) and day 782 (methanogenesis phase). G, glucose amended incubation; MG, incubations amended with magnetite and glucose; HG, 

hematite and glucose amendments. Each triplicate sample was sequenced individually (see methods). Microbial communities were scaled in a mixed style such that the phyla with 

decreased relative abundance over time compared to day 0 were reported on the phylum level. Lower taxonomic classification was reported for orders, families and genera from 

other phyla with increased relative abundance compared to day 0.
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Figure S4: Total sum scaling of archaea (A) and bacteria (B) communities in the incubations at 10 ºC between day 0, day 90 (when aqueous Fe
2+

 concentrations reached a plateau) 

and day 200 (during active methanogenesis). G represents glucose amended incubation; MG represents incubations amended with magnetite and glucose while HG represents 

hematite and glucose amendments. Each triplicate sample was sequenced individually (see methods). Microbial communities were scaled in a mixed style such that the phyla with 

decreased relative abundance over time compared to day 0 were reported on the phylum level. Whereas, lower taxonomic classification was reported for orders, families and genera 

from other phyla with increased relative abundance compared to day 0.
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Figure S5: Total sum scaling of archaea (A) and bacteria (B) communities in the incubations at 30 ºC between day 0 day 23 when Fe
2+

 formation reached a plateau and at day 50, 

when methane concentrations levelled off. G represents glucose amended incubation; MG represents incubations amended with magnetite and glucose while HG represents hematite 

and glucose amendments. Each triplicate sample was sequenced individually (see methods). Microbial communities were scaled in a mixed style such that the phyla with decreased 

relative abundance over time compared to day 0 were reported on the phylum level. Whereas, lower taxonomic classification was reported for orders, families and genera from other 

phyla with increased relative abundance compared to day 0.
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Figure S6: Total sum scaling of archaea (A) and bacteria (B) communities in the incubations amended with BES at 30 ºC. The archaea sample for BG.c at day 23 failed during the 

sequencing preparation, hence triplicates for that time point could not be shown.
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Figure S7: Relative abundance of genus or family belonging to the order Clostridiales that were identified at 

different temperatures demonstrating the versatility of the order Clostridiales at various temperatures. 
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Figure S8: Relative abundance of dominant genus from the order Desulfuromonadales. Desulfuromonas was 

higher in relative abundance at 4 ºC and 10 ºC while Pelobacter was more enriched at 30 ºC. 
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Table S1. Summary of triplicate incubation experiment set up to study microbial iron reduction and 

methanogenesis. 

Treatment (n=3) 
Temperature  

(
o
C) 

Glucose  

(68 µmoles) 

Magnetite  

(1020 

µmoles) 

Hematite  

(1020 

µmoles) 

Sodium 2-

bromoethane 

sulfonate  

(BES, 15mM) 

Sediment 

depth used 

(cm) 

Incubation 

duration 

(days) 

Magnetite + Glucose 4 + + - - 441–466 900 

Hematite + Glucose 4 + - + - 441–466 900 

Glucose 4 + - - - 441–466 900 

Magnetite + Glucose 10 + + - - 441–466 216 

Hematite + Glucose 10 + - + - 441–466 216 

Glucose 10 + - - - 441–466 216 

Magnetite + Glucose  30 + + - - 416–441 80 

Hematite + Glucose 30 + - + - 416–441 80 

Glucose 30 + - - - 416–441 80 

Magnetite + Glucose + 

BES 

30 + + - + 416–441 80 

Hematite + Glucose + 

BES 

30 + - + + 416–441 80 

Glucose + BES 30 + - - + 416–441 80 
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Table S2. pH of incubations in duplicate supplementary set-ups to check the effect of glucose fermentation on 

the slurries.  

Data shows carbonate concentrations in the natural carbonate buffer system in the sediment is sufficient to keep 

the pH of the media stable over time as only slight changes were observed in incubations amended with glucose 

over time. 

  

Time 

(days) 

Temperature  Magnetite + 

Glucose_ A 

Magnetite + 

Glucose_ B 

Hematite + 

Glucose_ A 

Hematite + 

Glucose_ B 
Glucose_ A Glucose_ B Unamended_A Unamended_B 

0 

4 ºC 

7.21 7.1 7.15 7.12 7.12 7.08 7.14 7.13 

14 6.89 6.89 6.91 6.83 6.93 6.9 7.24 7.28 

77 7 7.02 6.9 6.94 6.94 6.96 7.24 7.31 

100 6.98 7.01 7.02 6.99 6.88 6.92 7.32 7.28 

          

          

0 

10 ºC 

7.17 7.16 7.21 7.16 7.32 7.24 7.31 7.24 

14 6.92 6.93 6.91 6.82 6.88 6.88 7.19 7.22 

77 6.98 7.04 7.04 7.03 7.23 7.26 7.23 7.26 

100 7.01 6.97 7.02 7 6.95 6.96 7.25 7.34 

          

          

0 

30 ºC 

7.13 7.19 7.15 7.22 7.15 7.35 7.18 7.17 

14 6.89 6.92 7.05 6.9 6.85 6.88 7.22 7.18 

77 7.05 7.03 7.08 7.05 6.97 7.03 7.18 7.14 

100 7.02 6.97 6.89 6.86 6.92 6.96 7.25 7.28 
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Table S3. Absolute numbers of sequence reads processed per sample after OTU classification. Archaea 16S 

rRNA reads in the bacteria sequences and vice versa was removed before arriving at absolute numbers.  

Absolute numbers used to determine relative abundance (%) of individual members of the community (see 

methods). MG represents incubations amended with magnetite and glucose; HG represents hematite and glucose 

amendments while G represents glucose amended incubation. 

  

Treatment 
4 ºC 10 ºC 30 ºC 

Time (days) Bacteria Archaea Time (days) Bacteria Archaea Time (days) Bacteria Archaea 
day 0.a 

0 
28546 4318 

0 
25256 4180 

0 
11450 6591 

day 0.b 19950 3646 26023 1891 19615 5083 
day 0.c 13798 7386 27788 8592 17982 3385 

  
 

  
 

      G.a 

21 

28500 3077 

90 

33363 7242 

23 

26693 3489 
 G.b 17283 2392 32583 3222 17817 3348 
 G.c 13174 2550 27412 6563 16339 3175 

MG.a 13931 1421 15186 4709 10184 2566 
MG.b 24287 3118 21907 8333 26935 1492 
MG.c 20235 4118 19129 4578 24041 3023 
HG.a 19302 2809 17105 6143 23208 1789 
HG.b 26092 3271 13894 7180 18273 1699 
HG.c 19733 2227 26800 1781 21641 2466 

  
 

  
 

      G.a 

83 

57136 1429 

200 

41484 11515 

50 

25290 7277 
 G.b 61605 1336 53555 3319 52879 4740 
 G.c 98905 2255 40997 7809 29286 5558 

MG.a 34489 3432 18151 4048 13546 5527 
MG.b 32552 1883 34882 24628 8267 5549 
MG.c 295843 2912 29285 7773 11893 6112 
HG.a 50565 1243 20338 8554 13910 6807 
HG.b 41664 1262 14696 11564 25312 4846 
HG.c 45562 1826 42890 3132 18841 6589 

           G.a 

782 

24800 8057 
       G.b 19682 3141 
       G.c 18115 8980 
      MG.a 13884 2791 
      MG.b 6395 4769 
      MG.c 11906 6057 
      HG.a 12216 9376 
      HG.b 19020 9437 
      HG.c 18309 11681 
      



Temperature Control of Microbe-Iron Oxide Interactions 

183  
 

Table S4. Absolute numbers of sequence reads processed per sample after OTU classification in the BES 

incubations at 30 ºC. Day 0 treatments for the BES incubations are the same day 0 samples used for the 30 ºC 

incubations without BES (See Table S2).  

Treatment 
BES incubations at 30 ºC 

Time (days) Bacteria Archaea 

BG.a 

23 

40742 3650 
 BG.b 25851 1673 
 BG.c 21701 NA 

BMG.a 42359 3794 
BMG.b 30696 2072 
BMG.c 35359 2053 
BHG.a 21998 3427 
BHG.b 35357 5001 
BHG.c 32684 3132 

 
   BG.a 

50 

15660 1680 
 BG.b 7478 1815 
 BG.c 28052 3104 

BMG.a 27804 3678 
BMG.b 19719 2829 
BMG.c 37051 3354 
BHG.a 11310 5684 
BHG.b 27417 4753 
BHG.c 24534 3016 

NA represents the BG.c archaea sample at day 23 that failed during sequencing preparation. The unavailability 

of that sample however had no effect on the overall result as the other two replicates looked similar and the 

archaea community remained undisturbed over time across all BES amended incubations. 
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Chapter Five 

General Discussion and Perspectives 

Mechanisms driving iron reduction in methanic sediments of Helgoland Mud Area 

The subject of deep iron reduction below the sulfate methane transition (SMT) of marine 

sediments and responsible mechanisms fuelling the process currently generates intense debate 

in sub-surface geo-microbiology research. Potentially novel microbial interactions fuelled by 

iron oxides in the deep biosphere have important implications for both the iron and carbon 

cycle and could improve our understanding of microbial life in the energy limited deep 

biosphere. Within the scope of the debate regarding the mechanisms that fuel iron oxide 

reduction in the methanic zone, two hypothesis are more prevalently discussed: (I) the cryptic 

sulfur cycle propagated by Holmkvist and colleagues (2011) and (II) the iron oxide driven 

anaerobic oxidation of methane (Fe-AOM) hypothesis which has only been supported by 

geochemical arguments and modeling approaches so far (Riedinger et al., 2014; Egger et al., 

2015; Egger et al., 2016a; Egger et al., 2016b; Rooze et al., 2016; Egger et al., 2017).  

A major requirement for cryptic sulfur cycling to fuel dissolved iron (Fe
2+

) dissolution into 

porewater is the availability of a sulfidization front shown for Aarhus bay methanic zone 

sediments where downward diffusing sulfide from the sulfate zone reacts with deeply buried 

iron oxides (Holmkvist et al., 2011) (see also Figure 2, Chapter one). This sort of 

sulfidization front is not present in the many other sites with elevated Fe
2+ 

concentrations in 

the methanic zone, including the Helgoland Mud Area. Besides, for the Helgoland Mud Area 

methanic zone, distinct microbial communities were shown to be tightly linked to Fe
2+

 

concentrations (Oni et al., 2015b). Therefore, abiotic cryptic sulfur cycling as a potential 

mechanism fuelling iron reduction in the methanic zone of Helgoland Mud Area can be 
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completely eliminated (Oni, 2015). A similar conclusion was made for sediments of the 

methanic zone in the Argentine Basin (Riedinger et al., 2014). 

Since abiotic sulfur cycling mechanism is ruled out, this study intensively sought out further 

evidence supporting the potential biotic mechanisms driving iron oxide reduction in the 

methanic zone (Oni, 2015) including Fe-AOM. The following sections highlights the main 

findings from Chapters two, three and four of this thesis and provides my perspective, based 

on these findings, regarding the mechanisms that result in Fe
2+

 dissolution into porewater of 

Helgoland Mud Area and potentially into similar iron oxide rich marine sediments.  

Direct evidence for Fe-AOM obtained in the Helgoland Mud Area methanic zone 

Previous knowledge regarding AOM was focused on the activities in the interface called the 

SMT where upward diffusing methane from the methanic zone gets in contact with sulfate 

and is consequently oxidized coupled to sulfate reduction (Iversen and Jørgensen, 1985). 

Therefore, sulfate dependent AOM in SMT was the only recognized biological filter 

preventing the escape of about 90 % of produced methane in marine sediments into the water 

column (Hinrichs and Boetius, 2003; Knittel and Boetius, 2009). Recently, the juxtaposition 

of bioavailable iron oxides evidenced by ongoing iron reduction, low to undetectable sulfate 

concentrations and the availability of methane have led to geochemical arguments that Fe-

AOM occurs in the methanic zone (see section 3.2, Chapter one and references therein). 

However, unlike with sulfate coupled AOM, a direct environmental signature for Fe-AOM is 

so far lacking beyond the Fe
2+

 concentrations in the sites where the process was proposed to 

be responsible for apparent iron reduction occurring in situ. Regardless, the existence of an 

iron oxide dependent methane sink in the methanic zone could have significant implications 

for calculations regarding estimates of methane flux from marine environments and for 

climate change. The geochemical pre-conditions for Fe-AOM to occur are present in 
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Helgoland Mud Area making this study site a good site to study the occurrence of this 

process.  

Using short-term radiotracer (
14

CH4) experiments, we obtained direct evidence for Fe-AOM 

in the methanic zone and could clearly distinguish the process from sulfate coupled AOM 

(See Figure 1c, Chapter two). At 0.095 ± 0.03 nmol cm
-3

 d
-1

,
 
Fe-AOM in the methanic zone is 

clearly occurring at 2 % the rate of sulfate coupled AOM in the SMT, but given the larger 

volumes of the methanic zone (Bowles et al., 2014), substantial amounts of methane could be 

consumed locally in the methanic zone. Similar activity rates was detected in methanic 

sediments of the Alaskan Beaufort Sea, but minimal sulfate concentrations were detected in 

the sediment which might still fuel sulfate dependent AOM in situ (Treude et al., 2014). In 

the hydrothermal vent sediments of Chowder Hill, sulfate reduction was not detectable at 

lower depths and Fe-AOM rates were an order of magnitude higher than what was observed 

in the Helgoland Mud Area (Wankel et al., 2012; Table 1). However the sediment evaluated 

was shallow (16 cm) and doesn‘t qualify as deep biosphere sedimentary environment 

(Jørgensen and Boetius, 2007). Other Fe-AOM rates from marine sediments are either based 

on 
13

CH4 enrichment studies in sulfate rich sediments or geochemical modeling (Table 1). 

Therefore, the findings from Helgoland Mud Area presents the first AOM rates attributable to 

iron oxide reduction under close to in situ conditions in a deep biosphere environment 

bearing geochemical preconditions for Fe-AOM. Generally, Fe-AOM rates, not just in marine 

sediments, are low perhaps owing to the difficulty in accessing iron oxides as an electron 

acceptor by microbes involved in the process (Table 1). These Fe-AOM rates, which were 

obtained either by geochemical modeling, radiotracer based activity measurements or 

enrichment studies, however indicate that Fe-AOM can be an additional sink for methane 

turnover in these ferruginous sediments. 
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Table 1: Estimated Fe-AOM rates in sediments from various freshwater and marine environments. Process rates 

were presented as annual rates for comparability between the different environments. 

Ecosystem Environment 
Sediment 

zone 
Fe-AOM Rates 

    Data collection source 
Reference 

Method Fe Oxide  

Marine 

North Sea  Methanic  34.7 nmol CH
4
 cm

-3

 yr
-1

 
14

CH
4
 incubations N.A. 

Aromokeye et al., 

submitted 

Eel River Basin 

seep
§
 

Surface 6 µmol CO
2
 cm

-3
 yr

-1

 
13

CH
4
 incubations Ferrihydrite Beal et al., 2009  

Chowder Hill 

hydrothermal 

vent 

Surface 59 µmol CH
4
 cm

-3

 yr
-1

 
14

CH
4
 incubations N.A. Wankel et al., 2012  

Black Sea  Methanic 14.6 pmol CH
4
 cm

-3
 yr

-1

 
Geochemical 

modelling estimates 
N.A. Egger et al., 2016 

Baltic Sea  Methanic 1.1 nmol CH
4
 cm

-3

 yr
-1

 
Geochemical 

modelling estimates 
N.A. Egger et al., 2017 

Bothnian Sea  Surface 1.3 µmol CO
2
 cm

-3

 yr
-1

 
13

CH
4
 incubations Ferrihydrite Egger et al., 2015 

Santa Monica 

Basin seep
§
 

Surface 

292 µmol CO
2
 cm

-3

 yr
-1

 
13

CH
4
 incubations 

Ferric 

citrate 
Scheller et al., 2016 

36.5 µmol CO
2
 cm

-3

 yr
-1

 
13

CH
4
 incubations 

Ferric 

EDTA 
Scheller et al., 2016 

Freshwater 

Lake Kinneret  Surface 1.3 µmol CH
4
 cm

-3

 yr
-1

 
13

CH
4
 incubations 

Amorphous 

Fe(III) 

oxide 

Sivan et al., 2011 

Danish Lake 

Ørn 
Surface 13 µmol CH

4
 cm

-3

 yr
-1

 
14

CH
4
 incubations N.A. Norði et al., 2011 

Dover Bluff salt 

marsh  
Surface 1.4 µmol CH

4
 cm

-3

 yr
-1

 
14

CH
4
 incubations Ferrihydrite Segarra et al., 2013 

Hammersmith 

Creek river 
Surface 4.5 µmol CH

4
 cm

-3

 yr
-1

 
14

CH
4
 incubations Ferrihydrite Segarra et al., 2013 

The rates presented above are from iron-oxide rich geochemical zones of marine or freshwater sediments unless 

otherwise stated. § represents studies obtained from sulfate rich geochemical zones. So far, activity based Fe-AOM 

rates obtained from deep sedimentary biosphere i.e. at 1 meter below the seafloor based on the definition of 

Jørgensen and Boetius (2007) is only available from the Helgoland Mud Area. Other environments where Fe-

AOM was previously demonstrated were therefore referred to as surface sediments in the table above as the 

sediment depth evaluated are below 1 meter. N.A.: Not available 

Previously published Gibbs free energy calculated for metal dependent AOM at standard and 

in situ (experimental) conditions indicate that Fe-AOM is indeed thermodynamically feasible 

(Table 2). These numbers are however high considering the extremely low solubility of 

iron(III) oxides at neutral pH (Schwertmann, 1991). Solubility of ferric iron increases greatly 

at lower pH (especially below pH 2), leading to suggestions that Fe-AOM will be more 

favourable at lower pH (He et al., 2018). Fe-AOM activity, detected or proposed in the 

studies summarized in Table 1 above was obtained at neutral pH which constrains metal 

oxide reduction. However, other environmental factors such as absence of other electron 
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acceptors (e.g. sulfate), temperature and salinity may favour Fe-AOM activity at in situ 

conditions (He et al., 2018). 

Table 2: Standard and in situ (experimental) Gibbs free energy of metal dependent AOM.  

Process Reaction 

ΔG
0‗ 

(kJ 

mol
-1 

CH4) 

In situ 

(experimental) 

ΔG(kJ mol
-1 

CH4) 

Reference 

Sulfate 

dependent 

AOM 
(S-AOM) 

CH4 + SO4
2- → HCO3

- + HS- + H2O N.A. -14 Beal et al., 2009 

CH4 + SO4
2- → HCO3

- + HS- + H2O -16.6 -33.0 Caldwell et al., 2008 

CH4 + SO4
2- → HCO3

- + HS- + H2O -92.8 -109.2 Caldwell et al., 2008 

Iron 
dependent 

AOM (Fe-

AOM) 

CH4 + 8Fe3+ + 3H2O → HCO3
- + 8Fe2+ + 9H+ -418.3 -434.7 Caldwell et al., 2008 

CH4 + 8Fe3+ + 2H2O → CO2 + 8Fe2+ + 8H+ -454.6 -434.7 Caldwell et al., 2008 

CH4 + 8Fe(OH)3
 + 15H+ → HCO3

- + 8Fe2+ + 21H2O N.A. -270.3 Beal et al., 2009 

CH4 + 8FeOOH + 15H+ → 8Fe2+ + HCO3
- + 13H2O N.A. -462 to -488.6 Norði et al., 2013 

CH4 + 8Fe(OH)3
 + 15H+ → HCO3

- + 8Fe2+ + 21H2O N.A. -571 Segarra et al., 2013 

CH4 + 8Fe(OH)3
 + 15H+ → HCO3

- + 8Fe2+ + 21H2O N.A. -150 to -170 Riedinger et al., 2014 

CH4 + 8Fe(OH)3
 + 15H+ → HCO3

- + 8Fe2+ + 21H2O N.A. -572 Bar-or et al., 2017 

CH4 + 8Fe3+ + 2H2O → CO2 + 8Fe2+ + 8H+ N.A. -454 Ettwig et al., 2016 

CH4 + 8Fe(OH)3
 + 16H+ → CO2 + 8Fe2+ + 22H2O -571.2 N.A. Timmers et al., 2017 

CH4 + 8Fe(OH)3
 + 15H+ → HCO3

- + 8Fe2+ + 21H2O -81.6 N.A. He et al., 2018 

Manganese 

dependent 
AOM (Mn-

AOM) 

5CH4 + 8MnO4
- + 19H+ → 5HCO3

- + 8Mn2+ + 17H2O -991.7 -1008.1 Caldwell et al., 2008 

5CH4 + 8MnO4
- + 24H+ → 5CO2 + 8Mn2+ + 22H2O -1028.1 -1044.5 Caldwell et al., 2008 

CH4 + 4MnO2 + 7H+ → HCO3
- + 4Mn2+ + 5H2O N.A. -556 Beal et al., 2009 

CH4 + 4MnO2 + 7H+ → HCO3
- + 4Mn2+ + 5H2O N.A. -790 Segarra et al., 2013 

CH4 + 4MnO2 + 8H+ → CO2 + 4Mn2+ + 6H2O -763.2 N.A Timmers et al., 2016 

CH4 + 4MnO2 + 7H+ → HCO3
- + 4Mn2+ + 5H2O -494 N.A. He et al., 2018 

Standard and in situ free energy for sulfate dependent AOM inserted into the table for comparison. N.A.: Not 

available.  

In long-term experiments, we could demonstrate that under the inhibition of sulfate reduction, 

crystalline iron oxides (lepidocrocite, hematite and magnetite) can facilitate Fe-AOM (Figure 

3, Chapter two). Similar stimulation of faster Fe-AOM rates with hematite and magnetite 

amendment was shown in slurry incubations from iron-oxide rich sediments of Lake Kinneret 

(Bar-Or et al., 2017).  

While anaerobic methane oxidizing archaea (ANME) clades: ANME-1, ANME-2 and 

ANME-3 perform S-AOM (Boetius et al., 2000; Orphan et al., 2001, 2002; Niemann et al., 
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2006), knowledge on microbial key players involved in Fe-AOM is limited. Recently, two 

studies showed Candidatus ‗Methanoperedens‘ (ANME-2d) are able to couple anaerobic 

methane oxidation to iron reduction via the reverse methanogenesis pathway while 

employing multi-heme cytochromes to reduce iron(III) (Ettwig et al., 2016; Cai et al., 2018). 

Until now, it is a long-held dogma that gammaproteobacterial methanotrophic bacteria such 

as members of the genus Methylobacter are strict aerobes (Kalyuzhnaya et al., 2013; 

Chistoserdova, 2015). DNA and lipid stable isotope probing approaches were recently used to 

identify these methylotrophic bacteria as key microbial players involved during Fe-AOM in 

lake sediments (Bar-Or et al., 2017; Martinez-Cruz et al., 2017). Molecular adaptations and 

underlying mechanisms that allows methanotrophic bacteria to perform Fe-AOM still 

requires further research. Only a few studies have demonstrated Fe-AOM in marine 

sediments and in some of these studies, either the microbial key players were not shown 

(Egger et al., 2015) or the geochemical preconditions for Fe-AOM do not exist in the 

environment where the sediments were obtained (Beal et al., 2009; Scheller et al., 2016). 

Therefore, our successful enrichment of ANME-2a with magnetite as electron acceptor 

(Figure 4, Chapter 2) represents a substantial advancement in Fe-AOM research as we 

identify for the first time ANME-2a as a microbial key player for Fe-AOM in marine 

environments. A clear indication for partner organisms was not obtained. In terrestrial mud 

volcanoes where Fe-AOM is also suggested to occur, high correlation between gene copies of 

Desulfuromonadales and ANME-2a was taken as indication for ANME-2a to oxidize 

methane with Desulfuromonadales as iron reducing partners (Chang et al., 2012; Tu et al., 

2017). While dissimilatory iron reducers (e.g., Desulfuromonadales) have not been clearly 

shown to act as partners for ANMEs yet, they amounted to less than 1 % of bacteria 

populations based on 16S rRNA genes at day 0 and increased in relative abundance up to 

6.5 % in Fe-AOM performing incubations (Figure 5, Chapter 2). There also exists the 
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possibility that ANME-2a completely oxidized CH4 to CO2 without a partner. A previous 

study showed that ANME-2a just as ANME-2d use reverse methanogenesis pathway for 

methane oxidation and possess multi-heme cytochromes in their genome (Wang et al., 2014). 

In fact, Wang and colleagues (2014) argued based on their metatranscriptome dataset that 

ANME-2a exist alone without bacteria partners in their highly active marine sediment 

derived AOM enrichment. Therefore they also could analogously perform Fe-AOM like their 

freshwater derived ANME-2d relatives (Ettwig et al., 2016; Cai et al., 2018). This hypothesis 

however should be a focus of future studies. In general, we could unequivocally show Fe-

AOM, but given the low process rates, it seems plausible that other processes might 

contribute to the dissolved Fe pool in the methanic zone. These other processes, as discussed 

in Chapter one could involve fermentative or dissimilatory iron reduction. Key findings 

supporting these other hypothesis are discussed below. 

Organic matter degradation linked microbial iron reduction  

An additional but less intensively discussed explanation for the biotic mechanism of 

dissolved Fe formation is via the activity of fermentative and dissimilatory iron reducers 

during organic matter degradation. Some studies have suggested that crystalline iron oxides 

phases such as hematite or magnetite in the sediments (Figure. S1, Chapter 2) could facilitate 

both organic matter fermentation and methanogenesis, coupled to concurrent iron reduction 

(Riedinger et al., 2014; Egger et al., 2017). A key question in my PhD was to obtain evidence 

to improve the previous findings from Helgoland Mud Area that distinct communities of 

fermentative bacteria are tightly linked to Fe
2+

 concentrations and these fermentative bacteria 

could be degrading aromatic compounds in the methanic zone (Oni et al., 2015b; Oni et al., 

2015a). We therefore set out to enrich microbial communities, with benzoate because it is 

often the central intermediate during aromatic compound degradation (Carmona et al., 2009), 

to be able to study methanogenic aromatic compound degradation and how iron oxides could 
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drive this process. In the initial sediment incubations, we immediately observed that 

amending slurries with benzoate and crystalline iron oxides (hematite and magnetite) 

stimulated concurrent iron reduction and methanogenesis (Figure 1, Chapter 3). Because 

crystalline iron oxides were thought to be less bioavailable (Lovley and Phillips, 1986), they 

were previously overlooked in the body of literature studying iron reduction and this might be 

why such an importance process that could be environmentally relevant was hidden prior to 

recent findings, including this thesis. If we assume that aromatic compounds clearly fuel 

methanogenic organic matter degradation in the iron-oxide rich methanic zone of Helgoland 

Mud Area, then our sediment incubation might have just recreated the environmental 

scenario that led to the dissolution of Fe
2+

 into porewater. We investigated this further by 

enriching the active communities in the slurry incubations over several transfers in synthetic 

enrichment medium to get rid of sediment matrix and glean a better understanding into the 

underlying mechanisms. Yet, after 5 successive transfers, the initial observation of concurrent 

iron reduction and methanogenesis persisted (Figures 2, 3, 4; Chapter 3). We could also show 

that the presence and concurrent reduction of magnetite facilitated complete benzoate 

degradation to CH4 by ensuring acetate concentrations did not accumulate to such levels that 

methanogenesis becomes inhibited (Figures 2 and 3, Chapter 3). Thus, our enrichment efforts 

with a substrate which is likely degraded in situ revealed that fermentative iron reduction 

might also be in play and that crystalline iron oxides are potentially supporting the 

degradation of complex recalcitrant organic matter in the methanic zone. Considering the 

amounts of reducing equivalents that could be generated during fermentation, one might 

conclude that fermentative iron reduction contributes substantially to the Fe
2+

 pool in the 

methanic zone of iron-oxide rich marine sediments.  

A limitation of this study however is the lack of comparative quantitative data of aromatic 

hydrocarbon (e.g., benzoate) degradation rates with that of Fe-AOM. This would have 
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facilitated direct evaluation of the relative importance and contribution of both processes to 

the Fe
2+

 pool. Therefore, the potential for organoclastic iron reduction to contribute to iron 

reduction in situ requires more studies. One could also argue that the key fermenting bacteria 

such as Atribacteria that correlate to the Fe
2+

 concentration profile in sediments of Helgoland 

Mud Area (Oni et al., 2015b) were not enriched with the targeted substrate benzoate. Instead, 

the enriched bacteria communities as discussed below were less than 1 % in the un-incubated 

sediment (Figure 1d, Chapter 3). By following the community shifts in each successive 

transfer while cultivating the highly enriched cultures, we enriched bacterial families 

Peptococcaceae and Syntrophomonadaceae (Figure 2–4, S1–S3; Chapter 3) known to 

perform syntrophic benzoate degradation from other environments (McInerney et al., 2008; 

Carmona et al., 2009; Sieber et al., 2010). Other bacteria phyla which hitherto have not been 

linked to benzoate degradation were uncovered. Halophilic spore forming clostridial family 

Halobacteroidaceae for example amounted to over 50 % of bacteria 16S rRNA genes in the 

enrichment with benzoate only. The family Synergistaceae from phylum Synergistetes and 

unclassified order NJ-1n from the phylum Tenericutes were also observed among the 

enriched bacteria pointing to their involvement in benzoate or aromatic compound 

degradation in the environment (Figure S1–S3). 

The study with benzoate and iron oxides was done at 30 ºC. This was necessary because 

methanogenic benzoate degradation was not stimulated in sediment incubations at near in situ 

temperature of 10 ºC within conceivable timelines (250 days) in previous experiments (Oni, 

2015). Therefore we set out in Chapter 4 to investigate how temperature controls both iron 

reduction and methanogenic organic matter degradation in ferruginous methanic marine 

sediments with an easily fermentable substrate (glucose). Here, concurrent reduction of iron 

oxides (hematite and magnetite) in the methanogenic phase was not observed (Figure 1, 

Chapter 4). This supports the conclusions with benzoate: concomitant occurrence of iron 
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reduction and methanogenesis in Helgoland Mud Area is linked to degradation of organic 

compounds of aromatic origin. This study however opened a new window into the dynamics 

of mineral mediated electron transfer under temperature control. Iron reduction was more 

pronounced with decreasing temperature (Figure 2, Chapter 4). To the best of my knowledge, 

such a phenomenon was only recently demonstrated in sub-glacial sediments (Nixon et al., 

2017). Additionally, we could show that mineral enhanced methanogenesis is feasible at low 

temperatures down to 4 ºC: hematite amendment enhanced methanogenesis (Figure 3, 

Chapter 4). Magnetite on the other hand was more reduced at 4 ºC, hence the mode of 

microbial utilization of magnetite tended towards serving as an electron acceptor than as a 

conduit for electron transfer (Figure 3, Chapter 4). Molecular adaptations into either conduit 

or reduction use with temperature should be a subject of future studies.  

Dissimilatory iron reducers (mostly Desulfuromonadales) were stimulated during iron 

reduction across all temperatures (Figure 5, Chapter 4). Dissimilatory iron reduction occurs in 

marine surface sediments and is known to preclude methanogenesis competitively especially 

as similar substrates (acetate and hydrogen) are required by the respective microbes (Lovley, 

1991; Roden and Wetzel, 1996). However, dissimilatory iron reduction occurs favourably in 

the presence of substantial amounts of reactive organic matter (Lovley and Phillips, 1987; 

Roden and Wetzel, 2003), but the organic matter in methanic sediments is mostly recalcitrant 

(Riedinger et al., 2014; Oni et al., 2015b; Egger et al., 2017). Therefore, dissimilatory iron 

reduction as a potential mechanism fuelling deep iron reduction in methanic zones was often 

presumptuously overlooked (Riedinger et al., 2014; Egger et al., 2017). In another study 

which I was involved in during the course of my PhD, we could show using DNA-Stable 

isotope probing (DNA-SIP) that although few in relative abundance, known dissimilatory 

iron reducers i.e. Desulfuromonadales are also actively reducing iron oxides in the methanic 

zone (Kulkarni et al., 2018). Our DNA-SIP approach also revealed majority of these active 
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Desulfuromonadales clades were unclassified (previously unknown). Whether dissimilatory 

iron reduction quantitatively important to the overall iron reduction in the methanic zone is a 

subject for future studies. 

Conclusion and outlook 

The findings from the body of work presented in this thesis have profound implications for 

the discussions around the role of buried iron oxides below the SMT: we could clearly show 

that iron oxides can drive both methanogenic organic matter degradation and anaerobic 

oxidation of methane in the methanic zone of Helgoland Mud Area (Figure 1). Previous 

geochemical suggestions that Fe-AOM possibly drives Fe
2+

 dissolution into pore water were 

confirmed with activity rates measurements and the finding that ANME-2a is involved in the 

process. We also provided data for the first time supporting an additional but less vigorously 

mentioned process i.e. organoclastic iron reduction could also fuel deep iron reduction. In 

addition, enrichment of dissimilatory iron reducers can be stimulated in slurry incubations 

with sediment from the methanic zone pointing towards the possibility that dissimilatory iron 

reduction also contributes to the Fe
2+

 pool. We have shown that there are hitherto unknown 

aromatic compound degraders in marine sediments and that fermentative degradation of 

recalcitrant organic matter is enhanced in the presence of crystalline iron oxides. We also 

showed that the enhancement of methanogenesis by crystalline iron oxides can occur at cold 

temperatures which predominate in marine sediments and is thus environmentally relevant.  
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Figure 1: Potential biotic mechanisms that lead to Fe
2+

 dissolution into porewater in methanic zones of 

marine sediments based on findings from the Helgoland Mud Area. Figure taken from Chapter 3. 

Certainly, new questions emerged from this study. A global scale determination of Fe-AOM 

rates from other sites bearing the geochemical preconditions for the process is now required. 

This will help quantify the contribution of Fe-AOM to methane fluxes from marine 

sediments. Future Fe-AOM studies should also attempt to uncover the mechanistic details of 

how ANME archaea perform Fe-AOM i.e. whether they completely perform the process 

without the help of syntrophic iron reducing bacteria partners or whether these bacteria 

partners are necessary just as in sulfate dependent AOM. Initial findings that iron reduction is 

favorable at cold temperatures require further exploration. Finally, the big open question 

remains as to what process majorly drives biotic iron reduction in the methanic zone. A 

systematic quantification of the process rates of methanogenic degradation of relevant 

organic carbon substrates and direct comparison with Fe-AOM rates should be done in future 

studies. This will help clarify the individual contribution of organoclastic iron reduction and 

Fe-AOM to the iron cycle in the methanic zone of marine sediments.  
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