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Summary Summary 
Anaerobic degradation of organic carbon by microbial communities in marine sediments is an 
important part of the global carbon cycle. In polar environments, marine sediments already 
experience the consequences of global warming to a high extent. The temperature rises and 
melting of glaciers accelerates, resulting in increased amounts of nutrients such as metal oxides 
supplied to the sediments by glacial meltwater. These changes are proposed to influence the 
anaerobic degradation of organic carbon and the associated microorganisms, as glacial supplied 
metal oxides can serve as terminal electron acceptors for these processes. However, changes 
can only be predicted if the current state of the system is known but especially Antarctic marine 
sediments are understudied. 
The sediments of Antarctic and sub-Antarctic study sites investigated in this thesis, i.e., Potter 
Cove, at King George Island/Isla 25 de Mayo, West Antarctic Peninsula, and South Georgia in 
the South Atlantic, are heavily influenced by glacial melting. I studied the in situ microbial 
communities and geochemistry, focusing on final organic carbon mineralization. Additionally, 
I identified the acetate degrading microbial community by simple incubations or RNA stable 
isotope probing (SIP) incubation experiments, testing iron oxides, manganese oxides and 
sulfate as terminal electron acceptors. Mainly iron, but when supplied also manganese oxides, 
served as electron acceptors for acetate oxidation. The uncultured group Sva1033 
(Desulfuromonadales) was identified as the main responsible iron reducer in all studied 
sediments. This is the first experimental evidence about the metabolic capabilities of this 
understudied group. I could identify Sva1033 as keystone species for acetate oxidation in the 
studied environments, as it was the dominant iron reducing microorganisms both, in situ and 
in RNA-SIP incubations, even at higher temperatures. 
Further, acetate degradation in SIP experiments showed a microbial community that was able 
to thrive over a wide temperature range, such as Sva1033 and Desulfuromonas. In contrast, 
some specialist microorganisms were only active at few temperatures, such as Arcobacteraceae 
at low temperatures and Desulfuromusa at high temperatures. In addition, Desulfuromusa was 
the dominant manganese reducing microorganism oxidizing acetate at low in situ temperature. 
In all these experiments, sulfate reducing microorganisms did not seem to contribute to acetate 
oxidation, despite their abundance in in situ sediments and in the background of multiple SIP 
incubations. An autotrophic lifestyle of sulfate reducers could not be shown by SIP 
experiments, despite a stimulation of sulfate reduction by the addition of acetate and hydrogen. 
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The electron donors used by sulfate reducers remained elusive and require further investigation. 
Instead, in SIP experiments with highest sulfate reduction rate, a potential novel Sulfurimonas 
strain performed an anaerobic, psychrophilic lifestyle and assimilated acetate and CO2. I 
suggest sulfide as utilized electron donor in syntrophy with another microorganism as electron 
accepting partner, however further experiments are needed to support these hypotheses and 
elucidate the conducted metabolism by this microorganism. 
The findings of this thesis contribute to the knowledge about anaerobically respiring 
microorganisms by supplying one of the few descriptions of the microbial community in glacial 
influenced marine sediments from Antarctica and propose the conducted metabolisms. I 
propose that the microbial community responsible for organic carbon degradation is highly 
influenced by glacial meltwater supplied nutrients and therefore sensitive to future changes in 
this global warming affected environment. 
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Zusammenfassung Zusammenfassung 
Im marinen Sediment stellt die anaerobe Zersetzung organischen Kohlenstoffs durch eine 
mikrobielle Gemeinschaft einen wichtigen Teil des globalen Kohlenstoffzyklus dar. Die 
Folgen der globalen Erwärmung sind in den marinen Sedimenten der polaren Regionen bereits 
jetzt deutlich wahrnehmbar. Die Temperatur steigt und beschleunigtes Abschmelzen der 
Gletscher führt durch Gletscherschmelzwasser zu einem erhöhten Eintrag von Nährstoffen wie 
Metalloxiden in die Sedimente. Da diese Metalloxide als terminale Elektronenakzeptoren für 
anaeroben organischen Kohlenstoffabbau dienen können, wird ein Einfluss der beschriebenen 
Änderungen auf jene Prozesse und die assoziierten Mikroorganismen vorausgesagt. 
Änderungen können allerdings nur sinnvoll vorausgesagt werden, wenn der aktuelle Status des 
untersuchten Systems verstanden wurde und insbesondere marine Sedimente in der Antarktis 
sind bisher kaum untersucht worden. 
Die Sedimente der in dieser Dissertation untersuchten Gebiete, Potter Cove auf der König-
Georg-Insel/Isla 25 de Mayo an der Westantarktischen Halbinsel und Südgeorgien im 
Südatlantik, werden stark durch schmelzende Gletscher beeinflusst. Ich habe die mikrobielle 
Gemeinschaft und Geochemie in situ untersucht, fokussiert auf den finalen Kohlenstoffabbau. 
Zusätzlich habe ich in simplen Inkubationsexperimenten und Inkubationen mit stabiler 
Isotopenbeprobung (stable isotope probing: SIP) auf RNA-Level die acetatabbauenden 
Mikroorganismen untersucht und Eisenoxide, Manganoxide und Sulfat als terminale 
Elektronenakzeptoren getestet. Eisenoxide und, wenn zugesetzt, auch Manganoxide, dienten 
als Elektronenakzeptoren für die Acetatoxidierung. Der hauptsächlich verantwortliche 
Mikroorganismus für die Eisenreduktion in allen untersuchten Sedimenten war der 
unkultivierte Sva1033 (Desulfuromonadales). Dies ist der erste experimentelle Nachweis für 
eine Stoffwechselfähigkeit dieser kaum untersuchten Gruppe. Da Sva1033 der dominante 
eisenreduzierende Mikroorganismus in situ und in RNA-SIP Inkubationen, sogar bei höheren 
Temperaturen, war, konnte ich ihn als Schlüsselart für Acetatoxidation in den untersuchten 
Umgebungen identifizieren. 
Des Weiteren konnte durch acetatabbauende SIP Experimente eine mikrobielle Gemeinschaft 
gezeigt werden, die über einen weiten Temperaturgradienten aktiv war, zum Beispiel die 
Mikroorganismen Sva1033 und Desulfuromonas. Andere Mikroorganismen waren nur bei 
bestimmten Temperaturen aktiv, zum Beispiel Arcobacteraceae bei niedrigen und 
Desulfuromusa bei hohen Temperaturen. Desulfuromusa war zusätzlich der dominierende 
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Mikroorganismus, der bei niedriger in situ Temperatur Manganoxide reduziert und Acetat 
oxidiert hat. 
Trotz ihrer hohen Abundanz in den in situ Sedimenten, schienen sulfatreduzierende 
Mikroorganismen in all den durchgeführten Experimenten nicht zur Acetatoxidation 
beizutragen, waren allerdings in mehreren SIP Experimenten im Hintergrund vorhanden. Des 
Weiteren konnten SIP Experimente keinen autotrophischen Lebensstil der Sulfatreduzierer 
zeigen, obwohl Sulfatreduktion durch Acetat- und Wasserstoffzugabe stimuliert werden 
konnte. Auch die durch Sulfatreduzierer verwendeten Elektronendonoren bleiben schwer zu 
fassen und weitere Untersuchungen sind notwendig. Stattdessen wurde ein potentiell neuer 
Bakterienstamm von Sulfurimonas in SIP Experimenten mit den höchsten 
Sulfatreduktionsraten identifiziert, welcher einen anaeroben, psychrophilen Lebensstil 
vollführt und Acetat und CO2 assimiliert hat. Ich schlage Sulfid als genutzten Elektronendonor 
und Syntrophie mit einem anderen Mikroorganismus als elektronenakzeptierenden Partner vor, 
allerdings werden weitere Experimente benötigt um diese Hypothesen zu bestätigen und 
weiteres Licht auf den durch den Mikroorganismus durchgeführten Metabolismus zu werfen. 
Durch Beschreibungen und vorausgesagte Stoffwechselaktivitäten der mikrobiellen 
Gemeinschaft in gletscherbeeinflussten, marinen Sedimenten der Antarktis tragen die 
Untersuchungsergebnisse dieser Dissertation zum Forschungsfeld der anaeroben 
Mikroorganismen in marinen Sedimenten bei. Aufgrund meiner Forschungsergebnisse halte 
ich es für wahrscheinlich, dass die organische Materialien zersetzende mikrobielle 
Gemeinschaft stark durch vom Gletscherschmelzwasser eingetragene Nährstoffe beeinflusst 
wird und dadurch höchst sensibel auf zukünftige Änderungen in dieser durch globale 
Erwärmung beeinflussten Umwelt reagieren könnte. 
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Chapter 1: Introduction Chapter 1 
Introduction 

1.1 Effects of global warming on coastal polar environments 
Our planet currently experiences rapid climate change by global warming. The global surface 
temperature reached 1.1°C higher values in the last decade compared to pre-industrial times 
(1850-1900) (IPCC 2023). Responsible for this extraordinary rapid global warming is an 
increasing amount of greenhouse gases such as carbon dioxide (CO2), methane (CH4), and 
nitrous oxide (N2O) in the atmosphere (Hegerl et al. 1996). Part of these greenhouse gases are 
released by natural sources such as volcanic activities and the biological carbon pump in 
general (Ciais et al. 2013). However, greenhouse gas emissions have substantially increased 
since the beginning of the Industrial Era and are mainly responsible for global warming (Ciais 
et al. 2013). There are many consequences of global warming, which are often tightly 
connected; here, I will mainly focus on coastal areas and marine environments.  
Effects on the ocean 
The ocean plays a very important role in the global carbon cycle and as a buffer for global 
warming, already visible by an increased sea surface temperature of 0.6°C since 1980 (Fox-
Kemper et al. 2021). Until now, it absorbed more than a quarter of all anthropogenic CO2 
emissions (Gruber et al. 2019) and stored 90% of all heat associated with anthropogenic 
greenhouse gas emissions (Rhein et al. 2013), half of it only in recent decades (Gleckler et al. 
2016). The consequences of this are already visible, e.g., by lower oxygen content in the water 
(Schmidtko et al. 2017, Gulev et al. 2021), which has a negative impact on oxygen dependent 
marine ecosystems (Diaz and Rosenberg 2008, Vaquer-Sunyer and Duarte 2008). Furthermore, 
increased CO2 concentrations cause ocean acidification (Doney et al. 2009) with varying 
effects on different ecosystems (Gao et al. 2019). Moreover, the elevated temperatures cause 
glaciers and sea ice to melt more rapidly, which results in rising sea levels and changes in 
salinity (Rignot et al. 2019, Gulev et al. 2021).  
Warming of polar environments 
The earth does not warm uniformly but certain areas are more affected than others, in particular 
the poles. The warming of the Arctic and Antarctic region is above the global average, a 
phenomenon called ‘polar amplification’ (Manabe and Wetherald 1975, Casado et al. 2023). 
In the Arctic, the surface air temperature has already increased more than twice as much 



Chapter 1: Introduction 

8 

(+ 1.7°C 2019 vs. 1981-2010) compared to the global average (+ 0.6°C) (Overland et al. 2020), 
some models even suggesting four times faster warming (Rantanen et al. 2022). The sea ice 
cover declined substantially across the seasonal cycle, e.g., in September 2019 by nearly 50% 
compared to 1980, and multiyear sea ice disappeared almost completely (Gulev et al. 2021).  
The other polar environment, the Antarctic, behaves differently and does not warm and melt 
uniformly. While the surface water of the subpolar Southern Ocean warms up more slowly than 
the global average with even some slight cooling since 1980 and some individual ice sheets 
have a mass balance of zero, the subsurface water warms up rapidly and the total mass of the 
Antarctic Ice Sheet decreases, with contributions from West and East Antarctica and the 
Antarctic Peninsula (Kennedy et al. 2019, Rignot et al. 2019, Haumann et al. 2020). The 
Antarctic sea ice cover fluctuates between increase and decrease, trending towards decrease 
since 2016, though (Parkinson 2019, Gulev et al. 2021). The West Antarctic Peninsula is one 
of the fastest warming places on earth (Jones et al. 2019) and experienced extreme warming 
events especially in the last years such as in 2020 and 2022 (Francelino et al. 2021, 
Gorodetskaya et al. 2023). 
The melting of glaciers and sea ice also influences their environment in other ways than just 
increasing the sea level; on a global scale, the addition of very cold fresh water is highly 
important for crucial ocean circulation and has therefore the potential to change it (Li et al. 
2023). Furthermore, sea ice can serve as a source of nutrients such as iron by releasing trapped 
sediment when the ice melts, fertilizing the ocean (Raiswell et al. 2016).  
Effects of global warming and glacial melting in fjord systems 
Coastal systems such as fjords are good systems to study local effects. In these environments, 
global warming induced effects are already visible in the short timeframe of the past 20 years. 
Two main changing factors are accelerated glacial melting and increased temperature. Locally 
observed increased surface air and water temperatures, especially extreme heatwave events, 
can have a negative effect on the local phytoplankton, i.e., some of the primary producers in 
this environment (Schloss et al. 2012, Latorre et al. 2023), and accelerate glacial melting (Cook 
et al. 2016). Glacial melting can have many effects on the environment. These can be direct 
physical effects, for example, calving of icebergs, which then travel out of the fjords potentially 
scraping off benthic organisms and mixing the sediment on their way, so called ice scouring 
(Wölfl et al. 2016, Deregibus et al. 2017). The retreat of a glacier also reveals new, hard 
substrate underneath, which can be colonized by larger organisms such as macroalgae or 
benthic fauna (Quartino et al. 2013, Torre et al. 2021). 
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Furthermore, many effects, especially on the carbon cycle, are due to the supply of glacial 
meltwater. During the process of glacial retreat, most glaciers will go through different glacier 
types, transitioning from grounded to floating tidewater glacier to land-terminating glacier 
(Figure 1). The type of glacier influences where in the water column the fresh meltwater enters 
the fjord, e.g., for tidewater glaciers subglacial discharge is most important where the meltwater 
enters the fjord below the glacier (e.g., Meire et al. 2017). This results in upwelling of deep, 
nutrient rich water in front of tidewater glaciers, which enhances primary productivity (Meire 
et al. 2017, Hoshiba et al. 2024); when the glacier retreats to land, the upwelling stops and 
primary productivity declines (Meire et al. 2017, Torsvik et al. 2019).  
Suspended particulate matter supplied by glacial meltwater 
Glacial meltwater transports lithogenic material from subglacial erosion and surface outwash, 
often in form of suspended particulate matter (SPM), into the surrounding environment in close 
and further proximity to the glacier (Hawkings et al. 2014). On the one hand, these particles 
cause a higher turbidity in the water column, which limits light penetration and therefore 
primary productivity in the water column and on the ground, e.g., by macroalgae (Schloss et 
al. 2012, Campana et al. 2018, Hoshiba et al. 2024). On the other hand, SPM contains nutrients 
such as bioavailable iron or trace elements (Monien et al. 2017, Herbert et al. 2020), which can 
enhance primary productivity, especially in the iron-limited Southern Ocean (Martin et al. 
1990, Hodson et al. 2017). Additionally, the supply of SPM has an impact on the next step of 
the carbon cycle, the organic matter mineralization in the underlying sediment, which is 
discussed in further detail below.  
In general, increased glacial discharge correlates with increased supply of SPM (Braeckman et 
al. 2021). However, the characteristics of the underlying bedrock determine the composition, 
and the type of glacier the bioavailability and quantity of supplied SPM (Figure 1; Wehrmann 
et al. 2014, Henkel et al. 2018, Herbert et al. 2020). Higher sedimentation rates, for example, 
are rather found at tidewater glaciers than at land-terminating glaciers (Herbert et al. 2020). 
With further glacial retreat, a lower supply of SPM was proposed due to a smaller area of 
bedrock the glacier scrapes on and due to sedimentation of particles already during over-land 
transport in glacial-derived rivers (Milner et al. 2017, Herbert et al. 2020, Herbert et al. 2021, 
Neder et al. 2022). The characteristics and bioavailability of glacial supplied nutrients 
especially affect the organic matter mineralization processes in the sediments (e.g., Herbert et 
al. 2020, Michaud et al. 2020, Herbert et al. 2021). 
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Glacial derived iron oxides 
Iron oxides are an important part of glacial meltwater supplied nutrients (Monien et al. 2017). 
Their composition and bioavailability depend on their sources: more ‘easily reducible’ iron 

oxides and pyrite (FeS2) were found close to marine-terminating glaciers, originating from 
subglacial meltwater, while the total amount of ‘reactive’ iron oxides was higher close to 

surficial, oxic meltwater discharge (Henkel et al. 2018, Herbert et al. 2020). Note that ‘reactive’ 

iron oxides include, but are not limited to ‘easily reducible’ iron oxides (as term used by Henkel 
et al. 2018). Those ‘easily reducible’ iron oxides were defined as leachable with 
hydroxylamine-HCl and were mostly ferrihydrite and lepidocrocite (Poulton and Canfield 
2005). They were assumed as easily accessible for iron reducing microorganisms (Bonneville 
et al. 2004), however, recent studies showed that the ‘Poulton and Canfield extraction protocol’ 

led to an overestimation of iron which was accessible for microbial iron reduction (Laufer et 
al. 2020). 

Figure 1: A schematic diagram illustrating (a) differences in source sediment between two fjords related to glacial input via surficial meltwater streams from a land-terminating glacier (VM) and a tidewater glacier (VK). (b) The head-to-mouth gradients in fjord sediment Fe, Mn, and sulfur cycling as controlled by organic carbon (i.e. the concentration of labile organic carbon per unit volume of sediment) and sediment accumulation rate . Reprint from Herbert et al. (2020), Figure 13 a, b, Copyright (2024) with permission from Elsevier. 
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Altogether, global warming has various effects on the coastal polar environments, many 
interact and some even counteract each other. In a glacial influenced bay in Antarctica, for 
example Potter Cove at King George Island/Isla 25 de Mayo, increased amount of SPM in the 
water column led to decreased primary productivity rates of macroalgae. The colonization of 
the newly exposed area by macroalgae, however, led to higher biomass counteracting the lower 
productivity and to a positive carbon fixation rate (Deregibus et al. 2023). This is one example 
showing the complexity of these systems and the necessity to understand the different, 
interacting puzzle pieces in order to put the whole image together. It is important to understand 
the present and past states and dynamics of these ecosystems to predict future changes. One of 
these puzzle pieces investigated in this thesis is the mineralization of organic matter in glacial 
influenced sediments, as an important part of the carbon cycle. 
1.2 Organic matter degradation and geochemical cycling in anoxic sediments 
The global carbon cycle 
As simplified overview, the global carbon cycle consists of carbon fluxes between carbon 
reservoirs with different turnover times. The “slow” reservoirs have turnover times on a 

geological timescale and are mainly connected by geological process, such as volcanic 
activities or rock formation (Sundquist 1986). In this introduction and in the thesis, I will focus 
on biological processes responsible for carbon fluxes between the “more rapid” reservoirs, such 

as CO2 in atmosphere and ocean, and organic carbon in form of biomass in ocean, marine 
surface sediment, and on land (Ciais et al. 2013). Part of the global carbon cycle consists of 
CO2 fixation by primary producers, which convert it to organic carbon that organisms of higher 
trophic levels feed on, releasing CO2 back to the environment by respiration (Ciais et al. 2013). 
Primary producers are plants on land, and algae and phytoplankton in the water, all utilizing 
light as energy source (Beer et al. 2010, Ciais et al. 2013). In the dark of the ocean and in 
sediments, chemoautotrophic microorganisms use inorganic compounds as energy source for 
carbon fixation (Middelburg 2011). However, they only minorly contribute to CO2 fixation and 
most of the fixed carbon is recycled back to CO2 by heterotrophic organism (Middelburg 2011). 
Only < 0.3-1% of marine fixed carbon is buried in most sediments, while in very shallow 
marine sediments it can be up to 30% (Burdige 2007, LaRowe et al. 2020). 
The rate and efficiency of primary productivity removing CO2 from the atmosphere on the one 
hand, and the organic carbon degradation adding CO2 back to the atmosphere on the other hand, 
largely influence the future development of greenhouse gases and therefore global warming 
(Arndt et al. 2013). In addition, the effects of global warming described above substantially 
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influence this cycle. Therefore, it is important to understand the different processes themselves 
and in context to each other. 
Organic matter mineralization in marine sediments 
The process investigated in this thesis was terminal organic matter mineralization by 
microorganisms in polar sediments. Part of the organic matter, produced by photosynthetic 
primary producers in the light penetrated surface layer, sinks down to the bottom of the ocean, 
where it fuels heterotrophic and partially autotrophic life (Middelburg 2011, Arndt et al. 2013, 
LaRowe et al. 2020). The organic matter arrives in form of complex organic molecules and 
polymers, which are, as a first degradation step, hydrolyzed to monomers and smaller 
compounds by a cocktail of extracellular enzymes released by microorganisms (Arnosti 2011). 
Oxygen, the prime electron acceptor, is depleted rapidly in the top mm to cm in coastal 
sediments with high organic carbon supply, thus deeper in the sediments the mineralization 
processes are anoxic (Arndt et al. 2013). The next step is the fermentation to short-chain fatty 
acids, dicarboxylic acids, lactate, alcohols, hydrogen and CO2 (Schink 1997, LaRowe et al. 
2020). The responsible organisms are not well defined yet, as many potentially involved 
microorganisms are facultative anaerobes, e.g., they can switch between fermentation and other 
metabolisms; however, members of Bathyarchaeota, Hadesarchaea, Atribacter and even some 
eukaryotes were suggested to contribute to this process (LaRowe et al. 2020). Intermediates 
produced by this first step of fermentation are usually maintained at a low concentration by 
close coupling to their degrading processes, further fermentation or oxidation coupled to 
terminal electron acceptors (Finke and Jørgensen 2008, Glombitza et al. 2019). 
Key intermediate acetate 
One of these products, acetate, is the main electron donor for terminal electron-accepting 
processes, accounting for up to 40% of anaerobic respiration in marine sediments (Finke et al. 
2007, Jørgensen et al. 2019). It is mostly produced by the above mentioned degradation 
processes, and additionally by acetogenesis, especially at deeper sediment depths (Ijiri et al. 
2012). It is further oxidized to CO2, coupled to a terminal electron acceptor, or used by 
methanogens to produce methane (Sansone and Martens 1982, Finke et al. 2007, Jørgensen 
and Parkes 2010). The overall rate of organic matter mineralization is controlled by organic 
matter flux, and hydrolysis and fermentation of the larger molecules, and not by the final step 
of mineralization (Kristensen and Holmer 2001, Arnosti 2004, Beulig et al. 2018, Jørgensen et 
al. 2020). However, this final step does control the concentration of the intermediates 
(Jørgensen 1982, Røy et al. 2012, Glombitza et al. 2015, Glombitza et al. 2019). Most of the 
degradation occurs close to the sediment surface and degradation rates decrease with depth 
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(Wellsbury and Parkes 1995, Dyksma et al. 2018). Acetate can be degraded and assimilated by 
a large diversity of microorganisms, such as Desulfobacterales, Desulfobulbales, 
Desulfuromonadales, Gammaproteobacteria and Arcobacter (Vandieken and Thamdrup 2013, 
Na et al. 2015, Dyksma et al. 2018, Cho et al. 2020). 
Terminal electron-accepting processes 
The used electron acceptor depends on the availability and structures the associated microbial 
community (Petro et al. 2017). In the classical view, the utilization of electron acceptors 
follows a redox cascade in which one is used after the energetically better one is depleted 
(Froelich et al. 1979, Lovley and Goodwin 1988). Oxygen and nitrate are the energetically 
most favorable electron acceptors and therefore deplete very rapidly, especially in sediments 
with high organic matter input (Froelich et al. 1979, Canfield and Thamdrup 2009). For acetate 
mineralization in the surface sediments above the methanic zone, the main electron acceptors 
used are sulfate and iron oxides and, in some locations, manganese oxides (Vandieken et al. 
2006a, Finke et al. 2007, Vandieken et al. 2014, Glombitza et al. 2015). As sulfate is present 
in the sea water, it is the most abundant electron acceptor in the surface sediments, where it 
can be replenished from overlaying water and only depletes in deeper layers, thus representing 
a major electron acceptor for organic matter degradation (Jørgensen 1982, Jørgensen et al. 
2019).  
However, metal oxides such as iron and manganese oxides are energetically more favorable 
(Froelich et al. 1979). They play a more important role especially in polar areas (Jørgensen et 
al. 2020), where glaciers or sea ice fuel the environment with nutrients such as metal oxides 
(e.g., Wehrmann et al. 2014, Monien et al. 2017).  
Dissimilatory iron and sulfate reducers can both utilize the inorganic fermentation product 
hydrogen as electron donor, thereby coupling the processes indirectly to organic matter 
degradation (Weber et al. 2006, Jørgensen et al. 2019). Many iron, manganese and sulfate 
reducing microorganisms are phylogenetically located within the phylum Desulfobacterota, 
i.e., Desulfuromonadales for metal reduction and Desulfobulbales and Desulfobacterales for 
sulfate reduction, but are also found in other taxa such as Firmicutes, Chloroflexi, 
Gammaproteobacteria or Campylobacterales (Vandieken et al. 2006b, Weber et al. 2006, 
Jørgensen et al. 2019, Cho et al. 2020). Sulfate-reducing microorganisms present an important 
part of the microbial community in many sediments, influencing the microbial community 
assembly (Liang et al. 2023). 
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Interactions of sulfur, manganese and iron cycling in marine sediments 
Even though the classical view of redox zonation implies exclusiveness of different electron-
accepting processes (Froelich et al. 1979, Lovley and Goodwin 1988), overlapping zonation, 
especially for iron and sulfate reduction, were found in many marine sediments (Canfield et al. 
1993a, Canfield et al. 1993b, Vandieken et al. 2006a, Jørgensen et al. 2019, Bourceau et al. 
2023). Often, the overlap is not even visible in the geochemical profiles due to interactions and 
recycling of produced and consumed compounds, such as ferrous iron, sulfide and sulfate, 
leading to cryptic cycling (Jørgensen and Nelson 2004, Canfield et al. 2010). Iron, manganese, 
sulfur, and to a lesser extent, nitrogen cycles are tightly linked in the sediment environment 
(Wasmund et al. 2017). 

Figure 2: Complex interactions between sulfur, manganese and iron cycle in marine sediments. Biotic (shown by microbial cell, see legend) and abiotic reactions (direct connection of arrows) were displayed. The actual occurrence of the displayed processes likely varies between different environments.  
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Firstly, ferrous iron (Fe2+) and sulfide react rapidly with each other, forming FeS and after an 
additional reaction pyrite (Figure 2) (Glasby 2006). Ferrous and ferric (Fe3+) iron absorbs on 
mineral and iron oxide surfaces and precipitates with carbonates and phosphates (Glasby 2006). 
Ferrous iron is re-oxidized back to ferric iron, either microbially, i.e., phototrophically, 
aerobically or anaerobically with nitrate; or abiotically with oxygen, nitrite, nitric oxide or 
manganese oxides (Figure 2; Weber et al. 2006, Laufer et al. 2016). These re-oxidation 
processes replenish Fe(III) oxides, called rejuvenation, and occur mainly close to the oxic 
sediment surface (Beam et al. 2018). Rejuvenation stimulates iron reduction rates and enhances 
iron cycling, as the produced iron oxides are very bioavailable and microbial iron reduction 
rates are not only controlled by the crystallinity but especially by the bioavailability of present 
iron oxides (Jensen et al. 2003, Laufer et al. 2020). This process is proposed to occur in fjord 
systems with further distance to the glacier where more organic matter is available (Figure 1), 
and bioturbation further stimulates it by bringing oxygen into deeper layers (Michaud et al. 
2020, Laufer-Meiser et al. 2021). Additionally, ferrous iron, often in form of FeS or pyrite, is 
abiotically oxidized by manganese oxides (Jørgensen and Nelson 2004).  
Especially manganese, but also iron oxides rapidly oxidize sulfide, which is kinetically and 
thermodynamically more favorable than direct sulfide oxidation by oxygen; however biotic 
sulfide oxidation rates exceed the abiotic rates due to thermodynamic and kinetic constraints 
in the actual environment (Luther et al. 2011). There are multiple biotic sulfide oxidation 
processes, e.g., coupled to nitrate or oxygen, which produce sulfate (Jørgensen and Nelson 
2004, Meysman 2018). However, abiotic sulfide oxidation usually ends with sulfur 
intermediates such as elemental sulfur, which are then further oxidized or disproportionated by 
microorganisms, demonstrating the important microbial role in this complex cycling 
(Schippers and Jørgensen 2001). FeS and elemental sulfur are more rapidly turned over than 
pyrite, which presents the main stable sulfur pool in sediments (Jørgensen and Nelson 2004). 
Elemental sulfur was also shown as side product of dissimilatory sulfate reduction, but sulfide 
still presented the main product (Wang et al. 2023). Next to elemental sulfur, also thiosulfate 
is an important sulfur intermediate, which is usually oxidized, reduced, but mainly 
disproportionated along the whole sediment depth gradient (Jørgensen 1990, Jørgensen and 
Bak 1991). 
Quantification of geochemical processes 
The contribution and quantification of all these different processes is a very difficult task due 
to the many possible reactions and interactions (Figure 2). The quantitative measurement of 
sulfate reduction rates with radioactive 35S-sulfate is one of the few, well-established methods 
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(Røy et al. 2014). However, quantifying the different intermediate and oxidation reactions in 
the sulfur cycle represents a major challenge due to natural isotope exchange between reduced 
sulfur compounds (Fossing and Jørgensen 1990, Fossing et al. 1992). Recently, a new approach 
for measuring sulfide oxidation rates with radioactive 35S-sulfide was tested, but still had a lot 
of limitations as it only measured complete oxidation to sulfate and not to more reduced sulfur 
compounds such as elemental sulfur (Findlay et al. 2020). 
For the delineating contribution of different electron acceptors to organic matter degradation 
often a certain metabolism was inhibited, e.g., sulfate reduction by molybdate addition, and the 
accumulation of substrates was measured, assuming these would normally be utilized by the 
inhibited process (Sørensen et al. 1981). Another approach was to measure depletion and 
accumulation of associated compounds, often with the help of radiotracers, and calculate the 
different contributions based on assumptions which processes were involved in the first place 
(Vandieken et al. 2006a, Finke et al. 2007). However, these calculations themselves often 
already showed their limitations, e.g., when a lack of electron donor became noticeable (Finke 
et al. 2007, Michaud et al. 2020), indicating that an important part of the process could not be 
identified and was therefore not taken into consideration. 
Identification of responsible microorganisms 
Next to these questions about geochemical and biogeochemical rates, there is the contribution 
and identity of the associated microorganisms, which were often neglected in these studies 
(e.g., Finke et al. 2007, Michaud et al. 2020, Herbert et al. 2021). Nowadays, next generation 
sequencing enables large scale studies, exploring microbial diversity and function globally in 
the marine environment (Louca et al. 2016). Furthermore, high sensitive methods, such as RNA 
stable isotope probing (SIP), enables to identify microorganisms associated with more or less 
known metabolic pathways without the need of pure cultures (Dumont and Murrell 2005). 
Substrates, labeled with stable isotopes, e.g., 13C-carbon or 18O-water, are supplied and active 
organisms incorporate them into their RNA and, over longer time, DNA; nucleic acids are 
extracted, density separated and sequenced, identifying microorganisms in heavy, i.e., labeled, 
fractions as the ones which utilized the substrates (Dumont and Murrell 2005, Schwartz 2007). 
In summary, organic matter mineralization to CO2 in marine sediments is an important part of 
the global carbon cycle. Acetate is a major intermediate of the degradation process and its 
oxidation can be coupled to different terminal electron acceptors such as metal oxides or 
sulfate. These degradation processes can be masked by complex interactions of compounds in 
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the sediments. Quantification of the contribution of different terminal electron-accepting 
processes is a difficult task and the associated microbial community is often unknown.  
1.3 Study sites 
The sites investigated in this thesis were both located in the high latitudes of the Southern 
Hemisphere (Figure 2b); (1) fjords and troughs around the sub-Antarctic island South Georgia 
(Figure 2a) and (2) Potter Cove at the Antarctic King George Island/Isla 25 de Mayo, at the tip 
of the West Antarctic Peninsula (Figure 2d). South Georgia, isolated in the Southern Atlantic, 
serves as a hotspot of iron supply, fueling large phytoplankton blooms south of the island 
(Atkinson et al. 2001, Schlosser et al. 2018). Thus, the shelf areas were also characterized by 
high organic matter content (0.65 wt.%) and active methane seepage was found around the 
island and within the fjords (Geprägs et al. 2016). Especially, sediments in the fjords were 
characterized by high iron content (~ 0.6 mol/kg), fueled by many glaciers running off the 
island (Hodgson et al. 2014, Schlosser et al. 2018, Schnakenberg et al. 2021). One main fjord 
investigated in this thesis was Cumberland Bay (South Georgia), which is highly influenced 
by the large tidewater Nordenskjöld glacier terminating into the investigated arm of the fjord 
(Figure 3c; Hodgson et al. 2014)). As most glaciers on the globe, also this glacier shows 
accelerating retreat due to global warming (Berg et al. 2021). Furthermore, Cumberland Bay 
was affected by intense whaling in the last century, which supplied more organic matter as 
found in deeper sediment layers and potentially more iron originating from the blood of whales 
(Majewski et al. 2024). Before the project of this thesis, only the microbial community of 
deeper sediments was investigated for few locations around South Georgia (Schnakenberg et 
al. 2021), but the microbial community associated with organic matter degradation processes 
in surface sediments was unknown. 
The second sampling site Potter Cove is a wide, at the head relatively shallow bay influenced 
by the Fourcade Glacier (Figure 2e), which retreats rapidly and recently transformed from 
marine- to land-terminating (Rückamp et al. 2011, Meredith et al. 2018). Subglacial and 
surficial meltwater supplies large amount of iron oxides into the sediments of the bay, fueling 
iron reduction especially in sediments close to the glacier (Monien et al. 2014, Monien et al. 
2017, Henkel et al. 2018). Similarly to South Georgia, King George Island fertilizes the 
surrounding ocean with iron (Hopkinson et al. 2007, Ardelan et al. 2010). The bay is mixed 
vertically by wind and horizontally by a cyclonic current that brings in water from outside the 
bay, flows along the glacier front to the southern coast and transports material out of the bay 
again (Meredith et al. 2018, Torre et al. 2021). Pelagic and benthic fauna, flora and  
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Figure 3: Overview of glacial influenced sampling locations. (a) Map of South Georgia with indicated sampling locations, star represents location of picture c, map modified from chapter 2. (b) Overview map. (c) Tidewater Nordenskjöld Glacier at head of Cumberland Bay, provided by L.C. Wunder. (d) Map of Potter Cove with indicated sampling sites, star represents location of picture e. (e) Land-terminating Fourcade Glacier at head of Potter Cove, provided by G. Willis-Poratti. Note that the height of the glacier terminus in picture c (Cumberland Bay) is ~ 30-40 m and that in picture e (Potter Cove) is ~ 15 m. 
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microorganisms were investigated over the years (Hernández et al. 2015, Pasotti et al. 2015a, 
Abele et al. 2017). Multiple food-web models were constructed showing macroalgae as the 
main primary producers in this environment (Quartino and Boraso de Zaixso 2008, Pasotti et 
al. 2015b, Braeckman et al. 2024), but all these studies did not take the microbial community 
into account, which were responsible for degrading organic matter in the anoxic sediments. 
During the duration of this thesis, the influence of macroalgae addition on the anoxic microbial 
community was shown, which stimulated iron reduction and showed a new family of iron 
reducing bacteria (Aromokeye et al. 2021). Still, the identity of the microbial community in 
the anoxic surface sediments was so far unknown.   
1.4 Aims of the thesis 
The aim of this thesis was to identify terminal electron-accepting processes and associated 
microbial communities, which were relevant for acetate degradation in glacial influenced 
sediments. Furthermore, I investigated the effect of climate change based environmental factors 
such as changing nutrient supply and temperature on biogeochemical processes and 
microorganisms involved. For this, two sites with permanently cold sediments were selected, 
Cumberland Bay at South Georgia, and Potter Cove at King George Island/Isla 25 de Mayo, 
West Antarctic Peninsula. Glacial supplied metal oxides (iron, manganese) were tested in 
comparison to sulfate as typical electron acceptor in anoxic surface sediments. A combination 
of simple slurry incubations and incubations with 13C-labeled acetate or dissolved inorganic 
carbon for RNA-stable isotope probing were conducted. Resulting processes were monitored 
by qualitative geochemical measurements of compounds in the supernatant and quantitative 
sulfate reduction rate measurements using 35S-sulfate. The active community was investigated 
by 16S rRNA and 16S rRNA gene amplicon sequencing on fractionated and not-fractionated 
samples. I raised the following hypotheses to be answered in this thesis: 

(1) In glacial influenced sediments, the microbial community is adapted to fresh supply of 
metal oxides as electron acceptors. 

(2) Similar communities are shaped by the same electron-accepting process at different 
sampling sites with similar geochemical settings, even compared to Arctic locations. 

(3) All electron acceptors tested in this study, iron oxides, manganese oxides and sulfate, 
are utilized for the oxidation of acetate by microorganisms. 

(4) Nutrient supply and temperature impact the dominating terminal electron-accepting 
process and the activated microbial community. 
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Abstract
Permanently cold marine sediments are heavily influenced by increased input of iron as a result of accelerated glacial melt,
weathering, and erosion. The impact of such environmental changes on microbial communities in coastal sediments is poorly
understood. We investigated geochemical parameters that shape microbial community compositions in anoxic surface
sediments of four geochemically differing sites (Annenkov Trough, Church Trough, Cumberland Bay, Drygalski Trough)
around South Georgia, Southern Ocean. Sulfate reduction prevails in Church Trough and iron reduction at the other sites,
correlating with differing local microbial communities. Within the order Desulfuromonadales, the family Sva1033, not
previously recognized for being capable of dissimilatory iron reduction, was detected at rather high relative abundances (up
to 5%) while other members of Desulfuromonadales were less abundant (<0.6%). We propose that Sva1033 is capable of
performing dissimilatory iron reduction in sediment incubations based on RNA stable isotope probing. Sulfate reducers, who
maintain a high relative abundance of up to 30% of bacterial 16S rRNA genes at the iron reduction sites, were also active
during iron reduction in the incubations. Thus, concurrent sulfate reduction is possibly masked by cryptic sulfur cycling, i.e.,
reoxidation or precipitation of produced sulfide at a small or undetectable pool size. Our results show the importance of iron
and sulfate reduction, indicated by ferrous iron and sulfide, as processes that shape microbial communities and provide
evidence for one of Sva1033’s metabolic capabilities in permanently cold marine sediments.

Introduction

Organic matter degradation is the main source of electron
donors and carbon for microbial metabolism in marine

sediments [1, 2]. The estimated 5.39 × 1029 microbial cells
in marine sediments [3] form a microbial food chain. Below
the oxic zone, the anaerobic portion of this food chain starts
with specialists, which perform hydrolytic and fermentative
processes [4], and ends with anaerobically respiring
microorganisms, which oxidize fermentation products with
available terminal electron acceptors such as nitrate,
Mn(IV), Fe(III), sulfate, and CO2. Because nitrate and
Mn(IV) are rapidly depleted in the uppermost centimeters of
most coastal and upper slope surface sediments [2, 5],
sulfate and Fe(III) are the most abundant terminal electron
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acceptors utilized by microorganisms for mineralization of
fermentation products in these depositional environments
[6–8].

Iron enters the ocean from various sources including ter-
rigenous origins via weathering and erosion and subsequent
transport by rivers and windblown dust; hydrothermal vents
[9]; melting sea ice and icebergs [10]; and glacial associated
erosion, weathering, and meltwater [11–14]. Due to global
warming, glacial associated input of iron is predicted to
increase in the future, resulting in enhanced amounts of iron
reaching coastal sediments and adjacent ocean areas espe-
cially in higher latitudes [13, 15, 16]. Sulfate, which is gen-
erally present in high concentrations in the water column
(~28mM), is supplied to the sediment by downward diffu-
sion, accelerated by bio-irrigation and other advective pro-
cesses [7, 8, 17]. In addition, it is the final product of
reoxidation of sulfide [18, 19], which itself is produced by
sulfate reduction [20], potentially resulting in a cryptic sulfur
cycle [18, 19, 21]. Iron reduction is constrained by the reac-
tivity and lower availability of ferric iron compared to sulfate
[5, 22]. Therefore, while iron reduction is favored in certain
marine settings [23, 24], organic matter oxidation by sulfate
reduction is often more important than iron reduction in
marine sediments [7, 8], a competition shown to be also
regulated by the availability and reactivity of organic matter
and ferric iron [22, 25].

Geochemical and biogeochemical factors have been
previously shown to be key parameters shaping the micro-
bial communities in marine sediments [1, 26, 27]. Besides
the availability of terminal electron acceptors [1], i.e.,
Fe(III) and sulfate, these factors include quantity, composi-
tion, and reactivity of organic matter [26, 28, 29], sediment
geochemistry [27, 30, 31], salinity [32], temperature [33],
ocean currents [34], primary productivity in the overlying
water column [35], and sedimentation rate [24].

The permanently cold surface sediments around the
island of South Georgia in the South Atlantic Ocean, which
we have investigated in this study, are influenced by high
organic matter content around the shelf areas (0.65 wt%
Cumberland Bay [36]), and high iron content within or
close to the fjords (ref. [37], Cumberland Bay: total Fe solid
phase 47 g/kg [38]; 0.7 wt% ferrihydrite and lepidocrocite
[39]). In addition, the studied sediments were found to be
characterized by widespread active methane seepage within
the fjords and on the shelf, mostly associated with cross-
shelf glacial troughs [36, 40, 41]. So far, we studied the
microbial communities inhabiting deeper sediments (down
to 10 m below seafloor) at three sites around South Georgia
[42] and in the present study, a detailed analysis of the
surface sediments at very fine scales is provided.

The sediments of the second study site Potter Cove, a
small fjord located at the southwest of King George Island/
Isla 25 de Mayo (South Shetland Islands) on the northern tip

of the West Antarctic Peninsula, are characterized by a high
input of iron from glacial meltwater and bedrock erosion
[13, 14, 43]. Especially, sediments close to the glacier ter-
mination show a deeper ferruginous zone compared with
sediments not directly influenced by glaciers [14] similarly
to Cumberland Bay, South Georgia [41].

We hypothesize that differing geochemical character-
istics in the surface sediments (top 20–30 cm) at various
sites around South Georgia shape the local microbial
communities. To test this hypothesis, four sites, located on
the outer shelf (Annenkov Trough, Church Trough) or
within or close to one of the fjords (Cumberland Bay,
Drygalski Trough), were selected around the island of South
Georgia. These sites were characterized by either high fer-
rous iron or hydrogen sulfide concentrations. The microbial
communities of these sediments were investigated by 16S
rRNA gene sequencing, quantitative PCR and RNA stable
isotope probing (SIP) incubations. Correlation and multi-
variate regression analyses were performed to identify
which geochemical parameters primarily shape the micro-
bial community composition. The active iron-redu-
cing microbial community of South Georgia sediments was
compared to those in geochemically similar sediments of
Potter Cove (Antarctic Peninsula) using RNA-SIP
experiments.

Materials and methods

Study area and sampling

Samples from South Georgia sediments were collected
during the RV METEOR M134 expedition in January to
February 2017 [41]. To study microbial communities in the
surface sediments (Fig. 1), four sites were selected: two
sites on the outer shelf (Church Trough, Annenkov Trough)
and two sites within or close to one of the fjords (Cum-
berland Bay and Drygalski Trough, respectively). All sites
are located close to (<500 m) areas where active methane
seepage has been observed from the sediments during the
M134 cruise [41]. Surface sediments were retrieved using a
multicorer (MUC, length 50 cm). The exact coordinates and
sampling information are provided in Table S1.

For each station, two replicate MUC cores were
retrieved, one for pore water geochemistry and one for
microbiology. Sampling for both geochemistry and micro-
biology was done on board of the ship in a cold room at
4 °C. Microbiology samples were frozen in liquid nitrogen
and transported to Bremen for molecular biology analyses.
In addition, a gravity core (10 m length) was retrieved from
the site in Cumberland Bay (detailed information Table S1)
and kept at 4 °C until and during transport back to Bremen
where it was sectioned and stored anoxically until use.
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Antarctic surface sediments from Potter Cove (King George
Island/Isla 25 de Mayo), Station 13, were retrieved during a
field campaign with a push core in January 2019 (detailed
information Table S1). The sampling site (Fig. S1) and geo-
chemistry were previously described in Henkel et al. [14].

Pore water geochemistry

Pore water was retrieved from the MUC and gravity cores
using rhizon samplers according to the procedure described
by Seeberg-Elverfeldt et al. [44]. Dissolved iron(II) (Fe2+),
phosphate (PO4

3−), ammonium (NH4
+), dissolved inorganic

carbon (DIC) and silicate (SiO2) were measured on-board as
described in Bohrmann et al. [41], while samples for sulfate
(SO4

2−, diluted 1:50 with Milli-Q water) and hydrogen
sulfide (H2S, fixation in 2.5% zinc-acetate solution) mea-
surements were stored for later analysis. H2S and SO4

2−

measurements were performed following Oni et al. [45].

DNA extraction and 16S rRNA gene sequencing

To explore the microbial communities in the South Georgia
surface sediments, 1.5 g of frozen sediment was taken from
10 depths per site, selected according to the geochemical
profiles, for DNA extraction. DNA extraction (by a phenol-
chloroform protocol), PCR, and amplicon sequencing on a
HiSeq 4000 System (Illumina, San Diego, CA; 2x 150 bp,
only forward reads analyzed) at GATC GmbH (Konstanz,
Germany) of bacterial and archaeal 16S rRNA genes were
done following Aromokeye et al. [46]. The primer pair
Bac515F (5′-GTGYCAGCMGCCGCGGTAA-3′; ref. [47])

and Bac805R (5′-GACTACHVGGGTATCTAATCC-3′;
ref. [48]) targeted bacteria and the primer pair Arc519F
(5′-CAGCMGCCGCGGTAA-3′; ref. [49]) and Arc806R
(5′-GGACTACVSGGGTATCTAAT-3′; ref. [50]) targeted
archaea. Unassigned reads or those assigned to chloroplasts,
mitochondria, and archaea (in the bacterial dataset) or
bacteria (in the archaeal dataset) were removed from the
OTU tables. Normalization of sequencing data was done by
calculating relative abundances, which were summed up for
each taxon on all available ranks (for more details see
supplementary methods, Table S2 and Fig. S2).

SIP experiments using (sub-)Antarctic sediments

RNA-SIP incubations were set up in order to identify active
iron reducers using the top sediments of a gravity core from
Cumberland Bay, South Georgia (GeoB22024-1; 0–14 cm,
stored at 4 °C). The setup is described in more detail in the
supplementary methods. Briefly, 40 ml anoxic slurries were
prepared at a ratio of 1:4 of sediment and sulfate-free arti-
ficial seawater (per liter 26.4 g NaCl, 11.2 g MgCl2·6 H2O,
1.5 g CaCl2·2 H2O, 0.7 g KCl, prepared with purified water
(Milli-Q)). Before addition of substrates, slurries were pre-
incubated at 5 °C in the dark for 4–6 days to allow for
system equilibration and pre-reduce small amounts of
alternative electron acceptors (e.g., nitrate) potentially pre-
sent in the starting sediments. Four different treatments
were set up in triplicates (Table S3), containing 0.5 mM
13C-labeled acetate as electron donor and carbon source and
as electron acceptor either 5 mM lepidocrocite, 5 mM sul-
fate, or none. Lepidocrocite was chosen as easily reducible

Fig. 1 Sampling locations
around South Georgia. Core
identifications are displayed, the
red marked core was used for
SIP incubations.
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iron oxide typically found in surface sediments, including
the study site [39]. One treatment contained 10 mM sodium
molybdate in addition to lepidocrocite in order to inhibit
sulfate reduction. For each treatment, a control with unla-
beled (12C) acetate was set up. An unamended incubation
with only sediment and artificial sea water was used as
control. Aqueous Fe2+ formation was monitored during the
course of the incubation for each bottle individually using a
ferrozine assay [51], modified by fixing the samples in
0.5 M HCl in order to prevent further oxidation. Aqueous
sulfate was measured at day 0 and day 15 (end point) of the
incubation using a Metrohm 930 Compact IC Flex ion
chromatograph. After 15 days, RNA was extracted from
pooled triplicates in order to retrieve sufficient biomass for
fractionation.

To support the observations from Cumberland Bay, a
second SIP experiment was performed using Antarctic
sediments from Potter Cove (push core 0–29 cm) with
similar geochemistry as Cumberland Bay [14, 36]. For
Potter Cove sediment incubations, the procedure for
experimental setup and Fe2+ measurement was similar as
described above with the modifications of using only 30 ml
slurry (ratio 1:6) in 60- ml serum bottles, an incubation
temperature of 2 °C and a pre-incubation time of 7 days.
The single treatment contained 0.5 mM 13C-labeled or
unlabeled acetate and 5 mM lepidocrocite as substrate. The
incubation was carried out for 10 days.

RNA-SIP

The steps of nucleic acid extraction, removal of DNA,
quantification, density separation, and preparation of 16S
rRNA sequencing were performed following a previously
described protocol [52] with the following modifications.
Briefly, nucleic acids were extracted from 15 ml slurry per
treatment, using a phenol-chloroform extraction protocol,
followed by DNase treatment and an additional phenol-
chloroform purification and RNA precipitation step with iso-
propanol and sodium acetate. RNA was quantified with
Quanti-iT RiboGreen and 1 µg was used for density separation
by ultracentrifugation. This resulted in 14 fractions of which
fraction 1 had the highest density (= heaviest) and fraction 14
the lowest. The RNA content of each fraction was quantified
and fractions were defined and pooled by their RNA
concentration-density profile as ultra-heavy= fraction 3+ 4
(1.814–1.826 g/ml); heavy= fraction 5+ 6 (1.799–1.810 g/
ml); midpoint= fraction 7+ 8 (1.783–1.799 g/ml); light=
fraction 9+ 10 (1.768–1.783 g/ml); ultra-light= fraction 11+
12 (1.753–1.768 g/ml). The pooled fractions were used for
cDNA synthesis. The bacterial 16S rRNA amplicon library
was prepared as previously described [46] and paired-end
sequenced at Novogene Co. Ltd. (Cambridge, UK) using
Novaseq6000 platform (2x 250 bp). Sequencing analysis

was done following Aromokeye et al. [46] with modifica-
tions described in the supplementary material (sequencing
details Table S4 and Fig. S3) and in the 16S rRNA gene
sequencing paragraph above.

Quantitative PCR

Bacterial and archaeal 16S rRNA gene copy numbers of
South Georgia surface sediments were determined by quan-
titative real-time PCR (qPCR). The qPCR assay followed
Aromokeye et al. [53] with 1 ng DNA template and a cycling
program of 95 °C: 5min; 40 cycles at 95 °C: 15 or 30 s, 58 °C:
30 s, 72 °C: 40 s (Table S5); with efficiencies >80% and
R2 > 0.99. For bacteria quantification, the primers Bac8Fmod
(5′-AGAGTTTGATYMTGGCTCAG-3′; modified from ref.
[54]) and Bac338Rmod (5′-GCWGCCWCCCGTAGGWGT-
3′; modified from ref. [55]) were used. For archaea quantifi-
cation Ar806F (5′-ATTAGATACCCSBGTAGTCC-3′; alter-
native name Arc787F in ref. [55]) and Ar912rt (5′-
GTGCTCCCCCGCCAATTCCTTTA-3′; ref. [56]) were
used. The gene copy number calculation was based on stan-
dard curves of 16S rRNA gene fragments of Escherichia coli
(strain SB1) and Methanosarcina barkeri (strain DSM800),
amplified with 27F (5′-AGAGTTTGATCCTGGCTCAG-3′;
ref. [57]) and Ba1492 (5′-GGTTACCTTGTTACGACTT-3′;
ref. [57]), and 109F (5′-ACKGCTCAGTAACACGT-3′; ref.
[58]) and A1492 (5′-GGCTACCTTGTTACGACTT-3′; ref.
[57]) primer pairs, respectively (Table S5), prepared and
analyzed according to Reyes et al. [59].

In surface sediment samples and Cumberland Bay SIP
fractions, the functional gene for sulfate reduction, alpha-
subunit of the dissimilatory sulfite reductase (dsrA), was
used for the quantification of sulfate reducers following the
qPCR protocol of Reyes et al. [59]. For the qPCR reaction,
the primer pair DSR1-F+ (5′-ACSCACTGGAAGCAC
GGCGG-3′; ref. [60]) and DSR-R (5′-GTGGMRCCG
TGCAKRTTGG-3′; ref. [60]) was used. As standard, the
dsrAB gene of Desulfovibrio burkinensis (strain DSM 6830)
was amplified with a mix of modified DSR1F/DSR4R pri-
mers (for details see Reyes et al. [59]).

Statistical analysis

Selected pairwise Pearson correlations were calculated
between OTU abundances, gene copy numbers, and envir-
onmental variables. A distance-based redundancy analysis
(dbRDA) was performed on a Bray-Curtis dissimilarity
distance matrix between geochemical parameters and bac-
terial relative abundances from sequencing and tested for
predictor variable collinearity, statistical significance
(at p < 0.05) for the full model, and constrains for each
variable. P values were adjusted for multiple testing
according to the false discovery method [61], if necessary.
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All statistical analysis and figures were made within
the R environment version 3.6.1 [62] using the vegan
package [63].

Closest sequences of the most abundant OTUs assigned as
Sva1033 were exported from 16S rRNA gene ARB
tree of Silva release 138 (SILVA_138_SSURef_NR99_
05_01_20, ref. [64]; >1300 bp, randomly selected) as well as
closest named neighboring clusters. A maximum-likelihood
tree was inferred with RAxML (version 8.2.11, ref. [65])
using the GTRGAMMA model with 1000 times rapid boot-
strapping. The tree file was visualized using iTOL software
(v4, ref. [66]) and edited in Inkscape (version 1.0.1, ref. [67]).

Results

Pore water geochemistry

Seven different geochemical pore water parameters were
analyzed in the context of their correlation to the microbial
community in the sediment. Notable differences across the
sites were observed in the pore water concentrations and
profiles of Fe2+, SO4

2−, and H2S (Fig. 2). Of all parameters,
Fe2+ concentrations showed the strongest variability among
the study sites.

At the sampling site in Church Trough, Fe2+ became
rapidly depleted with depth and undetectable below 3 cm

core depth. Below this depth, downward increasing H2S
concentrations (up to 20 mM at 30 cm) coincided with
decreasing SO4

2− concentrations (28 mM at 0 cm to 5 mM
at 30 cm). This defines the sampling site in Church
Trough as being sulfide-rich (Fig. 2). At the other sam-
pling sites, Fe2+ predominated in the sampled sediment
interval. The maximum Fe2+ concentration was measured
in the sediments sampled in Annenkov Trough (440 µM).
Therein, Fe2+ concentrations became completely depleted
down-core followed by detection of low H2S concentra-
tions below 30 cm (500 µM). In the investigated sedi-
ments of both Cumberland Bay and Drygalski Trough,
Fe2+ was detected throughout the sampled sediment depth
with maximum concentrations of 204 and 256 µM,
respectively, while H2S was below detection limit.
The predominance of Fe2+ over H2S in the sediments of
these sites thus defines them as iron-rich sites (Fig. 2).
In the sediments at the iron-rich sites, SO4

2− concentra-
tions stayed stable with depth (~28 mM) with only
minor decreases observed in the surface sediments
collected in Cumberland Bay (below 18 cm from 27 to
23 mM).

Profiles of NH4
+ and DIC showed similar distribution

and shapes with increasing values over depth at all sites
(Fig. 2). DIC concentrations in Church Trough sediments
reached double the concentrations observed in the sedi-
ments of the other sites toward the bottom of the core. Close
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to the surface, SiO2 concentrations increased downward
rapidly to a maximum value differing between sites and
stayed stable through the rest of the core.

Microbial community composition and abundance
estimation

The bacterial community composition of South Georgia
surface sediments was investigated by 16S rRNA gene

sequencing. Distinct similarities were observed in the dis-
tribution of core communities across all sites (Fig. 3A).
Relative abundance of sequences falling into Flavobacter-
iales, the Alphaproteobacteria Rhodobacterales (mostly
Rhodobacteraceae); the Gammaproteobacteria Cellvi-
brionales (mostly Halieaceae); Planctomycetacia (mostly
Pirellulaceae); and Verrucomicrobiales (mostly Rubrita-
leaceae) decreased with sediment depth, while the relative
abundance of sequences associated with Anaerolineae
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(phylum Chloroflexi), Phycisphaerae (mostly clade
MSBL9), and the Atribacteria JS1 increased.

Certain differences between sites were also evident: the
relative abundance of Desulfobacteraceae was low (<5%)
in the top sediments of the iron-rich sites in Annenkov
Trough, Cumberland Bay, and Drygalski Trough and only
increased down-core, but was very high (18%) in the top
sediments of the sulfide-rich site Church Trough. One major
difference between all sites was the presence of Methylo-
coccales throughout the Church Trough core (up to 11%),
whereas it was present in very low relative abundance at the
other sites (<0.5%). Conversely, the Desulfuromonadales
family Sva1033 was present in all sites but with very low
abundance in the Church Trough core (5% vs. 0.6%).

Bacterial 16S rRNA genes were quantified by qPCR with
gene copy numbers ranging between 5 × 107 and 1 × 1010

copies per gram sediment and differed significantly between
sites (Fig. 3B). Specifically, highest gene copy number
estimates were obtained from the sediments sampled in
Annenkov Trough (up to 1 × 1010 at 12 cm) and lowest in
Cumberland Bay (5 × 107–1.6 × 109).

Archaeal sequences recovered after quality filtering were
much less compared to bacterial sequences (Table S2). A
complete depth profile of the archaeal community was only
possible for samples derived from Church Trough and
Cumberland Bay (Fig. S4A), because the archaeal read
numbers and sequencing depth from the majority of the
sampled depths in Drygalski Trough and Annenkov Trough
were too low (<900 reads, Table S2). The most abundant
archaea in all sites were Bathyarchaeota (up to 31% in
Cumberland Bay) and the genus Candidatus “Nitrosopu-
milus” (up to 70% in Cumberland Bay) with their relative
abundance decreasing with depth (Fig. S4A). In Church
Trough sediments, anaerobic methane oxidizing archaea
groups ANME-2a-2b and -2c were found in high relative
abundances below 5 cm core depth (ANME-2a-2b up to
15%, ANME-2c up to 31%). Archaeal 16S rRNA gene
copy numbers from qPCR were in general a magnitude
lower than the bacterial gene copies (Fig. S4B). In contrast
to bacterial copy numbers, archaeal copy numbers were
highest in Church Trough sediments ranging from 8.6 × 107

to 4.6 × 108 copies per gram sediment. Again, the lowest
gene copy numbers of archaea were detected in samples
from Cumberland Bay with only 1.6 × 107 to 1.1 × 108

copies.

Statistical correlations between geochemical
parameters and bacterial communities

In order to identify potential geochemical filters that shape the
microbial communities across all sites, a dbRDA was per-
formed (Fig. 4, F= 4.99, p < 0.01, Df: 5, 34). Fe2+, PO4

3−,
NH4

+, SiO2, and H2S were included as explanatory variables

in the model and together explained 42% of the total variation
in the bacterial community. DIC and SO4

2− were removed
due to collinearity to other factors (NH4

+ and H2S, respec-
tively). Increasing NH4

+ concentrations with sediment depth
explained most of the variation of the bacterial community
(F= 5.85, p < 0.01), followed by H2S (F= 3.61, p < 0.01),
SiO2 (F= 2.90, p < 0.01), Fe2+ (F= 2.25, p= 0.012), and
PO4

3− (F= 2.12, p= 0.015). The clustering in the site
ordination space showed a clear distinction between Church
Trough and the other three sites (Fig. 4). The model strongly
attributed this distinction to Fe2+ and H2S concentration
differences between sites. Accordingly, removing these two
variables from the model caused the clustering by sampling
site in the ordination to disappear (Fig. S5).

Since H2S and Fe2+ concentrations, as indicators for
sulfate and iron reduction, were identified as the key
environmental factors for the microbial community com-
position in the sediments (Fig. 4), correlations between
these geochemical parameters and taxa known to possess
the capability of sulfate and iron reduction were performed.
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Fig. 4 Distance-based redundancy analysis (dbRDA) ordination
plot of bacterial communities in surface sediments of South
Georgia. Sample points are distinguished by site and core depth by
shape and color, respectively. dbRDA1 (variation 47%) and dbRDA2
(variation 22%) axes are displayed, which constrain the Bray-Curtis
distance matrix with geochemical parameters Fe2+, PO4

3−, NH4
+, SiO2,

and H2S. The total model (F= 4.99, p < 0.01, Df: 5, 34) and each
individual parameter (p < 0.05) was significant.
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Therefore, relative abundance of known sulfate reducers
within the Deltaproteobacteria was summed up for each
sample (Fig. 5). This included the taxa Desulfarculales [68],
Desulfobacterales [69], Desulfohalobiaceae [70], clade

NB1-j [71], clade SAR324 [72], clade Sva0485 [71], and
Syntrophobacterales [73]. Among the known iron reducers
from marine sediments (e.g., [74–79]), members of Desul-
furomonadales were the most abundant clade in this study.
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Fig. 5 Depth profile of contribution of sulfate and iron reducing
microorganisms in Deltaproteobacteria to bacterial community and
quantification of sulfate reducers (dsrA gene) in South Georgia
surface sediments. Relative abundance of 16S rRNA gene of taxa
known for iron and/or sulfate reducing capabilities within Deltapro-
teobacteria (details in the text) was summed up per sediment depth.

Fe2+ profile from Fig. 2 and dsrA gene copies per gram wet sediment
are displayed. Note the different scale for gene copies/g sediment for
Annenkov Trough. Sequences of taxa known for iron reducing cap-
abilities consisted of >78% Sva1033 in all depths of Annenkov
Trough, Cumberland Bay, and Drygalski Trough.
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Summed up individual families included Desulfur-
omonadaceae [75, 80], Geobacteraceae [74] and Deferri-
soma [81], and the family Sva1033 for which iron reducing
capabilities were recently suggested [82]. The taxa Desul-
fovibrionaceae [83, 84] and Myxococcales [85] were
separated as taxa known for both sulfate and iron reduction.

The relative abundance of sulfate reducers was high across
all sites (8–30%; Fig. 5), despite the absence of indication for
sulfate reduction, i.e., sulfide accumulation, in the pore water
of Cumberland Bay, Drygalski Trough, and Annenkov
Trough (Fig. 2). The presence of organisms capable of sulfate
reduction was confirmed by qPCR of the dsrA gene as a
functional marker gene for sulfate reduction: across all sites,
the dsrA gene copies varied between 4.2 × 107 (Cumberland
Bay) and 2.6 × 109 copies per gram sediment (Annenkov
Trough; Fig. 5) and were positively correlated to the bacterial
gene copies (r= 0.74, p < 0.001). Compared to sulfate redu-
cers, the relative abundance of known iron reducers was lower
across the iron-rich sites (1–5%; Fig. 5). In Church Trough
sediments, where sulfate reduction was apparent, relative
abundance of iron reducers was lower compared to the other
sites (<0.6%). A significant correlation between relative
abundance of iron reducers and Fe2+ concentrations was
found for Drygalski Trough (r= 0.77, p < 0.01). Correlations
were also calculated for the most dominant members of the
order Desulfuromonadales, the family Sva1033 (Figs. 3 and
S6). Sva1033 showed significant correlations with Fe2+ for
Annenkov Trough (r= 0.63, p= 0.049) and Drygalski
Trough (r= 0.77, p < 0.01), but not Cumberland Bay.
Although the highest relative abundance of known (or pro-
posed) bacteria capable of iron reduction was found in
Cumberland Bay sediments, depth-wise relative distribution
of iron reducers did not correlate with Fe2+ concentrations.
Instead, a correlation was found between Fe2+ concentration
and relative abundance of known sulfate reducers
(r= 0.78, p < 0.01).

SIP experiments with (sub-)Antarctic sediments

The abundance and distribution of known iron and sulfate
reducers in the sediment communities raised questions
about their metabolic activities in this environment.
Sva1033 was the dominant member of Desulfuromonadales
(Fig. S6), an order known for its iron reducing capabilities
(e.g., [74–79]). It was found across all iron-rich sites, but
this clade is only so far predicted—but not proven—to
perform iron reduction due to phylogenetic affiliation to
Desulfuromonadales (ref. [82], Fig. S7). Counterintuitively,
sulfate reducers were significantly more abundant compared
to iron reducers in the sites where iron reduction prevailed
(Fig. 5). To further investigate these observations, we set up
RNA-SIP incubations using acetate as 13C-labeled substrate
with Cumberland Bay surface sediments in order to label

active acetate oxidizers with the prediction that iron-
reducing microorganisms capable of utilizing acetate as
electron donor will be labeled in the heavy fractions
[78, 86]. Given that obtaining a pure culture for Sva1033
was outside the scope of this study, we aimed with this
strategy to obtain an indirect indication for iron reduction
capability in the Sva1033 clade. In these incubations,
increasing Fe2+ concentrations were detected in all treat-
ments without significant differences between them, except
in the treatment with acetate, lepidocrocite, and molybdate
(Fig. S8A). In the molybdate-amended treatment, only
moderate increase in Fe2+ concentrations was observed over
time. No further increase of Fe2+ concentrations was
detected by day 15 of the incubation experiment in all
treatments. Sulfate was measured over time (Fig. S8B). A
general trend of changing sulfate concentrations could only
be observed in the acetate only treatment (decrease by up to
0.4 mM). Meanwhile, the range of sulfate concentration was
different in the treatment amended with 5 mM sulfate
(3.8–5.7 mM).

Deltaproteobacteria dominated the general bacterial
community in the five defined gradient fractions per treat-
ment (ultra-light, light, midpoint, heavy, ultra-heavy) after
isopycnic separation. Their relative abundance ranged from
at least 50% up to over 80% in some 13C ultra-heavy
fractions. Clear differences were observed between the
communities in the light and heavy fractions, thus con-
firming that the SIP separation was successful (Fig. 6A, B).
The mostly enriched taxon in the 13C heavy and ultra-heavy
fractions of all treatments was Desulfuromonadales within
the Deltaproteobacteria (yellow-orange-brown in Fig. 6B),
including the family Sva1033 (10–23%), Desulfuromonas
(8–21%), Geopsychrobacter (8–10%), and Geothermo-
bacter (8–13%). In total, the order Desulfuromonadales was
more abundant in the 13C incubations, reaching up to 70%
in the ultra-heavy fractions, compared to the 12C control
incubations where their relative abundance was below 25%
and mostly in the lighter fractions. Their relative abundance
was slightly lower in the ultra-heavy fractions of the sulfate
amended treatments (55%) compared to the other treatments
(64–69%).

Within the class Deltaproteobacteria, the other abundant
taxa were members of Desulfobacterales: Desulfobacter-
aceae, especially clade Sva0081, and Desulfobulbaceae,
which together reached abundances of up to 50%. These
groups of known sulfate reducers were more abundant in
the 13C acetate and sulfate amended ultra-heavy fraction
(23%) compared to the other 13C acetate amended treat-
ments (6–18%). The lowest relative proportion of sulfate
reducers in the ultra-heavy fraction (6%) was observed in
the molybdate amended treatment. Quantification of the
dsrA transcripts (Fig. 6C) showed very low copy numbers
in the control treatment with molybdate (0–6700 transcript
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copies/ng cDNA from recovered RNA per fraction) com-
pared to the other treatments (up to 300 000 transcript
copies/ng cDNA per fraction). Sulfur oxidizing bacteria,
Arcobacter and Sulfurimonas [87, 88] were the other enri-
ched taxa in the ultra-heavy fractions. Arcobacter was
mainly enriched in the 13C acetate, lepidocrocite, and
molybdate treatment (17%) while Sulfurimonas was enri-
ched in the treatments with acetate and lepidocrocite or
sulfate (5–8%).

In addition to SIP incubations with surface sediments
from Cumberland Bay, a SIP treatment amended with acet-
ate and lepidocrocite was set up with sediments from Potter
Cove, Antarctica, as a geochemically similar site in order to
compare iron reducing communities from different locations.
SIP was performed after running the incubation for 10 days
from which iron reduction was observed (Fig. S8C). The
most dominant enriched taxon in the 13C ultra-heavy fraction
was the family Sva1033 (40% of bacterial 16S rRNA genes;
Figs. 7C and S9), a similar observation to the SIP incuba-
tions with sediments from Cumberland Bay.

In order to investigate the phylogenetic relations of the
most-enriched taxon Sva1033 (Fig. 7), a phylogenetic tree
was constructed with the closest neighbors to the most
abundant OTUs assigned as Sva1033 in South Georgia in situ
sediments and Cumberland Bay SIP incubations and the
closest neighboring clades from the Silva ARB tree (release
138). OTUs detected in situ were closely related to OTUs
detected in the SIP experiment (Fig. S7). The clade closest
related to the family Sva1033 was “Desulfuromonas 2” (as
assigned by Silva 138).

Discussion

Permanently cold coastal sediments from sub-Antarctic and
Antarctic regions are subject to increased input of iron and
other terrigenous compounds as a consequence of intensi-
fied weathering, erosion, and glacial melt due to observed
global warming [10–15, 89, 90]. The impact of these altered
element and material flux on the microbial communities in
such sediments is currently understudied. Likewise, the
bacterial communities present in surface sediments around
the sub-Antarctic island South Georgia were not pre-
viously studied in detail. This study investigated the impact
of environmental change on microbial communities in
permanently cold (sub-)Antarctic sediments. Our findings
show how geochemical characteristics such as the pre-
dominant electron accepting process and quality of organic
matter potentially shape sediment communities in various
sites around South Georgia. Importantly, in the iron
reduction sites, we obtained evidence for dissimilatory iron
reduction as one of Sva1033 clade’s ecological roles in
permanently cold sediments using RNA-SIP. Finally, indi-
cations for concurrent sulfate reduction were obtained,
despite the dominance of iron reduction in incubation
experiments.

Geochemical footprints shape microbial community
composition

Selective survival of taxa buried below the upper 10 cm
bioturbation zone has been identified as the significant
process relevant for microbial community assembly in
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marine sediments [91–94]. Using the geochemical para-
meters as environmental factors for selection of the micro-
bial community composition in the dbRDA (Figs. 4 and
S5), various trends were observed. For example, depth-wise
variation in community composition across all sites was
strongly explained by the ammonium concentrations
(Fig. 4), whose presence—along with DIC—is an indicator
for organic matter degradation [95]. This was reflected in
the core microbial community; the taxa Flavobacteriales,
Rhodobacterales, Cellvibrionales, and Verrucomicrobiales,
known for degradation of labile organic matter such as
proteins, amino acids, polysaccharides, and simple sugars
[96–99], were more abundant in the surface and decreased
with depth across all sites (Fig. 3A). A similar trend was
previously observed for some of these taxa in sediments of
the Antarctic shelf [100]. In contrast, known “persister”
microorganisms [91–93] such as Anaerolineae, Phyci-
sphaerae, and the Atribacteria clade JS1 [101–104],
showed a consistent increase in relative abundance along
increasing depth across all sites (Fig. 3A). Differing supply
of fresh organic matter on the outer shelf sites (Church
Trough and Annenkov Trough) compared to sites located
closer to the island was a possible explanation for likely
higher microbial activity at these sites, as corroborating data
from the geochemical profiles and gene copy numbers of
microorganisms in the sediments (Figs. 2, 3B, 5, and S4B)
indicated. This idea was supported by known large phyto-
plankton blooms and high primary production on the outer
shelves around South Georgia [37, 40, 105].

Beyond ammonium shaping the communities along the
sediment depth gradient, the dbRDA similarly showed a
distinct selection of microbial communities in the study
sites based on ferrous iron and sulfide concentrations. Thus,
the likely dominant TEAP, i.e., iron and sulfate reduction,
served as a factor for identifying the sites as either a group
of iron reduction sites (Annenkov Trough, Cumberland
Bay, Drygalski Trough) or sulfate reduction site (Church
Trough; Fig. 4). A strong dependency of microbial com-
munity composition on TEAP was previously demonstrated
in deeper sediments (down to 10 m below seafloor) from
South Georgia [42] and from the Baffin Bay in the Arctic
[27], in which iron and sulfate or iron and manganese
reduction dominated, respectively.

Since ferrous iron and sulfide as products of microbial
iron and sulfate reduction, respectively, were recognized by
dbRDA as the environmental factors in our sediments to
shape local communities, we hypothesize that the micro-
organisms contributing to these processes are important
members of the microbial community. Thus identification
of potential sulfate and iron reducers in the sediments will
reveal which microorganisms are likely involved in the
terminal respiratory processes. Amongst the sulfate reducers
(Fig. 5), Desulfobacteraceae, Desulfobulbaceae, and

Desulfarculaceae were most dominant, even down to
the deeper layers of Cumberland Bay and Church Trough
sediments [42]. The order Desulfuromonadales harbors
many species with the metabolic capability to per-
form dissimilatory iron reduction [74, 75, 77], but also
sulfur reduction [106–110] and even a few microorganisms
are capable of sulfate reduction [111]. Members of Desul-
furomonadales are typically found in ferruginous sediments
(e.g., [45, 112, 113]). This order was the most abundant
potential dissimilatory iron reducing clade in this study.
Here, the main representative identified was the family
Sva1033 (Figs. 3A, 7A, and S6), which was recently sug-
gested to be capable of iron reduction in a Terrestrial Mud
Volcano site [82] and Arctic sediments [112]. Based on the
calculated phylogenetic tree (Fig. S7), this family is closely
related to the clade “Desulfuromonas 2” (as assigned by
Silva release 138 [64]). Until now, there are no cultivated
members of this clade and its metabolic capabilities are yet
to be confirmed. The significant correlation between depth-
wise Fe2+ concentrations with relative abundance of
Sva1033 in Annenkov Trough and Drygalski Trough
(Fig. S6) strengthens the hypothesis that Sva1033 is
involved in microbial iron reduction in surface sediments of
South Georgia.

The Sva1033 clade is capable of dissimilatory iron
reduction

As the Sva1033 clade was first identified in Arctic sedi-
ments [114], we tested the hypothesis that this clade
is ecologically adapted to perform iron reduction as one of
its metabolic capabilities in permanently cold sediments.
This was done by setting up RNA-SIP incubations using
acetate as labeled substrate with Cumberland Bay and
Antarctic Potter Cove sediments, especially as both Potter
Cove and Cumberland Bay are characterized by a broad
ferruginous zone [14]. Due to thermodynamic constraints in
dissimilatory utilization, acetate has been frequently used
successfully for specifically tracing anaerobically respiring
microorganisms such as iron reducers (e.g., [78, 86]).
Within Cumberland Bay sediments, iron reduction is very
likely the dominant TEAP occurring in all SIP incubations
as indicated by the increasing Fe2+ concentrations in the
treatments, including controls (Fig. S8A). The slurry likely
retained endogenous iron oxides and organic matter from
the original sediment. In surface sediments from Cumber-
land Bay (same sampling site but previous expedition), total
Fe content of the solid phase of 46.8 g/kg was reported [38],
of which ferrihydrite and lepidocrocite contributed
0.65–0.7 wt% Fe [39]. Therefore, iron reduction could be
stimulated without the amendment of additional electron
acceptors or donors (see unamended control treatment,
Fig. S8A). Given the similarity in the microbial community
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composition and proportion of enriched taxa in the heavy
fractions (Fig. 6B), we conclude that dissimilatory iron
reduction is the most likely dominant process conducted by
the labeled taxa enriched in the heavy fractions of all
treatments, i.e., members of Desulfuromonadales with
Sva1033 as the most abundant taxon. This conclusion was
supported by the observed similar geochemistry in the
treatments (Fig. S8). The possibility that other processes
such as sulfate and sulfur reduction, which could occur in
these incubations, stimulated the enrichment of Desulfur-
omonadales is not supported by the formation of Fe2+ in the
incubation experiment over time (Fig. S8A). The likelihood
that Sva1033 performs iron reduction in situ as in the RNA-
SIP incubations is supported by the close relation of OTU
sequences from the in situ sediment and the SIP experiment
(Fig. S7). Likewise, in Potter Cove sediment incubations,
Sva1033 was also identified as the most dominant organism
taking up the acetate label (40% relative abundance in
ultra-heavy fraction, Figs. 7C and S9). Our study thus
provides evidence for the capability for microbial iron
reduction in the uncultured Sva1033 clade from perma-
nently cold (sub-)Antarctic sediments with acetate as elec-
tron donor and carbon substrate (Fig. 7). Other taxa
enriched in the heavy fractions of the SIP experiments
included Desulfuromonas, Geopsychrobacter, and Geo-
thermobacter, species with known iron reducing cap-
abilities [75, 80, 115, 116].

Activity of sulfate reducers in the iron reduction
sites

Sulfate reducers are metabolically flexible. Their primary
metabolic capabilities are essential for the global sulfur
cycle as utilizers of the most oxidized form of sulfur [117]
and they are capable of syntrophic growth, e.g., with
methanogens [118, 119]. In addition, sulfate reducers are
capable of growth with TEAPs such as nitrate [84, 120] and
Fe(III) under sulfate limitation [83, 121]. In similar per-
manently cold marine sediments from the Arctic, sulfate
reducers were relatively less abundant compared to iron
reducers when iron reduction predominated [27, 112],
which is in contrast to this study (Fig. 5). Despite the high
abundance of sulfate reducers in the sediments of the iron-
rich sites (Figs. 3 and 5), evidence for sulfate reduction was
not directly obtained from the pore water profiles (Fig. 2).
Hence, an open question emerges regarding the metabolism
that keeps sulfate reducers persistent across these sites such
that their relative abundances outnumber the iron reducers
who likely perform the clearly more dominant TEAP in situ
(Fig. 2). We hypothesize for our study that sulfate reduc-
tion, masked by the reoxidation of the produced sulfide
back to sulfate, fuels the persistence of sulfate reducers
[19, 21] in the iron reduction sites.

The results from SIP incubations showed that sulfate
reducers were present and active in all treatments. However,
they were present in higher abundance in the light compared
to the heavy fractions (Fig. 6B). This can be explained by
their high abundance in the starting sediment material (42%,
Fig. S10). Sulfate reducers responded to the addition of
electron acceptor as evidenced by their increased relative
abundance in the heavy fractions of the sulfate-amended
treatment compared to the other treatments (25% vs. 7–18%
ultra-heavy labeled fraction). In general, the lower enrichment
of sulfate reducers in the heavy fractions compared to the
potential iron reducers is likely because (I) iron reducers
were more efficient in the uptake of electron donors such as
the provided acetate [122]; (II) iron reduction was the
dominant biogeochemical process observed (as discussed
above, Fig. 6B and S8A); or/and (III) sulfate reducers were
thriving on different, sediment endogenous electron donors
[123]. Nevertheless, the detection of dsrA transcripts in the
SIP fractions (Fig. 6C) supported the hypothesis of co-
occurring sulfate reduction in the treatments. Following the
observations of the SIP experiment, we suggest that minor
concurrent sulfate reduction, in the background of the
dominant TEAP i.e. iron reduction, likely fuels the persis-
tence of sulfate reducers in situ in the iron reduction sites
Annenkov Trough, Cumberland Bay, and Drygalski Trough
(Figs. 3A and 5). The non-detection of sulfide in the incu-
bations could be explained by precipitation with Fe2+ form-
ing mackinawite (FeS) and/or pyrite (FeS2) [124, 125], or
reoxidation microbially or abiotically by reactive Fe(III)
oxides [21]. Recently, this type of cryptic sulfur cycling,
indicated by high sulfide oxidation rates in surface sediments,
was shown in multiple studies [21, 126, 127]. In addition,
concurrent sulfate and iron reduction in the same zone was
reported multiple times [17, 20, 77, 124], but detailed infor-
mation about the associated microbial community is lacking.
These studies [21, 126–129] assign the majority of ferrous
iron production to the abiotic process of iron reduction by
sulfide oxidation. Although this process likely also occurs in
the sediments investigated in this study, sulfide concentra-
tions below detection limit (Fig. 2) and the high activity of
mainly iron reducing microorganisms (Fig. 6B) indicate that
these abiotic processes provide a minor contribution to
observed high Fe2+ concentrations (Figs. 2 and S8A).

A limitation of our study is the unexpected lack of dis-
solved Fe2+ over time in the acetate, lepidocrocite and
molybdate treatment from the SIP incubation (Fig. S8A).
While this result suggested that iron reduction did not occur
in this treatment, the enrichment of Desulfuromonadales
members in similar proportion as in the other
treatments shows that iron reduction certainly occurred
(Fig. 6B). Besides, inhibition of iron reduction by molybdate
has not been shown previously. In comparable studies,
molybdate concentrations of 10 mM [83] or even 20mM
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[124] did not inhibit microbial iron reduction. Instead, in our
study, the produced dissolved Fe2+ reacted abiotically with
the added molybdate, preventing the detection of Fe2+ (see
supplementary material, Figs. S11 and S12, for details).

Conclusion

This study has shown how the microbial communities in sub-
Antarctic South Georgia surface sediments are shaped by the
dominant TEAP; sulfate reduction in Church Trough and iron
reduction in Cumberland Bay, Drygalski Trough, and
Annenkov Trough. We provide evidence for microbial iron
reduction as one of the metabolic capabilities of the family
Sva1033 using RNA-SIP with Cumberland Bay surface
sediments. Coincidentally, in all iron reduction sites, Sva1033
was the dominant member of Desulfuromonadales found
in situ, while other known marine iron reducers were scarce.
We also identified iron-reducing capabilities of Sva1033
members in similar surface sediments from Potter Cove in the
Antarctic Peninsula. Therefore, this clade might be very
important for iron reduction in permanently cold marine
sediments given the input of iron from enhanced glacial ero-
sion, weathering, and glacial melt as a result of global
warming. Furthermore, our data show high relative abundance
of persistent sulfate reducers and suggest their activity in the
iron reduction zone of marine sediments potentially partici-
pating in cryptic sulfur cycling, with the produced sulfide
precipitating as metal sulfide mineral or being reoxidized.
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2.2 Supplementary 
2.2.1 Supplementary figures 

 
Fig. S1: Sampling location of Station 13 in Potter Cove (King George Island/Isla 25 de Mayo, Antarctic Peninsula). Produced with Google Earth.  
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Fig. S2: Rarefaction curves of 16S rRNA sequencing of South Georgia surface sediment for bacteria (a) and archaea (b). Depth in cm below seafloor. b Samples after removing low read samples (see Table S2) leaving Annenkov Trough n = 5, Church Trough n = 9, Cumberland Bay n = 10, Drygalski Trough n = 4.  
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Fig. S3: Rarefaction curve of bacterial 16S rRNA sequencing of SIP incubations with Cumberland Bay sediments.  
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Fig. S4: Archaeal community composition and gene copy numbers in South Georgia surface sediments. a Relative abundance of bacterial 16S rRNA genes in Annenkov Trough, Church Trough, Cumberland Bay and Drygalski Trough. From the originally sequenced 10 samples per site, some were removed due to insufficient coverage (see Table S2). b Archaeal 16S rRNA gene copies per gram wet sediment of 10 samples per site with error bars displaying SD of technical qPCR replicates (n = 3).  
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Fig. S5: Partial distance-based redundancy analysis (dbRDA) ordination plot of bacterial communities in surface sediments of South Georgia. Variation explained by (a) H2S or (b) Fe2+ were removed from the model. Sample points are distinguished by site and core depth by shape and color respectively. dbRDA1 and dbRDA2 axes are 
displayed which constrain the Bray Curtis distance matrix with geochemical parameters PO43-, NH4+, SiO2 and Fe2+ or H2S. The total model (a F = 4.13, p < .01, Df 4, 34; b F = 4.57, p < .01, Df 4, 34) and each individual parameter (p < 0.05) was significant.  
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Fig. S6: Depth profile of contribution of iron reducing microorganisms in Deltaproteobacteria and family Sva1033 to bacterial 16S rRNA gene community in South Georgia surface sediments. Fe2+ profile from Fig. 2 was displayed.  
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Fig. S7: Phylogenetic tree of family Sva1033 and closest sister clusters including the most abundant OTUs of this study (in red). Bootstrap values > 50% are shown in the tree. The reference sequences were exported from the ARB tree of SILVA release 138, Quast et al. (1). Accession numbers of sequences in collapsed nodes: Desulfobaccales FJ437876, AF002671; Geoalkalibacter CP010311, KJ817771, KT699114, DQ309326, MG602814; Desulfuromonas 3 JQ801020, JF727697; Desulfuromonas 1 JX223285, MF806540, JX224539, JX222942, HM141856; Geothermobacter KF741402, AY155599, GQ433952; Desulfuromonas 2 EU052234, KC470887, JX391250, KC471166, KM203496. * : most abundant OTUs from SIP incubations representing together 96% of all Sva1033 sequences 
+ :  most abundant OTU from in situ sediments representing 90% of all Sva1033 sequences  



Chapter 2: Iron and sulfate reduction in South Georgia sediments 

60 

 
Fig. S8: Time course of Fe2+ and sulfate concentrations in SIP incubations of Cumberland Bay and Potter Cove sediments. a Fe2+ concentration of Cumberland Bay SIP incubations over time separated by treatment. Lines connect mean of triplicates of each treatment, separate for 12C and 13C acetate. b Sulfate concentration of Cumberland Bay SIP incubations of each replicate at start and end time point (day 0 – 15). The technical measurement error for sulfate measurements was 2%. c Fe2+ concentration of single Potter Cove SIP incubation treatment at start and end time point (day 0 – 10).   
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Fig. S9: SIP incubation of Potter Cove sediments. Density separated bacterial 16S rRNA community composition of taxa with > 2% relative abundance.  

 
Fig. S10: SIP incubation of Cumberland Bay sediments bacterial 16S rRNA starting community on RNA and DNA level.  
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Fig. S11: Measured Fe2+ of abiotic ferrous iron. The line connects the mean for replicates of each treatment with n = 3 for all except Slurry + Fe2+ + molybdate with n = 2. For details see text below.  

 
Fig. S12: Serum bottles of abiotic control experiment. One replicate of each treatment, from left to right: slurry + molybdate, slurry + Fe2+, slurry + Fe2+ + molybdate, slurry only.  
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2.2.2 Supplementary tables 
Table S1: Sampling location and sample details 
Sampling objective Site  Core ID Core depth (cm)* Coordinates Latitude Longitude 

Archaeal and bacterial community composition analysis and quantification, dsrA gene quantification 
Annenkov Trough  GeoB22054-2 (MUC-12) 

0 – 1 

54°26.169 S 37°21.094 W 

2 – 3 6 – 7 8 – 9 12 – 14 14 – 16 16 – 18 20 – 22 22 – 24 24 – 26 Geochemical measurements on pore water 0 – 10 every 1 cm 10 – 34 every 2 cm 

Archaeal and bacterial community composition analysis and quantification, dsrA gene quantification 
Church Trough  GeoB22031-1 (MUC-5) 

0 – 1 

53°46.209 S 38°08.413 W 

2 – 3 4 – 5 6 – 7 10 – 12 12 – 14 14 – 16 16 – 18 18 – 20 20 – 22 Geochemical measurements on pore water 0 – 10 every 1 cm 10 – 30 every 2 cm 

Archaeal and bacterial community composition analysis and quantification, dsrA gene quantification 
Cumberland Bay  GeoB22046-1 (MUC-8) 

0 – 1 

54°17.270 S 36°27.710 W 

2 – 3 4 – 5 5 – 6 12 – 14 16 – 18 20 – 22 26 – 28 30 – 32 36 – 38 Geochemical measurements on pore water 0 – 10 every 1 cm 10 – 40 every 2 cm 

Archaeal and bacterial community composition analysis and quantification, dsrA gene quantification 
Drygalski Trough  GeoB22015-1 (MUC-4) 

0 – 1 

54°51.269 S 35°54.667 W 

3 – 4 4 – 5 5 – 6 10 – 12 12 – 14 16 – 18 20 – 22 22 – 24 30 – 32 Geochemical measurements on pore water 0 – 10 every 1 cm 10 – 32 every 2 cm 
SIP incubation Cumberland Bay GeoB22024-1 (GC-6) 0 – 14 54°15.885 S 36°26.225 W 
SIP incubation Potter Cove  Station 13-04 0 – 29 (whole core) 62°13.523 S 58°38.470 W 
* In the text, other tables and figures only start depth is displayed 
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Table S2: Sequencing details surface sediments, South Georgia Red labelled archaea samples were removed from the analyses due to insufficient sequencing depth 
Site  Core ID Core depth (cm) Total reads Total OTUs 

Bacteria Archaea Bacteria Archaea 

Annenkov Trough GeoB22054-2 

0 4025 423 1067 74 
2 2497 334 707 80 
6 1494 670 340 133 
8 2680 1192 573 140 

12 3326 2132 814 204 
14 5870 2138 1236 235 
16 4712 3973 1123 336 
20 6165 1113 1325 199 
22 3420 502 982 121 
24 5129 618 1093 133 

Church Trough GeoB22031-1 

0 21567 761 2074 111 
2 8887 1167 1316 146 
4 11103 2093 1504 182 
6 8405 2342 1255 243 

10 14952 3284 1607 246 
12 19810 3706 1923 206 
14 18582 2456 1833 207 
16 15080 2071 1616 177 
18 17165 2579 1764 222 
20 22506 1829 1898 170 

Cumberland Bay GeoB22046-1 

0 25910 1009 1951 21 
2 11546 1581 1968 61 
4 7618 1761 1548 174 
5 11630 3952 1693 198 

12 7098 1280 1594 235 
16 8106 9021 1516 367 
20 7996 8132 1546 442 
26 5828 2481 1263 214 
30 9828 4883 1616 341 
36 10034 8799 1562 375 

Drygalski Trough GeoB22015-1 

0 10154 122 1288 37 
3 17665 142 1740 41 
4 19482 568 1892 90 
5 10165 805 1455 103 

10 25580 1853 2476 166 
12 15554 1551 2151 161 
16 19605 732 1936 129 
20 12337 451 1859 137 
22 18759 955 2084 207 
30 6532 1239 1328 144  
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Table S3: SIP incubation set-up Cumberland Bay 
 Treatment (n = 3) Acetate (500 µM) Lepidocrocite (5 mM) Sulfate (5 mM) Molybdate (10 mM) Days pre-incubation 
Control     4 
Acetate 12C    6 
Acetate 13C    6 
Acetate + lepidocrocite 12C x   6 
Acetate + lepidocrocite 13C x   6 
Acetate + sulfate 12C  x  6 
Acetate + sulfate 13C  x  6 
Acetate + lepidocrocite + molybdate 12C x  x 4 
Acetate + lepidocrocite + molybdate 13C x  x 6 

 
Table S4.1: Sequencing details SIP incubation samples 

Treatment Isotope Fraction Total reads Total OTUs Density (g/ml) 

Cumberland Bay Acetate 

12C 
3+4 30386 3000 1.818 – 1.826 5+6 37248 3184 1.803 – 1.810 7+8 36816 3194 1.791 – 1.799 9+10 13656 2006 1.776 – 1.783 11+12 30136 2849 1.760 – 1.768 

13C 

3+4 5410 479 1.814 – 1.822 5+6 19743 2030 1.799 – 1.806 7+8 35068 3172 1.783 – 1.791 9+10 39751 3557 1.768 – 1.776 11+12 24305 2753 1.753 – 1.760 

Cumberland Bay Acetate + lepidocrocite 

12C 
3+4 25033 2575 1.814 – 1.822 5+6 27784 3010 1.799 – 1.806 7+8 46695 3743 1.787 – 1.791 9+10 35683 3293 1.772 – 1.779 11+12 24208 2623 1.756 – 1.764 

13C 

3+4 14822 995 1.814 – 1.818 5+6 20291 1958 1.799 – 1.806 7+8 11846 1886 1.783 – 1.791 9+10 8732 1616 1.768 – 1.776 11+12 8416 1483 1.753 – 1.760 

Cumberland Bay Acetate + sulfate 

12C 
3+4 20815 2427 1.818 – 1.822 5+6 15954 2151 1.799 – 1.806 7+8 17408 2333 1.783 – 1.791 9+10 21839 2534 1.772 – 1.776 11+12 22078 2570 1.756 – 1.764 

13C 
3+4 24520 1333 1.814 – 1.822 5+6 16403 2014 1.799 – 1.806 7+8 14038 1950 1.783 – 1.791 9+10 2782 834 1.768 – 1.776 11+12 31827 3133 1.753 – 1.760   
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Table S4.2: Sequencing details SIP incubation samples 
Treatment Isotope Fraction Total reads Total OTUs Density (g/ml) 

Cumberland Bay Acetate + lepidocrocite + molybdate 

12C 
3+4 22646 2470 1.814 – 1.820 5+6 6721 1324 1.799 – 1.806 7+8 30945 3186 1.783 – 1.791 9+10 24045 2689 1.768 – 1.776 11+12 52866 4049 1.756 – 1.760 

13C 
3+4 45440 1620 1.814 – 1.818 5+6 43504 2954 1.799 – 1.806 7+8 38599 3482 1.783 – 1.791 9+10 33612 3752 1.768 – 1.776 11+12 28149 3196 1.756 – 1.764 

Potter Cove Acetate + lepidocrocite 

12C 
3+4 45543 3806 1.815 – 1.817 5+6 44232 3689 1.803 – 1.806 7+8 53991 3738 1.792 – 1.794 9+10 54971 3609 1.780 – 1.783 11+12 26062 2756 1.769 – 1.774 

13C 
3+4 10703 629 1.820 – 1.826 5+6 2123 476 1.809 – 1.815 7+8 31702 3045 1.797 – 1.803 9+10 15678 2245 1.789 – 1.794 11+12 20690 2647 1.783 – 1.777 

 
Table S5: Primer details 16S rRNA gene qPCR 

Primer Sequence (5’-3’) Target Denaturation time Reference 
Bac8Fmod AGAGTTTGATYMTGGCTCAG bacteria 15 s modified from (2) 
Bac338Rmod GCWGCCWCCCGTAGGWGT bacteria 15 s modified from (3) 
27F AGAGTTTGATCCTGGCTCAG bacteria  (4) 
Ba1492 GGTTACCTTGTTACGACTT bacteria  (4) 
Ar806F* ATTAGATACCCSBGTAGTCC archaea 30 s (3) 
Ar912rt GTGCTCCCCCGCCAATTCCTTTA archaea 30 s (5) 
Ar109F ACKGCTCAGTAACACGT archaea  (6) 
A1492 GGCTACCTTGTTACGACTT archaea  (4) 

* alternative name Arc787F 
 
2.2.3 Supplementary material and methods 
2.2.3.1 Experimental set up for stable isotope probing incubations 
Anoxic slurries were prepared by homogenizing sediment with sulfate-free artificial sea water 
(per liter 26.4 g NaCl, 11.2 g MgCl2 · 6 H2O, 1.5 g CaCl2 · 2 H2O, 0.7 g KCl, prepared with 
purified water (Milli-Q)) at a ratio of 1:4 under a stream of nitrogen gas (N2 5.0). 40 ml slurry 
was transferred into 120 ml serum bottles sealed with butyl rubber stoppers. The headspace gas 
was exchanged with N2. The detailed set up is shown in Table S3. Both C-atoms in acetate 
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were 13C-labelled. Incubation was conducted at 5°C in the dark for a total of 15 days after 
substrate addition. 
When samples for Fe2+ measurements were taken anoxically, 1 ml slurry was frozen for later 
analyses. These samples were subsequently used to determine aqueous sulfate concentrations 
by fixing 200 µl slurry supernatant in 800 µl 1% zinc acetate. The measurement was performed 
with a Metrohm 930 Compact IC Flex ion chromatograph (sulfate detection limit 50 µM). 
For RNA extraction the slurry of treatment triplicates were pooled and 15 ml were used in 
order to retrieve sufficient biomass for fractionation. 
2.2.3.2 Sequencing analysis 
The sequence read analysis of surface sediment samples was performed as previously described 
(7) with updated software, using the QIIME 1.9.0 and USEARCH 11.0. For sequencing data 
of the in situ surface sediment samples (2x 150 bp), only the forward reads were used for further 
analysis and truncated to a minimum sequence length of 143 bp. 
For sequences of SIP incubation samples (2x 250 bp), the pipeline was modified in its first 
steps before de-replication: forward and reverse reads were joined with minimum overlap of 
10 bases followed by de-multiplexing and quality filtering to minimum sequence length of 
242 bp and expected error of < 0.5 using QIIME 1.9.0 and USEARCH 11.0. The taxonomic 
assignment was based on the 16S rRNA database Silva release 132 (1). 
Unassigned reads or assigned as archaea, chloroplast or mitochondria were removed from the 
bacterial OTU tables and respectively bacterial and unassigned reads were removed from the 
archaeal OTU table prior to further analyses. Sequencing details are provided in Table S2 and 
S4. Rarefaction curves were generated (vegan package (8)) and all samples not reaching the 
inflection point of the rarefaction curve were removed from the dataset, as their community 
coverage was considered insufficient (Fig. S2, S3). Differing sample sizes were normalized by 
scaling OTU abundance to the observation totals in each sample (“relative data”). Separately, 

the relative abundance of each taxon on all available ranks was summed up, i.e. for all phyla, 
classes, orders and so on. 
2.2.4 Fe2+ measurement in molybdate treated incubations – abiotic controls 
During the course of the stable isotope probing (SIP) incubations with Cumberland Bay 
sediments, measured Fe2+ concentrations in the treatment containing acetate + lepidocrocite + 
molybdate was much lower compared to the other incubations, including the control (Fig. S8). 
However, the microbial community from the sequencing results indicated on-going iron 
reduction: the same known iron reducing microorganisms as in the other incubations were 
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present and active (Fig. 6). One hypothesis for the lower concentrations of detectable Fe2+ 
concentrations was abiotic reaction of Fe2+ from iron reduction with molybdate. To address 
this hypothesis, supplementary incubations were set up and the findings are discussed below.  
Material and methods 
Experiments investigating the abiotic reaction of Fe2+ and molybdate were set up in 120 ml 
serum bottles with 40 ml 1:4 slurry containing 10 g Cumberland Bay sediment (gravity core, 
0 – 14 cm, same as used for main SIP experiments) and 30 ml artificial sea water (ASW, see 
supplementary methods above and main text). The slurry was autoclaved and all oxygen 
removed by flushing with N2 gas before the substrate was added. Four treatments were set-up 
containing 10 mM molybdate (n = 3), 1 mM Fe2+ (n = 3, added as FeCl2), both together (n = 2) 
or only sediment (n = 3).  
Fe2+ measurements were performed following the ferrozine assay from Viollier et al. (9). Fe2+ 
was measured the first time directly after the substrate was added to all treatments, followed 
by measurements after 6, 26 and 76 h (Fig. S11). During that time, the treatments were 
incubated at 5°C in the dark. 
Results and discussion 
The Fe2+ concentrations showed clear differences between the treatments (Fig. S11). Lower 
Fe2+ concentrations were measured in the treatment slurry + Fe2+ + molybdate (7 – 13 mM) 
compared to the treatment slurry + Fe2+ (11 – 19 mM). Fe2+ concentrations in the other 
treatments slurry only and slurry + molybdate stayed very low between 0.025 – 0.038 mM and 
0 – 0.006 mM respectively. An immediate color change was observed in the slurry + Fe2+ + 
molybdate treatment after adding the substrates, but not in any of the other control treatments 
(Fig. S12). Higher Fe2+ concentrations were observed than initial Fe2+ was added in according 
incubations. The addition of Fe2+ in the form of FeCl2 lowered the pH in these treatments 
probably resulting in the elution of Fe2+ from the sediment particles. 
The observations from these abiotic sediment incubations give clear indication for an abiotic 
reaction between the added Fe2+ and the molybdate, therefore limiting the possibility to 
measure the exact levels of iron reduction in the acetate, lepidocrocite and molybdate 
treatments of the initial experiments (Fig. S8A). In summary, based on the results from these 
abiotic sediment incubations, we argue that in the acetate, lepidocrocite and molybdate 
treatments (Fig. 6 main text, Fig. S8A), iron reduction was on-going but most of the Fe2+ 
formed reacted abiotically with molybdate. 
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The polar regions are the fastest warming places on earth. Accelerated 
glacial melting causes increased supply of nutrients such as metal oxides (i.e., 
iron and manganese oxides) into the surrounding environment, such as the 
marine sediments of Potter Cove, King George Island/Isla 25 de Mayo (West 
Antarctic Peninsula). Microbial manganese oxide reduction and the associated 
microbial communities are poorly understood in Antarctic sediments. Here, 
we investigated this process by geochemical measurements of in situ sediment 
pore water and by slurry incubation experiments which were accompanied by 
16S rRNA sequencing. Members of the genus Desulfuromusa were the main 
responder to manganese oxide and acetate amendment in the incubations. 
Other organisms identified in relation to manganese and/or acetate utilization 
included Desulfuromonas, Sva1033 (family of Desulfuromonadales) and 
unclassified Arcobacteraceae. Our data show that distinct members of 
Desulfuromonadales are most active in organotrophic manganese reduction, 
thus providing strong evidence of their relevance in manganese reduction in 
permanently cold Antarctic sediments.

KEYWORDS

manganese reduction, Potter Cove, marine surface sediment, Desulfuromusa, 
Sva1033, Arcobacteraceae, Antarctic, organic carbon degradation

1 Introduction

Organic matter degradation in marine sediments is an important part of the global carbon 
cycle. The flux of carbon in marine sediments is regulated by microbial mineralization of 
organic matter to CO2 (LaRowe et al., 2020 and references therein) which contributes as potent 
greenhouse gas to global warming and drives the climate change (Mitchell, 1989). In anoxic 
sediments, the degradation of organic matter is performed by microorganisms in multiple 
steps. Briefly, polymeric carbon compounds are first hydrolyzed, then monomers are 
fermented and finally fermentation intermediates are oxidized coupled to the reduction of 
terminal electron acceptors such as nitrate, metal oxides and sulfate (Jørgensen, 2006).
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Polar regions such as the Arctic and Antarctic are especially 
affected by climate change and are therefore warming-up multiple 
times faster than other areas of earth (Rantanen et al., 2022; Casado 
et al., 2023). Elevated temperatures result in accelerated melting of sea 
ice and glaciers and consequently increased meltwater input into the 
surrounding environment. Meltwater of sea ice and glaciers deliver 
nutrients, including different metals, into the ocean and underlying 
sediments (Death et al., 2014; Herbert et al., 2020; Forsch et al., 2021). 
There, the metal (iron and manganese) oxides can be used as terminal 
electron acceptors for microbial organic matter oxidation (Canfield 
et al., 1993b).

Microorganisms can couple manganese reduction to the oxidation 
of organic and inorganic electron donors (e.g., lactate, acetate, formate, 
hydrogen) (Burdige, 1993; Thamdrup, 2000). Reduced sulfur 
compounds such as elemental sulfur, thiosulfate or sulfide can also 
be  used by microorganisms as electron donors for manganese 
reduction (Burdige, 1993; Thamdrup, 2000) and potentially contribute 
to a cryptic sulfur cycle (Aller and Rude, 1988). Bacteria associated 
with manganese reduction belong to different taxa such as Pelobacter, 
Colwelliaceae, Arcobacteraceae, Shewanellaceae, and Oceanospirillaceae 
(Thamdrup et al., 2000; Vandieken et al., 2012; Cho et al., 2020) and 
many iron reducing bacteria are also capable of reducing manganese 
oxides (Lovley, 1991; Vandieken et al., 2006a).

Microbial manganese reduction contributes up to 45% to carbon 
mineralization in manganese oxide rich sediments (Canfield et al., 
1993a; Hyun et al., 2017). This process can also play a role in extreme 
environments such as the polar regions. It has been studied in different 
Arctic, manganese oxide rich sediments of the Barents Sea (Vandieken 
et al., 2006c), Beaufort Sea (Magen et al., 2011) and Svalbard fjords 
(Vandieken et al., 2006a; Wehrmann et al., 2014). There are only few 
studies that investigated specific organic matter degradation processes, 
e.g., iron reduction, and the related microbial communities in 
Antarctic subsurface sediments (Monien et al., 2014a; Aromokeye 
et al., 2021; Wunder et al., 2021; Baloza et al., 2022, 2023; Burdige and 
Christensen, 2022). The occurrence of manganese reduction and the 
respective microbial players have not been studied in any Antarctic 
sediments yet.

Our study site Potter Cove (King George Island/Isla 25 de Mayo, 
West Antarctic Peninsula) is heavily influenced by a glacier, which 
retreats rapidly turning from sea- to mostly land-terminating in the 
last decades (>1 km between 1956 and 2008; Rückamp et al., 2011; 
Neder et al., 2022). In the fjord sediments, iron oxides have been 
shown to be prominent terminal electron acceptors of organic matter 
degradation based on pore water iron concentrations (Monien et al., 
2014a; Henkel et al., 2018) and incubation experiments (Aromokeye 
et al., 2021). The microbial processes using other possible electron 
acceptors for anaerobic organic matter degradation processes have not 
been studied yet at this site, but are potentially occurring due to the 
presence of dissolved manganese in the pore water, sufficient 
manganese oxide content (over 0.15 wt.%; Monien et al., 2014b) in the 
sediment and an abundance of sulfate (in average 20 mM across the 
cove; Monien et al., 2014a; Henkel et al., 2018).

Here, we explore manganese oxide as electron acceptor for organic 
matter degradation in Potter Cove sediments, Antarctica. We  use 
geochemical profiles to indicate the likelihood of ongoing in situ 
manganese reduction, and further investigate the prerequisites of the 
process in terms of electron donor with sediment slurry incubations 
at an environmentally relevant temperature of 2°C. Finally, 

we  identified Desulfuromusa as the active microbial player for 
manganese reduction by amplicon sequencing.

2 Materials and methods

2.1 Sampling site and in situ data

Sediment samples were collected in Potter Cove during austral 
summer 2018/2019. Sampling sites were selected based on previous 
geochemical measurements (Monien et al., 2014a; Henkel et al., 2018). 
For this study, sediments from Station 01 (STA 01) were used for 
further slurry preparation. STA 01 is located in close proximity of the 
glacial front (Figure 1, S62°13′34.16″/W58°38′25.1″). Five sediment 
replicate cores (25–35 cm length, diameter 60 mm) were retrieved with 
a hand-held gravity corer (USC 06000, UWITEC, Austria) and 
carefully transported in a vertical position to the Dallmann Laboratory 
at the Argentine Research Carlini Station. Two replicate cores were 
used for pore water collection with Rhizons (Rhizosphere Research 
Products, Netherlands) (Seeberg-Elverfeldt et  al., 2005) in 1-cm 
intervals for the top 10 cm, followed by 2-cm intervals for the rest of 
the core. An aliquot of pore water samples (400 μL) was fixed with 
100 μL of 0.5 M HCl for dissolved Fe2+ measurements, which was 
immediately determined in the Dallmann Laboratory. Another aliquot 
of the pore water was fixed with 50 μL 35% ultra-pure HCl and used 
for dissolved manganese and other cations determination at the Alfred 
Wegener Institute Helmholtz Centre for Polar and Marine Research 
(AWI). Pore water samples for sulfate measurement were not fixed 
with Zn-acetate as no sulfide smell was detected during sampling.

The other three replicate cores were used for solid phase sampling, 
and sediment samples were collected in the same depth resolution as 

FIGURE 1

Sediment cores were taken at STA 01 in Potter Cove, King George 
Island/Isla 25 de Mayo, in close proximity to the Fourcade glacier. 
Map created with QGIS 3.34.3, bathymetry data (Neder et al., 2022) 
updated from Jerosch et al. (2015), basemap data from SCAR 
Antarctic Digital Database 2023, rock outcrop from Gerrish (2020) 
manually smoothed.
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for pore water. At each depth, part of the sediment was frozen at 
−20°C for analyzing the in situ microbial community by Illumina 16S 
rRNA gene amplicon sequencing. The rest of the sediment core was 
pooled in 5-cm depth-sections and stored at 2°C in 250-ml Schott-
bottles sealed with rubber stoppers under N2 headspace (99.999% 
purity, Linde, Germany). The sediments were kept at 2°C in the dark 
for 2 years until the start of incubation experiments in the 
home laboratory.

2.2 Slurry incubations

In order to investigate the potential for manganese reduction 
in the Antarctic sediments collected and the microorganisms 
involved, slurry incubation experiments were conducted. Stored 
sediment from core STA01-02 was used for slurry incubations, 
pooling the whole length of the core (25 cm). The slurry was 
prepared in 1:5 ratio with sulfate-free artificial sea-water [26.4 g 
NaCl, 11.2 g MgCl2 · 6 H2O, 1.5 g CaCl2 · 2 H2O, 0.7 g KCl per liter; 
prepared with purified water (Milli-Q)] under flushing with N2 
(99.999% purity, Linde, Germany). Slurry (30 mL) was distributed 
into 60-ml serum bottles and sealed with butyl rubber stoppers 
under N2 headspace. After a pre-incubation of 5 days at 2°C in the 
dark, substrates were added. Six different treatments were prepared 
in triplicates; four treatments contained a final concentration of 
10 mM of the manganese oxide birnessite (MnO2, synthesized after 
McKenzie, 1971) as electron acceptor and (1) elemental sulfur 
(solid, crystalline orthorhombic sulfur S8, 1 mmol per liter added), 
(2) thiosulfate (S2O3

2−, 1 mM, sodium salt), (3) acetate (1 mM, 
sodium salt), or (4) nothing as electron donor. All treatments 
without acetate contained 20 mM dissolved inorganic carbon 
(DIC, NaHCO3) as carbon source. Two control treatments with (5) 
1 mM acetate or (6) 20 mM DIC were prepared. A treatment 
containing only birnessite and DIC and an additional DIC-only 
control treatment were set up in spring 2023. All the other 
incubations were performed in summer 2021, but were otherwise 
conducted the same way (see Supplementary material for 
more details).

The incubations ran for 20 days and were sampled over time for 
geochemical measurements and nucleic acid extraction. At each 
sampling time point, 2 mL of slurry was taken anoxically using a 
nitrogen-flushed syringe, centrifuged (20817 g, 4°C, 10 min) in a 
nitrogen pre-flushed 2-ml tube and the supernatant was fixed 
according to the parameter of interest. For dissolved manganese 
measurements, 0.5 mL supernatant was fixed with 50 μL 35% ultra-
pure HCl and stored in the dark at 4°C until the measurement. For 
dissolved Fe2+ measurements, 100 μL of the supernatant was directly 
injected into the ferrozine reagent (see next section). For sulfide 
measurements, the supernatant was fixed as ZnS with a final 
concentration of 1.5% Zn-acetate and measured at the same day. For 
treatments containing thiosulfate, the ZnS pellet was washed with 
Milli-Q water and resuspend in the same volume of Milli-Q water to 
prevent interference of thiosulfate with the measurement reagents. For 
sulfate measurements, supernatant samples were fixed with a final 
concentration of 0.5% Zn-acetate to prevent the oxidation of free 
sulfide and samples were stored in the dark at 4°C until measurement. 
Samples for nucleic acid extraction were frozen at −80°C until 
further processing.

2.3 Geochemical methods

Dissolved manganese was measured by inductively coupled plasma 
optical emission spectrometry (ICP-OES) analysis (iCAP7400, Thermo 
Fisher Scientific Inc.) using an internal yttrium standard to correct for 
differences in the ionic strength of samples. The limit of quantification 
of the method was 1.35 μM Mn. No distinction between redox states of 
manganese is possible with this method. In all samples dissolved Fe2+ 
was measured following the ferrozine method (Viollier et al., 2000). In 
incubation samples sulfide (H2S, HS−, S2−) was measured following the 
methylene-blue method by Cline (1969). Absorbance measurements 
for Fe2+ and sulfide determination were performed on a 
spectrophotometer (Libra S12, Biochrom, Berlin, Germany). Sulfate 
was measured by ion chromatography equipped with a conductivity 
detector (incubation samples Metrohm 930 Compact IC Flex; in situ 
samples Metrohm Compact IC 761, Metrohm, Filderstadt, Germany).

2.4 Nucleic acid extraction and sequencing

In order to explore the bacterial community in situ and during the 
incubation, nucleic acids were extracted from 0.5 g frozen in situ 
sediment in depth intervals described above, and of 4 mL slurry of the 
incubation experiment samples. Combined extraction of RNA and DNA 
was performed using a phenol-chloroform protocol modified from 
Lueders et al. (2004) as follows: during precipitation with polyethylene 
glycol 6000, the samples were incubated at 4°C for 30 min and 
centrifuged at 20817 g at 4°C for 45 min. Nucleic acid pellets were 
washed twice with ice-cold 70% ethanol and eluted in 50 μL diethyl 
pyrocarbonate (DEPC) treated water (detailed protocol in 
Supplementary material). Nucleic acid extract quality was evaluated 
spectrophotometrically with a NanoDrop 1000 (Peqlab Biotechnologie, 
Erlangen, Germany) using A260/A230 and A260/A280 ratios (Olson 
and Morrow, 2012). For slurry nucleic acid extracts, DNase treatment 
was performed on subsamples (DNA-free™ Kit, Thermo Fisher 
Scientific) and cDNA was synthesized (GoScript™ Reverse 
Transcriptase Kit, Promega) for 16S rRNA sequencing following 
manufacturers’ instructions. DNA and cDNA concentrations were 
quantified with PicoGreen (Quant-iT PicoGreen™ dsDNA Assay Kit, 
Invitrogen™, Thermo Fisher Scientific) measured on a Fluoroskan 
Ascent FL fluorometer (Thermo Fisher Scientific).

PCR reactions for DNA of in situ samples and DNA and cDNA of 
slurry samples were performed targeting the bacterial 16S rRNA gene 
V4 region with the primer pair Bac515F (5′-GTGYCAGCMGCC 
GCGGTAA-3′) (Parada et al., 2016) and Bac805R (5′-GACTACHVGG 
GTATCTAATCC-3′) (Herlemann et al., 2011) in preparation of Illumina 
sequencing. Each primer had a unique 8-bp barcode at the 5′-end 
attached (Hamady et al., 2008), which allowed multiplexing of several 
samples in the same sequencing library. The PCR reaction (50 μL) 
contained 1x KAPA HiFi buffer, 0.3 mM dNTP mix, 0.02 U KAPA HiFi 
DNA polymerase (KAPA Biosystems), 0.2 mg/mL bovine serum 
albumin (BSA), 1 mM MgCl2, 1.5 μM each of forward and reverse 
primer and 2 ng template. The thermal cycling program was initial 
denaturation at 95°C for 5 min, 28 cycles of denaturation 98°C: 13 s, 
annealing 60°C: 20 s, elongation 72°C: 20 s followed by final elongation 
at 72°C for 1 min. PCR products were checked by agarose gel 
electrophoresis. If unspecific bands were visible, the PCR for the sample 
was repeated with reduced template amount. PCR products were 
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purified (Monarch PCR and DNA Cleanup Kit, New England Biolabs, 
Germany) and quantified with PicoGreen™. PCR products were pooled 
in equimolar amounts per sequencing library. Further PCR-free 
sequencing preparations, including ligation of sequencing adapters, and 
paired-end 2× 250 bp Illumina sequencing (Novaseq6000 platform) was 
performed by Novogene Co. Ltd. (Cambridge, UK).

2.5 Sequence analysis

Sequencing data were analyzed following Hassenrueck (2022) based 
on the sequencing pipeline as described in Callahan et  al. (2016). 
Demultiplexing and primer clipping was done with cutadapt (version 
3.1, Martin, 2011). All following steps were performed in the R software 
(version 4.3.1, R Core Team, 2023) using the dada2 R package (version 
1.28.0, Callahan et al., 2016). Forward (R1) and reverse reads (R2) were 
filtered to a maximum number of 2 expected errors. They were truncated 
to a summed length of 290 bp (R1 and R2) according to their quality 
profiles individually per sequence lane (Supplementary Table S1 for 
details). Error learning and correction was performed using a modified 
version of the loessErrfun function (Salazar, 2021) until convergence was 
reached. Reads were dereplicated and denoised into amplicon sequence 
variants (ASVs) and paired forward and reverse reads were merged. 
Reverse-complement sequences were turned around and chimeras were 
removed. Sequences outside of a range of 249–254 bp were discarded 
with the exception of 276 and 300 bp long sequences (details for sequence 
length selection see Supplementary material). These long ASVs were 
recovered from previously unmerged reads and mapped against the 
SILVA database (SSU Ref NR 99 release 138.1, Quast et al., 2012) using 
bbmap (version 38.86, Bushnell, 2014) and were merged accordingly. 
Taxonomic assignment was done with the SILVA database (SSU Ref NR 
99 release 138.1, Quast et al., 2012) using a bootstrap value of 80.

For subsequent steps, the R packages taxa (version 0.4.2, Foster 
et al., 2018), metacoder (version 0.3.6, Foster et al., 2017), phyloseq 
(version 1.42.0, McMurdie and Holmes, 2013) and tidyverse (version 
2.0.0, Wickham et al., 2019) were used. ASVs associated outside bacteria 
or to mitochondria or chloroplasts were removed and subsequently 
singletons and doubletons were removed. Reads per sample were 
normalized by relative abundance calculation and sufficient sequencing 
depth was checked with rarefaction curves (iNEXT package version 
3.0.0, Chao et al., 2014; Supplementary Figures S1, S2).

For the taxa Arcobacteraceae, Desulfuromusa, Desulfuromonas and 
Sva1033 the most abundant ASVs in the incubation experiment were 
selected and the blastn tool was used to find the most similar 
sequences in the NCBI database (blastn version 2.14.1+, Altschul 
et al., 1997, Supplementary Tables S2–S5; for detailed settings see 
Supplementary material). A dissimilarity matrix was calculated for 
ASV sequences of Desulfuromusa from this study and a previous study 
of Potter Cove (Aromokeye et al., 2021) and 16S rRNA gene sequences 
of Desulfuromusa type strains using megablast (Zhang et al., 2000; 
Supplementary Table S6, for more details and accession no. see 
Supplementary material).

2.6 Statistical analysis of geochemical data

The general linear hypothesis test (Herberich et al., 2010) was used 
to distinguish at which time points the dissolved manganese 

concentrations differed significantly (p < 0.05) between treatments. For 
each individual time point, a linear model was created using the “lm” 
function with default settings and multiple comparisons between 
treatments were done using the function “glht” with the “Tukey” setting 
in the R package multcomp (version 1.4.25, Hothorn et al., 2008). Note, 
that this procedure does not require any assumption regarding the 
distribution of data points, sample sizes or variance homogeneity.

3 Results

3.1 Geochemistry of in situ sediments 
reveals potential for manganese reduction

Different geochemical parameters (dissolved manganese, ferrous 
iron and sulfate) were measured in pore water of duplicate sediment 
cores of STA 01 to identify the dominant terminal electron accepting 
processes (Figure 2). Dissolved manganese concentrations increased 
linearly with depth up to 20 or 50 μM at the end of the core, while 
ferrous iron concentrations peaked with 55–85 μM at around 10 cm 
core depth. The presence of dissolved manganese and ferrous iron 
along the depth indicates ongoing manganese and iron reduction in 
the studied sediments. Sulfate concentrations decreased with core 
depth from 27 mM down to 23 mM. Hydrogen sulfide as proxy for 
sulfate reduction was undetected throughout both cores.

3.2 Manganese reduction observed in 
incubation experiments

To investigate the potential for manganese reduction in the 
sediments, anoxic slurry incubations were conducted using the 
manganese oxide birnessite as electron acceptor and acetate, elemental 
sulfur or thiosulfate as electron donors at 2°C (in situ temperature) for 
20 days. An increase of dissolved manganese (Mn) up to 300–600 μM 
was detected in all treatments containing birnessite, while in control 
treatments without manganese oxide, the dissolved Mn remained 
below 10 μM (Figure 3). The effect of amended electron donors on the 
dissolved Mn concentration was only significant (p < 0.05) when 
acetate and birnessite were added (Supplementary Figure S3), 
resulting in the highest dissolved Mn concentration of 600 μM after 
20 days. The addition of elemental sulfur or thiosulfate and birnessite 
resulted in similar dissolved Mn concentrations of up to 350 μM 
compared to the control treatment with only birnessite + DIC.

Sulfide, sulfate and dissolved ferrous iron were also monitored 
during incubation time. Ferrous iron remained <8 μM and sulfide 
<45 μM during the incubation time (Supplementary Figure S4). No 
additional sulfate was provided, so it ranged from 0.5–2 mM, 
decreasing between day 10 and 20 in treatments birnessite + acetate, 
acetate-only and DIC-only (Supplementary Figure S4).

3.3 Identification of microbial manganese 
reducers

The active bacterial community was identified by 16S rRNA 
sequencing (RNA), supplemented with the complete bacterial 
community by 16S rRNA gene sequencing (DNA). Presumably, 
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tracking 16S rRNA enables detecting potentially active 
microorganisms, whereas an increase in 16S rRNA gene abundance 
might enable following microbial growth (Blazewicz et  al., 2013; 
Foesel et al., 2014). Only communities of the treatments birnessite + 
acetate and the associated controls, i.e., acetate-only, birnessite + DIC, 
DIC-only, were sequenced, as only here the electron donor coupled to 
manganese reduction could be identified (Figure 3). The stimulated 
microorganisms detected were unclassified members of the 
Arcobacteraceae family (class Campylobacteria) and members of the 
Desulfuromonadales order (class Desulfuromonadia), i.e., 
Desulfuromusa, Desulfuromonas and Sva1033 (uncultured family) 
(Figure 4). Other microorganisms that were not clearly stimulated by 
substrate addition, i.e., detected by 16S rRNA and 16S rRNA gene 
sequencing, but not increasing up to day 20, were members of 
Desulfobacterales, Desulfobulbales, Gammaproteobacteria and  
other less abundant groups <10% relative abundance 
(Supplementary Figures S5, S6).

Desulfuromusa was the only taxon stimulated by the addition of 
both, acetate and birnessite and not by addition of acetate or birnessite 
alone (Figures 4A,E). In the birnessite + acetate treatment it reached 
relative abundances of up to 15 and 7% for 16S rRNA and 16S rRNA 
gene, respectively, after 20 days, while in all controls the relative 
abundance remained <0.5% (<3% for birnessite + DIC) for both 16S 
rRNA and 16S rRNA gene. The peak in relative abundance of 
Desulfuromusa concurred with the maximum concentration of 
dissolved manganese after 20 days (Figure 3). The Desulfuromusa ASV 
had the closest BLAST hit with the uncultured Desulfuromusa sp. 
Fe30-7C-S previously identified in Black Smoker Chimneys (Caldera 
Vent Field, Takai et al., 2009; 100% 16S rRNA gene sequence identity, 
Supplementary Table S4). The closest cultured relative was 
Desulfuromusa bakii (99.6% 16S rRNA gene sequence identity, 
Supplementary Tables S4, S6).

The taxon Sva1033 was already present with 6% relative 16S rRNA 
gene abundance (DNA level) at the start of the incubation and only 

increased slightly (max. 9% at day 20 in birnessite + acetate, Figure 4B) 
in all sequenced treatments over time. However, Sva1033 16S rRNA 
(RNA level) increased from 3% to over 10% relative abundance in 
treatments birnessite + acetate and the associated acetate-only control 
in 20 days with a more rapid reaction in the acetate-only treatment 
(Figure 4F).

FIGURE 2

Geochemical parameters in the pore water of duplicate cores from STA 01 over sediment depths. (A) Dissolved manganese. (B) Dissolved Fe2+. 
(C) Sulfate. Duplicate cores STA01-3 (●) and STA01-5 (▲) of the same station are distinguished as indicated.

FIGURE 3

Dissolved manganese concentration in the incubation experiment 
over time. Different treatments are displayed by color and line type, 
and incubation triplicates by shape. The lines connect calculated 
means per treatment. Note, acetate and DIC treatment data points 
overlap.
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Arcobacteraceae was only stimulated by the addition of acetate 
with 16S rRNA gene (DNA level) abundance increasing from <0.2% 
up to 18% at day 20 (Figure 4D) and more rapid increase of 16S rRNA 
(RNA level) abundance to already 10% at day 6, all the way to >40% 
at day 20 (Figure  4H). In the control treatments without acetate 
addition, the 16S rRNA abundance remained <1%, except for one 
higher birnessite + DIC replicate C (Figures 4D,H). Desulfuromonas, 
as the only microbial player, showed a clear response in the birnessite 
+ DIC treatment increasing rapidly in 16S rRNA and 16S rRNA gene 
abundance from 0.5% at day 0 to up to 60 and 40%, respectively, on 
day 20 (Figures 4C,G). The response in the other control treatments 
with DIC-only and acetate-only was much lower (max. 15% 16S rRNA 
day 10, Figure 4G) and reached only 4% in the birnessite + acetate 
treatment at day 20 with an even lower response on 16S rRNA gene 
level (2–7% day 20, Figure 4C).

In control treatments containing DIC, Sulfurimonas (class 
Campylobacteria) increased in 16S rRNA and 16S rRNA gene 
abundance up to 33 and 15%, respectively by day 20, but were < 3% at 
earlier timepoints (Supplementary Figures S5, S6). Some members  
of Desulfocapsaceae peaked on relative 16S rRNA abundance at  
day 10, but then decreased again at day 20, corroborated by no 
detectable increase of relative 16S rRNA gene abundance 
(Supplementary Figure S7).

The taxa enriched in the incubation experiment were also present 
in the in situ sediments (Supplementary Figure S8). However, only 
Sva1033 (class Desulfuromonadia) was present with high relative 
abundances of 16S rRNA genes up to 10%, while Desulfuromusa (class 

Desulfuromonadia) reached only 0.2% relative abundance and 
Desulfuromonas (class Desulfuromonadia) and Arcobacteraceae (class 
Campylobacteria) were < 0.1% relative abundance.

4 Discussion

Anaerobic organic carbon mineralization to CO2 can be coupled 
to different electron acceptors such as manganese oxides, iron oxides 
or sulfate (Jørgensen, 2006). The contribution of manganese reduction 
is often overlooked and thought to be  confined to very shallow 
sediment depths where manganese oxides deplete in the top 2 cm 
(Thamdrup, 2000) or extremely manganese oxide rich sediments (e.g., 
Ulleung Basin 200 μmol/cm3, Hyun et al., 2017). Thamdrup (2000) 
proposed microbial manganese reduction only as important process 
if the manganese oxide concentration in the sediment is >20 μmol/cm3 
and penetrates deeper than 2 cm below the surface. At the study site 
Potter Cove, solid phase manganese oxides reach 20 μmol/cm3 at the 
bottom of the 20 cm long core (recalculated from wt.%, Monien et al., 
2014b; Supplementary material; Supplementary Figure S9). However, 
the availability of the electron acceptor alone does not warrant its 
reduction. For this, dissolved Mn in the pore water serves as indicator 
(Canfield et al., 1993a). At the sampling station STA 01, dissolved Mn 
accumulated with depth up to 50 μM (Figure 2). Pore water profiles of 
sediments taken 7 years earlier (2011) even showed accumulations up 
to 200 μM closer to the glacier front (station P04 in Monien et al., 
2014a) and up to 100 μM in close proximity to STA 01 of this study 

FIGURE 4

Relative abundance of 16S rRNA gene (A–D: DNA) and 16S rRNA (E–H: RNA) of most stimulated bacterial taxa (see text) in incubation experiment. 
Different treatments are displayed by color and line type, and incubation triplicates by shape. The lines connect calculated means per treatment. 
Sva1033 is a family of Desulfuromonadales. Plotted Arcobacteraceae were unclassified on genus level. Treatment birnessite + DIC was conducted 
separately and DIC replicate C is the associated control (see Supplementary material). For time point day 0, the associated slurry sample is plotted for 
all treatments (Supplementary Figures S5, S6). Note the different y-scales.
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(station P01  in Monien et  al., 2014a, data replotted 
Supplementary Figure S9 from Monien et  al., 2014b). The 
concentration differences might be  due to local variability in the 
sediment or due to change of the environment, e.g., glacier retreat. 
Between austral summer 2013 and 2019, the glacier completely 
retreated from the shore closest to STA 01 (personal communication 
G. Willis-Poratti, M. sierra, Supplementary Figure S10) which might 
have had a direct influence on the sediment environment. Until now, 
there are no studies investigating manganese reduction in the 
Antarctic in detail. However, the process has been proposed to 
be  relevant in a variety of Arctic sites, where dissolved Mn 
concentrations of a similar range were detected. For example, in 
sediments of Kongsfjorden and Van Keulenfjorden of Svalbard 
dissolved Mn reached 30–200 μM, and fluxes of 80 μmol m−2 d−1 Mn 
were calculated at stations with highest Mn concentrations 
(Wehrmann et al., 2014). In the Barents Sea and Baffin Bay, dissolved 
Mn accumulated up to 75–150 μM and 50 μM in the top  20 cm, 
respectively, and dissimilatory iron and manganese reduction were 
identified as important processes (Vandieken et al., 2006c; Algora 
et al., 2013, 2015). For Potter Cove, Monien et al. (2014a) suggested 
ongoing microbial manganese reduction based on the pore water 
profiles in the sediment, but the associated microbial community 
remained unknown. In this study, we aim to close this knowledge gap 
and provide first data for the Antarctic environment.

4.1 Manganese reduction also contributes 
to organic matter mineralization in Potter 
Cove sediments

After detecting manganese reduction in sediments of Potter Cove 
based on pore water profiles, the potential for active organotrophic 
manganese reduction was further confirmed by incubation 
experiments; dissolved Mn accumulation (up to 600 μM in 20 days) 
was observed when fresh manganese oxide (birnessite) was fed to 
slurry incubations with acetate as electron donor (Figure 3). These 
concentrations were similar to other manganese reducing incubation 
experiments with coastal or shelf sediments from Sweden, Ulleung 
Basin, Barents Sea or Beaufort Sea, with accumulation of 400–800 μM 
dissolved manganese within 10–20 days (Vandieken et al., 2006c, 2012, 
2014; Magen et al., 2011; Hyun et al., 2017). However, in contrast to 
these previous studies, we added birnessite to selectively stimulate 
manganese reduction against other competing processes such as iron 
or sulfate reduction. The addition of the electron donor (i.e., acetate) 
alone was not sufficient to stimulate this process, however an 
accumulation of dissolved Mn was observed in the control incubation 
birnessite + DIC (Figure 3). This might have been caused by biotic or 
abiotic manganese reduction with internally produced or residual 
electron donors in the sediment. For example, manganese oxides can 
be  reduced abiotically by the oxidation of residual FeS or pyrite 
(Schippers and Jørgensen, 2001), which is one scenario how the iron, 
manganese and sulfur cycle interplay with each other. However, no 
concurrent increase of the oxidation product sulfate was observed 
during the incubation period (Supplementary Figure S4). The addition 
of reduced sulfur compounds (elemental sulfur or thiosulfate) to the 
incubated sediments, as electron donors for probing lithotrophic 
manganese reduction, did not result in a statistically relevant 
distinction of dissolved Mn formation compared to the control 

incubations (Figure  3; Supplementary Figure S3). Therefore, 
we conclude that the tested reduced sulfur compounds could not serve 
as electron donors for microbial manganese reduction in these 
sediments. Other inorganic electron acceptors such as hydrogen or 
sulfide would need to be tested to exclude lithotrophic manganese 
reduction in general. Most likely, endogenous organic matter had 
served as electron donor for manganese reduction in 
control incubations.

It must be  noted that dissolved Mn accumulation does not 
represent the rate of manganese reduction, as Mn2+ can rapidly adsorb 
to manganese and iron oxide surfaces and organic compounds or 
precipitate as MnCO3 or MnS (Suess, 1979; Burdige, 1993; Thamdrup, 
2000). We  exclude a large contribution of abiotic reduction of 
manganese oxide by ferrous iron produced by iron reduction 
(Thamdrup, 2000) as no additional fresh iron oxides were added. Yet, 
residual iron oxides in the incubated sediments were not sufficient to 
stimulate iron reduction activities beyond the 5 μM of ferrous iron 
detected, including in incubations supplemented with acetate 
(Supplementary Figure S4). We conclude that manganese reduction 
occurs mainly organotrophically and is not coupled to oxidation of 
tested reduced sulfur compounds in these sediments.

4.2 Active microbial players in 
organotrophic manganese reduction in 
Potter Cove sediments

The responsible microorganisms for organotrophic manganese 
reduction were investigated by 16S rRNA and 16S rRNA gene 
sequencing in treatments with acetate amendment and compared to 
control treatments. Four distinct taxa of microorganisms 
(Desulfuromusa, Desulfuromonas, Arcobacteraceae and Sva1033) were 
stimulated in the incubation experiment; Desulfuromusa was only 
active and grew when both, acetate and birnessite were supplied. 
Sva1033 (family of Desulfuromonadales) and Arcobacteraceae were 
also stimulated in the control treatments by the addition of acetate in 
the absence of birnessite, while Desulfuromonas was mainly stimulated 
in the birnessite + DIC control (Figure 4).

In the treatment with acetate and birnessite, the signature of 
manganese reduction (Figure 3) correlated with the stimulation of 
Desulfuromusa (Figures 4A,E). This taxon was found previously in 
RNA stable isotope probing experiments with Potter Cove sediment 
(100% identical ASVs, Supplementary Table S6), and it could use 
acetate with the addition of iron oxides and an electron shuttle in form 
of anthraquinone-2,6-disulfonic acid (AQDS) (Aromokeye et  al., 
2021). However, in these experiments, other microorganisms such as 
Sva1033 were more successful, i.e., more abundant, in thriving with 
iron oxides. Furthermore, Desulfuromusa was not detected in iron 
reducing incubation experiments by 16S rRNA gene sequencing only 
(Aromokeye et al., 2021), because apparently it prefers manganese 
oxide as electron acceptor at near in situ temperature conditions. 
Possibly, the same explanation applies for the lack of activity of 
Desulfuromusa in our incubations with only acetate. Furthermore, 
Desulfuromusa relied on supply of fresh organic compounds, i.e., 
acetate, as further confirmed by its lack of activity in the birnessite + 
DIC treatment (Figure 4E). In these control treatments, the other 
active microorganisms probably competed more successfully for 
remaining compounds in the sediment. In contrast, when both 
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manganese oxide and acetate were added to our incubations, 
Desulfuromusa increased 50x in 20 days, even on 16S rRNA gene level 
(Figure 4A).

Members of the Desulfuromusa genus are known for utilizing 
acetate as electron donor (Finster and Bak, 1993; Liesack and Finster, 
1994; Vandieken et al., 2006b). However, the use of manganese oxide 
as electron acceptor was only demonstrated in Desulfuromusa 
ferrireducens (Vandieken et al., 2006b), while all other isolated strains 
are able to use iron but were not tested for manganese reduction 
(Finster and Bak, 1993; Lonergan et al., 1996). The closest cultured 
relative of the Desulfuromusa strain found in our study is 
Desulfuromusa bakii (99.6% sequence identity, 
Supplementary Tables S4, S6). Desulfuromusa species were previously 
also detected in Arctic (Vandieken et al., 2006a,c; Buongiorno et al., 
2019; Magnuson et al., 2023) and Antarctic environments (Bowman 
et al., 2000; Taboada et al., 2020). However, their presence was only 
linked to a potential activity of iron reduction in few cases (Vandieken 
et al., 2006a). The Desulfuromusa strain found in our study apparently 
does not compete for iron reduction or other residual electron 
acceptors at environmentally relevant temperature, which is in 
contrast to previous studies at different locations (Vandieken et al., 
2006a; An et al., 2020; Hamdan and Salam, 2020). Possibly, the low, 
close-to-in situ temperature of 2°C used in our study promoted the 
manganese reducing activity of this microorganism, avoiding 
competition with the other present acetate utilizers. We propose that 
Desulfuromusa occupied a niche of organotrophic manganese 
reduction in glacially influenced sediments, providing strong evidence 
for its relevance in microbial manganese reduction in 
Antarctic sediments.

While Desulfuromusa was the only microbe which clearly 
performed manganese reduction in our incubation experiments, other 
microbes were stimulated in the various other control treatments not 
optimized for manganese reduction. For example, Arcobacteraceae 
increased in relative 16S rRNA and 16S rRNA gene abundance, but 
strongly only in the presence of acetate, less with birnessite and acetate 
and was nearly absent without it (Figures 4D,H). This agrees with 
reports of anaerobic acetate oxidation by this taxon (Vandieken and 
Thamdrup, 2013); still it was previously shown that they can also use 
manganese as electron acceptor (Vandieken et al., 2012).

Next, Desulfuromonas showed a strong positive response to the 
amendment of birnessite alone, but surprisingly not in the birnessite 
+ acetate treatment, while increasing in the DIC-only and acetate-only 
controls (Figures 4C,G). The ASV mainly stimulated in the treatments 
(sq1) was most closely related to Desulfuromonas svalbardensis (100% 
sequence identity, Supplementary Table S3), which is known to couple 
iron or manganese reduction to oxidation of fermentation products 
such as acetate (Vandieken et al., 2006b). In our study, Desulfuromonas 
was likely outcompeted by other microorganisms utilizing the 
amended acetate when birnessite was provided. However, when only 
birnessite (and DIC) were provided to the sediment background, 
Desulfuromonas possibly competed more successfully for a different 
residual electron donor.

In contrast to the other described stimulated taxa which showed 
low abundances at the start of the experiment, the largely unexplored 
family Sva1033 (Desulfuromonadales) was already present at day 0 and 
still increased during the incubation in 16S rRNA abundance in 
acetate amended and associated DIC-only control treatments (5x 
increase, Figure  4F). At the study site, this taxon likely plays an 

important role as indicated by its high relative abundance in the in situ 
sediments (Supplementary Figure S8) and its high presence already at 
the start and throughout the experiment. This is in agreement with 
previous studies investigating Antarctic sediments (Aromokeye et al., 
2021; Baloza et al., 2023) and sub-Antarctic sediments around South 
Georgia (Wunder et al., 2021). Sva1033 was shown before to oxidize 
acetate and reduce iron oxides in sediments of Potter Cove 
(Aromokeye et al., 2021; Wunder et al., 2021), and also here it showed 
higher relative 16S rRNA abundance in acetate amended treatments. 
The late 7-fold relative abundance increase in 16S rRNA in the 
birnessite + acetate treatment at day 20 (Figure 4F) even hints at a 
potential to switch to manganese oxides as electron acceptor after a 
period of adaptation, e.g., from iron reduction (Wunder et al., 2021).

Species of Desulforhopalus and Desulfocapsaceae also responded 
in the birnessite + acetate treatment within 6–10 days 
(Supplementary Figure S7). However, as these responses were only 
transient and did not increase further despite ongoing manganese 
reduction after day 10 (Figure 3), it was unclear whether these bacteria 
reacted to the substrate addition.

The microbial community linked to manganese reduction in other 
marine environments was so far mostly associated with Pelobacter, 
Colwelliaceae, Arcobacteraceae, Shewanellaceae, Oceanospirillaceae, or 
Burkholderiales (Thamdrup et al., 2000; Vandieken et al., 2012; Algora 
et al., 2015; Cho et al., 2020). Except for Arcobacteraceae, none of these 
other taxa were present or were only extremely low abundant in the 
incubations and in the in situ sediments (<0.05%, Colwellia 0.2% at 
2 cm in situ, Burkholderiales < 1% in incubation). However, most of the 
previously studied sites for manganese reduction and the associated 
microbial community are extremely manganese-rich, e.g., Ulleung 
Basin and Skagerrak with 200–600 μmol/cm3 (Vandieken et al., 2012) 
versus 20 μmol/cm3 for Potter Cove (Supplementary Figure S9). 
Another parameter differing at these sites is temperature: most of the 
previous study sites are in temperate environments. In Arctic 
sediments from the deep basin of Baffin Bay, one of the locations 
where Mn reduction was investigated in a cold environment (Algora 
et  al., 2013), the dissolved manganese concentrations were in a 
comparable range to Potter Cove with of 20–60 μM. Here, manganese 
reduction was proposed to be an important part of anaerobic organic 
matter degradation (Algora et al., 2013), but the associated microbial 
community was different again, suggesting Betaproteobacteria as 
potential manganese and iron reducers (Algora et al., 2015). Both, the 
availability of manganese oxides and the colder temperature might 
be responsible factors for a different manganese reducing community 
in our Antarctic sediment samples with the above discussed 
Desulfuromusa as key microorganism. Further investigations are 
needed to unravel influencing factors on the manganese reducing 
community on a larger, global scale.

4.3 Relevance of manganese reduction in 
rapidly warming Antarctic sediments

At the study site Potter Cove, the in situ geochemistry and the 
incubation experiments with manganese oxides clearly demonstrated 
the potential for the contribution of manganese reduction to organic 
matter degradation in the sediments. At other sampling locations in 
Potter Cove, elevated dissolved manganese concentrations up to 
even 200 μM indicate that this process might contribute to organic 
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matter degradation there as well (e.g., stations P05, K48, Figure 3 in 
Monien et al., 2014a). The high dissolved ferrous iron concentrations 
of 100–800 μM detected in the pore water in our study (Figure 2) 
and multiple previous studies (Monien et al., 2014a; Henkel et al., 
2018) indicate contribution of microbial iron reduction to organic 
matter degradation (Aromokeye et al., 2021). Iron was also shown 
as important electron acceptor in glacially or sea ice influenced 
sediments in the Arctic, such as Svalbard (Vandieken et al., 2006a,c) 
or Greenland (Glud et  al., 2000), and also at the Antarctic shelf 
(Baloza et  al., 2022). Rate measurements of carbon oxidation as 
conducted for some Arctic sediment (Vandieken et al., 2006c) would 
be  necessary to investigate the contribution of the different 
processes, i.e., iron, manganese and sulfate reduction, in Potter 
Cove sediments.

An open question remains how glacial input influences manganese 
reduction in the marine sediment. For Potter Cove, it has been clearly 
shown that suspended particulate matter transported by surficial 
glacial meltwater supplies iron and manganese into the cove (Monien 
et al., 2017). There are many studies showing high amounts of iron 
supplied to the ocean and underlying sediments by subglacial or 
surficial meltwater (Wehrmann et  al., 2014; Monien et  al., 2017; 
Raiswell et al., 2018; Forsch et al., 2021). The bioavailability of this iron 
varies depending on the source, and subsequent biogeochemical 
cycling plays an important role to make this supplied iron bioavailable 
to, e.g., fuel primary production (Henkel et al., 2018; Herbert et al., 
2021; Laufer-Meiser et  al., 2021). Perhaps, the same applies to 
manganese and this study has demonstrated that the manganese 
supply from glacial input will likely increase the likelihood for 
manganese reduction to contribute to organic matter degradation in 
Antarctic sediments.

5 Conclusion

We show that organotrophic manganese reduction has the 
potential to contribute to organic matter mineralization in the 
Antarctic sediments of Potter Cove (King George Island/Isla 25 de 
Mayo). We  identified Desulfuromusa as a key organism for 
organotrophic manganese reduction and propose that it occupies a 
niche of manganese reduction at a low, environmentally relevant 
temperature. Arcobacteraceae also contributed to organic carbon 
mineralization (i.e., acetate oxidation); however, this group likely did 
not reduce manganese but thrived on unidentified residual electron 
acceptors. Desulfuromonas was stimulated, but the underlying 
processes are not clear yet. The largely uncharacterized group Sva1033 
(family of Desulfuromonadales) also contributed to acetate oxidation 
with the potential to link it to manganese oxide reduction which 
would extend the known utilized electron acceptors for this 
microorganism. The manganese reducing bacterial community 
identified in Potter Cove differed from other previously studied 
locations. This raises the question whether the observed diversity is 
caused by geographical location effects, i.e., whether Antarctica hosts 
a different microbial community than, e.g., the Arctic, or by other 
factors such as temperature, glacial influence, or sediment 
composition. In the context of a rapidly changing environment due to 
global warming, it is of interest to gain a better understanding of the 
ecology in the current environment to be  able to predict future 

changes. This study brings us one step further by showing manganese 
reduction might become more relevant for organic matter degradation 
in permanently cold marine environments.
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3.2 Supplementary 
3.2.1 Supplementary data 
3.2.1.1 Incubation set-up  
Slurry incubations were prepared as described in the main manuscript. In total six treatments 
differing in their substrate addition were set up as shown in Table 1.  
The substrate birnessite (MnO2) was synthesized following McKenzie (1971). Briefly, 2 mol 
of concentrated HCl was added dropwise to a boiling solution of 1 mol KMnO4 (SigmaAldrich, 
Taufkirchen, Germany) in 2.5 ml of sterile deionized water, under vigorous stirring. The 
mixture was boiled for 10- 15 min. During cooling of the mixture brownish precipitates settled 
which were washed 5 times with de-ionized water to remove impurities before transfer into 
centrifuge tubes. Wet precipitates were centrifuged 3 times at 3,834 g for 10 min at room 
temperature with a Sorvall Evolution RC Centrifuge (Thermo Scientific, Germany). After each 
centrifugation step, the supernatant was decanted and pellet was rinsed with de-ionized water. 
MnO2 was then dispersed in anoxic, de-ionized water and sterilized. The suspension was stored 
in 120 ml serum flask under N2 atmosphere (N2, 99.999%). 
The substrate elemental sulfur was prepared as crystalline orthorhombic sulfur (S8) by 
dissolving 10 g commercially available sulfur (Applichem, Darmstadt, Germany) in 30 ml 
carbon disulfide (CS2). Traces of CS2 were removed by vigorous stirring of the solution sulfur 
at 60°C overnight. The S8 was then ground and dispersed in anoxic, sterile and de-ionized water 
by long and vigorous shaking. The suspension was stored in 120-ml serum flask under N2 
atmosphere (N2, 99.999%). 
 
The control treatment birnessite + DIC was performed in 2023 while the rest of the experiment 
was performed in 2021. The sediment for slurry preparation in 2021 and 2023 originated from 
the same Schott-bottles used for storage. Control treatments only containing slurry and DIC 
were done in 2021 and in 2023 in order to check background activities. During the course of 
incubation, subsamples were taken for geochemical measurements as described in the main 
manuscript. Treatments containing only DIC set up in 2021 and 2023 behaved similarly for 
ferrous iron, sulfide and manganese (Figure S 4). However, in both treatments set up in 2023 
(DIC_2023, Birnessite + DIC) the sulfate concentration was consistently 1 mM lower 
compared to treatments set up in 2021. We hypothesize that during the additional 2 years of 
storage of the sediment used for setting up the slurry, additional remaining sulfate was used up 
in the sediment by sulfate reduction. This hypothesis was supported by high relative abundance 
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on RNA level of microorganisms known for sulfate reduction such as members of 
Desulfocapsaceae and Desulfobacteraceae (Jørgensen et al., 2019) in the incubation already 
at day 0 (Figure S 7). However, these taxa showed no further relative abundance increase of 
16S rRNA or 16S rRNA gene up to day 20 when the dissolved Mn concentrations was highest 
(Figure S 7). Thus, they were likely not involved in the stimulated process of manganese 
reduction in the incubations but might have thrived on concurrent sulfate reduction or their 
RNA was still present from the activity during sediment storage. This hypothesis is further 
supported by an increase of Desulforhopalus (Desulfocapsaceae) in the initial slurry from 2023 
compared to 2021 (Figure S5, S6). A possible explanation for the lack of development of free 
sulfide is abiotic reactions with the slurry environment. Sulfide rapidly reacts with ferrous iron, 
iron or manganese mineral surfaces or could also be re-oxidized (Jørgensen, 1977; Canfield et 
al., 1993; Michaud et al., 2020). 
We did not see a similar effect in 2021 vs. 2023 treatments in dissolved manganese and ferrous 
iron concentration, likely because any fresh, easily microbially available manganese or iron 
oxides were already used up by summer 2021. Manganese reducing activity could only be 
stimulated by the addition of fresh manganese oxide in the form of birnessite (Figure S 3). 
Here, treatments from 2021 and 2023 behaved similarly if birnessite was added (every 
treatment with birnessite but without acetate) or not (DIC-only treatments) (Figure S 4). 
Therefore, we concluded that sediments still behaved similarly in terms of the investigated 
process of manganese reduction in 2023 compared to 2021. The lower sulfate concentration 
did not influence the experiment in a way that would alter the conclusion about manganese 
reduction being influenced by acetate as electron donor, but not thiosulfate or elemental sulfur. 
Table 1: Detailed set-up of substrate addition of slurry incubation experiment. Final concentrations of substrates are given in brackets. Substrate/ Treatment δ-MnO2 (10 mM) S0 

(1 mM) S2O32- (1 mM) Acetate (1 mM) DIC (20 mM) Date  set-up Replicates 
Birnessite + acetate x   x  03.06.21 A, B, C 
Birnessite + sulfur + DIC x x   x 03.06.21 A, B, C 
Birnessite + thiosulfate + DIC x  x  x 03.06.21 A, B, C 
Acetate x   x  03.06.21 A, B, C 
DIC     x 03.06.21 A, B 
Birnessite + DIC x    x 02.02.23 A, B, C 
DIC_2023     x 02.02.23 C 
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3.2.1.2 Nucleic acid extraction protocol for combined DNA and RNA extraction 
Combined nucleic acid extraction of DNA and RNA was performed following a modified protocol from 
Lueders et al. (2004). Zirconium beads (heat sterilized at 180°C for 4 h, ~0.7 g) for bead beating were 
filled in a sterile screw cap tube. Maximum 0.5 g beads for extraction were added. 750 µl sodium 
phosphate buffer (120 mM, pH 8, 112.87 mM Na2HPO4 and 7.12 mM NaH2PO4 in RNase-free water, 
autoclaved) and 250 µl TNS solution (500 mM Tris-HCl pH 8.0, 100 mM NaCl, 10 % SDS (w/v), adjust 
pH with HCl, in RNase free water, autoclaved) were added. Bead beating was performed twice for 45 
s at 6.5 m/s. Samples were kept on ice between bead-beating steps and during all steps afterwards. 
Samples were centrifuged for 20 min at 20817 g at 4°C. All following centrifugation steps were 
performed under the same conditions with varying times. The supernatant was transferred into a new, 
sterile 2-ml tube and 1 volume Phenol/Chloroform/Isoamyl alcohol (25:24:1, pH 4.5) was added, gently 
mixed and centrifuged for 5 min. The supernatant was transferred into a new, sterile 2-ml tube and 1 
volume Chloroform/Isoamyl alcohol (24:1) was added, gently mixed and centrifuged for 5 min. The 
supernatant was transferred into a new, sterile 2-ml tube. Roughly 2 volumes PEG (30% (w/v) 
polyethylene glycol 6000 in 1.6 M NaCl, in RNAse free water, autoclaved) were added up to a volume 
of 2 ml. Samples were incubated at 4°C for 30 min followed by centrifugation for 45 min. Liquid was 
carefully removed with a pipet and the remaining nucleic acid pellet was washed twice by adding 500 
µl ice-cold 70% ethanol, centrifugation for 5 min and the careful removal of liquid. Nucleic acid pellets 
were briefly dried by placing the tubes on a normal rack with open lids for a maximum of 5 min under 
a fume hood. 50 µl DEPC-treated water were used for elution. Samples were checked on NanoDrop. 
3.2.1.3 Sequence data analysis – ASV length distribution and rescuing fragments which exceed maximum insert size 
The pipeline used to analyze the amplicon sequence data has been described in the main text; 
here details for retrieving long ASVs were provided. 
During merging of forward and reverse reads, the paired reads are required to overlap by at 
least 10 bp with 0 mismatches. Merging of forward and reverse reads typically expects an 
overlap of 30 bp to account for variable lengths of 16S rRNA genes in the sequenced region of 
different microorganisms. Unmerged sequences were mapped against a reference data base and 
if aligning properly, were merged with their corresponding paired read and potential gaps were 
filled with ‘N’s. After chimera removal, the ASV length distribution was inspected manually, 
checking for number of ASVs and reads of different lengths. Usually, a normal distribution of 
ASV counts and read counts over ASV lengths is expected, with a clear peak around the 
expected insert size. For the datasets here, 99% of the reads and ASVs were found between 
249 and 254 bp ASV length. However, there was a substantial amount of reads and ASVs at 
276 or 300 bp (see Table 1). As a quality control, ASV sequences, which were outside of the 
ASV length range determined by the normal distribution (here 249-254 bp), were exported as 
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fastq file. The ~ 20 ASVs with the most read counts were compared to a public database using 
BLAST (see below). Most of the ASVs outside the range only had a very low percent identity 
hits (< 80%) and were considered to be most likely sequence artifacts, so that they were 
discarded. However, ASVs belonging to the peak at 276 or 300 bp length were often associated 
to typical sulfur oxidizing bacteria such as Sulfurimonas or Arcobacter (Han and Perner, 2015; 
Jurado et al., 2021). Therefore, in this sequencing pipeline it was decided to keep these long 
ASVs. 
3.2.1.4 BLAST and dissimilatory matrix of ASVs 
For taxa enriched in the incubation experiment, the ASV abundance tables were checked for 
the top 1-4 most abundant ASVs for the taxa Arcobacteraceae, Desulfuromonas, 
Desulfuromusa and Sva1033. The sequences were uploaded to the online NCBI BLAST tool 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&L
INK_LOC=blasthome). The standard database “Nucleotide collection (nr/nt)” was selected, 

the search was optimized for somewhat similar sequences selecting the search algorithm blastn 
(Altschul et al., 1997) version 2.14.1+. The search was performed on the 27.11.2023. For 
Sva1033 ASVs, uncultured and environmental samples were excluded, for the other taxa 
nothing was excluded. The received results were combined manually in a table (Table S 2 - 
Table S 5) by selecting the best two results in terms of coverage and identity, and every isolated 
organism within the top 100 hits. 
A dissimilarity matrix was calculated in order to compare the similarity of the Desulfuromusa 
ASV found in the incubations of this study with in situ sequences of Potter Cove, previous 
experiments from Potter Cove (Aromokeye et al., 2021) and Desulfuromusa type strains (Table 
S 6). A fasta file was created containing all sequences for the dissimilatory matrix. The file was 
uploaded to the NCBI BLAST tool both as query and subject sequence. The megablast 
algorithm was selected for alignment (Zhang et al., 2000). 
ASV sequences used for BLAST and dissimilatory matrix 
> sq10;size=126178;Mn-incubations;Arcobacteraceae; 
TACGGAGGGTGCAAGCGTTACTCGGAATCACTGGGCGTAAAGAGAATGTAGGCG
GGTTAATAAGTCAGAAGTGAAATCCAATAGCTCAACTATTGAACTGCTTTTGAAA
CTGTTAGCCTAGAATATGGGAGAGGTAGATGGAATTTCTGGTGTAGGGGTAAAA
TCCGTAGAGATCAGAAGGAATACCGATTGCGAAGGCGATCTACTGGAACATTAT
TGACGCTGAGATTCGAAAGCGTGGGGAGCAAACA 
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> sq23;size=56069;Mn-incubations;Arcobacteraceae; 
TACGGAGGGTGCAAGCGTTACTCGGAATCACTGGGCGTAAAGAGAATGTAGGCG
GGTTAATAAGTCAGAAGTGAAATCCAATAGCTCAACTATTGAACTGCTTTTGAAA
CTGTTAGCCTAGAATATGGGAGAGGTAGATGGAATTTCTGGTGTAGGGGTAAAA
TCCGTAGATATCAGAAGGAATACCGATTGCGAAGGCGATCTACTGGAACATTAT
TGACGCTGAGATTCGAAAGCGTGGGGAGCAAACA 
> sq60;size=17637;Mn-incubations;Arcobacteraceae; 
TACGGAGGGTGCAAGCGTTACTCGGAATCACTGGGCGTAAAGAGAATGTAGGCG
GGTAGATAAGTCAGAAGTGAAATCCAATAGCTCAACTATTGAACTGCTTTTGAAA
CTGTTTACCTAGAATATGGGAGAGGTAGATGGAATTTCTGGTGTAGGGGTAAAAT
CCGTAGAGATCAGAAGGAATACCGATTGCGAAGGCGATCTACTGGAACATTATT
GACGCTGAGATTCGAAAGCGTGGGGAGCAAACA 
> sq4;size=337342;Mn-incubations;Desulfuromonas; 
TACGGAGGGTGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGCGCGTGTAGGCG
GTTTGTTAAGTCTGATGTGAAAGCCCCGGGCTCAACCTGGGAAGTGCATTGGAA
ACTGGCAAACTTGAGTACGGGAGAGGGAAGTGGAATTTCGAGTGTAGGGGTGAA
ATCCGTAGATATTCGAAGGAACACCAGTGGCGAAGGCGGCTTCCTGGACCGATA
CTGACGCTGAGACGCGAAAGCGTGGGGAGCAAACA 
> sq1;size=856795;Mn-incubations;Desulfuromonas; 
TACGGAGGGTGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGCGCGTGTAGGCG
GTTAGTTAAGTCTGATGTGAAAGCCCCGGGCTCAACCTGGGAAGTGCATTGGAT
ACTGGCAAACTTGAGTACGGGAGAGGGAAGTGGAATTTCGAGTGTAGGGGTGAA
ATCCGTAGATATTCGAAGGAACACCAGTGGCGAAGGCGGCTTCCTGGACCGATA
CTGACGCTGAGACGCGAAAGCGTGGGGAGCAAACA 
> sq18;size=80773;Mn-incubations;Desulfuromonas; 
TACGGAGGGTGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGCGCGTGTAGGCG
GTTAGTTAAGTCTGATGTGAAAGCCCCGGGCTCAACCTGGGAAGTGCATTGGAA
ACTGGCAAACTTGAGTACGGGAGAGGGAAGTGGAATTTCGAGTGTAGGGGTGAA
ATCCGTAGATATTCGAAGGAACACCAGTGGCGAAGGCGGCTTCCTGGACCGATA
CTGACGCTGAGACGCGAAAGCGTGGGGAGCAAACA 
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> sq19;size=80707;Mn-incubations;Desulfuromonas; 
TACGGAGGGTGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGCGCGTGTAGGCG
GTTCGTTAAGTCTGATGTGAAAGCCCCGGGCTCAACCTGGGAAGTGCATTGGATA
CTGGCAAACTTGAGTACGGGAGAGGGAAGTGGAATTTCGAGTGTAGGGGTGAAA
TCCGTAGATATTCGAAGGAACACCAGTGGCGAAGGCGGCTTCCTGGACCGATAC
TGACGCTGAGACGCGAAAGCGTGGGGAGCAAACA 
> sq22;size=60363;Mn-incubations;Desulfuromusa; 
TACGGAGGGTGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGAGCATGTAGGCG
GACTATTAAGTCTGGTGTGAAAGCCCGGGGCTCAACCCCGGAAGTGCATTGGAT
ACTGGTAGTCTTGAGTATGGGAGAGGAAAGTGGAATTCCGAGTGTAGGAGTGAA
ATCCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGACCAATA
CTGACGCTGAGATGCGAAAGCGTGGGGAGCGAACA 
>sq402;size=15546;in-situ-PotterCove;Desulfuromusa; 
TACGGAGGGTGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGAGCATGTAGGCG
GTCTGTTAAGTCTGGTGTGAAAGCCCGGGGCTCAACCCCGGAAGTGCATTGGAT
ACTGGCAGACTTGAGTATGGGAGAGGAAAGCGGAATTCCGAGTGTAGGAGTGAA
ATCCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGACCAATA
CTGACGCTGAGATGCGAAAGCGTGGGGAGCGAACA 
>sq875;size=6918;in-situ-PotterCove;Desulfuromusa; 
TACGGAGGGTGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGAGCATGTAGGCG
GACTATTAAGTCTGGTGTGAAAGCCCGGGGCTCAACCCCGGAAGTGCATTGGAT
ACTGGTAGTCTTGAGTATGGGAGAGGAAAGTGGAATTCCGAGTGTAGGAGTGAA
ATCCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGGCTTTCTGGACCAATA
CTGACGCTGAGATGCGAAAGCGTGGGGAGCGAACA 
>OTU33687944532408;Macroalgae-PotterCove;Desulfuromusa; 
CAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTGTTCGGAATTATTGGGCGTA
AAGAGCATGTAGGCGGACTATTAAGTCTGGTGTGAAAGCCCGGGGCTCAACCCC
GGAAGTGCATTGGATACTGGTAGTCTTGAGTATGGGAGAGGAAAGTGGAATTCC
GAGTGTAGGAGTGAAATCCGTAGATATTCGGAGGAACACCAGTGGCGAAGGCGG
CTTTCTGGACCAATACTGACGCTG 
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>OTU76210975478505;Macroalgae-PotterCove;Desulfuromusa; 
GGACTACGGGGGTATCTAATCCTGTTCGCTCCCCACGCTTTCGCATCTCAGCGTC
AGTATTGGTCCAGAAAGCCGCCTTCGCCACTGGTGTTCCTCCGAATATCTACGGA
TTTCACTCCTACACTCGGAATTCCACTTTCCTCTCCCATACTCAAGACTACCAGTA
TCCAATGCACTTCCGGGGTTGAGCCCCGGGCTTTCACACCAGACTTAATAGTCCG
CCTACATGCTCTTTACGCC 
> sq5;size=306854;Mn-incubations;Sva1033;  
TACGGAGGGTGCAAACGTTGTTCGGAATTATTGGGCGTAAAGAGCATGTAGGCG
GTCTGTCAAGTCTGATGTGAAAGCCCGGGGCTCAACCCCGGAAGTGCATTGGAA
ACTGGCAGACTTGAGTACGGGAGAGGAAAGTGGAATTTCGAGTGTAGGGGTGAA
ATCCGTAGATATTCGAAGGAACACCAGTGGCGAAGGCGGCTTTCTGGACCGATA
CTGACGCTGAGATGCGAAAGCGTGGGGAGCAAACA 
> sq28;size=45573;Mn-incubations;Sva1033; 
TACGGAGGGTGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGAGCATGTAGGCG
GCTCGCCAAGTCTGATGTGAAAGCCCTGGGCTCAACCCAGGAAGTGCATTGGAA
ACTGGCGAACTTGAGTACGGGAGAGGAAAGTGGAATTTCGAGTGTAGGGGTGAA
ATCCGTAGATATTCGAAGGAACACCAGTGGCGAAGGCGGCTTTCTGGACCGATA
CTGACGCTGAGATGCGAAAGCGTGGGGAGCAAACA 
> sq33;size=37894;Mn-incubations;Sva1033;  
TACGGAGGGTGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGAGCGTGTAGGCG
GCTCGCCAAGTCTGATGTGAAAGCCCTGGGCTCAACCCAGGAAGTGCATTGGAA
ACTGGCGAACTTGAGTACGGGAGAGGAAAGTGGAATTTCGAGTGTAGGGGTGAA
ATCCGTAGATATTCGAAGGAACACCAGTGGCGAAGGCGGCTTTCTGGACCGATA
CTGACGCTGAGACGCGAAAGCGTGGGGAGCAAACA 
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3.2.1.5 Calculation of solid phase manganese data 
Solid phase manganese was extracted and quantified by Monien et al. (2014a) and the data 
published under doi.pangaea.de/10.1594/PANGAEA.805935 (Monien et al., 2014b). The 
station P01 sampled by Monien et al. (2014a) was in close proximity to STA01 sampled in this 
study (Figure S 9A). However, the data was published as wt.%. In order to compare the 
manganese content to other studies, we converted MnO (salt corrected wt.%) into MnO 
(µmol/cm³) by the calculations below. The used water content values were also published in 
Monien et al. (2014b). The density of dry sediment was assumed as 2.6 g/cm³ and the density 
of water as 1 g/cm³. 
[1] 𝑀𝑛𝑂 [

𝑚𝑔

𝑔
] = 𝑀𝑛𝑂 [𝑤𝑡. %] × 10 

[2]  𝑀𝑛𝑂 [
µ𝑚𝑜𝑙

𝑔 𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
] =  

𝑀𝑛𝑂 [
𝑚𝑔

𝑔
]

𝑀(𝑀𝑛𝑂) [
𝑚𝑔

𝑚𝑚𝑜𝑙
]

× 1000 

[3]  𝑉𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 [
𝑐𝑚³

1 𝑔 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
] =  

0.01 ×(100 −𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [%])

𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡  [
𝑔

𝑐𝑚3]
 

[4]  𝑉𝑤𝑎𝑡𝑒𝑟 [
𝑐𝑚³

1 𝑔 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
] =  

0.01 ×𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [%]

𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑤𝑎𝑡𝑒𝑟 [
𝑔

𝑐𝑚3]
 

[5]  𝑉𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 [
𝑐𝑚3

1 𝑐𝑚3 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
] =  

𝑉𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 [
𝑐𝑚3

1 𝑔 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
] ×1 [𝑐𝑚3 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡]

𝑉𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡  [
𝑐𝑚3

1 𝑔 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
]+𝑉𝑤𝑎𝑡𝑒𝑟 [

𝑐𝑚3

1 𝑔 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
]
 

[6] 𝑚𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 [
𝑔

1 𝑐𝑚3 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
] = 𝑉𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 [

𝑐𝑚3

1 𝑐𝑚3 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
]  ×

𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 [
𝑔

𝑐𝑚3] 

[7] 𝑀𝑛 [
µ𝑚𝑜𝑙

𝑐𝑚3 ] = 𝑀𝑛𝑂 [
µ𝑚𝑜𝑙

𝑔 𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
]  × 𝑚𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 [

𝑔

1 𝑐𝑚3 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
] 

The R code used for the calculations is also published in the Github repository 
https://github.com/Microbial-Ecophysiology/Mn-red-PotterCove. 
  



Chapter 3: Manganese reduction in Antarctic sediments 

93 

3.2.2 Supplementary figures and tables 
3.2.2.1 Supplementary figures 

 
Figure S1: Rarefaction curves of 16S rRNA gene amplicon sequencing of in situ sediment core STA01.02.  
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Figure S2: Rarefaction curves of 16S rRNA gene (DNA) and 16S rRNA (RNA) amplicon sequencing of incubation experiment. 
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Figure S3: Concentration of dissolved Mn in slurry incubations over the incubation time. The bars represent calculated means per treatment distinguished by color, individual points are displayed on top distinguished by shape. General linear hypothesis for multiple comparisons were performed within each time point and different letters represent statistically significant differences (p < 0.05) between treatments.  
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Figure S4: Geochemistry in aqueous slurry phase over time. Incubations Birnessite + DIC and DIC_2023 were run in spring 2023 while all other treatments were run in summer 2021. Likely due to longer storage, the sulfate concentration in the 2023 run treatments were lower (see text for more details).  
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Figure S5: Bacterial 16S rRNA community of incubation experiment. Incubations (A) Birnessite + acetate and (B) Acetate were performed in 2021, incubation (C) Birnessite + DIC was performed in 2023. For both set -ups a control incubation (D) with only DIC was performed, in duplicates for 2021 (replicate A, B) and in single set-up for 2023 (replicate C). For both set-ups the initial slurry of day 0 was sequenced (E) in duplicates for 2021, in triplicates for 2023. All other treatments were performed in triplicate incubation bottles (A, B, C). Plotted is the whole community with genera above 5% relative abundance in at least one sample. If a genus was not above the threshold or not classified on this level, the next higher rank was plotted if it was above the threshold and so on. 
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Figure S6: Bacterial 16S rRNA gene community of incubation experiment. Incubations (A) Birnessite + acetate and (B) Acetate were performed in 2021, incubation (C) Birnessite + DIC was performed in 2023. For both set -ups a control incubation (D) with only DIC was performed, in duplicates for 2021 (replicate A, B) and in single set-up for 2023 (replicate C). For both set-ups the initial slurry of day 0 was sequenced (E) in duplicates for 2021, in triplicates for 2023. All other treatments were performed in triplicate incubation bottles (A, B, C). Plotted is the whole community with genera above 5% relative abundance in at least one sample. If a genus was not above the threshold or not classified on this level, the next higher rank was plotted if it was above the threshold and so on.  
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 Figure S7: Relative abundance of 16S rRNA gene (top row DNA) and 16S rRNA (bottom row RNA) of selected taxa. Displayed are the same taxonomic groups plotted in Figure S 5 and Figure S 6 in a higher taxonomic resolution. Sample of day 0 was sequenced from duplicate incubation bottles for 2021 incubations while all other time points were sequenced from triplicate incubation bottles separately for each treatment. Different treatments are displayed by color and line type, and incubation triplicates by shape. The lines connect calculated means per treatment. DIC control treatments for 2021 and 2023 are plotted separately.  
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Figure S8: In situ bacterial community based on 16S rRNA gene sequencing of core STA01.02 used for incubation set-up. Plotted are (A) the whole community with classes above 4% relative abundance in at least one sample, (B) genera of Desulfuromonadia and (C) Campylobacteria. Note the different x-scales.  
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Figure S9: Manganese oxides and dissolved manganese in sediments at site PC-P01 (Monien et al., 2014a), which is near STA01 of this study (A). Data replotted from Monien et al. (2014b) dissolved Mn in pore water (B), solid phase MnO in wt.%, salt corrected (C) and recalculated into µmol/cm³, using provided water content and literature values for sediment density, for comparison with other datasets (D), see text for details. Map created with QGIS 3.34.3, bathymetry data Neder et al. (2022) updated from Jerosch et al. (2015), basemap data SCAR Antarctic Digital Database 2023, rock outcrop from Gerrish (2020) manually smoothed.  

 
Figure S10: Photo Potter Cove Fourcade glacier 2011 with permission by M. Sierra. Location STA 01 indicated by arrow.   
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3.2.2.2 Supplementary tables 
Table S1: Trimming parameters used during sequence analysis for samples sequenced in different libraries. Some samples were sequenced in multiple libraries and flowcells in order to retrieve sufficient reads.  
Samples Lib ID Flowcell lane ID Trimming Sequence lengths kept (bp) R1 length (bp) R2 length (bp) 
Incubation experiment 

Lib22 HKMLNDRXY_L1 120 170 249-254, 300 
Lib23 HKMLNDRXY_L1 120 170 249-254, 300 
Lib87 H7H5VDRX5_L1 110 180 249-254, 300 
Lib87 H7JJGDRX5_L1 110 180 249-254, 300 

in situ 
Lib5 HHMW5DRXX_L1 90 200 249-254, 276 
Lib5 HJ72JDRXX_L2 90 200 249-254, 276 
Lib45 H7W7NDRX2_L2 120 170 249-254, 276 
Lib45 H7WKNDRX2_L2 110 180 249-254, 276 
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4.1.1 Abstract 
Rapid melting of the Western Antarctic Peninsula (WAP) glaciers is a compelling piece of 
evidence of how climate change affects our planet. This study investigated the impact of global 
warming-facilitated environmental change on microbial community structure and function by 
subjecting sediments sampled near the Fourcade Glacier in Potter Cove, WAP, to a temperature 
gradient and supply of metabolic nutrients relevant for the fate of carbon in marine ecosystems. 
We found that (i) temperature as a key environmental change driver will significantly impact 
microbial community structure, but ecological functions supported by fresh supply of nutrients 
from glacial meltwater will prevail; (ii) keystone species responsible for specialized functions 
are metabolically flexible, persisting from 2 °C to 25 °C; and (iii) in addition to keystone 
species, global warming will activate certain hitherto inactive but endogenous microorganisms 
in response to either changes in temperature or nutrient flux to sustain ecosystem functions. 
Our study presents evidence of sediment microbiome resilience in response to strong 
temperature or nutrient flux shifts, thereby adding another layer of evidence of nature’s 

adaptability to global warming. 
4.1.2 Introduction 
The marine biosphere contributes about 45 percent (global net primary productivity = ~49 Pg 
C year−1) to the amount of organic matter (OM) degraded or preserved in the earth system1. 
The terminal steps in the degradation of organic matter in marine sediments involve coupling 
fermentation intermediate (H2/acetate) oxidation to manganese, Fe(III), sulfate, and CO2 
reduction. Therefore, microbes that respire sulfate and metal oxides as terminal electron 
acceptors are important for the final step of OM mineralization to CO2 2. A previous study3 
showed that these specialists microbes represent keystone species shaping the microbial 
community composition and function in permanently cold sediments, irrespective of their 
abundance4. Environmental change, such as increased temperature due to global warming, 
might affect the rates and pathways of OM degradation, and possibly causes a shift in 
compositions of communities involved in determining the final fate of OM in the environment. 
It is therefore important to study the effects of environmental change on abundance and activity 
of sulfate and metal-reducing microbes to enhance knowledge of the terminal fate of organic 
matter. Understanding the mechanistic control of organic matter degradation and preservation 
during transport and burial is essential for assessing the impacts of past, present, and future 
climate and, thus, environmental change on the marine carbon cycle2. 
The Western Antarctic Peninsula (WAP) is one of the fastest-warming places on earth5. As a 
result, terrestrial and marine-terminating glaciers in the area have melted at unprecedented 
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rates. For example, the Fourcade Glacier (Fig. 1), a polythermal glacier draining into Potter 
Cove, King George Island/Isla 25 de Mayo, WAP, has receded by at least 1.5 km2 between 
1956 and 2018 6, creating several newly ice-free areas and transforming from an initial 
tidewater glacier to land-terminating glacier7,8. Consequently, glacial meltwater transports 
easily reducible Fe (oxyhydr)oxides either directly, via subglacial groundwater discharge, or 
via icebergs that are known to contain reactive Fe nanoparticles, into the sediments9. The 
implications that this environmental change brought about by global warming for sediment 
microbial communities, especially regarding how they respond to and mineralize OM in 
Antarctica, is barely explored. 
It is difficult to detect extreme temperature effects in situ on organisms and their biology within 
realistic climate relevant experimental timeframes (about 20-25 years10). Therefore, previous 
studies evaluating climate change effects on responses of (Ant)arctic biotic communities have 
either used laboratory cultures to simulate long-term climate change effects11,12 or network 
analysis of clustering similarities of metagenomic data13. The slow growth rates of marine 
sediment microbes present another constraint for designing such studies14. This constraint has 
been mitigated by the development of stable isotope probing of DNA and RNA. RNA-stable 
isotope probing (RNA-SIP) confers the advantage that microbial physiological activity can be 

Figure 1: Spatial image showing the extent of the Fourcade Glacier retreat between 1956 - 2018. (a) West Antarctic Peninsula (b) King George Island/Isla 25 de Mayo (c) Potter Cove coastal marine ecosystem surrounded by the Fourcade Glacier. The green dot represents the exact spot the sediment samples for this study were taken. The dashed black line shows the inner cove area highly-influenced by meltwater and sediment run-off input18,19. Retreat lines: 1956-2005 Rückamp, et al.7; 2018 Deregibus, et al.6. Background imagery © 2014 Maxar65. 
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studied within a relatively short incubation period under conditions that closely resemble those 
of the natural environment, thereby avoiding the enrichment of artificial communities that do 
not reflect those relevant conditions15. 
Here, we combine stable isotope and molecular biology techniques to investigate the survival 
strategies of microorganisms that influence the fate of organic matter in marine sediments 
under current global warming scenarios. We also discuss the implications of microbial 
adaptation to global warming for the release of CO2 from marine sediments.  
4.1.3 Results and Discussion 
Sediment samples were collected from the closest possible distance to the Fourcade Glacier, 
and used for an analysis of how keystone microbes for the terminal mineralization of organic 
matter in sediments adapt to changes in temperature (5 °C, 10 °C, 15 °C, 20 °C, 25 °C and 
30 °C) versus the baseline in situ temperature of 2 °C 16. While some of the temperatures the 
sediments were subjected to for the study are experimental, the WAP remains one of the fastest 
warming places on earth, and continues to experience unprecedented and extreme warming 
events with certain areas recording up to 17.1 °C to 18.3 °C recently17. To avoid the enrichment 
of target microbes and promote the possibility of mimicking environmental conditions, 
sediment incubations were supplied with traceable acetate in low concentrations (500 µM 13C) 
as carbon source. The incubations were also amended with or without fresh electron acceptors 
to optimize conditions for anaerobic respiration (iron and sulfate reduction). A similar set-up 
was used with unlabeled acetate (12C) as control. The sediments were incubated in total for 17 
days or less depending on rates of CO2 release in the incubations (suppl. Fig. S1) as indicator 
for microbial activity, and then subjected to RNA-SIP. The results show that (i) ecological 
functions in the sediments prevail over the applied temperature range albeit at different rates, 
despite the change in active microorganisms performing those ecological functions; (ii) 
keystone microorganisms are more metabolically flexible than expected; certain species 
persisted from psychrophilic (2 °C) to mesophilic (25 °C) conditions; and (iii) as warming and 
glacier retreat continues to affect the nutrient balance of Antarctic sediments, microbial 
communities will develop adaptation strategies that may reactivate hitherto inactive or low 
activity microbial populations. 
Temperature and nutrients have a significant effect on microbial community structure 
Recession of the Fourcade Glacier results in increased glacial meltwater discharge, supplying 
more suspended particulate matter including iron oxides to coastal waters and underlying 
sediments18, thereby changing the dynamics of carbon mineralization. Therefore, the 
experimental design aimed to mimic the prevailing environmental conditions in the sediments 
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using acetate and lepidocrocite (a low crystallinity, bioavailable γ-FeO(OH)) to stimulate iron 
reduction as a consequence of a fresh supply of iron oxides as nutrients to the sediments9. 
Subglacial meltwater can supply more labile iron, which is more bioavailable to 
microorganisms performing iron reduction with OM degradation intermediates such as 
acetate9. However, the glacier has recently started to recede to land8, which may change the 
supply and characteristics of iron oxide with predicted possible decrease in suspended 
particulate matter19. This scenario potentially favors other processes such as sulfate reduction 
over iron reduction20, since the sediment is replete with up to 28 mM sulfate21. Therefore, a 
separate set of experiments was set up with acetate and sulfate to mimic this scenario of reduced 
iron supply to the sediments. These conditions are optimal for sulfate reduction or sulfur 
cycling, which likely becomes more important in an emerging environmental change scenario 
of very low iron input due to receding glaciers to land20. As a baseline control for both 
scenarios, “acetate only” treatments were also set up. Acetate was selected as a representative 

volatile fatty acid intermediate of fermentation22, which is obligatorily used by anaerobically 
respiring microorganisms as a terminal electron donor and is also suitable for anabolic 
respiration by organotrophic organisms. In all treatments across all temperatures, we obtained 
indicators for 13CO2 release from microbial catabolic consumption of 13C-acetate (suppl. Fig. 
S1) and incorporation of 13C-carbon from acetate into the biomass of active organisms (suppl. 
Fig. S2). The experiments were stopped at different days, based on the pace of build-up of 
13CO2 in the incubations i.e., after 10 days at 2 °C and 5 °C, 11 days at 10 °C and 15 °C, 15 
days at 30 °C and 17 days at 20 °C and 25 °C. Sulfide was not detected in the incubations and 
a minor net sulfate concentration decrease was detected, mainly between 10 °C and 20 °C 
(suppl. Fig. S3a). A qualitative measurement of Fe2+ build up in the relevant iron amended 
treatments was used as proxy for iron reduction rates. Iron reduction rates were optimal at 5 °C 
and 10 °C but decreased consistently as the temperature gradient became more mesophilic 
(suppl. Fig. S3b).  
After sequencing 16S rRNA in the labeled and unlabeled fractions obtained from RNA-SIP 
experiments, distance-based redundancy analyses (dbRDA), which combines a distance matrix 
calculation and principal coordinate analysis, were performed on the sequence data to evaluate 
community composition. The results show significant influence of temperature and nutrient 
(sulfate and iron as electron acceptors) on microbial communities (Fig. 2; suppl. Table S1, 
Fig. S4). Temperature had a significant effect (F(1,205) = 53.4; p < 0.001) on the microbial 
community composition across all treatments (Fig. 2a). The further the experimental 
temperature differed from the in-situ temperature, the more significant was the shift in 
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microbial community composition across all treatments (suppl. Table S1). The addition of 
electron acceptors had a similar, but less pronounced significant effect (F(2,205) = 3.9; 
p < 0.001) on the microbial community compositions (Fig. 2; suppl. Table S1). The influence 
of electron acceptors was, however, more pronounced than temperature when comparing the 
communities at 2 °C and 5 °C across all treatments and within the 13C-labelled treatment 
fractions reflecting active use of 13C-acetate for anabolic function (heavy + ultra-heavy 
fractions; suppl. Table S1, treatment F(1,8) = 3.27; p = 0.012; temperature p > 0.05). This 
finding demonstrates a probable scenario in situ. The Northern and Northwestern Antarctic 
Peninsula have experienced a warming trend of 0.46 °C ± 0.96 °C per decade between 1951 
and 2018 or of 3.12 °C ± 1.02 °C in total over the same period5. These warming rates are 
alarming as they represent a 2.5 times increase when compared to the rest of the world’s 

warming rate at currently 0.18 °C to 0.19 °C per decade over the last 50-year period23,24. Given 
the current scenarios, a 3 °C warming over the next 50 – 100 years might occur in the WAP25,26. 
Our study predicts that in the likelihood of increased warming, microbial community structures 
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will be impacted, thereby triggering community adaptation to sustain ecosystem function. As 
the warming is accompanied by a change in nutrient composition or an initial increase and 
subsequent cease in the supply of a particular nutrient (such as iron), microbial community 
composition will also change, selecting for new dominant members better suited to the shifted 
environmental conditions. 
4.1.3.1 Iron reducers and sulfur-cycling organisms dominate the incubations 
The active microorganisms identified in the microbial communities across all treatments 
(Fig. 3; suppl. Fig. S5-S15) use acetate for anabolic processes and are well known for their 
distinct ecosystem function. We classified them to sequence level (ASV: amplicon sequence 
variant) to define the ecology of each organism under environmental change scenarios. The 
dominant microorganisms included iron reducing bacteria such as (i) Sva1033 (Fig. 3a), 
previously identified in permanently cold sediments3,27,28; (ii) Desulfuromusa (Fig. 3b), a well-
known metal oxide reducer able to switch between manganese and iron reduction29; (iii) 
unclassified Geopsychrobacteraceae (Fig. 3c), very close relatives of Desulfuromusa, which 
harbors many species previously described as iron reducers30; (iv) unclassified members of the 
order Desulfuromonadales (Fig. 4d, l), the overarching order of iron reducers31; (v) 
Desulfuromonas (Fig. 3e), a well-studied dissimilatory iron reducing genus often identified in 
multiple environments from temperate to permanently cold areas29,32; and (vi) Trichloromonas 
(formerly Desulfuromonas33; Fig. 3f) from the Desulfuromonadaceae family (according to 
used silva taxonomy release 138.134) of iron reducers35.  
Other active organisms included those well studied for their role in sulfur cycling such as (i) 
Sulfurimonas (Fig. 3g)36, (ii) Sulfurospirillum (Fig. 3h)37; (iii) Desulfobacter (Fig. 3i), a well-
known sulfate reducer38 that was only stimulated at 20 °C with sulfate addition; and (iv) 
unclassified Arcobacteraceae (Fig. 3j), detected only at 2 °C and known for its sulfur cycling 
or metal reduction capabilities28,39. Certain identified taxa were stimulated at specific 
temperatures but not previously connected to sulfur or iron metabolisms inter alia; (i) 
Colwellia (Fig. 3k), an extremely psychrophilic heterotrophic bacteria found in cold-polar 
sediments, sea ice and the deep sea28,40 and (ii) Hoeflea (Fig. 3m), previously isolated from 
temperate halophilic marine settings41. 
The high relative abundance and capacity to thrive over a wide range of temperature suggest 
that iron and sulfur cycling organisms dominate and shape the ecosystem functioning of the 
microbial communities in our incubations (Fig. 3), as similarly found in sub-Antarctic South 
Georgia sediments3. The addition of fresh iron oxide promoted the predominance of seven 
different organisms (i.e., ASVs) of Sva1033 over a wide temperature range, the most of any 
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taxon stimulated in this study. This result suggests that Sva1033 will remain the dominant key 
microorganism for the terminal steps of OM degradation in Antarctic sediments if the current 
scenario of glacial recession continues to provide fresh iron to the sediments as part of glacial 
meltwater. Sva1033 was less competitive in the treatments without adding fresh iron oxide, 
providing the opportunity for other iron reducers such as Desulfuromonas, Trichloromonas, 
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and unclassified Geopsychrobacteraceae to thrive competitively in those treatments (Fig. 3). 
The observation that Sva1033 was not competitive when fresh iron oxide supply was limiting 
and giving rise to the dominance of other recognized iron reducers, especially Desulfuromonas, 
is interesting. It predicts the adaptation pattern of the microbial communities in the sediments 
to the recently emerging scenario of the Fourcade Glacier receding to land that may eventually 
result in a decrease of fresh iron supply. Nutrient supply was not the only factor determining 
the dominance of the activity of one microbe over the other in these experiments as temperature 
had a similar effect. At 30 °C, we observed that all the previous iron reducers that competed 
favorably and were active, regardless of the nutrient conditions in the sediments, were absent, 
except for Desulfuromusa, with two distinct organisms that were only stimulated when the 
conditions became mesophilic (20 °C to 30 °C). At 30 °C, these Desulfuromusa organisms 
were the only iron reducers stimulated to retain iron reducing function in these microbial 
communities, maintaining 50-55% relative abundance of the entire active populations in all 
treatments. In another study done at the same study site, Desulfuromusa was the main active 
metal oxide reducer at the in situ temperature of 2 °C metabolizing acetate with manganese as 
the preferred nutrient instead of iron oxides as electron acceptor42. Here, we provide further 
insight into the ecosystem function of Desulfuromusa in cold environments, that they are likely 
outcompeted for growth on acetate by microbes such as Sva1033 and Desulfuromonas when 
the dominant electron acceptor is iron, and the conditions are optimally psychrophilic. 
However, they can become competitive when manganese is the main nutrient available to 
support acetate consumption or the sediments are subjected to warmer environmental 
conditions. 
The alternating abundance of Sulfurimonas and Sulfurospirillum as active populations, mainly 
in the sulfate amended and the control treatments was interesting (Fig. 3g, h). Both play a 
similar ecosystem function facilitating sulfur cycling, yet they were well differentiated in 
proliferation between psychrophilic and mesophilic conditions. Sulfurimonas was more 
adapted to psychrophilic metabolism and was barely detected when the temperature increased 
to 20 °C (Fig. 3g). Sulfurospirillum was detected with a high abundance as Sulfurimonas at low 
temperatures, but only at 20 °C and 25 °C (Fig. 3h). Despite the clear stimulation of microbial 
activity with sulfate (Fig. 3; suppl. Fig. S1, S3), the only known sulfate reducer identified 
amongst the active communities was Desulfobacter which displayed a 10% relative abundance 
with sulfate addition at 20 °C (Fig. 3i). Nevertheless, we tested for the prevalence of sulfate 
reduction activity by quantitative polymerase chain reaction (qPCR) on the messenger RNA 
(mRNA) transcripts using primers specific for the detection of the dissimilatory sulfite 



Chapter 4: Acetate degradation over temperature 

127 

reductase gene alpha subunit (dsrA) which encodes the activity for sulfite reduction to sulfide 
(suppl. Fig. S16). We found that up to 6x1012 copies of dsrA transcripts were present per ng of 
complementary DNA (cDNA) across treatments except at 30 °C. A qPCR targeting the 
bacterial 16S rRNA transcript detected up to 6x1015 copies of bacterial 16S rRNA per ng of 
cDNA in the same samples, thereby confirming that the lack of detection of the dsrA transcript 
at that temperature was not due to experimental detection limits. This finding clarifies that 
sulfate reduction is ongoing in the sediments at in situ conditions and up to 25 °C as part of the 
cryptic sulfur cycle, even as sulfate reducers are not competitive for use of acetate for biomass 
production. At 30 °C, the absence of sulfate reducers in the heavy fractions, and the non-
detection of the dsrA mRNA transcript as a signature for sulfate reduction suggests sulfate 
reduction as a microbial process in the sediments stopped thriving.  
4.1.3.2 Distinct keystone species showing metabolic flexibility from psychrophilic to mesophilic temperature 
We identified five distinct keystone species – based on physiological capabilities rather than 
network analysis-based co-occurrence – among the specific organisms (ASVs) that adapted to 
the effects of increased temperature with great metabolic flexibility, transitioning from 
psychrophilic to mesophilic metabolism to sustain the key ecosystem function of iron 
reduction. These include Sva1033, Desulfuromusa, Desulfuromonas, an unclassified 
Geopsychrobacteraceae, and Trichloromonas (Fig. 3). Amongst the seven observed organisms 
of Sva1033 (Fig. 3a), two displayed the metabolic flexibility to survive from 2 °C to 20 °C. 
The first, labeled for identification purposes as ASV 1, was most active at 2 °C (23%) and 
remained enriched, displaying metabolic flexibility up to 20 °C (10%). ASV 10, although 
growing optimally at 20 °C (13%), was active down to 2 °C (5%) while ASV 43 and ASV 7, 
which grew optimally at 10 °C, remained psychrophilic. There were three organisms that grew 
only at mesophilic temperatures and were not stimulated at psychrophilic ones: ASV 12 (37% 
only at 25 °C), ASV 44 (9% at 25 °C) and ASV 93 (6%) only at 20 °C. Family Sva1033 was 
previously identified as an iron reducer only in permanently cold sediments3,28. The findings 
here suggest that there are certain Sva1033 organisms that prefer mesophilic temperatures, and 
that this iron reducer is metabolically more flexible than previously thought, being able to 
thrive from 2 °C to 25 °C in our experiments, but not thriving at 30 °C. 
While one Desulfuromusa organism (ASV 36, Fig. 3b) was stimulated from 2 °C until 20 °C 
mainly in the iron amended treatment, the other three stimulated Desulfuromusa organisms 
constituted the majority (20–55%) of the active communities from 20 °C to 30 °C (Fig. 3b) but 
could not compete at psychrophilic conditions. Three Desulfuromonas organisms were 
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identified (Fig. 3e). Particularly ASV 6 was the most metabolically flexible organism identified 
from all incubations throughout the experiment. This organism was detected with 2% relative 
abundance at 2 °C and remained detectable up to 25 °C (13%). The other two Desulfuromonas 
organisms, ASV 26 and ASV 3, were only stimulated by psychrophilic conditions reaching up 
to 13-22% relative abundance. All identified Desulfuromonas organisms were better stimulated 
in the absence of fresh iron oxide supply. One organism (ASV 56) of unclassified 
Geopsychrobacteraceae (Fig. 3c) was detected at 5 °C and was stimulated more abundantly in 
the absence of fresh iron supply, until 25 °C. One Trichloromonas organism (Fig. 3f) was 
detected in our incubations, its growth stimulated from 2 °C to 20 °C, mainly by sulfate addition 
and in the control treatments. 
By maintaining metabolic flexibility and surviving multiple temperature shifts, these microbes 
demonstrated that, despite the effect of warming on sediment communities, certain keystone 
species will adapt over wide temperature ranges to sustain relevant ecosystem functions 
supported by prevailing environmental conditions. In the case of our site, this function is the 
release of CO2 driven by iron reduction as the final sink of OM degradation. The fresh supply 
of iron oxides from the glacial meltwater supports the activity of iron reducers, ensuring that 
iron reduction remains a relevant metabolism in the sediments. Therefore, iron reducers, mainly 
Sva1033, act as keystone species in this specific environment, adapting to increased 
temperature and sustaining OM degradation. However, in the event of a limited iron supply in 
the distant future scenario, threatening the activity of Sva1033 in the environment, other iron-
reducing microorganisms will replace such ecosystem function acting as keystone species. 
4.1.3.3 Implication for the fate of organic matter on an increasingly warming planet 
The Antarctic Peninsula experienced an extremely warm event and record-high surface melt in 
February 2022 17. On February 7-8th, 2022, extreme record-high near-surface temperatures 
(13.6 °C to 13.7 °C) were recorded on King George Island/Isla 25 de Mayo, including the 
Potter Cove17 where sediment near the Fourcade Glacier was sampled for our study three years 
earlier. Similar events occurred in Western Antarctica in February 2020, featuring an 
unprecedented regional temperature anomaly of + 4.5 °C during a six-day period43. In the face 
of global warming and glacier retreat, warming events will become frequent, causing increased 
discharge of glacial meltwater into underlying sediments. The discharge of nutrients-
containing glacial meltwater from the Fourcade Glacier ice is expected to alter the physical and 
chemical properties of marine sediments with impact on biological communities44, and 
ultimately the fate and rate of degradation of organic matter. One of such impacts is the 
significant change in the structure and function of microbial communities as comprehensively 
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demonstrated by our study. We observed that just 10 days of significant warming of 3 °C and 
above is sufficient to impact the microbial community structure and ecosystem function of 
active populations in marine sediments from the Antarctic Peninsula (Fig. 2; suppl. Table S1, 
Fig. S4). The detection of certain microorganisms such as Colwellia, Desulfuromusa, 
Arcobacteraceae and Hoeflea at specific temperature windows is a key finding from our study. 
It validates the age-old Baas-Becking hypothesis45 of spatial distribution that “everything is 
everywhere, but the environment selects”. Becking alluded to the remarkable spatial 
distribution potential of microbes, but that only specifically adapted organisms will thrive and 
proliferate under specific environmental guides46,47. Climate change-driven warming in 
Antarctica will activate hitherto inactive or low-activity microbial populations as a response to 
changes in temperature or nutrient flux, helping microbial communities sustain ecosystem 
functions. For example, Desulfuromusa stepped up at 30 °C to ensure iron reduction ecosystem 
function continues in these sediments when other more successful relatives at lower 
temperatures could not thrive. 
Our study contrasts previous observations in the water column of the Arctic Ocean where 
ecosystem function under warming scenarios is being performed by new species, introduced to 
the environment by dispersion from temperate environments48,49. The introduction of new 
better-adapted organisms to sustain ecosystem function in the Arctic Ocean is facilitated by the 
influence of the Atlantic waters leading to increased warming and saltiness, otherwise called 
Atlantification48,50. Our contrasting observations are in line with the geomorphology of 
Antarctica, given that Antarctic waters are isolated from the rest of the global oceans by the 
Antarctic Circumpolar Current (ACC)51. Besides, introduction of temperate organisms by 
dispersion is more likely to occur in pelagic settings than in sediments. Consequently, 
indigenous distinct microbial populations, instead of newly introduced microbes as reported 
for the Arctic, respond to warming to conserve ecosystem function in Antarctica as our study 
reveals. As demonstrated in Figure 3, conservation of ecosystem function is achieved either by 
keystone species with incredible metabolic flexibility to adapt to changes in temperature and 
nutrient conditions (such as Sva1033 – ASVs 1 and 10 or Desulfuromonas – ASVs 6 and 35) 
or by previously inactive species better suited to the changing environmental guides (such as 
Desulfuromusa – ASVs 5, 18, and 19). 
These findings have implication for the biogeochemical cycle of elements and for the ocean’s 

fluxes and control of CO2 release to the atmosphere. The types of microbes our study targeted 
utilize iron and sulfate as electron acceptors to support their ecosystem function of mineralizing 
a significant portion of the organic matter in marine sediments. A global warming-induced 
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change in microbial community composition (Fig. 2), which could often be accompanied by 
the loss of certain specialist microbes or the stimulation of microbes better adapted to the 
environmental change (Fig. 3), will also affect the rate of CO2 release from the sediments as 
simulated by the CO2 release trajectory in our study (suppl. Fig. S1). Although the temperature 
ranges that we tested are largely experimental, we argue that the findings are relevant for 
predicting current and future impacts of climate change on organic matter degradation and 
associated microbial communities in both permanently cold and temperate environments. 
4.1.4 Materials and Methods 
4.1.4.1 Sediment sampling 
Sediment samples were collected from Potter Cove close to the Fourcade Glacier during the 
Antarctic summer in 2019. The sediments were collected from the safest spatial distance to the 
Fourcade Glacier where it was still possible to sample without risk. The geochemical setting 
of Potter Cove and the site sampled (STA 13; S62°13'31.4''/W58°38'28.2'') were previously 
described9. Because of the shallow water depth at the site (15 m), SCUBA divers from the 
Argentinian Diving Division could retrieve short sediment cores. The cores were immediately 
processed in the Dallmann laboratory (AWI- DNA/IAA cooperation) of the Argentine Carlini 
Station. In detail, the 29 cm core (designated as STA13-04) used for this study was sliced into 
5 cm sections and stored at 2 °C in 500 mL hermetically closed Schott bottles, under N2 
headspace (99.999% purity, Linde, Germany). After three months in transit back to the 
laboratory in Germany under constant storage in the dark at near in situ conditions, the entire 
core was pooled to have sufficient material for incubation experiments.  
4.1.4.2 Incubation experiments 
To study temperature responses of respiring organisms in glacial meltwater-influenced 
sediments from Potter Cove, short-term incubation experiments were set up. Anoxic sediment 
slurries were prepared using 5 g sediment to a final volume of 30 mL (1:6 w/v) in 60 mL serum 
bottle with anoxic, sterile sulfate-free artificial sea water (ASW; composition [L-1]: 26.4 g 

NaCl, 11.2 g MgCl2 ∙ 6 H2O, 1.5 g CaCl2 ∙ 2 H2O and 0.7 g KCl). The ratio 1:6 w/v was used 
because several bottles (n = 126) were required for the study; however, the sediment available 
was insufficient for making slurries with larger sediment input. Slurries were made anoxic 
under N2 headspace. Thereafter, 18 slurry bottles per temperature were pre-incubated at the 
various experimental temperatures (2 °C, 5 °C, 10 °C, 15 °C, 20 °C, 25 °C, 30 °C) for 7 days 
to acclimatize the sediment communities to the incubation temperatures before substrate 
addition. Afterward, three treatment types were prepared in biological triplicates per 
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temperature: I. acetate (500 µM) II. acetate and lepidocrocite (5 mM) and III. acetate and 
sulfate (5 mM) with either natural abundance acetate (12C) or 13C-labelled acetate. After 
substrate addition, all treatments were subsequently sampled for dissolved iron (Fe2+) and 
sulfate measurement by collecting 1 mL slurry under anoxic conditions. Thereafter, all 
treatments were subjected to static incubation in the dark at the respective temperatures. The 
incubations were run between 10 and 17 days depending on the evolution of 13C-CO2 in the 
headspace of incubations at the respective temperatures (see analytical methods section). 
4.1.4.3 Analytical methods 
As a proxy for iron reduction in these short-term incubations, Fe2+ was measured at day 0 and 
the end time point of the incubations at the various temperatures, i.e., day 10 at both 2 °C and 
5° C, day 11 at both 10 °C and 15 °C, day 15 at 30 °C and day 17 at both 20 °C and 25 °C. To 
arrive at a probable comparative end time point for the incubations at the various temperatures, 
the evolution of 13C-CO2 in the headspace of incubations was measured over time (suppl. Fig. 
S1). Incubations were stopped when δ13C-CO2 values, expressed in per mille (‰) relative to 

the Vienna Peedee belemnite (VPDB), were similar at the end time points across the different 
temperatures. The evolution of δ13C-CO2 in the headspace was measured by injecting either 
100 µL or 500 µL of the gas sample into a Thermo Finnigan Trace GC ultra connected to a 
Finnigan MAT DELTA Plus IRMS via a Thermo Finnigan GC Combustion III interface using 
a chromatographic and temperature set-up as previously described52.  
Dissolved ferrous iron accumulation rates were calculated from the slope of the difference in 
Fe2+ concentrations between day 0 and the end point for each temperature. To determine Fe2+ 
concentrations, 1 ml slurry was collected into 1.5 mL reaction tubes under anoxic conditions 
from the respective time points using N2 pre-flushed 1 mL syringes. Reaction tubes were 
centrifuged (15,300 x g, 5 min at 4 °C) to obtain supernatants. 100 µL of supernatant were used 

for dissolved Fe2+ measurements as previously described53 with modifications54. Dissolved 

Fe2+ measurement was used as a proxy to calculate iron reduction rates because of the difficulty 

of detecting total Fe(II) produced in the sediment incubations due to the reaction complex of 

most of the produced Fe(II) with sediment carbonate system within the sediment matrix54. To 

serve as a proxy for sulfate reduction, sulfate concentrations between the start and end point of 

the incubations were measured as described elsewhere3. The slope of the sulfate concentrations 

was similarly used as proxy for sulfate reduction rates. Evidence for sulfate reduction via 

sulfide production was not obtained from all treatments, as characteristic sulfide smell was not 

detected during the incubations. This could be due to the abiotic reaction of produced sulfide 

with Fe(II) in the slurries.  
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4.1.4.4 RNA stable isotope probing 
It is highly recommended for successful RNA-SIP density centrifugations to use between 0.5 – 
1 µg RNA. This amount of RNA is difficult to obtain from marine sediment due to low 
biomass. Therefore, to obtain sufficient RNA input for SIP, sediment slurry was pooled from 
triplicates of the same treatments before nucleic acid extraction. Nucleic acids were extracted 
following an established protocol55 with modifications56. To obtain DNA-free RNA from 
nucleic acids, DNA was removed using the RQ1 DNase kit (Promega, Wisconsin, USA). RNA 
was subjected to a 2% gel electrophoresis to ensure DNA bands were absent followed by a 
fluorometric quantification of RNA using the Quant-iT RiboGreen kit (Invitrogen, Thermo 
Fisher Scientific). Given the different RNA concentrations obtained from RNA extraction, 
isopycnic density centrifugation was performed on an 8-sample rotor using samples with 
similar RNA concentrations per run. Isopycnic density centrifugation and gradient 
fractionation were done following a previously described protocol55 with modifications56. After 
gradient fractionation, RNA gradients were quantified using the Quant-iT RiboGreen kit and 
immediately stored at -80 °C until further processing. Subsequently, 10 of the 14 obtained 
fractions per sample (suppl. Fig. S2) were pooled in the following format: fraction 3 and 4 
(Ultra-heavy, density: 1.806-1.832 g/ml), fraction 5 and 6 (Heavy, density: 1.797-1.820 g/ml), 
fraction 7 and 8 (Midpoint, density: 1.786-1.809 g/ml), fraction 9 and 10 (Light, density: 1.774-
1.797 g/ml), fraction 11 and 12 (Ultra-light, density: 1.766-1.786 g/ml). To evaluate the 
enriched microorganisms in the different pooled fractions, reverse transcription of RNA to 
cDNA was performed using the GoScript reverse transcriptase kit (Promega). The resulting 
cDNA, derived from 5 pooled fractions per sample, with 6 samples representing the 6 
treatments from each temperature, totaling in 210 cDNA samples, served as template for 
amplicon sequencing. Samples of the treatment with acetate and lepidocrocite at 2 °C were 
previously published3 and uploaded to GenBank Short Reads Archive (SRA) under BioSample 
accessions SAMN16418994 to SAMN16418998 and SAMN16419009 to SAMN16419013, 
and were re-sequenced for this project. PCR was performed using KAPA HiFi HotStart PCR 
kit (KAPA Biosystems) with barcoded bacterial 16S rRNA primers (Bac515F (5′-
GTGYCAGCMGCCGCGGTAA-3′)57; Bac805R (5′-GACTACHVGGGTATCTAATCC-
3′)58. DNA amplification, PCR product purification and sequencing library preparation were 
performed as described previously54. Amplicon sequencing was performed by Novogene 
(Cambridge, UK) using a Novaseq6000 platform (2x 250 bp). Raw reads were processed with 
the DADA2 sequence analysis pipeline59 as described previously42,60. Resulting amplicon 
sequence variants (ASVs) were taxonomically assigned using the SILVA database (SSU Ref 
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NR 99 release 138.134) and sequences assigned outside Bacteria or as mitochondria or 
chloroplasts were removed. Sufficient sequencing depth per sample was checked by rarefaction 
curves as described previously42 (suppl. Fig. S17-S19). For identifying the ASVs that were 
clearly labeled by 13C-acetate, the following calculation was performed: the calculated average 
of the relative abundance per ASV in heavy and ultra-heavy fractions of 13C-labeled treatments 
had to be higher than the calculated average in light and ultra-light fractions of 13C-labeled 
treatments. 
The transcripts of sulfate reduction marker gene subunit dsrA, encoding dissimilatory sulfite 
reductase, were quantified by quantitative PCR (qPCR) (primer DSR1-F+ 
(5′-ACSCACTGGAAGCACGGCGG-3′), DSR-R (5′-GTGGMRCCG TGCAKRTTGG-3′)61) 
in cDNA samples also used for amplicon sequencing as described previously3. As template, 
2 µL cDNA were used and after quantification of cDNA concentration using the Quanti-it 
PicoGreen kit (Invitrogen, Thermo Fisher Scientific), quantified copies per ng cDNA were 
calculated. For samples below detection limit an additional qPCR targeting the bacterial 16S 
rRNA was performed (primer Bac8Fmod (5′-AGAGTTTGATYMTGGCTCAG-3′), 

Bac338Rmod (5′-GCWGCCWCCCGTAGGWGT3′)3) using a similar procedure, as described 
previously3. 
4.1.4.5 Statistical analysis 
A distance-based redundancy analysis (dbRDA) was performed on a Bray-Curtis dissimilarity 
distance matrix of the bacterial 16S rRNA gene relative abundance data using treatment and 
incubation temperature as explanatory variables. The significance (p < 0.05) of the model was 
tested with an ANOVA like permutation test62 (anova.cca function in vegan R package63, 
version 2.6.6.1). All analyses and plots were made within the R environment64 version 4.4.1. 
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4.1.5 Data availability 
The raw sequence data were submitted to European Nucleotide Archive (ENA) under accession 
number PRJEB82428. All codes used for data analysis were submitted to the Github repository 
https://github.com/Microbial-Ecophysiology/tempSIP-PotterCove.  
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4.2 Supplementary 
4.2.1 Supplementary figures 
 

 Figure S1: Release of 13C-CO2 (‰) in the headspace of incubations over time confirming the respiration of 13C-acetate to 13C-CO2 across all relevant treatments. Plotted are the calculated average and standard deviation (n = 3) per treatment, distinguished by color, shape and linetype. Samples for SIP analysis were collected after the last incubation time point. 
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Figure S2: Fractionation profiles of the samples under different treatments (columns) and incubation temperatures (rows). The density of each fraction is plotted against the calculated percentage of RNA recovered from that fraction over the initial total RNA used for the fractionation run. Fractions are numbered from 1 (heavy) to 14 (light). Fractions with density < 1.75 g/ml are not shown and are assumed to consist mainly of water. Labeled (13C) and unlabeled (12C) treatments are distinguished by color and line type. Of each incubation, fractions were pooled for sequencing: 3+4 ultra-heavy, 5+6 heavy, 7+8 midpoint, 9+10 light, 11+12 ultra-light (see main methods). These fractions are marked by different symbols in the plot.  
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Figure S3: Net consumption of sulfate and accumulation of dissolved ferrous iron in sediment incubations over a short (less than 17 days) period. Plotted are calculated average and standard deviation per treatment and temperature (n = 6) with treatments distinguished by color, shape and linetype.  
 

  
Figure S4: dbRDA ordination plot shows the clustering of all samples for the unlabeled (12C) treatments. The variation contribution of dbRDA1 and dbRDA2 constraining the Bray Curtis distance matrix with the explanatory variables temperature and treatment are displayed. Sample points are distinguished by color for temperature and shape for treatment. The significance for the global model (F(3,101) = 14.0, p < 0.001) and the individual parameters temperature and treatment (statistics displayed in the plot) were tested. Significance levels are displayed by asterisks: ** p < 0.01, *** p < 0.001.  
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Figure S5: Bacterial 16S rRNA community of 2 °C and 5 °C incubations across labeled (13C) and unlabeled (12C) fractions. Relative abundance of genera above 4% in at least one sample is displayed. Taxa which crossed the 4% threshold on a higher taxonomic rank are indicated by, e.g., f_ for family.  
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Figure S6: Bacterial 16S rRNA community of 10 °C and 15 °C incubations across labeled (13C) and unlabeled (12C) fractions. Relative abundance of genera above 4% in at least one sample is displayed. Taxa which crossed the 4% threshold on a higher taxonomic rank are indicated by, e.g., f_ for family.  
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Figure S7: Bacterial 16S rRNA community of 20 °C and 25 °C incubations across labeled (13C) and unlabeled (12C) fractions. Relative abundance of genera above 4% in at least one sample is displayed. Taxa which crossed the 4% threshold on a higher taxonomic rank are indicated by, e.g., f_ for family.  
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 Figure S8: Bacterial 16S rRNA community of 30 °C incubations across labeled (13C) and unlabeled (12C) fractions. Relative abundance of genera above 4% in at least one sample is displayed. Taxa which crossed the 4% threshold on a higher taxonomic rank are indicated by, e.g., f_ for family.  
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Figure S9: Microorganisms actively incorporating acetate over temperature. Displayed are all clearly labeled ASVs with a relative abundance > 2% in the heavy fractions (i.e., average of relative abundance in 13C heavy + ultra-heavy fractions > 13C light + ultra-light fractions). Treatments are distinguished by color, shape and linetype.  
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Figure S10: Enriched taxa actively labelled over a wide temperature range in the heavy fractions of the RNA-SIP experiments. The substrate (acetate) provided is a representative intermediate of organic matter degradation. The organisms consistently enriched in the heavy fractions across all temperatures were known as iron and sulfur cycling organisms. Dominant microbes were identified on sequence level (= ASV). Plotted is the average of relative abundance in heavy + ultra-heavy fractions for each 13C-labeled incubation experiment. These groups include the main microbes that used 13C-acetate to form biomass, thereby representing the most active members of the microbial community. Same as main figure 3, but with identical y-scale across all plots.  
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Figure S11: Relative abundance of individual ASVs affiliated with the unclassified family Sva1033 (Desulfuromonadales) across 13C fractions at different incubation temperatures. Treatments are distinguished by color, shape and linetype.  
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Figure S12: Relative abundance of individual ASVs affiliated with Desulfuromonas (a) and Desulfuromusa (b) across 13C fractions at different incubation temperatures. Treatments are distinguished by color, shape and linetype.  
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 Figure S13: Relative abundance of individual ASVs affiliated with Sulfurimonas (a) and Sulfurospirillum (b) across 13C fractions at different incubation temperatures. Treatments are distinguished by color, shape and linetype. 
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Figure S14: Relative abundance of individual ASVs affiliated with Colwellia (a), Desulfobacter (b), Geopsychrobacteraceae (c) and Trichloromonas (d) across 13C fractions at different incubation temperatures. Treatments are distinguished by color, shape and linetype.  
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Figure S15: Relative abundance of individual ASVs affiliated with Arcobacteraceae (a), Desulfuromonadales (b) and Hoflea (c) across 13C fractions at different incubation temperatures. Treatments are distinguished by color, shape and linetype.  
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Figure S16: Quantification of the functional gene for sulfate reduction (dsrA) and bacterial 16S rRNA at transcript level across 13C-labeled treatments, temperatures and fractions. Transcript numbers were produced by quantitative PCR (qPCR) on cDNA of RNA per stable isotope fraction and calculated per ng supplied cDNA. dsrA transcripts are displayed in black and samples below detection limit in red. qPCR of bacterial 16S rRNA was performed only for samples below detection limit and displayed in blue on a different y-scale. Average and standard deviation of technical triplicates were plotted.  
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 Figure S17: Rarefaction curves of the species diversity observed with the sequences obtained from incubations at 2 °C, 5 °C and 10 °C. The x-axis in the plots is cut at 20000 reads (= Number of individuals). 
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 Figure S18: Rarefaction curves of the species diversity observed with the sequences obtained from incubations at 15 °C, 20 °C and 25 °C. The x-axis in the plot is cut at 20000 reads (= Number of individuals). 
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 Figure S19: Rarefaction curves of the species diversity observed with the sequences obtained from the incubation at 30 °C. The x-axis in the plot is cut at 20000 reads (= Number of individuals). 
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4.2.2 Supplementary tables 
Table S1: Results (F-statistic and p-value) of the ANOVA-like permutation test of dbRDA models for different data subsets by temperature, isotope and fraction. Test results with not significant p-values (> 0.05) are marked in red, as well as the very low sample numbers per model.  

Isotope Fractions Temperature 
range 

Complete 
model Temperature Treatment Residuals 

F p F p F p 
all all 2 - 30 °C 20.41 0.001 53.36 0.001 3.92 0.001 205 
13C all 2 - 30 °C 9.62 0.001 24.10 0.001 2.37 0.001 100 
13C 

heavy + 
ultra-
heavy 

2 - 30 °C 7.24 0.001 16.22 0.001 2.73 0.002 37 
12C all 2 - 30 °C 13.67 0.001 35.03 0.001 2.99 0.003 101 
all all 2 - 5 °C 2.78 0.003 3.38 0.130 2.48 0.007 56 
all all 2 - 10 °C 5.12 0.001 8.33 0.001 3.52 0.001 85 
all all 2 - 15 °C 7.62 0.001 13.60 0.001 4.62 0.001 115 
all all 2 - 20 °C 10.09 0.001 18.74 0.001 5.76 0.001 145 
all all 15 - 30 °C 15.01 0.001 39.82 0.001 2.60 0.004 116 
all all 20 - 30 °C 14.56 0.001 38.50 0.001 2.60 0.007 86 
all all 25 - 30 °C 18.13 0.001 48.26 0.001 3.06 0.005 56 
13C all 2 - 5 °C 1.61 0.139 1.37 0.204 1.73 0.145 26 
13C 

heavy + 
ultra-
heavy 

2 - 5 °C 2.89 0.014 2.11 0.094 3.27 0.012 8 
13C all 2 - 10 °C 2.98 0.002 4.70 0.009 2.14 0.051 40 
13C 

heavy + 
ultra-
heavy 

2 - 10 °C 5.26 0.001 6.15 0.002 4.72 0.001 13 
13C all 2 - 15 °C 4.32 0.001 6.78 0.001 3.10 0.003 55 
13C 

heavy + 
ultra-
heavy 

2 - 15 °C 7.53 0.001 10.62 0.001 5.99 0.001 19 
13C all 20 - 30 °C 7.21 0.001 19.01 0.001 1.32 0.196 41 
13C 

heavy + 
ultra-
heavy 

20 - 30 °C 5.64 0.002 13.78 0.001 1.58 0.183 14 
13C all 25 - 30 °C 7.94 0.001 21.13 0.001 1.35 0.220 26 
13C 

heavy + 
ultra-
heavy 

25 - 30 °C 7.73 0.001 19.24 0.001 1.97 0.136 8 
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5.1 Manuscript Microbial ecophysiology of the sulfur cycle in Antarctic sediments 
Lea C. Wundera, Janina Barkowskya, Anastasiia Reznika, Katja Laufer-Meiserb,  
Mara D. Maekea, Graciana Willis-Porattia,c,d, Susann Henkele, Tim Richter-Heitmanna,  
David A. Aromokeyea, Michael W. Friedricha,f 
a Microbial Ecophysiology Group, Faculty of Biology/Chemistry, University of Bremen, 
Germany 
b GEOMAR - Helmholtz Center for Ocean Research Kiel, Kiel, Germany 
c Instituto Antártico Argentino, San Martín, Buenos Aires, Argentina 
c Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Argentina 
e Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research, Bremerhaven, 
Germany 
f MARUM - Center for Marine Environmental Sciences, University of Bremen, Germany 
5.1.1 Abstract 
Sulfate reduction is important for the terminal step of organic matter degradation in marine 
sediments, an essential part of marine carbon mineralization and the global carbon cycle. So 
far, the factors influencing sulfate reduction and the associated sulfur cycle, process rates and 
active microbial communities involved, were not studied in the Antarctic environment. In this 
study, we investigated sulfate reduction coupled to hydrogen or acetate oxidation as proxy for 
lithotrophic and organotrophic processes in the surface sediments of Potter Cove, King George 
Island/Isla 25 de Mayo, at the West Antarctic Peninsula. In the in situ sediments, sulfate 
reduction likely concurred with iron reduction while typical sulfate-reducing microorganisms 
were more abundant than iron reducers. Sulfate reduction rates could be stimulated by the 
addition of hydrogen and acetate in RNA stable isotope probing slurry incubation experiments. 
Sulfurimonas, a known sulfur oxidizer, was the most active microorganism across nearly all 
treatments and was labeled with 13C-acetate and 13C-dissolved inorganic carbon, identifying it 
as mixotroph. The taxa Sva0081 (Desulfosarcinaceae) and SEEP-SRB4 (Desulfocapsaceae) 
were found in in situ sediments and were potentially responsible for observed sulfate reduction, 
but were only present in the unlabeled fractions of the incubation experiments. Iron-reducing 
taxa of the order Desulfuromonadales utilized acetate especially when sulfate reduction was 
inhibited. This study showed that the sulfate-reducing community did not seem to utilize 
acetate as a major substrate in the same way as shown in different temperate and Arctic 
environments. Understanding the process of sulfate reduction, sulfur cycling and the different 
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influencing factors, such as supply of other electron acceptors like iron oxides, is important 
especially in coastal polar areas, which are currently dominated by iron reduction fueled by 
glacial meltwater. 
5.1.2 Introduction 
Organic matter degradation in marine sediments is an important part of the carbon cycle, 
influencing the sediments function as sink of carbon (LaRowe et al. 2020). In this process, 
complex organic molecules are broken down through multiple steps and by a network of 
different organisms until in the last step the oxidation of fermentation products to CO2 is 
coupled to the reduction of terminal electron acceptors (LaRowe et al. 2020). Below the oxic 
zone, these electron acceptors are nitrate, manganese and iron oxide, and sulfate (Froelich et 
al. 1979). Different redox processes can co-occur in the same zone, e.g., iron and sulfate 
reduction (Canfield et al. 1993, Jørgensen et al. 2019, Wunder et al. 2021).  
Sulfate is one of the most important electron acceptors for organic matter mineralization to 
CO2 in marine sediments, especially when other electron acceptors are limited (Vandieken et 
al. 2006b, Arndt et al. 2013). Sulfate is reduced to sulfide, of which up to 90% gets reoxidized 
to sulfate again through sulfur intermediates such as elemental sulfur, thiosulfate or 
tetrathionate, or sulfide can precipitate with other sediment components, e.g., with ferrous iron, 
or  reduce ferric iron to FeS and pyrite (Zopfi et al. 2004, Jørgensen et al. 2019). The 
geochemistry of the environment influences which further reactions of the produced sulfide 
and sulfur intermediates take place (Zopfi et al. 2004). Generally, the sulfur cycle is tightly 
linked to other element cycles such as the iron, manganese, nitrogen and carbon cycle by biotic 
and abiotic reactions (Wasmund et al. 2017). The reduction of sulfate can be coupled to the 
oxidation of organic compounds, i.e., fermentation products such as propionate, butyrate, 
lactate or acetate (Sørensen et al. 1981, Jørgensen et al. 2019). Especially acetate was 
quantified as one of the major electron donors, e.g., contributing up to 40% to sulfate reduction 
in marine sediments (Sørensen et al. 1981, Shaw and McIntosh 1990, Finke et al. 2007). 
Lithotrophic sulfate reduction can be performed with molecular hydrogen (Badziong et al. 
1978, Nedwell and Banat 1981). In deeper sediments at the sulfate methane transition zone, 
sulfate reduction can be coupled to the anaerobic oxidation of methane by a syntrophic 
consortium of microorganisms (Knittel and Boetius 2009). 
Sulfate reduction is performed by a diversity of sulfate-reducing microorganisms, including 
many uncultured groups, in marine sediments (Jørgensen et al. 2019). These organisms not 
only play an important role for carbon mineralization, but also for the assembly of the whole 
microbial sediment community (Liang et al. 2023, Wasmund 2023). In marine surface 
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sediments, many sulfate reducers belong to the classes Desulfobacteria and Desulfobulbia, 
especially Desulfobacteraceae, Desulfobulbaceae, Desulfovibrionaceae and 
Desulfurivibrionaceae (Müller et al. 2015, Jørgensen et al. 2019, Langwig et al. 2022). In 
deeper sediments, also other groups are known for conducting sulfate reduction, such as 
members of the phyla Firmicutes and Chloroflexi (Wasmund et al. 2017, Jørgensen et al. 2019) 
and recently also Acidobacteriota (Flieder et al. 2021). 
The sulfate-reducing community and reduction rates were investigated in multiple temperate 
and Arctic environments (Webster et al. 2006, Vandieken and Thamdrup 2013, Na et al. 2015, 
Beulig et al. 2018, Buongiorno et al. 2019). However, information about microbial community 
compositions in Antarctic or sub-Antarctic sediments in general is very limited (Bowman et al. 
2000, Wunder et al. 2021, Baloza et al. 2023). Especially, active organisms directly linked to 
sulfate reduction at close-to-in-situ conditions were rarely studied at these locations (Purdy et 
al. 2003, Robador et al. 2015, Yin et al. 2024). As sulfate was identified as an important 
electron acceptor for final organic matter mineralization in the Arctic environment (Shaw et al. 
1984, Vandieken et al. 2006b, Nickel et al. 2008), it raises the question if sulfate reduction is 
conducted similarly in the Southern Hemisphere. One of the major competing electron 
acceptors of sulfate in anoxic coastal and shelf sediments in polar environments are iron oxides 
(Monien et al. 2014, Baloza et al. 2022), as these are supplied by the glaciers and melting sea 
ice (Death et al. 2014, Raiswell et al. 2016, Monien et al. 2017). Based on thermodynamic 
theory, iron reduction is regarded as energetically more favorable than sulfate reduction 
(Froelich et al. 1979, Lovley and Goodwin 1988, Canfield and Thamdrup 2009). However, at 
multiple, especially temperate locations, it was observed that iron and sulfate reduction occur 
at the same depths (Canfield et al. 1993, Canfield and Thamdrup 2009, Burdige et al. 2016) 
and sulfate reducers were detected at high relative abundance in ferruginous zones for a 
sub-Antarctic location (Wunder et al. 2021). 
In order to investigate the process of sulfate reduction and sulfur cycling, its role in organic 
matter degradation, and the associated microbial community in an Antarctic environment, the 
sampling site Potter Cove was selected. Potter Cove is located at King George Island/Isla 25 
de Mayo at the West Antarctic Peninsula. The cove is heavily influenced by the retreating 
Fourcade Glacier (Rückamp et al. 2011), supplying glacial meltwater with nutrients such as 
iron to the environment (Monien et al. 2014, Monien et al. 2017). In the top 30 cm of the 
sediments, iron reduction, and recently also manganese reduction, were shown as important 
occurring processes for final organic matter mineralization, identifying Sva1033 
(Desulfuromonadales), Desulfuromusa and Desulfuromonas as the most active bacteria in 
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these processes (Aromokeye et al. 2021, Wunder et al. 2024). However, sulfate reduction and 
sulfate reducers were not examined in these experiments. 
This study aimed to investigate potential electron donors and the associated microbial 
community for sulfate reduction in Potter Cove surface sediments. The dominant geochemical 
processes were predicted from geochemical analyses of the pore water and the microbial 
community was explored by 16S rRNA and 16S rRNA gene sequencing. Acetate and hydrogen 
were tested as electron donors in slurry incubations, measuring sulfate reduction rates and 
identifying active heterotrophic and autotrophic bacteria by RNA stable isotope probing (SIP). 
5.1.3 Material and methods 
5.1.3.1 Study site 
For this study, sampling station 14 
(S62°13'54.8''/W58°40'06.6'') in Potter 
Cove (Figure 1) was selected based on 
previous geochemical measurements of 
decreasing sulfate and high ferrous iron 
concentrations (Henkel et al. 2018). In 
austral summer 2018/2019, sediment 
samples were retrieved using a hand-held 
gravity corer (Corer 60, UWITEC, 
Austria) and processed as described in 
Wunder et al. (2024). Briefly, two 
replicate cores were used for pore water 
extraction and samples were fixed for 
dissolved Fe2+, sulfate and cations 
measurements. Further, three replicate 
cores were sampled for nucleic acid 
extraction and incubation experiments. The environmental geochemical data was uploaded to 
the PANGAEA database under https://doi.pangaea.de/10.1594/PANGAEA.941170. 
5.1.3.2 Incubation experiment 
Slurry incubations were conducted to investigate sulfate reduction with different electron 
donors and carbon sources. Sediment of the top 10 cm from replicate cores STA14.03 and 
STA14.04 was mixed in order to cover more microbial diversity of the sampling site and due 
to material limitation. A slurry in a 1:6 ratio of sediment and anoxic artificial sea water 

Figure 1: Sediment cores of station 14 taken in Potter Cove, King George Island/Isla 25 de Mayo. Map was created with QGIS 3.34.3 with bathymetry data (Neder et al. 2022) updated from Jerosch et al. (2015), basemap data from SCAR Antarctic Digital Database 2023 and manually smoothed rock outcrop data from Gerrish (2020). 
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containing 28 mM sulfate (26.4 g NaCl, 11.2 g MgCl2·6 H2O, 1.5 g CaCl2·2 H2O, 0.7 g KCl, 
3.98 g NaSO4 per liter; prepared with purified water (Milli-Q)) was prepared under flushing 
with N2 (99.999% purity, Linde, Germany). The slurry was distributed with 45 ml per 120-ml 
serum bottle sealed with butyl rubber stopper and the headspace was exchanged with N2. 
Pre-incubation was performed for equilibrating the system at 2°C in the dark for 6 days. As 
incubations were later amended with 13C-labeled dissolved inorganic carbon (DIC), remaining 
unlabeled DIC was reduced as much as possible by a cycle of 3 min vacuum – 30 s flushing 
with N2 for three times before the addition of substrates.  
Seven treatments were set up using different combinations of electron donors and carbon 
sources (suppl. Table S1). The main treatments contained acetate (Na-acetate, 0.5 mM) and 
hydrogen (2% in headspace) in combination (I) or either separately (II, III) as electron donors. 
Control treatments contained molybdate (Na2MoO4, 28 mM) in order to inhibit sulfate 
reduction (Peck 1959) with either hydrogen (IV) or acetate (V). As additional carbon source, 
all treatments were amended with DIC (NaHCO3, 10 mM). Two additional controls only 
contained slurry with (VI) or without (VII) DIC. In order to perform stable isotope probing, 
acetate and DIC substrates were used, all C atoms labeled (99%) with the stable, heavy 13C 
isotope. For treatment I with acetate and hydrogen, one set of incubations was amended with 
13C-labeled acetate and unlabeled DIC and the other with 13C-labeled DIC and unlabeled 
acetate. For all treatments, additional controls with unlabeled substrates were set up. For each 
unique treatment, 3-9 replicate bottles were incubated (details suppl. Table S1). 
During the incubation period of 19 days, the incubation bottles were sampled anoxically with 
an N2-flushed syringe for geochemical measurements every 2-7 days (details suppl. Table S2). 
Pore water was separated by centrifuging a slurry sample in an N2-flushed tube for 10 min at 
20817 g. Subsamples of the supernatant were fixed in 0.75 M HCl for determination of 
dissolved Fe2+, and in 2.5% Zn-acetate for sulfide (H2S, HS-, S2-), or flushed with CO2 for 
> 30 s to remove any sulfide for sulfate measurements. For extracting easily dissolvable Fe2+, 
a slurry sample was incubated in 0.5 M HCl at room temperature for 1 h and subsequently the 
supernatant was fixed in 1 M HCl. Fe2+ was measured with the ferrozine assay (Viollier et al. 
2000) using a plate reader (Tecan, Infinite® M Plex). Sulfide was measured with the 
methylene-blue method (Cline 1969) on a plate reader. Sulfate was measured by ion 
chromatography equipped with a conductivity detector (Metrohm 930 Compact IC Flex). pH 
was measured on slurry samples with a pH meter (Sartorius Basic Meter PB-11) immediately 
after sample retrieval, except for day 0 samples which were measured after storage at 4°C for 
6 days. Hydrogen was measured in the headspace by gas chromatography (peak performer PP1, 
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peak laboratories, USA). Samples of treatments with hydrogen addition were diluted 1:2000 
with N2 prior to measurement. At the end of the incubation, the remaining slurry was frozen at 
-80°C until nucleic acid extraction. 
5.1.3.3 35S-Sulfate reduction rate measurements 
Sulfate reduction rates were measured by incubating a sub-sample of the main incubations for 
24 h at every sampling time point following Røy et al. (2014). The control treatments with 
unlabeled substrates were used (suppl. Table S2). 5 ml of slurry were transferred anoxically 
into a 10-ml N2-flushed Hungate tube sealed with a butyl rubber stopper. For treatments 
containing hydrogen, 2% hydrogen was added to the headspace to ensure same availability of 
electron donor as in the main incubation. 35S-sulfate radioactive tracer (~ 50 kBq) was added 
and after 24 h incubation, the sample was stopped with 10 ml of 20% Zn-acetate. Samples were 
frozen at -20°C until distillation. 
The fixed samples were thawed by adding 5% Zn-acetate and the mixture was transferred into 
a 50-ml tube, rinsing the remaining sediment from the Hungate tube with additional 
5% Zn-acetate in order to ensure transfer of all of the sample into the new tube. The tubes were 
centrifuged at 3398 g for 5 min (Allegra X-22 centrifuge, Beckman Coulter) and 0.1 ml of the 
supernatant was used for the measurement of total sulfate radioactivity. Only the pellet of the 
incubated sample was used for distillation. It was transferred into the round reaction flask by 
mixing with dimethylformamide (DMF) and the empty 50-ml tube was additionally rinsed with 
DMF to ensure complete transfer of the sample. After sealing of the distillation set-up, 
0.25 mmol sulfide was added with syringe and needle in order to increase the pool of sulfide 
in the sample, which did not contain any free sulfide, and therefore ensure all labeled 
35S-sulfide was distilled (Røy et al. 2014). The distillation was run for 2 h and sulfide was 
trapped as Zn-S in 5% Zn-acetate filled glass-reaction tubes. Blank measurements of 
scintillation cocktail and blank distillation runs were done for each measurement day. The 
radioactivity was measured using Ultima Gold XR scintillation cocktail on a liquid scintillation 
counter (TriCarb B2910, Perkin Elmer). 
The sulfate reduction rate was calculated in nmol sulfate reduced per cm³ slurry per day 
following the formula 

𝑆𝑅𝑅𝑠𝑙𝑢𝑟𝑟𝑦 =  
𝐴𝑇𝑅𝐼𝑆

𝐴
𝑆𝑂4

2− + 𝐴𝑇𝑅𝐼𝑆
 ×  [𝑆𝑂4

2−] × 1.06 ×  
1

𝑡
   (1) 

𝐴𝑇𝑅𝐼𝑆 is the total radioactivity of total reduced inorganic sulfur (TRIS) measured in the 
Zn-acetate traps, 𝐴𝑆𝑂4

2− the total radioactivity of 35SO42- calculated from the activity of 
measured supernatant, 1.06 the estimated isotope fractionation factor between 32SO42- and 
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35SO42- (Jørgensen and Fenchel 1974), and t the exact incubation time with radioactive tracer 
in days. The used sulfate concentration [SO42-] in nmol/cm³ slurry, considering slurry porosity, 
was measured in the supernatant of the incubated slurry when the 5 ml sample for incubation 
with the radioactive tracer was taken (see suppl. for detailed calculation). 
The significant differences (p < 0.05) in sulfate reduction rates between treatments (excluding 
molybdate amended treatments IV and V) and time points were tested using the general linear 
hypothesis test (Herberich et al. 2010). A linear model was created using the “lm” function 

with default settings and multiple comparisons were performed across all combinations of 
treatments and time points using the function “glht” with the “Tukey” setting in the R package 

multcomp (v1.4.26, Hothorn et al. 2008). P-values were adjusted for multiple testing by the 
default method in the multcomp “summary” function. Note, that this procedure does not require 

any assumption regarding the distribution of data points, sample sizes or variance homogeneity. 
5.1.3.4 Nucleic acid extraction 
Nucleic acid extraction was performed on in situ sediments from station 14 and on slurry 
samples from the incubation experiment. A phenol-chloroform protocol was used for extracting 
DNA from 0.5 g in situ sediment and combined RNA and DNA from 33-45 ml slurry. 
Replicates from slurry incubations were pooled for extraction in order to retrieve sufficient 
RNA amounts for stable isotope probing (SIP, see method section below), except for labeled 
treatment III (DIC + hydrogen) which was set up with more replicates and kept separate for 
SIP (see suppl. Table S2, repl. 7, 8, 9). Extraction was performed as described in Wunder et al. 
(2024) following Lueders et al. (2004) with modifications. The extraction from high amounts 
of slurry material was performed in five parallel tubes per sample which were eluted in the 
same final 150 µl DEPC-treated water. 
RNA was extracted from 0.5 g in situ sediments following a protocol with magnetic beads 
which achieved higher yields than the phenol-chloroform protocol. Initial steps for cell 
disruption followed the protocol by Lueders et al. (2004) with beat-beating for 2x 45 s at 
6.5 m/s in a liquid volume of ~ 1 ml. After centrifugation at 4°C and 20817 g for 20 min, the 
resulting lysate was further cleaned up with silica magnetic beads (G-Biosciences, Geno 
Technology Inc., USA). Beads were washed twice with elution buffer (Monarch, New England 
Biolabs, Germany) prior use. 100 µl lysate was bound to the beads by mixing with 10 µl beads 
and 1.56 ml binding buffer (Monarch, New England Biolabs, Germany) at 20°C while shaking 
at 1000 rpm for 15 min. Two washing steps with washing buffer (Monarch, New England 
Biolabs, Germany) were performed. After brief air drying, the sample was eluted in elution 
buffer (Monarch, New England Biolabs, Germany) at 4°C while shaking at 1000 rpm for 5 min. 
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Parallel tubes from the same sample were pooled together again. The detailed protocol steps 
are described in the supplementary. 
The quality of all nucleic acid extracts was evaluated spectrophotometrically with a NanoDrop 
1000 (Peqlab Biotechnology Erlangen, Germany). For combined RNA and DNA extracts, 
DNase treatment was performed on subsamples (DNA-freeTM Kit, Thermo Fisher Scientific). 
cDNA was synthesized (GoScriptTM Reverse Transcriptase Kit, Promega) from RNA of in situ 
extracts. DNA extracts were quantified with Quanti-iT PicoGreen (Quanti-iT PicoGreenTM 
dsDNA Assay Kit, InvitrogenTM, Thermo Fisher Scientific) measured on a plate reader (Tecan, 
Infinite® M Plex). 
5.1.3.5 Stable isotope probing – density separation 
Density separation by ultra-centrifugation was performed on DNA-depleted RNA extracts of 
incubation samples following the protocol by Yin et al. (2019). Briefly, quantification of RNA 
was performed with Quanti-iT RiboGreen (Quanti-iT RiboGreenTM RNA-Kit, InvitrogenTM, 
Thermo Fisher Scientific) measured on a plate reader (Tecan, Infinite® M Plex). 1 µg RNA 
per sample was loaded with formamide, gradient buffer solution and cesium trifluoroacetate 
solution (CsTFA) for density separation at 124,000 g and 20°C for 65 h (Optima L-90 XP 
ultracentrifuge, Beckman Coulter, Brea, CA). The CsTFA solution was prepared from 
CsOH · 2 H2O (99.5% purity, Sigma-Aldrich, Germany) and trifluoroacetate (TFA, 99.9% 
purity, Carl Roth, Germany) and sterilized by autoclaving and 0.2 µm filtering. The pH was 
adjusted to 7.0 and the density to 2.0 g/ml (detailed protocol see suppl.). A mixture of unlabeled 
and fully 13C-labeled RNA from Escherichia coli was run as a control. Samples were separated 
into 15 fractions and the density was measured by refraction index (refractometer AR200, 
Reichert Technologies, U.S.) The RNA was precipitated with linear polyacrylamide (LPA, 
25 µg), isopropanol, and ammonium acetate. The concentration per fraction was measured by 
Quanti-iT RiboGreen. Fractions for sequencing were selected by density from heavy, i.e., RNA 
of labeled microorganisms, to light, i.e., not labeled RNA: ultra-heavy 1.839-1.849 g/ml,  
heavy 1.830 ± 0.002 g/ml, midpoint 1.810 ± 0.002 g/ml, light 1.799 ± 0.002 g/ml, 
ultra-light 1.786 ± 0.002 g/ml (suppl. Figure S1). cDNA was synthesized from selected 
fractions as described above. For ultra-heavy fractions, two fractions were pooled and used as 
template (suppl. Table S3). 
5.1.3.6 Amplicon sequencing  
The bacterial community composition was investigated by amplicon sequencing of the 16S 
rRNA gene V4 region. PCRs were performed using the primer pair Bac515F 
(5′-GTGYCAGCMGCCGCGGTAA-3′; Parada et al. 2016) and Bac805R 
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(5′-GACTACHVGGGTATCTAATCC-3′; Herlemann et al. 2011) with 8-bp barcodes attached 
at the 5`-end for multiplexing several samples per sequencing library. PCR reactions contained 
1x KAPA HiFi buffer, 0.3 mM dNTP mix, 0.02 U KAPA HiFi DNA polymerase (KAPA 
Biosystems), 0.2 mg/ml bovine serum albumin (BSA), 1 mM MgCl2, 1.5 μM each of forward 

and reverse primer and 2 ng template. The thermal cycling program was the following: initial 
denaturation at 95°C for 5 min, 30 cycles of denaturation 98°C: 13 s, annealing 60°C: 20 s, 
elongation 72°C: 20 s; followed by final elongation at 72°C for 1 min. PCR products were 
checked by agarose gel electrophoresis. For low-concentration samples, multiple PCR products 
from the same template were pooled in order to achieve enough amplicon. PCR products were 
purified (Monarch PCR and DNA Cleanup Kit, New England Biolabs, Germany), quantified 
(Quanti-iT PicoGreen) and pooled in equimolar amounts. Further library preparation and 
paired-end 2x 250 bp Illumina sequencing (Novaseq6000 platform) was performed by 
Novogene Co. Ltd. (Cambridge, UK). 
5.1.3.7 Sequencing data analysis 
The amplicon sequencing data was analyzed following Hassenrueck (2022) based on the dada2 
pipeline (Callahan et al. 2016) as described in Wunder et al. (2024). The R software (v4.2.2, R 
Core Team 2022) was used with R package dada2 (v1.26.0). Sequences were trimmed to a total 
length of 290 bp (R1 100 or 115 bp, R2 190 or 175 bp, depending on sequencing library and 
error profile) and after merging, ASVs (amplicon sequence variant) with a length outside 
249-254 bp or 300 bp were discarded. ASVs were assigned with the SILVA database (SSU 
Ref NR 99 release 138.1, Quast et al. 2012) with a bootstrap value of 80. 
Further following analyses were performed in R (v4.4.2, R Core Team 2024) with packages 
tidyverse (v2.0.0, Wickham et al. 2019), taxa (v0.4.3, Foster et al. 2018), metacoder (v0.3.7, 
Foster et al. 2017) and phyloseq (v1.48.0, McMurdie and Holmes 2013). Overamplification of 
contamination sequences was observed due to low concentrations for some samples in the 
incubation data set (Davis et al. 2018). These sequences were identified and removed from the 
dataset using a combination of sequences identified by the R package decontam (v1.24.0, Davis 
et al. 2018), read count distribution and comparison of the taxonomic assignment with a list of 
known, abundantly found contaminating bacteria in laboratories and molecular kits (Knights 
et al. 2011, Salter et al. 2014) (see suppl. and Table S4 for details, 13 ASVs removed in total). 
In addition, all sequences outside Bacteria or associated with mitochondria and chloroplasts 
were removed. Sufficient sequencing depth per sample was checked with rarefaction curves 
(iNEXT package v3.0.1, Chao et al. 2014; suppl. Figure S2, Figure S3). Read counts were 
normalized by relative abundance calculations. 
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In the incubation data set from stable isotope probing, ASVs which were clearly labeled with 
the provided 13C-substrate were identified by calculating 𝑅𝑒𝑙. 𝐴̅̅ ̅̅ ̅̅ ̅̅

𝑢ℎ,ℎ > 𝑅𝑒𝑙. 𝐴̅̅ ̅̅ ̅̅ ̅̅
𝑢𝑙,𝑙 with 

𝑅𝑒𝑙. 𝐴̅̅ ̅̅ ̅̅ ̅̅
𝑢ℎ,ℎ as the calculated average of the relative abundance per ASV in heavy and ultra-

heavy fractions of 13C-labeled treatments and 𝑅𝑒𝑙. 𝐴̅̅ ̅̅ ̅̅ ̅̅
𝑢𝑙,𝑙 as the calculated average in light and 

ultra-light fractions. Additionally to the taxonomic assignment during the sequence analysis 
pipeline, the abundant labeled ASVs were blasted with the blastn algorithm to identify the most 
similar sequences in the core nucleotide BLAST database, only including sequences from type 
material (blastn version 2.14.1+, online tool accessed 19.08.24, 
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LI
NK_LOC=blasthome; Altschul et al. 1997; suppl. Table S5). Pairwise sequence dissimilarities 
were calculated between ASVs of the same taxonomic assignment and abundant ASVs from 
the same sampling location, Potter Cove (Wunder et al. 2024), using megablast (Zhang et al. 
2000) (suppl. Table S5).  
Raw sequences were uploaded to the ENA Short Reads Archive under the accession numbers 
PRJEB72873 (in situ DNA data), PRJEB83592 (in situ RNA data) and PRJEB83594 
(incubation data) and all code used for the data analyses was submitted to the Github repository 
https://github.com/Microbial-Ecophysiology/sulfate-reducer-SIP-PotterCove. 
5.1.4 Results 
5.1.4.1 Geochemistry and microbial communities in Potter Cove sediments 
In replicate sediment cores of station 14, dissolved ferrous iron (Fe2+) and sulfate were 
measured in the pore water (Figure 2) to identify ongoing geochemical processes. A 
ferruginous zone was detected between 2-10 cm core depth with maximum Fe2+ concentrations 
of over 800 µM, which depleted to 0 µM towards the bottom of the core. Fe2+ concentrations 
differed between replicate cores, but followed the same trend. Sulfate concentrations decreased 
from 27 mM down to 20 mM between 3-15 cm core depth. 
The bacterial community in sediments of station 14 was investigated by 16S rRNA sequencing, 
on DNA level for three replicate cores (STA14.01, STA14.03, STA14.04) and on RNA level 
for one core (STA14.04, Figure 3). The major represented classes were Bacteroidia, 
Desulfobacteria, and Gammaproteobacteria. While replicate core STA14.01 and STA14.03 
showed very similar distributions of taxa on class level throughout the whole length of the core 
(Figure 3A, B), in core STA14.04, Bacteroidia and Gammaproteobacteria were four times more 
abundant in the top 4 cm than below (Figure 3C). Additionally, in core STA14.04 
Desulfobulbia was nearly absent while Desulfobacteria was more abundant (20%) than in the 
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other two cores (14%). This distribution was also visible on RNA level (core STA14.04, Figure 
3D). Here, Desulfobacteria was even more abundant with relative abundance values up to 47% 
in deeper sediment layers. 
Investigating the distribution of members of the phylum Desulfobacterota in more detail, cores 
STA14.01 and STA14.03 showed a higher diversity on genus level, while in core STA14.04 
only few taxa dominated. Cores STA14.01 and STA14.03 were dominated by different 
uncultivated Desulfosarcinaceae genera, (SEEP-SRB1, Sva0081, unclassified organism), the 
cable bacteria Candidatus Electrothrix, SEEP-SRB4 (family Desulfocapsaceae) and family 
Sva1033 (Figure 4A, B). Core STA14.04 was dominated only by Desulfosarcinaceae genera, 
especially an unclassified organism on DNA level (Figure 4C), and Sva0081 on RNA level 
(Figure 4D). 
5.1.4.2 Incubation experiment 
Incubation experiments were conducted to investigate the relevant active taxa for sulfate 
reduction, and by extension the sulfur cycle in Antarctic sediments. The influence of different 
electron donors, i.e., acetate and hydrogen as organic and inorganic fermentation products, was 
tested. Control treatments were set up without additional electron donors to observe activities 
thriving on endogenous sediment compounds. Further controls were set up using molybdate to 
inhibit sulfate reduction. 
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Figure 2: Dissolved Fe2+ (A) and sulfate (B) in pore water of in situ sediment cores from station 14. Duplicate 
cores STA14.02 (●) and STA14.05 (▲) of the same station were distinguished as indicated. 
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Figure 3: Bacterial community on class level in in situ sediments of station 14. Based on 16S rRNA gene (= DNA) sequencing for three replicate cores (A-C) and 16S rRNA (= RNA) sequencing for one core (D). Displayed were all classes with > 4% relative abundance in at least one sample. Some groups which crossed the 4% threshold only on phylum level were indicated by ‘p_’. 
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Geochemical signatures 
During the incubation over 19 days, geochemical parameters were measured in the pore water 
in order to track the dominant biogeochemical processes. The treatment with hydrogen and 
acetate amendment (I) showed the highest increase of sulfide up to 300 µM, with one replicate 
even reaching above 3 mM (Figure 5A). All other treatments also increased in sulfide 
concentrations after 2 days, but only reaching 120-160 µM, if an additional electron donor was 
added (II, III) and generally staying lower for controls (VI, VII). The sulfide measurements for 
treatments containing molybdate (IV, V) could not be used because a false positive signal was 
detected, potentially by an interaction of measurement reagent and molybdate, an effect which 
was further confirmed by additional experiments (suppl. Figure S4, Figure S5). Ferrous iron 
concentrations in the slurry pore water stayed below 10 µM for all treatments except the 
controls with molybdate amendment. For these, ferrous iron increased up to an average of 
13 µM with hydrogen amendment (IV) and up to 25 µM with acetate amendment (V) after 19 
days (Figure 5B).  Concentrations of easily dissolvable ferrous iron (solid phase ferrous iron 
dissolved with 0.5 M HCl in 1 h: ~ 5 mM) and sulfate (~ 25.5 mM) did not change over 
incubation time and between treatments (suppl. Figure S4). The hydrogen concentration in the 
gas phase decreased by ~ 25-50% in treatments amended with hydrogen within 8 days (I, III, 
IV; suppl. Figure S4). 
Sulfate reduction rates were measured in 24 h-incubations of sub-samples of each treatment 
(Figure 6). At the start of the incubation, the sulfate reduction rate was ~ 1 nmol per cm³ slurry 
per day. The highest sulfate reduction rates were measured in the treatment with hydrogen and 
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acetate (I) at all time points, with a maximum of 9.2 nmol sulfate reduced per cm³ slurry per 
day at day 19, which was significantly higher than all other treatments (p < 0.05). The other 
treatments without molybdate addition (II, III, VI, VII) did not differ significantly (p > 0.05) 
from each other. As the slurry preparation included a six-time dilution of the initial sediment, 
the actual rate of sulfate reduced per cm³ sediment per day can be considered up to six times 
more, therefore between 6 and 60 nmol sulfate per cm³ sediment per day. Sulfate reduction 
rates were below the detection limit in molybdate-inhibited controls at all time points.  
Active bacteria 
RNA-SIP was performed in the incubation experiment, to identify microorganisms actively 
incorporating the 13C-labeled substrates acetate or DIC (dissolved inorganic carbon) in the 
different treatments as an indication for coupling of biomass synthesis with the potentially 
occurring processes such as sulfate reduction or other reactions in the sulfur cycle. After density 
separation of the RNA, five fractions per sample were selected (suppl. Figure S1, Table S 3) 
representing the 13C-labeled (= heavy) and unlabeled (= light) community in incubations with 
13C-labeled substrates. For each treatment, density separation of controls with unlabeled 
substrates was conducted to account for density shifts due to high content of guanosine and 
cytosine in RNA (Dumont and Murrell 2005). Isotope labeling of different taxa was visible in 
heavy fractions of treatments containing 13C-labeled substrates, while these taxa were not 
present in heavy fractions of the associated unlabeled controls (suppl. Figure S6).  
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Sulfurimonas had the highest relative abundance among 13C-labeled taxa in the treatment with 
acetate and hydrogen as electron donors (I), set up in two variants with either acetate or DIC 
containing a 13C-label while the other one was unlabeled (Figure 7A). These were also the 
treatments with the highest sulfate reduction rate (Figure 6). Regardless of which substrate was 
13C-labeled, Sulfurimonas was strongly labeled: 88% relative abundance in heavy fractions 
(average heavy + ultra-heavy fraction) with 13C-DIC or 64% with 13C-acetate. Sulfurimonas 
was labeled when hydrogen was present with either 13C-acetate (II) or 13C-DIC (III) at a relative 
abundance of 35%. Labeling was much lower (10%) when only 13C-DIC (VI) was present. The 
sulfate reduction inhibited control treatments with molybdate showed a small labeling of 
Sulfurimonas with 13C-DIC (IV, 19%) but no labeling with 13C-acetate (V, < 1%). While in all 
other treatments only one Sulfurimonas ASV was labeled, four different ASVs were labeled 
with 13C-DIC, hydrogen and molybdate (IV) (suppl. Figure S7). The main labeled Sulfurimonas 
ASV was 99.2% similar to Candidatus Sulfurimonas marisnigri (suppl. Table S5). 
Sulfurovum was the most labeled taxon with 13C-DIC, hydrogen and molybdate (IV, 22%) and 
was not labeled in any other treatment (Figure 7B). It was mainly represented by one ASV, 
which was 97.6% similar to Sulfurovum xiamenensis (suppl. Figure S7, Table S5). Different 
members of the class Desulfobulbales were labeled with 13C-DIC with (III) or without (VI) 
hydrogen (Figure 7C): most abundantly labeled in the control treatment containing only 
13C-DIC (VI) was the uncultured genus MSBL7 (family Desulfurivibrionaceae, 44%). It was 
also labeled with 13C-DIC and hydrogen (III) in replicate 7 and 9 (~ 18%). Additionally, 
labeling with 13C-DIC with (III) or without hydrogen (VI) was detected within the taxa 
Desulfocapsa (6%) and Desulfobulbaceae (10%). The ASV of Desulfocapsa was most similar 
to Desulfocapsa sulfexigens (97%, suppl. Table S5). Desulfobulbaceae was represented by two 
ASVs assigned as Desulfobulbus and two additional ASVs unclassified on genus level (suppl. 
Figure S7). Of the unclassified ASVs, one was most similar to two different Candidatus 
Electrothrix strains (96%, Ca. E. aestuarii, Ca. E. scaldis). The other ASV was most similar to 
Desulfolithobacter dissulfuricans (97.2%, suppl. Table S5). Desulforhopalus was the only 
member of Desulfobulbales labeled with 13C-acetate, i.e., in the treatment with acetate and 
hydrogen (I, 3.5%). It was only slightly labeled with 13C-DIC with (III) or without hydrogen 
(VI) (2%) and was most similar to Desulforhopalus singaporensis (98%, suppl. Table S5).  
Apart from Sulfurimonas, all taxa majorly labeled with 13C-acetate belonged to the order 
Desulfuromonadales (Figure 7D). The most abundant taxon Desulfuromonas was most labeled 
in the treatment with 13C-acetate and molybdate (V, 46%) and to a lower extend with only 13C-
acetate (II, 28%) and with 13C-acetate and hydrogen (I, 9%). It was mainly represented by one 
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ASV (suppl. Figure S7), which was most similar to type strain Desulfuromonas svalbardensis 
(99.2%) and identical to the Desulfuromonas found in previous Potter Cove experiments 
(Wunder et al. 2024) (100%, suppl. Table S5). The unclassified family Sva1033 was most 
labeled with 13C-acetate when sulfate reduction was inhibited by molybdate (V, 16%). It was 
represented by mostly two ASVs, which were identical to previously identified organisms in 
Potter Cove experiments (Wunder et al. 2024) (suppl. Table S5). Desulfuromusa, 
Geothermobacter and one ASV unclassified on family level (uncl. Desulfuromonadales) were 
labeled with 13C-acetate in the presence of molybdate (V, each 5-6%, Figure 7D, suppl. Figure 
S7J). 
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Different taxa known for sulfate reduction were present in the light fractions of treatments with 
13C-substrates and in unlabeled controls. Across all treatments, members of the family 
Desulfosarcinaceae (up to 24% unlabeled fractions) were abundant, especially the uncultivated 
Sva0081 (up to 15% unlabeled fractions, suppl. Figure S6). In all treatments without 
molybdate, Desulfocapsaceae members, i.e., the uncultivated genus SEEP-SRB4 and one ASV 
unclassified on genus level, were present (up to 16% unlabeled fractions) but not in treatments 
where sulfate reduction and sulfur disproportionation was inhibited by molybdate addition (IV, 
V, < 1%, suppl. Figure S6). 
5.1.5 Discussion 
In temperate and Arctic marine sediments, sulfate reduction was shown as important electron-
accepting process for organic matter degradation (Finke et al. 2007, Vandieken and Thamdrup 
2013). Especially in polar environments with melting glaciers, other electron acceptors such as 
iron and manganese oxides are abundantly supplied by glacial meltwater (Wehrmann et al. 
2014, Monien et al. 2017) and were shown to contribute to organic matter degradation in 
particular in glacial influenced sediments (Jørgensen et al. 2020), also at the study site Potter 
Cove (Aromokeye et al. 2021, Wunder et al. 2024). An open question remained which role 
sulfate reduction played for organic matter degradation in this environment and which were the 
conducting microorganisms.  
In this study, concurrent iron and sulfate reduction in sediments of Potter Cove was indicated 
by geochemical profiles and an abundance of typical sulfate-reducing microorganisms in the 
sediments. The addition of potential electron donors for sulfate reduction, i.e., acetate and 
hydrogen, stimulated the process in RNA-SIP incubation experiments. However, the actual 
electron donor utilized for sulfate reduction remained elusive, as acetate and DIC, as 
representative substrates for a heterotrophic and autotrophic metabolisms, were both not 
assimilated by sulfate reducers. Instead, the typical sulfide oxidizer Sulfurimonas was highly 
labeled with both substrates, possibly oxidizing sulfide, produced by sulfate reduction, using 
an unknown electron acceptor. 
5.1.5.1 Unexplained dominance of sulfate-reducing microorganisms in Potter Cove sediments 
At the sampling site Potter Cove (STA14, Figure 1), decreasing sulfate concentrations and 
accumulation of dissolved ferrous iron in the pore water (Figure 2) indicated co-occurrence of 
sulfate reduction and iron reduction at similar sediment depths, as was found for other marine 
sediments previously (Canfield and Thamdrup 2009). Ferrous iron reached up to 800 µM in 
the top 10 cm, similar to surface sediments along the eastern continental shelf of the Antarctic 
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Peninsula (Baloza et al. 2022). Due to high ferrous iron concentrations, the associated, 
responsible microorganisms, i.e. iron reducers, were expected in the sediments. 16S rRNA gene 
sequencing of the in-situ microbial community detected the uncultivated family Sva1033 
(Desulfuromonadales) (Ravenschlag et al. 1999), known for iron reduction (Wunder et al. 
2021), as the most abundant taxon among potential iron reducers and likely involved in iron 
reduction in the sediment (up to 4%, Figure 4). Sva1033 was previously found in Potter Cove 
sediments and its capability of microbial iron reduction identified by RNA-SIP incubations in 
the presence of the low-crystalline iron oxide lepidocrocite (Aromokeye et al. 2021, 
Aromokeye et al. 2024, Wunder et al. 2024). Other known iron-reducing bacteria such as 
Shewanella, Geobacter or other Desulfuromonadales members (Lovley 2013) could not be 
detected (< 0.5%).  
Instead, microorganisms of taxa which were associated with the sulfur cycle, particularly 
sulfate reduction, were highly abundant. Among these, especially sulfate reducers of the classes 
Desulfobacteria (up to 21%) and Desulfobulbia (up to 10%) were detected in the microbial 
community on 16S rRNA gene level (Figure 4) (Robador et al. 2015, Jørgensen et al. 2019). 
On 16S rRNA level, particularly Desulfatiglans (family Desulfobacteraceae, up to 9%), 
uncultured group Sva0081 (family Desulfosarcinaceae, up to 16%) and unclassified 
Desulfosarcinaceae members (up to 18%) were abundant (Figure 3D). These taxa were 
previously observed in surface sediments of Arctic and Antarctic sediments and indirectly 
associated with sulfate reduction (Robador et al. 2015, Buongiorno et al. 2019, Baloza et al. 
2023). While high relative abundance on RNA level cannot directly be translated into activity, 
it can serve as indicator for protein synthesis potential in the future or as signature of past 
activity (Blazewicz et al. 2013). The high abundance of the sulfur cycling associated 
microorganisms on DNA (up to 22%) and RNA (up to 47%) level at the sampling site suggested 
that they were key microorganisms in these sediments.  
Microbial sulfate reduction is one of the dominant terminal electron-accepting processes in 
marine sediments below the oxic zone (Jørgensen et al. 2019). The availability and quality of 
organic matter and electron acceptors, e.g., metal oxides and sulfate, influence the occurring 
processes (Jørgensen 1977). Especially in polar environments such as Antarctica, climate 
change induced global warming exerts environmental control on these processes, as increased 
glacial meltwater input supplies more iron oxides into the sediments, where they can be used 
as electron acceptors (Monien et al. 2017, Henkel et al. 2018). This constant fresh supply is 
likely responsible for the dominance of iron-reducing activity and utilization of acetate by iron 
reducers, even when no iron oxides were supplied to incubations (Aromokeye et al. 2024). 
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Acetate is known as important electron donor for sulfate reduction (Sørensen et al. 1981, Finke 
et al. 2007), however sulfate reducers could not be labeled with acetate in recent RNA-SIP 
experiments (Aromokeye et al. 2024, Yin et al. 2024). Therefore, the question arose whether 
sulfate reducers competed for substrates such as acetate with the iron reducers, or whether they 
rather performed an autotrophic lifestyle with an inorganic electron donor such as hydrogen 
(Nedwell and Banat 1981), or used an as of yet unidentified electron donor. In order to explore 
these questions, RNA-SIP slurry incubations with 13C-labeled acetate, 13C-DIC and hydrogen, 
alone or in combination, were performed and the sulfate reduction rates were monitored. 
5.1.5.2 Stimulation of sulfate reduction by hydrogen and acetate as electron donors 
The highest sulfate reduction rates were observed when both hydrogen and acetate were 
supplied (Figure 6). This agreed with observations from estuarine sediment (Oremland and 
Polcin 1982) and pure cultures, where sulfate reducers utilized hydrogen as electron donor and 
acetate solely as carbon source (Badziong et al. 1978). It has to be noted, that the rates measured 
in this study do not represent actual in situ gross sulfate reduction rates. Storage of the sediment 
and the slurry experiment itself likely influenced the rates; slurry preparation could have a 
stimulating effect by mixing and supply of fresh substrate (Michaud et al. 2020) but also a 
negative effect by increasing cell distances in diluted slurry. The actual in situ rate was likely 
between the measured rates ranging from 1-9 nmol reduced sulfate per cm³ slurry per day, and 
6-60 nmol sulfate per cm³ sediment per day, the higher number as a result of multiplying by 
six for the slurry dilution effect. This was a lower rate compared to known sulfate reduction 
rates from other environments such as the Wadden Sea or the Baltic Sea (20-100 nmol cm-3 d-1 
at in situ temperature), which was expected as sulfate reduction thrives at higher rates at 
mesophilic temperatures, such as in these temperate environments (Robador et al. 2015). Still, 
Potter Cove rates were comparable with in situ rates measured in polar environments such as 
Arctic fjords of Svalbard, e.g., Kongsfjorden with 10-40 nmol per cm³ and day between 2 and 
20 cm core depth (Michaud et al. 2020). However, the measured rate was much smaller 
compared to 80-120 nmol sulfate per cm³ and day in the shelf-influenced Smeerenburgfjorden, 
where a clear decrease of sulfate and peak of ferrous iron in the top 10 cm were observed 
(Michaud et al. 2020), similar to our study (Figure 2). Sulfate-reducing microorganisms already 
thrived on unidentified residual, potentially organic, compounds in the slurry at the beginning 
of the incubation experiment, which was indicated by sulfate reduction rates at day 0. However, 
the increasing rate over time, especially when additional substrate was supplied (Figure 6), 
suggested that the sediment was starved for electron donors and microorganisms were activated 
again by their addition. This showed that microorganisms with the ability to utilize acetate and 
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hydrogen, coupled to sulfate reduction, were present in sediments of Potter Cove and could be 
stimulated by the addition of these substrates. These active organisms were investigated by 
RNA-SIP. The comparison of light and heavy fractions of treatments with 13C-labeled 
substrates allowed to identify microorganisms actively incorporating provided acetate or DIC, 
i.e., defining them as 13C-labeled organisms (suppl. Figure S7). 
5.1.5.3 Surprising lack of labeled sulfate reducers despite sulfate reduction 
As the highest sulfate reduction rates were observed in the treatment with acetate and hydrogen 
(I, Figure 6), we expected the labeling of typical sulfate reducers i.e., abundance in the heavy 
fractions. Surprisingly, these were not found in the heavy but in the light fractions, especially 
in treatments with hydrogen addition (Figure 7, suppl., Figure S6A (I), B (III)). The most 
abundant families were Desulfosarcinaceae (Sva0081 and unassigned genera) and 
Desulfocapsaceae (SEEP-SRB4 and unassigned genus closest related to Desulfomarina 
profundi), which both harbor sulfate-reducing microorganisms (Knittel et al. 2003, Dyksma et 
al. 2017, Wasmund et al. 2017, Watanabe et al. 2017, Jørgensen et al. 2019, Hashimoto et al. 
2021, Yin et al. 2024). Desulforhopalus was the only known sulfate reducer labeled with 
13C-acetate in the presence of hydrogen (I, 3.5%, Figure 7C). The utilization of acetate as 
carbon source while using hydrogen as electron donor is known for Desulforhopalus 
vacuolatus (Isaksen and Teske 1996), but not for Desulforhopalus singaporensis (Lie et al. 
1999), the most similar species to the microorganisms found in this incubation (98% identity, 
suppl. Table S5). We suggest that the detected Desulforhopalus species reduced sulfate with 
hydrogen as electron donor and assimilated carbon from acetate.  
The overall very low abundance and labeling of known sulfate reducers with acetate was 
unexpected, as acetate was identified as major electron donor for sulfate reduction in multiple 
marine sediments (Sørensen et al. 1981, Winfrey and Ward 1983, Vandieken et al. 2006b) and 
is the central intermediate of the anaerobic microbial food chain (LaRowe et al. 2020). 
However, similar observations of a lack of labeled sulfate reducers were made previously in 
SIP experiments with acetate (Cho et al. 2020, Wunder et al. 2021, Yin et al. 2024). One 
possible explanation was that sulfate-reducing microorganisms preferred fermentation 
products of higher molecular mass such as lactate or butyrate. Multiple sulfate reducers are 
known to perform only incomplete oxidation of small organic molecules producing acetate but 
cannot thrive on acetate itself (Oremland and Silverman 1979, Lie et al. 1999). In order to test 
this hypothesis, more experiments would be needed such as SIP incubations with relevant 
13C-labeled substrates for which incomplete oxidation is possible, e.g., propionate and butyrate, 
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or quantification of accumulating fermentation products when sulfate reduction is inhibited 
(Sørensen et al. 1981).  
Another possible explanation was that the present sulfate reducers did not compete for organic 
compounds with other microorganisms such as iron reducers but fixed CO2 instead. Some 
microorganisms phylogenetically associated with sulfate reduction were labeled with 13C-DIC 
in treatments with occurring sulfate reduction (III, VI, Figure 6), i.e., Desulfobulbaceae, 
Desulfocapsa and unclassified genus MSBL7 (Häusler et al. 2014, Jørgensen et al. 2019, 
Slobodkin and Slobodkina 2019), but not in the treatment containing acetate and hydrogen (I) 
with the highest sulfate reduction (Figure 7C). This labeling clearly showed their capability of 
an autotrophic lifestyle, in accordance with previous findings for species of Desulfobulbaceae 
and Desulfocapsa (Slobodkin and Slobodkina 2019). The lack of labeling in the treatment with 
acetate and hydrogen (I) might have been due to the high labeling of Sulfurimonas in this 
treatment, masking the labeling of other organisms due to relative abundance effects. 
Furthermore, while their absence in molybdate-inhibited treatments suggested a link to sulfate 
reduction, especially the high relative abundance in the DIC-only control (VI) raised the 
question of the used electron donor. One possibility was that they did not perform sulfate 
reduction but instead disproportionation of sulfur compounds, as especially many 
Desulfocapsa species are known for this metabolism (Slobodkin and Slobodkina 2019). A lack 
of labeling in the molybdate amended control (IV, Figure 7C), where both, sulfate reduction 
and sulfur disproportionation were inhibited (Peck 1959, Finster et al. 1998), further supported 
this hypothesis. The unclassified Desulfobulbaceae bacteria labeled in this study were most 
closely related to different cable bacteria Electrothrix species and Desulfolithobacter 
dissulfuricans, however only with 96-97% identity (suppl. Table S5). These taxa were 
previously shown to perform sulfur disproportionation and/or sulfur oxidation (Hashimoto et 
al. 2022, Wang et al. 2023b). However in this study, they were still labeled to a low amount in 
the molybdate inhibited treatment (IV, V). 
While the stimulation of sulfate reduction by supplying a combination of acetate and hydrogen 
was a known observation from previous studies (e.g., Smith and Klug 1981, Oremland and 
Polcin 1982), an open question remained why the activity of sulfate reducers could not be 
directly linked to both substrates. It was possible, that present sulfate reducers had an 
underlying activity and were already present and active at the beginning of the incubation, but 
did not synthesize more fresh RNA over time which could contain the heavier 13C isotope. This 
was supported by sulfate reduction already at the beginning of the experiment, and would 
explain their abundance in the light fractions. Vandieken and Thamdrup (2013) suggested that 
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the labeling in SIP studies might not reflect the importance of the process, if processes with 
lower and higher energy yield co-occurred. Another possible explanation was that other 
microorganisms originally competed with sulfate reducers for the same substrates, but were 
able to use the provided acetate and hydrogen and therefore the addition of these substrates 
eliminated the competition for the original substrates, allowing sulfate reduction to thrive. We 
hypothesize that the unlabeled sulfate reducers in the light fractions were responsible for 
observed sulfate reduction rates. 
5.1.5.4 Sulfurimonas as most active microorganism likely oxidizing sulfide 
With typical sulfate reducers not incorporating the 13C-label, we sought to identify the main 
active organisms by RNA-SIP. Sulfurimonas was the most labeled microorganism in SIP 
incubations with acetate and hydrogen (I), and incorporated both, 13C-acetate and 13C-DIC 
(Figure 7A), demonstrating its metabolic flexibility as mixotroph. Its labeling was lower with 
acetate than with DIC (Figure 7A), likely due to acetate depletion in the sediment prior to the 
experiment (Aromokeye et al. 2021) so that the organism needed some time to initialize the 
acetate utilization pathway again, resulting in less incorporation of acetate than the 13C-label 
of DIC (Perrin et al. 2020). Sulfurimonas species are generally known as autotrophs (Inagaki 
et al. 2003, Takai et al. 2006, Wang et al. 2021b), but the species Candidatus Sulfurimonas 
baltica can also use acetate (97.6% identity to the labeled ASV in this study, suppl. Table S5), 
while the most closely related species Candidatus Sulfurimonas marisnigri (99.2% identity) is 
not able to use acetate (Henkel et al. 2021). 
Sulfurimonas was most labeled in the treatment with the highest sulfate reduction rate (I), but 
was also labeled with either hydrogen or acetate alone as supplied electron donor (II, III, Figure 
6A). In sulfate reduction inhibited controls with molybdate, it was only labeled to a lower 
extent with hydrogen addition (IV) and completely absent in heavy fractions if only acetate 
was supplied (V). This indicated that its activity was linked to sulfur cycling which was 
inhibited by molybdate, so likely sulfate reduction or sulfur compound disproportionation 
(Peck 1959, Finster et al. 1998).  
One hypothesis was that Sulfurimonas itself was responsible for the observed sulfate-reducing 
activity. However, this genus was never linked to sulfate reduction previously; all isolated 
strains which were tested for sulfate reduction could not perform it (Inagaki et al. 2003, Cai et 
al. 2014, Wang et al. 2020). Furthermore, the marker gene for sulfate reduction, i.e., 
dissimilatory sulfite reductase (DSR, Santos et al. 2015), was never detected in any 
Sulfurimonas genomes (Wang et al. 2021a), so sulfate reduction by this taxon would be a very 
novel finding. Another possibility was an indirect coupling to sulfate reduction by the oxidation 
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of sulfide produced via sulfate reduction by the microorganisms discussed above. Sulfide is a 
well-known electron donor for many Sulfurimonas species (Inagaki et al. 2003, Han and Perner 
2015, Ding et al. 2022), including Candidatus Sulfurimonas marisnigri and Candidatus S. 
baltica which couple sulfur oxidation to manganese reduction (Henkel et al. 2021), the closest 
relatives to the Sulfurimonas ASVs identified in our study (99.2%, 97.6% identity, suppl. Table 
S5). 
Acetate could also serve as electron donor for Sulfurimonas. However, no labeling of 
Sulfurimonas was observed in the molybdate inhibited treatment with acetate (V, Figure 7A). 
Following the hypothesis of sulfide oxidation by Sulfurimonas, in this treatment any sulfide 
production by sulfate reduction or sulfur compound disproportionation was inhibited. 
Additionally, the free ferrous iron would react rapidly with any sulfide potentially produced by 
sulfur reduction (Figure 5) (Jørgensen 1977). To further confirm the hypothesis that there was 
no free sulfide present in the molybdate inhibited treatment with acetate (V), a technique for 
measuring sulfide would be necessary which is not influenced by the present molybdate (suppl. 
Figure S5, result section). Sulfurimonas was labeled in the other molybdate inhibited control 
with hydrogen and 13C-DIC (IV, Figure 7A), however to a lower extent and the present ASVs 
were more diverse (suppl. Figure S7A). Here, free sulfide as electron donor could still have 
been produced by reduction of present endogenous sulfur or thiosulfate coupled to hydrogen 
oxidation by the labeled taxon Sulfurovum (Figure 7B), which is known for this metabolism 
(Wang et al. 2023a). The very low abundance of Sulfurovum in the other treatments with 
hydrogen addition (I, III) might have been a relative abundance artifact, i.e., it was similarly 
active, but due to the high activity and therefore abundance of other taxa, its abundance was 
proportionally less. 
The next open question was which electron acceptor Sulfurimonas used for sulfide oxidation. 
Its usual electron acceptors, oxygen and nitrate (Inagaki et al. 2003, Takai et al. 2006, Labrenz 
et al. 2013, Wang et al. 2021b), were expected to be depleted in the slurry material after long, 
anoxic storage conditions and because typical organisms associated with these substrates were 
not detected. Residual metal oxides, i.e., iron or manganese oxides, might have served as 
electron acceptors, masked by the sediment background. However, then these acceptors were 
not linked to acetate as electron donor, as otherwise an activity in the treatment with acetate 
and molybdate (V) should have been visible (Figure 7A). Additionally, in a previous study 
with Potter Cove sediments, no iron-reducing (Aromokeye et al. 2021, Aromokeye et al. 2024) 
or manganese-reducing activities were observed by Sulfurimonas (Wunder et al. 2024), despite 
the possibility of manganese reduction by the closely related species Candidatus Sulfurimonas 
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marisnigri (Henkel et al. 2019). Sulfur disproportionation cannot be excluded, as it was recently 
shown for some Sulfurimonas species (Wang et al. 2023b). Though the closest related species 
Candidatus Sulfurimonas marisnigri is not capable of disproportionation (Henkel et al. 2021) 
and, even though a clearly negative effect of molybdate on Sulfurimonas was visible, the 
microorganism was not completely inhibited by it. 
However, Sulfurimonas was previously found in a biofilm grown on an anode as electron 
acceptor (Zhang et al. 2014) and was proposed to use cable bacteria as electron sink if its usual 
electron acceptors were depleted (Vasquez-Cardenas et al. 2015, Wasmund et al. 2017). 
Therefore, we propose that Sulfurimonas could potentially use another microorganism as 
electron sink or that it may have used residual metal oxides in the sediment as electron acceptor 
similarly to its known closest relatives (Cand. S. marisnigri 99.2% identity). Its close 
relationship to a species capable of electron transfer to a solid acceptor (Henkel et al. 2019, 
Henkel et al. 2021) increased the probability that it had the metabolic capabilities for direct 
electron transfer (McInerney et al. 2009). To clarify what electron acceptor was being used by 
Sulfurimonas to control the sulfur cycle in these Antarctic sediments, isolation of this strain is 
essential and a focus of further studies. Further investigation is needed to identify possible 
partner microorganisms, potentially also in the archaeal community which was not explored in 
this study, and identify the ultimate terminal electron acceptor used by this partner. 
5.1.5.5 Implications for processes in Potter Cove sediments 
In the sediments of the central area of Potter Cove (STA14), sulfate and iron reduction likely 
co-occurred as dominating terminal electron-accepting processes. In situ, microorganisms 
associated with sulfate reduction showed a higher relative abundance over known iron reducers 
despite high ferrous iron concentrations suggesting a dominance of iron over sulfate reduction. 
While this study was not designed to investigate direct competition for catabolic electron 
donors for these terminal electron-accepting processes, the ability to utilize acetate and 
hydrogen for them could be investigated. 
The contribution of iron reduction to organic matter degradation, i.e., here acetate utilization, 
was shown previously for these sediments (Aromokeye et al. 2021). Also in the current study, 
members of the class Desulfuromonadales, typically known for iron reduction (Lovley 2013), 
were labeled with 13C-acetate especially in the molybdate amended treatment (V, Figure 7D) 
with the highest ferrous iron accumulation (Figure 5B). This indicated that they likely thrived 
on residual iron oxides in the sediment, rather utilizing the acetate than competing for the 
hydrogen. All labeled taxa (suppl. Figure S7 I, J, K, L) were previously known to be capable 
of iron reduction with acetate (Kashefi et al. 2003, Sung et al. 2003, Holmes et al. 2004, 
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Vandieken et al. 2006a, Wunder et al. 2021). The same or very closely related organisms, i.e. 
Desulfuromusa, Desulfuromonas and Sva1033 (100% identity based on 250 bp 16S rRNA 
sequence, suppl. Table S5), were found in previous incubation experiments conducted with 
sediment from Potter Cove (Aromokeye et al. 2024, Wunder et al. 2024). This indicated 
Desulfuromonadales as key acetate utilizers in the sediments of Potter Cove. 
Our study suggests that sulfate reduction was not coupled in a similar way to acetate oxidation. 
In the slurry experiment, most of the sulfate reducers identified did not use acetate but either 
thrived with a low activity on not labeled compounds or on the oxidation of hydrogen, a 
metabolism previously shown in salt marsh sediments (Nedwell and Banat 1981). Instead, the 
sulfide oxidizer Sulfurimonas used the provided acetate and could fix CO2. Utilization of 
hydrogen or disproportionation of sulfur compounds could not be confirmed or denied. In the 
in situ sediment, this taxon had relative abundances of only < 1-5% (Figure 3, 
Campylobacteria), but got highly stimulated in the incubations when the sulfate reduction 
activity was also high. Likely, Sulfurimonas outcompeted the iron reducers for acetate as a 
fresh supply of iron oxides was lacking, but at in situ conditions with constant supply of fresh 
iron by glacial meltwater, the iron reducers would have the advantage (Aromokeye et al. 2024). 
Furthermore, the incubations were a closed system, while in situ part of the ferrous iron was 
likely reoxidized to easily reducible ferric iron oxides by diffusion to the oxic surface, which 
could then be reduced again, causing increased iron cycling as suggested for Arctic fjords 
(Laufer-Meiser et al. 2021). This likely stimulated microbial iron reduction rates in situ further.  
An open question remained which microorganisms detected in the in situ sediments were active 
at the time of sampling and which were dormant awaiting their opportunity to thrive again 
under environmentally more favorable conditions. For example, during winter the supply of 
fresh organic matter and glacial meltwater is expected to be lower than in summer, possibly 
providing an opportunity for the sulfate reducers to thrive when fresh iron oxides are lacking. 
Another environmental factor connected to global warming is temperature increase, a scenario 
studied recently in this environment showing the potential of already present microorganisms 
to keep up the functions of this environment, i.e., organic matter mineralization in form of 
acetate oxidation (Aromokeye et al. 2024). This previous study and the present study both 
demonstrated that sulfur cycling and sulfide oxidizing microorganisms, in particular 
Sulfurimonas, utilized acetate, potentially not as electron donor but carbon source. This 
demonstrated further how the sulfur cycle in theses sediments was tightly linked with organic 
matter degradation.
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5.2 Supplementary 
5.2.1 Supplementary figures 

 Figure S1: Density separated rRNA from RNA-SIP incubations. Plotted were densities of fractions against calculated total RNA recovered per fraction. Fractions were numbered from 1 to 14 from heavy to light fractions. Fractions with density < 1.75 g/ml were not shown. Labeled and unlabeled treatments were distinguished by color and line type. Fractions chosen for sequencing were marked by different symbols for the named fractions, see Table S3. For treatment III (plot C) replicates 7-9 were additionally distinguished by color.   
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Figure S2: Rarefaction curves of in situ sequencing. The end point of each curve was marked by the data point. Sequenced core depths were distinguished by color.  
 

 
Figure S3: Rarefaction curves of sequenced incubation samples. Treatments in columns were (I) H2 + acetate + DIC; (II) Acetate + DIC; (III) H2 + DIC; (IV) H2 + molybdate + DIC; (V) Acetate + molybdate + DIC; (VI) DIC. Treatment types were distinguished by shape for unlabeled, which different substrate was labeled, and for treatment (III) individual replicates. The end point of each curve was marked by the data point. Sequenced fractions were distinguished by color.  
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 Figure S4: Geochemical measurements over incubation time. Plotted was the calculated mean per treatment and all individual data points. Treatments in columns were (I) H2 + acetate + DIC; (II) Acetate + DIC; (III) H2 + DIC; (IV) H2 + molybdate + DIC; (V) Acetate + molybdate + DIC; (VI) DIC; (VII) Slurry only. Replicate 1 of treatment (I) with 13C-labeled acetate was distinguished by shape in panel of sulfide concentration and was not included in the mean calculation. Note that the sulfide measurement in treatments containing molybdate (IV, V) was highly increased by an artifact caused by interaction of molybdate, sulfide and compounds of the Cline reagent (Figure S5).  

 Figure S5: Sulfide measurement plate showing standard curve from 18 µM (A1,B1,C1) to 0 µM sulfide (A12,B12,C12), different measured samples (row D) and standard curve with 10 mM molybdate addition (G1-G12) containing the same sulfide concentrations as the standard curve (rows A-C): G1 - 18 µM to G12 - 0 µM sulfide. With molybdate addition, the color changed from blue to more grey and absorption at 670 nm was higher than for the normal standard curve.  
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Figure S6: Bacterial 16S rRNA community of SIP incubation experiment. Displayed were all treatments indicating which substrate was labeled and the unlabeled control. Fractions after density separation were ultra-light (ul), light (l), midpoint (m), heavy (h) and ultra-heavy (uh). Genera with a relative abundance above 5% in at least one sample were displayed. Taxa which crossed the 5% threshold on a higher taxonomic rank were indicated by, e.g., f_ for family. If a single, on genus unclassified ASV crossed the threshold, its ASV ID was displayed.  

unlabeled 13C-DIC 13C-acetate

ul l m h uh ul l m h uh ul l m h uh0
25
50
75

100

Fraction

Rel
ativ

e ab
und

anc
e (%

)
(I) H2 + acetate + DICA

unlabeled 13C-DIC repl.7 13C-DIC repl.8 13C-DIC repl.9

ul l m h uh ul l m h uh ul l m h uh ul l m h uh0
25
50
75

100

Fraction

Rel
ativ

e ab
und

anc
e (%

)

(III) H2 + DICB

unlabeled 13C-acetate

ul l m h uh ul l m h uh0
25
50
75

100

Fraction

Rel
ativ

e ab
und

anc
e (%

)

(II) Acetate + DICC
unlabeled 13C-DIC

ul l m h uh ul l m h uh0
25
50
75

100

Fraction

Rel
ativ

e ab
und

anc
e (%

)

(IV) H2 + molybdate + DICD

unlabeled 13C-acetate

ul l m h uh ul l m h uh0
25
50
75

100

Fraction

Rel
ativ

e ab
und

anc
e (%

)

(V) Acetate + molybdate + DICE
unlabeled 13C-DIC

ul l m h uh ul l m h uh0
25
50
75

100

Fraction

Rel
ativ

e ab
und

anc
e (%

)

(VI) DICF

c_Actinobacteriaother Actinobacteriota < 5%c_Bacteroidiaother Bacteroidota < 5%sq29 uncl. Arcobacteraceaeother Arcobacteraceae < 5%SulfurimonasSulfurovumother o_Campylobacterales < 5%c_Anaerolineaeother Chloroflexi < 5%f_DesulfobacteraceaeSva0081other Desulfosarcinaceae < 5%other o_Desulfobacterales < 5%other c_Desulfobacteria < 5%sq15 uncl. Desulfobulbaceaeother Desulfobulbaceae < 5%DesulfocapsaSEEP-SRB4sq4 uncl. Desulfocapsaceaeother Desulfocapsaceae < 5%MSBL7other Desulfurivibrionaceae < 5%other o_Desulfobulbales < 5%Desulfuromonasother Desulfuromonadaceae < 5%Desulfuromusaother Geopsychrobacteraceae < 5%Geothermobactersq3 uncl. Sva1033other f_Sva1033 < 5%sq11 uncl. DesulfuromonadalesSyntrophotaleaother o_Desulfuromonadales < 5%other c_Desulfuromonadia < 5%other p_Desulfobacterota < 5%f_Bacillaceaeother o_Bacillales < 5%other c_Bacilli < 5%other p_Firmicutes < 5%f_SG8-4other o_MSBL9 < 5%other c_Phycisphaerae < 5%f_Pirellulaceaeother c_Planctomycetes < 5%other p_Planctomycetota < 5%o_Rhizobialessq127 uncl. Rhodobacteraceaeother Rhodobacteraceae < 5%other c_Alphaproteobacteria < 5%Paucibacterother Comamonadaceae < 5%other o_Burkholderiales < 5%Unknown Family Gammapr.other c_Gammaproteobacteria < 5%other p_Proteobacteria < 5%other Bacteria < 5%



Chapter 5: Sulfur cycling in Potter Cove 

201 

 
Figure S7: Abundance of ASVs which were labeled > 0.5% in the heavy labeled fractions. Plotted was the calculated average relative abundance of the heavy and ultra-heavy fractions in treatments with 13C-labeled substrates for ASVs which were identified as labeled by comparing heavy to light fractions (see methods for details). ASVs were grouped by taxa indicated in the plot title. For higher taxonomic ranks, ASV taxonomy was noted in the plot legends. Treatments were I DIC: H2 + acetate + 13C-DIC, III 7-9: H2 + 13C-DIC replicate 7-9, IV: H2 + 13C-DIC + molybdate, VI: 13C-DIC, I Acetate: H2 + 13C-acetate + DIC, II: 13C-acetate + DIC, V: 13C-acetate + DIC + molybdate.   
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sq45 Desulfuromonas

sq58 Desulfuromonas
sq 64 Trichloromonas
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uncl. DesulfuromonadalesL
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0

1

2

3
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other ASVs < 0.5%
sq327 Shewanella Shewanellaceae
sq51 Psychromonas Psychromonadaceae
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EnterobacteralesN
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5.2.2 Supplementary tables 
Table S1: Detailed slurry incubation set-up.  Supplied substrates as indicated. 13C: substrate was labeled with 13C-carbon. 12C: substrate with natural isotope ratio. All treatments contained 28 mM sulfate as part of the artificial sea water used for slurry preparation.  

Treatment 
No. 

DIC 
(10 mM) 

Acetate 
(0.5 mM) 

Hydrogen 
(2%) 

Molybdate 
(28 mM) 

Replicates 

I 

13C 12C x   3 

12C 13C x  3 

12C 12C x   6 

II 
12C 13C     3 

12C 12C     3 

III 
13C   x   9 

12C   x   3 

IV 
13C   x x 3 

12C   x x 3 

V 
12C 13C   x 3 

12C 12C   x 3 

VI 
13C       3 

12C       3 

VII         3 
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Table S3: Fractionation of incubation samples. Overview which fraction exactly was sequenced, including density and total RNA content in the fraction. See Figure S1 for complete fractionation profile. 
Treatment 

Fraction 

No. Density (g/ml) RNA found in sample (ng) Sequenced as 

I:  
H2 + 

acetate + 
DIC 

13C-DIC 

2 1.849 11.55 ultra-heavy 

3 1.842 23.44 ultra-heavy 

5 1.829 60.96 heavy 

8 1.811 90.53 midpoint 

10 1.798 92.71 light 

12 1.784 80.48 ultra-light 

13C-acetate 

2 1.849 35.79 ultra-heavy 

3 1.842 48.42 ultra-heavy 

5 1.829 70.49 heavy 

8 1.811 96.07 midpoint 

10 1.801 88.41 light 

12 1.788 26.45 ultra-light 

unlabeled 

2 1.842 8.23 ultra-heavy 

3 1.839 11.16 ultra-heavy 

5 1.829 31.15 heavy 

8 1.808 114.93 midpoint 

10 1.798 172.99 light 

12 1.784 135.63 ultra-light 

II: 
Acetate + 

DIC 

13C-acetate 

2 1.846 9.93 ultra-heavy 

3 1.839 13.44 ultra-heavy 

5 1.829 53.35 heavy 

8 1.811 104.01 midpoint 

9 1.801 108.14 light 

11 1.788 124.63 ultra-light 

unlabeled 

2 1.849 7.07 ultra-heavy 

3 1.842 7.63 ultra-heavy 

5 1.829 16.87 heavy 

8 1.808 104.34 midpoint 

10 1.798 228.19 light 

12 1.784 142.93 ultra-light 

III: 
H2 + DIC 

13C-DIC 
repl. 7 

1 1.846 12.64 ultra-heavy 

2 1.842 10.89 ultra-heavy 

4 1.829 21.22 heavy 

7 1.808 63.80 midpoint 

9 1.798 112.82 light 

11 1.788 113.85 ultra-light   
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Treatment Fraction 

No. Density (g/ml) RNA found in sample (ng) Sequenced as 

III: 
H2 + DIC 

13C-DIC 
repl. 8 

2 1.846 38.44 ultra-heavy 

3 1.839 15.06 ultra-heavy 

4 1.832 23.24 heavy 

7 1.811 38.01 midpoint 

9 1.798 93.12 light 

11 1.788 108.07 ultra-light 

13C-DIC 
repl. 9 

2 1.846 8.57 ultra-heavy 

3 1.839 14.55 ultra-heavy 

4 1.832 17.96 heavy 

7 1.811 41.93 midpoint 

9 1.801 90.59 light 

12 1.784 65.24 ultra-light 

unlabeled 

1 1.846 10.79 ultra-heavy 

2 1.842 8.32 ultra-heavy 

4 1.832 7.99 heavy 

7 1.808 46.63 midpoint 

9 1.798 79.38 light 

11 1.788 129.91 ultra-light 

IV: 
H2 + DIC + 
molybdate 

13C-DIC 

3 1.842 5.31 ultra-heavy 

4 1.839 5.49 ultra-heavy 

5 1.829 8.83 heavy 

8 1.811 45.58 midpoint 

10 1.798 65.44 light 

12 1.788 143.22 ultra-light 

unlabeled 

2 1.846 4.18 ultra-heavy 

3 1.842 5.71 ultra-heavy 

5 1.829 19.05 heavy 

8 1.808 44.69 midpoint 

9 1.801 85.30 light 

11 1.788 170.71 ultra-light 

V: 
Acetate + 

DIC + 
molybdate 

13C-acetate 

3 1.846 18.02 ultra-heavy 

4 1.839 26.56 ultra-heavy 

5 1.832 46.00 heavy 

8 1.811 118.24 midpoint 

10 1.801 157.86 light 

12 1.788 135.20 ultra-light 

unlabeled 

2 1.849 6.70 ultra-heavy 

3 1.842 6.08 ultra-heavy 

5 1.829 14.94 heavy 

8 1.811 60.59 midpoint 

10 1.798 160.40 light 

12 1.784 149.07 ultra-light   
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Treatment Fraction 

No. Density (g/ml) RNA found in sample (ng) Sequenced as 

VI: 
DIC 

13C-DIC 

1 1.846 13.29 ultra-heavy 

2 1.842 73.22 ultra-heavy 

4 1.829 27.99 heavy 

7 1.808 37.52 midpoint 

9 1.798 221.92 light 

11 1.784 138.33 ultra-light 

unlabeled 

2 1.846 12.06 ultra-heavy 

3 1.839 11.62 ultra-heavy 

4 1.832 22.25 heavy 

7 1.811 57.55 midpoint 

9 1.801 120.69 light 

11 1.788 186.45 ultra-light 
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5.2.3 Supplementary material and methods 
5.2.3.1 Calculation of sulfate reduction rates 
Table 1: Constant values used for calculation 

Variable ID Parameter Value Unit Source 

𝛿𝐻2𝑂 density water 1 g/cm³   

𝛿𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 density dry sediment 2.6 g/cm³ personal comm. S. Henkel 

𝑤𝑠𝑒𝑑 
water content 
sediment 

0.436   
calculated from dry weight vs. 
wet weight of sediment STA14 
used for slurry preparation 

𝑉𝑠𝑙𝑢𝑟𝑟𝑦 volume slurry used for 
incubation 

5 ml protocol 

𝑉20% 𝑍𝑛−𝑎𝑐 
volume 20% Zn-acetate 
used to stop SRR-
incubation 

10 ml protocol 

𝑉5% 𝑍𝑛−𝑎𝑐 

volume 5% Zn-acetate 
used to rinse slurry out 
of Hungate tube 

20* ml protocol 

𝑉𝑆𝑂4
2− 

volume supernatant 
sample used for total 
activity measurement  

𝐴𝑆𝑂4
2−.𝑟𝑎𝑤 

0.1 ml protocol 

  
isotope fractionation 
factor 

1.06    Jørgensen and Fenchel (1974) 

*: for samples distilled on 12.06.23 and 13.06.23 this was 21 ml 

 
Table 2: Parameters measured for sulfate reduction rate calculations.  

Variable ID Subject Parameter Unit 

𝑡 SRR-incubation time days 

𝐴𝑏𝑙𝑎𝑛𝑘.𝑑𝑖𝑠 blank distillation set-up radioactivity cpm 

𝐴𝑏𝑙𝑎𝑛𝑘 blank scintillation fluid radioactivity cpm 

𝐴𝑇𝑅𝐼𝑆.𝑟𝑎𝑤 TRIS in Zn-acetate trap radioactivity cpm 

𝐴𝑆𝑂4
2−.𝑟𝑎𝑤 

sulfate in supernatant Zn-acetate 
fixed slurry in falcon tube 

radioactivity cpm 

𝑐𝑆𝑂4
2− 

sulfate in supernatant slurry before 
SRR-incubation 

concentration mmol/l 
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Sulfate reduction rate calculation: 
Used values described in Table 1 and Table 2 

(1) Correct measured radioactivity with blank:  (check if value was below blank = below detection limit) 
𝐴𝑇𝑅𝐼𝑆.𝑐𝑜𝑟 = 𝐴𝑇𝑅𝐼𝑆.𝑟𝑎𝑤 − 𝐴𝑏𝑙𝑎𝑛𝑘.𝑑𝑖𝑠 
𝐴𝑆𝑂4

2−.𝑐𝑜𝑟 = 𝐴𝑆𝑂4
2−.𝑟𝑎𝑤 − 𝐴𝑏𝑙𝑎𝑛𝑘 

(2) Total sulfate radioactivity in sample: 
𝐴𝑆𝑂4

2− = 𝐴𝑆𝑂4
2−.𝑐𝑜𝑟 ×

𝑉𝑠𝑙𝑢𝑟𝑟𝑦 + 𝑉20% 𝑍𝑛−𝑎𝑐 + 𝑉5% 𝑍𝑛−𝑎𝑐

𝑉𝑆𝑂4
2−

 
(3) Porosity in situ sediment: 

𝜑𝑖𝑛 𝑠𝑖𝑡𝑢 =

𝑤𝑠𝑒𝑑

𝛿𝐻2𝑂

𝑤𝑠𝑒𝑑

𝛿𝐻2𝑂
+

1 − 𝑤𝑠𝑒𝑑

𝛿𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡

= 0.668 

(4) Porosity slurry: 
𝜑𝑠𝑙𝑢𝑟𝑟𝑦 =

1 − 𝜑𝑖𝑛 𝑠𝑖𝑡𝑢

𝑉𝑠𝑙𝑢𝑟𝑟𝑦
= 0.934 

(5) Concentration SO42- in slurry converted from mmol/l supernatant to nmol/cm³ slurry: 
[𝑆𝑂4

2−]  =  𝑐𝑆𝑂4
2− × 1000 × 𝜑𝑠𝑙𝑢𝑟𝑟𝑦 

(6) Sulfate reduction rate in nmol sulfate reduced per cm³ slurry and day: 1.06 is the estimated isotope fractionation factor between 32SO42- and 35SO42-  
𝑆𝑅𝑅𝑠𝑙𝑢𝑟𝑟𝑦 =  

𝐴𝑇𝑅𝐼𝑆

𝐴𝑆𝑂4
2−  +  𝐴𝑇𝑅𝐼𝑆

 ×  [𝑆𝑂4
2−] × 1.06 × 

1

𝑡
 

5.2.3.2 RNA extraction magnetic beads protocol 
RNA and DNA were extracted from 0.5 g of sediment using an extraction protocol combining 
cell lysis with beat-beating and further purification with silica magnetic beads. The initial cell 
lysis steps followed Lueders et al. (2004). The sample was transferred into a 2-ml tube and 
~ 0.7 g zirconium beads, 600 µl 120 mM NaPO4 buffer (pH 8) and 200 µl TNS-solution 
(500 mM Tris-HCl, 100 mM NaCl, 10% SDS) were added. Beat-beating was performed twice 
at 6.5 m/s for 45 s. Between beat-beating steps, samples were kept on ice. Samples were 
centrifuged at 4°C and 20817 g for 20 min and the supernatant (= lysate, ~ 600 µl) was 
transferred into a new 2-ml tube and subsequently kept on ice.  
Fresh silica magnetic beads (G-Biosciences, Geno Technology Inc., USA) were washed for 
each extraction: 10 µl of bead suspension per reaction plus extra margin were transferred into 
a 2-ml tube, placed in a stand on a magnet (magnetic stand) collecting the beads at the site of 
the tube for 1 min and carefully pipetting off and discarding the supernatant. Then the tube was 
removed from the stand and 500 µl elution buffer (Monarch, New England Biolabs, Germany) 
was added and beads were resuspended by vortexing for 8 s. The tube was gently centrifuged 
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down with a mini table centrifuge for 1 min to collect bead suspension on the bottom and the 
tube was placed back onto the magnetic stand. After 1 min, supernatant was discarded and the 
washing step was repeated for a total of two times. The beads were resuspended in a volume 
of elution buffer equal to the initial volume. 
The lysate was split into multiple 2-ml tubes with a maximum of 100 µl per tube in order to 
ensure sufficient binding of nucleic acids to the beads. Per tube with lysate, 1.56 ml binding 
buffer (Monarch, New England Biolabs, Germany) and 10 µl silica magnetic beads were added 
and mixed by inverting for 5 s. The tube was incubated at 20°C while shaking at 1000 rpm on 
a thermomixer for 15 min. The liquid was removed by gentle centrifugation for collecting the 
suspension on the bottom of the tube, placing it on a magnet for 1 min and pipetting off the 
supernatant. The sample was washed by removing the tube from the magnet, adding 250 µl 
washing buffer (Monarch, New England Biolabs, Germany), mixing it by pipetting with the 
beads and removing the liquid as described above. The washing step was repeated for a total 
of two times. After the second washing step, a smaller-volume pipet was used to ensure to pipet 
off all remaining liquid and the magnetic beads pellet was briefly dried on the magnetic stand 
with open lid for a maximum of 5 min. The sample was eluted by removing the tubes from the 
magnet, adding 20 µl elution buffer or water to the tube, resuspending beads by pipetting, 
spinning tube down gently and incubating at 4°C and 1000 rpm shaking on a thermomixer for 
5 min. The tube was placed in the magnetic stand for 2 min and the supernatant was transferred 
into a fresh 2-ml tube. The elution procedure was repeated a second time with the same tube. 
In order to reduce the resulting volume, it is possible to transfer the produced elute into a tube 
with magnetic beads and DNA/RNA suspension, eluting the nucleic acids into the same 
volume, but performing the second elution step always with fresh elution buffer or water. With 
either approach chosen, elutes of the same sample were always pooled into the same tube in 
the end. 
5.2.3.3 Preparation cesium trifluoroacetate solution 
Cesium trifluoroacetate solution was prepared for density separation of RNA as part of RNA-
stable isotope probing. The solution was prepared under a fume hood. For 500 ml CsTFA 
solution, a 1L-plastic beaker was rinsed with trifluoroacetate (TFA, 99.9% purity, Carl Roth, 
Germany), 460 g CsOH · 2 H2O (99.5% purity, Sigma-Aldrich, Germany) were weighted in 
and max. 250 ml pure water (Astacus², membraPure, Germany) were added. The beaker was 
placed in an ice-bath and solution was stirred. 215 ml TFA were added slowly. If the 
temperature of the solution increased too rapidly, TFA was added more slowly. The solution 
was stirred for 30 min and pH was checked with pH paper. The pH was adjusted to 4-5 by 
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addition of CsOH or TFA. Density was checked by weighing 100 µl of the solution and was 
adjusted to 2.2 ± 0.05 g/ml by addition of CsOH or water. The solution was autoclaved and 
subsequently the pH was adjusted to 7.0 and the density to 2.0 g/ml. The solution was 
filter-sterilized through vacuum-filtration with a 0.2 µm filter into a sterile bottle. The 
autoclave step can be skipped, then pH is adjusted to 7.0 and density to 2.0 g/ml after TFA 
addition and subsequent sterilization by filtration is performed. Every new batch CsTFA 
solution has to be checked by running a control sample of a mixture of unlabeled and fully 
13C-labeled RNA from Escherichia coli with which a new density – refractory index standard 
curve is prepared. 
5.2.3.4 Sequence analysis – removal of contaminant sequences 
The ASV abundance table retrieved from the sequence analysis pipeline (see method section) 
contained sequences which were assumed to be not present in the biological sample and 
therefore considered to be contamination. This phenomenon is known and contaminants can 
originate e.g., from chemicals or kits used during library preparation (Knights et al. 2011, Salter 
et al. 2014) and are often more abundant in samples with low nucleic acid concentration (Davis 
et al. 2018). Potential contaminant sequences were identified by two approaches; (1) the R 
package decontam (v1.24.0, Davis et al. 2018), which compares initial nucleic acid 
concentration in the PCR product and abundance of ASVs. With this approach, we tested 
thresholds of 0.1, 0.15 and 0.2 with the frequency method. For approach (2), ASVs were 
identified which had read counts > 0 in less than 50% of all samples and had total read counts 
across all samples above the average of total read counts across all samples and ASVs. The list 
of ASVs of both approaches were combined. For the top 30 most abundant ASVs, the 
frequency of the individual ASVs was plotted against nucleic acid concentration in PCR 
products and the taxonomy was compared with a list of taxa frequently identified as 
contaminants in lab environments (Salter et al. 2014). An ASV was considered as contaminant, 
if (1.) the frequency-distribution correlated with PCR product concentration, (2.) it only 
occurred in very few samples and (3.) the taxon was a known contaminant (Table S4). 
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Chapter 6: General discussion Chapter 6 
General discussion 

Organic matter mineralization in marine sediments is an important part of the carbon cycle and 
the understanding of the occurring processes is crucial to predict future changes due to climate 
change (LaRowe et al. 2020). Organic matter degradation rates coupled to different electron 
accepting processes were investigated in multiple Arctic and Antarctic environments 
(Vandieken et al. 2006c, Finke and Jørgensen 2008, Glombitza et al. 2015, Bourgeois et al. 
2017, Baloza et al. 2022, Zwerschke et al. 2022), regions which are especially affected by 
climate change (Moore et al. 2013). Especially the contribution of metal oxides as electron 
acceptors for organic matter mineralization is of interest, as these are supplied by glacial 
meltwater (Wehrmann et al. 2014, Monien et al. 2017) and accelerated glacial melting is one 
of the most prominent changes due to global warming in polar environments (e.g., Rückamp 
et al. 2011). In previous studies, the microbial community associated with degradation 
processes was often not identified, or only indirectly linked to an activity by sequencing the 
microbial communities of in situ sediments (Vandieken et al. 2006a, Algora et al. 2013, 
Buongiorno et al. 2019, Baloza et al. 2023). However, the identity of the associated 
microorganisms completes our understanding of these systems and potentially enables the 
identification of keystone species and marker species for different processes, which can be used 
to identify the processes easily also in other environments. 
In this thesis, I aimed to identify the microbial community involved in final organic matter 
mineralization in permanently cold, glacial influenced surface sediments of Antarctica. I 
focused on identifying terminal electron acceptors, especially glacial supplied metal oxides, 
coupled to acetate oxidation and the conducting microbial community. I combined data about 
in situ geochemical processes and microbial community composition with slurry incubation 
experiments under different conditions in order to link metabolic activities to specific 
microorganisms (chap. 2-5). 
As key findings from the different chapters of this manuscript, I could identify iron reducing 
microorganisms as the most stimulated acetate oxidizers in experiments with marine sediments 
of Potter Cove and South Georgia (chap. 2, 4). The uncultured group Sva1033 
(Desulfuromonadales) was identified as prominent iron reducer in all studied sediments, its 
abundance in iron reducing incubations and in situ sediments suggesting it as a keystone 
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species in these environments (chap. 2-5). It even showed acetate oxidizing and iron reducing 
activities up to 25°C (chap. 4), suggesting its persistent role even under global warming 
induced increasing temperatures. Next to iron reduction, manganese reduction could also be 
coupled to acetate oxidation if both substrates were provided, likely contributing to this final 
step of organic matter mineralization in sediments close to the glacier (chap. 3). Lastly, sulfate 
reducers did not seem to contribute to acetate oxidation, while they were found abundantly in 
the in situ sediments and sulfate reduction could be stimulated by the addition of acetate and 
hydrogen (chap. 5). Instead, the typical sulfide oxidizer Sulfurimonas was stimulated to high 
abundances in multiple incubation experiments, but especially in sulfate reducing incubations 
(chap. 2-5). These glacial influenced sediments likely harbor a complex sulfur cycle, which is 
discussed in detail below. 
In the following discussion, I combine the results of the different chapters to paint a more 
complete picture (I) which processes likely contributed to acetate oxidation in the investigated 
environments, (II) which microorganisms were responsible and were potential keystone 
species in their environments and (III) how future global change might affect the processes in 
the studied environments. Potter Cove was used as a model site for an Antarctic bay/fjord 
system, which is influenced by a melting glacier, and results from previous studies were 
complemented with new insights from the projects of this thesis. 
6.1 Acetate degrading processes and microbial players in Antarctic sediments 
6.1.1 Geochemical processes 
Study sites and in situ measurements of geochemical processes 
The investigated sampling sites were fjords around South Georgia, especially Cumberland Bay, 
and Potter Cove at King George Island/Isla 25 de Mayo at the West Antarctic Peninsula. These 
environments are highly influenced by iron-laden glacial meltwater input from melting glaciers 
terminating into the bays around the islands (Hodgson et al. 2014, Henkel et al. 2018). High 
accumulation of dissolved Fe2+ in pore water indicated iron reduction as main terminal electron 
accepting process in these sediments (chap. 2, Fig. 2; chap. 3, Fig. 2; chap. 5, Fig. 2) (Monien 
et al. 2014, Henkel et al. 2018, Aromokeye et al. 2021). In the fjord system of Cumberland Bay 
at South Georgia, geochemistry of the sediments and meltwater supply seemed to be similar to 
many Arctic fjord systems, e.g., Kongsfjorden or Van Keulenfjorden at Svalbard, which are 
also influenced by large tidewater glaciers (Jørgensen et al. 2020, Michaud et al. 2020). 
The other study site, Potter Cove, is a shallow bay influenced by the Fourcade Glacier. In 
chapter 3, 4 and 5 of this thesis, sediments from stations close to the glacier (STA01, STA13) 
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and in the center of the cove (STA14) were investigated, while Aromokeye et al. (2021) directly 
compared a station close to the glacier (STA10) with a station in the center of the cove (STA14) 
(Figure 1). At the glacial stations, the geochemical pore water profiles were more similar to the 
typical fjord systems of Cumberland Bay and Svalbard; the ferrous iron profiles reached deep 
into the sediment and sulfate profiles stayed more stable, indicating only minor occurring 
sulfate reduction (chap. 3, Fig. 2) (Monien et al. 2014). In contrast, at the central cove station, 
ferrous iron showed a prominent large peak in the top 10 cm and depleted below, while the 
sulfate profile also clearly declined with depth, indicating concurrent iron and sulfate reduction 
(chap. 5, Fig. 2) (Monien et al. 2014). However, no free sulfide as a clear indicator for sulfate 
reduction was present at any station. This center station was more similar to shelf sediments, 
such as along the Antarctic Peninsula (Baloza et al. 2022) or to Smeerenburgfjorden of 
Svalbard, which is influenced by shelf water as well (Jørgensen et al. 2020, Michaud et al. 
2020). 
Metabolic processes identified by incubation experiments 
In the different projects of this thesis, slurry incubations with the addition of acetate were 
performed to observe which provided electron acceptor influenced metabolic activities and to 
investigate the stimulated microbial 
community. 
For sediments from Cumberland Bay, 
South Georgia, iron reduction could be 
clearly identified as major process, as the 
incubation of the slurry alone was 
sufficient to stimulate accumulation of 
ferrous iron independent of additionally 
added electron acceptors (chap. 2, suppl. 
Fig. S6). Different results were obtained 
in slurry experiments with Potter Cove 
sediments; regardless of the station, 
accumulation of ferrous iron was only 
visible if acetate and fresh iron oxides, or 
macroalgae were supplied to the sediment 
(chap. 3, 4, 5, Aromokeye et al. 2021). 
This suggested that sediments of Potter 

Figure 1: Sediment sampling stations in Potter Cove for different projects. STA13: chap. 2, 4; STA01: chap. 3; STA10: Aromokeye et al. (2021); STA14: chap. 5, Aromokeye et al. (2021). Map created with QGIS 3.34.3, bathymetry data Neder et al. (2022) updated from Jerosch et al. (2015), basemap data SCAR Antarctic Digital Database 2023, rock outcrop from Gerrish (2020) manually smoothed. 
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Cove seemed to rely on fresh supply of iron oxides, while sediments of South Georgia 
contained enough endogenous iron oxides for iron reduction to thrive. 
The exact differences between South Georgia and Potter Cove sediments were not clear. 
Potentially, the iron oxides in the sediments differed in quantity or quality, i.e., accessibility 
for microbial iron reduction (Bonneville et al. 2004, Laufer et al. 2020). This was supported by 
up to 0.7 wt.% “easily reducible” iron oxides (leachable iron oxides with hydroxylamine-HCl, 
mostly ferrihydrite and lepidocrocite) in sediments of Cumberland Bay (Köster 2014) 
compared to only 0.25-0.4 wt.% in sediments of Potter Cove (Henkel et al. 2018). However, 
the used iron extraction protocol (Poulton and Canfield 2005) gave no information about actual 
bioavailability of the iron oxides and no measurements of different solid iron phases were 
conducted on the exact sediments used for the slurry experiments. Furthermore, the availability 
of other endogenous substrates, which were needed for iron reduction, could have differed. It 
was unlikely, however, that the different storage periods of the sediment samples caused 
differences in iron oxides depletion. The sediments from South Georgia were stored for two 
years prior to incubation experiments and in these iron reduction could still be stimulated just 
by slurry preparation (chap. 2). In contrast, Potter Cove sediments were stored for less than one 
year prior to incubations described in Aromokeye et al. (2021) and chapter 4, where slurry 
preparation and acetate addition alone were not sufficient for a similar stimulation. While it 
was not clear which process exactly might have been responsible for the different activities in 
each of the studied sites, my overall conclusion is that Potter Cove sediments were likely more 
dependent on constant supply of fresh iron oxides by the glacial meltwater to maintain acetate 
degradation coupled to iron reduction than South Georgia sediments. Detailed analyses of 
quantity and quality of present iron oxides are needed for further validation. 
6.1.2 Key acetate degrading bacteria in (sub-) Antarctic sediments  
Linking metabolic processes with microbial communities 
16S rRNA gene sequencing of the microbial communities in in situ sediments identified 
potentially responsible microorganisms for observed geochemical processes. In projects of this 
thesis, strikingly, typical iron reducing taxa were only detected at extremely low abundances 
at all ferruginous sampling locations, except for the uncultivated family Sva1033 within the 
order Desulfuromonadales, which harbors many iron reducing taxa (Lovley 2013). Instead, an 
abundance of known sulfur cycling or sulfate reducing bacteria was detected, such as 
Desulfobacteraceae, Desulfobulbaceae, Desulfosarcinaceae and Desulfocapsaceae (chap. 2, 
Fig. 3; chap. 3, suppl. Fig. S8; chap. 5, Fig. 4) (Jørgensen et al. 2019, Diao et al. 2023).  
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However, proposing metabolic activities by taxonomic affiliation alone is difficult; phylotypes 
even within the same species can be diverse (Lidstrom and Konopka 2010) and many 
uncultivated taxa with unknown metabolic capabilities are abundant in marine sediments (Petro 
et al. 2017, Wang et al. 2021a). Correlation analyses between abundant taxa and measured 
variables, such as nutrients in pore water, provide first indications of potential metabolisms 
(Jorgensen et al. 2012) but are alone not sufficient to confidently determine which metabolism 
a certain microorganism might perform in situ. Modern techniques such as metagenomic and 
metatranscriptomic sequencing or even single-cell sequencing help to close this gap, especially 
for uncultivated organisms (Rinke et al. 2013, Hedlund et al. 2014, Solden et al. 2016). Another 
approach is to incubate the sediment with certain substrates to stimulate processes of interest 
and investigate the responding microbial community. The use of RNA-SIP with selected 
13C-labeled substrates is even more specific, allowing labeling and taxonomic identification of 
active microorganisms which incorporate the provided substrate into the RNA molecule 
(Dumont and Murrell 2005). Monitoring the incubation experiment carefully by measuring 
changing geochemical variables such as ferrous iron, sulfate or sulfide further allows linking 
the active microbes to the most likely metabolism.  
Keystone species Sva1033 
In experiments of this thesis, irrespective of the condition of the incubation experiment or 
sediment origin, always the same bacterial groups were stimulated by adding acetate (chap. 2-
5). The major stimulated group was the uncultivated family Sva1033 (Desulfuromonadales). 
This group was first discovered in sediments of Svalbard over 25 years ago (Ravenschlag et al. 
1999), but prior to the studies in this thesis, only suggestions about its potential metabolisms 
were made based on correlations with in situ data (Tu et al. 2017, Buongiorno et al. 2019). 
Sva1033 was clearly stimulated and labeled if acetate was amended in all experiments. 
Additional iron oxides lead to a higher stimulation, but were not mandatory at in situ 
temperatures of 2°C (chap. 2-5, Aromokeye et al. 2021). At higher temperatures, Sva1033 
heavily relied on fresh iron oxide supply to compete for acetate with other present 
microorganisms (chap. 4). Iron was identified as the main, most favorable electron acceptor for 
Sva1033 (chap. 2, 4) and there were first indications for manganese oxides as possible electron 
acceptors as well (chap. 3). Furthermore, Sva1033 was able to thrive on endogenous electron 
acceptors in the sediments at close-to in situ conditions (chap. 2-5), which could be residual 
iron and manganese oxides or also sulfur compounds as electron acceptors. Sulfate was 
identified as an unlikely electron acceptor for Sva1033, as it was clearly labeled in SIP 
incubations, if sulfate reduction was inhibited by molybdate addition (chap. 2, 5). This was in 
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contrast to sulfate reduction as proposed metabolism for Sva1033 in Arctic sediments of 
Svalbard (Buongiorno et al. 2019). Sva1033 even kept its key function as acetate degrader over 
a wide temperature range up to 25°C, indicating that in future scenarios of increasing 
temperatures it might still able to play its key role in the sediments (chap. 4).  
More investigations are necessary to identify these other proposed electron acceptors for this 
organism, for which the isolation of a Sva1033 species would be very advantageous. 
Additionally, it would allow officially describing this new taxonomic group with standardized 
taxonomy. We tried enrichment and isolation of Sva1033. However, it proofed to be very 
difficult, as other taxa, particularly Desulfuromonas, always dominated the enrichments 
already after the first transfer into fresh medium (unpublished data). Therefore, we 
hypothesized that Sva1033 was highly dependent on fresh iron oxides, while Desulfuromonas 
could also use “aged” iron oxides, which might be more encrusted by, e.g., organic matter 
(O’Loughlin et al. 2010). This hypothesis was supported by a higher abundance of 
Desulfuromonas in incubation experiments which were conducted after a longer sediment 
storage time (> 3 years, chap. 3, 5) compared to experiments set up more quickly after sediment 
retrieval (< 1 year, Aromokeye et al. 2021). This was further supported by directly comparing 
acetate utilization when iron or sulfate were supplied; Sva1033 was more labeled when iron 
oxides were supplied, while Desulfuromonas was more labeled with sulfate or no additional 
electron acceptor, likely thriving on the residual iron oxides from the slurry (chap. 4).  
Sva1033 can be proposed as keystone species for organic matter degradation in Antarctic 
sediments. It was abundant in the investigated in situ sediment samples of Potter Cove (chap. 3, 
5) and South Georgia (chap. 2) and was also found in other Antarctic (Baloza et al. 2023) and 
many Arctic (e.g., Ravenschlag et al. 1999, Buongiorno et al. 2019, Begmatov et al. 2021, 
Walker et al. 2023) sediments. It is potentially important also on a global scale, as indicated by 
occurrences in not-polar environments, such as shallow and deeper temperate sediments 
(Rubin-Blum et al. 2022, Stuij et al. 2024, Zhu et al. 2024), deep-sea cold seep sediment (Xin 
et al. 2022) or terrestrial environments, such as mud volcanos (Tu et al. 2017, Slobodkin et al. 
2024). Besides the polar sites, Sva1033 was especially often found in estuaries across the globe, 
from the Mediterranean Sea to China and Australia, and many of these sediments were 
characterized by heavy metal contaminations (e.g., Sun et al. 2013, Zoppini et al. 2020, 
Aldeguer-Riquelme et al. 2022, Wang et al. 2022b, Bracewell et al. 2023). As Sva1033 is 
classified as family by the SILVA taxonomy (Quast et al. 2012, release 138.1), it would be 
interesting to compare the sequences found in different environments and experimental 
conditions. One issue was the inconsistent taxonomy for uncultured taxa between prominent 
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databases; e.g., there is no clear representative for Sva1033 in the Genome Taxonomy Database 
(GTDB, Parks et al. 2018), which is often used to classify metagenome assembled genomes. 
Providing a consistent taxonomy would be necessary to further describe this group and make 
it easier for future research to identify and reference Sva1033.  
Desulfuromonas and Desulfuromusa 
Besides Sva1033, there were a few other taxonomic groups, which could be identified as 
important microorganisms associated with acetate degradation, as they occurred in multiple 
experiments under varying conditions. The known iron reducer Desulfuromonas (Vandieken 
et al. 2006b) was already mentioned above. It was labeled with acetate in all iron reducing SIP 
incubations with Potter Cove or South Georgia sediments (chap. 2, 4, 5, Aromokeye et al. 
2021), but also occurred without acetate addition when only manganese oxides were added 
(chap. 3). Desulfuromonas was shown to thrive on sulfur reduction (Pfennig and Biebl 1976), 
which could have fuel its observed activity in incubations without additional electron acceptors. 
Partially, this result is similar to another stimulated taxon, Desulfuromusa, which was shown 
to occupy a niche of organotrophic manganese reduction under favorable conditions in Potter 
Cove sediments (chap. 3). In slurry experiments with sediments from South Georgia and Potter 
Cove, Desulfuromusa was also found labeled with acetate under iron reducing conditions 
(chap. 2, 4, 5, Aromokeye et al. 2021), potentially thriving on residual manganese oxides left 
in the slurry. One possible explanation why Sva1033 apparently outcompeted these other 
organisms such as Desulfuromonas or Desulfuromusa was that Sva1033 might be more 
successful in thriving on freshly provided iron oxides, such as those constantly supplied in 
these polar environments due to glacier retreat.  
Arcobacteraceae 
All of the taxa discussed so far belong to the order Desulfuromonadales. The other taxa that 
were stimulated by acetate addition in the different incubations were Sulfurimonas and 
Arcobacteraceae and both belong to the order Campylobacterales (formerly 
Epsilonproteobacteria). This order contains many organisms capable of oxidizing reduced 
sulfur compounds (Yamamoto and Takai 2011). Arcobacteraceae was stimulated and labeled 
with acetate, likely reducing iron, in multiple incubation experiments with South Georgia and 
Potter Cove sediment (chap. 2-5, Aromokeye et al. 2021). Iron and manganese reducing 
capabilities were shown for this taxon previously (Vandieken et al. 2012, Roalkvam et al. 
2015). Interestingly, Arcobacteraceae was especially stimulated if acetate and molybdate were 
present (chap. 2, 5), potentially due to less competition by directly or indirectly inhibited 
microorganisms. Another possibility would be that this taxon could use molybdate as electron 
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acceptor, as has been shown for other bacteria (Ahmad et al. 2013). This theory might be 
interesting to investigate further, as this taxon could be involved in heavy metal 
decontamination (Ahmad et al. 2013). In general, these results showed that Arcobacteraceae 
contributed to organic matter mineralization, i.e., acetate oxidation, in the permanently cold 
sediment of Antarctica. Sulfurimonas showed very interesting abundance patterns especially in 
treatments with sulfate. These results are discussed in more detail in the section below. 
6.2 The carbon cycle in Potter Cove under the influence of climate change 
Impact of global warming on the Fourcade Glacier and meltwater supply 
The sampling site Potter Cove, used here as a model system of an Antarctic bay influenced by 
a retreating glacier, is located at King George Island/ Isla 25 de Mayo, at the tip of the West 
Antarctic Peninsula (Figure 1). It is already heavily affected by global warming, visible by 
temperature increase and accelerated glacial melting (Rückamp et al. 2011, Latorre et al. 2023). 
It is influenced by the Fourcade Glacier that terminates into the bay and retreated with a rate 
of 40 m per year in the past decade, revealing 0.18 km² of newly ice-free area (2008-2018, 
Meredith et al. 2018, Deregibus et al. 2023). The glacier transformed from grounded to floating 
tidewater glacier to land-terminating glacier, supplying the bay with subglacial meltwater, 
groundwater discharge and surficial meltwater streams (Meredith et al. 2018, Falk and Silva-
Busso 2021). The glacial meltwater releases high amounts of suspended particulate matter 
(SPM) into the bay, which is further distributed by a cyclonic circulation (Neder et al. 2022). 
The studies that investigated the distribution of SPM and their effect on the benthic 
communities and sediments were all conducted with data acquired between 1991 and 2017, 
with the majority from before 2014 (Klöser et al. 1996, Schloss et al. 2012, Marina et al. 2017, 
Monien et al. 2017, Henkel et al. 2018, Jerosch et al. 2018, Meredith et al. 2018, Jerosch et al. 
2019, Neder et al. 2020, Braeckman et al. 2021, Deregibus et al. 2023). The samples used in 
the studies of this thesis were retrieved in austral summer 2018/19, thereby representing one of 
the newest datasets. The glacier retreated to land in 2016, and it is unknown how the supply 
and distribution of SPM developed since then. While the transition from grounded to floating 
tidewater glacier increased the supply of SPM to the bay (Monien et al. 2017, Neder et al. 
2022), the complete retreat to land likely reduces the supply of SPM on the long term, as the 
catchment area of the glacier, i.e., the area of underlying rock it grinds on, is reduced (Milner 
et al. 2017), as visible in fjords around Svalbard (Herbert et al. 2020, Herbert et al. 2021). 
Neder et al. (2022) proposed that with the retreat of the glacier to land, glacial meltwater 
streams will first supply more SPM from the moraines in front of the glacial front and will then 
eventually dry out and SPM supply will cease. 
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Influence of suspended particulate matter and glacial retreat on primary productivity 
The retreat of the glacier and associated supply of SPM into the cove influences the 
environment in near and far proximity in many different ways. In Potter Cove, the main primary 
producers are macroalgae, while phytoplankton and terrestrial organic matter are not as 
important (Fabiano et al. 1996, Schloss and Ferreyra 2002, Quartino and Boraso de Zaixso 
2008). The primary productivity of present macroalgae is negatively affected by a higher load 
of SPM in the water column, leading to lower light penetration due to increased turbidity 
(Schloss et al. 2012, Campana et al. 2018). On the other hand, the retreating glacier also has a 
stimulating effect on macroalgae growth by exposing more solid substrate, which macroalgae 
can colonize (Campana et al. 2018, Neder et al. 2022). Together, the macroalgae were proposed 
to produce a positive carbon fixation rate, so called “blue carbon”, balancing reduced primary 

productivity due to more turbid water with increased biomass due to macroalgae colonization 
at more locations (Deregibus et al. 2023). 
Macroalgae as base of the food-web in Potter Cove 
As prime organic matter source, the macroalgae are an essential key component in the food-
web of Potter Cove (Marina et al. 2017). They are consumed by macrobenthos, 
microphytobenthos and microorganisms in the sediment, while meiobenthos, in turn, feeds on 
these utilizers instead of on the algae detritus directly (Braeckman et al. 2019, Aromokeye et 
al. 2021). Furthermore, macrobenthos is responsible for burying algae detritus deeper into the 
sediments into anoxic zones, where it can be further degraded by microorganisms (Braeckman 
et al. 2019). For complete mineralization by the microbial community, the first steps of 
degradation were conducted through hydrolysis and fermentation by bacteria such as 
Psychromonas (Pelikan et al. 2020, Aromokeye et al. 2021) (Figure 2). The resulting 
compounds, e.g., long-chain fatty acids lactate, butyrate or propionate, could be further 
fermented to acetate, which was then oxidized further, or directly oxidized to CO2 by bacteria 
such as Moritella, Marinifilum and Colwellia (Aromokeye et al. 2021). The oxidation processes 
were coupled to final electron acceptors. Close to the sediment surface, oxygen was depleted 
within the first few millimeters, which was visible from the geochemical profiles of nitrate and 
ferrous iron (e.g., chap. 3). Nitrate was depleted rapidly within the first millimeters in sediments 
further out in the cove and within the first 1-2 cm in sediments closer to the glacier (Aromokeye 
et al. 2024). Deeper in the sediment, geochemical signatures of manganese and iron reduction 
became visible (chap. 3, 5, Monien et al. 2014, Henkel et al. 2018), which were quantified as 
major final electron accepting processes in Arctic sediments, contributing up to 43% to > 90% 
to organic carbon mineralization (Vandieken et al. 2006a, Vandieken et al. 2006c). Similar rate 
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measurements are needed for an exact quantification of these processes, but incubation 
experiments conducted during this thesis already gave clear indications of the importance of 
these processes in Potter Cove sediments. 
Glacial-supplied iron oxides 
The iron oxides, used as electron acceptors, were supplied from glacial meltwater through 
subglacial discharge, groundwater discharge or, now majorly surficial, glacial meltwater 
streams and SPM (Monien et al. 2017, Henkel et al. 2018, Falk and Silva-Busso 2021). As the 
amount, distribution and transportation of SPM changes with the retreating glacier, this also 
influences the supply of iron oxides to the sediments at different locations. Furthermore, the 
characteristics of iron oxides were highly dependent on the type of glacier and potential 
transport over land through an oxic environment (Henkel et al. 2018, Laufer et al. 2020, 
Michaud et al. 2020, Laufer-Meiser et al. 2021). The iron reducing microbial community and 
associated degradation rates were influenced by iron oxide crystallinity and microbial 
availability (Jensen et al. 2003, Bonneville et al. 2004, Laufer et al. 2020).  

Figure 2: Organic matter degradation in anoxic sediments of Potter Cove. Microbial processes likely occurring in the sediments were displayed. Further abiotic interactions were not shown. Unresolved processes and unknown contributions of microbial players were marked by ? and different arrows, see legend. Compounds from the sea water were transported by physical processes, such as diffusion, and bioturbation into the sediments. H2S represents all sulfide species, i.e. H2S, HS-, S2-. Sint are sulfur intermediates such as elemental sulfur, thiosulfate, tetrathionate and polysulfides. MO: microorganisms 
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Close to the glacier, a high supply of inorganic material by surficial or subglacial meltwater 
fueled the sediments with a high content of iron oxides, e.g., 6 wt.% total Fe at STA10 (Henkel 
et al. 2018). However, not all of this iron was available for microbial iron reduction, but it 
contained many crystalline phases, which were more difficult to access for microorganisms 
(Bonneville et al. 2004, Laufer et al. 2020). Subglacial discharge was proposed to contain more 
“easily reducible” iron oxides (leachable by hydroxylamine-HCl, mainly lepidocrocite and 
ferrihydrite following Poulton and Canfield (2005)), compared to surficial meltwater streams, 
due to redox processes occurring beneath the glacier (Henkel et al. 2018). In Potter Cove, 
sequential solid phase iron extractions of these “easily reducible” iron oxides showed this for 

sediments in close glacial proximity (0.3 wt.% at STA10) compared to sediments close to a 
surficial glacial meltwater stream entering the bay (0.2 wt.% at STA04), but no measurements 
for a site in the central cove were available (Henkel et al. 2018).  
At the same time, close to the glacier, there is usually not much organic material available to 
serve as electron donor, as visible in Arctic fjords (Wehrmann et al. 2014). Total organic carbon 
(TOC) data for deeper reaching sediments in Potter Cove was limited, however increasing TOC 
content with increasing distance to the glacier were observed in the top 1 cm of the sediments 
(Monien et al. 2014). Limited organic matter availability could result in reduction of only a 
part of the iron oxides, while much of them were buried by high sedimentation rates and still 
got microbially reduced at deeper sediment depths (Michaud et al. 2020), as was also proposed 
for Potter Cove sediments close to the glacier based on isotopic iron signatures (STA10, Henkel 
et al. 2018). Also the very deep reaching ferruginous profiles (> 30 cm, end of core) at stations 
close to the glacial front, very likely produced by iron reducing bacteria belonging to Sva1033 
(Desulfuromonadales), Desulfuromonas and Arcobacteraceae (STA10 in Aromokeye et al. 
2021, STA01 in chap. 3, STA13 in chap. 4) indicated a limitation of electron donors and not 
iron oxides. Close to the glacier, as additional electron accepting process contributing to 
organic matter mineralization, dissimilatory manganese reduction by Desulfuromusa (chap. 3) 
was fueled by manganese oxides, which were likely supplied by SPM in glacial meltwater as 
well (Wadham et al. 2013, Wehrmann et al. 2014) (Figure 2).  
Iron recycling in sediments of the central cove 
In typical fjord systems such as those found at Svalbard, the constant supply of iron oxides 
decreased with further distance from the glacier while the organic matter content increased, 
leading to higher organic matter mineralization rates and associated sulfate and iron reduction 
(Wehrmann et al. 2014). Sulfate reduction dominated over iron reduction with further distance 
to the glacier, leading to a more compressed redox profile with iron reduction limited to the top 
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centimeters (Herbert et al. 2021). However, the rates of iron reduction in this narrow depth 
interval were much higher compared to close to the glacier, and produced ferrous iron could 
be reoxidized back to ferric iron which could then be easily reduced again, leading to iron 
recycling (Wehrmann et al. 2014, Laufer-Meiser et al. 2021). Iron oxidation could occur 
abiotically with oxygen, but also biotically by iron oxidizing microorganism (Laufer et al. 
2016). 
The compressed redox profile and much higher ferrous iron concentrations at the sampling 
station in the center of the cove (STA14, chap. 5) compared to the glacial front (e.g., STA01, 
chap. 3) gave first indication that increased recycling of iron oxides also occurred in sediments 
of Potter Cove. Further indications for this process, resulting in fewer but microbially more 
easily available iron oxides in sediments in the central cove than at the glacial front, were found 
in incubations with iron reducing activity of different sediments: in the central cove slurries, 
iron reduction was stimulated more rapidly, but in glacial front slurries iron reduction occurred 
for a longer time period and resulted in higher maximal ferrous iron concentrations 
(Aromokeye et al. 2021).  
Iron recycling is enhanced by mixing the sediment through bioturbation or ice scouring, i.e. 
scraping of icebergs on the bottom of the seafloor, bringing the ferrous iron into contact with 
oxygen or other reducing agents (Hines and Jones 1985, Beam et al. 2018). In the center of the 
cove, bioturbation was likely the more important factor as the water depth was quite deep 
(40 m) for ice scouring. Bioturbation might even increase more in the future, as the benthic 
fauna responsible for this process likely also increases in abundance together with their 
substrate, the macroalgae (Campana et al. 2018, Braeckman et al. 2019). One has to keep in 
mind, that in a batch slurry incubation, the recycling of iron did not occur as it would in situ, 
as the access to oxygen and a mixing of the sediments were lacking.   
Increased amounts of ferrous iron in the sediment could also lead to increased release of 
dissolved iron to the overlying water column, where it could fuel, as limiting nutrient, primary 
productivity (Boyd et al. 2004, Herbert et al. 2021), resulting in a positive feed-back loop when 
increased supply of organic matter stimulates more iron reduction in the underlying sediments 
again. Addition of macroalgae was even shown to stimulate iron reduction in the sediments 
directly by its own, without the need for additional fresh iron (Aromokeye et al. 2021). The 
sampled station 14 in the central cove (chap. 5) might present a possible future scenario also 
for locations closer to the glacier, when the supply of glacial meltwater and associated, high 
amounts of easily available iron oxides cease, as predicted for Arctic fjords (Jørgensen et al. 
2020). 
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Contribution of sulfate reduction 
Next to metal oxides, sulfate is usually a prominent electron acceptor for final organic matter 
mineralization in marine sediments (Jørgensen et al. 2019). In the sediments of Potter Cove, 
the geochemical profiles suggested concurrent sulfate and metal reduction by decreasing 
sulfate concentrations with depth and an abundance of microorganisms typically involved in 
sulfate reduction (chap. 5). This signature was more prominent in stations with further distance 
to the glacier, where the redox zonation was more condensed (STA14, chap. 5), which agrees 
with observations in Arctic fjords (e.g., Michaud et al. 2020). However, in our incubation 
experiments, we were not able to link sulfate reduction directly to acetate degradation by 
typical sulfate reducing bacteria (chap. 2, 4, 5), as discussed in more detail below. There were 
multiple possible explanations arising from these observations: (I) sulfate reducers were not 
involved in organic matter mineralization directly but fix CO2 instead or (II) sulfate reducers 
utilized fermentation products of higher molecular weight, e.g., lactate or butyrate, than the 
tested acetate. Hypothesis I would mean that sulfate reduction did not contribute to CO2 release 
from the sediment by mineralization but might even fix and bury more carbon. Sulfate 
reduction would not be completely uncoupled from organic matter degradation, as it still 
required an electron donor, e.g., hydrogen produced by fermentation (Oremland and Polcin 
1982). Hypothesis II would mean that sulfate reduction did directly contribute to organic matter 
degradation, but potentially producing smaller organic compounds such as acetate, which were 
then further oxidized, instead of releasing only CO2. This last oxidizing step might then be 
performed by other microorganisms such as iron or manganese reducers. In a future scenario 
of cease of glacial meltwater and supply of iron, where acetate degrading iron and manganese 
reducers disappear, likely other microorganisms such as different acetate utilizing sulfate 
reducers would fill in the niche and degrade the acetate. 
Effects of temperature increase 
Temperature increase was another effect of global warming clearly observed in the last years 
at the northern tip of the West Antarctic Peninsula, where the sampling site Potter Cove is 
located (Jones et al. 2019). Just in the last four years, the temperature record was broken 
multiple times with extremely high temperatures in 2020 and 2022 (Francelino et al. 2021, 
Gorodetskaya et al. 2023). These heatwaves could have negative effects on primary 
productivity, as already shown recently for  phytoplankton in Potter Cove (Latorre et al. 2023). 
Further, this thesis showed that increasing temperature led to a shift in parts of the sediment 
microbial community, stimulating different, already present microorganisms, while there were 
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a few keystone species, such as Sva1033 and Desulfuromonas, resilient to the temperature 
effect (chap. 4).  
Further investigation is needed to quantify if temperature increase affects the rates of organic 
matter degradation in these sediments. In sediments from Svalbard, temperature did not 
influence organic matter degradation rates directly, but the rates were instead controlled by 
organic matter flux to the sediments (Jørgensen et al. 2020). However, the results reported in 
this thesis told that qualitative iron and sulfate reduction rates were affected by temperature in 
incubation experiments, leading to decreasing iron reduction above 10°C and an optimum for 
sulfate reduction between 10°C and 20°C, which was > 10°C above the current in situ 
temperature of 2°C (chap. 4). This agreed with previous experiments, showing that the 
temperature leading to highest sulfate reduction rates was 10 to 15°C higher than the in situ 
temperature, but still specific for different locations such as temperate or permanently cold 
sediments (Finke and Jørgensen 2008). However, in situ water/sediment temperatures of 10°C 
at the Antarctic Peninsula are still very far in the future. Different models predicted a 
temperature increase by up to 3°C until 2100, so reaching up to 5°C in situ temperature (Bopp 
et al. 2013, Moore et al. 2013), while more recent studies suggested that these models 
underestimate the change due to polar amplification effects (Casado et al. 2023). Still, 10°C 
sea surface temperature in the Antarctic is a far future scenario.  
 
In conclusion, global warming probably will affect and already affects Potter Cove in two 
major ways. Firstly, temperature increase has likely a direct negative impact on primary 
productivity in the water column and shifts the microbial community, while presumably still 
remaining their function, in the sediments. Secondly, accelerated glacial melting could 
influence primary productivity positively by revealing more area for macroalgae colonization, 
but also negatively by more SPM in the water column. Further, it probably changes the nutrient 
supply into the sediments, which is likely the much more important factor for the microbially 
influenced carbon cycle in these coastal Antarctic sediments. 
6.3 Cryptic sulfur cycling in glacial influenced Antarctic sediments 
6.3.1 Sulfur cycling in marine sediments 
Iron and, to a lower extend, manganese reduction were clearly identified as important processes 
for final organic matter mineralization in sediments of South Georgia and Potter Cove by 
geochemical profiles of the pore water and the incubation experiments with acetate (discussion 
above, chap. 2-5, Monien et al. 2014, Henkel et al. 2018). However, also sulfate reduction was 
a main contributing process to organic matter mineralization in many marine sediments 
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(Jørgensen 1982, Vandieken et al. 2006c, Arndt et al. 2013, Liang et al. 2023). The depletion 
of sulfate in the pore water of Potter Cove and South Georgia sediments suggested some 
occurring sulfate reduction, likely concurrent with iron reduction (chap. 2, 3, 5, Monien et al. 
2014). While the depletion of sulfate was higher in the center of the cove than close to the 
glacier (STA14 chap. 5 vs. STA01 chap. 3; Monien et al. 2014), no free sulfide was detected 
in the pore water of any station. The abundance of sulfate reducing and sulfur cycling bacteria 
in all investigated in situ sediments, i.e., Desulfobacteraceae, Desulfobulbaceae, 
Desulfosarcinaceae and Desulfocapsaceae (Jørgensen et al. 2019, Diao et al. 2023), further 
indicated occurring sulfate reduction (Table 1; chap. 2, Fig. 3; chap. 3, suppl. Fig. S8; chap. 5, 
Fig. 4). However, in none of the conducted experiments an enrichment or labeling of typical 
sulfate reducers by sulfate and acetate, a typical electron donor for this process (Sørensen et al. 
1981, Winfrey and Ward 1983, Vandieken et al. 2006c), was observed (chap. 2, 4, 5).  
This raised two major questions: (1) what happened with the sulfide produced by sulfate 
reduction? and (2) on which electron donors did the sulfate reducers thrive? 
Cryptic sulfur cycling by sulfide reoxidation masking sulfate reduction 
For answering question one, we need to have a look at the sulfur cycle in marine sediments, 
which was described in more detail in the introduction of this thesis. The sulfur cycle in marine 
sediments is tightly linked with other element cycles, e.g., the iron and manganese cycle, by 
biotic and abiotic reactions (Wasmund et al. 2017). Up to 90% of sulfide produced by sulfate 
reduction is rapidly recycled and can be reoxidized through different intermediates back to 
sulfate (Jørgensen et al. 2019). The gross sulfate reduction rate can be masked by replenishing 
of the sulfate pool from reoxidation or diffusion from overlying seawater, leading to a “cryptic 
sulfur cycle” (Canfield et al. 2010, Findlay et al. 2020). The reoxidation of sulfide can be 
abiotic or microbially mediated and is ultimately linked to the reduction of oxygen, directly or 
by reoxidation of upwards diffusing reduced compounds, contributing to substantial oxygen 
consumption of marine sediments (Jørgensen 1982, Luther et al. 2011). Biotic sulfide oxidation 
rates were calculated to exceed abiotic rates due to thermodynamic and kinetic constraints in 
most environments (Luther et al. 2011), but biotic and abiotic reactions cannot be viewed as 
isolated systems and are therefore both very important.  
Abiotic sulfide reoxidation 
For abiotic oxidation, sulfide can get into direct contact with oxygen by upward diffusion or 
by the transportation of oxygen into deeper sediment layers by bioturbation (Pischedda et al. 
2008, van de Velde and Meysman 2016) or, specifically in glacial influenced environments 
such as Potter Cove and South Georgia, iceberg scouring (Betzler et al. 2016). Additionally, 
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sulfide can be abiotically oxidized by iron and manganese oxides incompletely to sulfur 
intermediates such as elemental sulfur or thiosulfate, or completely to sulfate (Jørgensen and 
Nelson 2004, Poulton et al. 2004, Luther et al. 2011). Both metal oxides were present in the 
sediments of Potter Cove and South Georgia (chap. 3, Monien et al. 2014, Henkel et al. 2018, 
Schlosser et al. 2018), indicating the possibility of this process. Ferrous iron, produced by 
microbial or abiotic iron reduction, could precipitate with sulfide to FeS and finally form pyrite 
(Jørgensen 1977). Pyrite was especially detected in higher amounts close to the glacial front, 
where it was proposed to originate mainly from eroded bedrock, but also from the sulfidization 
of iron (Henkel et al. 2018). Pyrite represents the main sulfur pool in marine sediments, while 
other products of sulfide reoxidation such as elemental sulfur and FeS are more rapidly further 
oxidized to sulfate, replenishing the sulfate pool and masking sulfate reduction (Jørgensen and 
Nelson 2004). In the investigated sediments, all described abiotic processes likely contributed 
to the reoxidation of sulfide. 
Biotic sulfide reoxidation 
There are different biotic processes that can further contribute to sulfide oxidation; sulfide can 
be oxidized by microorganisms coupled to the reduction of electron acceptors such as oxygen, 
and nitrate (Jørgensen and Nelson 2004) or, as recently demonstrated, manganese oxides 
(Henkel et al. 2019). Microorganisms developed different strategies such as long distance 
electron transfer or internal storage compounds to access their electron acceptors and donors, 
as these are usually spatially separated (Wasmund et al. 2017). Well known typical sulfide or 
sulfur oxidizers such as Thiobacillus, Thiomicrospira or large sulfur bacteria within the family 
Beggiatoaceae (Jørgensen and Nelson 2004, Wasmund et al. 2017) were not found in the 
investigated sediments or incubation experiments (chap. 2-5). However, there is also a diversity 
of microorganisms capable of oxidizing reduced sulfur compounds across 
Alphaproteobacteria, Gammaproteobacteria and Campylobacterales such as uncultured 
Rhodobacteraceae, Sedimenticola, Thiotrichaceae (Cocleimonas, Leucothrix, Thiothrix), 
Arcobacter, Sulfurovum or Sulfurimonas (Grabovich et al. 2002, Tanaka et al. 2011, Lenk et 
al. 2012, Wasmund et al. 2017). Some of these taxa were detected especially in sediments close 
to the surface and in the slurry incubation background (Table 1). 
Cable bacteria in Potter Cove sediments 
Interestingly, in sediments of the central Potter Cove (STA14), sequences associated with cable 
bacteria (Candidatus Electrothrix) were detected down to 12 cm core depth (chap. 5). These 
bacteria can couple the oxidation of sulfide to the reduction of oxygen or nitrate via long-
distance electron transport over multiple centimeters (Nielsen et al. 2010, Pfeffer et al. 2012, 
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Dong et al. 2024), but were not detected in Antarctic sediments previously and were usually 
found in shallower sediment layers (Dong et al. 2024). This raised the question how they could 
survive at such unusual depths, since they typically can bridge only 1-2 cm from sulfide source 
to oxygen at the sediment surface (Pfeffer et al. 2012, Dong et al. 2024). They were typically 
detected in undisturbed, stable sediments or stable patches in more disturbed sediment (Dong 
et al. 2024). This agreed with their abundance only further out in the cove rather than near the 
glacier, as the water depth was much deeper and the sediment was likely less disturbed by 
icebergs at the central site in the cove. 
Sulfur disproportionation 
Another likely contributing biotic process was disproportionation of elemental sulfur or 
thiosulfate to sulfide and sulfate (Finster 2008, Michaud et al. 2020). Microorganisms known 
for sulfur disproportionation can be found in many taxonomic groups such as within 
Desulfobulbales (Desulfocapsa, Desulfobulbus) or Campylobacterales (Sulfurovum, 
Sulfurimonas) (Slobodkin and Slobodkina 2019). These taxa were also detected in the 
investigated sediments and incubation experiments of Potter Cove and South Georgia, 
indicating that this process could also contribute to cryptic sulfur cycling in the studied 
environments (Table 1). 
Despite the many arising questions, the occurrence of different sulfur cycling microbes 
suggested active sulfide oxidation, sulfate reduction and disproportionation in these sediments. 
Potentially, there were even more present microbes involved in this process, which were not 
previously associated with sulfur compound oxidation. It was suggested that there is likely a 
vast diversity of so far undiscovered sulfur oxidizing microorganisms, as some of the best 
known sulfur oxidizers were actually not abundant in the environment and did not account for 
estimated sulfur compound oxidation rates (Wasmund et al. 2017). 
Electron donors for sulfate reduction 
Geochemical profiles and in situ microbial communities alone were not sufficient to answer 
the second question, which electron donor was utilized by observed sulfate reducing 
microorganisms. As already mentioned, typical sulfate reducers were not enriched or labeled 
with acetate as electron donor in the variety of experiments performed in the framework of this 
thesis. Other recent literature showed a similar lack of labeling of sulfate reducers by acetate, 
or also lactate, butyrate, propionate and ethanol (Cho et al. 2020, Yin et al. 2024).   
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However, in initial SIP experiments (chap. 2, Aromokeye et al. 2021), typical sulfate reducers 
were detected in the light fractions, indicating that they apparently did not feed on the provided 
acetate but showed some activity nonetheless. Multiple sulfate reducers are known to prefer 
fermentation products with higher molecular weight such as lactate, propionate or butyrate that 
they can oxidize incompletely (Sørensen et al. 1981), producing acetate but not utilizing it 
(Oremland and Silverman 1979, Lie et al. 1999). Others thrive autotrophically by fixing CO2 
and oxidize the fermentation product hydrogen (Oremland and Polcin 1982, Finke and 
Jørgensen 2008). Thus, chapter 5 of this thesis aimed to investigate this phenomenon in a more 
targeted approach by also testing an autotrophic lifestyle for sulfate reducers. 
Sulfate reducing microorganisms 
Sulfate reduction rate measurements with radioactive sulfate clearly showed a stimulation of 
this process by the addition of acetate and hydrogen, indicating the presence of a microbial 
community in the slurry, which could be activated and was able to utilize these substrates (chap. 
5). In accordance with previous observations, typical sulfate reducers were again not labeled 
with acetate. The exception was Desulforhopalus, a known sulfate reducer (Isaksen and Teske 
1996) which was labeled in low abundance (3.5%) in the treatment with the highest sulfate 
reduction rate amended with hydrogen, acetate and sulfate (chap. 5). 
However, the vast majority of sulfate reducers was found in the light fractions especially in 
treatments with hydrogen addition (Table 1, chap. 5), but no labeling was observed by 
13C-labeled dissolved inorganic carbon (DIC), which would have been expected if they 
performed an autotrophic lifestyle. Instead, Sulfurimonas was the most active and labeled 
microorganism, whose activity and potential metabolism is being discussed below in detail. In 
addition, some taxa, e.g., Desulfobulbaceae and Desulfocapsa, were labeled with 13C-DIC. 
Isolated strains of these taxa are capable of sulfate reduction but also sulfur compound 
disproportionation (Slobodkin and Slobodkina 2019). Disproportionation or reduction of more 
reduced sulfur compounds, such as elemental sulfur or thiosulfate, was the more likely 
performed metabolism in this experiment, as discussed in further detail in chapter 5 (Table 1, 
chap. 5). I propose that the observed sulfate reduction was performed by Sva0081, unclassified 
Desulfosarcinaceae, SEEP-SRB4 and unclassified Desulfocapsaceae detected in the 
isotopically light fractions of RNA-SIP experiments (chap. 5), using an unknown electron 
donor from the sediment. All of these microorganisms were detected in Potter Cove sediments 
and some were detected in South Georgia sediments (Table 1), suggesting that they might 
indeed be responsible for sulfate reduction in situ. 
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Importance of sulfur cycling reactions at different sampling locations 
Sulfur cycling likely differed between the investigated stations, suggested by differing 
geochemical profiles and microbial communities. For sediments of South Georgia and close to 
the glacial front in Potter Cove (STA01), ferrous iron was present in the pore water through 
the whole length of the core, > 30 cm, without distinct surface peaks, while sulfate decreased 
only slowly with depth or stayed even stable (Fig. 2 chap. 2, Fig. 2 chap. 3). 
In general, the rates of iron and sulfate reduction and other associated microbial sulfur cycling 
were likely much lower in close proximity to the glacier due to lower availability of organic 
matter compared with more distant sites, as also visible from increasing TOC values, for the 
top 1 cm of the sediment, with further distance to the glacier (Monien et al. 2014), as discussed 
in more detail above. Independent of the actual used electron donor, sulfate reduction was still 
dependent on supply of organic matter; even if they did not use it directly, then they used 
hydrogen produced by fermentation of organic matter. Gross sulfate reduction rates, estimated 
by depletion of sulfate, were likely largely underestimated due to replenishing of the sulfate 
pool by diffusion from the water column and reoxidation of produced sulfide, leading to the 
described cryptic sulfur cycle (Canfield et al. 2010, Findlay et al. 2020). Lower sulfate 
reduction rates can promote this effect even further as less sulfate is removed in the first place. 
Sulfur cycling at glacial stations 
Stations in closer proximity to the glacier showed higher sedimentation rates (Monien et al. 
2017) and subsequent burial of reactive iron and manganese oxides at a higher rate. Therefore, 
abiotic reoxidation of sulfide by iron and manganese oxides was likely the dominant oxidation 
process in deeper sediment layers close to the glacier, as for iron oxides indicated by isotope 
signatures and increasing iron-sulfur compounds found with sediment depth (Henkel et al. 
2018). Different mixing processes that can supply oxygen to the sediment can accelerate sulfide 
oxidation; iceberg scouring was likely more important close to the glacier, mixing the sediment 
and simultaneously reducing the importance of bioturbation, as benthic organisms were 
removed (Deregibus et al. 2017). With further distance to the glacier, the importance of iceberg 
scouring vs. bioturbation were likely reversed (Pasotti et al. 2015). 
One major product of sulfide oxidation by iron oxides is pyrite, which is more stable than other 
products and the major sulfur pool buried in the sediments, therefore not contributing to 
complete reoxidation to sulfate (Jørgensen and Nelson 2004). The other main products of 
sulfide reoxidation are sulfur intermediates such as elemental sulfur; these can then be 
disproportionated by microorganisms, further replenishing the sulfate pool and feeding 
produced sulfide back into the reoxidation loop (Finster 2008). At these glacial stations, in 
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sediments at the surface, sulfide oxidation coupled to oxygen or nitrate reduction by 
microorganisms might still have contributed to sulfide reoxidation. In general, it was expected 
to detect iron reducing (Sva1033), sulfate reducing (SEEP-SRB4) and sulfur 
disproportionating (Desulfocapsa) microorganisms through the whole core depth, starting 
2-3 cm below sediment surface, while more typical sulfide oxidizers were expected close to 
the surface (Table 1). 
Sulfur cycle in distance to the glacier 
At sites with further distance to the glacier, the pore water sulfate decreased much more rapidly 
with depth and very high ferrous iron concentrations within the top 10 cm were observed (chap. 
5), suggesting higher rates of sulfate and iron reduction in general compared to glacial stations. 
The redox zonation was more condensed compared to glacial sites and there was likely a high 
recycling of iron occurring, producing fresh Fe(III) oxides, which were easily accessible for 
microbial reduction again (see discussion above). Sulfur cycling at this station might have 
occurred a bit differently than close to the glacier; the produced sulfide likely precipitated 
rapidly to FeS due to the high amounts of ferrous iron (Jørgensen 1977). FeS can be further 
oxidized to elemental sulfur or sulfate by manganese oxides (Jørgensen and Nelson 2004), 
replenishing the sulfate pool and producing dissolved manganese, which was observed in the 
pore water of these sediments (Monien et al. 2014). Easily bioavailable iron oxides, which are 
freshly produced by iron recycling, could be rapidly used by iron reducing microorganisms 
again instead of participating in reoxidizing sulfide, while more “aged” metal oxides were 

likely much less reactive towards sulfide as they were altered through diagenesis and 
encrustation with sediment compounds (Roden 2003, Raiswell 2011). This might have led to 
more pronounced biotic reoxidation of sulfide and different competition for available electron 
acceptors with further distance to the glacier compared to glacial front sites, as reflected in a 
slightly different microbial community (chap. 3 vs. 5). Furthermore, sulfide oxidizing microbes 
might have competed differently with each other for available electron acceptors. Detailed 
investigation of the abundance, activity and metabolic capabilities of the microbial community 
over depth by e.g., metagenomic and metatranscriptomic analyses can be used to explore these 
hypotheses further. 
6.3.2 The role of Sulfurimonas 
Known distribution and metabolic abilities of Sulfurimonas 
The genus Sulfurimonas harbors typical sulfur oxidizing microorganisms, abundantly found in 
deep-sea hydrothermal vent environments (Han and Perner 2015, Molari et al. 2023, Wang et 
al. 2023a), but also in other anoxic environments like marine pelagic water column (Henkel et 
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al. 2021), freshwater (Biderre-Petit et al. 2024) and sediments (Timmer-ten Hoor 1975, Cai et 
al. 2014, Wang et al. 2020, Wang et al. 2022a). They can use a wide range of electron donors 
such as sulfite, elemental sulfur, thiosulfate, sulfide and hydrogen (Han and Perner 2015). 
Oxygen and nitrate are the mainly used electron acceptors, but some species are also capable 
of using nitrite and manganese oxides (Han and Perner 2015, Henkel et al. 2019). So far, no 
species was found to utilize iron oxides or sulfate (Inagaki et al. 2003, Cai et al. 2014, Wang 
et al. 2020, Henkel et al. 2021). The tolerance towards potentially toxic compounds such as 
oxygen or sulfide differs between species, ranging from strict anaerobes (Cai et al. 2014) to 
atmospheric oxygen concentrations (Ratnikova et al. 2020, Molari et al. 2023) and from sulfide 
concentrations of a maximum of 20 µM (Henkel et al. 2021) to over 2 mM (Ratnikova et al. 
2020). Recently, disproportionation of elemental sulfur and thiosulfate was demonstrated for a 
few species (Wang et al. 2023b). Most Sulfurimonas species are autotrophs, fixing CO2 through 
the reverse TCA cycle, but a few also utilize organic compounds such as acetate (Han and 
Perner 2015, Henkel et al. 2021, Wang et al. 2021b). 
Occurrences of Sulfurimonas in projects of this thesis 
Sulfurimonas was found across all projects of this PhD thesis, but its extremely high abundance 
in the sulfate reduction SIP experiment (chap. 5, Fig. 7) mainly caught my attention. The 
experiments from chapter 5 were designed to identify the active sulfate reducers through stable 
isotope probing. Acetate and dissolved organic carbon were chosen as 13C-labeled substrate, 
so autotrophic and heterotrophic microorganisms could be targeted. Surprisingly, no typical 
sulfate reducers were labeled, but instead Sulfurimonas was labeled very heavily with both 
carbon sources (chap. 5). 
In addition to this SIP experiment, Sulfurimonas was also found with low abundance, but still 
very clearly labeled with acetate, in multiple SIP experiments with Potter Cove and South 
Georgia sediment, when molybdate was not present (chap. 2, 4, 5, Aromokeye et al. 2021). 
However, the presence of acetate seemed not to be crucial, as enrichment of Sulfurimonas was 
also visible in simple slurry experiments after a longer incubation time (20 days) in the 
background (chap. 3, suppl. Fig. S6). Indication for potential labeling was also visible with 
DIC in the incubation experiment with iron oxides and macroalgae with Potter Cove sediment 
from a site close to the glacier (Aromokeye et al. 2021). Furthermore, we could enrich 
Sulfurimonas up to 90% with acetate and sulfate in anoxic Widdel medium, reduced with 2 mM 
sulfide, transferred from slurry incubations prepared with Potter Cove sediment (unpublished 
data). 
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Phylogenetic relation between Sulfurimonas ASVs from Potter Cove 
The sequences of Sulfurimonas detected in the different experiments with Potter Cove sediment 
were compared (Figure 3), revealing two main ASVs (amplicon sequence variant) in slurry 
incubations (chap. 3-5) and one ASV from the enrichment (see above). The ASVs detected in 
slurry incubations were 98% identical with each other, even though the sediment originated 
from different sampling sites in the bay (chap. 3-5). Candidatus Sulfurimonas marisnigri was 
the closest related, cultivated species to both Sulfurimonas ASVs detected in the slurry 
experiments (99.2% identity). This species is very sensitive to sulfide (max. 20 µM), even 
though it requires it as electron donor (Henkel et al. 2019). This sulfide sensitivity was very 
different to the strain found in this thesis, which tolerated up to 3 mM sulfide (chap. 5, Fig. 5). 
The ASV in the sediment-free enrichment was only 90% identical to the slurry ASVs, likely 
representing a different genus. Thus, experimental results from the sediment-free enrichment 
must be taken with caution when implying a similar metabolism for strains detected in slurry 
incubations. Still, the enriched Sulfurimonas originated from the same sediment of Potter Cove, 
therefore it was present and able to survive in the same environment. 
Sulfide oxidation by Sulfurimonas 
As a general observation, enrichment and labeling of Sulfurimonas was always very prominent 
if also sulfate was supplied and was mostly inhibited if molybdate was used as sulfate reduction 
inhibitor. This implied that Sulfurimonas was more or less dependent on sulfate, and sulfate 
reduction would be the most obvious metabolism. However, as mentioned above, this 
microorganism is not known to be capable of doing sulfate reduction. On the contrary, different 
Sulfurimonas pure cultures were tested for this metabolism and were not able to perform it 
(Inagaki et al. 2003, Cai et al. 2014, Wang et al. 2020). Also the dissimilatory sulfite reductase 
(DSR), the marker gene for sulfate reduction (Santos et al. 2015), was never found in genomes 
of Sulfurimonas (Wang et al. 2021b, Biderre-Petit et al. 2024). We proposed that the observed 
activity of Sulfurimonas was fueled by sulfide oxidation and a syntrophic relationship to other 
microorganisms producing this sulfide, i.e. sulfate or sulfur reducers or sulfur 
disproportionaters (chap. 5). 
Utilized electron acceptor by Sulfurimonas 
The open question that remained was, which was the electron acceptor used by Sulfurimonas 
under these conditions? The typical electron acceptors utilized by this genus, i.e. nitrate and 
oxygen, should neither have been available in sediment-free enrichment nor in the slurry 
incubations. Even though I deem it very unlikely, I cannot completely exclude the possibility 
of oxygen penetration into the experiments. However, any penetrating oxygen should have 
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reacted very rapidly with the free sulfide and free ferrous iron, which were measured during 
the incubations.  
Other possible present electron acceptors, at least in the slurry environments, were metal 
oxides. The use of manganese oxides was tested in Potter Cove sediments, resulting in no 
indications for this metabolism for Sulfurimonas (chap. 3). Iron reduction coupled to acetate 
oxidation was tested on the Sulfurimonas enrichment, and there were no indications for this 
metabolism either (unpublished data). Metagenomic and metatranscriptomic sequencing was 
performed on the Sulfurimonas enrichment and revealed a high expression of multiheme 

Figure 3: Phylogenetic tree of 16S rRNA gene sequences of the family Sulfurimonadaceae. ASVs retrieved in this thesis were marked with blue triangle: “slurry ASV” 1 and 2 of slurry incubations (chap. 3-5), “enr ASV” of sediment-free enrichment (see text). 16S rRNA gene sequences for tree construction were retrieved from good quality genomes (completeness, contamination) of GTDB using barrnap. The tree was calculated from 51 non-redundant sequences with a length > 1000 bp using fast tree with 1500 bootstraps. Shorter and ASV sequences were added after tree computing with epa-ng and gappa. Bootstrap values > 0.8 were displayed. 
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cytochromes (unpublished data), which can be involved in extracellular electron transfer (Shi 
et al. 2016). 
I suggest that Sulfurimonas used another microorganism as electron sink (chap. 5). This was 
proposed previously for Sulfurimonas, with cable bacteria as the electron accepting partner 
(Vasquez-Cardenas et al. 2015). However, the question remained which electron acceptor was 
used by this partner organism. Sulfate was of course the electron acceptor available in all these 
incubations, but this would create a perpetuum mobile, circling electrons from sulfate to sulfide 
and back to sulfate again without another energy source. Syntrophic interactions involving the 
cycling of sulfur compounds between different microorganisms were shown for multiple mixed 
cultures, e.g., sulfate reducer Desulfovibrio desulfuricans with sulfide oxidizer Thiobacillus 
thioparus (van den Ende et al. 1997) or sulfate reducer Desulfovibrio vulgaris and phototroph 
Chromatium vinosum together with a third syntrophic partner, either Escherichia coli 
fermenting glucose (Loka Bharati et al. 1980) or a bacterium anaerobically degrading cellulose 
(Loka Bharati et al. 1982). However, these reactions were energetically possible because they 
were driven either by light energy or by a powerful electron acceptor, i.e., oxygen. For the 
proposed syntrophic consortium of sulfate reducers, Sulfurimonas and another microorganism, 
this extra energy source needs to be identified. 
Possibility of disproportionation by Sulfurimonas 
Disproportionation would circumvent the need for an electron acceptor and was demonstrated 
recently for some strains of Sulfurimonas (Wang et al. 2023b). For example, thiosulfate or 
elemental sulfur, produced by partial reoxidation of sulfide originating from sulfate reduction, 
could be used by Sulfurimonas. However, molybdate addition, which inhibits sulfate reduction 
but also thiosulfate and elemental sulfur disproportionation (Finster et al. 1998), affected the 
abundance and labeling of Sulfurimonas negatively (chap. 2, 5). Still, Sulfurimonas was labeled 
to a low amount even with molybdate addition in the presence of hydrogen, sulfate and 
potentially sulfur reducing microorganisms (chap 5), indicating that there was at least one other 
metabolism it could thrive on, even if it did perform disproportionation in some treatments. 
 
The combined results of this thesis showed a potential novel strain of Sulfurimonas capable of 
performing an anaerobic, mixotrophic lifestyle under psychrophilic conditions. Additionally to 
the presence of Sulfurimonas in Antarctic sediments of Potter Cove (chap. 5), it was also 
detected up to 5% relative abundance in Arctic sediments of Svalbard (Vishnupriya et al. 2021). 
Open questions regarding the exact metabolism remained and further experiments are needed 
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to investigate this. It will enable us to draw further conclusions regarding its global importance 
not only in hydrothermal vent environments, but also in anoxic sediments.  
6.4 Conclusion and outlook 
In this thesis the question was tackled which final terminal electron acceptors and associated 
microorganisms were responsible for the final steps of organic matter mineralization by 
studying acetate degradation in Antarctic marine sediments. I could show that this process was 
mainly coupled to iron reduction in glacial sediments from two (sub-) Antarctic locations: in 
the Cumberland Bay fjord system at South Georgia and in Potter Cove at King George 
Island/Isla 25 de Mayo at the northern tip of the West Antarctic Peninsula. Both locations are 
already heavily affected by global warming with rapidly retreating glaciers. These glaciers 
supply nutrients through glacial meltwater into the surrounding sediments and especially iron 
oxides enter the sediments by this process. This thesis showed how crucial this iron oxide 
supply was for organic matter degradation in the form of acetate oxidation. Under the right 
circumstances, also manganese oxides were shown to contribute to acetate oxidation. But first 
and foremost, the microbial community in sediments of Potter Cove seemed to depend on the 
constant fresh supply of iron oxides to keep up the iron reducing activity. Therefore, a change 
in meltwater supply in that system would likely highly influence the processes in the sediments.  
In both, sediments of South Georgia and Potter Cove, a core bacterial community was 
identified, which was responsible for the acetate degradation. The major taxon was the 
uncultured family Sva1033 (Desulfuromonadales) which was detected in many recent studies 
also in other, iron influenced, cold sediments. This further underlined its importance as key 
acetate degrader and iron reducer in a variety of mainly cold environments. A few other 
bacterial taxa contributed majorly to acetate degradation under the right conditions, but were 
not as abundant in situ, i.e. Desulfuromonas, Desulfuromusa and Arcobacteraceae, and were 
likely to occupy more specific niches. In a future changing environment where their 
environmental conditions were met, they would likely increase in abundance and activity. 
Surprisingly, no sulfate reducers seemed to contribute to acetate degradation; besides similar 
observations made in recent RNA-SIP experiments (e.g., Yin et al. 2024), these results were in 
contrast with many other experiments with pure cultures of sulfate reducers or sediments from 
Arctic or temperate environments. This might imply that they did not take part in organic matter 
mineralization in these environments and thus they avoided the competition for organic 
compounds with iron or manganese reducers. However, it was not possible to label sulfate 
reducers with DIC, which would have identified them as autotrophs. It would be necessary to 
test more different substrates, also fermentation products with higher molecular weight such as 
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lactate or butyrate, to see if sulfate reducers used these substrates instead. Sulfate reducers were 
very abundant in situ, so the next step would be to identify the exact processes they were 
involved in. I proposed their sulfate reducing activities by taxonomic affiliation, but further 
analyses such as metagenomics, metatranscriptomics and quantitative analyses such as qPCR 
of marker gene transcripts are needed to investigate these hypotheses. 
With the observation of apparent different activities and communities in Antarctic compared 
to Arctic environments, another question arose about the used methodology. Stable isotope 
probing experiments, or also in general incubation experiments, priming for different metabolic 
processes are quite rare with Arctic sediments. It would be interesting to apply the same 
methodology we used in this thesis systematically to sediments from other locations, such as 
Arctic fjord systems or also shelf sediments from the Arctic and Antarctic. 
In general, the microbial sediment community of the Antarctic is severely understudied. This 
thesis contributed with results about microbial physiology and a brief description of the 
microbial community for some sites of Potter Cove. As a next step, a thorough description of 
the microbial sediment community in the cove would be interesting, especially regarding 
spatial location in the bay and distance to the glacier and observed geochemical signatures. 
Furthermore, the possibility of a cryptic sulfur cycle, masking the production of sulfide and 
depletion of sulfate, would be interesting to study in more detail in the sediments of Potter 
Cove. This could be achieved by geochemical analysis of the solid phase iron, sulfur and 
manganese compounds and their isotopic composition, comparing sampling sites at different 
locations in the bay. 
In the context of climate change and retreating glaciers, especially the quality of iron oxides 
supplied by the glacial meltwater will change or has already changed, as the glaciers retreat on 
land and the metal oxides are altered during the transport through the oxic environment. Up-
to-date data from recent years about the quantity and distribution of suspended particulate 
material in Potter Cove would help to confirm or deny these predicted changes. These will 
likely influence the microbial community and the processes they conduct, hence also CO2 
emissions caused by organic matter degradation. Comparing a time series of samples from the 
same location over the years would shed first light on the question of what is expected to 
happen in the future with the sediment microbial communities. This knowledge could then be 
projected to other locations in Antarctica allowing to predict changes in the element cycles in 
the future due to global warming. 
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