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Summary 

Pyrite (FeS2) is the most abundant iron-sulfide mineral on Earth and vast amounts are 

produced annually in marine sediments. However, it is yet unclear, which of the known 

mechanisms of pyrite formation is dominating or how pyrite formation is influenced by 

microorganisms. The present thesis investigated an enrichment culture (culture J5) 

derived from digested sewage sludge. With iron(II) mono-sulfide (FeS), dihydrogen 

sulfide (H2S) and carbon dioxide (CO2) as sole substrates, cell numbers increased 

tenfold within 3 to 8 months, and FeS was transformed completely to intermediate yet 

undefined FeSx phases, greigite (Fe3S4) and pyrite. The process followed a clear 

biological temperature profile that was also reflected by methanogenesis. A 16S rRNA 

gene-based phylogenetic analysis indicated the presence of at least five different 

bacterial and one archaeal species. The latter was closely related to the 

hydrogenotrophic, methanogenic Methanospirillum stamsii and likely responsible for 

methane formation in culture J5. With the exception of uncultured Firmicutes and 

Actiobacteria, sulfate-reducing Deltaproteobacteria dominated the bacterial species 

and two strains closely related to Desulfovibrio sulfodismutans were isolated. They 

were identified as a new genus and species within the Desulfovibrionaceae for which 

the name Desulfolutivibrio sulfoxidans was proposed. Further studies on culture J5 

showed presence of zero-valent sulfur species [S0], and Raman spectroscopy found 

hints for polysulfides on cell and mineral surfaces. Furthermore, addition of polysulfides 

resulted in pyrite formation in abiotic experimental setups without addition of culture 

J5. Consequently, pyrite formation via the polysulfide pathway, as an alternative to the 

H2S pathway, is considered to occur in culture J5 and discussed in detail. Marine 

sediment enrichment cultures formed methane as well, but Fe-S mineral 

transformation stopped with the intermediate Fe-S mineral greigite.  

The results of this thesis show that bacteria mediate pyrite formation at ambient 

temperatures through syntrophic interaction with methanogenic archaea. Although the 

underlying mechanisms remain to be elucidated, this emphasizes that the role of 

microorganisms in Fe-S mineral transformation is beyond H2S production and the 

provision of nucleation surfaces. These potentially new mechansisms as well as the 
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resulting release of molecular hydrogen used by methanogenic archaea opens new 

perspectives on the diversity of metabolic activities in the deep biosphere. 



 

 7 

 

Zusammenfassung 

Pyrit (FeS2) ist das häufigste Eisensulfidmineral der Erde und wird jährlich in großen 

Mengen in marinen Sedimenten gebildet. Unklar ist jedoch, welcher der bekannten 

Mechanismen der Pyritbildung dabei dominiert und inwiefern die Pyritbildung durch 

Mikroorganismen beeinflusst wird. Die vorliegende Arbeit untersucht eine 

Anreicherungskultur (Kultur J5) aus Faulschlamm. Mit Eisen(II)-Monosulfid (FeS), 

Schwefelwasserstoff (H2S) und Kohlenstoffdioxid (CO2) als einzigen Substraten 

verzehnfachte sich die Zellzahl innerhalb von drei bis acht Monaten. FeS wurde 

vollständig in intermediäre, nicht weiter definierbare FeSx-Phasen, Greigit (Fe3S4) und 

Pyrit umgewandelt. Der Prozess folgte einem biologischen Temperaturprofil, was sich 

in der Methanbildung widerspiegelte. Eine auf dem 16S rRNA Gen basierende 

phylogenetische Analyse wies auf mindestens fünf verschiedene Bakterienarten und 

eine Archaeenart hin. Letztere ist eng verwandt mit dem Wasserstoff-verwertenden, 

Methan-bildenden Methanospirillum stamsii und wahrscheinlich für die Methanbildung 

in Kultur J5 verantwortlich. Mit Ausnahme von nicht kultivierten Firmicuten und 

Actinobakterien, wurden die die Bakterien in Kultur J5 von sulfatreduzierenden 

Deltaproteobakterien dominiert. Von diesen wurden zwei eng mit Desulfovibrio 

sulfodismutans verwandte Stämme isoliert und als neue Art und Gattung innerhalb der 

Desulfovibrionaceae identifiziert, für die der Name Desulfolutivibrio sulfoxidans 

vorgeschlagen wurde. Weitere Untersuchungen in Kultur J5 zeigten die Anwesenheit 

von Elementarschwefel [S0] und Anzeichen von Polysulfiden auf Zelloberflächen und 

Mineralien konnten mittels Raman-Spektroskopie nachgewiesen werden. Darüber 

hinaus führte die Zugabe von Polysulfiden zu Pyritbildung in Abwesenheit von Kultur 

J5. Aus diesen Gründen wurde der Polysulfidweg als Alternative zum H2S-Weg für die 

Pyritbildung in Kultur J5 in Betracht gezogen und im Detail diskutiert. Auch marine 

Sedimentanreicherungen bildeten Methan, jedoch endete die Umwandlung von Fe-S 

Mineralien bei dem intermediären Fe-S Mineral Greigit.  

Die Ergebnisse dieser Dissertation zeigen, dass Bakterien Pyritbildung bei 

Umgebungstemperaturen durch syntrophe Wechselwirkung mit einem methanogenen 

Partner ermöglichen. Obwohl die zugrundeliegenden Mechanismen noch geklärt 

werden müssen wird deutlich, dass die Rolle von Mikroorganismen bei der 

Umwandlung von Fe-S Mineralien über die H2S-Produktion und die Bereitstellung von 
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Nukleationsoberflächen hinausgeht. Die hier zugrundeliegenden, potentiell neuen 

Mechanismen, sowie die daraus resultierende Freisetzung von molekularem 

Wasserstoff, der von Archaeen für Methanogenese verwendet wird, eröffnen neue 

Perspektiven hinsichtlich der metabolischen Vielfalt in der tiefen Biosphere. 
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Chapter 1 – General Introduction 

Pyrite and its significance for human civilization 

Pyrite (FeS2) is the most abundant and most stable iron-sulfide mineral in the Earth’s 

biosphere (Rickard & Luther, 2007). It is found in the rocks that are around 3.86 Ga old 

(Smith et al., 2005), and has been at the root of human civilization. The name “pyrite” 

originates from the Greek word “pyr” (πυρ) for “fire”, which points towards its spark-

producing properties that were used to light fires since the late Middle Palaeolithic 

(around 50,000 years ago, Sorensen et al., 2018). The availability of a portable fire-

lightning technology facilitated the nomadic life style of prehistoric man and enabled 

the colonization of less amenable climate zones. Since then, pyrite has been a steady 

companion of humankind (Rickard, 2015). The bright, brassy appearance of pyrite 

stands out against everyday rocks in natural environments. Its superficial resemblance 

to gold led to the more popular term “fool’s gold”, and gave rise to many tales of honest 

confusions and premeditated trickery. Despite the nickname, pyrite is mined for gold, 

because quantities of silver, gold and other valuable trace elements can be found in 

arsenian pyrite ores (Reich et al., 2005). In modern civilization, the majority of pyrite is 

mined for industrial purposes. For centuries, pyrite has served as sulfur source, which 

was of great importance for the production of gunpowder in arms industry and formed 

the basis of nonvegetable pharmacy (Rickard, 2015). Nowadays, about 14 million tons 

of pyrite are mined annually (Rickard, 2015), most of which is used for sulfuric acid 

production for fertilizer manufacturing, ore processing, oil refining, wastewater 

processing and chemical synthesis (Figure 1, https://www.marketwatch.com, Feb. 

2020). Additionally, ongoing research tests its applicability as a cheap photovoltaic 

absorber of radiant energy in solar-energy projects, or as a component in rechargeable 

lithium batteries (Bi et al., 2011; Douglas et al., 2015; Pender et al., 2020). 

Besides all its benefits, pyrite is also involved in various geohazard formations. Its 

association with trace elements (Emerson et al., 1983; Rickard, 2012) makes pyrite a 

valuable source for such, but also brings along the dangers of their unintentional 

release into the environment: Pyrite roasting during sulfuric acid production results in 

pyrite ash waste enriched in toxic trace elements such as arsenic, copper, lead and 

nickel that contaminate the site of deposition (Gallego et al., 2016; Oliveira et al., 2012; 
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Tugrul et al., 2003; Yang et al., 2009). Furthermore, toxic trace elements are released 

if pyrite deposits are exposed to air, which in addition to the toxic load generates 

sulfuric acid and lowers the pH in surrounding soils and water bodies drastically (Figure 

1). This so-called acid mine drainage (AMD, Figure 1) can cause pH values as low as 

–3.6 (Nordstrom et al., 2000). Mine drainage occurs as a natural process as part of 

rock weathering, but is greatly enhanced by anthropogenic activity (e.g. mining and 

construction works), posing a major problem for the mining industry worldwide (Gray, 

1997). Pyrite is typically dispersed in coals and rocks (Emerson, 2019). If associated 

with coal, coal burning results in pyrite oxidation and sulfur dioxide (SO2) formation, 

which upon contact with atmospheric water transforms to sulfurous acid (H2SO3, Figure 

1). The resulting acid rain is harmful for plants, insects and aquatic life forms, causes 

corrosion of steel, weathering of rock and is detrimental for public health (Menz & Seip, 

2004). Comprehensive coordinated policy actions (such as the installation of flue-gas 

desulfuration in power plants, international treaties and emission trading) successfully 

decreased SO2 emissions around 80% in Europe, North America and some other 

countries. Nevertheless, the problem remains for countries with rapidly growing 

populations like China and India, who still have severe problems due to air pollution, 

and Europe and North America are facing acidification effects of past emissions that 

are proposed to affect ecosystmes for decades (Grennfelt et al., 2020; Wright et al., 

2005; Johnson et al., 2018)  

 



 

 13 

 

 

Figure 1. The global sulfur cycle. Fe-S minerals are eposed to air (e.g. by mining) and industrial 

procession, which leads to hazardous sulfur dioxide (SO2) and sulfuric acid (H2SO4) formation in 

the air and at the mining site (acid mine drainage, AMD). Sulfur from fertilizer or decaying organic 

matter is assimilated by plants, fungi and bacteria, and subsequently by animals. Alternatively, 

sulfate is washed out to end up in the ocean, resulting in an approximate concentration of 28 mM 

(Canfield & Farquhar, 2009). Sulfate (SO4
2-) reduction in the ocean sediments ultimately result in 

hydrogen sulfide (H2S) and Fe-S mineral formation that can be buried in sediments to form new 

Fe-S mineral ores.  

Pyrite and its significance for element cycling over geological time 

Pyrite formation and burial has controlled biogeochemical cycling of sulfur, iron, carbon 

and oxygen in the present and throughout geological time (Canfield & Farquhar, 2012), 

and is still the major process by which iron and sulfur are removed from the aquatic 

ecosystems (Figure 2, Berner, 1970). In the subsequent section, the biogeochemical 

zonation of typical marine sediments is described briefly, after which the focus is put 

on the connection of pyrite formation with the S-, Fe-, C- and O2- cycles. 
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Biogeochemical zonation in aquatic sediments 

It is assumed for all natural systems that the electron acceptor whose reduction 

provides the greatest amount of free energy is used first, followed by the next most 

yielding oxidant, until either all reactive organic matter is oxidized, or all available 

electron acceptors are consumed (Burdige, 2006; Frölich et al., 1979). This typical 

succession of respiratory processes leads to increasingly reduced conditions with 

depth and is called biogeochemical zonation (Figure 2). Classical biogeochemical 

zonation in aquatic sediments starts with aerobic processes, since oxygen respiration 

is energetically most profitable. The oxic zone is followed by the sub-oxic zone, which 

defines the area between the last detection of O2 and the first detection of sulfide 

(Rickard & Luther, 2007). This zone is dominated by reduction of nitrate (NO3
-), 

manganese Mn(III,IV) oxides and ferric iron Fe(III) in form of FeIII oxyhydroxides 

(Frölich et al., 1979). Sulfate (SO4
2-) reduction produces hydrogen sulfide (H2S), whose 

appearance is the onset of the sulfidic or anoxic zone. In most cases, the anoxic zone 

is indicated by a black FeS layer, due to the reaction of freshly produced sulfide and 

ferrous iron from the overlying sediment layers (Fuchs, 2014). Once all iron reacted 

with sulfide to Fe-S minerals, sulfide concentrations increase to a maximum, until the 

depth where sulfate no longer diffuses. At this point methane (CH4) formation by 

methanogenic archaea can be observed, which derives either by dismutation of 

acetate to methane and carbon dioxide (CO2) or by reduction of CO2 with molecular 

hydrogen (H2, Figure 2, Beulig et al., 2019). 

This classical biogeochemical zonation scheme is often disrupted by physical forcing 

and bioturbation, through which sulfide is re-oxidized by Mn(III,IV) and Fe(III) species, 

which themselves derive from oxidation of the reduced species with O2 (Burdige, 2006; 

Rickard & Luther, 2007). Furthermore, great variation occurs in between different 

oceanic regions. For example, close to continental shelfs oxygen is usually depleted 

within the first few millimeters of the upper sediment layers, while in other regions like 

the North and South Pacific Gyre oxygen penetrates down to at least 75 m (D’Hondt 

et al., 2015). Furthermore, sulfate can penetrate down to the ocean crust without 

detectable methanogenesis in  deep-sea sediments with very low sedimentation rates 

and correspondingly low organic carbon input (Egger et al., 2018). Then again, sulfate 

reduction can very well occur in upper sediment layers that are geochemically 
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characterized by iron reduction, although no net depletion is observed, because sulfate 

is rapidly supplied from the overlying seawater and sulfide is immediately re-oxidized 

(Canfield et al., 1993; Findlay et al., 2020). Rapid sulfide re-oxidation is also observed 

in freshwater habitats, where sulfate concentrations are usually in the micro-molar 

range (Pester et al., 2012). As in marine habitats, sulfate reduction in freshwater can 

be important for organic matter mineralization (Pester et al., 2012, references within). 

In the lacustrine sediments of Lake Michigan for example, sulfate reduction accounted 

for 19% of organic carbon mineralization with sulfate reduction rates of 156 nmol cm–

3 d–1 (Thomsen et al., 2004). Sulfate reduction in freshwater systems has additional 

relevance because it counteracts methane formation (Lovley & Klug, 1983). Although 

natural and anthropogenic freshwater habitats cover only 7% of the Earth’s land 

surface (Pester et al., 2012, references within) they account for 30-40% of global 

methane emission (Houweling et al., 1999; Wuebbles & Hayhoe, 2002), which, as a 

potent greenhouse gas, promotes global warming. Thus, sulfate reduction is proposed 

to reduce methane emission and thereby counteracts global warming (Gauci et al., 

2004). 
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Figure 2. Sulfur and iron cycles in marine sediments. Emphasis is laid on Fe-S transformation to pyrite. 

Sulfate (SO4
2-) is reduced to sulfide (H2S) by sulfate-reducing microorganisms. Most of the sulfide is re-

oxidized to intermediate sulfur species like elemental sulfur (S0), thiosulfate (S2O3
2-), tetrathionate (S4O6

2-), 

or sulfite (SO3
2-), which each can be further oxidized, reduced or dismutated. In the presence of elemental 

sulfur, sulfide reacts to polysulfides (Sn
2-). Sulfide and polysulfide both serve as reactants for ferrous iron 

species (Fe(II)), resulting in the formation of iron-sulfide complexes (FeHS+), clusters ((FeS)x) or disordered, 

solid mackinawite (FeSm). Subsequently, FeS species react with either H2S or polysulfides to pyrite (FeS2). 

Re-oxidation of the minerals occurs upon exposure to oxygen, but the majority is buried in sediments. 

Molecular hydrogen (H2) released during sulfide oxidation has been proposed to fuel the reduction of CO2 

to methane (CH4) by methanogenic archaea (Jørgensen et al., 2019). 
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Pyrite and the sulfur cycle 

Sulfur is (by mass) the fifth most common element on Earth (Morgan & Anders, 1980). 

Most sulfur is bound in minerals like pyrite (FeS2) or gypsum (CaSO4 · 2 H2O) (Muyzer 

& Stams, 2008). Weathering of these minerals (e.g. oxidation of pyrite or hydration of 

CaSO4) releases bioavailable sulfate into rivers, by which it is transported into oceans 

that cover 71% of the Earth’s surface (Figure 1, Angel, 2003). The continuous supply 

of sulfate results in marine sulfate concentrations of 28 mM (Canfield & Farquhar, 

2009), and the majority of sulfur (in form of Fe-S minerals) is most concentrated in the 

shallow sediment regions (down to 200 m depth)1, where 80% of global microbial 

sulfate reduction takes place (Rickard, 2012; Rickard et al., 2017). The sulfur cycle is 

primarily driven by sulfate reduction in the sulfidic, anoxic zone of sediments (Figure 

2). Sulfate (+VI)2 is reduced by sulfate reducing microorganisms (SRM) to sulfide (-II) 

through the oxidation of organic matter to acetate and/ or CO2 (Muyzer & Stams, 2008). 

This process is reversed by geochemical or microbial oxidation of the produced sulfide 

that can involve O2, NO3
-, Mn(III, IV), Fe(III), and other potential oxidants (Rickard, 

2012). This leads to the formation of intermediate sulfur species, of which elemental 

sulfur (S, 0), polysulfides (Sn
2-, formally with one sulfur atom in a –II oxidation state and 

the rest as zero-valent sulfur), tetrathionate (S4O6
2-, formally +V and 0 for the outer and 

inner S atoms, respectively), thiosulfate (S2O3
2-, -I and +V for the outer and inner S 

atom, respectively) and sulfite (SO3
2-, +IV) are the most important ones (Figure 2; 

Canfield & Farquhar, 2012; Vairavamurthy, 1998; Findlay, 2016). All these 

intermediates can be further oxidized (Jørgensen & Nelson, 2004), reduced (Rabus et 

al., 2013; Widdel & Bak, 1992) or dismutated (Bak & Pfennig, 1987; Thamdrup et al., 

1993). Only a minor fraction (ca. 10%) of sulfide reacts with Fe(II) to form iron(II) mono-

sulfide (FeS; Jorgensen, 1982; Rickard, 2012), which then transforms to either greigite, 

another metastable iron-sulfide mineral (Fe3S4), or pyrite (FeS2; Figure 2; Berner, 

1984; Rickard & Morse, 2005). The latter is the most stable form of iron-sulfide minerals 

(Schoonen, 2004), and if buried in the deeper sediment layers, iron and sulfur are 

effectively removed from the aquatic ecosystem (Figure 2). 

                                            
1 These continental shelf regions make up 8% of the total ocean surface (Fuchs, 2014). 

2 Roman numbers indicate the oxidation state of the sulfur, mangan or iron atom in the respective molecules. 
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Pyrite and the iron cycle 

Iron is (by mass) the most common element on Earth, and the fourth most abundant 

element in the Earth’s crust (Morgan & Anders, 1980). Despite that, iron concentrations 

in ocean waters are extremely low, usually in the nanomolar range (Johnson et al., 

1997; Rickard, 2012), which makes it one of the major factors controlling the rate of 

pyrite formation in marine sediments (Canfield 1988). Most iron occurs as particulate 

oxidized Fe(III) oxyhydroxides, such as ferrihydrite ((Fe)2O3•0.5H2O), lepidocrocite (γ-

FeO(OH)), goethite (FeO(OH)) and hematite (α-Fe2O3; Poulton & Raiswell, 2002; 

Raiswell et al., 2006). Main sources of Fe(III) oxyhydroxides for the continental shelves 

are rivers, aeolian dust and diagenetic recycling, while in the open ocean hydrothermal 

vents, icebergs and transports from the shelves are most important (Frants et al., 2016; 

Raiswell et al., 2006).  

Microorganisms that use Fe(III) for dissimilatory iron reduction are dealing with a solid 

rather than a dissolved electron acceptor, because ferric iron is highly insoluble at 

circumneutral pH (Lovley et al., 2004). Dissimilatory iron-reducing microorganisms are 

a phylogenetically divers group of bacteria and archaea (Kashefi & Lovley, 2003; 

Lovley et al., 2004). To enable extracellular electron transfer, microorganisms have 

acquired various mechanisms (Shi et al., 2016), including specific c-cytochromes that 

transport electrons across membranes and the periplasm to metal-reductase-

complexes at the outer membranes (e.g. in Geobacter sulfurreducens and Shewanella 

oneidensis, Shi et al., 2016). In addition, electron-shuttling compounds (e.g. humic 

compounds) enable electron transfer across short distances (Kappler et al., 2004), or 

released chelators help solubilize Fe(III) (Lovley et al., 2004). The predominant product 

resulting from chemical and biological Fe(III) reduction is soluble Fe2+ that, in the 

absence of sulfide, strongly adsorbs to sediment surfaces (e.g.its own oxides, Burdige, 

2006).  

Fe(III) and especially Fe(II) species readily react with S(-II) species, such as sulfide 

and polysulfides (Figure 2). It is assumed that Fe(III) oxyhydroxides are the major 

reactive iron phase for FeS formation (Rickard & Luther, 2007). A sulfide complex is 

built at the Fe(III) mineral surface and sulfide radicals are formed which react with 

Fe(III) to S0, while Fe(II) reacts with S(-II) to FeSm (Rickard & Luther, 2007). The latter 

is the key reaction for the formation of FeSm from aqueous solution, independently of 
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whether Fe(III) (oxy)hydroxides or hexaqua Fe(II) (Fe2+) is the reactant. Here, iron- and 

sulfur-cycle intertwine and the destiny of the Fe-S minerals decides about the 

availability of sulfur and iron to the aquatic ecosystem (Berner, 1970). 

Pyrite and the carbon and oxygen cycle 

Pyrite is formed from sulfide. Besides minor amounts (ca. 3%) of sulfide deriving from 

volcanoes and hydrothermal vent regions, the majority (ca. 97%) of sulfide in aquatic 

sediments is provided by SRM during the oxidation of organic matter (see above; 

Rickard, 2012). Sulfate supply to sediments is ensured by high sulfate concentrations 

in the overlying water phase. Therefore, the amount of pyrite is mostly defined by the 

amount and reactivity of organic matter (Berner 1984), and the presence of iron 

(Canfield 1988). Thus, pyrite formation is indirectly connected to the carbon cycle 

(Berner, 1984; Westrich, 1983). It was observed that the amount of organic matter 

burial (C) correlates with the amount of sulfur buried as pyrite (S), which is expressed 

as weight percent ratio C/S. In sediments with very low organic matter- (e.g. some 

deep ocean sediments) or low sulfate concentrations (freshwater habitats), C/S ratios 

were observed to deviate from the average marine value (Berner, 1984; Berner & 

Raiswell, 1983). Hence, the ratio is used as a rough paleo-salinity indicator, providing 

information on whether the original deposition occurred under freshwater or marine 

conditions (Berner & Raiswell, 1983). Nevertheless, relative amounts of metabolizable 

to inert organic carbon, sedimentation rate, iron concentration and bioturbation can 

affect C/S ratios, which needs to be considered to avoid misinterpretation of the data 

(Raiswell & Canfield 2012). 

Initially counter-intuitive, the burial of pyrite is not only positively correlated with organic 

matter concentrations, but also represents a net source of oxygen to the atmosphere 

(Berner & Raiswell, 1983; Canfield & Farquhar, 2012). Most organic matter utilized for 

sulfate reduction derives from photosynthetic microorganisms, and burial of the 

resulting sulfide as pyrite prevents its re-oxidation and results in a net increase in 

atmospheric oxygen (Lyons & Gill, 2010). This compares to the burial of organic matter, 

which also equates to net photosynthesis and a corresponding increase in oxygen 

(Lyons & Gill, 2010). Although nowadays, pyrite formation accounts for less than 25% 

of oxygen formation, it likely has been as important as carbon burial in controlling the 
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atmospheric oxygen concentration during much of the Proterozoic Eon  (2500 – 541 

million years BP, Canfield & Farquhar, 2012).  

Pyrite and the Origin of Life 

As shown by Louis Pasteur in 1862 in the elegant swan-necked flask experiment, life 

does not form spontaneously (Pasteur, 1862). Currently, it is assumed that all life on 

Earth has evolved from a single-celled last universal common ancestor (LUCA, 

Theobald, 2010). The earliest geological records are sedimentary rocks from West 

Greenland and the Nuvvuagittuq belt in Canada that are about 3.77- to possibly 4.28-

billion years old and include pyrite and chalocopyrite particles, respectively (Dodd, 

2017; Rickard, 2015). These (chalco-)pyrite particles appear to be formed from 

submarine hydrothermal vents instead through biological sulfur metabolism (Dodd, 

2017; Rickard, 2015), but carbon isotopic composition (Rosing, 1999; Tashiro et al., 

2017) and structural and mineralogical similarity of putative microfossils to modern 

precipitates (Dodd, 2017) show evidence for some of the earliest forms of life on Earth. 

The stone records indicate that water was present, and surface temperatures were at 

approximately 85 to 110°C (Kasting & Ackerman, 1986). Oxygen was absent (Canfield, 

2005; Lyons & Gill, 2010), and due to the high CO2 partial pressure, the Hadean ocean 

was likely mildly acidic (Grotzinger & Kasting, 1993). Life on Earth is carbon-based, 

and consequently, the formation of life requires the formation of carbon-carbon bonds 

from inorganic precursor molecules under the aforementioned conditions. This not so 

trivial reaction requires energy input, and all advocates of the “metabolism first” 

(opposed to “RNA-first”) hypotheses have to address this issue: 

In the Miller-Urey experiment performed in 1953, the required energy was delivered by 

lightning, and simple organic molecules like amino acids were produced from an array 

of precursor molecules (Miller, 1953). This demonstrated that organic molecules can 

form in a primordial soup of prebiotic molecules, as had been proposed before by 

Haldane (Haldane, 1929) and Oparin (Oparin, 1938).  

In 1949, J. D. Bernal introduced the idea that (clay-) mineral surfaces could support 

the organization and concentration of simple organic molecules to form putative self-

replicating molecules (Bernal, 1949). The idea became a popular theory in 1990 
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through the German chemist and patent lawyer Günther Wächtershäuser, who stated 

that pyrite formation provides the ideal basis not only to concentrate prebiotic 

molecules, but also to transform those inorganic precursors to complex self-replicating 

organic matter (Wächtershäuser, 1990). The energy delivering process was proposed 

to be pyrite formation from FeS and H2S (Eq 1, see below). This reaction, initially 

proposed by Berzelius in 1845 (Berzelius & Valerius, 1845), is nowadays known as 

“Wächtershäuser reaction”. It was shown to occur rapidly at temperatures from 25-

125°C (Rickard & Luther, 1997), and the energy released (41 kJ mol–1 at 25°C) is 

thought to fuel the formation of simple organic molecules in an autocatalytic feedback 

loop that could result in a metabolism resembling the reductive citric acid cycle 

(Wächtershäuser, 1990). Since the 90s, many experiments tested the potential of 

pyrite formation as an energy-delivering process for the formation of complex organic 

molecules from simple inorganic precursors (Fry, 2000; Hafenbradl et al., 1995; Heinen 

& Lauwers, 1996; Huber & Wächtershäuser, 1997, 1998), until in 2000, 

Wächtershäuser introduced a complete metabolic cycle from CO to peptides (Cody et 

al., 2000; Wächtershäuser, 2000).  

As an alternative to Wächtershäuser’s hypothesis, which promotes deep sea 

hydrothermal vents (“Black smokers”, ca 300°C) as the place from which life emerged, 

Michael Russel and his colleagues propose alkaline bisulfide-bearing submarine 

seepage waters (ca. 150°C) as the location for the origin of life (Russell & Hall, 1997). 

Sulfides released from the seepages and iron from the iron-bearing Hadean ocean 

would lead to spontaneous precipitation of colloidal FeS membranes interspersed with 

“bubbles” (Russell & Hall, 1997). These compartment-like structures potentially provide 

a stable, protected environment that retains newly formed molecules and prevents their 

dilution in the ocean. Such microcompartments were indeed discovered in the “Lost 

City Hydrothermal Field” located on the mid-Atlantic Ridge (Kelley et al., 2001). 

According to this hypothesis, energy is delivered by a natural chemiosmotic potential 

between the acidic Hadean ocean (pH 5-6) and the alkaline vent fluids inside the 

compartments (pH 9-10). The dominant metabolic processes are proposed to 

resemble the reductive acetyl-CoA or Wood-Ljungdahl pathway, with the difference 

that mineral surfaces instead of Fe-S proteins catalyse the reactions (Russell & Martin, 

2004). Thus, as in Wächtershäusers hypothesis, Fe-S minerals would have played a 

crucial role, not only by providing sheltered compartments and attachment surfaces, 



 

 22 

 

but also as catalysts in CO2 and CO reduction (Huber & Wächtershäuser, 1997; 

Russell & Martin, 2004). Experimental data support the idea that minerals alone can 

catalyze a primitive acetyl-CoA pathway (Heinen & Lauwers, 1996; Huber & 

Wächtershäuser, 1997; Russell & Martin, 2004). Comparative genomic studies support 

the hydrothermal vent theory and propose a primitive acetyl-CoA pathway as the most 

ancient metabolic pathway (Weiss et al., 2016) which is known from homo-acetogenic 

bacteria, methanogenic archaea, and some SRM (Erb, 2011). Although Preiner et al. 

(2018) recently showed that serpentation mechanisms at hydrothermal vents can 

promote the formation of organic molecules via iron-nickel instead of iron-sulfide 

minerals, strong support for the involvement of Fe-S minerals at the very basis of life 

derives from the fact that Fe-S clusters are present in all life forms as active centers in 

many different and often ancient enzymes and proteins with typically central roles in 

general redox reactions and electron trafficking (Beinert et al., 1997; Boyd et al., 2017 

and references within). A popular example is the CO dehydrogenase/Acetyl-CoA-

Synthase (CODH/ACS). CODH/ACS is the key enzyme of the acetyl-CoA pathway and 

exhibits several Fe-S clusters that include nickel as catalytic metal (Fontecilla-Camps 

& Volbeda, 2008). Despite the similarities between structure and reactivity of Fe-S 

minerals and biological Fe-S clusters in extant organisms, currently no organism is 

known to use the Wächtershäuser reaction for its energy metabolism. 
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Pyrite and the role of microorganisms in its formation 

The presence of organic matter in aquatic sediments correlates with that of pyrite, 

because SRM oxidize organic matter and reduce sulfate to sulfide, which subsequently 

reacts with ferrous iron to form first metastable FeS and later pyrite  (Figure 2, Berner, 

1984). Since sulfate reduction is kinetically hindered it does not occur in the absence 

of microbial catalysis below temperatures of 100°C (Rickard, 2012), and hence pyrite 

is almost entirely (96%) formed from microbially produced sulfide (Rickard, 2012; 

Trudinger et al., 1985). For long, the role of microorganisms in pyrite formation was 

thought to be limited to the production of sulfide, but during the last two decades 

increasing evidence indicated that their role reaches beyond. A study by Donald and 

Southam found that SRM are able to convert organic sulfur compounds to reactants 

for pyrite formation (e.g. Cysteine to H2S), and that the anionic sites of the bacterial 

cell walls bind Fe(II) which upon reaction with sulfide forms a thin FeS film that coats 

the inner and outer surface of cells (Donald & Southam, 1999). This was postulated to 

promote the reactivity of FeS with bacterially released H2S and accordingly accelerate 

the formation of pyrite (Donald & Southam, 1999). Furthermore, Canfield et al. showed 

that in cultures of sulfur dismutating bacteria rates of pyrite formation were 105 times 

higher compared to abiotic samples (Canfield et al., 1998). Data from more defined 

experimental set-ups suggest that size, morphology and potentially mineralogy of FeS 

that is formed in the presence of SRM differs from abiotically formed FeS, but that the 

biogenic transformation of FeS stops at greigite (Fe3S4) (Gramp et al., 2010; Picard et 

al., 2018; Stanley & Southam, 2018; Zhou et al., 2014a). Thus, the role of 

microorganisms in Fe-S mineral transformation, especially in pyrite formation, requires 

more research.  
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Mechanisms of pyrite formation  

Concerning the reactant iron(II) monosulfide (FeS) 

The formation series of pyrite (FeS2) starts with the reaction of H2S with ferrous iron 

minerals produced by sulfate-reducing and iron-reducing microorganisms, respectively 

(Berner, 1970). Iron(II) monosulfide is a general term used for mackinawite (FeSm) in 

its nanoparticular and solid form as well as for aqueous FeS clusters (FeSaq) that close 

the molecular gap between simple FeSH+ complexes and nanoparticulate FeSm 

(Figure 2; Theberge & Luther III, 1997). FeSm forms mainly in marginal sulfidic 

environments (S(-II) > 1 µM) with micromolar Fe(II) concentrations, but has rarely been 

reported for pyrite-forming sites with nanomolar iron concentrations like normal 

oceanic water (Rickard & Luther, 2007). Aqueous FeS clusters are stoichiometrically 

described as (FeS)x, where x can range from 2 to 150. At Fe150S150 the transformation 

to the first condensed phase FeSm starts (Rickard & Morse, 2005). In biochemistry, 

FeS clusters are well-known from the active centres of iron-sulfur proteins, and are 

involved in electron transfer processes in many key biochemical pathways (see 

above). In contrast to FeSm, aqueous FeS clusters are the dominant Fe(II) species in 

a wide range of natural aqueous and sedimentary environments with total S(-II) 

concentrations above 1 µM and neutral to alkaline pH (Rickard, 2006; Rickard & 

Morse, 2005). Consequently, FeSm is not an indispensable reactant for pyrite 

formation, and it is likely that pyrite forms from aquatic FeS clusters as well. This seems 

logical, since it was shown that the reaction from FeS to FeS2 is a dissolution reaction 

that always includes an aqueous iron(II) sulfide reaction intermediate (Rickard & 

Luther, 1997; Rickard, 1975). Congruently, FeSm, if available, does not transform to 

pyrite in a solid state reaction, but dissolves first and subsequently precipitates as 

pyrite (Rickard & Luther, 2007). 

Pyrite formation pathways: H2S vs. polysulfides  

There are currently three known pathways for pyrite formation (Canfield et al., 1998; 

Wan et al., 2014). One was so far only shown in the laboratory where pyrite formed via 

a ferric-hydroxide-surface pathway from ferric iron minerals and sulfide by the 

formation of an intermediate Fe(II)S2- species. This pathway was proposed to be of 
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relevance in environments with high iron and low sulfide concentrations and requires 

the presence of Fe(III) minerals (Wan et al., 2014). The other two pathways are known 

to occur in natural low-temperature aquatic environments in which pyrite forms from 

metastable FeS that reacts with either H2S (Eq 1.1) or polysulfides (Eq 1.2; Canfield et 

al. 1998). 

Eq 1.1    FeS + H2S à FeS2 + H2   ∆Gr
0’= –41 kJ mol–1 

Eq 1.2   FeS + Sn
2- à FeS2 + Sn-1

2-   ∆Gr
0’= –64 to –75 kJ mol–1* 

* ∆G values of Sn with n = 2-8 according to (Kamyshny et al., 2007) 

The dominance of the pathway in iron-rich environments (FeSm present), depends on 

the concentrations of H2S and Sn(-II), which in turn depend on pH and the presence of 

elemental sulfur. The presence of sulfur, and thereby polysulfides, is usually limited to 

sites close to the oxic-anoxic interface where H2S is oxidized by oxygen, nitrate, ferric 

iron or manganese (see above). H2S, on the other hand, is ubiquitously present in 

anoxic sulfidic (euxinic) environments (Butler et al., 2004; Zopfi et al., 2004). Kinetics 

derived from studies in inorganic systems show that the polysulfide pathway is 

relatively slow compared to the H2S pathway, except in the presence of significant 

concentrations of elemental sulfur (Butler et al., 2004; Rickard & Luther, 2007). 

However, isotopic studies in enrichment and pure cultures of sulfur-dismutating 

bacteria showed that pyrite formation rates were similar for both pathways (Canfield et 

al., 1998). Consequently, microorganisms appear to influence the pathway by which 

pyrite forms, and the elucidation of microbial impact on Fe-S mineral transformation is 

crucial to understand pyrite formation in marine sediment systems and its influence on 

microbial communities and biogeochemical cycles. 

  



 

 26 

 

  



 

 27 

 

Aim of this study 

Prior to this thesis, enrichment cultures were set up that were exclusively raised on 

FeS and H2S, with CO2 as sole carbon source, to test for pyrite formation mediated by 

microbial activity. After roughly 20 years of continuous cultivation with >20 transfers, 

the persisting microbial community must be able to use the available substrates, 

because otherwise it would have been diluted to extinction. The overall question 

addressed in the present thesis is whether, and if yes how, microorganisms in 

enrichment culture J5 influence pyrite formation. Therefore, it was tested if pyrite is 

formed in culture J5 and what organisms prevailed under the aforementioned 

conditions. Methane formation had previously been observed in the enrichment 

cultures and after 16S rRNA gene analysis indicated the presence of both archaea and 

bacteria, selective inhibition of the two groups was used to test for syntrophic coupling 

of methanogenesis to pyrite formation. Furthermore, the possibility of pyrite formation 

via the polysulfide as alternative to the H2S pathway was explored and attempts were 

made to isolate and characterize individual species from culture J5. 

The results show that microorganisms promote pyrite formation if coupled to 

methanogenesis, a syntrophic interaction that might also fuel microbial processes in 

the deep biosphere (Jørgensen et al., 2019). Furthermore, it introduces modern-day 

organisms that rely on iron-sulfur mineral transformation for growth, which may support 

the iron-sulfur world hypotheses on the origin of life. The energy-delivering reaction 

supporting growth in culture J5, as well as the pathway of pyrite formation is discussed 

but ultimatively remains open and requires further research. 
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Abstract 

The exergonic reaction of FeS with H2S to form FeS2 (pyrite) and H2 was postulated to 

have operated as an early form of energy metabolism on primordial Earth. Since the 

Archean, sedimentary pyrite formation played a major role in the global iron and sulfur 

cycles, with direct impact on the redox chemistry of the atmosphere. However, the 

mechanism of sedimentary pyrite formation is still being debated. We present microbial 

enrichment cultures which grew with FeS, H2S, and CO2 as their sole substrates to 

produce FeS2 and CH4. Cultures grew over periods of 3 to 8 months to cell densities 

of up to 2–9×106 cells mL−1. Transformation of FeS with H2S to FeS2 was followed by 
57Fe Mössbauer spectroscopy and showed a clear biological temperature profile with 

maximum activity at 28°C and decreasing activities towards 4°C and 60°C. CH4 was 

formed concomitantly with FeS2 and exhibited the same temperature dependence. 

Addition of either penicillin or 2-bromoethanesulfonate inhibited both FeS2 and CH4 

production, indicating a coupling of overall pyrite formation to methanogenesis. This 

hypothesis was supported by a 16S rRNA gene-based phylogenetic analysis, which 

identified at least one archaeal and five bacterial species. The archaeon was closely 

related to the hydrogenotrophic methanogen Methanospirillum stamsii while the 

bacteria were most closely related to sulfate-reducing Deltaproteobacteria, as well as 

uncultured Firmicutes and Actinobacteria. Our results show that pyrite formation can 

be mediated at ambient temperature through a microbially catalyzed redox process, 

which may serve as a model for a postulated primordial iron-sulfur world.  

Significance statement 

Pyrite is the most abundant iron-sulfur mineral in sediments. Over geological times, its 

burial controlled oxygen levels in the atmosphere and sulfate concentrations in 

seawater. However, the mechanism of pyrite formation in sediments is still being 

debated. We show that lithotrophic microorganisms can mediate the transformation of 

FeS and H2S to FeS2 at ambient temperature if metabolically coupled to methane-

producing archaea. Our results provide insights into a metabolic relationship that could 

sustain part of the deep biosphere and lend support to the iron-sulfur-world theory that 

postulated FeS transformation to FeS2 as a key energy-delivering reaction for life to 

emerge. 
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Introduction 

With an annual formation of at least 5 million tons, pyrite (FeS2) is the 

thermodynamically stable end product of iron compounds reacting with sulfide in 

reduced sediments, with the latter being produced mainly by microbial sulfate 

reduction. Consequently, pyrite is the most abundant iron-sulfur mineral on Earth’s 

surface (Rickard & Luther, 2007). Over geological times, burial of pyrite was tightly 

intertwined with organic matter preservation in reduced sediments (Canfield & 

Farquhar, 2012). These massive reservoirs of reduced sulfur and carbon are 

counterbalanced by the photosynthetically produced oxygen in the Earth’s atmosphere 

(Canfield & Farquhar, 2012). Despite this importance of pyrite for Earth’s iron, sulfur, 

and carbon cycles as well as Earth’s surface redox state, the mechanism of pyrite 

formation in natural environments is still being debated (Rickard & Luther, 2007). 

Currently, two mechanisms are discussed to drive pyrite formation in sediments, which 

both preclude dissolution of precipitated iron(II) monosulfide (FeS) to an aqueous FeS 

intermediate. In the polysulfide pathway, FeSaq is attacked by nucleophilic polysulfide 

to form FeS2 (Eq 2.1). Alternatively, pyrite may form from the reaction of FeSaq with 

H2S (Eq 2.2), which is known as the H2S pathway or the Wächtershäuser reaction 

(Rickard & Luther, 2007). 

Eq 2.1   FeS + Sn
2– à FeS2 + Sn–1

2–   ΔGr
0’ = –64 to –75 kJ mol–1 

Eq 2.2    FeS + H2S à FeS2 + H2    ΔGr
0’ = –41 kJ mol–1 

Using inorganic experimental systems, abiotic pyrite formation has been observed at 

temperatures of 25–125°C (e.g. Rickard & Luther, 1997; Rickard & Luther, 2007). 

However, already trace amounts of organic compounds containing aldehyde groups 

were reported to inhibit pyrite formation in such experiments (Rickard et al., 2001; 

Rickard & Luther, 2007). Absence of stringent control for such compounds may explain 

why many other studies with abiotic systems did not observe pyrite formation at 

environmentally relevant temperatures (Benning & Barnes, 1998; Benning et al., 2000; 

Berner, 1970; Picard et al., 2018; Rickard, 1969; Schoonen & Barnes, 1991a; Wilkin & 

Barnes, 1996). On the other hand, pyrite formation is known to take place in the 

presence of organic matter and especially of living microorganisms in sediments 

(Berner, 1970; Berner, 1984). Indeed, pyrite formation could be observed in pure and 
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enrichment cultures of sulfur-dismutating bacteria, with the assumption that these 

microorganisms provide mainly H2S as a substrate for concomitant abiotic pyrite 

formation (Canfield et al., 1998; Finster et al., 1998; Thamdrup et al., 1993). In addition, 

a more complex involvement of microorganisms has been postulated that includes the 

support of nucleation of FeS minerals on bacterial cell surfaces (Donald & Southam, 

1999).  

Pyrite formation according to Eq 2.2 provides reducing equivalents in the form of H2 

that could be coupled to the reduction of CO2 to CH4 or more complex organic matter. 

Coupling of pyrite formation to methanogenesis has been proposed by Jørgensen and 

coworkers to be part of a cryptic sulfur cycle in deep marine sediments where it could 

support the enigmatic life forms of the deep biosphere (Holmkvist et al., 2011). 

Coupling of this reaction to the synthesis of organic matter is the basis of the “iron-

sulfur world” theory proposed by Wächtershäuser, by which pyrite formation is viewed 

as the central process that led to the transition from Fe-S surface-catalyzed synthesis 

of organic molecules to actual life on the primordial Earth (Martin & Russell, 2003; 

Wächtershäuser, 1988, 2007). Here, we show that the overall conversion of FeS with 

H2S to form FeS2 may supply microorganisms with energy for lithotrophic growth if 

syntrophically coupled to methanogenesis.  

Methods 

Cultivation 

Enrichment cultures were initiated and maintained in carbonate-buffered, sulfide-

reduced (1 mM) freshwater mineral medium (Widdel & Pfennig, 1981) supplemented 

with selenite-tungstate solution (Tschech & Pfennig, 1984), 7-vitamin solution (Widdel 

& Pfennig, 1981), and trace element solution SL10 (Widdel et al., 1983). The medium 

was prepared and stored under a N2/CO2 atmosphere (80:20). The final pH was 

adjusted to 7.2 to 7.4. From a CO2-neutralized sulfide stock solution (Siefert & Pfennig, 

1984), 350 µmol H2S was added to 70 mL mineral medium in 180 mL serum bottles 

that were sealed with butyl rubber stoppers. Since 1 mM H2S was already present as 

reducing agent in the mineral medium, the final amount of H2S was 420 µmol. FeS was 

prepared from anoxic solutions of 0.4 M FeCl2 and 0.4 M Na2S. The resulting FeS 
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precipitate was washed at least once and re-suspended in oxygen-free distilled water. 

For Mössbauer spectroscopy analysis, FeS was prepared from a FeCl2 solution that 

contained 10% 57FeCl2 to enhance signal quality. 350 µmol FeS was added to 70 mL 

mineral medium. Enrichment cultures were incubated in the dark at 28°C if not 

indicated otherwise. For inhibition experiments, cultures were supplemented with 

either penicillin-G (1,000 U mL–1) or 2-bromoethanesulfonate (10 mM). Abiotic controls 

were run without inoculum.  

Monitoring of substrate turnover 

For total dissolved sulfide measurements [Σ(H2Saq, HS–
, S2–)], 100-µL samples were 

taken from liquid cultures without disturbing the precipitated iron sulfide minerals, and 

directly transferred to 100 µL of an anoxic 0.2 M NaOH solution. From the alkalinized 

sample, 10–20 µL were fixed in 100 µL of a 0.1 M zinc acetate solution, and sulfide 

was quantified by the methylene blue method (Cline, 1969). The corresponding 

amount of H2S in the headspace was calculated using Henry’s law and a temperature-

adjusted k-value of 0.093 (28°C, Carroll & Mather, 1989). CH4 was measured by gas 

chromatography with a flame ionization detector (SRI Instrument SGI 8610C) using a 

consecutive arrangement of a Porapak (80/100 mesh; 1 m × 2 mm) and a Hayesep-D 

packed column (80/100 mesh; 3 m × 2 mm). The injector and column temperatures 

were 60°C, and the detector temperature was 135°C. The carrier gas was N2 at a flow 

rate of 3.2 mL min–1. Chromatograms were recorded with the PeakSimple v4.44 

chromatography software. 

Iron-sulfide minerals were analyzed by 57Fe Mössbauer spectroscopy. Within an 

anoxic glovebox (100% N2), the enrichment culture was passed through a 0.44-µm 

filter and then sealed between two pieces of air-tight Kapton tape. Samples were 

transferred to a Mössbauer spectrometer (WissEl, Starnberg) within an airtight bottle 

filled with 100% N2 that was only opened immediately prior to loading the samples 

inside the closed-cycle exchange gas cryostat (Janis cryogenics). Measurements were 

collected at a temperature of 5 K with a constant acceleration drive system (WissEL) 

in transmission mode with a 57Co/Rh source and calibrated against a 7 µm thick α-57Fe 

foil measured at room temperature. All spectra were analyzed using Recoil (University 

of Ottawa) by applying the Voight Based Fitting (VBF) routine (Rancourt & Ping, 1991). 
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The half width at half maximum (HWHM) was fixed to a value of 0.138 mm s–1 for all 

samples. 

X-ray diffraction (XRD) patterns were recorded with the D8 Discover system (Bruker) 

with IµS radiation source (2 mm in diameter), and a Lynxexe XE detector. Samples 

were dried for 2 h under a continuous stream of 100% N2 and measured within 48 h 

under air as described previously (Taylor et al., 1979). Measurements were done using 

CuKα rays in angles ranging from 10–70° 2ϴ in 0.02° steps with 2,880 sec measuring 

time and a total measuring time of 12 h and 47 min. The resulting spectra were 

compared with spectra provided in the international crystal structure database (ICSD), 

FIZ Karlsruhe (version 2016/2) using the software DIFFRAC.EVA (version 4.1.1, 

Bruker). 

Scanning electron microscopy coupled to energy dispersive x-ray spectroscopy 

(SEM-EDX) 

For SEM-EDX analysis, 1 mL of culture was centrifuged at 4,500 ×g for 10 min. 200 

µL of the resulting pellet was transferred on gelatin-coated glass slides. Samples were 

fixed in 1 mL 2.5% glutaraldehyde in 0.1 M HEPES-buffer containing 0.01 M KCl 

(HEPES-KCl) and in 2% OsO4 in HEPES-KCl for 60 min each. Fixed samples were 

dehydrated in a graded ethanol series (30%, 50%, 70%, 80%, 90%, 96% and absolute 

ethanol) for 30 min each. Thereafter, samples were critical-point dried under CO2 in a 

Bal-Tec CPD030 (Balzers). Sputter coating of 6 nm platinum was done in a Quorum 

Q150R ES sputter coater (Quorum Technologies) and micrographs were taken with a 

FESEM Auriga 40 (Zeiss). EDX mappings and point measurements were taken at a 

working distance of 5 mm with an Oxford X-Max detector (Oxford Instruments) and at 

10 kV and 15 kV, respectively. Point measurements were normalized to 10,000 counts 

within a Kα energy of 6.3–6.5 keV. Sample preparation for cell counts by fluorescent 

microscopy is described in detail in the Supporting Information. 

Phylogenetic analysis 

Total genomic DNA was extracted from 50 mL of a 4.5-months old culture using a 

phenol-based beat-beating protocol modified after Loy et al. (2005). Subsequent 
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amplification of bacterial or archaeal 16S rRNA genes was done using standard PCR 

protocols based on universal primers. Details are given in the Supporting Information. 

16S rRNA gene clone libraries were constructed using the TOPO® TA Cloning® Kit 

(ThermoFisher Scientific). Bacterial or archaeal 16S rRNA gene fragments were 

aligned by use of the SINA webaligner (Pruesse et al., 2007) to the non-redundant 16S 

rRNA gene database v.123.1 available on the SILVA online platform (Quast et al., 

2013, www.arb-silva.de) and imported into ARB for initial phylogenetic analysis 

(Ludwig et al., 2004). OTU clustering was performed in mothur v.1.22.2 (Schloss et al., 

2009) using the furthest neighbor approach and a 99%-identity cutoff to delineate 

OTUs at the approximate species level (Stackebrandt & Ebers, 2006). For 

phylogenetic inference of 16S rRNA gene fragments representing individual OTUs, 

Maximum Likelihood (ML) trees were calculated using RAxML v8.2.9 (Stamatakis, 

2014) as implemented on the CIPRES webserver (Miller et al., 2010, www.phylo.org). 

Using a 50% conservation filter of nucleic acid positions within the domain Bacteria, a 

RAxML tree was inferred from 1,102 unambiguously aligned nucleic acid positions for 

bacterial 16S rRNA genes. The reconstruction of the archaeal tree followed the same 

outline but using 752 unambiguously aligned nucleic acid positions and no 

conservation filter because of the close relatedness of all included sequences. 

Calculations were based on the GTRGAMMA distribution model of substitution rate 

heterogeneity. MRE-based bootstrap analysis stopped after 204 and 102 replicates for 

the bacterial and archaeal 16S rRNA gene tree, respectively. Sequences are available 

from NCBI GenBank under accession numbers MH665848–MH665880 and 

MH665881–MH665889 for Bacteria and Archaea, respectively. 

  



 

 36 

 

Results and Discussion 

Pyrite formation from FeS and H2S at 28°C relies on active microorganisms  

Mineral medium containing 5 mM FeS and 6 mM H2S as sole substrates and 

CO2/HCO3
– as carbon source was inoculated with digested sewage sludge, freshwater 

or marine sediment (Suppl. Table 1) and incubated at 16°C or 28°C. Microbial activity 

was followed via methane formation, and transfers were made every 3 to 8 months, 

typically when the methane content in the headspace approached a plateau. Of seven 

enrichments started, four exhibited methane formation for more than ten transfers. The 

most active enrichment culture J5, which was started from digested sewage sludge 

and incubated at 28°C, was characterized in more detail after more than 20 transfers. 

On average, the methane content reached 0.7 mmol per L of culture in J5. In contrast, 

no methane formation was observed in abiotic controls (Figure 3A). This was mirrored 

in the turnover of total H2S: While in culture J5 total H2S decreased over time from 

approx. 6 mmol to 0.04–1.1 mmol per L of culture (Suppl. Figure 1), non-inoculated 

abiotic controls showed a much less pronounced decline of total H2S (3.7 mmol 

residual H2S per L). The observed decrease in the abiotic controls may be due to 

inorganic background reactions (see below). 

Conversion of FeS solids was followed by 57Fe Mössbauer spectrometry. After nearly 

7 months of incubation, the Mössbauer spectrum of culture J5 was dominated by a 

FeS2 doublet (Figure 3B), which corresponded to 53–63% of the iron-sulfur mineral 

phase (Suppl.Table 2). In contrast, no evidence of a singlet peak corresponding to FeS 

was present. In addition, a poorly defined sextet feature was required to achieve a 

satisfactory fit of the Mössbauer spectrum. This poorly defined sextet is best described 

as a metastable phase, which we have termed FeSx in accordance with the notation 

used by Wan et al. (2017), and represented 31–39% of the remaining iron-sulfur 

minerals. Furthermore, a well-defined sextet with a hyperfine magnetic field of 32 T 

was required to fit the data, which corresponded well to greigite (Fe3S4) 

(Vandenberghe et al., 1992) and made up 7–8% of the remaining iron-sulfur minerals. 

Greigite is the sulfur isomorph of magnetite and was previously observed as an 

intermediate phase in the FeS conversion to pyrite in abiotic studies (Bourdoiseau et 

al., 2011; Hunger & Benning, 2007). 
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FeS2 formation in culture J5 was confirmed by X-ray diffraction analysis, which 

recovered all major XRD reflections of pyrite in the obtained XRD pattern (Figure 4A). 

Since no indication of a parallel formation of the dimorph marcasite was evident from 

the XRD pattern, the recovered FeS2 phase is referred to as pyrite from here on. 

Further support for pyrite formation in culture J5 was provided by scanning electron 

microscopy (SEM) coupled to energy-dispersive X-ray (EDX) spectroscopy. Here, µm-

scale iron-sulfur crystals with a euhedral structure as typical of pyrite could be observed 

(Figure 4B), which resembled the expected Fe:S ratio of 1:2 as revealed by EDX point 

measurements (Suppl. Figure 2). 

In contrast to culture J5, the Mössbauer spectrum of the nearly 7-months-old non-

inoculated abiotic control was dominated by a prominent FeS singlet peak (64% of 

iron-sulfur minerals). In addition, a poorly defined sextet corresponding to FeSx was 

Figure 3. Time-resolved CH4 

formation in comparison to 

iron-sulfur mineral 

composition after nearly 7 

months of incubation (207 

days) in culture J5 as 

compared to abiotic controls 

and incubations of culture J5 

with Penicillin-G (1,000 U ml–1) 

or 2-bromoethanesulfonate 

(BES, 10 mM). (A) and (C) show 

the mean ± one standard 

deviation of CH4 

measurements of three 

independent incubations. 

Standard deviations are often 

smaller than the actual symbol 

size. (B) and (D) show 

Mössbauer spectra 

corresponding to the last time 

point in the presented time 

series with FeS2 in red, FeS in 

blue, Fe3S4 in green, and 

intermediate FeSx phases in 

orange. 
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required to achieve a satisfactory fit of the obtained data (36% of iron-sulfur minerals) 

(Figure 3, Suppl. Table 2). The abiotic conversion of FeS to FeSx most likely explains 

the observed decrease of total H2S in the abiotic control. Absence of pyrite formation 

in abiotic controls was further supported by the obtained XRD patterns (Figure 4A). In 

addition, freshly prepared medium was also devoid of pyrite as evidenced by an overall 

disordered iron-sulfur mineral phase in SEM-EDX images without any euhedral 

crystals indicative of pyrite (Figure 4B, Suppl. Figure 2).  

To support our hypothesis of microbial involvement in pyrite formation in culture J5, we 

followed its iron-sulfur mineral transformation over a temperature gradient of 4–60°C. 

The maximum of pyrite formation was evident at 28°C. Incubation at lower (16°C) or 

higher (46°C) temperatures resulted in the formation of an as yet undefined 

“intermediate FeS2-FeS phase”, while no pyrite was formed at 4°C and 60°C (Figure 

5A and 5B, Suppl. Table 2). The observed temperature profile of pyrite formation is 

typical of biologically catalyzed reactions centered on an optimum reaction 

temperature. In contrast, abiotic pyrite formation at temperatures of <100°C was shown 

to follow a sigmoidal temperature dependence (Rickard & Luther, 1997). 

To rule out biologically supported abiotic pyrite formation, e.g., by cell surfaces serving 

as passive catalysts, we used defined mixtures of either living or autoclaved 

microorganisms as inoculum. Despite using cell densities 10- to 100-fold higher in 

comparison to culture J5, neither methane nor pyrite formation was observed within a 

month’s period (Suppl. Figure 3). 
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Figure 4. (A) Representative X-ray diffractograms of mineral precipitates formed in culture J5 and an abiotic 

control setup after 9 months of incubation (281 days). Diffraction data of the two FeS2 dimorphs pyrite and 

marcasite as well as of Fe3S4 (greigite) and FeS (mackinawite) are given as reference. (B) Scanning electron 

microscopy images of a nearly 7-months old (211 days) culture J5 in comparison to freshly prepared 

medium without inoculum. The scale bar represents 2 µm. Images to the right show the corresponding 

results from energy dispersive X-ray spectroscopy (EDX). Besides atoms from medium salts, iron and 

sulfur were the only elements discovered in the mineral phases. 
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Microbially mediated pyrite formation depends on coupling to methanogenesis  

Methane formation closely followed the temperature-dependent activity profile of pyrite 

formation (Figure 5C) suggesting metabolic coupling of both processes. This 

hypothesis was further explored in an inhibition experiment using either penicillin G as 

a generic inhibitor of bacterial cell wall synthesis or 2-bromoethanesulfonate (BES) as 

a specific inhibitor of hydrogenotrophic methanogenesis (Oremland & Capone, 1988). 

BES inhibited both methane and pyrite formation completely (Figure 3C and 3D). We 

interpret this as a direct coupling of microbially mediated pyrite formation to 

hydrogenotrophic methanogenesis. In support of this hypothesis, penicillin inhibited 

both pyrite and methane formation as well (Figure 3C and 3D). Here, methane 

formation ceased after an initial production of 0.15 mmol per L of culture. The latter is 

explained by penicillin’s mode of action, which inhibits growth of bacteria but not their 

initial metabolic activity. Further support for coupling of microbially mediated pyrite 

formation to methanogenesis was provided by a third inhibition experiment in which 

penicillin addition was supplemented by 79% H2 in the headspace. Also here, pyrite 

was not formed (Suppl.Table 2) while methane production was stimulated more than 

10-fold by the added H2 (>10 mmol per L of culture). This clearly showed that 

methanogenesis could be uncoupled from pyrite formation and is essential for the 

latter. A likely explanation would be to keep H2 or another electron carrier at a low level 

to make microbially mediated pyrite formation energetically more favorable as typically 

observed in syntrophic processes (Schink & Stams, 2006). Coupling of pyrite formation 

to methanogenesis would result in a pyrite-to-methane ratio of 4:1 (Eq 2.5). 

Eq 2.3            4 FeS + 4 H2S à 4 FeS2 + 4 H2           ΔGr°’ = –164 kJ per 4 mol FeS2 

Eq 2.4                  CO2 + 4 H2à CH4 + 2 H2O              ΔGr°’ = –131 kJ per mol CH4 

Eq 2.5    4 FeS + 4 H2S + CO2 à 4 FeS2 + CH4 + 2 H2O   ΔGr°’ = –295 kJ per mol CH4 

Indeed, the ratio of pyrite to methane formed in culture J5 was 4.1:1 and 3.2:1 in two 

independent experiments at 28°C (Suppl.Table 2), respectively, thus confirming the 

proposed overall reaction stoichiometry. 
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Figure 5. Temperature-dependent pyrite and methane formation in culture J5 after nearly 7 months of 

incubation (207 days). A) Mössbauer spectra showing the temperature-dependent iron-sulfur mineral 

composition (FeS2 in red, an intermediate FeS2-FeS phase in grey, FeS in blue, Fe3S4 in green, and 

intermediate FeSx phases in orange). B) Relative abundance of pyrite (FeS2) in comparison to all other 

measured iron-sulfur minerals plotted against temperature as the explanatory variable. Details are provided 

in Suppl. Table 2. C) Average amount of methane (n=2) plotted against temperature as the explanatory 

variable. 

Pyrite formation supports microbial growth 

Culture J5 was transferred more than 20 times on medium containing FeS, H2S and 

CO2 as sole substrates. This indicates a strict dependence on microbially mediated 

pyrite formation coupled to methanogenesis. Within incubation periods of 83–248 

days, cell densities increased by more than one order of magnitude, from 2×105 cells 

mL−1 to 2–9×106 cells mL−1 (Suppl. Figure 4). Cells were typically found to be attached 

to mineral surfaces (Figure 6C); however, there was no indication of cell encrustation 
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(Figure 6D). Assuming an average cell volume of about 1 µm3 and a dry mass content 

of 33% (Bratbak & Dundas, 1984), our measured cell densities correspond to a 

maximum of ca. 3 mg dry cell mass L–1. If formation of ATP requires 60–70 kJ mol–1 

(Schink, 1997) and if – under ideal growth conditions – 10.5 g biomass (dry weight) 

can be synthesized at the expense of 1 mol ATP (Bauchop & Elsden, 1960), complete 

conversion of 5 mM FeS + 5 mM H2S according to Eq 2.5 could yield 4–5 mM ATP or 

ca. 50 mg dry cell mass L–1. Of course, the conditions of lithoautotrophic growth in our 

enrichment cultures were entirely different from those used in the growth experiment 

by Bauchop and Elsden, with heterotrophic growth in an organically rich medium. 

Moreover, formation of pyrite from FeS is an extremely slow process catalyzed at or 

close to mineral surfaces, which implies that major amounts of metabolic energy have 

to be invested into cell maintenance without concomitant growth (Pirt, 1982). Thus, it 

is not surprising that our cell yields are lower than estimated above. If every partial 

reaction in Eq 2.5 (5 in total; 4 × FeS transformation, 1 × CH4 formation) uses about 

20 kJ for synthesis of 1/3 of an ATP equivalent (Schink, 1997), the total process could 

synthesize 5/3 mmol ATP equivalents per liter. Considering that in culture J5 a 

maximum of 62.5% FeS conversion to FeS2 was observed (Suppl. Table 2), the 

expected cell yield would – optimally – be 12 mg cell dry matter L–1, which is close to 

the measured cell yield. 

The community composition of culture J5 was analyzed by 16S rRNA gene clone 

libraries. All 16S rRNA gene sequences derived from amplification with a universal 

archaeal primer set belonged to the same species-level operational taxonomic unit 

(OTU, 99% sequence identity) and showed 97.6% sequence identity to 

Methanospirillum stamsii (Figure 6B), a hydrogenotrophic methanogen isolated from a 

low-temperature bioreactor (Parshina et al., 2014). Methanogenesis in culture J5 is 

likely performed by this OTU. Using a universal bacterial primer set, we detected five 

bacterial OTUs (Figure 6A). The majority of clones (76%) belonged to OTU 3, which 

showed 99.9% sequence identity with Desulfomicrobium baculatum, a sulfate reducer 

within the Deltaproteobacteria (Rozanova & Nazina, 1976; Rozanova et al., 1988). 

Further OTUs related to Deltaproteobacteria were OTU 2 (12% rel. abundance) and 

OTU 1 (6% rel. abundance). OTU 2 was closely related to Desulfovibrio sulfodismutans 

(97.9% sequence identity), which is capable of dismutating thiosulfate or sulfite (Bak 

& Pfennig, 1987), while OTU 1 was distantly related (96.2% sequence identity) to 
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Smithella propionica, which is known to degrade propionate in syntrophy with 

methanogens (Liu et al., 1999).  

 

Figure 6. Bacterial and archaeal community composition of enrichment culture J5. RAxML trees based on 

bacterial (A) and archaeal (B) 16S rRNA gene sequences obtained from culture J5. Representative 

sequences of OTUs at the approximate species level (99% sequence identity) are shown. Sequence identity 

to the next cultured relative is given in percent in square brackets. Numbers of clones from the same OTU 

are presented in parenthesis followed by the GenBank accession number of a representative sequence. 

Bootstrap support is indicated by closed (≥90%) and open (≥70%) circles at the respective branching points. 

The scale bar represents 10% (Bacteria) and 2% (Archaea) estimated sequence divergence. (C) Combined 

phase contrast image and fluorescent image of DAPI-stained cells and (D) scanning electron microscopy 

image with cells indicated by white arrows of culture J5 after 7.4 and 10 months of incubation, respectively. 

The remaining two bacterial OTUs were either distantly related (<91% sequence 

identity) to cultured members of the Firmicutes (OTU 4, 3% rel. abundance) or 

Actinobacteria (OTU 5, 3% rel. abundance). Interestingly, all OTUs belonging to the 

Deltaproteobacteria and Firmicutes fell into larger clusters that include cultured 

representatives with a sulfur-related energy metabolism.  
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An exciting question remaining is whether pyrite formation is directly coupled to energy 

conservation in members of culture J5. These microorganisms could potentially utilize 

the exergonic H2S pathway (Eq 2.2), i.e. the direct formation of FeS2 and H2 from FeS 

and H2S, for energy conservation. Alternatively, the actual energy metabolism could 

be restricted to sulfide conversion to zero-valent sulfur and H2 (Eq 2.6, where [S°] 

means any form of zerovalent sulfur, e.g. as part of a polysulfide chain or organically 

bound S° in the cell periphery). The latter would represent a reversal of the well-known 

sulfur respiration with H2 as, e.g., Wolinella succinogenes catalyzes it (Hedderich et 

al., 1998). 

Eq 2.6    H2S à [S°] + H2                     ΔGr°’ = +28 kJ mol–1 [S°] 

However, this reaction is endergonic under standard conditions. At the supplied 

concentration of H2S (5 mM), it would only become exergonic enough for energy 

conservation (‒11 kJ mol–1; Lever et al., 2015; Thauer, 2011) if both the hydrogen 

partial pressure is kept below 10-4 bar as known for syntrophic co-cultures involving 

methanogens (Schink & Stams, 2006) and zero-valent sulfur does not accumulate 

beyond 1 µM, e.g. by effective removal by the polysulfide pathway (Eq 2.1) to finally 

produce pyrite. Thus the reversal of sulfur oxidation would strictly depend on both a 

hydrogen-scavenging process, e.g. methanogenesis, and a zero-valent sulfur-

scavenging process, e.g. the pyrite-forming polysulfide pathway. Whether the 

polysulfide pathway in this scenario would need active catalysis at the cell surface to 

allow for efficient removal of zero-valent sulfur or proceeds as a mere abiotic reaction 

remains open. 

Conclusion  

Pyrite is produced in massive quantities in today’s sediments (Canfield & Farquhar, 

2012). However, its formation in nature is far from being understood, especially 

because its nucleation is kinetically hindered (Rickard & Luther, 2007). The presence 

of sulfide-producing microorganisms as passive pyrite nucleation sites indicated 

support for abiotic pyrite formation (Canfield et al., 1998; Donald & Southam, 1999; 

Finster et al., 1998; Thamdrup et al., 1993), but could not be reproduced in every 

bacterial model system (Picard et al., 2018; Stanley & Southam, 2018). Our data are 
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consistent with microorganisms being able to mediate the overall conversion of FeS 

and H2S to FeS2. Importantly, control experiments conclusively demonstrated that 

pyrite formation is not merely catalyzed by biomass components alone such as the cell 

surface. A key next step will be the identification of the microorganisms that mediate 

pyrite formation in culture J5 and whether these microorganisms depend on pyrite 

formation as a novel form of energy metabolism or as a mere (abiotic) sink of zero-

valent sulfur to drive sulfide oxidation as the energy-conserving step. Since we found 

only one archaeal species closely related to methanogens in our enrichments, it is 

likely that one or several of the bacterial partners are actually involved in FeS 

conversion to pyrite.  

Our results further show that the reducing equivalents released from FeS 

transformation to pyrite can be transferred to methanogenesis. This opens an 

interesting perspective on the metabolic versatility sustaining the vast deep biosphere 

inhabiting the Earth’s subsurface (Jørgensen & Marshall, 2016). While recalcitrant 

organic matter or H2 released by radiolytic cleavage of water (Jørgensen & D'Hondt, 

2006; Lin et al., 2005) have been proposed to sustain the enigmatic life forms of the 

deep biosphere, there is also experimental evidence of a cryptic sulfur cycle within 

deep sediments that would include pyrite formation coupled to methanogenesis to be 

functional (Holmkvist et al., 2011). Our results show that this missing link could indeed 

be mediated by microorganisms and supply energy to support microbial growth. Since 

the redox potential (Eh°’) of the FeS2/(H2S + FeS) couple is –620 mV at circumneutral 

pH (Kaschke et al., 1994), it is also well suited to provide reducing equivalents for CO2 

fixation to acetate (Eh°’ = –290 mV) and more complex organic matter. 

Wächtershäuser proposed in his “iron-sulfur world” theory that exactly this mechanism 

was the basis for an autocatalytic metabolism and the resulting evolution of life at 

hydrothermal vents on primordial Earth (e.g. Martin & Russell, 2003; Wächtershäuser, 

2006). Our enrichment cultures may serve as a model to elucidate the chemical and 

biochemical basis of this hypothesis. 
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Supporting materials and methods 

Control experiment for biologically supported abiotic pyrite formation. To test for 

abiotic pyrite formation mediated unspecifically by cell surfaces or other cell 

constituents, we incubated anoxic freshwater medium supplemented with 5 mM FeS 

and 6 mM H2S with mixtures of alive and dead cells of microorganisms isolated from 

culture J5. To do so, a Desulfovibrio spp, a highly enriched Desulfomicrobium spp., 

and a Methanospirillum spp. were isolated from culture J5 using either DSM medium 

641, the described freshwater medium supplemented with 10 mM sulfate and 10 mM 

L-lactate, or the described freshwater medium supplemented with 2 mM Acetate and 

a H2/CO2 (79/21%) atmosphere, respectively. The three microbial species showed 

99.87%, 99.85%, and 100% 16S rRNA gene identity to bacterial OTU 2, bacterial OTU 

3, and archaeal OTU 1 obtained from culture J5, respectively. Growth was followed by 

OD600 spectroscopic measurements. Cultures of the three species were harvested 

anoxically in the exponential phase and mixed in the ratio 50:10:40 

(Desulfomicrobium:Desulfovibrio:Methanospirillum) as informed by the relative 

abundances of the respective clones and assuming an 60:40 ratio of bacteria and 

archaea in culture J5. Cell numbers were calculated with the assumption that OD600 of 

1 equals 8∙108 cells mL–1 (Sezonov et al., 2007). Mixed cultures were centrifuged and 

re-suspended in anoxic freshwater medium to reach a final densitiy of 1∙108 cells mL–

1 and incubated with 5 mM FeS and 6 mM H2S for 30 days at 28°C. A parallel setup 

was done with the same mixture of cells but autoclaving it before addition to the 

freshwater medium supplemented with 5 mM FeS and 6 mM H2S. Incubations with 

autoclaved cells were running for 30 days as well. In a third setup, the Methanospirillum 

spp. was mixed with washed cells of Escherichia coli strain XL-1 Blue (Agilent, USA) 

in a ratio of 1:1 yielding 2∙108 cells mL–1. Incubations were performed as stated above 

for 28 days. All treatments as well as a parallel incubation of culture J5 were performed 

in biological triplicates and analyzed using SEM-EDX measurements, Mössbauer 
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spectroscopy, and methane measurements. To counterbalance the effect of shorter 

incubation times as compared to the normal growth period of culture J5, we used a 10- 

to 100-fold higher density of alive or dead cells in the supplied mixtures to test for 

abiotic pyrite formation.  

Cell counts by fluorescence microscopy. For cell counts, 0.5 mL culture was fixed 

overnight in 9.5 mL freshly prepared paraformaldehyde solution (4%), subsequently 

centrifuged at 10,000 ⨯g for 10 min at 4°C and re-suspended in 1 mL PBS [130 mM 

NaCl, 5% (v/v) phosphate buffer (40 mM NaH2PO4, 160 mM Na2HPO4), pH 7.2] and 9 

mL ammonium oxalate solution (5.6 g ammonium-oxalate and 4.2 g oxalic acid 

dihydrate in 200 mL distilled water). Samples were vortexed for 10 min to dissolve most 

of the iron sulfide minerals so that cells could be collected on a 0.2 µm pore size filter 

(GTTP-white, Millipore). Filters were air-dried and stored at –20°C. Filter sections were 

stained with a 1 µg mL–1 4',6-diamidino-2-phenylindole (DAPI) solution and incubated 

for 10 min in the dark. Thereafter, filters were washed for 5 min in distilled water, 

followed by two 1-min washing steps in 80% ethanol. Dry DAPI-stained filters were 

mounted on microscope slides using CitiFluor™ AF1. For fluorescence microscopy, 

an inverted microscope (AxioObserver, Zeiss) with a 40x/0.60 LD-PlanNeofluar 

objective was used. Z-stacks were acquired with a distance of 0.28 µm. Image 

processing involved 3-dimensional deconvolution of each stack using a theoretical 

PSF with ZEN Black (Zeiss AG). Cells were counted using an image processing 

workflow set up in KNIME 3.4.0 (Berthold et al., 2008) using orthogonal projections of 

the de-convoluted input stacks. The workflow is available at https://github.com/bic-

kn/cell-counting-workflow. 

DNA extraction. The DNA extraction protocol was adopted from (Loy et al., 2005). A 

4.5-month old 50-mL culture was harvested after CH4 concentrations reached a 

plateau of 2.1% in the headspace (corresponding to 55 µmol produced CH4). 

Harvesting was done by 10 min of centrifugation at 6,000 ⨯g. The pellet was re-

suspended in 400 μL autoclaved TE-Buffer (10 mM Tris & 1 mM EDTA in MQ water, 

pH 8) and stored for three hours at –20°C. Cells were thawed on ice, mixed with heat-

sterilized zirconium beads (0.1 mm), 600 μL phenol/chloroform/isoamylalcohol 

(25:24:1, Carl Roth), and 150 µL of a 10% sterile-filtered SDS-solution in a screw-cap 

tube, and vigorously shaken for 20 min using a vortexer. After centrifugation for 20 min 
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at 20,817 ⨯g and 4°C, the aqueous supernatant was transferred to a new reaction 

tube. Because the aqueous phase was hardly visible due to remaining iron sulfide 

minerals, another 10-minute centrifugation step was used to remove residual phenol 

from the extract. DNA was precipitated by incubation at –20°C overnight in 0.1 volume 

of 3 M Na-acetate (in MQ-water, autoclaved) and 2.5 volumes absolute ethanol. 

Afterwards, the pellet was washed twice with 70% ethanol, dried for 5 min, and re-

suspended in 50 μL DNase- and RNAse- free H2O. DNA concentrations were 

quantified fluorimetrically using Quant-iT PicoGreen (Invitrogen). 

16S rRNA gene clone library. Amplification of bacterial 16S rRNA genes was 

performed with Bact8f (5’-AGA GTT TGA TYM TGG CTC-3’) as forward primer (Loy 

et al., 2002) and 1492r (5’-N TAC CTT GTT ACG ACT-3’) as reverse primer (Berry et 

al., 2011). Archaeal species were targeted by AR109F (5’-ACK GCT CAG TAA CAC 

GT-3’) as forward (Lueders & Friedrich, 2002) and AR915 (3’-GTG CTC CCC CGC 

CAA TTC CT-3’) as reverse primer (Casamayor et al., 2002). The PCR mixture 

contained 0.2 mM of each dNTP, 2 mM MgCL2, 20 µg BSA, 1 U of Taq DNA 

polymerase, and a Taq polymerase buffer with KCl (ThermoFisher Scientific). The 

PCR was performed using an initial denaturation at 95°C for 5 min; 30 cycles of 95°C 

for 30 s, 50°C for 30 s, 72°C for 1.5 min; and a final elongation at 72°C for 7 min. For 

PCRs with archaeal primers, the annealing temperature was set to 55°C. Amplification 

products were purified by use of the Zymo Research DNA Clean & Concentrator Kit 

(Zymo Research). 16S rRNA clone libraries were obtained with the TOPO® TA 

Cloning® Kit (ThermoFisher Scientific). Clones were screened by M13-PCR for inserts 

of the correct size according to the manufacturer’s instructions. Resulting PCR 

products of expected length were purified by use of the Zymo Research DNA Clean & 

Concentrator Kit and sent for sequencing. 
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Abstract 

Two strains of sulfate-reducing bacteria (J.5.4.2-L4.2.8T and J.3.6.1-H7) were isolated 

from a pyrite-forming enrichment culture and were compared phylogenetically and 

physiologically to the closest related type strain Desulfovibrio sulfodismutans DSM 

3696T. The isolated strains were vibrio-shaped, motile rods that stained Gram-

negative. Growth occurred from 15–37°C and within a pH range of 6.5–8.5. Both 

strains used sulfate, thiosulfate, sulfite, and dimethyl sulfoxide (DMSO) as electron 

acceptor when grown with lactate. Lactate was incompletely oxidized to acetate. 

Formate and H2 were used as electron donor in the presence of acetate. 

Disproportionation of thiosulfate and pyrosulfite was observed. The two new isolates 

differed from D. sulfodismutans by the utilization of DMSO as electron acceptor, 82% 

genome-wide average nucleotide identity (ANI) and 32% digital DNA-DNA 

hybridization (dDDH), thus representing a novel species. The type strain of the type 

species Desulfovibrio desulfuricans Essex6T revealed merely 88% 16S rRNA gene 

identity and 49% genome-wide average amino acid identity (AAI) to the new isolates 

as well as to D. sulfodismutans. Furthermore, the dominance of menaquinone MK-7 

over MK-6 and the dominance of ai-C15:0 fatty acids were observed not only in the two 

new isolated strains but also in D. sulfodismutans. Therefore, the definition of a new 

genus is indicated for which the name Desulfolutivibrio is proposed. We propose for 

strains J.5.4.2-L4.2.8T and J.3.6.1-H7 the name Desulfolutivibrio sulfoxidireducens 

gen. nov. sp. nov. with strain J.5.4.2-L4.2.8T defined as type strain. In addition, we 

propose the reclassification of Desulfovibrio sulfodismutans as Desulfolutivibrio 

sulfodismutans comb. nov.  
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Introduction 

The dissimilatory reduction of sulfate to sulfide is carried out by a polyphyletic group of 

anaerobic sulfate-reducing microorganisms (SRM, Muyzer and Stams°2008). Other 

sulfur species, i.e. elemental sulfur, thiosulfate, sulfite, as well as organosulfur 

compounds like dimethyl sulfoxide (DMSO) can also be used by various SRM species 

as electron acceptors (Jonkers, vanderMaarel, vanGemerden and Hansen°1996, 

Rabus, Hansen and Widdel°2013, Rabus, et al.°2015). Their broad metabolic 

versatility makes SRM important participants in the turnover of organic matter in anoxic 

environments (Muyzer and Stams°2008, Pester, Knorr, Friedrich, Wagner and 

Loy°2012, Rabus, et al.°2015, Wörner and Pester°2019). 

Until recently, a large group of SRM was classified to belong to the genus Desulfovibrio 

with the nomenclatural type being Desulfovibrio desulfuricans (Beijerinck°1895, 

Kluyver and Van Niel°1936). All members of the genus Desulfovibrio contain the 

desulfoviridin type of dissimilatory sulfite reductase, are obligate anaerobes, and occur 

in anoxic habitats of aquatic environments (freshwater, brackish, and marine), as well 

as in animal intestines, manure and feces (Galushko and Kuever°2020, Kuever, 

Rainey and Widdel°2015). Additional hallmark traits of Desulfovibrio species are the 

use of sulfate and other sulfur compounds as electron acceptors and the incomplete 

oxidation of simple organic molecules to acetate. Organic compounds such as 

fumarate or malate can be fermented (Galushko and Kuever°2020). In addition, some 

representatives are able to reduce nitrate for energy metabolism (Kuever, Rainey and 

Widdel°2015) and oxygen as a de-toxification mechanism (Dilling and 

Cypionka°1990). A few strains of Desulfovibrio species such as Desulfovibrio 

sulfodismutans ThAc01T and Desulfovibrio desulfuricans CSN are able to grow by 

disproportionation of thiosulfate and /or (pyro-)sulfite to sulfate and sulfide (Bak and 

Pfennig°1987, Kramer and Cypionka°1989, Slobodkin and Slobodkina°2019).   

The genus Desulfovibrio belongs to the family Desulfovibrionaceae, which was 

proposed by Kuever et al. (Kuever, Rainey and Widdel°2005) and currently includes 

nine genera with validly published names: Desulfovibrio (Kluyver and Van Niel°1936), 

Desulfocurvus (Klouche, et al.°2009), Desulfocurvibacter (Spring, et al.°2019), 

Desulfohalovibrio (Spring, et al.°2019), Bilophila (Baron, et al.°1989), Lawsonia 
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(McOrist, Gebhart, Boid and Barns°1995), Desulfobaculum (Zhao, Gao, Qin, Li and 

Ruan°2012), Pseudodesulfovibrio (Cao, et al.°2016) and Halodesulfovibrio (Shivani, 

Subhash, Sasikala and Ramana°2017). However, it is known that the genus 

Desulfovibrio is paraphyletic, which resulted in recent proposals of new genera in the 

family Desulfovibrionaceae (Galushko and Kuever°2020) and the reclassification of 

many former members of the genus Desulfovibrio into newly proposed genera with 

validly published names (Cao, et al.°2016, Devereux, et al.°1990, Shivani, Subhash, 

Sasikala and Ramana°2017, Spring, et al.°2019). Consequently, an extensive 

reclassification of this genus is being debated (Galushko and Kuever°2020), which is 

based on the genome-inferred taxonomy proposed by Parks et al. (2018) (Parks, et 

al.°2018) but so far does not include all type strains due to missing genome data. 

The present study describes two sulfate-reducing strains, J.5.4.2-L4.2.8T (DSM 

107105T) and J.3.6.1-H7 (DSM 106783) that were isolated from a pyrite-forming 

enrichment culture (Thiel, Byrne, Kappler, Schink and Pester°2019). Whole-genome 

comparisons of J.5.4.2-L4.2.8T, J.3.6.1-H7 and D. sulfodismutans DSM 3696T with the 

type strain of the type species D. desulfuricans Essex6T (DSM 642) indicated a 

separation from the genus Desulfovibrio. Physiological and phylogenetic 

characterization identified the two new isolates as a novel species, for which we 

propose the name Desulfolutivibrio sulfoxidireducens gen. nov. sp. nov.. Furthermore, 

we suggest reclassification of D. sulfodismutans to Desulfolutivibrio sulfodismutans.  

Material and Methods 

Isolation of strains from enrichment cultures 

Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 were isolated from an anaerobic enrichment 

culture initially inoculated with digested sewage sludge from a sewage plant in 

Constance, Germany (Thiel, Byrne, Kappler, Schink and Pester°2019). The 

enrichment was divided into duplicates after several transfers (>20) and strains J.5.4.2-

L4.2.8T and J.3.6.1-H7 were isolated each from one of the duplicates by dilution-to-

extinction cultivation in the mineral base of DSM medium 641 with lactate (28 mM) or 

hydrogen (1 bar overpressure), sulfate (18 mM) and yeast extract (1 g L–1), 

respectively. If not stated otherwise, isolates were subsequently cultivated at 28°C in 
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anoxic, bicarbonate-buffered, sulfide-reduced freshwater mineral medium prepared as 

described by Widdel (Widdel and Pfennig°1981) with modifications described by 

Thiel et al. (Thiel, Byrne, Kappler, Schink and Pester°2019). The substrate 

combination used for subsequent cultivation was 10 mM lactate with 10 mM sulfate.  

DNA extraction and genome sequencing 

Whole genome sequence analysis was performed for strains J.5.4.2-L4.2.8T and 

J.3.6.1-H7 as well as for D. sulfodismutans DSM 3696T using a hybrid sequencing 

strategy involving long-read PacBio and short-read Illumina sequencing technologies. 

DNA was isolated using Qiagen Genomic-tip 100/G kit (Qiagen, Hilden, Germany). For 

subsequent genome sequencing, a SMRTbell™ template library was prepared 

according to instructions from Pacific Biosciences (Menlo Park, CA, USA), following 

the “Procedure & Checklist – Greater Than 10 kb Template Preparation”. Briefly, for 

preparation of 15 kb libraries 8 µg genomic DNA was sheared using g-tubes™ from 

Covaris (Woburn, MA, USA) according to the manufacturer’s instructions. DNA was 

end-repaired and ligated overnight to hairpin adapters applying components from the 

DNA/Polymerase Binding Kit P6 from Pacific Biosciences. Reactions were carried out 

according to the manufacturer’s instructions. BluePippin™ Size-Selection for DNA 

fragments greater than 4 kb was performed according to the manufacturer’s 

instructions (Sage Science, Beverly, MA, USA). Conditions for annealing of 

sequencing primers and binding of polymerase to purified SMRTbell™ template were 

assessed with the Calculator in RS Remote (Pacific Biosciences). The same DNA 

extracts were used to prepare sequencing libraries on the Illumina platform using the 

Nextera XT DNA Library Preparation Kit (Illumina, San Diego, USA) with modifications 

according to Baym et al. (Baym, et al.°2015). Samples were sequenced on the 

NextSeq™ 500 with 300 cycles (2x150 bp). 

Genome assemblies were performed by applying the RS_HGAP_Assembly.3 protocol 

included in the software SMRT Portal version 2.3.0 using default parameters, with the 

exception of D. sulfodismutans DSM 3696T, where the genome size was artificially 

adjusted to 10 Mbp. In all cases the assemblies resulted in single circular 

chromosomes with one additional 51 kb (57 kb) plasmid in D. sulfodismutans 

DSM 3696T and strain J.3.6.1-H7. The chromosome was circularized and artificial 
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redundancies at the ends of the contigs were removed and adjusted to dnaA as the 

first gene. Error-correction was performed by mapping Illumina short reads onto 

finished genomes using Burrows-Wheeler Aligner bwa 0.6.2 in paired-end (sampe) 

mode (Li and Durbin°2009), with default settings and subsequent variant and 

consensus calling using VarScan 2.3.6 (Parameters: mpileup2cns --min-coverage 10 

--min-reads2 6 --min-avg-qual 20 --min-var-freq 0.8 --min-freq-for-hom 0.75 --p-value 

0.01 --strand-filter 1 --variants 1 --output-vcf 1, (Koboldt, et al.°2012)). Automated 

genome annotation was carried out using the NCBI Prokaryotic Genome Annotation 

Pipeline PGAP (Tatusova, et al.°2016).  

Genome sequences were deposited at the NCBI GenBank database under the 

accession numbers CP045504-CP045508. Sequences of the 16S rRNA genes were 

submitted separately under the accession numbers MN596860-MN596862. 

Phylogenomic analyses 

Genome wide average nucleotide identity (ANI) and average amino acid identity (AAI) 

analysis were done with the calculator developed by Rodriguez-R and Konstantinidis 

(Rodriguez-R and Konstantinidis°2016), using default settings (ANI: minimum length 

of 700 bp, minimum identity of 70% and minimum alignments of 50 with a window size 

of 1,000 bp and 200 bp steps; AAI: minimum length of 0 aa, minimum identity of 20%, 

minimum score of 0 bits and minimum alignment of 50). The amino acid sequences of 

coding regions in the genome of D. sulfodismutans DSM 3696T were inferred using 

GeneMarksS-2 (Lomsadze, Gemayel, Tang and Borodovsky°2018) with default 

settings. Pairwise and genome-wide digital DNA-DNA hybridization (dDDH) values 

were calculated with GGDC 2.1 (Meier-Kolthoff, Auch, Klenk and Goker°2013) as 

implemented in the Type (Strain) Genome Server (TYGS) available under 

https://tygs.dsmz.de (Meier-Kolthoff and Göker°2019). 

Genome sequences of J.5.4.2-L4.2.8T, J.3.6.1-H7 and D. sulfodismutans DSM 3696T 

were phylogenomically placed based on a concatenated alignment of 120 conserved 

single-copy genes with the method implemented in the GTDB-Tk toolkit (v1.02, 

(Chaumeil, Mussig, Hugenholtz and Parks°2019)) using the Genome Database 

Taxonomy (GTDB) database (release 89; (Parks, et al.°2018)). Concatenated protein 

alignments were used to infer maximum likelihood phylogenetic trees using IQ-Tree 
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(Nguyen, Schmidt, von Haeseler and Minh°2015) and the best-fit model LG+F+R5 as 

selected by the ModelFinder (Kalyaanamoorthy, Minh, Wong, von Haeseler and 

Jermiin°2017) in IQ-Tree. Node support was tested using the ultrafast bootstrapping 

(Hoang, Chernomor, von Haeseler, Minh and Vinh°2018) based on 1,000 trials. For 

comparison, a 16S rRNA gene sequence analysis was performed. A maximum 

likelihood tree was calculated using RAxML v8.2.12 (Stamatakis°2014) on the Cyber 

Infrastructure for Phylogenetic Research (CIPRES) webserver (Miller, Pfeiffer and 

Schwartz°2010) (www.phylo.org). The RAxML tree was inferred from 1,404 

unambiguously aligned nucleic acid positions from the bacterial 16S rRNA genes. No 

conservation filter was applied. The GTR-GAMMA distribution model of substitution 

rate heterogeneity was used for calculation and an extended majority rule (MRE)-

based bootstrap analysis was performed, which stopped automatically after 654 

replicates. 

Chemotaxonomy 

Respiratory lipoquinones and polar lipids of strains J.5.4.2-L4.2.8T and J.3.6.1-H7 as 

well as of D.  sulfodismutans DSM 3696T were extracted from 100 mg of freeze-dried 

material using a two-stage method (Tindall°1990, Tindall°1990). Respiratory 

lipoquinones were initially extracted, and the remaining aqueous-methanolic phase 

and cell debris further extracted by the addition of chloroform and methanol to recover 

the polar lipids. Respiratory lipoquinones were then separated by thin layer 

chromatography eluted from the TLC plates and analyzed by reverse phase HPLC as 

described previously (Tindall°1990, Tindall°1990). Polar lipids were recovered into 

chloroform and identified by two-dimensional thin layer chromatography (Tindall°1990, 

Tindall°1990, Tindall, Sikorski, Smibert and Krieg°2007). Cellular fatty acid patterns 

were determined from cells grown to stationary phase. The preparation and extraction 

of fatty acid methyl esters from biomass and their subsequent separation and 

identification by gas chromatography was done as reported elsewhere (Kaksonen, 

Spring, Schumann, Kroppenstedt and Puhakka°2006, Miller°1982). 

Gram staining was performed (Süßmuth, Eberspächer, Haag and Springer°1987) 

using isopropanol as decolorant. For Gram typing, cell pellets were collected from 

15 mL cultures by centrifugation at 13,000×g for 10 min. Thereafter, the Gram structure 
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of the cell wall was tested by mixing the pellets with 5-10 µL 3% KOH. Catalase activity 

was tested by treatment of freshly collected biomass with a freshly prepared 3% (v/v) 

solution of H2O2. Cytochrome oxidase activity was tested with Bactident® Oxidase 

stripes (Merck KGaA, Darmstadt, Germany) in cell pellets from 10 mL of 7 days old 

cultures following the instructions provided. Presence of desulfoviridin was verified in 

30 times concentrated cell suspensions obtained by centrifugation at 13,000×g for 

10 min from 15 mL culture samples, and re-suspended in 500 µL medium. Cells were 

lysed by ultrasonic probe disruption (UP50H, Hielscher Ultrasonics GmbH, Teltow, 

Germany) with a frequency of 30 kHz at 80% amplitude. Cell suspensions were mixed 

with 10 µL of 1 M NaOH solution and checked for red fluorescence at 366 nm UV light. 

Morphological characterization 

All images were taken using cells grown with sulfate plus lactate. Shape and motility 

of cells were examined by phase-contrast microscopy with a ZEISS Axiophot 

microscope and a 1.3 EC Plan-NEOFLUAR objective (Carl Zeiss AG, Oberkochen, 

Germany). Cell length and width were measured for ca. 100 cells for J.5.4.2-L4.2.8T 

and J.3.6.1-H7, respectively, using the software FIJI (Schindelin, et al.°2012). 

Scanning electron microscopic images (SEM) were obtained from glutaraldehyde-fixed 

cells on poly-lysine coated glass slides as described previously (Thiel, Byrne, Kappler, 

Schink and Pester°2019). Transmission electron microscopy (TEM) was performed on 

7× copper formvar/carbon coated grids (200 square mesh, Plano GmbH Wetzler, 

Germany) that had been glow-discharged previously in a PlasmaCleaner (Nanolab, 

Harrick PDC-32G2, Harrick Plasma Ithaca NY, USA) under oxygen atmosphere with 

45 seconds mid power of plasma. Ten µL culture sample was fixed with 2.5% 

glutaraldehyde directly on the grid for 5 min. Samples were washed three times for 

5 seconds in drops of double-distilled water. Negative staining was performed in two 

steps in 2% (w/w) uranyl acetate in water with incubation times of 5 and 45 seconds, 

respectively. Excess fluid was removed and samples were air-dried. Images were 

taken on a Zeiss TEM 912 Omega (Carl Zeiss AG) at 80 kV with a TRS 2k wide-angle 

slow-scan CCD camera for TEM (Tröndle Restlichtverstärker Systeme, Moorenweis, 

Germany).  
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Growth experiments 

Growth was monitored by optical density measurements at 600 nm (OD600) with a 

Camspec M107 spectrophotometer (Leeds, United Kingdom) fitted with a tube holder 

to measure OD600 directly in anoxic growth tubes. Growth experiments testing 

temperature, pH and salt tolerance were performed in triplicates in 25 mL growth tubes 

with 10 mM sulfate and 10 mM lactate as substrates and incubated at 28°C in the dark. 

If not stated otherwise, cultures were grown in 15 mL anoxic freshwater medium 

according to Widdel (Widdel and Pfennig°1981). Growth was tested at pH 4.5 to 10 at 

increments of 0.5 pH-values in freshwater medium buffered with 20 mM acetate and 

20 mM Tris-HCl in addition to 30 mM bicarbonate buffer. The latter was excluded when 

growth was tested for pH 9–10 to avoid precipitation of carbonates. Different pH values 

were adjusted by addition of 1 M HCl or 1 M NaOH. Growth was followed at 

temperatures ranging from 4 to 60°C. Salt tolerance was tested for NaCl 

concentrations of 1, 7 and 20 g L–1 mimicking freshwater, brackish and marine salt 

concentrations, respectively (Widdel and Pfennig°1981).  

Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 were tested for growth with various substrates 

at 10 mM final concentration, if not indicated otherwise. Growth was tested with sulfate 

as electron acceptor and either acetate, propionate, butyrate, lactate, ethanol, fructose 

or glucose as carbon and electron source. Sulfate reduction with formate or H2 (79% 

v/v in headspace) was tested with 2 mM acetate as carbon source. In addition to 

sulfate, nitrate, iron(III) oxide-hydroxide (FeO(OH)), trimethylamine N-oxide (TMAO), 

thiosulfate, DMSO, and sulfite (5 mM) were tested as electron acceptors with lactate 

as carbon and electron source. Reduction of polysulfides or elemental sulfur was 

tested with both formate or H2 as electron donor and 2 mM acetate as carbon source. 

The polysulfide stock solution was prepared anoxically from 10 g Na2S × 9 H2O and 3 

g S0 mixed in 100 mL sterile and anoxic double-distilled water. Roughly 0.1 mL of this 

polysulfide solution was added to 15 mL medium. This resulted in an end concentration 

of approx. 9 mM polysulfides if saturation with sulfur is assumed. In growth experiments 

testing elemental sulfur, roughly 20 mg S0 were added to tubes and autoclaved at 

108°C before medium and inoculum were added. Disproportionation reactions were 

tested with pyrosulfite (Na2S2O5, 5 mM), thiosulfate (10 mM), elemental sulfur (again 

roughly 20 mg S0 per growth tube, autoclaved at 108°C before the addition of medium), 
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and polysulfides (approx. 9 mM). Whenever the electron donor could not be used as 

carbon source, 2 mM acetate was added with the exception of pyrosulfite incubations 

where 4 mM acetate were added. Testing for disproportionation of thiosulfate and 

pyrosulfite was conducted in DSM medium 503. 

If the turbidity of insoluble substrates influenced OD600 measurements (e.g. in 

FeO(OH)-containing samples), growth was monitored with cell counts of DAPI-stained 

cells. Cells were fixed in freshly prepared 4% paraformaldehyde solution for 3 h and 

re-suspended in a 1:1 mixture of ethanol and phosphate buffered saline (PBS; 130 mM 

NaCl, 5% (v/v) phosphate buffer (40 mM NaH2PO4, 160 mM Na2HPO4), pH 7.2). 

Ten µL of cell suspension was mixed with 20 µL 0.1% low melting agarose and dried 

on glass slides (PTFE Diagnostic Slides, Thermo Scientific, Braunschweig, Germany). 

Cells were stained with 15 µL of 1 µg mL–1 4′,6-diamidino-2-phenylindole (DAPI) for 

10 minutes in the dark. Stained slides were washed in double-distilled water and dried 

at room temperature. Cell density was recorded with an epifluorescence microscope 

(see above) with a mercury UV lamp as excitation source (OSRAM Photo Optic, 

Munich, Germany). Cells were counted automatically as described by Thiel et al. (Thiel, 

Byrne, Kappler, Schink and Pester°2019). 

  



 

 59 

 

Results and Discussion 

Morphology 

Cells of strains J.5.4.2-L4.2.8T and J.3.6.1-H7 were curved rods of roughly 2.5–6.5 µm 

length and 0.6 µm width (Figure 7A, B) with a single polar flagellum, and were highly 

motile (Figure 7A, C). Gram staining was negative. The addition of KOH to cell pellets 

did not result in cell lysis as expected for Gram-negative bacteria.  

 

Figure 7. Scanning electron microscopy (A) and phase contrast image (B) of strain J.5.4.2-L4.2.8T grown 

with sulfate and lactate. Scale bars represent 5 and 2 µm, respectively. (C) Transmission electron 

microscopic image of cell wall and flagellum of strain J.5.4.2-L4.2.8T after negative staining with uranyl 

acetate. Scale bar indicates 200 nm. 

Phylogenetic and genomic characterization 

Phylogenetic analysis of the nearly complete 16S rRNA gene sequences identified 

strains J.5.4.2-L4.2.8T and J.3.6.1-H7 as members of the family Desulfovibrionaceae 

(order Desulfovibrionales, class Deltaproteobacteria, Figure 8A). Both strains shared 

99.94% 16S rRNA gene sequence identity (Table 1). The closest relative of both 

strains was D. sulfodismutans DSM 3696T (Bak and Pfennig°1987) showing 98.18% 

and 98.25% sequence identity to strains J.5.4.2-L4.2.8T and J.3.6.1-H7, respectively 

(Table 1). All three strains formed a stable clade in a 16S rRNA gene maximum 

likelihood tree (Figure 8A). The second-closest relative was 

Desulfovibrio fructosivorans JJ (Ollivier, Cordruwisch, Hatchikian and Garcia°1988), 

which shared 94.47% and 94.40% sequence identity to strains J.5.4.2-L4.2.8T and 

J.3.6.1-H7, respectively, but branched off in a sister clade in the 16S rRNA gene tree 
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(Figure 8A). There was only a distant phylogenetic relatedness to the type strain of the 

type species D. desulfuricans Essex6T with 16S rRNA gene sequence identity values 

of 88.50% and 88.86% to D. sulfodismutans DSM 3696T and the novel isolate J.5.4.2-

L4.2.8T, respectively (Table 1). The currently recommended threshold for separating 

species and genera by 16S rRNA gene similarities are 98.7% (Stackebrandt and 

Ebers°2006) and 94.5% (Yarza, et al.°2014), respectively. Consequently, a 

reclassification into a novel genus was indicated.  

 

Figure 8. Phylogeny of strains J.5.4.2-L4.2.8T and J.3.6.1-H7. (A) Maximum likelihood tree of 16S rRNA genes 

as based on 1,404 unambiguously aligned nucleic acid positions. The scale bar indicates the expected 

number of substitutions per site. Bootstrap support for ≥ 90% (closed circles) is shown at respective 

branching points and derived from 654 replicates. (B) Maximum likelihood tree of 120 conserved single 

copy proteins used to infer the GTDB-taxonomy established by Parks et al. (Parks, et al.°2018). The scale 

bar indicates the expected number of substitutions per site. Ultrafast bootstrap support of ≥95% is shown 

by closed circles at the respective branching points and derived from 1,000 replicates. Respective 

sequences of Desulfohalobium retbaense DSM 5692T, Desulfonatronovibrio hydrogenovorans DSM 9292T, 

and Desulfovermiculus halophilus DSM 18834T were used as outgroup. 

Closed high-quality genome sequences of Q60 (<1 Error/Mbp) were obtained for strains 

J.5.4.2-L4.2.8T and J.3.6.1-H7 as well as for D. sulfodismutans DSM 3696T. The 

genomic features of the three strains are summarized in Table 2. The genomic GC 

contents of D. sulfodismutans DSM 3696T, strains J.5.4.2-L4.2.8T and J.3.6.1-H7 were 

slightly higher (63.6–64.1 mol%) than typically observed in Desulfovibrio species that 
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usually range from 48.0 to 63.1 mol% (Galushko and Kuever°2020). To evaluate the 

genetic relatedness of strains J.5.4.2-L4.2.8T and J.3.6.1-H7 to the type strain of 

D. sulfodismutans, pairwise ANI and AAI values between all protein-coding genes 

were calculated. While the newly isolated strains J.5.4.2-L4.2.8T and J.3.6.1-H7 shared 

an ANI value of 99.4%, a comparison between the novel strains and the type strain of 

D. sulfodismutans resulted in ANI values of 82.2–82.3% (Table 1), which is below the 

currently recommended species threshold of 96.5% (Varghese, et al.°2015). In 

addition, we also calculated AAI values to resolve differences at the taxonomic rank of 

genera as recommended by (Rodriguez-R and Konstantinidis°2016). Both AAI values 

(78.5%; Table 1) confirmed that the isolated strains and D. sulfodismutans DSM 3696T 

belong to the same genus. Comparison of J.5.4.2-L4.2.8T, J.3.6.1-H7 and 

D. sulfodismutans DSM 3696T with D. desulfuricans Essex6T resulted in AAI values of 

48.8–49.0%, which is below the threshold of 65% recommended for the delineation of 

genera. This was further supported by a stable clade of strains J.5.4.2-L4.2.8T, J.3.6.1-

H7, and D. sulfodismutans DSM 3696T in both the 16S rRNA gene and GDTB-based 

phylogenomic trees, respectively, which clustered clearly distinctly from 

D. desulfuricans Essex6T (Figure 8). In addition, relative evolutionary divergence (red) 

values of 0.79 for strains J.5.4.2-L4.2.8T, J.3.6.1-H7, and D. sulfodismutans DSM 

3696T indicated a new genus according to the GDTB taxonomy as well (Parks, et 

al.°2018). In summary, the newly isolated strains should be classified as a novel 

species and a novel genus to which D. sulfodismutans also belongs.  

Comparison of estimated digital DNA-DNA hybridization (dDDH) values via the GBDP 

method ‘coverage’ and formula d6 (Meier-Kolthoff, Auch, Klenk and Goker°2013) 

showed 94.6% hybridization between strains J.5.4.2-L4.2.8T and J.3.6.1-H7, but only 

32.5% and 32.3% hybridization of the two strains to D. sulfodismutans DSM 3696T, 

respectively (Table 1). This is far below the commonly used threshold of 70%, 

confirming the two isolate strains to be members of a novel species.  
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Table 1. Pairwise comparison of strains J.5.4.2-L4.2.8T (1), J.3.6.1-H7 (2), D. sulfodismutans DSM 3696T (3), 

and D. desulfuricans Essex6T (4). 

Strain comparison 16S rRNA gene identity (%) ANI (%) AAI (%) dDDH* (%)  
1/2 99.94 99.40 99.07 94.6  
1/3 98.18 82.23 78.48 32.5  
2/3 98.25 82.26 78.45 32.3  
1/4 88.86 75.44 48.95 13.0  
2/4 88.79 75.52 48.89 13.0  
3/4 88.50 74.20 48.84 13.1  
*estimated digital DNA-DNA hybridization calculated via the GBDP method ‘coverage’ using formula d6 (Meier-Kolthoff, 
Auch, Klenk and Goker°2013). 
 

Table 2. Genome characteristics of strains J.5.4.2-L4.2.8T (1), J.3.6.1-H7 (2), and D. sulfodismutans 
DSM 3696T (3).   

Strain 1 2 3 

NCBI Accession # CP045508 CP045506 CP045504 

Genome size (bp) 4,155,851 4,781,124 4,440,214 

   Chromosome size (bp) 4,155,851 4,723,211 4,388,462 

   Plasmid size (bp)  57,913 51,752 

DNA GC content (mol%) 64.07 63.69 63.57 

Genes (total) 3,645 3,774 4,008 

Genes (coding) 3,498 3,582 3,869 

Genes (RNA)  61 51 70 

   tRNA genes 51 51 50 

   rRNA genes (operons) 6 (2) 6 (2) 6 (2) 

   ncRNAs 4 4 14 

Pseudogenes 86 131 69 
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Chemotaxonomy 

Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 tested positive for the desulfoviridin type of 

dissimilatory sulfite reductase. Testing for catalase as a defense mechanism against 

oxidative stress was positive. However, both strains tested negative for the presence 

of cytochrome oxidase. MK-7 was the major respiratory quinone in all three strains. 

Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 differed slightly from D. sulfodismutans DSM 

3696T in the composition of menaquinones, with negligible amounts of MK-6 (0–0.7%) 

as compared to 3.2% MK-6 in D. sulfodismutans DSM 3696T. This is in contrast to the 

dominance of menaquinones with six isoprenologues in other Desulfovibrio taxa, 

including the nomenclatural type D. desulfuricans (Collins and Widdel°1986). The 

absence of stereospecific, terminally saturated menaquinones (MK-5(V-H2), MK-6(VI-

H2), MK-7(VII-H2)) is an additional distinguishing feature that indicates the taxonomic 

novelty of this group. The fatty acid pattern of all three strains examined in this study 

are given in Table 3. The newly isolated strains J.5.4.2-L4.2.8T and J.3.6.1-H7 as well 

as D. sulfodismutans DSM 3696T contained branched-chain and straight-chain fatty 

acids, but in all three strains ai-C15:0 was the predominant fatty acid. This is in contrast 

to the fatty acid pattern reported for D. desulfuricans, the nomenclatural type of the 

genus Desulfovibrio, where the dominant fatty acids are i-C15:0, i-C17:0 and iC17:1 cis7 

(Vainshtein, Hippe and Kroppenstedt°1992).  

The polar lipids of strains J.5.4.2-L4.2.8T and J.3.6.1-H7 as well as D. sulfodismutans 

DSM 3696T were similar, comprising phospholipids, an aminolipid, and small amounts 

of one glycolipid in D. sulfodismutans DSM 3696T and three glycolipids in the two new 

strains (Suppl. Figure 5). All three strains contained phosphatidylglycerol, 

phosphatidylethanolamine, diphosphatidylglycerol, and an aminolipid that was not 

characterized further. Although an ornithine-based lipid has been reported in D. gigas 

(Makula and Finnerty°1975), that lipid contains 3-OH fatty acids which should appear 

in the total cellular fatty acids but are absent in all three strains examined here, 

suggesting that their aminolipids do not have this structure. 
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Table 3. Cellular fatty acid compositions of the novel strains J.5.4.2-L4.2.8T (1) and J.3.6.1-H7 (2) as 

compared to the related type strain D. sulfodismutans DSM 3639T (3) and the type strain of the type species 

of the genus Desulfovibrio, D. desulfuricans Essex6T (4). Values are percentages of total fatty acids. Major 

fatty acids (>5% of total amount) are given in bold; fatty acids that were detected only in trace amounts 

(<1.0% of the total amount) in all samples are not shown. Abbreviations: -, not detected; tr, trace amounts 

(<1.0% of the total amount); c, cis isomer; cyclo, cyclopropane ring-containing fatty acid; dma, dimethyl 

acetal; i and ai indicate iso- and anteiso-branched fatty acids, respectively. Note that this is standard IUPAC 

nomenclature, numbering the position of the double bond from the carboxyl end, rather than from the more 

commonly used nomenclature where numbering is from the (straight chain) aliphatic end. 

 
Strain 

Fatty acid 1 2 3 4 

i-C14:0 3.0 5.4 1.7 - 

i-C15:1 F a tr - tr 1.2 

i-C15:0 1.9 8.2 9.8 33.1 

ai-C15:0  56.5 44.6 47.1 2.3 

i-C15:0 dma - - - 1.4 

i-C16:1 H a 1.2 1.8 1.7 1.0 

i-C16:0 8.1 10.2 9.2 1.6 

C16:1 c9 1.2 tr tr 1.7 

C16:0 5.3 3.2 6.1 4.8 

i-C17:1 c7 3.4 4.5 7.2 35.1 

ai-C17:1 c7 5.5 4.3 3.9 tr 

i-C17:0 2.5 6.2 6.3 10.6 

ai-C17:0 4.0 5.1 3.7 tr 

C17:0 cyclo - - 1.6 - 

i-C18:1 H a 3.7 3.9 - - 

C18:0 tr 1.2 tr tr 
a Positions of double bonds were not determined.  
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Physiology 

Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 are mesophilic bacteria with the best growth 

observed at 37°C and temperature limitations below 15°C and above 37°C (Table 4). 

At 42°C, the next-higher temperature tested after 37°C, growth was not observed 

anymore. Growth was always observed with salt concentrations resembling 

freshwater, brackish or marine water, although it was weaker at marine salt 

concentrations (20 g L–1, Table 4). Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 grew at 

neutral to slightly alkaline pH of 6.5 to 8.5. An optimum was not pronounced in either 

of the strains, but highest OD600 values were measured at pH 6.5 for J.5.4.2-L4.2.8T 

and pH 7.0 for J.3.6.1-H7. Strain J.3.6.1-H7 initially did not grow at pH 6.5, but grew to 

OD600 of 0.16 after 27 days, which is comparable to values for J.5.4.2-L4.2.8T at pH 6.5 

after 13 days. At pH values above 8.5, we observed precipitation of medium salts, 

which may have impaired growth of the cultures. 

Substrates tested with sulfate as electron acceptor and alternative electron acceptors 

are listed in Table 4. Strains J.5.4.2-L4.2.8T and J.3.6.1-H7 grew neither 

autotrophically with H2/CO2 (79/21%) nor with acetate as electron donor. Both strains 

grew on formate or H2/CO2 in the presence of acetate, although growth on formate was 

much slower. Lactate was incompletely oxidized to acetate. For growth on lactate and 

sulfate, doubling times of 39 and 37 h were measured, respectively, and lactate 

consumption corresponded to acetate production in a 1:1 ratio. Besides sulfate, also 

thiosulfate, sulfite, and DMSO were used as electron acceptors (Table 4). Growth on 

elemental sulfur or polysulfides as electron acceptor was not observed. 

Disproportionation was tested with thiosulfate, pyrosulfite, sulfur, and polysulfides in 

the presence of 2 or 4 mM acetate as carbon source. Growth by disproportionation of 

thiosulfate and pyrosulfite was indicated by OD increase and the formation of sulfide 

and sulfate after the first transfers (data not shown). However, stable growth by 

disproportionation for at least three transfers could only be observed for strain J.5.4.2-

L4.2.8T with pyrosulfite and for strain J.3.6.1-H7 with thiosulfate as substrate. 

Interestingly, growth by disproportionation of thiosulfate or pyrosulfite ceased after the 

second or third transfer for D. sulfodismutans DSM 3696T, respectively. This stands in 

contrast to its original description as D. sulfodismutans ThAc01T, which was isolated 

by disproportionation of sulfur compounds (Bak and Pfennig°1987).  
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Table 4. Morphological and physiological characteristics of strains J.5.4.2-L4.2.8T (1), J.3.6.1-H7 (2), D. 
sulfodismutans DSM 3696T (3), and D. desulfuricans Essex6T (4). All presented strains showed a vibrio-

shaped morphology and were motile by means of an unipolar flagellum. Entries for D. sulfodismutans DSM 

3696T were taken from Bak and Pfennig (1987) or obtained in the present study (indicated by a). Entries for 

D. desulfuricans Essex6T were taken from Bak and Pfennig, 1987 (Bak and Pfennig°1987), Postgate and 

Campbell, 1966 (Postgate and Campbell°1966), Brauman et al., 1990 (Brauman, Koenig, Dutreix and 

Garcia°1990), Kuever et al., 2015 (Kuever, Rainey and Widdel°2015), Devereux et al., 1990 (Devereux, et 
al.°1990), Jonkers et al., 1996 (Jonkers, vanderMaarel, vanGemerden and Hansen°1996). If 2 or 4 mM acetate 

were supplied as carbon source for assimilation, this was indicated by (+ Ac). Activity with absence of 

growth after 2‒3 transfers is indicated by (+). NA stands for data not available.   

Characteristics 1  2 3 4 

Cell size (µm) 0.6 x 2.4‒6.4 0.6 x 2.5‒6.6 0.75 x 2.5‒3.5 0.5‒0.8 x 2.4‒6.4 

Temperature range (°C) 15‒37 15‒37 15‒45 28‒44 

Temperature optimum (°C) 37 37 35 30‒36 

pH range 6.5‒8.5 6.5‒8.5 6.8‒8.2 4.5‒8.7 

pH optimum 6.5 7.0 7.3 7.2‒7.8 

NaCl range (g L–1) 1‒20 1‒20 1‒20 0‒1 

NaCl optimum (g L–1) 1‒7 1‒7 1‒7 0‒24 

Electron donors with sulfate    

Acetate ‒ ‒ ‒ ‒ 

H2 (+CO2 & Ac) + + + + 

H2 (+ CO2) ‒ ‒ ‒ ‒ 

Formate (+ Ac) + + ‒ + 

Propionate ‒ ‒ ‒ ‒ 

Butyrate ‒ ‒ ‒ ‒ 

Fructose ‒ ‒ ‒ ‒ 

Glucose ‒ ‒ NA NA 

Lactate + + + + 

Ethanol + + + + 
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Disproportionation      

Thiosulfate (+ Ac) (+) + (+)a ‒ 

Pyrosulfite (+ Ac) + (+) (+)a NA 

Elemental sulfur (+ Ac) ‒ ‒ ‒ NA 

Polysulfide (+ Ac) ‒ ‒ NA NA 

Alternative electron acceptors     

Sulfite + + + + 

Thiosulfate + + + + 

DMSO + + ‒a   NA 

TMAO ‒ ‒ ‒a NA 

Nitrate ‒ ‒ ‒a + 

FeOOH ‒ ‒ NA (+) 

Elemental sulfur ‒ ‒ ‒ ‒ 

Polysulfide ‒ ‒ ‒ ‒ 

 

We interpret these results as loss of metabolic traits during long-term preservation in 

the culture collection. No growth occurred by disproportionation of polysulfides or 

elemental sulfur (Tables 4). No growth was observed with the sugars fructose and 

glucose or with the short-chain fatty acids propionate and butyrate. Nitrate, FeO(OH) 

and TMAO were not used as alternative electron acceptors. In conclusion, the 

substrate spectrum of the newly isolated strains J.5.4.2-L4.2.8T and J.3.6.1-H7 differs 

from D. sulfodismutans DSM 3696T mainly in their ability to use DMSO as electron 

acceptor. Furthermore, D. sulfodismutans was described not to grow on formate and 

only weakly on H2/CO2
 (Bak and Pfennig°1987), whereas the two isolates grew rapidly 

on H2/CO2 and were able to use formate as electron donor (Table 4). 
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Conclusions 

The phylogenetic, chemotaxonomic, and physiological results show that the two new 

isolates J.5.4.2-L4.2.8T and J.3.6.1-H7 represent a novel species and form, together 

with D. sulfodismutans DSM 3696T, a new genus. J.5.4.2-L4.2.8T and J.3.6.1-H7 

differed from D. sulfodismutans by the utilization of DMSO as electron acceptor, ANI 

values of 82%, and dDDH values of 32%, which is in support of a new species 

delineation. This was further supported by the polar lipid profile of the three strains, 

which differed by having only one glycolipid in D. sulfodismutans DSM 3696T in 

contrast to three glycolipids in the two new strains. The nomenclatural type of the 

genus Desulfovibrio, D. desulfuricans Essex6T, had only 88% 16S rRNA gene identity 

and genome-wide AAI values of 49% to the new isolates as well as to D. 

sulfodismutans DSM 3696T, which is in support of a new genus delineation. This was 

further supported by the fatty acid patterns of strains J.5.4.2-L4.2.8T and J.3.6.1-H7 as 

well as D. sulfodismutans DSM 3696T, which were dominated by the straight-chain 

fatty acid ai-C15:0. This is in contrast to the fatty acid pattern of D. desulfuricans 

Essex6T, where the dominant fatty acids were reported to be i-C15:0, i-C17:0 and i-C17:1 

c7 [43]. The type species of the genus is Desulfolutivibrio sulfoxidireducens. The taxa 

protologues are given in Table 5.
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Table 5. Description of Desulfolutivibrio sulfoxidireducens gen. nov., sp. nov. and description of Desulfolutivibrio sulfodismutans (Bak and Pfennig 1988) comb. nov. 

Genus name Desulfolutivibrio - - 

Species name - Desulfolutivibrio sulfoxidireducens Desulfolutivibrio sulfodismutans (Bak 
and Pfennig 1988) 

Genus status  gen. nov. - - 

Genus 
etymology 

L. pref. de, from; L. n. sulfur, sulfur; N.L. 
pref. desulfo-, desulfuricating (prefix used 
to characterize a dissimilatory sulfate-
reducing prokaryote); L. neut. n. lutum, 
mud; L. v. vibro, to set in tremulous motion, 
move to and from, vibrate; N.L. masc. n. 
vibrio, that which vibrates, and also a 
genus name of bacteria possessing a 
curved rod shape (Vibrio); N.L. masc. n. 
Desulfolutivibrio, sulfate-reducing vibrio 
from mud. 

- - 

Type species of 
the genus Desulfolutivibrio sulfoxidireducens - - 

Specific epithet - sulfoxidireducens sulfodismutans 

Species status  - sp. nov. comb. nov. 

Species 
etymology - 

N.L. neut. n. sulfoxidum, sulfoxide; L. part. 
adj. reducens, bringing or leading back, 
used to mean 'reducing'; N.L. part. adj. 
sulfoxidireducens, sulfoxide reducing. 

L. neut. n. sulfur sulfur; L. pref dis apart; 
L. pres. part. adj. mutans that which 
changes; N.L. part. adj. sulfodismutans 
dismutating sulfur compounds. 
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Description of 
the new taxon 
and diagnostic 
traits 

Gram-negative, motile, vibrio-shaped 
rods. No spore formation. Mesophilic 
organisms with optimal growth between 
pH 6.5‒7.0. Salt concentrations of 1, 7 and 
20 g L–1 are tolerated, but growth is weaker 
at 20 g L–1 NaCl. Desulfoviridin type of 
dissimilatory sulfite reductase. Catalase 
positive. Major respiratory quinone is MK-
7 with no or little amounts of MK-6. 
Predominant fatty acid is ai-C15:0. 
Predominant polar lipids are 
phosphatidylglycerol, phosphatidyl-
ethanolamine and an unidentified 
aminolipid. The genomic GC content 
ranges from 63.6 to 64.1 mol%. Organic 
substrates are incompletely oxidized to 
acetate. Sulfate, thiosulfate, and sulfite are 
used as electron acceptors. Growth by 
disproportionation of pyrosulfite or 
thiosulfate with acetate as carbon source 
is possible. 

Gram-negative, vibrio-shaped cells with 
2.5 to 6.5 µm length and 0.6 µm width. 
Cells are highly motile, with an unipolar 
flagellum. Growth occurs at temperatures 
from 15 to 37°C, with best growth at 37°C. 
The pH range is 6.5 to 8.5 with an optimum 
at 6.5 to 7.0. Salt concentrations of 1, 7 
and 20 g L–1 are tolerated, but growth is 
weaker at 20 g L–1 NaCl. Respiration of 
sulfate, thiosulfate, sulfite, and DMSO was 
observed. Lactate was incompletely 
oxidized to acetate. Molecular hydrogen 
supports growth in the presence of 
acetate, CO2, and sulfate. No growth was 
observed with TMAO as electron acceptor 
or by disproportionation of polysulfides 
and elemental sulfur. Growth by 
disproportionation of pyrosulfite (5 mM) 
and thiosulfate (10 mM) was variable and 
dependent on the strain. The type strain 
could sustainably grow by 
disproportionation of pyrosulfite, but not 
thiosulfate. Bacteria possess a 
desulfoviridin-type dissimilatory sulfite 
reductase and show catalase activity. MK-
7 was the major respiratory quinone with 
negligible amounts of MK-6. The 
predominant fatty acid was ai-C15:0. Polar 
lipids are comprised of 
phosphatidylglycerol, 
phosphatidylethanolamine, 
diphosphatidyl-glycerol, one aminolipid, 
and three glycolipids. 

Basonym: Desulfovibrio sulfodismutans 
Bak and Pfennig 1988 
Desulfolutivibrio sulfodismutans was 
introduced as Desulfovibrio 
sulfodismutans by Bak and Pfennig, 
1987 [1]. In addition to traits given for 
the genus the following characteristics 
were determined: The major respiratory 
quinone was MK-7 (96.8%), with minor 
amounts of MK-6 (3.2%). The 
predominant fatty acid was ai-C15:0. 
No growth was observed with DMSO or 
TMAO as electron acceptor. Growth by 
disproportionation of thiosulfate (10 
mM) or pyrosulfite (5 mM) ceased after 
the 2nd and 3rd transfer, respectively. 
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Country of 
origin - Germany Germany 

Region of origin - Konstanz Konstanz 

Date of isolation 
(dd/mm/yyyy) - 

05/04/2018 09/1985 

Source of 
isolation  - pyrite-forming anaerobic enrichment 

culture J5 
freshwater mud sampled from a ditch 
near Constance, Germany 

Sampling date 
(dd/mm/yyyy) - 09/1995 

- 

Latitude 
(xx°xx′xx″N/S) - 47°40'37.8"N  

- 

Longitude 
(xx°xx′xx″E/W) - 9°08'27.3"E 

- 

Altitude (meters 
above sea level) - 405 

- 

16S rRNA gene 
accession nr. - MN596861, MN596862 MN596860 

Genome 
accession 
number  
[RefSeq; EMBL; 
…] 

- GenBank: CP045506, CP045508 GenBank: CP045504 
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Genome status - Complete Complete 

Genome size - 4,156 kbp, 4,781 kbp 4,440 kbp 
GC mol% - 64.07, 63.69 63.57 

Number of 
strains in study - 2 

1 

Source of 
isolation of non-
type strains 

- pyrite-forming anaerobic enrichment 
culture J3 

- 

Information 
related to the 
Nagoya Protocol 

- Not applicable. Not applicable. 

Designation of 
the Type Strain - J.5.4.2-L4.2.8T 

- 

Strain Collection 
Numbers - DSM 107105T = NBRC 113990T 

DSM 106783 = NBRC 113989 
DSM3696 = ATCC 43913 = VKM B-
1764 
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Abstract 

Pyrite (FeS2) is the most abundant iron-sulfide mineral on Earth and millions of tons 

are produced annually in marine sediments. In the 20-years-old enrichment culture J5, 

pyrite formation from dihydrogen sulfide (H2S) and iron(II) monosulfide (FeS) was 

shown to be microbially mediated by syntrophic coupling to methanogenesis. However, 

it remained open whether the responsible organisms derive energy directly from the 

reaction of H2S and FeS to pyrite, or whether energy is gained via H2S oxidation to 

polysulfides (Sn
2-), which subsequently react to pyrite without microbial catalysis. In 

this study, 0.01 to 1.64 mM of zero-valent sulfur species [S0], as well as minor amounts 

of thiosulfate (S2O3
2-) and sulfite (SO3

2-) were detected in culture J5 by high 

performance liquid chromatography. In addition, Raman spectroscopy found hints of 

zero-valent sulfur on cell surfaces and mineral structures in culture J5. Addition of 

polysulfides to culture J5 led to pyrite formation in the absence of culture J5. 

Furthermore, pyrite formation rates were similar to those reported for the polysulfide 

pathway in abiotic studies. These data point towards pyrite formation via the polysulfide 

pathway, presumably initiated by microbial H2S oxidation, but further research is 

required for confirmation of the involved biogeochemical reactions and compounds. 

Cell numbers in culture J5 did not correlate with pyrite and methane (CH4) formation. 

Nevertheless, without addition of polysulfides, presence and activity of culture J5 were 

mandatory for pyrite and methane formation, which were neither observed in artificially 

mixed cultures of species isolated from culture J5, nor in autoclaved control samples. 

In samples without culture J5 but with artificially combined microorganisms, formation 

of the mixed-valence iron(II)-iron(III) mineral greigite (Fe3S4) formation was observed. 

Greigite was also formed in enrichment cultures from Wadden sea sediment 

(Groningen, Netherlands) and sediment from a Fish market channel in Venice (Italy). 

In contrast to culture J5, marine enrichment cultures formed methane without 

simultaneous pyrite formation. These results emphasize that microbial communities 

influence iron(II) sulfide mineral transformation although further research is required to 

elucidate the underlying mechanisms. Whether by directly catalyzing FeS 

transformation to pyrite or by oxidation of H2S to polysulfides that in turn may direct 

pyrite formation, culture J5 enables FeS mineral transformation to pyrite by a novel 
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metabolic process which potentially influences carbon, sulfur, and iron cycling in 

sediments. 

Introduction 

Pyrite is the most abundant iron-sulfide mineral in the Earth’s crust and at least 5 million 

tons are produced annually in marine sediments (Rickard & Luther, 2007). There are 

currently three known pathways for pyrite formation (Canfield 1998, Wan 2017). 

Recently, pyrite formation via a ferric-hydroxide-surface pathway from ferric iron 

minerals was observed in laboratory studies, which was proposed to be of relevance 

in environments with high iron and low sulfide concentrations in presence of Fe(III) 

minerals (Wan et al., 2014). For anoxic layers of aquatic sediments, two mechanisms 

for pyrite formation have been described: the H2S3 (Eq 4.1), and the polysulfide 

pathway (Eq 4.2). 

Eq 4.1   FeS + H2S à FeS2 + H2             ΔGr
0’= –41kJ mol–1  

Eq 4.2   FeS + Sn
2- à FeS2 + Sn-1

2-          ΔGr
0’= –64 to –75 kJ mol–1 

In natural sediments, the relative dominance of either pathway depends on the 

concentrations of H2S and Sn
2- which in turn depend on the pH and the presence of 

elemental sulfur. The presence of zero-valent sulfur, and thereby polysulfides (formally 

one S in a –II and the remaining S in a zero-valent oxidation state) is usually limited to 

regions close to the oxic-anoxic interface while H2S is ubiquitously present in anoxic 

sulfidic environments (Butler et al., 2004; Zopfi et al., 2004). In addition, kinetics 

derived from studies in inorganic systems show that the polysulfide pathway is 

relatively slow (8·10–11 mol L–1 s–1, in presence of excess zero-valent sulfur)  compared 

to the H2S pathway (of 2·10–8 mol L–1 s–1; Butler et al., 2004;). Thus, the H2S pathway 

is considered to be the dominant pathway of pyrite formation below the oxic/ anoxic 

interface (Butler et al., 2004; Rickard & Luther, 1997). 

However, kinetics and mechanisms of pyrite formation are so far derived from abiotic 

experiments, and the role of microorganisms is still not clear (Picard et al., 2016). There 

is increasing evidence that microorganisms do not only provide H2S via dissimilatory 

                                            
3 For this and all other ΔG calculations the reaction enthalpy of dissolved H2Saq was taken. 
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sulfate reduction or sulfur dismutation (Rickard, 2012) but also organic sulfur 

compounds for Fe-S mineral transformation (Donald & Southam, 1999), and that 

anionic sites at cell surfaces and organic matter facilitate Fe-S mineral nucleation for 

subsequent mineral crystallization and growth (Donald & Southam, 1999; Picard et al., 

2018; Stanley & Southam, 2018). In addition, pyrite formation rates were 105 times 

higher and in the same range via the polysulfide and the H2S mechanisms in the 

presence of sulfur-dismutating microorganisms (Canfield et al., 1998).  

Pyrite formation was shown to be mediated by a syntrophic interaction of bacteria and 

methanogenic archaea in an enrichment culture from sewage sludge, i.e. culture J5 

(Thiel et al., 2019). It remained unclear if pyrite formation in culture J5 was directly 

catalyzed by microorganisms (Eq 4.1) or whether the microorganisms oxidized sulfide 

to zero-valent sulfur species which subsequently reacted abiotically with FeS to pyrite 

(Eq 4.2). Both mechanisms describe yet unknown metabolic processes and both are 

likely to influence pyrite formation and biogeochemical cycles in sediments. The 

present study investigated the presence of oxidized sulfur species in culture J5 by high 

performance liquid chromatography (HPLC) and analysed cell surfaces for the 

presence of zero-valent sulfur species by Raman spectroscopy. The influence of 

polysulfide or elemental sulfur addition on pyrite and methane formation was 

examined, and data from several incubations were combined to investigate pyrite and 

methane formation rates as well as sulfide decline and cell growth. Finally, two 

enrichment cultures derived from marine sediments and cultivated under similar 

conditions were tested for pyrite formation. 

Material and Methods 

Cultivation 

Culture J5 was initially inoculated with digested sewage sludge from the sewage 

treatment plant (Konstanz, Germany) in September 1995. Cultivation was performed 

in bicarbonate-buffered mineral medium reduced with 1 mM sulfide (Widdel & Pfennig, 

1981) and supplemented with trace element solution SL10 (Widdel et al., 1983), 

selenite-tungstate solution (Tschech & Pfennig, 1984) and seven-vitamin solution 

(Widdel & Pfennig, 1981). The pH was adjusted to 7.2 to 7.3 and the medium was kept 
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under N2/CO2 atmosphere (80:20%). Marine enrichment cultures were prepared in the 

same way, but with higher salt concentrations of 20 g L–1 NaCl and 3 g L–1 MgCl2·6H2O 

(Widdel & Pfennig, 1981). Na2S stock solution was prepared from several cm large 

Na2S·9 H2O crystals (Sigma-Aldrich, Merck, Darmstadt Germany) to a final 

concentration of 0.2 M. Crystals were washed with double-distilled water and dissolved 

in anoxic distilled water under CO2 atmosphere for 24 h hours to lower the pH to about 

9. A 0.2 M stock solution of FeS was prepared from anoxic solutions of 0.4 M FeCl2 

and 0.4 M Na2S that were mixed thoroughly under N2 atmosphere and washed at least 

once with anoxic double-distilled water. For cultures investigated by Mössbauer 

spectroscopy, FeCl2 spiked with 10% 57Fe was used to enhance signal quality in the 

analysis. Both FeS and Na2S were added as substrates at 5 mM concentrations. Due 

to the presence of ca. 1 mM sulfide as reducing agent, initial total sulfide concentrations 

were 6 mM.  

For experiments with artificially mixed cultures, a Desulfolutivibrio spp. (Thiel et al., 

2020), a highly enriched Desulfomicrobium spp. and a Methanospirillum spp. culture 

that were isolated from culture J5, as well as Escherichia coli strain XL-1 Blue (Agilent, 

USA) were used. Isolation, cultivation and mixing is described in detail in Thiel et al. 

(2019). Mixed live samples contained Desulfomicrobium sp., Desulfolutivibrio 

sulfoxidireducens and Methanospirillum spp. at a ratio of 50:10:40. The dead control 

had the same composition but was autoclaved for 30 min at 121°C. Another setup 

contained washed cells of E. coli mixed with the Methanospirillum spp. at a 1:1 ratio. 

All cultures had total cell densities of 108 cells mL–1. Cultures described here were the 

same as in Thiel et al. (2019). 

To investigate whether the presence of oxidized sulfur species influences pyrite 

formation in culture J5, 22 mL test tubes with 11 mL culture J5 were supplemented in 

triplicates with either 5 mM sulfide, one drop of polysulfide solution or 250 µL of a sulfur 

suspension (S0). All samples contained 5 mM FeS and 1 mM H2S from the preparation 

of anoxic freshwater medium. The sulfur suspension, with pestled sulfur flower in 

anoxic distilled water, was sonicated to disperse sulfur as far as mechanically possible. 

The suspension was autoclaved at 108°C for 30 min, and 250 µL of the suspension 

was added to 11 mL culture. The polysulfide solution was prepared from 10 g Na2S·9 

H2O and 3 g sulfur flower that were dissolved in 100 mL anoxic double distilled water. 
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One drop of the polysulfide solution was added to 11 mL culture. Upon mixing with the 

medium, the solution transformed into a mixture of fine-grained sulfur (visible as white 

precipitate) and some residual polysulfides (visible by very light-yellow coloring). The 

pH in those samples remained at 7.18 – 7.20, so carbonate precipitation is unlikely. 

The concentration of total sulfur in the tubes was approximately 9 mM if saturation with 

elemental sulfur is assumed. 

Analysis of methane and sulfur species 

Metabolic activity was followed by gas chromatographic measurements of methane 

with a Shimadzu GC-9A equipped with a zeolite molecular sieve column and a flame 

ionization detector. Total dissolved sulfide [∑(H2Saq, HS-, S2-)] was measured in 100 µL 

culture samples taken without disturbing the FeS settled at the bottom of the culture 

flask. The samples were mixed with 100 µL anoxic 0.2 M NaOH solution. 20 µL of the 

alkalinized sample were transferred to 100 µL of a 0.1 M zinc acetate solution and 

analyzed according to the methylene blue method by (Cline, 1969). For this analysis, 

samples were taken without disturbing the FeS precipitate, as it would interfere with 

the analysis. Before samples for the analysis of other sulfur species were taken 

cultures were shaken cautiously to mix minerals with the liquid phase. This was 

necessary because over the time course of the experiment regular sample taking 

would have changed the relative amounts of mineral and dissolved components. For 

each measurement, 15 ml samples were transferred into glass bottles flushed with 

N2/CO2 (80/20%) without leaving a headspace, which were sealed with butyl rubber 

stoppers. From a 0.5 mL subsample, potentially produced thiosulfate and sulfite were 

derivatized by monobromobimane and analyzed by HPLC as described in Newton et 

al. (1981) and Zopfi et al. (2004). The detection limit of this method is 0.005 µM for 

both, thiosulfate and sulfite. Zero-valent sulfur species were analyzed in a separate 

5 mL subsample, in which sulfide was fixed by the addition of 5 mL of 0.1 M zinc 

acetate and elemental sulfur was extracted with 2 mL toluene overnight. Then, 250 µL 

of the toluene extract was diluted in 750 µL methanol and analyzed by HPLC according 

to Findlay et al. (2014), with the detector of the HPLC set to 230 nm instead of 264 nm 

(Findlay et al., 2014). The detection limit of this method is 0.1 µM zero-valent sulfur. 
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Raman spectroscopy 

To investigate the presence of elemental sulfur or polysulfides in and around cells, 

samples of culture J5 were analyzed by confocal micro-Raman spectroscopy. Samples 

of 0.5 mL culture were taken, fixed in 4% paraformaldehyde overnight, and treated with 

an ammonium oxalate solution (5.6 g ammonium oxalate and 4.2 g oxalic acid 

dihydrate in 200 mL double-distilled water) at a 1:10 (v/v) ratio for 10 min. After 

dissolution of iron(II) sulfide minerals, samples were centrifuged for 10 min at 10,000×g 

and 4°C and the supernatant was discarded. Cells were re-suspended in phosphate-

buffered saline [PBS, 130 mM NaCl, 5% (v/v) of a phosphate buffer stock solution 

(40 mM NaH2PO4, 160 mM Na2HPO4), pH 7.2] and kept at 4°C. In principle, Raman 

acquisitions followed the protocol of Haider et al. (2010) differing only in the applied 

spectral resolution of 2.6 cm–1, which results in a readable spectral range of about 140 

cm–1 to 3200 cm–1. 

Fixation and counting of microbial cells 

Cultures were gently mixed before a 0.5 mL sample was taken and fixed in 9.5 mL of 

4% paraformaldehyde solution and incubated overnight at 4°C. All subsequent steps 

were carried out at 4°C. After centrifugation at 10,000×g for 10 min and resuspension 

in 1 mL PBS, samples were mixed with ammonium oxalate solution (1:10, see above). 

Samples were vortexed for 10 min and cells were collected on a 0.2 µm pore size filter 

(GTTP-white, Millipore). Filters were air-dried and stored at –20°C. Cells were stained 

on filter sections with 1 µg mL–1 4’,6-diamidino-2-phenylindole (DAPI) solution during 

10 min incubation in the dark. After washing for 5 min in double-distilled water and 

twice for 1 min in 80% ethanol, filters were air-dried and mounted on microscope slides 

using CitiFluor™ AF1. Cell numbers were recorded on an inverted microscope 

(AxioObserver, Zeiss) and counted with an automatic image processing workflow set 

up in KNIME 3.4.0 (Berthold Michael et al., 2007) as described in Thiel et al. (2019). 

Analysis of iron(II) sulfide species 

Preliminary 57Fe Mössbauer spectroscopy data from 1 month of incubation were 

partially published before (Supplementary data in Thiel et al., 2019), while the present 
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study presents further results of 1-month old samples, and additional Mössbauer 

measurements after 220 days of incubation. Thus, the method was performed as 

described in Thiel et al. (2019). 

For XRD analysis, 2 mL of a mixed culture sample was transferred to a 2 mL reaction 

tube in an anoxic tent under a H2/N2 (5:95%) atmosphere. Samples were centrifuged 

for 5 min at 13,900×g, the supernatant was discarded and the mineral phase was 

transferred to a quartz plate and dried at 18°C for 24 – 48 h in the anoxic tent. Sample 

analysis was performed as described in Thiel et al. (2019). 

Mineral transformation in culture J5 incubated with H2S, polysulfides or elemental 

sulfur was analyzed via scanning electron microscopy (SEM) images. Sample 

preparation was similar as described in Thiel et al. (2019). The whole sample was 

screened briefly and a representative spot (accounting roughly 1% of the sample 

holder) was taken for a thourough screnning for crystal formation. SEM images in 

Figure 6 were taken from Thiel et al. (2019). 
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Results and discussion 

Formation of oxidized sulfur species during growth of culture J5 

The presence of zero-valent sulfur species ([S0], including elemental sulfur and also 

polysulfides in which only the outside facing sulfur atoms are negatively charged) is a 

prerequisite for the formation of pyrite via the polysulfide pathway (Eq 4.2). 

Concentrations of [S0], sulfite and thiosulfate were quantified over an incubation period 

of 218 days by HPLC measurements (Figure 9). The method does not differentiate 

between elemental sulfur (neutral sulfur) and polysulfides (negatively charged Sn
2-), 

though. [S0] in culture J5 was present at concentrations of 60 ± 10 µM4 (n=4) at the 

beginning of incubation, and increased to a maximum of 255 ± 16 µM (n=4) after 72 

days. Afterwards, [S0] concentrations declined towards 10 ± 2 µM (n=4) at the end of 

incubation (Figure 9). Thiosulfate and sulfite were found only in minor amounts that did 

not exceed 35 and 4 µM (n=4), respectively (Figure 9).  

In an seperat experiment, a similar pattern with higher maximum [S0] concentrations 

of 1,080 ± 44 µM culture was observed (Suppl. Figure 6, n = 3). In the corresponding 

abiotic controls, [S0] was generally lower than with culture J5 (max. of 106 µM (Figure 

9) and 285 µM (Suppl. Figure 6), respectively). Small amounts of thiosulfate (80 µM, 

n=1) formed in the abiotic control within 71 days, but remained constant afterwards 

(Figure 9). In all experiments, only trace amounts of sulfite were found (Figure 9). 

Mineral transformation from FeS to greigite and pyrite in these cultures was confirmed 

by XRD analysis after 127 and 183 days (Suppl. Figure 7). 

It is possible that the initial [S0] concentrations of 60 ± 10 µM (n=4) were introduced by 

surface oxidation of Na2S crystals during the preparation of the Na2S solution. 

Nevertheless, concentrations of [S0] increased four-fold during the incubation period 

(Figure 9, see also Suppl. Figure 1). [S0] formation from H2S is endergonic 

(∆G0'
r = 28 kJ mol–1) and occurs only if the partial pressure of molecular hydrogen is 

kept below 10-5 bar at [S0] and sulfide concentrations around 1 mM and of 5 mM, 

respectively (ΔGr
0’ = –8 kJ mol–1; Eq 4.3). 

                                            
4 All concentrations refer to the culture volume 
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Eq 4.3  H2S   à   [S0]   +   H2
                ΔGr

0’= +28 kJ mol–1 

Typically, a hydrogen partial pressure of 10-4 bar to 10-5 bar (Lovley, 1985; Lovley et 

al., 1982; Seitz et al., 1988) is maintained in pure and mixed cultures of methanogenic 

archaea and in methanogenic sediments. Thus, [S0] formation in culture J5 would be 

thermodynamically feasible. Polysulfides form from H2S and [S0] in aqueous solutions 

(Eq. 4.4, Findlay, 2016; Schwarzenbach & Fischer, 1960). The slightly endergonic 

reaction (Eq. 4.4) is at thermodynamic equilibrium under culture conditions of culture 

J5 (assuming a hydrogen partial pressure of 10-5 bar; Suppl. Table 3), in which sulfide 

concentrations of ca. 6 mM exceeded [S0] concentrations by 20 to 200 times (Figure 9). 

Consequently, most [S0] in culture J5 should be in the form of polysulfides. Thus, pyrite 

formation in culture J5 could proceed via the polysulfide pathway (Eq. 4.2). 

Eq. 4.4  H2S + nS0   à   Sn+1
2-   +   2 H+          ΔGr

0’= +19 kJ mol–1 

Using the polysulfide formation and dissociation constants published by Kamyshny et 

al. (2007), the most abundant polysulfide in culture J5 was calculated to be S2
2- 

(ca. 70%), while Sn
2- with n=3-6 vary between 6 and 10 % and only minor amounts of 

S7
2- are to be expected.  
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Figure 9. Formation of the partially oxidized sulfur species [S0], thiosulfate, and sulfite, as well as the 
decline in sulfide and the production of methane over 218 days of incubation. Four replicates of culture J5 
(colored symbols) were compared to one abiotic control (empty symbols). S0 represents all zero-valent 
sulfur species like elemental sulfur and polysulfides. Note the differences in scale! 

Indications of sulfur on cell surfaces measured by Raman spectroscopy 

Presence of [S0] in proximity to individual microbial cells of culture J5 was checked by 

confocal micro-Raman spectroscopy with a resolution of 2.6 cm–1. [S0] causes Raman 

shifts that are clearly distinguishable from typical components of microbial cells and 

provide additional information about its speciation (e.g. elemental sulfur, polysulfides, 

iron-sulfide minerals) and crystallinity (Pasteris et al., 2001; Trofimov & Gusarova, 

2009).  

In culture J5, three morphologically different structures were scanned by Raman 

spectroscopy: round crystals (“cocci”, roughly 1 µm), needle-like structures (“needles”, 

roughly 5-10 µm) and 2 µm long rods. While the first two structures are most likely 

minerals, the rods were identified as cells. The overall interpretation of the mineral 

spectra by Raman spectroscopy was ambiguous because they did not align well to 
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reference spectra for FeS and pyrite from the RRUFF database (Figure 10A). The 

spectrum of the cocci-like structures between 150-600 cm–1 shows some similarity with 

the spectra of pyrite (Figure 10A). They seem to be covered with organic matter (peaks 

around 3000 cm–1) and an unknown phase responsible for the peaks at 1450 and 

970 cm–1. The organic matter signals might derive from extracellular polymeric 

substances that could have adsorbed at the mineral surfaces. Small indications of 

organic matter were found also in the abiotic sample (Figure 10A), and derive probably 

from a contamination with organic matter from culture samples that might have been 

transferred during sample preparation. This is supported by the low yield of spectra 

and their large divergence. 

Peaks in the needle-like structures at about 154, 210, and 481 cm–1 can be assigned 

to small amounts of S8 sulfur (Figure 10A, B). The peak at 210 cm–1 is very small, 

while the one at 481 cm–1, which indicates polysulfides (n>2), is relatively large 

(Trofimov et al., 2009). This supports the assumption that [S0] in culture J5 is mostly in 

the form of polysulfides. The needle-like mineral structures show no similarity to known 

spectra of iron(II) sulfide minerals, besides the small peak at about 565 cm–1 which 

aligns with the pyrite spectrum. Iron(II) sulfide minerals in culture J5 were shown to 

include an unknown FeSx phase (Figure 6, Thiel et al., 2019), which might provoke the 

unidentifiable spectra. 

A total of 55 cells from 2.5- and 5-months old J5 culture samples were analyzed. The 

spectra between 300 and 1800 cm–1 were all dominated by peaks representing 

polyhydroxy alkanoates (PHA, Figure 10A). The spectra of PHAs are quite similar with 

only slight shifts of the Raman band at about 1725 to 1745 cm–1, but they are hard to 

differentiate with the spectral resolution of about 2.6 cm–1 used in this study (Tao et al., 

2016). PHAs are typically formed under limitation of oxygen, nitrogen or phosphorus 

(Du et al., 2000; Raje & Srivastava, 1998), which is unlikely to be the case in culture 

J5. Nevertheless, the spectrum is more pronounced in the 5-months old culture J5A 

than in the 2.5-months old culture J5B (Figure 10A, B), indicating that PHAs are 

synthesized in the interjacent time period. 
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Figure 10A. Raman spectra of three different structures of culture J5: rods, „cocci“, and „needles“. Samples 
were obtained from a 5-months old culture (J5A) and rod spectra were compared to those in a 2.5-months-
old J5 culture and an abiotic control. Reference spectra were obtained from the RRUFF database 
(http://rruff.info/. Dec. 2019), while peaks reported for poly(3-hydroxybutyrate) (PHBs, De Gelder et al., 2008) 
are indicated by arrows. For comparibility, peaks from reference spectra from  Fe-S minerals and S8 sulfur 
are shaded in orange and green, respectively.  

The area of 0 to 800 cm–1 in which [S0] species emit Raman signals was inspected 

more closely (Figure 10B). In that range, culture J5 emits several diffuse signals at 

Raman shifts that match reported values for polysulfide species (Trofimov et al., 2009). 

The highest accordance is for polysulfides with n=7, but some signals match 

polysulfides with n=3, 4 and 6. No peaks for polysulfides with n=2 at 718 cm–1 were 

found, although these should be the most abundant polysulfides under the present 

conditions (~70%), while polysulfides with n=7 are expected to be very low (~1%) in 

abundance. Relative amounts of the various polysulfide species (∑[Sx
2-, HSx

- and 
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H2Sx]) were determined by multiplication of the total S(-II) concentration with the 

individual coefficients for each Sx
2-, HSx

- and H2Sx species devided by the sum of 

coefficients. The coefficients had previously been calculated from the formation and 

dissolution constants published in Kamyshny et al. (2007) and were provided by Alyssa 

Finday from Aarhus University. Note that relative amounts of the various polysulfide 

species are uncertain, because coefficients are valid only in solutions saturated with 

elemental sulfur. 

Furthermore, the prominent peaks at 779 and 1000 cm–1 might indicate aromatic head-

groups of polysulfides (Figure 10A, Trofimov & Gusarova, 2009), although the former 

peak is present in the “cocci”-structure and might be evoked by iron-sulfide minerals, 

while the one at about 1000 cm–1 is likely caused by the aromatic ring of phenylalanine 

(Haider et al., 2010). However, since iron(II) sulfide minerals and also PHAs emit 

signals in this range (Figure 10A), an unambiguous assignment of the spectra is not 

possible. Besides PHAs, large peaks around 3000 cm–1 typical for OH/NH/CH bonds 

of organic matter were found. In general, spectra between individual cells were similar, 

although there was a slight difference between 5- to 2.5-months-old samples, which 

can be explained by the spectrum of PHA in J5A overlaying most features of a cell 

spectrum without or little PHA in J5B.  
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Figure 10B. Raman spectra of culture J5 in the range of 0 to 900 cm–1 compared to reference spectra from 
the RRUFF database (http://rruff.info/. Dec. 2019), polysulfide data from (Trofimov et al., 2009), and PHAs 
data from De Gelder et al. (2008). If peaks in culture J5 was in proximity of reported polysulfide signals, this 
is indicated by Sn in red, in which n indicates the respective chain length of the polysulfide. Peaks in 
spectra of PHAs are indicated by arrows. For comparibility, peaks from reference spectra from Fe-S 
minerals and S8 sulfur are shaded in orange and green, respectively. 
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Influence of [S0] species on pyrite formation 

To investigate whether the presence of [S0] at an approximate concentration of 9 mM 

influences pyrite formation in culture J5, metabolic activity was followed by methane 

and sulfide measurements over 126 days and iron-sulfide minerals were analyzed by 

XRD and SEM imaging after 172 and 116 days, respectively (Figure 11). Methane, 

which previously served as indicator for microbial activity in culture J5, was detected 

at small amounts of 0.05 mM and 0.11 mM in S0 and H2S amended samples with 

culture J5 (n=3). The low methane concentrations for H2S and S0 amended samples 

are in the same range as in experiments in which the Methanospirillum isolate was 

inoculated without culture J5 (Suppl. Figure 8A), or in which culture J5 was inhibited 

with penicillin (Thiel et al., 2019) or CO (Suppl. Figure 8B). Therefore, these 

concentrations are considered background reactions of the Methanospirillum spp. in 

culture J5 that take place without activity of its syntrophic partner. In consistence with 

the weak formation of methane, XRD data showed that no transformation of FeS to 

pyrite occurred in experiments with H2S, and only in minor amounts in samples with 

S0. Sulfur and small amounts of pyrite were detected in sulfur-amended samples with 

culture J5 (Figure 11B), but the only mineral phases in H2S samples and in abiotic S0 

samples were greigite and FeS (Figure 11A, B). SEM imaging showed two crystals 

resembling octahedral pyrite in H2S- and S0-amended cultures (Figure 11A, B), but 

mostly identified disordered structures, putatively representing poorly-ordered FeS 

minerals.  
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Figure 11. Influence of oxidized sulfur species on pyrite formation in culture J5. A) Weak methane formation 
(see scale) and no pyrite formation in culture J5 under normal culture conditions with 6 mM H2S and 5 mM 
FeS. SEM image shows one of a total of two crystals found in the sample. B) Weak methane formation in 
culture J5 samples supplemented with a suspension of elemental sulfur in addition to 1 mM H2S. No pyrite 
is formed, but it appears that a higher quantity of FeS was transformed to greigite in presence of culture J5 
as compared to the abiotic control. SEM image shows a structure that seems to be more dense than 
typically observed for FeS. C) Culture J5 samples supplemented with roughly 9 mM polysulfides show 
pyrite formation in the absence of methane formation. Transformation of FeS to pyrite appears to be even 
more pronounced in the abiotic control sample in which pyrite is the major phase observed. SEM image 
shows the same dense structure as observed in samples supplemented with elemental sulfur. Reference 
spectra for the XRD data were obtained from the RRUFF database (http://rruff.info/. Dec. 2019). 
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In contrast, XRD analysis detected significant amounts of pyrite in polysulfide-

amended samples (Figure 11C). Pyrite formation in polysulfide-amended samples was 

not accompanied by methane formation and also found in abiotic controls 

(Figure 11C). Sulfur was detected in polysulfide-amended samples of culture J5, but 

surprisingly not in the abiotic control (Figure 11C). H2S decreased to 0 to 0.01 mM in 

all samples except those amended with polysulfides and culture J5. Here, sulfide 

concentrations were initially 1.3 to 4.3 mM between triplicates, although the 

measurement was unreliable so that values can only serve as a vague approximation. 

Sulfide concentrations then decreased to 0.5 mM after 50 days and then stabilized at 

around 1 mM at day 77 and 126 (n=3). Sulfide in polysulfide samples may derive from 

disproportionation of polysulfides to S0 and H2S at pH 7.2 (Eq. 4.4 reversed), and the 

1 mM sulfide present as reducing agent in the medium. It cannot be ruled out that pyrite 

in polysulfide-amended samples was formed from H2S, but the lack of methane 

indicates that oxidation of H2S with release of molecular hydrogen did not occur at 

significant amounts in polysulfide-amended samples. In addition, no pyrite formation 

was observed in samples with high H2S concentrations, which indicates that pyrite is 

not formed via the H2S pathway, which might be due to the experimental set-up with 

glass tubes instead of bottles. Consequently, it is likely that pyrite formed via the 

polysulfide pathway in polysulfide-amended samples with and without presence of 

culture J5. 

Pyrite formation via the polysulfide pathway? 

Thermodynamic calculations based on the small amounts of [S0] detected in culture J5 

(Figure 9, Suppl. Table 3 and 4) indicate that pyrite formation via the polysulfide 

pathway is possible in the enrichment culture J5. Raman spectroscopic data also 

suggested the presence of small amounts of [S0] on cells, and indicates that at least 

part of it is in the form of polysulfides (Figure 10A, B). The formation of pyrite in abiotic 

polysulfide-amended experiments shows that pyrite can form via the polysulfide 

pathway at ambient temperatures in absence of microbial activity. So far, it remains 

open, whether microbial energy metabolism is fueled by H2S oxidation to polysulfides 

and whether the amount of polysulfides formed by microbial activity are sufficient to 

support abiotic pyrite formation as indicated in Figure 12.  
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Figure 12. Theoretical mineral transformation pathways in enrichment culture J5. Numbers correspond to 
equations in the main text. 1) Pyrite (FeS2) formation via the H2S pathway (red). 2) Pyrite formation via the 
polysulfide pathway (green). 3) H2S oxidation to zero-valent sulfur species. 4) Polysulfide formation from 
elemental sulfur and H2S. 5) Pyrite formation coupled to methanogenesis (blue). 

Pyrite formation rates for the polysulfide- (8·10–11 mol L–1 s–1 in presence of excess 

sulfur) and the H2S pathway (2·10–8 mol L–1 s–1) have been determined in abiotic 

studies, where it was found that the polysulfide pathway is roughly 100 times slower 

than the H2S pathway (Butler et al., 2004; Wilkin & Barnes, 1996). In culture J5, the 

correlation between pyrite formation and methanogenesis was shown to be 

approximately 4:1 (Table 6, Thiel et al., 2019). Therefore, the linear phases of methane 

formation were used to deviate pyrite formation rates, resulting in an average pyrite 

formation rate of 2.3·10–10 mol L–1 s–1 (n=15, Table 6). The value compares to pyrite 

formation rates of 1.5·10–10 mol L–1 s–1 (n=6), calculated from semi-quantitative 

Mössbauer data for pyrite after 207 and 220 days of incubation (Suppl. Table 5, Thiel 

et al., 2019). These rates were compared to theoretical calculations using substrate 

concentrations expected in culture J5 (Suppl. Table 4) and rate equation Eq 40 as well 

as the rate constants kH2S = 10–4 mol L–1 s–1 and kSx
2- = 350 L3 mol–1 s–1 from Rickard & 

Morse (2005). Rates of roughly 2·10–10 mol L–1 s–1 derived from the experimental data 

are ten times slower than expected from the theoretical calculations of the H2S pathway 

(1.3·10–9 mol L–1 s–1), but 105 times faster than expected for the polysulfide pathway 

(1.6·10–15 mol L–1 s–1; Suppl. Table 5, note that calculation for the polysulfide pathway 

are unsecure. Calculations were performed according to the polysulfide term in Eq 40 

in Rickard & Morse (2005), but when calculated with the values used by the authors a 

difference of 10-6 to the published values were obtained.).  
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Table 6. Summary of turnover rates and total formation/ decline of methane (CH4), H2S (∑(H2S. HS-. S2-)), 
and pyrite (FeS2) various cultures of J5. Methane formation and sulfide decline rates are given in µmol L–

1 day–1, while pyrite formation rates are given in mol L–1 s–1 for better comparison with literature values. 
Pyrite concentrations were calculated from the relative abundance of the mineral found by Mössbauer 
spectroscopy and assuming 5 mM total concentration of iron sulfide minerals.  *Data taken from culture J5 
samples from Thiel et al. (2019), PK = positive controls of the inhibition experiment; 30_1/2 = samples of 
temperature experiment incubated at 28°C. 

   Experiment  Rates (linear phase) Total Ratio 

    µmol L–1 day–1 mol L–1 s–1 ∆ (mmol L–1)    

  ID V (mL) CH4 H2S Pyrite CH4 H2S FeS2 CH4/FeS2 

C
ul

tu
re

 J
5 

Fig.1A  500 3.4 –13.5 1.6–10 0.6 –1.9     

Fig.1B  500 4.2 –15.9 2.0–10 0.7 –2.1     

Fig.1C  500 3.5 –14.5 1.7–10 0.6 –2.0     

Fig.1D  500 3.4 –11.9 1.6–10 0.6 –1.9     

Fig. 5A  50 5.9 –27.4 2.8–10 0.9 –4.9     

Fig. 5B  50 4.4 –10.4 2.1–10 0.6 –3.8     

Fig. 5C  50 5.4 –8.2 2.6–10 0.2 –2.8     

Fig. 6A  50 5 –8.5 2.4–10 0.3 –3.1 2.3  1/7 

Fig. 6B  50 7 –16.2 3.3–10 0.7 –3.4 4.0  1/6 

Fig. 6C  50 4.1 –10.3 2.0–10 0.2 –1.9     

PK1*  70 4.5 NA 2.1–10 0.3 NA     

PK2*  70 8.4 NA 4.0–10 0.4 NA 1.1  1/3 

PK3*  70 5.8 NA 2.8–10 0.8 NA 2.9  1/4 

30_1*  70 2.4 NA 1.1–10 0.5 NA 2.6  1/5 

30_2*  70 5.2 NA 2.5–10 0.8 NA 3.1  1/4 

Mean 4.8 –13.7 2.3–10 0.6 –2.8 2.7 1/4.5  

SD  1.5 5.3 7.1–11 0.2 0.9 0.9  

A
bi

ot
ic

 

co
nt

ro
l NA  50   –8.8     –3.0     

Fig.1  500   –2.5     0.9     

         

 

Deviations from theoretical values have previously been observed in enrichment and 

pure cultures of sulfur-dismutating bacteria (Canfield et al., 1998) and point towards a 

microbial influence on mineral transformation. Pyrite-formation rates in culture J5 are 

comparable to those measured previously for the polysulfide pathway in abiotic 

experiments at elevated temperatures of 70°C (Suppl. Table 2, Butler et al., 2004; 

Wilkin & Barnes, 1996). However, studies for comparison of pyrite formation rates are 

rare. Few studies follow mineral transformation to pyrite quantitatively. Furthermore, 
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the reactions depend not only on the concentrations of precursor molecules (Rickard 

& Luther, 2007), but also on temperature (Gramp et al., 2010), pH (Zhou et al., 2014a), 

incubation time (Gramp et al., 2010; Zhou et al., 2014a), and presence and nature of 

microorganisms (Donald & Southam, 1999; Picard et al., 2018; Stanley & Southam, 

2018), which impedes a comparison of formation rates between individual studies. 

In conclusion, the presented data emphasize the polysulfide reaction as possible 

pathway for pyrite formation in culture J5 (Figure 12, Eq. 4.2 to 4.4). In this case, 

microorganism would not directly mediate pyrite formation, but use the energy from 

H2S oxidation to [S0] species for growth. This reaction becomes exergonic if the 

products [S0] and molecular hydrogen are kept low due to subsequent pyrite formation 

and methanogenesis, respectively (Figure 12, Eq 4.5).  

Eq 4.5     4 H2S + 4 FeSm + CO2 --> 4 FeS2 + CH4 + 2 H2O        ∆G0'
r = –302 kJ mol–1 

However, most of the energy is released during pyrite formation, and may not be 

usable by the microorganisms. Considering that only sulfide oxidation and 

methanogenesis are biologically catalyzed, the resulting energy yield is substantially 

lower (Eq 4.5.2).  

Eq 4.5.2  4 H2S + CO2 --> CH4 + 2 H2O + 4 [S0]                    ∆G0'
r = –28 kJ mol–1 

Since Eq 4.5.2 is the sum of five reactions, the energy released in the partial reaction 

is even lower. Under culture conditions the total energy for Eq. 4.5.2 is –63 kJ mol–1, 

resulting in roughly –13 kJ mol–1 per partial reaction. For the genereally assumed 

minimum energy of –20 kJ mol–1 required for energy conservation (Schink, 1997), [S0] 

would need to be <10 µM, which matches concentrations only at the beginning (37 

days) and the end (218 days) of cultivation, but from studies with methanogenic 

archaea and sulfate reducing bacteria minimum free energy valuea as low as –10 kJ 

mol–1 are expected to be sufficient for energy conservation (Hoehler et al., 2001; 

Thauer, 2011). Obviously, microorganisms in culture J5 that share the energy released 

in Eq 4.5.2 are operating at the very limit and values of –13 kJ mol–1 may just be enough 

to support life in culture J5.  

Since the Raman spectra of cells were biased due to high PHA concentrations and the 

experiment with supplemented polysulfides did not result in pyrite formation under 
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normal culture conditions, an unambiguous assignment of the pyrite-forming pathway 

in culture J5 is not possible. To distinguish the pathway by which pyrite is formed, a re-

enacted experiment could follow stable isotope partitioning of 32S and 34S during the 

formation of pyrite, as was performed by Butler et al. (2004) and Canfield et al. (1998). 

Isotopic composition of pyrite formed by the H2S pathway reflects equimolar mixing of 

the reservoirs, because sulfur from both FeS and H2S ends up in pyrite. In contrast, 

pyrite formed from polysulfides obtains both sulfur from the polysulfide and therefore 

the isotopic composition of pyrite will be identical to the one of the polysulfide (Butler 

et al., 2004). Isotopic interspecies transfer processes make the evaluation of the 

isotopic data more complex, but even considering complete isotope exchange between 

the reactants, the difference between both pathways is distinguishable (Butler et al., 

2004). Alternatively, a complementation experiment could be performed in which 

penicillin-inhibited cultures of J5 are supplemented with polysulfide. Identification of 

iron-sulfide mineral transformation before and after addition of polysulfides could be 

followed by XRD or Mössbauer spectroscopy and could check whether pyrite in 

inhibited cultures forms after polysulfide addition. 

Correlation of methanogenesis and pyrite formation 

To get a better understanding of the dynamics in culture J5, the formation of methane 

and biomass, as well as decline of sulfide during 253 days of incubation were 

measured in triplicates of culture J5 (J5A-C, Figure 13). A difference in FeS 

transformation, methane production and sulfide decline within the triplicates of culture 

J5 was observed, which is why they are depicted seperately (J5A-C, Table 6, 

Figure 13). Fe-S mineral composition in two samples (J5A and J5B) was analyzed after 

3.5 and 6 months by XRD. Mineral transformation was much more pronounced in 

sample J5A (0.93 mM methane, n=1, technical triplicates) compared to J5B (0.57 mM 

methane, n=1, technical triplicates). This seems to correlate to a visible decoloration 

of the black FeS minerals observed in sample J5A, but not in J5B or J5C (Figure 13A, 

see also Suppl. Figure 7). XRD analysis confirmed complete transformation of FeS to 

greigite and pyrite in culture J5A within 3.5 months, while FeS was still found in culture 

J5B even after 6 months of incubation (Figure 13A, B). Previously it was shown that 

pyrite formation correlates with methanogenesis (Thiel et al., 2019). This is confirmed 

in this experiment, in which methanogenesis in culture J5A reached maximum 
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concentrations of 0.93 mM after 190 days of incubation, while the other two cultures 

stopped methanogenesis after 105 and 65 days with 0.57 and 0.18 mM methane (n=1, 

technical triplicates), respectively (Figure 5C).This was also mirrored in the decline of 

sulfide, which was far more pronounced in the J5A sample (complete consumption of 

sulfide whithin 160 days) than in J5B and C, in which the decline continued much 

slower after the first 20 days and 1.4 and 2 mM sulfide remain at the end of the 

experiment after 250 days (Figure 13C, technical triplicates). The only case in which 

low methane formation but high mineral transformation of FeS to pyrite was found, was 

in samples with sulfate amendment (Suppl. Figure 8C). Presumably, the methanogenic 

organism competed with hydrogenotrophic sulfate reducing members of culture J5 

(e.g. Desulfolutivibrio sulfoxidireducens., Thiel et al., 2020).  

No correlation of methane and pyrite to biomass formation 

The major part of growth in culture J5 occurred within the first 65 days in which cells 

numbers increased from 5·105 (± 1·105) cells mL–1 to 2·106 (± 5·105) cells mL–1 

(Figure 13D, n=3). In total, cell numbers increased roughly tenfold to a maximum of 

3·106 (± 1·106) cells mL–1 within 219 days, but fluctuated strongly between single 

measurements (Figure 13D). Culture sample J5C reached the highest cell numbers of 

4·106 cells mL–1 of all three samples, although methanogenesis stagnated after 

65 days and reached maximum concentrations of only 0.24 mM (n=1, technical 

triplicates). Sample J5B reached cell densities as high as the well-performing J5A, but 

mineral transformation remained incomplete even after 6 months of incubation. 

Therefore, neither methanogenesis nor mineral transformation correlated with biomass 

formation. In J5A all FeS was transformed within 3.5 months of incubation, while the 

decline in sulfide and the formation of methane was still ongoing for 2 additional months 

(Figure 13). Decline of sulfide was observed also in abiotic samples, which was linked 

to the formation of an unidentifiable FeSx phase observed in all samples analyzed via 

Mössbauer spectroscopy (Figure 14, Thiel et al., 2019). The slight increase of methane 

concentrations by 0.1 mM (n=1, technical triplicates) in J5A during these 2 months 

might represent background reactions of methanogenesis that use molecular hydrogen 

released during FeSx formation. Nevertheless, for future cultivation, well-performing 

cultures of J5 should be transferred every three to four instead of every 6 months, since 

major growth and activity ends after this time period. 
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Figure 13. Iron sulfide mineral transformation (A, B), substrate turnover (C), and growth (D) in triplicates of 
culture J5. A) Images of culture vessels after 253 days. Flasks were shaken just before the image was taken.  
B) Iron sulfide mineral transformation in 3.5- and 6-months-old culture J5 samples compared to reference 
data from the RRUFF database (http://rruff.info/. Dec. 2019). C) Methane formation (blue triangles) and 
decline in sulfide (red dots) were measured over the time course of 253 days (8 months). Dotted lines 
indicate linear regression lines used to calculate rates of table 1. D) Cell counts of DAPI stained cells of 
culture J5 at different times of incubation. 
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High fluctuation in between measurements and the lack of growth after the first 2 to 3 

months raise doubts about the accuracy of the sampling method though. The 

attachment of microorganisms on 3D structured FeS (Suppl. Figure 9D) made it 

necessary to solve Fe-S minerals prior to filtration. It is possible that an unknown 

proportion of cells is lost when exchanging the fixation reagent for the oxalate treatment 

ment to solve Fe-S minerals. Furthermore, cells in microscopic images often appear to 

be very small (Suppl. Figure 9 A-C), so some of these cells may be lost by filtration 

with 0.22 µm filters and filters with smaller pore sizes should be considered in further 

studies.  

Neither pyrite nor methane is formed without activity of culture J5 

The weak biomass formation in culture J5 has raised doubts whether pyrite formation 

depends on microbial activity, due to reports about enhanced FeS transformation to 

greigite and pyrite on microbial membranes and extracellular polymeric substances 

(Donald & Southam, 1999; Picard et al., 2018). This issue was addressed by 

measuring mineral transformation, methane formation and sulfide decline in culture J5 

as compared to control experiments with live and dead cells of high densities with 

artificially mixed isolated species. Primary results of 1-month old cultures were shown 

in Thiel et al. (2019), but mineral data were more clearly interpretable after 7 months 

of incubation (Figure 6). 

After 1 month of incubation, Mössbauer spectra in the samples indicated that FeS 

transformed mainly in samples with culture J5 (Figure 14A), resulting in FeSx, greigite 

and a mineral phase for which an unambiguous interpretation of the Mössbauer 

spectra was not possible at that time. The breadth of the singlet peak in the spectra of 

one-month old culture J5B and the autoclaved mixed isolates was similar, with a 

quadrupole splitting value of 0.36 mm s–1, and indicated an iron(II) sulfide phase 

somewhere between FeS and FeS2
 and is thus designated as FeSx/FeS2. Most 

evidence for pyrite formation derived from SEM images show orthorhombic pyrite-like 

crystals only in culture J5 samples (Figure 14C). After 7 months of incubation, spectral 

parameters of culture J5 showed a large doublet peak with a quadrupole splitting of 

0.62 mm s–1 affiliated to pyrite, although the hyperfine parameters are a bit above a 
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typical pyrite signature. In contrast, the singlet peak in the autoclaved dead control 

showed a quadrupole splitting value of 0.26 mm s–1 and was affiliated to FeS. 

 

Figure 14. Mineral transformation and substrate turnover culture J5 compared to cultures of artificially 
mixed isolates of Desulfovibrio spp., Desulfomicrobium spp. and Methanospirillum spp. (Live and dead 
mix), as well as to a mix of the isolated Methanospirillum spp. and Escherichia coli strain XL-1 Blue (Msp. 
+ E.c.). A) Iron sulfide mineral transformation shown by Mössbauer spectra of the individual cultures after 
1 and 7 months of incubation. Corresponding values are summarized in Suppl. Table 2. B) Methane 
formation (blue triangles) and decline in sulfide (red dots) were measured over the time course of 207 days 
(7 months). Dotted lines indicate linear regression lines used to calculate rates of table 1. C) Scanning 
electron microscopic (SEM) images of mineral phases after 1 month of incubation. Images were taken from 
Thiel et al. (2019). 
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FeS transformation in the well-performing culture J5A sample was complete and pyrite 

(80%) and greigite (20%) were the only products while an intermediate FeSx phase 

(Thiel et al., 2019) and a short-range ordered Fe(III) (oxyhydr)oxide mineral phase in 

culture J5B made 22% and 13% of the mineral composition, respectively (Figure 14A, 

Suppl. Table 6). The Fe(III) oxyhydr(oxide) phase is fitted best by a sextet 

corresponding to lepidocrocite (γ-FeOOH), and has been detected in previous 

culture J5 measurements (see culture J5 samples in the inhibition experiment of Thiel 

et al. (2019), although data was not published). The presence of iron(III) species such 

as lepidocrite and goethite has been shown to promote surface-bound polysulfide 

formation from H2S on Fe(III) minerals (Wan et al., 2014), although this process 

appears to become dominant at low sulfide concentrations of <0.03 mM only and thus 

may not be important in culture J5 with mM sulfide concentrations. 

Thus, pyrite formation requires presence and activity of culture J5 and does not occur 

solely on cell surfaces or organic matter. However, in all samples with live organisms, 

but not in the autoclaved control, greigite was found (Suppl. Table 6). Greigite is a 

mixed-valence iron(II)-iron(III) mineral that has previously been described as 

intermediate between FeS and pyrite in the polysulfide pathway (Hunger & Benning, 

2007). It was detected in samples containing culture J5 and in artificially mixed isolate 

samples, as well as in previous inhibition experiments as published in Thiel et al. (2019; 

Suppl. Figure 8A) and in culture J5 amended with sulfur or polysulfides (Figure 11). 

Besides its identification by Mössbauer spectroscopy and/or XRD, the magnetic 

properties of greigite (Roberts et al., 2011) enabled rapid confirmation of its presence 

by bringing a magnet in proximity of the culture vessel. In XRD analysis it occurred as 

sole intermediate phase between FeS and pyrite, because XRD did not differentiate 

FeSx from FeS or greigite. Biogenic greigite formation is discussed in detail in the 

section below. 

In accordance with the mineral data, only samples with culture J5 produced significant 

amounts of methane (>0.1 mM, n=3, Figure 14B). Small concentrations of <0.1 mM 

methane were formed in nearly all samples containing active Methanospirillum sp., 

independent of the presence of other members of culture J5 (see below), and 

independent of the presence of FeS (Suppl. Figure 8D). Thus, this methane formation 

is probably due to background reactions as discussed above. The decline in sulfide 
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was more pronounced in culture J5 than in artificially mixed cultures, although the 

difference is very small in culture J5B. The decline in sulfide was most pronounced in 

J5A, but sulfide consumption was incomplete in all samples. As observed before 

(Figure 13), triplicate samples of culture J5 performed quite differently (Figure 14A, B). 

Enrichment cultures from marine sediments  

J5 was originally inoculated with digested sewage sludge (sewage plant, Konstanz, 

Germany, Suppl. Table 1, Thiel et al., 2019) and thus provides little information about 

the significance of biologically mediated pyrite formation in marine sediments. To 

check for pyrite formation in enrichment cultures inoculated with marine sediment, 

mineral transformation in the marine enrichment cultures J8 and J9 was followed by 

XRD. Cultures J8 and J9 were initially inoculated with Wadden sea sediment 

(Groningen, Netherlands) and sediment from a Fish market channel in Venice, Italy, 

respectively (Suppl. Table 1, Thiel et al., 2019). Both enrichment cultures were 

transferred over 10 times and methane formation was taken as indication for metabolic 

activity (Figure 15A, n=3). Sulfide concentrations decreased by roughly 1.5 mM in all 

samples over 549 days (18 months, Figure 15A, n=3), but the decline was similar in 

the abiotic control. Pyrite was formed in none of these samples, but greigite was formed 

in significant amounts in samples with J8 or J9, but not in the abiotic control 

(Figure 15B). The decline in sulfide in the abiotic control (n=1) might be due to FeSx 

formation, which probably can not be distinguished form FeS and greigite in our XRD 

measurments. The results from the marine enrichment cultured are in contrast to 

culture J5 in which methane formation was always accompanied by pyrite formation. 

Culture conditions were similar, except for the higher salt concentrations (20 g L–1) and 

lower incubation temperatures (16°C) in the marine sediment cultures J8 and J9. Even 

at these lower temperatures, pyrite formation in culture J8 and J9 via the H2S pathway 

is only little less exergonic than at 28°C, and also elemental sulfur and polysulfide 

formation remains thermodynamically possible.  
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Figure 15. Substrate turnover in enrichment cultures inoculated with Wadden sea sediment in Groningen, 
Netherlands (J8) or with sediment from a Fish market channel in Venice, Italy (J9). A) Methane formation 
(blue triangles) and decline in sulfide (red dots) were measured over the time course of 549 days (18 
months). B) Mineral transformation in J8, J9 and an abiotic control with the substrates H2S and FeS, but 
without inoculum was followed by X-ray diffraction, and diffractograms were compared to reference data 
from the RRUFF database (http://rruff.info/. Dec. 2019). M mackinawite (FeS), G greigite, P pyrite, * sodium 
chloride (NaCl). 

Biogenic greigite formation 

In culture J5, greigite was found in minor amounts of max 21%, while pyrite was the 

most abundant product of FeS transformation (Figure 14, Suppl. Table 6). However, in 

any experiment in which culture J5 was inhibited by addition of penicillin (1.7 mM), 2-

bromoethanesulfonate (BES, 10 mM) or 5% CO (Thiel et al., 2019, Suppl. Figure 8B), 

or in artificially mixed cultures (Figure 14), further transformation to pyrite did not occur, 

but greigite was found. Greigite was also the only product of FeS transformation in the 
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marine enrichment cultures J8 and J9, but in contrast to experiments with culture J5, 

substantial methane formation occurred in the absence of pyrite formation (Figure 15).  

Generally, most studies on biogenic Fe-S mineral transformation find that the 

transformation stops with greigite (Gramp et al., 2010; Lin et al., 2009; Picard et al., 

2018; Pósfai et al., 1998; Zhou et al., 2014a), and only two studies with controlled 

experimental set-ups report pyrite formation at ambient temperatures in the absence 

of oxidized sulfur species (Donald & Southam, 1999; Rickard, 1997). The formation of 

greigite requires the rearrangement of iron atoms in the FeS-lattice and oxidation of 

two-thirds of the Fe(II) to Fe(III). Hunger and Benning (2007) suggest that greigite 

forms from the reaction of solid FeS with adsorbed polysulfides to which the electrons 

from iron(II) oxidation are transferred (Eq 4.6, Hunger & Benning, 2007).  

Eq 4.6   3 FeS + 3 [S0] à Fe3S4                 ∆G0'
r = –14 kJ mol–1 

Furthermore, greigite can form from FeS and of H2S, as shown before by Rickard 

(Eq 4.7, Rickard et al., 2001).  

Eq 4.7   H2S + 3 FeS à Fe3S4 + H2                ∆G0'
r = + 14 kJ mol–1 

Both reactions are close to the thermodynamic equilibrium, which might explain why 

no greigite is formed in the abiotic control. In presence of marine cultures though, 

greigite formation by either polysulfides or H2S can be supported by methanogenesis, 

which under standard conditions results in an exergonic reaction with the same overall 

equation (Eq 4.8). 

Eq 8        12 FeS + 4 H2S + CO2  à 4 Fe3S4 + 2 H2O + CH4      ∆Gr
0’ = – 82 kJ mol–1 

Nevertheless, under the conditions assumed for marine cultures (Suppl. Table 4) the 

reaction is endergon, with + 53 kJ mol–1 and becomes exergone only at micromolar 

greigite concentrations (Suppl. Table 3). Thus, from a thermodynamic point of view, 

neither greigte formation nor survival of marine enrichment cultures over >10 transfers 

would be expected. In addition, greigite formation coupled to methanogenesis as 

depicted in Eq 8 would yield maximum methane concentrations of 0.4 mM, but more 

than twice as much is formed in marine cultures.  
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Further research is necessary to elucidate the pathway of greigite formation and 

whether it is formed abiotically or controlled microbiologically. In marine enrichment 

cultures, inhibition of the methanogenic organism by BES could be used to check 

whether greigite formation depends on withdrawal of molecular hydrogen by 

methanogenic archaea. In culture J5, inhibition by BES resulted in substantial (30.5%) 

greigite formation (Thiel et al., 2019). Phylogenetic 16S rRNA gene analysis could be 

used to identify community members in the marine sediment enrichments, to check for 

relatedness to known greigite-forming organisms (Abreu et al., 2008; Simmons & 

Edwards, 2007), and to compare communities of cultures J8 and J9 to J5. Furthermore, 

the presence of aldehydes can be checked by HPLC with 2,4-dinitrophenylhydrazine 

derivatives and UV detection at 360 nm as described by Rickard (2001). 

Conclusion 

First experiments could not disprove the hypothesis that pyrite formation proceeds via 

the polysulfide pathway in culture J5. Due to the formation and decrease of [S0] during 

incubation of culture J5, indications of sulfur on cells detected by Raman spectroscopy, 

and the formation of pyrite in polysulfide-amended culture vessels that occurred also 

in abiotic samples, pyrite formation via the polysulfide pathway needs to be considered. 

The oxidation of sulfide to polysulfides is exergonic if molecular hydrogen and [S0] are 

kept at low concentrations. Consequently, if methanogenic archaea keep the hydrogen 

pressure low and (abiotic) pyrite formation via the polysulfide pathway prevents 

accumulation of S0, H2S oxidation could support microbial growth, while the formation 

of pyrite would be a chemical reaction (Figure 12). Pyrite formation rates of 2·10–

10 mol L–1 s–1 were calculated, which compares to literature values described for pyrite 

formation rates via the polysulfide pathway under abiotic conditions, although at 

elevated temperatures of 70°C (8·10–11 mol L–1 s–1; Butler et al., 2004; Wilkin & 

Barnes, 1996). No correlation was observed between methane or pyrite formation with 

growth in culture J5. Cell numbers increase around ten-fold, no matter how much 

methane and pyrite were formed. High fluctuation in between measurements and the 

lack of growth after the first 2 to 3 months raise doubts about the accuracy of the 

sampling method though. Nevertheless, pyrite formation requires the presence of 

culture J5 and cannot be substituted by artificially mixed cultures of isolated species in 
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high cell numbers. The presence of any form of live microbial cells leads to the 

formation of greigite, which is not formed in abiotic controls or autoclaved samples. In 

contrast to culture J5, marine sediment enrichment cultures exhibited methane 

formation in the absence of pyrite formation. Greigite was the only iron-sulfide mineral 

phase detected besides FeS, and although its formation under culture conditions is 

endergonic, the microbial community could be sustained for over 10 transfers. Further 

research is required to elucidate the mechanisms controlling iron sulfide mineral 

transformation in the enrichment cultures J5, J8 and J9.  

This study emphasizes that iron(II) sulfide mineral transformation processes are 

greatly influenced by the presence and activity of microorganisms. Typically, pyrite 

formation via the polysulfide pathway is considered to be restricted to the oxic/anoxic 

interface of marine sediments. Microbial H2S oxidation to polysulfides would enable 

pyrite formation via the polysulfide pathway in much deeper sediment layers. Whether 

by directly catalyzing pyrite formation or by H2S oxidation to polysulfides, pyrite 

formation at ambient temperatures is promoted by microorganisms in culture J5. In 

either case, the transformation of FeS to pyrite is enabled by a yet undescribed 

metabolic pathway, whose elucidation could enhance our understanding of 

sedimentary processes and their influence on sulfur and iron cycles.  
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 Chapter 5 – Concerning the Methanospirillum spp. and 
Desulfomicrobium spp. in culture J5 

The previous chapters introduced enrichment culture J5 in which pyrite formation was 

mediated by syntrophic interaction between bacteria and methanogenic archaea. This 

was deduced i.a. from inhibition experiments with either penicillin-G or 2-

bromoethanesulfonate (BES) whose addition effectively inhibited pyrite and methane 

formation. Phylogenetic 16S rRNA gene analysis identified one Methanospirillum spp. 

closely related to Methanospirillum stamsii (97.6% sequence similarity) and at least 

five distinct bacterial OTUs, the most abundant (25 of 33 clones) showing an almost 

identical 16S sequence to Desulfomicrobium baculatum (99.9%). The second most 

abundant OUT (4 of 33 clones) was identified as new genus and species 

Desulfolutivibrio sulfoxidireducens (Thiel et al., 2020; Chapter 3) from the family of 

Desulfovibrionaceae, while the remaining OTUs were afiiliated with other 

Deltaproteobacteria, Firmicutes or Actinobacteria. Attempts were made to isolate the 

various species from culture J5, and besides Desulfolutivibrio sulfoxidireducens, which 

is described in detail in Chapter 3 (Thiel et al., 2020), Methanospirillum spp. and 

Desulfomicrobium spp. were optained as pure and highly enriched culture, 

respectively. Details of the isolation process are described in Chapter 2 and Thiel et 

al., (2019). Combining the three isolated species at high cell densities of 108 did result 

in FeS transformation to intermediate FeSx phases and greigite, but not in pyrite 

formation (Thiel et al., 2019; Chapter 2 and 4). Nevertheless, at least Methanospirillum 

spp. is likely to play an important role in syntrophically mediated pyrite formation in 

culture J5. Like all known members of its genus, Methanospirillum spp.  consumes 

molecular hydrogen and CO2 for methanogenesis (Iino et al., 2010). The isolated 

Methanospirillum spp. cells form long thin rods (0.5 µm width) with various lengths 

(around 7 to 30 µm) and blunt ends (Figure 16 A-D). Cells are motile, but flagella were 

not visible in electron microscopic images and might have been lost during the 

preparation procedure. Phylogenetic analysis was performed using RAxML v8.2.9 

(Stamatakis, 2014), which indicated M. stamsii as clostest relative of the isolated 

Methanospirillum spp. (97.6% sequence similarity; Chapter 2; Thiel et al., 2019). In a 

direct comparison however, M. hungateii shows a higher 16S rRNA gene sequence 

similarity (98.5%). Furthermore, M. stamsii and M. hungateii were shown to grow in 
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absence of acetate (Parshina et al., 2014, Zhou et al., 2014b), while the isolated 

Methanospirillum spp. did not grow after the second transfer in acetate free freshwater 

medium. Transmission electron microscopy (TEM) indicated that the isolated 

Methanospirillum spp. and M. hungateii differ in their surface structure, which appears 

to be smooth in the isolated Methanospirillum spp. (Figure 16B) and segmented in M. 

hungateii (Figure 16C). More research is necessary to determine the relatedness of 

the isolated Methanospirillum spp. to the other members of the genus. 

 

Figure 16. Phase contrast and electron microscopic images of Methanospirillum sp. (A-D) and 
Desulfomicrobium spp. (E-F). The transmission electron microscopic (TEM) image of the isolated 
Methanospirillum spp. (B) is compared to its close relative Methanospirillum hungateii (98.5%; C), which 
shows a segmented surface structure that is absent in the isolate. D) and F) are scanning electron 
microscopic (SEM) images of Methanospirillum spp. and Desulfomicrobium spp., respectively. Scale bars 
indicate 10, 1 and 0.1 µm for phase contrast (A, E), SEM (D, F) and TEM images (B-C), respectively. 

In culture J5, addition of 1.7 mM penicillin-G inhibited methane formation (Chapter 2; 

Thiel et al. 2019). To confirm that this is caused by inhibition of bacterial processes 

that ultimately release molecular hydrogen rather than by a direct effect of penicillin to 
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Methanospirillum spp., growth and methane formation in pure cultures of the isolated 

Methanosoirillum spp. were followed in experiments with and without the addition of 

1.7 mM penicillin. As expected, penicillin had no effect on neither growth nor on the 

amount of methane formed (Figure 17), supporting the conclusion of pyrite formation 

being syntrophically coupled to methanogenesis in culture J5.    

 

Figure 17. Susceptibility of the Methanospirillum isolate from culture J5 to 1.7 mM penicillin as was used 
in the inhibition experiment of Thiel et al. (2019). Cultivation was performed in freshwater medium as 
described in Thiel et al. (2019) and 2 mM acetate was added and the headspace (50% of the culture vessel) 
was flushed with H2/CO2 (20/80%) gas and supplied with 1 bar overpressure. 

The relative amounts of clones in the phylogenetic analysis of the 16S rRNA genes 

indicated that the most abundant organism in culture J5 is a close relative of 

Desulfomicrobium baculatum (99.9% sequence similarity; Chapter 2; Thiel et al., 2019; 

Rozanova & Nazina, 1976; Rozanova et al., 1988). Isolation attempts resulted in a 

highly enriched culture of the Desulfomicrobium spp. (Thiel et al., 2019, Chapter 2 and 

4), which was used for morphological characterization. Cells appeared as 0.5 to 4 µm 

short and 1 µm wide rods that seem to divide by budding replication (Figure 16 E-F). 

Cells are motile by means of a polar flagellum (Figure 16F). Their role in culture J5 

remains unknown.  
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Chapter 6 – General Discussion 

Microbially mediated pyrite formation in culture J5 

The present study shows that pyrite formation can be mediated by microbial activity. It 

was shown that in the presence of culture J5, FeS transformed to pyrite at 28°C and 

pH 7.2, which was confirmed independently by XRD, SEM-EDX and Mössbauer 

spectroscopy. Pyrite formation in culture J5 followed a biological temperature 

dependence profile that was mirrored by methane formation, and pyrite and methane 

formation were shown to depend on a syntrophic interaction of bacteria and archaea 

(Figure 3, Chapter 2). Consequently, it is assumed that pyrite formation is enabled by 

syntrophic coupling to methanogenesis, according to the overall Eq 6.1. 

Eq 6.1    4 FeS + 4 H2S(aq) +CO2(aq) à 4 FeS2 + CH4 + 2 H2O     ∆G0’
r = –302 kJ mol–1 

As expected from Eq 6.1, the ratios between pyrite and methane in grown cultures 

were roughly 4:1. Pyrite formation rates in culture J5 were calculated to be about 2·10–

10 mol L–1 s–1, which is ten times slower than expected from theoretical pyrite formation 

via the H2S pathway at 25°C (Rickard & Luther, 1997; Chapter 4; Suppl. Table 2) and 

105 times faster than expected from theoretical values calculated for the polysulfide 

pathway, although for the latter claculations are unsecure (see Chapter 4). Deviations 

from theoretical values have previously been observed in enrichment and pure cultures 

of sulfur-dismutating bacteria (Canfield et al., 1998), and may indicate a microbial 

influence on mineral transformation. Rates in culture J5 are comparable to those 

measured previously for the polysulfide pathway in abiotic experiments at elevated 

temperatures of 70°C (8·10–11 mol L–1 s–1, Butler et al., 2004; Wilkin & Barnes, 1996). 

However, studies for comparison of formation rates are rare because few studies follow 

mineral transformation to pyrite quantitatively. Furthermore, the reactions depend not 

only on the concentration of precursor molecules (Rickard & Luther, 2007) but also on 

temperature (Gramp et al., 2010), pH (Zhou et al., 2014a), incubation time (Gramp et 

al., 2010; Zhou et al., 2014a), and presence and nature of microorganisms (Donald & 

Southam, 1999; Picard et al., 2018; Stanley & Southam, 2018), which makes it difficult 

to compare formation rates between different studies.  
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Phylogenetic analysis identified five distinct bacterial operational taxonomic units 

(OTU) in culture J5, of which most belonged to the Deltaproteobacteria and were 

related to species known to be involved in sulfur metabolism (Figure 6, Chapter 2). 

Most abundant was a Desulfomicrobium sp. closely related to Desulfomicobium 

baculatum (Rozanova & Nazina, 1976), followed by an OTU related to Desulfovibrio 

sulfodismutans (Bak & Pfennig, 1987). The microorganism representing the latter OTU 

was isolated and characterized in detail (Chapter 3). It was shown to represent a new 

species and genus within the Desulfovibrionaceae for which the name Desulfolutivibrio 

sulfoxidireducens was proposed (Chapter 3; Thiel et al., 2020). It was identified as a 

sulfate-reducing microorganisms with the ability to use sulfate, thiosulfate, sulfite and 

DMSO as electron acceptors, and was able to dismutate thiosulfate and pyrosulfite, 

but not sulfur or polysulfides (Chapter 3; Thiel et al., 2020). Besides lactate and 

ethanol, it uses formate or H2 as electron donors for sulfate reduction. Other OTUs in 

culture J5 affiliated to Actinobacteria and Firmicutes, but were not closely related to 

any described microorganism. One archaeal species was found which was closely 

related (97.6% sequence identity) to Methanospirillum stamsii (Parshina et al., 2014), 

a hydrogenotrophic methanogenic Euarchaeote. It is likely that this microorganism is 

responsible for methane formation in culture J5.  

Although the mechanism for pyrite formation cannot be derived from the known 

metabolic pathways of the OTUs relatives, it can be assumed that microorganisms in 

culture J5 are able to gain energy during the overall pyrite forming process. Otherwise, 

after more than 20 transfers, microorganisms would have been diluted to extinction. 

As it is, cell numbers in culture J5 were shown to increase tenfold to maximum values 

of 9·106 cells mL–1 within 2 to 3 months of incubation (Chapter 2 and 4). Cell densities 

were used to estimate the amount of dry cell mass in culture J5 as compared to the 

value expected from complete conversion of FeS and H2S according to Eq. 1. In 

contrast to 12 mg dry cell mass L–1 that were expected under ideal growth conditions 

for the amount of pyrite formed, cell numbers indicate that only 3 mg dry cell mass L–1 

were formed in culture J5. The energy yield of Eq 6.1 is –63 kJ mol–1 and consists of 

5 partial reactions, which results in –13 kJ mol–1 per partial reaction and is at the very 

limit required to conserve energy via chemiosmosis (Schink, 1997; Hoehler et al., 

2001; Thauer 2011). It thus comes as no surprise that pyrite formation under the 
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present conditions is very slow (2·10–10 mol L–1 s–1) and it can be assumed that the 

majority of metabolic energy is required for cell maintenance rather than growth.  

The presence of polyhydroxy alkanoates (PHAs) identified by Raman spectroscopy 

(Figure 10, Chapter 4) are usually an indication that microorganisms in are limited in 

essential elements like nitrogen, phosphorus or oxygen (Du et al., 2000; Raje & 

Srivastava, 1998). Since nitrogen and phosphorus are applied in sufficient amounts in 

the freshwater medium used for cultivation (Widdel & Pfennig, 1981), and oxygen 

exclusion is a necessary requirement for the organisms in culture J5, there is yet no 

clear explanation for the formation of PHAs in culture J5. Nevertheless, the amount of 

PHAs increases notably in between 2.5 to 5 months of incubation, which is about the 

time when cell numbers reach their maximum. While in some samples FeS was 

completely transformed to pyrite and greigite within 3.5 months, transformation was 

still incomplete after 6 months in others (Figure 13 and Supplementary figure 7, 

Chapter 4), and also methane formation reached maximum values typically after 7 

months of incubation. Clearly, metabolic processes continued after maximum cell 

densities were reached, either through an equilibrium between cell division and cell 

death, or by metabolically active cells that stopped dividing.  

Mineral transformation as abiotic reaction on cell surfaces was ruled out in an 

experiment with defined mixtures of either living or autoclaved microorganisms (Figure 

14, Chapter 4). These mixtures consisted of three strains isolated from culture J5 (the 

isolated Desulfovibrio–related species (Desulfolutivibrio sulfoxidireducens; Chapter 3; 

Thiel et al., 2020), a highly enriched Desulfomicrobium sp, and the archaeal 

Methanospirillum sp.). Since neither pyrite nor methane was formed within 7 months 

at cell densities 10 to 100 times higher than observed in culture J5, it is likely that at 

least one of the missing OTUs is important for the overall metabolic process. The 

uncultured OTUs could neither be isolated with substrates typical for sulfur 

metabolizing species (e.g sulfate/ lactate, sulfite/lactate) nor with H2/CO2 (80/20%) and 

2 mM acetate, indicating that they thrive by metabolic pathways other than sulfate 

reduction or homoacetogenesis. DAPI images show a coccus-like morphotype often 

found in assemblages of four cells or chains of several rod-shaped organisms (Suppl. 

Figure 9D), neither of which resembles morphotypes of one of the three isolated 

species, supporting the idea that more than the three isolated species are active in 
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culture J5. Catalyzed reporter deposition fluorescence in situ hybridization (CARD-

FISH) with family-specific fluorescently labelled probes appears to be a suitable 

method to explore the community structure of culture J5, but issues due to adhesion 

of probes to Fe-S minerals, low cell densities, and low metabolic activity were not 

solved within the present study. 

Exploring the pyrite formation pathway in culture J5 

FeS and H2S were the only substrates available in the strictly anoxic, reduced medium 

of culture J5, so that at first pyrite formation via the H2S pathway may be assumed 

(Eq 6.2).  

Eq 6.2         H2S + FeS   à   FeS2   +   H2
                              ΔGr

0’= –41 kJ mol–1 

However, zero-valent sulfur species [S0] (including elemental sulfur and negatively 

charged polysulfides) were present in culture J5 at concentrations around 0.1 to 1 mM 

(Figure 9, Suppl. Figure 6, Chapter 4), and were likely formed from H2S (Eq 6.3). The 

reaction becomes thermodynamically feasible if the molecular hydrogen pressure is 

kept below 10-5 bar, which is typically observed in cultures of methanogenic archaea 

and in methanogenic sediments (Lovley, 1985; Lovley et al., 1982; Seitz et al., 1988; 

Eq 6.1). Most, if not all [S0] is expected to be present in form of polysulfides that form 

from H2S and elemental sulfur in aqueous solutions (Eq 6.4; Findlay, 2016; 

Schwarzenbach & Fischer, 1960).  

Eq 6.3  H2S   à   [S0]   +   H2
                    ΔGr

0’= +28 kJ mol–1 

Eq 6.4  H2S + n[S0]   à   Sn+1
2-   +   2 H+               ΔGr

0’= +19 kJ mol–1 

Eq 6.5  FeS + Sn
2-      à  FeS2 + Sn-1

2-           ΔGr
0’= –64 to –75 kJ mol–1* 

*∆G values depend on length of the polysulfide chain and were calculated from (Kamyshny et al., 2007) 

Again, the reaction is endergonic under standard conditions, but becomes exergonic 

under conditions in culture J5 in which sulfide concentrations exceeded [S0] 

concentrations 20 to 200 times (Suppl. Table 4). Consequently, pyrite formation via the 

polysulfide as alternative to the H2S pathway needs to be considered in culture J5. 

Experiments with added polysulfides were the only case in which pyrite formed in the 
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absence of culture J5 (Figure 11, Chapter 4). This observation hints towards abiotic 

pyrite formation via the polysulfide pathway in culture J5. Nevertheless, this has to be 

evaluated with caution, because i) SEM analysis found microbial contamination in the 

abiotic control sample which may have derived from contamination during the analysis, 

but might also indicate a contamination of the abiotic control, and ii) no pyrite was 

formed in the positive control with H2S, FeS and culture J5 in this experimental setup 

that used 22 mL anoxic glass tubes instead of 125 mL culture flasks, which may 

indicate that culture conditions are not comparable to other experiments. However, 

traces of sulfur species found on microbial cells of culture J5 (Figure 10, Chapter 4), 

and pyrite formation rates lower than expected from pyrite formation via the H2S 

pathway also hint towards the polysulfide pathway (see Suppl. Table 3). 

In literature, pyrite formation pathways at ambient temperatures are discussed quite 

controversial. On the one hand, several studies by Rickard, Luther and Butler show 

that pyrite formation via both pathways is possible (Butler et al., 2004; Rickard et al., 

2001; Rickard & Luther, 1997), and that the H2S pathway is 100 times faster than the 

polysulfide pathway under environmentally relevant conditions (Butler et al., 2004). 

Because of that, and given the high availability of H2S, the H2S path was postulated to 

be the dominant pathway in most anoxic, sulfidic sediments, while the polysulfide 

pathway is proposed to gain importance only at the anoxic-oxic interface, where 

elemental sulfur is present (Butler et al., 2004; Luther et al., 2003). On the other hand, 

the vast majority of studies investigating pyrite formation at ambient temperatures 

report that pyrite is formed from H2S only in the presence of oxidized sulfur species 

(Berner, 1964; Berner, 1970; Luther, 1991; Rickard, 1969; Rickard, 1975; Roberts et 

al., 1969; Schoonen & Barnes, 1991b; Wilkin & Barnes, 1996). Pyrite formation via the 

H2S pathway is kinetically hindered because it must overcome a high nucleation barrier 

(Butler et al., 2004; Butler et al., 2003). Large supersaturations with respect to pyrite 

are thought to help overcome the nucleation barrier (Rickard & Luther, 2007), but this 

could not be confirmed in a study of Benning et al. (Benning et al., 2000) who argues 

that studies of Rickard and others used freeze-dried FeS which was shown to be 

partially oxidized (Butler et al., 2004; Rickard et al., 2001; Rickard & Luther, 1997), 

thereby enabling pyrite formation via the H2S pathway (Benning et al., 2000). Benning 

and colleagues emphasize that pyrite formation via the H2S pathway in a reducing 

atmosphere under exclusion of reactants other than H2S does not occur over a wide 
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range of pH and temperature (Benning et al., 2000). Only if oxidation is induced by 

oxidized sulfur species, pyrite formation occurs (Benning et al., 2000). This implies a 

mechanism including an oxidized intermediate (e.g. polysulfides, greigite, or cell 

surfaces (Butler et al., 2004; Donald & Southam, 1999)), and was proposed to rule out 

pyrite formation solely through the H2S pathway (Benning et al., 2000). Studies that 

follow Fe-S mineral transformation in pure- and enrichment cultures of sulfate-reducing 

or sulfur-dismutating microorganisms also produced ambiguous results. Pyrite 

formation is reported form various enrichment and pure cultures of sulfur-dismutating 

and sulfate-reducing microorganisms (Canfield et al., 1998; Donald & Southam, 1999; 

Finster et al., 1998; Thamdrup et al., 1993; Zopfi et al., 2008) that except in one case 

(Donald & Southam, 1999) all contained partially oxidized sulfur species. Other studies 

typically observe FeS and greigite as major mineral phases in microbial cultures, some 

of which also contain oxidized sulfur species (Benning et al., 1999; Gramp et al., 2010; 

Herbert Jr et al., 1998; Lin et al., 2009; Neal et al., 2001; Picard et al., 2018; Pósfai et 

al., 1998; Rickard, 1969; Stanley & Southam, 2018; Watson et al., 2000; Williams et 

al., 2005; Zhou et al., 2014a).  

For culture J5, three scenarios can be considered. In scenario one, pyrite is formed via 

the H2S pathway (Eq 6.2), which is catalyzed directly by microbial activity that helps 

overcome the nucleation barrier, and releases energy used for metabolic growth 

(Figure 18, (1)). In this case culture J5 could serve as model for investigations on the 

biochemical basis at the origin of life as was postulated in Wächtershäuser’s iron-sulfur 

world hypothesis (Wächtershäuser, 1990). In the second scenario, pyrite is formed via 

the polysulfide pathway (Eq 6.5, Figure 18, (2)), and is a purely chemical reaction that 

requires bacterial activity for the oxidation of H2S to polysulfides (Figure 18, (2-3)). 

Here, microorganisms could gain energy from H2S oxidation (Eq 6.4), because the 

overall reaction becomes exergonic if coupled to pyrite and methane formation (Eq 6.1, 

Figure 18, (5)). The third scenario could be a mix of scenario one and two, in which 

polysulfides are formed by microbial H2S oxidation which provides the required support 

for simultaneous pyrite formation via the H2S pathway. All scenarios require 

methanogenesis to withdraw molecular hydrogen and pull either pyrite formation 

(scenario one) or H2S oxidation (scenario two and three). Only in the first scenario 

would microorganisms directly catalyze pyrite formation, but in any case, it requires 

microbial activity of culture J5. Culture J5 is, to my knowledge and with the exception 
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of Donald and Southams study (1999), the only microbial culture in which pyrite forms 

at ambient temperatures without externally added partially oxidized sulfur or iron 

species. Elucidation of the underlying mechanisms could help to elucidate the 

mechanisms controlling pyrite formation in aquatic sediments. 

  

Figure 18. Theoretical mineral transformation pathways in enrichment culture J5. Numbers correspond to 
equations in the main text. 1) Pyrite (FeS2) formation via the H2S pathway (red lines). 2) Pyrite formation via 
the polysulfide pathway (green lines). 3) H2S oxidation to zero-valent sulfur species. 4) Polysulfide 
formation from elemental sulfur and H2S. 5) Pyrite formation coupled to methanogenesis (methanogenesis 
indicated by blue arrows). 6) Greigite (Fe3S4) formation via polysulfide addition (dashed line). 7) Greigite 
formation via the H2S pathway (dotted line). 

Speculations on the mechanism of microbially mediated pyrite 
formation 

In either scenario, microorganisms would thrive on a yet undescribed metabolic 

pathway. At this point, potential mechanisms can only be speculated. In scenario one, 

energy must be derived from the reaction between FeS and H2S. While H2S can pass 

across membranes (Mathai et al., 2009), FeS, at least in its crystal form cannot. Some 

magnetosome-forming microorganisms, however, were shown to have not only 

greigite but also small amounts of FeS stored in their magnetosomes (Pósfai et al., 

1998), and Shewanella putrefaciens was shown to form intracellular granules of ferric 

and ferrous iron during dissimilatory reduction of ferric iron minerals (Glasauer et al., 
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2007). Pyrite formation precludes dissolution of precipitated FeS to an aqueous FeSaq 

phase, which is thought to be the dominant form of FeS in neutral to alkaline 

environments with greater than micromolar sulfide concentrations (Rickard & Luther, 

2007). These clusters are said to be 0.125 to 10 nm3 in volume (Rickard & Luther, 

2007), so that they might be transported across the cell membranes by suitable 

transport systems. Once in the periplasm, FeSaq and H2S would need to react at the 

outer side of the cytoplasmic membrane. Electrons released in the reaction would need 

to be transferred via an electron transport chain to a hydrogenase, thereby building a 

chemiosotic gradient for energy conservation via a proton driven ATPase (Figure 19). 

Considering reducing conditions in culture J5, the only suitable electron carrier that 

could be used for an electron transport chain would be menaquinones with a redox 

potential at –74 mV. This is problematic though, because of the low electron potential 

of the H+/H2 pair (–414 mV) to which an electron transport from menaquinones would 

be highly endergonic even under culture conditions so the mechanism by which the 

proton gradient required for energy conservation is established in culture J5 remains 

open. Furthermore, reaction of FeSaq and H2S in the periplasm would leave pyrite as 

insoluble product in the periplasmatic space, which was not confirmed by Raman 

spectroscopy (Figure 10, Chapter 4) and would raise the question on why pyrite is 

found outside the cells. Alternatively, FeS is oxidized with H2S outside the cells 

(Figure17B). Protons of H2S may be released in the periplasm and the electrons may 

be transferred via an enzyme system comparable to the one in Siderooxydans 

lithotrophicus to the cytoplasmatic membrane (Shi et al., 2016), where an electron 

transfer chain could establish a proton gradient and the final release of molecular 

hydrogen as speculated above (Figure 19B).  

Scenario two describes H2S oxidation as a microbially catalyzed reaction prior to 

abiotic pyrite formation via the polysulfide pathway. The ability to oxidize H2S is 

widespread within, and limited to, prokaryotes (Friedrich et al., 2001). Typically, 

bacterial H2S oxidation is either performed by aerobic and nitrate-reducing 

chemotrophs, or anaerobic phototrophs (Friedrich et al., 2001). An exception is 

Wolinella succinogenes, described to oxidize H2S with fumarate to elemental sulfur 

and succinate (Macy et al., 1986), although following studies focused on the 

elucidation of the polysulfide reduction rather than H2S oxidation (Dietrich & Klimmek, 

2002; Ringel et al., 1996). The key enzyme for polysulfide respiration with formate or 
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molecular hydrogen in W. succinogenes is the polysulfide reductase (Psr), a 

molybdenum-containing transmembrane protein, which is coupled to methyl-

menaquinone-6. Polysulfides are reduced with the electrons transferred from either 

formate or molecular hydrogen, that are transferred from the formate dehydrogenase 

/ the hydrogenase via a methyl-menaquinone to the polysulfides at the catalytic site of 

the Psr. Electrons, protons and polysulfides react to a polysulfide chain shortened by 

one S and H2S (reversal of Eq 6.4). The ∆G of the reaction is with –31 kJ mol–1 close 

to the equilibrium, and Macy et al. reported the reversal of the reaction with fumarate 

as electron acceptor (Macy et al., 1986). Thus, a similar mechanism to the reversal of 

the polysulfide reduction pathway in W. succinogenes could potentially be used by 

culture J5 to oxidize H2S to polysulfides (Figure 19C), although oxidation of menaquinol 

in the absence of fumarate is problematic with the substrates available in culture J5 

(see above). 
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Figure 19. Potential mechanisms of the H2S and the polysulfide pathway for pyrite formation in culture J5. A) FeS might partially be present as dissolved FeSaq 

cluster that may pass the outer membrane through a suitable transport system to react with H2S at the outer cytoplasmic membrane. Electrons released during 
pyrite formation may be transferred via a menaquinone pool equivalent to a hydrogenase, which builds up a proton gradient that could be used for ATP synthesis. 
Molecular hydrogen resulting from hydrogenase activity diffuses out of the cells and would be available for methane formation via CO2 reduction. B) Alternative 
pyrite formation via extracellular mineral transformation. Here, the aforementioned reaction may take place at the outer membrane, releasing protons into the 
periplasm. The electrons could be transferred across the periplasm through an enzyme system similar to the one in Siderooxydans lithotrophicus (Shi et al. 2016), 
and transferred to a terminal hydrogenase or alternatively to a menaquinone pool equivalent. Both would result in a net proton gradient that could be used for 
energy conservation. C) Potential mechanism for pyrite formation via the polysulfide pathway.  The mechanism is basically a reversal of the polysulfide respiration 
pathway of Wolinella succinogenes (Macy 1986, Dietrich 2002). Sulfide (H2S) could be oxidized at the cytoplasmic membrane (e.g. via a reverse-working polysulfide 
reductase), releasing polysulfides that react abiotically outside the cells with FeS to pyrite. Electrons could again be transferred via the menaquinone pool 
equivalent to a hydrogenase, and ATP could be formed from the resulting proton gradient.
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Greigite: alternative to or intermediate of pyrite formation? 

In culture J5, pyrite formation was always accompanied by methanogenesis, and the 

amount of methane formed was a good indicator of Fe-S mineral transformation (e.g. 

Figure 13, Chapter 4). Methane formation in marine sediment enrichment cultures 

raised similar expectations, but transformation of FeS stopped with greigite. Marine 

cultures were incubated at 16°C instead of 28°C. If culture J5 was incubated at 16°C, 

small amounts of methane and an intermediate FeSx-FeS2 phase formed after 7 

months as indicated by Mössbauer spectroscopy (Figure 5 and Suppl. Table 2, 

Chapter 2). Minerals in marine enrichments were analyzed by XRD, which likely cannot 

differentiate well between greigite and intermediate FeSx phases to pyrite, but it has to 

be considered that alternative pathways of microbially mediated Fe-S mineral 

formations exist in the marine systems and maybe also be present as side reactions 

in culture J5. In contrast to abiotic or dead control samples, all samples with alife 

microorganisms, those inhibited by penicillin or BES, or those artificially mixed together 

at high cell densities, produced greigite. In contrast to pyrite, greigite formation in pure- 

or enrichment cultures is regularly observed in studies on biogenic Fe-S mineral 

transformations (Gramp et al., 2010; Lin et al., 2009; Picard et al., 2018; Pósfai et al., 

1998; Zhou et al., 2014a), and bacteria are known that form greigite in magnetosomes 

for magnetotaxis (i.e. Candidatus Magnetoglobus multicellularis (Abreu et al., 2008)). 

It is not yet clear whether greigite forms abiotically and its formation is facilitated by cell 

surfaces as has been suggested before (Donald & Southam, 1999; Picard et al., 2018), 

or whether microorganisms in culture J5 or in the marine enrichment cultures are able 

to directly mediate greigite formation as expected from magnetotactic organisms. As 

with pyrite, a polysulfide and a H2S pathway are possible for greigite formation (Eq 6.6 

and 5.7, Figure 18). Hunger and Benning (2007) suggest that greigite forms from the 

reaction of solid FeS with adsorbed polysulfides (Eq 6.6, Figure 18 (6)).  

Eq 6.6   3 FeS + 3 [S0] à Fe3S4           ∆G0'r = –14 kJ mol–1 

Rickard (2001) showed greigite formation via the H2S pathway (again with freeze-dried 

FeS as precursor, Eq 6.7, Figure 18 (7)).  

Eq 6.7   H2S + 3 FeS à Fe3S4 + H2         ∆G0'r = + 14 kJ mol–1 
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Both formation pathways are close to equilibrium, but can be pulled by 

methanogenesis, resulting in the same overall equation (Eq 6.8). 

Eq 6.8          12 FeS + 4 H2S + CO2 à 4 Fe3S4 + 2H2O + CH4      ∆G0'r = – 82 kJ mol–1 

This would explain the formation of methane in marine sediment enrichment cultures 

without corresponding pyrite formation, and the absence of greigite in the abiotic 

control sample (Figure 15 and Suppl. Figure 8, Chapter 4). Nevertheless, under the 

conditions assumed for marine cultures (Suppl. Table 4) the reaction is endergonic, 

with + 53 kJ mol–1 and becomes exergonic only at micromolar greigite concentrations 

(Suppl. Table 3). Thus, from a thermodynamic point of view, neither greigte formation 

nor survival of marine enrichment cultures over >10 transfers would be expected and 

greigite formation coupled to methanogenesis as depicted in Eq 6.8 would yield 

maximum methane concentrations of 0.4 mM, but more than twice as much is formed 

in marine cultures.  

Greigite in culture J5 is only a minor mineral phase compared to the amount of pyrite 

formed. It was shown to occur as intermediate phase in the transformation of FeS to 

pyrite (Hunger & Benning, 2007), although at the same time it was postulated that 

pyrite formation from greigite is unlikely, because major changes in the crystal lattice 

would be required (Rickard & Luther, 2007). Rickard argues that rather than a solid-

state transformation, greigite dissolves and re-assembles to pyrite (Rickard & Luther, 

2007). Furthermore it was found that the presence of aldehydes catalyzes greigite and 

prevents pyrite formation, and that aldehydic carbonyls are likely to have the same 

effect (Rickard et al., 2001). Aldehydes prevent the formation of the aqueous FeS 

phase, which is required in the dissolution reaction of FeS to pyrite, but not in the solid-

state reaction of FeS to greigite (Rickard et al., 2001). It has been speculated that 

greigite magnetosome forming microorganisms might actively suppress greigite 

transformation to pyrite by involvement of aldehydes or other yet unknown organic 

moieties (Pósfai et al., 1998; Rickard et al., 2001). At the present time, it is unknown if 

greigite in culture J5 is an intermediate or an alternative product to pyrite, or if it is 

influenced by any means by microbial activity, i.e., by excretion of organic matter or 

aldehydic carbonyls.  
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Conclusion 

Pyrite is formed in vast amounts in marine sediments, but the underlying mechanisms 

are still under investigation. Especially the role of microorganisms in Fe-S mineral 

transformation is, besides the provision of H2S from sulfate reduction, mostly unclear. 

But even abiotic laboratory studies produce ambiguous results and thus it is still 

unresolved whether pyrite forms mainly via the kinetically hindered H2S or the 

polysulfide pathway for which significant amounts of zero-valent sulfur are required.  

In this thesis, it was shown that microbial activity can mediate pyrite formation from 

H2S and FeS if syntrophically coupled to methanogenesis. Although this could be 

shown only in an enrichment culture derived from digested sewage sludge, marine 

sediment enrichment cultures produced greigite and methane, indicating that microbial 

communities in marine sediments influence Fe-S mineral transformation beyond mere 

sulfide production. Both the H2S and the polysulfide pathway are possible mechanisms 

of pyrite formation in culture J5. Preliminary data point towards the polysulfide 

pathway, but further experiments are required to elucidate whether microorganisms 

can catalyze pyrite formation directly from FeS by lowering the nucleation barrier, or 

whether they oxidize H2S to zero-valent sulfur species which subsequently react 

abiotically to pyrite. In any case, both mechanisms would pose a yet undescribed 

metabolic pathway whose elucidation could greatly influence our understanding of 

element cycling of Fe, S and C in aquatic sediments. The possibility that H2S could be 

oxidized anaerobically in the absence of nitrate or oxygen, as well as the formation of 

reducing equivalents released in any case during pyrite formation opens new 

perspectives on the metabolic versatility in the deep biosphere 
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Chapter 7 – Outlook 

Although the results of the present study confirm that microorganisms influence Fe-S 

mineral transformation, they also raise a series of questions, both old and new. The 

question about the dominant pathway of pyrite formation remains, and still requires 

further research. A possible way to proceed could be to follow the stable isotope 

partitioning of 32S and 34S during the formation of pyrite, as this was performed by 
Butler et al. (2004). Isotopic composition of pyrite formed by the H2S pathway reflects 
equimolar mixing of the two educts, because sulfur from both FeS and H2S end up in 
pyrite. In contrast, pyrite formed from polysulfides obtains both sulfur atoms from the 
polysulfide chain, and therefore the isotopic composition of pyrite will be identical to 
that of the polysulfide. Isotope transfer processes between sulfur species make the 
evaluation of the isotopic data complex, but even considering complete isotope 
exchange between the reactants, the difference between both pathways is 
distinguishable (Butler et al., 2004). Polysulfide supplementation led to pyrite formation 
in the absence of culture J5. Possible contamination and lack of pyrite formation in the 
positive control demand a re-enacted experiment, in which one could additionally test 
whether addition of polysulfides to penicillin-inhibited bacteria reconstitutes pyrite 
formation. 

From the multitude of new questions, two appear especially pressing. The first relates 
to the question on the pyrite formation pathway and asks how bacteria in culture J5 
promote the process, and by which mechanism they gain energy for maintenance and 
growth. This includes the need to know more about the community composition and 
the identity of the organism performing a yet unknown metabolic pathway. As long as 
the latter remains uncultured, the best way to approach these issues are metagenome, 
metaproteome and FISH studies. Unfortunately, the binding and possibly denaturating 
(Luther & Rickard, 2005) effects of Fe-S minerals to nucleic acids rendered all previous 
attempts to extract quantitative amounts of high-quality DNA from culture J5 
unsuccessful. Once a suitable extraction protocol is established, the omic data might 

indicate relevant gene clusters that could point towards the potential mechanisms of 
energy conservation in culture J5. CARD-FISH studies appear as suitable method to 
analyze the community structure if sufficiently strong signals can be obtained from the 
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weakly growing culture J5, and if Fe-S minerals can be effectively resolved or 
separated from microbial cells. Of course, isolation of the yet uncultured members of 

culture J5 and the investigation of their metabolic versatility in pure- and defined co-
cultures would greatly facilitate investigations on the mechanisms leading to pyrite 
formation in culture J5. Previous isolates were obtained with sulfate/lactate and H2/CO2 
and acetate, and unsurprisingly close relatives to well described sulfate-reducing 
bacteria and methane-forming archaea were isolated. Further studies could test 
isolation with substrates typically used by sulfide and iron oxidizing bacteria. 
Desulfolutivibrio strains in culture J5 were the easiest to isolate, but they do not grow 
with [S0] species. Therefore, testing the oxidation of [S0] with nitrate or reduction with 
H2 might select for yet uncultured species. One could also test with substrates 
observed in polysulfide-reducing organisms such as used for cultivation of Wolinella 

succinogenes, which grows with formate and polysulfides, but also with fumarate plus 
sulfide (Macy et al., 1986).  

The second pressing question asks why methanogenesis in culture J5 is tightly 
coupled to pyrite formation while in methanogenic marine enrichment cultures greigite 
is the only product that forms although the reaction is endergonic under culture 
conditions. A starting point may be the search for aldehydic carbonyls that were 
proposed to influence Fe-S mineral transformation and whose presence can be tested 
by HPLC analysis. Furthermore, if DNA extraction protocols were established for 
culture J5 they can also be applied to marine cultures to identify the community 
composition and to compare it to the one in culture J5. Finally, coupling of greigite 
formation to methanogenesis could be tested with an inhibition experiment similar to 
the one performed with culture J5. 
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Supplementary Information 

Supplementary Tables 

Chapter 2 

Supplementary Table 1. Overview of inocula used to establish initial pyrite-forming enrichment cultures.  

Enrichment 
Date Sampling area Material Medium†  Temp. (°C) pH 

J5* Sept. 1995 Sewage treatment plant 
Konstanz, Germany digested sewage sludge freshwater 28 7.2 

J2* Sept. 1995 Sewage treatment plant 
Konstanz, Germany digested sewage sludge freshwater 16 7.2 

J7 Apr. 1993 Rio Tentor (Venice, Italy) brackish sediment marine 16 7.2 

J8* Mar. 1991 Wadden sea sediment, 
Groningen, The Netherlands marine sediment marine 16 7.2 

J9* Apr. 1993 Fish market channel 
(Venice, Italy) brackish sediment marine 16 7.2 

X1 Sept. 1995 Sewage treatment plant 
Tübingen-Lustnau, Germany digested sewage sludge freshwater 28 7.2 

X2 Sept. 1995 Lake Constance, Güll freshwater sediment freshwater 28 7.2 

† after Widdel and Pfennig (1981) 
* CH4 formation observed for more than ten transfers 
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Supplementary Table 2. Iron mineral analysis by Mössbauer spectroscopy at a temperature of 5 K in nearly 
7-month-old (207 days) culture J5 incubated at various temperatures and in the presence of various 
inhibitors. Mössbauer parameters were obtained through Voigt based fitting (VBF). δ – isomer shift, ΔEQ – 
quadrupole splitting, ε – quadrupole shift, Bhf – internal magnetic field, R.A. – relative area, Χ2 – goodness 
of fit parameter. The absolute amount of formed FeS2 was inferred from the relative area of the FeS2 signal 
and the maximum amount of 350 µmol that could be produced if all FeS would have been converted to FeS2. 

Sample 

Phase δ ΔEQ ε Bhf R. A. 
Χ2 

FeS2 

  (mm/s) (mm/s) (mm/s) (T) %  (µmol) 
Abiotic FeS 0.43  0.15 13.1 64.3 1.67  
control FeSx 0.50 0.13   35.7   
4 °C FeS 0.47 0.27   37.8 6.01  
 FeSx 0.43  0.07 17.2 62.2   
16 °C FeS2 0.41 0.38   18.5 0.78 64.8 
 FeSx 0.39  0.02 19.2 48.8   
 FeSx 0.42  –0.02 16.5 32.7   
28 °C FeS2 0.41 0.50   52.8 0.88 184.8† 
Replicate I FeSx 0.32  0.07 15.7 38.9   
 Fe3S4 0.46  0.05 32.0 8.3   
28 °C FeS2 0.40 0.58   62.5 0.78 218.8§ 
Replicate II FeSx 0.29  –0.2 16.4 31.0   
 Fe3S4 0.60  –0.05 32.0 6.5   
46 °C FeS2 0.42 0.41   39.4 1.67 137.9 
 FeSx 0.10  –0.09 21.1 50.5   
 FeSx 0.40  0.05 15.7 7.8   
 Fe3S4 0.64  0.03 33.2 2.3   
60 °C FeS 0.54 0.16   27.1 1.74  
 FeSx 0.34  0.05 2.4 21.6   
 FeSx 0.55  –0.08 16.6 43.9   
 Fe3S4 0.63  –0.08 31.9 7.3   
Penicillin + 79% H2 FeS 0.51 0.16   31.6 1.12  
( headspace) FeSx 0.38  0.15 5.3 17.4   
 FeSx 0.85  0.01 23.0 37.5   
 FeSx 0.46  –0.07 15.5 13.4   
Penicillin FeS 0.46 0.27   26.4 1.15  
 Fe3S4 0.68  –0.04 33.1 8.8   
 Fe3S4 0.52  0.05 31.7 18.8   
 FeSx 0.44  0.00 14.9 15.0   
 FeSx 0.43  0.02 20.2 31.1   
BES FeS 0.50 0.22   28.1 0.76  
 Fe3S4 0.69  –0.15 29.6 23.4   
 Fe3S4 0.62  0.02 33.1 7.1   
 FeSx 0.25  0.15 7.4 20.2   
 FeSx 0.44  –0.16 16.6 21.2   
† corresponding amount of formed CH4: 44.9 µmol 
§ corresponding amount of formed CH4: 67.6 µmol 
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Chapter 4 

Supplementary table 3. Gibbs free energy calculation of reactions presumably involved in polysulfide, pyrite and greigite formation in the cultures J5, J8 and J9 under standard as 
compared to culture conditions as assumed in supplementary table 4. 

Pyrite formation via the H2S pathway  
        ∆G

0
  

(kJ mol
-1

) 

∆G
r
' (Culture) 

(kJ mol
-1

) 
Pyrite formation H

2
S

(aq)
 + FeS

m
 

  
> FeS

2
 + H

2
 

  
-41 -57 

Methanogenesis 4 H
2
 + CO

2(aq)
     > CH

4
 + 2 H

2
O     -139 -30 

total rcts. 4  H
2
S

(aq)
 + 4 FeS

m
 + CO

2(aq)
 > 4 FeS

2
 + CH

4
 + 2 H

2
O -302 -257 

Pyrite formation via the polysulfide pathway     

Sulfide oxidation H
2
S

(aq)
 

    
> [S

0
] + H

2
 

  
28 -8 

Polysulfide form. H
2
S
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 + n [S

0
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> S
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2-
  + 2 H

+
 

  
19 3 

Pyrite formation [S
0
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2
 

    
-69 -48 
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2
 + CO

2(aq)
     > CH

4
 + 2 H

2
O     -139 -30 

total rcts. 4  H
2
S

(aq)
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m
 + CO

2(aq)
 > 4 FeS

2
 + CH

4
 + 2 H

2
O -302 -257 

Presumed biotic rct. 4 H
2
S
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 + CO

2(aq)
     > CH

4(g)
 + 2 H

2
O + 4 [S

0
] -28 -63 

Greigite formation     
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m
 + [S

0
] > Fe

3
S

4
 

    
-14 29 

from sulfides  
 

3 FeS
m
 + H

2
S

(aq)
 > Fe

3
S

4
 + H

2
 

  
14 21 

Methanogenesis    4 H
2
 + CO

2(aq)
 > CH

4
 + 2 H

2
O 

  
-139 -30 

  12 FeS 
m
 + 4 H

2
S

(aq)
 + CO

2(aq)
 > 4 Fe

3
S

4
 + 2 H

2
O + CH

4
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Supplementary table 4. Parameters assumed as culture conditions for calculations of the Gibbs free energy 
in supplementary table 3 

Gas constant (R) 0.008314 kJ mol-1 K-1 

Temperature 301.15 K 

c H2S  0.006 mol L-1 

c S0  0.0003 mol L-1 

c Sn
2- 0.0003 mol L-1 

c FeS 0.005 mol L-1 

c FeS2 0.005 mol L-1 

c Fe3S4 0.001 mol L-1 

pCO2 (bar) 0.2 bar 

pCH4 (bar) 0.02 bar 

pH2 (bar) 10-5 bar 
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Supplementary table 5. Pyrite formation rates in culture J5 as compared to literature values from the named 
references. Values for culture J5 were calculated using methane (CH4) formation rates from the linear phase 
and the 1:4 ratio expected for the amounts of methane and pyrite, respectively. Alternatively, rates for 
culture J5 were calculated from the total amount of pyrite measured by Mössbauer spectroscopy after 207 
and 220 days of incubation (Table 1). Theoretical pyrite formation rates were calculated with dissolution 
constants and formula in the referenced literature. PS indicates pyrite formation via the polysulfide 
pathway, H2S indicates the H2S pathway. *Calculations for theoretical rates for the polysulfide pathway are 
unsecure, since control calculations with values from the publication did not give the same results. 

Pyrite formation rates: mol L–1 s–1 Reference 

Culture J5 CH4 derived (Table 1) 2.3 · 10–10   

  FeS2 derived (n=6) 1.5 · 10–10   

  theoretical (H2S) 1.3 · 10–09 (Rickard & Luther, 2007; Rickard & Morse, 2005) 

  theoretical (PS) 1.6 · 10–15* (Rickard & Luther, 2007; Rickard & Morse, 2005) 

  theoretical (both) 1.3  10 –09* (Rickard & Luther, 2007; Rickard & Morse, 2005) 

Sediments pH 7 theoretical (H2S) 5 · 10–12 (Rickard & Luther, 2007; Rickard & Morse, 2005) 

Sediments  theoretical (H2S) 1 · 10–12 (Rickard & Luther, 2007; Rickard & Morse, 2005) 

pH 8 theoretical (PS) 3 · 10–16 (Rickard & Luther, 2007; Rickard & Morse, 2005) 

70°C. pH 7 Laboratory (H2S) 2 · 10–08 (Butler et al., 2004; Wilkin & Barnes, 1996) 

70°C. pH 7 Laboratory (PS) 8 · 10–11 (Butler et al., 2004; Wilkin & Barnes, 1996) 

20-35°C. pH 7 Cultures (H2S) 2 · 10–08 (Canfield et al., 1998) 

  Cultures (PS) 1 · 10–08 (Canfield et al., 1998) 

  Cultures (both) 9 · 10–09 (Canfield et al., 1998) 

20-35°C. pH 7 theoretical 4 · 10–13 (Canfield et al., 1998) 
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Supplementary table 6. Details from Mössbauer measurements at 5 K of culture J5 and artificially mixed 
isolates after one and 7 months of incubation. Mössbauer parameters are derived from Voigt based fitting 
(VBF). δ – isomer shift, ΔEQ – quadrupol splitting, ε – quadrupol shift, Bhf – internal magnetic field, RA – 
relative area, X2 – goodness of fit parameter. Total amounts of pyrite were calculated from the relative area 
of the FeS2 signal and 5 mM total iron sulfide mineral concentration. FeSx/FeS2 refers to a mineral phase 
whose spectra could not unambigiously be assigned to pyrite and may derive from an intermediate FeSx 
phase. 

Sample Phase δ ΔEQ ε Bhf R. A. Χ2 FeS2 

(mm/s) (mm/s) (mm/s) (T) (%) (mM) 

1
 m

o
n
th

 o
ld

 c
u
lt
u
re

s
 

J5B FeSx/FeS2 0.43 0.36   19.9   

FeSx 0.46  0.00 13.2 45.9   

Fe3S4 0.54  0.04 31.9 9.7   

FeSx 0.39   -0.05 16.2 24.5     

Live mix FeS 0.47 0.25   64.7   

FeSx 0.43   0.01 15.1 35.3     

Dead mix FeSx/FeS2 0.49 0.36   65.2   

FeSx 0.50   0.12 13.4 34.8     

Msp. + E.c. FeS 0.48 0.20   62.5   

FeSx 0.47   -0.02 16.2 37.5     

7
 m

o
n
th

s
 o

ld
 c

u
lt
u
re

s
 

J5A Pyrite 0.41 0.62   79.4 0.86 3.97 

Greigite 0.56  0 31.9 20.6   

J5B Pyrite 0.41 0.62   46.3 0.71 2.32 

FeSx 0.52  -0.03 17.8 21.8   

Greigite 0.56  0.04 32 18.5   

Lepidocrocite 0.51   -0.07 45.2 13.4     

Live mix FeS 0.45 0.3   26.9 0.53  

FeSx 0.42  0.1 19.7 41.9   

Greigite 0.63  -0.01 32.9 4   

FeSx 0.51  0.05 17 9.4   

Lepidocrocite 0.42   0 47.6 17.8     

Dead mix  FeS 0.47 0.26   65.6 0.55  

FeSx 0.44  0.02 15.6 34.4   

Msp. + E.c. FeS 0.45 0.26   29 0.69  

FeSx 0.38  -0.08 27.2 46.3   

Greigite 0.62  0.01 32.3 7.1   

FeSx 0.41   -0.04 16.2 17.6     
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Supplementary Figures 

Chapter 2 

 

Supplementary figure 1. Total H2S as the sum of H2Sgaseous, H2Saqueous, HS–, and S2– in the non-inoculated 
medium as compared to the abiotic control and enrichment culture J5 in various independent incubation 
experiments. The time of incubation is indicated in days. Biological replicates are indicated as n. 
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Supplementary figure 2. Fe:S ratio of different mineral phases in culture J5 and freshly prepared medium 
without inoculum. (A) Exemplary scanning electron microscopy images used as guidance to perform 
energy dispersive X-ray spectroscopy (EDX) point measurements of culture J5 after nearly 10 months of 
incubation (295 days) and of freshly prepared medium without inoculum. Scale bars represent 2 µm. 
Symbols in the SEM images indicate EDX point measurements (crosses for crystals, triangles for 
disordered structure). (B) Atom percent ratio of iron (red) and sulfur (yellow) as derived from EDX point 
measurements of euhedral crystals resembling pyrite as well as disordered structures resembling the sum 
of the remaining Fe-S-mineral phase. Measurements were done on eight different sampling areas with three 
EDX point measurements each. 
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Supplementary figure 3. Pyrite and methane formation in culture J5 in comparison to incubations 
inoculated with living (mix, live) or autoclaved (mix, dead) mixtures of a Desulfomicrobium spp., 
Desulfovibrio spp., and Methanospirillum spp. or a mixture of living Escherichia coli and a 
Methanospirillum spp. (M. spp & E.coli). (A) Exemplary scanning electron microscopy images taken at the 
indicated time point and used as guidance to perform energy dispersive X-ray spectroscopy (EDX) point 
measurements for seven samples per culture. Symbols in the SEM images indicate EDX point 
measurements (crosses for crystals, triangles for disordered structure). Bar charts in the middle show the 
atom percent ratio of iron (red) and sulfur (yellow) as derived from EDX point measurements of euhedral 
crystals resembling pyrite as well as disordered structures resembling the sum of the remaining Fe-S-
mineral phase. (B) Time-resolved CH4 formation over the whole incubation period. (C) Mössbauer spectra 
corresponding to the SEM-EDX measurements of the incubations “mix, live” and “M. spp. & E.coli, live” 

 

 

 

Supplementary figure 4. Average cell counts of culture J5 as based on DAPI-stained cells in three 
independent incubation experiments at 28°C as compared to freshly inoculated medium. The time of 
incubation is indicated in days. Data was obtained from biological duplicates, each measured in technical 
triplicates. Standard deviations are given for technical replicates. 
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Chapter 3 

 

Supplementary Figure 5. Two dimensional thin layer chromatograms showing the polar lipids found in D. 
sulfodismutans and the two isolates J.3.6.1-H7 and J.5.4.2-L4.2.8T. Polar lipids were separated first 
horizontally with chloroform:methanol:water (65:25:4 v/v/v) and then vertically with 
chloroform:methanol:acetic acid:water (80:12:15:4 v/v/v/v) as respective mobile phases. Lipids were 
visualized by spraying with 5% ethanolic molybdatophosphoric acid and subsequent heating. PG – 
Phosphatidylglycerol, DPG – Diphosphatidylglycerol, PE – Phosphatidylethanolamine, GL1-GL3 – 
Glycolipids. 
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Chapter 4 

Supplementary figure 6. Formation of the oxidized sulfur species S0, thiosulfate and sulfite, as well as the 
decline in sulfide and the production of methane over 175 days of incubation. Three replicates of culture 
J5 (colored symbols) were compared to an abiotic control (empty symbols). S0 represents all zero-valent 
sulfur species like elemental sulfur and polysulfides. Sulfide values from day 1 to day 77 are unreliable and 
thus shown in weaker color. Note the difference in scale! 
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Supplementary figure 7. Iron sulfide mineral transformation in culture J5. A) XRD data of a sample of culture 
J5 after 4 and 6 months of incubation compared to an abiotic control sample. After 4 months, the typical 
peak for FeS at 17 2ϴ is still prominent, but hardly visible after 6 months of incubation, where FeS was 
transformed almost completely to Pyrite and some greigite. No FeS transformation was observed in the 
abiotic control. B) Transformation to pyrite in four culture J5 samples after 7 months (218 days) of 
incubation is indicated by decoloration of the black FeS. In contrast, no decoloration is observed in the 
abiotic control sample. 
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Supplementary figure 8. Substrate turnover in control samples. A) The isolated Methanospirillum spp. was 
inoculated in culture J5 medium with 5 mM H2S and 5 mM FeS as only substrates. B) Culture J5 incubated 
with 5% CO. XRD shows small amounts of pyrite formation, but the major iron-sulfide mineral phase 
remained FeS after 140 days (4.5 months) of incubation. C) Culture J5 incubated with 10 mM sulfate (SO42). 
Methanogenesis was suppressed and most FeS was transformed to pyrite and greigite. D) Culture J5 
cultivated in absence of an iron-sulfide mineral phase. Due to issues with the photometric sulfide assay, 
some sulfide measurements are unreliable, which is indicated by pale color. 
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Supplementary Figure 9. Microscopic images of culture J5. A) Fluorescence image of cells of culture J5 from the experiment in Figure 9 stained with a 1 µg mL–1 4',6-
diamidino-2-phenylindole (DAPI) solution. B) Phase contrast image of the same area showing Fe-S minerals. C) Combined image of A) and B).  D) Fluorescence image 
of coccus-like morphotype (arrow on the right) often found in assemblages of four cells or more and chains of several rod-shaped organisms (arrow on the left). Scale 
bars indicates 10 µ
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Record of achievement 

The research of this doctoral thesis was initiated by Prof. Dr. Schink who started the 

enrichment cultures characterized here, and who was supported in culture 

maintenance by Waltraud Dilling and Ben Griffin. Experiments were planned by Prof. 

Dr. Michael Pester, Prof. Dr. Bernhard Schink and myself. Unless stated otherwise, 

experiments were performed by myself. Manuscripts were written by myself and 

revised by Prof. Dr. Michael Pester, Prof. Dr. Bernhard Schink, and the other Co-

authors. The 16S rRNA gene analysis was performed together with my Bachelor 

student Amelie Thude. XRD measurements were carried out by Brigitte Bössenecker 

and Stephan Siroky of the Particle Analysis Centre (PAC). DAPI images were taken in 

the Bioimaging Centre (BIC), which also provided the algorithm for automated cell 

counting. Electron microscopic images and EDX data were obtained with help of Dr. 

Michael Laumann and Dr. Paavo Bergmann from the Electron Microscopy (EM) facility. 

PAC, BIC and EM are all research facilities at the University of Konstanz. Mössbauer 

spectroscopy was performed and resulting data analyzed by Dr. James Byrne from the 

Centre for Applied Geoscience in Tübingen. HPLC measurements of intermediate 

sulfur species were performed by Dr. Alyssa Findlay and Dr. André Pellerin from 

Aarhus University. Dr. Markus Schmid from the University of Vienna performed Raman 

spectroscopy and helped analyzing the results. To characterize the isolated 

Desulfovibrio related strains, genome analysis was performed together with Cathrin 

Spröer, Dr. Boyke Bunk, and Dr. David Ngugi, quinones were analyzed by Dr. Brian 

Tindall and fatty acids were analyzed by Dr. Stefan Spring. Growth experiments with 

the isolated strains were performed by Dr. Elif Koeksoy, Dr. Stefan Spring, the master 

students Sabrina Borusak, Annika Hepp and Felix Groh and myself. 

  



 

 144 

 

Abgrenzung der Eigenleistung 

Die Forschung dieser Doktorarbeit wurde von Prof. Dr. Schink initiiert, der die hier 

charakterisierten Anreicherungskulturen startete und bei der Pflege der Kulturen von 

Waltraud Dilling und Ben Griffin unterstützt wurde. Die Experimente wurden von Prof. 

Dr. Michael Pester, Prof. Dr. Bernhard Schink und mir geplant. Sofern nicht anders 

angegeben, wurden die Experimente von mir durchgeführt. Manuskripte wurden von 

mir verfasst und von Prof. Dr. Michael Pester, Prof. Dr. Bernhard Schink und den 

anderen Co-Autoren überarbeitet. Die 16S-rRNA-Genanalyse wurde zusammen mit 

meiner Bachelor-Studentin Amelie Thude durchgeführt. XRD-Messungen wurden von 

Brigitte Bössenecker und Stephan Siroky vom Partikelanalysezentrum (PAC) 

durchgeführt. DAPI-Bilder wurden im Bioimaging Center (BIC) aufgenommen, das 

auch den Algorithmus für die automatisierte Zellzählung bereitstellte. 

Elektronenmikroskopische Aufnahmen und EDX-Daten wurden mit Hilfe von Dr. 

Michael Laumann und Dr. Paavo Bergmann vom Elektronenmikroskopie Zentrum 

(EM) aufgenommen. PAC, BIC und EM sind Forschungseinrichtungen an der 

Universität Konstanz. Mössbauer-Spektroskopie und die Auswertung der 

resultierenden Daten wurden von Dr. James Byrne vom Zentrum für Angewandte 

Geowissenschaften in Tübingen durchgeführt. HPLC-Messungen von intermediären 

Schwefel Spezies wurden von Dr. Alyssa Findlay und Dr. André Pellerin von der 

Universität Aarhus durchgeführt. Raman-Spektroskopie wurde von Dr. Markus Schmid 

durchgeführt, der auch bei der Analyse der Ergebnisse half. Zur Charakterisierung der 

isolierten Desulfovibrio verwandten Stämme wurde eine Genomanalyse zusammen 

mit Cathrin Spröer, Dr. Boyke Bunk und Dr. David Ngugi durchgeführt. Chinone 

wurden von Dr. Brian Tindall und Fettsäuren von Dr. Stefan Spring analysiert. 

Wachstumsexperimente mit den isolierten Stämmen wurden von Dr. Elif Koeksoy, Dr. 

Stefan Spring, den Masterstudenten Sabrina Borusak, Annika Hepp und Felix Groh 

und mir durchgeführt.  



 

 145 

 

References 

Abreu, F., Silva, K. T., Farina, M., Keim, C. N., & Lins, U. (2008). Greigite 
magnetosome membrane ultrastructure in ‘Candidatus Magnetoglobus 
multicellularis’. International Microbiology, 11(2), pp. 75-80. 

Angel, M. V. (2003). The pelagic environment of the open ocean. Ecosystems of the 
World, pp. 39-80. 

Bak, F., & Pfennig, N. (1987). Chemolithotrophic growth of Desulfovibrio 
sulfodismutans sp. nov. by disproportionation of inorganic sulfur-compounds. 
Archives of Microbiology, 147(2), pp. 184-189. 

Baron, E. J., Summanen, P., Downes, J., Roberts, M. C., Wexler, H., & Finegold, S. 
M. (1989). Bilophila wadsworthia, gen. nov. and sp. nov., a unique Gram-
negative anaerobic rod recovered from appendicitis specimens and human 
faeces. Journal of General Microbiology, 135(12), pp. 3405-3411. 

Bauchop, T., & Elsden, S. R. (1960). The growth of microorganisms in relation to their 
energy supply. Journal of General Microbiology, 23(3), pp. 457-469. 

Baym, M., Kryazhimskiy, S., Lieberman, T. D., Chung, H., Desai, M. M., & Kishony, R. 
(2015). Inexpensive multiplexed library preparation for megabase-sized 
genomes. PLoS ONE, 10(5). doi: 10.1371/journal.pone.0128036. 

Beijerinck, W. (1895). Über Spirillum desulfuricans als Ursache von Sulfatreduktion. 
Zentralblatt fur Bakteriologie, Parasitenkunde, Infektionskrankheiten und 
Hygiene, 1, pp. 1-9. 

Beinert, H., Holm, R. H., & Münck, E. (1997). Iron-Sulfur Clusters: Nature’s Modular, 
Multipurpose Structures. Science, 277(5326), p. 653. 

Benning, L., & Barnes, H. (1998). In situ determination of the stability of iron 
monosulphides and kinetics of pyrite formation. Mineralogical Magazine, 62, 
pp. 151-152. 

Benning, L. G., Wilkin, R., & Konhauser, K. (1999). Iron monosulphide stability: 
experiments with sulphate-reducing bacteria. Geochemistry of the Earth’s 
Surface, pp. 429-432. 

Benning, L. G., Wilkin, R. T., & Barnes, H. L. (2000). Reaction pathways in the Fe-S 
system below 100°C. Chemical Geology, 167(1-2), pp. 25-51. 

Bernal, J. D. (1949). The physical basis of life. Proceedings of the Physical Society. 
Section B, 62(10), p. 597. 

Berner, R. A. (1964). Stability fields of iron minerals in anaerobic marine sediments. 
Journal of Geology, 72(6), pp. 826-834. 

Berner, R. A. (1970). Sedimentary pyrite formation. American Journal of Science, 
268(1), pp. 1-23. 

Berner, R. A. (1984). Sedimentary pyrite formation - an update. Geochimica et 
Cosmochimica Acta, 48(4), pp. 605-615. 

Berner, R. A., & Raiswell, R. (1983). Burial of organic carbon and pyrite sulfur in 
sediments over Phanerozoic time: a new theory. Geochimica et Cosmochimica 
Acta, 47(5), pp. 855-862. 

Berry, D., Ben Mahfoudh, K., Wagner, M., & Loy, A. (2011). Barcoded primers used in 
multiplex amplicon pyrosequencing bias amplification. Applied and 
Environmental Microbiology, 77(21), pp. 7846-7849. 

Berthold Michael, R., Cebron, N., & Dill, F. (2007). KNIME: the Konstanz Information 
Miner. Studies in Classification, Data Analysis, and Knowledge Organization 
(GfKL). 



 

 146 

 

Berthold, M. R., Cebron, N., Dill, F., Gabriel, T. R., Kötter, T., Meinl, T., Ohl, P., Sieb, 
C., Thiel, K., & Wiswedel, B. (2008). KNIME: The Konstanz Information Miner, 
Berlin. 

Berzelius, J., & Valerius, J. (1845). Traité de Chimie, vol. 2. Didot, Paris. 
Beulig, F., Røy, H., McGlynn, S. E., Jørgensen, B. B. (2019). Cryptic CH4 cycling in 

the sulfate–methane transition of marine sediments apparently mediated by 
ANME-1 archaea. ISME Journal, 13(2), pp. 250-262. 

Bi, Y., Yuan, Y., Exstrom, C. L., Darveau, S. A., & Huang, J. (2011). Air stable, 
photosensitive, phase pure iron pyrite nanocrystal thin films for photovoltaic 
application. Nano Letters, 11(11), pp. 4953-4957. 

Bourdoiseau, J. A., Jeannin, M., Remazeilles, C., Sabota, R., & Refait, P. (2011). The 
transformation of mackinawite into greigite studied by Raman spectroscopy. 
Journal of Raman Spectroscopy, 42(3), pp. 496-504. 

Boyd, E. S., Schut, G. J., Shepard, E. M., Broderick, J. B., Adams, M. W., & Peters, J. 
W. (2017). Origin and evolution of Fe-S proteins and enzymes. In Biochemistry, 
Biosynthesis, Human Diseases, doi: 10.1515/9783110479850. Berlin, Bostin: 
De Grutyer. 

Bratbak, G., & Dundas, I. (1984). Bacterial dry-matter content and biomass 
estimations. Applied and Environmental Microbiology, 48(4), pp. 755-757. 

Brauman, A., Koenig, J. F., Dutreix, J., & Garcia, J. L. (1990). Characterization of two 
sulfate-reducing bacteria from the gut of the soil-feeding termite, Cubitermes 
speciosus. Antonie Van Leeuwenhoek, 58(4), pp. 271-275. 

Burdige, D. J. (2006). Geochemistry of marine sediments. Princeton, NJ: Princeton 
University Press. 

Butler, I. B., Bottcher, M. E., Rickard, D., & Oldroyd, A. (2004). Sulfur isotope 
partitioning during experimental formation of pyrite via the polysulfide and 
hydrogen sulfide pathways: implications for the interpretation of sedimentary 
and hydrothermal pyrite isotope records. Earth and Planetary Science Letters, 
228(3-4), pp. 495-509. 

Butler, I. B., Rickard, D. T., Grimes, S., & Oldroyd, A. (2003). Nucleation and growth of 
pyrite on pyrite seeds. Abstracts of Papers of the American Chemcial Society, 
225, pp. 912-913. 

Canfield, D. E. (2005). The early history of atmospheric oxygen: homage to Robert M. 
Garrels. Annual Review of Earth and Planetary Sciences, 33, pp. 1-36. 

Canfield, D. E., & Farquhar, J. (2009). Animal evolution, bioturbation, and the sulfate 
concentration of the oceans. Proceedings of the National Academy of Sciences, 
106(20), doi: 10.1073/pnas.0902037106 

Canfield, D. E., & Farquhar, J. (2012). The global sulfur cycle. In Fundamentals of 
geobiology (pp. 49-64): Blackwell Publishing. 

Canfield, D. E., Jorgensen, B. B., Fossing, H., Glud, R., Gundersen, J., Ramsing, N. 
B., Thamdrup, B., Hansen, J. W., Nielsen, L. P., & Hall, P. O. (1993). Pathways 
of organic carbon oxidation in three continental margin sediments. Marine 
Geology, 113, pp. 27-40. 

Canfield, D. E., Thamdrup, B., & Fleischer, S. (1998). Isotope fractionation and sulfur 
metabolism by pure and enrichment cultures of elemental sulfur-
disproportionating bacteria. Limnology and Oceanography, 43(2), pp. 253-264. 

Cao, J., Gayet, N., Zeng, X., Shao, Z., Jebbar, M., & Alain, K. (2016). 
Pseudodesulfovibrio indicus gen. nov., sp. nov., a piezophilic sulfate-reducing 
bacterium from the Indian Ocean and reclassification of four species of the 



 

 147 

 

genus Desulfovibrio. International Journal of Systematic and Evolutionary 
Microbiology, 66(10), pp. 3904-3911. 

Carroll, J. J., & Mather, A. E. (1989). The solubility of hydrogen-sulfide in water from 
0°C to 90°C and pressures to 1 MPa. Geochimica et Cosmochimica Acta, 53(6), 
pp. 1163-1170. 

Casamayor, E. O., Massana, R., Benlloch, S., Ovreas, L., Diez, B., Goddard, V. J., 
Gasol, J. M., Joint, I., Rodriguez-Valera, F., & Pedros-Alio, C. (2002). Changes 
in archaeal, bacterial and eukaryal assemblages along a salinity gradient by 
comparison of genetic fingerprinting methods in a multipond solar saltern. 
Environmental Microbiology, 4(6), pp. 338-348. 

Chaumeil, P. A., Mussig, A. J., Hugenholtz, P., & Parks, D. H. (2019). GTDB-Tk: a 
toolkit to classify genomes with the Genome Taxonomy Database. 
Bioinformatics, btz848. doi:10.1093/bioinformatics/btz848. 

Cline, J. D. (1969). Spectrophotometric determination of hydrogen sulfide in natural 
waters. Limnology and Oceanography, 14(3), pp. 454-458. 

Cody, G. D., Boctor, N. Z., Filley, T. R., Hazen, R. M., Scott, J. H., Sharma, A., & Yoder, 
H. S. (2000). Primordial carbonylated iron-sulfur compounds and the synthesis 
of pyruvate. Science, 289(5483), p. 1337. 

Collins, M. D. & Widdel, F. (1986). Respiratory quinones of sulfate-reducing and sulfur-
reducing bacteria - A systematic investigation. Systematic and Applied 
Microbiology, 8(1-2), pp. 8-18. 

D’Hondt, S. et al., (2015). Presence of oxygen and aerobic communities from sea floor 
to basement in deep-sea sediments. Nature Geoscience. 8(4), pp. 299-304 

De Gelder, J., Willemse-Erix, D., Scholtes, M. J., Sanchez, J. I., Maquelin, K., 
Vandenabeele, P., De Boever, P., Puppels, G. J., Moens, L., & De Vos, P. 
(2008). Monitoring poly(3-hydroxybutyrate) production in Cupriavidus necator 
DSM 428 (H16) with Raman spectroscopy. Analytical Chemistry, 80(6), 
pp. 2155-2160. 

Devereux, R., He, S. H., Doyle, C. L., Orkland, S., Stahl, D. A., LeGall, J., & Whitman, 
W. B. (1990). Diversity and origin of Desulfovibrio species: phylogenetic 
definition of a family. Journal of Bacteriology, 172(7), pp. 3609-3619. 

Dietrich, V., & Klimmek, O. (2002). The function of methyl-menaquinone-6 and 
polysulfide reductase membrane anchor (PsrC) in polysulfide respiration of 
Wolinella succinogenes. European Journal of Biochemistry, 269(4), pp. 1086-
1095. 

Dilling, W., & Cypionka, H. (1990). Aerobic respiration in sulfate-reducing bacteria. 
FEMS Microbiology Letters, 71(1-2), pp. 123-127. 

Dodd, M. S., Papineau, D., Grenne, T., Slack, J. F., Rittner, M., Pirajno, F., O’Neil, J. 
Little, C. T. (2017). Evidence for early life in Earth’s oldest hydrothermal vent 
precipitates. Nature, 543(7643), pp. 60-64. 

Donald, R., & Southam, G. (1999). Low temperature anaerobic bacterial diagenesis of 
ferrous monosulfide to pyrite. Geochimica et Cosmochimica Acta, 63(13-14), 
pp. 2019-2023. 

Douglas, A., Carter, R., Oakes, L., Share, K., Cohn, A. P., & Pint, C. L. (2015). Ultrafine 
iron pyrite (FeS2) nanocrystals improve sodium–sulfur and lithium–sulfur 
conversion reactions for efficient batteries. ACS Nano, 9(11), pp. 11156-11165. 

Du, G.-C., Chen, J., Gao, H.-J., Chen, Y.-G., & Lun, S.-Y. (2000). Effects of 
environmental conditions on cell growth and poly-β-hydroxybutyrate 
accumulation in Alcaligenes eutrophus. World Journal of Microbiology and 
Biotechnology, 16(1), pp. 9-13. 



 

 148 

 

Egger, M., Riedinger, N., Mogollon, J. M., & Jorgensen, B. B. (2018). Global diffusive 
fluxes of methane in marine sediments. Nature Geoscience, 11(6), pp. 421-425. 

Emerson, D. (2019). Pyrite – the firestone. Preview, 2019(203), pp. 52-64. 
Emerson, S., Jacobs, L., & Tebo, B. (1983). The behavior of trace metals in marine 

anoxic waters: Solubilities at the oxygen-hydrogen sulfide interface. In C. S. 
Wong, E. Boyle, K. W. Bruland, J. D. Burton, & E. D. Goldberg (Eds.), Trace 
Metals in Sea Water (pp. 579-608). Boston, MA: Springer US. 

Erb, T. J. (2011). Carboxylases in natural and synthetic microbial pathways. Applied 
and Environmental Microbiology, 77(24), pp. 8466-8477. 

Findlay, A. J. (2016). Microbial impact on polysulfide dynamics in the environment. 
FEMS Microbiology Letters, 363(11), p. fnw103. 

Findlay, A. J., Gartman, A., MacDonald, D. J., Hanson, T. E., Shaw, T. J., & Luther III, 
G. W. (2014). Distribution and size fractionation of elemental sulfur in aqueous 
environments: The Chesapeake Bay and Mid-Atlantic Ridge. Geochimica et 
Cosmochimica Acta, 142, pp. 334-348. 

Findlay, A. J., Pellerin, A., Laufer, K., Jørgensen, B. B. (2020). Quantification of sulfide 
oxidation rates in marine sediment. Geochimica et Cosmochimica Acta, 280, 
pp. 441-452 

Finster, K., Liesack, W., & Thamdrup, B. (1998). Elemental sulfur and thiosulfate 
disproportionation by Desulfocapsa sulfoexigens sp. nov., a new anaerobic 
bacterium isolated from marine surface sediment. Applied and Environmental 
Microbiology, 64(1), pp. 119-125. 

Fontecilla-Camps, J., & Volbeda, A. (2008). CO Dehydrogenase/Acetyl-CoA Synthase. 
In Handbook of Metalloproteins, doi: 10.1002/0470028637.met212 

Frants, M., Holzer, M., DeVries, T., & Matear, R. (2016). Constraints on the global 
marine iron cycle from a simple inverse model. Journal of Geophysical 
Research: Biogeosciences, 121(1), pp. 28-51. 

Friedrich, C. G., Rother, D., Bardischewsky, F., Quentmeier, A., & Fischer, J. (2001). 
Oxidation of reduced inorganic sulfur compounds by bacteria: Emergence of a 
common mechanism? Applied and Environmental Microbiology, 67(7), pp. 
2873-2882. 

Frölich, P. N., Klinkhammer, G. P., Bender, M. L., Lüdtke, N. A., Heath, G. R., Cullen, 
D., Dauphin, P., Hammond, D., Hartman, B., & Maynard, V. (1979). Early 
oxidation of organic-matter in pelagic sediments of the Eastern Equatorial 
Atlantic - Suboxic diagenesis. Geochimica et Cosmochimica Acta, 43(7), pp. 
1075-1090. 

Fry, I. (2000). The emergence of life on Earth: A historical and scientific overview: 
Rutgers University Press. 

Fuchs, G. (2014). Allgemeine Mikrobiologie (9 ed.). Stuttgart, New York: Thieme 
Verlag. 

Fuseler, K., Krekeler, D., Sydow, U., & Cypionka, H. (1996). A common pathway of 
sulfide oxidation by sulfate-reducing bacteria. FEMS Microbiology Letters, 
144(2-3), pp. 129-134. 

Gallego, J., Rodríguez-Valdés, E., Esquinas, N., Fernández-Braña, A., & Afif, E. 
(2016). Insights into a 20-ha multi-contaminated brownfield megasite: an 
environmental forensics approach. Science of the Total Environment, 563, pp. 
683-692. 

Galushko, A., & Kuever, J. (2020). Desulfovibrio. In W. B. Whitman, F. A. Rainey, M. 
E. Kämpfer, P. Trujillo, B. DeVos, B. Hedlund, & S. Dedysh (Eds.),            



 

 149 

 

Bergey's Manual of Systematics of Archaea and Bacteria 
doi: 10.1002/9781118960608.gbm01035.pub2. 

Gauci, V., Matthews, E., Dise, N., Walter, B., Koch, D., Granberg, G., & Vile, M. (2004). 
Sulfur pollution suppression of the wetland methane source in the 20th and 21st 
centuries. Proceedings of the National Academy of Sciences of the United 
States of America, 101(34), pp. 12583-12587. 

Glasauer, S., Langley, S., Boyanov, A., Lai, B., Kemner, K., & Beveridge, T. J. (2007). 
Mixed-valence cytoplasmic iron granules are linked to anaerobic respiration. 
Applied and Environmental Microbiology, 73(3), pp. 993-996. 

Gramp, J. P., Bigham, J. M., Jones, F. S., & Tuovinen, O. H. (2010). Formation of Fe-
sulfides in cultures of sulfate-reducing bacteria. Journal of Hazardous Materials, 
175(1-3), pp. 1062-1067. 

Gray, N. F. (1997). Environmental impact and remediation of acid mine drainage: a 
management problem. Environmental Geology, 30(1), pp. 62-71. 

Grennfelt, P., Engleryd, A., Forsius, M., Hov, Ø., Rodhe, H., Cowling, E. (2020), Acid 
rain and air pollution: 50 years of progress in environmental science and policy. 
Ambio, 49(4), pp. 849-864. 

Grotzinger, J. P., & Kasting, J. F. (1993). New constraints on Precambrian ocean 
composition. Journal of Geology, 101(2), pp. 235-243. 

Hafenbradl, D., Keller, M., Wächtershäuser, G., & Stetter, K. (1995). Primordial amino 
acids by reductive amination of α-oxo acids in conjunction with the oxidative 
formation of pyrite. Tetrahedron Letters, 36(29), pp. 5179-5182. 

Haider, S., Wagner, M., Schmid, M. C., Sixt, B. S., Christian, J. G., Hacker, G., Pichler, 
P., Mechtler, K., Muller, A., Baranyi, C., Toenshoff, E. R., Montanaro, J., & Horn, 
M. (2010). Raman microspectroscopy reveals long-term extracellular activity of 
Chlamydiae. Molecular Microbiology, 77(3), pp. 687-700. 

Haldane, J. B. S. (1929). The origin of life. Rationalist Annual, 148, pp. 3-10. 
Hedderich, R., Klimmek, O., Kröger, A., Dirmeier, R., Keller, M., & Stetter, K. O. (1998). 

Anaerobic respiration with elemental sulfur and with disulfides. FEMS 
Microbiology Reviews, 22(5), pp. 353-381. 

Heinen, W., & Lauwers, A. M. (1996). Organic sulfur compounds resulting from the 
interaction of iron sulfide, hydrogen sulfide and carbon dioxide in an anaerobic 
aqueous environment. Origins of Life and Evolution of the Biosphere, 26(2), pp. 
131-150. 

Herbert Jr, R. B., Benner, S. G., Pratt, A. R., & Blowes, D. W. (1998). Surface chemistry 
and morphology of poorly crystalline iron sulfides precipitated in media 
containing sulfate-reducing bacteria. Chemical Geology, 144(1-2), pp. 87-97. 

Hoang, D. T., Chernomor, O., von Häseler, A., Minh, B. Q., & Vinh, L. S. (2018). 
UFBoot2: Improving the ultrafast bootstrap approximation. Molecular Biology 
and Evolution, 35(2), pp. 518-522. 

Hoehler, T. M., Alperin, M. J., Albert, D. B., Martens, C. S. (2001). Apparent minimum 
free energy requirements for methanogenic Archaea and sulfate-reducing 
bacteria in an anoxic marine sediment. FEMS Microbiology Ecology, 38(1), pp. 
33-41. 

Holmkvist, L., Ferdelman, T. G., & Jørgensen, B. B. (2011). A cryptic sulfur cycle driven 
by iron in the methane zone of marine sediment (Aarhus Bay, Denmark). 
Geochimica et Cosmochimica Acta, 75(12), pp. 3581-3599. 

Houweling, S., Kaminski, T., Dentener, F., Lelieveld, J., & Heimann, M. (1999). Inverse 
modeling of methane sources and sinks using the adjoint of a global transport 



 

 150 

 

model. Journal of Geophysical Research: Atmospheres, 104(D21), pp. 26137-
26160. 

Huber, C., & Wächtershäuser, G. (1997). Activated acetic acid by carbon fixation on 
(Fe, Ni) S under primordial conditions. Science, 276(5310), pp. 245-247. 

Huber, C., & Wächtershäuser, G. (1998). Peptides by activation of amino acids with 
CO on (Ni, Fe) S surfaces: implications for the origin of life. Science, 281(5377), 
pp. 670-672. 

Hunger, S., & Benning, L. G. (2007). Greigite: a true intermediate on the polysulfide 
pathway to pyrite. Geochemical Transactions, doi: 10.1186/1467-4866-8-1 

Iino, T., Mori, K., Suzuki, K. (2010). Methanospirillum lacunae sp. nov., a methane-
producing archaeon isolated from a puddly soil, and emended descriptions of 
the genus Methanospirillum and Methanospirillum hungatei. International 
Journal of Systematic and Evolutionary Microbiology, 60(11), pp. 2563-2566 

Johnson, K. S., Gordon, R. M., & Coale, K. H. (1997). What controls dissolved iron 
concentrations in the world ocean? Marine Chemistry, 57(3-4), pp. 137-161. 

Johnson, J., Graf Pannatier, E., Carnicelli, S., Cecchini, G., Clarke, N., Cools, N., 
Hansen, K., Meesenburg, H., Nieminen, T. M., Pihl-Karlsson, G., Titeux, H., 
Vanguelova, E., Verstraeten, A., Vesterdal, L., Waldner, P. (2018), The 
response of soil solution chemistry in European forests to decreasing acid 
deposition. Global Change Biology, 24(8), pp. 3603-3619. 

Jonard, M., Jonkers, H. M., vanderMaarel, M. J. E. C., vanGemerden, H., & Hansen, 
T. A. (1996). Dimethylsulfoxide reduction by marine sulfate-reducing bacteria. 
FEMS Microbiology Letters, 136(3), pp. 283-287. 

Jørgensen, B. B. (1982). Mineralization of organic matter in the sea bed—the role of 
sulfate reduction. Nature, 296(5858), pp.643-645. 

Jørgensen, B. B., & Nelson, D. (2004). Sulfide oxidation in marine sediments: 
Geochemistry meets microbiology. Geological Society of America Special 
Papers, 379, pp. 63–81. 

Jørgensen, B. B., & D'Hondt, S. (2006). A starving majority deep beneath the seafloor. 
Science, 314(5801), pp. 932-934. 

Jørgensen, B. B., & Marshall, I. P. G. (2016). Slow microbial life in the seabed. Annual 
Review of Marine Science, 8, pp. 311-332. 

Jørgensen, B. B., Findlay, A. J., & Pellerin, A. (2019). The biogeochemical sulfur cycle 
of marine sediments. Frontiers in Microbiology, doi:10.3389/fmicb.2019.00849. 

Kaksonen, A. H., Spring, S., Schumann, P., Kroppenstedt, R. M., & Puhakka, J. A. 
(2006). Desulfotomaculum thermosubterraneum sp. nov., a thermophilic 
sulfate-reducer isolated from an underground mine located in a geothermally 
active area. International Journal of Systematic and Evolutionary Microbiology, 
56(Pt 11), pp. 2603-2608. 

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., von Haeseler, A., & Jermiin, L. S. 
(2017). ModelFinder: fast model selection for accurate phylogenetic estimates. 
Nature Methods, 14(6), pp. 587-589. 

Kamyshny, A., Gun, J., Rizkov, D., Voitsekovski, T., & Lev, O. (2007). Equilibrium 
distribution of polysulfide ions in aqueous solutions at different temperatures by 
rapid single phase derivatization. Environmental Science & Technology, 41(7), 
pp. 2395-2400. 

Kappler, A., Benz, M., Schink, B., & Brune, A. (2004). Electron shuttling via humic acids 
in microbial iron(III) reduction in a freshwater sediment. FEMS Microbiology 
Ecology, 47(1), pp. 85-92. 



 

 151 

 

Kaschke, M., Russell, M. J., & Cole, W. J. (1994). [FeS/FeS2] - a redox system for the 
origin of life. Origins of Life and Evolution of the Biosphere, 24(1), pp. 43-56. 

Kashefi, K., & Lovley, D. R. (2003). Extending the upper temperature limit for life. 
Science, 301(5635), pp. 934-934. 

Kasting, J. F., & Ackerman, T. P. (1986). Climatic consequences of very high carbon 
dioxide levels in the Earth's early atmosphere. Science, 234(4782), pp. 1383-
1385. 

Kelley, D. S., Karson, J. A., Blackman, D. K., Fruh-Green, G. L., Butterfield, D. A., 
Lilley, M. D., Olson, E. J., Schrenk, M. O., Roe, K. K., Lebon, G. T., Rivizzigno, 
P., & Party, A.-S. (2001). An off-axis hydrothermal vent field near the Mid-
Atlantic Ridge at 30° N. Nature, 412(6843), pp. 145-149. 

Klouche, N., Basso, O., Lascourreges, J. F., Cayol, J. L., Thomas, P., Fauque, G., 
Fardeau, M. L., & Magot, M. (2009). Desulfocurvus vexinensis gen. nov., sp. 
nov., a sulfate-reducing bacterium isolated from a deep subsurface aquifer. 
International Journal of Systematic and Evolutionary Microbiology, 59(Pt 12), 
pp. 3100-3104. 

Kluyver, A. J., & Van Niel, C. B. (1936). Prospects for a natural system of classification 
of bacteria. Zentralblatt für Bakteriologie, Parasitenkunde, 
Infektionskrankheiten und Hygiene, 94, pp. 369-403. 

Koboldt, D. C., Zhang, Q. Y., Larson, D. E., Shen, D., McLellan, M. D., Lin, L., Miller, 
C. A., Mardis, E. R., Ding, L., & Wilson, R. K. (2012). Varscan 2: Somatic 
mutation and copy number alteration discovery in cancer by exome sequencing. 
Genome Research, 22(3), pp. 568-576. 

Kramer, M., & Cypionka, H. (1989). Sulfate formation via ATP sulfurylase in thiosulfate- 
and sulfite-disproportionating bacteria. Archives of Microbiology, 151(3), pp. 
232-237. 

Kuever, J., Rainey, F. A., & Widdel, F. (2005). Desulfovibrio. In G. M. Garrity, D. J. 
Brenner, N. R. Krieg, & J. T. Staley (Eds.), Bergey’s Manual of Systematic 
Bacteriology (2 ed., Vol. 2, pp. 926–938.). New York: Springer. 

Kuever, J., Rainey, F. A., & Widdel, F. (2015). Desulfovibrio. In W. B. Whitman, F. A. 
Rainey, P. Kämpfer, M. Trujillo, J. Chun, P. DeVos, B. Hedlund, & S. Dedysh 
(Eds.), Bergey's Manual of Systematics of Archaea and Bacteria (3 ed., 
10.1002/9781118960608). 

Lever, M. A., Rogers, K. L., Lloyd, K. G., Overmann, J., Schink, B., Thauer, R. K., 
Hoehler, T. M., & Jørgensen, B. B. (2015). Life under extreme energy limitation: 
a synthesis of laboratory- and field-based investigations. FEMS Microbiology 
Reviews, 39(5), pp. 688-728. 

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with burrows-
wheeler transform. Bioinformatics, 25(14), pp. 1754-1760. 

Lin, L.-H., Slater, G., Lollar, B., Lacrampe-Couloume, G., & Onstott, T. C. (2005). The 
yield and isotopic composition of radiolytic H2, a potential energy source for the 
deep subsurface biosphere. Geochimica et Cosmochimica Acta, 69(4), pp. 893-
903. 

Lin, S., Krause, F., & Voordouw, G. (2009). Transformation of iron sulfide to greigite 
by nitrite produced by oil field bacteria. Applied Microbiology and Biotechnology, 
83(2), pp. 369-376. 

Liu, Y. T., Balkwill, D. L., Aldrich, H. C., Drake, G. R., & Boone, D. R. (1999). 
Characterization of the anaerobic propioate-degrading syntrophs Smithella 
propionica gen. nov., sp. nov. and Syntrophobacter wolinii. International Journal 
of Systematic Bacteriology, 49, pp. 545-556. 



 

 152 

 

Lomsadze, A., Gemayel, K., Tang, S., & Borodovsky, M. (2018). Modeling leaderless 
transcription and atypical genes results in more accurate gene prediction in 
prokaryotes. Genome Research, 28(7), pp. 1079-1089. 

Lovley, D., Holmes, D., & Nevin, K. (2004). Dissimilatory Fe (III) and Mn (IV) reduction. 
Advances in Microbial Physiology, 49, pp. 219-286. 

Lovley, D. R. (1985). Minimum threshold for hydrogen metabolism in methanogenic 
bacteria. Applied and Environmental Microbiology, 49(6), pp. 1530-1531. 

Lovley, D. R., Dwyer, D. F., & Klug, M. J. (1982). Kinetic analysis of competition 
between sulfate reducers and methanogens for hydrogen in sediments. Applied 
and Environmental Microbiology, 43(6), pp. 1373-1379. 

Lovley, D. R., & Klug, M. J. (1983). Sulfate reducers can outcompete methanogens at 
freshwater sulfate concentrations. Applied and Environmental Microbiology, 
45(1), pp. 187-192. 

Loy, A., Beisker, W., & Meier, H. (2005). Diversity of bacteria growing in natural mineral 
water after bottling. Applied and Environmental Microbiology, 71(7), pp. 3624-
3632. 

Loy, A., Lehner, A., Lee, N., Adamczyk, J., Meier, H., Ernst, J., Schleifer, K. H., & 
Wagner, M. (2002). Oligonucleotide microarray for 16S rRNA gene-based 
detection of all recognized lineages of sulfate-reducing prokaryotes in the 
environment. Applied and Environmental Microbiology, 68(10), pp. 5064-5081. 

Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H., Yadhukumar, Buchner, A., 
Lai, T., Steppi, S., Jobb, G., Forster, W., Brettske, I., Gerber, S., Ginhart, A. W., 
Gross, O., Grumann, S., Hermann, S., Jost, R., Konig, A., Liss, T., Lussmann, 
R., May, M., Nonhoff, B., Reichel, B., Strehlow, R., Stamatakis, A., Stuckmann, 
N., Vilbig, A., Lenke, M., Ludwig, T., Bode, A., & Schleifer, K. H. (2004). ARB: a 
software environment for sequence data. Nucleic Acids Research, 32(4), pp. 
1363-1371. 

Lueders, T., & Friedrich, M. W. (2002). Effects of amendment with ferrihydrite and 
gypsum on the structure and activity of methanogenic populations in rice field 
soil. Applied and Environmental Microbiology, 68(5), pp. 2484-2494. 

Luther, G. W. (1991). Pyrite synthesis via polysulfide compounds. Geochimica et 
Cosmochimica Acta, 55(10), pp. 2839-2849. 

Luther, G. W., & Rickard, D. T. (2005). Metal sulfide cluster complexes and their 
biogeochemical importance in the environment. Journal of Nanoparticle 
Research, 7(4), pp. 389-407. 

Luther, G. W., Taillefert, M., Rozan, T. F., & Rickard, D. (2003). Geochemical 
implications of the polysulfide vs sulfide pyrite formation reactions based on real 
time measurements of soluble reactants. Abstracts of Papers of the American 
Chemical Society, 225, pp. 912-912. 

Lyons, T. W., & Gill, B. C. (2010). Ancient sulfur cycling and oxygenation of the early 
biosphere. Elements, 6(2), pp. 93-99. 

Macy, J. M., Schroder, I., Thauer, R. K., & Kroger, A. (1986). Growth the Wolinella 
succinogenes on H2S plus fumarate and on formate plus sulfur as energy 
sources. Archives of Microbiology, 144(2), pp. 147-150. 

Makula, R. A., & Finnerty, W. R. (1975). Isolation and characterization of an ornithine-
containing lipid from Desulfovibrio gigas. Journal of Bacteriology, 123(2), 
pp. 523-529. 

Martin, W., & Russell, M. J. (2003). On the origins of cells: a hypothesis for the 
evolutionary transitions from abiotic geochemistry to chemoautotrophic 
prokaryotes, and from prokaryotes to nucleated cells. Philosophical 



 

 153 

 

Transactions of the Royal Society of London. Series B, Biological Sciences, 
358(1429), pp. 59-83. 

Mathai, J. C., Missner, A., Kügler, P., Saparov, S. M., Zeidel, M. L., Lee, J. K., & Pohl, 
P. (2009). No facilitator required for membrane transport of hydrogen sulfide. 
Proceedings of the National Academy of Sciences, 106(39), pp. 16633-16638. 

McOrist, S., Gebhart, C. J., Boid, R., & Barns, S. M. (1995). Characterization of 
Lawsonia intracellularis gen. nov., sp. nov., the obligately intracellular bacterium 
of porcine proliferative enteropathy. International Journal of Systematic 
Bacteriology, 45(4), pp. 820-825. 

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H. P., & Goker, M. (2013). Genome sequence-
based species delimitation with confidence intervals and improved distance 
functions. Bmc Bioinformatics, 14. doi:10.1186/1471-2105-14-60. 

Meier-Kolthoff, J. P., & Göker, M. (2019). TYGS is an automated high-throughput 
platform for state-of-the-art genome-based taxonomy. Nature Communications, 
10(1). doi:10.1038/s41467-019-10210-3. 

Menz, F. C., & Seip, H. M. (2004). Acid rain in Europe and the United States: an update. 
Environmental Science & Policy, 7(4), pp. 253-265. 

Miller, L. T. (1982). Single derivatization method for routine analysis of bacterial whole-
cell fatty acid methyl esters, including hydroxy acids. Journal of Clinical 
Microbiology, 16(3), pp. 584-586. 

Miller, M. A., Pfeiffer, W., & Schwartz, T. (2010, 14 Nov. 2010). Creating the CIPRES 
Science Gateway for inference of large phylogenetic trees. Paper presented at 
the 2010 Gateway Computing Environments Workshop (GCE), New Orleans, 
LA, USA. 

Miller, S. L. (1953). A production of amino acids under possible primitive earth 
conditions. Science, 117(3046), pp. 528-529. 

Morgan, J. W., & Anders, E. (1980). Chemical composition of Earth, Venus, and 
Mercury. Proceedings of the National Academy of Sciences, 77(12), p. 6973. 

Muyzer, G., & Stams, A. J. M. (2008). The ecology and biotechnology of sulfate-
reducing bacteria. Nature Reviews Microbiology, 6(6), pp. 441-454. 

Neal, A. L., Techkarnjanaruk, S., Dohnalkova, A., McCready, D., Peyton, B. M., & 
Geesey, G. G. (2001). Iron sulfides and sulfur species produced at hematite 
surfaces in the presence of sulfate-reducing bacteria. Geochimica et 
Cosmochimica Acta, 65(2), pp. 223-235. 

Newton, G. L., Dorian, R., & Fahey, R. C. (1981). Analysis of biological thiols: 
derivatization with monobromobimane and separation by reverse-phase high-
performance liquid chromatography. Analytical Biochemistry, 114(2), pp. 383-
387. 

Nguyen, L. T., Schmidt, H. A., von Haeseler, A., & Minh, B. Q. (2015). IQ-TREE: A fast 
and effective stochastic algorithm for estimating maximum-likelihood 
phylogenies. Molecular Biology and Evolution, 32(1), pp. 268-274. 

Nordstrom, D. K., Alpers, C. N., Ptacek, C. J., & Blowes, D. W. (2000). Negative pH 
and extremely acidic mine waters from Iron Mountain, California. Environmental 
Science & Technology, 34(2), pp. 254-258. 

Oliveira, M. L., Ward, C. R., Izquierdo, M., Sampaio, C. H., de Brum, I. A., Kautzmann, 
R. M., Sabedot, S., Querol, X., & Silva, L. F. (2012). Chemical composition and 
minerals in pyrite ash of an abandoned sulfuric acid production plant. Science 
of the Total Environment, 430, pp. 34-47. 



 

 154 

 

Ollivier, B., Cordruwisch, R., Hatchikian, E. C., & Garcia, J. L. (1988). Characterization 
of Desulfovibrio fructosovorans sp. nov. Archives of Microbiology, 149(5), 
pp. 447-450. 

Oparin, A. (1938). The origin of life. p. 270. 
Oremland, R. S., & Capone, D. G. (1988). Use of specific inhibitors in biogeochemistry 

and microbial ecology. Advances in Microbial Ecology, 10, pp. 285-383. 
Parks, D. H., Chuvochina, M., Waite, D. W., Rinke, C., Skarshewski, A., Chaumeil, P. 

A., & Hugenholtz, P. (2018). A standardized bacterial taxonomy based on 
genome phylogeny substantially revises the tree of life. Nature Biotechnology, 
36(10), pp. 996-1004. 

Parshina, S. N., Ermakova, A. V., Bomberg, M., & Detkova, E. N. (2014). 
Methanospirillum stamsii sp nov., a psychrotolerant, hydrogenotrophic, 
methanogenic archaeon isolated from an anaerobic expanded granular sludge 
bed bioreactor operated at low temperature. International Journal of Systematic 
and Evolutionary Microbiology, 64(1), pp. 180-186. 

Pasteris, J. D., Freeman, J. J., Goffredi, S. K., & Buck, K. R. (2001). Raman 
spectroscopic and laser scanning confocal microscopic analysis of sulfur in 
living sulfur-precipitating marine bacteria. Chemical Geology, 180(1-4),        
pp. 3-18. 

Pasteur, L. (1862). Mémoire sur les corpuscles organisés qui existent en suspension 
dans l'atmosphère. Annales de Chimie et de Physique, 3, p. 64. 

Pender, J. P., Jha, G., Youn, D. H., Ziegler, J. M., Andoni, I., Choi, E. J., Heller, A., 
Dunn, B. S., Weiss, P. S., Penner, R. M., & Mullins, C. B. (2020). Electrode 
degradation in lithium-ion batteries. ACS Nano, 14(2), pp. 1243-1295. 

Pester, M., Knorr, K. H., Friedrich, M. W., Wagner, M., & Loy, A. (2012). Sulfate-
reducing microorganisms in wetlands - Fameless actors in carbon cycling and 
climate change. Frontiers in Microbiology, 3. doi:10.3389/fmicb.2012.00072. 

Picard, A., Gartman, A., Clarke, D. R., & Girguis, P. R. (2018). Sulfate-reducing 
bacteria influence the nucleation and growth of mackinawite and greigite. 
Geochimica et Cosmochimica Acta, 220, pp. 367-384. 

Picard, A., Gartman, A., & Girguis, P. R. (2016). What do we really know about the role 
of microorganisms in iron sulfide mineral formation? Frontiers in Earth 
Science, 4. doi:10.3389/feart.2016.00068. 

Pirt, S. J. (1982). Maintenance energy - a general-model for energy-limited and energy-
sufficient growth. Archives of Microbiology, 133(4), pp. 300-302. 

Pósfai, M., Buseck, P. R., Bazylinski, D. A., & Frankel, R. B. (1998). Reaction sequence 
of iron sulfide minerals in bacteria and their use as biomarkers. Science, 
280(5365), pp. 880-883. 

Postgate, J. R., & Campbell, L. L. (1966). Classification of Desulfovibrio species 
nonsporulating sulfate-reducing bacteria. Bacteriological Reviews, 30(4), pp. 
732-738. 

Poulton, S., & Raiswell, R. (2002). The low-temperature geochemical cycle of iron: 
from continental fluxes to marine sediment deposition. American Journal of 
Science, 302(9), pp. 774-805. 

Preiner, M., Xavier, J. C., Sousa, F. L., Zimorski, V., Neubeck, A., Lang, S. Q., 
Greenwell, H. C., Kleinermanns, K., Tüysüz, H., McCollom, T. M., Holm, N. G., 
Martin, W. F. (2018). Serpentinization: Connecting Geochemistry, Ancient 
Metabolism and Industrial Hydrogenation. Life (Basel), 8(4), p.41. 

Pruesse, E., Quast, C., Knittel, K., Fuchs, B. M., Ludwig, W. G., Peplies, J., & Glockner, 
F. O. (2007). SILVA: a comprehensive online resource for quality checked and 



 

 155 

 

aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acids 
Research, 35(21), pp. 7188-7196. 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., & 
Glockner, F. O. (2013). The SILVA ribosomal RNA gene database project: 
improved data processing and web-based tools. Nucleic Acids Research, 
41(D1), pp. 590-596. 

Rabus, R., Hansen, T. A., & Widdel, F. (2013). Dissimilatory sulfate- and sulfur-
reducing prokaryotes. In E. Rosenberg, E. F. DeLong, S. Lory, E. Stackebrandt, 
& F. Thompson (Eds.), The Prokaryotes: Prokaryotic Physiology and 
Biochemistry (pp. 309-404). Berlin, Heidelberg: Springer. 

Rabus, R., Venceslau, S. S., Wöhlbrand, L., Voordouw, G., Wall, J. D., & Pereira, I. A. 
C. (2015). A post-genomic view of the ecophysiology, catabolism and 
biotechnological relevance of sulphate-reducing prokaryotes. In R. K. Poole 
(Ed.), Advances in Microbial Physiology (Vol. 66, pp. 55-321): Academic Press. 

Raiswell, R., Tranter, M., Benning, L. G., Siegert, M., De’ath, R., Huybrechts, P., & 
Payne, T. (2006). Contributions from glacially derived sediment to the global 
iron (oxyhydr) oxide cycle: Implications for iron delivery to the oceans. 
Geochimica et Cosmochimica Acta, 70(11), pp. 2765-2780. 

Raiswell, R., Canfield, D. E. (2012). The iron biogeochemical cycle past and present. 
Geochemical Perspectives, 1(1), pp.1-217. 

Raje, P., & Srivastava, A. K. (1998). Updated mathematical model and fed-batch 
strategies for poly-β-hydroxybutyrate (PHB) production by Alcaligenes 
eutrophus. Bioresource Technology, 64(3), pp. 185-192. 

Rancourt, D. G., & Ping, J. Y. (1991). Voigt-based methods for arbitrary-shape static 
hyperfine parameter distributions in Mössbauer spectroscopy. Nuclear 
Instruments & Methods in Physics Research Section B-Beam Interactions with 
Materials and Atoms, 58(1), pp. 85-97. 

Reich, M., Kesler, S. E., Utsunomiya, S., Palenik, C. S., Chryssoulis, S. L., & Ewing, 
R. C. (2005). Solubility of gold in arsenian pyrite. Geochimica et Cosmochimica 
Acta, 69(11), pp. 2781-2796. 

Rickard, D. (1969). The microbiological formation of iron sulfides. Stockholm 
Contributions to Geology, 20, pp. 49-66. 

Rickard, D. (1997). Kinetics of pyrite formation by the H2S oxidation of iron (II) 
monosulfide in aqueous solutions between 25 and 125°C: The rate equation. 
Geochimica et Cosmochimica Acta, 61(1), pp. 115-134. 

Rickard, D. (2006). The solubility of FeS. Geochimica et Cosmochimica Acta, 70(23), 
pp. 5779-5789. 

Rickard, D. (2012). Sulfidic Sediments and Sedimentary Rocks (Vol. 65). Amsterdam: 
Elsevier Science Bv. 

Rickard, D. (2015). Pyrite: A Natural History of Fool's Gold: Oxford University Press. 
Rickard, D., Butler, I. B., & Oldroyd, A. (2001). A novel iron sulfide mineral switch and 

its implications for Earth and planetary science. Earth and Planetary Science 
Letters, 189(1-2), pp. 85-91. 

Rickard, D., & Luther, G. W. (1997). Kinetics of pyrite formation by the H2S oxidation 
of iron(II) monosulfide in aqueous solutions between 25 and 125°C: The 
mechanism. Geochimica et Cosmochimica Acta, 61(1), pp. 135-147. 

Rickard, D., & Luther, G. W. (2007). Chemistry of iron sulfides. Chemical Reviews, 
107(2), pp. 514-562. 

Rickard, D., & Morse, J. W. (2005). Acid volatile sulfide (AVS). Marine Chemistry, 97(3-
4), pp. 141-197. 



 

 156 

 

Rickard, D., Mussmann, M., & Steadman, J. A. (2017). Sedimentary sulfides. 
Elements, 13(2), pp. 117-122. 

Rickard, D. T. (1975). Kinetics and mechanism of pyrite formation at low-temperatures. 
American Journal of Science, 275(6), pp. 636-652. 

Ringel, M., Gross, R., Krafft, T., Kroger, A., & Schauder, R. (1996). Growth of Wolinella 
succinogenes with elemental sulfur in the absence of polysulfide. Archives of 
Microbiology, 165(1), pp. 62-64. 

Roberts, W. M. B., Walker, A. L., & Buchanan, A. S. (1969). Chemistry of pyrite 
formation in aqueous solution and its relation to depositional environment. 
Mineralium Deposita, 4(1), pp. 18-29. 

Roberts, A. P., Chang, L., Rowan, C. J., Horng, C., Florindo, F. (2011) Magnetic 
properties of sedimentary greigite (Fe3S4): An update. Reviews of Geophysiks, 
49(1), doi: 10.1029/2010rg000336 

Rodriguez-R, L. M., & Konstantinidis, K. T. (2016). The enveomics collection: a toolbox 
for specialized analyses of microbial genomes and metagenomes. PeerJ 
Preprints, 4. doi: 10.7287/peerj.preprints.1900v1. 

Rosing, M. T. (1999). 13C-depleted carbon microparticles in > 3700-Ma sea-floor 
sedimentary rocks from West Greenland. Science, 283(5402), pp. 674-676. 

Rozanova, E. P., & Nazina, T. N. (1976). A mesophilic, sulfate-reducing, rod-shaped, 
non-spore-forming bacterium. Microbiologiya (USSR), 45(5), pp. 825-830. 

Rozanova, E. P., Nazina, T. N., & Galushko, A. S. (1988). Isolation of a new genus of 
sulfate-reducing bacteria and description of a new species of this genus, 
Desulfomicrobium apsheronum gen. nov., sp. nov. Microbiologiya (USSR), 
57(4), pp. 634-641. 

Russell, M. J., & Hall, A. (1997). The emergence of life from iron monosulfide bubbles 
at a submarine hydrothermal redox and pH front. Journal of the Geological 
Society, 154(3), pp. 377-402. 

Russell, M. J., & Martin, W. (2004). The rocky roots of the acetyl-CoA pathway. Trends 
in Biochemical Sciences, 29(7), pp. 358-363. 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., 
Preibisch, S., Rueden, C., Saalfeld, S., & Schmid, B. (2012). Fiji: an open-
source platform for biological-image analysis. Nature Methods, 9(7), pp. 676-
682. 

Schink, B. (1997). Energetics of syntrophic cooperation in methanogenic degradation. 
Microbiology and Molecular Biology Reviews, 61(2), pp. 262-280. 

Schink, B., & Stams, A. J. M. (2006). Syntrophism among prokaryotes. In M. Dworkin, 
Falkow, S., Rosenberg, E., Schleifer, K.-H., Stackebrandt, E. (Ed.), The 
Prokaryotes (Third ed., Vol. 2, pp. 309-335). Singapore: Springer. 

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., 
Lesniewski, R. A., Oakley, B. B., Parks, D. H., Robinson, C. J., Sahl, J. W., 
Stres, B., Thallinger, G. G., Van Horn, D. J., & Weber, C. F. (2009). Introducing 
mothur: open-source, platform-independent, community-supported software for 
describing and comparing microbial communities. Applied and Environmental 
Microbiology, 75(23), pp. 7537-7541. 

Schoonen, M. A. (2004). Mechanisms of sedimentary pyrite formation. In Geological 
Society of America Special Papers (Vol. 379, pp. 117-134). 

Schoonen, M. A. A., & Barnes, H. L. (1991a). Reactions forming pyrite and marcasite 
from solution .1. Nucleation of FeS2 below 100°C. Geochimica et Cosmochimica 
Acta, 55(6), pp. 1495-1504. 



 

 157 

 

Schoonen, M. A. A., & Barnes, H. L. (1991b). Reactions forming pyrite and marcasite 
from solution: II. Via FeS precursors below 100°C. Geochimica et 
Cosmochimica Acta, 55(6), pp. 1505-1514. 

Schwarzenbach, G. v., & Fischer, A. (1960). Die Acidität der Sulfane und die 
Zusammensetzung wässeriger Polysulfidlösungen. Helvetica Chimica Acta, 
43(5), pp. 1365-1390. 

Seitz, H.-J., Schink, B., & Conrad, R. (1988). Thermodynamics of hydrogen 
metabolism in methanogenic cocultures degrading ethanol or lactate. FEMS 
Microbiology Letters, 55(2), pp. 119-124. 

Sezonov, G., Joseleau-Petit, D., & D'Ari, R. (2007). Escherichia coli physiology in 
Luria-Bertani Broth. Journal of Bacteriology, 189(23), pp. 8746-8749. 

Shi, L., Dong, H., Reguera, G., Beyenal, H., Lu, A., Liu, J., Yu, H.-Q., & Fredrickson, 
J. K. (2016). Extracellular electron transfer mechanisms between 
microorganisms and minerals. Nature Reviews Microbiology, 14(10),                 
pp. 651-662. 

Shivani, Y., Subhash, Y., Sasikala, C., & Ramana, C. V. (2017). Halodesulfovibrio 
spirochaetisodalis gen. nov. sp. nov. and reclassification of four Desulfovibrio 
spp. International Journal of Systematic and Evolutionary Microbiology, 67(1), 
pp. 87-93. 

Siefert, E., & Pfennig, N. (1984). Convenient method to prepare neutral sulfide solution 
for cultivation of phototrophic sulfur bacteria. Archives of Microbiology, 139(1), 
pp. 100-101. 

Simmons, S. L., & Edwards, K. J. (2007). Unexpected diversity in populations of the 
many-celled magnetotactic prokaryote. Environmental Microbiology, 9(1), 
pp. 206-215. 

Slobodkin, A. I., & Slobodkina, G. B. (2019). Diversity of sulfur-disproportionating 
microorganisms. Microbiology, 88(5), pp. 509-522. 

Smith, P.E., Evensen, N.M., York, D., Moorbath, S. (2005). Oldest reliable terrestrial 
40Ar-39Ar age from pyrite crystals at Isua west Greenland, Geophysical 
Research Letters, 32, L21318, doi:10.1029/2005GL024066. 

Sorensen, A. C., Claud, E., & Soressi, M. (2018). Neandertal fire-making technology 
inferred from microwear analysis. Scientific Reports, 8(1), p. 10065. 

Spring, S., Sorokin, D. Y., Verbarg, S., Rohde, M., Woyke, T., & Kyrpides, N. C. (2019). 
Sulfate-reducing bacteria that produce exopolymers thrive in the calcifying zone 
of a hypersaline cyanobacterial mat. Frontiers in Microbiology, 10. 
doi:10.3389/fmicb.2019.00862. 

Stackebrandt, E., & Ebers, J. (2006). Taxonomic parameters revisited: tarnished gold 
standards. Microbiology Today, 33(4), pp. 152–154. 

Stamatakis, A. (2014). RAxML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics, 30(9), pp. 1312-1313. 

Stanley, W., & Southam, G. (2018). The effect of Gram-positive (Desulfosporosinus 
orientis) and Gram-negative (Desulfovibrio desulfuricans) sulfate-reducing 
bacteria on iron sulfide mineral precipitation. Canadian Journal of Microbiology, 
64(9), pp. 629-637. 

Süßmuth, R., Eberspächer, J., Haag, R., & Springer, W. (1987). Biochemisch-
mikrobiologisches Praktikum (Vol. 39). Stuttgart: Georg Thieme Verlag. 

Tao, Z., Zhang, P., Qin, Z., Li, Y.-Q., & Wang, G. (2016). Poly(3-hydroxybutyrate) 
anabolism in Cupriavidus necator cultivated at various carbon-to-nitrogen 
ratios: insights from single-cell Raman spectroscopy. Journal of Biomedical 
Optics, 21(9), p. 097005. 



 

 158 

 

Tashiro, T., Ishida, A., Hori, M., Igisu, M., Koike, M., Méjean, P., Takahata, N., Sano, 
Y., Komiya, T. (2017). Early trace of life from 3.95 Ga sedimentary rocks in 
Labrador, Canada. Nature, 549(7673), pp. 516-518. 

Tatusova, T., DiCuccio, M., Badretdin, A., Chetvernin, V., Nawrocki, E. P., Zaslavsky, 
L., Lomsadze, A., Pruitt, K., Borodovsky, M., & Ostell, J. (2016). NCBI 
prokaryotic genome annotation pipeline. Nucleic Acids Research, 44(14), pp. 
6614-6624. 

Taylor, P., Rummery, T. E., & Owen, D. G. (1979). Reactions of iron monosulfide solids 
with aqueous hydrogen-sulfide up to 160°C. Journal of Inorganic & Nuclear 
Chemistry, 41(12), pp. 1683-1687. 

Thamdrup, B., Finster, K., Hansen, J. W., & Bak, F. (1993). Bacterial disproportionation 
of elemental sulfur coupled to chemical-reduction of iron or manganese. Applied 
and Environmental Microbiology, 59(1), pp. 101-108. 

Thauer, R. K. (2011). Anaerobic oxidation of methane with sulfate: on the reversibility 
of the reactions that are catalyzed by enzymes also involved in methanogenesis 
from CO2. Current Opinion in Microbiology, 14(3), pp. 292-299. 

Theberge, S. M., & Luther III, G. W. (1997). Determination of the electrochemical 
properties of a soluble aqueous FeS species present in sulfidic solutions. 
Aquatic Geochemistry, 3(3), pp. 191-211. 

Theobald, D. L. (2010). A formal test of the theory of universal common ancestry. 
Nature, 465(7295), pp. 219-222. 

Thiel, J., Byrne, J. M., Kappler, A., Schink, B., & Pester, M. (2019). Pyrite formation 
from FeS and H2S is mediated through microbial redox activity. Proceedings of 
the National Academy of Sciences of the United States of America, 116(14), pp. 
6897-6902. 

Thiel, J., Spring, S., Tindall, B. J., Spröer, C., Bunk, B., Koeksoy, E., Ngugi, D. K., 
Schink, B., Pester, M. (2020). Desulfolutivibrio sulfoxidireducens gen. nov., sp. 
nov., isolated from a pyrite-forming enrichment culture and reclassification of 
Desulfovibrio sulfodismutans as Desulfolutivibrio sulfodismutans comb. nov.. 
Systematic and Applied Microbiology, 43(5), doi: 10.1016/j.syapm.2020.126105 

Thomsen, U., Thamdrup, B., Stahl, D. A., Canfield, D. E. (2004). Pathways of organic 
carbon oxidation in a deep lacustrine sediment, Lake Michigan. Limnology and 
Oceanography, 49(6), pp. 2046-2057. 

Tindall, B. J. (1990a). A comparative-study of the lipid-composition of Halobacterium 
saccharovorum from various sources. Systematic and Applied Microbiology, 
13(2), pp. 128-130. 

Tindall, B. J. (1990b). Lipid-composition of Halobacterium lacusprofundi. FEMS 
Microbiology Letters, 66(1-3), pp. 199-202. 

Tindall, B. J., Sikorski, J., Smibert, R. A., & Krieg, N. R. (2007). Phenotypic 
characterization and the principles of comparative systematics. In Methods for 
General and Molecular Microbiology, Third Edition (3 ed., 
10.1128/9781555817497.ch15): American Society of Microbiology. 

Trofimov, B. A., & Gusarova, N. K. (2009). Elemental phosphorus in strongly basic 
media as phosphorylating reagent: a dawn of halogen-free ‘green’ 
organophosphorus chemistry. Mendeleev Communications, 19(6), pp. 295-302. 

Trofimov, B. A., Sinegovskaya, L. M., & Gusarova, N. K. (2009). Vibrations of the S–S 
bond in elemental sulfur and organic polysulfides: a structural guide. Journal of 
Sulfur Chemistry, 30(5), pp. 518-554. 



 

 159 

 

Trudinger, P., Chambers, L., & Smith, J. (1985). Low-temperature sulfate reduction: 
biological versus abiological. Canadian Journal of Earth Sciences, 22(12), pp. 
1910-1918. 

Tschech, A., & Pfennig, N. (1984). Growth-yield increase linked to caffeate reduction 
in Acetobacterium woodii. Archives of Microbiology, 137(2), pp. 163-167. 

Tugrul, N., Derun, E. M., Piskin, M., & Piskin, S. (2003). Evaluation of pyrite ash wastes 
obtained by the sulfuric acid production industry. Paper presented at the 
Proceedings of the 8th International Conference on Environmental Science and 
Technology, Lemmos Island, Vol. A, Greece. 

Vainshtein, M., Hippe, H., & Kroppenstedt, R. M. (1992). Cellular fatty-acid composition 
of Desulfovibrio species and its use in classification of sulfate-reducing bacteria. 
Systematic and Applied Microbiology, 15(4), pp. 554-566. 

Vairavamurthy, A. (1998). Using X-ray absorption to probe sulfur oxidation states in 
complex molecules. Spectrochimica Acta Part A: Molecular and Biomolecular 
Spectroscopy. 54(12), pp. 2009-2017. 

Vandenberghe, R. E., de Grave, E., de Bakker, P. M. A., Krs, M., & Hus, J. J. (1992). 
Mössbauer effect study of natural greigite. Hyperfine Interactions, 68(1), pp. 
319-322. 

Varghese, N. J., Mukherjee, S., Ivanova, N., Konstantinidis, K. T., Mavrommatis, K., 
Kyrpides, N. C., & Pati, A. (2015). Microbial species delineation using whole 
genome sequences. Nucleic Acids Research, 43(14), pp. 6761-6771. 

Wächtershäuser, G. (1988). Before enzymes and templates: Theory of surface 
metabolism. Microbiological Reviews, 52(4), pp. 452-484. 

Wächtershäuser, G. (1990). Evolution of the first metabolic cycles. Proceedings of the 
National Academy of Sciences, 87(1), pp. 200-204. 

Wächtershäuser, G. (2000). Life as we don’t know it. Science, 289(5483), p. 1307. 
Wächtershäuser, G. (2006). From volcanic origins of chemoautotrophic life to Bacteria, 

Archaea and Eukarya. Philosophical Transactions of the Royal Society of 
London. Series B, Biological Sciences, 361(1474), pp. 1787-1806. 

Wächtershäuser, G. (2007). On the chemistry and evolution of the pioneer organism. 
Chemistry & Biodiversity, 4(4), pp. 584-602. 

Wan, M., Shchukarev, A., Lohmayer, R., Planer-Friedrich, B., Peiffer, S. (2014). 
Occurrence of surface polysulfides during the interaction between ferric 
(hydr)oxides and aqueous sulfide. Environmental Science & Technology, 48(9), 
pp. 5076-5084. 

Wan, M., Schroder, C., & Peiffer, S. (2017). Fe(III): S(-II) concentration ratio controls 
the pathway and the kinetics of pyrite formation during sulfidation of ferric 
hydroxides. Geochimica et Cosmochimica Acta, 217, pp. 334-348. 

Watson, J., Cressey, B., Roberts, A., Ellwood, D., Charnock, J., & Soper, A. (2000). 
Structural and magnetic studies on heavy-metal-adsorbing iron sulfide 
nanoparticles produced by sulfate-reducing bacteria. Journal of Magnetism and 
Magnetic Materials, 214(1-2), pp. 13-30. 

Weiss, M. C., Sousa, F. L., Mrnjavac, N., Neukirchen, S., Roettger, M., Nelson-Sathi, 
S., & Martin, W. F. (2016). The physiology and habitat of the last universal 
common ancestor. Nature Microbiology, 1(9), pp. 1-8. 

Westrich, J. T. (1983). Consequences and controls of bacterial sulfate reduction in 
marine sediments. Yale Univ., New Haven, CT, USA,  

Widdel, F., & Bak, F. (1992). Gram-negative mesophilic sulfate-reducing bacteria. In 
The prokaryotes (pp. 3352-3378): Springer. 



 

 160 

 

Widdel, F., Kohring, G. W., & Mayer, F. (1983). Studies on dissimilatory sulfate-
reducing bacteria that decompose fatty-acids. 3. Characterization of the 
filamentous gliding Desulfonema limicola gen. nov sp. nov, and Desulfonema 
magnum sp. nov. Archives of Microbiology, 134(4), pp. 286-294. 

Widdel, F., & Pfennig, N. (1981). Studies on dissimilatory sulfate-reducing bacteria that 
decompose fatty-acids. 1. Isolation of new sulfate-reducing bacteria enriched 
with acetate from saline environments - description of Desulfobacter postgatei 
gen. nov., sp. nov. Archives of Microbiology, 129(5), pp. 395-400. 

Wilkin, R. T., & Barnes, H. L. (1996). Pyrite formation by reactions of iron monosulfides 
with dissolved inorganic and organic sulfur species. Geochimica et 
Cosmochimica Acta, 60(21), pp. 4167-4179. 

Williams, K. H., Ntarlagiannis, D., Slater, L. D., Dohnalkova, A., Hubbard, S. S., & 
Banfield, J. F. (2005). Geophysical imaging of stimulated microbial 
biomineralization. Environmental Science & Technology, 39(19), pp. 7592-
7600. 

Wörner, S., & Pester, M. (2019). The active sulfate-reducing microbial community in 
littoral sediment of oligotrophic Lake Constance. Frontiers in Microbiology, 10. 
doi:10.3389/fmicb.2019.00247. 

Wright, R. F., Larssen, T., Camarero, L., Cosby, B. J., Ferrier, R. C., Helliwell, R., 
Forsius, M., Jenkins, A., Kopáěek, J., Majer, V. (2005), Recovery of acidified 
European surface waters, Environmental Science and Technology., 39(3), pp. 
64A-72A  

Wuebbles, D. J., & Hayhoe, K. (2002). Atmospheric methane and global change. 
Earth-Science Reviews, 57(3), pp. 177-210. 

Yang, C., Chen, Y.-H., Peng, P. a., Li, C., Chang, X., & Wu, Y. (2009). Trace element 
transformations and partitioning during the roasting of pyrite ores in the sulfuric 
acid industry. Journal of Hazardous Materials, 167, pp. 835-845. 

Yarza, P., Yilmaz, P., Pruesse, E., Glockner, F. O., Ludwig, W., Schleifer, K. H., 
Whitman, W. B., Euzeby, J., Amann, R., & Rossello-Mora, R. (2014). Uniting 
the classification of cultured and uncultured bacteria and archaea using 16S 
rRNA gene sequences. Nature Reviews Microbiology, 12(9), pp. 635-645. 

Zhao, C., Gao, Z., Qin, Q., Li, F., & Ruan, L. (2012). Desulfobaculum xiamenensis gen. 
nov., sp. nov., a member of the family Desulfovibrionaceae isolated from marine 
mangrove sediment. International Journal of Systematic and Evolutionary 
Microbiology, 62(Pt 7), pp. 1570-1575. 

Zhou, C., Vannela, R., Hayes, K. F., & Rittmann, B. E. (2014a). Effect of growth 
conditions on microbial activity and iron-sulfide production by Desulfovibrio 
vulgaris. Journal of Hazardous Materials, 272, pp. 28-35. 

Zhou, L., Liu, X., Dong, X. (2014b). Methanospirillum psychrodurum sp. nov., isolated 
from wetland soil. International Journal of Systematic and Evolutionary 
Microbiology, 64(2), pp. 638-641. 

Zopfi, J., Böttcher, M. E., & Jorgensen, B. B. (2008). Biogeochemistry of sulfur and iron 
in Thioploca-colonized surface sediments in the upwelling area off central Chile. 
Geochimica et Cosmochimica Acta, 72(3), pp. 827-843. 

Zopfi, J., Ferdelman, T., & Fossing, H. (2004). Distribution and fate of sulfur 
intermediates - sulfite, tetrathionate, thiosulfate, and elemental sulfur - in marine 
sediments. In Sulfur Biogeochemistry - Past and Present (pp. 97-116): 
Geological Society of America Special Papers. 

 



 

 161 

 

List of publications 

Thiel, J., Byrne, J. M., Kappler, A., Schink, B., & Pester, M. (2019). Pyrite formation 
from FeS and H2S is mediated through microbial redox activity. Proceedings of 
the National Academy of Sciences of the United States of America, 116(14), pp. 
6897-6902. 

 

Thiel, J., Spring, S., Tindall, B. J., Spröer, C., Bunk, B., Koeksoy, E., Ngugi, D. K., 
Schink, B., Pester, M. (2020). Desulfolutivibrio sulfoxidireducens gen. nov., sp. 
nov., isolated from a pyrite-forming enrichment culture and reclassification of 
Desulfovibrio sulfodismutans as Desulfolutivibrio sulfodismutans comb. nov.. 
Systematic and Applied Microbiology, 43(5), doi: 10.1016/j.syapm.2020.126105 

 

  



 

 162 

 

  



 

 163 

 

Danksagung 

Ich danke Herrn Prof. Dr. Michael Pester für die professionelle Betreuung und die 

zahlreichen Lektionen über gutes wissenschaftliches Arbeiten und Schreiben. Für die 

Überlassung eines äußerst spannenden Themas, 20 Jahre andauernde 

Kultivierungsbemühungen und die Bereitstellung der nötigen Räumlickeiten und 

Materialien, sowie für konstruktive Anregungen bedanke ich mich vielmals bei Herrn 

Prof. Dr. Bernhard Schink.  

Zudem bedanke ich mich bei Herrn Prof. Dr. Andreas Zumbusch für die Begleitung 

dieser Arbeit im thesis comitee, sowie bei der KoRS-CB und der DFG für die 

Finanzierung des Projekts.  

Mein besonderer Dank gilt Dr. James Byrne, Prof. Dr. Andreas Kappler, Dr. Alyssa 

Findlay, Dr. Stefan Spring, Dr. Elif Köksoy und Dr. Markus Schmid die als 

Kooperationspartner maßgeblich zu den wissenschaftlichen Erkenntnissen dieser 

Arbeit beigetragen haben und mir stets gewissenhaft mit wissenschaftlichem Rat zur 

Seite standen. Innerhalb der Universität Konstanz möchte ich mich bei Dr. Michael 

Laumann und Dr. Paavo Bergmann vom Electron Microscopy Center, Dr. Stephan 

Siroky und Brigitte Bössenecker vom Particle Analysis Centre sowie Dr. Martin Stöckl 

vom Bioimaging Centre für die konstruktive, freundliche Zusammenarbeit bedanken. 

Meinen Studenten Amelie Thude, Zenel Ulusoy, Danijel Jovicic, Annika Hepp, Felix 

Groh und Sabrina Borusak danke ich für ihren tatkräftigen Einsatz im Labor. Auch Antje 

Wentrup, Sylke Wiechmann und Julia Schmid haben mich durch Ihre tatkräftige 

Mithilfe sehr unterstützt, herzlichen Dank dafür! Bei Ben Griffin und Waltraut Dilling 

bedanke ich mich für die Vorarbeiten zu diesem Projekt. 

Ich danke allen Kollengen der AG Schink und der AG Schleheck sowie den 

Mitarbeitern auf M9 für die angenehme Arbeitsatmosphäre, all die anregenden, 

kreativen Diskussionen und die wunderschöne Zeit innerhalb und außerhalb der 

Universität. Besonderer Dank gebührt Dr. Nick Müller und Fabian Grässle die mich 

fachlich jederzeit geduldig beraten haben, sowie Dr. Anja Mickan die mir fast währed 

der gesamten Zeit zur Seite saß und durch die auch schlechte Tage erträglich wurden. 



 

 164 

 

Mein besonderer Dank gilt Patrizia Bonsignore, die mir die Angst vor Formeln und 

Gleichungen genommen und mir mit ihrem Humor und ihren Geschichten eine 

wunderschöne Studienzeit beschert hat! Zudem danke ich Stefanie Klima für all die 

anregenden Unterhaltungen, die seelische Unterstützung und die spannenden 

Urlaube, die es mir erlaubt haben Abstand vom Arbeitsalltag zu gewinnen. 

Schließlich bedanke ich mich bei meiner Familie, die mir die akademische Bildung erst 

ermöglicht hat und stets als Rückzugs- und Erholungsort zur Verfügung stand. 

Besonders meinen Eltern danke ich dafür, dass sie mir auf der einen Seite die digitale 

und auf der anderen Seite die fantastische, lebendige Welt nahegebracht haben und 

immer an mich und meine Fähigkeiten geglaubt haben.  

 

 

 




