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ABSTRACT

Sulfur, an ubiquitous element in the environment, occurs in different oxidation states from +6 to -2.
Between the thermodynamically stable end members sulfate and sulfide, a variety of intermediate
sulfur species exist, examples of which are sulfite, polythionates, thiosulfate, elemental sulfur, and
polysulfides. Polysulfides are highly reducing and nucleophilic sulfur chains of the general structure
S,> (n > 2). Due to their high reactivity and instability, inorganic polysulfide analysis is challenging.
Currently, the most reliable analytical approach is derivatization of inorganic polysulfides to form
more stable organic polysulfanes, which can be analyzed chromatographically. Intermediate sulfur
species in general and polysulfides in particular are assumed to be decisive for a variety of redox

transformation processes of metal(loid)s but are only rarely analyzed.

The aim of the present study was to investigate the role of sulfide, elemental sulfur, and especially
polysulfides for abiotic and biotic redox processes in sulfur-metal(loid) systems. Open questions
resulting from previous investigations concerning the interaction of different sulfur species with iron,

arsenic, and molybdenum were addressed with special focus on the sulfur speciation.

Elemental sulfur disproportionation is among the oldest metabolic pathways in earth’s history and still
raises many questions. Growth of microorganisms by elemental sulfur disproportionation was found to
depend on the presence of a sulfide scavenger such as ferric iron. In the present study, growth of
haloalkaliphilic bacteria by elemental sulfur disproportionation was shown for the first time and was
observed both, in the presence of iron, which is in accordance to previous studies, but also in the
absence of iron. This was possible due to substantial formation of polysulfides under anoxic and
alkaline conditions, which decreased free sulfide concentrations in solution and consequently rendered

elemental sulfur disproportionation thermodynamically favorable.

The reaction of dissolved sulfide with ferric (oxyhydr)oxides can result in the formation of
thermodynamically stable pyrite, the most commonly occurring sulfide-bearing mineral. In former
studies, different reaction pathways of pyrite formation were determined to occur in the aqueous
phase. In the present study, polysulfides were found at the mineral surface during sulfidation of ferric
(oxyhydr)oxides. Concentrations of disulfide, the dominating polysulfide species, increased with the
reactivity of the iron minerals, which is also positively correlated to the kinetics of pyrite formation.

Overall, it was concluded that surface-associated polysulfides play a decisive role as pyrite precursors.

The reductive dissolution of ferric (oxyhydr)oxides is crucial with regard to the release of adsorbed
nutrients or contaminants. It can be mediated indirectly by sulfur-reducing bacteria. Previously,
thiosulfate, elemental sulfur, or polysulfides were proposed to serve as electron shuttles between
bacteria and ferric minerals. We found elemental sulfur, attached to the mineral surface, as
predominant sulfur oxidation product. Besides thiosulfate, tetrathionate, sulfite, and sulfide,

polysulfides could initiate the electron shuttling process but were of minor importance for the shuttling
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process itself. Overall, the present study revealed a detailed insight into the role of different sulfur

species during microbially mediated ferric mineral reduction.

Soluble arsenic-sulfur species are crucial for the cycling of arsenic under sulfidic conditions. In former
studies, trivalent thioarsenites were found to form by the reaction of arsenite with sulfide and to
rapidly oxidize to pentavalent thioarsenates. The latter were suggested to form directly by the reaction
of arsenite with polysulfides. In the present study, polysulfides were found to react with arsenite to
form monothioarsenate. Moreover, the higher nucleophilicity of polysulfides in comparison to sulfide
seemed to accelerate the formation of higher thiolated arsenates. The formation of polysulfides and
monothioarsenate was also observed in biotic systems during growth of an anaerobic haloalkaliphile,
which couples arsenate reduction with sulfide oxidation. Additionally, monothioarsenate was
microbially disproportionated to arsenite and polysulfides. Confirming previous suggestions,

polysulfides were found to play a crucial role for thioarsenate formation.

Evidence for substantial microbial acceleration of thioarsenate transformation processes was found
earlier. In the present study, monothioarsenate transformation was considerably faster in the presence
of a hyperthermophile bacterium in comparison to abiotic conditions. Abiotically, monothioarsenate
was determined to be desulfidized to form arsenate and sulfide, which in turn was oxidized to
elemental sulfur and thiosulfate under high temperature and oxic conditions. The bacteria accelerated
monothioarsenate transformation mainly by oxidizing the abiotically formed intermediate sulfur
species to sulfate. In general, sulfur redox chemistry was found to be decisive for thioarsenate

transformation processes.

The formation of soluble thiomolybdate species was assumed to be crucial for molybdenum burial in
sediments, an important indicator for reconstructing paleoredox conditions. However, up to now there
is no evidence about thiomolybdate occurrence in the environment. In the laboratory, we found that
rate and extent of thiomolybdate formation increased with increasing sulfide to molybdate excess and
a pH of 7 was determined to be most favorable for the nucleophilic substitution reaction. Polysulfides
did not have any influence on thiomolybdate formation. We optimized ion-pair chromatographic
separation of thiomolybdates for coupling to an inductively coupled plasma-mass spectrometer to be
able to analyze nanomolar thiomolybdate concentrations. Using this new method, spontaneous
formation of thiomolybdates could be observed in euxinic marine waters after addition of a molybdate
spike. Moreover, natural occurrence of thiomolybdates was detected for the first time in sulfidic

geothermal waters.

Overall, sulfide, elemental sulfur, and especially polysulfides were found to be a significant factor for
a variety of abiotic and biotic transformation processes of the metal(loid)s iron, arsenic, and
molybdenum. In general, sulfur speciation has a large impact on the speciation, reactivity, and
mobility of the respective metal(loid)s. Extensive knowledge about the occurrence of different sulfur
species and sulfur redox processes thus helps to understand the biogeochemical cycling of metal(loid)s
in the environment.
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ZUSAMMENFASSUNG

Schwefel ist ein Element, das ubiquitir in der Umwelt vorkommt und Oxidationsstufen zwischen +6
und -2 annehmen kann. Zwischen den thermodynamisch stabilen Endgliedern Sulfat und Sulfid gibt es
eine Reihe intermedidrer Schwefelspezies, wie beispielsweise Sulfit, Polythionate, Thiosulfat,
elementaren Schwefel und Polysulfide. Polysulfide sind reduzierende und nukleophile Schwefelketten
der Form S,” (n > 2). Aufgrund ihrer hohen Reaktivitit und Instabilitit stellt die Bestimmung von
Polysulfiden eine analytische Herausforderung dar. Der verldsslichste analytische Ansatz ist zum
gegenwirtigen Zeitpunkt die Derivatisierung anorganischer Polysulfide zur Bildung stabilerer
organischer Polysulfane, die chromatographisch analysiert werden konnen. Generell wird
angenommen, dass intermedidre Schwefelspezies im Allgemeinen und Polysulfide im Besonderen
entscheidend sind fiir eine Reihe von Redox- und Transformationsprozessen von Metall(oid)en.

Allerdings gibt es dazu bisher kaum analytische Daten.

Das Ziel der vorliegenden Studie war, die Rolle von Sulfid, elementarem Schwefel und insbesondere
Polysulfiden fiir abiotische und biotische Redoxprozesse in Schwefel-Metal(loid)-Systemen zu
untersuchen. Offene Fragen, die aus frilheren Arbeiten zur Interaktion von verschiedenen
Schwefelspezies mit Eisen, Arsen und Molybdén resultierten, wurden aufgegriffen und mit

besonderem Schwerpunkt auf der Schwefelspeziierung untersucht.

Die Disproportionierung von elementarem Schwefel zdhlt zu den altesten Stoffwechselwegen in der
Erdgeschichte und wirft noch immer viele Fragen auf. Bislang wurde festgestellt, dass das Wachstum
von Mikroorganismen durch Disproportionierung von elementarem Schwefel von der Anwesenheit
eines Sulfidfingers wie Eisen abhéngt. In der vorliegenden Studie wurde erstmals das Wachstum von
haloalkaliphilen Bakterien durch Disproportionierung von elementarem Schwefel gezeigt und sowohl
in An- als auch in Abwesenheit von Eisen beobachtet. Dies wurde durch die substanzielle Bildung von
Polysulfiden unter anoxischen und alkalischen Bedingungen ermoglicht, was zur Abnahme von freiem
Sulfid in Losung flihrte und damit die Disproportionierung von elementarem Schwefel

thermodynamisch begiinstigte.

Die Reaktion von gelostem Sulfid mit Eisen(Ill)-(oxyhydr)oxiden kann zur Bildung von
thermodynamisch stabilem Pyrit, dem am héiufigsten vorkommenden sulfidhaltigen Mineral, fiihren.
In fritheren Studien wurden verschiedene Reaktionswege der Pyritbildung in der wissrigen Phase
bestimmt. In der vorliegenden Arbeit wurden im Zuge der Sulfidierung von Eisen(Ill)-
(oxyhydr)oxiden Polysulfide auf den Mineraloberflichen gefunden. Die Konzentration von Disulfid,
der dominierenden Polysulfidspezies, stieg mit der Reaktivitdt der Eisenminerale an, die auch positiv
mit der Kinetik der Pyritbildung korreliert. Insgesamt wurde der Schluss gezogen, dass Oberflachen-

assoziierte Polysulfide eine entscheidende Rolle als Vorldufer von Pyrit spielen.

Die reduktive Auflosung von Eisen(Ill)-(oxyhydr)oxiden ist entscheidend im Hinblick auf die

Freisetzung von adsorbierten Nahr- oder Schadstoffen. Der Auflosungsprozess kann indirekt durch
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Zusammenfassung

Schwefel-reduzierende Bakterien beeinflusst werden. In einer fritheren Studie wurden Thiosulfat,
elementarer Schwefel oder Polysulfide als mogliche Elektronen-Shuttles zwischen Bakterien und
Eisen(Ill)-Mineralen vorgeschlagen. Wir fanden elementaren Schwefel an der Mineraloberfliche als
dominierendes Schwefel-Oxidationsprodukt. Neben Thiosulfat, Tetrathionat, Sulfit und Sulfid konnten
Polysulfide den Elektronen-Shuttle-Prozess initiieren, waren aber von geringerer Bedeutung fiir den
Shuttle-Prozess an sich. Insgesamt gelang es, einen detaillierten Einblick in die Rolle verschiedener

Schwefelspezies fiir die mikrobiell vermittelte Reduktion von Eisen(IlI)-Mineralen zu erhalten.

Loésliche Arsen-Schwefel-Spezies sind wesentlich fiir den Kreislauf von Arsen unter sulfidischen
Bedingungen. In fritheren Studien wurde die Bildung dreiwertiger Thioarsenite durch die Reaktion
von Arsenit mit Sulfid und die schnelle Oxidation zu fiinfwertigen Thioarsenaten beobachtet. Es
wurde vermutet, dass Letztere sich auch direkt durch die Reaktion von Arsenit mit Polysulfiden
bilden. In vorliegender Studie wurde beobachtet, dass Polysulfide mit Arsenit zu Monothioarsenat
reagieren. AuBlerdem schien die im Vergleich zu Sulfid hohere Nukleophilie von Polysulfiden die
Bildung hdher thiolierter Arsenate zu beschleunigen. Die Bildung von Polysulfiden und
Monothioarsenat wurde auch in biotischen Systemen wihrend des Wachstums eines anaeroben
haloalkaliphilen Bakteriums gefunden, das die Reduktion von Arsenat mit der Oxidation von Sulfid
koppelt. Zusédtzlich wurde Monothioarsenat mikrobiell zu Arsenit und Polysulfiden disproportioniert.
Friihere Annahmen bestétigend, spielten Polysulfide eine entscheidende Rolle bei der Bildung von

Thioarsenaten.

Nachweise  fiir eine  substanzielle  mikrobielle  Beschleunigung von  Thioarsenat-
Transformationsprozessen wurden bereits in fritheren Arbeiten gefunden. In der vorliegenden Studie
war die Umwandlung von Monothioarsenat in Anwesenheit eines hyperthermophilen Bakteriums
deutlich schneller als unter abiotischen Bedingungen. Abiotisch fand eine Desulfidierung von
Monothioarsenat zu Arsenat und Sulfid statt. Sulfid wiederum wurde bei hoher Temperatur und unter
oxischen Bedingungen zu elementarem Schwefel und Thiosulfat oxidiert. Die Bakterien
beschleunigten die Umwandlung von Monothioarsenat hauptsdchlich durch die Oxidation der
abiotisch gebildeten intermedidren Schwefelspezies zu Sulfat. Insgesamt wurde ein entscheidender

Einfluss der Schwefel-Redoxchemie auf Thioarsenat-Transformationsprozesse festgestellt.

Fiir Thiomolybdatspezies wird angenommen, dass ihre Bildung entscheidend ist fiir die Ablagerung
von Molybddn in Sedimenten, was als wichtiger Indikator zur Rekonstruktion von
Paldoredoxbedingungen dient. Allerdings wurden Thiomolybdate bisher nicht in der Umwelt
nachgewiesen. In Laborversuchen stellten wir fest, dass Rate und Ausmal} der Thiomolybdatbildung
mit steigendem Sulfid zu Molybdat Uberschuss anstiegen und dass ein pH-Wert von 7 am giinstigsten
fir die nukleophile Substitutionsreaktion war. Polysulfide hatten keinen Einfluss auf die
Thiomolybdatbildung. Wir optimierten die Trennung von Thiomolybdaten mittels Ionenpaar-
Chromatographie zur Kopplung mit einem induktiv gekoppelten Plasma-Massenspektrometer, um

nanomolare Thiomolybdat-Konzentrationen analysieren zu kdnnen. Mit dieser neuen Methode konnte
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Zusammenfassung

die spontane Bildung von Thiomolybdaten in euxinischen Salzwasserproben nach Zugabe eines
Molybdat-Spikes beobachtet werden. Dariiber hinaus wurde erstmals das natiirliche Vorkommen von

Thiomolybdaten in sulfidischen Geothermalwissern nachgewiesen.

Insgesamt konnte gezeigt werden, dass Sulfid, elementarer Schwefel und besonders Polysulfide eine
entscheidende Rolle fiir eine Reihe von abiotischen und biotischen Umwandlungsprozessen der
Metall(oid)e Eisen, Arsen und Molybdén spielen. Die Schwefelspeziierung hat damit allgemein einen
groBen Einfluss auf die Speziierung, Reaktivitdit und Mobilitit der jeweiligen Metall(oid)e.
Umfassendes Wissen iiber das Vorkommen der verschiedenen Schwefelspezies und iiber Schwefel-
Redoxprozesse trigt demzufolge maBgeblich zum Verstindnis der biogeochemischen Kreisldufe von

Metall(oid)en in der Umwelt bei.
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EXTENDED SUMMARY

1 INTRODUCTION

1.1 Overview on sulfur chemistry with sulfate and sulfide as end members of
the sulfur redox cycle

Sulfur, which is known since ancient times and was given the element symbol S in 1814 by
J. J. Berzelius, has the atomic number 16 and belongs to the group of non-metallic chalcogens. Sulfur
is ubiquitous in the environment. In the atmosphere, sulfur mainly occurs as sulfur dioxide, in volcanic
or geothermal areas also as hydrogen sulfide. In the earth’s crust, it is the fourteenth most abundant
element. About 400 sulfur minerals exist, among which pyrite (FeS;) and gypsum (CaSO,2H,0) are
the two most commonly occurring sulfide- and sulfate-bearing minerals (Wedepohl, 1984). Sulfur is
an essential element for living cells, as it is a component of the amino acids methionine and cysteine.
Plants and microorganisms are able to form these organic compounds from inorganic sulfur species
taken up from the environment. Sulfur serves as energy source for various sulfur-oxidizing or
-reducing microorganisms and plays an important role for many abiotic redox processes. Sulfur occurs
in different oxidation states from +6 to -2. Under ambient conditions, the thermodynamically stable
aqueous sulfur species are mainly the end members sulfate (SO,”, oxidation state +6) and sulfide (H,S
or HS", oxidation state -2) (Fig. 1). Countless studies were conducted about sulfate and sulfide
concerning, e.g., their physical and chemical properties, environmental occurrence, analysis,
biological relevance, and participation in various biotic and abiotic redox processes. In the following,
only a short overview will be given for sulfate and sulfide, since the main focus will be on

intermediate sulfur species and specifically polysulfides.

Eh (volts)

Fig. 1. Stable sulfur species in aqueous solution as a function of pH and Eh (25 °C, 1 bar total
pressure, 2{S} = 10”) according to Rickard and Luther (2007).

Sulfate is one of the most abundant anions in natural waters. The sulfur isotopic signature of seawater

sulfate is used to reconstruct changes in the global sulfur cycle on geologic time scales (Strauss, 2004).
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Introduction

Due to the high symmetry of the sulfate ion, its abiotic reduction below 150 °C is extremely slow
(Rickard and Luther, 2007). However, it is readily reduced by an enormous variety of sulfate-reducing
bacteria. In general, microbial sulfate reduction is one major pathway in the biogeochemical sulfur
cycle and closely related to the mineralization of organic matter. Sulfate-reducing bacteria are
ubiquitous in anoxic environments and also occur under extreme conditions, e.g., in acid mine
drainage areas or in soda lakes (Muyzer and Stams, 2008). Sulfate reduction is geochemically
important because in the course of sulfate reduction, hydrogen ions are consumed, which leads to an
increase in pH, and sulfide is produced, which is, e.g., important for metal attenuation (Church et al.,

2007).

Free sulfide in aqueous solutions is mainly present as H,S and HS™ with minor amounts of S*. In the
following, the term “sulfide” will be used to refer to all these species for reasons of simplification.
Sulfide is the end product of microbial sulfate reduction, and in the environment, only a small part of it
is buried as pyrite in sediments (Berner, 1982). The largest fraction is subject to abiotic or microbial
oxidation. Sulfide can be oxidized by oxygen (Chen and Morris, 1972) or, e.g., metals such as iron
(Poulton et al., 2004). The reaction of sulfide with different metals and metalloids will be discussed in
detail below. The strong nucleophile sulfide is toxic for many aerobic organisms due to the inhibition
of specific enzymes (Nicholls and Kim, 1982). However, sulfide can be oxidized by a variety of
microorganisms using, €.g., oxygen or nitrate as oxidants. A recent study concerning thermodynamics
and kinetics of sulfide oxidation revealed that, with oxygen as the oxidant, microbial sulfide oxidation
rates are over three orders of magnitude higher in comparison to the abiotic process (Luther et al.,

2011).

Redox reactions between the end members sulfide and sulfate lead to formation of various
intermediate sulfur species such as — from oxidizing to reducing — sulfite, polythionates, thiosulfate,
elemental sulfur, and polysulfides. Except for elemental sulfur (oxidation state 0), which is
thermodynamically stable in the low-pH range (Fig. 1), most of the intermediate sulfur species are not
stable. Nevertheless, intermediate sulfur species can exist for long times due to kinetic reasons and are
supposedly decisive for stepwise electron shuttling processes in the course of a variety of redox
processes. Since intermediate sulfur species are less stable than sulfide or sulfate, their analysis is
usually more challenging in comparison to routine analytical methods applied for sulfate or sulfide.
This is the reason why intermediate sulfur species are often not measured explicitly but deficiencies in
sulfur mass and redox balances are simply attributed to the occurrence of intermediate sulfur species.
Hence, the aim of the present study was to elucidate the role of intermediate sulfur species and

specifically polysulfides for a variety of redox processes.

In the following, chemical properties, importance, formation and transformation processes of
intermediate sulfur species will be described briefly. A special focus will be laid on the chemistry and

analysis of polysulfides, which will be presented in a separate section. In a further section, the
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importance of different sulfur species for various abiotic and biotic redox reactions of selected

metal(loid)s will be described.

1.2 The intermediate sulfur species sulfite, polythionates, thiosulfate, and
elemental sulfur

Sulfite (SO5>) with sulfur in the oxidation state +4 is a highly nucleophilic sulfur species, which
occurs, e.g., during acidic decomposition of thiosulfate (Moses et al., 1984) or aqueous sulfide
oxidation by oxygen (Chen and Morris, 1972). Sulfite in turn is rapidly oxidized to sulfate by oxygen.
Autoxidation of sulfite can be catalyzed by different metal ions such as Cu**, Fe**, or Fe’* (Roy and
Trudinger, 1970). Sulfite can react with elemental sulfur, which leads to the formation of thiosulfate.
Despite, or rather due to its toxic effect on cells, sulfite can be reduced or oxidized by various

microorganisms (Simon and Kroneck, 2013).

Polythionates (S,06") are sulfur chains with a SO; group at each end. Hence, the terminal sulfur
atoms are in the oxidation state +5 and the inner sulfur atoms are in the oxidation state 0. Chain
lengths of up to 80 sulfur atoms are possible but mainly the occurrence of tri-, tetra-, penta-, or
hexathionate is observed (Druschel et al., 2003). Tetrathionate can be formed by the oxidation of
thiosulfate by an oxidant such as Fe(IIl) or Cu(II) (Lyons and Nickless, 1968), by oxygen with the aid
of a catalyst such as pyrite (Xu and Schoonen, 1995), or as an intermediate in microbial thiosulfate
oxidation (Wentzien et al., 1994). Polythionates can be reduced microbially since many bacteria
possess an enzyme for tetrathionate reduction (Liu et al., 2013). Moreover, a hydrolase enzyme has
been found which transforms tetrathionate to sulfate, thiosulfate, and elemental sulfur (Kletzin, 2008).
In the alkaline pH range, the reaction of polythionates with hydrogen sulfide results in the formation

of thiosulfate and polysulfides (Klimmek et al., 1991).

Thiosulfate (S,05%) contains two sulfur atoms in different oxidation states, which for a long time were
assumed to be +6 and -2. Based on XANES spectroscopy analyses, Vairavamurthy et al. (1993)
concluded that one sulfur atom is in the oxidation state +5, the other in the oxidation state -1.
Thiosulfate is, e.g., formed by aqueous sulfide oxidation (Chen and Morris, 1972) or autoxidation of
polysulfides (Steudel et al., 1986) and is rather stable under neutral pH conditions. In acidic or alkaline
solutions, thiosulfate can be decomposed to various sulfur species such as sulfide, sulfate, sulfite, or
polythionates (Roy and Trudinger, 1970). Bacteria can use thiosulfate in various ways. It can be
reduced, oxidized, or disproportionated to sulfate and sulfide (Jorgensen, 1990). In general, thiosulfate

is an important intermediate in the sulfur cycle both for oxidation and reduction processes.

Elemental sulfur exists in more than 30 allotropes (Meyer, 1964). The thermodynamically most stable
form is cyclooctasulfur Sg, which can be cleaved by nucleophiles such as sulfite or sulfide (Roy and
Trudinger, 1970). The solubility of elemental sulfur in water is very low (19 = 6 nM Sg) (Boulegue,
1978). Elemental sulfur can be oxidized or reduced microbially. It was found for a purple sulfur

bacterium that only the polymeric, chain-like molecules of elemental sulfur and no sulfur rings were
-3-



Introduction

taken up by the cells (Franz et al., 2007). Globules of water-insoluble polymeric sulfur were also
found to form intra- and extracellularly in the course of microbial thiosulfate oxidation (Grimm et al.,
2008). Elemental sulfur can also be disproportionated by certain microorganisms and hence is used
simultaneously as electron donor and electron acceptor (Thamdrup et al., 1993). Up to now, only a
small number of bacterial strains are known to grow on elemental sulfur disproportionation. The
products of elemental sulfur disproportionation are sulfate and sulfide. Under standard conditions the
disproportionation is endergonic unless free sulfide is removed from solution, e.g., by oxidation or

precipitation (Finster, 2008).

1.3 The intermediate sulfur species polysulfides

1.3.1 Properties, relevance, and speciation of polysulfides

Inorganic polysulfides are sulfur chains of the general structure S,> (n > 2). Therefore, the oxidation
state of the individual sulfur atoms lies between -2 of sulfide and 0 of elemental sulfur. Formally, the
structure of polysulfides can also be written as (S%.;S™)*, which means that one sulfur atom is in the
oxidation state -2 and (n-1) sulfur atoms are in the oxidation state 0 (Kamyshny et al., 2004). In his
review about the chemistry of organic polysulfanes, Steudel (2002) emphasizes that the term
polysulfides should only be used for ionic compounds and that covalent compounds of the structure
X-S,-X are named depending on the identity of X; e.g., H-S,-H are called (poly)sulfanes and
CH3;-S,-CHj are called dimethylpolysulfanes.

Polysulfides form by the reaction of sulfide with elemental sulfur (Hartler et al., 1967), are highly
reducing and nucleophilic. The degree of nucleophilicity increases with increasing chain length
(LaLonde et al., 1987). In solution, polysulfides are rapidly oxidized by oxygen to form elemental
sulfur and thiosulfate (Steudel et al., 1986). Disproportionation of polysulfides in the course of a
change of pH was found to occur in the time span of 10 s, which means that equilibrium conditions in

aqueous polysulfide solutions are reached very fast (Kamyshny et al., 2003).

Polysulfides are of industrial and technical use. They are important electron shuttles in lithium-sulfur
batteries (Hofmann et al., 2014), help to increase pulp yields (Li et al., 1998), or are used as

electrolytes in solar cells (Jovanovski et al., 2011).

Polysulfides play an important role for numerous environmental processes. They occur as
intermediates during aqueous sulfide oxidation (Chen and Morris, 1972; Kamyshny et al., 2006;
Steudel, 1996). They were found in an oxygen rich freshwater lake as precursors of volatile sulfur
compounds (Gun et al., 2000) and in a meromictic salt lake as important intermediates in the sulfur
cycle (Overmann et al., 1996). Polysulfides can also be used by various microorganisms. The fact that
polysulfides contain zero-valent sulfur in a water soluble state is of significant importance in this
context. In fact, a specific bacterial enzyme for polysulfide reduction could be identified (Jormakka et

al., 2008). Bacteria were found to use polysulfides as electron acceptors and polysulfides were

-4.



Introduction

supposed to be intermediates during microbial growth on elemental sulfur (Klimmek et al., 1991).
Disulfide can be microbially disproportionated to sulfate and sulfide and in this context plays an

important role in marine methane oxidation (Milucka et al., 2012).

The concentration and chain length of polysulfide species in solution depend on many different
parameters, such as pH, elemental sulfur concentration, redox potential, and temperature. In general,
the maximum polysulfide concentration in solution increases with increasing pH (Schauder and
Miiller, 1993). Below pH 6, elemental sulfur precipitates from polysulfide solutions (Steudel, 2003).
According to titration experiments, penta- or hexasulfide were determined as dominating species
below pH 12, tetrasulfide above pH 12, and tri- and disulfide were assumed to be stable at pH 13 or 14
(Schwarzenbach and Fischer, 1960). Giggenbach (1972) measured optical absorption spectra in
solutions from pH 6.8 to 17.5 and identified di-, tri-, tetra-, and pentasulfide. In his experiments, the

polysulfide chain length also decreased with increasing pH.

In sulfide solutions saturated with elemental sulfur, Teder (1971) determined an increase of
polysulfide chain length with pH and an average length of 5.4. Furthermore, Cloke (1963) determined
tetra- and pentasulfide as dominating species in solutions with high sulfur concentrations. For sulfur
over-saturated solutions, Kamyshny et al. (2004) showed that pentasulfide is the dominating
polysulfide species above pH 7 and HS, is dominating below pH 7. Rickard and Luther (2007)
adapted the data from Kamyshny et al. (2004) and presented a pH-Eh diagram without rhombic sulfur
and stable sulfide species (Fig. 2). This diagram shows clearly that H,S,, HS,, and S,” are the
dominating species over a wide pH-Eh range. Rickard and Luther (2007) emphasize that at the redox
boundary between SO,> and S(-II) from pH 5 to 9, which is relevant for many environmental systems,

S¢*, S¢7, and HS, are dominating.
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Fig. 2. Distribution of polysulfides as a function of pH and Eh according to Rickard and Luther
(2007).

According to calculations concerning polysulfane (H,S,), hydropolysulfide (HS,), and polysulfide

(S,Y) speciation as a function of the total amount of dissolved reduced sulfur species at pH 8,
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pentasulfur species dominate at saturated conditions, whereas with decreasing sulfur concentrations

the relative contribution of disulfur species increases until reaching 100 % (Gun et al., 2000).

Moreover, temperature was found to have a significant influence on polysulfide speciation in solution.
In general, polysulfide concentration was found to increase with increasing temperature (Kamyshny et
al., 2007; Schauder and Miiller, 1993). Teder (1971) already determined an increase of polysulfide
average chain length by 0.6 from 5.4 at 25 °C to 6.0 at 80 °C. Kamyshny et al. (2007) also determined
an increase of polysulfide chain length with increasing temperature, which in turn was dependent on
pH. At pH 8.2, the increase of temperature from 25 °C to 80 °C led to a chain length increase by 0.25
sulfur atoms, above pH 10, chain length increased by 0.2.

1.3.2 Analysis of polysulfides
Since the first observations of polysulfides by Carl Wilhelm Scheele in the 18th century (Scheele,

1777), many different attempts were made for their analytical determination. The instability and high
reactivity of polysulfides is challenging for any kind of analytical method. For quantification of total
amounts and polysulfide speciation, a variety of methods such as measurement of UV-Vis spectra
(Chen and Morris, 1972; Schwarzenbach and Fischer, 1960), electrochemical methods such as
polarography (Kariuki et al., 2001; Umiker et al., 2002) and cyclic or linear sweep voltammetry
(Rozan et al., 2000), or ion-pair chromatography (Steudel et al., 1989) were applied. In particular, the
different attempts to determine individual polysulfide species had to struggle with various problems.
This can explain the fact that for a long time, the maximum chain length of polysulfides was subject of
controversial debates. Based on the deconvolution of absorption spectra, Giggenbach (1972)
concluded that the maximum length of polysulfide chains is given by 5 sulfur atoms. However, pure
polysulfide standards do not exist, which makes it impossible to obtain pure spectra of the individual
species. Moreover, absorption spectra were concluded to get more and more similar with increasing
polysulfide chain length (Kamyshny et al., 2004). The attempt to separate a polysulfide mixture by
anion-exchange chromatography was found to lead to dissociation of polysulfides in sulfide and
elemental sulfur (Uddin et al., 1987). By ion-pair chromatography under alkaline conditions, a semi-
quantitative analysis of a polysulfide mixture could be achieved, where the separation of the individual
species was not possible (Steudel et al., 1989). Detection of different polysulfide species was possible
by electrospray ionization-mass spectrometry, but a lack of reference material made quantification
difficult and long chain polysulfides were assumed to be overestimated (Gun et al., 2004). However,
qualitative evidence for the existence of polysulfides up to a chain length of 8 or 9 sulfur atoms could
be achieved. Based on considerations concerning the dissolution of elemental sulfur in sulfide or
polysulfide solutions, Steudel (2003) predicted the occurrence of polysulfide chains of 9 or even 10
sulfur atoms. In general, the high reactivity of polysulfides presents a serious challenge for any

analytical method.
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In an attempt to stabilize the highly reactive polysulfides for analysis, different derivatization
techniques were tested. Their aim is to convert labile inorganic polysulfides into more stable organic
polysulfanes. Due to the high reactivity of polysulfides, it is essential that the derivatization is faster
than any change of speciation. The predominant yield of disubstituted disulfides after derivatization
with pentafluorophenyl bromide (Kage et al., 1991) is according to Kamyshny et al. (2004) a clear
indication of disintegration of long chain polysulfides during the derivatization process. The
derivatization with methyl iodide can lead to an overestimation of polysulfides because polysulfides
were found to form during the methylation process (Goifman et al., 2004). Moreover, this analytical
method also seems to be biased as mainly short chain polysulfides were found (Kamyshny et al.,

2006).

The currently most reliable method for derivatization and analysis of polysulfides was published by
Kamyshny et al. (2004) and Kamyshny et al. (2006). Derivatization is done by addition of methyl
trifluoromethanesulfonate (methyl triflate). In order to accelerate the rate determining step of the phase
transfer of the hydrophobic methyl triflate to the aqueous solution, the derivatization is carried out in a
water-methanol mixture, which would as such lead to a disproportionation of polysulfides. The same
effect can be attributed to the hydrolysis of methyl triflate, which leads to a decrease of pH. Hence, to
avoid a change of species distribution by derivatization, methylation has to be much faster than
disproportionation reactions. This issue was investigated by performing kinetic and isotope dilution
tests, which showed 95 to 97 % species preservation during derivatization. Polysulfides with chain
lengths from 2 to 8 sulfur atoms could be quantified by analysis with high performance liquid
chromatography coupled to UV detection (HPLC-UV). However, the method was not validated for
disulfide. This was mostly ascribed to the fact that disulfide starts to protonate below pH 10.
Hydrodisulfide, which is the dominant form below pH 9.6, is less nucleophilic than disulfide and

therefore, the methylation rate is slower.

Disproportionation of derivatized polysulfides was found to decrease with decreasing pH, which
implies that sample acidification by methyl triflate hydrolysis contributes to the stabilization of
dimethylpolysulfanes. Over 12 h, no change in speciation of dimethylpolysulfanes stored at 4 °C was
observed (Kamyshny et al., 2004). Commercial standards are only available for dimethyldisulfide and
dimethyltrisulfide. Kamyshny et al. (2004) used synthesized reference material for the quantification
from dimethyldisulfide to dimethylheptasulfide. For calibration of dimethyloctasulfide, the correlation
between molar absorptivity and chain length was used. The reference material was prepared according
to Rizkov et al. (2004), who synthesized a dimethylpolysulfane mixture and separated it by preparative
chromatography by elution with acetonitrile and formic acid. In this solvent, the fractions containing
the individual dimethylpolysulfanes were stable for 3 weeks under storage at 5 °C. The identification
from dimethyldisulfane to dimethyloctasulfane was based on nuclear magnetic resonance spectroscopy
and the correlation of the number of sulfur atoms in dimethylpolysulfane molecules with the

chromatographic retention time.
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In general, derivatization of polysulfides by methyl triflate, analysis of derivatized polysulfides by
HPLC-UV, and quantification based on synthesized dimethylpolysulfane reference material were

reported to be suitable for analysis of polysulfides in natural samples.

1.4 Interaction of inorganic reduced sulfur species with metal(loid)s

The general aim of the present study was to elucidate the importance of sulfide, polysulfides, and
elemental sulfur for abiotic and biotic redox processes in sulfur-metal(loid) systems. Especially
polysulfides are assumed to be decisive for a variety of processes, but are only rarely analyzed. To
investigate the supposedly important role of polysulfides in detail, the three elements iron, arsenic, and
molybdenum were chosen, for which diverse interactions with sulfur are known. Within 6 studies, still
open questions resulting from previous investigations concerning different sulfur-metal(loid)
interactions were addressed. The topics were widely spread and covered different pH, redox, and
temperature conditions, sulfur-saturated and sulfur-limited environments, biotic and abiotic systems,
and speciation in the aqueous phase and associated to the solid phase. As the main interest was to
investigate the interaction of sulfur with the selected metal(loid)s iron, arsenic, and molybdenum, they
determine the overall structure of the present thesis and divide it in three major parts with subsections

for the 6 research questions that were addressed.

1.4.1 Sulfur and iron

The transition metal iron is the fourth most abundant element in the earth’s crust and exists in
oxidation states from -2 to +6. In the environment, iron occurs mainly as poorly soluble ferric iron in
the oxidation state +3 or as readily soluble ferrous iron in the oxidation state +2. Numerous minerals
exist which contain ferrous, ferric, or a mixture of ferrous and ferric iron. One group of iron minerals
are ferric (oxyhydr)oxides, representatives of which are ferrihydrite, lepidocrocite, or goethite. Iron is
essential for almost all living organisms as it is involved in various important metabolic processes.
Iron redox transformations can proceed abiotically or be mediated or accelerated by a variety of
microorganisms and play a crucial role for biogeochemical cycles of other elements, such as carbon,

oxygen, nitrogen, and sulfur (Melton et al., 2014).

1.4.1.1 Sulfur speciation during microbial elemental sulfur disproportionation

In particular at the oxic-anoxic interface, iron was shown to catalyze sulfide oxidation to elemental
sulfur (Ma et al., 2006). The presence of ferrihydrite was also found to enable growth of certain
bacteria by eclemental sulfur disproportionation (Finster et al., 1998). Elemental sulfur
disproportionation might be among the oldest metabolic pathways in earth’s history (Finster, 2008).
However, up to now only few bacterial strains are known to be able to grow on elemtenal sulfur
disproportionation and exact reaction mechanisms remain to be elucidated. Since elemental sulfur

disproportionation is an endergonic process under standard conditions, it requires the presence of a
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sulfide scavenger to reduce concentrations of free sulfide in solution and hence render the reaction
thermodynamically favorable. Under neutral conditions, growth of microorganisms by elemental
sulfur disproportionation was only observed in the presence of metals such as iron or manganese
(Thamdrup et al., 1993). The reaction products of elemental sulfur disproportionation are sulfide and
sulfate. Hence, especially under alkaline conditions the formation of polysulfides from elemental
sulfur and sulfide can be expected and consequently might influence the thermodynamics of the
process. However, up to now microbial elemental sulfur disproportionation under alkaline conditions
was not yet investigated and the question whether metal sulfide scavengers are also necessary under

alkaline conditions is still open. These questions were addressed in study 1.

1.4.1.2 Role of polysulfides as pyrite precursors

In the environment, the occurrence of ferric (oxyhydr)oxides is extremely important because they offer
adsorption sites for toxic trace elements such as arsenic (Bennett and Dudas, 2003) or nutrients such as
phosphorus (Wang et al., 2013). Consequently, the reduction and dissolution of ferric (oxyhydr)oxides
lead to the release of adsorbed substances. One element especially important in this context is sulfur.
The reaction with sulfide causes reductive dissolution of ferric (oxyhydr)oxides (Afonso and Stumm,
1992). However, the reaction mechanisms, the kind of oxidized sulfur species, and the distribution of
iron and sulfur species between the solid and aqueous phase were found to vary greatly (Peiffer and

Gade, 2007; Poulton, 2003; Saalfield and Bostick, 2009).

In the course of ferric (oxyhydr)oxide reduction under sulfidic conditions, the generated ferrous iron
can react to form iron sulfides. A variety of also metastable iron sulfide phases exists. Pyrite (FeS,) is
the thermodynamically stable and most commonly occurring iron sulfide mineral. The yearly pyrite
production in the oceans comes to 5 million tons (Rickard and Luther, 2007). However, pyrite
formation is often prevented because of kinetic reasons. Different reaction mechanisms for pyrite
formation were established over many years of research and are summarized by Rickard and Luther
(2007). These mechanisms include pyrite nucleation and crystal growth as well as the reaction of
ferrous monosulfides (FeS) with sulfide or polysulfides in the aqueous phase. Based on recent
experiments concerning the sulfidation of lepidocrocite, polysulfides were proposed to play a crucial
role not in the aqueous phase but as surface-bound sulfur species in the process of pyrite formation
(Hellige et al., 2012). However, up to now analytical evidence for the occurrence of polysulfides on
iron mineral surfaces is missing and the role of polysulfides in the course of pyrite formation remains

to be elucidated. These questions were addressed in study 2.

1.4.1.3 Intermediate sulfur species as electron shuttles

The ferric mineral dissolution can also be influenced indirectly by sulfur-reducing microorganisms,
which are not able to reduce ferric iron itself but can use oxidized sulfur species as electron acceptors
and hence are responsible for the formation of sulfide. In experiments with thiosulfate, the sulfur-

reducing bacterium Sulfurospirillum deleyianum, and ferrihydrite, sulfur was found to shuttle electrons
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between the bacteria and the iron mineral and seemed to be recycled up to 60 times (Straub and
Schink, 2004). As the bacteria cannot use sulfate as electron acceptor, thiosulfate, elemental sulfur, or
polysulfides were proposed as reoxidized sulfur species to complete the electron shuttling process. The
iron reduction process was also found to proceed when the iron mineral and the bacteria were spatially
separated. Hence, it was concluded that the sulfur species had to be present in the aqueous phase.
However, sulfur species were not determined in this study. Therefore, at the moment it can only be
speculated about the supposedly decisive role of intermediate sulfur species for the process of

microbially mediated ferric (oxyhydr)oxide dissolution. These questions were addressed in study 3.

In general, intermediate sulfur species and especially polysulfides are assumed to be key reactants for
various iron redox processes. There, they are proposed to be important both in the aqueous phase and
associated to the solid phase. However, details concerning polysulfide occurrence in the process of

ferric (oxyhydr)oxide reduction and pyrite formation remain to be elucidated.

1.4.2 Sulfur and arsenic

The toxic metalloid arsenic exists in the four oxidation states -3, 0, +3, and +5. In aqueous
environments, arsenic is mainly present as oxyanions of trivalent arsenite (HyAs"'O;*>, x=1-3) or
pentavalent arsenate (HyAs'O4*> . x=1-3) (Cullen and Reimer, 1989). Arsenic has a high affinity for
sulfur. Over the last 150 years, numerous studies concerning precipitation of arsenic sulfur minerals,
formation, synthesis, and stability of soluble thioarsenic species were conducted (Brauner and
Tomicek, 1887; McCay, 1888; McCay and Foster, 1904; Schwedt and Rieckhoff, 1996; Thilo et al.,
1970).

1.4.2.1 Role of sulfide and polysulfides for abiotic thioarsenate formation

With the development and application of highly sophisticated analytical methods especially since the
1990s, a controversial debate began about the identification of soluble thioarsenic species as trivalent
thioarsenites (HXASIHSnO3_nx'3, with n=1-3 and x=1-3) or pentavalent thioarsenates (HXASVSHO4_H"'3,
with n=1-4 and x=1-3). A method for determination of thioarsenic species at low concentrations is ion
chromatography (IC) coupled to inductively coupled plasma-mass spectrometry (ICP-MS). As the
occurrence of thioarsenic species was observed in mixtures of arsenite and sulfide under reducing
conditions, they were identified as thioarsenites in an initial study (Wilkin et al., 2003). In the course
of later investigations, this conclusion was proven to be wrong and the respective thioarsenic species
were identified as thioarsenates (Stauder et al., 2005; Wallschldger and Stadey, 2007). In highly
concentrated solutions, thioarsenates could be structurally characterized by X-ray absorption
spectroscopy (XAS) and differentiated from thioarsenites (Suess et al., 2009). Furthermore, it could be
shown by XAS that thioarsenites are formed by the reaction of arsenite and sulfide under completely
anoxic conditions (Planer-Friedrich et al., 2010). Planer-Friedrich et al. (2010) discussed the
seemingly contradictory results of thioarsenite determination by XAS and thioarsenate determination
by IC-ICP-MS. This discrepancy could be explained by the chemical properties of thioarsenites.
-10 -
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Thioarsenites are extremely sensitive towards pH changes and changes of the ratio of OH and SH' in
solution. Consequently, alkaline elution in the course of IC-ICP-MS analyses leads to transformation
of thioarsenites to arsenite. Moreover, the exposure of capped sample vials to atmospheric oxygen on
an IC autosampler results in immediate oxidation of thioarsenites to thioarsenates. To date, the

occurrence of thioarsenites can only be proven by XAS.

The observation of oxidation of thioarsenites to thioarsenates is important for the discussion
concerning thioarsenate formation pathways. It shows that thioarsenites are intermediates in the
process of thioarsenate formation and contradicts Helz and Tossell (2008), who assumed that
thioarsenates are formed exclusively by ligand exchange of SH™ versus OH’ starting from arsenate. At
pH 4, monothioarsenate was found to form in a solution containing arsenate and sulfide (Rochette et
al., 2000). Another way of thioarsenate formation is the reaction of elemental sulfur with arsenite
under alkaline conditions (Schwedt and Rieckhoff, 1996). However, the exact pathways of
thioarsenate formation remain to be clarified also with special focus on the role of different sulfur

species.

In contrast to thioarsenites, thioarsenates are stable under alkaline conditions. Indeed, tetrathioarsenate
is only stable at pH 13, tri- and dithioarsenate start to decompose to arsenite below pH 7 and pH 5,
respectively, and monothioarsenate is stable from pH 1 to 13 (Planer-Friedrich and Wallschlager,
2009). Monothioarsenate stability is also not influenced by aeration, while trithioarsenate was found to
transform partially to arsenite (Planer-Friedrich et al., 2009). This oxidative transformation of
trithioarsenate was found to be highly influenced by sulfur redox chemistry, as the formation of
thiosulfate and a loss of sulfur from solution were observed. This sulfur loss was assumed to be due to

volatilization of H,S or the formation of colloidal elemental sulfur or polysulfides.

For natural samples, analysis by XAS is not possible as arsenic concentrations in the millimolar range
are required. Therefore, the only way of analyzing natural samples is by using IC-ICP-MS. For
completely anoxic systems, the report of thioarsenates by IC-ICP-MS might be an analytical artifact.
For all systems with trace levels of oxygen, thioarsenites are immediately oxidized to thioarsenates

and then determined correctly as naturally occurring arsenic species.

1.4.2.2 Role of sulfide and polysulfides for thioarsenate formation in the presence of

haloalkaliphilic anaerobic bacteria

An example of an environment, where microbially driven redox processes of arsenic and sulfur were
found, is the alkaline, hypersaline Mono Lake in California, USA. During periods of stratification,
thioarsenic species were found to dominate arsenic speciation in sulfidic waters (Hollibaugh et al.,
2005). In experiments with enrichment cultures, arsenite oxidation was found to be accelerated by
addition of the strong reductant sulfide (Fisher et al., 2008). The formation of thioarsenic species was
detected and was attributed to the reaction of arsenite with, e.g., polysulfides, as possible products of

microbial sulfide oxidation. It was assumed that microorganisms can also oxidize sulfur bound to
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arsenic. Hence, direct or indirect microbial transformation of arsenite and thioarsenates to arsenate
may be possible. However, analytical data concerning the supposedly important role of polysulfides

for thioarsenate formation are missing until now. These questions were addressed in study 4.

1.4.2.3 Impact of sulfur redox chemistry on thioarsenate transformation reactions in the

presence and absence of aerobic hyperthermophile bacteria

Thioarsenates were also detected in geothermal hot springs of Yellowstone National Park. There, they
were found over a pH range from 2.1 to 9.3 and as dominating arsenic species under alkaline
conditions (Planer-Friedrich et al., 2007). Formation and transformation of arsenic species in
Yellowstone National Park are highly influenced by microbial activity. The transformation of
trithioarsenate was found to be microbially accelerated 40 to 500 times in comparison to the abiotic
process (Planer-Friedrich et al., 2009). On-site incubation experiments with filamentous microbial
mats at a geothermal hot spring revealed different possible thioarsenate transformation pathways
(Hartig and Planer-Friedrich, 2012). Abiotic thioarsenate transformation processes can be triggered
indirectly by microorganisms by oxidation or reduction of abiotic reaction products. Another
possibility is direct microbial transformation of arsenic and sulfur contained in thioarsenates. For all
transformation processes, also intermediate sulfur species such as thiosulfate or elemental sulfur as
sulfide oxidation products are supposed to play a key role but were not measured in detail up to now.

These questions were addressed in study 5.

In summary, the redox chemistry of arsenic and sulfur are closely linked together. Abiotic and biotic
conversion of sulfur species is of extreme importance for formation and transformation of soluble
thioarsenic species. In these processes, a special role is also attributed to intermediate sulfur species

such as polysulfides. However, details of the related reaction pathways remain to be elucidated.

1.4.3 Sulfur and molybdenum

The transition metal molybdenum exists in oxidation states from -2 to +6, with +4 and +6 being most
stable. Molybdenum is part of a variety of minerals, such as wulfenite (PbMoQO,4) or molybdenite
(MoS;). Molybdenum is essential for life because it is a component of numerous enzymes and
cofactors (Schwarz et al., 2009) and therefore, e.g., required for bacterial nitrogen fixation (Williams
and da Silva, 2002). Molybdenum has 35 isotopes, 7 of which are naturally occurring, and has a high
affinity for forming compounds with oxygen and sulfur. Under oxic conditions, dissolved
molybdenum is mainly present as the highly stable and inert molybdate anion (Mo"'0,). In sea water,
molybdenum concentrations are around 100 nM (Collier, 1985), in rivers around 10 nM, and in lakes

and wetlands variations from picomoles to hundreds of nanomoles are possible (Pizarro et al., 2014).

1.4.3.1 Formation of thiomolybdates from molybdate and sulfide or polysulfides

Under sulfidic conditions, precipitation of molybdenum leads to an enrichment in sediments. Hence,

accumulation of molybdenum provides important information about paleoredox conditions (Crusius et
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al., 1996). A decisive step for molybdenum deposition is supposed to be the reaction of molybdate
with aqueous sulfide to form thiomolybdates (MoVIO4_xSx2', with x = 1-4). In synthetic solutions of
molybdate and sulfide, thiomolybdates were found to form without oxidation state changes by a
stepwise ligand exchange of sulfur versus oxygen groups (Erickson and Helz, 2000). Reaction kinetics
was found to decrease with each sulfidation step and tetrathiomolybdate was determined as the
thermodynamically stable end product. Thiomolybdate formation was described as an acid-catalyzed
process and pH 7.3 was determined to be most favorable for the nucleophilic attack by HS™ (Harmer
and Sykes, 1980). Thiomolybdates were assumed to be stable under alkaline conditions (Weiss et al.,
1988). Under acidic conditions, the precipitation of amorphous molybdenum trisulfide was observed
(Wildervanck and Jellinek, 1964). For natural systems, different theories exist concerning the
processes which lead from thiomolybdate formation to molybdenum burial. One scenario includes the
reaction of elemental sulfur with trithiomolybdate, subsequent reduction of molybdenum, and
formation of highly reactive molybdenum-polysulfide compounds, which are scavenged from the
aqueous phase (Dahl et al., 2013; Vorlicek et al., 2004). For Lake Rogoznica, a stratified sea water
lake in Croatia, the precipitation of an iron-molybdenum-sulfur mineral was postulated to explain
molybdenum scavenging after thiomolybdate formation (Helz et al., 2011). In the course of this study,
aqueous molybdenum speciation was also predicted by modeling and revealed a predominance of
tetrathiomolybdate as thermodynamically stable species in euxinic bottom waters. Thiomolybdates

also were predicted to occur in geothermal waters of Iceland (Kaasalainen and Stefansson, 2012).

1.4.3.2 Analysis of thiomolybdates

Although thiomolybdates are supposed to play an important role for different geochemical processes,
they have never been determined in natural samples. This can be explained by the fact that no
analytical method, which is sensitive enough to measure nanomolar thiomolybdenum concentrations,
is available at the moment. One possibility is to determine thiomolybdates by UV-Vis spectroscopy
(Miiller et al., 1969; Reid et al., 2007). However, this method is unsuitable for determining nanomolar
concentrations in natural samples due to low sensitivity, overlapping spectra, and possible
interferences of matrix components. Another possibility for thiomolybdate determination is ion-pair
chromatographic (IPC) separation with acetonitrile eluent and suppressed conductivity or UV
detection (Weiss et al., 1988). Again, the method is not sufficiently sensitive for the analysis of natural
samples. A highly sensitive detection method for determination of trace levels of elements is ICP-MS.
However, the published chromatographic method for thiomolybdate separation cannot just be coupled
to ICP-MS detection because the acetonitrile eluent concentrations would extinguish the ICP plasma.
Hence, the prerequisite for the determination of thiomolybdates in natural samples is the adaptation of
the IPC method to be able to use ICP-MS as detection system. Subsequently, data concerning natural
occurrence of different thiomolybdenum species could help to answer remaining questions concerning
the behavior of molybdenum in the environment. Aspects regarding thiomolybdate formation and

analysis in natural samples were addressed in study 6.
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1.5 Objectives

The central aim of the present study was to elucidate the role of intermediate sulfur species, in
particular the role of polysulfides, for various formation, transformation, and redox processes of
different metal(loid) species. To be able to investigate the occurrence of polysulfides in detail, a
reliable analytical method was necessary. Hence, the first and fundamental goal was to establish a

method for polysulfide analysis in our laboratory. Polysulfide determination was accomplished by

derivatization of polysulfides with methyl triflate, analysis by HPLC-UV, and quantification based on

synthesized and fractionated reference material according to already published methods.

In summary, the objectives of the 6 different studies based on the open questions explained in the

previous sections were to

(1) analyze the sulfur speciation during microbial elemental sulfur disproportionation in the

presence and absence of iron and conclude whether the presence of metals is absolutely
necessary to enable elemental sulfur disproportionation (study 1).

(2) investigate the abiotic reaction of ferric (oxyhydr)oxides with dissolved sulfide focussing on
the sulfur speciation in solution and at the mineral surface and elucidate the role of

polysulfides as pyrite precursors (study 2).

(3) elucidate the supposedly important role of intermediate sulfur species as electron shuttles in

the process of microbially mediated ferric (oxyhydr)oxide reduction (study 3).

(4) investigate the role of sulfide and polysulfides for thioarsenate formation both abiotically and

in the presence of haloalkaliphilic anaerobic bacteria and investigate a possible direct
microbial use of arsenic-bound sulfur (study 4).

(5) determine the impact of sulfur redox chemistry on thioarsenate transformation reactions in the

presence and absence of aerobic hyperthermophile bacteria (study 5).

(6) investigate thiomolybdate formation and stability under different parameters, establish an

analytical _method _for thiomolybdate determination at environmentally relevant

concentrations, and prove the occurrence of thiomolybdates in natural samples (study 6).
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2 METHODS

2.1 Analysis of different sulfur species

In the course of the individual studies, various sulfur species were measured. Sulfide was determined
photometrically, elemental sulfur, thiosulfate, and sulfate were determined chromatographically.

Descriptions concerning the analytical methods can be found in the respective studies.

Thioarsenates were determined by IC-ICP-MS according to the method published by Planer-Friedrich
et al. (2007) and as described in study 4 and study 5. The development of a method for thiomolybdate
analysis in natural samples was central aspect of study 6 and details concerning the newly developed

IPC-ICP-MS method can be found therein.

2.2 Analysis of polysulfides

Routinely, analysis of inorganic polysulfides was performed according to the method published by
Kamyshny et al. (2004) and Kamyshny et al. (2006). The basis of the method is the conversion of
labile inorganic polysulfides to more stable organic dimethylpolysulfanes by derivatization with

methyl triflate. Organic dimethylpolysulfanes can then be analyzed chromatographically.

Due to the hydrophobicity of methyl triflate, derivatization was carried out in a water-methanol
mixture. For this purpose, methanol was placed in a suitable vial, to which the sample and methyl
triflate were added simultaneously. The simultaneous addition of sample and methyl triflate prevented
hydrolysis of methyl triflate before the derivatization reaction, which would lead to a decrease in pH
and accordingly to disproportionation of polysulfides. A ratio of methanol to sample volume of 80:20
was selected, since this was the ratio at which Kamyshny et al. (2006) got optimum results. The
volume of methyl triflate was also chosen according to the recommendations of Kamyshny et al.
(2006). At neutral pH values, 6 pL methyl triflate per 1 mL of methanol-sample mixture were used. At
higher pH values, the methyl triflate amount was increased to 15 pL per 1 mL of methanol-sample
mixture. Derivatization was performed with filtered samples to determine polysulfide speciation in
solution and with unfiltered samples to determine polysulfides associated with particulate substances,

such as bacterial cells or iron minerals.

Dimethylpolysulfanes were analyzed by HPLC (Merck Hitachi L-2130 pump, L-2200 autosampler,
and L-2420 UV-Vis detector) using a reversed phase C18 column (Bischoff Waters Spherisorb,
ODS2, 5 um, 250 x 4.6 mm). To achieve good peak resolution especially at the beginning of the
chromatograms, where the peaks of the lower dimethylpolysulfanes elute closely together, not
isocratic elution as described by Kamyshny et al. (2004) and Kamyshny et al. (2006) but gradient
elution according to the method of Rizkov et al. (2004) was applied. The flow rate was set to
1 mL/min and the initial solvent composition consisted of 70 % methanol and 30 % MQ-water. The

concentration of methanol was increased linearly to 80 % within 10 min, maintained for 15 min,
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increased linearly to 100 % within 10 min, maintained for 10 min, returned linearly to 70 % within
5 min, and maintained for 10 min. The injection volume was 100 puL and detection was performed at

230 nm.

Concentrations of dimethyldisulfane and dimethyltrisulfane were quantified by using commercially
available standards (C,HgS,, Acros Organics; C,HgS;, Acros Organics). For quantification of
dimethyltetrasulfane to dimethyloctasulfane, a dimethylpolysulfane mixture was synthesized
according to the method of Rizkov et al. (2004). Separation of the mixture was achieved by
preparative chromatography in a modification of the method described by Rizkov et al. (2004). A
reversed phase C18 column (Phenomenex SphereClone, ODS2, 5 pm, 250 x 10 mm) and an eluent of
50 % acetonitrile and 50 % formic acid were used. The flow rate was set to 5 mL/min and the injection
volume of the mixture was 20 pL. Starting 3 min after injection, fractions were collected every 20 s
over a time span of 20 min. The fractions were analyzed by the method described above to identify the
ones containing the highest portions of the different dimethylpolysulfanes. The identification from
dimethyltetrasulfane to dimethyloctasulfane was done using the correlation of the number of sulfur
atoms in dimethylpolysulfane molecules with the chromatographic retention time (Rizkov et al.,
2004). The fractions with the respectively highest concentrations of the individual
dimethylpolysulfanes were chosen for calibration. For determination of the total sulfur concentrations,
125 uL of each fraction were mixed with 1.5 mL concentrated hydrochloric acid and 5 mL
concentrated nitric acid and heated in a microwave (MarsXpress, CEM) at 200 °C for 10 min. The
concentrations of produced sulfate were determined by ICP-MS (XSeries2, Thermo Fisher) and used

for quantification.

In addition to polysulfide determination by derivatization and chromatographic analysis, the
occurrence of polysulfides attached to mineral surfaces was determined by X-ray photoelectron

spectroscopy (XPS) in study 2. Details concerning the analysis are provided in study 2.

- 16 -



3 RESULTS AND DISCUSSION

3.1 Interaction of sulfur and iron

3.1.1 Sulfur speciation during elemental sulfur disproportionation in the
presence and absence of iron (study 1)

Recently, sulfate-reducing bacteria isolated from soda lakes were found to be able to disproportionate
sulfite and thiosulfate (Sorokin et al., 2008a). Soda lakes are characterized by pH values up to 11 and
salt concentrations up to saturation. Up to now, no haloalkaliphilic bacterium was found to be able to
disproportionate elemental sulfur. Hence, the questions were pursued whether haloalkaliphiles are able
to disproportionate elemental sulfur and whether iron as sulfide scavenger is necessary to enable
bacterial growth (study 1). Special focus was laid on the sulfur speciation. It was investigated if sulfide
reacts with elemental sulfur to form polysulfides, which can be expected under anoxic conditions and

at pH 10.

Intriguingly, growth of Desulfurivibrio alkaliphilus, Desulfurivibrio sp. AMeS2, and Dethiobacter
alkaliphilus, three bacterial strains isolated from soda lakes, was observed both in the presence and
absence of goethite. This is in clear contrast to former studies with neutrophilic bacteria, which only
grew in the presence of ferrihydrite (Finster et al., 1998). Moreover, doubling times were shorter than

for neutrophilic bacteria, which reveals a higher energy gain under alkaline conditions.

In cultures with iron, the precipitation of iron sulfides was observed. The precipitates were identified
as iron monosulfide (FeS) and mackinawite (FeS,), but no pyrite formation could be detected. This is
in contrast to microbial elemental sulfur disproportionation in the presence of iron in neutral solutions,
where the formation of pyrite was observed (Thamdrup et al., 1993). Elemental sulfur
disproportionating bacteria were even found to accelerate pyrite formation 10* to 10° times compared
to rates expected from kinetic studies of abiotic pyrite formation (Canfield et al., 1998). A thin film of
FeS precursor molecules was found on the outside of bacterial cell walls (Stanton and Goldhaber,
1991), which elucidates the supposedly important role of surface reactions in the process of pyrite
formation. Under alkaline conditions, the field of thermodynamic pyrite stability is limited by
mackinawite (Schoonen, 2004) and experimental studies concerning goethite sulfidation showed that
pyrite did not form under alkaline conditions (Stanton and Goldhaber, 1991). This can explain why in
the reported experiments with haloalkaliphiles no pyrite formation was observed. However, as
expected, the scavenging of free sulfide by precipitation with iron seemed to have enabled elemental

sulfur disproportionation.

In addition, another process was found to decrease free sulfide concentrations in solution and this was
as expected the formation of polysulfides. In the experiments with iron, up to 0.85 mM polysulfides
were detected, which is equivalent to 3.4 % of the originally applied elemental sulfur concentration. In

cultures without iron, up to 30 % of the applied elemental sulfur was transformed to polysulfides.
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Hence, without iron, the formation of polysulfides was the key process for decreasing free sulfide
concentrations in solution and therefore enabled bacterial growth on elemental sulfur

disproportionation.

The rate of sulfide, sulfate, and polysulfide formation turned out to be much faster in experiments
without iron. However, bacterial cell growth began much later and cellular growth yields were lower
in comparison to the experiments with iron. This leads to the conclusion that the formation of iron
sulfides was more efficient in scavenging free sulfide from solution than the formation of polysulfides.
However, the fact that experiments with iron were carried out with two and a half times the amount of
elemental sulfur in comparison to the experiments without iron might also have played a role for

kinetics and bacterial energy gain of elemental sulfur disproportionation.

Polysulfide speciation was dominated by tri- and tetrasulfide in experiments with iron and by tetra- to
hexasulfide in experiments without iron. Despite the difference in initial elemental sulfur amounts,
both systems were saturated with respect to elemental sulfur at least at the beginning of the
experiments. This allows for a comparison with the study of Kamyshny et al. (2004), which predicted
a dominance of tetra- to hexasulfide at alkaline pH values. This is in perfect agreement with the
polysulfide speciation observed in the experiments without iron. A decrease of polysulfide chain
length, as seen in the experiments with iron, could be caused by a decrease of pH. However, this effect
can be excluded because the solutions were buffered and the bacteria are obligate alkaliphiles, which
cannot grow at pH values below 8.5 (Sorokin et al., 2008b). Another possibility might be that the
presence of iron had an effect on polysulfide speciation. Sulfur was removed from the aqueous phase
by precipitation with iron. Calculations from Gun et al. (2000) revealed that with decreasing
concentrations of total reduced sulfur species in solution, short chain polysulfides become more and

more important.

Desulfurivibrio alkaliphilus and Dethiobacter alkaliphilus were found to be able to use polysulfides as
electron acceptors (Sorokin et al., 2008b). Hence, the question arose whether they can also
disproportionate zero-valent sulfur contained in polysulfides. The water solubility of polysulfides
contributes to their easy availability to microorganisms. The probability of direct polysulfide
disproportionation is also supported by the fact that bacteria were found to preferentially take up sulfur
chains in comparison to sulfur rings (Franz et al., 2007). In the course of microbial elemental sulfur
disproportionation, Milucka et al. (2012) detected the production of sulfide and sulfate in a ratio of
7:1, which corresponds exactly to the theoretical value of disulfide disproportionation. The dominating
polysulfide species in the present experiments with haloalkaliphiles were tetrasulfide, pentasulfide,
and hexasulfide. Their disproportionation should yield sulfide to sulfate ratios of 4.33:1, 4:1, or 3.8:1,
respectively (Milucka et al., 2012). The observed ratio of sulfide to sulfate was around 3:1. Hence, it

cannot be decided ultimately whether polysulfides were also disproportionated microbially.

- 18 -



Results and Discussion - Interaction of sulfur and iron

In general, it can be concluded that the presence of metals such as iron is not necessary in the alkaline
pH range to enable microbial growth on elemental sulfur disproportionation. Instead, polysulfides

were found to play a decisive role for elemental sulfur disproportionation under alkaline conditions.

3.1.2 Role of polysulfides as pyrite precursors (study 2)

In order to elucidate reaction pathways of abiotic pyrite formation, sulfidation of ferric
(oxyhydr)oxides was investigated with a special focus on the occurrence of different sulfur species not
only in the aqueous phase but also associated to mineral surfaces (study 2). The reaction of
lepidocrocite and goethite with aqueous sulfide was studied under anaerobic conditions and at neutral
pH. Experiments were conducted either with excess iron or excess sulfide. Under excess iron
conditions, sulfide disappeared from solution within 10 min and 1.5 h in the presence of lepidocrocite
and goethite, respectively. Under excess sulfide conditions, the initially applied ferric iron was almost
completely reduced within 3 h, while aqueous sulfide concentrations decreased and remained constant

at low levels.

Sulfate and thiosulfate were below detection limit in all experiments. Only trace amounts of
polysulfides were detected in solution, which came to 5 % of the initially applied sulfur concentration
at maximum. The sulfur fraction, which increased during sulfidation, was methanol-extractable sulfur
(MES). MES included elemental sulfur and zero-valent sulfur bound in polysulfides both in the
aqueous phase and associated to the mineral surface. The amount of solid phase-bound MES came to
80 % and was investigated in detail by cryogenic X-ray photoelectron spectroscopy (XPS). These
analyses showed that significant amounts of polysulfides were formed at the surface of the minerals.
Disulfide accounted for 10.7 % to 14.4 % of total sulfur detected at the mineral surfaces. The higher
polysulfides could not be distinguished by XPS and made up 6.8 % to 30.1 % of total sulfur. A
reaction mechanism of sulfide oxidation by metal ions such as ferric iron with intermediate occurrence
of polysulfides was described in detail by Steudel (1996). In the first one-electron oxidation step,
sulfur radicals S™ are formed, which react spontaneously to form disulfide. Further oxidation of
disulfide leads to the formation of higher polysulfides, which can serve as precursors of elemental

sulfur molecules.

In the present study, also elemental sulfur was detected at the mineral surfaces, where the relative
share of elemental sulfur was higher in the experiments with excess sulfide in comparison to the
experiments with excess iron. For the relative amount of polysulfides, the opposite was the case.
There, the relative increase of polysulfide concentrations was mainly due to an increase of the sum of

higher polysulfides.

In general, a higher reactivity of lepidocrocite was detected, which became also obvious in the higher
amounts of elemental sulfur and polysulfides at the mineral surface in comparison to goethite.
Influence of different surface areas can be excluded because the concentration of surface sites was

approximately the same for the two minerals. Poulton et al. (2004) also found huge differences in the
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reaction of different iron (oxyhydr)oxides with dissolved sulfide and attributed this to mineral
properties such as electron mobility and bond strength. A general distinction was made between highly
reactive minerals of low cristallinity, such as lepidocrocite, and less reactive minerals of high

cristallinity, such as goethite.

In light of the newly discovered occurrence of surface polysulfides, considerations concerning the
nature of polysulfide surface associations were made. On the basis of iron and sulfur mass balance
calculations, it was assumed that polysulfides might be associated with the generated ferrous iron on
the ferric iron mineral surface. In particular, surface-associated disulfide was identified as key
precursor for pyrite formation. Accordingly, pyrite can be formed directly from surface Fe(Il)-
disulfide associations or by reaction of surface-bound disulfide with FeS from solution. Up to now, the
possible occurrence of surface-bound polysulfides was not taken into account and pyrite formation

was considered as reaction of ferrous iron and polysulfides in solution (Luther, 1991; Rickard, 1975).

In the time scale and under the conditions of the present study no pyrite formation was observed. In
the course of investigations concerning the reaction kinetics of sulfide with ferrihydrite, lepidocrocite,
and goethite, pyrite formation was observed within the period of days (Hellige et al., 2012; Peiffer et
al., 2015). In this context, the authors elucidated the importance of excess Fe(Il) in the course of pyrite
formation. Excess Fe(Il) is solid Fe(Il) which cannot be recovered as FeS and was therefore
interpreted — according to Gorski and Scherer (2011) — as a transfer of electrons to the bulk mineral
phase. These electrons are assumed to be decisive for surface-bound polysulfide and consequently
pyrite formation. In the case of excess sulfide, FeS formation dominates over excess Fe(Il) formation,
which leads to a great delay in pyrite formation. This finding concerning the influence of excess
sulfide concentrations is in contrast to earlier observations, where a positive correlation between
sulfide concentration and pyrite formation rate was determined (Rickard, 1975). Formation of excess
Fe(Il) was also found to differ between the particular minerals and was highest for ferrihydrite,
followed by lepidocrocite and goethite (Peiffer et al., 2015). This was attributed to varying capabilities
of electron transfer within the minerals. In general, the authors showed that the pathways and kinetics

of pyrite formation strongly depend on the sulfide concentration and specific mineral properties.

In the course of the present study it became obvious that not only parameters such as pH or absolute
elemental sulfur and sulfide concentrations but also factors such as iron mineral reactivity or the ratio
of sulfide and iron concentrations influence polysulfide concentration and speciation. This was the
first study that reported the occurrence of polysulfides attached to mineral surfaces during sulfidation
of ferric (oxyhydr)oxides. Up to now, surface-bound polysulfides were not considered but certainly

are of high relevance for numerous environmental processes apart from pyrite formation.

-20 -



Results and Discussion - Interaction of sulfur and iron

3.1.3 Role of intermediate sulfur species for biogeochemical iron
transformations (study 3)

Besides the abiotic sulfidation of ferric (oxyhydr)oxides (study 2), we investigated the microbially
mediated anoxic reductive dissolution of ferrihydrite (study 3). Straub and Schink (2004) found that
thiosulfate initiated electron shuttling via sulfur species between the sulfur-reducing bacterium
Sulfurospirillum deleyianum and ferrihydrite. The present study was conducted to examine the

electron shuttling process in more detail with special focus on the role of intermediate sulfur species.

Therefore, the microbial reductive and the abiotic oxidative part of the electron shuttling process were
investigated separately in a first step. In accordance with the literature (Schumacher et al., 1992;
Wolfe and Pfennig, 1977), sulfide was observed as final product of microbial thiosulfate reduction.
Intermediately, elemental sulfur and hexasulfide, presumably occurring inside or attached to bacterial
cells, were detected. Previously, evidence was found that polysulfides occur as intermediates during
bacterial growth on elemental sulfur (Klimmek et al., 1991). Our results suggest that this is also the
case during bacterial growth on thiosulfate. The abiotic reaction of sulfide and ferrihydrite in a molar
ratio of 1:50 yielded mainly elemental sulfur attached to the mineral surface followed by thiosulfate in
solution. It is known that elemental sulfur can be used as electron acceptor by S. deleyianum (Straub
and Schink, 2004). The fact that the main product of abiotic sulfide oxidation was found attached to
the mineral surface implies that direct physical contact of microorganisms and iron mineral phase is
necessary to enable electron shuttling via sulfur species. This is in contrast to the finding of Straub and
Schink (2004) that iron reduction was possible when S. deleyianum was spatially separated from

ferrihydrite.

Elemental sulfur was also found in former studies as main oxidation product from the reaction of
sulfide with ferrihydrite (e.g., Poulton, 2003; Saalfield and Bostick, 2009). In contrast to the
previously described study concerning abiotic sulfidation of lepidocrocite and goethite (study 2),
polysulfide occurrence was insignificant (study 3). This might be due to intrinsic mineral properties.
The relative amount of polysulfides but also elemental sulfur was found to be higher in the case of
lepidocrocite in comparison to the less reactive goethite (study 2). As ferrihydrite is known to be even
more reactive than lepidocrocite (Peiffer et al., 2015), oxidation of sulfide to elemental sulfur at the

surface of ferrihydrite might have been too fast for detection of polysulfides.

In experiments with bacteria, thiosulfate, and ferrihydrite with an initial molar sulfur:iron ratio of
1:2.5, small amounts of polysulfides were detected besides elemental sulfur associated with the solid
phase, which could have been both, microorganisms and/or iron mineral phase. Polysulfide speciation
was dominated by hexa- to octasulfide. The prevalence of long-chain polysulfides at pH 7 is in
accordance with studies of sulfur-unsaturated solutions, where an increase of chain length with
decreasing pH was predicted (Giggenbach, 1972; Schwarzenbach and Fischer, 1960). However, for
the abiotic sulfidation of lepidocrocite and goethite at identical pH and redox conditions, the

predominance of disulfide was shown by XPS analysis (study 2). The fact that no disulfide was
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detected in the biotic experiments (study 3) might be due to methodological reasons. On the one hand,
disulfide concentrations simply might have been too low, as the sensitivity of the UV detection
decreases with decreasing chain length (Kamyshny et al., 2004). On the other hand, disulfide is
already protonated at pH 7, which leads to slower and consequently incomplete methylation during
polysulfide derivatization (Kamyshny et al., 2004). The dominance of disulfide determined by XPS
(study 2) and the occurrence of hexa- to octasulfide determined after derivatization by HPLC-UV
(study 3) comes close to polysulfide speciation predicted by Rickard and Luther (2007) (Fig. 2).

In accordance with Straub and Schink (2004), minor amounts of thiosulfate enabled iron reduction in
fifty-fold stoichiometric excess. In addition, other sulfur species were found to enable ferrihydrite
reduction to the same extent. The use of sulfite as electron acceptor by S. deleyianum is in agreement
with the results of Eisenmann et al. (1995), but in contrast to the findings of Straub and Schink (2004).
To the best of our knowledge, we were the first to show the reduction of tetrathionate by S.
deleyianum. The addition of polysulfides showed the fastest reaction kinetics of iron reduction.
Cystine, as oxidized form of cysteine, was also tested since cysteine — following the experiments of
Straub and Schink (2004) — was added to the experimental solutions as sulfur source and reducing
agent. The addition of cystine enabled complete ferrihydrite reduction but yielded the lowest reduction
rate. Since the rate of ferrihydrite reduction was the same when applying sulfide as completely
reduced sulfur species or thiosulfate, polythionates, or sulfite as intermediate sulfur species, it can be
concluded that microbial sulfur reduction was extremely fast and that the abiotic reaction of sulfide

and ferrihydrite was rate-determining for the overall electron shuttling process.

As indicated by the experiments with cystine, cysteine, which ideally should only protect reduced
sulfur species from oxidation as assumed by Straub and Schink (2004), might also have a certain
influence on the sulfur electron shuttling process. Cysteine was already shown to abiotically reduce
different iron (oxyhydr)oxides (Amirbahman et al., 1997). Additionally, electron shuttling via cysteine
and cystine between microorganisms and iron was observed (Doong and Schink, 2002; Liu et al.,
2013). We also found that the addition of cysteine substantially increased iron reduction in both,
abiotic and biotic experiments. Since cysteine is also known to reduce inorganic sulfur species such as
thiosulfate (Szczepkowski, 1958), it was not possible to determine whether iron was reduced directly
or indirectly by cysteine. Due to the considerable influence of cysteine on iron reduction and the fact
that S. deleyianum also grew with thiosulfate as only sulfur source, we strongly recommend to

eliminate cysteine from experiments where sulfur redox processes are investigated.

In the process of microbially driven ferrihydrite reduction in the presence of minor amounts of
different sulfur species, almost no aqueous sulfide and no accumulation of re-oxidized sulfur species
were detected. However, black precipitates of FeS were observed in the beginning of the experiments,
which dissolved over time. This supports the assumption of FeS serving as sulfur reservoir, which was
recycled in the course of ongoing iron reduction. Released ferrous iron was found to precipitate from

the bicarbonate rich medium as siderite. In the course of abiotic sulfidation of ferrihydrite, also black
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FeS precipitates were observed, which remained in suspension, while for goethite and lepidocrocite
black FeS precipitates disappeared over time (Peiffer et al., 2015). Within the same experiment, the
transformation of ferrihydrite into a mixture of hematite, goethite, and magnetite was observed. A
detailed study on magnetite formation during iron reduction showed that magnetite formation
increased with increasing ferrihydrite concentrations (Piepenbrock et al., 2011). In our study we chose
— according to Straub and Schink (2004) — sufficiently low ferrihydrite concentrations to avoid the
formation of black magnetite, which would possibly mask other iron transformation processes such as

precipitation and dissolution of FeS.

Overall, polysulfides did — contrary to previous speculations — not dominate the electron shuttling
process between S. deleyianum and ferrihydrite. However, a more detailed picture of various sulfur
redox processes in the course of microbially mediated iron reduction could be achieved. These
findings can contribute to the understanding of complex redox interactions between sulfur and iron in

anoxic environments.

3.2 Interaction of sulfur and arsenic

3.2.1 Role of sulfide and polysulfides for thioarsenate formation in the presence
and absence of haloalkaliphilic anaerobic bacteria (study 4)

In the past, different pathways of thioarsenate formation were discussed. In experiments with
haloalkaliphilic anaerobes, thioarsenates were suggested to form via the reaction of arsenite and
polysulfides (Fisher et al., 2008). By repeating and extending the reported experiments, we
investigated the role of sulfide and polysulfides for thioarsenate formation (study 4).

The first question, which was addressed, was the identification of the thioarsenic species, which
occurred intermediately during arsenate respiration by the anaerobic haloalkaliphile MLMS-1, isolated
from Mono Lake (Hoeft et al., 2004). Analysis by XAS unequivocally identified the questionable
species as monothioarsenate and not as monothioarsenite as was suggested previously (Hoeft et al.,
2004). Since microbial arsenate reduction is coupled to sulfide oxidation to elemental sulfur, different
arsenic and sulfur species might have been possible reaction partners for monothioarsenate formation.
Reaction of arsenate and sulfide could be excluded at alkaline conditions as it was shown earlier to

occur only at pH values below 4 (Rochette et al., 2000).

To elucidate monothioarsenate formation pathways, different abiotic experiments with arsenite were
performed. Analysis was done by IC-ICP-MS. Previously, it was shown that IC-ICP-MS is not
suitable for thioarsenite detection and that thioarsenites are intermediates for thioarsenate formation to
which they transform during analysis by IC-ICP-MS (Planer-Friedrich et al., 2010). In the course of
the present study, mixtures of arsenite and sulfide yielded only minor amounts of monothioarsenate.
With increasing sulfide excess, the total amount of thioarsenic species increased, which were

dominated by tri- and tetrathioarsenate. Hence, the speciation of thioarsenites as precursors for
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thioarsenate formation also had to be dominated by higher thiolated species. This finding is in
accordance with previous studies. Monothioarsenite never became the dominant species in earlier
reported arsenite-sulfide mixing experiments, whereas trithioarsenite always was the prevailing
thioarsenic species at different As:S ratios (Planer-Friedrich et al., 2010). Consequently, sulfidation of
arsenite under anaerobic conditions seems to be too fast for longer and exclusive existence of the
intermediate species monothioarsenite, which also prevents the predominant formation of

monothioarsenate by this reaction pathway.

The next step was to test the reaction of arsenite with polysulfides as possible intermediates in the
course of microbial arsenate respiration or products of the reaction of microbially produced elemental
sulfur with initially applied sulfide. Indeed, the dominant occurrence of monothioarsenate was found
at an arsenite:polysulfide ratio of 1:3. Consequently, monothioarsenite as precursor for
monothioarsenate formation is not necessary when sulfur is not present as completely reduced species
but as zero-valent sulfur. A tenfold polysulfide to arsenite excess led again to the formation of higher
thiolated arsenates. This was assumed to be due to generally higher sulfide concentrations in solution
and the consequent predominant formation of thioarsenites. Hence, the kinetic of thioarsenite
formation, which depends strongly on the ratio of SH and OH’ in solution, seems to determine
whether the addition of zero-valent sulfur to arsenite and consequently monothioarsenate formation

takes place.

Another possible reaction pathway for the occurrence of higher thiolated arsenates might be that
monothioarsenate was formed in any case by the initial reaction of arsenite with zero-valent sulfur and
that subsequent ligand exchange of SH™ versus OH led to the formation of higher thiolated arsenates.
However, there are some arguments which contradict this theory. Sulfidation of arsenic might occur
via nucleophilic attack as was shown for the formation of thiomolybdates (Erickson and Helz, 2000;
Harmer and Sykes, 1980). In this process, protonation of the oxygen atoms is decisive. However,
monothioarsenate is supposed to react comparably to arsenate as both substances are chemically quite
similar, e.g., with respect to pKa values (Thilo et al., 1970) and arsenate was shown to react with
sulfide only at pH values below 4 (Rochette et al., 2000). Additionally, one could assume that ligand
exchange of SH™ versus OH™ works in both directions, which would imply instability of thioarsenates
at excess OH as was for example seen for thioarsenites. This is definitely not the case for
thioarsenates since, e.g., tetrathioarsenate only is stable under highly alkaline conditions (Planer-

Friedrich and Wallschlédger, 2009).

Additional abiotic experiments, not included in study 4, were conducted to investigate thioarsenate
formation in more detail (Fig. 3). Solutions of arsenic and sulfur were prepared inside an anoxic
glovebox and kept there until analysis by IC-ICP-MS. In mixtures of arsenite and sulfide at a ratio of
1:10, substantial thioarsenate formation was observed at pH 8 and 11. The degree of thiolation was

higher at the lower pH. At pH 13, almost no thioarsenates were observed. Hence, the pH value and the
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ratio of SH™ to OH™ determined thioarsenite and consequently also thioarsenate formation, which was

seen before and is in accordance with earlier observations (Planer-Friedrich et al., 2010).
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Fig. 3. Formation of thioarsenates in mixtures of 0.1 mM arsenite or monothioarsenate and 1 mM
sulfide or ~0.5 mM sulfur in form of polysulfides, sulfide, and elemental sulfur at different pH values
over time. Solutions were prepared either in MQ-water or in 0.5 M NaNO;. Analysis was done by IC-
ICP-MS (As(Ill) = arsenite, As(V) = arsenate, MonoTAs(V) = monothioarsenate, DiTAs(V) =
dithioarsenate, TriTAs(V) = trithioarsenate, TetraTAs(V) = tetrathioarsenate).

Conducting the experiments at higher ionic strength led to a substantial increase of thioarsenate
formation rates. The effect of ionic strength on reaction kinetics depends, among others, on the charge
of the reacting ions; if they are equally charged, reaction rates increase, if they are oppositely charged,
reaction rates decrease at high ionic strength (Bronsted, 1928; Castaneda-Agullo et al., 1961). As
thioarsenate formation was also accelerated at pH 8, where arsenite is fully protonated and sulfide is
present as HS', the effect of ionic strength on dissociation equilibria in solution (Bronsted, 1928;

Castaneda-Agullo et al., 1961) also might have played a role.
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In mixtures of arsenite and polysulfides, with an average sulfur to arsenite excess of about 5, complete
transformation of arsenite to monothioarsenate was observed at pH 13, which is a pH at which no
thioarsenites are formed. Additionally, the reaction of arsenite and zero-valent sulfur is supposed to be
favored at high pH values, since the amount of polysulfides and thus zero-valent sulfur present in
solution increases with increasing pH (Schauder and Miiller, 1993). At pH 11, monothioarsenate was
the dominating species followed by tri- and dithioarsenate. At pH 8, the formation of
monothioarsenate was presumably prevented by the fast formation of thioarsenites. Trithioarsenate
was the dominant species as also found for mixtures of arsenite with tenfold sulfide excess. However,
trithioarsenate formation was much faster in the presence of polysulfides, even though the total sulfide
to arsenite excess was only about threefold. This effect might be due to specific properties of
polysulfides. In general, the increase of chain lengths was observed with decreasing pH. As described
earlier, the nucleophilicity of polysulfides increases with chain length (LaLonde et al., 1987) and
starting from tetrasulfide, polysulfides are more nucleophilic than sulfide (Luther, 1990). Hence,
kinetic of thioarsenite formation seems to be determined not only by the absolute amount of sulfide

but also by the kind of sulfide species present in solution.

When adding sulfide or polysulfides to monothioarsenate, no speciation changes were observed at pH
11 and pH 13. At pH 8, the gradual formation of trithioarsenate was observed over time. Again,
trithioarsenate formation was faster in mixtures with polysulfides. In general, higher thiolated
arsenates only formed at pH 8, at which thioarsenite formation is possible. However, based on the
present experiments, it can just be assumed that ligand exchange of SH™ versus OH’ is improbable in

the case of thioarsenates but cannot be excluded completely.

Thioarsenate and polysulfide speciation was also determined in biotic experiments in the presence of
the anaerobic haloalkaliphile MLMS-1 (study 4). In the course of arsenate respiration, the formation of
polysulfides and subsequently monothioarsenate could indeed be observed. This finding demonstrates
again that monothioarsenate is formed by the reaction of arsenite with zero-valent sulfur. Since
approximately equimolar concentrations of arsenate and sulfide were applied, sulfide concentrations
were too low for the formation of higher thiolated arsenates. In contrast to the process of elemental
sulfur disproportionation by haloalkaliphilic bacteria (study 1), where tetra- to hexasulfide were the
dominating polysulfide species, mainly disulfide followed by tri- and tetrasulfide were found in the
course of arsenate respiration by haloalkaliphilic bacteria. This can be attributed to the fact that in the
first study elemental sulfur was applied in excess, whereas in the latter study elemental sulfur was
gradually produced by the activity of the bacteria and apparently reacted with the initially applied
sulfide to form polysulfides.

Moreover, direct microbial use of arsenic-bound sulfur was studied by initially applying
monothioarsenate instead of arsenate in biotic experiments. In the course of microbial growth,
monothioarsenate concentrations decreased and concentrations of arsenite and polysulfides, mainly

consisting of disulfide, increased. An exact mass balance could not be calculated due to already
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described uncertainties in disulfide determination and due to a polysulfide signal from synthesized
monothioarsenate. It could not be determined whether this polysulfide signal resulted from residuals of
monothioarsenate synthesis, which is performed by the reaction of As,O; with elemental sulfur, or
from possible transformation processes during derivatization. However, actual polysulfide formation
in the course of the experiment became obvious in a yellow coloring of the solution. Finally, it was
concluded that microbial disproportionation of monothioarsenate resulted in the formation of arsenite

and polysulfides.

Overall, it could be shown that polysulfides play a key role for monothioarsenate formation and are
possibly also relevant for the formation of higher thiolated species. However, kinetics were found to
be slower for the reaction of arsenite with zero-valent sulfur in comparison to the reaction with sulfide.
Additionally, polysulfides were identified as products of microbial thioarsenate transformation

reactions.

3.2.2 Impact of sulfur redox chemistry on thioarsenate transformation reactions
in the presence and absence of aerobic hyperthermophile bacteria
(study 5)

Microbially mediated transformation reactions of thioarsenic species in geothermal waters of

Yellowstone National Park have been observed in previous studies (Hértig and Planer-Friedrich, 2012;

Planer-Friedrich et al., 2009). However, details concerning thioarsenate transformation processes

remained to be elucidated. Therefore, the aim of the reported study was to systematically investigate

thioarsenate transformation processes under laboratory conditions in the presence and absence of

Thermocrinis ruber. Special focus was laid on the role of sulfur redox chemistry. 7. ruber is an

aerobic hyperthermophile, which was isolated from a hot spring in Yellowstone National Park, uses

oxygen as electron acceptor, and grows under neutral to alkaline pH conditions and optimally at 80 °C

(Huber et al., 1998). Experiments were conducted with 3 or 8 % oxygen in the gas headspace.

Abiotically, a substantial decrease of initially applied monothioarsenate concentrations was observed.
After 7 days, 70 % monothioarsenate had mainly transformed to arsenate, followed by 10 % arsenite.
Since a separate abiotic experiment revealed that arsenite was completely stable under the respective
conditions, it can be excluded that monothioarsenate first transformed exclusively to arsenite, which
subsequently may have been oxidized to arsenate. In a former study, trithioarsenate aeration yielded
arsenite and not arsenate as transformation product (Planer-Friedrich et al., 2009). The same was
observed when adding small amounts of hydrogen peroxide to a trithioarsenate solution. With
increasing hydrogen peroxide concentrations, subsequent formation of dithioarsenate,
monothioarsenate, and arsenate was detected. This comparison of thioarsenic transformation products

reveals again the exceptional position of monothioarsenate in the series of thioarsenate species.

The observed abiotic instability of monothioarsenate is in contrast to previous studies, where

monothioarsenate was completely stable after aeration for 24 hours or heating to 80 °C for 2 hours
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(Planer-Friedrich et al., 2009). Also, in the course of abiotic on-site incubation experiments in
Yellowstone National Park, monothioarsenate was completely stable for several hours (Hértig and
Planer-Friedrich, 2012). Hence, the long time frame of the laboratory experiments over several days
under high temperature and oxic conditions seems to have triggered abiotic monothioarsenate

transformation processes.

With regard to the observed changes in arsenic speciation, it can be assumed that the initial
monothioarsenate transformation reaction was desulfidation resulting in the formation of arsenate and
sulfide. However, no increase of sulfide concentrations was observed. This can be explained by
extremely rapid sulfide oxidation, which was also observed in a separate experiment. The fast
disappearance of sulfide was supported by the experimental pH, since at pH 8, a maximum of sulfide

oxidation rates was observed previously (Chen and Morris, 1972).

The main final sulfur oxidation product of abiotic monothioarsenate transformation was thiosulfate.
Polysulfides were detectable already at the beginning of the experiment. As described before, it is not
clear whether polysulfides in monothioarsenate solutions originate from residuals of monothioarsenate
synthesis or transformation reactions during derivatization. In general, the intermediate occurrence of
polysulfides in the course of sulfide oxygenation was found to account for 15 % at maximum within
the time frame of several hours (Chen and Morris, 1972), which may explain that no increase in
polysulfide concentrations was detectable during the decrease of monothioarsenate concentrations. In
contrast, an increase in the deficit of the sulfur mass balance, i.e., the difference between applied sulfur
concentration and sum of measured dissolved sulfur species, was observed especially during the initial
decrease of monothioarsenate concentrations. This was attributed to the formation of elemental sulfur
colloids or precipitates. In the reaction of sulfide with oxygen, the transfer of two electrons is
favorable because with zero-valent sulfur and peroxide stable products are formed (Luther, 2010).
However, the reaction was described to be kinetically slow and to be accelerated by the presence of
metals in solution. This might also have played a role in the reported study, since the bacterial growth
medium, in which also the abiotic experiments were performed, contained small amounts of iron and

manganese.

From the previous study (study 4), it could be expected that monothioarsenate decomposition proceeds
in the opposite way of monothioarsenate formation and hence yields arsenite and zero-valent sulfur in
the course of a disproportionation reaction. However, under the reported experimental conditions, this
reaction pathway seems to have been of minor importance and a fast desulfidation and oxidation of
sulfur contained in monothioarsenate appears to have been decisive for the transformation processes.
In the previously reported experiments with haloalkaliphilic bacteria (study 4), monothioarsenate
disproportionation was triggered by microbial activity as the bacteria could simultaneously use arsenic

as electron acceptor and sulfur as electron donor.

In biotic experiments with 7. ruber, growth was observed in the presence of monothioarsenate and
was attributed to different possible transformation pathways. Biotically, complete and in comparison
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to the abiotic experiment much faster monothioarsenate transformation was observed. The main
reaction products were arsenate and sulfate. It is known that 7. ruber can grow on elemental sulfur and
thiosulfate (Huber et al., 1998). Microbial oxidation of thiosulfate to sulfate was also proven in a
separate experiment. Hence, it can be concluded that 7. ruber mainly grew on elemental sulfur and
thiosulfate as abiotic products of monothioarsenate decomposition and thereby accelerated
transformation processes due to a shift in chemical equilibrium. Additionally, it could be shown for
the first time that 7. ruber can use arsenite as electron donor. Hence, also small amounts of abiotically
produced arsenite, which disappeared completely in the course of the biotic experiment, seemed to

have been used for bacterial growth.

Moreover, concentrations of initially present polysulfides decreased biotically much faster than
abiotically. Consequently, it could be assumed that also polysulfides were used for microbial growth.
In the course of the previously mentioned microbial polysulfide disproportionation (study 1), the easy
accessibility of water soluble polysulfide chains for microorganisms was already discussed. In the
present experiments, polysulfides were clearly dominated by tetrasulfide. In general, high
temperatures favor — as described before — the occurrence of polysulfides (Kamyshny et al., 2007;
Schauder and Miiller, 1993). Different factors with partially opposing effects might have influenced
polysulfide speciation in the present experiment. A low pH causes high polysulfide chain lengths in
systems not saturated with elemental sulfur (Giggenbach, 1972), a low amount of total reduced sulfur
species causes low chain lengths (Gun et al., 2000), and a high temperature leads to an increase in
polysulfide chain lengths (Kamyshny et al., 2007). In general, it has to be considered that the
occurrence of polysulfides was related to the presence of monothioarsenate, while details concerning

the exact origin of polysulfides could not be clarified.

Apart from the obvious microbial use of abiotic monothioarsenate transformation products, also direct
microbial growth on sulfur bound in monothioarsenate was taken into account. This hypothesis was
supported by the fact that biotic monothioarsenate decomposition proceeded faster than expected from
the occurrence of its abiotic transformation products elemental sulfur and thiosulfate. Overall, a
complex interaction of different abiotic and biotic sulfur redox processes was found to be decisive for
the rate and extent of monothioarsenate transformation. The role of polysulfides for monothioarsenate
transformation under high temperature and oxic conditions was less pronounced than observed

previously for monothioarsenate formation and microbial disproportionation processes.

3.3 Interaction of sulfur and molybdenum — Formation and natural occurrence
of thiomolybdates (study 6)

Previously, the formation of thiomolybdates was found to proceed from molybdate and sulfide by an

acid catalyzed nucleophilic substitution reaction (Erickson and Helz, 2000) and their formation was

supposed to play a crucial role for the burial of molybdenum in sediments (Helz et al., 2011). The aim

of the present study was to investigate formation of thiomolybdates under varying conditions, to

-29.



Results and Discussion — Interaction of sulfur and molybdenum

elucidate the potential relevance of polysulfides for formation and transformation processes, to
develop an analytical method for thiomolybdate determination in natural samples, and to prove their

occurrence in the environment.

We conducted experiments with different sulfide:molybdate ratios at an initial pH of 7.3. An increase
in sulfide:molybdate excess led to an increase of rate and extent of thiomolybdate formation. This is in
accordance with previous experiments (Erickson and Helz, 2000). The observed decrease of
sulfidation rates with each step might be due to an increasing steric hindrance by an increasing number
of large sulfur ligands and different protonation constants of the individual thiomolybdates (Harmer
and Sykes, 1980). The process of thiomolybdate formation by ligand exchange of SH™ versus OH is
comparable to thioarsenite formation. The extent of thioarsenite formation was also found to increase
with increasing sulfide to arsenite excess (Planer-Friedrich et al., 2010). However, the process of
thioarsenite formation seems to proceed faster than thiomolybdate formation, since in the first case an
immediate dominance of trithioarsenite always was found (Planer-Friedrich et al., 2010), whereas in
the latter case tetrathiomolybdate concentrations increased slowly over time and a concurrent

occurrence of all four thiomolybdates in solution was observed (study 6).

In experiments with molybdate and polysulfides, the rate and extent of thiomolybdate formation seem
to have been determined only by the amount of sulfide in solution. Hence, the presence of — in
comparison to sulfide — higher nucleophilic polysulfides did not lead to an acceleration of
thiomolybdate formation by nucleophilic substitution of SH™ versus OH". This is in contrast to the
previously observed effect of polysulfides for thioarsenate formation (study 4) and might, at least
partly, be due to a generally lower polysulfide concentration in solution at pH 7.3 in comparison to
pH 8. The presence of zero-valent sulfur did not have any observable effect on thiomolybdate
formation in the present study. Previously, the reaction of especially trithiomolybdate with zero-valent
sulfur with subsequent reduction of molybdenum was determined (Vorlicek et al., 2004). However,
those experiments were performed at a higher pH of 8.2, starting initially with a trithiomolybdate
solution, and mostly a higher sulfur to molybdenum excess than used in our experiments.
Consequently, no effect of polysulfides on thiomolybdate formation might have been observable, at

least partly, due to the chosen experimental conditions of the present study.

In terms of pH, a pH value of 7 was most favorable for thiomolybdate formation. This is in accordance
with the literature, where a pH slightly above 7 was described as the best compromise between proton
availability and dominance of HS™ over H,S (Harmer and Sykes, 1980). In experiments at pH 11,
where a twofold excess of SH™ versus OH™ was present in solution, no thiomolybdates formed at all
over a period of two weeks. Consequently, either a higher excess of SH™ versus OH™ is necessary for
thiomolybdate formation or the excess of SH™ versus OH™ is not as decisive as was seen for the
formation of thioarsenites and thioarsenates, respectively, and instead the pH plays a more crucial role

for thiomolybdate formation.
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Tetrathiomolybdate was determined to be the thermodynamically stable thiomolybdate species
(Erickson and Helz, 2000; Helz et al., 2011). Stability of tetrathiomolybdate was tested in different
experiments (study 6). In contrast to previous assumptions (Weiss et al., 1988), tetrathiomolybdate
was not stable under alkaline conditions and mainly transformed back to molybdate. This is
comparable to observations for thioarsenites, where an excess of OH™ versus SH led to a
transformation to arsenite (Planer-Friedrich et al., 2010), and is in contrast to the findings concerning
thioarsenates since tetrathioarsenate only is stable under highly alkaline conditions (Planer-Friedrich

and Wallschliger, 2009).

In order to be able to determine thiomolybdates in natural samples, we adapted the previously
published method of thiomolybdate determination by IPC separation with acetonitrile eluent and
suppressed conductivity or UV detection (Weiss et al., 1988). Replacement of acetonitrile by
2-propanol and modification of the gradient conditions allowed the use of ICP-MS as detection system

and detection limits of approximately 10 nM could be achieved.

The predicted natural occurrence of thiomolybdates in Lake Rogoznica (Helz et al., 2011) could not be
verified due to disturbing effects of high ionic strengths matrices and total molybdenum
concentrations close to the detection limit of the IPC-ICP-MS method. However, after adding a
molybdate spike to a euxinic bottom water sample of the lake, which resulted in a sulfide to molybdate
excess of 6600, the formation of all four thiomolybdates could be observed. This observation supports
the assumption that not only the thermodynamically stable tetrathiomolybdate but also intermediate
thiomolybdates might occur in the lake. Especially seasonal variations might be important for
intermediate thiomolybdate formation. Vertical mixing usually occurs in autumn and leads to
disturbance of equilibrium conditions. After the mixing event, only the water sample directly at the
bottom of the lake was found to be sulfidic, whereas during the rest of the year abundant sulfide
concentrations were found from 10 to 13 m (Helz et al., 2011). Particularly in summer, elevated
microbial sulfate reduction was noticed, which led to an increase of sulfide concentrations and a
decrease of pH around the neutral range (Helz et al., 2011), both of which are favorable conditions for
thiomolybdate formation. Additionally, at the chemocline between the upper oxic and the lower
sulfidic zone, a dense population of purple phototrophic sulfur bacteria is responsible for sulfide
oxidation to zero-valent sulfur (Kamyshny et al., 2011). In general, microbial sulfur oxidation might
lead to direct or indirect thiomolybdate transformation processes comparable to observations in the
case of thioarsenates (study 4 and 5). Diurnal or annual variations of the position of the chemocline
might also be important in this context. However, optimization of the method, such as separation of
matrix components or sample preconcentration, is necessary before details concerning thiomolybdate

formation and transformation processes in Lake Rogoznica can be elucidated.

The actual natural occurrence of thiomolybdates could be shown for approximately 20 geothermal hot
springs in Yellowstone National Park. The most dominant and sometimes exclusive thiomolybdate

species was tetrathiomolybdate, which is in accordance with the thermodynamic stability of
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tetrathiomolybdate (Erickson and Helz, 2000; Helz et al., 2011). For two springs, the simultaneous
occurrence of all four thiomolybdates was observed. However, molybdate always was the dominant
species. This is in contrast to what was observed for arsenic in geothermal hot springs of Yellowstone
National Park, where thioarsenates constituted up to 83 % of total arsenic (Planer-Friedrich et al.,
2007). Comparing the chemistry of the hot springs with the respective thiomolybdate speciation
revealed that not the absolute sulfide to molybdenum excess but rather the pH or ratio of SH to OH"
seems to have determined the extent of thiomolybdate formation. Additionally, parameters such as the
achievement of equilibrium conditions or the competition between molybdenum and other metals or

metalloids for the reaction with sulfide have to be considered.

Overall, the present study provides the first evidence of thiomolybdate occurrence in the environment.
After further optimization, the newly developed method is supposed to be applicable to a large number
of natural systems. Hence, the basis was laid for thiomolybdate analysis in natural samples and
consequently an increasing understanding of the role of thiomolybdates for molybdenum burial in

sediments.
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The aim of the present study was to investigate the role of sulfide, polysulfides, and elemental sulfur
for abiotic and biotic redox processes in sulfur-metal(loid) systems. In the literature, polysulfides in
particular were supposed to play a crucial role for numerous redox processes but were analyzed only
rarely. Therefore, special focus was laid on the importance of polysulfides in the interaction of

different sulfur species with iron, arsenic, and molybdenum.

The process of elemental sulfur disproportionation was previously found to enable growth of bacteria
only in the presence of metals functioning as sulfide scavengers. In the reported study (study 1: Poser
et al., 2013), growth of haloalkaliphilic bacteria by elemental sulfur disproportionation, which was
reported for the first time, was observed both, in the presence and absence of iron. In the latter case,
the formation of polysulfides was found to decrease the concentration of free sulfide in solution and
therefore enable growth of bacteria also in the absence of iron. In the reported study, the process of
sulfide scavenging from solution by formation of iron sulfides seemed to be more efficient than
scavenging by formation of polysulfides, but growth rates in the experiments without iron might have
been underestimated due to differing elemental sulfur amounts. In the absence of iron, also indications
of direct microbial disproportionation of polysulfides were found. Overall, the evidence of microbial
elemental sulfur disproportionation under alkaline conditions in the absence of metals allows for a
reevaluation of sulfur cycling in alkaline environments such as soda lakes and brings new insights in

one of the oldest metabolic pathways in earth’s history.

The reaction of dissolved sulfide with ferric (oxyhydr)oxides leads to a variety of sulfur and mineral
transformation reactions, which finally may result in the formation of thermodynamically stable
pyrite. Up to now, pyrite formation was considered as process proceeding in the aqueous phase.
Nevertheless, in the present study (study 2: Wan et al., 2014) the occurrence of polysulfides as
possible pyrite precursors was observed almost exclusively at iron mineral surfaces. Polysulfide
concentrations were higher in solutions with excess iron in comparison to solutions with excess
sulfide, and polysulfide and elemental sulfur concentrations increased with the reactivity of the iron
mineral. It was concluded that pyrite formation proceeds directly from surface Fe(II)-disulfide
associations or by reaction of surface-bound disulfide with FeS from solution. The reported findings
might be of relevance for a variety of processes in the sulfur cycle. Fe(Il)-polysulfides as pyrite
precursors might for example be important in the course of denitrification processes in systems where
thermodynamically stable pyrite did not yet form. Additionally, surface-associated polysulfides might
be more stable than polysulfides in solution and therefore could serve as reservoir for microorganisms.
In general, it can be concluded that the occurrence of polysulfides has to be considered not only in the

aqueous phase but also associated to mineral surfaces.

In the process of indirect ferrihydrite reduction by the sulfur-reducing bacterium S. deleyianum,

thiosulfate, elemental sulfur, or polysulfides were assumed to serve as electron shuttling compounds

-33 .-



Conclusions

but were not identified in a previous study. In our experiments (study 3: Lohmayer et al., 2014),
elemental sulfur attached to the mineral surface was found to be the major sulfur oxidation product
and consequently was supposed to be primarily responsible for the electron shuttling process between
the bacteria and the iron mineral. For the entire process, direct physical contact between the bacteria
and the iron mineral seemed to be necessary, which is in contrast to earlier findings. Small amounts of
polysulfides were detected in the course of microbial thiosulfate reduction and in experiments with
low iron to sulfur excess. Polysulfides were found, apart from thiosulfate, tetrathionate, sulfite, and
sulfide, to be able to initiate the electron shuttling process but obviously were not dominating the
shuttling process itself. However, this also might have been due to specific iron mineral properties
since the reactivity of iron minerals was found to influence sulfur oxidation products in the previously
described study. In general, our study provides details concerning sulfur redox processes in the course
of microbially mediated ferric mineral reduction, which is of major importance for the biogeochemical
iron cycle and consequently also for the availability and mobility of different nutrients and

contaminants in the environment.

The formation of soluble arsenic-sulfur species has been studied for more than one hundred years.
Previously, arsenite and sulfide were found to react to thioarsenites, which in turn were oxidized to
thioarsenates. Moreover, thioarsenates were suggested to form from the reaction of arsenite with
polysulfides. At conditions, where thioarsenite formation was prevented due to excess of OH™ versus
SH’, we found that arsenite and polysulfides reacted almost exclusively to monothioarsenate (study 4:
Planer-Friedrich et al., 2015). The formation of higher thiolated arsenates was accelerated in the
presence of polysulfides in comparison to the presence of sulfide probably because of faster
thioarsenite formation due to the higher nucleophilicity of polysulfides. Whether the formation of
higher thiolated arsenates also is possible by ligand exchange starting from monothioarsenate could
not be determined. In the course of arsenate reduction coupled to sulfide oxidation by the anaerobic
haloalkaliphile MLMS-1, the subsequent formation of polysulfides and monothioarsenate was
observed. This confirms the results of the abiotic experiment also for biotic systems. Moreover,
monothioarsenate could be disproportionated microbially, which resulted in the formation of arsenite
and polysulfides. Overall, polysulfides were found to play a crucial role especially for
monothioarsenate formation. In general, thioarsenates are not only relevant in extreme environments,
such as soda lakes, but may also be formed under sulfate-reducing conditions in the groundwater.
Since, e.g., the extent of sorption to iron minerals varies between the different arsenic species,
extensive knowledge about processes of thioarsenate formation is extremely important for evaluating

arsenic mobility in the environment.

Previously, thioarsenate transformation processes were found to be influenced by sulfur redox
chemistry and to be accelerated substantially in the presence of microorganisms, however, details
concerning reaction pathways remained to be elucidated. In the present study (study 5: Hartig et al.,

2014), we found evidence that under high temperature and oxic conditions desulfidation of
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monothioarsenate took place resulting in the formation of arsenate and sulfide, which subsequently
was oxidized to elemental sulfur and thiosulfate. The presence of the hyperthermophile bacterium 7.
ruber led to a considerable increase in rate and extent of monothioarsenate transformation. This was
attributed mainly to a shift in chemical equilibrium by microbial oxidation of abiotically produced
intermediate sulfur species to sulfate. Polysulfides did not play a crucial role for monothioarsenate
transformation under the chosen experimental conditions. Furthermore, evidence for direct microbial
use of sulfur bound in monothioarsenate was found. Overall, it can be concluded that thioarsenates
themselves or a variety of arsenic or sulfur transformation products can serve as electron donors or
acceptors for microorganisms. Thioarsenate transformation kinetics seems to depend strongly on the
rate and extent of sulfur oxidation processes. Finally, sulfur redox processes are decisive for arsenic

speciation and consequently also for arsenic mobility in the environment.

The formation of thio-species is also crucial for the mobility of molybdenum in the environment, since
thiomolybdates were assumed to play a key role for molybdenum precipitation under euxinic
conditions. However, thiomolybdates have so far never been determined in natural samples. In our
study (study 6: Lohmayer et al., 2015), we found that, in the laboratory, rate and extent of molybdate
thiolation increased with increasing sulfide to molybdate excess and that a neutral pH was most
favorable for the ligand exchange of SH™ versus OH™ by nucleophilic substitution. The presence of
polysulfides did not have any effect on thiomolybdate formation and evidence for a previously
determined reaction of trithiomolybdate with zero-valent sulfur could not be found. In order to analyze
thiomolybdates in natural samples, a previously published analytical method was adapted so that IPC-
ICP-MS could be used for determination of nanomolar thiomolybdate concentrations. In natural
samples, matrix components were found to have a disturbing effect on analysis and further method
optimization is necessary. However, the spontaneous formation of mono- to tetrathiomolybdate was
observed in a molybdate spiked euxinic bottom water sample of Lake Rogoznica, for which the natural
predominance of thermodynamic stable tetrathiomolybate was predicted. For geothermal hot springs
in Yellowstone National Park, the first evidence of thiomolybdate occurrence in the environment
could be provided. Tetrathiomolybdate was by far the most dominant thiomolybdate species but also
the intermediate thiomolybdates could be observed. Especially in systems not in equilibrium or
underlying seasonal variations, the occurrence of intermediate thiomolybdates might be of importance.
The newly developed method is the basis for thiomolybdate determination in the environment.
Detailed information about natural thiomolybdate occurrence will help to elucidate reaction pathways
of molybdenum burial in sediments and therefore is important for reconstructing paleoenvironmental
conditions. Moreover, increasing knowledge about the formation and transformation of
thiomolybdates in the environment is decisive for understanding the molybdenum-sulfur cycle in

nature.

Overall, polysulfides were found to occur in the aqueous phase and to be decisive for microbial

growth and sulfur redox processes. Moreover, polysulfides were seen to influence the speciation of
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metal(loid)s, to occur on mineral surfaces and therefore play an important role for mineral
transformation processes. Different sulfur species were detected to serve as electron shuttling
compounds, to influence species transformation processes and consequently be decisive for the
reactivity and mobility of metal(loid)s. As sulfur exists in a wide variety of oxidation states and occurs
ubiquitously in nature, it is a major factor of influence for the occurrence and speciation of
metal(loid)s. Therefore, extensive knowledge about sulfur speciation and redox processes helps to

understand the biogeochemical cycling of metal(loid)s in the environment.
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Abstract Microbial disproportionation of elemental sul-
fur to sulfide and sulfate is a poorly characterized part of
the anoxic sulfur cycle. So far, only a few bacterial strains
have been described that can couple this reaction to cell
growth. Continuous removal of the produced sulfide, for
instance by oxidation and/or precipitation with metal ions
such as iron, is essential to keep the reaction exergonic.
Hitherto, the process has exclusively been reported for
neutrophilic anaerobic bacteria. Here, we report for the first
time disproportionation of elemental sulfur by three pure
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cultures of haloalkaliphilic bacteria isolated from soda
lakes: the Deltaproteobacteria Desulfurivibrio alkaliphilus
and Desulfurivibrio sp. AMeS2, and a member of the
Clostridia, Dethiobacter alkaliphilus. All cultures grew in
saline media at pH 10 by sulfur disproportionation in the
absence of metals as sulfide scavengers. Our data indicate
that polysulfides are the dominant sulfur species under
highly alkaline conditions and that they might be dispro-
portionated. Furthermore, we report the first organism (Dt
alkaliphilus) from the class Clostridia that is able to grow
by sulfur disproportionation.

Keywords FElemental sulfur - Disproportionation -
Soda lakes - Alkaliphilic - Polysulfides -
Desulfurivibrio

Introduction

There is increasing evidence that the disproportionation of
partially oxidized sulfur compounds such as elemental
sulfur, thiosulfate and sulfite is an quantitatively important,
ancient and ecologically relevant process in the sulfur cycle
(Bak and Cypionka 1987; Bak and Pfennig 1987,
Thamdrup et al. 1993; Janssen et al. 1996; Finster et al.
1998; Philippot et al. 2007; Finster 2008). During dispro-
portionation the sulfur compound is acting simultaneously
as electron donor and electron acceptor and is transformed
into a more oxidized and a more reduced species (Bak and
Cypionka 1987; Finster 2008), similar to organic fermen-
tation. While the disproportionation of thiosulfate and
sulfite is a relatively common metabolic trait among the
deltaproteobacterial sulfate reducers (Krimer and Cyp-
ionka 1989), only a few bacterial strains have been isolated
that can disproportionate elemental sulfur in a growth
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sustaining process. Under standard conditions, the dispro-
portionation of elemental sulfur to sulfate and sulfide
(Eq. 1) is an endergonic process (Bak and Cypionka 1987;
Finster 2008) as the concentration of free sulfide affects the
AG of the reaction (Frederiksen and Finster 2004).

48" 4 4H,0 — SO} + 3HS™ + SH'
AG’ = +10.2 kJ mol ™' (per S°) (1)

Reoxidation and/or precipitation of sulfide with metal
ions, e.g., iron or manganese will shift the reaction towards
a negative Gibbs free energy. In the presence of Fe(IIl), the
ratio of the produced sulfide and sulfate will be 2:1 instead
of 3:1 as part of the sulfide is chemically oxidized to
elemental sulfur by Fe(Ill) (Egs. 2, 3) (Thamdrup et al.
1993; Frederiksen and Finster 2004; Finster 2008).

3HS™ + 2Fe™MOOH +3H" — S+ 2Fe"S + 4H,0
AG® = —143.9 kJ mol ™' (per S°) (2)
3% + Fe™OOH — SO} + 2Fe''S + 2HT

AG® = —30 kJ mol ' (per S°) (3)

The pathway of elemental sulfur disproportionation has
only been partly resolved (Frederiksen and Finster 2003,
2004; Finster 2008). Based on enzyme assays, it has been
proposed that sulfite is the key intermediate and that it
could be further oxidized to sulfate by the reversed sulfate
reduction pathway. However, the initial reaction steps
leading to the formation of sulfite are not understood.

So far the ability to grow by disproportionation of ele-
mental sulfur has been restricted to members of the Des-
ulfobulbaceae (Finster 2008). Recently, Sorokin et al.
(2008a, 2011a) and Pikuta et al. (2003) enriched and iso-
lated sulfate-reducing bacteria from soda lakes capable of
sulfite and thiosulfate disproportionation. Soda lakes are
extreme environments for two main reasons: they are
highly alkaline showing pH values of up to 11 and they
contain salt concentrations up to saturation (Sorokin et al.
2011b, 2013). Due to high concentrations of sodium sulfate
and high primary production, soda lakes are generally
characterized by intensive sulfur transformations. Sulfate
reduction is supposed to be the dominating part of the
sulfur cycle, although only a few sulfate reducers have
been enriched from soda lakes (Sorokin et al. 2011b). This
might be due to general energetic limitations caused by
highly alkaline and salty conditions (Oren 2011), as sulfate
needs to be activated by ATP consumption prior to
reduction (Sorokin et al. 2008a). Therefore, microorgan-
isms that can use thiosulfate or elemental sulfur/polysul-
fides as electron acceptors might be selectively enriched
compared to sulfate reducers, as the metabolization of

@ Springer

these compounds can proceed without ATP loss (Sorokin
et al. 2011a, b, c¢). The question arises if alkaline soda
lakes, which are characterized by a high microbial diversity
(Melack and Kilham 1974; Duckworth et al. 1996; Jones
et al. 1996; Foti et al. 2008; Sorokin et al. 2010), harbor
microorganisms that are able to disproportionate elemental
sulfur. Elemental sulfur at high pH is, contrastingly to
neutral or acidic habitats, not only present as colloids or in
true solution (Zamana and Borzenko 2011), but also as
soluble polysulfides with different chain lengths after
reacting with sulfide (Eq. 4).

HS 4+ (n—1) 8%~ $* + H' (4)

Sulfide that is produced during the disproportionation of
elemental sulfur might therefore be rapidly converted into
polysulfides resulting in favorable conditions for sulfur
disproportionating microorganisms. The AG® value of this
reaction strongly depends on the length of the polysulfides,
ranging between +66 kJ/mol (for pentasulfide S5*~) and
+77.4 kJ/mol (for disulfide S,*7) (Kamyshny et al. 2007).

However, the ability of elemental sulfur disproportion-
ation has not yet been reported for any haloalkaliphilic
microorganism. To close this gap of knowledge, we tested
strains isolated from soda lakes for their ability to couple
the disproportionation of elemental sulfur to growth. Spe-
cial emphasis was put on the question if metals (e.g., in the
form of FeOOH) are required as sulfide scavengers to
conserve sufficient energy for growth. We also investigated
if polysulfides only represent intermediates along the dis-
proportionation pathway, or if they directly can undergo
disproportionation as it has been shown in studies by
Kamyshny et al. (2004) who reported abiotic dispropor-
tionation of inorganic polysulfides in aqueous solution and
Milucka et al. (2012) who discovered disproportionation of
disulfide by members of the Deltaproteobacteria.

Methods
Bacterial strains and culture conditions

Both Dethiobacter alkaliphilus (class Clostridia) and De-
sulfurivibrio alkaliphilus (class Deltaproteobacteria) were
enriched as anaerobic chemoautotrophs with hydrogen as
electron donor and thiosulfate or elemental sulfur/poly-
sulfides as electron acceptors (see Sorokin et al. 2008b for a
complete description). Desulfurivibrio sp. AMeS2 was
enriched and isolated from soda lake sediments under
anaerobic conditions with elemental sulfur as a single
substrate and has 97 % 16S rRNA sequence similarity with
Desulfurivibrio alkaliphilus. The microorganisms were
cultivated under strictly anaerobic conditions, by flushing

-50 -



Extremophiles (2013) 17:1003-1012

1005

the headspace with N,, in a mineral medium (modified
DSMZ medium DSM 1104) at pH 10 and at 37 °C. The
carbonate/bicarbonate-buffered medium contained 0.1 M
NaHCOs3, 0.2 M Na,COs3, 0.1 M NaCl, 2.9 mM K,HPO,,
3.7 mM NH,CI and 1 mM MgCl,-6 H,O. After steriliza-
tion, the medium was amended with 1 mL of trace element
solution SL-10 with 0.5 g/l Na,-EDTA (DSMZ medium
320), 1 mL of a selenite/tungstate solution (DSMZ medium
385), 10 mL of a vitamin solution (DSMZ medium 141)
and 4.9 mM sodium acetate. All solutions were sterilized
separately to prevent precipitation with mineral salts during
the process. Elemental sulfur was sterilized separately as
described in Sorokin et al. 2008a and added as the only
sulfur substrate to a final concentration of 25 mM to cul-
tures supplemented with iron and to 10 mM to iron-free
cultures.

Iron cultures were supplemented with heat-sterilized
goethite (o-FeOOH) to a final concentration of 10 mg/L.
The pH remained stable after addition of iron throughout
the experimental incubation times. Doubling times were
calculated from the growth phase data. For all cultures
without Fe(Ill), the doubling times were calculated
between 144 and 192 h of incubation. The values for cul-
tures with Fe(III) were calculated between 48-96 h (DSV
and DTB) and 24-48 h (AMeS2) of incubation.

Experimental set up

The experiments were performed in triplicate including
duplicate autoclaved controls with 5 % inoculum. Cells
of pre-grown cultures, which served as an inoculum,
were centrifuged (4,000 rpm, 10 min) twice and re-
suspended in fresh medium to avoid a transfer of sulfide
and sulfate.

All experiments were carried out in 120 ml serum bot-
tles containing 100 ml medium and 20 ml gas phase. The
bottles were sealed with Teflon-coated butyl rubber stop-
pers and aluminum crimps. As the samples were prepared
inside an anaerobic glove box (Coy Type A Vinyl Anaer-
obic Chamber) under nitrogen/hydrogen atmosphere, the
bottles were afterwards flushed with pure nitrogen gas to
remove hydrogen that can act as an electron donor.

Analytical procedure

For the different analytical procedures, samples were
taken by a syringe flushed with nitrogen prior to
sampling. In cultures in which Fe(Ill) was present,
sulfide was precipitated and analyzed as Fe-sulfides.
The chemical analysis of all sulfides was performed
spectrophotometrically by the methylene blue method
according to Cline (1969), modified as described by
Herrmann et al. (2008). Sulfate was analyzed in

samples that were filtered through 0.2 pm pore size
cellulose acetate filters and sulfate concentrations were
determined by ion chromatography (DX 500 Dionex)
after separation on a IonPacAS18/AG18 column and
KOH (23 mM) as eluent. Polysulfides were quantified
after a modified method of Kamyshny et al. (2006),
which is based on derivatization of polysulfides to
produce dimethylpolysulfanes. Derivatization was
achieved in 1.5 mL HPLC vials by filtering 100 pL
sample aliquots into 800 pL of methanol containing
15 pL. methyl triflate (Sigma Aldrich). The derivatiza-
tion with methyl triflate transforms the relatively
unstable polysulfides into more stable dimethylpoly-
sulfanes. Dimethylpolysulfanes were analyzed on a
Merck Hitachi HPLC system equipped with a L-2130
pump, a L-2200 autosampler and a L-2420 UV-VIS
detector. For separation, a Bischoff reversed phase C18
column (Waters-Spherisorb, ODS2, 5 pum, 250 x
4.6 mm) and gradient elution according to Rizkov et al.
(2004) were used. Dimethylpolysulfanes measurements
were performed at a wavelength of 230 nm. Concen-
trations of Me,S, and Me,S; were determined using
commercially available standards (methyl disulfide,
CoHeS2, 99 %, 94.19 g/mol, Acros Organics, Geel,
Belgium; dimethyl trisulfide, C,;HgS;, >98 %,
126.25 g/mol, Acros Organics, Geel, Belgium). For
quantification of Me,S,; to Me,Sg sulfanes, calibration
curves of synthesized dimethylpolysulfane reference
materials were used. Synthesis of a dimethylpolysul-
fane mixture was performed following the method
described by Rizkov et al. (2004). The constituents of
the dimethylpolysulfane mixture were separated by
preparative chromatography using a Phenomenex
reversed phase CI18 column (Sphereclone, ODS(2)
5 pm, 250 x 10 mm) and an eluent consisting of 50 %
acetonitrile and 50 % formic acid. The flow rate was
5 ml/min. Collected fractions containing the individual
dimethylpolysulfanes were oxidized with hydrochloric
and nitric acid in a microwave (MarsXpress, CEM) for
10 min. The resulting sulfate were analyzed by ICP-MS
(XSeries2, Thermo-Fisher) and used for calculation of
the concentrations of the dimethylpolysulfanes in the
different fractions.

Mossbauer spectroscopy

Mossbauer spectroscopy was performed to detect the
mineral form of the added FeOOH and the formed Fe-
sulfides. The samples were analyzed with a WissEl
Mossbauer gamma-ray spectrometer using Co-57 as a
gamma-ray source. See Giitlich and Schroder (2012) and
Giitlich et al. (2012) for further information about M0ss-
bauer spectroscopy.
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Cell counts

Direct microscopy was used for cell counting (Adrian et al.
2007). Eighteen pL of well-suspended cell suspension were
mixed and incubated with 1 pL. SYBR Green (Bio Rad) for
staining and stored for 15 min in the dark. This mixture
was immobilized on agarose-coated slides and sealed with
cover glass. Counting of the cells was performed by epi-
fluorescence microscopy (Nikon Eclipse TE300). To
guarantee accurate counting, each sample/slide was scan-
ned in a z-pattern and at least 10 pictures were taken with a
Nikon DXM 1200F digital camera (fixed focus and aper-
ture). Subsequently, the pictures were processed with the
Imagel] software, and cells were counted using the ImageJ
cell counter. There was no interference of the solid phases
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Fig. 1 Growth yields and characteristics of Desulfurivibrio alkaliph-

ilus, Dethiobacter alkaliphilus and Desulfurivibrio sp. AMeS2 by
sulfur disproportionation. Shown are the cells/ml of 3 parallel cultures
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Cells / mL

of FeOOH/FeS and the size of the cells, which were
counted, could be adjusted by the ImageJ software.

Results and discussion
Growth yields in the presence and absence of Fe(III)

Supplemented with elemental sulfur and iron, Dt. alkal-
iphilus and Dv. sp. AMeS2 started to grow immediately,
while Dv. alkaliphilus started growth after a lag phase of
48 h (Fig. 1). All strains reached cell densities of around
1.8E+408 cells/ml and showed doubling times of 6-7 h,
which is significantly faster than the doubling times of
2 days obtained for the neutrophilic strain Desulfocapsa

27
LOE+06 ¥

DSV - FeOOH
5.0E+07
-4 -DSV1
406407 ] - ®-Dsv2 hd
- -k - DSV3 B
- . .
£ 3.0E+07 ) NIAC
~ o ‘ . ~‘Z .
= 20E+07 e g "
) . S
© LOE+07 'é"‘¥3" R VAR
OB+ A i ..... 25 IR & Y
LOE-+06 | ‘ ‘ ‘ ‘ ‘
0 48 96 144 192 240
Time [h]
DTB - FeOOH
5.0E+07
-4 -DIB I
- - DIB2 %
4.0E+07 | o
- -k - DTB3 . .
Y
£
J 3.0E+07] g
] oo, .
= S N
7] o o
O 2.08+071 & .
7 i
1OE+07 3 __,.—g.;:-:-_é-__ ; Gé’
1.0E+06§ ‘ ‘ ‘ ‘ ‘
0 48 96 144 192 240
Time [h]
AMeS2 - FeOOH
5.0E+07
- % - AMeS2 1
- @ - AMeS22 i
4.0E+07
- & - AMeS23
3.0E+07 AN
2.0E+07 G ":';‘:%
1.OE+07 .. A g # : i E
1 2 24 - R i‘___-.' § ] 4
: :

0 48 96 144 192 240
Time [h]

over time in the presence and absence of Fe(IIl). Cultures without
added sulfur did not grow (data not shown). Note different scales
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sulfexigens when grown on elemental sulfur dispropor-
tionation (Finster et al. 1998). None of our cultures grew
without elemental sulfur (data not shown). Cell growth was
accompanied by production of sulfate and sulfide. Inter-
estingly, all strains grew by elemental sulfur dispropor-
tionation in the absence of iron (Fig. 1) in contrast to
neutrophilic disproportionating strains (Finster et al. 1998).
In the absence of iron oxides, growth started after a lag
phase of approximately 120 h and the final cell density was
4.5E+07 cells/ml. The doubling time of all strains was
between 6 and 7 h and, therefore, consistent with the val-
ues obtained in the iron-amended cultures. This indicates
that the energy gain of elemental sulfur disproportionation
is higher under alkaline than under neutral conditions.
However, the cellular growth yield was one order of
magnitude lower in the absence of iron than in its presence.
We link this difference to the fact that despite an equally
high energy gain under alkaliphilic conditions, precipita-
tion of the produced sulfide with iron (Eq. 2) (Grant 1992;
Peiffer et al. 1992; Nielsen et al. 2008) is more efficient in
keeping the concentrations of free sulfide at very low levels
than the formation of polysulfides. It could also be specu-
lated that the higher concentrations of free sulfide in the
cultures without FeOOH have a toxic effect on the
microorganisms. However, it is well known that H,S is the
most toxic sulfide species (Koschorreck 2008) and at pH 10
almost the entire sulfide is present as HS™.

Production of sulfide and sulfate during elemental
sulfur disproportionation

In the presence of Fe(Ill), the disproportionation of ele-
mental sulfur theoretically results in the formation of sul-
fide (present as Fe-sulfides) and sulfate at a 2:1 ratio
(Thamdrup et al. 1993; Frederiksen and Finster 2004;
Finster 2008). We measured ratios of 1.8:1, 2.1:1 and 2.0:1
for Dv. alkaliphilus, Dt. alkaliphilus and Dv. sp. AMeS2,
respectively, at the end of the experiment after the sulfide
and sulfate concentrations remained stable. These values
are in good agreement with the theoretical values.
Notably, at the beginning of culture growth the pro-
duction of sulfate prevailed over the production of sulfides
(Fig. 2). This was also reported by Thamdrup et al. (1993).
Deviations from the theoretical ratio of 2:1 at the beginning
of sulfur disproportionation are most likely a result of the
chemical oxidation of the formed free sulfide to elemental
sulfur or sulfate by iron oxides (Peiffer et al. 1992; Sullivan
et al. 1988; Stumm and Morgan 1996). Thus Fe(III), which
was added in the form of FeOOH in excess could change
the observed ratio by lowering the sulfide concentration.
During a later phase of growth more sulfide is produced
and Fe(IIl) is reduced and precipitated as iron sulfides,
evident by a blackening color of the culture, thus resulting

in lower abiotic oxidation rates. We found that FeS was the
dominant iron sulfide species, traces of FeS, were found by
Mossbauer Spectroscopy and identified as mackinawite and
not pyrite as it was reported in Thamdrup et al. (1993) and
Canfield and Thamdrup (1996).

In the absence of iron, we calculated sulfide:sulfate
ratios of 2.2:1 (Dv. alkaliphilus), 3.4:1 (Dt. alkaliphilus)
and 2.7:1 (Dv. sp. AMeS2) at the end of incubation
(Fig. 2). Here, sulfide was measured as free sulfide and
sulfane sulfur in polysulfides. These values are in the range
of the theoretical ratios of 3:1 (Thamdrup et al. 1993;
Finster 2008) for elemental sulfur disproportionation
without iron. However, we observed a slight decrease of
the sulfate concentration in all cultures after 96 h of
incubation. This is surprising as none of the strains is able
to use sulfate as an electron acceptor (Sorokin et al. 2008a).
We currently have no explanation for the observed
decrease in sulfate concentrations in these cultures.

Presence of polysulfides

The concentrations of polysulfides were measured in cul-
tures with and without iron. Interestingly, polysulfide con-
centrations of up to 0.85 mM (sum of all polysulfides)
(Fig. 3) were found in cultures supplemented with iron.
This indicates that despite the chemical reaction of sulfide
with iron a considerable amount of sulfide must have
reacted with the residual elemental sulfur and resulted in the
formation of polysulfides. In cultures without iron, poly-
sulfide production was significantly enhanced and concen-
trations of up to 3 mM (sum of all polysulfides) were
measured (Fig. 4). We found polysulfides with different
chain lengths ranging from S,?~ to Sg*~. While S;*~ and
S42_ were dominant in the cultures with iron, S42_ to 862_
prevailed in cultures without iron. These results are in good
agreement with reports of Boulegue and Michard (1978)
and Kamyshny et al. (2004) who showed that S32_, 852_
and S¢>~ are the dominant polysulfides between pH 7 and
12.5. The possible role of polysulfides and their positive
effect on the disproportionation process are discussed in the
following chapters.

Polysulfides as intermediates
along the disproportionation pathway

Polysulfides could be intermediates in the reaction pathway
of elemental sulfur disproportionation and in addition func-
tion as sulfide scavengers. As shown in Table 1, a fraction of
the sulfide is trapped in polysulfides, keeping concentrations
of free sulfide below 4-5 mM. As long as the concentration
of free sulfide is <10 mM disproportionation is an exergonic
process but more energy can be conserved with decreasing
free sulfide concentrations (Finster 2008). The observed
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Fig. 2 Concentration of sulfide (open square), sulfate (asterisk) and
polysulfides (cross symbol) as products/intermediates during sulfur
disproportionation by Desulfurivibrio alkaliphilus, Dethiobacter

delayed cell growth compared to sulfide, sulfate and poly-
sulfide production might indicate that the energy which is
gained by sulfur disproportionation is also used for the for-
mation of more/other polysulfides (Kamyshny et al. 2007).
Only when the concentrations of sulfide, sulfate and poly-
sulfides attain certain equilibrium more energy can be used
for substantial bacterial growth and polysulfides might then
act as sulfide scavengers, similar to iron, and pull the overall
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addition. Note that in the presence of FeOOH all sulfide was

precipitated

as Fe-sulfides

disproportionation reaction towards more negative AG® val-
ues. In contrast to sulfide/sulfate production in the presence
of iron, sulfide/sulfate/polysulfide formation in the absence of
iron was much faster and cellular production was one order
of magnitude lower. In conclusion, the results show that

polysulfide

s as sulfide scavengers are not as efficient as Fe-

OOH (Kamyshny et al. 2004; Peiffer et al. 1992; Nielsen
et al. 2008).
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Polysulfides as substrates for disproportionation

Direct polysulfide disproportionation is plausible as the
uptake of linear sulfur molecules by cells is much easier
than the uptake of ring-like sulfur (Franz et al. 2007). So
far, several mechanisms for the uptake of elemental sulfur
have been suggested. They are involving an increase in
hydrophobicity of the cell surface or blebbing of vesicles
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addition of iron (FeOOH). The analysis of S,>~ was interfered by
overlapping peaks and therefore no quantitative assessment was
possible

off the outer cell membrane to reduce the hydrophobic
character of elemental sulfur (Knickerbocker et al. 2000). It
would also facilitate the adhesion of elemental sulfur par-
ticles to cell membrane by glycocalyx or by a reaction with
thiol groups (Franz et al. 2007). Polysulfides on the other
hand are water soluble and might therefore more easily
pass the outer cell membrane than elemental sulfur,
requiring less time and energy. Usually, polysulfides are
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Table 1 The concentrations of total sulfide, sulfide embedded in
polysulfides (sulfane sulfur) and free sulfide [mM] in cultures of
Desulfurivibrio alkaliphilus (DSV), Dethiobacter alkaliphilus (DTB)
and Desulfurivibrio sp. AMeS2 (AMeS2) over a time span of 216 h

Strain/time Total sulfides  Sulfide in Free sulfide
[mM] polysulfides [mM]  [mM]
DSV-24 h 1.00 0.01 0.99
DSV-48 h 3.95 0.07 3.88
DSV-72 h 4.00 0.19 3.81
DSV-96 h 3.83 0.31 3.52
DSV-120 h 4.16 0.33 3.83
DSV-144 h 4.47 0.27 4.20
DSV-168 h 4.50 0.43 4.07
DSV-192 h 4.32 0.45 3.87
DSV-216 h 4.53 0.55 3.98
DTB-24 h 1.09 0.00 1.09
DTB-48 h 3.90 0.08 3.82
DTB-72 h 4.30 0.17 4.13
DTB-96 h 4.21 0.38 3.83
DTB-120h 4.24 0.37 3.87
DTB-144 h 4.78 0.42 4.36
DTB-168 h 4.95 0.36 4.59
DTB-192 h 4.22 0.35 3.87
DTB-216 h 4.42 0.50 3.92
AmeS2-24 h 0.82 0.00 0.82
AmeS2-48 h 2.48 0.07 241
AmeS2-72 h 2.68 0.38 2.30
AmeS2-96 h 2.79 0.48 2.31
AmeS2-120h  3.53 0.45 3.08
AmeS2-144h  3.03 0.55 2.48
AmeS2-168 h  3.06 0.43 2.63
AmeS2-192h  3.98 0.47 3.51
AmeS2-216 h  4.07 0.61 3.45

attached to carriers such as Sud (sulfide dehydrogenase)
or rhodanese-like proteins (Hedderich et al. 1999)
because they are unstable at neutral pH conditions (cys-
teine-bound organic polysulfides). These carriers are not
necessary at high pH as anoxic, alkaline conditions
ensure chemical polysulfide stability (inorganic polysul-
fides). Hence, the question arises if polysulfides instead
of elemental sulfur were disproportionated. If so, the
sulfide:sulfate ratio would be in the range of 3.8:1 and
4.3:1 for S4°~ to S¢*~ polysulfides, respectively (Milucka
et al. 2012). Our data do not rule out polysulfide dis-
proportionation as the calculated ratios are in some cases
close to the theoretical values (Dt. alkaliphilus). It might
also take a while until enough sulfide is produced to reach
the equilibrium reaction between sulfide and elemental
sulfur to form polysulfides and maintain the equilibrium
polysulfide pool. Polysulfide disproportionation has only
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Fig. 5 Formation of sulfane sulfur by reduction of elemental sulfur
(open square) or internal sulfur of polysulfide (S5>7) (filled circle)
during their disproportionation by washed cells of strain Desulfuri-
vibrio sp. AMeS2 at pH 10 and 0.6 M total Na™. Sg was used in
excess together with 0.5 mM HS™. Starting concentration of internal
sulfur was 30 mM. Concentration of cell protein was 0.1 mg/ml,
incubation temperature = 30 °C. In abiotic controls (with boiled
cells) sulfur was not metabolized

been reported in two studies. Milucka et al. (2012)
showed that disulfide disproportionation is associated
with anaerobic methane oxidation (ANME), to remove
the produced elemental sulfur formed by sulfate reduc-
tion. The occurrence of abiotic disproportionation of
inorganic polysulfides has been reported by Kamyshny
et al. (2004). As shown in Fig. 5 polysulfide dispropor-
tionation under alkaline conditions, as it is indicated by
the sulfide:sulfate ratio of 4.5:1, is much faster than
elemental sulfur disproportionation.

In conclusion, we describe the first bacterium from the
class Clostridia that grows by sulfur disproportionation.
Furthermore, we demonstrated that in contrast to neutro-
philic organisms, haloalkaliphilic bacteria grow by ele-
mental sulfur disproportionation also in the absence of iron
oxides as sulfide scavenger. Polysulfides were shown to be
important intermediate compounds during this reaction,
indicating that microbial sulfur disproportionation at high
pH benefits from the unique conditions for sulfur chemistry
that ensures stability of polysulfides. We show furthermore
that polysulfides might not only form as sulfur intermedi-
ates along the disproportionation pathway under alkaline
conditions, but could be also used as a substrate for dis-
proportionation similar to elemental sulfur. Thus, polysul-
fides play a major role during sulfur disproportionation at
high pH, although their exact role during this process—
especially in the presence of elemental sulfur—remains
unclear at the moment.
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ABSTRACT: Polysulfides are often referred to as key reactants in the sulfur cycle,
especially during the interaction of ferric (hydr)oxides and sulfide, forming ferrous-
sulphide minerals. Despite their potential relevance, the extent of polysulfide
formation and its relevance for product formation pathways remains enigmatic. We
applied cryogenic X-ray Photoelectron Spectroscopy and wet chemical analysis to
study sulfur oxidation products during the reaction of goethite and lepidocrocite
with aqueous sulfide at different initial Fe/S molar ratios under anoxic conditions
at neutral pH. The higher reactivity of lepidocrocite leads to faster and higher
electron turnover compared to goethite. We were able to demonstrate for the first
time the occurrence of surface-associated polysulfides being the main oxidation
products in the presence of both minerals, with a predominance of disulfide
(S,>"(surf)), and elemental sulfur. Concentrations of aqueous polysulfide species
were negligible (<1%). With prior sulfide fixation by zinc acetate, the surface-

associated polysulfides could be precipitated as zerovalent sulfur (S°), which was extracted by methanol thereafter. Of the
generated S°, 20—34% were associated with S,*”(surf). Varying the Fe/S ratio revealed that surface polysulfide formation only
becomes dominant when the remaining aqueous sulfide concentration is low (<0.03 mmol L™"). We hypothesize these novel
surface sulfur species, particularly surface disulfide, to act as pyrite precursors. We further propose that these species play an

overlooked role in the sulfur cycle.

B INTRODUCTION

The interaction between ferric (hydr)oxides and sulfide has
been widely studied'~* due to its fundamental relevance for the
cycling of sulfur in many anaerobic environments, such as
marine or lake sediments and aquifers and due to its potential
link with sedimentary pyrite formation.’ " It is generally
observed that in addition to an iron sulfide phase, elemental
sulfur also forms during this reaction.”>'®'" It has been
suggested that the oxidation of HS™ by ferric iron occurs via a
single electron step to generate sulfur radicals S$*~.*'* This
reaction allows for the generation of polysulfides and
subsequently of elemental sulfur.'? Alternatively, it has been
proposed that two electrons are transferred simultaneously and
S(-I) is directly oxidized to $(0),"* which then rapidly
equilibrates with aqueous sulfide to form polysulfides under
environmentally relevant conditions.'* In either case, poly-
sulfides are regarded as essential intermediates.

Some evidence exists for the occurrence of aqueous
polysulfides at low concentration levels during reaction of
dissolved sulfide with ferric (hydr)oxides.”'" Unfortunately,
these measurements are based on indirect methods, such as
converting polysulfide species into thiosulfate and its
subsequent determination” or optical spectroscopy combined
with thermodynamic calculations.'' Recently developed
selective and specific analytical tools (e.g, the single-phase

-4 ACS Publications  © 2014 American Chemical Society
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derivatization technique'®) have not yet been applied, to study
these interactions.

Hellige et al. investigated the sulfidation of lepidocrocite
under conditions where aqueous sulfide was completely
consumed within a short time (15 min).”> They found a large
deficit in the sulfur mass balance, which they attributed to
unknown solid phase-bound sulfur species. High resolution
transmission electron microscope (HRTEM) images revealed
that a large fraction of surface-associated sulfur had formed in
these experiments which they could not further identify. They
also observed rapid pyrite formation (after several days), a
process that is regarded to require polysulfides as precursor
substances.'°Surface-associated polysulfides have been observed
at the surface of iron sulfide minerals after surface sulfide
oxidation using surface-sensitive techniques such as X-ray
photoelectron spectroscopy (XPS)."” 7> Comparable studies
about their occurrence during oxidation of dissolved sulfides at
ferric mineral surfaces have not been performed yet, although
strong indications for the formation of surface associated sulfur
exist. The extent of polysulfide formation and its relevance for
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Table 1. Initial Experimental Conditions”

mineral initial Fe content (g/L)
goethite (Gt) 3.6
0.28
lepidocrocite (Lp) 2
0.38

c(Fe) (mmol L") c(Fe)/c(S) SS(Fe)/c(S)?
404 5.05 (HR) 0.11
3.0 0.37 (LR) 0.01
22 2.8 (HR) 0.10
3.9 0.5 (LR) 0.02

“All runs were conducted at pH 7. “Concentration of surface sites (SS) was calculated based on a value of 6.3 X 10~® mol/m? for both ferric

(hydr)oxides.*®

product formation pathways during the reaction remains
enigmatic.

This study therefore aims at resolving the fate of sulfur
during the reaction between ferric (hydr)oxides and dissolved
sulfide. To these ends, we applied wet chemical methods in
combination with XPS to determine sulfur oxidation products
both in solution and at the surface of ferric (hydr)oxides. Since
XPS analyzes the surface under vacuum and elemental sulfur is
volatile under ultra vacuum, we performed the whole analytical
procedure at cryogenic temperature (—155 °C).

B MATERIALS AND METHODS

All solutions were prepared in a glovebox system (Inert Lab
4GB Glovebox Systems, Innovative Technology, U.S.A.) with a
O, level in a range of 0—1 ppm. The working gas in the
glovebox is N, (99.99%). The deionized water was purged with
N, (99.99%) for at least 1 h to remove O, before the transfer
into the glovebox. All reagents were of analytical grade.

Ferric (Hydr)Oxides. Synthetic ferric oxides were prepared
after Schwertmann and Cornell.>' To synthesize goethite, 100
mL Fe(NO;); (¢ = 1 mol L™!) and 180 mL KOH (¢ = S mol
L") were mixed rapidly in a 2 L polyethylene flask. Red-brown
terrihydrite precipitated immediately. The suspension was then
diluted to 2 L with deionized water and kept at 70 °C for 60 h.
To synthesize lepidocrocite, a FeCl, (¢ = 0.06 mol L")
solution was oxidized by air which was pumped through the
solution at a controlled flow rate of 100 mL min~".The pH was
maintained at 6.8 by addition of NaOH (¢ = 0.5 mol L™") with
a pH-stat device (Titrino, Metrohm). The oxidation was carried
out at room temperature with sufficient stirring for 3 h. The
synthetic goethite and lepidocrocite were washed with
deionized water and freeze-dried.

The mineral characterization with Mofbauer spectroscopy
demonstrated that no other Fe containing phases were present
in goethite and around 4% goethite in lepidocrocite. Multipoint
BET (Brunauer, Emmett, and Teller) gas adsorption with N,
(Gemini 2375 analyzer) gave a surface area of 39.33 m* g~' and
70.24 m* ¢! for goethite and lepidocrocite, respectively.

Experimental Setup. The e)gperimental setup was similar
to that used in a previous study.” In a closed vessel, 450 mL
aqueous sulfide solution (approximately 8 mmol L™ Na,S
solution, concentration (S(—II),;) determined prior to each
experiment) was adjusted to pH 7.0 in the glovebox by addition
of HCl (¢ = 1 mol L™), to which 50 mL of a suspension
containing a preselected amount of synthetic ferric (hydr)-
oxides (goethite or lepidocrocite) was added. The pH was kept
constant at pH = 7.00 =+ 0.05 with HCI (¢ = 0.1 mol L™") using
the pH-Stat device (Titrino, Metrohm). The solution was
gently stirred with a Teflon-coated magnetic stirring bar during
the whole experiment. Initial molar ratios of Fe/S were adjusted
to be “high”, with iron concentrations being in excess to sulfide
(HR runs, cf. Table 1) and “low” with excess aqueous sulfide
(LR runs). The runs with high Fe/S ratio are comparable to
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previous experiments that were performed under comparable
conditions with regard to pH, anoxic atmosphere, and mineral
application.> The same concentration of surface area was used
for the two minerals in HR runs. Blank experiments with pure
sulfide solution were performed in order to quantify sulfide loss
in the low Fe/S ratio runs due to degassing. The 168 h-
experiments yielded a linear sulfide loss with time at a rate of
0.014 mmol L™ h™! (R* = 0.914).

Aqueous samples were removed regularly for wet chemical
analysis. Samples for XPS analysis were taken after 3 h in HR
runs and after 168 h in LR runs by removing 40 mL of the
suspension from the reactor, centrifuging, decanting, then
resuspending it in deionized water and centrifuging it again.
The concentration of the residual Fe and S species was
calculated as the difference between the species concentration
in the suspension before centrifugation and in the supernatant
after centrifugation.

All steps were done in the glovebox except centrifugation.
The black precipitates in HR runs were dried overnight under
anoxic conditions in the glovebox. LR samples contained
volatile sulfide which might damage the purification system of
the glovebox. Samples from LR runs were therefore freeze-
dried. After drying, all samples were stored under a N,
atmosphere in sealed crimp vials.

Wet Chemical Analysis. Aqueous sulfide was determined
after filtration (0.2 um, Nylon) by the methylene blue
method.”> However, this method can determine not only
hydrogen sulfide and sulfide ions, but also sulfide associated
with aqueous polysulfide.”® We therefore refer to this fraction
as methylene-blue-detectable sulfur (MBS). Sulfate was
determined after filtration (0.2 wm, Nylon) following the
turbidimetric method based on the BaSO, precipitation
described by Tabatabai** Thiosulfate was determined imme-
diately after filtration (0.2 ym, Nylon) by ion-pair chromatog-
raphy following the method described by Steudel et al.*®

Aqueous polysulfides (S,> (aq) were determined following
the method developed by Kamyshny et al."> Due to their
instability toward oxygen and pH-changes, inorganic poly-
sulfides were derivatized with methyl trifluoromethanesulfonate
(methyl triflate) to form dimethylpolysulfanes. To this end, 200
UL of the filtered samples and 8 uL triflate (c = 8.7 mol L")
were added simultaneously into 1200 yL methanol previously
buffered with 100 uL phosphate buffer (¢ = 50 mmol L™) at
pH 7 and shaken intensely for 10 s. Dimethylpolysulfanes were
determined by HPLC (Merck Hitachi, L-2130 pump, L-2200
autosampler, L-2420 UV—vis detector) after separation on a
C18 column (Waters-Spherisorb, ODS2, 5 pm, 250 X 4.6
mm?) and gradient elution according to Rizkov et al?® The
detection was performed at a wavelength of 230 nm. The total
polysulfide concentration was calculated as the sum of
individual polysulfide fractions.

Methanol-extractable sulfur (MES) was extracted after
pretreatment of 500 yL of unfiltered sample with 250 yL of
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ZnAc (c = 0.1 mol L™") to precipitate free sulfide following a
procedure modified after Kamyshny et al."* After 10 min, 6 mL
methanol were injected into the suspension. The sample was
shaken for 3 h and then filtered (0.2 pm, Nylon). The prior
sulfide fixation allows ZnAc to react with $>~ as well as S~ (n
> 2) to precipitate ZnS and (n — 1) S° atoms, which are
extracted later with methanol. MES therefore comprises
elemental sulfur and aqueous polysulfide-bound sulfur (S,
— $° with n > 2), as pointed out by Kamyshny et al.'* Since
samples for MES determination were unfiltered, MES includes
also sulfur associated at the mineral surface. The samples were
determined by HPLC (PerkinElmer 2000 pump and
autosampler, Fa. linear-UV—vis detector and software peak-
sample 409) after separation on a C18 column (Nucleosil 100-
S PAH) and isocratic elution by pure methanol with a flow rate
of 0.4 mL min~". The detection was performed at a wavelength
of 265 nm.

Acid-extractable Fe(II) (Fe(II)yc) was determined after
extraction of both the precipitate and the suspension with HCI
(c = 0.5 mol L") and filtration using the phenanthroline
method.”’

Samples for HPLC measurements were stored in the freezer
at around —18 °C and analyzed within 1 week. Photometric
measurements were performed within 1—-2 h after sampling.

Cryogenic XPS. Sample loading for XPS measurements was
performed in an argon atmosphere to protect the samples, due
to their oxygen sensitivity. Vials were opened under argon flow,
samples were placed on the molybdenum holder, gently
pressed to create a flat surface, and immediately placed on
the claw of the transfer rod that was precooled at —170 °C. The
sample was frozen in the spectrometer air-lock under dry N,
(g) for 45 s prior to a vacuum activation of 10~ Torr. The
frozen sample was then transferred to the precooled
manipulator in the analysis chamber. During the whole analysis,
the pressure and the sample temperature were maintained at
10~° Torr and —155 °C, respectively. All XPS spectra were
collected with Kratos Axis Ultra DLD electron spectrometer
using monochromatized Al Ka (1486.6 eV) radiation. Survey
spectra were collected from 1000 to O eV at a pass energy of
160 eV. High resolution spectra for Fe 2p, S 2p, O 1s, C 1s, Cl
2p, and Na Is were collected at a pass energy of 20 eV with a
scan step of 0.1 eV. In order to verify the occurrence of
elemental sulfur, selected samples were measured once under
liquid N, temperature and then left in the analysis chamber at
the same position under vacuum overnight without cooling and
measured again the next day at room temperature. Processing
of the spectra was accomplished by Kratos software. High-
resolution XPS spectra were fitted using linear combinations of
70:30 G-Lorentz functions on Shirley background-subtracted
spectra. The O 1s peak at 529.8 eV corresponding to the Fe—O
bond of goethite/lepidocrocite was used as the internal
standard for binding energy (BE) scale calibration. In the
absence of the Fe—O bond, peak positions were referred to the
aliphatic C 1s component, set at 285.0 eV.

B RESULTS AND DISCUSSION

Reaction Progress As Derived from Wet Chemical
Analysis. Ferric (hydr)oxides reacted in a different way with
aqueous sulfide in runs with excess iron over sulfide (HR)
compared to those with excess sulfide over iron (LR) runs. In
the HR runs, the concentration of MBS decreased along with
the increase of MES. Only trace amount of MBS (<0.03 mmol
L', detection limit of MBS was 0.0009 mmol L") could be

determined after 1.5 h in the HR_Gt run (Figure 1) and after
10 min in the HR Lp run (S1). After 3 h, a significant fraction
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Figure 1. Sulfur speciation during reaction between aqueous sulfide
and goethite for iron excess (HR) and sulfide excess (LR) conditions.
Note the different time scales between HR Gt and LR_Gt.

of the initially added S was recovered as MES (31.3% in
HR_Gt run and 25.6% in HR_Lp run). Within this time, more
Fe(II)yc; had formed in the presence of lepidocrocite (7.0
mmol L") than in the presence of goethite (5.5 mmol L")
(Figure 2). S,* (aq) was detected in the first 1S min of the
HR_Gt run, the concentration of which made up 5% of the
initially added S (in a replicate run only 2%). No S,*”(aq)
could be detected in HR runs after 3 h.
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Figure 2. Concentrations of Fe(I)yq of all runs. Note the two
different time scales. The data with closed symbols refer to the top x
axis.
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In LR runs, the concentration of MBS decreased after 3 h to
29.2% of the initially added S in the LR_Gt run and to 6.5% in
the LR Lp run, respectively, along with which the ferric
(hydr)oxides was almost completely consumed (Figure 2).
MES increased to 16.7% and 19.3% of the initially added S,
respectively. S,>”(aq) remained at a low concentration, with
around 2.2% of the initially added S after 3 h and a decrease to
0.9% after 168 h. Thiosulfate and sulfate were undetectable in
all runs (data not shown, detection limits were 6 gmol L™ and
28 umol L™ for thiosulfate and sulfate, respectively).

Most of the MBS as well as 18.5% of the generated MES and
204% of the generated Fe(Il)yc; were removed with the
supernatant after centrifugation. Hence, around 80% of the
MES and Fe(II) remained in the residual solid phase.

Sulfur Surface-Speciation As Detected by Cryogenic
XPS. The survey spectra clearly demonstrate the occurrence of
sulfur at the ferric (hydr)oxide’s surface after reaction with
sulfide (Figure 3 for goethite, Supporting Information (SI),
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Figure 3. Survey XPS spectra of samples in experiments with goethite.

Figure S2 for lepidocrocite). Spectra also revealed impurities of
remaining Na and Cl and contamination with organic carbon
from sampling handling mainly in the LR runs.

The high resolution of Fe 2p spectra were fitted following the
principle of minimal number of components. The binding
energies of Fe(Ill) 2p;;, of goethite and lepidocrocite are
located at 711.5 and 711.2 eV, respectively, and Fe(IIl) 2p, ,,
both at 724.3 eV. After having reacted with sulfide, a new iron
signal with a Fe 2p ;,, binding energy of 707.6 + 0.2 eV
appeared which we interpret as a sulfide-bound ferrous iron
species (Fe(I)—S)."”'**® Because of a negligible concentration
of the Fe—OH and the Fe—O group in the O 1s spectra (SI,
Figure S3 & S4), the Fe 2p spectra of LR runs can be assumed
to reflect only Fe(II) species. The concentration of Fe(Il) in
the LR run was therefore 100% (Figure 4, SI, Figure SS). The
Fe(II) concentration in the spectrum of HR run was calculated
to be 16.7% (Figure 4) and 8.7% (SI, Figure S5) in the HR_Gt
and HR Lp run, respectively.

S 2p spectra obtained after the reaction and the species
concentrations are shown in Figure S, the corresponding fitting
parameters of which are listed in Table 2. Each species in the S
2p spectrum was fitted with a doublet due to spin-orbit splitting
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Figure 4. High resolution Fe 2p spectra of goethite and corresponding
spectral area concentration of each species before and after reaction.
Compound colors in bar chart are the same as in the spectra.

of S 2p,/, and S 2p;,. It is reasonable to assume that a fraction
of the initial sulfide was bound to Fe(II) generated from Fe(III)
reduction. Hence, a species with a S 2p;,, binding energy
characteristic for the Fe(II)—S bond (S*~(surf), 161.2 + 0.3
eV)'71%%% is regarded to be present in all runs, contributing to
68.1%, 50.2%,73.3%, and 66.4% of the S 2p spectral area in the
HR_Gt,HR Lp,LR Gtand LR Lp run, respectively (Table 2,
Figure S). Proper fitting of the spectra could, however, not be
achieved by considering sulfide only. A reasonable fitting of the
spectrum of the HR Gt run was obtained with two additional
species, which contributed to 14.4% and 17.5% of the spectral
area. S 2p 3, binding energies were 162.1 0.2 eV and 163.2 +
0.3 eV, which can be attributed to disulfide (S,” (surf)) and
polysulfide (S,>”(surf), with n > 2), respectively (cf. Table 2,
and references therein). Three other spectra were possible to fit
considering only additional species besides the three species
discussed above. The HR Lp spectrum required two species
with a S 2p ;,, binding energy of 164.5 eV (2.7%)
corresponding to elemental sulfur (Sg(surf)) and 167.5 eV
(3.8%) corresponding to sulfite® (SO, (surf), Table 2 and
Figure 5). The LR Gt and LR Lp spectra also required
consideration of the Sq species with a binding energy of 164.4 +
0.5 eV (4.2% and 15.7%, respectively) (Table 2). The fraction
of Sg(surf) was higher in the LR_Lp run compared with the
LR Gt run after 168 h. No Sg(surf) was observed in the
HR_Gt run.

There are several indications that the higher reactivity of
lepidocrocite has induced a higher electron turnover in the
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Figure S. High-resolution S 2p spectra and corresponding spectral area
concentration of each species in all runs. Compound colors in the bar
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HR_Lp run compared to the HR Gt run>" The fraction of
S,*"(surf) and S,>"(surf) (n > 2) was higher in the HR Lp run
as well as the yield of Fe(II) . Additionally, products detected
by XPS had a higher oxidation state (Sg(surf) and SO,>(surf))
in the presence of lepidocrocite. However, formation of
SO;* (surf) from oxidation of reduced sulfur species during
sample handling cannot be excluded. SO;*~ (surf) was detected
only in the HR Lp run and has not been observed in previous
studies on Fe(III)—S(—1II) interaction. We did not analyze for
dissolved SO5>~ as an independent verification and sulfate and
thiosulfate could not be detected in any sample from this study,
which excludes SO;>~ (surf) formation from disproportionation
of thiosulfate.*>

Sulfur Mass Balance. In contrast to the bulk concentration
values obtained from wet chemistry data, XPS quantifies the
mass percentage of surface-bound species. Hence, the question
arises whether these surface species need to be considered in
the overall mass balance of the reaction between aqueous
sulfide and ferric (hydr)oxides and whether they affect its
stoichiometry. To these ends, we will in a first step test whether
the mass balance for sulfur detected by wet chemistry methods
is complete. In a second approach, we will analyze to what
extent the quantitative measurements made by XPS can be
related to the bulk measurements.

Characteristic products of the reaction between aqueous
sulfide and ferric (hydr)oxides are regarded to consist of
elemental sulfur and FeS (amorphous FeS or mackinawite).>'°
Elemental sulfur is typically determined using the MES
technique which indeed makes up a large fraction of total
sulfur recovered from the experiments. Methanol extraction,
however, also allows for the determination of surface-associated
zerovalent sulfur,’* a fraction which seems to be relevant
according to the XPS results. Hence, application of the bulk
techniques MBS and MES considers the concentration of the
species aqueous sulfide, S(—II) associated with aqueous
polysulfides (S,>~ (aq)), and the concentration of total
zerovalent sulfur, including S° in the form of colloidal elemental
sulfur in the suspension (Sg (coll)) and the sulfur associated at

Table 2. XPS Fitting Parameters of Fe and S Species

Gtynreacted LPunreacted HR Gt HR Lp LR Gt LR Lp ref. data®
BE® (V) FWHM® BE (V) FWHM BE (V) FWHM BE (eV) FWHM BE (V) FWHM BE (V) FWHM  BE (eV)
S2p s,
s> nd.? nd. nd. nd. 161.1 0.85 161.2 0.85 161.3 0.9 161.0 0.9 161.2%
161.3'71°
S, n.d. nd. nd. nd. 162.0 1 161.9 1 162.3 1.05 162.0 0.9 162.1%
162.6*
S nd. nd. nd. nd. 163.1 1.4 163.1 1.35 163.4 1.1 162.9 0.7 16337
163.2"7
163.4%
S8 nd. nd. nd. nd. nd. n.d. 164.5 1.5 164.7 145 164.0 0.9 165.3"7
164*°
SO;*~ nd. n.d. n.d. n.d. nd. nd. 167.5 1.55 nd. nd. n.d. n.d. 166.5%
Fe 2p 3,
Fe(11)-S nd. nd. nd. nd. 711.4 2.55 711.0 2.9 nd. nd. n.d. nd. 707.8"
707.2"7
707.4*
Fe(III)—O 7115 26 711.2 23 707.6 1.55 707.7 1.65 707.8 1.7 707.4 1.85 711.5%
“All reference data were recalibrated with the internal standard of Fe—O bond at binding energy of 529.8 eV. bBinding energy. “Full width at half-

maximum. “Not detected.

5080

- 64 -

dx.doi.org/10.1021/es405612f | Environ. Sci. Technol. 2014, 48, 5076—5084



Environmental Science & Technology

the surface (Sg(surf), S° bound to S,> (aq) and S° bound to
surface associated polysulfides (S,*”(surf) and S,>~(surf).

A critical fraction in the sulfur mass balance is sulfur
associated with Fe(II). This fraction can comprise crystalline
pyrite, mackinawite (FeS), but also species of weak crystallinity
with variable stoichiometries. Using HRTEM, Hellige et al.
identified nanomackinawite with a large amount of an
amorphous phase rich in both iron and sulfur within the first
3 days of experiments comparable to the HR LP experiment
(cf, Figure 8a in Hellige et al.®). Pyrite crystals were observed
only after 1 week. Given that experimental conditions in this
study were similar to the previous study, we conclude that
pyrite did not form in the HR runs. Moreover, the absence of
crystalline (i.e., not HCI extractable) pyrite in our experiments
at the given reaction time scale of 3 h in the HR runs and 168 h
in the LR runs can be also inferred from our wet chemical
analysis of Fe(Il)yc and MES. Both analytical fractions
remained relatively constant after their built-up (e.g., Figure 2
for Fe(Il) ;). We therefore exclude the formation of pyrite in
both HR and LR runs.

The sulfide sulfur associated with Fe(I) is typically
determined as acid volatile sulfide (AVS) but it apparently
consists also of S(—II) bound in the polysulfide sulfur species
e.g. noncrystalline surface disulfide (S, (surf)). The S° atom in
such species may be analyzed with the MES technique. AVS
was not analyzed in this study due to the large uncertainties
inherent to this methodology.*> A good proxy for Fe(II)—S
associations, however, would be the amount of HCl-extractable
Fe(II), provided a 1:1 stoichiometry exists. Magnetite, which
would be extractable with HCI and which had been observed in
a previous study with lepidocrocite as an intermediate, was
estimated to make up <7% of the generated Fe(Il)y¢ in our
experiments (cf, SI) and seems therefore negligible. We
therefore calculated the recovery of sulfur by wet chemical
analysis using the concentrations measured with the bulk
techniques MES, MBS, and Fe(Il)y¢; (eq 1). In LR runs, the
degassing rate was considered.

¢(MES) + ¢(MBS) + c(Fe(Il)yc;)
«(S(-11),,;) (1)
S

recovery Was found to be 100.8%, 103.9%, 95.7%, and 97.0%
for HR_Gt, HR Lp, LR Gt and LR Lp, respectively. Given
the errors inherent to this mass balance approach (we
estimated a total error of +10% based on propagation of
errors of the individual methods), recovery seems to be
complete.

XPS is a surface-sensitive technique which is able to detect
surface coverage up to a thickness of 10 nm.** A previous
HRTEM study demonstrated that during the time the
experiments were performed, sulfur was clearly associated
with the surface of the ferric minerals.® We therefore assume
that all solid phase-bound S quantified by wet chemical analysis
is detectable by XPS and use the area percentage of the S 2p
spectra to quantify surface sulfur speciation and to compare
these data with the bulk concentration.

The amount of S° detected as polysulfide sulfur by XPS
analysis was estimated using eq 2. The chain length of surface-
associated polysulfides (S,*”(surf) with n = 3—8) other than
disulfide cannot be identified by XPS. We assumed an average
chain length of such polysulfides to be S, in order to simplify
the calculation. The total amount of S° bound as polysulfides
was 21.2%, 30.7%, 14.8%, and 11.0% in the HR Gt (3 h),

S j—

recovery
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HR Lp (3 h), LR Gt (168 h), and LR Lp run (168 h),
respectively (Table 3).

(Spapus) = (83 urd) + el Guit))

Table 3. S° Obtained as MES and from XPS Calculation

% HR Gt HR Lp LR Gt LR Lp
wet chemical MES 30.5 25.6 16.7 19.3
analysis
XPS Soxps 21.2 33.4 19.1 26.8
Sg 0 2.7 42 187
S° associated with 7.2 6.6 5.4 5.6
S,*
S° bound to S,>~ 14.0 24.1 9.5 5.5
(n=3)

Thus, the total amount of S° detected by XPS (S°,), which
is the sum of Sg and polysulfide-bound S°, was 21.2%, 33.4%,
19.1% and 26.8%, respectively (Table 3). These values can be
compared to the MES fractions of the total initial sulfur
determined at the time when also the XPS samples were taken,
which were 30.5%, 25.6%, 16.7% and 19.3%, respectively
(Table 3). The match between the amount of S° derived from
XPS measurements and the amount obtained from HPLC
measurements is not perfect, but the values are at least in the
same order of magnitude.

This analysis clearly indicates that surface polysulfides plus Sq
are a significant fraction of the MES pool. MES is commonly
regarded to consist of Sg sulfur (colloidal and solid phase),
aqueous polysulfides,'* and surface-associated S°. The absence
of aqueous polysulfide in HR runs and the low concentration in
LR runs (0.9% of the initially added S) imply that MES in our
experiments comprised mainly Sg and surface-associated S°. Sg
concentrations detected by XPS were rather low while
concentrations of surface-associated polysulfides were high.
We therefore conclude that the S° extracted by methanol with
ZnAc pretreatment (MES) comprised the surface polysulfide
species.

This conclusion raises the question about the nature of such
surface associations. XPS indicates a large quantity of S to be
S?~(surf), which is either adsorbed to the mineral surface or
bound to the generated Fe(II) (e.g,, as FeS). Potentially, Fe(II)
could be also associated with the surface polysulfides, e.g., as an
amorphous Fe(II)-polysulfide phase. This assumption does not
conflict with the 1:1 stoichiometry for Fe(II)—S associations
inherent to the calculation of the S recovery in eq 1. If sulfur
associated with Fe(II) contains methanol-extractable S° and
solid phase-bound sulfide, as would be the case with Fe(1l)—
polysulfide associations, then the S mass balance would still
remain complete. In the presence of an amorphous phase of the
stoichiometry FeS,, our wet chemical analysis would extract
such species as Fe(II) ¢ and (n — 1) S° atoms as MES and the
S recovery of FeS, would be the sum of Fe(II)yc, and MES.

Unfortunately, a direct proof for the occurrence of Fe(II)-
polysulfide associations was not possible with the analytical
methods used in this study. We therefore tested the possibility
for their occurrence based on a mass balance approach. To this
end, we compared the fraction fr,(p) sic; of Fe(Il) ) formed per
mol of initial S(—II)

freqm, e = Fe(I) ey /(=10 (3)
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with the fraction fs,_ xps of the spectral area of surface S*
determined with XPS in the HR runs. Inherent to this approach
is the assumption that precipitated FeS can be extracted with
HCl as Fe(II) gy and detected with XPS as S~ (surf) (LR runs
contain excess initial aqueous sulfide so that these experiments
cannot be used for this comparison). Hence, in the absence of
any Fe(II)—polysulfide associations the two fractions fi.(nc
and fg, xps would match each other. This was indeed the case
in the HR_Gt run (fz(ync = 66.8% and f,_xps = 68.1%).

However, in the HR Lp run a distinctly higher Fe(I)yq
fraction was observed (frymmuc = 78.7%, fs,_xps = 50.2%)
indicating that sufficient Fe(Il) was available to bind surface
S,*"(surf) and S,>~(surf) (n > 2) species besides S>~(surf) and
that the occurrence of Fe(Il)—polysulfide associations seems
possible in this experiment.

This finding has implications for the initial reaction
stoichiometry of the interaction between ferric (hydr)oxides
and dissolved sulfide, in which a significant fraction of surface-
bound polysulfides associated with Fe(II) should be considered,
in addition to Sg and FeS. A generalized stoichiometry
matching the recovery can thus be formulated (eq 4)

3xH,S + 2xFeOOH — (2x — 1)FeS + Fe**

surf

+ S},HZ_Surf + (x — y)/8Sg + 4xH,0 )
where Sy+12_surf denotes surface polysulfide and Fe**; surface-
bound Fe(Il). The coefficient x reflects the number of
generated S° atoms and y (0 < y < «) is the number of S°
atoms associated with surface polysulfides. Note that under
conditions where y = 0, we obtain the idealized stoichiometry:

3H2S 4+ 2FeOOH — 2FeS + 1/8Sq

Implication for Sulfur Biogeochemistry. Polysulfides are
regarded to be the key reactants for pyrite formation.”'® Pyrite
occurrence has been demonstrated in solutions either rich in
aqueous polysulfides®”** or rich in aqueous S(—II) and Sg,**°
in which aqueous polysulfides can rapidly form.'* Hellige et al.
have postulated the contribution of surface bound polysulfides
to pyrite formation based on HRTEM measurements and on
theoretical considerations.” They demonstrated that pyrite
formation occurred as precipitation of new a phase after 1 week
following the reaction between aqueous sulfide and lepidocro-
cite and disaggregation of iron sulfur associations under
experimental conditions comparable to this study. However,
they could not further resolve the nature of these species.

Our study supports this hypothesis, showing that a large
fraction of S can be recovered as polysulfides at the surface of
the iron minerals at a low residual concentration of aqueous
sulfide (<0.03 mmol L™, LR runs) or after aqueous sulfide has
been consumed (HR runs). This finding conflicts with previous
studies in which polysulfides are generally assumed to be
present in the aqueous phase only or, at least, the existence of
polysulfides at the solid phase was not taken into consid-
eration,'>'%3%3738 Solid-phase sulfur forming during the initial
interaction between dissolved sulfide and ferric (hydr)oxides is
commonly regarded to consist of elemental sulfur, S*~, bound
as FeS and S,>” bound to crystalline pyrite."°

Of particular relevance for pyrite formation may be the
discovery of surface-associated disulfide. The cause for their
formation can be related to the reaction between aqueous
sulfide and the ferric (hydr)oxidés mineral surface. Electron
transfer between sulfide and ferric iron is regarded to be
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preceded by an adsorption step of sulfide onto the ferric
(hydr)oxide$ surface.*

)

It has been postulated that the one-electron transfer between
surface-associated sulfide and ferric iron (eq 6) generates
sulfide radicals HS'.

HS™ + >FeOH © > Fe"HS + OH™

11T

(6)

This species may spontaneously react with an additional HS®
radical to form a surface disulfide'” (eq 7),

>Fe"HS — > Fel'HS®

>Fe'HS® + HS® — > Fe''s, + 2H" (7)
which may tend to further react to form polysulfides with
longer chain (S,>”, n > 2) and to elemental sulfur depending on
pH."> Note that >FeOH, >Fe"HS, >Fe"HS® and >Fe''S, are
surface species.

Surface disulfide species can be regarded to be the precursor
required for pyrite formation, which will trigger pyrite
formation in the presence of abundant surface-associated
Fe(1I) either through direct combination (eq 8) or through
reaction with FeS (eq 9).

I aging
>Fe SZ - FesZ,precursor Fesl,pyrite (8)
21— 2 aging
FeS + SZ surface - Fesl,precursor +S FeSZ,pyrite
+ 87 ©)

Note that the FeS, jccursor is @ noncrystalline form. Reaction
8 leads to FeS dissolution and subsequent reprecipitation as
pyrite. HRTEM images discussed in the study of Hellige et al.
support this model.” They observed after 2 h a sulfur-rich rim
coating the crystals of lepidocrocite containing domains of nano
mackinawite. The coating disintegrated after 72 h of reaction
and precipitated as an amorphous phase rich in Fe and §,
marking the onset of the formation of pyrite. The S*~ released
from reaction 8 may be reabsorbed at the surface and react with
remaining ferric (hydr)oxides.

Moreover, surface associated polysulfides may play an
overlooked role in the sulfur cycle. Polysulfides are generally
regarded to exert a high reactivity and to be involved in both
abiotic and biotic reactions. For instance, polysulfide species
were detected as intermediates during microbial sulfur
disproportionation and might even be disproportionated
themselves.> They can serve as electron acceptors for specific
bacteria such as Deltaproteobacteria from soda lakes.*’
Polysulfide pathway is regarded to be the important pathway
of biotic oxidation of metal sulfides such as arsenopyrite.*' The
chemical bonds between the metal and sulfur are broken by
proton attachment, and the sulfur is then liberated as hydrogen
sulfide, which could be oxidized in a one-electron step to form
polysulfide species.'>*' However, only aqueous polysulfide
species have been determined to date.'>'®*>373¥This study
clearly demonstrates that a large amount (>50% of generated
S°) and previously unknown fraction of the oxidized sulfur is
stabilized as polysulfides at the mineral surface. The question
arises as to what extent the occurrence of these species may
help to decipher unexplained observations, such as the cryptic
sulfur cycle driven by iron in the methane zone of a marine
sediment.** Our findings therefore call for a revisiting of the
role of polysulfide species in abiotic and biotic sulfur cycling.
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In Table 2 the X-ray photoelectron spectroscopy (XPS)
parameters, binding energy (BE) and full width at half-
maximum (fwhm), of the species Fe(Il)-S and Fe(III)-O for
HR_Gt, HR _Lp, LR_Gt and LR_Lp were reverted and should
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In Table 2 the reference of the data 163.3*'° should be
163.3".
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Sulphur mass balance

Magnetite was regarded to be an intermediate of minor relevance in the previous
paper’. The concentration of magnetite was not given but it may be attributed to the
fraction of Fe(ll) excess Which was calculated as:

Fe(excess = Fe(Il)nci — FeS = Fe(I)uci - (S(-1)ini — S°) 1)

Although their S° is extracted without ZnAc pretreatment, we can in a first
approximation apply this equation for our experiments

Fe(l)excess = Fe(I)nc1 — FeS = Fe(l)ner - (S(-1)ini — MES) 2)

The calculation shows that Fe(I1)excess Would be a minor fraction in the HR_Lp run
(7%) and absent in the other three runs (negative values in HR_Gt (-2%), LR_Gt (-
33%) and LR_Lp (-3%) runs, respectively). Hence magnetite should be a minor
component in our experiments.
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S 1. Sulphur speciation during reaction between aqueous sulphide and lepidocricite
for iron excess (HR) and sulfide excess (LR) conditions. Note the different time scales
between HR_Lp and LR_Lp.
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Iron(III) (oxyhydr)oxides can represent the dominant microbial electron acceptors under anoxic conditions in many aquatic
environments, which makes understanding the mechanisms and processes regulating their dissolution and transformation par-
ticularly important. In a previous laboratory-based study, it has been shown that 0.05 mM thiosulfate can reduce 6 mM ferrihy-
drite indirectly via enzymatic reduction of thiosulfate to sulfide by the sulfur-reducing bacterium Sulfurospirillum deleyianum,
followed by abiotic reduction of ferrihydrite coupled to reoxidation of sulfide. Thiosulfate, elemental sulfur, and polysulfides
were proposed as reoxidized sulfur species functioning as electron shuttles. However, the exact electron transfer pathway re-
mained unknown. Here, we present a detailed analysis of the sulfur species involved. Apart from thiosulfate, substoichiometric
amounts of sulfite, tetrathionate, sulfide, or polysulfides also initiated ferrihydrite reduction. The portion of thiosulfate pro-
duced during abiotic ferrihydrite-dependent reoxidation of sulfide was about 10% of the total sulfur at maximum. The main
abiotic oxidation product was elemental sulfur attached to the iron mineral surface, which indicates that direct contact between
microorganisms and ferrihydrite is necessary to maintain the iron reduction process. Polysulfides were not detected in the liquid
phase. Minor amounts were found associated either with microorganisms or the mineral phase. The abiotic oxidation of sulfide
in the reaction with ferrihydrite was identified as rate determining. Cysteine, added as a sulfur source and a reducing agent, also
led to abiotic ferrihydrite reduction and therefore should be eliminated when sulfur redox reactions are investigated. Overall, we

could demonstrate the large impact of intermediate sulfur species on biogeochemical iron transformations.

I ron(III) (oxyhydr)oxides are important for various processes in
the environment. Potentially toxic trace metalloids and metals
such as arsenic, lead, and cadmium sorb to the surface of iron(III)
(oxyhydr)oxides and are removed from the aqueous phase (1-5).
Also, the availability of nutrients such as phosphate can be limited
by adsorption (6, 7). During reductive dissolution, substances ad-
sorbed to the surface of iron(III) (oxyhydr)oxides are released.

Microorganisms play an important role in the reduction of
iron(Il) (oxyhydr)oxides. Several bacterial species, such as Geo-
bacter and Shewanella spp., can grow by using iron(I1I) minerals as
electron acceptors. Either the bacteria are in direct contact with
poorly soluble iron(III) (oxyhydr)oxides and transfer electrons
directly to the minerals (8) or different electron-shuttling com-
pounds such as flavins, humic substances, or quinones can trans-
fer electrons from the cells to the iron(III) (oxyhydr)oxides
(9-12).

The occurrence of sulfur is another factor that is of importance
for biogeochemical redox processes related to iron. Especially in
its reduced state, sulfur is highly reactive with iron. Hydrogen
sulfide (H,S) can lead to the abiotic reductive dissolution of iron
oxides (13) with the consequent release of adsorbed substances.
However, sulfur does not necessarily have to be present as sulfide
to lead to the reduction of iron oxides. A wide range of sulfur-
reducing bacteria exist that can use the different oxidized sulfur
species as electron acceptors and therefore contribute to the for-
mation of sulfide, which can then react abiotically with iron oxides
(14). Sulfidogenesis by sulfate-reducing bacteria was found to lead
to iron mineral transformation and arsenic mobilization (15, 16).
Straub and Schink (17) also investigated this reaction pathway of
sulfur-mediated iron(IIl) mineral reduction in experiments with
Sulfurospirillum deleyianum and ferrihydrite. The sulfur-reducing
bacterium S. deleyianum is not able to use ferric iron as an electron
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acceptor (18) but can reduce thiosulfate (S,0,>”), elemental sul-
fur (S°), and sulfite (50327). Sulfate (SO,*”) cannot be reduced
(19, 20). When offering the bacteria 0.05 mM thiosulfate as an
electron acceptor, Straub and Schink (17) observed a reduction of
6 mM ferrihydrite. On the basis of this finding, they proposed a
shuttling mechanism whereby thiosulfate is microbially reduced
to sulfide, which is then reoxidized by ferrihydrite reduction.
Their data suggested that sulfur had cycled between the bacteria
and iron up to 60 times. Thiosulfate, elemental sulfur, or polysul-
fides (S,>”) were proposed by Straub and Schink (17) to complete
the sulfur cycle, but the identity of the reoxidized sulfur species
was not revealed until now.

In the present study, we therefore investigated the process of
electron shuttling between S. deleyianum and ferrihydrite in more
detail with a focus on sulfur speciation. The main goal was to
identify the reoxidized sulfur species that are produced by the
abiotic reaction of sulfide and ferrihydrite. To this end, the exper-
iment was split into its reductive (microbial) and oxidative (abi-
otic) reactions. We then repeated the experiments done by Straub
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and Schink (17) but also tested sulfur species other than thiosul-
fate and analyzed the sulfur species present.

MATERIALS AND METHODS

Bacterial cultivation. A culture of S. deleyianum (DSM 6946) was ob-
tained from the Deutsche Sammlung von Mikroorganismen und Zellkul-
turen. Freshwater medium, which contained 4.4 mM KH,PO,, 5.6 mM
NH,CI, 0.7 mM CaCl, - 2H,0, and 2.0 mM MgSO, - 7H,0 or, for a
sulfate-free medium, 2.0 mM MgCl, - 6H,0, was prepared in a Widdel
flask and autoclaved. After cooling under an atmosphere of N,-CO,
(90/10 [vol/vol]), the medium was supplied with bicarbonate buffer, au-
toclaved under N,-CO, (90/10 [vol/vol]) to a final concentration of 30
mM, and 1 ml/liter each of a sterile vitamin, a trace element (SL-10), and
a selenite tungstate solution was added (21). The pH was adjusted to 7 by
the addition of anoxic and sterile 1 M HCI. The medium was used to fill
serum bottles that had been washed with 1 M HCl and distilled water prior
to autoclaving. The headspace was flushed with N,-CO, (90/10 [vol/vol]),
and the bottles were sealed with butyl rubber stoppers and aluminum
crimps. For standard cultivation, the medium was supplied with 20 mM
fumarate (C,H,Na,O,; Merck) as an electron acceptor, 20 mM formate
(CHNaO,; Merck) as an electron donor, 20 mM acetate (C,H;NaO,;
Sigma-Aldrich) as a carbon source, and 0.5 mM L-cysteine (C;H,NO,S;
Roth) as both a sulfur source and a reducing agent. All solutions were
prepared in ultrapure water (Merck Millipore, 18.2 m{)/cm, 3 ppb total
organic carbon at 25°C), either autoclaved or sterilely filtered with 0.2-pum
cellulose acetate filters (Membrex; membraPure), and stored in serum
bottles under N,. The cultures were incubated at 28°C in the dark.

Preparation of ferrihydrite suspensions. Ferrihydrite was synthe-
sized as described by Schwertmann and Cornell (22) and Raven etal. (23).
A total of 20 g of iron(III) nitrate nonahydrate [Fe(NO;); - 9H,0; Acros
Organics] was suspended in ultrapure water. The pH was adjusted to 7.3
by adding 1 M KOH. The suspension was centrifuged and washed with
ultrapure water four times. The wet pellet was resuspended in ultrapure
water to a final concentration of about 0.5 M ferric iron [Fe(III)], trans-
ferred to a serum bottle, which was deoxygenized by flushing with N, and
stored at 8°C in the dark. Ferrihydrite suspensions were used for experi-
ments within 2 months after preparation.

Experimental setup and sampling. All experiments were carried out
with serum bottles (30, 50, or 100 ml), which were standing upright for the
whole duration of the experiment and were filled with medium (30, 25, or
100 ml). For the experiments, the standard concentrations of thiosulfate, cys-
teine, acetate, and formate, at 0.1, 2, 5, and 10 mM, respectively, were the same
as in the study of Straub and Schink (17). Experimental variations included
different thiosulfate and cysteine concentrations, as well as replacement of
thiosulfate with other sulfur compounds. Note that the concentrations of
sulfur-containing substances are referred to as moles equivalent of S, in
contrast to the paper of Straub and Schink (17). Stock solutions were
either autoclaved or sterilely filtered and stored in serum bottles under N,.
Solutions of sodium thiosulfate pentahydrate (Na,O5S, - 5H,0), sodium
sulfite (Na,SO; [anhydrous]; Fluka), potassium tetrathionate (K,S,0;
Sigma-Aldrich), sodium sulfide nonahydrate (Na,S - 9H,O; Sigma-Al-
drich), and potassium polysulfide (K,S,; Sigma-Aldrich) were prepared in
ultrapure water. The latter two were prepared inside a Coy anoxic glove
box (N,-H, [95/5, vol/vol]). The solution of r-cystine (C;H,,N,O,S,;
Applichem) used first was also prepared in ultrapure water. As cystine is
not very soluble in water, the solution for a further experiment was pre-
pared by dissolving cystine in 5 M NaOH, diluting it with ultrapure water,
and adjusting the pH to 9 by adding 1 M HCL

The standard nominal ferrihydrite concentration was 5 mM, as de-
scribed by Straub and Schink (17), to avoid the formation of magnetite,
which was observed at higher concentrations (24). As particles settled very
fast in ferrihydrite suspension, it was difficult to add exactly the same
amount of ferrihydrite to each serum bottle. Therefore, the initial ferrihy-
drite concentrations varied from approximately 3 to 5 mM. A standard
inoculum size of 1% was chosen instead of the 0.01% used by Straub and
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Schink (17) to shorten the initial lag phase and to observe mineral trans-
formations in shorter times. Comparative experiments were also done
with a 0.01% inoculum.

Samples were taken from the serum bottles inside the glove box with a
needle and a syringe, which was flushed and filled with N,-CO, (90/10
[vol/vol]) to replace the volume of liquid removed with the same volume
of gas. Also inside the glove box, samples were filtered with 0.2-pum cellu-
lose-acetate filters (Membrex; membraPure), acidified for iron analysis,
derivatized for polysulfide analysis, and mixed with 2% (wt/vol) zinc ac-
etate dihydrate [Zn(CH;COO), - 2H,O; Griissing] to precipitate dis-
solved sulfide.

Analytical methods. (i) Iron. Ferrous iron [Fe(II)] and total iron [Fe-
(tot)] were determined photometrically by the ferrozine assay (25).
Therefore, unfiltered samples were diluted in 1 M HCI 2-fold for Fe(II)
determination and 20-fold for Fe(tot) determination. After Fe mineral
dissolution, samples were centrifuged for 5 min at 15,000 rpm and
hydroxylamine hydrochloride (NH,OH - HCI [Acros Organics|, 10%
[wt/vol] in 1 M HCI) was added to Fe(tot) samples to reduce all iron to
Fe(Il) before adding the ferrozine reagent (0.1% [wt/vol] ferrozine
[C,0H 3N, NaOgS, - H,0; Acros Organics]-50% ammonium acetate
[C,H,NO,; Acros Organics]). The absorbance at 570 nm of the purple
ferrozine-Fe(IT) complex was measured with a microplate reader (Infinite
200 PRO; TECAN). Fe(III) concentrations were calculated by subtracting
Fe(II) concentrations from Fe(tot) concentrations.

Over the course of ferrihydrite reduction, we observed significant
color changes of the suspensions from brown to black. These black sus-
pended particles immediately dissolved in 1 M HCl and had a character-
istic hydrogen sulfide smell, suggesting that they were ferrous sulfides and
not magnetite. As iron concentrations were quantified from unfiltered
samples, such suspended iron precipitates were codetermined with truly
dissolved iron species. However, we observed that in most experimental
setups with ferrihydrite and bacteria, the Fe(tot) concentration in the
samples taken decreased over time (data not shown) and whitish-gray
precipitates were sticking to the bottoms of the serum bottles. These pre-
cipitates were soluble in 1 M HCI, and test measurements showed that
they contained 93 to 101% Fe(II) (data not shown). Straub and Schink
(17) also observed white to gray precipitates, which were assumed to be
precipitates of Fe(II) and carbonate (siderite) or phosphate (vivianite).
Overall, this means that Fe(II) concentrations determined in solution
accounted only for aqueous iron and ferrous sulfides and not for ferrous
carbonates or phosphates. To quantify the total amount of ferrous iron
[Fe(II) total] formed, the missing amount of Fe(tot), i.e., the difference
between the initial and actually measured values of Fe(tot), was added to
the respective values of Fe(II) determined in solution, assuming that the
missing Fe was precipitated as Fe(II) carbonates and phosphates at the
glass wall.

(ii) Sulfide. The analysis of sulfide in filtered samples was performed
photometrically by the methylene blue method (26). Absorption at 660
nm was measured (Hach Lange DR 3800).

(iii) Polysulfides and elemental sulfur. Polysulfide analysis was per-
formed by the method of Kamyshny et al. (27), which is based on the
conversion of labile inorganic polysulfides into more stable dimethylpo-
lysulfanes. This is achieved by derivatization with methyl trifluorometh-
anesulfonate (methyl triflate, CF;SO,0OCH;; Sigma-Aldrich) in a water-
methanol (H;COH, high-performance liquid chromatography [HPLC]
gradient grade; VWR) mixture. In the present study, derivatization was
done with both unfiltered and filtered samples. For the filtered samples,
800 pl of methanol was placed in a 1.5-ml HPLC vial to which 200 pl of
filtered sample and 6 pl of methyl triflate were added simultaneously. For
the unfiltered samples, derivatization was performed in 2-ml Eppendorf
centrifuge tubes with 1.5 times the amount of each reagent. After de-
rivatization, these solutions were also filtered into 1.5-ml HPLC vials.
Samples were stored in a freezer until analysis. Dimethylpolysulfanes were
analyzed by HPLC (Merck Hitachi L-2130 pump, L-2200 autosampler,
and L-2420 UV-VIS detector) and separated by gradient elution overa C
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FIG 1 Proposed mechanisms of sulfur cycle-mediated ferrihydrite reduction by S. deleyianum. Thiosulfate, sulfide, and iron are in bold because they are the main

reactants in the cycle. The numbered processes are discussed in the text.

column (Bischoff Waters Spherisorb, ODS2, 5 um, 250 by 4.6 mm) by a
modification of the method of Rizkov et al. (28). Initially, the solvent
consisted of 70% methanol and 30% ultrapure water at a flow rate of 1
ml/min. The methanol concentration was increased to 80% for 10 min,
kept constant for 15 min, increased to 100% for 10 min, kept constant for
10 min, decreased to 70% for 5 min, and kept constant for the last 10 min.
The injection volume was 100 pl, and detection was performed at a wave-
length of 230 nm. Concentrations of dimethyl disulfide and dimethyl
trisulfide were determined by the use of commercially available standards
(C,HgS, [Acros Organics], C,HS; [Acros Organics]). For quantification
of polysulfides from dimethyl tetrasulfide to dimethyl octasulfide, a di-
methylpolysulfane mixture was synthesized as described by Rizkov et al.
(28). Separation of the mixture was performed by preparative chromatog-
raphy with a reversed-phase C,5 column [Phenomenex SphereClone
ODS(2), 5 pm, 250 by 10 mm], an eluent of 50% acetonitrile (C,H;N,
HPLC gradient grade; Roth) and 50% formic acid (CH,O,; Griissing),
and a flow rate of 5 ml/min. The individual dimethylpolysulfanes in the
collected fractions were oxidized to sulfate in a microwave (MarsXpress;
CEM) with hydrochloric and nitric acids at 200°C for 10 min. The result-
ing sulfate concentrations were analyzed by inductively coupled plasma
mass spectrometry (ICPMS, XSeries2; Thermo Fisher) and used for quan-
tification.

The method of polysulfide derivatization in methanol with subse-
quent HPLC analysis was also suitable for the detection of elemental sul-
fur. For preparation of calibration standards, elemental sulfur powder (S,
reagent grade, purified by sublimation, up to a 100-mesh particle size,
powder; Sigma-Aldrich) was dissolved in dichloromethane (CH,CL,; Sig-
ma-Aldrich) and diluted in the same methanol-water mixture (5:1 ratio)
that was used for derivatization.

(iv) Thiosulfate. Filtered samples for thiosulfate measurement were flash
frozen in liquid nitrogen and stored in a freezer until analysis, which was
performed with the above-mentioned HPLC system by a modification of the
protocol published by Steudel et al. (29). For separation, a reversed-phase C g
column (Grace GraceSmart, RP18, 5 wm, 150 by 4.6 mm) was used. Elution
was performed with two alternative eluent compositions, once with 0.002 M
tetra-n-butylammonium hydroxide [(CH,CH,CH,CH,),N(OH); Fluka]
and 0.001 M sodium carbonate (Na,CO; Merck) in 85% ultrapure water and
15% acetonitrile (C,H;N, HPLC gradient grade; Roth), with the pH adjusted
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to 7.7 by the addition of 1 M HCl and once—to achieve more reliable eluent
preparation and hence more stable analytical conditions—with 0.002 M tet-
rabutylammonium  dihydrogen  phosphate  {(CH,CH,CH,CH,),N
[OP(OH),0]; Sigma-Aldrich} in 85% ultrapure water and 15% acetonitrile.
The flow rate was 1 ml/min, the injection volume was 10 pl, and the detection
wavelength was 215 nm.

(v) Sulfate. Sulfate was measured by anion-exchange chromatogra-
phy-ICPMS in filtered samples, which were flash frozen in liquid nitrogen
and kept in a freezer until analysis (30). The injection volume was 100 .,
and separation was achieved with an anion-exchange column (Dionex
IonPac, AG-16/AS-16,4 mm) and elution with a gradient 0f 0.02 to 0.1 M
NaOH at a flow rate of 1.2 ml/min. Sulfate was detected by ICPMS
(XSeries2, Thermo-Fisher) as SO™" (m/z 48).

Genome sequence analysis. Comparative analysis of the finished S.
deleyianum genome was performed with the integrated microbial ge-
nomes (IMG) platform and the tools provided therein (31).

RESULTS AND DISCUSSION

As a summary of our studies we propose a revised model for the
involvement of different sulfur species in electron shuttling be-
tween S. deleyianum and ferrihydrite compared to the model pre-
viously published by Straub and Schink (17). Our model is shown
in Fig. 1, and the individual reactions will be discussed in the
following sections.

Separating the reduction of thiosulfate to sulfide by S. deley-
ianum from the abiotic oxidation of sulfide by ferrihydrite. To
gain insights into the electron-shuttling processes in the ferrihy-
drite-S. deleyianum cultures, the experiment was split into reduc-
tive (microbial) and oxidative (abiotic) reactions. The first set of
experiments was conducted with S. deleyianum but without the
addition of iron(III) minerals, and the second was conducted abi-
otically with ferrihydrite.

Microbial reduction of thiosulfate by S. deleyianum. In the
absence of ferrihydrite, S. deleyianum reduced 2 and 0.1 mM thio-
sulfate completely to sulfide (see Fig. SI-1 in the supplemental
material; reaction la in Fig. 1), which is in accordance with the
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literature (19, 20). According to IMG genome annotation (31),
thiosulfate reduction to sulfide is mediated by a Phs-like thiosul-
fate reductase complex (gene loci Sdel 0269, Sdel 0270, and
Sdel_0271) via the non-thiol-dependent thiosulfate dispropor-
tionation pathway. Elemental sulfur was measureable between
days 2 and 7 in unfiltered and filtered samples (see Table SI-1 in
the supplemental material), which means that in the absence of
iron(IIT) minerals, elemental sulfur seems to be stable in solution.
From days 2 to 7, thiosulfate was completely reduced to sulfide by
S. deleyianum. Elemental sulfur concentrations were highest on
day 2 but accounted for less than 1% of the initial thiosulfate
concentrations and decreased until day 7. From day 7 on, polysul-
fides were detectable as Si>~ in unfiltered samples of both exper-
iments with 2 and 0.1 mM thiosulfate (see Table SI-1). With con-
centrations of =0.012 mM in the experiment with 2 mM
thiosulfate, the amount of S,*~ came to 0.6% of the initial thio-
sulfate concentration. In the experiment with 0.1 mM thiosulfate,
the respective percentage of Ss*~ was 17% at maximum.

Polysulfides can form from the reaction between elemental
sulfur and sulfide, which was shown to be the end product of
thiosulfate reduction by S. deleyianum. Hedderich et al. (32) came
to the conclusion that polysulfides occur as intermediate species in
the process of sulfur respiration. This seems to be the case not only
with elemental sulfur but also with thiosulfate as an electron ac-
ceptor. Finding polysulfides only in unfiltered and not in filtered
samples indicates that polysulfides are associated with the micro-
organisms, either bound to the cell surface or occurring inside the
cells. To sum up, elemental sulfur and polysulfides do form as
intermediate sulfur species in the microbial thiosulfate reduction
process, but the final product in solution is sulfide exclusively.

Abiotic oxidation of sulfide coupled to ferrihydrite reduc-
tion. In the absence of S. deleyianum, sulfide, which was added to
a5 mM ferrihydrite suspension in 10 steps of 0.01 mM at intervals
of 1 h, reduced ferrihydrite (reaction 1b in Fig. 1) and was itself
oxidized mainly to elemental sulfur (Fig. 2; reaction Ic in Fig. 1).
We hypothesize that elemental sulfur was bound to the surface of
the iron minerals, as it was detectable only in unfiltered samples.
Without the addition of cysteine (Fig. 2A), elemental sulfur was
detected after 4.9 h and the concentration increased continuously
to 0.037 mM. The thiosulfate concentration also increased after
6.2 h but to a lesser extent than the elemental sulfur concentration
(reaction 1d in Fig. 1). Polysulfides occurred in only insignificant
amounts in unfiltered samples. As no darkening of the suspension
was observed, the formation of FeS could be excluded. Sulfate was
detectable in minor amounts over the whole course of the exper-
iment. The oxidation of sulfide to sulfate stops the process of
electron shuttling between the microorganisms and ferrihydrite
(reaction le, Fig. 1). Genome analysis shows that a sulfate adeny-
lyltransferase mediating the conversion of sulfate to adenylylsul-
fate is encoded in the S. deleyianum genome (gene locus
Sdel_1709) but an adenylylsulfate reductase is absent. Thus, S.
deleyianum is unable to perform dissimilatory sulfate reduction,
which is also in accordance with previous reports (19, 20). In this
experiment, the addition of 0.1 mM sulfide led to the reduction of
0.14 mM ferrihydrite.

In the second abiotic experiment, where sulfide was added in
the presence of 2 mM cysteine to a 5 mM ferrihydrite suspension
(Fig. 2B), 0.93 mM Fe(II) was produced. The suspension gradually
turned black, suggesting that FeS was formed and sulfide was re-
moved from solution (reaction 2a in Fig. 1). This process was also
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obvious from the sum of all of the sulfur species, which increased
until 5.6 h and then decreased and at the end was two-thirds of the
sum of the sulfur species in the experiment without cysteine. Cys-
teine seemed to enforce the precipitation of FeS by keeping sulfide
in the reduced state. The production of elemental sulfur began
later and occurred to a lesser extent than in the experiment with-
out cysteine. Polysulfides, thiosulfate, and sulfate occurred in in-
significant amounts. Sulfide was already measurable at the begin-
ning of the experiment, i.e., before the first addition of sulfide.
This is an analytical artifact because cysteine also yields a sulfide
signal in the methylene blue measurement. A comparison of liter-
ature data shows that the identity of oxidized sulfur species pro-
duced by the reaction of sulfide and ferrihydrite seems to differ,
depending on the experimental conditions. In experiments with
ferrihydrite-coated sand and gaseous H,S, FeS (ca. 67%) and ele-
mental sulfur (ca. 33%) were found as main products detected
under anoxic conditions (33). In artificial seawater, Poulton (34)
found that in the reaction with ferrihydrite, dissolved sulfide was
oxidized mainly to elemental sulfur and that reduced Fe(II) was
associated with the oxide surface to a large extent. Up to 15% of
the total Fe(II) was found as FeS at pH 7.5. Under estuarine con-
ditions, the reaction of hydrous ferric iron oxides and aqueous
sulfide produced 86% elemental sulfur, including polysulfide sul-
fur, and 14% thiosulfate (35). In experiments with ferrihydrite,
sulfate, and sulfate-reducing bacteria, elemental sulfur was also
found as a major oxidation product attached to the iron mineral
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TABLE 1 Reduction of Fe(Ill) in ferrihydrite in incubations of S.
deleyianum

Thiosulfate % Fe(I1I) reduction
concn (mM) % inoculum in expt 1, 2°

2 1 100, 95

0.1 1 91, 86

2 0.01 76, 62

0.1 0.01 38,32

“ Bacteria were supplied with 2 mM cysteine as a sulfur source and a reductant, 5 mM
acetate as a carbon source, and 10 mM formate as an electron donor. Results obtained
in duplicate experiments after 14 days are presented.

surface. However, sulfur speciation in solution was dominated by
sulfate (36). In all of these studies, elemental sulfur was analyzed
directly at the surface or after extraction of unfiltered samples or
the filter itself. Nevertheless, elemental sulfur could also be de-
tected in solution as a product of the reaction between ferrihydrite
and H,S at low pH (37). In the present study, elemental sulfur was
found as a major oxidation product but only in unfiltered sam-
ples. Straub and Schink (17) postulated that elemental sulfur,
polysulfides, and/or thiosulfate could serve as electron shuttles
between S. deleyianum and ferrihydrite, but they did not identify
the oxidized sulfur species. Since they also observed ferrihydrite
reduction when the iron mineral and the microorganisms were
spatially separated, the electron-shuttling compound would have
to be present in the aqueous phase. In contrast, our finding that
elemental sulfur was attached to the mineral surface indicates that
iron reduction is possible only with direct contact of the microor-
ganisms and the iron mineral.

The roles of individual sulfur species in iron(III) mineral re-
duction by S. deleyianum. (i) The role of thiosulfate as an elec-
tron acceptor for S. deleyianum. Straub and Schink (17) showed
that 5 mM ferrihydrite was reduced within 35 days in an experi-
ment with 0.05 mM thiosulfate (equivalent to 0.1 mM S), 2 mM
cysteine, and a 0.01% S. deleyianum inoculum. For comparison,
we conducted experiments with different concentrations of thio-
sulfate and different inoculum amounts (Table 1). Ferrihydrite
reduction was fastest with 2 mM thiosulfate and a 1% inoculum.
The inoculum amount had a greater influence than the thiosulfate
concentration on the rate of iron(III) mineral reduction. In all of
the experiments, complete reduction of ferrihydrite within 29
days was observed. In the experiments with 2 mM thiosulfate,
black mineral particles formed that did not disappear until the end
of the experiment. In the experiment with 0.1 mM thiosulfate and
a 1% inoculum, the suspension also turned darker in the begin-
ning and then gradually became clearer until complete colorless-
ness in the end. With 0.1 mM thiosulfate and a 0.01% inoculum, it
took longer until the suspension was completely clear. As pro-
cesses of iron reduction seemed to be qualitatively similar in sys-
tems with 0.1 mM thiosulfate and a 1 or 0.01% inoculum, the
greater inoculum amount was chosen for further experiments to
accelerate the reactions observable in the experiments.

(ii) Kinetics of thiosulfate consumption. After the addition of
2 mM thiosulfate to suspensions with 5 mM ferrihydrite and a 1%
inoculum, parallel reduction of Fe(III) and thiosulfate was observable
(Fig. 3A). In the first phase, up to day 3, only small amounts of Fe(II)
were produced. Up to day 6, thiosulfate and Fe(III) were depleted
more rapidly, while the suspension turned completely black, indicat-
ing the formation of FeS (reaction 2a, Fig. 1). Almost no free sulfide
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was detectable in filtered samples, which means that precipitation of
FeS or oxidation of sulfide by the reaction with ferrihydrite must have
been faster than reduction of thiosulfate by the microorganisms.
Small amounts of polysulfides were found in unfiltered samples,
suggesting that they are associated with the microorganisms or are
attached to the mineral. We have recently found evidence that
polysulfides attached to the surface of iron(III) (oxyhydr)oxides
are precursors of pyrite formation (51)—a similar process might
have occurred in the present experiment. Simultaneously with
polysulfides, elemental sulfur concentrations increased rapidly
between days 5 and 6 and then were stable until the end. As already
seen in the abiotic experiment, elemental sulfur was the main
oxidation product of sulfide but accounted for only 10% of the
initial thiosulfate concentration. For complete ferrihydrite reduc-
tion, polysulfides, elemental sulfur, or sulfide from FeS precipita-
tions (reaction 2b, Fig. 1) had to act as a recyclable sulfur reservoir.
When polysulfides and elemental sulfur had reached maximum
concentrations (at day 5.7, Fig. 3A), the process of Fe removal
from suspension started, as the amount of Fe(II) in suspension
remained stable while the calculated amount of total Fe(II) in-
creased. At the bottoms of the bottles, whitish gray precipitations
formed, which we assume were siderite or vivianite (reaction 2¢ in
Fig. 1). At that time point, no sulfide seemed to have been left to
precipitate with Fe(II). Apparently, an equilibrium between Fe(II)
in suspension and surface-bound polysulfides and elemental sul-
fur had been established.

When only 0.1 mM thiosulfate was used (Fig. 3B), the thiosul-
fate was consumed almost completely within 5 days, whereas

[Aw] o4 ‘oreginsoryy

sulfide, polysulfides, S° [mM]

S [mM]

[Nw] og

time [d]
- sulfide - s —A— Fe(Ill) ~>- Fe(IDw
—)— polysulfides —%- thiosulfate — —#— Fe(Il)iqures

FIG 3 Reduction of Fe(IIl) in ferrihydrite in incubations of S. deleyianum
supplied with 5 mM acetate as a carbon source, 10 mM formate as an electron
donor, and 2 mM (A) or 0.1 mM (B) thiosulfate as an electron acceptor. Error
bars represent standard deviations based on three replicates.
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iron(IIT) mineral reduction took 15 days. After depletion of the
initially added amount of thiosulfate, no reincrease of the thiosul-
fate concentration was measurable. As shown before, thiosulfate
was only a minor oxidation product. Therefore, either no thiosul-
fate was produced during sulfide oxidation or thiosulfate reduc-
tion by the microorganisms was faster than abiotic sulfide oxida-
tion. Again, almost no sulfide was detectable in solution but seems
to have immediately precipitated as FeS, since the suspension was
already black on day 2. Hence, a dynamic equilibrium between
abiotic sulfide oxidation and microbial reduction of the oxidized
sulfur species seemed to have been established. The hypothesis
that sulfide from FeS precipitates was reused (reaction 2b in Fig. 1)
is also supported by the finding that Fe(II) concentrations in sus-
pension decreased from day 5 on, when all of the initially added
thiosulfate was reduced. The residual Fe(II) was then precipitated
as vivianite or siderite (reaction 2c, Fig. 1). Elemental sulfur was
measurable in unfiltered samples from day 2 on in much smaller
amounts than in the experiment with 2 mM thiosulfate. Concen-
trations remained stable until the end of the experiment. Polysul-
fides also occurred in much smaller amounts than in the experi-
ment with 2 mM thiosulfate. Overall, significant amounts of
polysulfides and different species were detectable only in experi-
ments with 2 mM thiosulfate.

(ii) The roles of other sulfur species as electron shuttles.
Apart from thiosulfate, also sulfide, polysulfides, sulfite, tetrathi-
onate, and cystine were tested as initiators of the process of elec-
tron shuttling between S. deleyianum and ferrihydrite (Fig. 4). The
fact that the rates of iron(III) mineral reduction were very com-
parable in the experiments with the reduced sulfur species (sul-
fide) and the oxidized sulfur species (thiosulfate, sulfite, and tet-
rathionate) revealed the rapid kinetics of microbial reduction of
the different sulfur species. Thus, not the reductive part of the
electron-shuttling process but rather the abiotic oxidation of sul-
fide seems to be rate limiting.

(a) Sulfide or polysulfides. The addition of sulfide or polysul-
fides to the bottles led to an immediate blackening of the suspen-
sions and hence the formation of FeS. Abiotically, 0.5 and 1.4 mM
Fe(II) were measurable directly at the beginning of the experi-
ments with ferrihydrite amended with 0.1 mM sulfide and poly-
sulfides, respectively. Nevertheless, not more than 2 mM Fe(III)
was reduced in any of the abiotic experiments. In all biotic exper-
iments, complete Fe(III) reduction was observable, with the fast-
est reaction kinetics for polysulfides, followed by thiosulfate, tet-
rathionate, sulfide, sulfite, and finally cystine. The reduction of
polysulfides was expected, since according to IMG genome anno-
tation (31), dissimilatory sulfur or polysulfide reduction to hydro-
gen sulfide is mediated by a sulfur reductase complex containing a
NrfD-like subunit C (gene loci Sdel_0265, Sdel_0266, and Sdel
0267). The particularly fast reduction of polysulfides (reaction 3a
in Fig. 1) can either be triggered by additional elemental sulfur
impurities (up to 0.1 mM) in the commercial K,S, standard or be
linked to their apparent association with the microorganisms as
described before, facilitating electron transfer processes.

(b) Sulfite. Sulfite could be used as efficiently as thiosulfate
(reaction 3b in Fig. 1), which is in accordance with earlier studies
(19, 20). However, this observation is in contrast to the study of
Straub and Schink (17), who could not detect any assimilation or
dissimilation of sulfite. Comparative genome analyses revealed
the presence of a mccA-type gene encoding a new emerging type of
terminal sulfite reductase (Sdel_703) with high sequence similar-
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Fe(II) [mM]
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FIG 4 Reduction of Fe(III) in ferrihydrite in incubations of S. deleyianum (A)
supplied with 5 mM acetate as a carbon source, 2 mM cysteine as a sulfur
source and reductant, 10 mM formate as an electron donor, and different
sulfur species as electron acceptors and in an abiotic control experiment (B).
Error bars for the experiments with 2 mM cysteine and 0.1 mM thiosulfate
represent standard deviations based on three replicates.

ity to Wolinella succinogenes MccA (blastp: 94% positives). Sulfite
reduction activity of MccA was shown in vitro and/or in vivo for
W. succinogenes and Shewanella oneidensis MR-1 (recently re-
named SirA) (38, 39). The entire mcc gene cluster is present in the
S. deleyianum genome (gene loci Sdel_0697 through Sdel_705),
including the genes mccABCD and ccsAl, the genes for a two-
component regulatory system named MccR/MccS located up-
stream, and two genes encoding hypothetical proteins down-
stream. In addition to the octaheme cytochrome csulfite reductase
MccA (gene locus Sdel_703), the genes for the following are es-
sential for sulfite respiration, as shown for W. succinogenes: the
predicted iron-sulfur protein MccC (gene locus Sdel_701), the
putative quinol dehydrogenase MccD (a member of the NrfD/
PsrC family, gene locus Sdel_0700), and a peptidyl-prolyl cis-trans
isomerase named MccB (gene locus Sdel_702).

(c) Tetrathionate. Apparently, tetrathionate can also serve as
an electron acceptor for S. deleyianum (reaction 3c in Fig. 1),
which was, to the best of our knowledge, never shown before.
On the basis of genome analysis, we would assume that tetra-
thionate is likely to be reduced to thiosulfate by a TsdA-type
tetrathionate reductase in S. deleyianum. TsdA was first de-
scribed in Allochromatium vinosum as a novel diheme cyto-
chrome ¢ with thiosulfate dehydrogenase activity (40, 41). In
Campylobacter jejuni 81116 (42), a homologue of TsdA shows
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bifunctional activity, acting as both a thiosulfate dehydrogenase
and a tetrathionate reductase. The similarity between the TsdA
protein sequences of S. deleyianum (gene locus Sdel_0259) and C.
jejuni (gene locus C8j_0815) was moderately high (blastp: 68%
positives). Neither a homologue of the gene for tetrathionate re-
ductase subunit A (TtrA) from Salmonella enterica serovar Typhi-
murium nor a homologue of the gene for octaheme tetrathionate
reductase Otr from Shewanella oneidensis MR-1 is present in the
genome of S. deleyianum.

(d) Cysteine. Cysteine was added to the medium as a sulfur
source and a reducing agent as proposed by Straub and Schink
(17). Nevertheless, genome analysis reveals that S. deleyianum is
an L-cysteine prototroph that is able to convert L-serine via O-
acetyl-L-serine (gene locus Sdel_1290 encoding a serine O-acetyl-
transferase) to L-cysteine (gene locus Sdel_1232 encoding a cys-
teine synthase). In Escherichia coli, this pathway is regulated by
strong feedback inhibition of the final product, L-cysteine, and
transcriptional regulation (43). Genes encoding L-cystine oxi-
doreductases (EC 1.8.1.6) for the synthesis and degradation of
L-cystine could not be found in the S. deleyianum genome. Cys-
teine degradation to pyruvate is mediated by a putative C-S lyase
(gene locus Sdel_1447) with high similarity to a PatB-like protein
from S. barnesii SES-3 (accession no. YP_006404370 with 83%
identical amino acid sites and 90% positives). The PatB protein of
Bacillus subtilis is a proven C-S lyase that exhibits both cystathio-
nine beta-lyase and cysteine desulthydrase activities in vitro (44).

Concerning the electron-shuttling process, it has to be consid-
ered that cysteine is a redox-sensitive compound itself. Electron
shuttling via cysteine and cystine has been shown for Shewanella
species with the Fe(III)-containing clay mineral smectite (45) and
for Geobacter sulfurreducens with ferrihydrite as a terminal elec-
tron acceptor (46). For S. deleyianum, Straub and Schink (17)
excluded a shuttling mechanism via cysteine-cystine, as no ferri-
hydrite was reduced after the addition of cystine. Instead, they
assumed that cysteine only served to protect the reduced sulfur
species from oxidation.

We tested cystine, the oxidized form of cysteine, as a possible
electron shuttle and found that cystine indeed could also serve as
an electron acceptor for S. deleyianum (reaction 4a in Fig. 1) but
showed the lowest rate of iron(I1I) mineral reduction. This might
be attributable to a methodological problem. Because cystine is
not readily soluble, when it is dissolved in pure water (graph in
Fig. 4A), its true concentration might be lower than the nominal
one. However, in another experiment, cystine was dissolved in 5
M NaOH prior to adjustment of the experimental pH, which led
to complete dissolution. With 0.1 mM cysteine and 0.1 mM cys-
tine, 0.3 mM Fe(III) was reduced within 15 days, whereas 1.8 mM
was reduced in the respective experiment with thiosulfate (see
Table SI-2 in the supplemental material). This revealed that shut-
tling via cystine was not as efficient as that via thiosulfate.

(iii) The influence of cysteine on the process of electron shut-
tling between S. deleyianum and ferrihydrite. As discussed in the
previous section, the presence of cystine seemed to have a certain
influence on ferrihydrite reduction. Therefore, we also deter-
mined the effect of cysteine on ferrihydrite reduction by S. deley-
ianum in the presence of 0.1 mM thiosulfate (Fig. 5). Abiotically,
up to 1.7 mM ferrihydrite was reduced when 2 mM cysteine was
available. Either this could result from an abiotic reaction of cys-
teine with ferrihydrite (reaction 4b, Fig. 1), which would exclude
any abiotic influence of thiosulfate, or cysteine reduced thiosulfate
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time [d]

w/o cysteine, inoc. 1%
—#— cysteine 0.1 mM, inoc. 1%
~@-  cysteine 0.5 mM, inoc. 1%
cysteine 2 mM, inoc. 1%
~0-—  cysteine 2 mM, abiotic

FIG 5 Reduction of Fe(IIl) in ferrihydrite in an abiotic control experiment
and in incubations of S. deleyianum supplied with 5 mM acetate as a carbon
source, 10 mM formate as an electron donor, and 0.1 mM thiosulfate as an
electron acceptor. Error bars represent standard deviations based on three
replicates. For the setup with 2 mM cysteine and a 1% inoculum, results of six
experiments are shown, one experiment with three replicates and three addi-
tional independent experiments. For the abiotic setup with 2 mM cysteine,
results of three independent experiments are shown. w/o, without; inoc., in-
oculum.

abiotically to sulfide (reaction 4c, Fig. 1), which then reacted with
ferrihydrite. From the literature, it is known that sulfide can be
produced by the reaction of thiosulfate with cysteine (47). On the
basis of the experiments in this study, it cannot be decided
whether, in the presence of thiosulfate, cysteine reduced ferrihy-
drite directly or indirectly via the reduction of thiosulfate. With-
out cysteine and with only 0.1 mM thiosulfate, 1.1 mM ferrihy-
drite was reduced in biotic experiments. Obviously, S. deleyianum
could use thiosulfate as an electron acceptor, as was also con-
firmed by Straub and Schink (17). Since there was no cysteine in
the system in the aforementioned experiment, thiosulfate must
have also served as a sulfur source for the microorganisms. The
addition of 0.1 mM cysteine increased the kinetics of ferrihydrite
reduction significantly. A further increase was observable after the
addition of 0.5 and 2 mM cysteine.

Finally, the effect of cysteine alone on ferrihydrite reduction by
S. deleyianum was investigated. Straub and Schink (17) considered
the abiotic reduction of ferrihydrite by cysteine negligible. In our
control experiments without cysteine, we observed that no Fe(III)
was reduced (Fig. 6). With 4 mM cysteine, complete reduction of
4 mM ferrihydrite was observed (Fig. 6). This could be attributed
principally to the abiotic reaction of cysteine with ferrihydrite,
since one electron is transferred per cysteine molecule in the oxi-
dation of cysteine to cystine (reaction 4c in Fig. 1) and one elec-
tron per molecule is also needed for the reduction of ferrihydrite
(reaction 1b in Fig. 1). In the two abiotic control experiments, 2
mM cysteine was able to reduce around 1.2 mM ferrihydrite
within 46 and 61 days (Fig. 6). This is in line with previous studies
in which iron was already shown to be reduced by cysteine under
various conditions (48-50). In fact, even Straub and Schink (17)
observed a reduction of 1 to 2 mM Fe(III) with 2 mM cysteine and
a0.01% inoculum over 35 days. In three experiments with 2 mM
cysteine in the presence of S. deleyianum (1% inoculum), we de-
termined an average ferrihydrite reduction of 2.33 * 0.70 mM
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FIG 6 Reduction of Fe(III) in ferrihydrite in an abiotic control experiment
and in incubations of S. deleyianum supplied with 5 mM acetate as a carbon
source and 10 mM formate as an electron donor. The experiment with 2 mM
cysteine and a 1% inoculum was done in triplicate, and the abiotic one with 2
mM cysteine was done in duplicate. w/o, without; inoc., inoculum.

within 33 to 61 days (Fig. 6). The fact that slightly more iron was
reduced in the experiment with a 1% inoculum than in the abiotic
experiment (Fig. 6) and the results of the experiment with cystine
described before indicate that the electron shuttling by the redox
couple cysteine-cystine is possible but not very efficient compared
to that by other sulfur species and thus plays a minor role in
iron(IIT) reduction by S. deleyianum. Overall, the decisive effect of
cysteine on ferrihydrite reduction is that it is an abiotic reductant
of ferrihydrite itself or oxidized sulfur species that then can react
with ferrihydrite.

Conclusions. The present study brings further insights into the
role of sulfur species during ferrihydrite reduction specifically by
S. deleyianum in the presence of reactive sulfur compounds. We
observed complete microbial reduction of thiosulfate to sulfide
with elemental sulfur and polysulfides as intermediate products.
The main sulfur species, which formed during abiotic reoxidation
of sulfide by iron reduction, was elemental sulfur attached to the
surface of the iron mineral. Therefore, sulfur electron shuttling
seems to be localized on the iron(III) mineral surface and direct
physical contact between S. deleyianum and ferrihydrite seems to
be necessary to complete the electron-shuttling cycle. No free sul-
fide could be detected in the presence of iron(III), because of both
fast sulfide reoxidation by iron(IlI) and the formation of FeS,
which acted as a recyclable sulfide reservoir.

Small amounts of sulfite, tetrathionate, thiosulfate, or polysul-
fides accelerated iron(III) mineral reduction considerably and re-
duced iron(III) to iron(II) in stoichiometric excess. Microbial sul-
fur reduction was so fast that no difference in iron reduction was
observed whether sulfur species were initially applied in the oxi-
dized (sulfite, tetrathionate, thiosulfate) or the reduced (sulfide)
state.

Cysteine was found to have a significant influence on ferrihy-
drite reduction. It can react abiotically with ferrihydrite or oxi-
dized sulfur species or may serve to a minor extent together with
cystine as an electron shuttle between microorganisms and ferri-
hydrite. Cysteine should be eliminated from microbial experi-
ments when sulfur redox reactions are to be investigated, espe-
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cially since we found that S. deleyianum grows on thiosulfate as the
only sulfur source as well.

ACKNOWLEDGMENTS

We acknowledge funding by the German Research Foundation for the
research group etrap (electron transfer processes in anoxic aquifers) (FOR
580, PLA 302/7-1), as well as financial support for a Ph.D. scholarship to
Regina Lohmayer from the State of Bavaria according to the Bayerisches
Eliteférderungsgesetz (BayEFG).

REFERENCES

1. Petersen W, Wallmann K, Schroer S, Schroeder F. 1993. Studies on
the adsorption of cadmium on hydrous iron(III) oxides in oxic sedi-
ments. Anal. Chim. Acta 273:323-327. http://dx.doi.org/10.1016/0003
-2670(93)80172-H.

2. Dong DM, Nelson YM, Lion LW, Shuler ML, Ghiorse WC. 2000.
Adsorption of Pb and Cd onto metal oxides and organic material in nat-
ural surface coatings as determined by selective extractions: new evidence
for the importance of Mn and Fe oxides. Water Res. 34:427—436. http://dx
.doi.org/10.1016/S0043-1354(99)00185-2.

3. Bennett B, Dudas M]J. 2003. Release of arsenic and molybdenum by
reductive dissolution of iron oxides in a soil with enriched levels of native
arsenic. J. Environ. Eng. Sci. 2:265-272. http://dx.doi.org/10.1139/503
-028.

4. Phuengprasop T, Sittiwong J, Unob F. 2011. Removal of heavy metal
ions by iron oxide coated sewage sludge. J. Hazard. Mater. 186:502—507.
http://dx.doi.org/10.1016/j.jhazmat.2010.11.065.

5. Hohmann C, Winkler E, Morin G, Kappler A. 2010. Anaerobic Fe(II)-
oxidizing bacteria show As resistance and immobilize As during Fe(III)
mineral precipitation. Environ. Sci. Technol. 44:94-101. http://dx.doi.org
/10.1021/es900708s.

6. Wang XM, Liu F, Tan WF, Li W, Feng XH, Sparks DL. 2013. Charac-
teristics of phosphate adsorption-desorption onto ferrihydrite: compari-
son with well-crystalline Fe (hydr)oxides. Soil Sci. 178:1-11. http://dx.doi
.org/10.1097/5S.0b013e31828683f8.

7. Heckman K, Welty-Bernard A, Vazquez-Ortega A, Schwartz E, Cho-
rover J, Rasmussen C. 2013. The influence of goethite and gibbsite on
soluble nutrient dynamics and microbial community composition.
Biogeochemistry 112:179-195. http://dx.doi.org/10.1007/s10533-012
-9715-2.

8. Nevin KP, Lovley DR. 2000. Lack of production of electron-shuttling
compounds or solubilization of Fe(III) during reduction of insoluble
Fe(III) oxide by Geobacter metallireducens. Appl. Environ. Microbiol. 66:
2248-2251. http://dx.doi.org/10.1128/ AEM.66.5.2248-2251.2000.

9. von Canstein H, Ogawa J, Shimizu S, Lloyd JR. 2008. Secretion of
flavins by Shewanella species and their role in extracellular electron trans-
fer. Appl. Environ. Microbiol. 74:615-623. http://dx.doi.org/10.1128
/AEM.01387-07.

10. Kappler A, Benz M, Schink B, Brune A. 2004. Electron shuttling via
humic acids in microbial iron(III) reduction in a freshwater sediment.
FEMS Microbiol. Ecol. 47:85-92. http://dx.doi.org/10.1016/S0168-6496
(03)00245-9.

11. Roden EE, Kappler A, Bauer I, Jiang J, Paul A, Stoesser R, Konishi H,
Xu HF. 2010. Extracellular electron transfer through microbial reduction
of solid-phase humic substances. Nat. Geosci. 3:417—421. http://dx.doi
.org/10.1038/ngeo870.

12. Li XM, Liu L, Liu TX, Yuan T, Zhang W, Li FB, Zhou SG, Li YT. 2013.
Electron transfer capacity dependence of quinone-mediated Fe(III) re-
duction and current generation by Klebsiella pneumoniae L17. Chemo-
sphere 92:218-224. http://dx.doi.org/10.1016/j.chemosphere.2013.01
.098.

13. Afonso MD, Stumm W. 1992. Reductive dissolution of iron(III) (hy-
dr)oxides by hydrogen sulfide. Langmuir 8:1671-1675. http://dx.doi.org
/10.1021/1a00042a030.

14. Li YL, Vali H, Yang J, Phelps TJ, Zhang CL. 2006. Reduction of iron
oxides enhanced by a sulfate-reducing bacterium and biogenic H,S. Geo-
microbiol. J. 23:103-117. http://dx.doi.org/10.1080/01490450500533965.

15. Burton ED, Johnston SG, Bush RT. 2011. Microbial sulfidogenesis in
ferrihydrite-rich environments: effects on iron mineralogy and arsenic
mobility. Geochim. Cosmochim. Acta 75:3072—-3087. http://dx.doi.org/10
.1016/j.gca.2011.03.001.

Applied and Environmental Microbiology

- 86 -


http://dx.doi.org/10.1016/0003-2670(93)80172-H
http://dx.doi.org/10.1016/0003-2670(93)80172-H
http://dx.doi.org/10.1016/S0043-1354(99)00185-2
http://dx.doi.org/10.1016/S0043-1354(99)00185-2
http://dx.doi.org/10.1139/s03-028
http://dx.doi.org/10.1139/s03-028
http://dx.doi.org/10.1016/j.jhazmat.2010.11.065
http://dx.doi.org/10.1021/es900708s
http://dx.doi.org/10.1021/es900708s
http://dx.doi.org/10.1097/SS.0b013e31828683f8
http://dx.doi.org/10.1097/SS.0b013e31828683f8
http://dx.doi.org/10.1007/s10533-012-9715-2
http://dx.doi.org/10.1007/s10533-012-9715-2
http://dx.doi.org/10.1128/AEM.66.5.2248-2251.2000
http://dx.doi.org/10.1128/AEM.01387-07
http://dx.doi.org/10.1128/AEM.01387-07
http://dx.doi.org/10.1016/S0168-6496(03)00245-9
http://dx.doi.org/10.1016/S0168-6496(03)00245-9
http://dx.doi.org/10.1038/ngeo870
http://dx.doi.org/10.1038/ngeo870
http://dx.doi.org/10.1016/j.chemosphere.2013.01.098
http://dx.doi.org/10.1016/j.chemosphere.2013.01.098
http://dx.doi.org/10.1021/la00042a030
http://dx.doi.org/10.1021/la00042a030
http://dx.doi.org/10.1080/01490450500533965
http://dx.doi.org/10.1016/j.gca.2011.03.001
http://dx.doi.org/10.1016/j.gca.2011.03.001
http://aem.asm.org

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Burton ED, Johnston SG, Planer-Friedrich B. 2013. Coupling of arsenic
mobility to sulfur transformations during microbial sulfate reduction in
the presence and absence of humic acid. Chem. Geol. 343:12-24. http://dx
.doi.org/10.1016/j.chemgeo.2013.02.005.

Straub KL, Schink B. 2004. Ferrihydrite-dependent growth of Sulfurospi-
rillum deleyianum through electron transfer via sulfur cycling. Appl. En-
viron. Microbiol. 70:5744-5749. http://dx.doi.org/10.1128/AEM.70.10
.5744-5749.2004.

Luijten M, Weelink SAB, Godschalk B, Langenhoff AAM, van Eekert
MHA, Schraa G, Stams AJM. 2004. Anaerobic reduction and oxidation of
quinone moieties and the reduction of oxidized metals by halorespiring
and related organisms. FEMS Microbiol. Ecol. 49:145-150. http://dx.doi
.org/10.1016/j.femsec.2004.01.015.

Schumacher W, Kroneck PMH, Pfennig N. 1992. Comparative sys-
tematic study on “spirillum” 5175, Campylobacter and Wolinella spe-
cies—description of “spirillum” 5175 as Sulfurospirillum deleyianum gen.
nov., spec. nov. Arch. Microbiol. 158:287-293. http://dx.doi.org/10.1007
/BF00245247.

Wolfe RS, Pfennig N. 1977. Reduction of sulfur by spirillum 5175 and
syntrophism with Chlorobium. Appl. Environ. Microbiol. 33:427—-433.
Widdel F, Bak F. 1992. Gram-negative mesophilic sulfate-reducing bac-
teria, p 3352-3378. In Balows A, Triiper HG, Dworkin M, Harder W,
Schleifer K.-H (ed), The prokaryotes: a handbook on the biology of bac-
teria: ecophysiology, isolation, identification, applications, 2nd ed, vol IV.
Springer, Berlin, Germany.

Schwertmann U, Cornell RM. 2000. Iron oxides in the laboratory—
preparation and characterization, 2nd ed. Wiley VCH Weinheim, Ger-
many.

Raven KP, Jain A, Loeppert RH. 1998. Arsenite and arsenate adsorption
on ferrihydrite: kinetics, equilibrium, and adsorption envelopes. Environ.
Sci. Technol. 32:344-349. http://dx.doi.org/10.1021/es970421p.
Piepenbrock A, Dippon U, Porsch K, Appel E, Kappler A. 2011. De-
pendence of microbial magnetite formation on humic substance and fer-
rihydrite concentrations. Geochim. Cosmochim. Acta 75:6844—6858.
http://dx.doi.org/10.1016/j.gca.2011.09.007.

Stookey LL. 1970. Ferrozine—a new spectrophotometric reagent for iron.
Anal. Chem. 42:779-781. http://dx.doi.org/10.1021/ac60289a016.

Cline JD. 1969. Spectrophotometric determination of hydrogen sulfide in
natural waters. Limnol. Oceanogr. 14:454—458. http://dx.doi.org/10.4319
/10.1969.14.3.0454.

Kamyshny A, Ekeltchik I, Gun J, Lev O. 2006. Method for the determi-
nation of inorganic polysulfide distribution in aquatic systems. Anal.
Chem. 78:2631-2639. http://dx.doi.org/10.1021/ac051854a.

Rizkov D, Lev O, Gun J, Anisimov B, Kuselman I. 2004. Development
of in-house reference materials for determination of inorganic polysul-
fides in water. Accredit. Qual. Assur. 9:399-403. http://dx.doi.org/10
.1007/500769-004-0788-z.

Steudel R, Holdt G, Gobel T. 1989. Ion-pair chromatographic-separation of
inorganic sulphur anions including polysulphide. J. Chromatogr. 475:442—
446. http://dx.doi.org/10.1016/S0021-9673(01)89701-6.

Planer-Friedrich B, London J, McCleskey RB, Nordstrom DK,
Wallschlager D. 2007. Thioarsenates in geothermal waters of Yellowstone
National Park: determination, preservation, and geochemical impor-
tance. Environ. Sci. Technol. 41:5245-5251. http://dx.doi.org/10.1021
/es070273v.

Markowitz VM, Chen IMA, Palaniappan K, Chu K, Szeto E, Grechkin
Y, Ratner A, Jacob B, Huang JH, Williams P, Huntemann M, Anderson
I, Mavromatis K, Ivanova NN, Kyrpides NC. 2012. IMG: the integrated
microbial genomes database and comparative analysis system. Nucleic
Acids Res. 40:D115-D122. http://dx.doi.org/10.1093/nar/gkr1044.
Hedderich R, Klimmek O, Kroger A, Dirmeier R, Keller M, Stetter KO.
1998. Anaerobic respiration with elemental sulfur and with disulfides.
FEMS Microbiol. Rev. 22:353-381. http://dx.doi.org/10.1111/j.1574-6976
.1998.tb00376.x.

May 2014 Volume 80 Number 10

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

-87 -

Sulfur Electron Shuttling to Ferrihydrite

Cantrell KJ, Yabusaki SB, Engelhard MH, Mitroshkov AV, Thornton
EC. 2003. Oxidation of H,S by iron oxides in unsaturated conditions.
Environ. Sci. Technol. 37:2192-2199. http://dx.doi.org/10.1021/es020
994o0.

Poulton SW. 2003. Sulfide oxidation and iron dissolution kinetics during
the reaction of dissolved sulfide with ferrihydrite. Chem. Geol. 202:79-94.
http://dx.doi.org/10.1016/S0009-2541(03)00237-7.

Pyzik AJ, Sommer SE. 1981. Sedimentary iron monosulfides: kinetics and
mechanism of formation. Geochim. Cosmochim. Acta 45:687—698. http:
//dx.doi.org/10.1016/0016-7037(81)90042-9.

Saalfield SL, Bostick BC. 2009. Changes in iron, sulfur, and arsenic speciation
associated with bacterial sulfate reduction in ferrihydrite-rich systems. Envi-
ron. Sci. Technol. 43:8787—8793. http://dx.doi.org/10.1021/es901651k.
Peiffer S, Gade W. 2007. Reactivity of ferric oxides toward H,S at low pH.
Environ. Sci. Technol. 41:3159-3164. http://dx.doi.org/10.1021/es062
228d.

Kern M, Klotz MG, Simon J. 2011. The Wolinella succinogenes mcc gene
cluster encodes an unconventional respiratory sulphite reduction system.
Mol. Microbiol. 82:1515-1530. http://dx.doi.org/10.1111/j.1365-2958
.2011.07906.x.

Shirodkar S, Reed S, Romine M, Saffarini D. 2011. The octahaem SirA
catalyses dissimilatory sulfite reduction in Shewanella oneidensis MR-13:1.
Environ. Microbiol. 13:108-115. http://dx.doi.org/10.1111/j.1462-2920
.2010.02313.x.

Hensen D, Sperling D, Truper HG, Brune DC, Dahl C. 2006. Thiosulphate
oxidation in the phototrophic sulphur bacterium Allochromatium vinosum. Mol.
Microbiol. 62:794—810. http://dx.doi.org/10.1111/j.1365-2958.2006.05408 x.
Denkmann K, Grein F, Zigann R, Siemen A, Bergmann J, van Helmont
S, Nicolai A, Pereira IAC, Dahl C. 2012. Thiosulfate dehydrogenase: a
widespread unusual acidophilic ¢-type cytochrome. Environ. Microbiol.
14:2673-2688. http://dx.doi.org/10.1111/j.1462-2920.2012.02820.x.

Liu YW, Denkmann K, Kosciow K, Dahl C, Kelly DJ. 2013. Tetrathio-
nate stimulated growth of Campylobacter jejuni identifies a new type of
bi-functional tetrathionate reductase (TsdA) that is widely distributed in
bacteria. Mol. Microbiol. 88:173-188. http://dx.doi.org/10.1111/mmi
.12176.

Kredich NM. 1992. The molecular basis for positive regulation of cys promot-
ers in Salmonella typhimurium and Escherichia coli. Mol. Microbiol.
6:2747-2753. http://dx.doi.org/10.1111/j.1365-2958.1992.tb01453 x.
Auger S, Gomez MP, Danchin A, Martin-Verstraete I. 2005. The PatB
protein of Bacillus subtilis is a C-S-lyase. Biochimie 87:231-238. http://dx
.doi.org/10.1016/j.biochi.2004.09.007.

Liu D, Dong H, Zhao L, Wang H. 2013. Smectite reduction by She-
wanella species as facilitated by cystine and cysteine. Geomicrobiol. J. 31:
53-63. http://dx.doi.org/10.1080/01490451.2013.806609.

Doong RA, Schink B. 2002. Cysteine-mediated reductive dissolution of
poorly crystalline iron(III) oxides by Geobacter sulfurreducens. Environ.
Sci. Technol. 36:2939-2945. http://dx.doi.org/10.1021/es0102235.
Szczepkowski TW. 1958. Reactions of thiosulphate with cysteine. Nature
182:934-935. http://dx.doi.org/10.1038/182934a0.

Cornell RM, Schneider W, Giovanoli R. 1989. Phase-transformations in
the ferrihydrite/cysteine system. Polyhedron 8:2829-2836. http://dx.doi
.0rg/10.1016/S0277-5387(00)80544-6.

Morrison KD, Bristow TF, Kennedy MJ. 2013. The reduction of struc-
tural iron in ferruginous smectite via the amino acid cysteine: implications
for an electron shuttling compound. Geochim. Cosmochim. Acta 106:
152-163. http://dx.doi.org/10.1016/j.gca.2012.12.006.

Amirbahman A, Sigg L, vonGunten U. 1997. Reductive dissolution of
Fe(III) (hydr)oxides by cysteine: kinetics and mechanism. J. Colloid In-
terface Sci. 194:194-206. http://dx.doi.org/10.1006/jcis.1997.5116.

Wan M, Shchukarev A, Lohmayer R, Planer-Friedrich B, Peiffer S. The
occurrence of surface polysulphides during the interaction between ferric
(hydr)oxides and aqueous sulphide. Environ. Sci. Technol., in press.

aem.asm.org 3149


http://dx.doi.org/10.1016/j.chemgeo.2013.02.005
http://dx.doi.org/10.1016/j.chemgeo.2013.02.005
http://dx.doi.org/10.1128/AEM.70.10.5744-5749.2004
http://dx.doi.org/10.1128/AEM.70.10.5744-5749.2004
http://dx.doi.org/10.1016/j.femsec.2004.01.015
http://dx.doi.org/10.1016/j.femsec.2004.01.015
http://dx.doi.org/10.1007/BF00245247
http://dx.doi.org/10.1007/BF00245247
http://dx.doi.org/10.1021/es970421p
http://dx.doi.org/10.1016/j.gca.2011.09.007
http://dx.doi.org/10.1021/ac60289a016
http://dx.doi.org/10.4319/lo.1969.14.3.0454
http://dx.doi.org/10.4319/lo.1969.14.3.0454
http://dx.doi.org/10.1021/ac051854a
http://dx.doi.org/10.1007/s00769-004-0788-z
http://dx.doi.org/10.1007/s00769-004-0788-z
http://dx.doi.org/10.1016/S0021-9673(01)89701-6
http://dx.doi.org/10.1021/es070273v
http://dx.doi.org/10.1021/es070273v
http://dx.doi.org/10.1093/nar/gkr1044
http://dx.doi.org/10.1111/j.1574-6976.1998.tb00376.x
http://dx.doi.org/10.1111/j.1574-6976.1998.tb00376.x
http://dx.doi.org/10.1021/es020994o
http://dx.doi.org/10.1021/es020994o
http://dx.doi.org/10.1016/S0009-2541(03)00237-7
http://dx.doi.org/10.1016/0016-7037(81)90042-9
http://dx.doi.org/10.1016/0016-7037(81)90042-9
http://dx.doi.org/10.1021/es901651k
http://dx.doi.org/10.1021/es062228d
http://dx.doi.org/10.1021/es062228d
http://dx.doi.org/10.1111/j.1365-2958.2011.07906.x
http://dx.doi.org/10.1111/j.1365-2958.2011.07906.x
http://dx.doi.org/10.1111/j.1462-2920.2010.02313.x
http://dx.doi.org/10.1111/j.1462-2920.2010.02313.x
http://dx.doi.org/10.1111/j.1365-2958.2006.05408.x
http://dx.doi.org/10.1111/j.1462-2920.2012.02820.x
http://dx.doi.org/10.1111/mmi.12176
http://dx.doi.org/10.1111/mmi.12176
http://dx.doi.org/10.1111/j.1365-2958.1992.tb01453.x
http://dx.doi.org/10.1016/j.biochi.2004.09.007
http://dx.doi.org/10.1016/j.biochi.2004.09.007
http://dx.doi.org/10.1080/01490451.2013.806609
http://dx.doi.org/10.1021/es0102235
http://dx.doi.org/10.1038/182934a0
http://dx.doi.org/10.1016/S0277-5387(00)80544-6
http://dx.doi.org/10.1016/S0277-5387(00)80544-6
http://dx.doi.org/10.1016/j.gca.2012.12.006
http://dx.doi.org/10.1006/jcis.1997.5116
http://aem.asm.org

SUPPORTING INFORMATION

Role of sulfur species as redox partners and electron shuttles for ferrihydrite reduction by

Sulfurospirillum deleyianum

Regina Lohmayer®, Andreas Kappler®, Tina Losekann-Behrens®, Britta Planer-Friedrich®

Environmental Geochemistry Group, Bayreuth Center for Ecology and Environmental Research

(BayCEER), University of Bayreuth, Bayreuth, Germany*;

Geomicrobiology, Center for Applied Geosciences, University of Tuebingen, Tuebingen,

Germany”

Running Head: Sulfur electron shuttling to ferrihydrite

#Address correspondence to Britta Planer-Friedrich, b.planer-friedrich@uni-bayreuth.de

- 88 -



Table SI-1 Production of S¢ and S° from thiosulfate in incubations of Sulfurospirillum
deleyianum supplied with 2 mM cysteine as sulfur source and reductant, 5 mM acetate as carbon
source, and 10 mM formate as electron donor. The LOD (limit of detection) was derived from the

smallest integrable peak and came to 0.1 uM for S¢> and 0.5 uM for S°.

2 mM thiosulfate, 0.1 mM thiosulfate, 2 mM thiosulfate, 0.1 mM thiosulfate,

1 % inoculum 1 % inoculum 1 % inoculum 1 % inoculum
unfiltered unfiltered filtered filtered
S¢> s° S¢” s° S¢> s° S¢” s°

[d  [mM] [mM] [mM] [mM] [mM] [mM] [mM] [mM]

0 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
2 0.002 0.009 <LOD <LOD <LOD 0.018 <LOD <LOD
5 0.001 0.002 <LOD <LOD <LOD 0.012 <LOD <LOD
7 0.012 <LOD 0.017 <LOD <LOD 0.006 <LOD <LOD
9 0.009 <LOD 0.009 <LOD <LOD <LOD <LOD <LOD

12 0.008 <LOD 0.007 <LOD <LOD <LOD <LOD <LOD
15 0.009 <LOD 0.016 <LOD <LOD <LOD <LOD <LOD
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Table SI-2 Fe(Il) total production from ferrihydrite in incubations of Sulfurospirillum
deleyianum supplied with 5 mM acetate as carbon source, and 10 mM formate as electron donor.

Standard deviations are based on three replicates; n.d. means not determined.

[d] 0 3 6 9 12 15
cysteine 0.1 mM,  0.02 + 091+ 1.12+ 1.26 + 1.79 = 1.85+
Fe(Il) thiosulfate 0.1 mM 0.00 0.05 0.06 0.02 0.43 0.31
total
[mM]  cysteine 0.1 mM,  0.02 + 0.19+ nd 0.28 + nd 0.30+
cystine 0.1 mM 0.00 0.25 o 0.32 o 0.23
3
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Fig. SI-1 Production of sulfide from thiosulfate (A: 2.0 mM, B: 0.1 mM) in incubations of
Sulfurospirillum deleyianum supplied with 2 mM cysteine as sulfur source and reductant, 5 mM

acetate as carbon source, and 10 mM formate as electron donor.
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ABSTRACT: A novel chemolithotrophic metabolism based
on a mixed arsenic—sulfur species has been discovered for the
anaerobic deltaproteobacterium, strain MLMS-1, a haloalkali-
phile isolated from Mono Lake, California, U.S. Strain
MLMS-1 is the first reported obligate arsenate-respiring
chemoautotroph which grows by coupling arsenate reduction
to arsenite with the oxidation of sulfide to sulfate. In that
pathway the formation of a mixed arsenic—sulfur species was
reported. That species was assumed to be monothioarsenite
([H,As"™s™0,]7), formed as an intermediate by abiotic
reaction of arsenite with sulfide. We now report that this

Abiotic formation

S-II

I,

_ /AS""I/o‘
0 \o

Biotic disproportionation by the
chemoautotroph strain MLMS-1

species is monothioarsenate ([HAs"S™0;]*7) as revealed by X-ray absorption spectroscopy. Monothioarsenate forms by abiotic
reaction of arsenite with zerovalent sulfur. Monothioarsenate is kinetically stable under a wide range of pH and redox conditions.
However, it was metabolized rapidly by strain MLMS-1 when incubated with arsenate. Incubations using monothioarsenate
confirmed that strain MLMS-1 was able to grow (4 = 0.017 h™") on this substrate via a disproportionation reaction by oxidizing
the thio-group-sulfur (S™™) to zerovalent sulfur or sulfate while concurrently reducing the central arsenic atom (As") to arsenite.
Monothioarsenate disproportionation could be widespread in nature beyond the already studied arsenic and sulfide rich hot

springs and soda lakes where it was discovered.

B INTRODUCTION

Mono Lake is a closed-basin, alkaline, hypersaline lake, located
in California, U.S. Its salinity increased significantly during the
last century from 43 g/L TDS in 1941 to 91 g/L in 1982,” due
to massive diversion of freshwater input.” The water column is
characterized by periods of enduring chemical stratification
(meromixis), which leads to sulfide enrichment at the lake
bottom.” Active hydrothermal springs discharging into the lake,
volcanic rock weathering, and evaporation lead to high aqueous
arsenic concentrations (~0.2 mM).>”> While arsenate is the
predominant arsenic species in the upper, oxic part of the lake,
arsenite and thioarsenic species are abundant below the
oxycline.® In the anoxic zones of the lake, where sulfide
concentrations can reach 3 mM during meromixis, a trithiolated
thioarsenic species was determined as the most abundant
aqueous arsenic species, accounting for ~50% of the total
dissolved arsenic present.’

The actual redox state of the arsenic atom present in
thioarsenic species has been subject of debate. Thioarsenic

-4 ACS Publications  © Xxxx American Chemical Society

species were first detected in sulfidic arsenite solutions by
inductively coupled plasma-mass spectrometry (ICP-MS)
following initial separation by ion chromatography (IC).° An
IC-ICP-MS analysis enables quantification of arsenic and sulfur
concentrations, but does not reveal any structural character-
ization of thioarsenic molecules. Because the solutions were
prepared under anoxic conditions, the thioarsenic species
detected were assumed to be in the form of chemically reduced
trivalent thioarsenites ([H,As™S™,0,_,]7, n = 1-3)° A
number of studies adopted this terminology without carrying
out their own species identifications. In this regard the thiolated
species observed in Mono Lake water were originally termed
“thioarsenites”,’ before follow-up studies using molecular
identification from electrospray-MS’ and structural identifica-
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tion by XAS® correctly identified the peaks observed by IC-
ICP-MS analysis as pentavalent “thioarsenates”
([HASVS_HnO4—n:|2_) n= 1_4)

Thioarsenates are interesting molecules to investigate as
substrates for microbial chemolithotrophic metabolism because
they contain internally an electron donor (S™™) and an electron
acceptor (As"). In Mono Lake, a variety of haloalkaliphiles use
either arsenic or sulfur or both for energy conservation® >~
and arsenate- and sulfate-reduction contribute significantly to
the mineralization of organic matter in the lake’s anoxic water
column."® The involvement of thioarsenates in this Mono Lake
sulfur and arsenic biochemistry has not been elucidated.

Previous studies with Mono Lake enrichment cultures
reported the detection of thioarsenates during oxidation of
sulfide and arsenite,'* or inferred the involvement of “arsenic—
thiol-complexes” as well as polysulfides in the metabolism of
sulfide and arsenate.'” Polysulfides are intermediate sulfur
species where one S atom has a redox state of -Il and # S atoms
(n = 1-7) have a redox state of 0 ([S°,S™"]*"). They form
readily under suboxic conditions from partial oxidation of
sulfide. A thioarsenic intermediate was observed during growth
of the obligate chemoautotrophic deltaproteobacterium strain
MLMS-1 by dissimilatory arsenate reduction with sulfide as the
electron donor."”®> The thioarsenic species was termed
“monothioarsenite” ((H,As"™S™0,)”) following the original
assignment by Wilkin et al® It was hypothesized that its
intermediate occurrence was a chemical phenomenon rather
than an intermediate in bacterial metabolism. A direct
production and consumption of the thioarsenic intermediate
by the metabolism of strain MLMS-1 was considered unlikely?
and no other publications existed at the time about microbial
metabolism of thioarsenic species. Thioarsenates were sub-
sequently found to serve as energy sources for Aquificales in the
hydrothermal systems of Yellowstone National Park'® and
monothioarsenate was confirmed as an electron donor for the
aerobic growth of Thermocrinis ruber strain OC14/7/2"¢ as well
as during anoxygenic photosynthesis by strains of the
Ectothiorhodospiraceae family.

Recognizing now that the IC-fractions were probably
thioarsenates and not thioarsenites,” we hypothesized that
strain  MLMS-1 could directly form and subsequently
metabolize monothioarsenate ([HAs'S™Q,]?>") instead of
the proposed monothioarsenite. Therefore, we (I) reinvesti-
gated growth of strain MLMS-1 on arsenate and sulfide with
the aim of identifying the intermediate thioarsenic species
formed; (II) explored the relevance of sulfide vs polysulfide
species with regard to formation and transformation of
intermediate thioarsenic species under abiotic conditions as
well as in the presence of strain MLMS-1; and (III) directly
monitored growth of strain MLMS-1 on synthesized mono-
thioarsenate with the goal to demonstrate that this compound
can serve as a substrate for chemolithotrophy.

B MATERIALS AND METHODS

Strain and Culture Conditions in Metabolic Experi-
ments with Pentavalent Arsenic (Arsenate, Mono-
thioarsenate). A pure culture of the previously'® characterized
strain MLMS-1 was provided by the Oremland group (USGS,
Menlo Park, CA) and was grown in the laboratories in Bayreuth
at 28 °C in an anoxic inorganic mineral salts medium that
lacked any organic electron donors (“ML-medium”)."”* The
initial pH was 9.8 and pH changes with time were less than 0.2
pH units. To remove oxygen from the medium, it was boiled

B

for >10 min, bubbled with nitrogen gas during cooling and
immediately transferred into an anoxic chamber (95% N,, 5%
H,, O, at 0 ppm; H, and O, monitored by a COY Anaerobic
Monitor CAM-12) for dispensing into glass serum bottles
which were sealed with rubber septa. Three different MLMS-1
experiments with the respective uninoculated (abiotic) controls
(n = 3) were carried out by supplying: (I) S mM sulfide (Na,$
X 9 H,O, Sigma-Aldrich) as electron donor and 12.5 mM
arsenate (Na,HAs'O, X 7 H,O, Fluka) as electron acceptor,
(I1) 7 mM sulfide and 8.5 mM arsenate, and (III) S mM sulfide
and 7.6 mM monothioarsenate (Na;As'O;S X 7 H,0,
synthesized in our laboratory according to a previously
described method'®).

Abiotic experiments with arsenite, sulfide, and
polysulfides. Abiotic experiments were conducted in ML-
medium (n = 1) in the anoxic chamber. Different
concentrations of arsenite (1 and 3 mM) were combined
with varying concentrations of sulfide (1 mM, 3 mM, or 6 mM)
or a mixture of polysulfides (10 mMeq). To facilitate
comparability, all concentrations of polysulfides refer to the
total sulfur concentrations in the respective compound and are
reported in millimol equivalent (mMeg; with 1 mM S, >~ being
n times mMeq S). A polysulfide stock solution was prepared
from 0.5 M sulfide (Na,S X 9 H,O, Sigma-Aldrich) and S M
elemental sulfur (S, reagent grade powder, purified by
sublimation up to a 100 mesh particle size; Sigma-Aldrich) in
deionized water. In sulfidic solutions elemental sulfur dissolves
to form polysulfides."” The chain lengths of polysulfides
depend upon the sulfur concentration and the pH of the
solution.”’ After filtration through 0.2 pm cellulose-acetate
filters (Membrex, Membra Pure, Mannheim), the stock
solution was diluted into ML-medium which thereafter
contained approximately 10 mMeq polysulfides (predominantly
S~ (4.1 mMeq) and S¢*~ (4.1 mMeq)).

Sampling Procedure. All incubations were done in tightly
sealed, 120 mL glass serum bottles, which were filled with 100
mL medium (for the first arsenate experiment) or SO mL
medium (in all other experiments) under nitrogen headspace.
After sterilizing septa with 70% ethanol, liquid samples were
obtained by penetration of the septa using sterile syringes fitted
with metal cannulas. Sampling took place in the anoxic
chamber to avoid oxidation. Removed liquid samples were
replaced by an equivalent volume of sterile nitrogen. Directly
after sampling, the samples (except for cell counts) were
filtered through 0.2 pm cellulose-acetate filters to remove cells
and precipitates. Subsequently, samples were immediately flash-
frozen in liquid nitrogen and stored at —20 °C until analysis. It
was previously shown that frozen storage does not change
speciation.”’ For analysis, samples were thawed in the anoxic
chamber, filtered a second time, and diluted in nitrogen-purged
deionized water for the respective analyses.

IC-ICP-MS. Arsenite, arsenate, and thioarsenate species were
determined by IC (Dionex ICS-3000; AG/AS16 IonPac
column, 20—100 mM NaOH at a flow rate of 1.2 mL/min)
coupled to an ICP-MS (Thermo-Fisher XSeries2) as described
previously.”’ While all experiments and all samplings were
conducted in the absence of oxygen, samples were in contact
with atmospheric oxygen while sitting in capped, but not
gastight vials on the IC autosampler waiting for analysis. We
have previously shown by comparative X-ray absorption
spectroscopy (XAS) and IC-ICP-MS measurements that
thioarsenates survive this treatment, while thioarsenites oxidize
to thioarsenates and cannot be analyzed by IC-ICP-MS.***
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Calibration standard solutions were made from sodium
arsenate dibasic-heptahydrate (Na,HAsO, X 7H,O, Fluka),
sodium (meta)arsenite (NaAsO,, Fluka), ammonium sulfate
((NH,),SO,, Fluka), and sodium thiosulfate (Na,S,05, Sigma-
Aldrich). Due to a lack of commercial standards, thioarsenates
were quantified via the arsenate calibration curve. The validity
of this approach has been shown in a previous publication.*

XAS. X-ray absorption near-edge spectroscopy (XANES)
was done for the samples taken after 0, 5, 9, and 14 days of
incubation with strain MLMS-1 and after 7 days from the
abiotic control (experiment series I with S mM sulfide and 12.5
mM arsenate). After sample collection and filtration as
described above, samples were pipetted into PE sample
holders, capped with Kapton tape, and immediately flash-
frozen in liquid nitrogen in the anoxic chamber. This method
has previously been shown to exclude oxidation and conserve
thioarsenates as well as thioarsenites.**” The As K-edge spectra
were obtained at the ESRF (European Synchrotron Radiation
Facility, Rossendorf-Beamline (BM-20)) in Grenoble, France.
All flash-frozen samples were analyzed frozen in a closed-cycle
He-cryostat to avoid oxidation and thermal vibrations.
Beamline details and the analysis of reference spectra for
arsenate, monothioarsenate, arsenite, and trithioarsenite have
been described previously.*** Data evaluation was performed
using SixPack™ for dead-time correction, averaging of several
scans and WINXAS for energy calibration. The XANES edge
energy was determined by zero-crossing of the second order
XANES derivatives in ATHENA.**

Photometric Sulfide Determination. Sulfide was deter-
mined in filtered samples by the methylene blue method.*®
Absorption was measured at 660 nm with a spectrophotometer
(HACH Lange DR 3800) after 2 h of reaction. The method
determines acid-labile sulfides as H,S, but not oxidized sulfur
compounds (for example, thiosulfate, sulfite) or thiols (for
example, gluthathione, cysteine).>® Based on its stability under
acidic conditions,”’ the sulfur bound to monothioarsenate is
not codetermined, while transformation of higher thiolated
species to arsenite and sulfide upon acidification will lead to at
least partial codetermination of their arsenic-bound sulfur.
Polysulfides dissociate to S° and H,S upon acidification,*®
suggesting the possibility of a quantitative determination of
their terminal sulfide by the methylene blue method. However,
while some researchers recovered up to 80% of the terminal
polysulfide-bound S™ in solutions with Na,S,,* others
reported only 3% recovery from K,S,.*° In conclusion, the
“sulfide” signal reported in the Results includes free sulfide,
sulfur dissociated from higher thiolated arsenates (but not from
monothioarsenate), and polysulfides to an unknown extent.

HPLC. For polysulfide analysis, a 100 uL aliquot of filtered
sample was added simultaneously with 15 uL methyl
trifluoromethanesulfonate (CF;SO;CHj;, Sigma-Aldrich) to
800 uL methanol (H;COH, VWR) immediately after sampling.
This derivatization transforms unstable polysulfides to stable
dimethylpolysulfanes,®" which were then analyzed on a Merck
Hitachi high-pressure liquid chromatography (HPLC) using a
reversed phase C18 column (Waters-Spherisorb, ODS2, S um,
250 X 4.6 mm) and gradient elution.*” Detection was achieved
with a L-2420 UV—vis detector at 230 nm wavelength. In
pretests we tried to determine whether sulfur in mono-
thioarsenate is codetermined using this derivatization method.
In solutions containing 1 to 10 mM monothioarsenate and 0, 4,
or 8 mM sulfide in ML-medium, we detected 0.3 to 1.6 mMeq
polysulfides, mainly as disulfide (S,>”; Supporting Information

C

Figure SI-1). Disulfide contains one S atom in the redox state
-II, the second S atom in the redox state 0 (zerovalent sulfur).
We were not able to differentiate whether the disulfide was a
remnant of monothioarsenate synthesis from the reaction of
elemental sulfur with As,O; or resulted from (partial)
monothioarsenate transformation during derivatization and its
recombination as released sulfur within polysulfides. In
conclusion, this means that the “polysulfide” signal reported
in the Results includes polysulfides formed directly by the
reaction, but potentially also sulfur, which originates from
monothioarsenate (roughly 10—26% according to our pretests).
A qualitative way of differentiating the two sources is the color
of the frozen samples: solutions containing zerovalent sulfur
bound in polysulfides are yellow, while solutions containing
monothioarsenate-bound sulfur in the redox state -II are
colorless.

Growth Monitoring. MLMS-1 cell counts were obtained
by direct counting using a Neubauer improved counting
chamber (0.02 mm depth) and a ZEISS Axioplan fluorescence
microscope at 400X magnification. MLMS-1 cells were stained
with SYBR Gold (Invitrogen).*®

B RESULTS AND DISCUSSION

Identification of the Intermediate Thioarsenic Species
Formed during Growth of Strain MLMS-1 on Arsenate
and Sulfide. To better identify the transient thioarsenic
species previously reported, we reproduced the experiment of
Hoeft et al.'® using arsenate (12.5 mM) as electron acceptor
and sulfide (S mM) as electron donor (Figure 1, Supporting

L = 1.E+07
12 %
= 0
= £
E 8 )
o 81 °
[}
8 - 1.E+06 S
o @
. 4 =
< =
0 ¢ ‘ 1.E+05
0 7 14

Time [d]

~- Monothioarsenate [HAsVS"'O,4]*
-+ Arsenite [H,As"'O,]

-= Arsenate [HAsVO,J*

— MLMS-1 (cell counts)

Figure 1. Cell growth and arsenic speciation (determined by IC-ICP-
MS) in an incubation experiment of MLMS-1 on 12.5 mM arsenate
and 5 mM sulfide (error bars represent standard deviation of triplicate
experiments).

Information Table SI-1). No loss of arsenate or significant
production of arsenite occurred in sterile controls (arsenite
<0.07 mM (0.8%); Supporting Information Figure SI-2, Table
SI-1), as chemical reduction of arsenate with sulfide is only
relevant at pH < 4.>* In the experiments with strain MLMS-1
growth occurred at a rate of 0.016 h™" (generation time 42 h)
and reached maximum cell numbers of (9.98 + 0.91) x 10°
cells/mL after 12 days. Previously reported growth rates were
in a similar range (0.022 h™")."® With the decrease of arsenate,
we observed the formation of arsenite (maximum 9.3 mM,
82%, after 14 days) and the appearance of an intermediate
thioarsenic species. The dominant thioarsenic species (max-
imum 4.9 mM, 40%, after S days) had sulfur:arsenic ratios of
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Figure 2. X-ray absorption edge energies of solutions from the incubation experiment of MLMS-1 on 12.5 mM arsenate and S mM sulfide (shown in
Figure 1) and one abiotic control (shown in Supporting Information Figure SI-2) compared to references of arsenate, monothioarsenate, arsenite,

and trithioarsenite.

1:1 and its chromatographic retention time matched that of our
synthesized monothioarsenate. Only minor quantities of
trithioarsenate (max. 0.5 mM, 4%, after 0.8 days), dithioarsen-
ate (max. 0.3 mM, 2.8%, after 14 days), and tetrathioarsenate
(max. 0.1 mM, 0.9%, O days) were observed (Supporting
Information Table SI-1).

To exclude the possibility that the observed thioarsenic
species was trivalent monothioarsenite that was oxidized to
monothioarsenate during analysis by IC-ICP-MS, we obtained
XANES spectra of samples that were flash-frozen in the anoxic
chamber and analyzed using a cryostat without exposition to
oxygen. These XANES analyses confirmed identification of the
transient thioarsenic species detected in the biotic samples as
monothioarsenate (Figure 2). With time, edge energies in the
biotic experiments decreased from 11871.4 to 11870.7 eV,
11869.2 eV, and finally 11868.9 eV (Figure 2). This is in line
with an initial dominance of arsenate (reference spectra
11872.7 €V*?), transient formation of monothioarsenate
(reference spectra 11871 €V>*) along with arsenite, and finally
complete transformation to arsenite (reference spectra 11868.6
eV?). To date, there are no published XANES reference
spectra for monothioarsenite. Its formation has been speculated
to occur in an arsenite-sulfide mix (As:S, 1:1), but was of minor
importance.® By analogy to existing reference spectra of
thioarsenates, where each addition of an SH™-group decreases
the absorption edge by 0.5 to 1 eV,** monothioarsenite should
have an absorption edge between arsenite (11868.6 eV) and
trithioarsenite (11867.4 eV). Since the XANES signals never
dropped below the absorption edge of arsenite, we exclude the
presence of monothioarsenite and confirm that the transient

D

thioarsenic species that formed during growth of MLMS-1 on
arsenate and sulfide was monothioarsenate.

Abiotic Formation of Monothioarsenate. Details of the
transient formation of a thioarsenic species during growth of
strain MLMS-1 (Figure 1) were not investigated previously13
and it was assumed that anoxic chemistry promoted formation
of monothioarsenite from the electron donor sulfide and
arsenite produced from microbial reduction of arsenate (eq 1).

[H,As™0,]” + [HS]” — [H,As"'s™"0,]” + [OH]”
(1)

However, our previous XAS analyses have shown that the only
species detected in arsenite-sulfide mixes were trithioarsenite
and the unreacted, residual arsenite.® Decreasing the exper-
imental sulfide to arsenite ratios shifted the equilibrium toward
more arsenite and less trithioarsenite, but did not yield a
dominance of mono- or dithioarsenite. In the previous study,®
Extended X-ray absorption fine spectroscopy (EXAFS) data
were interpreted as showing traces of monothioarsenite (<10%
of total arsenic) in solutions with a sulfide to arsenite ratio of
1:1, but it was never observed as the dominant species. Thus,
even though spontaneous formation of monothioarsenite is
possible, this reaction seems kinetically unfavored and is thus
unlikely to have occurred in the published strain MLMS-1
experiment.13

The present study now shows that the intermediate species
formed during growth of MLMS-1 is a pentavalent
monothioarsenate rather than trivalent monothioarsenite.
Formation of monothioarsenate could occur either from the
pentavalent arsenate via ligand exchange of an OH™ versus SH™
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group (eq 2) or by oxidation of trivalent monothioarsenite (eq
3).

[HAsVO,]” + [HS]” - [HAs'S™"O,*” + [OH]” (2)

[H,As"'s™0,]” + 0.50, —» [HAs'S"0,]*” + H*
3)

However, arsenate only reacts spontaneously with sulfide at pH
< 4,>* 50 monothioarsenate in our experiments (pH 9.8) did
not form by OH™-SH™ ligand exchange from arsenate. With
regard to thioarsenate formation by oxidation of thioarsenites,
previous analyses by XAS have shown that trithioarsenite
quickly transforms to di- and trithioarsenate when exposed to
atmospheric oxygen, for example, while waiting on the
autosampler for IC-ICP-MS analysis.**> However, mono-
thioarsenate was never observed as dominant species. Direct
oxidation of monothioarsenite could not be tested because it
was never the dominant species in any mix and no commercial
standard exists.

In the present study, we conducted numerous abiotic
experiments with mixes of arsenite and sulfide at different
ratios in anoxic ML-medium in the anoxic chamber, allowing
formation of thioarsenites, and then willingly exposed those
solutions for a few minutes to atmospheric oxygen while
waiting on the autosampler for IC-ICP-MS analysis. As
expected, we found different thioarsenates (Figure 3a, b,
Supporting Information Table SI-2, Figure SI-3). However,
again, we were not able to create a solution where
monothioarsenate was the predominant species detected.

(a) 3 mM Arsenite (b) 1 mM Arsenite

6 mM Sulfide 6 mM Sulfide
100% 100%
50% 50%
= N
0% 0%
0d 7d  21d
(c) 3 mM Arsenite (d) 1 mM Arsenite
10 mM Polysulfide 10 mM Polysulfide
100% - — 100%
38 47 45
0% 0%
0d 7d 21d

B Arsenite [H,As"'O,]
u Trithioarsenate [HAsVS™,0]>
Monothioarsenate [HAsVS''O4]*

Tetrathioarsenate [AsVS™,]*
u Dithioarsenate [HAsVS™,0,]*
m Arsenate [HAsVO,J*

Figure 3. Arsenic speciation (determined by IC-ICP-MS) in abiotic
solutions of arsenite with excess sulfide (a, b) or polysulfides (c, d) at
different As/S ratios in ML-medium. Formation of thioarsenates was
induced by exposing solutions briefly to atmospheric oxygen, while
waiting in capped, but not gastight vials for analysis on the IC-
autosampler. Y-axis shows relative percentage of As-species (%) (for
species with percentages of less than 10% no numbers are displayed in
columns for better readability), X-axis shows sampling time in days.

E

High sulfide to arsenite ratios (6:1) yielded large percentage
of thioarsenates with a dominance of higher thiolated arsenic
species (67% tetrathioarsenate, 12% trithioarsenate) and less
than 1% monothioarsenate (Figure 3b, Supporting Information
Table SI-2, Figure SI-3). Decreasing the sulfide to arsenite ratio
resulted in smaller percentage of all thioarsenates and a clear
dominance of arsenite (Figure 3a, Supporting Information
Table SI-2, Figure SI-3). In contrast to the experiments with
strain MLMS-1 (Figure 1), none of the abiotic arsenite-sulfide
oxidation experiments showed monothioarsenate as the
dominant thioarsenic species (max. 0.3—10%, Figure 3,
Supporting Information Table SI-2, Figure SI-3). A clear
dominance of monothioarsenate was, however, observed when
using polysulfides instead of sulfide for the reaction with
arsenite. At a polysulfide to arsenite ratio of 3:1 we found
immediate formation of 38% monothioarsenate as the
dominant species (Figure 3c). At a ratio of 10:1, only 5%
monothioarsenate formed and higher thiolated arsenates were
the dominant species (Figure 3d).

These experiments suggest that the direct abiotic formation
of monothioarsenate from arsenite requires sulfur in the redox
state S° rather than S™ (eq 4). Thioarsenate formation by
addition of zerovalent sulfur to arsenite also fits previously
published theoretical considerations.”>™>” Only if sulfide
concentrations are low (OH~ > SH™) is the arsenite-
trithioarsenite equilibrium shifted toward arsenite dominance®
and addition of S leads to formation of monothioarsenate from
arsenite. High sulfide concentrations prevent formation of
monothioarsenate but lead to rapid ligand exchange between
OH™ and SH™, forming trithioarsenite from arsenite.® Addition
of S° then leads to spontaneous formation of dominantly
tetrathioarsenate (eq S). Therefore, mono- and tetrathioarsen-
ate are the end-products of the proposed reaction, with di- and
trithioarsenate forming as transient intermediate species. The
observation that the share of thioarsenates increased with time
(Figure 3c, 3d) indicates that zerovalent sulfur pushes the
chemical equilibrium toward thioarsenate formation.

[H,As"0,]” + §° - [HAs'S™O,” + H* (4)

[H,As"0,]” + 3[HS]” + §°
— [AsVS™, 7 + [OH]” + 2H,0 (s)

Figure 4 summarizes the described pathways of thioarsenite and
thioarsenate formation. It is important to note that the different
reactions for thioarsenite and thioarsenate formation and
transformation seem to have very different kinetics. Formation
of trithioarsenite from arsenite and transformation of
trithioarsenite back to arsenite occur spontaneously.® Previous®
and present experiments have shown that thioarsenates also
form spontaneously from arsenite or thioarsenites in the
presence of zerovalent sulfur (Figure 3). However, once
formed, thioarsenates are kinetically stable, even in the absence
of arsenite, thioarsenites, and zerovalent sulfur. Higher thiolated
arsenates transform to arsenite when sulfide is removed, for
example, by purging solutions with air’® or when addition of
protons forces the formation of SHTgroups.””*’ Trans-
formation to arsenate only occurs in the presence of a strong
oxidizing agent such as H,0,* Monothioarsenate with its
double-bound sulfur is kinetically stable even upon aeration®
and acidification®” and chemically only transforms to arsenate
when exposed to a strong oxidizing agent such as H,0,°®
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Figure 4. Reaction pathway of thioarsenite and thioarsenate formation; blue solid arrows indicate that reactions occur spontaneously, green dashed
lines indicate that reaction is slow and needs an additional reactant like O,, H,0,, H'; -S(-II) refers to an experiment where trithioarsenate was
partially converted to arsenite by purging the solution with air, presumably S(-II) was either oxidized or degassed; monothioarsenate forms
spontaneously from arsenite by addition of zerovalent sulfur at low SH™ versus OH™ concentrations (conditions that are closest met with the
experimental results from Figure 3c) and is kinetically stable; it only transforms spontaneously with a strong oxidizing agent to arsenate or (red line)
in the presence of MLMS-1 to arsenite (superscript letters refer to reactions shown in (a) Rochette et al. 2000,>* (b) Planer-Friedrich et al. (2009),*®
(c) Planer-Friedrich and Wallschliger (2009),”” and (d) Planer-Friedrich et al. (2010)® and Suess et al. (2009)?).
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Figure 5. Reaction of 8.5 mM arsenate with 7 mM sulfide in (a) an abiotic control and (b) the presence of MLMS-1. Error bars represent standard
deviation of triplicate experiments. Photographs include the frozen samples from day O to 21 and show yellow color in Figure Sb from day 6 on.

Formation of Monothioarsenate and Polysulfides in
the Presence of Strain MLMS-1. Samples from a growth
experiment with strain MLMS-1 using nearly equimolar
concentrations of arsenate (8.5 mM) and sulfide (7 mM),
were analyzed for thioarsenate and polysulfide formation
(Figure S). Neither arsenate or sulfide degradation, nor
thioarsenate or polysulfide formation were detectable in the
abiotic controls (Figure Sa). For the biotic experiments,

F

MLMS-1 growth rates (0.018 h™') and generation time (38
h) were comparable to the first experiment. During the
microbially catalyzed transformation of arsenate and sulfide by
strain MLMS-1 up to 4.3 mM arsenite (44%) formed after 42
days (Figure Sb) along with 5.0 mMeq polysulfides, mainly as
disulfide S,>~ (3.6 mMeq or 39% of the originally applied
sulfur). Note that the “sulfide” depicted in Figure Sb was
determined by the methylene-blue method which also measures
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Figure 6. Reaction of 7.5 mM monothioarsenate with S mM sulfide in (a) an abiotic control and (b) the presence of MLMS-1. Error bars represent
standard deviation of triplicate experiments. Photographs include frozen samples of day 0 to 21 and show yellow color in Figure 6b from day 4 on.

disulfide-bound sulfide. It is thus not possible to say whether
there was truly any free sulfide left in solution after 14 days.

The dissimilatory reduction of arsenate to arsenite requires
two electrons, so it is plausible that the primary oxidation
product of sulfide is zerovalent sulfur (eq 6).

[HAsVO,*” + [HS™"]” + H,0

— [H,As™0,]” + S° + 2[OH]” (6)
Zerovalent sulfur then reacts quickly with remaining sulfide in
the ML-medium*® (eq 2) to form polysulfides (eq 7).

2

(n—1)8° + HS™]” - [ + HY ?7)

Polysulfide formation rates are relatively slow (~3—4h)*" while
in contrast disproportionation of different polysulfides into
other polymeric forms only takes seconds.*”

The increase in disulfide concentrations in our experiment
preceded that of monothioarsenate (maximum 4.3 mM, 44%,
after 21 days). Thus, zerovalent sulfur in disulfide most likely
reacted with arsenite to form monothioarsenate (eq 8). As
mentioned, pretests showed that 10—26% of the mono-
thioarsenate is codetermined as disulfide artifact using
derivatization (Supporting Information Figure SI-1). The
exact concentration of “true” disulfide thus might be lower
(2.5-3.2 mMeq). However, the fact that the disulfide
concentrations increased before those of monothioarsenate
coupled with the observation of the yellow color in the frozen
samples confirmed the original presence of disulfide. The
observed dominance of the short disulfide polymer over longer-
chained polysulfides (S;*~ < 1.6 mMegq; S, < 0.4 mMeg; Sg*7,
S¢*”, S;*~ and Sg> "< 0.1 mMegq; Supporting Information Table
SI-3, Figure SI-4) is consistent with previous observations at
low elemental sulfur concentrations,* high pH, and in a salt-
rich medium.****

[S°STP™ + [HyAs™O,]” — [HAs'S™O, ™ + [HS™]
®)

G

The limited available concentrations of free sulfide relative to
those of arsenite did not allow for the formation of higher
thiolated arsenates (Figure Sb). This is similar to what we
observed in the abiotic experiments conducted with low
polysulfide excess in comparison to arsenite (Figure 3c). An
active involvement of strain MLMS-1 in monothioarsenate
formation does not seem likely in comparison to rapid abiotic
formation (Figure 3¢, d).

When compared with oxidation of sulfide to zerovalent
sulfur, oxidation of sulfide to sulfate was of minor significance
during growth of strain MLMS-1. While the measured initial
concentrations of arsenate (~8.5 mM) and sulfide (~7 mM)
were nearly equimolar, sulfate concentrations did not increase
significantly (<1 mM, Supporting Information Table SI-3)
within 42 days. A complete microbial redox transformation
from S™" to S*™! was reported earlier for experiments
employing lower initial sulfide concentrations (3.3 mM) in
the presence of ~9 mM arsenate, when sulfate was detected as
the main sulfur product."

Disproportionation of Monothioarsenate by strain
MLMS-1. To determine whether strain MLMS-1 can directly
metabolize monothioarsenate as a substrate for growth, a third
experiment was performed. Sterile controls confirmed that no
chemical monothioarsenate transformation occurred (Figure
6a). Variations in concentrations between different days were
within the standard deviation of triplicate analyses from the
same day (Supporting Information Table SI-4). This lack of
transformation is in accordance with earlier findings of its
kinetic stability toward aeration®® and acidification.”” The
“disulfide” signal likely is an artifact of codetermined
monothioarsenate, because no yellow color was observed in
the original solutions (Figure 6a). From day 21 on,
monothioarsenate and sulfide decreased slightly and the
corresponding increase in disulfide is likely a true signal of
polysulfide formation from monothioarsenate transformation.

In biotic experiments, strain MLMS-1 showed an exponential
growth rate of 0.017 h™" (generation time 40 h) and reached
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maximum cell numbers of (8.80 + 0.72) X 10° cells/mL
(Supporting Information Table SI-1), which is comparable to
what was observed for growth on arsenate with sulfide in the
present (Figure 1) and the previous experiment.'> The
monothioarsenate concentrations decreased during the ex-
ponential and later stationary growth phase of strain MLMS-1.
The major products were arsenite and disulfide (Figure 6b).
Again, the actual disulfide concentrations were probably lower
than depicted because of partial monothioarsenate codetermi-
nation, especially at the onset of the incubation when
monothioarsenate concentrations were highest. However, the
assumption of true formation of disulfide is supported by the
yellow color that all frozen biotic samples showed after day 4
(Figure 6b), in contrast to the abiotic samples, which lacked
this hue (Figure 6a).

Three possibilities could explain the observed decrease of
monothioarsenate in the biotic experiments. First is that
monothioarsenate chemically transforms into arsenate and
sulfide; hence, we would have the same growth scenario as in
the arsenate experiments in the present (Figure 1) and the
previous study.”> However, both biotic (Figure 1) and abiotic
experiments (Figure 3) have shown that monothioarsenate is
formed from arsenite and zerovalent sulfur (eq 4), not from
arsenate and sulfide. A second theoretical possibility is the
abiotic transformation of monothioarsenate to arsenite and
zerovalent sulfur. However, then the observed microbial growth
could only have been achieved by using the zerovalent sulfur,
for example, by disproportionation to sulfide and sulfate,
thereby decreasing zerovalent sulfur concentration. However,
this idea is contradicted by our observations: only small
increases of sulfate, minor loss of sulfide and increasing
disulfide concentrations. Thus, the third and only plausible
explanation is a microbially catalyzed disproportionation of
monothioarsenate, with the central arsenate (As') serving as
electron acceptor (upon reduction yielding arsenite) and the
sulfur in the thio-group ligand (S™) serving as electron donor
(upon oxidation yielding zerovalent sulfur).

Sulfide was added to the monothioarsenate experiment to
yield comparable conditions to the two previous experiments
with arsenate and to guarantee reducing conditions. Biotic
transformation of free sulfide ([HS]™) in this experiment was
negligible. Sulfide showed a slight decrease in the presence of
strain MLMS-1 (Figure 6b) but that was comparable to the
decrease observed in the abiotic control (Figure 6a). Small
increases in sulfate concentrations were also observed in the
biotic and abiotic experiments (Supporting Information Table
SI-4). Hence, the small decrease of sulfide (~1.3 mM) in the
biotic experiments cannot explain the large increase in disulfide
(S mMeq, which would be the product of sulfide oxidation) nor
the large decrease of monothioarsenate (5.6 mM, which would
be the compound to be reduced concurrently to sulfide
oxidation). Compared to oxidation of monothioarsenate-bound
sulfide to S° (coupled to arsenate reduction to arsenite),
oxidation of free sulfide to S' was subordinate.

The Relevance of Arsenic and Sulfur Stoichiometry
for Microbial Transformation of Arsenate and Mono-
thioarsenate. Comparing our three biotic experiments
conducted at different arsenic to sulfide ratios (Figures 1, Sb,
and 6b) and earlier findings"® indicates that the arsenic to
sulfide stoichiometry influences which oxidized sulfur species
forms. The first oxidation product is zerovalent sulfur, which
makes it a closed 2-electron transfer at equimolar arsenate and
sulfide concentrations. Equal concentrations of arsenite,

H

monothioarsenate, and disulfide remained at the end of the
experiment when all arsenate was transformed (Figure Sb).
Further oxidation of zerovalent sulfur to sulfate occurs when
arsenate concentrations exceed those of sulfide (previous
experiment'> and Figure 1). In this experiment, mono-
thioarsenate was almost completely transformed (Figure 1).
Considering the kinetic stability of monothioarsenate in the
absence of zerovalent sulfur (Figure 6a), a purely chemical
transformation of the monothioarsenate seems unlikely.
However, it seems that the microbial oxidative removal of
zerovalent sulfur also facilitated or accelerated microbial
disproportionation of monothioarsenate.

Relevance of Monothioarsenate for Microbial Ecol-
ogy. Recently, thioarsenates have been shown to play an
important role in the microbial ecology of (micro)aerophilic
hyperthermophiles at hot springs'>'® as well as during
anoxygenic photosynthesis by purple sulfur bacteria in alkaline
environment.'” Our results with strain MLMS-1 give another
example for the ecological relevance of thioarsenates in anoxic
environments and highlight the importance of considering
thioarsenates in future studies. We have shown that
monothioarsenate, though kinetically stable under a wide
range of abiotic conditions, can serve as substrate for the
metabolism of strain MLMS-1 and can be transformed by
disproportionation to arsenite and zerovalent sulfur. Other
microorganisms in Mono Lake or similar sulfidic environments
might have similar capabilities. Microorganisms could therefore
play a significant role in determining which thioarsenic species
occur in nature, often in contrast to thermodynamic
equilibrium predictions.
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Table SI-1

Arsenic species during growth of MLMS-1 on 10 mM Arsenate + 5 mM Sulfide. Experiment was reproduced after Hoeft et al. 2004.

Time Arsenite Arsenate Monothio- Dithio- Trithio- Tetrathio- Sum of As MLMS-1
[d] [mMM] [mMM] arsenate arsenate arsenate arsenate [mM] [x 10° cells/mL]
[mM] [mMM] [mMM] [mM]
Biotic experiment with MLMS-1 (refers to Figure 1)
0.0 0.38 £0.07 12.52 £ 0.67 0.10£0.02 0.03+£0.01 0.37£0.10 0.12+0.13 13.53£0.97 0.67 £0.05
0.8 0.34 £0.07 12.47 £0.36 0.28+£0.01 0.04 £0.01 0.51+0.08 0.01+0.01 13.64 £0.35 0.67 £0.05
1.8 0.45+0.06 11.58 £ 0.42 0.70 £0.05 0.07£0.01 0.41£0.05 <0.01 13.22 £0.43 0.76 £0.19
2.8 0.55+0.07 10.67 £0.24 1.42 £0.11 0.11£0.02 0.28 £ 0.06 <0.01 13.05+0.14 1.77 £0.45
3.8 0.96 £0.03 8.01+0.41 291+£0.24 0.13+£0.01 0.12+0.01 <0.01 12.14+0.34 2.65+0.36
5.0 1.75+£0.10 5.26 £ 0.07 4.87 +0.20 0.11+0.01 0.14 £0.01 <0.01 12.14+0.13 3.65+0.20
6.0 250+0.04 |4.80+0.34 4.77£0.16 0.09 £ 0.004 0.13+£0.01 <0.01 12.30£0.43 451+0.21
6.8 3.35+0.07 4.35+0.27 447 +0.21 0.10£0.01 0.13+0.01 <0.01 12.42 +0.20 6.87 £0.83
8.8 5.43+0.08 1.19 £ 0.05 2.84£0.18 0.17 £0.02 0.14 £0.02 <0.01 9.77 £ 0.22 8.51£0.62
12.1 8.24 +£0.20 0.55+0.10 1.82 £ 0.08 0.25+0.02 0.14 £0.02 <0.01 11.02 £0.08 9.98£0.91
13.8 9.24 £0.32 0.34+0.15 1.31+£0.12 0.32£0.02 0.12+0.01 <0.01 11.33+0.46 9.79+0.88
Sterile abiotic control (refers to Figure SI-2)
0.0 0.02+0.01 11.58+£1.14 <0.01 <0.01 <0.01 <0.01 11.62+1.14 abiotic control
0.8 0.01+0.01 12.16 £ 0.88 <0.01 <0.01 0.01+0.01 <0.01 12.19 £ 0.87 abiotic control
1.8 0.04 £0.05 12.27£0.70 <0.01 <0.01 <0.01 <0.01 12.32+0.74 abiotic control
2.8 <0.01 12.30 <0.01 <0.01 <0.01 <0.01 12.32£0.00 abiotic control
3.8 0.01+£0.003 |10.80+0.83 <0.01 <0.01 <0.01 <0.01 10.82 +0.83 abiotic control
6.8 0.02+0.01 11.54 £ 0.53 0.01+0.01 <0.01 <0.01 0.01+0.01 11.58 £ 0.52 abiotic control
13.8 0.07 £0.07 8.67 £0.92 0.02 £0.00 0.01+0.01 <0.01 0.01+0.01 8.78 £ 0.86 abiotic control
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Table SI-2

Sterilized experiments with Arsenite plus Sulfide or Polysulfides (refers to Figure 3 + Figure SI-3) in ML-
medium (pH 9.8).

Time Arsenite | Arsenate | Monothio- Dithio- Trithio- Tetrathio- Sum of As
[days] [mMM] [mMM] arsenat [MM] |arsenat arsenate arsenat [mMM]
[mMM] [mMM] [mMM]
1 mM Arsenite plus 6 mM Sulfide
0 0.13 0.03 0.00 0.02 0.10 0.57 0.85
7 0.32 0.03 0.00 0.01 0.13 0.37 0.86
21 0.48 0.07 0.01 0.02 0.16 0.17 0.92
3 mM Arsenite plus 6 mM Sulfide
0 2.11 0.22 0.32 0.12 0.35 0.23 3.36
7 2.63 0.11 0.02 0.08 0.20 0.07 3.11
21 2.53 0.12 0.02 0.08 0.16 0.03 2.95
1 mM Arsenite plus 3 mM Sulfide
0 0.20 0.03 0.04 0.05 0.27 0.20 0.79
7 0.31 0.03 0.03 0.09 0.29 0.14 0.88
21 0.45 0.08 0.01 0.05 0.18 0.08 0.86
3 mM Arsenite plus 3 mM Sulfide
0 2.61 0.12 0.05 0.09 0.15 0.02 3.04
7 2.90 0.11 0.04 0.07 0.09 0.00 3.21
21 3.10 0.12 0.03 0.06 0.08 0.00 3.39
1 mM Arsenite plus 1 mM Sulfide
0 0.51 0.05 0.08 0.10 0.10 0.02 0.85
7 0.77 0.04 0.06 0.09 0.09 0.01 1.05
21 0.87 0.00 0.04 0.07 0.09 0.00 1.06
3 mM Arsenite plus 1 mM Sulfide
0 291 0.10 0.12 0.13 0.08 0.00 3.34
7 3.25 0.07 0.05 0.05 0.05 0.00 3.48
21 3.14 0.08 0.05 0.06 0.07 0.01 3.41
1 mM Arsenite plus 10 mM Polysulfide
0 0.30 0.05 0.05 0.02 0.37 0.07 0.85
7 0.26 0.00 0.04 0.02 0.32 0.24 0.88
21 0.18 0.02 0.06 0.05 0.51 0.13 0.96
3 mM Arsenite plus 10 mM Polysulfide
0 0.69 0.12 1.12 0.41 0.58 0.06 2.98
7 0.17 0.03 1.46 0.60 0.80 0.04 3.11
21 0.17 0.06 1.44 0.77 0.76 0.00 3.21
S3
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Table SI-3

Arsenic species during growth of MLMS-1 on 8.5 mM Arsenate + 7 mM Sulfide (refers to Figure 5).

Time | Arsenite Arsenate Monothio- Dithio- Trithio- Tetrathio- Sum of As MLMS-1
[d] [mMM] [mMM] arsenate arsenate arsenate arsenate [mMM] [x 10° cells/mL]
[mM] [mMM] [mMM] [mMM]
Sterilized abiotic control (refers to Figure 5a)
0.0 <0.01 8.76 £ 0.30 0.02+0.01 <0.01 <0.01 <0.01 8.79+£0.28 abiotic control
1.8 0.02 £0.02 8.81+0.33 0.08 £0.07 0.01£0.02 <0.01 <0.01 8.93+0.35 abiotic control
3.8 0.01+0.00 8.72+0.21 0.02 £0.02 <0.01 <0.01 <0.01 8.75+0.23 abiotic control
4.9 <0.01 8.69 + 0.27 0.07 £0.08 <0.01 0.01 £ 0.00 <0.01 8.78+0.34 abiotic control
59 0.01+0.01 8.61 +£0.07 0.05+0.06 <0.01 0.02 £0.03 <0.01 8.69+0.15 abiotic control
7.8 0.01+0.01 8.71+£0.32 0.02+0.01 <0.01 <0.01 <0.01 8.75+0.32 abiotic control
10.8 0.01+0.01 8.81+0.22 0.03£0.02 <0.01 0.01+£0.00 <0.01 8.86 £ 0.22 abiotic control
14.0 0.01+0.00 8.70+£0.21 0.02 £0.00 <0.01 <0.01 <0.01 8.73+0.21 abiotic control
20.7 <0.01 8.64+£0.19 0.12+0.18 <0.01 <0.01 <0.01 8.77+0.20 abiotic control
28.1 0.02£0.01 8.76 £ 0.33 0.02 £ 0.002 <0.01 <0.01 <0.01 8.81+£0.33 abiotic control
42.1 0.05+0.03 8.76 £ 0.45 0.05+0.03 <0.01 0.02 £0.02 <0.01 8.89 £0.42 abiotic control
Biotic experiment with MLMS-1 (refers to Figure 5b)
0.0 0.15+0.05 8.66 £ 0.11 0.04+0.01 0.01+£0.01 0.47£0.20 0.10+0.15 9.43 £0.02 0.85+0.32
1.8 0.24+0.16 8.54+0.41 0.06 £ 0.02 0.03+£0.01 0.62+0.24 0.13+£0.18 9.63+£0.42 1.06 £0.01
3.8 0.88+£0.17 7.89+£0.40 0.24+£0.25 0.04 £0.00 0.67 £0.16 0.13+£0.13 9.84£0.28 1.58 +£0.24
4.9 1.13+0.36 7.28+0.19 0.32+0.04 0.10£0.10 0.91+0.32 0.07 £0.09 9.82+0.19 3.22+0.90
59 1.72 £0.10 6.42 £ 0.34 0.76 £0.22 0.04 £0.005 0.71+£0.03 0.03£0.03 9.68 £ 0.36 6.68 £ 0.48
7.8 1.94 £ 0.04 5.07 £ 0.40 2.02 £0.30 0.10£0.01 0.55+0.08 0.01+£0.01 9.69 £0.36 7.34+0.13
10.8 2.33£0.02 3.28+0.29 3.57+0.18 0.16 £0.01 0.42 £0.05 0.01+£0.01 9.77£0.36 7.43+0.64
14.0 2.68 £ 0.06 2.62 £ 0.66 411+0.15 0.16 £0.02 0.44 £0.02 <0.01 10.01+£0.78 6.89+£0.14
20.7 3.21+0.15 1.60 £ 0.32 4.27 +0.38 0.21+£0.01 0.49 £0.02 0.01+£0.02 9.80 £ 0.86 8.03+1.52
28.1 3.68+0.20 1.38£0.16 3.82+0.15 0.34 £0.02 0.34 £0.02 0.11+£0.05 9.67£0.31 6.39 £0.20
42.1 4.30+0.16 1.30£0.17 3.16 £0.19 0.37£0.04 0.43 £0.02 0.13+0.04 9.67 £0.42 4.37+£0.44
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Table SI-3 (continued): Sulfur species during growth of MLMS-1 on 8.5 mM Arsenate + 7 mM Sulfide (refers to Figure 5).

HS, H,S|S,” S.” S S S S~ Sg> Sum of | Sulfate [ Thiosulfate | Sum of Sulfur
[mMM] [mMMeq] |[mMeq] |[mMeq] |[mMeq] |[mMeq] |[mMeq] |[mMeq] |Polysulfide | [mM] [mMeq] (including ThioAs)
[mMMeq] [mM]
Sterilized abiotic control (refers to Figure 5a)
0 75+£0.10 |<0.1 <0.1 <01 <0.1 <01 <0.1 <0.1 <0.1 1.9+0.1 |[0.09+0.05 95+0.2
2 8.1+£0.27 |<0.1 <0.1 <0.1 <0.1 <01 <0.1 <0.1 <0.1 2.1+0.1 [0.08£0.05 10.4+0.3
4 7.7+056 |<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 1.7+0.3 |[0.11+0.02 9.6+0.3
5 82+0.11 |<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 1.9+0.1 |[0.06+0.02 10.2+£0.1
6 8.0+£0.18 |<0.1 <0.1 <01 <0.1 <0.1 <0.1 <0.1 <0.1 1.9+0.2 [0.12+0.10 10.2+0.2
8 8.0+£0.16 |<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 1.9+0.2 [0.09+0.05 10.0+0.2
11 n.d. <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 20+£0.1 [0.13+0.05 n.d.
14 7.8+0.23 |<0.1 <01 <0.1 <0.1 <0.1 <01 <01 <0.1 1.8+0.2 [0.14+0.04 9.8+1.1
21 8.1+£0.26 |<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1+0.05 |19+03 [0.11+0.08 10.4+0.4
28 81+£0.11 |0.1+£0.05|<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1+0.04 |23+0.7 [0.14+0.05 10.8+0.8
36 n.d. 0.1+£0.02 |<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1£0.02 |n.d. n.d. n.d.
42 79+£0.29 [0.1+£0.02|<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1+£0.02 |20+£05 [0.14+0.09 10.3+0.8
Biotic experiment with MLMS-1 (refers to Figure 5b)
0 6.8+£05 |04+01 |<0.1 <0.1 <01 <01 <0.1 <0.1 05+0.05 |[19+£0.2 |0.07+0.02 11.1+£0.7
2 72+02 |0.7+£004 |<0.1 <0.1 <0.1 <0.1 <0.1 <01 0.8+0.1 20+£0.2 [0.05+0.03 126+£05
4 64+06 |11+02 |02+£01 |01+01 |<01 <0.1 <0.1 <0.1 15+0.1 2.1+0.2 [0.07+0.03 129+0.9
5 54+05 |14+03 |04+£01 |01+01 |<01 <0.1 <0.1 <0.1 20+£0.1 23+0.1 [0.09+0.08 13.4+£1.0
6 45+06 |22+02 (0401 |<0.1 <0.1 <0.1 <0.1 <0.1 2.7+0.2 24+0.2 [0.06+0.004 [(12.7+0.6
8 33+£05 |31+03 |06+£01 [01+01 |<01 <0.1 <0.1 <01 38101 24+0.1 [0.08+0.02 13.4+0.6
11 n.d. 33+05 [0.8+0.03|<0.1 <0.1 <0.1 <0.1 <0.1 42+05 26+0.2 [0.05+0.01 n.d.
14 1.0+03 [33+04 |08+01 |02+£0.01|<0.1 <01 <0.1 <0.1 43+05 29+0.3 [0.13+0.01 14.0+0.9
21 08+01 |3.0+04 |06+£05 [0.2+0.04|<0.1 <01 <01 <01 3.8+£0.8 29+0.2 [0.10+0.07 13.8+£0.7
28 07£03 |29+04 |13+£01 |04+01 |<01 <01 <01 <0.1 46+04 25+0.2 [0.03+0.001 (13.8+1.0
36 n.d. 35+04 [11+01 |03+£01 |<0.1 <0.1 <0.1 <0.1 49+04 n.d. n.d. n.d.
42 07+02 |36+04 |1.1+£01 |03+0.1 |<01 <01 <0.1 <01 50£0.3 3.0+£0.2 [0.11+0.08 145+05

- 107 -

S5




Table SI-4

As and As-S species during growth of MLMS-1 on 7.6 mM Monothioarsenate + 4 mM Sulfide (refers to Figure 6).

Time [d] [Arsenite Arsenate Monothio- Dithio- Trithio- Tetrathio- Sum of As|MLMS-1
[mMM] [mMM] arsenate arsenate [MM] | arsenate [mM] | arsenate [mMM] | [mMM] [x 10° cells/mL]
[mM]
Sterilized abiotic control (refers to Figure 6a)
0.0 0.12 £0.08 0.72+0.40 7.70 £0.42 0.05+0.01 0.26 £0.14 0.15+0.11 9.01£0.53 abiotic control
1.8 0.06 £0.04 0.50 £0.07 7.92+0.77 0.03+0.01 0.26 £ 0.16 0.08 £ 0.08 8.85+0.97 abiotic control
3.8 0.14 £ 0.05 0.52 £0.04 7.62 +0.55 0.05 +0.01 0.37 +0.12 0.08 +0.11 8.78 £ 0.61 abiotic control
4.9 0.07 £0.02 0.52+£0.04 8.06 +0.83 0.03+0.01 0.43+0.14 0.04 £0.06 9.15+0.88 abiotic control
5.9 0.08 £0.02 0.56+0.11 7.92+0.35 0.04 +0.002 0.36 £ 0.07 0.03+0.02 8.98 £0.33 abiotic control
7.8 0.16 £0.03 0.51+0.04 7.58 +£0.40 0.04 + 0.004 0.60 + 0.06 0.02 £0.02 8.93+0.36 abiotic control
10.8 0.22+0.26 1.21+1.07 7.78+0.34 0.06 £0.01 0.43+0.15 0.05+0.09 9.75+1.45 abiotic control
14.0 0.12 £0.05 0.49+0.04 7.69+0.44 0.06 +0.01 0.47 +0.05 0.03 +£0.06 8.87 £0.50 abiotic control
20.7 0.09 £0.03 0.69+0.39 7.74+£0.43 0.04 +0.01 0.44 +£0.04 0.01+£0.02 9.02+0.88 abiotic control
28.1 0.30£0.04 0.52+0.04 7.21£0.46 0.04 +0.002 0.54 +0.04 0.02 + 0.004 8.63 £ 0.47 abiotic control
42.1 0.43 +£0.08 0.53+0.03 7.10+0.39 0.06 +0.01 0.59 +£0.04 0.05+0.01 8.77£0.39 abiotic control
Biotic experiment with MLMS-1 (refers to Figure 6b)
0.0 0.43+0.15 0.55+0.04 7605 0.06 £ 0.02 0.59+0.20 0.26 £0.33 9.47 +£0.62 1.04 +0.17
1.8 0.57 £0.00 0.33£0.02 7.7+05 0.05+0.01 0.64 £0.32 0.17+0.24 9.47 £0.58 1.21 +0.09
3.8 0.97+0.10 0.23+0.08 7.4+05 0.11+£0.03 0.68+0.24 0.12+0.19 9.52 +£0.69 2.49 £ 0.09
4.9 1.20+£0.16 0.23+0.03 7.2+£05 0.16 £0.03 0.65+0.14 0.05+0.06 9.52+0.76 4.00 +0.46
5.9 1.45+0.06 0.37 £0.07 6.9+0.4 0.28 £0.08 0.60+0.24 0.02 £0.02 9.65%0.52 6.97 £0.59
7.8 1.74 £0.15 0.50 £0.05 6.1+£0.3 0.37+£0.03 0.89 £ 0.06 0.02 £0.03 9.67 £0.61 8.80+0.72
10.8 2.15+0.23 0.68 £0.08 52+05 0.52 +£0.08 0.94 £0.06 0.01+£0.01 9.52+0.90 8.59+0.44
14.0 2.55+0.16 0.77 £0.06 47+0.3 0.65+0.06 1.07 £0.05 <0.01 9.75+0.58 7.40+0.14
20.7 3.10+£0.19 0.80 £0.05 3.8+0.2 0.81+0.08 1.24 £0.16 0.07+0.11 9.80 £0.49 6.80 +0.38
28.1 3.79+0.16 0.78 £ 0.07 3.0+0.1 0.81+0.01 0.89 £ 0.07 0.12+0.04 9.40 £0.17 7.13+0.32
42.1 4.26+0.16 0.69 +£0.06 20101 0.89 £0.02 1.14+£0.11 0.18 £0.03 9.18+0.30 6.02 +0.46

- 108 -

S6



Table SI-4 (continued): S species during growth of MLMS-1 on 7.6 mM Monothioarsenate + 4 mM Sulfide (refers to Figure 6).

HS, H,S |S,” S> S S S |SF [S¢®  |Sum of | Sulfate Thiosulfate |Sum of
[mM] [mMMeq] [[mMeq] |[mMeq] [mMMeq] [[MM [[mMM |[mM |Polysulfide |[mM] [mMeq] Sulfur (including
eq] eq] eq] [mMeq] ThioAs) [MM]
Sterilized abiotic control (refers to Figure 6a)
0 46+004/13+01 |07+£03 [02+£01 |<01 <01 |<01 |<01 |22+05 1.7+0.03 [0.09+0.07 [17.8+£0.9
2 47+02 |25+03 |08+03 |[03+£0.2 |<01 <0.1 |<01 |<0.1 [3.7+09 1.7+0.1 0.06£0.04 [19.2+16
4 47+01 |27+£03(09+0.2 |(03+£01 |<01 <0.1 |<01 |<0.1 [39+0.6 16+0.1 0.15+0.10 |195%0.2
5 46+01 |25+02 |07+02 |02+£01 |<0.1 <01 |<01 |<01 [33+04 1.7+0.2 0.08+£0.01 (19.3+1.3
6 43+£0.2 |26+06 |{09+05 (03+£02 |<0.1 <0.1 |<01 |<0.1 [39+14 1.7+0.2 0.06 £0.005|19.1+14
8 44+0.02/28+04 |08+03 [02+£01 |<0.1 <01 |<01 |<01 [3.7£08 1.7+0.2 0.05+£0.01 |n.d.
11 n.d. 27+01(09+01 (02+£0.04 |<01 <0.1 |<01 |<0.1 [38+0.3 1.7+0.1 0.69+1.03 |n.d.
14 42+0.03|127+01 |12+02 |03+£01 |<0.1 <01 |<01 (<01 [42+05 1.7+0.1 0.10+£0.06 [19.6+1.0
21 43+0.1 (36+02 |12+02 |05+02 |01+01 |<0.1 |<0.1 |<0.1 |54+04 1.8+0.1 0.07+£0.03 [20.8+0.6
28 40+£01 |38+04 |1.7+01 |(06%£01 |<0.1 <0.1 |<01 |<0.1 |62+04 2.2+0.6 0.11+0.04 |21.4+0.6
36 n.d. 41+02 |14+01 |04+£003 [<01 <0.1 |<01 |<0.1 [6.0£03 n.d. n.d. n.d.
42 36+01 |52+01 |16+02 [05+01 |<0.1 <01 |<01 |<01 [74£03 22+0.2 0.17+£0.04 [225+0.7
Biotic experiment with MLMS-1 (refers to Figure 6b)
0 36+03 |19+01 |04+01 (<01 <01 <01 |<01 |<01 [23£0.1 1.7+0.2 0.07+£0.04 [18.2+0.9
2 41+02 |48+03(08+03 |(02+£01 |<0.1 <0.1 |<01 |<0.1 [58+0.7 19+0.1 0.05+0.02 [22.3+0.8
4 36+01 |56+08 |09+03 [02+£01 |<0.1 <01 |<01 |<01 [68%11 20+£0.1 0.10+0.07 |227+1.1
5 31+£03 |49+08 |08+05 (02+£01 |<0.1 <0.1 |<01 |<0.1 |59+14 2101 0.07+0.04 |209+13
6 32+02 |6.2+02 |11+01 |[02+0.04 |<0.1 <01 |<01 |<01 |75£03 22+0.05 (0.10+£0.04 (21.7+18
8 31+£01 |70+£02 |13+02 |03+£01 |<0.1 <0.1 |<01 |<01 [86+04 24+0.1 0.08+0.01 [23.8+0.2
11 n.d. 73+04 |14+01 (03%x01 |<01 <0.1 |<01 |<0.1 [9.0+0.6 2601 0.05+0.02 |n.d.
14 27+01 |71+03 |16+£01 |04+01 |<0.1 <01 |<01 |<01 [9.2+£03 28+0.2 0.13+£0.05 [24.1+05
21 28+0.3 |73+0.1 (14+01 |03+0.03 |[<0.1 <0.1 |<01 |<0.1 [9.0+0.1 29+0.3 0.07+0.03 |243+04
28 25+01 |58+0.1 (14+01 |04+£01 |<01 <01 |<01 |<01 |7.7£01 2905 0.18+£0.09 (21.0+£0.6
36 n.d. 6.3+10 |14+01 (04%£01 |<01 <0.1 |<01 |<0.1 [8.1+0.7 n.d. n.d. n.d.
42 23+02 |57+0.1 |1.3£0.01 |0.3+£0.02 |[<0.1 <01 |<01 |<01 [74£02 28+0.2 0.10+£0.07 [20.4+0.9
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a) no polysulfide b) + 4 mM sulfide c) + 8 mM sulfide d) +polysulfidelx e) +polysulfide2x f) +polysulfidedx

or sulfide added (dil. factor 500) (dil. factor 250) (dil. factor 125)
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Figure SI-1 ~ Comparison of results of polysulfide measurements in ML-medium having 1, 3, 6, and 10 mM monothioarsenate (MTA). Individual graphs display
a) ML-medium without sulfide or polysulfide; ML-medium plus sulfide b) 4 mM and ¢) 8 mM; ML-medium plus polysulfide stock solution d) 1x = 500x diluted
stock; e) 2x = 250x diluted stock; f) 4x = 125x diluted stock. The corresponding polysulfide stock solution was prepared by adding 0.5 M sulfide plus 5 M
elemental sulfur and was filtered prior to its dilution; the percentage of disulfide codetermination with monothioarsenate was calculated from these data (excluding

the 1 mM data because they were often below detection limit) to be 10-26%.
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Figure SI-2  Abiotic control experiment applying 12.5 mM arsenate and 5 mM sulfide, referring to the
biotic experiment with MLMS-1 in Figure 1 in the manuscript. Displayed are results of As-S species

analyses by IC-ICP-MS (n=3). Sample d7, highlighted by yellow color, was investigated by XAS in this
study, referring to data in Figure 2 of the manuscript.

S9

-111 -



1 mM Arsenite 3 mM Arsenite

a) ratio 1:1 (1) b) ratio 1:0.33 (3)
100% 100%
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0% 0%
0 7 21
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Figure SI-3  Experiments in sterilized, anaerobic ML-Medium, applying different concentrations of arsenite vs sulfide
or a polysulfide mix, measured by IC-ICP-MS. Single species were normalized relative [%)] to the sum of As-species.
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(a) Abiotic Sulfide + Arsenate (b) Biotic Sulfide + Arsenate
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Figure SI-4  Comparison of the detected polysulfide species S,*, S;> and S,> and the sum of polysulfides with
measured concentrations of monothioarsenate and sulfide in biotic (b, d) and abiotic (a,c) experiments with 10 mM
arsenate plus nominally 10 mM sulfide (a, b) and with 10 mM monothioarsenate plus 5 mM sulfide (c, d), respectively.
Higher polysulfide-sum concentrations than initial monothioarsenate concentrations (d) could indicate that the measured
concentrations for polysulfide-species are over-estimated. This is a known problem during HPLC-polysulfide-speciation,
especially regarding S, (and Ss), since the UV-detector is not so sensitive towards these species and may also result in
relatively high standard deviations between multiple measurements (Reference: Kamyshny, A.; Goifman, A.; Gun, J.;
Rizkov, D.; Lev, O. Equilibrium Distribution of Polysulfide Ions in Aqueous Solutions at 25 °C: A New Approach for the
Study of Polysulfides' Equilibria. Environ. Sci. Technol. 2004, 38 (24), 6633-6644).
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Chemolithotrophic Growth of the Aerobic Hyperthermophilic
Bacterium Thermocrinis ruber OC 14/7/2 on Monothioarsenate and
Arsenite

Cornelia Héirtigl, Regina Lohmayerl, Steffen Kolbz, Marcus A. Hornz, William P. Inskeep3 , Britta
Planer-Friedrich*'
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University of Bayreuth, Universititsstraie 30, 95447 Bayreuth, Germany
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Abstract Novel insights are provided regarding aerobic chemolithotrophic growth of Thermocrinis ruber
OC14/7/2 on the electron donors arsenite and monothioarsenate. 7. ruber is a hyperthermophilic bacterium
that thrives in pH-neutral to alkaline hot springs and grows on hydrogen, elemental sulfur, and thiosulfate.
Our study showed that 7. ruber can also utilize arsenite as sole electron donor producing arsenate. Growth
rates of 0.024 h"' were lower than for oxidation of thiosulfate to sulfate (u=0.247 h™"). Fast growth was
observed on monothioarsenate (1=0.359 h™"), comprising different abiotic and biotic redox interactions. The
initial dominant process was abiotic transformation of monothioarsenate to arsenate and elemental sulfur,
followed by microbial oxidation of sulfur to sulfate. Elevated microbial activity during stationary growth of 7.
ruber might be explained by microbial oxidation of thiosulfate and arsenite, both also products of abiotic
monothioarsenate transformation. However, the observed rapid decrease of monothioarsenate, exceeding
concentrations in equilibrium with its products, also indicates direct microbial oxidation of arsenic-bond S(-
II) to sulfate. Free sulfide was oxidized abiotically too fast to play a role as electron donor for 7. ruber. Our
present laboratory and previous field studies suggest that thioarsenates can either indirectly or directly be used
by (hyper)thermophiles in arsenic-sulfidic environments.

Our previous research has focused on thioarsenate
transformation in hot springs of Yellowstone
National Park (YNP), USA. Trithioarsenate
(HAs"0S;™) has been identified as the dominant
arsenic species at the sources of several alkaline-
sulfidic hot springs (Planer-Friedrich et al., 2007).

Introduction

The high affinity of arsenic and sulfur has been
known for over a century to lead to formation of
thioarsenic species and their chemistry has been
well studied (Brauner & Tomicek, 1888; McCay,
1902; McCay & Foster, 1904; Thilo et al., 1970;

. o However, along their drainage channels,
Schwedt & Rieckhoff, 1996a, 1996b; Wilkin et al., trithioarsenate  is  rapidly  transformed  to
2003; Stauder et al., 2005; Wallschliger & Stadey, monothioarsenate  (H ASVO382') and  arsenite

2007; Planer-Friedrich et al., 2009; Planer-Friedrich
& Wallschlager, 2009; Suess et al., 2009; Planer-
Friedrich et al, 2010). Recently, pentavalent
thioarsenates have been shown to occur in different
environments, e.g., hypersaline anoxic lake water
(Hollibaugh et al., 2005; Wallschlager & Stadey,
2007), reduced contaminated groundwater (Stauder
et al., 2005; Wallschlager & Stadey, 2007), polluted
marina sediments (Mamindy-Pajany et al., 2013),
landfill leachate (Zhang et al., 2014), and repeatedly

(H;As"™O;), followed by appearance of arsenate
(HAs"0,%) as the final product (Planer-Friedrich et
al., 2009; Hartig & Planer-Friedrich, 2012).
Hyperthermophilic microorganisms (specifically
Thermocrinis ruber, a member of the Aquificales
bacterial order) were hypothesized to catalyze these
stepwise transformation processes of thioarsenates
and arsenite (Planer-Friedrich et al., 2009). On-site
bio-assays (at 78°C) at one selected spring, called
Conch-Spring, in the Lower Geyser Basin of

in hydrothermal waters (Planer-Friedrich et al.,
2007; Planer-Friedrich et al., 2009; Hartig & Planer-
Friedrich, 2012; Ullrich et al, 2013). Yet, little is
known about the fate of thioarsenates in the
environment, especially about the role of
microorganisms in thioarsenate transformation.

Yellowstone National Park, using the native, pink-
brownish microbial streamer communities (Hértig
&  Planer-Friedrich, 2012) showed biotic
transformation of arsenite and monothioarsenate, in
addition to transformation of sulfide and thiosulfate.
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For trithioarsenate, differentiation between abiotic
and biotic processes was more difficult, because it is
already subject to rapid abiotic transformation to
sulfide and arsenate. Consequently, it was difficult
to differentiate whether the microbial community
transformed trithioarsenate  directly, or just
accelerated abiotic trithioarsenate decomposition
via microbial sulfide oxidation.

Thermocrinis ruber (strain OC 1/4) is a gram
negative hyperthermophile, isolated from Octopus
Spring (YNP), capable of microaerophilic
chemotrophic growth on hydrogen and on reduced
sulfur species like elemental sulfur or thiosulfate, as
well as chemoorganoheterotrophic growth on
formate and formamide (Huber et al., 1998; Jahnke
et al., 2001). Optimal growth occurs at 80 °C, with
growth being observed within the range 44 to 89 °C
(Huber et al., 1998). T. ruber grows at pH 7 and 8.5
(Huber et al., 1998). Thermocrinis spp. probably fix
inorganic carbon via the reductive tricarboxylic acid
cycle (rITCA) (Jahnke et al., 2001; Hiigler et al.,
2007; Hall et al., 2008; Takacs-Vesbach et al.,
2013).

Temporally resolved speciation data on how
reduced sulfur species are transformed by 7. ruber
are lacking to date. It has been shown that the
ancient sulfide:quinone reductase (SQR) (Theissen
et al.,, 2003) catalyzes the oxidation of sulfide to
elemental sulfur (S°) or polysulfides (S,> = [S’,.1S”
") (Cherney et al., 2010; Takacs-Vesbach et al.,
2013). Genes encoding SQR were present in-situ in
different  Aquificales  streamer  populations
(Thermocrinis  spp., Sulfurihydrogenibium spp.,
Hydrogenobaculum spp. Takacs-Vesbach et al.,
2013) and activity of SQR is verified for Aquifex
aeolicus (Nibel et al., 2000; Marcia et al., 2009).
Though not confirmed for 7. ruber to date, other
Agquificales contain genes encoding parts of the Sox
multienzyme complex (e.g. Aquifex aeolicus
(Friedrich et al., 2001; Meyer et al., 2007; Dahl &
Friedrich, 2008; Braakman et al, 2014),
Sulfurihydrogenibium spp. (Takacs-Vesbach et al.,
2013)). The Sox enzyme complex regulates
oxidation of thiosulfate, sulfite, and sulfur
(Friedrich et al., 2001; Dahl & Friedrich, 2008). The
Sox complex is widespread among sulfur-oxidizing
Bacteria (Meyer et al., 2007); respective Sox genes
putatively derive from common ancestors of
Aquificae and Epsilonproteobacteria (Ghosh &
Dam, 2009; Ghosh et al., 2009). Such findings
suggest that the capability to utilize sulfide,
thiosulfate, sulfite, and sulfur occurs among diverse
members of the Aquificales. Though previous work
has already demonstrated the importance of in-situ
arsenite oxidation via Thermocrinis-like organisms
in alkaline hot springs (Hamamura et al., 2009;

Héartig &  Planer-Friedrich, 2012), successful
cultivation of a pure Thermocrinis culture on
arsenite was not reported to date. Culture-based
studies with other strains of Aquificales revealed
that  Sulfurihydrogenibium  azorense and S.
subterraneum are capable of utilization of arsenite
as the sole electron donor (Takai ef al., 2003; Aguiar
et al., 2004), whereas Venenivibrio stagnispumatis
tolerated up to 8 mM arsenite during growth on
hydrogen (Hetzer et al., 2008).

Evidence for microbial transformation of
thioarsenates in pure culture by chemolithotrophs
like 7. ruber or their role as potential electron
donors in prokaryotic chemolithotrophy as well as
identification of potential transformation pathways
is lacking to date despite the importance of
Thermocrinis-like ~ organisms  for  streamer
communities in thioarsenate-dominated
environments (Planer-Friedrich et al., 2009). Thus,
our objectives were to (I) investigate the utilization
of a thioarsenate as electron donor for aerobic
growth of T ruber, (Il) clarify the transformation
pathways of the thioarsenate and (III) determine the
growth potential of 7. ruber on sulfur and arsenic
species that form during abiotic thioarsenate
transformation, namely sulfide, thiosulfate, and
arsenite. We selected monothioarsenate due to its
greater abiotic stability in comparison to higher
thiolated thioarsenates to enhance chances for a
better separation between biotic and abiotic
reactions.

Materials and Methods

Strain and culture conditions

Thermocrinis ruber strain OC14/7/2 (DSM No.
23557, AJ005640), isolated from Octopus Spring,
Yellowstone National Park, was obtained from the
DSMZ (Huber et al., 1998). Note that we did not
use the other available isolate (OC1/4, DSM No.
12173), which was recently shown to have only
little 16S rRNA gene similarity to the originally
published 7. ruber sequence (Wirth ef al., 2010). T.
ruber OC14/7/2 was cultivated in liquid Octopus
Spring (OS) medium (Huber et al, 1998),
supplemented with 10 mM TrisHCI (pH 7 or 8) as
pH buffer (personal recommendation by Prof. R.
Wirth, Institute for Microbiology, University of
Regensburg). The OS medium (20 or 40 mlL),
gassed with N, for 45 min, was filled into glass
septum bottles (120 mL, #102046, Glasgeridtebau
Ochs, Bovenden, Germany), and tightly closed with
black  butyl  rubber  stoppers  (#102049,
Glasgerdtebau Ochs, Bovenden, Germany) in an
anaerobic chamber. These bottles were gassed for
20 min with N, finally pressurized to 2.5 bar
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(TensioCheck TCO03S, #1701, Bambach GbR,
Geisenheim, Germany). After autoclaving, the
carbon source (NaHCO;), the electron acceptor
(oxygen), the different electron donors, and the
inoculum were added to the medium. Either 3%
(100 mL headspace, 20 mL OS medium) or 8% (80
mL headspace, 40 mL OS medium) of oxygen were
applied. Experiments using thiosulfate (Na,S,0; x 5
H,0), monothioarsenate (Na;AsSO; x 7 H,0,
synthesized according to Schwedt & Rieckhoff,
1996a) or sulfide (Na,S x 9 H,0) as the electron
donors were performed with 40 mL OS media (pH
8). Experiments with arsenite (2 mM) were run with
20 mL OS-media at pH 7, because growth was more
easily achieved than with pH 8 media. The
concentration of the applied, freshly grown
inoculum was 1% in all biotic experiments; except
2.5% in the arsenite experiment “Biotic I”. The T.
ruber-inoculated vs. abiotic triplicates were
incubated (no shaking) at 7. ruber’s optimum
growth temperature of 80 °C (Huber et al., 1998).
Biotic control experiments without supplemental
electron donors were carried out at pH 7 and pH 8
under otherwise similar conditions.

Sample collection

Syringes, firmly connected to a canula (both sterile),
were used to draw samples from the incubation
bottles, avoiding loss of the pressurized gas phase.
Removed medium volumes were replaced by fresh
sterile gas phase. All samples (except for cell
counts) were filtered through 0.2 pm cellulose
acetate filters (DIAFIL CA, #5123280D, DIA-
Nielsen, Diiren, Germany), removing bacteria and
any potential colloids > 0.2 um or precipitates.

Bacterial cell counts

The samples were stained with SYBRGold (#S-
11494, Invitrogen; Noble & Fuhrman, 1998;
Breitbart et al., 2004; Wegley et al., 2006). Growth
was determined by direct counting, using a
Neubauer Improved counting chamber (0.02 mm
depth) and epifluorescent microscopy (400x
magnification, Zeiss Axioplan).

Analytical Methods

Samples for As-S-speciation by anion exchange
chromatography coupled to inductively-coupled
plasma mass spectrometry (AEC-ICP-MS) were
immediately flash-frozen in liquid nitrogen after
sampling and filtration and were stored at -20 °C.
Prior to analysis, samples were thawed in an
anaerobic chamber (95% N,, 5% H,) and diluted in
Ny-purged ultra-pure water (MQ). Thioarsenates,
arsenite, arsenate, sulfate, and thiosulfate were

measured by AEC-ICP-MS (AEC Dionex ICS-3000
SP coupled to ICP-MS XSeries2, Thermo-Fisher) as
published previously (Planer-Friedrich et al., 2007).
Standard solutions for calibrations were made from
sodium arsenate dibasic heptahydrate (Na,HAsOy4 7
H,O, Fluka #71625), sodium(meta)arsenite
(NaAsO,, Fluka #71287), ammonium sulfate
[(NH4),SO,4, Fluka #09979] and sodium thiosulfate
(Na,S,0;,Aldrich  #563188). The matrix for
calibration standards was OS-medium, diluted in
MQ according to the sample dilution. Quantification
of thioarsenates was based upon the arsenate
calibration curve.

Filtered samples were analyzed for sulfide using the
methylene blue method (Cline, 1969), measuring
the absorption after 2 hours of color development
with a spectrophotometer (HACH Lange DR 3800)
at 660 nm.

For analysis of polysulfides ([S",.1S™]*), a 100 pL
aliquot of 0.2 pm-filtered sample was added
simultaneously with 15 puL methyl
trifluoromethanesulfonate  (CF;SO;CH;,  Sigma-
Aldrich) to 800 pL methanol immediately after
sampling. This derivatization according to
(Kamyshny et al., 2006) transforms unstable
polysulfides to stable dimethylpolysulfanes, which
were then analyzed on a Merck Hitachi high-
pressure liquid chromatography (HPLC) using a
reversed phase C18 column (Waters-Spherisorb,
ODS2, 5 um, 250 x 4.6 mm) and gradient elution
after (Rizkov et al., 2004). Detection was done with
a L-2420 UV-VIS detector at 230 nm wavelength.

Colloids larger than 0.2 pm filter-cutoff size or
precipitates of elemental sulfur were not determined
analytically. To get an estimate on their potential
role for sulfur redox reactions during the
experiments, the difference between initially applied
sulfur concentration and sum of all other
analytically determined sulfur species in solution
was calculated. This delta value is referred to in the
following as Socalc(s). Note that this calculated value
is of course subject to larger variations because
analytical uncertainties of all sulfur species sum up
here.

The pH was measured with a PHC101 gel electrode
connected to a HACH HQ40d digital multimeter.
All pH measurements were carried out at room
temperature.

All concentrations in the following are given in
moles As or S or for polysulfides and thiosulfate in
moles equivalent S, e.g. 8 mMeq of thiosulfate-S (4
ml§/4 Na,S,05 x 5 H,0) contain 4 mM s! plus 4 mM
S+
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Results

Monothioarsenate

In the presence of 7. ruber, monothioarsenate
transformed completely (< 1%) within 2.6 days
(Fig. 1A, S1, Table S1). Two phases can be
differentiated: A slower decrease until day 0.8 with
a transformation rate of 0.5 mM/day, followed by a
steeper decrease with transformation of 1.6 mM/day
until day 2.6. Polysulfides were observed from the
beginning on in the experiment and decreased
concurrently to monothioarsenate (Fig. 1G). They
showed the same acceleration of transformation rate
after day 0.8 (Fig. 1G). The dominant polysulfide
species was tetrasulfide (Fig. S4). Arsenate (99%)
was the major arsenic-containing product (Fig. 1C).
Sulfate (89%, including 16% medium background)
constituted the main sulfur product (Fig. 1F),
besides 10% thiosulfate (Fig. 1E) after 6.6 d. The
very first decrease of monothioarsenate until 0.4
days was not accompanied by a corresponding
increase of any measured sulfur species (Fig. 1,
Table S1). On the contrary, both sulfide (Fig. S3A)
and polysulfide (Fig. 1G, S4) concentrations in
solution decreased, too, and left a deficit in the
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sulfur mass balance, which we attribute to Socalc(s)
(Fig 1H). The biotic S’.(s) curve showed large
variations with a maximum of 1.5 mM after 1.9
days. At the end of the experiment (11.7 d, Table
S1), almost all the sulfur was recovered in
measurable dissolved sulfur species again (S.i(s)
= 0.4 mM; Fig. S1). Maximum concentrations of
arsenite (< 0.3 mM) were comparatively low with
less than 7% of the total As after 1.4 days (Fig. 1B).
T ruber grew up with an exponential growth rate of
0.359 h' (1.9 h generation time) during day 0.3 to
0.8 (Fig. 1D). The cell numbers after exponential
growth were (2.52 + 0.56) x 10’ cells/mL at day 0.8
(Table S1). The cell numbers further increased to
(3.71 £ 0.38) x 10" cells/mL between 0.8 to 2.6 d,
which indicates an elevated microbial activity of T
ruber at this time and concurred with the observed
steeper decrease of monothioarsenate
transformation (Fig. 1A). No growth was observed
in pure OS medium controls, without any donor
(Fig. S95).

In the abiotic experiments, monothioarsenate was
transformed, too, but transformation was slower,
incomplete, and a different dominant sulfur product
was measured (Fig. 1, Table S1). The initial
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Fig. 1: Oxidation of monothioarsenate (Na;As"'SO; x 7 H,0) during growth of 7. ruber with 8% O, in the gas phase in
a medium of pH 8. The biotic set-ups received 1% of a T. ruber pre-culture actively growing on monothioarsenate as
inoculum. Graphs show average concentrations + standard deviation (n=3), displayed by error bars (Table S1). For better
visibility, only results up to day 6.6 are displayed, all data including those of day 11.7 can be found in Table S1, as a
compilation of all species data and time steps in one diagram in Fig. S1 or as summary of species production with

reference to day 0 in Fig. S2.
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decreases in monothioarsenate (Fig. 1A), sulfide
(Fig. S3A), and polysulfides (Fig. 1G) were
comparable to those in the biotic experiments.
Concentrations of elemental sulfur (S.(s))
increased to a maximum of 1.8 mM (1.4 d). After
6.6 days, 30% of initial arsenic remained as
monothioarsenate (Fig. 1A), while 59% arsenate
(Fig. 1C) plus 10% arsenite (Fig. 1B) had formed.
The main sulfur product was thiosulfate (46% after
6.6 days; Fig. 1E), while sulfate showed only a
slight increase towards the end of the experiment (<
2%; Fig. 1F). At the end of the abiotic experiment
(11.7 d, Table S1, Fig. S1), the deficit in the sulfur
balance was higher (Si(s) = 1.0 mM) than in the
biotic experiment (Sc(s) = 0.4 mM). The pH in
the abiotic control was 8.32 + 0.04, while in biotic
essays it was distinctly lower (7.57 + 0.05).

Arsenite

In the presence of 2 mM arsenite and 3% oxygen T.
ruber grew reproducibly at pH 7 (Fig. 2, Table S2).
Experiments using 4 mM arsenite under otherwise
similar conditions did not support growth.
Occasionally, growth was observed at pH 8 plus2
mM arsenite (data not shown). No growth was
observed at pH 9 (data not shown). Results of three
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Fig. 2: Oxidation of arsenite (NaAs"'O,) during growth
of T ruber with 3% O, (v/v) in the gas phase in a
medium of pH 7. One abiotic and three different biotic
experiments (Biotic I-1II) are displayed. The biotic set-
ups were inoculated with a 7. ruber pre-culture actively
growing on arsenite. Biotic I and II/III received 2.5% and
1% inoculum, respectively. Graphs show average
concentrations + standard deviation (n=3), displayed by
error bars (Table S2).

triplicate experiments (Biotic I-III) versus abiotic
controls at pH 7 confirmed the biotic conversion of
arsenite to arsenate (Fig. 2, Table S2). Under abiotic
conditions, arsenite remained stable for up to 12
days at 1.8 £ 0.1 mM (Fig. 2A). No substantial loss
of total arsenic was observed during abiotic or
biotic experiments (Fig. 2C). The microbial arsenite
oxidation rates developed slightly different over
time, corresponding to the increase in cell numbers
in the three individual experiments (Biotic I-III,
Table S2). The fastest arsenite oxidation rate was
achieved by (0.79 + 0.35) x 107 cells mL" within
5.8 days, producing 2.03 + 0.13 mM arsenate
(Biotic I, Table S2). From the exponential slopes of
the three individual experiments, an average growth
rate of 0.024 + 0.003 h™' and an average generation
time of 29.0 + 4.3 h were calculated. Biotic
experiments revealed a lower final pH (7.64 + 0.03)
than abiotic controls (7.86 = 0.04).

Thiosulfate

Thermocrinis ruber grew well in the presence of
thiosulfate at pH 7 and pH 8, but not at pH 9 (data
not shown). Thiosulfate was completely oxidized
within 2.6 days (pH 8, Fig 3A). No changes in
sulfur species were detected in abiotic thiosulfate
controls at 80 °C over 6.6 days (Fig. 3A, Table S3).
Initial thiosulfate concentrations of 8.3 + 1.5 mMeq
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Fig. 3: Oxidation of thiosulfate (Na,S,0; x 5 H,0)
during growth of 7. ruber with 8% O, in the gas phase in
a medium of pH 8. The biotic set-ups received 1% ofa T.
ruber pre-culture actively growing on thiosulfate as
inoculum. The graphs show average concentrations +
standard deviation (n=3), displayed by error bars (Table
S3).
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(Fig. 3A) resulted in the formation of up to 6.3 £ 1.1
mM sulfate (Fig. 3B). The sulfur deficit of ~ 2 mM
(Table S3) is again attributed to S’.i(s) (Fig. 3C)
and in fact visual inspection revealed some beige
precipitate during the biotic experiment, which
probably was removed by sample filtration. Abiotic
controls did not show such a decline in the sum of
sulfur species (Table S3), nor a beige precipitate.
Cell numbers reached a first plateau with (1.82 =
0.05) x 107 cells mL™" after 0.8 days. Based on these
data, an exponential growth rate of 0.247 h™' and a
generation time of 2.8 h (168 min) were calculated.
A further rise in cell numbers occurred after 0.8
days, and resulted in (4.25 + 0.90) x 107 cells mL"
after 2.6 days. At the end of the experiments, the pH
in the abiotic controls was 7.97 + 0.01, while in
biotic essays it was distinctly lower (7.15 £ 0.03).

Sulfide

Biotic and abiotic control experiments using sulfide
as the sole electron donor (Fig. 4; Table S4) were
conducted under conditions similar to the
experiments with monothioarsenate and thiosulfate.
Abiotic oxidation of sulfide was rapid, i.e. 4.2 mM
transformed and less than 7% of initial sulfide
remained after 25 hours (Fig. 4). The sulfur deficit
was 36% of the initial sulfide (S’ui(s) = 1.7 mM)
(Table S4). The dominant oxidized species was
thiosulfate with approximately 39%. Sulfate
accounted for 19%. The oxidation pattern of sulfide
revealed no difference between abiotic controls and
inoculated samples (Fig. 4). Growth of 7. ruber was
not detectable under these conditions (data not
shown).

Discussion

Various previous studies demonstrated microbial
oxidation of arsenite and/or reduced sulfur species
in diverse hydrothermal ecosystems which host,
among others, Aquificales spp. (Gihring et al.,
2001; Jackson et al., 2001; Langner et al., 2001;
Macur et al., 2004; Inskeep et al., 2007; Connon et
al., 2008; Hamamura et al., 2009; Kubo et al., 2011;
Takacs-Vesbach et al., 2013). Recent reports on the
dominance of thioarsenates in natural arsenic-rich,
sulfidic environments (Stauder et al., 2005; Planer-
Friedrich et al., 2007; Planer-Friedrich et al., 2009;
Hartig & Planer-Friedrich, 2012; Ullrich et al,
2013) raised the question how microorganisms
transform such mixed arsenic-sulfur species.
Specifically for Thermocrinis ruber only growth on
elemental sulfur and thiosulfate had been shown
before, not on any arsenic or mixed arsenic-sulfur
species. In the following, we first discuss growth of
T. ruber on arsenite and thiosulfate as sole electron
donors, then show the various pathways of abiotic
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Fig. 4: Transformation of sulfide (Na,S x 9 H,0) in
abiotic sulfide controls and 7. ruber-inoculated sulfide
experiments (that showed no cell growth). Sulfide
experiments were run without thiosulfate or
monothioarsenate, but  otherwise  had  similar
experimental conditions - OS-medium, pH 8, 80 °C, with
8 % 0O,. The graphs show average concentrations =+
standard deviation (n=3), displayed by error bars (Table
S4). (Please note: Since 7. ruber-inoculated and abiotic
sulfide experiments showed no differences in the rate of
sulfide transformation, we did not measure S-species in
biotic samples by IC-ICP-MS.)

and biotic monothioarsenate transformation. All
equations mentioned in the following text are also
listed in Table 1, together with the electron transfer
of these reactions, and (where information was
available) Gibbs” free energies.

Growth of T. ruber OC14/7/2 on arsenite

Growth of T. ruber on arsenite in cultivation studies
has not been reported before, though other members
of the order Aquificales are known to use arsenite as
sole electron donor (Takai et al., 2003; Aguiar et al.,
2004). We had recognized arsenite oxidation by
streamer communities in field incubations, earlier
(Hartig & Planer-Friedrich, 2012). We thus tested
growth of T. ruber on arsenite in cultivation studies
and found that growth was coupled to aerobic
oxidation of arsenite, when no other potential
electron donor was present (Fig. 2). These findings
provide evidence that arsenite represents an
important hitherto unknown energy source for T
ruber. The aerobic oxidation of arsenite, yielding
two mole electrons per mole of arsenite oxidized
(Equation 1), is highly exergonic (Inskeep et al.,
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Table 1: Comparison of electron transfer and Gibbs free energies (so far available in literature) in known (Equation 1, 2,
3, 4) and proposed (Equation 7) microbially catalyzed reactions that could explain growth of Thermocrinis ruber (strain
0OC14/7/2) on the electron donor’s arsenite, thiosulfate, elemental sulfur, and monothioarsenate.

Transfer of AG,® AG, AG:; Gibbs Free
electrons per  Standard molal ~ Standard molal ~ Energy/mol &
. reaction  Gibbs Free Energy ~ Gibbs Free ‘hydrothermal
No. Reactions ) . ,
[per mol of of reaction Energy/mol e waters
donor] (literature) (calculated) (literature)
[e] [kJ mol™] [kJ (mole)']  [kJ (mol e)"]
H;As™O; + 14 05(aq) — orm(l] -50 to -80 1!
Eq. 1 HASVO42_ ) H+[1] [2] 2 [2] -115.6 (70 C) -58 75 2]
$,05% + 2 Oy(aq) + H,0 — -739.0 (85 °C)™!
Fa2 5500 +2u D BB 3ga 000 2 e
S,0: + % 0y(aq) — SO~
Eq. 3a +5%s) 2 [2] n.a. n.a n.a.
5 52032'+ H,0 + 4 Oy(aq) — on[3]
Eq. 3b 6 SO, +4 Ss) + 2 H' ) 16 [3.2] -1640.3 (85 °C) -103 n.a.
S%s) + 1.5 O,(aq) + H,O — -513.7 (85 °C)P!
Ba-4 g0 +2m B 616] 1518.9 (70 °C)!" 86 n.a-
HAs"S"05> + 2 O,(aq) +
Eq.7 H,0 — HAs'O4" + S0, + 8 [8] n.a. n.a n.a

2H"

References: [1] Inskeep et al. 2005; [2] Akerman et al. 2011; [3] Amend et al. 2001; [4] Kelly et al. 1999;

Remarks: The overall Gibbs free energy of reaction (AG,) is calculated by AG, = AG,” + RT In(Q,) with AG,’
— standard molal free energy of reaction, R — gas constant, T — temperature, Q, — activity product, based on
geochemical analyses in hydrothermal waters (for further details see: Amend et al. 2001, Inskeep et al. 2005).

(n.a. = data not available)

2005; Takacs-Vesbach ef al., 2013). The Gibbs free
energies (AG,) as determined in Yellowstone hot
springs (temperature range 75 to 90 °C), ranged
from -50 to -80 kJ mol” ¢ (Inskeep et al., 2005;
Table 1).

H;As"0; + %4 0, (aq) » HAs'O,” +2 H
(Equation 1)

These findings likely explain the rapid oxidation of
arsenite observed in neutral and alkaline hot spring
drainage channels, where Thermocrinis-like
populations thrive (Connon et al., 2008; Hamamura
et al., 2009; Planer-Friedrich et al., 2009; Takacs-
Vesbach et al, 2013). Earlier gene expression
studies (Hamamura et al., 2009) linked aroA-like
bacterial arsenite oxidase genes (new unified
nomenclature: aiod Lett et al., 2012) with in-situ
arsenite oxidation in pH-neutral Yellowstone hot
springs to members of the Aquificales, including
Thermocrinis spp. A concurrent cultivation study
showed that other Aquificales isolates (i.e.
Sulfurihydrogenibium and Hydrogenobaculum spp.)

expressed aioA and oxidized arsenite, but these
organisms do not appear to conserve energy from
arsenite oxidation (Hamamura et al., 2010).
Although aioA genes could not be amplified in a
related strain of 7. ruber (str. OC1/4; DSM No.
12173) (Hamamura et al., 2010), the current strain
(str. OC14/7/2; DSM No. 23557) exhibited growth
on arsenite as the sole electron donor under
laboratory conditions. Further studies are needed to
investigate the molecular and biochemical
mechanisms responsible for arsenite oxidation in
Thermocrinis  spp. However, to date, the
Thermocrinis-dominated communities present in
outflow channels of alkaline hot springs all contain
aioA genes (Hamamura et al., 2009; Takacs-
Vesbach et al., 2013). Our current 7. ruber-based
results suggest that arsenite is a potential energy
source for chemolithotrophic Aquificales as primary
producers in hydrothermal systems.

Growth of T. ruber OC14/7/2 on thiosulfate

It was previously shown that 7. ruber grows
aerobically on thiosulfate plus hydrogen (Huber et
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al., 1998). However, neither oxidation products nor
growth rates were published. In our experiments
without adding hydrogen, we observed generation
times of 168 min (80 °C) for aerobic growth of T.
ruber on thiosulfate (Fig. 3A), resulting in the
formation of sulfate (Fig. 3B) and protons, as
indicated by a drop in pH. The nominal oxidation
states of sulfur in thiosulfate are S' and S*
(Vairavamurthy et al., 1993), thus 8 electrons are
transferred per mole of thiosulfate converted to
sulfate (Equation 2, Table 1).

$,0:"+2 0,(aq) + H,0 —» 2SO~ +2 H'
(Equation 2)

However, the microbial oxidation of thiosulfate to
sulfate does not necessarily need to occur in one
step (e.g., when catalyzed by specific bacterial Sox
enzymes (Friedrich et al., 2001; Friedrich et al.,
2005; Hensen et al., 2006; Meyer et al., 2007; Dahl
& Friedrich, 2008; Ghosh & Dam, 2009)). Indeed,
several of our pure culture observations (Fig. 3) are
consistent with a two-step thiosulfate oxidation
process. The observation of a beige precipitate as
well as a deficit in the mass balance of aqueous
sulfur species (Table S3) in our study suggested that
elemental sulfur formed (S°calc(s), Fig. 3C) during
the disappearance of thiosulfate (Fig. 3A). The cell
numbers further increased between 1.8 and 2.6 days
(Fig. 3D), which is also consistent with the
oxidation of elemental sulfur as subsequent step in
thiosulfate oxidation. It has been established earlier
that 7. ruber can aerobically oxidize elemental
sulfur (at least in the presence of hydrogen) (Huber
et al., 1998). Thus, in a first step, thiosulfate is
likely oxidized to sulfate and elemental sulfur.
Different ratios of the products, sulfate and
elemental sulfur, are possible (e.g., 1:1, Equation 3a
or 3:2, Equation 3b Amend & Shock, 2001).

S,0:% + ¥4 Oy(aq) — SO~ + S%s)  (Equation 3a)

5 8,057 + H,0 + 4 Oy(aq) — 6 SO + 4 S%s)
+2H" (Equation 3b)

In a second step (Equation 4), microbial oxidation
of elemental sulfur leads to further cell growth. Six
electrons per mol S are transferred during formation
of additional sulfate (Equation 4, Table 1). The
concurrent formation of protons (Equation 3b, 4)
was confirmed by a drop in pH. Increasing
acidification of the medium, decreases in carbonate,
and/or decreases in oxygen below critical levels
may explain why further growth (Fig. 3D) or sulfate
formation (Fig. 3B) could not be observed after 2.6
days.

S%s) + 1.5 Oy(aq) + H,O — SO, +2 H”
(Equation 4)

The oxidative transformation of thiosulfate by T
ruber (Equations 2, 3) was in accordance with the
previous  observation of rapid microbial
transformation of thiosulfate by a mixed pink-
brownish streamer community (Hértig & Planer-
Friedrich, 2012) from a spring hosting Thermocrinis
spp. (Planer-Friedrich ef al., 2009). In contrast to 7.
ruber strain OC1/4 that grew on thiosulfate in the
presence of hydrogen (Huber et al., 1998),
thiosulfate served as the sole electron donor for T.
ruber strain OC14/7/2 in our study.

Growth of 7. ruber OC14/7/2 on monothio-
arsenate

Our data established that 7 ruber grew well in the
presence of monothioarsenate (Fig. 1D). 7. ruber
accelerated the transformation process of
monothioarsenate (Fig. 1A) substantially (3.3 mM
transformed in 2.6 days) when compared to the
slower decline in abiotic controls (1.3 mM
transformed in 2.6 days). Sulfate (Fig. 1F) was the
predominant biotic product, instead of thiosulfate
(Fig. 1E) in abiotic controls. However, at the high
temperature and oxic conditions used in our
experiments, we also observed significant abiotic
transformation. Instead of a direct microbial usage
of the compound monothioarsenate, microbial

oxidation of the products from abiotic
transformation could have just shifted the
monothioarsenate equilibrium towards further

abiotic transformation. The fact that we observed an
initial exponential growth phase until day 0.8 with a
growth rate of 0.359 h™' that resulted in (2.52 +
0.56) x10’cells/mL, and afterwards a further rise in
cell numbers, reaching (3.71 £ 0.38)x10’ cells/mL
until day 2.6 (Fig. 1D, Table S1), already indicates
that the transformation was governed by more than
one process, similar to what was discussed for
thiosulfate before. We discuss in the following
potential abiotic and biotic pathways and their
contribution to the observed transformation of
monothioarsenate.

Mechanisms and products of abiotic monothio-
arsenate transformation

In earlier on-site experiments (Hértig & Planer-
Friedrich, 2012), monothioarsenate had shown no
substantial abiotic transformation within 4h under
sulfide-deficient conditions, but was transformed
almost exclusively microbially (Fig. S6). Due to its
abiotic stability, monothioarsenate was considered
suitable for growth experiments with 7. ruber.
However, over the longer time frame in the
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laboratory (11.7 d, Fig. S1, Table S1), nearly 79% of
the initial 3.3 mM monothioarsenate (Fig. 1A)
transformed abiotically under the high-temperature,
oxic conditions to arsenate (Fig. 1C) and thiosulfate
(Fig. 1E), as well as small quantities of arsenite
(Fig. 1B).

During synthesis, monothioarsenate is formed from
arsenite and elemental sulfur. It thus appeared likely
that it will also disproportionate in these two species
(Equation 5).

HAsYS"0,* + 2H" —» H;As™M0; + §°
(Equation 5)

However, at the high-temperature, oxic conditions
of the present experiment, this abiotic pathway
seemed to be of minor importance. The major
abiotic reaction was transformation to arsenate and
thiosulfate. However, while arsenate production was
observed from day 0.3 on (Fig. 1C), formation of
thiosulfate (Fig 1E) only began after 1.9 days. This
lag along with the observed immediate increase in
S°calc(s) (Fig. 1H) indicates that elemental sulfur is
the precursor species of thiosulfate. The original
reaction might even have been desulfidation of
monothioarsenate leading to formation of arsenate
and hydrogen sulfide (Equation 6).

HAs'S"0;* + H,0 — HAs'0,> + H,S™
(Equation 6)

However, sulfide never accumulated in the abiotic
monothioarsenate experiments (Fig. S3A). Its
concentration (max. 0.3 mM) decreased from the
beginning on and was below 0.1 mM after 1 day
(Table S1). The experiment with a pure sulfide
standard confirmed that sulfide (HS") undergoes
rapid abiotic oxidation to elemental sulfur (Socalc(s)),
thiosulfate and sulfate (Fig. 4). All three products
were observed in the abiotic monothioarsenate
experiment as well (Fig. 1). Polysulfides were
measured in the monothioarsenate experiment (Fig.
1G, Fig. S4). Apparently both, polysulfides (0.7
mM) and arsenate (0.3 mM) form immediately in an
equilibrium reaction upon dissolution of the
monothioarsenate standard in the medium at the
beginning of the experiment (Table S1).

The  observed redox  transformations  of
monothioarsenate under abiotic conditions in the
laboratory experiments were unexpected based on
earlier field observations (Hirtig & Planer-
Friedrich, 2012) and are unfortunate because they
render interpretation of the microbial influence on

thioarsenate  transformation  more  difficult.
However, the two parameters — high temperature
and oxygen — that are detrimental to

monothioarsenate stability over longer times were
required for growth of 7. ruber. In the following, we
thus interpret the likeliness of different pathways of
monothioarsenate transformation in relation to the
abiotic results.

Relevance of individual microbial processes
behind growth of 7. ruber on monothioarsenate

Possible transformation pathways supporting the
growth of T ruber in the presence of
monothioarsenate could be @D abiotic
transformation to arsenate, sulfide, elemental sulfur
and thiosulfate and growth on only the S-products,
or n abiotic disproportionation of
monothioarsenate and growth on both products,
arsenite and elemental sulfur, or (III) direct growth
on the arsenic-bound sulfur of monothioarsenate.
We discuss the relevance of the individual species
for microbial oxidation in increasing order of
oxidation state for the sulfur species sulfide (S™),
elemental sulfur (S°), thiosulfate (S'SY), then
arlslenite (As™), and finally monothioarsenate (As"-
S™).

Relevance of growth on sulfide

The presence of SQR (sulfide:quinone reductase)
had been reported in several Aquificales species,
including Thermocrinis spp., before (Niibel et al.,
2000; Marcia et al., 2009; Takacs-Vesbach et al.,
2013) and microbial sulfide oxidation had been
observed in on-site incubations with pink-brownish
streamers (Héartig & Planer-Friedrich, 2012).
However, the applied cultivation conditions in
sulfide experiments, which were equivalent to those
in monothioarsenate experiments, neither allowed
faster than abiotic oxidation of sulfide (Fig. 4), nor
showed growth of T. ruber OC14/7/2 (data not
shown). Whether the applied strain cannot grow
with sulfide as sole donor at all, or only the applied
concentrations were already in a toxic range, is not
clear at present. The decline of sulfide occurred
comparably rapid in abiotic controls and 7. ruber-
inoculated sulfide experiments (Fig. 4), indicating
that its abiotic oxidation was the dominant process.
In summary, for the observed transformation of
monothioarsenate, microbial sulfide oxidation did
not play a role.

Relevance of growth on elemental sulfur

Elemental  sulfur was observed in the
monothioarsenate experiments in two forms: (I)
measured as dissolved polysulfides (Fig 1G) and
(IT) calculated as the difference of total sulfur
applied and the measured dissolved sulfur species
(S%ai(s); Fig. 1H). While polysulfides mimicked in
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transformation  the temporal behavior of
monothioarsenate, Socalc(s) showed a different
behavior. Unfortunately, the data is (due to the
nature of its calculation) also subject to large
variations both in the abiotic and biotic
experiments. Two trends are obvious despite
variations:  (I) the initial decrease  of
monothioarsenate both in the abiotic and biotic
experiment from day 0 to 0.3 was not explained by
the behavior of any other dissolved sulfur species
but only by the increase of S’u(s) and (II) the
deficit in sulfur mass balance was larger in the
abiotic compared to the biotic experiment. It can
thus be deduced that Socalc(s) was initially produced
abiotically by transformation of monothioarsenate
and then oxidized not only abiotically but also by T.
ruber. Furthermore, during the initial fast cell
growth (u=0.359 h') up to day 08
monothioarsenate (Fig. 1A), thiosulfate (Fig. 1E)
and sulfide (Fig. S3A), behaved similar in the
abiotic and the biotic experiment. Differences were
observed for polysulfides (Fig. 1G) and S%.(s)
(Fig. 1H) with a more pronounced decrease in the
biotic than abiotic experiments between day 0.3 and
0.8. The corresponding increase that was only
observed in the biotic experiments was in sulfate
(Fig. 1F). We thus postulate that initial cell growth
was based on oxidation of elemental sulfur (bond in
polysulfides or present as colloidal or precipitated
form) to sulfate. By transfer of 6 electrons this
reaction is energetically attractive (Equation 4,
Table 1). Growth of 7. ruber OC1/4 on elemental
sulfur had previously been observed, but only in the
presence of hydrogen (Huber er al, 1998).
According to our experiments, 7. ruber OC14/7/2 is
able to also grow on elemental sulfur as electron
donor. Elemental sulfur caused the observed initial
exponential cell growth in the monothioarsenate
experiment and its oxidation to sulfate was the
major initial pathway for increasing abiotic
transformation of monothioarsenate as a follow-up
reaction.

Relevance of growth on thiosulfate

As our experiments (Fig. 3) and Huber et al. (1998)
had shown, thiosulfate can support growth of T.
ruber. Thiosulfate (Fig. 1E) was the major product
of abiotic monothioarsenate transformation (Fig.
1A) and its subsequent microbial transformation to
sulfatet could have  accelerated  abiotic
monothioarsenate transformation. Thiosulfate did,
however, not contribute to the exponential growth
of T ruber from day 0.3 to 0.8 because abiotic
thiosulfate production only started after 1.3 days
(Fig. 1E). It could have contributed to the observed
increase of microbial activity until day 2.6. The

abiotic monothioarsenate experiment showed that a
decrease of 2 mM monothioarsenate from day 0.8 to
11.7 (plus 0.9 mM Socalc(s) at day 0.8) resulted in the
production of 2.4 mMeq thiosulfate (plus 0.4 mM
sulfate) (Fig. S1, Table S1). The faster decrease of
the same amount of 2 mM monothioarsenate in the
biotic experiment from day 0.8 to roughly day 1.8
left only 0.5 mMeq thiosulfate and correspondingly
more sulfate (1.5 mM; Fig. S1, Table S1). This
observation could either be interpreted as direct
microbial oxidation of arsenic-bond S(-II) to sulfate,
which then would have had proceeded faster than
abiotic production of thiosulfate. However, it can
neither be excluded that thiosulfate was further
oxidized to sulfate by 7. ruber, increasing abiotic
monothioarsenate transformation indirectly.

Relevance of growth on arsenite

T, ruber was also shown to be able to grow on
arsenite (Fig. 2, Equation 1). However, generation
times determined for arsenite in pure cultures (29 h,
Fig. 2D) were significantly longer than those
observed for growth on monothioarsenate (2.2 h,
Fig. 1D). The much slower growth rates determined
on arsenite (u = 0.024 h') compared to
monothioarsenate (p = 0.331 h™) can thus not
explain the exponential growth phase from day 0.3
to 0.8. Arsenite might have contributed to the
observed increase of microbial activity until day
2.6. In fact, the small amount of arsenite detected
under abiotic conditions until the end of the
monothioarsenate experiment 0.3 mM),
disappeared in the biotic experiments after 2.6 days,
likely due to oxidation to arsenate by 7. ruber. The
amount of oxidized arsenite, however, was
insufficient to have supported the observed
microbial activity alone. An amount of 2 mM
arsenite (Fig. 2A) were needed to support growth of
at best (1.02 £ 0.34) x 10" cells/mL in pure arsenite
experiments (“Biotic 117, Fig. 2D), while in the
monothioarsenate experiment, growth of further
1.19 x 107 cells/mL (Fig. 1D) between 0.8 d ((2.52
+0.56) x 107 and 2.6 d ((3.71 + 0.38) x 107) was
observed. Thus, while microbial arsenite oxidation
could have contributed to indirect monothioarsenate
transformation, it is not sufficient as only
explanation.

Direct microbial oxidation of monothioarsenate

Direct microbial oxidation of the arsenic-bound
sulfur of monothioarsenate (thiogroup, S™) to
sulfate would provide 8 electrons per mole of
monothioarsenate and is thus energetically highly
attractive (Equation 7; Table 1).
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HAs'S"0;* + 2 0O,(aq) + H,0 — HAs'O,~ +
SO~ +2H" (Equation 7)

We observed that S(-II) in form of free sulfide was
oxidized too quickly in our abiotic experiments to
serve as electron donor (Fig 4). However,
monothioarsenate was more stable than free sulfide
and could thus have provided a reservoir of S(-1I)
for direct microbial oxidation without prior abiotic
transformation.

Due to the significant abiotic monothioarsenate
transformation to arsenate, elemental sulfur and
thiosulfate over the time of the experiment, as well
as the exponential growth on elemental sulfur by
oxidation to sulfate, and a later linear increase of
cell numbers during the stationary phase potentially
caused by growth on arsenite and especially
thiosulfate as described above it is difficult to
clearly identify whether there is also direct
microbial transformation of monothioarsenate.
However, if the monothioarsenate transformation
was purely an abiotic reaction due to microbial
oxidation of the products elemental sulfur and
thiosulfate, then the ratios of monothioarsenate to
S°.ic(s) and to thiosulfate should be similar to the
abiotic experiment or, if microbial transformation
was much faster than the abiotic monothioarsenate
transformation, less monothioarsenate should have
transformed compared to the abiotic experiment.
Complete abiotic transformation of
monothioarsenate could have only occurred once
the main products (elemental sulfur and thiosulfate)
were completely microbially oxidized. However, in
the biotic experiments, monothioarsenate decreased
significantly faster than expected based on the
respective S’..(s) concentrations, e.g. after 4.7 days
we observed 1.5 mM Socalc(s) in the abiotic
experiment together with 1.6 mM
monothioarsenate, while biotically we still observed
0.8 mM Socalc(s), but already no more
monothioarsenate (< 0.005 mM; Fig. 1, Table S1).
Standard deviations for the elemental sulfur data are
large because they were only calculated as
difference of other measured species concentrations.
However, the same observation was made for
thiosulfate. We observed 1.6 mM monothioarsenate
at 1.3 mMeq thiosulfate after 4.7 days in the abiotic
experiment, but no more monothioarsenate (< 0.005
mM) in the biotic experiment, even though there
still 0.4 mMeq thiosulfate was left (Fig. 1, Table
SI1). We take this as an indication that
monothioarsenate was, at least “also”, directly
microbially transformed in our culture experiments
between day 0.8 and 2.6.

Conclusions

In the present study, we investigated the
transformation of a mixed arsenic-sulfur species,
monothioarsenate, as well as arsenite and thiosulfate
under high-temperature, oxic conditions in the
presence of a hyperthermophilic microorganism of
the Aquificales bacterial order (Thermocrinis ruber
0C14/7/2) previously known for its ability to grow
on eclemental sulfur and thiosulfate. Complete
monothioarsenate transformation with formation of
arsenate and sulfate was observed in the presence of
T. ruber within 2.6 days. A major motivation was to
follow the underlying different arsenic and sulfur
redox reactions, differentiating which species are
only transformed abiotically due to a shift in
chemical equilibrium by removal of products by
microorganisms and which are substrates for
microbial growth.

The initial reaction was abiotic transformation of
monothioarsenate to arsenate and elemental sulfur.
Elemental sulfur was then microbially oxidized to
sulfate, providing fast growth for 7" ruber (u=0.359
h™") until day 0.8. The following rapid decrease of
monothioarsenate concentrations from day 0.8 to
2.6 was linked with a further increase of the cell
numbers (plus 1.19 x 107 cells/mL), and could be
abiotic transformation of monothioarsenate due to
microbial oxidation of arsenite or thiosulfate.
Arsenite was proven in a pure culture experiment to
serve as a hitherto unknown electron donor with
growth rates of 0.024 h'. However, in the
monothioarsenate experiment, its concentrations
were too low to explain significant growth and
transformation. Thiosulfate oxidation - a two-step
reaction to sulfate and elemental sulfur which is
then also oxidized to sulfate - yielded growth rates
of 0247 h' in a pure culture experiment and
concentrations in the monothioarsenate experiments
would have been high enough to explain the
elevated microbial activity during the stationary
phase. However, actually more monothioarsenate
was transformed than what was in equilibrium with
its products. We attribute this to direct microbial
oxidation of arsenic-bond S(-II) to sulfate. Free
sulfide, on the contrary, did not play a role as
electron donor for 7. ruber because it was oxidized
abiotically too fast.

Thioarsenates were lately reported to dominate in a
number of different arsenic-rich  sulfidic
environments. Based on our previous field and the
current laboratory experiments, we postulate that
their role for microbial transformation is important.
If conditions are unfavorable for their abiotic
stability due to e.g. high temperature, presence of
oxygen, or long reaction times, they provide
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different arsenic and sulfur species that can be used
by microorganisms upon abiotic transformation. In
systems with lower temperature, limited oxygen or
short reaction times, as observed e.g. in our
previous field study (Hartig & Planer-Friedrich,
2012), thioarsenates are at least meta-stable
(stability decreases with increasing number of thio-
groups) and could serve directly as substrate for
microbial metabolisms. An advantage then is that by
oxidation of their As-bond S(-II) they provide the
same electron yield as oxidation of free sulfide, but
their stability is higher than that of sulfide.
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Table S1: Oxidation of monothioarsenate (Naz;AsSO; x 7 H,0) during growth of 7. ruber with 8 % O, (v/v) in the gas phase at 80 °C. Initial medium pH was
8. Arsenic and sulfur speciation data show average concentrations + standard deviation (n=3). The biotic set-up was inoculated with 1 % of a T. ruber pre-culture

actively growing on monothioarsenate.

Monothioarsenate Incubation Arsenite Arsenate Mono- Dithio- Trithio- Tetrathio- Sum of Thermocrinis
BIOTIC time thioarsenate arsenate arsenate arsenate Arsenic species ruber
As, As-S species
Unit days mM mM mM mM mM mM mM Cells/mL
Method - IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS Calculated Neubauer
Chamber
BIOTIC t0 0.0 0.020 + 0.004 0.246 £ 0.029 3.285+£0.271 0.021 £ 0.002 0.025 +0.003 0.001 £ 0.0001 3.655+£0.291 (0.01 +0.003) x 10’
BIOTIC t1 0.4 0.096 +£0.014 0.416 £ 0.029 3.029 £ 0.205 0.024 £ 0.002 0.001 £ 0.0003 0.001 £ 0.0005 3.601 £0.203 (0.07 £0.01) x 107
BIOTIC t2 0.6 0.015 £ 0.005 0.573 £0.098 2.835+0.485 0.021 £ 0.002 0.001 £ 0.0001 0.001 £ 0.0008 3.472 +£0.598 (0.73 +£0.20) x 107
BIOTIC t3 0.8 0.019 £ 0.026 0.813 £0.146 2.856 £0.386 0.025 +0.005 0.001 £ 0.0002 0.001 £ 0.0004 3.737+0.524 (2.52£0.56) x 10’
BIOTIC t4 1.0 0.097 £ 0.069 1.011 £0.127 2.174 £0.445 0.027 £0.018 0.001 £ 0.0001 0.001 £ 0.0002 3.324+£0.488 (2.79 £ 1.09) x 10’
BIOTIC t5 1.4 0.248 £0.201 1.626 £ 0.604 1.760 + 0.488 0.062 +0.052 0.001 £ 0.001 0.001 £ 0.0002 3.706 £ 0.488 (2.52+0.93) x 107
BIOTIC t6 1.9 0.172 £ 0.070 2.549 £ 0.155 0.422 £ 0.036 0.014 £ 0.007 0.001 £ 0.0003 0.001 £ 0.0004 3.159+£0.088 (2.73 £ 0.66) x 107
BIOTIC t7 2.6 0.013 £ 0.009 3.531+£0.413 0.029 £ 0.007 0.001 £ 0.0001 0.001 £0.001 0.001 £ 0.0005 3.577 £ 0.400 (3.71£0.38) x 107
BIOTIC t8 4.7 0.001 £0.001 3.690 £ 0.225 0.004 £ 0.002 0.001 £ 0.001 0.001 £ 0.0001 0.001 £ 0.0002 3.698 £0.225 (3.50+1.07) x 10’
BIOTIC t9 6.6 0.001 £ 0.001 3.472 £0.264 0.002 + 0.0004 0.001 £ 0.0003 0.001 £ 0.0004 0.001 £ 0.0004 3.477+0.264 (1.76 £ 1.08) x 10’
BIOTIC t10® 11.7 0.001 £ 0.001 3.951+£0.220 0.002 £ 0.0016 0.001 £ 0.0008 0.001 £ 0.0002 0.001 £ 0.0004 3.958 +£0.2225 n.d.

(a) data of day 11.7 were not displayed in Fig. 1 of the manuscript,

Further comments: A not further specified arsenic-peak (retention times 354013 ms - 363714 ms) was detected during IC-ICP-MS analysis. However, its
concentration range (based on the arsenate calibration curve) was very low with 0.01 + 0.02 mM in biotic and 0.02 £ 0.02 mM in abiotic monothioarsenate
experiments.
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Table S1 continued:

Monothioarsenate Incubation Sulfate Thiosulfate Sulfide Polysulfide Sum of S-Deficit Thermocrinis
S-Species time Sum Sulfur species  “S”ic(s)¢ @ ruber
BIOTIC (incl. S in
thioarsenates)

Unit d mM mM mM mM mM mM cells/mL
Method - IC-ICP-MS IC-ICP-MS Methylene HPLC Calculated Calculated = Neubauer Chamber

Blue
BIOTIC t0 0.0 0.73+0.30 0.01+0.01 0.31+0.02 0.74 £ 0.02 5.20+0.36 0.00 +0.00 (0.01 £0.003) x 107
BIOTIC t1 0.4 0.61£0.13 0.05+0.08 0.16 £ 0.01 0.57+0.05 4.48+0.18 0.72£0.20 (0.07+0.01) x 107
BIOTIC t2 0.6 1.01+0.16 0.03+0.04 0.14+0.01 0.50 +£0.05 4.56 +0.45 0.64 +0.58 (0.73 +£0.20) x 107
BIOTIC t3 0.8 1.12£0.09 0.06 + 0.06 0.13+£0.02 0.63 +0.08 4.85+0.45 0.35+0.09 (2.52+0.56) x 107
BIOTIC t4 1.0 1.53+0.17 0.01 +0.00 n.d. 0.50 £ 0.03 (4.27 + 0.54) (0.93 + 0.68) (2.79 + 1.09) x 107
BIOTIC t5 1.4 2.03+0.28 0.40 + 0.46 0.04+0.03 0.29+0.03 4.66+0.74 0.54+1.01 (2.52+0.93) x 107
BIOTIC t6 1.9 2.62+0.76 0.55+0.30 0.02+0.01 0.04 +0.03 3.69+1.12 1.51+1.26 (2.73 £ 0.66) x 107
BIOTIC t7 2.6 3.68+0.75 0.45+0.40 <0.01 <0.01 4.16 +£0.94 1.04+1.28 (3.71£0.38) x 10’
BIOTIC t8 4.7 4.06 £ 0.63 0.37+0.27 <0.01 <0.01 4.44+0.73 0.76 = 1.09 (3.50£1.07) x 10’
BIOTIC t9 6.6 4.19+0.59 0.48 +£0.44 <0.01 <0.01 4.68+0.72 0.52+1.03 (1.76 £ 1.08) x 10’
BIOTIC t10® 11.7 4.45+0.65 0.34+0.15 <0.01 <0.01 4.80+0.58 0.40 +0.94 n.d.

(a) data of day 11.7 were not displayed in Fig. 1 of the manuscript;
(b) Calculation of the S-deficit 8" uc(s)*: S earc(s)(ty) = Sum of sulfur species (t,) - Sum of sulfur species(ty)
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Table S1 continued:

Monothioarsenate Incubation Arsenite Arsenate Mono- Dithio- Trithio- Tetrathio- Sum of Thermocrinis
ABIOTIC time thioarsenate arsenate arsenate arsenate Arsenic species ruber
As, As-S species
Unit days mM mM mM mM mM mM mM Cells/mL
Method - IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS Calculated Neubauer
Chamber
ABIOTIC t0 0.0 0.020 + 0.002 0.241 £ 0.038 3.381+0.503 0.021 +0.007 0.017 +0.008 <0.001 3.732+0.583 -
ABIOTIC t1 0.4 0.117+0.018 0.304 £0.017 2.716 £0.115 0.020 = 0.004 0.001 £ 0.0004 0.001 £+ 0.001 3.188 +0.120 -
ABIOTIC t2 0.6 0.140 + 0.035 0.423 +0.067 2.869 +0.602 0.023 £ 0.007 0.001 £ 0.0003 0.001 = 0.0002 3.479 +£0.702 -
ABIOTIC t3 0.8 0.154 + 0.006 0.478 £0.021 2.844 +0.092 0.025 £ 0.0002 0.001 £ 0.0004 0.001 £ 0.0002 3.522+0.120 -
ABIOTIC t4 1.0 0.172 +£0.048 0.554+0.112 2.786 £ 0.654 0.031+0.007 0.001 £ 0.001 0.001 + 0.0004 3.553+0.824 -
ABIOTIC t5 1.4 0.173 £0.012 0.564 +0.043 2.166 +0.168 0.024 +0.001 0.001 £ 0.0003 0.001 £ 0.0004 2.938 +£0.215 -
ABIOTIC t6 1.9 0.232 £ 0.045 0.906 + 0.145 2.608 +0.306 0.038 +0.008 0.001 £ 0.0005 0.001 £ 0.0003 3.796 + 0.503 -
ABIOTIC t7 2.6 0.242£0.011 1.046 £ 0.023 1.989+0.123 0.035 +0.002 0.001 £0.001 0.003 +0.004 3.319+0.154 -
ABIOTIC t8 4.7 0.349 £ 0.065 1.825+0.459 1.567 £ 0.448 0.020+0.014 0.001 + 0.0004 0.001 £ 0.0004 3.764 +0.959 -
ABIOTIC t9 6.6 0.348 £0.010 2.085+0.126 1.081£0.132 0.029 + 0.005 0.001 £ 0.001 0.002 + 0.002 3.550 +0.239 -
ABIOTIC t10® 11.7 0.337 £ 0.064 2.889 +0.687 0.716 £0.213 0.017 +0.005 0.001 +0.001 0.001 +0.001 3.963 0.967 -

(a) data of day 11.7 were not displayed in Fig. 1 of the manuscript,
Further comments: A not further specified arsenic-peak (retention times 354013 ms - 363714 ms) was detected during IC-ICP-MS analysis. However, its
concentration range (based on the arsenate calibration curve) was very low with 0.01 + 0.02 mM in biotic and 0.02 = 0.02 mM in abiotic monothioarsenate

experiments.
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Table S1 continued:

Monothioarsenate Incubation Sulfate Thiosulfate Sulfide Polysulfide Sum of S-Deficit Thermocrinis
S-Species time Sum Sulfur species  “S’.ic(s)* ® ruber
ABIOTIC (incl. S in
thioarsenates)

Unit d mM mM mM mM mM mM cells/mL

Methylene Neubauer
Method - IC-ICP-MS IC-ICP-MS y HPLC Calculated

Blue Calculated Chamber

ABIOTIC t0 0.0 0.75+0.24 0.08 £0.10 0.33+0.01 0.76 £ 0.04 5.40+0.47 0.00 £ 0.00 -
ABIOTIC t1 0.4 0.72 +0.12 0.04 +0.05 0.13 +0.01 0.63 +0.07 428 +0.19 1.11+0.33 -
ABIOTIC t2 0.6 0.71 +£0.21 <0.01 0.10£0.01 0.61 £0.13 435+0.74 1.05+0.83 -
ABIOTIC t3 0.8 0.69 +0.07 0.02+0.03 0.08 £0.01 0.78 £0.10 4.47+0.16 0.93 +0.62 -
ABIOTIC t4 1.0 0.74+£0.17 0.01 +£0.01 n.d. 0.62+0.12 (4.22 £0.90) (1.18 £ 1.05) -
ABIOTIC t5 1.4 0.58 +£0.04 0.04 £ 0.+£03 0.07 £0.01 0.71 £ 0.05 3.62+0.24 1.78 £0.53 -
ABIOTIC t6 1.9 0.77 +0.19 0.21+0.36 0.07 = 0.01 0.62+0.17 4364051 1.03+£0.23 -
ABIOTIC t7 2.6 0.70 + 0.08 0.31+0.49 0.05 + 0.004 0.68 £0.09 3.82+0.34 1.58+0.16 -
ABIOTIC t8 4.7 0.79+0.18 1.25+0.45 0.03+0.01 0.23+0.01 3.92+1.05 1.48 +1.38 -
ABIOTIC t9 6.6 0.83+0.33 1.90 £ 0.09 0.02 £ 0.0004 0.27 £0.09 4.17+0.41 1.23 +£0.88 -
ABIOTIC t10® 11.7 1.05+0.37 2.39+091 0.01 £0.001 0.18+0.01 438+1.43 1.01 1.70 -

(a) data of day 11.7 were not displayed in Fig. 1 of the manuscript;
(b) Calculation of the S-deficit 8°...(s)*“:
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Table S2: Oxidation of arsenite (NaAs""O,) during growth of 7. ruber with 3% O, (v/v) in the gas phase at 80 °C. Initial medium pH was 7. Data show average
concentrations = standard deviation (n=3) of one abiotic and three different biotic experiments (Biotic I-III). The biotic set-ups were inoculated with a 7. ruber

pre-culture actively growing on arsenite. Biotic I and II/III received 2.5 % and 1 % inoculum, respectively.

Arsenite Incubation Arsenite Arsenate Mono- Dithio- Trithio- Tetrathio- Sumo.f Thermocrinis
ABIOTIC time thioarsenate arsenate arsenate arsenate Arsenic ruber
Control species 0C 14/7/2
Unit days mM mM mM mM mM mM mM Cells/mL
Method - IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS Calculated Neubauer
Chamber
ABIOTIC t0 0.0 1.866+0.221 0.059 % 0.055 0.001 % 0.0002 <0.001 <0.001 <0.001 1.927+0.252 -
ABIOTIC t1 0.7 1.959 +0.170 0.043 £ 0.010 0.043 £ 0.070 <0.001 0.001 £ 0.001 <0.001 2.047 +£0.139 -
ABIOTIC t2 3.7 1.935+0.319 0.056 % 0.016 0.005 + 0.001 <0.001 <0.001 <0.001 1.997 +0.335 -
ABIOTIC t3 5.7 1.751 +0.220 0.062 = 0.011 0.011+0.010 <0.001 <0.001 <0.001 1.825 +0.241 -
ABIOTIC t4 9.7 1.847 £ 0.099 0.095 + 0.004 0.009 % 0.002 <0.001 <0.001 <0.001 1.951 +0.103 -
ABIOTIC t5 11.9 1.890+0.186 0.156 % 0.062 0.014 +0.001 <0.001 <0.001 <0.001 2.062 + 0.168 -
Arsenite
BIOTIC I
BIOTIC t0 0.00 1.904 + 0.084 0.139 % 0.019 <0.001 <0.001 <0.001 <0.001 2.046 + 0.081 (0.05£0.01) E+07
BIOTIC t1 1.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. (0.07 £0.01) E+07
BIOTIC t2 5.8 0.018£0.016 2.032+0.132 <0.001 <0.001 <0.001 <0.001 2.059 +0.142 (0.79 + 0.35) E+07
BIOTIC t3 7.8 0.003 + 0.004 1.984 + 0.020 <0.001 <0.001 <0.001 <0.001 1.993 +0.017 (0.84 + 0.25) E+07
BIOTIC t4 11.9 0.036 % 0.056 1.941+0.172 0.050 % 0.043 <0.001 0.022 + 0.037 <0.001 2.052 +0.274 (0.66 £ 0.17) E+07

134 -



Table S2 continued:

Arsenite Incubation Arsenite Arsenate Mono- Dithio- Trithio- Tetrathio- Sum qf Thermocrinis
. . Arsenic ruber
BIOTIC 11 time thioarsenate arsenate arsenate arsenate .
species 0C 14/7/2
Unit days mM mM mM mM mM mM mM Cells/mL
Method - IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS IC-ICP-MS Calculated 12‘;‘::3;::
BIOTIC t0 0.0 1.751 £ 0.153 0.086 + 0.010 <0.001 <0.001 <0.001 <0.001 1.839+0.161 (0.02 £ 0.01) E+07
BIOTIC t1 0.7 1.706 + 0.169 0.093 +0.011 <0.001 <0.001 <0.001 <0.001 1.803 +£0.179 (0.03 £ 0.02) E+07
BIOTIC 12 1.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. (0.05 + 0.03) E+07
BIOTIC t3 1.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. (0.04 + 0.01) E+07
BIOTIC t4 29 n.d. n.d. n.d. n.d. n.d. n.d. n.d. (0.05 + 0.02) E+07
BIOTIC t5 3.7 1.704 +0.195 0.294+0.115 0.008 + 0.003 <0.001 0.005 + 0.007 <0.001 2.012+0.139 (0.06 £ 0.03) E+07
BIOTIC t6 5.7 1.023 + 0.896 0.923 + 0.692 0.010 +0.008 <0.001 <0.001 <0.001 1.958 + 0.484 (0.26 + 0.39) E+07
BIOTIC t7 9.7 0.186 +0.311 1.700 = 0.291 0.008 + 0.007 <0.001 <0.001 <0.001 1.895 = 0.028 (1.02 + 0.34) E+07
BIOTIC t8 119 0.002 £ 0.001 1.626 = 0.076 <0.001 <0.001 <0.001 <0.001 1.630 = 0.078 (0.90 + 0.35) E+07
Arsenite
BIOTIC III
BIOTIC t0 0.0 1.848 + 0.093 0.088 + 0.004 0.001 £ 0.001 0.000 + 0.000 0.000 £ 0.000 0.000 + 0.000 1.938 = 0.096 (0.02 +0.004) x 10
BIOTIC t1 0.7 1.730 £ 0.111 0.107 £ 0.005 0.003 £ 0.001 0.000  0.000 0.001 £ 0.001 0.000 £ 0.000 1.842 £ 0.107 (0.04 +0.003) x 10
BIOTIC t2 1.6 n.d. nd. nd. n.d. nd. nd. nd. (0.06 +0.02) x 107
BIOTIC t3 1.8 n.d. n.d. nd. nd. nd. nd. nd. (0.08 £ 0.05) x 10’
BIOTIC t4 2.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. (0.12 £ 0.06) x 10
BIOTIC t5 3.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. (0.14 £ 0.06) x 107
BIOTIC t6 5.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. (0.16 £ 0.05) x 10’
BIOTIC t7 9.7 0.792 + 0.308 0.905 + 0.348 0.019 + 0.005 0.001 £ 0.001 0.000  0.000 0.001  0.000 1.718 £ 0.034 (0.13 £ 0.05) x 10’
BIOTIC t8 119 0.768 % 0.627 1.122 £ 0.536 0.023 £0.011 0.002 + 0.000 0.002 £ 0.001 0.000 + 0.000 1.917+0.116 (0.40 + 0.52) x 107
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Table S3: Oxidation of thiosulfate (Na,S,0; x 5 H,0) during growth of 7. ruber with 8 % O, (v/v) in the gas phase at 80 °C. Initial medium pH was 8. Data

show average concentrations + standard deviation (n=3). The biotic set-up was inoculated with 1 % of a 7. ruber pre-culture actively growing on thiosulfate.

;il(l)‘);l;ga‘f:. Incubation time Sulfate Thiosulfate Sum of . So_ Deﬁc‘ft(a) Ther,,’:,';,)z:inis
ABIOTIC sulfur species »S cate($) 0C 14772
Unit d mM mM mM mM Cells/mL
Method - IC-ICP-MS IC-ICP-MS IC-ICP-MS calculated 12;‘;‘:3;::
BIOTIC t0 0.0 0.46 +£0.17 8.32+£1.45 8.77 £1.60 0.00 +0.00 (0.02 £ 0.01) x 107
BIOTIC t1 0.3 0.83 £0.13 7.52 £0.46 8.35+0.48 043 +1.71 (0.40 £0.03) x 10
BIOTIC t2 0.5 1.19+£0.43 6.39+1.21 7.58+1.61 1.19+2.14 (1.01£0.21) x 107
BIOTIC t3 0.8 1.94+0.23 6.73 +0.56 8.66 = 0.79 0.11+1.78 (1.82+0.05) x 107
BIOTIC t4 1.0 2.45+0.59 5.76 £ 0.85 822+ 1.44 0.56 = 0.89 (1.74 £ 0.17) x 10’
BIOTIC t5 1.3 3.12+0.25 4.13+0.12 7.25+0.30 1.53 +£1.84 (2.23+0.16) x 107
BIOTIC t6 1.8 4.64+2.21 249 +1.43 713 +3.45 1.65+1.86 (2.24 £0.25) x 10’
BIOTIC t7 2.6 6.25+1.06 0.04 +£0.05 6.29 + 1.01 248 +£2.29 (4.25+0.30) x 107
BIOTIC t8 4.6 6.50 £ 1.66 0.01 £0.01 6.51 +1.66 226+1.28 (5.05+£0.90) x 107
BIOTIC t9 6.6 6.18+1.71 0.04 £ 0.04 6.22+1.75 2.56+1.84 (3.05 £ 0.96) x 107
ABIOTIC t0 0.0 0.40 £0.07 6.65 +0.69 7.05 +0.76 0.00 + 0.00 -
ABIOTIC t4 1.0 0.45+0.14 7.03 +£0.93 7.48 +1.07 -0.43 + 1.43 -
ABIOTIC t7 26 0.40 £ 0.04 6.55+0.53 6.95 +0.56 0.10+0.34 -
ABIOTIC t8 4.6 0.59 +0.06 7.61 +£0.33 821+0.28 -1.15+0.55 -
ABIOTIC t9 6.6 0.53+0.20 6.61 £0.85 7.13+1.01 _0.08+1.12 -

(a) Calculation of the S-deficit 8 uc(s)*:  S'eare(S)(t) = Sum of sulfur species (t,) - Sum of sulfur species(ty)
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Table S4: Oxidation of sulfide (Na,S x 9 H,0) in abiotic controls with 8 % O, (v/v) in the gas phase at 80 °C. Initial medium pH was 8. Data show average

concentrations + standard deviation (n=3). Analogous biotic set-ups, inoculated with 1 % of a T. ruber pre-culture actively growing on thiosulfate, showed no

growth, but similar abiotic sulfide oxidation and thus were not analyzed by IC-ICP-MS.

Time Time Time Sulfide Sulfide Sulfate Thiosulfate Sum of S(—)Deﬁcit
step (inoculated abiotic abiotic abiotic measured S cate(5)“
with 7. ruber, sulfur species abiotic
but no growth) abiotic
Unit [d] [h] [mM] [mM] [mM] [mM] [mM] [mM]
Method Methylene blue Methylene blue IC-ICP-MS IC-ICP-MS Calculated Calculated
t0 0.0 0.0 43+0.1 45+03 0.9+0.1® 0.31 +0.06® 57+0.4 0+0
t1 0.0 0.7 35+0.2 3.6+0.2 n.d. n.d. n.d. n.d.
2 0.2 3.7 29+03 27+03 n.d. n.d. n.d. n.d.
t3 0.3 7.4 2.0+0.2 20+0.3 1.8+0.1 1.28 £ 0.09 5.0+0.3 ~0.7+£0.1
t4 0.8 18.5 0.6+0.1 0.7+0.2 n.d. n.d. n.d. n.d.
t5 1.0 248 0.1+0.04 03+0.2 1.8+04 1.85+ 041 40+09 ~17+£1.0

(a) Initial sulfate concentrations constitute background concentrations of OS-Medium,

b) initial thiosulfate concentrations probably are the result of a spontaneous sulfide oxidation (prior to start of incubation at 80 °C).
p 'y ¥4 P

(c) Calculation of the S-deficit S uce(s)“:  Searc(s)(t) = Sum of sulfur species (t,) - Sum of sulfur species(ty)

Further Comments: Final percentage of sulfur species (after correction of sulfate data with initial sulfate medium background) within 25 hours (15): ~ 36 %
of sulfur deficit due to formation of elemental sulfur; ~ 39 % thiosulfate and ~ 19 % sulfate formed by sulfide oxidation; whereas < 7 % of sulfide remained.
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(S1a) ABIOTIC Monothioarsenate all data and time steps
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(S1b) BIOTIC (T. ruber) Monothioarsenate all data and time steps
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——Sulfate [mM] -m-Thiosulfate [mMeq] Polysulfide [mMeq]

—Sulfide [mM] SOcalc(s) [mM] ——Arsenite [mM]
- Arsenate [mM] ~--Monothioarsenate [mM] ~~T.ruber[cells/mL]

Figure S1: Diagrams of (a) abiotic controls and (b) biotic, 7. ruber inoculated experiments, supplied with monothioarsenate (n=3). All available data and
sampling time steps measured in monothioarsenate experiments are represented in one diagram. These data correspond to the data represented in Figure 1 of the

manuscript. Please note that the data for day 11.7 were not shown in Fig.1, for better visibility of the early, more important processes.
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(S2a) ABIOTIC Production (S2b) BIOTIC Production
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—+—Sulfate [mM] -m-Thiosulfate [mMeq] Polysulfide [mMeq] —<Sulfide [mM]
SOcalc(s) [mM] —-Arsenite [mM] - Arsenate [mM] -O-Monothioarsenate [mM]

Figure S2: Production in (a) abiotic controls and (b) biotic, 7. ruber inoculated experiments, supplied with monothioarsenate (n=3). For this graphical display,
the available data for each sampling point were subtracted by their respective start concentration. These data refer to the experiment displayed in Figure 1 of the

manuscript section. Please note that for better visibility of the early, more important processes the data for day 11.7 were not shown in Fig.1 of the manuscript

(but were displayed in Fig S4, and listed in Table S1).
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(S3a) Sulfide (S3b) Sulfur sum
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Figure S3: Graphical display of the results for the parameters (a) sulfide, (b) sulfur sum and (c) arsenic sum
during oxidation of monothioarsenate (Na;AsSO; x 7 H,0O) and during growth of 7" ruber with 8% O, in
the gas phase in a medium of pH 8. The biotic set-ups received 1% of a T. ruber pre-culture actively growing
on monothioarsenate as inoculum. Graphs show average concentrations + standard deviation (n=3), displayed

by error bars. For better visibility, only results up to day 6.6 are displayed, all data including those of day

11.7 can be found in Table S1.
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(S4a) Polysulfide Speciation during abiotic
monothioarsenate transformation
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Figure S4: Polysulfide species and the sum of polysulfide species as detected in (a) abiotic controls and
(b) biotic experiments (inoculated with 7. ruber OC14/7/2) supplied with monothioarsenate (n=3). These
data refer to the experiment displayed in Fig. 1 of the manuscript. Please note that the data for day 11.7 were

not shown in Fig.1, for better visibility of the early, more important processes.

- 144 -



1.E+08

1.E+07

1.E+06

T. ruber OC14/7/2 [cells/mL]

1.E+05 % ! . . !
0 3 6 9 12
time [d]
—— Arsenite | (pH 7) —eo—Monothioarsenate (pH 8)
Thiosulfate (pH 8) -<—-pure OS Medium (pH 7)

-= pure OS Medium (pH 8)

Figure S5: Cell counts during growth of Thermocrinis ruber OC14/7/2 in the presence of arsenite,
monothioarsenate and thiosulfate as electron donors (Table S1-3; Fig. 1-3) vs. experiments using pure OS-
Medium (pH 7 or pH 8) without addition of electron donors. Error bars indicate means of three replicates +

standard deviation.
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(S6a) ABIO (159 hours) - time scale laboratory experiments (S6b) ABIO (8.4 hours) - time scale field experiments
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Figure S6: Comparison of results from laboratory batch experiments (this study) and earlier on-site incubation experiments at Conch Spring (YNP, USA;
Hartig, Planer-Friedrich 2012) with supplemental monothioarsenate. Graphs (b) ABIOTIC and (d) BIOTIC highlight the first 8 h of the same incubations
presented in graphs (a) ABIOTIC and (¢) BIOTIC over a 159 hour (6.6 days) time interval, respectively. Since distinctly different start concentrations were
used in the lab vs. field-site, respectively, we displayed relative percentages of single species [%] with respect to the sum of arsenic species. Please mind that
microbial oxidation of ~ 3.3 mM monothioarsenate (lab experiment, sealed pressurized headspace with 8 % O2 (v/v)) indeed took longer than oxidizing 60
uM (field-site, open headspace/atmospheric pressure). However, the observed products were similar. Note also that quantities of applied biomass were
different. Start cell numbers of a pure Thermocrinis ruber culture were 1 x 10° cells/mL in the lab, facing 3.3 mM monothioarsenate. The field experiments
applied 2 mL alive streamer biomass (diverse microbial community, containing Thermocrinis spp.; Planer-Friedrich et al. 2009), facing 60 pumol/L
monothioarsenate. Though the exact cell number in the field experiments was unknown, the applied cell numbers presumably were far higher than lab cell
numbers. Moreover, the gas-pressure and oxygen supply was different (lab: sealed pressurized headspace, 2.5 bar N2 with 8% oxygen; field: open headspace,

atmospheric pressure).
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lon-Pair Chromatography Coupled to Inductively Coupled Plasma—
Mass Spectrometry (IPC-ICP-MS) as a Method for Thiomolybdate

Speciation in Natural Waters

Regina Lohmayer,T Gloria Maria Susanne Reithmaier,” Elvira Bura-Naki¢," and Britta Planer-Friedrich*

"Department of Environmental Geochemistry, Bayreuth Center for Ecology and Environmental Research (BayCEER), University of

Bayreuth, Universitaetsstrasse 30, 95440 Bayreuth, Germany

*Center for Marine and Environmental Research, Ruder Boskovi¢ Institute, Bijenicka 54, 10000 Zagreb, Croatia

ABSTRACT: Molybdenum precipitates preferentially under
reducing conditions; therefore, its occurrence in sediment
records is used as an indicator of paleoredox conditions.
Although thiomolybdates (MoO,_,S,>” with x = 1—4)
supposedly are necessary intermediates in the process of
molybdenum precipitation under anoxic conditions, there is no
information about their abundance in natural environments,
because of a lack of element-specific methods with sufficiently
low detection limits. Here, we optimized ion-pair chromato-
graphic separation for coupling to an inductively coupled
plasma—mass spectrometry detector (IPC-ICP-MS). 2-Prop-
anol (10%—25% gradient) replaced the previously used
acetonitrile (25%—75%) as the solvent, to reduce the carbon

lon-Pair-
Chromatography

thiomolybdates MoO,.S%

30°C 2

TBAH2 mM
Na,CO; 1 mM

signal
w

2-propanol
10-25%

30 mL/min O,, Mo* 98

. time [min]
ICP-MS-detection

Yellowstone-NP

load into the plasma. In synthetic solutions, formation of thiomolybdates was found to occur spontaneously in the presence of
excess sulfide and the degree of thiolation was highest at pH 7. Excess hydroxyl led to a transformation of thiomolybdates to
molybdate. Under acidic to neutral conditions, precipitation of molybdenum and hydrolysis of tetrathiomolybdate were observed.
Flash-freezing was found to be suitable to stabilize tetrathiomolybdate, with <4% transformation over more than two months.
High ionic strengths matrices (>2 mM) negatively affected the detection of molybdate, which eluted mainly in the dead volume,
but had no negative effect on higher thiolated molybdates. Detection limits were ~10 nM. With the newly developed IPC-ICP-
MS method, thiomolybdates were found to form spontaneously in euxinic marine waters after adding a molybdate spike and

occur naturally in sulfidic geothermal waters.

he transition metal molybdenum (Mo) serves as

important paleo-proxy in the environment. Since Mo is
mobile in its oxic form as molybdate (MoO,>”), but
precipitates preferentially under sulfidic conditions, the
occurrence of Mo in sediments can provide information
about the redox milieu during the time of deposition." The
exact mechanism of Mo burial in sediments is still unclear.
Different possible pathways include reduction with subsequent
adsorption and precipitation,” association with organic matter,’
precipitation within an iron mineral phase,* and the reaction
with polysulfides [(S°S™),%"] to Mo—S species, which can be
scavenged, for example, by iron compounds.® A summary has
been provided by Chappaz et al.’

A crucial step in all these scenarios is assumed to be the
formation of aqueous thiomolybdate species (MoO,_,S,*~ with
x = 1—4). In sulfidic solutions, a stepwise ligand exchange leads
from molybdate (via the intermediate species monothiomo-
lybdate, dithiomolybdate, and trithiomolybdate) to tetrathio-
molybdate, which is the thermodynamically stable end-
product.” In natural systems, the occurrence of thiomolybdates
was predicted based on thermodynamic calculations for Lake
Rogoznica, which is a stratified saltwater lake on the Adriatic

-4 ACS Publications  © 2015 American Chemical Society 3388

coast of Croatia. Tetrathiomolybdate was found to be the
predominant species in the euxinic waters below the chemo-
cline.*

Despite their supposedly important role, thiomolybdates
have never been measured in the environment. This can be
attributed to environmentally low Mo concentrations in the
nanomolar range8 and the lack of an analytical method, which is
sensitive enough to detect nanomolar concentrations of
thiomolybdates. Thiomolybdates can be determined by ultra-
violet—visible (UV-Vis) spectroscopy.” "' However, impurities
in synthesized thiomolybdate standards and overlapping spectra
constitute problems for quantification. Moreover, a low
sensitivity and possible interferences by other trace elements
or matrix components make UV—Vis spectroscopy unsuitable
for the determination of thiomolybdates in natural samples.

Another possibility for analysis of thiomolybdates was
published by Weiss et al.'> They used a polymeric reversed-
phase column and tetrabutylammonium hydroxide as an ion-
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pair reagent to separate the different Mo species. Isocratically,
the eluent contained 25% acetonitrile. For gradient elution, the
acetonitrile concentration was increased from 25% to 75%.
Baseline separation of dithiomolybdate, trithiomolybdate, and
tetrathiomolybdate could be achieved, while molybdate and
monothiomolybdate were eluted as double peaks. Detection
was performed using suppressed conductivity or a UV detector.
Since this method is not element-specific and suffers from a low
sensitivity, it is not suitable for the determination of
thiomolybdates at environmentally relevant concentrations.

In order to determine thiomolybdates in the nanomolar
concentration range, an element-specific detection is necessary
to minimize the disturbing influence of matrix components.
One detection system suitable for determining trace levels of
elements is inductively coupled plasma—mass spectrometry
(ICP-MS). In order to be able to use ICP-MS for detection, the
chromatographic method of Weiss et al.'> requires adaptation,
because, at most ICP-MS instruments, the plasma is
extinguished at acetonitrile concentrations of >10%.

In the present study, we therefore reproduced the ion-pair
chromatography (IPC) method of Weiss et al.'” initially with a
UV detector and searched for alternative solvents that could be
used with ICP-MS detection. We investigated the formation of
thiomolybdates from molybdate and sulfide over time and the
stability of tetrathiomolybdate during storage and at different
pH values. Furthermore, the effect of salt concentrations on
chromatographic separation was tested. Finally, the method was
applied to analyze different natural samples for the occurrence
of thiomolybdates.

B MATERIALS AND METHODS

Analytical Methods. Determination of Mo Species by
HPLC-UV. Mo species were analyzed using high-performance
liquid chromatography (HPLC) (Merck Hitachi, Model L-2130
pump, Model L-2200 autosampler, and Model L-2420 UV-Vis
detector) with separation by a reversed-phase polymeric
column (Dionex, IonPac NSI1, 10 gm, 250 X 4 mm). The
eluent contained 2 mM tetrabutylammonium hydroxide
((CH,;CH,CH,CH,),N(OH), CAS No. 2052-49-5, Fluka), 1
mM sodium carbonate (Na,CO;, CAS No. 497-19-8, Merck),
and varying amounts of different solvents. Routinely, gradient
elution by acetonitrile (C,H;N, HPLC gradient grade, CAS No.
75-05-8, Roth) was used. Initially, the solvent consisted of 25%
acetonitrile and 75% ultrapure water (Merck, Millipore, 18.2
mQ/cm, 3 ppb total organic carbon at 25 °C). Within 1S5 min,
the acetonitrile concentration was increased up to 50%,
decreased back to 25% within 0.1 min, and kept constant for
the last 4.9 min. Alternatively, isocratic elution by 25%
acetonitrile, 10% 1-propanol (CH;CH,CH,0H, CAS No. 71-
23-8, for analysis, Griissing), and 13% 2-propanol
((CH,),CHOH, CAS No. 67-63-0, AnalaR NORMAPUR,
VWR) was tested. Gradient elution was performed with 1-
propanol and 2-propanol, where the solvent concentration was
increased from 10% to 25% within 10 min, kept constant for 5
min, decreased back to 10% within 1 min, and kept constant for
the last 6 min. With 1-propanol and 2-propanol in the eluent,
the column was heated to 30 °C. The flow rate was 1 mL/min,
the injection volume was 100 yL, and the detection wavelength
was 254 nm.

Concentrations of molybdate and tetrathiomolybdate were
determined by comparison with commercially available stand-
ards of ammonium molybdate ((NH,),Mo00O,, CAS No. 13106-
76-8, Sigma—Aldrich) and ammonium tetrathiomolybdate

3389

((NH,),MoS,, CAS No. 15060-55-6, Sigma—Aldrich). Since
the tetrathiomolybdate salt for standard preparation was not
completely soluble in water, the actual Mo concentration of the
stock solution was determined by ICP-MS. Standards for
monothiomolybdate, dithiomolybdate, and trithiomolybdate
are not commercially available. Hence, the absorbance of the
thio-intermediates at 254 nm was compared to that of
molybdate, based on data from the literature."""*'* This
comparison revealed that the absorbances of monothiomolyb-
date, dithiomolybdate, and trithiomolybdate were 2.3, 4.4, and
7.1 times higher, respectively, than that of molybdate. With
these factors and the actual measured calibration data for
molybdate, the respective calibration curves for the inter-
mediate thiomolybdates could be calculated with some
uncertainty. In the case of overlapping peaks, the unavoidable
error in the assignment of peak areas to individual species and
the different absorbances led to overestimation or under-
estimation of the respective species concentrations.

Determination of Mo Species by IPC-ICP-MS and Total Mo
by ICP-MS. When using ICP-MS as a detection system for
thiomolybdates, the same reversed-phase polymeric column
(Dionex, IonPac NSI, 10 ym, 250 X 4 mm) as that described
for HPLC-UV was used with the ion chromatography (IC)
system (Model ICS-3000 SP, Dionex). The eluent also
contained 2 mM tetrabutylammonium hydroxide
((CH,CH,CH,CH,),N(OH), CAS No. 2052-49-5, Fluka)
and 1 mM sodium carbonate (Na,CO,, CAS No. 497-19-8,
Merck). Gradient elution with 2-propanol from 10% to 25%
was used as described previously. The column was heated to 30
°C, the injection volume was 100 yL, and the flow rate was 1
mL/min. Mo species were detected by ICP-MS (XSeries2,
Thermo-Fisher) as Mo* (m/z 98). A flow of 30 mL/min O,
was added to the spray chamber to oxidize excess organic
carbon from the eluent. All Mo species were quantified via the
molybdate calibration curve. Total Mo concentrations were
determined by ICP-MS as Mo" (m/z 98). Sensitivity changes of
the instrument over time were corrected using an internal
thodium standard (Ultra Scientific Analytical Solutions, N.
Kingstown, RI, USA).

Laboratory Experiments. Experiments concerning the
formation and stability of thiomolybdates were conducted
inside a glovebox (COY, N,/H, 95/5 (v/v)). Stock solutions of
ammonium molybdate ((NH,),Mo0O,, CAS No. 13106-76-8,
Sigma—Aldrich), ammonium tetrathiomolybdate
((NH,),MoS,, CAS No. 15060-55-6, Sigma—Aldrich), sodium
sulfide nonahydrate (Na,S-9H,0, CAS No. 1313-84-4, Sigma—
Aldrich), and potassium polysulfide (K,S,, CAS No. 37199-66-
9, Sigma—Aldrich) were prepared in N,-purged ultrapure water
inside the glovebox. From the polysulfide stock solution,
samples were taken for the analysis of sulfide and polysulfides.
Sulfide was determined using the methylene blue method,"
whereby the absorption was measured at 650 nm (Infinite 200
PRO, TECAN). Derivatization and determination of poly-
sulfides was done according to Kamyshny et al.'® and Rizkov et
al,'” using the HPLC system mentioned above and a reversed-
phase C18 column (Waters-Spherisorb, ODS2, $ um, 250 X 4.6
mm) for analysis. With this method, elemental sulfur could also
be detected.

A nominal Mo concentration of 200 uM was chosen for all
experiments. Since the tetrathiomolybdate salt did not dissolve
completely, the actual Mo concentration of the stock solution
was determined by ICP-MS. Experimental solutions were
prepared in 50-mL polypropylene (PP) vials with screw caps
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(Sarstedt). The desired pH values were adjusted by NaOH,
HCI, or HNO;. Solutions for experiments to be conducted in
darkness were protected from light by a light-tight box. To
investigate the stability of tetrathiomolybdate after flash-
freezing, the solution prepared inside the glovebox was
aliquoted in 2-mL cryotubes, which were flash-frozen with
liquid nitrogen at —196 °C and stored in a freezer at —20 °C
until analysis. In the solutions stored at room temperature in
the glovebox, pH values were measured by a Hach electrode
(Model PHC101) connected to a Hach pH-meter (Model
HQA40d). Solutions with macroscopically visible particles were
filtered (200 nm, cellulose-acetate filter, Membrex) before
analysis of Mo speciation.

To test the influence of matrix components on chromato-
graphic separation, mixtures of 250 nM ammonium molybdate,
300 nM ammonium tetrathiomolybdate, and varying sodium
chloride (NaCl, CAS No. 7647-14-5, Merck) concentrations
were analyzed by IPC-ICP-MS. In addition, mixtures of 200
#M ammonium molybdate and varying concentrations of
sodium sulfate (Na,SO,, CAS No. 7757-82-6, Merck) were
analyzed by HPLC-UV.

Field Sampling. Lake Rogoznica, Croatia. To investigate
thiomolybdate formation in natural samples, an incubation
experiment was performed on-site at Lake Rogoznica on
February 18, 2014. A water sample was obtained using a Niskin
sampler from a depth of 12 m and was placed in a serum bottle
to which 250 nM molybdate were added and then was sealed
airtight with butyl rubber stoppers and aluminum caps.
Sampling of the solution was performed after a reaction time
of 60 min with a needle and a syringe. The presence of sulfide
was determined immediately using the methylene blue method
(Hach method 8131). Samples for the analysis of Mo species
were filtered (200 nm, cellulose-acetate filter, Membrex), flash-
frozen with liquid nitrogen, and stored frozen until analysis. For
the analysis of total Mo concentrations in the lake, 10 mL of the
sample taken by the Niskin sampler was filtered (200 nm,
cellulose acetate filter, Membrex) and acidified with 100 uL of 8
M HNO, (CAS No. 7697-37-2, >65%, Sigma—Aldrich).

Yellowstone National Park. Sampling of 47 geothermal hot
springs in Yellowstone National Park was performed in August
and September 2014. From several hot springs, replicate
samples were taken from the source or from different positions
of the drainage channels. Sulfide was determined on-site by the
methylene blue method (Hach method 8131). A WTW SenTix
41-3 and a WTW TetraCon 325 electrode connected to a
WTW multimeter (Multi 340i) were used to measure pH and
conductivity, respectively. Samples for Mo species analysis were
filtered (200 nm, cellulose-acetate filter, Membrex) and flash-
frozen with dry ice on-site. For the analysis of total Mo
concentrations, 15 mL of sample were filtered (200 nm,
cellulose-acetate filter, Membrex) and 375 uL of H,0, (CAS
No. 7722-84-1, 30%, VWR) and 375 uL of 8 M HNO; (CAS
No. 7697-37-2, >65%, Sigma—Aldrich) were added.

B RESULTS AND DISCUSSION

Development of an IPC-ICP-MS Method for Thiomo-
lybdate Analysis. By reproducing the HPLC method
previously published by Weiss et al,'* using an isocratic eluent
of 25% acetonitrile on a mixture of molybdate and sulfide,
peaks corresponding to monothiomolybdate, dithiomolybdate,
trithiomolybdate, and mainly tetrathiomolybdate were observed
(Figure 1a). In comparison to the chromatogram published by
Weiss et al,'? retention of all species was higher, e.g,
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Figure 1. Separation of molybdate (denoted as peak “(0)”) and
thiomolybdates (denoted as peaks “(1)”"—“(4)”) by an IonPac NS1
column with an eluent composition of 2 mM tetrabutylammonium
hydroxide, 1 mM Na,CO;, and different solvent compositions
(determination by HPLC-UV); (thio)molybdate peaks are labeled
by their number of S atoms. For isocratic elutions (panels (a), (c), and
(e)), a thiomolybdate mixture with mainly tetrathiomolybdate was
analyzed. For gradient elutions (panels (b), (d), and (f)), a solution
with minor amounts of tetrathiomolybdate and larger shares of
intermediate species was chosen.

tetrathiomolybdate eluted almost 30 min later, and the peaks
were wider. This may partially be attributed to the fact that our
column was 5 cm longer than that used by Weiss et al.">

In a further step, we used gradient elution with 25%—50%
acetonitrile (Figure 1b). A gradient program (25%—75%
acetonitrile) had already been suggested by Weiss et al.'” for
the analysis of poly(thiomolybdates), which bind stronger to
the stationary phase than mononuclear molecules. We used a
slightly different thiomolybdate mixture with higher amounts of
intermediate species, to improve peak separation of molybdate
and monothiomolybdate and to test whether minor amounts of
tetrathiomolybdate still result in identifiable peaks at the end of
the chromatogram. All thiomolybdates eluted within 13 min
and the peaks became much narrower, in comparison to
isocratic elution. Nevertheless, just as reported by Weiss et al.,">
we were unable to achieve baseline separation of molybdate and
monothiomolybdate with this method.

The next step was to test alternative solvents for acetonitrile,
since acetonitrile extinguished the plasma at our ThermoFisher
XSeries2 device at concentrations higher than 10%, even when
adding oxygen as the plasma gas to oxidize excess organic
carbon to CO,. To reduce the amount of solvent needed, we
tested 1-propanol and 2-propanol as solvents with higher
elution strength than acetonitrile. Methanol was unsuitable as
an alternative solvent, since its elution strength is lower.
Because of the higher viscosity, in comparison to acetonitrile,
the column was heated to 30 °C when using 1-propanol and 2-
propanol. For isocratic and gradient elutions, the same mixtures
as those analyzed with acetonitrile with mainly tetrathiomo-
lybdate or high amounts of intermediate species were used,
respectively. Isocratic elution with 10% I1-propanol shortened
the necessary analysis time (Figure lc) but separation of
molybdate, monothiomolybdate, and dithiomolybdate was
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poor. Also, gradient elution with 10%—25% 1-propanol (Figure
1d) resulted in poorer separation of molybate, monothiomo-
lybdate, and dithiomolybdate, in comparison to the use of
acetonitrile. With 13% 2-propanol (Figure le), which has a
higher elution strength than acetonitrile but a lower one than 1-
propanol, the necessary analysis time resides between those for
acetonitrile and 1-propanol. However, no separation of
molybdate, monothiomolybdate, and dithiomolybdate could
be achieved and the tetrathiomolybdate peak was almost 20
min wide. A gradient increase of 2-propanol from 10% to 25%
within 10 min and then keeping 25% for the next S min (Figure
1f) led to a similar chromatogram than the one achieved with
acetonitrile gradient. Yet, no baseline separation of molybdate
and monothiomolybdate was obtained.

The last step was to try to adapt the 2-propanol gradient
conditions and, hence, optimize peak separation. Several
attempts were made (data not shown). A slower linear increase
of 2-propanol in 12 min instead of 10 min had no effect on
peak separation. A stronger increase of 2-propanol from 10% to
30% within 10 or 12 min led to poorer peak separation. An
increase of 2-propanol from 5% to 25% or 30% led to a shift of
all peaks to higher retention times and worse peak separation. A
gradient from 15% to 25% within 12 min resulted in shorter
retention times and poor peak separation. Consequently,
gradient elution from 10% to 25% 2-propanol as described in
the previous paragraph was the best achievable option for
chromatographic thiomolybdate separation and selected for
transfer to detection with ICP-MS. Quantification of all
thiomolybdate species was done via the molybdate calibration
curve. The lowest detectable molybdate concentration was
dependent on different background levels; however, on average,
the detection limit was ~10 nM.

Formation of Thiomolybdates from Molybdate and
Sulfide or Polysulfides. To test the spontaneous formation
of thiomolybdates in synthetic solutions, a first set of
experiments was prepared at different sulfide:molybdate ratios
with an initial pH of 7.3, keeping the solutions in darkness.
These conditions were chosen to mimic the natural conditions
in Lake Rogoznica for which the occurrence of thiomolybdates
was previously predicted by modeling.* At a 10-fold excess of
sulfide to molybdate, successive sulfidation of molybdate was
observed (Figure 2). Immediately after preparation of the
mixture, the Mo speciation was dominated by 26% mono-
thiomolybdate and 60% dithiomolybdate. Until day 20, the
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Figure 2. Formation of thiomolybdates in mixtures of 200 uM
molybdate and 2 mM sulfide (Mo:S ratio of 1:10) or 4 mM sulfide
(Mo:S ratio of 1:20) (determination by HPLC-UV).
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concentrations of monothiomolybdate and dithiomolybdate
decreased, whereas trithiomolybdate reached its maximum
concentration. For tetrathiomolybate, a continuous increase in
concentration could be observed over 60 days. In a comparable
experiment with a ~10-fold excess of sulfide to molybdate,
Erickson and Helz” observed the stepwise formation of
equilibrium concentrations of dithiomolybdate, trithiomolyb-
date, and tetrathiomolybdate within the time frame of minutes,
hours, and days, respectively. In comparison, we observed
almost constant levels of all four thiomolybdate species
concurrently in solution after 60 days. In contrast to Erickson
and Helz,” who could not observe almost any molybdate, we
determined increasing molybdate concentrations over time,
with a final share of 19%. This might be an indication of
gaseous hydrogen sulfide loss and re-equilibration of the
solution. This assumption is also supported by the increase of
pH from 7.3 to 8.4 over time. After 161 days, a last sample was
taken, where a Mo concentration of only ~40 M remained in
solution (data not shown). The precipitation of particles was
not observed. Instead, an additional peak appeared at the end of
the chromatogram, which might be attributed to the formation
of polymer thiomolybdates, as described by Weiss et al.'* From
the detectable Mo species, 53% were molybdate, 33%
tetrathiomolybdate, 13% trithiomolybdate, and 1% dithiomo-
lybdate. Therefore, tetrathiomolybdate seems to be the
thermodynamically most stable thiomolybdenum species, as
was also stated by Erickson and Helz.” With a sulfide:mo-
lybdate ratio of 20:1, qualitatively, the same processes could be
observed (Figure 2), whereby the sulfidation reactions
proceeded faster and to a higher extent. Only minor amounts
of monothiomolybdate could be observed, and after 60 days,
the proportion of higher thiolated molybdates was greater, in
comparison to the experiment with 10-fold sulfide excess. After
161 days, a Mo concentration of 138 yM could still be detected
in solution, which contained mainly tetrathiomolybdate (63%),
followed by molybdate (25%), trithiomolybdate (12%), and
dithiomolybdate (1%) (data not shown).

Another set of experiments was conducted to test whether
molybdate can react with elemental sulfur (data not shown).
To offer elemental sulfur in dissolved form, polysulfides
[(8°S™),27] were mixed with molybdate in a nominal ratio
of 10:1 and 20:1, respectively. As the molecular mass of the
commercially available polysulfide standard was unknown, the
sulfur to Mo excess could not be adjusted as exactly as in the
sulfide experiments. Later analyses of the free sulfide,
polysulfide, and elemental sulfur concentrations of the stock
solution showed that the sulfur:molybdate ratio was about 8:1
and 17:1, respectively, and that the total sulfide amount
(including sulfide of polysulfides) was about one-fourth in
comparison to the molybdate-sulfide experiments. In the
polysulfide experiments, molybdate accounted always for at
least 60% of the sum of the Mo species. Because of the high
amount of molybdate, there was a strong overlap of the
molybdate and monothiomolybdate peak, which led to a
relatively high error in quantification of the absolute
concentrations of those two species. Nevertheless, it was
obvious that the thiolation of molybdate proceeded to a much
lesser extent in the presence of polysulfides than in the
experiments with pure sulfide. After 59 days, only 0.45 and
2.7% of molybdate had transformed to tetrathiomolybate in the
experiments with an 8- and 17-fold excess of sulfur (including
free sulfide, polysulfides, and elemental sulfur), respectively.
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In summary, these experiments showed that one decisive
parameter for thiomolybdate formation is the sulfide availability
or more specifically the sulfide to Mo excess, which influences
not only the kinetic of the thiolation reaction but also the
equilibrium concentrations of thiomolybdates. In the previously
mentioned euxinic bottom waters of Lake Rogoznica for which
tetrathiomolybdate was predicted to dominate,” the sulfide to
Mo excess is even higher than in our laboratory experiments
(~1.3 X 10°), rendering spontaneous complete transformation
of molybdate very likely.

Dependency of Thiomolybdate Formation on pH.
Since the formation of thiomolybdates was described to be an
acid-catalyzed process,” mixtures with a 10-fold excess of sulfide
versus molybdate were investigated at nominal pH values of 1,
3,5 7,9 11, and 13. At pH 1, immediate darkening of the
solution and formation of black precipitates were observed after
2 days and attributed to the formation of amorphous Mo
trisulfide MoS;, which precipitates under acidic conditions.'®"?
At pH 3, the solution turned dark brown and black precipitates
were visible after a few days. At pH S, the solution also turned
dark brown but no precipitates were visible. Nevertheless, only
around 20 #M molybdate of the nominal 200 M and minor
amounts of thiomolybdates could be detected in solution
(Figure 3). The formation of colloidal MoS; might explain the
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Figure 3. Formation of thiomolybdates in mixtures of 200 uM
molybdate and 2 mM sulfide at different pH values (determination by
HPLC-UV).

loss of Mo in solution. At pH 7 (Figure 3), the development of
Mo speciation over time was comparable to the one described
for the previous molybdate—sulfide experiment (Figure 2). The
slightly lower initial pH of 7, in comparison to 7.3, led to a
faster and higher sulfidation of molybdate. Already after 7 days,
64% of Mo in solution was present as tetrathiomolybdate and a
continuous loss of Mo from solution was observable. After 21
days, only 144 uM Mo of the originally measured 212 uM
remained in solution. This might again be due to the formation
of MoS; colloids. At pH 9, a large amount of molybdate was
not sulfidized at all (Figure 3). The dominating thiomolybde-
num species was monothiomolybdate. At pH 11 (Figure 3) and
pH 13 (data not shown), no formation of thiomolybdates could
be observed. However, at pH 13, it was also not possible to
quantify molybdate, because the alkaline matrix of the solution
made peak identification or integration impossible (see also
matrix effects discussed below).

Summarizing the pH experiment, we found the highest
thiomolybdate formation at pH values in the neutral range.
This pH range is in accordance with kinetic studies by Harmer
and Sykes,”® who concluded that a pH value of ~7.3 is most

3392

favorable for thiomolybdate formation, as a compromise
between the availability of protons for loosening the Mo—O
bond and the dominance of HS™ over H,S, since HS™ has a
higher nucleophilic tendency. Erickson and Helz” determined
thiomolybdate formation in ammonia-buffered solutions in the
pH range of 7.9—8.5 and found no influence of pH on
equilibrium concentrations. However, they found that the
concentration of ammonia, which is an acid catalyst, had a high
influence on thiomolybdate formation rates. In unbuffered
solutions, where the pH increased from 8.0 to 9.0—9.6 over the
course of the experiments, they detected only very small
amounts of tetrathiomolybdate after four months. Moreover,
they simulated Mo speciation for seasonally anoxic systems and
found a significant occurrence of the thermodynamically
unstable intermediate thiomolybdates. This implies that,
especially for environmental systems that are not in
equilibrium, parameters such as pH or the presence of catalysts
are decisive for the actual prevailing Mo speciation. This again
emphasizes the necessity of analyzing thiomolybdates in natural
samples.

Stability of Tetrathiomolybdate. To determine the best
preservation pH for natural samples, the stability of
tetrathiomolybdate as the only commercially available thio-
molybdenum species was determined at nominal pH values of
1, 3,5 7,9, 11, and 13. For solutions at pH 1 and 3, black
precipitates were again observed (at pH 1 immediately after
acidification, and at pH 3 after 2 days), likely due to the
formation of MoS;. Wildervanck and Jellinek'® described the
immediate formation of MoS; precipitates in acidified
thiomolybdate solutions for pH values of <4. Miiller et al.’
determined increasing decomposition rates of tetrathiomolyb-
date with decreasing pH, and Quagraine et al.*' observed the
formation of polynuclear thiomolybdates in tetrathiomolybdate
solutions acidified to pH 2—3. In our case, the formation of
polynuclear thiomolybdates would also result in a loss of
detectable Mo species. At pH S and 7, we observed a decrease
of the sum of Mo species in solution over time (Figure 4).
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Figure 4. Stability of tetrathiomolybdate at different pH values over
time (determination by HPLC-UV).

Wildervanck and Jellinek'® also described the slow formation of
MoS; precipitates in thiomolybdate solutions in a pH range of
4—7. At pH 5, the loss of gaseous hydrogen sulfide, which could
be linked to the observed pH increase from S to 7 (Figure 4),
also might have contributed to the destabilization of
tetrathiomolybdate. At pH S and 7, we observed that a certain
amount of tetrathiomolybdate was subject to hydrolysis and
mainly transformed back to trithiomolybdate (Figure 4). Clarke
et al."” studied thiomolybdate hydrolysis in the pH range of 6—
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8 and observed an increasing rate with decreasing pH. In
contrast to our study, they did not detect intermediate species
during the hydrolysis of tetrathiomolybdate and attributed this
to increasing reaction rates with proceeding hydrolysis. On the
basis of data concerning thiometalate hydrolysis, Weiss et al.'*
concluded that those species are only stable under alkaline
conditions. This was true for our experiment at pH 9, where
95% tetrathiomolybdate remained after 21 days (Figure 4). At
pH 11, 21% of tetrathiomolybdate directly transformed back to
molybdate within 21 days, whereby almost no intermediate
thiomolybdate species occurred. This transformation might be
attributed to the high amount of OH™ in solution and,
consequently, the destabilization of thiomolybdate species. This
phenomenon has previously been described for thioarsenites,
which transform to arsenite at an excess of OH~ versus SH™.*
At pH 13, only 14 uM tetrathiomolybdate were detectable
immediately after preparation of the solution and were already
transformed after 2 days (data not shown). As no increase of
intermediate thiomolybdate species could be observed in the
completely clear solutions, we conclude that Mo was present as
molybdate, which could not be detected due to a disturbing
matrix effect at the highly alkaline conditions (see matrix effects
discussed below). In summary, we conclude that tetrathiomo-
lybdate is most stable under slightly alkaline conditions and
acidification to pH <§, e.g, as routine species stabilization
method is detrimental for species stability.

The stability of tetrathiomolybdate was tested upon flash-
freezing versus storage at room temperature under light and
dark conditions in the glovebox (Figure 5). A pH of 7 was
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Figure S. Stability of tetrathiomolybdate at pH 7 under different
storage conditions over time (determination by HPLC-UV).

chosen because this approaches natural conditions, for example,
in Lake Rogoznica and hydrolysis had been observed at pH 7
over time as described previously. In solutions stored at room
temperature, the hydrolysis of tetrathiomolybdate could be
observed over time (Figure S). Up to day 28, hydrolysis seemed
to be faster in darkness; after 28 days, it was faster in light. In
solutions stored in darkness, the sum of dissolved Mo species
seemed to decrease over time to a higher extent, in comparison
to those stored in light (Figure S). However, this difference was
not reflected in the results of the total Mo analysis after 49 days,
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which were 164 uM in darkness and 175 pM in light. In the
flash-frozen samples, tetrathiomolybdate transformation was
<4% over 66 days (Figure S). The same preservation method
had been suggested previously for systems with high arsenic
and sulfide concentrations, where acidification leads to
precipitation of AsS phases, while flash-freezing was found
suitable to preserve thioarsenic speciation.”® Conclusively, flash-
freezing seems to be the best currently available method for
preserving tetrathiomolybdate in solution.

Influence of Matrix Components on Chromato-
graphic Separation. The effect of high ionic strength on
the chromatographic separation was tested in two sets of
experiments. While the peak of tetrathiomolybdate was not
influenced at all up to NaCl concentrations of 50 mM, which is
about one-tenth the NaCl concentration of seawater, the
molybdate peak was only unaffected up to 0.2 mM NaCl
(Figure 6a). With 2 mM, the formation of a small shoulder to
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Figure 6. (a) Separation of 250 nM molybdate (denoted as peak
“(0)”) and 300 nM tetrathiomolybdate (denoted as peak “(4)”) in the
presence of sodium chloride (NaCl) (determination by IPC-ICP-MS).
(b) Analysis of 200 uM molybdate (peak “(0)”) in the presence of
sodium sulfate (Na,SO,) (determination by HPLC-UV).

the right of the molybdate peak was visible. At higher salt
concentrations, a splitting of the molybdate peak and partial
elution of molybdate in the void volume was observed. Since
ICP-MS is an element-specific detector, it could be excluded
that the void volume peak originated from NaCl. To investigate
whether this disturbing effect was specifically related to the
presence of Cl™ anions, another test was performed with
sodium sulfate (Figure 6b). Since tetrathiomolybdate was not
affected by NaCl, these experiments were done with molybdate
only, and due to economic reasons with HPLC-UV instead of
IPC-ICP-MS. In general, the retention time of molybdate was
slightly different in comparison to the analysis with IPC-ICP-
MS, because of the different tube lengths between the analytical
column and the detector, but again, the presence of the salt had
no influence at a concentration of 0.2 mM. With 2 mM sodium
sulfate (N2,SO,), the Mo peak became somewhat smaller and
broader, in comparison to the uninfluenced peak. At 20 and 50
mM, a complete deformation of the molybdate peak and partial
shift to the void volume was observable. A similar lack of
retention was described for inorganic selenium species in saline
matrices, because of competition with matrix substances.** The
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decisive parameter is not the absolute salt concentration but,
rather, the similarity in retention of analyte and matrix
substances. In our case, molybdate elutes shortly after the
void volume. Therefore, all other substances, which are not or
hardly retained, will have an influence on molybdate retention.
Comparing the results of the NaCl and Na,SO, experiments, it
is obvious that the ratio of analyte to salt concentration had no
influence, since disturbing matrix effects occurred at the same
salt concentrations, regardless of whether Mo was present in
nanomolar or micromolar concentrations. The obvious solution
of diluting the sample is not a valid option, because Mo
concentrations in the environment are in the nanomolar range
(and, therefore, already close to the detection limit). For
analysis of low concentrations in solutions with high matrix
effects, separation of matrix components before analysis
without changing Mo speciation would be required.
Determination of Thiomolybdates in Natural Sam-
ples. The optimized IPC-ICP-MS method was used to
investigate spontaneous formation (Lake Rogoznica) and
occurrence (Yellowstone National Park) of thiomolybdates in
natural systems. In the euxinic saline bottom waters of Lake
Rogoznica, sulfide concentrations were 1.7 mM but the natural
total Mo concentration was 15 nM only, which was close to our
minimum quantifiable concentration. In combination with the
high salinity (35 g/L), including ~28 mM sulfate*> and 600
mM chloride,”® we were not able to get species information for
the natural system with our current method. However, to
understand generally whether thiomolybdate formation in
nature works as spontaneously as shown for the laboratory
experiments presented above, we spiked a bottom water sample
from a depth of 12 m on-site with 250 nM molybdate, creating
a natural sulfide to spiked Mo excess of 6600. After only 1 h, we
already detected monothiomolybdate, dithiomolybdate, trithio-
molybdate, and tetrathiomolybdate besides the originally spiked
molybdate (Figure 7a). Tetrathiomolybdate was the dominat-
ing species. Unfortunately, the saline sample matrix caused
splitting and shift of the molybdate peak, preventing a fully
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Figure 7. Molybdate (denoted as peak “(0)”) and thiomolybdates
(denoted as peaks “(1)"—"(4)”) determined by IPC-ICP-MS (a) in
Lake Rogoznica water at a depth of 12 m spiked with 250 nM
molybdate and (b) in the hot springs of Yellowstone National Park.
Thiomolybdate peaks are labeled based on their number of S atoms.
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quantitative interpretation. Despite the semiquantitative nature
of the data, the findings of this spike experiment confirm the
results of the laboratory experiments that sulfide excess is also a
decisive parameter for thiomolybdate formation in natural
systems. It is highly probable that thiomolybdates also occur
naturally in the deep euxinic layers of Lake Rogoznica.
Thermodynamic calculations predicted that intermediate
thiomolybdates are of minor importance in Lake Rogoznica.*
This might be true most of the year, when an equilibrium
between sulfide and Mo has established. However, especially
after vertical mixing in the autumn and a subsequent increase of
sulfide concentrations in the deep layers of the lake,
intermediate thiomolybdates are expected to form, based on
our laboratory results with molybdate-sulfide mixtures.

Direct application of our IPC-ICP-MS method to natural
sample analysis (without spiking) was possible in the second
natural environment we studied, 47 geothermal springs at
Yellowstone National Park with sulfide concentrations up to
0.18 mM, Mo concentrations up to 2.4 #M, and a lower salinity
(maximum of ~1.2 g/L). The occurrence of thiomolybdates
had previously been predicted based on thermodynamic
modeling for geothermal waters in Iceland.”” For geothermal
springs at Yellowstone National Park, thioarsenates™ and
thioantimonates®® have already been determined to occur,
constituting up to 83% of the total As and 30%—40% of the
total Sb. For Mo, we detected dithiomolybdate, trithiomolyb-
date, or tetrathiomolybdate in approximately half of the springs,
constituting a maximum of 20%, 12%, and 38%, respectively, of
the total Mo. Again, the sample matrix disturbed molybdate
elution and affected the adjacent monothiomolybdate peak.
This is assumed to be caused by, among other factors, the
presence of sulfate and chloride, as was also seen in synthetic
solutions (Figure 6). At the discharge, Ojo Caliente contains
0.2 mM sulfate and 8.7 mM chloride,”® Bath Spring contains
0.3 mM sulfate and 8.4 mM chloride.’® The disturbing matrix
effect prevented us from closing the mass balance between the
sum of Mo species and the total Mo. For 87 analyzed samples,
the average species recovery was 98.8% =+ 16.4%. Two
exemplary chromatograms are shown in Figure 7b. In contrast
to Sb and As, thiomolybdates never became the dominant Mo
species, which was molybdate in all hot springs. Tetrathiomo-
lybdate was, by far, the most dominant and sometimes only
thiomolybdate species, as shown, e.g,, for the Ojo Caliente hot
spring (Figure 7b). Significant shares of intermediate
thiomolybdates were found only for two out of 47 springs,
one of them being Bath Spring shown in Figure 7b. The
location and basic chemistry of these two sites has been
described previously.” Interestingly, sulfide concentrations
were lower at Ojo Caliente (30 yM) than at Bath Spring
(128 M), yet the thiolation was higher. Since, in both cases,
sulfide was available in excess (75- and 240-fold for Ojo
Caliente and Bath Spring, respectively), the difference in
absolute sulfide concentrations did not seem to be the decisive
factor. The lower pH at Ojo Caliente (pH 7.6) compared to
Bath Spring (pH 9.0) may have facilitated complete thiolation.
Another factor might be the presence or absence of equilibrium
conditions or the competition between Mo and other metals or
metalloids in the reaction with sulfide.

The results both of our spike test at Lake Rogoznica and the
detection of thiomolybdate natural occurrence at Yellowstone
National Park clearly show that an investment in further
method optimization for species-selective quantification of low
concentrations in natural matrices, especially saline waters such
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as Lake Rogoznica, will be rewarding, because thiomolybdates
play an important role for Mo cycling in natural environments.

B CONCLUSIONS

In the present study, we developed an analytical method for the
element-specific determination of thiomolybdates in the
nanomolar concentration range by IPC-ICP-MS using gradient
elution with 10%—25% 2-propanol. This method is the basis for
the analysis of thiomolybdates in the environment. Based on
experiments in the laboratory, it can be predicted that, in
natural systems with a high excess of sulfide to Mo and pH
values in the neutral range, conditions for thiomolybdate
formation are highly favorable. Samples for the analysis of
thiomolybdates should not be acidified due to species
transformation and loss of Mo by precipitation. Flash-freezing
is the currently best available method for preserving
thiomolybdates in solution.

We were able to provide the first evidence of thiomolybdate
occurrence in nature, whereby dithiomolybdate, trithiomolyb-
date, and tetrathiomolybdate could be detected in considerable
amounts concurrently in solution. Matrix components in
natural samples were found to have a disturbing effect on
analysis. Separating the matrix components without affecting
the Mo speciation and lowering detection limits, e.g, by
preconcentration will be important tasks for the future.
However, our results show that the efforts will be necessary
and rewarding, because thiomolybdates play an important role
in the transformation of molybdate to Mo sulfide precipitates
and Mo fixation in natural environments.
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