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Abstract

The microbial sulfur cycle is a crucial biogeochemical process in wetland ecosystems,
playing a significant role in regulating organic carbon decomposition and methane
emissions. Despite the relatively small standing pool of sulfate, efficient sulfur recycling
facilitates rapid sulfate renewal, supporting sulfate reduction rates comparable to those
observed in marine sediments. However, the mechanisms underlying sulfur oxidation in
wetland ecosystems remain poorly understood. It has been hypothesized that iron(lll)
minerals may be directly involved in driving the microbial sulfur oxidation, but this hypothesis
has yet to be explored experimentally. In this thesis, we leveraged an enrichment culture
derived from peatland to investigate the potential role of ferrihydrite in driving the oxidation of
thiosulfate, one of key intermediates in the oxidative sulfur cycle in the freshwater
ecosystem. Our experiments integrated both a chemical analysis and microbial ecology
approaches to understand the stoichiometry and key microbial members underlying the
ferrihydrite-coupled thiosulfate oxidation process. Our findings suggest members of the
consortia are able to use intermediate sulfur compounds and iron(lll) oxides to fix inorganic
carbon, and support the rest of the community. We propose potential scenarios allowing the
coupled redox reactions and the growth of the culture. Furthermore, this work underlines the
intricate interactions between members of the enrichment culture, indicating the potential
involvement of cooperative growth of the community members.

Zusammenfassung

Der mikrobielle Schwefelkreislauf ist ein entscheidender biogeochemischer Prozess in
Feuchtgebiet-Okosystemen und spielt eine bedeutende Rolle bei der Regulierung des
Abbaus organischen Kohlenstoffs sowie der Methanemissionen. Trotz des relativ kleinen
verfugbaren Sulfatpools ermdglicht ein effizienter Schwefelkreislauf eine schnelle
Sulfatregeneration und unterstltzt Sulfatreduktionsraten, die mit denen in marinen
Sedimenten vergleichbar sind. Dennoch sind die zugrunde liegenden Mechanismen der
Schwefeloxidation in Feuchtgebieten noch unzureichend verstanden. Es wurde die
Hypothese aufgestellt, dass Eisen(lll)-Minerale direkt an der mikrobiellen Schwefeloxidation
beteiligt sein kdnnten, doch diese Hypothese wurde bislang nicht experimentell untersucht.
In dieser Arbeit haben wir eine aus einem Torfmoor gewonnene Anreicherungskultur
genutzt, um die potenzielle Rolle von Ferrihydrit bei der Oxidation von Thiosulfat zu
untersuchen — einem der wichtigsten Intermediate im oxidativen Schwefelkreislauf von
SiuRwasserdkosystemen. Unsere Experimente kombinierten chemische Analysen und
mikrodkologische Ansatze, um die Stochiometrie und die zentralen mikrobiellen Akteure des
Ferrihydrit-gekoppelten Thiosulfat-Oxidationsprozesses zu verstehen. Unsere Ergebnisse
deuten darauf hin, dass Mitglieder des Konsortiums in der Lage sind, intermediare
Schwefelverbindungen und Eisen(lll)-Oxide zu nutzen, um anorganischen Kohlenstoff zu
fixieren und den Rest der Gemeinschaft zu unterstiitzen. Wir schlagen mégliche Szenarien
vor, die gekoppelte Redoxreaktionen und das Wachstum der Kultur ermdglichen. Darlber
hinaus hebt diese Arbeit die komplexen Wechselwirkungen zwischen den Mitgliedern der
Anreicherungskultur hervor und weist auf eine mdgliche kooperative Wachstumsstrategie
innerhalb der Gemeinschaft hin.
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Introduction

Peatlands are a category of freshwater wetlands characterized by an anaerobic waterlogged
environment that slows down the decomposition of the organic matter, forming the
accumulation of layers of partially undecomposed organic matter (peat) (Charman, 2009;
Jaszczuk et al, 2024). The majority of peatlands, accounting for the 80 % of the total, are
located in the northern hemisphere (Limpens et al., 2008). These northern peatlands, even if
they only cover 3 % of the earth drylands, store between 530 and 694 Gt of organic carbon
(C), accounting for almost the 21 % of the total organic C stored in the soil worldwide (Yu et
al., 2010; Gallego-Sala et al., 2018; Leifeld and Menichetti, 2018). The turnover of this large
stock of carbon is influenced by the cycling of iron (Fe) and sulfur (S). Fe is responsible both
of the stability of the dissolved organic matter (DOM), as consequences of the formation of
Fe-DOM aggregate, and mineralization of the DOM, as consequence of microbial
dissimilatory iron reduction metabolism (Ktgler et al., 2019; Chen et al., 2020; Song et al.,
2022; Curtinrich et al., 2024). While S compounds, such as sulfate, can serve as an
alternative terminal electron acceptor for microbial degradation of organic carbon
compounds , diverting the electron flow from methanogenesis to microbial sulfur reduction
(Boothroyd et al., 2021). The interconnection among these cycling processes is of most
interests considering its direct impact on the retention of organic carbon, and the emission of
greenhouse gasses such methane (CH,) and nitrous oxide (N,O), created as results of the
carbon cycling (Frolking et al., 2011; Yu, 2012; Abdalla et al., 2016; Lin et al., 2022). Several
studies have been conducted to study the effect of Fe and S on the C cycling and how the
microbial community is able to promote the Fe and S cycling in freshwater environments
(Straub et al., 2001; Emerson and Weiss, 2004; Fortin and Langley, 2005; Weber et al.,
2006; Pester et al., 2010; Anantharaman et al., 2018).

Fe is the fourth most abundant element on the earth crust, and it is found in the aqueous
phase at concentration range from nmol L" to mmol L' and in the sediments at
concentration ranging from ug g soil to mg g’ soil (Frey and Reed, 2012; Kappler et al.,
2021). The cycle of this element in the freshwater environment and its influence on the
biogeochemical processes of several key elements , such carbon, nitrogen and sulfur have
been the focus of several studies (Lovley et al., 2004; Melton et al., 2012; Hansel et al.,
2015; Kappler et al., 2021; Dong et al., 2023; Liu et al., 2024). In the environment Fe can be
found in two main redox states, ferric ion, Fe(lll), and ferrous ion, Fe(ll). Ferric ions, Fe(lll),
is poorly soluble at neutral pH and are found mainly in crystalline forms such in poorly order
(hydr)oxides minerals, (e.g., ferrihydrite (Fe(OH),)), or in more structure minerals (e.g.,
goethite (a-FeOOH) and hematite (a-Fe,0;)) (Colombo et al., 2014). Ferrous ions, Fe(ll), on
the other hand, are more soluble at neutral pH, but can nonetheless be found in minerals
such pyrite (FeS,), siderite (FeCO;) or vivianite (Fe;(PO,),) (Colombo et al., 2014; Herndon
et al., 2017). In environments rich in organic carbon, petlands in particular, Fe is associated
with the dissolved organic matter (DOM). This association influences not only the storage
and mineralization of the organic C, but also the stability of the Fe (Li et al., 2023). In
particular, Fe-DOM flocs and aggregates are able to increase the solubility of Fe(lll) at
circumneutral pH, and at the same time preserve Fe(ll) from oxidation under oxic condition,
which would be otherwise fastly oxidized to Fe(lll) (Rue and Bruland, 1995; Daugherty et
al.,2017). Generally speaking, in the freshwater ecosystem the iron cycle is spatially
separated into zones dominated by oxidative process, in the top oxic and photic layer, and



reductive process in the anoxic layer below the water table. Starting from the top oxic and
photic layer, Fe(ll) can be oxidised biologically to Fe(lll) (Kappler et al., 2021). Genera such
as Gallionella and Leptothrix (Betaproteobacteria) are able to use dissolved oxygen (O,) to
oxidase Fe(ll) (Equation 1). Species such as purple sulfur bacteria (e.g., Thiodictyon sp.),
green sulfur bacteria (e.g., Chlorobium ferrooxidans strain KoFox), and purple non-sulfur
bacteria (e.g., Rhodopseudomonas palustris TIE-1) can oxidase Fe(ll) phototrophically
without oxygen, while fixing bicarbonate as carbon source (Equation 2) (Widdel et al., 1993;
Heising et al., 1999; Jiao et al., 2005; Croal et al., 2007; Emerson et al., 2010). At the same
time, Fe(ll) can be abiotically oxidised by dissolved O, to Fe(lll) or vice versa Fe(lll) can be
reduced to Fe(ll) by the action of reactive oxygen species (ROS) and light (Sulzberger, 2015;
Kappler et al., 2021).

4 Fe*" + O, + 10 H,0 — 4 Fe(OH), + 8 H* (1)
4 Fe?’ + HCOy + 10 H,0 + UVigy — 4 Fe(OH); + H,CO + 7 H' (2)

As a result of the oxidation, nearly all formed Fe(lll) precipitates in deeper layers as poorly
crystalline minerals (Kappler and Newman, 2004; Kappler et al., 2021).

In deeper anoxic layers, poorly crystalline Fe(lll) and other Fe(lll) minerals are used as
electron sink by Fe-reducing microorganisms, such Geobacter and Shewanella (Lovley and
Phillips, 1988; Myers and Nealson 1990; Roden, 2006; Weber et al., 2006). Dissimilatory
metabolisms that can be coupled with the Fe(lll) reduction include: oxidation of dissolved
hydrogen (H,) (Equation 3), oxidation of organic carbon compounds, such fatty acids (e.g.
lactate) and CH, (Equation 4 and 5), oxidation of ammonia (NH,") to various form of nitrogen
(N), such as nitrogen gas (N,), nitrite (NO,) and nitrate (NO;") (Equation 6), and oxidation of
elemental sulfur (S°) to sulfate (SO,*) (Equation 7) (Brock and Gustafson, 1976; Caccavo et
al., 1992; Lovley et al., 1992; Sivan et al., 2011; Zhou et al., 2016; Huang and Jaffé, 2018).

H, + Fe®* — 2 H* + 2 Fe? 3)
lactate + 4 Fe** + 2 H,0 — acetate + HCO; + 4 Fe?* + 5 H* 4)
CH, + 8 Fe(OH), + 16 H* — CO, + 8 Fe? + 22 H,0 (5)
NH,* + 6 FeOOH + 10 H* — NO," + 6 Fe?* + 10 H,0 (6)
S0+ 6 Fe®* + 4 H,0 — SO,2 + 6 Fe? + 8 H* (7)

Fe(ll) can then either diffuse to the upper oxic layer, or undergo microbial oxidation coupled
to the reduction of NO;s to N, or to NH," (Equation 8 and 9) in the anoxic layer (Straub et al.,
1996; Bryce et al., 2018).

10 Fe?* + 2 NOy + 24 H,0 — 10 Fe(OH); + N, + 18 H* (8)
8 Fe?* + NO; + 21 H,0 — 8 Fe(OH), + NH," + 14 H* (9)

In freshwater environments, those processes occur cyclically and simultaneously contribute
to the biogeochemical cycling of iron (Figure 1) (Weber et al., 2006; Melton et al., 2012;
Kappler et al., 2021).
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Figure 1. Schematic overview of the Iron cycle in wetlands. Abbreviation: Fe-DOM,
Iron bound Dissolved Organic Matter.

S is the fifth most abundant element on earth and it plays a central role in maintaining the
biological function of all organisms as it is used in the biosynthesis of amino acids, vitamins
and enzymes. Sulfur biogeochemistry is relevant in many environments, where the redox
transformation of sulfur can be coupled with the cycling of many other elements such as C,
N and Fe (Wasmund et al., 2017; Wu et al., 2021; Zhou et al., 2024). Biogeochemical sulfur
cycle is of particular interest, since large amounts of S have been released to the
environment from coal burning and constant use of sulfur fertilizers (Rodhe, 1999; Hinckley
et al., 2020). In the wetlands environments, S can be found in organic form, most notably
dimethyl-sulfide (DMS), in inorganic forms dissolved in water, or in solid forms such as
gypsum (CaSO,) and pyrite (FeS,)) (Canfield, 2004; Zhou et al., 2024). In the aqueous
phase, sulfate (SO,%) is ~ 28 mM in seawater, while its concentration is more variable in
freshwater ecosystems, ranging between 0 to 6.6 mM (Holmer and Storkholm, 2001;
Wasmund et al., 2017; Zak et al., 2021). The dissolved inorganic S, is found with redox
states ranging from -2 (e.g., HS") to the +6 (e.g.,S0,*) (Wasmund et al., 2017; Zhou et al.,
2025). In between, sulfur compounds have various valence states, such as 0 in the
elemental sulfur/cyclic polysulfide (S%), +2 in the thiosulfate (S,0;%), and +4 in the sulfide
(SO5%) (Wasmund et al., 2017; Zhou et al., 2024; Zhou et al., 2025). This broad range of
redox states makes up a large part of the complexity of the sulfur cycle. In freshwater
environments, SO,* pool can undergo reduction to HS" via two different pathways, including



(1) assimilative sulfate reduction, where bacteria and plant uptake S in order to synthesize
organic sulfur compounds (e.g., cysteine and DMS), and (2) dissimilatory sulfate reduction,
where bacteria reduce sulfate for energy purpose (Lensmire et al., 2019; Wu et al., 2021; De
Bont et al., 2022; Diao et al., 2023). Sulfur reducing bacteria (SRB), such those from genera
Desulfovibrio and Desulfomicrobium, are ubiquitous in the anoxic layers and are able to use
various electron donors for sulfate reduction. These include H, (Equation 10), and organic
carbon compounds (e.g. acetate and propionate) (Equation 11 and 12) (Liamleam and
Annachhatre, 2007; Muyzer and Stams, 2008; Wu et al., 2021; Zhao and Lu, 2023).

4 H, + SO, + H" —» HS + 4 H,0 (10)
acetate + SO, — 2 HCO; + HS" (11)
propionate + 0.75 SO,* — acetate + HCO; + HS + H* (12)

Nearly formed HS  can be then oxidized by sulfur oxidizer bacteria (SOB), first to S
intermediates such S° and S,0,* and then to SO,?, or directly to SO,* (Lin et al., 2018).
Two main communities are present in the freshwater oxic and photic layer, including
phototrophs such as green sulfur bacteria (e.g. Thiocapsa and Thiococcus) and purple sulfur
bacteria (e.g. Chlorobium and Prosthecochloris), and chemotrophs such as Thiobacillus and
Thiosphaera (Lin et al., 2018). Phototrophs are able to oxidize sulfur under anaerobic
conditions, using light energy for carbon fixation (Equation 13 and 14) (Lin et al., 2018).
While chemotrophs use various electron acceptor such dissolved oxygen (O,) (Equation 15
and 16), NO* (Equation 17, 18 and 19) and metal, as Fe(lll) (Equation 20 and 21) and
Mn(1V), in order to oxidase the S compounds (Brock and Gustafson, 1976; Kwon et al.,
2014; Lin et al., 2018; Wu et al., 2021).

Light

H,S + 2 CO, + 2 H,0 —-9M_, 502 + 2 CH,0 + H, (13)
H,S + CO, —H9M, 50 + CH,0 + H,0 (14)
H,S + 2 0, + H,0 — SO2 + 2 H* (15)
H,S + 0.5 0, — S0, + H,0 (16)
H,S + 1.6 NOy + 1.6 H* — SO,2 + 0.8 N, + 0.8 H,0 (17)
H,S + 0.4 NOy + 2.4 H* — S% + 0.2 N, + 1.2 H,0 (18)
H,S + 0.25 NOs + 2.5 H* — S°, + 0.25 NH* + 0.75 H,0 (19)
3 HS + 2 Fe(OH); + 2 H" — S0, + 2 Fe?" + 3 H,0 (20)
%, + 6 Fe* + 4 H,0 — SO + 6 Fe? + 7 H* 21)

HS  can also exit the S cycle by binding with Fe(ll) and precipitating as iron monosulfide
(FeS) and FeS, minerals (Wei et al., 2023).

From the incomplete HS" oxidation, S intermediates (e.g., elemental sulfur and thiosulfate)
can undergo microbial disproportionation, where the same S compound is simultaneously
oxidized and reduced into two products with different valents state (Slobodkin and
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Slobodkina, 2019). This particular metabolisms have been demonstrated in over 30 bacterial
species across three main phyla (Proteobacteria, Thermodesulfobacteria, and Firmicutes).
Most of characterized S-disproportionating bacteria are autotrophs, whereas a few
freshwater genera (e.g., Desulfovibrio, Desulfurella and Desulfocapsa) couple
disproportionation metabolism with heterotrophic growth (Bak and Cypionka, 1987; Peduzzi
et al., 2003; Florentino et al., 2016; Slobodkin and Slobodkina, 2019). Known S
intermediates that can undergo disproportionation are S,0,% (Equation 22) and, in presence
of ferrihydrite as sulfide scavenger, S(0) (Equation 23) (Finster, 2008; Slobodkin and
Slobodkina, 2019; Wu et al., 2021).

82032- + HQO — 8042- + HS- + H+ (22)
380+ 2 Fe(OH), — SO.2 + 2 FeS + 2 H* + 2 H,0 (23)

Furthermore, the S intermediates can also reduce back to HS (Wu et al.,, 2021),
representing an additional pathway transforming S intermediates. Microorganisms capable
of performing this reductive sulfur transformation are often found to use H, or organic carbon
as electron donor (Figure 2) (Wu et al., 2021).

Sulfur valence number
+6 +2/0 -2

CH,0/N,/NH_*/Fe(II) C0,/0,/NO_/Fe(III)

H,/acetate/propionate SRB H,0/CO, /acetate

Figure 2. Schematic overview of the sulfur cycle in wetlands. Abbreviation: SOB,
sulfur oxidising bacteria, SRB, sulfur reducing bacteria.

In peatland ecosystems, the fast turnover of the small sulfate pool (10-300 uM) makes
studies of S intermediates of the primary importance. S intermediates such as thiosulfate
can serve as a shunt in the S cycle, contributing to the rapid turnover of S (Jargensen, 1990;
Pester et al., 2010; Findlay and Kamyshny, 2017). In this sense, studies have been



conducted to investigate the microbials coupling of S and Fe cycles in the wetland (Kwon et
al., 2014; Hansel et al., 2015). Nevertheless, studies on the S,0,% oxidation in peatlands are
missing. In this thesis, | investigated the coupling of S,0,% oxidation to Fe(lll) reduction and
the microbial community involved in this reaction, focusing on its presence in peatland
environments. To achieve this objective, | combined physiological experiments with
molecular analyses on a peatland enrichment culture. My findings highlight select community
members interconnected in a complex food web linking the cycle of the main elements such
sulfur, iron, carbon and nitrogen.



Material and methods

Sediment samples, enrichment and cultivation

Enrichment culture from soil samples of Schléppnerbrunnen Il (Germany, 50°07°55”N,
11°52’562”E) was started by Dr. Song-Can Chen in order to probe iron-dependent thiosulfate
oxidation in peatland soil by providing thiosulfate and ferrihydrite as the only electron donor
and acceptor, respectively.

Schléppnerbrunnen Il consisting of a minerotrophic fen, slightly acidic (pH 4.8 - 5.5)
characterised by an iron rich groundwater (Hadrich et al., 2019). This fen is particularly well
studied, with several studies made over the years. In particular this fen has been constantly
monitored-long time by the Limnological Research Station and Department of Hydrology of
the University of Bayreuth. Data report from a long-term monitoring of the fen report, in the
pore water, a concentration of total iron(Il) of 0.1 to 6.1 mg L™, between the years 1987 to
2001 (N = 858), a concentration of sulfate of 0 to 22.1 mg L™, between the years 1987 and
2009 (N = 945) and always between the later a concentration of DOC (dissolved organic
matter) of 6.4 to 150.3 mg L™ (N = 919), and nitrate of 0 to 22 mg L' (N = 943) (Knorr, 2013).
Rate of formation/consumption for iron(ll), sulfate and CO,, was also tested in the laboratory
via microcosm incubation of fen soils. Formation/consumption rate for soils sampled at a
depth of 10-20 cm was 430 nmol g (wet wt soil)" d' for iron(Il), -0.34 nmol g (wet wt soil)" d™!
for sulfate, and 253 nmol g (wet wt soil)' d” for CO, (N = 3) (Kisel et al., 2008).

Enrichment culture was cultivated in freshwater medium without sulfate (pH = 4.25) with
following components: NH,CI 0.3 g/l, KH,PO4 0.5 g/l, NaCl 1.0 g/l, MgCl, 6H,0 0.33 g/l, and
CaCl, 2H,0 0.1 g/Il. The basal medium was first autoclaved at 121 °C for 15 minutes and
cooled down under anoxic atmosphere of 100% N,, then, before use, 1 mL/L of each the
following vitamins and trace elements was added: trace element solution,
selenium-tungstate, riboflavin vitamin solution, B12 vitamin solution, 7 vitamine solution,
thiamine.

Transfer of the enrichment culture was performed under constant flow of N,:CO, 80:20 in a
60 mL serum bottle provided with 0.3 g of synthetic ferrihydrite (see reagent preparation
below), 5 mL of inoculum and 25 mL of freshwater medium without sulfate as previously
described. The culture was then sealed with butyl-rubber stoppers, flush for a minute with
N,:CO,. The culture was amended weekly with 200-500 uM of thiosulfate as electron donors.
The culture was kept incubated without shaking in the dark for 28-35 days at 14 °C before
the further transfer. Measurement of Fe(ll) was performed routinely every 7-10 days. 16S
rRNA gene sequencing was also performed on a select number of bottles during the
enrichments.

Experimental designs

Chemical stability of thiosulfate in uninoculated freshwater media was tested under our
experimental conditions. Duplicate 60 mL serum bottle was setted up, using 30 mL of

freshwater medium without sulfate, added with vitamins and trace elements. A duplicate was
provided with 0.3 g of synthetic ferrihydrite, while the other was kept as control without any
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synthetic ferrihydrite. All bottles were prepared under constant flushing of N,:CO, 80:20.
After closing the bottle with butyl-rubber stoppers, each bottle was flush for a minute under
N,:CO, 80:20 and spiked with 5 mM of anoxic thiosulfate. Incubation was performed without
shaking in the dark for 17 days at 14 °C. The bottle was sampled at 0, 1, 2, 3, 6, 8, 10, 14,
17 days in order to quantify the concentration of thiosulfate and sulfate using capillary
electrophoresis (CE).

Thiosulfate oxidation coupled with iron reduction was tested in the enrichment culture
(Figure 3). All treatments were set up in triplicates in 60 mL serum bottles using 25 mL of

freshwater medium without sulfate and 5 mL of inoculum from the sediment-free, stable
enrichment culture. The treatments were prepared in an anaerobic tent with an atmosphere
of Ny:H, 95:5 and further flushed with N,:CO, 80:20 for a minute after being closed with
butyl-rubber stoppers in order to remove any trace of H,. The experiment comprises five
treatments. The first treatment consists of three replicate bottles, added with 0.3 g of
synthetic ferrihydrite and periodical addition of 200 uM thiosulfate every three days. The
second treatment consisted of the abiotic control, with the same condition of the test
treatment but 5 mL of autoclaved (121 °C for 15 minutes) inoculum. The third treatment
represented the thiosulfate-only control, without ferrihydrite and periodical addition of 200 uM
thiosulfate every three days. The fourth treatment was the ferrihydrite-only with 0.3 g of
ferrihydrite, here the same volume of thiosulfate added (0.6 mL) was substituted with an
equal volume of anoxic water added every three days. Last treatment was culture-only
control, where neither ferrihydrite nor thiosulfate was added, but a supplement of anoxic
water was performed every three days. All treatments were incubated without shaking in the
dark for 30 days at 14 °C. Cultures were sub-sampled at 0, 3, 6, 9, 12, 15, 18, 21, 24, 27 and
30 days after each spike of thiosulfate for quantification of the total Fe(ll), the total sulfide,
dissolved inorganic ions (e.g., thiosulfate, sulfate). The culture was also sampled for
molecular biology analysis at 0, 9, 21 and 30 days, after the precedently described sampling.
At the end of the incubation the culture was further sampled for fluorescence microscopy.

Enrichment community Autoclaved community

Incubation time
(days)

Sampling D+A | A A D+A A A A D+A A A D+A+M

Figure 3. Thiosulfate oxidation coupled with iron reduction
experimental design.

D = DNA extraction; A = Analytic measurement (S,0,>, SO,%, HS", Fe(ll)); M = Microscopy
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Molecular biology analysis was conducted on the enrichment culture. The community
composition at different growth stages of the enrichment was analyzed by 16S rRNA gene
amplicon sequencing (see below). Community composition of the thiosulfate oxidation
coupled-iron reduction experiment was also profiled similarly.

Analytic measurement

Total iron(ll) was measured by the ferrozine assay (\Wayne, 1988) as follows: 100 pL of a
well mixed sample was sampled using a needle flush with 100% N, and fixed with 200 L of
0.75 M HCI. The fixed sample was centrifuged at 12 044x g for 10 minutes and the
supernatant transferred in a new tube. The well mixed supernatant was then diluted in a 96
well-plate to 100 pL final volume using 1 M HCI and stained for 5 minute in the dark with 100
uL of ferrozine reagent (0,1% w/v ferrozine in 50% w/v ammonium acetate). The sample was
then measured at a wavelength of 562 nm using a M200Pro plate reader (Tecan, CH) and
the concentration inferred by the interpolation with the calibration curve.

Total iron(ll) calibration: Calibration for the measurement of the concentration of the total iron
in the samples was done using Fe(ll) standards with concentration, 0, 200, 400, 600, 800,
1000 pM. Briefly, a stock solution of 5 mM of FeCl, (Sigma-Aldrich, USA) was prepared in 1
M HCI, and diluted to the desired concentration with 1 M HCI. 20 uL, of each standard was
then plated with 80 pL of 1 M HCI in a 96-wells plate. To each well 100 uL of ferrozine
reagent was added in the dark. The plate was then incubated for 5 minutes in the dark
before being measured at 562 nm with an M200Pro plate reader (Tecan, CH).

Total sulfide was quantified using the methylene-blue methods (Cline, 1969). Briefly, 100 pL
of a well mixed sample was sampled using a needle flushed with 100% N,. The sample was
then fixed using 250 pL of 3% wi/v zinc acetate and diluted with 900 uL MQ water. 100 uL of
Clide’s reagent (20 g/L dimethyl-4-phenylenediamine and 45 g/L FeCl; in 25% v/v HCI) was
well mixed to the fixed sample and incubated in the dark for 20 minutes. 200 pL of the
stained solution was then plated in a 96-well plate and measured at a wavelength of 670 nm
using an M200Pro plate reader (Tecan, CH) after a 5 seconds shaking in the machine. The
concentration was calculated by interpolation of the data with the calibration curve.

Total sulfide calibration: Calibration for the measurement of the concentration of the total
sulfide in the samples was done using Na,S standards. Briefly, an anaerobic stock solution
of 5 mM of Na,S was prepared. For each standard duplicate was prepared as follows. 250
ML 3% wi/v zinc acetate was used to fix 0, 1, 2, 5, 10, 20 pL of the basal solution and diluted
with 1000 yL of MQ water, minus the relative amount of basic solution (100 yL used to dilute
the stock solution to the desired concentration + 900 uL as protocol for the measurement) in
order to obtain 0, 50, 100, 250, 500, 1000 uM standard. To each 100 pL of Cline’s reagent
was added in the dark and after 20 minutes of incubation, 200 pL of solution was plated in a
96-well plate and measured at 670 nm with an M200Pro plate reader (Tecan, CH) aftera 5
seconds shaking in the machine.

Capillary electrophoresis (CE) was used as follows in order to determine the concentration of
thiosulfate, sulfate, organic acid, nitrite, and nitrate. 100 pL of well mixed culture was
sampled using a needle flushed with 100% N, and diluted with 400 yL MQ water. The
sample was then resuspended with a syringe inside the tube and filtered through a 0.2 ym
pore membrane in a new tube. The filtrate was then stored at -20 °C until the measurement.
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In order to be measured, the bare fused silica capillary (inner diameter: 75 uym, length: 72
cm) of a 7000D CE machine (Agilent Technologies, USA) was preconditioned twice every
time the machine was switched on and once every time before a measurement. Two
different methods were used in order to measure the sample (see below). In both cases the
data was acquired from a diode array indirect UV-vis detector (DAD) at a wavelength of 350
nm with a bandwidth of 20 nm and reference at a wavelength of 205 nm with a bandwidth of
10 nm.

For the measurement of the inorganic ions (e.g., thiosulfate, sulfate, nitrite and
nitrate), PMA buffer (2.25 mM pyromellitic acid, 0.75 mM hexamethonium hydroxide, 1.6 mM
triethanolamine, and 6.5 mM NaOH pH 7.8 £ 0.1) was used as separation buffer. The
sample was transferred in a CE plastic vial ((Agilent Technologies, USA) and mixed 1:1 with
50 pL of 1 mM NaClO; as internal standard. Each sample was injected for 3 s in the capillary
(at 50 mbar) and measured at a voltage of - 30 kV (100 pA, 6 W) for a run time of 20
minutes. In the end, the area of the peaks data was normalized with the area of the peaks of
both internal standard (ClO;) and the peaks of CI- present in the medium. The concentration
was then inferred from the normalised data using the calibration curve.

The organic acids were separated using the organic acid buffer for CE (Agilent
Technologies, USA; pH = 5.6). After being melted, 100 yL of sample, from the -20 °C
storage, was transferred in a CE plastic vial (Agilent Technologies, USA). Each sample was
injected for 5 s in the capillary (at 50 mbar) and separated at a voltage of - 25 kV (100 pA, 6
W) for 20 minutes. The height of the peaks was then normalised with the height of the CI
peaks in the medium and the concentration inferred from the normalised data using the
interpolation with the calibration curve.

Thiosulfate and Sulfate calibration: In order to measure the concentrations of thiosulfate and
sulfate in the samples, a calibration with double standards S,0,%/SO,> was prepared. The
double standard solution consists of 10 mM thiosulfate and 100 mM sulfate. The stocks were
then diluted in a tube with freshwater media added with vitamins and trace elements in order
to obtain the following standards, 0) 0 mM S,0,2/ 0 mM SO,%, 1) 0.5 mM S,0,%>/ 1 mM SO,?,
2) 1 mM S,04%/ 2 mM SO,%, 3) 1.5 mM S,0;*/ 3 mM SO,%, 4) 2 mM S,0,%/ 4 mM SO,%, 5)
2.5 mM S,0;2/ 5 mM SO,%. An aliquot of the stock was then diluted 5 times with MQ water
and filtered through a 0.2 ym pore membrane and stored at -20 °C until the measurement.
Measurement was done using the inorganic ions methods (precedently described) with each
timepoint sample measurement.

Nitrite and Nitrate calibration: Standards preparation for the quantification of nitrate and
nitrite concentration in the sample was done using double standards NO,/NO;". Briefly, the
stock solution of 100 mM of NO," and 100 mM of NO; was prepared in MQ water, and then
diluted to a final concentration of 25 mM using MQ water. The solution was then well mixed
with freshwater media to the desired final concentration. Standards were prepared at 2 mM,
1 mM, 0.5 mM, 0.25 mM, 0.125 mM, and 0 mM. An aliquot of the stock solution was then
diluted 5 times with MQ water and filtered through a 0.2 um pore membrane and stored at
-20 °C until the measurement. Measurement was done using the inorganic ions methods
(precedently described).

Organic Acids calibration: The calibration curve was prepared starting from a 50 mM stock
solution of short chain fatty acids (SCFA) comprising Formate, Acetate, D-Lactate,
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Propionate, Butyrate and Succinate. Standards were prepared at a concentration of 2 mM,
1.5 mM, 1 mM, 0.5 mM, 0.25 mM, and 0 mM as follows. The stock solution was diluted to
the desired concentration using freshwater medium. The various standards were then diluted
5 times with MQ water and stored at -20 °C until the measurement. Measurement was done
using the organic acids methods (precedently described).

Gas _chromatography was performed on a gas sample per treatment (N = 1) (bottle #3, #6,
#9, #12, and #15) taken from the thiosulfate oxidation coupled with an iron reduction
experiment, approximately after 55 days by the end of the incubation. The sample was
measured via gas chromatography (model TGA-6442-W-4T-PT-2He Valco Instruments
Company Inc., USA). Briefly, the headspace of the bottle was mixed once with a sterile
needle and a gas tight syringe. 2 mL of gas was then sampled for the analysis. Gas sample
was then run in the gas chromatograph machine in He gas carrier for a total of nine minutes
and the concentration of gas detected by a pulsed discharge helium ionization detector.
Concentration of CO,, CO, H, and CH,, was determined automatically by the machine using
the manufacturer's internal calibration.

Fluorescence microscopy

In order to perform microscopy, 1 mL of well mixed culture was sampled using a needle
flushed with pure N,. To fix the cells, 900 pL of the sampled culture were mixed with 100 uL
of polyformaldehyde (PFA) to reach a final PFA concentration of 2%. The sample was then
stored at 4 °C for at least two days before subsequent analysis. The fixed samples were then
treated with 500 pL of sodium-dithionite buffer (50 g/L Na,S,0, in 0,35 M Acetic Acid and 0,2
M sodium citrate Thamdrup et al., 1993) for 5 minutes at room temperature. 100 ul of the
treated sample was then well mixed with 10 mL of MQ water, and immediately filtered on a
black polycarbonate membrane filter with 0.2 ym pore. The cells on the membrane were
then stained with 5 yL of DAPI in CitiFour (2 mg/mL) in the dark for 15 minutes at room
temperature and visualized using a fluorescence microscopy. A single image was taken in
order to visualize the culture.

Community analysis

DNA extraction was performed starting from 500 pL of well mixed culture using the DNeasy
PowerSoil Pro Kits (Qiagen, Netherlands) following the manufacturer protocol and eluted in
a final volume of 30 uL. The sample was then quantified by optical density at a wavelength
of 260 nm using a Qubit 4 instrument (Thermo Fisher Scientific, USA) and stored at - 20 °C.
An aliquot of the stored sample was then send to the Joint Microbiome Facility (JMF)
between the University of Vienna and the Medical University of Vienna in order to be
sequenced for the 16S rRNA gene, V4 region, using the in house pipeline (Pjevac et al.,
2021). Briefly, 2 uL of sample was amplify using 25 uL of DreamTaqg Green PCR Master Mix
(ThermoFisher; USA) and 0.25 umol L™ of 515F (5'-GTGYCAGCMGCCGCGGTAA-3')
forward primer (Parada et al., 2016) and 806R (5-GGACTACNVGGGTWTCTAAT-3")
reverse primer (Apprill et al., 2015). PCR amplification was performed in a BIORAD T100
Thermal cycler (Bio-Rad, USA) with cycling condition as
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Initial denaturation 94 °C for 3 minutes
Denaturation 94 °C for 45 seconds
Annealing 52 °C for 60 seconds 30 cycles
Elongation 72 °C for 90 seconds
Final elongation 72 °C for 10 minutes

. PCR program optimized for 16S rRNA gene 515F and 806R primer amplification.

The PCR product was then purified and normalised to 25 ng with SequalPrep Normalization
Plate Kit (Invitrogen, USA) following manufacturer instructions. 16 S PCR product were then
multiplexing using Microsynth (Balgach, Switzerland) barcoding oligonucleotides performing
a PCR reaction using 50 pl of DreamTaq PCR Master Mix (ThermoFisher, USA), 0.8 pmol
L' barcode oligonucleotide and 10 uL of 16S PCR products. Amplification was performed as

Initial denaturation 94 °C for 4 minutes
Denaturation 94 °C for 30 seconds
Annealing 52 °C for 30 seconds 7 cycles
Elongation 72 °C for 60 seconds
Final elongation 72 °C for 7 minutes

. PCR program optimized for barcoding primers amplification.

The amplicons were then pooled together and sequencing libraries were prepared using
TruSeq Nano DNA Library Prep Kit (lllumina, USA) and indexed with TruSeq DNA Single
Indexes Set A or B (lllumina, USA). Sequencing was performed using lllumina MiSeq 2 x
300 cycles pair-ends mode with prior preparation of the pooled sample using MiSeq Reagent
kit v3 (lllumina, USA). Individual amplicon were extracted for the raw data using FASTQ
workflow in BaseSpace (lllumina, USA) with default parameters PhiX contamination was
filtered out using BBDuk (BBTools, Bushnell B), and demultiplexing was performed using the
demultiplex python package (Laros JFJ). In the end, ASVs (amplicon sequence variants)
were extrapolated using DADA2 R package version 1.14.1 (Callahan et al., 2016a) run on R
version 3.6.1 (R Core Team, 2013) applying the developer recommended settings (Callahan
et al., 2016b).

All ASV’s sequence obtain from the JMF, with an relative abundance equal or above 2 % in
the sample, were then analysed using the BLAST tool of NCBI using with the default settings
excluding unculture and environmental sequences from the default dataset, in order to
identify the closest cultured relative and infer the ASV genera.
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Reagents preparations
Synthetic ferrihydrite (Fh) synthesis: 200 mL of 0.1 M FeCl; solution (Roth, Germany) was

neutralized to a pH of 7.4 £ 1 with 1 M NaOH and distributed in 50 mL Falcon tubes. Each
aliquot was centrifuged at 11000 rcf for 5 minutes at 4 °C to pellet the ferrihydrite oxides and
the supernatant was discarded. The pellet was then washed six times with MQ water and
froze dry overnight. The resulting powder was stored in the dark at -20 °C for a maximum of
30 days. Before every use the ferrihydrite was grinded in fine particles using stone mortars.
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Results

Thiosulfate stability in freshwater media

To test the chemical stability of thiosulfate towards iron(lll) oxides, we incubated thiosulfate
(5 mM) with and without ferrihydrite in the freshwater media over a period of 17 days. The
experiment was conducted in order to test for abiotic reaction involving thiosulfate
degradation in our media (treatment without ferrihydrite), and for test thiosulfate stability in
the presence of iron(lll) oxides (treatments with ferrihydrite).

Over the incubation periods, the thiosulfate measurement (S,0;%) remains stable at an
average of 4.109 mM = 0.031 mM (n.s. (non significative) variation, p-value = 0.18, t-test) in
the presence of ferrihydrite, and at an average of 4.492 mM % 0.028 mM (n.s. variation,
p-value = 0.12, t-test) in the absence of ferrihydrite. It is interesting to note the slight
discrepancy (p-value = 5.07e-16, t-test) between treatment with and without ferrihydrite. This
discrepancy (p-value = 5.43e-14, t-test) was shown also for the sulfate (SO,*>) measurement,
where the concentration was stable at 0.361 mM = 0.008 mM (n.s. variation, p-value = 0.23,
t-test) in the treatment with ferrihydrite and at 0.286 mM % 0.014 mM (n.s. variation, p-value
= 0.48, t-test) in the treatment without. This effect could be induced by the bonding between
Fe(ll) with thiosulfate and sulfate that lower the detectable concentration of the anions in the
sample. In this hypothesis the presence of Fe(ll) would likely be caused by the abiotic
degradation of Fe(lll) in Fe(ll) induced by the equilibration of the reaction (Figure 4 and 5).

These results indicate that any change in thiosulfate concentration in the thiosulfate
oxidation coupled with iron(lll) reduction experiment should be regarded as biological
processes. While presence of sulfate in the treatments could be attributed to the dissociation
of the ZnSO, present in the trace elements solution added to the freshwater media rather
than to the degradation of the thiosulfate added to the system.
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Figure 4. Thiosulfate concentration over 20-day incubation in sterilized freshwater
medium with and without ferrihydrite.
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Figure 5. Sulfate concentration over the abiotic incubation in freshwater media with
and without ferrihydrite.

Thiosulfate oxidation coupled with iron reduction

In order to test the coupling of thiosulfate oxidation and iron reduction in the enrichment
culture, we set up five treatments in triplicate (N = 3) as seen in Figure 3. Treatment consists
of enrichment culture incubated with either thiosulfate or ferrinydrite (Fe(lll)) or combination
of those. Abiotic treatments were also set up as reference in order to compare the abiotic
behaviour of thiosulfate and ferrihydrite incubate together in the media. Treatments consist
consequently as follows, in thiosulfate and ferrihydrite, only thiosulfate, only ferrihydrite,
culture without any substrate and autoclaved control incubated with thiosulfate and
ferrihydrite. Incubation was performed over 30 days with thiosulfate spike done in the relative
treatments every 3 days. Measurement was also performed every 3 days. Incubation was
monitored for thiosulfate consumption, sulfate and sulfide formation and iron(ll) production.
The results are listed below in the precedently mentioned order.

Thiosulfate (S,04*) (Figure 6): Microcosms amended with thiosulfate show a stable
concentration of 0.230 mM % 0.028 mM (n.s. variation, ferrihydrite and thiosulfate treatment
p-value = 0.72, thiosulfate-only treatment p-value = 0.08 f-test). No thiosulfate was detected
in the microcosms amended with anoxic water. While the abiotic control (ferrihydrite +
thiosulfate + autoclaved community), shows an average final increase of 1.621 mM = 0.014
mM (p-value = 5.72e-5, t-test). An interesting point is notice that, as opposed as observed in
the thiosulfate stability in freshwater media, the average starting concentration of thiosulfate
in the treatment with ferrihydrite was not significantly lower (0.210 mM = 0.019 mM) if
compared with the average concentration in the treatment without (0.251 mM £ 0.019 mM)
(n.s. variation, p-value = 0.32, t-test). Another interesting point can be observed if we take in
consideration the average increase per addition of thiosulfate in the abiotic control, where
the average increase was 0.147 mM £ 0.051 mM per addition, slightly lower to average
concentration in the other ferrihydrite and thiosulfate biotic treatment (p-value = 7.83e-8,
t-test).
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¥ Thiosulfate addition
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Figure 6. Thiosulfate concentration (mM) over the incubation in the thiosulfate
oxidation coupled with an iron reduction experiment. It can be observed how, in the
autoclaved control, the concentration rises steadily with each addition. While, in the active
treatment amended with thiosulfate, the stable concentration is caused by the periodic
additions performed before each measurement. No thiosulfate is detected in the
treatments not amended with thiosulfate.

Sulfate (SO,%) (Figure 7): Constant increase in the sulfate concentration was observed in the
active treatments supplement with thiosulfate. The total amount of sulfate formed was 2.216
mM x 0.034 mM (p-value = 7.86e-5, t-test) in the active culture incubated with thiosulfate
and ferrihydrite. While in the treatment with thiosulfate only, the increase was 2.384 mM =
0.039 mM (p-value = 9.02e-5, t-test). Sulfate concentrations were mostly stable, with only a
slight increase in the other treatments. In the abiotic control (amended with thiosulfate) the
increase was 0.181 mM = 0.027 mM (p-value = 7.57e-3, t-test), while in the treatments
amended with MQ water the increase was 0.095 mM £ 0.002 mM (p-value = 2.31e-4, t-test)
in the culture only treatment, and 0.057 mM = 0.003 mM (p-value = 9.86e-4, t-test) in the
ferrihydrite only control. Congruous with the precedent observation, we observed that the
sulfate concentration in the treatments with ferrihydrite is slightly differ from the treatments
without ferrihydrite. At time O in fact, in the presence of ferrihydrite, the average
measurement was lower (0.595 mM £ 0.019 mM) if compared with the measure taken in
treatments without ferrihydrite (0.868 mM £ 0.023 mM) (p-value = 7.61e-12, t-test).
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3 ; ¥ Thiosulfate addition
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Figure 7. Sulfate concentration (mM) over the incubation in the thiosulfate oxidation
coupled with an iron reduction experiment. The constant formation of sulfate can be
observed in the active treatment amended with thiosulfate. No sulfate is generated in the
other treatments.

Total sulfide (HS") (Figure 8): Similarly to the sulfate results, increase in the sulfide
concentration in the active treatment amended with thiosulfate was observed. The total
amount of sulfide formed was 0.372 mM = 0.027 mM (p-value = 1.73e-3, t-test) in the
treatment with ferrihydrite and 0.680 + 0.140 mM (p-value = 1.39e-2, t-test) in the treatment
without. No sulfide formation was observed in the other treatments, where the starting
concentration of sulfide decreases to zero (abiotic treatment p-value = 5.65e-3,

ferrihydrite-only treatment p-value = 1.55e-3, and community-only treatment p-value =
7.16e-3 t-test).
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Figure 8. Sulfide concentration (mM) over the incubation in the thiosulfate oxidation
coupled with an iron reduction experiment. It can be observed how, in the active
treatments amended with thiosulfate, sulfide (~0.5 - 0.7 mM) are formed. Consumption of
sulfide can be, viceversa, observed in the other treatments.

Total iron(ll) (Fe?*) (Figure 9): The massive iron(ll) formation (6.753 mM + 0.141 mM p-value
= 1.45e-4, t-test) was observed in the active cultures incubated with ferrihydrite and
thiosulfate amendment. Smaller increase in Fe(ll) was also detected in the thiosulfate only
and ferrihydrite only controls, where the increase was 1.280 mM £ 0.270 mM (p-value =
1.45e-2, t-test) and 1.285 mM + 0.288 mM (p-value = 1.63e-2, t-test), respectively. No iron(ll)
increase was detected in the abiotic control (n.s. variation, p-value = 0.18, t-test) and in the

community only control (n.s. variation, p-value = 0.13, t-test).
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Figure 9. Iron(ll) concentration (mM) over the incubation in the thiosulfate oxidation
coupled with an iron reduction experiment. Formation of reduced iron can be observed
only in the treatment incubated with thiosulfate and ferrihydrite.

Gas chromatography

Measurement of the headspace composition for one bottle per treatment (N = 1) (bottle #3
(Thiosulfate + ferrihydrite + culture), #6 (Thiosulfate + ferrihydrite + autoclaved culture), #9
(Thiosulfate + culture), #12 (Ferrihydrite + culture), and #15 (Culture only)) was performed
after 55 days from the end of the incubation in order to assess the quantity of CO, present.
The measure was performed as an indirect method in order to investigate the fixation of
inorganic carbon by the culture. Must be noted here that we assume that the pH did not
change between treatments since the change of pH would result in an equilibration between
the CO, present in the headspace and the carbonate/bicarbonate buffer present in the media
(Figure 10).
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Figure 10. Headspace CO, concentration (ppm) after the incubation of the
thiosulfate oxidation coupled with an iron reduction experiment. It can be observed
that the highest concentration is shown by the abiotic control, while lower concentrations
are present in the culture incubated with thiosulfate only or with thiosulfate and ferrihydrite.

Fluorescence microscopy
Fluorescence microscopy was employed to visualize the culture, enabling a qualitative
assessment of cell density after 30 days of incubation and providing complementary data to
integrate with DNA concentration measurements. Characterization was made by DAPI
staining and shows differences in cell density in the culture incubate with thiosulfate and
ferrinydrite. Smaller increase in cell density can be also observed in the control with either
thiosulfate only or ferrihydrite only if compared to the culture only treatments (Figure 11).
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Figure 11. Microscopic characterization (scale bar, 10 uym) of the enrichment culture
from the thiosulfate oxidation coupled with an iron reduction experiment. The cells
are visualized by DAPI staining. Figure shows the culture density on a, ferrihydrite and
thiosulfate; b, without any substrate; ¢, with thiosulfate only and d, with ferrihydrite only.

DNA extraction yields

DNA vyields, from the DNA extraction, were used to integrate the fluorescence microscopy
result in order to assess the growth of the culture provided with the various substrates from
the thiosulfate oxidation coupled with an iron reduction experiment.

The observed increase in the amount of extracted DNA amounts to 2.51 + 0.37 ng/uL
(p-value = 7.26e-3, t-test) in the treatments incubated with thiosulfate and ferrihydrite. While
in the other treatments the increase was not significant. With treatments incubate with only
thiosulfate increasing of 0.16 + 0.12 ng/pL (n.s. variation, p-value = 0.16, t-test), treatments
incubated with only ferrihydrite increasing of 0.41 + 0.25 ng/pL (n.s. variation, p-value = 0.10,
t-test), while the control without any substrate provided (culture only) increases of 0.07 +
0.04 ng/uL (n.s. variation, p-value = 0.12, t-test) (Figure 12). DNA extraction was also
performed on two samples (N = 2) from the abiotic control after 30 days of incubation, but
quantification was, as expected, too low to be detected with our methods.
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Figure 12. DNA concentration (ng/pL) obtained from the nucleic acid extraction
performed on the biotic treatments of the thiosulfate oxidation coupled with an iron
reduction experiment. The increase in DNA concentration can be observed in the culture
incubated with both ferrihydrite and thiosulfate (blue dot). No significant growth is shown in
the culture incubated with thiosulfate only (violet dot), ferrihydrite only (green dot), or
without any substrate (orange dot).

Community profiling

Each microcosm (all treatments with the exception of the abiotic control) was profiled at day
0, 9, 12 and 30 via the V4 region of the 16S gene, in order to identify the component and
evolution of the community incubated with the different substrate (Figure 13). Results show
a depth of the sequencing of 10 069 * 2 812 reads per sample across all time points.

At the time 0, the community composition was uniformly composed across treatments,
consisting in Thiovibrio sp. and Desulfosporosinus sp.. After 9 days, a more diverse
community emerged, it must be noted that Thiovibrio sp. and Desulfosporosinus sp. remain
present in all treatment except in the thiosulfate-only where Desulfosporosinus sp. was not
present above the 2 % relative abundance. The new members of the community comprises,
in the treatment incubated with ferrihydrite, of Geobacter spp., Trichlorobacter sp., and
Desulfovibrio sp. while, in the community-only, of Pseudomonas sp.. From day 9 to the day
30 of the incubation this genera remained mostly unchanged. An expectation was
represented by Geobacter sp. in the culture-only treatment, detected from day 21, it was
increased in abundance by the 30" day. Other exception are represented by Mesoterricola
sp., detected in the treatment incubated with ferrihydrite and thiosulfate only at day 9 and in
the treatment amended with thiosulfate-only at days 21 and 30, Pseudomonas sp. in the
ferrihydrite-only treatment, detected only at day 9, and Geotalea sp., detected in the
ferrihydrite-only treatment at day 30 only.
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Figure 13. Relative abundance (%) of the 16S rRNA gene, color coded base on the
genus, from the profiling of the biotic treatments of the thiosulfate oxidation
coupled with an iron reduction experiment. We could see the complexity of the
community in the presence of ferrihydrite while remaining mainly composed by Thiovibrio
sp. in the treatment amended with thiosulfate-only or in the community only treatment.
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Discussion

As we previously see, wetlands iron (Fe) and sulfur (S) cycle tightly link each other as well
as with the cycle of some of the other major elements, such as nitrogen (N) and carbon (C).
Although this close relationship and the importance that these two cycles have in the
wetlands ecosystem, studies on the coupling of these two cycles are scarce. In particular the
relation between thiosulfate oxidation and iron reduction, although observed (Thamdrup et
al, 1993; Flynn et al., 2014; Berg et al., 2019), remains largely unexplored and cryptic to
understand. Is unclear in fact how this reaction unfolds, if the process is directly coupled
through microbial enzymatic activity or if it is indirectly mediated by intermediary electron
carriers, such as soluble organic or inorganic electron shuttles.

In this thesis, starting in the thiosulfate oxidation coupled with iron reduction experiment, the
stable concentration of thiosulfate in all the biotical treatments amended with thiosulfate
indicates the complete consumption, between additions, of thiosulfate by the community. It is
worth remembering that measurements were done after the addition, so the concentration
measured corresponds to the quantity of thiosulfate added. By contrast, the concentration of
thiosulfate in the abiotic treatment accumulates steadily over time, indicating that no
biological process, or abiotic one, is in progress in the treatment. The biological consumption
of thiosulfate is also correlated to the steady increase in the concentration of sulfate.
Whereas, in the other treatments sulfate concentration remains unchanged. Overall, the
comparable thiosulfate depletion, and sulfate formation, in both treatments amended with
thiosulfate (with and without ferrihydrite) suggests that thiosulfate oxidation is likely
independent from ferrihydrite reduction in the enrichment community.

Consumption of thiosulfate in the biotical treatment amended with thiosulfate was also
associated with the formation of trace amounts of sulfide in the culture. While in no other
treatments sulfide formation is observed. Based on the production of both sulfate and sulfide
from the thiosulfate, a potential explanation is that the community was able to
disproportionate the thiosulfate. This is further supported by the stable presence of
Thiovibrio sp. as the main ASV in the incubation amended with thiosulfate only (95 % + 1.9
%). The closest relative, Thiovibrio frasassiensis strain RS19-1097, is in fact able to
disproportionate thiosulfate under autotrophic growth conditions (Aronson et al., 2023). On
the other hand, the observed fraction between the production of sulfate and sulfide differs
significantly from the expected theoretical yields. Our expectation would consist in a fraction
close to 1 (Equation 22), or even smaller as reported from the literature. However, the
resulting fraction between the concentration of sulfate and the concentration of sulfide
obtained in our experiment was 5.5, far from our expectation from the theoretical value
(Jargensen, 1990; Jackson and Mclnerney, 2000; Slobodkin and Slobodkina, 2019).

82032- + Hzo — 8042- + HS- + H+ (22)

This could imply a considerable influx of electrons directed to the carbon fixation. Even
considering that some of the sulfide can diffusion to the headspace in gaseous form or that
some of the sulfur could be converted in elemental sulfur (S%) by the abiotic reaction with
ferrihydrite. But even in these later cases, the decrease in sulfide concentration recovered
would have minimal effect on the fraction since most of the sulfur has been recovered in the
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measurements. Namely 95% in the thiosulfate only treatments and 80% in the treatments
incubate with thiosulfate and ferrihydrite.

Fixation of inorganic carbon could, in this case, lead to the formation of volatile fatty acids
VFAs), such lactate or formate. Those compounds could be then used by other members of
the community for their metabolisms.

In the treatment amended only with thiosulfate this would translate in Thiovibrio sp. able to
couple disproportionation with fixation of inorganic carbon, which is abundantly present in
the media both dissolved in bicarbonate/carbonate buffer and in the headspace as CO, gas.
This appears to be supported by measurements of the headspace gas composition.
Preliminary testing found a lower concentration of CO. in the treatment amended with
thiosulfate compared to the treatment with ferrihydrite alone and the abiotic control.
However, it must be noted that testing was performed on only one bottle, requiring additional
measurements to confirm the trend. If this is the case, this would indicate that the carbonate
was used in the media. Since the utilization of the carbonate in the media would modify the
concentration of CO, in the headspace in order to maintain constant equilibrium between the
dissolved carbonate and the gaseous CO,. Here it must be noted that this outcome may be
also caused by changes in the pH of the media, of which we have no data available.

More complicated would be in the treatments amended with thiosulfate and ferrihydrite,
where ferrihydrite is reduced to Fe(ll) likely via both abiotic and biotic reaction.

Abiotically, the sulfide (HS") produced could lead to the chemical reduction of the ferrihydrite,
resulting in the formation of elemental sulfur (S°,) (Equation 24) (Dos Santos Afonso and
Stumm, 1992; Thamdrup et al., 1993; lonescu et al., 2015). This process, although likely
present, could contribute only in minimal part to the total Fe(ll) formed. We base this
assumption on the total sulfur recovery, as most of it was recovered as sulfide and sulfate.
Only a minimal portion, approximately 20%, could have potentially been transformed into
elemental sulfur (S°,), possibly even less, considering that some of the unrecovered sulfur
could have been sulfate adsorbed by iron oxides (as observed in the thiosulfate stability in
freshwater media experiment) or escaped into the headspace as sulfide in gaseous form.
Consequently, we can assume that most of the recovered Fe(ll) was biotically reduced by
the enrichment community, as elemental sulfur (S°) could have contributed only partially to
the reduction of ferrihydrite to Fe(ll).

3 H,S + 2 FEOOH — S® + 2 FeS + 4 H,0 (24)

Biotically, as observed in the thiosulfate-only treatments, thiosulfate oxidation occurs
independently of ferrihydrite presence in the system. This suggests that the coupling
between thiosulfate oxidation and iron reduction, with ferrihydrite as the final electron
acceptor, is indirect and mediated by an unknown intermediary electron carrier. This electron
carrier could be then oxidized to facilitate ferrihydrite reduction. This possibility seams
supported by the presence in the enrichment culture of Geobacter spp. and Desulfovibrio
sp., genera well known for their ability to reduce iron minerals (Coleman et al., 1993; Li et al.,
2006; Hori et al., 2015; Yang et al., 2021).

The most plausible electron carrier would be the volatile fatty acids (VFAs). Those would be
derived from the fixation of the inorganic carbon mediated by Thiovibrio sp., as we proposed
for the thiosulfate only treatments, and would be re-oxidised to CO, by the reduction of
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ferrihydrite (Figure 14). This possibility is further strengthened by the known ability of
Geobacter spp. to oxidase acetate into CO, by respiring ferrihydrite (Caccavo et al., 1994;
Kusel et al., 2008). This possibility will be, also, coherent with the gas measurement from the
headspace of the culture incubated with thiosulfate and ferrihydrite, where the CO,
concentration found is higher if compared to the thiosulfate only control, but lower if
compared to all the other treatments. Probably indicate that some of the CO, fixed in short
fatty acids during the thiosulfate oxidation is reconverted back to CO, by the reduction of
Fe(lll).

CcO

Thiovibrio sp.

Fe(lll)

Geobacter spp.

_» Fe(ll)

Figure 14. Proposed 15t model for the interaction of the most relevant species in the
thiosulfate oxidation coupled with an iron reduction experiment. Thiosulfate would be
disproportionated in sulfate and sulfide by Thiovibrio sp. in order to fix inorganic carbon
into VFAs (such lactate and propionate). The VFAs would then be oxidised back to
inorganic carbon by Geobacter spp. with the coupling of the Fe(lll) (ferrihydrite) reduction
to Fe(ll). Abbreviation: VFAs, Volatile Fatty Acids.

Another possible electron carrier in the redox balance of the experiments is nitrogen (N). The
media contain, in fact, NH,Cl salt that may become a source of ammonia (NH,*) for the
redox reactions. Has been reported, in fact, that organism of the genera Geobacter spp.,
relevant in our enrichments, are able to couple the oxidation of ammonia with the reduction
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of Fe(lll) (Equation 25) (Weber et al., 2006; Yang et al., 2012; Rodriguez et al., 2021, Guan
et al., 2023).

8 Fe(OH), + NH,* + 14 H* — 8 Fe? + NO; + H,0 (25)

The nearly formed nitrate (NO;) would be then used as an electron acceptor. This is an
interesting consideration since the presence in the enrichment of Trichlorobacter sp. and
Desulfovibrio sp., genera reported to be capable of dissimilatory nitrate reduction (De Wever
et al., 2000; Greene et al., 2003; Sorokin et al., 2023). Another point worth mentioning is that
Thiovibrio frasassiensis is able to grow if supplemented with both thiosulfate and nitrate
(NOy3’) (Aronson et al., 2023).

However, interactions between Fe and nitrogen (N) are cryptic in nature, since nitrogen
species are highly reactive and short-lived in presence of iron oxide and therefore they may
escape the measurements (Kappler et al., 2021).

Considering now the starting experimental question, where we hypothesized the coupling of
the thiosulfate oxidation with the reduction of Fe(ll), a second possible explanation for our
data is that the thiosulfate is indeed completely oxidized to sulfate by Fe(lll) or by a generic
unidentified electron acceptor. In this case, we would expect a ratio between the
concentration of sulfate and thiosulfate approaching 2 (Equation 26). Similarly, the
sulfate/thiosulfate ratio observed in our experiments is 1.4, close, but slightly deviating from
the theoretical value.

S,0,#+ECox+H,0— 2S0,>+ECred+2H* (26)
EC ox = Electron Carrier oxidised
EC red = Electron Carrier reduced

This slight variation could be caused by the presence of the low amount of sulfide. That
could be formed as a result of the sulfate reduction by SRB (Sulfate Reducing Bacteria) in
the community. The reduction of sulfate to sulfide by SRB would be supported by the
presence in the enrichment of known sulfur reducing bacteria such Desulfosporosinus sp.
and Desulfovibrio sp., that are able to reduce sulfate in wetlands even if present in the
community in low relative abundance (Li et al., 2006; Pester et al., 2010; Pecheritsyna et al.,
2012; Hausmann et al., 2016; Hausmann et al., 2019). In contrast to our expectation, no
Desulfosporosinus sp. or Desulfovibrio sp. was found above 2 % relative abundance in the
thiosulfate only treatment. It is important to note the low relative abundance does not directly
disprove this hypothesis, since the abundance of such genera could have been mashed by
sampling bias due to the highly abundant Thiovibrio sp. or amplification bias derived from the
different GC% content of the 16S rRNA gene affecting the amplification steps during the
sequencing pipeline (Laursen et al., 2017; Browne et al., 2020).

In this explanation, in the treatment incubated with ferrihydrite and thiosulfate, Thiovibrio sp.
would indeed couple the thiosulfate oxidation with the ferrihydrite reduction, performing, at
the same time, carbon fixation of CO, into volatile fatty acids (VFAs). Those compounds
could be then used by Desulfosporosinus sp. and Desulfovibrio sp. in order to reduce sulfate
to sulfide, a metabolism well known for this genera (Hines et al., 2001; Duddleston et al.,
2002; Li et al., 2006; Hadrich et al., 2012; Hausmann et al., 2016). It must be noted that the
total reduced iron recovery may not only be formed by Thiovibrio sp. since, in the enrichment
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culture, are also present Geobacter spp., a genera well known for his ability to breathe
Fe(lll), as we previously mentioned. This would not overall change the picture as is
described, but will imply a higher flux into carbon fixation by the Thiovibrio sp. (Figure 15).

CO,
s,0.% Fe(lll)
2- - >
SO, Fe(ll)
VFAS r
Desulfosporosinus Geobacter spp.
sp.
HS: LR, Fe(lll)

Figure 15. Proposed 2" model for the interaction of the most relevant species in the
thiosulfate oxidation coupled with an iron reduction experiment. Thiosulfate would be
oxidised in sulfate by Thiovibrio sp. in order to fix inorganic carbon into VFAs (such lactate
and propionate). The VFAs would then be oxidised back to inorganic carbon by
Desulfosporosinus sp., coupling the reduction of sulfate in sulfide, or Geobacter spp.,
coupling the reduction of Fe(lll) (ferrihydrite) to Fe(ll). Abbreviation: VFAs, Volatile Fatty
Acids.

Conversely, in the treatment amended only with thiosulfate Thiovibrio sp. can not perform
carbon fixation solely with the contribution of the thiosulfate oxidation, since the reaction
would be thermodynamically unfavorable (Equation 27). An additional oxidant, which has not
yet been identified, would be required.

S,0,2+4H,0-52S0,#+8H"+8¢ E°=0.09V Thauer et al., 1977
2C0O,+8H"+8e —»2CH,0+2H,0 °=-043V Thauer et al., 1977
Et = (-0.43 V) - (0.09 V) = -0.52 V (27)

In this case a possibility would be for Thiovibrio sp. to possess a metabolic flexibility allowing
it to be able to disproportionate thiosulfate in the absence of ferrihydrite while, in the
presence of ferrihydrite, couple thiosulfate oxidation and Fe(lll) reduction. This possibility
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would be supported by the recently observed metabolic versatility of some chemoautotrophic
SOB (Sulfur Oxidizing Bacteria) in the anoxic freshwater sediment (Heinze et al., 2023).

In both scenarios, disproportionation and the complete oxidation of thiosulfate followed by
the reduction of the sulfate to sulfide, the enrichment culture in the treatment incubated with
ferrihydrite and thiosulfate should be able to harvest from various redox reaction free e". This
net electron would be then used in the synthesis of new biomass by the community as we
could see from the results.

This significant increase in the bacterial biomass in the treatments incubated with ferrihydrite
and thiosulfate can, in fact, be observed by both the DNA yields and by the microscopy
characterization when we compare cell density and DNA yields to the treatments incubated
with thiosulfate only, ferrihydrite only or to the treatments without any substrate addition
(culture only). Is also interesting to note, that incubation with thiosulfate only, seems not to
induce growth in the enrichment culture, as we would expect from the metabolic activities of
Thiovibrio sp. (Figure 16).

Treatment
* Fh + Thiozulfate + Community
Thiosulfate + Community
*  Fh + Community :

Community

DNA concentration (ng/pL)

Time (Days)

Figure 16. DNA yields and cell density in the thiosulfate oxidation coupled with an
iron reduction experiment. It could be observed that, only in the enrichment culture
provided with thiosulfate and ferrihydrite, an increase in the DNA yields occurs translating
in a higher cell density at the 30" days of incubation. Less or no growth is observed in the
other treatments if compared with the thiosulfate and ferrihydrite amended treatment.
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This could mean that, in order to grow, the enrichment culture needs the presence of several
metabolic active species. We could in fact observe the presence, in the treatment incubate
with thiosulfate and ferrihydrite, of the key member found in the treatments incubate with
thiosulfate only or with ferrihydrite only. In particular, we can notice the presence of
Thiovibrio sp. from the thiosulfate only incubation, and the presence of Geobacter spp.,
Desulfovibrio sp. and Trichlorobacter sp. from the ferrihydrite only incubation. In particular for
Geobacter spp., several studies have been conducted on his ability to grow cooperatively
with other species (Cord-Ruwisch et al., 1998; Moscoviz et al., 2017; Wan et al., 2018). And
more in general is known that some bacteria growth cooperating with other species
(Wintermute and Silver, 2010; Freilich et al., 2011; Pande and Kost, 2017; Smith et al., 2019;
Lopes et al., 2024; West and Giriffin, 2024).

An alternative possible explanation involves the cytotoxicity of the sulfide (HS") for the
bacteria (Mirzoyan and Schreier, 2014; Fu et al., 2018). In this possibility the community
amended with thiosulfate and ferrihydrite would be able to grow since the HS s
sequestered, in non-toxic FeS form, by the nearly formed Fe(ll). While, on the other hand in
the treatment amended with thiosulfate only, without Fe(ll), the sulfide accumulates in the
media and would be the responsable for the inhibition of the bacterial growth. Must be noted
that, based on our results, the inhibition should be constrained only to the cell growth, since
the metabolism is active over the entire 30 day incubation period in both treatments.
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Conclusion

In conclusion, my results highlight a community capable of coupling thiosulfate oxidation with
iron reduction. However, under our experimental conditions, we could not provide
unequivocal evidence on how these two reactions are coupled or how this coupling is linked
to the growth of the culture.

In our enrichment culture, Thiovibrio sp. seems to oxidize the thiosulfate to sulfate, either via
iron reduction or via thiosulfate disproportionation. And, at the same time, the culture seems
to couple this reaction with the fixation of inorganic carbon in volatile fatty acids (VFAs).
Those volatile fatty acids (VFAs) are then oxidised back to inorganic carbon by other
members of the community, e.g.,either fueling the reduction of sulfate to sulfide by
Desulfosporosinus sp., or the reduction of the Fe(lll) minerals to Fe(ll) by the members of
the Geobacteraceae family (Geobacter sp. and Trichlorobacter sp.).

Another interesting finding is that the enrichment culture seems unable to grow on thiosulfate
alone. We would expect for Thiovibrio sp. to grow via disproportionation, even without the
presence of ferrihydrite. But this didn't seem the case; the culture required ferrihydrite in
order to grow. This could be due to several reasons: 1) syntrophic nature of the community,
where the microbial consortia are able to grow only if all members are metabolically active;
or 2) the toxicity of the sulfide (HS"). The accumulation of sulfide produced from thiosulfate
disproportionation may inhibit the growth of the community. In contrast, ferrihydrite allows to
scavenge the toxic sulfide into less toxic FeS, and thereby support the growth.

Those findings are particularly relevant for the understanding of the wetland geochemistry,
as they impact the nutrient availability, greenhouse gas emissions, and overall ecosystem
function, helping in future studies of biogeochemical modeling and environmental
management in wetlands ecosystems.
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