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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.

Iron(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(III) (oxyhydr)oxides. Several bacterial species, such as Geo-
bacter and Shewanella spp., can grow by using iron(III) 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 (H2S) 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(III) 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

acceptor (18) but can reduce thiosulfate (S2O3
2�), elemental sul-

fur (S0), and sulfite (SO3
2�). Sulfate (SO4

2�) 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 (Sn

2�) 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 KH2PO4, 5.6 mM
NH4Cl, 0.7 mM CaCl2 · 2H2O, and 2.0 mM MgSO4 · 7H2O or, for a
sulfate-free medium, 2.0 mM MgCl2 · 6H2O, was prepared in a Widdel
flask and autoclaved. After cooling under an atmosphere of N2-CO2

(90/10 [vol/vol]), the medium was supplied with bicarbonate buffer, au-
toclaved under N2-CO2 (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 HCl. 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 N2-CO2 (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 (C4H2Na2O4; Merck) as an electron acceptor, 20 mM formate
(CHNaO2; Merck) as an electron donor, 20 mM acetate (C2H3NaO2;
Sigma-Aldrich) as a carbon source, and 0.5 mM L-cysteine (C3H7NO2S;
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-�m
cellulose acetate filters (Membrex; membraPure), and stored in serum
bottles under N2. 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 et al. (23).
A total of 20 g of iron(III) nitrate nonahydrate [Fe(NO3)3 · 9H2O; 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 N2, 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 N2.
Solutions of sodium thiosulfate pentahydrate (Na2O3S2 · 5H2O), sodium
sulfite (Na2SO3 [anhydrous]; Fluka), potassium tetrathionate (K2S4O6;
Sigma-Aldrich), sodium sulfide nonahydrate (Na2S · 9H2O; Sigma-Al-
drich), and potassium polysulfide (K2Sx; Sigma-Aldrich) were prepared in
ultrapure water. The latter two were prepared inside a Coy anoxic glove
box (N2-H2 [95/5, vol/vol]). The solution of L-cystine (C6H12N2O4S2;
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

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 N2-CO2 (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-�m 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(CH3COO)2 · 2H2O; Grüssing] 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 HCl 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 (NH2OH · HCl [Acros Organics], 10%
[wt/vol] in 1 M HCl) was added to Fe(tot) samples to reduce all iron to
Fe(II) before adding the ferrozine reagent (0.1% [wt/vol] ferrozine
[C20H13N4NaO6S2 · H2O; Acros Organics]–50% ammonium acetate
[C2H7NO2; Acros Organics]). The absorbance at 570 nm of the purple
ferrozine-Fe(II) 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 HCl, 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, CF3SO2OCH3; Sigma-Aldrich) in a water-
methanol (H3COH, 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 �l of methanol was placed in a 1.5-ml HPLC vial to which 200 �l of
filtered sample and 6 �l 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 over a C18
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column (Bischoff Waters Spherisorb, ODS2, 5 �m, 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 �l, 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
(C2H6S2 [Acros Organics], C2H6S3 [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 C18 column [Phenomenex SphereClone
ODS(2), 5 �m, 250 by 10 mm], an eluent of 50% acetonitrile (C2H3N,
HPLC gradient grade; Roth) and 50% formic acid (CH2O2; Grüssing),
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 (CH2Cl2; 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 C18

column (Grace GraceSmart, RP18, 5 �m, 150 by 4.6 mm) was used. Elution
was performed with two alternative eluent compositions, once with 0.002 M
tetra-n-butylammonium hydroxide [(CH3CH2CH2CH2)4N(OH); Fluka]
and 0.001 M sodium carbonate (Na2CO3; Merck) in 85% ultrapure water and
15% acetonitrile (C2H3N, HPLC gradient grade; Roth), with the pH adjusted

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 {(CH3CH2CH2CH2)4N
[OP(OH)2O]; Sigma-Aldrich} in 85% ultrapure water and 15% acetonitrile.
The flow rate was 1 ml/min, the injection volume was 10 �l, 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 �l,
and separation was achieved with an anion-exchange column (Dionex
IonPac, AG-16/AS-16, 4 mm) and elution with a gradient of 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 1a in Fig. 1), which is in accordance with the

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.

Sulfur Electron Shuttling to Ferrihydrite
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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(III) 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 S6

2� 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 S6

2� came to 0.6% of the initial thio-
sulfate concentration. In the experiment with 0.1 mM thiosulfate,
the respective percentage of S6

2� 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
a 5 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 1c 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 1e, 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

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 H2S, 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

FIG 2 Abiotic Fe(II) production from ferrihydrite and sulfur speciation in
freshwater medium to which 0.1 mM sulfide was added in 10 steps at intervals
of 1 h beginning at 0.4 h. Concentrations of polysulfides and elemental sulfur
(S0) were detectable only in unfiltered samples. Experiment A was conducted
without cysteine, and experiment B was conducted with 2 mM cysteine. Note
the different scales for Fe(II) on the secondary y axes. Sulfate data for experi-
ment B from 2.1 to 4.2 h and from 5.6 to 9.2 h are missing.
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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 H2S 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

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 2c 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

TABLE 1 Reduction of Fe(III) in ferrihydrite in incubations of S.
deleyianum

Thiosulfate
concn (mM) % inoculum

% Fe(III) reduction
in expt 1, 2a

2 1 100, 95
0.1 1 91, 86
2 0.01 76, 62
0.1 0.01 38, 32
a 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.

FIG 3 Reduction of Fe(III) 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(III) 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 K2Sx 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-

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 ccsA1, 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 c sulfite 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 c with thiosulfate dehydrogenase activity (40, 41). In
Campylobacter jejuni 81116 (42), a homologue of TsdA shows

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.
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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 desulfhydrase 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(III) 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

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
a 0.01% 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

FIG 5 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, 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.
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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(III) 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(III) 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-

cially since we found that S. deleyianum grows on thiosulfate as the
only sulfur source as well.
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