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ABSTRACT

Desulfotomaculum reducens MI-1 is a Gram-positive, sulfate-reducing bacterium also capable of reducing
several metals, among which is Fe(lll). Very limited knowledge is available on the potential mechanism(s)
of metal reduction among Gram-positive bacteria, despite their preponderance in the microbial communi-
ties that inhabit some inhospitable environments (e.g., thermal or hyperthermal ecosystems, extreme pH or
salinity environments, heavy metal or radionuclide contaminated sediments). Here, we show that in the
presence of pyruvate, this micro-organism is capable of reducing both soluble Fe(lll)-citrate and solid-phase
hydrous ferric oxide, although growth is sustained by pyruvate fermentation rather than Fe(lll) respiration.
Despite the fact that Fe(lll) reduction does not support direct energy conservation, D. reducens uses it as a
complementary means of discarding excess reducing equivalent after H, accumulation in the culture head-
space renders proton reduction unfavorable. Thus, Fe(lll) reduction permits the oxidation of greater
amounts of pyruvate than fermentation alone. Fe(lll) reduction by D. reducens is mediated by a soluble
electron carrier, most likely riboflavin. Additionally, an intracellular electron storage molecule acts as a
capacitor and accumulates electrons during pyruvate oxidation for slow release to Fe(lll). The reductase
responsible for the transfer of electrons from the capacitor to the soluble carrier has not been identified,
but data presented here argue against the involvement of c-type cytochromes.
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INTRODUCTION

Since the first evidence of microbial dissimilatory iron
reduction emerged more than two decades ago (Lovley &
Phillips, 1988; Myers & Nealson, 1988), awareness of the
importance of this process has grown. It is now recognized
as the main driving force for iron reduction in most non-
sulfidogenic environments — with direct implications in the
formation, dissolution, and weathering of minerals — as
well as for organic matter oxidation in anoxic environments
(Lovley, 1991; Canfield et al., 1993; Fredrickson et al.,
1998; Frankel & Bazylinski, 2003).

The capability of iron-reducing bacteria (IRB) to transfer
electrons to solid-phase Fe(III) — the most relevant form
of Fe(III) in neutral pH environments — is striking because
most respiratory processes rely on a soluble terminal elec-
tron acceptor (TEA) which diffuses into the cell and is
reduced in the cytoplasm or periplasm, allowing for a
‘cell-contained’ electron transport chain. In the case of
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solid-phase TEAs, bacterial cells require the electron trans-
fer chain to include an extracellular step, the mechanism of
which has been the subject of extensive research, focused
primarily on two organisms, Geobacter sulfurreducens PCA
and  Shewanella  oneidensis MR-1 (Weber et al., 2006;
Ehrlich & Newman, 2009; and references within). For
these two organisms, eclectron transfer models that share
some general similarities have been described. Electron
transport is mediated primarily by several multiheme ¢-type
cytochromes, which sequentially transfer the electrons from
the quinone pool in the cytoplasmic membrane, across the
periplasm, to the outer membrane (Schroder ez al., 2003;
Shi et al., 2007). In order to transfer electrons from the
outer membrane ¢-type cytochromes to extracellular TEAs,
three major strategies have been identified. The first,
reportedly used by both S. oneidensis and G. sulfurredu-
cens, is direct contact of an outward-facing outer
membrane ¢-type cytochrome with the solid-phase TEA

(Lower et al., 2001; Gralnick & Newman, 2007; Shi et al.,
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2009; Inoue ez al, 2011). The second possibility, which
also appears to be used by both model organisms, is the
contact between the cell and the TEA through electron
conductive pili (Reguera et al., 2005; Gorby et al., 2000).
The final strategy, which is adopted by S. oneidensis but
not by G. sulfurreducens, is the use of a soluble redox
active compound, such as a flavin, capable of shuttling
electrons from the final reductase in the cell to the TEA
localized extracellularly (von Canstein et al., 2008; Marsili
et al., 2008).

The thorough research that has been devoted to iron
reduction by G. sulfurreducens and S. oneidensis, both Pro-
teobacteria, is in contrast to the dearth of investigations of
iron reduction by other micro-organisms, despite the wide
phylogenetic variety of IRB that span across most bacterial
phyla (Weber ez al., 2006). In particular, very little infor-
mation is available concerning Gram-positive IRB,
although they include at least 16 unique genera (Wrighton
et al., 2011a). Understanding iron reduction by Gram-
positive bacteria is of particular interest in part because of
their abundance in some environments (Burkhardt ez al.,
2011; Sharp et al, 2011) where Gram-negative IRB are
not detectable. These are typically harsh environments
where salinity (Emmerich et al., 2012) or temperature is
high (Nepomnyashaya ez a/., 2010) or toxic metals (Burk-
hardt et al, 2011) or other contaminants (Lin et al.,
2007) are present. Furthermore, to carry out extracellular
electron transfer, Gram-positive IRB must face the chal-
lenge of having, as the outermost cell layer, a thick cell
wall (up to 80 nm), and in some cases a glycoprotein sur-
face layer (S-layer). To date, the proposed models for
extracellular electron transfer in Gram-positive bacteria
remain in their infancy. The secretion of an endogenous
electron shuttle is a potential strategy that, as yet, has no
experimental support; it has, however, been shown that
certain bacteria (i.e., Listeria monocytogenes, Thermoanae-
robacter sp., Thermincola ferviacetica, and Thermincola po-
tens) require direct contact with the TEA, although it is
unclear how electrons might be transferred across the cell
wall (Deneer et al., 1995; Marshall & May, 2009; Wrigh-
ton et al., 2011b). Carlson ez al. (2012) suggest that, in
T. potens, the mechanism may be similar to the direct con-
tact between cell surface and solid-phase TEA reported for
the Gram-negative model bacteria, because evidence was
found for the presence of surface multiheme cytochromes.

In this work, we investigated the reduction in soluble
and solid-phase Fe(III) by the Gram-positive, sulfate-
reducing bacterium Desulfotomaculum reducens MI-1 (iso-
lated by Tebo & Obraztsova, 1998) with pyruvate as the
electron donor. We aimed to identify the electron transfer
mechanism, to ascertain whether c-type cytochromes are
involved, whether reduction of solid-phase Fe(III) requires
direct contact, and whether the micro-organisms gain any
benefit from the reduction in Fe(III).

© 2013 John Wiley & Sons Ltd
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Throughout this study, we use TEA interchangeably
with Fe(III) without necessarily implying a respiratory
process.

MATERIALS AND METHODS

All manipulations were performed using standard anaerobic
techniques. Media and stock solutions were boiled and
purged with N, prior to autoclaving or filter sterilizing in
serum bottles sealed with blue butyl rubber stoppers and
aluminum crimp seals. Unless otherwise specified, all
experiments were conducted in triplicates, and error bars
in the plots represent the standard deviation values.

Micro-organism and growth conditions

Desulfotomaculum reducens strain MI-1 was grown anaero-
bically in basal Widdel low phosphate (WLP) medium
amended with trace elements and vitamins (Bernier-Latmani
et al.,2010) at pH 7.1 £ 0.1. WLP medium amended with
0.05% yeast extract (Becton, Dickinson & Company,
Sparks, MD, USA), 30 mm NaHCOj; (Acros, Geel, Bel-
gium), and 15 mMm pyruvate (pyruvic acid 98%; Acros) was
used for fermentative growth. Cells grown at 37 °C under
these conditions were harvested in late exponential phase by
centrifugation at 8000 x g for 10 min (Avanti centrifuge
with JLA 91000 or JA-12 rotors, Beckman Coulter, Pasa-
dena, CA, USA), washed in WLP basal medium, and used
as an inoculum (10%) for Fe(I1I) reduction experiments.

For soluble or solid-phase Fe(III) reduction experi-
ments, fermentative WLP medium was amended with
10 mm Fe(III)-citrate (Sigma, St. Louis, MO, USA) or
hydrous ferric oxide (HFO) [prepared according to Lovley
& Phillips (1986)]. Cultures were incubated at 37 °C and
sampled for the concentrations of Fe(II), pyruvate, acetate,
H,, as well as for cell growth in an anaerobic chamber
(Coy, Grass Lake, MI, USA) with an atmosphere of 2.5—
3.5% hydrogen (balance nitrogen) with disposable syringes.
HFO reduction experiments were also conducted in the
presence of 1 um and 10 pm riboflavin (Sigma) and sam-
pled for Fe(II).

HFO-embedded in glass reduction assays

In order to test the requirement for direct contact between
cells and HFO for reduction, HFO-embedded glass parti-
cles, henceforth referred to as glass-HFO, were prepared
according to a slightly modified protocol from Lies et al.
(2005). A volume (500 mL) of a 50 mm sterile FeCl
(Sigma-Aldrich) solution was added to 35 g of porous
glass particles (Native CPG502 pore glass from Prime syn-
thesis Inc., Aston, PA, USA: grain size, 75-125 um; pore
size, 50 nm; pore volume, 1.4 mL g '; specific surface
area, 106 m? g '; bulk density, 0.29 g mL™"). Fe(IIT) was
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precipitated to HFO by the addition of NaOH (Lovley &
Phillips, 1986) on the inner and outer surfaces of the parti-
cles. Excess HFO not precipitated with the glass particles
was collected for use as a positive control for reduction.
The glass particles were washed 10 times in 50 mm NaCl
and five times in water to remove most of the outer surface
HFO and dissolved NaCl from the glass particles. Washed
glass-HFO particles were recovered by filtration (Whatman
filter paper 587; pore size, 4-7 um) and were air-dried
prior to storage at room temperature. Average glass-HFO
Fe content was measured by inductively coupled plasma
optical emission spectroscopy (ICP-OES, ICPE-9000; Shi-
madzu Corporation, Kyoto, Japan) of particles digested in
70% HNO3.

Reduction assays of glass-HFO by D. reducens were car-
ried out in WLP medium amended with ~4 mm Fe(III), in
the form of glass-HFO, 0.05% yeast extract, 10 mm NaH-
COg3, 10 mMm pyruvate as electron donor. The medium was
inoculated with 10% fermentatively grown, washed, D. 7e-
ducens cells. Positive control reduction experiments with
HFO suspensions in water were carried out. Samples for
soluble and total extractable Fe(II) were collected over
time.

Fe(lll) or AQDS reduction in spent medium

The presence of a soluble electron carrier was also probed
by preparing spent medium obtained by filter-sterilization
(0.2 um pore size Filtropur S/S filters; Sarstedt, Niimbr-
echt, Germany) from stationary growth phase fermentation
or HFO-reducing cultures. Fermentation spent medium
was amended with either 1 mm anthraquinone disulfonate
(AQDS) or with 5 mm Fe(IIl)-citrate; HFO-reducing
spent medium was amended with 1 mm AQDS. Abiotic
reduction of AQDS or Fe(IIl) in the spent media was
tested spectrophotometrically by measuring Ajzys (for
AQDS) or using the ferrozine assay (see below), respec-
tively. A control involving fresh medium was also included.

Analytical techniques

Growth was quantified by direct counting of DAPI-stained
cells (Vectashield, Burlingame, CA, USA) using epifluores-
cence microscopy (Eclipse E800, Nikon, Egg, Switzer-
land), or by measuring the optical density at 600 nm
(OD600) (Biophotometer, Eppendorf, Hamburg, Ger-
many).

Concentrations of pyruvate, acetate, formate, and buty-
rate were measured by ion chromatography (DX-3000;
Dionex, Sunnyvale, CA, USA) with an IonPac AS11-HC
column. Elution was carried out using a gradient of 0.5-
30 mm KOH.

Flavins present in cell-free growth medium were quanti-
fied by fluorescence (Ao, = 445 nm, A, = 530 nm) (Syn-

ergyMx spectrofluorometer, Biotek Instruments GmbH,
Luzern, Switzerland).

High-performance liquid chromatography (HPLC) was
used for flavin identification according to a slightly modi-
fied method from Capo-chichi ez al. (2000). Samples were
eluted through a ZORBAX Eclipse Plus C18 reverse-phase
column (2.1 x 50 mm, 1.8 um) (Agilent Technologies,
Basel, Switzerland) with an isocratic eluent [15% acetoni-
trile in solution A (10 mm KH,PO,; and 15 mm
(CH3COO™),Mg adjusted to pH 3.4 with H3POy4)] at a
flow rate of 0.5 mL min~' for 5 min. The HPLC system
was connected with a spectrofluorometer (1260 FLD Spec-
Aex = 445 nm,
hem = 530 nm. Riboflavin (RF), flavin mononucleotide
(FMN), and flavin adenine dinucleotide (FAD) standards
were prepared in solution A. Filtered (0.2 um) growth
medium was diluted 1:1 in solution A prior to elution.

tra; Agilent Technologies), set at

UV-VIS absorbance profile of filtered spent medium
spiked with 10 pm RF was measured with a spectropho-
tometer (UV-2501PC, UV-VIS Recording Spectropho-
tometer; Shimadzu, Reinach, Switzerland).

Fe(II) samples were stabilized in 2 m HCI and stored at
room temperature until quantification:
diluted in ferrozine (1 g 17" ferrozine in 50 mm HEPES
(N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid) buf-

samples were

fer (Acros, Geel, Belgium)), and their concentration deter-
mined by measuring the absorbance at 562 nm (Asgz)
(SynergyMx  spectrofluorometer,  Biotek  Instruments
GmbH). H, in the headspace of cultures was measured
with a gas chromatograph (GC-450, Varian, Middelburg,
The Netherlands) wusing a molecular sieve column
(CP81071: 1.5 m*1 /8" Ultimetal molsieve 13 x 80-100
mesh) and a thermal conductivity detector (TCD).

qRT-PCR

Reverse transcription- and quantitative reverse transcrip-
tion-polymerase chain reaction (RT-PCR and qRT-PCR,
respectively) were performed on total RNA extracted from
D. reducens cultures under different conditions: fermenta-
tion with or without 10 mm Fe(III)-citrate from inocula-
Fe(III)-citrate  during the
exponential phase. The cultures were harvested after 0.7-

tion or amended with
1 mm Fe(III) was reduced, or in mid-exponential phase in
the case of fermentation in the absence of Fe(III), and
lysozyme-digested prior to storage at —80 °C. Subse-
quently, RNA was extracted using the RNeasy extraction
kit (Qiagen, Hilden, Germany). The quantity and quality
of the RNA extracted were evaluated with a NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA). First-strand synthesis was carried out using Im-
Prom-II Reverse Transcriptase (Promega, Madison, WI,
USA) and random hexamers d(N)-6 (Microsynth, Balgach,
Switzerland) as primers. The 16S rRNA, n7fA, and »nrfH

© 2013 John Wiley & Sons Ltd



genes were targeted by RT-PCR and qPCR. For each
gene, primers specific to D. reducens were used: 16S rRNA,
Dred_16S_F (5-AAA ACG GAG GAA GGT GGG GA-
3", and Dred_16S_R (5-CTC CTT GCG GTT AGC
TCA CC-3); nrfA, nrtA_F (5'-AGA GTT TTA CGA GCC
CCG GA-3'), and nrfA_R (5’-AAT GCT GGC CTG CTG
ATA CG -3"); nrfH, nrfH_F (5-CAT TAT GGA TCC
CTG GGT TG -3'), and nrfH R (5-GTC CTG ACC
ACG GTC ATT CT-3'). The primers for the 16S rRNA
and n7fA genes were designed with Primer BrasT, those for
the n7fH gene were designed by Junier ez al. (2010). Fur-
ther details on the RNA extraction procedure and qRT-
PCR are described in the Supporting Information.

SDS-PAGE

Proteins were extracted from D. reducens fermentation cul-
tures with or without Fe(III)-citrate amended at mid-expo-
nential growth phase. Cultures were collected at mid-
exponential phase in the case of fermentation conditions,
and once it was established that Fe(III) reduction was
occurring (>0.5 mm Fe(IIT) reduced) under Fe(IIT)-reduc-
ing conditions. Samples were processed as described in the
Supporting Information performing sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE) on
homogenized cell lysates. Gels were stained for all proteins
with Coomassie blue or for proteins with peroxidase activ-
ity (such as c-type cytochromes) using the tetramethyl-
benzidine (TMBZ)-hydrogen peroxide method (Thomas
et al., 1976).

Transmission electron microscopy

Whole mounts of the product of HFO reduction, depos-
ited on carbon-coated copper grids (Quantifoil Micro
Tools GmbH, Jena, Germany), were imaged with a FEI
CM300UT FEG-UT microscope. Selected area electron
diffraction (SAED) of micrometer-scale areas and Fourier
Transforms of high-resolution transmission electron
microscopy (HR-TEM) images were used for phase identi-
fication with the Java Electron Microscopy Software
(JEMS) (Stadelmann, 2012); the structural data of iron
minerals were taken from the Inorganic Crystal Structure
Database (ICSD, FIZ Karlsruhe, Germany and NIST, U.S.
Department of Commerce, 2012).

Glass-HFO samples were prepared in the anoxic cham-
ber by fixation with 2.5% gluteraldehyde (Grade I, 25%,
Sigma-Aldrich) followed by dehydration in pure grade eth-
anol (Sigma-Aldrich) series (25%, 50%, 75%, 90%, 100% in
water) and embedding for a week and at room temperature
in LR-white resin (Electron Microscopy Science, Hatfield,
PA, USA), which polymerized at 60 °C overnight. An
Ultracut E ultramicrotome (Reichert-Jung) and an ultra-

sonic (oscillating) 35° knife from Diatome (Biel, Switzer-
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land) were used to cut resin sections, which were placed
on carbon-coated copper grids. Local chemical analysis of
epoxy-embedded glass-HFO thin sections (40-60 nm) was
performed wusing X-ray energy-dispersive spectroscopy
(EDS) in the scanning transmission electron microscopy
(STEM) mode in a FEI Tecnai Osiris microscope
(200 kV). EDS data interpretation was carried out with

the ESPRIT software (Bruker, Billerica, MA, USA).

RESULTS AND DISCUSSION

Fe(lll) reduction

With pyruvate as an electron donor, D. reducens is capable
of reducing both soluble (i.e., Fe(IIl)-citrate) and
solid-phase (i.e., HFO) Fe(III); killed, lysed, and no-cell
controls did not reduce Fe(III), nor could citrate alone
support soluble Fe(III) reduction (Fig. S1). Figure 1A and
B shows increasing concentrations of Fe(Il) over time, as
well as pyruvate consumption, buildup of acetate, H, and
small amounts of butyrate and formate from pyruvate oxi-
dation, and an increase in cell counts during reduction
of Fe(III)-citrate and of HFO, respectively. In the case of
Fe(IIT)-citrate reduction, there is no evidence for the for-
mation of a Fe(II) precipitate, while in the case of HFO —
despite the lower rate and extent of the reduction — the
solid phase shifted in color from orange—brown to black as
the reduction proceeded, suggesting the accumulation of a
Fe(II)-bearing solid phase. This was confirmed by SAED
patterns and HR-TEM diffractograms, which identified the
solid phase as magnetite (Fig. 2).

During the reduction of both soluble and solid-phase
Fe(III), pyruvate — the electron donor — was completely
consumed within a few days. At the same time, the acetate
concentration in solution built up to reach a plateau, and
cell growth reached stationary phase. Conversely, Fe(II)
accumulation did not follow the same time scale and con-
tinued even after the depletion of the electron donor [after
25 days, 8 mm Fe(Ill) citrate and 4.4 mm HFO were
reduced to Fe(II) (Fig. S2)], suggesting that pyruvate oxi-
dation and TEA reduction are temporally uncoupled
(Fig. 1). These observations are consistent with the utiliza-
tion of pyruvate as a substrate for fermentative growth,
rather than as an electron donor for Fe(III) respiration. If
fermentation is the dominant metabolism, is there any ben-
efit to the cells from Fe(IIT) reduction?

We address this question by considering pyruvate
consumption by a fermentation culture, in the absence of
Fe(III) (Fig. 1C). Comparing Fig. 1A,B to Fig. 1C, we
found that in the absence of Fe(III), pyruvate is initially
consumed at approximately the same rate as in the
presence of Fe(III), but after 1 day of incubation, the
consumption rate decreases, resulting in the persistence of
a significant amount of pyruvate (~8 mm) even after
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Fig. 1 Evolution of D. reducens cultures in the presence of Fe(lll)-citrate (A) or HFO (B) or in the absence of Fe(lll) (C): concentrations of H, (full triangles),
pyruvate (full diamonds) and acetate (full squares) are to be read on the left axis; concentrations of Fe(ll) (open squares), butyrate (open circles), formate

(crosses) and cell count (full circles) are to be read on the right axis.
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Fig. 2 TEM image (A), selected area electron diffraction (SAED) patterns with the strongest reflections indicated in red (B) and high resolution TEM (HR-
TEM) image showing the product of HFO reduction to be orthorhombic magnetite (FesO,4) (C). The insets in the HR-TEM image correspond to the HR-TEM
diffractogram (Fourier transform, FFT) and the Fourier filtered image (IFFT) from the selected particle.

10 days. In contrast, Fe(III)-containing cultures deplete
pyruvate completely after 4-7 days (Fig 1A,B). Consistent
with the smaller amount of consumed pyruvate, lower con-
centrations of organic acids accumulate in the absence of
Fe(III). In contrast, cell counts are comparable in the
presence or absence of Fe(III). Because the decrease in the
rate of pyruvate consumption in the Fe(III)-free culture
temporally coincides with the H, concentration plateau,
we surmised that the accumulation of significant (~4 mm,
corresponding to a partial pressure (pH,) of ~10* Pa) H,
in the headspace may inhibit further fermentation of pyru-
vate. Fermentation inhibition due to high pH, (in the
order of 10* Pa, or less in some cases) has been previously
reported for several micro-organisms: Clostridium acetobu-
tylicum  (Yerushalmi et al., 1985), Pyrococcus furiosus
(Schifer & Schonheit, 1991), Caldicellulosiruptor saccharo-
Iyticus (van Niel et al., 2003), and anaerobic consortia used
for H, production (Valdez-Vazquez et al, 2006). To
support this hypothesis, we evaluated the effect of

removing H, by purging the headspace of a Fe(III)-free
D. reducens fermentation culture after pyruvate consump-
tion had stopped. Consistently with the hypothesis that
H, accumulation in the serum bottle inhibited further
pyruvate fermentation, we observed a renewed buildup of
the gas and
(Fig. 3).
Hence, our findings strongly indicate that when Fe(III)

resumption of pyruvate consumption

is present, it can be used as an electron sink alternative to
protons, which allows the bacteria to divert electrons
derived from pyruvate fermentation to the metal, thus
overcoming the obstacle imposed by the strong backpres-
sure of H, accumulated in the headspace. The role played
by Fe(IIl) during pyruvate fermentation by D. reducens is
consistent with reports of bacteria using metal reduction as
a means of eliminating excess reducing equivalents derived
from electron donor oxidation (Lovley, 2006).

The temporal decoupling of electron donor oxidation
and TEA reduction observed not only supports the conclu-

© 2013 John Wiley & Sons Ltd



sion that Fe(III) reduction by D. reducens is not a respira-
tory process, but it also suggests electron storage. In order
for the electrons to be slowly released to Fe(III) even after
clectron donor depletion, they must be stored within a
molecule acting as a capacitor. The concept that bacterial
cells may oxidize an available electron donor, accumulating
electrons for later release to an electron acceptor has been
proposed previously for G. sulfurreducens and S. oneidensis
(Esteve-Nunez et al., 2008; Schuetz et al., 2009; Bonanni
et al., 2012). In contrast to Geobacter sp. and Shewanelln
sp., however, D. reducens is unlikely to use c-type cyto-
chromes as electron capacitors, as they are not upregulated
during Fe(III) reduction (as described in detail below). The
capacitor could be a compound accumulated extracellularly
such as H; or formate. Other plausible candidates are intra-
cellular molecules (e.g., storage polymers, ferrodoxin,
NADH, quinones). Very low concentrations of formate
were detected in the reduction medium (Fig. 1A,B), and it
was found not to be a suitable electron donor for Fe(III)
reduction by D. reducens (Fig. S1b), excluding it from play-
ing a significant part in Fe(III) reduction. H, accumulates
significantly in the system; however, if it were the capacitor
providing the electrons for Fe(III)-reduction, its concentra-
tion would be expected to decrease over time, which is not
the case. Furthermore, we performed a separate experiment
to test the effect of substituting the H,-rich headspace of
an HFO-reducing, pyruvate-fermenting culture with sterile
N,. We found that removing H, did not affect the reducing
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Fig. 3 Pyruvate (crosses) concentration in a serum bottle containing a
fermenting culture (in the absence of Fe(lll)) and effect of the replacement
of all H, (diamonds) accumulated in the headspace by N, (at 5 days):
pyruvate consumption resumes and fresh H; is released in the headspace.
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activity of the culture, proving that electrons are not stored
in H, (Fig. S3) and that electron transfer from the cells to
the TEA does not include an intermediate H, step. Having
excluded the most likely candidates for the role of capaci-
tor, we propose that it must be an intracellular molecule.
Microscopy observations show that during stationary phase,
the cell morphology of D. reducens evolves from rod-
shaped to round bodies (that are not spores) (Fig. S$4),
within which dark regions are visible. We hypothesize that
these may be reduced carbon species, by analogy to other
several sulfate-reducing bacteria, for example, Desulfovibrio
spp, (Fareleira ez al, 1997), Desulfobulbus propionicus
(Stams ez al., 1983), Desulfonema magnum (Hai et al.,
2004), that are known to accumulate storage polymers
(e.g., polyglucose (PG), polyhydroxybutyrate (PHB), gly-
cogen) in the presence of excess energy or carbon source,
when other growth conditions are restrictive (Preiss, 1984;
Fareleira et al., 1997). PG was also shown to serve as a
source of electrons for sulfate reduction in Desulfovibrio
and Desulfobulbus spp. (Stams et al., 1983). Figure S5
shows that, indeed, the round bodies store clectrons and
are capable of transferring them to Fe(III)-citrate.

During pyruvate fermentation, about 8.1 mm of elec-
trons are unaccounted for if one considers the consump-
tion of pyruvate and the production of acetate, butyrate,
formate, H, and biomass. In the presence of Fe(III)-cit-
rate and of HFO, about 8.5 and 9.2 mMm of electrons are
unaccounted for, respectively. Carbon balance calculations,
presented in Table 1, indicate that there is excess carbon
in all cases. However, only in one instance is there suffi-
cient excess carbon to store all the unassigned electrons.
Indeed, in the case of Fe(III)-citrate — containing the high-
est carbon excess — , there is 15.5 mm of C that could rep-
resent a storage compound. If we consider PHB as a
possible compound, it can store 2¢” per molecule —
7.75 mMm ¢~ in total, in our system — and thus comes close
to representing a sink for all the unassigned electrons
(corresponding to 8.5 mm). Thus, it is possible that
reduced polymers (such as polyhydroxybutyrate, PHB)
could be synthesized and could serve as a source of elec-
trons for Fe(III) reduction. However, in the case of HFO
and fermentation alone, there must be another (or several
other) electron storage molecule(s). Potential candidates
are ferredoxin, quinones, and NAD (although the latter is
less likely to be involved as it plays no role in the pathway
of pyruvate fermentation — see pathway in Fig. S6). For
most of these compounds, iron reduction [E¢'(Fe®*/Fe?*)
~ 0-0.4 V, depending on the species: Eq'(Fe(III)-citrate /
Fe?*) ~ 0.37 V, Eo'(Ferrihydrite /Fe?*) ~ 0 V (Thamdrup,

2000), EOI(FC(OH)g/FCZ+) =0.118 V. (Dolfing et al.,
2007)] is thermodynamically favorable [Eo (Fdoy/
Fd,.q) = —0.398 V, Ey' (Ubiquinone/Ubiquinol) = 0.113 V,

Ey’  (Menaquinone,,/Menaquinone,.q) = —0.074 V,  Ey’
(NAD/NADH) = —0.320 V) (Thauer et al., 1977)].
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Table 1 Comparison of carbon and electron balances during pyruvate fermentation in the absence and presence of soluble or solid-phase Fe(lll). This table
shows that there is an abundance of electrons that are unaccounted for in all cases. Based on the C balance, only in the case of Fe(lll) citrate reduction, there

is sufficient excess carbon that could serve as a sink for these electrons

Fermentation

Fermentation + Fe(lll) citrate

Fermentation + HFO

Amount Amount Amount
consumed e donated/ Carbon consumed e donated/ Carbon consumed e donated/ Carbon
or formed accepted content or formed accepted content or formed accepted content
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Pyruvate 8.8 17.7 26.5 15.2 30.3 455 13.4 26.8 40.2
Acetate 8.0 16.0 9.7 19.3 11.2 22.5
Hy 4.0 7.9 5.7 1.5 4.8 9.6
Butyrate 0.1 0.6 0.6 0.6 2.4 2.4 0.7 29 29
Formate 0.6 1.1 0.6 0.6 1.2 0.6 0.6 1.2 0.6
CO, 7.4 7.4 6.0 6.0 6.5 6.5
Fe(ll) - 6.7 6.7 3.9 3.9
Biomass* 1.60 1.74 1.62
Balance 8.1 0.40 85 15.5 9.2 2.8

*This value was estimated from cell count, and a C cell content of 2.4e-13 g per cell [intermediate value among the wide range reported in literature

(Fagerbakke et al. (1996) and Fukuda et al. (1998)].

D. reducens can reduce HFO without direct contact

With the goal of testing the requirement for direct contact
with the TEA, we conducted glass-HFO reduction experi-
ments. Figure 4 shows that glass-HFO can be reduced by
the cells at the same rate as directly accessible HFO. An
EDS map of a glass-HFO thin section prior to and after
20 days of incubation is shown in Fig. 5E. Quantitative
analysis of the map determined the concentration of Fe
inside the beads, relative to SiO,, to be ~0.2 and 0.1
atomic mass % before and after incubation, respectively.
This is consistent with the fact that a significant fraction of
the reduced HFO in the glass particles was soluble
(1.4 mMm of 2 mm) and thus lost from the solid phase.
SEM observations of glass-HFO and elemental microanaly-
sis (Fig. S7) prior to reduction experiments showed that
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Fig. 4 Fe(ll) build up over time as a result of glass-HFO (diamonds) and
suspended HFO (circles) reduction by D. reducens.

small amounts of Fe(III) not removed from the washing
treatments are present on the outer surface of the particles.
However, surface Fe(III) is unlikely to account for the
total content measured by ICP-OES: 7.2 mg Fe g™ ! parti-
cle. This is confirmed by STEM observations and EDS
mapping of thin sections of these particles showing iron to
be also distributed within the ~50 nm pores (Fig. 5A,B
and C), thus inaccessible to cells by direct physical contact.
Therefore, the ability to reduce glass-HFO suggests that
Fe(III) — in particular HFO — reduction by D. reducens
with pyruvate as electron donor entails mediation by a
soluble electron carrier.

A reduced soluble compound is present in the spent
medium of cultures fermenting pyruvate

AQDS was used as a TEA to test for the presence of
soluble reduced compounds in spent HFO reduction
medium. A sample from the HFO-growing culture was
filter-sterilized at inoculation time (i.e., prior to the onset
of HFO reduction), and another sample collected and
filter-sterilized while HFO reduction was underway. Both
samples were amended with 1 mm AQDS. After 48 h,
measurement of residual AQDS revealed that 40% of the
AQDS had been reduced to AH,DS in the medium col-
lected when HFO reduction was ongoing, while none was
reduced in the medium collected before cells started grow-
ing and reducing HFO. This result suggests that a reduced
compound, potentially involved in Fe(III) reduction, is
released into the medium by the cells during HFO reduc-
tion with pyruvate as an electron donor.

Filter-sterilized spent medium from a culture grown fer-
mentatively in the absence of Fe(III) was also amended
with AQDS. Consistently with the HFO spent medium,

© 2013 John Wiley & Sons Ltd
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Fig. 5 STEM images (A and D) and EDS map of Si and Fe (B,C and E) of glass-HFO particles incubated with (D and E) and without (A,B and C) cells. In each
map the direction from the surface towards the inside of the glass particle is indicated by an arrow. The fraction of Fe relative to SiO, obtained from EDS
quantitative analysis is 0.2% for (B) and (C), and 0.1% for (E). Yellow represents Fe and blue Si.

the fermentation medium reduced AQDS by about 30% in
3 days, with a total of 0.54 mm electrons transferred
(0.27 mm of AQDS was reduced), indicating that the
reduced soluble compound is released during pyruvate
fermentation and not only in the presence of HFO.
Additionally, we aimed at probing whether the soluble
compound is secreted in sufficient amount during pyruvate
oxidation to account for all the Fe(III) reduction observed
or whether it is replenished by the cells. To probe this
question, we used cell-free fermentation spent medium and
found that Fe(III) was reduced to a much lesser extent

© 2013 John Wiley & Sons Ltd

than AQDS: only 0.17 mm electrons were transferred
without further reduction even after a month (Fig. S8).
The limited efficacy of the fermentation spent
medium, and presumably of the soluble compound, to
reduce Fe(III) as compared to AQDS (Fig. S8) suggests
that the electron shuttle is limited in quantity. Replenish-
ment of the soluble compound by the cells could be
achieved via redox cycling of the carrier or continuous
release of its reduced form.

We probed the potential role of SO2~ as an electron
shuttle, because D. reducens is a sulfate-reducing bacte-
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rium, and trace amounts of this anion are present in the
TE and YE. Sulfide produced by sulfate reduction could
abiotically reduce Fe(III) and cycle back through sulfate
reduction. If this were true, catalytic amounts of sulfate
would be responsible for Fe(III) reduction. Because of the
fastidiousness of MI-1 (see Fig. §9), we could not directly
use WLP depleted of trace elements and yeast extract
(likely to contain some sulfate), so instead we used, as an
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Fe(III)-reduction medium, cell-free spent fermentation
medium stripped of $>~ by precipitation as FeS. Fe(III)-
citrate reduction tests by D. reducens were carried out in
unmodified spent fermentation medium, spent fermenta-
tion medium stripped of $?7, and fresh WLP medium
(Fig. S10). The reduction curves in the three cases overlap
almost perfectly, indicating that removing the sulfide from
the system does not impact Fe(IIT) reduction and thus that
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Fig. 6 (A) HPLC chromatograms of: a mix of FAD, FMN and RF standards (red curve), fresh WLP medium (blue curve), and filtered growth medium at 40 h
of incubation (black curve). (B) Concentration of total flavins over time during fermentation in the presence (triangles) and absence (squares) of HFO, and
growth curve for the culture without Fe(lll) (diamonds). (C) Fe(ll) accumulation due to HFO reduction by pyruvate fermentation cultures amended with O pm
(diamonds), 1 pm (circles), and 10 pum (squares) of RF. (D) UV-VIS spectra of filtered spent growth medium from an HFO reducing culture spiked with 10 pm
RF, measured anoxically (dashed curve) and after oxidation of the same sample (bold curve); the two arrows indicate the positions of the characteristic peaks
of oxidized flavins (Macheroux, 1999). The appearance of diffuse peaks after oxidation clearly indicates the presence of flavins in the sample, present in their

reduced form prior to oxidation.
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the small amount of SO~ present in the complete WLP
medium does not play a significant role in Fe(III)-reduc-
tion by D. reducens.

As flavins have been reported to act as the electron shut-
tles for Fe(III) reduction carried out by S. oneidensis (von
Canstein et al., 2008; Marsili ez al., 2008), we performed
a bulk spectrofluorometric measurement of cell-free spent
fermentation medium to test for their presence. We found
that after 24 h of growth, they are present at a concentra-
tion of approximately 170 nm. In order to verify that the
fluorescing compound was indeed a flavin, and to identify
its composition (whether RE, FMN or FAD), we analyzed
the sample by HPLC. We found that a small FAD peak is
present in the background (fresh WLP medium) but does
not increase with cell growth. Conversely, FMN and RF,
which are absent in fresh WLP medium, build up in the
medium during cell growth (Fig. 6A), with RF represent-
ing 93% of the secreted flavin. To verify that flavins are
present in the spent growth medium as a result of active
release into the medium rather than cell lysis, we moni-
tored their concentration over time by spectrofluorometry.
We found that the flavin concentration curve follows the
growth curve and that flavins are secreted by D. reducens
during pyruvate fermentation regardless of the presence of
Fe(III) in the system (Fig. 6B). Interestingly, the maxi-
mum concentration of flavins (i.e., 350 nm) measured in
solution was found to be comparable with the amounts of
extracellular flavins secreted by S. oneidensis MR-1 (i.e.,
700 nm according to von Canstein er al, 2008, 250-
500 nm according to Marsili e al., 2008) for solid-phase
Fe(III) reduction.

Based on these observations, we suggest that flavins
released from the cells as metabolites of pyruvate fermenta-
tion could act as electron carriers for Fe(III) reduction in
D. reducens. To further validate this hypothesis, we com-
pared the HFO reduction rate in the absence and in the
presence of added RF (1 and 10 pum) and found that,
indeed, spiking the culture with additional RF increases
the rate of reduction (Fig. 6C). In addition, the UV-VIS
spectrum of spent WLP medium during HFO reduction in
the presence of 10 um RF shows that the RF is reduced
(Fig. 6D), proving that D. reducens is capable of reducing
this compound.

Overall, we show, for the first time, that a Gram-positive
bacterium is able to carry out solid-phase electron acceptor
reduction through the intermediate of an endogenous sol-
uble electron carrier, namely RF (and small amounts of
FMN). Oxidized endogenous electron carrier is replen-
ished by the cells by re-reduction and, during growth,
de-novo secretion. Previous reports of solid-phase reduction
by Gram-positive bacteria involving electron carriers only
included exogenous molecules such as AQDS or an
exudate from a Gram-negative bacterium (Milliken & May,
2007; Pham et al., 2008).

© 2013 John Wiley & Sons Ltd
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Fig. 7 Expression of the two c-type cytochromes encoded in the genome
of D. reducens, NrfA and NrfH. (A) Electrophoresis gel showing the product
of RT-PCR for nrfA and nrfH: from left to right in duplicate lanes: pyruvate
fermentation, Fe(lll)-citrate reduction, fermenting culture amended with
iron at mid exponential growth phase. (B) and (C) SDS-PAGE gels stained
with Coomassie-blue or TMBZ, respectively, of total protein extract from
cultures under two different conditions; the tested conditions, each in dupli-
cate lanes, are: pyruvate fermentation amended with Fe(lll)-citrate at mid
exponential growth phase and pyruvate fermentation. The bands reacting
with the heme-stain in the fermentation amended with Fe(lll) sample do
not correspond to the predicted sizes for NrfA or NrfH, 48 kDa and 17
kDa, respectively.

Investigation of the involvement of c-type cytochromes in
Fe(lll) reduction by D. reducens

The necessary involvement of cells for Fe(III)-reduction to
proceed implies an enzymatic step that allows the transfer
of electrons from the capacitor to the carrier and potentially
directly to soluble Fe(III)-citrate. In all the Gram-negative
bacteria whose mechanism of Fe(III) reduction has been
investigated and described, including the cases that involve
electron shuttles and capacitors (von Canstein ez al., 2008;
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Table 2 qRT-PCR results: comparative expression of nrfA and nrfH relative
to 16S rRNA under different conditions (2-2%) and relative to fermentation
(2—AAC¢)

nrfA nrfH
Conditions 274G 2-AAG 274G 2-AAC
Fermentation 1.2E-04 1.0E+00 2.4E-05 1.0E+00
Fermentation + Fe(lll) 9.0E-05 7.6E-01 1.6E-05 6.8E-01
Fe(lll)-citrate + pyruvate 2.8E-06 2.4E-02 5.4E-07 2.3E-02

Esteve-Nunez et al., 2008; Marsili et al., 2008; Schuetz
et al., 2009; Bonanni ez al., 2012), multiheme ¢-type cyto-
chromes play a seminal role in the process (Shi et al.,
2007). Their key role was, in most cases, proven by dele-
tion mutagenesis (Myers & Myers, 1997; Leang et al.,
2003; Lloyd et al, 2003; Mechta e al, 2005; Bucking
et al., 2010; Coursolle & Gralnick, 2012). We performed
gene expression and proteomic experiments to probe the
involvement of ¢-type cytochromes in Fe(III) reduction by
D. reducens, although the lack of genetic system for this
micro-organism did not allow genetic confirmation. Our
targets were the only two genes present in the genome of
strain MI-1 that encode for proteins containing binding
domains for heme ¢ (CXXCH): nrfH and n7fA (Junier
et al., 2010). NrfH and NrfA are predicted to be tetraheme
cytochromes. RT-PCR carried out with D. reducens-specific
primers for n7fH and z7fA and showed that the target
genes appear to be downregulated during Fe(III)-citrate
reduction as compared to fermentation (Fig. 7A). A very
weak band is visible for one of the Fe(III)-citrate reduction
duplicate samples. Weak bands are also detectable for nrfA
in the case of Fe(III) reduction. In contrast, the bands for
both genes are significantly more pronounced under fer-
mentation conditions, although the n7fH band appears
slightly weaker. QRT-PCR was performed to confirm these
results quantitatively (Table 2). The results obtained with
this method were consistent with the visual results of the
RT-PCR electrophoresis gel: the expression level of nrfA
and n7fH relative to 16S rRNA (274%) is approximately
two orders of magnitude lower during Fe(III) reduction
than during fermentation.

With the goal of further validating these expression data,
which point to the lack of involvement of c-type cyto-
chromes in Fe(III) reduction by D. reducens with pyruvate
as an clectron donor, we conducted SDS-PAGE with total
protein extracts from cells fermenting pyruvate or reducing
Fe(III)-citrate, which was added to a mid-exponential fer-
mentation culture. Several bands reacting to the peroxi-
dase-specific stain are visible for the fermentation culture
amended with Fe(IIT) (Fig. 7C); however, the positions of
these bands (~27-20 kDa) do not correspond to the pre-
dicted sizes for ecither NrfA or NrfH, 48 and 17 kDa,
respectively. The lane corresponding to the fermentation
sample exhibits weak staining at the upper edge of the gel,

suggesting that a peroxidase-type protein may not have
migrated very far into the gel. Because NrfA and NrfH are
predicted to form a transmembrane complex, based on the
presence of transmembrane helices in the amino acid
sequence, we considered it possible that the peroxidase-
staining and non-migrating band in the fermentation
sample lane could be a membrane complex containing
NrfA or NrfH, or both. Therefore, we excised this band,
as well as the peroxidase-reacting bands in the fermenta-
tion amended with Fe(III) sample, and analyzed them by
LC-MS/MS to search for peptides forming significant cov-
erage of the sequence of NrfH or NrfA (Table S1). We
were unable to find any peptides belonging to c-type cyto-
chromes or to identify the protein(s) with known peroxi-
dase activity in any of the bands.

We conclude that, in contrast to Gram-negative IRB,
there is no evidence for the involvement of c-type cyto-
chromes in Fe(III) reduction by D. reducens. Interestingly,
no ¢-type cytochrome nor orthologs of n7fA or nrfH were
identified in the draft genome sequence of Desulfotomacu-
lum hydrothermale Lam5T, also reported to be capable of
reducing Fe(III) with pyruvate as the electron donor
(Haouari et al., 2008; Amin ez al., 2013).

SUMMARY

In this work, we showed that D. reducens MI-1, a Gram-
positive, sulfate-reducing bacterium, is capable of reducing

Acetate + CO, + ATP

Fig. 8 Schematic of the proposed mechanism of Fe(lll) reduction during
pyruvate fermentation. During fermentation in the absence of Fe(lll), the
reduced ferredoxin releases electrons onto protons (pathway A), reducing
them to H, until this reaction becomes unfavorable. At this point, some
electrons can be stored in polymeric storages (e.g., PHB) or in other redox
active molecules (e.g., ferredoxin, NAD, quinones) (pathway C). When
Fe(lll) is present, the reduced Fd can transfer electrons to a soluble electron
carrier, likely to be flavins (pathway B), which in turn reduces Fe(lll). Also,
under these conditions the electron capacitor can return electrons to the Fd
(pathway D), allowing for additional Fe(lll) reduction.

© 2013 John Wiley & Sons Ltd



both soluble and insoluble Fe(III) during pyruvate fermen-
tation. Despite the fact that this micro-organism does not
respire iron under these conditions, and thus does not
directly conserve energy from the reduction, it does gain
some benefit from the presence of Fe(IIl): the transfer of
electrons to Fe(III) allows the bacterium to proceed with
pyruvate oxidation even if the accumulation of H, pre-
cludes further reduction in the traditional electron sink,
protons. The reduction of Fe(III) involves the storage of
electrons, allowing Fe(III) reduction even after the deple-
tion of the electron donor. Electrons are transferred from
this capacitor to a soluble carrier (RF and FMN), which is
released into the growth medium and, in turn, reduces
Fe(III). It is unclear how the reduction of the carrier by
the electron capacitor ensues and what enzyme(s) mediate(s)
this reaction. However, we have shown that the involve-
ment of ¢-type cytochromes is unlikely. A schematic of the
reduction mechanism that we propose is depicted in
Fig. 8. This is the first time a Gram-positive bacterium has
been shown to carry out solid-phase reduction using an
endogenous soluble electron carrier.

These findings have important ecological implications, as
they suggest that some Gram-positive bacteria may partici-
pate in iron cycling in non-sulfidogenic environments
despite the absence of a traditional iron respiration path-
way. Soluble electron carriers could be released through
fermentative processes and slowly consume the pool of
bioavailable Fe(III). In effect, environments considered
inhospitable to Gram-negative IRB could still be experi-
encing significant Fe cycling by this type of mechanism,
which is mediated by Gram-positive bacteria better adapted
to harsh environments.

ACKNOWLEDGMENTS

This work was supported by the Swiss National Science
Foundation Grants # 315230_127546/1 and 315230_
146568. The authors would like to acknowledge Prof.
P.A. Buffat for his help in the EDS data processing,
D. Grandjean for his assistance with HPLC measurements,
and three anonymous reviewers of this paper for their
constructive input.

REFERENCES

Amin O, Fardeau M-L, Valette O, Hirschler-Réa A, Barbe V,
Meédigue C, Vacherie B, Ollivier B, Bertin PN, Dolla A (2013)
Genome sequence of the sulfate-reducing bacterium
Desulfotomaculum hydrothermale Lam5". Genome
Announcements 1, 1-2.

Bernier-Latmani R, Veeramani H, Dalla Vecchia E, Junier P,
Lezama-Pacheco JS, Suvorova EI, Sharp JO, Wigginton NS,
Bargar JR (2010) Non-uraninite products of microbial
U(VI) reduction. Environmental Science & Technology 44,
9456-9462.

© 2013 John Wiley & Sons Ltd

Fe(lll) reduction by Desulfotomaculum reducens 59

Bonanni PS, Schrott GD, Robuschi L, Busalmen JP (2012)
Charge accumulation and electron transfer kinetics in Geobacter
sulfurreducens biofilms. Energy & Environmental Science 5,
6188-6195.

Bucking C, Popp F, Kerzenmacher S, Gescher J (2010)
Involvement and specificity of Shewanella oneidensis outer
membrane cytochromes in the reduction of soluble and solid-
phase terminal electron acceptors. FEMS Microbiology Letters
306, 144-151.

Burkhardt EM, Bischoff' S, Akob DM, Buchel G, Kusel K (2011)
Heavy metal tolerance of Fe(III)-reducing microbial
communities in contaminated creek bank soils. Applied and
Environmental Microbiology 77, 3132-3136.

Canfield DE, Jorgensen BB, Fossing H, Glud R, Gundersen J,
Ramsing NB, Thamdrup B, Hansen JW, Nielsen LP, Hall POJ
(1993) Pathways of organic-carbon oxidation in 3 continental-
margin sediments. Marine Geology 113, 27—40.

von Canstein H, Ogawa J, Shimizu S, Lloyd JR (2008) Secretion
of flavins by Shewanella species and their role in extracellular
electron transter. Applied and Environmental Microbiology 74,
615-623.

Capo-chichi CD, Guéant JL, Feillet F, Namour F, Vidailhed M
(2000) Analysis of riboflavin and riboflavin cofactor levels in
plasma by high-performance liquid chromatography. Journal of
Chromatography B: Biomedical Sciences and Applications 739,
219-224.

Carlson HK, Iavarone AT, Gorur A, Yeo BS, Tran R, Melnyk RA,
Mathies RA, Auer M, Coates JD (2012) Surface multiheme ¢-
type cytochromes from Thermincola potens and implications for
respiratory metal reduction by Gram-positive bacteria.
Proceedings of the National Academy of Sciences of the United
States of America, 109, 1702-1707.

Coursolle D, Gralnick JA (2012) Reconstruction of extracellular
respiratory pathways for iron(III) reduction in Shewanelln
oneidensis strain MR-1. Frontiers in Microbiology 3, 1-11.

Deneer HG, Healey V, Boychuk I (1995) Reduction of
exogenous ferric iron by a surface-associated ferric reductase of
Listerin spp. Microbiology-UK 141, 1985-1992.

Dolfing J, van Ecker M, Seech A, Vogan J, Mueller J (2007) In
situ chemical reduction (ISCR) technologies: significance of low
Eh reactions. Soil & Sediment Contamination 17, 63-74.

Ehrlich HL, Newman DK (2009) Iron(III) as terminal electron
acceptor in bacterial respiration. In Geomicrobiology (ed. Ehrlich
HL). CRC Press, Boca Raton, FL, pp. 304-315

Emmerich M, Bhansali A, Losekann-Behrens T, Schroder C,
Kappler A, Behrens S (2012) Abundance, distribution, and
activity of Fe(II)-oxidizing and Fe(III)-reducing
microorganisms in hypersaline sediments of Lake Kasin,
Southern Russia. Applied and Environmental Microbiology 78,
4386—4399.

Esteve-Nunez A, Sosnik J, Visconti P, Lovley DR (2008)
Fluorescent properties of c-type cytochromes reveal their
potential role as an extracytoplasmic electron sink in Geobacter
sulfurreducens. Environmental Microbiology 10, 497-505.

Fagerbakke KM, Heldal M, Norland S (1996) Content of carbon,
nitrogen, oxygen, sulfur and phosphorus in native aquatic and
cultured bacteria. Aquatic Microbial Ecology 10, 15-27.

Fareleira P, Legall ], Xavier AV, Santos H (1997) Pathways for
utilization of carbon reserves in Desulfovibrio gigas under
fermentative and respiratory conditions. Journal of Bacteriology
179, 3972-3980.

Frankel RB, Bazylinski DA (2003) Biologically induced
mineralization by bacteria. Reviewes in Mineralogy and
Geochemistry 54, 95-114.



60 E. DALLA VECCHIA et al.

Fredrickson JK, Zachara JM, Kennedy DW, Dong HL, Onstott
TC, Hinman NW, Li SM (1998) Biogenic iron mineralization
accompanying the dissimilatory reduction of hydrous ferric
oxide by a groundwater bacterium. Geochimica et Cosmochimico
Actn 62, 3239-3257.

Fukuda R, Ogawa H, Nagata T, Koike I (1998) Direct
determination of carbon and nitrogen contents of natural
bacterial assemblages in marine environments. Applied and
Envivonmental Microbiology 64, 3352-3358.

Gorby YA, Yanina S, McLean JS, Rosso KM, Moyles D,
Dohnalkova A, Beveridge TJ, Chang IS, Kim BH, Kim KS§,
Culley DE, Reed SB, Romine MEF, Saftarini DA, Hill EA, Shi L,
Elias DA, Kennedy DW, Pinchuk G, Watanabe K, Ishii S, Logan
B, Nealson KH, Fredrickson JK (2006) Electrically conductive
bacterial nanowires produced by Shewancella oneidensis strain
MR-1 and other microorganisms. Proceedings of the National
Academy of Sciences of the United States of America 103,
11358-11363.

Gralnick JA, Newman DK (2007) Extracellular respiration.
Molecular Microbiology 65, 1-11.

Hai T, Lange D, Rabus R, Steinbiichel A (2004)
Polyhydroxyalkanoate (PHA) accumulation in sulfate-reducing
bacteria and identification of a class III PHA synthase (PhaEC)
in Desulfococcus multivorans. Applied and Envivonmentol
Microbiology 70, 4440-44438.

Haouari O, Fardeau M-L, Cayol J-L, Casiot C, Elbaz-Poulichet F,
Hamdi M, Joseph M, Ollivier B (2008) Desulfotomaculum
hydrothermale sp. nov., a thermophilic sulfate-reducing
bacterium isolated from a terrestrial Tunisian hot spring.
International Journal of Systematic and Evolutionary
Microbiology 58, 2529-2535.

Inoue K, Leang C, Franks AE, Woodard TL, Nevin KP, Lovley
DR (2011) Specific localization of the ¢-type cytochrome OmcZ
at the anode surface in current-producing biofilms of Geobacter
sulfurreduncens. Environmental Microbiology Reports, 3, 211-217.

Junier P, Junier T, Podell S, Sims DR, Detter JC, Lykidis A, Han
CS, Wigginton NS, Gaasterland T, Bernier-Latmani R (2010)
The genome of the Gram-positive metal- and sulfate-reducing
bacterium Desulfotomaculum reducens strain MI-1.
Environmental Microbiology 12, 2738-2754.

Leang C, Coppi MV, Lovley DR (2003) OmcB, a c-type
polyheme cytochrome, involved in Fe(III) reduction in
Geobacter sulfurreducens. Journal of Bacteriology 185, 2096—
2103.

Lies DP, Hernandez ME, Kappler A, Miclke RE, Gralnick JA,
Newman DK (2005) Shewanella oneidensis MR-1 uses
overlapping pathways for iron reduction at a distance and by
direct contact under conditions relevant for biofilms. Applied
and Environmental Microbiology 71, 4414-4426.

Lin B, Hyacinthe C, Bonneville S, Braster M, Van Cappellen P,
Roéling WEM (2007) Phylogenetic and physiological diversity of
dissimilatory ferric iron reducers in sediments of the polluted
Scheldt estuary, Northwest Europe. Environmental Microbiology
9, 1956-1968.

Lloyd JR, Leang C, Myerson ALH, Coppi MV, Cuifo S, Methe B,
Sandler SJ, Lovley DR (2003) Biochemical and genetic
characterization of PpcA, a periplasmic ¢-type cytochrome in
Geobacter sulfurreducens. Biochemical Journal 369, 153-161.

Lovley DR (1991) Dissimilatory Fe(III) and Mn(IV) reduction.
Microbiological Reviews 55, 259-287.

Lovley DR (2006) Dissimilatory Fe(III)- and Mn(IV)-Reducing
Prokaryotes. In Prokaryotes — 2, 3rd edn. (eds Rosenberg E,
Stackebrandt E, Thompson F, Lory S, DeLong E). Springer-
Verlag, Berlin Heidelberg.

Lovley DR, Phillips EJP (1986) Organic-matter mineralization
with reduction of ferric iron in anaerobic sediments. Applied
and Environmental Microbiology 51, 683-689.

Lovley DR, Phillips EJ (1988) Novel mode of microbial energy
metabolism: organic carbon oxidation coupled to dissimilatory
reduction of iron or manganese. Applied and Environmental
Microbiology 54, 1472-1480.

Lower SK, Hochella MF, Beveridge TJ (2001) Bacterial
recognition of mineral surfaces: nanoscale interactions between
Shewanelln and alpha-FeOOH. Science 292, 1360-1363.

Macheroux P (1999) UV-visible spectroscopy as a tool to study
flavoproteins. In Flavoprotein Protocols (ed. Chapman SK, Reid
GA). Humana Press, New York, pp. 1-7.

Marshall CW, May HD (2009) Electrochemical evidence of direct
electrode reduction by a thermophilic Gram-positive bacterium,
Thermincola ferrvincetica. Energy & Environmental Science 2,
699-705.

Marsili E, Baron DB, Shikhare ID, Coursolle D, Gralnick JA, Bond
DR (2008) Shewanelln secretes flavins that mediate extracellular
clectron transfer. Proceedings of the National Academy of Sciences
of the United States of America 105, 3968-3973.

Mehta T, Coppi MV, Childers SE, Lovley DR (2005) Outer
membrane ¢-type cytochromes required for Fe(III) and Mn(IV)
oxide reduction in Geobacter sulfurreducens. Applied and
Environmental Microbiology 71, 8634-8641.

Milliken CE, May HD (2007) Sustained generation of electricity
by the spore-forming, Gram-positive, Desulfitobacterinm
hafniense strain DCB2. Applied Microbiology and Biotechnology
73, 1180-1189.

Myers CR, Myers JM (1997) Cloning and sequence of cymA a
gene encoding a tetraheme cytochrome ¢ required for reduction
of iron(III), fumarate, and nitrate by Shewanella putrefaciens
MR-1. Journal of Bacteriology 179, 1143-1152.

Myers CR, Nealson KH (1988) Bacterial manganese reduction
and growth with manganese oxide as the sole electron acceptor.
Science 240, 1319-1321.

Nepomnyashaya YN, Slobodkina GB, Kolganova TV, Bonch-
Osmolovskaya EA, Netrusov Al, Slobodkin AI (2010)
Phylogenetic composition of enrichment cultures of
thermophilic prokaryotes reducing poorly crystalline Fe(III)
oxide with and without direct contact between the cells and
mineral. Microbiology 79, 663-671.

van Niel EWJ, Claassen PAM, Stams AJM (2003) Substrate and
product inhibition of hydrogen production by the extreme
thermophile, Caldicellulosivuptor saccharolyticus. Biotechnology
and Bioengineering 81, 255-262.

Pham TH, Boon N, Aelterman P, Clauwaert P, De
Schamphelaire L, Vanhaecke L, De Maeyer K, Hofte M,
Verstracte W, Rabaey K (2008) Metabolites produced by
Psendomonas sp. enable a Gram-positive bacterium to achieve
extracellular electron transfer. Applied Microbiology and
Biotechnology 77, 1119-1129.

Preiss J (1984 ) Bacterial glycogen synthesis and its regulation.
Annual Reviews of Microbiology 38, 419-548.

Reguera G, Mccarthy KD, Mehta T, Nicoll JS, Tuominen MT,
Lovley DR (2005) Extracellular electron transfer via microbial
nanowires. Nature 435, 1098-1101.

Schifer T, Schonheit P (1991) Pyruvate metabolism of the
hyperthermophilic Archaebacterium Pyrococcus furiosus. Archives
of Microbiology 155, 366-377.

Schroder I, Johnson E, De Vries S (2003) Microbial ferric iron
reductases. FEMS Microbiology Reviews 27, 427-447.

Schuetz B, Schicklberger M, Kuermann J, Spormann AM,
Gescher J (2009) Periplasmic electron transfer via the

© 2013 John Wiley & Sons Ltd



c-type cytochromes MtrA and FccA of Shewanelln oneidensis MR-
1. Applied and Envivonmental Microbiology 75, 7789-7796.

Sharp JO, Lezama-Pacheco JS, Schofield EJ, Junier P, Ulrich KU,
Chinni S, Veeramani H, Margot-Roquier C, Webb SM, Tebo
BM, Giammar DE, Bargar JR, Bernier-Latmani R (2011)
Uranium speciation and stability after reductive immobilization
in aquifer sediments. Geochimica et Cosmochimica Acta 75,
6497-6510.

Shi L, Squier TC, Zachara JM, Fredrickson JK (2007) Respiration
of metal (hydr)oxides by Shewanelln and Geobacter: a key role
for multihaem ¢-type cytochromes. Moleculnr Microbiology 65,
12-20.

Shi LA, Richardson DJ, Wang ZM, Kerisit SN, Rosso KM,
Zachara JM, Fredrickson JK (2009) The roles of outer
membrane cytochromes of Shewanelln and Geobacter in
extracellular electron transfer. Environmental Microbiology
Reports 1, 220-227.

Stadelmann P (2012) The Java Electron Microscopy Software
(JEMS) (Interdisciplinary Centre for Electron Microscopy,
Lausanne, Switzerland). Available at: http://cimewww.epfl.ch/
people/stadelmann/jemswebsite /jems.html.

Stams FJM, Veenhuis M, Weenk GH, Hansen TA (1983)
Occurrence of polyglucose as a storage polymer in Desulfovibrio
species and Desulfobulbus propionicus. Archives in Microbiology
136, 54-59.

Tebo BM, Obraztsova AY (1998) Sulfate-reducing bacterium
grows with Cr(VI), U(VI), Mn(IV), and Fe(III) as electron
acceptors. FEMS Microbiolggy Letters 162, 193-198.

Thamdrup B (2000) Bacterial manganese and iron reduction in
aquatic sediments. In Advances in Microbial Ecology (ed Schink
B). Kluwer Academic/Plenum Publishers, New York, pp. 41-84.

Thauer RK, Jungermann K, Decker K (1977) Energy conservation
in chemotrophic anaerobic bacteria. Bacteriological Reviews 41,
100-180.

Thomas PE, Ryan D, Levin W (1976) An improved staining
procedure for the detection of the peroxidase activity of
cytochrome P-450 on sodium dodecyl sulfate polyacrylamide
gels. Analytical Biochemistry 75, 168-176.

Valdez-Vazquez I, Rios-Leal E, Carmona-Martinez A, Munoz-
Pacz KM, Poggi-Varaldo H (2006) Improvement of
biohydrogen production from solid wastes by intermittent
venting and gas flushing of batch reactors headspace.
Environmental Science & Technology 40, 3409-3415.

Weber KA, Achenbach LA, Coates JD (2006) Microorganisms
pumping iron: anaerobic microbial iron oxidation and
reduction. Nature Reviews Microbiology 4, 752—764.

Wrighton KC, Engelbrektson AE, Clark IC, Melnyk RA, Coates
JD (2011a) Accentuate the positive: dissimilatory iron reduction
by Gram-positive bacteria. In Microbial Metal and Metalloid
Metabolism: Advances and Applications (eds Stolz Je, Oremland
Rs). ASM Press, Washington, DC, pp. 173-194.

Wrighton KC, Thrash JC, Melnyk RA, Bigi JP, Byrne-Bailey KG,
Remis JP, Schichnes D, Auer M, Chang C]J, Coates JD (2011b)
Evidence for direct electron transfer by a Gram-positive

© 2013 John Wiley & Sons Ltd

Fe(lll) reduction by Desulfotomaculum reducens 61

bacterium isolated from a microbial fuel cell. Applied and
Environmental Microbiology 77, 7633-7639.

Yerushalmi L, Volesky B, Szczesny T (1985) Effect of increase
hydrogen partial pressure on the acetone-butanol fermentation
by Clostridinm acetobutylicum. Applied Microbiology and
Biotechnology 22, 103-107.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. (a) Cell-free medium (empty circles), lysed (empty triangles), or
killed cells (empty squares) are unable to reduce HFO (at certain time
points the curves are difficult to distinguish because they are overlapping).

Fig. S2. Fe(ll) concentration as a result of Fe(lll) citrate (circles) and HFO
(diamonds) reduction.

Fig. $S3. HFO reduction with pyruvate as electron donor with (filled
diamonds) or without (empty circles) H, in the headspace.

Fig. S4. Light microscope images showing round bodies (left panel), formed
during stationary phase after fermentative growth, and vegetative, expo-
nential phase rod-shaped fermenting D. reducens cells (right panel).

Fig. S5. Fe(ll) build up as a result of reduction of Fe(lll) citrate by D. redu-
cens cells from inoculation (diamonds) and by D. reducens round bodies
(squares).

Fig. S6. Schematic of pyruvate consumption during fermentation.

Fig. S7. Electron micrographs and elemental maps of glass-HFO particle
outer surfaces: (a-c) SEM images showing occasional Fe agglomerates
(black arrows) on the surface of the glass which were not washed away
during the water rinsing; elemental maps showing the distribution of carbon
(e), oxygen (), sodium (g), silica (h), and Fe (i) on the outer surface of the
particle in (d), in particular in correspondence of the visible agglomerate
(black arrow in (d).

Fig. S8. Electrons transferred during the chemical reduction of AQDS to
AH,DS or of Fe(lll)-citrate to Fe(ll) by cell-free spent fermentation medium
at TO (white bars), and after 3 days (gray bars) and 33 days (black bar,
only for Fe(ll)) of incubation.

Fig. S9. (a) HFO reduction in WLP (no yeast extract (YE), trace elements or
vitamins; triangles), and in complete WLP (squares). (b) Pyruvate concen-
tration in the same conditions as (a) and in the absence of HFO, at TO
(black bars) and after 40 h (white bars).

Fig. $10. Fe(lll)-citrate reduction by D. reducens in fresh WLP medium (cir-
cles), spent fermentation medium (diamonds), and spent fermentation med-
jum depleted of S*~ (squares).

Table S1. LC-MS/MS analysis of sections of SDS-PAGE gel of total protein
extract from D. reducens cultures under different conditions: fermentation,
fermentation spiked with Fe(lll) at mid-exponential phase, and Fe(lll)
reduction with lactate as electron donor.



