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ABSTRACT: Redox-active organic molecules such as anthraquinone-2,6-
disulfonate (AQDS) and natural organic matter (NOM) can act as
electron shuttles thus facilitating electron transfer from Fe(III)-reducing
bacteria (FeRB) to terminal electron acceptors such as Fe(III) minerals.
In this research, we examined the length scale over which this electron
shuttling can occur. We present results from agar-solidified experimental
incubations, containing either AQDS or NOM, where FeRB were
physically separated from ferrihydrite or goethite by 2 cm. Iron speciation
and concentration measurements coupled to a diffusion-reaction model
highlighted clearly Fe(III) reduction in the presence of electron shuttles,
independent of the type of FeRB. Based on our fitted model, the rate of
ferrihydrite reduction increased from 0.07 to 0.19 μmol d−1 with a 10-fold
increase in the AQDS concentration, highlighting a dependence of the
reduction rate on the electron-shuttle concentration. To capture the
kinetics of Fe(II) production, the effective AQDS diffusion coefficient had to be increased by a factor of 9.4. Thus, we postulate that
the 2 cm electron transfer was enabled by a combination of AQDS molecular diffusion and an electron hopping contribution from
reduced to oxidized AQDS molecules. Our results demonstrate that AQDS and NOM can drive microbial Fe(III) reduction across 2
cm distances and shed light on the electron transfer process in natural anoxic environments.

■ INTRODUCTION

Fe(III) (oxyhydr)oxides are crucial mineral phases involved in
major biogeochemical cycles in sediments and soils. Under
anoxic conditions, dissimilatory Fe(III)-reducing bacteria
(FeRB) can use Fe(III) minerals as terminal electron acceptors
for respiration.1,2 Microbial reduction of Fe(III) minerals such
as ferrihydrite or goethite results in their dissolution and thus
in the release of sorbed or incorporated compounds such as
arsenic or phosphate. The dissolved Fe(II) produced can
reprecipitate forming new Fe(II)-bearing minerals such as
magnetite, siderite, or vivianite, depending on the rate of
Fe(II) formation, pH, temperature, and the presence of other
geochemical species.3,4 These processes can affect the
environmental fate of toxic metals, radionuclides, and organic
contaminants.5−8

Under neutral pH conditions, Fe(III) minerals exist as
poorly soluble phases that cannot be taken up into cells for
microbial respiration. While microbes can reside directly on
Fe(III) mineral surfaces, they have also adapted strategies to
access solid-phase electrons when separated from the mineral
phase. FeRB can rely on extracellular electron transfer, rather
than direct cell contact, to reduce Fe(III) minerals.9 Different
mechanisms for extracellular electron transfer at nanometer
(nm) to micrometer (μm) separations have been reported.

Among these are the formation of c-type-cytochrome-
containing pili and nanowires,10−13 the excretion of Fe(III)
chelators to induce the solubilization of Fe(III) minerals to use
the dissolved Fe(III) as the electron acceptor,14 electron
hopping via redox-active cofactors that are present in a
biofilm,15 or the usage of electron shuttles between FeRB and
Fe(III) minerals.9

Electron transfer by electron shuttles from FeRB to Fe(III)
minerals involves two reaction steps. First, FeRB donate
electrons to the shuttle, the reduced electron shuttle
subsequently transports the electrons (either by diffusion of
the shuttle or by electron hopping) toward the Fe(III) mineral
where it then transfers electrons abiotically, getting oxidized
and transported back to the FeRB thus resetting the
sequence.16 To be recyclable, the electron shuttle compound
must contain redox-active functional groups, such as a
quinone/hydroquinone moiety. A model quinone compound
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that has been widely used in electron-shuttling studies is
anthraquinone-2,6-disulfonate (AQDS). Additional shuttling
compounds include flavins (excreted by some FeRB),
dissolved and solid-phase humic substances, biochar particles,
and natural organic matter (NOM).17−21 Previous studies
demonstrated that electron shuttling can facilitate microbial
Fe(III) reduction over μm distances.22,23 However, in the
environment, the spatial separation between the FeRB and
Fe(III) minerals can be out of the μm range and whether
electron shuttling can also happen over longer distances, for
example, over centimeters (cm), has remained unknown until
now.
In this study, we incubated the FeRB (Shewanella oneidensis

MR-1 or Geobacter sulfurreducens) separated from Fe(III)
minerals (ferrihydrite or goethite) by 2 cm in the presence of
shuttling compounds. We also collected geochemical data and
coupled them to reactive transport modeling to probe
separation distance, shuttle type, and shuttle concentration as
controls modulating extracellular Fe(III) mineral reduction.
Our findings shed new light on the feasibility and mechanisms
of extracellular electron transfer, as a driver of Fe(III) mineral
reduction, in natural anoxic environments.

■ MATERIALS AND METHODS

Agar-Solidified Reactors. All preparation steps were
performed under sterile conditions. To prepare the shuttling
layer with AQDS or organic matter [OM, including Pahokee
Peat humic acid (PPHA) and Suwannee River NOM
(SRNOM)], the AQDS or OM solutions were added to the
warm autoclaved agar solution (for preparation steps see

Section S1 in the Supporting Information) under vigorous
shaking. A total of 80 mL of the shuttle-agar mix was poured
into a 100 mL bottle in ice water (Figure S1). The Fe(III)
mineral agar ball (preparation see Section S1 in the Supporting
Information) was dropped into the agar when ∼2 cm of the
bottom and the side of the agar in the bottle were solidified,
but the middle part was still liquid, to fix the Fe(III) mineral
agar ball in the center of the agar layer. When the agar was
completely solidified, the headspace of the bottle was flushed
with N2 gas, closed with a rubber stopper and a screw cap to
make it airtight. A suspension of FeRB (1 mL) and 1 mL of the
growth medium, containing either acetate (for G. sulfurredu-
cens) or lactate (for S. oneidensis MR-1) as an electron donor,
were added on top of the agar in the bottle. The cultivation of
FeRB, preparation of cell suspensions and AQDS/OM
solution, and Fe(III) mineral synthesis are described in the
Supporting Information (Sections S2−S4).

Sampling and Geochemical Analyses. Sacrificial sam-
pling was conducted anaerobically by placing triplicate bottles
for each setup into a glovebox (100% N2, with a copper bed for
oxygen removal). The overlaying cell suspensions were
removed with a pipette. A scalpel was used to cut the edge
of the agar until it was small enough to be taken out of the
bottle (Figure 1c). A 10 mL syringe, cut at the top, was used to
collect the solid agar sample (Figure 1c). A 1 mm thick sample
was taken at four different locations from the bottle (Figure
1d), two from the AQDS-/OM-containing shuttling layer, one
that was at the interface with the overlaying cell suspension
(agar rim), and one that was in contact with the Fe(III)
mineral agar ball. Two additional samples were taken from the

Figure 1. Preparation and sampling of agar-solidified electron shuttling experimental setup. (a) Fe(III) mineral agar ball was prepared in a silicone
mould with 1 cm diameter. (b) core was located in the middle of an air-tight 100 mL glass bottle, surrounded by the AQDS- or NOM-containing
shuttling layer. The suspension of Fe(III)-reducing bacteria (FeRB) was added on top of the agar with 2 cm distance from the Fe(III) mineral. The
headspace of all setups was flushed with N2 and the setups were incubated at 30 °C in dark. (c) For sampling, a 1 cm diameter core was taken from
the center of the agar containing the Fe(III) mineral core. (d) Four pieces of agar with an approximate thickness of 1 mm were sampled at different
locations in the core.
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Fe(III) mineral ball, one that was in contact with the AQDS-/
OM-containing shuttling layer (ferrihydrite/goethite rim) and
one from the center of the ball (ferrihydrite/goethite). The
four agar samples were incubated in a 1 M HCl (for
ferrihydrite) or 6 M HCl (for goethite) solution for 1 h. At
the end of the extraction, the agar became colorless, indicating
the complete dissolution of minerals from the agar to the HCl
solution. After 10 min of centrifugation at 13,000 rpm, the
Fe(II) and Fe(III) concentration were quantified using the
spectrophotometric ferrozine assay in a microtiterplate
assay.24−26

Diffusion-Reaction Model. We developed a numerical
model, simulating reaction coupled to diffusive transport in
radial coordinates, to help interpret the measured iron
dynamics in the AQDS incubations with ferrihydrite and S.
oneidensis MR-1. The experimental setup was approximated by
a spherical domain, which we justify by the spherical shape of
the ferrihydrite agar ball. The model considers that iron
geochemistry is driven by abiotic dissimilatory ferrihydrite
reduction via the reduced quinone, AH2QDS and that
AH2QDS is produced via the enzymatically catalyzed oxidation
of lactate to acetate (assumed to only occur at the outer edge
of the domain, where the cells were situated), coupled to
AQDS reduction. The products of ferrihydrite reduction
include aqueous Fe2+ and solid-bound (adsorbed) Fe(II) and
the reduced iron phosphate mineral phase vivianite. We
included the precipitation of vivianite because an immobile
Fe(II) phase, measured in the experiment, accumulated at the
fringe between the ferrihydrite ball and the clean agar. Aqueous
Fe2+ would have otherwise diffused away from the source.
Reactive transport of the dissolved chemical species i within
the spherical domain is described by
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in which Ci [mol L−1] is the dissolved concentration of
compound i, De [m

2 h−1] is the effective diffusion coefficient,
accounting for both molecular diffusion and electron hopping,
Ri [mol L−1 h−1] is the sum of all rates of reactions producing
the chemical species minus those consuming it, and r and t are
the radial distance and time, respectively. For a detailed
description of rate expressions and coefficients that constitute
the term Ri, refer to the Supporting Information (Section S5).
Transport and reaction were solved jointly, in MATLAB, by
applying finite-volume discretization in space and integrating
the nonlinear system of ordinary differential equations via the
ordinary-differential-equation solver ode15s. The model was
fitted to the experimental Fe(II) data using DREAMZS, a
Markov-chain Monte Carlo-based (MCMC) method,27,28

generating parameter distributions, conditioned on the
measurements, and subsequent ranges of conditional param-
eter uncertainty. Model results are presented for the geometric
mean value of the fitted parameter distributions (see the
Supporting Information, Table S2, for calibrated parameter
values and uncertainty ranges). The root mean square error
was <0.67 mM for all AQDS-treatments.

■ RESULTS AND DISCUSSION
AQDS-Mediated Ferrihydrite Reduction. Using an agar-

solidified experimental setup, S. oneidensis MR-1 was spatially
separated from the ferrihydrite-agar ball by 2 cm, with AQDS
in the surrounding agar layer as the electron shuttle (Figure 1).

Figure 2 presents time series of total Fe(II) and Fe(III)
concentrations at different sampling locations (as shown in

Figure 1) in the solid agar matrix for the 0.1 mM AQDS
treatment inoculated with S. oneidensis MR-1. After 5 days of
incubation, the Fe(III) concentration at the rim of the
ferrihydrite sphere decreased from its starting value of 15 to
4 mM (Figure 2b). Concurrently, Fe(II) accumulated directly
outside the ferrihydrite sphere at the sampling location 2 (agar
core) until plateauing at 10.3 mM after 15 days of incubation
(Figure 2a). No accumulation of Fe(II) was measured in the
ferrihydrite core or agar rim (locations 1 and 4). An increase of
Fe(II) concentration up to 3 mM and subsequent decrease to
0 mM was measured at the ferrihydrite rim (location 3), after
15 days of incubation (Figure 2a). We attribute the dynamics
in location 3 to the sorption of Fe(II) onto ferrihydrite, which
over time dissolved and yielded a rerelease of dissolved Fe(II)
with the inward progression of the dissolution front. The
reductive dissolution of the ferrihydrite was observable from

Figure 2. Fe(II) (a) and Fe(III) (b) concentrations measured at four
locations of the agar of the microbial reduction experiment with
ferrihydrite (15 mM) and S. oneidensis MR-1 (108 cells mL−1) in the
presence of 15 mM lactate as electron donor and 0.1 mM AQDS as
electron shuttle. Data are means from triplicate bottles ±standard
deviation. (c) Gradual appearance of yellow color in the AQDS layer
and the disappearance of the ferrihydrite core in the middle,
indicating the progress of microbial Fe(III) reduction over time.
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the color change of the agar (Figure 2c). The Fe(II) produced
from the reduction of Fe(III), at the ferrihydrite rim, diffused
out to the agar core, but did not further diffuse to the agar rim,
instead it accumulated at location 2, the agar core. The
available phosphate (from the phosphate buffer used to
prepare the AQDS and OM solutions) in the agar likely
reacted with the newly reduced Fe(II) to precipitate vivianite,
thus resulting in an immobile solid Fe(II) phase. The
transformation of ferrihydrite to vivianite in the presence of
phosphate buffer has been previously reported in studies with
similar concentrations of OM, phosphate buffer, cells, and
ferrihydrite.29−31

Figure 3 presents a comparison between experimental data
and model-predicted vivianite accumulation, along with the
model-computed cumulative Fe(III) reduction. The good
agreement between the simulated and measured Fe(II)
concentrations supports the inclusion of vivianite precipitation
in the numerical model, which successfully captured the
measured accumulation of an immobile Fe(II) solid phase.
Figure S2 of the Supporting Information presents results of a
model version without vivianite precipitation, which did not
lead to Fe(II) accumulation at location 2 (the agar core),
further supporting the inclusion of an immobile Fe(II) phase
to fit the measured Fe(II) concentrations. Our Fe concen-
tration measurements suggest a slight spatial separation
between the reductive dissolution front at the sampling
location 3 (ferrihydrite rim) and the accumulation of vivianite
at the location 2 (agar core) (Figure 2a,b), while the model
predicts that these would co-occur in closer proximity (data
not shown). We attribute this to be an artifact of our sampling
procedure which was partly driven by visually observing the
boundary of the ferrihydrite-agar ball to the clean agar, and
thus subject to slight spatial bias with the progression of the
dissolution front. The fitted parameter values and their
uncertainty ranges are summarized in the Supporting

Information, Table S2. The MCMC-based calibration
considerably reduced the prior distribution estimates for each
parameter. Briefly, the two parameters controlling the kinetics
of ferrihydrite reduction and lactate oxidation, kfh and klac with
calibrated geometric mean values of 5.4 × 104 L mmol−1 d−1

and 0.11 mmol L−1 d−1, exhibited narrow uncertainty ranges:
3.5−8.4 × 104 L mmol−1 d−1 and 0.08−0.17 mmol L−1 d−1,
respectively. The range of uncertainty for klac lies well within
that of previously reported literature values.32−34 Calibrated
parameters with high uncertainty of estimation corresponded
to half-saturation (Monod) constants (e.g., Klac) and the rate
coefficient for the sorption (ksorb) linear driving force
approximation (eq S5 in the Supporting Information, see
Table S2). Half-saturation coefficients are difficult to constrain
under conditions where their magnitude is smaller than the
concentration range of the substrate. Overall, the parameters
governing reaction kinetics and transport exhibit low
uncertainty of estimation, and the agreement between the
numerical model and the experimental data of all three
treatments supports our conceptual understanding of the
reactive system.
In a recent study, the addition of AQDS enabled the

reduction of the Mn(IV) oxide birnessite over a distance of 40
μm, compared to the successful reduction of Mn(IV) oxides
over 15 μm in the absence of AQDS by G. sulfurreducens with
conductive nanowires and cell-excreted Riboflavin as cofac-
tors.35 Our study, with the amendment of 0.1 mM AQDS,
showed the microbial reduction of ferrihydrite that was initially
2 cm away from the microbial cells (Figure 2a). Our control
experiments in the agar-solidified setup, amended with only S.
oneidensis MR-1 or G. sulfurreducens (in the absence of electron
shuttles), showed no Fe(II) production within 50 days of
incubation (Figure S3). Thereby, confirming that shuttling via
FeRB-produced flavins, cytochromes, or conductive nanowires
cannot shuttle electrons over 2 cm distances, and supporting

Figure 3. Comparison between measured and simulated concentrations. (a): simulated immobile Fe(II) accumulation, as vivianite, as function of
radial distance from the center of the ferrihydrite core and time (surface plot) compared to measured values at the ferrihydrite-agar boundary
(between the sampling locations 2 and 3) (spheres), for the 0.1 mM AQDS treatment. (b−d): Comparison between 9.4-fold enhanced AQDS
diffusion (e-hop) (solid line) and pure-diffusion (no e-hop) (dashed line) scenarios for Fe(II) production, at 5 mm from the center of the
ferrihydrite (location 2, agar core), in all AQDS concentration treatments. (e−g): Computed cumulative Fe(III) reduction is shown for all
scenarios.
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AQDS-mediated extracellular reduction. Furthermore, fluo-
rescence microscopy (Figure S4) did not detect the presence
of cells in the agar of the AQDS setups throughout the
incubation (note: no cells were detected in the agar of the
PPHA and SRNOM amended treatments either). The lack of
cells in the agar confirms previous reports that the pore size of
2% agar (100−200 nm) is too dense for FeRB to
penetrate,36−38 and thus well-suited to prevent direct cell
contact between the cells and the ferrihydrite.
Potential Electron-Transfer Mechanisms. At the upper

boundary, where the cells are in contact with the agar, AQDS
is reduced to AH2QDS by S. oneidensis MR-1, resulting in a
localized drop in the redox potential (Eh) and thus more
reducing conditions. Conversely, at the ferrihydrite boundary,
the presence of the electron acceptor, Fe(III), reoxidizes the
AH2QDS to AQDS, thus resulting in a relatively higher
AQDS/AH2QDS ratio, and subsequently a more oxidizing Eh.
Figure 4 shows the computed Eh for the AQDS/AH2QDS

couple from the simulated AQDS/AH2QDS concentration
ratios, along with the difference in Eh between the upper
boundary, in contact with cells, and at the ferrihydrite edge, for
the 0.1 mM AQDS concentration treatment. The redox
gradient between the more reduced top boundary, in contact
with S. oneidensis MR-1 cells, and the ferrihydrite yields an
electromotive force which drives electrons from the outer edge
of the agar to the ferrihydrite (Figure 4).
Huskinson et al.39 and Liao et al.40 reported an aqueous

diffusion coefficient of AQDS of 4.80 × 10−10 m2 s−1. In our
2% agar medium we measured an effective diffusion coefficient,
De

AQDS, of 5.76 (±1.46) × 10−11 m2 s−1, via cyclic voltammetry
(for method details see the Supporting Information Section
S7), one order of magnitude lower than in water. To capture
the timing of Fe(II) accumulation, at location 2 in our
experiment, we had to increase the magnitude of De

AQDS in the
reactive-transport model by a calibrated factor ( f hop) of 9.41
(uncertainty range: 8.92−9.85). The almost 10-fold higher
De

AQDS suggests the presence of a mechanism which increases

the transport flux of reduced quinone, and thus electrons, to
the Fe(III) mineral. We propose that this contribution arises
from direct electron transfer (electron hopping/self-exchange
reaction) between AH2QDS and AQDS molecules.41 Figure
3b−d shows a comparison between the model results with
electron hopping (e−-hop) and only by molecular diffusion of
AQDS (no e-hop). Considering an electron hopping
contribution successfully captured the timing of Fe(II)
accumulation at location 2 (agar core), as observed in the
experiments, without leading to Fe(II) appearing in the
ferrihydrite core (sampling location 4), while the “no e-hop”
scenario lagged behind for all treatments (Figure 3b−d).
(Note: faster lactate oxidation kinetics in the model were
unable to capture the timing of Fe(II) accumulation without
leading to significant Fe(II) accumulation at the ferrihydrite-
core). Our parameterization of enhanced effective diffusion,
however, does not account for a dependence on the AQDS
concentration. An enhancement factor was chosen as it best fits
all three experimental results. Furthermore, it is calibrated for
diffusion in an agar solidified medium and should be
interpreted as an approximation of a hopping/self-exchange
contribution. Further research is needed to more mechanisti-
cally parameterize enhanced electron transfer as a function of
increasing AQDS concentration.
Considering electron hopping as the dominant electron

transfer pathway of AQDS molecules, the simulated cumulative
Fe(III) reduction shows that within the 28-day incubation
period, 14, 24, and 67% of the Fe(III) was reduced in the 0.05,
0.1, and 1 mM AQDS treatments, respectively (Figure 3e−g).
The higher extent of reduction, with increasing AQDS
concentration, is a direct result of increased shuttle availability
to transport electrons to the ferrihydrite.23 Because of the
reoxidation of AQDS, the model predicts that, with long
enough incubation times, each concentration treatment will
yield complete reduction of the bioavailable ferrihydrite.
However, the overall rate of ferrihydrite reduction (total
reduced divided by the incubation time) varies with the AQDS
concentration. For an increasing AQDS concentration from
0.05, 0.1, to 1 mM, the ferrihydrite reduction rate increased
from 0.04, 0.07, to 0.19 μmol d−1, respectively. With increasing
AQDS concentrations, the distance between these molecules is
reduced; therefore, the time required for electron hopping is
shorter, ultimately resulting in a faster Fe(III) reduction rate.
We postulate that electron-carrying AH2QDS molecules diffuse
toward the ferrihydrite core, carrying with them electrons,
which in addition, driven by the Eh-gradient, can hop between
neighboring AQDS molecules and enhance the flux of the
electrons transported to Fe(III).

NOM as an Fe(III)-Reducing Electron Shuttle. Figure 5
shows Fe(II) and Fe(III) concentration time series for agar-
solidified incubation experiments with PPHA or SRNOM as
the electron shuttle. PPHA amendment resulted in a decrease
in the Fe(III) concentration in the ferrihydrite rim from ∼15
to 8 mM, within 20 days of incubation (Figure 5b).
Concurrently, Fe(II) increased at the agar core from 0 to ∼7
mM, and remained stable until the end of the experiment
(Figure 5a). The production of Fe(II), mediated by electron
transfer over 2 cm, was also found in the setups of ferrihydrite
reduction with G. sulfurreducens (Figure S5a−d), goethite
reduction with G. sulfurreducens (Figure S5e−h), or S.
oneidensis MR-1 (Figure S6), with both PPHA and SRNOM
as electron shuttles. In general, goethite was reduced to a much
smaller extent compared to ferrihydrite (Figures S5e−h and

Figure 4. Redox potential (Eh) computed by the diffusion-reaction
model for the AQDS/AH2QDS redox couple, at the agar rim that is in
contact with the FeRB (red line) and the agar core, in contact with
the ferrihydrite agar ball (green line), for the 0.1 mM AQDS
treatment. The reduction potential difference (ΔEh, blue line) is
computed as the difference in Eh between the more reducing agar rim
and the more oxidizing agar core, and is the electromotive force
driving electrons from the outer edge of the agar to the ferrihydrite.
An example calculation of the reduction potential is shown in the
Supporting Information, Section S6.
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S6) because of the higher crystallinity of goethite than
ferrihydrite. Most likely the formation of vivianite also
occurred in the OM amended setups, evidenced by the
accumulation of immobile Fe(II) in the agar core, and no
detection of Fe(II) at the agar rim in all setups (Figure 5a and
the Supporting Information S5 and S6).
Because of the lower molecular weight of SRNOM, we

would expect a larger diffusion coefficient of SRNOM than
PPHA, and thus a larger reduction extent of Fe(III) minerals.
However, Figures 5 and S5 and S6 all show that, regardless of
the identity of FeRB and Fe(III) mineral, PPHA always yields
more Fe(II) for the same incubation time than SNROM. As
discussed above, we postulate that the electron transfer
pathway between shuttle molecules and the Fe(III) mineral
is enhanced via electron hopping; therefore, instead of the
molecular size, we expect the amount of quinone functional
groups to influence the extent of ferrihydrite reduction. PPHA,
with a higher electron accepting capacity,42 therefore
containing more quinone functional groups42 and more
electron hopping sites,43 can accept more electrons per unit
molecule compared to SRNOM, and reduce more Fe(III)
mineral within the same time.
Additionally, the lower extent of Fe(III) mineral reduction

with SRNOM could also be caused by the more positive
reduction potential of SRNOM compared to PPHA, as
determined by the mediated electrochemical analysis.42 At
pH 7, the reduction potential of the redox couple FeOOH
(synthesized ferrihydrite)-Fe2+ is +0.768 V, as measured by
mediated potentiometry using a Pt ring combined redox
electrode and expressed against the standard hydrogen

electrode.44,45 Therefore, electron shuttles with reduction
potentials negative enough (e.g., Eh

0′ of AQDSox−AQDSred is
−0.186 V, pH 7) are able to reduce the ferrihydrite after being
reduced by the FeRB. Thus, with a more positive reduction
potential, reduced SRNOM may reduce ferrihydrite to a lesser
extent than reduced PPHA.46

In addition to its function as an electron shuttle, NOM can
interact with both the Fe(III) minerals and Fe(II) without
exchanging electrons. Complexation of Fe(II) by the NOM
could have increased the thermodynamic driving force for
Fe(III) reduction.47 However, previous studies have shown
that phosphate can outcompete OM for Fe(II),48 and the
formation of vivianite in our experiments further supports that
the complexation of Fe(II) by OM did not seem to exert a
noticeable influence on the Fe(III) reduction. Moreover, the
adsorption of OM to the Fe(III) mineral surfaces could
potentially block surface sites49 and induce aggregation.50

However, the starting state of the ferrihydrite/goethite agar
ball was a ferrihydrite/goethite-OM aggregated agar ball
because the same concentration of OM as in the shuttling
agar was used in the ferrihydrite/goethite ball. Finally,
although OM can act as a ligand promoting Fe(III)
solubilization,14,51,52 the highest Fe(III) concentration found
outside the ferrihydrite/goethite agar ball (sampling location 2,
see Figure 1) was 0.02 mM, suggesting that the release of
Fe(III) via chelation by OM was negligible during our
experiment. In summary, we postulate that electron shuttling
by OM, that is, OM-facilitated electron transfer between the
cells that were physically separated from the ferrihydrite and

Figure 5. Microbial reduction of 15 mM ferrihydrite by 108 cells mL−1 of S. oneidensis MR-1 in the presence of 15 mM lactate as electron donor,
100 mg L−1 PPHA (a,b) or SRNOM (c,d) as electron shuttle. All experiments were conducted with the agar-solidified setup as shown in Figure 1
with 2 cm shuttling distance and incubated at 30 °C in the dark. Data are means from triplicate bottles ±standard deviation, shown as Fe(II) and
Fe(III) concentration at four different locations of the agar.
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goethite was the main mode of action of the added OM in our
experiments.
Implications. Batch experiments have typically been used

to study the effects of AQDS and OM as electron shuttles on
microbial Fe(III) reduction.19,20,48,50,53−55 However, because
of various interactions between OM and Fe(III) minerals, it is
challenging to evaluate the extent to which OM stimulates the
microbial Fe(III) reduction by acting as an electron shuttle.48

Our study showed that microbial Fe(III) reduction can occur
over 2 cm distance with only AQDS or OM acting as the
electron shuttle. Coupling our experimental data with a
diffusion-reaction model shed light on an electron hopping
contribution (in addition to molecular diffusion) as an electron
transfer pathway between AQDS/OM. Although the organic
carbon concentration used in our study (100 mg C L−1) was
much higher than in most natural settings,56 our experiment
with 0.05 mM AQDS suggest that even a low concentration of
redox-active organic molecules could stimulate the microbial
reduction of Fe minerals over cm distances. Furthermore, long
enough time-scales, would result in the complete reduction of
Fe(III) oxides, even at low concentrations of electron shuttles,
because of the reversibility of the oxidation/reduction of
quinone groups. Additionally, we showed that long-distance
electron transfer is independent of the crystallinity of the
Fe(III) mineral and the identity of the FeRB and can be
facilitated by multiple types of OM.
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