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ABSTRACT: Surface defects have been shown to facilitate
electron transfer between Fe(Il) and goethite (@-FeOOH) in
abiotic systems. It is unclear, however, whether defects also
facilitate microbial goethite reduction in anoxic environments
where electron transfer between cells and Fe(III) minerals is
the limiting factor. Here, we used stable Fe isotopes to
differentiate microbial reduction of goethite synthesized by
hydrolysis from reduction of goethite that was further
hydrothermally treated to remove surface defects. The
goethites were reduced by Geobacter sulfurreducens in the
presence of an external electron shuttle, and we used ICP-MS
to distinguish Fe(II) produced from the reduction of the two
types of goethite. When reduced separately, goethite with more
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defects has an initial rate of Fe(IIl) reduction about 2-fold higher than goethite containing fewer defects. However, when
reduced together, the initial rate of reduction is 6-fold higher for goethite with more defects. Our results suggest that there is a
suppression of the reduction of goethite with fewer defects in favor of the reduction of minerals with more defects. In the
environment, minerals are likely to contain defects and our data demonstrates that even small changes at the surface of iron
minerals may change their bioavailability and determine which minerals will be reduced.

B INTRODUCTION

In subsurface environments where oxygen is limiting, Fe(III)-
reducing microorganisms can use Fe(III) mineral phases as
terminal electron acceptors, forming reduced iron (Fe) species
such as aqueous Fe(II) and Fe(II)-bearing minerals.' ™
Microbial respiration of Fe(III) minerals is particularly
important in Fe redox chemistry because it continuously
regenerates Fe(Il) that can further undergo electron transfer
with Fe(III) (oxyhydr)oxides, controlling the cycling and
availability of elements such as of C, N, and P.’~'* Initial
studies on microbial Fe(IIl) reduction showed that micro-
organisms could metabolize poorly crystalline Fe(III)
(oxyhydr)oxides such as ferrihydrite.'” Later on, it was
demonstrated that Fe(Ill)-reducing microorganisms could
also reduce more crystalline Fe(IIl) minerals such as goethite,
hematite, magnetite, maghemite, lepidocrocite, and akaga-
néite. "'+~

Crystalline Fe(III) (oxyhydr)oxides have low solubility at
circumneutral pH values, which limits the bioavailability and
therefore the extent of microbial Fe(IIl) reduction. Fe(III)-
metabolizing bacteria, however, have evolved strategies to
access the poorly soluble electron acceptors, such as direct cell-
mineral contact, conductive pili (nanowires), release of
chelating compounds to solubilize iron, or via extracellular
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electron shuttles that facilitate the transfer of electrons to the
solid.”' 7** Electron shuttles such as natural organic matter and
humic substances are present in natural environments and can
accelerate Fe(IIl) (oxyhydr)oxide reduction.”® However, the
electron transfer from electron shuttle substances to Fe(III)
minerals represents the rate-limiting step in microbial Fe(III)
mineral reduction via electron shuttles.”® Therefore, minera-
logical properties such as crystallinity have an important role in
the rate and extent of microbial Fe(Ill) reduction. For
example, the rate of microbial Fe(Ill) reduction is linked to
crystallinity, in that, short-range ordered phases, such as
terrihydrite, are reduced at faster rates than more crystalline
minerals, such as goethite and hematite."">'”*"~** When
comparing the microbial Fe(III) reduction of the same mineral
but with different crystallinities, less crystalline phases have
higher Fe(III) initial reduction rates.'”

Mineral crystallinity may be altered in nature by the
formation of surface defects. Surface defects arise from a
deviation in the ideal composition and/or structure of a
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mineral.” Using surface-sensitive techniques (e.g, X-ray

magnetic circular dichroism: XMCD and oxygen X-ray
absorption: XAS), we have demonstrated that goethite
synthesized by low-temperature Fe(III) hydrolysis is non-
stoichiometric and contains defects from Fe vacancies.”’ In
abiotic studies, surface defects have been shown to play an
important role in mineral geochemistry.”’** Nonstoichio-
metric goethite undergoes facile Fe(1I)—Fe(III) oxide electron
transfer, depositing an additional layer of goethite.’!

Faster reduction of less crystalline minerals'®'>'"*"=*" as
well as the effect of defects on the mineral reactivity in abiotic
systems”" raise the question of whether surface defects will also
influence microbial respiration of goethite. Here, we used a
hydrothermal treatment to anneal goethite surface defects, as
in our previous work.”" In the present work, however, we used
isotope-labeled minerals to investigate the role of defects on
microbial Fe(III) reduction of goethite. Specifically, we tested
whether the presence of defects leads to preferential use of this
Fe(III) mineral as the electron acceptor for Fe(III) microbial
reduction assisted by an extracellular electron shuttle.

B METHODS

Goethite Synthesis. Natural Fe abundance goethite
(referred to as NAgoethite, contains 2.31 + 0.001% of *’Fe)
and *°Fe goethite (referred to as *°goethite, contains virtually
no “’Fe) were prepared from natural abundance iron metal or
S6Fe-enriched Fe metal (Isoflex, 99.94% purity), respectively,
following a modified version of Schwertmann and Cornell (see
details SI).35 Goethite was washed, centrifuged, freeze-dried,
ground with a mortar and pestle, and passed through a 100
mesh sieve. The final mineral, as synthesized, will be referred to
goethite(AS) and it is similar to the microgoethite used in our
previous work.”*™*" The Brunauer—Emmett—Teller (BET)
specific surface area of goethite(As) (synthesized from natural
abundant Fe) was determined by N, sorption at 77 K and
found to be 28 m* ¢! for the Mgoethite. XRD patterns
showed that the material contains only goethite (Figure S8).

Hydrothermal Treatment. Goethite was subjected to a
hydrothermal treatment to anneal defects.*’ A suspension of
the goethite in deionized water was placed into a digestion
bomb and kept in an oven at 150 °C for 44 h. The digestion
bomb was allowed to cool to room temperature; the solids
were centrifuged and freeze-dried and referred to as hydro-
thermally treated goethite (goethite(HT)). Note that hydro-
thermally treated goethite is not sieved after the treatment,
which causes it to have a slightly different state of aggregation.
The BET specific surface area of goethite(HT) (synthesized
from natural abundant Fe) was found to be 22 m* g~'. XRD
patterns showed that the material contains only goethite,
confirming that the hydrothermal treatment did not induce
transformation of the goethite (Figure S8).

Microbial Fe(lll) Reduction Experiments. Geobacter
sulfurreducens was obtained from the laboratory stocks at the
University of Tuebingen. For the respective experiments,
Geobacter sulfurreducens cells were grown in 4 X 500 mL serum
bottles at 30 °C (25 mM acetate, 40 mM fumarate) in
bicarbonate-buffered (30 mM) anoxic medium containing
KH,PO, (44 mM), NH,Cl (561 mM), MgSO,7H,0 (2
mM), and CaCl,-2H,O (0.68 mM). The medium was
amended with 1 mL L™! trace-element solution SL 10, 1 mL
L! selenite-tungstate solution, and 0.5 mL L™ of 7-vitamin
solution and was flushed with a N,/CO, (80/20, v/v) gas
mixture; the pH of the final anoxic medium was ~7. Late log
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phase (1 week) cultures were harvested by centrifugation at
5000 rpm (20 min, 10 °C), washed twice using 30 mM
bicarbonate buffer, and concentrated into a pellet.

For the experiments, 50 mL serum bottles with 25 mL of
anoxic medium and SO mg (2 g L7') of goethite (or
hydrothermally treated goethite or a mix) were prepared.
Sodium acetate (4 mM) was used as an electron donor, and
9,10-anthraquinone-2,6-disulfonic acid disodium salt (AQDS;
10 M) was added to the microcosms to act as an extracellular
electron shuttle. Aliquots of the washed cells were used to
inoculate the reactors with ~10° cells mL™". The number of
cells was estimated based on a correlation between optical
density and flow cytometry measurements. Bottles were
incubated (stationary) at 20 °C in the dark for 20—41 days,
and 0.6 mL of the slurry was periodically sampled, with the
aqueous and solids phases separated by centrifugation (12000
rpm, 15 min). The reacted solids were subjected to a
sequential extraction procedure using 1 M sodium acetate
(pH 5, 24 h) followed by 0.5 M HCI (2 h). The aqueous and
extracted samples were subjected to subsequent Fe(II) and
total Fe analysis using the 1,10-phenanthroline method."”

Samples were taken at 5 and 28 days of incubation and
characterized by scanning electron microscopy (SEM, Jeol
JSM-6500F) operated at S kV, 10 mm working distance.
Samples were fixed in glutaraldehyde (2.5%) at 4 °C overnight,
followed by dehydration in an increasing ethanol series (30, S0,
70, 95, and 100% twice), and they were finally washed in
hexamethyldisilazane (HMDS).” Samples were also taken
after 20 days for analysis by XRD and Mossbauer spectroscopy
(see SI for details).

Additional microbial Fe(IIT) reduction experiments were
prepared in triplicates using 1 and 0.5 g L™" goethite instead of
the original 2 g L%, For those reactors, the ratio of acetate/Fe
was maintained.

Isotope-Labeled Microbial Fe(lll) Reduction. Isotope-
labeled °Fe and MFe were used to differentiate goethite!*s)
and goethite(HT). Specifically, three reactors contained a mix of
25 mg of 56goethite(““s) and 25 mg of NAgoethite(HT), whereas
the other three reactors contained 25 mg of NAgoethite(AS) with
defects and 25 mg of *°goethite™™. Other than the isotope
composition of goethite, the experiments were performed as
described for microbial Fe(IlI) reduction experiments. The
aqueous phase (supernatant after centrifuging reactor) and the
sodium acetate extract (supernatant after centrifuging sodium
acetate extraction) were combined, and the Fe isotope
composition analysis was performed with a quadrupole
inductively coupled plasma-mass spectrometer (ICP-MS,
Agilent 7900) using He gas in collision cell mode to remove
isobaric interferences (predominantly *°Ar'O and *Ar'°O'H)
for *°Fe and *’Fe.

Isotope-Labeled Chemical Reduction. Six reactors
containing a mix of 25 mg of Ségoethite(As) and 25 mg of
NAgoethite™T) were prepared. Half of the samples were mixed
with DI water and freeze-dried, while the other half was used
with no extra steps. Both freeze-dried solids and the regular
solids were submitted to the same chemical reduction
experiment using partial additions (0.3 mL) of a solution of
20 mM Na,S,0, to reduce goethite. Between each Na,S,0,
addition, a sample of the aqueous phase was collected and
analyzed by phenanthroline and ICP-MS.
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Figure 1. Percentage of *’Fe isotope in reduced iron (Fe(II)) from reactors containing a labeled mix of goethite
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A9 and goethite(HT). In panel a,

goethite(As) is labeled with the >Fe isotope, while in panel b, goethite(HT) is labeled with the “’Fe isotope. Data corresponds to an average of
biological triplicates, and the error bars indicate standard deviations. Experimental conditions: 10° cells mL™" Geobacter sulfurreducens; 10 uM
AQDS; (a) 1 g L™ Mgoethite®S + 1 g L™ ¥goethite™™ or (b) 1 g L™ ¥goethite®® + 1 g L™ or Mgoethite™™),
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Figure 2. Origin of the reduced iron (Fe(Il)) based on isotope signature and concentration of the microbially reduced Fe from reactors containing
a labeled mix of goethite(AS) and goethite(HT). Data corresponds to an average of biological triplicates, and the error bars indicate standard
deviations. Experimental conditions: 10° cells mL™" Geobacter sulfurreducens; 10 uM AQDS; (a) 1 g L' Mgoethite®® + 1 g L™ ¥goethite™™ or

(b) 1 g L™ %goethite® + 1 g L™! Mgoethite™T).

B RESULTS AND DISCUSSION

Microbial Fe(lll) Reduction of Isotope Labeled
Goethite with and without Defects (Together). To
evaluate whether goethite (a-FeOOH) with more defects is
preferentially reduced by Geobacter sulfurreducens in the
presence of AQDS, we synthesized goethite containing defects
and goethite with fewer defects. Goethite was synthesized by
hydrolysis (goethite®)), which has been shown to form
mineral containing surface defects.’’ We further hydro-
thermally treated the goethite to obtain a mineral with fewer
defects (goethite™).>! We inoculated a mixture of
goethite(AS and goethite(HT) with Geobacter sulfurreducens in
the presence of AQDS. Specifically, we used equal amounts of
goethite(AS) synthesized with naturally abundant iron (2.31 +
0.001% of *"Fe) and goethite(HT) synthesized from °Fe-
enriched Fe metal (virtually no 3’Fe). The isotopic
composition of the goethite mixture before inoculation had
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an average concentration of 1.18 + 0.07% *"Fe (dashed line in
Figure 1). Having a mixture of goethite minerals with different
isotopic compositions allowed us to track the origin of the
reduced Fe during microbial respiration.

We measured the isotopic composition of the aqueous and
sodium acetate extracted Fe produced from microbial
reduction of Fe(Ill) over time (Figure la). Virtually no
Fe(IlI) was found in aqueous and extracted samples (<7%),
and most of the Fe(II) was recovered in the acetate extraction
rather than in the aqueous phase. The isotope composition
showed that initially 2.09 + 0.01% of the iron present in the
aqueous and extracted Fe(1l) fraction was >"Fe. Over 26 days,
the ’Fe concentration in the Fe(Il) fraction decreased but
never reached the completely mixed isotopic composition of
the goethite mixture (1.18%). *’Fe concentrations greater than
the completely mixed value of 1.18% indicate that more
goethite(AS) was reduced than goethite(HT) . If equal amounts of
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goethite(As) and goethite(HT) were reduced, the isotope

signature of Fe reduced would be constant at *’Fe = 1.18%.
Note that the data in each point in time reflects the isotopic
composition of the cumulative Fe(II) reduced throughout the
experiment and not the isotopic composition of the Fe being
reduced at that time point specifically.

While the isotopic data appear to indicate more reduction of
goethite® (ie., goethite with more defects) it is possible that
isotopic fractionation may have contributed to the enhanced
reduction of lighter isotopes, as observed in many biological
and chemical processes.**** For example, dissimilatory Fe(III)
(oxyhydr)oxide reduction has been shown to cause isotope
fractionation.”®*’ More specifically, the aqueous Fe(II)
reduced through microbial activity has been shown to have a
lower *Fe/**Fe ratio than the initial Fe(III) (oxyhydr)oxide
substrate. It has been suggested that fractionation might derive
from a preference to sorb heavier isotopes that can further
undergo electron transfer forming a new layer of mineral.*’
Moreover, reaction of newly reduced Fe atoms and the Fe(III)
oxides can lead to isotopic mixing,*’

To test whether enhanced reduction of goethite with defects
was due to differences between goethite™) and goethite™™) or
an effect of preferential use of isotopes, we reversed the isotope
labeling of the different goethite minerals and measured the
isotopic composition of the reduced Fe formed from microbial
respiration (Figure 1b). Here, we did not explore the
mechanisms of isotopic fractionation but rather focused on
the possibility that preferential reduction of one isotope could
have made our data biased. This time, we synthesized
goethite™™) from naturally abundant Fe (2.31% of ’Fe) and
goethite®S) from Fe, therefore all *’Fe present in the reactor
was in goethite™). The isotopic composition of the Fe(I)
formed upon microbial reduction of the goethite mixture
began at 0.26 + 0.00% and increased over time but never
reached the 1.18% *’Fe, indicating that more goethite(AS) was
reduced than goethite(HT>.

To compare the switched isotope experiments, we calculated
what percent of the reduced Fe originated from each goethite
based on the “Fe concentration of the reduced Fe (see
discussion in SI). Then the percentage of atoms originating
from goethite(AS) and goethite(HT) were multiplied by the total
UM of reduced Fe (Figure 2). This allows us to compare the
results from the switched isotope experiments independent of
which goethite was labeled with *’Fe (green shaded area), and
the results are remarkably similar. Our approach further
confirmed that different isotopes did not cause goethite to have
more or fewer defects. Note that on the first experiment,
goethite(HT) was made from the lighter isotopes, therefore, it
could be favored by isotopic fractionation. In the second
experiment, goethite!*) was made from the lighter isotopes.
However, for both isotope experiments, the area that
represents atoms derived from goethite®> is substantially
larger than the area that represents atoms derived from
goethite™?), Switching the goethite isotope labels appears to
have no effect on the origin of Fe(II) formed from microbial
respiration of the goethite mixture. This provides compelling
evidence that the preferential reduction of goethite) is not a
result of isotopic fractionation but is instead related to the
mineral’s properties.

Two additional factors that might contribute to the
preferential reduction of goethite(As) include surface area and
aggregation. Past studies suggested that Fe(III) mineral
reactivity toward microbial species is strongly influenced by
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have similar surface areas (BET surface are for goethite
28 m* g~ and goethite(HT) =22 m* g™'). If the preferential
reduction of goethite with defects were only a function of
surface area, we should expect 56% (28/(28 + 22)) of the
Fe(Il) from goethite® and 44% (22/(28 + 22)) from
goethite™?), Instead, we observed initially 90% of the reduced
atoms arise from goethite with more defects. The preparation
of goethite(AS) included a sieving step; however, goethite(HT)
was not ground and sieved because this step has been shown to
reintroduce defects to goethite.” As a consequence,
goethite(HT) was in chunks while goethite(As) was not. To
test if sieving goethite®S) but not sieving goethite™T)
influenced our experiment, we freeze-dried both goethites
together, which resulted in both goethites forming chunks. For
the %oethites that were not freeze-dried, only the “*goethi-
te™T) was in chunks. Both freeze-dried solids and not freeze-
dried goethites were reduced with Na,S,0,, and the isotope
signature of reduced Fe atoms was similar, independent of
whether the aggregations were similar or different (Figure S1).
These results demonstrate that the sieving/not sieving does
not explain the preferential reduction of goethite. Together our
findings suggest that, when using an electron shuttle, the
presence of surface defects enhances the bioavailability of
goethite toward microbial Fe(III) reduction.

Microbial Fe(lll) Reduction of Goethite with and
without Defects (Separately). To explore whether the
enhanced reduction of goethite with defects was simply due to
faster reduction of goethite(As) than goethite(HT), we measured
the rates of microbial Fe(IIl) reduction of each goethite
separately. We prepared incubations which varied the type of
goethite (goethite AS) and goethite(HT)) and the presence of
the extracellular electron shuttle, AQDS. In the presence of
AQDS, goethite(AS) was reduced at a faster initial rate (2.0 X
10~ mol L™ min™' m™2) than goethite™™ (0.8 X 10~ mol
L™ min™" m™2) (Figures 3 and S2). However, after 41 days,
the extent of Fe(III) reduction was similar for both types of
goethite (goethite(AS) =13.44 + 0.77%; goethite(HT) =10.71 +
1.10%). The extent of goethite reduction is the same if
normalized by surface area, indicating that the presence of
defects leads to faster initial reduction but not more reduction
at the end of the experiment.

In the absence of AQDS, Fe(Ill) initial reduction rate was
4.2 X 1078 mol L™ min™! m™? for goethite(AS) and 3.3 X 107°
mol L™! min™! m™2 for goethite(HT). The extent of Fe(III)
reduction stabilized after 10 days, at 1.64 + 0.33% for
goethite(AS) and 0.62 + 0.06% for goethite(HT). When AQDS
was added as an electron shuttle, microbial reduction of both
goethites have faster initial rates and larger extents of Fe(III)
reduction than in the absence of AQDS." Interestingly
though, both in the presence or in the absence of AQDS,
surface defects influenced initial rates of Fe(III) reduction.
These results suggest the presence of defects facilitates the
microbial Fe(III) reduction of goethite independent of
whether the electron is injected into the Fe(III) mineral
directly via enzymatic activity (by a cell that is attached to the
mineral) or abiotically via the reduced form of the electron
shuttle, ie, AH,QDS. The faster initial rates of microbial
Fe(IlI) reduction for goethite® when compared to
goethite(HT) (Figure 3) is consistent with previous works that
showed initial rates of Fe(IIl) microbial reduction are inversely
proportional to the crystallinity of minerals."®"”

The goethites used here, however,
(as) _
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Figure 3. Microbial Fe(Ill) reduction of either goethite(As) or
goethite(HT), in separate setups, in the presence and in the absence of
AQDS. Dashed line represents abiotic control for goethite(AS) (blue)
and goethitemT) (red). Data corresponds to average of biological
triplicates, and the error bars indicate standard deviations.
Experimental conditions: 2 g L™ goethite®®S) or goethite™™; 0
(abiotic controls) or 10® cells mL™" Geobacter sulfurreducens; 0 or 10
4M AQDS.

Total Fe(II) in noninoculated reactors (abiotic controls)
was below 0.3% of the total iron throughout the experiment
(Figure 3, dashed line). Note that, for inoculated reactors,
Fe(Il) quantification may be underestimated as Fe(Il) sorbed
to the inside glass walls of the bottles. This was confirmed by
adding phenanthroline to an emptied glass bottle which
immediately revealed the presence of Fe(II) (Figure S3). The
same procedure was repeated for an abiotic control and
showed no presence of Fe(Il).

To evaluate if Fe(Ill) reduction was related to goethite
concentration, we inoculated the reactors with varying
concentrations of goethite® or goethite™)) (Figure S4)
and calculated the instantaneous rates of reduction using

different goethite concentrations (Figure SS). Independent of
the goethite concentration, the rate of Fe(IIl) reduction
decreases to almost zero, followed by a sharp increase, which
can be observed in Figure SS and in the plateau in Figures 3
and S4. To evaluate if changes in the rate of Fe(III) reduction
are related to the removal of the first layer of Fe atoms, we
compared the reduction of Fe(Ill) with the number of atoms
at the surface. Assuming that goethite surfaces are dominated
by exposure of (101) and (001) crystallographic faces,"
goethite(AS) has 5.04—5.54% of the Fe atoms at the surface,
while goethite(HT) has 3.96—4.35% (see details in SI) and the
shaded area in Figure S4 represents the percentage of atoms at
the surface. It is remarkable that independent of the presence
of defects, the change in the rate of Fe(Ill) reduction
happened when 2—4% of the total iron was removed and
therefore before all Fe atoms from the first layer could have
possibly been removed. Perhaps, reduction of goethite is
localized, and the removal of the first layer of atoms at this
region is enough to increase the rate of microbial Fe(III)
reduction.

Isotope Data Demonstrates More Reduction of
Goethite with Defects than Predicted. To probe whether
the linear combination of reduction of goethite(As) and
goethite(HT) can explain enhanced reduction of goethite with
defects observed in our isotope-labeled experiment, we built a
model that consists of adding the average concentration of
Fe(II) formed for reduction of 1 g L™' of both goethites
separately (values from Figure S4). We then compared those
with isotope experiments (average of switched isotope
experiments), where 1 g L™! of goethite®® and goethite™?)
were added fogether in the bottle. The total Fe(II) reduced in
this experiments was remarkably similar, independent of
whether the reduction happened in two separate bottles or
in the same bottle using isotopes (Figure 4a). However, when
we compare the fraction of Fe(II) that derived from
goethite(AS) (area above line) or goethite(HT) (area below
line), there was a clear difference (Figure 4b). For the
experiment where reduction happened separately (hatched
area), reduction of goethite(As) had a similar pattern but
slightly higher values than the reduction of goethite(HT) (area
below dashed line). However, when reduction happens
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Figure 4. (a) Total Fe(II) reduced by microbial Fe(III) reduction of goethite<As) and goethite(HT) when inoculated separately or together and (b)
diagram revealing the origin of the reduced atoms for the reduction of goethite®® and goethite™™ when inoculated separately or together.
Experimental conditions: 10° cells mL™" Geobacter sulfurreducens; 10 uM AQDS; 1 g L™ goethite(AS) +1gL™ goethite(HT) in separate bottles

(separately); 2 g L™" of isotope labeled mix of goethite(AS)
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and goethite(HT) (together).
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Before inoculation

Goethite™)

Goethite"")

Goethite™)

Goethite?

With defects

Figure 5. Scanning electron microscopy micrographs of samples of goethite(As)

Without defects

and goethite(HT) before inoculation (a and b), S days after

inoculation (¢, d, g, and i) and 28 days after inoculation (e, f, h, and j). Experimental conditions: 2 g L™" goethite(AS) or goethite(HT); 108 cells mL™!

Geobacter sulfurreducens; 10 uM AQDS.

together (green shaded area), there seems to be a suppression
of the reduction of goethite(HT) and an enhanced reduction of
goethite(AS). In fact, for the reduction done separately, 70% of
the value is above the line and comes from goethite(AS) (at 16
h). For the reduction done together, 90% of the reduced atoms
come from goethite(As). The different behaviors of reduction
when goethite(AS) and goethite(HT) were added together or
separately can also be observed in the initial rate of Fe(III)
reduction (Figure S6). When reduction happened separately,
the rate of reduction of goethite(AS) was 1.67X greater than the
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rate of goethite(HT). When reduction happened together, the
rate of reduction of goethite®®) was 6.6x greater than the rate
of goethite(HT). More reduction of goethite with defects than
that predicted by simple linear addition of separate reactors
suggests that there is a suppression of the reduction of goethite
with fewer defects in favor of the reduction of minerals with
more defects.

In the presence of the external electron shuttle AQDS, the
enhanced reduction of goethite containing defects seems to be
independent of microbial activity. The almost 10-fold increase
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in extent of Fe(Ill) reduction in the presence of AQDS
demonstrates that most electron transfer is happening through
the reduced form of AQDS, i.e, AH,QDS. Interestingly, the
chemical constraints for the reduction of goethite with less
defects was also observed in our chemically reduced goethite.
The comparison of the biological and chemical reduction of
goethite revealed a similar isotope signature for both
chemically reduced and microbial reduced iron (Figure S1).
This result suggests we can use chemical reduction through
dithionite to predict the isotope signature of goethite reduced
through microbial Fe(III) reduction assisted by an electron
shuttle. While the isotope signature is similar for microbial and
chemical reduction, the kinetics were different and cannot be
used to estimate microbial Fe(IIl) reduction.

In the absence of AQDS, our reduction experiments
(separately) revealed faster initial rates and a greater extent
of microbial Fe(III) reduction for goethite(AS) when compared
to those of goethite(HT). Therefore, we can speculate that when
reduced together in the absence of AQDS, goethite(AS) would
also be preferentially reduced. However, additional isotope-
labeled microbial Fe(III) reduction experiments without
AQDS would be necessary to confirm if the preferential
reduction of goethite with defects is also valid when the
electron is injected into the Fe(III) mineral directly via
enzymatic activity.

Solid Phase Characterization. Approximately 80.0 + 9%
of the Fe(1l) formed during goethite reduction was recovered
in the 1 M sodium acetate extraction and not in the aqueous
phase, suggesting the formation of an Fe(II) precipitate phase
(Figure S7). To explore the changes in Fe mineralogy as a
result of microbial Fe(III) reduction, we analyzed solid phases
of goethite(AS) and goethite(HT) reduced by Geobacter
sulfurreducens in the presence of AQDS using XRD, Méssbauer
spectroscopy, and SEM. XRD diffractograms of samples
collected 20 days after incubation revealed vivianite
(Fe;(PO,),-8(H,0)) formation (Figure S8). Mossbauer
spectroscopy confirmed the formation of vivianite and further
revealed that ~19% of the Fe atoms corresponded to vivianite
(Figure S9 and Table S1). For both goethites, there was
virtually no difference in the amount of vivianite formed when
reducing goethite(AS) or goethite(HT) in the presence of the
electron shuttle. For the abiotic controls of both minerals,
goethite was the only Fe phase identified. Vivianite has been
observed in systems in which goethite is reduced through
microbial respiration””*”" and can be explained by the high
phosphate content in the medium (4.4 mM).'® The formation
of an Fe(II) solid phase possibly limits the inhibitory effect of
Fe(II) sorbed onto goethite and may explain the higher extent
of goethite reduction in our experiments when compared with
previous works.'¥*” XRD analysis of the solids before and after
sodium acetate extraction showed a substantial loss in the
vivianite peak, demonstrating that most of the vivianite was
dissolved after extraction (Figure S10). The ability to recover
vivianite with sodium acetate extraction is curious since in
natural samples, Fe-bound phosphate is usually extracted with
sodium dithionite (Na,S,0,),”” and in similar studies, Fe(II)
present in vivianite is usually accounted in the fraction
extracted with 0.5 M HCL"??*° It is possible that not only
crystalline vivianite but also some poorly crystalline Fe(II)-
phosphate phase was present in the solid phase.

SEM analysis of raw goethite®®) (Figure 5a) and
goethite™™) (Figure 5b) revealed that goethite™ contains
more perfectly formed ends. After S days of inoculation, there
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was an abundance of cells in the presence of both goethite(AS)

(Figure 5¢) and goethite™™) in the presence of AQDS (Figure
5d). The cells did not seem to be necessarily attached to the
minerals suggesting alternative strategies to transfer the
electron other than direct contact, which is expected due to
the presence of AQDS as an extracellular electron shuttle. After
28 days of incubation, the SEM pictures revealed the presence
of large tabular minerals, compatible with vivianite,***?
surrounded by needle-like goethite (Figure Se,f). A closer
look at the scanning electron micrographs revealed a
substantial change in the morphology of goethite after 28
days of incubation (Figure Sgh). At the initial incubation
stages, goethite®® presented “broken” but clear rod ends.
When 16.6% of the Fe(Ill) was reduced, goethite looked
scoured and presented rounded ends. Similar changes were
observed for goethite™) that initially presented perfectly
formed ends but later (12.9% of the Fe(IIl) reduced)
presented rounded ends (Figure Sij). These results are
consistent with previous work that showed that bacterial
reduction of structural Fe(III) within goethite possibly occurs
preferentially at (021) relative to the (110) and (100)
surfaces.”> The increased reduction of the goethite’s ends
possibly derives from a preferred reaction of AH,QDS with the
rod’s ends. In other studies, the reductant Fe(II) has also been
found to have the ends of goethite as preferential reduction
sites.”*> Similar changes on the shape of goethite ends were
observed for goethite(AS) and goethite(HT). Therefore, the
preferential reduction at goethite ends sheds light onto the
mechanisms of goethite microbial Fe(IIl) reduction. However,
these changes in morphology do not explain the differences
that arise upon the presence of defects. The localized
reduction, however, may explain why the change in the rate
of Fe(III) reduction happened before the entire first layer of Fe
atoms could have possibly been removed.

B ENVIRONMENTAL IMPLICATIONS

Our analysis of the role of defects in the microbial Fe(III)
reduction of goethite revealed that the presence of defects
results in faster initial reduction rates of microbial Fe(III)
reduction but has little/no effect in the extent of Fe(III)
reduction after 41 days. In addition, SEM micrographs revealed
a preferential reduction on the goethite rods ends. Here, we
hypothesize that at the initial stages, the presence of defects
plays an important role on the kinetics of goethite reduction,
allowing faster reduction of goethite with more defects.
However, reduction is localized at the ends of goethite (as
shown by SEM), and once the first few layers of atoms at the
ends have been removed, reduction is accelerated. Ultimately,
the extent of goethite reduction is not influenced by the
presence of defects because the kinetic constraints were only
relevant in the initial stages while the rods ends were being
etched.

In a heterogeneous environment, however, where goethite
with defects and with fewer defects are likely to be present
together, the initial reduction data suggests the suppression of
the reduction of goethite with fewer defects in favor of the
reduction of minerals with more defects. These results suggest
that while the presence of defects does not affect the rates of
microbial reduction in the long term, it will likely determine
which minerals will be used as the electron acceptors for
Fe(III) reduction. This is true in particular in dynamic systems
where Fe(III) minerals, including goethite, are constantly
produced and reduced. In such dynamic systems, the short-
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term preferential reduction may ultimately lead to a frequent
turnover of goethite with more defects, as minerals are
constantly being renovated. Perhaps thermodynamic con-
straints for reduction lead to the preferential reduction of
minerals with more defects. The electron transfer from Fe(II)
and goethite has been demonstrated to be more favorable in
goethite that contains defects,®’ and density functional theory
(DFT) calculations showed that surface defects could decrease
the activation energy for Fe(II)—goethite electron transfer by
reducing the coordination of Fe(III) to lattice oxygen atoms.”®

Originally, dissimilatory iron reduction of iron minerals was
thought to be only possible for short-range ordered minerals,
such as ferrihydrite. Later, crystalline Fe(III) minerals, such as
goethite, lepidocrocite, hematite, and magnetite, were also
found to be suitable for microbial Fe(III) reduction,™"*~>%°7%%
and the rate of reduction was inversely proportional to mineral
crystallinity. Our results take this one step further and indicate
that even small changes at mineral surfaces, such as the
presence of surface defects (e.g, Fe vacancies) can enhance
bioavailability of goethite toward microbial Fe(IIl) reduction.
Our data further suggests that the reduction of particles with
more or less defects is not simply a linear combination of the
reduction of the particles separately but is instead a preferential
use of Fe(IlI) minerals with defects as the electron acceptors
for microbial respiration.
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