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ABSTRACT: Dissimilatory iron-reducing bacteria (DIRB) oxi-
dize organic matter or hydrogen and reduce ferric iron to form
Fe(1I)-bearing minerals, such as magnetite and siderite. However,
compared with magnetite, which was extensively studied, the
mineralization process and mechanisms of siderite remain unclear.
Here, with the combination of advanced electron microscopy and
synchrotron-based scanning transmission X-ray microscopy
(STXM) approaches, we studied in detail the morphological,
structural, and chemical features of biogenic siderite via a growth
experiment with Shewanella oneidensis MR-4. Results showed that
along with the growth of cells, Fe(II) ions were increasingly
released into solution and reacted with CO,>" to form micrometer-
sized siderite minerals with spindle, rod, peanut, dumbbell, and
sphere shapes. They are composed of many single-crystal siderite
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plates that are fanned out from the center of the particles.

Additionally, STXM revealed Fh and organic molecules inside siderite. This suggests that the siderite crystals might assemble around
a Fh-organic molecule core and then continue to grow radially. This study illustrates the biomineralization and assembly of siderite
by a successive multistep growth process induced by DIRB, also provides evidences that the distinctive shapes and the presence of
organic molecules inside might be morphological and chemical features for biogenic siderite.
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B INTRODUCTION

Dissimilatory iron-reducing bacteria (DIRB) are ubiquitous
and important for the fate of metals and organic matter in
diverse natural environments."”> These organisms have the
capability of using ferric ions as electron acceptors and organic
compounds or H, as electron donors to produce dissolved
ferrous ions, which often result in the extracellular formation of
ferrous minerals (e.g., siderite (FeCO;) and vivianite
(Fey(PO,),-8H,0)) or mixed-valence iron minerals (e.g,
magnetite (Fe;O,) and green rust ([Fe(II),_,Fe-
(1) (OH), ¥ [ (x/n) A", mH,01*7)).>> Such mineralization
processes induced extracellularly by DIRB could affect directly
and indirectly the redox cycling and mobilization of metals and
the degradation of organic contaminants in modern ground-
water, soil, and sediment systems.é’7

Unlike size-tailored and morphology-controlled magnetite
nanocrystals biologically controlled by magnetotactic bac-
teria,”” both the mineralization process and products
extracellularly induced by DIRB can be influenced significantly
by environmental factors under which the bacteria are
growing.lo_12 For instance, DIRB produced magnetite, a
mixed-valence and ferromagnetic magnetic mineral, as major
end products when the bacteria are growing anaerobically with
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ferrihydrite (Fh) as a ferric source and HEPES (4-(2-
hydroxyethyl)-1-piperazine-ethanesulfonic acid) or PIPES
(1,4-pipera-zinediethanesulfonic acid) as a buffer.”'" Gener-
ally, DIRB produces nanometer-sized magnetite aggregates
that are typically superparamagnetic via a solid-state con-
version of poorly crystalline Fe(III) (oxyhydr)oxides."*™"*
Larger and well-crystallized magnetite particles that are single
domain magnetic could also be formed by some DIRB strains
or when they are growing for a long time or in a high-
temperature environment," "¢

Besides nanometer-sized magnetite, siderite and vivianite
could be induced as major end products when the bacteria are
growing in a bicarbonate-buffered solution without or with
phosphorus.”'” Vivianite with bladed and fibrous morpholo-
gies were observed when the Fe(II) concentration was hlgh
enough to combine with PO4 ~ in an aqueous solution.'® By
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contrast, siderite produced by DIRB has various shapes, e.g.,
rod, cubic, disk-like, dumbbell, sphere, and rhombohe-
dral.»'"'?7*' However, the mineralization process and
mechanisms of siderite precipitation into these different
morphologies induced by DIRB are in a long-standing
controversy. Dong et al. found that magnetite could be used
as a Fe(IlI)-containing reduction substrate by Shewanella
putrefaciens for the formation of siderite, i.e., magnetite could
be a precursor for siderite.”” In contrast, Zachara and co-
workers documented that higher [HCO;™] in the medium
could inhibit the formation of magnetite but accelerate the
nucleation of siderite.”> On the other hand, abiotic experi-
ments showed that the precipitation of siderite could be
initiated by the nucleation of amorphous iron carbonates and
subsequently accelerated by an outer ring growth of crystalline
phases.”*** This indicates that the biogenic siderites might be
different in both mineralogy and morphology from their
abiotic counterparts but also be dependent on the Fe(III)-
containing reduction substrate and chemical environment in
the medium in which the bacteria are growing.

To investigate the biomineralization process and mecha-
nisms of siderite extracellularly induced by DIRB, we
performed a time-course growth experiment with Shewanella
oneidensis MR-4 with Fh as the ferric source in a bicarbonate
buffer. A combination of Raman imaging and scanning electron
microscopy (RI-SEM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction
(XRD), synchrotron-based scanning transmission X-ray
microscopy (STXM), and rock magnetism approaches was
used to monitor and characterize the formation and variation
of both magnetite and siderite in the solution for 54 days.
Finally, a biomineralization model of siderite extracellularly
induced by strain MR-4 was tentatively proposed.

B MATERIALS AND METHODS

Strains and Medium. S. oneidensis MR-4 used in this study
was isolated originally from the Black Sea.”® Detail information
about the medium is provided in the Supporting Information.

Preparation of Fh Substrates and Incubation Experi-
ments. Fh was prepared by the reaction of FeCl;-6H,0 (1 M)
with NaOH (1 M) until pH 7.0.° The Fh was centrifuged
(4293 X g 10 min) and washed three times with ultrapure
H,O (18 MQ deionized water, Milli-Q), and it was finally kept
in suspension. For mineralization experiments, the medium
contained the following (per liter): 2.5 g of NaHCO, 0.6 g of
NaH,P0O,-H,0, 0.25 g of NH,Cl, and 0.1 g of KCl, as well as
10 mL of Wolfe’s vitamin and 10 mL of trace element
solutions. The sterilized medium was added by 25 mM Fh and
30 mM lactate, adjusted pH to ~7.8 with 1 M HCI, and then
transferred into 1 L serum bottles which were crimp-sealed
(each bottle contained 500 mL of the mineralization medium).
Before inoculation, the headspace in each serum bottle was
flushed with N,:CO, (v:v, 80%:20%) for 1 h. Triplicate bottles
were used for biotic experiments, and each bottle was
inoculated with 6 mL of the precultured MR-4 cells and
incubated at 30 °C in the dark. Triplicate bottles were sampled
at intervals of 0, 1, 3, 7, 9, 11, 14, 17, 20, 23, 26, 32, 38, 40, 44,
48, and 54 days for protein concentration, Fe concentration,
pH quantification, TEM and SEM-Raman experiments.

Protein Concentration, Fe Concentration, and pH
Quantification. We used the protein concentration (ug/mL)
over time to monitor bacterial growth because the aggre_gates
of cells and minerals made the counting of cells difficult.”” For

protein concentration analyses, 2 mL of culture slurry was
centrifuged at 12,045 X g for 5 min, and the solid pellets were
resuspended in 300 yL of 0.1 M NaOH and heated at 90 °C
for 15 min. Afterward, the samples were centrifuged at 4293 X
g for 20 min. Ten uL supernatants were mixed with 190 uL of
BCA Protein Assay Kit (Thermo Fisher Scientific) and heated
at 37 °C for 30 min. Finally, the protein concentrations of
cultures were measured by the spectrophotometer at ODyg,
(optical density at 562 nm). For the Fe concentration, 1 mL of
culture slurry was centrifuged at 12,045 X g for 5 min. The
supernatant was mixed with anoxic 1 M HCl to prevent Fe(II)
oxidation, and solid pellets were dissolved in anoxic 1 mL of 6
M HCI for 24 h and then diluted in anoxic 1 M HCL Both
Fe(1I) and total Fe concentrations in the aqueous phases and
solid phases were quantified by the spectrophotometric
ferrozine assay, and Fe** concentrations in precipitates were
calculated as the difference between Fe(total) and Fe?*.** Two
mL of culture slurry was used for pH analysis by a DELTA320
pH meter. All sampling processes for protein concentration, Fe
concentration, pH quantification, and separation processes for
Fe concentration were carried out in an anoxic glovebox
(100% N,). Sample separation processes for protein
concentration and pH quantification were conducted under
oxic conditions.

Microscopic Experiments. The samples for microscopic
experiments were sampled, centrifuged (12,045 X g, S min),
and dried in an anoxic glovebox (100% N,). The dried samples
were mounted onto the surface of glass slides for SEM and RI-
SEM analyses, carbon-coated copper grids for TEM analyses,
and silicon nitride windows for synchrotron-based STXM
analyses.”” The RI-SEM system consists of a Zeiss (Germany)
field scanning electron microscope (Gemini 450) with an
acceleration voltage range of 0.02—30 kV and a highly sensitive
WITec (alpha 300R, Germany) confocal Raman microscope.”
Microchemical analyses were made by SEM with energy-
dispersive X-ray spectrometry (EDXS). In situ focused ion
beam (FIB)-milling sample preparation for TEM was
performed with a Zeiss Auriga Compact dual beam FIB-SEM
system.”’ TEM observations were performed on a JEOL JEM-
2100HR TEM and a JEOL JEM-2100F TEM at 200 kV. The
crystal orientation of mineral products was determined with an
ASTAR system, which is an automatic crystal orientation
mapping (ACOM) system installed on a FEI Tecnai F20
microscope.”” The ACOM experiments were acquired with a
0.5° precession angle in order to minimize the dynamical
effects in the diffraction patterns.

Synchrotron-based STXM experiments were carried out at
the 10ID-1 Soft X-ray Spectromicroscogy (SM) Beamline at
the Canadian Light Source (CLS).”> X-ray absorption
spectroscopy (XAS) images were generated by x-y raster
scanning while recording the intensity of transmitted X-rays. A
sequence of XAS images, which covers the energy region of
interest (e.g.,, 280—320 eV for C 1s, 525—560 eV for O Is, and
700—730 eV for Fe 2p), was recorded for spectroscopic
analysis. The measured transmitted signals (I) were converted
to optical density (i.e., absorbance, OD = —In(I/I,)) using the
incident flux (I;) measured in the absence of the sample. All
processing was performed using aXis2000 (http://unicorn.
mcmaster.ca/aXis2000.html).

Magnetic and XRD Experiments. Methods and results of
magnetic and XRD experiments for final mineral products
collected at day 54 are provided in the Supporting Information.
Figure S1 shows the typical magnetic characteristics of
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Figure 1. Protein concentration (a), pH (b), Fe(II) concentration in aqueous solution (c), and Fe®* and Fe*" concentration in precipitates (d)
during ferrihydrite reduction catalyzed by S. oneidensis MR-4. Red and gray symbols and lines refer to biotic experiments and abiotic control,
respectively. Fe®* concentrations in precipitates were calculated as the difference between Fe(total) and Fe*. Error bars that are not visible are

smaller than the symbols.

magnetite and siderite.'*>*>> Figure S2 shows the typical
mineral characteristics of siderite.

B RESULTS

Bacterial Growth, Fe(ll) Release, and Mineral Trans-
formation. As shown in Figure 1a, the protein concentrations
increased gradually from ~13 to ~24 pug/mL within the first 23
days of incubation and then declined to ~9 pg/mL within 54
days (Table S1). The protein concentration curve did not
reflect the exponential growth of cell density in the time
course, although the previous study has shown that the protein
content was well correlated to the dry cell weight which
indicated that protein quantification was a suitable method for
indirect biomass estimation.”” Protein content could be
different from cell counts due to the variations in cell size
and protein content over the growth phase. At the beginning of
experiments, when a lot of substrate was available, the cells
might have been bigger and had more protein than in the late
exponential growth phase. The pH of the biotic experiments
increased from ~7.8 to ~8.2, but it showed no obvious
differences compared to the control bottle without bacteria
(Figure 1b). The concentration of Fe(II) in aqueous solutions
increased from near zero to 6.58 mM within the first 17 days
and then decreased to near zero (0.58 mM) after 54 days
(Figure 1c), while no water-soluble Fe(III) was detected in the
aqueous solution. The Fe** in the precipitates increased from
near zero to 15.34 mM, and Fe" in the precipitates decreased
from 22.47 mM to near zero along with Fe(IIl) reduction by
MR-4 (Figure 1d). Since there were mainly Fe(II)-bearing
minerals (siderite) in precipitates after 40 days, Fe?*
concentrations and total Fe concentrations were very close.
Therefore, Fe3* concentrations calculated as the difference
between Fe(total) and Fe** showed slightly negative values at
some time points due to the low precision of the
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spectrophotometric ferrozine assay and the low amount of
Fe*". Although the initial total Fe concentration in incubation
bottles was ~22 mM, the final total Fe concentration was ~16
mM. This mass unbalance could be due to the precipitation/
sorption of Fe to the glass wall of incubation bottles. Similar
precipitation/sorption was detected by adding phenanthroline
to an emptied glass bottle which immediately revealed the
presence of Fe in Notini et al.*®

The formation of magnetite and siderite was observed by
electron microscopy. SEM, RI-SEM, and TEM analyses
showed that magnetite was formed first and then siderite
(Figures S3 and 2). Conventional TEM and high-resolution
TEM (HRTEM) of samples collected after 3 and 14 days
showed that magnetite was formed (Figure S3). The magnetite
generally occurred as loose aggregates with nanoparticles,
similar to those magnetite products produced by other DIRB
strains in previous studies."”*” Even when siderite formed,
~5.6 mM Fe* was still left in the precipitates on day 17.
Additionally, we also observed ferrihydrite by SEM-Raman on
day 17. Therefore, it is possible that there was still magnetite
precipitated after day 17. Until 54 days, magnetite nano-
particles could still be found by TEM (Figure S3), although
the mineral phase of magnetite and Fe*" in precipitates on day
54 was undetectable by XRD (Figure S2) and spectrophoto-
metric ferrozine assay (Figure 1d) due to the extremely low
amount of magnetite.

Distinct from irregular shapes of magnetite and Fh,
micrometer-sized siderite particles with spindle, rod, peanut,
dumbbell, and sphere shapes were observed from day 17 to day
54 (Figure 2a—j). The siderite probably grew in progressive
stages involving a morphological transition from spindle to rod,
to peanut, to dumbbell, and to spherical shape (Figure 2), as
described in the synthesis of siderite microsépheres using a
biomolecule-assisted hydrothermal strategy.”® This growth
should start from the spindle-shaped siderite with two pointed
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Figure 2. SEM micrographs (a—j) and Raman spectra (k) of siderite produced by S. oneidensis MR-4, showing different shapes: spindle (a), rod
(b), peanut (c), dumbbell (g, h), and sphere (i). (d), (e), (f), and (j) are close-up images of rod and sphere siderite particles. Additional SEM-
EDXS elemental mapping of Fe, O, and C for siderite particles is shown in Figure SS.
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Figure 3. (a, b) Length versus width variations of different siderite morphotypes: spindle (green), rod (orange), peanut (blue), dumbbell (yellow),
and sphere (red). The dashed line in each panel marks a linear regression between the length and width of each shaped siderite product. Details of
the size distribution for siderite products with different morphotypes are shown in Figure S6.

ends and a wider middle section (Figure 2a). With growth at
both ends, siderites form rod- and peanut-shaped particles
(Figure 2b,c). High-magnification SEM imaging shows that
both the rod-shaped and peanut-shaped siderites are composed
of many nanometer-thick siderite plates, which are stacked on
top of each other (Figures 2d—f and S4). Followed by self-
similar fanning out from the center, siderites gradually become
dumbbell-shaped (Figure 2g,h) and end up with a symmetrical
spherular shape (Figure 2ij). Raman spectra have helped to
identify the siderite with various shapes by its bands around
1083, 287, 184, and 731 cm™" (Figure 2k). All of the peaks are
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strong and sharp, indicating that the siderite particles are well
crystallized. The three small peaks/shoulders at 330, 560, and
685 cm™" are the characteristics of magnetite that might stick
on the surface of siderite. However, these magnetite nano-
particles are too small to be readily detected by SEM imaging.

As shown in Figure S6, a total of 223 siderite particles were
used to observe their morphology and size distribution, which
all fell into each category (spindle, rod, peanut, dumbbell, and
sphere shapes). Since the nucleation and growth of siderite
occurred simultaneously, siderite with different morphologies
were observed at the same time point. However, spindle-, rod-,
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Figure 4. Crystal orientation of siderite produced by S. oneidensis MR-4. The yellow line in (a) refers to an FIB cross-section that was cut along the
long side of the siderite particle. (b) is the TEM image of the central part of the FIB cross-section. (c—i) ACOM orientation mapping of siderite.
(c) Virtual bright field map, (d) correlation index map, (e) reliability index map, (f) color key, (g) x orientation map, (h) y orientation map, and (i)
z orientation map. Precession angle: 0.5° frequency: 100 Hz, beam spot size: 1.5 nm, scanning step size: 15 nm, condenser aperture: 50 pum,

camera length: 89 mm.

and peanut-shaped siderites were mainly observed from day 17
to day 38, while dumbbell- and sphere-shaped siderites were
mainly observed from day 40 to day 54. Along with the
morphological transition from spindle to sphere shape, both
the length and width of siderite particles increase and
eventually grow into the same values (Figure 3). To
quantitatively characterize the morphotype transition, shape
factors (length divided by width, L/W) are used here to
describe the relative variations of the length and width of
siderite particles. For instance, the length of siderites increased
from ~3—4 pm in spindle-shaped particles to ~6—10 pym in
the rods, and then to ~9—15 ym in peanut-shaped minerals
(Figure 3a). Although the shapes are different, all L/W values
of spindle-, rod-, and peanut-shaped siderites are between 2
and 3. L/W values of dumbbell-shaped siderites were between
1 and 2 with a length of ~10—35 ym and width of ~6—22 pum,
indicating there was faster growth in width relative to length
when the shape shifted to the dumbbell-shaped structures
(Figure 3b). This compensated for growing faster in length
than in width in the early stages of siderite formation (spindle,
rod, and peanut) and contributed to the final formation of
sphere-shaped siderite. As for the driving forces for the
formation of spherical minerals, the previous hypothesis
involved Brownian motion, magnetic attraction, electric dipolar
interaction, or other physical or energetic processe:s.39_41
Finally, L/W values were close to 1 when siderites formed in
spherical shape, which had diameters ranging from ~20 to ~45
um (Figure 3b). Additionally, for the dumbbells and the
spheres if they have the same width, the spheres could grow
from dumbbells smaller than that, while the dumbbells could

grow to spheres bigger than that. The siderite crystal growth
proceeded as a miniature rhombohedral siderite (~2 ym in
edge length; Figure 2i) on the surface of the spherical siderite.

Structural and Chemical Features of Siderite. In order
to explore the internal structure of the siderite with TEM and
synchrotron-based STXM approaches, we made FIB foils from
the center and along the long axis of the particle (yellow line in
Figure 4a). TEM observations clearly showed that the siderite
crystals radiate outward from the center (Figure 4b).
Additionally, a SEM image of a broken spherulite (Figure
S7) reveals the solid internal structure of the siderite
spherulite, exhibiting a radial growth pattern. It appears that
the siderite spherulites are formed by the process of subunit
aggregation. Automatic crystal orientation mapping (ACOM)
showed that the center part of the siderite particle appears to
be less crystalline and relatively homogeneous in texture. The
center part is distinctive from these siderite fibers, which
radially distribute around it. The mineral phase of siderite is
confirmed by the correlation index map in which crystals
appear as white to light gray pixels (Figure 4c,d), except for the
black to light gray pixels, which are likely due to thickness
variations (Figure 4e). The x, y, and z orientation maps
(multiplied by the index map) indicate that the siderite
particles have no privileged growth axis and grow radially
(Figure 4g—i).

Despite the textural difference, TEM-EDXS elemental
mapping showed no obvious chemical difference between the
center part and the other regions inside siderite. Iron, oxygen,
and carbon elements are uniformly distributed inside of
siderite as shown in Figure Sb—d. However, synchrotron-based
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Figure 5. TEM-EDXS elemental mapping and synchrotron-based STXM analysis for an FIB cross-section of the siderite produced by S. oneidensis
MR-4. (a—d) TEM-EDXS elemental mapping shows the spatial distribution of iron (purple), oxygen (blue), and carbon (green). (e—h) STXM
images of Fe L-edge (708.2 and 710.1 eV) and C K-edge (287.3 and 290.0 V). (i—m) Component maps of (i) siderite, (g) ferrihydrite, (k)
magnetite, (1) lipid, and (m) aromatic compounds derived by fitting reference spectra. Fe L-edge (n) and C K-edge (o) NEXAFS spectra of four
different positions (red, yellow, blue, and green areas) marked accordingly in the FIB cross-section (e) compared with references siderite (black
lines). (p) Comparison of C K-edge NEXAFS spectra of siderite (black line) and reference organic matter of lipid (purple line) and aromatic

compounds (pink line).

STXM analysis on the FIB cross-section of the siderite particle
showed a heterogeneous distribution of chemical components
(Figure Se—h). Near edge X-ray absorption fine structure
(NEXAFS) at the Fe L, ;-edge (2p1/2,3/2 — 3d) is sensitive
to the speciation of Fe, including its redox state.”” The
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NEXAFS spectra at the Fe L, ;-edge measured on four different
positions of the FIB cross-section show the characteristic of
siderite (Figure Sn: a stronger double-peak at 708.2/708.6 eV
and a weaker peak at 710.1 eV for Fe L;-edge; three peaks at
719.5 €V, 720.7 eV and 723.5 eV for Fe L,-edge).”’ The
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singular value decomposition (SVD) analysis using reference
NEXAFS spectra further confirms the presence of siderites
(Figure 5i).** Additionally, the obvious peak at 710.1 eV on
four different positions of the FIB cross-section indicates that
Fe®' is present inside the siderite. The SVD analysis shows that
the Fe’-containing species should be Fh (not magnetite),
which was encased during siderite nucleation and growth
(Figure Sgk). However, selected area electron diffraction
(SAED) patterns of several areas on the FIB cross-section only
showed a typical pattern for siderite (Figure S8), and the
distinct reflections of Fh have not been observed due to its low
amount and crystallinity. Because of the low amount, the
spectrophotometric ferrozine assay also failed to detect the
presence of Fh.

The NEXAFS spectra at the C K-edge showed the
characteristic of CO32_ in siderite (Figure 50): a strong peak
at 290.0 eV, a well-defined pre-edge peak at 288.4 eV, and a
broad peak at 301.0 eV, which are consistent with that
reported in Brandes et al.** Except for the carbonate, STXM
analysis performed at the C K-edge showed the presence of
organic functional groups typically associated with micro-
organisms (Figure Sp). The sharp peak at 287.3 eV and the flat
shoulder at 288.1 eV are related to 1s — 3p/s* electronic
transitions of carbon in hydrocarbon functional groups (C—
H), which are associated with aliphatic compounds. The flat
peak at 288.4 eV is attributed to 1s — 7" electronic transitions
of carbon in the carboxyl group (—COOH). These results
indicate a higher aliphatic compounds content within the
precipitated siderite, probably stemming from the phospholi-
pid bilayer of the cells. Based on the SVD analysis using
reference NEXAFS spectra, lipids match clearly with the FIB
cross-section of siderite (Figure SI). The two flat peaks at 285.2
and 285.6 eV correspond to the electronic transition of carbon
in aromatic carbon groups (C=C).***" The signal of these
groups was relatively lower inside the siderite, as identified by
SVD analysis shown in Figure Sm.

In NEXAFS spectra at the O K-edge (Figure S9), the first
intense and sharp peak at 534.2 eV is assigned to the z*
antibonding state from the C=0 bonds of CO,*" resulting
from out-of-plane 7 bonds involving only p states. The two
higher energy peaks at 539.6 and 543.0 eV of the spectrum
correspond to the ¢* antibonding state of CO;*".

B DISCUSSION

Biomineralization of Magnetite and Siderite during
Iron Reduction by MR-4. Magnetite and siderite are the
frequently observed products from Fe(IIl) (oxyhydr)oxide
(e.g, ferrihydrite) reduction by DIRB, but the formation
sequence of magnetite and siderite during DIRB reduction is
controversial. Thermodynamic calculations for hydrous ferric
oxide reduction by Shewanella putrefaciens CN32 in a
bicarbonate-buffered medium suggested that the magnetite
stability field would be encountered before that of siderite.’
Additionally, laboratory results of siderite formation from
biogenic and abiotic magnetite by S. putrefaciens strains CN32
and MR-1 also supported that magnetite could be a precursor
for siderite formation.”> However, Zachara et al. have observed
that biomineralization products were almost identical in both
MES [2-(N-morpholino)ethanesulfonic acid] and bicarbonate
buffers where Fh was reduced by S. putrezfaciens CN32 as a
function of N,:CO, ratio (100:0—80:20).>” They have found
that both of these buffer systems were in equilibrium with CO,
and contained equivalent bicarbonate concentrations at the

same pH based on model calculations and chemical analyses,
indicating that the formation of siderite did not proceed
through a magnetite intermediate. Instead, they have proposed
another mechanism for the sequence of magnetite and siderite
precipitation in which higher HCO;™ concentrations appeared
to prevent topotactic conversion to magnetite through aqueous
complexation of Fe(II) or surface complexation of HCO,~ that
inhibited magnetite formation and/or accelerated nucleation of
siderite. Table S2 summarizes the incubation conditions for
DIRB experiments in which siderite and magnetite are
coexisting products. Based on the summarized results, the
most important factor for siderite formation is the presence of
HCO;™ and/or CO;™ in the incubation system.

There was a slight increase of pH from ~7.8 to 8.2 in the
biotic experiments and the control bottle which could have
resulted from a gradual desorption of OH™ from the surface of
Fh substrates with time."® Considering the FeCO; solubility
product (K,) of 107199 % and the sum of HCO,~ and CO,*~
concentrations being 30 mM here, FeCOj; is expected to
precipitate when the Fe(II) concentration is higher than 3.3 X
107> mM. However, there was no siderite observed in the
first 14 days in which the Fe(II) concentration was as high as 6
mM. One possible interpretation is that the solubility of
magnetite (107'°%'%) was much smaller than that of siderite at
room temperature.”’ Additionally, no siderite precipitated in
abiotic control experiments in which 6.58 mM Fe(Il) was
added to a 30 mM NaHCO; solution (pH 7.8). Previous
studies suggested that in the absence of a nucleation site or
suitable surface, siderite precipitates via homogeneous
nucleation, where solution saturation has to surpass a critical
threshold that is significantly higher than siderite equilibrium
solubility.”>" Here in our study, the Fe L-edge and C K-edge
NEXAFS spectra showed the presence of Fh and organic
molecules inside siderite particles, which could have provided a
nucleation site to allow the crossing of the nucleation barrier
and subsequent siderite formation. Similarly, previous studies
demonstrated that siderite crystals could nucleate on bacterial
nano%lobules as for Ca- and/or Mg-carbonate precipita-
tion.””>* The outer membrane of iron(III)-reducing bacteria
and their exopolysaccharides (EPS) could bind metal ions and
serve as nucleation sites for siderite formation.”"** Addition-
ally, these results suggest that magnetite does not need to be a
necessary precursor for siderite during DIRB mineralization.

Although various shapes (e.g, rod, cubic, disk-like, dumb-
bell, sphere, and rhombohedral) of siderite were reported
during bacterial iron(III) reduction,”"'”***" spindle- and
peanut-shaped siderite particles produced by DIRB were first
reported in the present study. The morphological evolution of
the biogenic siderite particles involves a spindle-rod-peanut-
dumbbell-sphere transition. Additionally, we have observed
obvious differences in growth rates between the length and
width of siderite particles. The spindle-, rod-, and peanut-
shaped siderites (2 < L/W < 3) exhibit a relatively faster
growth in length, while dumbbell-shaped siderites (1 < L/W <
2) show a relatively faster growth in width. Qu et al. have
captured a similar growth pattern by slowing down the reaction
rate of biomolecule ascorbic acid (vitamin C)-assisted
hydrothermal synthesis of siderite in lower-temperature
experiments.”® They suggested that the intrinsic electrical
dipole interactions between the assembled subunits are
responsible for the aggregation of the siderite subunits. In
addition to the work by Qu et al, other studies have proved
that organic molecules (e.g., ascorbic acid and poly(ethylene
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Figure 6. Overview of biomineralization of magnetite and siderite during iron reduction by S. oneidensis MR-4. The red line refers to the Fe(II)
concentration in an aqueous solution. Fe(II) produced by reduction of Fh by S. oneidensis MR-4 was low in the beginning of the reduction
experiments and reacted with Fh immediately, resulting in magnetite formation. Along with the growth of cells, more Fe(II) was produced and
combined with CO,>” in aqueous solutions, then forming siderite with Fh and organic molecule as nucleation sites and growing into larger particles

following the spindle-rod-peanut-dumbbell-sphere transition.

glycol)-block-poly(methacrylic acid)) can contribute to the
multistep aggregation of subunits and control the crystal
orientation, morphology and polymorph selection of carbonate
minerals.”>® For instance, the 7-bond conjugation due to the
two hydroxyl groups (—OH) of the ascorbic acid molecule
could dissociate protons or produce interactions with electro-
positive carriers, thus the ascorbic acid could further interact
with the positively charged faces of siderite during the
reaction.”® In our study, NEXAFS spectra at the C K-edge
showed the presence of carboxyl groups (—COOH) inside
siderite, which could also exert a similar influence on the
assembly of the subunits and siderite growth via electrostatic
attraction like that of ascorbic acid. Overall, our study
highlights the significant role of organic molecules in the
multistep mineralization process of siderite and provides
deeper insights into the formation of biogenic minerals
assembled by subunits.

Combing with the Fe(Il) concentration in the aqueous
solution and mineralogy results in this study, we suggest that
the rate and concentration of Fe(II) flux dominated the
secondary mineralization products of DIRB. A growth model
of magnetite and siderite during iron(III) mineral (ferrihy-
drite) reduction by S. oneidensis MR-4 is shown in Figure 6.
The Fe(1I) produced from reduction of Fh reacted with Fh
immediately at the beginning of experiments, resulting in
magnetite formation via a solid-state conversion of Fh.>” Along
with the growth of cells, more Fe(II) was produced and
released into solution, thus being available to react with CO,>~
and form siderite with Fh and organic molecules functioning as
nucleation sites. The whole biomineralization process of
siderite follows the successive multistep growth process
which involves a spindle-rod-peanut-dumbbell-sphere morpho-
logical transition.

Environmental Implications. Siderite has been frequently
described as an Fe(Il)-carbonate precipitate in soils and
sediments. Its formation was generally associated with bacterial
respiration of organic matter coupled to microbial Fe(III)
mineral reduction, which has a strong influence on the
biogeochemical cycling of Fe and C throughout much of
Earth’s history.”® Our study has shown that the Fe(III)
substrate (e.g, ferrihydrite), bacterial cells, and associated
biomass could function as nucleation sites for siderite
formation, making it easier for siderite to cross the nucleation
barriers and subsequent forming. Given the abundance of
Fe(III) (oxyhydr)oxide minerals and Fe(IIl)-reducing bacteria
in anoxic sedimentary systems, biogenic siderite precipitation
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could preserve carbon inside the minerals and prevent
degradation.

Additionally, the spindle-, rod-, peanut-, and dumbbell-
shaped siderite particles with radial subcrystals had not
previously been found in abiotic experiments in the absence
of organic matter. These distinct shapes and structures might
therefore be features of biogenic siderite, which is very
important for the identification of biogenic siderite in the
ancient (and modern) geological record on Earth. Previous
studies have found the micron- to submicron-scale rod-,
peanut-, and dumbbell-shaped siderite crystals comprising of
radial subcrystals in Otter Lake sediments older than ~1200
years BP (years before present) and windward lagoon core
from Bora Bora deposited around 7700 years BP.”*’ In
particular, these siderite crystals found in sediments are mostly
identical in shape and size to those formed in our study.
Nanometer-sized siderite likely related to microbial mediation
has been observed in the Rio Tinto basin, which is an acid-
sulfate condition regarded as an analogue for early Earth.”'
Future studies on morphological characteristics and micro-
scopic chemical compositions of the siderite in the sediments
using advanced electron microscopy and scanning transmission
X-ray microscopy will provide more definitive evidence for the
abiotic or biotic origin of siderite in sediments on Earth.
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