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ARTICLE INFO ABSTRACT

Editor: Micheal E. Boettcher The burial of organic carbon (OC) in sedimentary environments promotes long-term carbon sequestration, which
allows the release of oxygen in the atmosphere. Organo-mineral interactions that form between terrigenous
minerals and OC during transport to and deposition on the seabed enhance OC preservation. Here, we propose
an authigenic mechanism for the coupled preservation of labile OC and metastable iron sulfide minerals under
Iron anoxic conditions. Sulfate-reducing microorganisms (SRM) are ubiquitous in anoxic environments and produce
Sulfur the majority of free sulfide in marine sediments, leading to the formation of iron sulfide minerals in situ. Using
Organic carbon high spatial resolution microscopy, spectroscopy and spectro-microscopy, we show that iron sulfide biominerals
Sulfate-reducing microorganisms . . . . . .
precipitated in the presence of SRM incorporate and adsorb organic molecules, leading to the formation of stable
organo-mineral aggregates that could persist for years in anoxic environments. OC/iron sulfide assemblages
consist of the metastable iron sulfide mineral phases mackinawite and/or greigite, along with labile organic
compounds derived from microbial biomass or from organic molecules released extracellularly by SRM.
Together these results underscore the role that a major group of anoxic microbes play in OC preservation and
illustrate the value of the resulting authigenic metastable iron sulfide minerals mackinawite and greigite in
protecting labile organic molecules from degradation over time.
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1. Introduction Canfield, 1989, 1994). Despite the generally efficient remineralization

of OC by microbial processes in sediments, some OC is ultimately

The burial of organic carbon (OC) in the sedimentary record over
geologic time governs CO, levels at the surface of modern Earth
(Garrels and Perry, 1974; Berner, 1982; Burdige, 2007). Photosynthetic
organisms fix CO, at the surface of the ocean to produce OC, which is
respired back to CO, by heterotrophic microorganisms in the water
column. Less than 1% of the OC produced at the surface escapes de-
gradation and reaches the sediment, where it is further subjected to
microbial decomposition (Burdige, 2007). Even though active aerobic
microbial communities inhabit over a third of the global seafloor
(D’Hondt et al., 2015), OC transformations in marine sediments are
mainly driven by anaerobic microbial processes (Jorgensen, 1982;
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preserved and buried over timescales of millenia and longer (Baldock
et al., 2004). The greatest sedimentary OC burial occurs along marine
continental margins (Berner, 1982; Burdige, 2007; Keil, 2017) and is
attributable to high sedimentation rates, to the presence of oxygen
minimum zones in the overlying water that minimizes OC degradation
during transport, and to the decrease in OC reactivity with increasing
depth (Canfield, 1994; Hedges and Keil, 1995; Hartnett et al., 1998;
Wakeham and Canuel, 2006; Arndt et al., 2013; Keil, 2017). Moreover,
interactions between OC and terrigenous minerals during transport to
and deposition on the seabed further lead to the preservation of OC in
sediments (Hedges et al., 2001; Keil and Mayer, 2014). Specifically,
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sorption of OC to mineral surfaces can minimize biological and che-
mical degradation by slowing down remineralization, stabilizing or-
ganic molecules and preserving labile molecules in marine sediments
(Hedges and Keil, 1995; Keil and Mayer, 2014). Because OC in sedi-
ments is often physically associated with clays and oxy-hydroxides
(Ransom et al., 1997, 1999), the flux of minerals to coastal zones is
assumed to be the predominant factor determining the amount of or-
ganic matter preserved in coastal sediments (Keil et al., 1994).

The role of authigenic mineral formation in the presence of micro-
organisms (in situ biomineralization) in preserving OC has been far less
studied. Iron and manganese oxides precipitated during in situ biomi-
neralization by Fe(II)-oxidizing and Mn(II)-oxidizing microorganisms,
respectively, incorporate and preserve organic molecules in suboxic
(< 10 uM O,) and oxic environments (Chan et al., 2004, 2009; Estes
et al., 2017). These metal oxides are stable over time at ambient con-
ditions and are resistant to diagenetic alteration (Krepski et al., 2013;
Picard et al., 2015; Estes et al., 2017). The role of in situ biominer-
alization in the preservation of organic carbon in anoxic environments,
however, remains unknown. It has been observed that OC and iron
sulfide minerals are often buried together in anoxic sediments (Berner,
1982; Berner and Raiswell, 1983), which begs the question as to whe-
ther direct organo-mineral interactions can form during authigenic iron
sulfide mineral formation and participate in the preservation of OC.
Iron sulfide minerals precipitate in anoxic environments where dis-
solved sulfide produced by sulfate-reducing microorganisms (SRM) in-
teracts with soluble ferrous iron Fe(II) (Rickard, 2012c). Microbial
sulfate reduction drives the biogeochemical sulfur cycle in a variety of
sedimentary environments (Zopfi et al., 2004; Raven et al., 2016;
Riedinger et al., 2017; Wehrmann et al., 2017; Shawar et al., 2018;
Jorgensen et al., 2019). The complexities of the sulfur cycle, as well as
the challenges of determining the composition of bulk organic matter,
have limited our capacity to address critical questions about the re-
lationship between the activity of SRM and the preservation of OC.
Sulfide can react with organic matter via sulfurization to facilitate OC
preservation (Sinninghe Damste and De Leeuw, 1990; Werne et al.,
2004; Amrani, 2014; Raven et al., 2016). In this study, we investigated
the potential for iron sulfide biomineralization to be a pathway for OC
preservation.

Iron sulfide mineral formation has been extensively studied under
abiotic conditions, but the specific role of microorganisms on the for-
mation of iron sulfide minerals under anoxic conditions has only re-
cently been explored (Picard et al., 2016a; Gorlas et al., 2018; Picard
et al., 2018; Stanley and Southam, 2018; Mansor et al., 2019; Thiel
et al.,, 2019). Microbial sulfate reduction is more than just the pro-
duction of sulfide (Schoonen, 2004). Sulfate-reducing bacteria act as
templates for the nucleation and growth of mackinawite and greigite,
and influence the physical characteristics — particle size and aggrega-
tion — of these metastable iron sulfide minerals (Picard et al., 2018).
Microbial sulfate reduction accounts for half of the oxidation of organic
matter in anoxic marine sediments (Jgrgensen, 1982), however, during
this process SRM can also generate variable amounts of biomass and/or
release organic molecules extracellularly, that can potentially associate
with authigenic iron sulfide minerals. The heavy encrustation of SRM
by iron sulfides, as reported in environment samples and in laboratory
experiments (Ferris et al., 1987; Picard et al., 2016a, 2018), suggests
that SRM might play an active role in associating Fe-S minerals and OC.
In this study, we used scanning electron microscopy (SEM) with elec-
tron dispersive X-ray spectrometry (EDS), and scanning transmission X-
ray microscopy (STXM) combining near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy with high resolution, and demon-
strated that that organic compounds derived from microbial biomass
associate with iron sulfide minerals when those were formed in the
presence of both live and dead sulfate-reducing bacteria. The associa-
tion of OC with authigenic, biogenic iron sulfide minerals potentially
results in the effective preservation of organic matter in anoxic en-
vironments, which has marked, globally relevant implications for the
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fate of buried OC in past and modern Earth. Ultimately, the physical
and chemical characteristics of iron sulfide biominerals could also be
indicative parameters of depositional conditions, additionally to geo-
chemical parameters such as sulfur isotopes and trace metal composi-
tions of pyrite (Gregory et al., 2015; Large et al., 2017; Gregory et al.,
2019).

2. Material and methods
2.1. Culture medium

Iron sulfide minerals were precipitated in an anoxic marine medium
used for the cultivation of sulfate-reducing microorganisms (Widdel
and Bak, 1992). The medium composition is given in Suppl. Table Al
(DSMZ medium 195c). The complete experimental procedure de-
scribing how to produce strict anoxic conditions was described else-
where (Picard et al., 2018). A summary of the medium preparation is
given here. The complete medium was prepared by mixing a mineral
solution, a bicarbonate buffer solution, and a sodium-L-lactate solution
— each flushed with a N,/CO, gas mixture and autoclaved separately —
and sterile vitamin and trace mineral solutions purchased from the
American Type Culture Collection (ATTC® MD-VS and MD-TMS). No
resazurin nor sulfide were added to the complete medium. To produce
the Fe medium, soluble Fe(II) was added to the complete medium at a
final concentration of ~4 mM using a sterile deoxygenated solution of
1M FeCl,. All procedures were performed in an anaerobic vinyl
chamber (Coy Laboratory Products Inc) unless otherwise indicated.

2.2. Iron sulfide mineralization experiments

Biotic experiments were performed by growing the sulfate-reducing
bacterium Desulfovibrio hydrothermalis AM13”, purchased from the
German culture collection DSMZ (DSM 14728), in the Fe medium. Strain
AM13 grows optimally at 35 °C and is an incomplete lactate oxidizer
(Alazard et al., 2003). Stationary-phase cells of Desulfovibrio hydro-
thermalis AM13 were inoculated at an initial concentration of ~10°
cells/ml into serum vials containing 50 ml of Fe medium. During the
experiments, cells grew and reached a concentration of ~108 cells/ml.
As sulfide was produced during microbial growth, it reacted with Fe(II)
to form iron sulfide minerals that produced black and opaque pre-
cipitates in the medium. Abiotic experiments were prepared by adding
sulfide from a concentrated, sterile Na,S solution prepared with deox-
ygenated water to the Fe medium to reach concentrations comparable to
those produced in biotic experiments (~8 mM). Our previous study has
demonstrated that the rate of sulfide addition to abiotic experiments
did not impact the characteristics of iron sulfide minerals (Picard et al.,
2018). Finally, killed-control experiments were performed using dead
cells, either autoclaved or y-irradiated, that were prepared as follows:
serum vials containing stationary-phase cultures grown in 50 ml of
complete medium (~108 cells/ml) were either placed near a 137¢s
gamma-ray source for 48-72 hours, or autoclaved for 20 min at 121 °C.
Afterwards, a pellet of dead cells and residues was recovered by cen-
trifugation in 50-ml plastic tubes (~3000 g for 20 min), rinsed and
resuspended in 50 ml of Fe medium. As dead cells did not produce sul-
fide, it was added from the concentrated, sterile and anoxic Na,S so-
lution to reach ~8 mM. In all experiments, the final Fe:S ratio was
~1:2. Solid phases were recovered and prepared for microscopy and
spectroscopy as described in the following paragraphs. Table 1 sum-
marizes the experiments and analyses performed in this study.

2.3. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (SEM-EDS)

EDS in the scanning electron microscope was used to identify the
major elements in solid phases formed in biomineralization experi-
ments. Solid phases were harvested by centrifugation (1-ml samples,
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Table 1
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Iron sulfide minerals characterized in the present study and analytical methods used. The mineralogy of iron sulfide minerals was characterized using X-ray

diffraction (Picard et al., 2018).

Experiment

Sulfide source added to Fe medium

Mineralogy of the solid phases Solid phase analysis

Biotic experiments with live cells
Control experiments with dead cells (y-irradiated) Sulfide solution
Control experiments with dead cells (autoclaved) Sulfide solution

Abiotic experiments Sulfide solution

Microbial sulfate reduction

Mackinawite < 5 months SEM-EDS
Mackinawite + Greigite > 5 months STXM
Mackinawite SEM-EDS
STXM
Mackinawite SEM-EDS
STXM
Mackinawite SEM-EDS
STXM

~11,000 g for 20 min) and rinsed with sterile deoxygenated pure water
in the anaerobic chamber. Minerals were resuspended in sterile deox-
ygenated ultrapure water, and a drop of suspension was deposited on a
small Si wafer fixed to an aluminum stub with double-sided carbon
tape. Samples were left to dry overnight in the anaerobic chamber and
were transported to the imaging facility in an air-tight jar. Exposure to
air was limited to the transfer of samples into the microscopy chamber
that was then kept under vacuum for the time of the analyses. As iron
sulfide minerals are electron-conductive, imaging was done without
sputter coating. Samples were imaged with a Zeiss Supra 55 V P field
emission scanning electron microscope at the Harvard Center for
Nanoscale Science. Secondary electron (SE) images were obtained at an
acceleration of 10 kV using an Everhart-Thornley SE detector or an
InLens SE detector. Elemental analysis by EDS was performed at an
acceleration voltage of 15 kV using a silicon drift detector (EDAX). Data
were generated through the user interface Genesis (EDAX).

2.4. Scanning transmission X-ray microscopy (STXM) and near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy

STXM and NEXAFS spectroscopy were used to analyze the dis-
tribution of Fe, S, C, O and N and the chemical speciation of Fe, C, O
and N in solid phases. Measurements were performed at beamline
11.0.2.2 of the Advanced Light Source (Berkeley, CA, USA) and at
beamline 10ID-1 of the Canadian Light Source (Saskatoon, SK, Canada)
(Bluhm et al., 2006; Kaznatcheev et al., 2007). Mineral preparation was
done in an anaerobic chamber. Minerals were recovered by cen-
trifugation (1-ml samples, ~11,000 g, 20 min), washed and re-
suspended with sterile deoxygenated ultrapure water. For each sample,
a drop of mineral suspension was deposited on a formvar-coated copper
200-mesh TEM grid (Electron Microscopy Sciences) and dried in the
anaerobic chamber. TEM grids were fixed beforehand with double-
sided tape to an aluminum sample holder adapted to the microscopes at
the beamlines. Sample holders were transported to the beamlines in air-
tight jars, limiting the contact of minerals with air to less than 30s
during the transfer of sample holders to the microscope chamber. The
air in the microscope chamber was evacuated using a vacuum pump
and replaced by a He atmosphere (1075 Pa) for measurements. Pre-
liminary measurements had shown that the afore mentioned prepara-
tion prevented the oxidation of iron sulfide minerals. Images and/or
image sequences (stacks) of mineral aggregates were acquired across
the Fe L3 »-edges (700-730 eV), the S L3 >-edges (150-190 eV, the C K-
edge (280-320eV), the O K-edge (525-560eV) and the N K-edge
(395-420 eV). An energy resolution of 0.1 eV was used for the energy-
regions of interest in the absorption spectra. The beamspot size at both
beamlines was ~25-30 nm.

Measurements of Fe and S served to determine the distribution of
iron sulfide minerals. Measurements of C, N and O allowed character-
ization of organic material associated with iron sulfide minerals.
Measurements at the O K-edge also served to verify that anoxic con-
ditions were maintained during the preparation and the transport of
samples to the synchrotrons, as spectral features of iron oxides at the O

K-edge are very specific. Spectra of the following reference compounds
came from other studies: alginate (as polysaccharide reference), al-
bumin (as protein reference), glucose (as monosaccharide reference)
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (as saturated lipid
standard), vivianite and siderite (references for Fe(II) minerals), goe-
thite and ferrihydrite (references for Fe(III) minerals) (Lawrence et al.,
2003; Dynes et al., 2006; Hitchcock et al., 2009; Picard et al., 2016b).

2.5. STXM and NEXAFS data processing and analysis

STXM data were processed using the aXis2000 software package
using standard procedures (Hitchcock, 2017). Images were converted
from transmission scale to optical density (OD) scale. Species-specific
OD maps - Fe(Il), total S, organic C in proteins, O in functional groups
and organic N in proteins — were generated by subtracting images ac-
quired at energies before the absorption edges (pre-edge images) from
images acquired at energies at which bonds of interest are absorbing X-
rays (708.7 eV, 176 eV, 288.2 eV, 538 eV, and 401.3 eV, respectively).
NEXAFS spectra were extracted from whole image sequences (average
spectra) or from specific areas in whole image sequences, when re-
levant. Spectra recorded across the C K-edge were fitted following the
procedure described elsewhere in order to quantify the contribution of
peaks associated with individual functional groups to the total spectral
area (Estes et al., 2017). Briefly, the procedure is as follows: spectra
were normalized to unity and deconvoluted using the software Athena
(Ravel and Newville, 2005). An arctangent function was used to fit the
ionization threshold. Six Gaussian functions were used to deconvolute
spectra in the NEXAFS region, while two additional Gaussian functions
were used above 292 eV to approximate o* transitions. Fit results in-
clude only the major functional group resonances. Correlations between
the distribution of Fe and C in mineral aggregates were investigated
using the ScatterJ plugin (Zeitvogel et al., 2016) available in the free
software ImageJ (Rueden et al., 2017) (https://imagej.net/ImageJ).
Input images were Fe(II) and organic C (protein) maps of the same area,
which represented concentrations of Fe and C, respectively. Maps were
aligned to each other and had the same size and resolution. A mask was
created to exclude pixels in the background of both images, and pixels
that were in thick areas where saturation occurred (e.g. some ag-
gregates might be too thick for C measurements while they are fine for
Fe measurements, which leads to false O pixels in the C maps). For
pixels at the same position in both Fe and C maps, datapoints were
extracted and plotted in a scatterplot matrix to visualize the relation-
ship between Fe and C (x = Fe, y = C). A major axis linear regression
analysis was performed on the whole dataset using the major axis re-
gression model in the ScatterJ plugin (Zeitvogel et al., 2016). A 95%
confidence ellipse was also generated for the whole dataset. There was
a large spread of the datapoints, therefore a deviation map of perpen-
dicular distances from the major axis regression line was generated to
visualize the areas in iron sulfide mineral aggregates that were enriched
or depleted in organic carbon. Regions of similar colors indicate similar
deviations of the pixels from the regression line, suggesting composi-
tional variations within the samples (Zeitvogel et al., 2016).
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Fig. 1. Elemental composition analysis of aggregate minerals precipitated in the absence (abiotic) and in the presence of live and dead (autoclaved and gamma-
irradiated) sulfate-reducing bacteria using energy dispersive X-ray spectroscopy (EDS) in the scanning electron microscope (SEM). (A) Representative EDS spectra
show the presence of Fe, S, C and O in minerals precipitated in the presence of live and dead bacteria. C is absent from the mineral aggregates precipitated in abiotic
conditions in the culture medium containing lactate. Fe and S are from iron sulfide minerals, Na, Mg, P and Cl from the culture medium. Si from the sample holder.
(B) Distribution of elements across a mineral aggregate precipitated with live bacteria. The distribution of O is correlated with C rather than Fe, indicating that O is

present in organic functional groups.

2.6. Confocal laser scanning microscopy (CLSM)

Microbe-mineral aggregates were fixed with 4% paraformaldehyde
at room temperature for 2 h and labeled with the following fluorescent
stains (ThermoFisher Scientific, Invitrogen™): SYBR® Green, FM® 4-64,
and Alexa Fluor® 555 conjugate of WGA. These stains bind to nucleic
acids, to membranes, and to N-acetylneuraminic acid and N-acet-
ylglucosaminyl residues, respectively. The WGA conjugate is useful for
visualizing bacterial cell wall peptidoglycans. Culture aliquots were
stained with all the fluorescent probes mentioned above for 30 min,
rinsed and resuspended in PBS buffer. A drop of suspension was
mounted on a glass slide and covered with a coverslip. Imaging of
microbe-mineral aggregates was performed at the Harvard Center for
Biological Imaging. Image stacks of microbe-mineral aggregates were
acquired on an inverted Zeiss LSM 880 laser scanning microscope (Carl
Zeiss AG, Oberkochen, Germany) with a 100x oil immersion lens,
equipped with lasers at 405 nm (reflection), 488 nm (excitation SYBR
Green), 561 nm (excitation WGA-555 and FM4-64). Image stacks were
processed using ImageJ to extract maximum intensity projections of the
Z-stacks.

2.7. Matrix assisted laser desorption ionization — time of flight (MALDI-
TOF) mass spectrometry

Minerals were analyzed on a Bruker Ultraflex Extreme MALDI-TOF/
TOF at the Harvard Small Molecule Mass Spectrometry facility to ten-
tatively characterize organic components associated with minerals at
the level of individual molecules. Biogenic solid phases from two cul-
tures grown in Fe medium were compared to abiotic solid phases

precipitated in Fe medium and Fe medium + acetate, respectively.
Minerals were washed with anoxic Millipore water and dried in the
anaerobic chamber. Before the measurements, minerals were re-
suspended in Millipore water in the air. A 1-ul drop of matrix (2,5-
dihydrobenzoic acid) was first deposited on the sample holder. After it
had dried, a 1-pl drop of mineral suspension was deposited on top of the
matrix. Samples were measured in positive and negative modes.

2.8. Liquid chromatography (LC) — mass spectrometry (MS)

The liquid phase of microbial cultures was analyzed using LC-MS to
characterize unique organic molecules that could be produced in the
presence of high concentrations of iron, as well as to identify organic
components that could potentially end up associated with minerals.
Liquid phases of three individual cultures grown in Fe medium for 1, 2
and 4.5 months were compared to the liquid phase of one culture of
cells grown in medium without Fe (complete medium), to the liquid
phase of one experiment with gamma-irradiated cells in Fe medium to
which sulfide was added, to the complete medium, and to the liquid
phases of two abiotic experiments performed in Fe medium and in Fe
medium + acetate, respectively. The supernatant of those samples was
recovered after centrifugation in 2-ml centrifuge tubes (20 min at
11,000 g) and mixed (1:1) with acetonitrile containing an internal
standard (d4-succinate) before analysis. Samples were analyzed on a
ThermoFisher Ultimate 3000 LC coupled with a Q-Exactive Plus mass
spectrometer at the Harvard Small Molecule Mass Spectrometry facility.
Five microliters of each sample were injected in a Zic-pHilic column
(150 x 2.1 mm, 5-micron particles, EMD Millipore). The mobile phases
were 20 mM ammonium carbonate in 0.1% ammonium hydroxide and
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acetonitrile 97% in water. The gradient conditions were as follows:
100% B at 0 min., 40% B at 20 min., 0% B at 30 min. for 5 min., then
back to 100% over 5 min., followed by 10 min. of re-equilibration. Full
ms spectra were acquired in switching polarity at 70,000 resolution,
covering a range of mz 66-990. Samples were also analyzed in data-
dependent msms top 5 mode. All the data were combined and analyzed
in Compound Discoverer 2.0 (ThermoFisher). Likely elemental com-
positions were computed based on the accurate mass and isotope pat-
tern, and mzCloud msms spectra database, chemspider, metlin and
Kegg libraries were searched to identify possible candidates.

3. Results
3.1. Composition of biogenic iron sulfide minerals

Fe, S, C and O were detected in all mineral aggregates precipitated
in the presence of live and dead cells of the sulfate-reducing bacterium
Desulfovibrio hydrothermalis AM13 (Fig. 1A). In comparison, only traces
of O and no C were detected in abiotic mineral aggregates precipitated
in the culture medium containing lactate (Fig. 1A). The strong Si signal
observed in Fig. 1A originated from the Si wafer onto which the mi-
nerals were deposited. Fe and S were from mackinawite (FeS) that
formed in all conditions, and from greigite (Fe3S,) that formed only in
the presence of live bacteria after five months of incubation
(Table 1,Picard et al., 2018). The likely source for C in biogenic mineral
aggregates was microbial biomass, although some could originate from
bicarbonate used to buffer the medium. All mineral samples were in-
cubated, handled and transported to the microscope under anoxic
conditions, therefore O in iron sulfide minerals was assigned to oxygen-
containing functional groups present in organic matter. This is also
demonstrated by NEXAFS spectroscopy results, discussed below. A
linescan analysis of a mineral aggregate precipitated with live cells
confirmed that O spatially correlated with C, and not with Fe (Fig. 1B).
The O content was comparatively more important in minerals pre-
cipitated with dead cells. Na, Mg, P and Cl were also found associated
with most mineral aggregates. Although minerals were washed, a small
amount of those elements present in the culture medium remained as-
sociated with mineral aggregates.

The distribution of Fe, S and C in biogenic mineral aggregates
precipitated with live and dead (y-irradiated) SRM, after 24 and 16
months respectively, was characterized at high spatial resolution using
scanning transmission X-ray microscopy (STXM) (Fig. 2). Fe and S in
optical density (OD) maps represent the distribution of iron sulfide
minerals (Fig. 2B). C maps display the distribution of organic carbon (C
in amide bonds of proteins) in mineral aggregates (Fig. 2B). To identify
potential relationships between the distribution of Fe and C, scatterplot
plots were generated using Fe(II) and organic C maps (Fig. 2C). Despite
the large spread of datapoints, the scatterplots revealed a stronger
correlation between Fe and C in minerals precipitated with dead cells
than in minerals precipitated with live cells. Deviation maps from a
major axis regression line (calculated for each whole dataset, Fig. 2C)
were generated to evaluate compositional variations in the samples
(Fig. 2D). OC was present all over the aggregates (light blue color in
maps), with density increasing at cell-shaped objects (yellow to red
colors in maps). The presence of those objects indicates that microbial
live and dead cells were well preserved in mineral aggregates (Fig. 2D).
Based on OD values, we determined that the amount of organic carbon
in mineral aggregates was higher for minerals precipitated with live
cells (24-month old minerals: OD average = 0.430 and OD
max = 1.81) than for minerals precipitated with gamma-irradiated
cells (16-month old minerals: OD average = 0.286 and OD
max = 1.41).

3.2. Fe chemistry in iron sulfide minerals — NEXAFS spectroscopy

NEXAFS spectra at the Fe L3 »-edges of biogenic minerals recovered
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after 2, 3 and 9 months of incubation with live cells, after 3.5 months of
incubation with autoclaved cells, and after 5 months with y-irradiated
cells, displayed similar spectral features to the NEXAFS spectrum of
abiotic mackinawite precipitated in the culture medium that contained
lactate (Fig. 3). NEXAFS spectra of all biogenic mineral precipitates did
not bear any common features with the spectra of Fe(III) oxyhydroxides
goethite and ferrihydrite, nor with the spectra of Fe(I) minerals siderite
and vivianite (Fig. 3A). The chemistry of Fe was homogenous in mineral
precipitates, as the spectral features of NEXAFS spectra at the Fe L »-
edges did not vary across samples, nor from one spot to another in the
same sample.

3.3. Organic carbon analysis in iron sulfide minerals — NEXAFS
spectroscopy

The C K-edge NEXAFS spectra of iron sulfide mineral aggregates
precipitated in the presence of live and dead bacteria displayed spectral
features of organic carbon, with typical peaks for aromatic C and amide
bonds (e.g. protein), carboxylic C and O-alkyl C (e.g. poly- and mono-
saccharides) and alkyl C (e.g. saturated lipid) (Fig. 4 A-B). The spectral
signature of biogenic minerals precipitated in the presence of live and
dead cells was overall similar, independently of the incubation time
(Fig. 4B). Abiotic minerals precipitated in the mineral medium con-
taining lactate only showed a flat, weak and noisy absorption signal
with no discernable peaks (not shown). This indicates that either no
carbon was associated with abiotic minerals, or that it was below the
detection limit. The overall composition of organic carbon in minerals
precipitated in the presence of live and dead cells was compared by
performing a peak fitting analysis on average C K-edge NEXAFS spectra.
Minerals formed in the presence of live and dead cells contained similar
abundances of functional groups typical of organic carbon (Fig. 4C).
Due to the small number of spectra for samples with dead cells, it was
not possible to identify a significant difference between autoclaved and
v-irradiated cells with this analysis. The fitting analysis revealed a small
contribution of inorganic carbon (carbonate) to the NEXAFS spectra in
all samples. This could be explained by the presence of bicarbonate ions
used to buffer the culture medium in these experiments.

The distribution of Fe and C was investigated in mineral aggregates
precipitated after short incubations (Fig. 4D). The Fe/C relationships in
3-month old minerals precipitated with live cells and in 5-month old
minerals precipitated with y-irradiated cells were not significantly dif-
ferent from those analyzed after much longer incubations (Figs. 4E vs. 2
C). Minerals precipitated with y-irradiated cells contained less carbon
across the minerals after 5 months than after than 16 months of in-
cubation (Figs. 4G vs. 2 D). STXM maps and image analysis did however
reveal significant differences between minerals precipitated dead y-ir-
radiated cells and autoclaved cells (Fig. 4D-G). First, there was an ac-
tual linear trend between Fe and organic carbon in minerals pre-
cipitated with autoclaved cells (Fig. 4F, bottom scatterplot). Deviation
maps also confirmed this trend; the distribution of organic carbon in
minerals precipitated with autoclaved cells was much more homo-
genous than in other conditions and almost no cells were observed in
mineral aggregates (Fig. 4E,G). Using OD values, the max OC content
decreased as follows: OD 1.88 in minerals with live cells > OD 1.35 in
minerals dead-gamma-irradiated cells > OD 0.55 in in minerals with
autoclaved cells, which was consistent with was was observed in older
minerals. C K-edge spectra of cell-shaped features and of “extracellular”
material in minerals with live cells were quite similar to one another
(Fig. 4H). They both displayed high intensity around 288.2 eV, in-
dicating high amide bond concentrations. For minerals precipitated
with dead cells, spectral features of C K-edge NEXAFS spectra extracted
from cell-shaped features and from extracellular material were different
(Fig. 4G). The former contained more protein than the latter, as in-
dicated by the higher intensity of the amide bond peak. The signal of
extracellular minerals precipitated in the presence of dead cells was
weak and noisy, and the amide peak was absent. This observation is
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Fig. 2. Scanning transmission X-ray microscopy (STXM) high-resolution imaging of Fe, S, and C in mineral aggregates precipitated in the presence of live and dead (y-
irradiated) sulfate-reducing bacteria. In the upper row, mineral aggregates were analyzed after 24 months of incubation with live cells (scale bar applicable for the
full row); in the lower row, minerals were analyzed after 16 months of incubation with y-irradiated (dead) cells (scale bar applicable for the full row). (A)
Transmission images at 708.7 eV, which is the energy at which Fe absorbs the most in samples. (B) Species-specific maps (optical density maps) of Fe(Il), total S, and
organic C, respectively. The distribution of Fe and S represents the distribution of iron sulfide minerals. Organic C maps represent C in amide bonds of proteins. (C)
Scatter plots generated with Fe and C maps to evaluate the distribution correlation between both elements. Major axis regression lines (black dashed lines) and 95%
confidence ellipses (light gray) are represented on the scatter plots. (D) Deviation maps showing perpendicular distances of data points from major axis regression
lines in the scatterplots.
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consistent with the fact that dead cells are not metabolically active and
that either they do not release a lot of extracellular molecules in the

measured for autoclaved cells. N displayed a distribution similar to that
of C and O; N was concentrated in cell-shaped features and appeared to

environment, or that they do release different molecules from live cells.

NEXAFS spectroscopy at the O K-edge was used for a qualitative
assessment of the presence of oxygen-containing functional groups,
confirming that organic carbon was incorporated in iron sulfide mi-
nerals. The spectral feature typical of the carbonyl group found in the
peptide bond (protein), in carboxylic C (polysaccharide) and in the
ester bond (saturated lipid) occurs at ~532.1 eV (Fig. 5A). Spectral
features of O K-edge NEXAFS spectra of Fe(IIl) oxyhydroxides were
absent from the NEXAFS spectra of iron sulfide minerals prepared and
measured under anoxic conditions (Fig. 5A). Only a small amount of
oxidation would mask the organic features (Picard et al., 2016b). The
characteristic peak of organics in the O K-edge spectrum was very weak
in the spectrum of minerals precipitated in the presence of autoclaved
cells, while it was present in the spectrum of minerals precipitated with
y-irradiated cells and live cells. This is consistent with the general lower
abundance of organic carbon in the minerals precipitated with auto-
claved cells.

N was present in mineral aggregates precipitated both in the pre-
sence of live and y-irradiated cells (Fig. 6). The N distribution was not

be diffusely present in mineral aggregates (Fig. 6A). The N K-edge
NEXAFS spectrum of mineral aggregates had a characteristic absorption
peak at 401.3 eV (Fig. 6B), which is typical of the peptide bond (pro-
teinaceous material). The spectra did not display the broad feature
around 406 eV that has been reported in the spectra of fresh bacterial
cells as indicative of lipids and potentially DNA (Chan et al., 2011). No
other feature was observed in the N K-edge NEXAFS spectra.

3.4. Confocal laser scanning microscopy of mineral aggregates

Confocal laser scanning microscopy was used to evaluate the spatial
distribution of some organic molecules (those that can be identified
through fluorescent labeling) and of reflecting minerals (Suppl. Fig.
Al). The DNA stain labeled the cells poorly. The mineral crusts that
formed around cells in our experimental conditions might have pre-
vented the diffusion of the stain inside the cells. The WGA conjugate
and the lipid stain highlighted the cells only, suggesting that pepti-
doglycan-rich and/or lipid-rich molecules did not specifically bind to
mineral aggregates. Those molecules, if excreted, could also be too
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Fig. 4. Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy analysis of organic carbon in mineral aggregates. (A) NEXAFS spectra at the C K-edge
representative of major biomolecules: protein (albumin), polysaccharide (alginate), monosaccharide (glucose), and saturated lipid (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine). Annotations on the peaks indicate the characteristic spectroscopic features of aromatic C (1), amide bond (2), carboxylic C (3), O-alkyl C (4), and
alkyl C (5). (B) NEXAFS spectra at the C K-edge of mineral aggregates precipitated with dead (autoclaved and y-irradiated) bacteria and live bacteria after various
times of incubation. Mineral aggregates precipitated in the presence of bacteria display spectral signatures typical of fresh microbial biomass. (C) Average con-
tribution (%) of functional groups to total NEXAFS peak surface area. The fitting procedure of the NEXAFS spectra is described in the Methods section. (D)
Transmission images at 708.7 eV of mineral aggregates precipitated with live (upper row), y-irradiated (middle row) and autoclaved (lower row) cells, after 3, 5 and
3.5 months, rexpectively. (E) Species-specific maps (optical density maps) of Fe(II) and organic C, respectively. (F) Scatter plots generated with Fe and C maps to
evaluate the distribution correlation between both elements. Major axis regression lines (black dashed lines) and 95% confidence ellipses (light gray) are represented
on the scatter plots. (G) Deviation maps showing perpendicular distances of data points from major axis regression lines in the scatterplots. (H) NEXAFS spectra at the
C K-edge extracted from the delineated regions represented in organic carbon maps in panel E. Regions were selected as cell-shaped features (1, 3, 5) or extracellular

material (2, 4, 6).
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Fig. 5. Near-edge X-ray absorption fine struc-
ture (NEXAFS) spectroscopy analysis of O in
mineral aggregates. (A) NEXAFS spectra at the
O K-edge of Fe(Ill)-oxyhydroxides — goethite
and ferrihydrite — and of major biomolecules —
protein (albumin), polysaccharide (alginate),
and saturated lipid (1,2-dipalmitoyl-sn-glycero-
3-phosphocholine). (B) NEXAFS spectra at the
O K-edge of mineral aggregates precipitated
with dead (autoclaved and y-irradiated) bac-
teria and live bacteria after various times of
incubation.
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dilute to be detected at the surface or inside the iron sulfide minerals.
Alternatively, molecules adsorbed to minerals might not necessarily
provide the required binding sites for fluorescent labels, or the binding
could be sterically hindered.

3.5. Matrix assisted laser desorption ionization — time of flight (MALDI-
TOF) mass spectrometry of solid phases

NEXAFS spectroscopy revealed that iron sulfide minerals were as-
sociated with organic molecules derived from microbial biomass.
However, this method is limited to the identification of functional
groups, and by extension to families of organic molecules (mono-
saccharides, polysaccharides, proteins, lipids). The identification of
individual organic molecules associated with solid phases was at-
tempted using MALDI-TOF mass spectrometry, which allows the char-
acterization of large organic molecules with minimal fragmentation.
The fingerprint of organic molecules associated with biogenic minerals
precipitated with live bacteria was compared to the fingerprint of
abiotic minerals precipitated in the culture medium containing lactate.
In the positive mode, two peaks of m/z 722.5 and 361.9 were identified
uniquely in minerals formed in the presence of microorganisms, while
in the negative mode, nine peaks unique to the biotic minerals were
identified with the following m/z: 113.2, 168.8, 233.4, 249.3, 288.2,
310.3, 344.0, 358.0, 381.9. We were not able to match these molecules
to any in the databases available to us.

3.6. Metabolomics analysis of extracellular molecules produced by sulfate-
reducing bacteria

Liquid chromatography coupled to mass spectrometry (LC-MS) was
used to characterize organic molecules released by bacteria in the
medium and potentially identify those that could associate with iron
sulfide minerals. Cultures grown with or without Fe(Il) contained fifty-
five molecules at levels significantly higher than: 1) in the complete
medium (that contains lactate and vitamins), 2) in abiotic experiments,
and 3) in the experiment with gamma-irradiated cells (Suppl. Table
A2). Twenty-nine of those fifty-five molecules were identified as in-
volved in metabolic pathways, including biosynthesis of secondary
metabolites, microbial metabolism in diverse environments, biosynth-
esis of amino acids (various pathways), degradation of aromatic com-
pounds, among the most common (Suppl. Table A2). Among all com-
pounds, nine molecules could be identified within the MZcloud
database as 4-hydroxyphenylacetic acid and DL-malic acid (aromatic
compounds), adenine, guanine and uracil (nucleic acid bases), L-
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tyrosine and valine (amino acids), nicotinamide (vitamin, synthesis of
nucleic acids), methylmalonic acid (Krebs cycle) (Suppl. Fig. A2-A). As
the liquid phase of experiments with dead (y-irradiated) cells had a
similar composition to the liquid phase of abiotic experiments, it is
possible that y-irradiated cells remained intact and did not release
further intracellular molecules during the formation of minerals, while
live cells secreted many compounds in the liquid phase as a result of
growth. This is consistent with NEXAFS spectroscopy at the C K-edge
(Fig. 5) that shows a low C amount on extracellular minerals of dead
bacteria.

It was also possible to identify seven compounds that were produced
uniquely in the liquid phase of experiments performed with 4 mM Fe
(I), in comparison with the liquid phase of cultures grown without Fe
(II) (Suppl. Fig. A2-B). These molecules had monoisotopic masses of
108.05749, 108.0575, 130.06307, 136.96042, 171.95007, 179.01545,
187.9537 (Table S3). Only a few masses could be matched to candidate
molecules: cresol or benzyl alcohol, and methyl-oxopentanoate.
Candidate formulas could be determined for some masses, but no
candidate molecule could be identified (Suppl. Table A3).

4. Discussion

4.1. Preservation of labile OC by metastable iron sulfide minerals in anoxic
conditions

Labile organic molecules were incorporated in iron sulfide minerals
during their formation in the presence of live SRM and this association
persisted for at least two years. Lactate was the only source of OC at the
beginning of biotic experiments with live cells. Cell concentration in-
creased from 10° cells/ml to 10® cells/ml within one week, con-
comitantly with the production of sulfide and mineral precipitation
(Picard et al., 2018). No OC was detected in association with abiotic
minerals precipitated in the medium containing lactate (Fig. 1).
Therefore, OC bound to iron sulfide minerals in biotic experiments
derived from new biomass and/or from organic molecules released
extracellularly by various metabolic processes. Potentially, debris of
dead cells accumulating later in experiments could also be a source of
OC. NEXAFS spectra at the C K-edge of carbonaceous material in mi-
nerals were easily deconvolved with standard spectra of proteins,
polysaccharides and lipids (Fig. 4C). These compounds represent major
constituents of fresh non-encrusted and encrusted bacteria or archaea
(e.g. Benzerara et al., 2006; Miot et al., 2009; Cosmidis et al., 2015;
Alleon et al., 2016; Miot et al., 2017). Overall, this is also consistent
with the composition of organic matter in marine sediments, where
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identifiable biomolecules encompass amino acids, carbohydrates and
lipids (Burdige, 2007). Spectroscopic features of amide C dominated
NEXAFS spectra at the C K-edge, indicating that minerals were princi-
pally associated with proteinaceous material (Fig. 4C). All N K-edge
NEXAFS spectra displayed a main feature at 401.3 eV that was char-
acteristic of fresh proteinaceous material (Chan et al., 2011; Alleon
et al., 2017), even after several months of incubation (Fig. 6). Biogenic
iron sulfide minerals therefore represent a potential strong protectant
for proteinaceous OC as long as anoxic conditions are preserved in low-
temperature surface environments. The dominance of proteinaceous
material in Mn oxides was also demonstrated for biogenic and natural
samples (Estes et al., 2017). OC associated with iron sulfide minerals
precipitated with dead cells also displayed a fresh biomass composition
(Fig. 4C). This is consistent with studies of microbial necromass in deep-
sea sediments being easily recycled and providing labile organic carbon
for the formation of new cells (Lomstein et al., 2012). In the present
study, we could not characterize individual molecules in the mineral-
associated OC and identify potential signatures that could differentiate
minerals precipitated with live cells from those precipitated with dead
cells. Our results also indicate that iron sulfide minerals can preserve
the integrity of microbial cells (Figs. 2 and 4, Fig. Al). As our experi-
mental conditions favored the precipitation of iron sulfide minerals at
the surface of live and dead cells (Picard et al., 2018), iron sulfide
minerals may preferentially associate with organic molecules from cell
surfaces and/or membranes that help preserve morphology.

The amount of organic carbon associated with minerals, evaluated
based on average and maximum OD values extracted from organic C
maps (Figs. 2 and 4), decreased in the following order of experimental
conditions: live cells > gamma-irradiated cells > autoclaved cells.
For live cells, there was no major change in OD values as a function of
time (Figs. 2 and 4). Both live and y-irradiated cells served as templates
for mineral precipitation and growth (Picard et al., 2018), and in both
cases, organic molecules from the cell surface and membrane could
associate with minerals. However, y-irradiated cells were not metabo-
lically active and therefore could not release extracellular molecules.
Those molecules could account for extra OC associated with minerals in
the live-cell experiments. The OD values in OC-maps of minerals pre-
cipitated with autoclaved cells were significantly lower than OD values
of in OC-maps of minerals precipitated with y-irradiated cells. To pre-
pare dead experiments, cultures grown without Fe(II) and having
reached concentrations of 10® cells/ml were killed either by placing
cultures near a y-radiation source or by autoclaving cultures. Then,
cellular material was recovered by centrifugation and used to inoculate
the Fe medium. Although cell concentrations were similar before ster-
ilization procedures, it appears that some cell material was lost during
autoclaving and could not be recovered by centrifugation. This suggests
that autoclaving does not preserve the integrity of cells as well as y-
sterilization and that only large debris and not intact cells were re-
covered for the preparation of experiments (Fig. 4E,G). This is a po-
tential important consideration for future experimental design and
preparation of killed controls. Additionally, Fe/C relationships differ
strongly between experimental conditions. This would require further
exploration in experimental and natural samples, but this could re-
present a potential biosignature for the state of microbial cells at the
time of iron sulfide biomineralization.

Interactions between OC and oxidized iron enhance the preserva-
tion of OC in sediments. Reactive iron phases, which are defined as the
solid phases that can be reductively dissolved by sodium dithionite and
which mostly consist of nm-sized goethite, co-precipitate with and/or
adsorb OC in marine and freshwater sediments, leading to the forma-
tion of Fe-OC macromolecular structures, or Fe-OC chelates (Lalonde
et al., 2012). These complexes potentially account for the preservation
of more than 20% of the OC buried in surface marine sediments
(Lalonde et al., 2012). For a variety of sedimentary oxic to sub-oxic
environments, X-ray spectroscopy analyses revealed that a high pro-
portion of reactive Fe, mostly present as Fe(IIl), is covalently bound to
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OC, suggesting direct inner-sphere complexation between OC and iron
(Barber et al., 2017). Similar interactions occur between dissolved or
particulate OC and Fe(IlI) in hydrothermal vent plumes (Breier et al.,
2012; Fitzsimmons et al., 2017; Hoffman et al., 2018). Organic particles
can also form complexes with Fe(Il) in plumes (Toner et al., 2009). In
sediments deposited under anoxic conditions in the Black Sea, OC:Fe
ratios are higher than in normal coastal sediments, suggesting the ex-
istence of other OC stabilization mechanisms in which Fe is involved
(Barber et al., 2017). Here, we propose that incorporation of organic
carbon into iron sulfide minerals as shown in our study might explain
some of the observations made in those anoxic sediments.

4.2. Binding mechanisms between iron sulfide minerals and organic carbon

Iron sulfide minerals and OC have a strong affinity toward each
other and this has lead to the iron-sulfur world hypothesis for the origin
of life, which proposed that the exergonic formation of pyrite provided
energy for early biochemical reactions at the mineral surface, including
polymerization of biological molecules (Wachtershdauser, 1988). Inter-
actions between pyrite and organic molecules have been studied to
some extent (Bebié and Schoonen, 2000; Plekan et al., 2007; Mateo-
Marti et al., 2008), however there have been a limited number of stu-
dies investigating the interactions between mackinawite/greigite and
organic molecules (Hatton and Rickard, 2008; Dzade et al., 2013). In
our experiments, minerals were washed several times with anoxic water
before spectroscopy measurements, indicating that organic compounds
are potentially incorporated into the mineral structure or at least
strongly bound to minerals. The experimental conditions of this study
promoted cellular encrustation of live and gamma-irradiated cells
(Picard et al., 2018). The deposition of the first mineral layer was likely
favored at the surface of microbial cells, rather than away from cells,
through Fe(II) binding onto negative charges available on microbial
cells, before sulfide production started (Ferris et al., 1987; Beveridge,
1989). Binding potentially started as soon as cells were inoculated into
the medium containing Fe(II). For live cells, binding potentially con-
tinued onto new cells while the number of cells increased. When sulfide
was released from cells into the experimental medium, nucleation of
iron sulfide minerals started at the cell surface. This mechanism of as-
sociation between iron sulfide minerals and microbial cell surfaces is
similar to what has been observed in biogenic Fe(III) and Mn(IV) oxides
and in metal binding studies: cation binding to organic functional
groups at the surface of microbial cells or extracellular organic struc-
tures precedes mineral precipitation (e.g. Ferris et al., 1987; Beveridge,
1989; Chan et al., 2011; Miot et al., 2011; Konhauser and Riding, 2012;
Estes et al., 2017). The formation of mineral crusts on gamma-irra-
diated cells indicates that the surface of dead cells retained a negative
charge that allowed Fe(II) binding as well. When sulfide was added to
the medium, mineral nucleation could therefore also start at the surface
of dead cells or dead cell debris. Cells became completely encrusted in
just one week. Therefore, shorter-term studies would be necessary to
deepen our knowledge of the early steps of Fe(II) binding and en-
crustation.

Mineral crusts at the surface of live bacteria represented an esti-
mated 60% of the total iron sulfide minerals precipitated in our ex-
periments after 1 week of incubation (Picard et al., 2018). It was not
possible to estimate the proportion of minerals in crusts for the dead
cells as these lost their morphology and form smaller structures and
vesicles, however transmission electron micrographs revealed sig-
nificant encrustation for dead cells as well (Picard et al., 2018). The
formation of mineral crusts at the surface of cells required accumula-
tion of several layers of mackinawite minerals. The reactive sites on
(100) and (010) surfaces of hydrated mackinawite can be described by
mono-coordinated (FeS) and tri-coordinated (FesS) sulfur sites
(Wolthers et al., 2005). Although the point of zero charge (PZC) of
mackinawite is around pH~ 7.5, the reactive sites can become nega-
tively and positively charged through protonation and deprotonation
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processes (Wolthers et al., 2005), even at pH 7.0 at which our experi-
ments were performed. Therefore, Fe(Il) and/or mackinawite nano-
particles could directly accumulate onto those sites. Oriented attach-
ment of crystalline nanoparticles has been proposed as crystal growth
mechanism of biogenic ZnS in natural biofilms formed by SRM (Moreau
et al., 2004). Crystallization by particle attachment has been recognized
as crystal growth process in many complex biomineral systems (De
Yoreo et al., 2015). This aggregation mechanism would be applicable
for both live and dead cells, as new mineral particles nucleated outside
of the cells could attach to the first mineral layer formed at the surface
of the cells. High-resolution transmission electron microscopy would be
an appropriate method to identify mineral growth mechanisms in bio-
genic iron sulfide minerals.

Alternatively, layers of organic molecules could coat the deposited
mackinawite and promote the binding of new mackinawite particles. A
single 4-nm nanoparticle of sulfide minerals can potentially associate
with 2-5 protein molecules or to > 50 small organic molecules (Chan
et al., 2002; Hatton and Rickard, 2008). In biogenic ZnS found in
natural SRM-dominated biofilms, aggregation-driven mineral growth
may be promoted by extracellular proteins or peptides, rather than
microbial cells, suggesting a role of sulfhydryl groups of cysteine re-
sidues in binding sulfide mineral surfaces (Moreau et al., 2007). At-
tractive forces between uncharged surfaces of sulfide mineral nano-
particles and hydrophobic groups in organic molecules have been also
proposed as an alternative aggregation mechanism for this system
(Moreau et al., 2004). The binding of various organic molecules onto
the pyrite surface under anoxic conditions seems to be driven by in-
teractions with thiol groups at the surface of the mineral, and not by the
charges of organic molecules or of pyrite (Bebié and Schoonen, 2000).
Interestingly, other studies have detected chemisorption of organic
molecules on mackinawite and pyrite, through the formation of che-
mical bonds between N-atoms in amine groups of organic molecules
and Fe-atoms in mackinawite and pyrite (Plekan et al., 2007; Mateo-
Marti et al., 2008; Dzade et al., 2013). N-atoms in adenine or modified
single-strand oligonucleotides interact with Fe-atoms, but not with S-
atoms, in pyrite (Plekan et al., 2007; Mateo-Marti et al., 2008). N-atoms
in methylamine form strong bonds with Fe-atoms at the (100) and
(011) surfaces of mackinawite, while the amine’s H forms weak inter-
actions with the surface S-atom of (100) surface of mackinawite (Dzade
et al., 2013). Binding of nucleic acids to mackinawite surfaces occurs
through nucleobases, and not through phosphate groups nor sugars,
confirming the role of N-atoms in binding to iron sulfide minerals
(Hatton and Rickard, 2008). A dominance of proteinaceous material on
iron sulfide minerals was highlighted in by C K-edge and N K-edge
spectroscopy results (Figs. 4 and 6). Further spectroscopic studies
would be required to identify the role of S, N and C in binding to
biogenic iron sulfide minerals. For example spectroscopy at the S K-
edge might provide useful information at the bulk level regarding the
proportion of S in the inorganic and organic phases (e.g. Pickering
et al., 2001). The binding between Fe and N and/or C will be detectable
using extended X-ray absorption fine structure (EXAFS) spectroscopy at
the Fe K-edge (e.g. Zhou et al., 2014). Surface interactions and binding
energies between organic molecules and iron sulfide minerals could
also be studied using X-ray photoemission spectroscopy (Mateo-Marti
et al., 2008).

4.3. Stability of organo-mineral interactions

A central question for the long-term preservation of OC is to eval-
uate if and how long organic-mineral interactions will remain stable.
We have demonstrated in this study that such interactions can be stable
for about 2 years at ambient conditions. It is however more difficult to
predict the fate of mineral-bound OC during burial. Although geological
time scales cannot be reproduced in the laboratory, the evolution of
iron sulfide minerals could be tested under experimental diagenetic
conditions. In recent studies, it was shown that microbial OC associated
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with minerals can sustain high-grade diagenetic alteration in laboratory
experiments for up to several months (Li et al., 2013; Picard et al.,
2015; Alleon et al., 2016; Picard et al., 2016b; Miot et al., 2017). It is
also unknown if organo-mineral interactions will be stable if metastable
iron sulfide minerals evolve to more stable phases, such as pyrite (FeS,).
Mackinawite is metastable under anoxic conditions and over relatively
short periods of time (Rickard, 2012b). In our study, biogenic crystal-
line mackinawite transformed to greigite after > 5 months of incuba-
tion at 35 °C, and only in the presence of live cells (Picard et al., 2018).
Greigite formation occurs by the solid-state transformation of mack-
inawite and involves a partial oxidation of Fe(II) to Fe(IIl) (Lennie et al.,
1997; Bourdoiseau et al., 2011), which would potentially promote or-
ganic carbon transformations. NEXAFS spectra at the C K-edge mineral-
associated OC did not evolve significantly over the transition from
mackinawite to greigite (Fig. 4C), suggesting that the solid-state
transformation did not alter microbe-mineral associations. Fe L3 »-edges
NEXAFS spectra of biogenic minerals were similar to the spectrum of
abiotic mackinawite precipitated in the culture medium containing
lactate (Fig. 3), indicating Fe(Il) in a tetrahedral coordination with S
(-II) (Todd et al., 2003). The NEXAFS spectrum of biogenic mineral
aggregates formed in the presence of live cells after 9 months of in-
cubation, at which time a significant amount of mackinawite had
transformed into greigite, had not changed significantly, although
greigite contains Fe(III) (Fig. 3). Our spectrum of mixed mackinawite/
greigite was also similar to the NEXAFS spectrum of greigite nano-
particles synthesized under hydrothermal conditions (Zhu et al., 2018).
A second peak in the 711 eV region, as present in the spectra of Fe(III)
oxyhydroxides, would suggest oxidation rather than iron sulfide mi-
neral transformation of mackinawite to greigite (Zhu et al., 2018).
EXAFS spectroscopy could be used to track the oxidation state of Fe in
the bulk minerals, in addition to characterize bonds between Fe and C/
N.

Although conditions were thermodynamically favorable for pyrite
to form through the H,S pathway (Rickard and Luther, 1997), pyrite
did not form in any of our experiments, including those in abiotic
conditions (Picard et al., 2018). In abiotic studies, pyrite forms rapidly
when an oxidizing agent is present (Rickard, 2012d). The source of Fe
also plays an important role in the formation of pyrite, since Fe(III) will
be first reduced by sulfide, producing Fe(I) and intermediate sulfur
species (Peiffer et al., 2015; Wan et al., 2017), while Fe(II) will pre-
cipitate directly with sulfide (Rickard, 2012d). In our experiments,
conditions were kept strictly anoxic, and Fe was provided as Fe(Il),
which favors the formation of metastable phases. Further experimental
work will be required to understand the fate of organic carbon asso-
ciated with metastable iron sulfide minerals during pyrite formation.
For example, organic molecules are found associated with pyrite in
modern biofilms and ancient deposits (Mycke et al., 1988; Braissant
et al., 2007; MacLean et al., 2008). In other cases, pyrite is devoid of
organic matter, such as these pyrite-encrusted biomorphic objects with
size and shape of microorganisms preserved in Middle Miocene to the
Pleistocene phosphorite crusts recovered in sediments of the Peruvian
shelf (Cosmidis et al., 2013). Pyrite biomorphs were not associated with
OC, but they bore resemblance in size and shape with encrusted cells of
our study. This illustrates that more experimental work is required to
understand how environmental conditions, such as Fe source, Fe:S ra-
tios and microbial presence, control the formation of iron sulfide mi-
nerals.

The role of OC in the formation of pyrite has also long been ques-
tioned and is still poorly understood (Berner, 1970; Rickard, 2012a).
Pyrite formation naturally occurs in anoxic sedimentary environments,
where organic matter and a multitude of microorganisms with a range
of metabolic potentials are present. This indicates that several microbial
and abiotic players are likely to be involved in pyrite formation. The
study of microbial community composition and function coupled to
high-resolution mineralogy and biogeochemistry in pyrite-forming en-
vironments might help identify the potential microbial species involved
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in the formation of pyrite, in addition to sulfate-reducing microorgan-
isms. Recently, the involvement of microbial redox activity in the for-
mation of pyrite was demonstrated with enrichment cultures containing
SRM and methanogens, among other microorganisms. Pyrite formation
occurred from FeS and H,S, with the concomitant formation of hy-
drogen, which was proposed to fuel microbial methanogenesis (Thiel
et al., 2019). More discoveries as such will help understand the role of
iron sulfide biomineralization in the global biogeochemical cycles of Fe,
S and C.

5. Conclusion

Iron sulfide minerals are central to our understanding of Earth’s past
and modern biogeochemical cycles. This study demonstrates the con-
comitant precipitation of iron sulfide minerals with OC under anoxic
conditions and the importance of iron sulfide minerals as reservoir for
the preservation of OC in anoxic sediments. Future studies should aim
to closer approximate natural conditions, where the biomass produced
is much lower than in culture conditions (e.g. a few orders of magnitude
in cell concentration). It is possible these conditions might produce less
encrusted cells and impact detection of OC associated with minerals,
requiring higher-resolution methods than currently available. This step,
and an investigation of whether microbial sulfate reduction was as
significant on early Earth as it is on modern Earth, could help elucidate
the quantitative significance of organic matter preservation by micro-
bially precipitated iron sulfide minerals for the iron, sulfur, carbon, and
oxygen cycles.
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