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Abstract. Microbial methane production is intimately linked to the biogeochemical cycling of iron, sulfur, and carbon in
sedimentary environments. Sulfate-reducing microbes often outcompete methanogens for shared substrates. However, in a
prior study at our field site, the Oak Ridge Reservation Field Research Center (ORR FRC) in Oak Ridge, TN, we observed
co-occurring sulfate reduction and methanogenesis at 100-150 cm depth where iron (Fe) oxides of varying crystallinities were
also detected. Fe oxides are known to act as electron conduits for direct interspecies electron transport (DIET) between
syntrophic partners and can connect the metabolisms of methanogens with syntrophic Fe-reducing microbes in nature.
However, whether the nature of Fe oxides can influence electron transfer reactions between sulfate-reducing microbes and
methanogens is less understood. In this study, we utilized a microbial community enriched from ORR FRC vadose zone
sediment to demonstrate the effects of Fe oxides of varying crystallinities on sulfate reduction and methanogenesis. We
hypothesized that more crystalline Fe oxides facilitate the co-existence of sulfate-reducers and methanogens. Communities
enriched from subsurface sediments produced methane when amended with crystalline hematite but not when amended with
the amorphous, short range-ordered (SRO) ferrihydrite. Furthermore, Fe reduction occurred only in incubations amended with
SRO ferrihydrite, indicating how poorly crystalline Fe oxides potentially contribute to the dynamic redox nature of the
subsurface sediments. Microbial communities enriched during these incubations were composed of several taxa commonly
associated with iron and sulfate reduction, fermentation, and methanogenesis, consistent with our geochemical data. Overall,
the results from this work deepen our understanding of the role of Fe oxides in extracellular electron transfer, thereby mediating

anaerobic metabolisms in the terrestrial subsurface environment.

1 Introduction

In subsurface sedimentary environments, carbon cycling and methane emissions are intimately linked to other
biogeochemical processes, including those related to the cycling of sulfur and iron (Jergensen et al., 2019; Jorgensen and
Kasten, 2006). Subsurface biogeochemical cycling is a poorly understood component of global carbon cycle, particularly in
respect to the processes that mediate methanogenesis. It is critical to constrain both the biotic and abiotic processes that govern
these complex ecological processes. When sulfate is present in anoxic zones within sediments, sulfate-reducing bacteria (SRB)
often outcompete methane-producing archaea (methanogens), resulting in distinct zones of sulfate reduction and
methanogenesis (Claypool and Kaplan, 1974). This metabolic advantage of SRB is due to the higher affinity of their enzymes
for shared substrates and to the thermodynamic favorability of sulfate reduction as compared to methanogenesis (Kristjansson
et al.,, 1982; Schonheit et al., 1982). In addition, methanogens suffer from the toxicity effects of the reduced sulfur (S)
compound, hydrogen sulfide, more acutely than SRB (Koster et al., 1986). Nonetheless, co-existence of the two groups has
been observed in anaerobic environments and were explained by non-competitive substrate usage under high organic loading

rates (Oremland and Polcin, 1982) or under low sulfate conditions (Ozuolmez et al., 2020). However, these specific conditions
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do not fully account for the broadly observed co-existence of the two dominant anaerobic metabolisms, warranting further
investigation into other factors that may also impact this phenomenon in the complex terrestrial subsurface.

A previous study at our field site, the Oak Ridge Reservation Field Research Center (ORR FRC) in Oak Ridge, TN,
USA indicated the coincidence of methane production and sulfate reduction. Specifically, high methane production rates
coinciding with sulfate reduction were reported in the vadose zone (100-150 cm depth) of the subsurface sediments (Moon et
al., 2020). Both SRB and methanogens can participate in the syntrophic degradation of organic matter in sedimentary
environments, where SRB catalyze the breakdown of volatile fatty acids and other more complex organic substrates into simple
substrates, such as acetate, carbon dioxide, and hydrogen gas, which can then either be used for methanogenesis (Dworkin et
al., 2006; Nozhevnikova et al., 2020) or further metabolized to continued sulfate reduction (Thauer et al., 2007). Given the
kinetic and thermodynamic advantages that SRB have over methanogens, the coexistence of these two metabolisms is
unexpected under the environmental conditions at our field site, possibly challenging what we know about subsurface
biogeochemistry.

Notably, high concentrations of crystalline Fe oxides were also detected at our field site in the same zone as
concomitant sulfate reduction and methanogenesis (Moon et al., 2020). The redox potential of the Fe(IIT)-Fe(II) redox couple
lies between the redox potentials of the major C, N, O or S redox couples (Michael Madigan et al., 2019), and therefore, the
presence of Fe oxides adds a new layer of complexity to C and S cycling. Moreover, Fe oxides show distinct electrochemical
properties depending on their crystal structures; for example, crystalline hematite (a-Fe2Os3) is semiconductive whereas
amorphous ferrihydrite is insulating (Cornell and Schwertmann, 2003; Xu and Schoonen, 2000). Several laboratory-based
studies have shown that these Fe oxides can connect syntrophic metabolisms between microbial partners by serving as conduits
that mediate direct interspecies electron transport (DIET) (Kato et al., 2012; Park et al., 2018). Many Fe(Il)-oxidizing and
Fe(I1I)-reducing bacteria are metabolically flexible as well, which helps them adapt to the availability of electron donors and
acceptors that mediate environmental redox reactions. Some of the studied mechanisms of electron transfer from
microorganisms to Fe(III) minerals include direct contact between the bacterial cell and Fe(IIT) minerals, secretion of chelating
agents to complex with Fe minerals, electrically conductive pili and multistep electron hopping via redox cofactors that are
present in biofilms (Melton et al., 2014). While crystalline minerals such as hematite can promote microbially mediated
electron transfer through conductive nanowires, short-range ordered (SRO) insulating Fe (oxy)hydroxides such as ferrihydrite
are instrumental in interacting with chelating agents such as EDTA through reductive dissolution and co-precipitation (Mikutta
et al., 2008; Weihe et al., 2019; Zhou et al., 2014). The provision of Fe oxides has additionally been shown to enhance rates
of syntrophic methanogenesis in several studies using sediment-hosted microbial communities (Aromokeye et al., 2018, 2020;
Rotaru et al., 2018; Zhang and Lu, 2016). However, these enrichments were performed using sulfate-free media, and as such
the specific contributions of SRB were not investigated. Therefore, it remains unclear whether SRB participate in syntrophic
methanogenesis via DIET using Fe oxide minerals as conduits for electron transfer.

We hypothesized that crystalline Fe oxides facilitate metabolic interactions between sulfate-reducers and

methanogens in the ORR FRC vadose zone, allowing these microbes to coexist under conditions that typically result in
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competition for substrates. In this study, we use a microbial community enriched from ORR FRC vadose zone sediment to
demonstrate the effects of Fe oxides of varying crystallinities on sulfate reduction and methanogenesis. In addition to the
microbially mediated processes, abiotic reaction mechanisms were also investigated to untangle the biotic and abiotic controls
for the reaction. The interplay of microbially-mediated and abiotic reactions in the biogeochemical Fe and S cycles helps us
develop a better understanding of the role of Fe oxides and electron transfer reactions in anoxic zones within the terrestrial

subsurface.

2 Materials and Methods
2.1 Sediment Collection

Sediments were collected from borehole EB271 in March 2017 near the S-3 pond at the Oak Ridge Reservation Field
Research Center (ORR FRC) located within the Y-12 National Security Complex in Oak Ridge Tennessee, USA (see Watson
et al., 2004 for more information on this site and Moon et al., 2020 for detailed location information and geochemical analysis
of borehole EB271). Our inoculum was collected at a depth of 100-150 cm, the same depth where methane production, sulfate
reduction, and the presence of Fe oxide minerals were previously reported (Moon et al., 2020). Sediments were frozen and

stored at -80 °C upon collection for microbial and biogeochemical analyses.
2.2 Culture Conditions

A novel, custom mineral growth medium that mimics the geochemical conditions of the sampling location (sediment
core EB271) at the ORR FRC was developed to replicate the field conditions as closely as possible and create environmentally
relevant experimental conditions, which is hereafter referred to as the EB271 medium. Briefly, the EB271 mineral medium
contained mineral salts, a selenite/tungstate solution (1 mL), a trace element solution (1 mL), L-cysteine as the reducing agent
(0.6 g), N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES, 2.292) and NaHCOs (2.5 g) as buffers, and 0.25
ml 0.1% w/v resazurin as an oxygenation indicator. The mineral salts were comprised of NH4Cl (0.3 g), KH2PO4 (0.2 g),
MgClx-6H20 (0.5 g), and CaCl2-2H20 (0.015 g) per liter. The selenite/tungstate solution contained Na2SeOs-6H20 (0.0006 g)
and NaWO4-5H20 (0.0008 g) per liter. The trace elements solution contained HCI (0.01 ml 25% w/w), H;BOs (0.006 g),
NaOH (0.5 g), MnCl2-4H20 (0.1 g), CoCl2-6H20 (0.19 g), ZnCl> (0.07 g), CuCl2-2H20 (2.0 mg), NiCl-6H20 (2.4 mg)
NaxMo0s-2H20 (0.036 g), FeSO4-7H20 (2 g) and AIKSOs-12H20 (0.1 g) per liter. The vitamin solution contained d-biotin
(2.0 mg), folic acid (2.0 mg), pyroxidine-HCI (10.0 mg), thiamine-HCI (5.0 mg), riboflavin (5.0 mg), nicotinic acid (5.0 mg),
pantothenic acid (5 mg), vitamin B12 (0.1 mg), p-aminobenzoic acid (5.0 mg), and lipoic acid (5.0 mg) per liter.

To obtain a sediment-free microbial inoculum for our experimental incubations, a preconditioning enrichment of
EB271 sediment was conducted in anoxic EB271 medium amended with 5 mM sodium butyrate and 10 mM sodium sulfate
for approximately 6 months under a N2:CO2 (80:20) headspace. Butyrate was chosen as primary electron acceptor for this

experiment as previous work showed that many simple carbon sources, including glucose or acetate, do not promote diverse
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communities of microbes from our field site (Wu et al., 2020). In addition, butyrate is known to stimulate syntrophic
metabolisms under sulfate-reducing and methanogenic conditions (Struchtemeyer et al., 2011). We transferred this enrichment
three times (two-month incubation intervals) at 10 % v/v inoculum prior to the start of our experimental incubations described
in this work. All later experimental incubations using this enriched inoculum were also conducted using 5 mM sodium butyrate

and 10 mM sodium sulfate maintained under an N2:COz (80:20) headspace and ran for ~ 3 months.

To test the influence of Fe(III) minerals in our incubations, hematite or ferrihydrite were added in concentrations of
1% w/v. Hematite comprised a majority of conductive minerals in sediment bore EB271 (Moon et al., 2020) and was chosen
to mimic field conditions whereas ferrihydrite was chosen because of its reduced crystallinity and increased reactivity

compared to hematite.

To better understand the microbial influences in our system, several sets of biotic control incubations were conducted
where we inhibited the metabolisms of specific groups of microbes. Incubations were performed in parallel using either 5 mM
2-bromoethanesulfonate (BES) to inhibit methanogenesis (Goenrich et al., 2004) or 10 mM sodium molybdate to inhibit sulfate
reduction (Taylor and Oremland, 1979). Incubations without the addition of minerals or metabolism inhibitors were conducted
to serve as controls for the experimental treatments. Treatments with no added minerals or metabolism inhibitors served as
controls for all incubation conditions (See Table 1 descriptions of experimental incubations and acronyms used to describe

each treatment).

We also concurrently performed abiotic incubations containing no microbial inoculum with and without the presence
of 10 mM sulfide to investigate abiotic influences on the geochemical dynamics of our systems (See Table 2 for descriptions
of abiotic incubations and acronyms used to describe each treatment). All biotic and abiotic incubations were conducted in

triplicate.
2.3 Geochemical Analyses

Samples for geochemical analyses were collected periodically throughout the incubation. Under sterile and anoxic
conditions, 1 mL from the headspace was taken (while replacing headspace volume with 1 mL N2:CO: gas) to measure methane
using gas chromatography with a thermal conductivity detector with helium as the carrier gas (6890N Network GC System;
Agilent Technologies; Santa Clara, CA, USA). Methane concentrations were calculated to account for changes in headspace
volume due to regular sampling of the cultures. To quantify sulfate, butyrate, acetate, Fe(Il), and dissolved sulfide, 1 mL of
the culture was taken and sterilized with 0.2 um PES filters prior to analysis. Sulfate, butyrate, and acetate were measured
using ion chromatography (Dionex ICS 2100; Thermo Fisher Scientific, Waltham, MA, USA). Samples for Fe(I)
quantification were acidified usinf 0.5 N HCI and quantified using a modified version of the ferrozine assay (Stookey, 1970)
using a microplate reader (BioteK Epoch2; Agilent; Santa Clara, CA, USA). Dissolved sulfide quantification immediately
fixed in 91 mM zinc acetate was determined using colorimetric analysis within a day of sampling using a modified microplate

version of the Cline assay (Cline, 1969).
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2.4 X-ray Absorption Spectroscopy

Synchrotron-based X-ray absorption spectroscopy (XAS) was used to determine Fe and S speciation (oxidation state
and chemical coordination environment). S and Fe K-edge X-ray absorption near-edge structure (XANES) and iron K-edge
extended x-ray absorption fine structure (EXAFS) spectral analyses were conducted on beamline 4-3 at the Stanford
Synchrotron Radiation Laboratory (SSRL), at Menlo Park, CA under ring operating conditions of 3 GeV with a current of 450
mA. Experiments were performed in pure helium to minimize absorption and scattering from the atmosphere. Samples were
sealed on Teflon holders with Kapton tape to preserve the oxidation state of Fe and S to prevent any potential beam damage
which might occur during data collection. A double crystal Si (220) monochromator with an unfocused beam was detuned
30% to reject harmonics affecting the primary beam. Pure elemental Fe foil was used for energy calibration for Fe at 7112 eV
whereas thiosulfate (S203%) was used for energy calibration of S at 2472 €V. The Lytle detector was used to record the
fluorescence spectra of EXAFS and XANES scans. Between 7 and 10 individual spectra were averaged for each sample.
Fluorescence spectra were background subtracted and the atomic absorption was normalized to unity using Athena(Ravel and

Newville, 2005).
2.5 16S Microbial Community Analyses

To examine changes in microbial community composition over time, two 2 mL aliquots of culture were collected
from days 0 (T0), 36 (T4), and 87 (T8) from each vial containing live microbes and were centrifuged. The supernatants were
decanted, and the pellets were frozen at -80 °C until extraction. Samples were extracted using the Qiagen DNeasy PowerLyzer
PowerSoil Kit following the manufacturer’s suggested protocol. Negative control samples were generated during each round

of extractions to be included in the sequencing run.

Extracted genomic DNA was sent to Novogene Corporation, Inc. for quality control and subsequent sequencing with
the Illumina MiSeq. Microbial community composition was analyzed by targeting the V4 region of the 16S gene with the 515F
(5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3") primer pair (Caporaso et al.,
2011) to generate 300 bp paired-end reads. A subset of samples were also sequenced using the archaeal specific 519F (5°-
CAGCCGCCGCGGTAA-3") and 915R (5’-GTGCTCCCCCGCCAATTCCT-3") primer pair (Herfort et al., 2009; Casamayor
et al., 2002). Sequences were analyzed via the Qiime2 paired-end read pipeline version 2022.2 (Bolyen et al., 2019).
Representative sequences that were found in both the experimental and negative controls at a prevalence of 0.05 or higher
were marked as contaminants and were removed from the experimental samples using the R package decontam (Davis et al.,
2018). Sequences were taxonomically assigned using the Silva database release 138. Nonmetric multidimensional scaling
(NMDS) indices and ordination ellipses drawn around the mean centroid (95% CI) were constructed using Bray Curtis

dissimilarity metrics using the R package vegan (Dixon, 2003).
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3 Results and Discussion

3.1 Geochemical Analyses

We examined changes in the concentrations of analytes relevant to the metabolisms of interest (butyrate, acetate,
sulfate, sulfide, methane, and Fe(Il)) to determine whether the addition of either hematite or ferrihydrite to our cultures
influenced the physiologies of our enriched microbial communities. Conditions S, SH, and SF represent treatments where no
mineral or inhibitor were added (see Table 1 for information on treatments and all corresponding acronyms). Throughout the
87-day incubation period, we observed 4.3 + 0.16 mM, 4.0 = 0.3 mM, and 3.8 £ 0.5 mM butyrate consumed and 6.8 + 2.5, 9.0
+2.1 mM, and 7.6 + 6.4 mM sulfate reduced by these cultures, respectively (Fig. 1). In conditions S and SH, net 4.8 + 0.4 mM
and 1.7 + 1.8 mM acetate and 3.7 + 1.8 mM and 0.15 + 0.023 mM aqueous sulfide were respectively produced. In condition
SF, net 0.60 + 0.45 mM acetate was consumed over 87 days with a peak aqueous acetate concentration of 8.8 + 0.087 mM on
day 17. We only detected methane production in condition SH, representing cultures that contained uninhibited microbes
amended with hematite. We observed 3.3 + 5.8 mM of methane produced over the duration of the incubation, suggesting that
this more crystalline Fe oxide may be required for methanogenesis to occur in this system. We observed acid extractable Fe(II)
accumulation in condition SF, peaking at 2.0 + 2.4 mM on day 42. We were unable to detect any accumulation in any hematite-
amended or mineral-free cultures.

We performed incubations using BES to inhibit methanogenesis and in these cultures (SB, SHB, and SFB), 4.6 +
0.75,4.0£0.41, and 3.9 = 0.40 mM butyrate was consumed and 7.6 =0.30, 7.3 £ 3.2, and 11 + 0.66 mM sulfate was reduced,
respectively, throughout the incubation period (Fig. 1). As expected, we did not observe methane accumulated in any BES
treated culture. In conditions SB and SHB, net 5.0 + 0.15 and 5.2 + 2.2 mM acetate was produced, respectively. Cultures from
SBF conditions produced net-zero acetate over the 87-day experiment with a maximum aqueous acetate concentration of 8.9
+ 0.80 mM on day 17. Fe(I) was only detected in condition SFB, peaking at 1.3 £ 0.90 mM on day 36.

In cultures where molybdate was added to inhibit sulfate reduction (conditions SM, SHM, SFM), there was no notable
consumption of butyrate or sulfate nor was there production of sulfide or methane (Fig. 1). Ferrous iron peaked at 0.52 = 0.15
mM on day 52 in condition SFM but was not detected in SM and SHM. Small amounts of acetate were produced in all sulfate
reduction inhibited cultures, peaking at 2.9 = 0.47 mM for condition SM, 2.5 = 0.14 mM for condition SHM, and 2.9 + 0.10
mM for condition SFM by day 17.

It is interesting to note that while we did not observe Fe(Il) accumulation in our hematite treated conditions, we did
ferrihydrite-amended cultures showed Fe(Il) accumulation. This was likely due to increased crystallinity of hematite compared
to ferrihydrite, rendering, it a more difficult electron acceptor for microbes to use (Schwertmann, 1991). This idea is supported
by prior work showing decreased Fe reduction in the presence of hematite compared to less crystalline Fe oxides for both pure
cultures (Li et al., 2006) and enrichments (Zhang et al., 2020) of Fe-reducing microbes. In addition, the rapid precipitation of
new minerals upon reduction of hematite may have also occurred. For example, precipitation of crystalline spinels such as

magnetite precipitated during incubation, may have underestimated Fe(Il) production (Benner et al., 2002). We also observed
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decreases in Fe(I) concentrations towards the end of these incubations, due to the potential coprecipitation of Fe
(oxy)hydroxides and Fe sulfides that is typically observed following the reductive dissolution of Fe oxides, especially in
association with organic matter (Cornell and Schwertmann, 2003; Li et al., 2006; Neal et al., 2001). Finally, the observed
accumulation of ferrous iron in condition SF may have also been due to increased rates of fermentative iron reduction, which
would also be supported by faster butyrate consumption concurrent with higher peak acetate production at earlier time points
when compared to conditions S and SH.

Control incubations where no microbial inoculum was added were performed to examine any abiotic changes in
analyte concentrations in the medium (See Table 2 for description of control conditions). The observed some decreases in both
butyrate and sulfate concentrations throughout the incubation period for all treatments was smaller in magnitude than the
respective biotic incubations (Fig. S1), indicating that active microbial metabolisms were the primary driving factor for the
changes in analyte concentrations. In condition CS, where no mineral was added, we observed a decrease of 6.36 + 0.98 mM
sulfide, which may be attributed to the introduction of oxygen during the sampling process. Sulfide depletion in conditions
CHS and CFS was likely due to interactions between the added iron oxide minerals. Given the differences in reactivity versus
hematite and ferrihydrite, it is not surprising that we observed total depletion of sulfide in condition CHS slowly over the first
52 days while no sulfide was able to accumulate in cultures from condition CFS due to rapid oxidization by ferrihydrite. We
did not observe accumulation of acetate, methane, or Fe(I) in any of our control incubations. Overall, these control incubations

provided context for the changes in analyte concentrations caused by active microbial metabolisms.

3.2 Iron and sulfur speciation under (a)biotic incubations during syntrophic butyrate degradation

Synchrotron-based XAS data provided critical molecular-scale insights on the coupled Fe-S redox chemistry during
incubations in the presence and absence of BES and molybdate inhibitors as a function of altered mineral crystallinity
(ferrihydrite being the amorphous or poorly crystalline and hematite being the crystalline mineral).Overall, Fe K-edge XANES
data indicates that bulk Fe was in +3 oxidation state across all the experimental incubations tested both under biotic and abiotic
conditions (Fig 2A). Subtle changes in the relative peak positions (lower and higher values indicating reduced and oxidized
Fe species, respectively) together with spectral shapes and intensities in the XANES region among the different samples
indicated that the relative proportions of Fe(Il) and Fe(IIl) varied as a function of mineral crystallinity across the samples
incubated with specific inhibitors. In the absence of inhibitors (conditions SH and SF), the maximum peak intensities for SF
and SH occurred at ~7129.5 eV and ~7133 eV respectively, indicating that bulk Fe is in +3 oxidation state (O’Day et al., 2004).
A similar trend is observed in BES treated cultures (SFB and SHB). When comparing molybdate incubated samples (conditions
SHM and SFM), the average oxidation state of Fe is similar between these treatments.

In general, samples incubated with ferrihydrite exhibited the maximum differences in uninhibited and BES treated
cultures (conditions SF and SFB), hinting at potential biotic Fe reduction promoted by amorphous ferrihydrite. This is also
supported by observed changes in the coordination environment of Fe atoms (determined via EXAFS analysis) in samples

from SF and SFB when compared to pristine ferrihydrite (Fig. S2). Samples from hematite amended conditions (SH, SHB,
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SHM) maintained similar EXAFS patterns when compared to pristine hematite, suggesting Fe atoms in hematite remained
relatively untouched during incubation. For molybdate treated samples, the distinct pre-edge peak at~7114.7 eV in SFM when
compared to that of SHM indicated that Fe from the ferrihydrite treatment has a well-defined stable molecular geometry,
despite ferrihydrite being the amorphous mineral (Fig. 2A). This finding is in accordance with literature data which shows that
short-range ordered ferrihydrite-like minerals often are the controlling factors for mineral-organic matter stabilization and
subsequent preservation in terrestrial ecosystems (Kleber et al., 2015).

To explore abiotic versus biotic reduction mechanisms, Fe XANES data were also collected on the abiotic incubations
(CS, CFS and CHS) (Fig. 2A). The similarities in peak positions between our abiotic control incubations indicate that the
mechanisms of iron reduction were predominantly biotic in nature.

Upon analysis of the sulfur speciation in our samples by S K-edge XANES (Fig. 2B), peaks at ~2482.7 eV in most
of our samples indicated the presence of sulfate (S in +6 oxidation state, Prietzel et al., 2011). The absence of this peak in
conditions SF, SHB, SFB indicate that sulfate was reduced into other sulfur speceis by SRB during these incubations. Peaks
at ~2472.6 eV in a few treatments (CHS, CFS, SFB) were indicative of the presence of elemental sulfur (Prietzel et al., 2011),
likely a product of reaction between dissolved sulfide and Fe oxide minerals (Poulton, 2003; Pyzik and Sommer, 1981; Yao
and Millero, 1996). Additionally, the presence of sulfonate (S in +5 oxidation state) at ~ 2481.3 eV was observed across all
treatments (Prietzel et al., 2011) ), likely due to the use of TES buffer in the incubation medium. No sulfide species indicative
of Fe sulfide minerals (~ 2470.7 eV for FeS and ~ 2471.3 eV for FeS, (Prietzel et al., 2011)) was observed, indicating that the

bulk mineralogical speciation from hematite and ferrihydrite were retained during the incubations.

3.3 Microbial Community Composition

To examine how the addition of either hematite or ferrihydrite affected the composition of the microbial communities
enriched in our experiment, the DNA from samples collected at day 0 (T0), day 36 (T4) and day 87 (T8) from all biotic
incubations was extracted and the 16S rRNA gene was sequenced (Fig. 3).

A large proportion of the communities from our initial inoculum were strict or facultative anaerobic fermenters (Fig.
3, samples labeled T0). Organisms from the class Clostridia were the most abundant members of these communities, with
ASVs matching to the genus Lachnoclostridium, spore forming anaerobes that produce acetate as their major fermentation
product (Yutin and Galperin, 2013). Microorganisms within the Bacteroidia families Dysgonomonadaceae, Paludibacteraceae,
or Prevotellaceae were also enriched and are known to be strict or facultative anaerobes capable of fermenting complex
polysaccharides (Owusu-Agyeman et al., 2022; Parte et al., 2011; Ueki, 2006). Members of the Paludibacteraceae have
previously been enriched in both microbial electrolysis cells and microbial fuel cells under anoxic conditions, suggesting their
potential for extracellular electron transfer reactions and possible involvement in similar interactions with conductive minerals
in sedimentary environments (Kim et al., 2011; Satinover et al., 2020). The only cultured genus of the Paludibacteraceae
known to date is Paludibacter, which is known to produce propionate and acetate as major fermentation products (Ueki, 2006).

Other fermenters that were enriched include Lactobacillus of the class Bacilli which were only found in the second replicate
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of this initial inoculum (sample T0OS2). The high relative abundances of these fermentative organisms in our samples are not
surprising given that our initial microbial communities were pre-conditioned for several subcultures anoxically using the
fermentable substrate butyrate as a primary electron donor.

In addition to these fermenters, organisms from the classes Desulfotomaculia and Desulfitobacteria were also
enriched in our TO samples. ASVs from within the Desulfotomaculia matched to the genera Desulfallus and Desulfurispora,
which are canonically known to engage in sulfate reduction, with the latter putatively thought to also engage in iron reduction
(Kaksonen et al., 2007; Watanabe et al., 2020; Wen et al., 2018), as well the genus Sporotomaculus, another genus of anaerobic
fermenters (Brauman et al., 1998). Within the Desulfitobacteria, members of the sulfate-reducing genus Desulfosporosinus
(Hippe and Stackebrandt, 2015) were enriched, though some members of the genus are also known to engage in iron reduction
(Hippe and Stackebrandt, 2015). The methanogenic archaeal class, Methanobacteria, was observed in TOS3. These ASVs
matched to Methanobacterium sp., organisms known to engage in hydrogenotrophic methanogenesis.

Overall, the microbial communities making up the starting inoculum contained higher total observed ASVs and
Shannon diversity indices compared to our experimental conditions (Fig. S3), suggesting that our communities became
selectively structured throughout our incubations through decreases in species richness. Inverse Simpson indices (which
incorporates both species richness and evenness) were largely similar between the starting inoculum and most of the
experimental conditions. Higher Inverse Simpson indices were observed for several communities which exhibited greater
evenness among observed ASVs, including communities collected at day 87 and provided molybdate as an inhibitor (T8SM,
T8SHM, and T8SFM), as well as In the communities collected at day 37 and provided hematite and molybdate (T4SHM),
suggesting that the addition of molybdite lead to changes in the relative abundances of the organisms enriched under these
conditions.

Communities from incubations where no minerals were added contained many of the same organisms found in our
initial inoculum (Fig. 3). Interestingly, shifts in the relative abundances of putative sulfate- and iron-reducing microbes
occurred over time, where we observed greater representation of Desulfitobacteria in T4 samples and observed higher relative
abundances of Desulfotomaculia in T8 samples. Methanobacteria were observed in varying abundances in these sets of
incubations, except in those where methanogenesis was inhibited using BES (condition SB).

Organisms from the class Coriobacteria were also detected in all 'No Mineral’ conditions, with ASVs matching to
Actinobacteria OPB41. While transcriptomics and enzyme assays performed on uncultured group OPB41 representatives from
marine sediments suggested the capacity for anaerobic sugar hydrolysis (Bird et al., 2019), two organisms from this group that
have been isolated recently for the first time are confirmed to be either sulfur- or Fe-reducers (Khomyakova et al., 2022).
Organisms from the class Negativicutes were also enriched during these incubations, with the majority of ASVs within this
class matching to the acetogenic genus Sporomusa sp. While acetogens in general are known for their wide substrate utilization
(Drake et al., 1997), Sporomusa are typically known to use a variety of substrates ranging from COz (Breznak and Blum, 1991;
Tremblay and Zhang, 2015) to sugars, methanol, and N-methylated compounds (Visser et al., 2016). Since the data reported

in our study are the result of subcultured communities (at 10% v/v inoculum), it is possible that a portion of the energy driving
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the observed acetogenesis is from the subcultured incubation and the carbon may be derived from carryover organic carbon or
COz, which was present in the serum bottle headspace. Sporomusa sp. were detected in higher relative abundances in
incubations where either methanogens or sulfate-reducers were inhibited. Since methanogens and sulfate-reducers both
generally have thermodynamic advantages over acetogens for shared substrates (Lever, 2012), it is likely acetogens were able
to persist in higher abundance in these inhibited conditions because of reduced competition. This likely also explains the
production of acetate in molybdate treated samples observed in our geochemical analyses (Fig. 1, panels SM, SHM, and SFM).

We used Bray Curtis analyses to statically measure dissimilarities in community composition between our
experimental treatments and constructed NMDS plots to observe these differences. We observed little overlap between the
ordination ellipses highlighting the “Initial” and “No Mineral” treatment groups (Fig. S4), suggesting the microbial
communities from treatment groups were significantly different from each other. These results were supported by a p-value of
0.001 calculated from pairwise PERMANOVA analysis of Bray Curtis metrics between these two treatment groups (Table
S1). The differences between these treatment groups are likely the result of selective structuring of the microbial communities
during the incubation period, which is also corroborated by decreases in total observed ASVs and Shannon Diversity metrics
between these groups as described earlier (Fig. S3).

The addition of Fe oxide minerals to the cultures also significantly impacted the composition of microbial
communities. There was also little overlap in ordination ellipses between the “Initial” treatment and either the “Hematite” and
“Ferrihydrite” treatments (Fig.S4), which was also supported by Pairwise PERMANOVA p-values of 0.001 between these
treatment groups (Table S1). PERMANOVA analyses comparing the “No Mineral” treatment group with either the “Hematite”
and “Ferrihydrite” treatments also resulted in p-values <0.05 (Table S1), despite visual overlap in ordination ellipses between
these groups (Fig. S4). Interestingly, we did not detect significant differences between the “Hematite” and “Ferrihydrite”
treatments, as the p-value for this pairwise PERMANOVA analysis was calculated to be 0.196. These data suggest that while
the addition of an iron oxide to the incubation lead to distinct microbial communities, the type of iron oxide (whether it be
hematite of ferrihydrite) did not seem to any specific differences in community composition.

Many of these mineral amended cultures, specifically those that were incubated with either BES or no added
metabolism inhibitors (conditions SH, SHB, SF, and SFB), were largely dominated by Desulfitobacteriia (Fig. 3). The relative
abundances of Desulfitobacteriia and Desulfotomaculia were greatly diminished in incubations where molybdate was added
(conditions SHM and SFM). The inhibition of sulfate-reducing metabolisms through the addition of molybdate allowed for
Clostridia to increase in relative abundance, making up the vast majority of these communities.

Organisms from the classes Bacteriodia and Anaerolineae were found in many of the samples collected from both
hematite and ferrihydrite amended cultures at T§. ASVs within Anaerolineae matched to uncultured Leptolinea, Pelolinea,
and Levilinea, organisms known to be anaerobic fermenters (Imachi et al., 2014; Yamada et al., 2006). Uncultured members
of the Anaerolineae have also previously been enriched under iron reducing conditions. Organisms from the class Myxococcia
were also observed in many of the ferrihydrite treated samples, with ASVs matching to the genus Anaeromyxobacter, members

of which are known iron reducers (He and Sanford, 2003; Petrie et al., 2003). The higher reactivity of ferrihydrite likely
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allowed Anaeromyxobacter (and likely other Fe reducers) to reduce Fe at greater rates during these incubations. This is
supported by detection of Fe(Il) in both ferrozine assays (Fig. 1) as well Fe K-edge XANES analyses (Fig. 2A) performed on
samples collected from this set of incubations.

We detected Methanobacterium sp., known for performing hydrogenotrophic methanogenesis (Boone, 2015), in
varying abundances in a few cultures across many experimental conditions, despite only observing methane production in
cultures amended with hematite and no metabolism inhibitors. Interestingly, we also only observed Methanosarcina sp. in low
relative abundance in one hematite amended culture at one time point (T4SH1). Methanosarcina are known to engage in both
DIET and in extracellular electron uptake reactions directly from cathodes (Rowe et al., 2019; Yee et al., 2019; Yee and Rotaru,
2020) and likely contributed to DIET in our experimental system. The low representation of methanogens in our communities
overall may be attributed to the poor specificity of the universal 515F/806R primers towards archaeal sequences in general
(Raymann et al., 2017). Due to constraints resulting from low DNA extraction yields from many of our samples, we were only
able to re-sequence a subset of our samples using archaeal specific SI9F/915R primers. With this primer pair, we were able to
detect a greater presence of Methanobacteria in a few of our “No Mineral” treatment samples (T4S1 and T8S2), which is
interesting as we did not detect any accumulation of methane in any cultures in this treatment group, consistent with the
hypothesis that crystalline iron oxides are needed to facilitate DIET-mediated methanogenesis in our system. We detected
some Methanosarcinia at higher relative abundances in only a few of our only a few a few of our “Hematite” treatment samples

(T4SH1 and T8SH3, Fig. S5).

3.4 Effects of metabolism inhibitors on microbial communities

Parallel experiments using either BES or molybdate to inhibit methanogenesis and sulfate reduction respectively were
conducted to determine the contribution of each metabolism to the syntrophic interactions occurring in our incubations. BES
is an analog of coenzyme M and is known to disrupt methanogenesis by irreversibly binding to the active site of methyl
coenzyme M reductase (Mcr), preventing the enzyme from catalyzing the reduction of methyl coenzyme M to methane
(Goenrich etal., 2004). Our results are consistent with this knowledge, as methane accumulation did not occur in the headspace
of our BES amended incubations. Trends in the production or consumption of all other compounds measured are similar to
what was observed in the inhibitor free conditions (Fig. 1, plots S, SH, SF, SB, SHB, SHF). While the composition of the
microbial communities incubated with BES appear similar to the uninhibited control experiments (see Fig. S6 for microbial
community composition data grouped by inhibitor used), the differences between the structure of the BES treated communities
were significantly different than the original inoculum, communities treated with molybdate, and communities that were left
uninhibited (Pairwise PERMANOVA p-values <0.05 for all pairwise comparisons, Table S2). This is likely due to decreases
in relative abundances of the Desulfitobacteriia collected day 36 (T4) and Day 87 (T4) and increases in the abundances of the
Desulfomaculia increased during this period.

Molybdate is canonically known to selectively inhibit sulfate reduction metabolisms by targeting sulfate

adenylyltranserase (Sat), an enzyme that uses ATP to activate inert sulfate ions, forming adenosine 5’ phosphosulfate (APS)
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in the process. Upon binding to Sat’s active site, molybdate converts to an unstable adenosine 5’ molybdophosphate (APMo)
product, also consuming ATP in the process. This depletion of ATP can rapidly decrease the cellular energy reserves, leading
to overall inhibition in the organism(Taylor and Oremland, 1979). Given this, it is unsurprising that we observed little change
in sulfate concentrations and no accumulation of sulfide over time in the molybdate treatments (Fig. 1, plots SM, SHM, SFM).
We did, however, expect DIET between organisms with putative Fe reducing metabolisms and methanogens in the SHM
incubations to still occur, as the addition of molybdate is not known to affect Fe reduction metabolic pathways. Methane was
not produced in SHM incubations (Fig. 1).

Recent work revealed that a mutant strain of Desulfovibrio vulgaris Hildenborough lacking Sat was still inhibited by
molybdate addition. Further investigation suggested that molybdate likely also targeted a protein containing a YcaO domain
in this organism (Zane et al., 2020). While this YcaO-like protein has yet to be fully characterized in D. vulgaris, this protein
superfamily is known for several critical functions, including azoline, macroamindine, and thioamide formation, catalysis of
RimO-dependant methylthiolation, and biosynthesis of ribosomally synthesized and posttranslationally modified peptides
(Burkhart et al., 2017). YcaO- like proteins can engage in phosphorylation reactions and contain an ATP binding motif that’s
highly conserved throughout the superfamily (Dunbar et al., 2014). Zane et al., posited in 2020 that molybdate is also a
substrate for YcaO-like proteins, forming APMo upon phosphorylation, leading to a similar depletion of intracellular energy
reserves as observed during Sat inhibition.

There are currently more than 17,000 proteins containing Ycao-like domains listed in the InterPro database
(Accession no: IPR003776), spanning wide phylogenetic diversity within both bacteria and archaea. We searched this database
and found Ycao-like domain containing proteins in several species representative of the genera enriched in our incubations
that were either highly abundant or putatively have metabolisms that are relevant for our study. These genera include,
Lactobacillus, Lachnoclostrdium, Desulfosporosinus, Anaeromyxobacter, Sporomusa, Syntrophomonas, Methanosarcina,
Methanobacterium, and several members of the Anaerolineae (see Table S3 for list of species and Interpro accession numbers).
It is possible that molybdate amendment to our incubations not only specifically inhibited sulfate reduction, but also inhibited
the general physiology of many of the other organisms. The absence of methane production in SHM cultures could possibly
be attributed to general inhibition of the Fe reducers and/or the methanogens, reducing the organisms’ capabilities to perform
DIET. We detected much less acid-extractable Fe(Il) in our ferrihydrite treatments when molybdate was provided compared
to molybdate free incubations (Fig. 1 and S7, panel SFM) and the lack of peaks associated with reduced ferrous iron in XANES
analyses for sample SFM (Fig. 3A), providing further support for the inhibition of Fe reducing microbes via molybdate. Very
little butyrate was consumed and much less acetate was produced in the molybdate treatments compared to the other conditions
(Fig. 1, panels SM, SHM, and SFM), suggesting that many of the fermenters were inhibited by molybdate as well.

It is also worth noting that the concentration of molybdate used (10 mM) may have been high enough to impart global
toxicity on several of the organisms, regardless of whether they express YcaO domain containing proteins. Recently,
molybdates’s IC50 for sulfide production by both a sulfate-reducing enrichment culture and model SRB Desulfovibrio
alaskensis G20 were calculated to be 0.0069 mM and 0.089 mM, respectively. In addition, the IC50s for overall growth (as
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determined by OD 600 measurements) for this sulfidogenic enrichment culture and D. alaskensis G20 grown using pyruvate
as an electron acceptor were 0.69 mM and 0.092 mM, respectively (Carlson et al., 2021). Since more than an order of
magnitude more molybdate was used in our sediment incubations, it is possible that metabolic activity and growth of most
organisms enriched in these cultures was arrested.

The composition of the microbial communities was also significantly affected by the addition of molybdate, as Bray-
Curtis dissimilarity metrics indicated significant differences in composition of molybdate treated communities and the initial
inoculum, communities where no inhibitors were added, and communities treated with BES (PERMANOVA p-values = 0.001
for all pairwise comparisons, Table S2, Fig. S8). Molybdate incubations were largely dominated by Clostridia.
Desulfitobacteriia and Desulfotomaculia were still detected in samples collected at day 36 but decreased in abundance by day
87. While Methanobacteria were observed in several of the molybdate incubations, we were unable to detect the presence of
Methanosarcinia. These differences in community composition in response to molybdate addition may also partially explain
the lack of methane production in our SHM incubations, as the organisms most likely to engage in DIET were found in much

lower abundances in these communities than in the incubations where no inhibitors were added.

3.5 Investigation of microbe-mineral interactions mechanisms

Possible mechanisms of microbe-mineral interactions that may explain observations from our incubations are
presented in Fig 4. In all inhibitor-free conditions (Fig. 4A), the consumption of butyrate coincided with the reduction of sulfate
by sulfate reducing bacteria. We observed the production of methane in incubations amended with hematite, presumably
through DIET mechanisms between sulfate/Fe reducing microbes and methanogens. We did not observe methane production
in incubations amended with ferrihydrite. Fe reducers enriched during these incubations were likely able to use the more
reactive ferrihydrite as an electron acceptor, resulting in its reductive dissolution and subsequent release of Fe(Il) (Figs. 1,
3A, and S2) previous studies (Tang et al., 2021).

Natural enrichment of several genera of Fe reducing microbes in our incubations made it challenging to specifically
determine how much sulfate-reducing metabolisms contributed to DIET in the presence of hematite, a phenomenon that has
already been well studied in sedimentary environments (Aromokeye et al., 2018, 2020; Rotaru et al., 2018; Zhang and Lu,
2016). In addition, members of enriched genera, including Desulfispora, Desulfosporosinus, and potentially organisms from
Actinobacteria group OPB41, are known to engage in both sulfate and Fe reduction, further obscuring microbe-mineral
interactions occurring within these incubations.

Molybdate was used to specifically inhibit sulfate-reducers to assess their contribution to methane production and
DIET processes occurring in our system (Fig. 4B). However, we may have also inadvertently inhibited the general physiologies
of Fe-reducers and many other microbes that we enriched, likely due to molybdate also targeting the ubiquitous biosynthesis
proteins of the YcaO superfamily, leading to subsequent ATP depletion. In addition to lack of methane production as a result
of DIET in our SHM conditions, there was an overall decrease in Fe reduction capacities in these cultures, indicated by lower

accumulation of acid-extractable Fe(II) in SFM incubations compared to SF and SFB conditions (Fig. 1 and S7).
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Interactions at the biotic/abiotic interface are complex in terrestrial subsurface environments and this study further
elucidates these intricately linked processes by emphasizing the role that both microbes and minerals play in facilitating
biogeochemical cycles. Our results highlight the direct influences mineralogy has on microbial biogeochemistry. We showed
that methanogenesis can occur under sulfate replete conditions when crystalline Fe oxides are present to mediate DIET
interactions between microbial partners. This study helps to explain the co-occurrence of sulfate reduction and methane

production in other terrestrial subsurface environments rich in semiconducting Fe minerals.
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S None None
Syntrophic butyrate degradation
SH Hematite None
SF Ferrihydrite None
SB None BES 5 mM BES added to inhibit methanogenesis;
Syntropic butyrate degradation
SHB Hematite BES
SFB Ferrihydrite BES
SM None Molybdate 10 mM molybdate added to inhibit sulfate
reduction;
Syntrophic butyrate degradation
SHM Hematite Molybdate
SFM Ferrihydrite Molybdate
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Table 2. Description of abiotic incubation conditions and acronyms used to describe treatments.

Experimental Mineral Used Mechanism Evaluated
Acronym
C None No microbial inoculum
CH Hematite
CF Ferrihydrite
CS None No microbial inoculum; 10 mM sulfide added to
simulate sulfate reduction
CHS Hematite
CFS Ferrihydrite
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758
759  Figure 1. Aqueous concentrations (mM) of sulfate, sulfide, butyrate, acetate, ferrous iron, and methane over the duration of the 87
760  day experiment for the nine conditions. Error bars represent one standard deviation of experimental triplicates.
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Figure 2. Normalized Fe and S K-edge x-ray absorption near-edge spectroscopy (XANES) data (Panels A and B respectively) in
samples collected after biotic incubations with either hematite (SH) or ferrihydrite (SF) compared with samples from abiotic control
incubations using added sulfide with either hematite (CHS) or ferrihydrite (CFS). Fe K-edge XANES spectra from pure hematite,
ferrihydrite (Fe in ** oxidation state) and pyrite (Fe in ** oxidation state) are included in Panel A to compare peak positions for
reference oxidation states.
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769

770  Figure 3. Microbial community composition data based on 16S rRNA phylogenetics. Samples labeled with T0, T4, or T8 were
771  collected at Days 0, 36, or 87, respectively. Bar plots were grouped according to the mineral used during the incubation. DNA was
772  extracted and sequenced for each experimental triplicate.
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779  Figure 4. Proposed mechanism of microbe-mineral interactions in our system. A) Under uninhibited conditions, SRB and fermenters
780  catalyze both the conversion of butyrate to acetate as well as the conversion of acetate to CO; and H,. Iron reducing bacteria can
781  utilize acetate, Hz, CO2, or other organic substrates produced in the cultures to either reduce ferrihydrite or engage in EET transfer
782  electrons to hematite. Methanogens in hematite amended cultures likely use electrons transferred to hematite from iron reducers to
783  fix CO; into methane.
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