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Abstract. Microbial methane production is intimately linked to the biogeochemical cycling of iron, sulfur, and carbon in 27 

sedimentary environments. Sulfate-reducing microbes often outcompete methanogens for shared substrates. However, in a 28 

prior study at our field site, the Oak Ridge Reservation Field Research Center (ORR FRC)  in Oak Ridge, TN, we observed 29 

co-occurring sulfate reduction and methanogenesis at 100-150 cm depth where iron (Fe) oxides of varying crystallinities were 30 

also detected. Fe oxides are known to act as electron conduits for direct interspecies electron transport (DIET) between 31 

syntrophic partners and can connect the metabolisms of methanogens with syntrophic Fe-reducing microbes in nature. 32 

However, whether the nature of Fe oxides can influence electron transfer reactions between sulfate-reducing microbes and 33 

methanogens is less understood. In this study, we utilized a microbial community enriched from ORR FRC vadose zone 34 

sediment to demonstrate the effects of Fe oxides of varying crystallinities on sulfate reduction and methanogenesis. We 35 

hypothesized that more crystalline Fe oxides facilitate the co-existence of sulfate-reducers and methanogens. Communities 36 

enriched from subsurface sediments produced methane when amended with crystalline hematite but not when amended with 37 

the amorphous, short range-ordered (SRO) ferrihydrite. Furthermore, Fe reduction occurred only in incubations amended with 38 

SRO ferrihydrite, indicating how poorly crystalline Fe oxides potentially contribute to the dynamic redox nature of the 39 

subsurface sediments. Microbial communities enriched during these incubations were composed of several taxa commonly 40 

associated with iron and sulfate reduction, fermentation, and methanogenesis, consistent with our geochemical data. Overall, 41 

the results from this work deepen our understanding of the role of Fe oxides in extracellular electron transfer, thereby mediating 42 

anaerobic metabolisms in the terrestrial subsurface environment. 43 

 44 

1 Introduction 45 

In subsurface sedimentary environments, carbon cycling and methane emissions are intimately linked to other 46 

biogeochemical processes, including those related to the cycling of sulfur and iron (Jørgensen et al., 2019; Jørgensen and 47 

Kasten, 2006). Subsurface biogeochemical cycling is a poorly understood component of global carbon cycle, particularly in 48 

respect to the processes that mediate methanogenesis. It is critical to constrain both the biotic and abiotic processes that govern 49 

these complex ecological processes. When sulfate is present in anoxic zones within sediments, sulfate-reducing bacteria (SRB) 50 

often outcompete methane-producing archaea (methanogens), resulting in distinct zones of sulfate reduction and 51 

methanogenesis (Claypool and Kaplan, 1974). This metabolic advantage of SRB is due to the higher affinity of their enzymes 52 

for shared substrates and to the thermodynamic favorability of sulfate reduction as compared to methanogenesis (Kristjansson 53 

et al., 1982; Schönheit et al., 1982). In addition, methanogens suffer from the toxicity effects of the reduced sulfur (S) 54 

compound, hydrogen sulfide, more acutely than SRB (Koster et al., 1986). Nonetheless, co-existence of the two groups has 55 

been observed in anaerobic environments and were explained by non-competitive substrate usage under high organic loading 56 

rates (Oremland and Polcin, 1982) or under low sulfate conditions (Ozuolmez et al., 2020). However, these specific conditions 57 
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do not fully account for the broadly observed co-existence of the two dominant anaerobic metabolisms, warranting further 58 

investigation into other factors that may also impact this phenomenon in the complex terrestrial subsurface. 59 

A previous study at our field site, the Oak Ridge Reservation Field Research Center (ORR FRC) in Oak Ridge, TN, 60 

USA indicated the coincidence of methane production and sulfate reduction. Specifically, high methane production rates 61 

coinciding with sulfate reduction were reported in the vadose zone (100-150 cm depth) of the subsurface sediments (Moon et 62 

al., 2020). Both SRB and methanogens can participate in the syntrophic degradation of organic matter in sedimentary 63 

environments, where SRB catalyze the breakdown of volatile fatty acids and other more complex organic substrates into simple 64 

substrates, such as acetate, carbon dioxide, and hydrogen gas, which can then either be used for methanogenesis (Dworkin et 65 

al., 2006; Nozhevnikova et al., 2020) or further metabolized to continued sulfate reduction (Thauer et al., 2007). Given the 66 

kinetic and thermodynamic advantages that SRB have over methanogens, the coexistence of these two metabolisms is 67 

unexpected under the environmental conditions at our field site, possibly challenging what we know about subsurface 68 

biogeochemistry.  69 

Notably, high concentrations of crystalline Fe oxides were also detected at our field site in the same zone as 70 

concomitant sulfate reduction and methanogenesis (Moon et al., 2020). The redox potential of the Fe(III)–Fe(II) redox couple 71 

lies between the redox potentials of the major C, N, O or S redox couples (Michael Madigan et al., 2019), and therefore, the 72 

presence of Fe oxides adds a new layer of complexity to C and S cycling.  Moreover, Fe oxides show distinct electrochemical 73 

properties depending on their crystal structures; for example, crystalline hematite (α-Fe2O3) is semiconductive whereas 74 

amorphous ferrihydrite is insulating (Cornell and Schwertmann, 2003; Xu and Schoonen, 2000). Several laboratory-based 75 

studies have shown that these Fe oxides can connect syntrophic metabolisms between microbial partners by serving as conduits 76 

that mediate direct interspecies electron transport (DIET) (Kato et al., 2012; Park et al., 2018). Many Fe(II)-oxidizing and 77 

Fe(III)-reducing bacteria are metabolically flexible as well, which helps them adapt to the availability of electron donors and 78 

acceptors that mediate environmental redox reactions. Some of the studied mechanisms of electron transfer from 79 

microorganisms to Fe(III) minerals include direct contact between the bacterial cell and Fe(III) minerals, secretion of chelating 80 

agents to complex with Fe minerals, electrically conductive pili and multistep electron hopping via redox cofactors that are 81 

present in biofilms (Melton et al., 2014). While crystalline minerals such as hematite can promote microbially mediated 82 

electron transfer through conductive nanowires, short-range ordered (SRO) insulating Fe (oxy)hydroxides such as ferrihydrite 83 

are instrumental in interacting with chelating agents such as EDTA through reductive dissolution and co-precipitation (Mikutta 84 

et al., 2008; Weihe et al., 2019; Zhou et al., 2014). The provision of Fe oxides has additionally been shown to enhance rates 85 

of syntrophic methanogenesis in several studies using sediment-hosted microbial communities (Aromokeye et al., 2018, 2020; 86 

Rotaru et al., 2018; Zhang and Lu, 2016). However, these enrichments were performed using sulfate-free media, and as such 87 

the specific contributions of SRB were not investigated. Therefore, it remains unclear whether SRB participate in syntrophic 88 

methanogenesis via DIET using Fe oxide minerals as conduits for electron transfer. 89 

We hypothesized that crystalline Fe oxides facilitate metabolic interactions between sulfate-reducers and 90 

methanogens in the ORR FRC vadose zone, allowing these microbes to coexist under conditions that typically result in 91 
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competition for substrates. In this study, we use a microbial community enriched from ORR FRC vadose zone sediment to 92 

demonstrate the effects of Fe oxides of varying crystallinities on sulfate reduction and methanogenesis. In addition to the 93 

microbially mediated processes, abiotic reaction mechanisms were also investigated to untangle the biotic and abiotic controls 94 

for the reaction. The interplay of microbially-mediated and abiotic reactions in the biogeochemical Fe and S cycles helps us 95 

develop a better understanding of the role of Fe oxides and electron transfer reactions in anoxic zones within the terrestrial 96 

subsurface. 97 

 98 

2 Materials and Methods 99 

2.1 Sediment Collection 100 

Sediments were collected from borehole EB271 in March 2017 near the S-3 pond at the Oak Ridge Reservation Field 101 

Research Center (ORR FRC) located within the Y-12 National Security Complex in Oak Ridge Tennessee, USA (see Watson 102 

et al., 2004 for more information on this site and Moon et al., 2020 for detailed location information and geochemical analysis 103 

of borehole EB271).  Our inoculum was collected at a depth of 100-150 cm, the same depth where methane production, sulfate 104 

reduction, and the presence of Fe oxide minerals were previously reported (Moon et al., 2020). Sediments were frozen and 105 

stored at -80 °C upon collection for microbial and biogeochemical analyses. 106 

2.2 Culture Conditions 107 

A novel, custom mineral growth medium that mimics the geochemical conditions of the sampling location (sediment 108 

core EB271) at the ORR FRC was developed to replicate the field conditions as closely as possible and create environmentally 109 

relevant experimental conditions, which is hereafter referred to as the EB271 medium. Briefly, the EB271 mineral medium 110 

contained mineral salts, a selenite/tungstate solution (1 mL), a trace element solution (1 mL), L-cysteine as the reducing agent 111 

(0.6 g), N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES, 2.292) and NaHCO3 (2.5 g) as buffers, and 0.25 112 

ml 0.1% w/v resazurin as an oxygenation indicator. The mineral salts were comprised of NH4Cl (0.3 g), KH2PO4 (0.2 g), 113 

MgCl2-6H2O (0.5 g), and CaCl2-2H2O (0.015 g) per liter. The selenite/tungstate solution contained Na2SeO4-6H2O (0.0006 g) 114 

and Na2WO4-5H2O (0.0008 g) per liter. The trace elements solution contained HCl (0.01 ml 25% w/w), H3BO3 (0.006 g), 115 

NaOH (0.5 g), MnCl2-4H2O (0.1 g), CoCl2-6H2O (0.19 g), ZnCl2 (0.07 g), CuCl2-2H2O (2.0 mg), NiCl2-6H2O (2.4 mg) 116 

Na2MoO4-2H2O (0.036 g), FeSO4-7H2O (2 g) and AlKSO4-12H2O (0.1 g) per liter. The vitamin solution contained d-biotin 117 

(2.0 mg), folic acid (2.0 mg), pyroxidine-HCl (10.0 mg), thiamine-HCl (5.0 mg), riboflavin (5.0 mg), nicotinic acid (5.0 mg), 118 

pantothenic acid (5 mg), vitamin B12 (0.1 mg), p-aminobenzoic acid (5.0 mg), and lipoic acid (5.0 mg) per liter. 119 

To obtain a sediment-free microbial inoculum for our experimental incubations, a preconditioning enrichment of 120 

EB271 sediment was conducted in anoxic EB271 medium amended with 5 mM sodium butyrate and 10 mM sodium sulfate 121 

for approximately 6 months under a N2:CO2 (80:20) headspace. Butyrate was chosen as primary electron acceptor for this 122 

experiment as previous work showed that many simple carbon sources, including glucose or acetate, do not promote diverse 123 
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communities of microbes from our field site (Wu et al., 2020). In addition, butyrate is known to stimulate syntrophic 124 

metabolisms under sulfate-reducing and methanogenic conditions (Struchtemeyer et al., 2011). We transferred this enrichment 125 

three times (two-month incubation intervals) at 10 % v/v inoculum prior to the start of our experimental incubations described 126 

in this work. All later experimental incubations using this enriched inoculum were also conducted using 5 mM sodium butyrate 127 

and 10 mM sodium sulfate maintained under an N2:CO2 (80:20) headspace and ran for ~ 3 months. 128 

 To test the influence of Fe(III) minerals in our incubations, hematite or ferrihydrite were added in concentrations of 129 

1% w/v. Hematite comprised a majority of conductive minerals  in sediment bore EB271 (Moon et al., 2020) and was chosen 130 

to mimic field conditions whereas ferrihydrite was chosen because of its reduced crystallinity and increased reactivity 131 

compared to hematite.  132 

To better understand the microbial influences in our system, several sets of biotic control incubations were conducted 133 

where we inhibited the metabolisms of specific groups of microbes. Incubations were performed in parallel using either 5 mM 134 

2-bromoethanesulfonate (BES) to inhibit methanogenesis (Goenrich et al., 2004) or 10 mM sodium molybdate to inhibit sulfate 135 

reduction (Taylor and Oremland, 1979). Incubations without the addition of minerals or metabolism inhibitors were conducted 136 

to serve as controls for the experimental treatments. Treatments with no added minerals or metabolism inhibitors served as 137 

controls for all incubation conditions (See Table 1 descriptions of experimental incubations and acronyms used to describe 138 

each treatment). 139 

We also concurrently performed abiotic incubations containing no microbial inoculum with and without the presence 140 

of 10 mM sulfide to investigate abiotic influences on the geochemical dynamics of our systems (See Table 2 for descriptions 141 

of abiotic incubations and acronyms used to describe each treatment). All biotic and abiotic incubations were conducted in 142 

triplicate. 143 

2.3 Geochemical Analyses 144 

 Samples for geochemical analyses were collected periodically throughout the incubation. Under sterile and anoxic 145 

conditions, 1 mL from the headspace was taken (while replacing headspace volume with 1 mL N2:CO2 gas) to measure methane 146 

using gas chromatography with a thermal conductivity detector with helium as the carrier gas (6890N Network GC System; 147 

Agilent Technologies; Santa Clara, CA, USA). Methane concentrations were calculated to account for changes in headspace 148 

volume due to regular sampling of the cultures. To quantify sulfate, butyrate, acetate, Fe(II), and dissolved sulfide, 1 mL of 149 

the culture was taken and sterilized with 0.2 μm PES filters prior to analysis. Sulfate, butyrate, and acetate were measured 150 

using ion chromatography (Dionex ICS 2100; Thermo Fisher Scientific; Waltham, MA, USA). Samples for Fe(II) 151 

quantification were acidified usinf 0.5 N HCl and quantified using a modified version of the ferrozine assay (Stookey, 1970) 152 

using a microplate reader (BioteK Epoch2; Agilent; Santa Clara, CA, USA). Dissolved sulfide quantification immediately 153 

fixed in 91 mM zinc acetate was determined using colorimetric analysis within a day of sampling using a modified microplate 154 

version of the Cline assay (Cline, 1969). 155 
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 2.4 X-ray Absorption Spectroscopy 156 

Synchrotron-based X-ray absorption spectroscopy (XAS) was used to determine Fe and S speciation (oxidation state 157 

and chemical coordination environment).  S and Fe K-edge X-ray absorption near-edge structure (XANES) and iron K-edge 158 

extended x-ray absorption fine structure (EXAFS) spectral analyses were conducted on beamline 4-3 at the Stanford 159 

Synchrotron Radiation Laboratory (SSRL), at Menlo Park, CA under ring operating conditions of 3 GeV with a current of 450 160 

mA. Experiments were performed in pure helium to minimize absorption and scattering from the atmosphere. Samples were 161 

sealed on Teflon holders with Kapton tape to preserve the oxidation state of Fe and S to prevent any potential beam damage 162 

which might occur during data collection. A double crystal Si (220) monochromator with an unfocused beam was detuned 163 

30% to reject harmonics affecting the primary beam. Pure elemental Fe foil was used for energy calibration for Fe at 7112 eV 164 

whereas thiosulfate (S2O32-) was used for energy calibration of S at 2472 eV. The Lytle detector was used to record the 165 

fluorescence spectra of EXAFS and XANES scans. Between 7 and 10 individual spectra were averaged for each sample. 166 

Fluorescence spectra were background subtracted and the atomic absorption was normalized to unity using Athena(Ravel and 167 

Newville, 2005). 168 

2.5 16S Microbial Community Analyses 169 

To examine changes in microbial community composition over time, two 2 mL aliquots of culture were collected 170 

from days 0 (T0), 36 (T4), and 87 (T8) from each vial containing live microbes and were centrifuged. The supernatants were 171 

decanted, and the pellets were frozen at -80 °C until extraction. Samples were extracted using the Qiagen DNeasy PowerLyzer 172 

PowerSoil Kit following the manufacturer’s suggested protocol. Negative control samples were generated during each round 173 

of extractions to be included in the sequencing run. 174 

Extracted genomic DNA was sent to Novogene Corporation, Inc. for quality control and subsequent sequencing with 175 

the Illumina MiSeq. Microbial community composition was analyzed by targeting the V4 region of the 16S gene with the 515F 176 

(5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) primer pair (Caporaso et al., 177 

2011) to generate 300 bp paired-end reads. A subset of samples were also sequenced using the archaeal specific 519F (5’-178 

CAGCCGCCGCGGTAA-3’) and 915R (5’-GTGCTCCCCCGCCAATTCCT-3’) primer pair (Herfort et al., 2009; Casamayor 179 

et al., 2002). Sequences were analyzed via the Qiime2 paired-end read pipeline version 2022.2 (Bolyen et al., 2019). 180 

Representative sequences that were found in both the experimental and negative controls at a prevalence of 0.05 or higher 181 

were marked as contaminants and were removed from the experimental samples using the R package decontam (Davis et al., 182 

2018). Sequences were taxonomically assigned using the Silva database release 138. Nonmetric multidimensional scaling 183 

(NMDS) indices and ordination ellipses drawn around the mean centroid (95% CI) were constructed using Bray Curtis 184 

dissimilarity metrics using the R package vegan (Dixon, 2003).  185 

 186 
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3 Results and Discussion 187 

3.1 Geochemical Analyses 188 

We examined changes in the concentrations of analytes relevant to the metabolisms of interest (butyrate, acetate, 189 

sulfate, sulfide, methane, and Fe(II)) to determine whether the addition of either hematite or ferrihydrite to our cultures 190 

influenced the physiologies of our enriched microbial communities. Conditions S, SH, and SF represent treatments where no 191 

mineral or inhibitor were added (see Table 1 for information on treatments and all corresponding acronyms). Throughout the 192 

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, 9.0 193 

± 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 194 

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 195 

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 196 

day 17. We only detected methane production in condition SH, representing cultures that contained uninhibited microbes 197 

amended with hematite. We observed 3.3 ± 5.8 mM of methane produced over the duration of the incubation, suggesting that 198 

this more crystalline Fe oxide may be required for methanogenesis to occur in this system. We observed acid extractable Fe(II) 199 

accumulation in condition SF, peaking at 2.0 ± 2.4 mM on day 42. We were unable to detect any accumulation in any hematite-200 

amended or mineral-free cultures.  201 

We performed incubations using BES to inhibit methanogenesis and in these cultures (SB, SHB, and SFB), 4.6 ± 202 

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, 203 

respectively, throughout the incubation period (Fig. 1). As expected, we did not observe methane accumulated in any BES 204 

treated culture. In conditions SB and SHB, net 5.0 ± 0.15 and 5.2 ± 2.2 mM acetate was produced, respectively. Cultures from 205 

SBF conditions produced net-zero acetate over the 87-day experiment with a maximum aqueous acetate concentration of 8.9 206 

± 0.80 mM on day 17. Fe(II) was only detected in condition SFB, peaking at 1.3 ± 0.90 mM on day 36.  207 

   In cultures where molybdate was added to inhibit sulfate reduction (conditions SM, SHM, SFM), there was no notable 208 

consumption of butyrate or sulfate nor was there production of sulfide or methane (Fig. 1). Ferrous iron peaked at 0.52 ± 0.15 209 

mM on day 52 in condition SFM but was not detected in SM and SHM. Small amounts of acetate were produced in all sulfate 210 

reduction inhibited cultures, peaking at 2.9 ± 0.47 mM for condition SM, 2.5 ± 0.14 mM for condition SHM, and 2.9 ± 0.10 211 

mM for condition SFM by day 17. 212 

It is interesting to note that while we did not observe Fe(II) accumulation in our hematite treated conditions, we did 213 

ferrihydrite-amended cultures showed Fe(II) accumulation. This was likely due to increased crystallinity of hematite compared 214 

to ferrihydrite, rendering, it a more difficult electron acceptor for microbes to use (Schwertmann, 1991). This idea is supported 215 

by prior work showing decreased Fe reduction in the presence of hematite compared to less crystalline Fe oxides for both pure 216 

cultures (Li et al., 2006) and enrichments (Zhang et al., 2020) of Fe-reducing microbes. In addition, the rapid precipitation of 217 

new minerals upon reduction of hematite may have also occurred. For example, precipitation of crystalline spinels such as 218 

magnetite precipitated during incubation, may have underestimated Fe(II) production (Benner et al., 2002). We also observed 219 
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decreases in Fe(II) concentrations towards the end of these incubations, due to the potential coprecipitation of Fe 220 

(oxy)hydroxides and Fe sulfides that is typically observed following the reductive dissolution of Fe oxides, especially in 221 

association with organic matter (Cornell and Schwertmann, 2003; Li et al., 2006; Neal et al., 2001). Finally, the observed 222 

accumulation of ferrous iron in condition SF may have also been due to increased rates of fermentative iron reduction, which 223 

would also be supported by faster butyrate consumption concurrent with higher peak acetate production at earlier time points 224 

when compared to conditions S and SH.  225 

Control incubations where no microbial inoculum was added were performed to examine any abiotic changes in 226 

analyte concentrations in the medium (See Table 2 for description of control conditions). The observed some decreases in both 227 

butyrate and sulfate concentrations throughout the incubation period for all treatments was smaller in magnitude than the 228 

respective biotic incubations (Fig. S1), indicating that active microbial metabolisms were the primary driving factor for the 229 

changes in analyte concentrations.  In condition CS, where no mineral was added, we observed a decrease of 6.36 ± 0.98 mM 230 

sulfide, which may be attributed to the introduction of oxygen during the sampling process. Sulfide depletion in conditions 231 

CHS and CFS was likely due to interactions between the added iron oxide minerals. Given the differences in reactivity versus 232 

hematite and ferrihydrite, it is not surprising that we observed total depletion of sulfide in condition CHS slowly over the first 233 

52 days while no sulfide was able to accumulate in cultures from condition CFS due to rapid oxidization by ferrihydrite. We 234 

did not observe accumulation of acetate, methane, or Fe(II) in any of our control incubations. Overall, these control incubations 235 

provided context for the changes in analyte concentrations caused by active microbial metabolisms. 236 

 237 

3.2 Iron and sulfur speciation under (a)biotic incubations during syntrophic butyrate degradation 238 

Synchrotron-based XAS data provided critical molecular-scale insights on the coupled Fe-S redox chemistry during 239 

incubations in the presence and absence of BES and molybdate inhibitors as a function of altered mineral crystallinity 240 

(ferrihydrite being the amorphous or poorly crystalline and hematite being the crystalline mineral).Overall, Fe K-edge XANES 241 

data indicates that bulk Fe was in +3 oxidation state across all the experimental incubations tested both under biotic and abiotic 242 

conditions (Fig 2A). Subtle changes in the relative peak positions (lower and higher values indicating reduced and oxidized 243 

Fe species, respectively) together with spectral shapes and intensities in the XANES region among the different samples 244 

indicated that the relative proportions of Fe(II) and Fe(III) varied as a function of mineral crystallinity across the samples 245 

incubated with specific inhibitors. In the absence of inhibitors (conditions SH and SF), the maximum peak intensities for SF 246 

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). 247 

A similar trend is observed in BES treated cultures (SFB and SHB). When comparing molybdate incubated samples (conditions 248 

SHM and SFM), the average oxidation state of Fe is similar between these treatments.  249 

In general, samples incubated with ferrihydrite exhibited the maximum differences in uninhibited and BES treated 250 

cultures (conditions SF and SFB), hinting at potential biotic Fe reduction promoted by amorphous ferrihydrite. This is also 251 

supported by observed changes in the coordination environment of Fe atoms (determined via EXAFS analysis) in samples 252 

from SF and SFB when compared to pristine ferrihydrite (Fig. S2). Samples from hematite amended conditions (SH, SHB, 253 
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SHM) maintained similar EXAFS patterns when compared to pristine hematite, suggesting Fe atoms in hematite remained 254 

relatively untouched during incubation. For molybdate treated samples, the distinct pre-edge peak at ~ 7114.7 eV in SFM when 255 

compared to that of SHM indicated that Fe from the ferrihydrite treatment has a well-defined stable molecular geometry, 256 

despite ferrihydrite being the amorphous mineral (Fig. 2A). This finding is in accordance with literature data which shows that 257 

short-range ordered ferrihydrite-like minerals often are the controlling factors for mineral-organic matter stabilization and 258 

subsequent preservation in terrestrial ecosystems (Kleber et al., 2015). 259 

To explore abiotic versus biotic reduction mechanisms, Fe XANES data were also collected on the abiotic incubations 260 

(CS, CFS and CHS) (Fig. 2A). The similarities in peak positions between our abiotic control incubations indicate that the 261 

mechanisms of iron reduction were predominantly biotic in nature. 262 

Upon analysis of the sulfur speciation in our samples by S K-edge XANES (Fig. 2B), peaks at ~2482.7 eV in most 263 

of our samples indicated the presence of sulfate (S in +6 oxidation state, Prietzel et al., 2011). The absence of this peak in 264 

conditions SF, SHB, SFB indicate that sulfate was reduced into other sulfur speceis by SRB during these incubations. Peaks 265 

at ~2472.6 eV in a few treatments (CHS, CFS, SFB) were indicative of the presence of elemental sulfur (Prietzel et al., 2011), 266 

likely a product of reaction between dissolved sulfide and Fe oxide minerals (Poulton, 2003; Pyzik and Sommer, 1981; Yao 267 

and Millero, 1996). Additionally, the presence of sulfonate (S in +5 oxidation state) at ~ 2481.3 eV was  observed across all 268 

treatments (Prietzel et al., 2011) ), likely due to the use of TES buffer in the incubation medium. No sulfide species indicative 269 

of Fe sulfide minerals (~ 2470.7 eV for FeS and ~ 2471.3 eV for FeS2,(Prietzel et al., 2011)) was observed, indicating that the 270 

bulk mineralogical speciation from hematite and ferrihydrite were retained during the incubations. 271 

 272 

3.3 Microbial Community Composition  273 

To examine how the addition of either hematite or ferrihydrite affected the composition of the microbial communities 274 

enriched in our experiment, the DNA from samples collected at day 0 (T0), day 36 (T4) and day 87 (T8) from all biotic 275 

incubations was extracted and the 16S rRNA gene was sequenced (Fig. 3).  276 

A large proportion of the communities from our initial inoculum were strict or facultative anaerobic fermenters (Fig. 277 

3, samples labeled T0). Organisms from the class Clostridia were the most abundant members of these communities, with 278 

ASVs matching to the genus Lachnoclostridium, spore forming anaerobes that produce acetate as their major fermentation 279 

product (Yutin and Galperin, 2013). Microorganisms within the Bacteroidia families Dysgonomonadaceae, Paludibacteraceae, 280 

or Prevotellaceae  were also enriched and are known to be strict or facultative anaerobes capable of fermenting complex 281 

polysaccharides (Owusu-Agyeman et al., 2022; Parte et al., 2011; Ueki, 2006). Members of the Paludibacteraceae have 282 

previously been enriched in both microbial electrolysis cells and microbial fuel cells under anoxic conditions, suggesting their 283 

potential for extracellular electron transfer reactions and possible involvement in similar interactions with conductive minerals 284 

in sedimentary environments (Kim et al., 2011; Satinover et al., 2020). The only cultured genus of the Paludibacteraceae 285 

known to date is Paludibacter, which is known to produce propionate and acetate as major fermentation products (Ueki, 2006). 286 

Other fermenters that were enriched include Lactobacillus of the class Bacilli which were only found in the second replicate 287 
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of this initial inoculum (sample T0S2). The high relative abundances of these fermentative organisms in our samples are not 288 

surprising given that our initial microbial communities were pre-conditioned for several subcultures anoxically using the 289 

fermentable substrate butyrate as a primary electron donor.  290 

In addition to these fermenters, organisms from the classes Desulfotomaculia and Desulfitobacteria were also 291 

enriched in our T0 samples. ASVs from within the Desulfotomaculia matched to the genera Desulfallus and Desulfurispora, 292 

which are canonically known to engage in sulfate reduction, with the latter putatively thought to also engage in iron reduction 293 

(Kaksonen et al., 2007; Watanabe et al., 2020; Wen et al., 2018), as well the genus Sporotomaculus, another genus of anaerobic 294 

fermenters (Brauman et al., 1998). Within the Desulfitobacteria, members of the sulfate-reducing genus Desulfosporosinus 295 

(Hippe and Stackebrandt, 2015) were enriched, though some members of the genus are also known to engage in iron reduction 296 

(Hippe and Stackebrandt, 2015). The methanogenic archaeal class, Methanobacteria, was observed in T0S3. These ASVs 297 

matched to Methanobacterium sp., organisms known to engage in hydrogenotrophic methanogenesis. 298 

Overall, the microbial communities making up the starting inoculum contained higher total observed ASVs and 299 

Shannon diversity indices compared to our experimental conditions (Fig. S3), suggesting that our communities became 300 

selectively structured throughout our incubations through decreases in species richness. Inverse Simpson indices (which 301 

incorporates both species richness and evenness) were largely similar between the starting inoculum and most of the 302 

experimental conditions. Higher Inverse Simpson indices were observed for several communities which exhibited greater 303 

evenness among observed ASVs, including communities collected at day 87 and provided molybdate as an inhibitor (T8SM, 304 

T8SHM, and T8SFM), as well as In the communities collected at day 37 and provided hematite and molybdate (T4SHM), 305 

suggesting that the addition of molybdite lead to changes in the relative abundances of the organisms enriched under these 306 

conditions.    307 

Communities from incubations where no minerals were added contained many of the same organisms found in our 308 

initial inoculum (Fig. 3). Interestingly, shifts in the relative abundances of putative sulfate- and iron-reducing microbes 309 

occurred over time, where we observed greater representation of Desulfitobacteria in T4 samples and observed higher relative 310 

abundances of Desulfotomaculia in T8 samples. Methanobacteria were observed in varying abundances in these sets of 311 

incubations, except in those where methanogenesis was inhibited using BES (condition SB).  312 

Organisms from the class Coriobacteria were also detected in all 'No Mineral’ conditions, with ASVs matching to 313 

Actinobacteria OPB41. While transcriptomics and enzyme assays performed on uncultured group OPB41 representatives from 314 

marine sediments suggested the capacity for anaerobic sugar hydrolysis (Bird et al., 2019), two organisms from this group that 315 

have been isolated recently for the first time are confirmed to be either sulfur- or Fe-reducers (Khomyakova et al., 2022). 316 

Organisms from the class Negativicutes were also enriched during these incubations, with the majority of ASVs within this 317 

class matching to the acetogenic genus Sporomusa sp. While acetogens in general are known for their wide substrate utilization 318 

(Drake et al., 1997), Sporomusa are typically known to use a variety of substrates ranging from CO2 (Breznak and Blum, 1991; 319 

Tremblay and Zhang, 2015) to sugars, methanol, and N-methylated compounds (Visser et al., 2016). Since the data reported 320 

in our study are the result of subcultured communities (at 10% v/v inoculum), it is possible that a portion of the energy driving 321 
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the observed acetogenesis is from the subcultured incubation and the carbon may be derived from carryover organic carbon or 322 

CO2, which was present in the serum bottle headspace. Sporomusa sp. were detected in higher relative abundances in 323 

incubations where either methanogens or sulfate-reducers were inhibited. Since methanogens and sulfate-reducers both 324 

generally have thermodynamic advantages over acetogens for shared substrates (Lever, 2012), it is likely acetogens were able 325 

to persist in higher abundance in these inhibited conditions because of reduced competition. This likely also explains the 326 

production of acetate in molybdate treated samples observed in our geochemical analyses (Fig. 1, panels SM, SHM, and SFM). 327 

We used Bray Curtis analyses to statically measure dissimilarities in community composition between our 328 

experimental treatments and constructed NMDS plots to observe these differences. We observed little overlap between the 329 

ordination ellipses highlighting the “Initial” and “No Mineral” treatment groups (Fig. S4), suggesting the microbial 330 

communities from treatment groups were significantly different from each other. These results were supported by a p-value of 331 

0.001 calculated from pairwise PERMANOVA analysis of Bray Curtis metrics between these two treatment groups (Table 332 

S1). The differences between these treatment groups are likely the result of selective structuring of the microbial communities 333 

during the incubation period, which is also corroborated by decreases in total observed ASVs and Shannon Diversity metrics 334 

between these groups as described earlier (Fig. S3).  335 

The addition of Fe oxide minerals to the cultures also significantly impacted the composition of microbial 336 

communities. There was also little overlap in ordination ellipses between the “Initial” treatment and either the “Hematite” and 337 

“Ferrihydrite” treatments (Fig.S4), which was also supported by Pairwise PERMANOVA p-values of 0.001 between these 338 

treatment groups (Table S1). PERMANOVA analyses comparing the “No Mineral” treatment group with either the “Hematite” 339 

and “Ferrihydrite” treatments also resulted in p-values <0.05 (Table S1), despite visual overlap in ordination ellipses between 340 

these groups (Fig. S4). Interestingly, we did not detect significant differences between the “Hematite” and “Ferrihydrite” 341 

treatments, as the p-value for this pairwise PERMANOVA analysis was calculated to be 0.196. These data suggest that while 342 

the addition of an iron oxide to the incubation lead to distinct microbial communities, the type of iron oxide (whether it be 343 

hematite of ferrihydrite) did not seem to any specific differences in community composition.   344 

Many of these mineral amended cultures, specifically those that were incubated with either BES or no added 345 

metabolism inhibitors (conditions SH, SHB, SF, and SFB), were largely dominated by Desulfitobacteriia (Fig. 3). The relative 346 

abundances of Desulfitobacteriia and Desulfotomaculia were greatly diminished in incubations where molybdate was added 347 

(conditions SHM and SFM). The inhibition of sulfate-reducing metabolisms through the addition of molybdate allowed for 348 

Clostridia to increase in relative abundance, making up the vast majority of these communities.  349 

Organisms from the classes Bacteriodia and Anaerolineae were found in many of the samples collected from both 350 

hematite and ferrihydrite amended cultures at T8. ASVs within Anaerolineae matched to uncultured Leptolinea, Pelolinea, 351 

and Levilinea, organisms known to be anaerobic fermenters (Imachi et al., 2014; Yamada et al., 2006). Uncultured members 352 

of the Anaerolineae have also previously been enriched under iron reducing conditions.  Organisms from the class Myxococcia 353 

were also observed in many of the ferrihydrite treated samples, with ASVs matching to the genus Anaeromyxobacter, members 354 

of which are known iron reducers (He and Sanford, 2003; Petrie et al., 2003). The higher reactivity of ferrihydrite likely 355 
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allowed Anaeromyxobacter (and likely other Fe reducers) to reduce Fe at greater rates during these incubations. This is 356 

supported by detection of Fe(II) in both ferrozine assays (Fig. 1) as well Fe K-edge XANES analyses (Fig. 2A) performed on 357 

samples collected from this set of incubations.  358 

We detected Methanobacterium sp., known for performing hydrogenotrophic methanogenesis (Boone, 2015), in 359 

varying abundances in a few cultures across many experimental conditions, despite only observing methane production in 360 

cultures amended with hematite and no metabolism inhibitors. Interestingly, we also only observed Methanosarcina sp. in low 361 

relative abundance in one hematite amended culture at one time point (T4SH1). Methanosarcina are known to engage in both 362 

DIET and in extracellular electron uptake reactions directly from cathodes (Rowe et al., 2019; Yee et al., 2019; Yee and Rotaru, 363 

2020) and likely contributed to DIET in our experimental system. The low representation of methanogens in our communities 364 

overall may be attributed to the poor specificity of the universal 515F/806R primers towards archaeal sequences in general 365 

(Raymann et al., 2017). Due to constraints resulting from low DNA extraction yields from many of our samples, we were only 366 

able to re-sequence a subset of our samples using archaeal specific 519F/915R primers. With this primer pair, we were able to 367 

detect a greater presence of Methanobacteria in a few of our “No Mineral” treatment samples (T4S1 and T8S2), which is 368 

interesting as we did not detect any accumulation of methane in any cultures in this treatment group, consistent with the 369 

hypothesis that crystalline iron oxides are needed to facilitate DIET-mediated methanogenesis in our system. We detected 370 

some Methanosarcinia at higher relative abundances in only a few of our only a few a few of our “Hematite” treatment samples 371 

(T4SH1 and T8SH3, Fig. S5).  372 

 373 

3.4 Effects of metabolism inhibitors on microbial communities 374 

Parallel experiments using either BES or molybdate to inhibit methanogenesis and sulfate reduction respectively were 375 

conducted to determine the contribution of each metabolism to the syntrophic interactions occurring in our incubations. BES 376 

is an analog of coenzyme M and is known to disrupt methanogenesis by irreversibly binding to the active site of methyl 377 

coenzyme M reductase (Mcr), preventing the enzyme from catalyzing the reduction of methyl coenzyme M to methane 378 

(Goenrich et al., 2004).  Our results are consistent with this knowledge, as methane accumulation did not occur in the headspace 379 

of our BES amended incubations. Trends in the production or consumption of all other compounds measured are similar to 380 

what was observed in the inhibitor free conditions (Fig. 1, plots S, SH, SF, SB, SHB, SHF). While the composition of the 381 

microbial communities incubated with BES appear similar to the uninhibited control experiments (see Fig. S6 for microbial 382 

community composition data grouped by inhibitor used), the differences between the structure of the BES treated communities 383 

were significantly different than the original inoculum, communities treated with molybdate, and communities that were left 384 

uninhibited (Pairwise PERMANOVA p-values <0.05 for all pairwise comparisons, Table S2). This is likely due to decreases 385 

in relative abundances of the Desulfitobacteriia collected day 36 (T4) and Day 87 (T4) and increases in the abundances of the 386 

Desulfomaculia increased during this period. 387 

Molybdate is canonically known to selectively inhibit sulfate reduction metabolisms by targeting sulfate 388 

adenylyltranserase (Sat), an enzyme that uses ATP to activate inert sulfate ions, forming adenosine 5’ phosphosulfate (APS) 389 
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in the process. Upon binding to Sat’s active site, molybdate converts to an unstable adenosine 5’ molybdophosphate (APMo) 390 

product, also consuming ATP in the process. This depletion of ATP can rapidly decrease the cellular energy reserves, leading 391 

to overall inhibition in the organism(Taylor and Oremland, 1979). Given this, it is unsurprising that we observed little change 392 

in sulfate concentrations and no accumulation of sulfide over time in the molybdate treatments (Fig. 1, plots SM, SHM, SFM). 393 

We did, however, expect DIET between organisms with putative Fe reducing metabolisms and methanogens in the SHM 394 

incubations to still occur, as the addition of molybdate is not known to affect Fe reduction metabolic pathways. Methane was 395 

not produced in SHM incubations (Fig. 1). 396 

Recent work revealed that a mutant strain of Desulfovibrio vulgaris Hildenborough lacking Sat was still inhibited by 397 

molybdate addition. Further investigation suggested that molybdate likely also targeted a protein containing a YcaO domain 398 

in this organism (Zane et al., 2020). While this YcaO-like protein has yet to be fully characterized in D. vulgaris, this protein 399 

superfamily is known for several critical functions, including azoline, macroamindine, and thioamide formation, catalysis of 400 

RimO-dependant methylthiolation, and biosynthesis of ribosomally synthesized and posttranslationally modified peptides 401 

(Burkhart et al., 2017). YcaO- like proteins can engage in phosphorylation reactions and contain an ATP binding motif that’s 402 

highly conserved throughout the superfamily (Dunbar et al., 2014). Zane et al., posited in 2020 that molybdate is also a 403 

substrate for YcaO-like proteins, forming APMo upon phosphorylation, leading to a similar depletion of intracellular energy 404 

reserves as observed during Sat inhibition. 405 

 There are currently more than 17,000 proteins containing Ycao-like domains listed in the InterPro database 406 

(Accession no: IPR003776), spanning wide phylogenetic diversity within both bacteria and archaea. We searched this database 407 

and found Ycao-like domain containing proteins in several species representative of the genera enriched in our incubations 408 

that were either highly abundant or putatively have metabolisms that are relevant for our study. These genera include, 409 

Lactobacillus, Lachnoclostrdium, Desulfosporosinus, Anaeromyxobacter, Sporomusa, Syntrophomonas, Methanosarcina, 410 

Methanobacterium, and several members of the Anaerolineae (see Table S3 for list of species and Interpro accession numbers). 411 

It is possible that molybdate amendment to our incubations not only specifically inhibited sulfate reduction, but also inhibited 412 

the general physiology of many of the other organisms. The absence of methane production in SHM cultures could possibly 413 

be attributed to general inhibition of the Fe reducers and/or the methanogens, reducing the organisms’ capabilities to perform 414 

DIET. We detected much less acid-extractable Fe(II) in our ferrihydrite treatments when molybdate was provided compared 415 

to molybdate free incubations (Fig. 1 and S7, panel SFM) and the lack of peaks associated with reduced ferrous iron in XANES 416 

analyses for sample SFM (Fig. 3A), providing further support for the inhibition of Fe reducing microbes via molybdate. Very 417 

little butyrate was consumed and much less acetate was produced in the molybdate treatments compared to the other conditions 418 

(Fig. 1, panels SM, SHM, and SFM), suggesting that many of the fermenters were inhibited by molybdate as well. 419 

It is also worth noting that the concentration of molybdate used (10 mM) may have been high enough to impart global 420 

toxicity on several of the organisms, regardless of whether they express YcaO domain containing proteins. Recently, 421 

molybdates’s IC50 for sulfide production by both a sulfate-reducing enrichment culture and model SRB Desulfovibrio 422 

alaskensis G20 were calculated to be 0.0069 mM and 0.089 mM, respectively. In addition, the IC50s for overall growth (as 423 
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determined by OD 600 measurements) for this sulfidogenic enrichment culture and D. alaskensis G20 grown using pyruvate 424 

as an electron acceptor were 0.69 mM and 0.092 mM, respectively (Carlson et al., 2021). Since more than an order of 425 

magnitude more molybdate was used in our sediment incubations, it is possible that metabolic activity and growth of most 426 

organisms enriched in these cultures was arrested. 427 

The composition of the microbial communities was also significantly affected by the addition of molybdate, as Bray-428 

Curtis dissimilarity metrics indicated significant differences in composition of molybdate treated communities and the initial 429 

inoculum, communities where no inhibitors were added, and communities treated with BES (PERMANOVA p-values = 0.001 430 

for all pairwise comparisons, Table S2, Fig. S8). Molybdate incubations were largely dominated by Clostridia. 431 

Desulfitobacteriia and Desulfotomaculia were still detected in samples collected at day 36 but decreased in abundance by day 432 

87. While Methanobacteria were observed in several of the molybdate incubations, we were unable to detect the presence of 433 

Methanosarcinia. These differences in community composition in response to molybdate addition may also partially explain 434 

the lack of methane production in our SHM incubations, as the organisms most likely to engage in DIET were found in much 435 

lower abundances in these communities than in the incubations where no inhibitors were added. 436 

  437 

3.5 Investigation of microbe-mineral interactions mechanisms 438 

Possible mechanisms of microbe-mineral interactions that may explain observations from our incubations are 439 

presented in Fig 4. In all inhibitor-free conditions (Fig. 4A), the consumption of butyrate coincided with the reduction of sulfate 440 

by sulfate reducing bacteria. We observed the production of methane in incubations amended with hematite, presumably 441 

through DIET mechanisms between sulfate/Fe reducing microbes and methanogens. We did not observe methane production 442 

in incubations amended with ferrihydrite. Fe reducers enriched during these incubations were likely able to use the more 443 

reactive ferrihydrite as an electron acceptor, resulting in its reductive dissolution  and subsequent release of Fe(II) (Figs. 1, 444 

3A, and S2) previous studies (Tang et al., 2021). 445 

Natural enrichment of several genera of Fe reducing microbes in our incubations made it challenging to specifically 446 

determine how much sulfate-reducing metabolisms contributed to DIET in the presence of hematite, a phenomenon that has 447 

already been well studied in sedimentary environments (Aromokeye et al., 2018, 2020; Rotaru et al., 2018; Zhang and Lu, 448 

2016). In addition, members of enriched genera, including Desulfispora, Desulfosporosinus, and potentially organisms from 449 

Actinobacteria group OPB41, are known to engage in both sulfate and Fe reduction, further obscuring microbe-mineral 450 

interactions occurring within these incubations.  451 

Molybdate was used to specifically inhibit sulfate-reducers to assess their contribution to methane production and 452 

DIET processes occurring in our system (Fig. 4B). However, we may have also inadvertently inhibited the general physiologies 453 

of Fe-reducers and many other microbes that we enriched, likely due to molybdate also targeting the ubiquitous biosynthesis 454 

proteins of the YcaO superfamily, leading to subsequent ATP depletion. In addition to lack of methane production as a result 455 

of DIET in our SHM conditions, there was an overall decrease in Fe reduction capacities in these cultures, indicated by lower 456 

accumulation of acid-extractable Fe(II) in SFM incubations compared to SF and SFB conditions (Fig. 1 and S7).  457 
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Interactions at the biotic/abiotic interface are complex in terrestrial subsurface environments and this study further 458 

elucidates these intricately linked processes by emphasizing the role that both microbes and minerals play in facilitating 459 

biogeochemical cycles. Our results highlight the direct influences mineralogy has on microbial biogeochemistry. We showed 460 

that methanogenesis can occur under sulfate replete conditions when crystalline Fe oxides are present to mediate DIET 461 

interactions between microbial partners. This study helps to explain the co-occurrence of sulfate reduction and methane 462 

production in other terrestrial subsurface environments rich in semiconducting Fe minerals.  463 
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Table 1. Description of biotic incubation conditions. 737 
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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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 755 
Table 2. Description of abiotic incubation conditions and acronyms used to describe treatments.  756 

Experimental 
Acronym 

Mineral Used Mechanism Evaluated 

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 
Figure 1. Aqueous concentrations (mM) of sulfate, sulfide, butyrate, acetate, ferrous iron, and methane over the duration of the 87 759 
day experiment for the nine conditions. Error bars represent one standard deviation of experimental triplicates.  760 
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 762 
Figure 2. Normalized Fe and S K-edge x-ray absorption near-edge spectroscopy (XANES) data (Panels A and B respectively) in 763 
samples collected after biotic incubations with either hematite (SH) or ferrihydrite (SF) compared with samples from abiotic control 764 
incubations using added sulfide with either hematite (CHS) or ferrihydrite (CFS). Fe K-edge XANES spectra from pure hematite, 765 
ferrihydrite (Fe in 3+ oxidation state) and pyrite (Fe in 2+ oxidation state) are included in Panel A to compare peak positions for 766 
reference oxidation states.  767 
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 769 
Figure 3. Microbial community composition data based on 16S rRNA phylogenetics. Samples labeled with T0, T4, or T8 were 770 
collected at Days 0, 36, or 87, respectively. Bar plots were grouped according to the mineral used during the incubation. DNA was 771 
extracted and sequenced for each experimental triplicate.  772 
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 775 

 776 

 777 

 778 
Figure 4. Proposed mechanism of microbe-mineral interactions in our system. A) Under uninhibited conditions, SRB and fermenters 779 
catalyze both the conversion of butyrate to acetate as well as the conversion of acetate to CO2 and H2. Iron reducing bacteria can 780 
utilize acetate, H2, CO2, or other organic substrates produced in the cultures to either reduce ferrihydrite or engage in EET transfer 781 
electrons to hematite. Methanogens in hematite amended cultures likely use electrons transferred to hematite from iron reducers to 782 
fix CO2 into methane.  783 
 784 

A

B

https://doi.org/10.5194/bg-2023-174
Preprint. Discussion started: 29 September 2023
c© Author(s) 2023. CC BY 4.0 License.


