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Quantifying the flux of methane from terrestrial environments remains challenging, owing to considerable spatial and temporal variability in emissions. Amongst a myriad of factors, variation in the composition of electron acceptors, including metal (oxyhydr)oxides, may impart controls on methane emission. The purpose of this research is to understand how iron (oxyhydr)oxide minerals with varied physicochemical properties influence microbial methane production and subsequent microbial community development. Incubation experiments, using lake sediment as an inoculum and acetate as a carbon source, were used to understand the influence of one poorly crystalline iron oxide mineral, ferrihydrite, and two well-crystalline minerals, hematite and goethite, on methane production. Iron speciation, headspace methane, and 16S-rRNA sequencing microbial community data were measured over time. Substantial iron reduction only occurred in the presence of ferrihydrite while hematite and goethite had little effect on methane production throughout the incubations. In ferrihydrite experiments the time taken to reach the maximum methane production rate was slower than under other conditions, but methane production, eventually occurred in the presence of ferrihydrite. We suggest that this is due to ferrihydrite transformation into more stable minerals like magnetite and goethite or surface passivation by Fe(II). While all experimental conditions enriched for Methanosarcina, only the presence of ferrihydrite enriched for iron reducing bacteria Geobacter. Additionally, the presence of ferrihydrite continued to influence microbial community development after the onset of methanogenesis, with the dissimilarity between communities growing in ferrihydrite compared to no-Fe-added controls increasing over time. This work improves our understanding of how the presence of different iron oxides influences microbial community composition and methane production in soils and sediments.
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INTRODUCTION

Methane is an important greenhouse gas, possessing a global warming potential about 28 times greater than carbon dioxide over a 100-year period (Jain et al., 2000; IPCC, 2013). In natural systems, it is often unclear why methane emissions vary across or between landscapes and over time. Many previous studies, especially in soils, have focused mainly on physical factors like temperature and humidity on methane emissions (Oertel et al., 2016); the impact of varying mineralogical and chemical properties of these environment is less clear. A thorough understanding of how microbial processes are affected by soil/sediment chemistry and mineralogy, is necessary for understanding net methane production in natural environments.

Iron(III) (oxyhydr)oxide minerals, hereafter referred to as iron oxides, are widely found in environmental systems (Cornell and Schwertmann, 2003). These minerals are strong sorbents of nutrients (Sibanda and Young, 1986; Strauss et al., 1997) and potentially toxic contaminants (Bowell, 1994; Brown and Parks, 2001), and they also serve as terminal electron acceptors for microorganisms under anaerobic conditions (Kappler and Straub, 2005; Weber et al., 2006; Lentini et al., 2012). There are a range of iron oxide minerals with differing crystallinities, surface areas, and thermodynamic stabilities in soils and sediments (Cornell and Schwertmann, 2003). Iron-reducing bacteria are able to reduce various iron oxide minerals, including ferrihydrite (nominally Fe(OH)3) (Lovley and Phillips, 1988), goethite (α-FeOOH) (Liu et al., 2001), and hematite (Fe2O3) (Yan et al., 2008). Additionally, magnetite (Fe3O4), a mixed Fe(II)/Fe(III) mineral, can be produced as a byproduct of ferrihydrite reduction (Lovley et al., 1987), and be further reduced to Fe2+(aq) (Kostka and Nealson, 1995). Due to their differing physicochemical properties, some of these poorly crystalline minerals, such ferrihydrite or amorphous iron oxides, are more susceptible to microbial iron reduction than those that are more highly crystalline, including goethite and hematite (Lovley and Phillips, 1986; Phillips et al., 1993; Roden and Zachara, 1996; Bray et al., 2017). This can also lead to pronounced differences in the microbial communities that associate with different iron oxide minerals (Lentini et al., 2012).

Competition between microbes possessing different metabolic capabilities, like iron reduction or methanogenesis, has been summarized in terms of a “thermodynamic ladder” of terminal electron acceptors (Champ et al., 1979; Froelich et al., 1979; Bethke et al., 2011). When microbes compete for the same electron donor, such as acetate, those that use the most energy-yielding electron acceptors should outcompete those that use lower energy-yielding terminal electron acceptors. This leads to redox zonation of different terminal electron acceptors in the environment, where oxygen is consumed first, followed by nitrate, manganese, iron, and sulfate; the methanogenesis zone forms where all more favorable energy-yielding reactions have been exhausted, typically at the bottom of a profile (Canfield and Thamdrup, 2009). Hence, in the presence of poorly crystalline iron(III) oxides, such as ferrihydrite, acetotrophic iron reduction should out-compete acetoclastic methanogenesis (Bethke et al., 2011). However, reduction of more crystalline iron oxides, like hematite and goethite, may not outcompete methanogenesis due to their greater thermodynamic stabilities and therefore lower susceptibilities to microbial iron reduction (Bethke et al., 2011). Thus, despite high concentrations of oxidized Fe, methanogens may outcompete iron-reducing bacteria in the presence of well-crystalline iron oxides.

Indeed, many studies have shown that iron reduction outcompetes methanogenesis in wetlands and soils when iron is present as a poorly crystalline iron oxide (Sahrawat, 2004; Laanbroek, 2010). However, there are also many instances where methanogenesis and iron reduction occur concomitantly (Slomp et al., 2013; Vigderovich et al., 2019), or where methanogenesis dominates in zones of ferruginous lakes with persistent iron oxides (Lambrecht et al., 2020; Friese et al., 2021). A decreased relative ability of iron-reducers to out-compete methanogens in the presence of well-crystalline iron oxides may explain overlapping zones of iron reduction and methanogenesis in the environment.

The influence of iron oxide crystallinity on competition between iron reduction and methanogenesis has already been studied under a number of conditions. Work by Aromokeye et al. (2018) with marine sediment incubations showed that iron reducers did not outcompete methanogens at 10°C in the presence of hematite and magnetite. This agrees well with thermodynamic calculations, which predict ferrihydrite reduction should outcompete methanogenesis while reduction of more crystalline iron oxides would not. However, iron reduction did outcompete methanogenesis at 4°C and the crystalline iron oxides substantially stimulated methanogenesis relative to controls at 30°C (Aromokeye et al., 2018). Additionally, acetate-limited wetland sediment incubations of amorphous and crystalline iron oxides led to similar outcompeting of methanogens by iron reducers when the iron oxides were added at similar loadings by surface area (Roden and Wetzel, 2003). This demonstrates that thermodynamic predictions alone are not enough to explain interactions between iron-reducing bacteria and methanogens.

Furthermore, in some environments carbon may not be the limiting factor for iron reduction, such as in the soils of the Artic Coastal Plain (Miller et al., 2015) and a landfill-leachate polluted aquifer in Denmark (Albrechtsen et al., 1995). An excess of carbon may allow methanogenesis to persist concurrently with iron reduction. Work by Teh et al. (2008) in tropical forest soils showed that the addition of acetate increased methanogenesis by 67 times while only doubling iron reduction. Dubinsky et al. found that addition of carbon to soil slurries increased the amount of methane production relative to iron reduction, despite an increase in the total rates of both processes (Dubinsky et al., 2010). This suggests that an excess of acetate relative to iron also plays a role in governing competition between iron reducers and methanogens regardless of iron oxide crystallinity.

Accordingly, the goal of this study is to understand how different iron oxide minerals affect methane production by influencing competition between iron reducing bacteria and methanogens under conditions not limited by electron donor (acetate). Both chemical and microbial community analysis are used to understand the balance between methane production and iron reduction in the presence of poorly crystalline ferrihydrite compared to well-crystalline hematite and goethite. Thermodynamic calculations under a range of acetate concentrations are used to predict conditions under which iron reducers should outcompete methanogens, and the resulting predictions are compared to the chemical and microbial community results obtained in incubation experiments. The results of this work improve our understanding of interactions between iron-reducing bacteria and methanogens, and consequently methane and iron cycling, in natural environments, including soils and sediments.



MATERIALS AND METHODS


Thermodynamic Calculations

The standard state ΔG°rxn for each considered metabolic reaction was tabulated based on published ΔG°f values for all reactants and products. These values are summarized in Supplementary Table 1. The ΔG°rxn, at 298K and 1 M activities of all reactants and products, is calculated based on Equation 1.
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These ΔG°rxn values were then converted to ΔGrxn values at specific environmental conditions using Equation 2.
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where, R = 8.314 J*mol–1*K–1, T = 298K and Q is the reaction quotient calculated based on the reaction in Equation 3 (where A and B are reactants and C and D are products) using Equation 4.
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This was done for a number of acetate consuming reactions, including iron reduction and methanogenesis, as listed in Table 1.


TABLE 1. ΔG°rxn values for relevant iron-reducing and methanogenesis reactions under standard state conditions.

[image: Table 1]


Iron Oxide Preparation and Characterization

Iron oxide minerals were prepared using methods previously described (Cornell and Schwertmann, 2003). The authors have used these methods previously to successfully synthesize iron oxides and characterized the resulting products with consistent results between batches (Gadol et al., 2017; Chen and Kocar, 2018). Goethite was prepared by slowly adding 100 mL of a 1 M ferric nitrate solution to 180 mL of 5 M sodium hydroxide while stirring in 1 L polypropylene container. The sodium hydroxide solution was made from a freshly opened sodium hydroxide container to limit effects resulting from base carbonation, such as hematite contamination. This mixture was then diluted to about 1 L using deionized water and placed into a 70°C oven for 60 h. Hematite was prepared by slowly adding 300 mL of a 1 M sodium hydroxide solution to 500 mL of a 1 M ferric nitrate solution in a polypropylene container while stirring. Then, 200 mL of 1 M sodium bicarbonate was added to the mixture before placing it into an oven at 98°C for 5 days. 2-line Ferrihydrite was prepared by stirring 40 g of FeCl36H2O into 3 L of deionized water. The pH of this solution was titrated periodically to pH 8 for about 2 h.

After syntheses were complete, each mineral was rinsed to remove sorbed electrolytes. This was achieved through centrifugation at approximately 3000 RPM for 30 min, followed by decantation of the supernatant and replacement with deionized (>18 MΩ) water, and vigorous shaking to resuspend the mineral pellet. This process was repeated three to five times. The color of hematite and goethite, and the HCl-extractable Fe concentrations from the first time point of the incubation experiments (as explained in Experimental Setup) is shown in Supplementary Figure 1.



Field Site and Sampling

Experiments were inoculated with sediments obtained from Upper Mystic Lake, a eutrophic, dimictic, kettle hole lake in Arlington, MA, United States. This lake sediment was chosen because it has known methane ebullition in the sediment (Scandella et al., 2011; Varadharajan and Hemond, 2012; Delwiche and Hemond, 2017). Methane concentrations in the hypolimnion between 200 and 700 μM have been reported (Peterson, 2005), and a porewater methane concentration of 4 mM has been observed (Varadharajan, 2009). Sediment porewater DOC concentrations between 1.5 and 6 mM have been reported (Chin and Gschwend, 1991). Many other biogeochemical properties of the lake, including seasonal iron and nitrogen cycling, and gradients in microbial communities, are also well-studied (Senn and Hemond, 2004; Arora-Williams et al., 2018).

Sediments were collected from the southwest side of the lake on 26 July 2018, as shown in Supplementary Figure 2. The water depth at this sampling location is approximately 15 m, which is deeper than the thermocline depth of about 4–8 m on this date (Delwiche et al., 2020). Sediments were collected using an Ekman dredge and were transferred into a Mason jar filled to the top with sediment to ensure there was no headspace. The capped and sealed Mason jar with sediment was refrigerated until use.



Experimental Setup

Incubations were prepared in triplicate in 500 mL serum bottles (Wheaton) sealed with butyl septa and aluminum crimp seals, and bottles were covered with aluminum foil to keep experiments dark. All incubations contained 1mM NH4Cl, 1mM KH2PO4, 0.5 mM MgCl2, 0.5 mM CaCl2, 5mM NaHCO3, 10mM HEPES, 0.05% Bacto yeast extract, 64 μg/L Na2WO4, and 1mL/L of a trace element solution (Fermentation Trace Metals Solution, Teknova). Experiments were also supplemented with 10 mM sodium acetate as an electron donor and carbon source. Hematite, goethite, or ferrihydrite was added to experiments with the exception of the control bottles in amounts equivalent to 10 mM as Fe(III). The pH of each experimental setup was adjusted to 7.00 (±0.05) using hydrochloric acid. Total solution volumes in all experiments were 200 mL.

Before inoculation, all bottles were sparged with nitrogen gas for 30 min. Incubations were inoculated with approximately 0.5 mL of wet sediment to serve as a natural methanogenic microbial community from Upper Mystic Lake (UML). This was done in an anaerobic glove bag using a needle and syringe into the sealed serum bottles. The bottles were then incubated with shaking at 27°C for about 30 days. Time series data on methane and iron speciation was collected throughout the 30 days. DNA was collected for 16S rRNA community analysis after 9, 18, and 29 days. All sampling was conducted in an anaerobic glove bag with an atmosphere of N2 and H2 [98.5:∼1.5 (v/v)], and H2 was purposely kept at the minimum concentration recommended by the manufacturer to limit hydrogen introduction into the incubation experiments. A visual representation of the sampling process discussed in the following sections is shown in Figure 1.
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FIGURE 1. Visual representation of sampling protocol and analyses.




Methane Measurement

All gas measurements were made using a residual gas analyzer mass spectrometer/membrane inlet mass spectrometer (RGA-MS/MIMS) (Hiden Analytical) in the RGA configuration. Measurements were made using the Faraday detector and the MASsoft software was used in multiple ion detection (MID) mode. Sample tubing connected to the RGA instrument was extended into the glove bag through a port, so serum vial headspace sampling could be performed within the glove bag. An 18-gauge needle was attached to the end of the sample tubing and pierced through the serum bottle septum for each sample measurement.

To measure as much of the total gas in the sample as possible, m/z of 2 (H2), 15 (CH4), 16 (CH4/O2), 18 (H2O vapor), 28 (N2), 32 (O2), and 44 (CO2) were measured in each sample. Samples were measured for approximately 3 min, with the instrument producing values approximately every 15–20 s. After 3 min, the readings were typically stable for at least the last few measurements. Thus, the last five readouts were averaged to determine the m/z signal composition for each particular sample. All sensitivity factors were set to 1 and calibration was performed manually.

Calibrations were performed for CH4 and CO2 relative to N2. CH4, CO2, and N2 made up 96% or more of the total observed signal in all samples. Ultra-high purity methane and food-grade carbon dioxide mix (10% CO2/90%N2) were diluted with industrial-grade N2 to produce standards. For CH4, m/z of 15 was used for all calibrations while m/z of 44 was used for CO2. Resulting linear calibration curves were used in place of the sensitivity factors provided by the instrument manufacturer and used to correct the measured ratios of CH4:N2 and CO2:N2 to actual ratios in each sample. The fractions of CH4 and CO2 in the headspace were then determined using the following equations:
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where, FCH4 is the fraction of CH4 in the headspace, FCO2 is the fraction of CO2 in the headspace, RCH4 is the measured calibration-corrected ratio of CH4:N2, and RCO2 is the measured calibration-corrected ratio of CO2:N2 These fractions were then converted into moles methane produced at each time point as follows. Because it could not be determined directly, it was assumed that the total pressure in the headspace was 1 atm (which is likely an underestimate due to production of CO2 and CH4). Thus, the fraction of methane was assumed to be the methane partial pressure in atm. The partial pressure was then converted into moles using the ideal gas law at 298 K. The headspace was assumed to be the initial headspace at T0 (300 mL) plus the additional headspace created by withdrawing ∼6 mL of liquid sample at each time point. This value is the moles of methane present in the sample at the time of sampling.

Because RGA sampling withdrew a substantial amount of gas from the serum vial headspace, a correction was calculated to account for methane removed during previous samplings. A sample volume withdrawal rate could not be measured directly but was estimated using a 1 mL syringe. The amount of time it took to sample an entire 1 mL syringe was determined to be 26 s. Thus, for a total sampling time of 3 min, approximately 7 mL of sample was consumed. For each measurement, the total moles of methane present were added to the moles of methane in 7 mL of the headspace as determined in the measurement, plus any methane removed in previous time points calculated in the same way. At the first time point (T0), only the methane present at that time was used as total methane produced since no sample had been previously withdrawn.



Liquid Sampling and Measurement

Samples for all aqueous analyses were collected in an anaerobic glove bag using a 5 mL syringe with a 22-gauge needle. During collection, syringes were filled completely to achieve a sample collection volume of ∼6 mL. 1.5 mL of this sample was placed into 1.5 mL of 2M hydrochloric acid (HCl) for HCl-extractable Fe analyses in centrifuge tubes. This sample was filtered after approximately 1 hour using 0.22 μm PES syringe filters into new centrifuge tubes. The remaining sample was filtered immediately at the time of sampling and 1.5 mL of this filtered sample was added to 1.5 mL of 4% nitric acid for aqueous Fe analysis. The remaining filtered sample was placed into a freezer to be preserved for acetate measurement.

HCl-extractable Fe(II) and total HCl-extractable Fe concentrations were measured using the Ferrozine method (Stookey, 1970) on a UV-Vis Spectrophotometer (Beckman DU800). Total HCl-extractable Fe concentrations were determined using hydroxylamine hydrochloride as a reducing agent. HCl-extractable Fe(II) concentrations were determined without the addition of hydroxylamine hydrochloride. Aqueous Fe concentrations were determined using inductively coupled plasma-optical emission spectroscopy (ICP-OES).

The remaining filtered liquid sample (∼1.5 mL) was used for acetate analysis by ion chromatography (IC, Dionex Integrion). Samples were analyzed using AS11-HC-4m analytical and guard columns for anion analysis with potassium hydroxide as the eluent. Peak area determination was performed using the Chromeleon software. Calibration curves based on peak areas in standards were fit according the form in VandenBoer et al. (2012) using the scipy.optimize.curve_fit (Virtanen et al., 2020) function in Python.



Microbial Community Analysis

Samples for 16S rRNA analysis were taken at three time points. Six mL of each incubation replicate sample was set aside for immediate DNA extraction after sampling. Sampling was performed 9, 18, and 29 days after the start of the experiment. Three mL of wet sediment was used to determine the microbial composition of UML sediment. DNA extractions were performed using the PowerSoil (Qiagen) DNA extraction kit following the manufacturer’s instructions for “wet soil.” Accordingly, the samples were centrifuged at 10,000 g in 1.5 mL microcentrifuge tubes to remove excess water, adding 1.25 mL at a time and then discarding supernatant before adding another 1.25 mL of sample and centrifuging with discarding supernatant again until the entire sample (6 mL for incubations and 3 mL for UML sediment) was processed.

Amplicon libraries were prepared using methods described in Preheim et al. (2013) and sequenced using Illumina MiSeq 2 × 250 paired-end at the BioMicroCenter (Massachusetts Institute of Technology, Cambridge, MA, United States). Universal primers U515F (PE16S_V4_U515_F ACACGACGCTCTTCCGATCTYRYRGTGCCAGCMGCCGCG GTAA) and E786R (PE16S_V4_E786_RCGGCATTCCTGCT GAACCGCTCTTCCGATCTGGACTACHVGGGTWTCTAAT) were used (Preheim et al., 2013). Primers were removed from forward and reverse reads using a python script, allowing one mismatch and discarding reads without the primer. The reads were then quality filtered and truncated to a common length, allowing up to two expected errors and truncating to 200 bases for the forward reads and 185 for the reverse. DADA2 (Callahan et al., 2016) was used to infer the Amplicon Sequence Variants (ASVs) from the raw reads. Pseudo-pooling was performed by running DADA2 twice and using all identified ASVs from the first run as prior sequences in the second, as described on the pooling documentation on the DADA2 website. This reduces the risk of false negatives with DADA2 where sequences with only one or two reads that are close to a more abundant sequence are erroneously corrected. ASVs were assigned taxonomy using the DADA2 assignTaxonomy function and the RDP database (Cole et al., 2014).

All statistical analyses on 16S rRNA ASV data were carried out in R (version 3.5.1) (R Core Team, 2018). Analysis of the microbial communities and initial plotting were performed using the Phyloseq package in R (McMurdie and Holmes, 2013) which borrows many functions from Vegan (Oksanen et al., 2019). Plots were made using ggplot2 (Wickham, 2016). Pairwise permutational multivariate analysis of variance (PERMANOVA) comparisons were made using the RVAideMemoire package (Hervé, 2020). DESeq2 was used on count data for normalization and differential abundance analysis using default analysis parameters (Love et al., 2014).




RESULTS


Thermodynamic Calculations

Thermodynamic calculations were used to determine the relative yields of iron reduction of hematite, goethite, and ferrihydrite reduction, as well as methanogenesis. Under standard state conditions, magnetite reduction yields the most energy, followed by ferrihydrite, goethite, and hematite reduction. Methanogenesis yields the least amount of energy (Table 1). However, when considering importance for microbial metabolisms, these reactions must be considered under environmentally relevant chemical conditions. As such, thermodynamic calculations for acetate-consuming iron oxide reduction and acetoclastic methanogenesis were conducted over a range of product activities at representative environmental conditions (Table 1 and Supplementary Figure 3). As expected, all iron-reducing reactions have increasing ΔGrxn (decreasing favorability) with increasing [Fe2+(aq)]. Acetoclastic methanogenesis also has an increasing ΔGrxn with increasing [CH4(aq)]. Changing acetate activities by orders of magnitude (e.g., approximately equivalent to 1 μM to 10 mM concentrations) has no effect on the relative favorabilities of each reaction (Table 1 and Supplementary Figure 3).

When considering acetate as the sole electron donor, thermodynamic calculations predict that ferrihydrite is the most energetically favorable iron oxide electron acceptor followed by goethite and hematite, as shown previously (Bonneville et al., 2004; Bethke et al., 2011). The reaction stoichiometry of iron reduction is the same for these three minerals, producing 8 mol Fe per mol acetate oxidized. This highlights that the favorability of iron reduction is controlled by Fe2+ activity in a similar manner for each mineral. Therefore, the relative energy yield of reduction of these iron oxides is always ferrihydrite reduction, followed by goethite reduction, and then hematite reduction, with energy yield decreasing as [Fe2+(aq)] increases.

At activities of Fe2+ higher than ∼10 uM, ferrihydrite reduction is always more favorable than methanogenesis, followed by goethite reduction and hematite reduction, with magnetite reduction being least favorable. An order of magnitude change in[(Fe2+(aq)] leads to a much greater change in ΔGrxn than an order of magnitude increase in acetate or decrease in methane concentrations. The ΔGrxn for acetotrophic iron reduction increases by +45.6 kJ/mol acetate oxidized with a one order of magnitude increase in iron, whereas the ΔGrxn only increases by +5.7 kJ/mol acetate oxidized with a one order of magnitude decrease in acetate activity. The ΔGrxn for methanogenesis increases by +5.7 kJ/mol acetate for an order of magnitude increase in [CH4(aq)] or an order of magnitude decrease in acetate activity.



Methane Production and Iron Speciation

Methane was measured to determine the timing of the onset of methanogenesis and rates of methane production. In all experiments, the partial pressure of headspace methane increased throughout the length of the 30 days following a S-growth curve-like shape (Figure 2A). Under all reaction conditions, total methane produced was about 2 mmol. The first substantial increase in methane production in all incubations occurred between days 9 and 13, which coincides with a termination of HCl-extractable and aqueous Fe(II) production in ferrihydrite incubations (Figure 3).
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FIGURE 2. Net methane production in the presence of each mineral or Fe-free control (A) and average daily rates of methane production from Days 13 to 16 and Days 16 to 20, which correspond to maximum measured methane production rates for hematite, goethite, and control; and ferrihydrite incubations, respectively (B). Acetate concentrations over time are shown in (C). Error bars in both panels are standard deviations of three replicates. Points without error bars have standard deviations smaller than the symbols.
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FIGURE 3. Fe speciation over the course of incubation experiments including, hydrochloric acid-extractable Fe(II) (A), aqueous Fe (B), total HCl-extractable Fe (C), and HCl-extractable solid speciation (D). Error bars represent standard deviations of three replicates. Points without error bars have standard deviations smaller than the symbols. Error bars are left out of panel (D) for viewing clarity; values and error are shown in Supplementary Table 3. Because aqueous Fe speciation was not determined, a portion of the solid HCl-extractable phase could not be determined because the total HCl-extractable Fe concentrations also include aqueous Fe.


Maximum methane production rates were similar across all experiments at about 0.2 to 0.3 mmol per day (Figure 2B); however, there was a longer lag time in ferrihydrite experiments before the maximum methane production rate was reached. The maximum measured rate of methane production was reached between days 13 and 16 in goethite, hematite, and control experiments, whereas methane production had only reached about 0.1 mmol per day in ferrihydrite experiments. In contrast, the methane production rate in ferrihydrite experiments increased to about 0.25 mmol per day on average between days 16 to 19, while the rate decreased to an average of 0.15 mmol per day or less under all other experimental conditions. Previous tracer experiments show that essentially all methane was produced from the carboxyl carbon from acetate (see Supplementary Figure 5 for more information).

The relative consumption rate of acetate was similar to that of methane production in all samples (Figure 2C). Acetate concentrations initially increased to 15 mM by day 3, and then decreased over time until acetate concentrations were indistinguishable from 0. Ferrihydrite reduction led to a relatively small amount of acetate consumed before the onset of methanogenesis, despite substantial iron reduction earlier in the experiment. Like methane production, the maximum acetate consumption rate was reached between days 13 and 16 under all experimental conditions except for the ferrihydrite incubations, which reached a maximum between days 16 and 20.

Iron concentrations and speciation were measured over time to understand iron reduction. HCl-extractable Fe(II) concentrations increased the most in ferrihydrite incubations, despite hematite and goethite experiments having stoichiometrically equivalent amounts of oxidized iron added at the onset of the experiments (Figure 3A). HCl-extractable Fe(II) concentrations in ferrihydrite cultures reached a maximum concentration of about 6 mM after 10 days. Meanwhile, dissolved Fe reached concentrations of about 2 mM (Figure 3B), and total HCl-extractable Fe stayed constant at about 10 mM throughout the 29 days (Figure 3C). In contrast, HCl-extractable Fe(II)/Fe(III) and dissolved Fe concentrations remained much lower throughout the course of the experiments in the hematite, goethite, and control cultures. Less than 1 mM of HCl-extractable Fe(II) was produced in each of these incubations.

The solid phase in the ferrihydrite incubations also changed over time (Figure 3D). The acid-extractable solid Fe started as exclusively Fe(III) but incorporated Fe(II) over the course of the experiment. This rate of incorporation slowed after 9 days and leveled off at a minimum of about 30–50% Fe(II) incorporation. Additionally, over the course of the experiment, there was a color change from reddish-brown to dark brown/black in the ferrihydrite experiments. All other experiments stayed consistent in color, with hematite incubations remaining red and goethite incubations remaining yellowish-orange.



Overview of Microbial Diversity and Trends

16S rRNA amplicon sequencing was used to determine the composition of the microbial communities in response to the different iron oxide amendments within the incubations over time. DNA extractions were done at 9, 18, and 29 days into the experiments. These experimental samples were compared to samples collected from Upper Mystic Lake (UML) sediment, which was used as the inoculum for these experiments. After processing, there were 6,388,081 sequences in total in the 38 samples. These sequences were associated with 7720 ASVs. The UML sediment had a much higher diversity than the incubation samples; the UML samples had on average 4075 ASVs (± standard deviation of 133 ASVs) while the incubation samples contained 1060 ASVs on average (± standard deviation of 180 ASVs) (Supplementary Figure 5A), with little deviation between incubation conditions, and all samples had similar species evenness (Supplementary Figure 5B).

At the phylum level (Supplementary Figures 6–8), all incubation samples were dominated by Bacteroidetes and Firmicutes. The abundance of Euryarcheota, which contains most anaerobic methanogens, was lower for all incubation samples than in the original UML sediment at the day 9 time point. However, Euryarcheota increased to at least 10% relative abundance in all samples throughout the course of the incubation. In contrast, the initial UML sediment was dominated by predominantly Proteobacteria, with some Bacteroidetes, Chloroflexi, and Euryarchoeta. Over 25% of the relative abundance of UML sediment consisted of ASVs that could not be classified at the phylum level.

Principle component analysis (PCoA) on the Bray-Curtis dissimilarity matrix of the experimental samples at the ASV level consisted of two distinct clusters (Figure 4). One cluster contained the ferrihydrite samples from all three time points whereas the other cluster contained the hematite, goethite, and Fe oxide-free control samples at all time points. The two clusters became more dissimilar over the 20 days between the first and last 16S rRNA time point. Similar clusters also form when taxa are grouped at the genus level (Supplementary Figure 9). Pairwise PERMANOVA comparisons, used to distinguish significantly different microbial communities, agreed with visual trends in the PCoA plot (Supplementary Table 2); pairwise comparisons of the ferrihydrite group of incubation samples compared to hematite, goethite, and control groups all had p-values of < 0.01. In contrast, all other pairwise group comparisons had p-values of > 0.01, and all except goethite-ferrihydrite had p-values > 0.05.
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FIGURE 4. PCoA plot of microbial communities based on ASV relative abundance data. Each time point for each experimental condition has 3 replicates represented separately.




Key Players in Methanogenesis and Iron Reduction

Relative abundances of genera within the phyla Proteobacteria and Euryarcheota were explored in more detail to provide insight into the microbes carrying out Fe(III) oxide reduction and methanogenesis, respectively. Figure 5 shows the relative abundances of Proteobacteria (Figure 5A) and Euryarcheota (Figure 5B) at the genus level. The relative abundance of Geobacter substantially increased above the initial UML sediment relative abundance in ferrihydrite samples. After a large initial increase in Geobacter abundance between initial UML sediment and ferrihydrite incubations at the day 9 time point, the relative abundance of Geobacter decreased in ferrihydrite incubations until day 29. In all incubations without ferrihydrite, the relative abundance of Geobacter was similar to the UML sediment.
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FIGURE 5. Relative abundance plots of 16s-rRNA data by genera for the phyla Proteobacteria (A) and Euryarcheota (B). Genera are listed in order from most to least abundant (sum total across all samples) and only genera with a mean relative abundance of 0.001 or greater are included in the legend. Gray bars represent ASVs that could not be classified at the genus level, with breaks within gray bars reprsenting multiple ASVs. Each bar is the average of three experimental replicates. Upper Mystic Lake (UML) sediment data is shown for comparison.


At day 9, ferrihydrite incubations had the lowest relative abundance of methanogens compared to hematite, goethite, and Fe oxide-free control samples. The relative abundance of Euryarcheota increased substantially across all samples from ≤ 3% at day 9 to over 10% on average by day 18. Interestingly, at day 18 and day 29, ferrihydrite incubations contained a higher relative abundance of Euryarchaeota than all other experimental samples. In all incubations, Euryarcheota consisted of predominantly Methanosarcina after 18 days with an ingrowth of Methanoregula in all incubation samples except for the ferrihydrite incubations after 29 days. In contrast, the most prominent methanogens in the initial UML sediment were Methanomassillicoccus, Methanoregula, and Methanothrix, which all decreased in relative abundance from a total of about 7% in UML sediment to <1% by day 9 in every incubation sample.



ASV-Level Differences Between Experimental Conditions

DESeq2 was used to determine which ASVs were significantly differently abundant over time and across experimental conditions. First, all mineral and control incubations were analyzed based on which ASVs significantly changed over time in order to contextualize comparisons across experimental conditions. For each experimental condition, sequencing data from the two later time points (Day 18 and Day 29) were compared to the corresponding data at Day 9. Overall, ferrihydrite-amended communities were most stable across the three time points, with only 25 ASVs that significantly changed between day 9 and day 29, compared with ∼100 ASVs that changed significantly under all other experimental conditions. ASVs that were significantly different between Day 9 and later time points that belong to the phyla Proteobacteria and Euryarchaeota are shown in Figure 6.
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FIGURE 6. ASVs classified as Proteobacteria and Euryarchaeota with significant (p < 0.01) log-fold changes (p < 0.01) over time. Each sample was compared its corresponding “Day 9” sample (e.g., Control Day 29 vs. Control Day 9). The size of the circle corresponds to the normalized mean counts of each ASV, while the color corresponds to the magnitude of the log-fold change.


The changes in relative abundance between apparent iron reducers and methanogens occurred at different times throughout the course of the incubation experiments. There were no significantly different ASVs belonging to the family Geobacteraceae from days 18 and 29 compared to day 9, indicating that Geobacteraceae abundances stayed generally consistent across all three time points. In contrast, some of the most abundant Methanosarcinaceae ASVs showed significant differences between day 9 and days 18 and 29. For example, ASV00403 abundance significantly increased over time across all experimental conditions. However, ASV00405, which on average was the most abundant ASV of methanogen, only increased significantly after day 9 with the addition of ferrihydrite. Most methanogen ASVs with significant changes increased by day 29, except for two less abundant Methanosarcinaceae ASVs (ASV00398 and ASV00400) that decreased in relative abundance.

Differential abundance data were also examined across conditions by comparing each mineral incubation to the control incubations at each time point in order to determine what was driving the differences between PCoA clusters (Figure 4). In accordance with the PCoA analysis, ferrihydrite incubations had the highest number of ASVs that were significantly different from the control at each time point (Supplementary Figure 10). The number of ASVs different from the control at each time point increased in ferrihydrite samples from 73 at day 9 to 143 at day 29.

Proteobacteria and Euryarchaeota ASVs that were significantly differently abundant compared to control incubations are shown in Figure 7. Four ASVs classified as Geobacteraceae (ASV04423, ASV04410, ASV 03927, and ASV03812) were significantly more abundant in ferrihydrite experiments than controls, and this increased abundance was consistent across all three time points. There were no Geobacteraceae ASVs that were significantly less abundant in ferrihydrite incubations than control incubations, and there were no Geobacteraceae ASVs that were significantly different in hematite and goethite incubations from control incubations.
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FIGURE 7. ASVs classified as Proteobacteria and Euryarchaeota with significant (p < 0.01) log-fold changes from control experiments. Each mineral addition is compared to its time-corresponding control sample (e.g., “Ferrihydrite Day 18” vs. “Control Day 18”). The size of the circle corresponds to the normalized mean counts of each ASV, while the color corresponds to the magnitude of the log-fold change.


Methanogen relative abundances generally only showed significant differences between ferrihydrite and control experiments, and these differences mostly appeared after Day 9. The number of methanogen ASVs that were significantly different from control experiments increased throughout the course of the incubation from two, both belonging to the family Methanobacteriacaeae and at lower relative abundance than controls, at day 9 up to a total of seventeen at day 29. Specifically, the presence of ferrihydrite specifically enriched for ASVs in the Methanosarcinaceae family, with one ASV (ASV00405) being especially abundant in ferrihydrite relative to all other experimental conditions, while all other methanogen families (including Methanobaceriaceae and Methanospirillaceae) were found in significantly lower abundance relative to control experiments. In contrast, three or fewer ASVs of methanogens were significantly different between goethite or hematite and control experiments at every time point.

Heat map plots of the top 100 ASVs across all samples (Supplementary Figure 11), using PCoA as the ordination method on Bray-Curtis dissimilarity matrices of relative abundance data, provide nice agreement with differential abundance analysis for iron reducers and methanogens. Notably, there is a cluster of 17 ASVs that all appeared to be highly abundant in ferrihydrite incubations across all time points and less abundant in hematite, goethite, and control incubations. This cluster contains three methanogen ASVs, including Methanosarcina ASV00405, and four ASVs in the Geobacteraceae family, including ASV03812.




DISCUSSION

While incubations with hematite, goethite, and ferrihydrite had equivalent amounts of Fe(III) added, only ferrihydrite was substantially reduced over the course of these experiments. Iron reduction proceeded readily in the presence of ferrihydrite using acetate as an electron donor, reaching mM concentrations of acid-extractable Fe(II) and aqueous Fe. However, acid-extractable Fe(II) concentrations remained about an order of magnitude lower in goethite and hematite incubations, indicating a much smaller extent of Fe(III) reduction than in ferrihydrite experiments. These trends in relative reduction amounts agree well with previous investigations of Fe(III) reduction in the presence of different Fe oxide minerals (Lovley and Phillips, 1988; Cutting et al., 2009).

Iron reduction in ferrihydrite incubations corresponded with an increase in Geobacter abundance relative to all other incubation conditions, with four ASVs being significantly higher in relative abundance compared to control incubations across all three time points. The relative abundance of Geobacter reached a maximum by day 9 of the incubation experiments, which is also approximately the point when iron reduction stopped. The relative abundance then decreased over time; however, this decrease was not statistically significant for any individual ASV of Geobacter.

Thermodynamic predictions of iron reduction agree well with incubation experiments. Since these experiments were done in artificial freshwater (ionic strength ∼0.02, see “Materials and Methods” for background solution composition), the concentrations of aqueous constituents are roughly equal to activities (especially when considered on a log scale as in Supplementary Figure 3). Iron(III) reduction proceeded readily in the presence of ferrihydrite using acetate as an electron donor, reaching mM concentrations of acid-extractable Fe(II) and aqueous Fe. However, acid-extractable Fe(II) concentrations remained about an order of magnitude lower in goethite and hematite incubations, indicating a much smaller extent of Fe(III) reduction than in ferrihydrite experiments. These trends in relative reduction amounts agree well with previous investigations of Fe(III) reduction in the presence of different Fe oxide minerals (Lovley and Phillips, 1988; Cutting et al., 2009).

Thermodynamic predictions also explain how microbial ferrihydrite reduction outcompetes methanogenesis over a wider range of environmental conditions than hematite and goethite reduction. For conditions where Fe2+(aq) activities are as high as 10–2, ferrihydrite reduction is always more favorable than methanogenesis. At very low Fe2+(aq) activities (e.g., less than 10–7), hematite and goethite reduction are also more favorable than methanogenesis. However, due to reaction stoichiometry; 8 moles of Fe2+ are produced for every 1 mole of acetate consumed while only 1 mole of CH4 is produced per mole acetate consumed (Table 1). Thus, the ΔGrxn of acetoclastic methanogenesis increases much less with increasing methane activities compared to the ΔGrxn of iron reduction with equivalent increases in Fe2+(aq) activities. This results in methanogenesis being favorable over a wider range of methane activities compared to hematite and goethite reduction over a range of Fe2+(aq) activities. Therefore, methanogenesis is expected to dominate over iron reduction across a range of environmentally relevant conditions when hematite and goethite are the available electron acceptors, but ferrihydrite reduction remains more favorable than methanogenesis even at high Fe2+(aq) activities.

Acetate concentrations also varied over the course of the experiment. Initially, acetate concentrations increased to ∼15 mM. This may be due to fermentation of organic matter from the Upper Mystic Lake sediment used as an initial microbial community source. ASVs from genera of bacteria with members known to be capable of producing acetate as a fermentation product, including Macellibacteroides and Romboutsia (Jabari et al., 2012; Wang et al., 2015), were highly abundant by day 9 (Supplementary Figures 7, 8). After day 9, when concentrations stopped increasing, relative acetate consumption rates were similar to relative methane production rates; acetate consumption in the presence of ferrihydrite was slower than in the presence of hematite and goethite. Although acetate oxidation by Fe reducers likely also contributed to acetate consumption in the presence of ferrihydrite before the onset of methane production, this amount would be relatively small due to the stoichiometry of the Fe reduction and methanogenesis reactions. Approximately 1.5-2 mmoles of ferrihydrite was reduced to Fe(II) (6 mM in < 200 mL solution with liquid sample removal) and 2 mmoles of methane were produced. As mentioned previously, 8 moles of Fe(III) reduction are needed to oxidize 1 mole of acetate while 1 mole of methane production consumes 1 mole of acetate, meaning only approximately 1/8 the amount of acetate consumed went toward ferrihydrite reduction compared to methanogenesis.

However, despite thermodynamic predictions, ultimately, iron reduction in ferrihydrite incubations only influenced methane production in the beginning of the incubation timeframe until approximately day 9 (Figure 2). The time taken to reach the maximum methane production rate was delayed relative to incubations with crystalline iron oxides but methanogenesis was not completely inhibited in the presence of ferrihydrite. Despite this delay, the maximum rates of methane production and final methane concentrations were comparable within error between all iron oxide additions and control incubations. This is interesting because as mentioned previously, thermodynamic calculations show that ferrihydrite reduction should still be more favorable than methanogenesis, even at 1 mM aqueous Fe(II) concentrations (Supplementary Figure 4). Despite iron reduction being more thermodynamically favorable, methanogens were still able to grow and produce methane. Therefore, thermodynamic predictions alone are not enough to explain interactions between iron-reducing bacteria and methanogens.

The termination of iron reduction at about day 9 may be explained by the transformation of ferrihydrite into other more crystalline iron oxides. Ferrihydrite is a metastable phase that converts into other minerals over time like magnetite, goethite, and lepidocrocite depending on solution Fe(II) concentrations (Hansel et al., 2005). These transformations occur on the order of hours to days when in solution with aqueous Fe(II) (Hansel et al., 2003). As previously mentioned, the ferrihydrite incubations underwent a color change from translucent reddish brown to opaque black/dark brown, suggesting a phase change. Additionally, HCl-extractable Fe(II) concentrations (Figure 3) were about three times higher than total dissolved Fe concentrations (Supplementary Figure 3A) by day 9, indicating that the majority of the produced Fe(II) had been adsorbed and/or incorporated into the ferrihydrite. At relatively high Fe2+(aq) concentrations, such as those seen in the ferrihyrite incubations in this study, both goethite and magnetite reduction are less favorable than methanogenesis (Table 1 and Supplementary Figure 3). Lepidocrocite has the same chemical formula as goethite and a very similar ΔG°f (Cornell and Schwertmann, 2003), so thermodynamic calculations would lead to almost identical favorabilities of Fe(III) reduction across reactant and product activity space. Thus, ferrihydrite transformation into magnetite, goethite, and/or lepidocrocite could account for the observed shift to methanogenesis from Fe reduction despite ferrihydrite reduction still being favorable under experimental conditions. However, total amounts of HCl-extractable Fe in ferrihydrite incubations stayed consistent at approximately 10 mM (Figure 3C), which means that if these minerals formed, they would have been poorly crystalline enough to still dissolve during the acid extraction procedure.

It is also possible that surface passivation by formation of Fe(II) precipitates contributed to the eventual outcompeting of Fe-reducers by methanogens in ferrihydrite incubations. Roden and Zachara (1996) found that formation of an Fe(II) surface phase in experiments with Shewanella alga limited iron reduction compared to initial Fe reduction rates. Additional experiments by Roden and Urrutia (2002) showed similar results with Geobacter metallireducens and their work also suggests that Fe(II) sorption onto iron-reducing bacteria may further inhibit their ability to carry out iron reduction. Friese et al. (2021) observed methanogenesis dominating over iron reduction in sediments in ferruginous Lake Towuti, Indonesia despite the presence of reactive iron(III) phases and attribute this to surface passivation of reactive iron. Our observed increase in Fe(II) content of the ferrihydrite (Figure 3D) over time is also consistent with surface passivation, which may have contributed to our observed results showing that methanogens can outcompete iron-reducing bacteria on longer timescales in the presence of ferrihydrite.

Despite similar methane production rates and extents, there were marked differences in microbial community development in the presence of ferrihydrite compared to controls with no added iron that did not arise with the addition of hematite or goethite. The decreased diversity of the experimental samples relative to the microbial community in the original UML sediment indicates that the experimental conditions selected for specific microbes. Two distinct clusters (Figure 5) corresponding to incubations with ferrihydrite and without ferrihydrite (hematite, goethite, and Fe-free control) formed by day 9, and the distance between these clusters increased throughout the course of the incubation experiments. In contrast, the presence of crystalline oxides hematite and goethite, which did not change the rate or time to onset of methane production relative to an Fe-free control, also did not have a distinct effect on the resulting microbial communities.

The influence of ferrihydrite on the methanogen community became especially apparent between day 9 and day 29 (Figure 4). The presence of ferrihydrite enriched for multiple Methanosarcina ASVs relative to control experiments by day 18 and these ASVs continued to be at high relative abundance at day 29 (Figure 7). Additionally, even though all samples had an overall high relative abundance of Methanosarcina, ferrihydrite incubations enriched for a unique ASV of Methanosarcina (ASV00405) that was not as highly abundant in the control, goethite, and hematite samples. It is unclear if this ASV is simply more tolerant to high Fe(II) concentrations, or if some other unaccounted for process is occurring only in ferrihydrite samples. At the genus level, Methanosarcina includes both acetoclastic (Smith and Mah, 1978; Jetten et al., 1992) and hydrogenotrophic (Ferguson and Mah, 1983) methanogens, but the methanogens in our study appeared to be performing acetoclastic methanogenesis (see Supplementary Figure 4). However, ferrihydrite incubations had a decreased relative abundance of all ASVs significantly different from controls that belonged to other methanogen families, including known hydrogenotrophic families such as Methanobacteriaceae (Oren, 2014a) and Methanoregulaceae (Bräuer et al., 2011; Oren, 2014b), and these ASVs were observed to be at significantly lower abundance only at day 29.

Consistent with our results, a number of other laboratory incubation studies have also observed enrichment of Methanosarcina, often with Geobacter, in the presence of iron oxides, or other (semi)conductive minerals, and acetate. These include experiments with paddy soil with additions of both ferrihydrite and magnetite (Zhuang et al., 2015b), as well as incubations with lake sediments with added granular activated carbon (GAC) (Rotaru et al., 2018a) and crystalline iron oxides (Aromokeye et al., 2018). However, in the field, Methanothrix is shown to be the dominant methanogen in the iron-rich sediments of Lake La Cruz (Rotaru et al., 2018b), and the most abundant non-hydrogenotrophic methanogen in the water column of ferruginous Lake Matano (Crowe et al., 2011). This is also the case for our study, where in original UML sediments, Methanothrix was the most abundant genus of acetoclastic methanogens behind hydrogenotrophic methanogens Methanomassiliicoccus and Methanoregula. Additional work is needed to understand the reason for this discrepancy between laboratory enrichments and field observations.

The results of this work contrast with a study by Roden et al., in which the presence of poorly crystalline iron oxides prohibited methanogenesis over the length of a 40 day experiment (Roden, 2003). In that study, incubation acetate concentrations were an order of magnitude lower than used here and this concentration was specifically chosen to make acetate a limiting factor, which may account for the difference (Roden, 2003). Other studies using higher acetate concentrations comparable to those used in our work have shown similar results to this study, i.e., delayed methanogenesis with the addition of ferrihydrite in Geobacter/Methanosarcina co-cultures (Tang et al., 2016) and soil-inoculated experiments (Kato et al., 2012; Zhuang et al., 2015b). It is therefore possible that the complete suppression of methanogenesis in the presence of ferrihydrite is dependent on the amount of acetate remaining in solution following Fe(III) reduction. When acetate is not consumed completely in the process of iron reduction, methanogens can eventually out-compete iron-reducers once iron reduction is no longer feasible, possibly due to the conversion of ferrihydrite to other minerals like magnetite and goethite or by surface passivation as a result of Fe(II) mineral precipitation as discussed previously. Yet, other environmental factors, including the initial form of ferrihydrite, transformation to other iron oxides, and solution conditions (e.g., pH) would also influence the extent of methane production or suppression.

This study also does not take into account potential cooperative processes between iron reducing bacteria and methanogens, like direct interspecies electron transfer (DIET), that have been demonstrated to occur in the presence of hematite and magnetite, among other (semi)conductive materials (Rotaru et al., 2014, 2018a; Zhuang et al., 2015a; Martins et al., 2018). DIET involves iron-reducers transferring electrons resulting from organic carbon oxidation to methanogens using (semi)conductive materials as a conduit. There have also been studies showing that magnetite can accelerate acetolactic methanogenesis directly (Fu et al., 2019; Inaba et al., 2019). While our work using 13C-labeled methane in a previous experiment (Supplementary Figure 4) did not show any evidence of DIET, it is possible that DIET may be selected for when using a different sediment or soil as an inoculum. It is also possible that a higher temperature could have influenced DIET, as a temperature of 30°C stimulated methanogenesis to a greater extent in the presence of hematite and magnetite in Aromokeye et al. (2018) compared to experiments at 10°C. Additionally, many studies that have observed DIET in the presence crystalline iron oxides have used substrates that could not be directly utilized by methanogens, including glucose (Aromokeye et al., 2018) and benzoate (Aromokeye et al., 2020b); addition of a substrate unusable for methanogenesis may also select for organisms capable of DIET.

Moreover, methanogens have been shown to directly contribute to iron cycling. Some methanogens have even been able to reduce iron(III) in laboratory studies (Sivan et al., 2016), and methanogens reducing Fe(III) may also increase the rate of iron reduction relative to methanogenesis (Van Bodegom et al., 2004). It is possible that the methanogen ASVs selected for in ferrihydrite experiments are also capable of reducing iron. Anaerobic oxidation of methane (AOM) coupled to reduction of iron (Sivan et al., 2014; Bar-Or et al., 2017), as well as other electron acceptors (Treude et al., 2003), can also influence net methane emissions. However, generally, observed Fe-AOM rates have been much slower than the methane production rates reported in this study (Beal et al., 2009; Ettwig et al., 2016). For example, Aromokeye et al. (2020a) observed incubation Fe-AOM rates of about 0.1 μM per day while Ettwig et al. (2016) observed about 1.5 μmols CO2 formation per L of enrichment culture in Fe-AOM enrichment experiments in the presence of ferrihydrite, compared to net methane production rates of up to 1.5 mmol per day per L starting solution in this work.

Additionally, more information about environmental conditions must be taken into account when determining applicability of our experiments at specific field conditions. For example, naturally formed iron oxide minerals, like goethite, can have a higher surface area than laboratory-synthesized iron oxides, which will influence their susceptibility to iron reduction (Roden, 2003). Other factors, such as pH (Bethke et al., 2011; Jin and Kirk, 2018) and ligands like organic acids (Schwertmann, 1991), can have an influence on the reactivity and solubility of iron oxides, which can affect the extent of reduction of iron oxides and subsequently methanogenesis (Miller et al., 2015; Marquart et al., 2019).

Varying crystallinities of iron oxides have been invoked previously as an explanation for overlapping zones of sulfate and iron reduction (Postma and Jakobsen, 1996), and this is also likely applicable for methanogenesis and iron reduction. One study looking at Baltic Sea sediments demonstrated evidence for Fe(III) reduction outcompeting methanogenesis in the zone of methanic sediments with poorly crystalline iron oxides, but saw methanogenesis co-occurring with crystalline iron oxide reduction in a deeper zone (Egger et al., 2017). Additionally tropical soils are also large natural sources of methane (Oertel et al., 2016) and often consist of Oxisols and Ultisols rich in hematite and goethite (Wiriyakitnateekul et al., 2007); however, to the best of our knowledge, the relationship between iron oxide structure and methane production in tropical soils has not been studied directly, and previous research in these soils has mainly focused on poorly crystalline iron oxides (Teh et al., 2008).

This work demonstrates the influence of iron oxide structure in determining the rate and extent of iron oxide reduction compared to methanogenesis systems with non-limiting concentrations of acetate. More well-crystalline iron oxides hematite and goethite had little effect on methane production or microbial community development throughout the course of the experiment. While the presence of ferrihydrite led to an initial surge of iron reduction throughout the first 9 days of the experiment, ferrihydrite likely transformed into more crystalline iron oxides like magnetite and goethite or underwent surface passivation by Fe(II) minerals over time. This eventually allowed methanogenesis to dominate, although the rate of methane production was slowed until after iron reduction stopped. By the end of the incubation experiments, there was no distinguishable difference in the maximum rate or total extent of methane production under any of the experimental conditions.

The fact that acetate was not limiting relative to iron also likely played a role in the ability of methanogens to become more relatively abundant than iron reducers even in the presence of ferrihydrite. As mentioned previously, addition of excess acetate was found to increase methane production rates by a factor of more than fifty while only doubling iron reduction rates in tropical rain forest soil incubations (Teh et al., 2008). It has been also previously observed that iron reducers can deplete acetate and H2 to lower concentrations than sulfate reducers and methanogens in freshwater sediments, and that at high substrate concentrations all three processes could occur simultaneously (Lovley and Phillips, 1987). Additional work directly comparing incubations with high and low acetate concentrations could provide more insight into the role of electron donor availability on competition between iron reduction and methanogenesis.

The results of this research suggest that the duration and/or frequency of redox cycles, especially in environments with high concentrations of organic acids, like acetate, is important in determining the relative balance of iron reduction compared to methanogenesis in the environment. Tropical soils specifically can undergo redox oscillations due to periods of high water content as a result of intense rainfall events (Liptzin et al., 2010), which can have an influence on iron oxide mineralogy. The crystallinity of iron oxides in soils is linked to both initial mineralogy and occurrence of redox oscillations (Thompson et al., 2006), and frequent redox oscillations have been found to increase iron reduction rates in soils (Ginn et al., 2017; Barcellos et al., 2018). In this work, we found that the presence of ferrihydrite alone was not enough to change long-term methane production in the absence of carbon limitation, as ferrihydrite likely transformed into more well-crystalline minerals or underwent surface passivation over time before the carbon was completely utilized. The redox fluctuations that affect iron reduction by influencing iron oxide crystallinity therefore also probably affect methanogenesis.

The research has important implications for global methane cycling in environments with iron oxides, especially those that are not carbon-limited, on the timescales explored in this study. Because ferrihydrite transforms into more crystalline minerals like goethite and magnetite on a time scale of weeks under iron-reducing conditions, many water-saturated soil and sedimentary systems have crystalline iron oxides as the most highly abundant form of iron oxides at sub/anoxic depths (Wiriyakitnateekul et al., 2007; Kocar and Fendorf, 2009; Stuckey et al., 2016). Many of these soil/sedimentary systems may have been previously overlooked as potential sources of methane due to their high iron oxide contents. This has implications for global methane models, which typically only include soils as sinks of methane (Kirschke et al., 2013). Being able to characterize individual soils as methane sources or sinks based on mineralogy and carbon substrate availability will allow for more accurate predictions of global methane emissions and consequently future climate change.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/sra and BioProject PRJNA725260, https://github.com/hjgadol/Gadol_FeCH4, Geochemical Data.



AUTHOR CONTRIBUTIONS

HG and BK designed the study. HG carried out the experiments, performed the geochemical analyses and DNA extractions, and wrote the manuscript. JE and HG contributed to the metagenomic data analysis. BK and JE contributed to the writing of and revised the manuscript. All authors contributed to the creation of the manuscript.



FUNDING

This work was supported in part by the MIT Department of Civil and Environmental Engineering. This work made use of the MRSEC Shared Experimental Facilities at MIT, supported by the National Science Foundation under award number DMR-1419807. Support for this research was provided by a core center grant P30-ES002109 from the National Institute of Environmental Health Sciences, National Institutes of Health.



ACKNOWLEDGMENTS

The authors are grateful to Kyle Delwiche for help with fieldwork and Amy Hrdina for help with ion chromatography instrumentation and analysis. The authors also acknowledge the MIT Libraries Open Access Publishing Fund and thank Colleen Hansel for helpful comments on an earlier draft of this manuscript. The contents of this manuscript have appeared in a dissertation accepted by Massachusetts Institute of Technology (Gadol, 2021).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.705501/full#supplementary-material



REFERENCES

Albrechtsen, H.-J., Heron, G., and Christensen, T. H. (1995). Limiting factors for microbial Fe(III) -reduction in a landfill leachate polluted aquifer (Vejen, Denmark). FEMS Microbiol. Ecol. 16, 233–247. doi: 10.1111/J.1574-6941.1995.TB00287.X

Aromokeye, D. A., Kulkarni, A. C., Elvert, M., Wegener, G., Henkel, S., Coffinet, S., et al. (2020a). Rates and microbial players of iron-driven anaerobic oxidation of methane in methanic marine sediments. Front. Microbiol. 10:3041. doi: 10.3389/FMICB.2019.03041

Aromokeye, D. A., Oni, O. E., Tebben, J., Yin, X., Richter-Heitmann, T., Wendt, J., et al. (2020b). Crystalline iron oxides stimulate methanogenic benzoate degradation in marine sediment-derived enrichment cultures. ISME J 154, 965–980. doi: 10.1038/s41396-020-00824-7

Aromokeye, D. A., Richter-Heitmann, T., Oni, O. E., Kulkarni, A., Yin, X., Kasten, S., et al. (2018). Temperature controls crystalline iron oxide utilization by microbial communities in methanic ferruginous marine sediment incubations. Front. Microbiol. 9:2574. doi: 10.3389/fmicb.2018.02574

Arora-Williams, K., Olesen, S. W., Scandella, B. P., Delwiche, K., Spencer, S. J., Myers, E. M., et al. (2018). Dynamics of microbial populations mediating biogeochemical cycling in a freshwater lake. Microbiome 6, 1–16. doi: 10.1186/s40168-018-0556-7

Barcellos, D., Cyle, K. T., and Thompson, A. (2018). Faster redox fluctuations can lead to higher iron reduction rates in humid forest soils. Biogeochemistry 137, 367–378. doi: 10.1007/s10533-018-0427-0

Bar-Or, I., Elvert, M., Eckert, W., Kushmaro, A., Vigderovich, H., Zhu, Q., et al. (2017). Iron-coupled anaerobic oxidation of methane performed by a mixed bacterial-archaeal community based on poorly reactive minerals. Environ. Sci. Technol 51, 12293–12301. doi: 10.1021/acs.est.7b03126

Beal, E. J., House, C. H., and Orphan, V. J. (2009). Manganese- and iron-dependent marine methane oxidation. Science 325, 184–187. doi: 10.1126/science.1169984

Bethke, C. M., Sanford, R. A., Kirk, M. F., Jin, Q., and Flynn, T. M. (2011). The thermodynamic ladder in geomicrobiology. Am. J. Sci. 311, 183–210. doi: 10.2475/03.2011.01

Bonneville, S., Van Cappellen, P., and Behrends, T. (2004). Microbial reduction of iron(III) oxyhydroxides: effects of mineral solubility and availability. Chem. Geol. 212, 255–268. doi: 10.1016/j.chemgeo.2004.08.015

Bowell, R. J. (1994). Sorption of arsenic by iron oxides and oxyhydroxides in soils. Appl. Geochem. 9, 279–286. doi: 10.1016/0883-2927(94)90038-8

Bräuer, S. L., Cadillo-Quiroz, H., Ward, R. J., Yavitt, J. B., and Zinder, S. H. (2011). Methanoregula boonei gen. nov., sp. nov., an acidiphilic methanogen isolated from an acidic peat bog. Int. J. Syst. Evol. Microbiol. 61, 45–52. doi: 10.1099/ijs.0.021782-0

Bray, M. S., Wu, J., Reed, B. C., Kretz, C. B., Belli, K. M., Simister, R. L., et al. (2017). Shifting microbial communities sustain multiyear iron reduction and methanogenesis in ferruginous sediment incubations. Geobiology 15, 678–689. doi: 10.1111/gbi.12239

Brown, G. E. Jr., and Parks, G. A. (2001). Sorption of trace elements on mineral surfaces: modern perspectives from spectroscopic studies, and comments on sorption in the marine environment. Int. Geol. Rev. 43, 963–1073. doi: 10.1080/00206810109465060

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Canfield, D. E., and Thamdrup, B. (2009). Towards a consistent classification scheme for geochemical environments, or, why we wish the term “suboxic” would go away: editorial. Geobiology 7, 385–392. doi: 10.1111/j.1472-4669.2009.00214.x

Champ, D. R., Gulens, J., and Jackson, R. E. (1979). Oxidation–reduction sequences in ground water flow systems. Can. J. Earth Sci. 16, 12–23. doi: 10.1139/e79-002

Chen, M. A., and Kocar, B. D. (2018). Radium sorption to iron (Hydr)oxides, pyrite, and montmorillonite: implications for mobility. Environ. Sci. Technol. 52, 4023–4030. doi: 10.1021/ACS.EST.7B05443/SUPPL_FILE/ES7B05443_SI_001.PDF

Chin, Y. P., and Gschwend, P. M. (1991). The abundance, distribution, and configuration of porewater organic colloids in recent sediments. Geochim. Cosmochim. Acta 55, 1309–1317. doi: 10.1016/0016-7037(91)90309-S

Cole, J. R., Wang, Q., Fish, J. A., Chai, B., McGarrell, D. M., Sun, Y., et al. (2014). Ribosomal database project: data and tools for high throughput rRNA analysis. Nucleic Acids Res. 42, D633–D642. doi: 10.1093/nar/gkt1244

Cornell, R. M., and Schwertmann, U. (2003). The Iron Oxides: Structure, Properties, Reactions, Occurrences and Uses, 2nd Edn. Weinheim: Wiley-VCH. doi: 10.1002/3527602097

Crowe, S. A., Katsev, S., Leslie, K., Sturm, A., Magen, C., Nomosatryo, S., et al. (2011). The methane cycle in ferruginous Lake Matano. Geobiology 9, 61–78. doi: 10.1111/j.1472-4669.2010.00257.x

Cutting, R. S., Coker, V. S., Fellowes, J. W., Lloyd, J. R., and Vaughan, D. J. (2009). Mineralogical and morphological constraints on the reduction of Fe(III) minerals by Geobacter sulfurreducens. Geochim. Cosmochim. Acta 73, 4004–4022. doi: 10.1016/j.gca.2009.04.009

Delwiche, K. B., and Hemond, H. F. (2017). Methane bubble size distributions, flux, and dissolution in a freshwater lake. Environ. Sci. Technol. 51:23. doi: 10.1021/acs.est.7b04243

Delwiche, K., Gu, J., Hemond, H., and Preheim, S. P. (2020). Vertical transport of sediment-associated metals and cyanobacteria by ebullition in a stratified lake. Biogeosciences 17, 3135–3147. doi: 10.5194/BG-17-3135-2020

Dubinsky, E. A., Silver, W. L., and Firestone, M. K. (2010). Tropical forest soil microbial communities couple iron and carbon biogeochemistry. Ecology 91, 2604–2612. doi: 10.1890/09-1365.1

Egger, M., Hagens, M., Sapart, C. J., Dijkstra, N., van Helmond, N. A. G. M., Mogollón, J. M., et al. (2017). Iron oxide reduction in methane-rich deep Baltic Sea sediments. Geochim. Cosmochim. Acta 207, 256–276. doi: 10.1016/j.gca.2017.03.019

Ettwig, K. F., Zhu, B., Speth, D., Keltjens, J. T., Jetten, M. S. M., and Kartal, B. (2016). Archaea catalyze iron-dependent anaerobic oxidation of methane. Proc. Natl. Acad. Sci. U.S.A. 113, 12792–12796. doi: 10.1073/pnas.1609534113

Ferguson, T. J., and Mah, R. A. (1983). Effect of H2-CO2 on methanogenesis from acetate or methanol in Methanosarcina spp. Appl. Environ. Microbiol. 46, 348–355. doi: 10.1128/aem.46.2.348-355.1983

Friese, A., Bauer, K., Glombitza, C., Ordoñez, L., Ariztegui, D., Heuer, V. B., et al. (2021). Organic matter mineralization in modern and ancient ferruginous sediments. Nat. Commun. 121:2216. doi: 10.1038/s41467-021-22453-0

Froelich, P. N., Klinkhammer, G. P., Bender, M. L., Luedtke, N. A., Heath, G. R., Cullen, D., et al. (1979). Early oxidation of organic matter in pelagic sediments of the eastern equatorial Atlantic: suboxic diagenesis. Geochim. Cosmochim. Acta 43, 1075–1090. doi: 10.1016/0016-7037(79)90095-4

Fu, L., Zhou, T., Wang, J., You, L., Lu, Y., Yu, L., et al. (2019). NanoFe3O4 as solid electron shuttles to accelerate acetotrophic methanogenesis by Methanosarcina barkeri. Front. Microbiol. 10:388. doi: 10.3389/fmicb.2019.00388

Gadol, H. J. (2021). Cycling of Iron and Manganese (Oxyhydr)oxides in the Presence of Organic Matter. PhD Thesis. Cambridge, MA: Massachusetts Institute of Technology.

Gadol, H. J., Flynn, E. D., and Catalano, J. G. (2017). Oxalate-promoted trace metal release from crystalline iron oxides under aerobic conditions. Environ. Sci. Technol. Lett. 4, 311–315. doi: 10.1021/acs.estlett.7b00190

Ginn, B., Meile, C., Wilmoth, J., Tang, Y., and Thompson, A. (2017). Rapid iron reduction rates are stimulated by high-amplitude redox fluctuations in a tropical forest soil. Environ. Sci. Technol. 51, 3250–3259. doi: 10.1021/acs.est.6b05709

Hansel, C. M., Benner, S. G., and Fendorf, S. (2005). Competing Fe(II)-induced mineralization pathways of ferrihydrite. Environ. Sci. Technol. 39, 7147–7153. doi: 10.1021/es050666z

Hansel, C. M., Benner, S. G., Neiss, J., Dohnalkova, A., Kukkadapu, R. K., and Fendorf, S. (2003). Secondary mineralization pathways induced by dissimilatory iron reduction of ferrihydrite under advective flow. Geochim. Cosmochim. Acta 67, 2977–2992. doi: 10.1016/S0016-7037(03)00276-X

Hervé, M. (2020). RVAideMemoire: Testing and Plotting Procedures for Biostatistics. Available online at: https://cran.r-project.org/package=RVAideMemoire (accessed March 31, 2020).

Inaba, R., Nagoya, M., Kouzuma, A., and Watanabe, K. (2019). Metatranscriptomic evidence for magnetite nanoparticle-stimulated acetoclastic methanogenesis under continuous agitation. Appl. Environ. Microbiol. 85. doi: 10.1128/AEM.01733-19

IPCC (2013). AR5 Climate Change 2013: The Physical Science Basis–IPCC. Geneva: IPCC.

Jabari, L., Gannoun, H., Cayol, J. L., Hedi, A., Sakamoto, M., Falsen, E., et al. (2012). Macellibacteroides fermentans gen. nov., sp. nov., a member of the family Porphyromonadaceae isolated from an upflow anaerobic filter treating abattoir wastewaters. Int. J. Syst. Evol. Microbiol. 62, 2522–2527. doi: 10.1099/IJS.0.032508-0/CITE/REFWORKS

Jain, A. K., Briegleb, B. P., Minschwaner, K., and Wuebbles, D. J. (2000). Radiative forcings and global warming potentials of 39 greenhouse gases. J. Geophys. Res. 105, 20773–20790. doi: 10.1029/2000jd900241

Jetten, M. S. M., Stams, A. J. M., and Zehnder, A. J. B. (1992). Methanogenesis from acetate: a comparison of the acetate metabolism in Methanothrix soehngenii and Methanosarcina spp. FEMS Microbiol. Lett. 88, 181–198. doi: 10.1111/j.1574-6968.1992.tb04987.x

Jin, Q., and Kirk, M. F. (2018). pH as a primary control in environmental microbiology: 1 thermodynamic perspective. Front. Environ. Sci. 6:21. doi: 10.3389/fenvs.2018.00021

Kappler, A., and Straub, K. L. (2005). Geomicrobiological cycling of iron. Rev. Min. Geochem. 59, 85–108. doi: 10.2138/rmg.2005.59.5

Kato, S., Hashimoto, K., and Watanabe, K. (2012). Methanogenesis facilitated by electric syntrophy via (semi)conductive iron-oxide minerals. Environ. Microbiol. 14, 1646–1654. doi: 10.1111/j.1462-2920.2011.02611.x

Kirschke, S., Bousquet, P., Ciais, P., Saunois, M., Canadell, J. G., Dlugokencky, E. J., et al. (2013). Three decades of global methane sources and sinks. Nat. Geosci. 6, 813–823. doi: 10.1038/ngeo1955

Kocar, B. D., and Fendorf, S. (2009). Thermodynamic constraints on reductive reactions influencing the biogeochemistry of arsenic in soils and sediments. Environ. Sci. Technol. 43, 4871–4877. doi: 10.1021/es8035384

Kostka, J. E., and Nealson, K. H. (1995). Dissolution and reduction of magnetite by bacteria. Environ. Sci. Technol. 29, 2535–2540. doi: 10.1021/es00010a012

Laanbroek, H. J. (2010). Methane emission from natural wetlands: interplay between emergent macrophytes and soil microbial processes. a mini-review. Ann. Bot. 105, 141–153. doi: 10.1093/aob/mcp201

Lambrecht, N., Katsev, S., Wittkop, C., Hall, S. J., Sheik, C. S., Picard, A., et al. (2020). Biogeochemical and physical controls on methane fluxes from two ferruginous meromictic lakes. Geobiology 18, 54–69. doi: 10.1111/gbi.12365

Lentini, C. J., Wankel, S. D., and Hansel, C. M. (2012). Enriched iron(III)-reducing bacterial communities are shaped by carbon substrate and iron oxide mineralogy. Front. Microbiol. 3:404. doi: 10.3389/fmicb.2012.00404

Liptzin, D., Silver, W. L., and Detto, M. (2010). Temporal dynamics in soil oxygen and greenhouse gases in two humid tropical forests. Ecosystem 142, 171–182. doi: 10.1007/S10021-010-9402-X

Liu, C., Kota, S., Zachara, J. M., Fredrickson, J. K., and Brinkman, C. K. (2001). Kinetic analysis of the bacterial reduction of goethite. Environ. Sci. Technol. 35, 2482–2490. doi: 10.1021/es001956c

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/s13059-014-0550-8

Lovley, D. R., and Phillips, E. J. (1988). Novel mode of microbial energy metabolism: organic carbon oxidation coupled to dissimilatory reduction of iron or manganese. Appl. Environ. Microbiol. 54, 1472–1480. doi: 10.1128/aem.54.6.1472-1480.1988

Lovley, D. R., and Phillips, E. J. P. (1986). Organic matter mineralization with reduction of ferric iron in anaerobic sediments. Appl. Environ. Microbiol. 51, 683–689. doi: 10.1128/AEM.51.4.683-689.1986

Lovley, D. R., and Phillips, E. J. P. (1987). Competitive mechanisms for inhibition of sulfate reduction and methane production in the zone of ferric iron reduction in sediments. Appl. Environ. Microbiol. 53, 2636–2641. doi: 10.1128/AEM.53.11.2636-2641.1987

Lovley, D. R., Stolz, J. F., Nord, G. L., and Phillips, E. J. P. (1987). Anaerobic production of magnetite by a dissimilatory iron-reducing microorganism. Nature 330, 252–254. doi: 10.1038/330252a0

Marquart, K. A., Haller, B. R., Paper, J. M., Flynn, T. M., Boyanov, M. I., Shodunke, G., et al. (2019). Influence of pH on the balance between methanogenesis and iron reduction. Geobiology 17, 185–198. doi: 10.1111/gbi.12320

Martins, G., Salvador, A. F., Pereira, L., and Alves, M. M. (2018). Methane production and conductive materials: a critical review. Environ. Sci. Technol. 52, 10241–10253. doi: 10.1021/acs.est.8b01913

McMurdie, P. J., and Holmes, S. (2013). phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 10.1371/journal.pone.0061217

Miller, K. E., Lai, C. T., Friedman, E. S., Angenent, L. T., and Lipson, D. A. (2015). Methane suppression by iron and humic acids in soils of the Arctic Coastal Plain. Soil Biol. Biochem. 83, 176–183. doi: 10.1016/j.soilbio.2015.01.022

Oertel, C., Matschullat, J., Zurba, K., Zimmermann, F., and Erasmi, S. (2016). Greenhouse gas emissions from soils—a review. Geochemistry 76, 327–352.

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et al. (2019). vegan: Community Ecology Package. Available online at: https://cran.r-project.org/package=vegan (accessed March 31, 2021).

Oren, A. (2014a). “The family methanobacteriaceae,” in The Prokaryotes: Other Major Lineages of Bacteria and The Archaea, eds E. Rosenberg, E. F. DeLong, S. Lory, E. Stackebrandt, and F. Thompson (Berlin: Springer-Verlag), 165–193. doi: 10.1007/978-3-642-38954-2_411

Oren, A. (2014b). “The family methanoregulaceae,” in The Prokaryotes: Other Major Lineages of Bacteria and The Archaea, eds E. Rosenberg, E. F. DeLong, S. Lory, E. Stackebrandt, and F. Thompson (Berlin: Springer-Verlag), 253–258. doi: 10.1007/978-3-642-38954-2_5

Peterson, E. J. R. (2005). Carbon and Electron Flow via Metahogenesis, SO42-, NO3- and Fe3+ Reduction in the Anoxic Hypolimnia of Upper Mystic Lake. Masters Thesis Cambridge, MA: Massachusetts Institute of Technology.

Phillips, E. J., Lovley, D. R., and Roden, E. E. (1993). Composition of non-microbially reducible Fe(III) in aquatic sediments. Appl. Environ. Microbiol. 59, 2727–2729. doi: 10.1128/aem.69.9.5702-5706.2003

Postma, D., and Jakobsen, R. (1996). Redox zonation: equilibrium constraints on the Fe(III)/SO4-reduction interface. Geochim. Cosmochim. Acta 60, 3169–3175. doi: 10.1016/0016-7037(96)00156-1

Preheim, S. P., Perrotta, A. R., Martin-Platero, A. M., Gupta, A., and Alm, E. J. (2013). Distribution-based clustering: using ecology to refine the operational taxonomic unit. Appl. Environ. Microbiol. 79, 6593–6603. doi: 10.1128/AEM.00342-13

R Core Team (2018). R: A Language and Environment for Statistical Computing. Available online at: https://www.r-project.org/ (accessed March 30, 2021).

Roden, E. E. (2003). Diversion of electron flow from methanogenesis to crystalline Fe(III) oxide reduction in carbon-limited cultures of wetland sediment microorganisms. Appl. Environ. Microbiol. 69, 5702–5706. doi: 10.1128/AEM.69.9.5702-5706.2003

Roden, E. E., and Urrutia, M. M. (2002). Influence of Biogenic Fe(II) on Bacterial Crystalline Fe(III) Oxide Reduction. London: Informa UK Ltd. doi: 10.1080/01490450252864280

Roden, E. E., and Zachara, J. M. (1996). Microbial reduction of crystalline iron(III) oxides: Influence of oxide surface area and potential for cell growth. Environ. Sci. Technol. 30, 1618–1628. doi: 10.1021/es9506216

Roden, E. E. E., and Wetzel, R. G. G. (2003). Competition between Fe(III)-reducing and methanogenic bacteria for acetate in iron-rich freshwater sediments. Microb. Ecol. 45, 252–258. doi: 10.1007/s00248-002-1037-9

Rotaru, A.-E., Calabrese, F., Stryhanyuk, H., Musat, F., Shrestha, P. M., Weber, H. S., et al. (2018a). Conductive particles enable syntrophic acetate oxidation between geobacter and methanosarcina from coastal sediments. mBio 9, e00226–18. doi: 10.1128/mBio.00226-18

Rotaru, A.-E., Posth, N., Löscher, C., Miracle, M., Vicente, E., Cox, R., et al. (2018b). Interspecies interactions mediated by conductive minerals in the sediments of the ferruginous Lake La Cruz, Spain. bioRxiv [Preprint]. doi: 10.1101/366542

Rotaru, A.-E. E., Shrestha, P. M., Liu, F., Markovaite, B., Chen, S., Nevin, K. P., et al. (2014). Direct interspecies electron transfer between Geobacter metallireducens and Methanosarcina barkeri. Appl. Environ. Microbiol. 80, 4599–4605. doi: 10.1128/AEM.00895-14

Sahrawat, K. L. (2004). Terminal electron acceptors for controlling methane emissions from submerged rice soils. Commun. Soil Sci. Plant Anal. 35, 1401–1413. doi: 10.1081/CSS-120037554

Scandella, B. P., Varadharajan, C., Hemond, H. F., Ruppel, C., and Juanes, R. (2011). A conduit dilation model of methane venting from lake sediments. Geophys. Res. Lett. 38. doi: 10.1029/2011GL046768

Schwertmann, U. (1991). Solubility and dissolution of iron-oxides. Plant Soil 130, 1–25. doi: 10.1007/BF00011851

Senn, D. B., and Hemond, H. F. (2004). Particulate arsenic and iron during anoxia in a eutrophic, urban lake. Environ. Toxicol. Chem. 23, 1610–1616. doi: 10.1897/03-243

Sibanda, H. M., and Young, S. D. (1986). Competitive adsorption of humus acids and phosphate on goethite, gibbsite and two tropical soils. J. Soil Sci. 37, 197–204. doi: 10.1111/j.1365-2389.1986.tb00020.x

Sivan, O., Antler, G., Turchyn, A. V., Marlow, J. J., and Orphan, V. J. (2014). Iron oxides stimulate sulfate-driven anaerobic methane oxidation in seeps. Proc. Natl. Acad. Sci. U.S.A. 111, E4139–E4147. doi: 10.1073/pnas.1412269111

Sivan, O., Shusta, S. S., and Valentine, D. L. (2016). Methanogens rapidly transition from methane production to iron reduction. Geobiology 14, 190–203. doi: 10.1111/gbi.12172

Slomp, C. P., Mort, H. P., Jilbert, T., Reed, D. C., Gustafsson, B. G., and Wolthers, M. (2013). Coupled dynamics of iron and phosphorus in sediments of an oligotrophic coastal basin and the impact of anaerobic oxidation of methane. PLoS One 8:e62386. doi: 10.1371/journal.pone.0062386

Smith, M. R., and Mah, R. A. (1978). Growth and methanogenesis by Methanosarcina strain 227 on acetate and methanol. Appl. Environ. Microbiol. 36, 870–879.

Stookey, L. L. (1970). Ferrozine—a new spectrophotometric reagent for iron. Anal. Chem. 42, 779–781. doi: 10.1021/ac60289a016

Strauss, R., Brümmer, G. W., and Barrow, N. J. (1997). Effects of crystallinity of goethite: II. Rates of sorption and desorption of phosphate. Eur. J. Soil Sci. 48, 101–114. doi: 10.1111/j.1365-2389.1997.tb00189.x

Stuckey, J. W., Schaefer, M. V., Kocar, B. D., Benner, S. G., and Fendorf, S. (2016). Arsenic release metabolically limited to permanently water-saturated soil in Mekong Delta. Nat. Geosci. 9, 70–76. doi: 10.1038/ngeo2589

Tang, J., Zhuang, L., Ma, J., Tang, Z., Yu, Z., and Zhou, S. (2016). Secondary mineralization of ferrihydrite affects microbial methanogenesis in Geobacter-Methanosarcina cocultures. Appl. Environ. Microbiol. 82, 5869–5877. doi: 10.1128/AEM.01517-16

Teh, Y. A., Dubinsky, E. A., Silver, W. L., and Carlson, C. M. (2008). Suppression of methanogenesis by dissimilatory Fe(III)- reducing bacteria in tropical rain forest soils: implications for ecosystem methane flux. Glob. Chang. Biol. 14, 413–422. doi: 10.1111/j.1365-2486.2007.01487.x

Thompson, A., Chadwick, O. A., Rancourt, D. G., and Chorover, J. (2006). Iron-oxide crystallinity increases during soil redox oscillations. Geochim. Cosmochim. Acta 70, 1710–1727. doi: 10.1016/j.gca.2005.12.005

Treude, T., Boetius, A., Knittel, K., Wallmann, K., and Barker Jørgensen, B. (2003). Anaerobic oxidation of methane above gas hydrates at Hydrate Ridge, NE Pacific Ocean. Mar. Ecol. Prog. Ser. 264, 1–14. doi: 10.3354/meps264001

Van Bodegom, P. M., Scholten, J. C. M., Stams, A. J. M., Bodegom, P. M., Scholten, J. C. M., and Stams, A. J. M. (2004). Direct inhibition of methanogenesis by ferric iron. FEMS Microbiol. Ecol. 49, 261–268. doi: 10.1016/j.femsec.2004.03.017

VandenBoer, T. C., Markovic, M. Z., Petroff, A., Czar, M. F., Borduas, N., and Murphy, J. G. (2012). Ion chromatographic separation and quantitation of alkyl methylamines and ethylamines in atmospheric gas and particulate matter using preconcentration and suppressed conductivity detection. J. Chromatogr. A 1252, 74–83. doi: 10.1016/j.chroma.2012.06.062

Varadharajan, C. (2009). Magnitude and Spatio-Temporal Variability of Methane Emissions from a Eutrophic Freshwater Lake. Ph.D. thesis.

Varadharajan, C., and Hemond, H. F. (2012). Time-series analysis of high-resolution ebullition fluxes from a stratified, freshwater lake. J. Geophys. Res. Biogeosci. 117:2004. doi: 10.1029/2011JG001866

Vigderovich, H., Liang, L., Herut, B., Wang, F., Wurgaft, E., Rubin-Blum, M., et al. (2019). Evidence for microbial iron reduction in the methanic sediments of the oligotrophic southeastern Mediterranean continental shelf. Biogeosciences 16, 3165–3181. doi: 10.5194/bg-16-3165-2019

Virtanen, P., Gommers, R., Oliphant, T. E., Haberland, M., Reddy, T., Cournapeau, D., et al. (2020). SciPy 1.0: fundamental algorithms for scientific computing in Python. Nat. Methods 17, 261–272. doi: 10.1038/s41592-019-0686-2

Wang, Y., Song, J., Zhai, Y., Zhang, C., Gerritsen, J., Wang, H., et al. (2015). Romboutsia sedimentorum sp. nov., isolated from an alkaline-saline lake sediment and emended description of the genus Romboutsia. Int. J. Syst. Evol. Microbiol. 65, 1193–1198. doi: 10.1099/IJS.0.000079

Weber, K. A., Achenbach, L. A., and Coates, J. D. (2006). Microorganisms pumping iron: anaerobic microbial iron oxidation and reduction. Nat. Rev. Microbiol. 4, 752–764.

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York, NY: Springer-Verlag.

Wiriyakitnateekul, W., Suddhiprakarn, A., Kheoruenromne, I., Smirk, M. N., and Gilkes, R. J. (2007). Iron oxides in tropical soils on various parent materials. Clay Miner. 42, 437–451. doi: 10.1180/claymin.2007.042.4.02

Yan, B., Wrenn, B. A., Basak, S., Biswas, P., and Giammar, D. E. (2008). Microbial reduction of Fe(III) in hematite nanoparticles by Geobacter sulfurreducens. Environ. Sci. Technol. 42, 6526–6531. doi: 10.1021/es800620f

Zhuang, L., Tang, J., Wang, Y., Hu, M., and Zhou, S. (2015a). Conductive iron oxide minerals accelerate syntrophic cooperation in methanogenic benzoate degradation. J. Hazard. Mater. 293, 37–45. doi: 10.1016/j.jhazmat.2015.03.039

Zhuang, L., Xu, J., Tang, J., and Zhou, S. (2015b). Effect of ferrihydrite biomineralization on methanogenesis in an anaerobic incubation from paddy soil. J. Geophys. Res. Biogeosci. 120, 876–886. doi: 10.1002/2014JG002893


Conflict of Interest: BK was employed by Exponent, Inc.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Gadol, Elsherbini and Kocar. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-705501-g002.jpg
>
o
i

-
(6)
1

Net CH,4 Produced (mmol)
5 3

0.0 1

<> Control
O Ferrihydrite

B Goethite
é i A\ Hematite

@,
a0 b6
0 10 20 30
Time (days)
Day 13 to 16 Day 16 to 20

CH, Production Rate (mmol/day)

[ ] Control

[ ] Ferrihydrite
[] Goethite
L]

Hematite

0

Acetate (mM)

HEKHO

Hip#—O—  HOH

Ll T T T

0 10 20 30
Time (days)





OPS/images/fmicb-12-705501-g003.jpg
HCI-Extractable Fe(ll) (mM)

(@)

HCIl-Extractable Fe(Tot) (mM)

PO
PO
gn

-4;;!5. aa ;

10 20 30

%‘hf W

les88 a3 8 8 8 &

10 20 30
Time (days)

M)

Dissolved Fe(Tot) (m

Fraction

20+

1.0 1

0.0

0.8 -

oo

=
o

0.2 1

N

0.0 1

s
§§
§O
:
@ilQ"QQQAIQ

0

10 20 30

Time (days)

<> Control

O Ferrihydrite
O Goethite
A Hematite

B Feq)

Undetermined

B Fem





OPS/images/fmicb-12-705501-e001.jpg
AGen = AG’rn + RTINQ @)





OPS/images/fmicb-12-705501-g001.jpg
| Sample ‘

/ \

Liquid/Solid
| qSIurry ‘ ‘ Headspace ‘
| 0.22 um Filtered ‘ | Unfiltered ‘
1.5 mL for ~3 mL for Acetate 1.5 mL for Acid- 6 mL for
Aqueous Fe | | I Extractable Fe DNA CH, and CO,
l l Extractions
lon Acidified with l !
Acidified with
Chromatography 1M HCI for 1 hr .
2% HNO3 PowerSoil i
! l DNA Kit
] ICP-OES \ | 0.22 um Filtered ‘

| Ferrozine ’






OPS/images/fmicb-12-705501-e000.jpg
DG = AGproducts — AG eactants

(0]





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Methanogen Productivity and Microbial Community Composition Varies With Iron Oxide Mineralogy



		INTRODUCTION



		MATERIALS AND METHODS



		Thermodynamic Calculations



		Iron Oxide Preparation and Characterization



		Field Site and Sampling



		Experimental Setup



		Methane Measurement



		Liquid Sampling and Measurement



		Microbial Community Analysis







		RESULTS



		Thermodynamic Calculations



		Methane Production and Iron Speciation



		Overview of Microbial Diversity and Trends



		Key Players in Methanogenesis and Iron Reduction



		ASV-Level Differences Between Experimental Conditions







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Microbiology

Methanogen Productivity
and Microbial Community
Composition Varies With Iron
Oxide Mineralogy







OPS/images/fmicb-12-705501-t001.jpg
Metabolism Reaction AG®xn AGixn (kd/mol) AGixn (kd/mol)

(kJ/mol) (100 uM acetate) (10 mM acetate)
Magnetite reduction 4 FegOy4 4+ CH3COO™ + 23 HT — 12 Fe2t + 2 HCOz™ + 12 HyO —546.47 166.63 1565.22
Ferrihydrite reduction 8 Fe(OH)3 + CH3COO~ +15 H — 8 Fe?* (4q) + 2 HCO3~ + 20 Ho0 —510.83 —48.74 —60.15
Goethite reduction 8 FeOOH + CH3COO~ +15HT — 8 Fe2+(aq) + 2 HCO3~ + 12 H,O —370.99 91.10 79.69
Hematite reduction 4Fe;03 + CH3COO™ +15 HT — 8 Fe?* (5q) + 2 HCO3 ™ + 8 H,0 —347.87 114.22 102.81
Methanogenesis CH3CO0™ 4 HoO — CHgaq) + HCOz™ —14.68 —-31.79 —43.20

All values for acetate-consuming reactions are calculated per mol of CHzCOO™. Reactions are listed from most to least favorable at standard conditions. AGxn values
were calculated at pH 7 using (HCO3~) = 0.01, (Fe) = 0.001, and [CH4(aq)] = 0.00001.
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