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Abstract The Prairie Pothole Region (PPR) of North America contains millions of small depressional
wetlands with some of the highest methane (CH,) fluxes ever reported in terrestrial ecosystems. In saturated
soils, two conventional paradigms are (a) methanogenesis is the final step in the redox ladder, occurring only
after more thermodynamically favorable electron acceptors (e.g., sulfate) are reduced, and (b) CH, is primarily
produced by acetoclastic and hydrogenotrophic pathways. However, previous work in PPR wetlands observed
co-occurrence of sulfate-reduction and methanogenesis and the presence of diverse methanogenic substrates
(i.e., methanol, DMS). This study investigated how methylotrophic methanogenesis—in addition to acetoclastic
and hydrogenotrophic methanogenesis—significantly contributes to CH, flux in surface sediments and thus
allows for the co-occurrence of competing redox processes in PPR sediments. We addressed this aim through
field studies in two distinct high CH, emitting wetlands in the PPR complex, which coupled microbial
community compositional and functional inferences with depth-resolved electrochemistry measurements in
surficial wetland sediments. This study revealed methylotrophic methanogens as the dominant group of
methanogens in the presence of abundant organic sulfate esters, which are likely used for sulfate reduction.
Resulting high sulfide concentrations likely caused sulfide toxicity in hydrogenotrophic and acetoclastic
methanogens. Additionally, the use of non-competitive substrates by many methylotrophic methanogens allows
these metabolisms to bypass thermodynamic constraints and can explain co-existence patterns of sulfate-
reduction and methanogenesis. This study demonstrates that the current models of methanogenesis in wetland
ecosystems insufficiently represent carbon cycling in some of the highest CH, emitting environments.

Plain Language Summary Atmospheric methane (CH,), a potent greenhouse gas (GHG)
responsible for approximately 20% of current atmospheric warming, is rising at faster rates than other GHGs
such as CO,. Causes of this rise are not well understood but hypothesized to be in part due to increased
emissions from wetlands, the largest natural source of global CH, emissions. The Prairie Pothole Region (PPR),
the 10th largest global wetland complex, comprises millions of small depressional wetlands. These wetlands
have some of the highest levels of sulfate reduction and methanogenesis recorded in terrestrial ecosystems, but
the mechanisms driving such high levels of CH, production are poorly understood. This study revealed that
methylotrophic methanogens—in contrast to more intensively studied acetoclastic and hydrogenotrophic
methanogens—can be dominant in PPR sediments. Due to their metabolism, these methanogens can co-occur
with other anaerobic bacteria such as sulfate reducers, and therefore likely contribute to high rates of methane
generation. These findings contribute to our understanding of methanogenesis in natural wetlands and can
inform climate models allowing us to better understand and predict future atmospheric warming.

1. Introduction

Wetland ecosystems represent the largest natural source of methane (CH,), a potent greenhouse gas (GHG),
accounting for 20%-50% of global CH, emissions (Bridgham et al., 2013; Laanbroek, 2010; Rosentreter
et al., 2021). Wetland size is an important factor in CH, flux, with rates increasing as wetland size decreases;
indeed, small ponds (surface area <0.001 km?) are estimated to contribute up to 40% of CH, emissions from
inland freshwater ecosystems (Bansal et al., 2023; Holgerson & Raymond, 2016). The Prairie Pothole Region
(PPR), located in the Great Plains of North America, is one of the world's largest inland wetland ecosystems
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Wit ivinal draft: Emil by groundwater (Beeri & Phillips, 2007; Keddy et al., 2009). This region was formed after the last glacial
K_%;?glglgfg;ﬁzui ;(am Br?;gy maximum (Wisconsin) ~12,000 years ago (Goldhaber et al., 2014). Wetlands in the PPR vary in size (<1 ha to
M. Toner >10 ha) and duration of flooding (from ephemeral to permanent), where medium sized wetlands (2—4 ha) have the
Writing - review & editing: Emily highest CH, fluxes in this ecosystem (Bansal et al., 2023). This is in part due to these medium wetlands having
K. Bechtold, Maricia Pacheco, Brandy . . . .
M. Toner, William A. Arnold, Yu- longer hydroperiods relative to the smaller wetlands that become oxic as water evaporates and sediments are
Ping Chin, Michael J. Wilkins exposed. PPR wetlands are biogeochemical “hotspots” with a range of salinities and high levels of dissolved
sulfur (pyritic sulfur, reduced organic sulfur, oxidized sulfur) (Zeng et al., 2013) resulting from groundwater flow
through pyrite-rich glacial till (Van Stempvoort et al., 1994). Highlighting many of the uncertainties surrounding
biogeochemical processes within these wetlands, high sulfate levels in the PPR have typically been attributed to
lower CH, flux (Pennock et al., 2010). Recently we reported, however, simultaneously high levels of sulfate
reduction and CH, flux in PPR wetlands in North Dakota (Dalcin Martins et al., 2017).

Biogeochemical processes in anaerobic wetland sediment are mediated, in part, by local redox conditions. The
canonical redox ladder in wetland sediments predicts that diverse microbial metabolisms are governed by dif-
ferences in the gain of free energy from reduction of terminal electron acceptors (TEAs) and proposes that nitrate
reduction, iron reduction, sulfate reduction, and methanogenesis sequentially occur following the depletion of the
most thermodynamically favorable TEA, dissolved oxygen (Burgin et al., 2011; Mobilian & Craft, 2022; Peiffer
et al., 2021). Nevertheless, it has long been known that myriad physical and chemical factors can “bypass” this
ladder, resulting in diverse microbial metabolisms occurring across small spatial scales (Chen et al., 2017).
Sulfate reduction, a process often overlooked in freshwater systems, is thought to inhibit methanogenesis in high
salinity environments by the activity of sulfate reducing bacteria which outcompete methanogens for hydrogen
and acetate through higher free energy yields and therefore act as a thermodynamic control (Bartlett et al., 1987,
Capone & Kiene, 1988; Hartman et al., 2024; Z. Wang et al., 1996). Numerous studies, however, have shown that
sulfate reduction and methanogenesis can co-occur (Dalcin Martins et al., 2017; Schorn et al., 2022; Sela-Adler
et al., 2017; Weston et al., 2011).

Methanogens produce CH, through three distinct pathways characterized by their substrate use: (a) hydro-
genotrophic methanogenesis (reduce CO, using H,, formate, ethanol, propanol, butanol), (b) acetoclastic
methanogenesis (split acetate), or (c) methylotrophic methanogenesis (CH; groups cleaved from methanol or
methylated amines, like trimethylamine; demethylating compounds including methoxylated substrates (e.g.,
aromatic methoxybenzoate), or methylated sulfur) (Angle et al., 2017; Kurth et al., 2020, 2021; Liu & Whit-
man, 2008; Narrowe et al., 2019). In freshwater wetlands, hydrogenotrophic and acetoclastic methanogenesis are
often considered the dominant pathways contributing to methane production and are frequently the only pathways
incorporated into process based ecosystem models such as ecosys (Grant, 1998; Grant et al., 2017). However,
recent work across a range of freshwater and saline systems shows methylotrophic methanogenesis is a more
active pathway than previously recognized (Ellenbogen et al., 2023; Narrowe et al., 2019; Tebbe et al., 2023; S. L.
Tsola et al., 2024, 2021). Moreover, in many of these saturated systems methylotrophic methanogens have shown
the ability to use “non-competitive” substrates (i.e., compounds only available to a particular functional guild of
microorganisms such as methylotrophic methanogens), enabling co-occurrence of reductive microbial metabo-
lisms that might otherwise be thermodynamically inhibited (Cozannet et al., 2023; King, 1984; Oremland
et al., 1982; Schorn et al., 2022). Thus, the presence of non-competitive substrates can stimulate methylotrophic
methanogenesis concurrently with sulfate-reduction.

While distinct redox zonation may occur across many meters in marine sediments (Jorgensen & Kasten, 2006),
the abundance of organic inputs into PPR wetlands can drive multiple respiratory processes in surficial sediments,
resulting in strong redox gradients over short length scales. Many previous studies in the PPR and elsewhere were
performed at coarser scales (i.e., 3-10 cm) which has obscured the fine-scale spatial resolution needed to un-
derstand how biogeochemical processes interact in wetland environments (Angle et al., 2017; E. K. Bechtold
et al., 2025; Dalcin Martins et al., 2017; He et al., 2015; Mondav et al., 2014). To better understand biogeo-
chemical cycling and the factors mediating CH, production at the sediment-water interface, this study integrated
geochemical profiling with microbial community analyses at a finer-scale spatial resolution (<1 cm) in surficial
sediments from two distinct PPR wetlands, P7 and P8, at the Cottonwood Lakes study site in North Dakota.
Although these two wetlands have some of the highest CH, fluxes and rates of sulfide reduction measured in
terrestrial ecosystems (Dalcin Martins et al., 2017), historical data reveals six times greater annual CH, flux from
P8 relative to P7 over a period of 19 years (Tangen & Bansal, 2019). This approach allowed us to directly link the
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presence of diverse electron acceptors with microbial communities to better understand the respiratory processes
occurring along these wetland depth gradients. Moreover, results from this work offered new insights into the role
of microbial communities and the corresponding geochemistry in mediating high CH, emissions from chemically
distinct wetland sediments.

2. Methods
2.1. Site Description

The Cottonwood Lakes Study Area (47° 05'N: 99° 06'W) is a preserved research site operated by the United
States Geological Survey (USGS) located northwest of Jamestown, North Dakota. The 92-ha site consists of 17
distinct wetlands with permanent-to-temporary inundation. Samples were collected from two permanent wet-
lands, P7 and P8 (Figure S1 in Supporting Information S1), which were chosen as study sites due to their his-
torically high levels of CH, flux despite differences in wetland type and geochemistry (Bansal et al., 2016; Dalcin
Martins et al., 2017). P7 is a permanent wetland categorized hydrologically as a “flow-through wetland” that is,
groundwater moves through the wetland. Additionally, P7 is adjacent to agricultural fields and experiences
nutrient-rich runoff resulting in algal growth. P8 is categorized as a “discharge wetland,” receiving its water
through groundwater flow from upland recharge and flow-through wetlands (Winter & Rosenberry, 1998). Thus,
as groundwater flows through the environment, associated mineral dissolution results in much higher concen-
tration of ions in discharge wetlands (Euliss et al., 2014; Seelig & DeKeyser, 2006). P8 is also characterized by
dense cattail vegetation around the wetland perimeter and the resulting sediment is characterized by a thicker
layer of surficial plant litter than seen in P7.

2.2. Sample Collection

Sediment cores were collected in triplicate from two locations in P7 wetland and one in P8 in October 2022
(Figure S1 in Supporting Information S1). Samples were collected in October because this is when flux is highest
in many temperate freshwater wetlands (Delwiche et al., 2021). In P7, samples were collected from two distinct
locations in order to understand spatial differences within the wetland. Site A was closer to the shore where the
water column was shallower and there was more vegetation while site B was in the middle of the wetland with a
deeper water column. P8 was sampled in one location in the middle of the wetland. At each sampling location
cores were collected at least 1 m apart from each other to capture heterogeneity within each sampling location.
Cores were collected using a modified Mooring System (Cataumet, MA) soil core to a depth of 15 cm in order to
measure fine scale variability in microbiology and electrochemistry within the surficial sediments. After
collection, cores were kept in capped core liners maintaining the water column over the sediment core to ensure in
situ conditions in a vertical position, immediately put on ice and transported to the USGS facility in Jamestown
where they were stored at 4°C until processing within 24 hr of collection. Microbiology analyses were performed
on all cores and electrochemistry on two out of three cores from each site. An Ekman dredge was used to collect
additional bulk samples on this date from P7 site A and P8 (near shore) wetlands for X-ray absorption near edge
structure spectroscopy (XANES). These are bulk samples that average over the top 10 cm of the sediments. For
this sampling, sediments were transferred to wide-mouth polypropylene centrifuge bottles within 5 min of
collection, filled to the top with sediment to maintain redox conditions, stored on ice during transport from the
field to University of Minnesota (24-48 hr), centrifuged to remove bulk water, and then stored at 4°C until
processing for analysis.

2.3. Electrochemical Measurements

Electrochemical measurements were conducted the day after sediment cores were collected at the USGS facility.
To allow microelectrodes to reach depths of up to 10 cm below the sediment-water interface (SWI), the cores were
partially extruded, leaving 5 cm of overlying water above the sediment. Following partial extrusion, electro-
chemical measurements were conducted using a portable potentiostat (STAT-1400s, Metrohm DropSense) and a
three-electrode system, following the procedures in McAdams et al., 2016 (37). This system included a saturated
Ag/AgCl reference electrode (BASi), a Pt-wire counter electrode (BASi), and either a gold-mercury (Au/Hg)
amalgam (Luther et al., 2008; Ma et al., 2008) or a bismuth (Bi) film working electrode for high reduced sulfur
cores (Waite et al., 2006).
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To initiate measurements, the reference and counter electrodes were positioned just above the SWI, while the
working electrode was lowered from the surface of the overlying water to 10 cm below the SWI at intervals of
0.5-1 cm using a micromanipulator (Narishige). Initially, the Au/Hg electrode was employed to quantitatively
measure dissolved O,, Mn?*, and Fe**, and qualitatively detect species like Fe>*-organic compounds. It can also
detect FeS, polysulfides, and free reduced sulfur (ZH,S = H,S + HS™ + S?7) up to several hundred micromolar
(36). Cyclic voltammetry (CV) scans were conducted with scan rates of 1 V/s from —0.1 Vto —1.8 Vto —-0.1 V
(vs. Ag/AgCl). When the ZH,S peak began to interfere with other measurements, the Ag/Hg electrode was
replaced with the Bi film electrode to prevent potential damage. Thus, the absence of electrochemical data in
deeper sediments (>2 cm below the SWI) does not imply the absence of other species besides 2H,S but reflects
analytical constraints. The Bi film electrode was specifically designed for the quantification of £H,S at relatively
high concentrations (mM levels). With this electrode, CV scans were performed at scan rates of 1 V/s from
—1.6Vto—0.4Vto—1.6V (vs. Ag/AgCl). All CV scans (by either Au/Hg or Bi film electrode) at discrete depths
were repeated at least three times until no further changes were observed, and the final scan was analyzed.
Electrochemical measurements were conducted on two out of three replicate cores, and the average and range of
results from these two cores were plotted (Figure 1).

Both working electrodes, housed in polyether-ether-ketone (PEEK) tubing, were crafted, polished, and calibrated
at the University of Delaware prior to the field campaign, following established protocols (McAdams et al., 2016).
The Au/Hg amalgam working electrode underwent calibration with air, Fe**, and Mn** in a 20 mM NaCl so-
lution under specified CV scan rates and ranges above. The peaks corresponding to dissolved O,, Fe?*, and Mn**
were observed at potentials of approximately —0.32 V, —1.40 V, and —1.55 V (vs. Ag/AgCl), respectively. The
current responses from cathodic CV scans using the Ag/Hg were analyzed quantitatively for O,, Fe?*, and Mn?*
based on calibration curves. Beyond the quantitative analyses, additional peaks corresponding to other redox
species emerged during CV scans, depending on the cores and their depths. Three distinctive peaks were observed
aside from those used in calibration: the peak at —0.6 V was consistently identified as XH,S, —1.1 V corresponded
to FeS, and another peak at —0.5 V was indicative of Fe(IlI)-organic complexes (Hakala et al., 2009; M. Hudson
etal., 2022; Ma et al., 2008). The Bi film electrode was calibrated using HS™ in a 20 mM NaCl solution, with the
peak for ZH,S detected at —0.6 V during anodic CV scans. Based on the established calibration curve, the current
responses obtained with the Bi film electrode were exclusively analyzed for XH,S and none of the other reduced
forms of sulfur.

2.4. Porewater and Sediment Analyses

The sediment cores, initially partially extruded for electrochemical analyses, were further extruded using hy-
draulic pressure and sectioned into 1 cm intervals up to 10 cm depth using sterile spatulas. Every 1 cm, sediment
discs were cut from the core, the outer portion was removed, and the remaining center was homogenized. The
homogenized samples were collected into separate sterile DNase free tubes for geochemistry analysis and mi-
crobial community analysis, immediately placed on ice, and subsequently frozen until analysis.

Porewater extracted from sediments was analyzed for dissolved organic carbon (DOC), specific UV absorbance
(SUVA,s,), and total sulfur (S) concentration. Porewater was separated from sediment through centrifugation at
1,000 g for 10 min. 4-mL of each porewater sample was diluted fivefold with ultrapure water and split into two
portions for DOC measurements using a TOC-L (Shimadzu, Kyoto, Japan) and total S measurements using an
ICP-OES at the University of Delaware Core Laboratory for Soil, Plant and Water Analysis. The remaining
undiluted porewater samples were directly assessed for absorbance at 254 nm using a UV-vis spectrophotometer
(Agilent Cary 60, Santa Clara, CA). From these measurements, SUVA,s, (L-mg C~' m™") was calculated as the
ratio of the absorbance at 254 nm (cm™") to DOC concentration (mg c-L™h.

pH was measured using a modified protocol from Trimarco et al. (2023). In brief, sediment was combined with
molecular-grade water in a 1:4 ratio. Soil slurries were then vortexed for 15 s, placed on a shaker at 120 RPM at
20°C for 1 hr, and centrifuged at 7,000 g for 10 min before the supernatant was transferred to a sterile tube and pH
was read using a pH electrode.

2.5. X-Ray Absorption Spectroscopy

Iron and S speciation in sediments collected via Ekman dredge was measured by bulk synchrotron X-ray ab-
sorption near edge structure (XANES) spectroscopy. Moist sediments were prepared in a H,/N, (g)-filled Coy
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Figure 1. On-site electrochemistry data including XH,S concentrations (bottom x-axis of panels a, e, i), Fe”* concentrations (top x-axis of panels b, f, j), and current
responses for XH,S, Fe? *_organic complexes (Fe? *_org), and FeS (bottom x-axis of panels B, F, and J) at different depths of cores P7A (a—d), P7B (e-h), and P8 (i-1).
Total S concentration, DOC, SUVA,s,, and pH of overlying water and porewater are plotted against the top x-axis of panels (a, e, i); the bottom x-axis of panels (c, g, k);

the top x-axis of panels (c

, g, k); and the bottom x-axis of panels (d, h, 1), respectively. Horizontal reference lines at 0 cm depth represent the sediment-water interface

(SWI). Two vertical reference lines at 1.7 and 3.2 L-mg C'm'in panels (c, g, k) are the SUVA,,5, of Pony Lake (PL) fulvic acid and Suwannee River (SR) fulvic acid,

respectively.

anaerobic chamber (Coy Laboratory Products). A slurry was prepared with deoxygenated water, applied by pipet
to polyethersulfone (PES) membrane filters (0.2 pm, 47 mm, Fisher Scientific), and dried by evaporation and
wicking of water (Kimwipes) for 1 hour. For Fe XANES, each PES filter was sealed between two pieces of
Kapton adhesive. For S XANES, the dried sample was removed from the PES filter with a micro-spatula and
applied to double-sided adhesive. All samples were sealed in mylar pouches (Sorbent Systems) to protect them
from the ambient atmosphere during transportation to the beamline. Iron XANES spectra were acquired on the
QAS beamline, National Synchrotron Light Source II, in fluorescence and transmission modes using an Fe foil for
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monochromator calibration. Sulfur XANES spectra were collected at the SXRMB beamline, Canadian Light
Source, in fluorescence and totally electron yield modes using a powdered gypsum (CaSO,) for monochromator
calibration. For both beamlines, samples were protected from the ambient atmosphere before and during analysis.
For all XANES data, repeat scans were checked for photon damage (none observed). Average of scans, mono-
chromator energy calibration, pre-edge subtraction, and post-edge normalization were performed in Athena
software (Ravel & Newville, 2005). Linear combination fitting (LCF) was performed using LabView software
(Marcus et al., 2004) using previously characterized and published reference databases (Cron et al., 2020; Marcus
et al., 2008) and published methods (Manceau et al., 2002; Pierce et al., 2022; Stewart et al., 2021).

2.6. DNA Extraction, 16S rRNA Gene Sequencing, and qPCR

DNA was extracted from depth-resolved sediments using Zymo Research Quick-DNA™ Fecal/Soil Microbe
Microprep Kit, following the manufacturer's protocol. Amplicon libraries were prepared using a single step PCR
to amplify the V4 region of the 16S rRNA gene with the primers 515F/806R (Apprill et al., 2015; Parada
et al., 2016) following the Earth Microbiome Project (EMP) PCR protocol. SequalPrep Normalization Kits
(ThermoFisher) were used to cleanup and standardize concentrations of each PCR product. Pooled DNA products
were sequenced on the Illumina MiSeq Platform using 251 bp paired-end sequencing chemistry at the Microbial
Community Sequencing Lab (University of Colorado Boulder).

Sequence reads were processed using QIIME 2 (v2021.2). Samples were demultiplexed, forward and reverse
reads were trimmed to 230 bp, paired end reads were then merged and binned inferring amplicon sequence
variants (ASVs). Taxonomic identities were assigned using the naive Bayes sklearn classifier with the Silva 138
database (Quast et al., 2013) and GTDB-Tk database (v2.1.1 r207) (Chaumeil et al., 2020). The data from this
study contained 45,462 ASVs from 90 samples. After filtering out chloroplast and mitochondria, resulting reads
ranged from 6,827 to 29,839 per sample. Alpha and beta diversity analyses were conducted on samples rarefied to
10,000 reads, which resulted in the loss of three samples due to low read depth. Taxonomic analyses were
conducted on unrarefied samples.

Microbial DNA samples corresponding to each sediment fraction were used to quantify the mcrA gene using
gPCR of mcrA as a proxy for the abundance of methanogens per gram of sediment. All samples were amplified in
triplicate using the mlas-F (5 GGT GGT GTM GGD TTC ACM CAR TA 3’) and mcrA-R (5" CGT TCA TBG
CGT AGT TVG GRT AGTGA 3’) (Narihiro & Sekiguchi, 2011) primers. Reactions were set up using Luna
Universal gPCR mastermix (NEB, Ipswich, MA, USA) following the manufacturer protocol. The abundance of
mcrA was compared to methanogen relative abundance data from 16S rRNA gene sequencing to understand the
abundance of methanogens from each pathway.

2.7. Functional Annotation

To move beyond community composition and understand functional profiles of the microbes found in our
samples, ASVs were compared to metagenome assembled genomes (MAGs) from the Multiomics for Under-
standing Climate Change (MUCC) v 2.0.0 database (E. Bechtold et al., 2024; E. K. Bechtold et al., 2025). MUCC
is a publicly available database of metagenomes, metatranscriptomes, and amplicon data collected from fresh-
water wetlands. This database contains 3,634 high and medium quality, dereplicated (99% genome identity)
MAGs recovered from a range of freshwater saturated sediments (including 333 from PPR). Previous research has
shown that 16S rRNA gene data can be connected to ecosystem relevant MAG databases resulting in trends in
functional profiles. Metagenomics is often prohibitive in many studies due to cost and computational resources.
16S rRNA gene data is cheaper and more high-throughput, allowing for greater sampling efforts and replication.
By building publicly available ecosystem databases, some functional profiles of microbial communities can be
inferred from the 16S rRNA gene profiles. However, this method is not a comprehensive assessment of the
functional profile of a community because it is unlikely that every taxa identified using 16S rRNA gene analysis
will have a MAG representative in the ecosystem database, especially in diverse systems like wetland sediments.
Additionally, because of heterogeneity across taxa, it is critical to use ecosystem specific databases because the
genomic and functional profiles of taxa can vary between different ecosystems. In our study, only 16S rRNA gene
data was generated for the samples collected. These samples were then compared to the MUCC v2.0.0 database
(E. Bechtold et al., 2024) following the previously published methods in which taxa identified via 16S rRNA
genes are compared to the MAG database at the genus level (E. K. Bechtold et al., 2025). The PPR MAGs are
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from previous studies (E. K. Bechtold et al., 2025; Dalcin Martins et al., 2017) and new metagenomes were not
analyzed from the sediment collected in this study. Utilizing this database to link 16S rRNA gene sequencing to
genomes from relevant wetland lineages enables more accurate functional prediction of amplicon data. MAGs
from the MUCC database were assigned taxonomy using GTDB-Tk (v2.1.1 r207) (Chaumeil et al., 2020) and
were annotated using DRAM (v1.4.4) (Shaffer et al., 2020). Using DRAM outputs, MAGs were assessed to
understand metabolic capabilities of the organisms, specifically for metabolisms including methanogenesis,
methanotrophy, sulfur reduction, sulfur oxidation, iron reduction, denitrification, DNRA, and fermentation
(Oliverio et al., 2024). Methanogens and methanotrophs were first assigned to all 16S rRNA taxa based on
taxonomy following previously published criteria (E. K. Bechtold et al., 2025). If those taxa contained a
representative MAG in the MUCC database then the methanogenic pathway was characterized as outlined in
Ellenbogen et al. (2023). If the taxa did not have a MAG representative, then the appropriate pathway was
assigned using published literature (Table S4 in Supporting Information S1).

Additionally, specific genomes were annotated to determine if they encoded hydrogenases. Hydrogenase pres-
ence was determined using DRAM if subunit completion of multi subunit hydrogenases existed. Additionally, all
PPR MAGs were searched for arylsulfatase genes using BLAST-X with a FASTA reference file of the aryl-
sulfatase AtsA from Pseudoalteromonas carrageenovora (Barbeyron et al., 1995; Stam et al., 2023). The
BLAST-X output was filtered to only include MAGs with a bitscore >60. All MAGs, their DRAM annotations,
and a curated list of methanogens and methanotrophs can be found at https://doi.org/10.5281/zenodo.14532347
(E. Bechtold et al., 2024).

2.8. Statistical Analyses

Differences in alpha diversity (Shannon Diversity Index and observed species richness (number of ASVs)),
relative abundance of taxonomic and functional groups (from qPCR and MAGs), and pH both across sample
locations and depths within samples were determined using analysis of variance (ANOVA) followed by Tukey
HSD tests as implemented in R Studio (Wickham, 2016). Linear models were used to assess if relative abundance
of Desulfobacteria was predictive of H,S levels, depth, and their interaction within each wetland along the depth
gradient using the /m function followed by model selection using Akaike's Information Criterion (AIC) and a
regression model conducted using ggpubr in R (Kassambara, 2023). Permutational analysis of variance (PER-
MANOVA) using Bray-Curtis distances was conducted to determine if community differences existed between
sites and based on sampling depth. Results were visualized using non-metric multidimensional scaling (NMDS).
PERMANOVA and NMDS were conducted using the vegan package (Oksanen et al., 2019) and visualized using
ggplot2 (Wickham, 2016). P values from ANOVA and PERMANOVA analyses were adjusted for multiple
comparisons using the Benjamini & Hochberg method (Benjamini & Hochberg, 1995).

3. Results

3.1. Distinct Wetland Hydrology and Chemistry Is Reflected in Variable Microbial Community
Composition

Depth profiles of sedimentary porewater chemistry from each site were characterized using on-site electro-
chemical measurements, supplemented by off-site (at the University of Delaware) analysis of extracted porewater
for total S, DOC, total SUVA,s,, and pH (Figure 1). Although distinct profiles emerged between the cores,
reduced free sulfur (£H,S) was observed in sediment porewater across all three locations (Figures 1a, le, and 1i),
with concentrations increasing with depth. These porewaters also exhibited elevated total S concentrations
(4-8 mM), high DOC concentration (50-200 mg/L), and low SUVA,s, (<2 L-mg C~' m™") (Chin et al., 2023).
SUVA,s, is a measure of the aromatic content of dissolved organic matter (DOM) in porewaters, with higher
values indicating greater aromaticity. Most SUVA,s, values at this site were lower than that of the microbial end
member Pony Lake (PL) fulvic acid (1.7 mg C~'m™), with a few values in P8 falling between the PL fulvic acid
and the terrestrial end member Suwannee River (SR) fulvic acid (3.2 L-mg C™' m™"). The very low SUVA,s,
values observed at this site suggest that the DOM is of low overall aromaticity and highlights the unique
composition of DOM at this site.

Notable differences in £H,S concentrations were observed: Within wetland P7, P7A exhibited concentrations
below 100 pM, whereas P7B contained ~H,S concentrations as high as 500 pM. Wetland P8 showed markedly
higher ZH,S levels, as also noted in prior studies at this site (McAdams et al., 2016; Pennock et al., 2010). In P8,
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2H,S first appeared in shallow sediment depths (0-3 cm) and increased to 1,750 pM in deeper sediments. The
higher concentrations and presence of XH,S at shallower depths led to the detection of FeS in P8 (Figure 1j),
whereas in P7, only free Fe>™ and Fe>*-organic complexes were detected (Figures 1b, 1f, and 1j). Additionally,
P8 was distinguished by slightly lower pH values (Figures 1d, 1h, and 11). Considering that the pH of these
porewaters ranged between 8 and 9 at all locations and knowing that the first pK, of H,S is around 7, it is likely
that ZH,S was predominately present as HS™.

XANES analysis revealed that secondary 2:1 phyllosilicate minerals dominated Fe speciation in both P7 and P8
wetlands in the top 10 cm of sediment (~75 mol%; Table S1 in Supporting Information S1). The remainder of Fe
was in the form of primary silicates. No Fe-bearing sulfide minerals were detected by bulk Fe XANES analysis.
Sulfur speciation for P8 sediments was 75 mol% organic forms (organic monosulfide and ester sulfate; Table S2
in Supporting Information S1) with 4 mol% Fe monosulfide (mackinawite, Fe; , 4,S x = 0-0.11). In contrast, P7
sediments had 31 mol% organic sulfur species and 57 mol% Fe sulfide (greigite, Fe,S,; Table S2 in Supporting
Information S1). The best fits to S XANES data for both P7 and P8 sediments included ~10-20 mol% reference
spectra having disulfide or S-S bonds. In database sensitivity testing, both elemental S (only S-S bonds) and
cystine (R-S-S-R’) provided equally good fits to the data, but the disulfide bonds in the pyrite (FeS,) reference
spectrum did not provide a good fit based on the normalized sum of square parameter. Overall, the majority of Fe
in the sediments was in the form of 2:1 phyllosilicates while organic forms were more important for S speciation.
While the sediments and porewaters are rich in both Fe and S, Fe-S minerals were detected in relatively low
abundance and organic forms of S were abundant, especially in P8.

Microbial communities were sampled at high resolution by sectioning cores every 1 cm, allowing for direct
comparisons to the electrochemistry and geochemistry measurements. Alpha diversity, measured using richness,
was not significantly different based on site or sample depth but was different based on sampling location. P7A,
which was sampled closer to shore, was significantly different from P7B (p = 0.04) and P8 (p = 0.02) which were
both sampled in the middle of the wetlands in deeper water (Figures 2a-2c). Clear community trends were
observed across core depths and sites. Using a PERMANOVA to test statistical differences and an NMDS to
visualize communities, we found that community beta diversity in P7A and P7B were significantly different from
each other (R* = 0.08, F = 5.08, p = 0.014), but that P7A (R*> = 0.55, F = 70.06, p < 0.001) and P7B (R* = 0.48,
F =53.51, p < 0.001) were even more different from P8 than from each other (Figure 2d), thus indicating that
heterogeneity is greater between wetlands despite spatial heterogeneity being present within a given wetland.
Additionally, within each site we observed changes in microbial communities that corresponded with sediment
depth and corresponding variability in pore water chemistry (Table S3 in Supporting Information S1).

3.2. Abundant and Diverse Fermenters Likely Support Respiratory Metabolisms

The MUCC v2.0.0 database is a publicly available database composed of metagenomes, metatranscriptomes, and
amplicon data gathered from freshwater wetlands (E. Bechtold et al., 2024). Previous research using this database
showed that you can link environmentally relevant metagenome assembled genome (MAG) data to 16S rRNA
amplicon data, allowing for trends in functional potential of microbial communities to be linked with geochemical
processes (E. K. Bechtold et al., 2025). Metagenomic sampling is both computationally and cost expensive, and
can require high sequencing depth to capture community taxonomic diversity comparable to that identified
through 16S rRNA amplicon sequencing. By building ecosystem specific databases, functional information can
be linked to amplicon data, allowing for functional predictions of microbial communities in that ecosystem. Using
this database and previously published methods, MUCC was used to link ASVs from 16S rRNA gene sequencing
with metagenome assembled genomes (MAGs) from temperate freshwater wetland environments. MUCC is a
comprehensive resource of MAGs assembled from freshwater wetland samples that reduces the need for
extensive metagenomic sampling. We characterized the microbial community using 16S rRNA gene data and
identified which taxa matched genomes in the MUCC database. All data and relative abundances presented are
derived from 16S rRNA profiles, while functional profiling is based on the genomes from the MUCC database
that correspond to the matched 16S rRNA taxa. Using MUCC we were able to identify diverse anaerobic res-
piratory processes both across sites and sediment depth profiles. E2 (Phylum Thermoplasmatota), an archeal class
composed of the genus SM-150, demonstrated a significantly higher relative abundance in P§ compared to P7
(p <0.001). Additionally, taxa affiliated with the SM-150 genus displayed a depth-dependent decrease in relative
abundance in P8 that was also significantly correlated with ZH,S (Figure S2 in Supporting Information S1), while
no depth or ZH,S trend was observed in either of the P7 sites (Figures 3b, 3e, and 3h). Through genus level
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Figure 2. Alpha diversity, measured using species richness across a depth gradient, in P7A (a), P7B (b), and P8 (c) shows no distinct trends based on depth or site.
(d) NMDS shows community composition has distinct trends between wetlands and based on depth but shows only small differences within wetland sampling sites.
Sediment depth is given based on color while wetland site is shown by different shapes.

identification, we associated SM-150 with 7 unique MAGs in the MUCC database. Subsequent analysis using
DRAM annotations of representative genomes revealed that SM-150 are likely obligate fermenters, requiring
anaerobic conditions and utilizing organic compounds as terminal electron acceptors.

Anaerolinea (Phylum Chloroflexota), one of the two most abundant classes of microbes within the samples
analyzed here, constituted approximately 20% of the communities across both sites. Within the Anaerolinea class,
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Figure 3. Taxa barplots of the most abundant microbial classes (a, d, g) show trends exist over depth and between wetlands. Class E2 composed entirely of an obligate
fermenter from the genus SM-150 had significantly higher abundance in P8 (h) compared to P7A (b) and P7B (e). The class Anaerolinea makes up a large portion of the
communities in P7A (c), P7B (f), and P8 (i) but its relative abundances are not different between sites or along the depth gradient.
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four families (Anaerolineacea, ENVOPs12, JAAYZQO01, UBA4823) made up a substantial portion of the com-
munity with relative abundances found over 2% across both sites (Figures 3c, 3f, and 3i; Figure S3 in Supporting
Information S1). Anaerolineacea matched with 7 unique MAGs from the MUCC database that encoded func-
tional potential for either iron-reduction or fermentation. ENVOPs12 matched with 47 unique MAGs encoding a
wide range of metabolic capabilities including iron reduction, sulfate reduction, thiosulfate reduction, denitrifi-
cation, DNRA, and fermentation. JAAYZQO0! matched with 11 unique MAGs encoding metabolisms capable of
iron reduction, denitrification, DNRA, and fermentation while UBA4823 matched with 41 unique MAGs
encoding genes for iron reduction, thiosulfate reduction, denitrification, and DNRA. Given the reducing con-
ditions within PPR sediments, this diverse functional potential may account for the high relative abundance of the
Anaerolinea class in this ecosystem.

3.3. Sulfur Species Represent Key Sources of Electron Donors and Acceptors Throughout the Sediment
Profile

Putative sulfate reducing bacteria (SRB) (from the Phyla Desulfobacterota, Desulfobacterota B, Desulfobacterota
C, Desulfobacterota E, Desulfobacterota G, and Desulfobacterota I) constituted a substantial proportion of the
microbial communities throughout the entire depth profile in both P7 and P8 wetlands (Figures 4a, 4d, 4g and
Figure S4 in Supporting Information S1). These SRB had significantly higher relative abundances in P8 compared
to P7 (p < 0.001). In P7, SRB relative abundances significantly decreased with depth (p < 0.001), while no
significant depth trend was observed in P8. Within these phyla, 8 bacterial classes were identified at high relative
abundance (>2% within a site) (Figure S4 in Supporting Information S1). Taxa affiliated with Desulfobaccia,
DSM-4460, Syntrophia and Syntrophobacteria exhibited similar trends between sites: their relative abundances
were generally consistent throughout the depth profile (~2—4% relative abundance). In contrast, taxa affiliated
with Dehaloccoidia and BSNO33 were present at increasing relative abundances with depth in both P7 and P8,
with a stronger upward trend in P8. Finally, taxa affiliated with Binatia had lower relative abundances in P8
relative to P7. While these taxa displayed no depth trend in P8, their relative abundances increased with depth
in P7.

Desulfobacteria was the most abundant putative SRB across both sites, with average relative abundances at 7.3%
(P7A), 7.5% (P7B), and 8% (P8) at the sediment-water interface (top 1-cm of sediment). At deeper depths
however (3—10 cm) these taxa displayed consistent depth-dependent decreases in relative abundance across the
sites. When plotted against H,S concentrations, Desulfobacteria relative abundances displayed a strong negative
correlation within the sediment profiles (Figures 4c, 4f, and 4i). In both P7 and P8, AIC-based model selection
identified the model including an interaction between H,S and depth as the best predictor of Desulfobacteria
abundance, indicating a relationship between H,S and Desulfobacteria varies with depth rather than being solely
confounded by it. Desulfobacteria MAGs from genus SpSt-50, a dominant Desulfobacteria in these communities,
encoded both [NiFe] and [FeFe] hydrogenases and thus are likely highly versatile in their ability to use H,, likely
increasing their competitive advantage over hydrogenotrophic methanogens.

Given the high presence of ester-sulfate compounds identified through XANES, the functional potential for
processing of ester-sulfate compounds was assessed within PPR MAGs from the MUCC database, revealing
genes encoding arylsulfatases across a range of SRB affiliated with the phyla Desulfobacterota. 14 MAGs from
the classes BSN033, Desulfobacteria, DSM-4660, DSWWO01, and Syntrophia contained the enzymes, with five
unique genera from the Desulfobacteria class encoding arylsulfatases, including SpSt-50. An additional 72 MAGs
from 24 different bacterial Classes contained arylsulfatases demonstrating the widespread occurrence of sulfation
functionality in the PPR sediment microbial community.

In addition to high prevalence of SRB, putative sulfur oxidizers also comprised a large part of the communities.
The genus Thiobacillus exhibited significantly higher relative abundances in P8 compared to P7(P < 0.001). The
genus was composed of two species: Thiobacillus denitrificans B dominated both sites while Thiobacillus thi-
oparus was present but at lower levels in P7 and P8. Across P7 subsites, Thiobacillus displayed the highest
relative abundances in surface sediment layers, significantly decreasing with sediment depth until it was absent in
the deeper layers (P7A: R*= 0.94, P < 0.001; P7B: R?= 0.9, P < 0.001) (Figures 4b and 4e). In P8 however,
Thiobacillus relative abundances were consistently above 5% and significantly increased with depth (R? = —0.93,
P < 0.001) where there were also higher levels of H,S (Figure 4h).
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Figure 4. Sulfur cycling microorganisms make up a substantial proportion of the communities in P7A (a—c), P7B (d—f), and in P8 (g—i). Sulfate reducing bacteria (SRB)
are found at high relative abundances across sites and depths (a, d, g). Thiobacillus, a sulfur-oxidizing bacteria, was found in high abundance across sites demonstrating
its importance in sulfur cycling in PPR. P7A (b) and P7B (e) showed higher relative abundance in the surface sediments whereas P8 (h) had higher abundance showed a
slight increase over depth. The relative abundance of the class Desulfobacteria, one of the dominant groups of SRB found in PPR, was significantly correlated with the
concentration of XH,S found in each site. Stronger correlations, given by R values closer to —1 and lower p values, were found as H,S levels increased within sites.
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Figure 5. Methanogen (a, d, g) and methanotroph (b, e, h) relative abundance was calculated for each site across the depth gradient. Additionally, methanogenic
pathways are shown. Acetoclastic methanogens are represented in yellow, hydrogenotrophic methanogens in blue, and methylotrophic methanogens in purple. (c, f, i)
The abundance of mcrA gene was calculated using qPCR of the mcrA gene normalized as counts per gram of soil extracted to compare how relative abundance of
methanogens compared to abundance of the mcrA marker gene in P7A (c), P7B (f), and P8 (i).

3.4. Distinct CH4-Cycling Microbes Differentiate Communities Between Prairie Pothole Wetland Sites

Distinct differences in dominant methanogenesis pathways were found between P7 and P8 wetlands, although
conserved patterns persisted in the P7 subsites. In P7, all three methanogenesis pathways were represented at each
subsite, with acetoclastic methanogens the most abundant in P7A and putative methylotrophic methanogens the
most abundant in P7B (5A, 5D, 5G). Depth-related trends observed across P7 subsites showed a minimal presence
at the sediment surface (0—1 cm), a subsequent increase in relative abundances at 2-5 cm, followed by a decline.
These trends mostly aligned with qPCR data of the mcrA gene with a few exceptions, demonstrating a spike and
subsequent decline in mcrA abundance (Figures Sc and 5f). Wetland P8 hosted a distinct methanogen community,
dominated by methylotrophic methanogens from the order Methanomassiliicoccales that increased in both
relative abundance and abundance of mcrA with depth. Although mcrA abundance showed a decline at 9—10 cm
while the relative abundance of inferred methanogens increased, these discrepancies could result from a variety of
factors including differences in microbial biomass and varying numbers of mcrA and 16S rRNA gene copy
numbers. In contrast, acetoclastic methanogens were either entirely absent in certain samples or, when present,
were found in extremely low relative abundances (Figure 5g). Furthermore, sediments from wetland P8 displayed
significantly lower overall methanogen abundance compared to P7A (p < 0.001) and P7B (p = 0.009)
(Figures 5c, 5f, and 5i).

In both P7 and P8, the methanotroph community, as determined from the 16S rRNA gene sequencing profile,
exclusively consisted of aerobic methanotrophs (Figures 5b, Se, and 5h). Within the P7 subsites, a consistent
pattern emerged where genus KS4/ dominated the methanotrophic community in the top 5 cm of sediment.
Deeper subsections in P7A were characterized by the genus Methylobacter A, while P7B exhibited dominance of
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the genus Methylomonas. Notably, both P7 subsites displayed a similar relative abundance of methanotrophs,
with the highest values in the top sediment layers that then decreased with depth. Conversely, P8 displayed a
comparable decreasing trend, but methanotrophs composed a significantly smaller proportion of the community
compared to P7 (p < 0.001) and were dominated by Methylotetracoccus and KS41. Additionally, methanotrophs
were distributed across all sediment layers in P7, whereas they were nearly absent below the top 2 cm in P8.

4. Discussion

In these wetland sediments, differences in sediment biogeochemistry were measured within P7 across two distinct
sampling locations, likely arising from factors including water column depth, inputs of organic material from
nearby plants and their root exudates, and oxygen concentrations (Arnold et al., 2023). However, combined
chemical and microbial analyses revealed that differences between wetlands were significantly greater than these
within-wetland differences. Thus, while the research described in this paper focuses on inter-wetland biogeo-
chemistry and microbiology, future work is needed to fully understand how these same processes vary and in-
fluence CH, flux across small spatial scales within individual wetlands.

The wetlands studied in this work have high concentrations of DOC (50-200 mg/L, Figure 1) resulting in high
rates of microbial metabolism and the rapid onset of anoxia at the sediment-water interface, as evidenced by the
presence of sulfate reducers and methanogens co-occurring in surficial sediments (Dalcin Martins et al., 2017).
Sulfate concentrations are generally low in freshwater wetlands, but pore waters in the flow-through and
discharge wetlands at the PPR complex can receive elevated sulfate concentrations (with a total S concentration of
4-8 mM, Figure 1) from hydrologic connectivity with groundwater circulating through pyrite-containing glacial
till (Van Stempvoort et al., 1994; Zeng et al., 2013). Electrochemical measurements revealed high concentrations
of ZH,S in P8, with levels increasing with depth across all wetland locations. These patterns highlight the
importance of sulfate reduction in driving carbon mineralization in these sediments and align with previous
measurements of high sulfate reduction rates in this system (Dalcin Martins et al., 2017).

The cycling of oxidized and reduced sulfur species in these wetlands is strongly influenced by local redox
conditions, iron availability, and microbial community composition, which together shape distinct sulfur cycling
dynamics between sites. Based on our measurements, we infer that any aqueous sulfate derived from pyrite
weathering is rapidly consumed by sulfate-reducing bacteria (SRB), with the resulting 2H,S reacting with
abundant pore water DOC to form either organic monosulfides or ester-sulfates, depending on the redox state of
the DOC (as indicated by XANES data). In wetland P7, the inferred higher concentrations of ferrous iron in pore
water promoted the precipitation of abundant iron sulfide minerals, particularly greigite, in surficial sediments. P7
also exhibited lower relative abundances of putative sulfur-oxidizing Thiobacillus species which decreased with
depth, suggesting that the sequestration of XH,S in Fe-sulfide phases may limit this metabolism (Gramp
et al., 2010). In contrast, P8 had significantly higher concentrations of XH,S and correspondingly higher Thio-
bacillus relative abundances which increased with depth. While Thiobacillus is often considered aerobic, both
genera of Thiobacillus found in this study can persist under anoxic conditions through the oxidation of XH,S
coupled to nitrate reduction (Townshend & White, 1960; A. Wang et al., 2005). The limited formation of Fe-
sulfide minerals in P8 may reflect reduced Fe availability or rapid microbial oxidation of XH,S before mineral
precipitation, allowing Thiobacillus to thrive on freely available XH,S. Thus in P8, Thiobacillus-mediated
oxidation of £H,S to SO,>~ likely represents a mechanism via which continuous sulfur cycling is supported
within these anoxic wetland sediments.

Variations in sulfide dynamics across sites suggest that competition between sulfate reducers and methanogens is
shaped by site-specific geochemical gradients. Taxa affiliated with Desulfobacteria were the most abundant
putative SRB within this system and likely play an important role in sulfidogenesis. Abundant ester-bound sulfate
in these sediments (Tables S1 and S2 in Supporting Information S1) are not readily bioavailable, and thus the
presence of sulfatase-encoding genes in Desulfobacteria genomes may allow these taxa to access bound sulfur
through enzymatic cleavage and use the released sulfate as a terminal electron acceptor. Sulfatase enzymes were
also encoded by other diverse community members that could further contribute to sulfate availability within the
ecosystem. Members of the Desulfobacteria (i.e., Genus SpSt-501) also encoded both [NiFe] and [FeFe] hy-
drogenases, indicating that they likely act as H, scavengers in these sediments, limiting the availability of H, for
hydrogenotrophic methanogenesis (Lovley et al., 1982). Similarly, SRB have a higher free energy yield than
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methanogens when using acetate as a substrate, resulting in a higher affinity for acetate and a lower abundance of
acetoclastic methanogens (Lovley et al., 1982; Lovley & Klug, 1986; Muyzer & Stams, 2008).

However, the likely activity of SRB and associated production of high levels of 2H,S has significant impacts on
other microbial metabolisms within PPR wetland sediments. High sulfide concentrations are known to cause
toxicity across diverse microorganisms including SRB, thus disrupting certain functions within microbial
communities (Kushkevych et al., 2019; Shakeri Yekta et al., 2023). Indeed, ZH,S concentrations negatively
correlated with Desulfobacteria relative abundances (Figure 4), suggesting that these taxa are enriched in lo-
cations where XH,S concentrations are lower and issues associated with sulfide toxicity may be reduced. Beyond
SRB, high sulfide levels have been associated with reduced presence and activity of acetoclastic methanogens in
wetlands (He et al., 2015). Thus, in addition to SRB-driven competition for substrates needed for hydro-
genotrophic and acetoclastic methanogenesis in wetland P8, sulfide toxicity likely also plays a role in shaping the
methanogen community and their associated activity. The location with the lowest aqueous £H,S concentrations
(P7A) had a higher absolute abundance of mcrA genes. When paired with 16S rRNA gene relative abundance
data, these genes corresponded to methanogens encoding hydrogenotrophic (Methanobacterium A) and aceto-
clastic (Methanosarcina) pathways. In contrast, wetland P8 sediments contained the highest pore water sulfide
concentrations and the lowest abundance of methanogens (inferred from mcrA gene abundances and 16S rRNA
relative abundance data). However, these methanogen populations were dominated by methylotrophic metha-
nogens. The depletion of hydrogenotrophic and acetoclastic methanogens in the presence of elevated sulfide
mirrors studies in marine systems where H, and acetate act as competitive substrates for active SRB that
outcompete the hydrogenotrophic and acetoclastic methanogens (Lovley et al., 1982; Muyzer & Stams, 2008).
Conversely, the relative enrichment of methylotrophic methanogens in high sulfide zones may result from (a)
their ability to use some methylated compounds that are considered noncompetitive substrates, allowing meth-
ylotrophic methanogenesis to co-occur with sulfate reduction (Maltby et al., 2018; Schorn et al., 2022), and (b)
higher free energy yields from this methanogenic pathway, enabling the use of stress tolerance mechanisms in the
face of sulfide toxicity. Some studies have reported widespread tolerance and adaptive strategies to sulfide
toxicity in anaerobic microbes, such as encoding cytochrome bd instead of the more susceptible cytochrome c
(Xia et al., 2018). However, research on the susceptibility of methanogens to sulfide toxicity across different
pathways remains limited, and future studies are needed to better understand the role that sulfide toxicity may play
in methanogenesis within PPR wetlands.

While competition for substrates represents one key mediator of methanogenesis, the production of these com-
pounds also acts as a control point for methanogens. Methanogenesis is frequently supported by the activity of
fermentative microorganisms which generate methanogenic substrates (e.g., acetate, H,) as metabolic byproducts
(Park et al., 2006). In wetland P7, despite lower relative abundance of putative fermenters such as SM-150
compared to P8, we propose that cross-feeding between putative fermenters and dominant acetoclastic and
hydrogenotrophic methanogens results in co-occurrence patterns across the sediment depth profile. In contrast,
putative fermenter SM-150 and dominant methylotrophic methanogens in wetland P8 displayed inverse trends in
relative abundance across the depth profile (Figure S2 in Supporting Information S1), with hydrogenotrophic and
acetoclastic methanogens making up a very small fraction of the methanogen community. In this instance, we
propose that most fermentation byproducts support other reactions such as sulfate reduction and acetogenesis,
with methylotrophic substrates sourced from other processes. Many methylotrophic substrates such as quaternary
amines (e.g., glycine betaine) are found in high abundance in soils and grasslands (Warren, 2013), while
methylotrophic substrates precursors such as dimethylsulfoniopropionate (precursor for DMS) (Tebbe
et al., 2023) are produced by plants during abiotic stress to serve as osmoprotectants and cryoprotectants (Daly
etal., 2016; Karabudak et al., 2014; Kurepin et al., 2015). Furthermore, studies have shown that DMS can be used
by methanogens in the presence of sulfate and active SRB when found in high enough concentrations (S. L. Tsola
et al., 2024, 2021). The wetlands in this study are surrounded by undisturbed prairie grasslands, which could be
contributing methylated compounds into wetland sediments via runoff.

To fully understand CH, flux in a system, CH, oxidation in addition to production needs to be considered. In
freshwater wetlands, it is estimated that methanotrophs oxidize 20%—-80% of CH, before it is emitted, with up to
50% coming from anaerobic oxidation of CH, (AOM) (Jensen et al., 2023; Le Mer & Roger, 2001; Singleton
et al., 2018; Zhao & Lu, 2023). This value contrasts with marine environments, where greater than 90% of
biogenic CH, is estimated to be consumed by AOM (Hinrichs & Boetius, 2003; Knittel & Boetius, 2009;
Reeburgh, 2007). In marine environments, AOM occurs through anaerobic methanotrophic archaca (ANME)
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coupled to sulfate reduction (S-AOM) occurring in the sulfate CH, transition zone. Because freshwater wetlands
typically have lower sulfate concentrations (0.1-0.2 mM) than marine systems (up to 28 mM), S-AOM is
generally thought to play a much smaller role in mitigating CH, emissions to the atmosphere. Despite high levels
of sulfate in the PPR research sites, no ANME were detected in any of the samples collected suggesting S-AOM is
not occurring. While ANME could exist deeper in the sediment depth profile, ANME are also susceptible to
sulfide toxicity (Dalcin Martins et al., 2024; Schmitz et al., 2023). One study found that euxinic conditions (i.e.,
those characterized by anoxia and high conditions of sulfide) resulted in toxicity in ANME even though substrates
were available within the site (Dalcin Martins et al., 2024). At the sites studied here, the varying extent of euxinia
directly corresponds with historical CH, flux, with wetland P8 characterized by the highest sulfide concentrations
and CH, fluxes. While neither wetlands P7 nor P8 contained evidence of ANME, aerobic methanotrophs were
present in both. P7 had higher relative abundance of methanotrophs which also spanned a greater depth gradient
than those observed in P8. While some methanotrophs do possess sulfide detoxification mechanisms, they may
still be inhibited by the high concentrations of H,S characteristic of P8 (Schmitz et al., 2023). Thus, we hy-
pothesize that the low relative abundance of methanotrophs in P8 is likely attributed to sulfide toxicity, resulting
in lower rates of methane oxidation in P8 compared to P7. This likely plays an important role in the higher CH,
fluxes historically observed in P8, despite the lower diversity and abundance of methanogens. However, further
exploration is needed to fully understand this relationship.

Wetlands P7 and P8 at the Cottonwood Lakes Study Area are historically two of the highest CH, emitting
wetlands measured across the United States, although historical data reveals six times greater annual CH, flux
from P8 relative to P7, which was measured continuously over 19 years (Tangen & Bansal, 2019). Here we
propose that the regional hydrogeology and connectivity plays a key role in mediating microbial community
composition and activity within these wetland sediments, with implications for carbon mineralization and CH,
cycling. Existing within a previously glaciated area, PPR wetlands can be categorized as (a) recharge wetlands
which fill through precipitation events thus helping recharge the ground water, and contain low levels of mineral
derived solutes, (b) flow-through wetlands which receive water from shallow groundwater flow from recharge
wetlands, and (c) discharge wetlands which receive water from groundwater discharge. Flow-through and
discharge wetlands therefore have higher solute concentrations due to dissolved minerals transported by
groundwater, with discharge wetlands containing the highest solute concentrations (Euliss et al., 2014; Kirby
et al., 2002). In P8—a discharge wetland—historically higher sulfate concentrations (Dalcin Martins et al., 2017,
Euliss et al., 2014) via both the concentration of solutes and microbial oxidation of reduced sulfur species likely
support the activity of SRB. In turn, this may result in greater competition for H, and acetate and reduced
abundance of hydrogenotrophic and acetoclastic methanogens. Within these sediments, the use of alternative
substrates by methylotrophic methanogens could allow methanogenesis to continue alongside sulfate reduction.
Furthermore, given that sulfide toxicity of acetoclastic methanogens has been shown in other wetland systems (He
et al., 2015), the reduction of acetoclastic and hydrogenotrophic methanogens in P8 could be a result of substrate
competition or sulfide toxicity and thus warrants further investigation. Finally, these higher rates of sulfate
reduction and associated accumulation of sulfide in P8 may also lead to some degree of toxicity for methano-
trophs, resulting in reduced rates of CH, oxidation. Together, these coupled microbial and geochemical processes
suggest that despite high inferred rates of methanogenesis in both wetlands, the differing role of methanotrophs in
the two locations (abundant in P7, absent in P8) likely results in the significant differences in CH, flux to the
atmosphere (Figure 6; Figure S5 in Supporting Information S1).

5. Conclusions

The PPR complex, spanning millions of depressional wetlands across North America, is the tenth largest wetland
complex in the world and a biogeochemical hotspot (Keddy et al., 2009). Here we studied fine-scale patterns in
sediment microbiology and geochemistry to understand the factors mediating differences in CH, flux between
adjacent wetlands. Wetland P8 was characterized by extremely high levels of sulfide, high CH, fluxes, and higher
relative abundances of SRBs and sulfide oxidizers, but lower relative abundances of methanogens and meth-
anotrophs. In contrast, while lower £H,S concentrations in wetland P7 allowed for the persistence of acetoclastic
and hydrogenotrophic methanogens, the inferred activity of methanotrophs likely acted as a key sink in con-
trolling CH, emissions to the atmosphere. Overall, we attribute the highest CH, emissions across these wetlands
to methylotrophic methanogenesis, an underappreciated methanogenesis pathway, co-occurring alongside high
levels of sulfate reduction resulting in an environment where high levels of methane production occurs in the near
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Figure 6. A conceptual figure of the microbial community and pore water chemistry measured in wetlands P7 (two locations) and P8. H,S is scaled based on

measurements taken in this study presented in Figure 1 and CH, annotations are scaled based on historical environmental measurements. Previous work reported annual
CH, flux in P8 was 603.25 g C m~2yr~! compared to 101.48 g C m~2 yr~' in P7 (Tangen & Bansal, 2019). Relative abundances of methanogens are provided for each
pathway (acetoclasts are illustrated in yellow, hydrogenotrophs in blue, and methylotrophs in purple) and relative abundances of methanotrophs are provided in red.
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absence of sediment methane oxidation. Moving forward, understanding how sulfide toxicity and methanogenesis
pathways contribute to CH, flux in these environments will enable a better understanding of regional and global
CH, budgets.
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