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ABSTRACT 

Methane is a potent greenhouse gas that is responsible for ~0.5 ÜC of global warming 

since pre-industrial times. The majority of methane emissions to the atmosphere come from 

microbes, and the impacts of changing climate on ecosystems also affect their methane-cycling 

microbial communities. This relationship between biology and climate forms a feedback loop, 

the nature of which is crucial to characterizing and contextualizing climate change impacts. 

This dissertation discovers novel pathways of methane production and examines methane 

cycling microbial communities from anthropogenically-impacted environments. We developed 

and performed various microbial ecology and microbiology techniques to characterize these 

microbial communities and the physiology of their members. These analyses were done in 

conjunction with the collection of environmental data and methane flux from methane-relevant 

environments, including thawing permafrosts, rivers, and saline lakes. 

Through this research, we demonstrate that methane cycling does not always conform to 

historic assumptions. We identified a novel pathway for aerobic methane synthesis that can be 

conferred to E. coli by the heterologous expression of a single gene. In melting permafrosts, the 

highest methane fluxes emanated from sites with small relative abundances of methanogens near 

the surface, suggesting that the highest methane emissions from the arctic are coming from deep 

permafrost thaw and encouraging caution when modeling methane flux from near-surface 

characteristics. In the Yellowstone River, dissolved methane concentrations imprecisely predict 

flux, a result that also has major implications for methane-emission modeling.  

Additionally, our results indicate that microbial community dynamics can impact 

methanogen physiology and prevalence more than environmental factors. A novel halophilic 

methanogen was discovered in high-methane fluxing soils and brought into culture. The methane 

yield and proteome from cultures of this methanogen were relatively unaffected by changes in 

salinity; however, co-culturing with a particular bacterium significantly altered protein 

expression patterns. In permafrosts, methanogen relative abundance was better predicted by the 

presence of syntrophic bacteria than by environmental conditions. Comprehensively, this 

dissertation highlights the impact of community dynamics on methanogen physiology and 

methane flux in changing environments.



1 

 

INTRODUCTION 

Methane and the Carbon Cycle 

Methane is a potent greenhouse gas with warming potential ~28 times greater than carbon 

dioxide over a 100-year period [1]. Methane emissions to the atmosphere have steadily outpaced 

sinks, resulting in rising concentrations that have contributed 0.3-0.8 ÜC to global warming since 

industrialization [1, 2]. Sources of methane emissions are generally split into natural and 

anthropogenic categories, with natural sources including wetlands and permafrosts, and 

anthropogenic sources including fossil fuel production, agriculture, and ruminants harvested for 

meat production [1]. 

Across both natural and anthropogenic sources of methane, biological production is 

responsible for approximately 60% of all emissions [1, 3]. The primary source of biological 

methane is methanogenesis, a form of anaerobic respiration catalyzed by archaea called 

methanogens. As the most reduced form of carbon, methane occupies a crucial and unique part of 

the biological carbon cycle. The free energy recovered from respiring carbon dioxide to methane 

is lower than the free energy released by the respiration of any other compounds [4]. This low 

energy yield means that methanogens are outcompeted for substrates until other terminal electron 

acceptors are consumed [4-6]. Conversely, methane oxidation to carbon dioxide is 

thermodynamically favorable, and the biological methane cycle is completed by methanotrophs 

that conserve energy through this process. Both aerobic and anaerobic methanotrophy act like a 

methane filter, oxidizing large amounts before it is emitted to the atmosphere [3, 7]. In addition to 

lowering methane emissions, methanotrophs are responsible for the annual drawdown of ~5% of 

atmospheric methane; the remainder is removed through abiotic reactions in the atmosphere [1]. 
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High Methane Environments are Changing 

Methane-cycling microbial communities are favored in ecosystems with large stores of 

organic carbon and low oxygen. Such ecosystems, including freshwater wetlands, animal digestive 

tracts, and landfills, are known for having significant methane emissions [1]. Anthropogenic 

influences that alter these ecosystems also alter the conditions for their methane-cycling microbial 

communities. These changes can increase methane emissions and further impact climate through 

positive feedback [8, 9]. However, the response to climate change and other anthropogenic 

influences differs by environment. For example, both warming temperatures and wetland 

restoration efforts are expected to increase emissions from freshwater environments [9, 10]. On 

the other hand, changing precipitation and land-use patterns reduce methane emissions from 

forests, grasslands, and cropland [10-12]. Environments can even shift between methane sinks and 

methane sources on annual to decadal time scales [12, 13]. Therefore, in order to understand the 

nature of the feedback between biology and climate, it is crucial to study the methane cycle in 

these evolving ecosystems. 

Two extreme examples of environmental change with implications for methane cycling are 

saline lakes and arctic permafrosts. Saline lakes across the globe are drying up and experiencing 

increased salinity [14-16], and studies examining these effects on methane emissions have mixed 

implications. Increasing salinity has been shown to both decrease methane emissions [17-19] and 

have no effect [20], while emissions from previously-inundated sediments have been shown to 

increase during droughts [21]. While salinity and competition for specific substrates inhibit some 

methanogens in saline environments [22], particular halophilic methanogens can still thrive [23]. 
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Understanding the physiology of methanogens under salt stress would help elucidate how methane 

cycling is affected in these altered ecosystems. 

Warming arctic temperatures are thawing permafrost and enabling the methanogenic 

conversion of once-frozen organic carbon to methane [24, 25]. It is clear that higher rates of 

methanogenesis will increase methane emissions from permafrosts as they thaw [26, 27]; 

However, the succession of these environments post-thaw and the implications for methane 

cycling is a topic of current debate [13, 25, 28, 29]. Additionally, many questions remain regarding 

the drivers of extreme spatial variability of methane flux that have been observed across warming 

arctic regions [25-27]. 

Methanogenesis 

The primary source of methane emissions on Earth are microbial methanogens [3], archaea 

that conserve energy through the production of methane. Methanogens use carbon compounds as 

terminal electron acceptors for anaerobic respiration and primarily occupy anoxic niches due to 

the low free energy yield from methanogenesis and the oxygen sensitivity of key methanogenic 

enzymes. Methyl-coenzyme M reductase (Mcr) is the key enzyme in methanogenesis as it 

catalyzes the final reduction of the methyl-group from methyl-coenzyme M to methane [30]. As 

Mcr is essential for methanogenesis, it is encoded by all known methanogens and is used as both 

a marker gene [31] and for methanogen phylogeny [32]. 

Three primary methanogenic pathways exist, carbon dioxide-reducing (often referred to as 

hydrogenotrophic), acetoclastic and methyl-utilizing [30, 33, 34]. In hydrogenotrophic 

methanogenesis, methanogens reduce carbon dioxide to methane using reducing equivalents 

generated from the oxidation of molecular hydrogen or formate. Acetoclastic methanogens oxidize 
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the carbonyl carbon from acetate to provide reducing power for the reduction of the methyl group 

to methane. 

Methyl-utilizing methanogenesis can be further split into two categories: methyl-reducing 

and methyl-dismutating methanogenesis. In methyl-reducing methanogenesis, methylated 

compounds are reduced to methane via the oxidation of hydrogen. In methyl-dismutating 

methanogenesis, methyl groups are disproportionated, with the oxidation of one methyl group to 

carbon dioxide providing the reducing equivalents to reduce 3 methyl groups to methane [35]. 

Microbial community structure plays a large role in regulating methanogen metabolism 

and consequently methane production. The anoxic conditions that favor methanogens also favor 

the production of hydrogen and acetate through fermentation. These substrates can be oxidized by 

hydrogenotrophic and acetoclastic methanogens, leading to a syntrophic relationship between 

bacterial fermenters and methanogens [36]. The bacteria also benefit from this syntrophy as the 

methanogenic consumption of fermentation end products ensures that their metabolism remains 

thermodynamically feasible [37, 38]. While syntrophic relationships enable and increase methane 

production, competition for substrates can reduce methanogenic rates [39, 40]. Hydrogen and 

acetate are also used by sulfate-reducing bacteria (SRB) that conserve energy by reducing of 

sulfate to sulfide. Sulfate reduction has a higher free energy yield than methanogenesis, and SRBs 

generally outcompete carbon dioxide-reducing and acetoclastic methanogens in organic-rich 

environments when sulfate is present [39, 40]. Nevertheless, the substrates for methyl-utilizing 

methanogenesis are usually non-competitive with SRBs, enabling this subset of methanogens to 

thrive under sulfate-rich conditions [23].  
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Aerobic Methane Synthesis 

Methanogens were long thought to be the only organisms that produced methane and their 

sensitivity to oxygen led to the assumption that biological methane production only occurs in 

anoxic environments. This assumption came into question starting in the 1970ôs with the 

observation of supersaturation of dissolved methane in oxic layers of the Atlantic Ocean [41]. 

Despite repeated observations of this methane paradox [42], it was not until 2008 that a mechanism 

for oxic methane production was discovered [43]. This pathway has since been identified across 

aquatic ecosystems and involves reducing the methyl group of methylphosphonate using a C-P 

lyase enzyme as a mechanism of obtaining phosphate in phosphorous-limited environments [44-

46]. Since this discovery, oxic methane production has been identified across various organisms, 

and several new sources of oxic methane production have been identified [47-49]. 

One of these new sources of oxic methane production was discovered in a Yellowstone 

Lake bacterium of the genus Acidovorax [50]. In this newly-discovered metabolism, 

monomethylamine is converted to methane in a reaction catalyzed by the Acidovorax aspartate 

aminotransferase (Aat) enzyme. Importantly, the Aat enzyme plays a central role in nitrogen 

metabolism and is shared across all of biology [51]. To date, only enzymes carried by a subset of 

organisms have been shown to catalyze methane production [30, 44, 49]. This makes the 

ubiquitous encoding of Aat unique among methane-evolving enzymes, and a high prevalence of 

the methane-evolving Aat phenotype across organisms would fundamentally change our 

understanding of biological nitrogen and methane cycling. Nevertheless, it is yet unknown whether 

the methane-producing phenotype of Aat is widespread or restricted to certain organisms or types 
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of Aat enzymes. Further research is needed to determine both the prevalence of methane-producing 

Aat enzymes across taxonomy and the relevance of this metabolism in the environment.  

Techniques to Study Methane-Cycling Microbial Communities 

Two types of methods for studying methane-cycling microbial communities have 

traditionally been used: culture-independent or culture-dependent. Culture-dependent methods 

involve growing organisms in the lab. Culturing has historically been considered the foundation 

approach in microbiology as culturing microbes requires intimate knowledge of their physiological 

requirements. Importantly, culturing allows for testing hypotheses about organisms, including 

through the modulation of growth conditions to examine physiological responses. The key 

limitation of culture-dependent methods is that observations of microbial phenotype in culture are 

likely not representative of how these organisms behave in the environment [52-54]. Additionally, 

only a very small percentage of organisms have been successfully grown in the laboratory leaving 

a large fraction of microbial diversity and function that cannot be studied using these methods [55, 

56]. 

An important complement to culturing studies have been culture-independent methods. 

These methods alleviate many of the difficulties and biases of culturing by analyzing microbial 

communities directly from environmental samples. Two of the most commonly employed culture-

independent methods, gene amplicon and metagenomic sequencing, involve the extraction of all 

DNA from an environmental or complex sample. In gene amplicon analyses, marker genes are 

amplified from extracted DNA using primer sets that are intentionally complementary to a wide 

diversity of sequences. This enables a survey of the microbial community through the lens of a 

single [57] or several genes in parallel [58]. These methods can be especially useful for studying 
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methanogens which can be identified in these surveys via functional (mcr) and taxonomic (16S 

rRNA) marker genes [31]. In metagenomics, all extracted DNA is indiscriminately sequenced, 

allowing for the prediction of metabolisms encoded by a microbial community. Additionally, 

assembling the sequenced DNA into metagenome-assembled genomes enables linking microbial 

taxonomy to functional potential in individual populations. Metatranscriptomics and 

metaproteomics are analogous to and often paired with metagenomics but interrogate community 

mRNA or protein, respectively, thus enabling the assessment of the realized metabolic potential 

and activity of microbial communities [59, 60]. 

The limitations of culture-independent methods vary by technique. DNA-based methods 

are the most effective at elucidating complex or poorly-characterized sample types, but they only 

provide predictions about metabolic potential and provide no information on whether microbes are 

active or if that metabolic potential is realized. Metatranscriptomics and metaproteomics enable 

the detection of activity and metabolic function but are difficult to use on diverse and/or poorly 

characterized sample types [59, 61, 62]. Additionally, these techniques provide data that represents 

the average of a community or population, thereby discounting intra-population variability. 

Next-generation physiology approaches are a subset of culture-independent methods that 

address some of their limitations [52]. These methods enable the study of individual cells with 

particular phenotypes under in situ or amended conditions. Cells can subsequently be separated 

from the bulk community and used for amplicon sequencing [63], metagenomics [64], or culturing 

[65]. This allows for directly linking specific microbes to their roles in the environment. 

Using combinations of the approaches listed above enables a more complete understanding 

of how methane-cycling microbial communities function and respond to changes in their 
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environment. Performing these combinatorial microbial techniques in parallel with the collection 

of environmental metadata and methane flux provides the best opportunity to understand methane-

cycling communities and how they change concurrently with their ecosystems. 

Outline of this Dissertation 

The work presented in this dissertation improves our understanding of methane-cycling 

microbial communities. Of particular interest is how these communities and the methane-

producing microbes within them respond to changing environmental conditions and anthropogenic 

input. A holistic understanding of methane-cycling organisms in their changing environments is 

crucial to defining the nature of the feedback loop between biology and climate. The following 

chapters elucidate the dynamics of methane-cycling microbial communities through the use of 

culture-dependent, culture-independent, and next-generation physiology techniques, as well as the 

collection of pertinent environmental data. 

Chapter Two is a first-author publication submitted to Microbiology Spectrum [66]. This 

chapter examines the physiology of a halophilic methanogen cultured from the Great Salt Lake 

across changing environmental conditions. This work combines culture-dependent and 

independent techniques to link methanogen physiology to the environment.  

The third chapter represents a second author publication in Environmental Research Letters 

that examines the environmental and microbial drivers of extreme spatial heterogeneity in methane 

flux from thawing permafrosts [67].  

The fourth and fifth chapters investigate a novel pathway for aerobic methane synthesis. 

Chapter Four is a publication in Proceedings of the National Academy of Sciences of the U.S.A. 

documenting the discovery and characterization of this pathway [50]. Chapter Five consists of 
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unpublished data that builds upon the PNAS paper to determine the pathwayôs prevalence and 

environmental relevance.  

Chapter Six describes a project that uses a next-generation physiology technique to 

compare the active river microbiome to methane flux across a land-use gradient along the 

Yellowstone River. This project represents the first use of BONCAT-FACS on a river system; 

unfortunately, low biomass and contamination prevented confident interpretation of the microbial 

data.  

The seventh chapter is not directly related to methane, though the project did stem from 

methanogenic enrichment cultures. In this unpublished work, we present the first cultivation and 

visualization of a member of the Woesearchaeota phylum using both culture-dependent and 

independent techniques. 
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Abstract 

 Methanogenic archaea affect the climate through their production of the greenhouse gas, 

methane. However, it is unclear how a changing climate and other anthropogenic influences impact 

methanogen physiology and consequent methane flux. The Great Salt Lake (GSL) is an 

environment that has been heavily impacted by human activity; more than doubling its salt 

concentration since the last methanogen was cultured from it in 1985. In this study, we enriched a 

novel methanogen, for which we propose the name Candidatus Methanohalophilus hillemani, 

from the GSL at a time when its salinity reached a historical high. Interestingly, Ca. M. hillemani 

does not increase expression of energy-conservation or osmo-tolerance proteins when challenged 

with salinity or oxygen. In contrast, Ca. M. hillemani prioritizes trace metal uptake and immune 

functions in response to the presence of the sulfate-reducing bacterium Desulfovermiculus. 16S 

rRNA gene amplicon data from GSL shore soils with extremely high and variable methane flux 

indicated the presence of Ca. M. hillemani. Our results show that Ca. M. hillemani is active when 

challenged with environmental stressors and contributes to the methane flux emanating from the 

GSL. 

Importance 

Methanogens are microbes that affect the climate through their production of the 

greenhouse gas, methane. Changes in climate and land-use patterns are drying up saline lakes, 

damaging their unique economic and ecological value. As lake levels across the globe fall, it is 

unclear how methanogens and the amount of methane they produce will concurrently shift. In this 

study, we measured high methane output from the Great Salt Lake (GSL) across seasons and 
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identified a novel methanogen as part of a larger methanogenic community that is responsible for 

these methane emissions. We cultured this novel methanogen from GSL sediments and determined 

that its methane production was largely unaffected by stress conditions. Our findings indicate that 

methanogens in saline environments, including a novel cultivated species, may be important 

sources of methane and will continue to produce methane as salinity increases. 

Introduction 

Methane is a potent greenhouse gas that has contributed 0.3-0.8 C̄ to global warming since 

the start of the industrial revolution [1, 2]. Approximately 60% of methane emitted to the 

atmosphere is produced by methanogens, archaea that couple the production of methane to energy 

conservation [2, 3]. Due to the oxygen sensitivity of key enzymes in their metabolism, as well as 

the comparatively low free-energy yield of methanogenesis, it was long assumed that methanogens 

are restricted to anoxic environments with large stores of organic carbon. Specifically, wetlands, 

melting permafrosts, rice paddies, and animal digestive tracts are known for their high methane 

fluxes [2] and have been extensively studied, together with methanogens therein, due to their 

influence on climate change. However, many additional ecosystems contribute to the methane 

cycle. Environments experiencing fast changes due to anthropogenic influence are of particular 

interest because the magnitude and direction (i.e. emission vs. uptake) of methane flux can change 

on annual to decadal scales [4-7]. 

The Great Salt Lake (GSL) and other major terminal lakes around the globe are being altered 

by human activity [8-10]. Increased upstream water consumption and evaporation due to higher 

temperatures are causing lake levels to plummet [11-13]. In terminal lakes, a decrease in water 

volume is accompanied by an increase in salinity. It is well known that halophilic methanogens 
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produce methane under hypersaline conditions [14], however, how they respond to increasing 

salinity, and how this impacts methane flux, is not well known. Recent studies suggest that 

increasing salinity in freshwater systems decreases methane emissions [15], but also that droughts 

will increase methane emissions from once-inundated sediments [16]. Studies specifically 

examining salinity gradients have shown mixed results, with some reporting no correlation 

between salinity and methane emissions [17] and others finding a negative relationship [18, 19]. 

These results have contradictory implications for methane emissions from drying terminal lakes, 

including the GSL. Unfortunately, data examining emissions from these unique environments is 

rare and to the best of our knowledge, only one study has quantified methane flux from a terminal 

lake [20], which measured low and spatially homogenous methane emissions from the GSL. 

Methane production has been observed from GSL sediments [21], and a halophilic methanogen, 

Methanohalophilus mahii, was isolated from the GSL in 1985 [22-24]. Despite these observations, 

many microbial community analyses of the GSL did not find or mention methanogens [25-27].  

M. mahii is a methyl-dismutating methanogen that thrives at 7-12% NaCl [23]. The 

Methanohalophilus genus includes six described species and several strains [28, 29]. Besides the 

GSL, these species were isolated from deep sea salt brines, deep shale reservoirs, hypersaline bays, 

and salt pans [29-33]. Known members of the Methanohalophilus genus all share methyl-

dismutating methanogenesis from MMA, DMA, TMA (with one exception [34]) and methanol, 

but are incapable of growing via acetoclastic or CO2-reducing hydrogenotrophic methanogenesis. 

The salinity range varies by organism, but they have been shown to grow with NaCl concentrations 

from 1% to 20% [28]. They tolerate osmotic stress through both ósalt-inô strategies with many ion 

symporters and antiporters, and via the biosynthesis of the compatible solute, glycine betaine [34]. 
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All members of this genus also universally encode genes for the detoxification of O2, including 

thioredoxins, peroxiredoxins, alkylhydroperoxidases, and superoxide reductase [28]. 

 In this study, we cultured a novel species of the genus Methanohalophilus from the GSL 

for which we propose the name Candidatus Methanohalophilus hillemani. Using metagenomics 

and metaproteomics, we describe its unique features and explore how this organism responds to 

environmental stressors, including salinity. Finally, we quantify methane flux from the GSL and 

identify the microbes responsible. We combine environmental, microbiological, and meta-omics 

techniques to examine how this methanogen responds to changes experienced in the GSL. 

Materials and Methods 

Collection of Samples and Cultivation 

Microbialite material was collected in July of 2022 from Bridger Bay in the South arm of the GSL 

(Supplementary Figures 1, 2). Methanogens were enriched by adding 10 mM MMA to 0.2 Õm 

filter-sterilized GSL water. Lake water was eventually replaced by media designed by Paterek and 

Smith [22], originally used to isolate Methanohalophilus mahii, but adjusted to the salinity of the 

current GSL (16%). 

Methanohalophilus enrichment cultures were grown in Paterek and Smith 1985 media [22], 

with differing concentrations of salts and TMA, and without the addition of volatile fatty acid 

solution and sodium sulfide. The headspace consisted of a 50/45/5 ratio of H2/N2/CO2 at ambient 

pressure (~90 kPa in Bozeman, MT). The anoxic media included the following salts to reflect the 

salinity of GSL water from April 13th 2023: 100 g/L NaCl, 45 g/L MgCl2, 5.5 g/L KCl, 1.5 g/L 

CaCl2, 0.13 g/L LiCl, 19 g/L Na2SO4, 0.5 g/L NH4Cl. Additionally, the media contained (per L): 

500 ÕL of 1 g/L sodium resazurin solution, 10 mL of DSMZ 141 trace element solution, 23.81 mL 



22 

 

of 1 M sodium bicarbonate, 18.87 mL 1 M sodium carbonate, 5 mL of 40 g/L 2-mercaptoethane 

sulfonic acid sodium salt (Coenzyme M), and a small spatula tip (1-2 mg) of sodium dithionite as 

reductant. The pH was adjusted to ~7.5 and cultures were grown in 9.5 mL of medium in 70 mL 

serum bottles. Vancomycin and streptomycin (10 ÕL of 50 mg/mL), 200 ÕL of 1 M TMA, and 300 

ÕL of carbon source mix [22] were added to each bottle. Bottles were inoculated with 100 ÕL from 

the previous culture and grown at 30 ÜC for approximately one month prior to transfer. 

Methane Measurements 

Methane was measured via GC-FID as previously described [35] with the following 

modifications: (i) 1 mL of sample was injected into autosampler vials instead of 250 ÕL, (ii) a 3 

mL plastic BD syringe equipped with a sample lock was used in place of a Hamilton syringe, and 

(iii) an Rtx-1 GC Capillary column was used instead of a GS-CarbonPLOT column. 

Gene Amplicon Analysis 

16S rRNA gene analysis was performed as described in Krukenberg et al. [36] using Earth 

Microbiome Project primers 515F and 806R [37, 38]. The mlas-mod-F and mcrA-rev-R primers 

and the touchdown amplification program from Angel et al. 2012 were used to amplify the alpha-

subunit of methyl-coenzyme M reductase (mcrA) [39]. Further details can be found in the 

supplementary methods section. 

Metagenomics 

A combination of Illumina short-read and Nanopore long read sequencing, following an 

established workflow [35] with some modifications, was used to obtain the circular genome of Ca. 

M. hillemani str. BB. Fragmented but complete (>99.5 %) genomes were also generated for 



23 

 

Halanaerobium and Desulfovermiculus spp.. The genomes can be found with the following 

accession numbers for Ca. M. hillemani closed genome, Desulfovermiculus sp., and 

Halanaerobium sp., respectively: SAMN54119603, SAMN54119604, SAMN54119605. Details 

on sequencing, assembly, annotation, and genome comparisons are described in the supplementary 

methods section. 

Salt Stress Experiment 

For methane production and metaproteomics experiments, Methanohalophilus enrichment 

cultures were grown (i) as the control (176 g/L total salts; 50/45/5 of H2/N2/CO2 headspace), (ii) 

with a 100% N2 headspace, (iii) in low salt media (114 g/L salts; 50/45/5 of H2/N2/CO2 headspace), 

(iv) high salt media (227 g/L salts; 50/45/5 of H2/N2/CO2 headspace), and (v) micro-oxic 

conditions (176 g/L total salts; 50/45/5 of H2/N2/CO2 headspace plus 1 mL of filter-sterilized room 

air injected into the headspace every four days, achieving ca. 0.35% O2 upon first injection). The 

ratio of the different salts for all conditions was the same as described for the media above, with 

each salt being decreased or increased proportionally to achieve the final concentrations. Cultures 

grown under control conditions were transferred (1:100) into bottles with these conditions. To 

acclimate the test cultures to stress conditions, they were grown under these test conditions for 

three transfers before methane data was recorded during the fourth generation. That culture was 

then used to inoculate a fifth generation, which was harvested in mid-log phase (based on methane 

production) for the metaproteomics experiment and the 16S rRNA gene community analysis (n=3 

replicates for each condition). 
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Metaproteomics Sample Preparation and Data Analysis 

The harvested cultures were sent to the Pacific Northwest National Laboratory (Richland, 

WA, USA) where 200 Õg of protein was used for digestion. MS analysis of the peptides was 

performed using an Orbitrap Exploris 480 mass spectrometer (Thermo Scientific, Waltham, MA, 

USA). Peptide matching from the acquired datasets was performed using MSGF+ software [36] 

against target meta-proteome composed from sequenced genomes (see Supplementary Methods). 

Peptide abundances, integrated as area under the peptide elution peaks, were produced from raw 

spectra using in-house developed software MASIC [37]. MASIC peptide abundances were log2 

transformed to remove skewness in the distribution of measured abundances. Peptide abundances 

were corrected for the relative abundance of organisms using the summed area under the peptide 

curves mapping to each organism. Transformed abundance values of peptides, and later proteins, 

were normalized using mean central tendency method implemented in InfernoR software [38]. 

Unless otherwise indicated, all proteomic data presented in this study represents normalized 

protein abundances. Raw proteomics data has been deposited at massIVE under accession number: 

MSV000100495. Further details can be found in the supplementary methods section.  

Methane Flux Measurements 

 Methane flux data was collected in transects, perpendicular to the shoreline, at Bridger Bay 

in the south arm of the GSL using A Li-COR 7810 trace gas analyzer (Li-COR, Lincoln, NE, 

USA). Terrestrial flux measurements were made as previously described [39], but with a one-

minute measurement period and a 10 second deadband time. To generate depth-resolved 16S rRNA 

gene amplicon data, soil cores were collected from within the boundary of the terrestrial collar 

which registered the highest methane flux. Aquatic flux measurements were done using a custom-
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made floating flux chamber to take duplicate, one minute, flux measurements. Aquatic fluxes were 

calculated from the linear change in methane concentration over time, as previously described 

[40]. 

Results and Discussion 

Enrichments of a Novel Methanogen 

Microbialite and water samples from Bridger Bay in the South arm of GSL were collected 

in July 2022, when the water level was at its lowest in recorded history (Supplementary Figure 3). 

Methanogens were enriched using the growth medium used to isolate Methanohalophilus mahii 

[22]. We increased the salinity of the medium to match GSL water from April 13th 2023, provided 

a headspace consisting of 50% H2, 45% N2, and 5% CO2, and used trimethylamine (TMA) as the 

methanogenic substrate. The culture also produced methane from MMA, DMA and methanol, but 

not from glycine betaine or hydrogen and carbon dioxide (Supplementary Figure 4). 

After 21 months of enrichment, 16S rRNA gene amplicon sequencing indicated that the 

culture consisted of 63% Methanohalophilus, 20% Desulfovermiculus (a sulfate reducing 

bacterium - SRB), and 16% Halanaerobium (an anaerobic fermenter). An additional 25 taxa 

contributed to the remaining <1% of the 16S rRNA gene reads. Metagenomic sequencing of this 

sample with both Illumina and Oxford Nanopore enabled assembly of a circular Methanohalophilus 

genome (2.09 Mb). Sequence coverage indicated that the culture consisted of 80% 

Methanohalophilus, 7% Desulfovermiculus sp., 4% Halanaerobium sp., with 9% of sequences 

remaining unbinned. In addition to these three assembled genomes, the metagenome contained 

16S rRNA gene sequences belonging to Vibrio cholerae, a Desulfohalobium sp., and an 



26 

 

Izimaplasma sp.. Attempts to isolate the methanogen using dilution to extinction, colony-picking 

from solid media, and additional antibiotics were not successful. 

Characterization of the Novel Methanogen Ca. 

Methanohalophilus hillemani 

This newly assembled Methanohalophilus genome shares less than 95% ANI with all other 

genomes within its genus, indicating a novel species [41] and only 91.2% with M. mahii (Figure 

1A). The 16S rRNA gene is less than 99.3% identical to other species, noticeably lower than other 

Methanohalophilus species to each other (Supplementary Figure 5). We propose the name 

Candidatus Methanohalophilus hillemani strain BB for this archaeon (see etymology section in 

the supplementary online materials).  

 

 
Figure 1: Ca. Methanohalophilus hillemani represents a novel species within the genus 

Methanohalophilus . (A) Pairwise average nucleotide identity (ANI) and average amino acid 

identity (AAI) on bottom left and top right, respectively, demonstrating Ca. M. hillemani 

represents a new species within the Methanohalophilus genus. (B) Maximum likelihood tree of 

65 aligned and concatenated single-copy Methanohalophilus proteins constructed with FastTree 

v2.1.11 [42] and 1,000 bootstraps. Circles represent bootstrap values. Nodes with <50 support 
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were collapsed. Accession numbers for the other Methanohalophilus species can be found in SI 

Table 1. 

Comparing protein-coding sequences encoded by Ca. M. hillemani to all other 

Methanohalophilus spp. showed it shares the major characteristics of the genus, including methyl-

dismutating methanogenesis from MMA, DMA, TMA, and methanol [23, 28, 34]. Like the other 

species, Ca. M. hillemani lacks hydrogenases that would be required for hydrogenotrophic methyl-

reducing methanogenesis. Other conserved functions across the genus include glycine betaine 

transport and synthesis, synthesis and usage of the 22nd amino acid, pyrrolysine (Pyl), and O2 

tolerance via thioredoxins, peroxidases, superoxide reductases, and peroxiredoxin. Unique genetic 

features of Ca. M. hillemani as compared to other members of the genus Methanohalophilus are 

discussed in the Supplementary Results section. 

Increasing Salinity in the Great Salt Lake 

The biomass that led to culturing Ca. M. hillemani was collected from the GSL in July 

2022, when the lake was at its lowest recorded level (Supplementary Figure 3). Additionally the 

sample came from Bridger Bay, which was cut off from the main lake by low water levels, leading 

to a salinity much higher (~24%) than the rest of the south arm of the GSL (~17%). Na+ and Cl- 

concentrations at this time were 3.6 and 4.2 M, respectively, more than twice the concentrations 

of these ions measured by Post et al. in 1977 (1.6 and 1.8 M) [43]. In contrast, Methanohalophilus 

mahii was isolated in 1985 [22], right before GSL reached recorded high water levels 

(Supplementary Figure 5). This led us to the hypothesis that Ca. M. hillemani may be adapted to 

higher osmotic stress levels as compared to M. mahii. 
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Methane Production under Salt Stress 

To understand how stressors in the GSL ecosystem might impact Ca. M. hillemani, control 

cultures were compared to those incubated under low salt, high salt, 100% N2, and micro-oxic 

conditions (see methods, above). Proportions of major salt ions in all conditions matched the GSL, 

which contrasts previous work on the genus that had only modulated NaCl concentration [22, 29, 

44]. The lag time for methane production increased slightly with increasing salinity (Figure 2A). 

Nevertheless, the overall methane yield for Ca. M. hillemani cultures was consistent across all 

conditions tested (Figure 2A). Mass balance of the methyl groups provided via TMA shows that 

after 16 days 68 - 77% was converted to methane, consistent with the 75% value for methyl-

dismutating methanogenesis that has been reported for some euryarchaeotal methanogens [45, 46]. 

16S rRNA gene amplicon data showed that Ca. M. hillemani was the most abundant 

member in all conditions (Figure 2B); however, the community composition of these cultures 

differed significantly from the 3-species enrichment indicated by the metagenome. The control, 

low salt, and high salt conditions contained primarily (>68%) Ca. M. hillemani, while 

Desulfovermiculus was the only other organism with a relative abundance over 0.5%. Over 96% 

of amplicons in the O2 condition belonged to Ca. M. hillemani. By contrast, in the N2 condition 

40% of amplicons belonged to Ca. M. hillemani and less than 0.1% to Desulfovermiculus. An 

Izimaplasma species that was absent from all other samples represented 24% of the community, 

and the Halanaerobium species that made up <0.1% of amplicons in all other conditions, 

constituted 30% in the N2 condition. Despite differences in culturing conditions and community 

composition, especially in the N2 cultures, all conditions yielded the same amount of methane. 
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Figure 2: Ca. M. hillemani produces similar amounts of methane under a variety of conditions. 

(A) Methane production of the Methanohalophilus enrichment culture grown under various 

stress conditions. Error bars (where visible) represent the standard deviation of triplicate cultures. 

(B) Community composition of same samples that were processed for metaproteomics, as 

assessed by 16S rRNA gene amplicon sequencing. Amplicon sequence variants that constituted 

less than 0.5% of the total community were clustered into the ñOtherò category. 

Metaproteomics 

To understand the biological basis for Ca. M. hillemaniôs consistent methane production 

across stressful conditions, we performed metaproteomics. Triplicate cultures were harvested in 

mid-log phase and peptides from cultures of each condition were mapped to predicted proteins 

from the assembled genomes. Because no bins could be retrieved from Izimaplasma and 

Desulfohalobium from the N2 condition, we were not able to map peptides to these organisms. 

 

 



30 

 

Stress Conditions Do Not Impact Methanogenesis Protein 

Expression 

For all conditions, the proteins involved in the methyl-dismutating methanogenesis 

pathway were among the top 10% of Methanohalophilus proteins expressed (Supplementary 

Figure 6). The proteins responsible for the transfer of a methyl group to coenzyme M and its 

subsequent reduction to methane were all among the top 1%, with one exception 

(methylcobamide:CoM methyltransferase ï in the top 1.1% of the N2 condition). The only 

methanogenesis-related protein that was differentially expressed was an MMA-methyltransferase 

protein found in the control condition but not in the O2 condition (Figure 3). However, Ca. M. 

hillemani encodes two copies of this protein, and the other copy was in the top 1% of proteins 

expressed in the O2 condition, suggesting that the methanogenic pathway was not impacted.   

 It was previously reported that in response to long-term high and low-salt stress, 

Methanohalophilus portucalensis transcripts for methylamine methyltransferases and corrinoid 

proteins were upregulated [44]. Conversely, we show that the Ca. M. hillemani methanogenic 

proteome is highly and uniformly expressed, regardless of high or low salt concentrations. One 

possible explanation for the lack of observed methanogenic protein expression response, is the 

high basal expression of energy-conservation proteins (Supplementary Figure 6). This may be 

advantageous in an environment with constant stressors that require large amounts of energy to 

tolerate (i.e. osmotic and oxidative stress). This strategy could be especially feasible in the GSL, 

where methylated amines are likely always in high abundance due to the production of a metabolic 

precursor, glycine betaine [47], as a compatible solute.  

 Another possibility is that methanogenic protein activity, as opposed to abundance, is post-

translationally regulated in response to stress. An investigation of protein phosphorylation in 
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Methanohalophilus portucalensis found that 26% of the phosphorylated proteins were involved in 

methanogenesis, energy conservation, and osmolyte biosynthesis [48]. That study found that a 

mutated glycine sarcosine N-methyltransferase (responsible for glycine betaine synthesis), 

modified to act like a phosphorylated version, had reduced activity that resulted in lower salinity 

tolerance when expressed in E. coli. While they did not have analogous data for phosphorylated 

methanogenic proteins, they demonstrate that Methanohalophilus proteins can be regulated 

beyond the level of protein expression. The transcriptomic and proteomic findings discussed here, 

together with the lack of differential expression of methanogenic proteins, suggests that future 

work on the Methanohalophilus genus should examine forms of regulation downstream of protein 

expression. 

Limited Number of Proteins Differentially Expressed in 

Response to Changing Salinity 

 Contrary to our expectations, low and high salt conditions resulted in relatively few 

proteins that were both highly and differentially expressed, compared to the control (Figure 3). 

Both high and low salt conditions showed two upregulated proteins from an iron transport system, 

FeoA and FeoB, of which FeoA was not detected in the control. Of the many DNA repair proteins 

encoded by Ca. M. hillemani, none were both upregulated and expressed above median protein 

expression in the high salt condition. The lack of DNA-repair protein expression in response to 

high salinity was unexpected [49], though basal expression of several of these proteins was 

observed in the control. Alternatively, the need for DNA repair may be mitigated by osmo-

tolerance via high expression of compatible solute. pathways. Indeed, glycine betaine synthesis 

and import genes are in the top 10% of expressed proteins in the low-salt, high-salt, and control 
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conditions. As discussed above, post-translational regulation could also play a role in osmo-

tolerance without requiring differential expression of proteins [48]. 

Protein expression was more affected by the O2 growth condition. Two proteins associated 

with protein modification and two DNA-repair proteins were up-regulated and expressed above 

the median (Figure 3). An additional three DNA-repair proteins were up regulated but not 

expressed above the median. Thiamine is known to confer antioxidative stress properties; two 

proteins involved in thiamine biosynthesis, hydroxyethylthiazole kinase and thiamine phosphate 

synthase, were upregulated in the O2 condition. Surprisingly, none of the oxygen detoxification 

genes were upregulated. Constitutive expression could also explain this lack of response to 

oxygenðsuperoxide reductase, peroxiredoxin, and catalase-peroxidase are all in the top 10% of 

expressed proteins in the control.  
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Figure 3: Ca. Methanohalophilus hillemani differential protein expression between control and 

test conditions. Maximum differentially expressed proteins occurred between the control and N2 

conditions, all of which were more highly expressed in the control. Down-regulated proteins in 

the N2 condition included proteins involved in immune response, metal metabolism, and the cell-

surface. Proteins shown in this figure meet three criteria: (i) above median normalized protein 

expression for that condition; (ii) statistically significantly differentially expressed (p < 0.05); 

and (iii) function could be predicted (i.e. hypotheticals not included). A negative log fold change 

indicates the protein was more abundant in the control, positive indicates more abundant in the 

test condition. Asterisks in the boxes indicate that the protein was not detected in either that test 

condition or the control and a log2 fold change of 10 or -10 was imputed. Bolded proteins 

indicate that the coding sequence for this protein was unique to Ca. M. hillemani and no 

homologs were identified in other Methanohalophilus genomes. Proteins with grey boxes do not 

indicate absence in a specific condition, but that the protein did not meet all three criteria listed 

above. See Supplementary Tables 3-7 for raw values.  
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Unique Ca. M. hillemani Proteins are Differentially 

Expressed in the N2 Condition 

When comparing the number of differentially expressed proteins between the control and 

test conditions, the N2 condition resulted in twice as many differentially expressed proteins 

(Supplementary Table 8). This was consistent when filtering for only the proteins that were 

expressed above the median for each condition or control (Supplementary Table 9). Notably, all 

26 differentially and highly expressed Ca. M. hillemani proteins in the N2 condition were less 

abundant than in the control (Figure 3). Additionally, eight of these 26 differentially and highly 

expressed proteins are unique proteins to Ca. M. hillemani, among the Methanohalophilus genus 

(see Supplementary Results). However, none of these unique and highly expressed proteins were 

detected in the N  condition; in contrast, all eight were found in every other condition, with seven 

expressed above the median. We hypothesize that these distinct protein expression patterns in the 

N2 condition are due to the differences in community composition (Figure 2B). 

Metal Uptake, DNA Repair, and Immunity Down-

Regulated in the N2 Condition 

Down-regulated functions in the N2 condition included immune response and DNA repair, 

cell-surface features, and metal metabolism (Figure 3). A cobaltochelatase and a cobalt/magnesium 

transporter were not detected and down-regulated 19-fold, respectively, in the N2 condition (Figure 

3). Additionally, one iron transporter was down regulated 29-fold and two other iron transporters, 

detected in all other conditions, were absent from the N2 condition. 

 Highly expressed immune-response and DNA-repair proteins were noticeably absent from 

the N2 condition. Seven proteins in this category (Figure 3) were undetectable in the N2 condition 

yet were expressed above the median in all other conditions. Eleven additional proteins involved 



35 

 

in immune response or DNA repair were also detected in every condition except for N2. These 

included two CRISPR-related proteins, two proteins involved in the sulfur-modification of DNA 

[50], four DNA helicases, two DNA repair proteins, and an additional copy of the type 1 restriction-

modification system protein, HsdS. 

Ca. M. hillemani is Adapted to Sulfide Stress and 

Competition with Desulfovermiculus 

 The genomic and proteomic data do not support the hypothesis that osmotic tolerance 

distinguishes Ca. M. hillemani and M. mahii. Both species are genetically capable of synthesizing 

and taking up the compatible solute, glycine betaine, and both encode ion transporters to maintain 

osmotic balance. While Ca. M. hillemani encodes unique proteins involved in DNA repair and 

immune response, it encodes no unique proteins predicted to specifically promote osmotolerance 

(Supplementary Table 10). In fact, differing salt concentrations resulted in a relatively small 

proteomic change in this halophilic methanogen. 

Instead, the main proteomic differences were observed from the N2 condition. Immune-

response and DNA-repair proteins, including proteins unique to Ca. M. hillemani, were highly 

expressed in all conditions except for the N2 condition. It was previously shown that DNA-repair 

transcripts were upregulated by methanogens in response to the presence of sulfide [51]. 

Additionally, high levels of sulfide can be detrimental to methanogens [52, 53] and known to 

damage DNA [54]. Sulfide is produced by SRBs using H2 as an electron donor, and notably, all 

conditions in our study, except for the N2 condition, contained a headspace with 50% H2. While 

we did not take sulfide measurements during the proteomics experiment, conditions with H2 in the 

headspace yielded cultures with a 15-500 times higher relative abundance of the SRB 

Desulfovermiculus, compared to the N2 condition (Figure 2B). A different SRB, Desulfohalobium, 
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was present in the N2 condition at lower relative abundances. However, since no bin for this genus 

was retrieved from our metagenome, we were unable to map proteins to this organism. Together, 

these results indicate that either high levels of sulfide or the presence of the specific SRB 

Desulfovermiculus induced a distinct proteomic response by Ca. M. hillemani. Unique immune-

response and DNA-repair proteins expressed by Ca. M. hillemani in the presence of 

Desulfovermiculus potentially represent novel adaptations to protect or repair DNA from SRB-

related damage. 

 Additionally, reduced expression of metal uptake and chelation by Ca. M. hillemani in the 

N2 condition, compared to all other conditions, suggests competition for metals with 

Desulfovermiculus. Cobalt is crucial for methyl-dismutating methanogenesis as it is the cofactor 

in corrinoid proteins used to transfer methyl groups to MCR (Supplementary Figure 6) [55]. 

However, the conversion of sulfate to sulfide by SRB can directly diminish the availability of 

cobalt through Co2+ - sulfide co-precipitation [56]. Additionally, SRB utilize cobalt as an 

enzymatic cofactor for various metabolisms, including dissimilatory sulfate reduction [57, 58], 

which could lead to competition. Indeed, Desulfovermiculus expresses two cobaltochelatases in 

the control condition, one just below median normalized expression and the other well above. 

Tolerating sulfide stress and competing against Desulfovermiculus for cobalt may be important 

factors impacting Ca. M. hillemani physiology when H2 is available.  

Ca. M. hillemani Uses Pyrrolysine Sparingly 

Methylated amine-utilizing methanogens are known to encode the 22nd amino acid, 

pyrrolysine (Pyl), which plays an important role in methylamine activation in tri, di, and 

monomethylamine methyltransferases (MttB, MtbB, MtmB, respectively) [59-61]. Indeed, Ca. M. 
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hillemani encodes the genes required for Pyl synthesis (PylBC) and uses (Pyl-tRNA ligase). An 

mRNA secondary structure element, PYLIS (analogous to SECIS for selenocysteine), has been 

suggested to enable Pyl insertion into proteins [62, 63] and PYLIS elements were annotated within 

Ca. M. hillemaniôs methylated-amine methyltransferase genes. Accordingly, Pyl residues were 

identified in peptidesmapping to all three types of methylated-amine methyltransferases encoded 

by Ca. M. hillemani. 

Kivenson et al. have recently proposed that some methanogens, including 

Methanohalophilus mahii, M. euhalobius, and M. levihalophilus, have reprogrammed the TAG 

codon to universally incorporate Pyl, instead of being read as a Stop-codon, across the proteome 

[64]. While the authors confirmed their hypothesis for a marine and a human-gut-associated 

methanogen, experimental data on halophilic methanogens was not yet available. Moreover, how 

and if microbes regulate the incorporation of Pyl at TAG codons is a topic of current debate [64, 

65]. Having already identified Pyl residues in peptides mapping to methyltransferase proteins, 

we used Kivensonôs modification to Prodigal [64], as well as our own modifications to Prokka, 

to re-predict and annotate genes for Ca. M. hillemani. This resulted in 95 predicted proteins 

containing an in-frame TAG codon. In this reanalysis, we found peptide hits from predicted-Pyl-

containing proteins downstream of the predicted-Pyl residue. This could suggest that the TAG 

codon is resulting in a Pyl residue, not being read as a Stop-codon. However, for non-

methyltransferase proteins predicted to contain pyrrolysine, only 7 of the 3,463 (0.2%) detected 

peptides associated with those proteins contained Pyl. In contrast, 2,920 out of the 27,114 

(10.7%) peptides associate with methyltransferase proteins contained Pyl. The low percentage of 

non-methyltransferase peptides identified as containing Pyl could indicate that TAG codons, in 
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contrast to genomic predictions for the genus [64], are primarily read as Stop in Ca. M. 

hillemani. 

High Methane Flux from the Great Salt Lake 

To assess methanogen activity in situ, we measured methane flux from the GSL. We 

focused on Bridger Bay, where the Ca. M. hillemani inoculum was obtained (Supplementary 

Figure 2). Methane fluxes were very high but also variable, with fluxes reaching 3 mmol 

CH4/m2/day observed across sampling dates (Figure 4A, Supplementary Figure 7). These fluxes 

are comparable to high-methane flux environments such as thawing permafrost [39, 66] and 

freshwater wetlands [67]. The highest flux measured was 377 mmol CH4/m2/day (Supplementary 

Figure 8), which greatly exceeds values reported from either permafrost or wetlands. 

Fluxes were measured in transects perpendicular to the waterôs edge, including both 

terrestrial and aquatic measurements. We repeatedly observed a zone of elevated terrestrial 

methane flux between 5 and 15 meters from the shoreline (Figure 4A). This was counterintuitive, 

as we expected that the most anoxic and methanogen-conducive conditions to be right at the 

shoreline. However, this trend was observed across sampling dates and transects (Supplementary 

Figure 7).  

Our results contrast the only other study that measured methane flux from the GSL [20], 

which observed similar aquatic fluxes (0.42 +/- 0.08 mmol CH4/m2/day), but much lower terrestrial 

fluxes (0.47 +/- 0.1 mmol CH4/m2/day). Their findings of similar terrestrial and aquatic fluxes and 

minimal flux variability between sites did not corroborate our results. We hypothesize that this 

disparity is due to the difference in spatial scales for our two studies. Cobo et al. [20] examined 

differences between basins, over kilometer scales. Their transects included steep vertical gradients 
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over a kilometer from the contemporary GSL shoreline. Our measurements were on the meter scale 

and centered on the contemporary lake shore. It is only with our higher spatial resolution (and 

smaller scope), that we observed extremely high methane fluxes and flux variability. Together, 

Coboôs and our results show that the GSL does have extremely high methane flux across seasons; 

however, the zone of highest flux is located just meters from the current shoreline.  
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Figure 4: Methane flux and methanogenic community from Bridger Bay on the Great Salt Lake. 

(A)  Methane fluxes measured from soil within Transect A at Bridger Bay in May and July of 

2025 showing a zone of high methane flux 10-15 m from the shoreline. (B) Relative abundance 

of different methanogens in a sediment core taken from the Transect A 10 m flux site from July  

15, 2025 based on 16S rRNA gene amplicon sequencing. For most taxa, taxonomic classification 

was done at the genus level. Ca. M. hillemani was manually categorized based on a one-

nucleotide difference from other Methanohalophilus 16S rRNA genes in their amplified region. 

Sequences that could not be assigned a genus are labeled ñFamilyò or ñOrderò prior to the name. 

ñUncultured Methanogensò (possibly members of the order Methanofastidiosales, see main text) 

were the most abundant sequences. Only methanogen sequences are shown. (C) mcrA gene 

amplicon relative abundance in the same core samples as (B), corroborating the presence of Ca. 

M. hillemani. Other Methanohalophilus mcrA gene sequences were also present, including some 

that could not be classified to the species level. For most taxa, taxonomic classification was done 

at the species level. For taxa that could not be assigned to species, ñFamilyò or ñGenusò is 

included in the name.  

Novel Methanogens Likely Contribute to Great Salt Lake 

Methane Flux  

To examine the ecological relevance of the novel methanogen in the GSL ecosystem, we 

performed 16S rRNA and mcrA gene amplicon sequencing on samples from a soil core taken from 

the transect A 10-meter sample, where extremely high and variable methane flux was observed 

(Supplementary Figure 8). The 16S rRNA gene amplicon data revealed that across all depths, Ca. 

M. hillemani was the second most abundant methanogen, while other Methanohalophilus 

sequences were the fourth most abundant (Figure 4C). Desulfovermiculus was the most abundant 

genus of SRB (Supplementary Figure 9). Ca. M. hillemani was similarly abundant across all 

depths, and it represented the largest fraction of the methanogenic community near the surface. 

This suggests some level of O2 tolerance, consistent with the higher relative abundance of Ca. M. 

hillemani in the O2 condition of our culture experiments (Figure 2B). The most abundant 

methanogens, by far, were represented by a group of 11 poorly characterized sequences. A 

classifier trained on the ARB-silva 16S rRNA gene database could only identify these sequences 

as members of the order Methanofastidiosales [68], while BLAST only retrieved ñuncultured 
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archaeon cloneò sequences. The relative abundance of all methanogens increased with depth, 

ranging from ~0.25% at the surface to over 2% of the total community at the 15-18 cm depth. 

The most abundant mcrA gene amplicon sequences were also poorly characterized ï their 

top BLAST hits were to sequences recovered from deep sea anoxic brines (Figure 4C). 

Methanohalophilus sequences that could not be assigned to a specific species were the next most 

abundant. Of the Methanohalophilus sequences that were identified to the species level, M. mahii 

was the most abundant, followed by M. portucalensis and Ca. M. hillemani. Like the 16S rRNA 

gene amplicon data, the poorly characterized sequences increased in relative abundance with 

increasing depth. In both the 16S rRNA and mcrA gene amplicon datasets, the most abundant 

methanogenic sequences were poorly characterized, indicating that novel methanogens may be the 

dominant community in the high-methane-flux GSL soil.  

Conclusion 

Ca. Methanohalophilus hillemani is a novel methanogen, collected from the south arm of 

the GSL when its salinity was at an all-time high. Metaproteomic analysis of this organism showed 

that methanogenesis and osmo-tolerance proteins had high basal expression. The expression of 

these proteins was not impacted by salinity changes, suggesting that future proteomic studies of 

the Methanohalophilus genus should focus on post-translational modification and other forms of 

regulation, for example on protein activity or metabolome level. Large differences in the expressed 

proteome were instead observed in the N2 condition, which lacked a large population of the SRB, 

Desulfovermiculus. In conditions under which Ca. M. hillemani and Desulfovermiculus were both 

present, the methanogen highly expressed metal transporters and chelatases. We hypothesize that, 

with sufficient H2, SRB directly compete for and reduce the availability of trace metals, forcing 
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Ca. M. hillemani to invest in uptake of metals vital to its energy metabolism. Coculturing of the 

two also led to the upregulation of unique immune-response and DNA-repair proteins by Ca. M. 

hillemani, indicating the adaptation of novel strategies to tolerate stress and/or Desulfovermiculus. 

High methane flux was measured from the shore of the GSL, and amplicon data of a soil core 

identified Ca. M. hillemani to be present at significant levels, confirming the ecological relevance 

of this novel methanogen. In summary, this study cultured a novel methanogen from the GSL, 

demonstrated that its physiology may not be controlled as much by changes in salinity as by 

community interactions, and identified it in GSL soils exhibiting high methane flux. 

Supplementary Material 

Etymology 

The newly cultured archaeon is a methanogen affiliated with the genus Methanohalophilus, 

family Methanosarcinaceae, order Methanosarcinales, class Methanomicrobia, phylum 

Methanobacteriota, for which we propose the name Candidatus Methanohalophilus hillemani sp. 

nov. strain BB. 

Me. tha. no. ha. lo. phiôlus. M. L. n. methanum, methane; Gr. n. halo, salt; Gr. no. philos, lover; 

M. L. n. Methanohalophilus. methane-producing salt lover. 

hil.le.maôni N.L. gen. masc. n. hillemani, of Hilleman; named in honor of Maurice 

Hilleman (1919-2005), a microbiologist and vaccinologist born in Miles City, Montana. Hilleman 

graduated from Montana State University and, over the course of his career, developed over 40 

vaccines including eight that are currently recommended for children and adults in the United 

States. His vaccines significantly reduced morbidity and mortality during two 20th century 

influenza pandemics, and his cumulative contributions are credited with saving 10s of millions of 
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lives worldwide. See https://hillemanfilm.com/dr-hilleman for more information. Appropriately, 

the results of this study show that Ca. M. hillemani invests heavily in immune response. 

The strain name BB refers to Bridger Bay on the Great Salt Lake from which Candidatus 

Methanohalophilus hillmani was cultured from.  

Supplementary Figures 

 
Supplementary Figure 1: Microbialite material from which the enrichment culture was started. 

Material shown in the spoon was the exact material from which Ca. Methanohalophilus 

hillemani was enriched.  

https://hillemanfilm.com/dr-hilleman
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Supplementary Figure 2: Methane flux transects from July 15th 2025. Locations of the transects 

A, B and C as sampled on July 15th 2025. The pinned location represents the shoreline (1m) flux 

measurement. Measurements extended further into the shore and out into the water, 

perpendicularly, from this point. 
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Supplementary Figure 3: Change in the Great Salt Lake during past half century. Google Earth 

satellite imagery from the Great Salt Lake near its recorded high lake level in 1986 (A) and near 

its recorded low in 2022 (B). (C) Lake level and the reciprocal salinity varied substantially at the 

times when M. mahii and Ca. M. hillemani were cultured. Lake level data was retrieved for 

Saltair Boat Harbor from the USGS website. ñUSGS Salinityò data was only available on the 

website starting in August of 1995. Salinity data prior to this was retrieved from Arnow and 

Stephens 1990. Salinity data from Bridger Bay was collected in this study and measured using a 

refractometer. 
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Supplementary Figure 4: Methane production from various substrates. The GSL methanogenic 

enrichment culture produced methane from MMA, DMA, TMA, and methanol, but not from 

glycine betaine, or H2 and CO2. 
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Supplementary Figure 5: Heatmap of 16S rRNA gene similarity. Heatmap showing the percent 

identity of the 16S rRNA genes in the Methanohalophilus genus. All copies from each genus are 

shown, should they have multiple copies. 
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Supplementary Figure 6: Expression of proteins involved in methyl-dismutating methanogenesis. 

For each condition the normalized protein values were compared to others within that condition 

to assess the percentile of expression. In the case of duplicate proteins, the most highly expressed 

copy was used for this figure. Abbreviations: MttB, Trimethylamine Methyltransferase; MttC, 

Trimethylamine Corrinoid Protein; MtbB, Dimethylamine Methyltransferase; MtbC, 

Dimethylamine Corrinoid Protein; MtmB, Monomethylamine Methyltransferase; MtmC, 

Monomethylamine Corrinoid Protein; MtbA, Methylcobamide:CoM methyltransferase; McrA, 

Methyl Coenzyme M Reductase Subunit Ŭ; MtrA, Tetrahydromethanopterin S-methyltransferase 

subunit A; Mer, 5,10-methylenetetrahydromethanopterin reductase; Mtd, F420-dependent 

methylenetetrahydromethanopterin dehydrogenase; Mch, Methenyltetrahydromethanopterin 

cyclohydrolase; Ftr, Formylmethanofuran--tetrahydromethanopterin formyltransferase; FwdA, 

formylmethanofuran dehydrogenase subunit A. 
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Supplementary Figure 7: Methane flux across all dates and all transects from Bridger Bay in the 

GSL. The time points were selected to represent the lowest seasonal lake level (Sept. 15, 2024), 

the highest seasonal lake level (May 21, 2025), and the time of year which Ca. 

Methanohalophilus hillemani was collected from the lake (July 15, 2025) (see Supplementary 

Figure 10). 

 
Supplementary Figure 8:  Methane flux dynamics from a single location. Terrestrial flux 

measurements made over the course of 6 hours from the exact same location, highlighting the 

variability of methane flux. This was the exact location from which the sediment core was 
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collected that was used to generate the amplicon data presented in main text Figure 4. This was 

the most extreme example of flux variability observed at a single location. The atmospheric 

pressure was dropping that afternoon and the wind was increasing, so it is possible that a low-

pressure system evacuated gas from the sediment, resulting in high methane fluxes. However, the 

pressure continued dropping, as did methane flux, from 11:56 to 13:45. Unless all the methane 

that had been ñstored upò in the sediment was evacuated, meteorology cannot entirely explain 

the extreme variability in methane flux. 

 
Supplementary Figure 9:  Desulfovermiculus is the most abundant SRB present in GSL soils. 

Relative abundance of the different SRB genera from a sediment core taken from the Transect A 

10m flux site from July  15, 2025 based on 16s rRNA gene amplicon sequencing. Amplicons 

plotted belong to the taxonomic Classes Desulfovibrionia, Desulfobacteria, Desulfobulbia, 

Desulfuromonadia, Desulfotomaculia, and Desulfitobacteriiain, and excluded orders shown in 
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the literature not to perform sulfate reduction. Amplicon sequence variants that constituted less 

than 0.1% of the total community were clustered into the ñOtherò category. Sequence variants 

that could not be assigned a genus are labeled ñFamilyò prior to the name. 

 
Supplementary Figure 10: Methane flux sampling dates compared to historical lake levels. Red 

triangles indicate the date that methane flux measurements were taken from the GSL. Lake level 

data was retrieved for Saltair Boat Harbor from the USGS website. 



52 

 

 
Supplementary Figure 11: Phylogenetic tree of Methanohalophilus McrA sequences. Maximum 

likelihood tree of 573 amino acid positions constructed with IQtree2 using 1,000 ultrafast 

bootstrap replicates.  
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Supplementary Results and Discussion 

 We identified 64 coding sequences in Ca. M. hillemani that have no homologs in any of 

the other 13 Methanohalophilus genomes (Supplementary Tables 16, 17). When analyzing these 

unique (among Methanohalophilus) sequences, there were many proteins that appeared to be part 

of potential operons. Three operons of unique Ca. M. hillemani genes involved in immune 

response were found. One consists of three genes encoding type 1 restriction modification system 

proteins. Type 1 restriction-modification systems are responsible for recognizing self-DNA (hsdS), 

modifying self-DNA via methylation (hsdM), and destroying foreign DNA via restriction 

endonuclease activity (hsdR) [69, 70]. Ca. M. hillemani encodes a second type 1 restriction-

modification system operon, however, these proteins have significant homology to sequences from 

other Methanohalophilus species. A second unique operon encodes a toxin production protein, a 

CRISPR associated protein, and two antiviral radical SAM proteins. A third consists of three 

antibiotic resistance ABC transports and a protease. Borton et al. in 2018 suggested that viral 

predation may drive strain differentiation in Methanohalophilus species [34]. Our data 

corroborates that immune response is a differentiating factor between Ca. M. hillemani and other 

Methanohalophilus genomes.  

A large operon of unique coding sequences for DNA maintenance and modification 

proteins was also found in the Ca. M. hillemani genome. This putative operon includes genes 

coding for a chromosome segregation protein, a DNA helicase, a DNA sulfur modification protein, 

and a RecB family nuclease. In addition to this operon, Ca. M. hillemani encodes three unique 

DNA helicases and a unique double strand break repair protein. DNA repair mechanisms are shared 

across the genus, including the DNA repair proteins RadA, B, and C. However, the unique Ca. M. 
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hillemani sequences in this category indicate that DNA maintenance may be of particular 

importance. 

Cobalamin (vitamin B12) is a cobalt-containing corrinoid cofactor that is essential for 

methyl-dismutating methanogenesis [55], and all Methanohalophilus species share most genes 

required for its biosynthesis. While Ca. M. hillemani encodes cobalamin biosynthesis, its genome 

also contains two operons with unique coding sequences involved in cobalamin import. The first 

operon encodes the Cobalamin import permease, BtuC, the Cobalamin import ATP-binding 

protein, BtuD, and an ABC transporter. The other operon contains a second copy of BtuD and two 

ABC transporters. Other Methanohalophilus species encode genes annotated as BtuC and BtuD; 

however, Ca. M. hillemani appears to have acquired/evolved divergent uptake pathways, as its 

BtuC and D proteins have low (<50%) amino acid identity with any proteins in the other genomes.    

Supplementary Materials and Methods 

 Enrichment. Microbialite material was incubated in gas-sealed bottles with filter-

sterilized GSL water collected on July 12, 2022 (salinity of 23.7%), and spiked with 10 mM 

MMA to enrich for methanogens [71]. From July 2022 to December 2022, enrichments were 

maintained by transferring inoculum, in a 1:10 ratio, into fresh lake water + MMA. When the  

GSL water collected in July 2022 was depleted, enrichments then used filter-sterilized GSL 

water collected on April 13th 2023 (salinity of 16%) as the liquid media until October 2023. Lake 

water was then replaced by media designed by Paterek and Smith [22], originally used to isolate 

Methanohalophilus mahii, but adjusted to salinity of GSL water from April 2023. In February 

2024, TMA replaced MMA as the methanogenic substrate, as it yielded more methane 

production. In December of 2024, we stopped adding sodium sulfide and the volatile fatty acid 
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solution from the Paterek and Smith 1985 [22] recipe ï no impact was observed on methane 

production. Enrichment cultures have been maintained in this manner since December 2024. 

More details on exact conditions and media preparation can be found in the óCulturing 

Conditionsô section. 

 DNA Extractions and 16S rRNA Gene Amplicon Sequencing. In April of 2024, after 

~660 days of incubation and 23 transfers, phenol-chloroform-isoamyl alcohol DNA extractions 

were done on the methanogenic enrichments being grown in the Paterek and Smith media [22]. 

1.5 mL of culture was harvested and pelleted at 20,000 x G for 10 minutes. The supernatant was 

discarded and the pellet was resuspended in 100 ÕL of 20 mM Tris-HCl (pH 8). 2 ÕL of 1% SDS 

was added to the tubes, which were then vortexed for 2 minutes. 100 ÕL of 25:24:1 

phenol:chloroform:isoamyl alcohol was added to the tubes which were scraped against the tube 

rack to mix. The tubes were then centrifuged again, as before, and the top layer (~100 ÕL) was 

pipetted into fresh tubes containing 75 ÕL of ice-cold isopropanol. These tubes were then 

vortexed, and spun at 20,000 x G for 5 minutes, the supernatant was decanted, and 500 ÕL of 

75% ethanol was added to the (frequently invisible) pellet. The tubes were then stored at -20 ÜC 

overnight. The next day, the tubes were spun at 20,000 x G for 5 minutes and the supernatant was 

decanted. Tubes were then dried in a 37 ÜC incubator until all ethanol had evaporated off (~20 

minutes) and the (frequently invisible) pellet was resuspended in 32 ÕL of 20 mM Tris-HCl (pH 

8). 

16S rRNA gene amplification, barcoding, sequencing, and subsequent bioinformatics data 

analysis was performed as described in Krukenberg et al. [72]. The V4 hypervariable region of the 

16S rRNA gene was amplified using the 515F and 806R Earth Microbiome Project primers, 
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allowing approximately genus-level resolution of most previously characterized bacterial and 

archaeal taxa [73, 74]. The amplicon sequencing was performed via Illumina MiSeq by SeqCenter 

(Pittsburgh, PA). QIIME2 [75] was used to process the data and DADA2 was used to merge 

forward and reverse reads [76].  

 Metagenome Sequencing. Metagenome libraries were constructed from the remaining 

DNA of a 16S rRNA amplicon sample that contained 63% relative abundance of 

Methanohalophilus. Long-read sequencing libraries were prepared using the rapid barcoding kit 

(SQK-RBK114-24; Oxford Nanopore Technologies) according to the manufacturerôs protocol. 

Sequencing was performed on a MinION device equipped with an R10.4.1 flow cell (Oxford 

Nanopore Technologies). Basecalling was conducted with Dorado v0.7.2 (Oxford Nanopore 

Technologies). Short-read sequencing libraries were generated on an Illumina NovaSeq X Plus 

platform (SeqCenter, Pittsburgh, PA, USA) generating 2 x 151 bp paired-end reads. 

 Metagenome Assembly and Annotation. Nanopore reads were assembled with MetaFlye 

2.9.4-b1799 [77]. Manual evaluation of the resulting 85 contigs (Ó2 kb) with SendSketch 

(BBTools Suite v38.94; [78]) and BLASTn (v2.14.0+) identified 10 Methanohalophilus-like 

contigs (2.21 Mb), including a 1.78 Mb fragment. These contigs were used as references for 

mapping Illumina short-reads with BBsplit (default parameters) and Nanopore reads with 

Minimap2 v2.26-r1175 [79] using default parameters prior to hybrid assembly with Unicycler 

v0.5.0 (--mode bold) [80]. The curated assembly produced 4 scaffolds (2.08 Mb), which were 

subsequently used for a second round of Illumina and Nanopore read mapping and assembly 

with Unicycler. Curation of this second assembly resulted in 2 Methanohalophilus-like contigs 

(2.10 Mb), which were further closed with LongStitch v1.0.5 [81] and Nanopore read mapping. 
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The closed genome was polished with long-reads using four rounds of Racon v1.5.0 [82] 

followed by one round of Medaka v2.1.0 (Oxford Nanopore Technologies) with the 

r104_e82_400bps_hac_v5.0.0 model. Short-read polishing was performed with two rounds of 

Polypolish v0.6.1 [83] and one round of POLCA v4.1.1 [84], both utilizing BWA v0.7.17-r1188 

[85] alignments. The final circular genome was 2,093,478 bp in length with a GC content of 41.5 

%. Genome completeness (99.99 %) was estimated using CheckM2 v1.0.1 [86]. 

Illumina reads were also assembled with MetaSpades v3.15.5 [87]. Coverage was 

calculated with BBmap (ambiguous=random), and sequences Ó2 kb were binned using MetaBAT 

v2.12.1 (with and without coverage; [88]), MaxBin v2.2.7 [89], CONCOCT v1.0.0 [90], Autometa 

v1 (archaeal and bacterial modes; including the machine learning option; [91]), and MetaDecoder 

v1.0.19 [92]. Final bin evaluation was performed with DAS Tool v1.1.7 [93], resulting in 

fragmented but complete (>99.5 %) genomes of Halanaerobium and Desulfovermiculus spp. at 

~17X and ~25X lower coverage, respectively, compared to Methanohalophilus (Supplementary 

Table 11). Genomes were annotated with Prokka v1.14.6 [94] using both default and custom in-

house annotation databases. These genomes can be found with the following accession numbers 

for Ca. M. hillemani str. BB., Desulfovermiculus sp., and Halanaerobium sp., respectively: 

SAMN54119603, SAMN54119604, SAMN54119605. 

 Marker Gene Analyses and Comparative Genomics. Publicly available 

Methanohalophilus spp. 16S rRNA sequences were aligned and masked using SSU-ALIGN 

v0.1.1 [95], resulting in a final alignment of 1,376 positions. Maximum likelihood analysis was 

performed with FastTree v2.1.11 [42] using default parameters. A single nucleotide 

polymorphism in one of the three Ca. M. hillemani 16S rRNA gene copies did not affect 
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phylogenetic placement. Average 16S rRNA gene sequence identities were determined with 

pairwise BLASTn comparisons. 

Sequence alignments of Methanohalophilus spp. McrA were generated with MAFFT-linsi 

v7.522 [96] and trimmed with trimAL v1.4.rev22 [97] using a 50 % gap threshold, producing a 

final alignment of 573 positions. Maximum likelihood phylogenetic analysis was conducted with 

IQtree2 v2.0.6 [98] using the LB+C60+F+G model and 1,000 ultrafast bootstrap replicates 

(Supplementary Figure 11).  

 A set of 65 single-copy marker proteins (Supplementary Table 12) were collected from the 

genomes of isolated Methanohalophilus spp., aligned with MUSCLE v3.8.1551 [99], and 

concatenated to generate a final alignment of 14,606 positions. Phylogenetic inference was 

performed with FastTree (option -wag) using 1,000 ultrafast bootstrap replicates. 

  Whole-genome comparisons were conducted to calculate average nucleotide identity 

(ANI) with fastANI (-fragLen 2,000; [41]) and average amino acid identity (AAI) with CompareM 

v0.1.2 (default parameters; https://github.com/dparks1134/CompareM), respectively. 

Additionally, Mauve v20150226 [100] was used to identify orthologous protein-coding sequences 

(Ó70 % amino acid ID and Ó70 % aligned length) (Supplementary Tables 13 - 15). Orthologs were 

further evaluated with BLASTp alignments, and proteins were considered unique if they exhibited 

<50 % amino acid identity or aligned with <25 % of any other Methanohalophilus proteins 

(Supplementary Table 16 , 17). 

 Culturing Conditions. Since December 2024, Ca. M. hillemani cultures were grown in 

Paterek and Smith 1985 media [22], with differing concentrations of salts and TMA, and without 

the addition of volatile fatty acid solution and sodium sulfide. The headspace consisted of a 
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50/45/5 ratio of H2/N2/CO2 at ambient pressure (~90kPa in Bozeman, MT). These conditions 

served as the control for the methane production and proteomics experiments. Cultures were 

grown with 10 mL of liquid medium in a 70 mL borosilicate glass serum bottle. The salt levels in 

our media were increased  to match GSL lake water collected on Apr. 13th 2023, as measured by 

the Joye Lab at The University of Georgia. The media was made by adding the following salts: 

100 g/L NaCl, 45 g/L MgCl2, 5.5 g/L KCl, 1.5 g/L CaCl2, 0.13 g/L LiCl, 19 g/L Na2SO4, 0.5 g/L 

NH4Cl. This results in ion concentrations for Na+, Cl-, Ca2+, Mg2+, K+, and SO4
2- of 2,040, 2,770, 

14, 221, 74, and 134 mM, respectively. This salt solution was then autoclaved using a 30-minute 

sterilization liquid cycle. After autoclaving, the media was immediately sparged for 10 minutes 

with 90/10 N2/CO2 gas to purge O2. The media bottle was then sealed and left to cool. Once 

cooled, the following components were added to make 1 L final volume of media: 500 ÕL of 1 

g/L sodium resazurin solution, 10 mL of DSMZ 141 trace element solution (Modified Wolin's 

mineral solution), 23.81 mL of 1 M sodium bicarbonate, 18.87 mL 1 M sodium carbonate, 5 mL 

of 40 g/L 2-mercaptoethane sulfonic acid sodium salt (Coenzyme M), and a small spatula tip (1-

2 mg) of sodium dithionite as a reducing agent. Finally, pH was adjusted to ~7.5. When new 

bottles were to be inoculated, 9.5 mL of media was added to the 70 mL serum bottles. Then, 10 

ÕL of 50 mg/mL vancomycin and streptomycin were added to each bottle along with 200 ÕL of 1 

M TMA and 300 ÕL of carbon source mix. This mix consisted of 33.33 g/L of yeast extract, 

33.33 g/L of trypticase peptone, and 16.67 g/L of cysteine HCl [22]. Cultures were inoculated 

with 100 ÕL from the previous culture and then grown to stationary at 30 ÜC. Cultures were 

grown for approximately a month before being transferred to fresh media. 
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 Isolation Efforts. Dilution to extinction and plating were attempted to isolate Ca. 

Methanohalophilus hillemani. Solid media were prepared by adding 16 g/L agar to the medium 

before autoclaving. Plates were poured and streaked from active liquid cultures in a Coy 

chamber (Coy Lab Products, Grass Lake, MI, USA). The plates were then placed into a gas-

sealed metal container (Liquid Impact Water Jet & Fabrication Fort Collins, CO, USA) and 

incubated at 30 ÜC. We tried 100% N2 and 50/45/5 H2/N2/CO2 headspaces in the gas-sealed 

container. Adding additional antibiotics, chloramphenicol and kanamycin to solid and liquid 

media, was also attempted. Dilution to extinction and plating efforts resulted in methane-

producing cultures, but, based on microscopy, neither resulted in an isolate. 

 Metaproteomics Sample Preparation. The harvested cultures were sent to the Pacific 

Northwest National Laboratory (Richland, WA, USA) where protein digestion was performed 

using S-Trap microfilters (Protifi, Fairport NY) following an optimized procedure adapted from 

the manufacturerôs guidelines with reagents purchased from Sigma (St. Louis, MO, USA). Cell 

pellets were resuspended in 50 ÕL of 5 % (w/v) sodium dodecyl sulfate (SDS) prepared in 50 

mM triethylammonium bicarbonate (TEAB; pH 7.5, LC-MSïgrade water) and lysed by 

alternating brief sonication and vortex agitation until complete solubilization was achieved. Total 

protein concentration was quantified by bicinchoninic acid (BCA) assay (Thermo Scientific, 

Waltham, MA, USA), and 200 Õg of protein from each sample was used for digestion. Disulfide 

bonds were reduced by addition of dithiothreitol (DTT) to a final concentration of 20 mM, 

followed by incubation at 95 ÁC for 10 min. After cooling to ambient temperature, cysteine 

residues were alkylated with 40 mM iodoacetamide in the dark for 30 min. 
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Samples were acidified with phosphoric acid to a final concentration of 1.2% (v/v) and diluted six-

fold with S-Trap binding buffer composed of 90% methanol and 100 mM TEAB (pH 7.1). The 

mixtures were gently vortexed and applied to S-Trap filter cartridges. Proteins were captured on 

the filter by centrifugation at approximately 2,000 Ĭ g for 30ï60 s, and the flow-through was 

reapplied twice to ensure complete binding. The filters were then washed three times with 200 ÕL 

of binding buffer to remove residual detergents and contaminants. 

Bound proteins were digested on-filter with sequencing-grade trypsin (Promega, Madison, 

WI) and Lys-C (Fujifilm Wako, Richmond, VA) in 150 ÕL of 50 mM TEAB, pH 8.0 (digestion 

buffer) at 37 ÁC for 16 h. To prevent membrane desiccation during the overnight incubation, a 

digestion volume of at least 100 ÕL was maintained. Peptides were sequentially eluted using three 

stepwise buffers (each 80 ÕL): 50 mM TEAB, 0.2% formic acid in water, and 50% acetonitrile 

containing 0.2% formic acid. The combined eluates were dried by vacuum centrifugation and 

desalted using C18 macro-spin columns (Harvard Apparatus, Holliston, MA, USA). Cleaned 

peptide samples were subsequently dried and stored at ï80 ÁC until LC-MS/MS analysis. 

Raw proteomics data has been deposited at massIVE under accession number:  

MSV000100495. 

 Metaproteomic MS Measurements and Data Analysis. MS analysis was performed using 

an Orbitrap Exploris 480 mass spectrometer (Thermo Scientific, Waltham, MA, USA) outfitted 

with a homemade nano electrospray ionization interface using data-dependent acquisition 

(DDA) mode (QC plots in Supplementary Table 18). The ion transfer tube temperature and spray 

voltage were 300ÁC and 2.2 kV, respectively. Data were collected for 120 min following a 10 

min delay after completion of sample trapping and start of gradient. FT MS spectra were 
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acquired from 300 to 1800 m/z at a resolution of 60 K (AGC target 3e6) and up to the top 20 FT

HCD MS/MS spectra were acquired in DDA mode with an isolation window of 0.7 m/z at a 

resolution of 30 K (AGC target 1e5) using a normalized collision energy of 30, dynamic 

exclusion time of 45 s , and detected charge state of an ion 2 to 6. 

Peptide matching from the acquired datasets was performed using MSGF+ software [36] 

against proposed target meta-proteome composed from sequenced genomes (see óMetagenome 

Assembly and Annotationô section) of novel members of Desulfovermiculus, Halanaerobium, and 

Methanohalophilus genera totaling 7,403 protein sequences. Ca. M. hillemani protein collection 

incorporated Prokka [94] predicted protein sequences with non-standard amino acid pyrrolysine 

(symbol O in FASTA file) and common contaminant sequences were added to the protein 

collection used. MSGF+ was used in target/decoy mode with 20 ppm parent ion tolerance, partial 

tryptic rule with static carbamidomethylation of cysteine (+57.0215) and variable modifications 

for the oxidation of methionine (+15.9949), deamidation of (+0.984) of asparagine and glutamine, 

and a methyl loss (-14.0157) for pyrrolysine (O) residues. Best matches from the MSGF+ searches 

were filtered at 1% FDR based on target/decoy model; this set of peptides was used in consequent 

quantitation analysis (Supplementary Table 19). Spectral counts (SC) and normalized spectral 

abundance factors (NSAF) were derived from counts of 1% false detection rate (FDR) detected 

peptides without consideration of peptide-protein specificity. For MASIC reports, to optimize 

peptide-protein specificity and protein coverage, the best protein for each peptide was guessed 

based on the full set of protein-peptide mappings. 

Peptide abundances, integrated as area under the peptide elution peaks, were produced 

from raw spectra using in-house developed software MASIC [37]. MASIC peptide abundances 
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were log2 transformed to remove skewness in the distribution of measured abundances 

(Supplementary Table 20). Transformed abundance values were normalized using mean central 

tendency method implemented in InfernoR software [38]. For each sample, Ca. 

Methanohalophilus hillemani peptide abundances were normalized to the relative abundance of 

Ca. M. hillemani by dividing the summed area under the curve (AUC) for Ca. M. hillemani 

peptides by the summed AUC for all peptides. The AUC for each Ca. M. hillemani peptide in each 

sample was then divided by this sample-specific relative abundance value (Supplementary Table 

21). Peptides were then aggregated to the protein level by summing all peptide AUCs mapping to 

specific proteins (Supplementary Table 22). For protein level comparison, pairwise z-score 

analysis (standard deviation from the mean) between samples was used to extract significant 

differences in protein expression with significance attributed to a z-score of 2 or higher 

(Supplementary Tables 3 - 7). Unless otherwise indicated, all proteomic data presented in this study 

represents normalized protein abundances. 

 Methane Flux Data Collection. Methane flux data was collected at Bridger Bay in the 

south arm of the GSL on three different dates: Sept, 15, 2024; May 21, 2025, and July 15, 2025. 

This is the same location where the original sample for cultivation was obtained. A Li-COR 7810 

trace gas analyzer (Li-COR, Lincoln, NE, USA) was used to measure methane flux. For 

terrestrial flux, we used a Li-COR 8200ï01S Smart Chamber placed on cylindrical, PVC soil 

collars (10 cm diameter). Three replicates were collected per sample. Each replicate consisted of 

a one-minute measurement with a 10 second deadband time, followed by a one-minute period to 

flush prior to the next replicate. The SoilFluxPro Software (Li-COR, Lincoln, NE, USA) was 

used to analyze the data, and the exponential fit was chosen to estimate methane flux.  
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 Aquatic flux measurements were done using a custom-made floating flux chamber to take 

duplicate, one minute, flux measurements. The chamber consisted of a gas-tight coffee can fitted 

with a foam floatation collar. The internal volume of the flux chamber was 2,584 mL. The chamber 

was removed from the waterôs surface between duplicates to allow the chamber gas composition 

to return to atmospheric conditions. Aquatic fluxes were calculated from the linear change in 

methane concentration over time, as previously described [40]. 

 On each sampling date, flux was collected in a transect, perpendicular to the GSL Bridger 

Bay shoreline. Measurements extended toward to shore and out into the water, perpendicularly, 

from the shore. 

 Soil Core Collection and mcrA Gene Analysis. Soil cores were collected from within the 

boundary of the terrestrial collar with the highest methane flux (transect A - 15m for May 2025 

and transect A ï 10m for July 2025) and transported back to Montana State University on ice. In 

the lab, the core was separated into sections of three or six cm each. DNA from each soil core 

section was extracted with MP Bio Soil Extraction kits, and 16S rRNA gene amplicon 

sequencing was performed, as described above. For the July 15, 2025 core, the DNA extract was 

also used for amplifying and sequencing an amplicon for the gene encoding the alpha-subunit of 

methyl-coenzyme M reductase (mcrA). The mlas-mod-F and mcrA-rev-R primers and the 

touchdown amplification program from Angel et al. 2012 were utilized [101]. Sequencing and 

analysis of data was performed as described above. However, due to variable lengths of the mcrA 

gene amplicon, the merging of forward and reverse reads via DADA2 was not uniformly 

successful. Therefore, the mcrA gene amplicon data was analyzed using only the ~227 bases 

from the forward read.  
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Abstract 

Permafrost thaw is transforming boreal forests into mosaics of wetlands and drier uplands. 

Topographic controls on hydrological and ecological conditions impact methane (CH4) fluxes, 

contributing to uncertainty in local and regional CH4 budgets and underlying drivers. The objective 

of this study was to explore CH4 fluxes and their drivers in a transitioning boreal forest-fen 

ecosystem (Goldstream Valley, Alaska, USA). This landscape is characterized by thawing 

discontinuous permafrost and heterogeneous mosaics of fens, collapse-scar channels, and small 

mounds of permafrost soils. From a survey in July 2021, observed chamber CH4 fluxes included 

fen areas with intermediate to very high emissions (29.8ï635.3 mg CH4 mī2 dī1), clustered 

locations with CH4 uptake (ī2.11 to ī0.7 mg CH4 mī2 dī1), and three anomalous emission 

hotspots (342.4ï772.4 mg CH4 mī2 dī1) that were located near samples with lower emissions. 

Some surface and near-surface variables partially explained the spatial variation in CH4 flux. Log-

transformed CH4 flux had a positive linear relationship with soil moisture at 20 cm depth (R2 = 

0.31, p-value < 1e-5) and negative linear relationships with microtopography (R2 = 0.13, p-value 

< 0.006) and slope (R2 = 0.28, p-value < 2e-5). Methane emissions generally occurred in flat, wet, 

graminoid-dominated fens, whereas CH4 uptake occurred on permafrost mounds dominated by 

feather mosses and woody vegetation. However, the CH4 hotspots occurred on drier, slightly 

sloped locations with low or undetectable near-surface methanogen abundance, suggesting that 

CH4 was produced in deeper soils. When the hotspot samples were omitted, log-transformed CH4 

flux had a positive linear relationship with near-surface methanogen abundance (R2 = 0.29, p-

value = 0.0023), and stronger linear relationships with soil moisture, slope, and soil macronutrient 

concentrations. Our findings suggest that some CH4 emission hotspots could arise from CH4 in 
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deep taliks. The inference that methanogenesis occurs in deep taliks was strengthened by the 

identification of intrapermafrost taliks across the study area using low-frequency geophysical 

induction. This study assesses surface spatial heterogeneity in the context of subsurface permafrost 

conditions and highlights the complexity of CH4 flux patterns in transitioning forest-wetland 

ecosystems. To better inform regional CH4 budgets, further research is needed to understand the 

spatial distribution of terrestrial CH4 hotspots and to resolve their surface, near-surface, and 

subsurface drivers. 

Introduction 

Methane (CH4) has a high warming potential, and increases in atmospheric CH4 have 

contributed Ḑ0.5 ÜC of global warming since the pre-industrial era [1, 2]. Although wetlands 

comprise only 13% of the northern high-latitude terrestrial area [3], they are thought to be 

substantial biogenic CH4 sources. Northern high-latitude CH4 budgets are estimated to range from 

11 to 53 Tg CH4 yrī1, and they are uncertain at local and regional scales, as shown by substantial 

disagreement among process-based models and atmospheric inversions [4-8]. Much of the 

uncertainty stems from the challenge of process representation in ecosystem models to accurately 

predict rates of CH4 production and oxidation, including the difficulty of accounting for subsurface 

permafrost conditions and spatial heterogeneity within coarse (1ï500 km2) grid cells [4, 5, 9, 10]. 

Net CH4 fluxes are heterogeneous within and across high latitude ecosystem types due to complex, 

spatiotemporally varying biotic and abiotic drivers that control CH4 production and oxidation, 

including soil thaw depth, temperature, soil moisture, microbial community composition, 

vegetation, and soil organic carbon (SOC) content [11-13].  
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Northern high-latitude regions are rapidly warming [14], and permafrost soils are thawing 

gradually through progressive active layer deepening, or abruptly through rapid losses of ice that 

lead to ground subsidence (thermokarst) [15]. Methane fluxes are impacted as ecosystems 

transition in response to warming and thaw. Boreal forests underlain by warm (ī0.7 ÜC to ī0.2 ÜC) 

discontinuous permafrost are especially susceptible to thermokarst [16, 17]. As boreal forests 

transition into forest-wetland mosaics, they can switch from CH4 sinks to sources [13, 18]. Both 

methanogenesis and methanotrophy are positively related to temperature, and these temperature 

responses are mediated by soil moisture and other environmental factors, thus complicating our 

understanding of how net CH4 flux responds to warming [19-21]. In general, warming 

temperatures are thought to increase CH4 emissions in high-latitude ecosystems, raising concerns 

about permafrost carbon feedbacks [10, 11, 22, 23].  

Water table depth is closely linked to microtopography, and together they control vertical 

soil moisture gradients and the extents of oxic and anoxic soil zones, thus affecting rates of CH4 

production and oxidation over fine spatial scales (<1 m2) [24-27]. In boreal peatlands, Sphagnum 

hummocks (small mounds) have deeper water tables, larger oxic zones, and lower rates of CH4 

production relative to surrounding hollows [24, 28, 29]. Thermokarst-affected boreal forests can 

also contain microtopography features and associated variation in soil moisture conditions, 

including well-drained permafrost mounds surrounded by wetter thaw depressions [16, 30].  

Soil microbial communities are metabolically diverse and foundational to nutrient cycling 

and decomposition of SOC [31, 32]. Vertical and horizontal variations in CH4-cycling microbial 

communities are driven by temperature, redox potential, substrate quality, nutrient availability, 

vegetation cover, soil pH, and other physicochemical conditions [26, 33-36]. Methanogens are 
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thought to be more abundant below the water table [37], whereas soils closer to the surface can 

benefit aerobic methanotrophic bacteria due to the presence of both CH4 and oxygen [36]. Across 

a thaw gradient in the Tanana River floodplain (interior Alaska, USA), methanogen abundance and 

potential CH4 production were higher in collapse-scar bogs relative to forested bogs with intact 

permafrost [37].  

Vegetation composition is another important driver of high-latitude CH4 fluxes [11]. 

Wetland-adapted vascular plants have hollow tissues (aerenchyma) that facilitate oxygen diffusion 

to the rhizosphere, promoting CH4 oxidation. However, CH4 produced in saturated soil can diffuse 

upward through aerenchyma, bypassing the oxic soil zone and increasing net emissions [38]. Plants 

also supply litter and root exudates that provide substrates for methanogenesis [21]. Although the 

net result of these factors is site-specific [39], synthesis studies have shown that graminoid-

dominated wetlands tend to have high CH4 emissions at the ecosystem level [21, 38, 40]. 

Graminoids can contribute to high emissions by providing labile substrates for methanogens and 

by transporting CH4 through well-developed aerenchyma. 

Permafrost thaw increasingly exposes older, deeper SOC to decomposition and release to 

the atmosphere [41-43]. Recent studies in interior Alaska used novel geophysical methods and in 

situ observations to find that taliks (perennially thawed bulbs above or inside permafrost) 

underlying an abrupt-thaw thermokarst lake are likely contributing to lake and nearshore CH4 

emission hotspots [44, 45]. Other geophysical studies in interior Alaska assessed permafrost 

structure and CH4 in the context of soil microbial, geochemical, and moisture profiles, providing 

evidence of methanogenesis in deep thaw zones in terrestrial thermokarst environments [9, 46, 

47]. At the regional scale, CH4 hotspots are associated with high thermokarst occurrence [44].  
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Our objectives were to assess spatial variation in CH4 flux and identify its key 

environmental drivers in a transitioning boreal forest-fen ecosystem underlain by thawing 

discontinuous permafrost. To do this, we combined in situ observations of chamber CH4 fluxes 

and soil conditions; analysis of soil microbial communities and soil chemistry; terrain and 

vegetation modeling; and geophysical characterization of permafrost structure. We hypothesized 

that CH4 flux would be strongly associated with surface and near-surface conditions, including soil 

moisture, soil temperature, soil chemical properties, vegetation cover, methanogen relative 

abundance, and terrain variables. We also hypothesized that deep permafrost thaw would 

contribute to high CH4 emissions. 

Methods 

Study Area 

The study was conducted in a boreal forest-fen mosaic ecosystem in Goldstream Valley 

(GSV), a 100 km2 watershed located 5 km north of Fairbanks, Alaska, USA (64.922 ÜN, 147.821 

ÜW; figure 1). This region is underlain by discontinuous permafrost and contains abundant 

wetlands (Walter Anthony et al 2021). Mean annual air temperature is around ī2 ÜC and has 

increased by Ḑ1.5 ÜC over the last century [46, 48]. Increases in temperature and precipitation have 

led to deeper active layers and widespread thermokarst in recent decades [45, 49]. Recent (ca. 

2018) talik formation across the Alaskan discontinuous permafrost zone indicates widespread 

increases in active layer depth and incomplete winter refreezing, which leads to increased 

hydrological connectivity[50]. Increased groundwater flow can in turn enhance 

thaw through advective heat transfer [50, 51].  

Permafrost in GSV has complex paleo-depositional structure, including unconformities 
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between Yedoma (ice- and SOC-rich syngenetic permafrost that formed during the Pleistocene and 

remains abundant in parts of Alaska) and Holocene-aged epigenetic ice wedges [52]. The deposits 

of discontinuous, Holocene-aged, reworked Yedoma can be tens of meters thick [45]. Soils in the 

GSV valley center are primarily classified as Typic Histoturbels (óGoldstream seriesô), which 

consist of cold, poorly drained soils with thick organic layers (>20 cm) that formed on deep, 

reworked loess [53].  

We collected data in a transitioning forest-fen mosaic 150 m north of Big Trail Lake (BTL), 

an active thermokarst lake near the valley center [45]. Rivulet channels drain the fens to the 

southwest toward BTL (Ḑ0.2% slope). Such permafrost and relief conditions can foster complex 

microtopography and hydrology that create mosaics of permafrost-cored mounds and collapse-

scar fens [16, 51, 54]. We note that, in addition to warming and hydrologic conditions, 

anthropogenic disturbances (such as the presence of an unpaved access road or the diverting of 

Goldstream Creek) might have contributed to the formation and expansion of thermokarst and talik 

features in this area [44, 55].  

Microtopography and vegetation are highly heterogeneous across the study area (SI figures 

1ï4). Fen areas are generally dominated by graminoids including blue joint grass (Calamagrostis 

canadensis), tussock cottongrass (Eriophorum vaginatum), and sedges (Carex spp.). Small 

permafrost mounds are generally dominated by feather mosses and woody vegetation including 

mixed trees and shrubs of willow (Salix spp.), spruce (Picea spp.), alder (Alnus spp.), birch (Betula 

spp.), and Vaccinium spp. Supplementary section SI.1 provides further details. 
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Figure 1. Map of study area in Goldstream Valley (Fairbanks, Alaska). (a) Northern permafrost 

region. Star shows the study site in Goldstream Valley, outside of Fairbanks, Alaska, USA, 

located in the discontinuous permafrost zone. (b) Study site located 150 m north of Big Trail 

Lake in Goldstream Valley. Blue points show flux sample locations, green lines show transects 

over which geophysical measurements were collected, and the purple box shows the inset area 

displayed in figure 2. Easting and northing coordinates are in the Universal Transverse Mercator 

(UTM) Zone 6 North coordinate reference system (meters). 

Methane Flux Data Collection 

Chamber estimates of net CH4 flux were collected at 15 sites across a 2 ha area (figure 1) 

over a 6 d period in July 2021 (between 1100 and 1800 Alaska Daylight Time). The selection of 

the 15 sites was largely random, but we tried to cover a range of vegetation and soil moisture 

conditions present in the forest-fen ecosystem (SI figure 1). Fluxes were estimated at four sample 

locations within an average 4 m2 area per site. However, fluxes were estimated at two locations at 

sites 8 and 9 due to the difficulty of flux collection at these very wet sites, giving a total of 56 

sample locations. Fluxes were collected using a LI-7810 trace gas analyzer and 8200ï01S Smart 

Chamber (LI-COR, Lincoln, NE, USA) placed on a cylindrical, polyvinyl chloride soil collar (10 
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cm diameter). Three replicate fluxes were estimated and averaged for each sample location. For 

each replicate, the Smart Chamber was placed on a soil collar, and the gas analyzer measured the 

change in CH4 gas concentration in the chamber headspace during a 5 min closed-chamber period. 

Fluxes were computed using exponential or linear fits of the concentration data over time, and the 

quality of the flux estimates was evaluated based on R2 values of the model fits (SoilFluxPro 

version 4.2.1). The fluxes were adjusted based on visual estimates of the percentage of chamber 

volume occupied by vegetation. Supplementary section SI.2 provides further details on the flux 

calculations and adjustments based on vegetation volumes. The resulting mean CH4 flux estimates 

were binned into five categories: very high [200, 722.4], high [100, 200), intermediate [10, 100), 

low (0, 10), and negative [ī2.1, 0), thresholds in mg CH4 mī2 dī1 (square brackets indicate 

inclusive endpoints and parentheses indicate exclusive endpoints). 

Surface and Near-Surface (Active Layer) Characterization 

Vegetation composition was recorded at all 56 sample locations, with plants identified to 

species or genus level when possible. The sample locations were classified into nine vegetation 

classes based on visual assessment of the cover of dominant plant types within soil collars: (1) 

moss, sedge, field horsetail; (2) sedge, grass, moss; (3) moss, field horsetail, grass, sedge; (4) 

variegated horsetail, moss, sedge; (5) grass, sedge, moss; (6) field horsetail, moss, grass, sedge; 

(7) moss, field horsetail; (8) dwarf shrub, moss, field horsetail, grass, sedge; and (9) moss. In each 

class name, the most dominant plant types are listed first. Vegetation across the study area was 

highly mixed and many sample locations contained similar types of vegetation in varying 

abundances. The classification was an attempt to differentiate vegetation conditions among the 
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sample locations based on plant types and abundances. SI figure 2 shows example photographs for 

each class.  

Near-surface (active layer) data was collected in situ, including soil moisture at 6, 12, and 

20 cm depths using a Hydrosense II sensor (Campbell Scientific, Logan, UT, USA); soil 

temperature at 5 and 10 cm depths using a HI98331 GroLine probe (Hanna Instruments, 

Woonsocket, RI, USA); and soil pH at 2.5 and 6 cm depths using a HI981030 GroLine probe. 

Volumetric water content (VWC) was estimated by applying calibration equations developed for 

organic boreal soils [56] to the Hydrosense II measurements of period. Soil samples were collected 

from a subset of 17 locations at four depths (0ï13, 13ï25, 25ï38, 38ï51 cm). Soil samples were 

transported to a soils lab at Montana State University on wet ice, where they were frozen at ī80 

ÜC for several months. In addition to microbial community analysis (section 2.4), the soil samples 

were analyzed for general chemical properties, concentrations of macronutrients (nitrate, 

ammonium, phosphorus, potassium, calcium, magnesium, and sulfate concentration), and base 

cation saturation (Agvise Laboratories, Northwood, ND, USA). Microtopography was modeled 

across the study area using the USGS 3D elevation program (3DEP) lidar-based digital terrain 

model (DTM; 0.5 m spatial resolution)(OCM Partners 2023) aggregated to 1 m spatial resolution. 

The local mean DTM elevation was calculated using a 31 by 31 m moving window, and per-grid 

cell microtopography was calculated as the local mean subtracted from the original DTM (SI figure 

5; [57]). A window size of 31 by 31 m was selected because the local means captured the broad 

elevation trend over the study area (i.e. slight elevation decline to the southwest), and the 

microtopography calculation largely removed this trend (SI figures 5ï7). The DTM data was also 

used to model gridded slope based on 8-pixel neighborhoods. In August 2019, drone imagery in 
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the near-infrared (NIR), red, and green spectral bands (13 cm spatial resolution) was collected over 

the study area using a multiSPEC-4C sensor onboard an eBee drone (senseFly, Lausanne, 

Switzerland). In July 2021, imagery in the NIR, red edge, red, green, and blue spectral bands (9 

cm spatial resolution) was collected using a RedEdge-MX sensor (MicaSense) onboard a 

SwitchBlade drone (Vision Aerial, Bozeman, MT, USA). The normalized difference vegetation 

index was calculated for both the multiSPEC-4C and RedEdge-MX data. A simplified set of land 

cover classes (graminoid, moss, woody vegetation, shadow, and surface water) was mapped over 

the study area using supervised random forest classification (500 trees, two variables per split). 

Details are provided in supplementary section SI.3. 

Microbial Community Analysis 

For the soil samples described in section 2.3, DNA was extracted using the Qiagen 

PowerSoil Pro kit. 16 S rRNA gene amplification, sequencing, and subsequent bioinformatics data 

analysis was done as described in Krukenberg et al (2021) [58]. Further details can be found in 

supplementary section SI.4. Briefly, the V4 hypervariable region of the 16 S rRNA genes was 

amplified using the 515 F and 806 R Earth Microbiome Project primers, allowing approximately 

genus-level resolution of most bacterial and archaeal taxa [59, 60]. DNA sequencing was 

performed at the Molecular Research Core Facility at Idaho State University (Pocatello, ID). 

Sequences were deposited at NCBIôs GenBank under BioProject PRJNA1053625. The amplicon 

sequencing data was processed using QIIME2 [61] and merged using DADA2 [62]. The resulting 

amplicon sequence variants (ASVs) were assigned taxonomy using Silva138 [63, 64]. A total of 

1591 ASVs were recovered and 1463 ASVs were retained after removal of contaminants using the 
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R package decontam [65] and manual curation. Samples were rarified prior to diversity analysis 

to the lowest number of merged reads in any sample (47 088). 

Statistical Analysis 

We assessed linear relationships between log-transformed CH4 flux and driver variables. 

The CH4 flux observations were log-transformed because the flux values were highly positively 

skewed. We used an alpha level of 0.05 to assess significance in linear relationships.  

Electromagnetic (EM) Surveys of Permafrost Conditions 

Very low-frequency (VLF) methods utilize EM wavefields generated by powerful military 

transmitters (typically Ḑ1 MW). These signals propagate within the Earthïionosphere waveguide 

as far-field plane waves. VLF wavefields are ideal for probing shallow to intermediate depths in 

the subsurface. The magneto-telluric plane-wave nature of these sources, operating 

at frequencies of 15ï30 kHz, allows depths of investigation ranging from tens to hundreds of 

meters, depending on the EM frequency, local ground resistance, season, and substrate. Substrates 

such as permafrost allow greater depth of investigation. VLF has provided two-dimensional (2D) 

inversions of hydro-geophysical and environmental variables [66], particularly for groundwater 

investigations [67-70], including permafrost regions [70-72]. A review of VLF theory and practical 

applications can be found in McNeill and Labson (1991) [66]. 

We utilized VLF of frequency-domain EM induction to derive resistivity (in Ohm m) to 

evaluate the horizontal and vertical extent of permafrost. VLF transects were conducted along two 

distances (200 m and 300 m). Data were collected using a GemSystem 19WV instrument (Gem 

Systems, Inc., Markham, Ontario, Canada), measuring EM diffusion velocity and phase angles (ű) 

from primary wavefields generated by the U.S. Navy (Tx, NPM) at a frequency of 21.4 kHz, with 
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measurements recorded approximately every 6 m along transects. The transects were oriented 

approximately perpendicular (Transect A) and parallel (Transect B) to the hydrological flow down 

the valley (figure 1). Surveys were conducted in August 2022 between 1300 and 1800 Alaska 

Daylight Time. Elevation models were obtained using Digital Positioning Guidance System. The 

VLF data were inverted to reconstruct resistivity models using the EMTOMO software [73]. We 

employed the nonlinear, smoothness-constrained inversion algorithm VLF2Dmf [73]. This 

inversion technique is 2D and is based on the Occam technique for 2D magneto-telluric data 

inversions [74-77]. Forward modeling in the VLF2DMF program is based on the finite-element 

method, with topography incorporated through a distribution of the finite element mesh. Further 

details are provided in supplementary section SI.5. 

Results 

Spatial Variation in CH4 Sources and Sinks 

Observed CH4 fluxes included wet fen areas with intermediate to very high emissions (29.8 

ï 635.3 mg CH4 mī2 dī1) and drier locations with CH4 uptake (ī2.11 to ī0.7 mg CH4 mī2 dī1) 

(figure 2). The uptake fluxes were spatially clustered on small mounds, whereas the majority of 

high or very high fluxes were spatially clustered in broad fen areas. In total, six flux samples were 

óvery highô (200 mg CH4 mī2 dī1). Among these, three samples were located in wet fens (297.4 

ï 635.3 mg CH4 mī2 dī1), and the other three were considered to be anomalous hotspots (342.4 ï 

772.4 mg CH4 mī2 dī1; hereafter referred to as hotspots). The three hotspot samples (3 N, 4 S, 4 

W) were located on drier, slightly sloped boundaries between mounds and fen channels. We 

considered these samples to be anomalous hotspots because they were not located in a typical CH4-
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emitting environment and because they occurred near (within 1 ï 2 m) samples with low or 

intermediate emissions. 

 

 
Figure 2. Circle graphs display the distribution and approximate spatial arrangement of CH4 flux 

categories (very high, high, intermediate, low, or negative) at each site (sites ID numbers 1ï15 in 

white boxes). The small circles at sites 3 and 4 denote the CH4 emission hotspot samples. 

Methane fluxes were estimated using a LI-COR LI-7810 gas analyzer and Smart Chamber 

during a July 2021 field survey. 

Characterizing Surface and Near-Surface (Active Layer) 

Environmental Controls on CH4 Flux 

Log-transformed CH4 flux had a positive linear relationship with soil moisture at 20 cm 

depth (R2 =0.31, p-value < 1Ĭ10ī5) and negative linear relationships with microtopography (R2 = 

0.13, p-value = 0.006) and slope (R2 = 0.28, p-value < 2 Ĭ 10ī5) (figure 3, SI table 1). These 

associations were also present when the samples were grouped by vegetation class (figure 4). The 

sedge and grass-dominated class (vegetation class 2) had large CH4 emissions and saturated soils 

(mean 70% VWC at 20 cm depth), with flat slopes and neutral to low microtopography. The 

samples dominated by dwarf shrubs and feather mosses (vegetation classes 7ï9) were drier (mean 
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42% VWC at 20 cm depth) and had mostly CH4 uptake, slightly steeper slopes, and elevated 

microtopography. SI figures 2 and 4 show the variation in CH4 flux by vegetation class.  

In contrast to the results above, the CH4 emission hotspot locations were relatively sloped 

and well-drained (mean 48% VWC at 20 cm depth). Log-transformed CH4 flux had more 

significant linear relationships with soil moisture at 20 cm depth (R2 = 0.38, p-value = 8Ĭ10ī7) and 

slope (R2 =0.32, p-value = 9.2 Ĭ 10ī6) when the three CH4 hotspot samples were omitted from the 

regressions (figure 3, SI table 1).  

We did not observe significant relationships between log-transformed CH4 flux and soil 

temperature or soil pH, when including or not including the hotspot samples (figure 3, SI table 1). 

We also did not observe a relationship between log-transformed CH4 flux and air temperature from 

the stationary weather sensor, with or without the hotspots. Among the 17 locations where soil 

samples were collected, there was no relationship between log-transformed CH4 flux and soil 

macronutrient concentrations. However, negative correlations between log-transformed CH4 flux 

and some macronutrient variables became significant when the hotspot samples were omitted, 

including phosphorous, potassium, calcium, magnesium, and sulfate concentrations (SI table 1). 
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Figure 3. Methane flux observations plotted with (a)ï(c) soil moisture at 6, 12, and 20 cm 

depths; (d)ï(e) soil temperature at 5 and 10 cm depths; (f) air temperature at 3 m height; (g)ï(h) 

soil pH at 2.5 and 6.4 cm depths; (i) modeled slope; and (j) modeled microtopography. Methane 

flux is plotted on the y-axes, expressed as ln(FCH4 + 2.11), in which FCH4 is the CH4 flux in mg 

CH4 m2 dayī1 . R2 values and p-values are shown for the linear relationship between ln(FCH4 + 

2.11) and each driver variable, with and without the CH4 hotspot samples included. 
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Figure 4. Methane flux and soil moisture observations plotted with modeled microtopography 

and slope, by vegetation class. CH4 flux, microtopography, slope, and volumetric water content 

(VWC) by vegetation class. (a) The 56 flux sample locations were classified into vegetation 

classes 1ï9. (b) Distribution of CH4 flux categories and mean CH4 flux (Ñ standard deviation) for 

each vegetation class. Vegetation classes are ordered by descending mean CH4 flux. (c) 

Microtopography of sample locations. (d) Local slope of sample locations, calculated from the 

USGS 3DEP DTM based on eight-pixel neighborhoods. (e) Soil moisture (percent VWC) of 

sample locations, measured at 20 cm soil depth. 

Influence of Near-Surface (Active Layer) Microbial 

Communities on CH4 Flux 

Wet landscapes in permafrost regions are typically thought to emit large amounts of CH4 

due to the anaerobic degradation of SOC by archaeal methanogens. However, at the CH4 hotspot 

locations, the relative abundance of methanogens was low or below detection (figure 5a). When 

considering all sample locations, we did not observe a significant relationship between natural log-

transformed CH4 flux and near-surface methanogen relative abundance, which is consistent with 

previous studies (reviewed in Kwon et al 2019 [78]). However, when the CH4 flux hotspots were 
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removed from regression analyses, there was a statistically significant positive correlation between 

methanogen relative abundance and CH4 flux, including all sample depths (R2 = 0.198, 

p-value < 0.01). This correlation was even stronger when only accounting for samples from 0ï25 

cm depth, with the hotspots still omitted (R2 = 0.29, p-value = 0.0023, figure 5a).  

Methanogen abundance and activity in permafrost environments rely on metabolic 

interactions with other organisms that provide substrates (syntrophy) for methanogenesis 

(hydrogen, acetate). Anaerobic fermentative cellulolytic bacteria such as Clostridium and 

Acetobacterium are known to be syntrophic partners to permafrost methanogens [79-81] and were 

found to be significantly correlated with methanogens (R2 = 0.54; p-value < 0.001) (figure 5b).  

Methanotrophs use CH4 as a carbon and energy source, and, as might be predicted, were 

most highly abundant in the CH4 hotspot locations (figure 5c). Methanotroph relative abundance 

was correlated with CH4 flux across all samples and sites (R2 =0.214, p-value < 0.001, figure 5c). 

When the CH4 hotspots were omitted from this regression, this relationship was still significant, 

although considerably weaker (R2 = 0.085, p-value = 0.018). 
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Figure 5. Microbial relative abundance data. Purple stars indicate methane hotspots. Every óvery 

highô flux site for which we have microbial data was considered a hotspot. (A) Linear regression 

between methanogen relative abundance in samples collected from 0ï25 cm and natural log 

transformed CH4 flux. (B) Linear regression between natural log transformed CH4 flux and 

methanotroph relative abundance across all samples. (C) Linear regression between methanogen 

relative abundance and the relative abundance of methanogenic syntrophs Clostridium and 

Acetobacterium. 
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Characterizing Permafrost Structure and Subsurface 

Controls on CH4 Flux 

To characterize the permafrost spatially and vertically, we conducted 2D non-linear 

inversions of VLF data to generate resistivity models to 50 m depth. The inversions showed an 

upper permafrost table (0ï10 m Ñ 2ů depth) composed of discontinuous, epigenetic permafrost 

(figure 6). This upper table contained high-resistivity features (>1000 Ohm m), interpreted as 

frozen permafrost, above and adjacent to areas with low resistivity (20ï100 Ohm m), interpreted 

as intrapermafrost taliks (e.g. the low resistivity areas at 7 m depth along Transect B at 170 ï 260 

m distance). The inversions also showed a lower permafrost table (10ï50 m Ñ10ů depth) composed 

of cold, continuous permafrost with high resistivity (2000 ï27 000 Ohm m). This lower table was 

interpreted to be dominated by syngenetic, foliated ice wedges (Yedoma), with no talik structures 

identified. 

 

 
Figure 6. Geophysical inversion results for Transect A (south to north) and Transect B (east to 

west). Darker blue colors indicate frozen Qrb permafrost in the upper permafrost table (depth 0ï

10 m Ñ 2ů) and frozen Qgs (Yedoma) permafrost in the lower permafrost table (depth 10ï50 m Ñ 

10ů). Red and orange colors indicate thawed soils with Holocene-aged organic matter and water-

saturated conditions. 
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Modeled Vegetation Classes, Microtopography, and Slope 

Across the Geophysical Transect 

Figure 7 shows a portion of the Transect B geophysical inversion with the overlying CH4 

flux observations, microtopography, slope, and vegetation classes from the combined classification 

map (SI figure 14). Due to the challenge of precisely aligning the geophysical inversions with the 

other datasets, figure 7 shows the approximate spatial alignment of these datasets. These results 

indicate that frozen permafrost features within the upper permafrost table are generally associated 

with higher microtopography, slope, and woody vegetation cover, whereas near-surface thawed 

areas are generally associated with flatter terrain and higher graminoid cover. Please note that the 

low-microtopography feature located at 220 m in figure 7 is related to an unpaved access road built 

in the mid twentieth century [44]. 

 

 
Figure 7. Resistivity along Transect B with the overlying vegetation and terrain data. For the 70ï

300 m distance along Transect B, (a) vegetation classes from the combined classification map 

(classes include moss, graminoid, shrub/tree, or vegetation shadow), (b) microtopography 

modeled from the USGS 3DEP DTM elevation data, (c) slope modeled from the 3DEP DTM 

elevation data, and (d) the 2D inversion showing the vertical distribution of resistivity along 

Transect B (from figure 6). 
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Discussion 

We observed CH4 fluxes ranging from -2.11 to 772.4 mg CH4 mī2 dī1. A recent synthesis 

of Arctic-boreal wetland and upland sites reported mean daily warm-season chamber fluxes 

ranging from ī10 to 705 mg CH4 mī2 dī1, with maximum daily fluxes exceeding 1000 mg CH4 

mī2 dī1 at some wetland sites (Kuhn et al 2021). Recent chamber flux measurements from the BTL 

littoral environment (Ḑ130 m from our sampling sites) are among the highest CH4 fluxes reported 

for northern wetlands, ranging from 8.5 to 24 200 mg CH4 mī2 dī1 [44]. In our study, the very high 

flux observations (up to almost 800 mg CH4 mī2 dī1) suggest that the forest-fen ecosystem 

surrounding the lake might also contribute substantially to regional CH4 emissions, prompting us 

to investigate the key environmental variables driving the spatial variation in CH4 flux.  

Samples with high or very high CH4 emissions mostly occurred in flat, wet, graminoid-

dominated fens, which are typically considered to be CH4-producing and emitting environments. 

However, in contrast to these results, three CH4 hotspot samples were observed on drier, slightly 

sloped boundaries between mounds and fens, located within 1ï2 m of samples with low or 

intermediate emissions. These hotspot locations were moss-dominated, suggesting that the very 

high CH4 emissions were not driven by plant-mediated transport. Moreover, methanogens were 

undetected or had low relative abundance in near-surface soils at the CH4 hotspot locations, 

implying a deeper source of CH4 (>50 cm depth). These findings emphasize that information on 

deeper permafrost structure and thaw status is needed to understand the complete CH4 budget [9]. 

The geophysical inversions showed an upper permafrost table with high-resistivity 

features, interpreted as frozen permafrost, above and adjacent to low-resistivity features, 

interpreted as intrapermafrost taliks. The inversions also showed a lower permafrost table, 
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interpreted as Yedoma. Extensive borehole and age dating records from GSV support these 

interpretations [82-85]. Previous studies have identified the upper table as the organic-rich, 

Holocene-aged Ready Bullion Formation (Qrb) and the lower table as the Pleistocene-aged 

Goldstream Formation (Qgs) [52, 83, 84, 86]. Supplementary section SI.5 provides further details 

on the Qrb and Qgs formations. Figure 7 shows that frozen Qrb permafrost features are associated 

with higher microtopography, slope, and woody vegetation cover, whereas near-surface thawed 

areas are associated with flatter terrain and higher graminoid cover. This is consistent with recent 

geophysical surveys in the Tanana Flats lowlands (southwest of Fairbanks), which found strong 

associations among vegetation, topography, thaw depth, and permafrost extent, with permafrost 

almost always absent under wetlands [9].  

The geophysical results suggest that the upper permafrost table contains widespread taliks 

composed of saturated soils that might host methanogenesis. For example, the hotspot emissions 

at Site 3 might be explained by CH4 produced in the underlying talik at Ḑ7 m depth and transported 

through thawed soils surrounding the Qrb permafrost feature (figure 6). Elder et al (2021) [44] 

observed CH4 hotspots in the BTL littoral zone near the edge of a talik, likely driven by enhanced 

methanogenic production in deeper soils and/or by increased CH4 channeling through the talik. 

Results of the current study suggest that a similar process occurs in the forest-fen ecosystem farther 

from the lake. Moreover, Walter Anthony et al (2024) [47] observed large CH4 emissions (>700 

mg CH4 mī2 dī1) from thermokarst mound features at a thawing-Yedoma, non-wetland site in 

interior Alaska. Using borehole soil profiles, they observed higher water saturation, CH4 

concentration, and methanogen abundance at depth (200 cm), indicating that methanogenesis 

occurs in deep taliks.  
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Our results also suggest that relationships between CH4 flux and some surface or near-

surface drivers were confounded by the three CH4 hotspots. When the hotspots were omitted from 

regression analyses, relationships between log-transformed CH4 flux and methanogen relative 

abundance and some soil macronutrient concentrations became evident, and relationships between 

log-transformed CH4 flux and slope and soil moisture at 20 cm became slightly more significant 

(figures 3 and 5, SI table 1). This suggests that deeper subsurface conditions contribute to spatial 

variation in CH4 flux by giving rise to emission hotspots, obscuring otherwise important 

relationships between CH4 flux and surface and near-surface drivers (see figure 8 for a conceptual 

illustration). Although the CH4 hotspot samples might be driven by deep subsurface conditions, 

the other samples were likely more influenced by surface and near-surface drivers. Notably, the 

relationship between methanogens and their syntrophic partners was evident (figure 5b). At 

thawing-Yedoma sites in Alaska, Walter Anthony et al (2024) found that CH4 flux was weakly 

related to surface soil moisture and microtopography, and they observed high CH4 emissions from 

dry surface soils [47]. Their findings, similar to ours, suggest that wetter conditions in deeper soils 

facilitate methanogenesis and lead to high CH4 emissions.  
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Figure 8. Conceptual diagram of potential environmental conditions driving CH4 flux spatial 

patterns. Frozen Qrb permafrost underlies slightly drier, elevated mounds dominated by feather 

mosses and woody vegetation. We observed net CH4 uptake on mounds. Net CH4 emissions were 

observed in flatter, wetter, graminoid-dominated channels, likely driven by near-surface CH4 

production. However, some terrestrial CH4 emission hotspots might be driven by deep CH4 

production and/or channeling in intrapermafrost taliks. Microtopography elevation and the 

depths of subsurface features are not drawn to scale in this conceptual diagram. 

Due to spatiotemporal interactions among temperature, vegetation, soil moisture, and soil 

chemistry, it can be difficult to disentangle relationships between CH4 flux and drivers in 

observational field studies [38, 87]. We did not observe spatial relationships between CH4 flux and 

soil temperature or soil pH, with or without the CH4 hotspot samples. Similarly, CH4 flux was not 

related to air temperature (with or without the hotspot samples). Warmer temperatures might 

increase both CH4 production and oxidation, weakening the temperature response of net flux. Soil 

acidity has been associated with low CH4 production, but co-varying factors (vegetation, other 

physicochemical variables) might be more important controls on production [87, 88]. Additionally, 

our sampling approach likely did not capture the full spatial variation in CH4 flux and driver 

variables across the study area (and did not account for temporal variation), which further limits 

our ability to observe relationships between CH4 flux and drivers. 
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We infer that deep CH4 production is likely driving some terrestrial hotspot emissions. 

However, better understanding of the distribution of taliks and permafrost features, and their 

precise alignment with surface flux data, is needed to support this inference. Moving forward, 

extensive flux sampling in thawing permafrost environments is needed to understand the spatial 

distribution of terrestrial CH4 hotspots. Additionally, our results suggest that talik networks can 

extend beyond thermokarst lake boundaries in discontinuous permafrost landscapes, and further 

geophysical surveys are needed to determine talik network extents in the uplands surrounding 

lakes. Additionally, systems with high SOC, anoxic soils, and hydrological connectivity might 

transport CH4 through CH4-enriched groundwater flow [89]. That is, CH4 produced in the active 

layer or in deeper taliks might be transported laterally through groundwater before diffusing 

upward to the surface. However, with the data generated in this study, we cannot determine whether 

the observed hotspots were more driven by vertical versus lateral transport of CH4. Geophysical 

surveys and groundwater modeling studies might provide insight on the contributions of vertical 

and lateral transport.  

Targeted analyses of subsurface biology and chemistry would help assess the source of 

CH4 emitted from hotspots. We describe near-surface soil microbial communities (0ï50 cm depth), 

with a focus on methanogens and their syntrophic partners. Coring deeper into underlying taliks 

(Ḑ10 m depth) could identify the communities responsible for the hotspots. Additionally, the 

observed CH4 emissions potentially contain mixtures of recently assimilated carbon and older, 

deeper permafrost carbon. Radiocarbon dating analyses in future studies would provide insight on 

the relative contributions of near-surface and deeper CH4 production (e.g. Walter Anthony et al 
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2021 [45]). Additionally, isotopic techniques would help to determine the contributions of biogenic 

versus geologic CH4 sources to the hotspot emissions [44, 90, 91].  

Methane uptake samples had low magnitudes (ī2.11 to ī0.7 mg CH4 mī2 dī1) but were 

clustered on small, woody-dominated mounds. The microtopography model illustrates that small 

mounds occurred across the study area (SI figure 5c). This finding provides opportunities for using 

microtopography models to upscale sink fluxes and estimate their contribution to regional CH4 

budgets. However, further work is needed to assess whether CH4 sinks are widespread across 

mounds, and whether this pattern is disrupted by deep thaw-induced CH4 emission hotspots. More 

broadly, coarse-scale (1ï500 km2) process models lack representation of fine-scale topography and 

its influence on CH4 fluxes [92]. Similar to Cresto Aleina et al (2015) [92], our findings suggest 

that future efforts should develop methods for parameterizing the effects of fine-scale topography 

in coarse-scale process models.  

Methane emissions are expected to occur in graminoid-dominated, wet fens, yet we 

observed emission hotspots in drier, moss-dominated areas. Spatial mismatches between surface 

and subsurface conditions pose a challenge for process-based and statistical CH4 flux modeling 

approaches that rely on surface and near-surface data from optical, thermal infrared, and radar 

sensors (e.g. land cover data, soil moisture conditions, surface temperature and freeze/thaw status, 

and active layer dynamics). This highlights the importance of high-resolution (Ḑ5 m) airborne 

imaging spectroscopy for mapping localized CH4 concentration hotspots in thawing permafrost 

environments [44] and the potential for forthcoming spaceborne spectrometer missions to map 

CH4 hotspots at regional scales [93]. 
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Conclusions 

Thaw-induced ecosystem changes greatly affect CH4 fluxes, potentially converting net CH4 

sinks to sources as forests transition to forest-wetland mosaics. However, large uncertainties 

remain for CH4 fluxes and their drivers in heterogeneous, transitioning ecosystems, especially 

regarding the role of deep subsurface conditions. This study assessed surface and near-surface 

spatial heterogeneity in the context of subsurface permafrost and talik structure, to better 

understand how these drivers contribute to spatial variation in CH4 flux. Although it was not 

possible to conclusively determine the full set of environmental conditions driving CH4 fluxes, our 

results suggest that some CH4 emission hotspots are driven by deep CH4 production in landscapes 

with thawing discontinuous permafrost. This study takes an important first step by observing 

terrestrial CH4 hotspots in a transitioning forest-fen mosaic and identifying deep permafrost thaw 

that might contribute to high CH4 emissions. 

Extended Microbial Methods 

Microbial Community Analysis Methods 

Soil from the sampling site was transported on ice to Montana State University and stored 

at -80ÜC until DNA extraction. For each sample, quadruplicate DNA extractions from 0.25 g of 

soil each were performed following the manufacturerôs protocol. Replicate extractions were 

pooled prior to PCR amplification. A DNA extraction blank using nuclease-free water was 

included in each set of extractions and was eventually amplified and sequenced with the true 

samples.  
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PCR amplification of the V4 region of bacterial and archaeal 16S rRNA genes was 

performed using the revised Earth Microbiome Project [60] primers 515F (5ô-

GTGYCAGCMGCCGCGGTAA-3ô) [59] and 806R (5ô-GGACTACNVGGGTWTCTAAT-3ô) 

[94]. The PCR reaction was performed in a final volume of 25 ɛL, either consisting of (1) 5 ɛL of 

DNA template (1 ng DNA/ɛL), 13 ɛL Invitrogen Platinum Taq II 2X Master Mix, 0.5 ɛL (0.2 ɛM) 

of each primer, and 6 ɛL nuclease-free water or (2) 1 ɛL of DNA template (5ng DNA/ɛL), 13 ɛL 

Invitrogen Platinum Taq II 2X Master Mix, 0.5 ɛL (0.2 ɛM) of each primer, and 10 ɛL nuclease-

free water. The thermocycler program for amplification was: 3-minute hold at 94 C; followed by 

28 cycles of 94 ÜC for 45 seconds, 50 ÜC for 60 seconds, and 72 ÜC for 90 seconds; followed by a 

final 10-minute hold at 72 ÜC. Negative controls using nuclease free water as the ñDNA templateò 

were included in each PCR reaction and, together with the extraction blanks, were sequenced and 

used to determine contaminating sequences. 

All PCR products were quality-checked on a 1.5% agarose gel and subsequently purified, 

using AMPure XP beads following the manufacturerôs protocol. A second PCR reaction was used 

to ligate Illumina dual index barcodes to the PCR products with the following thermocycler 

program: 3-minute hold at 95 ÜC; followed by 8 cycles of 95 ÜC for 30 sec, 55 ÜC for 30 sec, and 

72 ÜC for 30 sec; followed by a final 5-minute hold at 72 ÜC. Products from this PCR, were verified 

on a gel, and cleaned up using AMPure XP beads, as described above. The concentration of the 

PCR products were quantified via Quant-iT Picogreen dsDNA Assay (Invitrogen) and all samples 

were pooled at 7.5ng of DNA for each sample. Library pool cleanup, quality assessment and 

sequencing of the pooled DNA was performed at the Molecular Research Core Facility at Idaho 
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State University (Pocatello, ID) using Illuminaôs MiSeq chemistry for 2 x 250 bp paired end reads. 

Sequences are deposited at NCBIôs GenBank under BioProject PRJNA1053625. 

Demultiplexed amplicon data were received from the sequencing center and were 

subsequently processed using QIIME 2 version 2022.8 [61]. In summary, cutadapt [95] was used 

to remove primer sequences and the forward and reverse reads were truncated to 156 bp and 124 

bp, respectively. The reads were filtered, denoised, and the paired ends were merged in DADA2 

using the default settings [62]. The resulting amplicon sequence variants (ASVs) were 

subsequently assigned taxonomy using the sklearn method and the SILVA 138 database [63] 

resulting in 1,591 classified ASVs. Contaminating ASVs were identified and removed using a 

combination of manual curation of the data considering the controls included in the study (PCR 

negative controls, DNA extraction blanks), and the R package decontam [65]. For decontam, the 

combined method with a threshold of 0.4 was used.  

The remaining 1,435 ASVs were analyzed in R [96] using the vegan and phyloseq packages 

[97, 98]. ASVs were rarefied to the lowest number of merged reads in any sample (47,088) prior 

to assessing alpha diversity analysis using 4 different metrics: Richness, Chao1, Shannon, and 

Inverse Simpson. PermANOVAs were used to evaluate the effects of the collected metadata on the 

Bray Curtis dissimilarity matrix of the annotated 16S rRNA amplicon sequences. To avoid false 

significance in the PermANOVAs presented in this work, the betadisper function within the vegan 

package was used to verify that groups did not contain significantly varied dispersal. When 

statistically significant differences between the communities of different groups were found, 

pairwise PermANOVAs were employed using the pairwise.adonis2 function [99] to identify which 

groups were different from one another. The p-values for this analysis were corrected for multiple 
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comparisons using the Benamini-Hochberg method. Similarity percentage analysis (SIMPER) 

analysis [100] was used to determine which ASVs contribute to compositional difference between 

the intermediate CH4 flux group and the other CH4 flux groups. This analysis was done using 

square root-transformed relative abundance values and the default SIMPER parameters. Figures 

were generated using ggplot2 [101]. 

Extended Microbial Results and Discussion 

Overview of Microbial Community Analysis Results 

Microbial community analyses via 16S rRNA V4 gene amplicon sequencing were 

conducted at two levels. First, general community composition was assessed to provide a 

perspective on the archaeal and bacterial taxonomic diversity and distribution patterns in relation 

to soil properties (e.g., depth, carbon, nitrogen, moisture). Actinobacteria, Bacteroidetes, 

Acidobacteria, Chloroflexi, and Firmicutes, which previously had been shown to dominate 

permafrost soil communities [102], constituted over 75% of all reads (SI Figure 8). Proteobacteria, 

Acidobacteriota, and Verrucomicrobia were most abundant in more carbon-rich surface samples, 

whereas Actinobacteriota and Chloroflexi were more prevalent in deeper, carbon-poorer soils. The 

same patterns have been documented previously in other permafrost soils [103, 104]. A complete 

community characterization is provided in supplementary section SI.6. While making functional 

inferences from taxonomic marker genes such as the 16S rRNA genes is risky [105, 106], these 

risks were mitigated by comparing the taxonomic profile of our samples, strictly with studies from 

other permafrost and arctic environments. Depth and carbon content impose important selection 

pressures in microbial communities. We found that the lineages Proteobacteria, Acidobacteriota, 

and Verrucomicrobia were more abundant in the more carbon-rich, surface samples from BTL (SI 
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Figure 8a). This finding is consistent with studies that frequently associate these phyla with high 

organic carbon content soils. Phyla associated in other studies with inhabiting deeper strata with 

lower a carbon content, such as the Actinobacteriota, and those known to breakdown recalcitrant 

carbon sources, such as the Chloroflexi, were more abundant in the carbon-poor deeper samples at 

BTL [103, 104].  

At a more resolved level of taxonomy, Alpha- and Gammaproteobacteria were the most 

abundant classes across samples of different depths and of different CH4 fluxes (SI Figure 8b). In 

the surface samples from the intermediate CH4 flux sites, Proteobacteria and Verrucomicrobiota 

sequences comprised, respectively 26.9% and 4.3% of the sequences. Notably, the relative 

abundances of ASVs from these taxa were much higher in the surface samples from the other CH4 

flux groups, where they constituted 35.5%, and 6.6% of the sequences, respectively. In place of 

these taxa, the surface samples of the intermediate CH4 flux sites had higher relative abundances 

of members from the class Clostridia (8.3% vs. 1%), as well as three methanogenic classes, 

Methanobacteria, Methanomicrobia, and Methanosarcinia (3.7% vs 0.14%). Out of 63 samples, 

only 6 samples had methanogens at a relative abundance >3% (12.5, 8.4, 7.9, 3.7, 3.4, 3.13 %) and 

many samples exhibited methanogen levels at <1% relative abundance. Methanoflorens 

(previously called rice cluster II methanogens) [107], which was previously shown to dominate 

some permafrost methanogen communities [108], was detected in only four samples; no reads 

affiliated with this family were detected in the other 59 samples. Where present, Methanoflorens-

affiliated reads had a relative abundance of 0.024-0.128%. Compared to other methanogens, 

Methanoflorens (rice cluster II) thus seems of minor relative abundance in the soil studied here. 
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Alpha Diversity 

Diversity and composition of these communities were compared to metadata to determine 

which factors were associated with the microbial community. The Shannon and Inverse Simpson 

indices of alpha diversity were significantly higher (p < 0.05) in the shallow samples (collected 

between 0 and 25 cm) than the deeper samples (collected between 25 and 50 cm) (SI Figure 9). 

This indicates that the communities in shallow soil depths are more even and not dominated by a 

small number of ASVs, which is consistent with previous findings (sources within [78] ([104, 109, 

110])). By contrast, the total number of observed ASVs, as enumerated in the total richness metric 

and estimated with the Chao1 index, was higher in the deeper samples than in the shallow samples 

(p < 0.05) (SI Figure 10). The Richness and the Chao1 diversity metrics agreed very closely, 

indicating that the sequencing depth was sufficient to effectively sample the community, and is 

corroborated by the rarefaction analysis (SI Figure 12). Thus, these data likely capture the majority 

of diversity present in the samples and show that species richness increases with depths down to 

50cm in the soils surrounding BTL. Across the 63 soil samples, rarefaction analyses suggested that 

sequence sampling depth captured total community diversity at all sample locations (SI Figure 

12). 

In addition to soil depth, microbial communities were assessed in relation to geographical 

features, with elevation and microtopography of particular interest due to their relevance to depth 

to water [103, 111]. Microbial community richness was significantly negatively associated with 

elevation and microtopography indicating a greater number of species in low-lying areas. 

However, evenness was not significantly different across elevations and microtopographies, nor 

did type of vegetation affect richness or evenness diversity metrics of the microbial community. In 

2018, Tripathi et al. found that soil depth had less effect on the diversity of permafrost communities 
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than soil characteristics, such as total organic carbon, total nitrogen, pH, electrical conductivity, 

and soil moisture [109]. While organic matter was significantly positively correlated with 

community evenness at these sites, we found no correlation of organic matter with the richness. 

Additionally, no correlation was found between richness metrics and pH, conductivity, or soil 

moisture. Richness and evenness metrics of diversity were also not significantly correlated with 

CH4 flux. 

Beta Diversity and Community Composition 

PermANOVA analysis of the Bray-Curtis dissimilarities indicated that, in addition to the 

alpha-diversity of the samples from different soil depths being significantly different, the 

composition of the microbial community between samples from different depths also differed (p 

value < 0.01) (SI Figure 11). Differences were also found as a function of soil moisture and CH4 

flux. Pairwise PermANOVA determined that the communities in the intermediate CH4 flux sites 

were different from the other three groups, however, none of the other three groups were 

significantly different from each other (SI Table 2).  

SIMPER analysis was used to determine which ASVs contribute most to the differences in 

community composition between the intermediate CH4 flux sites and the other flux sites. This 

analysis corroborated the results discussed above, with a Methanobacterium ASV (# 53) was 

significantly more associated with intermediate flux sites than other sites. Members of the genus 

Methanobacterium have previously been identified as abundant members of the permafrost 

methanogen community [103, 112]. Additionally, members of the Methanobacterium have been 

repeatedly isolated from permafrost environments and shown to be CO2-reducing 

hydrogenotrophic methanogens [113-115]. Additionally, SIMPER identified two ASVs of the 
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Clostridium genus more abundant in the intermediate flux samples, and may be of importance as 

members of the Clostridiales are known to be syntrophic partners to permafrost methanogens, as 

they are able to ferment carbohydrates to methanogenic substrates such as acetate and H2 [79-81].  

The vast majority of Proteobacterial ASVs were more prevalent in the non-intermediate 

flux samples, with the exception of two ASVs belonging to the Gallionellaceae family of the 

Gammaproteobacteria. Interestingly, these same Gallionellaceae ASVs were also identified via 

SIMPER as contributing significantly to the difference between surface and deep microbial 

communities. As noted above, and shown in SI Figure 8, the Proteobacteria were of higher relative 

abundance in the surface samples. However, analysis of the SIMPER comparison between surface 

and deep communities showed a myriad of different Gammaproteobacteria that were of higher 

relative abundance in deep communities than in shallow communities. Gallionellaceae have been 

shown to thrive in anoxic conditions while oxidizing inorganic compounds such as FeII and 

reducing nitrate [116, 117]. This pair of redox substrates does not compete with methanogenesis, 

so it is not surprising that Gallionellaceae inhabit the same intermediate flux samples as the 

methanogens. In fact, Gallionellaceae has been implicated in extracellular electron transfer [118, 

119], making them a possible syntrophic partner for methanogens [120]. Gallionellaceae have 

been shown to be a dominant community member under autotrophic and anoxic conditions [117], 

and this is consistent with their increasing prevalence in deeper samples as well as the significant 

decrease in OM with increasing depth that was observed in this study.  

In addition to the Gallionellaceae family, SIMPER analysis also identified 

Gammaprotobacterial methanotrophs that were more abundant in intermediate CH4 flux sites. An 

ASV from the Methylobacter genus was identified as such and was also the most abundant 
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methanotroph identified across all samples. Transcripts for Methylobacter have been found to be 

abundant in thawing permafrost samples from Svalbard [80]. Methylobacter have also been 

identified previously as being the most active and abundant methanotrophs in a temperate wetland 

[121](Smith et al 2018), where their activity and prevalence was hypothesized to be controlled by 

depth and in situ CH4 concentrations, as opposed to surface cover or conditions. Indeed, in the 

samples from BTL, Methylobacter relative abundance is positively correlated with CH4 flux (SI 

Figure 13).  

Please refer to Poretsky et al (2014), Abellan-Schneyder et al (2021), and Matchado et al 

(2024) for discussions of the limitations of 16S rRNA gene amplicon analysis. 
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Supplementary Figures 

 
SI Figure 1. Methane flux and dominant vegetation for sites 1ï15. (a) Sites with similar 

dominant vegetation types are grouped together, and groups are ordered by descending mean 

CH4 flux. (b) Pie charts show the distribution of CH4 flux categories (very high, high, 

intermediate, low, or negative) by site. Sites with similar dominant vegetation types are grouped 

together, and groups are ordered by descending mean CH4 flux. (c) Photographs of sites. 
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SI Figure 2. Methane flux by vegetation class. (a) Vegetation classes 1ï9, with the number of 

flux sample locations per class. Descriptions list the types of vegetation for each class, with the 

most dominant vegetation types listed first. Pie charts show the distribution of CH4 flux 

categories (very high, high, intermediate, low, or negative) by vegetation class. Vegetation 

classes are ordered by descending mean CH4 flux. (b) Photographs show four examples of flux 

samples in each vegetation class. Photographs are labeled with the sample ID and color-coded by 

CH4 flux category. 
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SI Figure 3. Mound versus fen channel. (a) Example of a slightly elevated, drier mound 

dominated by trees, woody shrubs, and feather mosses. This photograph is a west-facing view of 

Site 3. (b) Example of a flatter fen channel dominated by graminoid vegetation. This photograph 

is a south-facing view from Site 4, showing the channel that runs adjacent to the southwest edge 

of Site 4 and continues southward, running adjacent to the eastern edge of Site 3. 
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SI Figure 4. Boxplots of CH4 flux by vegetation class. (a) Distribution of CH4 flux by vegetation 

class, in units of mg CH4 m-2 day-1. Vegetation classes are ordered by descending mean CH4 flux. 

(b) Distribution of CH4 flux by vegetation class, expressed as ln(FCH4 + 2.11), in which FCH4 is 

the CH4 flux in mg CH4 m-2 day-1. This transformation was done to better visualize fluxes which 

range from negative to very high (-2.10 to 772.36 mg CH4 m-2 day-1). For all boxes, the center 

line shows 50th percentile (median), and the bounding box shows the 25th percentile (quartile 1) 

and 75th percentile (quartile 3). The interquartile range (IQR) is the difference between quartiles 

1 and 3. The lower whisker is calculated as either the minimum flux value or [quartile 1 - 

1.5*IQR] (whichever is higher). The upper whisker is calculated as either the maximum flux 

value or [quartile 3 + 1.5*IQR] (whichever is lower). Flux values less than the lower whisker, or 

higher than the upper whisker, are identified as outliers (open circles). 
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SI Figure 5. Gridded microtopography and slope estimates. (a) USGS 3DEP digital terrain model 

(DTM) generated from airborne lidar aggregated to 1 m spatial resolution. Black points show 

carbon flux sample locations. Easting and Northing coordinates are in the Universal Transverse 

Mercator (UTM) Zone 6 North coordinate reference system (meters). Note that the 3DEP DTM 

elevation data was provided as orthometric elevation. Here, the orthometric elevation was 

converted to ellipsoidal elevation by adding a geoid height of 11.2 m, based on the EGM2008 

earth gravity model. (b) Moving window (31 m x 31 m window) mean applied to the DTM data. 

(c) Microtopography at 1 m spatial resolution calculated as the moving window mean (panel b) 

subtracted from the original DTM (panel a). Microtopography displayed for values -0.5 to 0.5 to 

allow better visualization of mound and fen features (full range of values is -0.97 to 1.19 m). (d) 

Per-pixel slope calculated from the original DTM using the óterrainô function of the raster R 

package, based on eight-pixel neighborhoods. Flux sample locations are shown as yellow points. 

Panels e and f show zoomed views of the microtopography and slope data, with sample locations 

color-coded by CH4 flux category. Numbers in white boxes show the Site ID number. 
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SI Figure 6. Spatial variogram analysis of microtopography. (a) Empirical variogram of the lidar-

based digital terrain model (DTM). (b) Empirical variogram of the microtopography data 

calculated as the moving window mean (31 m x 31 m window) subtracted from the original 

DTM data. 

 
SI Figure 7. Two-dimensional representation of microtopography calculation. (a) Black solid line 

shows the USGS 3DEP digital terrain model (DTM) elevation for a northeast-southwest transect 

across the study area (transect shown as dashed line in panel b). Red solid line shows the DTM 

smoothed using a 31 m rolling mean. (b) DTM elevation data, with black points showing the flux 

sample locations. Note that the 3DEP DTM elevation data is provided as orthometric elevation. 

Here, the orthometric elevation was converted to ellipsoidal elevation by adding a geoid height 

of 11.2 m, based on the EGM2008 earth gravity model. Dashed black line is the northeast-

southwest transect shown in panels a and c. (c) Microtopography for the linear transect, 

calculated as the rolling mean subtracted from the original DTM. (d) Microtopography estimated 

across the site calculated as the moving window mean (31 m x 31 m window) subtracted from 

the original DTM. 
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SI Figure 8. Microbial Composition of Surface and Deep Samples. (a) Relative abundances of 

different microbial phyla, based on 16S rRNA gene amplicon sequencing. Phyla that had a mean 

relative abundance in each sample of less than 0.5% were collapsed into the ñOtherò category. 

(b) Relative abundance of different microbial classes, based on 16S rRNA gene amplicon 

sequencing. Samples are grouped by the CH4 flux category they belong to, as well as if the 

sample was recovered from the surface (0-25 cm) or from depth (25-50 cm). Non-methanogenic 

classes that had a mean relative abundance in each sample of less than 3% were collapsed into 

the ñOtherò category. Methanogenic classes are shown in bright red, bright orange, and bright 

pink. 
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SI Figure 9. Evenness of Microbial Communities at the Surface and at Depth. Boxplot of the 

distributions of the Shannon and Inverse Simpson diversity indices of samples from the soil 

surface (0-25 cm) and samples from deeper soil (25-50 cm). The tables in the plots summarize 

the results of an ANOVA, testing the impact of depth on these Evenness diversity metrics. 
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SI Figure 10. Richness of Microbial Communities at the Surface and at Depth. Boxplot of the 

distributions of the observed and estimated (by Chao1) ASV richness of samples from the soil 

surface (0-25 cm) and samples from deeper soil (25-50 cm). The tables in the plots summarize 

the results of an ANOVA, testing the impact of depth on these Richness diversity metrics. 
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SI Figure 11. Bray-Curtis Dissimilarity Between Microbial Communities at Different Depths. 

Principal coordinate analysis of the Bray-Curtis dissimilarity between soil samples. The color of 

the points indicate the soil depth of the microbial community. Surface (0 - 12.5 cm), mid-shallow 

(12.5 - 25 cm), mid-deep (25 - 37.5 cm), deep (37.5 - 50 cm). A PermANOVA test indicates that 

the microbial communities are statistically significantly different between these four depth 

groups (p = 0.0001). 
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SI Figure 12. Rarefaction curve of the 63 sequenced soil samples. Prior to alpha diversity 

analyses, samples were rarefied to 47,088 reads (Sample Size). 

 
SI Figure 13. Methylobacter Regression. Linear regression between the natural log transformed 

CH4 flux of a given site, and the relative abundance of a Methylobacter ASV at the site. Soil 

samples from all depths are plotted together. 
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SI Figure 14. Vegetation mapped across the study area. Combined classification of moss, 

graminoid, woody shrubs and trees, surface water, and vegetation shadow. Separate supervised 

random forest classification models were trained using high-resolution drone multispectral 

imagery collected in August 2019 and July 2021. The resulting classifications were combined to 

minimize the number of pixels classified as vegetation shadow. 
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SI Table 1. Fitted linear models between log-transformed methane (CH4) flux and driver 

variables. Methane flux is log-transformed as ln(FCH4 + 2.11), in which FCH4 is the CH4 flux in 

mg CH4 m-2 day-1. The equations in the ñAll samplesò category were fit using all samples, and 

the equations in the second category were fit with the hotspot emission samples (3N, 4S, 4W) 

omitted from the dataset. Log-transformed CH4 is represented as y and each driver variable is 

represented as x. The coefficient of determination (R2) and p-value are reported for each fitted 

model. P-values less than or equal to 0.05 are highlighted in gray. 
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SI Table 2. Pairwise PermANOVA. Pairwise PermANOVA, testing the impact of CH4 flux on the 

community composition as assessed via Bray-Curtis dissimilarity. 
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Abstract 

Reports of biogenic methane (CH4) synthesis associated with a range of organisms have 

steadily accumulated in the literature. This has not happened without controversy and in most cases 

the process is poorly understood at the gene and enzyme levels. In marine and freshwater 

environments, CH4 supersaturation of oxic surface waters has been termed the ñmethane paradoxò 

because biological CH4 synthesis is viewed to be a strictly anaerobic process carried out by O2-

sensitive methanogens. Interest in this phenomenon has surged within the past decade because of 

the importance of understanding sources and sinks of this potent greenhouse gas. In our work on 

Yellowstone Lake in Yellowstone National Park, we demonstrate microbiological conversion of 

methylamine to CH4 and isolate and characterize an Acidovorax sp. capable of this activity. 

Furthermore, we identify and clone a gene critical to this process (encodes pyridoxylamine 

phosphate-dependent aspartate aminotransferase) and demonstrate that this property can be 

transferred to Escherichia coli with this gene and will occur as a purified enzyme. This previously 

unrecognized process sheds light on environmental cycling of CH4, suggesting that O2-insensitive, 

ecologically relevant aerobic CH4 synthesis is likely of widespread distribution in the environment 

and should be considered in CH4 modeling efforts. 

Significance 

Observations summarized herein contribute to an ongoing paradigm shift in microbial 

ecology, documenting an emergent property of ecosystem function that further challenges the 

perception that biogenic methane (CH4) production is strictly an anaerobic process. Relevant 

metabolites, a model bacterial isolate, gene, and enzyme are identified, and we show how this 
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property can conceivably be broadly distributed in the biosphere and contribute to global CH4 

emissions. Scientifically, this study will enable lines of investigation that will expand our 

understanding of CH4 synthesis and emission in nature and illustrates how CH4 synthesis may 

actually serve as a nexus for the C and N cycles in nature. 

Introduction 

The ñmethane paradoxò is well documented and has drawn significant attention from a 

broad array of biologists, biogeochemists, biochemists, and physical scientists (see review in [1]). 

This supersaturation phenomenon is inconsistent with the extreme oxygen sensitivity of 

methanogens, a phylogenetically constrained group of archaea, which have long been viewed to 

be the sole source of biogenic CH4. Work in marine waters previously suggested this is due to 

methanogens active within anoxic microhabitats in suspended organic debris [2-5], digestive 

tracts, or fecal pellets of zooplankton [5-7] and/or of fish [8, 9]. Recently, strong evidence for 

microbial dealkylation of methylphosphonate (referred to here as MPn) in marine [10, 11] and 

freshwater environments [12, 13] has been presented and thus provides at least a partial 

explanation for this phenomenon. 

Pelagic methane enriched zones (PMEZ, ref. 12) are well-defined CH4 maxima occurring 

as a distinct region(s) of the water column in deep freshwater lakes [1, 12, 14]. PMEZ offer a 

tractable environment in which to study the microbiology and biogeochemistry that underpins 

aerobic CH4 synthesis. Our prior efforts on Yellowstone Lake using 13C-labeled methanogen 

substrates, 16S ribosomal RNA (rRNA) gene based microbial community characterization, and 

methyl-coenzyme M reductase (mcrA) gene-targeted PCRs demonstrated the absence of 

recognizable methanogens in PMEZ waters [12]. Instead, MPn metabolism was strongly 
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associated with distinct populations of Pseudomonas sp. as being important contributors to PMEZ 

formation [12]. 

Efforts presented here summarize continuing studies that now identify aerobic metabolism 

of methylamine (MeA) as an important contributing metabolite to biogenic CH4. Methylotrophic 

methanogens anaerobically convert MeA to CH4 by disproportionation of MeA to carbon dioxide 

and CH4 [15, 16]. Methylotrophic bacteria can metabolize MeA as a carbon source [17, 18], 

nonmethylotrophs for nitrogen [17, 19, 20], a carbon and N source [21], or methylovores can use 

it as an energy source [22].MeA utilization is viewed to occur as an oxidation via either MeA 

dehydrogenase, MeA oxidase, or involving methy group transfer to tetrahydrofolate involving the 

formation of formation of ɔ-glutamyl-methylamide (GMA) and N-methylglutamate (NMG) [20, 

23]. In the current study, we report the discovery of an alternate, simpler route of MeA metabolism 

that yields CH4, involving a reaction catalyzed by a 5ǋ pyridoxal-phosphateïdependent aspartate 

aminotransferase. 

Results 

Water Column Characterization 

Yellowstone Lake water columns sampled in 2016 shared similar EXO Sonde features (SI 

Appendix, Table S1 and Fig. S1). The PMEZs were located just below the approximate upper limit 

of the thermocline, although the July PMEZ was 0.5 m deeper (11.5 versus 11 m), and CH4 

concentrations were approximately twofold greater (51 versus 26 nM) (Fig. 1A). Incubating July 

29 PMEZ water samples (12 ÁC, initiated as aerobic) with 13C-labled MPn and 13C-labled 

substrates capable of supporting known methanogenesis pathways (acetate, formate, bicarbonate, 

H2 + bicarbonate) found no strong evidence of 13CH4 formation (SI Appendix, Fig. S2A). Samples 
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spiked with 13C-MeA produced 13CH4 and to a much lesser extent 13C-methionine as well (Fig. 

1B and SI Appendix, Fig. S2). Lack of MPn metabolism was not anticipated and thus to relocate 

the MPn active region, follow-up sampling (August 5) of the PMEZ as well as 1 m above and 

below were spiked with 13C-MeA, 13C-methionine, and 13C-MPn. On this second sampling date, 

13C-MPn was the primary substrate leading to 13CH4 (Fig. 1C and SI Appendix, Fig. S2B) and thus 

consistent with our prior observations [12]. The data showing that MeA was the sole contributing 

metabolite to PMEZ formation in July was striking. MeA is widespread in the environment [24], 

but much remains to be learned about its environmental fate, even though it is ubiquitous and 

viewed as an important nitrogen source in marine environments [19, 25]. Subsequent work focused 

on its ecological relevance in this freshwater environment. 

On July 24, 2017, the water column was sampled in higher resolution (0.5-m increments). 

As in 2016, the PMEZ was well defined (Fig. 2A) just below the upper boundary of the thermocline 

(8 m) in O2-saturated water (Fig. 2C). Also, a second more-robust PMEZ was present at 11.5 to 

12.0 m depths (roughly 3,000% of saturation) (Fig. 2A) at near O2 saturation (98.6% of saturation, 

Fig. 2C). Neither PMEZ could be linked with the Chl a peak (14 to 16 m), and only the upper 

PMEZ was located within the photic zone (0 to 9 m). PCRs using degenerate universal mcrA 

primers (SI Appendix, Table S2) and total DNA failed to generate amplicons (SI Appendix, Fig. 

S3), indicating recognizable methanogens [26] were absent or below detection. 
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Fig. 1. Characterization of the water column methane and MPn and MeA metabolism potential of 

the PMEZ microbial communities. (A) Methane profiles generated from equilibrium CH4 

measurements. (B and C) 13CH4 generation from lake water samples spiked with 13C-labeled 

methylamine (MeA) or methylphosphonate (MPn). Data are mean Ñ range of n = 2 distinct water 

samples. On July 28, 2016, only water from 11.5 m was tested, whereas on August 5, 2016, 

water from three depths (as shown) was tested. VPDB, Vienna Pee Dee Belemnite; ŭ13CH4. 

Targeted liquid chromatographyïmass spectrometry (LCïMS) analyses of unamended 

PMEZ samples found MPn was below detection (1 ɛM in this lake water matrix; SI Appendix, 

Fig. S4). However, MeA was present (Ḑ2.8 ɛM at 6 m) and decreased to or below detection at 

depths greater than 10 m (Fig. 2B). The lowest MeA levels coincided with the deepest and largest 

PMEZ maxima, suggesting MeA consumption may have contributed to its formation. Results of 

other parallel experiments examining microbial community metabolic potentials supported this 

hypothesis. 13C-MPn dealkylation activity indicated MPn could contribute to 13CH4 generation in 

water depths of 8, 11.5, and 12 m, whereas 13C-MeA exhibited the potential to contribute to 13CH4 

synthesis only at 12 m (Fig. 2D).  
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Methylated amines are indicator metabolites of glycine betaine (GB) degradation and are 

commonly associated with algae [27-30]. Microbial conversion of GB to trimethylamine (TMA) 

has been documented [30, 31], which can then be converted to trimethylamine oxide (TMAO) Ÿ 

dimethylamine (DMA) Ÿ MeA (17), and DMA can be converted directly to MeA [32]. In this 

study, GB, TMA, and MeA profiles were correlated (R2 = 0.64 to 0.77, SI Appendix, Fig. S5), 

diminishing to or below the detection limits at depths that correspond to the deeper PMEZ 

associated with 13MeA Ÿ 13CH4 activity (Fig. 2 B and D). This suggests that the source, 

consumption, and metabolism of the three metabolites could be coordinated. 
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Fig. 2. PMEZ characterization in 2017 for methane and relevant catabolic precursors. (A) Water 

column methane profile showing two concentration maxima at 8.0 and 11.5 to 12.0 m overlaid 

with relative abundance (%) of Burkholderiales. (B) Metabolite analysis showing change in 

concentrations of glycine betaine, trimethylamine, and methylamine. Open symbols indicate 

methylamine concentration below the detection limit. (C) Water column properties illustrating O2 

saturation (or nearly so) at both methane peak depths. (D) Relative metabolic potentials of the 

microbial communities for converting 13C-MPn or 13C-MeA to 13C-CH4. Data in D denotes the 

mean Ñ range of two replicates except for MPn at 12 m, at which n = 1 due to broken serum 

bottle. VPDB, Vienna Pee Dee Belemnite; ŭ13CH4, ratio of stable isotopes 13C:12C in parts per 

thousand (per mil, ă). 
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