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Introduction

Methanogens are anaerobic methane-producing archaea that derive energy from methanogenesis, a biological process responsible for most global methane emissions. Because methane is a potent greenhouse gas and a high-energy fuel, methanogens could help solve the dual challenge humanity is facing—climate change and energy shortage (Buan, 2018). On the one hand, mitigating methane emissions is a high priority in tackling global warming and climate change. On the other hand, promoting methane production in well-controlled environments such as waste digesters convert waste into high purity methane as a sustainable biofuel.

There are also good reasons to believe that the significance of methanogens would extend beyond climate and energy. For example, methanogens were one of the earliest life forms on Earth, they have evolved enormous diversity for ~3.5 billion years (Wolfe and Fournier, 2018), they possess many essential genes uniquely shared between archaea and eukaryotes (Lyu and Whitman, 2017), and they are now collectively distributed in a wide range of ecosystems—on the land, in the oceans, across extreme environments (Liu and Whitman, 2008), closely associated with humans, animals, and plants (Borrel et al., 2020), and even adapted to oxic niches (Lyu and Lu, 2018). A good understanding and translation of their functions across the biosphere will unravel the untapped cross-boundary significance of methanogens relevant to the environment, energy, agriculture, biotechnology, and health and disease of humans, animals, and plants.

Therefore, we have formed a guest editorial team with diverse expertise in microbiology, environmental science, biotechnology, and medicine to bring forward this new Frontiers Research Topic “The Methane Moment—Cross-boundary Significance of Methanogens” (Lyu et al., 2022). To showcase methanogen-relevant research across multiple disciplines, this topic is cross listed with 3 Frontiers journals and 6 sections. To facilitate the discussion of this topic, our editorial team presents here a preface article envisaging, within our expertise, the significance of methanogens in diverse settings.


Evolution of methanogens and methanogenesis

While the origin of methanogens and their ancestral pathway of methanogenesis is debatable, modern methanogens operate five unique pathways: CO2-reducing, aceticlastic, methylotrophic (Lyu et al., 2018b), methoxydotrophic (Mayumi et al., 2016) and alkylotrophic (Zhou et al., 2022). All the pathways use a methyl-coenzyme M reductase complex (MCR) to catalyze the final step of methanogenesis. MCR homologs are also shown to be involved in anaerobic methanotrophy and alkane metabolism (Laso-Perez et al., 2016; Borrel et al., 2019). Previously, it was reported that methanogens were classified into two distantly related groups within the phylum Euryarchaeota (Bapteste et al., 2005; Borrel et al., 2016). In recent years, genomic and sequencing analysis has proposed many novel methanogens outside Euryarchaeota, expanding the diversity of methanogens and methanogen-like archaea (Baker et al., 2020). For example, Korarchaeota, Thaumarchaeota, Verstraetearchaeota, and Nezhaarchaeota, also contain MCRs, suggesting that they have the potential of methanogenesis (Wang et al., 2019). Bathyarchaeota, Hadesarchaea, and Helarchaeota contain alkyl–coenzyme M reductase complex (ACR), enzymes that are similar to MCR but activate alkanes instead (Seitz et al., 2019).

The findings of MCR and ACR in non-Euryarchaeota challenged the hypothesis that methanogenesis originated from Euryarchaeota, suggesting a more complex evolutionary history of methanogens (Garcia et al., 2022). Some studies suggested that the hydrogen-dependent CO2-reducing (hydrogenotrophic) methanogenesis may be the ancestral form of biological methane production and methanogens evolved from hydrogenotrophic to methylotrophic methanogenesis (Berghuis et al., 2019). Others suggested that hydrogen-dependent methylotrophic methanogenesis was the ancestral form and hydrogenotrophic methanogenesis developed later by phylogenetic analysis of methanogens based on concatenated ribosomal proteins and on functional proteins (Wang et al., 2021). Further studies on the origin, evolution, and ecophysiology of methanogens will be instrumental in understanding their adaptation across the biosphere and their cross-boundary significance thereof.



Significance in the global carbon cycle

As part of the Earth's ‘biogeochemical engine', methanogens transform annually 2% of the ~70 Gt global net primary production carbon into ~1 Gt of methane, of which ~60% is oxidized by methane oxidizers. The remaining ~0.4 Gt escapes into the atmosphere, accounting for ~70% of the global methane emission (Thauer et al., 2010). Notably, this well-established model does not consider that biological methane emission can also occur in non-methanogens which may encompass all living organisms including plants, fungi, algae, bacteria, archaea, and human cells (Günthel et al., 2019; Bižić et al., 2020; Ernst et al., 2022). Non-methanogens do not produce methane via methanogenesis where substrates are stoichiometrically converted into methane for energy conservation. Instead, their methane appears to be a metabolic byproduct likely derived from methyl radicals induced by reactive oxygen species under oxic conditions. Consequently, the observed methane yield in non-methanogens is extremely unstable and varies in the range of sub-attomole to micromole per gram of dry cellular weight (Ernst et al., 2022), dwarfed by typical methanogens yielding at the mole level (Thauer et al., 2008). Moreover, methanogens predominate all the major methane-emitting habitats such as ruminants and rice fields (see below). Therefore, while it is of significance to develop a quantitative global model for the elusive methane emissions from non-methanogens, methanogens remain the most potent biological methane producer and the top contributor to the global methane emission.

Abiotic sources such as mining and combustion of fossil fuel and biomass burning contribute to ~30% of the global methane emission (Conrad, 2009; Rosentreter et al., 2021). Since the industrial revolution, the atmospheric methane has almost tripled from ~700 to an alarming ~1900 ppb, contributing substantially to global warming and climate change (Earth Org, 2022). The increase in abiotic emission is almost exclusively human-induced, while a large share of that increase in biological emission is also anthropogenic (Conrad, 2009). About 40% of the biological methane come from methanogens in the ruminants and rice fields for producing meat, milk, and rice, and another ~16% from methanogens in landfills and sewage treatment facilities (Lyu et al., 2018b). As the world population continues to grow, food consumption and waste disposal will inevitably increase, fueling more methane emissions. This creates a nexus of heated conflicts between global warming, food and agriculture security, and waste management. To add insult to injury, biological emission from at least certain natural sources such as tropical wetlands may have entered a positive feedback loop (Voosen, 2022). In these wetlands, elevated methane emission makes climate warmer and wetter which in turn fuels more methane emission. This is of immense concern, as wetlands are a top habitat for methanogens and the single largest natural source of methane emission, responsible for emitting ~0.15 Gt of methane annually (Lyu et al., 2018b; Rosentreter et al., 2021).



Significance in environmental microbiome

Methanogens proliferate in natural and engineered habitats limited in typical electron acceptors (O2, nitrate, or sulfate), such as deep subsurface environments (Underwood et al., 2022), intestinal tracts of animals and insects (Borrel et al., 2020), and anaerobic digestors for residential and industrial waste treatment (Vítězová et al., 2020; De Bernardini et al., 2022). Here, methanogens act as a terminal electron sink driving anaerobic oxidation of organic matter to completion. Specifically, methanogens syntrophically couple their reductive metabolism with bacterial partners' oxidative metabolism via indirect or direct electron transfers facilitated by H2/formate (Schink, 1997), conductive mineral grains like iron-oxides or activated carbon (Rotaru et al., 2018), or electron-carrying cell surface molecules such as multiheme c-type cytochromes (Rotaru et al., 2021).

A general assumption is that the thermodynamically more efficient respiratory bacteria such as nitrate and sulfate reducers would competitively displace methanogens in habitats where typical electron acceptors are abundant. However, that is not always the case. For example, in oxic and sulfate-rich seagrass meadows, methylotrophic methanogens occupied an unconventional niche via demethylation of compounds like betaine, an osmolyte of seagrasses (Schorn et al., 2022). This unconventional niche may even harbor novel methanogens or methanogen-like archaea, evidenced by the presence of Ca. Helarchaeota metagenomes encoding the mcrA (Schorn et al., 2022). Other unconventional niches include steel structures suffering corrosion (Lahme et al., 2021), and electrode materials for bio-electricity generation (Aryal et al., 2022). These examples highlight the robustness of methanogens in adapting to a wide range of habitats. Regardless of the habitats, a key to the proliferation of methanogens is to obtain electrons from their surrounding microbiome. Further studies on this electron exchange process will contribute to a functional assessment of the overall electron flow in environmental microbiomes. This has implications for methane mitigation, biofuel production, and ecosystem stability.



Significance in human health and beyond

Methanogens in human health and disease have a complicated story. While detection of gut-derived methane in human breath was first studied in the 1970's (Bond et al., 1971), it was initially believed that methanogens and methane production had no physiological consequence. However, it is now known that methanogens colonize the gastrointestinal tract commonly but when they do so more prominently, they can be associated with human disease. The strongest relationship is with constipation (Triantafyllou et al., 2014). The presence of methane is not only associated with constipation, it is proportional to the amount of methane and studies of intestinal physiology point to methane as the cause and perhaps even as a potential gasotransmitter (Pimentel et al., 2006; Wang, 2014). Studies go on to identify the main human gut methanogen as Methanobrevibacter spp. (Kim et al., 2012), and other notable gut methanogens also belong to Methanosphaera spp. and Methanomassiliicoccales (Hoegenauer et al., 2022).

While typically associated with constipation, gut methanogens and methane is linked to other conditions including obesity. In an elegant study using germ free animals, methanogens promoted obesity when animals were co-colonized with Bacteroides thetaiotamicron demonstrating that methanogens are dependent on syntrophic bacteria (Samuel et al., 2007). Work in obesity suggests that methanogens are associated with higher body-mass-index in obesity and their presence may also predict a less ideal outcome for weight loss after bariatric surgery (Basseri et al., 2012; Mathur et al., 2016). Beyond the gut, oral methanogens are strongly associated with polymicrobial oral infections such as periodontitis (Lepp et al., 2004; Horz and Conrads, 2011), while the gut methanogen Methanobrevibacter smithii could produce 2-hydroxypyridine that might drive Parkinson's disease pathogenesis (Wilmes et al., 2022). It is clear from these examples that it is important to understand the roles of methanogens at least in the context of nutrition, constipation, polymicrobial infection, and gut-brain axis. Furthermore, basic principles established for human-associated methanogens would have implications in the poorly studied animal- and plant-associated methanogens. Together, studies of these host-associated methanogens will help to elucidate their roles in the health and disease of humans, animals, and plants.



Significance in biotechnology

Besides their commercial applications in waste treatment and biogas production, methanogens emerge also as cell factories for sustainable biomanufacturing, owing to their intriguing ecophysiological characteristics. Notable examples include their high gas or hydrostatic pressure tolerance, ranging from 300 kPa to 400 MPa (Ver Eecke et al., 2013; Taubner et al., 2018; Pappenreiter et al., 2019); their wide range of growth temperature, from approx. −4 to 122°C (Taubner et al., 2015); and their abilities to reduce CO2 with diverse gaseous and volatile compounds such as H2, CO, formate, ethanol, and secondary alcohols (Kurth et al., 2020). Moreover, certain methanogens are also fast growing (Abdel Azim et al., 2017; Palabikyan et al.) and genetically tractable (Mondorf et al., 2012; Nayak and Metcalf, 2017; Susanti et al., 2019; Lyu et al., 2020; Fink et al., 2021; Bao et al., 2022; Li et al., 2022).

With these features, methanogens are poised to help drive the next biotechnological boom through a gas fermentation bioprocess. Of special interests to this process are CO2-reducing microbes, which can be regarded as a carbon-negative cell factory that enables carbon fixation, bioenergy transition, and production of high-value bioproducts (Müller, 2019; Pfeifer et al., 2021; Liew et al., 2022). As a proof of concept, methanogens capable of CO2-reduction have already been engineered to produce geraniol (Lyu et al., 2016), isoprene (Aldridge et al., 2021), acetate (Schone et al., 2022), enzymes (Lyu et al., 2018a; Akinyemi et al., 2021), and bioplastics (Thevasundaram et al., 2022) under laboratory conditions. Additionally, several high performance and high pressure gas fermenting methanogen cell factories have been identified under bioreactor conditions (Mauerhofer et al., 2018, 2021). Because the biomass of methanogens is already rich in valuable compounds such as ether lipids (Baumann et al., 2018, 2022), carboxylic acids, and complex coenzymes (Lyu and Whitman, 2019), coupling synthetic biology with bioprocess development holds high potential for advancing methanogens into an economically feasible platform for green biomanufacturing.




Discussion

Although invisible to the naked eye, many have acknowledged the significant influence of methanogens and their surrounding microbiome on humanity's fate. This is evidenced by the Global Methane Pledge endorsed by 120 nations aiming for a 30% cut in methane emissions by 2030 (The White House, 2021). However, beyond methanogenesis and methane reduction, more research is needed to understand the functional roles of methanogens in both free-living and host-associated microbiomes. Bioengineering of and bioprocess development for methanogens are also of high importance, which echoes the unprecedented investments in low-carbon biomanufacturing (The White House, 2022). Ultimately, the convergence of these research areas would lead to a more sustainable future by not only mitigating global warming and climate change but tapping the potential of methanogens in environmental, agricultural, industrial, and medical biotechnology.
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The development of a sustainable energy economy is one of the great challenges in the current times of climate crisis and growing energy demands. Industrial production of the fifth-generation biofuel methane by microorganisms has the potential to become a crucial biotechnological milestone of the post fossil fuel era. Therefore, reproducible cultivation and scale-up of methanogenic archaea (methanogens) is essential for enabling biomass generation for fundamental studies and for defining peak performance conditions for bioprocess development. This study provides a comprehensive revision of established and optimization of novel methods for the cultivation of the model organism Methanococcus maripaludis S0001. In closed batch mode, 0.05 L serum bottles cultures were gradually replaced by 0.4 L Schott bottle cultures for regular biomass generation, and the time for reaching peak optical density (OD578) values was reduced in half. In 1.5 L reactor cultures, various agitation, harvesting and transfer methods were compared resulting in a specific growth rate of 0.16 h−1 and the highest recorded OD578 of 3.4. Finally, a 300-fold scale-up from serum bottles was achieved by growing M. maripaludis for the first time in a 22 L stainless steel bioreactor with 15 L working volume. Altogether, the experimental approaches described in this study contribute to establishing methanogens as essential organisms in large-scale biotechnology applications, a crucial stage of an urgently needed industrial evolution toward sustainable biosynthesis of energy and high value products.
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Introduction

The global impact of a constantly expanding human civilization could be addressed by a proportionally accelerated transformation of the technological progress. Biotechnological advances utilizing natural and recombinant microorganisms, like methanogenic archaea (methanogens), can provide various solutions for decentralized sustainable energy manufacturing, such as biomethanation processes, which utilize methanogens with industrially relevant growth characteristics and high volumetric methane (CH4) biosynthesis (Seifert et al., 2014; Azim et al., 2017; Mauerhofer et al., 2018; Rittmann et al., 2018). Biological CH4 production from carbon dioxide (CO2) (CO2-BMP) can be applied to establish CH4 as a CO2-neutral biofuel (Porqueras et al., 2012) of the post-fossil fuel era, as CH4 can be incorporated into existing storage and transportation infrastructures for natural gas (Mauerhofer et al., 2018). In fact, methanogens have already been utilized in large scale anaerobic digestion for biogas production (Guebitz et al., 2015) and for conversion and storage of energy from renewable sources into CH4 (Götz et al., 2016).

Methanogens are a remarkable group of organisms within the domain Archaea (Cavicchioli, 2011; Borrel et al., 2013). Methanogenesis might have emerged billions of years ago under primordial conditions in hydrothermal vents as one of the most ancient metabolisms (Ueno et al., 2006; Martin et al., 2008). Today, methanogens have been found in almost every anoxic environment on the planet and are responsible for the final stage of biomass mineralization by producing CH4 under anaerobic conditions (Liu and Whitman, 2008; Thauer et al., 2008; Jabłoński et al., 2015). By biosynthesizing roughly 1 Gt of the potent greenhouse gas CH4 annually (Howarth et al., 2011; IPCC, 2013), methanogens have become a crucial subject of studies, due to their essential role in the global carbon cycle and their ecological significance.

Methanococcus maripaludis is an autotrophic, hydrogenotrophic, methanogenic mesophile which grows in mineral medium at 37°C (Jones et al., 1983; Keswani et al., 1996). M. maripaludis requires solely CO2 as a carbon source (Zellner and Winter, 1987) but it can additionally utilize acetate for biomass synthesis (Shieh and Whitman, 1987; Azim et al., 2018). For energy production, molecular hydrogen (H2) or formate are used as an electron source (Shieh and Whitman, 1988; Costa et al., 2013; Rother and Whitman, 2019). A thin S-layer has been described for M. maripaludis (Jarrell and Koval, 1989; Jarrell et al., 2010), which implies that M. maripaludis is presumably a rather fragile organism when it is exposed to low osmolarity buffers (Jones et al., 1985) or to detergents (Jones et al., 1983). Nevertheless, the cellular structure of M. maripaludis allows straightforward manipulation by classical molecular biology techniques.

Today, M. maripaludis is one of the mostly studied model organisms among obligate hydrogenotrophic methanogens (Goyal et al., 2016; Richards et al., 2016). It can be transformed (Tumbula et al., 1994) with various shuttle vectors (Argyle et al., 1996; Sarmiento et al., 2011; Walters et al., 2011), and its genome can be edited by integrative plasmids (Stathopoulos et al., 2001; Lie and Leigh, 2007) or by a markerless mutagenesis procedure (Moore and Leigh, 2005). Furthermore, two distinct CRISPR-mediated genome editing systems have been successfully established in M. maripaludis (Bao et al., 2022; Li et al., 2022). The extensive molecular toolbox has been used for diverse studies of the physiology of methanogens, such as the molecular architecture of the methyl coenzyme M reductase (Lyu et al., 2018). Furthermore, M. maripaludis S0001 has been metabolically engineered as a cell factory for the production of high value products, such as geraniol (Lyu et al., 2016) and the bioplastic polymer polyhydroxybutyrate (Thevasundaram et al., 2022). Nevertheless, there is much space for methodological advances which would allow M. maripaludis to be further established as model organism with a recognizable impact on the global biotechnology sector.

A reproducible pipeline for scaling up the cultivation of M. maripaludis has been a missing link that has restricted this promising species to a laboratory-scale subject of studies. Even though various techniques have been used for the cultivation of M. maripaludis in closed batch mode (Balch et al., 1979; Sarmiento et al., 2011; Goyal et al., 2015), they are all limiting culture volumes in milliliter ranges and alter physiological footprints due to a discontinuous substrate supplementation. Nevertheless, a flexible and cost-efficient formate-based 1.5 L system in closed batch mode has been developed for formate utilizing methanogens, which allows sufficient biomass generation for analytical studies and eliminates common challenges of H2/CO2-supplied methods (Long et al., 2017).

In contrast, a fed-batch mode of cultivation allows continuous addition of feed for growth, larger culture volumes and more sophisticated control of conditions. Nevertheless, only handful of notable studies have applied chemostat-like systems (Haydock et al., 2004; Hendrickson et al., 2007, 2008; Costa et al., 2013; Müller et al., 2021) or carried out scale-up of pure cultures (Walters and Chong, 2017) for biomass generation by of M. maripaludis. All of them have been focused on other fundamental questions and have not developed a detailed pipeline for continuous transfer and scale-up of M. maripaludis cultures. Even though larger cultivation volumes of 10 L have been developed decades ago (Shieh and Whitman, 1988), no follow up studies have optimized peak performance conditions for the cultivation of M. maripaludis in industrially relevant scales.

Building up from established techniques for the anaerobic cultivation of methanogens (Azim et al., 2017, 2018; Taubner and Rittmann, 2016) this study initiates the completion of a missing chapter in the study of M. maripaludis by designing an experimental approach for rapid biomass production by various cultivation methods.



Materials and methods


Microorganisms and media

Methanococcus maripaludis S0001 was used in all experiments. The organism was provided by William Barny Whitman, University of Georgia, United States. For all experiments and cultivation modes a reduced liquid 141 medium (DSMZ 141a) with the following composition was used: (L−1): 0.14 g CaCl2·2H2O, 0.34 g KCl, 4 g MgCl2·6H2O, 0.25 g NH4Cl, 18.09 NaCl, 0.14 g K2HPO4, 3.45 g MgSO4·7H2O, 10 mL Modified Wolin’s mineral solution (100×), 2 mL (0.1% w/v) Fe(NH4)2(SO4)2·6H2O (0.1% w/v). The 100× Modified Wolin’s mineral solution was prepared by dissolving 1.5 g Nitrilotriacetic acid in ddH2O and adjusting pH to 6.5 with KOH. Then the following reagents were added (L−1): 3 g MgSO4·7H2O, 0.585 g MnCl2·4H2O, 1 g NaCl, 0.18 g CoSO4·7H2O, 0.1 g FeSO4·7H2O, 0.1 g CaCl2·2H2O, 0.18 g ZnSO4·7H2O, 0.02 g KAI(SO4)2·12H2O, 0.006 g CuSO4, 0.01 g H3BO3, 0.01 g Na2MoO4·2H2O, 0.0003 g Na2SeO3·5H2O, 0.03 g NiCl2·6H2O, 0.0004 g NaWO4·2H2O. Finally, the pH was adjusted to 7.0 with KOH. The Fe(NH4)2(SO4)2·6H2O solution had the following composition (L−1): 0.00709 g FeSO4·7H2O and 0.00337 g (NH4)2SO4. After of the medium was made anaerobic and sterilized, it was supplemented with 20 mL L−1 of sodium acetate (0.61 mol L−1) and 4 mL L−1 of Na2S·9H2O (0.5 mol L−1) prior to inoculation. The following gasses were purchased from Air Liquide (Air Liquide GmbH, Schwechat, Austria) and used for cultivations: H2/CO2 (4:1 mix), H2 (≥99.999 Vol.-%) and CO2 (≥99.995 Vol.-%). Due to the combustible properties of those gasses, all experiments within this study were caried out in designated anaerobic facilities, equipped with sensors and gas alarm systems where the use of open fire is forbidden.



Closed batch


0.05 L serum bottle cultures

Serum bottles (SB) have total and culture volumes of 120 mL and 50 mL, respectively, and are hereafter referred as 0.05 L SB cultures. They were filled with 141 medium (48 mL) and sealed with butyl rubber stoppers (20 mm; CLS-3409-14; Chemglass Life Sciences, Vineland, NJ, United States) and aluminium crimp caps (20 mm; Ochs Laborbedarf, Bovenden, Germany). Bottles were made anaerobic by drawing vacuum (4×) and pressurizing (5× 1.0 bar) with H2/CO2 gas mixture (4:1). SB were sterilized by autoclaving, and each replicate was complemented with 1 mL sodium acetate (0.61 mol L−1) and 0.2 mL Na2S·9H2O (0.5 mol L−1) to a final volume of 49.2 mL prior to inoculation. Inoculation was carried out with 0.8 mL of pre-culture (1.6% (v/v)) in an anaerobic glove box (Coy Laboratory Products, Grass Lake, United States).



0.4 L Schott bottle cultures

Schott bottles (SCB, DURAN® pressure plus GL-45; DWK Life Sciences, Mainz, Germany) have total and working volumes of 1,000 mL and 416.67 mL, respectively, and are hereafter referred as 0.4 L SCB cultures. They were filled with 141 medium (400 mL) and sealed with butyl rubber stoppers (40 mm; 444704, Glasgerätebau Ochs, Bovenden, Germany) and PBT screw caps (54 mm; DWK Life Sciences, Mainz, Germany). After they were made anaerobic and sterilized, each replicate was complemented with 8.33 mL sodium acetate (0.61 mol L−1) and 1.67 mL Na2S·9H2O (0.5 mol L−1) to a final volume of 410 mL prior to inoculation. Inoculation was carried out with 6.67 mL of pre-culture [1.6% (v/v)] in an anaerobic glove box (Coy Laboratory Products, Grass Lake, United States).



Cultivation and analysis

For inoculation, sampling and gassing of anaerobic cultures of M. maripaludis the following sterile equipment was utilized: 1 mL, 5 mL and 10 mL gas-tight syringes (Injekt®-F, Omnifix®-F, Omnifix®; B. Braun, Melsungen, Germany); hypodermic needles (Gr 14, 0.60 × 30 mm, 23 G × 1 1/4′′; B. Braun, Melsungen, Germany) and cellulose acetate filters with pore size 0.20 μm (LLG Labware, Meckenheim, Germany). A gassing manifold (Taubner and Rittmann, 2016) was used for feeding cultures. A digital manometer (LEO1-Ei, −1…3 bar rel, Keller, Germany) was used for pressure measurements. Serum bottles were shaken or stirred with a magnetic stir bar at 37°C at various rotations per minute (rpm). Assessment of culture growth was carried out by optical density measurements utilizing a spectrophotometer Specord 200 Plus (Analytic Jena, Jena, Germany) at 578 nm (OD578).



Experimental groups: Shaking vs. stirring

Two distinct methods for agitation of both SB and SCB were compared – shaking and stirring. Shaken closed batch cultures were agitated up to 180 rpm by two devices: an air incubator (ZWYR-2102C; Labwit Scientific, Ashwood, Australia) or an orbital shaker (No. 3019; Gesellschaft für Labortechnik GmbH, Burgwedel, Germany) which was placed in a 37°C climate chamber (TER, CMESS, University of Vienna). Stirred SB and SCB were agitated up to 1,400 rpm by a 25 × 6 mm or a 40 × 8 mm magnetic stir bars, respectively (BRAND GMBH + CO.KG, Wertheim, Germany). Stir bars were added to 141 media prior to sealing and sterilization of anaerobic media containing bottles, which were incubated on stirrer heating plates (2581001; IKA®-Werke GmbH & Co. KG, Staufen, Germany) that were placed either in an air incubator or in a climate chamber (mentioned above) at 37°C.

Both SB and SCB were tested under distinct conditions (shaking or stirring at various rpm) in quadruplicates with a uninoculated control, which was handled identical to the rest of the replicates. Shaken cultures were subjected to agitation rates of 100, 150 and 180 rpm, whereas stirred cultures were agitated at 100, 500, 800, 1,100, 1,400 rpm. Pressure and OD578 were measured in regular intervals once a day prior to feeding and further incubation at 37°C. Best experimental groups were reproduced, as a second timepoint for measurements and feed was introduced. For the optimization within each stage (SB or SCB), an inoculum from the stationary phase of the previous experimental group was used. When new series of experiments was started, the first inoculum was acquired from a pre-culture inoculated from cryogenic stocks.



Revival of cryogenic stocks

Cryogenic backups were regularly produced from both serum and SCB cultures. For SB, 800 μL of culture and 600 μL of anaerobic 50% (v/v) glycerol in 141 medium were mixed in anaerobic glove box, snap frozen in liquid molecular nitrogen and stored at −70°C. For SCB, 6.67 mL of culture and 5 mL of anaerobic 50% (v/v) glycerol in 141 medium were mixed and handled as mentioned above. Upon revival, backups were slowly thawed on ice, spun down at 2,000 g, supernatant was discarded and pelleted biomass was suspended in 0.8 mL or 6.67 mL freshly prepared 141 medium and inoculated in complemented 141 medium containing SB or SCB, respectively. The first revived generations were not subjected to experiments and were cultivated via shaking at 150 rpm as pre-cultures.




Bioreactors


2.2 L bioreactor setup

Methanococcus maripaludis was cultivated with the Eppendorf commercial system DASGIP® Bioblock (76DGTBLOCK) equipped with 4× 2.2 L Bioblock stirrer reactors (Eppendorf AG, Hamburg, Germany) with a working volume of 1.5 L (reactor culture). Temperature was constantly maintained at 37°C. Cooling water was supplied to the off-gas condenser. Sensors for pH and redox potential (59903232 and 105053336, Mettler Toledo, Columbus, OH, United States) were connected to the DASGIP® module and were monitored via the company software. Feed solutions of sodium acetate (0.61 mol L−1) and Na2S·9H2O (0.5 mol L−1) were prepared in SCB, made anaerobic and maintained anaerobic by connecting them to gas bags filled with a gas mix of H2/CO2 (4:1). The solutions were supplemented to the reactor vessels through a PTFE tubing (0.8 mm) by the DASGIP® MP4 and MP8 pumps. Gassing flow rate was usually maintained at 0.3 volume gas per volume liquid per minute (vvm) but alternative vvm were also tested for individual experiments (0.15 to 0.6 vvm). CO2 was supplemented via the DASGIP® MX4/4 mixing module (76DGMX44, Eppendorf AG, Hamburg, Germany) and H2 was managed externally via the mass flow controller SmartTrak® (C100L; Sierra Instruments, Monterey, CA, United States). The two distinct gas circuits were merged by a three-way junction into a single tubing which directed the gas mix of H2/CO2 (4:1) through a Millex®-FG filter (SLFG05010; MilliporeSigma, Burlington, MA, United States) into the inflow sparger of the bioreactor vessels. For sampling of cultures, the in-build 370 mm pipe of stainless steel (outer diameter 4 mm, inner diameter 2 mm) was used. Silicon tubing (M0740-2445; Eppendorf AG, Hamburg, Germany) was used for completing and connecting various reactor gas circuits, tubes and ports. Off-gas tubings were directed through a 500 mL SCB (for collection of condensate) and further toward a dedicated opening of a centralized exhaust gas absorption system.



1.5 L reactor cultures: Cultivation and analysis

First, pH and redox probes were calibrated using distinct buffers (pH 7.0/4.1; 10000642/10545151; Fisher Scientific, Hampton, NH, United States) and an ORP solution (240 mV; HI7021L; Hanna Instruments, Woonsocket, RI, United States), respectively. Probes were then plugged into the stirrer reactors filled with 1.434 L of 141 medium without acetate supplementation and the complete reactor setup was sterilized by autoclaving. Then the vessels were positioned into the Bioblock and all circuits were connected and managed through the company software. Temperature was set at 37°C, stirring at 600 rpm and the media was made anaerobic at 0.3 vvm with a flow rate of 20 standard liter per hour (sL h−1) H2 and 5 sL h−1 CO2. The medium was supplemented with 30 mL of sodium acetate (0.61 mol L−1) via injection through a silicone rubber septum and with 6 mL of Na2S·9H2O (0.5 mol L−1) via the MP4 pumps. Finally, as a last preparation step before inoculation, the pH was adjusted to 7.00 (± 0.05) with NaOH (10 mol L−1) via injection through the septum and was not automatically titrated later. Samples for OD578 were harvested before and directly after inoculation and at regular intervals during culture growth. After inoculation, feeds of sodium acetate (0.61 mol L−1) and Na2S·9H2O (0.5 mol L−1) were supplemented at rates of 0.5 mL h−1 and 0.1 mL h−1, respectively, and were manually increased upon stable growth. Biomass harvesting was carried out by connecting a needle to the silicon tubing of the sampling pipe and punctuating the butyl rubber of an empty anaerobic SCB with a negative pressure. Biomass from the reactor vessel was directed through the sampling silicon tubing and the needle into the SCB bottle, due to the negative pressure. The collected biomass was then handled in the anaerobic glove box for various purposes: calculations, inoculum preparation, pelleting for storage.

Inoculum preparation for transfer from closed batch to fed-batch cultures was a central subject of this study and various procedures were tested and are discussed later. Here, only the established reproducible methods are described. Biomass (400 mL) from both exponential and stationary phase of SCB or 1.5 L reactor cultures was concentrated by centrifuging at between 2,500 and 4,000 g, mostly at 3,000 g for 15 min at room temperature (RT) using 750 mL bottles and a LH 4000 swing-out rotor (75006475) of a Heraeus 4KR multifuge (75004461, Thermo Fisher Scientific, Waltham, MA, United States). Pelleted biomass from 400 mL starter cultures was then suspended in 30 mL of fresh 141 medium without supplemented acetate and collected into a 50 mL syringe described above and finally injected into reactors.



1.5 L reactor cultures agitation ramps and experimental groups

Bioreactor cultures of M. maripaludis were subjected to four distinct agitation ramp profiles: “conservative” and “progressive” variations of both stepwise and continuous increase of rpm. The continuous approaches were defined by a constant increase of rpm starting from the inoculation timepoint and differed in their acceleration rate: the conservative and progressive variations reached 600/1,200 rpm after 72 h and 1,200/1,600 rpm after 108 h, respectively. In contrast, the stepwise ramp profiles additionally introduced short steady states when the agitation was maintained at a constant rate. The conservative variation was maintained at 100 rpm 18 h post inoculation and reached 1,200 rpm after 69 h, whereas the progressive was set at 100 only for 6 h and reached the final steady state of 1,500 rpm after 74 h. Additional variations of the above-mentioned ramps have been tested but are not reported here due to lacking positive impact on culture growth.

To organize experiments within this study, a three-digit ID (x.y.z) was assigned to each bioreactor replicate. The digit x defines the phase, which describes bioreactor experiments, starting from an “adaptation” round (first inoculation from SCB into 1.5 L reactor cultures), going through further transfer from stagnating reactor cultures into new reactor cultures until final biomass harvesting. The second digit y describes the consecutive bioreactor run from the beginning of bioreactor experiments within this study and the third digit describes the reactor replicate number on the Eppendorf Bioblock.



22 L bioreactor setup

Methanococcus maripaludis was cultivated in a customized 22 L Biostat® C15-3 reactor system (bbi-biotech GmbH, Sautorius Group, Berlin, Germany) with a working volume of 15 L (reactor culture). Rushton turbines were installed at 25, 50 and 80 cm from the bottom of the central agitation shaft. Temperature was constantly maintained at 37°C via thermometer and cooling water was supplied to the off-gas condenser. A sensor for pH (104054479, Mettler Toledo, Columbus, OH, United States) was connected to the control unit, and a sensor for redox potential (59904198, Mettler Toledo, Columbus, OH, United States) was operated externally by a multi-parameter transmitter (M300, Mettler Toledo, Columbus, OH, United States). Feed solutions of sodium acetate (0.61 mol L−1) and Na2S·9H2O (0.5 mol L−1) were prepared in SCB, made and maintained anaerobic by connecting them to gas bags filled with a gas mix of H2/CO2 (4:1). The solutions were supplemented to the reactor vessels through a PTFE tubing (0.8 mm) by external pumps (0106141DA0, Watson Marlow Pumps, Falmouth, Cornwall, United Kingdom). Gas flow rate was maintained at 0.3 vvm, as both CO2 and H2 were managed externally via mass flow controllers SmartTrak®. The two distinct gas circuits were merged by a three-way junction into a single tubing which directed the gas mix of H2/CO2 (4:1) through a filter into the inflow sparger of the bioreactor vessels. For sampling of cultures, a silicone tubing attached to the sampling valve SV-25 was used.



15 L reactor cultures: Cultivation and analysis

First, pH and redox probes were calibrated, as described above. Probes were plugged into their ports and the vessel was filled with 14.490 L of uncomplemented 141 medium and a sterilization cycle was carried out. Additionally, a steam generator Veit 2365/2 (Veit GmbH, Landsberg am Lech, Germany) was used for sterilization of sampling and harvesting valves and of the double mechanical seal. Temperature was set at 37°C, stirring at 600 rpm and the media was made anaerobic at 0.3 vvm with a flow rate of 20 sL h−1 H2 and 5 sL h−1 CO2 until pH and redox values remained stable (around 15–20 min). The medium was complemented with 300 mL of sodium acetate (0.61 mol L−1) and with 60 mL of Na2S·9H2O (0.5 mol L−1) via injection through a silicone rubber septum. Finally, as a last preparation step before inoculation, the pH was adjusted to 7.00 (± 0.05) with NaOH (10 mol L−1) via injection through the septum and was not automatically titrated later. Biomass (3×400 mL) from stationary phase of 1.5 L reactor culturess was centrifuged at 3,000 g for 15 min at room temperature (RT) using 750 mL bottles and a LH 4000 swing-out rotor (75006475) of a Heraeus 4KR multifuge (75004461, Thermo Fisher Scientific, Waltham, MA, United States). Pelleted biomass was then suspended in 30 mL of fresh uncomplemented 141 medium and collected into 50 mL syringes (3×50 mL) described above and finally injected into reactors. Samples for OD578 were harvested before and directly after inoculation and at regular intervals during culture growth. After inoculation, feeds of sodium acetate (0.61 mol L−1) and Na2S·9H2O (0.5 mol L−1) were supplemented at rates 5 mL h−1 and 1.2 mL h−1, respectively, and were manually increased upon stable growth. Biomass harvesting was carried out via the harvest and drain valve.




Best pipeline

The best pipeline combined the most successful experimental groups from each cultivation mode for a continuous scale-up of M. maripaludis cultivations by transfers of actively growing culture. Unlike the optimization within each cultivation mode where the inoculum was generated from a stagnating culture, for the complete pipeline inoculum was prepared from cultures in their exponential phase. The only exception was the transfer from a 1.5 L reactor culture into the 15 L reactor cultures, where the inoculum was also in stationary phase.



Calculations

Formula 1 utilizes a linear model (Taubner et al., 2018; Mauerhofer et al., 2021) for calculating the specific growth rate (μL) of M. maripaludis in closed batch mode, since exponential growth was only documented in 1.5 L reactor cultures, where an exponential formulation (μ) was applied for fed batch experiments (Formula 2). Subsequently, linear and exponential generation times (GTL/GT) were calculated from the linear μL and exponential μ, according to Formulas 3 and 4, respectively. Furthermore, substrate (H2/CO2) consumption was determined via pressure measurements of SB and SCB (Taubner and Rittmann, 2016).
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Results

Within this study M. maripaludis was cultivated for 4,000 h in 0.05 L serum and 0.4 L SCB cultures, for 3,000 h in 1.5 L reactor cultures and for the first time in a volume of 15 L in a stainless-steel reactor system. Here, an extensive comparison of (linear and exponential) μ, GT and substrate consumption for various agitation and feeding techniques in closed batch mode is presented. Furthermore, reproducible transfer and optimized biomass generation in a fed-batch reactor system is discussed in detail and applied into scale-up pipelines.


0.05 L SB cultures

SB were subjected to agitation by shaking or by stirring with a magnetic stir bar. Shaking at 100 rpm (100/sha, Figure 1) resulted in the lowest growth (Figure 1A) and substrate consumption (Figure 1B) from all tested groups. Transferring this culture further (100/sha.2) and cultivation under the same conditions showed adaptation and improved GTL (shaker.2, Table 1). Agitating at 100 rpm by stirring (100/str) was more efficient than shaking at the same speed. Stirring at 500 rpm (500/str) displayed a similar growth to adapted 100/sha.2 cultures but reached the highest substrate consumption (Figure 1B) of all tested groups. The best growth in SB was observed upon agitation at 500 rpm by stirring and feeding two times a day (500/str/2×) where the highest maximum OD578 of 1.29 (Table 1) was reached around 6 days earlier than all other experimental groups.
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FIGURE 1
 Comparison of 0.05 L SB cultures. (A) OD578 measured over time in h. (B) substrate consumption, measured in % conversion of substrate (H2/CO2) into product (CH4) over time in h. All data points are calculated mean values of biological quadruplicates (n = 4). Further details are presented in Table 1. *n = 3 after t = 277 h.




TABLE 1 Comparison of culture growth parameters from closed batch experiments.*
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0.4 L SCB cultures

SCB were agitated either by stirring with a magnetic stir bar or by shaking. Stirred cultures generally delivered the slowest growth curves, as the experimental groups stirred at 100 (100/str), 500 (500/str) and 1,100 rpm (1,100/str) remained at the bottom of the graph for OD578 comparison (Figure 2A). However, cultures which were stirred at 800 rpm (800/str) showed strong improvement of growth and were the second-best experimental group. They also delivered their maximum OD578 in the shortest measured time of 158 h (Table 1). Additionally, stirring at maximum possible 1,400 rpm was tested. Quadruplicate cultures reached a mean maximum OD578 of 0.169 after 96 h (Table 1). Possible explanations for the inefficient growth at higher agitation intensities are discussed later.

[image: Figure 2]

FIGURE 2
 Comparison of 0.4 L SCB cultures. (A) OD578 measured over time in h. (B) substrate consumption, measured in % conversion of substrate (H2/CO2) into product (CH4) over time in h. All data points are calculated mean values of biological quadruplicates (n = 4). Further details are presented in Table 1.


Shaken cultures at 100 (100/sha) and 180 (180/sha) rpm outperformed most of the stirred groups, as the 100/sha group reached the highest OD578, and the 180/sha group delivered the lowest GTL of 3.06 h (Table 1). Subjecting 100/sha cultures to double feeding (100/sha/2×) substantially improved growth and reduced the time for reaching maximum culture growth by a day and decreased the GTL more than double (Table 1). The substrate consumption of SCB (Figure 2B) displayed very heterogenous patterns (Figure 2B) and no clear separation between stirred and shaken cultures was observed. Groups 100/str and 100/sha/2× clustered below 50%, 100/sha and 500/str around 60% and 180/sha and 800/str a bit below 90%. Samples from the group 1,100/str showed variating low substrate consumption during the first half of culture growth but reached reproducibly high values during late exponential growth.



1.5 L reactor cultures

Phase 1 tested various transfer procedures for inoculation of M. maripaludis from closed batch cultures into bioreactor vessels. Initial unsuccessful attempts relied on direct injection of 50 mL culture inoculant from SB (at first unwashed, later also spun down and resuspended in fresh 141 medium), which was often grown to low optical densities at low H2/CO2 pressures, due to the wrong assumption that headspace pressure was an essential adaptation factor. A first successful growth was achieved with the 9th attempt (Figure 3E), where stirring was adjusted manually in response to culture growth. The biomass from this single reactor was continuously transferred in stationary phase of growth and 4 further successful experiments (Figure 3, blue graphs in A–D) were carried out for defining 4 distinct agitation profiles – conservative and progressive variations of continuous and stepwise increase of rpm. At the end of phase 1 several unsuccessful attempts for revival of stored reactor biomass were carried out (data not presented).
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FIGURE 3
 Comparison of M. maripaludis growth in 1.5 L reactor cultures. OD578 (left Y axis) measured over time in h for replicates subjected to the following agitation profiles (rpm on right Y-axis): (A) continuous progressive (Phases 1 and 3), (B) continuous conservative (Phases 1 and 3), (C) stepwise progressive (Phases 1 and 2), (D) stepwise conservative (Phases 1, 2, 4, and 7), (E) growth of reactors cultures from Phases 1–3 subjected to adaptation rounds, (F) optimization of stepwise conservative ramps by increase of agitation and supply of gaseous substrate (+rpm and vvm) or by increase of agitation and supply of gaseous substrate and decrease of OD578 of inoculum (+rpm and vvm-OD) from Phases 5 and 6, respectively. Further details are presented in Table 2.


Phase 2 adopted a gentler centrifugation at 4,000 g (Table 2) during concentration of biomass upon culture transfer, which resulted in improved survival during the adaptation round, where 3 out of 4 replicates (Figure 3E) exited the lag phase around 48 h earlier than during phase 1. Additionally, those replicates were subjected to a pre-programmed agitation ramp profile (red dotted line, Figure 3E). The biomass was then further transferred in stationary phase for reproducing the stepwise ramp profiles (Figures 3C,D). At this stage the stepwise conservative ramp profile was recognized as the most promising, as all 3 replicates from phases 1 and 2 aligned perfectly and delivered high OD578 peaks over 2.5 (Figure 3D).



TABLE 2 Distinct experimental groups of 1.5 L reactor cultures (Figure 3). **
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During phase 3 for the first time a SCB inoculum in exponential growth (Table 2) was used during the adaptation round. Four reactors were subjected to the agitation ramp from phase 2 (Figure 3E) and grew perfectly aligned almost reaching a true exponential geometry of growth curves and almost matching the best runs from phase 2. This run was in fact the last stage of the proposed best pipeline from this study discussed below. Additionally, M. maripaludis was transferred as a stationary inoculum to further reproduce the continuous agitation ramps (Figures 3A,B), which in both cases sustained better growth than the single replicates from phase 1.

The main goal of phases 4–7 was to optimize growth of M. maripaludis upon agitation under the stepwise conservative ramp. Adaptation rounds were carried out unsupervised over the weekend (not shown here) according to the set-up of the adaptation round from phase 3 (Figure 3E). The resulting biomass was used to inoculate single runs (N = 1), with either 1 or 2 biological replicates (n ≤ 2), which reproduced the stepwise conservative ramp. Phase 4 had an identical setup to the respective experimental groups from phase 1 and 2. During phase 5 the agitation ramp was increased to maximum levels of 1,600 rpm and H2/CO2 mix was supplied at increasing rates from 0.3 to 2.4 vvm. Phase 6 had the same experimental setup and additionally an inoculum from exponential phase (OD578 = 1.3) was used. However, phases 5 and 6 (Figure 3F) were not able to sustain a better growth of M. maripaludis than during phases 1, 2, and 4.

Finally, the best run in this study was generated during phase 7 (Figure 3D) when the setup of phases 1, 2, and 4 was reproduced in combination with an inoculum from exponential growth, which resulted in the highest recorded OD578 value for M. maripaludis of 3.38 (Table 3). This value was also reached under the same cultivation conditions during phase 1 (Figure 3D) but around 48 h later. Under the stepwise conservative agitation ramps (reactor IDs 2.21.3/2.21.4, 4.27.2/4.27.3/4.27.4) also the highest recorded values for μ and GT of ~0.16 h−1 and ~ 4.3 h, respectively, were measured (Table 3).



TABLE 3 Comparison of growth parameters from experiments with 1.5 L reactor cultures.***
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Scale-up pipeline

Methanococcus maripaludis was inoculated in 0.05 L SB cultures, transferred to 0.4 L SCB cultures and finally into 1.5 L reactor cultures (Figure 4). Each stage of the scale-up pipeline utilized some of the best experimental groups, which were cultivated until reaching exponential phase and then further transferred. SB cultures were agitated by stirring at 500 rpm and were supplemented with gaseous substrate (H2/CO2) once a day at 2 bars. Quadruplicates reached a mean OD578 of 0.6524 after 90 h and were transferred into 0.4 L cultures. The SCB were shaken at 180 rpm and fed twice a day at 1 bar with H2/CO2. After 69 h (159 h timepoint) they reached OD578 of 0.6 but were transferred to 1.5 L cultures after 78 h (168 h timepoint). The growth curve of quadruplicate bioreactor cultures represents the adaptation round of Phase 3 (Figure 3E) and was among the most successful runs at that stage of this study. Exponential growth at OD578 of 0.6 was reached after around 48 h (216 h timepoint) and a peak OD578 of 2.3 was reached after 92 h (260 h timepoint).
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FIGURE 4
 Scale-up pipeline of M. maripaludis. OD578 (left Y axis) measured over time in h for replicates subjected to the following cultivation methods: 0.05 L SB cultures cultivated at 2 bars H2/CO2 and agitated by stirring at 500 rpm (0–90 h); SCB cultivated at 1 bar H2/CO2 twice (2×) a day and agitated by shaking at 180 rpm (90–168 h); 1.5 L reactor cultures subjected to adaptation round setup (168–277 h). Dotted line for culture transfer designates harvesting and inoculation procedures between the distinct groups. All data points are calculated mean values of biological quadruplicates (n = 4). Dotted text boxes designate time (h) and OD of cultures during transfers. The solid text box designates time (h) of peak OD.




15 L reactor culture

For the first time M. maripaludis was cultivated in a working volume of 15 L in a 22 L stainless steel bioreactor (Figure 5B). For this scale-up experiment, first a 0.4 L pre-culture was prepared in SCB, which was agitated by stirring at 800 rpm and fed twice a day with 1 bar H2/CO2 (Figure 5). OD578 of 0.6 was reached after 49 h (Figure 5A). After biomass harvesting and concentration, a single 1.5 L reactor culture was inoculated and subjected to adaptation round settings. This culture reached exponential growth at OD578 of 0.6 after around 44 h (93 h timepoint), peak OD578 of 2.4 after 64 h (113 h timepoint) and was further cultivated until stationary phase. After 75 h (124 h timepoint) at an OD578 of 2.1, M. maripaludis was harvested and inoculated into a 15 L reactor culture. There, exponential growth with an OD578 of 0.6 was reached after around 25 h (149 h timepoint), maximum growth was recorded at OD578 of 1.7 after 61 h (185 h timepoint) and the complete pipeline was completed after 188 h at OD578 of 1.66. The 15 L reactor culture produced 5.57 ± 0.39 g L−1 wet biomass.

[image: Figure 5]

FIGURE 5
 Scale-up of M. maripaludis toward a 15 L reactor culture. (A) OD578 (left Y axis) measured over time in h for a single replicate subjected to the following cultivation methods: SCB cultivated at 1 bar H2/CO2 twice (2×) a day and agitated by stirring at 800 rpm (0–49 h); 1.5 L reactor culture subjected to adaptation round setup (49–124 h); a 15 L reactor culture (124–188 h). Dotted line for culture transfer designates harvesting and inoculation procedures between the distinct groups. Dotted text boxes designate time (h) and OD of cultures during transfers. Solid text boxes designate time (h) and OD of crucial stages of culture growth. (B) Harvested biomass with the used Sautorius Biostat C 15–3.





Discussion and conclusion

Established large scale processes within the microbial biotechnology sector, which are essential for medicine, nutrition and research, are dominated by heterotrophic bacterial and eukaryotic cell factories, which have high carbon footprints, electricity demands and impact on valuable resources (Patel et al., 2020). In contrast, wild type and bioengineered archaea have been strongly neglected and up to date only halophiles have been used for the biosynthesis of commercial products (Pfeifer et al., 2021). However, the demand for high value bioproducts and the urgent need to stop the tremendous exploitation and destruction of natural resources require an immediate biotransformation of the global industry. Harvesting the metabolic potential of genetically tractable autotrophic, hydrogenotrophic, and methanogenic archaea (Lyu and Whitman, 2019) might be a good start.


Relevance of methanogenic archaea for bioprocess development

Among the archaea, methanogens continue receiving attention due to their biotechnological potential for the production of CH4 and other valuable bioproducts (Pfeifer et al., 2021). The documented physiological features of some methanogens, such as high μ (Rittmann et al., 2015; Azim et al., 2017), tolerance to high gas and hydrostatic pressures (ver Eecke et al., 2013; Taubner et al., 2018; Pappenreiter et al., 2019) and resistance to shear forces (Seifert et al., 2014; Azim et al., 2017) clearly make them attractive candidates for cell factories with biotechnological applications. For the development of CH4 production bioprocesses from H2/CO2, volumetric or specific CH4 productivity and conversion efficiency have been defined as crucial parameters (Mauerhofer et al., 2018; Rittmann et al., 2018).

However, not all methanogens, that are available as pure cultures, can easily be grown in bioreactors. This and previous studies on the scale-up of methanogens (Mauerhofer et al., 2018) have shown that bioprocess development should focus on examining the type of cultivation method (e.g., closed batch, fed-batch, and continuous culture) and the type of bioreactor (e.g., stirred tank reactor, bubble column, and trickle-bed) that are envisioned for the final production process. Furthermore, identification and optimization of the scaling criteria, the medium, the feed source, quality and quantity, the inoculum storage and preparation, and the type of downstream processing operation are of major importance. For instance, some methanogens grow in inexpensive minimal medium (Taubner and Rittmann, 2016; Mauerhofer et al., 2018) and can be cultivated in standard stirred tank bioreactors (Seifert et al., 2014; Azim et al., 2017; Rittmann et al., 2018).

Methanogens that have been applied for scale-up of CH4 or biomass production in bioreactors are Methanothermobacter marburgensis and M. maripaludis, respectively. For M. marburgensis, successful scale-up to B-TRL ≥5 (Pfeifer et al., 2021) and growth and CH4 production in fed-batch, as well as in continuous culture, have been thoroughly examined (Seifert et al., 2014; Azim et al., 2017; Rittmann et al., 2018). However, a pipeline for rapidly producing high biomass concentrations of M. maripaludis in fed-batch cultivation mode has up to now been missing.



Expanding opportunities for the cultivation of Methanococcus maripaludis

This study provides a comprehensive comparison of various cultivation techniques for M. maripaludis. By the optimization of established anaerobic methods, an extensive laboratory-scale manual for experimental approach toward rapid biomass generation has been developed. Everyday cultivation of M. maripaludis has mainly relied on closed batch bottles for decades, as the highest culture volume has increased from 0.2 L to 0.23 L for 36 years (Balch et al., 1979; Goyal et al., 2015). Here, regular growth in 0.4 L SCB cultures supplemented by gaseous H2/CO2 substrates is being reported, which is equally accessible, reliable and reproducible. Combined with an alternative agitation method by a magnetic stirrer, SCB cultures allow faster and cost-efficient biomass generation which is sufficient for molecular analysis without the need for sophisticated cultivation equipment. This approach was inspired by flexible closed batch systems, developed for formate-utilizing methanogens in culture volumes of 1.5 L (Long et al., 2017). However, here the cultivation of M. maripaludis in liter ranges relies on gaseous H2/CO2 substrate supplementation and more sophisticated fed-batch equipment.

In chemostat vessels, M. maripaludis has been grown in volumes of 1.3 L reaching peak OD660 of around 1.7 and the highest reported μ of 0.24 h−1 (Haydock et al., 2004), which have almost been reproduced recently (Müller et al., 2021). This system has been established for studies of nutrient limitations (Hendrickson et al., 2007, 2008; Costa et al., 2013), where distinct M. maripaludis strains (S2, S52) have been cultivated at low optical density in various media (mineral McN, with or without acetate supplementation, but also defined complex McA and McCas) and their OD has been measured at distinct wavelengths (600 or 660), hence complicating straightforward comparison, due to the Lambert–Beer’s law. The application of the chemostat cultivation procedure in a 3 L reactor with 2 L cultures of strain S2, grown in modified rich McCas medium, supplemented with casamino acids, has delivered highest reported OD600 of around 2.7 and doubling times of 3 to 4 h (Walters and Chong, 2017). Here, doubling time of 4 to 5 h and the highest OD578 of 3.4 have been reached with strain S0001, grown on gaseous H2/CO2 substrate in reduced 141 medium, supplemented with acetate. Additionally, the first ever reported cultivation of M. maripaludis in a 22 L stainless steel bioreactor in 15 L working volume introduces novel opportunities for applying wild type and recombinant methanogenic cell factories in biotechnological advances of industry relevant scales.



0.05 L SB cultures

At a laboratory scale, closed batch mode of cultivation is usually the everyday method of choice, as it is robust, easy to handle and allows the simultaneous analysis of distinct experimental groups. M. maripaludis was therefore cultivated only in SB in the authors’ group before the launch of this study. Nevertheless, the generated biomass is rarely sufficient for analytical measurements of physiological processes or for scaling up toward bioprocess development. Here, 0.05 L SB cultures of M. maripaludis were utilized as a stable platform for testing and comparing different agitation techniques. Instead of two directional shaking in a water bath, SB were either shaken on an orbital shaker or stirred by a magnetic stir in air incubators and in climate chambers. Generally, shaking is the more accessible method, since occupying 4 (or 5 with zero control) magnetic stirrer plates for prolonged period might be problematic. However, considering the geometry of a surface area displacement during highest possible shaking intensities (~180 rpm, here tested only for SCB), this mode of cultivation might have reached the limit of efficiency for transfer of the carbon-containing gaseous phase into the liquid phase within the experiments, carried out in this study.

In contrast, agitating a magnetic stir bar by a digital stirrer plate allows better resolution (1 rpm) and wider range (0–1,400), hence allowing a further increase of vortex surface area to headspace gaseous substrate. Therefore, stirring became the more favorable method for agitation already prior to scaling up to 0.4 L SCB cultures. Interestingly, an adaptation to respective conditions was observed, since subjecting the 100/sha group to the same conditions (100/sha.2) resulted in improved growth, which outperformed 100/str and grouped with the 500/str samples (Figure 1). This might be explained by the positive impact of prolonged exposure to regular feeding, cultivation and sampling intervals. Stirred SB cultures of M. maripaludis (500/str/2×) delivered highest measured OD578 of 1.29 only after being subjected to double feeding timepoints per day (Table 1). However, it remains unclear, whether greater shaking (180 rpm) or stirring (800–900 rpm) would be more favorable for SB cultures of M. maripaludis in combination with double or more gassing intervals.



0.4 L SCB cultures

SCB cultures of M. maripaludis gradually became the most favorable closed batch technique for cultivation during the progress of this study, since they proved to be as reproducible as SB and additionally, they generated sufficient biomass for culture transfer to fed-batch reactors. Furthermore, reproducible revival of scaled-up cryogenic stocks proved to be efficient for inoculation of pre-cultures, which displayed growth already after 24 h upon cultivation at 150 rpm by shaking (data not shown). Still, SCB cultures have two disadvantages. While SB can be pressurized to up to 5 bar relative pressure (6 bar absolute), SCB can only withstand 1.5 bar relative (2.5 bar absolute) pressure. Therefore, further optimization of SCB cultures must include double or triple feeding timepoints or in the best case rely on automated pressure measurement and feeding system.

The second drawback concerns technical security issues. The weight of a single SCB culture is around 1 kg. Placing 4 (or 5 including a zero control) on a shaker at maximum agitation levels around 180 rpm might damage instruments and even personnel in case of unstable holder installation. Therefore, despite the fact that M. maripaludis grew best upon agitation at 180 rpm by shaking (Figure 2), during later stages of this study, stirring (at 500 and 800 rpm; Figures 4, 5) was the method of choice, as cultures stirred at 800 rpm performed just slightly worse than shaking at 180 rpm (Figure 2). Identical to SB cultures, increasing the feed to twice a day, improved the growth and reduced GTL two times for SCB cultures shaken at 100 rpm (100/sha and100/sha/2×; Table 1).

Subjecting M. maripaludis to stirring at 1,100 and 1,400 rpm led to strongly retarded growth. Nevertheless, extreme μ under similar conditions might be possible in combination with pre-adaptation and continuous transfer to increasing agitations. In this context, it was intriguing to observe that the growth curve of SCB cultures, stirred at 1,100 rpm (1,100/str), could only match the growth efficiency of SCB stirred at 500 rpm (500/str) around 113 h post inoculation (Figure 2A) but in terms of substrate consumption (Figure 2B), 1,100/str replicates matched the results of the most successfully growing groups 180/sha and 800/str. Therefore, despite the need for preadaptation and the apparent lower rate of biomass generation of unadapted cultures, stirring at higher rpm obviously allows better transfer of gaseous substrate into the media and higher rate of methanogenesis by less dense cultures.



1.5 L reactor cultures

The optimization of closed batch conditions was mainly motivated by the need to generate sufficient biomass for inoculation into bioreactor vessels, since initial bioreactor inoculations unsuccessfully attempted to utilize 0.05 L SB culture biomass (not shown in results). Stirred 0.4 L SCB cultures were later established as the most promising pre-culture due to magnetic stir bars mimicking the mechanical pressure of the Rushton impellers in bioreactor vessels. However, inoculum from SCB cultures shaken at 150 rpm was also regularly grown successfully in bioreactor cultures during unsupervised adaptations rounds from phases 4–7 (data not shown).

During crucial stages of this project, softer harvesting procedure proved to be the most important aspect for reproducible growth in a fed-batch mode. In phase 1, inoculum harvesting was carried out at 10,000 g (Table 2), leading to prolonged lag phase and slow linear growth in all tested ramps (Figures 3A–E). Reducing the g force to 4,000 (phase 2) and further to 3,000 (from phase 3 on) and reproducing the experiments from phase 1, substantially improved culture growth, which is visible by the higher starting OD578, due to enhanced cell survival, and by improved growth curves and higher peak maxima (Figures 3A,B,D).

The growth of M. maripaludis in 1.5 L reactor cultures was further improved as an inoculum in exponential phase was used for the first time in the adaptation round of phase 3 (Figure 3E). The same impact was observed in the case of the most successful stepwise conservative ramp profile (Figure 3D), which was reproduced several times (phases 1, 2, 4, and 7) where the best growth was recorded during phase 7 when for the first time an exponential inoculum was used. However, subjecting biomass in late and early exponential phase of growth to alternative stepwise conservative ramp profiles during phases 5 and 6, respectively (Figure 3F), did not compensate the increase of rpm above 1,200 rpm. The increase of rpm to highest possible levels aims at better solubility of gaseous H2/CO2 substrate into the liquid phase but obviously there is an upper limit for M. maripaludis, which is supported by reports of its rather fragile cellular structure. In combination with SCB data, results of this study suggest a value around 900 rpm (±100). Nevertheless, the use of inoculum in exponential growth has the potential to improve culture performance of M. maripaludis upon exposure to continuous and stepwise progressive ramp profiles, as those conditions were only tested with an inoculum in stationary phase. The reason for that is, that all 1.5 L reactor culture experiments of this project were carried out on a single reactor unit with 4 replicate vessels, meaning that inoculum could be generated only after completion of the previous cultivation round.

Despite the fact that cultivation time for closed batch has been massively reduced and fed-batch cultures of M. maripaludis have surpassed highest reported OD578 values, much can be further improved. Regarding a best agitation ramp profile for 1.5 L reactor cultures, it seems that a continuous progressive increase supports the quickest exit of the lag phase after 24 h and sustains exponential growth until 48 h, where the increase of rpm above 800 becomes too stressful for M. maripaludis and marks the beginning of the stationary phase (Figure 3A). Therefore, subjecting exponential inoculum to a continuous progressive ramp ending at 800–1,000 rpm might be more favorable than a stepwise conservative ramping. A second-generation batch culture, which has been adapted to higher agitations, might even withstand a transfer into a culture with a constant agitation at 600–800 or alternatively into a culture with starting agitation at 400–600 (for 24 h), followed by continuous increase (over 12–24 h) to 800–1,000 rpm.



Scale-up pipelines

The proposed scale-up pipeline of M. maripaludis does not necessarily include the best performing experimental groups for each stage but rather a flexible combination of cultivation methods. As discussed earlier, agitation at great intensities (≥500 rpm) in closed batch mode might require pre-adaptation for peak performance of M. maripaludis, which would be the case for applied projects, aiming at high productivity of an archaeal cell factory. On the other hand, biomass generation for fundamental studies can easily adopt the experimental setup, presented here (Figure 4). Depending on the availability of equipment, fellow researchers may recombine cultivation techniques in closed batch mode and agitation ramps upon prolonged continuous transfer in fed-batch mode.

Furthermore, the first ever reported 15 L reactor culture of M. maripaludis would support scaling up of biomethanation processes toward industry relevant dimensions. Next steps would require using an inoculum in exponential growth and comparison of distinct agitation ramp profiles.

In summary, this study provides a comprehensive manual of diverse techniques for the cultivation of the autotrophic, hydrogenotrophic methanogen M. maripaludis. The optimization of established methods and the development of novel strategies can be also adapted for other autotrophic organisms. In terms of closed batch mode, increasing the number of feeding timepoints and testing agitation at moderate high intensities (800–1,000 rpm) would easily define conditions for peak performance. Single stage fed-batch cultivation of M. maripaludis would require additional experiments for defining best cultivation conditions and can be further advanced toward a continuous culture. Developing reproducible growth in a 15 L reactor culture would generally follow the experimental approach for 1.5 L reactor cultures by testing most favorable agitation ramp profiles and applying inoculum in exponential growth.
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Apart from their archetypic use in anaerobic digestion (AD) methanogenic archaea are targeted for a wide range of applications. Using different methanogenic archaea for one specific application requires the optimization of culture media to enable the growth of different strains under identical environmental conditions, e.g., in microbial electrochemical technologies (MET) for (bio)electromethanation. Here we present a new culture medium (BFS01) adapted from the DSM-120 medium by omitting resazurin, yeast extract, casitone, and using a low salt concentration, that was optimized for Methanosarcina barkeri, Methanobacterium formicicum, and Methanothrix soehngenii. The aim was to provide a medium for follow-up co-culture studies using specific methanogens and Geobacter spp. dominated biofilm anodes. All three methanogens showed growth and activity in the BFS01 medium. This was demonstrated by estimating the specific growth rates ([image: image]) and doubling times ([image: image]) of each methanogen. The [image: image] and [image: image] based on methane accumulation in the headspace showed values consistent with literature values for M. barkeri and M. soehngenii. However, [image: image] and [image: image] based on methane accumulation in the headspace differed from literature data for M. formicicum but still allowed sufficient growth. The lowered salt concentration and the omission of chemically complex organic components in the medium may have led to the observed deviation from [image: image] and [image: image] for M. formicicum as well as the changed morphology. 16S rRNA gene-based amplicon sequencing and whole genome nanopore sequencing further confirmed purity and species identity.
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Highlights



- Methanogens with different metabolisms can be cultured in the same growth medium.

- Primers for metabarcoding of the studied archaea were designed and verified.



1. Introduction

Methanogenic archaea represent a highly diverse group of microorganisms performing methanogenesis, that is producing methane (CH4) under strict anoxic conditions (Dworkin et al., 2006; Buan, 2018). They obtain energy by metabolizing hydrogen and carbon dioxide, acetate, formate, or short-chain methylated compounds like methanol (Neil and James, 1980; Bryant and Boone, 1987a; Long et al., 2017). Depending on the taxon and the respective metabolism, methanogenesis involves either the reduction of CO2 with H2 or the disproportionation of small organic molecules, such as acetate, formate, methanol and methylamine to methane and CO2 (Dworkin et al., 2006; Bar-Even et al., 2012; Goyal et al., 2016; Kouzuma et al., 2017). In anaerobic digestion (AD), especially hydrogenotrophic and some mixotrophic methanogens consume H2 that is produced during acido- and aceto-genesis, hence providing a natural hydrogen sink that facilitates anaerobic degradation of organic compounds to acetate and other volatile fatty acids (VFA; Kouzuma et al., 2015; Camacho and Ruggeri, 2018). The reduction of CO2 to CH4 during methanogenesis can take place either (1) via mediated interspecies electron transfer (MIET), in which methanogens use endogenous (H2) or exogenous mediators (redox-active compounds such as neutral red) as electron carriers (Park et al., 1999; Rotaru et al., 2014b; Mayer et al., 2019), or (2) direct interspecies electron transfer (DIET), in which, e.g., members of the Methanosarcinaceae and Methanosaetaceae, establish physical cell-to-cell contact with electroactive bacteria (EAB) to directly receive electrons released by the latter during oxidation of mainly acetate (Rotaru et al., 2014a; Yee and Rotaru, 2020; Yin et al., 2020).

The industrial application of methanogens within the AD process gained momentum in the mid-twentieth century. Since then, AD has been used to valorize the energy contained in organic waste and transform it into biogas which is used as a renewable energy carrier (Camacho and Ruggeri, 2018). The increasing industrial application of methanogenesis has led to growing efforts to increase the efficiency and sustainability of AD. Here, microbial electrochemical technologies (MET) are promising, e.g., as microbial fuel cells to treat effluents from biogas production, provide alternative pathways for CH4 production using microbial electrochemical methanation (Deutzmann and Spormann, 2017; Mayer et al., 2019; Kracke et al., 2020), or for developing microbial electrochemical sensors for online monitoring of AD (Hill et al., 2020). The combination of MET and AD requires the examination of specific interactions between methanogens and EAB, such as DIET, and their consequences for electroactive biofilms in AD environments. One specific example is the application of microbial electrochemical sensors using Geobacter spp. dominated biofilms on graphite electrodes for AD process monitoring (Kretzschmar et al., 2018).

Examination of interactions between microorganisms from different domains, kingdoms, phyla etc. in the same environment or at identical conditions requires compromises when adapting growth conditions like, e.g., pH, temperature, gas atmosphere, salinity, trace elements and vitamins, and redox potential. Hence, growth media and setups that enable the implementation of both, EAB including electrodes and different kinds of methanogenic archaea, are highly demanded. The growth medium is of specific interest as the existing recipes for different methanogens differ substantially and contain ingredients that can interfere with EAB or electrodes. These chemicals can be redox-active compounds (e.g., the redox-sensitive dye resazurin, used to monitor redox potential during methanogen cultivation) that can interfere with the electrodes in the electrochemical setup (Lian et al., 2016). For instance, the biochemical standard potential, [image: image]of the resofurin/di-hydroresofurin complex at pH 7 is −51 mV vs. the standard hydrogen electrode (SHE) that is well within the usually applied range of electrode potentials in microbial electrochemical systems. Additionally, some compounds can be used as terminal electron acceptors by EAB, such as elemental sulfur or iron-(III)-salts (Sun et al., 2014; Yang et al., 2015). Similarly, although casitone (peptone from casein) and yeast extract have been recognized as significant factors or stimulators during methanogen growth (Dworkin et al., 2006), they could interfere with EAB when combining methanogens and MET, e.g., in the case of yeast extract being used as a mediator by EAB (Sayed et al., 2015). Certain model methanogens, like, e.g., Methanohalophilus zhilinae, require (extreme) halophilic or halotolerant growth conditions (Enzmann et al., 2018). However, high ionic strength can affect the performance of EAB (e.g., Geobacter spp. biofilm anodes) as their salt tolerance varies widely (Lefebvre et al., 2012; Liu et al., 2014; Sun et al., 2014; Kretzschmar et al., 2018). Therefore, combining methanogens and EAB in MET for further studies and especially for practical applications will require tailoring of the salt concentrations, enabling well controlled cultivation of methanogens and EAB. Finally, a well-defined medium will greatly facilitate future analytical (e.g., exometabolome) assays or modeling efforts (Bernstein et al., 2021).

Currently, the cultivation of specific methanogenic strains is associated with specific growth media, hampering their applications, e.g., for studies that involve methanogens and EAB. Such studies are highly interesting as AD-MET combinations are expected to increase the overall efficiency of AD and therefore, could contribute to maximize the energetic valorization of organic residues (De Vrieze et al., 2018). Furthermore, these growth media are usually complex and require many supplements. Therefore, it is of utmost importance to simplify, unify, and adapt media for specific methanogens of interest or design new general media resembling those of other model microorganisms, e.g., EAB, in which a wide range of methanogens could thrive. To the best of our knowledge, the design of more general methanogenic media is still poorly explored. In the present study, we designed and used the BFS01 medium, adapted from the DSM-120 medium, to grow Methanosarcina barkeri (mixotrophic methanogen), Methanobacterium formicicum (hydrogenotrophic methanogen), and Methanothrix soehngenii (acetotrophic methanogen). Further, we investigated whether and how the use of a low salt concentration and the omission of certain, partially redox active compounds (e.g., resazurin, yeast extract, casitone) in the BFS01 medium affected the morphological and physiological parameters of each methanogen. In particular, the cell shape and standard growth parameters i.e., specific growth rate ([image: image]) and doubling time ([image: image]) of each methanogen cultured in the BFS01 medium were assessed. To verify species identity and absence of contaminants, each methanogen was analyzed at the DNA level using whole genome nanopore sequencing and 16S rRNA gene-based amplicon sequencing.



2. Materials and methods

All microbiological experiments were conducted under strictly axenic and anoxic conditions. All chemicals were of analytical or biochemical grade. Experiments were performed as independent biological triplicates (n = 3).


2.1. Methanogenic strains

Methanobacterium formicicum MF (DSM 1535) and Methanosarcina barkeri MS (DSM 800) strains, previously purchased from the German Collection of Microorganisms and Cell cultures (DSMZ), were provided by the working group microbiology of anaerobic systems at the department of Environmental Microbiology of the Helmholtz Centre for Environmental Research, Leipzig, Germany. Methanothrix soehngenii GP6 (DSM 3671) strain was provided by the microbiology laboratory at the department for agrotechnology and food sciences of Wageningen University and Research, Wageningen, The Netherlands.



2.2. Setup preparation

The experimental setup for culturing each methanogenic strain consisted of 200 ml serum bottles closed with butyl rubber stoppers and aluminum crimp seals (LABSOLUTE, Th. Geyer GmbH, Germany). The aluminum crimp seals had a 9 mm opening to allow sampling via injection needles. Prior to the experiments, the serum bottles were thoroughly washed and dried. 500 μl of distilled water was added to each bottle, closed with aluminum foil and autoclaved at 121° C and 1.2 bar for 20 min. The bottles were subsequently placed in the anaerobic bench/GloveBox (Coy Laboratory Products Inc) and left open overnight under N2:H2 (97:3, v/v) atmosphere. After at least 12 h, 500 μl anoxic water prepared according to (Logroño et al., 2020) was added to each serum bottle, closed with previously autoclave-sterilized butyl rubber stoppers and clamped with aluminum caps. All bottles were re-sterilized by autoclaving at 121°C and 1.2 bar for 20 min.



2.3. Growth medium

Based on the composition of the recommended or commonly used media for each of the three methanogenic strains (see Supplementary Table S1), the BFS01 medium was designed (see Table 1).



TABLE 1 BFS01 medium used for culturing the methanogenic strains.
[image: Table1]

The adaptation aimed to omit all redox active components (e.g., resazurin) to avoid electrochemical interferences as well as additional carbon sources (e.g., yeast extract and casitone) in studies that may involve methanogens and EAB. The salt concentration was also adapted to be suitable for the model EAB Geobacter sulfureducens and Geobacter anodireducens. All compounds (except sodium bicarbonate, vitamin, trace elements, and cysteine) were weighed into a 1 l Duran bottle (Schott AG) and dissolved with distilled water. The mixture was sparged with oxygen-free N2 gas for 60 min, tightly sealed with a butyl rubber stopper and a screw cap with 33 mm opening, and sterilized by autoclaving at 121°C and 1.2 bar for 20 min. The other stock solutions (i.e., sodium bicarbonate, vitamins, trace elements, and cysteine) were made anoxic by stirring in the anaerobic bench under N2:H2 (97:3, v/v) atmosphere for 30 min at 500 rpm. Subsequently, each stock solution was sterilized by filtration into closed, anoxic, sterile 250 ml Duran bottles, using a sterile 0.2 μm filter-needle-syringe arrangement (Sartorius Stedim Biotech GmbH, Germany) previously made anoxic by flushing with sterile oxygen-free N2. Stock solutions used as carbon and energy source, i.e., 2 mol L−1 sodium acetate and 2 mol L−1 sodium formate, as well as solutions used to adjust pH, i.e., 32% sodium hydroxide and 3 mol L−1 hydrochloric acid, were prepared in 100 ml Duran bottles, sealed with butyl rubber stoppers and screw caps, flushed with oxygen-free N2 for 30 min and sterilized by autoclaving at 121°C and 1.2 bar for 20 min. Because of its low vapor pressure, methanol was directly filter-sterilized and then rendered anoxic by flushing with sterile oxygen-free N2 for 10 min. Stock solutions of vitamin and trace elements were stored at 4°C while the other stock solutions were stored at room temperature in the dark. Fully supplemented growth medium for each methanogen was prepared by adding the respective filter-sterilized supplements to the BFS01 medium and their corresponding carbon sources (see Table 2) using a sterile anoxic needle-syringe arrangement. The final pH of each methanogenic growth medium was adjusted as indicated in Table 2 and the prepared media were stored at room temperature in the dark for later use.



TABLE 2 Growth conditions for methanogenic cultures, pH values adjusted according to literature (Neil and James, 1980; Huser et al., 1982; Neil et al., 1982; Touzel et al., 1988).
[image: Table2]



2.4. Cultivation of methanogens

Prior to culturing each methanogen in the BFS01 medium, they were routinely precultured in their media recommend by DSMZ (DSM-120 medium for M. barkeri and DSM-141 medium for M. formicicum, see Supplementary Table S1 for media composition) or CP anaerobic medium (M. soehngenii, see Supplementary Table S1 for media composition; Stams et al., 1993), following the recommended procedures. The growth procedure was originally adapted from the Hungate technique (Zeikus, 1977; Balch et al., 1979; Huser et al., 1982) and further modified, as in this study. 127 ml of each fully supplemented, BFS01 medium (see Tables 1, 2) was dispensed into sterile, anoxic serum bottles, using a needle-syringe arrangement.

To avoid significant carryover of yeast extract, trypticase-peptone/casitone and resazurin in the cultures, serum bottles were inoculated separately with 3 ml aliquots of each precultured methanogen corresponding to ~2.3% v/v inoculum and grown in the dark at 37°C until a similar CH4 concentration was measured in the headspace of the cultures for several days. The final inoculum was depleted in remaining yeast extract, trypticase-peptone (casitone), and resazurin by culturing twice in the BFS01 medium using ~2.3% v/v of the previous inoculum. Only cultures from the second transfer were used as inocula for subsequent investigations.

Thereafter, 120 ml of fully supplemented BFS01 medium was dispensed into anoxic and sterile serum bottles and inoculated with 10 ml inoculum (corresponding to ~7.7% v/v inoculum) of each methanogen in the late logarithmic phase or early stationary phase, determined by optical density at 600 nm (OD600) or CH4 concentration in the culture headspaces. After inoculation the M. barkeri serum bottles contained 16.50 ± 0.15 mmol L−1 acetate, 185 mmol L−1 methanol with a 0.01 bar N2:H2 ~ (97:3, v/v) gas phase, whereas the M. formicicum serum bottles contained 55.22 ± 1.42 mmol L−1 formate and were flushed for at least 2 min with a sterile H2:CO2 (50:50, v/v) gas mixture and overpressurized to 1.5 bar. After inoculation, the M. soehngenii serum bottles contained 42.17 ± 0.21 mmol L−1 acetate with a 0.5 bar N2:CO2 (50:50, v/v) gas phase. Acetate and formate concentrations of newly inoculated serum bottles were slightly higher than those presented in Table 2 due to the additional carbon input or carryover from the inocula. Uninoculated, fully supplemented BFS01 medium for each methanogen, was set up as sterile control.

All methanogenic cultures were incubated in the dark for 7 weeks at 37°C (New Brunswick Innova® 44 Incubator Shaker Series). M. barkeri and M. formicicum cultures were maintained under constant orbital shaking at 100 rpm, while M. soehngenii cultures were unshaken, the latter being known to have better growth at rest (Huser et al., 1982). During the 7-week culture period, M. formicicum cultures were routinely flushed every 3 to 4 days with sterile H2:CO2 (50:50, v/v) and overpressurized to 1.5 bar, to avoid underpressure due to H2:CO2 consumption and to remove the produced CH4. M. barkeri cultures were vented twice a week at 0.01 bar until day 28 to avoid overpressure due to the large amount of CH4 produced during methanol feeding (see also equation 5 in Table 3). In contrast, M. soehngenii cultures were not vented during the 7-week incubation period, as the pressure in the serum bottles never exceeded the security limit of 1.5 to 2 bar.



TABLE 3 Reactions and different Gibbs free energy changes for methanogenesis at neutral pH (Dworkin et al., 2006).
[image: Table3]



2.5. Analysis

The growth of each culture was monitored weekly using chemical oxygen demand removal ([image: image]), consumption of acetate and formate, headspace gas composition, OD600, cell number, and phase-contrast microscopy to analyze purity and cell morphology.

The [image: image] removal (i.e., the share of organic material that is consumed between two specific time intervals) was measured using [image: image] cuvette tests (LCK 014, Hach-Lange), according to the manufacturer’s instructions.

The [image: image] removal efficiency was calculated as follows:

[image: image]

Where [image: image] is the initial [image: image] concentration at to and [image: image]the [image: image] concentration at the sampling point t (Nwaigwe and Enweremadu, 2015).

For measuring the acetate and formate concentration in each methanogenic culture over the incubation time, 1 ml aliquots were sampled through the butyl rubber ports right after inoculation and then once a week. The samples were filtered using 0.2 μm syringe filters (Nylon, VWR) and stored at −20°C or analyzed immediately using high performance liquid chromatography (HPLC; Shimadzu Scientific Instruments) equipped with a refractive index detector RID 10A, a prominence diode array detector SPD.M20A, and a HiPlex H column (300 × 7.7 mm, 8 mm pore size, Agilent Technolgies, United States) with a pre-column HiPlex H column (50 mm × 7.7 mm, 8 mm pore size, Agilent Technolgies, United States).

The sample volume for HPLC measurement was 200 μl and the injection volume was 20 μl. 5 mmol L−1 sulfuric acid was used as isocratic mobile phase with a flow rate of 0.7 ml min−1 at 55°C, over a total run time of 60 min.

CH4, H2, and CO2 concentration in the headspace of each serum bottle were determined weekly during growth. Therefore, before venting or flushing the serum bottles, two replicates of 1 ml gas samples were taken through butyl rubber ports from the headspace of each serum bottle using sterile needle-syringe arrangements rendered anoxic by flushing with sterile oxygen-free N2 gas. Each sampled gas was injected into glass vials pre-flushed for 30 min with argon (Argon 4.8, Linde AG). Gas composition was analyzed using a gas chromatograph (GC) equipped with an autosampler (Perkin Elmer Inc., Waltham). The GC was equipped with HayeSep N/Mole Sieve 13X columns and a thermal conductivity detector. The oven and detector temperatures were 60°C and 200°C, respectively. The carrier gas was argon. Each gas sample was analyzed within 4 h after sampling.

The optical density of the liquid phase was determined by photometric measurement at 600 nm (OD600) using a spectrophotometer (Genesys 10S UV–Vis, Thermo Scientific). Before sampling for OD600 measurements, each bottle was sufficiently hand-shaken. 1 ml of each methanogenic cultures were placed in a cuvette and the OD600 was measured.

The purity and cell morphology of each methanogen grown in the BFS01 medium was checked by phase-contrast microscopy using a Zeiss Observer Z.1, equipped with Zen 3.0 software (blue edition), an Axiocam 503 mono Camera, and a plan Apochromat 63x/1,4 Oil Ph3 objective. Before each measurement, the cultures were thoroughly shaken by hand. Subsequently, an aliquot was withdrawn from each culture under strict anoxic and sterile conditions. 2 to 3 drops were placed on a multi-well microscope slide and visualized under the microscope.

The exponential growth phases were estimated by examining the log-values of CH4 and OD600. Then, by using the method of least squares (Microsoft Excel 2019), the specific growth rate ([image: image]) was estimated by fitting a linear curve to the log-scaled values. Additionally, the doubling time ([image: image]) based on CH4 concentration in the headspace and OD600 were determined. More information on the calculation of [image: image] and [image: image]of microorganisms is provided in the calculation section of the Supplementary Information (SI), and in the literature (Powell, 1983; Kirchman, 2002).



2.6. Molecular biology

Genomic DNA of each methanogen grown in the BFS01 medium was extracted using the Quick-DNA™ Fecal/Soil Microbe Miniprep Kit (ZYMO RESEARCH). DNA concentrations were measured by fluorescence quantification using the Qubit™ dsDNA BR Assay Kit (Thermo Fisher Scientific, cat. Q32852) and a Qubit™ 4 Fluorometer (Thermo Fisher Scientific). The purity of the DNA was evaluated by microvolume absorbance on a DS-11 FX+ (Denovix), where A260/A280 and A260/A230 values around 1.8 and 2.0, respectively, are considered as pure nucleic acid. Amplicon sequencing was used to check the purity of each methanogenic culture. To identify appropriate archaeal primers targeting the V3-V4 region of the 16S rRNA gene typically targeted in metabarcoding studies, 16S rRNA gene sequences were extracted from the published genome assemblies of M. barkeri (Genbank accessions: NZ_CP008746, NZ_CP009517, NZ_CP009526, NZ_CP009528, NZ_CP009530), M. formicicum (Genbank accessions: NZ_LN734822, NZ_CP006933, LN515531, and BBES01000067 from the BBES01 whole genome shotgun assembly), and M. soehngenii (Genbank accession: NC_015416). These 16S rRNA gene sequences as well as the published rRNA gene sequences for strains DSM 800 and DSM 1535 (Genbank accessions: AJ012094 and AF169245, respectively) were then aligned using Clone manager Suite 9.51 (Scientific and Educational Software). The V3-V4 region of the gene was checked for compatibility to the primers Bakt_341F (5′-CCTACGGGNGGCWGCAG-3′, Escherichia coli position 341–357) and Bakt_805R (5′-GACTACHVGGGTATCTAATCC-3′, E. coli position 805–785; Herlemann et al., 2011; Klindworth et al., 2013). No issues were found for the Bakt_805R primer, while there were two positions in the middle of the Bakt_341F primer that did not match with any of the 3 archaea sequences and would not produce any PCR products (data not shown). A new primer, Arch_F (5′-CCTACGGGGYGCAGCAG-3′) was designed based on the consensus of the archaea in this region. The PCR amplification targeting the V3 and V4 regions of both bacterial and archaeal 16S rRNA genes to detect possible bacteria contamination in the methanogenic cultures was run with a mixture of the degenerated primers F-bacteria (Bakt_341F extended with an Illumina adapter, 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-CCTACGGGNGGCWGCAG-3′), F-archaea (Arch_F extended with an Illumina adapter, 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-CCTACGGGGYGCAGCAG-3′) and, R-all (Bakt_805R extended with an Illumina adapter, 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-GACTACHVGGGTATCTAATCC-3′) in molar ratios reflecting the number of nucleotide variations found in each primer (i.e., F-bacteria:F-archaea:R-all 3:1:1, v/v). The priming parts of the primers are underlined.

Sequencing libraries were prepared according to the Illumina 16S Metagenomic Sequencing Library Preparation protocol (Illumina Part # 15044223 Rev. B). PCR reaction products were mixed with Gel Loading Dye Purple (6X) B7024S (New England Biolabs) and checked for size and false priming issues by 0.8% agarose gel electrophoresis (SeaKem® LE Agarose, Lonza) in 1x TAE (Thermo Fisher Scientific). The GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific) was included as a size distribution reference. The amplicon libraries were sequenced on an Illumina MiSeq with the MiSeq Reagent Kit v3 in a paired-end mode and read lengths of 300 bp. Raw sequencing data was demultiplexed and converted to fastq-files in Local Run manager (Illumina). The data were processed using the CLC Genomics Workbench 22.0.1 (Qiagen).

To confirm results from the 16S rRNA gene-based amplicon sequencing and compare to previously published genome sequences from the used strains, whole genome nanopore sequencing was performed. Sequencing libraries were generated using the Ligation Sequencing Kit (Oxford Nanopore Technologies, SQK-LSK109). DNA libraries were loaded onto a Flongle Flow Cell (FLO-FLG001, Oxford Nanopore Technologies) connected to a MinION instrument equipped with a Flongle adapter. The sequencing was controlled by MinKNOW version 21.10.4 (Oxford Nanopore Technologies). The raw nanopore sequence data were base-called using Guppy version 6.0.6 (Oxford Nanopore Technologies) with the dna_r9.4.1_450bps_hac.cfg config file and in high-accuracy mode. Guppy was also used to trim adapter sequences. The base-called reads were filtered based on length (minimum 1,000 bp) and quality (minimum Q10 for M. barkeri and M. soehngenii, minimum Q7 for M. formicium due to the lower sequencing output) using Nanofilt (De Coster et al., 2018). The reads were assembled into contigs with Flye version 2.8.1 (Kolmogorov et al., 2019). The quality of the assemblies was assessed using QUAST version 5.0.2 (Gurevich et al., 2013). Finally, estimated average nucleotide identity (ANI) and alignment percentages (AP) between the assembled genomes and available reference genomes of the three methanogens (downloaded from NCBI, https://www.ncbi.nlm.nih.gov/genome) were calculated by the Whole Genome Alignment Plugin in CLC Genomics workbench v. 22.0 (Qiagen) by employing the Create Whole Genome alignment v. 1.0 and Create Average Nucleotide Identity Comparison 1.0 tools in default setting.



2.7. Stoichiometry and Gibbs free energy of relevant methanogenesis pathways

Several reactions are involved in the metabolism of different methanogenic substrates into methane. Table 3 summarizes the different reactions and standard Gibbs free energy for methanogenesis as a function of the carbon (energy) substrate during cultivation of M. barkeri, M. formicicum, and M. soehngenii.



2.8. Statistics

Statistical analysis was performed using Origin Version 2021 (OriginLab Corporation, Northampton, MA, United States, Version 9.8.0.200). Results are presented as mean values with corresponding confidence interval (CI) at 95% confidence level calculated from triplicate analyses (Cumming et al., 2007).




3. Results


3.1. Growth and morphology of Methanosarcina barkeri, Methanobacterium formicicum, and Methanothrix soehngenii in the BFS01 medium

The growth and morphology of M. barkeri, M. formicicum, and M. soehngenii were monitored using the BFS01 medium for a total period of 7 weeks.

It was observed that M. barkeri cells aggregate and settle at the bottom of the serum bottles (Figure 1A). This was confirmed by phase-contrast microscopy, which shows that the cells aggregate in irregular-sized cell clumps connected to each other (Figure 1B). In contrast, M. formicicum cells aggregate as small lumps which float in the medium under moderate agitation (100 rpm) or settle as non-motile agglomerates (Figure 1C). Phase contrast microscopy indicates that M. formicicum forms a cell colony resembling a sponge-like structure (Figure 1D). Finally, the growth of M. soehngenii appears as non-motile, showing very long and flexible filaments that tend to clump into characteristic bundles and settle at the bottom of the serum bottle (Figure 1E). The phase contrast microscopy picture of M. soehngenii cells shows a rod-like filament morphology (Figure 1F).

[image: Figure 1]

FIGURE 1
 Photographs (week 3, top) and phase-contrast photomicrographs (week 7, bottom) of: (A,B) Methanosarcina barkeri, (C,D) Methanobacterium formicicum, and (E,F) Methanothrix soehngenii, grown in the BFS01 medium, bars indicate 10 μm.




3.2. Substrate consumption, COD removal, product formation, and OD600

To monitor the growth of M. barkeri, M. formicicum, and M. soehngenii in the BFS01 medium, substrate consumption, [image: image] removal, CH4 formation, and OD600 were measured weekly for a period of 7 weeks (49 days). The optical density (OD600) in M. barkeri cultures increased and reached a maximum of 0.43 ± 0.03 at day 21, before it gradually decreased until day 49 (Figure 2A). Compared to M. barkeri, M. formicicum grew slower and progressively with a maximum OD600 of 0.27 ± 0.02 measured at day 49 (Figure 2A). In contrast, M. soehngenii displayed a lag phase of at least 7 days and a slower growth compared to M. formicicum, reaching its maximum OD600 of 0.14 ± 0.02 at day 35, after which it decreased until day 49.

[image: Figure 2]

FIGURE 2
 Growth characteristics of Methanosarcina barkeri, Methanobacterium formicicum, and Methanothrix soehngenii in the BFS01 medium: (A) OD600, (B) CH4 concentration in the headspace of the cultures, (C) acetate (blue and black dots) and formate (red dots) consumption, (D) COD removal, error bars indicate CI, n = 3.


The maximum headspace CH4 concentration for M. barkeri was measured at day 14 and remained nearly constant until day 21 (Figure 2B). From day 28 onwards, the CH4 concentration decreased slightly, but remained at an almost constant level until day 49. The acetate concentration during the initial 14 days (Figure 2C) only decreased by ~33% when the maximum CH4 concentration was reached. From day 7 onwards, acetate was consumed significantly each week in M. barkeri cultures as indicated by non-overlapping CI and was almost depleted by day 35 (cday35 = 0.84 ± 0.69 mmol L−1; Figure 2C).

M. formicicum already reached the plateau phase in terms of CH4 production at day 7 (Figure 2B), while the formate concentration in the serum bottles only decreased by ~10% (Figure 2C). Compared to the initial formate concentration in the cultures (i.e., 55.22 ± 1.42 mmol L−1), ~19% and ~67% of the formate was consumed during the second and third week after incubation, respectively. From day 28 onwards, formate was almost completely depleted in the M. formicicum cultures (cday28 = 2.37 ± 0.65 mmol L−1; Figure 2C) and from this stage on, the average CH4 concentration in the headspaces remained nearly constant until day 49 (Figure 2B).

In contrast to M. barkeri and M. formicicum, M. soehngenii reached a stationary phase of CH4 production after roughly 28 days with 49.1 ± 2.5% CH4 in the headspace (Figure 2B). The CH4 concentration increased further, albeit not significantly until day 49 to 56.3% ± 3.9%. It was observed that M. soehngenii gradually consumed acetate, which was nearly exhausted by day 35 (cday35 = 0.87 ± 1.54 mmol L−1; Figure 2C). The trend of acetate consumption in M. soehngenii cultures was nearly inversely proportional to the increase in CH4 concentration (Figure 2B).

The [image: image] removal reached the plateau phase by ~day 21 and ~ day 28–35, for M. barkeri and M. soehngenii, respectively (Figure 2D). M. formicicum cultures were not analyzed for [image: image] removal due to mixed provision of H2:CO2 (every 3–4 days) and formate. Furthermore, it is not possible to determine [image: image] of formate fed cultures using [image: image] kits, as it decomposes into CO and H2O on contact with sulfuric acid contained therein. However, our results indicate that the CH4 concentration alone is a sufficient indicator to monitor the growth of methanogens in all examined cultures using the BFS01 medium.



3.3. Physiological parameters: Specific growth rate ([image: image]) and doubling time ([image: image])

To estimate [image: image] and [image: image] of M. barkeri, M. formicicum, and M. soehngenii grown in the BFS01 medium, calculations based on either OD600 or CH4 concentration in the culture headspaces were performed and compared (for details please see SI: Calculations).

First, [image: image] and [image: image] of the three methanogens were estimated using OD600 measured during the growth period. The log-scale of the OD600 of M. barkeri, M. formicicum, and M. soehngenii cultures show that the growth was exponential between days 0 to 14, 0 to 14, and 7 to 14, respectively (Supplementary Figures S2A, S3A, S4A). The specific growth rates were similar for M. barkeri and M. formicicum, whereas the specific growth rate of M. soehngenii was ~2 times higher (Table 4; for more information about the curve fitting, see Supplementary Figures S2B, S3B, S4B).



TABLE 4 Specific growth rate (μ) and doubling time (td) of Methanosarcina barkeri, Methanobacterium formicicum and Methanothrix soehngenii as functions of OD600 and CH4 concentration in the headspace of the cultures.
[image: Table4]

Subsequently, [image: image] and [image: image] of the three methanogens were estimated using CH4 accumulation in the headspaces. The CH4 concentration in the headspace at log-scale of M. barkeri, M. formicicum, and M. soehngenii cultures show that the growth was exponential between days 0 to 7, 0 to 7, and 7 to 14, respectively (Supplementary Figures S2C, S3C, S4C). The specific growth rates and corresponding doubling times were similar for M. barkeri and M. formicicum, whereas the doubling time of M. soehngenii was 2–3 times higher (Table 4; for more information about the curve fitting, see Supplementary Figures S2D, S3D, S4D).



3.4. Molecular biology

The purity of each methanogen grown in the BFS01 medium was confirmed by 16S rRNA gene-based amplicon sequencing and whole genome nanopore sequencing. The 16S rRNA gene-based amplicon sequencing analysis at the genus level indicated a relative abundance of 98.22% Methanosarcina spp., 99.98% Methanobacterium spp., and 99.97% Methanothrix spp. for M. barkeri, M. formicicum, and M. soehngenii cultures, respectively (data not shown). However, as the amplicon sequencing only covers the V3–V4 region, which does not allow for good differentiation down to the species level, but is limited to the genus or in some cases only the family level, whole genome nanopore sequencing was performed to verify species identity. Sequence assemblies built from the 16S rRNA gene amplicon reads showed high sequence similarity to entries in the 16S rRNA gene database (Table 5). Comparing the draft assemblies with all publicly available high-quality reference genomes for the three methanogens (Supplementary Tables S3–S5) indicates an average nucleotide identity (ANI) of 99.04% for M. barkeri, 96.55% for M. formicicum and 99.97% for M. soehngenii against their best hits in the NCBI reference databases (Table 5). The total length of the M. formicicum draft assembly is only 1.75 Mbp, which is only around 70% of the size of its best hit in the NCBI genbank database (accession: LN515531). This is a result of the very low sequencing depth for this sample, where the average read-mapping coverage is only around 5x, even when data down to Q7 (80% single base accuracy) compared to Q10 (90% single base accuracy) was used for the two other assembly. The M. formicicum draft assembly will also have a higher number of base positions that have not been error-corrected due to the very low sequencing coverage. This is also seen by the alignment percentage only being 83.16% for this assembly compared to 94.59% and 99.47% for the M. barkeri and M. soehngenii draft assemblies showing coverages of 8x and 18x, respectively. Furthermore, the M. formicicum draft assembly will have lower numbers of uncorrected bases both from the higher sequencing depth and the use of Q10 data.



TABLE 5 Whole genome assembly statistics (number of contigs, N50, GC-content, and average coverage), comparison to reference genomes [accession, average nucleotide identity (ANI), and alignment percentage (AP)], and best hit in the 16S rRNA gene reference database (accession, matching region in the reference sequence).
[image: Table5]




4. Discussion


4.1. Good growth of the three methanogens in the BFS01 medium but the morphology of Methanobacterium formicicum changed

Culturing methanogens for potential application requires simple, general and user-friendly media. We have shown that M. barkeri, M. formicicum, and M. soehngenii can be efficiently cultivated in the BFS01 medium with low salt concentration and omission of resazurin, yeast extract and casitone. Members of the Methanosarcinaceae are reported to appear as nonmotile, irregular shaped spheroids bodies, occurring as packages of several cells or large aggregates (Jetten et al., 1992). This is in good agreement with the microscope image (Figure 1B), which showed typical irregular-sized cell clumps that are known from M. barkeri cultivation in other media (Zeikus, 1977; Bryant and Boone, 1987a; Jetten et al., 1992). Members of the Methanobacteriaceae are reported to have a rod- or coccoid-like cell shape (Bryant and Boone, 1987b; Dworkin et al., 2006; Demirel and Scherer, 2008). This contrasts with M. formicicum grown in the BFS01 medium, which resembled a sponge-like structure (Figure 1D). A different cell morphology has been reported for the same strain after 20 days of growth in a nearly similar medium to the DSM-120 medium, occurring as crooked rods (Battumur et al., 2016). Members of the Methanosaetaceae/Methanotrichaceae are reported to be rod-shaped non-spore-forming cells, which combine in long filaments, and often form large aggregates in unshaken cultures (Huser et al., 1982; Jetten et al., 1992). This is in agreement with our observations of M. soehngenii grown in the BFS01 medium (Figure 1F), which appeared as rod-like filaments. Therefore, we conclude that the use of a low salt concentration and the omission of chemically complex organic components did not hamper the growth of the three methanogens in the BFS01 medium, however did affect the cell morphology of M. formicicum. To shed light on the observed change in M. formicicum morphology, we advocate a follow-up study varying the salt concentration in the BFS01 medium or successively removing chemically complex organics from the DSM-120 medium.



4.2. Assessment of OD600, substrate consumption, COD removal, and product formation, during growth of Methanosarcina barkeri, Methanobacterium formicicum, and Methanothrix soehngenii in the BFS01 medium

The growth of microorganisms in liquid culture media is commonly monitored by measuring the OD600 which for dispersed cells correlates with the number of cells in the culture (Eppendorf, 2015; Tsuchiya et al., 2018). However, many factors such as size and shape as well as inactive biomass and other precipitates can affect the results of OD600 measurements (Eppendorf, 2015). The measured OD600 during M. barkeri growth peaked at ~day 21 and then decreased until day 49 (Figure 2A). It is known that the more microbial cells are present in the solution, less light reaches the spectrophotometric detector and vice versa. Therefore, we assume that during the initial 21 days of growth, irregular clumps formed in M. barkeri cultures (Figure 1B), increased in size and later led to increased irregular light scattering. Furthermore, we assumed that the methanol in M. barkeri cultures was completely depleted by day 21, as indicated by the stabilization of the pressure in the culture headspace (data not shown). Depletion of the carbon and energy source may have led to an increase in inactive cells in the cultures certainly influencing the OD600 measurement.

In contrast to M. barkeri, M. formicicum, and M. soehngenii seemed to grow slower. To support continuous growth, M. formicicum was routinely supplied with H2:CO2, meaning that its cell numbers were likely to increase constantly until a certain cell density (i.e., stationary phase) was reached. M. soehngenii is reported to be slow-growing, even under optimal conditions (Touzel et al., 1988; Jetten et al., 1992). This could explain why the OD600 of M. formicicum and M. soehngenii gradually increased. However, it is difficult to explain why the OD600 of M. formicicum and M. soehngenii remained lower than that of M. barkeri, e.g., at day 21, as the OD600 measurement can be affected by the typical cell density of the cultures (not measured). M. formicum and M. soehngenii appeared as rods and filaments, respectively (see Figures 1D,F). However, cultures of M. formicicum appeared to be more homogeneous but also denser than those of M. soehngenii. This means that M. formicicum scattered light more than M. soehngenii, which due to its filamentous growth, may have allowed a high but erratic spectrum of light to be transmitted directly to the detector. In general, M. formicum and M. soehngenii, appeared to be less light scattering than M. barkeri, presumably due to their cell shape and agglomeration behavior and therefore, inhomogeneous turbidity of the cultures.

The maximum CH4 concentration for M. barkeri was reached around day 14, while acetate consumption during the initial 14 days only decreased by ~33% (Figures 2B,C), which is likely due to its low affinity for acetate but high affinity for methanol (Bryant and Boone, 1987a; Jetten et al., 1989, 1992). Furthermore, the rapid increase in pressure in the culture headspaces of M. barkeri (data not shown) and the formation of gas bubbles over the initial 14–21 days of cultivation (Figure 1A) are consistent with the stoichiometry of methanogenesis from methanol (see Equation 5 in Table 3; Lackner et al., 2018). This indicates that M. barkeri grown in the BFS01 medium preferentially consumed methanol during its initial growth phase (i.e., the first 14–21 days), and then relied solely on acetate consumption for maintenance.

H2 and formate were consumed throughout growth of M. formicicum when both were present in the culture media. Formate was almost completely depleted by ~day 28 (Figure 2C) and from that point onwards, we assume that CH4 production relied primarily on CO2 and H2 consumption (see Figure 2B). The insignificant variation of CH4 concentration in the headspaces of M. formicicum cultures after depletion of formate is consistent with previous work reporting slightly slower growth of M. formicicum using formate than when using H2:CO2 (Neil and James, 1980; Neil et al., 1982). This is best explained by the respective stoichiometry of anaerobic H2 oxidation (Equation 3 in Table 3) and formate oxidation (Equation 4 in Table 3) showing that, four mol of H2 and four mol of formate each are oxidized to one mol of CH4. Since the maximum energy available when oxidizing H2 ([image: image]= −135.6 kJ mol−1) and the energy available when oxidizing formate ([image: image]= −130.1 kJ mol−1) are nearly equal, we conclude that after total depletion of formate in M. formicicum cultures, the CH4 concentration in the headspaces should not be significantly affected due to the non-stoichiometric provision of H2 and CO2. CH4 concentration in the headspaces of M. formicicum cultures remained <40% vs. CO2 concentration > 60% (see Supplementary Figure S1B). M. formicicum cultures were routinely flushed (every 3–4 days) with a H2:CO2 (50:50, v/v). Based on the stoichiometry of hydrogenotrophic methanogenesis, only 25% of the CO2 overpressurized in the culture headspaces was used for CH4 formation. The remaining CO2 as well as the CO2 derived from formate oxidation, i.e., 3 mol of CO2 (see Equation 4 in Table 3) was accumulated in the headspace. This explains why CH4 concentration in the headspaces did not reach 100% throughout growth of M. formicicum, even after the formate was almost completely depleted.

M. soehngenii grown in the BFS01 medium gradually consumed acetate to produce CH4, as similarly observed for other growth media (Huser et al., 1982; Jetten et al., 1989, 1992; Figures 2B,C). CH4 concentration in the headspace of M. soehngenii cultures (e.g., at day 49) showed a value of 56.3% ± 3.9% which is in good agreement with the stoichiometry of acetoclastic methanogenesis (see Equation 2 in Table 3). M. soehngenii cultures were not vented during the growth period. This explains why the cumulative shares of carbon equivalents of CH4 and CO2 in the headspace of M. soehngenii cultures (see Supplementary Figure S1C) were less than 100%, primarily due to the addition of N2:CO2 (50:50, v/v) to the serum bottles after inoculation.

[image: image] removal in M. barkeri cultures was faster than in M. soehngenii cultures (Figure 2D). Unlike M. barkeri, M. soehngenii is reported as slow-growing (Touzel et al., 1988; Jetten et al., 1992), hence the lower Δ[image: image]. [image: image] removals <100%, as observed even when no more substrate (i.e., acetate or methanol) was available in M. barkeri and M. soehngenii cultures, can be related to microbial biomass formation.



4.3. Methane accumulation is better used to estimate the specific growth rate ([image: image]) and doubling time ([image: image]) of methanogens

Members of the Methanosarcinaceae (e.g., M. barkeri) and Methanobacteriaceae (e.g., M. formicicum) are known to have a rapid [image: image] and short [image: image] in contrast to members of the Methanosaetaceae (e.g., M. soehngenii), which are slow-growing and double their cell number after several days (Neil and James, 1980; Neil et al., 1982; Touzel et al., 1988; Jetten et al., 1992). Calculations based on OD600 indicated a higher [image: image] and lower [image: image] of M. soehngenii compared to M. barkeri and M. formicicum, which is somehow counterintuitive. From the obtained results, we conclude that OD600 cannot be used effectively to measure the growth of the methanogens, especially when they form aggregates as M. barkeri or filaments as M. soehngenii, which is consistent with existing reports (Dworkin et al., 2006).

As an alternative to OD600, we estimated [image: image] and [image: image] of the three methanogens using CH4 accumulation in the culture headspaces. The [image: image] of M. barkeri and M. formicicum were nearly identical during their logarithmic phases, and were ~2.57, respectively, ~2.43 fold higher than that of M. soehngenii (Table 4). Similar,[image: image] based on CH4 concentration in the headspace indicated that M. barkeri and M. formicicum cells doubled approximately every 1.29 days and 1.37 days, respectively, while M. soehngenii cells doubled approximately every 3.4 days. These results are consistent with literature indicating a fast growth of M. barkeri and M. formicicum unlike M. soehngenii (Touzel et al., 1988).

Although our calculations were only approximate as CH4 concentration in the headspace of the cultures was only measured once a week and daily or hourly measurements would be required for an accurate estimation of [image: image], the results for M. barkeri and M. soehngenii appeared to be consistent with literature values (Neil and James, 1980; Jetten et al., 1992). In contrast, M. formicicum appeared to grow slower compared to the literature (Neil and James, 1980), which, as mentioned earlier, could be due to the low salt concentration and/or the omission of resazurin, yeast extract and casitone in the BFS01 medium.

Based on our results we conclude, that [image: image] and [image: image] of M. barkeri and M. soehngenii in the BFS01 medium can be estimated by measuring CH4 accumulation in the headspace instead of OD600. However, [image: image] and [image: image] of M. formicicum differed from literature data but still allow sufficient growth monitoring.
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Coalbed water is a semi-open system connecting underground coalbeds with the external environment. Microorganisms in coalbed water play an important role in coal biogasification and the carbon cycle. The community assemblages of microorganisms in such a dynamic system are not well understood. Here, we used high-throughput sequencing and metagenomic analysis to investigate microbial community structure and identify the potential functional microorganisms involved in methane metabolism in coalbed water in the Erlian Basin, a preferred low-rank coal bed methane (CBM) exploration and research area in China. The results showed that there were differences in the responses of bacteria and archaea to seasonal variation. Bacterial community structure was affected by seasonal variation but archaea was not. Methane oxidation metabolism dominated by Methylomonas and methanogenesis metabolism dominated by Methanobacterium may exist simultaneously in coalbed water.
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1. Introduction

The world’s total natural gas reserves include both conventional and non-conventional sources. Coal bed methane (CBM) is an unconventional natural gas produced during coal formation. CBM is a hydrocarbon gas that is adsorbed on the surface of coal matrix particles and dissociated in coal pores or dissolved in the water of coal seams (Moore, 2012). Methane in coal is derived from both biogenic and thermogenic processes (Strapoc et al., 2011), and approximately 20% of the world’s natural gas is biogenic (Wang et al., 2016). The origin of methane depends upon the maturity of coal. Generally, deep and highly matured coal is associated with thermogenic methane, whereas shallow and less mature coal is associated with biogenic methane. Coal reservoirs of moderate depth and maturity have a mixture of biogenic and thermogenic methane.

The biogasification of coal is a mixed fermentation process involving many different microorganisms (Faiz and Hendry, 2006; Park and Liang, 2016). Bacteria related to Firmicutes, Actinobacteria, and Bacteroidetes and all subgroups of Proteobacteria seem to be widespread in CBM (Beckmann et al., 2011a; Colosimo et al., 2016). These taxonomic groups are known for their versatile metabolic activity and hydrocarbon degrading capabilities. In the presence of microorganisms, coal (complex polymers) is degraded into a series of intermediates such as polycyclic aromatic hydrocarbons (PAHs), heterocyclic compounds, alkyl phenols, aromatic amines, alkyl aromatics, long-chain fatty acids, and aliphatic hydrocarbons (Park and Liang, 2016; Wang et al., 2018). These are intermediates to the formation of acetate and H2, which undergo methanogenesis (Conrad, 2020). Methanogens commonly detected in coal seams environments can be divided into three types according to their methanogenic pathways. Hydrogenotrophic methanogens like Methanobacterium consume H2 to reduce CO2 to generate CH4 (Rosewarne et al., 2013). Acetotrophic methanogens like Methanosarcina and Methanosaeta convert acetate into CH4 and CO2 (Krüger et al., 2008; Beckmann et al., 2011b). Methylotrophic methanogens like Methanolobus use methanol, methylamine, and other methyl substances to produce CH4 (Doerfert et al., 2009; Guo et al., 2012b). Unexpectedly, Mayumi et al. characterized a strain of Methermicoccus shengliensis that can produce methane from the dozens of methoxylated aromatic compounds found in a variety of coal types (Mayumi et al., 2016). This portends methane production from coal by a single methoxydotrophic methanogen. Methane in these environments can be utilized by methanotrophs as electron donors and energy sources (Smith and Wrighton, 2019). Methanotrophic microorganisms play roles in mitigating methane emissions. However, the function of these microorganisms is often neglected in studies of CBM.

The Erlian Basin investigated in this study has CBM geological characteristics similar to the Powder River basin in the United States (Ayers, 2002; Sun et al., 2017), and is the preferred low-rank CBM exploration and research area in China (Chen and Pan, 2019). The resource quantity of low-rank CBM in the Erlian Basin is approximately 2.48 × 1012 m3 (Sun et al., 2018). In order to effectively develop low-rank CBM in China, a simulation experiment was conducted to test the microbial community and clarify the methanogenic pathway and biological gas recovery potential in the coal seams of the Jiergalangtu depression, Erlian Basin. The results showed that both aceticlastic and hydrotrophic methanogenesis were detected in the coal and coalbed water (Sun et al., 2018). Previous studies have explored the methane production potential (Lai et al., 2020) and influencing factors (Chen et al., 2018) of coalbed organisms in the Erlian Basin. However, the above studies were based on simulation experiments, and cannot reflect the remodeling of microbial community structure that occurs through real environmental changes.

Coalbed water is a semi-open system connecting the underground coalbed with the external environment, and the microorganisms in coalbed water respond directly to various environmental changes. Their response mechanism is of great importance to both microbial mechanism research and production applications. In recent years, the application of high-throughput sequencing (Guo et al., 2012a; Wei et al., 2014; Beckmann et al., 2019) and metagenomics (Robbins et al., 2016) have gradually revealed the biogenic CBM microbial community. Metagenomics allows to assess the presence and genomic potential of an organism, from which hypotheses about its physiology can be derived. Therefore, in this study, coalbed water samples were collected from the Erlian Basin during different seasons. The seasonal variation in the microbial community and the functional microorganisms involved in methane metabolism were investigated using high-throughput sequencing and metagenomic analysis.



2. Materials and methods


2.1. Coalbed water sample collection

Twenty-three original samples of coalbed water were collected from the Erlian Basin (Supplementary Figure S1) in May, August, and October 2018, corresponding to the local spring, summer, and autumn. Meteorological conditions such as precipitation and temperature vary greatly between seasons in this region. In May, August, and October 2018, the total monthly precipitation was 6.6, 30.3, and 0.7 mm, and the mean temperature was 18.2, 23.1, and 4.4°C, respectively (Supplementary Table S2). The formation water samples were gathered from a depth of 400 meters. Water samples dedicated for chemical composition analysis were kept on ice. The basic physical and chemical properties of coalbed water were determined by the unconventional experimental center of China National Offshore Oil Corporation Energy Development Co., LTD. The pH of the samples ranged from 7.53 to 8.79, which was slightly alkaline. Nitrite ions were detected in only two samples (JM10O and JM13O). Nitrate and sulfate concentrations were also detected at low levels. Sodium concentration was detected at a high level based on the Chinese classification of mine water (Supplementary Table S1). Water samples dedicated for microbial analysis were stored and transported in ambient temperature. Water samples were transported by road, and the average transportation time was 3 days.



2.2. DNA extraction

For original coalbed water samples, 500 ml water sample was required per sample for high speed centrifugation (5 min at 14,000 g at 4°C). For the sample of the culture experiment, 2 ml of culture at the end of the experiment was required for high speed centrifugation (5 min at 14,000 g at 4°C). After the supernatant was discarded, the precipitate was resuspended with 20 ml phosphate buffer, and the suspension was transferred to a new, enzyme-free spiral tube for further centrifugation. The precipitate obtained after final centrifugation was stored at −80°C until DNA extraction. DNA was extracted using a Water DNA Isolation Kit (Foregene).



2.3. High-throughput sequencing of the 16S rRNA genes of bacteria and archaea

High-throughput sequencing was performed on the extracted DNA samples by Beijing Nuohe Zhiyuan Co. Ltd. DNA concentration and purity were determined by ultramicro-spectrophotometer, and the quality of all DNA samples met the sequencing requirements. The V3-V4 region of the bacterial 16S rRNA genes was amplified using the bacteria-specific primers 341F_CCTAYGGGRBGCASCAG/806R_GGACTACNNGGGTATCTAAT. The V4-V5 region of archaea 16S rRNA genes was amplified using the archaea-specific primers Arch519F_CAGCCGCCGCGGTAA/Arch915R_GTGCTCCCCCGCCAATTCCT. Illumina HiSeq 2,500 was used for pair-end sequencing after the amplification products were recovered by gel cutting.



2.4. High-throughput data analysis

QIIME software was used to conduct quality control, chimeric removal, re-sampling, OTU (Operational Taxonomic Unit) clustering, selection of representative sequences, species annotation, and singleton removal for sequencing data from the sequencing unloading machine. Because of limited primer specificity, a small number of archaea sequences were found in the amplified fragments of bacterial primers, and bacterial sequences were also amplified by archaea primers. After the mismatched OTUs were deleted by Excel, the structure of the microbial community was analyzed. For original coalbed water samples, a total of 673,216 high-quality sequences were obtained using high-throughput sequencing, among which 502,724 were bacterial sequences and 170,492 were archaeal sequences (Supplementary Table S3). A total of 1,009 archaeal OTUs were obtained based on a 97% sequence similarity and the average number of OTUs of the samples was 44. The number of OTUs in samples JM3A (104) and JM4-1A (102) was higher than that of other samples. A total of 20,082 bacterial OTUs were obtained, and the average number of OTUs per sample was 873. The Shannon index indicated high bacterial diversity (3.57 ± 0.51; mean ± SD). Coverage for bacteria and archaea ranged from 0.96 to 0.98, indicating that sequencing depth was sufficient.



2.5. Metagenomics sequencing and analysis

The genomic DNA was randomly sheared into short fragments. The obtained fragments were end repaired, A-tailed and further ligated with Illumina adapter. The fragments with adapters were PCR amplified, size selected, and purified. The library was checked with Qubit and real-time PCR for quantification and bioanalyzer for size distribution detection. Quantified libraries will be pooled and sequenced on Illumina platforms, according to effective library concentration and data amount required. The raw reads were dereplicated and quality-trimmed using Trimmomatic (Bolger et al., 2014). High-quality metagenomic sequences were de novo assembled using SPAdes (v.3.12.0) with the default k-mer size (Nurk et al., 2017). The assembled scaffolds were binned using MetaBAT (v.2.12.1) based on tetranucleotide frequency, GC content, and coverage (Kang et al., 2019). Partial and near-complete genomes were recovered after binning. The completeness, contamination, and strain heterogeneity of MAGs were evaluated using CheckM (v.1.0.11) based on lineage-specific marker sets (Parks et al., 2015). The taxonomic assignment of the different bins was conducted with the GTDB-Tk package (v.1.3.0; Chaumeil et al., 2019), and bins were translated by Prodigal using the “-p meta” parameters (Hyatt et al., 2010). For each predicted coding sequence (CDS), protein function was annotated using the KEGG server (BlastKOALA) and eggNOG-mapper (Kanehisa et al., 2016).



2.6. Methanogenic culture experiment

Water sample JM13M was selected for methanogenic simulation culture. After shaking well, the 180 ml water sample was added to the 300 ml sterilized and dried serum bottle. The pH was adjusted to neutral. Na2S·9H2O (1.0 mM), resazurin (0.0005 g L−1), trace elements (2.0 ml/L), and vitamins (V284/VB1/VB12; 4.0 ml/L) were supplemented. Vitamin and trace element solutions were prepared as described previously (Lu and Lu, 2012). The headspace gas was flushed with N2 for 30 min to remove oxygen. Fourteen methanogenic precursors were selected for methanogenic simulation culture:H2/CO2 (50 ml/25 ml), sodium formate (20 mM), dimethyl sulfide (20 mM), dimethylamine (20 mM), methanol (20 mM), sodium acetate (20 mM), sodium propionate (20 mM), sodium butyrate (20 mM), ethanol (20 mM), 1-propanol (20 mM), 2-propanol (20 mM), 1-butanol (20 mM), 2-butanol (20 mM), and Choline hydroxide (20 mM). No precursor was added to the control. Three parallel were set for each treatment and incubated at 35°C in the dark.



2.7. CH4 detection

The CH4 content in the headspace of all culture bottles was measured using gas chromatograph 7820A (Agilent Technologies, United States) with Porapak Q capillary columns (3 m) at 65°C. High-purity hydrogen (99.999%) was used as the mobile phase. The column flow rate was 27 ml/min. TCD (thermal detector) at 130°C, the inlet temperature was 105°C, the reference flow was 30 ml/min, and the tail blow flow was 2 ml/min. The gas detection time was 1.5 min, and the injection volume was 0.2 ml. The relative proportions of N2, CH4, and CO2 in the sample gas were calculated using the corrected area normalization method for the peak diagram. All samples were tested at 5-day intervals.



2.8. Data availability

The datasets generated for this study have been deposited under NCBI. For original coalbed water samples, 16S rRNA genes of archaea: PRJNA681683. 16S rRNA genes of bacteria: PRJNA681635. For the sample of the culture experiment, 16S rRNA genes of archaea and bacteria: PRJNA923302. Metagenomic raw data: PRJNA682244 (Supplementary Table S9).




3. Results and discussion


3.1. Response of microbial community structure to seasonal variation

A total of 24 bacterial phyla, including the candidate divisions, were detected from coalbed water samples (Supplementary Figure S2). Proteobacteria was the most abundant phylum, and the average relative abundance of Proteobacteria in the 23 samples was 77.3% (range 25.6–93.0%). Other bacteria were mainly affiliated with the phyla Bacteroidetes (10.1%) and Firmicutes (6.7%; Supplementary Figure S2). Bacteria with a relative abundance of more than 5% (genus level) in each sample were selected, as shown in Figure 1A. The dominant Gammaproteobacteria genera were Methylomonas (15.1%), Methylobacter (2.8%), Thioalkalimicrobium (2.1%), Arenimonas (2.0%) Methylomicrobium (0.6%), Aeromonas (0.4%), Rheinheimera (0.3%), and Shewanella (0.3%). Epsilonproteobacteria included Arcobacter (5.2%), Sulfuricurvum (2.9%), Sulfurimonas (1.5%), and Sulfurospirillum (1.3%). Betaproteobacteria included Methylotenera (3.8%), Hydrogenophaga (1.8%), Acidovorax (1.1%), Malikia (1.1%), and Thiobacillus (0.6%). Alphaproteobacteria included Porphyrobacter (2.5%), Rhizobium (1.3%), Roseovarius (0.7%), Hyphomonas (0.6%), and Hoeflea (0.4%). Bacteroidetes included Flavobacterium (1.8%), Algoriphagus (1.3%), and Barnesiella (0.5%). In Firmicutes, only Acetobacterium (1.1%) showed slightly higher relative abundance.
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FIGURE 1
 (A) Responses of bacterial community structure to seasonal variation in coalbed water based on 16S rRNA gene. The suffix letter of each sample name represents the month in which the sample was taken (M: May; A: August; O: October). The size of the bubble represents the relative abundance of the genus in each sample. (B) Principal components analysis (PCA) of bacterial 16S rRNA gene retrieved from coalbed water. Different symbols and colors represent different sampling months (purple circle: May; red square: August; green diamond: October).


OTUs with a relative abundance of >5% included primarily methanotrophs, methylotrophs, acetogenic bacteria, chemoautotrophic bacteria, and fermentative bacteria. The aerobic methanotrophs were Methylomonas and Methylobacter, and Methylomonas dominated the coalbed water with the highest relative abundance (up to 40%; Figure 1A). Methylotrophic bacteria included Methylotenera, whose substrate spectrum is narrow and could only metabolize methylamine, methanol, and other methyl compounds (Kalyuzhnaya et al., 2012; Mustakhimov et al., 2013). Acetobacterium can generate acetic acid using H2/CO2, short-chained alcohols, and various carbohydrates (sugars; Kremp et al., 2018; Westphal et al., 2018). Chemoautotrophic bacteria included Thiobacillus, Sulfurospirillum, Sulfurimonas, and Sulfuricurvum. Thiobacillus (Kellermann and Griebler, 2009), Sulfurospirillum (Stolz et al., 1999; Luijten et al., 2003; Hubert and Voordouw, 2007), and Sulfurimonas (Inagaki et al., 2003; Sievert et al., 2008) were the non-strict chemoautotrophic bacteria, which utilize reductive sulfide, hydrogen, and organic matter (glucose, volatile fatty acid, amino acid, etc.) as electron donors, nitrate or sulfate as electron acceptors, and carbon dioxide as a carbon source. Sulfuricurvum, however, is a strictly chemoautotrophic bacteria, and can only use hydrogen and reductive sulfides as an electron acceptor.

PCA results showed that the bacterial community structure of coalbed water samples in the Erlian Basin was clustered according to sampling months. There was no overlap or crossover between the bacterial communities in the coalbed water during the three sampling periods (Figure 1B). This indicated that the community structure of bacteria in coalbed water in this block differed among seasons. A large number of aerobic bacteria (Methylomonas, Methylobacter, Methylotenera, Sulfurospirillum, Acidovorax, and Thioalkalimicrobium) were detected in the coalbed water, which may be related to atmospheric precipitation. Atmospheric precipitation leads to surface runoff into coal seams and brings in oxygen, nutrients, and electron receptors. However, the periodicity of rainfall leads to an unsustainable supply of oxygen, while the metabolic activity of aerobic microorganisms causes periodic changes in oxygen concentration, resulting in co-existence of aerobic and anaerobic bacteria in coalbed water (Bates et al., 2011). The meteorological data from the National Meteorological Science Data Center1 show that there were significant differences in rainfall and mean temperature among the sampling sites during different seasons (Supplementary Table S2). However, due to the lack of reliable measured data, we are still unable to attribute bacterial community changes.

At the phylum level, archaea were dominated by Euryarchaeota (relative abundance 74.6–92.3%). Only some of the archaea in samples JM2 and JM9 were distributed in Nanoarchaeota (relative abundance 8.1–8.6%) and Thaumarchaeota (relative abundance 5.2–6.9%). At the genus level, the dominant archaea were hydrogenotrophic methanogens Methanobacterium, and the average relative abundance of the 23 samples was 61.6% (range 6.6–98.2%; Figure 2A). In addition, the dominant archaea in sample JM4A were hydrogenotrophic methanogens Methanocalculus (relative abundance 62.9%), and the dominant archaea in JM11O, JM1_2M, and JM14M were hydrogenotrophic methanogens Methanocorpusculum, with relative abundances of 87.7, 77.0, and 87.9%, respectively. The methylotrophic Methanolobus (Doerfert et al., 2009; relative abundance 36.9%) in JM9O was also relatively high.
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FIGURE 2
 (A) Responses of archaeal community structure to seasonal variation in coalbed water based on 16S rRNA sequencing. The suffix letter of each sample name represents the month in which the sample was taken (M: May; A: August; O: October). The size of the bubble represents the relative abundance of the genus in each sample. (B) Principal component analysis (PCA) of archaeal 16S rRNA gene retrieved from coalbed water. Different symbols and colors represent different sampling months (purple circle: May; red square: August; green diamond: October).


PCA showed that the archaea communities of the 23 coalbed water samples were partially overlapping and were dispersed in different areas in the PCA diagram, with no obvious clustering (Figure 2B). This indicated that the community structure of archaea in coalbed water in this block was relatively stable. The archaea community structure is affected by many environmental factors. All methanogens are strict anaerobes, not documented to use O2 as an electron acceptor during energy-conserving metabolism (Horne and Lessner, 2013). Nutrient availability is one of the key factors determining the abundance of methanogens (Zhou et al., 2015). Salinity (Waldron et al., 2007; Zhang et al., 2020) and temperature (Lu et al., 2015) are also primary environmental factors regulating methanogenic community assemblage. The different responses of archaea and bacteria to seasonal variation in coalbed water reflect their distinct ecological niches.



3.2. Methane production potential of microorganisms In coalbed water

In order to verify the methane production potential of microorganisms in coalbed water and assess its methanogenic pathway, coalbed water sample JM13M was selected to study methanogenic potential using different precursor compounds. H2/CO2 and formate (Figure 3A), methyl compounds (methanol, dimethylamine, dimethyl sulfide, choline; Figure 3C), and short-chain fatty alcohols (propanol, isopropyl alcohol, butanol, and isobutanol; Figure 3B) may be used by microorganisms in JM13M to produce CH4, while short-chain fatty acids cannot be used (Figure 3D). Both the lag phase and the specific growth rate of methane production were different under different substrate treatment (Supplementary Table S4). The dominant archaea were the hydrogenotrophic methanogens Methanobacterium (relative abundance 2.9–91.7%) and Methanocorpusculum (relative abundance 4.9–91.6%), and the methylotrophic Methanolobus (relative abundance 1.2–32.9%; Figure 3E). The methanogenic activity of coalbed water was confirmed by the simulation culture (Figure 3). The bacterial community mainly consisted of Desulfomicrobium and Desulfovibrio (Figure 3F), which might be related to the addition of sodium sulfide.
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FIGURE 3
 Methane production potential and microbial community structure of different methane precursors. Methane production from H2/CO2 and formate (A), short-chain fatty alcohols (B), methyl compounds (C), and short-chain fatty acids (D). The relative abundances of archaeal (E) and bacterial (F) 16S rRNA genes.


We also collected published and available coalbed archaea data from different basins, including Qinshui Basin (Guo et al., 2017; Yang et al., 2018), Hailar Basin, Jingmen-Dangyang Basin (Wei et al., 2014), Ordos Basin (Guo et al., 2012a), and Powder river Basin (Huang et al., 2017; Davis et al., 2018), and combined them with the Erlian Basin data for analysis (Figure 4). We found that most of these basins were dominated by hydrogenotrophic methanogens Methanobacterium (except the Powder River basin and JM-DY Basin, which were dominated by acetotrophic methanogens). Methanobacterium is widely distributed in anaerobic habitats such as marine and freshwater sediments, soils, animal gastrointestinal tracts, anaerobic sewage digesters, and geothermal habitats (Liu, 2010). Methanobacterium are typically autotrophic and use H2 and CO2, while some also use formate as a substrate for methanogenesis (Liu, 2010). Formate dehydrogenases that supply reductant from formate oxidation and that yield intracellular CO2 to allow for methanogenesis to proceed under otherwise dissolved inorganic carbon (DIC) limited conditions (Fones et al., 2021). Recent studies have shown that Methanobacterium are also able to engage in direct interspecific electron transfer (Zheng et al., 2020), which facilitates the formation of a more efficient connection between Methanobacterium and syntrophic bacteria. These properties allow Methanobacterium to thrive in a variety of methane-producing environments, including coalbed water. Methanocorpusculum was also dominant in some coalbed water samples, and was the most prominent genus in a coal bed of the Illinois Basin (Strapoc et al., 2008) and in shale in northern Michigan (Waldron et al., 2007). Methanocorpusculum belong to the order Methanomicrobiales within the archaeal phylum Euryarchaeota. Similar to Methanobacterium, Methanocorpusculum use either H2/CO2 or formate as substrate for methanogenesis. Compared to other strains of Methanomicrobiales, Methanocorpusculum labreanum was the only strain showing evidence of genome downsizing (Browne et al., 2017), which leads to niche specialization (Lee and Marx, 2012). However, M. labreanum’s putative specialization remains unclear.
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FIGURE 4
 Comparative analysis of archaea community structure in coal seams in different basins (QS: Qinshui Basin; HL: Hailar Basin; EL: Erlian Basin; JM-DY: Jingmen-Dangyang Basin; OD: Ordos Basin; PB: Powder river Basin). The size of the bubble represents the relative abundance of the genus in each sample. The change in bubble color represents the frequency of the genus detected.




3.3. Aerobic methane-oxidizing bacteria in coalbed water presented by metagenomics

The previous high-throughput sequencing results revealed high relative abundance of aerobic methane-oxidizing bacteria in coalbed water. This implied that the methane oxidation reaction was very active. However, the mechanisms by which aerobic methane-oxidizing bacteria act in coalbed water warranted further study. For this, three coalbed water samples (JM1-2M, JM5M, and JM13M) were selected for metagenomic sequencing (Supplementary Table S5). After sequencing and quality control of the sequences, taxonomic classification was performed using two different tools, Kraken2 and MetaPhlAn2. Overall, bacteria (relative abundance >1%) accounted for 60.0–76.9% of the genera identified by Kraken2 and 96.7–97.4% of the genera identified by MetaPhlAn2 (Supplementary Figure S3). However, the relative abundance of archaea in metagenomic data was too low (<0.02%), as shown in the figure.

Kraken2 and MetaPhlAn2 produced similar mock community composition profiles. According to Kraken2, Methylomonas (19.0–51.7%) occurred in a higher proportion in bacteria (Supplementary Figure S3B), and the same result was found using MetaPhlAn2 (51.8–87.1%; Supplementary Figure S3A). Such a high abundance of Methylomonas was also consistent with our high-throughput sequencing results. In addition, Methylotenera, Pseudomonas, and Thiomonas occupied a certain proportion in some samples. Among them, Pseudomonas was particularly noteworthy due to its unique value to research and application to PAH and coal biodegradation (Foght and Westlake, 1988; Tang et al., 2011; Poblete-Castro et al., 2012).

Metagenomic data were used to assemble methane-oxidizing bacteria genomes. Seven high-quality genome bins (MAGs) were obtained (Supplementary Table S6), and after dereplication with dRep with an ANI cutoff of 97%, five cluster MAGs were obtained for subsequent analysis (Supplementary Table S7). Phylogenetic trees constructed with the genomes of methane-oxidizing bacteria (Supplementary Table S8) showed three clusters affiliated with Methylomonas (Supplementary Figure S4).

These three cluster MAGs contained complete metabolic pathways for aerobic methane oxidation. In the first step of methane metabolism, methane is captured and converted to methanol by granular methane monooxygenase (pMMO), an enzyme complex that uses oxygen to oxidize the C-H bonds in methane. In the second step of methane oxidation, methanol is catalyzed by methanol dehydrogenase (MDH) to form formaldehyde. There are two known MDH enzymes, the canonical and long-studied MxaF type and a novel type, XoxF (Chistoserdova et al., 2009). These three cluster MAGs encode both types of methanol dehydrogenases. In the next step, formaldehyde is a key metabolite. Formaldehyde can be converted to formate via the tetrahydromethanopterin (H4MPT) pathway or the methylene-tetrahydrofolate (methylene-H4F) pathway. Another part of formaldehyde can be metabolized through the RuMP cycle and the serine cycle. All genes coding for these pathways were detected in our MAGs (Figure 5). Succinate dehydrogenase (complex II, sdhABCD) was found in the MAGs, together with genes encoding cytochrome c oxidase. The proton motive force generated by the respiratory chain can be used by ATPase (complex V). Nitrogenase (NifDHK), dissimilatory nitrite reductase (NiRk), and nitric oxide reductase (NorB) were also found in these MAGs. This means that these genomes may have the ability to fix nitrogen and convert nitrite into ammonium through denitrification (Figure 5). Denitrification may support methane oxidation in environments with low or below-detectable oxygen concentrations (Padilla et al., 2017; Smith et al., 2018; Smith and Wrighton, 2019).

[image: Figure 5]

FIGURE 5
 Proposed pathway by MAGs of Methylomonas based on metagenomics analyses. All MAGs use pmo complex to conduct the oxidation of methane to methanol. XoxF and mxaF dehydrogenase, which can catalyze methanol to formaldehyde, were found. In this study, MAGs have complete RuMP cycles, serine cycles, EMP, and TCA cycle pathways. NifDHK nitrogenase, NiRk dissimilatory nitrite reductase, NorB nitric oxide reductase, and HoxHY hydrogenase were also found in MAGs.





4. Conclusion

Microbial gas recovery is one of the effective means to improve the efficiency of low-rank CBM recovery. Low-rank CBM accumulation and coal reservoir characteristics are controlled by not only geological factors such as structure, coal rank, and hydrology, but also microbial factors. In this study, seasonal variation in microbial communities and the functional microorganisms involved in methane metabolism in Erlian Basin were investigated. There were differences in the responses of bacteria and archaea to seasonal variation. The bacterial community structure in coalbed water was affected by seasonal variation. The archaea community structure did not change with seasonal variation. Methylomonas may play an important role in methane oxidation metabolism in coalbed water. Methanobacterium, the dominant hydrogenotrophic methanogens, may play a dominant role in methanogenic metabolism. Further research should focus on the driving factors that cause seasonal variation of bacterial community structure. This will provide some theoretical basis for the regulation of methane metabolism of low-rank CBM in this basin.
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There is virtually no environmental process that is not dependent on temperature. This includes the microbial processes that result in the production of CH4, an important greenhouse gas. Microbial CH4 production is the result of a combination of many different microorganisms and microbial processes, which together achieve the mineralization of organic matter to CO2 and CH4. Temperature dependence applies to each individual step and each individual microbe. This review will discuss the different aspects of temperature dependence including temperature affecting the kinetics and thermodynamics of the various microbial processes, affecting the pathways of organic matter degradation and CH4 production, and affecting the composition of the microbial communities involved. For example, it was found that increasing temperature results in a change of the methanogenic pathway with increasing contribution from mainly acetate to mainly H2/CO2 as immediate CH4 precursor, and with replacement of aceticlastic methanogenic archaea by thermophilic syntrophic acetate-oxidizing bacteria plus thermophilic hydrogenotrophic methanogenic archaea. This shift is consistent with reaction energetics, but it is not obligatory, since high temperature environments exist in which acetate is consumed by thermophilic aceticlastic archaea. Many studies have shown that CH4 production rates increase with temperature displaying a temperature optimum and a characteristic apparent activation energy (Ea). Interestingly, CH4 release from defined microbial cultures, from environmental samples and from wetland field sites all show similar Ea values around 100 kJ mol−1 indicating that CH4 production rates are limited by the methanogenic archaea rather than by hydrolysis of organic matter. Hence, the final rather than the initial step controls the methanogenic degradation of organic matter, which apparently is rarely in steady state.

KEYWORDS
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Introduction

There is virtually no microbial activity that would not be regulated by temperature (Wiegel, 1990). Biological activity is based on chemical reactions. Chemical reactions are controlled by temperature and so is biological activity. Therefore, temperature dependence of biological activity follows the same physical principles as chemical reactions do. In fact, it is predominantly enzyme-based biochemical reactions, which control biological activity. Therefore, biological activity always exhibits a temperature optimum, beyond which enzymes become inactivated (Radmer and Kok, 1979), while purely chemical reactions may tolerate much higher temperatures.

Microbial life is complex. Microorganisms contain many different enzymes, which may react differently upon temperature changes. Microbial populations consist of many different individual microorganisms, each possibly slightly different in its response to temperature. In nature, microbial communities consist of many different microbial populations with different physiologies and life styles and thus, with potentially different features of temperature dependence. Therefore, it is by principle very complex how environmental microbial communities will react to temperature changes and it is hard to make any predictions.

Nevertheless, it is worthwhile to review the literature on temperature dependence of microbial activity to see whether there are any guiding principles. In the following I will primarily (but not exclusively) focus on methanogenic microbial communities living in anoxic environments such as flooded rice fields and aquatic sediments, whose temperature characteristics have frequently been studied over the last 40–50 years. A previous mini-review on this subject (Conrad, 2008) will be updated and expanded. The temperature dependence of methanogenic communities is of particular interest, since methane is an important greenhouse gas, which is partially responsible for past and present climate change and will in turn be affected by the global temperature increase in many respects (Kirschke et al., 2013).



Temperature dependence of methane-producing microbial populations

Methane is produced by methanogenic archaea, which convert simple substrates like acetate, H2 + CO2, formate, trimethylamine, dimethylsulfide, and methanol to CH4. The most common methanogenic substrates in nature are acetate and H2 + CO2 (Conrad, 2020). The rates of CH4 production may be described by Michaelis–Menten kinetics, which account not only for the maximal possible rate, Vmax, but also for the effect of the substrate concentration, S, i.e., v = Vmax S/(Km + S). The Km value is the substrate concentration at Vmax/2. In this way, metabolic rates are modulated by the substrate availability. Both Vmax and Km of enzymatic reactions are expected to increase with increasing temperature (Scopes, 1995). Microbial growth rates, μ, are analogously modulated by substrate concentration using the Monod equation, i.e., μ = μmax S/(KS + S), where KS is the substrate concentration at μmax/2. Note, however, that Km and KS are different values with a different physiological meaning and relevance.

The rates of CH4 production increase with increasing temperature. The increase in rate (v) can be described by the Arrhenius equation, i.e., v = A exp {−Ea/(RT)} with A = Arrhenius constant and Ea = apparent activation energy. In a microbial cell, e.g., a methanogenic archaeon, CH4 is produced as the end product of a catabolic reaction chain, in which the methanogenic substrate is converted to CH4 (Thauer et al., 2008). The rate-limiting step is usually not the reaction producing the CH4, but the first enzymatic step in the entire process chain, since otherwise process intermediates would accumulate (Heinrich and Schuster, 1996). It is generally assumed that the transport of the substrate over the cellular membrane is the step, which limits catabolism and growth (Button, 1985). The cell-specific affinity, which is equal to Vmax/Km, is decisive for substrate uptake and catabolism. It has been argued that substrates with active transport over the cellular membrane (e.g., nitrate) face a cell-specific affinity that increases with temperature, whereas substrates without active transport (e.g., ammonia) face a temperature independent cell-specific affinity (Nedwell, 1999). The methanogenic substrates H2 and CO2 display no active transport. However, determination of Michaelis–Menten parameters of process kinetics in methanogenic microbes showed that both Vmax and Km exhibit temperature dependence (Westermann et al., 1989; Kotsyurbenko et al., 2001). The increasing Vmax is compensated by the also increasing Km thus resulting in fairly constant cell-specific affinities (Vmax/Km), such as predicted by Nedwell (1999). Therefore, we have to assume that CH4 production rates are not limited by the substrate transport of substrates, but by one of the subsequent enzymatic reaction steps. This limiting enzyme reaction may be the same as that defining the kinetic isotope effect of CH4 production (Games et al., 1978). The kinetic isotope effect, which by itself is not influenced by temperature (Penger et al., 2014), is assumed to be influenced by the first irreversible enzymatic steps, which result in a “commitment of reaction” (Northrop, 1981; Thullner et al., 2013). For aceticlastic methanogens it is the activation of acetate by either acetate kinase or acetyl CoA synthase, resulting in stronger isotope effect in Methanosarcina versus Methanothrix (Methanosaeta) species, respectively (Penning et al., 2006; Goevert and Conrad, 2009). These two methanogenic genera typically also display different μmax, Vmax, KS, Km and thresholds for acetate by having either of the two acetate-activating enzyme systems (Jetten et al., 1992). It is likely that these enzyme systems constitute the rate limiting steps for aceticlastic CH4 production displaying temperature dependence.

In any case, the temperature characteristic described by Ea is that of the rate-limiting step of a particular methanogenic archaeon and a particular substrate. The Ea values of different methanogenic archaea are typically 106 kJ mol−1 (89–122 kJ mol−1). These data are from a meta-analysis of literature data, based on 33 different strains of growing or non-growing methanogenic archaea (Yvon-Durocher et al., 2014). These Ea values are relatively high when compared to respiration (Yvon-Durocher et al., 2012), photosynthesis (Allen et al., 2005) and hydrolysis of organic matter (Middelburg et al., 1996; Weston and Joye, 2005).



Temperature dependence of methane-producing microbial communities

A similar range of Ea values was obtained from 47 different methanogenic microbial communities in paddy soils, wetlands and aquatic sediments, i.e., 89 kJ mol−1 (79–99 kJ mol−1; Yvon-Durocher et al., 2014). In these environmental samples CH4 is produced as the final step in a complex microbial community that converts organic matter to CH4 and CO2. Polysaccharides, a common form of organic matter, are hydrolyzed to sugars, which are then fermented by bacteria to fatty acids, alcohols and other small compounds. These are then further fermented to acetate, H2 and CO2 by bacteria living in syntrophic association with methanogenic archaea, which produce CH4 (Zinder, 1993; Schink and Stams, 2013; Figure 1). If the system is in steady state, the first step, i.e., hydrolysis of organic matter, should be the rate-limiting step of CH4 production, and all the subsequent reactions should be substrate-limited (Nedwell, 1984). However, this seems to be rarely the case. Thus, CH4 production increases if the methanogenic substrates acetate and H2 are added showing that temperature limits substrate supply (Westermann, 1993; Nozhevnikova et al., 1997). Addition of polysaccharides or sugars results in enhancement of fermentation reactions and the production of acetate and H2, and consequently also stimulates CH4 production (Kotsyurbenko et al., 1993; Chin et al., 1998). Stimulation of CH4 production by substrate addition usually is stronger at high than at low temperatures, so that Ea values increase. For example, addition of excess H2 to methanogenic paddy soil increased the Ea values from about 70 to 91 kJ mol−1 (Conrad et al., 1987). This response is plausible if the Ea values of the terminal CH4 production step are larger than those of the preceding processes such as polysaccharide hydrolysis or fermentative H2 production (Figure 2). In experiments with marine sediments, Ea values of hydrolysis/fermentation indeed are on the average only 49 kJ mol−1 (Weston and Joye, 2005). In other marine sediments, however, the range of Ea values for hydrolytic processes extends from 54 to 125 kJ mol−1 (Middelburg et al., 1996). After submergence of rice field soils, degradation of labile organic matter usually increases the production of the methanogenic substrates acetate and H2 over several days before CH4 production eventually enters quasi steady state conditions with much lower rates. Values of Ea are typically much lower (more than three times) during steady state than during the phase of excess substrate (Yao and Conrad, 2000). Hence, the relatively narrow range and the relatively high values of Ea for CH4 production obtained by the meta-analysis of Yvon-Durocher et al. (2014) indicate that the microbial communities are not in steady state with the hydrolysis of organic matter. This is even more so, since the mean value (89 kJ mol−1) is close to that of defined methanogenic populations (106 kJ mol−1) suggesting that CH4 production by methanogenic archaea is the rate-limiting step also when organic matter is the primary substrate (Hoehler and Alperin, 2014). This observation suggests that the methanogenic archaea in the complex communities are not limited by supply of their substrates (i.e., acetate, H2 + CO2) when temperature increases. An alternative explanation is that the hydrolysis of organic matter, as the initial rate-limiting step under steady state conditions, has a similar Ea value as the CH4 production by methanogenic archaea (Hoehler and Alperin, 2014). Note that literature data show a rather large range of Ea values from 49 to 125 kJ mol−1 (Middelburg et al., 1996; Weston and Joye, 2005). Also note, that the different hydrolytic enzymes may be differently affected by temperature (Fey and Conrad, 2003; Arnosti and Joergensen, 2006) and that the effective composition of organic matter, which is converted to CH4, changes with incubation time, resulting in a change of the pathway of CH4 formation (Ji et al., 2018).
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FIGURE 1
 Scheme of the anaerobic degradation of organic matter (e.g., cellulose) to CH4 and CO2. The degradation involves the following functions indicated by numbers: (1) hydrolysis of polymeric organic matter to monomers, followed by fermentation of the monomers to short-chain fatty acids (e.g., lactate, propionate), acetate and H2, CO2; (2) syntrophic conversion of short-chain fatty acids to acetate, H2, CO2; (3) methanogenic conversion of H2, CO2 to CH4 (hydrogenotrophic methanogenesis); (4) methanogenic conversion of acetate to CH4 (aceticlastic methanogenesis); (5) conversion of H2, CO2 to acetate (chemolithotrophic homoacetogenesis); (6) fermentation of monomers to acetate only (heterotrophic homoacetogenesis); (7) syntrophic oxidation of acetate to H2, CO2. Stoichiometries and thermodynamic parameters of examples for the numbered reactions are shown in Table 1.
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FIGURE 2
 Temperature dependence of rates of CH4 production and hydrolysis of organic matter by assuming Ea values of 100 and 50 kJ mole−1, respectively.




Temperature dependence of methane-producing ecosystems

Meta-analysis of 127 sites of methanogenic ecosystems (marshes, rice fields, peatlands) shows a narrow range of Ea values, i.e., 92 kJ mol−1 (83–103 kJ mol−1; Yvon-Durocher et al., 2014). These values are similar to those found in methanogenic communities and in methanogenic populations, again suggesting that the temperature dependence of CH4-emitting ecosystems is the same as that of methanogenic microbial cultures rather than that of enzymes hydrolyzing organic matter. The Ea values in one Italian rice field exhibited a broad range from 50 to 450 kJ mol−1 (Schütz et al., 1990). The meta analysis of various ecosystems also showed a broad frequency distribution of Ea values (Yvon-Durocher et al., 2014). Nevertheless, the mean Ea values of CH4-emitting ecosystems and CH4-producing methanogenic microbial cultures were statistically indistinguishable. This is a remarkable observation, especially since the Ea values related to CH4 emission are relatively high. They are much higher than those related to respiration (Yvon-Durocher et al., 2012), photosynthesis (Allen et al., 2005) or to the CO2 emission rates observed in the same meta analysis (Yvon-Durocher et al., 2014).

In order to appreciate the coincidence of Ea values of methanogenic archaeal populations with those of entire ecosystems, one should realize that at the level of ecosystems the temperature changes are recorded as daily rhythms and seasonal variations. In addition to the temperature effects, ecosystems are exposed to many other control variables, such as variations in substrate supply [e.g., root exudations in vegetated soil and sediment (Watanabe et al., 1999)], consumption of CH4 at the oxic sediment surface or the rhizosphere (Schütz et al., 1989), or simply by temperature gradients within the ecosystem (sediment depth; Schütz et al., 1990). Usually the microbial community is also exposed to various potential oxidants such as nitrate, ferric iron, and sulfate (Zehnder and Stumm, 1988). These oxidants allow the oxidative catabolism of the organic substrates to CO2 in the community thus suppressing CH4 production. Production of CH4 is suppressed, since the process kinetics and thermodynamics of microorganisms reducing nitrate, ferric iron, or sulfate allow to outcompete methanogenic archaea for their substrates H2 and acetate (Cord-Ruwisch et al., 1988; Lovley and Goodwin, 1988). However, CH4 production is initiated as soon as these oxidants are depleted. Since these oxidation processes are temperature dependent in a similar way as the processes leading to CH4 production, the different phases of sequential reduction of oxidants can strongly affect the Ea values until quasi steady state is reached (Nozhevnikova et al., 1997; VanBodegom and Stams, 1999; vanHulzen et al., 1999; Yao and Conrad, 2000). In summary, CH4 emissions from ecosystems exhibit a temperature dependence that is hardly consistent with the assumption of being in steady state with organic matter degradation in the soil or sediment. Instead, the CH4-producing methanogens must be supplied with additional substrate. In rice fields and vegetated wetlands it may be photosynthetically produced organic substrates, which are supplied as root exudation. In fact, this source of organic carbon seems to be responsible for more than 50% of total CH4 emission (Watanabe et al., 1999; Tokida et al., 2011; Yuan et al., 2012). In lake sediments, fresh organic carbon can be supplied by sedimentation of algae (Schulz and Conrad, 1995; Schwarz et al., 2008). Furthermore, fresh organic matter has a short lifetime in paddy soil so that 80–90% is degraded within 1 year (Neue and Scharpenseel, 1987). The composition of the degradable organic matter in paddy soil changes over time, thus causing a change in the degradation pathway to CH4 (Ji et al., 2018). Seasonal changes in the methanogenic pathway are commonly observed in rice field ecosystems (Bilek et al., 1999; Krüger et al., 2002; Zhang et al., 2013). Hence, it is not surprising that hydrolysis of organic matter is usually not the rate-limiting step of CH4 production in the environment, but other processes forming methane precursors.

The temperature dependence of CH4 production is similar in tropical versus boreal lake sediments (Marotta et al., 2014). Since sediments of low latitude versus high latitude lakes are much warmer, greenhouse gas production is also much higher in those regions despite their much smaller lake area, and they will also respond more strongly to global warming because of the exponential effect of Ea.



Temperature optimum of methane production

Production of CH4 exhibits a temperature optimum beyond which the existing microorganisms and their enzyme systems become inactivated or beyond which methanogenic life does not exist. Such a temperature optimum can be modelled within the framework of the Arrhenius theory by a temperature-dependent change in the heat capacity for enzyme catalysis (Hobbs et al., 2013; Schipper et al., 2014). Whenever methanogenic environmental samples have been incubated at different temperatures, the highest CH4 production rates have generally been observed at mesophilic temperatures around 30°C (Zeikus and Winfrey, 1976; Conrad et al., 1989; Nozhevnikova et al., 1997; Fey and Conrad, 2003; Metje and Frenzel, 2007; Blake et al., 2015). Occasionally, a second optimum has been observed at thermophilic temperatures of 50–70°C (Nozhevnikova et al., 1997; Fey et al., 2001). It is remarkable that the temperature optima are much higher than the average in-situ temperatures. This is especially notable for profundal lake sediments, which are at permanently low 4°C, while temperature optima are around 30°C. The display of temperature optima higher than in-situ indicates the existence of mesophilic microbes that rapidly respond to a temperature increase, thus outcompeting the microorganisms active at in-situ temperature. These mesophilic microorganisms must cover the entire microbial community responsible for CH4 production, including hydrolytic and fermentative bacteria. The difference between in-situ temperature and temperature optimum is not restricted to methanogenesis, but seems to be a general feature of sediment metabolism (Yayanos, 1986; Arnosti et al., 1998).

Nevertheless, microbial and enzymatic activity is also found at the low in-situ temperatures (Schulz and Conrad, 1996; Arnosti and Joergensen, 2003; Metje and Frenzel, 2007; Kolton et al., 2019). This can be interpreted either as psychotolerance of mesophilic microorganisms or as the existence of a hidden psychrophilic microbial community. Psychotolerance seems to be a widely occurring phenomenon (Nozhevnikova et al., 2001, 2003; Saunders et al., 2003; Kotsyurbenko, 2005). However, reports of psychrophilic methanogenic archaea, which are not only tolerant but are especially adapted to life at low temperatures are not very common (Franzmann et al., 1997; Simankova et al., 2001, 2003; Cavicchioli, 2006; Parshina et al., 2014; Zhou et al., 2014). This is in contrast to the abundance of hyperthermophilic methanogenic species (Stetter, 2002), indicating that methanogenic archaea potentially adapt better to high than to low temperatures. This preference may be explained by the specificities of cellular characteristics in Archaea versus Bacteria (Cavicchioli, 2006; Valentine, 2007). For example, the microbial cell membranes of Archaea and Bacteria are ether lipid monolayers and fatty acid ester bilayers, respectively. The temperature dependence of membrane rigidity and flexibility is different for the two types of lipid membranes (Koga, 2012; Siliakus et al., 2017), thus affecting microbial adaptation. Since different microbial populations may display different temperature adaptations, the optimum temperature can be different for different physiological groups and different biogeochemical pathways, e.g., hydrogenotrophic and acetotrophic methanogenesis (Svensson, 1984; Schulz et al., 1997). In fact, the pathway of CH4 production is strongly affected by temperature (see below).



Temperature dependence of process thermodynamics

Besides enzyme kinetics, temperature also affects the thermodynamics of methanogenic processes. The free enthalpy (Gibbs free energy) change of a reaction is given by the changes of the enthalpy and the entropy, i.e., ΔG = ΔH – TΔS. For standard conditions (1 atm, 1 M, 298°K, pH = 0) values of ΔGo, ΔHo, and ΔSo for reactions important in CH4 production pathways can be calculated from tabulated values (e.g., Stumm and Morgan, 1996; Table 1). Values of ΔGo´ give the standard free enthalpy at pH 7 if n protons are produced or consumed in the reaction, i.e., ΔGo´ = ΔGo ± nRT ln(10−7), which is −39.94 kJ mol−1 protons produced. Temperature dependence of ΔGo is basically a function of the magnitude of the process entropies (ΔSo) under standard conditions. The actual ΔG at the given concentrations of reactants and products can be calculated from the Nernst equation, which is also temperature-dependent, i.e., ΔG = ΔGo + RT ln(P/S), where P are the products and S the reactants. P and S represent the product of the activities or partial pressures of the individual products and reactants, respectively. At dilute solutions activities may be replaced by concentrations. The lowest possible concentrations of the reactants are those when the actual ΔG = 0, i.e., the threshold. For example, hydrogenotrophic methanogenesis proceeds until the threshold concentration (partial pressure) of H2 is reached. Below the threshold H2 can no longer be consumed and CH4 production stops (Figure 3). On the other hand, there is also an upper threshold of H2, which may not be surpassed to allow the syntrophic degradation of compounds such as lactate, propionate, or acetate (Figure 3). The degradation of such compounds is endergonic under standard conditions, but becomes exergonic if the H2 partial pressures are sufficiently low (McInerney et al., 2008; Schink and Stams, 2013). The thresholds of H2 consumption by methanogenesis or sulfate reduction are usually a bit higher than predicted by ΔG = 0 (Yao and Conrad, 1999; Hoehler et al., 2001) and those of H2 production by syntrophic fatty acid degradation are usually a bit lower (Scholten and Conrad, 2000; Yao and Conrad, 2001). The deviation is on the order of 3–6 kJ mol−1 H2. It is probably due to the fact that the microorganisms require a minimum of free enthalpy to allow the synthesis of 1/4–1/3 ATP (Thauer and Morris, 1984; Schink, 1997; Lever et al., 2015). The H2 threshold has also been explained by models, e.g., by a combination of the thermodynamic equilibrium constant (K = exp {−ΔGo/(RT)}) with the Michaelis–Menten equation (Hoh and Cord-Ruwisch, 1996), or by including the maintenance energy requirements of the microorganisms (Hoehler, 2004).



TABLE 1 Entropies (ΔS0) and free enthalpies (ΔG0) under standard conditions (1 bar, 1 M, 298°K, pH = 0) and at pH = 7 (ΔG0´) for different reactions involved in the degradation of hexose to CH4.
[image: Table1]

[image: Figure 3]

FIGURE 3
 Temperature dependence of H2 thresholds of H2-producing and H2-consuming processes. The double arrows indicate the window of H2 partial pressures in which syntrophic interaction between the H2-producing and H2-consuming processes is possible. The H2-thresholds were calculated for ΔG’T = 0 using the Nernst equation with CH4 = 0.001 bar, CO2 = 0.1 bar, and lactate, propionate and acetate = 1 mM. The numbers indicate the processes listed in Table 1.


Thresholds of H2 partial pressures are a function of the standard free enthalpies of anaerobic H2-consuming processes, and generally decrease with the useful energy (more negative ΔGo). Hence, the H2 threshold is for example lower in hydrogenotrophic ferric iron reducers < sulfate reducers < methanogens < homoacetogens. This has been found in microbial populations (Lovley, 1985; Cord-Ruwisch et al., 1988; Seitz et al., 1990; Caccavo et al., 1992) and in methanogenic environments (Conrad et al., 1986; Lovley and Goodwin, 1988; Hoehler et al., 1998). In the environment, CH4 production from H2/CO2 only operates, if the H2 partial pressures are higher than the threshold (Rothfuss and Conrad, 1993; Yao and Conrad, 1999; Hoehler et al., 2001). By contrast, generation of H2 from ethanol or fatty acids only operates, if H2 partial pressures are lower than the threshold (Seitz et al., 1990; Westermann, 1994; Scholten and Conrad, 2000; Yao and Conrad, 2001). Hence, metabolism and growth of both H2-producing and H2-consuming microorganisms is thermodynamically restricted in opposite ways. The satisfaction of the upper and the lower thresholds creates a window of permissive H2 partial pressures. Only within this window is the syntrophic conversion of ethanol, fatty acids and aromatic compounds to CH4 possible. The size of this window depends on the thermodynamics of the actual H2-producing and H2-consuming physiologies (Zinder, 1993; Dolfing, 2013).

The thresholds of H2 consumption increase with increasing temperature in a way that is characteristic for the underlying process, i.e., differently for sulfate reduction < methanogenesis < homoacetogenesis (Conrad and Wetter, 1990; Hoehler et al., 1998; Fey and Conrad, 2000; Kotsyurbenko et al., 2001). The thresholds of syntrophic H2 production also increase with increasing temperature. However, syntrophy between H2 production and H2 consumption is only possible if the threshold of production is higher than that of consumption (Figure 3). The resulting window of permissive H2 partial pressures gradually shifts to higher values when temperature increases (Westermann, 1996; Schink, 1997; Hattori, 2008). Alternatively to H2, syntrophy can also be maintained with formate acting as electron shuttle (Schink et al., 2017) or even with direct electron transfer (Shrestha and Rotaru, 2014; Li et al., 2015). Formate and H2/CO2 are largely at equilibrium and thus energetically equivalent in most methanogenic environments (Schink et al., 2017; Montag and Schink, 2018).

Acetate in methanogenic environments also displays a characteristic threshold that changes with temperature (Fey and Conrad, 2000). Like H2, acetate is an intermediate in the anaerobic degradation of organic matter to CH4. It is produced by many fermentation processes, notably by homoacetogenesis both from carbohydrates and from H2 + CO2 (Drake, 1994), and by many syntrophic degradation processes (Schink, 1997; McInerney et al., 2008). The syntrophic degradation processes can be subject to a decisive thermodynamic sensitivity for increased acetate concentrations, which may become inhibitory if too high (Ahring and Westermann, 1988; Dolfing and Tiedje, 1988; Beaty and McInerney, 1989; Platen et al., 1994). In methanogenic systems acetate is degraded to CH4 and CO2 by the genera Methanosarcina and Methanothrix only. Thermodynamics predict that the concentration of acetate, which is permissive for aceticlastic methanogenesis, decreases with temperature (ΔSo > 0; Table 1), which indeed was observed in methanogenic paddy soil (Fey and Conrad, 2000). However, acetate concentrations are usually sufficiently high to allow exergonic CH4 production in methanogenic ecosystems (Klüber and Conrad, 1998; Yao and Conrad, 1999; Beer and Blodau, 2007). The decrease of acetate concentrations observed by Fey and Conrad (2000) was consistent with a change in the active methanogenic populations from a predominance of Methanosarcina to Methanothrix with relatively high versus low acetate thresholds (Jetten et al., 1992).



Temperature dependence of carbon flow

Methane production from organic carbon follows characteristic degradation pathways that depend on which substrate the methanogenic archaea utilize. The major substrates of methanogenic archaea are acetate, H2 + CO2 and methyl compounds such as methanol, trimethyl amine or dimethyl sulfide. In most natural environments it is acetate and H2 + CO2 that dominate (Conrad, 1999; Conrad, 2020). The pathway of carbon flow providing acetate and H2 + CO2 from the degradation of organic matter may vary considerably between 100% acetate and 100% H2 + CO2 and any mixture in between (Conrad, 2020). Polysaccharides are an important class of organic matter. Cellulose and xylane are the major forms of dead plant material. Complete methanogenic degradation of cellulose occurs in four major steps, i.e., (1) hydrolysis and primary fermentation, (2) syntrophic secondary fermentation, (3) hydrogenotrophic methanogenesis, and (4) aceticlastic methanogenesis. Because of simplicity the following stoichiometries present lactate as sole product of primary fermentation. In methanogenic environments, other primary fermentation products, such as propionate, are actually more important. However, the principles of degradation are the same (Figure 1):

1: C6H12O6 → 2CH3CHOHCOOH

2: 2CH3CHOHCOOH + 2H2O → 2CH3COOH + 2CO2 + 4H2

3: 4H2 + CO2 → CH4 + 2H2O

4: 2CH3COOH → 2CH4 + 2CO2

Sum: C6H12O2 → 3CH4 + 3CO2

The pathway starts with primary fermentation (1) of sugar to lactic acid, followed by secondary syntrophic fermentation (2) of lactic acid to acetate, CO2 and H2. There are alternative pathways, e.g., via ethanol, butyrate or propionate, which all eventually result in the formation of 2 acetate, 2 CO2 and 4 H2. In such ‘syntrophic’ pathways aceticlastic and hydrogenotrophic methanogenesis contribute 67% (2 CH4) and 33% (1 CH4) to total CH4 production (3 CH4), respectively. The ‘syntrophic’ pathway is quite common for many methanogenic environments including anaerobic digestors (Zehnder, 1978; McCarty and Smith, 1986), rice field soils (Conrad and Frenzel, 2002; Conrad, 2007), peat bogs (Drake et al., 2009; Lai, 2009) and lake sediment (Ward and Winfrey, 1985; Capone and Kiene, 1988), especially at moderate temperatures (20–35°C).

Many studies have shown that the anaerobic degradation pathway can change with the in-situ temperature (Conrad, 2020). At low temperatures, in particular, the contribution of acetate can increase to 100%. This may happen when hydrogenotrophic methanogenesis (3) is replaced by with chemolithotrophic homoacetogenesis (5) (Figure 1):

1: C6H12O6 → 2CH3CHOHCOOH

2: 2CH3CHOHCOOH + 2H2O → 2CH3COOH + 2CO2 + 4H2

5: 4H2 + 2CO2 → CH3COOH + 2H2O

4: 3CH3COOH → 3CH4 + 3CO2

Sum: C6H12O2 → 3CH4 + 3CO2

Or it may happen when sugar fermentation to lactic acid (1) is replaced by homoacetogenic sugar fermentation (6):

6: C6H12O6 → 3CH3COOH

4: CH3COOH → 3CH4 + 3CO2

Sum: C6H12O2 → 3CH4 + 3CO2

It has been shown for many anoxic environments that homoacetogenesis is a favored process at low (<15°C) temperatures (Conrad et al., 1989; Nozhevnikova et al., 1994), so that hydrogenotrophic methanogenesis decreases relative to aceticlastic methanogenesis. A dominance of aceticlastic methanogenesis at low temperatures has been observed in rice paddy fields (Chin and Conrad, 1995; Fey and Conrad, 2000; Fu et al., 2018), lake sediments (Schulz and Conrad, 1996; Nozhevnikova et al., 1997; Glissmann et al., 2004) and soils (Küsel and Drake, 1995; Fu et al., 2015). However, it has not been observed in anaerobic marine sediments (Roussel et al., 2015) and in many boreal and arctic peat bogs (Kotsyurbenko et al., 2004; Metje and Frenzel, 2007; Tveit et al., 2015). In an Alaskan bog, CH4 is not produced from acetate, although it is the dominant product of organic matter degradation. Instead, it is only degraded by oxic respiration and ferric iron reduction (Duddleston et al., 2002). Hence, although acetogenesis and acetoclastic methanogenesis seems to be enhanced at low temperatures, the degradation of organic matter via both acetate and H2 + CO2 is not excluded.

Also at high temperature (>45°C), aceticlastic and hydrogenotrophic methanogenesis can operate producing 67 and 33% of the CH4, respectively, as observed in anaerobic digestors (Zinder et al., 1984; Vanlier et al., 1993; Gehring et al., 2015) and in rice field soils (Liu et al., 2018). This is the case, since thermophilic or thermotolerant microbes exist, which act as syntrophic secondary fermenters, as aceticlastic methanogens and as hydrogenotrophic methanogens (Vanlier et al., 1996; Imachi et al., 2000). Frequently, however, the contribution of H2 + CO2 increases at high temperatures to 100%, as acetate is consumed by syntrophic acetate oxidation (7) coupled to hydrogenotrophic methanogenesis (3) (Figure 1):

1: C6H12O6 → 2CH3CHOHCOOH

2: 2CH3CHOHCOOH + 2H2O → 2CH3COOH + 2CO2 + 4H2

7: 2CH3COOH + 4H2O → 8H2 + 4CO2

3: 12H2 + 3CO2 → 3CH4 + 6H2O

Sum: C6H12O2 → 3CH4 + 3CO2

The existence of syntrophic acetate oxidizing bacteria (7) and their general preference for high temperatures has been shown in anaerobic sludge digestors (Lee and Zinder, 1988a; Ahring, 1995; Hattori, 2008; Tang et al., 2008; Ho et al., 2013) and rice paddy fields (Fey et al., 2001; Conrad et al., 2009; Liu and Conrad, 2010; Rui et al., 2011; Liu et al., 2018). Evidence for syntrophic acetate oxidation at elevated temperature has also been found in an alkaline wetland soil in Tibet (Deng et al., 2019).

Although empirical studies have frequently shown that environments at intermediate temperatures (mesophilic) are dominated by the ‘syntrophic’ pathway (67% acetate, 33% H2/CO2), low temperatures (psychrophilic) by the acetogenic pathway (<67% acetate), and high temperatures (thermophilic) by the hydrogenotrophic pathway (100% H2/CO2), such preferences are by no means obligatory. The mechanistic reasons for these preferences are not quite clear. A look at the thermodynamics of the degradation pathways may be helpful. The values of ΔGo are constrained by the stoichiometries of the pathways. The values change with temperature according to the magnitude of ΔSo (Table 1). Therefore, the ΔGoT values of the different degradation steps also change with temperature. The ΔGoT of the entire process (cellulose → 3CH4 + 3CO2) is always −405, −426, and −445 kJ at 5, 25, and 45°C, thus moderately decreasing (becoming more exergonic) with temperature. The ΔGo’T values of the individual reactions at 5, 25, and 45°C are shown in Figure 4. The data demonstrate that syntrophic secondary fermentation reactions producing H2 become increasingly less endergonic or more exergonic, if temperature increases. Figure 4 only shows the syntrophic degradation of lactate and acetate, but that of ethanol, butyrate, and propionate would be in-between. As a consequence, thermodynamics suggest that hydrogenotrophic and ‘syntrophic’ pathways are favored at increasing temperature. Since the acetogenic pathway from sugars (reaction 6 in Figure 1) is thermodynamically feasible at every temperature (small ΔSo, Table 1) this may be the reason why it predominates at low temperatures where the other degradation pathways are thermodynamically restricted. Although homoacetogenesis from H2 + CO2 is thermodynamically less favorable than hydrogenotrophic methanogenesis, and results in relatively higher H2 thresholds (Figure 3), the former can possibly prevail since psychrophilic homoacetogens seem to exist in many environments while psychrophilic methanogens are missing (Conrad et al., 1989; Kotsyurbenko et al., 2001). In addition homoacetogens can operate in a mixotrophic way. Homoacetogenic bacteria are able to use many different substrates. Therefore, thresholds for H2 can be lower with two substrates than with H2 alone (Peters et al., 1998).
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FIGURE 4
 Values of ΔG0’T at 5, 25, and 45°C of the different processes shown in Figure 1 and listed in Table 1. The processes are combined for typical reaction chains of mesophilic, psychrophilic and thermophilic degradation of organic matter to CH4 + CO2.


However, the dominance of the hydrogenotrophic pathway at high temperatures requires different explanations. In fact, syntrophic degradation of lactate (or ethanol, butyrate, propionate) and aceticlastic methanogenesis both become thermodynamically more favorable when temperature increases (Figure 4). Thus, why should aceticlastic methanogenesis be replaced by syntrophic acetate oxidation and hydrogenotrophic methanogenesis? The minimum threshold concentration of acetate can be calculated from the respective ΔGoT values using he Nernst equation. However, the ΔGoT values are the same independently by which mechanism the conversion of acetate is achieved and so are the minimum thresholds of acetate. At the time being, one can only speculate why syntrophic acetate oxidation is dominant at high temperature. One possibility is that cell integrity of aceticlastic methanogens is worse at high temperatures than that of hydrogenotrophic methanogens. However, thermophilic species do exist for both aceticlastic genera Methanothrix and Methanosarcina (Zinder and Mah, 1979; Zinder et al., 1987; Kamagata et al., 1992; Mladenovska and Ahring, 2000). Another possibility is that it is preferable that the available energy is shared by two rather than one organism. Such sharing is not uncommon, e.g., oxidation of ammonia to nitrate by either one (comammox; Daims et al., 2015) or more commonly by two bacterial species (e.g., Nitrosomonas, Nitrobacter). Sharing reduces the length of the pathway (number of enzymatic steps) for the individual species, which may be favorable for energetic reasons (Costa et al., 2006). Since thermodynamics become more favorable at increasing temperatures, the syntrophic sharing option may become more attractive.

In fact, energy sharing among different physiological groups seems to be common for anaerobic breakdown of organic matter, even for simple sugars. This is seen in the multiple syntrophic degradation processes (e.g., of lactate, ethanol, butyrate, propionate), in which energy is usually shared by at least three different microbes, (1) the secondary fermenters producing H2, acetate and CO2 as final products, (2) hydrogenotrophic methanogens and (3) aceticlastic methanogens (Schink, 1997). Three partners have to share the energy content of substrate degradation. It is amazing, that degradation is not simply achieved by a single microbe, i.e., a methanogen, which would convert the substrate to CH4 + CO2 + H2O without having to share the energy. However, such methanogens are unknown, probably since their evolution was not competitive against the shared mode of metabolism.



Temperature dependence of microbial community composition

The change of the pathway of organic matter degradation with increasing temperature makes it likely, that the microbial community responsible for the methanogenic degradation also changes. This is indeed the case. Many studies exist for rice field soils (Figure 5). Thus, the communities of methanogenic archaea are different at low, medium and elevated temperatures (Chin et al., 1999; Fey and Conrad, 2000; Wu et al., 2002; Rui et al., 2009; Peng et al., 2018; Liu et al., 2019). Most notable is the change from mesophilic to moderately thermophilic conditions, which shows a decrease of aceticlastic Methanosarcina and Methanothrix species and an increase of thermophilic Methanocella species (formerly RC-I), which are hydrogenotrophic (Conrad et al., 2009; Lu et al., 2015; Liu et al., 2018; Peng et al., 2018). Hence hydrogenotrophic methanogens are most likely involved in the syntrophic degradation of acetate under thermophilic conditions. The population size of putative syntrophic acetate oxidizers is also enhanced under thermophilic conditions, namely Thermoanaerobacter species relatively increase (Liu and Conrad, 2010; Rui et al., 2011; Liu et al., 2018; Peng et al., 2018). However, moderately thermophilic methanogens are ubiquitous in the environment, members of the hydrogenotrophic genus Methanocella (Fey et al., 2001), but also other hydrogenotrophic genera [e.g., Methanobacterium, Methanoregula (Peng et al., 2008; Deng et al., 2019)] and aceticlastic Methanosarcina and Methanothrix as well (Wu et al., 2006). Therefore, it is not surprising that rice fields exist in which thermophilic degradation of acetate is achieved by canonical aceticlastic methanogenesis (Liu et al., 2018). Nevertheless, even with aceticlastic methanogenesis the methanogenic microbial communities form a different network at high versus moderate temperatures (Peng et al., 2018; Liu et al., 2019).
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FIGURE 5
 Relative contribution of hydrogenotrophic methanogenesis, composition of the microbial communities, and pathways of methanogenic degradation of organic matter as being characteristic for psychrophilic (10°C), mesophilic (30°C) and thermophilic (50°C) conditions.


Thermophilic syntrophic acetate conversion also has frequently been observed in anaerobic digestor systems usually fed with waste or waste water. The microbial communities under mesophilic versus thermophilic conditions are generally different. However, the taxa of putative thermophilic syntrophic acetate oxidizers are quite diverse in different digestors. Early enrichments resulted in an unnamed homoacetogenic bacterium (Lee and Zinder, 1988b) and in Thermoacetogenium phaeum (Hattori et al., 2000; Hattori, 2008). Later analyses of digestor communities using molecular tools indicate the operation of various taxa of syntrophic acetate oxidizers, such as Thermotogae, Dethiobacteraceae, Clostridium, Hydrogenophaga, Fervidobacterium, Spirochaeta, Limnohabitans, Rhodococcus, Thermoacetogenium, Tepidiphilus, Petrobacter (Leven et al., 2007; Tang et al., 2008; Hao et al., 2011; Sun et al., 2018; Dyksma et al., 2020). Thermophilic methanogens include the genera Methanobacterium, Methanoculleus, Methanothermobacter, and Methanosarcina (Leven et al., 2007; Tang et al., 2008; Hao et al., 2011; Ho et al., 2013; Dyksma et al., 2020). Note, however, that mesophilic syntrophic acetate oxidizers also exist, e.g., Clostridium ultunense (Schnürer et al., 1996) or Syntrophaceticus schinkii (Westerholm et al., 2010).

Psychrophilic conditions also affect the methanogenic microbial communities in rice paddy soils, but the effects are more delicate than the difference between mesophilic and thermophilic conditions. Usually, homoactogenic activities are enhanced at low temperature (Figure 5). The acetogenic populations seem to belong to the Clostridium cluster I and Peptococcaceae (Liu and Conrad, 2011). Enhanced acetate production at low temperature is followed by consumption by aceticlastic methanogens of the genera Methanosarcina and Methanothrix (Chin et al., 1999; Wu et al., 2002; Peng et al., 2008). The overall diversity of methanogenic archaea seems to increase at low temperature, Methanothrix in particular (Chin et al., 1999; Wu et al., 2002).

Different microbial communities at psychrophilic versus mesophilic conditions were also observed in peat bogs and arctic wetlands (Hoej et al., 2008; Blake et al., 2015; Schmidt et al., 2015, 2016; Kolton et al., 2019). The taxa Methanosarcina, Methanothrix, Methanobacteriaceae, Methanoregulaceae, and Methanocella are generally common, but the aceticlastic genera (Methanosarcina, Methanothrix) are especially abundant at low temperatures. These taxa have also been found in a boreal mire, but with little changes in community composition over a seasonal temperature gradient between 0 and 14°C (Juottonen et al., 2008). The bacterial communities in peat lands have been found to be dominated by Clostridiaceae (Kolton et al., 2019) and by Pelobacter, Syntrophobacteraceae, Syntrophaceae and Syntrophorhabdaceae as potential secondary fermenters (Schmidt et al., 2015, 2016).



Conclusion

Methanogenic microbial communities catalyze the anaerobic degradation of organic matter to CO2 and CH4. This process is basically the same in various environments, such as rice paddy fields, wetlands, lake sediments, peat bogs, anaerobic digestors, or the intestinal tract of animals. The pathway of the process is also basically the same. Irrespective of the particular environment, the degradation steps and the metabolic classes of the microrganisms involved are basically the same (Figure 1). Nevertheless, the exact composition of the methanogenic microbial communities can be quite different in the different environments. Furthermore, the composition can change with temperature, thus resulting in a change of the pathway of the degradation process. Thus, it is frequently observed that the pathway and the responsible methanogenic microbial community changes from psychrophilic to mesophilic to thermophilic conditions, with dominance of aceticlastic methanogenesis at low and hydrogenotrophic methanogenesis at high temperatures (Figure 5). Such behavior is consistent with thermodynamics of the critical steps in organic matter degradation, but is nevertheless not obligatory. Thus, environments exist, in which CH4 production is dominated by hydrogenotrophic methanogenesis despite low temperatures and aceticlastic methanogenesis despite high temperatures, simply because these environments contain the respective psychrophilic and thermophilic species.

Microorganisms proliferate within and tolerate a more or less wide range of temperatures. This is observed in environments that experience only small temperature fluctuations (lake sediments, technical digesters, hot springs) and also in others that experience dramatic temperature changes on a daily or seasonal range (littoral sediments, rice paddies, peatlands). The microorganisms generally display characteristic temperature optima and a characteristic increase of reaction kinetics with increasing temperature, which can be modelled by the Arrhenius equation using a characteristic apparent activation energy (Ea). Interestingly, methanogenic archaea were found to exhibit a rather high range of Ea values of >100 kJ mol−1. In the environment, hydrolysis of complex organic matter is the first step of the methanogenic degradation processes, and this process can exhibit markedly lower Ea values of about 60 kJ mol−1. However, analysis of various methanogenic environments with complex microbial communities display Ea values, which are not similar to those of hydrolysis but to those of the methanogenic archaea. This observation indicates that hydrolysis of organic matter is not the rate limiting step of CH4 production in most environments, meaning that the microbial community is frequently supplied with pulses of easily degradable substrates.
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Methanogenic archaea stand out as multipurpose biocatalysts for different applications in wide-ranging industrial sectors due to their crucial role in the methane (CH4) cycle and ubiquity in natural environments. The increasing demand for raw materials required by the manufacturing sector (i.e., metals-, concrete-, chemicals-, plastic- and lubricants-based industries) represents a milestone for the global economy and one of the main sources of CO2 emissions. Recovery of critical raw materials (CRMs) from byproducts generated along their supply chain, rather than massive mining operations for mineral extraction and metal smelting, represents a sustainable choice. Demand for lithium (Li), included among CRMs in 2023, grew by 17.1% in the last decades, mostly due to its application in rechargeable lithium-ion batteries. In addition to mineral deposits, the natural resources of Li comprise water, ranging from low Li concentrations (seawater and freshwater) to higher ones (salt lakes and artificial brines). Brines from water desalination can be high in Li content which can be recovered. However, biological brine treatment is not a popular methodology. The methanogenic community has already demonstrated its ability to recover several CRMs which are not essential to their metabolism. Here, we attempt to interconnect the well-established biomethanation process with Li recovery from brines, by analyzing the methanogenic species which may be suitable to grow in brine-like environments and the corresponding mechanism of recovery. Moreover, key factors which should be considered to establish the techno-economic feasibility of this process are here discussed.
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1. Introduction

The wide diversity and distribution of methanogens, unicellular obligate anaerobes from the Archaea domain, make them suitable for multiple biotechnological applications beyond high-energy fuel production, i.e., methane CH4 (Pfeifer et al., 2021; Bellini et al., 2022; Carr and Buan, 2022; Contreras et al., 2022; Lyu et al., 2022). Biomining and biohydrometallurgy exploit microorganisms for metal extraction and recovery from different resources such as mineral rocks, mine waste, electric and electronic waste (e-waste), new- and old-scrap metals generated during the device manufacturing and at end-of-life, respectively (Kaksonen et al., 2020; Magoda and Mekuto, 2022; Abdel Azim et al., 2023). Methanogens, in the form of consortia, have already demonstrated the ability to recover platinum group metals (PGMs) such as platinum (Pt) and palladium (Pd) (Pat-Espadas et al., 2016; Simon-Pascual et al., 2018). As a single culture, the hydrogenotrophic methanogen Methanobacterium bryatii BKYH was found to be able of chelating copper (Cu2+) from Cu-rich mineral deposits (Kim et al., 1995), while Methanothermobacter thermoautotrophicus could recover vanadium (V4+), chromium (Cr3+) and cobalt (Co2+) via bioreduction, an immobilization process which changes the oxidation state of dissolved metals by donating electrons (Zhang et al., 2014; Singh et al., 2015a,b). In this context, biobased processes are of considerable interest, being economically convenient and environmentally sustainable compared to the common techniques (Baniasadi et al., 2019). Indeed, material production typically relies on energy-consuming practices like mineral mining, processing, and refining (Intergovernmental Panel on Climate Change (IPCC), 2023). The ever-growing need for raw materials in the manufacturing industry is driving the exploration and development of alternative sources and technologies. However, the replacement of fossil-based technologies by renewable energy sources (RES) and the drive for electrification implies the exploitation of more raw materials (Zhang et al., 2023). Among raw materials, several are listed as critical (CRMs) due to their increasing demand but limited availability (Mosley, 2022; U.S. Geological Survey, 2022). Lithium (Li+), the demand of which is projected to grow by 32% within 2030 (Andreas et al., 2022), has been recently included among CRMs and in the strategic raw material (SRMs) list (European Commission, 2023). Li is intensively employed in single-discharge- and rechargeable-batteries construction (74%), (U.S. Geological Survey, 2022), used in electronic devices, electric (EVs) and hybrid vehicles, and smart grid factories. The demand for LIBs led the global Li production to grow from 82,500 tons in 2020 to almost 100,000 tons in 2021 along with a significant price increase of Li (as Li2CO3). However, beyond batteries, there are other well-settled applications of lithium such as ceramics and glass manufacturing, aluminum alloys for aerospace applications, as fuel in nuclear reactors (U.S. Geological Survey, 2022). Overall, the extraction procedure represents the main shortcoming in the Li supply chain in terms of energy and time demands, in addition to the use of strong reagents which makes this methodology poorly sustainable (Gruber et al., 2011; Meng et al., 2021). Total lithium resources globally account for 89 million tons (U.S. Geological Survey, 2022). Lithium only exists as salts or minerals (i.e., lithium carbonate, lithium chloride, spodumene, lepidolite, and petalite) due to its high reactivity. Hence, it can be found in hard rock ores and sedimentary rocks or water resources, including seawater and brines (Flexer et al., 2018; Baudino et al., 2022; Khalil et al., 2022; Barbosa et al., 2023). Natural brines, classified as geothermal, oilfield, and continental, are typically characterized by high salinity values with a mineral salt concentration range of 2.9–5.6 M (Flexer et al., 2018). Besides chloride Cl−, anions in brine include carbonates CO32−, sulfates SO22− and borates BO33− (Talens Peiró et al., 2013). The cationic fraction is mostly represented by sodium Na+, potassium K+, magnesium Mg2+, and calcium Ca2+ in addition to less abundant elements like Li+ (Flexer et al., 2018), rubidium (Rb+) and gallium (Ga3+) (del Villar et al., 2023). Li content in many brines is several hundred mgL-1 and few brines contain more than 1 gL−1 of Li (Kamienski et al., 2004). Dry lakes and salt aquifers (i.e., continental brines) hold the highest concentration of Li+, ranging between 20 and 1,500 mgL−1 (Barbosa et al., 2023). The concentration of Li in marine basins such as the Atlantic Ocean and the Dead Sea is 220 μgL−1 and 21 mgL−1, respectively (Barbosa et al., 2023). The Lithium Triangle in the Andean region among Chile, Bolivia, and Argentina accounts for up to 80% of the global lithium brine resources: among valuable commercial brines the Atacama salar in Chile has the highest lithium content besides bohrium and potassium (An et al., 2012; Ogawa et al., 2014). The current production capacity in the above-mentioned area is detained by two societies corresponding to 48,000 Li2CO3/6,000 LiCl and 27,000 Li2CO3/4500 LiCl tons per year, respectively (Flexer et al., 2018). Concentrated brines (NaCl >0.8 M), intended as the by-product of the water desalination process to produce clean water, also present massive concentrations of valuable minerals (five times the input seawater) in comparison to other brine sources (Khalil et al., 2022; Prasad, 2023). The number of elements in rejected brines varies based on the origin of the processed water: Li concentration in the Mediterranean Sea is higher than in the Atlantic Ocean but still lower than in underground brackish sources, i.e., formation waters or deep saline aquifers (del Villar et al., 2023). Hence, depending on the treated rejected water, the corresponding economic potential varies with the elemental composition (del Villar et al., 2023). The current brine production is 141.5 million m3 day−1 worldwide, 70.3 % of which is concentrated in the Middle East (Saudi Arabia, United Arab Emirates, and Kuwait) and North Africa regions. The brine is disposed directly into the ocean taking advantage of the proximity of the desalination plants to the coast, despite the related environmental risks and the volume of generated brine exceeding the volume of produced desalinated water by up to 50% (Jones et al., 2019). Although the cost estimation of Li extraction from rocks is nearly twice that of Li from brines, mineral mining is still the prevalent technology due to the limited offer of brines (Flexer et al., 2018; Meng et al., 2021). Among the existing studies on the recovery of Li as well as of other critical metals from secondary sources, bacteria (Işıldar et al., 2019; Naseri et al., 2019; Moazzam et al., 2021) and fungi (Amiri et al., 2012; Horeh et al., 2016; Bahaloo-Horeh and Mousavi, 2017) are the most represented microorganisms, while almost no data are available on the application of methanogens. Brines valorization is quite unpopular among the studies involving biological processes, though biosorption technologies are already widely applied for the treatment of other industrial wastewaters contaminated by heavy metals. Fungi, Algae and Bacteria have been broadly exploited as biosorbents (Dayana et al., 2013; Kanamarlapudi et al., 2018; Elgarahy et al., 2021; Kurniawan et al., 2023; Paper et al., 2023; Tripathi et al., 2023) compared to the Archaea whose utilization is less common (Calderón et al., 2013; Vítězová et al., 2020). Among the few studies reporting biobased treatment of brines, that of Mainka et al. investigated the use of halophilic bacteria for the degradation of organic compounds in waste brines with the goal to obtain a high-quality brine to be used as raw material (Mainka et al., 2022). The work by McAdam and Judd (2008) on the application of biological removal of anionic pollutants from concentrated waste brine on ion-exchange membranes for clean water generation should also be mentioned. In this panorama, the authors aim to open a discussion on the application of ad hoc methanogenic consortia for Li-brines treatment as a complementary or alternative strategy to other methodologies for industrial brine valorization. Possible mechanisms of Li recovery carried out by methanogens and the possibility to pair them with biomethanation is herein examined.



2. Physiology of methanogens living in briny water

Microbial diversity is very high in hypersaline environments, with the salinity gradient being an important factor for microbial community composition and species diversity (McGenity and Sorokin, 2019). Redox potential and stable anaerobic conditions are key enablers for methanogenesis occurrence. Moreover, methanogens and sulfate-reducing bacteria (SRB; Barton and Fauque, 2022) are historically in competition for common electron donors such as H2, formate, and acetate, in the sulfate-methane transition zone (SMTZ), hence methanogenesis also depends on sulfate concentration. SRB becomes predominant when the level of sulfate is sufficiently high to be the final electron acceptor of the above-mentioned substrates. Conversely, methanogenesis is an important process in marine and hypersaline environments, like in deeper sediments poor in sulfates (Wilms et al., 2007) in highly hydrogen-productive areas (Hoehler et al., 2001 Buckley et al., 2008). Apart from Halobacteria class, methanogenic archaea living at concentration of NaCl >0.2 M have been identified as halophiles (Supplementary Table S1). Most of them belong to the Methanosarcinaceae family including Methanosarcina, Methanohalophilus, Methanohalobium, and Methanosalsum genera.

Additionally, Methanolobus oregonensis, an alkaliphilic, methylotrophic methanogen, is classified as halotolerant rather than halophilic (Liu et al., 1990) due to its optimal growth with salinity <0.2 M (Didari et al., 2020). Methylotrophic methanogens cannot grow on hydrogen (H2) and carbon dioxide (CO2) or acetate, rather they use non-competitive molecules such as methanol, methylated amines and methylated sulfide as electron acceptors and formate or H2 as electron donors (Sorokin et al., 2018) to produce methane and gain energy (Oren, 1999). Methanosalis sp. SBSPR1A, a closely related taxon in the Methanolobus and Methanomethylovorans genera, is a methylotrophic methanogen tolerating up to 3.6 M of salinity and performing methanogenesis only from dimethylamine and trimethylamine (Bueno de Mesquita et al., 2021). Methylated amines, particularly trimethylamines, originate from glycine betaine fermentation (Welsh, 2000). Quaternary amines like glycine betaine and choline can be directly used as substrates in methanogenesis by some marine strains (i.e., genus Methanococcoides) without the need for syntrophic metabolism. However, only partial degradation of glycine betaine to dimethylglycine (DMG) has been reported in hypersaline environments (Watkins et al., 2014). A possible explanation is that these molecules also act as compatible solutes, i.e., substances fitting with microbial metabolism that accumulates in the cytoplasm to balance external osmotic pressure (McGenity and Sorokin, 2019). Two main strategies to achieve microbial osmoregulation and survival in hypersaline environments have been recognized: the salt-in and the salt-out mechanism. The former is typically used by Haloarchaea and involves the rise of salt concentrations in the cytoplasm, usually with potassium chloride (KCl; Bueno de Mesquita et al., 2021). The latter, typically used by bacteria, involves the production of compatible solutes thus avoiding salt secretion in the cytoplasm, as described in Halobacteriales. Other methyl-reducing methanogens have been identified as Methanonatronarchaeum thermophilum and Candidatus Methanohalarchaeum thermophilum, formerly related to the Halobacteria from neutral salt lakes and highly alkaline soda lakes (Sorokin et al., 2017, 2018). In saline environments, a hybrid methanogenic pathway, which uses C1-methylated compounds as electron acceptors and H2 as an electron donor (i.e., methyl-reduction route) can be predominant (Borrel et al., 2014). This is the case of the Methanomassiliicoccus genus typically found in insect/animal digestive tracts and performing a methyl-dependent hydrogenotrophic methanogenesis (Cozannet et al., 2021); this was detected in a smooth hypersaline microbial mat from Shark Bay (Wong et al., 2017; García-Maldonado et al., 2018). Although methanogenesis in hypersaline environments is typically ascribed to methylotrophic methanogens, recent studies have reported evidence of putative hydrogenotrophic methanogens presence (i.e., methanogens reducing CO2 to CH4 using H2 or formate) in hypersaline microbial mats and endoevaporite (García-Maldonado et al., 2015, 2018; Wong et al., 2017). Methanogens from Methanobacteriales, Methanococcales, Methanopyrales orders were identified in samples from these environments. Among hydrogenotrophic methanogens, Methanocalculus genera are representative of halophiles living in highly alkaline environments. Methanocalculus halotolerans was instead isolated from a hypersaline oil reservoir, with the ability to grow at up to 2 M of salinity (Ollivier et al., 1998). Representatives of the genus Methanothermobacter was enriched in the formation waters of a gas field, showing tolerance to salinity up to 1.5 M (Gray et al., 2009). Besides Methanosarcina, other abundant methanogenic communities found in anaerobic treatment plants of diary wastewaters characterized by elevated salt concentrations (Vítězová et al., 2020) correspond to the hydrogenotrophic Methanocorpusculum, Methanobrevibacter, Methanobacterium and Methanoculleus genera (Zeb et al., 2019).



3. S-layer and EPS mediated metal cation removal via biosorption mechanism

Taxa belonging to the archaeal kingdom are characterized by a heterogenic organization and composition of the cell membrane, although they all have in common the lack of peptidoglycan (König et al., 2014) and a lipid belayer consisting of C5-isoprenoid units linked to glycerol via ether bonds (Klingl, 2014). Almost all archaea own a protein surface layer known as the S-layer with different lattice structures. Among halophilic archaea, methanogens share the same S-layer configuration (i.e., hexagonal lattice type). Besides allowing access to nutrients, the S-layer has a cell-protective and stabilizing role in environments with extreme salinity, temperature, and pH (Rodrigues-Oliveira et al., 2017). Studies conducted on a modelled S-layer structure belonging to Methanosarcina acetivorans, demonstrated the role of the S-layer as a charge and size barrier preventing the access of specific molecules (Arbing et al., 2012). Selectivity for specific-target metals is a desirable quality in metal-rich waste separation and recovery technologies (Echavarri-Bravo et al., 2022). Among the methanogens, the hyperthermophilic strain Methanocaldococcus jannaschii has been reported to selectively adsorb dissolved Fe3+, Ca2+, Zn2+, Cu2+, and Pb2+ metal cations (Orange et al., 2011) due to the presence of negatively charged functional groups on the cell membrane.

In a metal-rich environment, extracellular polymeric substance (EPS) production is part of a stress-response mechanism to support the cell in reducing the metal ions availability, by chelation and sequestration as an ion exchange matrix. The EPS matrix behaves like a gel-like grid that keeps microbial cells together, supporting biofilms' adhesion on surfaces and protecting the cells from extreme environments (van Wolferen et al., 2018; Li et al., 2022; Wang et al., 2022). Carboxyl, hydroxyl, sulfate, phosphoryl, and amino groups of protein in EPS are responsible for metals biosorption (Torres, 2020). For instance, dark deposits of Pb2+ ions found around Methanocaldococcus jannaschii cells suggested a mechanism of particle fixation by the EPS (Orange et al., 2011). The study by Kurniawan and Yamamoto gave us fundamental information about the biosorption power of a natural biofilm matrix isolated from a Japanese lake: Li+ biosorption is a physicochemical process mainly driven by the electrostatic interaction between ion species and the negatively charged sites of the proteins in the biofilm (Kurniawan and Yamamoto, 2015). Moreover, the adsorption of Li+ corresponded to the parallel desorption of other cations (i.e., Na+, Mg2+, Ca2+ and K+) via an ion exchange mechanism. The biosorption process observed in this study was fast (1 min) and more performing (85 μmol g−1 of dry biofilm) than strong and weak cation exchange resins (18 and 33 μmol g−1, respectively). Concerning the use of active biomass, both bacteria and fungi showed a superior uptake capacity in the magnitude of tens and hundreds mg g−1 of dissolved metals (Srinath et al., 2002; Iram et al., 2015). As an example of industrial application, Artola and colleagues designed and operated a biosorption pilot plant for Cu2+ removal from municipal water treatment plant using anaerobic sludge as biosorbent (Artola et al., 2001). The highest uptake capacity was 75 mg of metal g−1 of total solids in the sludge. Pagliaccia and coworkers investigated the efficiency of EPS in native biomass from annamox granular sludge as biosorbent of heavy metals in synthetic wastewaters (Pagliaccia et al., 2022). A recent study on a methanogenic consortium revealed the relationship of EPS with the release of soluble biogenic products and with metal solubility in the presence of elevated cobalt (Co2+) and nickel (Ni2+) concentrations, as in waste streams of metallurgical and LIBs industry (Hasani Zadeh et al., 2022). Hydroxyl and carboxyl terminals of proteins in EPS are the main ones responsible for the metal-cations biosorption mechanism (Fomina and Gadd, 2014; Kurniawan and Yamamoto, 2015; Liu et al., 2015) because cationic species are predominant among metals in aqueous solutions. This means that pH around 7-8 is the most suitable range for ensuring a negative charge on the protein terminals that bind dissolved metals (Torres, 2020). The concentration of dispersed metals is dependent on EPS protein content whose variation is caused by metal-induced stress, e.g., concentrations of essential or non-essential metals that exceed the cells requirement. For instance, the activity of a methanogenic consortium in an anaerobic granular sludge was compromised by both Ni and Co as reported by Hasani Zadeh and colleagues. Moreover, the presence of a Ni-protein complex proved the selective metal-binding based on the ligand affinity in metalloproteins (Hasani Zadeh et al., 2022).

EPS can also host biotransformation process as it is for Methanococcus maripaludis OS7 producing an extracellular Ni-Fe hydrogenase that oxidizes iron of carbon steel oil and gas pipelines. The hydrogenase has the function of producing hydrogen and triggering the microbially influenced corrosion phenomenon (Lahme et al., 2021). Although archaeal EPS do not have a relevant role at the industrial level yet, its importance is progressively growing. EPS production in archaea (i.e., Halobacterium mediterranei) is currently estimated to be at TRL 2, based on (Pfeifer et al., 2021). There are different strategies to improve the microbial recovery mechanisms with the purpose of transferring this technology to the industrial scale such as surface-culture immobilization (fixation, entrapment, and chemicals cross-linking) and optimal conditions for process implementation (e.g., temperature, pH, initial dissolved metals, biosorbent concentration, i.e., biomass or EPS concentrations, biosorbent/metal contact time; Fomina and Gadd, 2014). As a successful example is worth to mention the study by Manasi and colleagues using a halophilic bacterium Halomonas BVR 1 in combination with reduced graphene oxide to remove Cd, Zn and Pb from real effluent from electronic manufacturing sector: metals removal efficiency achieved 98% (Manasi et al., 2018).

In addition to the biosorption mechanism, which is not necessarily dependent on living microorganisms, metals recovery can also occur via bioaccumulation or else through metals uptake via passive or active transport trough the cell membrane, and biotransformation and bioprecipitation, which instead involve active cells (Gavrilescu, 2022; Liapun and Motola, 2023).



4. Conclusion and implications for future research

Brine disposal is an emerging environmental and economic issue not only for the drinking water supply chain, considering that 41% of the global population still does not have access to it, but also for the primary sector (e.g., agroforestry, zootechnic and mining) and secondary sector (e.g., metallurgy) where water is an essential resource. Therefore, desalination is expected to expand rapidly, and so brine production is associated with it. The ecological effect of direct brine discharging in surface water bodies is currently under discussion due to the related-potential physiochemical alteration and the associated threat to marine ecosystem and life. Hence, valorization of rejected brines rather than direct disposal represents the core of the future water-resources management. Extraction and recovery strategies of valuable metals from secondary sources must be expanded and implemented. Among the valuable metals lithium is particularly attractive because its demand is expected to increase enormously by 2030. Emerging technologies relying on biological approaches are very promising in terms of low cost and sustainability but require further investigation to enable their application on a large scale. Based on what is currently known, we suggest that natural-adapted consortia of methanogens could be exploited as a flexible platform for the selective recovery of Li and other critical metals from brines in a CO2-upcycling process (Figure 1). Thus, primary and/or secondary sectors emitting CO2 as a waste effluent represent a valuable source of carbon that supports the growth and productivity of methanogens. From an industrial point of view, examples of pilot and demonstration scale biomethanation plants are available in the literature with the technology being widely investigated (TRL >5). Even though biomethanation technologies appear mature and deployable, integration of Li recovery from brines would require the evaluation of some additional factors concerning resources and process operating conditions.

[image: Figure 1]

FIGURE 1
 Li removal from rejected brine through biomethanation process. Sources, input, and output with possible destination are shown. The bioreactor design here is generic: biosorption at the industrial level has been investigated in stirred tank bioreactors, air lift bioreactors, fluidized bed bioreactors, and fixed bed bioreactors (Kanamarlapudi et al., 2018). Zoom in on the mechanisms enabling the recovery of metals in brine. RES, renewable energy sources; HMC, hydrogenotrophic methanogens consortia. Mn and Mn−1: charge of target metals.


In particular, future research should investigate the ability of methanogenic consortia to adapt and grow on brines as substrates while carrying out methanogenesis. It is indeed important to test the resistance to salinity stress and elements which are not essential to their metabolism (e.g., Li, Sr, F). In order to maintain stable biomethane generation provided levels of salinity and thus Li should be kept under the threshold of inhibition, thus dilution of brine might be required along with culture preadaptation steps. Moreover, the optimal conditions to favor selectivity toward specific metals should be explored with the view of scaling-up the bio-recovery process. When using mixed microbial communities defining the organisms actively contributing to metal recovery and their affinity towards the removal of different brine components should be considered to eventually develop a functional synthetic consortium. In this regard, the location of origin and the type of water resource should be considered as important factors affecting the bioprocess and its profitability due to the different elemental composition. Considerable attention should be paid also to the recovery mechanism (biosorption, bioaccumulation, and biotransformation) carried out by the involved methanogenic species (Figure 1) in order to define the best implementation strategies for microbial recovery optimization (e.g., cell-immobilization). This aspect is also crucial to evaluate and deploy technically and economically feasible downstream procedures for Li desorption from cells and possibly the regeneration of the biosorbent, i.e., active methanogens, which is required by the biomethanation process. Given the lack of knowledge on the biological recovery of CRMs from rejected brine even at the laboratory scale, a techno-economic assessment of the research and development target must be still explored in order to reveal the potential benefit of this process. However, the use of renewable sources, the CO2 mitigation and utilization, and eventually, the heat and water generated along with the production of CH4 and reused within the process itself, should be an added value contributing to the process feasibility.
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Methanogenic archaea (methanogens) represent a diverse group of microorganisms that inhabit various environmental and host-associated microbiomes. These organisms play an essential role in global carbon cycling given their ability to produce methane, a potent greenhouse gas, as a by-product of their energy production. Recent advances in culture-independent and -dependent studies have highlighted an increased prevalence of methanogens in the host-associated microbiome of diverse animal species. Moreover, there is increasing evidence that methanogens, and/or the methane they produce, may play a substantial role in human health and disease. This review addresses the expanding host-range and the emerging view of host-specific adaptations in methanogen biology and ecology, and the implications for host health and disease.
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Introduction

Methanogens are prokaryotic organisms that couple energy production and growth to the formation of methane. As such, all known methanogens are obligate methane producers, require anaerobic conditions for growth, and belong to the domain Archaea (Shalvarjian and Nayak, 2021). It is likely that methanogenesis was a dominant metabolic process around 3.5 billion years ago, with evidence suggesting it is one of the earliest mechanisms of metabolism (Lyu et al., 2018). Methanogens act as terminal electron acceptors in these anaerobic environments and are often found in habitats with a low abundance of other electron acceptors, such as sulfate (Lyu et al., 2018). Methanogens are found in a wide variety of anaerobic habitats, including wetlands, marine and freshwater sediments, soil, hot springs, landfills, rice paddy fields, and the digestive tracts of humans and other animals (Aschenbach et al., 2013; Buan, 2018). Although all currently known methanogens are obligate anaerobes, numerous species encode genes for oxygen resistance, suggesting they are capable of surviving short periods of oxygen exposure (Chibani et al., 2022). Historically, the microbial surveys of environmental microbiomes have largely accounted for methanogen diversity. However, with the intensification of high-throughput sequencing technologies applied to gut microbiome analyses, there has been an expansion in our awareness and understanding of the roles of host-associated Archaea, in particular methanogens.



Host-associated methanogenesis

Methanogens utilize a relatively narrow range of carbon sources, and the enzymes that catalyze their conversion to methane are often membrane-bound and coupled with ion (proton) translocation systems (Welte and Deppenmeier, 2011) that produce the electrochemical gradient for the synthesis of ATP (Pisa et al., 2007; Deppenmeier and Muller, 2008). As such, methanogenesis appears to be an obligatory step for energy production and growth of all methanogenic archaea, and the metabolic schema coordinating this process are currently separated into three broad groups: Hydrogenotrophic (Figure 1A), Methylotrophic (Figures 1B–D), and Acetoclastic (Figure 1E; Garcia et al., 2000) and are presented here in order of their current prevalence among host-associated lineages of methanogens. Hydrogenotrophic methanogenesis uses hydrogen to reduce carbon dioxide to methane, with some species additionally able to utilize formate. This form of methanogenesis is the most prevalent among characterized strains (and genomes), with the majority of Methanobacteriales, Methanomicrobiales, Methanococcales, Methanopyrales, and Methanocellales restricted to this pathway for energy production and growth. Methylotrophic methanogenesis involves the conversion of methanol, methylamines, and methylated thiols to methane. While most utilize a H2-dependent reduction of methylated compounds to methane (Fricke et al., 2006; Borrel et al., 2014; Sorokin et al., 2017) such as Methanosphaera stadtmanae DSMZ3091 and members of the order Methanomassiliicoccales; the existence of a small number of environmental isolates capable of H2-independent reduction of methanol to methane has long been known, and occurs in some host-associated strains (Hoedt et al., 2016). Acetoclastic methanogenesis, in which acetate is “split” during methanogenesis via the coordinated biochemistry of the acetyl-CoA decarbonyl (CdhCED) and carbon monoxide dehydrogenase (CdhAB) complex (Ferry, 1997; Welte and Deppenmeier, 2014) is currently the least common pathway encountered among characterised strains (and genomes) assigned to the order Methanosarcinales. This low abundance of host-associated acetolactic methanogens is counter to the high abundance observed in environmental samples, suggesting host physiology influences the overabundance of hydrogenotrophic methanogenesis observed in most animal gut microbiomes (Thauer et al., 2008).

[image: Figure 1]

FIGURE 1
 Common pathways of hydrogenotrophic, acetoclastic, and methylotrophic methanogenesis. (A) Acetoclastic pathway utilizing acetate, (B) hydrogenotrophic pathway utilizing carbon dioxide (or formate). (C–E) represent methylotrophic pathways for methylated thiols, methylated amines, methanol, respectively. Figure adapted from Gilmore et al. (2017), with additions based on available methanogenesis KEGG pathways (Kanehisa et al., 2016) and those described by Kurth et al. (2020).


Interestingly, short chain alcohols appear to play a role in the growth of at least some host-associated methanogens. For instance, Leahy et al. (2010) reported the synergistic effects of ethanol on the growth rate of Methanobrevibacter ruminantium during hydrogenotrophic growth. Additionally, a Methanosphaera spp. isolated from a Western Grey kangaroo (Macropus fulginosus) was shown to perform ethanol-dependent methanol reduction to methane, as well as the standard H2-dependent reduction observed in other Methanosphaera species (Hoedt et al., 2016). Similarly, a recent analysis of the bovine isolate Methanobrevibacter boviskoreani showed that ethanol, 1-propanol, and 1-butanol could serve as alternative electron donors for CO2 reduction to methane (Li et al., 2023). In contrast, while environmental isolates of Methanocorpusculum spp. are believed to utilize 2-propanol, butanol, and pentanol as a source of reducing power for CO2-dependent hydrogenotrophic methanogenesis, the recently isolated host-associated species Methanocorpusculum vombati and Methanocorpusculum petauri appear unable to utilize short chain alcohols in a similar manner (Volmer et al., 2023).



Non-human host-associated methanogens


Agricultural methane production and climate change

Methanogenesis is an important part of the Earth’s energy and carbon cycles, however excessive production of methane is undesirable, as it contributes to climate change. For this reason, there has been growing interest in methanogens, as methane is now known to be the second most important greenhouse gas following carbon dioxide (Lyu et al., 2018). Reducing emissions from agriculture is one area of particular importance, as livestock are the greatest contributors of anthropogenic methane, with enteric livestock methane emissions making up approximately 30% of all anthropogenically produced methane (Gilmore et al., 2017; Smith et al., 2021). Ruminant animals in particular are of significance, as they are farmed globally on larges scales and have been shown to emit more methane than some other animals, such as horses, macropodids and rabbits, even when scaled for size, feed intake, digesta retention time and gut capacity (Clauss et al., 2020). Methanogenesis also causes the loss of 6–10% of gross energy intake in ruminants and is therefore undesirable in terms of energy efficiency and feed costs (Pinares-Patiño et al., 2013). Ruminants, such as cattle, produce large amounts of methane due to the methanogenic archaea present in their gut microbiota, which consume hydrogen and other products of microbial fermentation. This process is known as interspecies hydrogen transfer and removes waste products that would otherwise limit the growth of microbial species required for fermentation in the gut (Bryant et al., 1967; Iannotti et al., 1973; Stams and Plugge, 2009). For these reasons, it is important that a deeper understanding of methanogens, especially those in high methane producing animals, is gained so that new techniques for reducing methane emissions can be developed.

Studies have shown that the amount of methane emitted by sheep is a heritable trait and that lower methane and higher methane emitting phenotypes exist (Pinares-Patiño et al., 2013; Johnson et al., 2022). Interestingly, one study found that the methanogen abundance in sheep deemed to be “high” and “low” methane emitters was similar, and increases in methane emission by certain animals appeared to be due to increases in expression of methanogenesis pathway genes, particularly those involved in hydrogenotrophic methanogenesis (Shi et al., 2014). This indicates that the composition of the gut methanogen community, rather than the total abundance of methanogens, contributed to differences in methane emissions. A similar study demonstrated that “high” and “low” methane phenotypes also exist in cattle and determined that Methanobrevibacter were more numerous in the “high” methane emitters, while the bacterial community in the “low” emitters included a higher abundance of Proteobacteria, in particular Succinivibrionaceae (Pope et al., 2011; Wallace et al., 2015). Furthermore, Martínez-Álvaro et al. (2020) found that high methane emitting ruminants were associated with a lower diversity of hydrogenotrophic methanogens, while low methane emitters were associated with an increase in methanogen species diversity across all three methanogenic pathways. Methanomethylophilus (a methylotrophic methanogen) was increased in lower methane emitting bovines, along with a decrease in Methanobrevibacter species. This study also highlighted that methane emissions in ruminants is affected by the complexity and diversity of the microbial community and the metabolism of these microbes. Together, these analyses suggests that both methanogens and other microorganisms play an important role in the different low and high methane emitting ‘ecotypes’. One such example is that rumen methanogen Methanobrevibacter ruminantium M1 is capable of binding to both protozoal and bacterial partners that produce hydrogen (Ng et al., 2016). Co-culture studies have also demonstrated inter-species H2 transfer from Ruminococcus flavefaciens, Ruminococcus albus, and Selenomonas ruminantium (Scheifinger et al., 1975; Latham and Wolin, 1977; Wolin et al., 1997). Bauchop and Mountfort (1981) showed that co-culture of a hydrogenotrophic methanogen with the fungi Neocallimastix frontalis resulted in a significant decrease in the concentrations of formate, ethanol and lactate. Methanogen have also been detected in cultures of ruminant fungi, such as Neocallimastix and Anaeromyces, though the exact fungi-methanogen interactions remain to be determined (Jin et al., 2011). Therefore, to fully understand methanogenesis, we need to learn more about these organisms and how they interact with other members of the gut microbiota.

There is evidence that the rumen microbiota is affected by the host, environment, diet and geographical location of the animal. Malik et al. (2021) investigated the effects of host species on the methanogen communities in ruminants by comparing the methane emissions and methanogen diversity of cattle and buffalo fed the same diet and kept in similar environments in the same geographical location. Cattle had higher overall methane emission levels compared to buffalo, but both species had a similar methane yield when calculated as grams of methane per dry matter intake (cattle on average had higher dry matter intake and higher body mass). There were some differences in the diversity of methanogen species present at very low abundances between the two host species, but overall, the rumen samples from cattle and buffalo had similar taxonomic profiles of their methanogens with the dominant methanogen genus being Methanobrevibacter for both host species. It is therefore likely that the methane yield may be more dependent on diet rather than host species for these types of hosts (Malik et al., 2021). However, cattle and buffalo are physiologically very similar and digest their food in the same way, so it may be expected that they would have similar archaeal profiles and methane yields when fed the same diet.



Methane mitigation strategies in ruminants

Various dietary interventions have been used to attempt to reduce methane emissions from ruminants. Poulsen et al. (2013) found that supplementing dairy cattle diets with rapeseed oil reduced their methane emissions. The reduction in methane emissions was found to be the result of an inhibitory effect on the abundance and activity of a novel methylotrophic Thermoplasmata group of methanogens, as the Methanobrevibacter and Methanosphaera species also present in the rumen samples were not decreased by the addition of rapeseed oil. However, as Methanobrevibacter species are often the most abundant in the rumen, this may not be an effective methane mitigation strategy. Tropical tree foliage supplementation also demonstrated a reduction in methanogens and enteric methane production (Alayón-Gamboa et al., 2023). Supplementing a diet of poor-quality roughage with sweet potato vine silage has also been shown to decrease methane emissions in female cattle (Ali et al., 2019). This study found that adding sweet potato vine silage to a low-quality roughage diet increased digestibility, decreased solid digesta retention time in the rumen and decreased production of methane per unit of digested dry matter. Decreased solid retention time has been linked to decreased methane emissions in other studies, likely due to the effects of food passage time on H2 concentrations, and therefore methanogen activity (Janssen, 2010). Further, plant secondary metabolites have also been demonstrated as a viable anti-methanogenic supplement ad libitum in sheep, though the predominant Methanobrevibacter populations remained consistent between the test and control groups (Malik et al., 2022). Denman et al. (2007) investigated the effects of supplementing cattle diets with the anti-methanogenic chemical bromochloromethane. They found that methane emissions were reduced by around 30% in cattle supplemented with bromochloromethane compared to cattle whose feed was not supplemented. Furthermore, through the use of clone libraries generated from DNA extracted from rumen samples, they found that there was a decreased abundance of the dominant Methanobrevibacter species and a more diverse population of other methanogen species in cows supplemented with bromochloromethane.

One of the most successful food additives for methane mitigation to date is bromoform containing seaweed, such as Asparagopsis species. These seaweeds have been shown to inhibit methanogenesis in ruminants by up to 98% and are effective at low concentrations (Glasson et al., 2022). Halogenated methane analogues, such as bromoform, are proposed to inhibit methanogenesis by competitively binding with key enzymes, such as methyl coenzyme M methyltransferase. Despite its effectiveness, there are some concerns about using bromoform as a feed additive, as it is potentially carcinogenic and has ozone-depleting properties. The effects of bromoform supplementation on animal health, as well as the potential for it to enter products for consumption such as meat and milk need to be considered. Most studies to date show no increased levels of bromoform in animal products and excrement after supplementation with Asparagopsis (Glasson et al., 2022). However, one study by Muizelaar et al. (2021) showed increased levels of bromoform in milk and urine from cattle in the early stages of Asparagopsis supplementation, but these levels were still below the recommended World Health Organization limit for bromoform. This study had to be terminated early, as many of the cows refused the food mix supplemented with seaweed and therefore had low food intakes. This may indicate that the supplementation of seaweed into the diet of cattle needs to be further optimized. Another potential risk of using bromoform containing seaweed as a supplement is the highly volatile nature of this compound. Bromoform can be converted into inorganic bromine in the atmosphere, which has ozone depleting properties (Glasson et al., 2022). For bromoform to be a viable methane mitigation strategy, the environmental impacts of Asparagopsis production on the atmosphere, as well as land use, storage and transportation need to be considered. As the cattle industry is so large in countries like Australia, it may not be feasible to grow enough Asparagopsis to supplement the feed of every ruminant raised for agricultural purposes.

Another promising methane reduction strategy is the use of 3-Nitrooxypropanol (3-NOP). This molecule specifically targets and inactivates methyl-coenzyme M reductase (MCR), which is essential in catalyzing the final step of methanogenesis (Figure 1; Duin et al., 2016). In the last decade, numerous studies have shown the efficacy of 3-NOP in reducing enteric methane production, with average predicted reductions of 30% (Kim H. et al., 2020). In fact, some studies have reported the use of 3-NOP as a feed additive to reduce methane production by up to 82% (Vyas et al., 2016; McGinn et al., 2019). A recent analysis by Araújo et al. (2023) showed a reduction in methane emissions by ~49.3% (g/d) resulting in a reduction in gross energy intake loss by 42.5%. The methane mitigation potential of 3-NOP was also demonstrated with feedlot cattle fed a barley-based diet with canola oil and showed 65.5 to 87.6% reduction in emissions (Almeida et al., 2023). Several studies have also shown that 3-NOP poses no mutagenic or genotoxic potential and that Bovaer® 10, a food additive containing 3-NOP, was efficacious for methane reduction in dairy cows (Thiel et al., 2019; Bampidis et al., 2021). It was further shown that the supplement did not affect soil health and 3-NOP manure could be used as a nutrient source for forage crops (Owens et al., 2021). This positions 3-NOP as a promising feed additive for reducing methane emissions whist posing minimal impacts on the animal or surrounding environment.

Li et al. (2022) showed that altering the diet of cattle changed the microbial composition of the rumen and subsequently influenced methanogenesis. Their study showed that feeding a fiber-rich versus starch-rich diet resulted in two distinct microbiomes with differing carbohydrate degradation, H2 metabolism and methane production. The difference in the microbiome between the two diet types was associated with distinct substrate preferences and metabolic pathways of certain microbial species. The fiber-rich diet was found to increase the acetate to propionate ratio and selected for fibrolytic bacteria. The enrichment of fibrolytic bacteria can play a role in the adaptation to lignified diets, however it may also be associated with increased methane production and a decrease in energy conversion efficiency (Li et al., 2022). The starch-rich diet increased ruminal dissolved H2 levels, decreased CH4 production and enriched for amylolytic bacteria. The fiber-rich diet enriched for methanogenic hydrogenases from Methanobacteriota species, whereas the starch-rich diet enriched for hydrogenases from Firmicutes and Spirochaetota groups. These results show that modifying cattle diets to contain more starch-rich ingredients may help mitigate methane production. Interestingly, Li et al. (2022) also found that the marker gene for hydrogenotrophic acetogenesis was more abundant in cattle fed the fiber-rich diet. This is interesting because another method that has been proposed to reduce methane production is to enrich for acetogenic bacteria in the rumen, which compete for H2 and produce acetate rather than methane (Karekar et al., 2022). So far, acetogenic bacteria isolated from the rumen have not been able to outcompete methanogens in in vitro studies under normal circumstances, however there is evidence that increased H2 levels, may allow homo-acetogens to become more dominant hydrogen sinks in the gut environment (Karekar et al., 2022).

Defaunation (the removal of protozoa) has also been proposed as a potential method for reducing the methanogen population in the rumen and promoting acetogenesis. These protozoa can act as hosts for methanogens and protect them while providing a source of hydrogen. In vivo studies suggest that these protozoa are not essential to host animal health and defaunation has shown decreases in methane production of up to 49% in animals fed barley-based concentrates (Whitelaw et al., 1984). The direct feeding of reductive acetogens to ruminant livestock has so far shown only temporary success. In one study, methane emissions were reduced by up to 80% in rams supplemented with Peptostreptococcus productus (a reductive acetogen), before increasing to normal levels after less than a week (Nollet et al., 1998). This suggests that the acetogenic bacteria present in the rumen were not robust enough to take over and remain as the primary H2 sinks (Karekar et al., 2022). An increased understanding of how these microbes compete with methanogens in the rumen may provide insight into techniques that could enrich for acetogens and other hydrogenotrophic bacteria, so that they could outcompete methanogens and mitigate methane production from cattle and other ruminants.

To date there have been a number of studies investigating various methods to mitigate methane emissions from ruminant livestock, including the introduction of microorganisms into the rumen that would compete with methanogens for hydrogen (such as reductive acetogens), the elimination of protozoa in the rumen that form symbiotic relationships with methanogens, immunization of the host against methanogenic archaea, as well as dietary supplements and additives (Goopy, 2019). However, application of these techniques to alter the host microbiome or eradicate methanogens from the rumen have often shown limited success in vivo (Goopy, 2019) and no single methane mitigation technique has thus far been successfully implemented on a large scale in the agricultural industry. Methane production is a heritable trait (Pinares-Patiño et al., 2013), suggesting that it is possible to produce animals with a ‘low methane phenotype’ through selective breeding. However, this process would require a major shift in the agricultural industry that would be costly and time consuming, as identifying which animals are low methane emitters requires complex testing and it would take years of selective breeding to achieve the desired phenotype. Finally, vaccination against methanogens has repeatedly been suggested as a possible solution to enteric methane emissions (Baca-González et al., 2020), but this would require a vaccine that universally targets all methanogens, so that another methanogenic species does not expand to fill the niche. Clearly, the most likely way to produce such a vaccine requires better understanding of the genetics and molecular biology of host adaptation to identify those epitopes (targets) that generate a strong, multivalent and host-specific antibody response.



Methanogens and Australian herbivores

As well as ruminants, methanogens inhabit the gastrointestinal tract of Australian herbivores. The digestive anatomy of the rumen has some similarities, but differs to that of Australian marsupials, which can be classed as either foregut fermenters (Macropodidae) or hindgut fermenters (wombats, koalas, possums and gliders) (Hume, 1984). The gut microbiome also differs between ruminants and marsupials. However, the methanogens present in some macropodids have a similar taxonomic profile to those in ruminants, although present at substantially lower numbers (Evans et al., 2009). Despite the presence of methanogens in their digestive tract, macropodids have been shown to produce less methane than ruminants when fed the same diet (Madsen and Bertelsen, 2012). For this reason, investigating the diversity and metabolism of methanogens present in the digestive tracts of native Australian herbivores may provide insights into why these animals are ‘low’ methane emitters and provide approaches for the potential reduction of methane emissions in ruminants.

To date, there have been few studies aiming to characterize the methanogens present in Australian herbivores and determine why these animals are low methane emitters, and because of this, there are limited cultured isolates of marsupial associated methanogens. However, Evans (2011) isolated a Methanobrevibacter species (WBY1) from the forestomach digesta of a Tammar wallaby and obtained an enriched culture of a Thermoplasmatales (Methanomassiliicoccales) affiliated methanogen from the forestomach digesta of a Western Grey Kangaroo. WBY1 was found to grow only in the presence of CO2/H2 and the Methanomassiliicoccales-associated methanogen was found to utilize methylamines and H2 for methanogenesis, but an axenic culture was not achieved, which indicates that it may have relied on the bacteria present in the enrichment culture for specific metabolites. Subsequently, Hoedt et al. (2016) isolated a Methanosphaera species (sp. WGK6) from the digestive tract of a Western Grey Kangaroo that is capable of using ethanol and methanol, rather than H2 and methanol for methylotrophic methanogenesis. The proposed mechanism of this ethanol/methanol methanogenesis is a two-step oxidation of ethanol to acetate coupled with the reduction of methanol to methane. This mode of metabolism suggests that some Methanosphaera species have adapted to lower H2 environments and may be associated with lower methane emissions. Similar findings were recently confirmed in Methanobrevibacter, with Li et al. (2023) demonstrating that Methanobrevibacter boviskoreani, a rumen methanogen isolate, was capable of utilizing ethanol, 1-propanol, and 1-butanol as alternative electron donors in CO2-dependent methanogenesis. In a further study by Hoedt et al. (2018), a metagenomic analysis was used to compare Methanosphaera strains from different hosts and, interestingly, it was discovered that two genotypes exist. A larger (~2.9 Mbp) genotype was present in ruminant hosts and a smaller (~1.7 Mbp) genotype present in monogastric hosts, such as macropodids. The results of these findings demonstrate that the Methanosphaera genus is monophyletic and comprised of two genotypes, the larger of which is so far restricted to ruminant hosts. This demonstrates that Methanosphaera species have adapted to live in their specific host environments and their genome content reflects this. Recently, Volmer et al. (2023) successfully isolated two novel Methanocorpusculum species, M. petauri, and M. vombati from mahogany glider and wombat fecal samples, respectively. The Methanocorpusculum genomes were larger than those of Methanocorpusculum species found in environmental samples and showed a distinct phylogenetic separation from the environmental-associated genomes. The two novel Methanocorpusculum genomes encoded similar genes for methanogenesis, however, both were unable to utilize secondary alcohols in CO2-dependent methanogenesis, like the environmental isolate M. parvum.

There is evidence that macropodids may produce less methane than ruminants due to an increased presence of acetogens that consume more of the H2 produced in the kangaroo forestomach than in the rumen. Various studies, such as that by Ouwerkerk et al. (2009), have demonstrated the presence of acetogens in the macropodid forestomach. Godwin et al. (2014) used stable isotope probing to investigate the fate of H2 and CO2 in the kangaroo forestomach and the rumen. They performed in vitro fermentations using 13C labeled bicarbonate and CO2 with kangaroo forestomach and bovine rumen contents, in which the methane content in the headspace was measured at various intervals. They found that methane was detectable in the headspace of the rumen fermentation after only 3 h, whereas it took 7 days before a measurable quantity of methane was detected in the kangaroo fermentations. The methane produced in the kangaroo fermentations was also mostly unlabeled, which suggests that it did not originate from the CO2. This indicates that the methanogens present in the kangaroo forestomach may be less active than those in the rumen and also use a pathway other than hydrogenotrophic methanogenesis. Godwin et al. (2014) also found that kangaroo fermentations with 13C labelled bicarbonate produced highly labelled acetate, whereas the bovine fermentations produced only slightly labelled acetate. This demonstrates that reductive acetogenesis produces a larger amount of acetate in the kangaroo forestomach than the rumen. In addition to the in vitro fermentations, Godwin et al. (2014) used RNA stable isotope probing to identify bacterial species associated with CO2 and H2 metabolism in the kangaroo forestomach samples. They identified an OTU that is very close to the 16S sequence of Blautia coccoides, which is a known acetogen. Sequences with high similarity to this OTU were found in all the kangaroo samples, but only 40% of the rumen samples. One reason that acetogens are more dominant in the macropodid forestomach may be the shorter retention time of fiber when compared to the rumen (Karekar et al., 2022). Alternatively, Leng (2018) hypothesized that the morphology of the macropodid forestomach limits expansion and makes it more sensitive to high gas concentrations, which has led to selective pressure against methanogens through the excretion of immunogenic components by mucosal tissue in the cranial blind sac of the forestomach. Thus, leaving more opportunity for acetogens to fill the niche of H2 consumption without producing large amounts of gas. This hypothesis was based on the similarity of the cranial blind sac to other organ structures found in mammals, such as the appendix, which has been proposed to play a role in immune function and biofilm formation (Randal Bollinger et al., 2007). However, this theory proposed by Leng (2018) is yet to be backed up by experimental data. Overall, these results indicate that acetogenesis may play a larger role in CO2 and H2 metabolism in macropodids than in cattle, resulting in reduced methane emissions. However, the conditions that allow this less thermodynamically favorable pathway to operate in the macropodid forestomach are still not well understood. A better understanding of the methanogenic pathways utilized by methanogens in macropodids and their competition with other hydrogenotrophic bacteria may help to elucidate reduced methane production in ruminants.



Methanogens in non-ruminant animals

Non-ruminant herbivores are also dependent on the recruitment and retention of microbes within different segments of their gastrointestinal tract in support of plant biomass conversion to nutrients. These adaptations to herbivory are outlined in detail by Mackie et al. (2000) but in brief detail, these animals may utilize either a sacciform, non-gastric region of the stomach (e.g., the macropodids, such as kangaroos and wallabies) or hindgut (caecum or colon) (White and Mackie, 1997). Many breeds of pigs including Duroc, Landrace, Yorkshire (Mao et al., 2011; Mi et al., 2019), and Erhualian (Zhu et al., 2011) also contain a substantial abundance of Methanobrevibacter. One study on Canadian pigs showed Methanoculleus spp. as additional major contributors to methane emissions through hydrogenotrophic methanogenesis (Barret et al., 2013). Colonic fermenters such as horses have shown an abundance of Methanobrevibacter (Lin and Miller, 1998; Fernandes et al., 2014) and Methanocorpusculum species (O'Donnell et al., 2013; Fernandes et al., 2014). Similarly, white and black rhinoceros are colonized by Methanobrevibacter and Methanocorpusculum, as well as Methanosphaera and Methanomassiliicoccales-related species (Luo et al., 2013; Gibson et al., 2019). In fact, Methanocorpusculum spp. was the most abundant methanogen in captive white rhinos at ~60% (Luo et al., 2013) and has also been found as the predominant taxon in Japanese thoroughbred horses and ponies (Lwin and Matsui, 2014). Smaller caecal fermenting animals also show methanogen colonization. Methanobrevibacter-related species have been isolated from rodents such as the feces of rats, with aging rats showing an increased abundance of total methanogens (Maczulak et al., 1989; Lin and Miller, 1998). Additionally, squirrels also contain Methanosphaera (Carey et al., 2013). The caecal contents of rabbits have also shown the presence of Methanosphaera and several Methanobrevibacter species (Kusar and Avgustin, 2010). Methanosphaera cuniculi was isolated in pure culture from the intestinal tract of a rabbit, providing genomic insights into the limited number of characterised Methanosphaera. The diet of the North American beaver consists entirely of woods, roots and aquatic plants, requiring a syntrophic relationship with fermentative bacteria to aid in digestion (Kohl et al., 2014). Interestingly, Methanosphaera, Methanobrevibacter, and Thermoplasmatales were detected from the caecum and feces, but Methanosphaera-associated OTUs accounted for more than 99% of archaeal reads (Kohl et al., 2014). Multiple sequences of Methanosphaera were detected across all samples, with a single OTU accounting for 85–90% of Methanosphaera sequences (Kohl et al., 2014). This shift toward Methanosphaera is likely driven by the production of methanol by bacterial fermentation of pectin derived from the plant-rich diet (Pieper et al., 1980; Revilla and González-SanJosé, 1998).




Human-associated methanogens


The methanogen expansion via human gut microbiome research

Figure 2 provides an overview of the prevailing evidence that the Domain Archaea, and the methanogens particularly are part of the human microbiome. That human methanogens are members of the human gut microbiota was first established principally by the efforts of Wolin and colleagues in the 1980s, including their isolation of the type strains of Methanobrevibacter smithii and Methanosphaera stadtmanae (Miller et al., 1982; Miller and Wolin, 1985), the latter of which prevailed for many years as the sole cultured member of the genus. More recently, the Methanomassiliicoccales (Methanomassiliicoccales and Methanomethylophilus; Figure 2) were confirmed to be present and capable of the utilization of methanol and other methylated compounds (Chaudhary et al., 2015). As such, the human-associated methanogens are similar to those isolated from other vertebrate animals in terms of their carbon utilization profile, but to date the metabolic capacity for methane formation and growth appears to be hydrogen-dependent.
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FIGURE 2
 Methanogenic and other archaea detected across the human body. Samples included those from the oral cavity, nasal cavity, lungs (BAL), skin (torso/forearm/back), large/small intestine, vagina, and upper reproductive tract. [image: inline1] represents axenic isolates with available genomic data, [image: inline1] represents non-axenic enrichments with available genomic data, [image: inline1] represents isolates with no available genomic data. No symbol represents identification through sequencing data alone. The Figure is adapted and augmented from Bang and Schmitz (2015) and Nkamga et al. (2017), respectively; and the anatomical diagram created with BioRender.com.


Methanobrevibacter smithii typically represents the most dominant methanogen in the GI tract, with prevalence of nearly 95% (Dridi et al., 2009, 2011b; Dridi, 2012) and relative abundance of up to 10% in some studies (Eckburg et al., 2005). Methanosphaera stadtmanae are abundant and prevalent in ~30% of individuals (Dridi et al., 2012b). The Methanomassiliicoccales, represented by Methanomassiliicoccus luminyensis, are the least common, with a prevalence of 4–50% of individuals tested and increase in relative abundance with age (Dridi et al., 2012b; Vanderhaeghen et al., 2015). The use of culture-independent methods identified Candidatus Methanomethylophilus alvus (Borrel et al., 2012) and Candidatus Methanomassiliicoccus intestinalis (Borrel et al., 2013) as additional methanogens in the human gut. Methanogens have also been identified among the communities of other body sites, with Methanobrevibacter oralis and Methanomassiliicoccales spp. detected in the oral cavity (Li et al., 2009; Horz et al., 2012). Although phylogenetically similar, M. oralis and M. smithii show adaptations to their respective biological niches, with M. oralis isolates lacking the capacity to utilize formate (Ferrari et al., 1994) and M. smithii encoding for bile salt hydrolase (bsh) genes (Gaci et al., 2014). Other members of the Methanobrevibacter genus found in humans include M. arboriphilus (Khelaifia et al., 2014) and M. massiliense (Huynh et al., 2017), though there is currently little information about their respective prevalence or abundance. Interestingly, cultivation of oral methanogens from three individuals with severe periodontitis also identified a novel Methanobrevibacter species designated N13 (Huynh et al., 2015). Recently, Chibani et al. (2022) and colleagues, produced a comprehensive catalog of genomes recovered from human gut metagenomes. This analysis identified almost 100 archaeal strains (99% ANI), the majority of which were members of Methanobacteriales (87.15%), as would be expected. Interestingly, genomes were also recovered from Methanomicrobiales (0.26%) and Halobacteriales (0.17%), which are scarcely reported as a part of the human gut microbiome. Despite M. luminyensis originally isolated from a human fecal sample (Dridi et al., 2012a), no representatives of this species were recovered. In fact, Ca. Methanoprimaticola hominis (originally Methanomassiliicoccales Mx06 or UBA71), Ca. Methanomethylophilus alvus, and Ca. Methanomassiliicoccus intestinalis represented the most abundant species of Methanomassiliicoccales. Further, it was also identified that M. smithii represents two distinct species, M. smithii and Ca. M. intestinii, with distinct genes encoding molybdate transport and adhesin-like proteins, as well as additional uncharacterised processes.

Representatives of the Methanobacteriales, Methanomicrobiales, Methanococcales, Methanopyrales, and Methanosarcinales have also been detected in the human gut via shotgun metagenomics sequencing (Scanlan et al., 2008; Bang and Schmitz, 2015). Along with the abovementioned M. arboriphilus, methyl coenzyme M reductase A (mcrA) clone sequences closely related to Methanoculleus chikugoensis were found, along with oral representatives of Methanobacterium congolense and M. mazei (Nava et al., 2012; Nguyen-Hieu et al., 2013). A separate study on longitudinal GIT biopsies retrieved Methanobrevibacter sequences related to M. filiformis and M. woesei, along with the first identification of Methanobacterium sequences within the ileum (Koskinen et al., 2017). This study additionally showed Methanobacteriaceae present within nasal samples. Methanogenic archaea identified as M. smithii have been detected in vaginal samples of individuals suffering from bacterial vaginosis (Belay et al., 1990; Grine et al., 2019a,b). Further, a study into the reproductive tract showed Methanosaetaceae within cervical mucus and peritoneal fluid samples (Li et al., 2018).

Given the diversity of human-associated methanogens identified by culture-independent techniques, it is important to perform functional analyses of cultured isolates to validate culture-independent findings. Current human methanogen isolates have a substantial bias toward M. smithii, which may be expected given the high prevalence and abundance of this species (Figure 3). Despite Chibani et al. (2022) identifying at least 16 species of GIT-associated methanogens, the vast majority have no axenic cultured representative including Ca. Methanoprimaticola, one of the most prevalent genera in the human gut. This bias toward Methanobrevibacter species is consistent across other mammalian hosts, with isolates from bovine, ovine and termite samples dominated by the genus (Figure 3). To understand the role of methanogens in human health, it is important to cultivate representatives from diverse species. Further, ~50% of all current methanogen isolates are human M. smithii and, as such, methanogen cultivation should also focus on recovering a variety of species from diverse animal hosts to provide phylogenetic and functional analyses on the wider role of host-associated methanogens.
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FIGURE 3
 Taxonomic distribution of published methanogen isolates cultured from animal hosts. Only isolates which have been published with available whole genome sequencing have been included. The size of individual circles represents the number of isolates, with the color representing the respective animal from which the isolate was recovered. Isolates have been recovered from Methanobacteriales (Methanobrevibacter, Methanosphaera, and Methanobacterium), Methanomassiliicoccales (Methanomassiliicoccus, Methanomethylophilus, Methanoplasma, and Methanoprimaticola) (g_UBA71), Methanomicrobiales (Methanomicrobium and Methanocorpusculum), and Methanosarcinales (Methanimicrococcus and Methanosarcinales).


In summary then, and similar to other vertebrate hosts, methanogens (and the Domain Archaea) are a relatively small population of microbes that reside within the microbiomes resident at different sites throughout the human body. There has been a gradual but sustained increasing interest in Archaea, and specifically methanogens, and their relationship with human health and disease. In that context, Table 1 summarizes the associations between the relative and/or absolute abundance of methanogenic archaea with different non-communicable diseases and disorders. For the reasons outlined above, much of the interest has been directed toward digestive health and disease, and despite these associations, studies that dissect cause from consequence in these associations with the organic and/or functional diseases and disorders remain limited.



TABLE 1 Associations between methanogenic archaea and different diseases or disorders.
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Methanogenic archaea and gut nutritional ecology

Methanogens occupy a key metabolic niche in anaerobic environments via their utilization of hydrogen gas, as well as the carbon dioxide and/or other simple carbon substrates produced by bacterial fermentation. This process is known as interspecies hydrogen (and carbon dioxide) transfer and serves to limit the build-up of hydrogen gas, which can inhibit bacterial fermentation and growth (Nakamura et al., 2010). The removal of these end products conserves the thermodynamic equilibrium of fermentation, maintaining ‘microbial homeostasis’ within the human GIT (Stams and Plugge, 2009; Sieber et al., 2012). For Methanosphaera, a source of methanol is necessary for growth, which can come in the form of free methanol (spirits, beer, wine), methyl esters of fatty acids (aspartame) and pectin (fruit and vegetable) (Toxicity, 2011). There is currently no evidence to suggest Methanosphaera can utilize pectin directly, so the degradation of pectin by pectinase-containing bacteria, such as Bacteroides spp., is necessary for methanol availability (Jensen and Canale-Parola, 1986; Dongowski et al., 2000). For Methanomassiliicoccales spp., methylated-amines produced from dietary carnitine, choline, trimethylamine N-oxide (TMAO) and phosphatidylcholine from meat, eggs, nuts, and fish can be utilized. These compounds are broken down by resident microbial communities, such as the conversion of TMAO to trimethylamine (TMA) by Enterobacteriaceae spp., to produce free methylated amines (Zeisel et al., 1983; Rebouche and Chenard, 1991; Spencer et al., 2011; Tang et al., 2013; Hoyles et al., 2018). Comparatively, there is little information on the role non-methanogenic archaea play in nutritional ecology of the gut. Given that halophilic archaeal sequences are frequently identified in high salt food products, it is reasonable to assume a portion of halophilic archaeal load may be directly associated with dietary intake (Kobayashi et al., 2000). However, some species of Halobacteriaceae are able to survive in salt concentrations similar to that of average salinity levels of healthy individuals (~140 mM sodium) (Fukushima et al., 2007). In addition, small pockets of concentrated luminal ions have also been identified within the colon, potentially acting as favorable micro-niches for these organisms (Naftalin and Pedley, 1995; Spring, 1998). Halophilic archaea have also demonstrated the ability to survive under anaerobic conditions, utilizing electron acceptors such as fumarate for the fermentation of compounds such as arginine (Oxley et al., 2010). Oxley et al. (2010) also noted the increase in luminal osmolality and organic solute concentration of IBD patients as a potential factor for the increase in halophilic archaea. Despite these linkages, the ecological and metabolic niche that halophilic archaea occupy within the GIT is currently inferential, however, with the isolation of human Haloferax spp. (Khelaifia and Raoult, 2016; Khelaifia et al., 2017), there is now an opportunity to better define the nutritional ecology of these organisms within the human gut. In fact, a recent study on the bacterial and archaeal composition of colorectal cancer patients showed an increased presence of the halophilic Natrinema sp. J7-2 and concurrent reduction in methanogens compared to control subjects (Coker et al., 2020). Additionally, the characterization of the archaeal community of South Korean individuals showed 42.47% archaeal positivity, with 95.54% of archaeal-positive fecal samples containing haloarchaea-associated sequences (Kim J. Y. et al., 2020). Although the average relative abundance of haloarchaea species was 9.63%, some individuals within the cohort displayed a haloarchaea-dominant archaeal community with up to 99.33% relative abundance (Kim J. Y. et al., 2020).



Methanogenic archaea and gastrointestinal motility

Although there are currently no conclusive findings on the role of methanogenic archaea in human disease, there have been numerous associations made to intestinal-associated pathologies. Breath methane has historically been used to test for the presence of methanogens prior to the development of next-generation sequencing techniques. As summarized by de Lacy Costello et al. (2013), this technique involves the ingestion of a sugar, typically lactose, glucose or fructose, and analysis of alveolar methane over the subsequent 1–2 h period. An increase in the breath methane of constipation-predominant IBS (IBS-C) patients has been associated with increased severity and increased intestinal transit time (Pimentel et al., 2003; Chatterjee et al., 2007). Additionally, an increase in Methanobrevibacter, specifically M. smithii, has been associated with IBS-C by 16S rRNA sequencing (Pozuelo et al., 2015; Ghoshal et al., 2016). Conversely, individuals with diarrhoeal-predominant IBS show a reduction in both methane production and Methanobacteriales abundance (Pimentel et al., 2003; Tap et al., 2017). IBS broadly appears to have no significant association with breath methane or methanogen abundance, though failure to recognize and separate IBS-C/D patients may provide an explanation for these findings (Bratten et al., 2008; Scanlan et al., 2008).

Small intestine bacterial overgrowth (SIBO) is a symptom associated with IBD/IBS patients, in which there is a significant increase in small intestinal bacteria (Colombel et al., 2018). SIBO is relatively common in patients with UC, with ~30% presenting with the condition, compared to a lower prevalence observed in patients with CD (Sandborn, 2009; Lee et al., 2015). A recent study by Suri et al. (2018) showed delayed motility in SIBO to correlate with an increase in breath-methane levels. In a separate study on patients with IBD and SIBO, individuals categorized under IBS-C were more likely to be methane producers compared to IBS-D (58% compared to 28%) (Majewski and McCallum, 2007). Comparatively, individuals with IBS-D were more likely to be hydrogen producers. Given the implication of methanogens and methane in SIBO, recent recommendations by the American College of Gastroenterology include the terminology of intestinal methanogen overgrowth (IMO) to better represent the overgrowth of methanogens in the small intestine and colon (Pimentel et al., 2020). In fact, methane itself has been linked to a reduction in intestinal transit frequency. Jahng et al. (2012) used sections of guinea pig ileum submerged in a peristaltic bath to show an infusion of methane caused decreased peristaltic velocity and increased contraction amplitude, compared to increased peristalsis with hydrogen gas. Additionally, hydrogen was also shown to decrease transit time by 47% in the proximal colon (Jahng et al., 2012). This suggests a possible positive feedback loop between methanogen growth, methane production and increased retention times, caused by a neuromuscular transmitter-like effect of methane (Furnari et al., 2012; Triantafyllou et al., 2014).

Contradictory associations are observed in obese individuals, with an overall increase in the methanogen population but a shift away from M. smithii toward unclassified Methanobrevibacter, though other studies show no significant association (Zhang et al., 2009; Schwiertz et al., 2010; Million et al., 2012, 2013; Fernandes et al., 2013; Mathur et al., 2013; Maya-Lucas et al., 2018). Individuals with severe malnutrition show reduced M. smithii abundance, which may be explained by a lack of intestinal nutrients and thus bacterial fermentation (Million et al., 2016). Indeed, this was recently affirmed in patients with severe acute malnutrition, which showed M. smithii in only 4.2% of cases compared to 40.9% in control subjects (Camara et al., 2021). In contrast, individuals with anorexia show a significantly increase in M. smithii in multiple studies, as do individuals with metabolic syndrome, suggesting altered microbial communities could affect methanogen populations (Armougom et al., 2009; Mack et al., 2016; Borgo et al., 2017; Lim et al., 2017; Prochazkova et al., 2021).



Methanogenic archaea and infection?

While methanogens are historically characterized as commensal members of the gut microbiome, recent studies have provided evidence implicating methanogenic archaea in polymicrobial infections. For instance, 16S rRNA gene profiling studies have identified Methanobrevibacter, Methanobacterium, Methanosarcina, Methanosphaera, and Thermoplasmatales present in subgingival plaque (Belay et al., 1988; Kulik et al., 2001; Robichaux et al., 2003; Li et al., 2009; Horz et al., 2012). However, M. oralis is the only species to be significantly associated with periodontal disease, as summarised by Nguyen-Hieu et al. (2013). One of the most common treatment options for periodontitis is metronidazole and is one of the few widely used antibiotics with efficacy against methanogens such as M. oralis (Dridi et al., 2011a). Thus, the metronidazole-associated suppression of M. oralis may play a significant role in effective treatment (Nguyen-Hieu et al., 2013). Conversely, a separate study showed M. oralis to have no significant increase in prevalence for peri-implantitis, suggesting a potential for disease-specific associations in the oral microbiome (Belkacemi et al., 2018). Specific amplification of archaeal 16S rRNA and mcrA showed M. smithii sequences in chronic paravertebral abscess of a 41-year-old man (Nkamga et al., 2016). The group was also able to isolate M. oralis from a nasal sample of a patient suffering from chronic sinusitis. There is also growing evidence that methanogens may contribute to disease progression of brain abscesses. One recent study by Drancourt et al. (2017) showed a higher prevalence of archaeal species by PCR in brain abscess specimens compared with healthy controls. Additionally, metagenomics analysis identified M. oralis within multiple abscess samples, as well as several bacterial species, including Staphylococcus intermedius. Mice infected cerebrally with M. oralis, S. intermedius or both showed significantly increased mortality in all test cases compared to controls. Additionally, co-infection with M. oralis and S. intermedius showed an increased mortality rate compared to separate infections, suggesting a syntrophic relationship between the microbes. M. oralis was further observed in a community-acquired brain abscess of a 30-year-old woman along with Aggregatibacter actinomycetemcomitans, again suggesting a potential role for M. oralis in infections associated with anaerobic bacteria (Nkamga et al., 2018). These interesting finding could suggest that Methanobrevibacter species of the oral or gut microbiome are able migrate from their respective environments and, with bacterial partners, could contribute to the severity of infection. Screening for methanogenic archaea in other “unexpected” regions of the body could further elucidate their role in various disease states, such as tumor samples.



Interactions between methanogenic archaea and the immune system

Using a murine model of archaeal airway exposure, Blais Lecours et al. (2011) showed that nasal administration of both M. smithii and M. stadtmanae biomass induced alveolar accumulation of granulocytes and macrophages, as well as thickening of the alveolar septa. While the effects from M. smithii challenge were relatively mild, there was a much stronger response toward M. stadtmanae, and in a separate study M. stadtmanae-induced pneumonitis in mice also caused a significant induction of B-cell-rich tertiary lymphoid tissues (Huppe et al., 2018). When the recruitment of B-cells was prevented by an agonist of sphingosine-1-phosphate receptor 1, a key regulator of lymphoid cells, M. stadtmanae-specific lung antibody titres were reduced along with airway leakage and neutrophilic inflammation (Huppe et al., 2018). In a murine model of airway inflammation, crude Methanosphaera and Methanobrevibacter extracts induced a TH17-dependent type IV hypersensitivity response (Bernatchez et al., 2017). Additionally, the Methanosphaera-specific immune response also presented with high titres of antigen-specific IgG1 and IgG2a, again showing the increased immunogenicity of Methanosphaera (Bernatchez et al., 2017). Collectively, these results suggest that human archaea, specifically M. stadtmanae, stimulate both arms of the immune system and induce a significant proinflammatory immune response. However, further work is needed to understand the archaea-induced inflammatory response in the progression and maintenance of gastrointestinal diseases such as IBD.

Bang et al. (2014) showed that M. smithii and M. stadtmanae were not recognized by Caco-2/BBe human epithelial cells, in terms of cytokine and antimicrobial peptide production, as was previously shown for intestinal commensal bacteria (Sansonetti, 2004). However, both Methanosphaera and Methanobrevibacter displayed a decreased growth rate and yield when exposed to a derivative of human cathelicidin, as well as a synthetic anti-lipoprotein peptide (Lpep) and porcine lysin NK-2, when supplemented in axenic culture (Bang et al., 2012). Similarly, M. luminyensis showed a high sensitivity to human cathelicidin, though it was significantly more resistant to Lpep and porcine lysin NK-2 (Bang et al., 2017). This mechanism was further explored by identifying specific Toll-like receptors (TLRs) for the recognition of methanogen-specific microbe-associated molecular patterns (MAMPs). Using human embryonic kidney (HEK) cells transfected with specific intracellular TLRs (3, 7, 8, and 9), Bang et al. (2014) showed no activation by RNA or DNA from heat-inactivated archaeal cell preparations. Similarly, no recognition was observed in TLR5 cells, which play an essential role in the recognition of flagella (Bang et al., 2014). This was not unexpected as there is no genetic evidence of flagellin-like genes within M. stadtmanae and only two predicted flagellin-like genes within the genome of M. smithii PS (Fricke et al., 2006; Samuel et al., 2007). TLR2, NOD1 and NOD2 were also tested for their role in the recognition of bacterial cell membrane components, such as lipid (TLR2) and murein (NOD1/NOD2) (Girardin et al., 2003a,b; Kataoka et al., 2006). Neither TLR2 nor NOD1/NOD2 cells displayed recognition of M. smithii and M. stadtmanae, suggesting the archaeal cell wall components are immunologically distinct from those of pathogenic bacterial species (Bang et al., 2014). However, contrary to these results, the stimulation of TLR knockout human monocyte BLaER1 cell lines showed not only M. stadtmanae itself but also preparations of M. stadtmanae RNA to elicit a TLR7- and TL8-specific immune recognition, with the latter showing a greater response (Vierbuchen et al., 2017). Additionally, the TLR8-specific response was able to induce the activation of the NLRP3 inflammasome (Vierbuchen et al., 2017). Thus, further work is warranted to better characterise the potential MAMPs of archaeal species and their associated TLR activation pathway. Despite this variation in response, both strains induced maturation of monocyte-derived dendritic cells (moDCs) through to up-regulation of CD197 and CD86 (Bang et al., 2014). Additionally, confocal and transmission electron microscopy (TEM) was used to show phagocytosis of the methanogens was required for activation of the moDCs (Bang et al., 2014). In a subsequent study, M. luminyensis showed a weak response in both moDCs and peripheral blood mononuclear cells (PBMCs), suggesting a lower immunogenic potential toward human immune cells (Bang et al., 2017).



Methanogenic archaea, IBD, and colorectal cancer

With breath methane testing, individuals with IBD show reduced methane expulsion (McKay et al., 1985; Peled et al., 1987; Gu et al., 2020). Scanlan et al. (2008) further validated these results by PCR of the methanogenesis marker gene mcrA. This successfully showed a reduction in the abundance of methanogens in individuals with IBD, with UC patients showing a 24% reduction and patients with CD showing a 30% reduction (Scanlan et al., 2008). Subsequently, patients with CD showed a specific reduction of Methanobrevibacter, and a shift toward Methanosphaera, which may be responsible for the reduction in breath methane (Blais Lecours et al., 2014; Ghavami et al., 2018). Similarly, this was recently replicated in a population of Kazan IBD patients, which showed a significant reduction of Euryarchaeota, attributed to Methanobrevibacter, in patients with CD compared to those with UC (Lo Sasso et al., 2020). Methane metabolism has also been shown to be reduced in patients with IBD compared to control subjects (Nishino et al., 2018). Blais Lecours et al. (2014) specifically showed an increased prevalence of M. stadtmanae in patients with IBD compared to control subjects. Additionally, it was also shown that IBD patients produced a significant M. stadtmanae-specific IgG immune response compared to non-IBD healthy individuals and PBMCs produced a higher proinflammatory cytokine (TNFα) response when exposed to M. stadtmanae compared to M. smithii. Stimulation of moDCs also showed M. stadtmanae to elicit a significant proinflammatory cytokine response compared to M. smithii (Bang et al., 2014).

However, a study on patients with UC and CD from an Indian population showed a converse shift in methanogens, with an increase observed in Methanobrevibacter for both patient groups compared to controls (Verma et al., 2010). Individuals with short bowel syndrome (SBS) due to surgical intervention show a decrease in the abundance of M. smithii, possibly due to the physical restriction of extended retention times (Boccia et al., 2017). Conversely, individuals with diverticulosis showed an increase in Methanobrevibacter compared to standard IBD patients, potentially due to the diverticula creating micro-niches for the methanogens within the colon (Weaver et al., 1986).

Multiple studies show an increase of methanogens and methane production associated with colorectal cancer (CRC) and the stage of disease (Haines et al., 1977; Pique et al., 1984; Segal et al., 1988; Mira-Pascual et al., 2015). However, many studies also show no significant associations between the two, suggesting that the association between methanogens and CRC may involve complex factors that are currently not well understood (Karlin et al., 1982; Hoff et al., 1986; Kashtan et al., 1989; O'Keefe et al., 2007; Scanlan et al., 2008). Although, a recent study on CRC patients showed an enrichment in haloarchaea and a concurrent reduction in methanogens compared to control subjects (Coker et al., 2020).



Systemic and metabolic disease

Euryarchaeota have also been implicated in autoimmune diseases with potential links to the microbiome, such as an increase associated with shorter relapse time for pediatric multiple sclerosis patients (Tremlett et al., 2016a; Castillo-Alvarez et al., 2018) or a correlation to increased disease activity score in patients with rheumatoid arthritis (Picchianti-Diamanti et al., 2018). Recently, Wilmes et al. (2022) and colleagues showed that 2-hydroxypyridine, a metabolite associated with M. smithii and methane metabolism, was elevated in patients with Parkinson’s Disease. Further, this compound is a key molecule in disease pathogenesis and may indicate a causal role of M. smithii in Parkinson’s Disease. However, recent additional analyses by indicated that M. smithii was not the direct source of 2-hydroxypyridine and, as such, further validation is required to determine if M. smithii can produce this compound in vivo (Wilmes et al., 2023). Adults with asthma were also found to have a reduction in M. smithii compared to control subjects (Wang et al., 2018). Individuals with metabolic syndrome (MetS) were observed to have an increase in Methanobrevibacter compared to control subjects (Lim et al., 2017).

Despite the correlation of methanogens to various diseases, little information is available on whether methanogens are playing an active role or are simply responding to ecological changes. Some methanogens, namely the Methanomassiliicoccales, have been suggested as potential “archaebiotics” for their ability to metabolize TMA (Brugère et al., 2014). TMA is the precursor to uremic toxins TMA oxide (TMAO), which has been associated with cardiovascular diseases, and trimethylaminuria, which causes individuals to emit a pungent fishy odor (Ayesh et al., 1993; Wang et al., 2011; Koeth et al., 2013). Despite demonstrating that cultured isolates of Methanomassiliicoccales can metabolise TMA, there are no significant associations observed between these species and atherosclerotic cardiovascular disease (Jie et al., 2017). Similarly, no associations have been observed in patients with chronic kidney disease (CKD), which is also associated with increased levels of uraemic toxins, such as TMAO (Lau et al., 2018). As such, the diseased environment may be unfavorable for these methanogens and further work is required to access the potential of TMA metabolizing methanogens as “archaebiotics”.



Methodological limitations

Early research of host-associated methanogens was limited by numerous experimental constraints. One such example is the use of bacterial and archaea ‘universal’ primers, which are biased against the majority of archaeal lineages (Raymann et al., 2017). Pausan et al. (2019) demonstrated that a large number of archaeal 16S rRNA-targeting primer pairs demonstrate good coverage in silico but fail to detect Thaumarcheota, Woesearchaeota, and only captured a limited diversity of the Euryarchaeota. Additionally, host-associated archaea typically comprise a substantially smaller portion of DNA and contain fewer 16S rRNA gene copy numbers compared to the bacteria (Mahnert et al., 2018). Given their small relative abundance, it is also important to employ effective methods of cell lysis and DNA extraction as typical lysozyme-based lysis methods are ineffective at degrading the cell membranes of archaea (Bang and Schmitz, 2015). Typically, the lack of cultured isolates available for use as reference strains has also been a limitation, however, with the expansion large-scale metagenomic studies, archaeal metagenome-assembled genomes have substantially expanded the number of available representatives from the human gut (Chibani et al., 2022). Nevertheless, representative genomes of low abundance host-associated archaea and those of non-gut origin remain limited. To effectively characterize the host-associated archaeome, archaea-specific DNA extraction methods should be employed, as well as 16S rRNA primer pairs with wider archaeal specificity or metagenomic sequencing of a sufficient depth to detect low abundance archaeal populations. Further, targeted cultivation of novel archaeal lineages would improve reference databases used for culture-independent analyses.




Future directions in methanogen research


Unraveling host-specific adaptions to produce selective targets and therapies

Thomas et al. (2022) recently performed a comprehensive study of the abundance and diversity of archaea in the gastrointestinal tracts of 250 animal species (including mammals, birds and fish). They found that the absolute abundance and diversity of archaea in the gut of mammalian species is affected by host phylogeny, diet and intestinal tract physiology, whereas geographical location and host body mass had little effect. Using archaeal specific primers, they detected archaea at the Order- (10) and Family- (19) levels of taxonomy, from 175/250 (70%) of the candidate animal hosts sampled. In line with previous studies, they found the most abundant genera of methanogens to be Methanobrevibacter. Amplicons affiliated with Methanosphaera, along with Methanomethylophilaceae, Methanocorpusculum, and Methanomicrococcus species were commonly recovered from many samples. These dominant gut methanogens are rarely found in the environment but are closely related to some environmental lineages. This observation suggests that the species of methanogens that inhabit the gut have adapted and specialized to this environment (Thomas et al., 2022). Thomas et al. (2022) also discovered that their amplicons could be assigned to host-specific “clades,” especially for the genus Methanobrevibacter, suggesting host adaptation. This study also demonstrated that the abundance of methyl-reducing methanogens, such as Methanosphaera, was less affected by dietary fiber content than the hydrogenotrophic methanogens, probably because methanol is largely produced in the gut by the breakdown of pectin. Methyl-reducing methanogens made up around 40% of the total methanogen reads from the animal samples, which differs from environmental samples where this type of methanogenesis is much less common. In that context, the gut environment is likely favorable for this type of methanogenesis, due to the relatively large amounts of choline and pectin present in food and forages, which could have led to the transition from other types of methanogenesis to the methyl-reducing pathway in some gut associated groups, such as Methanosphaera spp. and the Methanomassiliicoccales. In summary, while Thomas et al. (2022) have proposed there may be several events of adaptation by methanogens to the gut environment, it is difficult to verify these postulates without some whole genome-based and/or biological research with cultured representatives of the major methanogen lineages from different animals hosts.

A study by De La Cuesta-Zuluaga et al. (2021) investigated the adaptations of Methanomassiliicoccales species, which are hydrogen dependent methylotrophs, to the mammalian gut and compared them to other Methanomassiliicoccales that inhabit non-host environments. This study confirmed the existence of two Methanomassiliicoccales clades, one enriched in the gut and one enriched in the environment (with some exceptions). They performed genomic comparisons between these two clades and found that genetic adaptations to the human gut included genome reduction and changes in abundance of genes involved in the shikimate pathway and bile resistance, which is consistent with gut adaptations shown by other methanogens. Gene clusters associated with eukaryote-like proteins and adhesion-like proteins (both are groups of membrane proteins involved in adhesion) were compared, and it was discovered that they were more likely to be found in the host-associated clade and members of the environmental clade enriched in host microbiomes. Adhesion factors are involved in syntrophic relationships with bacterial and eukaryotic organisms, and these results highlight that interaction with the host and other organisms in the microbiome may play an important role in gut adaptation (De La Cuesta-Zuluaga et al., 2021). The environmental clade members were found to have larger genomes and higher gene counts, and the results indicate that the genetic adaptations of Methanomassiliicoccales species differed based on their clade and not their habitat preference. This supports the hypothesis that adaptation to the gut environment occurred separately in each clade, as the host-associated species from each clade have developed different genomic adaptations to this environment.

Despite previous research into the methanogens that reside in the digestive tracts of animals, many host-associated methanogen species are still not well characterized and have not been cultured in isolation. The majority of studies involving gut-associated methanogens have focused on their abundance and ecology, rather than their functional and metabolic diversity. There has been some research into the adaptation of methanogens to the gut environment in general, but very few studies have looked into adaptations by methanogens to specific host animals and the functional diversity that accompanies these adaptations. Further research in this area could lead to a better understanding of their interactions with the host and the microbiome, as well as their roles in the gut environment.



Methanogens as biomarkers for at risk species

Australia’s unique wildlife are becoming increasingly vulnerable due to anthropogenic factors, such as habitat destruction, agriculture and climate change, and a better understanding of their gut microbiota and nutritional ecology may help with conservation efforts in the future. The microbiome of native herbivores could provide biomarkers for vulnerable animals and give insights into their reactions to anthropogenic pressures. One study by Gibson et al. (2019) showed that, compared to their wild counterparts, captive rhinos had higher abundances of bacterial and archaeal taxa associated with agricultural animals, such as Methanobrevibacter, which dominate ruminant archaeal communities. Another study by Yan et al. (2022) demonstrated that Methanobrevibacter species were more prevalent in captive versus wild Bactrian Camels, and methanogens on the whole were more abundant in the captive animals. They hypothesize that the wild camels live in harsher environments and, as such, a decrease in methanogenesis in the gut allows for more efficient energy conversion of their food – a critical factor especially when food is scarce. These studies may also indicate that some of the gut microbial taxa found in wild animals were being overtaken by species that are more commonly found in domesticated animals. Similar shifts in gut methanogenic archaea in native Australian mammals may be used as markers to indicate potentially detrimental changes in nutritional and environmental conditions. For this to be effective, an understanding of the methanogens associated with these host animals in the wild and in captivity is required.

The unique diets of some marsupials, their geographical isolation, and the discovery of a non-canonical methanogenesis pathway in Methanosphaera sp. WGK6 indicates that it is possible that other, yet uncharacterised, marsupial-associated methanogens could use modified pathways. The discovery of such methanogens would help broaden our current understanding of methanogenesis, as well as possibly aiding our attempts to conserve Australian and global wildlife in the future.




Concluding remarks

It is evident that methanogenic archaea are prevalent members of host-associated microbiomes, with representatives found in diverse animal hosts from terrestrial and aquatic environments. Although high-throughput metagenomic sequencing has expanded our understanding of the prevalence and abundance of methanogens, there is a lack of cultured representative from the different host-associated species that would allow for functional analysis and validation of cultivation-independent analyses. To understand the role that methanogens play in the host-associated microbiomes of different animal species, it is imperative that diverse methanogen species are cultivated from a variety of animal hosts. More specifically, cultivation attempts should focus on the isolation of novel methylotrophic lineages, such as the Methanomethylophilaceae, as well as hydrogenotrophic methanogens other than Methanobrevibacter. In addition to characterizing these isolates individually, it is also important to perform in vitro and ex vivo transcriptomic and proteomic analyses on mixed communities of these methanogens and bacteria from the host animals, such as the methods described by Andersen et al. (2021). These “multi-omics” analyses will provide key information on the wider role of methanogens in the host-associated microbiome and identify strategies for mitigating methane emissions from Methanobrevibacter-dominated communities. Further, with the expansions of culture-independent data from the human microbiome, there remains an opportunity to use this data to complement analyses from other mammals and non-human isolates to improve our understanding of host-associated methanogens.
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It is widely acknowledged that conventional mining and extraction techniques have left many parts of the world with depleting coal reserves. A sustainable method for improving the recovery of natural gas from coalbeds involves enhancing the production of biogenic methane in coal mines. By taking a culture-independent approach, the diversity of the microbial community present in the formation water of an Indian reservoir was examined using 16S rRNA gene amplification in order to study the potential of microbial-enhanced coal bed methane (CBM) production from the deep thermogenic wells at a depth of 800–1200 m. Physicochemical characterization of formation water and coal samples was performed with the aim of understanding the in situ reservoir conditions that are most favorable for microbial CBM production. Microbial community analysis of formation water showed that bacteria were more abundant than archaea. Proteobacteria, Firmicutes, and Bacteroidetes were found as the most prevalent phyla in all the samples. These phyla play a crucial role in providing substrate for the process of methanogenesis by performing fermentative, hydrolytic, and syntrophic functions. Considerable variation in the abundance of microbial genera was observed amongst the selected CBM wells, potentially due to variable local geochemical conditions within the reservoir. The results of our study provide insights into the impact of geochemical factors on microbial distribution within the reservoir. Further, the study demonstrates lab-scale enhancement in methane production through nutrient amendment. It also focuses on understanding the microbial diversity of the Raniganj coalbed methane block using amplicon sequencing and further recognizing the potential of biogenic methane enhancement through microbial stimulation. The findings of the study will help as a reference for better strategization and implementation of on-site microbial stimulation for enhanced biogenic methane production in the future.
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1. Introduction

Coal bed methane (CBM) is oftentimes regarded as the fuel that bridges the gap between conventional fossil fuels and sustainable energy sources. Methane is known to have a lesser adverse effect on the environment and human health due to its cleaner combustion and higher calorific value than coal. Both thermogenic and biogenic pathways can produce methane in coalbeds (Stolper et al., 2014). High temperatures and pressures (157–221°C) during coalification lead to the formation of thermogenic methane, whereas biogenic methane is predominantly produced by methanogens via microbial degradation of coal at moderate temperatures (50°C) (Wei et al., 2014).

A sizeable fraction of the world’s natural gas reserves is made up of coalbed methane (CBM), and it has been speculated that up to 20% of all natural gas, which includes CBM, emanates from microbes (Rice and Claypool, 1981). Enhanced CBM, also known as microbially enhanced CBM (MECoM), is the technique of stimulating microbes to produce more methane from currently producing wells. It may be possible to facilitate the microbial communities involved in the dynamic process of methanogenesis that produces CBM to further increase the methane production from the biodegradation of coal over timescales that are relevant to the industry. The lifespans of deficient microbial CBM wells could be increased if microbial CBM production could be enhanced, and possibly new microbial methane could be produced in sites with no history of gas production. In addition to the commercial gain, enhancing microbial methane production could also lower the adverse environmental effects of CBM production as the existing infrastructure would be used instead of drilling new wells when the old wells are depleted. Similar techniques might be utilized to produce methane in gas deficient shales from coal waste or deep or thin, potentially unmineable coal seams (Ritter et al., 2015).

It is the current belief that the abundance and diversity of the microbial community present in the coal seams are crucial to the production of biogenic methane in the coal beds. Research in the past has repeatedly shown that the interaction of several microbe groups involved in bio-methanation, such as fermentative bacteria, syntrophs, and methanogens, is necessary for the microbial mineralization of organic materials to methane (Strąpoć et al., 2011; Wawrik et al., 2012; Park and Liang, 2016; Wang et al., 2016). Numerous studies have thus far investigated the microbial community of coalbeds from various geographical regions, including Japan (Shimizu et al., 2007), the United States (Barnhart et al., 2013), Vietnam (Hoang et al., 2021), Canada (Lawson et al., 2015), and China (Guo et al., 2012). In contrast, not much is known about the microbial population in coalbeds located in geologically differing regions of India.

Therefore, the principal objective of this study is to fill the knowledge gap by providing a thorough analysis of the microbial community and their potential functions in the formation water collected from the Raniganj CBM block located in Durgapur, West Bengal. Further, to understand the role of geochemical factors in shaping the microbial diversity within the reservoir, the relationship between the microbial communities and geochemical factors is evaluated. The study also illustrated significant enhancement in the production of biogenic methane at the lab scale. To the best knowledge of the authors, this study is a prime investigation elucidating the diversity of microbial communities present in this region by 16S rRNA-based metagenomic analyses. Understanding the role of the indigenous microbial population in methanogenesis would help highlight the potential of comparable high temperature CBM reservoirs for biogenic methane production via in situ stimulation in the future.



2. Materials and methods


2.1. Study site and geographical setting

Samples of formation water, gas, and coal were acquired from five CBM wells, namely Well-A, Well-B, Well-C, Well-D, and Well-E, present in ESSAR Oil’s Durgapur coal bed methane block, which is located in West Bengal, India. Figure 1 shows the coal block from which the coal wells were selected for this study. The Raniganj CBM (Coal Bed Methane) block is located in the Burdawan district of West Bengal, India. The block is spread over a 500 sq. km. area in the prolific Damodar Valley Basin with thick Permo-Carboniferous Gondwana coal seams. The majority of India’s coal reserves are found in the lower Gondwana stratigraphic sequence, which is of Permian age and encompasses the coal-rich Raniganj and Barakar measures. Figure 2 shows the generalized litho-stratigraphy of the basin, depicting that the effective thickness of the Raniganj formation with coal seams is at 95–698 m, which is seen to be related to high CBM productivity amongst all other assets of ESSAR Oil. The vast coalfields of Raniganj, Barakar, and Jharia hold enormous amounts of high-quality coal. On the basis of coal rank, coal maturity, available area, physicochemical properties of coal, CBM potential, depth of occurrence of coal, and geological age, the Indian coal basins are categorized into four kinds (Vedanti et al., 2020). The Raniganj coalfield is classified as Category I and has thick coal seams with high rank and maturity, as well as large reservoirs of methane gas and sorption capacity (Vishal et al., 2013). The field has been developed with over 340 production wells and an extensive network of infield pipelines; spread over 300 km, connecting the wells to four gas-gathering stations. Essar Oil & Gas Exploration and Production Limited (EOGEPL) is a significant natural gas supplier for the region and provides gas feed to many industries.

[image: Figure 1]

FIGURE 1
 The Raniganj CBM (Coal Bed Methane) block located in the Burdawan district of West Bengal, India.
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FIGURE 2
 Generalized litho-stratigraphy of the basin.




2.2. Site selection criteria

Understanding the in situ conditions and the history of the reservoir where the methane generation occurs is necessary, as these factors may affect the methane enhancement rates when the MECoM technology is applied in the reservoir. Producing wells with a gas and water production history were considered candidate CBM wells (Figure 3). The produced gas was studied for isotopic compositions to find evidence of biogenic, which could potentially be stimulated for enhanced methane production.

[image: Figure 3]

FIGURE 3
 Daily production data of selected wells. (A) Complete production history of Well-A. (B) Complete production history of Well-B. (C) Complete production history of Well-C. (D) Complete production history of Well-D. (E) Complete production history of Well-E.


The majority of the coal-degrading microbial communities involved in methane production resides in the fractures (cleats) in coal seams and are typically 3–10 μm broad or at the interface of coal and surrounding rocks. Thus, further selection of the wells was made on the basis of feasibility tests performed on the field, which included testing the porosity and virgin permeability, as well as the post-fracture permeability and the half-fracture length. Essential criteria such as the bottom-hole temperature of the well and the pH and salinity of the formation water were also taken into account. The five selected wells had bottom-hole temperatures of less than 65°C, and the pH of formation water from all wells was less than 8, with salinity being less than 5%. The number of producing coal seams and the drilling depth of the wells were also considered important parameters in the selection process. The drilling depth of the selected wells is in the range of 901–1435 m, with the producing coal seams in the range of 5–8 having varying thicknesses between 0.3 and 5.82 TVD m.



2.3. Sampling

The collection of samples was conducted using a polyvinyl chloride pipe that was 1 m long with a diameter of 10 cm, sealed at the bottom, and closed with an open steel mesh at the top. At the field site, a bleach solution was used to sterilize the pipe and mesh enclosure prior to lowering them to the bottom of the well on a wireline. Sterilized 1000 mL anaerobic serum bottles sparged with nitrogen were used to collect the sample upto the brim and then sealed with airtight rubber septa and aluminum crimps. Samples were also collected for on-site testing of pH and conductivity. The sample bottles were then brought to the laboratory for further analysis. Conforming to the method outlined by Rathi et al. (2015), formation water samples were also collected from the well-heads of the selected candidate wells, based on selection studies, and transferred into sterile 100 mL anaerobic serum bottles containing 1 mL of 2% Na2S. All the samples were brought to the laboratory in under 48 h, kept at 4°C, and then promptly processed for microbial analysis. Additionally, produced gas samples collected from the well heads were processed for compositional and isotopic analysis. A representative coal sample was drilled from the CBM block of Essar Oil, located in Durgapur, West Bengal, and was used as representative coal for all CBM wells involved in the study.



2.4. Physicochemical analysis


2.4.1. Formation water

Each well’s collected formation water samples underwent physicochemical analysis for pH and Electrical conductivity at room temperature per the American Petroleum Institute (API) standards. The presence of heavy metals such as arsenic, cadmium, chromium, copper, and Fluoride was also estimated as per the standard methods (IS3025 PT 37:1988, APHA3100(B), APHA3500(B), APHA3111(B), APHA4500 (F-D)) respectively. The presence of cation [calcium APHA 3500 (B)] and anion [chloride: APHA 4500, nitrate: IS 3025, phosphate: APHA 4500 (D), and sulfate APHA 4500 (E)] was also estimated in the formation water.



2.4.2. Coal

The detailed analysis of coal in terms of ash, moisture, volatile matter, and fixed carbon, along with the specific carbon, hydrogen, nitrogen, sulfur, and oxygen (CHNSO) profile, was determined as per the guideline of ASTM standards.



2.4.3. Carbon stable isotopes of collected gas

A critical tool for understanding the origin of CBM gas is the carbon isotope composition study. The molecular and isotopic compositions of the gases collected from the Raniganj field were studied by the Keshava Deva Malaviya Insititute of Petroleum Exploration, Oil and Natural Gas Corporation Ltd., according to the method stated by Wang et al. (2019).




2.5. Genomic analysis of formation water from the Raniganj block

Formation water samples were processed for genomic DNA extraction in order to evaluate the capacity of the thermogenic CBM reservoir to produce biogenic methane. 500 mL of each formation water sample was run through a filter membrane (0.22 μm) to extract genomic DNA. Coal particles were suspended in the formation water. All the microbes adhering to the coal particles that had remained on the filter were processed using the DNeasy Power Water kit for DNA extraction. The protocol provided by the manufacturer was followed for DNA extraction; quantification and analysis of DNA were performed using a NanoDrop spectrophotometer. The extracted DNA samples that exhibited high quality with A260/280 ratio between 1.8 and 2.0 and concentrations greater than 50 ng/μl were taken up further for sequencing.

To understand the overall diversity of the microbial population, extracted DNA of all five well samples was processed for PCR amplification using universal bacterial primers (27F and 1492R) as described by Rathi et al. (2019), V3-V4 amplicon sequencing was performed on the Illumina MiSeq 2500 platform by Medgenome Pvt. Ltd. The 16S rRNA gene sequences were checked for purity with the Check-Chimera program, and OTU picking at 97% sequence similarity thresholds (Open reference method) were performed. Data rarefaction, cumulative sum scaling (CSS), low variance, and low count filtering were carried out before downstream analysis. These pre-processing steps enabled to avoid the sequencing depth bias for better comparative analysis (Rajeev et al., 2021).

The microbial analysis was done in the software MicrobiomeAnalyst (Dhariwal et al., 2017). The prediction of the functional profiles of bacterial taxa based on 16S rRNA sequencing data was performed with the Metagenassist software using the amplicon sequencing data according to the Silva-132 database (Arndt et al., 2012). This tool was used to predict functional community profiles based on 16S rRNA data to outline microbial metabolism in the studied samples in the Raniganj coal bed formation water. Canonical correspondence analysis (CCA) and correlation analysis were used to analyze the relationship between the geochemical factors and taxonomic groups at the class level using software PAST 4.03 (Arndt et al., 2012).

The metagenome sequence reads of the samples from the candidate wells, Well-A, Well-B, Well-C, Well-D, and Well-E, were submitted to the NCBI archive under the BioProject accession number PRJNA965902.



2.6. Enrichment of a methane-producing microbial consortium from the formation water

Methane-producing microbes were selectively screened from the collected formation water samples (10% (v/v)) in the laboratory by enriching them in methanogen-specific nutrient media containing 1% (w/v) coal as the carbon source (Rathi et al., 2015). The composition (per liter) included K2HPO4; 0.4 g, KH2PO4; 0.2 g, MgCl2.6H2O; 0.1 g, NaCl; 0.5 g, NH4Cl; 0.2 g, NaHCO3; 0.2 g, and Yeast extract; 0.5 g. The pH was then adjusted to 7.0 ± 0.2. 100 μL of Resazurin was added to the media as an oxygen indicator. The media was boiled for 10 min and allowed to cool down while being purged with nitrogen to remove the dissolved oxygen. The remaining dissolved oxygen was then subsequently removed by adding 0.5 g L-cysteine hydrochloride, making the environment of the media completely oxygen-free. A volume of 30 mL media was dispensed into 60 mL anaerobic serum bottles and flushed again with N2. The bottles were sealed with butyl rubber stoppers and crimped with aluminum caps. The sealed and pressurized bottles were autoclaved before inoculation for 15 min at 121°C. The bottles that were not inoculated were considered as control.

Methane generation in incubated culture bottles was monitored during the enrichment process by collecting 0.5 mL of headspace gas samples from the serum bottles via a gas-tight syringe and quantifying the anticipated headspace gases, such as methane, carbon dioxide, nitrogen, and hydrogen, using gas chromatography. All experiments were run in a triplicate set. The data points are the average of triplicate±standard deviation (<5% of average).




3. Results


3.1. Understanding the role of limiting factors for biological methane production via physio-chemical analysis

Physio-chemical analysis of formation water collected for this study is shown in Table 1. The pH was seen to be in the range of 7.0–8.3, suggesting suitable conditions in the reservoir for biogenic methane production. It is notable that similar recent studies have reported the formation water samples in their studies to be pH range up to 8.3 (Hoang et al., 2021). The concentration of heavy metals, including Arsenic (As5+), Cadmium (Cd2+), Chromium (Cr2+), Copper (Cu2+), Zinc (Zn2+), Silver (Ag2+), and Nickel (Ni2+), was found to be below detectable range, signifying a non-toxic environment for the indigenous microbial community to flourish and produce methane. The presence of Sulfate (SO4 2−), Fluoride (F−), and Iron (Fe2+) was found and is shown in Table 1. In this study, the concentration of sulfate ions in the formation water also corroborates what was seen in past investigations in Indian reservoirs (Rathi et al., 2019).



TABLE 1 Physicochemical characterization of the formation water samples.
[image: Table1]

The proximate analysis of coal of the seams from all selected CBM wells was carried out (Table 2). The coals are of low moisture (1.71–4.69%) and medium ash (11.38–19.25%) with an average of 33% volatile matter and approximately 50% fixed carbon. These results indicate that the ASTM rank of the coal is high volatile ‘A’ bituminous (HVAB). A laboratory feasibility study was conducted by Fallgren et al. (2013), focusing on the comparison of coal ranks for biogenic methane production via the enrichment of microbial consortia. The study indicated that the rate of methane production was higher in the case of bituminous coal as compared to lower-rank coals. Ultimate analysis results indicated low sulfur content (0.32–0.47%) with up to 67% carbon and up to 4.14% hydrogen.



TABLE 2 Proximate and ultimate analysis of coal samples from Durgapur fields.
[image: Table2]



3.2. Molecular and isotopic compositions of studied gases

Analyzing the carbon isotopic fingerprints (δ13 C-CH4) produced by biogenic and thermogenic CH4 allows one to determine the source of the gas (Schoell, 1980). Biogenic CH4 can have δ13 C values between-110% and-40%, but the values of thermogenic CH4 carbon stable isotopes are between −50% and −20% (Whiticar, 1999). The molecular and isotopic compositions of the studied gases from the Raniganj field indicate their mixed origin. The gases are also dry in nature (C1/(C2 + C3) >50) (Bernard et al., 1976). The significant difference in stable carbon isotope ratios of methane and ethane (~20%), and the presence of isotopically heavier carbon dioxide (6.6–15.5%) indicate its association with biogenic processes (Kinnon et al., 2010), particularly H2 utilizing hydrogenotrophic methanogens. The results of the molecular and isotopic compositions are provided in detail in Table 3.



TABLE 3 Molecular and isotopic compositions of studied gases.
[image: Table3]



3.3. 16S rRNA amplicon sequencing depicting the relative abundance of microbial diversity

In this investigation, five coal bed methane wells were chosen for sampling as they are representative examples of relatively high temperature coal bed methane reservoirs with a bottom-hole temperature of about 50°C. The 16S rRNA gene clone library was created from the formation water samples of the CBM wells in order to study the microbial population of these high temperature thermogenic CBM wells and their relationship in connection to the potential for biogenic methane generation. The samples had a total of 153,403 effective read counts of the 16S rRNA gene amplicons. The rarefaction curve plotted between species richness and sequence sample size has been shown in Supplementary Figure 1.

The amplicon sequencing reveals the relative abundance of the microbes present in the studied wells, showing both archaeal and bacterial diversity (Figure 4). Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria were the most prevalent phyla in all the samples. The formation water from the thermogenic high temperature CBM reservoir in this study demonstrated that the abundance of Proteobacteria was primarily composed of Gammaproteobacteria and Alphaproteobacteria. Other than the ubiquitously dominant phyla in the reservoir, Well-A shows a relatively high abundance consisting of Spirochaetes, Acetothermia, Synergistetes, Chloroflexi, and Caldiserica. Well-B shows a relatively high abundance of Nitrospirae and Chloroflexi. A significant proportion of uncultured bacteria is found in the Well-C, followed by Spirochaetes, Acetothermia, and Chloroflexi, among other relatively less dominant phyla. Well-D is also found to be abundant with Acetothermia, Spirochaetes, Caldiserica, Chloroflexi, and Synergistetes, along with Hydrothermae, Coprothermobacteraeota, Acidobacteria, and Thermotoga. In the case of Well-E, the presence of Euryarchaeota, Nitrospirae, and Synergistetes is seen among other dominant phyla.

[image: Figure 4]

FIGURE 4
 Stacked bar plot representing the relative abundance assessed by 16S rRNA-gene amplicon sequencing at (A) phylum-level and (B) class level (* denotes archaeal group).


The taxonomic analysis at the class level shows the relative abundance of class Gammaproteobacteria, Alphaproteobacteria, and Deltaproteobacteria. The relative abundance pattern also showed the presence of class Bacteroidia and Clostridia in all the samples. Class Methanobacteria was the methanogenic group present in the samples.

At the genus level (as shown in Figure 5), the microbial community found in well number Well-A has a relative abundance of Smithella, Aquabacterium, Desulfonatronum, Syntrophobacter, Caulobacter, Proteiniphium, and Desulfitibacter, among others. The relative abundance, as seen in Well-B, majorly includes Thermodesulfovibrio, Thermanaerothrix, Hydrogenophaga, Phenylobacterium, and Caulobacter. Well-C also shows a dominant abundance of Caulobacter, along with Methylobacillus, Brevundimonas, Novosphingobium, Parvibaculum, Bosea, Microbacterium, Sphingopyxis, Treponema, Bradyrhizobium, Rhodococcus, and Mahella. In the case of Well-D, the most dominant community consists of Methylomicrobium, Sphingomonas, Coprothermobacter, Thauera, Spirochaeta, Azoacrus, Pannonibacter, Stappia, and Acetomicrobium. The microbial community found in well number Well-E majorly consists of Methanobacterium, Methanothermobacter, Pseudomonas, Thermoanaerobacter, Acinetobacter, Methylobacterium, Thermovirga, Desulfobacca, and Desulfotomaculum. Methanobacterium and Methanothermobacter, two well-known hydrogenotrophic methanogens, were the most prevalent archaeal groups found in Well-E.

[image: Figure 5]

FIGURE 5
 Heat map representing the relative abundance of microbial communities at the genus level, as seen in the formation water samples of selected CBM wells (Darker colors indicate a greater percentage of abundance than lighter colors).




3.4. Predictive functional analysis

The heatmap of predictive functional analysis shows the presence of methanogenic functions in all the wells suggesting the potential for enhancement in CBM (Figure 6). Among all the samples, the highest methanogenic activity is present in Well E, which is also supported by microbial diversity analysis. There is a high abundance of aromatic degradation in wells D, E, and A. The analysis also showed the existence of sulfate-reducing metabolism in the CBM wells. The abundance of the sulfate reducers was found to be lower than the methanogens in wells A, B, and C. It also reveals the presence of chitin and xylan degraders.

[image: Figure 6]

FIGURE 6
 Heatmap showing relative function abundance predictions of the microbial communities based on metagenassist analysis.




3.5. Understanding the effects of physicochemical parameters of formation water on microbial community

In the present study, Canonical correspondence analysis (CCA) was used to analyze whether correlation in microbial diversity is related to geochemical factors. According to the CCA analysis (Figure 7A), class Clostridia, Gammaproteobacteria, Aminicenantia, Coprothermobacteria, Planctomycetacia, Methanobacteria, and Thermodesulfovibriona were found to be related. This is further verified by the correlation analysis (Figure 7B), which showed a significant correlation between Iron, Electrical conductivity, and TDS with classes Aminicenantia, Coprothermobacteria, Planctomycetacia, Thermodesulfovibriona, and Ignavibacteria. The results show how geochemical factors impact the diversity and distribution of microbes in the environment.

[image: Figure 7]

FIGURE 7
 (A) Canonical correspondence analysis (CCA) analyzing the relationship between geochemical factors and microbial diversity (B) correlation analysis.




3.6. Quantifying the methane gas generated in the laboratory by the consortium via coal bioconversion

The amount of methane gas generated in the headspace of the experimental bottles containing the modified MPB nutrient media was quantified using gas chromatography. 3063.35 μmol CH4/g coal, 3190.64 μmol CH4/g coal, 1202.15 μmol CH4/g coal, 1004.28 μmol CH4/g coal, and 697.09 μmol CH4/g coal was observed to be produced by the thermophilic methanogenic consortium inoculated with formation water from well-A, well-B, well-C, well-D, and well-E, respectively, after 30 days of incubation (Figure 8). The experimental control media bottles containing 0.3 g coal under similar conditions showed no methane production at 55°C after 30 days.

[image: Figure 8]

FIGURE 8
 Methane production trend in the laboratory by the methanogen-specific consortium.





4. Discussion

Numerous studies have examined the microbiological communities of coal/formation water for comprehending the methanogenic potential of coal beds in the USA, Canada, Japan, and Australia (Mochimaru et al., 2007; Shimizu et al., 2007; Green et al., 2008; Klein et al., 2008; Li et al., 2008; Strąpoć et al., 2008; Midgley et al., 2010; Penner et al., 2010). These microbial communities detected in coal beds have undergone culture-independent investigations that have revealed the identities of many bacterial species that are key players in the biodegradation of coal as well as archaea that produce methane via hydrogenotrophic or acetoclastic pathways. In this investigation, the 16S rRNA Amplicon sequencing revealed the relative abundance of the microbes present in the wells, showing that the most abundant phyla included Proteobacteria, Firmicutes, Bacteriodetes, and Actinobacteria. These phyla have been reported to be involved in the biotransformation of coal into methane in earlier studies (Strąpoć et al., 2011; Singh et al., 2012). The presence of Gammaproteobacteria and Alphaproteobacteria in the wells indicated different hydrocarbon-degrading pathways. It is widely recognized that bacteria from the phylum Alphaproteobacteria can break down hydrophobic compounds such as polycyclic aromatic hydrocarbons (Meslé et al., 2013). According to certain reports, Gammaproteobacteria can break down hydrocarbons when nitrate serves as the electron acceptor (Alain et al., 2012). In the past, Bacteroidetes have also been mentioned as pentachlorophenol degraders (Singh et al., 2012). The relative abundance shows the dominance of Euryarchaeota in Well-E. Euryarchaeota majorly consists of acetoclastic and hydrogenotrophic methanogens. Evidence suggesting that syntrophic acetate oxidation is coupled with hydrogenotrophic methanogenesis in the high temperature petroleum reservoirs, such as the Yabase oil field (Japan), has also been documented (Mayumi et al., 2011). Similar to the present study, a dominance of Spirochaetes has also been found by Singh et al. in the Jharia coal reservoir and in the coal bed of the Illinois basin (Strąpoć et al., 2008). As seen in the study by Green et al. (2008), the methanogenic consortium in the Powder River Basin included Spirochaetes in addition to Firmicutes, which predominated the bacterial community in coal bed methane wells there.

The relative abundance of class Gammaproteobacteria, Alphaproteobacteria, and Deltaproteobacteria in the taxonomic analysis of our samples at the class level is of significance, as members of Gammaproteobacteria and Alphaproteobacteria have been studied to be involved in the degradation of various organic compounds, including petroleum hydrocarbons (Zhou et al., 2020; Sudiana et al., 2022). Members of Deltaproteobacteria can anaerobically metabolize a wide variety of normal, iso-, and cyclic alkanes, as well as mono- and polycyclic aromatic hydrocarbons (Davidova et al., 2018). The hydrocarbonoclastic Deltaproteobacteria can take part in syntrophic consortia that ultimately transmit reducing equivalents to methanogenic Archaea without a respiratory electron acceptor. This shows their role in methane generation (Davidova et al., 2018). The presence of class Bacteroidia and Clostridia in all the samples is noteworthy, as previous studies have shown significant enhancement in methane production in consortia rich in Bacteroides and Clostridium (Tukanghan et al., 2021). Also, class Clostridium contains many hydrogen-producing bacteria, and since hydrogen is the limiting factor in the hydrogenotrophic mode of methanation, their presence is highly significant for enhanced CBM production (Palacios et al., 2021; Wang and Yin, 2021). The presence of Methanobacteria in the samples suggests hydrogenotrophic methanogenesis as a significant pathway of methane generation in our study.

There is a noteworthy variation in the genus level abundance within the reservoir. We speculate that this variation is due to the age of the coalbed, the depth of sampling, geological conditions, and the availability of substrates in the coalbed and formation water (Barnhart et al., 2016). Well-A is rich in Smithella and Syntrophobacter, which are syntrophic bacteria. These bacteria have been associated with coal degradation and with providing a substrate for methanogens to produce methane from mesophilic coal reservoirs in earlier research (Strąpoć et al., 2011; Singh et al., 2012). Well-B shows the presence of Hydrogenophaga, a typical hydrogen-utilizing bacteria which is also able to utilize biphenyl. In the study by Wei et al. (2014), the most dominant genus identified in abandoned coal mines was Hydrogenophaga. Another study highlighted that Hydrogenophaga, which was found in an oil-degrading consortium, is capable of metabolizing 4-aminobenzenesulfonate (Beckmann et al., 2011). It has been found in coal samples from the Liulin District (Guo et al., 2012) and in methanogenic enrichment modified with coal (Beckmann et al., 2011). The presence of Phenylobacterium was also abundant, and it also has been detected in the biogenic coal bed methane reserves of the Southern Qinshui Basin, China (Guo et al., 2014). The presence of sulfate-reducing bacteria such as Thermodesulfovibrio, Desulfotomaculum, and Desulfitibacter, which are known to be capable of degrading volatile organic matter (i.e., hydrocarbons and organic acids) in the presence of sulfate as the terminal electron acceptor, is attributed to the presence of sulfate ions and their concentration in the formation water. The prevalence of Methylobacillus, a methanotrophic bacterium, in the formation water of Well-C correlates with the findings of the study by Zhang et al. (2018) that methanogenic and methanotrophic pathways are present in the formation water of the coal reservoir, responsible for the carbon metabolism.

Thauera is amongst the most abundant in Well-D and is known to be a nitrate-reducing, hydrocarbon-degrading bacterium. It has been found in several other basins, including the Jharia basin (Singh et al., 2012), the Surat basin in Australia (Li et al., 2008), as well as the coal beds of Western Canada (Penner et al., 2010). The presence of Coprothermobacter is also notable in this study. Coprothermobacter sp. of the Thermodesulfobiaceae was previously identified as a thermophilic, chemo-organotrophic proteolytic acetogen in methanogenic enrichment culture from a thermophilic digester (55°C) (Ollivier et al., 1985). These proteolytic bacteria can convert yeast extract protein into acetate, hydroxyl, and carbon dioxide, as well as other acids in lower amounts, like isobutyric, isovaleric, and propionic acids. A recent study by Kobayashi et al. (2012) also claimed that Coprothermobacter works as a possible syntrophic acetate oxidizer in high-temperature methanogenic enrichment cultures. Moreover, Singh et al. noted that Coprothermobacter was dominant in their methanogenic enrichment culture.

The prevalence of Methanobacterium and Methanothermobacter in Well-E indicates that hydrogenotrophic pathways constitute the primary means of methane production. The presence of Methanothermobacter, which is also a thermophilic CO2-reducing methanogen, was found in similar studies, including the coal reservoir of Ruhr Basin, Germany, a biogenic methane-producing source, and the Powder River Basin, USA (Flores et al., 2008). The predominance of the genera Pseudomonas has been reported for hydrocarbon degradation and has been found in the coal seams of Western Canada (Penner et al., 2010). Similarly, in the present study, the presence of Pseudomonas was observed. According to various reports, Pseudomonas is involved in the breakdown of complex organic substances such as alkanes, alkenes, and polycyclic aromatic hydrocarbons into fatty acids like formate, lactate, acetate, ethanol, and CO2. Furthermore, the production of biosurfactants by the Pseudomonas genus can promote the breakdown of polycyclic aromatic hydrocarbons because these substances enable a decrease in surface and interfacial tensions between coal molecules to enhance solubility (Singh and Tripathi, 2013; Gründger et al., 2015; Colosimo et al., 2016; Mehboob et al., 2016; Davis and Gerlach, 2018). Desulfotomaculum, a methylotrophic sulfate-reducing bacteria found in our samples, has been previously reported in the formation water of the Jharia basin (Singh et al., 2012).

The results of the predictive functional analysis support the microbial diversity analysis, showing the presence of methanogenic functions in the reservoir. This indicates toward the potential for CBM enhancement in the studied wells. The highest methanogenic activity is observed in Well-E. The degradation of hydrocarbon compounds is an important step in the process of methanogenesis (Liu et al., 2022). A high abundance of aromatic degradation in Well-D, Well-E, and Well-A shows the potential of indigenous microbes to convert complex organic compounds into substrates used in the process of methane generation. The analysis reveals the existence of sulfate-reducing metabolism in the reservoir. Studies have also shown the coexistence of methanogens with sulfate-reducing bacteria in various environments (Sela-Adler et al., 2017). The presence of chitin and xylan degraders also represents the abundance of organic compounds degrading microbes, thus reflecting good potential of CBM enhancement in the wells.

The predictive functional analysis is also supported by the flowchart diagram showing the pathway of degradation of coal into methane (Figure 9). The diagram showed various microbes present in the formation water that are known to be involved in various steps of coal degradation. The analysis revealed the abundance of hydrolytic, fermentative, and syntrophic microbes in the wells. These are the major key players in the process of methanogenesis (Nazaries et al., 2013). The analysis also revealed the presence of Methanobacterium and Methanothermobacter as the main methanogens in the wells; thus, hydrogenotrophic is the main route in the process of methane generation. Acinetobacterium is a well-known bacterial genus involved in the degradation of complex organic compounds (Zhang et al., 2021). The high abundance of Acinetobacter in the wells shows the capability of coal degradation in the wells. Genus Fervidobacterium, Gelria, and Pseudomonas are the hydrolytic and fermenting bacteria involved in methane generation (Harirchi et al., 2022). Genus Rhodobacter and Rhodococcus are involved in the degradation of various complex organic and inorganic compounds (Do et al., 2003; Margesin et al., 2005). Species of Aquabacterium are known to be involved in the biodegradation of oils; thus, they have the capability of degrading complex hydrocarbons (Wang et al., 2019). Genus Thermoanaerobacter and Treponema present in the wells are known to be involved in acetogenesis (Harirchi et al., 2022). Various syntrophic bacteria were found in the wells essential for methane generation (Figure 6).
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FIGURE 9
 Pathway showing metabolism and microbes present in the formation water involved in coal degradation and generation of biogenic methane.


Several biotic and abiotic factors play huge roles in the shaping of microbial communities (Wang et al., 2020; Rajeev et al., 2021). In the case of CBM wells, the physicochemical parameters of the formation water significantly impact the distribution and diversity of microbial communities in the sample (Davis and Gerlach, 2018). Previous studies have shown the impact of geochemical factors like salinity, temperature, and pH significantly impacting the diversity of methanogens in their natural environments (Hoehler et al., 2010; Wen et al., 2017). In the present study, the results of the canonical corresponding analysis identify the effect of geochemical factors on the microbial diversity of the reservoir. The analysis shows a relation between various classes found in the samples. A correlation analysis further corroborates this relation, indicating a significant correlation between Iron, Electrical Conductivity, and TDS with classes Aminicenantia, Coprothermobacteria, Planctomycetacia, Thermodesulfovibriona, and Ignavibacteria. Members of these classes play an important role in the initial step of methanogenesis. They are involved in hydrocarbon degradation, fermentative, and hydrogen-producing metabolism (Liu et al., 2012; Kadnikov et al., 2019; Pavan et al., 2019; Storesund et al., 2020). A study has shown the relation between high bulk conductivities and TDS with enhanced mineral weathering, interlinked with the activities of hydrocarbon-degrading microbes in aquifers contaminated with hydrocarbons (Atekwana et al., 2004). Another study has reported that Fe(III) can be used as an electron acceptor in microbial hydrocarbon degradation, zero-valent iron can donate electrons for improved methanogenesis, and conductive iron oxides may help electron transfers in methanogenic processes. These pieces of evidence show how the geochemical parameters can impact the metabolisms and distribution of hydrocarbon degraders in the ecosystem (Castro et al., 2022). These findings validate the results of the correlation analysis done in the present study.

To further emphasize the role and functions of the indigenous archaea and bacteria present in the CBM reservoir of the Raniganj block, indigenous microbes from the formation water were enriched in methanogen-specific nutrient media, and methane gas produced by the consortium via coal conversion was quantified. The results clearly indicate the real potential of the indigenous microbes present in the formation water for the bioconversion of coal into methane. They also confirm the capability of the nutrient media to support the growth of a selective methanogenic consortium that can utilize bituminous coal present in thermogenic CBM reservoirs as a carbon source and lead to in situ methane enhancement.



5. Conclusion

As per the authors’ knowledge, this is the first study that provides the microbial analysis of the thermogenic gas-producing CBM reservoir in the Raniganj block and its biogenic methane potential. The microbial diversity found in the formation water samples in this investigation comprised abundant syntrophic bacteria (e.g., Coprothermobacter), methylotrophic bacteria (e.g., Methylobacterium, Methylobacillus), fermentative bacteria (e.g., Microbacterium, Pseudomonas, Acinetobacter) and methanogenic archaea. Proteobacteria, Bacteroidetes, and Firmicutes were the three bacterial phyla that were consistent in all formation water samples, with Proteobacteria being the most prevalent of them. The archaeal domain at the genus level showed the presence of methanogenic archaea, including Methanobacterium and Methanothermobacter, which are two well-known hydrogenotrophic methanogens, indicating that the primary pathway of biogenic methane production in the Raniganj CBM block is hydrogenotrophic. This analysis lays the groundwork for greater comprehension of the functional pathways that predominate and the underlying geomicrobiological diversity, enabling us to examine how it affects methane generation on a lab scale. A deeper understanding of the processes at play could be beneficial in the development of strategies for enhanced methane production.
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Background: Methanogenic archaea represent a less investigated and likely underestimated part of the intestinal tract microbiome in swine.

Aims/Methods: This study aims to elucidate the archaeome structure and function in the porcine intestinal tract of healthy and H1N1 infected swine. We performed multi-omics analysis consisting of 16S rRNA gene profiling, metatranscriptomics and metaproteomics.

Results and discussion: We observed a significant increase from 0.48 to 4.50% of archaea in the intestinal tract microbiome along the ileum and colon, dominated by genera Methanobrevibacter and Methanosphaera. Furthermore, in feces of naïve and H1N1 infected swine, we observed significant but minor differences in the occurrence of archaeal phylotypes over the course of an infection experiment. Metatranscriptomic analysis of archaeal mRNAs revealed the major methanogenesis pathways of Methanobrevibacter and Methanosphaera to be hydrogenotrophic and methyl-reducing, respectively. Metaproteomics of archaeal peptides indicated some effects of the H1N1 infection on central metabolism of the gut archaea.

Conclusions/Take home message: Finally, this study provides the first multi-omics analysis and high-resolution insights into the structure and function of the porcine intestinal tract archaeome during a non-lethal Influenza A virus infection of the respiratory tract, demonstrating significant alterations in archaeal community composition and central metabolic functions.

KEYWORDS
 methanogenesis, intestinal tract microbiome, methanogenic archaea, 16S rRNA gene sequencing, metaproteomics, metatranscriptomics


1. Introduction

The intestinal tract, known as one of the environments with a very high microbial diversity, provides a habitat for a broad variety of different prokaryotic microorganisms. Bacterial genera consuming monomeric and polymeric carbohydrates, e.g., Lactobacillus and Prevotella as well as short chain fatty acid (SCFA) producers like Ruminococcus, Lachnospira, and Bacteroides are the predominant commensals of the porcine intestinal tract (Holman et al., 2017; Gierse et al., 2020). The less abundant methane producing prokaryotes, exclusively from the archaeal domain, play an important role in the digestive tract of pigs and many vertebrates (Youngblut et al., 2021). The removal of H2 and CO2 during polysaccharide decomposition is related to methanogenic archaea and positively affects the fermentation rate (Stams, 1994) and energy acquisition for the host (Samuel and Gordon, 2006; Armougom et al., 2009; Patil et al., 2020; Deng et al., 2021). Predominant methanogenic species in this highly complex system were identified with archaeal-specific 16S rRNA gene primers as Methanobrevibacter smithii, Methanobrevibacter millerae and Methanosphaera cuniculi (Luo et al., 2012). In addition to these previously-described species, Mi et al. (2019) identified members of the order Methanomassiliicoccales (with appr. 15% relative abundance) and Methanomicrobiales (with less than 5% relative abundance) in the colonic digesta of finishing pigs through methyl coenzyme-M reductase (mcrA) gene analysis.

In addition to natural sources of methane emission including wetlands, biomass burning and termites, human activity such as livestock production and rice cultivation constitute a major source of global methane (Saunois et al., 2020). Due to the increase in global meat and dairy production (Ritchie and Roser, 2017), enteric methane emissions (EME) should be considered a major contributor of greenhouse gas emissions from livestock (Thorpe, 2009; Patra, 2014) with a high potential for mitigation (Herrero et al., 2016).

Methane from livestock is mainly a by-product in ruminants and mono-gastric animals from plant carbohydrate decomposition (Monteny et al., 2001). Methanogenesis can be divided into three substrate-differentiated pathways: 1. Hydrogenotrophic methanogenesis [CO2-reduction to methane with H2 as electron donor (Liu and Whitman, 2008)] represented by archaea belonging to the order Methanobacteriales [e.g., Methanobrevibacter (Miller et al., 1982; Rea et al., 2007)] and Methanococcales (Goyal et al., 2016). 2 Methylotrophic methanogenesis (reduction of methylated compounds such as methanol and methylamines to methane) by members of the Methanomassiliicoccales (including the Methanomethylophilaceae family), as well as Methanosphaera species (Miller et al., 1982; Reeve et al., 1997; Dridi et al., 2012). 3. Acetoclastic methane formation (in which methane is produced by acetate with carbon dioxide as a byproduct). In particular, archaea from the order Methanosarcinales use the acetoclastic pathway, which is the source of two-thirds of biogenic methane emissions (Lyu et al., 2018).

The initial step all methanogens have in common is the reduction of methyl-coenzyme M to CH4 through methyl-coenzyme M reductase (mcr). In addition to mcr, the reduction of the methyl-CoM complex to CH4 requires a second co-enzyme, named CoB (Reeve et al., 1997). These two limiting steps in methanogenesis are both regulated by the mcrA gene, which can therefore be targeted as a marker gene for the quantification of all methanogens present in human, animal and environmental samples (Ufnar et al., 2007; Scanlan et al., 2008; Mi et al., 2019; Weil et al., 2020).

In swine, methanogenesis primarily occurs in the lower (colonic) gut sections (Robinson et al., 1989; Jensen, 1996). No methane is produced in the stomach or small intestine, and only low concentrations were found in the cecum and proximal colon by Jensen and Jørgensen (1994). Furthermore, this study described an approximate nine-fold increase of in vivo methane production for high fiber diet (12.5 liters/day) compared to a low fiber diet (1.4 liters/day) in 7-month-old pigs, as well as a positive correlation for quantitative in vivo and in vitro gas measurements. Changes in the taxonomic composition of methanogenic archaea were observed during fibrous supplementation of pea fiber (Luo et al., 2017). In addition to diet, methanogen activity is also chemically limited by the redox potential (Eh). Mi and colleagues described a positive correlation between the Methanobacteriales population and the Eh (Mi et al., 2019). While dietary and chemical implications on the community of methanogenic archaea in the porcine intestinal tract are investigated to some extent, the impact of pathogen infection onto the swine archaeome is to our knowledge unknown and should be addressed to fulfill the knowledge on this metabolic important group.

For instance, swine are natural hosts for influenza A virus (IAV) and are susceptible to infection, with the human and avian IAV strains serving as ´mixing vessel´ (Kida et al., 1994). Because coinfection of the strains can lead to genetic reassortment (Scholtissek, 1990), new influenza strains often originate in swine (Ma et al., 2008, 2009). Therefore, a porcine model is crucial to evaluate as a new biomedical animal model for human influenza research (Rajao and Vincent, 2015; Schwaiger et al., 2019). Porcine models are particularly useful due to their anatomical and physiological similarity to humans (Pang et al., 2007; Spurlock and Gabler, 2008). Crucially for pathogenesis, the distribution of IAV receptors between the porcine and human respiratory tract are highly similar (Shinya et al., 2006).

Influenza virus infections represent a large burden for both animal and human holobionts that potentially affect the manifold interactions between the host, its microbiome and within the microbiome. Methanogenesis in the intestinal tract is a microbiome-host interaction with benefits for the host that could be influenced by a respiratory tract infection with the influenza A virus.

In this study, the intestinal archaeome of pigs was investigated with a multi-omics approach to (1) provide high-resolution insights into the structural and temporal dynamics of methanogens along the pig intestinal tract (ileum-colon-feces), (2) reveal the active methanogenesis pathways of core methanogens and (3) analyze the impact of a non-pathogenic IAV infection onto the archaeome. For this purpose, we investigated recently published multi-Omics data of an animal trial (Gierse et al., 2021) and complemented them with a metatranscriptomics approach.



2. Materials and methods


2.1. Animal study design

All samples for this study were provided by the Department of Experimental Animal Facilities and Biorisk Management of the Friedrich-Loeffler-Institut on the Isle of Riems within the H1N1pdm09 animal experiment under reference number 7221.3–1-035/17 (Schwaiger et al., 2019). For this study, 16 influenza virus A/Bayern/74/2009-infected and three mock-infected (serving as experimental control) German landrace pigs, which were 7 weeks of age at the beginning of the study, were analyzed. The sampling scheme is described in Table 1. Swine fecal samples were collected within 30 s of defecation for a period of 31 days to account for longitudinal shifts. Digesta from intestinal sections (IS) (ileum, proximal and distal colon from three healthy and three infected individuals) were sampled during necropsy on days 7 (n = 1), 25 (n = 2) and 30 (n = 3). All samples were immediately frozen on dry ice and subsequently stored at – 80°C.



TABLE 1 Longitudinal sampling scheme and number of samples per sampling day for 16S rRNA, metaproteomic and metatranscriptomics analysis.
[image: Table1]



2.2. Sample processing

For 16S rRNA gene sequencing and metaproteomics approach, fecal samples and intestinal sections (IS) were homogenized by the Covaris® CP02 CryoPrep™ instrument (Covaris Ltd., Brighton, United Kingdom) and processed as previously described in Gierse et al. (2020).



2.3. DNA extraction, 16S rRNA gene amplicon library preparation, sequencing, and bioinformatic processing

Nucleic acids were extracted from appr. 100 mg fecal powder using a bead-beating phenol chloroform extraction protocol (Berry et al., 2012) with subsequent precipitation of nucleic acids with 3 M Na-acetate and isopropanol as described in Gierse et al. (2020). Afterwards, the DNA pellets were washed with 70% v/v ethanol before being dried and re-suspended in DEPC-treated MilliQ water for downstream applications. The DNA content was quantified with Qubit™ dsDNA Broad Range Assay Kit (Invitrogen™). Next, the 16S rRNA amplification and Illumina MiSeq sequencing were performed using the V4 primer pair 515F (5`-GTG-YCA-GCM-GCC-GCG-GTA-A-3`) /806R (5`-GGA-CTA-CNV-GGG-TWT-CTA-AT-3`), as described in Gierse et al. (2020). The Illumina MiSeq resulted in an average output per sample from around 100,000 reads per sample and the sequences were submitted to European Nucleotide Archive (ENA) under the project name “Influence of an Influenza-A-Virus infection on the respiratory and gastrointestinal tract microbiome and archaeal community composition’ (project number PRJEB42450, accession number ERP126308).

Analysis was performed in R (R Core Team, 2020) using the dada2 pipeline package version 1.11.1 (R-version 3.6.1) for sequence annotation. Advanced bioinformatics processing (e.g., alpha-and beta diversity, Bray–Curtis dissimilarity and nonmetric multidimensional scaling) was done in R with packages “vegan,” “ggplot,” “phyloseq,”” plyr” and“reshape2” as described in Gierse et al. (2020). For statistical analysis, Kruskal-Wallis rank sum tests were performed (value of p ≤0.05) and the p values were corrected using the Benjamini and Hochberg false discovery rate (fdr) approach in R.



2.4. Protein extraction, mass spectrometry, database assembly and data analysis

Metaproteomic analysis was performed as previously described in Gierse et al. (2020). Proteins were extracted from appr. 100 mg fecal powder using the TRIzol-based extraction protocol, and protein concentrations were measured via Pierce BCA Protein Assay (Smith et al., 1985; Kessler and Fanestil, 1986; Wiechelman et al., 1988; Brown et al., 1989). Subsequently, 30 μg protein were loaded on a 4–22% Criterion TGX precast gel (BioRAD, Hercules, CA, United States) and stained with Colloidal Coomassie Brilliant Blue G-250 (Neuhoff et al., 1988). Each lane was cut in 10 fractions, and each fraction was processed into smaller pieces, de-stained and purified according to the ZipTip manufacturer’s protocol (C18, Merck Millipore, Billerica, MA, United States). Peptide-containing solution was eluted in glass vials and vacuum centrifugation was performed until dry. Finally, the peptides were re-suspended in 10 μL of 0.1% (v/v) formic acid for mass spectrometric analysis as previously described (Gierse et al., 2020). Protein identification was performed using Mascot Daemon version 2.6.2 (Matrix Science Ltd., London, United Kingdom) against a custom archaea-specific database, which was built using the results of the 16S rRNA gene sequencing data from the corresponding fecal samples. The database contained all UniprotKB entries (access date: 09.06.2020) for every identified archaeal member of the gastrointestinal microbiome. Because Clostridium sp. CAG_221, Lactobacillus reuteri and Prevotella copri were identified as the most abundant species in the porcine GIT microbiome, these species were included and used as a reference for bacterial-originated proteins. Furthermore, all entries for Sus scrofa and influenza A virus were included in the database. Compared to a database including all members of the porcine gastrointestinal microbiome, the amount of archaeal originated protein groups was increased from ~0.4% to ~4% of all identified protein groups through use of the reduced database.

For validation of Mascot data, Scaffold 4.8.7 and X!Tandem (version X! Tandem Alanine, 2017.2.1.4) were used. Metaproteome annotation pipeline Prophane1 was employed for taxonomic and functional protein analysis (Schiebenhoefer et al., 2020) with the same parameters as previously described (Gierse et al., 2020). The mass spectrometry proteomics data were deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the data set identifiers PXD044365.



2.5. RNA extraction, cDNA synthesis, high-throughput sequencing, and metatranscriptomic analysis

The analyzed samples were provided from the same infection trial (reference number 7221.3–1-035/17; Schwaiger et al., 2019) in which swine were infected with influenza virus A H1N1pdm09. Fecal and rectal swab samples from the swine were collected on days 0 (day of first infection), 4, 21 (day of second infection) and finally day 30 (control group) or 31 (infection group).

The preparation of the samples for sequencing was performed as published (Wylezich et al., 2018) with a few modifications. Prior to RNA extraction, the fecal samples were diluted threefold (2 g of feces and 4 mL water) and homogenized using the IKA Ultra Turrax Tube Drive System (IKA, Staufen, Germany) in an ST-20 Tube with a stirring device of 5 steel balls (5 mm) to ensure representative subsamples. Subsequently, the coarse fiber components were separated from the homogenates with single-use nylon sieves (mesh size 1 mm; Carl Roth, Karlsruhe, Germany). The rectal swab samples (Rayon and Polyester Dryswabs™, Medical Wire and Equipment, England) were incubated via shaking in 1 mL distilled water at 4°C and 1,400 rpm for 4 min (ThermoMixer®, Eppendorf, Wesseling-Berzdorf, Germany). The supernatant was then used for RNA extraction (see below).

To extract the nucleic acids, 200 μL of the feces homogenates or 250 μL of the swab supernatants were disintegrated using cryoPREP (Covaris Inc., Woburn, United States). The pulverized material from feces homogenates or swab supernatants was suspended in 800 μL or 1 mL AL lysis buffer (Qiagen, Hilden, Germany), respectively, and preheated to 56°C. Subsequently, RNA was extracted from the lysate using TRIzol Reagent (Thermo Fisher Scientific Inc., Waltham, United States) in combination with RNeasy Mini Kit (Qiagen) including on-column DNase digestion (Qiagen) according to the manufacturer’s instructions. The RNA was reverse-transcribed into cDNA with the cDNA-Synthesis System (Roche, Mannheim, Germany) and hexanucleotide primers (Roche). After fragmentation with a M220 Focused-ultrasonicator (Covaris), Ion-Torrent compatible DNA libraries were prepared using IonXpress barcode adapters (Life Technologies, Darmstadt, Germany) and a GeneRead DNA Library L Core Kit (Qiagen) according to the manufacturer’s instructions. Thereafter, size exclusion, quality control with a Bioanalyzer 2,100 and a High Sensitivity-Chip (Agilent Technologies, Santa Clara, CA, United States), and library quantification using the KAPA Library Quantification Kit (Roche) were performed. Deep sequencing of pooled sequence libraries was completed with Ion 530 Chips in 400 Bp mode on an Ion Torrent S5 XL instrument (Thermo Fisher Scientific Inc.) according to the manufacturer’s instructions.

Resulting RNA sequences were submitted to European Nucleotide Archive (ENA) under the project name “Influence of an Influenza-A-Virus infection on the respiratory and gastrointestinal tract microbiome and archaeal community composition’ (project number PRJEB42450, accession number ERP126308).

RNA sequences were quality-checked with FastQC and subsampled into rRNA and non-rRNA fractions using SortMeRNA (Kopylova et al., 2012). The resulting non-rRNA from all samples were pooled and aligned against the NC_nr database (accessed 12/03/2020) using DIAMOND (Buchfink et al., 2015). Taxonomic and functional analysis was performed in MEGAN6 Ultimate using the lowest common ancestor (LCA) algorithm (min score 50; top percent 4; min support 1; Huson et al., 2016). Taxonomic binning of the mRNA reads was done to the phylum Archaea, family Methanobacteriaceae and the genera Methanobrevibacter and Methanosphaera, respectively. Within these taxonomic bins, mRNA sequences assigned to the KEGG category “methane metabolism” were considered as methanogenesis transcripts of the respective taxa (Kanehisa and Goto, 2000).




3. Results and discussion


3.1. Alpha diversity and archaeal community composition in gut sections and feces

The microbial richness of the total prokaryotic community between the feces of naïve and infected animals demonstrates no significant difference, while the microbial diversity within the same experiment showed significant alterations in the high abundant families Prevotellaceae, Clostridiaceae and Lachnospiraceae (Gierse et al., 2021). In contrast, the comparison between feces and intestinal sections (summarized within naïve and infected individuals) indicated significant differences (p < 0.001). The number of identified taxa (represented by the amplicon sequence variant ASV) was highest in the colonal sections (avg. colon proximal 947 ASVs and colon distal 1,069 ASVs) and lowest in ileum (avg. 577 ASVs) with significant differences to intermediate fecal data (avg. 868 ASVs) (Figure 1A).
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FIGURE 1
 Alpha diversity parameters and community composition of the porcine intestinal tract (naïve and infected individuals summarized). Boxplots with total number of ASVs (A) and percentage of archaeal ASVs (B) between sample types. Barplots with total prokaryotic (bacterial and archaeal) community composition (C) and archaeal community composition (D). Color-coding represents the phylum affiliation, with Firmicutes in blue color grades, Bacteroidetes in green, Euryarchaeota in brown and Spirochaetes in yellow. Bacterial genera below 1% relative abundance were excluded and all present archaeal genera remained in the dataset.


The percentage of archaeal ASVs was highest in fecal samples (avg. 0.72%), with negligible lower amounts in the three different intestinal samples (colon distal avg. 0.66%, colon proximal avg. 0.65% and ileum avg. 0.62%; Figure 1B). Although the colonel sections had higher rates of prokaryote colonization, the relative number of archaea was rather similar between the intestinal samples.

A deeper look into the gastrointestinal compartments in Figure 1C revealed Firmicutes and Bacteroidetes as predominant phyla. This is consistent with the previously published study on the healthy cohort of an animal trial (Gierse et al., 2020) as well as other studies (Holman et al., 2017; Le Sciellour et al., 2019). Additionally, Spirochaetes and Euryarchaeota were found in the intestinal tract. The small intestine, represented by the ileum, was colonized by members of the genera Clostridium, Terrisporobacter and Romboutsia, whereas the compartments of the large intestine and feces are primarily dominated by Lactobacillus, Ruminococcus and Prevotella spec. These intestinal section-dependent shifts were also observed within the archaeal community composition. While the relative abundances of the three dominant archaeal genera in the small intestine (Methanobrevibacter, Methanosphaera and Methanomethylophilaceae) were below 0.5%, between 4 and 7% of these members were found in the colonal sections and feces. The overall increasing relative abundance in methanogenic archaea in the biological course of the intestinal tract was characterized by a significant increase of Methanobrevibacter (p < 0.05) and Methanosphaera (p < 0.05), especially between the ileum and feces. In contrast, Methanomethylophilaceae showed stable but very low relative abundances ranging from 0.075% up to 0.1% along the natural course of the intestinal tract.

Within the archaeal community, the relative abundance of Methanobrevibacter increases significantly (p = 0.028) from 44.2% in the ileum to 59% in feces (Figure 1D). A possible consequence of this shift is that methane formation via hydrogenotrophic CO2 reduction increases relatively along the natural course of the intestines. In a recent study, Mi et al. (2019) sequenced mcrA gene amplicons and identified similar abundances of colonic digesta of Chinese pigs, with a Methanobrevibacter abundance 57%. In our study, methylotrophic Methanosphaera were present in 40.2% of the ileum samples, 46.8% of colonic sections (44% proximal and 49.7% distal) and 39.3% of fecal samples. Although the differences between the intestinal sections were insignificant at the 0.05 threshold, one could assume higher rates for methylotrophic methanogenesis in the large intestines compared to fecal samples. Mi et al. (2019) described a lower relative abundance for Methanosphaera of 14% and a higher relative abundance of Methanomassiliicoccales of 15%.

We further investigated this longitudinal dynamic in highly abundant genera in the dissimilarity analysis at the end of section 3.2.



3.2. Temporal dynamics of archaeal phylotypes in feces

We have analyzed the temporal dynamics of the archaeal microbiome of pigs over the course of 1 month, which was a substantial part of the animal’s life span both in typical animal experiments (Kim et al., 2011; Le Sciellour et al., 2019; Mi et al., 2019; Wang et al., 2019), and livestock swine (Gutierrez et al., 2015). There were clear treatment-dependent differences between the archaeal community composition of healthy and influenza A virus-infected individuals (Figure 2).
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FIGURE 2
 Temporal dynamics of archaeal phylotypes in feces of healthy and Influenza A virus-infected swine. Bubble plot of the 12 most abundant ASVs and corresponding Blast output to species level with highest sequence identity with Mb. = Methanobrevibacter and Ms. = Methanosphaera, and on family level with Methanomethylophilaceae. Bubble size indicates the absolute amount of archaeal read counts per million sequences (archaea and bacteria).


The majority of ASVs in the porcine intestinal tract belong to the species Methanobrevibacter millerae, followed by Methanosphaera cuniculi and Methanobrevibacter boviskoreanii, together representing 80–90% of the archaeal community. In contrast to pigs, predominant phylotypes of the human intestines were Methanobrevibacter smithii and Methanosphaera stadtmanae (Miller et al., 1982; Dridi et al., 2009). As in our porcine model organism, Methanosphaera cuniculi was recently reported in human intestines (Chibani et al., 2022).

Initial structural and functional indications of a respiratory tract infection with influenza A virus on the gastrointestinal microbiome via metaproteome analysis were reported in a related study of Gierse et al. (2021). Microbial richness, bacterial diversity and central enzymes were significantly affected by the infection and indicate intestinal disturbances, most likely caused by the IAV infection. In our dataset from the same animal trial (Schwaiger et al., 2019; Gierse et al., 2021) the number of Methanobrevibacter boviskoreanii (ASV4) reads was significantly reduced by first Influenza A virus infection (d0, p < 0.01), whereas the naïve animals showed rather stable read counts. On the other hand, the unique ASV7, Methanosphaera stadtmanae, only occurred in the infected animals on day 2 post-infection and was absent in the naïve animals, which is possibly indicative of a treatment dependent effect (p < 0.001). Additional significant differences (p < 0.01) between the naïve and the H1N1 infected animals were observed for the predominant Methanosphaera cuniculi (ASV2), Methanobrevibacter millerae (ASV5) and within the family Methanomethylophilaceae (ASV6).

A phylogenetic analysis of methanogens in swine feces by Mao et al. (2011) indicated that the majority of present phylotypes belonged to Methanobrevibacter spp., followed by Methanosphaera stadtmanae and, with a lower percentage in sequence similarity, Aciduliprofundum boonei. The study of Guindo et al. (2021) identified Methanobrevibacter smithii as the most prevalent and Methanobrevibacter millerae as a minor dominant in the pig’s digestive tract via real-time PCR and PCR sequencing. Contrary to this study, we observed a minor prevalence for Methanobrevibacter smithii (ASV11) but identified Methanobrevibacter millerae (ASV1, ASV3, ASV5, and ASV12) as the most dominant phylotype in our dataset.

Similarly, Federici et al. (2015) described a strong significant shift from Methanobrevibacter smithii to Methanobrevibacter boviskoreanii due to weaning, which could be an explanation for the high abundance of Methanobrevibacter boviskoreanii and slightly decreasing occurrence of Methanobrevibacter smithii, particularly within the healthy pigs of our study.

The absence of Methanosphaera stadtmanae (ASV7), an H2-and methanol-dependent methanogen (Saengkerdsub and Ricke, 2014), in the healthy cohort (see Figure 2) could lead to the assumption of a decreased level of the methylotrophic methanogenesis pathway compared to the infected cohort. However, the predominant ASV2 Methanosphaera cuniculi was significantly higher in the healthy cohort, which could have a balancing effect on methane formation between these two groups.


3.2.1. Dissimilarity analysis revealed treatment and sample type-specific clustering

The overall view on the nonmetric multidimensional scaling (nMDS) plots (Figures 3A,B) reveals treatment-and sample type-specific clustering in the archaeal community composition. Only within the three healthy animals (represented by blue squares), two distinct sex-dependent clusters (female in the upper left area) could be seen (Figure 3A). However, within the larger infected cohort, there was no sex-dependent clustering. Although there are more infected animals in the dataset, the H1N1 infection seems to spread out the archaeal community composition of the intermediate (d7-d21) time points. There was a large spread between the community composition of the naïve animals with the H1N1 infected animals (p < 0.05). The majority of the healthy individuals cluster around the origin, except for the healthy female individual spreading to the upper left area.
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FIGURE 3
 Temporal and longitudinal development of the archaeal community composition in swine feces and intestinal samples. Nonmetric multidimensional scaling (nMDS) plots, based on Bray-Curtis dissimilarities of the archaeal community composition over 31 days in feces on ASV-level [(A), n = 19] and of different intestinal locations and feces from the individuals [(B), n = 6]. Treatment in (A) and (B) is represented by the colors blue (healthy) and red (H1N1-infected). Sample type in (B) is represented by the shape and polygon areas highlighting the location-specific clustering. The ileal data points are located on the right, while the colonal and fecal data points are clustered on the left of the plot.


Effects of sample location-specific clustering in the intestinal microbiome (Figure 3B), previously described in Gierse et al. (2020), was also apparent in the archaeal community composition. The datapoints of the fecal samples and the content of the colonal sections (distal and proximal) were in close proximity to one another (depending on sex, where the isolated upper left area represents the female animal). In contrast, the ileal data points cluster in the right area (p = 0.001). This clustering coincides with the observation of increased archaeal relative abundance in both groups (Figures 1C,D).




3.3. Functional analysis of the archaeal metatranscriptome and metaproteome


3.3.1. Metatranscriptomics of fecal samples revealed dominant pathways in Methanobrevibacter and Methanosphaera spp.

Metatranscriptomic methods were used to identify the types of methanogenesis carried out by the gut archaea. Total RNA metatranscriptomes of healthy and infected individuals resulted in 746,485 mRNA transcripts, most of which originated from bacteria (97%). More than 12,500 mRNAs were classified as archaea (1.7%). Among those, the majority (12,067) were classified as belonging to Methanobacteriaceae. Functional annotation using the KEGG database revealed that approximately 50% of the mRNA reads were associated with the functional category methane metabolism. The largest fraction of mRNA was from genes encoding components of the C1-carrier pathways [methyl-branch of the Wood-Ljungdahl pathway (Borrel et al., 2016; Adam et al., 2019)] and the methyltransferase system. Other abundant functional categories included important modules of methanogenesis, such as methyl-coenzyme M reductase, heterodisulfide reductase and formate dehydrogenase.

The analysis of the transcriptomes revealed that the type of methanogenesis was genus-specific. In accordance to literature (Liu and Whitman, 2008), the transcriptional pattern of the two dominant Methanobrevibacter species identified (Mb. millerae and Mb. boviskoreanii) indicated a hydrogenotrophic mode of methanogenesis (Figure 4). Transcripts of all main modules were rather abundant, such as those of proteins from electron donating reactions (i.e., formate dehydrogenase, coenzyme F420 dependent and coenzyme F420 independent hydrogenases). Transcripts of C1-carrier proteins and the core methanogenesis module consisting of mcr and heterodisulfide reductase comprised a substantial fraction as well. This is consistent with a hydrogenotrophic mode of methanogenesis and formate as an important electron donor for these dominant gut archaea (Rea et al., 2007).
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FIGURE 4
 Overview of methane metabolism-related mRNA transcripts for the family Methanobacteriaceae (left) and a heatmap detailing the enzymatic distribution for the predominant archaeal genera Methanobrevibacter and Methanosphaera (right).


Many fewer transcripts were obtained from the genus Methanosphaera. Here, 16S rRNA genes identified Ms. cuniculi as the dominant species, while Ms. stadtmanae was only detected at low abundances (Figure 2). Nevertheless, a methylotrophic mode of methanogenesis can be derived from the mRNA pattern (Figure 4). More than 60% of the transcripts originated from the methanol-specific methyl-group transfer complex consisting of methanol: corrinoid methyltransferase, the methanol-specific corrinoid protein and the methanol:corrinoid protein CoM methyltransferase. The Mcr as well as Hdr/Hyd complex were also well-represented among the transcripts (Figure 4). This is in accordance with a methylotrophic mode of methanogenesis, where methanol is being reduced to methane with electrons derived from hydrogen reduction (Biavati et al., 1988; Fricke et al., 2006; Söllinger et al., 2018). Similar to the observations in Figure 1, we were not able to identify genes of members of the order Methanomassiliicoccales in the metatranscriptomes of fecal samples.



3.3.2. Signatures of IAV infection in archaeal proteome?

In the context of treatment-specific differences, Gierse and colleagues revealed that infection with the influenza A virus caused longitudinal alterations in the bacterial community composition, metaproteome and metabolome data within the samples of their animal trial. Predominant bacterial families were significantly reduced and specific enzymes involved in short-chain fatty acids (SCFA) synthesis were increased, a conclusion which was confirmed by the metabolome data (Gierse et al., 2021).

In supplemental findings, we have analyzed the specific archaeal proteome (2–3% of the total metaproteome) to illuminate previously unknown effects of an influenza A virus infection on structure and function of the archaeal community composition in swine gastrointestinal tracts. A list of the functional categories is included in Table 2. The output of the longitudinal scheme (from day 0 to day 31, see Table 1) was also included to provide a better overview of the study.



TABLE 2 Overview of the general functional categories of the identified archaeal proteome shown in relative abundance.
[image: Table2]

Central functions of the archaeal metaproteome were significantly changed in the gastrointestinal tract of the H1N1 infected swine. In particular, proteins assigned to the functional categorie “energy production and conversion” was significantly reduced due to the infection. Conversely, levels of proteins involved in “transcription,” “signal transduction” and secondary metabolites biosynthesis increased significantly. Similar observations were described in the study of Gierse, in which clear alterations in the high abundant protein categories were evident in the early days following infection (Gierse et al., 2021).

A detailed analysis on predominant metabolic functions in the functional group “energy production and conversion” was the iron-containing metalloprotein Rubrerythrin (8.22% in healthy and 9.30% in infected). The second most abundant was a specific C1 carriage protein catalyzing the reduction of methylene H4MPT to methyl H4MPT, which had an average relative abundance of 8.67% in healthy and 2.42% in infected animals.

Despite these compelling signatures, the occurrence of archaeal protein groups in the metaproteome dataset was relatively minor [~2%, (Gierse et al., 2021)] compared to the presented 16S rRNA gene sequencing data, where archaea represent approximately 5–7% of the fecal community. However, their relative abundance might be overestimated with 16S rRNA gene sequencing due to potential amplification biases during PCR.





4. Conclusion and outlook

To our knowledge, this study is the first to describe a detailed pathway analysis of intestinal methanogenesis using comparative and integrative approaches of state of the art 16S rRNA gene sequencing, metatranscriptomics and metaproteomics. Ultimately, the study extended the knowledge of methanogens in the porcine intestinal tract by (1) providing insights into the dynamic composition of the archaeome along the intestinal tract, (2) verifying distinct methanogenesis pathways to the core archaea and (3) showing a minor impact of an IAV virus infection onto the swine archaeome. Focusing on temporal effects of the Influenza A virus infection, we observed that 5 of 12 phylotypes significantly changed between the naïve and H1N1 infected cohorts.

We identified different dominant phylotypes from both Methanobrevibacter and Methanosphaera via 16S rRNA gene sequencing. Then, we confirmed these observations with archaeal mRNA transcripts by assigning hydrogenotrophic and methylotrophic modes of methanogenesis to the predominant genera and phylotypes. Transcripts of all main methanogenesis modules were identified, and were found to be dominated by C1 carrier and methyl-coenzyme M reductase modules.

Furthermore, we described infection-induced signatures in highly abundant central metabolic functions within the archaeal proteome. Central metabolic functions, such as energy production, transcription, and signal transduction mechanisms, were significantly changed.

Despite the broad variety and volume of data generated by 16S rRNA gene sequencing, proteome and transcriptome techniques, the absolute quantity of methane formation in the intestines within the context of infections remains unknown and offers the opportunity for further investigations with focus on greenhouse gas emissions and livestock.
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Introduction: Anaerobic oxidation of methane (AOM) is hypothesized to occur through reverse hydrogenotrophic methanogenesis in marine sediments because sulfate reducers pull hydrogen concentrations so low that reverse hydrogenotrophic methanogenesis is exergonic. If true, hydrogenotrophic methanogenesis can theoretically co-occur with sulfate reduction if the organic matter is so labile that fermenters produce more hydrogen than sulfate reducers can consume, causing hydrogen concentrations to rise. Finding accumulation of biologically-produced methane in sulfate-containing organic-rich sediments would therefore support the theory that AOM occurs through reverse hydrogenotrophic methanogenesis since it would signal the absence of net AOM in the presence of sulfate.

Methods: 16S rRNA gene libraries were compared to geochemistry and incubations in high depth-resolution sediment cores collected from organic-rich Cape Lookout Bight, North Carolina.

Results: We found that methane began to accumulate while sulfate is still abundant (6–8 mM). Methane-cycling archaea ANME-1, Methanosarciniales, and Methanomicrobiales also increased at these depths. Incubations showed that methane production in the upper 16 cm in sulfate-rich sediments was biotic since it could be inhibited by 2-bromoethanosulfonoic acid (BES).

Discussion: We conclude that methanogens mediate biological methane production in these organic-rich sediments at sulfate concentrations that inhibit methanogenesis in sediments with less labile organic matter, and that methane accumulation and growth of methanogens can occur under these conditions as well. Our data supports the theory that H2 concentrations, rather than the co-occurrence of sulfate and methane, control whether methanogenesis or AOM via reverse hydrogenotrophic methanogenesis occurs. We hypothesize that the high amount of labile organic matter at this site prevents AOM, allowing methane accumulation when sulfate is low but still present in mM concentrations.
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1. Introduction

Atmospheric methane concentrations from all sources have more than doubled from 0.7 to 1.9 ppmv since the pre-industrial era (Etheridge et al., 1998; US Department of Commerce, 2023). Methane contributes 20% of total greenhouse gas emissions, largely originating from the microbial process of methanogenesis (Wuebbles and Hayhoe, 2002). Methanogenesis has three main pathways: hydrogenotrophic using hydrogen and carbon dioxide, acetoclastic using acetate, and methylotrophic using methylated compounds, with hydrogenotrophic methanogenesis often being the most prevalent type in marine sediments (Liu and Whitman, 2008). All types of methanogenic pathways use the methyl coenzyme M reductase (MCR) enzyme to catalyze the final step of methane production. The same gene is used in reverse methanogenesis, also called the anaerobic oxidation of methane (AOM), as well (Hallam et al., 2004; Scheller et al., 2010; Soo et al., 2016; Yu et al., 2022). In many types of marine sediments, more than eight times more methane is biotically produced in the sediment than is released into the overlying water (Reeburgh et al., 1991; Mau et al., 2017; Ruffine et al., 2018). This disparity is predominantly due to sulfate-dependent AOM, which oxidizes much of the methane to carbon dioxide before it can escape the sediment column (Reeburgh, 2007), though AOM can also rely on other electron acceptors like nitrate, nitrite, and metal ions (Muyzer and Stams, 2008; Beal et al., 2009; Haroon et al., 2013; Timmers et al., 2017; Zhang et al., 2022).

In marine sediment, sulfate-dependent AOM can occur through either reverse hydrogenotrophic methanogenesis coupled to sulfate reduction, also known as interspecies hydrogen transfer (Hoehler et al., 1994, 1998; Timmers et al., 2017) or via direct interspecies electron transfer to a sulfate reducer (McGlynn et al., 2015; Wegener et al., 2015). AOM defines methane dynamics in marine sediment, so understanding the role of these two different mechanisms is key. Evidence for reverse hydrogenotrophic methanogenesis coupled to sulfate reduction comes from the fact that net methane oxidation only occurs when hydrogen concentrations drop low enough to make reverse hydrogenotrophic methanogenesis sufficiently exergonic to meet microbial energy demands (Hoehler et al., 1994). Hydrogen has been shown to control the direction of methane production or oxidation in enrichments of methanogen-like archaea Methanosarciniales (ANME-2) and ANME-1 (Yoshinaga et al., 2014; Wegener et al., 2015). Pure cultures of methanogens produce hydrogen from methane while under low-hydrogen conditions, though they do not sustain this process at a high rate for more than a few hours (Valentine et al., 2000). Methanosarcina barkeri, another methanogen, has recently been characterized as capable of AOM (Yu et al., 2022). On the other hand, evidence that the mechanism of AOM occurs through direct electron transfer, independently of a molecular intermediate comes from the presence of nanowire-like appendages on ANME-1 (Wegener et al., 2015) and multiheme cytochromes on consortia of the Methanosarciniales (ANME-2) that have been shown to conduct electricity (McGlynn et al., 2015). ANME-2 exhibits the use of artificial electron acceptors for methanotrophy (Scheller et al., 2016), suggesting that sulfate is not necessary as the sink for electrons from methane oxidation, though some mean of transporting electrons is necessary. These studies with direct electron transfer were conducted in deeply-sourced methane seeps, so they deserve more study in coastal marine sediments.

If the mechanism of the apparent sulfate-driven control of methane is due to the balance between biological hydrogen production and consumption, rather than direct electron transfer from methane to sulfate, then AOM and methanogenesis should be decoupled from the presence of sulfate in areas of high organic matter content where hydrogen supply can overwhelm sulfate reduction. In one example of this, high concentrations of fermentative products in highly labile sludge reactors support simultaneous sulfate reduction and methanogenesis (Santegoeds et al., 1999). Additionally, incubations of marine sediments show methane production occurring with sulfate present, even when methane does not accumulate (Timmers et al., 2015; Sela-Adler et al., 2017; Xiao et al., 2017; Maltby et al., 2018; Kevorkian et al., 2022). AOM and methanogenesis should also occur nearly simultaneously when hydrogen concentrations get low, regardless of the organic matter content, since pockets of sulfate depletion may allow hydrogen to increase in microenvironments, supporting ephemeral methanogenesis even during AOM (Knab et al., 2008). In support of this, radioactive tracer experiments have shown hydrogenotrophic methane production at depths where AOM prevents methane accumulation (Hoehler et al., 1994; Parkes et al., 2007; Beulig et al., 2019; Krause et al., 2023). Biotic methane production has been shown to occur in the upper few cm of marine sediments in the presence of abundant sulfate (Xiao et al., 2017, 2018). This is partly due to methylotrophic methanogens which do not have to compete with sulfate reducers (Xiao et al., 2018), yet hydrogenotrophic methanogens also are present, suggesting that hydrogenotrophic methanogenesis also contributes (Xiao et al., 2017). The MCR-containing microorganisms present in sulfate-rich non-methane-accumulating sediments have been found to be diverse, spanning many genera within Methanomicrobiales, Methanosarciniales, and ANME-1 (Lloyd et al., 2011; Kevorkian et al., 2021; Krause et al., 2023). Cultured representatives of the Methanomicrobiales generally use hydrogen with carbon dioxide or formate, and those from the Methanosarciniales can also use acetate and methylated compounds, some obligately so. There are no pure cultures from ANME-1, but enrichments and experiments on natural sediments suggest they may alternate between AOM and hydrogenotrophic methanogenesis (Lloyd et al., 2011; Kevorkian et al., 2021; Krause et al., 2023).

To help distinguish between the two mechanisms, we examined downcore geochemistry and microbiology in marine sediments. Methane usually does not accumulate in marine sediments until a depth where sulfate, which diffuses into sediments from the overlying water, is depleted (Reeburgh, 2007). This is due to two reasons: (1) sulfate-reducing bacteria keep the hydrogen and acetate produced by fermentation of organic matter low enough that most methanogenesis is thermodynamically inhibited, and (2) AOM occurs either because sulfate reducers pull hydrogen concentrations low enough that reverse hydrogenotrophic methanogenesis is exergonic or because anaerobic methanotrophs pass electrons directly from methane to sulfate (Reeburgh, 2007; Larowe et al., 2008). Below the depth where sulfate is consumed, hydrogen increases, methanogenesis is no longer inhibited, and methane accumulates (Hoehler et al., 2001). Observing methane accumulation due to diffusion from below and no AOM in the presence of sulfate in sediments would provide another piece of support for the theory that AOM occurs through reversible hydrogenotrophic methanogenesis via interspecies hydrogen transfer to a sulfate reducer. Such a result would suggest that methanogenesis and AOM are indirectly dependent on the presence of sulfate, and that AOM can be inefficient, even when sulfate is present. Organic-rich sediments such as those of Cape Lookout Bight (CLB), North Carolina (Hoehler et al., 1994; Martens et al., 1998) and Beidagang Wetland Nature Reserve, China (La et al., 2022) have been shown to lack AOM through radiotracers, sulfate and methane profiles, and stable carbon isotopes, even in the presence of millimolar concentrations of sulfate. In CLB, this is because the hydrogen concentrations do not drop low enough to make reverse methanogenesis exergonic past the minimum energetically profitable ΔG of less than −10 kJ/mol (Hoehler et al., 2001). This happens because the site has a high sedimentation rate (up to 10 cm/yr) of highly labile organic carbon (Martens et al., 1998).

We examined biological methane accumulation in CLB through downcore geochemistry and 16S rRNA gene amplicon surveys, as well as incubations of whole sediments with and without 2-bromoethanesulfonoic acid (BES). BES has been shown to drive in-vitro inhibition of the MCR protein (Alperin and Reeburgh, 1985; Webster et al., 2016), therefore inhibiting methane production via BES can show if methane is being actively produced by microorganisms rather than just diffusing out of sediments after diffusing in from elsewhere. Here, we explore the biogeochemistry of these sediments by observing the changes between methane production vs. methane accumulation in sulfate-rich sediments and its relationship to the distribution of bacteria and archaea in organic-rich CLB sediments.



2. Methods


2.1. Site characteristics

Cape Lookout Bight is a 10 m deep lagoon with brackish water located on the coast of North Carolina. This site has both high organic matter and sediment deposition rates (Chanton et al., 1983; Martens et al., 1992). Sediments have been shown to be anoxic below 2 mm (Canuel and Martens, 1993).



2.2. Sample collection

Sediment samples were collected from Cape Lookout Bight, NC (34.6205 N, 76.5500 W) using SCUBA divers June 2021. We collected two large duplicate sediment cores (42 cm) and three small sediment cores (<20 cm) by pushing a polypropylene tube into the sediment and capping the ends of the tube with rubber stoppers. The large cores were sectioned at a 2 cm vertical resolution, where sediment for DNA extraction was placed into cut-off 10 mL syringes, flash frozen in dry ice, and stored at −20°C. 1 mL of sediment was placed in screw cap tubes to measure porosity. For methane measurements, 4 mL of sediment was sampled with cut-off 5 mL plastic syringes and placed in 60 mL glass serum vials containing 1 mL 0.1 M KOH and capped with butyl rubber stoppers. Methane vials were shaken to mix the KOH into the sediment and then stored upside down until measurement to prevent methane from escaping. Sediment was also centrifuged then filtered (0.2 μm) and stored in 1% ZnCl2 to measure sulfide and in 1 N HCl to measure sulfate. The three small cores were stored in the tubes used to collect them until used for incubation experiments.



2.3. DNA extraction and sequencing

DNA was extracted from 2 g of wet sediment using QIAGEN’s RNeasy Powersoil Total RNA Kit with the RNeasy Powersoil DNA Elution Kit. All steps in the supplied protocols were followed. The V4 region of the 16S rRNA gene was amplified using polymerase chain reaction (PCR) from the Earth Microbiome Project (EMB) 16S Illumina amplicon protocol and Caporaso 515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) primers. The amplified 16S rRNA products were prepared using the Illumina DNA prep kit and sequenced using an Illumina MiSeq system.



2.4. Data analysis

The sequences were analyzed in R (RStudio Team, 2020; R Core Team, 2021) with the Divisive Amplicon Denoising Algorithm (DADA2) pipeline (Callahan et al., 2016), version 1.22.0, to remove chimeras, control sequence read quality, and trim primers. Samples with poor read quality were removed from the dataset. Contaminants were removed based on the potential contaminant genera identified previously (Sheik et al., 2018) and shown in Supplementary Table S1. Taxonomy was applied by a Naïve Bayes classifier using SILVA reference sequences (Quast et al., 2013; Yilmaz et al., 2014), version 138.1, to identify taxonomy up to the genus level (assignTaxonomy function from the DADA2 package).

The resulting table contained 24,987 ASVs and a total of 4,746,347 reads over 36 samples for an average of 131,843 reads per sample (Supplementary Table S1). The relative abundance of ASVs was calculated based on ASV counts and the sum of total ASV counts. Alpha diversity (Chao 1, Shannon, and Simpson indices) and beta diversity using non-metric multidimensional scaling (NMDS) ordination and Bray–Curtis dissimilarity distances were calculated using the phyloseq package (McMurdie and Holmes, 2013), version 1.38.0.

Plots of taxonomic abundance were plotted using the ggplot2 package (Wickham, 2016) to aid in data visualization. All helper packages and versions are listed in Supplementary Table S2. All raw sequences have been deposited in the NCBI bank under the Accession ID PRJNA949635. All code is available on GitHub at https://github.com/gagecoon/clb21.



2.5. Porewater measurements


2.5.1. Porosity

Sediment from the large cores were weighed in plastic screw cap 2 mL tubes. 1 mL of sample was taken from each 2 cm interval sectioned from the core. The screwcap tubes were placed without a lid in an oven for 1 month at 55°C. After 1 month, the samples were weighed, and porosity (Φ) was calculated using the following formula:

[image: image]

Where mw denotes the wet mass, md denotes the dry mass, ρpw denotes the porewater density, and ρsm denotes the solid matter density. Porewater density was assumed to be 1.025 g/cm3 and solid matter density was previously measured as 2.34 g/cm3 (Alperin, 1988). This procedure was repeated once again after the first results were collected for validation.



2.5.2. Sulfide

Hydrogen sulfide samples were preserved in 1% ZnCl2 and measured with an adapted Cline assay for S− measurements. Dilutions of sulfide samples were added to plastic cuvettes with diamine and Fe3+ to yield methylene blue (Cline, 1969). The methylene blue product was measured at 667 nm using a NanoDrop 2000 spectrophotometer and corrected for the dilutions used to maintain absorbance between 0.1 and 0.9.



2.5.3. Sulfate

Sulfate tubes were measured via ion chromatography (IC) using a Dionex ICS-2100 system equipped with a 4 mm × 250 mm IonPac AS18 hydroxide-selective anion-exchange column using KOH as the eluent. Single samples ran for 24 min each to allow chloride and sulfate anion separation.




2.6. Methane

Methane samples were collected in closed serum vials and measured with a flame ionized detector on a gas chromatograph. Vials were shaken vigorously for 1 min prior to measurement. 0.1 mL of standards and samples were injected into the gas chromatograph in triplicate. Methane concentrations in mM were calculated from the formula:
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Where ppm is calculated from the standard curve with the same volume injected into the GC as the samples, Vh is the volume of the headspace (55 mL), R is the universal gas constant (0.082057 L*atm/mol*K), T is the temperature of the site at the time of measurement (295 K), Φ is the sediment porosity, Vs is the volume of the sediment in the sampled serum vial (4 mL), and 1,000 is a conversion factor so concentrations are in mM.



2.7. Sediment geochemical analysis

Carbon and nitrogen concentrations (total, organic, and inorganic) and isotopic signatures (δ13C and δ15N) were measured by grinding dry sediment in a mortar and pestle to create a fine powder. To determine organic content, sediment was subsampled into unacidified sediment and acidified sediment. Acidified sediment was treated with 1 mL of 1 N HCl per 0.3 g sediment. 20–25 mg of dry sediment in tin capsules was measured using a Costech ECS4010 Elemental Analyzer paired to a Thermo-Finnigan Delta + XL mass spectrometer via a Thermo-Finnigan Conflo III. The setup used helium gas and a high temperature, >1,000°C, to analyze the sediment. Organic concentrations of carbon and nitrogen were calculated by the difference between inorganic and total carbon and nitrogen concentrations, respectively.



2.8. BES incubation—methanogenesis inhibition


2.8.1. Experiment 1

For Experiment 1, one 23 cm deep core was homogenized and 30 mL of sediment was placed into each of 17 autoclaved 60 mL glass serum vials and capped with thick rubber butyl stoppers. Samples had 5 mL of either 0, 20, or 30 mM of autoclaved 2-bromoethanesulfonic acid (BES) in autoclaved anoxic saline solution (0.29 M NaCl). There were three replicates with 0 mM BES (controls), seven with 20 mM BES, and seven with 30 mM BES, where these concentrations are final volumes accounting for mixing with porewater. Headspaces were gassed out, i.e., sparged with one gas line and two needles, with O2-scrubbed N2 to create anoxic conditions. These vials were incubated at 37°C while being shaken in the dark. Vials were removed from incubation and the headspace measured for methane and CO2 concentrations and methane δ13C values periodically. Serum vials were shaken for 1 min before some of the headspace (1–5 mL to keep methane concentrations in range) was injected into a Picarro SSIM2 module, diluted with zero air to be a sufficient volume for the analyzer (100 mL total), and measured for methane and CO2 concentrations and methane δ13C values on the Picarro G2201-i cavity ring-down spectrometer.



2.8.2. Experiment 2

Experiment 2 was a long-term incubation of two halves of two 16 cm cores – 0–8 cm and 8–16 cm depth sections. Each half of each core was homogenized and 30 mL of sediment was separated into five subsamples, three of which were treated with 5 mL of 20 mM (final volume) autoclaved BES in autoclaved anoxic saline solution (0.29 M NaCl) and two of which were treated with 5 mL of anoxic saline solution to act as controls. This sediment was placed in autoclaved 60 mL glass serum vials and capped with thick rubber butyl stoppers. In total, there were six vials treated with BES for 0–8 cm, three from one core and three from the other, six vials treated with BES for 8–16 cm, three from each core, four treated with no BES for 0–8 cm, two from each core, and four treated with no BES for 8–16 cm, two from each core. These were gassed out, i.e., sparged, with O2-scrubbed N2 to create anoxic solutions, incubated at 37°C while being shaken in the dark, and measured identically as experiment 1. Serum vials were shaken for 1 min before some of the headspace (1–5 mL to keep methane concentrations in range) was injected into a Picarro SSIM2 module, diluted with zero air to be a sufficient volume for the analyzer (100 mL total), and measured for methane and CO2 concentrations and methane δ13C values on the Picarro G2201-i cavity ring-down spectrometer.





3. Results


3.1. Sediment geochemistry and porewater analysis

Methane and sulfide increase while sulfate decreases with depth in both cores (Figure 1); however, a canonical sulfate methane transition zone, where methane only begins to accumulate when sulfate is depleted, is not present in either core. Instead, methane begins accumulating while sulfate is abundant, at 6 mM and 8 mM for cores 1 and 2, respectively. Methane concentrations increase linearly rather than concave-up, e.g., with a strong methanocline, indicating a lack of net AOM, consistent with previous results from this site (Hoehler et al., 1994; Martens et al., 1998). The concavity of sulfate concentrations in core 1 and the increase in sulfide with depth in both cores demonstrate biological sulfate reduction, even as methane increases below 32 cm in core 1 and 34 cm in core 2. In core 1, methane remains less than 0.1 mM until 32 cm below sea floor (cmbsf) where it increases steadily. Methane accumulates to full saturation (1.5 mM) while sulfate concentrations are still around 5 mM at ~40 cmbsf. In core 2, methane gradually increases up to more than 0.7 mM with sulfate around 5 mM at ~40 cmbsf but never reaches full saturation within the depths sampled. The decrease in sulfate strongly correlates with the increase in sulfide between both cores (R2 = 0.75, p-value = 2.412e-12, DF = 36, t-value = −10.36, Supplementary Figure S5). Porosity mostly ranged from 70 to 85% and trended down with depth in both cores which can increase the potential aqueous methane concentrations as lower porosity increases calculated aqueous methane values (Supplementary Figure S1). DNA yields also decreased with depth (Supplementary Figure S1). Total organic carbon (TOC) concentrations ranged from 2.4 to 5.4% and C/N ratios were 9–14 (Figure 2), typical for high organic matter sites (Fuller et al., 2021). Organic matter was largely a mixture of terrestrial run-off and phytoplankton production (Buongiorno et al., 2019) with δ13C values −18 to −23 ‰ (Figure 2).
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FIGURE 1
 Downcore geochemistry and microbial composition. Concentrations of methane (A,F), sulfate (B,G), and sulfide (C,H). 16S rRNA gene amplicon relative abundances for likely methane-cycling archaea (D,I), and likely sulfate-reducing microbes (E,J), identified based on their similarity to cultured organisms (Muyzer and Stams, 2008; Winderl et al., 2010; Waite et al., 2020; Boeuf et al., 2021; Murphy et al., 2021; Umezawa et al., 2021; Malfertheiner et al., 2022; Seidel et al., 2023). Core 1 is on top and core 2 is on the bottom. Methane error bars denote triplicate measurements on a single sample. Dashed lines on methane plots denote the depths where methane accumulates below. Legends for likely methanogens/methanotrophs and likely sulfate-reducing microbes are the same for each core.


[image: Figure 2]

FIGURE 2
 Elemental analysis. Downcore total organic carbon (TOC) concentrations (A, ranging from 2.4 to 5.4%), carbon to nitrogen ratios (B, ranging from 9 to 14), and organic stable isotope ratios (C, ranging from −18 to −23‰).




3.2. Microbial diversity of Cape Lookout Bight

Alpha diversity (Shannon index) of the 16S rRNA gene ASVs is 8.10 for all ASVs and 7.99 and 8.12 for core 1 and 2, respectively (Supplementary Figure S2). Non-metric multidimensional scaling (NMDS) ordination (stress <0.1) of Bray-Curtis dissimilarity distances for analyzing beta diversity show a strong correlation in taxonomy based on depth rather than which core they are from, signaling depth is a driving factor of microbial diversity present (Figure 3). Points on the NMDS plot are more distant at shallow depths while deeper microbial communities are more similar to each another, representing a convergence in communities with depth. Of the 24,987 observed ASVs (4,746,347 reads), 84.5% are Bacteria while the other 15.5% are Archaea. The total microbial distribution of phyla is shown in Supplementary Figure S3. There are 27 phyla with more than 1% abundance by ASV, and those with less than 1% are grouped into one category.
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FIGURE 3
 Beta diversity. NMDS of Bray-Curtis dissimilarity distances signifying depth is a driving factor of 16S rRNA gene ASV diversity.




3.3. Composition of methane-cycling archaea and sulfate-reducing bacteria

While sulfate is still in the mM range, total methanogen abundance in sediment is 0.64% by amplicon count and 1.98% below 32 cm. The exact averaged percent between cores per depth is in Supplementary Table S2. For both cores combined, ANME-1b (Ca. Methanophagales) comprises 94% of the ANME archaea population by amplicon read abundance (12,533 ANME-1b reads/13,289 ANME archaea reads), which has the most abundant reads among likely methanogens/methanotrophs, at 36.1%. The rest of the community of likely methanogens/methanotrophs consists of 27.6% Methanofastidiosales, 20.4% Methanosarciniales, 16.3% Methanomicrobiales, 1.7% Methanomassiliicoccales, and <0.1% Methanocellales. Methanomassiliicoccales and Methanofastidiosales are known to only use methylated compounds for methane production (Nobu et al., 2016; Vanwonterghem et al., 2016; Kröninger et al., 2017; Söllinger and Urich, 2019). Cultured representatives of all other methanogens can use the hydrogenotrophic pathway except Methanosarciniales which is capable of using all three methanogenic pathways, hydrogenotrophic, methylotrophic, and acetoclastic (Buan, 2018). Methanofastidiosales reads have no family-level assignment, Methanosarciniales are 58.6% Methanosaetaceae, 34.8% Methanosarcinaceae, and 10% ANME 2a/2b and 2c. Methanomicrobiales are 62.7% Methanomicrobiaceae, <0.1% Methanospirillaceae, and the rest have no family-level assignment. There is a large abundance of reads for sulfate-reducing bacteria with Desulfatiglans having the most at 159,603 reads, SEEP-SRB1 having 51,198 reads, SVA0081 sediment group having 43,336 reads, and the rest having less than 10,000 reads. The most populous class is Desulfobacteria (Figure 1) and contributes the majority of class-level taxonomy identified. On average, Desulfobacteria makes up 6–9% of total abundance. Methanofastidiosales (WSA2) and Methanosarciniales, both likely capable of methylotrophic methanogenesis (Reeve et al., 1997; Nobu et al., 2016), were present in the depths with little to no methane accumulation (Figure 1). The relative abundance of ANME-1 and Methanomicrobiales increase rapidly below 34 cmbsf in both cores, showing growth of the hydrogenotrophic methanogen community when methane accumulation occurs. The total relative abundance of likely sulfate-reducing bacteria remains similar throughout the cores. SEEP-SRB1, a sulfate-reducing bacteria with established connections to ANME archaea via consortia (Orphan et al., 2001), decreases with depth (R2 = 0.19, p-value = 0.004913, DF = 34, t-value = −3.009). 16S rRNA gene amplicon relative abundance of ANME-3, in the Methanococcoides, correlates with those of cultured groups of hydrogenotrophic methanogens seen during methane accumulation in Supplementary Figure S4. Likely methanogens/methanotrophs and sulfate reducers comprise a small proportion (<10%) of the total microbial population, as is commonly found in marine sediments (Colwell et al., 2008; Beulig et al., 2019; Kevorkian et al., 2022).



3.4. BES incubation—methanogenesis inhibition

Whole sediment incubations with BES (both 20 mM and 30 mM BES) in incubation experiment 1 show inhibition of methane production relative to BES-free controls for at least 28 days (p < 0.01 for 0 mM vs. 20 mM and 30 mM treatments, two-tailed t-test, DF = 7; Figure 4). During this time, the BES-free controls increased headspace methane concentrations to ~1,500 ppm, while methane did not increase at all in the vials with 20 mM and 30 mM BES (Figure 4). After the first month, BES inhibition was alleviated, since the 20 mM and 30 mM BES incubations increased in headspace methane concentrations. Biological BES degradation has previously been observed in microbial fuel cells (Rago et al., 2015) and community changes have been observed in BES incubations (Whiticar, 1999), suggesting that degradation of BES over time may have decreased its ability to inhibit methanogenesis. In all incubations, δ13C values for methane decrease, showing 13C-depletion from methanogenic inputs, about 20 days after methane concentrations start to increase. This lag time could show initial methylotrophic methanogenesis which does not have such a large isotopic fractionation as hydrogenotrophic or acetoclastic methanogenesis (Conrad, 2005; Salvador et al., 2019). The CO2 production was similar in all three experimental conditions, suggesting that the BES-inhibition of methane production was not due to general toxicity of BES to the microbial community.
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FIGURE 4
 Incubation experiment 1. Bromoethanesulfonate (BES) experiment 1 results show suppression of methane production (A) with BES for 28 days, while CO2 production was enhanced with BES (B) and δ13CH4 shows no decrease until 40 days with BES (C). The different colors represent replicate incubations and are only there to help track one replicate throughout the whole time. Rows show 0 mM, 20 mM, and 30 mM BES, top to bottom.


In incubation experiment 2, methane production is inhibited in both the 0–8 cm and 8–16 cm sediment sections, since uninhibited headspace methane concentrations increased to a max of ~6,750 ppm over 35 days, while no increase occurred with 20 mM BES (p < 0.02 for 0 mM vs. 20 mM treatment, two-tailed t-test, DF = 11; Figure 5). As with experiment 1, inhibition of methane production was alleviated after this point, and δ13C values later decreased. The continual production of CO2 under all experimental conditions suggests that heterotrophy was not negatively affected by BES. Sediments from 0 to 8 cm produced more methane than sediments from 8 to 16 cm, especially after ~30 days in the BES experiments, after BES-inhibition was alleviated.
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FIGURE 5
 Incubation experiment 2. BES experiment 2 results show higher methane production both post-inhibition in 0–8 cm than 8–16 cm depth layers that is inhibited by 20 mM BES over 20 days and 0 mM treated incubations (A), higher CO2 production in 0–8 cm than 8–16 cm depth layers that persists in the presence of 20 mM BES (B) and δ13CH4 showing methanogenesis post-inhibition at 20 days (C). The different shapes represent replicate incubations.





4. Discussion

Downcore changes in concentrations of methane and sulfate, 16S rRNA gene amplicon surveys, and incubation results suggest that methane accumulation due to a lack of net AOM occurs simultaneously to sulfate reduction while sulfate is still abundant (6–8 mM) in Cape Lookout Bight, NC.


4.1. Methane accumulation in the sulfate-rich sediments of Cape Lookout Bight

Previous studies have shown that the shift from net methane oxidation to net methane production occurs at the inflection point where the methane curve switches from concave up to concave down (Lloyd et al., 2011). Above this depth in sediments where net AOM occurs, the δ13C values of methane show net AOM by their gradual enrichment in 13C as methane fluxes upwards, delineating the shift from biological removal to biological production (Alperin et al., 1992). This depth often has equimolar concentrations of methane and sulfate (Iversen and Jorgensen, 1985), and methane only begins to accumulate below this depth where sulfate concentrations are very low (<0.5 mM). These trends have been observed in Eckernförde Bay (Martens et al., 1998), White Oak River estuary (Lloyd et al., 2011), Skagerrak Bay (Beulig et al., 2019), Aarhus Bay (Krause et al., 2023), Santa Barbara Basin (Komada et al., 2016), and elsewhere. In contrast to these canonical methane and sulfate profiles, our results show that methane concentrations increase below ~30 cm while sulfate concentrations are high (6 and 8 mM) and reach >0.5 mM while sulfate concentrations are still high (~5 mM) in both cores. Sulfate and sulfide concentrations profiles show that this methane accumulation occurs at depth layers where sulfate reduction also occurs. Others have reported similar profiles in CLB (Hoehler et al., 1994; Martens et al., 1998; Sturdivant and Shimizu, 2017) and Beidagang Wetland Nature Reserve (La et al., 2022). This means that in CLB, sulfate may not need to be completely depleted and sulfate reduction may not need to stop before methane accumulation begins.

The increase in methane concentrations at 32 cm in core 1 and 34 cm in core 2 coincides with an increase in MCR-containing groups of archaea, such as Methanomicrobiales, Methanosarciniales, and ANME-1, all capable of hydrogenotrophic methanogenesis (Buan, 2018). We attribute these methanogens as the main drivers of methane accumulation in our samples. The only other highly prevalent methanogen, Methanofastidiosales, does not peak after 30 cm but rather gradually increases and is predicted to be only capable of methyl-based methanogenesis (Nobu et al., 2016; Vanwonterghem et al., 2016). Methanofastidiosales may be a key driver of methane production in the upper cm of sediment before methane accumulation begins. This set of methane-producing archaea are commonly seen in marine sediments (Oremland and Polcin, 1982; Thauer et al., 2008; Xiao et al., 2017). When sediment from this same site was incubated previously, many of the same archaea were present (Zhuang et al., 2017). The presence of ANME-1 in a site with no evidence for net AOM in any season provides some evidence for the ability of this clade to produce methane and drive methane accumulation in marine sediment [as suggested in Lloyd et al. (2011) and Beulig et al. (2019)], though as stated earlier there may be instances of AOM while the general process in these sediments is not methane oxidation. In estuarine sediments where AOM occurs, peaks in ANME-1 coincide with peaks in sulfate reducers (Kevorkian et al., 2021), which is not the case in our current study.



4.2. Biological methane production accounts for methane accumulation in sulfate-rich sediments

The addition of 20 or 30 mM BES stops methane from accumulating for at least 20–28 days compared to BES-free incubations. As BES inhibits the MCR enzyme essential for methanogenesis and AOM (Alperin and Reeburgh, 1985; Webster et al., 2016) and the addition inhibits methane accumulation, the methane production seen in the controls must be from a biotic source for sediments up to 23 cmbsf in experiment 1 and up to 16 cmbsf in experiment 2. This shows that depths before sulfate depletion are capable of biological methane production, whether it accumulates or not. In fact, the 0–8 cmbsf section, where sulfate concentrations were higher, has greater methane production than deeper samples.



4.3. Methylotrophic methanogenesis throughout the sulfate-rich sediments

The potential for methane production above the depth where it begins to accumulate in sulfate-rich sediments is supported by 16S rRNA results showing that methylotrophic methanogens Methanosarciniales and Methanofastidiosales are present, which have been observed in other marine sediments (Nobu et al., 2016; Zhuang et al., 2017, 2018; Xu et al., 2021). Dominance of methylotrophic methanogens in these conditions makes sense, as it has been shown that methanogens can use methylated compounds for which sulfate reducers do not compete (Zhuang et al., 2016). While methylated compounds have been shown to be at low abundance in marine sediments, depleting rapidly with depth (Henrichs and Reeburgh, 1987; LaRowe et al., 2020), thermodynamic favorability was still observed in many studies (Martens and Klump, 1984; Canfield, 1989; Xiao et al., 2017). These methylotrophic methanogens may support the small concentrations of methane above ~30 cm in these cores. Our BES inhibition experiments support the possibility of methylotrophic methanogenesis in upper sediments since the initial methane increases were not accompanied by decreases in δ13CH4 values. It is also possible that the greater methane production in the 0–8 cm (vs. the 8–16 cm sediments) after alleviation of BES inhibition was due to demethylation of BES or its degradation products. This post-inhibition methane production was much greater than that observed in the controls.



4.4. Reversible hydrogenotrophic methanogenesis

Previous work provides a possible explanation for why methane accumulates before sulfate is depleted in our cores. To meet microbial maintenance requirements, a chemical reaction cannot simply be exergonic (i.e., negative ΔG value). It must exceed the energetic demand for maintenance energy, called the “biological energy quantum,” which has been measured to be ~10 kJ/mol for hydrogenotrophic methanogenesis in CLB sediments (Hoehler et al., 2001). Given that hydrogen has a stoichiometry of 4 relative to all the other products and reactants of hydrogenotrophic methanogenesis (4H2 + CO2 → CH4 + 2H2O), hydrogen largely controls the value of ΔG (Figure 6). Hydrogen has been shown to increase slightly as sulfate starts to become energetically limiting and hydrogen concentrations rise to compensate (Hoehler et al., 2001; Zhuang et al., 2017; Kevorkian et al., 2022). Many values for hydrogen fall within the “no reaction zone” where neither forward or reverse hydrogenotrophic methanogenesis meets the biological energy quantum and therefore neither supports cellular maintenance or growth. As sulfate is depleted, the increase in hydrogen, and presumably other intermediates like acetate, enables forward hydrogenotrophic methanogenesis to support cellular maintenance. Since the CLB is an area of very high organic matter lability, hydrogen concentrations may rise high enough to prevent AOM even when sulfate is present because the fermentative hydrogen flux is so high that sulfate reducers are limited by something other than hydrogen and no longer pull it to its lowest thermodynamic limit. Evidence of this increased fermentative hydrogen flux comes from the previously mentioned high rates of sedimentation and our high TOC measurements with the main drivers of fermentation likely Chloroflexi and Bacteroidota in CLB. In sites where organic matter is more recalcitrant, simultaneous sulfate reduction and methane accumulation are often not observed (Lloyd et al., 2011). In general, there is far less energy to be gained from AOM than from hydrogenotrophic methanogenesis, not because it is an inherently less energetic reaction but because there is a lower limit on hydrogen concentrations in marine sediments. The range of hydrogen concentrations that have been previously measured in marine sediments allow for a minimum ΔG of about −25 kJ/mol for AOM and a much more energetic minimum of −45 kJ/mol for hydrogenotrophic methanogenesis (Figure 6). The exact amounts depend on the concentrations of all other constituents in the reaction, but the mathematical dominance of hydrogen on ΔG allows these estimations to be useful for comparing sediments with different hydrogen concentrations. When ΔG is more negative than −10 kJ/mol, AOM through reverse hydrogenotrophic methanogenesis meets the biological energy quantum and can support cell maintenance. When ΔG is more positive than 10 kJ/mol, hydrogenotrophic methanogenesis meets the biological energy quantum and can support cell maintenance. Between −10 and +10 kJ/mol the biological energy quantum is not met and no biologically catalyzed reaction will occur. The disparity in possible energy yields for AOM vs. methanogenesis may explain why culturing archaea in low hydrogen conditions to stimulate AOM leads to slow or no replication since having enough energy to replicate would require much lower hydrogen conditions than needed to just meet the BEQ. If AOM occurred through direct interspecies electron transfer at CLB sediments, then it should prevent the accumulation of methane when sulfate is present. Since that does not occur, reversible hydrogenotrophic methanogenesis is a more likely explanation.
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FIGURE 6
 Hydrogen controls on the ΔG of anaerobic methane oxidation. Update of the “Biological energy quantum” plot from Hoehler et al. (1994), showing the ΔG values for AOM at the range of H2 concentrations that have been measured in marine environments (0.14–205 nM) under typical conditions at CLB (Conrad et al., 1985; Hoehler et al., 1998, 2001; Lin et al., 2012; Zhuang et al., 2017; Kevorkian et al., 2022; Lappan et al., 2023). The line modeling the ΔG values was calculated based on average CH4 and HCO3− concentrations back calculated from Klump and Martens (1989) and Boehme (1993) (CH4 ≈ 0.53 mM and HCO3− ≈ 48.4 mM).


This proposed mechanism relies on excess hydrogen from high fermentation rates. Two known common phyla of fermenters are present and potentially producing much of the available hydrogen by fermenting the relatively high concentrations of organic matter (Kendall et al., 2007). Chloroflexi and Bacteroidota (also known as Bacteroidetes) are roughly a quarter of the population by amplicon count (Supplementary Figure S3). The high TOC seen in Figure 2 and the previously measured high anaerobic remineralization rates (Martens et al., 1998; Sprenger et al., 2000; Underwood et al., 2016; Kevorkian et al., 2018) suggest high levels of fermentation from these phyla and potentially others, which would yield hydrogen to help power methanogenesis in the presence of sulfate.




5. Conclusion

We present 16S rRNA data for microbial communities in duplicate cores of organic-rich sediments of Cape Lookout Bight, NC, where methane accumulates in the presence of 6–8 mM sulfate while sulfate reduction also occurs. This lack of AOM during sulfate reduction may be the result of the highly labile organic matter allowing for fermentation to supply excess hydrogen that sulfate-reducing bacteria do not completely use. Methane accumulation below ~30 cm in the sulfate-rich sediments is accompanied by increases in ANME-1, Methanosarciniales and Methanomicrobiales, but not sulfate-reducing bacteria. Methanofastidiosales is present throughout the sediments and may account for methylotrophic methanogenesis which results in little methane accumulation. Methane production throughout these sediments is biotic since it is inhibited by BES. These results support the theory of reversible hydrogenotrophic methanogenesis as the main driver for AOM and methanogenesis in coastal marine sediments since the presence of sulfate alone is insufficient to prevent methane accumulation.
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Highly purified cultures of alkaliphilic aceticlastic methanogens were collected for the first time using methanogenic enrichments with acetate from a soda lake and a terrestrial mud volcano. The cells of two strains were non-motile rods forming filaments. The mud volcano strain M04Ac was alkalitolerant, with the pH range for growth from 7.5 to 10.0 (optimum at 9.0), while the soda lake strain Mx was an obligate alkaliphile growing in the pH range 7.7–10.2 (optimum 9.3–9.5) in the presence of optimally 0.2–0.3 M total Na+. Genomes of both strains encoded all enzymes required for aceticlastic methanogenesis and different mechanisms of (halo)alkaline adaptations, including ectoine biosynthesis, which is the first evidence for the formation of this osmoprotectant in archaea. According to 16S rRNA gene phylogeny, the strains possessed 98.3–98.9% sequence identity and belonged to the obligately aceticlastic genus Methanothrix with M. harundinaceae as the most closely related species. However, a more advanced phylogenomic reconstruction based on 122 conserved single-copy archaeal protein-coding marker genes clearly indicated a polyphyletic origin of the species included in the genus Methanothrix. We propose to reclassify Methanothrix harrundinacea (type strain 8AcT) into a new genus, Methanocrinis gen. nov., with the type species Methanocrinis harrundinaceus comb. nov. We also propose under SeqCode the complete genome sequences of strain MxTs (GCA_029167045.1) and strain M04AcTs (GCA_029167205.1) as nomenclatural types of Methanocrinis natronophilus sp. nov. and Methanocrinis alkalitolerans sp. nov., respectively, which represent other species of the novel genus. This work demonstrates that the low energy aceticlastic methanogenesis may function at extreme conditions present in (halo)alkaline habitats.

KEYWORDS
methanogenesis, soda lake, terrestrial mud volcano, (halo)alkaliphily, Methanothrix, Methanocrinis


Introduction

Methanogenic archaea use four recognized pathways of methane formation determined by the substrate, namely hydrogenotrophic (utilizing H2, formate and CO), methylotrophic (dismutating C1-methylated compounds), methyl-reducing (utilizing C1-methylated compounds as electron acceptor and H2/formate as electron donor), and aceticlastic (utilizing acetate) (Evans et al., 2020; Ferry, 2020; Kurth et al., 2020). Life at high pH and high salt concentrations is energy-costly and is mostly dominated by prokaryotes with a high energy yield of their catabolism (Oren, 1999, 2011). Under alkaline conditions (>pH 9.0), hydrogenotrophic methanogenesis is considered to be the dominant methanogenic pathway (Sorokin et al., 2015; Wormald et al., 2020), and little is known about aceticlastic methanogenesis in alkaline environments. High pH favors the dissociation of acetic acid to its anion (CH3COO−), preventing transmembrane diffusion (Welte et al., 2014). Thus, under alkaline conditions, the transport of acetate into the cell depends on the acetate transporter, and aceticlastic methanogenesis is likely to be energetically less favorable than hydrogenotrophic methanogenesis (Welte et al., 2014; Wormald et al., 2020).

The acetate-dependent methanogenesis is performed only by two genera–Methanosarcina and Methanothrix (formerly Methanosaeta) (Boone et al., 2001; Akinyemi et al., 2020). Methanosarcina species are facultative acetotrophs with a low substrate affinity for acetate; many Methanosarcina spp. can also use other pathways, preferring the C1-methylated compounds as substrates. A number of Methanosarcina species have been isolated from marine habitats (Sowers et al., 1984; von Klein et al., 2002). All Methanosarcina species have pH optimum in the range of 6.0–7.5. In contrast, the genus Methanothrix includes obligately acetotrophic species with a high affinity for acetate and dominating in freshwater terrestrial habitats (Liu, 2010). Considering a very low energy yield available in obligately acetotrophic members of the genus Methanothrix, it is not surprising that, so far, only a single salt-tolerant species–“Methanosaeta pelagica”–has been found in a marine habitat (Mori et al., 2012). Recently, however, an obligate acetotrophy of Methanothrix was questioned by the discovery of the ability to utilize electrons to activate the otherwise inert CO2-reducing branch encoded in the genome, either in syntrophy with Geobacter by a direct electron transfer mechanism or in the presence of electron-conducting minerals (Rotaru et al., 2014; Zhao et al., 2018). Conversion of acetate to methane at alkaline conditions has never been demonstrated for the family Methanotrichaceae by cultivation approach, although Methanothrix-related sequences were found in the low-salt alkaline lake (Antony et al., 2012).

Organisms dominating microbial communities in saline soda lakes (at least those that were cultured) are mostly obligate haloalkaliphiles, growing optimally in Na-carbonate brines of variable concentrations with pHs above nine. The cultured haloalkaliphilic methanogens from the Kulunda Steppe soda lakes (Altai region, Russia) are represented by the methylotrophic genera Methanosalsum and Methanolobus, while the dominant hydrogenotrophic genus Methanocalculus is involved in syntrophic oxidation of acetate up to extremely high salinities of 3 M total Na+, unprecedented in the neutral salt habitats (Sorokin et al., 2015, 2016).

Terrestrial mud volcanoes (TMVs) are important natural sources of methane emission. These geological structures located on the Earth's surface are connected to deep and pressurized hydrocarbon reservoirs. TMVs may provide a direct means to recover microbial communities inhabiting subsurface fluids and sediments through fracture networks, often extending to a depth of several kilometers (Mazzini and Etiope, 2017). Although most hydrocarbon gases released from TMVs are thermogenic, sometimes emission of biogenic methane can reach 20% of the total methane (Etiope et al., 2009). The archaeal part of the TMVs microbial communities usually contains many anaerobic methane-oxidizing archaea (ANME) and a small number of methanogens (Alain et al., 2006; Niederberger et al., 2010; Merkel et al., 2021; Tu et al., 2022). Mud volcanic fluids of the Kerch–Taman region often have high pH values due to a presence of sodium carbonates (Lavrushin et al., 2021). To date, neither methanogens nor any Archaea from TMVs were obtained in a pure or highly purified culture and physiologically characterized.

Here we describe properties of two obligately acetotrophic methanogenic strains from alkaline habitats–saline soda lake and terrestrial mud volcano–representing first examples of alkaliphilic aceticlastic methanogens. Together with Methanothrix harundinacea, they form a distinct new, genus-level lineage in the family Methanothrichaceae, for which we propose the name Methanocrinis.



Materials and methods


Sampling site and cultivation conditions

Aceticlastic strain Mx was enriched from a sample of the top 5–10 cm deep anaerobic (sulfidic) sediment overlaid by the bottom brines taken from the soda lake Tanatar-6 in Kulunda Steppe (Altai, Russia; N51°37′/E79°48′) in July 2011. The total salinity, carbonate alkalinity, and pH of the brines were 160 g l−1, 1.7 M and 10.04, respectively (Sorokin et al., 2015). In the laboratory, the 20 ml of the sediment:brine slurry (1:5, v/v) was homogenized by shaking, and the coarse sandy sediment fraction was removed by a series of low-speed centrifugations. The remaining fine sediment particles were further collected by a high-speed centrifugation, and the pellet was resuspended in 2 ml anaerobic culture medium (see below) and used as an inoculum for the enrichment cultivation. A sodium carbonate/bicarbonate-based buffer with pH 9.5 containing 0.5 M of total Na+ as carbonates, 0.1 M NaCl, and 1 g l−1 K2HPO4 was used as a mineral base medium for the enrichment. After sterilization, the medium was supplemented with 4 mM NH4Cl, 1 mM MgCl2, acidic trace metals (1 ml l−1) and vitamins (1 ml l−1) (Pfennig and Lippert, 1966), basic Se/W solution (1 ml l−1) (Plugge, 2005), and yeast extract (0.01 g l−1). Sodium acetate was used as a substrate for methanogenesis at concentrations of 20–100 mM (added from a 2 M sterile stock solution). Eighty ml medium was dispensed into 115 ml sterile serum bottles, supplemented with 0.5 mM Na2S (from 1 M filter-sterilized solution), and oxygen was removed by three cycles of evacuation and flushing with sterile argon gas. Final reduction of the medium was achieved by adding a drop of 10% dithionite solution in 1 M NaHCO3. The primary enrichments (three parallel incubations) were inoculated with 1 ml of the fine sediment slurry (see above) and incubated at 28°C statically with periodic measurements of methane concentrations in the gas phase. When the methane concentration reached 30–40% in the gas phase and visible turbidity appeared in the undisturbed liquid phase, the sediment-free cultures were transferred twice 1:100 under the same conditions, and the last successful transfer was used to inoculate a 1:10 dilution series under the same conditions in 15 ml Hungate tubes with 10 ml medium. The dilution series were repeated multiple times in combination with a preliminary low-speed centrifugation step, which allowed enrichment for filamentous Methanothrix-like cells. Numerous attempts have also been made to obtain colonial growth on plates with agar-shake techniques incubated in 2.5 l anaerobic jars (Oxoid) under argon gas phase and in the presence of an O2-scavenging catalyzer, but they were not successful.

Strain M04Ac was isolated from a sample of mud collected from the active griffin of terrestrial mud volcano Gnilaya Gora, Taman Peninsula, Krasnodar region, Russia. Coordinates of the sampling point were 45.251°N, 37.436°E. Samples were collected in May 2017, from the upper 20 cm of mud, pH 8.5, temperature 21°C, 15.7 mM Cl−, 5.3 mM [image: image]. Samples were taken anoxically in tightly stoppered plastic bottles and transported to the laboratory. Enrichment and isolation were performed in the liquid medium of the following composition (per liter distilled water): KH2PO4, 0.33 g; NH4Cl, 0.33 g; KCl, 0.33 g; MgCl2·6H2O, 0.33 g; CaCl2·6H2O, 0.033 g; NaCl, 10.00 g; NaHCO3, 2.00 g; Na2S·9H2O, 0.5 g; 1 ml trace element solution (Slobodkin et al., 2012), 1 ml vitamin solution (Wolin et al., 1963), and 1 ml resazurin solution (0.001g l−1). The medium was prepared by boiling and cooling it under N2 (100%) flow. Afterwards, NaHCO3, vitamins and Na2S·9H2O were added. The medium was dispensed in 10 ml aliquots into 17 ml Hungate tubes, and the head space was filled with 100% N2 (high-purity grade). The tubes were autoclaved at 1 atm, 121°C for 20 min. The pH of sterile medium was adjusted to 8.0–8.5 at 25°C with 10% sterile anaerobic NaOH solution using anaerobic technique. Sodium acetate from sterile anoxic stock solution was added before inoculation as the growth substrate to a final concentration of 20 mM. Growth of the strains during isolation process was monitored by a phase-contrast microscope (Olympus CX-43 and Zeiss Axioplan Imaging 2 microscope).



Phenotypic characterization of the strains

Growth of both cultures during physiological experiments was estimated by OD600 after vigorous homogenization. To determine cell morphology of the strain M04Ac, transmission electron microscopy was performed using JEM-1400 electron microscope (JEOL, Japan).

All the cultivation experiments were done in triplicate. Temperature (from 10 to 60°C) and pH growth ranges (from 5.0 to 11.0) of the strain M04Ac were determined using the same medium as for the strain purification. For pH experiments, the following Good's buffers (Sigma-Aldrich) were used (30 g l−1): MES (pH 6 and 6.5), HEPES (pH 7 and 7.5), Tricine (pH 8.0 and 8.5), CAPSO (pH 9.0 and 9.5), and CAPS (pH 10–11). The NaCl requirement for growth was determined at optimal pH in the medium of the same mineral composition but lacking NaCl. Varying amounts of NaCl (0–10.0%, w/v) were added directly into 50-ml serum bottles before sterilization.

The salinity profile of the strain Mx was studied by using sodium carbonate/bicarbonate buffer with pH 9.5 and a total Na+ concentration ranging from 0 to 2 M. The pH range was determined by using HEPES/NaHCO3 buffer for the pH range from 6 to 8 and a NaHCO3/Na2CO3 buffer for the range from pH 8.5–11. Both profiles were obtained in growing cultures and in washed (resting) cells, harvested from 0.5 l culture grown at optimal pH–Na+ conditions at the end of exponential growth phase. It has to be stressed that the final pH values deviated substantially from the initial values, especially at both extremes and, therefore, the final pHs were measured and are indicated in the results. All growth and cell incubation experiments were done in triplicate.

Methane was analyzed by GC using Chromateck Crystall 5000 (Ufa, Russia); column Hayesep 80–100 mesh, 2 m x 3 mm at 40°C; FID detector at 200°C; and argon as the carrier gas at 25 ml min−1. Concentrations of acetate were determined in filtered supernatants after neutralization with 1 M HCl to pH 7. The HPLC conditions were as follows: Animex HPX-87H column at 60°C, eluent 5 mM H2SO4 at 0.6 ml min−1, and UV and RI detectors.

Ectoine was extracted from freeze-dried cells of strain Mx with 80% ethanol enforced by bead beating, followed by centrifugation and filtration through a 0.22 μm filter. The concentration of ectoine was measured with a Shimadzu Prominence-i LC-2030C plus HPLC (Shimadzu, Japan) equipped with a UV detector at 210 nm and a Polaris, NH2, 180 Å, 3 μm, 4.6 × 150 mm column (Agilent Technologies, USA) with a mobile phase of acetonitrile/H2O 75/25 (%) at a flow rate of 0.6 ml min−1. Oven temperature was set at 30°C. Ectoine and hydroxyectoine standards (Sigma Aldrich, Germany) were used for quantification.



16s rRNA gene and genome sequencing and analysis

DNA from mud samples as well as from enrichment cultures was isolated using FastDNA Spin Kit for Soil according to the manufacturer's protocol (MP Biomedicals, Santa Ana, California, USA). Whole-genome sequencing and metagenomic bioinformatics analysis were used to assess the purity of cultures at the final stages of their purification according to methods described in Slobodkin et al. (2023). 16S rRNA gene sequencing was performed as described previously (Slobodkina et al., 2022). The GenBank accession numbers for 16S rRNA gene sequences of strains Mx and M04Ac were KP205578 and OQ918309, respectively. The 16S rRNA gene sequences of the strains were compared with other sequences in GenBank (Benson et al., 1999) by using the BLAST program (Altschul et al., 1990) and by means of the EzBioCloud server (Yoon et al., 2017) (http://www.ezbiocloud.net) to identify their closest relatives. Sequences were aligned by MAFFT v7.427 (G-INS-i strategy) (Nakamura et al., 2018) for 16S rRNA gene-based phylogenetic analyses. A shotgun WGS library preparation and sequencing for both strains were done in BioSpark Ltd., Moscow, Russia using KAPA HyperPlus Library Preparation Kit (KAPA Biosystems, UK) according to the manufacturer's protocol and NovaSeq 6000 system (Illumina, San Diego, CA, USA) with the reagent kit, which can read 100 nucleotides from each end. Raw reads were processed with Trimmomatic (Bolger et al., 2014) for adapter removal and quality filtering. Assembly of reads was performed by Unicycler v0.4.8 (Wick et al., 2017). These Whole Genome Shotgun projects have been deposited at DDBJ/ENA/GenBank under the accession JARFPL000000000 for M04Ac and JARFPK000000000 for Mx. For the satellite bacteria, Whole Genome Shotgun projects have been deposited at DDBJ/ENA/GenBank under the BioProject ID PRJNA1010173. Metagenomic bioinformatics approaches were used to separate genomes in binary cultures as described in Slobodkin et al. (2023). Metawrap v1.3 (Uritskiy et al., 2018) quant bins workflow was used to determine the relative abundance of the microorganisms in binary cultures by analyzing coverage using Salmon (Patro et al., 2017). Gene search and annotation were performed by the Prokaryotic Genome Annotation Pipeline (PGAP) (Tatusova et al., 2016).

For phylogenetic reconstructions, 122 conserved single-copy archaeal protein-coding marker genes (Parks et al., 2020) as well as 16S rRNA gene were used. The trees were built using the IQ-TREE 2 program (Minh et al., 2020) with fast model selection via ModelFinder (Kalyaanamoorthy et al., 2017) and ultrafast approximation for phylogenetic bootstrap (Hoang et al., 2018), as well as approximate likelihood-ratio test for branches (Anisimova and Gascuel, 2006). The average amino acid identity (AAI) between the selected genomes was calculated using the EzAAI v1.1 (Kim et al., 2021). The average nucleotide identity (ANI) between the selected genomes was calculated using the pyani v0.2.12 (Pritchard et al., 2016). in silico DDH were calculated using the Genome-to-Genome distance calculator (GGDC) (Meier-Kolthoff et al., 2013). The relative evolutionary divergence (RED) values were calculated using GTDB-Tk v2 (Chaumeil et al., 2022).




Results


Enrichment of the strain Mx

Only a single culture out of multiple attempts whereby acetate served as substrate for methanogenesis in soda lake sediments resulted in an enrichment of an aceticlastic methanogen, while in all other cases acetate was consumed by syntrophic associations of the acetate-fermenting Ca. Syntrophonatronum acetioxidans partnered with hydrogenotrophic Methanocalculus alkaliphilus (at moderate salinities) or Mc. natronophilus (at salinities above 2 M Na+) (Sorokin et al., 2014, 2015, 2016). In contrast to the syntrophic pathway dependent on the bacterial partner, in a single positive culture (at 0.6 M total Na+ and pH 9.5) enriched from the soda lake Tanatar-6 in Kulunda Steppe, acetate-dependent methanogenesis was not inhibited by the addition of streptomycin and kanamycin, at 0.1 g l−1 each. In fact, antibiotics helped to stabilize and increase activity of the aceticlastic organism, whose morphology was very similar to that of Methanothrix with a domination of multicellular filaments. Several rounds of dilution to extinction resulted in a highly enriched culture, but it still contained a low number of small bacterial rod-shaped cells apparently resistant to the used antibiotics. Using whole-genome sequencing and metagenomic bioinformatics analysis, we assessed the phylogenetic affiliation and relative abundance of these bacteria. The culture was contaminated with only one type of bacteria, which belonged to the Bacteroidales and was represented by only 1% of the community microorganisms. An analysis of the phylogenetic position of this bacterium based on 120 conserved single-copy bacterial protein-coding marker genes is shown in Supplementary Figure 1A. According to GTDB, it belongs to family-level lineage UBA7960 and to the genus-level lineage SKTA01 that consists only of MAGs sequenced from Kulunda hypersaline soda lake sediments. There were no other contaminating microorganisms in the culture. Preincubation with rifampicin (0.1 g l−1) for 2–3 days with further dilution series in the absence of antibiotics eliminated the bacterial contamination, but the resulting pure culture was not transferrable and, hence, could not be deposited in a culture collection. The strain was designated as Mx.



Enrichment of the strain M04Ac

An enrichment culture was initiated by 10% (w/v) inoculation of a mud sample into anaerobic sterile medium with 3,4-dimethoxybenzoic acid (10 mM), which after 3 months of cultivation was replaced by acetate (20 mM) as a substrate and ampicillin (0.5 g l−1) for suppression of bacterial growth. After a month of incubation on acetate at 30°C in the dark, the growth of long, non-motile filaments and production of methane was observed. After three subsequent 10% (v/v) transfers, serial 10-fold dilutions in the same liquid medium with the addition of yeast extract (0.05 g l−1) significantly enhanced the growth of the culture. The dilution series were repeated several times in combination with a preliminary low-speed centrifugation step (at 2 500 rpm for 7 min) which enriched pellet in filamentous Methanothrix-like cells. Incubation with rifampicin (0.1 g l−1) for 2–3 days with further dilution series was ineffective as significant growth inhibition of the target organism occurred. Attempts to obtain separate colonies were also unsuccessful either with 1% Gelrite gellan gum or with 1.5% agar as the solidifying agent. When isolating Methanothrix-like cells, the satellite bacterium belonging to the Acholeplasmataceae family (Supplementary Figure 1B) was isolated, whole-genome sequenced, and tested for antibiotic sensitivity. Further use of a mixture of lincomycin and streptomycin (0.05 g l−1 each) resulted in a highly enriched culture. Still, by using whole-genome sequencing and metagenomic bioinformatics analysis, we detected the same contamination represented by Acholeplasmataceae bacterium isolated in the previous step; its relative abundance was 2.5%. There were no other contaminating microorganisms in the culture. The resultant highly enriched culture was used for subsequent phenotypic characterization, since further attempts to separate Methanothrix-like cells from the bacterial component led to a sharp decrease in the growth rate and, ultimately, to the death of the culture, similar to the purified Mx culture.



Phylogenetic and environmental distribution analysis

The 16S rRNA gene sequence identity between two novel strains was 98.03%; between M. harundinacea 6Ac and strains M04Ac and Mx, it was 98.30 and 98.64%, respectively. The deduced amino acid sequence identities of mcrA, the gene encoding the α-subunit of methyl-coenzyme M reductase, between M. harundinacea 6Ac and two novel strains were 88.73% for the strain Mx and 88.37% for the strain M04Ac, while between two strains it corresponded to 95.53%. Classification of M. harundinacea, M04Ac and Mx strains into three separate species was strongly supported by ANI values (87.30% between two new strains; 85.65% between M. harundinacea 6Ac and strain Mx; 85.70% between M. harundinacea 6Ac and strain M04Ac). In silico DDH estimation between two new strains was 29.4%, between M. harundinacea 6Ac and strain Mx−25.0%, and between M. harundinacea 6Ac and strain M04Ac−25.5%. AAI value between two new strains was 83.72%, between M. harundinacea 6Ac and strain Mx−79.21%, and between M. harundinacea 6Ac and strain M04Ac−80.18%. Thus, considering all these parameters, the three studied strains are different species of the same genus. The similarity values of strains M04Ac and Mx to the three validly described representatives of the family Methanotrichaceae, based on their 16S rRNA and mcrA gene sequences, as well as ANI and AAI analysis, are summarized in Supplementary Table 1.

According to the results of our phylogenomic analysis based on 122 conserved single-copy archaeal protein-coding marker genes (Figure 1A), strains M04Ac and Mx clustered together with Methanothrix harundinacea and a number of other metagenome-assembled genomes (MAGs) to form a separate lineage, which was significantly separated from the clusters formed by Methanothrix soehngenii and Methanothrix thermoacetophila. This separate genus-level group is proposed here to form a new genus, Methanocrinis (see below). Our data correlate well with the Genome Taxonomy Data Base (GTDB, Parks et al., 2022), where each validly described Methanothrix species forms its own genus-level lineage. In fact, the relative evolutionary divergence (RED) values for these three genera as they are shown in the Figure 1A are 0.872, 0.840, and 0.897 for Methanothrix (A), Methanothrix (B), and Methanocrinis, respectively, whereas, the median value of RED for genus delineation in the GTDB 214 is 0.909. Based on the phylogenomic tree, it is also possible to analyze the origin of the MAGs belonging to these three lineages. While the ecotopes inhabited by all three genera are quite diverse, only Methanocrinis group contains MAGs from marine ecotopes, which supports our assumption that the genus Methanocrinis contains salt-tolerant species.
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FIGURE 1
 Phylogenomic placement of strains Mx and M04Ac based on (A) concatenated amino acid sequences of 122 archaeal single copy conserved marker genes; (B) on 16S rRNA gene sequences. The trees were built using the IQ-TREE 2 program (Minh et al., 2020) with fast model selection via ModelFinder (Kalyaanamoorthy et al., 2017) and ultrafast bootstrap approximation (Hoang et al., 2018) as well as approximate likelihood-ratio test for branches (Anisimova and Gascuel, 2006). Bootstrap consensus tree is shown with values placed at the nodes. Bar, 0.1 changes per position.


The identity values between the 16S rRNA gene sequences of the two new strains and M. harundinacea on the one hand and M. soehngenii and M. thermoacetophila on the other hand strongly confirm that these are different genera of microorganisms. These values fall in the range of 91.54–92.55%. Phylogenetic analysis based on the 16S rRNA gene also confirms the conclusion that each of the currently validly described Methanothrix species represents a separate branch at a relatively deep level and that the branch represented by M. harundinacea is most distantly related (Figure 1B). However, the phylogenetic status of the “Methanosaeta pelagica,” which was isolated from a marine habitat (Mori et al., 2012), remains unresolved. This microorganism undoubtedly gravitates toward the proposed genus Methanocrinis, but its genome sequence is necessary to resolve its affiliation with this genus.

By outlining the membership of the genus Methanocrinis based on the 16S rRNA gene (Figure 1B), we were able to investigate its environmental distribution based on the data available in public databases. Out of 39,243 sequences that belong to Methanosaetaceae in the SILVA SSU 138.1 database, we selected 5,276 sequences that belonged to the genus Methanocrinis using the BLASTn program. To avoid counting replicates, sequences with a unique combination of “isolation source” and “work title” entries were selected. Thus, a representative selection of 228 16S rRNA gene sequences was obtained (Supplementary Table 2). Among them, sequences found in organic-rich, anthropogenic ecotopes were most common. These include ecotopes representing various kinds of bioreactors (33.5%) and waste disposal systems (9.7%). The second most frequent ecotopes were associated with hydrocarbons, e.g., oil fields and natural gas fields (25.7%). Freshwater ecotopes accounted for 8.7%, coastal ecotopes, such as estuary and mangroves, accounted for 7.3%, and seawater ecotopes accounted for 4.4%. Sequences from various subterranean ecotopes, such as mines and groundwaters, accounted for 5.8%, whereas sequences from mud volcanos accounted for 3.4%. All other types of ecotopes were encountered in single cases.



Phenotypic characterization of novel aceticlastic strains

The individual cells of both strains were straight rods with flat ends with cell sizes 1.7–6.5 x 0.9–1.5 and 1.9–4.8 x 0.6–1.0 μm for strain M04Ac and Mx, respectively. They also formed flexible chains of cells within sheaths of variable lengths (Figure 2). The satellite of strain Mx belonging to the Bacteroidales group was represented by small sporadic rods (Figure 2A). The satellite culture from Acholeplasmataceae family, associated with the strain M04Ac, had a size of about 0.4 μm and was represented by small cocci that were poorly distinguishable in a phase-contrast microscope (Figure 2B). The cells of novel strains were non-motile. However, on electron micrographs of M04Ac cells, long, thin surface appendages of an unknown nature were noticed (Figure 2C). Such fimbria-like structures have never been reported before in any members of the Methanotrichaceae family.
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FIGURE 2
 Cellular morphology of strains. (A) Phase-contrast photograph of strain Mx. The satellite of the strain is marked with white arrow. Bar, 10 μm. (B) Phase-contrast photograph of strain M04Ac. The satellite is marked with black arrow. Bar, 10 μm. (C) Electron micrograph of M04Ac cells negatively stained with phosphotungstic acid showing an overall cell morphology and localization of an unknown surface long appendage (marked by white arrow). Bar, 2 μm.


Both strains appeared to be typical obligately aceticlastic methanogens similar to other known Methanothrix species. From the tested classical methanogenic substrates including H2, formate, CO, MeOH, and acetate, only the latter supported growth and methane formation. The resting cells grown with acetate also formed methane only from acetate. For the strain Mx, addition of yeast extract at low concentrations (0.01–0.02 g l−1) slightly decreased the usually long lag phase after fresh transfer, but there was no obligate dependence on it. In contrast, low concentrations of yeast extract (0.05 g l−1) highly stimulated growth of strain M04Ac, but the percentage of the bacterial component also increased significantly. The addition of vitamins did not have significant influence on growth of either strains.

Growth rate of the aceticlastic strains was extremely slow, typical for this group of methanogens (explained usually by the lowest energy yield of the aceticlastic methanogenesis), although strain Mx was obviously even more slowed down by the extreme conditions. Since the growth was not exponential, only a rough estimation of the doubling time was possible, and it was around 25–30 d. The molar conversion of acetate to methane was close to the theoretical 1:1 (Supplementary Figure 2A). For strain M04Ac, the specific growth rate in acetate-containing basal medium was 0,011 h−1 (doubling time 63 h) (Supplementary Figure 2B). However, it should be taken into account that the enrichment culture grew much faster than the isolate. Upon further purification, growth of strain M04Ac eventually slowed down to 4–5 months, and culture finally became not-transferrable.

The temperature range for growth of strain M04Ac was 20–45°C, with an optimum at 37°C. No growth was detected at 50°C or above, as well as at 18°C or below after incubation for 4 months. The pH range for growth was 7.5–10.0, with an optimum at pH 9.0. No growth was observed at pH values below 7.0 or above 10.0 (Figure 3A). Thus, strain M04Ac isolated from terrestrial mud volcano was alkalitolerant, similar to the freshwater Methanotrichaceae members, and it did not require high sodium concentrations for growth above trace amounts supplied with basic medium. Growth was observed at NaCl concentrations of 0–5.0% (w/v) with an optimum at 0.5–1.0% NaCl (w/v).
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FIGURE 3
 Effect of pH on the methane formation by strains (A) M04Ac and (B) Mx, cultivated with acetate. The mmol of methane detected in the gas phase were normalized for 1l volume of liquid culture (mM, mmol CH4 in the gas phase per liter of liquid culture).


According to the pH-salt profiling, strain Mx represents a moderately salt-tolerant obligate alkaliphile, growing optimally at 0.2–0.3 M total Na+ (as sodium carbonates) and within the pH range from 7.8 to 10.2 with an optimum between 9.3 and 9.5. Also typical for the soda lake isolates, the alkalitolerance of methanogenic activity of the Mx resting cells was substantially extended in comparison to the growth optimum in culture (Figures 3B, 4). This means that the organism can still remain metabolically active during periods of elevated alkalinity even without being able to grow.
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FIGURE 4
 Dependence of the methane formation at pH 9.5 by strain Mx on salt concentration of the medium.




Genome statistics

The draft genome of strain M04Ac was assembled into 96 contigs with genome size of 2,444,195 bp and the DNA G + C content of 58.31%. The genome was predicted to contain 2,423 protein-coding sequences and 53 RNA genes, including three complete rRNAs (1 5S, 1 16S, and 1 23S) and 48 tRNAs. The nomenclatural type is GCA_029167205.1Ts according to SeqCode requirements (Hedlund et al., 2022; Whitman et al., 2022). The draft genome of strain Mx was assembled into 100 contigs with genome size of 2,412,901 bp and the DNA G + C content of 58.18%. The genome contained 2,406 protein-coding sequences and 48 RNAs genes, including three complete rRNAs (1 5S, 1 16S, and 1 23S) and 43 tRNAs. Detailed genomes statistics can be found in Supplementary Table 3. The nomenclatural type is GCA_029167045.1Ts according to SeqCode requirements (Hedlund et al., 2022; Whitman et al., 2022). In general, the genomes of M04Ac and Mx strains are similar in size and gene content. We have analyzed the genomic data in relation to methanogenic metabolism and halo-alkaline adaptations of the novel strains.



Functional genome analysis
 
Cell morphology

Genes distantly similar to the genes encoding bacterial actin homolog MreB, playing an important role in many different cellular processes such as cell shape determination and motility, were found in the genomes of Mx and M04Ac strains (MDF0590229 and MDF0592540, respectively). However, amino acid identities of these putative proteins did not exceed 34% identity depending on the microorganism compared. Other archaeal actin homologs, Arcade and Crenactin, were not encoded in the genomes. Genes, encoding two domains of an actin homolog Ta0583 from euryarchaeon Thermoplasma acidophilum, were also absent from the genomes of the strains (Roeben et al., 2006). Several cell division proteins FtsZ, typical for Euryarchaeota, were found in both genomes.

The presence of thin long pili (around 10 μm in length) in cells of strain M04Ac was the first evidence for the existence of extracellular appendages within the family Methanotrichaceae. However, we failed to detect any genes responsible for its formation. In particular, genes encoding type IVa and IVb pili, as well as Tad pili or type II pseudopili of model bacteria, were absent from the genome of the strain M04Ac (Giltner et al., 2012). Only several putative PilS (MDF0592160; MDF0592073; MDF0594010) and PilU (MDF0593561) homologs encoded in the M04Ac genome demonstrated distant amino acids similarity (around 51.5–62.1%) with corresponding proteins of type IVa pili from Pseudomonas aeruginosa, while the other important members of this protein family were not detected in the genome. Likewise, neither type IV pili-like locus characteristic for other methanogens nor multiple structural flagellin genes (flaABC) and genes encoding prepilin-like FlaK/PibD-like proteases were found in M04Ac genome (Ng et al., 2008).



Acetate transport and activation

Aceticlastic methanogens transport acetate into the cell by a proton symport mechanism using acetate permease (AceP). The AceP homolog is encoded in the genome of Methanothrix thermophila (Smith and Ingram-Smith, 2007; Ferry, 2020). We have identified acetate uptake transporter genes homologous to AceP in the genomes of strain M04Ac (MDF0592145) and Methanothrix harundinacea 6Ac (AET63818), which have 87% protein sequence identity to each other. The gene of AceP homolog was also identified in strain Mx genome, but this gene is probably impaired, since it encodes only 55 aa compared to 209 aa of AceP protein of strain M04Ac. The AceP homolog genes were localized in a gene cluster similarly organized in strain Mx, strain M04Ac, and M. harundinacea 6Ac. This cluster also includes a gene of a γ- carbonic anhydrase (Cam), which is believed to be involved in acetate transport (Ferry, 2020). The Cam genes were rather conserved, having about 80% amino acid identity between the studied strains. In addition to the γ-carbonic anhydrase, the genome of strain M04Ac encoded an extracellular β-carbonic anhydrase (MDF0593542). To the best of our knowledge, the occurrence and function of extracellular β class carbonic anhydrases have not previously been systematically studied in Archaea. In the genomes of strain Mx and M. harundinacea 6Ac, genes of β-class carbonic anhydrase were not found.

The transported acetate can be converted to acetyl-CoA by the AMP-forming acetyl-CoA synthetase (Acs), which was encoded in the studied genomes in multiple copies (five in strain M04Ac and three in strain Mx). The genomes of both strains did not contain genes of alternative pathway of acetate activation–acetate kinase (Ack) and phosphotransacetylase (Pta). The acetyl-CoA is then decarbonylated by the acetyl-CoA decarbonylase complex (ACDS).



C1 branch of the methanogenic pathway

Both genomes encode for seven steps of CO2 reduction to methane, namely formylmethanofuran dehydrogenase (fmdABCE), formylmethanofuran:tetrahydromethanopterin formyltransferase (ftr), methenyltetrahydromethanopterin cyclohydrolase (mch), methylenetetrahydromethanopterin dehydrogenase (mtd), methylenetetrahydromethanopterin reductase (mer), tetrahydromethanopterin methyltransferase (mtrABCDEFGH), and methyl-coenzyme M reductase (mcrABCDG) (Supplementary Table 4).



Electron transport and energy conservation

The redox reactions in all aceticlastic methanogens include oxidation of reduced ferredoxins and reduction of CoMS-SCoB by two Hdr complexes. Genes encoding soluble F420-dependent (Frh) and F420-nonreducing (Mvh) hydrogenases, as well as membrane-bound ferredoxin-dependent (Ech) and methanophenazine-dependent (Vho) hydrogenases, common in hydrogenotrophic and methylotrophic methanogens, were absent in genomes of strains Mx and M04Ac. Like the Methanothrix species, genomes of strains Mx and M04Ac did not contain genes of H+/Na+-translocating ferredoxin:NAD oxidoreductase (Rnf complex). Genes of F420H2:methanophenazine oxidoreductase (Fpo subunits ABCHJNO, lacking FpoF), cytoplasmic (HdrABC), and membrane bound (HdrDE) CoB-CoM heterodisulfide reductases were present in both genomes.

ATP synthase was encoded by a single locus in strain Mx (archaeal A0A1-type), while M04Ac genome contained two ATP synthase loci, one similar to Mx and another one more resembling the F0F1 type. Additionally, the genome of strain M04Ac contained atpZ/atpI gene (MDF0594135), which was located within the operon encoding one of the two ATP synthases. In Bacillus pseudofirmus OF4, the product of atpZ gene has been shown to increase the ability of this alkaliphile to acquire sufficient magnesium, which is problematic at elevated pH (Hicks et al., 2003). Neither strain Mx nor other representatives of the Methanotrichaceae had a similar operon in their genomes. As for the soda lake strain Mx, a possible reason for a specialized system for Mg2+ uptake is that Mg2+ is poorly soluble in sodium carbonate brines due to the formation of basic magnesium carbonates.

Extracellular cytochrome nanowires, probably responsible for long-range electron transfer in many prokaryotes, have been recently reported (Baquero et al., 2023). However, the genomes of strains Mx and M04Ac did not contain homologs of either PcECN or AvECN. We also did not find homologs of the outer membrane multiheme cytochromes, MtrA, MtrC, OmcS, OmcE, and OmcZ, which have been shown to determine electron transfer in the model bacteria, Shewanella oneidensis, and Geobacter sulfurreducens.



Genomic evidence for halo-alkaline adaptations of strains

Genes encoding multisubunit Na+/H+ antiporters of the Mrp/Mnh family, normally operating in (halo)alkaliphiles (Ito et al., 2017), were not found in the genomes of either strain. Two monosubunit Na+/H+ antiporters were encoded in the genome of Mx only (MDF0590085, MDF0591576) but were absent from the M04Ac genome. Both strains possessed multiple cation/proton transporters that exchange K+ or Ca2+ for external H+ (Supplementary Table 5). In particular, the genomes encoded a variety of potassium-trafficking ion pumps including potassium import/export (KefB, TrkA/TrkAH, NhaP). Several symporters of solute/sodium (SSS family) that use an existing sodium gradient to drive the uphill transport of several solutes (amino acids mainly) across the membrane were also found in both genomes (Supplementary Table 5). In particular, both genomes encode several homologs of Na+-dependent proline symporter PutP.

Bacterial mechanosensitive channels play a significant role in protecting cells against hypoosmotic shock. Genes encoding the small conductive mechanosensitive ion channel MscS responding both to stretching of the cell membrane and to membrane depolarization were found in both genomes (Supplementary Table 5), while the mechanosensitive channel of large conductance, MscL, was encoded only in the genome of Mx strain (MDF0590401).

Genomic analyses showed that both strains have potential for the biosynthesis of osmoprotector ectoine, which is synthesized from L-aspartate-β-semialdehyde by stepwise transamination (EctB), acetylation (EctA), and closure of the ring (EctC). This pathway is widely distributed in halophilic bacteria but seems to be extremely rare within the archaeal domain (Czech et al., 2018). According to the genomic database, it has been found only in the novel strains together with M. harundinacea, Mx. soehngenii, Methanobacterium alkalithermotolerans, Methanomicrobia ANME-1, and ammonia-oxidizing Thaumarchaeota of the genus Nitrosopumilis. In strain Mx, the genes encoding ectoine biosynthesis enzymes are organized in a single locus (MDF0590640–MDF0590642), while in the M04Ac genome, ectC gene is located separately (MDF0592299, MDF0592300, and MDF0594107). However, the complete glycine-betaine/L-proline ABC transporter (proVWX, MDF0594108-MDF0594110) is localized near ectC in the M04Ac genome. According to the phylogenetic reconstruction performed by Czech et al., representatives of the Methanotrichaceae might have obtained ectoine biosynthesis genes by horizontal transfer from Gammaproteobacteria.

The genes encoding the ProVWX complex and the BCCT (betaine-choline-carnitine) transporter genes were absent from the genome of the Mx strain. Both genomes lack genes for proline biosynthesis (proABC) and trehalose biosynthesis (trehalose-6-phosphate synthase/trehalose-6-phosphatase).

Thus, it appeared that ectoine was the preferred osmo-protectant for these strains. Indeed, a chemical analysis of the strain Mx cells grown at 0.6 M total Na+/pH 9.5 confirmed the actual production of ectoine in this methanogen, albeit at a low specific level of approximately 1.5 mg g−1 of dry weight (Supplementary Figure 3). The exact value was not possible to determine because the cells did not form a solid pellet upon centrifugation, and the final biomass contained a substantial quantity of salt. It must be stressed that this is the first direct evidence of the ectoine formation in archaea.





Discussion

Approximately two-thirds of biogenic methane is produced by aceticlastic methanogens, making them major contributors to the global methane budget (Lyu et al., 2018). Members of the genus Methanothrix inhabit anaerobic zones of various mesophilic and thermophilic environments, including digesters, marine and freshwater sediments, soils, and thermal springs (Huser et al., 1982; Nozhevnikova and Chudina, 1985; Westermann et al., 1989; Sonne-Hansen and Ahring, 1997; Ma et al., 2006; Mori et al., 2012; Angle et al., 2017; Katayama et al., 2022). Strain Mx represents the first example of aceticlastic methanogen found in saline soda lakes where obligately haloalkaliphilic prokaryotes growing optimally in Na-carbonate brines with pH above nine usually predominate. Aceticlastic methanogenesis might be important for the Kulunda Steppe soda lakes in case of a significant downshift in salinity that regularly occurs in this area (Altai, Russia) or in permanently low-salt soda lakes. Strain M04Ac is isolated from a mud volcano located within the Kerch-Taman mud volcanic province. Many TMVs in this area have pH 8.5–9.1 and contain high concentrations of [image: image] and Na+ ions (Lavrushin et al., 2021). The presence of Methanotrichaceae species had not previously been detected by 16S rRNA gene-based observations in several TMVs of this region (Merkel et al., 2021; Khomyakova et al., 2022; Slobodkin et al., 2023). However, in the other study, Methanothrix (“Methanosaeta”) thermophila accounted for almost 40% of Archaea in one TMV of southwestern Taiwan, suggesting the importance of this microbial group in certain TMVs (Cheng et al., 2012).

According to our phylogenomic reconstruction (Figure 1), as well as to the current GTDB classification, strains Mx and M04Ac are clustered together with Methanothrix harundinacea within a well separated group of the genus level. All currently characterized Methanothrix species are neutrophilic and Na+-independent except “M. pelagicus,” whose growth requires at least 0.2 M and tolerates up to 0.8 M NaCl (Mori et al., 2012). M. harundinacea has a wide pH range up to 9.0, although its pH optimum is typical of that of sodium-independent species (Table 1). Strains Mx and M04Ac are alkaliphilic, they are able to grow at pH 10, and have pH optima at or above 9.0.


TABLE 1 Comparative characteristics of novel strains with the type species of the proposed genus: 1–strain MxTs (this study); 2–strain M04AcTs (this study); 3–Methanocrinis harundinaceus comb. nov. (former Methanothrix harundinacea, Methanosaeta harundinacea, Ma et al., 2006; Akinyemi et al., 2020).

[image: Table 1]

The ability of anaerobic alkaliphilic prokaryotes to maintain the pH of the cytoplasm ~2 units below the external pH largely depends on the efficient functioning of electrogenic Na+/H+ antiporters and on the use of Na+-coupled ATPases and the primary sodium pumps creating membrane potential (Banciu and Muntyan, 2015). The ATP synthases in the group of methanogenic archaea are promiscuous and may use Na+ and H+ simultaneously (Schlegel and Müller, 2013). Although we did not find genes encoding the multisubunit-Na+/H+ antiporters of the Mrp/Mnh families in the strains Mx and M04Ac, the strains may exploit different strategies for adaptation to the alkaline environment, including single- subunit cation:proton antiporters for the pH homeostasis and synthesis of ectoine for osmoprotection.

Strains Mx and M04Ac are non-motile filamentous rods. In Archaea, rod-shaped or filamentous cell morphologies correlate with the presence of Crenactin/Arcadin-1 or actin MreB (Ettema et al., 2011). Still, there are no data on genetic determinants of cytoskeleton in Methanotrichaceae.

The mechanisms of interactions of Methanotrichaceae with other microorganisms or minerals are poorly understood. We have for the first time detected thin pili/fimbria-like filaments on the cell surface of strain M04Ac using electron microscopy. It might be possible that such filaments facilitate electron transfer between strain M04Ac and its bacterial partners similar to the conversion of ethanol to methane by the co-culture of Methanothrix harundinacea and Geobacter metallireducens (Rotaru et al., 2014). Yet, in the genome of strain M04Ac we did not find genes of PilA (e-pilin) or other pilin-encoding genes, which suggests that the observed belong to a so far unknown type of archaeal filament. This prompts reconsideration of the possible role of Methanotrichaceae species in syntrophic interactions.

Overall, this work demonstrates for the first time that the low energy aceticlastic methanogenesis might still be active at unfavorable conditions present in (halo) alkaline habitats.

Based on the distinct phylogenetic position within the family Methanotrichaceae (Figure 1 and GTDB), we propose to reclassify Methanothrix harundinacea as the type species of a new genus Methanocrinis gen. nov., as Methanocrinis harundinaceus sp. nov., comb. nov. According to phylogenetic position and phenotypic, physiological, and genomic properties of strains Mx and M04Ac, we propose under SeqCode the complete genome sequences of strain MxTs (GCA_029167045.1) and strain M04AcTs (GCA_029167205.1) as nomenclatural types of Methanocrinis natronophilus sp. nov. and Methanocrinis alkalitolerans sp. nov., respectively, which represent two other species within this new genus.



Description of Methanocrinis gen. nov.

Methanocrinis (Me.tha.no.cri'nis. N.L. neut. n. methanum, methane; L. masc. n. crinis, hair; N.L. masc. n. Methanocrinis, methane (-producing) hair).

Straight, rod-shaped cells with flat ends, non-motile. Organotrophic, obligate aceticlastic methanogens converting acetate into methane and CO2. Represented by neutrophilic and alkaliphilic species. Separation of the genus is justified by its distinct genome-based phylogenetic position.

The type species is Methanocrinis harundinaceus.



Description of Methanocrinis harundinaceus comb. nov.

Methanocrinis harundinaceus (ha.run.di.na'ce.us. L. masc. adj. harundinaceus, like a reed, referring to the cell shape of a reed stem).

The description of the species is identical to that given for Methanosaeta harundinacea (Ma et al., 2006). Assignment of the species into a new genus is justified by its distinct phylogenetic position within a concatenated protein gene tree within the family Methanotrichaceae.

Synonyms: Methanosaeta harundinacea (Ma et al., 2006), Methanothrix harundinacea (Akinyemi et al., 2020).



Description of Methanocrinis alkalitoleransTs

Methanocrinis alkalitolerans (al.ka.li.to'le.rans. N.L. neut. n. alkali, from Arabic n. (al-qaliy), the soda ashes; L. part. adj. tolerans, tolerating; N.L. part. adj. alkalitolerans, tolerating high alkalinity).

Cells are non-motile, rod-shaped, 1.7–6.5 μm in length, and 0.9–1.5 μm in diameter. Can form polar pili/fimbriae-like structures of unknown nature on the surface of the cell. Filaments are formed after long incubation times. Growth occurs at 20–45°C (optimum, 37°C) and at pH 7.5–10.0 (optimum 9.0); the presence of NaCl is not required. Yeast extract is not essential for growth but highly stimulatory. Utilizes acetate for methane production. No growth or CH4 formation is observed on H2/CO2, formate, carbon monoxide, and methanol. The complete genome of strain M04AcTs, available under the GenBank assembly accession number (GCA_029167205Ts), is the designated nomenclatural type for the species and was recovered from an enrichment culture, cultivated on acetate, and established from a terrestrial mud volcano at the Taman Peninsula, Russian Federation. The genome is characterized by a size of 2.44 Mb and a G + C content of 58.31 mol%. Completeness is estimated by CheckM at 99.84% with 0.00% contamination. The GenBank accession number for the 16S rRNA gene sequence of M04AcTs is OQ918309.



Description of Methanocrinis natronophilusTs

Methanocrinis natronophilus [na.tro.no.phi'lus. N.L. n. natron (arbitrarily derived from the Arabic n. natrun or natron), soda; N.L. pref. natrono-, pertaining to soda; N.L. adj. philus (from Gr. fem. adj. phile), friend, loving; N.L. adj. natronophilum soda-loving].

Cells are non-motile, rod-shaped, 1.9–4.8 x 0.6–1.0 μm. Forms multicellular filaments in a common sheath. Forms methane exclusively from acetate by the aceticlastic pathway. Obligately alkaliphilic with the pH range for growth from 7.5–7.8 to 10.2 (optimum at 9.3–9.5). NaCl is not required for growth, but up to 1 M total Na+ in the form of sodium carbonates is tolerated. The non-growing cells still actively produce methane at pH up to 10.5 and 1.5 M total Na+. Ammonium serves as the nitrogen source. Optimal growth temperature is 35°C. Yeast extract is not essential for growth but slightly stimulatory. The complete genome of strain MxTs, available under the GenBank assembly accession number (GCA_029167045Ts) is the designated nomenclatural type for the species and was recovered from an enrichment culture, cultivated on acetate, and established from a saline soda lake, in southwestern Siberia, Russia. The genome of the type strain is 2.41 Mb with the G + C content of 58.18 mol%. Completeness is estimated by CheckM at 97.04% with 0.00% contamination. The GenBank accession number for the 16S rRNA gene sequence of MxTs is KP205578.
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Production of methane by methanogenic archaea, or methanogens, in the rumen of ruminants is a thermodynamic necessity for microbial conversion of feed to volatile fatty acids, which are essential nutrients for the animals. On the other hand, methane is a greenhouse gas and its production causes energy loss for the animal. Accordingly, there are ongoing efforts toward developing effective strategies for mitigating methane emissions from ruminant livestock that require a detailed understanding of the diversity and ecophysiology of rumen methanogens. Rumen methanogens evolved from free-living autotrophic ancestors through genome streamlining involving gene loss and acquisition. The process yielded an oligotrophic lifestyle, and metabolically efficient and ecologically adapted descendants. This specialization poses serious challenges to the efforts of obtaining axenic cultures of rumen methanogens, and consequently, the information on their physiological properties remains in most part inferred from those of their non-rumen representatives. This review presents the current knowledge of rumen methanogens and their metabolic contributions to enteric methane production. It also identifies the respective critical gaps that need to be filled for aiding the efforts to mitigate methane emission from livestock operations and at the same time increasing the productivity in this critical agriculture sector.
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1. Introduction

Livestock production in the US emitted close to 200 million metric tons of CO2-equivalent (MMT CO2–e) of methane, mainly originating from enteric fermentation in beef and dairy cattle representing 72 and 25% of emissions from livestock, respectively (EPA, 2022). The corresponding value at the global scale is approximately 2,500 MMT CO2-e (EPA, 2023a), and it is estimated to rise substantially due to an increase in demand for milk and meat to feed the 9.8 billion global population by 2050 (FAO, 2018; Henchion et al., 2021).

Methane is 28 times more potent greenhouse gas (GHG) with a much shorter shelf-life than CO2 (EPA, 2023b). In the rumen, it is produced as a by-product of microbial fermentation, and methanogenic archaea or methanogens are the only microorganisms that are known to produce methane anaerobically (Smith and Hungate, 1958; Ramanathan et al., 1985; Wolfe, 1992). In addition to contributing to global warming, methane emission from the rumen causes a loss of 2–12% of the energy provided by the feed (Johnson and Johnson, 1995; Janssen, 2010). Hence, a reduction of methane emission from cattle would have a greater near-term contribution to the effort toward mitigating global climate change and improving animal productivity (Janssen, 2010; Beauchemin et al., 2020).

For the above-mentioned importance, the metabolism of rumen microbes including methanogens has been investigated for almost eight decades (Barker, 1936; Elsden, 1945; Hungate, 1950; Beijer, 1952; Hungate, 1966; Henderson et al., 2015; Seshadri et al., 2018). These studies yielded a plethora of basic and applied science information about rumen methanogens including their role in facilitating microbial fermentation in the rumen (Hungate, 1966; Beauchemin et al., 2020). These details have been leveraged for developing tools for mitigating methane emission in the livestock industry and some of these can provide an average of 30% reduction in methane production with acceptable safety in both beef and dairy cattle (Yu et al., 2021). However, the outcome varies greatly (Patra et al., 2017; Arndt et al., 2022). What causes such variabilities? Which methanogens escape such intervention and how could one target them effectively? What factors drive the composition of a rumen methanogen community over another, spatially and temporally? Answering these questions requires a deeper understanding of the metabolic diversity and in situ physiology of rumen methanogens, which sorely remains incomplete even after close to eight decades of interrogation. It is because the current knowledge base for this field has mostly been built on studies with pure culture isolates from the rumen, which are a few, and inferences from the properties of non-rumen methanogen isolates (Jeyanathan, 2010; Seshadri et al., 2018). The technical hurdles of working with strict anaerobes and the absence of clues to specific auxotrophies have limited the isolation efforts, which could have allowed useful in vitro studies.

The culture-independent approaches leveraging high throughput omics are beginning to fill the above-mentioned gap in terms of phylogenetic diversity and metabolic potentials. The discovery of species from the Methanomassiliicoccales order that provide an additional route for removing the hydrogen-based thermodynamic block on ruminal fermentation (Borrel et al., 2013) and key genomic features that allow rumen methanogens to associate with other organisms (Leahy et al., 2010; Ng et al., 2016) and battle the toxicity of plant product (i.e., tannin) are examples of such advances (Kelly et al., 2016c; Loh et al., 2020). However, the absence of information on the metabolic and physiological properties of individual rumen methanogens that are generally obtained from studies on pure culture isolates or even low complexity enrichments has prevented making a clear sense of physiological data originating from in vivo or whole animal-based measurements.

This review presents a summary and analysis of the past and evolving knowledge of rumen methanogens (Figure 1) including the ongoing and upcoming research that would fill the above-mentioned gaps and help the efforts to mitigate enteric methane emissions while bringing sustainability to the livestock industry.
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FIGURE 1
 Ecophysiology and metabolic adaptation of rumen methanogens. A schematic diagram illustrating functional roles of methanogens that facilitate the continuation of rumen microbial fermentation by removal of H2 from microbial fermentation to generate methane. In the process, methanogens interact with different functional guilds via syntrophic associations and cross-feedings. Uptakes of nutrients and genetic materials via horizontal gene transfer (HGT) are shaping rumen methanogen metabolism, physiology, and lifestyle resulting in better adaptations and competitiveness in the rumen environment. Interactions between methanogens and other rumen microbiota are diverse and complex where methanogens are found as free-living, in a physical association or syntrophic relationship with other microbes, attach to the rumen epithelial cells as part of rumen epimural community, or ecto−/endosymbiosis with protozoa (right panel). Metabolic adaptation of methanogens in rumen environment (lower panel) results in loss of biosynthetic genes generating oligotrophy, acquisition of new functions through HGT, and physiological adaptation to methanogenic substrate fluctuations in the rumen (i.e., high and low [image: image] conditions following feeding) that have significant impacts on the emergence of CO2- and methyl-reducing hydrogenotrophs (i.e., Ks and the deployment of different Mcr isozymes).




2. Methanogenic archaea, a thermodynamic facilitator in rumen fermentation

Ruminants gain 70% of their energy from microbial activities that degrade feed materials in the first two compartments of the digestive tract, the rumen and the reticulum, which collectively called reticulorumen and hereafter is referred to as rumen (Flint and Bayer, 2008; Yeoman and White, 2014). The rumen microbial community is composed of bacteria, protozoa, archaea, and fungi in the order of the most abundant to the least (Hungate, 1966; Henderson et al., 2015; Seshadri et al., 2018); highly abundant and diverse virus populations are also important components in the rumen even though it has not been studied significantly (Gilbert et al., 2020). These individual members of rumen microbial community have been co-evolving with the ruminants for about 50 million years (Webb and Taylor, 1980; Hackmann and Spain, 2010; Jiang et al., 2014), making them resilient to environmental perturbation through their overlapping metabolic functionality (Weimer, 2015). Their concerted actions convert fermentable carbohydrates and amino acids anaerobically via fermentation into volatile fatty acids that provide energy to the animals and surplus reducing equivalents in the forms of hydrogen and formate, with most products coming from carbohydrates. If unutilized, excess H2 blocks the progress of fermentation thermodynamically, and in the rumen and many other anaerobic biodegradation systems, this block is removed by methanogens that utilize the excess H2 and generate methane (Figures 1, 2; Zinder, 1993).
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FIGURE 2
 Carbohydrate degradation in the reticulorumen (rumen) of ruminants. Microbial degradation of structural carbohydrates and fermentation of resulting sugar monomers generate fatty acids, acetate, propionate, and butyrate. H2 is generated from the electron confurcation of NADH and Fdxred during decarboxylation of pyruvate to generate acetyl-CoA. Generation of acetyl CoA from pyruvate can be performed by the actions of Pyruvate:Ferredoxin OxidoReductase (PFOR) or Pyruvate Formate Lyase (PFL). The H2 level is kept low by formate-dependent methanogenesis, CO2- and methyl-reducing hydrogenotrophs (superscripts a, b, and c, respectively), thus relieving the thermodynamic block on reoxidation of NADH and fermentation. Methyl-dismutating and acetoclastic methanogenesis are not commonly found in the rumen (superscripts d and e, respectively). When available, sulfate, nitrate, and fumarate can be used as alternate hydrogen sinks, blue dashed-lined box. Blue and green [H], production and consumption of reducing equivalent or (NAD(P)H), respectively; black dashed-lines, multi-step pathway; black solid lines, process in the rumen; black dotted-lines, absorption of volatile fatty acids by rumen wall.


Working synergistically, a group of bacteria, fungi, and protozoa hydrolyze cellulose and hemicellulose fibers into respective sugar monomers, and ferment these products into primarily three major volatile fatty acids, namely acetate, propionate, and butyrate that are absorbed by rumen epithelial walls (Hungate, 1966; Czerkawski and Breckenridge, 1973; Prins and van der Meer, 1976; Wolin, 1979; Williams and Coleman, 1997; Ragsdale, 2003; Sawers and Clark, 2004; Reichardt et al., 2014; Henderson et al., 2015; Hackmann et al., 2017; Gruninger et al., 2019; Ungerfeld, 2020; Williams et al., 2020; Pereira et al., 2022). In addition, lactate, ethanol, and succinate are produced as reduced intermediates (Gottschalk, 1986; Hackmann et al., 2017), where lactate and succinate are further converted to propionate (Gottschalk, 1986; Weimer, 1998; Reichardt et al., 2014; Hackmann et al., 2017; Moraïs and Mizrahi, 2019; Ungerfeld, 2020). Figure 2 summarizes this overall process. Acetate, propionate, and butyrate account for 40–75%, 15–40%, and 10–20% of the total rumen VFAs, respectively (Wolin, 1960; Bergman, 1990; DeFrain et al., 2004). Propionate serves as a major precursor for the biosynthesis of glucose through gluconeogenesis in the liver, which in turn is used as an energy source for the animal (Young, 1977). Acetate and butyrate can be used as precursors in lipid biogenesis by the host (Black et al., 1961; Hanson and Ballard, 1967; Moran, 2005).

Production of acetate and butyrate from glucose is associated with more negative ΔGo’ values than is propionate production (van Lingen et al., 2016). In addition, the production of propionate is associated with a net consumption of two moles of H2 per mole of glucose utilized, whereas that of acetate and butyrate lead to net productions of four and two moles of H2, respectively (van Lingen et al., 2016; Leahy et al., 2022). Accordingly, despite a higher thermodynamic feasibility of acetate and butyrate production from glucose under standard conditions, the generation of these VFAs is less favored as it leads to H2 accumulation and consequent thermodynamic inhibition of microbial fermentation.

The above-mentioned fermentation process generates pyruvate, ATP, and NADH (Figure 2). To allow unimpeded continuation of the fermentation process, NAD+ must be regenerated (Baldwin and Allison, 1983; Stams and Plugge, 2009). Depending on the prevailing cellular redox status (i.e., NAD+/NADH ratio) of the cells, it can be done through the production of reduced fermentation products such as ethanol, lactate, and propionate, and/or hydrogen generation via NADH:Ferredoxin oxidoreductase coupled with a hydrogenase or via electron confurcation reaction involving NADH and reduced ferredoxin (Fdxred) (Schut and Adams, 2009; Stams and Plugge, 2009). Processing of pyruvate via Pyruvate Formate Lyase (PFL) provides acetyl-CoA and formate, and the latter can be excreted or oxidized to H2 by formate hydrogen lyase (Baldwin and Allison, 1983, Stams and Plugge, 2009). As H2 accumulates, elevating its partial pressure or [image: image], it blocks NADH oxidation thermodynamically (Baldwin and Allison, 1983; Gottschalk, 1986; Stams and Plugge, 2009); thus, H2 is a central regulator and called the ‘currency’ of rumen fermentation (Czerkawski, 1986). Hydrogenotrophic methanogens remove this block on fermentation by consuming H2 via CO2 and methyl group reduction to methane (4H2 + CO2 → CH4 + 2H2O; H2 + CH3-X → CH4 + HX) and allowing NAD+ regeneration (Baldwin and Allison, 1983; Stams and Plugge, 2009). Excretion of formate, as mentioned above, lowers pH and its sequential oxidation to H2 imposes a thermodynamic block and methanogens alleviate these problems via formate methanogenesis (4HCOO− + 4H+ → CH4 + 3CO2 + 2H2O) (Figure 2).

The process of electron transfer from a hydrogen producer to a methanogen via hydrogen as a vehicle was the first recognized case of interspecies electron transfer (IET) (Bryant et al., 1967). Direct IET (DIET) occurring via conducting pili or nanowires, or IET employing extracellular cytochromes that occur in other ecological systems (Lovley and Holmes, 2022) remains to be investigated for rumen microbiome (Kelly et al., 2022). With fiber digestion by protozoa, a unique reductant transfer process is seen. Here, protozoa release excess reductant as H2 through hydrogenosome, a mitochondria-type organelle representing an ancient bacterial endosymbiont (Lewis et al., 2020), which is captured directly by methanogens living syntrophically as protozoal endo- and ecto-symbiont (Vogels et al., 1980; Stumm and Zwart, 1986; Belanche et al., 2014). These symbiotic methanogens representing 10–20% of rumen methanogens contribute to 15–35% of ruminal methane production (Hegarty, 1999; Morgavi et al., 2008, 2012). This association is non-specific in terms of a methanogen’s selectivity for protozoa type (Henderson et al., 2015).

Figure 2 shows alternate routes for hydrogen removal in the rumen with the respective thermodynamic potentials. Except for acetogenesis (4H2 + 2CO2 → CH3COO− + 2H2O + H+), which utilizes readily available CO2, these alternate avenues are used only if the respective electron acceptors are available in the rumen. For example, the sulfate reduction pathway occurs only when the sulfate concentration in the rumen is sufficient (Huisingh et al., 1974).



3. Expanding concepts of rumen methanogens’ diversity, physiology, and metabolism

Methanogens account for less than 3.3% of the total rRNA gene sequences in bovine rumen (Patra et al., 2017) and the dominant rumen methanogens are rather conserved across geographical regions (Henderson et al., 2015). Despite this relatively low abundance, methanogens have a major impact on microbial metabolism in this ecosystem for the reasons mentioned above. In this section, the diversity and methanogenesis or energy conservation processes of rumen methanogens are summarized and discussed.


3.1. Diversity

According to the taxonomic classification of the Genome Taxonomy Database (GTDB; Parks et al., 2022), the methanogen phyla represented in the rumen microbiome are Halobacteriota (H), Methanobacteriota (M), and Thermoplasmatota (T) (Janssen and Kirs, 2008; Henderson et al., 2015; Parks et al., 2022). These methanogens belong to four orders (phyla): Methanobacteriales (M), Methanomicrobiales (H), Methanosarcinales (H), Methanomassiliicoccales (T). The reports of Methanococcales (M) especially from Methanocaldococcaceae family and Methanopyrales (M) phyla, representing hyperthermophiles, in rumen samples (Janssen and Kirs, 2008; Henderson et al., 2015; Tan et al., 2021) are likely artifactual, and Methanocellales (H) have never been found in rumen. The identification of Methanomassiliicoccales in the rumen as major utilizers of hydrogen via a non-CO2 reduction route reshaped the concept of hydrogenotrophy (Borrel et al., 2013, 2014; Li et al., 2016; Kelly et al., 2016a,b; Garcia et al., 2022).

The rumen methanogen community is dominated by members of Methanobacteriales, especially from Methanobrevibacter and Methanosphaera genera, and those of Methanomassiliicoccales, with small contributions from Methanomicrobium and Methanosarcina genera (Henderson et al., 2015). Methanobrevibacter gottschalkii, Methanobrevibacter ruminantium, Methanosphaera sp., and two Methanomassiliicoccaceae (formerly grouped as the rumen cluster C or RCC) comprise close to 90% of the total rumen methanogen rRNA gene sequences with Methanobrevibacter covering 74% of the total sequences and the rest 16% belonging to Methanosphaera sp. and Methanomassiliicoccaceae (Janssen and Kirs, 2008; Henderson et al., 2015). These abundance values, however, are dynamic and vary across hosts and diets, even though the core methanogen players are rather conserved (Henderson et al., 2015). Table 1 describes all known pure culture isolates of rumen methanogens and their key cellular characteristics. Some of these features are discussed below; energy metabolism is covered in Section 3.2.



TABLE 1 Growth and nutritional requirements of select rumen-associated methanogens.
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3.1.1. Methanobacteriales

Members of this order reduce CO2 with H2 and some use formate, CO, and secondary alcohols as reductants (Liu, 2010a); Methanosphaera, an exception, reduce methanol with H2 (Miller and Wolin, 1985). Their cell walls contain an archaeal-type peptidoglycan composed of N-acetyltalosaminuronic acid with β-1,3 glycosidic bonds and L-amino acid peptide crosslinks (König and Kandler, 1979; Sprott and Beveridge, 1993). Most members are mesophiles, and the respective genera occur in the ruminant digestive tract (Liu and Whitman, 2008; Liu, 2010a; Lyu and Liu, 2019).


3.1.1.1. Methanobrevibacter (Mbb)

These methanogens are major contributors in rumen methane production (Janssen and Kirs, 2008, Henderson et al., 2015). Approximately 74% of the 16S rRNA amplicons of rumen methanogens from rumen samples are affiliated with Mbb. gottschalkii and Mbb. ruminantium (Janssen and Kirs, 2008; Henderson et al., 2015). Thus far, only a few rumen Methanobrevibacter species have been isolated from the rumen (Table 1) and they form two phylogenetic clades, smithii-gottschalkii-millerae-thaurei (SGMT) and ruminantium-olleyae (RO) (Table 1 and Figure 3; King et al., 2011). These clades’ abundance and distribution vary over hosts and diets (St-Pierre et al., 2015), with generally one clade dominating over the other (Wright et al., 2007; Yeoman and White, 2014; Seedorf et al., 2015), and in only a few instances these exhibiting balanced abundances (Wright et al., 2007; St-Pierre et al., 2015). From a phylogenetic analysis that included Mbb. woesei, Mbb. wolinii, and Mbb. boviskoreani (Figure 3), we propose to expand the SGMT into the woesei-smithii-gottschalkii-millerae-thaurei (WSGMT) and form a new clade of boviskoreani-wolinii (BW), while retaining the RO clade (Figure 3).
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FIGURE 3
 Phylogeny of rumen methanogenic archaea. A 16S ribosomal RNA (rRNA) gene sequence-based phylogenetic tree was constructed via a distance-based phylogeny inference algorithm at NGPhylogeny webserver (https://ngphylogeny.fr/) (Desper and Gascuel, 2002; Criscuolo and Gribaldo, 2010; Junier and Zdobnov, 2010; Katoh and Standley, 2013; Lefort et al., 2015; Lemoine et al., 2018) with Desulfurococcus amylolyticus Z-1312 16S rRNA gene sequence as an outgroup (not shown). Black dots at the branches, confidence values of ≥700 (out of 1,000 replicates). Scale bar, number of base substitutions per site. Mode of methanogenesis substrate use (as shown in Figure 5): black, CO2-reduction or formate-dependent; red, methyl-reduction with H2; blue, Methyl-dismutating; yellow, acetoclastic. Highlighted in green, rumen-associated methanogens. Sources of information in the H+/Na+ translocating system and [image: image] threshold: (Deppenmeier, 2004; Thauer et al., 2008; Sakai et al., 2011; Ver Eecke et al., 2012; Welte and Deppenmeier, 2014; Kulkarni et al., 2018; Kröninger et al., 2019; Mand and Metcalf, 2019; Feldewert et al., 2020; Kurth et al., 2020, 2021; Downing et al., 2023). For, formate; MeOH, methanol; Me, methanol and mono-, di-, and trimethylamines; Ac, acetate; Mtr, methyl-tetrahydromethanopterin:coenzyme M methyltransferase; HdrDE, membrane-bound heterodisulfide reductase; Ech, energy-conserving hydrogenase; Ehb, a homolog of energy-conserving hydrogenase; Fpo, F420H2:phenazine oxidoreductase; Fpo*, Fpo in the absence of the F and O subunits; Vht, [NiFe] hydrogenase; Rnf, an equivalent of Rhodobacter nitrogen fixation complex; Mcr, methyl-coenzyme M reductase; cyt, cytochrome; √, cytochrome-containing; ×, cytochrome-non-containing.


Within the WSGMT clade, the presence of Mbb. smithii in the rumen system is questionable (Janssen and Kirs, 2008; Table 1 and Supplementary Table S1), as it was originally isolated from a sewage digester (Balch et al., 1979) and others were isolated from human feces and large intestine (Miller and Wolin, 1981; Miller et al., 1982). Rare detection of Mbb. smithii-like organisms in rumen have been based on the 16S rRNA sequence analysis (Supplementary Table S1). Methanobrevibacter species can produce methane from CO2-reduction with H2 and formate. The genomes of rumen methanogens often lack essential biosynthetic genes, such as those for coenzyme M, perhaps due to gene loss from prototrophic ancestors (Figure 4, Section 3.3), and in the rumen, resulting auxotrophies are supported with supplements from other organisms, including other methanogens (Hazlewood and Dawson, 1977). These auxotrophies often make the laboratory cultivation of rumen Methanobrevibacter species quite tedious, since growth factor(s), such as coenzyme M, short-chain fatty acids, amino acids, acetate, and vitamins need to be provided (Bryant et al., 1971; Balch and Wolfe, 1976; Balch et al., 1979; Miller and Lin, 2002; Rea et al., 2007; Lee et al., 2013; Table 1). Branched-chain volatile fatty acids, especially 2-methylbutyrate and isovalerate, are used for amino acid synthesis of isoleucine and leucine, respectively (Whitman et al., 1982; Shieh et al., 1988). In some cases, because of the unknown type auxotrophies, supplementation with rumen fluid is necessary (Bryant et al., 1971; Balch and Wolfe, 1976; Balch et al., 1979; Miller and Lin, 2002; Rea et al., 2007; Lee et al., 2013). Certain Methanobrevibacter species express adhesin-like proteins that likely allow symbiosis with ciliates and other hydrogen producers (Figure 4; Ng et al., 2016; Patra et al., 2017).
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FIGURE 4
 Unique genomic features of rumen methanogens. Genomic features: mcr and mrt, McrI and McrII isozymes of methyl-CoM reductase, respectively; fdhAB, two subunits of formate dehydrogenase as utilized for formate utilization; comADE and fbiC, CoM and F420 biosynthetic genes; pylBCD, genes encoding pyrrolysine biosynthesis enzymes; pylT, transfer RNA for pyrrolysine (tRNAPyl); pylS, pyrrolysyl-tRNA synthetase (PylRS); *, total number of adhesin-like protein; NS, not specified. The data are from Jeyanathan (2010), Leahy et al. (2010, 2013), Kelly et al. (2014, 2016a,b,c), Lambie et al. (2015), Li (2016), and Li et al. (2016).




3.1.1.2. Methanosphaera (Msp)

Msp. stadtmanae ISO3-F5 and Msp. BMS are the sole rumen isolates of the Methanosphaera genus (Jeyanathan, 2010; Hoedt et al., 2018) and the former is closely related to the human fecal isolate Msp. stadtmanae MCB-3 (Miller and Wolin, 1985) with a 16S rRNA sequence similarity of 96% (Jeyanathan, 2010). Methanosphaera species are obligate H2-dependent methylotrophs (Miller and Wolin, 1985; Jeyanathan, 2010). The genome sequence of Msp. BMS but not Msp. stadtmanae ISO3-F5 is available (Jeyanathan, 2010; Hoedt et al., 2018). Rumen isolates require several growth factors, such as yeast extract, acetate, and fatty acids (Table 1). Msp. stadtmanae occurs in a free state as well as a symbiont of the rumen protozoa, Eudiplodinium and Entodinium (Tymensen et al., 2012; Xia et al., 2014).



3.1.1.3. Methanobacterium (Mb)

Mb. formicicum BRM9 is the rumen representative of this genus, and this cow rumen isolate uses H2 + CO2 and formate for methanogenesis (Jarvis et al., 2000). It requires yeast extract and fatty acids for growth (Table 1).




3.1.2. Methanomassiliicoccales

Methanomassiliicoccales order of the more recently recognized phyla of Candidatus Thermoplasmatota represent the second most abundant methanogen group after Methanobrevibacter in the rumen (Henderson et al., 2015). It is currently represented by five families, four genera, and one pure culture isolate, Methanomassiliicoccus luminyensis B10 of Methanomassiliicoccaceae family obtained from human feces (Dridi et al., 2012). Methanomassiliicoccales are mesophiles and mostly associated with animal gastrointestinal tracts (Dridi et al., 2012; Li et al., 2016; Söllinger et al., 2016; Kelly et al., 2016a,b; Cozannet et al., 2020). The strain B10 derives energy from H2-dependent methanogenesis from methylated compounds, such as methanol, methyl-, dimethyl-, and trimethylamine (Dridi et al., 2012; Li et al., 2016; Kelly et al., 2016a,b). Similar to Mycoplasma, which are cell wall deficient bacteria (Brown et al., 2018), Methanomassiliicoccales lack the archaeal S-layer cell wall and possess a bi-layer cell membrane (Dridi et al., 2012; Li et al., 2016), which in strain B10 contains unusual butane- and pentanetriol-based tetraether lipids (Becker et al., 2016).

There are reports on the enrichment of rumen Methanomassiliicoccales, and ISO4-H5, ISO4-G1, ISO4-G11, RumEn M1, and RumEn M2 are such examples (Kelly et al., 2016a,b; Li et al., 2016; Söllinger et al., 2016). These isolates rely exclusively on H2-dependent methyl-reducing methanogenesis for energy production (Kelly et al., 2016a,b; Li et al., 2016; Söllinger et al., 2016), and genome analysis suggests that ISO4-H5 and ISO4-G1 are coenzyme M auxotrophs (Li et al., 2016; Kelly et al., 2016a,b); the genome sequence of ISO4-G11 is not available (Jeyanathan, 2010) and that of RumEn M1 and RumEn M2 are incomplete (Söllinger et al., 2016). Further investigations on the physiology of these methanogens will require isolation in pure cultures.



3.1.3. Methanomicrobiales

The species of this order representing eight families perform methanogenesis from CO2 with H2, formate, and secondary alcohol as electron sources (Zellner and Winter, 1987; Liu, 2010b). Methanomicrobium mobile BP, a bovine isolate that uses H2 + CO2 and formate (Paynter and Hungate, 1968) and belongs to the Methanomicrobiaceae family, is the only rumen representative of this order (Table 1). It constitutes only a small fraction of rumen methanogen population (Henderson et al., 2015) and forms symbioses with ciliates via an unknown mechanism (Regensbogenova et al., 2004). Mm. mobile has the most complex growth factor requirements among methanogens (Table 1); the nature of a factor that is called mobile element and could be provided from boiled cell extract of Methanothermobacter thermautotrophicus remains unknown (Tanner and Wolfe, 1988; Kuhner et al., 1991; Table 1).



3.1.4. Methanosarcinales

The rumen representatives of this order are Methanosarcina barkeri CM1 and Methanosarcina thermophila Ms97 that belong to the Methanosarcinaceae family (Table 1), and like other Methanosarcina, they are metabolically versatile and can utilize H2 and CO2, methylated compounds, such as methanol, methylamines, and methanethiol, and acetate, for methane production (Table 1; Rospert et al., 1990; Reeve, 1992; Morgan et al., 1997; Reeve et al., 1997; Deppenmeier et al., 2002; Galagan et al., 2002; Maeder et al., 2006; Lambie et al., 2015). The rumen isolates require yeast extract and rumen fluids for growth (Table 1). While co-culture experiments show symbiotic interactions of a non-rumen isolate of Ms. barkeri with ruminal fungi and ciliates (Mountfort et al., 1982; Hillman et al., 1988; Ushida et al., 1997), no such information is available for a rumen Methanosarcina (Lambie et al., 2015).



3.1.5. Methanotrichales

Methanothrix species are the sole members of this order (Garrity et al., 2011) and are known to obtain energy solely from acetoclastic methanogenesis (Lyu and Liu, 2019; Akinyemi et al., 2021), although their genomes suggest a capability of CO2-reduction with H2 and CO as electron sources (Smith and Ingram-Smith, 2007). A low abundance of 16S rRNA gene sequences representing Methanothrix concilii have been detected in rumen samples (Henderson et al., 2015).




3.2. Energy metabolism and physiology

For energy production, methanogens rely on methanogenesis, and based on the methanogenic substrates utilized, these archaea are divided into three groups (substrate, group name): hydrogen and formate as electron donor for CO2 reduction (hydrogenotrophic and formate-dependent, respectively); methyl-containing compounds and acetate as sources of both methyl group and electron source (methylotrophic and acetoclastic, respectively) (Wolfe, 1992). However, for the recently emphasized role of methanogens that remove H2 via methyl group reduction in the rumen, human gut, and many other ecological niches, the definition of hydrogenotrophic methanogenesis has been expanded to the following (hydrogenotrophic pathway, associated methanogens): CO2-reducing hydrogenotrophy (CO2-reducing hydrogenotrophs) and methyl-reducing hydrogenotrophy (methyl-reducing hydrogenotrophs) (Garcia et al., 2022; Bueno de Mesquita et al., 2023). Similarly, methanogenesis from CO2 with formate and secondary alcohols as reductants, where the electrons are recovered from the primary donor as F420H2 (Thauer et al., 2008; Yan and Ferry, 2018) could be called formate-dependent and secondary alcohol-dependent methanogenesis, respectively; for the former, CO2-reducing formatotrophic name has also been proposed (Garcia et al., 2022). In the following subsections, each of the methanogenesis pathways and the corresponding energy conservation strategies are described and linked to the rumen methanogens that employ them.


3.2.1. CO2-reducing hydrogenotrophy and formate-dependent methanogenesis

CO2-reducing hydrogenotrophy (Figure 5) is one of the most ancient respiratory metabolisms on Earth (Leigh, 2002; Teske et al., 2003). Here, CO2 is first reduced to a formyl group, which is dehydrated to methenyl and then sequentially reduced to methylene and methyl groups and finally, to methane (Figure 5); three coenzymes, methanofuran (MFR), tetrahydromethanopterin (H4MPT), and coenzyme M (CoM-SH or CoM) act as carriers for the carbon units at four oxidation states (+4, +2, 0, and − 2) (Wolfe, 1992). Reduced coenzyme F420 (F420H2), generated by an F420-reducing [NiFe]-hydrogenase (Frh) with H2, serves as a direct electron donor for the reduction of methenyl and methylene forms. Coenzyme B (CoB-SH or CoB) helps to reduce the methyl group of CH3-S-CoM to CH4, and this process generates heterodisulfide of CoM and CoB (CoM-S-S-CoB) (Wolfe, 1992; Thauer et al., 2010; Thauer, 2012).
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FIGURE 5
 The methanogenesis cycle, energy conservation, and associated standard free energy changes. The cycle is first proposed by Rouvière and Wolfe (1988) and subsequent discovery in flavin-based electron bifurcation (FBEB) makes the cycle full circle (Thauer, 2012; Watanabe et al., 2021). Pathway arrow colors: black, CO2-reducing hydrogenotrophic or formate-dependent methanogenesis (Wood et al., 2003; Costa et al., 2010; Thauer, 2012); red, blue, and orange, methyl-reducing hydrogenotrophic, methyl-dismutating, and acetoclastic, respectively (Welander and Metcalf, 2005; Kurth et al., 2020). The FBEB complex which consists of Mvh-Hdr-Fmd/Fwd or Fdh-Hdr-Fmd/Fwd is proposed to be a common structure in CO2-reducing or formate-dependent methanogens without cytochromes (Watanabe et al., 2021). Values for standard free energy changes are taken from Liu and Whitman (2008) or calculated from Thauer et al. (1977). Fdxred, reduced ferredoxin; Fdxox, oxidized ferredoxin; MFR, methanofuran; H4MPT, tetrahydromethanopterin; MP, methanophenazine; CoB-SH or CoB, coenzyme B; CoM-SH or CoM, coenzyme M; Fmd, molydopterin containing formyl-MFR dehydrogenase; Ftr, formyl-MFR:H4MPT formyltransferase; Mch, methenyl-H4MPT cyclohydrolase; Mtd, methylene-H4MPT dehydrogenase; Hmd, H2-dependent methylene-H4MPT dehydrogenase; Mer, methylene-H4MPT reductase; Mtr, methyl-H4MPT:CoM methyltransferase; Mcr, methyl-CoM reductase; Hdr, electron bifurcating hydrogenase-heterodisulfide reductase complex; HdrABC, soluble heterodisulfide reductase; HdrDE, membrane-bound heterodisulfide reductase; Mvh, non-F420-reducing hydrogenase; Frh, F420-reducing hydrogenase; Mta, methylcobamide:CoM methyltransferase; Mtm, monomethylamine methyltransferase; Acs, acetyl-CoA synthase; Ack, acetate kinase; Pta, phosphotransacetylase; ACDS, acetyl-CoA decarbonylase/synthase; Fdh, formate dehydrogenase; Eha, a homolog of energy-conserving hydrogenase; Vho, methanophenazine-dependent hydrogenase; ΔμNa+, electrochemical sodium ion potential.


In CO2-hydrogenotrophic methanogens without cytochromes such as Methanobrevibacter, the only site for energy conservation is the sodium translocating membrane-associated methyl-H4MPT:CoM methyltransferase complex composed of MtrA–H subunits (Figure 5; Thauer et al., 2008) and heterodisulfide reduction occurs as follows. A cytoplasmic complex composed of heterodisulfide reductase (HdrABC), non-F420-reducing hydrogenase (MvhADG), and formyl-methanofuran dehydrogenase (FmdABCDFG or FwdABCDFG) retrieves electrons from H2 (Eo’, −420 mV), and bifurcates these using the FAD unit of HdrA to provide high potential electrons for the reduction of CoM-S-S-CoB (Eo’, −140 mV) at HdrB and low potential electrons for formyl-MFR synthesis from CO2 (Eo’, −500 mV) (Costa et al., 2010; Yan and Ferry, 2018; Watanabe et al., 2021; Figure 5); Fmd and Fwd are molybdo- and tungsto-pterin carrying isoenzymes of formyl-methanofuran dehydrogenase, respectively (Schmitz et al., 1992). For methanogenesis with formate, as discussed below, the MvhADG unit is replaced with F420-reducing formate dehydrogenase (FdhAB) that can obtain electrons from either formate using FdhA or F420H2 via FdhB (Costa et al., 2010; Watanabe et al., 2021). The direct electronic coupling of the first (formyl-methanofuran synthesis) and last (CoM-S-S-CoB reduction) steps of methanogenesis generates a cyclic system that has been called the Wolfe Cycle, named after Ralph Wolfe (Rouvière and Wolfe, 1988; Thauer, 2012; Figure 5). When the electron bifurcation falls short, an energy-converting hydrogenase (Eha) provides low potential electrons for formyl-MFR synthesis via a ferredoxin, serving an anaplerotic function (Figure 5; Lie et al., 2012).

For methanogens with cytochromes, electrons derived from H2 by the action of a membrane-bound and proton pumping VhoAGC hydrogenase complex are channeled to HdrDE for CoM-S-S-CoB reduction, and the low-potential Fdxred that are needed for formyl-MFR synthesis are generated via another membrane-bound hydrogenase complex (EchA-F) that is aided by a proton-motive force (Thauer et al., 2008). Thus, a cytochrome carrying CO2-hydrogenotroph such as Methanosarcina has two sites of energy conservation, Mtr and VhoAGC (Thauer et al., 2008).

Under standard conditions, the hydrogenotrophic mode is the most exergonic of all methanogenesis systems (ΔG°′ = −135 kJ/mol CH4) (Figure 5). However, under the rumen conditions (hydrogen partial pressure or [image: image]), 162 Pa (Barry et al., 1977; Ungerfeld and Kohn, 2006), the prevailing ΔG’ value of the hydrogenotrophic methane formation reaction is only −67.4 kJ/mol CH4 (Ungerfeld and Kohn, 2006) and yet, Mbb. ruminantium and Mbb. gottschalkii together represent as high as 74% of the total archaeal community (Henderson et al., 2015). It has been suggested that the flavin-dependent bifurcation system producing a low potential reduced Fdx pool is a key tool for a methanogen living under low [image: image] (Yan and Ferry, 2018).

The genome of Mbb. ruminantium strain M1 carries all the genes necessary for methane production from H2 and CO2 (Leahy et al., 2010). It also carries a locus with genes for a formate transporter (fdhC, mru_0332), a formate dehydrogenase (fdhAB, mru_0333 and mru_0334), and genes encoding molybdopterin-guanine dinucleotide biosynthesis (moa, mru_0335 and mru_0336), enabling the organism to transport and oxidize formate; formate dehydrogenase contains a molybdopterin cofactor (May et al., 1986; Reeve, 1993).

There are indications that various groups of Methanobrevibacter use two different isoenzymes of methyl-coenzyme M reductase (Mcr) which catalyzes methane production from CH3-S-CoM (Figure 5). This difference has a major implication for their hydrogen metabolism (Reeve, 1992; Bonacker et al., 1993). The Mcr isoenzymes, Mcr I and McrII, encoded by the mcr and mrt genes, respectively, are considered physiologically adapted to function at low and high [image: image] values (Rospert et al., 1990; Reeve et al., 1997). Mbb. ruminantium M1, a RO group organism, with mcrBCDGA genes encodes only McrI (Leahy et al., 2010). Of the rumen isolates from the WSGMT group, only for Mbb. millerae SM9’s complete genome sequence is available, and it carries both mcr and mrt genes (Kelly et al., 2016c).



3.2.2. Methyl-reducing hydrogenotrophy

In this process, the methyl group from methylated compounds, such as methanol, methylamine, and methanethiol are transferred to CoM to form methyl-CoM which is then reduced to methane by Mcr (Figure 5), and H2 serves as the primary electron source for CoM-S-S-CoB reduction (Figure 5; Keltjens and Vogels, 1993). In the rumen, only methanol and methylamines (either mono-, di-, or trimethylamines), but not methanethiol, are available for this metabolism (Miller and Wolin, 1985; Fricke et al., 2006; Jeyanathan, 2010; Henderson et al., 2015; Kelly et al., 2016a,b; Li et al., 2016).

The ΔGo’ value for this process under standard conditions is −113 kJ/mol CH4, making it the second most exergonic methanogenesis process (Figure 5). The ΔG’ values under rumen conditions, however, have not been reported and would be variable as methanol and methylamine concentrations are dependent on the host diet, and [image: image] also varies (Henderson et al., 2015). The methyl-hydrogenotrophs constitute about 16% of the rumen archaeal community and along with CO2-hydrogenotrophs and formate-utilizers, these organisms cover close to 90% of the methanogens in this habitat (Henderson et al., 2015). These methyl-hydrogenotrophic rumen methanogens belong to Methanosphaera sp. and two Methanomassiliicoccales-affiliated groups (Miller and Wolin, 1985; Fricke et al., 2006; Jeyanathan, 2010; Henderson et al., 2015; Li et al., 2016; Kelly et al., 2016a,b); Methanosarcina, which also can perform methyl-hydrogenotrophy (Mukhopadhyay et al., 1993) are rarely encountered in the rumen (Henderson et al., 2015).

The metabolic potential of Msp genus was inferred from the genome sequence analyses of a human fecal isolate, Msp. stadtmanae MCB-3 (Fricke et al., 2006), and that of rumen strain BMS (Hoedt et al., 2018). Genome analysis of MCB-3 showed that it lacks the genes for the biosynthesis of molybdopterin, an essential prosthetic group of formylmethanofuran dehydrogenase (Fmd), making the organism incapable of activating CO2 to the formyl stage and performing CO2-hydrogenotrophic methanogenesis (Fricke et al., 2006; Figure 5). The organism also lacks the genes for the synthesis of acetyl-CoA decarbonylase/synthase complex, which explains the requirement of acetate for its growth and its inability to utilize acetate for methanogenesis (Miller and Wolin, 1985). All these phenotypes have been observed in the rumen strains ISO3-F5 and BMS (Jeyanathan, 2010; Hoedt et al., 2018) which relies solely on H2 and methanol for methane production (Jeyanathan, 2010; Hoedt et al., 2018; Figure 5). Based on the presence of mrt and absence of mcr in the genome of MCB-3, it is inferred that the ISO3-F5 strain uses McrII (Fricke et al., 2006; Jeyanathan, 2010), which likely operates at high [image: image] values (Rospert et al., 1990). The growth of BMS strain was also greatly enhanced at high [image: image], suggesting a dependence on McrII as well (Figure 5; Hoedt et al., 2018). The energy conservation system in Methanosphaera relies on the generation of reduced Fdx by the electron bifurcating HdrABC/MvhADG complex, and the free energy of the reduced Fdx is used for sodium ion translocation via membrane-bound energy-conserving hydrogenase (Ehb) complex (Fricke et al., 2006; Thauer et al., 2008; Yan and Ferry, 2018).

The genomes of Methanomassiliicoccales strains ISO4-H5, ISO4-G1, RumEn M1, and RumEn M2 (Jeyanathan, 2010; Li et al., 2016; Söllinger et al., 2016; Kelly et al., 2016a,b) lack the genes for many of the enzymes that are required to reduce CO2 to the methyl stage or to oxidize the methyl group of methyl-CoM to CO2 that could provide reductants for methyl-coenzyme M reduction (Lang et al., 2015; Li et al., 2016; Söllinger et al., 2016; Kelly et al., 2016a,b; Figure 5). Consequently, members of the Methanomassiliicoccales order are restricted to methyl-hydrogenotrophy; as mentioned above, for Methanosphaera species, such a restriction is due to a narrower reason, an inability to biosynthesize the molybdopterin cofactor for Fmd.

Above-mentioned rumen methanogens of the Methanomassiliicoccales order contain a F420H2:MP oxidoreductase-like (Fpo-like) complex and this could translocate protons for energy conservation (Lang et al., 2015; Li et al., 2016; Söllinger et al., 2016; Kelly et al., 2016a,b). However, they lack the genes for coenzyme F420, cytochrome, MP biosynthesis, and FpoF and FpoO subunits (Li et al., 2016; Söllinger et al., 2016; Kelly et al., 2016a,b) which in a Fpo complex of Methanosarcina species interact with F420H2 and MP, respectively (Welte and Deppenmeier, 2011); RumEn M2 strain also lacks the FpoA subunit (Söllinger et al., 2016). These genomes encode MvhADG, HdrABC, and HdrD but not HdrE (Lang et al., 2015; Li et al., 2016; Kelly et al., 2016a,b). Thus, it is possible that in rumen representatives of the Methanomassiliicoccales order, the Fpo-like complex couples the oxidation of bifurcation-derived reduced Fdx to the formation of a proton gradient (Kröninger et al., 2019). Methanomassiliicoccales carry mrt genes and lack the mcr system (Li et al., 2016; Kelly et al., 2016a,b), and therefore, utilize McrII which is known to operate at higher [image: image] values (Rospert et al., 1990; Reeve, 1992; Reeve et al., 1997); as mentioned above, a similar situation exists with the Methanosphaera spp.



3.2.3. Methylotrophic (or methyl-dismutating) and acetoclastic methanogenesis

Recently the term methyl-dismutating methanogenesis has been proposed as an alternate for methylotrophic methanogenesis (Garcia, Gribaldo et al., 2022). As the former embodies the mechanism of the process (Wolfe, 1992), we use this term for the rest of the narrative. Methyl-dismutating and acetoclastic methanogenesis are not significant processes in the rumen and the associated methanogens, Methanosarcina and Methanothrix species, are rarely encountered in this system (Hungate et al., 1970; Janssen and Kirs, 2008; Henderson et al., 2015; Seshadri et al., 2018); Ms. barkeri CM1 and Ms. thermophila Ms97 are the two rumen isolates (Lambie et al., 2015; Zhou et al., 2021). Methanosarcina species carry the mcr system and lack mrt genes (Deppenmeier et al., 2002; Galagan et al., 2002; Maeder et al., 2006; Lambie et al., 2015), hence these methanogens employ McrI that has been postulated to operate under low [image: image] conditions (Rospert et al., 1990; Reeve, 1992; Morgan et al., 1997; Reeve et al., 1997). Methanothrix spp. carry the mrt system that generates Mcr II (Barber et al., 2011; Zhu et al., 2012).

In methyl-dismutating methanogenesis, one-fourth of the available methyl groups are oxidized, generating F420H2 and reduced Fdx which in turn allows the reduction of the rest of the methyl groups to methane, (4CH3X + H2O → 3CH4 + CO2; X = −OH, −NH3, and −SH) (Figure 5; Deppenmeier et al., 1996; Deppenmeier, 2004; Buan and Metcalf, 2010; Yan and Ferry, 2018). Following are the ΔGo’ values (kJ/mol CH4) for this process with the indicated substrates: −105 (methanol), −74 (trimethylamine), and − 49 (dimethylsulfide) [Figure 5; see reference (Liu and Whitman, 2008) for a comprehensive list]. The electrons from reduced Fdx, originating from the oxidation of formyl-MFR, are bifurcated to reduce CoM-S-S-CoB and to generate F420H2 (Deppenmeier et al., 1996; Deppenmeier, 2004; Buan and Metcalf, 2010; Yan and Ferry, 2018); F420H2 is also generated from the oxidation of methyl- and methylene-H4SPT (H4SPT, tetrahydrosarcinapterin, a variation of H4MPT). Then a FpoA-O complex couples the oxidation of F420H2 to proton translocation and also provides additional reductants for CoM-S-S-CoB reduction via methanophenazine (MP) and HdrDE (Deppenmeier et al., 1996; Deppenmeier, 2004; Buan and Metcalf, 2010; Yan and Ferry, 2018). Additional energy is generated by a Frh-based H2 cycling system that retrieves electrons from F420H2 via Frh and produces H2 and H+ gradient; the internally produced H2 diffuses out and is oxidized at the extra cytoplasmic location via VhtAGC to generate electrons that are transported to HdrDE via MP for heterodisulfide reduction (Kulkarni et al., 2018; Mand and Metcalf, 2019).

Of all types of methanogenesis, the acetoclastic mode has the least negative ΔGo’ value (−33 kJ/mol CH4) (Figure 5). Here, the methyl group of acetate is transferred to H4SPT for further processing, generating methane, CoM-S-S-CoB, and a Na+-motive force, and the oxidation of the carboxyl group provides reduced Fdx (Yan and Ferry, 2018). The reduced Fdx is utilized by the Rnf complex (equivalent of Rhodobacter nitrogen fixation complex) in two ways: first, Fdx2− is oxidized employing cytochrome and the above-described MP- and HdrDE-mediated steps causing proton translocation and CoM-S-S-CoB reduction (Yan and Ferry, 2018; Mand and Metcalf, 2019); second, two Fdx2− are processed with two oxidized F420, promoting sodium ion translocation and the resulting F420H2 are used by HdrA2B2C2 for the reduction of CoM-S-S-CoB and the production of Fdx2− (Yan et al., 2017; Buckel and Thauer, 2018; Yan and Ferry, 2018). In both cases, a Na+/H+ antiporter adjusts the respective gradients for optimal ATP synthesis (Deppenmeier et al., 2002; Galagan et al., 2002; Maeder et al., 2006; Lambie et al., 2015; Yan and Ferry, 2018). A H2 cycling system similar to that described above for methyl-dismutating methanogenesis but with electrons derived from Fdx2− via Ech, provides an additional avenue for energy production (Barber et al., 2011; Zhu et al., 2012; Kulkarni et al., 2018; Mand and Metcalf, 2019).



3.2.4. Sources of methanogenesis substrates in rumen

The source of H2, formate, and acetate is predominantly carbohydrate fermentation as detailed above (Figure 2). Methanol is generated from de-esterification of methoxylated form of pectin, which is a polysaccharide component of the plant cell wall composed of alpha-1,4-galacturonic acid (Mitchell et al., 1979; Patterson and Hespell, 1979; Pol and Demeyer, 1988). This reaction is catalyzed by pectinase produced by Butyrivibrio, Prevotella, Bacteroides, Ruminococcus, and Fibrobacter species (Comtet-Marre et al., 2017; Sollinger et al., 2018; Kelly et al., 2019); fungi, protozoa or associated bacteria also hydrolyze pectin (Wright, 1960). Degradation of choline and betaine, that are present in the feed (Mitchell et al., 1979; Patterson and Hespell, 1979; Pol and Demeyer, 1988) by choline-TMA lyase and betaine reductase, respectively, provides trimethylamine (TMA) (Craciun and Balskus, 2012; Rath et al., 2019). In the rumen, the choline-TMA lyase gene occurs in Desulfovibrio, Clostridia, Streptococcus, Klebsiella, and Proteus species (Craciun and Balskus, 2012) and betaine reductase is likely provided by Eubacterium, Clostridium, and various members of the Firmicutes (Naumann et al., 1983; Hormann and Andreesen, 1989; Rath et al., 2019). A recent study has provided the following values for the methyl-group containing substrate concentrations (μM) in bovine rumen fluid (Bica et al., 2022): methanol, 23–26; methylamine, 12–16; dimethylamine, 1.8–2.1; and trimethylamine, 1.6–2; the values were not significantly different across different diets. An earlier study in cattle and sheep rumens reported that the concentration of methylamine increases steadily during the 6–8 h period post-feeding and then decreases rapidly (Hill and Mangan, 1964). After an additional 5 h, methylamine was absent from the rumen and this status remained for a 24 h period that followed (Hill and Mangan, 1964). These data are consistent with a rapid utilization of methyl-group containing substrates by the methyl-hydrogenotrophs under the high [image: image] condition following feeding (Sollinger et al., 2018).




3.3. Metabolic inferences from genome sequences

Identification of several gastrointestinal tract (GIT)- and rumen-associated microbes with reduced genome sizes that are smaller than that of the same species from non-host-associated niches suggest that nutrient-abundant nature of animal digestive tracts have facilitated genome streamlining events in these organisms (Walter and Ley, 2011; Söllinger et al., 2016). In some cases, GIT and rumen microorganisms gained additional genes (Leahy et al., 2013; Kelly et al., 2016c; Söllinger et al., 2016). For example, Mbb. smithii PS, a human gut-associated Methanobrevibacter species, can be distinguished from the rumen-associated Methanobrevibacter sp. Abm4 based on the presence of the mtaABC operon encoding methanol:cobalamin methyltransferase genes in the latter (Leahy et al., 2013). This is a surprise as Methanobrevibacter species are not known to utilize methanol (Boone et al., 1993) and the roles of mtaABC in strain Abm4 are unclear (Leahy et al., 2010, 2013). If these genes indeed allow H2-dependent methanogenesis from methanol in Abm4 similar to Methanosphaera and Methanomassiliicoccales or only on methanol as seen in Methanosarcina, these capabilities will introduce a major change in the concept of rumen methanogenesis. Remarkably, a comparison of genomes of rumen methanogens with those of closely related species originating from amoeba-associated and freshwater isolates has revealed higher metabolic versatility in the rumen methanogens (Kelly et al., 2014; Lambie et al., 2015).

Currently, for rumen methanogens at least 15 complete assembled genome sequences are available in public repositories (Supplementary Table S2), and these include that of Mbb. boviskoreani JH1 (Lee et al., 2013), Methanoculleus bourgensis KOR-2 (Battumur et al., 2019), and Methanomassiliicoccales RuMen M1 and M2 (Söllinger et al., 2016). The number increases further if those submitted as drafts or scaffolds are considered (Chen et al., 2023). Some of the genomes have been reported with corresponding publications (Jeyanathan, 2010; Leahy et al., 2010, 2013; Lee et al., 2013; Kelly et al., 2014, 2016a,b,c; Lambie et al., 2015; Li, 2016; Li et al., 2016; Söllinger et al., 2016; Battumur et al., 2019) and several, such as that for the Thermoplasmatales BRNA1 genome, have been deposited to the GenBank (accession number, CP002916) and not yet been reported in a publication.

Analyses of the methanogen genomes pinpoint specific gene markers that can be used to infer their metabolic capabilities. These markers include methanogenesis-related and cofactor biosynthesis genes (Leahy et al., 2010; Roehe et al., 2016; Sollinger et al., 2018; López-García et al., 2022; Figures 4, 5). Genes fmdB and mtrA that encode formylmethanofuran dehydrogenase subunit B and methyl-H4MPT:HS-CoM methyltransferase subunit A, respectively, for example, are effective markers for CO2-reducing hydrogenotrophs, whereas for methyl-reducing hydrogenotrophs, such as Methanosphaera and Methanomassiliicoccales, the markers are methanol- and methylamine-specific methyltransferase genes, mtaB and mtMA, respectively (Sollinger et al., 2018); mtMA represents a combination of mono-, di- and trimethylamine methyltransferase genes. An alignment of the sequences of the following seven core methanogenesis proteins extracted from whole genome sequences has been used in a taxonomic characterization of various methanogens from diverse ecological niches: four subunits of methyl-H4MPT:HS-CoM methyltransferase (MtrB, -C, -D, and -E); F420-dependent methylene tetrahydromethanopterin dehydrogenase, Mtd (Mukhopadhyay et al., 1995); coenzyme M biosynthesis enzyme, ComD (Graupner et al., 2000); and FO synthase subunit 1, CofG (Choi et al., 2002; Graham et al., 2003; Anderson et al., 2009) where FO is a core unit of coenzyme F420 (Eirich et al., 1979).




4. Adaptation of methanogens to the rumen ecosystems

Even the limited amount of data that are available for the relevant metabolic and genome characteristics clearly show evidence for the evolutionary developments that are specific to rumen methanogens as a member of a rumen microbial consortium. In the following sections, methanogen colonization and adaptation processes in the rumen are summarized.


4.1. Colonization of methanogens in the rumen and factors influencing rumen methanogen community composition

Calves are born with undeveloped rumens and function as monogastric animals. This development stage is also called the pre-ruminant phase (Church, 1988; Davis and Drackley, 1998). The reflective closure of the reticular groove bypasses the rumen and directs the feed, mostly milk or milk replacer, directly to the abomasum and then to small and large intestines (Van Soest, 1994). The rumen is established through three sequential steps, namely the development of rumen anatomy, fermentation capacity and function, and microbial colonization (Yáñez-Ruiz et al., 2015). This development occurs within the first several weeks or months of a calf’s life with a fully mature rumen forming following a major diet transition from colostrum in neonatal, and milk and a concentrate/grain-based feed for pre-weaned calves to solid feed in post-weaned calves.

Consumption of solid feed such as roughage or grains stimulates the development of rumen papillae for nutrient absorption, muscular structure for rumination, expansion of rumen capacity, and production of saliva (Tamate et al., 1962, Stobo et al., 1966; Lane and Jesse, 1997; Baldwin et al., 2004). In concert with these anatomical and feed changes, the rumen microbial community develops. Initial microbial colonization in the rumen occurs immediately after birth by diverse aerobes and facultative anaerobes (Fonty et al., 1987; Li et al., 2012; Jami et al., 2013). Several studies suggested that microbial colonization in the rumen may occur in utero between 5 and 7 months gestation or even much earlier such as at the end of the first trimester, although the mechanism of this transfer from mother to fetus is unclear (Guzman et al., 2020; Husso et al., 2021; Zhu et al., 2021; Amat et al., 2022).

These early occupants consume O2, and thus, provide an anoxic environment for obligate anaerobes that colonize by the second day of life (Fonty et al., 1987). Intriguingly, a study with euthanized Holstein bull calves detected a typical rumen microbial community comprised of methanogens, fibrolytic bacteria, and Geobacter spp. belonging to Proteobacteria phylum in the rumen fluid of dairy calves 20 min after their birth, suggesting that these microbes present in the GIT right after birth and long before the introduction of solid feed (Guzman et al., 2015). This finding is somewhat surprising given that these neonatal calves solely depend on colostrum and suckle milk for energy, and here, the rumen is bypassed. Thus, these observations are raising the question about the roles of these early microbial communities in the under-developed rumen.

Most studies of methanogen community in fully developed rumens point to the major abundance of CO2-reducing hydrogenotrophic methanogens (Janssen and Kirs, 2008). The information on methanogen community composition in pre-ruminants is scarce. Methanomicrobium mobile, Methanococcus voltae, and Methanobrevibacter sp., which are capable of utilizing H2 and formate, have been found in neonatal calves (Guzman et al., 2015). However, hydrogen is not considered to be the most prevalent electron source for methanogenesis at this stage. Instead, methanol and methylamine are used for methanogenesis in young animals, and species from Methanosarcinales order have been found to occur primarily in young and developing calves (Friedman et al., 2017).

This selection could be due to the presence of other hydrogen utilizers such as acetogens and sulfate reducers, which outcompete methanogens (Fonty et al., 1987, Morvan et al., 1994; Fonty et al., 2007). A study with gnotobiotically-reared lambs that were inoculated with functional methanogen-free rumen microbiota and then placed on solid feed has demonstrated that it is possible to establish a rumen system with hydrogenotrophic acetogens and sulfate-reducing bacteria as the main hydrogen sink (Fonty et al., 2007); this system persisted for 12 months after the initiation. It is noteworthy that the composition of the rumen methanogen community early in a calf’s life is also determined by the route of delivery and a lower abundance of methanogens is seen in vaginally delivered animals (Furman et al., 2020).

In addition to animal development stage, rumen microbial composition is influenced by factors such as host genetics and diets. Host genetics play roles in shaping the rumen microbiome and determining the efficiency of energy harvest from feed and extent of methane emission (Carberry et al., 2012; Jami et al., 2014; Kittelmann et al., 2014; McCann et al., 2014; Wallace et al., 2015; Roehe et al., 2016; Sasson et al., 2017; Difford et al., 2018; Zhang et al., 2020; Martínez-Álvaro et al., 2022). A link of the host genetics to the selection of twenty heritable microbes belonging to exclusively Bacteroidetes and Firmicutes phyla has been established (Sasson et al., 2017). However, the mechanisms underlying this observation remain to be clearly defined.

Of all factors influencing microbial community, diet composition and its physical characteristics such as particle size are considered as main drivers (Li et al., 2009; Henderson et al., 2015). A fiber-rich diet containing structural carbohydrates and large particles enriches fiber-degraders such as Fibrobacter succinogenes, Ruminococcus flavifaciens, and Ruminococcus albus (Johnson and Johnson, 1995). This type of diet also decreases feed digestion rate due to the presence of cell wall components that are less rapidly degraded than a starch-based diet, hence reducing feed passage rate and resulting in relatively higher methane emission (Janssen, 2010). Non-structural carbohydrate-rich diets, such as grains, concentrates, and readily fermented and small particle feed, shift the microbial community to one with Butyrivibrio spp. and Succinivibrionaceae as predominant members, increasing feed digestion and passage rate and resulting in lower methane emission (Tajima et al., 2001a; Luton et al., 2002; Tatsuoka et al., 2004; Friedrich, 2005; Janssen and Kirs, 2008; King et al., 2011; Henderson et al., 2015). Supplementary Table S3 summarized data on the methanogen communities in cattle fed various diets.



4.2. Leveraging auxotrophy in a nutrient-rich environment

The rumen is rich in nutrients and metabolites that are generated from the degradation of plant materials and microbial activities. Additionally, internal rumen environment is dynamic, due to the constant efflux of feed, ruminal passage rate, and nutrients absorption by the animals (Saleem et al., 2012; Ungerfeld, 2020; Malheiros et al., 2021; Bica et al., 2022). Such features encourage members of an ecosystem to interact and provide a fertile ground for horizontal gene transfer or native gene modification-driven development of capabilities to transport externally available metabolites into the cells and utilize these (Cui et al., 2023). It could also allow the loss of certain de novo biosynthesis capabilities through genomic mutations and deletions, as the resultant strain would be supported with supplements from the community (Li et al., 2016; Kelly et al., 2016a,b,c). The need to protect the cells from toxic products released from plant material biodegradation and to leverage physical association with a donor for better efficiency of nutrient acquisition is also likely a promoter of genomic changes. Genome evolution in the face of temporal changes in nutrient availability could make an organism either a specialist, thriving at a specific time or under specific physiochemical conditions, or a generalist.

The most striking case is the loss of components of the methanogenesis system, causing both simple and complex impacts on the energy metabolism of the organisms. The genomes of Mbb. ruminantium, Methanomassiliicoccales isolates ISO4-G1 and ISO4-H5, and Thermoplasmatales archaeon BRNA1 lack coenzyme M biosynthetic genes (comADE) (Figure 4), causing a need for exogenous supply of CoM for the growth of these organisms (Li, 2016); no such information is available for the Methanomassiliicoccales isolates ISO4-G11, RumEn M1, and RumEn M2 (Jeyanathan, 2010; Söllinger et al., 2016). Almost all methanogens carry CoM transporter genes, ssuABC, as reflected in their sensitivities to bromoethane sulfonate (BES), an analog of CoM (Santoro and Konisky, 1987; Zhang et al., 2000). The requirement for CoM for rumen methanogens has been known for a long time (Balch et al., 1979; Balch and Wolfe, 1979a,b; Lovley et al., 1984), and a CoM auxotroph has been used in a bioassay for this coenzyme (Balch et al., 1979; Balch and Wolfe, 1979a,b).

Methanomassiliicoccales ISO4-G1 genome lacks the uroporphyrinogen-III C-methyltransferase (corA) gene that is involved in F430 biosynthesis and the organism likely requires F430 for growth (Li, 2016; Figure 4). Mbb. millerae SM9 and Mbb. olleyae YLM1 genomes do not carry any of the biotin biosynthesis genes (Figure 4). However, both genomes encode a biotin transporter, BioY (Kelly et al., 2016a,b,c), suggesting an ability of biotin uptake from the environment; rumen fluid contains biotin (Midla et al., 1998; Fitzgerald et al., 2000; Zimmerly and Weiss, 2001; Bergsten et al., 2003). In pure cultures, methanogens harboring CoM biosynthetic genes grow faster than the respective CoM auxotrophic strains (Lovley et al., 1984). On the other hand, auxotrophy could give a competitive advantage to methanogen in the rumen, as it would not have to invest energy for biosynthesis activities.



4.3. Facilitation through horizontal gene transfer (HGT)

The instances of horizontal gene transfer (HGT) from bacteria to methanogens have been reported in numerous studies (Deppenmeier et al., 2002; Fournier and Gogarten, 2008; Lurie-Weinberger et al., 2012; Garushyants et al., 2015) though the transfer of methanogenesis genes to non-methanogenic species has not yet been reported (Gribaldo and Brochier-Armanet, 2006). A highly visible case of the former is the transfer of acetate kinase (ackA) and phosphotransacetylase (pta) genes from clostridia that provided acetoclastic methanogenesis capability in Methanosarcina (Fournier and Gogarten, 2008). In Methanobrevibacter smithii, a human gut-abundant methanogen species, over 15% of the genomic coding regions have bacterial characteristics (Lurie-Weinberger et al., 2012). For rumen methanogens, most of the transferred genes likely originated from organisms belonging to the Firmicutes phylum (Leahy et al., 2010; Kelly et al., 2016c). We describe below two examples of HGT events that likely helped methanogens to adapt to the rumen ecosystem.


4.3.1. Association with a nutrient donor

As many as 294 genes of Mbb. ruminantium M1 have been postulated to be HGT-derived (Leahy et al., 2010), and most of these are for glycosyl transferases and adhesin-like proteins, which likely support Mbb. ruminantium to adapt in this environment (Samuel et al., 2007; Lurie-Weinberger et al., 2012; Shterzer and Mizrahi, 2015). In terms of the number of adhesin-like proteins encoded by the genome, this organism ranks first among the rumen methanogens, followed by Mbb. millerae SM9 (Figure 4). These values are consistent with the observed overall fitness in the rumen environment and the roles of adhesins in facilitating interaction with other ruminal guilds (Leahy et al., 2010; Ng et al., 2016; Wei et al., 2017).

In a co-culture experiment where Mbb. ruminantium was found to form aggregates with Butyrivibrio proteoclasticus, a Gram-positive rumen bacterium that degrades plant polysaccharides and forms butyrate, acetate, and hydrogen (Kelly et al., 2010), the levels of six adhesin-like proteins were enhanced in the methanogen (Leahy et al., 2010). A similar interaction of Mbb. ruminantium with rumen protozoa Epidinium and Entodinium (Ng et al., 2016) and rumen anaerobic fungi of the Piromyces genus has been documented, and in both cases, cell-to-cell attachments were clearly visualized (Wei et al., 2017). For the interaction with the protozoa, Mbb. ruminantium employs Mru_1499, an adhesin (Ng et al., 2016), and its association with Piromyces facilitates a high degree of biomass degradation, and methane and acetate formation (Wei et al., 2017). These findings call for further studies on the functional roles as well as the bacterial or protozoan targets for a large number of genes for adhesin-like proteins that have been bioinformatically identified in rumen methanogen genomes (Figure 4).



4.3.2. Acquisition of tannin tolerance

Tannins, which are water-soluble polyphenols and originate from plants, denature and precipitate proteins, thereby preventing their degradation by microbes in the rumen (Westendarp, 2006). This action facilitates the passage of proteins to the small intestine, wherein the free proteins, detached from the tannin, are hydrolyzed to generate amino acids for use by the host animal. Tannins are not significantly toxic to ruminants but possess antimicrobial properties, and accordingly, have been used to treat diarrhea and control parasite infection (Westendarp, 2006; Cardoso-Gutierrez et al., 2021).

An observed post-feeding decrease in the methanogen population in the rumen has been thought to be due to the tannins (Fagundes et al., 2020), and direct inhibition of methanogens by these compounds have also been reported (Tavendale et al., 2005; Goel and Makkar, 2011). Yet, some of the rumen methanogens tolerate tannins, and this is likely due to HGT-derived genes for tannin-modifying enzymes (Kelly et al., 2016c). An example of such an enzyme is the tannin acyl hydrolase of Mbb. millerae SM9 which hydrolyzes the galloyl ester bond in tannins releasing gallic acid and glucose (Banerjee et al., 2012). This hydrolase occurs mostly in bacteria and fungi (Banerjee et al., 2012) and represents the first known tannase in a methanogen (Kelly et al., 2016c). It is highly homologous to the Lactobacillus plantarum enzyme (Kelly et al., 2016c).





5. Ecophysiology of rumen methanogens: lessons learned from community-based analyses

The early studies on the methanogens’ contributions to the conversion of feed into nutrients in ruminants were based on isolation, cultivation, and functional characterizations of rumen isolates. These efforts revolutionized the field of anaerobic microbiology and provided a first look into the rumen microbiome metabolism and respective roles in host physiology (Bryant and Burkey, 1953; Hungate, 1969; Henderson et al., 2015; Seshadri et al., 2018; Zehavi et al., 2018). However, the challenges of culturing strict anaerobes and the multiple auxotrophies of many of the rumen microbes and their metabolic dependence on community members hindered progress in the culture-dependent approach (Bryant and Burkey, 1953; Hungate, 1969; Henderson et al., 2015; Seshadri et al., 2018; Zehavi et al., 2018). Then, omics technologies brought a culture-independent approach toward an advanced assessment of the composition, metabolic potentials, and more importantly, in situ contributions of rumen methanogens (Tajima et al., 2001a,b; Luton et al., 2002; Tatsuoka et al., 2004; Friedrich, 2005; Janssen and Kirs, 2008; King et al., 2011; Henderson et al., 2015). We summarize below the progress and the gaps in these efforts.


5.1. Insights into methane emission phenotypes inferred from 16S rRNA-based community analyses

The development of small subunit rRNAs, 16S and 18S, as universal genomic markers for taxonomic identification of prokaryotes and eukaryotes, respectively, has revolutionized the field of microbial ecology (Pace, 1997). The community structure and relative abundance of each taxon in a rumen sample could be analyzed by amplifying and sequencing the hypervariable regions of 16S or 18S rRNA genes and comparing the sequence information with a reference database (Janssen and Kirs, 2008; Henderson et al., 2015). Then, the resultant community structure information could be associated with the observed events and phenotypes such as methane emission, VFA profile, and high- versus low-efficiency animals (Danielsson et al., 2017). Such analyses could help to identify and target the methanogens that contribute to high methane emissions for developing highly specific anti-methanogen interventions while limiting the effects on ruminant’s feed utilization efficiency and health.

Cattle with higher feed efficiencies, as measured in terms of the amount of milk produced or weight gain per kilogram of dry matter intake (DMI), emit about 30% less methane than others (Hernandez-Sanabria et al., 2012). A strong relationship also exists between methane production and residual feed index (RFI) (Herd and Arthur, 2009; Muro-Reyes et al., 2011). An RFI value, which is independent of animal production parameters, is calculated from the difference between an animal’s actual and predicted feed intake values where the prediction is based on the animal’s body weight and growth rate over a specified period (Nkrumah et al., 2006). Cattle with low and high RFI values are categorized as “efficient” and “inefficient,” respectively. The efficient animals eat less than the predicted average and produce less methane (Hegarty et al., 2007; Waghorn and Hegarty, 2011). Since methane emissions cause energy loss from the feed, high and low-methane-emitting animals are also classified as inefficient and efficient, respectively.

Supplementary Table S1 presents the observed relationships between methanogen abundance and methane emission phenotypes. In general, Methanobrevibacter spp. and Methanosphaera spp. were detected in higher abundance, numerically, in the rumen of high and low methane-emitting cattle, respectively (Kittelmann et al., 2014; Shi et al., 2014; Stepanchenko et al., 2023). High abundances of Mbb. ruminantium and unclassified Methanomassiliicoccales have been correlated to low emitting phenotype while that of Methanobrevibacter gottschalkii was associated with high methane phenotype (Danielsson et al., 2017). In contrast to the above findings, Wallace et al. (2015) reported that both Methanobrevibacter spp. and Methanosphaera spp. were enriched in the high methane emitter.

While CO2-hydrogenotrophs were found in both high and low methane emitters, total methanogen abundance was double in high methane emitters than in the low methane emitters (Auffret et al., 2018). An instance with a 7 times higher abundance of Candidatus Methanomethylophilus, a methyl-dismutating methanogen, in low-emitting animals than in high-emitting animals, has been reported (Auffret et al., 2018; Supplementary Table S1). In another case, the rumen microbiomes of both high and low methane emitters were found to exhibit similar abundances of methanogens, with Mbb. gottschalkii and Mbb. ruminantium as dominant members (Kittelmann et al., 2014); Methanosphaera spp. and members of Methanomassiliicoccales order were present at lower abundances. A higher value for the abundance of Methanomassiliicoccaceae has been recorded for the rumen of barley-fed beef steers with low RFI than with high RFI (Li and Guan, 2017). This mixed picture originates from the complexity of the rumen microbiome, variable feed composition, animal production systems, and sampling times, as well as the uncertainties in the 16S rRNA-based genotype assessments as detailed below. Of the available ruminant datasets, those pertaining to agriculturally important ruminants other than cattle (e.g., buffalo, yak, goat) and ruminants from the low- and middle-income countries are still limited, and this area needs more attention for further studies (Xie et al., 2021; Arndt et al., 2022).

Although the 16S rRNA amplicon sequence-based method is widely used in microbial community analysis and offers several advantages, it is important to consider the following limitations. First, the choice of a particular hypervariable region of 16S rRNA as the target of amplification influences the results’ accuracy. The often-used hypervariable region 4 (16S rRNA-V4) underrepresents methanogen species in the amplicons due to poor sequence homology (Supplementary Figure S1; Gilbert et al., 2014), and the V6-V8 regions, as well as archaeal-specific or degenerate primers (A109F/958R or 1Af/1100Ar), have been suggested as more effective tools for capturing rumen archaeome diversity (Janssen and Kirs, 2008; Tymensen and McAllister, 2012; Snelling et al., 2014; Li et al., 2016; Bahram et al., 2018). Accordingly, to analyze both ruminal bacterial and archaeal communities, the 16S rRNA primer set combinations targeting bacterial V1-V3 or V4 and archaeal V6-V8 regions have been used (De Mulder et al., 2016; Lopes et al., 2021; Tan et al., 2021).

Second is the accuracy of the reference taxonomy that determines the quality of classification (Schloss and Westcott, 2011), as a noticeable fraction of the sequences in the commonly used databases, RDP (Cole et al., 2014), SILVA (Quast et al., 2013) and Greengenes (DeSantis et al., 2006), lack informative annotation beyond the genus level. Consequently, the highest taxonomic confidence for the amplicon-based approach reaches only the genus level (Schloss and Westcott, 2011; Johnson et al., 2019). The outcomes can be improved by using curated niche-specific databases (Henderson et al., 2019). Such databases are available for rumen and bovine GIT (Kittelmann et al., 2014; Seedorf et al., 2014; Shi et al., 2014; Ritari et al., 2015), insect gut (Newton and Roeselers, 2012; Mikaelyan et al., 2015), freshwater (Rohwer et al., 2018) and marine ecosystems (Tangherlini et al., 2018), and wastewater treatment units (McIlroy et al., 2017). Third, DNA-based analyses cannot distinguish between active community members and non-active or even non-viable members. Lastly, a marker gene-based analysis does not provide information on the full genomes, and consequently, fails to reveal information on the metabolic capabilities of individual organisms, especially those lost through mutations or gained horizontally.

Even then, the 16S rRNA-based approach serves as an affordable and powerful tool for the initial analysis, providing encouragement for higher-resolution omics analyses toward a holistic picture of rumen microbiome processes that contribute to methane emissions from ruminants. A hopeful development is that the full-length rRNA gene sequences recovered from ecological samples are increasing the resolution for phylogenetic profiling (Matsuo et al., 2021). With latest advancements in the next-generation DNA sequencing technology, which substantially lowers the sequencing costs, shallow shotgun metagenomic sequencing could provide an alternative and effective method for characterizing microbiome samples. It offers both taxonomic and functional information at a cost comparable to amplicon-based 16S rRNA analysis (Hillmann et al., 2018; Xu et al., 2021; Stothart et al., 2022; La Reau et al., 2023).



5.2. Metabolic inferences from omics analyses

Shotgun metagenome and metatranscriptome sequencing, and metaproteomic and metabolomic analyses, stable-isotope probing, as well as full genomes of the isolates, have made it possible to perform thorough and precise in situ assessments of the structures and metabolic functions of the rumen microbiome (Shi et al., 2014; Estes et al., 2018; Stewart et al., 2018; Shakya et al., 2019; Wilkinson et al., 2020; van Cleef et al., 2021, 2022). The recently developed technology to rapidly generate full genome sequences from metagenomic DNA samples, namely metagenome-assembled genomes or MAGs (Tyson et al., 2004; Almeida et al., 2019; Nayfach et al., 2019; Youngblut et al., 2020; Haryono et al., 2022) has been extended to studies on rumen microbiome (Solden et al., 2018; Stewart et al., 2018, 2019; Wilkinson et al., 2020; Xie et al., 2021) and it allows the assignment of potential metabolic capabilities and in situ roles to microbes that have not even been obtained in pure or enrichment cultures.

Thousands of microbial MAGs have been recovered from the rumen samples (Solden et al., 2018; Stewart et al., 2018, 2019; Wilkinson et al., 2020; Xie et al., 2021). Two studies delivered >10,000 MAGs even from short-read sequences (Wilkinson et al., 2020; Xie et al., 2021). The genome sequences are facilitating not only the predictions of systems’ metabolic capabilities but also the strategy for genetic manipulations in situ (Roehe et al., 2016). Additionally, pangenome analysis from the MAG datasets is helping to identify environment-signature genes that could shed more insight into specific organism’s lifestyles and roles in an ecosystem, such as the rumen (Hansen et al., 2011; de la Cuesta-Zuluaga et al., 2021).

A major caveat of metagenomic analysis is its inability to distinguish between dead, dormant, and living cells (Shakya et al., 2019; Weinroth et al., 2022). It also fails to offer a complete assessment of the true in situ metabolic activities of the consortia (Shakya et al., 2019). It is only a combination of the genome and MAG sequences and metatranscriptomic, metaproteomic, and metabolomic data helps to assign comprehensive potential metabolic capabilities and capture real-time community metabolic activities and responses toward environmental changes such as feeding for the animals, and following are some of the examples of such studies (Shi et al., 2014; Li and Guan, 2017; Ma et al., 2018; Sollinger et al., 2018; Stewart et al., 2019; Wilkinson et al., 2020; Pitta et al., 2021; Xie et al., 2021; Pitta et al., 2022).

There are reports showing disagreements between the findings about rumen methanogens’ metabolic activities from DNA- and RNA-based characterizations (Shi et al., 2014; Li et al., 2016; Pitta et al., 2022) and the ratio of the number of transcripts and copies of the corresponding DNA (mRNA:DNA) has been proposed as an indicator of in situ metabolic activity (Pitta et al., 2022). Methanogens of the Methanobacteriales order account for more than 61% of methanogen DNA sequences followed by Methanomassiliicoccales which contributes 15.8% of the sequences (Janssen and Kirs, 2008). In a study where the CO2-hydrogenotrophic Methanobacteriales were highly represented in both the metagenomic and metatranscriptomic datasets, the respective mRNA:DNA value for formyl-MFR dehydrogenase, a CO2-reduction methanogenesis gene, was 1.5:1 (Pitta et al., 2022). In contrast, the mRNA:DNA value for mtaB of Methanosphaera species, which are methyl-hydrogenotrophs, was 6:1. A positive correlation between Methanomassiliicoccales rRNA and mtMA transcripts with the CH4 emission rate over time following feeding has also been recorded (Sollinger et al., 2018). These observations suggest that Methanomassiliicoccales and Methanosphaera species are more active than previously thought (Shi et al., 2014; Li et al., 2016; Sollinger et al., 2018; Söllinger and Urich, 2019; Pitta et al., 2021, 2022).



5.3. Hydrogen removal: inter- and intra-guild competitions

There have been efforts to determine the metabolic responses of specific methanogens to temporal [image: image] changes in the rumen and link these to the organisms’ [image: image]thresholds or hydrogen affinities and deployment of specific enzymes (Sollinger et al., 2018; Feldewert et al., 2020; Pitta et al., 2022). Such details are needed for judicial targeting of methanogens for mitigating enteric methane emission. In this effort, the methyl-CoM reductase isozymes (McrI and McrII), and methanol and methylamine-specific methyl transferases have particularly been in focus.

In Methanothermobacter species, McrI and McrII are encoded by the mcrBDCGA and mrtBDGA genes and expressed under low and high hydrogen availabilities, respectively (Rospert et al., 1990; Reeve, 1992; Morgan et al., 1997; Reeve et al., 1997), and these two systems are readily identified in methanogen genomes via protein primary sequence-based homology searches (Deppenmeier et al., 2002; Galagan et al., 2002; Fricke et al., 2006; Maeder et al., 2006; Jeyanathan, 2010; Leahy et al., 2010; Lambie et al., 2015; Li et al., 2016; Söllinger et al., 2016; Kelly et al., 2016a,b,c). As presented below and summarized in Figure 6, the reported data that links these factors together presents a complex and at times apparently contradicting picture.
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FIGURE 6
 Temporal dynamics of rumen methanogen following feeding, a takeaway from transcriptomic studies. Transcript abundance of hydrogenotrophic and methyl-dismutating methanogenesis-related genes of rumen methanogens post-feeding. The abundance is shown in log10 values based on (Ma et al., 2018) or estimated from Sollinger et al. (2018) and Pitta et al. (2021, 2022), respectively. The [image: image] threshold limit for Mbb. smithii (Feldewert et al., 2020). fmd, formylmethanofuran dehydrogenase; mcrG, methyl-CoM reductase subunit G; mtaB, methylcobamide:CoM methyltransferase; mtmB, monomethylamine methyltransferase; mtbB, dimethylamine methyltransferase; mttB, trimethylamine methyltransferase; mtMA, summarizes mono-, di-, and trimethylamine-specific methyltransferase (mtmB, mtbB, and mttB) transcripts whereas mttB transcripts constitute >70% of the mtMA transcripts; ND, not determined.


Following feeding, the concentrations of fermentation products such as CO2, H2, and VFAs increase, and methyl-containing compounds (i.e., methanol, mono-, di-, and trimethylamines) become available in the rumen due to the resident microbiome’s metabolic activities (Sollinger et al., 2018; Kelly et al., 2019). This situation sets up a competition among various functional guilds of ruminal methanogens (Rooke et al., 2014; Sollinger et al., 2018; Martínez-Álvaro et al., 2020; Ungerfeld, 2020). For example, in one case, it was found that the abundances of Methanosphaera and Methanomassiliicoccales transcripts increased immediately after feeding (1–3 h), suggesting that the methanogenesis activity of methyl-hydrogenotrophs spikes following increased availability of hydrogen, methanol, and methylamines (Sollinger et al., 2018; Pitta et al., 2021). Methanogenesis activity of CO2-hydrogenotrophs such as Methanobrevibacter spp., however, remained constant (Sollinger et al., 2018; Pitta et al., 2021). In another case, significant activity of CO2-hydrogenotrophs has been observed at 6–10 h post-feeding (Pitta et al., 2021).

A theoretical analysis assuming all reactants, except H2, being under standard conditions, suggested that the thermodynamic equilibrium (Figure 5) of the CO2-hydrogenotrophic methanogenesis will be reached at a [image: image] of 0.18 Pa, and for the methyl-hydrogenotrophic system, it would occur at a much lower [image: image] of 8 × 10−15 Pa, suggesting competitive advantages of methyl-reducing members over CO2-reducing hydrogenotrophs at low [image: image]. However, since in a typical rumen, [image: image] is relatively high (162 Pa), the ecological success of the methyl-reducing hydrogenotrophs is more likely determined by their ability to utilize methyl-group containing substrates and the availability of these substrates in the rumen (Thauer et al., 2008; Feldewert et al., 2020).

Further adaptation has been observed following this common response toward [image: image], where methyl-hydrogenotrophs developed intra-guild competition and substrate preference. For example, a study documented that immediately after feeding, when rumen [image: image] is high, the abundance of Methanosphaera mtaB mRNA abundance soared, while a similar response was seen for the Methanomassiliicoccales mtMA and not mtaB (Sollinger et al., 2018). This finding indicates that Methanosphaera and Methanomassiliicoccales were positioned to utilize two different methyl-group containing substrates, methanol, and methylamines, respectively, although both groups can utilize all these compounds.




6. Reflections and future outlooks

A detailed understanding of the diversity, lifestyle, and metabolism of rumen methanogens is key to developing strategies for achieving a substantial reduction of methane emissions from ruminants. The following section lays out key findings as well as challenges, research questions, and outlooks to guide future research toward the stated goal.


6.1. Evolutionary development of rumen methanogens and implications of their special properties for in vitro studies

Like other host-associated relatives, rumen methanogens have evolved from free-living ancestors through genome-size reduction, mutations, and gene acquisitions through horizontal gene transfer (HGT) (Shterzer and Mizrahi, 2015; Söllinger et al., 2016; Thomas et al., 2021). This genome streamlining process has provided competitive advantages to the rumen methanogens, allowing them to: (1) conserve energy through auxotrophies and transform into oligotrophic metabolic lifestyles and become metabolically efficient; (2) increase fitness through acquisitions of new metabolic capabilities; and (3) develop syntrophic interactions with hydrogen-producing bacteria and protozoa for effective transfer of H2. These very factors pose serious challenges to the isolation of methanogens for use in in vitro physiological studies (Seshadri et al., 2018; Zehavi et al., 2018). A report on Methanomassiliicoccales showcases potential of bias when employing artificial laboratory culturing conditions as these tend to enrich the metabolically versatile, free-living environmental members over the auxotrophic gut-associated species (Söllinger et al., 2016). For instance, the Methanomassiliicoccus luminyensis and Methanomassiliicoccus intestinalis, which were isolated from human feces, belong to an environmental clade and non-gut-associated cluster (Dridi et al., 2012; Borrel et al., 2013; Söllinger et al., 2016). Thus, future isolation efforts for rumen methanogens must leverage information on their metabolic dependencies and syntrophic lifestyles gathered from microbial community analyses (Seshadri et al., 2018; Zehavi et al., 2018).



6.2. Hydrogen removal and methane formation in the rumen – incomplete information on the molecular basis

There is a great need for basic information for deciphering the mechanisms driving hydrogen removal and methane formation in the rumen in the face of temporal fluctuations in [image: image] and availability of methanol and methylamines and time of deployment of two types of hydrogenotrophs. The values for individual methanogen’s threshold of [image: image] and affinity (Ks values) for CO2 and methyl-group containing substrates, respectively, and the efficiency of harvesting electrons from bacterial and eukaryotic syntrophic partners are in this list (Feldewert et al., 2020).

Methyl-reducing hydrogenotrophs belonging to the poorly characterized Methanomassiliicoccales order are of particular interest (Dridi et al., 2012; Gorlas et al., 2012; Borrel et al., 2013). These organisms have lost the genes for all enzymes catalyzing the first six steps of the CO2-reducing methanogenesis pathway, an unprecedented phenomenon that has not been encountered in any other methanogen order (Dridi et al., 2012; Li et al., 2016; Kelly et al., 2016a,b; Lyu and Liu, 2019). However, they carry genes for the utilization of a diversity of methylated compounds, suggesting their metabolic limitation on one side and versatility on the other side as a way of adaptation to a nutrient-rich environment (Söllinger et al., 2016; Thomas et al., 2021).

An anticipated greater contribution of the previously underestimated Methanomassiliicoccales to methane production in the rumen (Pitta et al., 2022) is potentially driven by two factors. First, their lower threshold for H2 as mentioned above allows them to function at lower [image: image] than that of the CO2-reducing hydrogenotrophs. Second, by utilizing a diversity of methyl groups containing methanogenesis substrates effectively, they prevail over other methyl-reducing hydrogenotrophs and methyl-dismutating methanogens. Nevertheless, a more definitive assessment of such relative capabilities requires information on the affinities (Ks) for methyl-group containing substrates of methanogens that utilize methyl groups for methanogenesis.

There is a lack of sufficient data for assigning the [image: image] conditions under which an organism will deploy a particular Mcr isoenzyme. As a result, the reported assignments do not always match with an observed physiological response of the respective organisms toward hydrogen availability. For example, as mentioned above, Methanomassiliicoccales and Methanosphaera spp. employ Mcr II that is thought to be expressed under high [image: image] conditions (Rospert et al., 1990; Reeve, 1992; Morgan et al., 1997; Reeve et al., 1997), and this functional association contradicts the observed lower [image: image] threshold of these organisms (Feldewert et al., 2020). This discrepancy illuminates a major gap in studies on an enzyme that is the ultimate biological producer of methane (Wolfe, 1992).

The information on Mcr isoenzymes originated from investigations with two Methanothermobacter species, which are thermophiles (Rospert et al., 1990; Reeve, 1992; Morgan et al., 1997; Reeve et al., 1997), and these may not apply to other methanogens. The suggestion that even the activity of a Mcr could be under [image: image] or redox-based regulation (Susanti et al., 2014) has also not been tested. As a result, a primary sequence homology-based identification of mcrA and mrt, which is the norm in ecological work, cannot indicate with certainty if the enzymes encoded by these genes are expressed or active under a particular [image: image] condition.

The possibility that certain Methanobrevibacter species (i.e., Mbb. ruminantium M1) may perform methyl-hydrogenotrophy employing an HGT-derived methyl transferase (Leahy et al., 2013) brings a new dimension to the roles of these organisms in the rumen. Also, right after feeding, the H2 production rate far exceeds rumen methanogens’ available capacities to utilize this energy source (Rooke et al., 2014; Ungerfeld, 2020). This situation sets a lag between H2 production and CH4 emission (Rooke et al., 2014; van Lingen et al., 2017), and the suggestion that this effect is mainly due to a delayed expression of methanogenesis genes needs a detailed interrogation (Sollinger et al., 2018; Ungerfeld, 2020).



6.3. Methanogenesis from formate in the rumen – largely untapped area of research

Early studies showed that formate is not a major precursor of methane in the rumen (Carroll and Hungate, 1955; Hungate et al., 1970) and this conclusion has recently been supported by the observation that the rumen samples lack transcripts for formate dehydrogenase; Fdh (Pitta et al., 2022) and formate were not detected at most timepoints following feeding (Sollinger et al., 2018). These findings contrast the observation that Methanobrevibacter species represent 60–80% of the rumen methanogen community (Henderson et al., 2015), and as mentioned above, these organisms carry the fdhABC genes (Schauer and Ferry, 1982; Nölling and Reeve, 1997). Fdh is encoded by an fdhABC operon that provides FdhAB and FdhC as a catalytic unit and formate transporter, respectively (Baron and Ferry, 1989). FdhAB oxidizes formate to CO2 and utilizes the electrons so generated for the reduction of F420 to F420H2.

Indeed, in Mbb. ruminantium M1, the abundance of fdhAB rRNA is enhanced when this methanogen is grown in a co-culture with Butyrivibrio proteoclasticus B316, an H2 and formate producer, indicating formate utilization by this methanogen during this syntrophic growth (Leahy et al., 2010). Also, formate as a methanogenesis substrate supports the growth of Mbb. ruminantium (Smith and Hungate, 1958). The sheep rumen microbiome has been found to exhibit poor expression of bacterial formate hydrogen lyases and other formate dehydrogenases (Greening et al., 2019). This suggests that formate produced in the rumen would be available for formate utilizers like Methanobrevibacter. The formate metabolism could also bring ecological fitness to the Methanobrevibacter spp. and Mb. formicicum.

The absence of formate dehydrogenase in the methyl-hydrogenotrophs gives free rein to formate utilizing methanogens for this substrate. In addition, being soluble, formate is an excellent vehicle for interspecies electron transfer and planktonic metabolism (Thiele and Zeikus, 1988; Leng, 2014), and removal of formate would prevent the acidification of the system as the pKa of the formic acid/formate pair is 3.75. The reported low levels of formate and fdh transcripts in the rumen (Sollinger et al., 2018; Pitta et al., 2022) could be rationalized by the high abundance of the Methanobrevibacter population. Also, the reported data were collected 2 h after feeding (Pitta et al., 2022), where the formate level would have dropped substantially, obviating the need for high-level fdh transcripts. The identification of formate utilizing methanogens in early colonizers in calves (Guzman et al., 2015) is intriguing, raising a question of whether formate is the substrate for methanogenesis at this stage. Further study on the formate and dissolved H2 levels in the undeveloped foregut of pre-ruminants could give insights into the role of methanogenesis from formate at this stage of the animals.

Thus, formate methanogenesis is an important yet less appreciated area of rumen microbial metabolism research. It needs to be studied with consideration that acetogenic bacteria with their ability to perform acetogenesis with formate would compete for this substrate (Greening and Leedle, 1989; Doré and Bryant, 1990; Schink et al., 2017; Greening et al., 2019; Moon et al., 2021).



6.4. Harnessing omics approach for analyzing metabolism of rumen methanogens – current status and future steps

As mentioned above, there is a need to strengthen the 16S rRNA sequence database as it would allow effective use of the most affordable route to community composition analysis that employs sequencing and analysis of short (~100–200 bp) amplicons of 16S rRNA gene (Johnson et al., 2019; Weinroth et al., 2022). Under the current situation, the results of such analyses need to be considered with caution as it often provides only low-resolution identities, an over-simplification of the diversity and incomplete metabolic inferences for methanogens in the rumen (Pitta et al., 2022). There are instances where metatranscriptomic and 16S rRNA amplicon sequences from rumen samples detected the presence of Methanocaldococcus spp. and Methanopyrus spp., which are obligate hyperthermophiles (Lyu and Liu, 2019), and Mbb. smithii, a human-associated organism (Zhou et al., 2009; Kong et al., 2013; Auffret et al., 2018; Mann et al., 2018; Tan et al., 2021).

Comprehensive and effective comparative genomic studies and analysis of metatranscriptomic and metaproteomic data with rumen methanogens are limited by the inadequate number of well-annotated reference genomes of pure culture isolates and MAGs. Even the Hungate 1,000 Project which generated sequences of 501 genomes, covering 480 ruminal bacteria and 21 archaea species, represents only 15 rumen methanogens (Seshadri et al., 2018). The number of isolate genome and MAG sequences for rumen methanogens that are publicly available are only 14 (Supplementary Table S2) and 206, respectively (Söllinger et al., 2016; Stewart et al., 2018, 2019; Wilkinson et al., 2020; Glendinning et al., 2021; Xie et al., 2021).

The gap in reference data extends beyond the molecular data. In most cases there is little information on the association of isolate genomes, MAGs, and even sometimes the metatranscriptomic and metaproteomic data for the methanogens with the following key parameters: (i) details of the feed; (ii) spatial location within the rumen, namely, fiber-associated, planktonic, and epimural microbiome; (iii) co-occurrence, such as association with the syntrophic partners, protozoa, and bacteria; (iv) timing of sampling with respect to feeding; and (v) comparison with free-living counterparts. In a recent study with cattle grazing tall fescue, a major perturbation of the microbiome by a toxic version of the grass was detected only when the sessile and planktonic fractions were analyzed separately (Khairunisa et al., 2022) and similar observations have been reported by others (Pitta et al., 2014).

The developmental stage of the animal host is a key factor (Fonty et al., 1987; Morvan et al., 1994; Fonty et al., 2007; Guzman et al., 2015; Friedman et al., 2017; Furman et al., 2020), as rumen microbiome modulation at this early stage of the animals is being considered as a potential methane mitigation strategy (Meale et al., 2021). The metabolism of methanogens that colonize the gut of the pre-ruminant phase and its influence on the development of the rumen remains to be investigated critically.



6.5. Future steps

This review shows that the current knowledge of rumen methanogens cannot adequately support the efforts for designing measures that will mitigate methane emissions from ruminants and preserve rumen function in the absence or in reduced methanogenic activity. Even after ~80 years of research, it is not known why Methanobrevibacter spp. dominate the rumen microbiome and what their specific contributions are. Filling these gaps requires significant isolation efforts, especially for those members with very few or no pure culture representatives (e.g., Methanomassiliicoccales) and the generation of more well-annotated genomes and MAG sequences.

A culturomic approach leveraging both undefined media containing rumen fluid and defined media showed that 23% of the rumen microbiota is cultivable with these technologies (Zehavi et al., 2018). However, it provided a relatively low coverage for the rumen methanogens. For example, of the prokaryotes in the Hungate 1,000 culture collection, methanogens represent only 4.1% of the total (Seshadri et al., 2018). Thus, for an isolation effort to be productive will require innovative approaches. If the unknown growth requirements make it difficult to generate axenic cultures, attempts could be made to obtain low-complexity mixed cultures. Since 16S rRNA provides an affordable and amenable route for rapid assessment of microbiome diversity, the respective database needs to be strengthened.

With more reference isolates, comprehensive physiological studies could occur with a focus on newly recognized genomic features that promote colonization of the rumen and high-level methane production. One high-value area is the cellular interactions of rumen methanogens with their syntrophic partners such as protozoa, fungi, and bacteria where the following questions are key. What governs such interactions? What defines the specificity and recognition by interacting partners? What are the mechanisms of interspecies electron transport? Co-occurrence analysis that could reveal metabolic differences between host-associated and free-living methanogens would also be valuable. Detailed information on methanol and methylamine concentrations in the rumen of animals fed various diets, thresholds for these substrates and [image: image] of various rumen methanogens, and catalytic properties and expression conditions of the Mcr isoenzymes are needed to make the analysis and interpretation of in situ observations more reliable. The information on the Mcr isoenzymes is also needed for correct functional annotations of mcr and mrt homologs. The diversity and metabolic activities of methanogens residing in various locations of the rumen as mentioned above could give insights into true activities driving in situ methane production.
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A study to compare the rumen microbial community composition, functional potential of the microbiota, methane (CH4) yield, and rumen fermentation was conducted in adult male cattle and buffaloes fed on the same diet. A total of 41 phyla, 169 orders, 374 families, and 1,376 microbial genera were identified in the study. Bacteroidetes and Firmicutes were the two most dominant bacterial phyla in both cattle and buffaloes. However, there was no difference in the abundance of Bacteroidetes and Firmicutes in the rumen metagenome of cattle and buffaloes. Based on the abundance, the Proteobacteria was the 3rd largest phylum in the metagenome, constituting 18–20% in both host species. Euryarchaeota was the most abundant phylum of the methanogens, whereas Methanobacteriales and Methanobrevibacter were the most abundant orders and genera in both species. The methanogen abundances were not different between the two host species. Like the metagenome, the difference between the compositional and functional abundances (metagenome vs. metatranscriptome) of the Bacteroidetes and Firmicutes was not significant, whereas the proteobacteria were functionally less active than their metagenomic composition. Contrary to the metagenome, the Euryarchaeota was the 3rd most functional phylum in the rumen and constituted ~15% of the metatranscriptome. Methanobacteriales were the most functional methanogens, accounting for more than 2/3rd of the total archaeal functionality. These results indicated that the methanogens from Euryarchaeota were functionally more active as compared to their compositional abundance. The CH4 yield (g/kg DMI), CH4 emission (g/kg DDM), dry matter (DM) intake, and rumen fermentation did not vary between the two host species. Overall, the study established a substantial difference between the compositional abundances and metabolic functionality of the rumen microbiota; however, feeding cattle and buffaloes on the same diet resulted in similar microbiota composition, metabolic functionality, and CH4 yield. Further studies are warranted to investigate the effect of different diets and environments on the composition and metabolic functionality of the rumen microbiota.
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Introduction

Methane (CH4), with an average atmospheric concentration of 1,890 ppb (Dlugokencky, 2021), is the second most significant greenhouse gas in the atmosphere after carbon dioxide (EPA, 2023). The annual increase in atmospheric CH4 concentration is 10 parts per billion (Yusuf et al., 2012). Together, natural and anthropogenic sources emit 558 Tg (teragram) of CH4 per year, with 188 Tg coming from agricultural and waste-related human activities. After the removal of about 548 Tg of CH4 through various sinks, 10 Tg is annually added to the atmospheric CH4 pool. Livestock are held accountable for 15% of anthropogenic greenhouse gas emissions (Gerber et al., 2013), and enteric fermentation, with an annual emission of 87–97 Tg, remains one of the largest sources in the agriculture sector (Chang et al., 2019). Globally, cattle and buffaloes are two major emitters of enteric CH4 emissions and aggregately contribute 90% of total enteric CH4 (FAO, 2021). India possesses 192.5 and 110 million cattle and buffaloes (GOI, 2019), aggregately accountable for an annual enteric CH4 emission of 7.83 Tg (Bhatta et al., 2019).

Methanogenesis, due to the sizable loss of feed energy (Johnson and Johnson, 1995; Guan et al., 2006) is generally considered an inefficient process, but the involvement of methanogens in the removal of metabolic H2 via CH4 makes this process an obligation for the host animal rumen. Archaea are not as diverse as bacteria, but the distinct and specific substrate requirements make the community complex. Previous studies reported buffaloes have a different microbial profile and are better fiber digesters than cattle (Wanapat et al., 2000; Lapitan et al., 2008; Chanthakhoun et al., 2012; Wang et al., 2020). In a metagenomic study, Iqbal et al. (2018) concluded that cattle had a higher abundance of Bacteroidetes and Prevotella and a lower abundance of Firmicutes as compared to buffaloes fed a similar diet. They also reported a relatively higher abundance of Methanobrevibacter in cattle. On the contrary, Malik et al. (2021) recently compared the CH4 and rumen methanogens diversity between cattle and buffaloes fed on the same diet and concluded that the abundance of prominent methanogens was not different and host species had a limited influence on the archaeal community composition and CH4 yield. Similarly, Asai et al. (2021) also reported a similar density of cellulolytic bacteria between swamp buffalo and cattle fed on the same diet and concluded that the microbial community structure might be dependent on feed rather than animal species.

All these studies rely on the abundances of the rumen microbiota in different host species; however, it may not be necessary that a microbe with a prominent abundance also have proportional functional capabilities. Metatranscriptomics of the rumen microbiota may assist in understanding the functional potential better than metagenomics (Li et al., 2019). To the best of our knowledge, studies comparing the community composition with the microbial functional potential between cattle and buffaloes on the same diet and under the same environmental conditions are not available. Therefore, this study was undertaken to compare the rumen microbial community composition and functional potential of the microbiota between cattle and buffaloes fed on the same diet and the association between metagenomic composition and functional capabilities. The study also aims to investigate the impact of microbial communities and their functionality on CH4 emissions and rumen fermentation in cattle and buffaloes.



Materials and methods


Ethical approval

The experiment was carried out at the Livestock Experimental Unit of the ICAR-National Institute of Animal Nutrition and Physiology, Bangalore, India. The animal study, including the procedure for the handling of animals and the collection of gas and ruminal fluid samples, was approved by the Committee for Control and Supervision of Experiments on Animals (CPCSEA), Ministry of Fisheries, Animal Husbandry, and Dairying, Government of India (Approval no. NIANP/IAEC/1/2020/5).



Animal feeding and management

Six male adult crossbred cattle (BW 500 ± 26.5 kg) and six male adult buffaloes (BW 261 ± 17.5 kg) were used to unravel the difference in rumen whole metagenome, transcriptome, CH4 yield, and fermentation pattern between the two host species fed on a similar diet. The animals of both species during the entire experiment were housed in the same environmental conditions to overrule the impact of climatic factors on the rumen microbiome composition and functions. The experimental animals were individually housed in tail-to-tail fashion in an east–west oriented cemented shed. The cemented walls of the shed on the north and south walls had wire fences above 1.8 m height. The shed had provisions for individual feeding and watering. Ten days before the commencement of feeding, the animals were dewormed with fenbendazole at 5 mg/kg BW. Animals of both species were fed ad libitum on a diet comprising finger millet straw (Eleusine coracana) and para (Brachiaria mutica) grass in a 70:30 ratio. The feed was offered daily at the 9:00 h, while clean drinking water was accessible to the animals throughout the 24 h. The experiment was conducted for 45 days, including 30 days of preliminary feeding followed by 15 days of enteric CH4 measurement and digestibility trials.



Rumen fluid collection

On the last day of the experiment, the rumen fluid samples (45 mL) were collected from the individual animals at 3 h post-feeding using a nylon stomach tube (length 2 m) connected to a vacuum pump (Mityvac 8000, Lincoln Industrial, St. Louis, United States) and an airtight collection vessel (Malik et al., 2015b; Thirumalaisamy et al., 2022a,b). The first 30 mL of rumen digesta sample to avoid saliva contamination was thrown away, and the subsequent 45 mL of digesta was retained for different purpose. The rumen fluid was split into three 15-ml subsets that were used to isolate nucleic acids, estimate ammonia-VFA, and enumerate protozoa. The subsets for the nucleic acid analysis and the ammonia/VFA analysis were put in an ice box and taken to the lab. The third subset, which was used to count the number of protozoa, was taken to the lab without being put on ice. For nucleic acid isolation, the rumen digesta containing both the fluid and solid fractions was used without filtration, whereas the supernatant obtained after the initial centrifugation at 11300 × g at 4°C for 15 min was preserved for the ammonia-VFA estimation. The supernatant was preserved for the ammonia-N estimation after 2-3 drops of saturated HgCl2, whereas the metaphosphoric acid (25%) in 1:4 (v/v) was added to the supernatant preserved for the VFA estimation. The third subset of the digesta sample was used for the protozoal enumeration on the same day.



Nucleic acids extraction


DNA isolation

The RBB + C method of Yu and Morrison (2004) was used to isolate gDNA from the digesta samples collected from cattle and buffaloes. 0.25 g sample containing both solid and liquid fractions was dissolved in one ml of lysis buffer and transferred to a two-ml sterile screw cap tube (BioSpec, United States) containing 0.5 g of 0.1 mm sterilized zirconia beads (BioSpec, United States). The content was homogenized for 3 min at the maximum speed using a mini bead beater (Biospec, USA) and then incubated at 70°C for 15 min with intermittent shaking. The supernatant was transferred to a two ml Eppendorf tube after centrifugation at 13,000× g. The bead beating was repeated with the remaining content in the screw cap tube after adding 300 μL of lysis buffer, and the supernatant was pooled. To precipitate the proteins and polysaccharides, 260 μL of 10 M ammonium acetate was added to the lysate tube and incubated on ice for 5 min. The content was centrifuged at 4°C for 10 min at 13,000× g. The supernatant was transferred to another Eppendorf tube, and an equal volume of isopropanol was added before mixing and incubation on ice for 30 min. After the incubation, the content was centrifuged at 4°C for 10 min at 13,000× g and the pellet, after removing the supernatant, was washed with 70% ethanol. The nucleic acid pellet was dissolved in 100 μL Tris-EDTA buffer. To remove RNA and protein, 2 μL DNase-free RNase (10 mg/mL) was added and incubated for 15 min at 37°C, followed by the addition of 15 μL of proteinase K and 200 μL of AL buffer (Qiagen, Germany), and incubation at 70°C for 15 min. After adding 200 μL absolute ethanol and mixing the contents, the subsequent steps were performed as per the manufacturer’s instructions using the QIAamp DNA mini kit (Qiagen, Germany). The quality of the genomic DNA was checked with 0.8% agarose gel electrophoresis, while the DNA was quantified using Qubit 4.0 (Invitrogen, United States).



RNA isolation

For RNA isolation, the rumen digesta of the same batch was pelleted at low speed (10,000× g) for 5 min, resuspended in 100 μL RNAlater stabilizing solution (GCC Biotech, India), and preserved until processing (Comtet-Marre et al., 2017). The RNA was extracted from a 0.25 g preserved digesta sample using the RNeasy® PowerMicrobiome® Kit (Qiagen) as per the manufacturer’s instructions. The RNA purity and concentration were checked by a Qubit 4.0 fluorometer (Invitrogen, United States) using the Qubit RNA BR Assay Kit (ThermoFisher Scientific, United States).




Rumen metagenome sequencing

The DNA samples were sent to an external sequencing facility (Clevergene Biocorp, Bangalore, India) for sequencing on the HiSeq2500 (Illumina Inc., United States) platform. Metagenomic libraries were prepared using the NEBNext® Ultra™ II FS DNA Library Prep Kit for Illumina® (New England Biolabs). Initially for fragmentation, 100–500 ng of gDNA were fragmented to 350 bp at 37°C for 15–20 min using NEBNext Ultra II FS Reaction Buffer and Ultra II FS Enzyme Mix in a PCR thermal cycler with the following incubation steps: 30 min at 37°C, 30 min at 65°C and hold at 4°C. For adaptor ligation, 35 μL of fragmented DNA was mixed with NEBNext Ultra II Ligation Master Mix and NEBNext Adaptor for Illumina and incubated at 20°C for 15 min. According to the manufacturer’s instructions, the adaptor ligated DNA was size-selected with NEBNext Sample Purification Beads, and seven-cycle PCR amplification was performed with index primers (i5 and i7) and the following PCR conditions: initial denaturation at 98°C for 30 s, denaturation at 98°C for 10 s, annealing at 65°C for 75 s, and final extension at 65°C for 5 min. The validation of PCR-enriched libraries was done using the Agilent D1000 ScreenTape System in a 4150 TapeStation (Agilent Technologies, Germany). The libraries were loaded onto HiSeq2500 for cluster generation and sequencing, and 150 bp paired-end reads (2 × 150 bp) were obtained.



Metatranscriptome sequencing

The RNA samples were sent for transcriptome sequencing on the HiSeq2500 platform (Illumina Inc., United States) to an external facility (Clevergene Biocorp, Bangalore, India). The RNA quality was ascertained by the TapeStation System (Agilent Technologies), and samples with ≥7.0 RNA Integrity Number were used for generating the metatranscriptome libraries. The rRNA was depleted by FastSelect hybridization followed by bead clean-up using the QIAseq FastSelect −5S/16S/23S Kit (Qiagen, United States). The metatranscriptomic libraries were prepared using the NEBNext Ultra II RNA Library Prep Kit (New England Biolabs, United States). The depleted RNA was chemically fragmented in a magnesium-based buffer at 94°C for 10 min and primed with random hexamers. The synthesis of the first and second strand cDNA from the primed RNA was done using NEBNext First Strand Synthesis Enzyme Mix and NEBNext Second Strand Synthesis Enzyme Mix, respectively. The double-stranded cDNA was then purified using NEBNext Sample Purification Beads and fragments were subjected to end repair as well as loop adapter ligation. The 400–600 bp-sized products were selected using NEBNext Sample Purification Beads and enriched by 12 cycles of PCR using the NEBNext Ultra II Q5 master mix and NEBNext® Multiplex Oligos for Illumina. The amplified products were purified using 0.9X AMPure XP beads (Beckman Coulter), and the library concentration was determined on a Qubit 3.0 Fluorometer (ThermoFisher Scientific, United States). The libraries were pooled and loaded onto the sequencer for cluster generation and paired-end sequencing (2 × 150 bp).



Bioinformatics analysis

The quality of raw reads and adaptor contamination in the rumen metagenome and metatranscriptome were checked with FastQC v0.11.9 (Andrews, 2010). The adapters, low quality bases of Q < 30 and short reads of <100 bp, were removed using trimmomatic v0.39 (Bolger et al., 2014) with the following parameters: ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10 SLIDINGWINDOW:15:30 MINLEN:100 TRAILING:30 AVGQUAL:30. Further, the host sequence contamination in the metagenome and metatranscriptome trimmed reads was removed by BowTie2 v2.5.0 (Langmead and Salzberg, 2012) using reference host genome assemblies ARS-UCD1.2 (RefSeq assembly accession: GCF_002263795.1) for cattle and NDDB_SH_1 (RefSeq assembly accession: GCF_019923935.1) for buffaloes. The unmapped reads were saved using --un-conc for paired end data and --un for single end data. This unmapped data was considered clean reads, free from host contamination. The clean reads were taxonomically classified by Kraken2 (Wood et al., 2019), and the full report output was parsed in Pavian (v1.2.0, Breitwieser and Salzberg, 2020). The species richness (alpha diversity) in both metagenome and metatranscriptome samples was calculated at the genus level by the Shannon index in MicrobiomeAnalyst (Chong et al., 2020). To compare the diversity between cattle and buffaloes rumen metagenome and metatranscriptome, the beta diversity metrices was calculated using Bray–Curtis dissimilarity following the ordination method of Principal Coordinate Analysis (PCoA) in MicrobiomeAnalyst. The data at different taxonomic levels was scaled using total- sum scaling feature in MicrobiomeAnalyst, which divided the feature read counts clustered within the same OTU by the total number of reads in each sample (Paulson et al., 2013). The comparison of metagenome and metatranscriptome at different taxonomic levels between the two host species were performed using Wilcoxon rank sum test with Benjamini-Hochberg correction (FDR) for the adjusted p value of < 0.05.



Comparison of compositional and functional abundances

To compare the differential abundance between the compositional (metagenome) and functional (metatranscriptome) microbiota at different taxonomic ranks, the output of Kraken2 was parsed in Pavian and analyzed in MicrobiomeAnalyst using DeSeq2 (Love et al., 2014). The compositional vs. functional microbiota at various taxonomic ranks was visualized using Sankey diagrams (v. 1.2.0, Breitwieser and Salzberg, 2020).



Gene prediction and carbohydrate-active enzymes annotation

The paired-end and single-end (forward or reverse surviving) clean reads obtained from trimmomatic were assembled using MEGAHIT v1.2.9 (Li et al., 2015) with the default parameters and a minimum contig length of 1,000 bp. The assembled reads were used for prokaryotic gene prediction by MetaGeneMark (Zhu et al., 2010) with default parameters and the gene prediction algorithm GeneMark.hmm prokaryotic (version 3.25). The redundancy in the predicted proteins was removed using CD-Hit v4.8.1 clustering at a sequence identity threshold of 95% (Li and Godzik, 2006). The predicted genes were scanned for the candidate Carbohydrate-Active Enzymes (CAZymes) using DIAMOND (v2.0.15.153), HMMER v3.2.1 with a default cutoff E-value, and eCAMI using the standalone version of the dbCAN annotation tool for automated CAZyme annotation (Zhang et al., 2018). The output files generated by DIAMOND, HMMER, and eCAMI were combined, and hits reported in either of the above two tools were summarized. CAZymes encoding contigs were analyzed for different classes: auxiliary activities (AA), carbohydrate-binding modules (CBM), carbohydrate esterases (CE), glycoside hydrolases (GH), glycosyl transferases (GT), and polysaccharide lyases (PL).



Enteric CH4 emission

After 30 days of feeding, the daily enteric CH4 emission in cattle and buffaloes was quantified employing the sulfur hexafluoride (SF6) tracer technique of Berndt et al. (2014). Brass permeation tubes, 34 mm long, 8.5 mm dia., with a 30 mm-deep, 4.8-mm-blind hole, served as the source of SF6. A 0.24-mm Teflon septum supported by a 2 μm-pore size SS frit was placed in the nut to control the release of gas from the brass tubes. The permeation tubes were charged with SF6 (805 ± 8.78 mg) in liquid nitrogen. The tubes were calibrated for SF6 release over 70 days by placing them at 39°C and recording the tubes’ weight weekly. The mean SF6 release rates (mg/d) from the brass permeation tubes were 3.93 ± 0.107. On the calibration of the release rate, the tubes were inserted into the cattle and buffaloes’ rumen 10 days prior to the commencement of the CH4 measurement study. The halters were assembled using nylon tube, capillary tube (Supelco, 56712-U, ID 1/16) and quick connectors (Swagelok, B-QC4-D-200) as per Williams et al. (2014). The PVC canister for the gas sampling in the background air was hung daily on the ventilated iron wire mesh fixed in the cement wall in the north direction of the shed. Throughout the CH4 measurement trial, the canisters were tied and removed from the animals at a fixed and consistent time every day. The initial and final pressures of the vacuumized and gassed PVC canisters were measured with a digital pressure meter (Leo 2, Keller). High-purity N2 gas was used for the dilution (2.50–3.50 folds) of breath and background samples for easy successive sub-sampling. The diluted gas samples were injected into the gas chromatograph (GC 2010 plus, Shimadzu, Japan) equipped with a flame ionization detector (FID) and an electron capture detector (ECD), for the estimation of CH4 and SF6 gasses, respectively. The GC conditions described previously by Malik et al. (2021, 2022a) and Thirumalaisamy et al. (2022b) were upheld for the estimation of gasses in the breath samples. The daily enteric CH4 emissions was calculated using the equation of Moate et al. (2014). A minimum of six successful collections of breath samples from the individual animals were ensured during the trial. The CH4 yield from cattle and buffalo fed a similar diet was calculated by taking into account the daily dry matter (DM) intake and enteric CH4 emission from each animal. The daily CH4 emission (g/d) was divided with the total DM intake to estimate the CH4 yield (g) on a uniform DM intake basis (per kg DMI). Similarly, the dry matter digestibility (DMD) was taken into consideration for calculating the CH4 emission (g) per unit of digestible dry matter (DDM) intake in both cattle and buffaloes.



Protozoal enumeration

The rumen fluid collected from the cattle and buffaloes for protozoal enumeration was transported to the laboratory without being placed in an ice tray and processed immediately by mixing 1 volume of rumen fluid with 1 volume of formal saline. The sample was left at room temperature overnight. Protozoa enumeration was carried out using a phase-contrast microscope (Nikon Eclipse, Japan) at 10× objective in accordance with Kamra and Agarwal (2003). The protozoal numbers were expressed as ×107 cells/mL. However, the morphological characterization of the protozoa was done as per Hungate (1966).



Nutrient intake and digestibility

Concurrent with the CH4 measurement trial, the nutrient intake and digestibility study was also conducted in both species. Daily feed offered, refusals, and fecal output were weighed quantitatively for the individual animal, and representative samples were collected and dried at 80°C for 24 h. The nutrient intake (kg/d) was determined by considering the daily allowance and refusals, whereas the apparent digestibility (%) was determined by taking the weight of feed offered, refusals, and dung voided into consideration as per the equation given below. The total weight of dung voided by the individual animal over a period of 24 h was quantitatively collected in a plastic bucket covered with the appropriate lid, and an aliquot equivalent to 1/100th was taken for the DM estimation in a hot air oven at 100°C. Another aliquot of dung equivalent to 1/1,000th of the dung voided was preserved in 25% sulfuric acid for the ammonia estimation. The chemical constituents in dried and ground samples of feed, refusals, and feces were analyzed following the standard procedures. The crude protein (CP = N × 6.25) and ash content were analyzed in accordance with AOAC (2012), whereas the fiber constituents neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined according to Van Soest et al. (1991).


[image: image]




VFA and ammonia

The initially processed and preserved rumen fluid samples were thawed at room temperature for the estimation of VFA and ammonia nitrogen. The concentration of individual VFA was estimated as per Filípek and Dvořák (2009) using a gas chromatograph (Agilent 7890B, Santa Clara, United States) with the following conditions: temperature program: 59°C–250°C (20°C/min, 10 min), injector temperature: 230°C, and detector temperature: 280°C (Malik et al., 2021; Thirumalaisamy et al., 2022b).

The ammonia nitrogen was determined according to Conway (1957). One ml of boric acid was pipetted into the inner chamber, and an equivalent volume of sodium carbonate was pipetted into the outer chamber of the disk. In the outer chamber, 1 mL of ruminal fluid was pipetted opposite the sodium carbonate, and the disk was covered with the lid and left undisturbed at room temperature for 2 h. Thereafter, the mixed content was titrated against the 0.01 N sulfuric acid, and the ammonia concentration was determined.



Statistical analysis

The data distribution was checked for normality (gaussian) using the built-in Shapiro–Wilk method in GraphPad Prism version 9.0. All the animal trait data were analyzed in GraphPad Prism version 9.0 using an unpaired t test, and based on the significance level of 0.05, the superscripts were placed wherever the differences between the two means for a given parameter proved significant.




Results


Alpha and beta diversity

The plateau of the rarefaction curves for both the metagenome and metatranscriptome samples (Supplementary Figure S1) demonstrated that the depth of sequencing was sufficient to cover the rumen microbial diversity. The Goods coverage index for both the metagenome and transcriptome was 1, which indicates that the generated reads sufficiently covered the microbial diversity in the rumen of cattle and buffaloes. The Shannon index was not significantly different (Figures 1A,B) for the metagenome (p = 0.061) and metatranscriptome (p = 0.356). In this study, the beta diversity assessed by Bray-Curtis was also non-significant for both the metagenome (p = 0.136) and the metatranscriptome (p = 0.049) (Figures 2A,B).
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FIGURE 1
 Alpha diversity based on the Shannon indices of (A) rumen metagenome (N = 6, 6) and (B) metatranscriptome (N = 5, 4). Values in parenthesis represent the number of metagenome/metatranscriptome samples in cattle and buffaloes, respectively.
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FIGURE 2
 Beta diversity based on Bray-Curtis indices of (A) rumen metagenome (N = 6, 6) and (B) metatranscriptome (N = 5, 4). Values in parenthesis represent the number of metagenome/metatranscriptome samples in cattle and buffaloes, respectively.




Compositional abundance

A total of 202 million reads, with an average of 16.86 million reads per sample, were generated (Supplementary file S1). The total raw reads generated from the ruminal fluid samples of cattle and buffaloes were 97.9 and 104.3 million, respectively, whereas the mean of raw reads were 16.32 and 17.39 million in cattle and buffaloes, respectively. After trimmomatic quality filtration, a total of 8.7 million reads, including 4.2 million in cattle and 4.61 million in buffaloes, were removed. Further, due to host contamination, 0.70 and 0.17% reads were removed in cattle and buffaloes, respectively (Supplementary file S1). Finally, 58 GB of data with an average of 4.83 GB per sample were processed for taxonomic classification in Kraken2 and subsequently in MicrobiomeAnalyst.

In our study, a total of 41 phyla, 169 orders, 374 families, and 1,376 microbial genera were identified (Supplementary file S1). The top 10 phyla and top 25 orders, families and genera each based on their abundance are depicted in Figures 3A–D. The Bacteroidetes and Firmicutes were the two most dominant bacterial phyla in both cattle and buffaloes metagenome. These bacterial phyla aggregately constituted 53–58% of the total metagenome. The difference in Bacteroidetes (p = 0.35) and Firmicutes (p = 0.41) distribution between the two host species was not significant. The abundance of Bacteroidetes was negatively correlated with the abundance of Firmicutes in the metagenome (r = −0.81). The Firmicutes (F) to Bacteroidetes (B) ratio in the cattle and buffaloes rumen metagenome was 0.77 and 0.54, respectively (Supplementary file S1). The difference in F/B ratio between the two host species was significant (p = 0.042). The Proteobacteria was the 3rd largest phylum in the metagenome, constituted 18–20% in both host species. Similar to the Bacteroidetes and Firmicutes, the abundance of Proteobacteria between the cattle and buffaloes was also similar (p = 0.177). At the order level, the Bacteroidales constituted the largest fraction of the metagenome in both species (Figure 3B). However, their distribution between cattle and buffaloes was not different (p = 0.342). The next two dominant bacterial orders were Clostridiales (p = 0.342) and Fibrobacterales (p = 0.461) and their abundances were similar between the host species (Supplementary file S1). At the genus level, the Prevotella constituted 16–24% of the total metagenome, whereas the Fibrobacter and Bacteroides were the next two dominant bacterial genera. However, their distribution was also not different between cattle and buffaloes (Figure 3D).
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FIGURE 3
 Metagenome and metatranscriptome profiles of rumen microbiota in cattle and buffaloes fed on a finger millet straw and para grass-based diet. Relative abundances of microbiota at the phylum level (A, top 10), order level (B, top 25), family level (C, top 25) and genus level (D, top 25) are depicted in bar plots. The “Others” category in the various bar plots represent, taxa other than the top categories specified above. Stacked bar plots prepared using mean values obtained from N = 6 metagenome samples in each species and N = 5 & 4 metatranscriptome samples in cattle and buffaloes, respectively.


Euryarchaeota was the most dominant phylum of methanogens in the rumen metagenome of cattle and buffaloes. Overall, the Euryarchaeota constituted the 8th most abundant phyla in the metagenome. The average distribution of the Euryarchaeota in the rumen metagenome of cattle and buffaloes was 1.48 and 1.10%, respectively (Figure 3A). Methanobacteriales were the most abundant methanogens in the rumen metagenome at the order level, constituted 0.95 and 0.67% of the metagenome in cattle and buffaloes. However, their abundance was not significantly different (p = 0.46) between the hosts. At the genus level, Methanobrevibacter constituted 1.01 and 0.70% of the total rumen metagenome in cattle and buffaloes and found to be the largest genus of methanogens with a comparable distribution (p = 0.759). Methanobacterium was another dominant genus of the methanogens and overall constituted the 24th dominant genus in the metagenome. Though other methanogens such as Methanococcales, Methanomassiliicoccales, Methanomicrobiales, Methanosarcinales, Methylococcales, and Thermoplasmatales were detected in the rumen, but at a very low frequency. These genera aggregately constituted 0.37–0.50% of the metagenome and their abundance was comparable between the host species (Supplementary file S1). Apart from the Euryarchaeota, the methanogens affiliated to others phylum such as Crenarchaeota and Thaumarchaeota were also detected in the rumen metagenome of cattle and buffaloes. However, their pooled abundance was ≤0.10% of the metagenome in both the hosts (Supplementary file S1). At an extremely low frequency (<0.0005%), the archaea belonging to the phylum Candidatus Geothermarchaeota was also identified in the metagenome.



Functional abundance

A total of 232.67 million with an average of 19.4 raw reads per sample were generated from the rumen metatranscriptome of cattle and buffaloes in this study (Supplementary file S1). In cattle, a total of 117.9 with an average of 19.65 million raw reads per sample were generated, whereas the corresponding figures for total and average raw reads in buffaloes rumen metatranscriptome were 114.7 and 19.2 million, respectively. After trimmomatic quality filtration, a total of 4.74% of reads from the metatranscriptome were dropped. Moreover, 4.24 and 2.23% of the generated data were removed due to the host contamination in cattle and buffaloes, respectively. For taxonomic classification at various ranks, 66 GB of data were processed further in Kraken2 and subsequently in MicrobiomeAnalyst.

Similar to the metagenome, the metatranscriptomic analysis of the rumen microbiota revealed that Bacteroidetes and Firmicutes were the most common phyla in the rumen (Figure 3A), aggregately constituted 53 and 61.8% of the rumen metatranscriptome in cattle and buffaloes, respectively (Supplementary file S1). However, their distribution between cattle and buffaloes was comparable. The abundance of Bacteroidetes was negatively correlated with the abundance of Firmicutes in the metatranscriptome (r = −0.69). The F/B ratio in the rumen metatranscriptome of cattle and buffaloes was 0.52 and 0.81, respectively, and the difference between cattle and buffaloes rumen metatranscriptomes was not significant (p = 0.208). Similar to the metagenome, Bacteroidales, Clostridiales, and Fibrobcterales were three prominent orders of the bacteria and combinedly constituted 57 and 61% of the rumen metatranscriptome in cattle and buffaloes, respectively (Figure 3B). The abundances of the bacteria affiliated to these three dominant orders were similar between the two host species (Supplementary file S1).

Contrary to the metagenome, Euryarchaeota was 3rd largest phylum in the rumen, constituted 15.7 and 10.8% of the rumen metatranscriptome in cattle and buffaloes, respectively. Similar to the metagenome, the abundance of Euryarchaeota in the rumen metatranscriptome between cattle and buffaloes was not different (p = 0.75). Methanogens affiliated to the phylum, i.e., Crenarchaeota and Thaumarchaeota were also equally distributed in the rumen metatranscriptome of cattle and buffaloes. Among the archaea, the Methanobacteriales with a similar distribution between cattle and buffaloes (p = 0.69) were largely distributed in both the species and constituted 11.3 and 7.81% of the rumen metatranscriptome in cattle and buffaloes, respectively. After Methanobacteriales, Methanomassiliicoccales > Methanomicrobiales > Methanosarcinales > Methylococcales were the next most abundant methanogens in the rumen metatranscriptomes of two hosts. However, the distribution of all these methanogens at the order level was also comparable between the rumen metatranscriptomes of cattle and buffaloes (Supplementary file S1). Methanobrevibacter was the most prevalent genus, comprising 12 and 8% of the rumen Metatranscriptome in cattle and buffaloes, respectively (Figure 3D). As with higher ranks, the abundance of Methanobrevibacter did not differ between the metatranscriptomes of two hosts (p = 0.83).



Compositional vs. functional abundance

Bacteroidetes and Firmicutes were two dominating phyla in both the metagenome and metatranscriptome of cattle and buffaloes (Supplementary file S1). Irrespective of host species, the pooled F/B ratio was 0.66 and 0.65 in the rumen metagenome and metatranscriptome, respectively, and the difference between the metagenome and metatranscriptome representing the compositional and functional abundances was not significant (p = 0.947). However, the Proteobacteria abundance in the rumen metatranscriptome was significantly lower (p < 0.0001) than the metagenome (Supplementary file S1). The comparison of compositional vs. functional abundance revealed a substantial decrease in the functionality of Proteobacteria in most of the orders affiliated to it. On the contrary, there were few orders where the functional abundance was relatively greater in the metatranscriptome (Supplementary file S1). More specifically, the bacteria affiliated to Alteromonadales, Burkholderiales, Campylobacterales, Enterobacterales, Pasteurellales, Pseudomonadales, and Rhizobiales, were functionally less active than their compositional abundances in the metagenome. On the other hand, the functional abundance of Cardiobacteriales, Desulfovibrionales, Hydrogenophilales, Mariprofundales, and Syntrophobacterales was significantly greater than their compositional abundance.

Contrary to the Proteobacteria, the overall functional abundance of Actinobacteria was higher (p = 0.001) than their compositional abundance (Supplementary file S1). An insight analysis of the phylum Actinobacteria at the order level revealed that the abundances of orders such as Corynebacteriales, Streptomycetales, Bifidobacteriales, and Micrococcales were significantly lower in the metatranscriptome as compared to the metagenome. On the other hand, functional abundance over the compositional abundances of Coriobacteriales, Eggerthellales, and Propionibacteriales was greater. Further, the data also indicated that the Fibrobacters were significantly less (p = 0.001) active in the metatranscriptome as compared to the metagenome (Supplementary file S1).

A representative visualization of the metagenome and metatranscriptome depicting the composition and functionality of the microbiota at various taxonomic ranks is presented in Figures 4A–D. Our results from the metatranscriptomics revealed that the archaea were functionally very active as compared to the compositional abundance (~15 vs. 1.5%). Methanogens from the phylum Euryarchaeota were more active in the rumen metatranscriptome than they were in the metagenome. The functionality of methanogens from the phylum Crenarchaeota was similar between the metagenome and transcriptome (Supplementary file S1), whereas the Thaumarchaeota phylum was not functional in the rumen metatranscriptome in both host species. In Euryarchaeota, the methanogens affiliated with the order Methanobacteriales were highly prominent and constituted 8–11% of the metatranscriptome, compared to 0.67–0.95% in the metagenome. Similarly, the Methanomassiliicoccales, Methanosarcinales, and Methanomicrobiales were also found to be comparatively more functional in the rumen metatranscriptome. On the contrary, the functionality of Thermoplasmatales was not different between the metagenome and transcriptome. Overall comparison of the metagenome and metatranscriptome revealed a significantly greater functionality of Methanobrevibacter, Methanomassiliicoccus, Methanosphaera and other methanogens. However, the functionality abundance of few methanogens specifically Methanosarcina, Methanopyrus, and Methanohalophilus were not different from the compositional abundances (Supplementary file S1).
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FIGURE 4
 (A–D) Comparison of microbiota composition and functionality using Sankey diagram: (A) cattle metagenome, (B) cattle metatranscriptome, (C) buffalo metagenome, and (D) buffalo metatranscriptome. The branch width in Sankey diagram is proportional to microbial abundances or functionality in metagenome and metatranscriptome, respectively. Different letters at the x axis in Sankey diagram represent taxonomic ranks. D, domain; P, phylum; C, class; O, order; F, family; G, genus; S, species. The diagram depicts the representative metagenomes and metatranscriptomes profile of the rumen microbiota.




CAZymes in rumen metagenome and metatranscriptome

Carbohydrate fermentation in the rumen is primarily driven by the microbial enzymes, and therefore the CAZymes belonging to different classes glycoside hydrolases, glycosyl transferases, carbohydrate binding molecules, carbohydrate esterases, polysaccharide lyases and auxiliary activities were screened in the rumen metagenome and metatranscriptome. The CAZymes profile of the rumen metagenome and metatranscriptome between cattle and buffaloes was compared to confirm if the functional capabilities between the two host species were different. Metagenome data were assembled into an average of 39,175 contigs per sample with an N50 average of 1,756 bp (Supplementary file S1), whereas metatranscriptome data were assembled into 13,295 contigs per sample (average N50 = 1,536 bp). A total of 159 and 133 CAZyme families were detected in the metagenome and metatranscriptome, respectively (Supplementary file S1). The contigs aligned against the CAZyme database revealed the dominance of glycoside hydrolases in both the metagenome (56–59%, Table 1) and metatranscriptome (52–53%), followed by glycosyl transferases, carbohydrate binding molecules and carbohydrate esterases. The CAZyme belonging to auxiliary activities was least abundant in both the metagenome and metatranscriptome (Table 1). Results from this study indicated that the CAZymes profile between cattle and buffaloes was similar in both the metagenome and metatranscriptome. However, a comparison of CAZymes revealed the greater (p < 0.0001) functionality of glycosyl transferases in the metatranscriptome than the rumen metagenome (Figure 5). On the contrary, the functional capability of the major CAZyme class glycoside hydrolases was lesser (p < 0.0001) in the metatranscriptome. Similarly, the carbohydrate esterases functionality in the metatranscriptome was also lesser than that in the rumen metagenome. There was no difference in the functional capability of auxiliary activities and carbohydrate binding molecules between the metagenome and metatranscriptome.



TABLE 1 Functional capabilities of CAZymes in the rumen metagenome and metatranscriptome of cattle and buffaloes fed on a finger millet straw and para grass-based diet.
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FIGURE 5
 Chord diagram depicting the comparative functional capabilities of CAZymes in the rumen metagenome and metatranscriptome irrespective of the host species. Color of the chords represent CAZymes classes. The thickness of chord is proportional to CAZymes abundances in the metagenome and metatranscriptome. Outer circle depicts the percent abundance, whereas inner circle represents the CAZyme classes. MG, metagenome; MT, metatranscriptome; AA, auxiliary activities; CE, carbohydrate esterases; CBM, carbohydrate-binding modules; GH, glycoside hydrolases; GT, glycosyl transferases; PL, polysaccharide lyases.




CH4 yield and rumen protozoa

Results from the study indicated higher (p = 0.003) daily enteric CH4 emissions in cattle than in buffaloes (Table 2). However, the correction of intake data revealed similar (p = 0.807) CH4 yield (g/kg DMI) between two host species. Similarly, results also indicated a similar enteric CH4 emission between cattle and buffaloes when compared per unit of digestible dry matter intake (45.4 vs. 46.5 g/kg DDM). The number of total protozoa (×107 cells/ml) and Entodiniomorphs (p = 0.001) was significantly higher in buffaloes than in cattle, but the number of Holotrichs was the same in both hosts (Table 2).



TABLE 2 Daily enteric CH4 emissions, CH4 yield and protozoal population in cattle and buffaloes fed on a finger millet straw and para grass-based diet.
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Nutrient intake and digestibility

The digestibility study exhibited a higher (p < 0.0001) intake of DM, organic matter (OM), CP, and fiber fractions NDF and ADF in cattle than in buffaloes (Table 3). However, the nutrient digestibility was not different (p > 0.05) between the hosts.



TABLE 3 Nutrient intake and digestibility in cattle and buffaloes fed on a finger millet straw and para grass-based diet.
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VFA and ammonia

The fermentation parameters, such as total volatile fatty acid production (mmol) and ammonia-N (mg/L), were also similar (p > 0.05) between cattle and buffaloes. The concentration of individual fatty acids (mmol) except valerate also did not vary between the two host species (Table 4). The valerate production (mmol) in cattle was significantly higher (p = 0.035) than that in buffaloes. The acetate-propionate ratio, an indicator of the shift in fermentation, was also similar (4.84 vs. 4.88) between two bovine species.



TABLE 4 Comparative ruminal fermentation and volatile fatty acids profile in cattle and buffaloes fed on a finger millet straw and para grass-based diet.
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Discussion

Rumen is considered a black box (Liu et al., 2021) consisting of diverse microbiota, including bacteria, archaea, protozoa, fungi, and viruses (Firkins and Yu, 2015), and perform complex functions in a syntrophic manner (Malik et al., 2022b). A consortium of rumen microbes from fermentation of feed produce volatile fatty acids (Ungerfeld, 2020) and microbial protein (Wallace et al., 1997), while methanogens co-exist with other rumen microbes and perform a different role in the scavenging of H2 (Morgavi et al., 2010). Thus, the rumen microbiota, due to its multifarious activities is considered equivalent to an organ (Huttenhower et al., 2012). Bacteria occupies the major niche in the microbiota and aids in anaerobic fermentation by the secretion of various enzymes (Li et al., 2017). Rumen microbiota composition is being affected by various factors such as diet (Liu et al., 2017), environmental conditions (Liu et al., 2021), and host species (Henderson et al., 2015; Roehe et al., 2016). Few studies reported the difference in rumen microbiota composition between the host species (Paul et al., 2017; Iqbal et al., 2018; Newbold and Ramos-Morales, 2020) and breed (Paz et al., 2016) fed on the same diet. On the contrary, some of the recent reports revealed similar microbiota compositions between the species (Henderson et al., 2015; Malik et al., 2021). Until now, many studies focusing on the rumen metagenome for revealing the microbial community composition in different species have been performed (Hess et al., 2011; Denman et al., 2015; Wallace et al., 2015; Delgado et al., 2019; Stewart et al., 2019; Gharechahi et al., 2020; Malik et al., 2021, 2022b); however, the studies investigating the metabolically active rumen microbiome through metatranscriptomics are relatively few (Li and Guan, 2017; Neves et al., 2020). Further, there is a dearth of reports investigating the structural composition of the rumen microbiota and their functional activities (Kamke et al., 2016; Li et al., 2019).

In this study, we have reported the microbiota affiliated with 41 phyla, 169 orders, 374 families, and 1,376 genera, which is consistent with the previous studies in cattle (Delgado et al., 2019; Wang et al., 2019; Kibegwa et al., 2023) and buffaloes (Sun et al., 2021; Li et al., 2022). Bacteroidetes and Firmicutes were the two most dominant bacterial phyla in both host species and constituted 53–58% of the metagenome. The dominance of Bacteroidetes and Firmicutes in the rumen microbiota is in good agreement with the previous reports (Jami and Mizrahi, 2012; Kim et al., 2014; Li et al., 2017; Söllinger et al., 2018). Bacteroidetes and Firmicutes are two major bacterial phyla that degrade complex plant polysaccharides and are involved in VFA production. Bacteroidetes possess a strong ability to degrade protein and polysaccharides (Huo et al., 2014; Pitta et al., 2016) and are considered major H2 utilizers in the rumen (Stewart et al., 1997). On the other hand, Firmicutes are known for their more H2 producing capabilities (Stewart et al., 1997). Firmicutes are efficient in breaking lignocellulosic complexes, and therefore their high abundance may increase carbohydrate fermentation in the rumen (Fernando et al., 2010). The F/B ratio (0.55–0.77) in the metagenome in our study is consistent with the previous findings of Malik et al. (2022a) Fernando et al. (2010), and Nathani et al. (2015), and the negative correlation (r = −0.81) between Firmicutes and Bacteroidetes is corroborated with the previous reports (Li et al., 2019; Malik et al., 2022b). Bacteroidetes and Firmicutes due to their involvement in the degradation of complex plant polysaccharides, breaking of lignocellulosic complexes, H2 production, and utilization capabilities, are prominent in the rumen microbiota. A non-significant difference in the apparent digestibility of fiber fractions, i.e., NDF, ADF, and CP, can be attributed to the comparable distribution of Bacteroidetes (p = 0.355) and Firmicutes (p = 0.416) in the rumen metagenome of cattle and buffaloes fed on the high-fiber diet consisting of finger millet straw and para grass in 70:30. Moreover, the similar VFA production in both host species did not imply any difference in the activities of the two prominent bacterial phyla. The similar activities of the Bacteroidetes and Firmicutes can also be established by the similar metagenome CAZymes profiles between the two host species. The similar distribution of Bacteroidetes and Firmicutes phyla in cattle and buffaloes was consistent with the previous findings of Sun et al. (2021). On the contrary, Iqbal et al. (2018) and Wang et al. (2020) reported higher distributions of Bacteroidetes in cattle and Firmicutes in buffaloes. The disagreement in the distribution of Bacteroidetes and Firmicutes in our study with the previous findings (Iqbal et al., 2018; Wang et al., 2020) could be attributed to diet composition, which has a remarkable impact on rumen microbiota. Firmicutes distribution tends to increase with the increasing roughage proportion in diet (Terry et al., 2019). Thus, it may be inferred that the distribution of Bacteroidetes and Firmicutes remains similar between cattle and buffaloes on a roughage-based diet, while concentrate feeding may lead to a differential distribution of the above two phyla between cattle and buffaloes.

Despite the sole roughage based diet in present study, the Proteobacteria constituted the third most abundant bacterial phylum in both the cattle and buffaloes and the difference between two host species was not significant. The deviation in the Proteobacteria abundance from the earlier reports could be attributed to the variation in diet composition (Hu et al., 2020; Kibegwa et al., 2023).

In this study, the methanogens affiliated to the phylum Euryarchaeota, Crenarchaeoeta, Thaumacrhaeota and Geothermarchaeota were identified. The overall abundance of archaea in the rumen microbiota was in good agreement with the earlier reports (Janssen and Kirs, 2008; Comtet-Marre et al., 2017; Zhu et al., 2017; Malik et al., 2022b). Among the archaeal phylum, Euryarchaeota was the most abundant, constituted 1.10-1.48% of the total rumen microbiota. Earlier studies also reported the dominance of Euryarchaeota in the archaeal phyla (Malik et al., 2021, 2022a, 2022b). The abundance of archaeal phyla were comparable between cattle and buffaloes. Methanobrevibacter, with a mean abundance of 0.7–1.0% of the rumen metagenome, was the most prominent genus of methanogens in both cattle and buffaloes, and their abundance was comparable between the two host species. In a previous study, Malik et al. (2021) also reported the dominance and similar abundance of Methanobrevibacter in the rumen metagenome of cattle and buffaloes fed on hybrid Napier and concentrate-based diet. The dominance of Methanobrevibacter among the rumen archaea is in congruence with the earlier reports in cattle (Sirohi et al., 2013; Danielsson et al., 2017; Parmar et al., 2017; Pitta et al., 2021) and buffaloes (Franzolin et al., 2012; Kumar et al., 2018). A diverse community of hydrogenogenic fermenters and hydrogenotrophic methanogens, along with other reducing microbes, co-exists in the rumen (Greening et al., 2019). Fermentation of fibrous feed in the rumen is associated with H2 production, which is primarily taken up by the methanogens (Lathamt and Wolintt, 1977; Morgavi et al., 2010), and that is why the hydrogenotrophic pathway is most prominent in the rumen (Hungate, 1967; Friedman et al., 2017). The dominance of Methanobrevibacter in the rumen archaeal community could be explained by its association with H2 production and subsequent reduction of CO2 to CH4 through the Wolfe cycle (Leahy et al., 2010; Thauer, 2012).

Methanogens such as Methanococcales, Methanomassiliicoccales, Methanomicrobiales, Methanosarcinales, Methylococcales, and Thermoplasmatales together constituted a minor fraction (0.37–0.50%) of the rumen metagenome in cattle and buffaloes. The aggregate abundance (%) of other methanogens in the rumen of cattle and buffaloes is consistent with Morgavi et al. (2010), who reported that the methanogens other than Methanobrevibacter constituted nearly one-third of the rumen archaea. Though the hydrogenotrophic pathway is most prominent in methanogenesis (Pitta et al., 2021), aceticlastic and methylotrophic pathways also make small contributions to rumen methanogenesis (Janssen and Kirs, 2008; Liu and Whitman, 2008; Morgavi et al., 2010). Overall, hydrogenotrophs affiliated with the Methanobrevibacter genus are the most abundant methanogens in the rumen of cattle and buffaloes, and our results are substantiated by the findings of Martínez-Álvaro et al. (2020), who reported that the hydrogenotrophic functional niche is different from that of methylotrophic methanogens. Substrate combined with the thermodynamics of methanogenic pathways (hydrogenotrophic > Methylotrophic > Aceticlastic) could explain the higher abundance of hydrogenotrophic over aceticlastic and methylotrophic methanogens in both cattle and buffaloes. It is hypothesized that the high concentration of H2 in the rumen exceeds the threshold of hydrogenotrophs due to the abundant availability of CO2 and outcompetes the methylotrophic (Pitta et al., 2021) and aceticlastic methanogens.

The significantly higher enteric CH4 emissions (g/d) in cattle can be attributed to the comparatively higher body weight and feed intake than the buffaloes. However, the CH4 yield (g/kg DMI) was comparable between the two host species fed on analogue diet comprising finger millet straw and para grass. Apart from the archaeal community, fermentation products such as VFA also affect enteric methanogenesis. VFA are mid products of OM fermentation, and their relative proportions affect the extent of ruminal methanogenesis (Dijkstra, 1994; Malik et al., 2017). The conversion of VFAs to CH4 varies considerably in the following order: acetate > butyrate > propionate (Wang et al., 2009). Earlier studies concluded that the accumulation of propionate inhibits the activity of methanogens and therefore leads to a reduction in CH4 emissions (Yeole et al., 1997; Demirel and Yenigün, 2002). Since the concentrations of acetate, propionate, and butyrate were similar, the comparable CH4 yield in both host species can be aggregately attributed to the non-significant difference in VFA production and microbiota. These findings are in consonance with our previous study, where the VFA profile and CH4 yield were comparable between cattle and buffaloes fed a hybrid Napier and concentrate-based diet in 70:30 (Malik et al., 2021). Similarly, Iqbal et al. (2018) also reported similar acetate and propionate production between cattle and buffaloes when fed on an analogue diet consisting of concentrate and corn silage.

Protozoa, after bacteria, are the second most abundant microbes in the rumen and constitute about half of the rumen biomass (Newbold et al., 2015). Protozoa are involved in the interspecies H2 transfer to the methanogenic archaea (Li et al., 2018), and therefore a reduction in rumen protozoal numbers may lead to an indirect inhibition of methanogenesis (Bhatta et al., 2009; Gemeda and Hassen, 2015; Malik et al., 2017; Thirumalaisamy et al., 2022a). About 37% of rumen methanogenesis is associated with protozoa (Finlay et al., 1994; Machmüller et al., 2003), and CH4 emissions are linearly linked with the protozoal population; however, there are also protozoa-independent mechanisms that regulate methanogenesis (Guyader et al., 2014). Despite a significant difference in protozoa numbers, the similar CH4 yield in host species could be due to the comparable fermentation, VFA profile, and microbiota that aggregately coupled with the H2 production as well as utilization. Recently, Dai et al. (2022), in a meta-analysis, concluded that the simple illustration of rumen protozoa without looking at the category could not explain the impact on methanogenesis. It has been established that isotrichids (holotrichs) rather than entodiniomorphs have a more pronounced effect on methanogenesis (Belanche et al., 2015; Dai et al., 2022). These findings also strengthen our data that, despite the different numbers of protozoa and entidiniomorphs in cattle and buffaloes, the comparable isotrichids (holotrichs) are attributed to the similar CH4 yield.

Metatranscriptome data also established that, apart from their dominance in the rumen microbiota, the Bacteroidetes and Firmicutes were functionally the two most active microbial phyla in both cattle and buffaloes. At the genus level, fibrolytic bacteria such as Prevotella, Fibrobacter, and Ruminococcus were functionally most active in the rumen microbiota. All together, these three genera constituted more than 1/3rd of the metatranscriptome; however, there was no difference in the functionality of these microbes between cattle and buffaloes. Since there was no difference in the CAZymes profile in the metatranscriptome between the cattle and buffaloes, the apparent digestibility of nutrients was similar among the host species. Glycoside hydrolase (GH) is one of the crucial categories of enzymes accountable for carbohydrate degradation in the rumen by loosening cellulose surfaces, peeling the fibers, and pushing the cellulose chain into the catalytic core for conversion to substrates (Kataeva et al., 2002). GH enzymes hydrolyze the glycosidic bonds between the sugars or a sugar and a non-sugar moiety (Lehninger, 2005). Cellulases are complex enzymes consisting of consortia of enzymes such as endo-β-1,4-glucanases, cellobiohydrolases, cellodextrinases, and β-glucosidases (Sathya and Khan, 2014). In this study, the cellulase type was represented by 15 families, mainly encoding endoglucanases (8 out of 31 families). The GH families identified in the metatranscriptome were consistent with the previous reports (Seshadri et al., 2018; He et al., 2019; Wang et al., 2019; Neves et al., 2021). A comparison of GH CAZymes revealed that the functionality of GH5, GH8, GH16, GH51, GH30, and GH95 was significantly less in the metatranscriptome than in the metagenome. Moreover, there were some GH families (GH45, GH74, and GH116) that remained undetected in the metatranscriptome. The degradation of cellulose and hemicellulose is carried out by a synergistic action of GH CAZymes (Terry et al., 2021), and the less active or absence of several GHs in the rumen proteome like in this study has been reported previously (Neves et al., 2021). On the other hand, GH48 was functionally more active in the transcriptome than the metagenome. Undisputedly, genes encoding for fiber degradation usually constitute major fractions of the functional microbes in the metatranscriptome. Earlier studies (Dai et al., 2015; Comtet-Marre et al., 2017) support our findings for higher functionality of GH48 in the metatranscriptome. Our results established that suboptimal expression of many CAZymes families in the metatranscriptome does not affect fiber degradation, as evidenced by the similar NDF and ADF digestibility, because fiber degradation in the rumen is carried out by a consortia of rumen microbes, specifically bacteria, in a synergistic fashion (Koike and Kobayasi, 2009; Ribeiro et al., 2016). The suboptimal expression of CAZymes in the metatranscriptome has also been reported in previous studies (Hess et al., 2011; Li et al., 2019).

Methanogens from the phylum Euryarchaeota were relatively more active in the rumen metatranscriptome than the metagenome; however, the difference in the functionality of Euryarchaeota between cattle and buffaloes was not significant, and that is why the CH4 yield (g/kg DMI) was comparable between the host species. The similar CH4 yield between the host species can be attributed to the analogue microbiota profile and diet composition (Malik et al., 2015a), and the host species appears to have minimal control over the rumen methanogenesis under uniform environmental conditions (Malik et al., 2021). The CH4 yield in cattle and buffaloes in this study was in good agreement with the previous reports and global datasets (Hristov et al., 2013; Pinares-Patino et al., 2014; Charmley et al., 2016; Malik et al., 2021, 2022a).

Despite the restricted depiction (Yanagita et al., 2000; Henderson et al., 2015) in the rumen metagenome (~1.5%), archaea perform a specialized function of scavenging metabolic H2 via reducing CO2 into CH4, which is why their functionality in the metatranscriptome was quite high (~15%) as compared to the metagenome. Three pathways, namely hydrogenotrophic, methylotrophic, and aceticlastic, of methanogenesis exist in the rumen; however, among the three, CH4 production via the hydrogenotrophic pathway is the most prominent in the rumen (Hungate, 1966; Hungate et al., 1970; Friedman et al., 2017; Malik et al., 2022a). Hydrogenotrophic methanogens belong to the archaeal largest phylum, Euryarchaeota, in the rumen (Kim et al., 2011; Malik et al., 2022a). Though the contribution of the Crenarchaeota and Thaumarchaeota phyla (Shin et al., 2004; Abecia et al., 2014; Xue et al., 2019) to the rumen methanogenesis is not yet determined, based on their abundances, it may be hypothesized that these phyla may not contribute significantly to the rumen methanogenesis. In agreement with the previous studies (Wright et al., 2004; Seedorf et al., 2015; Huang and Li, 2018; Malik et al., 2021, 2022a,b), Methanobacteriales was the most prominent order of the methanogens in the present study, and the metabolic functionality of the methanogens affiliated to this order was quite high in the metatranscriptome as compared to the metagenome (8–11 vs. 0.67–0.95%). Similarly, the Methanomassiliicoccales and Methanomicrobiales functionality in the metatranscriptome was also significantly higher than that in the metagenome. However, the metabolic functionality of the methanogens from these three orders in the rumen metatranscriptome between cattle and buffaloes was comparable. However, Thermoplasmatales compositional abundances (metagenome) and metabolic functionality (metatranscriptome) were similar, which indicates that they may not be playing an important role in rumen methanogenesis. Among the hydrogenotrophic methanogens, Methanobrevibacter alone constituted about 10% of the metabolically active metatranscriptome, which is far ahead of their compositional representation (0.85%) in the metagenome. The dominance of Methanobrevibacter in the archaeal community is consistent with the previous reports (Janssen and Kirs, 2008; Snelling et al., 2014; Seedorf et al., 2015; Danielsson et al., 2017; Malik et al., 2021).



Conclusion

The results indicate that the bacterial community in the rumen was more diverse than the archaeal community. Bacteroidetes and Firmicutes were prominent bacterial phyla in the constitution of the metagenome and the metabolic functionality of the metatranscriptome of cattle and buffaloes fed a similar diet of finger millet straw and para grass. There was no distinction between the compositional (metagenome) and functional (metatranscriptome) abundances of these two phyla. In contrast, despite their small proportion in the metagenome, archaea comprise nearly 15% of the most functionally active components of the metatranscriptome. Euryarchaeota was the most numerous and functionally active phylum of methanogens, while Methanobacteriales and Methanobrevibacter were the most prevalent order and genus of rumen methanogens in cattle and buffaloes. The study revealed substantial variation in the compositional abundances and metabolic functionality of the rumen metagenome and metatranscriptome, respectively; however, the compositional structure and metabolic functionality of the rumen microbiota of cattle and buffaloes were comparable. Similar microbiota composition and metabolic functionality in both host species result in comparable CH4 production. The relatively greater metabolic functionality of methanogens compared to their metagenomic representation suggests that they serve a specialized function in the rumen. In contrast, the lower/higher activities of some CAZymes in the metatranscriptome indicate that fiber digestion is a function performed by a consortium of microorganisms, as evidenced by the similar fiber digestibility of cattle and buffaloes. Overall, the study determined that feeding cattle and buffaloes the same diet resulted in similar microbiota composition and metabolic functionality, resulting in comparable CH4 production. The effect of varying diets and environments on the composition and consequent metabolic functionality of the rumen microbiota, as well as their effect on CH4 production, requires additional study.
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Methylthiotransferases (MTTases) are radical S-adenosylmethionine (SAM) enzymes that catalyze the addition of a methylthio (-SCH3) group to an unreactive carbon center. These enzymes are responsible for the production of 2-methylthioadenosine (ms2A) derivatives found at position A37 of select tRNAs in all domains of life. Additionally, some bacteria contain the RimO MTTase that catalyzes the methylthiolation of the S12 ribosomal protein. Although the functions of MTTases in bacteria and eukaryotes have been established via detailed genetic and biochemical studies, MTTases from the archaeal domain of life are understudied and the substrate specificity determinants of MTTases remain unclear. Here, we report the in vitro enzymatic activities of an MTTase (C4B56_06395) from a thermophilic Ca. Methanophagales anaerobic methanotroph (ANME) as well as the MTTase from a hyperthermophilic methanogen – MJ0867 from Methanocaldococcus jannaschii. Both enzymes catalyze the methylthiolation of N6-threonylcarbamoyladenosine (t6A) and N6-hydroxynorvalylcarbamoyladenosine (hn6A) residues to produce 2-methylthio-N6-threonylcarbamoyladenosine (ms2t6A) and 2-methylthio-N6-hydroxynorvalylcarbamoyladenosine (ms2hn6A), respectively. To further assess the function of archaeal MTTases, we analyzed select tRNA modifications in a model methanogen – Methanosarcina acetivorans – and generated a deletion of the MTTase-encoding gene (MA1153). We found that M. acetivorans produces ms2hn6A in exponential phase of growth, but does not produce ms2t6A in detectable amounts. Upon deletion of MA1153, the ms2A modification was absent, thus confirming the function of MtaB-family MTTases in generating ms2hn6A modified nucleosides in select tRNAs.
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 methanogens, ANME archaea, methylthiotransferases, radical SAM enzymes, tRNA modifications


Introduction

Sulfur is a versatile element found in a range of biomolecules including the amino acids methionine and cysteine, and cofactors such as iron–sulfur (Fe-S) clusters, biotin, lipoic acid, thiamine, coenzyme A, and molybdopterin. Additionally, various sulfur-containing modifications exist on tRNA including derivatives where the keto oxygen on the base is replaced with sulfur as well as 2-methylthio (ms2) derivatives of adenosine. The latter methylthiolated nucleosides include 2-methylthio-N6-isopentenyladenosine (ms2i6A), 2-methylthio-N6-threonylcarbamoyladenosine (ms2t6A), and 2-methylthio-N6-hydroxynorvalylcarbamoyladenosine (ms2hn6A) (Figure 1), as well as a handful of other less common methylthiolated derivatives (Cavuzic and Liu, 2017; Zheng et al., 2017; Boccaletto and Baginski, 2021). The ms2i6A modification is widely distributed in bacteria and in mitochondrial tRNAs of some eukaryotes, while ms2t6A is found in some bacteria as well as eukaryotes and archaea (Jackman and Alfonzo, 2013; Wei et al., 2015; Landgraf et al., 2016). Some organisms, such as Bacillus subtilis, produce both ms2i6A and ms2t6A, where the former is present in tRNAPhe(GAA) and tRNATyr(QUA) and the latter is found in tRNALys(UUU) (Vold et al., 1982; Boccaletto and Baginski, 2021). Although seemingly less common, hn6A and ms2hn6A have been identified in several bacteria and archaea (Reddy et al., 1992; McCloskey et al., 2001; Noon et al., 2003; Yu et al., 2019; Boccaletto and Baginski, 2021). The i6A, t6A, and hn6A modifications, with or without the associated ms2 derivatives, are found at position A37 of UNN-decoding tRNAs (i6A and ms2i6A) and ANN-decoding tRNAs (t6A, ms2t6A, hn6A, and ms2hn6A) (Schweizer et al., 2017; Yu et al., 2019; Su et al., 2022). Position 37 is 3′-adjacent to the anticodon and these modifications function to stabilize relatively weak A:U and U:A base pairs in order to enhance translational fidelity (Zheng et al., 2017; Su et al., 2022).

Methanogens are a diverse group of archaea with ancient evolutionary origins (Battistuzzi et al., 2004; Adam et al., 2017). They are found in a wide range of anaerobic environments including marine and freshwater ecosystems, anoxic soils, anaerobic sewage digesters, and as important components of animal microbiomes (Lyu et al., 2018; Moissl-Eichinger et al., 2018; Borrel et al., 2020). As their sole source of energy, methanogens carry out a form of anaerobic respiration known as methanogenesis, which reduces simple oxidized carbon compounds to generate methane as an end product. Another group of archaea related to methanogens carry out the anaerobic oxidation of methane (AOM) and are known as anaerobic methanotrophs (ANME) (Timmers et al., 2017). Consistent with their anaerobic lifestyles and ancient evolutionary origins, methanogens (and the related ANME) contain an abundance of Fe-S cluster proteins (Major et al., 2004; Imlay, 2006; Liu et al., 2010, 2012; Johnson et al., 2021). Additionally, these organisms contain two unique sulfur-containing biomolecules, coenzyme M and coenzyme B, which are cofactors of methyl-coenzyme M reductase – the key methane-forming enzyme of methanogenesis and the initial methane activation enzyme of AOM (Thauer, 2019). The key catalytic component of MCR is coenzyme F430, the nickel tetrahydrocorphin prosthetic group. Interestingly, some ANME – the ANME-1 clade [Ca. Methanophagales (Adam et al., 2017)] – utilize a modified form of F430 that contains a methylthio group at the 172 position (Figure 1) (Mayr et al., 2008; Shima et al., 2012). The impact of this modification on MCR catalysis is unknown, but it is appealing to propose that the modification could play a role in tuning the potential catalytic bias in ANME-1 MCR to perform methane oxidation as opposed to methane formation. However, it is important to note that other clades of ANME appear to utilize the canonical, unmodified F430 (Kaneko et al., 2014; Gendron and Allen, 2022).
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FIGURE 1
 Structures of methylthiolated biomolecules. (A) 2-methylthioadenosine found at position 37 of specific tRNAs. The methylthiolated versions of three different modified nucleosides are well described: 2-methylthio-N6-isopentenyladenosine (ms2i6A), 2-methylthio-N6-threonylcarbamoyladenosine (ms2t6A), and 2-methylthio-N6-hydroxynorvalylcarbamoyladenosine (ms2hn6A). (B) β-methythioaspartate is found at position 89 of the S12 ribosomal protein in many bacteria. (C) 172-methylthio-F430 is present in ANME-1 and functions with methyl-coenzyme M reductase.


The methylthiolation reactions for ubiquitous tRNA modifications described above, as well as for the related methylthiolation of the S12 ribosomal protein (Figure 1) occurring in select bacteria, are catalyzed by methylthiotransferase (MTTase) enzymes belonging to the radical S-adenosylmethionine (SAM) superfamily (Figure 2). Radical SAM enzymes use SAM and a four-iron four-sulfur ([4Fe-4S]RS) cluster – most commonly bound by three cysteines in a CX3CX2C motif – to generate a highly reactive 5′-deoxyadenosyl radical (5′-dAdo•) that facilitates complex radical chemistry to catalyze a wide range of reactions in all domains of life (Sofia et al., 2001; Holliday et al., 2018; Oberg et al., 2022). In addition to the [4Fe-4S]RS cluster, MTTases contain an “auxiliary” cluster ([4Fe-4S]aux) that is involved in sulfur incorporation (Forouhar et al., 2013; Landgraf et al., 2013; Zhang et al., 2020). There are four major clades of MTTases based upon phylogenetic analysis of the MTTase family (Anton et al., 2010; Arragain et al., 2010). RimO is exclusively bacterial and is the only known MTTase that does not act upon a tRNA substrate. Instead, it is responsible for the methylthiolation of D88 of ribosomal protein S12 (Anton et al., 2008). MiaB, found in bacteria and eukaryotic organelles, utilizes i6A-containing tRNA as a substrate to generate ms2i6A. The final two clades are responsible for methylthiolation of t6A-containing tRNA in bacteria (MtaB) and archaea/eukaryotes (e-MtaB). It remains unclear which MTTases are responsible for the production of ms2hn6A; however, based on the structural similarity of the substrate and the distribution among organisms that produce ms2hn6A, it is proposed that members of MtaB and e-MtaB clades can perform this reaction (Anton et al., 2008).
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FIGURE 2
 Methylthiotransferase reaction schemes. (A) tRNA MTTases – MiaB and MtaB/e-MtaB – catalyze the methylthiolation of A37 residues of specific tRNAs. (B) RimO catalyzes the methylthiolation of the β carbon of Asp89 of the S12 ribosomal protein. Each reaction requires two molecules of SAM: one is used as a methyl group donor to synthesize the methylthio group and produce SAH as a product, while the other is used for radical SAM chemistry to append the methylthio group to the respective substrate and produce 5′-deoxyadenosine (5′-dAdoH) and methionine as products.


Here, we report the biochemical characterization of the MTTase homolog encoded in the genome of the G60 ANME-1 archaeon (Krukenberg et al., 2018) as well as the in vitro activity of the MTTase from the hyperthermophilic methanogen Methanocaldococcus jannaschii (Bult et al., 1996). Additionally, we generated a deletion of the putative MTTase in Methanosarcina acetivorans to confirm the function of an archaeal MTTase in vivo. Although we had originally proposed that the ANME-1 MTTase may be responsible for the methylthiolation of F430 to produce 172-methylthio-F430 (mt-F430, Figure 1), we have not observed evidence for this activity and instead confirm that the MTTases studied here are responsible for the methylthiolation of select tRNAs to produce ms2t6A and/or ms2hn6A.



Materials and methods


Chemicals

Ampicillin, kanamycin, isopropyl-β-D-thiogalactoside (IPTG), and dithiothreitol (DTT) were from Gold Biotechnology. S-adenosylmethionine (SAM) hydrochloride, FMN, FeCl3, cysteine, sodium dithionite, as well as trace elements and vitamins for methanogen media were from Millipore-Sigma. NADPH was from Cayman Chemical Company. DNA oligonucleotides and gBlocks were obtained from Integrated DNA Technologies (IDT). All other standard reagents and supplies were from Genesee Scientific or Research Products International unless stated otherwise.



Strains and growth procedures

Transformed strains of E. coli DH5α (Zymo research) and E. coli-CodonPlus (DE3)-RIL (Agilent Technologies) were grown in LB (Miller) medium with the appropriate antibiotic(s). A Bacillus subtilis strain lacking the MtaB-encoding gene (B. subtilis 168 ΔyqeV::kan, BKK25430) (Koo et al., 2017) was obtained from the Bacillus Genetic Stock Center and grown in LB medium with 7.5 μg/mL kanamycin. Methanococcus maripaludis S2 Mm902 (Walters et al., 2011; Tunckanat et al., 2022) was obtained from the laboratory of Dr. John Leigh (University of Washington) and grown in McCas medium (Moore and Leigh, 2005) with H2/CO2 (80/20, 40 psi). M. maripaludis S2 Mm902 was constructed as reported in Walters et al. (2011), except the ORF1 was inserted into the upt gene (MMP0680) in the S2 wild-type strain instead of M. maripaludis S2 Mm900 (Moore and Leigh, 2005). Methanosarcina acetivorans WWM60 was obtained from Dr. Biswarup Mukhopadhyay (Virginia Tech, originally from W. W. Metcalf, University of Illinois at Urbana-Champaign) and was grown on high-salt medium (Sowers et al., 1993) in methanol (100 mM) or trimethylamine (50 mM). For the analysis of the ms2hn6A modification, M. acetivorans (as well as the ΔMA1153 strain) was grown in methanol and harvested in log phase at an OD600 of 0.7. For anaerobic growth of methanogens (Wolfe, 2011), 20 mL Balch tubes (Chemglass), 125 mL serum bottles (Wheaton), or 1 L bottles with a Balch-type closure (Chemglass) were used.



General molecular biology procedures

For expression of putative MTTases in E. coli, the respective genes were cloned into pET15b. For expression of putative MTTases in M. maripaludis S2 Mm902, the respective genes were cloned into pJAR50CT constructs [a derivative of pMEV1 (Sarmiento et al., 2011)]. For generation of the MA1153 deletion in M. acetivorans WWM60, the pDN201 Cas9 construct was used followed by recombination into pAMG40 (described further below) (Nayak and Metcalf, 2017; Nayak and Metcalf, 2018). All constructs were created with Gibson assembly (Gibson et al., 2009) using the HiFi Master Mix (New England Biolabs) and the protocol recommended by the supplier. More detailed molecular biology procedures, along with the sequences of gBlocks (Supplementary Table S1) and primers (Supplementary Table S2), as applicable, can be found in the supplementary material.



G60 ANME-1 MTTase expression and purification

The G60 ANME-1 MTTase was expressed with an N-terminal hexahistidine tag from pET15b in E. coli-CodonPlus (DE3)-RIL. Transformed cells were grown routinely in 3 L flasks containing 1.5 L LB supplemented with 100 μg/mL ampicillin at 37°C with shaking at 200 RPM. At an OD600 of ~0.4, cysteine and FeCl3 were added to final concentrations of 25 μM each. Then, at an OD of ~0.7, expression was induced with IPTG (100 μM). Cells were grown for an additional four hours at 37°C and then harvested by centrifugation. The cell pellet was stored at −20°C for future purification.

Purification of the G60 ANME-1 MTTase was carried out inside an anaerobic chamber (Coy Laboratory Products) with an atmosphere of 97% N2 and 3% H2. Buffer A consisted of 50 mM HEPES, 500 mM KCl, 10 mM imidazole, 5 mM DTT, pH 8.0 and Buffer B was the same except with 500 mM imidazole. The cell pellet (14 g) was resuspended in 40 mL of anaerobic buffer A and sonicated on ice. A Misonex sonicator equipped with a microtip was employed with the duty cycle set at 50 (%/1 s) and the power at 4 (microtip limit). Cells were sonicated 15 times for 2 min each with a one-minute rest between each sonication round. Phenylmethylsulfonyl fluoride (1 mM) was added after the first round of sonication. Homogenized cells were transferred to a sealed anaerobic centrifuge tube and centrifuged at 27,000 x g (30 min). The supernatant was filtered by passing it through a syringe connected to a 0.45 μm filter and then applied to a gravity flow column containing 2 × 6 cm of Ni Sepharose 6 Fast Flow resin (Cytiva). The column was washed with 15 mL buffer A, then eluted in a stepwise gradient of increasing buffer B consisting of 6 mL fractions of 5% buffer B, 10% buffer B, 20% buffer B, 50% buffer B, and finally 100% buffer B. The G60 ANME-1 MTTase eluted in the 20% B and 50% B fractions, which were combined and concentrated with a 30 kD Amicon Ultra centrifugal filter unit (Millipore-Sigma). The protein was finally exchanged into 50 mM HEPES, 500 mM KCl, 5 mM DTT, pH 8.0 using a PD-10 desalt column (Cytiva). Purifications were assessed by SDS-PAGE and protein concentration was determined using a Bradford assay (Bradford, 1976). The amount of iron bound to purified protein was determined using a well described ferrozine assay (Fish, 1988). For storage, the protein was aliquoted into 1 mL anaerobic cryovials containing O-ring seals (Olympus) then flash frozen in liquid N2 and stored at −80°C.



Methanococcus maripaludis culture, transformation, and MjMTTase purification

Methanococcus maripaludis S2 Mm902 was transformed with pJAR50 MTTase constructs (BSM_21210 or MJ0867) using polyethylene glycol-mediated transformation procedures (Sarmiento et al., 2011) with 1 μg of purified plasmid and a 5 mL overnight culture. The transformations were plated on McCas agar medium in an anaerobic chamber with an atmosphere of 77% N2/20% CO2/3% H2 followed by incubation at 37°C in a sealed pressurized vessel containing a paper towel soaked in 10% Na2S and an atmosphere of H2/CO2 (80/20) (30 psi). Colonies appeared after ~3 days. After verification of successful transformation by PCR, the strains were cultured in 1 L anaerobic bottles (Chemglass) containing 300 mL McCas medium supplemented with 0.125 mg/mL puromycin with 40 psi H2/CO2 (80/20) at 37°C with gentle shaking until OD600 ~ 1.0. Cells were harvested anaerobically via centrifugation in sealed bottles and the pellet was used immediately for protein purification.

The MjMTTase (MJ0687) was expressed from pKB604 (derived from pJAR50CT, see methods in Supplementary material for more details), under the control of Phmva, with a C-terminal twin strep tag. A typical purification was from 1.2 L of culture (4 × 300 mL). Cells (~1.5 g) were harvested anaerobically in sealed centrifuge bottles and the pellet was resuspended in 5 mL Strep buffer W (100 mM Tris, 150 mM NaCl, pH 8.0). The cells were lysed by sonication on ice followed by centrifugation at 27,000 x g for 45 min. The supernatant was filtered and applied to a gravity flow column containing 2 × 6 cm of Strep-Tactin Sepharose resin (IBA Lifesciences). The column was washed 5 times, each with 2 mL of Strep buffer W. The protein was then eluted in 6 fractions, each with 1 mL of Strep buffer W containing 2.5 mM desthiobiotin. MjMTTase eluted in fractions 2 and 3, which were then combined and concentrated with a 30 kD Amicon Ultra centrifugal filter unit. The concentrated protein was then exchanged into 50 mM HEPES, 300 mM KCl, 5 mM DTT, pH 8.0 using a PD-10 desalt column (Cytiva). The final protein sample was stored as aliquots of 1 mL in anaerobic cryovials, flash frozen in liquid N2, and stored at -80 °C.



Electron paramagnetic resonance (EPR) spectroscopy

Samples (300 μL) were prepared in the anaerobic chamber and contained 108 μM G60 ANME-1 MTTase in 50 mM HEPES, 300 mM KCl, pH 8.0. When applicable, sodium dithionite and SAM were added at concentrations of 4 mM and 1 mM, respectively. The reactions were incubated at room temperature for 10 min and then transferred to 4 mm EPR tubes (Norrell), frozen in cold isopentane (~77 K), and stored in liquid N2. Low temperature X-band EPR spectra were obtained on a Bruker ER073 EMX Spectrophotometer with an EMX High Sensitivity Probehead and a liquid helium variable temperature system (ER4112HV). Spectra were recorded under the following conditions: 9.376 GHz, 10 G modulation amplitude, 3,400 G center field, 1,000 G sweep width, 1 mW power, 0.3 s time constant, 10 K, 3 × 1 min scans.



In vitro enzyme assays with coenzyme F430

Reactions with purified F430 were carried out to assess whether the G60 ANME-1 MTTase catalyzed the synthesis of mt-F430. Coenzyme F430 was purified from M. maripaludis cells using the following procedure. Cells (~1 g wet weight) were resuspended in 3 mL H2O and lysed by sonication. Formic acid was added to a final concentration of 1% followed by centrifugation at 4,400 x g. The supernatant was neutralized with NaOH, and diluted 2x with 50 mM Tris, pH 7.5. The resulting sample was filtered and then applied to a gravity flow column with Q Sepharose Fast Flow resin (2 × 10 cm) equilibrated with 50 mM Tris, pH 7.5. After washing with 10 mL of 50 mM Tris, pH 7.5, the F430 was eluted with 6 mL of 20 mM formic acid. After removal of formic acid via evaporation under vacuum at 30°C (down to ~500 μL), the concentration of F430 was determined by using an extinction coefficient of 23.0 mM−1 cm−1 at 430 nm (Pfaltz et al., 1982, 1987). These preparations contain some sarcinapterin (methanopterin with a glutamate residue) in addition to F430. Enzyme reactions with the resulting F430 and purified MTTase were carried out in an anaerobic chamber in a reaction volume of 500 μL in 50 mM HEPES, 300 mM KCl, 5 mM DTT, pH 8.0. Reactions contained the following components: G60 ANME-1 MTTase (50 μM), coenzyme F430 (~75 μM), SAM (1 mM), sodium sulfide (500 μM), and a reducing agent – either sodium dithionite (2 mM), titanium citrate (2 mM), or NAPDH (2 mM) and FMN (50 μM). The latter biologically relevant reducing system has recently been reported to support radical SAM enzyme catalysis in vitro (Eastman et al., 2023). It was an especially desirable option for this reaction since the normal reducing agent – sodium dithionite – also reduces the F430. In one set of reactions, M. acetivorans cell extract was also supplied in addition to these components. To prepare the methanogen cell extract, cells (1.2 g) were resuspended in 3 mL of reaction buffer and sonicated on ice (duty cycle set at 50 (%/1 s) and the power at 4, four rounds of 30 s sonication with 1 min rest between each round). Then, 100 μL of this extract was added to the reaction containing the additional components listed above (three reactions with cell extract were set up with each containing a different reducing agent described above). Reactions were incubated at 50°C for three hours or 18 h at 37°C followed by the addition of 1 volume acetonitrile. After removing the precipitated protein by centrifugation, the supernatant was concentrated to ~100 μL by drying at 30°C under vacuum.

For LC–MS analysis of F430 reactions, a Waters Acquity UPLC with a TQD mass spectrometer equipped with an Acquity Premier BEH C18 (2.1 × 75 mm, 1.7 μm) column was employed. Solvent A was 0.1% (v/v) formic acid in water and solvent B was 100% methanol. The flow rate was 0.35 mL/min and the LC program consisted of 2 min at 95% A followed by a 10 min linear gradient to 50% B, then a 3 min gradient to 95% B. The injection volume was typically 2 μL. The source temperature was 150°C, the desolvation temperature was 500°C, the desolvation gas flow was 800 L/h, and the cone gas flow was 50 L/h. The mass spectrometer was operated in positive mode and scanned for m/z values ranging from 400 to 1,200.



tRNA purification and digestion

Protocols were adapted from published procedures (Yu et al., 2019; Avcilar-Kucukgoze et al., 2020). All solutions for tRNA preparations were treated with diethyl pyrocarbonate (DEPC) to 0.1% with stirring overnight followed by autoclaving. A typical tRNA purification from M. acetivorans cells used a ~ 1 g cell pellet while a typical tRNA purification from B. subtilis cells used a ~ 5 g cell pellet. Cell pellets were washed with 0.9% NaCl (6 mL/g of cells) then resuspended in 50 mM sodium acetate, 10 mM magnesium acetate, pH 5 (4 mL/g of cells). M. acetivorans cells, but not B. subtilis cells, were sonicated at this stage. For sonication, a Misonex sonicator equipped with a microtip was employed with the duty cycle set at 50 (%/1 s) and the power at 4 (microtip limit). Cells were sonicated on ice three times for 30 s each with a one-minute rest between. To this suspension was added an equal amount saturated phenol in 0.1 M citrate, pH 4.3 (Millipore-Sigma). The emulsion was incubated with shaking (200 RPM) for 15 min at room temperature, followed by centrifugation at 5,000 × g (15 min). The upper aqueous phase was transferred to a new tube and 5 mL chloroform was added, followed by centrifugation again to remove the remaining phenol. The aqueous phase was removed, adjusted to 0.2 M NaCl, followed by addition of 1 volume isopropanol. This was incubated at −20°C for 30 min followed by centrifugation at 5,000 × g (15 min). The pellet was washed with 70% ethanol then resuspended in 50 mM sodium acetate, 10 mM MgCl2, and 150 mM NaCl pH 6.5 (2 mL/g of cells). LiCl was added to a final concentration of 2 M and the sample was incubated on ice for one hour, followed by centrifugation at 10,000 × g for 15 min. The supernatant containing RNA was transferred to a new tube and 1 volume isopropanol was added followed by incubation at −20°C for 30 min and centrifugation at 10,000 × g. The pellet was washed with 70% ethanol, then resuspended in molecular grade water. To further purify tRNAs from this mixture, the solution was subjected to anion exchange chromatography using the NucleoBond RNA/DNA 400 kit (Macherey-Nagel) according to the manufacturer’s instructions. The resulting tRNA was resuspended in 100 μL water, then stored at −80°C.

To analyze modification profiles of extracts, tRNAs were digested and dephosphorylated to the respective nucleosides. Purified tRNA (100 μg) in a volume of 40 μL was incubated at 100°C for three minutes and then cooled in an ice-water bath. The pH was adjusted with 4 μL of 100 mM ammonium acetate, pH 5.3, followed by the addition of 10 U nuclease P1 (New England Biolabs) and incubation at 37°C overnight (at least 12 hours). Then, 5 μL 100 mM ammonium bicarbonate was added followed by 0.01 U of Crotalus adamanteus phosphodiesterase I (Millipore-Sigma) and incubation at 42°C for two hours. Then, 1 U alkaline phosphatase (calf intestinal; Promega) was added and this was incubated for an additional two hours. Finally, this solution was concentrated to 35 μL by drying at 30°C under vacuum followed by LC–MS analysis.

LC–MS analysis of nucleosides was carried out using a Waters Acquity UPLC with a TQD mass spectrometer equipped with an Acquity Premier BEH C18 (2.1 × 75 mm, 1.7 μm) column. Solvent A was 0.1% (v/v) formic acid in water and solvent B was 100% methanol. The flow rate was 0.35 mL/min and the LC program consisted of 2 min at 98% A followed by a 13 min linear gradient to 75% B, then a 15 min gradient to 100% B and 3 min at 100% B. The injection volume was typically 5 μL. The source temperature was 150°C, the desolations temperature was 500°C, the desolvation gas flow was 800 L/h, and the cone gas flow was 50 L/h. The mass spectrometer was operated in positive mode and scanned for m/z values ranging from 100 to 800. The main ions detected by mass spectrophotometry are the molecular ion and the base fragment ion. These two m/z values are well characterized for dozens of nucleosides. These masses in combination with elution times are used to identify specific nucleosides.



In vitro enzyme assays with tRNA

Reactions (150 μL) were carried out in anaerobic conditions in 50 mM HEPES, 500 mM KCl, pH 8 with purified tRNA from either the B. subtilis ΔmtaB strain (BKK25430) (100 μg tRNA per reaction) or from the M. acetivorans ΔMA1153 strain (50 μg tRNA per reaction). The G60 ANME-1 MTTase reactions contained 40 μM protein, while the MjMTTase reactions contained 10 μM protein. The additional reaction components consisted of: 500 μM sodium sulfide, 1 mM SAM, and a reducing agent (3 mM sodium dithionite or 2 mM NADPH and 50 μM FMN). The reactions were incubated at 50°C for 3 h, after which protein was precipitated with addition of 150 μL (1 vol) of acetonitrile. After centrifugation, the supernatant was transferred to a new tube and concentrated to ~40 μL by drying under vacuum at 45°C. RNA was isolated via ethanol precipitation, then digested to nucleosides as described above.



Generation of a MA1153 deletion in Methanosarcina acetivorans

Cas9-mediated genome editing tools developed by Nayak and Metcalf (2017, 2018) were used to delete the putative MTTase encoding gene (MA1153) in M. acetivorans WWM60. The single-guide RNA (sgRNA) construct and the homology directed repair (HDR) template were obtained as gBlocks from IDT (Supplementary Table S1) and designed with appropriate overlaps for Gibson assembly. The sgRNA construct was designed with the following elements: the mtaCB1 promoter, two sgRNAs separated by a 30-bp linker, and the mtaCB1 terminator. This was assembled into pDN201 (Nayak and Metcalf, 2017, 2018) using the AscI restriction site. After confirmation of successful insertion of the sgRNA component, the construct was digested with PmeI followed by assembly with the HDR template. The construct was designed to leave 60 bp at each end of the gene to maintain potential promoter and terminator elements for surrounding genes. The sequence was confirmed by whole-plasmid sequencing (Plasmidsaurus - Eugene, OR). The sequence-verified plasmid was then recombined with pAMG40 (Guss et al., 2008) followed by restriction digest confirmation and transformation into M. acetivorans WWM60 (Guss et al., 2008) via liposome-mediated transformation procedures (Metcalf et al., 1997; Buan et al., 2011) with 10 mL of a late exponential phase culture and 2 μg of plasmid DNA. Transformants were plated on high-salt agar medium in an anaerobic chamber and plates were incubated at 37°C in a sealed vessel containing N2/CO2 (80/20) (20 psi) and a paper towel soaked in a 10% solution of Na2S. Colonies appeared after 12 days. The desired MA1153 deletion strain was confirmed by PCR (Supplementary Figure S1) using primers flanking the deletion site (Supplementary Table S2) as well as Sanger sequencing of the PCR product.




Results


Identification and initial characterization of an ANME-1 MTTase

In this work, we originally set out to identify the putative MTTase required for 172-methylthio-F430 biosynthesis (mt-F430, Figure 1). Analysis of available metagenome data revealed a single likely MTTase encoded in ANME-1 genomes (Supplementary Table S3), of the ANME-2 genomes, only ANME-2a have a significant MTTase homolog (Supplementary Table S3). Since mt-F430 is established to be present in ANME-1 organisms, while being absent in most ANME-2-rich environments (Mayr et al., 2008; Shima et al., 2012; Allen et al., 2014; Kaneko et al., 2014), we hypothesized that the MTTase present in ANME-1 genomes would be responsible for the biosynthesis of mt-F430. The structure of mt-F430 was originally determined by isolating the cofactor from ANME-rich microbial mats collected at methane seeps in the Black Sea (Mayr et al., 2008). Later, mt-F430 was identified in the crystal structure of the ANME-1 MCR purified from the Black Sea mat biomass (Shima et al., 2012). Thus, we initially chose to investigate BSM_21210, the MTTase encoded in the Black Sea mat ANME-1 genome (Meyerdierks et al., 2010). BSM_21210 shares 30% identity and 48% similarity to MtaB from B. subtilis and 38% identity and 55% similarity to e-MtaB (MJ0867) from Methanocaldococcus jannashii (see sequence alignment in Supplementary Figure S2). With the goal of obtaining purified protein for enzyme activity studies, the BSM_21210 gene was assembled into pET15b and heterologously expressed in E. coli. Multiple expression and purification conditions were attempted, but although the enzyme exhibited high level expression, it was present in the insoluble fraction, and we were unable to obtain purified protein suitable for in vitro studies. We also attempted to express and purify the protein in a model methanogen, M. maripaludis. Unfortunately, both N-terminally and C-terminally hexahistidine-tagged versions of the BSM MTTase, under the control of the constitutive promoter Phmva, expressed at very low levels in M. maripaludis and we could not recover enough protein for in vitro studies.

Since we encountered difficulties with BSM_21210, we next focused our studies on a homologous MTTase from a thermophilic ANME-1 that would hopefully be more amenable to biochemical investigation. Krukenburg et al. cultivated and characterized an ANME-1a thermophile from Guaymas basin hydrothermal sediment that grows at 60°C (“G60”) (Krukenberg et al., 2018). Small molecule extracts from these cultures were previously demonstrated to contain mt-F430 (Allen et al., 2014). Analysis of the genome revealed a likely MTTase – C4B56_06395 (PXF52554.1) – that shares 63% identity and 78% similarity to BSM_21210. Additionally, this is the only homolog of any sulfur-inserting radical SAM enzyme in the G60 ANME-1 genome (Supplementary Table S4). Thus, we assembled the gene into pET15b with an N-terminal hexahistidine-tag for expression in E. coli-CodonPlus (DE3)-RIL. The G60 ANME-1 MTTase was highly expressed in a soluble form and we typically obtained about 5 mg of purified protein per gram (wet weight) of E. coli cells (Figure 3A). Additionally, the protein had a prominent brown color, a hallmark of iron–sulfur cluster containing enzymes, and the UV–Vis spectrum showed a broad absorbance band at ~420 nm (Figure 3B, solid line), characteristic of the expected [4Fe-4S]2+ clusters. Upon reduction with sodium dithionite, the 420 nm peak was bleached (Figure 3B, dashed line), indicating reduction to the [4Fe-4S]1+ state. Further characterization of the Fe-S cluster bound by the G60 ANME-1 MTTase using electron paramagnetic resonance (EPR) spectroscopy showed that the as-purified enzyme contains a signal indicative of a [3Fe-4S]1+ cluster(s) (Figure 3C, bottom spectrum) (Doan et al., 1994; Liu and Graslund, 2000). Upon reduction with sodium dithionite, an EPR signal at g ~ 1.93 is observed, which corresponds to reduced [4Fe-4S]1+ cluster(s), and the addition of SAM results in subtle lineshape changes consistent with the interaction of SAM with the radical SAM cluster (Figure 3C, middle and top spectra, respectively) (Broderick et al., 2014). A ferrozine assay for iron determination showed that the purified G60 ANME-1 MTTase contained 5.8 ± 0.4 mol Fe per mol protein. Although not ideal for the expected two [4Fe-4S] clusters, this value suggested that at least a portion of the purified protein was sufficiently loaded with the correct cofactors and, together with the spectroscopic data reported above, we were confident moving forward with enzymatic activity assays.
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FIGURE 3
 Purification and characterization of [4Fe-4S] cluster(s) of G60 ANME-1 MTTase. (A) SDS-PAGE gel stained with Coomassie showing purified his-tagged G60 ANME-1 MTTase which migrates consistent with the expected molecular weight of 50 kDa (including N-terminal tag). (B) UV–Vis spectrum of as-purified protein (solid line) compared to dithionite-reduced (dashed line). (C) Electron paramagnetic resonance spectroscopy of as-purified protein (bottom spectrum) compared to in the presence of dithionite (middle spectrum) and dithionite + SAM (top spectrum).




In vitro methylthiolation activity of the G60 ANME-1 MTTase

With the purified G60 ANME-1 MTTase in hand, in vitro enzyme assays with purified F430 obtained from methanogen cells were performed. We tried several different reaction conditions (various reducing systems and the addition of methanogen cell lysates, see materials and methods for complete description); however, the production of mt-F430 by this putative MTTase was never observed (see representative LC–MS results in Figure 4). Based on our experience with the unmodified coenzyme, the limit of detection for mt-F430 in our LC–MS experiment is expected to be ~1 pmol – this would correspond to 0.1 μM product produced in the enzyme assay containing ~75 μM F430 and 50 μM protein (1.25 mg in 500 μL reaction). Thus, our negative results suggest that the MTTase homolog encoded in ANME-1 genomes is not responsible for the synthesis of mt-F430.
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FIGURE 4
 In vitro enzyme assay with G60 ANME-1 MTTase and F430. LC–MS analysis of a representative reaction with purified F430 as a potential substrate. Extracted ion chromatograms are shown for F430 (m/z 905) – multiple peaks are observed due to isomerization occurring during the incubation at 50°C for the enzyme reaction – and the potential product, mt-F430 (m/z 951). Multiple reaction conditions were tested and are discussed in the materials and methods.


Since the ANME-1 MTTase did not appear to catalyze the methylthiolation of F430, we next considered that the enzyme instead acted upon a tRNA substrate to catalyze the production of 2-methylthiolated adenosine (ms2A) residues at position A37 of select tRNA(s) (Figure 1). As mentioned above, available ANME-1 metagenomes contain a single MTTase homolog and, although the ms2A tRNA modification has not specifically been analyzed in ANME, the modification is widespread in all domains of life. The MTTases present in archaea are members of the “e-MtaB” clade and are responsible for the methylthiolation of t6A to produce ms2t6A (Anton et al., 2010; Arragain et al., 2010). It was important to confirm this activity so that we could more confidently rule out a function in F430 modification.

To obtain the putative tRNA substrate for in vitro reactions with the G60 ANME-1 MTTase, we obtained a Bacillus subtilis strain that lacks the gene encoding MtaB - B. subtilis 168 ΔyqeV::kan (BKK25430, here we will call this strain ΔmtaB for clarity). In this organism, the ms2t6A modification is present at position A37 in tRNALys (UUU). Thus, deletion of the gene results in tRNALys (UUU) with the t6A modification, but lacking the ms2 modification. When we incubated the purified tRNA from B. subtilis ΔmtaB with our purified enzyme in the presence of dithionite and SAM, a clear peak was observed for ms2t6A that corresponds to the ms2t6A found in wild-type B. subtilis, but is absent in the control reaction lacking enzyme (Figure 5). Thus, this result demonstrates that the G60 ANME-1 MTTase catalyzes the methylthiolation of t6A-contining tRNALys (UUU). Importantly, it also demonstrates that the enzyme was active in our in vitro reaction conditions, allowing us to conclude that the enzyme is likely not responsible for methylthiolation of F430.

[image: Figure 5]

FIGURE 5
 In vitro enzyme assay with G60 ANME-1 MTTase and tRNA. LC–MS analysis of a representative reaction with bulk tRNA from a B. subtilis ΔmtaB strain. Overlaid extracted ion chromatograms are shown for t6A (m/z 413, dark blue) and ms2t6A (m/z 459, light blue) for (A) the control reaction lacking the enzyme compared to (B) the full reaction containing enzyme. See materials and methods for detailed reaction conditions and sample processing.




In vivo confirmation of MTTase function in Methanosarcina acetivorans

Although tRNA modification research in archaea is limited, both ms2t6A as well as ms2hn6A have been identified in organisms belonging to this domain of life (Reddy et al., 1992; Noon et al., 2003; Yu et al., 2019). Archaeal genomes generally encode only one MTTase, but it is unclear whether the same enzyme is responsible for the production of both methylthiolated nucleosides. MJ0867 – e-MtaB in M. jannaschii – was shown to rescue the production of ms2t6A in a strain of B. subtilis lacking MtaB activity, demonstrating that this enzyme can use t6A-containing tRNA as a substrate (Anton et al., 2010), which is also consistent with the in vitro result reported above with the G60 ANME-1 MTTase. To gain further insights into the function of archaeal MTTases in the synthesis of ms2A modified tRNAs, we chose to investigate the in vivo function of the MTTase in M. acetivorans – a model methanogen with robust genetic tools. The Cas9-mediated genome editing tools developed by Nayak and Metcalf (Nayak and Metcalf, 2017) were used to generate a deletion of the MTTase homolog (MA1153). Transfer RNA from the resulting M. acetivorans ΔMA1153 strain was then purified and digested to nucleosides for LC–MS analysis compared to wild-type.

Analysis of tRNA modifications of interest in M. acetivorans WWM60 (wild-type) revealed t6A, hn6A, and ms2hn6A, but not ms2t6A (Figure 6A). It is important to note that hn6A has the same mass as m6t6A, which can make its assignment more challenging. We confirmed the identity of hn6A in M. acetivorans through high-resolution LC–MS analysis, which revealed an exact mass of m/z 427.1575 (expected is 427.1572) as well as, most importantly, the characteristic fragment ions at m/z 136.0615 and m/z 162.0409 that correspond to the adenine nucleobase without a methyl group and are consistent with the assignment of hn6A (Noon et al., 2003; Yu et al., 2019) (Supplementary Figure S3). It is also important to note that the extracted ion chromatogram for the ms2t6A mass (m/z 456) contains a peak (Figure 6); however, it eluted about 0.8 min after the true ms2t6A and it lacks the characteristic fragment ions. Most notably, the m/z 327 ion, corresponding to the modified adenine base fragment ion, is absent (see mass spectra in Supplementary Figure S4). Interestingly, ms2hn6A was only identified in cells isolated in exponential phase of growth and was not observed in stationary phase cultures. Analysis of the M. acetivorans ΔMA1153 strain revealed the absence of ms2hn6A (Figure 6B), thus supporting the role of this MTTase in generating the ms2hn6A modification. The M. acetivorans ΔMA1153 strain (which still contains the genome-editing plasmid) exhibited moderately slower growth compared to wild-type when grown in standard high salt medium with methanol at 37°C (see growth curve in Supplementary Figure S5).
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FIGURE 6
 Modified nucleosides in Methanosarcina acetivorans WWM60 compared to the ΔMA1153 strain. Extracted ion chromatograms are shown for modified nucleosides of interest in (A) M. acetivorans WWM60 compared to (B) the ΔMA1153 strain. The respective peak intensities are labeled. Both strains were grown in high-salt medium with 100 mM methanol at 37°C to an OD600 of 0.7. The peak in the m/z 459 chromatogram is not ms2t6A (see Figure S4).




In vitro activity of G60 ANME-1 MTTase with hn6A-containing tRNA

To confirm that the archaeal MTTase could use hn6A-containing tRNA as a substrate, we used bulk tRNA from the M. acetivorans ΔMA1153 strain in in vitro assays with the G60 ANME-1 MTTase. Thus, these reactions contain both t6A-containing tRNA as well as hn6A-contining tRNA (Figure 6B). Based on the LC–MS analysis of the digested nucleosides, the G60 ANME-1 MTTase catalyzed the production of ms2t6A as well as ms2hn6A (Figures 7A-C). Assuming the two nucleosides with highly similar structures have similar ionization efficiencies, the G60 ANME-1 MTTase exhibited similar activities with t6A-containing tRNA compared to hn6A-containing tRNA as evidenced by the similar peak intensities observed for ms2t6A compared to ms2hn6A (Figure 7C).
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FIGURE 7
 Activities of G60 ANME-1 MTTase and MjMTTase with t6A-containing tRNA compared to hn6A-containing tRNA. LC–MS analysis of in vitro reactions with (A–C) G60 ANME-1 MTTase compared to (D–F) MjMTTase in the presence of tRNA isolated from M. acetivorans ΔMA1153. (A,D) Overlaid extracted ion chromatograms for t6A and ms2t6A. (B,E) Overlaid extracted ion chromatograms for hn6A and ms2hn6A. (C,F) The associated peak intensities are represented in bar graphs for duplicate reactions.




In vitro enzymatic activity of the Methanocaldococcus jannaschii MTTase

To compare the activity of another archaeal MTTase, we chose to investigate MJ0867 from M. jannaschii (“MjMTTase”). As mentioned above, the function of this protein in methylthiolation of t6A-containing tRNA was previously shown through heterologous expression experiments in B. subtilis (Anton et al., 2010). However, recent analysis of tRNA modification in M. jannaschii revealed ms2t6A as a minor component compared to t6A, while the amount of ms2hn6A was similar to hn6A (Yu et al., 2019), thus suggesting that MJ0867 prefers the hn6A-containing tRNA(s) substrate in vivo. This enzyme was not amenable to heterologous expression in E. coli; thus, we turned to expression in M. maripaludis – a Methanococcales methanogen closely related to M. jannaschii. Since there are abundant nickel binding proteins in methanogens, his-tagged protein purifications from these organisms often contain a few major impurities. Thus, MjMTTase was expressed with a C-terminal twin strep tag from pJAR50. The enzyme was successfully expressed and purified (Supplementary Figure S6A) from M. maripaludis with a characteristic brown color and a UV–vis spectrum with a broad absorbance band at ~420 nm indicative of a [4Fe-4S] cluster-containing protein (Supplementary Figure S6B). Interestingly, the absorbance spectrum had an intense peak at 260 nm that obscured the 280 nm peak, which we hypothesized was due to the protein binding RNA during the expression and purification process. This will be discussed more later.

In vitro enzymatic activity assays revealed that the purified MjMTTase catalyzed the synthesis of ms2t6A using bulk tRNA from B. subtilis ΔmtaB as a substrate (Supplementary Figure S7). Notably, the enzyme demonstrated comparable activities in the presence of the strong chemical reductant, sodium dithionite, as well as NADPH/FMN, a biologically-relevant reducing system recently reported for radical SAM enzyme reduction (Supplementary Figure S7) (Eastman et al., 2023). We also tested the activity of MjMTTase with the tRNA isolated from M. acetivorans ΔMA1153. Interestingly, the enzyme exhibited substantially lower activity with hn6A-containing tRNA compared to t6A-containing tRNA (Figures 7D–F).

To confirm that the methylthiolation activity observed in vitro was due to the added tRNA in the reactions and not due to M. maripaludis tRNA bound to the purified protein (see 260 nm absorbance in Supplementary Figure S6B), we performed control reactions where all reaction components were added except tRNA. Analysis of digested nucleosides from these control experiments revealed characteristic peaks for the abundant and well-ionizing purine nucleosides – adenosine and guanosine – thus, demonstrating that MjMTTase is purified with bound RNA (Supplementary Figure S8A). However, we did not observe peaks for any of the nucleoside modifications of interest here (Supplementary Figure S8B). Thus, the in vitro activity was confirmed to be a result of methylthiolation activity with the added tRNA [either from B. subtilis ΔmtaB (Supplementary Figure S7) or M. acetivorans ΔMA1153 (Figure 7B)] and not due to the products/substrates being already bound to the purified protein.




Discussion

Transfer RNAs undergo extensive posttranscriptional modification in all domains of life. Depending on the location of a given modification within the tertiary structure of a tRNA molecule, the modification may have a role in translational fidelity, structural stability, or cellular protection and recognition (Gustilo et al., 2008; Zheng et al., 2017). The methylthio group addition occurs on adenosine residues exclusively at position A37 (Figure 1) in select tRNAs that decode ANN or UNN codons. Modifications at this position stabilize the codon-anticodon interactions, thus enhancing translational fidelity. A37 is typically modified first at the 6 position with an isopentenyl group (i6A), a threonyl group (t6A), or a hydroxynorvalyl group (hn6). Specific tRNAs with these modifications then serve as a substrate for an MTTase enzyme that adds the 2-methylthio group (ms2) (Figure 2A). Besides tRNA, the only other known substrate for MTTase family members is the S12 ribosomal protein where the β carbon of Asp88 is methylthiolated by the enzyme RimO (Anton et al., 2008) (Figure 2B).

Structurally, MTTases consist of three domains – an N-terminal MTTase domain, a central radical SAM domain, and a C-terminal TRAM domain that was previously defined as an RNA-binding domain (Anantharaman et al., 2001; Lee et al., 2005). These enzymes bind two [4Fe-4S] clusters – the [4Fe-4S]RS cluster in the radical SAM domain and an auxiliary [4Fe-4S]aux cluster in the N-terminal MTTase domain. MTTases catalyze two distinct half reactions. First, traditional nucleophilic substitution chemistry with SAM generates a methylthio group associated with the auxiliary cluster (Forouhar et al., 2013; Landgraf et al., 2013; Zhang et al., 2020). Then, radical SAM chemistry with a second molecule of SAM produces 5′-dAdo• initiated by an electron from the reduced [4Fe-4S]RS cluster. This radical is proposed to abstract a C2 hydrogen from the A37 residue of the respective tRNA substrate to facilitate installation of the methylthio group (Esakova et al., 2021).

Here, we describe the function of archaeal MTTases through in vitro and in vivo experiments. We chose to investigate an ANME-1 MTTase to elucidate the substrate(s) of this enzyme and to test our hypothesis that this MTTase could be responsible for the modification of coenzyme F430 to generate mt-F430 (Figure 1), the coenzyme used by MCR in ANME-1 to initiate AOM (Mayr et al., 2008; Shima et al., 2012). However, in vitro enzyme assays with F430 did not result in the synthesis of mt-F430 by the G60 ANME-1 MTTase, suggesting that the enzyme does not catalyze this reaction. Since this is the only enzyme encoded in ANME-1 genomes with significant homology to any radical SAM sulfur inserting enzyme, this result raises important questions regarding the origin of mt-F430 in ANME-1. Non-enzymatic methylthiolation has been described for quinone-containing antibiotics where the required methanethiol is a catabolite of methionine (Li et al., 2013). However, the quinone moiety is essential to activate the molecule for chemical methylthiolation; thus, this chemistry does not seem plausible for F430. Indeed, in preliminary experiments with purified F430 and methanethiolate, we have not observed evidence for chemical methylthiolation. Another possibility is that F430 is not the direct substrate, but instead a precursor in the biosynthetic pathway (Zheng et al., 2016) serves as the substrate for the methylthiolation reaction. However, since unmodified F430 as well as mt-F430 are detected in ANME-1 cultures (Allen et al., 2014), it seems most likely that F430 is the precursor for mt-F430. Thus, we currently conclude that yet-to-be discovered enzyme(s) catalyze the methylthiolation of F430 and/or that other proteins/cofactors/substrates are required for methylthiolation of F430 by the ANME-1 MTTase.

The G60 ANME-1 MTTase as well as MjMTTase catalyzed the methylthiolation of t6A-containing tRNA and hn6A-containing tRNA to produce ms2t6A and ms2hn6A, respectively. Interestingly, MjMTTase seemed to prefer the t6A-containing substrate in these experiments. This result was somewhat surprising since the ms2hn6A modification was shown to be the major ms2 species in M. jannaschii, whereas ms2t6A was a more minor component (Yu et al., 2019). However, it is important to note that tRNA modifications have not been mapped in M. acetivorans, so it is possible that the ideal substrate for MjMTTase was not present or was not in high enough abundance in our in vitro reactions using bulk tRNA from M. acetivorans. Ms2hn6A was mapped to position 37 of tRNAMet(CAU1) in M. jannaschii, while ms2t6A was in too low abundance to be associated with a specific tRNA in this organism (Yu et al., 2019). To our knowledge, ms2hn6A has not been mapped to specific tRNA(s) in any other organism except M. jannaschii.

Our work on these archaeal MTTases supports the previous hypothesis concerning the role of MtaB and e-MtaB clades in the biosynthesis of ms2hn6A (Anton et al., 2008) and is consistent with previous results that t6A and hn6A likely share the same biosynthetic pathway (Yu et al., 2019; Swinehart et al., 2020). Although the biosynthetic origin of hydroxynorvaline is unknown, the bacterial enzymes responsible for t6A biosynthesis can also perform hn6A biosynthesis using provided hydroxynorvaline as a substrate (Swinehart et al., 2020). Thus, the hn6A modification is likely incorporated with the same biosynthetic machinery as t6A.

An interesting aspect of the MTTase family is understanding what dictates substrate specificity. That is, different tRNAs for MiaB and MtaB/e-MtaB, and a protein substrate for RimO. Although the TRAM domain was originally implicated as playing an important role in RNA-binding, it is now clear that all three MTTase domains are important for substrate binding and recognition. In early studies by Anton et al., chimeric constructs were generated with MiaB and MtaB in B. subtilis, and the results suggested that the differential recognition of the i6 or t6 modification by these enzymes is accomplished by the MTTase domain or the radical SAM domain, and not by the TRAM domain (Anton et al., 2010). More recently, crystal structures of MiaB demonstrated that all three domains of the enzyme are engaged in interactions with the tRNA substrate and specific residues of the enzyme have been identified that provide key interactions to recognize the A36 residue as well as the i6 modification of A37 (Esakova et al., 2021). A hydrophobic pocket – consisting of residues from the MTTase domain and the radical SAM domain – was identified to recognize and accommodate the isopentenyl group. It will be important to obtain structures of MtaB and e-MtaB MTTases in the future to further define substrate specificity determinants of MTTases.

Consistent with the structural information described above, previous work demonstrated that MiaB requires the i6A modification to be present to catalyze the methylthiolation reaction (Pierrel et al., 2004). However, recently, Koshla et al. reported that the Streptomyces albidoflavus J1074 MiaB can methylthiolate unmodified adenosine residues in tRNA to produce ms2A (Koshla et al., 2023). Additionally, the presence of ms2A has been reported in E. coli (Kellner et al., 2014). In our in vitro reactions with bulk tRNA from either B. subtilis or M. acetivorans, we did not detect ms2A, suggesting that these archaeal MTTases cannot methylthiolate unmodified adenosine residues. Furthermore, ms2A has not been previously reported in archaea and was not observed here in our targeted analysis of M. acetivorans tRNA modifications. Other recent work reported the identification of the thiohemiacetal – msms2i6A – in E. coli, a modification shown to be catalyzed by MiaB (Dal Magro et al., 2018). We did not observe evidence for this msms2 modification in any of our in vitro reactions with the archaeal MTTases studied here. Therefore, the e-MtaB enzymes likely do not catalyze the sequential methylthiolation reaction.

An important observation in this work is that the ms2hn6A nucleoside was only identified in M. acetivorans when cells were harvested in exponential phase of growth and not in stationary phase. This indicates that the ms2 modification may be growth phase dependent and/or that a substrate/cofactor (i.e., sulfur and/or iron) is depleted during stationary phase growth. Additionally, due to the seemingly dynamic nature of the ms2 modification as well as its oftentimes low abundance, it is possible that it is not detected during tRNA modification analyses. In B. subtilis, the ms2t6A modification is also more prevalent in exponentially growing cells compared to stationary phase (Vold, 1973; Vold et al., 1982). On the other hand, ms2i6A exhibits the opposite pattern where ms2i6A levels are high relative to i6A in stationary phase compared to exponential phase in B. subtilis (Vold, 1978).

In summary, we confirm that the e-MtaB MTTases in archaea catalyze the synthesis of ms2hn6A as well as ms2t6A. Future biochemical and structural work will be required to further understand the substrate specificity determinants of these enzymes as well as combining physiological and genetic experiments to uncover potential regulatory aspects of the ms2 tRNA modification.
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Methanogenic archaea play an important role in the global carbon cycle and may serve as host organisms for the biotechnological production of fuels and chemicals from CO2 and other one-carbon substrates. Methanosarcina acetivorans is extensively studied as a model methanogen due to its large genome, versatile substrate range, and available genetic tools. Genome editing in M. acetivorans via CRISPR/Cas9 has also been demonstrated. Here, we describe a user-friendly CRISPR/Cas12a toolbox that recognizes T-rich (5′-TTTV) PAM sequences. The toolbox can manage deletions of 3,500 bp (i.e., knocking out the entire frhADGB operon) and heterologous gene insertions with positive rates of over 80%. Cas12a-mediated multiplex genome editing was used to edit two separate sites on the chromosome in one round of editing. Double deletions of 100 bp were achieved, with 8/8 of transformants being edited correctly. Simultaneous deletion of 100 bp at one site and replacement of 100 bp with the 2,400 bp uidA expression cassette at a separate site yielded 5/6 correctly edited transformants. Our CRISPR/Cas12a toolbox enables reliable genome editing, and it can be used in parallel with the previously reported Cas9-based system for the genetic engineering of the Methanosarcina species.
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Introduction

Methanogenic archaea are significant global contributors to the production of the potent greenhouse gas methane, which is estimated to be about 1 Gt/year (Thauer et al., 2010). At the same time, these microorganisms are increasingly utilized for the biotechnological reduction of atmospheric CO2, and therefore may help mitigate global warming. Methanosarcina species are among the best studied, as many details about their genomic information (Deppenmeier et al., 2002; Galagan et al., 2002; Maeder et al., 2006) and versatile methanogenesis (Costa and Leigh, 2014; Kurth et al., 2020) have been earlier revealed. Metabolic engineering of Methanosarcina facilitates many diverse biotechnological applications. For instance, the engineered expression of an esterase in Methanosarcina acetivorans allowed cells to utilize methyl esters for growth and methane production (Lessner et al., 2010). Additionally, isoprene production was demonstrated by engineering the expression of an isoprene synthase gene in Methanosarcina (Aldridge et al., 2021).

Genome manipulations in M. acetivorans are typically more challenging than those in well-established host microorganisms (e.g., Escherichia coli) because of the multiple copies of its genome (Hildenbrand et al., 2011). If not all genome copies are uniformly edited, heterozygous mutants that still retain a wild-type chromosome may persist. For metabolic engineering projects requiring several rounds of editing, marker-free edits are necessary. In Methanosarcina, the puromycin acetyltransferase (pac) gene for puromycin resistance and the isoleucyl-tRNA synthetase (ileS) gene for pseudomonic acid resistance are the two selective markers currently used (Metcalf et al., 1997; Boccazzi et al., 2000). The hypoxanthine phosphoribosyltransferase (hpt) gene has been widely utilized as a counterselectable marker in Methanosarcina Δhpt hosts (Guss et al., 2008). Traditional gene editing, which involves introducing linear DNA fragments followed by homologous recombination, generally shows lower transformation and editing efficiencies than CRISPR (clustered regularly interspaced short palindromic repeats)-based methods (Ronda et al., 2016). The ΦC31 integrase-mediated site-specific recombination system, which has a fixed target site on the genome (Guss et al., 2008), is efficient for introducing a singular piece of DNA, but lacks the ability to edit multiple sites or perform repeated edits. As an alternative, CRISPR system-mediated genome editing tools have been developed for methanogens. The CRISPR/Cas9 system was initially generated for M. acetivorans (Nayak and Metcalf, 2017), followed by the construction of the CRISPRi-dCas9 tool for gene regulation (Dhamad and Lessner, 2020) in the same methanogen.

Cas12a (also known as Cpf1) is a class 2 type V endonuclease (Paul and Montoya, 2020) that recognizes a thymine (T)-rich (5′-TTTV, V = A, G, and C) protospacer adjacent motif (PAM) (Safari et al., 2019), as opposed to the guanine (G)-rich (NGG-3′) PAM of Cas9. Consequently, Cas12a increases the number of potential targeting sites along the genome, especially for T-rich hosts. The double-stranded breaks (DSB) caused by Cas12a will generate sticky ends, which are helpful for DNA repair and genome stability during genetic manipulation (Vanegas et al., 2019). Since the gRNA (guide RNA, also called spacer) does not rely on tracrRNA (trans-activating CRISPR RNA) for maturation (Nakade et al., 2017), edited constructions become simplified, particularly when multiplex genome editing is employed (Bandyopadhyay et al., 2020). More recently, a Cas12a-based genome editing system has been successfully implemented for genetic engineering in Methanococcus maripaludis (Bao et al., 2022).

To increase the versatility of CRISPR editing in M. acetivorans, we constructed a system that expresses the Cas12a endonuclease from Lachnospiraceae bacterium (LbCas12a). To evaluate the performance of this editing toolbox, single gRNA-mediated gene knockout and heterologous gene integration approaches were used. As a tool to expedite metabolic engineering, Cas12a-mediated multiplex genome editing was to establish gene edits at two independent sites along the genome with only one round of editing.



Results


Construction of Cas12a-gRNA expression system

To generate a Cas12a-gRNA expression system that is cloneable in most E. coli strains, the E. coli/Methanosarcina shuttle vector pM000 (Supplementary Figure S1B) was constructed from the pWM321 plasmid (Metcalf et al., 1997) by replacing the origin of replication (ori) from plasmid R6K with the ori from plasmid ColE1. To establish markerless editability, the hpt gene that confers sensitivity to the purine analog 8-aza-2,6-diaminopurine (8ADP) for counter selection (Ehlers et al., 2011) was inserted downstream of the pac gene, yielding plasmid pM001 (Supplementary Figure S1C). The LbCas12a gene was amplified from pY016 (Zetsche et al., 2015), fused with the tetracycline-regulated promoter PmcrB (tetO1), and inserted into the multiple cloning site (MCS) of pM001 to yield the plasmid pMCp4. To obtain the final Cas12a-gRNA expression system, the gRNA cassette is introduced into pMCp4 (Figure 1A). It is worth mentioning that tetracycline was not required for the expression of Cas12a, as in the previous studies with Cas9, where no significant difference in the genome editing efficiency was observed in M. acetivorans (Nayak and Metcalf, 2017; Dhamad and Lessner, 2020).
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FIGURE 1
 Construction of the Cas12a-gRNA expression system for M. acetivorans. (A) Schematic diagram of pMCp4 and Cas12a-gRNA expression system. The plasmid pMCp4 expresses the Cas12a protein in M. acetivorans. The Cas12a-gRNA expression system expresses the Cas12a-gRNA complex in M. acetivorans. Cas12a and gRNA cassettes are equipped with tetracycline-regulated promoter PmcrB (tetO1) and the promoter PmtaC1 from M. acetivorans, respectively. (B) Targeting efficiency of the Cas12a-gRNA expression system. Cas12a-only, plasmid pMCp4. g1RNA, g2RNA, g3RNA, g4RNA, and g5RNA, five gRNAs designed for targeting various locations along the ssuC gene. Error bar represents the standard deviation of triplicate measurements. Standard deviations were not determined for gRNA-expressing transformation data, as all cells were plated out to analyze the lethal efficiency of the Cas12a-gRNA complex.


To verify whether the Cas12a protein is not cytotoxic, the shuttle vector pM001 and the Cas12a-expressing plasmid pMCp4 were each transformed into M. acetivorans, and then the transformation efficiencies were compared. When 2 μg of plasmid DNA was used for the transformations, pM001 yielded 40,000 ± 20,000 CFUs of PurR transformants and pMCp4 yielded 34,000 ± 19,000 CFUs of PurR transformants (p = 0.75 in two-tailed t-test, Supplementary Figure S2), which indicates the expression of Cas12a protein is non-toxic to M. acetivorans cells.

To evaluate the targeting efficiency of the Cas12a-gRNA expression system, five different gRNAs were used to target various locations along the non-essential ssuC gene (which encodes the permease subunit of the sulfonate ABC transporter) for introducing DSBs on the genome. All five gRNAs resulted in less than 15 CFUs (per 2 μg DNA) in the transformation, thus demonstrating the high gene-targeting efficiency of the constructed system (Figure 1B).



CRISPR/Cas12a-mediated gene knockout

To investigate the efficiency of gene deletion, the homologous repair (HR) arms for gene editing were inserted into the Cas12a-gRNA expression system to generate the Cas12a-gRNA gene editing system (Figure 2A). The g1RNA (5’-TTGCGATTCCCTCAGCCATG CCC-3′) was used to target the ssuC locus. For gRNA cassette construction, PCR amplification was used to synthesize the gRNA and direct repeat (DR) sequences that contain promoter (PmtaC1) and terminator (TmtaB1) regions (Supplementary Figure S3A). Deletion lengths varied from 100 bp to 2000 bp (Figure 2B) and a 1,000 bp length of flanking HR sequence was chosen as optimal based on previous work (Nayak and Metcalf, 2017).

[image: Figure 2]

FIGURE 2
 CRISPR/Cas12a-mediated gene knockout. (A) Schematic diagram of Cas12a-gRNA gene editing system. Cas12a and gRNA cassettes are equipped with promoters PmcrB (tetO1) and PmtaC1, respectively. Gene editing was achieved by the introduced upstream and downstream homologous repair (HR) arms. (B) Scheme for generating gene deletions in ssuC. g1RNA was designed to target ssuC to form a double-stranded break (DSB). Various sizes of gene knockouts were generated by introducing a 1,000-bp length of flanking HR sequence near the leakage site. Δ100 bp, Δ500 bp, Δ1000 bp, and Δ2000 bp, plasmids generating 100 bp, 500 bp, 1,000 bp, and 2000 bp of gene knockouts while repairing the DSB. (C) Transformation efficiency of deletion-generating plasmids. Cas12a-g1RNA, plasmid expressing Cas12a-g1RNA complex that targets ssuC to produce the DSB on the genome. Cas12a-only, plasmid pMCp4 expresses Cas12a. Error bars represent the standard deviation of triplicate measurements. Standard deviations were not determined for Cas12a-g1RNA transformation data, as all cells were plated out to analyze the lethal efficiency of the Cas12a-g1RNA complex. (D) Editing efficiency of deletion-generating plasmids. Ten PurR transformants were randomly selected for colony PCR. WT, wild type M. acetivorans strain. Thermo Scientific™ GeneRuler 1 kb DNA ladder was used for sizing DNA fragments.


When the plasmid pMCp2-g1RNA (Table 1) was transformed into M. acetivorans, the Cas12a-g1RNA complex was expressed and only 10 PurR transformants were observed (Figure 2C). Transformation of plasmid pMCp4 (Cas12a-only) yielded 33,000 ± 6,000 CFUs of PurR transformants (per 2 μg DNA). Among the various lengths of deletions tested, the 100 bp-deletion from the genome gave the highest repairing efficiency (1,800 ± 600 CFUs). This higher transformation efficiency obtained when only a small fragment of the chromosome is deleted also matches a previous Cas9-mediated gene knockout study, which concluded shorter deletions (i.e., Δ100 bp and Δ500 bp) are more stable and reliable (Nayak and Metcalf, 2017). For the plasmids that led to larger fragment deletions (i.e., Δ1000 bp and Δ2000 bp), similar transformant yields were obtained. To verify the knockout (or editing) efficiency, 10 transformants were randomly selected in each trial and subjected to colony PCR (Figure 2D). The primers involved are presented in Supplementary Figure S4A and Supplementary Table S1. Higher positive rates were observed with the shorter deletions, in which 100% of the 100 bp-deleted transformants were positive. On the other hand, 80% of positive clones were observed in the 2000 bp-deletion experiments. Three isolates from each transformation set were randomly selected for Sanger sequencing and all were edited correctly (Supplementary Figure S4B). The Sanger sequencing results were provided in Supplementary Table S2.



TABLE 1 Plasmids used in this study.
[image: Table1]



CRISPR/Cas12a-mediated gene insertion

In order to assess the gene insertion performance of our Cas12a-gRNA gene editing system, a heterologous gene cassette for the expression of β-glucuronidase (uidA) gene was placed within the HR arms, given its previous successful use in Methanosarcina (Guss et al., 2008). For uidA cassette construction, the uidA gene was PCR amplified from E. coli BL21 genomic DNA and fused with the mcr promoter (Pmcr) and terminator (Tmcr) from M. barkeri (Supplementary Figure S5A). The insertion efficiency was obtained by comparing the number of PurR transformants from the editing plasmid pMCp3-g1-100-uid (8,800 ± 2,400 CFUs) and plasmid pMCp4 (117,000 ± 12,000 CFUs) (Figure 3A). The positive rate for 20 transformants was determined by colony PCR using the primers veri2/veri8 (Figure 3B). To ensure the genome copies within one transformant were all edited (homozygous chromosome), a second set of primers (veri5/veri12) was used to detect the presence of possible mixed transformants (Supplementary Figure S5B). 100% of the transformants were identified with uidA cassette and no heterozygous genotypes were detected. Three isolates were randomly selected for Sanger sequencing to detect the uidA gene cassette and all the edits were positive (Supplementary Figure S5C and Supplementary Table S2), demonstrating the high performance for Cas12a-mediated gene insertion.

[image: Figure 3]

FIGURE 3
 CRISPR/Cas12a-mediated gene insertion. (A) Transformation efficiency of Cas12a-mediated gene insertion. Cas12a-g1RNA, plasmid pMCp2-g1RNA expressing Cas12a-g1RNA complex that targets ssuC to produce the DSB on the genome. Cas12a-only, plasmid pMCp4 expresses Cas12a. Δ100 bp::uidA, plasmid pMCp3-g1-100-uid replaced 100 bp with the uidA expressing cassette in genome. Error bars represent the standard deviation of triplicate measurements. Standard deviations were not determined for Cas12a-g1RNA transformation data, as all cells were plated out to analyze the lethal efficiency of the Cas12a-g1RNA complex. (B) Editing efficiency of gene insertion-generating plasmid. Upper panel, scheme for the engineered genome containing uidA cassette and the detecting primers used in colony PCR. veri8 and veri2, forward and reverse primer target uidA and genome. HR-upstream-1 and HR-downstream-1, the flanking HR sequence identical to the ones used in Figure 2B. Bottom panel, 20 PurR transformants were randomly selected for colony PCR to verify the existance of the uidA gene. Plas. and WT are plasmid pMCp3-g1-100-uid and wild type M. acetivorans genome, respectively, and served as negative controls. Thermo Scientific™ GeneRuler DNA Ladder Mix was used for sizing DNA fragments.




CRISPR/Cas12a-mediated multiplex genome editing

First, plasmid pMCp2-g1g9RNA was constructed to simultaneously target the ssuC and frhA (encoding the coenzyme F420 hydrogenase alpha subunit) genes (Figure 4A), where the gRNA cassette contains two tandem gRNA sequences (g1RNA and g9RNA) equipped with promoter PmtaC1 and terminator TmtaB1 (Supplementary Figure S6). Next, to assess the effect of double-site deletions, two sets of HR sequences that generate 100-bp deletions in each of the genes (see above) were designed and assembled into pMCp2-g1g9RNA, producing the plasmid pMCp3-g1g9–100. Among the obtained PurR transformants (107 ± 23 CFUs per 2 μg DNA), eight were randomly selected for colony PCR. Primers veri1/veri2 and veri11/Cp54 were used to target the genome regions flanked the ssuC-and frhA-breakages, separately (Figure 4B). All eight transformants were positive and the desired gene deletions were detected in both ssuC and frhA regions. Three isolates were randomly picked for Sanger sequencing and all clones were correctly edited (Supplementary Figure S7A).
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FIGURE 4
 CRISPR/Cas12a-mediated multiplex genome editing. (A) The CRISPR array designed for targeting two sites on the genome. g1RNA and g9RNA target ssuC and frhA, generating two DSBs in the genome simultaneously. DR, direct repeat sequences in the gRNA cassette. (B) Editing efficiency of the multiplex gene knockout. Upper panel, scheme for the engineered genome with 100 bp-deletions in both ssuC and frhA sites and the primers used in colony PCR. veri1 and veri2, forward and reverse primer target HR sequence and the downstream of ssuC. veri11 and Cp54, forward and reverse primer target the upstream and the downstream of frhA. Bottom panel, positive rate of multiplex gene knockout. Eight transformants were randomly selected for colony PCR to verify the gene knockout efficiency. Plas. and WT are plasmid pMCp3-g1g9–100 and wild type M. acetivorans strain, respectively, and served as the negative controls. g1Δ100, gene deletion in ssuC. g9Δ100, gene deletion in frhA. Thermo Scientific™ GeneRuler 1 kb DNA ladder was used for sizing DNA fragments.


To evaluate the versatility of our CRISPR/Cas12a toolbox for multiplex editing, simultaneous gene deletion and insertion at two independent sites were attempted with the plasmid pMCp3-g1-uid-g9-100. This construct facilitates the insertion of the uidA cassette into the ssuC locus as well as makes a 100-bp deletion in the frhA gene in one round of transformation (Supplementary Figure S7B). Out of the 280 CFUs of PurR transformants, six were randomly selected for colony PCR verification using primers veri2/veri8 and veri9/veri13 (Supplementary Figure S7C). 5/6 were edited correctly in both sites (i.e., contain the uidA cassette within the ssuC gene and exhibit a 100 bp-deletion within the frhA gene), which indicates the potential of using CRISPR/Cas12a system in multi-tasks genome editing in metabolic engineering applications.



Plasmid curing

To demonstrate iterative editing with the CRISPR/Cas12a system, the plasmid curing efficiency was calculated for the positively engineered M73-uidA isolate. For plasmid removal, the isolate was cultivated in HS-methanol medium without puromycin for five serial transfers (i.e., 1% inoculum of cells in early stationary phase was utilized in each transfer). Subsequently, cells were streaked out on HS solid medium containing 20 μg/mL 8ADP for counterselection. Seven 8ADPR transformants were randomly selected to detect the curing efficiency and the consistency of gene editing. As a result, 7/7 of the isolates exhibited outright plasmid removal, while 5/7 had correctly inserted uidA cassettes (Supplementary Figure S8). To explore a faster procedure, plasmids removal efficiency after only one round of transfer (same conditions as above) was evaluated. Same plasmid curing efficiency was obtained with the randomly selected 8ADPR transformants, demonstrating the reliable application of the CRISPR/Cas12a system for performing multiple rounds of gene editing in M. acetivorans.




Discussion

We developed a CRISPR/Cas12a toolbox to facilitate the genetic engineering of M. acetivorans. No significant effects on cell growth were observed with LbCas12a protein expression in M. acetivorans, allowing CRISPR/Cas12a to be a useful tool in this methanogen. Achieving a higher targeting efficiency usually requires the simultaneous screening of multiple gRNA sequences, which often involves using laborious and multi-step methods to construct several plasmids. As a simplification, we constructed AarI-free plasmid pMCp2-gX (Supplementary Figure S9), thereby allowing for quick preparation of multiple Cas12a-gRNA-expressing plasmids through the Gibson assembly method.

Many factors can affect the editing performance of CRISPR/Cas systems, such as the genome regions to be edited, gRNA targeting efficiency and precision, and HR sequence length. For the present study, a 23-nt gRNA was empirically chosen, as the longer sequence length displayed improved targeting specificity compared to a shorter 20-nt gRNA (Bin Moon et al., 2018; Gao et al., 2018). Conversely, shorter gRNA sequence lengths in the Cas9-mediated system proved to be more effective (Fu et al., 2014). It is worth noting that transformation efficiencies varied when using polyethylene glycol (PEG) 4,000-mediated transformation, although there was no significant effect on the positive rates.

Long fragment deletions are reported to be more efficient with the CRISPR/Cas12a system than the Cas9-based one (Wang et al., 2022), which is consistent with our experiments where the Cas12a-mediated long fragment deletion of 2000 bp resulted in a higher number of transformants than obtained with CRISPR/Cas9 editing (Nayak and Metcalf, 2017). To establish the possible length limits of gene deletion with our CRISPR/Cas12a system, the plasmid pMCp3-g9-3500 was constructed for removing the entire frhADGB operon, resulting in a 3,500 bp gene knockout from the genome. A higher number of PurR transformants (2,800 ± 1,400 CFUs) was obtained in comparison to the 2000 bp-deletion trial. Colony PCR and Sanger sequencing proved that all the transformants selected were edited correctly and no heterozygous genotypes were observed (Supplementary Figure S10), which suggests that our CRISPR/Cas12a editing tool is efficient for making long fragment deletions.

To assess the accuracy and effectiveness of our toolbox, five randomly selected engineered strains as well as a parent strain were sent for whole genome sequencing (WGS). All genomes contained the desired mutations. It must be mentioned, however, that intrachromosomal translocations occurred in 3/5 of the tested strains (Supplementary Table S3), while no structural variants were detected in the parent strain. These intrachromosomal translocations have not been observed in previous mutational techniques used in M. acetivorans. Intrachromosomal translocations arise due to the mistakes made by the repair mechanism of the cells (Brunet and Jasin, 2018). As non-homologous end joining (NHEJ) is absent in M. acetivorans, the possible reasons for genomic aberrations are either alternative NHEJ as known as microhomology-mediated end joining (MMEJ), or homologous recombination pathways (Agarwal et al., 2006; Nayak and Metcalf, 2017). The possible presence of MMEJ in Methanosarcina has been hypothesized given the presence of PARP-like enzyme (Raychaudhuri et al., 2000). Additionally, M. acetivorans genome contains annotated flap endonuclease (FEN) which is also involved in MMEJ pathway. Detailed understanding of MMEJ in archaea would require additional studies (Marshall and Santangelo, 2020), but MMEJ being one of the leading causes of translocation has been shown in mouse embryonic stem cells (Brunet and Jasin, 2018). The tendency of all CRISPR systems (Cas9, Cas12a, and Cas12f) to induce intrachromosomal translocations was also revealed in the editing of eukaryotic cells (Xin et al., 2022). Therefore, CRISPR tools-triggered genomic structural variations should be considered when using them for genome editing in M. acetivorans and as such we would recommend users for WGS after using the toolbox. Genome translocations have been important factors for the evolution and adaption of Methanosarcinales, where many organisms were reported with rich transposable elements and transposases (Gehlert et al., 2023). Genome annotations of M. acetivorans have been shown to carry more than 70 transposases (Galagan et al., 2002), indicating its potentially active transposon activity. If not the DNA repair mechanisms, another possible cause for intra-chromosomal translocations could be the transposases. By coupling it with WGS, this toolbox provides an additional tool in the repertoire for editing M. acetivorans.



Materials and methods


Strains and media

High-salt (HS) medium containing 125 mM methanol was used for cultivating M. acetivorans in single-cell form at 37°C (Sowers et al., 1993). M. acetivorans WWM73 was used as the host strain in this study and relevant derivatives are listed in Table 2. HS solid medium containing 1.4% agar (Bacto™ Dehydrated, Fisher Scientific) and 2 μg/mL puromycin (InvivoGen, Inc.) was used for screening M. acetivorans transformants. HS solid medium containing 1.4% agar and 20 μg/mL 8ADP (Sigma-Aldrich) was used for screening M. acetivorans transformants in the plasmid curing experiment. E. coli DH10B (Fisher Scientific) and E. coli XL10-Gold (Agilent Technologies) were used as the cloning hosts for constructing CRISPR plasmids. E. coli transformants were selected using lysogeny broth (LB) solid medium supplemented with 100 μg/mL ampicillin.



TABLE 2 Strains used in this study.
[image: Table2]



Primers and plasmid construction

All plasmids used in this study are listed in Table 1. All primers are listed in Supplementary Table S1. PrimeSTAR® Max DNA Polymerase (Takara Bio) was used for amplifying gene fragments by PCR. SapphireAmp Fast PCR Master Mix (Takara Bio) was used for verifying E. coli and M. acetivorans transformants by colony PCR. HiFi DNA Assembly Master Mix (New England BioLabs) was used for Gibson assembly and T4 DNA Ligase (Promega) was used for ligation. crRNA sequences for multiplex genome targeting were synthesized and combined using the Gibson assembly method. Donor DNA with upstream and downstream of HR arms was inserted immediately downstream of the gRNA cassette using either Gibson assembly or ligation to construct the CRISPR/Cas12a genome editing system, known as plasmid pMCp3-X in Table 1.



DNA transformation methods

Polyethylene glycol (PEG) 4,000-mediated transformation of M. acetivorans was performed with 2 μg DNA transformed according to the method described previously (Oelgeschläger and Rother, 2009). M. acetivorans transformants were grown on plates of HS solid medium with required antibiotics and incubated at 37°C for 10–15 days in an anaerobic jar with a controlled headspace of N2/CO2/1% H2S (75/20/5). Chemically competent E. coli cells were used for the transformation of assembled and ligated plasmids.



Whole genome sequencing (WGS) of the engineered strains

The genomic DNA was extracted with Wizard® Genomic DNA Purification Kit (Promega). The Microbial WGS was performed using Illumina NovaSeq 6,000 by Novogene (UK) Company. Samples were sequenced in a paired-end 150 bp sequencing strategy and aligned with the M. acetivorans (C2A) reference genome (NC_003552.1) through BWA (Li and Durbin, 2009) software (parameters: mem-t 4-k 32-M). Structural variants (large deletions, insertions and translocations) were predicted using BreakDancer (Chen et al., 2009). Relevant data has been uploaded in National Center for Biotechnology Information (NCBI) with accession no. PRJNA1026875.
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In recent years, there has been a growing interest in extending the potential of underground gas storage (UGS) facilities to hydrogen and carbon dioxide storage. However, this transition to hydrogen storage raises concerns regarding potential microbial reactions, which could convert hydrogen into methane. It is crucial to gain a comprehensive understanding of the microbial communities within any UGS facilities designated for hydrogen storage. In this study, underground water samples and water samples from surface technologies from 7 different UGS objects located in the Vienna Basin were studied using both molecular biology methods and cultivation methods. Results from 16S rRNA sequencing revealed that the proportion of archaea in the groundwater samples ranged from 20 to 58%, with methanogens being the predominant. Some water samples collected from surface technologies contained up to 87% of methanogens. Various species of methanogens were isolated from individual wells, including Methanobacterium sp., Methanocalculus sp., Methanolobus sp. or Methanosarcina sp. We also examined water samples for the presence of sulfate-reducing bacteria known to be involved in microbially induced corrosion and identified species of the genus Desulfovibrio in the samples. In the second part of our study, we contextualized our data by comparing it to available sequencing data from terrestrial subsurface environments worldwide. This allowed us to discern patterns and correlations between different types of underground samples based on environmental conditions. Our findings reveal presence of methanogens in all analyzed groups of underground samples, which suggests the possibility of unintended microbial hydrogen-to-methane conversion and the associated financial losses. Nevertheless, the prevalence of methanogens in our results also highlights the potential of the UGS environment, which can be effectively leveraged as a bioreactor for the conversion of hydrogen into methane, particularly in the context of Power-to-Methane technology.
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1 Introduction

Underground gas storage (UGS) facilities are crucial as gas infrastructure objects used to store natural gas. Natural gas is stored in the reservoir during periods when demand for natural gas is low, and then injected back into the gas grid during periods when demand for gas is high. More than 250 UGSs are in operation in Europe, and most of them are depleted oil and gas fields (GIE, 2021). These UGSs provide a storage capacity of 1572.2 TWh.

There are three types of UGSs (Molíková et al., 2022): depleted hydrocarbon reservoirs, aquifers and salt caverns. Depleted hydrocarbon reservoirs are the most suitable for underground gas storage because they have well-defined parameters and geological structure, with an impermeable layer of caprock on top and they are surrounded by underground water. Aquifers resemble depleted hydrocarbon storages in that they have a porous rock structure filled with saline or fresh water. Aquifers for storage purposes should form an anticlinally deposited space in the underground, the top of which must be rock of sufficient strength to prevent leakage of the stored gas. The third type, salt caverns, are artificially created structures specifically designed for gas storage. They are made using the technology known as solution mining, which involves pumping water into the salt structure and collecting the brine obtained by dissolving the salts in the cavern. In this case, the shape of the reservoir and the surrounding rock must also be studied to evaluate whether the reservoir can be used for gas storage (Falzolgher and Altieri, 2005).

Gas has been stored for decades. Before natural gas was used, town gas was stored and injected into underground storage (Šmigáň et al., 1990; Buzek et al., 1994). Town gas is a gas mixture produced during the gasification of coal, also known as coal gas, with a varying composition of about 50% H2, 30% CH4, 10% CO2, 2% N2 and 10% CO (Buzek et al., 1994; Hiller et al., 2006). Storage of town gas in natural storage of aquifer character in Lobodice resulted into changes in the volume fraction of stored gases, as well as in their volume. The volume fraction of hydrogen decreased, while the volume fraction of the methane increased. Based on calculations and isotopic analyses, as well as cultivation experiments, methanogenic archaea responsible for the conversion of hydrogen to methane were found in the underground water samples (Šmigáň et al., 1990; Buzek et al., 1994). This work follows the research of Šmigáň et al. (1990) and Buriánková et al. (2022), who studied microbial composition in UGS. Hydrogen conversion is not the only phenomenon that can occur in UGS. Carbon dioxide storage has also led to an increase in the microbial population and its activity, shifting from a chemoorganotrophic to a chemolithotrophic community (Morozova et al., 2010, 2011; Gniese et al., 2014).

The presence of live, active microorganisms in UGS is an important factor that can be perceived positively or negatively depending on the main objective of using UGS. One of the possible applications is Power-to-Gas technology (Wulf et al., 2020). This technology is based on the conversion of excess electrical energy into gas that can be stored and used later, e.g., hydrogen or methane. Methanogenic archaea, which have been repeatedly confirmed in underground environments (Godsy, 1980; Kotelnikova et al., 1998; Ivanova et al., 2007; Buriánková et al., 2022), are excellent candidates for this technology because they are able to convert molecular hydrogen and carbon dioxide into methane. This could lead to a reduction of CO2 emissions and generate new green energy through microorganisms. The verification of the presence of methanogens within underground gas storage (UGS) facilities, coupled with the provision of favorable environmental conditions, represents a pivotal prerequisite for the effective deployment of the Power-to-Methane technology. This technology relies on delivering green hydrogen and carbon dioxide (CO2) to methanogens present in UGS in the correct ratio. This can lead to successful implementation of methanogenesis in situ, as it was demonstrated by Vítězová et al. (2023), and production of green CH4.

Simultaneously, hydrogen storage and planned gradual increase of hydrogen concentration in natural gas are now the focus of the energy sector, as they correspond to current trends and future prospects (Aftab et al., 2022; Cristello et al., 2023; Galyas et al., 2023). The development of a hydrogen economy is one of the key pillars of the European Green Deal. Hydrogen is a green, versatile energy carrier that produces no greenhouse gases when burned. It can also be used to store excess renewable energy, such as solar and wind power, through Power-to-Gas technology (Wulf et al., 2020). This stored energy could be later used to generate electricity or heat. Due to fluctuating electricity demand, the hydrogen needs to be stored during periods of low demand and withdrawn during periods of high demand, as is the case with natural gas. However, enormous amounts of stored hydrogen are needed to meet energy demand and supply electricity for whole populations. UGSs provide such an environment with high storage capacity (GIE, 2021). However, hydrogen as a gas has different properties compared to natural gas or methane, for example, lower density, molecular size and good permeability through various materials (Meda et al., 2023).

For the purpose of hydrogen storage in the UGS, the presence of microorganisms and conditions in UGS must be considered, as there are a number of autotrophic microorganisms that can consume hydrogen. This could result in substantial losses of stored hydrogen, thereby incurring associated economic losses (Dopffel et al., 2021; Perera, 2023). Not only methanogens that utilize hydrogen are present in the UGS, but also other microorganisms that use this molecule, such as acetogenic and sulfate-reducing bacteria (SRB). The conditions in the UGS would be advantageous for these groups of microorganisms because of the high partial pressure of the substrate gas in the UGS. The carbon required for the reaction could be acquired from dissolved carbonates from the bedrock, which could enable release of deposited CO2 into the UGS environment (Bo et al., 2021; Dopffel et al., 2021). Potential hydrogen leaks from underground reservoirs are often discussed in connection with hydrogen storage (Aftab et al., 2022). Possible hydrogen losses during storage in UGS are not yet well described. Conditions in UGS are difficult to simulate due to many variable parameters, although many researchers are focusing on characterizing and modeling UGS environments (Heinemann et al., 2021; Thaysen et al., 2021; Aftab et al., 2022; Hogeweg et al., 2022; Dohrmann and Krüger, 2023; Strobel et al., 2023; Tremosa et al., 2023). From known information about isolated methanogenic species, it appears that the methanogenesis would not occur under extreme UGS conditions, such as high salinity (2.5 M and above), high temperature (above 122°C) and extreme pH (pH < 4.5 or pH > 10) (Thaysen et al., 2021).

The three groups of microorganisms mentioned above are also studied for their direct or indirect effects on corrosion (Li et al., 2018; Dopffel et al., 2021). SRB have been repeatedly confirmed to cause corrosion (Dinh et al., 2004; Enning et al., 2012); acetogenic bacteria can also cause microbial corrosion (Kato et al., 2015; Philips et al., 2019), and methanogens are highly expected to cause corrosion with two species having been confirmed for this ability (Dinh et al., 2004; Uchiyama et al., 2010; Hirano et al., 2022). The mechanism of Microbiologically Influenced Corrosion (MIC) is not yet fully understood, as different microorganisms are involved and it could also depend on pure cultures or consortia (Liang et al., 2019; Procópio, 2022). It is not yet known how they behave in the presence of hydrogen and how the corrosion rate could be reduced.

In this study, we present microbial communities in UGS, their composition in different UGSs in Vienna Basin and confirmation of their viability by cultivation. We focused on methanogenic archaea and SRB, as these are the most important groups in terms of potential methanation, hydrogen storage and also corrosion threat. We provide complex analysis of 16S rRNA sequencing and support the obtained data with results from cultivation to prove viable microorganisms in the UGS environment.

Detecting methanogenic DNA in a sample is crucial, but it’s equally important to ascertain the presence of viable microorganisms. Relying solely on DNA sequencing results does not allow us to confirm the existence of living microorganisms. Cultivation methods are essential for not only identifying the species within the samples but also for uncovering methanogens that might exist in low quantities in their original environment. These low-abundance methanogens might be overlooked due to biases in sample processing or data analysis. Moreover, if living methanogens are present in limited numbers in the initial sample, they can potentially proliferate when provided with the appropriate substrate. For hydrogenotrophic methanogens, this substrate is hydrogen, as suggested by Vítězová et al. (2023). That phenomenon has important implications for applications such as hydrogen storage and methanation, and highlights the need for the use of cultivation methods.

Because knowledge of UGS microbial composition and similarities is important to model and predict gas storages behavior, we have collected 16S rRNA sequencing data from various underground environments worldwide to perform complex analysis of microbial communities.



2 Materials and methods


2.1 Sampling site

Water from UGS was sampled from 7 objects throughout the Vienna Basin in the Czech Republic and Slovakia. All UGSs belong to the type of depleted gas reservoirs. These seven objects could be divided across locations. The first six objects are located in Slovakia, in the east of Vienna Basin, near the borders with Austria. Objects 1, 2 and 3 are located nearby, as are objects 4, 5 and 6. The last UGS, object 7, is located in the north of the Vienna Basin in the Czech Republic. Conditions such as temperature, depth and physicochemical parameters differed from each other (Table 1).



TABLE 1 Representative parameters for all sampled objects.
[image: Table1]



2.2 Media and culture conditions

The experiment was focused on two groups of organisms and confirmation of their presence as living organisms in the environment. Different media were prepared for their cultivation. To confirm the presence of viable SRB in the sample, Postgate C medium (Postgate, 1984) supplemented with Mohr salt to final concentration of 1% was used for their cultivation and the pH was adjusted to 7 (Supplementary Table S1). Three types of media were used to support growth of the different methanogenic microorganisms. The modified freshwater and saltwater medium (Widdel and Bak, 1992) and the DSMZ 141 Methanogenium medium. The first medium was used to support the growth of methanogens, which grow better in a low-salinity environment; the other two are more suitable because the salinity is consistent with that in the UGS. The DSMZ 141 Methanogenium medium is rich in nutrients compared to the saltwater medium and could support growth of more methanogens, but also a rich spectrum of bacteria. See Supplementary Table S2 for the full media recipes.



2.3 Sampling of water

The water samples collected from the UGS were of two types; deep water samples (tagged by letter D) and water collected either from gas separators or riser pipes (tagged by letters S and R). Gas separators are a component of surface technology used to eliminate water and potential crude oil contaminants from stored natural gas. A riser pipe is a vertical conduit or pipe used to transport natural gas from its source, such as an UGS or offshore well, to the surface or to another part of the gas distribution system or to transfer injection fluids, control fluids or lift gas from the surface facilities to UGS. Only sample D was taken from object 3. Deepwater samples were obtained using a sterile sampler, which was lowered via riser pipes to the specific horizon within the underground gas reservoir, and water was extracted from that horizon (depth). Once the sampler reached the surface, the water was depressurized and immediately transferred into 1 L sterile sample containers, without the gas phase. The water was kept overnight at 4°C before being taken to the laboratory for processing. The water from separators was filled into sterile containers with a volume of 15 L and also stored at 4°C before being taken to the laboratory. After delivery, the physical parameters of the water samples were measured (Supplementary File 2).



2.4 Cultivation of microorganisms


2.4.1 Cultivation of methanogens

The prepared media were immediately inoculated with sampled water under aseptic conditions in Laminar Box, Herasafe KS (Thermo Fisher Scientific, MA, USA). Cultivation was performed in sealed serum bottles of 120 mL volume filled with 30 mL of medium. 3 mL of the water sample was inoculated into a serum bottle containing 30 mL of media for methanogens. The gas phase was purged with the gas mixture H2:CO2 (4:1, v/v) (gas mixer, WITT-Gasetechnik GmbH & Co KG, Witten, Germany); (H2 pur. ≥99.8%, CO2 pur. ≥ 99.5%, SIAD Czech spol. s r.o., Rajhrad, Czech Republic) and then pressurized to 0.3 MPa absolute pressure. Three different media were used, each inoculated in triplicate.



2.4.2 Cultivation of sulfate-reducing bacteria

The medium for SRB was dispersed into 2 mL microtubes and inoculated with 200 μL of the water sample. The overfill of media in the tubes ensured that no gas phase was present. Samples were cultivated at a temperature equal to that measured in the UGS (Supplementary File 2, the temperature measured at the place of the perforation in the well of the UGS). Water samples collected from surface technologies were cultivated at lower temperature, or two temperatures for cultivation were set to support growth of present microorganisms (Supplementary File 2).

The water samples were also observed microscopically for the presence of autofluorescence immediately after delivery to the laboratory, and DAPI staining was also performed.




2.5 Isolation of pure cultures


2.5.1 Methanogens

For samples where growth was detected by a pressure drop in the serum bottles and also microscopically (autofluorescence), cultures were reinoculated into media containing an antibiotic mixture of vancomycin, ampicillin and kanamycin at a final concentration of 100 μg/mL each to suppress the bacteria present.

To isolate pure cultures, the agar dilution tubes technique was used (Hanišáková et al., 2022). For this purpose, 3.3 g of agar BD Difco™ (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) was washed five times to remove impurities, then dissolved in 100 mL of deionized water and dispersed à 3 mL into test tubes, which were previously autoclaved at 121°C; 20 min. The liquid agar was placed into water bath BM 15 (NÜVE, Ankara, Turkey) and tempered to 60°C. 6 mL of the medium was pipetted into test tubes and tempered to 45°C. The 6 test tubes were placed into anaerobic box (Coy Laboratory Products, Grass Lake, MI, USA) and dilution series were prepared, with 1 mL pipetted into the first test tube. The tubes were left in the anaerobic box overnight to adjust the anaerobic conditions in the media. The tubes were sealed with a butyl stopper and taken out of the anaerobic box to replace the gas phase with H2:CO2 mixture (4:1, v/v). The test tubes were incubated in upside down position at the appropriate temperature. After 14–30 days of cultivation, the visible colonies were picked out with long needles (B.Braun Sterican Needles 21G x 4.75, Ø0.80 × 120 mm) and suspended in 1 mL of medium in the microtube, which was immediately inoculated into fresh medium in the serum bottle. Serum bottles that showed microbial growth were checked for purity under the microscope and DNA was isolated for culture identification.



2.5.2 Sulfate-reducing bacteria

Sulfate-reducing bacteria produce hydrogen sulfide. The presence of hydrogen sulfide in the medium is detected by the formation of a black sodium sulfide precipitate due to the presence of Mohr’s salt. Microtubes that were positive for hydrogen sulfide production were further purified to obtain SRB pure cultures. The positive samples were serially diluted in microtubes. 100 μL of the diluted sample was mixed with 25 mL of tempered Postgate C medium supplemented with agar (1.2%) and poured anoxically into sterile Petri dishes. Petri dishes were placed into the anaerobic jar Anaerostat DIAB 10001 (Dinkelberg analytics, Gablingen, Germany) with anaerobic atmosphere generator Thermo Scientific™ Oxoid™ CO2 Gen™ Sachet (Thermo Fisher Scientific, Waltham, MA, USA) and cultivated at the desired temperature. Black-stained colonies that formed in the agar were picked out with a needle and inoculated into fresh medium. Positive samples were checked for purity and further analyzed.




2.6 Microscopy

The presence of methanogens in the sample and verification of their apparent purity were determined using an Olympus BX50 fluorescence microscope equipped with the Olympus U-RFL-T power supply (Olympus Life Sciences, Japan) and the U-MBW2 fluorescence filter cube for autofluorescence and U-MWU for DAPI staining (Olympus Life Sciences, Japan). Cells were observed under phase contrast for growth control and autofluorescence. Autofluorescence and DAPI staining were performed for initial observation of the samples. 6 mL of the deep water sample and 10 mL of the surface technology water sample were filtered through the 0.45 μm membrane Isoporetm (Merck, Darmstadt, Germany). Cells captured on the membrane were stained with DAPI (60 μg/mL) and then incubated at 4°C for 15 min. After incubation, the membrane was washed in three baths as follows: deionized water, ethanol and deionized water again. The membrane was observed under a microscope.



2.7 DNA isolation and PCR amplification

DNA of pure microbial cultures, obtained by cultivation techniques for identification, was isolated by DNeasy UltraClean Microbial Kit (Qiagen GmbH, Hilden, Germany). The 16S rDNA gene was amplified by PCR technique using the specific primers for methanogens 344af 5’-ACGGGGYGCAGCAGGCGCGA-3′ (Casamayor et al., 2002) and 1406uR 5’-ACGGGCGGTGTGTRCA-3′ (Eder et al., 1999) resulting in a PCR product of length 1000 kb. For sulfate-reducing bacteria, universal primers for bacteria were used, 8FPL 5′-AGTTTGATCCTGGCTCAG-3′ and 806R5’-GGACT ACHVGGGTWTCTAAT-3’ (Apprill et al., 2015) giving product length of 800 kb. The PCR reaction in both cases contained 12.5 μL of PPP mastermix (Top-Bio s.r.o., Vestec, Czech Republic), 9.5 μL of ultrapure water, 1 μL (10 μM) of each primer and 1 μL of the DNA sample. The program for primer pair 344af/1406uR began with an initial denaturation at 96°C for 1.5 min, followed by 10 cycles of 96°C for 30 s, 60°C for 30 s and 72°C for 60 s, and then 25 cycles of 94°C for 20 s, 60°C for 30 s and 72°C for 60 s, terminating with a final step at 72°C for 10 min. The program for primer pair 8FPL/806R began with an initial denaturation at 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 53°C for 30 s and 72°C for 60 s, terminating with a final step of 72°C for 10 min. Successful amplification of DNA was checked by performing electrophoresis and the purified PCR product MinElute PCR Purification Kit (Qiagen GmbH, Hilden, Germany) was sent to a commercial laboratory for sanger sequencing (Eurofins genomics, GmbH, Vienna, Austria). The sequences were compared with the GenBank database using the algorithm BLAST, omitting sequences from environmental samples, to identify the isolates by comparison to already cultivated and identified strains.



2.8 Next-geneartion sequencing


2.8.1 Sample preparation

To obtain DNA for whole microbial community analysis, the water sample was prefiltered using cellulose filter 80 g/m2 (P-LAB, Praha, Czech Republic), to reduce the number of inorganic particles that could slow down the next filtration step. The prefiltered water was further filtered through a 0.2 μm membrane filter Isoporetm (Merck, Darmstadt, Germany). The volume of filtered water was recorded. DNA from the filter was isolated using the DNeasy Power Water isolation kit (Qiagen GmbH, Hilden, Germany) and further processed using the Illumina MiniSeq sequencer.

The V4 hypervariable region of the 16S rRNA gene sequence was targeted by single-step PCR using the modified 515F and 806R primer pair (Pichler et al., 2018). PCR amplification was carried out using a 0.8× concentration of Platinum II Taq Hot-Start DNA polymerase, a final primer concentration of 200 mM, and 2 μL of template DNA in a total volume of 25 μL. The amplification profile consisted of an initial step at 95°C for 3 min, followed by 35 cycles of denaturation at 94°C for 20 s, annealing at 55°C for 30 s (50% thermal ramp), extension at 72°C for 30 s, and a final extension step at 72°C for 5 min. After PCR, amplified products were purified with Agencourt® AMPure XP beads at 0.8× concentration. Samples were then manually normalized and pooled using the Qubit 4.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and QuantiFluor® dsDNA System (Promega, Madison, WI, USA). Verification of the normalized PCR amplicons was carried out after pooling using Roche LightCycler 480-II (Roche, Switzerland) with KAPA Library Quanitification Kit and Qubit 4.0 fluorometer together with QuantiFluor® dsDNA System. The amplicon size distributions of the pools and the final library were checked using Fragment Analyzer (Agilent, Santa Clara, CA, USA) with HS NGS Fragment Kit (DNF-474). The library was sequenced using MiniSeq (Illumina, San Diego, CA, USA) with MiniSeq Mid Output Kit (300 cycles).



2.8.2 Data analysis

The raw fastq files were processed using DADA2 in R according to the standard operating procedure. Briefly, the reads were first filtered and trimmed. Filtered reads were then de-replicated and de-noised. Reads were then merged, chimeras removed, and taxonomic assignment performed using the RDP naive Bayesian classifier method against Silva v138.1 database.

Results of 16S rRNA composition of microorganisms in the samples were further analyzed by R statistics (v4.2.3.) using Rstudio (v2023.03.0) microeco R package (v0.20.0) (Liu et al., 2021). Alpha diversity (Chao1, ACE, Shannon, Simpson) and beta diversity (Bray-Curtis and Jaccard) were calculated and analyzed. Prediction of the functional profile of communities present in the samples was analyzed using the FAPROTAX database (Louca et al., 2016). FAPROTAX database allows the prediction and generation of functional profiles and ecological functions based on the assignment of metabolic functions to specific taxon. This prediction was used in several studies (Sansupa et al., 2021; Yang et al., 2022) and helps to better understand microbial community structure. Although, the analyzed data were extracted from DNA and not RNA, which would better reflect the current functional activity in the community. In addition to FAPROTAX, which is based on the prediction of metabolic pathways based on the taxa assignment performed, data were also analyzed using functional prediction using PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) (v2.5.2) (Douglas et al., 2020). PICRUSt2 output data were analyzed through microeco (Liu et al., 2021) and the ggpicrust2 R package (v1.7.1) (Yang et al., 2023).




2.9 Global terrestrial subsurface microbiome analysis

The analysis aimed at comparing different microbiomes from the terrestrial subsurface proceeded according to the following steps. Publications dealing with the microbial composition of the subsurface were searched using various scientific platforms and their search algorithm, cross-references of the publications dealing with UGS issues, and keywords, such as Underground gas storage, hydrogen storage, UGS microbiome and more. Since we have been working on UGS and hydrogen storage for a long time, we collected a number of publications that were also used as data source. The publications were reviewed and sorted, and additional information on the samples was extracted into metadata (Supplementary File 3). The criteria for inclusion of data into analysis were: analysis of the microbiome through 16S rRNA sequencing and publicly available raw data. If more wells were sampled in the publication, only a few representatives were selected. Raw sequences were retrieved through SRA numbers associated with responding BioSample. Since the samples differed depending on the primer set and layout strategy used, they had to be processed separately. The processing was performed in R through Rstudio, using the DADA2 package and associated pipeline. The filtered sequence tables obtained after the process were merged after removal of chimeras and assignment to taxonomy. The sequences were assigned according to the latest release of Silva database (v138.1). If the domains were sequenced separately, they were excluded from the overall comparison, but included in the analysis of the specific domain so that three data sets were analyzed separately for comparison. The analyses were processed using R package phyloseq (McMurdie and Holmes, 2013) and microeco (Liu et al., 2021). The tax_glom function was used to merge taxa at the genus level. From the processed data, alfa and beta diversity were calculated and non-metric multi-dimensional scaling (NMDS) was calculated and plotted using the Bray-Curtis distance method. Spearman’s correlation coefficients between environmental factors or underground sample type and taxa abundance or predicted pathway abundance were calculated, with the value of p adjusted using the FDR method; and heatmaps were constructed from the data.




3 Results


3.1 Microscopic observation

Samples were observed under the microscope as native preparations or DAPI stained fluorescent preparation. The autofluorescence of the samples was confirmed only in samples S1, S5 and D3 (Supplementary Figure S1). Negative autofluorescence in the other samples could be due to low microbial density, so the probability of a methanogenic cell is low. Morphological profile of the specimens stained with DAPI differed depending on the object and variant (Supplementary Figure S2). Deep water samples generally had a lower abundance of cells, which corresponded with the duration of filtering the water samples for molecular biological analysis. The morphology of cells included small rods, longer rods or thick rods in chains, also cocci of various sizes and cell bundles of Methanosarcina-like aggregates in samples S1, S4 and S5. In samples S2 and R7, the morphology is monotonous compared to the other samples. Sample D5 was not successfully stained and is therefore not included in the overall view of DAPI stained samples in Supplementary Figure S2.



3.2 Microbial communities

Microbial profiles of the individual samples differed more between the deep and surface technology samples than between the individual sampled objects (Supplementary Figures S3, S4). The sample from riser pipes was the most distant from the other samples, while the deep water samples from the depleted field clustered together, except for sample D3 (Supplementary Figure S4). The uniqueness of the samples and taxa is also evident form the Venn diagram (Supplementary Figure S5). The prevalence of archaeal 16S rRNA copies was quite high, accounting for more than 50% of the total 16S rRNA in five samples (Supplementary Figure S6). The highest number of archaeal 16S rRNA copies was found in sample S1 (87%). In contrast, the lowest number of archaeal 16S rRNA was found in sample R7 (4%), which was collected from riser pipes. This sample was the most different from all other samples, and also had the lowest value in observed, ACE and Shannon alpha diversity index (Supplementary Table S3; Supplementary Figure S3). Low diversity was also observed in samples S1, S4 and S5. On the other hand, the most diverse samples were the deep water samples from reservoir, with sample D5 having the highest values of all alpha diversity indexes (Supplementary Table S3).


3.2.1 Archaea

Operation of UGS technologies very often requires the injection of methanol into the well. Methanol plays two important roles: it prevents the water in the well from freezing and it prevents the formation of gas hydrates. Methanol is a compound that serves as one of the most important substrates in methanogenesis, namely in the methylotrophic metabolic pathway. The presence of methanol leads to the formation of strong methylotrophic methanogenic communities in surface technology. High prevalence of the genus Methanolobus and “Candidatus Methanoplasma” in surface samples indicates that the “feeding” of microbial consortia in UGS with methanol can lead to overgrowth of this group of microorganisms (Figure 1). This is evident in sample S1, where “Candidatus Methanoplasma” presents 53% of all sequenced 16S rRNA, in sample S5 it is even 59%; and in sample S4 the genus Methanolobus consists of 64% of all microbial 16S rRNA. The presence of DNA from methanotrophic bacteria was not confirmed.
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FIGURE 1
 Relative abundance of the most abundant archaeal genera and their affiliation to archaeal orders in each sample. D, Deep sample; R, Riser pipes; S, gas separator.


The methylotrophic pathway, which is either hydrogen-dependent or independent, is dominant in methanogenic pathways in surface technologies. In comparison, in the deep water samples in the UGS, methanol supply is insignificant as a carbon and energy source and the dominant pathway is mostly hydrogenotrophic methanogenesis. Methanomicrobiales is the dominant order in almost all deep samples, followed by the order Methanobacteriales (Figure 1). Order Methanomicrobiales includes species that grow in variable conditions, mesophilic and thermophilic environments and also in marine environments. They are also commonly isolated from oil fields and anaerobic digesters (Ollivier et al., 1998; Cheng et al., 2008; Weng et al., 2015). Representatives of the order Methanomicrobiales are able to grow in environments with higher salt concentrations. Therefore, their presence in deep water samples is not so surprising. Methanocalculus was characteristic and dominant in most deep water samples, while the representatives of the order Methanomicrobiales present in surface technology samples (gas separators and riser pipes) were Methanoculleus, Methanocorpusculum and Methanofollis (Figure 1; Supplementary Figure S7).

Sample D3 differs from the other samples in the high abundance of the genus Methanolobus and the higher abundance of the genus Methanobacterium. The dominance of methylotrophic methanogens instead of hydrogenotrophic ones could indicate the leakage of hydrocarbon compounds into the deep/reservoir water. The presence of Methanosaeta sp. in the deep water samples and in sample S6 is also interesting. This could indicate the importance of acetoclastic pathway over methylotrophic in subsurface environment (Figure 1; Supplementary Figure S7). Rare methanogenic taxa present at low abundance, as “Candidatus Methanofastidiosum” and “Candidatus Methanomethylicus” were detected only in deep water samples, with an abundance of archaeal 16S rRNA <0.1%.



3.2.2 Bacteria

The occurrence of hydrogenotrophic methanogens in the UGS is only possible if hydrogen is present in the environment. Without hydrogen, only methylotrophic and acetoclastic pathways would dominate. Fermentation is an important and necessary step to meet the hydrogen demand in the UGS. The presence of hydrogen-producing fermentative microbial groups generates sufficient hydrogen for methanogens. Petroleum hydrocarbons, which are often present in UGSs, are anaerobically oxidized and fermented by syntrophic microorganisms that depend on the methanogens as they keep hydrogen level low. Figure 2B shows a high prevalence of various syntrophic, hydrogen-producing microorganisms such as Syngergistales, Syntrophomonodales, Syntrophales and other fermenting hydrogen-producing groups such as Bacteroidales and Eubacteriales. Fermenting, hydrogen-producing microorganisms of phylum Thermotogota were also present in the samples in varying amounts of up to 10% of 16S rRNA copies (Figure 2A).
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FIGURE 2
 (A) Relative abundance of the most abundant microbial classes in each sample. (B) Heatmap of the thirty most abundant microbial orders in the samples. Individual samples separated by sample type. (C) Group mean abundances subdivided by sample type.


The abundance of sulfate-reducing bacteria potentially associated with microbially influenced corrosion of iron and steel varied among samples and consisted of different populations of these microorganisms. The genus Desulfovibrio (order Desulfovibrionales) was the most abundant SRB in the surface technologies samples and accounted for 3 to 13% of the bacterial 16S rRNA, with the exception of samples S6 and R7 (Figures 2B,C). A relatively high abundance of SRB was detected in sample S6, but with the dominance of the order Desulfotomaculales, which accounted for 19% of the total 16S rRNA (Figure 2B). R7, on the other hand, contained no SRBs at all.

Interestingly, the deep water samples were not as consistent in the presence of SRBs. In sample D1, 3% of all microbial 16S rRNA copies were representatives of the order Desulfovibrionales, and 50% of all 16S rRNA copies belonged to Dethiobacter sp. (class Dethiobacteria) (Figure 2A). This genus, with only one known culturable species, Dethiobacter alkaliphilus, is not sulfate-reducing but can reduce thiosulphate, elemental sulfur and polysulphide with H2 (Sorokin and Merkel, 2022). The Dethiobacteria class was also detected in sample D5, although its abundance was only 3% of all 16S rRNA copies. A large amount of SRB was detected in sample D4, with 30% of all 16S RNA copies belonging to the order Desulfotomaculales (class Desulfotomaculia). Members of the class Desulfuromonadia were also detected in the samples. They are not sulfate-reducers but they are involved in the sulfur cycle and also associated with corrosion. About 4% of the total 16S rRNA in sample D6 belonged to the class Desulfuromonadia, and at similar abundance, 2.5% of the total 16S rRNA in sample D7 was assigned to the class Desulfuromonadia, followed by 1% of abundance of Desulfovibrionia and Desulfobacteria. Higher abundance, 11% of the total 16S rRNA in sample D2, belonged to the class Desulfuromonadia. Less than 0.1% of all 16S rRNA copies belonged to SRB in deep sample D3.

In sample R7, which was the most different from all other samples 80% of the 16S rRNA belonged to the genus Pseudomonas, which was very abundant in this sample and was also easily seen under the microscope. The high abundance in this sample can also be seen in Figures 2, 3A,B. Bacteria belonging to genus Pseudomonas are commonly used for the biodegradation of aliphatic and aromatic hydrocarbons (Lalucat et al., 2006; Xu et al., 2018). UGS are often depleted oil fields that may contain residues of hydrocarbons from crude oil and also residues of fluids used in mining technologies. In an aerobic environment, these residues can be degraded by pseudomonads. This explains the high abundance of these bacterial species in the R7 sample.
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FIGURE 3
 (A) The prediction of the metabolic functional profile FAPROTAX. (B) The Spearman correlation between the predicted metabolic pathway and the origin of the sample (*p < 0.05, **p < 0.01, ***p < 0.001).





3.3 Prediction of functional pathways


3.3.1 FAPROTAX

Prediction of the functional microbiological profile of the samples using the FAPROTAX database supports the results that methanogenesis, fermentation and sulfur respiration are the three most abundant metabolic pathways in the UGS samples (Figure 3A). In the separator, the role of fermentation is even higher, and statistically significant (p < 0.05) (Figure 3B), based on the predicted metabolic pathways. Riser pipes with dominant Pseudomonas sp. in the functional profile show dominant chemoheterotrophy, along with denitrification and its partial reactions, and hydrocarbon degradation, metabolic pathways characteristic for Pseudomonas species. There is a significant correlation (Spearman, p < 0.001) between riser pipes and the manganese oxidation pathway, as this pathway can be performed by the pseudomonads, which were dominant in the sample (Figure 3B). However, the results are based on predictions and it depends on the prevailing environmental conditions and redox potential, which pathway would be performed in given conditions. There is a slight, non-significant (Spearman, p > 0.05) correlation between methylotrophic methanogenesis and separator samples, which corresponds to the high abundance of methylotrophic methanogens in the samples. On the other hand, the methanogenesis using formate showed a non-significant (Spearman, p > 0.05) correlation to the deep water samples and riser pipes, which is due to the archaeal dominance of the genus Methanocalculus, a formate-utilizing methanogen.



3.3.2 PICRUSt2

Further metabolic pathway analysis was performed using PICRUSt2 (Supplementary Figure S8). While FAPROTAX predicts more functional metabolic pathways and their role in the environment of the system, PICRUSt2 goes deeper into the predicted individual metabolic pathways and enzymatic reactions. Supplementary Figure S8A shows the PCoA plot generated using the ggpicrust2 package and the predicted MetaCyc data showing the clustering of the different sample types. With the exception of one separator sample, the samples form distinct clusters, with the samples from riser pipes clearly different from the other samples.

The ALDEx2 statistical method with value of p adjustment was used to calculate the differential frequency of functional pathways (Supplementary Figure S8B) and indicate statistically significant pathways (p < 0.05). The largest difference is in the different ubiquinol synthesis pathways, which is due to the prevalence of aerobic Pseudomonas sp. in sample R7. Moreover, the genus Pseudomonas is known for its lipid degradation properties, which is also shown as a significant pathway in Supplementary Figure S8B. The significance of the hexitol degradation pathway in sample S2 may be caused by unusually high abundance of Bacillus sp., which accounts for 35% of the total 16S rRNA sequenced. Bacillus sp. is capable of growing on mannitol or glucitol, hence the importance of this particular metabolic pathway (Gay et al., 1983; Watanabe et al., 2003). Although the predicted pathway of mannan degradation is significant in samples S1, S4 and S5, this could be caused only by the presence of Bacteroides sp. and other bacteria with this functional pathway and not by the character of the investigated samples.

On the other hand, interestingly, the pathways that are statistically significant (p < 0.05) for the deep reservoir samples are the typical archaeal pathways important for methanogenesis. These are for example archaeal flavin biosynthesis, coenzyme M biosynthesis, which is responsible for the final step of methanogenesis, or archaetidylserine and archaetidylethanolamine biosynthesis pathways responsible for lipid membrane biosynthesis in archaea. Although the results are based on functional predictions, the significance of these pathways demonstrates their importance in such environments.




3.4 Cultivation results


3.4.1 Methanogens

Serum bottles inoculated with the UGS water samples showed microbial growth after a few days, but autofluorescence was observed after 1 or 2 weeks of cultivation, as well as a drop in pressure in the serum bottles. Samples positive for methanogenic archaea were repeatedly reinoculated into fresh sterile medium and at least once into media containing an antibiotic mixture. Agar dilution series were prepared and after 3 to 4 weeks colonies were picked and inoculated into the fresh medium. Growing cultures of individual colonies that appeared microscopically pure were subjected to DNA isolation for further identification, otherwise further purification was required. The identified cultures are listed in Table 2.



TABLE 2 Identified methanogenic species isolated from the samples of various objects.
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Methanogens were identified in nearly all samples, either through cultivation and pure colonies isolation or by detecting the autofluorescence of cells in the inoculated medium. No viable methanogens were detected in samples from Object 2, in the deep sample or in the sample from riser pipes. This deep sample was extremely poor in microorganisms and there was almost no growth overall in the serum bottles. A variety of microorganisms grew in the sample from the riser pipes, but no autofluorescence was observed in either temperature variant (37°C and 55°C) during prolonged cultivation. No autofluorescence was observed in the sample R7 either, although the sample D7 was positive for methanogens.

Sample D7 had a uniform morphology of growing methanogens, which were identified as Methanothermobacter thermautotrophicus with 99.69% sequence identity based on the sequenced gene for 16S rRNA. The rod-shaped cells forming characteristic long chains were observed quickly after inoculation of the media with the sample. Interestingly, the samples that initially appeared pure were always contaminated with the thermophilic bacterium Pseudothermotoga elfii (99.74%) (OR227329), which is common in similar environments. The cells of this bacterium were seen in culture after prolonged cultivation (7 days) and typical purification methods were not successful in obtaining pure culture of the methanogen. The methanogen did not grow in the presence of antibiotics, and newly picked up colonies from repeated agar dilution series did not grow in the absence of the bacterium. Pseudothermotoga elfii and Methanothermobacter thermautotrophicus formed a biofilm-like structure, which could be seen microscopically (Supplementary Figure S9).

The cultured methanogens usually corresponded with the Illumina sequencing results (Table 2). For example, from sample D1, which had 42% archaeal sequences belonging to the genus Methanocalculus and 57% to the family Methanobacteriaceae in the Illumina sequencing results, the two species – Methanocalculus pumilus and Methanobacterium formicicum were actually isolated, with an additional Methanosarcina isolate. In sample D5, the predominant methanogen according to sequencing was Methanocalculus sp., which was isolated, cultivated and identified as Methanocalculus pumilus. Interestingly, it was also possible to isolate Methanoculleus sp. which, according to the sequencing results, represents only 0.4% of the archaeal sequences. This shows the importance of cultivation and promoting the growth of some species that might be lost in the data due to their low abundance.

On the other hand, in some cases, the fast-growing and less nutrient-demanding methanogens predominated, as shown by the Illumina sequencing results. Mainly hydrogenotrophic methanogens were isolated, although 16S rRNA sequencing shows a high abundance of methylotrophic species. The species “Candidatus Methanoplasma” was not isolated despite its high prevalence in some samples. The methylotrophic Methanosarcina sp. or hydrogenotrophic Methanofollis sp. always dominated the enriched cultures and were successfully isolated in pure cultures.



3.4.2 Bacteria

The focus of the bacterial community was on SRB. Therefore, the medium for SRB was inoculated and the production of H2S was observed by the reaction of Mohr salt and H2S. Sulfide production was confirmed by black staining the medium in six samples from four objects. The positive samples were repeatedly reinoculated to the sterile fresh media to obtain a morphologically monotonous SRB community. After final purification by serial dilution on agar plates, the picked colonies were cultivated, DNA isolated and 16S rDNA sequenced. The sequences obtained were identified with a high percentage of identity (>99.3%) as Desulfovibrio desulfuricans and Desulfovibrio alaskensis (Table 3). Repeated attempts to isolate SRB from two other positive samples, D1 and D5 were unsuccessful. This could be caused by either a higher nutrients requirement, syntrophic relationship between SRB and other bacteria providing SRB with necessary nutrients, a higher sensitivity to oxygen during manipulation processes, or that the sulfide produced was of other origin, e.g., enteric bacteria. It is likely that conditions were not favorable for these SRB, because Illumina sequencing results showed that SRB were present in almost all samples. The unsuccessful cultivation in these cases could be due to a lack of essential nutrients, incorrectly chosen cultivation conditions, or the insufficient volume of inoculum. The medium could also be too favorable for fast-growing Desulfovibrio sp., which could overgrow other SRB species in the samples.



TABLE 3 Production of H2S from samples during the cultivation and isolated and identified species of sulfate-reducing bacteria from the H2S positive samples.
[image: Table3]

Positive sulfate reduction was proved in samples from surface technology at UGS with mesophilic temperature in the reservoir. Deep water samples positive for sulfide production originated only from Object 1 and Object 5, but without cultivated representatives. The presence of SRB in surface technology could be closely related to corrosion of metal materials at UGS.

In addition to SRB cultivation, bacterial isolates were also obtained and further identified along the process of isolation methanogenic archaea. The isolation of Pseudothermotoga elfii from sample D7 has already been mentioned (3.4.1), but other representatives of the phylum Thermotogota were also present in a number of sequenced samples, and some of them were further identified. In sample D3, Oceanotoga sp. (OR227315, OR227316) was isolated from the sample with the closest relative Oceanotoga sp. DSM 15011 (99.58–99.73%).

The sample from riser pipes was the most diverse sample of all with the predominance of Pseudomonas sp., accounting for 80% of all 16S rRNA sequences. This representative was isolated and identified as Stutzerimonas stutzeri (formerly Pseudomonas stutzeri) (Gomila et al., 2022) (99.59%) (OR260284). S. stutzeri is of interest due to its characteristics, as it is capable of degrading polyethylene glycol to ethylene glycol (Lalucat et al., 2006). This is in absolute agreement with the environment from which it was isolated, as polyethylene glycol is used in a gas mining technologies for gas dehydration. The technical fluids serve as a growth substrate for S. stutzeri.




3.5 Global terrestrial subsurface microbiome comparison

Due to the absence of pure UGS data that would describe microbial composition in operating subsurface systems and their dependence on conditions and UGS type, the data collection included deep subsurface environments, such as boreholes or subsurface mines, oil fields and aquifers (Table 4; Supplementary File 3). The projects that used one primer set for both domains were analyzed separately as the Set 1. In addition, the Bacteria and Archaea domains included data from projects that had used set of primers only for the specific domain (Set 2 and Set 3, respectively).



TABLE 4 Preview of references, UGS types and BioProject numbers used for processing and analysis of subsurface data.
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Performing the PERMANOVA test on the datasets showed a significant difference between sample types (p < 0.05) in all sets and distance methods used. Analysis of the data using the non-metric multidimensional scaling method with Bray-Curtis distance (Figure 4) showed only slight clustering of samples of the same type in the case of Set 1 and Set 2. The patterns of clustering showed aquifer type samples, salt caverns and also boreholes. Set 3, which contained only filtered sequences of Archaea domain, showed a different pattern with clusters from oil fields and salt caverns, probably due to the extreme conditions in these environments (halophilic and thermophilic), which led to a differentiation of archaeal communities specific only to the type or origin of the sample. Similar trends are found also in multidimensional scaling using Jaccard and me method, for both depleted field samples and borehole distant from other samples. The aquifer cluster often transitions slowly into the borehole in sets, indicating similarity between these two environments, as seen in the Venn diagram, where the aquifers and boreholes share the most common unique taxa, 145 (Figure 5A). Only 21 taxa were shared by all sample types. The shared taxa were comprised of common bacterial genera, such as Staphylococcus, Streptococcus, Bacillus, Acinetobacter, Pseudomonas, Sphingomonas and others (Supplementary File 3). The high abundance of order Pseudomonadales, Burkholderiales and Rhizobiales can also be seen in Supplementary Figure S10. In Set 3 with only archaea, no shared taxa were found between samples, although the most abundant order in all samples is Methanosarcinales, followed by Methanobacteriales (Supplementary Figure S11).
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FIGURE 4
 (A) Venn diagram of Set 1 of unique taxa belonging to different types of samples portrayed in petal plot. (B) Correlation constructed heatmap of Set 1 different samples type and predicted metabolic pathways predicted by FAPROTAX, using Spearman correlation method (*p < 0.05, **p < 0.01, ***p < 0.001).
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FIGURE 5
 Non-metric multidimensional scaling (NMDS) component plot using Bray-Curtis distance method and multidimensional scaling (MDS) component plot using Jaccard method and me method, both showing the processed 16S rRNA data of samples from underground environment and subdivided by sample type. The Set 1 contained data from domain Bacteria and Archaea, the Set 2 contained data only from domain Bacteria and Set 3 contained data only from domain Archaea.


Spearman correlation between predicted metabolic pathways and sample type shows a significant correlation (p < 0.05) between the different methanogenesis pathways and the depleted oil field samples (Figure 5B). The strong methanogenesis trait could be explained by the previously described 16S rRNA sequencing results and the unexpectedly high proportion of archaea. Samples from boreholes are the most diverse, depending on the type of borehole from which they were collected and the geochemical composition of the bedrock. Due to the presence of various chemical elements in the bedrock, the metabolism of the microorganisms was adapted to the conditions, resulting in a significant relationship between different alternative electron acceptor pathways and borehole type. There is a significant correlation between the borehole samples and iron respiration, thiosulphate and sulfur respiration, fumarate respiration and oxidation (p < 0.05). Interestingly, there is a negative correlation (p < 0.001) between aquifer type and sulfate, which could be due to the low amounts of sulfate in the sequenced aquifers. When analyzing the different environmental conditions and the predicted correlation of microbial metabolic pathways, there is a significant (p < 0.05) correlation between increasing pH and metabolic pathways such as methanogenesis, sulfite and thiosulphate respiration, and reductive acetogenesis (Supplementary Figure S12). This is interesting as these pathways are associated with hydrogen utilization. Some of the SRBs are able to reduce other sulfur compounds such as thiosulphate or sulfite using hydrogen as an electron donor. The produced compound, hydrogen sulfide, causes decrease of pH. Similarly, acetogens produce acetic acid from hydrogen and carbon dioxide. This is contrast to the fact that the correlation is positive, which means that higher a pH in the environment is connected with a higher abundance of this group of microorganisms (Supplementary Figure S12). This phenomenon could be explained by looking more closely at the correlations between the environment and each genus of Set 2 and Set 3 (Supplementary Figures S13A, S14A). There is number of SRBs (Dethiobacter, Desulfatitalea, Desulfonatronum, Desulfatiglans) with positive correlation (p < 0.05) to increasing pH. This group of SRBs consists of alkaliphilic species (Higashioka et al., 2013; Suzuki et al., 2014; Khomyakova et al., 2023), which cause the correlation to pH. Statistically significant negative correlation of SRB and pH was found in genus Desulfovermiculus, which also has positive correlation with salt cavern type. The representatives of this genus grow at neutral pH but are halophilic (Belyakova et al., 2006; Jakobsen et al., 2006). In archaeal Set 3, the positive statistically significant correlation (p < 0.05) between increasing pH and genera is found in the genus Methanocalculus, which includes a number of halotolerant species with pH tolerance (Ollivier et al., 1998; Lai et al., 2002; Zhilina et al., 2013), and not significantly in the genus Methanobacterium, which is also endowed with pH tolerance (Worakit et al., 1986; Kotelnikova et al., 1998; Shlimon, 2004; Mori and Harayama, 2011). Genus Methanothermobacter and Methermicoccus have a significant correlation (p < 0.05) with depth and temperature and also with oil field, which is expected due to their optimal conditions and conditions in deep wells (Supplementary Figure S14A). Salt caverns also have an expected positive correlation (p < 0.001) with halophilic genera, such as Halanaeroarchaeum, Methanohalophilus, Halodesulfurarchaeum, Halorhabdus, Haloarcula, Halapricum, Natronomonas and “Candidatus Haloredivivus” (Supplementary Figure S14B).




4 Discussion

Subsurface environments are still quite unexplored areas that have become increasingly important in recent years, especially with the growing interest in hydrogen storage or subsurface methanation. There are over 250 UGSs in Europe and almost 700 UGSs in operation worldwide (IGU, 2023), but less is known about the microbial communities there and possible interactions between the microorganisms and the stored gas that affect the potential for hydrogen storage.

In our study, microbial communities in UGS of depleted gas fields were investigated. The main focus was on methanogenic archaea and subsequently SRB as potential hydrogen consumers for possible hydrogen supply. Samples were collected from various objects with different depth and temperature, to observe the influence of environmental conditions on microbial community composition.

The combination of molecular biology methods and cultivation allowed us to gain insight into communities, their viability, close identification of isolated species and also their response to the hydrogen addition. The isolated species were mostly consistent with the results of 16S rRNA sequencing. The isolated species belonged to the orders Methanomicrobiales, Methanosarcinales and Methanobacteriales. The species obtained from deep water samples were mostly hydrogenotrophic, which is related to the presence of syntrophic species of phylum Thermotogota and Synergystota, as well as Bacillota. Some of the representatives are producers of hydrogen, which serves as substrate for hydrogenotrophic methanogens. In contrast, methylotrophic methanogens, namely the order Methanosarcinales and Methanomassiliicoccales dominated in separators. Their relatively high abundance could be caused by presence of methanol as technical fluid in natural gas upgrading process. Methanol is the main substrate used by methanogens but is toxic to many bacteria and other archaea. This high amount of “Candidatus Methanoplasma” and the high archaeal ratio was very unexpected and is not commonly observed in similar environments.

In sample D2 with a depth of 1,900 m, no methanogens could be cultivated. We were also unable to recover enough DNA. The temperature and pressure shock to which the microorganisms were subjected was much higher compared to the other samples during the sampling. Obtaining methanogens through cultivation methods serves as a confirmation of the existence of viable methanogens within the underground gas storage (UGS) environment. This finding holds significant importance, as it aligns with the results obtained through Next-Generation Sequencing (NGS) and has critical implications for planned hydrogen storage or in situ methanation efforts. Additionally, cultivation techniques have the unique capability of identifying species that might constitute a minority in the initial samples, species that might otherwise be overlooked during data analysis, sample processing, or DNA isolation. Some of these species are responsive to hydrogen supplementation and could be regarded as the ones most influenced by the introduction of hydrogen, a characteristic not discernible solely from NGS data. Relying exclusively on NGS data to assess the presence of methanogens could potentially lead to unforeseen complications in hydrogen storage applications. There is potential risk in the change of the proportion of methanogens after addition of hydrogen to the environment, and dominance of methanogenic species, that are usually represented in the microbiome in small amounts. Cultivation showed that their presence is also important for further studies and hydrogen storage, as methanogens can become predominant in the microbiome after hydrogen and CO2 stimulation (Vítězová et al., 2023).

Compared to our prior investigations into the underground gas storage (UGS) environment (Buriánková et al., 2022; Vítězová et al., 2023), the UGS community in this specific location differed significantly from previously sequenced UGS wells in the Vienna Basin in the Czech Republic. The distinct separation between wells and the variations in long-term operation protocols among them yielded unexpectedly diverse microbiomes. This underscores that it’s not just the geographical location but also the unique characteristics of individual wells that play a crucial role. The geological structure of the UGS contributes to variations in several key parameters, such as temperature (which increases with depth) and the presence of carbon in the form of hydrocarbons, among others, shaping the distinct microbiome of the sampled UGS site. These differences are consequential in the planning of methanation or hydrogen storage and are not only notable within our research but also extend to the analysis of microbiomes in similar UGS environments.

The comparison and analysis of different terrestrial subsurface samples shows variability in metabolic pathways and microbial communities. Although the dataset is limited, which could strongly influence the results, interesting features could be seen, including similarities between different environments or correlation with different conditions. The exploration of subsurface environment is a key element for further application.

The discovery of similarities among the sample types is an intriguing observation with potential implications for further analyses and predictions, particularly when focusing on a specific type of underground gas storage (UGS) that piques our interest. As illustrated in Figure 4, the differentiation between various UGS types is reflected in the microbiome structure, which exhibits notably distinct patterns when comparing Set 2 with the Bacteria domain and Set 3 with the Archaea domain. Given that bacteria constitute the majority of the microbiome, it’s unsurprising to find that the plot displaying Set 1 with all domains closely resembles Set 2, although it’s enlightening because Set 2 contains a more extensive dataset than Set 1. However, our primary interest lies in methanogens, particularly for hydrogen (H2) storage purposes. In this context, Set 3 emerges as the most crucial dataset due to its distinctive pattern, which clusters together more subsurface-type samples. This clustering could facilitate the modeling process for overall H2 storage. The selection of key representatives of different UGS types based on the results following our analysis and incorporating their physiological characteristics could contribute to the broader mathematical modeling of methanation or H2 storage. To enhance the specificity of our modeling and increase accuracy, we have presented detailed data concerning the behavior of the subsurface environment and identified common features that can be employed for future predictions.

In this study, no negative correlation was found between methanogenesis and specific environments, so there is a probability, that methanogenesis could occur during H2 storage in all environments. However, salt caverns showed non-significant negative correlation with methanogens in this limited dataset and also a different microbial and archaeal profile, which might support the idea of focusing on salt caverns for H2 storage. Of all the methanogens, only the order Methanosarcinales was present, whose metabolism is mostly methylotrophic and acetoclastic, and whose hydrogen utilization depends on the species present, which have to be assessed individually through cultivation techniques. The species can overcome salinity up to 1.5 M, however, the growth rate decreases under these conditions (Maestrojuan and Boone, 1991). Based on the available data, no halophilic hydrogenotrophic methanogens were observed, but this does not mean that they could not occur in other salt caverns. Some of the hydrogenotrophic methanogens are able to grow in the presence of 3 M Na+ concentration (Ollivier et al., 1998; Zhilina et al., 2013), however, their presence in the salt cavern microbiome remains to be confirmed.

Nevertheless, the absence of methanogens is associated with the presence of sulfate-reducers, which pose an even greater problem as they are associated with hydrogen consumption and also corrosion (Dinh et al., 2004; Enning et al., 2012). Sulfate levels in aquifers were low and showed a negative correlation with SRB, which is consistent with the fact that aquifers are also often considered as potential H2 storages. Aquifers were often colonized by the order Methanobacteriales (Supplementary Figure S11), which are hydrogenotrophic, so it depends on the specific conditions of the aquifer, salinity and temperature to predict the methanogenesis rate under such conditions during H2 storage. Samples from different temperatures up to 100°C showed the presence of methanogens in all environments. The thermophilic methanogens often have faster growth rate and thus a higher rate of methanogenesis (Stetter et al., 1981; Jones et al., 1983; Burggraf et al., 1990; Kurr et al., 1991; Mauerhofer et al., 2021). Since there are hydrogenotrophic methanogens that colonize environments with temperatures up to 120°C (Kurr et al., 1991), it is more difficult to find UGS that fit into these extreme conditions to exclude the presence of methanogens. In the case of low-temperature UGS, the pressure inside compensates for the slower growth rate of mesophilic methanogens.

The rich microbial community inhabiting the environment serves as a significant yet underexplored facet of hydrogen (H2) storage. This microbial diversity varies across different samples, necessitating the assessment of each prospective underground gas storage (UGS) site for H2 storage potential. This study highlights commonalities among distinct subsurface sample types and identifies representative species within each environment. This information offers valuable insights into predicting the microbial composition in analogous environments, focusing on potential microorganisms within UGS sites, and forecasting their metabolic pathways. Anticipating the presence of specific microbial species holds the potential to inform the development of mathematical models that incorporate biological aspects into H2 storage or methanation models.

Modeling methanation within underground gas storage (UGS) sites using specific species under varying conditions can yield crucial insights for Power-to-Gas technology and conversion rates. As the development of the hydrogen (H2) economy continues, in-situ methanation might become technologically viable sooner than the utilization of pure green H2. Conversely, the storage of H2 raises questions about the behavior of methanogens in the absence of CO2 supplementation, particularly when their carbon source relies on accessible carbonates in the subsurface environment (Bo et al., 2021; Dopffel et al., 2021; Aftab et al., 2022). This presents a challenge for model development and is a pivotal factor in the context of hydrogen (H2) storage within underground gas storage (UGS) facilities and also a limiting factor for methanogenesis in the UGS during H2 storage. Nevertheless, the substantial volume of UGS and the subsurface water flow may mitigate CO2 limitations during storage. Recent laboratory simulations involving the introduction of pure H2 into UGS water have shed light on the activities of sulfate-reducing bacteria (SRB) and methanogens (Haddad et al., 2022; Dohrmann and Krüger, 2023). In one case, SRBs outcompeted methanogens (Dohrmann and Krüger, 2023), while in another (Haddad et al., 2022), hydrogen consumption led to a significant increase in the methanogen population. Hydrogen consumption ceased after an 80 day incubation period during which no detectable source of CO2 was observed. Hence, the pivotal query pertains to the feasibility and mechanisms for averting methanogenesis during the storage of hydrogen in extensive environments like underground gas storage facilities (UGSs). Regrettably, this question remains unresolved so far.



5 Conclusion

Our findings suggest the presence of diverse and live microorganisms including the hydrogen-consuming methanogens and sulfate reducers in underground gas storage facilities. Although the results are descriptive and we do not know how active these microorganisms are in situ, we could still postulate their potential impacts on underground hydrogen gas storage based on the well-established physiology of methanogens and sulfate reducers. Since methanogens specialize in converting hydrogen into methane, they do not benefit the hydrogen storage, as they could contribute to losses of the hydrogen gas during long-term storage. However, suitable support of methanogenesis in form of hydrogen and CO2 gas combination could lead to production of green methane, which can be immediately used for injection into gas grid. This is because methane is long established energy carrier that has a higher energy density and is easier to store than hydrogen. Conversely, sulfate reducers convert hydrogen into corrosive and toxic hydrogen sulfide, making them detrimental to hydrogen storage. A better understanding of these and other hydrogen-consuming microorganisms in underground gas storage facilities will help us develop safer and more efficient ways for long term hydrogen storage. In this context, it will be essential to evaluate whether underground gas storage can serve as fermenter for methane production in Power-to-Gas technology or as repositories for long term hydrogen storage, where methanation is undesirable. A complex analysis of 16S rRNA gene of the existing data offers a comprehensive perspective that can be harnessed in the creation of mathematical models that integrate biological components into models for hydrogen storage and methanation. However, it’s crucial to acknowledge the limitations of our study, notably the restricted dataset of samples available in the case of certain subsurface types, such as salt caverns, due to their exclusivity. Further investigations of these samples are essential to enhance our comprehension of their composition and characteristics.
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The landfill is a cheap way of solid waste management in developing countries. The majority of landfills are non-sanitary and work as open garbage dumping sites and pose threats to public and environmental health. Therefore, an in-depth understanding of the chemistry and microbiology of landfills is imperative to develop the right policies for landfill management. In the current study, we investigated the chemistry and microbiology of three Indian landfill sites using culture-based and culture-independent molecular approaches. Our data indicate that the nature of landfills varies from site to site in terms of chemistry, pollutants, and pathogens. We also enriched and cultivated three methanogens using an optimized medium and constructed two high-quality draft genomes from enriched microbiomes using metagenome-assembled genome approaches. The phylogenomic study of one draft genome showed the highest 93% sequence similarity with members of Methanomassiliicoccaceae and was always enriched with Acholoplasma and Anaerohalosphaera lusitana. Despite all the efforts, we did not isolate it in pure culture and hypothesized that for the cultivation of some not-yet-cultured methanogen, the presence of other organisms plays an important role, and their syntrophic interaction must be discerned for its successful cultivation in the future. Co-cultivation of amino acid-degrading organisms indicates that their co-culture can assist in boosting the growth of methanogens. In addition, our data indicated that landfill leachate contains a heavy load of pollutants and treatment is a must before discharge in nature or use in irrigation or biofertilizer.
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Introduction

Due to population growth, urbanization, industrialization, and economic development, managing municipal solid waste is an emerging challenge for municipal corporations (Rawat and Ramanathan, 2011; Ajay et al., 2022; Fazzo et al., 2023). Landfilling is a cheap municipal solid waste management method in developing nations (Nimonkar et al., 2023). Landfills act as anaerobic digesters where sequential microbiological processes such as hydrolysis, acidogenesis, acetogenesis, and methanogenesis decompose the biodegradable waste and produce greenhouse gases (CH4, CO2, and N2O) and other toxins and pollutants. Landfills are divided into different categories based on the type of waste, including municipal waste landfills, sanitary landfills (Lambolez et al., 1994), industrial landfills, hazardous waste landfills, and demolition waste landfills (Yuan and Shen, 2011; Iravanian and Ravari, 2020). Landfill sites are the third largest anthropogenic emitter of greenhouse gases, mainly methane, which later contributes to global warming. Various factors such as the physiochemical nature of waste, the age of the landfill, the density of solid wastes at landfill sites, the depth of landfills, precipitation intensity, temperature, and microbial community structure play an important role in waste decomposition and landfill gas production (Themelis and Ulloa, 2007; Kumar and Samadder, 2017; Kumar and Agrawal, 2020).

In India, landfilling is one of the preferred sources of municipal solid waste (MSW) management (Sagar et al., 2022; Nimonkar et al., 2023). Although the percentage of sanitary landfills is increasing, to mitigate climate change and public health issues, some landfills still need to be adequately managed (Nair, 2021). Indian data about municipal solid waste composition indicates that the quantity of biodegradable waste in the total composition of MSW decreased from 2005 to 2011, and the amount of plastic and rubber increased (NITI Aayog, 2015). However, the degradation of biodegradable waste at open landfills is the main culprit for environmental health and climate change (Parvin and Tareq, 2021; Ma et al., 2023; Pan et al., 2023). Environment-friendly waste degradation strategies have always been challenging for waste management systems due to unawareness of waste disposal, inappropriate segregation, lack of advanced technologies, and irregular policy implementation. Proper segregation and processing of solid waste before discarding it at landfill sites and using biodegradable waste for biogas (biomethane) generation on the concept of waste to energy is a viable option. Generated digestate can be used as compost or fortified biofertilizer for agriculture.

Furthermore, the black-colored liquid leachate released from moisture trapped in landfills contains many pollutants and pathogens. If untreated, leachate discarded in soil or freshwater bodies causes groundwater and surface water pollution and induces eutrophication, hypoxia, fish death and the spread of pathogens in the community (Christensen et al., 1992; Reinhart and Grosh, 1998; Kjeldsen et al., 2002; Bhalla et al., 2012; Giang et al., 2018; Ferronato and Torretta, 2019; Salam and Nilza, 2021). The potential of landfill and landfill leachate in the spread of pollutants and pathogens in nearby communities and its contribution to greenhouse gas emission, ecological and soil health, contamination of surface and groundwater, effects on the release of toxic gases on garbage burning, and spread of antimicrobial resistance have been reviewed by different groups across the world including, China, Iran, South Africa, and India (Njoku et al., 2019; Nair, 2021; Parvin and Tareq, 2021; Ajay et al., 2022; Cheng et al., 2023; Fazzo et al., 2023; Ghosh et al., 2023; Kooch et al., 2023; Lee et al., 2023; Liang Y. et al., 2023; Liang Z. et al., 2023; Ma et al., 2023; Naveen, 2023; Pan et al., 2023). It has been found that microorganisms present at landfill sites and in landfill leachate play significant roles in waste degradation, greenhouse gas emission, pollutants generation, etc. Only limited data on the chemistry and microbiology of landfills are available due to the difficult nature of landfill sampling across the globe. The availability of extensive datasets on microbiology and chemistry from geographically different landfill sites will be a boon to understanding the ecological roles of landfills in climate change and public health in developing appropriate landfill management policies and improving the existing leachate and municipal solid-waste management technology.

In the current study, we have conducted a comparative analysis of physiochemical features and contamination potentials of four different landfill sites in New Delhi and Pune, India. We have performed nanoLC tandem mass spectrometry from landfill leachate and leachate sediments and reported several contaminants. In addition, we conducted enrichment for methanogenic archaea and anaerobic bacteria from the collected landfill samples and isolated different groups of obligate anaerobes and methanogens. Furthermore, we also obtained good-quality draft genomes of not-yet-cultured methanogenic archaea using a metagenome-assembled genome approach. We demonstrated that enriched methanogens, a novel genus of the family Methanomassiliicoccaceae, might play an important role in landfill ecology and need pure culture for better insight.



Materials and methods


Sample collection

Four landfill sites, located at Moshi landfill in Pune (18°39′24.8″N 73°51′28.3″E), and Gazipur (28°37′30.9″N 77°19′41.0″E) Alipur (28°44′37.3″N 77°09′32.9″E), and Okhla (28°30′43.3″N 77°16′54.0″E) landfills from National Capital Region (NCR) New Delhi, were selected for sampling purposes (Supplementary Figure 1). Sampling was done after the Monsoon in the month of November 2018. Up to 1.0 kg of degraded materials from two different depths (40–50 and 90–100 cm) of landfills were collected using soil sampling auger. Each sample was filled compactly in pre-sterile zip-locked plastic bags and sealed tightly to minimize oxygen exposure and maintain anoxic to microoxic conditions. Watery leachate and leachate sediments were collected in sterilized bottles along with the soil. All samples were transported to the laboratory on ice and immediately processed. The collected samples were homogenized separately and divided into three parts. The first part was used for the enrichment of methanogens and anaerobic bacteria. The second part was stored in a −80°C deep freezer for molecular analysis and metagenomic studies, whereas the third part was used for physiochemical analysis.



Enrichment of methanogenic archaea

The landfills selected in this study are located in the mesophilic temperature range. Physicochemical data of sampling sites are given in Table 1. To simulate the sampling site condition, pH, salinity, and temperature of the enrichment culture were set according to site geochemistry. At the time of sampling, the temperature of the landfill was 30°C; therefore, we conducted all the enrichment and physiological experiments at 30°C to mimic the site temperature. To enrich methanogenic archaea and anaerobic bacteria, basal carbonate yeast trypticase (BCYT) medium (Touzel and Albagnac, 1983), BCYT + 30% rumen fluid, SAB medium (Khelaifia et al., 2013), and anaerobic groundwater medium were used. Basal medium was fortified with different substrates according to the targeted type of methanogens. For acetoclastic-methanogens acetate, methylotrophic methanogens methanol and hydrogenotrophic methanogens H2/CO2 were used as substrates. In brief, 30 ml medium was taken in a 50 ml capacity serum vial and made anoxic by bubbling with nitrogen gas. Vials with the pre-reduced medium were sealed using blue butyl rubber septum and aluminum crimps and sterilized in an autoclave. The serum vials headspace was filled using either filter sterilized nitrogen in case of the acetoclastic and methylotrophic type of enrichment, and hydrogen and CO2 gas mixture (80:20) was used for hydrogenotrophic methanogens. In total, 10% of the collected samples were inoculated in the medium and incubated at 30°C for 15 days. In the case of hydrogenotrophic methanogens, evacuation and re-pressurization of H2/CO2 in headspace are done on alternate days. Positive pressure in the headspace of each bottle indicated gas production and positive growth.


TABLE 1 Comparison of physicochemical data generated from different landfill samples.
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After every 2 weeks, 5 ml of culture was anaerobically transferred into a fresh medium supplemented with vancomycin to suppress bacterial growth (Hilpert et al., 1981). Positive enrichment or growth of methanogens in serum vials was confirmed by detection of methane formation in headspace using gas chromatography (GC), increase in optical density of the culture medium, flame test (burning) of headspace gas, and detection of cell fluorescence at 420 nm using fluorescence microscopy as discussed by Nimonkar et al. (2023).

In addition to methanogenic archaea, we also isolated obligate anaerobic bacteria from collected landfill samples using pre-reduced peptone yeast extract glucose (PYG), thioglycolate medium, and minimal medium with different electron donors. The enriched cultures were spread and streaked on respective medium plates in the anaerobic glove box (Thermo Fisher) at 30°C for isolation. Isolated pure cultures were preserved, according to Prakash et al. (2013). In addition to spreading on solid medium agar plates, we also tried to isolate the pure culture of obligate anaerobes and methanogens using Roll-Tube methods, as suggested by Prakash and Ranade (2020). The purity of cultures was checked by re-streaking on plates, and the obligate anaerobic nature of the strains was verified by incubating a set of similar streaked plates in aerobic and anaerobic conditions at 30°C. Inoculated plates were incubated in airtight jars filled with H2/CO2 for hydrogenotrophic archaeal isolation. Purified strains were preserved in a deep freezer, according to Prakash et al. (2013). In the case of non-isolated pure culture, the enriched consortium was preserved in the SAB medium containing glycerol at −80°C to check the potential for methane production of cultures after 45 days.



Physiochemical analysis

All collected samples from both depths of the different landfill sites were subjected to physiochemical analysis, as discussed by Nimonkar et al. (2022). Different physiochemical parameters of the samples such as total organic carbon, organic matter, C: N ratio, heavy-metal contents, total organic nitrogen, total inorganic nitrogen, texture, and volatile fatty acids (VFA) were analyzed using standard practice as mentioned by Nimonkar et al. (2022). In addition, salinity, pH, electrical conductivity, water content, and texture of samples were also checked. Landfill leachate and leachate sediment samples were extracted and analyzed for pollutants and contaminants using nano-LC tandem mass spectrometry (n-LC-MS/MS), as discussed by Sanders and Edwards (2020). In brief, metabolites from landfill leachate and leachate sediments were extracted using water:acetonitrile (1:1) as extraction solvent, followed by centrifugation for 10 min at 10000 rpm at 4°C to settle the particulate and other coarse materials. After that, the supernatant was dried in Thermo SC250EXP SpeedVac Concentrator (Thermo Fisher Scientific-CA) at 30°C and used for liquid chromatography-tandem mass spectrometry analysis (nLC-MS/MS). Before analysis, dried samples were rehydrated in 500 μl of 0.1% formic acid in MS-grade water. Rehydrated samples were passed through a 0.45 μm filter taken in brand new, unused glass vials and subjected to nLC-MS/MS analysis. An externally calibrated Thermo Q-Exactive HF (high-resolution electrospray tandem mass spectrometer) was used with the Dionex UltiMate3000 RSLCnano System. Operation conditions of nano-LC tandem mass spectrometry (n-LC-MS/MS) were discussed by Sanders and Edwards (2020).



Whole genome sequencing and analysis

We observed that some enrichment for hydrogenotrophic methanogens showed positive growth of organisms and produced methane in the headspace as detected by gas chromatography. However, we never successfully isolated the organism in pure culture. We used a shotgun metagenome sequencing and metagenome-assembled genomics (MAGs) approach to reconstruct the genome from such an enriched microbiome. We conducted metagenome sequencing using the Illumina Nextera Flex kit on the MiSeq 2000 platform. The raw read quality assessment was done using the FastQC v0.11.5 tool. The assessed raw reads were used for the assembly construction using metaSPAades v3.11.1 (Nurk et al., 2017). Then, the raw reads were mapped on an assembled metagenome to get the scaffold coverage needed for the genome reconstruction.

The metagenome assembly and alignment files generated in the previous step were used by MetaBAT v2.12.1 to generate the bins (Kang et al., 2015). In the subsequent steps, these bins were considered reconstructed metagenome-assembled genomes (MAGs). The reconstructed genomic bins were validated using CheckM v1.0.11 (Parks et al., 2015). The 16S rRNA was predicted using a standalone version of rammer-1.2. The obtained 16S rRNA gene sequences were searched in the EzBioCloud 16S database (Yoon et al., 2017). The gene prediction for the individual bin was done using polka 1.12, and obtained coding sequences were subjected to the UniProt/SwissProt database using diamond v0.9.22.123 blast utility. The matched protein IDs were subjected to the UniProt ID mapping tool to discover the pathways and gene ontology associated with the protein sequence. The DNA sequence quality of both genomes was checked using FastQC and the raw sequences were assembled using the de novo assembler MIRA 4.0 (Chevreux, 2007). Assembled draft genomes of both organisms were annotated by the RAST annotation server and PATRIC Genome Annotation Pipeline (Overbeek et al., 2014; Wattam et al., 2014). The average nucleotide identity (ANI) implemented in OrthoANI was computed on homologous genes for all pairs of genomes (Lee et al., 2016). The genomes were reconstructed from the metagenome (bin 4 and bin 26, respectively) of landfill leachate to find the genes likely involved in H2 and methane production. Reconstructed genome characteristics are shown in Table 2.


TABLE 2 Genomic statistics from draft genome sequence constructed using a metagenome-assembled genomics approach.
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Molecular phylogeny and average nucleotide identity (ANI) analysis

Phylogenetic positions of enriched methanogen were studied using 16S rRNA, mcrA, and whole genome sequence-based phylogeny, as well as by calculating the average nucleotide identity (ANI) using a constructed draft genome (Figures 1–3). For ANI analysis, all Methanomassiliicoccus spp. genome sequences were downloaded from the NCBI genome browser. In brief, as mentioned earlier, the draft genome sequence of methanogens was obtained from enriched culture using metagenome-assembled genomics. Nearly full-length 16S rRNA and mcrA gene sequences were extracted from a constructed high-quality draft genome. We obtained a comprehensive set of 16S rRNA and mcrA gene sequences showing close relatedness with obtained sequences from draft genomes using public databases comprising all significant lineages of methanogens. The evolutionary history was constructed using the neighbor-joining method in MEGA7 (Kumar et al., 2016). All the phylogenomic and gene-based phylogenetic studies were conducted, as recommended by Prakash et al. (2023).
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FIGURE 1
Representation of ANI values of different strains of methanogens show close similarity with the genome obtained from this study.
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FIGURE 2
Neighbor-joining phylogenetic tree construction based on 16S rRNA gene sequence. Selected sequences are labeled according to their habitats (landfill leachate sludge, mesophilic, thermophilic, diverse environment, freshwater, extremely acidophilic, termite gut, rumen gut, and human gut). Bootstrap support values are shown as a percentage before the respective nodes; the scale bar indicates the number of substitutions per site. Phylogenetic clusters are indicated on the right of the tree. Methanomassiliicoccus luminyensis 26 of tree is proposed “Candidatus Methanomassiliicoccus indica.”
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FIGURE 3
Evolutionary relationships of methyl-coenzyme M reductase (McrA) of different methanogens. The evolutionary history was constructed using the neighbor-joining method. The analysis involved 21 amino acid sequences of mcrA genes. MEGA7 Kumar et al. (2016). Bootstrap support values are shown as a percentage before the respective nodes; the scale bar indicates the number of substitutions per site. Phylogenetic clusters are indicated on the right of the tree. Methanomassiliicoccus luminyensis 26 of tree is proposed “Candidatus Methanomassiliicoccus indica.”



Data and sequences

BioSample accession for Anaerohalosphaera lusitana is SAMN38030365 while BioSample accession for Methanomassiliicoccus luminyensis-26 is SAMN38029128. In addition, the GenBank accession numbers for the 16S rRNA gene sequence of cultivated strains are as follows: OR342400, OR342399, OR342402, OR342395, OR342396, OR342401, OR342406, OR342403, OR342397, OR342394, OR342405, OR342406, OR342398, OR835591, OR835592, OR835593, and OR835594.





Results


Physicochemical features and isolates

Physicochemical data of selected landfill sites from different depths are given in Table 1. The pH of the sites varies from 5.4 to 8.2, and the electrical conductivity (EC) ranges from 0.6 to 2.1. In contrast, the’ water content of the sample was higher in the lower depth than in the upper depth. Similarly, we also observed depth and site-wise variations in total organic carbon (TOC), total organic matter (TOM), and carbon and nitrogen ratio. Texture-wise, all the samples from all the depths showed more sandy nature followed by silt and clay. The total nitrogen content of Pune’s site was higher than that of others. Nickel, lead, and chromium contents were higher than other heavy metals at all the sites. In addition to solid landfill samples, analysis of watery leachate and sediment of landfill leachate indicates a considerable load of pollutants in both samples. Approximately 4000–4500 different peaks of compounds have been detected from leachate and leachate sediments. In contrast, 500 to >1500 different compounds and pollutants were detected in watery Leachate (Supplementary Figure 2). They constitute different classes of xenobiotics belonging to mono- and polycyclic-aromatics hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), polybrominated biphenyls, pesticides (herbicides, fungicides, and insecticides), residual pharmaceuticals (beta-blocker, analgesics, antibiotics, antiseptics, and estrogenic drugs), heavy metals (mercury, nickel, arsenic, zinc, and cadmium), plasticizers, endocrine disruptors, and hormones. Nitrate, nitrite, ammonia, and phosphate were also detected in high quantities, and their levels were higher than the maximum permissible limit.

We confirmed the positive growth of methanogens in enrichments by confirmation of methane accumulation in the headspace of enrichment vials using gas chromatography (GC), increased cell turbidity of culture medium, and detection of fluorescence in enriched cells under the microscope due to the presence of cofactor F420 in methanogens (Nimonkar et al., 2023). Although we successfully enriched the methanogens from all enrichments (Supplementary Figure 3) except Methanosarcina, we could not cultivate other methanogens in pure culture. During the enrichment, we added vancomycin to suppress the growth of bacteria and provided a condition that is conducive only to methanogens. However, we also detected some anaerobic bacteria in our enrichments and were able to cultivate them on solid medium agar plates. A list of the cultivated organisms from different enrichment is given in Table 3. We have isolated and purified Clostridium thiosulfatrieducens, Clostridium saccharolyticum, Aminobacterium colombiense, Proteiniborus indolifex, Acholeplasma palmae, Cloacibacillus porcorum, Vagococcus acidifermentans, Cutibacterium avidum, Aminobacterium colombiense, Sphaerochaet aassociata, Bacillus luti, Clostridium sporogenes, Clostridium beijerinckii, Paraclostridium benzoelyticum, Clostridium diolis, Clostridium beijerinckii, Clostridium diolis, and Methanosarcina mazei from different enrichment of current study. In addition to isolating the above organisms, we have cultivated and isolated the members of Acholeplasma from methanogenic enrichment vials. However, we observed that after two or three generations of cultivation, the strain could not survive, and we could not maintain it as an active culture. Similarly, except for Methanosarcina mazei, we could not isolate the other methanogens present in the enrichment and studied them using the approach of metagenome-assembled genomes.


TABLE 3 List of isolated pure cultures of anaerobic bacteria and archaea obtained from different enrichment.

[image: Table 3]



Molecular phylogeny and average nucleotide identity (ANI) analysis

Average nucleotide identity (ANI) has been an accepted criterion for prokaryotic species delineation, and it has replaced wet-lab-based DNA–DNA hybridization (Goris et al., 2007). According to current standards, newly discovered strains are considered to belong to the same species if their 16S rRNA gene sequence identity is >98.5% and their ANI is >95% (Goris et al., 2007). Thus, the genome constructed from enrichment under this study shows less than <95% ANI identity with human fecal-associated Methanomassiliicoccus luminyensis B10 (Figure 4). It indicates that the strain of Methanomassiliicoccus enriched from Indian landfills is different and a novel species of the genus Methanomassiliicoccus (Figure 1).


[image: image]

FIGURE 4
Phylogenetic tree constructed using phylogenomic approach from draft genome sequence obtained from this study and its close relatives.


Similar to the ANI result, the 16S rRNA gene sequence similarity and phylogenetic analysis data indicate that the draft genome sequence of Bin-26 showed the highest sequence similarity with not-yet-cultured Methanomassiliicoccus species and phylogenetically different. 16S rRNA-based phylogenetic tree showed the relationship with human-associated members of Methanomassiliicoccus isolated from stool samples and distantly related with methanogens isolated from fresh water and extreme environment (Figure 2). Furthermore, phylogenetic tree constructed using mcrA genes obtained from methanogens cultivated from different habitats including the animal gut, thermophile, mesophile, hypersaline freshwater, and human-gut isolated Candidatus Methanomassiliicoccus intestinalis (Figure 3) also substantiate the findings of 16S rRNA gene-based phylogeny and sequence similarity. It showed that enriched methanogens tightly coupled with Candidatus Methanomassiliicoccus intestinalis. The phylogenetic tree constructed using whole genome sequences indicates that this organism is different and supports the finding obtained from sequence similarity search, ANI analysis, 16S rRNA, and mcrA gene-based phylogenies.

Thus, based on our sequence similarity search, ANI calculation, and phylogenetic analysis, we found that enriched methanogens are cultured for the first time, but not-yet-isolated novel methanogens from landfill leachate and sludge. It is phylogenetically similar to methanogens isolated or characterized from human origin. It also indicates the relationship of fecal contamination of landfills, which is quite common because community-disposed diapers and pads reach municipal landfill sites along with other solid waste.



Proof of putative methane formation pathways in “Candidatus Methanomassiliicoccus indica”

An earlier report suggests that the closest relative of our cultured methanogens, M. luminyensis, uses a hydrogenotrophic pathway for methane production. Annotation of constructed genomes demonstrated that our enriched methanogens from this study use hydrogenotrophic metabolism for methanogenesis (Figure 5). The putative pathway of hydrogenotrophic methanogenesis in our enriched methanogens is demonstrated in Figure 5. Furthermore, the annotation result of another constructed genome showing sequence similarity with Anaerohalosphaera lusitana 04 indicates that this organism has the potential to generate CO2 and H2 (Figure 5). Thus, the co-cultivation and enrichment of Anaerohalosphaera lusitana 04 and “Candidatus Methanomassiliicoccus indica” from our enrichment indicate that these two organisms might use a syntrophic lifestyle and use H2 and CO2 generated by Anaerohalosphaera lusitana 04 during enrichment (Figure 5 and Supplementary Figure 3).
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FIGURE 5
A putative illustration of syntrophic mechanism: Methanogens employ two separate pathways to convert CO2 into methane: either the methyl group of acetate or the reduction of carbon dioxide with electrons from hydrogen or format. Hence, CO2 and acetate are generated in the fermentation of glucose and glycogen. Biochemical pathway of H2-dependent reduction of CO2 to CH4. The C1 moiety is transferred from CO2 via MF, H4MPT, and CoM (CoM-SH) into CH4. Details of putative proteins of acetotrophic pathways in M. luminyensis 26. Electron-donating species formate is produced by the anaerobic degradation of organic matter by fermenting and syntrophic bacteria. Enzyme abbreviations are as follows: Fd, ferredoxin; HydABC, bifurcating [Fe-Fe] hydrogenase; HyaABC, [NiFe] hydrogenase; Acs, acetyl-coenzyme A synthetase; CooS, carbon monoxide dehydrogenase; CdhA, acetyl-CoA decarbonylase/synthase complex; Mtr, methyl-tetrahydromethanopterin: CoM methyltransferase; McrABG, methyl-coenzyme M reductase; HdrED, coenzyme B-coenzyme M heterodisulfide reductase; FpoABDHIJKLMNO, F420H2 dehydrogenase.


We also propose that “Candidatus Methanomassiliicoccus indica” might have the ability to utilize available acetate for acetoclastic way methanogenesis because it harbors acetyl-CoA synthetase for acetate activation, CO dehydrogenase/acetyl-CoA synthase (CODH/ACS) to oxidatively split acetyl-CoA into CO2 and CH3-H4MPT, tetrahydromethanopterin S-methyltransferase, and methyl-CoM reductase for methyl-CoM reduction to CH4. To couple acetyl-CoA oxidation and reductive CH4 generation, “Candidatus Methanomassiliicoccus indica” could transfer electrons from reduced ferredoxin to coenzyme M (CoM-SH) and coenzyme B (CoB-SH). We also identified an FpoF-lacking F420H2 dehydrogenase (Fpo) complex and heterodisulfide reductase (HdrDE) that are known to generate an ion motive force. Thus, based on the above evidence, we hypothesized that “Candidatus Methanomassiliicoccus indica” can also use acetoclastic methanogenesis for energy conservation. The genomic features of the constructed genome of Anaerohalosphaera lusitana 04 and “Candidatus Methanomassiliicoccus indica” are given in Table 2 and Supplementary Figures 4, 5, respectively.




Discussion

Landfills are one of the main contributors to global methane emissions and are responsible for the problem of global warming and climate change. They contribute to greenhouse gas emissions, and unmanaged landfill plays a significant role in the spread of pollutants and pathogens to the natural ecosystem and groundwater by the process of discharge and recharge, respectively, and threats to the concept of sustainability. Knowledge of landfill microbiology and chemistry is imperative to mitigate methane at a source point and properly manage landfills from environmental and energy perspectives. Our physicochemical data indicate that landfills have immense surface and groundwater contamination potential. Landfills and their generated leachate contain a huge load of pollutants and pathogens, and we should treat them appropriately before discarding them in the natural environment (Nimonkar et al., 2022; Sagar et al., 2022). We should nourish the concept of a sanitary landfill, which promotes the collection of generated methane and leachate that help mitigate climate change and environmental toxicity.

We have compared the physiochemical data of landfill leachate obtained from this study with other studies conducted on landfill leachate, including Canada (Kochany and Lipczynska-Kochany, 2009); Bandung, Indonesia (Septiariva et al., 2019); and Gazipur, New Delhi (Kumari et al., 2019) and Mavallipura, Bengaluru, India (Naveen et al., 2018). Although the extensive characterization of landfill leachate in other studies has yet to be conducted and is limited to only a few basic features, comparative analysis of available data on similar physiochemical traits indicates substantial variations. It might be due to different climates, geographical locations, age, nature of waste dumping practices, etc. Therefore, an extensive analysis of physicochemical features is imperative to improve the existing leachate treatment technology or to develop a new one.

High total organics, high electrical conductivity, and low pH of Pune landfills from both the depths than all the selected landfill sites of New Delhi indicate that the Pune landfill site contains more wet organic wastes, which produced higher concentrations of organic acids after microbial degradation, lowering the pH. While high pH, low TOC, and EC of New Delhi sites indicate less organic waste is going on dumping sites, practices of separating the dry and wet waste are better than those in Pune. Another possible reason could be the higher rate and longer duration of precipitation in Pune, which provides the ideal condition for microbial degradation of waste compared to the dry weather of New Delhi.

Furthermore, the higher concentration of arsenic and lead in the New Delhi landfill than in Pune might be due to differences in geographical location, the physicochemical nature of garbage and waste, and high levels of contamination of industrial waste. Data obtained from landfill leachate and leachate sediments by extraction and nLC-MS/MS analysis indicate more elevated contaminant levels in sediments than in watery leachate. High contaminants in sediment are an obvious observation because non-soluble pollutants and chemicals gradually accumulate in sediment by sedimentation processes, while watery leachate retains only soluble chemical constituents. Thus, our data indicate that landfill leachate sediments and watery leachate are highly contaminated and should only be used for agricultural irrigation or environmental discharge with adequate treatment.

We were surprised to get vast amounts of contaminants during our MS/MS leachate analysis. Due to the high resolving capacity of nano-LC compared to standard LC and the high discriminatory power of MS/MS, we got more metabolites in the leachate sample. We tried to present comparative leachate data from other landfill sites across the globe; however, we got information only from Canada, Indonesia, and two landfills in India, one of which was from our group (Kochany and Lipczynska-Kochany, 2009; Naveen et al., 2018; Kumari et al., 2019; Septiariva et al., 2019). The data available from other studies are limited to pH, TOC, BOD, and COD, and few more parameters and extensive data for comparison are lacking. Detection of the high levels of pollutants and heavy metals from this study supported previous data generated from landfill and landfill leachate in different studies conducted in the past (Baldacci et al., 2018; Parvin and Tareq, 2021; Siddiqua et al., 2022; Nimonkar et al., 2023). Detection of various classes of contaminants from landfill and landfill leachate indicate that different kinds of mixed wastes discarded and dumped in municipal solid wastes, including industrial, hospital, pharmaceuticals, household, personal care products, electronics, batteries, ceramics, glass, paint, and agrochemicals. These wastes contain residual levels of leftover amounts of these contaminants that reach and accumulate in leachate and contaminate the natural ecosystem. However, we presented a very brief overview of the classes of pollutants detected in leachate in the present manuscript. This manuscript gives a quick overview of leachate contamination level, its ecosystem toxicity, and the need for adequate treatment before discarding the natural ecosystem from a public and environmental health perspective.

In this study, we aimed to cultivate and study novel methanogens from different landfill sites. In addition to methanogens, we have cultivated several groups of obligate anaerobic bacteria, which grew along with methanogenic enrichment. It indicates that the conditions used for methanogenic enrichment promoted the growth of these kinds of microbes. A list of cultivated obligate anaerobes dominated by the members of the genus Clostridium is given in Table 3. Several species of Clostridium were obtained from methanogenic enrichment, which indicates that the cultivation condition of methanogens also favors the growth of Clostridium (Nimonkar et al., 2022). It also indicates that Clostridium plays an essential role in the ecology of landfills and actively participates in waste degradation in the lower anoxic part of landfills and provides substrates such as volatile fatty acids and hydrogen for methanogenesis (Lee et al., 2014). Similar to our observation, past studies on landfills also supported the role of the members of the genus Clostridium in landfill waste degradation. We have isolated Aminobacterium columbine from this study, which has the potential to degrade amino acids anaerobically. The past data indicated that hydrogenotrophic methanogens are an essential partner of Aminobacterium, and co-cultivation with the hydrogenotrophic methanogen boosts its substrate utilizing potential (Baena et al., 1998, 2000; Hamdi et al., 2015). Another anaerobic bacterium Proteiniborus indolifex is also, isolated in this study. Similar to Aminobacterium columbine, it degraded proteins and amino acids and was reported from methanogenic co-culture (Hahnke et al., 2018). Cloacibacillus porcorum also showed similar physiology and metabolism to the above two (Looft et al., 2013). Vagococcus acidifermentans was previously isolated from habitats prone to waste degradation (Wang et al., 2011), while Cutibacterium avidum is an emerging pathogen. In addition, Sphaerochaet associate was previously isolated from cultures of Methanosarcina mazei and indicated both are closely associated. Thus, analysis of metabolism, site of isolation, and nature of substrate utilization indicate that these organisms are amino acids or protein fermenters associated with methanogens and methanogenic activities. Although the syntrophic relationship of these anaerobic bacteria and methanogenic archaea is understudied, it is a good subject matter for future in-depth study, which can boost the cultivation of methanogens on the concept of co-culture of these organisms.

Furthermore, despite all the efforts, we were unable to cultivate the methanogens showing a sequence similar to Methanomassiliicoccus luminyensis, and we noticed that enrichment was always associated with Anaerobalosphaera and Acholeplasma showing similarity with Acholeplasma palmae. We cultured this Acholeplasma but lost its viability after 2–3 sub-culturing, and we did not maintain the pure culture. In addition, we also constructed a draft genome sequence of Anaerobalosphaera lusitana from this study. From draft genome data, we hypothesized that the presence and syntrophic interaction of Anaerobalosphaera lusitana and Acholeplasma are essential for the growth of organisms enriched during this study.

Data obtained from the genome sequence are shown in the genomic statistics Table 2. Phylogenetic analysis using a whole genome sequence comparison (phylogenomics) approach, 16S rRNA gene sequences, average nucleotide identity (ANI), and methyl-coenzyme M reductase (mcrA) based approach indicated that the enriched methanogens are members of the family Methanomassiliicoccaceae, with type genus of the family is Methanomassiliicoccus. Methanomassiliicoccus luminyensis is the only cultivated representative available. Metagenomic data indicated that members of Methanomassiliicoccus were detected abundantly at landfill sites and preferably used methylotrophic type of metabolism. Constructed draft genome using metagenome-assembled genomics from this study showed only 93% sequence similarity and 81.3% ANI-value based on whole genome sequence comparison with its closest relative. 16S rRNA and mcrA-based phylogeny also substantiate the same finding.

The phylogenetic tree constructed using mcrA genes showed its closeness with Candidatus Methanomassiliicoccus intestinalis. In contrast, 16S rRNA-based phylogeny showed similarity with Candidatus Methanomassiliicoccus intestinalis and Methanomassiliicoccus luminyensis but did not cluster with any of them. Thus, whole phylogenomic data indicate that the organism enriched by us needs to be isolated in pure culture and distantly related to previously studied pure culture and sequences of the members of the family Methanomassiliicoccaceae. Based on methane formation in the enrichment, substantial differences in phylogeny, average nucleotide identity, and sequences of mcrA and 16S rRNA genes, we proposed it as “Candidatus Methanomassiliicoccus indica” enriched from Indian landfill sites. We observed that the enrichment of this organism was always associated with Anaerohalosphaera lusitana and other obligate anaerobic bacteria. Although we did not isolate this organism even after several attempts and hypothesized that the co-culture of other organisms might help in the successful cultivation of this organism. We also hypothesized that isolation and cultivation in pure culture need of syntrophic relationships or metabolites by others are imperative. Cultivated methanogens might play an important role in landfill ecology and methane generation and can serve as ideal seed cultures for biogas generation using bio-methanation processes. Further study on its in-depth characterization and understanding at physiological levels is imperative.

It is reported that anaerobic degradation of organic matter by fermenters and syntrophic bacteria produces hydrogen (H2). Syntrophic bacteria further degrade the alcohols and fatty acids to acetate, H2, and CO2 (Conrad et al., 1989; Schink, 1997). Acetate and H2 or formate plus CO2 eventually serve as substrates for methanogens. This study found polysaccharide (especially glycogen) fermentation genes in the Anaerobalosphaera lusitana 04 genomes. It seems that A. lusitana 04 could contribute to polysaccharide fermentation, resulting in alcohols, fatty acids, and H2 production (syntrophic bacteria). The bacteria further degrade the alcohols and fatty acids to acetate, H2 (alternatively formate), and CO2. Thus, syntrophically, this acetate and H2 plus CO2 finally serve as substrates to “Candidatus Methanomassiliicoccus indica” for methane production via autotrophic (acetoclastic) or hydrogenotrophic, respectively, shown in Figure 5. A pure culture study of Anaerohalosphaera lusitana has supported the above hypothesis generated by genome sequence data. It is found that Anaerohalosphaera lusitana produced ethanol, acetate, and H2 as the main end product by anaerobic fermentation of d-glucose (Pradel et al., 2020), which can support the growth of Methanomassiliicoccus, which is used hydrogen as an electron donor for the reduction of other substances.
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Metaorganism research contributes substantially to our understanding of the interaction between microbes and their hosts, as well as their co-evolution. Most research is currently focused on the bacterial community, while archaea often remain at the sidelines of metaorganism-related research. Here, we describe the archaeome of a total of eleven classical and emerging multicellular model organisms across the phylogenetic tree of life. To determine the microbial community composition of each host, we utilized a combination of archaea and bacteria-specific 16S rRNA gene amplicons. Members of the two prokaryotic domains were described regarding their community composition, diversity, and richness in each multicellular host. Moreover, association with specific hosts and possible interaction partners between the bacterial and archaeal communities were determined for the marine models. Our data show that the archaeome in marine hosts predominantly consists of Nitrosopumilaceae and Nanoarchaeota, which represent keystone taxa among the porifera. The presence of an archaeome in the terrestrial hosts varies substantially. With respect to abundant archaeal taxa, they harbor a higher proportion of methanoarchaea over the aquatic environment. We find that the archaeal community is much less diverse than its bacterial counterpart. Archaeal amplicon sequence variants are usually host-specific, suggesting adaptation through co-evolution with the host. While bacterial richness was higher in the aquatic than the terrestrial hosts, a significant difference in diversity and richness between these groups could not be observed in the archaeal dataset. Our data show a large proportion of unclassifiable archaeal taxa, highlighting the need for improved cultivation efforts and expanded databases.
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GRAPHICAL ABSTRACT
 Relatedness of all model systems studied, and the five most abundant archaeal genera found in each system. Abundant genera are based on relative abundances in the amplicon data. Gray circles indicate the absence of detectable archaea. Red circles on the hosts identify sampled sites. Hosts are ordered using an unscaled phylogenetic tree based on species divergence times of a molecular time tree available through TimeTree5 and visualized in iTOL. Asterisks indicate branches where the tree is based on approximation through a close relative. The single Cand. Nitrosotalea or Haloferaceae found in D. melanogaster and H. vulgaris, respectively, were excluded as they could not be replicated. Where divergent from phylum names in the SILVA database, current names from the GTDB database were added.



1 Introduction

The term metaorganism is used to describe the entity of any host organism together with its associated microbiota. Symbiotic interactions described within this context may include beneficial, neutral, and destructive relationships with the community (Bosch and McFall-Ngai, 2011; Tipton et al., 2019). While the bacterial community has been extensively studied in many multicellular host organisms, the archaeome, mycobiome, and virome remain less understood (Runge and Rosshart, 2021). This is partly because they comprise a smaller proportion of the overall microbiome, can be difficult to extract, or remain untargeted by sub-optimal primers (Bang and Schmitz, 2018). This results in an under-representation of archaea in both 16S rRNA gene amplicons and metagenomes.

Archaea can play an essential role in physiology and function of hosts ranging from plants to mammals (Taffner et al., 2018; Song et al., 2019; Youngblut et al., 2021). A considerable proportion of terrestrial microbiota, and particularly vertebrates, is comprised of methanoarchaea (Youngblut et al., 2021). They represent the last level in the trophic chain of the stepwise breakdown of organic matter in the host system, resulting in the production of methane (Borrel et al., 2020). Methanoarchaea have been found to be more prevalent in unhealthy humans with diseases, such as inflammatory bowel disease, periodontitis, or colon cancer (Borrel et al., 2020). There they may contribute to inflammation alongside fermentative bacteria. They have, however, never conclusively been identified as direct pathogens. In marine environments, archaea have predominantly been linked to nitrogen metabolism. Members of the Crenarchaeota are highly abundant in the water column (Karner et al., 2001), coral reefs (Rusch and Gaidos, 2013), and marine hosts within them (Bayer et al., 2008; Sharp et al., 2017), where they contribute substantially to ammonia oxidation.

In a previous study (Rausch et al., 2019), the bacterial community composition and diversity in animal metaorganisms were assessed in a similar setup of multicellular hosts with the aim to determine primer-specific differences of the composition in relation to the metagenome. The study included ten multicellular hosts spanning from marine invertebrates to insects, mammalian hosts, and plants. It identified the transition between aquatic and terrestrial hosts as a major event in microbiome evolution (Rausch et al., 2019). Here, we aim to further complete our understanding of the microbiome by investigating the archaeome composition and diversity in a small set of five to ten samples from selected metaorganisms using amplicon sequences of the 16S rRNA gene. These hosts represent model organisms and life stages studied within the Collaborative Research Centre “Origin and Function of Metaorganisms”1 in Kiel, Germany. Furthermore, we compare and combine our data with the corresponding bacterial communities extracted and amplified from the same host samples. As archaea often occur in syntrophic relationships with bacteria (Liu et al., 2018), we aim to establish to which extent we can detect these interaction partners through microbial network analysis. This study includes eleven multicellular hosts, namely, the Porifera Aplysina aerophoba and Halichondria panicea, the Ctenophora Mnemiopsis leidyi, the Cnidaria Aurelia aurita and Hydra vulgaris, the nematode Caenorhabditis elegans, the two arthropods Drosophila melanogaster and the greater wax moth Galleria mellonella, the two vertebrates Mus musculus and Homo sapiens, as well as the vascular plant Triticum aestivum. As amplicon primers were developed and benchmarked elsewhere (Pausan et al., 2019), we focus on the archaeal community composition and diversity. We expected to find similar patterns in archaeal diversity and richness, as were previously found in the bacterial community. This includes a higher diversity and richness in marine over terrestrial hosts, as was previously shown (Rausch et al., 2019). These data can provide a starting point for further research into cross-domain interactions, highlighting which hosts are particularly suited to this study.



2 Materials and methods


2.1 Host cultivation and DNA extraction


2.1.1 Aplysina aerophoba and Halichondria panicea (Porifera)

Aplysina aerophoba individuals were collected in the Mediterranean close to L’Escala, Spain, in April and June 2019 by snorkeling (n = 9). H. panicea individuals (n = 10) were sampled by snorkeling in the Baltic Sea in the Kiel bight in November 2019 and June 2020. Sponges were transported submerged in seawater and in cooling units to the Institute of Marine Science (ICM-CSIC) in Barcelona, Spain, and to the GEOMAR Helmholtz Centre for Ocean Research Kiel, Germany, respectively. Both sponge species were maintained for 1 to 2 weeks in individual flow-through aquaria with direct intake of seawater that contained microplankton as a natural food source. Small pieces of tissue were dissected from A. aerophoba and H. panicea with sterile forceps and scalpels. The tissue was rinsed with sterile-filtered artificial seawater to remove loosely attached microorganisms, then preserved in RNAlater at 4°C for 24 h, and stored at-80°C. DNA was extracted from sponge samples with the DNeasy Power Soil Kit (Qiagen, Hilden, Germany), according to Busch et al. (2022). The two chosen sponge species differ in their bacterial abundance and diversity (Gloeckner et al., 2014; Moitinho-Silva et al., 2017). Aplysina aerophoba belongs to the so-called high microbial abundance (HMA) sponges that are characterized by a highly diverse and dense microbiome. Halichondria panicea is known as a low-microbial abundance (LMA) sponge that is dominated by a single bacterial symbiont and less dense microbiota (Knobloch et al., 2019).



2.1.2 Mnemiopsis leidyi (Ctenophora)

Mnemiopsis leidyi (n = 5) were caught in the Kiel Fjord (geographic location 54.3312 N, 10.1499E), and DNA was extracted 4 h after the catch from epidermis and gut as described in Rausch et al. (2019). In short, the tissue of the ctenophores was washed with sterile artificial seawater and dissociated overnight using collagenase (Sigma-Aldrich, St. Louis, MO, United States). Prokaryotic and eukaryotic cells were separated through filtering through nylon gauze, the addition of IGEPAL CA-630 (Sigma-Aldrich) and centrifugation. DNA was subsequently extracted from the prokaryotic fraction using the Wizard genomic purification kit (Promega, Madison, WI, USA) and manufacturer’s instructions with additional incubations steps with EDTA, lysozyme, and Proteinase K.



2.1.3 Aurelia aurita polyps and medusae (Cnidaria)

Aurelia aurita polyps of the subpopulation North Atlantic (Roscoff) were kept at 20°C in artificial seawater (ASW; 30 practical salinity units (PSU); Tropical Marine Salts, Tropic Marin), in 2 L plastic tanks. Polyps were fed twice a week with freshly hatched Artemia salina (HOBBY, Grafschaft-Gelsdorf, Germany) and washed weekly with ASW. Strobilation, a key reproductive process in the Scyphozoan life cycle, was induced with 5 μM 5-methoxy-2-methyl indole (Carl Roth, Karlsruhe, Germany) for 3 days, after which the inducer was omitted. During strobilation, the polyp undergoes a series of morphological changes, including segmentation and finally the release of disk-shaped ephyrae. Ephyrae represent the next stage in the Aurelia life cycle and are essentially miniature medusae. Once liberated from the strobila, they exist as distinct, free-swimming entities (Spangenberg, 1965). The release of ephyrae was observed from day 12 onwards. Ephyrae were transferred into a 30 L Kreisel aquarium (Quallenwelt, Czech Republic), fed daily, and washed weekly. Ephyrae developed into mature medusae of 8 cm diameter. Preceding DNA extraction, polyps and medusae were not fed for at least 3 days to ensure empty guts.

Polyps (n = 10) were washed three times with sterile ASW. Polyps were mixed with 480 μL of 50 mM EDTA and homogenized with a motorized pestle (Kontes, DWK Life Science, Wertheim, Germany). Young medusae (n = 8) were taken from the aquarium, washed three times with sterile ASW, and frozen with liquid nitrogen for storage at −80°C. Prior to DNA extraction, medusae were thawed for 2 h at 37°C and homogenized in a mixer. The homogenate was centrifuged for 30 min at 4°C and 4,000 rpm. The pellet was resuspended in 500 μL 50 mM EDTA, and the cells were mechanically disrupted using a Geno/Grinder 2000 (BT&C/OPS Diagnostics, Bridgewater, NJ) with glass beads (2.7 mm, 1 mm, 0.1 mm; Carl Roth) for 3 min at 1,300 rpm. All samples were incubated for 30 min at 37°C with 120 μL 10 mg/mL lysozyme (Carl Roth, Karlsruhe, Germany) and 20 μL Proteinase K (3 Units, Thermo Fisher Scientific, Darmstadt, Germany). DNA extraction was performed using the Wizard genomic purification kit (Promega, Madison, WI, United States) according to the manufacturer’s instructions.



2.1.4 Hydra vulgaris AEP (Cnidaria)

Hydra vulgaris AEP (n = 10) were maintained at 18°C following standard protocols (Lenhoff and Brown, 1970) and fed three times per week with newly hatched Artemia salina nauplii. Total DNA from five fresh H. vulgaris polyps was extracted using a ZymoBIOMICS DNA Microprep Kit (D4301, Zymo Research) following the manufacturer’s standard protocol. To achieve optimal lysis efficiency, a Precellys 24 (Bertin Technologies) homogenizer (5,000 rpm with three cycles of 60 s and 10 s pause in between) was used in the bead beating step.



2.1.5 Caenorhabditis elegans (Nematoda)

Caenorhabditis elegans were isolated from compost (n = 5) and slug feces (n = 5). Compost and slugs were collected in August 2021 from the botanical garden in Kiel, Germany. Slug feces were collected within 24 h after sampling. The samples were placed individually in petri dishes, covered with sterile M9-buffer including 0.025% TritonX-100, and nematodes found were pipetted individually into 96 well plates containing DreamTaq buffer (Thermo Fisher Scientific, Waltham, MA, United States), Proteinase K (20 mg/mL, Thermo Fisher Scientific, Waltham, MA, USA), and two to four sterile 1-mm zirconium beads. The isolated worms were frozen at −80°C for 16 h, ground twice using a Geno/Grinder 2000 (SPEX SamplePrep, Metuchen, United States) for 3 min at 1500 strokes per minute, followed by boiling in a Thermo Cycler (SensoQuest GmbH, Göttingen, Germany) for 1 h at 50°C and 15 min at 95°C. Individual C. elegans were identified by PCR using the species-specific primers nlp30-F (ACACATACAACTGATCACTCA) and nlp30-R (TACTTTCCCCATCCGTATC) (Petersen et al., 2014). The cycling profile consisted of an initial denaturation for 2 min at 95°C, 35 cycles of 1 min at 95°C, 30 s at 55°C, and 1 min at 72°C, followed by 10 min at 72°C final extension. DNA of individual C. elegans-positive samples from the same compost or slug feces sample was joined and used for the subsequent analysis.



2.1.6 Drosophila melanogaster (Arthropoda)

Wild-type flies (w1118) were raised at 25°C. Genomic DNA from whole flies (n = 5) and dissected intestines (n = 5) were extracted using the DNeasy Blood and Tissue Kit (Qiagen, Germany). The tissue was homogenized in 500 μL sterile PBS using a bead ruptor. After centrifugation at 4°C and 10,000 × g for 10 min, the pellet was resuspended in 180 μL enzymatic lysis buffer (20 mM Tris–HCl pH 8.0, 2 mM sodium EDTA, 1.2% Triton X-100 and 20 mg/mL lysozyme) and incubated for 45 min at 37°C. Next, 200 µ AL buffer and 25 μL Proteinase K were added, and samples were incubated at 56°C for 30 min. After adding 200 µL of 70% ethanol, samples were transferred to DNeasy Mini spin columns and centrifuged at 10,000 × g for 1 min. Then, samples were washed first with 700 μL AW1 buffer and centrifuged for 1 min at 10,000 × g and then with 500 μL AW2 buffer and centrifuged for 3 min at 20,000 × g. Samples were eluted with 50 μL AE buffer. A negative control was prepared using sterile PBS treated the same way as samples.



2.1.7 Galleria mellonella (Arthropoda)

Galleria mellonella last instar larvae were purchased from Faunatopics Gmbh (Marbach, Germany). Upon arrival, larvae were stored at 10°C for a maximum of 2 weeks without feeding. Healthy, motile larvae with a body weight of 350–450 mg and without any signs of melanization and diarrhea were selected for the experiment (n = 10, one larva per a Petri dish). Upon overnight acclimatization at room temperature, fecal pellets (one or two per insect) were collected from each larva and stored at −80°C. Larvae were then surface-sterilized by submerging into 70% ethanol and aseptically dissected. The distal sections of larval intestines were isolated, placed into a sterile 1.5 mL Eppendorf tube, and immediately snap-frozen in liquid nitrogen. All samples were delivered on the same day on dry ice for DNA extraction, which was done as described for Homo sapiens below.



2.1.8 Homo sapiens (Chordata)

Healthy donors were recruited from a blood donor cohort (incl. health criteria that apply for blood donation) in North Germany (Schleswig-Holstein) and randomly selected for this study. The cohort had a mean age of 56, consisted of 70% females with a mean BMI of 26. Donors were asked to provide stool, buccal swab, and skin samples for microbiome analysis. Stool samples were collected in tubes without stabilizer, buccal swab samples were sampled from the inside of the cheek by rubbing the cotton head with a little pressure 10–15 times, and skin samples were taken from the crook of the arm to examine the skin microbiome. After transporting the samples to the Microbiome laboratory of the Institute of Clinical Molecular Biology, samples were stored at −80°C until further processing. The study was conducted in accordance with the Declaration of Helsinki, and ethics approval was granted by the ethics committee at Kiel University (AZ A103/14). DNA of stool samples (n = 10) was extracted using the QIAamp DNA fast stool mini kit automated on the QIAcube (Qiagen, Hilden, Germany). The material was transferred to 0.70 mm Garnet Bead tubes (Dianova, Hamburg, Germany) filled with 1.1 mL InhibitEx lysis buffer. For oral (buccal swabs, n = 10) and skin (swab, n = 10) samples, QIAamp UCP Pathogen mini kit automated on the QIAcube was used. The swab was transferred to a Pathogen Lysis Tube S filled with 0.65 mL ATL buffer (incl. DX) and incubated for 10 min at 56°C with continuous shaking at 600 rpm. Bead beating for both sample types was performed using a SpeedMill PLUS (Analytik Jena, Jena, Germany) for 45 s at 50 Hz with subsequent continuation of the manufacturer’s protocol. The extracted DNA was stored at −20°C prior to PCR amplification. Blank extraction controls were included during extraction of samples.



2.1.9 Mus musculus musculus and Mus musculus domesticus (Chordata)

The mouse subspecies M. m. musculus (n = 5) and M. m. domesticus (n = 5) were raised in captivity, euthanized, and their caecum dissected for DNA extraction with the DNA/RNA AllPrep kit (Qiagen) and a bead beating step using Lysis Matrix E (MP Biomedicals, Irvine, CA, United States) as described in Rausch et al. (2019).



2.1.10 Triticum aestivum (Tracheophyta)

Wheat cultivation and DNA extraction from leaves (n = 10) and roots (n = 10) were done as described in Seybold et al. (2020). In brief, wheat seedlings of the cultivar Obelisk were propagated under standardized conditions (16-h light/8-h dark cycles at 15°C) in a climate chamber (Percival plant growth chambers, CLF PlantClimatics GmbH, Wertingen, Germany). From 2-week old leaf seedlings, the second leaves were harvested and used for DNA extraction as previously described (Hassani et al., 2020; Seybold et al., 2020). In brief, cells were homogenized in a bead beating step using Lysis Matrix E (MP Biomedicals), followed by a lysozyme, Proteinase K, and RNase A treatment. DNA extraction was then carried out using the FastDNA SPIN kit for soil (MP Biomedicals) according to the manufacturers’ instructions.




2.2 Amplification and sequencing of archaeal and bacterial 16S rRNA genes

For bacterial amplicons, the V3–V4 variable regions of the 16S rRNA gene were amplified in a one-step PCR as described by Rausch et al. (2019) using the primer pair 341F-806R (5′-CCTACGGGAGG-CAGCAG-30 and 5′-GGACTACHVGGGTWTCTAAT-30) (Kozich et al., 2013). After verification of the presence of PCR products by gel electrophoresis, normalization (Sequal Prep Normalization Plate Kit; Thermo Fisher Scientific, Waltham, United States) and pooling were performed.

For sequencing of archaeal 16S rRNA genes, a nested-PCR approach was chosen using the PCR reactions and cycling conditions described by Pausan et al. (2019). In brief, a first round of PCR was performed using primer pair 344F-1041R (25 cycles), followed by a second round using the universal primer pair 519F-806R (30 cycles). In-between, PCR products were purified using the MinElute PCR Purification kit (Qiagen; Hilden, Germany). Normalization of final PCR products was done using the Sequal Prep Normalization Plate Kit (Thermo Fisher Scientific, Waltham, United States), and pooling was performed. Archaeal and bacterial amplicon sequencing was conducted on a MiSeq platform (MiSeq; Illumina, San Diego, United States) with v3 chemistry. The settings for demultiplexing were 0 mismatches in the barcode sequences.



2.3 Bioinformatics sequence processing and taxonomic annotation

Amplicon sequence data were processed using the workflows provided by Rühlemann, M. on GitHub at https://github.com/mruehlemann/ikmb_amplicon_processing (Accessed: 17.01.2024). In short, processing included primer clipping using cutadapt 4.1 (Martin, 2011), followed by quality filtering and trimming with the DADA2 package (version 1.42) (Callahan et al., 2016) and the filterAndTrim()-function with parameters truncLen = c (265, 245), maxN = 0, maxEE = c (2, 2), truncQ = 5, rm.phix = TRUE. All sequences were dereplicated, clustered into bacterial or archaeal amplicon sequence variants (ASVs), and merged using DADA2. Each run was processed individually and then merged. After merging of the sequence tables, chimeras were removed using DADA2, and taxonomy was assigned using the Bayesian classifier and the SILVA database v138.1 NR99 (Quast et al., 2013).



2.4 Data analysis and visualization

For ease of interpretation, bacterial amplicon sequence variants were renamed to BSVs and will be referred to as such in the following, while archaeal amplicon sequence variants remain ASVs. All data analyses were done using Rstudio V2022.07.01 (RStudio Team, 2023) and R 4.3.2 (R Core Team, 2023). The data were transformed and managed using the phyloseq (McMurdie and Holmes, 2013), microViz (Barnett et al., 2021), and ampvis2 packages (Andersen et al., 2018). ASV and BSV tables were decontaminated by first filtering out all extrinsic and unwanted domains, including chloroplasts, mitochondria, eukaryotes, and bacteria or archaea, respectively (Supplementary Figure S1). They were then statistically decontaminated using decontam (Davis et al., 2018) with a prevalence threshold of 0.5 and all negative controls (prep and sequencing controls) as decontamination reference. Identified contaminants (Supplementary Figures S2, S3) were removed from the dataset, as well as samples with less than 500 reads. In the case of the archaeal dataset, 18 remaining ASVs which occurred in negative controls were removed in addition. Data were transformed into relative abundances for heatmaps of the most abundant genera. Principal coordinates analysis was plotted based on Bray–Curtis dissimilarity matrices of all untransformed ASVs and BSVs with an abundance of 0.01% in at least one sample. Whether samples clustered distinctly by host, sample type or environment (aquatic/terrestrial) was assessed using PERMANOVA and pairwise PERMANOVA with 999 permutations and the packages vegan (Oksanen et al., 2020) and pairwiseAdonis (Martinez Arbizu, 2020). Diversity and richness indices were calculated based on ASV/BSV tables rarefied to 10,000 reads, which covered both domains well (Supplementary Figures S4–S6). Differences in diversity means between terrestrial (C. elegans, D. melanogaster, G. melonella, H. sapiens, M. musculus, and T. aestivum) and aquatic (A. aurita, A. aerophoba, H. panicea, H. vulgaris, and M. leidyi) hosts were calculated using Kruskal–Wallis test with a post-hoc Wilcoxon test. The phylogenetic autocorrelation index Moran’s I (Gittleman and Kot, 1990) was calculated using the R package ape (Paradis and Schliep, 2019). This included the Shannon H′ diversity index and Chao1 richness index of the bacterial and archaeal community, respectively, against species divergence times of a molecular time tree available through TimeTree5 (Kumar et al., 2022). Three hosts were not directly available and had to be substituted with their closest available relatives, namely, H. panicea replaced with Superitida, A. aerophoba replaced with Aplysina fulva, and T. aestivum replaced with Hordeum vulgare. Hosts with no detectable archaea community were dropped from the tree for the analysis of Moran’s I and the archaeal diversity and richness indices. The molecular time tree including all hosts was visualized in iTOL (Letunic and Bork, 2021) for use in the graphical abstract. Bacterial and archaeal indicator analysis for the marine hosts A. aerophoba, H. panicea, A. aurita, and M. leidyi was done using the indicspecies package (De Cáceres and Legendre, 2009). Associations between sequence variants with an abundance >0.1% and host organisms were calculated using a multilevel pattern analysis (multipatt) with the “r.g” function and 999 permutations to determine significance. All indicators from the multipatt analysis with a p < 0.05 were plotted in Cytoscape (3.10.1). Association networks of archaea, bacteria, and archaea with bacteria were calculated using SpiecEasi (Kurtz et al., 2015) with Meinshausen-Buhlmann’s neighborhood selection (mb), a lambda of 100, lambda min ratio of 0.001, and 100 replications of the Bounded StARS method. To reduce the sparsity of the data, only sequence variants that occur with at least 3 reads in 10% of the dataset were considered. To estimate robustness of the analysis, 100 random networks (Erdős-Rényi random graphs) were calculated using the same number of nodes and edges or clustering coefficient of each network (Supplementary Figure S7). The random networks and the community-based networks with shared nodes and edges showed the same degree distributions, which resembled a Poisson distribution across 12 degrees (Supplementary Figure S7). Network characteristics were evaluated using the NetCoMi package (Peschel et al., 2021), as well as basic statistics from igraph (Csárdi and Nepusz, 2006), including degree distribution, diameter and radius, betweenness, connectedness (eigenvectors), and the calculation of hubs.



2.5 Ethics statement and permissions

Mice were maintained and handled according to FELASA guidelines and German animal welfare law (Tierschutzgesetz § 11, permit from Veterinäramt Kreis Plön: 1401–144/PLÖ–004697). The study was conducted in accordance with the Declaration of Helsinki, and ethics approval was granted by the ethics committee at Kiel University for human samples (AZ A103/14).




3 Results


3.1 Sample processing and quality control

The archaeal dataset started out with a total of 5,871,779 processed reads and 8,775 ASVs, of which 2,805,728 reads and 2,783 ASVs remained after decontamination and removal of Bacteria, Eukarya, mitochondria, and chloroplasts. The bacterial dataset started out with 6,045,133 reads and 20,113 BSVs. After decontamination and removal of unwanted domains, 5,190,629 reads and 19,386 BSVs remained in the dataset. A detailed overview of overall and per host reads and number of sequence variants can be found in Supplementary Table S1. Identified contaminants include human-associated Methanosphaera and Methanobrevibacter, as well as Nitrososphaeraceae in the marine hosts (Supplementary Figure S3A). As archaeal positive controls are based on human Methanosphaera isolates and cannot be distinguished from the real data, this results in strict removal of Methanosphaera ASVs from human samples. Non-human-associated Methanosphaera remain in the dataset. Some of the identified bacterial contaminants include individual BSVs from host-specific symbionts (e.g., Amylibacter or Synechococcus). Where known these were added back into the dataset (Supplementary Figure S3B).



3.2 Comparison of archaeal community composition and diversity among animal host

The archaeome of all host organisms is captured by the most abundant 25 archaea (Figure 1A), which belong to the five archaeal phyla Crenarchaeota, Euryarchaeota, Halobacterota, Nanoarchaeota, and Thermoplasmatota. Marine Porifera, Ctenophora, and Cnidaria harbor mainly Cren- and Nanoarchaeota, including Nitrosopumilus with >60% relative abundance. The low-microbial abundance (LMA) sponge H. panicea harbored a high archaeal diversity and richness in comparison with the other marine hosts and particularly the high microbial abundance (HMA) sponge A. aerophoba (n = 9). Comparison of diversity and richness means using the Kruskal–Wallis test on aquatic and terrestrial hosts showed no significant difference between the groups (Shannon H′: χ2 = 0.22, value of p = 0.6389; Chao1: χ2 = 1.4843, value of p = 0.2231, Figure 2C). Caenorhabditis elegans (n = 5) host uncultured Nitrososphaeraceae, Cand. Nitrocosmicus, as well as Methanobacterium and Methanosphaera, all at 20–40% relative abundance. Humans harbor predominantly Methanobrevibacter and to a lesser extent Methanomethylophilaceae located in the gut (Figure 1A; Supplementary Figure S5). Skin samples harbor unclassified Crenarchaeota, while oral samples showed the genus Methanosaeta (Figure 1A; Supplementary Figure S5). Triticum aestivum as only plant representative hosts Halobacterota, including members of the Rice Cluster II family and Halococcus, but also unclassified Nitrososphaeraceae (Figure 1A). The diversity and richness among terrestrial hosts are highest in the roots of T. aestivum. No single archaea could be detected in the insect hosts G. mellonella, as well as in the mouse subspecies M. musculus musculus and M. m. domesticus. In D. melanogaster and H. vulgaris, five ASVs remained in one sample each belonging to either Cand. Nitrosotalea or Haloferaceae. These, however, were excluded from the dataset as they could not be replicated. We therefore consider them to lack an archaeal community.
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FIGURE 1
 Most abundant archaeal (A) and bacterial (B) genera across the tested host organisms. The heatmaps are based on relative abundances where taxa with an abundance <0.01 are plotted in the same shade of blue. The best possible taxonomic assignment was used to label each group. Phylum affiliations of each genus are indicated through colored blocks to the left of the genus names. Phyla include names according to the GTDB taxonomy where divergent from the SILVA taxonomy. Proteobacteria (Pseudomonadota) are plotted as Alpha- and Gammaproteobacteria on the class level.
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FIGURE 2
 Archaeal (A) and bacterial (B) diversity and richness indices, as well as group comparisons between aquatic and terrestrial hosts (C,D). Diversity (Shannon H′) and richness (Chao1) indices were calculated based on all samples rarefied to 10,000 reads. Hosts were grouped as terrestrial [H. sapiens, M. musculus, C. elegans, D. melanogaster, G. melonella, and T. aestivum] or aquatic [A. aerophoba, H. panicea, A. aurita, M. leidyi, and Hydra vulgaris]. Differences in diversity and richness means between the groups were tested using a Kruskal–Wallis test with a significance cutoff <0.05 for both the archaeal (C) and the bacterial (D) communities.




3.3 Community composition and diversity of host-associated bacteria

The bacterial host-associated community from the same samples is more diverse than the archaeal community (Figure 2) resulting in only one to five abundant taxa (≥1%) per host among the top 25 bacterial genera and a high proportion of remaining taxa (Figure 1B). The sponge A. aerophoba hosts Chloroflexi of the SAR202 clade, as well as the Cand. Synechococcus spongiarum group, while H. panicea shows a member of the genus Amylibacter with a relative abundance above 60%. The number of taxa is reflected in the bacterial diversity, which is higher in A. aerophoba than in H. panicea. M. leidyi’s main colonizers are Pseudoalteromonas and Flavobacterium (Figure 1B). A. aurita harbors the genus Marivita at 30–40% and an unclassified Gammaproteobacterium at 20%. Differences in A. aurita community composition can be attributed to the polyp and medusa life stages (Figure 3; Supplementary Figure S4). While the unclassified Gammaproteobacterium is most abundant in the polyp stage, together with Vibrio and different Rhodobacteraceae, Marivita is the most abundant genus on the A. aurita medusae, alongside Marinobacter. The most abundant genus shared between the life stages is Formosa. The H. vulgaris bacterial community consists of the genera Rhodoferax and Legionella with less than 20% of other genera. Curvibacter which are often present at relative abundances >70% in H. vulgaris (Franzenburg et al., 2013; Taubenheim et al., 2022) were not observed here. This may potentially be linked to the primer sets used in the studies. While here we use the bacterial V3–V4 region, the previously mentioned studies use the V1–V2 region for their amplicon analysis. Further differences may arise due to a change in the extraction kit. As here the ZymoBIOMICS DNA Microprep Kit was used instead of a chloroform/isoamyl alcohol extraction to optimize for the extraction of archaea. Pseudomonas contribute up to 20% of the C. elegans bacterial community. Other genera reach a maximum of 10%, including, for instance, Acinetobacter and Enterobacteriaceae (Figure 1B). C. elegans has the highest bacterial diversity and richness among the studied hosts (Figure 2B). Insect hosts have the lowest bacterial diversity and richness (Figure 2B). While D. melanogaster hosts mainly Acinetobacter and Lactiplantibacillus, G. mellonella harbor Enterobacter, Enterococcus, and Commensalibacter. The most abundant bacterial taxa in the human dataset each represent a particular subsample (Supplementary Figure S5). The oral dataset harbors the bacteria Streptococcus, Veillonella, and Haemophilus, while Staphylococcus and Cutibacterium are particularly abundant on skin. The stool samples contain the most diverse human-associated community including Bacteroides, Alistipes, and Escherichia-Shigella (Figure 1B; Supplementary Figure S5). While mice also host Bacteroides in their guts, their most abundant genera are made up of different Lachnospiraceae and Muribaculaceae. Wheat, in this case the roots, have a heterogenous and diverse bacterial community where the most abundant taxa are present at comparatively low relative abundances (Figures 1B, 2). The genus Massilia represents the most abundant genus at approximately 20% (Figure 1B). Overall, the bacterial diversity (Shannon H′) between terrestrial and aquatic hosts does not differ significantly (χ2 = 0.71, p = 0.40). Bacterial richness (Chao1) is significantly higher among the aquatic hosts (χ2 = 4.22, p = 0.04, Figure 2B), matching the pattern observed by Rausch et al. (2019).
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FIGURE 3
 Principal coordinate analysis (PCoA) based on Bray–Curtiss dissimilarity of the archaeal (A,B) and bacterial (C,D) communities. Plots A and C are based on all hosts, while plots B and D show only the marine hosts (A. aerophoba, A. aurita, H. panicea, and M. leidyi). For the different H. panicea subsamples (seasons), these have been plotted either as circle (June) or as square (November). Only ASVs and BSVs with an abundance of >0.01% in at least one sample were considered. No initial data transformation was applied. The relative contribution (eigenvalue) of each axis to the total inertia in the data is indicated as percentage in the axis titles.




3.4 Bacterial and archaeal community structure across hosts and host environments

Principal coordinate analyses on the archaeal and bacterial community composition were done using Bray–Curtis dissimilarity matrices and all taxa with an abundance higher than 0.01% in at least one sample (Figure 3). All host-specific communities differ significantly from one another except for C. elegans and H. sapiens in the archaeal community (Supplementary Table S2). Significant within-host differences among the marine hosts can be observed between the polyp and medusa life stages of A. aurita, both in the bacterial (p < 0.001) and archaeal community (p < 0.01, Supplementary Table S3). The community of H. panicea shows slight seasonal differences in its bacterial community composition (p = 0.02) but not in the archaeal community (p = 0.14). Comparing terrestrial with aquatic hosts, PERMANOVA indicates that communities differ significantly from one another (Archaea: p = 0.001, Bacteria: p = 0.001).

In addition, an approximate time tree of the closest available hosts was used to test whether phylogenetic autocorrelation (Moran’s I) may influence bacterial and archaeal species diversity and richness. Regarding the bacterial community, Moran’s I calculated with the diversity (Shannon H′) and richness (Chao1) of all hosts determined a positive autocorrelation with diversity (p = 0.02, SD = 0.08) but not richness (p = 0.20, SD = 0.07). A closer look at the phylogenetic autocorrelation within terrestrial and aquatic hosts showed that neither aquatic hosts (Shannon H′: p = 0.59, SD = 0.04; Chao1: p = 0.15, SD = 0.03) nor terrestrial hosts (Shannon H′: p = 0.18, SD = 0.21; Chao1: p = 0.20, SD = 0.17) exhibited a significant Moran’s I. Regarding the archaeal community, there was no phylogenetic autocorrelation across hosts for Shannon H′ (p = 0.37, SD = 0.02) or Chao1 (p = 0.66, SD = 0.03). Notably, the four hosts without detectable archaeal community, namely, H. vulgaris, D. melanogaster, G. mellonella, and M. musculus, were excluded from this analysis. Consequently, Moran’s I could not be calculated for the terrestrial hosts as insufficient data were available. The archaeal community among the aquatic hosts also showed no significant autocorrelation with diversity or richness (Shannon H′: p = 0.14, SD = 0.02; Chao1: p = 0.26, SD = 0.01).



3.5 Archaeal and bacterial indicator taxa for marine hosts

Indicator taxa for the different marine hosts were calculated using the point-biserial indicator value. In the case of the bacterial community, Gammaproteobacteria and Alphaproteobacteria are associated with A. aurita and M. leidyi with similar association strength to each host. Overall, more Alphaproteobacteria occur on A. aurita (n = 36) than on M. leidy (n = 16)(Figure 4A). This includes Marivita, which is closely associated with A. aurita and particularly its medusa stage. M. leidyi is further associated with two Firmicutes belonging to the genera Mycoplasma and Spiroplasma. Only three indicator taxa of the Gammaproteobacteria, including Aliivibrio, are shared between M. leidyi and A. aurita, highlighting that their communities are largely distinct. The same applies to the archaeal community, where no indicators were shared among all the marine hosts. While M. leidyi is associated with a member of the Nanoarchaeota, A. aurita is connected solely to Nitrosopumilus ASVs. The number of associated archaeal phyla is higher in H. panicea and A. aerophoba, where we find four and two Thermoplamatota indicators, respectively. Both are preferentially colonized by abundant Nitrosopumilus, however, separate ASVs, including the highly abundant ASV9 (Nitrosopumilus). Bacterial indicators are highly distinct between the two porifera and mirror the trend of HMA versus LMA we find in the bacterial diversity. Archaeal indicators also reflect the higher diversity we find among H. panicea. In numbers we find that H. panicea is associated with 50 BSVs and 22 ASVs, while in A. aerophoba we find 184 BSVs and 5 ASVs to be indicator taxa (Figure 4). Halichondria panicea resembles A. aurita and M. leidyi more closely regarding phylum affiliation and shares three indicators, two Alphaproteobacteria and one Actinobacteriota BSV, with M. leidyi. The association strength of BSVs to the sponge host is, however, stronger than in the ctenophore and cnidarian. Its archaeal indicators are ASVs, belonging to the Nanoarchaeota and the Nitrosopumilus genus. A. aerophoba does not share any indicators with the other hosts and has the most distinct set of phyla as it is associated with 58 Chloroflexi BSVs and its well-known cyanobacterial symbiont Cand. Synechococcus spongiarum (BSV31). The network of archaeal A. aerophoba ASVs is small but shows similar phyla (Crenarchaeota, Nanoarchaeota, and Thermoplasmatota) to the other sponge.
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FIGURE 4
 Indicator (A,B) and association network analysis (C) on the bacterial and archaeal community in the marine hosts. (A) Bacterial and (B) archaeal indicators (>0.1%) for each host are colored by phylum. GTDB taxonomy is added where divergent from the SILVA database. Taxa with an abundance >1% are plotted by size relative to their average abundance in the dataset. Edge lengths indicate the association strength to the target, where larger distances are less strongly associated. (C) Association networks calculated using both the bacterial and archaeal communities and plotted using three different main aspects. Left: Network highlighting the bacterial (blue) and archaeal (yellow) domain. Middle: The same network but with node sizes adjusted to the number of degrees (connections) to other taxa. The most connected nodes are highlighted in red. Nodes are colored to reflect their phylum affiliation. All taxa which do not occur as indicator taxa are opaque. Right: Nodes are colored according to the six modules identified through NetCoMi analysis and correspond roughly to each host. Size of the bubbles is scaled according to their betweenness values. Nodes with the highest betweenness are highlighted by blue circles. Known symbionts, abundant taxa, and key species from the association networks are highlighted by name.




3.6 Interaction between bacteria and archaea in the marine models

Archaeal association networks by themselves resulted in a random network with a maximum degree distribution of three and corresponding to the random Erdős-Réiny (ER) network. This is mainly due to the small number of ASVs after the prevalence cutoff (n = 32) (Supplementary Figures S7A,D left). The bacterial association network and the joint network show distinct clusters in comparison with the random ER network (Supplementary Figures S6B,D middle). Bacteria alone result in a network of 199 nodes with 588 edges, while the joint network is based on 231 nodes and 758 edges. Comparing the number of edges resulting from 100 iterations of the ER network, we find that these have a substantially higher number of edges (mean = 4,589, SD = 56) and degrees (mean = 39.83, SD = 5.77) when given the same clustering coefficient as the joint bacterial–archaeal network (Supplementary Figure S7E). This indicates that associations in the data driven network are based on true associations rather than random clustering. The bacterial community provides the main structure of the joint network as it provides the majority of BSVs (n = 199). Archaea (n = 32) are nested in close association with each other within the network. There are a total of six main modules in the network, which, except for one (red) are predominantly composed of bacterial associations (Figure 4C). The modules roughly correspond to the different hosts, namely, M. leidyi (purple), H. panicea (red), A. aurita (orange), and A. aerophoba (blue and yellow). Nodes that were identified as hubs or that have the highest centrality scores are of bacterial origin (Figure 4C; Supplementary Table S4) and belong to the Chloroflexi phylum associated with A. aerophoba (Figure 4C). Three of the five most connected nodes (highest degree) belong to the Archaea, namely, Nitrosopumilus and uncultured SCGC AAA286-E23. They all occur within the module resembling the community of H. panicea (Figure 4C middle; Supplementary Table S4), suggesting that taxa within this module interact closely with one another. Nodes with the highest betweenness represent keystone taxa between hosts. While they are present in both sponge hosts, their edges between the A. aerophoba and the H. panicea modules are predominantly negative correlations. This suggests that they may play different roles between modules. Most other modules are linked by positive correlations with each other, indicating that they are mutually exclusive, similarly to the indicator taxa (Figures 4A,B). The H. panicea symbiont Amylibacter has an average number of interaction partners (degree = 6) including Nitrosopumilus (ASV9), while Cand. Synechococcus spongiarum in A. aerophoba is more closely connected within its cluster (degree = 8) and has no connections to archaea.




4 Discussion


4.1 Insights and limitations for comparing microbiota in cross-models-system studies

Here, we present a multi-host study focusing on both the bacterial and the archaeal microbiome. As typically research focuses on only the bacterial community or individual hosts by themselves, studies covering multiple hosts and target bacteria and archaea are less common. Furthermore, by comparing both domains, we go one step further in identifying potential interaction partners within the microbiome. Challenges in studies, such as the one presented here, may arise due to differences in laboratory methods and the taxonomic databases. As described by Rausch et al. (2019), each host requires specialized protocols for DNA extraction, which have been trialed and tested within each working group to optimize extraction of the microbiota. Extractions are, therefore, not standardized across the different models. These may provide different results when breaking down cell membranes within and across different domains (Borrel et al., 2020). In addition, host evolutionary history may have an effect on the observed microbial community (Youngblut et al., 2019). Using Moran’s I (Gittleman and Kot, 1990), our data showed a weak positive phylogenetic autocorrelation only on the bacterial diversity (Shannon H′). This may be linked to the divergence between our terrestrial and aquatic hosts as within-group diversity was not significantly affected. It should be noted, however, that these data represent an approximation as divergence times were not available for all host species. While species divergence times do not seem to greatly affect our observations of the microbiota, the host environment may have a stronger impact on the community. This may particularly affect hosts, which interact strongly with their environment, including the aquatic hosts which are fully immersed in their environment and experience a strong exchange with the water column, or nematodes such as C. elegans, which recruit microbes from their substrates, such as rotting plant matter, known to harbor highly diverse communities (Johnke et al., 2020). While this was beyond the scope of this study, future in-depth analyses of the hosts should include samples of the immediate surroundings. This will allow for better distinction between persistent host–microbiota and taxa which may be brought in by ingestion or flow-through. Furthermore, the depth of taxonomic assignment may vary substantially between hosts, depending on the volume of research that has been put into isolation and characterization of the microbiota. It should also be noted that different taxonomies exist, which are continuously being updated (Parks et al., 2022). Here, we rely on the SILVA taxonomy, which represents a hybrid taxonomy between the most recent version of the GTDB and the NCBI databases. Discrepancies may therefore arise across taxonomic assignments in comparison with the more frequently updated GTDB. For ease of interpretations, we have therefore added differences in taxonomy in the main phyla to the figures. While host–archaea interactions identified here will need to be verified in the laboratory, they provide a starting point for research into the interactions of this domain with a variety of host models from different branches on the phylogenetic tree of life.



4.2 Archaea do not occur consistently across terrestrial hosts models

Six of the hosts studied here are terrestrial metaorganisms. The archaeome in terrestrial hosts has been of particular interest in a health-related context as they include humans and models for humans. We find that methanoarchaea such as Methanobrevibacter smithii and, to a lesser extent, Methanomethylophilaceae such as Methanomassilicoccus are most abundant in human stool (Figure 1A; Supplementary Figure S5). These results fall in line with previous descriptions of both the human archaeal and bacterial community (Lloyd-Price et al., 2019; Kurilshikov et al., 2021; Thingholm et al., 2021; Chibani et al., 2022). The archaeome in and on humans is generally well described (Koskinen et al., 2017; Pausan et al., 2019). They are present both in healthy adults, as in this study, but have also been associated with different disease phenotypes. Interestingly it has, however, not been possible to identify a single archaeon which follows a pathogenic lifestyle and has been shown to directly cause disease (Borrel et al., 2020; Runge and Rosshart, 2021). As host–microbiome interactions within the human metaorganism are notoriously difficult to study, microbiome research often uses simpler and/or more controllable host systems. Mice are commonly used as a proxy for human microbiota studies (reviewed in Runge and Rosshart, 2021), and mammals typically harbor methanoarchaea as an essential part of their gut microbial community (Youngblut et al., 2021). This, however, does not hold true for young mice where an archaeome seems to be absent. While humans and mice have a similar diversity and richness in their bacterial communities and share similar bacterial genera in their guts (Figures 1, 2), mice did not have an amplifiable archaeal community. This matches previous data analyses which were not able to detect this domain in mice (Beresford-Jones et al., 2022; Kieser et al., 2022). Studies using multi-host analysis to assess the archaeome also do not include data on mice, suggesting that no sufficient data were found (Youngblut et al., 2021; Thomas et al., 2022). Whether archaea remain below the detection limits of amplicons and metagenomes, are acquired at an older age, or are not present naturally is not known. However, a study comparing metagenomes in young rodents suggests that archaea are neither present in laboratory mice nor in wild populations (Bowerman et al., 2021).

Another, terrestrial host model is C. elegans. The archaeal community, which is less diverse than in humans (Figure 2), has thus far not been studied in this metaorganism. Our data show that C. elegans harbor Methanobacterium and Methanosphaera, similarly to humans (Figure 1A). We find that the archaeal community composition differs noticeably between slug and compost-derived C. elegans. This also applies to the bacterial community (Supplementary Figure S5), which can vary substantially based on their natural habitat in compost or slugs (Dirksen et al., 2016; Johnke et al., 2020; Pees et al., 2021). Easier manipulation of the host and its environment allows for analysis of microbiome-mediated evolution in mesocosms (Petersen et al., 2023), adaptation of microbes to the host (Obeng et al., 2023), or mechanisms of microbiome-mediated immune protection (Kissoyan et al., 2022). Considering that many archaea are anaerobes, this finding suggests that C. elegans provides a host environment which is suitable for anaerobic organisms and their potential function, as well as for aerobic organisms, as previously reported (Dirksen et al., 2016; Johnke et al., 2020). Moreover, our findings also identify C. elegans as future model system to study archaea–host interactions in a controlled setting.

While C. elegans looks like a promising candidate to study archaea, this cannot be said for the two arthropod models D. melanogaster and G. mellonella, which lack a replicable archaeal community. None of our samples passed our detection and filtering thresholds, suggesting that an archaeome is absent or present at only a very low abundance The bacterial diversity and richness are among the lowest found across our host models, corresponding to previous findings (Rausch et al., 2019). In the case of arthropods, it has been found that archaea and specifically methanoarchaea are often limited to detritivores (Tokura et al., 2000; Horváthová et al., 2021), indicating that the archaeome is directly linked to the insect food source. As a consistent core microbiome in D. melanogaster is thought to be absent (Wong et al., 2013), it has been recommended to limit microbiome analyses on flies to observations on microbiome dynamics in response to different interventions, rather than focusing on a description of the microbiota (Fink et al., 2013).

The last terrestrial model in this study is the vascular plant model T. aestivum. We find that its roots harbor the highest archaeal diversity across all tested hosts, an observation which may be attributed to its close association with soil. Plants often rely on highly complex microbial interactions within and around their roots and root nodules for the supply of nutrients from soil (Ofek et al., 2012). While beneficial effects of bacteria on growth and stress resistance are frequently tested, archaea are often overlooked from these analyses (Prudence et al., 2019). It therefore remains to be established whether they are similarly attracted by root exudates as beneficial bacteria are.



4.3 Microbial communities among marine hosts

The marine hosts covered by our study include one ctenophore, a cnidarian, and two porifera with evolutionarily ancient host–microbiota interactions. They are popular targets for microbe–host interaction studies as their relatively simple body structure facilitates research into these interactions (Weiland-Bräuer et al., 2015). Aquatic hosts often receive less attention than medically relevant model hosts, such as M. musculus, resulting in a bacterial and archaeal community that is less well covered by taxonomic databases. Our data reflect this in so far that many archaeal ASVs remain unclassifiable at the genus level and often above (Figure 1; Supplementary Figure S4). Comparing M. leidyi and A. aurita, we find that both archaeal and bacterial communities are distinct from one another with only three shared indicators, a fact which may be linked to their evolutionary history, as ctenophores are a phylum sister to all other animals, whereas sponges and cnidarians branch off at a later time (Schultz et al., 2023). Our results on the bacterial community composition of M. leidyi and A. aurita resemble previous comparative work on the two phyla (Weiland-Bräuer et al., 2015; Jaspers et al., 2020). Depending on their life stage, they, in this case A. aurita, also show a significant intra-host variability in their bacterial and also archaeal community composition (Figure 3; Supplementary Table S3; Supplementary Figure S4). While polyps are colonized by members of the family SCGC AAA286-E23, medusae harbor mainly Nitrosopumilus, which also feature as archaeal indicators (Figure 4). In the bacterial community, we find a high proportion of the Marivita genus, which is closely associated with the medusae, while polyps harbor an abundant unclassified Gammaproteobacterium. This matches previous observations on A. aurita developmental stages (Weiland-Bräuer et al., 2015), which have shown that development is impaired if the polyps lack their natural microbiota at the right time (Jensen et al., 2023). An interesting next step would be to investigate whether the archaeal component of their microbiota also plays an essential role in polyp development.

Porifera hosts include a high microbial abundance (HMA) sponge from the Mediterranean, A. aerophoba, and a low-microbial abundance (LMA) sponge from the Kiel bight, H. panicea. In agreement with HMA-LMA dichotomy in the bacterial community (Hentschel et al., 2006; Moitinho-Silva et al., 2017), we find bacterial diversity to be lower in the LMA sponge (Figure 2B). It is dominated by Amylibacter (Figure 4A), whereas the HMA sponge shows a more complex community composition (Figures 1B, 4A). Amylibacters’ closest relative in the NCBI database is Cand. Halichondribacter symbioticus which has been shown to populate the mesohyl of H. panicea (Knobloch et al., 2020). We find that this symbiont has a medium number of interactions with other taxa (Figure 4), concurring with results by Schmittmann et al. (2022). Among its six interaction partners, we find one persistent colonizer of the HOC36 order (BSV70) as well as ASV9 assigned to the ammonia oxidizing Nitrosopumilus genus (Figures 4A,B). Together with Cand. Halichondribacter, they are involved in the removal and conversion of sponge waste products, such as ammonia (Knobloch et al., 2020). The low number of interactions with bacteria suggests that they are more reliant on exchange with the host than on the remaining microbiota. In opposition to LMA sponges, symbionts in HMA sponges are more diverse and their abundances are more evenly distributed. Commonly, they include the phylum Chloroflexi (Bayer et al., 2018), Cand. Synechococcus spongiarum, or Cand. Poribacteria (Slaby et al., 2017). The association networks show dense clustering around Chloroflexi hub nodes, as well as the Cand. S. spongiarum. This suggests that they interact more strongly with each other, for instance during the cycling of dissolved organic matter from Cand. S. spongiarum to Chloroflexi (Usher, 2008; Bayer et al., 2018).

Remarkably, we find that archaeal diversity is lower in the HMA sponge than in the LMA sponge (Figure 2), which is also reflected in the number of indicator taxa found per sponge species (Figure 4B). Archaeal diversity and richness, thus, show exactly the inverse trend to the common HMA-LMA dichotomy known for associated bacteria (Gloeckner et al., 2014; Moitinho-Silva et al., 2017). This could stem from different control mechanisms for bacteria and archaea in HMA and LMA sponges. If A. aerophoba has more control over its archaeal community composition, it may harbor archaeal members more specific for this host, as is suggested by the negative associations between Aplysina-associated ASVs and the larger clusters linked to the other three marine hosts (Figure 4). However, similarly to bacterial communities, both HMA and LMA sponges are known to harbor sponge-specific archaea that differ from the surrounding seawater (Chaib De Mares et al., 2017; Steinert et al., 2020; Polónia et al., 2021) and that are adapted to the sponge-host lifestyle (Haber et al., 2020; Wang et al., 2022). Therefore, both A. aerophoba and H. panicea are expected to actively control archaea and to be dependent on these symbioses. With a less diverse bacterial microbiome, H. panicea might be more dependent on these functions and metabolites provided by the associated archaeal community and thus select for a more diverse archaeal community. It should be noted, however, that a study comparing A. aerophoba to other LMA sponges found similar archaeal diversity between species (Chaib De Mares et al., 2017). Furthermore, the relative abundances and diversity we discussed here may differ from absolute abundances. Archaeal abundances quantified by qPCR for several sponge species including A. aerophoba correspond to the HMA-LMA dichotomy (Bayer et al., 2014). At this point, we cannot distinguish whether the patterns we observe here are specific to the sponge species or related to their bacterial HMA-LMA status. Future studies could therefore benefit from inclusion of the surrounding seawater, as well as the assessment of microbial ratios through qPCR or metagenome sequencing.



4.4 Archaea in marine metazoan nutrient cycling

The marine hosts analyzed in this study were found to harbor predominantly archaea from the Nitrosopumilus genus, which are ubiquitous in the marine environment and have previously been observed in association with sponges (Bayer et al., 2008; Chaib De Mares et al., 2017; Steinert et al., 2020). Nitrosopumilus have been shown to be essential players as ammonia oxidizers in the marine nitrogen cycle (Francis et al., 2007; Wright and Lehtovirta-Morley, 2023). We find that they are associated with other nitrogen cyclers, such as Marivita which can reduce oxidized nitrogen compounds during denitrification (Zheng et al., 2019) and are affiliated with A. aurita. A further interaction partner is Nitrosomonas (BSV1013) which are thought to contribute to nitrification in the sponge mesohyl (Hentschel et al., 2006; Bayer et al., 2008). Potential ammonia sources, such as cyanobacteria, including the A. aerophoba symbiont Cand. Synechococcus spongiarum (BSV31), do not associate with archaea in our analysis (Figure 4C). This role may fall to the sponge as it can provide ammonia by itself (Bayer et al., 2008). Nitrosopumilus have also been found to be able to produce oxygen from nitrate under oxygen limited conditions (Kraft et al., 2022). This may provide an additional advantage for survival in the sponge mesohyl, which undergoes diurnal fluctuations in oxygen as reviewed by Zhang et al. (2019).

Other abundant archaea associated with ctenophores, cnidaria, and sponges belong to the Woesearchaeales and individual Thermoplasmata affiliated with the prevalent Marine Group II (Figure 4). Little is currently known about the uncultured order of the Woesearchaeales. Recent research on metagenome assembled genomes shows that they predominantly occur in anoxic environments where they may provide hydrogen to methanoarchaea in a syntrophic relationship (Liu et al., 2018). Woesearchaeota and the SCGC AAA286-E23 have also been detected in the seagrass phyllosphere (Vogel et al., 2021) but are only rarely detected in the marine water column. While they may be adapted to anaerobic niches within the marine hosts, they associate mostly with Nitrosopumilus and aerobic Gammaproteobacteria in our dataset. Marine Group II archaea may supply nutrients to our marine hosts as they are thought to be involved in the initial breakdown of organic matter, peaking after algal blooms (Zhang et al., 2015; Jain and Krishnan, 2021). However, no member of this group has been isolated to date. As taxonomic resolution of Woesearchaeales and Marine Group II remains inexact and undergoes regular reconstruction (Parks et al., 2022), and isolates are still amiss; further research will be needed to discover their taxonomy and role in the metaorganism.



4.5 Diversity and richness between terrestrial and aquatic hosts

Most hosts in this study show a substantially higher bacterial diversity and richness than in the archaeal community. Grouping the hosts by either terrestrial or aquatic environment, we find that only bacterial richness is slightly significantly higher in the aquatic hosts. This trend in the bacterial community is far less pronounced here in comparison with the cross-model study by Rausch et al. (2019), where terrestrialization was hypothesized to represent a key evolutionary event for the diversification of host-associated microbiota. Differences in our study may arise particularly due to H. panicea, whose high archaeal diversity is responsible for a change in overall group means and differs from our initial expectations. In cases such as this, the low bacterial diversity is linked to the high abundance of a single taxon, which persists in the host and is often passed on directly to its offspring (Schmittmann et al., 2022; Carrier et al., 2023). Variability in symbiont presence/absence and abundance can occur among different host populations but also different sampled body parts. For instance, D. melanogaster communities often show Wolbachia, which are transmitted through their germline (Simhadri et al., 2017). In this case, we used a Wolbachia-free strain explaining the absence of the symbiont; however, the use of extraction protocols in which only the intestine or even only the feces are analyzed can also substantially reduce Wolbachia signals as the majority of Wolbachia endosymbionts are found in the organs of the germline (Fink et al., 2013). Invertebrates, including ctenophores and cnidarians, show species and even population specific differences regarding the presence or absence of highly abundant bacterial taxa (Fraune and Bosch, 2007; Weiland-Bräuer et al., 2015; Jaspers et al., 2020). While we find recurring taxonomic groups in the marine hosts, particularly among the archaea, their ASVs tend to cluster separately from each other. In the case of Nitrosopumilus associated with A. aerophoba or the other marine hosts, association is even negative, suggesting that these may be sponge-specific variants which have co-evolved with their hosts (Theis et al., 2016; Chaib De Mares et al., 2017).

An aspect that may significantly influence host diversity, regardless of its aquatic or terrestrial origin, may be the level of domestication. Hosts addressed in this study generally show very different levels of domestication. They range from freshly caught M. leidyi and sponges to wild-derived but lab-maintained mouse subspecies, and long-standing laboratory populations of H. vulgaris. Hosts, which have a long history of domestication or rearing in the laboratory, such as lab-reared mice, often show a decrease in their bacterial diversity (Rosshart et al., 2019; Bowerman et al., 2021). The same has been observed in plants which often experience a loss of bacterial diversity in association with domestication (Hassani et al., 2020; Özkurt et al., 2020). Here, this trend may also apply to the microbial community of H. vulgaris as it represents a long-standing laboratory model and completely lacks a detectable archaeal community. Further research is, however, needed to understand whether archaea are similarly affected by domestication than host-associated bacteria.




5 Conclusion

Taken together, we find that archaeal diversity is significantly lower than the corresponding bacterial diversity across most studied hosts. Contrary to our expectation, archaeal diversity and richness did not differ significantly between aquatic and terrestrial hosts. The bacterial communities tended to be richer in the aquatic models, confirming previous findings. While the genus Nitrosopumilus is highly prevalent among the archaeal community, their ASVs are taxon-specific, indicating specific adaptations to their hosts. Archaeal ASVs show a particularly high betweenness but negative association between host clusters, suggesting that they may take on similar key roles within their host, which are functionally redundant between them. Their role in marine hosts may be linked to nitrogen cycling as the abundant Nitrosopumilus genus has previously been identified to be an ammonia oxidizer. Further interpretation of archaeal functions, however, is limited due to coarse taxonomic assignment and the lack of cultured and characterized isolates. This applies especially to the Nanoarchaeota as only a low number of cultured isolates and information currently exist in the public databases. Further efforts in the isolation and characterization of archaea are urgently needed to improve our understanding of their role in the metaorganism.
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In spite of a clear molecular explanation presented more than four and half decades ago (Kandler and König, 1978), a misconception that archaea lack peptidoglycan and some of these organisms carry pseudomurein or pseudopeptidoglycan has proliferated both in peer-reviewed publications and textbooks and online educational materials (Albers and Meyer, 2011; Visweswaran et al., 2011; Rodrigues-Oliveira et al., 2017; Bruslind, 2019; Baker et al., 2020; Madigan et al., 2021; Medvedeva et al., 2023; Salas et al., 2024) (bio.libretexts.org). This article is intended to describe how this misconception arose and when and with what rationale a clear attempt was made to remove it.

In 1977, based on a 16S rRNA-based phylogenetic analysis of several methanogens, Woese and Fox identified archaebacteria as a prokaryotic group that is distinct from bacteria (Woese and Fox, 1977); later, archaebacteria were renamed as archaea (Woese et al., 1990). The specialized cell walls of methanogens that were assumed to lack peptidoglycan (Kandler and Hippe, 1977) were a key feature supporting the declaration (Fox et al., 1977). In 1978, Kandler and König reported that the rigid components of the cell walls of six species of Methanobacterium, which are currently known as Methanobacterium formicicum, Methanothermobacter thermautotrophicus, Methanobrevibacter ruminantium, Methanobrevibacter arboriphilus, and Methanobacterium bryantii, and members of the order Methanobacteriales within the class of Methanobacteria (Rinke et al., 2021), lacked muramic acid or D-amino acids, which are typical constituents of bacterial peptidoglycan. Instead, they consisted of L-amino acids (Lys, Glu, and Ala) and N-acetylglucosamine or N-acetylgalactosamine (Kandler and König, 1978). For apparent similarities to peptidoglycan, which is also called “murein” for one of its key components, muramic acid, Kandler proposed that this structure of Methanobacterium should be termed “pseudomurein” (Kandler, 1979). König and Kandler showed that, in Methanobacterium thermoautotrophicum (currently, Methanothermobacter thermautotrophicus), the peptide moiety of this polymer contains an unusually high number of ε- and γ-bonds, and it is coupled to the glycan strand via a glutamyl residue (Konig and Kandler, 1979), and N-acetyltalosaminuronic acid is a component of the glycan strand (König and Kandler, 1979; König et al., 1983). These observations solidified their proposal that pseudomurein is distinct from peptidoglycan and is a result of convergent “invention” (König and Kandler, 1979). They showed that the glycan strands of pseudomurein are composed of alternating N-acetylglucosamine or N-acetylgalactosamine and N-acetyltalosaminuronic acid residues linked through β-1,3 glycosidic bonds, whereas, in the strands of bacterial peptidoglycan, one finds β-1,4-linked N-acetylglucosamine and N-acetylmuramic acid units (König et al., 1982) (Figure 1).


[image: Figure 1]
FIGURE 1
 Methanogen and bacterial peptidoglycan (Kandler, 1993; Kandler and Konig, 1993; Albers and Meyer, 2011; Kandler and König, 2014; Tashiro et al., 2017; Subedi et al., 2021). NAG, N-acetylglucosamine; NAT, N-acetyltalosaminuronic acid; NAM, N-acetylmuramic acid. Special features. Methanogen peptidoglycan: β (1–3) bonds in the glycan strand and L-amino acids in the peptide moiety, where Glu1 and Ala2 can be replaced by Asp and Thr or Ser, respectively, in some members. Bacterial peptidoglycan: β (1–4) bonds in the glycan strand and both L- and D-amino acids in the peptide moiety. The figure has been adapted and modified from Subedi et al. (2021).


The aforementioned effort to define the rigid component of the methanobacterial cell wall as a novel entity came to face reality when conformational energy calculations suggested that murein and pseudomurein share a similar three-dimensional (3D) architecture (Leps et al., 1984a,b). Kandler and König recognized that their concept that the cell walls of methanogens lacked peptidoglycan (Kandler and König, 1978) was not correct and they issued a correction: “Such a polymer must also be considered as a peptidoglycan, a very general chemical term” (Kandler and König, 1985); a similar clarification has appeared more recently as well (Claus and König, 2010). A peptidoglycan cell wall has also been found in Methanopyrus kandleri, the only characterized representative of Methanopyrus (of the Methanopyri class and Methanopyrales order) (Kurr et al., 1991).

The above-described findings need to be considered in the context that, even within the bacterial domain, the peptidoglycan structure varies (Vollmer, 2008). Thus, the versions of this polymer that one finds in the methanogens of the orders of Methanobacteriales and Methanopyrales are not pseudomurein as it does not contain muramic acid but simply another type of peptidoglycan, where glycan strands are connected by peptide linkages. The name archaeal peptidoglycan that has been used recently (Khairunisa et al., 2023) is appropriate in this context.

To summarize, in most methanogens and almost all other archaea, a crystalline surface layer (S-layer) composed of one or two glycoproteins encases the cytoplasmic membrane formed by either a diether lipid bilayer or a tetraether lipid monolayer (Albers and Meyer, 2011; Klingl et al., 2019; Meyer et al., 2022; van Wolferen et al., 2022). In some cases, a protein sheath and a layer of methanochondroitin (a proteoglycan made of N-acetylgalactosamine and glucuronic acid) are found to occur over the S-layer (Albers and Meyer, 2011; Klingl et al., 2019; Meyer et al., 2022). In contrast, in a limited number of methanogens that belong to the genera of Methanobacterium, Methanothermobacter, Methanosphaera, and Methanobrevibacter (of the class of Methanobacteria and the order of Methanobacteriales) and Methanopyrus (of the Methanopyri class and the Methanopyrales order) of the Methanobacteriota phylum (Rinke et al., 2021), a rigid sacculus made of glycan strands connected by peptide linkages or peptidoglycan takes the place of the S-layer as described above (Albers and Meyer, 2011; Klingl et al., 2019; Meyer et al., 2022; van Wolferen et al., 2022); in Methanothermus, which also belongs to the Methanobacteriales order, an S-layer is placed over the peptidoglycan.

The recognition that certain archaea contain peptidoglycan brings the studies on the cell walls of Methanobacteria and Methanopyri to a larger arena, and consequently, this recognition will accelerate the discovery process that will provide products of applied value, such as improved methods for environmental detection, creation of archaeal-specific antibiotics, and improvements in genetics and cell biology research. These advances would facilitate the development of better methods for mitigating methane emission from livestock, manipulating human gut metabolism/microbiome toward better health, and improving processes for methane production and biofuel from renewable resources. Methanobacteriales constitute a great portion of the bovine rumen and human gut methanogen population (Eckburg et al., 2005; Borrel et al., 2020; Khairunisa et al., 2023) and are attractive for industrial bioproduction of methane, as well as amino acids (Pappenreiter et al., 2019; Pfeifer et al., 2021; Taubner et al., 2023).
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Editorial on the Research Topic
 Cross-boundary significance of methanogens - the methane moment and beyond





Introduction

As previously outlined in our editorial preface (Lyu et al.), methanogens are anaerobic methane-producing archaea that colonize almost every corner of the earth. This ubiquitous distribution is coupled with their enormous diversity, outsized contributions to global methane emissions, active interactions with surrounding microbiomes, and potential roles in the health and disease of humans, animals, and plants. Consequently, it is our collective view that methanogens are of cross-boundary significance, a primary motivation for us to establish this exciting Research Topic.

In conclusion, we are very fortunate to have been able to edit and publish 18 manuscripts from 122 authors. Here, our editorial team presents an epilog for a bird's-eye view of these manuscripts. Because this Research Topic is dedicated to William “Barny” Whitman, our epilog ends with a special commentary about him, contributed by James G. Ferry.

Emeritus Professors Whitman and Ferry have both advanced methanogen research in their own remarkable ways, and we invite scientists around the world to stand on their and other giants' shoulders to continue pushing boundaries in studying this powerful group of archaea. Together, we shall create a collective momentum that helps to carry humanity through the methane moment and beyond.



Summary of the Research Topic

Studies from this Research Topic reinforce that methanogens occupy diverse niches across the globe. Broadly, these methanogens can be classified as environmental or host-associated. Using culture-independent and/or culture-based approaches, our authors have found environmental methanogens, both established and new species, in habitats often deemed challenging for many other life forms. These include a saline and alkaline soda lake in Russia (Khomyakova et al.), sulfate-rich marine sediments in the USA (Coon et al.), heavily polluted landfill sites in India (Prakash et al.), an alkaline terrestrial mud volcano in Russia (Khomyakova et al.), coal beds at moderate (400 m) and high (800–1,200 m) depths in China (Fu et al.) and India (Chawla et al.), and deep (640–1,738 m) underground gas storage facilities in Czech Republic and Slovakia (Hanišáková et al.). Collectively, these findings not only help us better understand the contributions of environmental methanogens to global methane emission and their adaptation strategies in diverse habitats, but offer potential applications of methanogens in solid waste treatment (Prakash et al.), lithium biorecovery from saline waters (Azim et al.), biogas recovery from coal beds (Fu et al.; Chawla et al.), and Power-to-Gas technology (Hanišáková et al.).

Compared to their environmental counterparts, host-associated methanogens are very much understudied, but our authors are beginning to narrow this knowledge gap. First, two comprehensive reviews on rumen (Khairunisa et al.) and mammalian (Volmer et al.) methanogens summarize the current knowledge, highlight the limitations therein, and offer a roadmap to address these limitations. Second, using multi-omics approaches, two experimental studies on rumen (Malik et al.) and porcine (Meene et al.) microbiomes provide rare functional insight of cattle-, buffalo-, and swine-associated methanogens in the context of diet treatment and viral infection. Finally, a molecular survey of the microbiomes across 11 multicellular species reveals positive methanogen signatures in 4 species including humans, nematode, and two sponge species (von Hoyningen-Huene et al.). The nematode discovery is of high significance, suggesting that the model organism Caenorhabditis elegans may be adopted to study host-methanogen interactions for the health and diseases of humans and animals.

Regardless of where the methanogens are found, they must eventually be studied by employing laboratory models for a mechanistic understanding of their biology and potential applications. Our authors are also making advances here across multiple scales. At the DNA level, a user-friendly CRISPR/Cas12a toolbox for genome editing is developed for Methanosarcina acetivorans, targeting regions beyond what the popular Cas9 reaches, especially the T-rich sites (Zhu et al.). Advancing to the protein level, the function of a methylthiotransferase shared by both methanogens and methanotrophic archaea is determined to catalyze the methylthiolation of select tRNAs (Boswinkle et al.). In closed batch cultures, a unified basal medium is created for methanogens. When supplemented with differential substrates and gases, it enables growth of three methanogen species operating different methanogenesis pathways (Ngoumelah et al.). Expanding to bioreactors, sophisticated cultivation methods are optimized to achieve fast, high density, and large-scale growth of Methanococcus maripaludis in fed-batch cultivation mode (Palabikyan et al.), bringing it one step closer to feasible biotechnology applications for sustainable biomanufacturing.

Last but not least, we must pursue unified principles that govern the biology of methanogens. Equally important is to update existing principles as necessary. Our authors set excellent examples on both fronts. Emeritus Professor Conrad, another giant in our field, theorizes that regardless of the ecological niches and the microbiome composition therein, the rate limiting microbes for ecosystem methane production are often methanogens instead of the primary fermenters, because methanogens exhibit unusually high apparent activation energy (Ea). Given that the higher the Ea the faster a metabolism becomes when temperatures rise, this theory predicts that methanogenesis will increase more rapidly than most other metabolisms as the atmosphere warms, thus contributing more to global warming. In another example, Professor Mukhopadhyay reminds us of a common misconception that “pseudomerein” or “pseudopeptidoglycan” instead of peptidoglycan occur in archaea, specifically the Methanobacteria and Methanopyri. The short answer is that these “pseudo” cell wall polymers are indeed a specific type of peptidoglycan, which should simply be named archaeal peptidoglycan in contrast to the bacterial types. This shall renew the interest of developing archaeal-specific antibiotics for human and animal use, as existing peptidoglycan-targeted drugs are only effective on bacteria.



Dedication to Prof. Whitman by Prof. Ferry

It is particularly fitting that this volume is dedicated to the career of William “Barny” Whitman who has made exceptional and lasting contributions to the field of methanogenesis both in research and service. Barny's research has produced milestone advances in physiological and ecological understanding achieved by integrating genetics, molecular biology, and biochemistry. His early discovery of nickel in cofactor F430 of methylcoenzyme M reductase (Whitman and Wolfe, 1980; Ellefson et al., 1982), and subsequent biochemical characterization of the enzyme (Whitman and Wolfe, 1983, 1987), launched a path taken by him and other investigators leading to current understanding of this key enzyme essential to all methanogenic pathways (Lyu et al., 2018, 2020; Shao et al., 2022). His biochemical contributions extend much further including anabolic and catabolic understanding of Methanococci. Equally significant, he developed genetic approaches for Methanoccoci that greatly accelerated a broad understanding and initiated a broader application of genetics in methanogen research. Barny's willingness to share expertise and collaborate has furthered an understanding of Methanococci that cannot be overstated. Collectively, Barny along with his trainees and collaborators have contributed ~120 publications in archaeal research focusing on methanogens.

Barny is also recognized for his major contributions to the broader field of microbiology including both the domain Bacteria and Archaea. Of note is his highly cited article entitled “Prokaryotes: The unseen majority” (Whitman et al., 1998) that raised awareness of microbiology to the broader scientific community, his integrated approach researching the marine roseobacteria and soil bacteria (Singleton et al., 2001; Furlong et al., 2002; Upchurch et al., 2008; Reisch et al., 2011; Bullock et al., 2017; Wirth et al., 2020), and his leadership in the newly established SeqCode (Hedlund et al., 2022) as a nomenclatural code for uncultivated prokaryotes.

Barny has given tirelessly to service benefiting methanogen research and the broader microbial field. For the past three decades, he has been the main driving force clarifying the taxonomy of methanogens (Keswani et al., 1996; Liu and Whitman, 2008; Prakash et al., 2023; Cui et al., 2024). It would be remiss to not recognize his wider contributions as supervising editor of Bergey's Manual and editor of Archaea. With the exceptional width and depth, it is challenging to summarize Professor Whitman's accomplishments in a single sentence except to recognize that the strength of the methanogen field would be glaringly less without his contributions. Indeed, the same applies to the wider field of prokaryotic biology.
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Reaction

1) CH,,0; > 2CH,CHOHCOO" + 2H" +0.165 -125 -205
1) CH,CHOHCOO" - 2/3CH,CH,CO0" + 1/3CH,CO0" + 1/3CO, + 1/3H,0 ~0.004 -53 -53
2) CH,CHOHCOO™ + H;0 - CH.COO" +CO, + H, +0.306 -9 -9
2) CH,CH,CO0™ + 2H,0 = CH,CO0™ + CO, + 3H, +0.447 472 472
3) 4H,+CO, - CH,+ 2H,0 ~0.410 -131 -131
4) CH,COO™ +H' > CH,+CO, 40315 ~76 -36
5) 4H,+2C0; - CH,CO0" +H'+2H,0 -0723 -55 -95
6) CH,,0, > 3CH,CO0™+3H" +0.041 -197 -317

7) CH,COO™ + H' + 2H,0 - 4H, + 2CO, 40723 +55 495

The AGY; at a particular temperature T is given by AG; = AG?— AS" (T - 298). The numbers of the reactions correspond to those in Figure 1
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ubstrate Gas phase

Methanosarcina barkeri 185mmol L™ methanol, 10mmol L™ acetate N:H; ~ (97:3, v/v) 71
Methanobacterium formicicum 50mmol L™ formate, H;:CO; (50:50, v/v) H.:CO, (50:50, v/v) 75

Methanothrix sochngenii 40mmol L' acetate NCO (50:50, v/v) 76
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Energy substrate Reactiol el

‘mol of methane)

Acetate CH3CO0™ + 10 - CHy + HCOY =31k mol™! 3
Hydrogen 4l +COy — Clig + 21,0 ~135.6k]mol™! 3
Formate 4HCOOH - CH4 +3C03 +21120 ~130.1kjmol™* 4
Methanol 4CH30H —3CHy +CO) + 2H20 ~1049K mol~ 5

CH30H + Hy > CH4 + 20 ~125k mol! 6
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Parameter  ODggo Literature values
considered

pl/dayt t,/day ta/day p/day
M. barkeri 015001 4732038 054004 1292009 035-139( ) 05-2( )
1-2( Y
M. formicicum 0162001 426£028 051001 1374002 15( ) 045( )
0.6 (N )
M. soehngenii 0272003 259£0.25 0214003 3415053 0.1 ) 34( 82)
021( ) 3.24( )

Errors indicate confidence interval (CI).
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Prope

Methanosarcina acetivorans

WWM73
M73-100
M73-500
M73-1000
M73-2000
M73-3500
M73-100-100
M73-uid
M73-uid-100
Escherichia coli
DHI0B

XL10-Gold

Ahpt:PmerB-tetR-gC31-int-attP
Ahpt:PmerB-tetR-gC31-int-attp, AssuC (72928-73,101):GCGGCCGC
Ahpt::PmcrB-tetR-gC31-int-attP, AssuC (72782-73,301):GCGGCCGC
Ahpt:PmcrB-tetR-gC31-int-attP, AssuB AssuC (72532-73,551):GCGGCCGC
Ahpt:PmerB-tetR-gC31-int-attP, AssuB AssuC AssuA (72032-74,051):GCGGCCGC

Ahpt:PmicrB-tetR-gC31-int-attP, AfrhADGB (1165689-1,169,233):

CGGCCGC

Ahpt:PmcrB-tetR-gC31-int-atP, AssuC (72928-73,101)::GCGGCCGC, AfrhA (1166033-1,166,145):GCGGCCGC
Ahpt:PmcrB-tetR-gC31-int-atP, AssuC (72928-73,101):Pmer-uidA-Tmer

Ahpt::PmcrB-tetR-gC31-int-atP, AssuC (72928-73,101):Pmer-uidA-Tmer, AfrhA (1166033-1,166,145):GCGGCCGC

F- merA Alnrr-hsdRMS-merBC) 80lacZAMI15 AlacX74 recA 1 endA 1 araD139 Aara-lew)7697 galU galK A rpsL (Str) mupG

Tet” AmcrA) 183 AlmerCB-hsdSMR-mrr)173 endAl supE44 thi-1 recA 1 gyrA96 relA 1 lac Hte [F' proAB lacl'ZAMI15 Tnl0
(Tet) Amy Cam’]

Source

Guss et al. (2008)
“This study
This study
This study
This study
“This study
“This study
“This study
“This study

New England Biolabs

nt Technologies
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Plasmid Description

pYOI6 ‘gene sequence source of LbCas12a

pWM32L Escherichia colil Methanosarcina shuttle vector

pMO00 PWM321-derived vector, ColE1 origin of replication (high-copy-number from E. coli)

pMO01 PMO00-derived vector with hypoxanthine phosphoribosyltransferase (i) gene

pMCp4 PMO01-derived plasmid with Cas12a cassette

PMCp2-gIRNA PMCpd-derived plasmid with gIRNA cassette, targeting ssuC locus

PMCp3-g1-100 PMCp2-gI RNA-derived plasmid with flanked homologous repair arms generating 100bp of deletion on genome
PMCp3-g1-500 PMCp2-gIRNA-derived plasmid with flanked homologous repair arms generating 500 bp of deletion on genome
PMCp3-g1-1000 PMCp2-gI RNA-derived plasmid with flanked homologous repair arms generating 1,000bp of deletion on genome
PMCp3-g1-2000 PMCp2-gI RNA-derived plasmid with flanked homologous repair arms generating 2000 bp of deletion on genome
PMCp2-gORNA. PMCpd-derived plasmid with g9RNA cassette, targeting frha locus

PMCp2-gX PMCp2-gI RNA-derived plasmid with Aar digestion sites removed, gIRNA sequence replaced with two AarT sites and

one Notl site

PMCp3 PMCp2-g9RNA-derived plasmid with flanked homologous repair arms generating 3,500bp of deletion on genome
PMCp3-g1-100-uid PMCp2-gIRNA-derived plasmid with flanked homologous repair arms with uidA expression cassette inserted in genome
PMCp2-gIgIRNA PMCpd-derived plasmid with g1g9RNA expression cassette, targeting ssuCand frhA genes simultaneously
PMCp3-glgd-100 PMCp2-glgIRNA-derived plasmid with two sets of homologous repair arms generating 100bp deletions on ssuCand

JfrhA locus simultaneously
PMCp3-gl-uid-g9-100  pMCp2-g1g9RNA-derived plasmid with two sets of homologous repair arms with uidA expression cassette inserted in
ssuClocus and 100bp deletion in frhA locus simultaneously

The plasmid sequences are available via links in Supplementary Presentation |

Source
Zetsche etal. (2015)
Metcalf et al. (1997)
“This study'
“This study®
“This study’
“This study'
“This study®
“This study®
“This study”
“This study*
“This study”

“This study®®

“This study"*
This study”
“This study®

“This study"*

This study"*
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Pathology Association Method ation
IBD - CD 1 Methanosphacra RT-qPCR (MtaB1) Blais Lecours etal. (2014)
1 Msp-specific IgG Indirect ELISA
1 Methanobrevibacter Metagenomic shotgun sequencing Lo Sasso etal. (2020)
1 Methanobrevibacter 165 rRNA Sequencing Pascal etal. (2017)
IBD - CD/UC 1 Methane production Breath-methane test Peled etal. (1987)
1 Methane production Breath-methane test MecKay etal. (1985)
1 Methanogens PCR (merA) Scanlan et al. (2008)
1 Methanobrevibacter 165 rRNA RT-qPCR Verma et al. (2010)
1 Methanobrevibacter 165 rRNA RT-qPCR Ghavami et al. (2018)

1 Methanobrevibacter in remission

1 Methane Metabolism 165 rRNA PICRUS predictions Nishino et al. (2018)
| Methanobrevibacter RT-qPCR Heidarian et al. (2019)
1 Methane production Breath-methane test Guetal. (2020)

1BS Nosig. Association Breath-methane test Bratten et a. (2008)
Nossig. Association PCR (merA) Scanlan et al. (2008)

1BS - Constipation 1 Methane production Breath-methane test Pimentel et al. (2003)

1 Methane with severity

1 Methane production Breath-methane test Ghoshal et al. (2016)
1 M. smithii 165 rRNA RT-gPCR
1 Transit time Breath-methane test Ataluri etal. (2010)
1 Transit time Breath-methane test Leeetal. (2013)
1 Transit time. Breath-methane test Pimentel et al. (2006)
1 Transit time Breath-methane test Majewski and McCallum (2007)
1 Transit time Breath-methane test Hwangetal. (2010)
1 Transit time. Breath-methane test Ghoshal et al. (2011)
1 Methane with severity Breath-methane test Chatterjee et al. (2007)
1 Methanobrevibacter 165 rRNA Sequencing Pozuelo etal. (2015)
1 M. smithii 165 rRNA Sequencing Kim etal. 2012)
1 Methane production Breath-methane test
1BS - Diarthea 1 Methane production Breath-methane test Pimentel et al. (2003)
| Methanobacteriales 165 rRNA RT-gPCR Tapetal. (2017)
Diverticulosis 1 Methane production Breath-methane test Weaver et al. (1986)
1 Methanogen abundance Culture-based
Colorectal Cancer 1 Methane with severity Breath-methane test Pique etal. (1984)
1 Methane production Breath-methane test Haines etal. (1977)
1 Methanogen abundance Breath-methane test Segal etal. (1988)
1 Methanogen abundance Metagenomic shotgun sequencing Coker et al. (2020)
1 Methanobacteriales 165 rRNA qPCR Mira-Pascual et al. (2015)

1 Methanobrevibacter

No sig. Association Breath-methane test O'Keefe et al. (2007)

No sig. Association Breath-methane test Segal etal. (1988)

No sig. Association Breath-methane test Karlin etal. (1982)

No sig. Association Breath-methane test Kashtan et al. (1989)

No sig. Associati Breath-methane test Hoffet al. (1986)

No sig. Associ PCR (merA) Scanlan et al. (2008)
Obesity 1 Methanogen abundance 165 rRNA Pyrosequencing Zhang et al. (2009)

1 M. smithii 165 rRNA RT-qPCR Million etal. (2012)

1 M. smithii 165 rRNA RT-gPCR Million etal. (2013)

1 M. smithii Metagenomic shotgun sequencing Maya-Lucas etal. (2018)

1 Unclassified Methanobrevibacter

1 Methane production Breath-methane test Mathur et al. (2013)

No sig. Association 165 rRNA RT-qPCR Schwiertz et al. (2010)

No sig. Association Breath-methane test Fernandes etal. (2013)

165 rRNA RT-qPCR

Anorexia 1 M. smithii 165 rRNA RT-qPCR Armougom etal. (2009)

1 M. smithii RT-qPCR Million etal. (2013)

1 M. smithi 168 rRNA RT-gPCR Borgo etal. (2017)

1 Methanobrevibacter 165 rRNA Sequencing Mack etal. (2016)

1 M. smithii 168 rRNA Sequencing Prochazkova etal. (2021)
Malnutrition 1 M. smithii Archaeal-specific PCR Million etal. (2016)

1 M. smithii 168 rRNA RT-gPCR Camara etal. (2021)

1 M. smithii 168 rRNA Sequencing Kamil etal. (2021)
Encopresis 1 Methane production Breath-methane test Fiedorek etal. (1990)
SBS 1 M. smithii 165 rRNA RT-gPCR Boceia etal. (2017)
Mets 1 Methanobrevibacter 165 rRNA Sequencing Lim etal. (2017)
Multiple Sclerosis 1 Methanobrevibacter 168 rRNA Sequencing Jangi etal. (2016)

1 Breath methane Breath-methane test

1 Methanobrevibacter 168 rRNA Sequencing “Tremlett et al. (2016b)

1 Methanobacteriaceae 165 rRNA Sequencing Jhangi et al. (2014)

1 Methanogen abundance 165 rRNA Sequencing Qian etal. (2018)

1 Methanogen abundance Metagenomic shotgun sequencing Bedarf et al. (2017)
SIBO 1 Breath methane Breath-methane test Suri et al. (2018)

1 Breath methane Breath-methane test Pimentel et al. (2020)
Vaginosis 1 M. smithii Antigenic fingerprinting Belay etal. (1990)

1 M. smithii 168 rRNA sequencing Grine etal. (2019a,b)
Urinary Tract Infection 1 M. smithii 165 rRNA/McrA PCR Grine etal. (2019a,b)

RT-qPCR/Culture

Anerobic Abscesses M. smithii* 165 rRNA/MerA Sequencing Nkamga et al. (2016)

1 M. oralis 165 rRNA RT-qPCR/ Metagenomic Drancourt etal. (2017)

sequencing
M. oralis* 165 rRNA/MerA Sequencing Nkamga et al. (2018)

Periodontal Disease 1 M. oralis 165 rRNA/MerA Sequencing/Culture Huynh etal. (2015)
1 M. sp.strain NI3

M. massiliense* Culture Huynh etal. (2017)

1 M. oralis Archaeal PCR Lietal. (2009)
Parasitic Infection 1 Methanobrevibacter 165 rRNA Sequencing Chen etal. (2021)
Cirthosis | Methanobrevibacter 165 rRNA Sequencing Ponziani etal. (2021)

Upward arrows (1) and downward arrows (1) represent changes of methanogen abundance and breath-methane excretion, for the respective studies. 1BD, Inflammatory bowel disease; CD,
Crohn's Disease; UC, Ulcerative Colitis; 1BS, Iitable bowel syndrome; IBS-C, constipation-predominant IBS; IBS-D, diarrhoeal-predominant IBS; SBS, Short Bowel Syndrome; Met,
metabolic syndrome; SIBO, small intestinal bacterial overgrowth. *Denotes detection within respective sample types.
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Strain Closest match Sequence Isolation site References
ID/accession no. size (bp)
1 YSNML-9 OR342400 Pune (1F) Clostridium subterminale 1,383 Multiple strains Sedlar et al., 2021
DSM 6970 () AF241844 from various sites
(99.8%)
2 YSNML-8 OR342399 Pune (IF) Clostridium 1,225 Anaerobic sludge Herndndez-Eugenio
thiosulfatireducens LUP 21 blanket reactor et al., 2002
(T) AY024332 (99.8%)
3 YSNML-14 OR342402 Pune (1M) Lacrimispora saccharolytica 1,350 Sewage sludge Parte et al., 2020
WwM1 (D CP002109 (99.9%)
4 YSNML-2 OR342395 Pune (1M) Aminobacterium colombiense 1,379 Anaerobic sludge Baena et al., 1998
DSM 12261 () CP001997
(99.8%)
5 YSNML-7 OR342398* Pune (1F) Proteiniborus indolifex 1,330 Thermophilic Hahnke et al., 2018
BA2-13 (1) KT351641 industrial-scale
(96.1%) biogas plant
6 YSNML-4 OR342396* Pune (1M) Mariniplasma anaerobium 1,437 Sulfidic bottom Watanabe et al,
MaBG01hy22 (T 1.C430819 water of a shallow 2021
(92.8%) brackish
meromictic lake
7 YSNML-11 OR342401* Pune (1F) Cloacibacillus porcorum 1,144 Swine intestinal Looft et al., 2013
CL-84 (M) CP016757 (89.9%) tract
8 YSNML-21 OR342406 Pune (1F) Vagococcus acidifermentans 1,324 Bioreactor treating Wang et al,, 2011
AC-1 (D FJ211190 (99.7%) food wastewater
9 YSNML-15 OR342403* Pune (1F) Cutibacterium avidum ATCC 1,302 Skin NA
25577 () AGBA01000019
(99.6%)
10 YSNML-5 OR342397 Pune (1M) Aminobacterium colombiense 1,363 Anaerobic sludge Baena et al.,, 1998
DSM 12261 (1) CP001997
(99.6%)
11 YSNML-1 OR342394* Pune (1F) Sphaerochaeta associata GLS2 589 Cultures of Troshina et al., 2015
(T) 1N944166 Methanosarcina
mazei
12 YSNML-16 OR342405 Pune (1F) Clostridium sporogenes DSM 1,434 Human feces Poehlein et al., 2015
795 () JEBQO1000001
(98.9%)
13 YSNML-20 OR342406 Pune (1M) Vagococcus acidifermentans 1,442 Acidogenic Wang et al., 2011
AC-1 D) FJ211190 (100%) fermentation
bioreactor
14 AnPYGLec01 OR835591 New Delhi (1F) Clostridium beijerinckii DSM 1,091 Multiple strains Keis et al., 2001
791 (1) X68179 (99.9%) from various sites
15 AnPYGL1mt2b New Delhi (1F) Paraclostridium 642 Marine sediment Sasi Jyothsna et al.,
OR835592 benzoelyticum JC272 (1) 2016
LBBT01000182 (100%)
16 AnPYGLec07OR835593 New Delhi (1F) Clostridium beijerinckii DSM 1,277 Multiple strains Keis et al., 2001
791 (1) X68179 (99.5%) from various sites
17 ArcLlmtmeth11 New Delhi (1M) Methanosarcina mazei S-6 672 Sewage sludge plant Mah and Kuhn,
OR835594 (1) CP009512 (100%) 1984

Data in parentheses showed% sequence similarity. 1M, 1metre depth; 1F, 1feet depth of sampling; NA, not available. *Data taken from Nimonkar et al. (2022).
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Bin 4 Bin 26

Identification Anaerohalosphaera Methanomassiliicoccus
lusitana luminyensis
Contigs 719 44
CDS 1939 1408
tRNA 16 26
rRNA 1 2
Genome length (bp) 26004132 1985171
GC% 55 62
N50 3942 53894
Hypothetical proteins 1259 911
CRISPR 0 d
Proteins GO assignments 303 210
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Parameters

1 PH (0.5% Sol) - 5.75 5.49 7.69 7.76 8.02 8.22 8.19 8.08
2 E.C (0.5% Sol.) ms/cm 2.52 2.10 1.21 3.52 0.79 0.89 0.85 0.67
3 ‘Water content % 28.39 47.49 28.23 36.49 19.12 17.53 17.09 19.29
(B) Physical parameters

4 TOC % 27.22 27.55 4.59 8.39 2.96 297 1.86 2.7
5 TOM % 64.83 65.6 13.61 2491 8.51 8.76 3.97 5.85
6 C:N ratio = 18:39:01 19:04:01 6.81:1 8.5:1 12.59:1 12.96:1 12.06:1 10.8:1
©) Texture

7 Sand % 70.67 63.96 73.39 87.5 79.56 78.63 78.32 74.31
8 Clay % 15.58 16.37 3.26 0.241 1.8 1.8 2.42 2.05
9 Silt % 13.75 19.67 23.35 12.35 18.64 19.57 19.26 23.64
(D) Fertilizer value

10 Total Nitrogen % 2.20 2.17 0.67 0.99 0.24 0.23 0.15 0.25
11 TON % 1.48 142 0.54 0.79 0.19 0.18 0.11 0.19
12 TInN % 0.72 0.65 0.07 0.13 0.01 0.01 0.02 0.01
(E) Heavy metals

13 Nickel as Ni ppm 25.6 24 49.29 3283 29.97 36.82 26.75 27.89
14 Lead as Pb ppm 60.9 85.1 224.29 27.03 65.41 89.16 20.16 25.68
15 Chromium as Cr ppm 35.98 40.7 76.66 827.5 76.54 97.86 28.8 30.31
16 Arsenic as ppm <0.1 <0.1 <10 <10 <1.0 <10 <0.1 <10
17 Mercury as Hg ppm 0.1 0.145 3.24 1.04 1.35 221 1.96 181
(F) Other NaCl

18 Sodium as Na % 175 091 0.15 0.25 0.13 0.13 0.09 0.09
19 Chloride as C1 % 0.06 0.01 0.04 0.04 0.04 0.02

TOC, total organic carbon; TOM, total organic matter; TON, total organic nitrogen; TInN, total inorganic nitrogen; 1M, Imetre depth; 1F, 1feet depth; P, Pune; G, Gazipur; O, Okhla; A, A

lipur.
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" [ @ Methanothermus fervidus
l
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l
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o7 _| -98' , —A Methanococcoides burtonii (DSM 6242)
‘99’5 o | A Methanosarcina barkeri (DSM 804)
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References Sample type Country ioProject number

Buridnkové etal. (2022) Aquifer and Depleted field Crech Republic PRINA759841
Frank et al. (2016) Aquifer Russia PRINA349120
Matsushita et al. (2018) Aquifer Japan PRIDB5276

Nazina etal. (2023) Aquifer Russia PRINA724815
Osburn et al. (2014) Borehole UsA PRINA262938
Ranchou-Peyruse et al. (2021) Aquifer France PRINA739070
Schwab et al. (2022) Salt cavern Germany PRIEB49822

Vigneron etal. (2017a) Aquifer Usa PRINA325306
Vigneron etal. (2017b) Oil field Denmark PRINA348365
Zhang etal. (2019) Borehole UsA PRIEB35125

Dohrmann and Kriiger (2023) Gas field Germany PRIEB51255

Dutta etal. (2018) Borehole India PRINA389253
Purkamo etal. (2018) Aquifer Finland PRIEB25908

Magnabosco etal. (2014) Borehole South Africa PRINA263371
Rempfert et al. (2017) Aquifer Oman PRINA352492
Bian etal. (2023) Oil field China PRINASS4856
Gao etal. (2019) Oil field China PRINA489604

Sokolova etal. (2021) Oil field Kazakhstan PRINA749317
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Object Sample  Sulfate  Production of Closest culturable BLAST identity ~ Accession Reference

[mg/ll H,S representative percentage [%] number  accession
confirmed by number
cultivation
1 st NM. YES Desulfovibrio desulfuricans DSM 233 99.34-99.47 OR227332- | OQ608761.1
OR227334
D1 191 YES - - - -
2 52 NM. NO - - - -
D2 3 NO - - - -
3 D3 2 NO - - = N
4 s NM. YES Desulfovibrio alaskensis HEB223 99.6-99.73 OR227336, | DQS6700L1
OR227337
D4 206+ NO - - = =
5 55 NM. YES Desulfovibrio alaskensis G20 99.87 OR27352- CPOOOLI2I
OR227354
D5 5720 YES - - = -
6 s6 NM. YES Desulfovibrio desulfuricans DSM 233 99.47-99.73 OR227357- | OQB08761.1
OR227359
D6 2 NO B B = -
7 R7 NM. NO - - - -
D7 3 NO - - - -

N.M. - not measured.
“data measured in 2011,
*data measured in 1992,
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Object Sample Number of Closest culturable BLAST identity Accesion numbers  Reference

isolates representative percentage (%) accession
number

1 DI 5 Methanocalculus pumilus MHT-1 98.97-99.59 OR227305-0R227307, NR_028148.1
OR227312, OR227313

2 Methanobacterium formicicum 1.21-2 99.58-99.79 OR227308, OR227311 KX344121.1
2 Methanosarcina vacuolata Z-761 98.74-98.98 OR227309, OR227310 CP009520.1
s1 2 Methanosarcina vacuolata Z-761 99.58-99.69 OR227330, OR227331 CP009520.1
3 D3 1 Methanoculleus sediminis S3Fa 998 OR227314 NR_I136474.1
3 Methanobacterium formicicum 1.21-2 99.69-99.9 OR227317-OR227319 KX344121.1
4 s4 1 Methanolobus chelungpuianus St545Mb 9958 OR227335 NR_177296.1
5 Ds 5 Methanocalculus pumilus MHT-1 98.86-99.59 OR227320-0R227323, NR_028148.1
OR227325
1 Methanoculleus sp. SLH121 97.04 OR227324 KC893306.1
5 2 Methanosarcina mazei zm-15 99.71-99.9 OR227338, OR227344. CP042908.1
4 Methanofolls liminatans DSM 4140 99.04-99.69 OR227339-OR227341, NR_028254.1
OR227351
7 Methanomicrobium antiquum DSM 99.38-99.69 OR227342, OR227343, CPO91092.1
21220 OR227345, OR227346,

OR227348-OR227350

1 Methanocalculus pumilus MHT-1 99.07 OR227347 NR_028148.1
6 D6 2 Methanolobus sp. 17PMc2 99.18-99.27 OR227326, OR227327 LC183853.1
56 2 Methanobacterium subterrancum A$p 99.69-99.9 OR227355, OR227356 CPO17768.1
1 Methanoculleus marisnigri JRI 99.49 OR227360 NR_074174.1
1 Methanobacterium formicicum 121-2 9938 OR227361 KX344121L1
7 D7 1 Methanothermobacter thermautotrophicus 99.69 OR227328 CPO64324.1

Delta H
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Object 1

Depth [m]

Temperature [°C]

Salt content [mg/l]

Sulfates [mg/1]

Hydrogen carbonates [mg/1]
Carbonates mg/l]

PHI[-]

“data measured in 2011,
#*data measured in 1992.

656 1952 753 1,060 640 6533 1738
28 70 44 44 35 33 56
10987.4 216220 190888 142175 25036.9 153609 113780
19 30 20 206 572 20 30
1109 122 10050 6149 12712 945.8 3356
1780 1680 - - 900 1680
895 911 7.62 75 77 8.46 9.02





OPS/images/cover.jpg
& frontiers | Research Topics.

The methane moment —
Cross-boundary
significance of
methanogens

Cuing Zha

Published in
Frontiers in Mic






OPS/images/fmicb-14-1273037/fmicb-14-1273037-g005.jpg
acetate
2

ATP e
CoA. acetate / acetate 009"
AN . Acs / CO, + H, CO; \ \
MFR
Fdox acetyl-Coa j \ - Acetyl-CoA G-6-P
. 2
red .-
COz‘ ........ j formyl-MRF o““a\e «— Glucose
............... CHO-HMPT O < Pyruvate
methyl-H:MPT \
COM-S-S-CoB + 2H* COMCSIUNES 25 \ Acetate Ethanol Pyruvate
HdrED / 2
N -0 HMPT Na* 1 . l
N o o Fatty acids
cot methyl-CoM Acetyl-CoA
o® Vg
(2 OO (
00 ‘\‘
’,'_ﬁcmac
CoBSH
. \ CH4 C02

M.luminyensis 26 A. lusitana 4





OPS/images/fmicb-14-1268361/fmicb-14-1268361-g004.jpg
Headspace CH, (ppm)

1500

1000

500

1500

1000

500

1500

1000

500

. B [
: 4000 °
8 3
.5 ES
2000 i
@
80
0
2 3 4 s g 20 40
£ s
3
< N
&' 4000 s 3
o & 3
2 5 2
S 2000 % @
3 @
8
g o
T 20 40
20 M
s00{ * g
. . s
. ES
2001 §8 $ @
. , @
g 3
%0 oo 8008 0
10 20 40 50 20 40
Days Days






OPS/images/fmicb-14-1268361/fmicb-14-1268361-g003.jpg
NMDS2

NMDS






OPS/images/fmicb-14-1268361/fmicb-14-1268361-g002.jpg
Depth (cm)

40

B Core o 1 & C
. L . . o
- i 10 - 10 - *
s " ‘ 20 5 20 *
& i 30 S . &
& § * 40 40 Gk *
3 7 5 L % 2 3120 o
Total Organic Carbon (%) CIN ratio Organic 513C (%)





OPS/images/fmicb-14-1268361/fmicb-14-1268361-g001.jpg
Depth (cm)

0

m

== >l
e,

SSupEpE

y

¢

3

% 1.0% 1.5% 2.0%

e

T
Mot

'R
]

o

¥
v
4

0% 3% 6% 9%

J

00 05 10 15
Methane (mM)

[

S 10 1
Sulfate (mM)

20

]

Sulfide (mM)

7 0.0%05% 1.0% 1.5% 2.0%
Relative abundance

0% 3% 6% 9%
Relative abundance

SRM (Class)

Methanogens (Order)

H

< 1% Abundance
Clostridia

ANME-1b
Methanocellales
Methanofasiidiosales

Methanosarciniales.

| 210D

Z 8100





OPS/images/fmicb-14-1268361/fmicb-14-1268361-e002.jpg
pomVi

s = BT ew v, <1000





OPS/images/fmicb-14-1268361/fmicb-14-1268361-e001.jpg





OPS/images/fmicb-14-1268361/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-14-1250140/fmicb-14-1250140-t002.jpg
Category Relative abundance [%] Value of p Significance

Naive sd | HINI | sd (Kruskal-Wallis) code
Energy production and conversion 2485 449 19.51 350 0.05 =
Amino acid transport and metabolism 18.02 6.63 24.06 6.05 0.08
Function unknown 1279 4.53 1549 2.68 0.18
Coenzyme transport and metabolism 1278 429 1026 431 018
“Translation, ribosomal structure, and biogenesis 857 486 485 279 0.13
Postiranslational modification, protein turnover, chaperones 700 323 493 170 008
Carbohydrate transport and metabolism 348 0.82 427 137 021
Unclassified 257 144 432 381 032
Replication, recombination and repair 28 171 240 153 089
“Transcription 145 167 32 243 005 *
Lipid transport and metabolism 120 0.69 1.99 139 032
Nucleotide transport and metabolism 175 147 093 042 021
Cell wall/membrane/envelope biogenesis 05 058 129 084 032
Inorganic ion transport and metabolism 090 044 1.07 062 032
Defense mechanisms 046 043 034 029 0.60
Signal transduction mechanisms 0.16 0.28 047 0.63 0.05 *
Secondary metabolites biosynthesis, transport, and catabolism 0.00 0.00 032 047 0.05 *
Cell cycle control, cel division, chromosome partitioning 015 034 012 038 061
Intracellular trafficking, secretion, and vesicular transport 0.00 0.00 o 023 021

(Mean values and standard deviation) and structured by the treatment [healthy (naive, » = 3), infected (HINI, 5 = 3)] and significance parameters (Kruskal-Wallis, p<0.05).
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Individual number of analyzed samples after Days after starting point

homogenization

21 22 23

Healthy pigs (n=3) 3 2 3 3 2 3 3 3 3 3 9
165 rRNA gene sequencing

Infected pigs (1= 16) o6 1616 n 12 8 il 8 4 il

Healthy pigs (n=3) 3 - 2 3 - 3 - - 3 3 -
Metaproteomics

Infected pigs (n=16) 3 - 3 3 - 3 - - 3 - -

Healthy pigs (n=3) 3 - 3 - - 3 - - - 3* -
Metatranscriptomics

Infected pigs (n=16) 7 - 4 - - - - - - 2 -

*Samples from healthy animals were collected on day 30.
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Q  came A T et oot
Methanobacteriaceae 3 5 10metheny THMP hyrogenase 156
L rare ensymes C1 carrriers 146
-g methyl-coenzyme M reductase -subunit
methyl-Co methyl-coenzyme M reductase subunit CD 523
< methyl-coenzyme M reductase system, component A2 | 0.36
3.1% _g heterodisulfide reductase | _ heterodisulfde reductase subunit AL/AZ81/62,c2 | 845
e = coenzyme F420 hydrogenase a-if--i5-subunit 449
Q | consenation | F420-nonTeducing hydrogenase smallarge-FeS subunit | 731
& methyl-CoM reductase S L g formate dehycrogenase (coenzyme F420)
rare enzymes energy conservation 040
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Proximate analysi Standards Well - A Well - B Well - C Well - D Well

Inherent moisture (%) 50 (Pt-1) 1984 0.13 0.01 011 013 017
Reaff-2007

Ash (%) 18:1350 (Pt-1) 1984 19.25 1251 1138 1251 1359
Reaff-2007

“Total moisture content (%) 18:1350 (Pt-) 1984 349 469 250 373 L71
Reaff-2007

Volatile matter (%) 18:1350 (Pt-) 1984 3325 3191 3264 3397 3214
Reaff-2007

Fixed carbon (%) 18:1350 (Pt-1) 1984 44.14 51.26 53.59 49.92 5273
Reaff-2007

Ultimate analy:

Carbon (%) 18:1350 (Pt-1V/Sec-I) 2011 57.19 62.33 65.97 64.77 65.70

Hydrogen (%) 15:1350 (PLIV/Sec-1) 2011 387 403 a1 408 406

Nitrogen (%) 18:1350 (Pt-1V/Sec-1) 2011 140 150 1.26 128 125

Sulfur (%) 18:1350 (P-I11) 2011 032 037 043 047 033

Oxygen (%) 18:1350 (Pt-11) 1970 12,68 13.72 13.29 12,04 1217
Reaff-2002

Mineral matter (1.1XA) (%) 50 (Pt-1) 1984 2118 1337 1252 13.76 1495
Reaff-2007

Moisture content (%) 18:1350 (Pt-1) 1984 3.36 4.68 239 3.60 154
Reaff-2007

Gross calorific value, Keal/ By difference 5376 5859 6202 6088 6108

Kg





OPS/images/fmicb-14-1233605/fmicb-14-1233605-t001.jpg
Heavy metals Test methods Well - A Well - B © Well - D Well
(mg/1)

Tron (Fe) APHA3100(B) 031mg/L. 03mg/l. 09mg/L. 9.2mg/L 23mg/L
Fluoride (F) APHA4500 (F-D) 061 mg/L 17mg/L 21mg/L 089 mg/L. 38my/L
Sulfate (S0, 153025 pt 24:1986 393mg/L. 72mg/L. 60mg/L 478mg/L. Gamg/L
pH 83a125°C 7.90at25°C 7.80at25°C 83at25°C 7.0at25°C
Electrical conductivity 53mS/cm 49mS/cm 29mS/cm 1248 mS/cm 33ms/em

Total dissolved solids 2717mg/L. 2200mg/L 3200mg/L 6196 mg/L. 3900mg/L
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Inoculum Successful/total

Phase Runs [N] n - Main goal A NRS——
0Dy, g Runs Time [h]

! 5 5 Stat. 10000 Define distinct agitation ramps 6118 612/1552

2 3 7 Stat. 4000 Reproduce ramps 34 308/399

3 3 8 Exp* 3000 Reproduce rampsand test pipeline 33 303/303

1 1 3 Late exp. (2.1) Reproduce best ramp 0 107/107

5 1 3 Late exp. (1.8) Reproduce best ramp + rpm and vwm 0 94/91

6 1 2 Exp. (1.3) Reproduce best ramp + rpm and vvm - OD 0 100/100

7 1 3 Exp. (15) Reproduce best ramp -OD 0 79079

“*Overview of experimental setup of 15 L reactor cultures from Figures 3A-F: Phases; number of runs (N); bioreactor replicates (n); inoculum stage of growth (stat., stationary; exp.,
exponential), optical density (OD), centrifuge forces () main goals of each phases number of successful/total runs and cultivation time in b +rpm and vvm: increase of agitation and
supply of gaseous substrate; +rpm and vym-OD: increase of agitation and supply of gaseous substrate and decrease of OD of inoculum; *exponential only in Figure 3F, not in

igures 3A,B,
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Replicate ID ODszy ‘Wet biomass

[Phase.run. Ramp n s GT [h] g
replicate] Max Time [h]

193 Ad/man 18452 142 o1 608 517
1102 Cont-cons 17652 107 012 578 772
1104 Cont-prog 13007 010 672 428
1121 Step-cons 26770 %0 006 124 -
1122 Step-prog L 6 006 1258 -
2192 Ad/step-man 04430 7 006 143 -
2193 04180 004 1682 -
2194 08757 9 010 7.04 -
220.1 Step-prog 14310 6 009 7.02 -
2202 22980 ) 008 886 -
2213 Step-cons 33884 14 006 1120 352
2214 32096 009 7.86 -
3231 Ad/step-man 22960 6 010 7.10 -
3232 24864 109 008 878 409
3233 23598 008 862 59
3234 23122 010 712 627
3212 Cont-cons 21163 %0 006 1258 .
3214 L1018 005 13.82 =
3.25.1 Cont-prog 2269 76 006 1236 339
3253 24040 007 9.84 539
1272 Step-cons 21700 66 o 634 -
1273 28588 91 013 553 -
1274 18230 66 0.16 430 -
529.1 Step-cons +rpm and vwm 21670 70 007 10.20 -
5292 24113 9 006 1254 -
5204 17824 56 004 1778 -
6311 Step-cons +rpm and vvm -OD 20025 76 009 802 -
6312 23625 % 009 730 -
7331 Step-cons. -OD 3.086 7 016 444 -
7332 31852 7 014 491 -
7333 33818 77 014 489 -

***Individual reactor replicates are lsted with their respective ID ([phase.run replicate] numbers) and tested agitation ramp (ad: adaptation, man; manual, cont-cons: continuous
conservative, cont-prog: continuous progressive, step-cons: stepwise conservative, step-prog: stepwise progressive), +rpm and vvm: increase of agitation and gaseaus substrate supply,
-OD: decrease of OD of inoculum. For each run a highest recorded (max) ODxryand the corresponding time are lsted. Specific growth rate (1) and generation time (GT) were calculated
according to Formulas 2 and 4 and compared. If biomass was harvested, the measured weight in grams (g) of wet pellets i presented in the lat colum on the right. IDs and noteworthy
values are matching the color code of respective growth curves from Figure 3.
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Agitation 0Dy
Closed ————— n GT,

batch  Method  [rpm]  Max ™ ] h

SB Shaker 100 09292 301 0.07 2693
Shaker.2 100 11929 325 0.25 7.87
Stirrer 100 1.1089 325 0.29 68
Stirrer 500 1.2339 323 0.95 211
Stirrer/2x 500 1.2924 179 0.94 212

SCB Shaker 100 1.0819 325 0.21 9.65
Shaker 180 1.0530 209 0.65 3.06
Shaker/2x 100 1.0561 291 048 419
Stirrer 100 0.4766 326 0.12 16.63
Stirrer 500 09322 321 027 737
Stirrer 800 09318 158 0.24 848
Stirrer 1,100 0.6804 209 0.15 13.74
Stirrer 1,400 0.1691 96 - -

“Closed batch SB und SCB experimental groups arelisted with their respective agitation
method and intensity (rpm). Maximun (max) measured OD, and the respective
needed time are compared. Highest recorded p, and GT, were calculated according to
Formulas 1 and 3. shaker.2, an experimental group, subjected to the same cultivation
conditions after inoculation transfer t0:a new culture; /2%, double H/CO; feeding
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Intake

DM (kg/d) 6.58 495 <0.0001
OM (kg/d) 605 458 <0.0001
CP (g/d) 469 331 <0.0001
NDF (kg/d) 454 360 <0.0001
ADF (kg/d) 338 253 <0.0001

Apparent digestibility (%)

DM 581 56.7 0492
oM 60.2 584 0381
cp 512 544 0.107
NDE 619 624 0771
ADF 610 58.1 0.109

g/d, gram per day; kg/d,kilogram per day. Basal diet comprised finger millet straw and para grass in 70:30 ratio. The roughage diet contained 921§ OM, 56.1 g crude protein, 735g NDF, 507g
ADF and 79.2g ash per kg of DM. DM, dry matter; OM, organic matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; P, probability of significance.





OPS/images/fmicb-14-1266025/fmicb-14-1266025-t002.jpg
Attributes Cattle Buffaloes P
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Total protozoa (x107 cells/ml) 354 480 0.002
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Holotrichs (x107 cells/ml) 0.085 0079 0852

DMI, dry matter intake; g/d, gram per day; DDMI, digestible dry matter intake. CH,, methane; g/d, gram per day; g/kg DMI gram per kg of dry matter intake; P, probability of s
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Class Cattle Buffaloes p-value

Metagenome
Auxiliary activities (AA) 058 031 0.665
Carbohydrate-binding modules (CBM) 123 15 0.568
Carbohydrate esterases (CE) 615 707 0181
Glycoside hydrolases (GH) 599 563 0188
Glycosyl transferases (GT) 19.1 24 0.069
Polysaccharide lyases (PL) 201 247 0326
Metatranscriptome

Auxiliary activities (AA) 0055 0.00 0150
Carbohydrate-binding modules (CBM) 129 126 0.864
Carbohydrate esterases (CE) 302 251 0440
Glycoside hydrolases (GH) 533 528 059
Glycosyl transferases (GT) 299 316 0217
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(DSM 11995)

Methanobrevibacter
ruminantium (DSM 1093,
ATCC 35063)

Methanobrevibacter olleyae
(DSM 16632)

Methanobrevibacter
boviskoreani (DSM 25824)

Methanobrevibacter woesei
(DSM 11979)

Methanobrevibacter wolinii
(DSM 11976)

Methanosphaera spp.

Methanosphaera stadtmanae
(DSM 3091, ATCC 43021)

Methanosphaera stadtmanae
~NA)

Methanosphaera stadtmanae
(NA)

Methanomicrobium spp.

Methanomicrobium mobile
(DSM 1539, ATCC 35094)

Methanobacterium spp.

Methanobacterium bryantii
(DSM 863, ATCC 33272)

Methanobacterium formicicum
(NA)

Methanosarcina spp.

Methanosarcina barkeri (NA)

Methanosarcina thermophila
(DSM 11855)

Methanomassiliicoccaceae

Methanomassiliicoccaceae
Group 12 (NA)

Methanomassiliicoccaceae
Group 11 (NA)

Methanogenic archaeon (NA)

Methanogenic archaeon (NA)

Methanogenic archaeon (NA)

NA, not available; D, not determined; NR, not reported; PM, pseudomurein; RS, regularly structured; MC, methanochondroiti

PS, anaerobic sewage

digester

F1, human feces

ALL human large

intestine

HO, horse feces

PG, pig feces

ZA-10, bovine rumen

SM, sheep rumen

CW, cattle feces

M, cattle rumen

KMIHS-1P, sheep

rumen

JH1, catile rumen

G, goose feces

SH, sheep feces

MCB-3, human feces

ISO3-FS, sheep rumen

BMS, bovine rumen

BE, cattle rumen

M.oH, anaerobic
sewage digester

BRMS, cow rumen

CMI, cow rumen

Ms97, sheep rumen

1SO4-HS, sheep rumen

1S04-G1, sheep rumen

1S04-G11, sheep

rumen

RumEn M1, cow

rumen

RumEn M2, cow

rumen

H, +CO,, formate

[stimulatory - acetate]

H, +CO,, formate
[required - trypticase,

yeastextract]

NR [NR]

H, +CO, [required -
acetate, yeast extract,

trypticase peptone]

H, +CO, [NR]

H, +CO,, formate
[required - acetate, yeast
extract, trypticase
peptone] [stimulatory

- valerate, isovalerate,
2-methylbutyrate,
isobutyrate]

H, +CO,, formate
[required - acetate, yeast
extract, trypticase
peptone]

H, +CO; [required -
acetate, yeast extract,

trypticase peptone]

H, +CO,, formate
[required - acetate,
2-methylbutyrate, amino
acids (most stimulating T,
H, M), coenzyme M]

H, +CO,, formate

[required - acetate]

H, +CO,, formate
[required - yeast extract,
coenzyme M, and fatty
acids (valerate, isovalerate,
2-methylbutyrate,
isobutyrate)]

H, +CO,, formate
[required - acetate, yeast
extract, trypticase
peptone]

H, +CO, [required -
acetate, yeast extract,
trypicase peptone,
coenzyme M, and fatty
acids (valerate, isovalerate,
2-methylbutyrate,

isobutyrate)]

H, + methanol [required
- acetate, amino acids (L,
1), thiamin] [stimulatory
- biotin]

H, + methanol [required
- acetate, yeast extract]
[stimulatory - faty acids

(valerate, isovalerate,

2-methylbutyrate,
butyrate,isobutyrate,
propionate)]

H. + methanol [required
~yeast extract, casein
hydrolysate, rumen fluid]

H, +CO;, formate
[required - yeast extract or
vitamin-free casamino
acid, acetate, isovalerate,
2-methylbutyrate,
isobutyrate, indole,
pyridoxine, thiamine,
biotin, cobalamin, PABA,
boiled cell extract of
Methanothermobacter
thermautotrophicus,
coenzyme B]

H, +CO; [stimulatory
- acetate, cysteine, and
B-vitamins (most
stimulating biotin, folate,
cobalamin)]

H. +CO,, formate
[required - yeast extract,
rumen fluid]

H, +CO,, methanol,
methylamine,
trimethylamine, acetate
[required - rumen fluid]
H, +CO,, methanol,
[required - yeast extract,
rumen fluid]

H, + methanol/mono~/
di~/trimethylamine
[required - yeast extract,
acetate, formate, rumen

luid, coenzyme M]

H, +methanol/mono~/
di/trimethylamine
[required - yeast extract,
acetate, formate, rumen

luid, coenzyme M]

H, + methanol [required

- yeast extract, acetate,

formate, rumen flu

coenzyme M]

H, + trimethylamine
[required - acetate,
formate, rumen fluid]
H, +trimethylamine
[required - acetate,

formate, rumen fl

Cell wall
types

PM

PM

NR

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

RS-layer

PM

PM

MC+S-layer

MC+S-layer

Bi-CM

Bi-CM

Bi-CM

Optimum
pH, T (°C)

69-7.4,39

ND

ND

70,37

NR

7.0-80,39

ND

63-6.8,39

75,39

65-7.0,37-40

70,37

70,37

65-6.9,36-40

67-68,39

61-6.9,40

69-7.2,37-39

65-7.0,39

65,39

65-6.8,50

NR, 38-39

NR, 38-39

NR, 38-39

NR,37

NR,37

Doubling time
(h), medium,
substrate

6.7, BRN, Hy/CO; (80:20)
12.7, BRN, formate
(290mM)

ND

ND

ND

ND

5.4, BRN, H,/CO; (80:20)
14.6, BRN, formate
(150mM)

ND

ND

168, BRN, H,/CO; (80:20)
29.4, BRN, formate
(150mM)

145, BRN, H,/CO; (80:20)
153, BRN, formate
(220mM)

ND

ND

ND

ND

ND

ND

ND

ND

26, RE30, H/CO,
(80:20)

5.4, RE30,
(80:20)

H/CO;

NA

NA

NA

NA

NA

NA

specified (Rea et al. 2007); RE30 media, rumen fluid-containing BY medium (Jeyanathan, 2010); [potentially, genome contains gene homologs of adhesin-like protein.

Lifestyle
(endosymbiont,
ectosymbiont,

syntrophs)

[potentially] ectosymbiont
through the production of
adhesin-like protein

NA

NA

[potentially) ectosymbiont

through the production of

NA

[potentially] ectosymbiont
through the production of
adhesin-like protein

[potentially] ectosymbiont
through the production of
adhesin-il i

pro

[potentially) ectosymbiont
through the production of

adhesin-like protein

Ectosymbiont of protozoa of
genera Epidinium and
Endodinium, and with H-
producing bacteria
Butyrivibrio proclasticus
through the production of

an adhesin-like protein

[potentially) ectosymbiont
through the production of

adhesin-like protein

NA

NA

NA

[potentially) ectosymbiont
through the production of

adhesin-like protein

NA

NA

Found in association with
protozoa of genera
Entodinium, Metadinium,
and Ophryoscolex

NA

NA

NA

NA

NA

NA

NA

NA

NA

Bi-CM, thin bi-layer cell membrane. BRN media, not

GenBank ID,
Gold project ID,
Gold analysis
project ID,
Hungate1000
collection
number

GCA_000016525,
GpO000134, Ga0029348,
NA

GCA_000151225,
GpO003674, Ga0029349,
NA

GCA_000151245,
GpO003638, Ga0029350,
NA

GCA_003814835,
Gp0290545, Ga0244664,
NonHuns3

GCA_900109595,
Gp0127403, Ga0104357,
HUN396

GCA_900103415,
GpO087971, Ga007632,
HUN273

GCA_001477655,
Gp0007703, Ga0104112,
NonHung4

GCA_003111625,
GpO113775, Ga0074444,
NonHung9

GCA_000024185,
Gpoo02311, Ga029347,
NonHung6

GCA_900114585,
Gp087972, Ga0007633,
HUN274

GCA_000320505,
GpO035818, Ga0021326,
NonHung2

GCA_003111605,
GpOL13776, Ga0074445,
NonHun9o

GCA_000621965,
Gp0047017, Ga0005592,
HUN166

GCA_000012545,
Gp0000406, Ga0029374,
NA

NA

GCA_003268005,
GpO119560, Ga0105677,
NA

GCA_000711215,
Gp0047018, Ga0005617,
HUN195

GCA_002287175,
Gp0322642, Ga0308562,
NA

GCA_000762265,
Gp0007264, Ga0069308,
NonHunso

GCA_001027005,
Gp0007672, Ga0077912,
NonHun91

GCA_900116525,
GpO087973, Ga0007631,
HUN272

GCA_001560915,
Gp0125684, Ga0114162,
NonHun78

GCA_001563305,
Gp0139499, Ga0118695,

NonHun77

NA

LJKK00000000, NA, NA,
NA

LJKL00000000, NA, NA,
NA
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