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Abstract 20 

Recent discoveries of mcr and mcr-like complexes in genomes from diverse archaeal 21 

lineages suggest that methane (and more broadly alkane) metabolism is an ancient pathway with 22 

complicated evolutionary histories. The conventional view is that methanogenesis is an ancestral 23 

metabolism of the archaeal class Thermoplasmata. Through comparative genomic analysis of 12 24 

Thermoplasmata metagenome-assembled genomes (MAGs), we show that these microorganisms 25 

do not encode the genes required for methanogenesis, which suggests that this metabolism may 26 

have been laterally acquired by an ancestor of the order Methanomassiliicoccales. These MAGs 27 

include representatives from four orders basal to the Methanomassiliicoccales, including a high-28 

quality MAG (95% complete) that likely represents a new order, Ca. Lunaplasma lacustris ord. 29 

nov. sp. nov. These MAGs are predicted to use diverse energy conservation pathways, such as 30 

heterotrophy, sulfur and hydrogen metabolism, denitrification, and fermentation. Two of these 31 

lineages are globally widespread among anoxic, sedimentary environments, with the exception 32 

of Ca. Lunaplasma lacustris, which has thus far only been detected in alpine caves and subarctic 33 

lake sediments. These findings advance our understanding of the metabolic potential, ecology, 34 

and global distribution of the Thermoplasmata and provide new insights into the evolutionary 35 

history of methanogenesis within the Thermoplasmata. 36 

 37 

Introduction 38 

High-throughput sequencing of environmental DNA, metagenomic assembly of DNA 39 

sequence reads into contigs, and binning of contigs into metagenome-assembled genomes 40 

(MAGs) has provided unprecedented insights into the metabolic potential and evolutionary 41 

history of many uncultivated lineages (Hug et al., 2016; Brown et al., 2015; Woodcroft et al., 42 
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2018; Castelle et al., 2013; Crits-Christoph et al., 2018; Castelle et al., 2015; Anantharaman et 43 

al., 2016). In addition to revealing numerous new phyla, MAG analyses have identified new 44 

clades of microorganisms within longstanding phylogenetic groups, assigned biogeochemical 45 

roles to known but uncultivated lineages, and attributed new functions to diverse relatives of 46 

model prokaryotes (Graham et al., 2018; Mondav et al., 2014; Tully, 2019; Boyd et al., 2019; 47 

Solden et al., 2016; Singleton et al., 2018; Martinez et al., 2019). With these advances in 48 

sequencing technology, a more complex view of microbial evolution and metabolism has 49 

emerged. Increasingly, metabolic divergence between even closely related organisms is now 50 

recognized, with suggestions that some metabolism types, such as denitrification, are readily and 51 

repeatedly transferred to other microorganisms (Meyer and Kuever, 2007).   52 

Within the last decade, our view of alkane/methane metabolism has evolved from being 53 

ascribed to specific Euryarchaeota orders to being found in multiple archaeal phyla (Martiny et 54 

al., 2015; Evans et al., 2019; Vanwonterghem et al., 2016; Borrel et al., 2019). In addition to the 55 

phylogenetic diversity of methanogens, more variations on the methane-cycling biochemical 56 

pathways have been discovered (as in Evans et al., 2019; Hua et al., 2019). Genes typically 57 

associated with methane metabolism have also been linked to alkane oxidation in multiple 58 

Archaea (Laso-Pérez et al.). These findings have led to vigorous investigation into the 59 

evolutionary history of methanogens and the Archaea (e.g. Wolfe and Fournier, 2018a; Roger 60 

and Susko, 2018; Wolfe and Fournier, 2018b; Berghuis et al., 2019; Spang et al., 2017; Borrel et 61 

al., 2019). For example, it is hypothesized that the short H2-dependent methylotrophic 62 

methanogenesis pathway might be transferred through horizontal gene transfer more easily than 63 

the longer H2/CO2 dependent pathway (Borrel et al., 2016; Evans et al., 2019), though a 64 

consensus has not been reached. 65 
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 The current understanding of methanogenesis evolution is that ancestors of the 66 

Euryarchaeota phylum were methanogens (Evans et al., 2019), or potentially methanotrophs or 67 

alkanotrophs (Spang et al., 2017), with methanotrophy-driven acetogenesis also being proposed 68 

as an early metabolism type (Russell and Nitschke, 2017). It has been suggested that some 69 

euryarchaeal lineages, such as the Thermoplasmatales, lost the methanogenesis pathway, while 70 

others, such as the Methanomassiliicoccales, retained at least part of the pathway (Evans et al., 71 

2019).  However, a recent taxonomic reclassification based on relative evolutionary distance 72 

(RED) has proposed a new phylum, Ca. Thermoplasmatota, which includes the 73 

Thermoplasmatales, the Methanomassiliicoccales, the Aciduliprofundales, the MGII/MGIII 74 

archaea, and other uncharacterized lineages (Rinke et al., 2019). Within Ca. Thermoplasmatota, 75 

only the Methanomassiliicoccales are known methanogens (Borrel et al., 2014; Dridi et al., 76 

2012), using a truncated H2-dependent methylotrophic methanogenesis pathway (Lang et al., 77 

2015), while the other Ca. Thermoplasmatota lineages utilize a diverse set of metabolic 78 

strategies for energy conservation (Rinke et al., 2019; Tully, 2019; Sapra et al., 2003). This 79 

suggests that the basal ancestor to the Ca. Thermoplasmatota potentially was not a methanogen, 80 

which this study further supports. 81 

 Here, MAGs from several clades that are phylogenetically close to the methylotrophic 82 

methanogenic Methanomassiliicoccales are described. These lineages are consistently basal to 83 

the Methanomassiliicoccales in phylogenetic trees, although in some cases these MAGs were 84 

previously classified as Methanomassiliicoccales in public databases. Phylogenetic trees, MAG 85 

annotation, and functional profiling revealed key differences between these clades and 86 

Methanomassiliicoccales, most notably a lack of methanogenesis potential in the basal clades. 87 

Finally, the global distribution of three of these populations was determined and a new order 88 
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within the Thermoplasmata, sister to the Methanomassiliicoccales and the Thermoplasmatales, is 89 

proposed, named here as Ca. Lunaplasmatales ord. nov. 90 

 91 

Materials and Methods 92 

Data acquisition 93 

Previous work suggested that a MAG, referred to here as subarctic lake (SAL) 16, assembled 94 

from methanogenic sediments of a subarctic lake in northern Sweden, lacked methanogenesis 95 

genes, despite being assigned as a Methanomassiliicoccales based on the genomic information 96 

and RDP assignment of the assembled and binned 16S rRNA gene (Seitz et al., 2016). To further 97 

investigate whether these missing genes were the result of incomplete genome binning or were 98 

likely to be a true lack of methanogenic capabilities, MAGs were identified that were closely 99 

related to SAL16 in the Genome Taxonomy Database (GDTB; https://gtdb.ecogenomic.org/tree) 100 

release 86 archaeal tree, including those which were also in the Ca. Thermoplasmata_A class in 101 

GTDB  (Parks et al., 2018). Additionally, publicly available MAGs and genomes within the 102 

Thermoplasmata and Ca. Thermoplasmata_A classes, which together encompass the 103 

Methanomassiliicoccales, Thermoplasmatales, and Aciduliprofundum (Parks et al., 2018), were 104 

included here for comparison. MAGs and genomes were downloaded from the National Center 105 

for Biotechnology Information (NCBI) database from the accession numbers, the GTDB, or from 106 

the publications listed in Supplemental Table 1. MAGs beginning with the “UBA” prefix have 107 

been binned and published previously as described in Parks et al., 2017, while those beginning 108 

with “RBG” prefix are from Anantharaman et al., 2016, SAL16 is from Emerson et al. 2020, and 109 

SG8-5 is from Lazar et al., 2017. Genome statistics for all MAGs/genomes were determined 110 

using CheckM (Parks et al., 2015; Supplemental Table 2). The completeness and redundancy of 111 
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the 12 MAGs of interest were further assessed using the MiGA webserver (http://enve-112 

omics.ce.gatech.edu:3000/, accessed November, 2018; Rodriguez-R et al., 2018; Supplemental 113 

Table 3).  114 

 115 

MAG identification 116 

MAGs were screened for 16S rRNA gene sequences using the MiGA webserver (Rodriguez-R et 117 

al., 2018). Three MAGs contained 16S rRNA gene sequences, which were classified using the 118 

Ribosomal Database Project (RDP) classifier (Wang et al., 2007). The 16S rRNA gene 119 

sequences were also uploaded to the SILVA Alignment, Classification and Tree (ACT) service 120 

(Quast et al., 2012; Pruesse et al., 2007). The sequences were aligned to the global SILVA SSU 121 

alignment and classified with a minimum identity of 0.95 and 10 neighbor sequences (Pruesse et 122 

al., 2012). The 16S rRNA gene sequences were also compared to the NCBI nucleotide (nt) 123 

database using BLASTn for additional insight into taxonomy. 124 

 The 12 MAGs of interest were additionally compared to the NCBI Genome database 125 

(prokaryotes) using the MiGA server (Rodriguez-R et al., 2018) (Supplemental Tables 5 and 6). 126 

Genome and MAG taxonomy was also compared to GTDB taxonomy, which uses RED values 127 

to determine taxonomic groupings (Parks et al., 2018). The GTDB Toolkit (GTDB-Tk) v0.1.3 128 

classification workflow (https://github.com/Ecogenomics/GtdbTk) was used to determine RED-129 

based taxonomic placement of MAGs not already in the GTDB database 130 

(http://gtdb.ecogenomic.org/) (Supplemental Table 5). Pairwise average amino acid identities 131 

(AAIs) between all genomes and MAGs were computed using the envi-omics AAI calculator 132 

(http://enve-omics.ce.gatech.edu/aai/, accessed January 2019; Rodriguez-R and Konstantinidis, 133 

2016) (Supplemental Table 7). 134 
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 135 

Phylogenetic trees 136 

The phylogenetic tree based on 16 concatenated ribosomal proteins used in (Hug et al., 137 

2016) (Figure 1) was constructed using the methodology outlined in (Graham et al., 2018). 138 

Briefly, open reading frames in MAGs and genomes were determined using Prodigal v2.6.3 139 

(Hyatt et al., 2010), and ribosomal proteins were identified from these ORFs with HMMER 140 

v3.1b2 using the command hmmsearch with an e-value cutoff of 1E-5 (Eddy, 2011). Individual 141 

proteins were aligned in Muscle v3.8.31 (Edgar, 2004), and alignments were trimmed using 142 

TrimAL v.1.2rev59 in automatic1 mode (Capella-Gutierrez et al., 2009). Proteins were 143 

concatenated, and a maximum likelihood tree was calculated using FastTree v.2.1.10 with the 144 

parameters -lg -gamma and 1000 bootstraps (Price et al., 2010; 2009). The resulting tree was 145 

visualized through the interactive Tree of Life (iTOL) webserver (Letunic and Bork, 2016). 146 

The 16S rRNA gene tree (Supplemental Figure 1) was made using full-length or near 147 

full-length sequences from the 14 MAGs and genomes that had 16S rRNA sequences 148 

(Thermoplasmatales archaeon BRNA1, Methanomassiliicoccus sp. UBA386, 149 

Methanomassiliicoccus sp. UBA345, Methanomassiliicoccus sp. UBA6, 150 

Methanomassiliicoccaceae archaeon UBA593, Ca. Methanomethylophilus alvus Mx1201, 151 

methanogenic archaeon ISO4-H5, Aciduliprofundum boonei T469, Aciduliprofundum sp. 152 

MAR08-339, Aciduliprofundum sp. EPR07-39, Thermoplasma acidophilum, Cuniculiplasma 153 

divulgatum S5, Cuniculiplamsa divulgatum PM4, and Acidiplasma sp. MBA-1), as well as 154 

sequences from the NCBI database (accessed December, 2018). Sequences were aligned and 155 

trimmed using Muscle v3.8.45 implemented in Geneious v11.0.5 (100 maximum iterations) 156 
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(Edgar, 2004), and a tree was built with RAxML 8.2.12 with the parameters -m GTRCAT -f a -x 157 

123 -p 456 and 1000 bootstraps (Stamatakis, 2014).  158 

The RED-based phylogenetic tree (Supplemental Figure 2) was constructed using the 159 

GTDB Toolkit (GTDB-Tk) de_novo workflow (https://github.com/Ecogenomics/GtdbTk), 160 

including the GTDB classes Thermoplasmata and Thermoplasmata_A and using Crenarchaeota 161 

as the outgroup.  162 

MtrH and MttB trees (Supplemental Figures 3 and 4 and ) were made using sequences 163 

identified by Prokka v1.13.3, BlastKoala v2.1, and InterProScan v5.30-69.0 in the MAGs and 164 

genomes, and select sequences from the NCBI GenBank and UniProt databases (accessed 165 

January, 2019). MtrH was selected instead of MtrA for phylogenetic tree reconstruction since 166 

more of the Methanomassiliicoccales MAGs contained MtrH than MtrA. Sequences were 167 

aligned and trimmed using Muscle (Edgar, 2004) implemented in Geneious (100 maximum 168 

iterations), and a tree was built with RAxML with the parameters -f a -m PROTGAMMAAUTO 169 

-p 12345 -x 12345 and 100 bootstraps (Stamatakis, 2014). 170 

 171 

Functional annotation 172 

For all genomes, putative open reading frames (ORFs) were called, translated to amino 173 

acid sequences, and functionally annotated in Prokka with the kingdom set to Archaea 174 

(Seemann, 2014). InterProScan was used with default settings to compare the ORF amino acid 175 

sequence outputs from Prokka to the InterPro, TIGRFAM, and PFAM databases (Jones et al., 176 

2014). ORFs from the 12 MAGs of interest were also uploaded to the blastKOALA server and 177 

annotated with KEGG Orthologies using the Archaea taxonomy setting and the 178 

“family_eukaryotes + genus_prokaryotes” KEGG GENES database (Kanehisa et al., 2016) 179 
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(Supplemental Tables 9-20). These ORFs were also screened to determine which contained 180 

export signals using psortb in Archaea mode (Yu et al., 2010). Additional verification through 181 

BLASTp against the NCBI nr database was performed for manual curation of MAGs. 182 

 183 

Recovering global 16S rRNA gene sequence distributions 184 

The 16S rRNA gene sequences recovered from SG8-5, UBA147, and SAL16 (Ca. 185 

Lunaplasma lacustris) (16S rRNA gene sequences were recovered from three of the 12 MAGs) 186 

were compared to nucleotide sequences in the NCBI-nt database using methods similar to 187 

(Mondav et al., 2014). Briefly, for each 16S rRNA gene sequence, standalone blast v2.2.31 188 

command blastall was used with the settings -v 200000 -b 200000 -p blastn -m 8 against the nt 189 

database (downloaded in November, 2018) (Lipman et al., 1997). The results were parsed using 190 

the bio-table command (https://github.com/pjotrp/bioruby-table) at 97% similarity and requiring 191 

the matched sequence to be at least 200 bp long, which removed spurious hits to conserved 192 

regions. Hits were manually searched by their GenBank identifiers. Those that could be 193 

associated with peer-reviewed publications and included latitude and longitude of the sample 194 

origin were used for mapping the distribution of these organisms (Supplemental Table 21). 195 

Additionally, the map included locations of the metagenomes from which the MAGs of interest 196 

were recovered (Table 1). The map was created in R using the ‘maps’ and ‘ggplot2’ packages 197 

(Brownrigg et al.; Wickham, 2011). 198 

 199 

Results and Discussion 200 

Phylogeny of MAGs within and basal to Methanomassiliicoccales 201 
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In our previous work, a MAG recovered from subarctic lake sediment metagenomes in 202 

Northern Sweden, referred to here as SAL16, was characterized taxonomically as a member of 203 

the archaeal order Methanomassiliicoccales (Seitz et al., 2016). However, despite being 95% 204 

complete, the MAG lacked genetic evidence for methanogenesis, which was unusual, given that 205 

all previously identified Methanomassiliicoccales were thought to be methanogens (Borrel et al., 206 

2014; Söllinger et al., 2015). Similarly, study of archaeal genomes recovered from aquifer water 207 

and sediments near the Colorado River in Rifle, Colorado suggested that mcrA gene sequences 208 

(indicative of methanogenesis) were not co-binned with the Methanomassiliicoccales or their 209 

close relatives, but these Methanomassiliicoccales-related MAGs were less than 50% complete, 210 

so the authors could not conclude whether or not these organisms were methanogens (Castelle et 211 

al., 2015). In order to more fully assess the phylogeny and metabolic potential of the SAL16 212 

MAG and its close relatives, we downloaded MAGs and genomes at least 70% complete from 213 

NCBI and the GTDB, targeting those classified as or grouped phylogenetically closely to the 214 

Methanomassiliicoccales, as well as sister clades Thermoplasmatales and Aciduliprofundales 215 

(GTDB classes Thermoplasmata and Thermoplasmata_A).  216 

In total, 68 MAGs and genomes from these lineages were examined, with a focus on 12 217 

publicly available MAGs (including SAL16) that we found to be closely related to, but not 218 

within, the Methanomassiliicoccales (Table 1; for MAG accession numbers, see Supplemental 219 

Table 1). It is important to note, however, that some of these MAGs were labeled as 220 

“Methanomassiliicoccales archaeon” in the NCBI database and categorized as 221 

“Methanomassiliicoccus” by the RDP classification tool, while being classified within a separate 222 

order or even class by other pipelines, such as GTDB-Tk (Parks et al., 2018), MiGA (Rodriguez-223 

R et al., 2018), SILVA SINA (Pruesse et al., 2007; Yilmaz et al., 2013; Quast et al., 2012), and 224 
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amino acid identity (AAI) (Rodriguez-R and Konstantinidis, 2016), as described in further detail 225 

below. The MAGs range in completeness from 70.8 to 95.2% with up to 6.3% redundancy 226 

(Table 1; Supplemental Table 2), as determined by CheckM (Parks et al., 2015). SAL16 is 227 

considered a high-quality draft genome by the MIMAG standards (Bowers et al.), except for the 228 

lack of a binned 5S SSU rRNA gene. SAL16 was characterized as an ‘excellent’ quality genome 229 

through the MiGA webserver (Rodriguez-R et al., 2018), with the other 11 MAGs generally 230 

categorized as ‘high’ (8 MAGs) or ‘intermediate’ (2 MAGs) quality, apart from one ‘low’ 231 

quality MAG (UBA10834) (Supplemental Table 3). 232 

An assembled 16S rRNA gene sequence was recovered from each of three MAGs: 233 

SAL16 (1,465 bp), UBA147 (1,174 bp), and SG8-5 (1,459 bp), the last of which was previously 234 

determined to group phylogenetically within the Rice Cluster III lineage (Lazar et al., 2017) 235 

(Supplemental Figure 1). The SAL16 16S rRNA gene sequence shares 87% nucleotide identity 236 

with both the UBA147 and SG8-5 sequences, indicating that these MAGs belong to different 237 

orders within the same class. SG8-5 and UBA147 share 95% similarity between their 16S rRNA 238 

gene sequences, revealing that they could represent the same genus, though the 59.7% AAI 239 

between them only supports that they represent the same family (Konstantinidis et al., 2017). In 240 

all cases, the closest cultured relative was Methanomassiliicoccales luminyensis B10, at 86% 241 

rRNA gene identity with SAL16 and 88-89% with UBA147 and SG8-5, placing these MAGs in 242 

at least novel orders within the Thermoplasmata class (Supplemental Table 4) (Konstantinidis et 243 

al., 2017). In contrast, the Ribosomal Database Project (RDP) classifier 244 

(https://rdp.cme.msu.edu/classifier/classifier.jsp) run with a 95% confidence threshold classified 245 

all three MAGs within the Methanomassiliicoccus genus (Cole et al., 2009) (Supplemental Table 246 

4). If these sequences had been recovered from 16S rRNA-based amplicon studies, they likely 247 
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would have been assigned as Methanomassilicoccales, which could lead to spurious assignments 248 

of metabolic capability (i.e., an assumption that these sequences represent methanogens). 249 

The RED calculated by the GTDB-Tk workflow (Parks et al., 2018) supported the 250 

placement of SAL16 as a novel order within the Thermoplasmata class, which also contains the 251 

Methanomassiliicoccales (Supplemental Table 5). The 11 other MAGs were previously 252 

classified within orders containing no isolated representatives: the orders RBG-16-68-12 (3 253 

MAGs), UBA10834 (5 MAGs), and SG8-5 (3 MAGs) (Supplemental Table 5; Parks et al., 254 

2018). Similarly, taxonomic classification and novelty calculations through the MiGA webserver 255 

also indicated that most of these MAGs represent novel orders, and potentially novel classes in 256 

some cases (Supplemental Table 5). The five MAGs in the order UBA10834 257 

(RBG_COMBO_56_21; RBG_13_57_23; RBG_16_62_10, UBA10834, and UBA9653 (Figure 258 

1; Supplemental Figure 2; Supplemental Table 5) were estimated to be within the 259 

Thermoplasmata class, but likely not within the Methanomassiliicoccales (Supplemental Table 260 

5). The AAI values between these five MAGs and Methanomassiliicoccus luminyensis B10 were 261 

46.9-47.7% AAI (Supplemental Tables 6 and 7), placing them at the lower end of the range 262 

suggested for being within the same family (Konstantinidis et al., 2017). These results, taken 263 

together with the 16S rRNA gene sequence phylogenies, indicate that these MAGs are all at least 264 

in novel orders within the Thermoplasmata, and SAL16 potentially represents a novel class 265 

within the Euryarchaeota. Here, we will refer to these as novel orders within the 266 

Thermoplasmata_A class, in agreement with the RED based taxonomic classification (Parks et 267 

al., 2018), or the Thermoplasmata as in NCBI.  268 

Phylogenetic trees constructed from 16 concatenated ribosomal proteins (RPs) (Figure 1), 269 

122 proteins used by GTDB (Supplemental Figure 2), and 16S rRNA genes (Supplemental 270 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.09.984617doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.09.984617


 13

Figure 1) all show good agreement on the position of these orders as closely related to, but 271 

distinct from and basal to, the Methanomassiliicoccales. Some slight differences in topology are 272 

notable, however; both the RP and 122 protein-based trees show SAL16 (Ca. Lunaplasmata 273 

lacustris), the RBG-16 order, and the SG8-5 order MAGs as branching basal to the 274 

Methanomassiliicoccales, which is further supported by the 16S rRNA gene tree for the MAGs 275 

with recovered 16S rRNA genes. Placement of the order UBA10834 showed the most variation 276 

between the RP and RED-based trees. In the RP tree, UBA10834 order MAGs are grouped in a 277 

clade with the three orders listed above (though with low bootstrap support of 0.127), and this 278 

clade is basal to the Methanomassiliicoccales (Figure 1). However, the RED-based tree places 279 

the order UBA10834 as grouping separately from the other three orders, and more closely with 280 

the Methanomassiliicoccales (Supplemental Figure 2). This placement is supported by a slightly 281 

higher AAI between order UBA10834 and Methanomassiliicoccus MAGs than between 282 

UBA10834 MAGs and MAGs belonging to RBG-16, SG8-5, and SAL16 (Ca. Lunaplasma 283 

lacustris). 284 

 The highly complete (>95%) and minimally contaminated (<5%) SAL16 MAG meets the 285 

recently proposed MiMAG standards for naming organisms (Bowers et al.; Chuvochina et al., 286 

2019). Thus, we propose naming this microorganism Ca. Lunaplasma lacustris ord. nov. sp. nov. 287 

within the new order Cand. Lunaplasmatales (“Luna” referring to moon, “plasma” referring to 288 

being within the Ca. Thermoplasmatota, lacustris referring to lake; formal description below). 289 

This names reflects the previous enrichment of a representative of this species from carbonate 290 

cave deposits (referred to as moonmilk) in Austria (Reitschuler et al., 2016; 2014), for which 291 

there is no published isolate or genomic characterization.  292 

Comparison of the basal lineages to Methanomassiliicoccales 293 
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These MAGs are deeply branching members of the same phylogenetic clade that 294 

otherwise only includes the methanogenic Methanomassiliicoccales (Figure 1). The cultivated 295 

Methanomassiliicoccales produce methane through methylotrophic methanogenesis, with 296 

variations in terms of actual and predicted substrates along with enzyme complexes involved in 297 

the metabolism of these compounds compared to more well studied methanogens (Borrel et al., 298 

2014; Speth and Orphan, 2018). A common feature of these microorganisms is a truncated 299 

methanogenesis pathway, relative to the canonical hydrogenotrophic methanogenesis pathway 300 

observed in many euryarchaeal methanogens (Borrel et al., 2014; Kaster et al., 2011). In the 301 

Methanomassiliicoccales, the transfers of methyl groups from compounds such as methylamines, 302 

methylsulfides, or methanol to Coenzyme M (CoM) to generate methyl-CoM are predicted to be 303 

mediated by methyltransferase (MtbA, MtsA/MtsB, MtaA) and methyltransferase/coronoid 304 

proteins (MtmBC, MtbBC, MttBC, MtaBC) (Borrel et al. 2013; Lang et al. 2015). The methyl 305 

group from the methyl-CoM is then reduced to methane with electrons and H
+
 supplied from H2. 306 

These Methanomassiliicoccales organisms are H2-dependent due to the absence of the Wood-307 

Ljungdahl pathway that would otherwise provide reducing equivalents in a similar mechanism to 308 

conventional methylotrophic methanogens from the Methanosarcinales (Rother et al. 2005). 309 

Concomitantly during the reduction of methyl-CoM to methane, another enzyme called 310 

Coenzyme B (CoB) replaces the methyl group of methyl-CoM to form a heterodisulfide bond 311 

with CoM. The CoM is regenerated by the heterodisulfide/methylviologen reductase complex 312 

(HdrABC-MvhADG) with electrons generated from oxidized H2 in a mechanism similar to 313 

typical methanogen electron bifurcating reactions (Lang et al. 2015). The reduced ferredoxin 314 

generated from this electron bifurcation is then predicted to oxidize a membrane-bound Fpo-like 315 

+ hdrD complex to drive H
+ 

and/or Na
+
 translocation across the inner membrane and create the 316 
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proton or sodium motive force used by ATPases to produce ATP (Borrel et al., 2014; Kröninger 317 

et al., 2015; Lang et al., 2015). While these Methanomassiliicoccales genomes/MAGs contain 318 

many core methanogenesis proteins, notable exceptions include genes encoding for the N5-319 

methyltetrahydromethanopterin:CoM methyltransferase (Mtr) complex, Fmd/FwdABCD, and 320 

methanogenesis marker genes 10 and 14 (Borrel et al., 2014).  321 

In contrast to the Methanomassiliicoccales, the 12 basal MAGs identified in this study 322 

lack characterized genes that would confer the potential for H2-dependent or other forms of 323 

methanogenesis. No mcr or mcr-like open-reading frames (ORFs) were observed in any of these 324 

MAGs (Figure 1, Supplemental Figure 5). We recognize that the lack of mcr gene sequences in 325 

these MAGs does not definitively exclude the possibility that such sequences were in fact present 326 

in the genomes, but were not binned within the MAGs. However, all 12 MAGs lack 327 

methanogenesis associated genes. Furthermore, our inference that these populations are not 328 

methanogenic is supported by the apparent absence of genes coding for the insertion of the 329 

amino acid pyrrolysine, along with pyrrolysine biosynthesis genes (pylBCDS), and these MAGs 330 

lack many of the core “methanogenesis marker genes” observed in Methanomassiliicoccales 331 

(Figure 1, Supplemental Figure 5) (Borrel et al., 2014; Kaster et al., 2011). Two exceptions were 332 

homologs of the methanogenesis marker protein 4, which was found in the three MAGs 333 

(UBA9653, RBG-13-57-23, and RBG-19FT-COMBO-56-21), and a methanogenesis marker 334 

protein 2 homolog found in RBG-13-57-23. These proteins do not have verified functions 335 

(Kaster et al., 2011), so we are unable to assess the role of these putative genes in these MAGs. 336 

The three RBG-16 and five UBA10834 order MAGs contain ORFs annotated as 337 

methyltransferases in the same protein families as found in the Methanomassiliicoccales (Figure 338 

1). Most of the putative methyltransferase genes were annotated as coding for MttB (i.e., within 339 
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the MttB superfamily) and some for the corresponding corrinoid proteins, MtbC or MttC; no 340 

putative methyltransferase alpha subunits, e.g. MtaA, were found to be encoded. In 341 

methanogens, MttB transfers methyl groups from trimethylamine to the corrinoid protein MttC, 342 

then MtaA or MtbA will transfer the methyl group to CoM. Many of the traditional MttB 343 

proteins in methanogens contain the amino acid pyrrolysine (Gaston et al., 2011; Borrel et al., 344 

2014). However, non-pyrrolysine containing members of this protein family are widely found in 345 

non-methanogens, including MttB superfamily proteins which utilize glycine betaine (Ticak et 346 

al., 2014). In the basal MAGs analyzed here, the ORFs annotated as mttB do not encode 347 

pyrrolysine, and they are phylogenetically distinct from mttB sequences of known methanogens 348 

(Supplemental figure 4), grouping instead with diverse lineages not associated with 349 

methanogens. Therefore, we infer that they encode non-methanogenic MttBs. While some of 350 

these putative mttB ORFs group more closely to glycine betaine reductases than the 351 

methanogenic MttBs, it is unclear what role these MttBs play in the non-methanogenic MAGs. 352 

Potentially, these MttBs may confer a methylotrophic metabolism not linked to methane 353 

formation. 354 

Notably, ORFs annotated as mtrAH genes were observed in some of the environmental 355 

Methanomassiliicoccales MAGs, three of the SG8-5 order MAGs, but none of the other nine 356 

basal MAGs (Figure 1). In euryarchaeal methanogens a complete methyl-H4MPT–coenzyme-M-357 

methyltransferase (MtrABCDEFGH) complex translocates Na
+
 ions across the cell membrane 358 

during hydrogenotrophic or acetoclastic methanogenesis, but it is not necessary for 359 

methylotrophic methanogenesis (Welander and Metcalf, 2005). Perhaps related to this, genes 360 

encoding Mtr subunits are not typically observed in the Methanomassiliicoccales (Borrel et al., 361 

2014). In the first observation of a Methanomassiliicoccales genome with mtr (Speth and 362 
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Orphan, 2018), the authors identified mtrAH homologs in an environmental 363 

Methanomassiliicoccales MAG referred to as MAssiliicoccales Lake Pavin (MALP.) Here, we 364 

find mtrAH homologs in many Methanomassiliicoccales MAGs closely related to MALP. Both 365 

the Methanomassiliicoccales and the SG8-5 mtrH sequences group separately from other known 366 

methanogens (Supplemental Figure 3), supporting the notion that either Methanomassiliicoccales 367 

methanogenic abilities might have been gained through horizontal gene transfer or that the 368 

mtrAH genes were horizontally transferred.  Speth and Orphan (2018) proposed that mtrAH 369 

actually encode methyltetrahydrofolate:CoM methyltransferase, which could be used in the 370 

Wood-Ljungdahl pathways found in the MALP MAG (Speth and Orphan, 2018). However, the 371 

three SG8-5 MAGs do not contain genes for the Wood-Ljungdahl pathway (Figure 3), so the 372 

mtrAH homologs in this lineage have an unknown function, but it is likely involved in the 373 

transfer of methyl groups. 374 

Evolutionary history of methanogenesis within the Thermoplasmata class 375 

Taken together, these results support our conclusion that Ca. Lunaplasma lacustris, SG8-376 

5, RBG-16, and UBA10834 order MAGs do not represent methanogenic Archaea, despite 377 

grouping phylogenetically adjacent and basal to the methanogenic Methanomassiliicoccales. 378 

These basal MAGs do however have some features in common with the 379 

Methanomassiliicoccales, such as retaining hdrABCD and, in some cases, a select few 380 

methanogenesis marker genes (Figure 1). Within the Thermoplasmata, only the 381 

Methanomassiliicoccales are known to be methanogenic, with orders including the 382 

Thermoplasmatales and the uncultured Candidatus Poseidoniales (previously known as Marine 383 

Group II or MGII) containing no known methanogens or methanotrophs (Tully, 2019; Rinke et 384 

al., 2019).  385 
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It has previously been proposed that methanogenesis was lost in the Thermoplasmatales 386 

and retained in the Methanomassiliicoccales (Evans et al., 2019), but with the addition of extra 387 

genomes here, it now appears that the Methanomassiliicoccales-related MAGs could have gained 388 

genes for methane metabolism, further complicating the evolutionary history of metabolic 389 

properties in the Thermoplasmata. Given the paraphyletic nature of groups basal to the 390 

Methanomassiliicoccales within the Thermoplasmata (Figure 1), the most parsimonious 391 

explanation for the lack of methanogenesis in these basal groups is that methanogenesis was in 392 

fact not present in the last common ancestor of the Thermoplasmata. Instead, methanogenesis 393 

was gained by an ancestor of the Methanomassiliicoccales through horizontal gene transfer, as 394 

hypothesized for the Ca. Bathyarchaeota BA1 and BA2 and Ca. Verstraetearchaota lineages 395 

(Evans et al., 2015; Vanwonterghem et al., 2016). Although the phylogenetic trees presented 396 

here show topological differences (including two clades vs. one clade of these MAGs basal to the 397 

Methanomassiliicoccales, as described above), the preservation of vertical transmission of 398 

methanogenesis within the Thermoplasmata class to the Methanomassiliicoccales would still 399 

require more than one loss of methanogenesis in the Thermoplasmata. However, as mcr or mcr-400 

like genes are found throughout the Archaeal tree, potentially mostly due to vertical descent 401 

(Hua et al., 2019), then the less parsimonious explanation (an inference of multiple losses of 402 

methanogenesis in the Thermoplasmatales and other lineages basal to Methanomassiliicoccales) 403 

is entirely possible.  404 

 405 

Metabolic potential of lineages basal to the Methanomassiliicoccales 406 

The Ca. Lunaplasma lacustris MAG was the highest quality MAG in our dataset, thus we 407 

focused our metabolic analyses on this lineage, examining ORF annotations to attribute potential 408 
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metabolic functional to this MAG. For the less complete MAGs in the SG8-5, UBA10834, and 409 

RBG-16 orders, we examined the MAGs as groups and compared these predicted functions to 410 

those of Ca. Lunaplasma lacustris. In all cases, these MAGs were previously either metabolically 411 

uncharacterized (MAGs beginning with the prefix “UBA” (Parks et al., 2018) or characterized as 412 

part of larger studies of many MAGs (SG8-5 as in (Lazar et al., 2017) MAGs beginning with  the 413 

prefix “RBG” (Anantharaman et al., 2016)). 414 

Annotation suggests that Ca. Lunaplasma lacustris likely can conserve energy through 415 

amino acid metabolism, similar to the metabolism proposed for the MBG-D Single Amplified 416 

Genome (SAG) in (Lloyd et al., 2013). In Ca. Lunaplasma lacustris, amino acids and short 417 

peptides are predicted to be imported into the cell by branched chain and polar amino acid 418 

transporters (Figure 2). Aminotransferases are predicted to convert the amino acids into 2-keto 419 

acids, which could be oxidized through the action of the oxidoreductases Ior, Vor, or Kor. 420 

Ferredoxin reduction is predicted to be coupled to amino acid oxidation (Sapra et al., 2003; 421 

Lloyd et al., 2013). Ferredoxin (Fdred) can then be oxidized by a membrane-bound Fpo-like + 422 

HdrD and/or glcD complex and a membrane-bound hydrogenase, creating a proton motive force. 423 

ATP can then be produced through a V/A-type ATPase. 424 

Multiple ORFs with homology to hdrABC/mvhADG subunits were found in Ca. 425 

Lunaplasma lacustris (Figure 2; Supplemental Table 9). In some methanogens, the 426 

HdrABC/MvhADG complex reduces the heterodisulphide CoM-S-S-CoB and Fdred (Buan and 427 

Metcalf, 2010). However, Hdr subunits are also found in non-methanogenic sulfate-reducing 428 

bacteria and archaea, where they have been proposed to function in electron bifurcation 429 

associated with sulfur metabolism pathways (Ramos et al., 2015). In Ca. Lunaplasma lacustris, 430 

this complex could be coupling hydrogen oxidation to the reduction of ferredoxin and an 431 
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unknown heterodisulphide or other sulfur compound, as proposed for SG8-5 (Lazar et al., 2017), 432 

Archaeoglobus profundus (Mander et al., 2004), and an uncultured bacterial population (Castelle 433 

et al., 2013).  434 

A beta-oxidation pathway showing similarity, based on the presence of genes similar to 435 

atoB, paaH, crt, and bcd/etf, to those described in the methanogenic Archaeoglobus was also 436 

observed in Ca. Lunaplasma lacustris (Boyd et al., 2019), so it is possible that these organisms 437 

degrade fatty acids for energy conservation (Figure 2; Supplemental Table 8). ORFs annotated as 438 

acetate-CoA ligase (acd) were also present, possibly conferring the ability to produce ATP 439 

through fermentation (Schäfer et al., 1993) and providing another route for energy conservation 440 

in this apparently versatile population. 441 

The three RBG16 order MAGs (RBG-19FT-COMBO-69-17, RBG-16-67-27, and 442 

UBA8695; Supplemental Table 10-12) are the most closely related to Ca. Lunaplasma lacustris, 443 

and they appear to have similar metabolic potential, i.e., amino acid respiration, fermentation, 444 

and beta oxidation (Figure 3). These MAGs and Ca. Lunaplasma lacustris also contain ORFs 445 

annotated as a sulfide-quinone reductase (sqr). In some organisms, Sqr can oxidize H2S to S(n), 446 

which can be coupled to oxygen reduction (Brito et al., 2009; Lencina et al., 2013). In addition 447 

to putative sqr genes, these MAGs encode rubredoxin, an electron carrier found in some sulfur 448 

respiring organisms (Ma et al., 1993; Lumppio et al., 2001), and sulfur dehydrogenases, which 449 

can act as bifunctional S
0
 or Sn reductases or Fd:NADPH oxidoreductases (Ma and Adams, 450 

1994). Based on the presence of these putative genes, it is likely that these MAGs can participate 451 

in sulfur cycling by consuming or producing sulfides.  452 

A distinctive difference between the RBG-16 cluster MAGs and Ca. Lunaplasma 453 

lacustris is the presence of ORFs annotated as archaeal nitrate reductase complex (narGH) 454 
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(Yoshimatsu et al., 2000) and nitrite reductase nirK in RBG-16-67-27 and RBG-19FT-COMBO-455 

69-17 (Fig. 3). In the less complete UBA8695 (70.76% estimated completeness), narGH 456 

homologs were not found. UBA8695 did however contain a putative narC, which encodes 457 

cytochrome b-561 in the archaeon Haloarcula marismortui (Yoshimatsu et al., 2007). This 458 

indicates that these MAGs likely represent nitrate- and nitrite-reducing archaea, which is 459 

consistent with their brief metabolic characterization in the source publication, which examined 460 

key functional genes in over 2,500 genomes (Anantharaman et al., 2016). Two MAGs in the 461 

RBG-16 order contain cytochrome C oxidase subunits, pointing to the capacity for aerobic 462 

respiration (Capaldi et al., 1983). Lending further support to this is the likely lack of 463 

rubrethythrin, a protein used to combat oxidative stresses in anaerobes, in the RBG-16 order 464 

(Weinberg et al., 2004; Lencina et al., 2013).  465 

ORFs annotated as part of the nrfD family, which can function in nitrite oxidation and 466 

sulfur/polysulfide reduction (Hussain et al., 1994), were also found in the RBG-16 order and two 467 

UBA10834 group MAGS (RBG-19FT-COMBO-56-21 and RBG-13-57-23) (Figure 3; 468 

Supplemental Tables 16 and 17). The putative nrfD subunits in these MAGs were all located 469 

next to a dmsB gene (Supplemental Figure 6), which can encode part of a dimethyl sulfoxide or 470 

trimethylamine N-oxide reductase complex (Müller and DasSarma, 2005). Only one MAG, 471 

RBG-19FT-COMBO-56-21, also contained dmsA and dmsD in the same operon as dmsB and a 472 

nfrD subunit, which was alternatively annotated as dmsC. In RBG-13-57-23, nrfD was also 473 

located next to a formate dehydrogenase subunit (fdhD), and in RBG-19FT-COMBO-69-17, one 474 

nrfD was between a molybdopterin oxidoreductase encoding gene annotated as encoding 475 

tetrothionate reductase subunit A (ttrA) and dmsB. Boyd et al. (2019) found dmsB and nrfD 476 

located on the same operon in an Archaeoglobus MAG recovered from the deep subseafloor and 477 
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posited that these genes encode proteins used in sulfur redox chemistry (Boyd et al., 2019). 478 

Similarly, sulfate-reducing organisms use NrfD-like proteins as electron shuttles during sulfate 479 

reduction (Pereira et al., 2011). These ORFs indicate that the reduction of sulfur compounds (S
0
, 480 

PS, and/or DMSO) may be a metabolic strategy in these organisms, but due to the various 481 

functionalities of the predicted gene products, it remains inconclusive exactly which metabolisms 482 

they confer. 483 

SG8-5 order MAGs also appear to have a similar metabolic scheme to Ca. Lunaplasma 484 

lacustris, with some notable deviations and variability among genomes (Figure 3; Supplemental 485 

Tables 13-15). In Lazar et al., 2017, SG8-5 was described as a peptide degrader, which supports 486 

our findings that all three SG8-5 order organisms could be peptide-degrading. A difference 487 

between the three MAGs, though, is that SG8-5 was hypothesized to be using 488 

HdrABC/MvhADG as part of its machinery to reduce ferredoxin Lazar et al., 2017. However, 489 

UBA147, which is 89.6% complete compared to SG8-5’s 72.24% completeness, does not 490 

contain any predicted hdr genes, nor does UBA280 (77.8% completeness) (Figure 1). This 491 

suggests that Hdr may not play a role in UBA147, and instead the membrane-bound 492 

hydrogenases and potentially the P-type pyrophosphatases are presumed to be the main drivers 493 

of the proton motive force.  494 

 The predicted metabolic schemes in the order UBA10834 are perhaps the most divergent 495 

from the other MAGs basal to the Methanomassiliicoccales. Though these MAGs still contain 496 

ORFs indicative of amino acid respiration and fermentation as likely metabolic strategies, these 497 

MAGs lack evidence of beta-oxidation pathways (Figure 3). However, they contain ORFs 498 

annotated as acetyl-CoA synthase/carbon monoxide dehydrogenase, which along with those for 499 

the Wood-Ljungdahl pathway are required for carbon fixation (Ragsdale and Pierce, 2008). 500 
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Several MAGs in the UBA10834 order contained multiple ORFs annotated as sulfhydrogenase 501 

(hydABDG), which can function as a hydrogenase and S
0
 or Sn reductase (Ma et al., 1993), 502 

though the function here is not confirmed. Thus the UBA10834 MAGs may represent 503 

autotrophic organisms that can couple sulfur reduction to hydrogen oxidation. 504 

Global distribution of populations basal to the Methanomassiliicoccales 505 

The NCBI non-redundant nucleotide (nt) database was searched to determine where 16S 506 

rRNA gene sequences from these Methanomassiliicoccales-related populations have been 507 

previously observed. 16S rRNA gene sequences recovered from three MAGs were used for this 508 

analysis (Supplemental Table 4). The 16S rRNA gene sequences from UBA147 and SG8-5 were 509 

found in globally distributed samples from environments such as sediments, coal beds, oil-sands 510 

tailing ponds, and groundwater (Fig. 4; Supplemental Table 21).  These findings are consistent 511 

with the environmental origins of the MAGs recovered from these lineages and suggest that 512 

these lineages may be exclusively environmental. This is in contrast to some 513 

Methanomassiliicoccales lineages that, thus far, have been exclusively found in the human and 514 

animal gastrointestinal tracts (Figure 1) (Söllinger et al., 2015). 515 

The environments containing 16S rRNA gene sequences similar to UBA147 and SG8-5 516 

tended to be anoxic, which is consistent with this lineage having no evidence of aerobic 517 

metabolism, unlike the RBG-16 order lineages discussed here. These anaerobic environments 518 

included methane-rich environments, such as the methanogenic coal beds in the Powder River 519 

Basin in the western United States and methane cold seeps in the northeast Pacific Ocean 520 

(Barnhart et al., 2013; Marlow et al., 2014). The majority of the UBA147-related sequences 521 

were from anaerobic zones of tailing ponds in Alberta, Canada. The SG8-5 related sequences 522 

were found in similar, and sometimes the same, environments as UBA147-related sequences 523 
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(Figure 4). However, apart from the coalbed-associated sequences, the SG8-5-related sequences 524 

were recovered from marine influenced areas, such as bays, continental margins, or deep-sea 525 

sediments, and the SG8-5 MAG itself was recovered from estuary sediments. It thus appears that 526 

within the order SG8-5, UBA147 represents a more widely distributed clade, whereas SG8-5-like 527 

organisms tend to be more marine-associated.  528 

In contrast to the ubiquitous UBA147 and SG8-5 sequences, 16S rRNA sequences from 529 

approximately the same species as Ca. Lunaplasma lacustris (i.e. defined as > 97% similar) were 530 

found exclusively in calcite deposits (‘moonmilk deposits’) from alpine caves in the Austrian 531 

Alps (Reitschuler et al, 2016). Intriguingly, Reitschuler et al. were able to enrich these closely 532 

related ‘Moonmilk Archaea’ under anaerobic conditions at low temperatures (10°C), concluding 533 

that these organisms were unlikely to be methanogenic, methanotrophic, or nitrate- or iron-534 

reducing. These conclusions support our findings that Ca. Lunaplasma lacustris is likely to be 535 

heterotrophic and non-methanogenic. As the Ca. Lunaplasma lacustris MAG was recovered from 536 

methanogenic sediments in post-glacial freshwater lakes that have seasonal freeze-thaw cycles in 537 

northern Sweden (Seitz et al., 2016), it is possible that these organisms prefer cold, anoxic 538 

environments, consistent with the metabolic predictions for this lineage. 539 

 540 

Description of Ca. Lunaplasma lacustris 541 

Candidatus Lunaplasma (Lu.na.plas’ma. N.L. fem. n. luna  (from Latin. fem. noun. luna) moon, 542 

Gr. neut. n. plasma, something formed or molded, a form). Candidatus Lunaplasma lacustris 543 

(la.cus.tris. M.L. fem. adj., lacustris inhabiting lake). “Lunaplasmatales” (Lu.na.plas’ma.tal.es 544 

N.L. n. “Lunaplasmatales” -entis, type genus of the family; suff. -ales, ending to denote an order; 545 

N.L. neut. pl. n. Lunaplasmatales, the order of the genus “Lunaplasma”).  546 
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 547 

Conclusions 548 

From our results we find that four orders of uncharacterized archaea closely related to 549 

Methanomassiliicoccales methanogens do not have pathways that would suggest a methanogenic 550 

lifestyle. This result is inconsistent with NCBI and RDP database classifications of these MAGs 551 

as belonging to the methanogenic order Methanomassiliicoccales. Instead, MAGs in these orders 552 

(basal to Methanomassiliicoccales) contain genes potentially conferring various combinations of 553 

sulfur, nitrogen, hydrogen, and aerobic metabolisms, with one order possibly autotrophic. 554 

Relationships of 16S rRNA gene sequences to those from published amplicon datasets indicate 555 

that species in one order, SG8-5, are widespread in both marine and terrestrial environments, 556 

while the Ca. Lunaplasmata lacustris MAG apparently represents a species with a constrained 557 

ecological distribution. In combination with phylogenetic analyses of the 558 

Methanomassiliicoccales and its basal lineages, our metabolic reconstructions suggest an 559 

alternative evolutionary history of methanogenesis in the Thermoplasmata, relative to a recent 560 

hypothesis that suggested that methanogenesis was present in the ancestor of the 561 

Thermoplasmata and vertically transmitted to the Methanomassiliicoccales but lost in the 562 

Thermoplasmatales. We suggest instead that the capacity for methanogenesis was absent in the 563 

ancestor of the Thermoplasmata and was gained in the ancestor of the Methanomassiliicoccales 564 

via horizontal gene transfer after divergence from the basal lineages analyzed here. Another 565 

possible explanation is that the ability to perform methanogenesis was present in a basal ancestor 566 

to the Thermoplasmatales, but was lost multiple times in the descending lineages.  These 567 

findings highlight the potential roles of non-methanogenic Thermoplasmata in the environment 568 

and contribute to our rapidly developing understanding of the evolution of methanogenesis. 569 
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Figures 843 

844 

Figure 1. Ribosomal protein (RP) tree. Tree (based on the 16 proteins used in Hug et al., 2016), 845 

showing the phylogenetic relationships among 10 of the non-methanogenic MAGs basal to the 846 

Methanomassiliicoccales (in gold, orange, red, and pink backgrounds) and closely related 847 

Archaea, including the Methanomassiliicoccales (gastrointestinal tract (GIT) and environmental 848 

clades in blue and green backgrounds, respectively, following clade designations from Söllinger 849 

et al. (2016)), Aciduliprofundales (white background), and Thermoplasmatales (grey 850 

background). The white star represents the proposed gain of methanogenesis in the 851 

Methanomassiliicoccales. Bootstrap values (of 1000 bootstraps) are shown as a filled black dot 852 

where support was higher than 80%, as an empty dot for more than 50% support, and as values 853 

4
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for branches with less than 50% support. The heatmap to the right demonstrates the genomic 854 

potential for methanogenesis in each of the genomes and MAGs (genes colored blue were 855 

detected, white were not, half-filled boxes indicate where some subunits were missing; see 856 

Supplemental Table 8 for further gene information). Methanogenesis marker genes are those 857 

listed in Borrel et al. 2014. Two MAGs in the UBA10834 group are not included in the tree 858 

because they lack at least 8 of the 16 RP required to be included in the tree. The methanogenesis 859 

complement for these MAGs is in Supplemental Figure 5. *Fpo includes subunits 860 

ABCDHIJKLMN.  861 
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 863 

 864 

Figure 2. Proposed metabolic scheme for Ca. Lunaplasma lacustris based on genome 865 

reconstruction. Ca. L. lacustris putatively uptakes peptides or amino acids through transporters, 866 

then intracellular peptidases break down peptides. Aminotransferases and glutamate 867 

dehydrogenases convert amino acids into 2-keto acids, which can be oxidized to acetyl-CoA by 868 

various oxidoreductases (Ior, Vor, Kor), producing reduced ferredoxin (Fdred). Oxidation of 869 

acetyl-CoA by Aor into aldehyldes could serve as another source of Fdred. Fpo-like subunits 870 

complexed with HdrD could drive a proton (or sodium) motive force using reducing power from 871 

Fdred. A membrane-bound hydrogenase similarly could perform this reaction, coupling Fd 872 

oxidation to hydrogen production. A beta-oxidation pathway similar to that proposed in the Ca. 873 

Polytropus marinifundus, or substrate-level oxidation through Acd could be used for additional 874 
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reducing power or ATP synthesis. ORFs annotated as sulfide:quinone reductase (Sqr) and sulfide 875 

dehydrogenase (SuDH) genes suggest sulfur compounds as a source of energy as well, 876 

potentially including sulfide oxidation or S0 or polysulfide (PS) oxidation.  877 
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 879 

Figure 3. Key metabolic genes and their presence in the MAGs basal to the 880 

Methanomassiliicoccales. MAGs are grouped by their phylogenetic relationships, and putative 881 

gene assignments are grouped and colored by function or biogeochemical cycle (Orange: acetyl-882 
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CoA pathway: red: fermentation and amino acid degradation; purple: beta oxidation; dark blue: 883 

oxygen; green: nitrogen; yellow: sulfur; light blue: hydrogenases and pyrophosphatase). Gene 884 

names and products are detailed in Supplemental table 8. For genes with multiple subunits, 885 

presence was marked if at least half of the subunits were present. 886 
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 888 

 889 

Figure 4. Map of MAGs (triangles) and 16S rRNA gene fragments (circles) in the NCBI 890 

nucleotide (nt) database within 97% similarity to 16S rRNA genes recovered in three MAGs 891 

from two orders: SG8-5 (SG8-5 and UBA147) and Lunaplasmatales (Ca. L. lacustris) (16S 892 

rRNA gene sequences were not recovered from order RBG-16 or UBA10834 MAGs). All MAGs 893 

and sequences were from environmental samples (that is, not host-associated). Shapes with 894 

multiple colors indicate recovery of multiple orders from the same site. MAG IDs are next to 895 

their locations. *The five MAGs beginning with “RBG” were binned from data generated from a 896 

Rifle creek site in Colorado, United States. 897 
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 899 

Supplemental figure 1. 16S rRNA gene phylogenetic tree, including the three 16S rRNA gene 900 

sequences recovered from three MAGs in two orders basal to the Methanomassiliicoccales (blue 901 

text): Lunaplasmatales (Ca. Lunaplasma lacustris) and SG8-5 (UBA147 and SG8-5). The 902 

Crenarchaeota were used as an outgroup. Clades of Methanomassiliicoccales are labeled as in 903 

Soellinger et al. (2016). Bootstrap values are calculated from 1000 bootstraps. Background 904 

colors are as in Figure 1. 905 
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 908 

Supplemental figure 2. Phylogenetic tree of MAGs and genomes, based on relative 909 

evolutionary divergence (RED), as calculated by the Genome Taxonomy Database toolkit 910 

(GTDB-Tk). Crenarchaeota were used as the outgroup. 911 
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 913 

 914 

Supplemental figure 3. Tree of MtrH subunits, including those from Methanomassiliicoccales 915 

and the SG8-5 order. Branches are colored to highlight various clades. Bootstrap support (out of 916 

100 bootstraps) is shown along branches. Dashed lines extending branches do not represent 917 

branch lengths, and are present to connect branch labels to branches for easier reading. 918 
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 919 

Supplemental figure 4. MttB superfamily tree including MttB sequences from euryarchaeal 920 

methanogens and Methanomassiliicoccales, glycine betaine transferases (part of the MttB 921 

superfamily but functionally distinct; in orange), and predicted MttB-like sequences recovered 922 

the MAGs basal to the Methanomassiliicoccales (all blue labels). Bootstrap support (out of 100 923 

bootstraps) is indicated by branch color, displayed as a gradient, where black is the highest 924 

support (up to 100), red is the lowest support (5 or more), yellow is the midpoint (52). Dashed 925 
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lines extending branches do not represent branch lengths, and are present to connect branch 926 

labels to branches for easier reading. 927 

 928 

 929 

 930 

 931 

 932 

Supplemental figure 5. Presence of methanogenesis-related ORFs as in Figure 1 for two 933 

UBA10834 order MAGs that did not have the minimum 8 of 16 RP required for inclusion in the 934 

RP tree. 935 
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 936 

 937 

Supplemental Figure 6. Operons containing nrfD annotated genes from MAGs basal to the 938 

Methanomassiliicoccales. Ends of contigs are marked with the zipper line. The bracket to the left 939 

of the top RBG-19FT-COMBO-56-21 contig indicates that the four lines of arrows are putatively 940 

one operon (i.e., the four lines should be read as one continuous line). 941 
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Tables 945 

Table 1. Genome statistics of MAGs from Ca. Lunaplasma lacustris and the orders RBG-16, 946 

UBA10834, and SG8-5. Completeness, contamination, contigs, and genome size (bp) were 947 

produced using CheckM. Sample type, metagenome origin, and reference were retrieved from 948 

NCBI or GTDB. 949 

 950 

 951 

Supplemental table 1. Sources of genomes and MAGs used in this study. SRA source for MAGs 952 

retrieved from GTDB are from the source metagenomes of the MAGs.  953 

 954 

Supplemental table 2. Detailed genome stats from CheckM for all genomes and MAGs. 955 

 956 

Supplemental table 3. Genome statistics calculated by the MiGA webserver. 957 

 958 

Supplemental table 4. Taxonomic classification of 16S rRNA gene sequences from UBA147, 959 

SG8-5, and Ca. Lunaplasma lacustris by RDP classifier, Silva SINA, and Blastn searches. 960 

 961 

Supplemental table 5. Taxonomic classification and novelty of MAGs by MiGA and GTDBTk. 962 

 963 

Supplemental table 6. MiGA calculated AAI comparison to genomes/MAGs in the NCBI 964 

prokaryotic database. 965 

MAG name Completeness Contamination Contigs Genome Size Sample type Metagenome origin Reference

Ca. Lunaplasma lacustris 95.2 4.8 91 2535897 sediment Inre and Mellestra Harrsjon, Sweden Emerson et al. submitted  (on bioRxiv)

Euryarchaeota archaeon RBG_19FT_COMBO_69_17 96.67 6.34 449 2210690 sediment Rifle, Colorado, USA Anantharaman et al. (2016) Nat. Comms.

Euryarchaeota archaeon RBG_19FT_COMBO_56_21 92.8 0.8 110 1868766 sediment Rifle, Colorado, USA Anantharaman et al. (2016) Nat. Comms.

UBA10834 89.79 2.4 319 1705491 sediment Noosa River estuary, SE Queensland, Australia Parks et al. (2017) Nat. Micro.

Methanomassiliicoccales archaeon UBA147 89.6 3.2 80 1995084 waste water Suncor tailings pond 6, Alberta, Canada Parks et al. (2017) Nat. Micro.

UBA9653 88.67 0.8 500 1711095 ground water Rifle, Colorado, USA Anantharaman et al. (2016) Nat. Comms.

Euryarchaeota archaeon RBG_13_57_23 83.8 0.8 108 1520809 sediment Rifle, Colorado, USA Anantharaman et al. (2016) Nat. Comms.

Euryarchaeota archaeon RBG_16_67_27 77.47 0.4 144 1546722 sediment Rifle, Colorado, USA Anantharaman et al. (2016) Nat. Comms.

Methanomassiliicoccales archaeon UBA280 76.8 2.4 46 1749312 waste water Suncor tailling pond 5, Alberta, Canada Parks et al. (2017) Nat. Micro.

Euryarchaeota archaeon RBG_16_62_10 74.45 1.6 971 1494907 sediment Rifle, Colorado, USA Anantharaman et al. (2016) Nat. Comms.

Euryarchaeota archaeon SG8-5 72.24 0.8 114 1247229 sediment White Oak Estuary, North Carolina, USA Lazar et al. (2017) ISME J.

UBA8695 70.76 0 317 1709476 soil Murray Bridge, South Australia, Australia Parks et al. (2017) Nat. Micro.
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 966 

Supplemental table 7. AAI between MAGs and genomes here, computed by the envi-omics AAI 967 

calculator. 968 

 969 

Supplemental table 8. Genes used in Figures 1, 2, and 3.  970 

 971 

Supplemental table 9. Comparisons of three 16S rRNA gene sequences recovered from 972 

metagenome-assembled genomes (MAGs) in this study with 16S rRNA gene sequences 973 

recovered from previous amplicon studies. 974 

 975 

Supplemental table 10. Functional annotations from prokka, BlastKOALA, and InterProScan for 976 

Ca. L. lacustris. 977 

 978 

Supplemental table 11.  Functional annotations from prokka, BlastKOALA, and InterProScan for 979 

RBG-19FT-COMBO-69-17. 980 

 981 

Supplemental table 12.  Functional annotations from prokka, BlastKOALA, and InterProScan for 982 

RBG-16-67-27. 983 

 984 

Supplemental table 13.  Functional annotations from prokka, BlastKOALA, and InterProScan for 985 

UBA8695. 986 

 987 
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Supplemental table 14.  Functional annotations from prokka, BlastKOALA, and InterProScan for 988 

SG8-5. 989 

 990 

Supplemental table 15.  Functional annotations from prokka, BlastKOALA, and InterProScan for 991 

UBA147. 992 

 993 

Supplemental table 16.  Functional annotations from prokka, BlastKOALA, and InterProScan for 994 

UBA280. 995 

 996 

Supplemental table 17.  Functional annotations from prokka, BlastKOALA, and InterProScan for 997 

RBG-19FT-COMBO-56-21. 998 

 999 

Supplemental table 18.  Functional annotations from prokka, BlastKOALA, and InterProScan for 1000 

RBG-13-57-21. 1001 

 1002 

Supplemental table 19.  Functional annotations from prokka, BlastKOALA, and InterProScan for 1003 

RBG-16-62-10. 1004 

 1005 

Supplemental table 20.  Functional annotations from prokka, BlastKOALA, and InterProScan for 1006 

UBA9653. 1007 

 1008 

Supplemental table 21.  Functional annotations from prokka, BlastKOALA, and InterProScan for 1009 

UBA10834. 1010 
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