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            Abstract
The anaerobic formation and oxidation of methane involve unique enzymatic mechanisms and cofactors, all of which are believed to be specific for C1-compounds. Here we show that an anaerobic thermophilic enrichment culture composed of dense consortia of archaea and bacteria apparently uses partly similar pathways to oxidize the C4 hydrocarbon butane. The archaea, proposed genus ‘Candidatus Syntrophoarchaeum’, show the characteristic autofluorescence of methanogens, and contain highly expressed genes encoding enzymes similar to methyl-coenzyme M reductase. We detect butyl-coenzyme M, indicating archaeal butane activation analogous to the first step in anaerobic methane oxidation. In addition, Ca. Syntrophoarchaeum expresses the genes encoding β-oxidation enzymes, carbon monoxide dehydrogenase and reversible C1 methanogenesis enzymes. This allows for the complete oxidation of butane. Reducing equivalents are seemingly channelled to HotSeep-1, a thermophilic sulfate-reducing partner bacterium known from the anaerobic oxidation of methane. Genes encoding 16S rRNA and methyl-coenzyme M reductase similar to those identifying Ca. Syntrophoarchaeum were repeatedly retrieved from marine subsurface sediments, suggesting that the presented activation mechanism is naturally widespread in the anaerobic oxidation of short-chain hydrocarbons.
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                    Figure 1: Characterization of the Butane50 culture.[image: ]


Figure 2: Butyl-CoM as initial metabolic intermediate in butane oxidation[image: ]


Figure 3: Phylogenetic affiliation of McrA amino acid sequences present in Ca. S. butanivorans and Ca. S. caldarius.[image: ]


Figure 4: Metabolic scheme proposed for butane oxidation with sulfate based on molecular analyses.[image: ]


Figure 5: Testing metabolic interaction of Ca. Syntrophoarchaeum and Ca. D. auxilii in Butane50 cultures.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Genetic structure of mcr genes in Ca. Syntrophoarchaeum.
In Ca. S. butanivorans one mcr gene set is separated, with the mcrA subunit in scaffold 1, and mcrB and mcrG in scaffold 4.


Extended Data Figure 2 Experiments validating production of alkyl-CoM compounds in anaerobic cultures.
a, Screening for butyl-CoM in Butane50, in a thermophilic AOM culture supplied with butane (n = 2 with 2 different sampling time points), in BuS5 cultures (n = 3) and in controls. The mass peak of butyl-CoM (m/z = 197.0312) was only found in the Butane50 culture. b, Screening for methyl-CoM (m/z = 154.984; mass accuracy –0.15 p.p.m.) in the thermophilic AOM culture supplied with methane (n = 3) and in the Butane50 culture (n = 2). Methyl-CoM was only found in the thermophilic AOM culture. These analyses (a, b) indicate high specificity for either butane or methane in the corresponding cultures. c, Screening for propyl-CoM (m/z = 183.016; mass accuracy –0.21 p.p.m.) in the propane-degrading culture (n = 1) showing activation of this substrate with CoM.


Extended Data Figure 3 Effect of bromoethanesulfonate (BES, 5 mM final concentration) on Butane50 and Ca. D. auxilii cultures.
a, Upon addition of BES, butane-dependent sulfate reduction in Butane50 cultures (circles, n = 2) was immediately inhibited compared to a control without BES (triangles, n = 1). b, By contrast, BES addition had no influence on hydrogen-dependent sulfate reduction in Ca. D. auxilii cultures (triangles, n = 2).
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Extended Data Table 2 Draft genome information and pairwise comparison of whole genome identity of Ca. S. butanivorans and the Ca. S. caldariusFull size table


Extended Data Table 3 Genes encoding enzymes for butane activation, candidates for further conversion reactions and butyryl-CoA oxidation in Ca. S. butanivoransFull size table


Extended Data Table 4 Genes encoding enzymes of C-1 pathway in Ca. S. butanivoransFull size table


Extended Data Table 5 Genes encoding proteins related to electron cycling and energy transfer in Ca. S. butanivoransFull size table


Extended Data Table 6 BLASTP search of proteins involved in butyrate oxidation. Best results according to the E-value are shownFull size table


Extended Data Table 7 Genes encoding Type IV pili and 10 most expressed cytochromes identified in the genome bin of HotSeep-1 in the Butane50 cultureFull size table
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