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S1 Methane monooxygenase

The genes encoding sMMO in the M. MAG 1 draft genome are clustered (Supplementary Table 5, cluster 1,

ORFs 4010–4016). Compared to the operons from M. capsulatus Bath and M. trichosporium OB3b [1, 2],

which have the gene order mmoXYBZDC, the order in Candidatus M. methanotrophicum is slightly

shuffled (mmoXYBDCZ, Extended Data Fig. 2a). The transcriptional activator of the mmo gene cluster in

M. capsulatus Bath and M. trichosporium OB3b is MmoR [3]. Its activity is dependent on MmoG, which

is a chaperonin. A homologue of the mmoR gene is present close to the mmo gene cluster in Candidatus

M. methanotrophicum, but mmoG is absent from this region. In close vicinity of the mmo genes is a gene

encoding phosphoenolpyruvate carboxykinase (ORF 4007), which may serve in gluconeogenesis. It

catalyses the GTP-dependent conversion of oxaloacetate (OAA) to phosphoenolpyruvate (PEP) before the

production of glucose from precursors derived from the citric acid cycle [4].

When plotted in a phylogenetic tree of distantly related monooxygenases, alkene monooxygenases,

toluene monooxygenases, and phenol hydroxylases [5], the branch with MmoX of the Mycobacteriaceae

is distinct from the one where MmoX proteins of the Alpha- and Gammaproteobacteria are positioned

(Supplementary Figure 4). Also, members of the Mycobacteriaceae are much more dispersed as opposed to

those of the Proteobacteria. Note that the mycobacterial sequences do not have a conserved Cys151 (relative

to the sequence of M. trichosporium), but a Thr at that position (Supplementary Figure 5). Surprisingly,

the tree includes two members of the Betaproteobacteria, HGW Betaproteobacterium and Glaciimonas

sp., whereas it was thought previously that only species from the Alpha- and Gammaproteobacteria and

Verrucomicrobia were able to grow methanotrophically [6]. This view may need to be revisited considering

that the similarity of MmoX in Beta-, Alpha-, and Gammaproteobacteria is substantial, including the

identity of the amino acids for ligation and oxygen activation (see main text, section Methane metabolism

in Candidatus M. methanotrophicum).

Another interesting observation is the positioning of the Alphaproteobacterial MmoX from an

Oleomonas species within the mycobacterial branch (Supplementary Figure 4). It suggests a more

ancient exchange of genetic material between members of these phyla. An additional branch in the

trees include MmoX proteins from Solimonas aquatica, Brachymonas petroleovorans, Azoarcus sp. and

Thauera butanivorans, which seem to have Cys151 (relative to the sequence of M. trichosporium) replaced

2/31



by an alternative amino acid (Ser or Asn). Other members of this monooxygenase family, the more

distantly related alkene monooxygenases, toluene monooxygenases, and phenol hydroxylases [5], are

further away in the tree in separate branches. The conserved Leu110, Cys151 and Cys211 residues in

MmoX from M. trichosporium and other species of the proteobacterial branch are different in the latter

types of protein.

A bioinformatic study on bacterial multicomponent monooxygenases (BMMs) showed a strictly

conserved glutamate residue in BMMs active on methane, with E240 in M. capsulatus Bath as a reference,

as opposed to a fully conserved glutamine in all other members of this family [7]. Although MmoX from

Candidatus M. methanotrophicum has a glutamine at this position, it shares the conserved isoleucine

residue at position 217 in BMMs active on methane as opposed to a phenylalanine in all other BMMs.

Both E240 and I217 are in a stretch of 37 consecutive amino acids in the central region of BMMs active

on methane that is characterized by the presence of 33 positionally conserved amino acids [7]. The

counterpart in Candidatus M. methanotrophicum shares 27 of these amino acids, indicating that MmoX of

Candidatus M. methanotrophicum resembles the MmoX of BMMs active on methane in that respect.

Using AlphaFold, we generated template-free structural predictions of sMMO subunits from Candida-

tus M. methanotrophicum. Their analysis showed that, despite showing only 23% sequence similarity

and no clear evolutionary links, ORF 4012 of Candidatus M. methanotrophicum was predicted to encode

a protein with a virtually identical fold (pLLDT 92.7/100 and RMSD 2.3 Å – below 1 Å for >90% of

residues) to MmoD proteins associated with sMMOs (e.g., 6d7k Protein Data Bank) [8]. In the co-crystal

structure of sMMO-MmoD from Methylosinus trichosporium, only the core part of MmoD (residues 12–75

out of 111) is structured, whereas the remaining residues, which are less conserved, are disordered. The

MmoD from Candidatus M. methanotrophicum is considerably shorter (62 residues) and only contains the

core domain and not the unstructured N- and C-termini. Moreover, AlphaFold Multimer predicts that this

MmoD binds to a similar site on MmoX as previously determined for co-crystals of other MmoX-MmoD

structures [8].
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S2 Alcohol dehydrogenase

We hypothesize that alcohol dehydrogenase D (AdhD) in Candidatus M. methanotrophicum is functional

as a methanol dehydrogenase since it is the second most abundant protein in the biofilm while a more

canonical MxaF-type methanol dehydrogenase was not identified (Table 1). The phylogenetic tree of

AdhD from Candidatus M. methanotrophicum along with AdhD from close and more distinct members

includes Mno from M. smegmatis (Supplementary Figure 8). Mno was shown to be responsible for

methanol oxidation by M. smegmatis [9], however it only shares 15% identical residues with AdhD from

Candidatus M. methanotrophicum.

ORF 2892 encoding AdhD in Candidatus M. methanotrophicum is in a gene cluster with so-called

mft genes encoding proteins proposed to be responsible for the co-factor termed mycofactocin. In the

gene map of the mft gene cluster, the cluster from Candidatus M. methanotrophicum has mftABCD genes,

while the clusters from other members of the Mycobacteriaceae contain additional mftEF genes (Extended

Data Fig. 3). The counterparts of these genes are found elsewhere in the genome of Candidatus M.

methanotrophicum, namely in a mftRAD’D’EF gene cluster (ORFs 3482–3477), where mftBC genes are

missing, mftD is split in 5’ and 3’ parts, and the regulator mftR is located upstream of mftA. MftA from

Candidatus M. methanotrophicum shares the positionally conserved amino acid residues found in MftAs

from other species with this mft gene cluster (Supplementary Figure 9). More downstream of mftF is ORF

3471, which is highly similar to the adh genes of M. MAG 2 and M. tuberculosis H37Rv (Extended Data

Fig. 3). We hypothesize that the mftEF genes in this cluster complement the mftABCD genes located in

the cluster with adhD.

S3 Formaldehyde and formate dehydrogenases

Many methylotrophic organisms, such as M. extorquens AM1, make use of tetrahydromethanopterin

and/or tetrahydrofolate for one-carbon transfer reactions and formaldehyde oxidation [10, 11]. The

key enzymes of the formaldehyde oxidation pathway that involves tetrahydromethanopterin include

formylmethanofuran dehydrogenase, formylmethanofurane tetrahydromethanopterin formyltransferase,

methenyltetrahydromethanopterin cyclohydrolase, methylenetetrahydrofolate dehydrogenase, and 5,6,7,8-

tetrahydromethanopterin hydro-lyase. According to the KEGG database, genes encoding these proteins
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are also found in M. capsulatus Bath and M. trichosporium OB3b, but they are all absent in Candidatus

M. methanotrophicum. The gene encoding formate dehydrogenase (FDH) is clustered (Supplementary

Table 5, cluster 3, ORFs 1085–1090) with those encoding a biotin synthase, an ATP-dependent dethiobi-

otin synthetase, 8-amino-7-oxononanoate synthase, and adenosylmethionine-8-amino-7-oxononanoate

aminotransferase, all of which participate in biotin formation [12]. Biotin is an essential co-factor of

pyruvate carboxylases [13]. We hypothesize that expression of FDH and biotin formation are coordinated

to activate pyruvate carboxylase for central metabolism in Candidatus M. methanotrophicum, thereby

balancing catabolic and anabolic fluxes.

S4 Ribulose monophosphate pathway for formaldehyde incorporation

Key enzymes of the ribulose monophosphate (RuMP) pathway for the incorporation of formaldehyde into

central metabolism in Candidatus M. methanotrophicum include (see Supplementary Table 5): hexulose-

6-phosphate isomerase (H6PI, ORF 837), glucose-6-phosphate isomerase (GPI, two copies, ORFs 378

and 4307), and glucose-6-phosphate dehydrogenase (G6PDH, four copies, ORFs 214, 636, 2183 and

4311). ORFs 837 and 838 encoding H6PI and H6PS, respectively, are in gene cluster 4. Genes encoding

additional copies of GPI, 6PGDH and G6PDH are clustered as well (cluster 5, ORFs 4307, 4308 and

4311, respectively). ORFs 2182 and 2183 encoding 6PGDH and G6PDH, respectively, are in gene

cluster 7. A further description of clusters 4, 5 and 7 is in the parts on the pentose phosphate pathway

and glyoxylate shunt. The genes for H6PI and H6PS were also found in a facultative methylotrophic

Mycobacterium gastri MB19 [14]. A BLAST search revealed that these two genes are relatively rare within

the Mycobacteriaceae, although they are present in M. brisbanense, M. dioxanotrophicus, M. aquaticum,

M. aubagnense.

S5 Pentose-P-pathway and gluconeogenesis

6-phosphogluconolactonase (6-PGL, ORF 0184) is essential in the oxidative phase of the pentose-P

pathway as it catalyses the hydrolysis of 6-phosphogluconolactone to 6-phosphogluconic acid. Inter-

estingly, in the vicinity of ORF 0184 are the genes encoding proteins involved in central metabolism,

i.e., PEP carboxylase (ORF 0182), phosphoglycerate kinase (ORF 0173), glyceraldehyde-3-phosphate

dehydrogenase (ORF 0172), and triosephosphate isomerase (ORF 4304). The first three are also among
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the most abundant proteins in the biofilm (Table 1). Genes encoding important enzymes of the RuMP

pathway (GPI, 6PGDH and G6PDH, ORFs 4307, 4308 and 4311) are in cluster 5 with a suite of genes

encoding enzymes of the pentose-P pathway and one gene for gluconeogenesis. Genes encoding the

enzymes in the pentose-P pathway are also in this region, with ORFs 4305 and 4306 encoding second

copies of transketolase and transaldolase, respectively, ORF 4309 encoding a second 6-PGL, and ORF

4310 encoding a ribose-5-phosphate isomerase (R5PI). The latter catalyses the reversible isomerization

of ribose-5-P (R5P) into ribulose-5-P (Ru5P), which serves as a formaldehyde acceptor in the RuMP

pathway. Cluster 4 has three genes of the RuMP pathway encoding G6PDH, H6PI and H6PS, and two

genes encoding a third set of transketolase and transaldolase (ORFs 843 and 844, respectively). However,

cluster 4 seems to be less transcribed than cluster 6 (ORFs 0170 to 0188) as none of the proteins encoded

by the genes in this cluster is abundant in the biofilm.

S6 Hydrogenases

Genes encoding a putative O2-tolerant uptake [Ni-Fe]-hydrogenases are in the vicinity of the sMMO

genes of Candidatus M. methanotrophicum in cluster 1. Hydrogenases-3 are membrane-associated

respiratory hydrogenases with nickel and iron-sulphur clusters. The small subunit of these enzymes

(HycG) contains three iron-sulphur clusters that are used to transfer electrons to the large subunit (HycE).

The latter contains a nickel-iron centre, which is the active site for the oxidation of H2 into two protons

and two electrons [15, 16]. The enzyme has two additional hydrophilic subunits (HycB and HycF), both

of which are iron-sulphur proteins. They are believed to guide the electrons to low-potential multiheme

cytochromes [15]. It has also two inner membrane subunits, HycC and HycD [17, 18, 19]. Candidatus M.

methanotrophicum has ORFs 4005 and 4000 encoding the large and small subunits of such a Ni-Fe type-3

hydrogenase, respectively, ORFs 4001 and 4004 encoding the accompanying HycB and HycF subunits,

respectively, and ORFs 4002 and 4003 encoding the two inner membrane subunits, HycC and HycD,

respectively [17, 18, 19].

Candidatus M. methanotrophicum has quite a few different types of hydrogenase that may serve

in additional energy transducing systems, perhaps similar as in members of Verrucomicrobia growing

mixotrophically on both CH4 and H2 with the concomitant increase of their growth rate as compared to
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growth solely on CH4 [20]. Verrucomicrobia-dominated soil communities from an acidic geothermal field

in Rotokawa, New Zealand, rapidly oxidized CH4 and H2 simultaneously [20]. Apparently, H2 oxidation is

particularly important for the adaptation to CH4 limitation. H2 oxidation may well be a general metabolic

strategy during mixotrophic growth as genes encoding the subunits of several types of hydrogenases were

also identified in publicly available genomes of other methanotrophs.

S7 Respiration and ATP synthesis

The subunits of ATP synthase are also among the most abundant proteins in the biofilm (Table 1).

This finding emphasizes their importance in energy metabolism of Candidatus M. methanotrophicum.

The membrane potential is built up by the respiratory enzymes that couple electron transfer to proton

translocation from the inside to the outside of the membrane. These respiratory enzymes include (the

corresponding ORFs encoding them in Candidatus M. methanotrophicum are given in parentheses):

a proton translocating NADH dehydrogenase (ORFs 2955–2968), the cytochrome bc1-complex (ORFs

2856–2858), cytochrome c oxidase subunit I (the gene has four copies: ORFs 870, 1303, 1446, and 3787),

the remaining subunits of the oxidase (in a cluster with ORFs 2852–2859), and a succinate dehydrogenase

(ORFs 503–506). Notably, the genes encoding the cytochrome bc1-complex are sandwiched between those

encoding subunits of cytochrome c oxidase. This arrangement has been noted in other Mycobacteriaceae

as well, apparently to coregulate the expression of the subunits that make up a super complex of the

cytochrome bc1-complex and the aa3-type oxidase [21]. Apart from the cytochrome c oxidase, Candidatus

M. methanotrophicum has the potential to make a bd-type quinol oxidase (from ORFs 885–887), which

has a high affinity for O2. The bd-type quinol oxidase is therefore believed to be operational under

conditions of low O2. In pathogenic species, it seems to be a survival oxidase [22]. Genes encoding the

subunits of ATPase are clustered in cluster 8 (ORFs 1779–1786), while the genes encoding the subunits of

the cytochrome bc1-complex and those encoding subunits of cytochrome c oxidase are in gene cluster 9

(Supplementary Table 5). Although one may expect that the rate of CH3OH oxidation is lower with

AdhD as compared to MxaF-type enzymes, the efficiency of AdhD concerning energy transduction is

likely higher as it makes use of NAD+ as an electron acceptor rather than PQQ in MxaF-type enzymes.

This difference in efficiency is because oxidation of reduced PQQ contributes with 2 charge separations
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per electron transferred to O2, while it is 5 when NADH is oxidized by NADH dehydrogenase via the

cytochrome bc1-complex and the aa3-type oxidase. Hence, this observation suggests a trade-off between

the rate and efficiency of the CH3OH oxidation step. The stoichiometry is different when the bd-type

quinol oxidase is active in respiration rather than the aa3-type cytochrome c oxidase, as in the former

case the total charge separation per electron transferred from NADH to O2 would be 3 rather than 5.

This difference is because the latter pathway bypasses the electrogenic cytochrome bc1-complex on the

one hand, while cytochrome bd is half as efficient in energy transduction as compared to the aa3-type

cytochrome c oxidase on the other hand [22].

S8 Gene clustering of key metabolic genes

Most of the genes encoding key enzymes for CH4 oxidation for energy transduction and pentose-P

pathway, RuMP pathway, gluconeogenesis, and the glyoxylate shunt for carbon metabolism are grouped

in mosaic-like gene clusters with different combinations of genes encoding enzymes for the different

pathways. These clusters are scattered throughout the genome of Candidatus M. methanotrophicum. The

clustering suggests coordinated expression of the enzymes in all crucial pathways of central metabolism

of Candidatus M. methanotrophicum, perhaps to tune their concentration and activity towards one another

thereby preventing the accumulation of toxic intermediates (e.g., formaldehyde) on the one hand, while

yielding relatively high fluxes on the other hand.

S9 Methylotrophy and MxaF in Mycobacteriaceae

A number of different mycobacteria are capable of growing on methanol, including Mycobacterium strain

JC1, M. flavescens, M. gastri, M. neoaurum, M. parafortuitum, M. peregrinum, M. phlei, M. smegmatis,

M. vaccae, M. petroleophilum (previously called M. cuneatum), and Mycobacterium ID-Y [23, 24, 25].

Seeing this variety, we expect many more mycobacteria to be capable of methylotrophy if they are

studied for this trait. Methylotrophy is best described for Mycobacterium strain JC1, which employs

a ribulose-1,5-bisphosphate carboxylase for CO2 fixation [23, 24]. M. gastri uses the RuMP pathway

for formaldehyde fixation and shares the possession of homologues of hexulose-6-phosphate synthetase

and hexulose-6-phosphate isomerase with Candidatus M. methanotrophicum [26]. M. smegmatis uses

a dedicated type of p-nitroso-N,N-dimethylaniline (NDMA)-dependent alcohol dehydrogenase, called
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Mno, to grow on methanol [9]. This enzyme is, however, only 15% identical to AdhD from Candidatus M.

methanotrophicum.

Most methanotrophic species or CH3OH oxidizers use a PQQ-dependent MxaF-like methanol dehy-

drogenase [27, 28], but Candidatus M. methanotrophicum does not have mxaF-like genes, nor genes

for PQQ biosynthesis. BLAST searches using the MxaF, PqqB, and PqqC protein sequences of Methy-

lorubrum extorquens AM1 yielded 7 hits in the family of Mycobacteriacaea that have homologues of these

proteins, including Mycolicibacterium goodie, Mycolicibacterium smegmatis, and Mycolicibacterium

dioxanotrophicus, which are all mycolicibacteria. To our knowledge, there are no studies reported on

the involvement of MxaF in methylotrophic growth in mycobacteria. M. smegmatis has a gene encoding

a copper-containing protein upstream of the mxaF gene. Its pqqABCDE genes are downstream of the

mxaF gene and in that order. In many methylotrophs, mxaI and mxaG genes encode the small subunit of

MxaF and the electron-accepting cytochrome c, respectively [27, 28]. But a BLAST search with these

two genes from Methylorubrum extorquens AM1 [27] did not reveal sequence homology in any of the

Mycobacteriaceae.

S10 Sulphur metabolism

The list of abundant proteins in the biofilm (Table 1) contains a ferredoxin-dependent sulphite reductase.

Its allocated gene, called sirA, is adjacent to cysH, encoding a phosphoadenosine phosphosulfate reductase,

and sirB encoding a sirohydrochlorin ferrochelatase. Such a gene cluster is quite common within the

Mycobacteriaceae and the proteins encoded by this gene cluster are involved in the reductive incorporation

of sulphur from sulphate into O-acetyl-l-serine to yield cysteine [29]. The genome of Candidatus M.

methanotrophicum does not contain genes encoding the key enzymes for the microbial oxidation of sulphur

either via the sulfide:quinone oxidoreductase pathway [30, 31] or the Sox pathway [32, 33].
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Supplementary Table 1. Basic statistics of the crude mycobacterial metagenome-assembled genomes
(MAGs) from the Sulfur Cave biofilm and of the complete genome sequence obtained from the cultured
Candidatus M. methanotrophicum. Relative abundance is calculated based on MAGs DNA read coverage
using the metagenome of the biofilm sample. NA, not applicable.

Refined M. MAG 1 Refined M. MAG 2 Refined M. MAG 3 Candidatus M. methanotrophicum
Assembly Length (bp) 4,409,390 4,592,045 5,112,202 5,002,371

Contigs 169 197 467 2
N50 (bp) 65,873 155,066 37,850 4,719,641

Completeness (%) 99.17 98.42 93.56 99.62
Contamination (%) 1.15 1.32 3.02 1.61

tRNA 54 52 62 55
rDNA 3 2 0 6
CDS 4,576 4,239 5,275 5,194

Relative abundance (%) 18.68 2.22 0.74 NA

Supplementary Table 2. Sequence of the 5’ 16S rRNA gene fragment in Candidatus M.
methanotrophicum from position 157 to 224, including the unique indel at positions 180 to 199
(underlined): CATGCATGTGCTGTGGTGGAAAGTGCGGTGTGTAATAGCACTGTGCGGTGT-
GGGATGGGCCCGCGGC. A megablast BLASTN search yielded a total of 52 similar sequences from
diverse locations. N is the number of similar sequences at the published location. D1: clone
hbdenovo2332; D2: isolate MOTU28, clone HIGH12_BAC3F8; D3: clone L3::G9RA0RH03FR3GD; D4:
clone EV21.

Description Max
Score

Total
Score

Query
Cover

E value Identity Accession Location N

D1 108 108 100% 3.00E-20 95.59% MH104493.1 Hawaii basalts, Hawaii, USA [34] 2

D2 108 108 100% 3.00E-20 95.52% HF952435.1 Soils with elevated CO2,
Slovenia [35]

1

D3 104 104 97% 4.00E-19 95.38% JX739216.1 Lava Beds National Monument,
California, USA [36]

47

D4 97.1 97.1 95% 7.00E-17 93.85% AF379035.1 Corroded concrete sewer system,
Oostende, Belgium [37]

2
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Supplementary Table 3. Thirty most abundant proteins in a laboratory-grown enrichment culture of
Candidatus M. methanotrophicum, as determined by tandem mass spectrometry. Only the proteins from
Candidatus M. methanotrophicum are shown.

Protein IDs Functional annotation
Unique
peptides

Sequence
coverage [%]

Mol. weight
[kDa] LFQ intensity [log10]

MS/MS
count

WP_219067859.1 chaperonin GroEL 66 76.2 56.959 10.76 2739
WP_219067899.1 NDMA-dependent alcohol dehydrogenase AdhD 29 76.2 39.973 10.10 815
WP_219066027.1 type VII secretion protein EccA 52 43.4 143.88 9.77 641
WP_219067482.1 chaperonin GroEL 38 60.3 56.101 9.88 631
WP_219069711.1 MmoZ 22 87.6 21.354 9.72 480
WP_219069719.1 MmoX 22 72.1 60.428 9.39 419
WP_219068480.1 catalase/peroxidase HPI 30 49 81.34 9.82 368
WP_219066869.1 transketolase 17 60.6 75.576 9.39 357
WP_219066029.1 type VII secretionprotein EccB 17 33 54.419 9.28 311
WP_219067853.1 mycofactocin biosynthesis FMN-dependent deaminase MftD 16 56.8 41.106 9.45 302
WP_219066870.1 transaldolase 19 61.6 40.007 9.27 295
WP_219069311.1 DoxX family membrane protein 26 56.8 31.213 9.56 280
WP_219066387.1 3-hexulose-6-phosphate synthase 11 73.9 20.888 9.66 261
WP_219069713.1 MmoC 12 45.5 38.4 9.29 242
WP_219069217.1 30S ribosomal protein S7 8 60.9 17.581 9.17 231
WP_219067481.1 co-chaperone GroES 8 92 10.788 9.31 225
WP_219067194.1 HU family DNA-binding protein 10 45.2 20.649 9.14 220
WP_219069717.1 MmoY 16 59.2 44.79 9.23 216
WP_219069221.1 elongation factor Tu 14 60.9 43.678 9.14 212
WP_219066031.1 type VII secretion AAA-ATPase EccA 15 26.9 66.724 9.38 210
WP_219066135.1 NAD-dependent formate dehydrogenase 16 52.3 42.089 9.41 203
WP_219065959.1 molecular chaperone DnaK 17 46.1 66.249 9.12 174
WP_219070925.1 DUF5666 domain-containing protein 11 48.7 22.223 9.19 169
WP_219065672.1 heparin-binding hemagglutinin 12 44.8 20.8 9.37 156
WP_219066077.1 fumarate reductase/succinate dehydrogenase flavoprotein subunit 14 42.4 69.984 8.79 131
WP_219067040.1 AAA family ATPase 15 33.9 93.73 8.98 131
WP_219066881.1 typeI glyceraldehyde-3-phosphate dehydrogenase 9 52.9 35.863 8.71 106
WP_219069715.1 MmoB 5 44 17.499 8.62 102
WP_219066421.1 pyruvate kinase 10 49.6 50.515 8.37 70
WP_219069685.1 nitrite/sulfite reductase 10 55.8 62.396 8.58 50
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Supplementary Table 4. Characteristics of samples collected from sites on the Puturosu Mountain
close to and in Sulfur Cave. Samples A were collected on the way from the hotel Bálványos
(46.11753◦ N, 25.94374◦ E) to Sulfur Cave (46.12027◦ N, 25.94872◦ E), samples B were collected at
a site close to the hotel Apor Baths Bálványos (46.11524◦ N, 25.94958◦ E). Abbreviations: Gas,
volcanic gas flowing through the sampling site; pH, pH measured with a pH paper; DNA, DNA
concentration after extraction; C. M. meth %, percentage of total OTUs present in the sample belonging to
Candidatus M. methanotrophicum, as judged by the identity of these OTUs to the V3–V4 region of the
16S rRNA gene of Candidatus M. methanotrophicum; ND, not determined.

Sample Location Gas Type pH DNA (ng/µl) C. M. meth. %
A1 Hill top yes soil < 2 0.8 79.2
A2 Hill left A yes soil < 2 5.2 96.0
A3 Hill left B yes soil < 2 5.3 94.0
A4 Hill right B yes soil < 2 0.7 81.0
A5 Hill control no soil 6 0.2 3.7
A6 Hill control no soil 5 0.5 7.6
A7 Small Cave A yes wall interface < 1 1.5 98.5
A8 Small Cave B yes wall interface < 2 0.3 78.4
A9 Alum Cave A yes wall black spot ND 10.6 20.8
A10 Alum Cave B yes wall black spot ND 1.0 47.2
A11 Sulfur Cave A yes wall grey interface < 1 1.2 98.6
A12 Sulfur Cave B yes wall white interface < 1 0.4 98.1
A13 Sulfur Cave control no wall entrance bench ND 0.2 6.6

B1 Red pond downhill yes red biofilm 5 0.6 0.1
B2 Red pond downhill no red biofilm 5 1.1 0.3
B3 White pond downhill yes white biofilm 5 1.0 0.7
B4 White pond downhill yes white biofilm 5 0.2 0.8
B6 Pond uphill right yes waterish, muddy < 2 0.1 95.2
B8 Pond uphill left yes waterish, muddy < 2 0.13 95.1
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Supplementary Table 5. Gene clusters discussed in the Supplementary Material. Shown are the ORF
numbers, the pathway or the enzymes, and additional ORFs encoding enzymes involved in the RuMP
cycle. Abbreviations: sMMO, soluble methane monooxygenase; ADH, NDMA-dependent alcohol
dehydrogenase; FyDH, formaldehyde dehydrogenase; FDH, formate dehydrogenase; H6PI,
hexulose-6-phosphate isomerase; GPI, glucose phosphate isomerase; G6PDH, glucose-6-phosphate
dehydrogenase; 6PGDH, 6-phosphogluconate dehydrogenase; H6PS, hexulose-6-phosphate synthetase;
Hyd/Hyc, hydrogenase; RuMP, ribulose-5-P pathway; Pent-P, pentose-P-pathway.

Cluster ORFs in the cluster Pathway or enzyme RuMP enzymes
1 4010–4016 sMMO+Hyd+PEP kinase
2 2892–2905 ADH
3 1085–1090 FDH
4 831–853 RuMP H6PS, H6PI
5 4305–4311 RuMP 6PGDH, GPI, G6PDH
6 170–188 Pent-P
7 2182–2221 Glyoxylate, RuMP, Hyc 6PGDH (2), G6PDH
8 1782–1785 ATPase
9 2852–2859 Cytochromes bc1 and aa3

Additional ORFs ORFs position Pathway RuMP enzymes
1 214 RuMP G6PDH
2 378 RuMP GPI
3 636 RuMP G6PDH
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Supplementary Figure 1. Phylogenetic tree of the genus Mycobacterium. The tree excludes the
fast-growing mycobacteria of the other four genera of the Mycobacteriaceae. The tree was constructed
using 316 monocore gene markers as described in Methods. Bootstrap values are displayed with the color
scale from red to green.
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Supplementary Figure 2. Comparison of phylogenetic trees of the genus Mycobacterium. The trees
were constructed using 27 (left) and 316 (right) monocore gene markers. The tree labels and tips of
Candidatus M. methanotrophicum (M. MAG 1), M. MAG 2, and M. MAG 3 are coloured in green,
orange, and blue, respectively. The entanglement coefficient between the trees is 0.23 (1 corresponds to
a full entanglement, whereas a low value corresponds to a good tree alignment). The entanglement lines
connect each of the mycobacterial species in the two trees.
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Supplementary Figure 3. Histogram of 5184 pairwise ANI comparisons of 72 publicly available
Mycobacterium genomes, including the three novel genomes from this study. Dashed lines indicate the
intra-species (black, > 95%) and inter-species (orange, < 83%) boundaries according to the ANI
values [38].
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Supplementary Figure 4. Phylogenetic tree of the α subunit of methane monooxygenases (MmoX),
including those from Candidatus M. methanotrophicum and close homologues. Grey colored branches are
not supported by bootstrap values. Cluster 1 (in blue) marks the species with the closest homologues of
MmoX from Candidatus M. methanotrophicum.
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M. chubuense 1 MTSTLPGKVSG---HPSAPHASVSGQEVHSWLMDLGWDSDTIRGKYPTKYKFDPNAREQFKLVARDYGRMEGEKDDRQYG 77
M. methanotrophicum 1 MTAVLPGKVTG---RPDAPQAKVNGQEVHSWLMDLGWDEDKLRGKYPSKYTYDPKAHEQYKLIVRDYARMEAEKDGRQYG 77
M. trichosporium 1 MAISLATKAATDALKVNRAPVGVEPQEVHKWLQSFNWDFKENRTKYPTKYHMANETKEQFKVIAKEYARMEAAKDERQFG 80
M. capsulatus 1 MALSTATKAATDALAANRAPTSVNAQEVHRWLQSFNWDFKNNRTKYATKYKMANETKEQFKLIAKEYARMEAVKDERQFG 80

M. chubuense 78 SLLDSLARLKAPTRVEPRWAEVMKLLAGALELGEYNAIAGSAVLADTTRSPELRNGYLMQVEDEVRHTTQTHYLAKYYAG 157
M. methanotrophicum 78 SLLDSLSRLNAPTRVEPRWAEMMKMLSVTLELGEYTAIAGSAILADTTRSPELRNGYLNQVEDEVRHTIQTHYLAKYYAG 157
M. trichosporium 81 TLLDGLTRLGAGNKVHPRWGETMKVISNFLEVGEYNAIAASAMLWDSATAAEQKNGYLAQVLDEIRHTHQCAFINHYYSK 160
M. capsulatus 81 SLQDALTRLNAGVRVHPKWNETMKVVSNFLEVGEYNAIAATGMLWDSAQAAEQKNGYLAQVLDEIRHTHQCAYVNYYFAK 160

M. chubuense 158 QYYDPAGFTDMRKWRYINPLFPPTMQAFGENFCAGDPVFASLNLQLVAEACFTNPLIVAMTEWSAANGDEITPTIFLSIQ 237
M. methanotrophicum 158 QYYDPAGFTDMRKNRYISPLYQAGAQGFGESFAAGDPVYCSLNLQLVGEACFTNPMIVAVTEWGAANGDEITPTIYLSVQ 237
M. trichosporium 161 HYHDPAGHNDARRTRAIGPLWKGMKRVFADGFISGDAVECSVNLQLVGEACFTNPLIVAVTEWASANGDEITPTVFLSVE 240
M. capsulatus 161 NGQDPAGHNDARRTRTIGPLWKGMKRVFSDGFISGDAVECSLNLQLVGEACFTNPLIVAVTEWAAANGDEITPTVFLSIE 240
Conserved in sMMOs CFTNPLIVA TEWA ANGDE TPTVFLS E
Conserved in other BMMs TN F A GD S Q

M. chubuense 238 SDEMRHMANGYQTIVSVAHDADNMQYLQTDLENAFWLQHRFATPIVGAGFEYGAVNKLEPWAKVWDRWVYEDWGGIWLGR 317
M. methanotrophicum 238 SDELRHMANGYQTVVSLAHDDNNRKYMQQDLEDAFWLQHRFISPVVGLGFEYGSVNKLEPWAKVWDRWVYEDWGGIWMGR 317
M. trichosporium 241 TDELRHMANGYQTVVSIANDPASAKFLNTDLNNAFWTQQKYFTPVLGYLFEYGSKFKVEPWVKTWNRWVYEDWGGIWIGR 320
M. capsulatus 241 TDELRHMANGYQTVVSIANDPASAKYLNTDLNNAFWTQQKYFTPVLGMLFEYGSKFKVEPWVKTWDRWVYEDWGGIWIGR 320
Conserved in sMMOs TDELRHM
Conserved in other BMMs DE RH

M. chubuense 318 LEKFGVKSPANLADAKRQAYWGHHYTYAVAYAVWPLLGFRMDPPNARDMEWFENNYPGWHSEVGHMWDSWREMGLADPAN 397
M. methanotrophicum 318 MEKFGLNSPANLGEAKRQAYWGHHSVFAAGYAIWPLMGFRMDPPNARDMDWHEENYPGWHNKIGTMWESWRDMGLADPSS 397
M. trichosporium 321 LGKYGVESPASLRDAKRDAYWAHHDLALAAYAMWPLGFARLALPDEEDQAWFEANYPGWADHYGKIFNEWKKLGYEDPKS 400
M. capsulatus 321 LGKYGVESPRSLKDAKQDAYWAHHDLYLLAYALWPTGFFRLALPDQEEMEWFEANYPGWYDHYGKIYEEWRARGCEDPSS 400

M. chubuense 398 HTLPGQLVSDAKVPIYFCRVCNFPVIIPTLTGALDDVRILELNGRKHPLCSSWCERMFLKEPERYQGENLWEKFDGWNIA 477
M. methanotrophicum 398 HKLPGQVLSDSGKNVYFCRVCQVPCVlPTLEEGIKETRILEYNGHKHALCSKWCERMYLREPERFQGQNLFEKFDGWNVA 477
M. trichosporium 401 GFIPYQWLLANGHDVYIDRVSQVPFI-PSLAKGTGSLRVHEFNGKKHSLTDDWGERQWLIEPERYECHNVFEQYEGRELS 479
M. capsulatus 401 GFIPLMWFIENNHPIYIDRVSQVPFC-PSLAKGASTLRVHEYNGEMHTFSDQWGERMWLAEPERYECQNIFEQYEGRELS 479

M. chubuense 478 DVVHAAGAVRSDGKTLLAQPHLNSERMWTLDDLRACHAVIRDPLKTGGVWVETV 531
M. methanotrophicum 478 DVVLAAGAVRADGKTLTAQPHLNSDRMWTIDDLRACNAVIRDPLTAGK-WLETV 530
M. trichosporium 480 EVIAEGHGVRSDGKTLIAQPHTRGDNLWTLEDIKRAGCVFPDPLAKF 526
M. capsulatus 480 EVIAELHGLRSDGKTLIAQPHVRGDKLWTLDDIKRLNCVFKNPVKAFN 527

Supplementary Figure 5. Alignment of MmoX protein sequences from Mycolicibacterium chubuense
NBB4, Candidatus M. methanotrophicum, Methylosinus trichosporium OB3b, and Methylococcus
capsulatus Bath. Amino acids in red are positionally identical. The numbering of the amino acids is
according to that of the M. capsulatus sequence. His (His147 to Fe1 and His246 to Fe2) and Glu (Glu 114,
Glu144, Glu209, and Glu 243) residues that bind the Fe atoms in sMMOs are in bold and underlined,
Leu110 (the gating residue), Cys151, Cys211, and Thr213-involved in oxygen activation are in bold and
italics. Note the Cys151 to Thr substitution in the sequence of Candidatus M. methanotrophicum (in blue).
Halfway of the sequence alignments are the conserved sequences of BMM hydroxylase α-subunits
differentiated between those with known methane reactivity (conserved in sMMOs) and those that are
inactive towards methane (conserved in other BMMs) [7].
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Supplementary Figure 6. Phylogenetic tree of methane monooxygenase regulatory protein B (MmoB)
including two copies encoded by mmoB genes from Candidatus M. methanotrophicum and close
homologues. Grey colored branches are not supported by bootstrap values.
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Supplementary Figure 7. AlphaFold prediction of ORF 4012 from Candidatus M. methanotrophicum.
(a) AlphaFold template free prediction of ORF 4012, colored by pLDDT. pLDDT confidence range from
51.5 (red) to 98.1 (blue). (b) Superposition of ORF 4012 prediction, in pink, to MmoD from Methylosinus
trichosporium (6d7k), chain D, in light brown. (c) AlphaFold Multimer template free prediction of the
α-subunit together with MmoD, in dark blue and pink, respectively, superimposed onto the Methylosinus
trichosporium sMMO-MmoD complex (6d7k), chain A-α-subunit, in light brown, and chain D-MmoD, in
light blue. (d) AlphaFold Multimer PAE heat map of Candidatus M. methanotrophicum MmoD with
MmoX. Note that the confidence score for the position of the N-terminus of MmoX is low. The overall
pTM score is 0.8.
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Supplementary Figure 8. Phylogenetic tree of alcohol dehydrogenases in assays dependent on
p-nitroso-N,N-dimethylaniline (NDMA) as an electron acceptor, including AdhD from Candidatus M.
methanotrophicum and close homologues, Mno from M. smegmatis [9] and close homologues, and two
alcohol dehydrogenases from M. MAG 2 and M. tuberculosis H37Rv, the genes of which are in the mft
gene clusters shown in Extended Data Fig. 3. Members of the Mycobacteriaceae able to grow on
methanol are marked with pink squares. Gram-positive bacteria with AdhD proteins that were purified
and shown to exhibit methanol dehydrogenase activities are marked with blue diamonds.
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Rhodococcus 9 VESDLIEESLVEEVSIDGMCGVY 31
Frankia discariae 31 QEPSVEEELLIEEVSIDGMCGVY 53

Nocardioides 12 IASDVATEDLIEEVSIDGMCGVY 34

Haloterrigena 33 ETPEIEEDLVSEELRIDGICGVY 55

Actinoplanes 20 VDSLVETDELIEEVSIDGMCGVY 42

Thermomonospora 17 LTEEAAVESLIEEVSIDGMCGVY 39

Nocardia 132 DNSAVVDETLIEEVSIDGMCGVY 154
M. meth 2896 12 TAEQLISETLVEELSIDGMCGVY 34

Consensus EE IDG CGVY

Supplementary Figure 9. Alignment of the MftA sequence from Candidatus M. methanotrophicum
with that from other species of the Actinobacteria and of the Archaeal species Haloterrigena turkmenica.
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Supplementary Figure 10. Phylogenetic tree of formaldehyde dehydrogenases including FyDH from
Candidatus M. methanotrophicum and close homologues.
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Supplementary Figure 11. Examples of the different kinds of pools on the Puturosu Mountain. The
pools were sampled to explore the diversity of sites with abundant Mycobacteria. Intense ebullition of
volcanic gases occurs in most of the pools (a–d). The water in most of the pools is turbid (greyish) to
a variable degree. Leafs in the pools are covered with a greyish biofilm (b).
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Supplementary Figure 12. Venn diagram of the KO (KEGG ortholog) genome annotations of the
three mycobacterial MAGs from the Sulfur Cave biofilms along with those of M. tuberculosis and
M. gordonae. Out of the total of 2339 KOs, 1233 are shared by all five mycobacteria.
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