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Methanotrophy by a Mycobacterium species 
that dominates a cave microbial ecosystem

Rob J. M. van Spanning1  , Qingtian Guan2, Chrats Melkonian1,13,14, 
James Gallant3, Lubos Polerecky4, Jean-François Flot5, Bernd W. Brandt6, 
Martin Braster1, Paul Iturbe Espinoza1, Joost W. Aerts1, Marion M. Meima-Franke7, 
Sander R. Piersma8, Catalin M. Bunduc1, Roy Ummels3, Arnab Pain2, 
Emily J. Fleming9, Nicole N. van der Wel10, Vasile D. Gherman11, 
Serban M. Sarbu9,12, Paul L. E. Bodelier7 and Wilbert Bitter    1,3 

So far, only members of the bacterial phyla Proteobacteria and 
Verrucomicrobia are known to grow methanotrophically under aerobic 
conditions. Here we report that this metabolic trait is also observed 
within the Actinobacteria. We enriched and cultivated a methanotrophic 
Mycobacterium from an extremely acidic biofilm growing on a cave 
wall at a gaseous chemocline interface between volcanic gases and 
the Earth’s atmosphere. This Mycobacterium, for which we propose 
the name Candidatus Mycobacterium methanotrophicum, is closely 
related to well-known obligate pathogens such as M. tuberculosis and M. 
leprae. Genomic and proteomic analyses revealed that Candidatus M. 
methanotrophicum expresses a full suite of enzymes required for aerobic 
growth on methane, including a soluble methane monooxygenase that 
catalyses the hydroxylation of methane to methanol and enzymes involved 
in formaldehyde fixation via the ribulose monophosphate pathway. Growth 
experiments combined with stable isotope probing using 13C-labelled 
methane confirmed that Candidatus M. methanotrophicum can grow on 
methane as a sole carbon and energy source. A broader survey based on 
16S metabarcoding suggests that species closely related to Candidatus 
M. methanotrophicum may be abundant in low-pH, high-methane 
environments.

The limits of life and its potential on other planets are often studied using 
microbial communities from extreme environments1. One such commu-
nity can be found in Sulfur Cave on Puturosu Mountain (Stinky Mountain) 
in Romania, an area that emits volcanic gases composed predominantly 
of CO2 and traces of H2, H2S and CH4 (refs. 2–4). In this cave, volcanic gases 
only slowly mix with atmospheric air and form a relatively stable gase-
ous chemocline. At the interface of this chemocline, the cave walls are 
covered by a 5–10-cm-wide biofilm (Extended Data Fig. 1). The biofilm 
is minimally exposed to light, has no contact with external sources of 
organic carbon or fixed nitrogen, and its only source of liquid water is 

the condensation of atmospheric water vapour5. A special feature of the 
biofilm is its very low pH (close to 1) most likely resulting from sulphuric 
acid production during aerobic oxidation of H2S (ref. 6). An earlier study 
based on 16S rRNA gene amplicon sequencing showed that the microbial 
community of the cave biofilm comprises members of bacterial and 
archaeal genera known to thrive in highly acidic environments, includ-
ing Acidithiobacillus, Ferroplasma and Thermoplasma5. However, the 
community is dominated by members of the Mycobacterium genus, 
which was unexpected and prompted us to explore the metabolic traits 
facilitating their success in such an unusual environment.
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biofilm samples, isolated DNA and performed metagenomic analyses. 
We were able to assemble metagenome-assembled genomes (MAGs) 
of the three previously identified Mycobacterium species and denoted 
them as M. MAG 1, 2 and 3 in the order from highest to lowest abundance 
in the community (Supplementary Table 1). On the basis of the ability to 
grow methanotrophically (see below), M. MAG 1 was named Candidatus 
M. methanotrophicum.

A phylogenetic tree constructed on the basis of 316 monocore 
gene markers (Fig. 1a and Supplementary Fig. 1) revealed that the three 
Mycobacterium species belong to the slow-growing mycobacteria14. 
The tree positions Candidatus M. methanotrophicum close to M. MAG 
3 in a branch with M. fragae, M. noviomagense and M. celatum (Fig. 1a). 
The branch is also relatively close to the one containing M. tuberculosis. 
M. MAG 2 is positioned closer to M. bohemicum. Similar results were 
obtained when the phylogenetic tree was constructed on the basis of 
27 monocore gene markers (Supplementary Fig. 2). Although M. MAG 
3 is closely related to Candidatus M. methanotrophicum, the average 
nucleotide identity value of 84.47% indicates that they are different 
species (Supplementary Fig. 3). Bioinformatic analyses also revealed 
that the 16S rRNA gene of Candidatus M. methanotrophicum has a 
unique indel at positions 180–199, which is absent in those of other 
Mycobacteriaceae (Supplementary Table 2).

Methane metabolism of Candidatus M. methanotrophicum
To explore how the genomic potential of the most abundant Mycobac-
terium was expressed under the special growth conditions in the cave, 
we used the same biofilm samples to extract proteins and analysed 
them using the MAGs (Table 1). This analysis suggested that Candidatus 

Some members of the Mycobacteriaceae, such as Mycobacte-
rium tuberculosis and Mycobacterium leprae7, are obligate and persis-
tent pathogens, whereas others grow in diverse habitats and display 
great metabolic flexibility8–10. Members of this family were shown to 
use a variety of carbon and energy sources such as lipids, fatty acids, 
aliphatics or aromatic hydrocarbons. Some of them grow on petro-
leum compounds, which is consistent with their genetic potential to 
synthesize different types of mono- and dioxygenase11. Most of the 
Mycobacteriaceae prefer molecular oxygen as the electron acceptor 
for respiration, although some species have the potential to use nitrate 
as an alternative electron acceptor12.

In this Article, we show that the most abundant Mycobacterium 
in the cave biofilm is methanotrophic. Using metagenomics and prot-
eomics, we identify key enzymes involved in its energy metabolism and 
biomass production based on CH4. Furthermore, by combining growth 
experiments with stable isotope probing, we establish that this species 
can grow on CH4 as a sole source of carbon and energy. On the basis of 
these results, we propose that the most abundant Mycobacterium in the 
cave biofilm be called Candidatus Mycobacterium methanotrophicum. 
With this report of aerobic methanotrophy within the Actinobacteria, 
we add this phylum to the other two bacterial phyla, Proteobacteria 
and Verrucomicrobia, where this metabolic trait has been observed13.

Results
Genomic analysis of the biofilm community
Previous taxonomic analyses using 16S rRNA gene amplicon sequenc-
ing revealed that three Mycobacterium species are highly abundant in 
the cave biofilm5. To follow up on these observations, we obtained new 
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Fig. 1 | Phylogenetic position and unique genetic make-up of the Sulfur 
Cave mycobacteria. a, Phylogenetic tree of the genus Mycobacterium. The 
tree excludes the four relatively fast-growing genera of the Mycobacteriaceae 
(Mycolicibacter, Mycolicibacillus, Mycolicibacterium and Mycobacteroides). 
The tree was constructed using 316 monocore gene markers, which are 
genes common in each of the species within the genus (Methods). Bootstrap 
values are given in the tree shown in Supplementary Fig. 1. The internal tree 
scale is based on amino acid sequence similarity. b, Count of monocore gene 

markers unique within the genomes of Mycobacterium species shown in a. 
Brown points represent monocore gene markers with a similarity below 40%, 
while green points represent two-gene orthologous clusters with a similarity 
between 40% and 50%. c, The mmo gene cluster encoding sMMO of Candidatus 
M. methanotrophicum. Genes coloured in brown are unique to Candidatus 
M. methanotrophicum within the genus Mycobacterium (similarity below 
40%), whereas mmoX, shown in green, additionally occurs in Mycobacterium 
pseudoshottsii (similarity 41%).
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M. methanotrophicum grows methanotrophically and allowed us to 
reconstruct the most likely pathways involved in such growth (Fig. 2), 
as described in the following.

The first step, the conversion of methane to CH3OH, is most likely 
catalysed by a soluble methane monooxygenase (sMMO), which is a 
three-component enzyme capable of breaking the C–H bond in meth-
ane and other alkanes or alkenes15. This conclusion is supported by 
the high abundance of the α, β and γ subunits of a di-iron-type sMMO 
(named MmoX, MmoY and MmoZ), as well as of the accessory compo-
nents MmoB, MmoC and MmoD, in the biofilm (Fig. 2a–b and Table 1). 
Moreover, the genes encoding these proteins are exclusively present 
in the genome of Candidatus M. methanotrophicum and not in other 
known mycobacterial genomes (Fig. 1b,c). Bioinformatic analysis 
further revealed that the clustering of the mmo genes in the genome of 
Candidatus M. methanotrophicum is largely similar to the clustering 
found in the genomes of Methylococcus capsulatus Bath and Methyl-
osinus trichosporium OB3b (Extended Data Fig. 2), both of which are 
known to oxidize methane16,17. Also, although the MmoX from Candi-
datus M. methanotrophicum is most closely related to MmoX from 
Mycolicibacterium chubuense NBB4 (Supplementary Figs. 4 and 6), for 

which methane oxidation has not been demonstrated, it shares several 
positionally conserved amino acids located within the central region 
of bacterial multicomponent monooxygenases active on methane 
(Supplementary Fig. 5). Finally, a notable feature is the presence of a 
small gene in the sMMO cluster of Candidatus M. methanotrophicum. 
AlphaFold predictions indicate with high confidence that the corre-
sponding protein is folding similarly to MmoD (Supplementary Fig. 7).  
Possibly, this subunit is required for efficient methane utilization.

Many methanotrophic bacteria use a MxaF-type methanol 
dehydrogenase to catalyse the conversion of CH3OH to formalde-
hyde18,19. However, Candidatus M. methanotrophicum does not have 
the so-called mxa genes, which are required to make such a canoni-
cal MxaF-type methanol dehydrogenase. Instead, our data suggest 
that this conversion is catalysed by alcohol dehydrogenase D (AdhD; 
Extended Data Fig. 3), which is the second most abundant protein 
in the biofilm (Table 1). The closest homologue is a Zn-dependent 
alcohol dehydrogenase that belongs to the zinc-binding class III-type 
alcohol dehydrogenases20–22. Enzymes of this family act on primary 
or secondary alcohols with very broad specificity, although they oxi-
dize CH3OH not as efficiently as ethanol21. But since Candidatus M. 

Table 1 | List of 26 most abundant proteins in the cave biofilm as determined by semi-quantitative proteomics. Only proteins 
expressed in Candidatus M. methanotrophicum are shown. Abbreviations: sMMO1, soluble methane monooxygenase; 
AdhD, Zn-dependent alcohol dehydrogenase D; FDH, formate dehydrogenase; 6PGDH, 6-phosphogluconate 
dehydrogenase; H6PS, hexulose-6-phosphate synthetase; PyDH, pyruvate dehydrogenase; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; MftD, ADH-D associated protein; EF-Tu, elongation factor thermo unstable. FyDH is 52 on the 
list of abundant proteins and not included in this table. LFQ stands for the relative label-free quantification

Protein Short ID Peptide count 
(unique)

Sequence 
coverage (%)

Molecular weight 
(kDa)

Average normalized 
count per pellet

Average LFQ intensity 
per pellet (log10)

sMMO subunit α (MmoX) Mmeth_04015 53 (53) 71.1 60.43 140.5 9.88

AdhD Mmeth_02892 26 (26) 61.4 39.97 135.9 9.55

sMMO subunit γ (MmoZ) Mmeth_04010 28 (28) 82.3 21.35 101.9 9.85

sMMO subunit β (MmoY) Mmeth_04014 25 (25) 57.5 44.79 88.2 9.79

GroEL Mmeth_02899 44 (23) 55.5 56.96 86.0 9.46

Transketolase Mmeth_00187 35 (26) 56.5 75.58 48.2 9.26

FDH Mmeth_01089 19 (19) 48.5 42.09 40.0 9.04

EF-Tu Mmeth_03490 20 (4) 57.1 43.68 37.8 8.94

α-Crystallin Mmeth_03520 16 (16) 79.0 15.93 34.1 10.0

Sulfite reductase Mmeth_00631 31 (31) 48.4 62.40 27.3 8.60

Transaldolase Mmeth_00186 20 (20) 56.5 40.01 26.0 8.69

Pyruvate kinase Mmeth_00880 18 (12) 44.1 50.53 23.8 8.65

H6PS Mmeth_00838 9 (9) 60.4 20.89 22.6 8.29

GroES Mmeth_00273 19 (14) 30.1 56.13 22.0 8.66

DoxX family member Mmeth_04503 16 (16) 45.2 31.21 21.4 8.65

MftD Mmeth_02893 14 (14) 39.9 41.11 21.3 8.63

ATP synthase subunit α Mmeth_01783 21 (15) 35.6 59.21 21.0 8.78

Peroxidase Mmeth_03095 20 (20) 37.4 80.70 20.2 8.39

Fumarate reductase Mmeth_02646 23 (23) 40.0 69.98 20.0 8.64

MmoC Mmeth_04011 14 (14) 42.9 38.40 19.7 8.55

MmoB Mmeth_04013 9 (9) 48.4 17.50 19.6 8.84

Encapsulin Mmeth_01555 18 (18) 52.5 28.92 17.7 8.59

ATP synthase subunit β Mmeth_01785 14 (5) 36.2 52.93 16.9 8.54

PyDH E3 subunit Mmeth_04124 18 (15) 36.3 59.57 16.5 8.42

GAPDH Mmeth_00172 13 (9) 47.6 35.86 16.0 8.58

6PGDH Mmeth_02221 12 (12) 27.9 52.54 15.1 8.50
1Enzymes in bold are key to CH4 metabolism.
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methanotrophicum is slow-growing (see below), it seems unlikely that 
CH3OH oxidation limits the growth rate. The AdhD from Candidatus 
M. methanotrophicum clusters with homologues from Gram-positive 
bacteria in the phylogenetic tree (Supplementary Fig. 8). Some of 
these proteins have been purified and shown to function as methanol 
dehydrogenases23–25. Homologous sequences are also present in other 
members of the Mycobacteriaceae known to be able to grow methylo-
trophically (Supplementary Figs. 8 and 9).

The final steps in the methane oxidation pathway are most likely 
catalysed by a formaldehyde and formate dehydrogenase (FyDH 
and FDH, respectively), which sequentially oxidize formaldehyde 
via formate to CO2 (refs. 26,27). This conclusion is supported by the 
high abundance of a putative glutathione-independent FyDH and 
an NAD+-dependent FDH in the biofilm (Table 1). The gene encoding 
FyDH is exclusively found in Candidatus M. methanotrophicum and 
not in other known genomes within the Mycobacteriaceae, and its 
closest homologues are from members of Aeromicrobium and Jani-
bacter (Supplementary Fig. 10). Furthermore, Candidatus M. metha-
notrophicum seems to use this protein to fully control the partitioning 
of formaldehyde between assimilation and oxidation, as its genome 
contains only one gene encoding FyDH and no genes encoding key 
enzymes of the alternative formaldehyde oxidation pathway involving 
tetrahydromethanopterin.

Carbon uptake by Candidatus M. methanotrophicum is most 
likely facilitated via the ribulose monophosphate (RuMP) cycle of 
formaldehyde fixation28, as indicated by the high abundance of the key 
enzymes of this pathway, hexulose-6-phosphate synthetase (H6PS) 
and 6-phosphogluconate dehydrogenase (6PGDH), in the biofilm 
(Table 1). The RuMP cycle is a widespread pathway used by prokar-
yotes involved in formaldehyde fixation and detoxification29. The 
genes encoding H6PS and 6PGDH are present only in Candidatus M. 

methanotrophicum and not in the other two mycobacteria found in 
the biofilm. The enzymes transaldolase and transketolase, which are 
central in the pentose phosphate pathway29, are also abundant in the 
biofilm (Table 1 and Extended Data Fig. 4), indicating that this path-
way is highly active in Candidatus M. methanotrophicum to generate 
ribulose-5-phosphate required for the RuMP pathway.

Culturing
In an attempt to culture Candidatus M. methanotrophicum, we seeded 
samples of the cave biofilm in defined medium with a pH of 1.5. The 
head-space contained a mixture of CO2 (50%), CH4 (25%) and air (25%) 
to mimic the conditions in the cave. After a few months of incubation, 
we observed some growth in the cultures, in some cases with a small pel-
licle on top of the medium. Further replenishment with fresh medium 
ultimately resulted in highly enriched cultures of Mycobacterium with a 
doubling time of around 150–200 days (Fig. 3a). Subsequent sequenc-
ing of the almost entire 16S rRNA gene of the cultured cells revealed 
that its internal V3–V4 region was identical to the amplicon-based 
sequence obtained from the biofilm. Furthermore, a complete genome 
sequence of the cultured Candidatus M. methanotrophicum was more 
than 99% identical to M. MAG 1 assembled from the metagenome of the 
biofilm. The difference was most likely due to the lower quality of the 
DNA extracted from the biofilm.

Proteomic analysis revealed that the cultures were dominated 
by Candidatus M. methanotrophicum (92%) and additionally con-
tained members of the genus Ferroplasma (7%) and trace amounts of 
Acidothiobacillus and close relatives of Thermoplasma (values cor-
respond to the relative contributions of the proteins detected in the 
proteome; Extended Data Fig. 5). Detailed inspection of the most abun-
dant proteins from the latter three groups indicated no relationship 
to methanotrophic or methylotrophic growth. Further analysis of the 
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Fig. 2 | Metabolic reconstruction of methane utilization in Candidatus M. 
methanotrophicum. a, Simplified molecular pathways of CH4 oxidation and 
the RuMP cycle in Candidatus M. methanotrophicum as reconstructed from the 
metagenomic and proteomic analyses. The metabolic chart is inspired by ref. 73.  
In the RuMP cycle, three molecules of ribulose-5-phosphate combine with 
three molecules of formaldehyde through an aldol condensation, producing 
three molecules of 3-hexulose-6-phosphate. These are then converted to 
three molecules of fructose-6-phosphate, one of which is split into GAP and 
pyruvate. The latter is used for biomass formation, whereas GAP and the 
other two fructose-6-phosphate molecules are used to regenerate ribulose-5-
phosphate74,75. Key enzymes that were abundant in the cave biofilm are written in 
bold. Boxed enzymes are uniquely present in Candidatus M. methanotrophicum 
and not in the other two Mycobacterium species found in the biofilm. Dashed 
arrows represent lumped reactions for biosynthetic purposes and regeneration 
of ribulose-5-phosphate. Abbreviations (numbers in parentheses indicate 
the positions on the list of abundant proteins in the biofilm, Table 1): sMMO, 

soluble methane monooxygenase (1, 3, 4, 20, 21); AdhD, Zn-dependent alcohol 
dehydrogenase (2); FyDH, formaldehyde dehydrogenase (52); FDH, formate 
dehydrogenase (7); H6PI, hexulose-6-phosphate isomerase; GPI, glucose 
phosphate isomerase; G6PDH, glucose-6-phosphate dehydrogenase; 6PGDH, 
6-phosphogluconate dehydrogenase (26); H6PS, hexulose-6-phosphate 
synthetase (13); PyDH, pyruvate dehydrogenase (24); GAP, glyceraldehyde-
3-phosphate. The coloured boxes alongside the enzymes show the log10-
transformed average of the relative label-free quantification (LFQ) of the 
proteomics intensities. The coloured boxes are surrounded by a solid-line box 
when the peptides are subunits of the same enzyme, and by a dashed-line box 
if the peptides are homologues. White boxes indicate intensities lower than 
the minimum in the colour scale. b, Scatter plot of the log10-transformed LFQ 
intensities of the proteins derived from two samples of the same biofilm (Pearson 
correlation coefficient r = 0.95, N = 579, P < 2.2 × 10−16, two-sided test). Red data 
points correspond to the enzymes displayed with coloured boxes in a.
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proteome showed that all proteins involved in methane utilization 
that were produced in the cave biofilm were also highly abundant in 
the cultures. The only major difference was the high abundance of 
all ESX-3 secretion system membrane components and two potential 
ESX-3 substrates in the cultured cells (Supplementary Table 3). As the 
ESX-3 system is involved in metal transport30, this difference may indi-
cate a shortage of some metal(s) in our culture medium. In addition to 
the above genera, the cultures also contained small amounts of fungus 
from the genus Acidomyces, as revealed by microscopy combined with 
the analysis of the 18S rRNA gene5.

Morphology
High-resolution electron microscopy revealed that, although the over-
all morphology of the cultured Candidatus M. methanotrophicum 
cells resembles that of other mycobacteria, there are several differ-
ences (Fig. 3d–f). The width of Candidatus M. methanotrophicum cells 
(628 ± 54 nm, based on 47 cells) is almost two-fold greater than the 
width of M. tuberculosis cells (327 ± 55 nm, based on 45 cells). Also, 
Candidatus M. methanotrophicum cells contain a clear capsular layer 
(29 ± 3 nm thick) (Fig. 3f), which is typically difficult to discern in other 
mycobacteria (such as M. tuberculosis) without using cryo-EM tech-
niques31. Finally, the periplasmic space of Candidatus M. methano-
trophicum contains small vesicles between the outer membrane and 
the plasma membrane (Fig. 3f and Extended Data Fig. 6a,b).

Oxidation and assimilation of methane
We performed two assays to confirm that Candidatus M. methano-
trophicum can oxidize CH4 and use it as a carbon and energy source for 
growth. The first assay involved incubation of three replicate cultures 
for 22 days under either aerobic or anaerobic conditions and with 1% 
CH4 in the head-space. The results clearly demonstrate that the consor-
tium enriched with Candidatus M. methanotrophicum can oxidize CH4 
to CO2 using O2 as the terminal electron acceptor but has no such ability 
under anaerobic conditions (Fig. 3b,c). Under aerobic conditions, the 
rate of CO2 production was initially greater than expected on the basis 
of CH4 respiration alone (Extended Data Fig. 6c), possibly because small 
amounts of Mycobacterium-derived organics became available and 
subsequently mineralized by the other community members follow-
ing the change in the CH4 fraction in the head-space from 25% during 
culturing to 1% during the incubation. After about 4 days of incubation, 
however, the ratio between the amounts of CO2 produced and CH4 
consumed stabilized at around 0.66 (one replicate culture) and 1 (two 
replicate cultures) (Fig. 3b and Extended Data Fig. 6c). The variation in 
the CO2:CH4 ratio possibly reflects differences in the efficiency of CH4 
assimilation among the replicate cultures tested in these incubations. 
Under anaerobic conditions, small amount of CO2 was still produced 
despite the absence of measurable CH4 oxidation (Fig. 3c and Extended 
Data Fig. 6d). This production was probably due to anaerobic miner-
alization (for example, via denitrification using nitrate in the medium) 
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Candidatus M. methanotrophicum. a, Growth curves of Candidatus M. 
methanotrophicum in a highly enriched culture grown on CH4. Blue dashed 
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bottle. The corresponding CO2 data are shown in Extended Data Fig. 6c,d. 
d–f, Transmission electron micrographs (TEM) of cultured Candidatus M. 
methanotrophicum cells. Shown are representative examples of images 
obtained from around 100 cells obtained at different levels of resolution and 
magnification (68,000–150,000×). The boxed area in e is shown in f. The 
colour-coded boxed area in f shows the capsular layer (green), periplasmic 
space (yellow) and the plasma membrane (grey). Note the vesicles (V) detected 
in the periplasmic space. More detailed annotation of the different intracellular 
structures is provided in Extended Data Fig. 6a,b.
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of Mycobacterium-derived organics by the other community members 
during the incubation.

In the second assay, we incubated a culture with 13C-labelled CH4 
(13C atom fraction of 50%) for 110 days and subsequently analysed 
the 13C labelling of individual cells by nanoscale secondary ion mass 
spectrometry (nanoSIMS). When this analysis was combined with fluo-
rescence imaging of cells stained with auramine, which is a fluorescent 
dye that binds specifically to mycolic acids present in the cell wall of 
mycobacteria32, the results showed that CH4-derived carbon was assimi-
lated by Candidatus M. methanotrophicum (Fig. 4a,b). Additionally, 
this analysis revealed the presence of auramine-negative cells with a 
different morphology compared with that of Candidatus M. methano-
trophicum (examples marked with blue arrows in Fig. 4c). These cells 
probably belong to the other members of the culture community. The 
13C labelling of these cells was, however, significantly lower than that 
of Candidatus M. methanotrophicum (Fig. 4d), confirming that the 13C 
labelling of Candidatus M. methanotrophicum cells was due to direct 
assimilation of CH4-derived carbon rather than transfer from the other 
community members. When the nanoSIMS analysis was performed on 
Candidatus M. methanotrophicum cells without any post-incubation 
chemical treatment that could dilute their 13C labelling, the average 
13C enrichment of cells (atom fraction of 0.26 ± 0.04) matched well the 
expected value of 0.247 derived by assuming that the cells grew solely 
on the provided 13C-labelled CH4 (Extended Data Fig. 7i,j).

Environmental occurrence of Candidatus M. 
methanotrophicum
To explore whether Sulfur Cave is a unique environment for Candidatus 
M. methanotrophicum, we collected soil and water samples at different 
locations on Puturosu Mountain (Supplementary Fig. 11), checked for 
emissions of volcanic gases and the availability of water, measured the 
pH of the samples and isolated the DNA to determine the community 
profiles. The results show that Candidatus M. methanotrophicum is 
highly abundant in all types of sample from this area where volcanic 
gas emissions occur and the pH is around or below 4 (Fig. 5 and Sup-
plementary Table 4). In contrast, Candidatus M. methanotrophicum is 
much less abundant at sites with low or no gas emissions or at sites with 
a pH above 4. The latter sites also have a higher diversity index (Fig. 5b). 
Typically, the sampled microbial communities had a highly similar com-
position if Candidatus M. methanotrophicum was abundant (Fig. 5a–c).

To check for other environments where Candidatus M. methano-
trophicum may be present, we searched the National Center for Bio-
technology Information (NCBI) database for the characteristic unique 
indel in the 16S rRNA gene at positions 180–199. We obtained 52 similar 
sequences from members of the family Mycobacteriaceae present in 
diverse environmental samples, including basalts, lava beds, corroded 
concrete sewer systems and soils with elevated CO2 (Supplementary 
Table 2). These data suggest that species closely related to Candidatus 
M. methanotrophicum are widespread all around the world, possibly 
in low-pH, high-methane environments.

Discussion
Methanotrophy is a metabolic novelty in mycobacteria. Although it has 
been suggested previously33,34, the evidence remained inconclusive as 
it was based solely on the measurement of methane oxidation activ-
ity in mycobacterial enrichments and thus lacked specificity. Here we 
describe the cultivation and identification of a Mycobacterium and 
demonstrate conclusively that it can grow on methane as a sole energy 
and carbon source. The species originates from a highly acidic biofilm 
growing on the wall of a cave in Romania, and we propose to call it Can-
didatus M. methanotrophicum. Using methane oxidation assays, we 
show that a culture enriched in Candidatus M. methanotrophicum (92% 
of the protein content) oxidizes methane to CO2 under aerobic condi-
tions but not under anaerobic conditions. By combining cultivation on 
13C-labelled methane with auramine staining, fluorescence microscopy 
and quantification of 13C labelling of individual cells by nanoSIMS, we 
show that Candidatus M. methanotrophicum utilizes methane as a sole 
carbon source for biomass synthesis. Genomic analysis revealed that 
Candidatus M. methanotrophicum is the only species in the family Myco-
bacteriaceae sequenced so far that possesses a unique combination 
of genes encoding sMMO, AdhD, FyDH, H6PS and H6PI. This genomic 
make-up allows Candidatus M. methanotrophicum to use CH4 as an 
energy source and as a precursor for formaldehyde, which is incorpo-
rated into biomass via the RuMP pathway. Finally, proteomic analysis 
showed that the key enzymes of methane oxidation and of the RuMP 
pathway are highly abundant in the enrichment cultures as well as in the 
cave biofilm, indicating that Candidatus M. methanotrophicum grows 
methanotrophically under both laboratory and natural conditions.

An important unresolved question is why Candidatus M. meth-
anotrophicum is abundant in the cave biofilm instead of being 
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Fig. 4 | Correlative imaging analysis of cells from a Candidatus M. 
methanotrophicum enrichment culture grown on 13C-labelled methane. 
a, The nanoSIMS image shows an overlay between the accumulated counts 
of 12C14N− (blue), which is a proxy for biomass, and 13C atom fraction (green), 
which is a measure of methane-derived 13C assimilation. More images are shown 
in Extended Data Fig. 7a–h. b, The fluorescence image shows the intensity of 
staining with auramine, which is a fluorescent dye that binds specifically to 
mycolic acids. c, The scanning electron microscopy image shows the surface 
topography. Scale bar in all images is 2 μm. Data in the upper-right corner 

of images b and c are missing owing to image rotation. Note the absence of 
fluorescence from some Candidatus M. methanotrophicum cells (marked by 
cyan arrows in c), which is probably due to a high cell-to-cell variability in the 
efficiency of staining by auramine76. Cells marked by blue arrows in c probably 
belong to the other members of the culture community, as suggested by their 
markedly different morphology and lack of auramine fluorescence. d, Cell-
specific 13C atom fractions derived from nanoSIMS images. Control cells were 
incubated with unlabelled methane.
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outcompeted by other types of methanotroph. We hypothesize that 
this is due to its ability to withstand the extremely low pH. Members 
of the Mycobacteriaceae have a special membrane with mycolic acids, 
which makes the cells more robust and protects them against environ-
mental stresses35. Our electron microscopy images of Candidatus M. 
methanotrophicum revealed a cell wall with a relatively thick capsular 
layer, which could play a role in the protection against low pH. Addi-
tionally, members of the abundant archaeal genera identified in the 
biofilm (Ferroplasma and Thermoplasma) are also known to possess 
membrane fortification systems (for example, tetraether lipids that 
form a membrane monolayer) that help them cope with harsh acidic 
conditions35. Finally, our hypothesis is supported by the distribution 
patterns of mycobacteria in the natural environment. Although we 
have found only one publication describing mycobacteria from an 
extremely acidic environment (a M. parascrofulaceum strain from a 
hot spring with pH 3 in Yellowstone National Park36), our sampling in 
the proximity of Sulfur Cave and around Puturosu Mountain consist-
ently revealed very high Mycobacterium abundances at strongly acidic 
sites and much lower abundances at sites with a higher pH. Also in 
soils, where mycobacteria are common, albeit at relatively low levels 
(between 0.03% and 3.0% of all 16S rRNA gene reads), their abundance 
tends to be higher under more acidic conditions9.

Future studies are required to elucidate the role of Candidatus 
M. methanotrophicum in the Sulfur Cave biofilm and other habi-
tats. We hypothesize that this species is the primary producer of 
methane-derived cellular biomass in the Sulfur Cave biofilm and that 
other members of the biofilm community profit from it, most likely by 
feeding on necromass containing carbohydrates, peptides and fatty 
acids as secondary sources of carbon and energy37. A survey of data-
bases revealed that close relatives of Candidatus M. methanotrophicum 
are widespread worldwide at sites of volcanic origin or acidic niches 
with methane formation and might thus play a globally important role 
in mitigating CH4 emissions from such environments38,39.

Methods
Biofilm sampling in Sulfur Cave
Biofilm samples were collected from the wall of Sulfur Cave in Romania 
(46.1° N, 26.0° E; Extended Data Fig. 1) with sterile cotton swabs and 
stored in sterile Nunc cryotubes. The pH of the samples was determined 
on-site with pH indicator paper 1–14 (90224, Macherey-Nagel). To pre-
serve the biological samples intended for growth experiments, a few 
drops of sterile Milli-Q water were added before transport. Samples 
intended for proteomics and metagenomics were kept cold with cool-
ing elements. After transport, saline solution was added to suspend the 

cells from the biofilm material and remove larger particles such as rock 
grit. Afterwards, the cell suspension was split into two halves, with one 
half used for metagenomic and the other half for proteomic analysis.

Proteomic analysis
Suspended biomass of the cave biofilm or enrichment cultures was 
washed and lysed using a bead beater and used to prepare protein frac-
tions for proteomics40. Both soluble and insoluble proteins were ana-
lysed. All tandem mass spectra were analysed using MaxQuant version 
1.6.10 (ref. 41) and searched against the concatenated protein database 
containing entries from both the crude and cave samples. Peak list 
generation of label-free tandem mass spectra was performed within 
MaxQuant using default parameters and the built-in Andromeda search 
engine. Enzyme specificity was set to consider fully tryptic peptides 
with the allowance of two missed cleavages. Oxidation of methionine 
and N-terminal acetylation were allowed as variable modifications, 
whereas carbamidomethylation of cysteine was allowed as a fixed 
modification. A protein and peptide false discovery rate of less than 
1% was employed in MaxQuant with matches between runs enabled. 
Proteins that contained similar peptides that could not be differenti-
ated on the basis of tandem mass spectrometry analysis alone were 
grouped to satisfy the principles of parsimony. Reverse database hits, 
contaminants and proteins identified only by site modifications were 
omitted in the subsequent data analysis.

DNA isolation, amplification and sequencing of the cave 
biofilm
Samples were collected from the biofilm in Sulfur Cave (Extended 
Data Fig. 1) as well as from diverse sites on Puturosu Mountain (Sup-
plementary Table 4 and Supplementary Fig. 11). DNA for metagenom-
ics of the biofilm samples was extracted using the DNeasy PowerSoil 
Kit (Qiagen, Benelux BV). DNA for Illumina sequencing-based com-
munity profiling of the sites on Puturosu Mountain was extracted 
using the ZymoBIOMICS DNA Miniprep Kit (Zymo Research). 
Amplification of the 16S rRNA gene was carried out with univer-
sal primers 8F (5′-AGAGTTTGATYMTGGCTCAG-3′) and 1512R 
(5′-ACGGYTACCTTGTTACGACTT-3′) (ref. 42). Reactions were per-
formed in a Thermocycler (Biometra, Analytik Jena). PCR products 
were purified and sequenced by Macrogen Europe. These sequences 
were compared with known 16S rRNA gene sequences deposited in the 
GenBank database using the BLAST search at the NCBI (http://www.
ncbi.nlm.gov/BLAST). For PCR amplification, the DNA of the samples 
was diluted to 0.01 ng μl−1 and distributed in a 96-well plate for PCR 
amplification (V3–V4 region of the 16S rRNA gene). The reaction in 
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each well was done using 10 mM dNTP mix, 2 U μl−1 Phusion Hot Start 
II High-Fidelity DNA Polymerase (Thermo Fisher Scientific), 0.1 ng 
DNA template and 24 primers (8 forward primers; 16 reverse primers) 
that contain Illumina adapters and an eight-nucleotide index barcode 
sequence43. Thirty-five-cycle amplification reactions were completed 
with 10 s at 98 ∘C (denaturation), 30 s at 55 °C (annealing), and 30 s 
at 72 °C (elongation). The PCR products were pooled calculating an 
equimolar mix for paired-end sequencing of amplicons on the Illumina 
MiSeq platform (Illumina)44.

Metagenomic analyses
Crude genomic DNA was subjected to DNA library preparation using 
Ovation Ultralow System V2 according to the manufacturer’s instruc-
tions and sequenced on a HiSeq4000 platform. The raw reads were 
filtered with BBDuk (http://jgi.doe.gov/data-and-tools/bb-tools/) to 
remove Illumina adapters, phiX and low-quality bases from both ends to 
Q30. The reads cleaned in this way were then assembled with MEGAHIT 
assembler45, and the resulting assemblies were binned using gbtools46 
and annotated with Prokka47 and eggNOG48. The contamination level 
and completeness of the assemblies were examined by CheckM49. An 
overview of the statistics of the assemblage of the three mycobacterial 
MAGs is presented in Supplementary Table 1, and their corresponding 
KEGG orthologue profiles were compared with those from reference 
genomes of M. tuberculosis and M. gordonae (Supplementary Fig. 12). 
The MAG relative abundance was calculated using CoverM (v0.6.1) 
(https://github.com/wwood/CoverM).

Complete genome of Candidatus M. methanotrophicum
DNA for genomic analysis of the cultured Candidatus M. methano-
trophicum cells was extracted using the DNeasy PowerSoil Kit (Qiagen, 
Benelux BV) according to the manufacturer’s instructions. An Illumina 
library was prepared using the Ovation Ultralow System V2 according 
to the manufacturer’s instructions and sequenced in the PE 2 × 150 bp 
mode on a HiSeq4000 platform. The resulting reads were trimmed 
using Skewer’s PE mode50, resulting in 1.6 Gbp of trimmed data. In addi-
tion, genomic DNA from the enrichment culture was isolated using the 
High Pure PCR Template preparation kit (Roche) and sequenced with 
the Oxford Nanopore MinION technology (FLO-MIN106) at Utrecht 
Sequencing Facility (USEQ), resulting in 6.3 Gbp of sequences with a 
N50 length of 11.5 kbp and an average length of 5.9 kbp.

The Illumina and Nanopore data were assembled together using the 
hybrid approach implemented in the program Unicycler (version 0.5.0) 
(ref. 51). The genome of Candidatus M. methanotrophicum comprises 
a 4,719,641 bp circular chromosome and a 282,730 bp linear plasmid. 
Overall, the complete genome of Candidatus M. methanotrophicum 
and M. MAG 1 had 5,194 and 4,580 open reading frames, respectively. 
Using a 98% Cluster Database at High Identity with Tolerance (CD-HIT) 
identity threshold, 5,324 orthologous clusters were identified, 4,264 of 
which were made up of one orthologue in each genome. In contrast, 727 
single-gene clusters were present in Candidatus M. methanotrophicum 
but not in M. MAG 1, whereas 277 single-gene clusters were found in M. 
MAG 1 but not in Candidatus M. methanotrophicum. The remaining 56 
orthologous clusters had more than 2 genes and comprised a total of 
242 genes. The sMMO gene cluster was present in both M. MAG 1 and 
the complete genome of Candidatus M. methanotrophicum.

Structural protein predictions
Template-free structural predictions were generated using Alpha-
Fold52,53. Protein complex prediction was done using AlphaFold 
Multimer54. Molecular visualization was done in ChimeraX (version  
1.255) (ref. 55).

Phylogenomics
The three cave mycobacterial MAGs together with 69 publicly avail-
able Mycobacterium genomes sequences14 were used as input for the 

phylogenomic analyses. The average nucleotide identity between 
all the genome pairs was calculated with fastANI56 (Supplementary  
Fig. 3). CD-HIT on 70% and 90% amino acid identity thresholds along 
with a custom-made R script were used to identify two sets of monocore 
gene marker sets, one with 316 and the other with 27 marker genes, 
respectively57,58. The trees were constructed using PhyloPhlAn (version 
3.0) (ref. 59) using the approach described in a recent phylogenetic 
study14. The PhyloPhlAn parameters ‘–accurate’ and ‘–diversity low’ 
were applied, which translate to the usage of a pfasum60 substitution 
matrix. Trimming was performed by removing columns with at least 
one nucleotide appearing above a threshold of 0.99. The multiple 
sequence alignments (MSAs) were checked and cleaned from frag-
mentary entries. The program Diamond was used for sequence align-
ments60, MUSCLE to perform MSAs61, trimAl for further phylogenetic 
analyses62, fasttreeMP to infer approximately-maximum-likelihood 
phylogenetic trees63, and the final best tree topologies were inferred 
using RAxML64. The comparison of the two trees was performed with 
the R package dendextend65.

For the phylogenetic analyses of MmoX, MmoB, AdhD and FdhA, 
the MSAs were performed using the mafft66 program and by select-
ing the parameter ‘–auto’. The corresponding trees were produced 
using the RAxML program and by selecting the parameter ‘PROTGAM-
MAAUTO’, which automatically searches the best protein model. Also, 
a 10,000 bootstrap value was selected for all trees64. The unique genes 
of the members in the Mycobacterium tree were identified using a 
custom-made R script on the 40% CD-HIT orthologous groups and 
visualized using R. The gene clusters encoding sMMO were identified 
using a custom-made R script on the 40% CD-HIT orthologous groups 
and the corresponding .gff files57. The visualization was performed 
using R and the R package gggenes58. The trees were visualized with 
iTOL and ggtree67,68. For all trees, the internal tree scale was visualized 
on the basis of amino acid sequence similarity.

Culturing
In April 2018, liquid cultures were started from freshly collected cave 
biofilm samples. A 15 ml tube was filled with 2 ml of PBS (8 g l−1 NaCl; 
0.2 g l−1 KCl; 1.44 g l−1 Na2PO4·7H2O; 0.24 g l−1 KH2PO4, pH 7.4) after which 
a small amount of the biofilm was used as inoculum. This biofilm sus-
pension was shaken overnight at 25 °C in the dark to detach the bacteria 
as much as possible. Subsequently, 50 μl of the cell suspension was 
added to 3 ml of nitrogen mineral salts medium (NMS; 1 g l−1 KNO3; 
0.54 g l−1 KH2PO4; 399.36 mg l−1 MgSO4·7H2O; 15 mg l−1 CaCl2·2H2O; 
1 ml l−1 trace elements stock solution containing: 5 g l−1 EDTA; 2 g l−1 
FeSO4·7H2O; 0.1 g l−1 ZnSO4·7H2O; 0.03 g l−1 MnCl2·4H2O; 0.2 g l−1 
CoCl2·6H2O; 0.1 g l−1 CuCl2·5H2O; 0.02 g l−1 NiCl2·6H2O; and 0.03 g l−1 
Na2MoO4). The pH was set at 1.5 using 1.0 M H2SO4. Petri dishes (Greiner, 
catalogue number 627161) with 3 ml NMS and 50 μl of a biofilm suspen-
sion were incubated at 25 °C in the dark in custom-built chambers69 
with a total volume of 200 ml containing 50% CO2, 25% CH4 and 25% 
air in the head-space. After consistent growth of the primary culture 
was established in March 2019, a second culture was started form the 
primary culture. From May 2019 onwards, the optical density at 600 nm 
(OD600) was measured to assess the growth rate of the cultures. Phase 
contrast images were taken during the incubations using a ZEISS AXIO 
imager M1 microscope.

Various attempts to further purify and upscale cultivation were 
not successful. The only strategy that ensured stable growing cultures 
was by growing 3 ml cultures as a thin liquid layer in Petri dishes until 
OD600 exceeded 1.0 and subsequently replacing part of the culture 
volume by the NMS medium such that OD600 does not decrease below 
0.6. The replaced culture volume was than used to start a subculture, 
which could subsequently be used for testing or experimentation. 
This approach could be classified as ‘semi fed-batch’ cultivation with 
a partial replacement of the culture by fresh medium. Attempts to 
remove or inactivate the fungus, either by filtration or by using the 

http://jgi.doe.gov/data-and-tools/bb-tools/
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antibiotic natamycin, failed as they always led to cessation of growth 
of the Mycobacterium cells.

Electron microscopy
Cultured cells of Candidatus M. methanotrophicum, M. tuberculo-
sis Mtb72 ATCC 35801 and M. smegmatis were imaged by electron 
microscopy. The latter two species, used as controls, were cultured 
until OD600 = 0.1 in Middlebrook 7H9 medium, supplemented with 
oleic albumin dextrose catalase and glycerol. All cultures were fixed in 
phosphate buffer containing a mixture of 4% paraformaldehyde and 
1% glutaraldehyde. Subsequently, they were post-fixed in 1% osmium 
tetroxide, dehydrated through an ethanol graded series of 70–100%, 
impregnated with epon–ethanol (1:1) and embedded in an Embed 
812 resin (Electron Microscopy Sciences). Finally, ultrathin sections 
(50–70 nm) were cut with a diamond knife and transferred to copper 
grids for analysis by electron microscopy (Tecnai 12, FEI with a VELETA 
and Xarosa camera).

Methane oxidation and assimilation assays
The primary culture started in April 2018 was maintained and propa-
gated in the NMS medium (pH 1.5) as described above (section ‘Cul-
turing’). In the period from April 2018 to October 2021, the culture 
was diluted with a fresh NMS medium six times. On 5 October 2021, 
a subculture with OD600 ≈ 0.9 was used to start new cultures, which 
were grown in parallel using either 13C-labelled (13C atom fraction of 
50%) or unlabelled CH4 in the head-space. The 13C-labelled CH4 was 
prepared by mixing equal amounts of 99.9% 13CH4 (Campro Scientific) 
with unlabelled CH4. This cultivation continued until OD600 reached 
0.95 (110 days). During this time, the head-space in the cultures was 
replaced three times to maintain relatively stable levels of CH4 (volume 
fraction of 25%). Small samples collected at the end of these incubations 
were analysed by nanoSIMS to quantify the 13C labelling of individual 
cells (see below). The remaining biomass of the cultures grown on 
13C-labelled CH4 was split into three equal parts (each with a volume of 
2.5 ml and OD600 ≈ 0.7) and subsequently used to assay CH4 consump-
tion and CO2 production.

The CH4 consumption and CO2 production assays were done in 
60 ml crimp cap bottles closed using washed and boiled butyl rubber 
stoppers. The head-space was initially a mixture of air and CH4. The 
initial volume fraction of CH4 in the head-space was decreased from 
25% (used during the preceding cultivation) to 1% to avoid technical 
complications with the measurement of high CH4 concentrations. 
Incubations were conducted at 25 °C in the dark and continued for 
22 days, during which the head-space was regularly sampled (0.1 ml) 
for CH4 and CO2 quantification (see below). Afterwards, the head-space 
was flushed with N2 gas for 2 h to remove any residual oxygen, CH4 was 
injected to reach the final volume fraction of 1% and the incubations 
continued for another 22 days under anaerobic conditions. Incubations 
of bottles containing only the sterile NMS medium were conducted in 
parallel and used as abiotic controls.

CH4 and CO2 quantification
Methane concentration in the head-space was quantified by injecting 
0.1 ml of head-space into a gas chromatograph (Ultra GC, Interscience) 
equipped with a flame ionization detector and an Rt-Q-BOND capillary 
column (length 30 m, inner diameter 0.32 mm; Restek, Interscience). 
Helium was used as a carrier gas, and oven temperature was set at 80 °C. 
Head-space CO2 concentration was measured in the same injection 
by an flame ionization detector after CO2 was converted into CH4 by 
a methanizer. Chromeleon Chromatography Data System 7.1 (CDS, 
Thermo Fisher Scientific) software was used to analyse the obtained 
gas chromatograms. The amounts (μmol) of CH4 and CO2 in the bottle 
were calculated from the measured concentrations and known volume 
of the head-space.

Fluorescence and nanoSIMS imaging
To link the identity of cells with their ability to assimilate CH4-derived 
carbon, we first stained the cells grown on 13C-labelled CH4 with 
auramine and then analysed them by fluorescence microscopy and 
nanoSIMS. Auramine was used because it binds specifically to mycolic 
acids32 and can be visualized through green fluorescence emitted upon 
excitation with UV light. The staining was done by incubating the col-
lected cells in a filtered phenolic auramine staining solution (Merck 
Sigma) for 30 min. Cells were subsequently collected by centrifugation, 
washed with an acidified methanol solution and PBS, and deposited on 
a polycarbonate filter (2.5 cm diameter, 0.2 mm pore size, Millipore). 
Fluorescence images were acquired with a Nikon Eclipse Ti microscope. 
During this step, each imaged region was marked using a focused 
UV-light beam, which made it possible to find the same region back 
during the nanoSIMS analysis. This correlative imaging analysis was 
performed on eight fields of view yielding values for a total of 18 and 
137 cells from the incubation with unlabelled and 13C-labelled methane, 
respectively (the latter number split between 124 cells of Candidatus M. 
methanotrophicum and 13 cells of the other members in the enriched 
culture; data shown in Fig. 4 and Extended Data Fig. 7a–h).

In addition to the nanoSIMS analysis of auramine-stained cells, 
we also analysed cells that were deposited only on polycarbonate 
filters and air dried for 2 days immediately after the incubations with 
13C-labelled or unlabelled methane. This analytical approach was 
chosen to avoid isotope dilution effects, which can occur owing to 
post-incubation chemical procedures such as fixation or staining70. 
Cells analysed in this way originated from an independent incubation 
experiment, and the analysis was performed on nine fields of view 
yielding data for 40 and 110 cells of Candidatus M. methanotrophicum 
incubated with unlabelled and 13C-labelled methane, respectively (sum-
mary of data shown in Extended Data Fig. 7j).

nanoSIMS measurements were performed with the NanoSIMS 
50L instrument (Cameca) operated at Utrecht University. Before the 
nanoSIMS analysis, the filters with cells were sputter coated with a 
10 nm gold layer, cut into small circular pieces (5 mm diameter) to 
make them suitable for the nanoSIMS sample holder, and imaged with 
a Neoscope II JCM-6000 scanning electron microscope ( JEOL) to check 
the sample quality in terms of cell integrity or cell density. During the 
analysis, areas of interest were first pre-sputtered with Cs+ ions until 
secondary ion yields stabilized. Subsequently, the primary Cs+-ion 
beam was scanned over the sample (areas between 5 μm × 5 μm and 
40 μm × 40 μm in size, dwell time of 1 ms per pixel) while detecting 
secondary ions 12C−, 13C−, 16O−, 12C14N−, 31P− and 32S−. To increase the overall 
signal, the same area was imaged multiple times, and the resulting ion 
count images were aligned and accumulated. Data were processed 
with the Look@NanoSIMS software71. Regions of interest correspond-
ing to individual cells or cell clusters were drawn manually using the 
counts of 12C14N− as a proxy for cell biomass. The 13C atom fractions were 
calculated as x(13C) = 13C−/(12C− + 13C−) using the total counts of 12C− and 
13C− accumulated over the region of interest pixels.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
Raw data from the proteomic analysis of the Sulfur Cave biofilm, 
annotation files and supplementary data can be found in a Zenodo 
repository72. Illumina 16S rRNA gene amplicon data from the Sulfur 
Cave biofilm are associated with the NCBI BioProject PRJNA675490. 
Illumina reads from the sequencing of the two metagenomes from 
the cave and one from the culture as well as the MAGs M. MAGs 1, 2 
and 3 are deposited at ENA (PRJEB45004) with the accession numbers 
ERR10036468, ERR10036469, ERR10036470, ERS6581338, ERS6581340 

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA675490
https://www.ebi.ac.uk/ena/browser/view/PRJEB45004?show=reads
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and ERS6581341, respectively and accession CAJUXY010000000. 
The 16S rRNA gene sequence obtained from the Candidatus M. 
methanotrophicum culture is available at GenBank (MW243585). The 
Illumina and Nanopore reads from this culture as well as the result-
ing whole-genome assembly are available at NCBI under BioProject 
PRJNA837300.
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Extended Data Fig. 1 | Sulfur Cave on the Puturosu Mountain (Stinky 
Mountain), Romania, from which Candidatus M. methanotrophicum was 
enriched. (a) General overview of the cave. (b) Detailed images of the cave 
biofilms. The dashed line in panel a marks the stable gaseous chemocline 
between the volcanic gases (below the chemocline) and atmospheric air (above 

the chemocline). The cave walls below the chemocline are yellow due to sulphur 
deposition (marks 2, 5, 8), whereas no such depositions are present above the 
chemocline (marks 1, 3, 6). Biofilms on the cave walls are only present at the 
chemocline interface (mark 4). Mark 7 shows the bare cave wall after biofilm 
sampling.
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Extended Data Fig. 2 | Maps of sMMO gene clusters in known methanotrophs 
and selected members of the order Mycobacteriales. (a) Gene clusters 
encoding sMMO in Methylosinu strichosporium OB3b, Methylococcus capsulatus 
Bath, which are known methanotrophs, and Candidatus M. methanotrophicum 
from this study. Abbreviations: hyp, gene encoding a hypothetical protein; 
B, mmoB; D, mmoD; Z, mmoZ; hyd, hydrogenase gene cluster; empty arrow, 
unknown ORF; r, hypothetical transcriptional regulator; PEP-ck, gene encoding 
phosphoenolpyruvate carboxykinase; SS, signal sensor of a two-component 
regulatory system; RR, response regulator of a two-component regulatory 

system. Each structural mmo gene is shown in distinct color, regulatory 
mmoR and groEL homologue mmoG genes are in red and orange, respectively. 
Candidatus M. methanotrophicum does not have mmoG in close proximity, 
but does have groEL genes elsewhere (see Extended Data Fig. 3). (b) Gene maps 
of genomic regions containing one or more of the mmoRXYBDCZ genes. The 
maps are shown for the species in Cluster 1 of the phylogenetic tree shown in 
Supplementary Fig. 4. Note that, in this figure, the direction of the arrows does 
not reflect the direction of gene transcription.
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Extended Data Fig. 3 | Maps of mft gene clusters in selected Mycobacterium 
species. Abbreviations: M. MAG 1, Candidatus M. methanotrophicum; R, mftR; 
A, mftA; B, mftB; dac, D-aminocyclase gene; adh, alcohol dehydrogenase gene; 

hpr, hydroxypyruvate reductase gene; fdr, Ferredoxin-NAD(P)+ reductase gene; 
gmc, GMC-type oxidoreductase gene. adh from M. MAG 2 (ORF 0656) is closely 
related to the one from M. tuberculosis H37Rv (see also Supplementary Fig. 8).
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Extended Data Fig. 4 | Metabolic graph of the pentose phosphate pathway 
based on a corresponding KEGG map (map00030). Shown are reactions of 
enzymes potentially encoded by the genes of Candidatus M. methanotrophicum 
(M. MAG 1, green), M. MAG 2 (red) and M. MAG 3 (purple) with the corresponding 
KEGG reaction IDs. Reactions with no color codes are present in all three M. 
MAGs. Orange circles represent intermediate compounds (corresponding KEGG 

compound IDs are shown in blue). KEGG reaction names: R05338: D-arabino-
hex-3-ulose-6-phosphate formaldehyde-lyase (D-ribulose-5-phosphate-
forming); R09780: D-arabino-hex-3-ulose-6-phosphate isomerase; R01741: 
D-Gluconate:(acceptor) 2-oxidoreductase; R02750: ATP:2-deoxy-D-ribose 
5-phosphotransferase; R01051: ATP:D-ribose 5-phosphotransferase.
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Extended Data Fig. 5 | Number of unique proteins detected by LFQ 
intensity in the cave biofilm and in the enrichment culture of Candidatus 
M. methanotrophicum. Only proteins from four prokaryotic species that 

remain in the enrichment culture are shown (see legend). Note the increasing 
relative contribution of proteins from Candidatus M. methanotrophicum in the 
enrichment culture compared to the cave biofilm.
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Extended Data Fig. 6 | Morphology and CO2 production of Candidatus 
M. methanotrophicum. (a–b) Electron micrographs of Candidatus M. 
methanotrophicum (a) and M. smegmatis (a). Inset in panel a shows vesicles in 
the periplasm of Candidatus M. methanotrophicum at a higher magnification. 
Schematic representations of the micrographs in panels a’ and b’ show the 
cytosol (grey), the capsular layer (green), the plasma membrane (black line), 
the periplasm (yellow), the DNA (blue), the elucent areas (white), and the 
vesicles (red). (c–d) Evolution of CO2 during incubations of Candidatus M. 
methanotrophicum enrichment cultures with CH4. Incubations were conducted 
under aerobic (c) or anaerobic (d) conditions using either live cultures 
(green symbols) or a sterile NMS medium (black symbols). Different symbols 

correspond to replicate cultures (rep 1–3), and the values correspond to the total 
amount of CO2 per incubation bottle. Green lines show fits of the experimental 
data within the time interval of 4–22 days (c) and 0–22 days (d) with a linear 
model. For the replicate culture 1 incubated under aerobic conditions (rep 1), 
the slope of this linear model is significantly different from the corresponding 
negative slope of the linear model characterizing the removal of CH4 during the 
incubation (two-sided ANOVA, F = 6.79, p = 0.03; CH4 data shown in Fig. 3b). In 
contrast, the corresponding slopes are not significantly different for replicate 
cultures 2 (F = 0.0118, p = 0.92) and 3 (F = 3.38, p = 0.10). For both the aerobic and 
anaerobic incubations, the abiotic controls showed no significant variation in the 
CO2 amounts over time in comparison to the live cultures.
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Extended Data Fig. 7 | Additional nanoSIMS images of cells from Candidatus 
M. methanotrophicum enrichment cultures and cell biomass dynamics. 
(a–d) Images of the 13C atom fraction, which is a measure of carbon assimilation 
from methane provided during the incubation. (e–h) Images of an overlay 
between the 12C14N ion counts intensity (blue), which is a proxy for biomass, and 
the 13C atom fraction (green). Cells shown in panels a–c and e–g were grown 
on 13C-labelled methane for 110 days, while cells in panels d and h were grown 
on unlabelled methane (control cells). Some cells in panels e–g appear blue 
because their 13C labeling is significantly lower compared to cells that appear 
cyan, although it was still significant compared to the control cells (see Fig. 4d). 
Note the filament in panels c and g, which belongs to a fungus from the genus 
Acidomyces. (i) Cell biomass as a function of time in two parallel subcultures of 
Candidatus M. methanotrophicum grown on CH4 as the sole carbon and energy 
source. One culture used 13C-labelled CH4 (13C atom fraction of 0.5), the other one 

used unlabelled CH4. Lines show the modelled biomass assuming an exponential 
growth with a doubling time of 94 days (solid line) and 98 days (dashed line) and 
a lag phase of 21 days. The decrease in the doubling time from 150–200 in the 
original culture to 94–98 days in these subcultures was possibly due to small 
changes in the culturing conditions combined with improved growth properties 
of Candidatus M. methanotrophicum. ( j)13C atom fractions in the cells of 
Candidatus M. methanotrophicum grown on 13C-labelled CH4. Symbol shows the 
mean value, error bar corresponds to the standard deviation (calculated based 
on the measurement of N = 110 cells, where the cells were not treated by any post-
incubation chemical procedure prior to the nanoSIMS analysis). Solid line shows 
the 13C atom fraction modelled based on the assumption that the 13C-labelled CH4 
was the sole carbon and energy source and the growth characteristics were as 
shown in panel i.
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We studied the composition of a microbial community in a cave biofilm with a major focus on a (new) Mycobacterium species that
was later on enriched by growth on methane as carbon and energy source.

Samples were obtained from a biofilm at a gas chemocline in Sulfur cave of Puturosu Mountain, Romania .

For the pools and springs, the sampling strategy was to number the samples in chronological order without any link to measurable
characteristics (i.e. pH, cloudiness, salinity etc).

Data was collected from protein and DNA samples obtained directly from the biofilm samples (extraction performed by Catalin
Bunduc, Roy Ummels and Martin Braster) or DNA obtained from the enriched methane culture (extraction performed by Roy
Ummels). Data collection was performed by Sander Piersma (proteomics) or Qingtian Guan (genomics and metagenomics).

Collection of field samples from the cave was performed on two separate occasions, one year after the other. Collection of pool and
spring samples was done in the second field trip during two consecutive days.

No data was excluded from the analysis.

To be able to link the proteomics data with the metagenomics data, the cave biofilm samples were homogenized, split in half and
processed separately. For the pools and spring samples, we determined and described all individual samples, no reproducibility
samples were included.

Samples for the pools and springs were numbered in chronological order of sampling, subsequently processed, after which the data
was combined and analyzed. As such, no bias in sample covariates (such as pH) was introduced.

As outlined above pool and spring samples were numbered by one researcher (Rob van Spanning) and extracted by another
researcher (Martin Braster). The different readouts (PCR data and pH data) were combined after they came available.

The cave samples conditions are relatively stable in different weather conditions.

The pool and spring samples were obtained in May, with a temperature of 20 degrees Celsius, and dry weather.

All samples were obtaining from the cave or pools/springs around Puturosu mountain, Romania, 46:1°N, 26:0°E.

Local scientists are participating in the study (Serban Sarbu and Vasile Gherman) and were in contact with the caretakers and local
authorities. Biological material was directly stored in sterile clean plastic tubes.

The cave biofilm samples were estimated to be less than 0,1% of the total biofilm, for pools/springs this percentage was even much
lower.
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