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To infer the phylogenetic tree of methanogens displayed in PhyMet2 database (Fig.1, 2), we
used the 16S rRNA sequences extracted from GenBank (https://www.ncbi.nlm.nih.gov/) and
Silva (https://www.arb-silva.de/) databases. The sequences were aligned in MAFFT using slow
and accurate algorithm L-INS-i with 1,000 cycles of iterative refinement [1]. Sites suitable for
phylogenetic studies from the alignments were selected in GBlocks [2]. The phylogenetic tree was
constructed using MrBayes [3]. We applied the mixed model of nucleotide substitutions to specify
appropriate substitution models across the large parameter space [4]. Moreover, we assumed the
heterogeneity rate across sites described by the invariant model and the discrete gamma model with
five category rates. Two independent runs starting from random trees, each using eight Markov
chains, were applied. The trees were sampled every 100 generations for 20,000,000 generations. In
the final analysis, we selected the last 85,720 trees that reached the stationary phase and convergence,
i.e. when the standard deviation of split frequencies stabilized and was lower than the proposed
threshold of 0.01.

[1] Katoh K, Standley DM: MAFFT multiple sequence alignment software version 7: improvements
in performance and usability. Molecular Biology and Evolution 2013, 30(4):772-780.

[2] Talavera G, Castresana J: Improvement of phylogenies after removing divergent and ambiguously
aligned blocks from protein sequence alignments. Systematic Biology 2007, 56(4):564-577.

[3] Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S, Larget B, Liu L,
Suchard MA, Huelsenbeck JP: MrBayes 3.2: efficient Bayesian phylogenetic inference and model
choice across a large model space. Systematic Biology 2012, 61(3):539-542.

[4] Huelsenbeck JP, Larget B, Alfaro ME: Bayesian phylogenetic model selection using reversible
jump Markov chain Monte Carlo. Molecular Biology and Evolution 2004, 21(6):1123-1133

1



Methanocalculus natronophilus
Methanocalculus taiwanensis
Methanocalculus pumilus
Methanocalculus chunghsingensis
Methanocalculus halotolerans
Methanocorpusculum labreanum
Methanocorpusculum bavaricum
Methanocorpusculum sinense
Methanocorpusculum aggregans
Methanocorpusculum parvum
Methanoculleus receptaculi
Methanoculleus palmolei
Methanoculleus bourgensis
Methanoculleus sediminis
Methanoculleus marisnigri
Methanoculleus submarinus
Methanoculleus chikugoensis
Methanoculleus horonobensis
Methanoculleus hydrogenitrophicus
Methanoculleus thermophilus
Methanoplanus petrolearius
Methanolacinia paynteri
Methanomicrobium mobile
Methanoplanus endosymbiosus
Methanoplanus limicola
Methanogenium organophilum
Methanogenium cariaci
Methanogenium frigidum
Methanogenium boonei
Methanogenium marinum
Methanofollis formosanus
Methanofollis aquaemaris
Methanofollis ethanolicus
Methanofollis liminatans
Methanofollis tationis
Methanosphaerula palustris
Methanolinea tarda
Methanoregula boonei
Methanoregula formicica
Methanolinea mesophila
Methanospirillum hungatei
Methanospirillum stamsii
Methanospirillum lacunae
Methanospirillum psychrodurum

Methanomicrobiales

Methanocella conradii
Methanocella paludicola
Methanocella arvoryzae

Methanocellales

Methermicoccus shengliensis
Methanosaeta harundinacea
Methanosaeta pelagica
Methanosaeta thermophila
Methanosaeta concilii
Methanohalobium evestigatum
Methanosalsum zhilinae
Methanohalophilus halophilus
Methanohalophilus portucalensis
Methanohalophilus mahii
Methanohalophilus euhalobius
Methanohalophilus levihalophilus
Methanococcoides alaskense
Methanococcoides burtonii
Methanococcoides methylutens
Methanococcoides vulcani
Methanolobus bombayensis
Methanolobus tindarius
Methanolobus vulcani
Methanolobus profundi
Methanolobus taylorii
Methanolobus oregonensis
Methanolobus psychrophilus
Methanolobus zinderi
Methanomethylovorans hollandica
Methanomethylovorans thermophila
Methanomethylovorans uponensis
Methanimicrococcus blatticola
Methanosarcina baltica
Methanosarcina semesiae
Methanosarcina lacustris
Methanosarcina siciliae
Methanosarcina acetivorans
Methanosarcina mazei
Methanosarcina soligelidi
Methanosarcina horonobensis
Methanosarcina thermophila
Methanosarcina barkeri
Methanosarcina spelaei
Methanosarcina vacuolata

Methanosarcinales

Methanomicrobia

Methanomassiliicoccales,ThermoplasmataMethanomassiliicoccus luminyensis
Methanothermus fervidus
Methanothermus sociabilis
Methanothermobacter crinale
Methanothermobacter tenebrarum
Methanothermobacter thermautotrophicus
Methanothermobacter marburgensis
Methanothermobacter wolfeii
Methanothermobacter thermoflexus
Methanothermobacter defluvii
Methanothermobacter thermophilus
Methanobacterium thermaggregans
Methanobrevibacter gottschalkii
Methanobrevibacter thaueri
Methanobrevibacter millerae
Methanobrevibacter oralis
Methanobrevibacter smithii
Methanobrevibacter woesei
Methanobrevibacter olleyae
Methanobrevibacter ruminantium
Methanobrevibacter boviskoreani
Methanobrevibacter wolinii
Methanobrevibacter acididurans
Methanobrevibacter arboriphilus
Methanobrevibacter cuticularis
Methanobrevibacter curvatus
Methanobrevibacter filiformis
Methanobacterium flexile
Methanobacterium alcaliphilum
Methanobacterium movens
Methanobacterium aarhusense
Methanobacterium congolense
Methanobacterium formicicum
Methanobacterium subterraneum
Methanobacterium palustre
Methanobacterium ferruginis
Methanobacterium kanagiense
Methanobacterium petrolearium
Methanosphaera cuniculi
Methanosphaera stadtmanae
Methanobacterium lacus
Methanobacterium beijingense
Methanobacterium movilense
Methanobacterium oryzae
Methanobacterium ivanovii
Methanobacterium veterum
Methanobacterium espanolae
Methanobacterium arcticum
Methanobacterium bryantii
Methanobacterium uliginosum

Methanobacteriales, Methanobacteria

Methanocaldococcus fervens
Methanocaldococcus jannaschii
Methanocaldococcus vulcanius
Methanocaldococcus indicus
Methanocaldococcus infernus
Methanocaldococcus villosus
Methanotorris igneus
Methanotorris formicicus
Methanothermococcus thermolithotrophicus
Methanococcus aeolicus
Methanothermococcus okinawensis
Methanococcus maripaludis
Methanococcus vannielii
Methanococcus voltae

Methanococcales, Methanococci

Methanopyrales, MethanopyriMethanopyrus kandleri

1

0.90

1

1

1

1

0.99

1

0.96

0.93

1

0.90

1

0.95

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

0.98

0.98

1

1

1

1

1

0.90

1

1

1

1

1

1

0.97

1

1

0.99

0.97

1

1

1

1

1

1

1

0.91

1

1

1

0.98

1

1

1

1

1

1

1

1

0.96
1

1

1

1

1

0.95

1

1

1

1

1

0.98

1
1

1

0.98

1

1

1

1

0.92

1

0.99

1

1

0.96

1

1

1

1

1

1

1

1

0.90

1

1

1

0.95

1

1

Figure 1: The phylogenetic tree obtained in MrBayes for 16S rRNA sequences of methanogens.
Particular taxonomic groups were indicated in different colors. Values at nodes indicate posterior
probabilities. The values smaller than 0.9 were omitted.
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3 0.231 40 75 65 70 49.5 3 120 0.4 0.6 0.002 0.599 0.010 0.010 6 8.8 7.2 7.6

45 70 65 65 48 3 20 0.35 0.35 0.002 0.599 0.009 0.009 5 8 6.8 7.4

37 74 55 65 61 2.4 2.7 0.4 0.4 0 0.171 0 0 6 8.2 7 7.5

3.5 0.198 55 55 55 0.017 0.513 7.9 8.2

1.5 0.426 60 60 62.2 0.014 0.342 7 7

40 75 65 70 50 3 120 0.4 0.4 0.002 0.599 0.010 0.010 6 8.8 7.2 7.6

3.5 0.198 50 70 65 65 42 4 8 0.4 0.4 0 0.171 0 0 5.5 9.5 7 7.5

37 37 29 0.9 0.9 0.7 0.7 0 0.428 7 7

37 37 38 0.6 1.2 0.5 0.5 0 7 7

33 43 36 42 32 0.5 1.2 0.5 0.5 0 0.445 5.5 10 7 8

15 0.046 25 39 35 37 28 0.7 1.2 0.4 0.5 0 0.2 0.01 0.1 6.2 8 6.9 7.4

37 39 31 1 1.5 0.5 0.7 6.9 7.4

37 37 31 1 1 0.6 0.6 0 0.428 7 7

28 42 28 42 28 0.3 1 0.3 0.3 0 0.445 6 10 7.5 7.5

33 33 32.6 0.8 1.7 0.7 0.7 6.3 6.8

37 40 28 1.5 1.8 0.6 0.6 6.5 7

37 37 24.2 1 1.4 0.6 0.6 0 7 7

16.5 0.042 25 37 35 35 0.3 0.5 0.3 0.5 5 7.5 6 6

13 0.053 10 45 30 37 27.5 2.7 2.7 0.6 0.6 7.5 8

35 0.02 10 37 37 37 1.2 1.2 0.4 0.4 6.5 8.5 7.7 7.7

40 0.017 20 30 30 30 1.6 1.6 0.34 0.34 6.5 8.5 7.1 7.1

37 0.019 10 33.5 30 30 4 4 0.23 0.23 6 7.5 7 7.2

21.6 0.032 10 50 35 38 37.3 2 5 0.3 0.5 0 0.1 0 0 6.5 9.5 6.5 9.5

10.2 0.068 25 45 37 37 57 2 25 0.5 0.6 0 0.012 0.012 7 9.9 8.1 9.1

25.66 0.027 10 50 35 38 39.5 2 5 0.4 0.5 0 0.3 0 0 6 9 6 9

15 45 45 45 34.9 5 18 0.7 0.7 0.05 0.9 0.05 0.9 6 9 7.5 8

7.5 0.092 25 50 37 42 39.5 2 10 0.4 0.5 0.017 0.017 5.9 8.2 7.2 7.2

25 50 37 45 38 2 15 0.4 0.8 0.25 0.25 6.6 6.8

3.89 0.178 3.5 40 20 40 54.4 0.6 1.2 0.1 0.15 0 1.4 0.2 1.25 6.75 9.2 7.8 8.8

18 0.039 20 45 33 37 34.3 2.5 5 0.5 0.5 0 0.308 7 7

18.5 0.037 20 45 40 40 37.6 2.3 3.7 0.3 0.3 0 1.2 0.34 0.34 5.5 9 6 7.5

22.3 0.031 15 45 40 40 39.3 1.6 5 0.35 0.5 0 1.2 0.086 0.086 6.5 9.6 7.5 8.5

39.5 0.018 20 40 35 35 38.3 2.4 4.7 0.3 0.3 0 1.2 0 0 5.5 9 6.5 6.5

60.5 0.011 35 40 23 1.2 1.2 0.6 0.6 0 6.8 6.8

5.1 0.135 25 45 36 40 27.6 1 1.2 1 1.2 6.5 6.9 6.5 6.9

22 0.032 14 41 30 30 37 2 15 0.2 0.4 0 0.4 0.1 0.1 5 8.5 6.5 6.5

14.1 0.049 25 50 37 37 38.9 3 5 0.4 0.5 0 0.5 0.05 0.05 6.5 8.6 7.2 7.7

79.2 0.009 0 44 33 33 33 3.5 4 0.6 0.7 0.02 0.3 0.08 0.08 6.2 9.9 7.4 7.4

15 45 40 40 31 3 10 0.3 0.4 0 0.428 0 0 5.5 9 7 7

15 55 45 45 36.6 1.2 1.2 0.5 0.8 0.19 0.19 6.5 8.5 7 7.4

23.1 0.03 10 46 28 28 33.8 2 8 0.4 0.45 0 0.3 0.05 0.05 5.2 9.4 7 7.2

9.9 0.07 15 50 35 35 34 6 6 0.8 0.8 4.6 7 5.6 6.2

26.6 0.026 15 45 37 37 38.1 3 6 0.45 0.5 0 0.3 0.1 0.1 5.5 8.5 6.8 7.2

19.25 0.036 25 50 37 39 35.2 10 15 0.5 1 0 0.4 0 0 5.8 8.8 6.9 7.2

15 45 40 40 33.8 2 4 0.2 0.6 0 6 8.5 6 8

0.33 2.1 48 92 85 85 33 1 2 1 2 0.086 0.856 0.513 0.513 5.5 7.6 6.5 6.5

0.433 1.6 50 85 85 85 31 1.5 1.5 1.5 1.5 0.2 0.9 0.5 0.5 5.2 7 6 6

0.66 1.05 49 89 80 80 31 1 3 1 3 0.107 0.963 0.428 0.428 5.25 7 6.5 6.5

0.5 1.38 50 86 85 85 30.7 1 3 1 3 0.257 0.856 0.513 0.513 5.5 6.7 6.5 6.5

0.513 1.35 55 91 85 85 33 1 3 1 3 0.214 0.963 0.428 0.428 5.25 7 6.5 6.5

0.75 0.942 55 90 80 80 30 1 2 1 2 0.086 0.941 0.428 0.428 5.5 7 6.5 6.5

0.417 1.662 45 91 88 88 32.3 1 2 1 2 0.154 0.924 0.308 0.308 5 7.5 5.7 5.7

0.5 1.386 55 83 75 75 32.5 0.8 1.5 0.8 1.5 0.068 1.027 0.411 0.411 6 8.5 6.7 6.7

0.917 0.756 30 70 65 65 32.8 1.5 1.5 1.5 1.5 0.222 1.420 0.684 0.684 6 8 6.5 7.5

1.38 0.5 10 50 46 46 32 1.5 2 1.5 2 0.05 1 0.2 0.4 4.3 7.5 7 7

0.5 1.386 40 75 60 65 29.3 1 1.5 1 1.5 0.205 1.643 0.342 0.856 4.5 8.5 6 7

2 0.35 50 85 85 85 31 1.5 1.5 1.5 1.5 0.2 0.9 0.5 0.5 5.2 7 6 6

30 30 33 1 1 1 1 7.4 9.2 8 8

3 0.231 21 45 38 38 30 0.5 3 0.5 3 0.205 0.821 0.342 0.684 6 9 7 7.4

0.33 3.03 84 110 98 98 61.2 2 14 0.5 0.5 0.034 0.68 0.34 0.34 5.5 7 6.5 6.5
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Figure 2: The phylogenetic tree obtained in MrBayes for 16S rRNA sequences of methanogens, an-
notated with a matrix of culturing conditions and other features. Values at nodes indicate posterior
probabilities. The values smaller than 0.9 were omitted.
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