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Abstract: Methanogen is a group of strictly anaerobic archaea, which can obtain energy for growth
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Table 1 Free energies of methanogenesis reactions and corresponding methanogensm]

Substrate utilization and reactions AG? (KJ/mol CH,4)P* Methanogens
Hydrogenotrophic
4H,+CO,—CH4+2H,0 —135 Methanobacteriales Methanobacterium Methanobrevibacter

Methanothermobacter Methanothermus

Methanococcales Methanocaldococcus Methanotorris

Methanococcus  Methanothermococcus

Methanocellales Methanocella

Methanomicrobiales Methanocalculus Methanocorpusculum

Methanoculleus Methanofollis Methanogenium Methanolacinia

Methanomicrobium Methanoplanus Methanolinea

Methanoregula Methanosphaerula

Methanosarcinales Methanosarcina

Methanopyrales Methanopyrus
4HCOOH—CH4+3CO,+2H,0 —130 Methanobacteriales Methanobacterium Methanobrevibacter

Methanothermobacter

Methanococcales ~ Methanococcus ~ Methanothermococcus

Methanotorris
Methanocellales Methanocella

Methanomicrobiales Methanocalculus Methanocorpusculum
Methanoculleus Methanofollis Methanogenium Methanolacinia

Methanolinea Methanomicrobium Methanoplanus
Methanoregula Methanosphaerula Methanospirillum
2CH;CH,0H+CO,—2CH;COOH+CH;4 ~112% Methanomicrobiales Methanogenium Methanofollis
CO,+4(CH;),CHOH—CH,+4CH;COCH;5+ -37 Methanobacteriales Methanobacterium
2H,0

Methanomicrobiales Methanocorpusculum  Methanoculleus
Methanofollis Methanogenium Methanolacinia
4CO+2H,0—CH4+3CO, —196 Methanobacteriales Methanothermobacter

Methanosarcinales Methanosarcina

Methylotrophic

4CH;0H—3CH4+CO,+2H,0 -105 Methanosarcinales Halomethanococcus — Methanococcoides
Methanohalobium ~ Methanolobus ~ Methanomethylovorans
Methanosalsum Methanosarcina Methermicoccus

CH;0H+H,—CH4+H,O —-113 Methanobacteriales Methanobacterium Methanosphaera
Methanomassiliicoccales Methanomassiliicoccus

2(CHs3),S+3H,0—3CH4+CO>tH,S —49 Methanosarcinales ~ Methanolobus ~ Methanomethylovorans
Methanosalsum Methanosarcina

4CH3NH,+2H,0—3CH,4+CO,+4NH; =75 Methanosarcinales ~ Methanococcoides — Methanohalophilus

Methanolobus Methanomethylovorans Methanosalsum

Methanosarcina Methermicoccus
2(CH3)NH+2H,0—3CH4+CO,+2NH; =73 Methanosarcinales  Methanococcoides — Methanohalophilus

Methanolobus Methanomethylovorans Methanosarcina
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7 [125] 7
Euryarchaeota
Bathyarchaeota

Euryarchaeota [67]

( 2
3.1 Methanobacteriales (FF 4= B)
Methanobacteriales!"® ( )
( 0.6 pum—15.0 pm)
Methanosphaera H,/
Hy/CO, 2-
/COy  2- /CO;,

lacus  Methanobacterium veterum H,/
[127-128

Methanobacterium

! Methanobacteriales Methanobacteriaceae

Methanothermaceae 2 5 53
Methanobacteriaceae 4

Methanobacterium Methanobrevibacter

Methanosphaera
37 °C DNA G+C mol%
37.8%+9.4% 1 Methanothermobacter
66 °C Methanothermaceae
1 2 (Methanothermus)
97 °C DNA G+C mol% 33%

[129]

3.2 Methanococcales (FR 3k E B)

Methanococcales!"*” (
1 um-3 pm) 0.01% ( ) SDS
S-layer
H,/CO,
Methanococcales NaCl
Methanococcales Methanococcaceae
Methanocaldococcaceae 2 [131-132] 4
25 Methanococcaceae
Methanococcus Methanothermococcus
NaCl 0.3%—5.0%

DNA G+C mol% 32.7%+2.5%

H,/CO,
3h  1h"PY
(
Methanococcus maripaludis) Methanocaldococcaceae
Methanocaldococcus ~ Methanotorris
75—88 °C 2545 min
[132-133]

3.3 Methanomicrobiales (FRkEf{Ek B)

Methanomicrobialest'**!

Methanomicrobiales
H,/CO,

CO, /CO;,
Methanogenium  organophilum Methanofollis
ethanolicus /CO, [34-35]

Methanomicrobiales
/ Methanomicrobiales 5
Methanocalculaceae Methanocorpusculaceae
Methanomicrobiaceae Methanoregulaceae
Methanospirillaceae
Methanocalculaceae 1 (Methanocalculus)
6 (321351 Methanocalculus

Methanocalculus natronophilus®  Methanocalculus

alkaliphilus™
pH 9.0-9.5 Methanocalculus DNA
G+C mol% 50%—56%
[135]
Methanocorpusculaceae 1

DNA G+C mol%
48%—52%

(Methanocorpusculum) 4

Methanocalculus

35 °C pH [136]
Methanomicrobiaceae!!?” 1! 6 26
Methanolacinia Methanomicrobium Methanofollis

Methanoculleus Methanogenium
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Methanoplanus /CO,
Methanomicrobiaceae
( 3040 °C) Methanosarcinales 3
Methanoculleus  receptaculi Methanoculleus Methanotrichaceae Methermicoccaceae
thermophilus 55 °C Methanosarcinaceaec Methanotrichaceae 1
Methanogenium frigidum Methanothrix Methanosaeta
0 °C (261 Methanomicrobiaceae
(531481 Methanothrix 2 Methanothrix
concilii  Methanothrix thermoacetophila 1
371 Methanoregulaceae Methanothrix harundinacea comb. nov.
3 5 Methanoregula Methanolinea Methanosaeat pelagica
Methanosphaerula!'*”! 2012 1481 Methanothrix!>*!
H,/CO, DNA
G+C mol% 53%—59% Methanolinea CO, 1381 Methanothrix
tarda ( 50 °C) 1-12d
M. boonei Methanothrix
pH 5.5 M. palustris
pH 4.8 (293041 Methanospirillaceae 70 °C M. harundinacea
Acyl homoserine lactones (AHLSs)
[149]
NaCl DNA G+C mol% 40%—49% [142] 301 Methermicoccaceae
2 Methanospirillum psychrodurum 1 Methermicoccus shengliensis
Methanospirillum stamsii 4-5°C 65 °C
[143-144]
3.4 Methanopyrales (& HEE) Methanothrichaceae!""
Methanopyrales 20 90 Methanosarcinaceae 9 37
1 M. kandleri Halomethanococcus  ( )
Methanimicrococcus Methanococcoides
H,/CO, 98 oC[18:143] Methanohalobium Methanohalophilus
20 MPa M. kandleri 116 Methanolobus Methanomethylovorans
122 °cl*7 Methanosalsum  Methanosarcina
M. kandleri  NaCl Methanobacteriaceae (49 )
(0—0.68 mol/L) pH 6.51%1%1 DNA G+C mol% Methanosarcinaceae!*”
61.2% G+C Methanosarcina H,/CO,
[146]
3.5 Methanosarcinales (FFkt/\&IKE B) ( 12 )
Methanosarcinales!'*” Methanosarcina Methanosarcinaceae
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Methanosarcinaceae Na" Mg*
Methanosarcinaceae
23-40 °C 60 °C

Methanolobus zinderi ~ Methanomethylovorans

thermophila ~ Methanosarcina thermophila

45-50 °C 0 °C
Methanococcoides alaskense

Methanosarcina lacustris Methanosarcina spelaei

Methanosarcina soligelidi

Methanolobus psychrophilust®>'5*1>4 M.
spelaei M. soligelidi
54 °C Methanosalsum zhilinae
M. natronophilum pH 9.0
Methanosarcinaceae pH
Methanomethylovorans uponensis!'*”!
Methanomethylovorans hollandical">®
Methanolobus chelungpuianus ( T
NacCl 0 Methanosarcinaceae
NacCl 0.1-0.5 mol/L
Methanohalophilus NaCl
2.0-2.2 mol/L Methanosarcinaceae DNA

G+C mol%  42%+3%

3.6 Methanocellales (FR}EAEE B)

Methanocellales'™ 1 (Methanocella) 3

Methanocella H,/CO,
Methanocella
() 15-30 °C!"™!
3 Methanocella
35 45 55 oY

Methanocella
/

Methanocella 71

[160]

H, Methanocella
[161-162]

Methanocella ( Rice
cluster II)
[163]

CO,
‘Candidatus Methanoflorens
stordalenmirensis’ Methanocellales
[164]

3.7 ‘Methanomassiliicoccales’ (FF iz & FE Ik
® H)

‘Methanomassiliicoccales’

M. luminyensis B10"
Hy/
[43] Thermoplasmatales
‘Candidatus Aciduliprofundum boonei’  16S
rRNA 83%
Methanobrevibacter smithii
( 76%)*!  Paul

M. luminyensis
Euryarchaeota
H,/
7

1" Borrel

‘Methanoplasmatales’*

‘Candidatus Methanomethylophilus

alvus’ H,/
7 (1631 Tino
‘Candidatus
Methanogranum caenicola’ Hy/
‘Methanoplasmatales’
‘Methanomassiliicoccales’!'*”! ‘Ca.
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Methanomethylophilus  alvus’ ‘Candidatus
Methanomassiliicoccus intestinalis’ M.
luminyensis
(1%} «Ca. Methanoplasma termitum’
M. stadtmanae
Fpo/HdrD ( HdrE
F420H>) Fdreq
CoM-S-S-CoB (1051 'M. luminyensis
MvhADG/HdrABC  Fpo/HdrD Fd
CoM-S-S-CoB
[106]
Euryarchaeota
Euryarchaeota Evans 7!
2
Bathyarchaeota
BALI mtsA mtbA mtaA mttBC
mtoBC ~ mtrH
Methanomassiliicoccales
H,/ BA2
BA1
Euryarchaeota mcrA
Euryarchaeota

4 PHEGEESFEIR

(VFA
) Hz/COz 02
Fe(Ill) NO;~ SO4
[167]
( )
H, [167]
H,/CO, CH,4

[167]

/
[168-169]
CO,
CH4[58,1 17]

500-600 Tg 69%
[5]

Lu

Rice cluster I
[11]

6 (Methanocella)!'*®!

50%!'7"!

Methanocella ( Rice cluster II)

[163]

‘Ca.

Methanoflorens stordalenmirensis’

CO, [164]

2 Bathyarchaeota
[67]
7 ‘Methanoplasmatales’
H,/
[14]
[66]

2014 4.15
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136.7
21

CH4

0O, )
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pH

m

3

7

[172]

H,/CO,
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%
[

(2]
CO,

[3]

(4]

[3]

(6]

(7

(8]

(9]

[10]
(1]
[12]

[13]

[14]
[15]
()

[16]

[17]
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