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roles in global carbon cycling, climate change, and clean energy production, making them a hot

research topic both domestically and internationally. This article briefly reviews the research

progress of methanogens in China, focusing on their resources and taxonomy, physiology and

biochemistry, molecular biology, ecological roles, and applications. The future research trends

of methanogens are also highlighted.
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Table 1

REFESBLEEN RS R

Novel methanogenic taxon isolated and identified by Chinese scholars

Isolate species Substrate Morphology Optimal growth  Growth Source Genome 16S rRNA Reference
(nm) conditions factor
pH 7/°C
Methanobacterium H,/CO,, Rod, 7.2 37 Nd Anaerobic  Nd AY350742 [7]
beijingense 8-2" formate 0.4-0.5% digesters
3-5
Methanobacterium H,/CO,, Rod, 7.0-7.5 3538 YE Gahai lake  Nd EU333914 9]
flexile GH' formate 0.3-0.5x
2-5
Methanobacterium H,/CO, Rod, 7.2-7.5 3538 YE Tuosu lake  Nd EU366499 [9]
movens TS-2" 0.3-0.5%
2-5
Methanocella conradii Hy/CO, Rod, 6.8 55 Nd Rice field soil GCA _ CP003243 [10]
HZ2547 0.2-0.3x located in 000251105.1
1.4-2.8 Hangzhou
Methanococcoides Methanol, Irregular ~ 7.0-7.5 30-35 Nd East China GCA_ NR _177426.1 [11]
orientis LMO-1"7 methylamine, cocci, Sea sediment 021184045.1
dimethylamine 1.0-2.0
and
trimethylamine
Methanoculleus H,/CO, Irregular 6.6 37 Nd Zoige Nd FI977567 [12]
hydrogenitrophicus coccl, wetland
HC" 0.8-2.0
Methanoculleus H,/CO,, formate Cocci, 7.5-7.8 50-55 Nd Shengli Nd DQ787476 [13]
receptaculi ZC-2" 0.8-1.7 oilfield
Methanoculleus H,/CO,, formate Cocci, 7.1 37 Nd Mud volcano GCA JX0J0100000 [14]
sediminis S3Fa" 0.5-1.0 001017125.1 2
Methanofollis fontis ~ Hy/CO,, formate Cocci, 6.7-7.0 37 Nd Deep-sea GCA_ MG437305  [15]
FWC-SCC2" 0.8-1.2 sediments ~ 004297185.1
Methanolobus Methanol Cocci, 8.0 30 YE Sediment of GCA MG437307  [16]
halotolerans SY-017 0.8-1.0 saline Lake 004745425.1
Tus
Methanosaeta Acetate Rod, 7.2-7.6 34-37 YE, Trp Anaerobic =~ GCA_ AY817738 [17]
harundinacea 8Ac" 0.8-1.0% sludge blanket 000235565.1
3-5 reactor
Methanospirillum H,/CO, Rod, 7.0 25 YE Soil of the  Nd KF153052 [18]
psychrodurum X-18" 0.4-0.5% Madoi
11-62 wetland
Methanothermobacter H,/CO, Slightly 6.9 65 Nd Production  Nd HQ283273 [19]
crinale Tm2" curved rods, water of oil
0.3-0.5% reservoirs
22-59
Methermicoccus Methanol, Cocci, 6.0-6.5 65 SF, Oil-production GCA JONQO1000007 [8]
shengliensis ZC-17 methylamine  0.7-1.0 CoM  water 000711905.1
and
trimethylamine

YE: Yeast extract; Trp: Tryptone; SF: Sludge fluids; CoM: Coenzyme M; Nd: Not report.
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Table 2 Novel candidate methanogenic archaea
Phylum Genus Metabolic type Source Research group ~ Reference
Ca. Bathyarchaeota® BA1 and BA2 MM Coal-bed methane TYSON GW [20]
Euryarchaeota Ca. Methanohalarchaeum MM Salt lake KOONIN EV [31]
Ca. Methanofastidiosum MM Anaerobic digestion LIUWT [32]
reactor
Ca. Methanoliparum ALM Petroleum sample LIWJ° [33]
Ca. Methanolliviera ALM Oil seeps LIWJ° [33]
Ca. Methanoflorens HM Rice, wetland, TYSON GW [34]
sediment, permafrost
Ca. Methanomixotrophus MM Oil reservoir MU BZ°¢ [35]
Ca. Geoarchaeota® Cren_UShs and Cren_JZhs HM&AM Hot spring ZHANG T°¢ [21]
Ca. Korarchaeota® Ca. Methanodesulfokores MM Hot spring MCKAY LJ [22]
Ca. Nezhaarchaeota® WYZ-LMO7 and WYZ-LMO8 HM Hot spring WANG FP and [23]
XIAO X°¢
Ca. Thermoplasmatota Ca. Methanomethylophilus MM Gut BRUGERE JF [24]
Ca. Methanoplasma MM Gut BRUNEA A [25]
Ca. Methanogranum MM Anaerobic sludge IINOT [26]
Ca. Methanospyradousia MM Gut HILDEBRAND F [27]
Thermoproteota Ca. Methylarchaeum MM Hot spring HOU LJ° [28]
Ca. Methanotowutia MM Lake HOU LJ¢ [28]
Ca. Methanoinsularis MM Harbour HOU LJ* [28]
Ca. Methanoporticola MM Harbour HOU LJ* [28]
Ca. Verstraetearchaeota® Ca. Methanomethylicus MM Anaerobic digestion ~ TYSON GW [29]
reactor
Ca. Methanosuratincola MM Coalbed methane well TYSON GW [29]
Ca. Methanohydrogenicus HM Yellowstone national QUAKE SR [30]
park
Ca. Methanomedium HM Yellowstone national QUAKE SR [30]

park

7. Recently GTDB has reclassified it as a subordinate class of Thermoproteota; °: GTDB has recently reclassified it as an order of
Thermoproteota; ©: Chinese. AM: Acetoclastic methanogensis; HM: Hydrogentrophic methanogensis; MM: Methylotrophic

methanogensis; ALM: Alkylotrophic methanogensis.
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R AL BE Rl 2 B " W % 9 Methanosaeta
(Methanothrix), #% & 30T LA F b 8] E 4 H 1
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Methanococcus maripaludis /) CRISPR-Cas9
PIARAEAR ZR, SEBLT X G oty T Ay 08 1) i A
G AR T R AT BATE S B o o AL Dy
T IF R T REMGE, MATHE Methanolobus
psychrophilus R15 H1E BT mRNA B9l T34,
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HEEMEH, WA EK mRNA 1 EEH LR
N TR e ELAT S G (I TR R e 00 T s
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R THHEE— MR EH TRAM il RNA
PEABVERT, 7EE BRI AKF B EE R Rk, AT
I B R AE AR U 3 T B 1E 3 e s A KB
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PRSP ER B aCPSFL, J B W] T & LML,

Methanosarcina F
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M. conradii 8 IFPA] R LR R AR N IR H
Bl 17 B A B R B R 2 Rl %
BT AR EER R, PRSI TN EE G
TR S EARKG TAb a H RREEA , f s AAETE
GRS A R o) o] E2Y N =
AN B e R T, AL g
WE B, B E] B e H T 158 (direct electron
transport between species, DIET)®?, 2012 4E, X
TR K I Geobacter metallireducens ] ¥ N4,
A B A -l i DIET %33 25 7 B b iy T
Methanosarcina barkeri™", 2015 4EF5HETFE A1 BA
R IUKAEH 4R 71 DIET R EE T R™
et #E, Geobacteraceae TEILHp¥y i 25 B 4L
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Table 3 Gibbs free energy changes of syntrophic degradation of organic compounds!

156]

Substrates Reactions AG? (kJ/mol) Reference
Anaerobic oxidation
Short chain CH3;COOH CH;COO +H"+2H,0 — 2CO,+4H, 95 [157]
fatty acids ~ CH;CH,COOH CH;CH,COO +2H,0 — CH53COO +CO,+3H, 72
C,H50, C,H,0, +2H,0 — 2CH;COO0 +H'+2H, 49
Long chain  C3H3,0, Cy3H3,0, +16H,0 — 9CH;COO +14H,+8H" 272 [158]
fatty acids ~ CygH3,0; C3H330, +16H,0 — 9CH;COO +15H,+8H" 338
C3H360, C,5H;350, +16H,0 — 9CH;COO +16H,+8H" 404
Ci6H3,0, Cy6¢H310, +14H,0 — 8CH;COO +14H,+7H" 353
Lactate CH;CH(OH)COOH CH;CH(OH)COO +2H,0 — CH;COO +2H,+H'+HCO; —4 [159]
Alcohol CH,CH,OH CH;CH,0H+H,0 — CH;CO0 +2H,+H" 9 [160]
Amino acid C;H;NO, C;H;NO,+2H,0 — CH;COO +2H,+CO,+NH," 10 [123]
Alkane Ci6Hzq 4C,¢H3,+64H,0 — 32CH;COO +68H,+32H" 471 [161]
Aromatics C¢Hs;COOH 4C¢HsCOO +6H,0 — 3CH;COO +CO,+2H"+3H, 50 [123]
C¢HO C¢HO+5H,0 — 3CH;COO +3H"+2H, 10
Methanogenesis
H, 4H,+CO, — CH4+2H,0 -131 [123]
HCOOH 4HCOOH+H,0 — CH4+3HCO;~ -130 [159]

YER™Y, SR, HAT DIET MIgemy e 2 et
INHAEHE A B, 41 E £ R Desulfobacula |
Desulfobacterium . Deferribacter . Geobacter .
Syntrophus ~ Fl

Geoalkalibacter . Thauera .

Pseudomonas %5 J& 25 7= H g iy 1 1) )@ T
il & Methanothrix
harundinacea 8Ac™ (3% E A F5 2R A 43507

Methanothrix soehngenii'™ | M. barkeri DSM
80034FN Methanosarcina mazei'™', E 3 2020 4F,

X 55 A 1A BA ke B 1k YRR T R B Y e T
Methanobacterium electrotrophus YSL HEY5 G.
metallireducens 37 3T DIET 19 H. &A1,

HIRMRIE T Methanosarcinales HM)7r=H bt i
HAT DIET ). HETABISEIAH DIET 24K
T R B Pili AR C, M R ]
fE—E R AR Pili FAHM @z ClP

DIET Hi - L i 5 T8 B e AR (0 5K 08
FAE—E R —SERFFE Ny R E BT

Methanosarcinales
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metallireducens GS-ApilB I G. sulfurreducens
PCA-ApilB Z [AKSREEIE B DIET HAEX R, &
WAL 3R C 5 DIET HAT 8 ke R M,
B I 32 T B A6 15 H AL 22 R i — 25 ik
ST E C 76 DIET P E R, &
UEABATT SCUESE T 40 5 R IE A K T LA 2
JA A 33 1 SR RT DL, H R
1) DIET B i i RAF I o

7 FEEATEHNA

7.1 BE%XBE

1B AR B2 H o vy T 2 28 1Y oy P 80 2
—, HONUAT ARV I RR IR, i8> T R 5
Wis g R H Ay Ty W B R, TR AR I8 H A
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DA B T B0 7K 0 1 s Ak B U410
Bt VR TR R R B I LT, HAY "
FEAE FI TR SR B E Y, BT Rk B
ROR R RoE B B R . MR, W™
HGErTBE M. barkeri M4 &R A5 e i H e
FERIRTE 59.7%0, meAh, P HBEE R AR IR
FHIR AT 3T PR AR T AR 4 S F At ks o v
C/N LSRR A TH AR, St s s AUk
(it 37 e 1 S B e p= e U1 il A RS
seegiit, ME 202140, 2 R e
St 2 000 2T P, SRBACAERE 10 Tk, 3
R BRSO AR A T 2R AR
7.2 HREHASK

RGIFEIMIFRBEAR I REBEARL 50%, K
AT EIM AR B AE e R U ARk, Bl
AT HH — R P 7 B e TR RRE 2 A B i o R e 1
JrEt, DR EIMIFR S, KA e
AA A BN C S A I % I T LR
Smithella 557 W ity TR B8V R R OE 7S b
EEIE R BB R R UL AR
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7.3 JEEEFTERLR

B R A ADEHR PR CO, R,

SRS CO, iR S M B R E E itz
o JAMT T AT B P oy T B A Y e ke
PR SRR OB, WEE M. barkeri-
CdS AW-HEEYNR G e R, B TR
BHRESK S CO, B CO & J5™ CH,!™ ', thrift
(8 M. barkeri-NiCu@CdS F 457 ot [ v 18 2%
2Tt % (79.38+2.83) pumol/(gerh), VT HI
Y- AR YRS RGO RS, AR
PHEESR 341 CO, I REVEALFIFHTTRE 1R B o7,
BT, ATTHR TR M A A O G RER A
R T RAADEE WUEY S B T Ry At
i%ﬁ‘%ﬁi,%(Rhodopseudomonas palustris-M. barkeri)
SEEL T OGREIR Y CO, 38 J5 = H el ®,
7.4 AEFFFREEINGEE

PG R T T eesh, e HAAHE
W OB SR, B0 & AR il R M.
maripaludis H.AF|IH CO, /7 %E B-FHE TR
(polyhydroxybutyrate, PHB)#JZhRE!, X F A
7 FBE o B [ ik A e Ak B W 8 107 P v
71, AETE A A X5 TR A 4IE

8 k%
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