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Abstract: Methane is not only a greenhouse gas but also a potential energy substance. The balance of
methane source and sink is of great significance to geochemical cycle and engineering application.
Anaerobic oxidation of methane (AOM) is an important methane sink in natural habitats such as deep
sea, wetland, and farmland, which plays a role in mitigating greenhouse gas emissions. The central
metabolic mechanism and energy conversion pathways of methane-oxidizing microorganisms are the
key to AOM coupled with the reduction of other substances. Therefore, from the perspective of electron
acceptor diversity, we analyzed the physiological and biochemical processes and environmental
distribution of sulfate-, nitrate/nitrite-, and metal-reducing anaerobic methane-oxidizing
microorganisms, and reviewed the new anaerobic methane-oxidizing microorganisms discovered in
recent years. Further, we summarized the intracellular and extracellular electron transport pathways of
anaerobic methane-oxidizing microorganisms. According to the environmental distribution and reaction
characteristics, we prospected the ecological significance and potential application value of anaerobic
methane-oxidizing microorganisms in pollution control and energy recovery. Through the review, we
aim to deepen the understanding of the microbial processes of AOM and shed light on its potential

engineering application.

Keywords: anaerobic oxidation of methane; electron acceptor; microorganism distribution; catabolism;
energy metabolism

FE T 5 | 1) Tk 2 R0 2 S e — SR B 1Y)
20-30 f51Y, HBEE A B 537 55 B AR IRRIML A
FRAEHAT P S5 N R 57 A A PR e 5 S BT S
O A RAR I Y Tk R L ik 42— DR,
M ol A 0 S A Y e P il B R T 7 A 1 5
Tt FFY e ok HE SR BR 7] N R DR HER %ok 2 ik I
£ QAN 21T JESE AN & SV SR IB ISR TREPS
HE L, HAR G 32 B A B A R AR,
e S A P A S B Be il o T 76 4R
IR AR, A e SR R e 4R

P4 actamicro@im.ac.cn, 7 010-64807516

b —E AR D T R A H BE 4 4k (anaerobic
oxidation of methane, AOM)N|J&$87E KA &M
T, WA DB e — A, SRR ER
il TR 6 /30 i 1R 6 A 4 & AR 1k W 55 'L 7 A2 AR
KA B AR IR Y o

Y, AL 90%8: IR A
H, 32 1A 14 IR AR e B A R T T AE )5 7
R R O AR AR DRI IR, R/ A Ak T LAY
BRI R A WL 32 Ak S 1 R o S AR5 i e
WA EAEE RS, LIRS RREE/ SRR i



TRTRSE | AR, 2022, 62(5)

1671

F2Z R AOM 1 7 X DR AR H o S8 AL 1) BTk %
Al 3K 65.6%—100% , J2& ] ] H7 A= A8 R Ge Hh 8 1)
ey S 4Rk, R 9T 4GB T LA AQDS . Cr(VI)
ZNE R L T2 AR ) AOM S AP, B HE
I T 2 AROR BT A RS, AR R T IR 4R
HE S AL AN E . HL 32 AR 1Y) Z R A A5 IR
SR o S Al oo R L M, T AN [ AR 1Y
AOM LA P9 J3 A 388 R e o A a8 ok % ) 2 3
RS

R A ot S AR SR Dot R e S Ao — Sk
e, AR T2 R R v K ) 4y i
Re AU, H LML T AOM A YBi bR
TR LR (R 1) BESE AOM R YY) 5 4 it
A A R BT IR DA R e S Ak
AR, AH AT T2 R AOM IR 9 i A B A
b PR 5 L JE A

ARCLL AOM 3 2 HL P32 AR 1 Z2 1 Ry 1R
i, ZERTHBRERTY | WERRER RS ER SR . 4
& 340 i TR IR A o S A B A o o A ot A
WEE A, B T IE AR B AL T2k AOM
PIRFFEERE , TS5 0T T L AOM fUZE W
T AN B T 3 R LRl B RE R A 1R, IR R

TIT AOM A2 U AE I T RE R AN,
DAHA Ry R4 HR ot SR A AR SC I R S 52
1 REF A& W AR
1.1 WERBREFRKSL(SAMO)

PR AR o SR AL G Bt R 3k 30 it 2 A e R
() — R4 ot e fh i A, AR IR U451 Tk R
BEAAL R CO,, [ B 8 AR £ 1 Sl HS 121

Hil, A 3 F il < # SAMO ot # i H1EE
(E 1), o5& R m = B giigts . LA SR
R EEBGER . (1) Remy=Hbiiss, h T~
R e 1o A I o B ) DR 2 il 2 B g 34 Al 3, 3%
PRI R I 1] 7 Y BE 3 42 1 A7 7 R AL T AR i
Hoehler 45 i3 X b % 3¢ 9 M 2T A il S0 00
FRUYIRE S 24T B A7 N S2 8 20, F 1994 4
WA T R G, A AR R
hIFH Hy W 2L, AOM 2Rl BER A1,
B o 76 H DA M 38 TR (Mer) O F R 4=
B CH;-CoM, K5 H 56 7% 2 U2 WS JE B
CH;3-H;MPT, FH7E 3 H I U S MRS 340 I il (Meer)
FAEAL T T2 B, CH,=H,MPT, CH,=H,MPT %
— RN . IR S B A Sy e A B Ak

F1 TR AOM EEFFMFEH RN AR S HETERE!"

]

Table 1 Reaction equations and standard Gibbs free energy for different AOM '[ypes[11

The types of AOM Electron Reaction equation Gibbs free energy/(kJ/mol)
acceptor

SAMO SO» CH4+S04> —HCO; +HS +H,0 -16.6

DAMO NO;~ 5CH4+8NO; +8H'—5C0,+4N,+14H,0 -765.0
NO,” 3CH,+8NO, +8H —3C0,+4N,+10H,0 —-928.0

Metal-reduced AOM Mn** 5CH,+8MnO4 +19H —5HCO; +8Mn*"+17H,0 -991.7
Fe' CH4+8F¢*'+3H,0—>HCO; +8Fe* +9H" —418.3
cr®* 3CH,+4Cr,0;7 +32H"' —»8Cr* +C0,+22H,0 —878.8

Other types of AOM AQDS CH4+4AQDS+3H,0—-HCO; +H +4AQH,DS —41.0
Se0,” CH,4+Se0,* +8H —4Se’+3CO,+10H,0 -
HAsO>  CH,+4HAsO, +3H'—-HCO; +4H,As0; +H,0 -299.6
Clo4~ CH,+Cl0, —»HCO; +CI +H"+H,0 —895.9

—: not available.
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Three hypotheses of sulfate anaerobic methane oxidation .
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Figure 2 The pathway of nitrate/nitrite anaerobic methane oxidation .

[32-33]
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Figure 3 The pathway of metal reducing anaerobic methane oxidation .
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Table 2 Main microorganisms involved in different types of AOM and their environmental distribution
Z?:gf\):s fclzzst(:; Distribution/Lab  The types of microorganisms References
SAMO S0 Marine sediment ANME-1, ANME-2, Desulfosarcina [23]
ANME-1 [28]
ANME-2 [25]
Mud volcano ANME-1a, ANME-1b, ANME-2, Desulfobacteraceae [26]
ANME-2a-2b, ANME-1, GoM Arc | [27]
ANME-3, DBB (Dsulfobulbus spp.) [31]
Continental shelf ANME-1, SRB (Desulfosarcina/Desulfococcus) [30]
ANME-1 [24]
DAMO NO,” Wetland M. oxyfera [38]
NO,” M. oxyfera [39]
NO; /NO, Intertidal zone DAMO archaea, DAMO bacteria [41]
NO; /NO, DAMO archaea, DAMO bacteria [8]
NO,” Lake sediment M. oxyfera [40]
NO,™ Farmland NCI10 (M. oxyfera) [42]
NO,™ DAMO bacteria [43]
NO,” Forest M. oxyfera, Candidatus Methylomirabilis sp. [44]
NO,” WWTPs M. oxyfera [45]
NOs~ DAMO archaea [46]
NOs~ DAMO archaea (M. nitroreducens) [47]
NO,™ Marine sediment NC10 bacteria [48]
NO,~ DAMO bacteria [49]
Metal-reduced Mn(IV)/Fe(lll) Marine sediment ANME-1, ANME-3, Bacteroides, Desulfuromonas, [50]
AOM Acidobacteria, Verrucomicrobia
Fe(III) Candidate division JS1, methanogenic archaea, [60]
Methanohalobium/ANME-3
Mn/Fe Mud volcano ANME-2a, Desulfuromonas/Pelobacter [61]
Sb(V) Lab Methanosarcina [57]
V(V) Lab Methanosarcina, Methylococcus, Methylomonas [55]
As(V) Wetland ANME-1, 2a-c [56]
Cr(VI) Lab ANME-2d [10]
Other types of  Se(VI) Lab Methanosarcina [64]
AOM CI(V) Lab Candidatus Methylomirabilis, M. oxyfera [66]
CI(VID) Lab Methanosarcina mazei, perchlorate-reducing bacteria (PRB) [67]
AQDS Lab ANME-2 [9]
Biochar Lab ANME-2d [63]
Humics Lab ANME-2d, Geobactor, anammox [68]
Electrode Lab ANME-2d, Ignavibacterium, Geobacter [65]
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