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Abstract; Anaerobic oxidation of methane is the most important biogeochemical process to reduce methane released into the
atmosphere from marine sediments, however, the anaerobic oxidation of methane and related functional microorganisms in
soil still remain uncertain. Therefore, the studies on the diversity of anaerobic methanotrophs may be able to assist with
reducing methane emissions from soil. Compared with traditional culture-dependent methods, molecular methods
independent of culture techniques has vastly improved the knowledge on microbial diversity. This review mainly focused on
the recent progress surrounding abundance and diversity of anaerobic methanotrophs in soils with emphasis on the molecular
gene markers including 16S rRNA | merA and pmoA used for detecting anaerobic methanotrophs. Furthermore, the questions
existing in the present research as well as the related resolution were also discussed. Methane oxidation in anoxic
environments is microbially mediated and of global significance. In the last decade, the diversity of anaerobic methane
oxidation populations has been studied intensively. Initially, most studies concerning environmental AOM were carried out in
anaerobic marine waters and sediments where AOM was coupled to sulfate reduction. It is now known that there are also
some microorganisms capable of coupling AOM to denitrification. Fluorescence in situ hybridization with target probes firstly

showed that the sulfate dependent AOM archaea were in the absence of close physical association with sulfate reducing
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bacteria. With the development of probes, different types of AOM consortia were visualized. In addition, most investigations
on the diversity of AOM archaea involved in the consortia were based on the 16S rRNA or mcrA gene phylogeny. Three
lineages of the sulfate dependent AOM have been identified that are referred to as ANME-1, ANME-2, ANME-3. The first
nitrate dependent methane oxidation cultures were initially enriched anaerobically, which contained a bacterium belonging to
the candidate division NC10. “ Candidatus, Methylomirabilis oxyfera,” a member of the uncultured NC10 phylum, forms a
novel taxonomic group of bacterial methanotrophs. Recently, special primers targeting methane monooxygenase (pMMO) for
detection of anaerobic methanotrophs were developed. Based on these probes and primers, culture independent approaches
were used to screen samples from several oxygen-limited habitats for the presence of both sulfate and nitrate dependent
methane oxidation bacteria and archaea, e.g. quantitating the abundance of anaerobic methanotrophs by quantity PCR,
detecting the community structure by clone library. Although methane oxidation occurs in a variety of different habitats and
appears to be performed by different organisms, the distribution of AOM organisms in aquatic and terrestrial ecosystems
remains to be fully revealed. Thus, several suggestions for future research on AOM processes and related microorganisms are
put forward as follows: 1) to investigate more diverse terrestrial environments where AOM may occur or is known to occur
based on genomic and biomarker -related methods. 2) to combine the enrichment culture with molecular method to better
understand the mechanism of AOM and related microorganisms. The enrichment or isolation of these organisms will allow for
a variety of novel physiological, biochemical, and genomic studies of AOM one or more key organisms. 3) to detect the
environmental factors affecting the AOM process or organisms. Future biogeochemical studies also hold the potential to
further our understanding of this process. 4) to explore new types of AOM microorganisms coupled with SO, Mn*", Fe™ |
NO; acting as the electron acceptors. Understanding AOM communities and the environmental conditions under which they
consume methane may help to refine computational models for methane cycling on earth and should improve the accuracy of

long-term climate change projections.
Key Words: soil; anaerobic methanotrophs; functional gene; diversity
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AR (8 ) 7K 38 rp o PR AR T R AR AR 2 ML, Ao/ FEY e IR I B () 2 Bt %o ok 2 IR0 9 5 3k
IO Ity > 1) S MBS R HLAT T2

L AER, 4y FAE A5 1 ok 358 F B DR SR UM TR 22 R R BIF 5 1 DG B B, I LA T =F 1)
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FUBEAT T 255 2 T X LE Dy e 5 RLEL A5 FCAE - 38 PP o PR A S A Bl 5 P R G 8 2Rl 7 THT AR
1 FRRESUEREFRNSE

1.1 PG R4 A AR 1 35 57

H T 3 P AR WU T S PR IR i R A REAE B 3R 00 B M R E W R AR i — 3y, Rt
1G58 AR TR IR0 D AR R 2] 1% W E MR S 2R L o TAE & AR 3% 4 1 F W B IR AL
TR A A AR B I AR KT |, I AR MR P AR RS 25 PE T e B IR 2 R ™ M A i)
PRIF-52 2, % WL B BELAS 1% F G DR S S AL R D RE I E FHAILERBIE Y . 1R 2827 5 A Tk 5 AR Al A AR T
FRAR I e R SRR T, 384 ORI A M i & B R Y. el il Evwig BRI DT PG 22 3R 7K
JEC VR Hh 5 R A5 B A R Eh PP o DR AR R > I Bl 82 o B LA IR /K 2B B RN T2 75 7K A 3 2 4 v 1) i 4
Br R pHGE (TRA BRI TS R AR K IS U 5 421277 ) o Vecherskaya %5:1% W F bt B4k 1 S SEU A A6 A= 0 1
N i pE 2 AL B — Ak B RS EAL TR, RER T T R BUELE T Methylocystis parvus . SHEERE:R FH Be K H A
TEE A, Bl Eh e R E AL B R 2w B TRV, 1 Eckernforde YUY > Aarhus V57T
I Monterey MEIETIE ™ o I BRI B HREE 1T 1 SRAABTE R LT RR T S8 K R 3 rh oy
R RE T RAFAL I BE R bk . DR, 2 By 1k, 0 A BO LA IR fE w2 15 5 A BR AR B8 b B e IR 4R
FALTE AN REFE i iR T e DA SR TR B Z2RE | T 23 1A 285 D7 R B I, BB AN 23 77K B 8k 2 W 4 75
WAV Z R ARG SR AR GERE TR AN I $ v 1 40 B G N 1 33 R 445 SR 1 i e R 5 B 1k
1.2 WG PRAE AR 7026
1.2.1  GRER H B AL T (SAMO)

Z: 5 SAMO S i FHGE R ARS8 AR 7 7R ( ANME ) 7141 S B BR R 14 S 4 71 ( SRB) B Gt A= 1A, PRIk R o 4 Ak
B[R PR B BRI L IR I, MRS R GE & & 40 M7, 83 X R PR A b AL 73 =28 . ANME- 1( Anaerobic
methanotrophic archaea) , ANME- 2 | ANME- 3, ] J& 7 /) 1§ & [0 Hod , ANME- 1 5= H f2 il mw H
( Methanomicrobiales ) #1577 W 5 )\ B K H ( Methanosarcinales ) A B VT3R5 K &, ANME-2 J& T 77 e \ B Bk
B H ( Methanosarcinales) , ANME-3 5 H %3 3K % J& ( Methanococcoides ) 354 5 288 0 33X = 287 B 1 I i)
(AR B 45, 7 A UEE AN 75%—92% , BIfifE ANME-2 1, 434 ANME-2a -2b 5-2c MU t35
K, B, BAR ANME-1 ANME-2 ANME-3 J& TR 8y H 80k, (B2 40 B 164 Fh A= 52 R U8 A T e i e
J1o SR, 5 ANME-2 B[R] JE LR R B ANME B — 58T 950 AL GoM. Arel, IR R I BT A R AL Be Y fiE
77, WA 5B FRER A 5 TE (SRB ) 4G AR B0 . BRI M2 e DR AR S A TR 7 HE e 14 2 0 b R A 2 118 2
PR VR A R — 255 . ANME- 1 A] DU ZH IO SAAE 0 AT LS i R 3 5 B A A AR 1 T
AT e B L F A S A7 O ANME- 3 [RIRE AT LSS I 2UA7 7, B8 SRR £h 38 JF B T A
HIERIE E TR A AL LA A . ANME-2 FEAE 5 B R 3h3A IR R DASME R B 5 TR A U AR IR A A 0
1.2.2 R R SA AL (DAMO)

i 1%k e DR AU AU TR BB % 7 5 42 TG 480 9 1 100 R S A AL R EDOFE HH e 44k, B 19 L 32 4K 2 NO; il
NO; . B HHETRIE, Irf 5 RO Bkl G i W e A R AL & AR S 7R Th & A — 2 2 (30%—80% ) NC10 []
A, 1 HICIS A B 0) H BE 22 28RS Methylomirabilis oxyfera 45 38155 B9 IR R M, 7] B8 A2 [R] — B8 Fh 19 A [8) 7 Bk
(16S tRNA [A]JEPE>97.5%) . T NC10 [Jrh A 28 ) 4t P 75 B B IR A A A Y BE NS T m . AR 48
16S rRNA %%Zﬁﬁ*}‘j,ﬂf oxyfera AR T e S SR A B R . M. oxyfera M Verrucomicrobia 42 H 7] B2
(e — P RARASTE B T T PR e B SR A B, e i — e B BB S 1 100 Z R0 e A AT
FOr A B HOR GO F MY F 2R n2 C1 Rk SA AR R A i BT RSS2 A K pMMO il , DA ITTKE F ot S Ak 4 7 2
A T I WaZs, 1 BRI B2 AZ B 4 48 ( RuMP ) B2 Calvin-Benson-Bassham ( CBB) ¥ A1 C1 [Rlfkikts 22
RIRTEA LI FEAEE ,JE T v HT ], I B EEEZARFEMER, BT «BIEET, RIERE KT 51T,
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M. oxyfora BATHVF T | IAEG PG IR i1 T4 B A1 96 IR I FEA A (5 AT PR A5
} RREAALESHENEES TR

YT H ARG U BT84 B2 2 M RS e i 355 35 07 3 0 JR B A, 23— A6 0 2 1 AR (%) o RO B 37
B RETE = o0 TR I ) B R A AT 25 SR e A 1 RS R e S A TR 2 R AN Ty A R R P I R
VK(TGGE) EVEREFEBER LUK (DGGE) 2GR 2458 (FISH) AR 3 FR 1k Fr B B2 2 8143 H7 (T-RFLP) |
PR SN P A 240 FAE AR ) AR AR R AR T B ST AR H AR R 1 0 AR e i S
fili &, HATC AT 0 B R A AL R 19 2 T AR e ) B A FE R 5 3L R R 4T, 16StRNA |, DI RBFE ] merd LUK pmoA
e S
2.1 BHE

SERRET (probe ) AR SERZATRRERET ", AR« 4", & — P MR 223 W . B TR 73 F 4438 1 B
S RGN T ik 1 e R SRR CL 12 IR R E M2 b R 49 45 AR SR rh U E W R S 5
DIREEEA e M G i BT IR B U E M AR TE (R A S, PORIRAL A S R VO MG AR IR AR 5
SRR e 1A DNA R BAE P -1R K- M T 2222 i Ot AR g5 5, TG il B Ak
F7EPE o S s AR E A4

F 1 BEET S e DA A TR BB R k340 J DA B FH 1Y) — SRR S MR RR A . X SEERER Y ANME2-712 11
{55 1t ANME- 1-538 55, Eel-MS932 [a] i} A] LLA& I 5] ANME-3 | {H J& 5510 (19 JL 3848 i, P IR HE 72 I AR T
5149 ANME3-1249 JL-F-R] LI 36 ANME-3 WA 340 i H AR50, 514 AR468f JL-F- Al LI%E 35 ANME-
2¢ HIFTA RS (B T ANME-2c 3548 4 4 Tk

BT FRIFED, B S HK e 6 2% A8 F AR (FISH ) 5 A R FH T H o PR 48 S8 T o REE 1 8 58 RN R R
WM R It FISH IR, Boetius 55 1 A1 2# A BEIE B R e SR Ak iy B -5 B R k18 SR P 77
AR RSN R LA K, Raghoebarsing 25" [ FER] ] FISH Jr k%5 T H be AL 1 5 il 1k
BRI LA I . PR SRR TR AT AE T AN SR AR A b ol | S AL o WU SR A 7R JEL L, Wankel 250 FI A FISH 42K
Ao R TCRR A v I R G B DR A0 HY e SRR AT, 485 2R e BT A DCRRUUZ AL IR v A7 A 1 IR AR e AR AL TR
ANME- 1a, I FHL 5% 2 Bk 01 s - BB ER 1 8 X JE PR A Bt o A e A IR R A BEREE 3 . Maignien %6 F]
FH FISH H AR & B AOM i 2 B A (Y 79% R R Bt E AL B ANME- 1 3 HLRHEB 7 ANME- 1 41 i JE il 5 —
SN EE, BEEMFTEIRA  FISH $ARFNE 7 Bk oAk A4S 60T LK AOM BXA R B R 5 & B MIIRES,
B HATISE . Orphan %5 A R EH AR B UE W T F g DR 48 480 T D 407 R P 28 A0k ) 467 3%, 5 EL At 1 3 A4 )
TR ARIR , Ettwig 252 0Ke FISH 1 5 Bh 3O AR 0% L AT A e S R AR S A, 2 B PR o S A S5 3 i
PEBE R AR H T % U0 B A0 ] REAE IR S B S A AR R AR
2.2 16S rRNA

Woese 25 FIIF] 16S 5 18S rRNA/rDNA i AR Fed T — 1 25 5% AL ) ALK A M e 9 IR 2
SCHFFESE TR ST T ELA A (5 TR A AR A G A SR E T, AR YR
o R AR ST, SR AR ST, BN B 16S rRNA A HE 200 B A2 A 4 W 40 R Fh 28 7 5S rRNA AT 238
rRNA, G B % BAF g & o, I 16S rRNA A MR B RS R B R N @ Mg bR, B8 R
Ftch )2 BIFRIC IR Y

VFZWF5ELL 16S tRNA EEFVE R Amic ZE R XA [l Az 455 v F Be DR AU B 0 2 AR PEHEAT T 3RAIE . Girguis
25T e e N B S 16 Arch21F/ Arch958R ST i B SN & A2 55 2 Witk A7 2 BEME A0, T B & bk
SII%; AR4681/AR736r Xf ANME-2c 5E /3T, Miyashita ™™ 3531 T — R 545 S 19 1 e IR 248 AL T 168
rRNA L f—265 % (ANME-1, ANME-2a, ANME-2b, ANME-2¢ and ANME-3) (% 2) , 3 83hw F T
R 6 Tk B AR IR AR A 45 v FR e DR AU TR 2 R PR AR T, 4n ™ FR e 15 008, /KR 48 SIS R AR SR R 38
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A THBRER e R E A AL B R R A S 1) (40 8F/1492R) #EAT 16S tRNA LAY 14 I i 248
RE AT BB R A S AL A 0 28 . Euwig 2512 ) FISH #REFTTH LS W xt, % & S35 35 W k4T £
LR B WL, IFBTE 1Y% qP1F/qPIR, qP2F/qP2R & f /3B s AR5 3R M R i

*1

BIRRRR | AN E R ET R E 0 — LR 2Rt

Table 1 Oligonucleotide probes for ANME ( Anaerobic Methanotroph ) archaea, their sulfate-reducing partners and denitrifying methane-

oxidizing bacteria

B e FPol (5'-3") bR 27 30k
Group Probe Sequence (5'-3") Target type References
SAMO ANME 1-350 AGTTTTCGCGCCTGATGC ANME- 1 [42]
ANME1-862 GGCGGGCTTAACGGGCTTC ANME- 1 [45]
ANME-2, limnic AAA,
ANME 2-538 GGCTACCACTCGGGCCGC Methanolobus tindarius, [46]
Methanococcus aeolicus
ANME 2-712 TTCGCCACAGATGGTCCC most ANME-2 [35]
Eel-MS932 AGCTCCACCCGTTGTAGT ANME-2, (ANME-3) [42]
ANME 2a-647 TCTTCCGGTCCCAAGCCT ANME-2a [40]
ANME 2¢-622 CCCTTGGCAGTCTGATTG ANME-2¢ [40]
ANME 2¢-760 CGCCCCCAGCTTTCGTCC ANME-2¢ [40]
ANME 3-1249 TCGGAGTAGGGACCCATT ANME-3 [47]
ANME- 3- 1249H3 GTCCCAATCATTGTAGCCGGC Helper probe for ANME-3-1249 [48]
ANME-3- 1249H5 TTATGAGATTACCATCTCCTT [48]
MBGB525 AGAGCTGGTTTTACCGCG Marine benthic group B/ Deep-sea [40]
MBGB335 TGCGCCTCGTAAGGCCTG archaeal group (MBGB, DSAG) [40]
MBGB380 GTAACCCCGTCACACTTT [40]
AAA-FW-641 GGT CCC AAG CCT ACC AGT AAA [49]
AAA-FW-834 TGC GGT CGC ACC GCA CCT AAA, [49]
SRB DSS 658 TCCACTTCCCTCTCCCAT ?f;(“llﬁig ‘XAN/N?E‘;H;;;::> [50]
DBB 660 GAATTCCACTTTCCCCTCTG Desulfobulbus [51]
. . ANME- 3-partner
DBBA 655 CACTTTCCCCTCTAGTAC (Deml e relatives) [48]
DAMO S- % -DBACT-0193-a-A- 18 CGCTCGCCCCCTTTGGTC Denitrifying methane [21]
oxidizing bacteria
S- % -DBACT-0447-a-A-18 CGCCGCCAAGTCATTCGT
S- # -DBACT-1027-a-A-18 TCTCCACGCTCCCTTGCG

SAMO ; FiFREL FF e R S A AL T Sulphate-dependent anaerobic methane oxidation ; SRB: #ifik £k 18 JA i Sulfate Reducing Bacteria; DAMO ; fif

I Be IR A S8 AL B Denitrification-dependent anaerobic methane oxidation

®2 BHRRRERSESUER—L 16S rRNA EE31Y
Table 2 16S rRNA gene primers targeting methanotrophs
B 514 JP5 (5'-3") R 275 30k
Group Primer Sequence (5'-3") Targeted type References
SAMO ANME-1 337f AGGTCCTACGGGACGCAT ANME-1 [57]
ANME-1 724r GGTCAGACGCCTTCGCT
AAC TCT GAG TGC CTC CTA
ANME1-395F AAC TCT GAG TGC CTC CAA ANME-1 [58]
AAC TCT GAG TGC CCC CTA
CCT CAC CTA AAC CCC ACT
ANMEL-1417R CCT CAC CTA AAT CCC ACT [58]
BHS clone
ANME1GBHS-183F ATA CCT GGA ATG GGC GGA GBHS clone group [58]

within the ANME-1

http ; //www.ecologica.cn



3496 JAE = 35 %

B 514 JP5 (5'-3") R 275 3Ck
Group Primer Sequence (5'-3") Targeted type References
ANME1GBHS-841R AAC ACC GGC ACC ACT CGT [58]
TGT TGG CTG TCC GGA TGA
ANME2a-426F TGT TGG CTG TCC AGA TGA ANME-2a [58]
TGT TGG CTG TCC AGA TGG
ANME2a-1242R AGG TGC CCA TTG TCC CAA [58]
ANME2b-402F AGT GCC AGT ACT AAG TGC ANME-2b [58]
ANME2b-1251R TTT CGA GGT AGG TAC CCA [58]
CGC ACA AGA TAG CAA GGG
ANME2c-AR468f CGC GCA AGA TAG CAA GGG ANME-2¢ [58]
AGC ACA AGA TAG CAA GGG
ANME2c-1411R CCA AAC CTC ACT CAG ATG [58]
AR468f CGCACAAGATAGCAAGGG ANME-2¢ [57]
AR736r CGTCAGACCCGTTCTGGTA [57]
ANME 111f GGCTCAGTAACACGTGGA ANME-1land ANME-2 [59]
ARCO15r GTGCTCCCCCGCCAATTCCT [60]
ANME3-140F GGA TTG GCA TAA CAC CGG ANME-3 [58]
ANME3-1249 TCG GAG TAG GGA CCC ATT
Arch20F/21F TTCCGGTTGATCCYGCCGGA Archaea/ ANMEs [57]
Arch958R YCCGGCGTTGAMTCCAATT [57]
ANMEF GGCUCAGUAACACGUGGA Archaea/ ANMEs [59]
907R CCGTCAATTCCTTTRAGTTT [59]
ARC-8f TCCGGTTGATCCTGCC Archaea/ ANMEs [61]
ARC-1492r GGCTACCTTGTTACGACTT [61]
DAMO 202F GACCAAAGGGGGCGAGCG M. oxyfera [23]
1545R CAKAAAGGAGGTGATCC M. oxyfera [62]
8F AGAGTTTGATYMTGGCTCAG NC10 bacteria [62]
193F GACCAAAGGGGGCGAGCG [23]
1043R TCTCCACGCTCCCTTGCG [23]
qP1F GGGCTTGACATCCCACGAACCTG M. oxyfera [23]
qP1R CGCCTTCCTCCAGCTTGACGC M. oxyfera [23]
qP2F GGG GAA CTG CCA GCG TCA AG M. oxyfera [23]
qP2R F.CTC AGC GAC TTC GAG TAC AG M. oxyfera [23]
2.3 mcrA

i F e A R AR R B AR R R 2 1 G T e IR AR S AR AR R U . P R, 7 H g o 72
VB K B IR Tl i A4 A %) S g A T 3l ), BDZE AN [) S 25 AT ) — S o 72 Bl A6 T T 1) AN [R) 5 [l 264
XA H e AR IR AL T NS SR, R ER F B IR S A AL TR FE R TR R e i 2 Ak €O, (el H
Bt ) , I R T R H A e R TR R R R B SRB H, I AR R £ & A IR IR AR . A R 8L
SAMO 3 P2 v BB A7 7E S A Bl RE A A Ak FE Be A9 4801k, X i I 200 B e ol R 1) G B il - R LAl M 38 i
fitf ( Methyl-coenzyme Mreductase, MCR) , i RAE 2= H ot it i rh BEAS AR AL FR B T AR 0 mer A 35 DR 2 A F Sk 4l
Bl M i JEE (MCR) B9 o JHE, 1] ANME-1 Fl ANME-2 #547 merA LR, 75 B SEGHAE M8 AR EOVERT T, B b
T e A i, P2 — RO SR 2 feh €O,
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Table 3 Some mcrA gene primers targeting SAMO
519 FPol (5'-3") il Ae sl 225 3k
Primer Sequence (5'-3") Targeted type References
MCRf TAY GAY CAR ATH TGG YT Methanogens/ ANMEs [64]
MCRr ACR TTC ATN GCR TAR TT [64]
MEI GCM ATG CAR ATH GGW ATG TC Methanogens/ ANMEs [65]
ME2 TCA TKG CRT AGT TDG GRT AGT merA group a and ¢ to e [65]
AOM39_F GCTGTGTAGCAGGAGAGTCA Methanogens/ANMEs  merA [66]
group b
AOM40_R GATTATCAGGTCACGCTCAC 6

[66]

TGGTTCGGAACGTACATGTC [67]
TCTYYTCCAGRATGTCCATG [67]
GCTCTACGACCAGATMTGGCTTGG [67]
CCGTAGTACGTGAAGTCATCCAGCA [67]
[67]

[67]

[68]

[68]

Forward primer merA group a-h
Reverse primer
Forward primer merA group c-d
Reverse primer
CHCTGGAAGATCACTTCGGTGGTTC
RTATCCGAAGAARCCSAGTCKRCC
TWY GAC CAR ATM TGG YT

ACR TTC ATB GCR TAR TT

GGTGGTGTMGGATTCACA

Forward primer merA group e
Reverse primer

MCR-IRDf
MCR-IRDr

Methanogens/ ANMEs

merA forward CARTAYCCW ACAGE Methanogens/ ANMEs [69]
merA reverse TTCATTGCRTAGTTWGGRTAGTT [69]
ANME1-MCRf GAC CAG TTG TGG TTC GGA AC Methanogens/ ANME [68]
ANMEI-MCRAr ATC TCG AAT GGC ATT CCC TC [68]

2.4 pmoA

XF T GE E AL R BIFSE , I 45 20 1) ik DR 2 A ) R e BTN 408 ( pMMLO ) 1) pmoA BT 448 HP o S AL 51
—(CH,+2H"+0,—CH;0H+H,0) B — 8 . M. oxyfera 52—~ Be AL TR O | | RELE B4 2R
T MO A PR £R A H B SO AR BB . M. oxyfera IRAESSAEYI T pmoA R A AEAE UL HARR R AR 1 2
ST AR E R TPk SRk SR FIAE U R AGE I pMMO JF 4R 1 58 8 0 SR Ak AL e 7
H1 T M. oxyfera 1) pmoA FF A JUHGRTE S G149 EA LA SCHEBREL A B5 T , F LA T 1 ) 4480 Y e S AR T prmoA
JEH G4 A189/A6821™  Mb661' ™' /A650" ™ HRANREY 44 pmoA FEIH . Luesken %> 7ERT 514 A189 14—
ATEE TR AR T — DTS 19 A189 b, BREMSILRC R Z By H b b, [RIi ST T X E
B R &R Ay L 32 AR A IR 480 R o S8 AL TR 47 52 119 nest-PCR B9, i 45 4 cmo182 il cmo568, X $837 5| 9 Xt fie i
Rl E] Ooijpolder HE/K VA ISR W A FRER H e IR S AL B DAMO 2 FEE 1 FL15 3 1 FR 5k AR 7 192 1) 56
HETY S BIERTN 1k, 32 5| 4 X bl S T — 261K e B AR AR B 0 DAMO, 91 40T P 22 0 1 K A B
( wastewater treatment plants (WWTP) TRT6) o [ Y FE YR R TR A T YK AR TS

R4 BRERRRESUEN—L pmoa EESIH

Table 4 Primers targeting pmoA gene of methanotrophs

5% Primer J¥51 (5'-3") Sequence (5'-3") Fr5% Specificity 22 U Hk References
A189_b GGNGACTGGGACTTYTGG M. oxyfera [26]
¢mo682 AAAYCCGGCRAAGAACGA M. oxyfera [26]
cmol82 TCACGTTGACGCCGATCC M. oxyfera [26]
¢mo568 GCACATACTCCATCCCCATC M. oxyfera [26]
NA437Rdeg RAATGTTCGRAGCGTVCCBC NC10 [78]
NASS5R TCCCCATCCACACCCACCAG NC10 [78]
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e A SE AL A S T 6 AR A B R (a, b, ¢, d, e, ), HRG LT O BB F e/ S Bk H %5 7
BERELL . SRTAT, N 16S rRNA B ANME-merd #2571 R 58 % 7 K R e — 2, ELIIZE T 16S rRNA f) ANME-
1,-2c,-2a,-3 23 5% T ANME-mcrd B a-b,c-d e, 2332, FETXESFHRICHI R R T 40T LI, A F Y
B IR A] L A T — AN E e IR X 20, th Al BE LA R — 2R B 3T T — R B b | i g
A Eoh EEAEAE ANME- 1, 111 76 K & 9F 19128 I IS U6 ( seep-sediment from Hydrate Ridge) & %2 /& ANME-
2020 A, RV AE ] — A= B b 52 0 A (R 00 VR 4 L G B Y B A ) R b R B AE FE ANME- 1T
ANME-2,ANME-1 JAEAJZ , 1M ANME-2 A3 [EI7E5MZ , BN ] 4 P08 DR A0SR B ARE IS O A ) 09 A= 25 PR
ANME- 1 F1-2 PARSERELET ST MR 22 AR G R 2 2R ANME- 3 U/ D BU LA RS bl i .

RIS e i) DR AR SR A S R A E T IR OB T & B, 20 HHE2E 70 AR DOk, IR T K 4 X i IR Ui
Wy Y e A ot T A BURR I SRR R F S TAE . — A Ve rh SAMO 5 SRB JE it A= (K | (B 2 i
RS RGP IRER VR B B, A R AT BEBR 1 T SRB A9 2B, AT BR 1 T 42k i) SAMO iy ZE K, filan,
Kadnikov %™ &3 T DUAN/R IR IR F2)Z (0—20 em) BRERHR M EE B 54240 0.17 mmol/L, i KT 20 cm IREEAY
JEIEHEIE T 0.04 mmol/L, I HAE 7 I 7 B 5 B S P 304 & B SAMO 1 SRB., ELE] 2006 4, Alain 45
OV A R A 25 2R G (W /R L RF LU KA Y8 L) v & B e TR L% AL TR e R R B R < O
H ANME-2a j&2 EZ W IIRE T, 25 B2 2 % 78 B Y 0 R GEUK AR rhog i 31 /0 i (< 1% )
ANME- 1 #1 ANME-2 W RIFAE, BRICLASL I E A2 LSRRI R R I T 00 —2R44 00 AAA e R A AL
WK S) PR E S ANME-2 A HBIL R KR HIE S ANME- 2 (AT Aa]—4> 43 SCERAS A
BR T ANME-3, fERGi A S R G A B T HA A R e RS , B B Bm 2 e, I Ah , NI BRI R 1 5
AT SE FAIWT , AR A 85 TP AEAE 2 TR BRI PR e AR AU BT . 0 Chang %8 A" ] ANME-2a (195F
SEPES RN A B R S TR KL T em A1 29 em TR e PRAC T B i e -, s 1.4 x 107H01 2,15 x
107 copies/g JUFRW) , i HA IR BE A + 35 H 2 10* copies/g TR, Wrede %5 A5 B~y T 1y B A4 00 s SC 6 2 FHL
ANME-2a 15 14% , Jf A5 iR -ER o8 DR S S0P TR I o oty B S B SCPE ) 22% ., Takeuchi 58 AT 7 H AR ) Kanto
S Ji - 398 v % B o DR AR SR A T B8 DL BEA 21 10°—10° copies/g 1+, fHE , —REVTE T B e R AR T
B >10"1/em®  TEBF 5T F 2 1) BB () Hydrate Ridge FPALHE ANME-2 %  Al 35 1084/ cm® )

32 fHMRER PR A AL

H A iM AR EL/ W i AR £h F BE R A AL A 38 8 T NC10 ], SR ALY B 1 R 3k AR PRI 5% 0 o i 25 4
44 N Candidatus Methylomirabilis oxygera, Hfk 16S rRNA FE [R5 1 2 41 B [R5 %) 20 1 5o A 76 45 AP AR 5%
B AR H OGS RR AL WA R R F e A SR T 1 B AR B R AR T E S R G ROK TR A
1GKAL BTG YE , SR1T, Candidatus Methylomirabilis oxygera J& 75 42 ME— F% filf iR £h/ Uil iR £5 FH be IR B AR ML I I8
AR, ARYE NC10 [T AR5 19 K 3 R P i e 8 Xt 2 Ji5 2% B0, D2 20 B mT A2 43Ry 4 S 2K
Bf:a,b,c Ko d, R, BT S SR IIHE T o 58, U] a EHER AN RR 3 1 oe R AR AL PE I i) 3222
AERE

i%fl]fff@@%%%ﬁﬂ( Constance ?ﬁﬂ[m ) E@@7KE{E%§E .H Zlg/fdkﬁﬁ( Biwa #ﬂ[m ) E/‘J{%ﬂ(}%/}l%%%)?: N Ij‘]
B KA e 22 Y REA TN 2 DAMO B, 1 B, FHIRIFERY 5195 B o047 & 30, Biwa W F1PG ] DAMO (1)
Fom 433 10°—10° copies/mL JLAIH) K 10° copies/g T+, AN, ZEH AL A5 B E B T —E B2 W)
DAMO, #l4n, 51904 Euwig % 2286 22 10— 8@ BRI R TR T 10'—10" copies/mg DNA
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# DAMO, Brunssummerheide J¢ i 1 484 ( B A MR BRI A RE J1) MR R i %38 60 em, A ILFE 80—100
em REER I T KR DAMO(3.2x10'4/g T +) . Wang ZEH60 1 5t ZUIE A9 /K AE £ 0—100 cm f DAMO
B 43 AR, 45 5 R IR)ZE (0—10 em) HHE DUBUR & ((1.0+ 0.1) x10°—(7.5 + 0.4) x10* copies/g T 1) ,40 em LA
TWREZE L ERZE D — MR, 70 em LU S TREIUBR Y, Rk, 78RR 8 3 A B A7 78 F & 19 DAMO

K5 TRTEEREFRERESLENEE
Table 5 Overview of ANME habitats. Sequences released until December 2013 have been considered

N A |
Epaa: 519 Anaerobic methanotrophic archaea groups EE2U
Habtat site Primer References

ANME-1 ANME-2a ANME-2b ANME-2¢ ANME-3 AAA

ST s IR e R T A1E/
Bear Meadows bog acidic, + [86]

Eury498
boreal peatland, USA u
B H W R BT L KLU
Carpathian mountains mud volcano A21£/A958r + + [80]
sediments, Rumania
EEBY HILHE

23F/1492R + 87
Florida Everglades soil, USA [#7]
HAE 5 T Ui Arcl09F/ N 58]
Kanto Plain subsurface sediment,Japan Arc915R
[ B WO AT B P

A1F/1492
Michigan Hollow fen soil, USA /14928 ¥ [89]
[ HH Peatland soil, USA 1AF/1100R + [90]
HA TG e 13 A341f/ N [o1]
Petroleum-contaminated soil, Japan A1063r
P G S 915F/ . 7]
Tibetan plateau wetland soil, China 1492R
R R NEM

A20f/A958 + 49
Sediment of Lake Cadagno, Switzerland ' [49]
TEREJE K 1

A211/A + + + 4
Nirano mud volcano field, Germany /A9S8r [84]

Am\;.‘ J

AL A8{/U1513 + + + [83]

Mud Volcano in eastern Taiwan, China

7 RN A S5 PRGN 380 % e R AR S A TR

4 B

[R3==]

O3RN T3 BRI D48 78 B SR IAEE e DR AR AL TR ) 2R ER AL 1 A B 1 TR, R e 2
T UTRESEIA J7 10 ) 3T A IR R (2 2 1 Y Be IR SR S R 2 ARk AR S IR AR5, 325 1k, T A
SRIREE YV BE IR SRS 2800 0 SAMO H1 DAMO PR Y | 73531 5 Bt R 4 ik Jtied o AR i R £ 30 I i R
Ao MTRHAES RS S0T SEi/D, LT SAMO RYBFSE — B ET XU , (HU R 8 1= Wk FE 6
i £ A TH 340 S 2 FH 25 SAMO ORI FE R AR B = 1T HL, 5¢ T DAMO Ak B Y B 4R 15 9% RATAE T IROK UL
YRI5 KA BRSPS R GE R i Z XA I LA R AR S R SR TTE FEIITTE . AR T 1B XA [R]
PRAH e S AL R R D RERE BT AR Z 5 1 5 91 (H i SE5 | W 45 S M AN () - 38 AR 25 AR 4 B I T 3
ARAEE 73 HMHA S ey e R RA L BRI ST A U0 Fe™ MO, #1 C10, 45, SR T il 47 15 LA
XL TN T2 AR A AOM S A (HUR B Z XA ) AR S R G B R AWF S . R, 84 5 i 23 7
R 5 A8 LR LA 5 T TR R ER ARFFT . (1) 4245 SAMO Hl DAMO 19 % A= 5 i, X 3 RN [R] R 1A 8 R g it
FARABISE , I RWTFEAEE , 23 B vl A K A 1 W e i Al i i S HL 0 T L B (2) K 20 B 1 30 A o0 A6 D AR 45
B AR AR S R GRS e AL TH B 2 REIE SRS IIRE 5 (3) AR A S R G rp WP e IR A SR AL T
R I S AR R IR T Z A5G 2% 5 (4) H R E ST A BUAR S PR 358 Hp -4 P e S8 A R A )2 A7
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