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Abstract: [Objective] Understanding the diversity of methanogenic communities in the deep environment is the
basis for exploring the origin of early life, extreme environmental life and regulating methane production. However,
the diversity of methanogenic communities in the deep carbonate karst-fracture geothermal water is still unclear.
[Methods] The deep geothermal water samples were collected for methanogenic marker gene mcrA-based
high-throughput sequencing by the pumping tests performed in the geothermal scientific drilling holes located in the
Jizhong geothermal area, China to explore the diversity of methanogenic communities in the deep carbonate rock
karst-fracture geothermal water. [Results] Results showed that 3 classes, 4 orders and 8 genera of methanogenic
communities were detected in the deep geothermal water, of which Methanothermobacter, belonging to
Euryarchaeota, Methanobacteria and Methanobacteriales, was dominant methanogens, accounting for 99.85% of the
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total sequences. The dominant species based on mcrA was closely affiliated with Methanothermobacter wolfeii

(similarity 99%, accounting for 71%). The metabolic pathway of methanogens was mainly the pathway of CO,

reduction. The compositions of methanogenic communities in different samples were different, but

Methanothermobacter was a dominant genus in all of the samples, accounting for more than 99.77%. [Conclusions]

This study reveals that the deep geothermal water from the carbonate rock karst-fracture geothermal reservoirs

contains relatively abundant but extremely uneven compositions of methanogenic communities and expands the

habitat type of Methanothermobacter, which provides scientific basis for further studying the function of

methanogens in the earth ecosystem.

Key words: methanogenic communities, diversity, deep geothermal water, geothermal scientific drilling, geothermal
geological survey engineering. Jizhong geothermal area

Highlights: The deep geothermal water samples were collected by the pumping tests performed in the geothermal

scientific drilling holes for mcrA-based high-throughput sequencing. This study reveals that the deep geothermal

water from the carbonate rock Karst-fracture geothermal reservoirs contains relatively abundant but extremely

uneven compositions of methanogenic communities and expands the habitat type of Methanothermobacter.
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FE R & — 200 H/CO, BUFT AN (IR . FRE. L. i, FEMEY) A NH
Fe il KA, i s EiR EM AR —, T2 AMAESMEER S, RkE
e R VIR 05 (Conrad,  2009). 7 HBE AR S B0 £ RO W BE, BB — iR AR BEVR
(StraPoc et al., 2011; Wainaina et al., 2022), 2 3 ZE iR =548 (Rodhe, 1990). Kitt, F=HEEEH
1776 SRR IMVIARK — B A& SZ 0T o RN T A= F b 81 % o SR 2L 1 1) 2 AR M JR AR T s Bk LI 2R
AR W PRI AR A AR R e e AR A . 24 NIk, TR NI EE R IR 0 ) b T A
H 7 4 H (Methanobacteriales . Methanococcales . Methanocellales . Methanomicrobiales -
Methanopyrales. Methanosarcinales 1 Methanomassiliicoccales). 15 £t. 35 J&, 150 Z4MFh (K&
&, 2016; A WKEE, 2020). AR, BT R M A K& Z], KH T RA A T8 7 0 5,
TR I J3 B ARG o 7 R B IR 22 A R T

20 28 90 FAUK ALK I 7 T AV FH AR RIEFR AR A, AHEGe I o) 1 7%
B, T HBERAS ARG TR, NI EEE R I 2 AR e SR T ) DR AR i A
FEMBEY) DNA KRR E FE D8 Fr BebRsd Rl Tl A W0 R U IR RE 18 (R 2 DRy Bl o /2 16S rRNA
FER BT DI REFE R o FERTIN ™= HGE R AL 2 FEVER, DhRERE R B IE & 7= FbE B A 0 ikl [RA
Dife R R B S 7= FEEARI AR OC . B AT S0~ A BT i AR &2 £ 22 CO, B, LMK
AR R . X 3 &MUt FEHN M IL 55 (MCR)2 B AR A2 = F G i
NG, B R AR B B S 20, IR R BRI AT MO R e (Thauer, 1998),  Zwhs i Fi i
(A% o5 DR HR L4 M I SR BEac S35 merA (methyl coenzyme reductase subunit A)JE[R, HELE
BT 7= FVGE TR, TR merA JE DR A 4 Dy 77 R B B PR 10 35 DR T BF 0 AR5 E BRI HY 6 T AR 7
2 FEME . F merA ik R INEE AR 3 B2 v B SR FPHOR, SBORTIZ T & PR v 7= F e
B RETE Z PR 7T, WVA ARV % (Hales et al., 1996; Nercessian et al., 1999; Juottonen er al., 2006;
EAE4E, 2014). 135 (Grosskopf et al., 1998; Lueders et al., 2001). f#a51 7T #24(Banning et al., 2005).
PR TR (Dhillon et al., 2005). Hb R4S dh & 2287 7K (Moser et al., 2005; Nyysscnen et al., 2014).
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T fith(Steinberg and Regan, 2008; Zhu et al., 2010) #1494 5 (Denman et al., 2007; Mi et al., 2019),
T 30T A R 2 Jee P vy 308 0 ) 1 AR 25 o B SC PR e R RESRAS B R B &, AT DAPRGE . TR I HLHER
o7 R AR B 2R, PN TR H (M5 ES . 2017) 81 4 (Wang et al., 2020).
SR, b DX IR R 2 5 V- FL R AR = R ot B B 7 22 AR MR E 0 B L3R

B X T N T AOK IR, B AT ZIF R 500-800 m R FIHTIL R FLBRRD A it
JZA1 1500-1800 m LA i) i B 22 5 2K (L ZH | BRBRIER #h A T - 2R BR i )= R i oK . D 1R 1800
m PUR &1 5 R 550k 1020 BORI R T R BRI 3h A 25 VA - B A figs B SR, Hh B b R 75 =) B 2018
TEERAETFT AL IR L AN R B B A X S T —HE AR R AR IR AL SR A, 2018; REIR
2, 2018; g, 2020), FHEHAT T HKIRER . X SRR N SREGAR S AR AE IR S PR T
WLz, BATIEELT #3850 FLH TR ROK AR B E A 5T BT TAR G S0 T B R 2R85B 1R
7 PCR A IEEAR, TR oKL #5140 J5 B e B Al (X 16 56, 2020), #4717 16S rRNA
BELR Sy H Rk DA 10 A A O T L Js 0 D R RO 58 GBX FE 1R %, 2021 ) o A IR 5K A BT —AX [llumina
EE RN HAR, BL merA JERAEEbRE— 5 0 0 A I X R AR R 25 5 2 - R F oK e
BERR VR Z R, e R A P A i A RURIT R S K A BT R R FH SR LR 22 0 4
2 MRS
2.1 FEMCREEFITHAL 3

ARSI G (R AR A B RS LA TR A6 28 ORE T AR JE T4 50 km AL F 203 B A X, 4 SRR A
JKHE FA-1(115949'427, 39902 ' 42 ") F5-1, F5-2(11555 ' 53 , 3903 ' 00 ")#1 F6-1(115%52 ' 59 ", 3900
55 (B 1), /AR E 3 A HEHEERER LI AR IG I K, o 2 MRS (F5-1. F5-2)KH
] — &5 FL AR [F 2 42(1501~2151 m, 1068~1346 m), FEFEITKAE. ARl LR FLIR AL AE
2506~2608 m 2 1], ik H /K2 B E N 1000 m DL BIBRIR 3525 A V-4 IR it 2, SRARIR TS
AL AE 1068~2518 m Z [H] o SRFFZS A 18 L fif iy ifi (1 TG 1 2R, ) A A A 485 I S AT B0
iR, pH 1 6.77~7.49, T56.0~61.6°C, EC 3981~5240 pS/cm. 7KAEIZ [A] L6 % 5 HEAT Hh e Fil b
H, 2 4 LKFEIE IERIFLAE N 0.22 um 2 JEDUSR C AR b, K A i e & T Jo i 3%
FRIM A -70°CUKFATRAE & H -

HE 2257 IX 7 I opa. | RHE BT BHE 6% 5
Xiongan New Area Sampling point site and sample number

% 1A (L2 Fhfidy TOT 0 R - i 4
20 4 .
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B 1 BT IXCRAE A
Fig. 1 Sampling point map of the study area




2.2 Ep@EEN T

TRES IR B JEAE i, AT g 38 35 AR BR 25 RHBCA BR A w0 AT 7= Y BE R A 10 B DA merA iy
EEN P . KA E.ZN.A® Soil DNA Kit 7] £ (Omega Bio-Tek, USA), 1t B HHE BUKFERUEY
MILH DNA. BT 1%35 fa bk ke B vk kG I DNA 52 %%, d ] NanoDrop2000 52 DNA ¥ &
gl BE o, o PR B # K DNA IR FE TS 7.00~23.60 ng/pl . M 51 ¥ XF . MLf
(5-GGTGGTGTMGGATTCACACARTAY GCWACAGC-3') Al MLr (5-
TTCATTGCRTAGTTWGGRTAGTT -3 (Luton et al., 2002) 4T mcrA PCR ¥ 1. # #4{ ABI
GeneAmp® 9700 7 PCR 1%, DNA B4y TransStart® Fastpfu DNA Polymerase (TransGen, Jt%7),
20 ul PCR Je Nifk & : 5>FastPfu Buffer 4 pl; 2.5mM dNTPs 2 pl; B /5514 (5uM) 4% 0.8 ul; FastPfu
DNA Polymerase (2.5 U/ul) 0.4 pl; Template DNA 10 ng; ddH,O #bE 20 pl. 55T S2I6 52 /MG
HH, B2 PCR N HFERA: 95 'C 3min; 95°C 30s, 53 ‘C 30s, 72 C 45s, 37 MEH;
72 °C 10 min, 10 CRE LT . BHEERE =AEE. I P 3 ul T 2% fEBEHE K B sl
PCR ¥ 25 L. 25 8 A, $878 PCR =) H (1 2641 K/ IER, IREEAIE, W7 G405,
P —FEAM PCR F=WiR& G AEH 2%B b Bt [F10 PCR 7247, FIH AxyPrep DNA Gel
Extraction Kit 177 £ (Axygen Biosciences, Union City, CA, USA) 4lifk,, 20635 gkt ie B vk A,
J#H Quantus™ Fluorometer (Promega, USA) #EATHuME &. 1 NEXTFLEX Rapid DNA-Seq Kit
S MiSeq SCFE. llumina 2 A ) Miseq PE300 1~ & 147 i il &= 7
2.3 Huif b

W e B IR SR GG KR, 8 ) Fastp A1 Flash #PEsEAT i d%, EHUKREFES, 3KEM
1741 8 Usearch B4, 1% 97%HIARBUEE XS T 5133847 43 2 B¢ /N .76 OTU (Operational Taxonomic
Units) REIEHIBR I Gk . f#H RDP classifier #44F%F 97%AHMIKF 1) OTU AR 7 HldkAT 4 255
3T, EEXEIEE N fgrimerA, HEXTERME N 70%, FHE IR NRE ST ST T AL EE, 4 SITE
FENRFIKF G S RSP, DAR &N SRR SRR Sl RSP 3 B0 B AN 8B P o
BRI E .

FIH Mothur R A4THE 4P ISR OTU ZKF 1 Alpha 2 £ PEFE %L Sobs. Ace. Chaol. Shannon
F1 Coverage. K#E7rKEFHT2 R, FIH RES /4L HARME OTU, B, B. KFHE
TS F= FEDF I DL &4 S 1Y OTU Al AKFAEAR I . 35 B BRI PCoA B g OTU 741 7E NCBI
Wk FE4T BLAST LUXT, 3815 OTU 5 SR MR B8 3 146 05 B, JFH MEGA 11.0
AR, AT OTU REGUK BN . B 7 LA BLAST LLxtsh, iR 7
Bt EH EY =6 RiRE.
3 HEREH
3.1 REEN TSR

4 ANTRFBFRAKRE 7= FBE B AR TE BRI 2L R merA sl s I 5, SRA3 X0 5 1 JE 46 77 51 109153*2
%, FHKIE 411 bp, S e, RILITH] 109153 %4, KR FHIFRA WG, KA BT
106962 4%, LA 97%AHBUEE KR4 2035870 OTU, 774 25 > OTU. BES K517 15 5 Coverage
R, BIEF] 100%(FK 1), VLAWK &R R, Febs S MRE 5= e o B 16 B S I
3.2 TEROKT= R IR E BB S R BT

7= B VR E B MR Sobs. Ace Fll Chaol #%ik R, BUEMK, F et P HkiE
BV Z FE1%FH Shannon $850%7R, HUEMOK, ARG . DAE/IMEAR T 5114 23376 T 5 1HE,
4 ANREBPHOK = BT AR 2 PR B0 T E A Rk 1 PR, BRI G M REE F i M 2
Sobs. Ace 1 Chaol, 7} A8 AL 7E 2~19, 0.00~19.43, 2~19 2 ], Z #£:45% Shannon 28 1L 1E 0.67~1.83




Z I8, Ferpke il F5-2 B Z AR IR AR BB E SO, AR S F5-1 BN, FeoRil & 2 pett s, M5
B Z R RAL, HRR AR R A FE IR NS T2 R SR, M F5-1 RAEZE AR E
1501~2151 m, iz E A KA RLIBH X AT E =54, MRS F5-2 R EH L LR EAL
(1068~1346 m), #fifZAEREIEREm THEAARSE, REFEEMIREBRER, SARREEBK,
WA ZAEIEBRAS, £ 5 RUEY 2 AV BER B AR I — O
® 1 BRI HOKEE o ZREEEEL
Table 1 Alpha-diversity indices of deep geothermal water samples from the Jizhong geothermal area

Sample 1D Sobs Ace Chaol Shannon Coverage
F4-1 8 8.00 8 1.41 1.00
F5-1 2 0.00 2 0.67 1.00
F5-2 19 19.43 19 1.83 1.00
F6-1 12 12.69 12 0.88 1.00

3.3 TRERHIK T B e B AR A R A T

N T FRAR DX IR ROK 7= B e R A, XA FE 3L 25N OTURT T RGK B Kb
(E12). BER20T W, EOTUKY E, RHBOTUNOTULTAIOTULS, HFFFHIEs A b 4AFE & KR P
H % 1¥145.66%F130.61% . 7EJE/KF L, 25NOTUHF8/NE IR, i3 &8 v H e T B &
Methanothermobacter, 54N 5 i 5 41 f199.85%; & 8 1<0.1%, XL R & e i &
Methanobacterium (0.06% ). H 4t £ H % B4 J& Methanomethylovorans (0.04%). H ¥t )\ S EK 1 &
Methanosarcina (0.03%). F %481k B J& Methanoculleus (0.01%). FF % i #F % Methanobrevibacter
(0.003%) . A 4> 25 1 H 5z J\ 3 BR B B unclassified-Methanosarcinaceae(0.01%) AT ok 43 28 1) #AJ 44 40
unclassified-Thermoplsmata (0.01%). 7 H/KF L, XLOTUHE T4 H, 2758 F e w B
Methanobacteriales (99.91%) , H i /\ & 3k B H Methanosarcinales (0.07%) . H' %¢ 7 & H
Methanomicrobiales (0.01%) #1772 # A&k 4 unclassified-Thermoplasmata (0.01%). 724 7KF
b, XEEOTUHJE T340, 40 il v B e AT B 40 Methanobacteria (99.91%) ,  H % Tl & 24
Methanomicrobia (0.08%) All#E 44X Thermoplasmata (0.01%), X445 )@ 1% i | JEuryarchaeota,
3 Archaea.

gi bR, ARXEEPOK AR, 3. 4N H . 8N BN FkerE, H
FRFE A BARA I, KRR T W BT A B AT i H I G AT R R

Methanothermobacter & ™= F 4 b 11 = B8, (5 E i 99.85% .
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Fig.2 Compositions of the methanogen communities at OTU, genus, order and class level from 4
deep geothermal water samples of the Jizhong geothermal area.

3.4 BEROK= R IiEBERERE T

N T PR AX R AOKOTUS BRI FIISRE R R, L] T AX IR HUKOTUCR B4
OTU16, KILFFIRK (221 bp)) 5 CAIEMIEL K RN RS K B ALK (E3), HKOTUFYISE
R A ALMES] T R2. mE3ME 2R A, ¥ OTUL7 MOTUL13 ¥ 55 7 W1 e B i1 A
Methanothermobacter wolfeiif¥jE 2 5¢ R, 5B 23 7ili% 199.03%4199.02%, &5 41 i)
71%. #ESteinberg and Regan (2008)#F 7, 7= F 4t b J& PN AN [F) B P 2 [l mer AJE (5] 51 AR AL AR AL 7
69.3%~100%_ 7], HI{H N89%. 7 LLFFHIAIBIIE>89% A [F]— @ Fl, 1M<89% AN F, MOTUL7
A1OTU133 J& T Methanothermobacter wolfeii B ' . 5 . 1 & Fh AH ABL 14 >89% i H &2 OTUIE
OTU21. OTU1l. OTU19. OTU2. OTU4, OTU11l. OTU10. OTU14. OTU3. OTU22. OTU25.
OTU23. OTU16.. OTU12. OTU20. OTU7. OTU18. OTU15. OTUSHIOTUY, L4201 OTUH
FhEA RS, H AP OTU21F10TU1) J& Methanothermobacter marburgensisi 1, 5 & 541 [110%.
34k, OTUS. OTUBMIOTU245 R 1% 77 I e SUAR LM B AN s A A AP B vy, (H 21X EE0TU
CL 0 B R 1) 5 510 AR oL P >89%, [XI Ik, X B OTU R A28 7 th 4 IR %1, W1OTUS 5 41 B
Methanosarcina thermophila (AB353225) [f] /7 %1l Al 14 ¥ 4 95% , i OTU5 5 Methanosarcina
thermophila’y A —EFl. R, OTU65Methanomassiliicoccus luminyensis (HQ896500) >y [R]— B ¥
(FHALAPE90%), OTU24 5 Methanoculleus thermophilus (AB300783) Afal—i#f (FH{AIEI6%). 4 L
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Fig.3 Phylogenetic tree based on mcrA gene fragment from the deep geothermal water of Jizhong
geothermal area
The scale bar represents 5% substitutions per nucleotide sequence position. Percentage at nodes represents the

supporting percentage by bootstrap analysis with 1000 iterations. Member Sulfolobus tokodaii (FJ445417) of

Crenarchaeota was used as the outgroup.
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Table 2 Phylogenetic affiliations of mcrA-based OTUs from the deep geothermal water of Jizhong

geothermal area with known species

OTU | Fol%k 0 ol B | M | EE
&) K (%)
(bp)

OTU17 | 42687 Methanothermobacter wolfeii LT608329 | 412 99.03 0.0
OTU13 | 28615 Methanothermobacter wolfeii LT608329 | 410 99.02 0.0
OTU21 | 5610 Methanothermobacter marburgensis AB842181 | 412 99.51 0.0
OTUl | 3330 Methanothermobacter marburgensis CP001710 | 412 96.13 0.0
OTU19 | 3265 Methanothermobacter marburgensis CP001710 | 412 95.15 0.0
OoTuU2 | 3079 Methanothermobacter sp. Thermobacter THM-2 | CP043480 | 411 97.81 0.0
OTU4 | 3053 Methanothermobacter thermautotrophicus JX878362 | 387 95.35 4e-176
OTU1l | 2611 Methanothermobacter sp. CaT2 AP011952 | 410 97.56 0.0
OTU10 | 689 Methanothermobacter thermautotrophicus JX878362 | 387 95.61 3e-172
OTU14 | 365 Methanothermobacter thermautotrophicus JX878362 | 387 97.93 0.0
OTU3 | 38 Methanomethylovorans thermophila AY672820 | 433 100.00 0.0
OTU22 | 31 Methanothermobacter wolfeii LT608329 | 410 96.34 0.0
OTU25 | 28 Methanobacterium aarhusense AY386125 | 412 89.56 6e-152
OTU23 | 24 Methanosarcina thermophila AB353225 | 433 100.00 0.0
OTU16 | 15 Methanomassiliicoccus Luminyensis HQ896500 | 32 100.00 le-04
OTU12 | 11 Methanobacterium flexile HMB802935 | 414 92.75 6e-175
OTU20 | 10 Methanobacterium alcaliphilum AB842183 | 412 98.30 0.0
OoTuUs |7 Unclassified_Methanosarcinaceae KJ885514 | 433 95.84 0.0
OTU6 | 6 Uncultured Methanomassiliicoccus sp. KJ442965 | 319 92.48 5e-128
oTuU7 | 4 Methanoculleus thermophilus AB300783 | 436 97.02 0.0
oTuU18 | 4 Methanobacterium sp. MB1 HG425166 | 412 100.00 0.0
OTU15 | 3 Methanobacterium palustre AB542753 | 412 90.05 8e-148
oTus | 3 Methanobrevibacter sp. D5 KF214819 | 409 92.91 le-165
oTu9 |2 Methanobacterium sp. MB1 HG425166 | 409 100.00 0.0
OoTuU24 | 2 Uncultured archaeon HM800628 | 436 97.71 0.0

3.5 WERKAFREM = R E B E Z R T

RNT BB HER AN R S P FR e B B VR A 22 e, AT T SRR R IO BT . A RE
FEHEEE AR OTUK A R A (Bl4) Box, FEmF4A-13LE H8FOTU, HHOTU17H0TUL3
NRAOTU, HJFH 55 % FE i 51 1142%F126%; HZ2O0TUL. OTU2FIOTU2L, 439
F614%. 13%M14%; #fiF5-1354a H2F0TU, L4 Ji h60%F140%; A+ 5 F5-2f H IOTUR £,
HH19MOTU, H>10%H0TUNOTUL7(28%). OTU21(20%). OTU21(19%). OTU19(14%).
OTU4(13%)A10TU13(12%); ¢ ahF6-13L46 H 11F0TU, HH{EAOTUNOTULTAIOTULS, 54y
A 52%F144% o A X AS[FIFE i OTUL AN S AR R, 150 B &5 FF it A B2 25 A1 22 7 o (H 2B 1 A i F5-2
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Fig.4 Compositions-based mcrA gene at OTU level from different samples collected from the deep
geothermal water of the Jizhong geothermal area.
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Fig. 5 Composition of Methanogenic communities-based mcrA gene at genus level from different

samples collected from the deep geothermal water of the Jizhong geothermal area
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Fig.6 Methanogen community difference analysis using Venn plot (A) and PCoA plot (B) based on mcrA
gene from different samples collected from the deep geothermal water of Jizhong geothermal area.
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PLUSCBRRE B SEE Ol o 4 FE A EES 1 250N0TU, XEEOTUIHT84NE, AR & 2 FH b i FAHT 18
J& Methanothermobacter( & £ 99.85%) . It # OTU & OTU17 f10TU13, 5 Methanothermobacter
wolfeiifIAHBLTE: 1599.00% , S5 25 5% F il » F Bt W8 #4414 J& Methanothermobacter f& — 28 %14 R4
Har2 &8/ N, BIM. crinale, M. defluvii, M. marburgensis, M. thermautotrophicus, M.thermoflexus,
M.thermophilus, M.tenebrarum#1M.wolfei(Hassa et al., 2019), 4rAifE RETHILEE . F5Ki508. HR
AR, HR A KIRESS~70C, AEEMM LAHME A A, HCOHEIE e, —Lup
W AEF ] R 2h1E A b A A2 #k & Methanothermobacter wolfeii, 3 PAH,/CO, 5% H R £ 1
NREJR AR IR (Wasserfallen et al., 2000). KAER 48 T FI /K IR A E56~62°C, 34 7= F ot B i 1)
AR KR R G A KK IREGR AL . AR & T H 5ErE #u 14 J& Methanothermobacter (1) 4
BERA, PR ]S SRR H A X R R AR IR Eh A T - SR oK

AR DRI IR AR 25 F b B R V& 7 B, FGE AT 181 8 Methanobacterium i g i 20 77 77

Fepd, FLCpbktiReRH FERER . M EEFICO/™ ke, M4 KIRE37~45C(Boone etal., 2001),
OTU205 Methanobacterium alcaliphilum¥) /3 A EAPE 498.30%, Z B FIAEKIRES7C, LAH,/CO,
RN HE R, % R A AR BEE M B Y pH fH (8.1~9.1)(Worakit et al., 1986); OTU18 5
Methanobacterium sp. MB1FEFAH{LYE 100.00%, 2% 5 (0 R H B 9%, AR BE R (i Ak 7 A F )
(Maus et al., 2013). Methanomethylovoransi J& & L 34k &9 A B VE A RE IR 1 7= F i, OTU3
EjMethanomethylovorans thermophila®F AL 1£100.00%,  iZ B FlZIER. K& HEMLGYE




TR e, KR E42~58°C, i fEiRE50°C (Jiang et al., 2005). Methanosarcina T )& /2 g
HZMIEY, BHEHJ/CO,. Bk WA Y HI 7= ¥ 5 B (Boone et al, 2001), OTU23L
Methanosarcina thermophila®ff #8114 7£100.00%, %5 Fh 7> 2 R AL 88, A KIEEL
50°C, AEF FHESER . HP A% ol B 3 %= A= B e (Zinder et all., 1985; Jablonski et al., 1990) . Methanoculleus
T J& A& LAH,/CO, Bl FH R #h A I 7= A FR e, W il BORE v RS B, OTU7 55 Methanoculleus
thermophilus(¥J ALY A197.02%, 1% 1 fi f£4E K £ 58°C (Rivard et al., 1982). Methanobrevibacter
& 2GR 1) . EELIH/CO N S N AR T ™ A e, B AR KR E37~40°C (Lee et al., 2013),
OTU8 5 Methanobrevibacter sp. D5IAREAEAN92.91% . T WL, A< X IR 8K AR 247 FF o B ek 7 1
J& K ER o B TR e, 8 9% 22 7 3 Methanomethylovorans B J& LA &4k &4 B Y5 AN BE U5
Ab, BB RERI I HL/CO ™ ikt o

AR X BRI 5 B ot B AR 4 AR A 7= e B R A E R I Wb 1, (Rl 7= H
HE R 1) E AR IR AL R COLL JF o« Ho M RIE T e R A MU BE = A 1, BRI AR X IR oK AT T
FHBRTR 565 5 -2 i T, IR LA RIS, Hh S EREEWANR, HEikiE, S EiEHE
BIR E6 A LS P I TOC & B AR K 7E0.05%~0.20% 2 [H] (A ¥Rt 5%, 2009), A ML 7E R K M R
277 HEH,(Liu et al., 2008); H, 1) 3KJ5 tH 7T B8 /& Hi 5 B (Worman et al., 2020), dnsEPEaliiE 5 ks 5
IR R T EIH,, B /K IR P 2R 72 A2 H, 3 T R 1 VRS0 b 8 5 (58 S v < fe, o
BFEH,, BAARIMREIC A R — P A .
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AT B RN e A MR A R IR AR, (R R R R R R R, AR TR A TS A
ERAS RZFEFAEICETER A RS (Stevens, 1997); fEHBERHT [ sh & i A rh, HuBR @
Tk ZIRE R K A(ISHIR, 2020), HIBRFE HE 52 SR VEST S AE AN BEAEAE R, Hb NIRRT R
SEE A IR AL, SUE IR FORE A RE 05 2R A7 T b R EREE, TR S YIRE IR A =
FIFEHL, HUAMTEREAMEAE G EMER, WRGMEER, B R T REBRIKE, &89
7= FRGE B ] R b BCR) Ho i A A KSR B AR iR, T M BR VRS EUE 77 77 B e B T AR AT B
A i (R 2R EAT BE FC (Chapelle et al., 2002). JRN T fift i VRS HYBE T8 2 REVE XS S sk 5L R4
Rl AL AT 98 M AR AR R ZR L R e A BRAG FA AL ] R0 bt A0 A T R I 5 U s DRI WL A 7 35046 B
BB AR o AR AT MR VR F B R v S L TR S PR IR AR AR Ok Rk — 2Bt T,
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AHPF TR m@E =W P ER, LLomerA Dy H R, $RZ T 3 B X R RO B ot B R VR
M2 FEE . E A X R HOK T R R BERCE S, R 34N, 4 M. 8 AN B~ FLEE,
ERBEEA WAL, K $E T S w0 B BT B AR BT B B R e SO R
Methanothermobacter #& 7= H b 1 ) £ B8R, (5 4 ANFES S 7510 99.85%; 34 Fl 2
Methanothermobacter wolfeii (LA 99%), 7 B e b 1 1 BAR TSR 2 CO Ib Jit s AS[FRIFE & = F
Bt B BEVE 2 FEMEAS R AR ], (H 235 DA e U B )& Methanothermobacter R &, & KT
99.77%. ASCHEFLHE RN T 3 # X PRI IR 26 5 25 1 -2 BR A OK b & PRI =E T A AR AN 33
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AR % 25T (No. SK202010) %8, 4 Eis.
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