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PR e S B AR HE AL O R TT LA DU K2 ARTE T 1 SRR 1] SO A R A e 4 Ak
WL RER A . PR A R R A XY, RS R X
DLAS TR DRI 1] R e 8 B 1, L IX LS e RS FR  EA  VR R AR e 4
Tt By EY, R IR R, AR ] R AL 2 A AE TR AR R s 2 S
AT AR R T 7 2R 1 40%~90% [ FR e s SRR A B AT IR B, AR R 1 A AL
WATE T 2RI, (H SRR B AR 7 2R M AN B

WM L A BE P A )z, CA HROE KT IR BN 1 R e SR B e DL DR SRR
4L H T (Anaerobic methanotrophic archaca, ANME) N, iEHIWT 7 #H B4 T HieEll
Wi # (Candidatus Methanoperedens ferrireducens) , i 37 27 g & B AT DUF) A B
B H B A R FEBEIREE N, B R A I B AR T R AR IR AR T B T R b AL
PRI P PR o S8 A T 5 PG AN TR BT o

A TR G RE FOX R S SE PR B A9 BRI A T R b A T T S R
B BT AEYHEMAEEAR, TPEEBESA RN TSN FLbIE . E—Bi T <% A-
Y W2 Ao R R, R AU B R R AR T IS N S o R VA R b A B
AR b AL B FE R I8 SR P (K STR, P FC B R P AR I AR R ML S T A
VEAIHT, WETTH e A B TE S ] e B AR T A AL A AL . A FUERTT T RS AE S
PR AT b AL R R EAER, SRR T RS DR e L B R
AUk B TR T RS, TN R W SR R A

1 MRS T3k

11 BRI EEEERIER &Y

e AL TR ) ' B 2 A T & B R I e MR oR | R 1D 7 ) 22 XA AR 2 T A PR 7K
fit (24°45'22'N, 118°4'2"E) , KM EEHTHIE (Ammonium mineral salt, AMS) H577%E
o) (g7t 7 54045 MgS0,-7H,0 0.10 g, CaCl,-2H,0 0.14 g, NH,C10.21 g, KH,PO,0.272
g, Na,HPO, 0.284 g, Na,-EDTA 2.0 mg, FeSO,-7H,0 4.0 mg, ZnSO,-7H,0 1.6 mg, MnCl,-4H,0
0.06 mg, H;BO; 0.06 mg, CoCl,6H,0 0.4 mg, CuCl,-2H,0 1.2 mg, NiCl,-6H,0 0.04 g,
Na;M0O4-2H,0 0.1 mg).2 g T3/ HT 5 mL LR /KGR E R B R 7R+, HEE(25%,
VIVOAE AT A, S (15%, viv) 1R LT 2 A THE TR R 5 48 R 9% (150 rmin™', 30°C),
B % 3 d JGTE 600 nm R IMOGFEZIN 0.5. e 10% (viv) BT 0 i 55 75 ik rp 4k 8205 97,
WLTERR, 2 TR r it et 77 519 3 FF e AL B R

R HL T AR SR IO RE IR AR A DU BRI TR e SR TR RV E BRI R, b (25%,
viv) PERBERHMA, A (15%, viv) FUKERET (10 mmol-L™) 1 NHLF22 4k, RA AMS
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B3R 3E (150 r'min™', 307C)

SRR LUE R R B L B E AR, HE (25%, viv) 1T,
KERT (10 mmol- L) fENHFZAK, KA AMS 33 5H3% (150 rrmin”', 30°C) , H3%
R R I T0 7 F e 20 0P S S min G BREIRE

1.2 K EMEIAEBTEMKR (SEM) RIEHFE

S R RIT P 0 S T KR il 4 D vk fiak i U7 ZEBERESIE R, 1 mol- L KOH ¥
BERHIIA 0.2 mol- L' Fe(NOs), WA 4 pH Ay 7.3 GBEG 58 pH ik %) , 50 2 h J5H7H
B 1 mol-L'KOH 275 pH & 7.5. HIH4AKM¥E, RE 6 Wk, 2353 REM M o 5%
FRR, BB 4 CORAF I INE I & 5 IR IR A I K R BB A A5 e

P T R RAE: T B AKIEE 3 )5, FE T K SRR IR 5 e T4
HUR PR 4. SR T 2458 (S-4800 FE-SEM, Hitachi, HA) MEYH I, X
WHRREIE 0T (EDX) JTE A, MEHEFMER 58 SkV. 10 pA Fl120kV. 15 pA.

X-SHEATH T (XRD) « W) HEBAKIEE 3 8, HAAEHETERE T X FHLEATHX

(X'Pert Pro Y, fi 2MANRLA D WA, WK N: CuKa a4, HUEN 40kV, HIA
N 40mA, HITEEN 5°~80°, HHEHE N 0.082° s, HEKN 0.026°, HKHEEN 81.6

So
1.3 B FZ RN ERIRE RN E

AUARINGE : RS MG (GC7890, Agilent, 3E[ED HHTHESKM, X2 H
J7i%n T MolSieve SA i, WA NEA, | mL-min” AR, 15 mL-min” ZHA
W, TOCHEFEINREE, 40°CHE, 200°CHSATM 2 EE .

A AR AR A E : SR FHIAR —  4 3E S £y 0 s S0 A AT s ek 0,

AR TR B (T = SR R R B IR EE R AR AR B i, AR R R IR A 0 (8
000 g, 5 min) JG 2 E3EW, VU T-20°CHEAE 24 h J5 AR T 0.1 mol-L” NaOH ¥ 1,
90°C /KIS 15 min J5E0> (8 000 g, 20 min, 4°C) , BHOEFIH EIEWH BCA 7
(LAY, ARO0146, EED e & AHKE.

1.4 £YBEAFENE

A ERA I A AR R, AR AR SR A (N 3 mm) , X ARG
L2t ZHOERIE Ag/AgCl (AT KCLIEWD , HIBUNTEIR #h 22 AT (KH,PO,0.272
gL', Na,HPO, 0.284 g-L™', pH 6.8) o MIARAT, HMEIOE 4IRS 30 min AR LSS,
FRAED I A — BELARIE U R R 1 R B AL R R 0 (55009, 5 min, 4°C) K
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R, AR Z P EERE A, B0 (55009, Smin, 4°C) JaEH EER, REH
B 3 R LA L BR T AR T 43 VA0 0 B A T A A e T 22 B A R T BRI
R SAAE S, TR ORI I LISV T (55 . S Bk fR % (Differential
pulse voltammetry, DPV) ll5EZ4(: HAJEHE-0.6 V~0.4 V; HIHEMEE 0.004 V; K HRIE
0.05 Vs JkrhERE 0.2's; Bkeb AR 0.5s; HrE A 28 s,

15 WMEYIB RSO

WSR3 S AT S B e E A IR R I B A4, A 14 DNA $REUAAIE (PowerSoil
DNA Isolation Kit, #&[E) #Z2H DNA, i#id 5% CCTACGGGNGGCWGCAG (341F) A
GGACTACHVGGGTATCTAAT (806R) Xf V4. V5 XBATH 44, T Illumina Miseq T &
PE250 JFRY, AT data2 J7vEPHEAT ATHATHERIE G (Operational taxonomic units,
OTU) ¥, it QUME2 U kAT 2 BEME S AT MDA RS : 2 RICR B3 JET 100
bp BB EAGMICT 25 B9« $ZFES T ERANIFREE 9 734 BEAT A AL, @i InAUE RE
P B LU AORE i 2 A A AR BR 0 M OTU ARFHEFF I LT £ SILVA132 PYRII Rt /N T 3%

(SSUrRNA)  Hu#fs e AT WA 43 #r

2 AR5

2.1 RS X ER R E T REHE

TR MG JE R 2 B T A P T M A F A 88 o J T e dd R e M P A AR
FE T B A 30 8 1 R A M ER FL 8 5 P (e RE O AR A R e A T B 1 A
TGIE JE R, R o kb AR ik, AN TR AR T3 0 A J5 TR A2 43 #T FP e S A BB 1) F AL
EVEMERFE . A 1 BT, SR (B 1A 76-85 mV AI-23 mV HHE&A —ANEALE, 75-12 mV
B — AR R, R AR TR IE R MR (A, e AT B T A8 . H
KA LIS (B 1B 7E-0.6 V~0.2 V G A Z AL, HIEFRE: 1 B b 20 (&
10) FEH R A AUAb IR SR I o T8 B T R R 2 s — 8 Bk S ME A R B b, LA o B 2 v
TFAEEBTE 770 DRI, PRSI B A v T R A A A B LA T R o A ) 4 FL - e
[F 1 FH 78 7
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Fig.1 Differential pulse voltammetry analysis of cells, supernatant, and medium

22 SR ABRRESEARREUEENBETZHE

AHE TR TN ROR IR T B 1T e AU R o AR SCIRC IO, R H b
P BB AR 32 AW T LUKRE T e P, FRGE/E A ME— BRI, 6 mmol L™ %
AEET AR, R, BREARRRE S R 2.4) K Y%
ZEA 6 mmol L ZSA 10 mmol L™ /KERE M2 -8 7% . WK 2A o, H e AL A
RERACH I AP B: BBy 0~1d, Wb BRSPS S T2 48 5
ZBBONER 1 KRR, AR P EUIRE R E SN ZL LUT , FYs AL R K kA 1F
T2 DRIE, 2 e S TR R AL % 1R SRS # L S R AR, ZKBRAT R] AR
AR SR SE BREANTGE AR . A 2C FRATEAE M, R bS8 RO SR S8R
LT SEARAE R E G A, IR R 0 A 2 rp S0 R B PR IR T FP e S A BT R P ZK Bk
VERH T 348, el R YR AR B .
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¥ : Fe(I)/Fe(T) 7 M 55 54 (B8 K LE . T [7] Note: Fe(IT)/Fe(T) is the molar ratio of Fe(1l) to total iron. The
same below
2 HREILEBEE AU TR ARSI R B R R
Fig. 2 Variations of oxygen, ferrihydrite and biomass in the methanotroph groups in the presence of both
oxygen and ferrihydrite as electron acceptors

VA R B 5 WA O 03E SRR AR 2 AR R AL S SRR L, BB T AR
T BEZH AN AR A D B PRSI . & 2B B, AR IR (e et 40D AEEAE
VIR B (BRI BRI J8, R K & 3 W ITE S = it
PRI G, R ICVEIR BRI I, R i A 2R b A A 27 20 43 AN B S DR 0388 J5 S Bz o A TE
e R A B T [ B AP TE P S B 2H R R AR IR S . IR TR, H e S PR e S B
PUKBH IR SR RSN 1), B b B A TR /K BRI S Y 2t

55 25 RINKERE LR ELFIA B 63, AWAREERIT T IR, A& & b itk ek
AR IIAS E R (B 3A FNED |, TG T 2T IREiR (B 3A) .« EDX REios
o (B 3B) R B e S8 Ak B G SR K BRI A2 BT OB ) B Feo O P =Mt RAM,
Horrffy P ocEok B THFRIEST . XRD 4558 (B 3C) Mk M B s WA /K Bk AL S5 5
IR T 225, RIAR/K B oW S AT 0, RS S O BRD ™ E 13° PRIt I 0, X
N AR [Fes(PO4), 8H,0] (PDF#30-0662)f (0200 &4, 78 HAWA, B HBL T — g9 1/
g, 3SR BT (1300 (031) . (231) . (051) . (080)&hTf, XRD 4R 44
EDS AE#E A1 SEM JESRARFIE, 125 W ik 22 vh 32 AR B 1 W R
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P 3 e S B SRR LT S AR A SEER A P R R TR SR AE(E] C 0204 1304 031,231,
051 080 fRF M ERH" 184 M
Fig. 3 Morphological characteristics of the secondary iron mineral in the reaction system with oxygen and
ferrihydrite as electron acceptors ( 020, 130, 031,231, 051 and 080 represents number of crystal planes of
vivianite in figure C)

I R AR R R G A T (FEDL 2.4) TR, BRE B PR o S0 TR AT 3R FY e S8 v 4
Je Al AR AU BRI R e A BRI AR P (i RS 4ERRRE RN . DRE, FGE AR
A P SE B BRIE R A Th BETME VI AE =M rT BE: W Bl Ta . AR b e AL T . b
AT AR b A B 3R FAE T . O 7 PR AS R Zh BE AR M AE K Bk 38 S A DTk, AR TTAR
LA 2A B — W B, i R m i P e A R (3597 2 & v AR AR CEIBROD
FETG W e SR 51 (5 77 5 vh M FTAR I = M0 SR s Bk 38 S o A IR S8 JF 5 B BRAT TC R 4L
FR e BRI SR A B T R — 30, 4 Fe. O. P 4%, 2R1, AREHAIRENIE B2 1%
G R TR RoRG K, FEEVUAEIE SN E (B 4C) o AT YIESRAER) % 7
A REVE H AN A BT A BN I8 SR A

W 4A Pras, SRR R G AR AN BRI AR Y SRS Bk IR AR, BLR G LT
AR IR K R I8 SR AR 0y B 7 BEHOK B IE SR LE B 2109 12 1.6 (8 4A) o 2 HIkE
LT BUARIS, G A E AR F e E A L R E R . BRI RS, WA
B 7E F e S8 B RE TR SR AT V08 IR DTR 08 38% (&1 4B) o DRL, 5 ZEA 705 i B B
BELHEHE NSRE R B TR A R, 32 O W e S R E R e S8 B R R A AL

Bl 4 S A G _EISRIRSh BRI SR R R AR T SR AL
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Fig. 4 Iron reduction driven by supernatant containing carbon compound and morphological characteristics of the

secondary iron mineral
2.3 BREIME T RRESHWERAMEINAT TR

Wi SA i, TESERR (TR E, KB ENBF240 , Fkeika)
f) PR S LK B B B MR B T ) Fe(ITY/Fe(T) ( Ak 5 R BE IR B BRS8N . ik
SR R IEFUE R 0.05 mmol-L7'-d" (VL Fe(ll)it, FRD EARME T EAARIET T H
HE 0.16 mmol-L'-d", {HAZ, HET ANME % H4 H ke S AT P03k 5 i 2 (0.001
mmol-L"-d™) P, A 78 & 42 () FR b S AL B B ANME 2 F e AU R 50 5. 3
TR EMENEE, SR T A IRENTE BT ASE TR AIE IR I 25T 3 3647 (&
5B) , SRS R TSN, iR g BRI B e AL B B AR B T
A KB AT I SR RE o A A B A TR 1) A 400 S R R P B A 0 B B4 el A
VAR

Bl 5 BREASEAE T bE AL R R kA SR

Fig. 5 Iron reduction driven by methanotroph groups in anoxic environment
2.4 RS LEBFRREEN

DA_E S0 MK BRAT 3 S5 30 77 2 RO 0 25 4 P 5 T 38 17 R e SR T R A e SR AT B
AL A EACH IR - [RI, AW 70T BE AL AR A H ot S B AR v 2L B P s B i A
I e G I FRAR TR AL R, T ISR B R 0 R b RO, bR L
R R TR Fr A IR, RS IZETRRE (I 6A) o [, AT AR 7)
Hr (B 6B) R TLA et U 77 Ja RE R AL AN AR g o KRV A A 2 o 1 s SR
BRI, R Bl A S e AR BRSSO SR SR B

FE AR R AN AR R, FRBGE SR BT BT AR SR (S E T L8 32 7
(B 6A) ZiRioR, %k R AERANE R JFUKRAT G 1 YRR 1 550 SR B AT
P S T R R LA S 3 22 5, SR YR SR M o R e A T 36 o 1R o [ 56 R A% o

H

@
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TIREMEY, DUIE R T 328 B SBR[ e o X Ton B0 SRR AU R I8 SRk AT S
(KIS BV AEAUKCT BT E (B 6C) 3B UK BRAT B A3 A0 5 P B i A 4 2
B-Proteobacteria (64%) , LA 3% [ y-Proteobacteria (18%) #il Flavobacteriia (13%) o
SRR R JE KA 1 FE e S B PP 32 B A 42 y-Proteobacteria, FLAHRT BN A 56%,
B-Proteobacteria [FIAHX F= BEIg /D & 24%. 1E & E M RIEJFKEA H, y-Proteobacteria ]
Methylococcales FHe 4 1 B e — FP b S04 BT, R FE PR G AR 7= AR Ak & 0 3R Bl He At AR R e
SEA R e R R AR . BRA IR R (1 y-Proteobacteria IIARN F2 1 (6% ) B AML R (56%)
/b, a-Proteobacteria (31% ) HIAHX F L8 &8 m, H o, a-Proteobacteria (£
Caulobacterales %5 £ 5 1 ) A BEF FH F ot S A0 T 7= A (R BR AL S D SR B kA0 308 I 56 Pl A B AR
FESREAR R PRI, 0 B R A AR b AU B L A 5 5 AR

K6 Fbe AL A AR B

Fig. 6 Microbial composition analysis of the methanotroph groups

3 4 i

IR H AR DU T B 1] R e S A v 2 5 R R R LA B AN R A TR B
77, FGE AL B B T ) K B DR H - B2 AR R SR A B v 52 1 R B A A R, LB IR R
T JE ANME BRS80S0 3%, H y-Proteobacteria 4 [ B e S804k 8 A FE B 4
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Energy Metabolism of Community Dominated by Proteobacteria
Methanotroph in Anoxic Environment of Wetland

WANG Huan'? ZHENG Yue > YANG Yeyi >’ CHEN Xiangnan® YANG Fan** WU Xue’e’
YANG Zhaohui'"  ZHAO Feng®'
(1 Key Laboratory of Environmental Biology and Pollution Control, College of Environmental Science and Engineering,
Hunan University, Changsha 410082, China)
(2 CAS Key Laboratory of Urban Pollutant Conversion, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen
361021, China)
(3 Department of Chemical and Biochemical Engineering, College of Chemistry and Chemical Engineering, Xiamen University,
Xiamen 361021, China)

(4 University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract [Objective] Methanotrophs, using methane as carbon and energy sources for
growth, play an important role in keeping balance of global methane in balance and controlling
greenhouse effects. The process of bio-oxidation of methane spans over different redox niches. Recent
researches demonstrate that methanotrophs. Belonging to the phylum of Proteobacteria have the
potential of methane metabolism in anoxic niches of wetland, however so far little has been reported on
mechanisms of their energy metabolism. This study was to explore mechanism of the energy
metabolism of the Proteobacteria dominated methanotrophs in anoxic niches from three aspects.

[Method] Bioelectrochemical techniques were used to explore potential of extracellular electron
transfer of the methanotrophs. In exploring for potential electrons of the methanotrophs, the reaction
system, when aerobic, was designed to have two potential electron acceptors, i.e. oxgyen and
ferrihydrite and when anoxic, only one, i.e. ferrihydrite to study energy metabolism of the
methanotrophs in anoxic conditions. Mineralogy analysis of the ferrihydrite in the system was
performed to determine reduction dynamics of the mineral and structure of its secondary mineral. And
analyses of community composition of the methanotrophs before and after reduction of the ferrihydrite
were conduction to determine changes in the community. [Result] Results show that the methanotroph

groups were able to transfer directly or indirectly extracellular electrons. Once oxygen was used up, the
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methanotrophs could keep on their energy metabolism by making use of ferrihydrite as electron
acceptor. In the anoxic condition, the methane-oxidizing bacteria could reduce the iron mineral 50
times as fast as the ANME (Anaerobic methanotrophic archaea) anoxic methanotrophic archaea, and
the secondary mineral were tentatively found to be vivianite via SEM (Scanning electron microscope),
EDS (Energy disperse spectroscopy) and XRD (X-ray diffraction) analysis. Based on the principal
component analysis of the methanotroph groups, the microbial community varied in composition
relative to mode of energy metabolism. Comparison of the methanotroph groups at the phylum level
found that in the hyperoxic systems, y-Proteobacteria in reduced ferrihydrite increased up to 56% in
relative abundance, and Methylococcales became the only one species of methanotroph in phylum,
while in the anoxic systems, y-Proteobacteria decreased down to 6% in relative abundance, but
o-Proteobacteria increased up to 31%. [Conclusion] In the anoxic systems, methanotrophic bacteria
(y-Proteobacteria) and non-methanotrophic bacteria worked together driving iron reduction. This study
has revealed the process of energy metabolism of the Proteobacteria dominated methanotroph groups,
and developed the theory of methane oxidation driven by NC10 bacteria and ANME archaea in anoxic
environment, and hence provide certain theoretic support to future studies on bio-control of methane
prodction.

Key words  Methanotrophs; Proteobacteria; Extracellular electron transfer; Anoxic niches;

Microbial omics
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