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Abstract: Methane (CH,), an important greenhouse gas, exerts a substantial influence on global climate

change. Rivers are crucial sites for methane production, but the complexity of environmental conditionsin rivers

makes it difficult to conduct in-depth research on methane generation by river microorganisms with traditional

methods. This article first outlines the basic classification of methanogenic microbes, their distribution and the

pathways of methane formation such as the hydrogen nutrition metabolism pathway, the formic acid
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fermentation pathway, the acetic acid fermentation pathway, the methyl nutrition pathway, and the non-
enzymatic reaction pathway. Then, it explores the eight environmental factors affecting the methane production
process of river microorganisms: temperature, pH value, redox potential, flow rate and water level, water flow
shear force, meteorological conditions, and vegetation type. Subsequently, an overview is provided of the
application of molecular biology techniques including PCR technology and high-throughput sequencing, in the
study of river microbial methane production. Finally, it points out the problems in current research on methane
production by river microorganisms, which are the insufficiency in characterizing river environments, limitations
in the application of PCR and sequencing technology, as well as the complexity of data interpretation and
analysis. Moreover, it discusses future research on river methane emissions from three directions: the
construction and application of river environmental models, the deeper application of molecular biology

technology, and knowledge sharing and intelligent analysis, providing new ideas and methods for the

exploration on river microbial methane production.
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Table 1 Classification of methanogens
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Fig.1 Enzymatic reaction pathways for methane production

CH..

LiuSFWEEE T 2R R i (e H R 5
0 3R B 20 7 A5 28 0 A0 A SR E T 7 Y e AL
PR U R S 40 7 e B8 AL ) U DR PR R TR
10 2% Y A w5 G BIR Bl B9 00 A 7 AT R K
F o 9 AL 10 U0 AT DA YRR AL 0 O B AR Y
25 WA BN, K 0T 7 Y e B AL AR 0 PR T LA AR
2 TR A e i AR ) SRR A 2 T B B R 55 (AR A
240 7 T o A AL A ) AT R I AR R A
30 AR o AR R, AR W A0 R A A SR B I P e A
W LA 51 k1) R W R TE , BOR M2 1 BF
FRW], L ERNMKATRES S T YA ™
e it A, (HL T 8 I SC K W 4 L 7 5 SR AR AR
7 e A LS HILR]

3 RWEARMES R EEF

3.1 KIREEH
3.1.1 @A

ek 8 3 3 5 ) el A A A N T TS MRS 4 4
58 HE AR DL N I8 A5 A 5 o3 A s e AR L R
2 A AT I il R Ol 30~35. 2 °CPY, 7 e T 4%
Bl A KR E AT 4 ol R YA TR (e I TR E R i
25 °C) \FE IR A (e I 2 30~40 °C) P AE (B
I I R 50~60 °C) I ity g B B (e i IR T
80 “C)PF, Horh g v B B B £ R B R AL
E R DA I AR 2R A R )z AUE SRR SR AR AR
T 34 5 A K S B2 AR N B A AR (R U 3R R
e BT o 0 P 30 IR i T R AR R
— i R AE e SUE SR AR R 2. Wang 555 &

BRI CHL AR BRI T 2 i, [A) 45
K B, Bl o B 45 R R, CHL Y 3 it 2 50
0. 03~0. 05, {H 52 55 r & W 2] — & B [\ 9 7K CH,
5 B A O R B 0.9, R WIUK Y CHL AR AR
HEHKBZRAERENEMLLR, 5
McGinnis 5“8 BIF 77 45 58—,
3.1.2 pH{A

T K JA i B 358 v pH(E A9 22 1k 25 52 0 7 Y e
Bl A 0 0 35 P 2 R T A A S AR 40 R e
i, [V AR 0 A BEE Bh 4 R JE R 3R B 1
pH A W7, BT 5% i B B (9 7= i . Wang %8195 ) YT
S 201 A DR AR R B v ) D K - HE pH A #E AT I
I B, 4 R e e v O S R pH 2 IE A G,
2R PR TR A R A AU 38 0. 9. Zhang 45 )
L0 VG A6 S T O K AR B pHAE & B, — e Ju LY
AV i K AR s i SR pHL (BB &7, Sl =
Tt 9 A W B AR 1 SR ) T A R 2 A 9 S A R R
B 09, KA TR A CHL Ve B LG e ik B v 2~3 A4
wH .
3.1.3 AAZEREAE

77 PR B B A 1) R AR, AT L PN T A R
A7 1) 4 A €0 2% R 40 A (0 38 ARl LR KRR 2R A
SRR HRETE 8 2 RS A BE L HE A W2k e,
PRI, 3 2 A A o 4R A I D R A A R T A Y
SR, — BT — AR R I R . A SOk
T A A R o B AR RN A e ) SR AR A SR
fLAE —300 mV LAR =0 LA H] —400 mV. #F
T] S AR 5 H AV v, T R R 7 EE B B Y R
e, DTS i) R B 1 7= 24



236 K5 xR ¥E AL FROP FE L)

% 48 %

3.1.4 AHMR

KIRA ALY A EE KSR A LY 2 W3 b A BT
M EERIE . RARA WY EER A T o i) 5k 1k
S F 53 M 77 ) b A AL AE Rk R XAk o AR Y
TSR LA ROK A FE ) 4 i AR R AR DLW 32 255k
BN A 7 A 3 o AR b HE Y A& 2 T AR Al T
IET5 55

EERINGiG T L R B X e Y RN E S B S
P AN Tl S 5 AN [R) 2H6 38 AN [] 2 B 1 A L e 2 % 1P
ot 1) 77 AR T A R 52 e o — ke 15 Vit B A BIL
BT R M A AT Ry R
Wallace 5%} McArthur Jif f1 Tennant & i 17 %7 4
I e B, A I A T KR e e e R R B CO,
R 43 5 B 5 R S e I, 76 & A iR L .COL M
BUA 1 b AT A, F e 7 e o iRy o A5 2 T
S8R B ARG e e AR S S S R T
i rp ] A AL & AR BBl . Zhang S
HR A5 28 0L Ay 2 35 485 SR 400, A B RE G B A
AR A 2 0 A LY, DT R K AR o
CH, Ay 7™ A= AE 1 B B DTk .
3.2 K h&EH
3.2.1 HKikB5AKLE

it AT DG S 5 e T AR ) 1 g3 A R 52 i FE BE
B AR B, Y I A2 B, DT R 45 B A T I VS U
L DT Ay 7 TR 0 A 4 2 4 2 s I IR ) 5 24 D R
BB TR AN 25 5 76300 IS DU AR HL25 5 B K it o
il ] Y 7 b G AR W e 8 R Y A AL BT R
A WG A AR D o A R A T LA
S W) A A 0 1) 3 AT R 52 e FR e 1 A B, T T R 1
T, AR AT B 2 LS A DU o JE A
B A It T AR A T g v, DR A2 B KO e kel A Y
SE A ) ME DL AE LR Y AR 8 A AE SRR
P A2 . Wilkinson 253§ Rhine 7] /7 (8 90 R
o 5B AT ST A B TR Tk A X B Y
Ui X, O AR R R A KA R B e B
s RO AR 5 7 HP UE Ml DX YT R B R BN KT
% UCFRY &t 3 s, WP I O o o A X B 5 R i
T AT 22 Y H K T M AR 30 A2 3 0 5
iR — 2P U 2, DURR ) & B, Y b T
1o BB A SRR = ek B X A SO A O R
1 BT 1 I 5 S 2 7 ) N L R s TR N
S8 T i e TR AL U, A R T
7B AE R N 5 AR G, O S CHL e 3 4
MR R 2 —

A1 38 K AL A e AR 23 5 e g v R B Y R R
IKASE 19 25 Bl AN A 23 5 W AT BIL T 9 43 A7, 3 25 % 7K AR

rh R IR AR B B A S ), DT [R] 422 5 e HY 8 B
Ao Bai SR & BT CH, & 52 A7 2 BRI
Bk 2= N KA T AT AR TOH B A R A
{0 Shi %5 “fF 53 % B, CH, /Y 38 it Bl 25 K A7 /4 L T it
Bam . B BRI S A SRR A, KA AR A A i v
Bt 7= 2B i i S A R A SR
3.2.2 KRAFWA

1K A A8 b 25 77 A R TR R 7K G 85 U0 g, i
KRBT Y IR/ S AR M i AR K B
A O RE VR A5 R RO W B S A W R R
H A 19 0 5¢ 22 5 b T K 35 U0 77 X8 HE K A AR
Wy B ) R VR T R T TR I PR B A B 4R R TR
Fp KU BY 0 07 % 7 Y AR ) Y 5 3 R DL SCER
iR,

K B U1 77 Re 8 i ik 52 e 5 FR ) 5T Y A AR
B IS [ 100 5 o) 7 PR e B AR ) 100 AR 35 T 3 R i AR
05 7K it 5 U0 7 3 R AR 7 TR e B 2R ) A T R 28
G5, 5 A W 20 B Az 20 5 U 07 48 e, 40 il
RE 148 Jif R 0T R PR Az 31 R T R AR TR AR A Y
M BT A A K 43 1 43 A RTR G A T R R A
Ak, 3 ST AR FAR A6 0] BE 52 1 41 Y 23 24 AR AL
il o A, 51 7 AE Sy — Fl g B, o AT B ik &
THUAE W 0 O U I, A R 43 R IR 3R Gk R AR AR AL
T A8 7 5 A 2 40 1) A 2 ) i R 8t 4% 35 1 1k
i a3 3 =, K 5 U g ] DLk s A W A
5 B =, 52 ] G b F G A B R S
B, S SO H e R R AR AR A

AN 5] A 0 ol 258 %8 7K B 90 T ) T A2 1 AN T
AT AE AN [) 8 7K i S 45 v 5 B R IRl g AR S . A
WEERBYIIERT , — L BE % DU iE RN I I A
AR 8 SR B 1) A 0 b 28 T RE A O SR R
di AR 2 A AN A B . AN S S BT ) A Bl
TR A P 1) AR EAE T B L B — AR
(0 3ok B BEAE L AT PR 5 B O 00 22 R R R RS E P L
A2 1 H 5 4 A

K B B 3 6 7 WY e AR W A [ A 3 T B
HHABEEER W, G5 Y057 ) " LU S A Y
B 1A 2 T ) 4 fik R G B L B R T 2R R B
AT 3G 2R A R G e Ry e i . K BT
T3 3 23 5 W) A= Wy %) PN S 4 A RRE P L v 1 B )
J3A] L A Wy RS 4t b D0 B AR E L B S AR
() B 30 P RIS R RE ) o [A]E A R AR 1 K R A AR
I PN 3 75 35 W0 S5 AT I FNAR 5 7 4 i HE L A R T
A W RS R 2 A A A B R e e i
3.3 "&&H

KGRI J B 2 ' IR TR A5 () 42 5 e 3T 9



% 14

RERE,F . TABAED T TR 237

b R GE A L Ol IR 32 BEE B 5 e T I P K IR
B 55 PR W) B T Bl ok S e HY e A9 7 4k o RO IR
FoE MG OLT I 2R 2 Y B 2R T DLOR i B, DU
i G AR B, 33X Ao A S 2 A N Y I I P
FE T 23 W FE K T S i 480 A R TAEDLRR Y oh
T B R AR PR B A E DR 407 F e . Bizie SR B
RK A R G0 0 3 2R 7™ B o8 T mT DA IR 2R
W A AR Bl AR SR R PR AR TR e, HLZE A Ok
A AE R 7 AR B e B R K B o R K i Y AR
A 2 XA 52 T T T A S e, G R B W )
AKHAT e 10 B AT AL A5 B ATRT I, DA T 38 K
FEERM S, W R AR R T ZRY . 2ME
SRS = e A DX N B 1y Y o T R B IRE VA AT O
R E E R K R, T £+ R PSR
ALK A, BT3GR B e 7 AR L BR U
Z b, 2 W AL 23 1 T P A A R X IR KO
S, DT 48 20 K U, 38 e Y 77 45 . Huang
G 0T T 38 Y YR Y A i K RN IR A7 32 AT 3 Y R b
AR TR D B B R T Bl KA IR
TOKHR B R T RE R X R
3.4 tEWER
AN T) 288 YA R w0 ok AR R 0 WS [A] B A AL )
JBT, 3 8 43 WA W) 1 Sk K e RIS 8 TP R E AR Y B
Fr KR 5 W AT I v G A ) R R VR S R . A
Bl A VR F T AR AR, R TIRIK, B2 K
A IS U6 1 A0 SRR B, X A 26 4 1 AR et e
Az AR B S VR DO S e B Y 7R A A
B S R P e T YR I W 4R LY T Y il 2 R B
i XS AT AL S AR AT 8 T a3 A B, SR
A PR AE T BRI Y . AR 2SR A B
XF 7 e B A ) 4 2 4 T AT BEAS ), DT X Y
[ 7 3 Y S R AN ) . H R O A B 2 R K
A G 7 S 52 e 1 F 5 22 LTI M T A 8RR
A MR JL P oK DL SCHR iR 3
i 3o 1 A A Bl 2K R AT LA IR 5 9T I A AR W
ot B . PR R LR WY RS 1A R
AU ] DLYG A BLBT A g, O T b A W R R AR
RSP RS R IR B VR FI BRI AAURE T
P AR 2SR m] DA A T O A S R G R T i AR AR
I J5RNE R REE B e e R W TR . A B
BC AN 6] B 2 AR ) L B L 22 R A 0 A B R K L T
DLHR A T 2 5 0B ALY o A B A 2 0 B AR ) AR R
A AT HBE A W S H A AR ) A ELAE R 4
il e 1 A

4 R REMEDR S FHRIRK

WF IR W A% G2 07 e Sede Al 4y s AR e
FiE 1Y R IR B AT YR B IR X R 7 e LUK AR TR
E M I B 555 5 A 16 R 4 B2 A 0 AR W AT
B AMETE . X T X —2KMAY, S 4E
Y= A .

VAR SR, Bk B 22 1 43 2 W 2 O 1 T R 1
FE T T B oy T R s A A P A Ry Y
F R T 16S rRNA Fll mer A B R A FEREH AR o
HEAh, FLPK AT PCREEAR W) iz 12 . 5 1% GEpit
GG IR VAR LG K 2 Oy U R OR B A A
A PR EPE T SR

Chen %75 H 5 ft PCR 18 3 42t 10 )5 Xt 2 Bk
9] 1 B Methanomicrobiaceae ( W g 0 B T8 ) 45 Tt
L= WL 1Y pmo A LR FFF N mer A ZE1H y 51) 3t
A0 sE 45 R W, 7 H e B 0 AR ) et 5 ) KA
Hh i UK S A LB VR BB 25 D) AH OG . Chaudhary %57
FIH 2T 16S rRNA il mer A 3£ ] 51 i [ £ A BF
FIRKAEBRGE TP b w45 R IR
K UL ALY A 7= g B ) Methanomicrobiales H 1
Methanosarcinales H /7 #lf 3 5 #i i . F H & T
16S rRNA ) & 48 & B 43 Hr ik, Wang 57K i 21 2k
VLA LA 5 e 8 SR T R T B A R
B/ o T A iy, A3 AR 58 N 5L AR I T Y
A DB ARG B B i I S, HAE & R E
B B A 2R 2 K R A DU B TR Rk B R 0T
FE Y 7 W e Tt B o TR R MR A 1Y
mRNA #7575 P PCR &K, 5 75 1 1% Bk 19 7 H e 4R
FH I AT B8 2 R E WK P s A R AR
ER s e W TR EIRARE ., 5
Grossart Z B 98 45 B AR A . B FAEY
5 BOR B Z W E TR W], & EUK Tl U
A5 1Y W e A AE T R e R T b A i
A,

AN, R 53 7 A= W) 2 BOR A TR BE Y K
AT DL A 5 ) S B T R i H PR 0 3 N
A BT 48 w5 SE 0T IR IE R A RCR, Chel-
lapandi 25 "BF 5% J B, P A 780 7 Qe A RE R B4 RS
Yo AR 55 2 — A 5 A% FR ge k7 H B T % R ]
HE DR 2H A BE AT D) 68 43 B, DA 8 A Al A R
ik, X — B AE M. barkeri Fusaro. Methanosarcina
acetivorans C,A. M. mazei Gol. Methanothermo-
bacter marburgensis (W %t AT 6 ) Tl Methanococcus
Maripaludis S5 7= W Be (A BF 58 o B 28 45 B HIE 5277
1277 W BE B Y , M. acetivorans G896 F) ] K ¥ , i it



238 K5 xR ¥E AL FROP FE L)

% 48 %

AE R TR KB LR LWL, S B E SR 4 5
FE e A R b, B R R B A Y, Bk
TR Lessner 8 75R FH T —Fh L F FORL Y 26 1K
245, %3k B Pseudomonas veronii MEK700(4E % JE
5 B TRT ) AR PN ) ) R S M T I TR mek B 5 A0
B Methanosarcina acetivorans C,A Ji 3l F (Ptbp)
fill 5, {6 HCRE DL 2 R HH TR RN IR FH TR Ry IS 4, ik
L 3R A R A 7 AR W e, T4 K Methanosarci-
na acetivorans C,A W iKY [l o 3 26 77 3 B8R 1
R AE T Gt A A W 7 TP e %) A0 9 0 A 3 0 L AE HG
ELA RS Pk 0PE R AT g R v AT L SIS B YT R
A= 7 HR e o AR 1 R AR 5 TR T R A S
L, DT #E B 33 2 B2 R AE 307 G 2B 0 B o e 7
53 F KRR, A S s 107 T $ A4 B 98 R R S

5 FEMEE

5.1 ARINEZIE M FRME

A W TR e 1 3 AR IO TS A R R
TR L PR B8 o A A 08 A W AR 2 PR e 1 7 e DU B
P77 B e A W A TR I B B A T el o A BHDIR
A B UL, U A B R A W B e I O A
AT SR 32 A P IR R U K A A PR 2R X 3
A W 77 WY o ok R A 52 e, B X ) 9 9 A LK U B
Y177 5 30 A K 04 Rl 2 78 5 DR 36 0 ] 52 i At AR
7 e = Z
5.2 PCRHFIMFHARNAKRERIE

PCR [ MR F 45 5 1519 5 B b5 DNA 751
8540 B2 51 5 B AR DNA 85 4 20 % . DNA
RG R TE VA KR A 5, e L8 Ty 5 AT RE L At )
G S5 5y B 1G By B 45 RO BB S WL R AR
Yy B i B SEAE B . DI BOR R BRI
DNA 5 RNA J7 41 52 80 {5 7] 300 7 FF e 3 2
BEVE 25K 52 2 X — S oF B AR H AT e A A 5
L G B A FH A TR ZE W P 2 TS ) AR T 2o R b b
WY AN A R R 4 A R B R AR R
$55 AU 1y 187 AT 45 BE e 32 B PCR NI 7 55 4 R 6
57 H e R DG %) R R R AT R ST, 00T A ) AT A
55 % 7, LA IR 3 v 7™ B e 12 4 1 P 2K R T
PE TR BT U b R B 2 05 - AR ) 2 HOR X ]
Tt F ot 2ok R AT R AR I 5 1% AR DL SR A
5.3 HIEMIEZESWNESRN

Gy FAEY RN H S B s e KRR
B 3 SRR AN A S R R AIE R
2= W S A0 A BRI P A B, LA & 4 B 9
PEo HR ORI 55 2 R 43 B 7 BT T AR U R 0 8K
E Rk Y R NN U SN (NS R N il iR S e

WIS RAFAE 22 7 N Z A WA B BA S 2R M e
PR I, BEAT B89 70 M 750k T 16 v fly EL oo A0 X
RO BEAT 23 B, Ll URE S (] 52 56 4080 547 4 B L
BOBAA ISR R o 5 R A A, DT A L
S B I A R 4 A 28 A

6 RE

B 5 X AT L AR A AR 48 A2 2 P R I S ARG
TR 0GR A 0 ™ H e A DA BRI AR 2 v — A 5%
BRI A2 A% A BR Y, o FEAF 98 1E A — AN B B BL
6.1 WRARERBENGESNA

W 4R 9F 5 DX s B S TRT L B A T BT
g 5 TR 5% R il 3t PR DA 9T O O L L K A
SRR SCRUE , T T 5 R B G B R 1 O TR
B IFITROKR Y 1. Z A, i GIS #PF xS
R AT 2 ) ABE A, S B T A s PR UL A
oy AR TR gy N RCHE S DT R A T Y = R SR
AR ) AU 85 U1 3 26 05 B9 T B 05

it 5 B 37 9 A B SRR AR SR T P L ]
Ji B R S 7Y, A0 S5 L A A A S B o SR SR TR K
PR AR VR REAS | 1E AT A W 30 9 25 4 20 7, 4 1) 2
REAE )™ W e ) ol 2 0 O R SRR . 2 ) , 2 T ik
A W RE v A5 R B A T A W AR AR
B )R 2 LR pH fH 3 AR S A5 R R X
A W TR B R W o RS A W) S AR D B T i A 2 8
Z— i 3k SR A BT S 6 e i E A [ A 26 A
X BT O B IR A R A B BRI DR X 4 R
M g 1 g of 7 R e Bl A 00 5 A1 A T 424 T o

o ) S ) TS R R A ) SR AT AR S L T
ZEA BT R PR SR A AR Y R AT 86 IE S A
Ja, BT AN TR A K U B U1 0 R A 2 Y ) 4 A
D7 &, A A B0 T P 5 A A AT RSB L AT
I3 AR AU S 6 o AR R 7 T e A B
oV B AR SC AR AR o B, AT AR AS K
U B U1 7 R A S 0k 7 R e R A 9 v R R e
7B AR W R O BRI AT RE A AL, DL iR R X L
SR HLAE
6.2 HTFENEFRANERNEA

Xt AN [a] ] 3 B0 858 26 1R R B9 7 Y b A A 4 2 AT
o3 B AT KB 3%, i CRISPER-Cas J [ g 45 42
IR 3% 3 6 AR A AR PR 8 R DR B S B A
7 b i e S R AR Ak, DA D R o R R A A B
A= My 7 Y b ak A R B A TR G 7 R f) 2 A S
CIN S % T RS TR R Rl 5 N F D
SN 7 e AR 0 ) RS < R T R BR xE F R
Tl 2R Wy AT M5 s LR S AN AL 1T 5, o i



%14 RERE,E . TARAREYZFIRFRERE 239

LR A 3 i 5 R e A i 3 AR A O ) O i
A 5 & & % % i CRISPER-Cas i /5 ; & 5 ¥
CRISPER-Cas % 4t " i Cas #% B2 iff 1 sgRNA DL
52 ot 77 AR Y O T 6 TR R DR A BRAE
P, 755 5 B e AR A A8 A G I O B AL ) 9 B
ol Rk e w1k, 5 1A FE R 7R M e R R N R 2
ik, AT Ry R 2% 0 455 G AR W 7 TR ot ok 4 8t R
L DA A b 2 3w g AR S R G E R S RRUE .
6.3 MIAHZEZENSW

AT AL AR R R LR KR T
B AT IE N B R B K BRI A E R, LR
i BUHE AT I RCR R HE R M . R B AR K
4 T 5080 0 I s, D BT 25 2 0 0300 ) ki a2k A7
Sy T, P Y A A A W s RE DTk
aob R 2 B e R AL Y B a3 A A s B R A B
AR RN 45 48, B S R 101 43 A A 9 AR o 22 )Y
KR T A 2 N s BRI A R X AR
A=) 2 R U S R R 2 M 2% (CNIND) A
b2 I 28 (RNIN) 55 I JiE 27 2] 15 70 1 A7 b 34 R 43
B, e U A SR8 S A BE(NLP) |, 76 SCHk i
o B PR EUE SRR o A 4 R S N A O
HE B AT Lh | AR o 50 i ] ek

S % 3Lk

[ 1] Intergovernmental Panel on Climate Change (IPCC).
Climate change 2021-The physical science basis [M].
Cambridge, UK: Cambridge University Press, 2023.
MOON J, SHIM C, SEO J, et al. Evaluation of Kore-

—
Do
[

an methane emission sources with satellite retrievals by
spatial correlation analysis [J]. Environmental Monitor-
ing and Assessment, 2024, 196(3): 296.

[3] DEANJF, MIDDELBURG J J, ROCKMANN T, et al.
Methane feedbacks to the global climate system in a warmer
world [J]. Reviews of Geophysics, 2018, 56(1): 207-250.

[4] SAUNOIS M, STAVERT A R, POULTER B, et al.
The global methane budget 2000-2017 [J]. Earth System
Science Data, 2020, 12(3): 1561-1623.

[5] RODRIGUEZ-RAMOS J A, DALY R A, PURVINE

S O, et al. Genome-resolved metaproteomics decodes

the microbial and viral contributions to coupled carbon

and nitrogen cycling in river sediments [J]. mSystems,

2022, 7(4): €0051622.

STANLEY E H, CASSON N J, CHRISTEL S T, et

—
(o}
[

al. The ecology of methane in streams and rivers: Pat-
terns, controls, and global significance [J]. Ecological
Monographs, 2016, 86(2): 146-171.

STANLEY E H, LOKEN L C, CASSON N J, et al.
GRiMeDB: The Global River Methane Database of con-

—
~3
[—

[8]

(9]

[10]

(11]

(12]

[13]

[14]

[15]

(16]

[17]

(18]

centrations and fluxes [J]. Earth System Science Data,
2023, 15(7): 2879-2926.

ROSENTRETER J A, BORGES A V, DEEMER B
R, et al. Half of global methane emissions come from
highly variable aquatic ecosystem sources [J]. Nature
Geoscience, 2021, 14: 225-230.

BALCH W E, FOX G E, MAGRUM L 7,
Methanogens: Reevaluation of a unique biological group
[J]. Microbiological Reviews, 1979, 43(2): 260-296.
STADTMAN T C, BARKER H A. Studies on the

et al.

methane fermentation. X. A new formate-decomposing
bacterium, Methanococcus vannielii [J]. Journal of Bacte-
riology, 1951, 62(3): 269-280.

KURR M, HUBER R, KONIG H, et al. Methanopy-
rus kandleri, gen. and sp. nov. represents a novel group
of hyperthermophilic methanogens, growing at 110 °C
[J]. Archives of Microbiology, 1991, 156(4): 239-247.
SAKAI S, IMACHI H, HANADA S, et al. Methano-
cella paludicola gen. nov., sp. nov., a methane-produc-
ing archaeon, the first isolate of the lineage ‘Rice Clus-
ter I, and proposal of the new archaeal order Methano-
cellales ord. nov [J]. International Journal of Systematic
and Evolutionary Microbiology, 2008, 58(4): 929-936.
DRIDI B, FARDEAU M L, OLLIVIER B,

Methanomassiliicoccus luminyensis gen. nov., sp. nov.,

et al.

a methanogenic archaeon isolated from human faeces [J].
International Journal of Systematic and Evolutionary
Microbiology, 2012, 62(Pt 8): 1902-1907.

IINO T, TAMAKIH, TAMAZAWA 'S, et al. Candi-
datus methanogranum caenicola: A novel methanogen
from the anaerobic digested sludge, and proposal of
Methanomassiliicoccaceae fam. nov. and Methanomassi-
liicoccales ord. nov., for a Methanogenic Lineage of the
Class Thermoplasmata [J]. Microbes and Environments,
2013, 28(2): 244-250.

EVANS P N, PARKS D H, CHADWICK G L, et al.
Methane metabolism in the archaeal Phylum Bathyar-
chaeota revealed by genome-centric metagenomics [J].
Science, 2015, 350(6259): 434-438.
VANWONTERGHEM I, EVANS P N, PARKS D
H, et al. Methylotrophic methanogenesis discovered in
the archaeal Phylum Verstraetearchaeota [J]. Nature Mi-
crobiology, 2016, 1: 16170.

JONES W J, LEIGH J A, MAYER F, et al. Methano-
coccus jannaschii sp. nov., an extremely thermophilic
methanogen from a submarine hydrothermal vent [J]. Ar-
chives of Microbiology, 1983, 136(4): 254-261.
MATHRANI I M, BOONE D R, MAH R A, et al.
Methanohalophilus zhilinae sp. nov., an Alkaliphilic,
Halophilic, Methylotrophic Methanogen [J]. International
Journal of Systematic Bacteriology, 1988, 38(2): 139-142.



240 T AR5 x ¥ T F RGP E ) % 48 %
[19] SCHINK B, WARD J C, ZEIKUS J G. Microbiology Environmental Microbiology, 2005, 71(1): 331-338.

[22

[25

(26

(30

of wetwood: Importance of pectin degradation and
Clostridium species in living trees [J]. Applied and
Environmental Microbiology, 1981, 42(3): 526-532.

ZEIKUS J G, HENNING D L. Methanobacterium ar-

[

bophilicum sp. nov. An obligate anaerobe isolated from
wetwood of living trees [J]. Antonie Van Leeuwenhoek,
1975, 41(1): 543-552.

LEADBETTER J R, BREZNAK J A. Physiological

ecology of Methanobrevibacter cuticularis sp. nov. and

[l

Methanobrevibacter curvatus sp. nov., isolated from the
hindgut of the termite Reticulitermes flavipes [J]. Applied
and Environmental Microbiology, 1996, 62(10): 3620-3631.
DRIDI B, HENRY M, KHECHINE AEL, et al. High

prevalence of Methanobrevibacter smithii and Methanos-

[

phaera stadtmanae detected in the human gut using an
improved DNA detection protocol [J]. PLoS One,
2009, 4(9): €7063.

MILLER T L, WOLIN M J, CONWAY DE

MACARIO E, et al. Isolation of Methanobrevibacter

=

smithii from human feces [J]. Applied and Environmental
Microbiology, 1982, 43(1): 227-232.

BELAY N, JOHNSON R, RAJAGOPAL B S, et al.
Methanogenic bacteria from human dental plaque [J].
Applied and Environmental Microbiology, 1988, 54(2):
600-603.

] FERRARI A, BRUSA T, RUTILI A, et al. Isolation
and characterization of Methanobrevibacter oralis sp.
nov [J]. Current Microbiology, 1994, 29(1): 7-12.
ROBICHAUX M, HOWELL M, BOOPATHY R.

[l

=5

Methanogenic activity in human periodontal pocket [J].
Current Microbiology, 2003, 46(1): 53-58.

] BRAUER S L, CADILLO-QUIROZ H, YASHIRO
E, et al. Isolation of a novel acidiphilic methanogen from
an acidic peat bog [J]. Nature, 2006, 442: 192-194.

] BRAUER S L, CADILLO-QUIROZ H, WARD R J,

et al. Methanoregula boonei gen. nov., sp. nov., an

acidiphilic methanogen isolated from an acidic peat bog

[J]. International Journal of Systematic and Evolutionary

Microbiology, 2011, 61(1): 45-52.

ASAKAWA S, AKAGAWA-MATSUSHITA M,

MORII H, et al. Characterization of Methanosarcina

—

mazeii TMA isolated from a paddy field soil [J]. Current
Microbiology, 1995, 31(1): 34-38.
] KERN T, THEISS J, ROSKE K, et al. Assessment of
hydrogen metabolism in commercial anaerobic digesters
[J]. Applied Microbiology and Biotechnology, 2016, 100
(10): 4699-4710.
KARAKASHEV D, BATSTONE D J, ANGELIDAKI

I. Influence of environmental conditions on methanogenic

[l

compositions in anaerobic biogas reactors [J]. Applied and

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

(42]

[43]

LUCAS R, KUCHENBUCH A, FETZER I, et al.
Long-term monitoring reveals stable and remarkably
similar microbial communities in parallel full-scale biogas
reactors digesting energy crops [J]. FEMS Microbiology
Ecology, 2015, 91(3): fiv004.

SUNDBERG C, AL-SOUD W A, LARSSON M, et
al. 454 pyrosequencing analyses of bacterial and archaeal
richness in 21 full-scale biogas digesters [J]. FEMS
Microbiology Ecology, 2013, 85(3): 612-626.

MW, EIBE, XUIRM, &5 . B AT VS K IR H e il
B/ B AT 1R [T] BF R RE A 2 e, 2021, 4105):
1593-1598.

HAO X D, WANG B Y, LIUR B, et al. Carbon neu-
trality vs excess methane release from water environ-
ments/the methane paradox [J]. Acta Scientiae Circum-
stantiae, 2021, 41(5): 1593-1598. (in Chinese)

BIZIC M, KLINTZSCH T, IONESCU D, et al.
Aquatic and terrestrial cyanobacteria produce methane
[J]. Science Advances, 2020, 6(3): eaax5343.

MAO Y F, LIN T, LI H, et al. Aerobic methane
production by phytoplankton as an important methane
source of aquatic ecosystems: Reconsidering the global
methane budget [J]. Science of the Total Environment,
2024, 907: 167864.

JRBER . A E AR M. 3R b S S EE R
#t, 2011: 268-271.

ZHOU D Q. Microbiology course [M]. 3rd ed. Beijing:
Higher Education Press, 2011: 268-271. (in Chinese)
DANIELS 1., FUCHS G, THAUER R K, et al.
Carbon monoxide oxidation by methanogenic bacteria
[J]. Journal of Bacteriology, 1977, 132(1): 118-126.

O’ BRIEN J M, WOLKIN R H, MOENCH T T, et
al. Association of hydrogen metabolism with unitrophic
or mixotrophic growth of Methanosarcina barkeri on
carbon monoxide [J]. Journal of Bacteriology, 1984, 158
(1): 373-375.

LIUY C, WHITMAN W B. Metabolic, phylogenetic,
and ecological diversity of the methanogenic archaea [J].
Annals of the New York Academy of Sciences, 2008,
1125(1): 171-189.

ROTHER M, METCALF W W. Anaerobic growth
ofMethanosarcina acetivorans C2A on carbon monoxide:
An unusual way of life for a methanogenic archaeon [J].
Proceedings of the National Academy of Sciences of the
United States of America, 2004, 101(48): 16929-16934.
WELTE C, DEPPENMEIER U. Bioenergetics and an-
aerobic respiratory chains of aceticlastic methanogens [J].
Biochimica et Biophysica Acta (BBA) - Bioenergetics,
2014, 1837(7): 1130-1147.

LANG K, SCHULDES J, KLINGL A, et al. New



% 14

RERE,E . TARAREYZFIRFRERE

241

[50

]

[52]

[t

mode of energy metabolism in the seventh order of meth-
anogens as revealed by comparative genome analysis of
“candidatus methanoplasma termitum” [J]. Applied and
Environmental Microbiology, 2015, 81(4): 1338-1352.
BURKE S A, KRZYCKI J A. Reconstitution of mono-
methylamine: Coenzyme M methyl transfer with a corri-
noid protein and two methyltransferases purified from
Methanosarcina barkeri [J]. Journal of Biological Chem-
istry, 1997, 272(26): 16570-16577.

LENHART K, BUNGE M, RATERING S, et al.
Evidence for methane production by saprotrophic fungi
[J]. Nature Communications, 2012, 3: 1046.
KLINTZSCH T, LANGER G, NEHRKE G, et al.
Methane production by three widespread marine phyto-
plankton species: Release rates, precursor compounds,
and potential relevance for the environment [J]. Biogeo-
sciences, 2019, 16(20): 4129-4144.

POSTGATE J R. Methane as a minor product of
pyruvate metabolism by sulphate-reducing and other
bacteria [J]. Journal of General Microbiology, 1969, 57
(3): 293-302.

ERNST 1., STEINFELD B, BARAYEU U, et al.
Methane formation driven by reactive oxygen species across
all living organisms [J]. Nature, 2022, 603(7901): 482-487.
LIU LY, XIE G J, DING J, et al. Microbial methane
emissions from the non-methanogenesis processes: A
critical review [J]. Science of the Total Environment,
2022, 806(Pt4): 151362.

FA, SRSV, BN, IS AT A xR Ak AR P B
UKL TS U8 7 8 Pk A KU W RV R 2 (T]. 2R 5 R
B TRSAMOPIEI0), 2021, 43(4): 202-210.

WANG N, CAIM S, LIY J, et al. Effect of operation
conditions on the performance and microbial community
of an enhanced biological phosphorus removal granular
sludge system. [J]. Journal of Civil and Environmental
Engineering, 2021, 43(4): 202-210.

THF, fER, 2%, % =Wk S B e i
FEHE LT AR, 2024, 36(1): 17-33.

MAO Y F, HE R X, LI H, et al. Research progress on
methane emissions from tributaries of the Three Gorges
Reservoir [J]. Journal of Lake Sciences, 2024, 36(1): 17-
33. (in Chinese)

SRR, Wh, AR, A IR e T A R AR AL
PEHELS M A [T]. /b T2, 2014, 65(5): 1602-1606.
WU M R, ZHANG R, ZHOU J, et al. Effect of
temperature on methanogens metabolic pathway and
structures of predominant bacteria [J]. CIESC Journal,
2014, 65(5): 1602-1606. (in Chinese)

CHIN K J, CONRAD R. Intermediary metabolism in
methanogenic paddy soil and the influence of tempera-

ture [J]. FEMS Microbiology Ecology, 1995, 18(2):

[54]

[55]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

85-102.

KOTSYURBENKO O R, NOZHEVNIKOVA A N,
ZAVARZIN G A. Methanogenic degradation of organic
matter by anaerobic bacteria at low temperature [J].
Chemosphere, 1993, 27(9): 1745-1761.
KOTSYURBENKO O R, NOZHEVNIKOVA A N,
SOLOVIOVA T I,
temperatures by microflora of tundra wetland soil [J].
Antonie Van Leeuwenhoek, 1996, 69(1): 75-86.
ZHANG D D, ZHU W B, TANG C, et al. Bioreactor

et al. Methanogenesis at low

performance and methanogenic population dynamics in a
low-temperature (5-18 °C ) anaerobic fixed-bed reactor
[J]. Bioresource Technology, 2012, 104: 136-143.
CONRAD R. Contribution of hydrogen to methane pro-
duction and control of hydrogen concentrations in metha-
nogenic soils and sediments [J]. FEMS Microbiology
Ecology, 1999, 28(3): 193-202.

CALLI B, MERTOGLU B, ROEST K, et al. Com-
parison of long-term performances and final microbial
compositions of anaerobic reactors treating landfill leach-
ate [J]. Bioresource Technology, 2006, 97(4): 641-647.
WANG C H, XIAO S B, L1 Y C, et al. Methane
formation and consumption processes in Xiangxi Bay of
the Three Gorges Reservoir [J]. Scientific Reports,
2014, 4: 4449,

MCGINNIS D F, BILSLEY N, SCHMIDT M, et al.
Deconstructing methane emissions from a small northern
European River: Hydrodynamics and temperature as key
[J1.
2016, 50(21): 11680-11687.

WANG W, ZENG C, SARDANS J, et al. Soil meth-

drivers Environmental Science &. Technology,

ane production, anaerobic and aerobic oxidation in pore-
water of wetland soils of the Minjiang River estuarine,
China [J]. Wetlands, 2018, 38(3): 627-640.

ZHANG L, HE K, WANG T, et al. Frequent algal
blooms dramatically increase methane while decrease
carbon dioxide in a shallow lake bay [J]. Environmental
Pollution, 2022, 312: 120061.
YANG K, JI H, XING Z X,

methanogens and methanotrophs on methane generation

et al. Influence of
and oxidation in the plant-soil ecological system [J].
Oxidation Communications, 2016, 39(1): 8-16.
WALLACE L., SCHRODER I, DE CARITAT P, et al.
Northern Australia hydrogeochemical survey: Data release,
preliminary interpretation and Atlas-Tennant Creek, McA-
rthur Riverand Lake Woods regions: Record 2018/48 [R].
Geoscience Australia, Canberra, 2018.

XA, VR, B E, L A R s Tl R
H e sl s BOoc st g ma R [J]. B KR 5 388 TR 2= 4R (h
HIL), 2019, 41(5): 132-140.

LIUY, XUHL, MAO Y F, et al. Methane-producing



242 2R LR B LA FROE E D) % 48 %
dynamics and key influencing factors during the decay of [74] GROSSART H P, FRINDTE K, DZIALLAS C, et
Microcystis aeruginosa [J]. Journal of Civil and Environ- al. Microbial methane production in oxygenated water
mental Engineering, 2019, 41(5): 132-140. (in Chinese) column of an oligotrophic lake [J]. Proceedings of the

[66] WILKINSON J, BODMER P, LORKE A. Methane National Academy of Sciences of the United States of
dynamics and thermal response in impoundments of the America, 2011, 108(49): 19657-19661.

Rhine River, Germany [J]. Science of the Total Environ- [75] XWX e . LW ik R 5 R T]. £ AR5 TR 240
ment, 2019, 659: 1045-1057. (FFHE30), 2024, 46(4): 1-22.

[67] BAI X X, XU Q, LI H, et al. Lack of methane hotspot LIU H L. Biogenic construction: System and perspec-
in the upstream dam: case study in a tributary of the tives [J]. Journal of Civil and Environmental Engineer-
Three Gorges Reservoir, China [J]. Science of the Total ing, 2024, 46(4): 1-22. (in Chinese)

Environment, 2021, 754: 142151. [76] CHELLAPANDI P, SARANYA S. Biogas starter

[68] SHIW Q, CHEN Q W, YI Q T, et al. Carbon emis- from genome-scale data for methanogenic bioprocessing
sion from cascade reservoirs: Spatial heterogeneity and of protein waste [J]. Systems Microbiology and Biomanu-
mechanisms [J]. Environmental Science & Technology, facturing, 2024, 4(2): 542-563.

2017, 51(21): 12175-12181. [77] ENZMANN F, MAYER F, ROTHER M, et al. Meth-

[69] 2T, 2T, SPEEWY, & SR IX 207 B i anogens: Biochemical background and biotechnological
F Jot 2y R 81 AR 7 0T PR g HE A 52 A (7). BR R DR ~A 4R applications [J]. AMB Express, 2018, 8(1): 1-22.

2022, 16(3): 1028-1038. [78] LESSNER D J, LHU L., WAHAL C S, et al. An engi-
PENG X Y, QIN Y, SHU Y Q, et al. Effects of func- neered methanogenic pathway derived from the domains
tional methane community in sediments of Wanzhou sec- bacteria and archaea [J]. mBio, 2010, 1(5): e00243-10.
tion of the Three Gorges Reservoir on methane emis- [79] KAHSEN J, SHERWANI S K, NAQIB A, et al
sions in summer [J]. Chinese Journal of Environmental Quantitating primer-template interactions using decon-
Engineering, 2022, 16(3): 1028-1038. (in Chinese) structed PCR [J]. Peer], 2024, 12: e17787.

[70] HUANG Y, YASARER L M W, LI Z, et al. Air- [80] KIM M, RAVISANKAR V, HASSAN Y A, et al.
water CO, and CH, fluxes along a river-reservoir Biochemically ~programmable isothermal PCR  [J].
continuum: Case study in the Pengxi River, a tributary Advanced Science, 2024, 11(41): ¢2404688.
of the Yangtze River in the Three Gorges Reservoir, [81] PINTO Y, BHATT A S. Sequencing-based analysis of
China [J]. Environmental Monitoring and Assessment, microbiomes [J]. Nature Reviews Genetics, 2024, 25
2017, 189(5): 223. (12): 829-845.

[71] CHEN S Z, WANG P, LIU H D, et al. Population [82] ST Y D, ZOU J W, GAO Y C, et al. Foundation
dynamics of methanogens and methanotrophs along the models in molecular biology [J]. Biophysics Reports,
salinity gradient in Pearl River Estuary: Implications for 2024, 10(3): 135-151.
methane metabolism [J]. Applied Microbiology and [83] KIM'S S, MARSHALL L A, HUGHES J D, etal. Im-
Biotechnology, 2020, 104(3): 1331-1346. proving the statistical reliability of river model predic-

[72] CHAUDHARYPP,BRABLCOVAL, BURIANKOVA tions via simple state adjustments [J]. Environmental
I, et al. Molecular diversity and tools for deciphering the Modelling & Software, 2024, 171: 105858.
methanogen community structure and diversity in fresh- [84] SUN X M, WANG J, MOU C X, et al. Knockout of
water sediments [J]. Applied Microbiology and Biotech- IRF3 and IRF7 genes by CRISPR/Cas9 technology
nology, 2013, 97(17): 7553-7562. enhances porcine virus replication in the swine testicular

[73] CHEN J Q, WANG F P, JIANG L J, et al. Stratified (ST) cell line [J]. Biotechnology Journal, 2024, 19(1):

communities of active Archaea in shallow sediments of
the Pearl River Estuary, Southern China [J]. Current
Microbiology, 2013, 67(1): 41-50.

€2300389.

(%3 T H%)



