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Abstract: [Background] Reed wetland is one of the main methane emission sources, and
methanogenic archaea are the only known organisms producing ample methane. Whereas, the
dominant methane-production pathways in the rhizosphere soil of reed in saline-alkali wetland
are unknown. [Objective] To reveal the dominant methanogenic pathway in the saline-alkaline
Zhalong wetland. [Methods] High-throughput sequencing of 16S rRNA gene was employed to
study the diversity of methanogenic archaea and bacteria in the rhizosphere soil (0-20 cm depth)
of reed in Zhalong wetland. The known methanogenic substrates including trimethylamine
(TMA), methanol, betaine, acetate, and H,/CO, were used to enrich the methanogenic
microorganisms in the wetland soil. The methanogenic rate of each microorganism was
measured to determine the predominant methanogenic pathway in the rhizosphere soil, and
qPCR was employed to quantify the bacterial and archaeal groups and further predict the bacteria
and archaea that jointly convert betaine to CH4. [Results] The dominant methanoarchaea were
determined to be the CO,-reducing Methanobacterium (36.42%) and Rice Cluster II (11.55%), the
methane anaerobic oxidizer Candidatus Methanoperedens (35.06%), the aceticlastic methanogen
Methanosaeta (11.29%), methylotrophic Methanosarcina (6.53%), and the H,-dependent
methylotrophic methanogen Methanomassiliicoccus (4.05%). The predominant bacteria were
Chloroflexi (21.55%), Proteobacteria (16.88%), Actinobacteria (13.37%), and Acidobacteria
(10.00%). The highest methane-producing rate was observed in the media with the addition of
TMA and betaine. The dominant bacteria reducing betaine to TMA included Sporomusaceae,
Sedimentibacteraceae, Hungateiclostridiaceae, and Clostridiaceae and the dominant archaea
producing CH4 from TMA included Methanosarcina and Methanomassiliicoccus. [Conclusion]
Methylotrophic methanogenesis based on the TMA from betaine reduction is the dominant
methanogenic pathway in the rhizosphere soil of reed in the low-temperature Zhalong
wetland.

Keywords: Zhalong wetland; saline-alkaline wetland; betaine; dominant methanogenic pathway;
dominant methanogens
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1% (CHy) BBk T 29 25% iR = 5om =’
BRAH CH &R Co ki %, HHRS
RN S CO, 1Y 28 £, T HLAE KA h Ay R
12 4E, e CO, (3001 000 4E)E R Z, HIL, %
il CH, HEBCR A Ay S 428 i) 4> R AR e e PR A B A
RIS It 22— 121 AR i AR AR AN o ot o T A
) 5%—8%, (HA#ME T Fifith 20%—-30%1W ik, J&
H e i) B HE IR 2 — P, BB 2 ERAER , B
Hi kA T RE A EE B A B TR . b ) e AR HE
WCRAE N 100-200 Tg, A4 T ERHER S
) 20%4,

BT R e VA8 VG BB S5 2K Tl T i i L e [
R H A RO X FL IR 0 b 2 LY 1) P i b Bk
MEH, WA 21 7 hm?, W2 R R KM
MR FLIE R R AR R L pH {E R
8.34-8.58'%, 3 H Ak Hh MR FNBR A IR L () CH,
HEcm 8w TR g,
pH {8 7.7 WIBEMEIEHAG CH, SR N
14.81 mg/(m*-h)!"), T B 1k Y8 % % ) CH, P34 4k
LA R 0.06 mg/(m?-h)®), Liu P50 & 1 6 15
Hu ) CHy HEBCR I 2 B, R 35 43
B HET B S (7.89+1.35) mg/(m*-h), i Y =5
(¥ 124 FF B HEf HA (2.3540.55) mg/(m*+h). 4
JEEUOVL B 25 K F A A K R e it
FEP AR 89 A, {RHAY-FY CH, HEl
H8(10.7245.10) mg/(m*-h), PEAGLEHG B3
WA Z5(3.9442.25) mg/(m*h) (P<0.05), Liu 2!
K BUAE R A K AL AR v, FLIR IR M
H CH, HER [ 2.(1.96+2.50) mg/(m*+h), X 2L B
GG AR R Hh i 7 5 b ) HE e HE O G
{H P EE J5E R I R AT
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A, EATTRAS IR Y, fETCE
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CO, = H B el (2) L FRE F 7= H ity
WU T B C R B e e (3) M3
B IR B TR L el P R SR IR
J5 R P e 14 PR R 7= R e 42095 (4) HL i8R
S BT (5) R R AR B e
WA (6) KB e R AR B bk AR U
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Ay AR TR K UTRR A P02 i R 7 R
W EEAFTEWG TR, FEIRK IR BT Hh/b LB,
Liu 2500 75 0 o D5 45015 05 kB 8 0 B 1)
B BN, CMRE R bR
FLE FR R F e B 7 3. Sorokin PP
AFTR) V PG i 508 t, DX Ak 080 7 FR o TR A ) o A
B, BBV BE S HUGE T TR A oA, YRR
fiXF 3 mol/L W, ZBRAY™ M beTE H b st m
(Methanosaeta) 5 EHY; MELHEE T 3 mol/L
mF, RSB B A, EE i
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SETRAC I FH e 2 A5 2 L e b 1 0 5™ H e
S e KGR
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1.1 ##
1.1.1 #&

WG R H B AR PR 1 A R AR TR E AR
J6 L e W2 H {3 SR SR B XY (N46°52'—47°32,
E123°47'-124°37"), %X WAFH<E 3.5 °C.
SRAERTIE] A 2021 526 H 9 H, RAEEHLAYF-HK
f7 4 19.3 cm, 135 pH 8.2-8.6, RAEMF 23l
SRR EE 4> ) R 25.3 °CHI 17.5 °C. i
WFE 38 mm Y LB 7E R 7 R AR IR 1 15
(IRJE 0-20 cm), K¢ 545 A i 25 bR R 1w 9
LM EEFERIRA, BALWAREF, 4 °C
TRAFB e %, (R T80 °C& .
1.1.2 FHIEERE

A DAL fy 20 mmol/L 1= H BE 4
H fi(methanol) . — H i (trimethylamine, TMA)
# =2k (glycine betaine, GBT). Z & (acetate)fll
1.01x10° Pa H,/CO, (H,:CO, AT EL N 80:20)%%
Ty BB R R R S b, o S B R O
%% Zhang %P, I NaCl #1 NaOH
P 2 5 R A AR R AR AT pH, iR L
B SS 1.01x10° Pa KH 20 min, 5.
1.1.3  FERFANEE

Fast DNA SPIN Kit for Soil, MP Biomedicals
Nl BUIBKEEER DNA [l &, 634
YR A vl s Ex Tag PCR K& . pMDI9-T
Vector, TaKaRa ZA#l; SYBR® qPCR Mix,
TOYOBO A#l; 2.0 mL FEMHERE, Agilent
/Al PCR K RT-qPCR Fr G I# 4= T T
(M)A A B wl G, AR 32 2
W T v ] ] 2 4 AR i AR ) T AR R AT R
YN

RAAERVERS A1 NanoDrop ND-1000, Thermo
Fisher /vw]; PR/AKSUHEIEYE 246, ig—1{EF)
HA R

vAl; AAHEIE, Shimadzu AH]; A%

0

PERMEAL, BRI ZI0RERE i
Ypids, Bertin 2] ; PCR 9734, A B
PR A F] ;. UKL, Bio-Rad Awl; ST
w1 PCR 1Y, Eppendorf 23 Al .

1.2 EEIRFFELERERNE

121 AEEYIHEEYE PR TEENE

FEREFER PRI 0-20 cm HIL I iR
PEERPR RS 1 g, INAR] 5 mL B4
NIl 20 mmol/L (I FEE . = FH e, iR
B, ZFRH Hy/CO, (1.01x10° Pa, Hy:CO, AT 1L
S 80:20) KW I PR b s e Jkrp, AEFP R
FYBE 4 FAT, 4351 18 °CHI 30 °CHEFR,
il 50 pL BEREETHERR T 40 pL T0Zs <0k,
FHACHR TSSO ek B, 16 W e vk i 1
TR 2 5 61 P 133 e R R e i 3
1.2.2 SHEEIEM GC-14B N ER L

KBRS C18 ARk 38 e Ak VAU 2 T Kl
#%(flame ionization detector, FID)[JAH (235X
e He . Rl 254y . AR 50 °C, #EFED
I EE 80 °C, A gL 130 °C,

1.3 DNA AJ3REL

FREL0.5 g PR PR 4 - AL 5, $4% B8 Fast
DNA SPIN Kit for Soil 5B 45 HE B+ HeAf: i 3t
K121 DNA., F NanoDrop ND-1000 1 1% g b
BE R HL PR A I DNA HR 4l RAF T
—20 °C .

1.4 PCR ¥ 1% RT-qPCR EE N1
1.4.1 PCR #1%

SR A B 16S rRNA [ 514
Arc-F/Arc-R KR 16S rRNA 3 [H 5|4
Bac-27F/Bac-1492R (£ 1)¥" 3 & A1 40 1 1
16S rRNA FE[H . FHEE 140 H i 1 e N B BR R
(Methanosarcinaceae)¥i5t 16S tRNA K:[H 5] 4>
A1 J5g T FEBR B BFH(Methanomassiliicoccaceae) ¥
1) mtaB LRGP 1 EA T 16S rRNA [
M mtaB FEH
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x1 AKARFAEMABSIY
Table 1 Primers used in this study
H B2 [ GIE7/ % S EY/ e 21| BXGRE S BB
Target gene Primer name Sequence (5'—3) Tm (°C) Purpose
Archaeal 16S rRNA gene Arc-F AGGAATTGGCGGGGGAGCAC 53 Amplification of 16S rRNA
Arc-R GCCATGCACCWCCTCT
Bacterial 16S rRNA gene Bac-27F AGAGTTTGATCCTGGCTCAG 48 Amplification of 16S rRNA
Bac-1492R GGTTACCTTGTTACGACTT
Methanosarcinaceae 16S MSC-F TTAGCAAGGGCCGGGCAA 55 Quantification of
rRNA gene Methanosarcinaceae 16S
rRNA
MSC-R TAGCGARCATCGTTTACG
Methanomassiliicoccaceae  MtaB-F GCTGATGCAGAAGTACCRYGA 55 Quantification of 16S rRNA
mtaB gene MtaB-R GTADCCRATRCCGAACAGCCA
Archaeal 16S rRNA V4-V5 Arch-519F CAGCCGCCGCGGTAA 55 Amplification for [lumina
sequencing
Arch-915R  GTGCTCCCCCGCCAATTCCT
Bacterial 16S rRNA V3-V4 Bac-341F CCTAYGGGRBGCASCAG 55 Amplification for Illumina
sequencing
Bac-806R GGACTACNNGGGTATCTAAT

PCR W AKZ (25 pL): 10xEx Tag buffer
2.5 uL, dNTP Mixture (2.5 umol/L) 1 pL, Ex Tag
(5 U/uL) 0.25 pL, Primer F (10 pmol/L) 1 pL,
Primer R (10 pmol/L) 1 pL, ##x (20 ng/uL)
1 pL, ddH,O #M& 25 uL. PCR I 41
94 °C 5 min; 94 °C 30's, 5% TmiRk 30 s,
72 °C30's, 30 MEH; 72 °C 10 min, PCR "
15 BUR PSR DNA RIS 5] £ i B
A5 1m1 i B AR 4541
1.42 T-HIKEER 16S rRNA E[F# 1 AY
TR 2 25 6

W e el i iy H A s Ak Il 1nliic s H
(0 B H2 5] pMD19-T ZRMIF AL KA B
DHS50 Bz A5 A0, Frlr4t B B o s 1) ook 5
RMEILVE B, PR 107'-107°, 42
RT-qPCR FrifE £k .
1.4.3 RT-qPCR EEH#

kAR 1 AWM &R E R
(Methanosarcinaceae)t# 5+ 16S rRNA FE[H 5|4

1 H g 1 T BR 8 Bl (Methanomassiliicoccaceae)
Y51 meaB $ER 514, RT-qPCR & BT EL]
) 16S TRNA JE[K Fil meaB KR % D1 %L, RT-qPCR
AR ZR (25 ul): 1xSYBR qPCR Mix 12.5 uL,
50xROX 0.5 uL, Primer F (10 umol/L) 0.5 pL,
Primer R (10 pmol/L) 0.5 pL, #A4%(20 ng/uL)
5 uL, ddH,O %M 6 uL. RT-qPCR JZ i 51 -
95°C 30s; 95°C 10, 5|¥) TmiBk 30s, 72°C
30s, 30 MBI
1.5 ‘AEFAEHE 16S rRNA EE i FF
FRHURE S LN 4] DNA, K636 e J3 Finali i
WA AT & 5000 20K . PCR ¥ 36 A 0 6 5 41
DNA H 41 E 16S rRNA HE[H ) V3-V4 Xl 15
16S rRNA FEH K V4-V5 X, AE5I18N
Bac-341F/Bac-806R, &1 54)°N Arch-519F/
Arch-915R (3% 1), PCR WK (20 pL):
S5xFastPfu buffer 4 pL, dNTPs (2.5 mmol/L)
2 uL, B, FU#iEI#(S umol/L)4 0.8 uL,
FastPfu Polymerase (2.5 U/uL) 0.4 pL, $fix DNA

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



1516 (YIS Gk

Microbiol. China

(10 ng/uL) 1 pL, ddH,O %M 20 uL. PCR S 4%
. 95°C 5min; 95°C30s; 5|4 TmiBk 30s,
72°C 455, 30ME¥; 72°C 10 min, PCRY 4,
e 2 PR X el B i e R AR RO R W TR
Tlumina F- 5 ¥4 7 PE250 #ECHE RN 58
1.6 FitoHh

ffi 1l Excel #7848 Gt sr#r, M
GraphPad Prism 8.0 3K {4117 & 2l o

2 ERSHM

21 ILEEBHEMTEFORBE=R IS
B 0 40 5 48 B

XL HE A 25 AR PR IR 0-20 cm Ay 358k
7 16S tRNA FENY 3 7P OTU E2K5>
Br, SEEIE] 3 786 Ml E OTU, TSN
HASE B B RE I BT TR 81.70% & 1 K
AN B e R R HERR A, SR IR
T [ G 58 B (Methanobacteriaceae, 32.8%)
FREE e, HUOE PRAECAAAL T e i ik B e T R
(Methanoperedenaceae, 31.52%) . & &M
Rice Cluster II (11.55%). ZPRAEIHH i E2 R
(Methanosaetaceae, 10.14%) . H FEHFH L2\
ZIRE Rl (Methanosarcinaceae, 5.88%) M H, ik
Jt FE B P ke i WY e 3 Kk R A
(Methanomassiliicoccaceae, 3.64%) (Kl 1A), It
R 20 7= H e B JE 25 A4S, MW AR
S AUE R B W LE AT 1R 8 (Methanobacterium,
36.42%), H Uk R DA A AL H B i g R e TR s
(Candidatus Methanoperedens, 35.06%). &
fiR 7Y 1) B bt 22 1R JB (Methanosaeta, 11.29%) .
BHJE R 89 B ke \ & BR I )8 (Methanosarcina,
6.53%) ¢ Hy i J5t HYEE 2L i BT e H B R 6 )@
(Methanomassiliicoccus, 4.05%) (&l 1A).

168 rRNA JEN A bR 2 6 523 4
TR Y OTU, TN 43 2 b 57 Y 20 BRT 1T o A ) 39

(T AR L AT 1Y 64.31%. TL32H 2 4%
T 1 1(Chloroflexi, 21.55%), U RS TEATF
16.88%) . i £ W I
(Actinobacteria, 13.37%) FRFF | (Acidobacteria,
10.00%) . LT [ J(Bacteroidota, 7.42%) . Wik
FF W 1] (Desulfobacterota, 7.77%) Fil J& BE T[]
(Firmicutes, 5.18%) (K 1B). B HIF R I Hh ff)
AN B RAE SRR SR s M P T
JELRE G 1) rp A — LE 41 B ] 3 Jt i S m o =
W , I T A YRR 1 FE R o TR A A R R
DR R FRAT T 1 — 25 3 A JELE TR 1) O 40 T A, &6
SRR AT I IR S0 = P s g B A 1 £
15 12 W B (Clostridiaceae, 46.19%) . E T
(Eubacteriaceae, 3.12%)F1 MR Sporomusaceae,
1.36%) (& 1B).

i BTk, FLIEIRH P B AR PR A AL H
e T o B SR B R BT R . SRR
P52 T M SR/ AL e NS 3K, IR & F
5530 JECRH S B80™ = F i R T B4 4 T AE AL 1R A
R TERE, WEBEE TN R EF . BT
AU R, e AT BAT IR IS S m o A =
H 8 71, J5 # n) o TR 7 R el TR 5 Ak
e
2.2 HLRIRH A FEARER L A EH SR A1 = F
& 7= B i B 7R BK

by i — 200 0 L W TR AR PR A i R
A e A, AR B AR L3RR Al R o)
S C R H e e . =Wk S
8. ZIRA Hy/CO,, FFTEREALIRET pH 8.0
F 18 °CHI1 30 °CHigr 4 Jil; 4§ 2 KiE &Y
A7 e, TSR L e 1 - AN (R I 4 Y
e A8, 25 R MoK, BHSEmA — W e ity + %
=Y BRI Hy/CO, B R
PR 6 33 4 5 TG JRC 0 A o 1 358 g 7 PR o 8 23 A [
( 2)o X U0 I A REmRT — HA e ™ H ot 2 L e 1

Il (Proteobacteria,
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A. 1001 — v Methanomethyliaceae Methanolobus
- w Methanomicrobiaceae mm \Methanosphaerula
/ w8 Methanospirillaceae Candidatus Methanomethylicus
_ 80 |- 7 A mm \ethanocellaceae Methanobrevibacter
§ / 2w Methanofastidiosales_uncultured Methanomicrobiaceae uncultured
3 B \/othanoregulaceae Methanocella
g 60 w4 Methanomassiliicoccaceae — Methanospn‘ f[!um
'g W \ethanosarcinaceae e Methanofasnaffc.):salesinorank
S B Vothanosaelaceae sema Methanomassiliicoccus
e 40t 2 Rice Cluster II Methanoregula
g wm \ethanoperedenaceae Rice Cluster l.lwuncultured
o2 @ Methanobacteriaceae W Methanosarcina
20 / Methqnosaem
m= Candidatus Methanoperedens
/ Methanobacterium
. 2
Family Genus
B 100 ——— g mmm atescibacterota Sedimentibacteraceae
e E mmm Patescibacteria Peptostreptococcaceae
’ mm Myxococcota Dysgonomonadaceae
80 Nitrospirota s Sporomusaceae
- d Gemmatimonadota — wmm Paludibacieraceae
‘3_:, A Methylomirabilota Eubacteriaceae
§ 60 - : - mmm Sva0485 mm Carnobacteriaceae
2 ' MBNTI15 Paenibacillaceae
_:.2 1 . Firmicutes 1 Lachnospiraceae
v 40| H m Desulfobacterota Planococcaceae
B ! mm Bacteroidota Christensenellaceae
E ) s Acidobacteria Syntrophomonadaceae
20k ' wm Actinobacteria mm Bacillaceae
\ Proteobacteria Hungateiclostridiaceae
'\ = Chiloroflexi Clostridiaceae

Phylum  Firmicutes

1 L EEMAFREE L SR RS EA)RAEB) R HEX FE

Figure 1
Zhalong wetland.

M AR B b E A R R, HEER S
e iR A2 g 1 i 4 . RS 16S rRNA J
DKL 370 43 BT S 7 085 3 B 1) R e TR L X 5 i
e, B Hy 5 CO, = I Giid 42 i 6 F1ARAK,
Tk 3K Sy B 7 W b R RS T BR

A FHLE R F AE A AR, FRAT 12— 4
INPALTS Yy e A T (Pl s 7 Y eI i U =
18 °CHI 30 °CAN[A] & ARy P e 2, e B

Relative abundances of methanogenic archaea (A) and bacteria (B) in the reed rhizosphere of

18 °CHyt 2 = H [2.89 mmol CH,/(L-d-g-soil)]
FIFSEHN[1.64 mmol CH,/(L-d-g-soil)]/ F &
R, HEL 30 °CIRAEE P A0 ™ H e %
[=H . 3.14 mmol CHy/(L-d-g-soil); FHZEH :
3.44 mmol CH,/(L-d-g-soil) ik, v al = au it 7=
H e 200 30 *ClRIAE R A 1/2, T H L
B2 ANREE T & R IR e RS ] 3, 18 °C
)& SEYITERE SR 10 d 5 A TF IR B Bi(& 2B), T

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



1518 A 2 AR

Microbiol. China

>
(3o
th

[ +Acetate
= +Methanol
L= +TMA

~+GBT /:/} ,F/fi\yf’\fff

+H3/CO;4/.‘9

i g

0 2 4 6 8 1012 14 16 18 20 22 24 26
Time (d)

[§e]
(=)

—
wh
T

CH, (mmol/L)

[l
T

L
T

0

—e— +Acetate
= +Methanol /k-r.,_‘.ﬁb
20 — +TMA /
~++GBT (

CH, (mmol/L)

Time (d)

2 HEEHAEFERIRE LS 30 °C (A)F1 18 °C (B) AT A [E JiE )15 35 89 7= B e iR 26
Figure 2 Methane production of the Zhalong wetland soil enrichments with different substrates at 30 °C (A)

and 18 °C (B).

30 CCHYBFRYITE 4 d RHRIFFLR ™ H e (& 2B), 5
18 °CHY & EWITE 26 d WA= H Bt 5 30 °CHY
A2 3 150 BH b - o T BE A7 7 iR T ) Y 3
7 HE TR
23 BEIIEEHOMERESREES
B AL JR B SR R A =

SRy A T oty TR R AR T SR ) 2
PRRE, FRATHRHL 30 CCHRAL S 26 d I =H %
FHSERSAN F i 420 DNA, llE H: 16S rRNA
FERYWFHFH] . 25 REE T 388 Ml
OTU M1 383 NMHEK OTU, =H i, FH=Emmn
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Figure 3 Relative abundances of the methanogenic in the methyl substance-enriched Zhalong wetland at
30 °C. A: Compositions of methanogenic archaea at family taxonomic ranks. B: Compositions of

methanogenic archaea at genera taxonomic ranks.
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Figure 4 Relative abundances of bacteria in the betaine substance-enriched Zhalong wetland soil at 30 °C.
Phylum: Bacterial phyla composition; Family: Firmicutes.
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Figure 5 Quantification of methylotrophic methanogens of the betaine substance-enriched Zhalong wetland
soil. A: RT-qPCR was used to quantify Methanosarcinaceae specific 16S rRNA gene. B: RT-qPCR was used
to quantify Methanomassiliicoccaceae specific 16S rRNA gene.
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