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Metagenomic analysis of metabolic pathways and possible
saline-alkaline adaptation of uncultured methanogens of Rice
Cluster II in Zhalong wetland
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Abstract: [Background] Wetlands harbobring a variety of methane-producing archaea emit
ample methane. The uncultured methanogens, Rice Cluster II (RCII), exist widely in cold acidic
peatlands, freshwater lake wetlands, minerotrophic fens, and northern peat moss. However, the
distribution and metabolic pathways of RCII in the low-temperature saline-alkaline wetlands
remain unknown. [Objective] To investigate the diversity and infer the methanogenic pathways
and potential adaptation mechanisms of RCII in saline-alkaline Zhalong wetland. [Methods]
High-throughput sequencing of the 16S rRNA genes in the top layer of soil was performed to
reveal the composition of methanogenic archaeca. We established the 16S rRNA gene clone
library to analyze the phylogenetic clusters of RCII. We then conducted metagenomic analysis
to infer the methanogenic pathways and the possible saline-alkaline adaption mechanisms of the
RCII in Zhalong wetland. [Results] The uncultured RCII methanogens accounted for
13.280%=+0.019% of the total methanogenic archaea in Zhalong wetland and were clustered into
three phylogenetic groups. Two metagenome-assembled genomes of RCII possessed the
complete suite of genes involved in methanogenesis via reduction of carbon dioxide.
Furthermore, the two RCII genomes contained the genes associated with the transport and
synthesis of trehalose. [Conclusion] Abundant uncultured RCII methanogens inhabit the
saline-alkaline Zhalong wetland, and they can produce methane by reducing carbon dioxide and
use the compatible solute trehalose to adapt to the saline-alkaline environment.

Keywords: saline-alkaline wetland; methanogenic archaea; Rice Cluster II; metagenome; trehalose
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WAL, BRI H B 22 # (Methanothrix) 7E
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Fast DNA SPIN Kit for Soil, MP Biomedicals
ONFEL BUIRRHEE S DNA BIGR &, E3EY
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W 51%)(5 pmol/L)4% 0.8 uL, FastPfu polymerase
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Methanobacteriaceae
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Relative abundances of methanogenic archaea in the surface soil of Zhalong wetland.
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Table 1 16S rRNA gene clones identified methanogen compositions in Zhalong wetland

OTU Clone numbers Most related archaea 16S rRNA gene similarity (%)
OTU1 50 Uncultured Methanothrix sp. clone Pav-sed-103 97.15-99.75

OTU2 45 Rice Cluster 11 94.74-99.42

OTU3 17 Methanoregula sp. UBA154 94.84-99.41

OTU4 17 Candidatus Methanoperedens 94.48-99.50

OTUS 13 Uncultured Methanosarcina sp. KWLA25 99.00—-99.58

OTU6 13 Bathyarchaeia 97.25-99.50

OTU7 10 Methanobacterium petrolearium strain Mic5c12 92.92-99.66
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FJ999541.1 Rice Cluster II Uncultured archaeon i
0Q560374 ZL11 (3/45)

FJ982776.1 Rice Cluster II Uncultured archaeon
FJ982775.1 Rice Cluster II Uncultured archacon
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2371 FJ982771.1 Rice Cluster II Uncultured archacon
KF360013.1 Rice Cluster II Uncultured archacon
- JF789589.1 Rice Cluster II Uncultured archacon
10 |:FJ755720.1 Rice Cluster IT Uncultured archaeon
EU155974.1 Rice Cluster II Uncultured archacon
- AB775715.1 Rice Cluster II Uncultured archaeon
h:()()i()()}(w(w Z1.2 (5/45)
46 0Q560377 Z1L14 (4/45)
{ DQ301899.1 Rice Cluster II Uncultured archaeon
DQ301897.1 Rice Cluster I1 Uncultured archacon
[ 0Q560370 ZL.7 (4/45)
00Q560372 ZL9 (6/45)
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LU e e s e e e
0Q560365 ZL.1 (3/45)
00560368 Z1.4 (1/45)
0Q3560369 Z1.6 (2/45)
40| 84| 0Q560379 ZL16 (7/45)
99100560380 ZL17 (6/45)
- IN649254.1 Rice Cluster 11 Uncultured archaeon
AY175394.1 Rice Cluster IT Uncultured archaeon
AB364931.1 Rice Cluster II Uncultured archacon
DQ301895.1 Rice Cluster I Uncultured archaeon
AY175396.1 Rice Cluster IT Uncultured archaeon
JN649231.1 Rice Cluster IT Uncultured archaeon
AB196288.1 Methanocella paludicola SANAE gene for 16S rRNA partial sequence
NR 118098.1 Methanomassiliicoccus luminyensis B10 16S ribosomal RNA partial sequence
QFZNO01012810.1 Methanobacterium Ciliate metagenome

1

Saline

RCII branc

=1

Acid peatland

0.050

B2 IEHBRERELIZEOREFRREGE RCHEHMAZAER  LIFHLLSE(RCD-16S rRNA I
[P 3 0 R ot ES FEER T (RCIIT)-16S rRNA BE [R5 51 LA K HBEAT B VE SR, {87 MEGA 11 304 1 45 4
PHHRGEEEM. T 1 000 IELMEER bootstrap MK IEAL 7 L RS HIFENE, B /Y
BT R SRR AR A OTRRRFUER R RCIL P51, MO RN HAM AR R RCIT KAk
FEF A, 2R 16S rRNA JFENTE NCBI s A8 55, 4552 RCIT B9 e ke 78/ 8 ve e, B
BbR R FEER 5% 1751 22 57

Figure 2 The 16S rRNA gene phylogenetic tree of the RCII methanogens retrived from the surface soil of
Zhalong saline-alkaline wetland. The tree was constructed using neighbour-joining algorithms with MEGA
11 and used Methanocella (RCI), Methanomassiliicocus luminyensis (RCIII) and Methanobacterium 16S
rRNA gene sequences as outgroups. The tree topology was estimated by bootstraps based on 1 000 replications,
and number at each branch node shows the percentage supported by bootstraps. Red letters specified the Rice
Cluster II obtained in this study, and black letters indicated the reference sequences. Prefixes represent 16S

rRNA gene accession numbers and in parenthesis are clone numbers over the total; Bar: 5% sequence
divergence.
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Table 2 Composition of archaea in Zhalong wetland soil with metagenomic analysis

Bin No. Completeness Contamination GTDB taxonomy Relative Relative
(%) (%) Class Family abundance abundance

in all in archaeal
MAGs (%) MAGs (%)

ZL bin.25 89.21 5.305 p__Halobacteriota; f RCI 2.19 38.68

ZL bin.22 57.87 1.960 c_ RCII 3.03

ZL bin.3  62.13 1.633 ¢ Methanosarcinia f Methanoperedenaceae 1.14 22.23

ZL bin.16 52.95 3.271 c¢__Bathyarchaeia f UBA233 1.93 14.08

ZL bin.36 85.46 2.610 ¢__Methanobacteria f Methanobacteriaceae 0.36 12.46

ZL bin.27 76.00 2.225 ¢__Methanomicrobia f Methanosphaerulaceae 0.31 5.83

ZL bin.48 60.55 8.861 p_ Thermoplasmatota; f DHVEG-1 0.69 3.11

c E2
ZL bin40 51.69 7.189 ¢__Methanosarcinia f__Methanotrichaceae 0.17 3.02

Methanoflorens stordalenmirensis F 3t K ZH 14
¥ 1 MR — % (average nucleotide identities,
gANDM IR 63%F1 64%, FIFLIE IR E)Z
T+ 319 RCIL 2 A R F Ho BRI AR B 9 9 Fh L J& T
B

55 % A6 7R £ Al 4k 2 Candidatus
Methanoflorens stordalenmirensis™> fit] % X 24 4
1, ZL bin.22 Fl ZL_bin.25 &4 8 58 % 1) S0k

%3 ILEEHWEIRM 2 %k RCII A9E E HEE
Table 3 Genome statistics of the two RCII strains
retrieved from Zhalong saline-alkaline wetland

ZL bin.22 ZL bin.25
Contig numbers 200 113

Item

Total length (bp) 1166987 1601 764
Completeness (%) 59.47 89.21
Contamination (%) 5.905 5.305
GC content (%) 49 51
N50 7491 23104
rRNA 0 0
tRNAs 14 31
Number of coding sequences 1247 1733
Relative abundance in all 10.92 18.85
MAGs (%)

Relative abundance in archaeal 14.19 24.49
MAGs (%)

Jt AR AR A TR e A R D RE L R (3 4), £
5 HA T HH g ke e it S 2 [R] (formyy 1-methanofuran
dehydrogenase, fmd) , F 5t FF % ik i / 0 & Y o e
W B Tk 55 % 1 i [A] (formylmethanofuran/H,;MPT
formyltransferase, ftr), B J&PUS(H bi s 214k
TR BEEE D] (methenyl-HyMPT cyclohydrolase, mch) .
Fo MRS A SV FH 70 20 PR o e i S B ] (F 0
dependent methylene-H;MPT reductase, mer).

Na ' iz H 3 U & I e v - G 75 il L [

(Na" translocating methyl-Tetrahydromethanopterin
S-methyltransferase, mtr), H L4 M if )5 i 2

i3 L [H] (methyl-coenzyme M reductase, mer), %k
SR TE LK (ferredoxin, fd), Ak nid st
FHH(CoB-CoM heterodisulfide reductase, hdrABC) .

AE Fapo i J5U U BEFE A (F 400-non-reducing hydrogenase,
MVhAG) Fl i 25 & & Bl 3 [l (putative membrane-
bound hydrogenase, mbhJ). i [K 4] 5¢ 3% i o 5
) ZL_bin.25 i HAT Fape MY MV HY JE DY S H
JoE MERS i S (F 420-dependent methylene H4MPT
dehydrogenase, mtd)Flfig &t % 1k = Mg 3L A
(energy-converting hydrogenase, €nbQ), {H I 7k & Bil
HEARW . W WEEE o mAR™
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Fz4 ILEHBEEH 2 N RCIIMAGs HBREFEEZER
Table 4 Genes involved in methanogenesis in the two RCII MAGs retrieved from Zhalong saline-alkaline

wetland

Abbreviation ZL bin.22 ZL bin.25 Function annotation

fmdC + + FH I FE o8 1k R Jlid &0 Formyl-methanofuran dehydrogenase
ftr + + FH gt B 1k /0 40 Y e g vy P T % Tl
Formylmethanofuran/H4;MPT formyltransferase
mch + FH 35 o & FR g e 04 1Ak 7K f#E i Methenyl-H,MPT cyclohydrolase
mtd - Fano M A 3TV FF 255 D 4 FE 5 e & 5 &=
F4y0-dependent methylene HyMPT dehydrogenase
mer + + F a0 M1 114 31V, FR 356 D) &0 R e A 4 3 L Tl
F4z0-dependent methylene-H,;MPT reductase
mtrH + + Na" % iz FH L DU &0 R Joe e % - R RS 6 6 il
Na' translocating methyl-Tetrahydromethanopterin S-methyltransferase
mcr + + FH I 4 M 18 R Methyl-coenzyme M reductase
fd + + B4 IA B 1 Ferredoxin
hdrABC + + 5 B AL i85 CoB-CoM heterodisulfide reductase
MvhAG + + Fupo BB 5 PE S B F4n0-non-reducing hydrogenase
mbhJ + + Jlit & S Putative membrane-bound hydrogenase
ehbQ - + it 551k A i Energy-converting hydrogenase

+o JENAFAE; - ENAFAE

+: The presence of the gene; —: The absence of the gene.

I Be i A LA K Y B8 I 11 B B i AR AR SG 1Y

J{48 Ca. Methanoflorens stordalenmirensis
5 7L bin.22 F1 ZL bin.25 ¥J@ T H a8 54,
B5%Z H PR FATE, AR &
i hdrDE (CoB-CoM heterodisulfide reductase),
HICA M2, Ui RCIL B gty 1 T 40 i e 2
ARVERAE, A ZL bin.25 & A LSS AR
10 5 b S 3L [X (energy-converting  hydrogenase,
ehbQ).

5 b RTig, FUe e - e RCI K
MAGs F B f i, %5 44136 RCIT R 21
rh S e R Y S i AR A F B R A 1 ) g
BRI, BB O S0 IR B e A
24 FEEREFSWMEBRILEZEZE RCI
] BE B it 28 6 A1, 16l

WF 58 E M W3 V3B 32 1 = AL A 4

“ER R R AR RV SR L < AR
% KA S AT 5 Na ok B2 KR0S
/BT — RN B E R 5, YR T
I AR (3B IO T HE Y, R
i W% 56 vy TR E 2ok MK 5 B85 R B U L
VAE IO T W N SR PR A SR, A 4 DR 7 20 T
ZBBEENERY LR 450 kB

ZL bin.25 %A 3 4~ K'#%iz ATP [ (potassium-
transporting ATPase ATP-binding subunit, kdpB)Z
G 3L A JIDDPFIC 00422, JIDDPFIC 00993 #
JIDDPFIC 01677; 1 A~4%5 1+ 00 8 5 -l iE
(calcium-gated potassium channel, mthK)Z i3
JIDDPFIC_00325; 7 /™ b/ 22 2 Wi is 2K
[1(Trehalose/maltose import ATP-binding protein,
malK) 4% 5 % [, 2 #f JIDDPFIC_00459 .

JIDDPFIC 00586, JIDDPFIC 00652, JIDDPFIC
01263, JIDDPFIC 01509, JIDDPFIC_ 01610 i
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JIDDPFIC 01626 K 1 A4 i i 5 0 G 3k X
(trehalose synthase, treT) JIDDPFIC 01355, {H
RPN EHSEOAN I N . Ding M RIE, 78
50-100 g/L NaCl H ) #g 5 # Halorubrum
kocurii 2020YC7 JfL P 9 ¥ AR E (2 35 1 T

IR 1 R AL 1 K A, BEFE X RN IR B h AR K 1
U i ER T B0 FEBE TR, DR AR %
X I CH, HEC 3R 3h 3% . Liu 450 Zhang %5
WF9E K B, FLOE ER s b 2 R e HE il ) A
ABFSEE T 16S rRNA JE 1S 5y B 2 5k

DR 20 2 A L e 6 0 2 ) P et AL, R
PR R 77 H ey B RCIT B4, B e A%

R B BE i i RCID A] fE ) FH VA S 2 v 2
Pt B eI, M e H e SR el Er 4 i A

FEE 1 (K 3), L O80T M 1 B B HE A — E srmk . X H be
16S rRNA FE[H 4= K 7341 1) [R] R PR 40 #r & BE, #L
A B
3 wASER e T A0 RCTT 2R 7 T H 2 5 (i
N BGERBROR K 4328 & Bk, TEERALT[R] TR 1 AP R T BR YR Ve 2k b ) AT 2R . 22 Rk

MthK

[ ] —

KdpB_1 KdpB 2 KdpB_3

:

Fd, 9O oy ¢

EhbQ Fmd
Fd, Fd,,
™~ CHO-MFR @
Fir k= HMPT
MFR
CHO- HAMPT
Mch otz
¢ & F4vu
CH=H,MPT Tre
MtdF 420H
CH,=H, MPT CH, Fd_,
MalK 9 F,,0H T CoB-SH re
= Mer 420072 C/mvhABC
k:A Fo, e Ceon. s-s-COMDC EirAB m
— CH,-H,MPT —» CH,-COM
Mtr 3
MalKil 0 Tre Tre Tre
\ MalK_5 MalK_6 MalK_7 MalK_8 MalK_12
B3 HEW E’J?Ltlifﬂzﬂetn?ﬁE G BE RCII BYFEERHLE]  HMPT: DUS I LeMEnS; TreT: WHFMEMS

fity; Tre: it e iz ATP
ERB

Figure 3  Predicted saline adaptive mechanisms of RCII in zhalong wetland. TreT: Trehalose synthase; Tre:
Trehalsoe; MalK: Trehalose import ATP-binding protein; KdpB: ATP-binding subunit; MthK: Calcium-gated

potassium channel.

TR ; MalK: G547 ; KdpB: K52 ATP MiF; MthK.: 55845 il B
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DRI 2 2H %€ 1) ik PR 2H 2 A fE I e B, L e ER iR
LAY RCIT 38 2o &0 Jit — S Akl ™ H e , 7T R
1) Vg S W 3 107 R B A 5%

HETHEET 16S rRNA JE[E Z M4 BT 1g Al
RCII J7{Z 3 A AR L vE i s rh, i 4B
(9 RCIT =253 A5 T 7 A M 0 AR A 8 ¢ 8
(pH 4.2-4.8)"2 WK | BEACTE R
by 18 i 6 Y VRN W A AR S0 AR L 9 IS Ak R
T YU P A 35 (H H AT A SRS RCIT H g
W ARG SR Y o X RCIL AR W2 ik R AR5 34
A28 1) 3 M-t R % DA i L b P 3 R TR il R
2R 15 B ME — — AR 7 B R A 1
Candidatus Methanoflorens stordalenmirensis /3
B, &3 H R A R A AR S R kAR )
254 16S IRNA R ZHEVES 0T . REEK T 04
R LA b, 2 IRFL e 36 5800 v A= 35 4
RCII RBIERE, REEHH = R ellE T
FedSE H, {3 ZL bin.22 #1 ZL bin.25 51Kk
A B LA RN T, AN B A i €0 28 RIS B
S Ak iR R HArDE, W% 7R FL 0 12 H Y
RCII JCHESS A FIPEE RS, SCMIER
R A 5 R BEAS TR H A RER T TR S il AR C
AP SR, S5Eibk Candidatus Methanoflorens
stordalenmirensis A~ [A] , ZL bin.25 &4 40 il fEE 4k
A 1) e 1 1 10 S0l 4 B 3 [A] (energy-converting
hydrogenase, ehbQ)!**!. X F WL e 1 b i RCII
G0 I O e e o i A 7/ B L
MvhAG/HdrAB &4, il id v 5 B AL ALl
Hk CoM-S-S-CoB i J5 = E Hilde, ST LA
JEEZE G 1) EhbQ )7 A Hy FIA S S R E AR ) R
M, JaE AR s HEGRRE R AR 1 28 R
Jit CO, 7 F Pt 5 FP e R R L 12 1, RCIT i i
P A AT AR ARG . IRE T 7 e 4
R i

S ERALHRIA R, B MR

ik

J A i W R T T R E A S B AR R
TN R AR R EE , WU KA R B,
B BRI HERS , N R RBTE B Y B 2
iR B EHEERRY (ERF STt W, Wi mg vty o v
I Z A WL TS A H R R,
AV AR T S B S A E R B
AR 5 FhigAs G U RE , 2052 OstAB .,
TreS. TreP. TreY il TreT 2P, MWFL K1 Hb
ER TR A B ARASF I P RR RCIT H G 7y 77 19 S i
Fo & 1 BEWERL 5 FE A DGR, R
Fe i T8 RCIL R 5 g R RS mg R AL
B o) AR A A 2200 L 7 AR R T R i is 2
AP SEINENEZS A

Zr Bk, AR & LR SR Hh R 2
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