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Abstract: [ Objective] Elevated near-surface ozone (O3) concentrations have been shown to reduce methane (CHa)
emissions from rice paddies. However, the underlying mechanisms regulating soil CH4 production remain poorly
understood. Thus, this study aimed to decipher the mechanisms regulating soil CHa production at different rice
growth stages and identify the main controlling factors. [ Method] In this study, a widely cultivated rice cultivar
(Nanjing 9108) in the Yangtze River Delta was used to investigate the effects of elevated O3 on methane production
processes. An open-top chamber (OTC) system was employed to simulate elevated ozone conditions, including
ambient air (NF) and ambient air supplemented with O3 (NF40 + 40 nmol'mol"! Os). Rhizosphere soils were
collected at the typical growth stages of rice (the filling stage and the maturity stage) and subjected to microcosm
incubation experiments. Root morphological traits, soil carbon components, microbial abundance, and methanogenic
archaeal community composition were simultaneously analyzed to elucidate the regulatory mechanisms of O3 on
CHj4 production. [Results] The results showed that elevated O3 reduced specific root length (SRL) and specific
root area (SRA) during the filling stage of rice, while enhancing soil organic carbon stability during the maturity
stage of rice. This simultaneously altered the community composition of methanogens, characterized by an increase
in the relative abundance of hydrogenotrophic methanogens and a decrease in the relative abundance of acetoclastic
methanogens. Os elevation reduced CH4 production rates in paddy soils by 38.1%46.8%, with decreased
acetoclastic methanogenesis rates by 66.6%—68.1%. Conversely, CHs production rates via hydrogenotrophic
methanogenesis increased by 6.1%-24.7%. [ Conclusion] This study provides a process-based understanding of
how elevated O3 regulates methane production in rice soils through coupled changes in plant root traits, soil carbon
stabilization, and methanogenic community structure, offering critical insights for predicting CH4 emissions from
agricultural ecosystems under future O3 pollution scenarios.
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A 67.8 mg-kg 1281,

LK FE PR A “FERE 91087, 2023 4F 5 H 23 HEH, 6 H 20 HisHEKHA ML
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(Tukey-Kramer HSD), L#; NF 5 NF40 AbHL A %4845 02 5 (R PR3 CHy P2 A R
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K (B 1a, B 1b). O3 IKEEXTHR bR 38 CHy P2 AR TR R AFAE 35 520, 5 NF ML, NF40
Ab TR RAR AN A B I CH, 77 AR % 38.1%~46.8% (P<0.001). JZAMIML bR 1% CH, 774
TR HE I IR PRI 2.5%~16.1% (P<0.05) (B 1c). FWH7) CH:F Wina, w4
FRBR -3 CHy 724 RBURESIPEL (B 1a, B 1b). O3 IREEXTR R L3 2 TR A g i F A 2
AR CHy P A R I EE B (P<0.001), 5 NF #HEL, NF40 A3 s A A% 4% CH,
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Fig. 1 Cumulative CH, production concentrations in rice rhizosphere soil during the filling stage (a) and maturity stage (b),

CH, production rates (c), hydrogenotrophic CH4 production rates (d), acetoclastic CH4 production rates (e), and relative

contributions of different CH, production pathways (f)
2.2 RFRTIRFRLA 53 RIKFEIR RIS
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SENEA Pk, AERIERZE KT (P>0.05, & 2g).
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Fig. 2 Rhizosphere soil DOC (a) and MBC (b) contents, specific root length (SRL) (c¢) and specific root area (d) of rice roots, FTIR spectra of soil organic carbon (SOC) under different treatments during the filling

stage (e, f), and the ratio of aromatic (C=C) to aliphatic (C-H) absorption peaks during the filling stage (g)
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2.3 REFTIRMEYFE R =R REREEN

O3 WK FETFn K FEAR bR T3 AN T L b BRA ™ F be o =F R e 25 5 m (P > 0.05) (&
3a, b, c)o AREFHN LHANEF LT RZELR (P>0.05) (|8 3a), X355 B A
HBE R = AT S35 5 (P<0.05) (18 3b, & 3c), Hirh plesh i b398 vl 3 == FE OB S 3 1K
21.8%~47.4% (K 3b), merd FBEFFL 21.1%~22.6% (K] 3b). O3 IR FEFNAE B HAIAS H AN
PN A R (P<0.05) (] 3a), 5 NF ALHAHEL, NF40 ALBEHE AR bRt 3940 i
F I 3.8%~27.0%.

O3 WRBETHmx T HE B o ZREMEC R E (K 3d). 5 NF ALFAHEL, NF40 4k
PR T Methanocorpusculum Methanospirillum~ Methanoculleus~ Methanofollis A%}
FE (K 3e, P<0.05), KT Methanobacterium, Methanosarcina, Methanoregula F
Candidatus Methanogranum fAXf=FE (P> 0.05). % AR SRR s IhyE R 21 g 7K 7 17 H
FEB AT /- KK, 5 NF ACFEAHEL, NF40 AbFRFRAS 7 SRR AW AL ™ HBE AR b (&
3f, P>0.05), I EE R R RAG S EL, ERTEREEER (K 3f, P> 0.05).
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JKFEAEKHT I Rice growth stage IKFEAEKITHA Rice growth stage KFEAEKHT Rice growth stage A-E Treatment
e) FEIRI  Filling stage £ 2 100 HEX N Filling stage
b Methanocorpusculum 3 &
& Methanomassiliicoccus i g 5° :«Tl a
21 Methanospirillum § 3 T5¢ /
a% Methanofollis i‘,% % ‘?)
w2 Methanoculleus %E: E 8 50¢
¥ | Candidatus Methanogranum o g =
a’_% Methanoregula w = 8 25¢ a a
& Methanocella T g © /
a7 Methanosarcina & e 0 _— S
1 A 1
T 7 7 Methanobacterium A =% . - &E@i
60 50 20 10 0 hydrogenotrophic  acetoclastic
FE = methanogen?sis methaf:) genesis
Relative abundance /% NGBS T

Different types of methanogen

Kl 3 ARBRAIRAATE 16S IRNA (), 1 16S IRNA (b), merd () JERPENH, 7 HUGEH Chaol F8%L (d) REEEAR (e FARRIZEAL™ HUGE AR EEE (D
Fig. 3 Gene copy numbers of bacterial 16S rRNA (a), archaeal 16S rRNA (b), and mcr4 (c) genes, Chaol index (d) and community composition (e) of methanogens, and relative abundance of different types of

methanogens (f) in the rhizosphere soil
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24 RERTEFRRRERENSIMNER RWE XM

HE da AT51, AFE O3 IRFEACEET, AR B 35877 H bt B BER 20 A A 1 o B St 1) s v
(R=0.5137) . Hrf, BEEHMRIE PCol (52.6%) WA EAFAEREZESR (P<0.05) , 1
HETE LAY PCo2 (29.6%) HIorAi R EZER (P>0.05) o Bl 4b AHRMES T 45 R BTN,
PR 3% CHy PP AR S O3 WL 2B Z A (P<0.001) ;5 SRR LIEMEFEE R
EZHHK (P<0.05) 5 5 merd BFFEEREZEIEMAX (P<0.0D , 548 CHy "4
HERERZEIEMAX (P<0.05) o RETLIELREES CHy = EEE S O3 W 22 2 57 AH
K (P<0.0D) ; HEM CHy EEE R EEZE MK (P<0.05) . WRppIEEEFRE CHy ™
ATERE O IREEMEZ EMK (P<001) ; SYEFEEERZEEMEL (P<0.05 ;5 5
merd FEREE 2B E AL (P<0.05)  REFTIE merd FEE O3 RE. HIEFVRIEE
PECL A F 5 2 R MK (P<0.05) , 513 DOC FEERFIEMRK (P<0.05) .
TIEA RS 2 M KFER & SRL. SRA EREFFAAMEL (P <0.0D) ; 518 DOC £k
BEFMHER (P<0.01) . /KIFE1IE DOC 5K FR SRL. SRA £ 553 IEAHIE (P<0.05) .
/KFE+3E MBC & & 5/KFEHR & SRA £ EE IFMSE (P<0.05) 5 571 16S rRNA H[H ¥z
EREE MK (P<0.0D .

Mantel K367 AT BREE TR CHy PP AR R 5SS R F LW Methanoculleus FHXT
FREREZFEMX (P<0.05) ; SEEFRAHLEE Methanospirillum % 3= FE 2% W3 1E
I (P <0.01) « EEFRFHIEE Methanocella 513 MBC S &EREZFH FHK (P <
0.05) . LK CHy 2R id 12 5 G R EER P Y5 B Methanosarcina 25535 1EA19E (P
<0.05) -
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T SRERER S B SR S AN T AR E IR TR G R S IR A B RIS ¢ AT P B BRI i DT
FER DN EIRFAR AT RZ AAR G 1, IEREP*FRR 0.01<P< 0.05, **FIR 0.001<P<0.01, ***F X P<0.001;
MPP:CH, P45 %, Hyd-MPP:AUE 751 CH, PR, Ace-MPP: ZERK M CH, =A%, B16S: 4 16Sr RNA J:[
5 0UHL; A16S: T 16S rRNA JEE$5 T4 Note: In the Mantel test, line colour and thickness represent the correlation coefficient

r and P-value, respectively, between microbial community structure and environmental variables. In the Pearson correlation

analysis, square size and colour intensity denote the correlation coefficient r between environmental variables. An asterisk (*)

within squares indicates 0.01 < P < 0.05, double asterisks (**) denote 0.001 < P <0.01, and triple asterisks (***) signify P < 0.001.

MPP: CH, production rate; Hyd-MPP: hydrogenotrophic methanogens CH, production rate; Ace-MPP: acetoclastic methanogens

CH, production rate; B16S: bacterial 16S rRNA gene copy numbers; A16S: archaeal 16S rRNA gene copy numbers.
Bl 4 MRBR 8= AR B EARAR T (a) S SRR IR B JRIEAR DG /04T (b)

Fig. 4 Principal coordinates analysis of the methanogenic community (a) and Mantel test and Pearson correlation analysis

37

http://pedologica.issas.ac.cn

(b) in the rhizosphere soil



+ %
Acta Pedologica Sinica

3.1 Oz iREFA ST K FEIR R RARPR IRk LE 75 B 5200
Os WK FEFFmiB i MHIKFE FOCE 83, WA E WA RIS, BN 5URE R
A M AL RS, B GERRAR K S ik, 2 R B0 K IR & SRL 1 SRA HIFEAK (&
2¢, &), #EHSCEFIERA . AT O3 IRETHE TAME BN % DOC F &5
W T4 MBC & A LB (P>0.05, Kl 2a, B 2b) , X5 Changey FP1EZ H +
55 Morsky SFHOE YR H AR 25 R 40 R 7T 25 AR, . AN JARE St ORI, O IRFETH
AOHE N TR H R ZAERPR 13 d DOC 5 MBC FEH. XATREZH T O3 MIER &
DOC FBTIILA e O3 W BE i v 538, (VAP N B3 2431, T AT e e Al 145
DOC 5 MBC & &7 . AWFFirh, il % MBC &8 23 P& (P>0.05, K 2b),
iX 5 Bhatia S52EREH 3 BT — 2, 05 KT 23 F# ik £ DOC 5 MBC & &,
X AT e BT SRR BE T BRI T A I T A BRI, S EURER DOC & & R, T
TR AT S eI PR, PRI MBC 2 & il 2 /D20,
AHIE TR I SR FE T i PR AICHE SR /K B & SRL A1 SRA, 38 Il A /K FE A & SRL
A SRA (K] 2¢, KBl 2d) - Kou ZFMIBFFL R, S S FFRRKRE AR K EUAR AR,
HTH & SRL F1 SRA IRFAR, (H/KFEM RS Tl b, AR BRAsE N 125 (8] 4 A BE 4R
s, (kR A MUK R AR S e e A, AT S I 0 3 A Lk A e MEdg o (& 2g)
H2Z MR, Qiu FFUIF R Os WFETH R R RGN LLAR K, (AR Pk il % 9 it
LA FUR B 2L, AT A G A LB SR S AN LR () PR 23, AT PR A1 335 Bk
FE M. [FIRF, ZKFEMR & SRL Al SRA [EAIKEAR AR R W S N &, (Ha2 O Hha
75 T IR 2R 20 W W 8 - v e B8 A K B o LU i U080, b e 8 3 B30 3 WL A e 1 4
g (B 2g) , DRI R IR LA WA € 1 5K AR & SRL A SRA 35 3 AR K
(Kl 4b, P<0.05) .
3.2 O3 iREASKRIR L IE - R R A R AR 200
EERT AT AR (1) O3 WRFE T myid i 38 0 —H 3845 Uk Az s PSR 3 i g FE 3387 HR o B
FXTERE, IR REIR Oz WREF R FEAIK T SRR B AT 2, 39hn 1 &0E
R HGERARX B (B 30 , iX 5 Feng SFRUERGH LI R AL 45 R —3, XMz
A5 P 277 ot B JEC A AL 7 8 i AT AR AN [R A DRT2-130, 2R e R 77 PP e ] Py i S A 2 7] g
e FEYILENE . O3 e I 2 38 He 3 i A BB 73 i 20, S BUR b 438 A ML fs e 1t T s
(B 3f, P>0.05) , MK 5 5 a2 I L Ag), 98b 7 SRR B 7= FH b B R A
BERE, HE S BILARR R (B 3f, P>0.05) o ZU8 R H e v 110 i AR 20 AT B A
1E O3 B R, FKFER R4 AH 53 R A LR FNAINIRAT AR N\ S8 I, 3 T 184 38 mhowfl %
SRR P B, P T A R AR i I S B T BRI TR 43 AR FHATY, AT SR ) - S8 4 R K R b A
(& 32) , i H3EANE A MBC [ B 0TiRIEHE, 7 LERTIE 60%~70%048), a1 7K AN
RIVER, ¥R FEWRD /00128, FIRPBEBORE Ho F1 CO.M), A E A
FGERE SR T 78 2 MR, IITTTE DI RER LK P a1 8UE 77 247 B 1l 1R B AR AR X
te (B30 o SR, FEIZSRBENES, AR B @ XTI R shme B AEAE 22 5, AESUE IR A /Y
Ft B R K E I NI, Methanobacterium [P ZRI5 5 MG KBRS, R FLAR G =F FEFEAIC, [
B HAAE R H IR E RS E 2K A", Fitk, Os IKEA®EFZMHT
Methanobacterium FXFF LK, M Methanocorpusculum, Methanospirillum, Methanofollis,
Methanoculleus FA%FE R E TG (B 3e, P <0.05) , &R NEE TR F L AT
FEHIN (B 3f, P>0.05) .
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3.3 O3 AREFASITIRFRLIE CHy A= I IZHIF2 T

AT (2) O3 W Tyl I FEARAS Rl A2 F e TR A X 3 B RAM il AR B 4% CHL,
PR, RIS AR IR Os IR TH ] LR R BLIR AR CHa 7 AR T3 3R K™ H B R AE R =
JZ, AEBEEUE TR CH, P AR 2 K™ B TR AN F2 5, X 5 Morsky SEUOETR R ML R 45E
PRI B XM AERCR R, AT RE R T BRSNS Os BB T 3 A BRUE
AR BN BEM N . 72 O3 WRETH e 26T, i T 508 78 AL HY e i A 212

(Methanoculleus, Methanofollis, Methanospirillum, Methanocorpusculum) W12ZEHEN (K
3e, P<0.05) , KEFEMH TR EEAE IR CHy 74, m&HIN 7 A8 778 CHy ™ E
AR (B 1D o W ERHR, 1X E 84558 T R WA A0 B0 MR A UK 1) 0 i, N EE FR A
HGEE PRt 7 HFEEH Ha Al COL JRAHT- 491,

[FIE S O3 WP T i FEAR SR R B 20 7™ B e BRI AR N F B2 (Methanosarcina) , S #4011
CTRKRTER CHy PR (B 1e) o W LR, XATREEFEY O3 FEAK 1 HER BIK TR AR 1
SRL #1 SRA (K 2¢, ¥ 2d) , FE G MR R PN RS, LIRIRYIH B = HH
FON IR SRR AT CHy P AR IR O R U130, U4k, Os WREETTH i S BHIAR R 3241t
AR T HRPRI AL IR AL (Eh) B4 (ROL) g /J00, SX PR SE IR i3 vl Rt —
A TR EPR AR U ) 2 BR Y R o B PR D 213,

EARERRE, RE O Mo e E0E 77 8 H i@ R I I AMERLN, [T 1 3
FAXTTTHRA (B 10, (HIXFRAMENE A L LR Kb SRR I 2™ R e A ARDX Do ik 2 1) o
I, CRKRBMP ™ Aidie 5EUE SR M PG @il 2. 1 KHHI 1S CH, A0,
H T EUE TR A R G A I R ) e B e A R s BT AR IS T LR R A FR e o R 012130,
Rk, LA CHy AR RIZ N B, RAET TKRELHEE CHy AR R
EIEAC (B 1e), BAFE Oz IRFETHESTHE H CH, HFB08E & 23 FEAKIS. O3 IR FE Ty AR
TEZ W BRI AR R CHy HFBEI RN, E IR AR SIAE R ARSI EEAS b, T2
THEYDCE T Z A, MR E A R 35 A R N B SISO B . X 48
AT ARRRKA O3 15 MBS SR, R A RGHAGIE D Re 5245 TR KUK .

4 75w

O3 IR EETH = B /K AEAR 2 SRL Al SRA S AR Bis L334 LA Ao s P & B2 /K Rl b 1 3% CHL,
PR EERER. BT NF AR, NF40 ZbBLE HH] K REMR &2 SRL 1 SRA, (e R+
A HUbRARE 1, 32 17 SO AR s - 438 7 R o B R D RE R E VR 4540, IR R P 2 7 FR ot B AT
FIERRAL, SEFRAH LA FEIG N, R4 FEORR 1 CHy 7 42 3 %6 BRI
38.1%~46.8%, H-A1 LKA CHy 7= A FEIK 66.6%~68.1%, ZE 7= CHy = AL Tl 4
T 6.1%~24.7%. VA28 B4R 7K FERBR L3 CHy P AR FENT O ¥ T i (19 52 24 i S AL
i, SR KFEAR R - WANE R O YR FEF i R HER2 M ARG FH CH FERUR G ER R 7, A 708k
AN BB . AR TR — P ERT O3 WRFE T2 A N AR R 20 WA W P 2 53 738 A % 6 e
CH. HEGE FE AR FE ML o
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