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The Effect of Elevated Ozone Concentrations on the Methane Production
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Abstract: [ Objective ] Elevated near-surface ozone(Os)concentrations have been shown to reduce methane(CH,)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 CH4 production at different rice growth stages and identify the main controlling
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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™ O;).
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 O; on CH, production.
[ Results ] The results showed that elevated O; 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. O; elevation reduced CH, production rates in
paddy soils by 38.1%—46.8%, with decreased acetoclastic methanogenesis rates by 66.6%—68.1%. Conversely, CH4 production
rates via hydrogenotrophic methanogenesis increased by 6.1%-24.7%. [ Conclusion ] This study provides a process-based
understanding of how elevated O; 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 O; pollution scenarios.

Key words: Ozone stress; Rhizosphere soil; Methane production; Methanogenic archaea; Soil organic carbon
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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( ¢ ), hydrogenotrophic CH, production rates( d ), acetoclastic CH, production rates( e ), and relative contributions of different CH, production

pathways ()
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absorption peaks during the filling stage (g )

7 A HLRR Ak 25 B T LA 1AM 6 3% R A i
FLf 2Rk, B 1600 em ™ BRI EAL S & iR C=C )
45 PR 3hi4 5 2 940~2 800 cm ™' Z [A] g i ( C-H )
ARSI R A (B 2e, [ 2f), ZHLIE B 2
WIASE TR AL AT MLt & il sy, AT LB AR s
Z TG Lo A AR B B g, A LB AN e PO

AHEE T NF ZbH, NF40 43R 2R Pr 1 34 HL

ek e YEA b, (BRIBBE AR (P>0.05, &

2g )o

23 RETEMEVFEERFREEHESEN
O M BE T m X /K AR B - S0 TR L ol B A=

Wi FEY R EEW (P>0.05) (K 3a, b, c).
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AN TR A BI04 S 40 B = B T B 3 (P > 0.05)
(P& 3a), Ttk 39 ol B A 7= F e B = A (3
(P<0.05) (1#3b, [ 3c), HripEu et 4R
T HARAR 21.8%~47.4% (B 3b), mcrd FEFK
21.1%~22.6% (181 3b ). O VREEAIA: T IS AT
Y A WS (P <0.05) (8 3a), 5 NF 434
Eb, NF40 ABESEIARFR 3820 B F B 3.8%~27.0%.
O3 M JE T imy % T P BE VR o ZHAEMETC
s (1 3d), 5 NF ARFAT L, NF40 b3 i 2548

= T Methanocorpusculum . Methanospirillum .
Methanoculleus . Methanofollis ¥A%} £ (& 3e, P<
0.05), F#AKT Methanobacterium, Methanosarcina,
Methanoregula 1 Candidatus Methanogranum FiX} =
JE (P >0.05), IR BT E BB E K
= e R EA TR A B, 55 NF ARBAH L, NF40
Qb PRIGAR T LR R BB R Ge R AR 5 T (] 3f,
P> 0.05), Hhn 1 U8 3R A e AR & ke, E
W EEzs (K 3f, P>0.05),

a) )5 b) 9
. - 8 8
P CINF EZNF40 o Oymns Stage:* | .~ O;mns  Stage:*
B 2 e 20 O;:ns  Stage:ns i g o0 O;xStage:ns 5 o0 0O;xStage:ns
H oy = O,xStage:* rog 6 2 £ 6
<= } ’ =g ‘é g
#2315 i a g s g9
<Es a 2 S =
287, 2L ¢ o
238 83 ¢ RE
©° g g —~ 3 & s
238 05 K i E
§22 <2 =
0.0 - - 0 -
R A TN JEAI TN TR
Filling stage ~ Maturity stage Filling stage ~ Maturity stage Filling stage ~ Maturity stage
TKFRAE KA TR I TR AR
Rice growth stage Rice growth stage Rice growth stage
d) €) — — f) «»
M Filling stage o 1 2 % 100 JER Filling stage
— ethanocorpusculum mE..
2 1650 IR Filling stage Methanomassiliicoccus i‘%[ § % a a
g 4 Y Methanospirillum S}l\ £ 5 73
[PR=) 5 . S 9
=R 1600 : Methanofollis P = 50
%% a 2 Methanoculleus e
i‘EE 1550 v Candidatus Methanogranum ¥ -?__. 8 55 a
== 1500 ] Methanoregula g 2° J
g ] Methanocella E 0
5 1450 Methanosarcina Edii 2R KR
NF NF40 7 Methanobacterium Hydrogenotrophic Acetoclastic

AbFR Treatment

AR 2

Relative abundance/%

methanogenesis methanogenesis

ANIRIZERY = 5
Different types of methanogen

Kl 3 MRFREIENE 16S r/RNA (a), B 16SrRNA (b), merd (c) FEFEE I, F=HBEE Chaol $5%4 (d) MEFEY
W (e) MARRIZER R ARXT E R ()
Fig. 3 Gene copy numbers of bacterial 16S rRNA (a) , archaeal 16S TRNA (b) , and mcrd (c) genes, Chaol index (d) and community

composition (e) of methanogens, and relative abundance of different types of methanogens ( f) in the rhizosphere soil

e RpE A BERAEE (P <0.001) ; SARPR 40
WEERERENMHE (P<0.05) ; 5 merd EHEL

24 RERTETRIEEBEEENSHERENE
Xk

M 4a AT, A O WREEACFE T, HRPR 3
PR BT AR O BB (R=
0.5137) . Hrr, #EEAMAE PCol (52.6% ) M5
i FEE B EZER (P<0.05), MRHEA AL PCo2
(29.6%) Wysrfii BB E2ZRS (P> 0.05) . Kl 4b
ARSI BT 25 R o , ARPR 38 CH, =A% 5 O,

HEWRBFEFHLE (P<001), 5288 CH, /&
WAREPETFME (P<0.05) . WIrTHETR LR
Al CH, PPAHRY O WE R B ERNAHL (P <
0.01 ); 5 &8 CH, ™ A= 3 #6532 17 AH OG( P<0.05 ),
RBR HIEEE SRR CH, AR Oy WA 2K
FIEML (P<0.01); SHMEFEEE R EEME(P
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<0.05); 5 merd BB REFENMI(P<0.05),  RErLIE merd FHEE O3 WE . HHAHLIREENE

a)
N0l o PERMANOVA:
R=0.51
NF ﬂa P=0.1
0.4t Group 5
ONF o
© NF40
<02
<
N
)
o
S
=9 a
0.0 ¢
Y ==
0]
I L O L L I
202 0.0 0.2 04 & O
PCol (52.59%) =
b)

o o
& A
-
=)
g

0O,

Hyd-MPP Pearlsgn's r

Ace-mpp | 05
0.0

-0.5

LB

Correlation direction
— negative
positive

Methanobacterium

Methanocella

Methanocorpusculume. -

Candidatus. Methanogranum e

Methanoculleuse.

Methanofollisko

Mantel test significance

e — P=0.05

Methanoregula e ———— — 0.01=P<0.05
S—— > — P<001

Methanomassiliicoccus

Methanosarcina &

Methanospirillum e

TE: SRR P A2 25 0 SO AN 7 N AR R W RE I 454 S PR IR b 2 VAR G o F P A, B ZRHDAR DM E D7 JE R
INFIER R AR IR B R Z R HISEME v, IE IR 0.01<P<0.05, **#/R 0.001<P<0.01, ***& ;KX P<0.001; MPP: CH,
PR Hyd-MPP: ZUE A CH, " A% ; Ace-MPP: IR AZBER! CH, /A% ; B16S: 4HA 16Sr RNA JEH 45 DL4L; Al6S:
B 16S rRNA JE[K % D1 %L, 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,4 production rate; Ace-MPP: acetoclastic methanogens CH, production rate; B16S: bacterial 16S rRNA
gene copy numbers; A16S: archaeal 16S rRNA gene copy numbers.

B4 MRPR 3™ e i i v £t (a) M@K KR A K R AR 7B (b)

Fig. 4 Principal coordinates analysis of the methanogenic community( a )and Mantel test and Pearson correlation analysis( b )in the rhizosphere
soil
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IR FERRERHLE (P <0.05), 5+
DOC #aEREIEMK (P <0.05) . EHEAHLIK
FaE P 5K MR & SRL ., SRA S i E FAH K (P <
0.01) ; 514 DOC B B FEHMAHE (P<0.01) .
KFE L DOC 5K AR SRL, SRA £ I IEAH
X(P<0.05), /KFEtHE MBC & 5/KFEH & SRA
EWFEIEMAL (P<0.05) 5 5TE 16S rRNA H[H
o R AR W E IEAHDC (P<0.01) .

Mantel £ 54387 78 SUE R CH, P2 A R 5
AEFRAMF=PEE Methanoculleus ¥ F & 2 1 %
EME (P <005); SREFM™H E
Methanospirillum FX 32 W F EAMH X (P <
0.01 ) ZVE IR B = W I2 W Methanocella 5 11 MBC
SRERFEEME (P <0.05) . ZBRAEA CH,
PR S CIR R EERL ™ RS Methanosarcina 2
W IFEAX (P<0.05) .

3 i ®

31 O REASIKBEIRRRIRIRTIERANH

Al

O W& FE T i il 1 M il K FE T OB A R0R , b
JEATEYIMAR R T, [R5 K AR 2 40 i A0
USRI AR AR S b, R 2R B KA
% SRL 1 SRA HIREMR (&l 2¢, d) , #FMmsCE +
S A o AR I O3 VR FE T = T WA 7 B 40
14 DOC & i 5 HEIK I 14 MBC & A7 BT %
(P>0.05, [ 2a, &l 2b) , iX5 Changey %°17E 3
1S Morsky 5ROV e s A 25 R 4 h i o8 45
AL, A BAI IR 98 th & B, O, ¥R B T i kb B
b ZE RN T RS H SR)ZAEAR PR 158k DOC 5 MBC %
w XATRRE T O IR R DOC YR
AR O e B T e Jin s il i F o il 7 i A S 3
Z W1 i AT B (4 3 DOC 5 MBC & &1 .
AWFFE T, B HE MBC & 2 R4 P>
0.05, & 2b) , iX'5 Bhatia 2557 R H 58 b (1
F—3, O3 M BE T 1 E K L% DOC 5 MBC &
i, AT RB IR TS AU B T AR T AR A 1) b R
SYECERIENY, SERPR DOC & TR, Tk
Yyl w2 iR BRI, itk MBC & it fl =z />

[20]

AR IR, SRR B T e R AT SR K A AR

% SRL #l SRA, HAhs Bk fgt &% SRL Hl SRA

(I 2¢c, Bl 2d) . Kou ZFIFGE & B, WA T

RO AR K S EAR AL, MR A SRL A

SRA WIFRAK, KRR RS ezt D, ARPR

B A1 25 TR) 43 SE AR R ) AR 0 SR A BRI 1Y) R

SR h, DA £ (5 V8 S 30+ e ML AR e M4

i (E2g) o H5ZMR, QiuZ5UIFgE &P O; e

T i AR A R B0 B ARG, R (AR 2R ek ) 7 O ek

AR PR S5 R DI o S5 A ML Sk

A BB B PR 53, DTG AP - S LB AR e 1

[, KAEMRZ SRL Fil SRA B BSR4

WP B AR, (ER O MHE 7 IR R i 4l

SRR T e e Y T RE SRt

e pLaRAR e MR (1K 2g) , DOLIESRIIKRE +

A MURFRE PE 5K REMR & SRL Ml SRA 2 I 2%

i (E 4b, P<0.05) .

32 O;iREFASIRERLTIEFIREEE &SN
A
FEXTARIRGEARR (1) Oy ¥R T 538 a4 fin 1

A BB AR R P St 41 ) RS HE g 7= TR e AR X R

B, I A R R Oy VR EE S BEAI T &R Ak e AU 7

FR ot TRRE G 2 B, BN T AU R R R e TR R X

JE ([ 3f) , X5 Feng 257 M + 3 b i #F 5T

SR, X2 T AR S T F B IR P

4y o7 AL AS TR A S>30 2 R e T R 7 o A )

M o7 AR AT BE A < AFLIAE T RS O e Bisf £ 35 fin x4

AT WL o IR0 P EOR PR - 396 HLAR A e M Tt

w (FE 3f, P>0.05) , MIFEAL L3 5 o gt 4l

SRRIHE], D T R R R e A AR AL, E
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R R 3 WA P A 53 R A AR R AR AT AL s A BE
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BRI S - A B oA R ST, AT B 3 4 e 40
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] BB 2 Hy A COLM™, Ry S R 7= F ot i 12
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SUE IR AL BRI R AR X 5 L (1B 3F) o 4R,
TEIZIERENTE A [R] T JE X J ) 1) 38 2l i Ly A7 A 2
S, TR EUE IR B L I IS W Ok 8 g,
Methanobacterium FIFERTEMEIEEIE, PRIHHART
JEEREARR, TRl A A SUE TR A FR e RS 2 A KA A
W1 P, Oy WBETFE ST Methanobacterium FXT
FEREK, 1 Methanocorpusculum, Methanospirillum,
Methanofollis , Methanoculleus #1%} =F & g 35 7 &5 &
3e, P<0.05) , fZRINEE F=A ™ H e i AH X
FEEHI (181 3f, P>0.05) .
33 O;REASXREELE CH, 4%

AWFFEAREE (2) Oy ¥ BE Tyt i B AIAS ) 4
A2 7 WG TR AFDRS 2 BE SR A MR PR -8 CHy 7™ A= i
T, AR R O3 R T i £ R A e R i 4%
CH, j7 A 38 R = B AR R, g i S08 3R Y
CH, A% K HUGE AR RS 2, X5 Morsky 44!
TEP R A S RGP I — B, Xl A R Y
WAL, TRESEHL T AR WA XS O WA i &
(BB IEAT ROCPE A2 A ) AT RER N . TE O3 YR T+
S < I = = S s LD S IO O
( Methanoculleus Methanofollis, Methanospirillum,
Methanocorpusculum )i . ¥4 n( & 3e, P <0.05),
X EEARHE TR I EUE SR AL CH, A, R
T EEFRA CHy A E A (K 1d) o BTk,
XA BT g T R AN T X U A A LR Y O3
fift, hEE IR AL P BB AR AL TSR Hy Al CO,
JiE a7 49

[T, O Ve B T i WA AIK 0 i 2 T 78 7 B 6 T A
Xt FFE ( Methanosarcina ) , TxZANH T 218 K& IRl
CHy A4 (18] 1e) o 0 BRI, XAlRERI N
O3 FRAIR T HES WK FEAR & 19 SRL A1 SRA ([ 2c,
2d) , FE) AR R R I AT 2
PRI Bt = T4 i R BR ) £ R A R CHL 7 A il
R HE TP A, O W TH R T B R
Z AT REE T ARBR 1 AR [ AL (Eh) B0
. (ROL) AESIPOV, b ol 24 85 1) i 2% vl B ik —
AT B A BB Y £ TR B 7 Y T AR T
p02-131

(EAF IR A, 4 O5 i fe il U8 R A8 1
PR AR R AMERON, AR & T AR STk
CE 1), (HMRMEVE FHIEAS R LA &R i A
7 e AR XS TTRR AR A BRAG, LR e e 28 P e 7

A G EE R R b AR LA 2 0 1 BB 3
T CH, AP,y FAUE SRR e A i R e
R AR A S O S RIS IR T L TR R T R R e ok
RRUZBL R, MRS CH, ™ A R I 2L
W, mZATT TR LR CH, ™ AR R B 3%
B (18 1c), meZ 80 O3 BT i fli R I CH, HE
T ik BRSO3 R BE T i AR TE L L
MR I CH, RO, (IR AR S 7R R AR
BOEIAERD I, 2 I T YOG Z BN
MR KB AR DL - R PEAT e T BT
PN o XAB S T ARKRT 05 15 Y IMEITF5E T, A&
FT A 25 2 G O 0 2 RE A2 404 O 9 1 KU

4 4 ik

O; M B Fhim FUKFEME R SRL Fll SRA S AR Pr 1
AT AR RS MR R R K REAR B 3 CH, = AR ) =
FRE ., T NF ZbH, NF40 Ab B = 4 il 7k f
R AR SRL Ml SRA, i AR bR -8 Mlache e i, iF
T 2R AR R PR 4 498 7= F ot TR I D RE RNBE VR 4544, TR
TR 7 W BE R S BERR A, U IR A L BE A
X FE RN, B S HRPR 158 CH, ™A A
ik 38.1%~46.8%, Hi 2 K T CH, 7= A= i F4
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6.1%~24.7%. VI F45 R8T KFEMRPR 4% CH,
FEAE ST RN O W BE 51 19 52 Z m i AL, SR i 7K A
WRAFWYINER O3 MR BT+ [ 252 ma Fg - CH, i
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