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Effects of Slow Increase of Atmospheric CO, Concentration on Methane
Oxidation in Paddy Soils

LIU Xin, SHEN Lidong’, TIAN Maohui, YANG Wangting, JIN Jinghao, WANG Haoyu, HU Zhenghua
(Department of Ecology, Nanjing University of Information Science and Technology, Nanjing 210044, China)

Abstract: [ Objective ] Microbial-mediated methane oxidation plays an important role in controlling methane emissions from
paddy fields. Atmospheric CO, enrichment could change the potential activity, abundance, and community composition of
methanotrophs in paddy rhizosphere soil, and consequently, affect their role in controlling greenhouse gas emission. Currently,
there are still controversies about the effect of elevated atmospheric CO, concentration on methane oxidation potential and
methanotrophic communities in paddy fields. Moreover, the atmospheric CO, concentration is a slow increase process, rather than
a sharp increase to certain concentrations. However, there is still no relevant research on the effect of the slow increase of CO,

concentration on methanotrophs. Therefore, it is necessary to study the effects and mechanism of slow increase of CO,
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concentration on methane oxidation in paddy soils. [ Method ] In this study, a slow increase of atmospheric CO, concentration (an
increase of 40 pL-L™" per year with 4 years) (EC) was set up based on the atmospheric CO, concentration (AC) automatic control
platform. Slurry incubation, high-throughput sequencing, and quantitative PCR on pmoA genes were used to systematically
investigate the methane oxidation potential, and the abundance and community structure of methanotrophs in paddy soils under
different CO, concentrations. This study was carried out during key growth stages (e.g. tillering, jointing, flowering and milky) of
rice. [ Result ] Results show that the variation trend of methane oxidation potential and methanotrophic abundance was consistent,
and both were increased with the elevated atmospheric CO, during flowering and milky stages but decreased during tillering and
jointing stages. Based on the data obtained from all four growth stages, the atmospheric CO, enrichment enhanced the methane
oxidation potential by 11.7% and increased the abundance of methanotrophs by 53%. Further, the community structure of
methanotrophs in soil was changed significantly, with the dominant methanotrophs shifting from type II under AC to type I under EC.
There was no single environmental factor that was found to have a significant impact on methane oxidation potential, pmoA gene
abundance or diversity. Also, the content of soil inorganic nitrogen (NHI -N, NO,-N and NO;-N) was decreased under EC
compared with the control. The relatively lower inorganic nitrogen content in paddy soils under EC could alleviate the inhibition of
nitrogen on methane oxidation in the paddy field. By stimulating the growth of rice roots and increasing soil carbon input, elevated
atmospheric CO, can indirectly enhance the production of methane in soils, which in turn increased the methane oxidation potential
and abundance of pmoA genes. The increase of rice root exudates and aerenchyma volume under EC might provide a more suitable
living environment for type I methanotrophs. [ Conclusion ] Elevated atmospheric CO, promotes the growth of crops, which can
subsequently increase both CH, and O, concentrations in paddy rhizosphere soil, and decrease soil nitrogen level. The combined
effects of the above environmental factors could affect the methane oxidation potential, methanotrophic abundance and community
structure in our paddy soils. Taken together, our results indicate a positive response of methane oxidation to the slow increase of
atmospheric CO, concentration in paddy ecosystems, which could help alleviate global warming.

Key words: Slow increase of CO, concentration; Paddy soil; Aerobic methane oxidation; Methanotrophs; Community
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ARWFFELETT 5t CO, VR SLAE IS T CO, VR JE 223
AbFH BN LS AL KA CO, MR B T AR 8
BeAk, e a5 2 (40 Tllumina MiSeq ) ZEWF5E
T ERUE YR T B RS, RRUE XS TUE MR
REAE AR A T 4 1 A i B 2200 BRIy TR 420 vy
TS8R H 448 B o S A0 TR R 9% 19 Bl A8 8 ik . AR
5% K Tllumina MiSeq il 7 $ AR DL S i PCR 45T
B, MIEH ., BEE . WEHESZAZR BT CO, Uk
J 2% B 0l e - R e A S SRk A R 1 5 ) B AR
FAMLEE

1 RPRH ik

1.1 R XHER

TR DX AR VLI A 5 H R 250 3 1Y A
MR I (32.16 °N, 118.86 °E ), J& IR
X, 4EFHEKE 1 100 mm, ZEFHSE
15.6 C. il RHHRFERKR L, KEF1+E,
BEJZ - e R R AL £ . KRS R Ok R R
9108, &AFWI N 149~153 d. M+ A EE4E
Jiti FH 28 250 kg-hm ™, K43 B 2000 A2 0T
K hER . JEITRACE .
1.2 TEHRRESHW

ARWFFAMRAL T H TR ZE ( Open Top Chambers,
OTC) HAI CO BT H B &, % V&
T 2016 FHBIFETT, M OTC. COMEIEES . A
i R G SGE AR E A OTC WELE CO, &k
7 (GMM222 L&, 25824 ) JORIBE A shid 4.
W AR TS OTC N CO, e Y [ 3l W il A
P, LABRAE OTC N CO, e BE B35 76 H AR FE A

CO, IR K = 2l CO, 5N o

AR CO, ¥ X IR ( Ambient CO,, AC),
WE CO, W JE WA ( Elevated CO,, EC), f14
SbFEAS 3N H A EC AR N AE TS 5t CO W B kAt I,
F 2016 4F R EAERE N 40 pL-L~'. F 2019 4FREEK
T 4 OCEEAEF IR e RO, e A
FLEIH 0~5 cm MMRPR T4, %4 EC b3 CO,
WeSER ACH160 pL-L'o SRAIHET 2 + 458 5K
Ry DAL RS B R -4 pH; DAL B 7R £ 45
JTHLA ( NH4-N | NO,-NFINO,-N ) Py ety
BB & 5 ik 52 (et irir ) P,
1.3 HERsEHEZRNE

2 3 g prtit HAEE T 12 mL 38 ( Labeo,
Yo ) B, FEMNINA 5 mL £BTKE, R
RS, MJE, AR e T SRS B, (il
St i HE 2 10% (ARBREL ). R 380 & T2 R LA
35 °C, 120 rmin ' #RHREFE. WA, AR 120 H
50% ZnCly R 2 1k —HE RN, H Z e —HERES T
95 72 h BEFREH. A AL (Agilent 7890B,
) W B I A ek B L e, AR R e
W R [ A TR AU, TR e AR T
1.4 DNA #2EUfl PCR ¥ 1&

M P& Power Soil DNA Isolation kit & 5] &
( MoBio, J%[E ) b BH 5 XF A ) b B 8 H A 3R
15 DNA HEATHiHE . DNA e 85 4l 25 ) ik
366 (NanoDrop2000, 6 ) #H7ilsE, I
FIFH 1% B NE A 58l fL P A DNA BT it . 1
5 M5 W A189F (5-GGNGACTGGGACTTC
TGG-3' )Ml mb661R( 5-CCGGMGCAACGTCYTTAC
C-3") Unt H ke S8 AL pmod R HEFT PCR 974
PIARFAN : 95 CHUZEYE 3 min; 95 C7AEPE 30s,
55 CiBk 30s, 72 CHEAH 30s, 30 MER; f)e
PL72 CHEH 10 min,PCR Z WK Z N 20 uL:4 uL
5xastPfu 28,2 pL 2.5 mmol-L™' dNTPs, 0.8 uL
Em 5 (5 pmolL™" ), 08 pL I 5%
(5umol'L™"), 0.4 uL FastPfu B4&HE, 0.2 uL BSA
(A 1EHE A ), LA 10 ng DNA 54K,
1.5 Illumina Miseq 5

F| ] AxyPrep DNA Gel Extraction Kit ( Axygen
Biosciences, USA ) #47 PCR rF=4¥4ifk; F|H
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KEFRKT 10 bp); (3) H4EF51E b
barcode 15|44 7 5k 4 2 B M AEA T RE IR VL IC
ffi H UPARSE #k 4 ( version 7.1 http :
//drive5.com/uparse/ ) DA 86% Y AH L) FE Xt ¢ 1) i#E 47
OTU 2KV [almf 22 o e 5 it 1A . e am ik
Xt pmod #(¥E)F, FIJH RDP classifier ( http:
//rdp.cme.msu.edu/ ) X &E 55T HNHEAT W FN 3 A TERE
HEEE AT T pmod BEHP I A% 2 K E E K E
YIHARAE B 0y (National Center of Biotechnology
Information, NCBI ), FF3)%& 55 & PRINA612131,
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FEHAFE (PCR AR R RN ZEZ 0L 1.4 3
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Table 1 Physiochemical properties of paddy soils during different rice growth stages under different CO, treatments

A WLk
ESE A3 CRIES AR A LR NH}-N / NO,-N/ NO;-N/
pH Organic carbon/
Growth stage ~ Treatment Soil moisture DOC/ (mgkg ") O 5 O

(gkg") (mgkeg™) (mgkg')  (mgkg")
S BE AC  0.4140.06a 6.21+0.50a 9.33+0.30a 154.4+£2.3a 37.09+3.96a  1.64+0.7la 19.30+5.31a
Tillering stage EC 0.41£0.16a  6.12+0.62a 7.80+2.04a 152.2+7.4a 10.10£6.25b  0.86+0.61b  8.53+0.59b
P AC 0.44+0.04a  6.21+0.19a 9.47+1.02a 74.9+18.8a 17.73+1.91a  0.44+0.12a  9.00+1.39a
Jointing stage EC 0.40+0.02a  6.13+0.08a 13.19+6.16a 75.3+3.7a 15.11£6.23a  0.30+£0.12b  7.69+0.39a
gL AC  0.45+0.04a 6.27+0.14a 10.44+1.10a 150.5+3.1a 14.1245.00a  0.7740.35a  4.93+1.59a
Flowering stage EC 0.47+0.07a  6.12+0.12a 11.94£0.88b  217.9£43.1b 10.55+3.86b  0.34+0.09b  5.58+0.93a
AL AC 0.40+0.05a  6.10+0.09a 10.79+1.01a 107.6+54.7a 14.7742.75a  0.28+0.06a 12.87+6.21a
Milky stage EC 0.39+0.03a  6.12+0.12a 9.89+0.69a 115.5+35.4a 15.2742.88a  0.27£0.06a  11.4+4.79a

{E: AC, COMREMIRALTE; EC, CO,MEZGALT . AN FHRF R ZAE T I F A BRI A 7E B 225 (P<0.05). T,

Note: AC, Ambient CO, treatment, EC, Elevated CO, treatment. Different letters indicate a significant difference between treatments at the

same growth stage ( P <0.05) . The same below.
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Fig. 1 Potential activity (a) and pmod gene abundance (b) of methanotrophs in paddy soils during different rice growth stages under different
CO, treatments

H e E AL pmod FEH P E LSRR, AC
b BT WIIR BIWEAE , T EC AN ERAE ) 16 WA EL
PR B (] 1b), LA, F A Lr
JERE RS CO W EE TR 238 (P < 0.05), X
L BHR R CO, kb BEF B kg A AL B 38 1 A8 1Lt
P8, HIT AC 4F, EC 4F TN
pmod FEH EFERANT 79.0%; FLE AY =F 5 1 08
Wik 348.2%, TESFEBEMIFIL T, EC AbRRE
T BB AL FEE, 20IRF AC A3
21.7%H 2.6%, (YKL B EWAKT . 256458
A FWRRGE , EC AR B e B AL RS T
AC A B 53%.
23 KR CO, REZEMNBHIERRELE

pmoA ERF SR

FIFH OTU /KF LK) Sobs 6%k, At B
Chao 1 $5%1, TEAEANIE CO, Vi FEAb T 358 rpr 1 g5
AR F B 2R AR AR B AT A R R
PAKES TR OTU BT 40~189 ZIa]. A& LS,
OTU fH5 B i e 3 AR, R WIARBEIE I
PR BE L LIS R H e B AL T pmod FEH B Z AR
IR IR, £ B I FR e S AL pmod BEH ZREE
BER S CO, VR BE T SRR a3, ezl

EC Zb¥F L3 h e 48 Ak TR i) ZFE M B R T (P
<0.05) AC4b2H, (HAEHA = AEFH, AR
T4 pmod N ZHMZEFARE (K 2),
24 X5 CO,REZEWEHTIEREANEE

& LRI 2N

PUE AKX AN R CO, e B AL #H T A5 H A3 v
e S Ak TR i BV 2 LA T b . SR R E TN
J& EEAHE 1 BAH 3L \SEKE ( Methylosarcina ).
L M B ( Methylomonas ) . W 3 BR B
( Methylococcus ). W IEAFE ( Methylobacter ) Fl 1l
HIFH FEAFERE ( Methylocystis ) (] 3 ), 7£ AC b
N, gErh T B GESRATR L 37.23%, T RIS
i 39.95%; £ EC LB, T BIAH 50.2%, &
T it 30.43%09 T AYE . NI, KR CO, HREETH
BU% T B AT R DL A, A I BT e
Wi, HIEEREE . /SRR R L
WE G2z | HIE P IR WE . £ AC b3
T, X =R g A R R ARG S E ]
4 39.95%. 17.86%FI1 8.69%; MfifE EC ZAbFE T, X =
ol T T B AR X SR BE I 23 50 0 30.43% « 20.62% Al
18.77%. Wb, I IALELE B EBR TR ST 1A,
DL R HA AR 3 2SR, (H A S BRI (181 3 ),

http://pedologica.issas.ac.cn



24 XA KRR CO, R E I XA H 4358 H e S Ak e R G R i) 573
a) b)
25 ¢ I AC
200 F a [ ]EC
- 20 a a
%
3 —_ g\g"_
gglso- a a {%gls-
i y= -
H_o a a a .qf)
S 100 F k-
E% a TS0t
== 52
52 5 3
53 01 ¥ st
0 0.0

I8 ) #ieH) Tl
Tillering stage Jointing stage Flowering stage Milky stage

2 K3 Growth stage
2
Fig.2 The Sobs index (a) and Shannon index (b) of pmoA genes in

Sy EEN] PH M Tl
Tillering stage Jointing stage Flowering stage Milky stage

A= K] Growth stage

ANTF] CO, MR BEAL BN A5 7 WA T -3 b pmod JEHIY Sobs 1541 (a) FIFRIEE (b)

paddy soils during different rice growth stages under different CO,

treatments

100

G
I

= O S =Y EPO R

Percent of community abundance on genus level/%

80

60

40

20

TAC TEC JAC JEC FAC FEC

i Samples

Others

Methylobacter

B Methylococcus

[T Unclassified bacteria
BE= Environmental sequences
Methylomonas
Methylosarcina

NN
Wz Methylocystis

{E: TAC, ZPEEf AC AbHEL; TEC, ZrBEM] EC ALHL; JAC, 519 AC 403, JEC, #U19H EC 43 ; FAC, #5468 AC 4b2E;

FEC, # {E4] EC 4b 3 ; MAC, FL#4 8] AC 42 ; MEC, FL2Y] EC Ab2H .

Note: TAC, AC treatment at the tillering stage; TEC, EC treatment

at the tillering stage; JAC, AC treatment at the jointing stage; JEC, EC treatment at the jointing stage; FAC, AC treatment at the flowering

stage; FEC, EC treatment at the flowering stage; MAC, AC treatment

at the milky stage; MEC, EC treatment at the milky stage.

Bl 3 AR CO, e B2 AR BR S 2% A5 75 11 1 A 38 e S 1 P A 2L A

Fig.3 Community composition of methanotrophs in paddy soils during different rice growth stages under different CO, treatments

SFANTA] COy A BT 448 v B o S Ak TR BV 2L K
HEATAL M 25 5 B EMEA TS (&1 4 a), RIFLLEIIE
JP 51 R0 A 43 25 00 TR i 1) ARG = B A7 A 3 1 2
(P <0.05), HZEFLAUN, EC AbBE T 15 HH 5 i
WRAXTFEE B E ST (P <0.05) AC Zb#, fifH
HE AL TR A AE X = B R IR T (P <0.05) AC 4
A 4b), SERE, HEE R RFEEPIRN CO,
WREEAb PR, fAEEREZS (K5, P=0.039).
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Fig. 4 Variation of methanotrophic community composition at genus level in paddy soils during rice growth period (a) and at milky stage (b )
under different CO, treatments
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Fig. 5 Redundancy analysis ( RDA ) ordination plots showing the relationship between the community structures of methanotrophs and

environmental factors in paddy soils under different CO, treatments
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Table 2 Potential correlations between the potential activity of methanotrophs, pmoA gene diversity and abundance and different environmental
factors in paddy soils under different CO, treatments

Pearson 5 2 5{ Pearson correlation coefficients ( )

BT
e AL 4 pmod FJE OTU % & TAAEHL Chao 1 %%
Environmental factor
Methane oxidation potential pmod abundance =~ Number of OTU Shannon index Chao 1 index
FEARRY 0.020 -0.139 -0.231 -0.284 —0.029
pH -0.308 —-0.095 0.303 0.093 0.340
NHI-N 0.176 0.127 0.110 -0.216 0.159
NO,-N 0.235 -0.06 0.076 -0.216 0.169
NO;-N -0.590 -0.020 0.355 0.201 0.221
ALK —0.044 ~0.008 -0.043 0.074 -0.06
DpoC? 0.218 0.202 -0.182 -0.416 0.046

#:: DSoil water content; @Organic carbon 3Dissolved organic carbon
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