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PSR /KA A P AR T R 3 R 2 AR [R) F 3 BV E AR BRAL 2, B 3R S — 2 Sk 498 L 9 A ok [0 5 0 8 32k PR A AR G = B
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Abstract; Soil microorganisms are both involved in the decomposition of soil organic carbon and the driver of soil organic
carbon transformation and fixation, affecting soil carbon cycle and stability. However, it remains unclear how conservational
tillage affects soil respiration and carbon cycling regulated by soil C-cycling functional genes. In this study, based on the
conservation tillage experiment trial of the Northeast Institute of Geography and Agricultural Ecology, Chinese Academy of
Sciences, we focused on the effects of three tillage treatments including no-tillage ( NT), moldboard plow (MP), and
conventional tillage (CT) under the continuous maize system on the soil CO, efflux, Carhohydrate-Active enzymes ( CAZy)
related gene, and functional gene compositions related to carbon cycle ( carbon fixation, methane metabolism, and
carbohydrate metabolism) by shotgun metagenomic sequencing. Soil CO, efflux based on a 6-year average under NT was
significantly lower than that under MP and CT in the early time of the growing season. Specifically, NT decreased soil CO,
efflux over MP by 28% (May), 11% (June), 23% (July), and decreased by 31% (May), 19% (June), and 7%
(July) over CT. CAZy database annotated results showed that tillage treatments significantly affected some CAZy families
such as glycoside hydrolases ( GH102, GH5_38, and GH13_17) , glycosyl transferases ( GT39) , and polysaccharide lyases
(PL17 and PL5_1) with the higher total abundances of these differential CAZy genes in NT and MP than that in CT.
Moreover, there were divergences in soil C-cycling functional gene composition under different tillage regimes, and the gene
compositions related to carbon fixation, methane metabolism, and carbohydrate metabolism under NT were different from
that under MP and CT based on the KEGG database. The relative abundance of up-regulated carbon fixation functional
genes (the average of the relative abundance of all up-regulated functional genes) in NT soil was higher than that of CT and
MP with 17% and 11%, while the down-regulated genes abundance ( KO1007 and K00170) under NT were lower than
these of CT and MP by 19%, 14% and 21%, 17%, respectively. The relative abundance of up-regulated methane
metabolism genes in NT soil was higher than that of CT and MP by 15% and 10%, the down-regulated gene abundance was
lower by 13% (CT) and 11% (MP) , respectively. The relative abundance of up-regulated carbohydrate metabolism gene
in NT soil was higher than that in CT and MP by 23% and 14%, the down-regulated gene abundance was lower by 25%
(CT) and 18% (MP) , respectively. Soil bulk density and dissolved organic carbon (DOC) were the driving factors of the
functional gene composition of soil carbon cycle shown by db-RDA analysis, and the up-regulated genes related to carbon
fixation, methane metabolism, and carbohydrate metabolism under NT were significantly positively related to soil DOC,
bulk density or soil water content. Furthermore, the correlation analysis showed that soil CO, efflux was significantly
correlated with the functional gene composition of the soil carbon cycle, especially with some soil carbohydrate metabolism
functional genes. Our results suggested that NT affected the soil C-cycling functional genes by changing soil physicochemical
properties, and the overlays of residues returning and reducing interference in NT could improve the soil carbon

sequestration potential by shaping the soil C-cycling function gene composition.

Key Words: tillage system; soil C-cycling functional gene; soil CO, efflux; metagenome
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Gt AL B T 7 5 R AR B S IR T AR ERE (0 L3EHE 3h REATIE AR AR ) =
2 PR DG A B Rt A2 A5 SR SRS PR35 S Jie /N AR A B i . SR T R P REBIFAE XS 12388 CO, it
AR B R MR PRI DX SR BRI AR ] T 5, B N A BRI A BEAE 3B CO, iR it e S B 0 2
219%") (HEALAT W5 R WIREFEIL T8I0 £ 48 CO,HERUE (7%—45%) '), H32A) + 5 BLRR & it | 135
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IS T AR [ RE P QORI B A A5 2 T B A BRIR PR A AR | R R SRR AT B A
BT (B ) o s e iy DGR PR R DR M B 4 5 s SO - B A R A T e SRR A R % et
R RIS O 50 R I, 5P PE B A0 5 4 i )2 1R W i, 5 3 BRI
P, PR SRR W REVE SR 1) 3 A R T HUBR AR R 7 1) R S Sl B R R (BRI ) 1
IR PASCRE (B SR LA 33 A 2 ARk O % 1B 8% ) FE it - Mk [ 7 5 i S i i R e P R Ak o
S (B IANER 1) A3 AR B AR ELAE SR BE |, 1ok A R R o HLas i SRR AR e 7 ATE RS 2
FPORAP PR T R RE YIS 1 A Wi LSRR 2B 22 R S T e S JA 5 A S, R O T - 4
TR W DA 25K 5 i 3 2 ) 5 R I e

At ERAL A R P ) B W BRI T LI RE B DA TG S sA T o Trivedi 55 ™ 08 T gk
PR 55 B R A A OC B RS PR B DTAR G . 1 Afp Sk S W D) RE S D BRE S B Bt A 3ol 2B W K s R B e A ML
OB RE, ISR (i) nT i ik 9K 30 g i e K AL 5 W0 15 P i ( CAZy ) 19 56 DR 5% 53, 52 MR R0 246 2
R B e e PR AR 1 K SRR A0 A B, i T B L RS T E U T RE .
B K 20 53T HOARGIE 3 Bt MR R Al B 5% rh S IBCRL DNA PR AR LE Y BT A I8 AL 15 8 A T AR T8
BT AR RE B TR B R 2 AE I E R R BRI 2 B8R W] LAFRAS AR W e A BE T Y S L
P02 Souza S5 RI I 5L DR 2 AR S0 A& B, AR PR OB B A QAR o R B E R 2
FFAAL G PR G I)F 9, AR SR h A 8 2 SRk A & W AR DG I T 1. Yang 5512 il , 2
L BRI AR A D RE L DR TR A SO HE RO DA DG . Jing' ™ S5 4R0E , AN Al (AR ) 388 4o BU2E B
SERRAG IR REEIN (19 2 B2 22 3 B (SOC) I3 AEUR , PRIPPEBIFE T PR e 0 A7 G 1 D RE SR A A
AR i LB 2 2o A v S

ABFFELL R & AR PE BRI M (7 4F) 9T T &, 208 7 B D7 200 L e K A6 5 0 T 1 T
(CAZy) L BBRAGFR DI RERE P (B 1812 /K A AR AR Be A B2, #7n RO PR BFAE T 8 i 1
IIRELEAE B TR AR AR K N B E AL 31 13 CO, R A 1) 22 5 TR T A OBV i )
T IERRAF IO AL AR LI RESE N A5 A Bl T8 78 R R 4 S R P FIAILARD

1 #R57FE

1.1 W IXHEN

I 1A T b E R 22 B AR AL b 5 Rl A= A F 5T I K AR PR P VR UL 25 (44°00'N, 125°24'E) , ¥]
AT 2012 45, iR KR Z R, A B KN 515 mm, AR 0.9 °C (1982—2009 4F ), I
X B RS R MR R 4 pH (B8 7.3, R3S FLAR ( 3O & TOHLER ) ARV =40 19.1 ¢/kg
1.6 g/kg,
1.2 gt

RIS R R R X FENL I 0, b PR S BERS FH34 [ (NT) BKEFRS FF30 1 (MP) FE SUHEE (R
FEARIEHD) (CT) , I PUR F A2 A/ NX AR 7.8 mx25 m, FAEMES AR R oK 4 1E . b ARG AT
AR B T B R R AL R AN AT AT T OR S R FF DI Y 30 em /NBGRIA 14
FI ; RIS FTE AL B G 454 2283 (7.5—10 em) 3&FD HHBEAIBKIOS B8 (20 em) S5 H VR, E KT
FETERK I AL BRI/ X FERAE R Z R Al I JA 358 5 5 UBE VR AL B 1 FH (1) 487 B 55 ok R Ak B [, 1B K il
FEANIEH BT A B B b ) (] IEASE AR 23R P | )45 B it 24— 35, 36 A JE it 89 kg N/hm® (51 kg P/
hm*F1 78 kg K/hm* 1 NJEAE , IFAE V-6 A KWL 45 kg N/hm* VEIEAE . 3R AR 208 FH R 550 A% )
e il A2 RO
1.3 3 CO,BEuHE R M &

HRIEMG  IEFARI/NX BEH L 10 m 2819 1/2 b33 3 D E AT R 20 em IR 21 (PVC)
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B, PVC FEM B T— KR A T (29 15 em) |, 4% PVC BRAME 3045 5 52, DL P i<, T3 Co,
B AR T4 3 3R 0 R 48 LI-Cor 8100 ( Li-Cor, M5, INARTLITININ , S E) Ml 5E , A#EM 2 )5
A K 25 P O U — R, T B ] R B 2F 9.00—11:00, [ 3R B b i ~7 LISk | B4R AR K 22 45 F0 I 2 1 18
CO, B R . AWFFELL6 4 F-F(E S WA [RI B AL 2] + 18 CO, BEGHRR I 22 57,

1.4 HIERRSCREE

F 2019 4E 4 A 7EiR56 X P 4R 4E 0—5 om 20013 B NXBEHLRE 7 A~ HIERE SR G B
AP 3 WL, RN IR S B UKES I ORI 7RI M S50 2 . RBRml WAAR LA Sk 4 2 mm
i, —&Bor L IERE S FE- 80°C T A7, H T DNA $2HL, 5 —&Bor#rff L ere i T &k AE A
(NH-N) A A (NO;-N)  HHUKIEMA WK (DOC) At S A (DTN) FE 53 A e BURE I 78 B/
XH 3 A4~ 100 em® A FR TIRAE +HERE S Tl 34T
1.5 IEFE S E

B KR AR E R ML T2 . 4 NH]-N NO3-N JH 2 mol/L ZAL%P (KCL) ¥ MR B, £ 5
A3HEAINE (SKALAR SAN++, fif2%) . +3E DOC DTN ] 0.5 mol/L K,SO, ¥R, TOC B HLER A H A
£ (TOC-L CPH, SHIMADZU, HA)

1.6 SARTLZEEEH LI

i PR 3 P A DA I A £33 DNA $2 U7 & ( Mo Bio Laboratories, /-3 EL78 Jn A48 e W | € )
P DNA, I 1% B A8 I H Uk S A DNA it J5 , ff ] Covaris M220 ¥ DNA 5581 A2 400 bp 9 Fr B,
ffi F§ NEXTFLEX Rapid DNA-Seq( Bioo Scientific, SH7T 45 5B , 56 H ) M9 0%, SRS 7€ 1llumina Hiseq
4000 )75 (Nlumina Inc., &3, IMAAEJEMN , L E) Ei#Ff7 2 5L A0 e (B Se 5 A E G RHEA
BRAW]) o 5 i Bd © 46 52 28 58 [ B A W BOR A5 B Hb 0 (NCBI) 13 5 80808 A7 6 2 (SRA) (7415
PRJNA692995) .

fdfi 1 FASTP v0.20.0( https : //github.com/OpenGene/ fastp ) & 5 JFL 4 5 51 35 54, LABR 25 5 8% 7 A o B
§, 2t g, B MEGAHIT v1.1.2"% XML R 5 AT PR e %% 78 PR 25 SR v i 1% 300 bp DL _EAY
ZRE (contigs ) 1E B AYLHAELE R . fdi ] MetaGene ' ™ (hitp ://metagene.ch.k.u-tokyo.ac.jp/ ) X P45 e v )
contigs AT ORF T, i F§ CD-HIT K¢ A F 0 i 3L R 5 51 647 28 (95% B 15 IX ] \909% 78 35 %) 170 Ik
Fefc K 1P IIE AR 78 A AR U AR S IR A5, (8] SOAPaligner v2.21 B PE S A B4 RE S I A AL T
G S5 AETUARFE ARV T HUXT (95% B AR X [8]) , Ge it S R FE X AR i i EF R .

f#i il DIAMOND v 0.8.35"* 44 TUAYFE PR 4 1 & 3L IR 7 5143 515 NCBI HETUAR T H (NR) $dis 12 ik 1k
BV YERE (CAZy ) Bl PE A AR 3L P 5 56 A E RN 2 5 (KEGG) s b A5/ XM RE B (E [ < 1%
107),

1.7 Gitodr

FIFH SPSS 23.0(SPSS Inc., ZHF, AAITEGH , 36 E ) |l J5 22 5304 (ANOVA ) B 5 BV 7 X £ 4%
CO, B R A2 38 48 Levene K0 755 7 257 M5 , FIF T 220091 (ANOVA ) kR A AR R BFE 7=z
[l 0 P10y B 3 PR ) 2 S 5 30 o P D P A o - 3RO 2 T B 35k PR A ( PCoA 55— sy ) il -4 CO,
BEHOH R OC R ; 2T R A ( Pheatmap ) 2 il 21 [1] 58 35 25 57 Dy g 5 [ 14 R S PR BOAH M B s 56 1 il IR =
FHIE(P<0.05) >R Gephi ZXAFHEATZS 43T, FEAFRSIHT (PCoA) , TURSMHT (db—RDA) | B4 £ 507 2253
Hr (PERMANOVA ) LU KW Fh 5 D RE 5Tk /3 M 1 Bh 2635 = P 6 5030,

2 #R

2.1 BHHETT N 5 CO, BEHGE R A
ET 6 AFRFIIE, bk LR XT CO, RO AR AR TRKBIAN R LB , 2 2R B A R Z 5 A, S b
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+- 3¢ CO, B0 53 5l Lb Bk BHAIK 28% (5 H ) \11%
(6 A1) F123% (7 Ay ) ; b MUBFEAR 31% (5 A
B3) 19% (6 A43) F 7% (7 A6y . bk BkES w0
FEEALBEE] 7 H 63 0 3 CO, BE RETE L E £ F
(E1),
2.2 BHETT 0 3 CAZy FEH P50

CAZy B8 e rh 7S Fiisie K Ak 0 105 P Tl 5 T (O
KT (GHs ) W HEFERE MG (GTs) | 2 WE 2L I (PLs) |

- HHMHE CT A FkBI MP B 4 NT

w B wn
T T

TIECORETE %

Soil CO; efflux rate/(umol m™2s™")

J—
T

1 1 1 1

(=}

WAL A YIBERE (CEs) il BTG 24 S8 Ak 38 IR ( AAs) A0 s 6 7 8 9 10
KA G A5 G RLH (CBMs) ) 78 = Fh VR AL B rf 1) 4 WE I Sampling time/H
WRTEAE , B LLBEAF K B ( GHs) (24 58% ) FIVKH K54 7% E1 FESEFR TLE CO,BHER

FF(GTs) (2 28%) i 5 (52 1), TEARFFHELIET, Fig.1 Soil CO, efflux under different tillage treatments
AT IR — LA E e B E 2 30 CAZy KIE (K 2), % RIFV/ING F AR F AL TR IR 2 5 5.3, P<0.05

EHTE GHs 1 PLs I, v G b FRk B A0 8 1 7K fie 1

JE(GH102) 35 i T8 MUBEE ; 0 S Bk OB SE G RS i ( GT39 ) I 22 24 i (PL17) 2RI T % MUBHE , Bk R A9
GT39 H1 PL17 W& T8 MAHE(E 2) o Sk b bRk BHAL R 25 5 CAZy JEPR ARG =F B & 15 IUBHE
(E2), STk Hr R, GHI102,GT39, PLI7,GHS _38 1 GHI3 _17 fif 25 i) 3= 2 5Tk 9 P AL F5 25 T2 1 1]
( Proteobacteria) il & F# '] ( Actinobacteria ) | 2 5 fifl B | ] ( Gemmatimonadetes ) Fl L T i '] ( Bacteroidetes )
(K2),

x1 FEPMEARXT CAZy(class) BEEE

Table 1 CAZy genes class number under different tillage treatments

7N ey B oKL EY

1K A HEALEE RSB A B % R
K TR s L 45 frR -
GHs GTs Pls
CEs AAs CBMs
%ﬁ NT 34156.0+1619 16472.6+884 3401.3+178 2026.0+208 600.7+36 672.0+7
Fk & MP 32606.7+2621 15358.0+1193 3166.0+274 2224.7+234 524.0+24 706.7+94
HHLCT 32280.7+1573 14928.0+885 2990.7+193 2374.7+140 484.0+70 608.0+46

CAZy: WKL A YIIGYERS ; GHs M /KB Glycoside Hydrolases ; GTs: B354 FE M Glycosyl Transferases; CEs : B /K fb & ¥R Carbohydrate
Esterases; AAs: fifi B i P & 1k i R B Auxiliary Activities; CBMs: B% 7K 1k & 9 45 & #5 Bt Carbohydrate — Binding Modules; PLs: 2 #if %4 i}
Polysaccharide Lyases;NT : f#f no—tillage; MP ;. k&l moldboard plow; CT: % #HFE conventional tillage

2.3 T KEGG ¥ FE et #1 ) g B K]

AR T = R EE ARG FE (I 2 | F Be Qi DL R K Ab A& ) DB, ilad KEGG %X
P FEFE R A AR B 107 4~ 123 A F1 697 A S [ | HH e A A K Ak & Py A AR DG D g 5L H (KO ) 28
Sl EABRIIHT (PCoA ) R BHAN [R] B4 b 2 - S fc I 24 Ty fitg 22 R 4 i 2% 5% 4l 2 ( Adonis, R® = 0.45; P=0.006)
(& 3) AT Rh A3 A e T A h e PR 4 A8 1Y 61.229% F11 18.89% . 5L T-FH B3 i TUAY 43 HT (db—RDA ) 347
FEUH KA LR B RN 45 FE RS R A T RESE P A R 2 5 H 4 7 (D 3)

L AR B TR R E AL B (A BT 2 2 S A D REBE R (RN 2 FE>0.1% ), PRk 3R H RLBHE +
R [ AR DL iR AL A PRI T RE K AL SO, RS TE— 1, bk i 2R o — 2 (B 4) ., BikEAL
BRI A 8 M 8 E DO RESE A AE I35 22 57 (P<0.05) , S #F 3 K01007 A1 KO0170 TR 3 H 4= 5 L% AL HF
YEA 199 11 21% , FE AR B 14% F1 17% ;1T K00625 . K01676 . K09709 [ K00925 1 K 14470 fifk [# 5 T AE HL A 1) 3=
B LG R E B 2 17% (12%—21% ) , e Rk EI S 11% (3%—18%) (& 4) o ol 358 b V8 A4 e 181 5 o fi ik
HEZ 548 DOC & AT IFAH X (K 4.5,P<0.05) , i MHEE H 18 1R A6 2 Thie 51 (n
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GH102 GT39 PL17 PL5_1 GHS5_ 38 GHI3_17

gz GHI02 10 ==
<] =
: i
if GT39 0.001789 0.002385 0.00194 ,—§ 0.8 - uH A
5 § B Cyanobacteria
k= b B Thaumarchaeota
§ PL17 2 0.6 F B Unclassified
=) = Acidobacteria
S & BERER | = Chonofies
% - R 04 L Bacteroidetes
> xR B Firmicutes
D, PL5_1 % B Gemmatimonadetes
&) > 0.2 B Actinobacteria
o HEC
H Proteobacteria
GH5 38
0L
HFAMEERFAEAEEBREEREAEEBEEHAEBEEAEEBEHAE
NT MP CT OS5Z05z0SZ0SZ03z05zZ
#EEJ5 3 Tillage regimes

B2 AEBEAXTER CAZy EE(P<0.05),FER 10 HEBWHF (1) MHER CAZy EEKI T
Fig.2  Significantly different CAZy genes among different tillage regimes, contribution analysis of the top 10 abundant phyla to the
significantly different CAZy genes among three tillage treatments
B K A2 . GH102, GHS—38, GHI3—17; M5 RO BiF 35 . GT39; Z M2 BE 28, PL17, PLS—1; CAZy  BR/K AL A 4 T VLA NT . S BF No-
tillage ; MP : B fH Moldboard plow ; CT: % #LHFHE conventional tillage

ONT AMP ¢CT

i 08} . i
0.03 | PCoA analysis ! A db-RDA analysis A
l 06} :
0.02 | i !
& i s 04y :
) : % :
% 001 A = A
= I E |
] . < ,
g 0 - @ P © ]
[ ] I ‘ :
-0.01 ° : E
: ‘0 :

-0.02 L, . . . : s . s *SBD : . . .

-0.04 -0.03 -0.02 -0.01 0 001 002 003 -06 04 -02 0 02 04 06 08
PC1 (61.22%) CAP1(23.16%)

B3 AEHEAX LIEBRBEIADEREE ) E LIRS (PCoA) RETFEER TR (db-RDA)
Fig.3 PCoA (principal co-ordinates analysis) and db-RDA ( distance-based redundancy analysis ) plots of the functional genes related to
carbon cycling under different tillage regimes
SBD ; + 42 H Soil bulk density; SWC ; + 355 7K it Soil water content; NH;-N; T34 A% Soil ammonium (NHJ) contents; NO3-N; 3 ER A
Soil nitrate (NO3) contents; DOC ; 3K IEMEA HLIK Soil dissolved organic carbon; DTN ; 3875 it P B 4&( Soil dissolved total nitrogen ; * 35 [H
BN A ; « IR P<0.05; * * FIR P<0.01

K01007 ,K00170) 5 +3 DOC & A& (Kl 4 .5,P<0.05) ,

HEEAL BB LA 11 AW e D ae L A 7E I 22 5 (P<0.05) , ek 3 6 /> H B AR 3 R Y = B
(K03520 ,K00830,K10713 ,K15633 . K00625 Fil K00925) L ME#HE S 15% (2%—17%) , bRk E 10% (9% —
24%) ; 734k 2 A HGEARIH LR (K00170 A1 K21071 ) 114 3= B2 W) b BUBEVEAR 13% (6%—21%) , LLRKEIAIG 11%
(6%—16%) (Kl 4) , ff 58 LR AR BefCi 3L N 25 4 DOC | R FH ol H S /K & B & IEAHC
(Kl 4 K 5,P<0.05),
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Fig.4 The clustering heatmap of the relative abundance of functional genes related to carbon fixation, methane metabolism and

carbohydrate metabolism under different tillage regimes
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Fig.5 Correlation heatmap of significantly different soil functional genes related to carbon cycle and soil properties under different
tillage regimes
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