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BN (amoA ) AHTR LR JFR (nirS nirK) Lh BB A0 RAE 5 (nosZ ) (& DR 2 52, [l i 0 2+ e b MR i A8 b, BF 5
SERIRW] B AR Y it P B0, -3 pH RS K G R R g RO PR A AU ECS AU B A R, LA ERIY
BRGTEWFEMME, T1A T2 40201 1 B8 HUAR £ 253 B4 TO 53548 75 38.44% 1 71.01% 5 T1 A T2 Ab PR 4 e 4 25 4 & 2 43l
B TO T E N 15.89% F1 30.46% ;T2 AbFR 3 4> 5 & 1 45 TO Kb F i 42 155 14.87% 5 T1 A1 T2 Ab HP - HE AN S 0% 143 I 5% TO
W 10.57% Fl 21.40% , BEAE A= 4o ifi P # ( 3G 0, AML L T 4R 4 o3 10 35 9, T R0 T2 A 2R3 334688 TO Ab R4 5 71.88% Al
115.88% ; AOA \AOB nirK F nirS H& K = 3 1 S5 REAR s nosZ LR FEBERG N, H AR Py s b BRI N, O HEBCHE 2 A1 B FUHE B AT
FAHEA Y HAL IR BARRI R . TOSTI>T2, AR TR AR Wit F e 55 AM LR B PR 3 B2 52 38 TR OG5 55 nosZ JEPH 2
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SEAEBERS (ABT) 23T W], AOA T N, O HEBUA# MR e K, ko AM LB A nirS, S22 AR WAL PR 33 A M 3R
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Effects of biochar on nitrogen transformation functional genes abundances,
arbuscular mycorrhizal fungi and N, O emission of rainfed maize season in

cinnamon soil
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Abstract: Biochar soil amendments are attracting the increased attention as one strategy to improve soil microbially
ecological environment and regulate soil nitrogen cycle. The rainfed maize cropland in the western Henan was established to
study the effects of biochar application rates (TO; 0 t/hm”, T1: 20 t/hm’, and T2: 40 t/hm’) on soil physicochemical

properties and N,O emission fluxes using the static chamber/gas chromatography method, and the function marker genes of
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arbuscular mycorrhizal (AM) fungi, ammonia monooxygenase gene (amoA) , nirK, nirS and nosZ, which were responsible
for nitrification and denitrification using real-time fluorescence quota PCR. The results showed that the soil pH and water
content increased, soil organic carbon, total nitrogen and ammonium nitrogen content increased significantly, and soil bulk
density and nitrate nitrogen content decreased significantly with increasing biochar applied. Compared with TO treatment,
soil organic carbon increased significantly by 38.44% and 71.01% under T1 and T2 treatments, respectively; soil
ammonium nitrogen content increased significantly by 15.89% and 30.46% under T1 and T2 treatments, respectively; soil
total nitrogen content increased significantly by 14.87% under T2 treatment; nitrate nitrogen content decreased by 10.57%
and 21.40% under T1 and T2 treatments, respectively. Moreover, the AM fungi colonization rate and nosZ gene abundance
increased significantly, and AOA, AOB, nirK and nirS gene abundance decreased significantly with increasing biochar
applied. Compared with TO treatment, AM fungi increased significantly by 71.88% and 115.88% under T1 and T2
treatments, respectively. The N,O emission fluxes and emission accumulations under biochar addition were all lower than
those under no biochar, ranked as TO>T1>T2. The correlation analysis showed that the abundance of AM fungi was
significantly positively (P< 0.05) correlated with the biochar rate, and the abundance of nosZ gene and biochar rate was
significant. There was a significantly negative correlation between AOA, AOB, nirK, nirS gene abundance and biochar rate
(P< 0.01). The N,O emission fluxes showed a significantly positive correlation (P< 0.01) with AOA, nirK, nirS, soil
waler content and nitrate nitrogen, but significantly negatively ( P< 0.01) correlated with AM fungi, nosZ, ammonium
nitrogen and extractable glomalin related soil protein content. Aggregated boosted trees ( ABT) analysis showed that the
relative influence of AOA on N, O emission fluxes was the largest, followed by AM fungi and nirK. In summary, the
application of biochar improved soil physicochemical properties, increased soil AM fungi colonization rates, regulated
nitrification and denitrification functional genes, and reduced N, O emission, which provided a theoretical basis for the

rational application of biochar and reduction of N,O emissions in rainfed maize cropland.
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AATE A (N,0) SZBRH Bt (CH,) Al 4 btk ( CO, ) Z A —Fh HE 223 %= A, H RS S 1k o, ™ 2y
300 1, N, O AT LA IR R 4AUZ 10U AS 0 , Jh A AR e B R 3y T it A RUBE L B N, 0 B 2
FEHEBOR, K2 ARG 80% 2 . N,O 7=k 2ok | T AR L VE A RS AR AR, 7Em fhid A2
HON, O JE R AR N, O-N a7 rp 2 AR 1Y, 3238 ply 25 A 205 I 480 (amoA ) i PR 1Y 22 48016 1y 78 ( Ammonia-
oxidizing archaea, AOA ) FIZ F L 41 ( Ammonia-oxidizing bacteria, AOB) £ 5 52 i, J1- % + S il {5 PR #AE
HIS e R TR N, 0 2 B NOS NO, 538 JFUE NO (N, 0 N, af = i, + 48 N,0 (724 &
B2 FAE A TR 3 1 () e, G o IV TR B D R 4 A . R0 i i 498 S A A T ) K e il AR IR 3k il
B A PR AR I B Y narS | nirK 5 PSR 20 Bt 48046 7. 804 I i 1Y) nosZ i AR R OB AL I AE Wi Ve o T marS |
nirK 3 R 45 0 I i PR A SRR (R VE FH R NO, 1850k NO |, FFA A% N, O, [RIBE F nosZ & PR 2 () S8 AL IE /Ui
JEBEIIAE TR N,O B 5 N,

M AR (arbuscular mycorrhizal, AM) ELIE 2 —2K0 M0 )12 (GBS 80% LA IR R IE it A 1K) H 4K
R (5 TR AW R 30% LA E) 0 A SR AR Y, AM BN R N R R R AR A FHEAEH], T
DL R N R S50k A E N SRR SR, DL N Rk EE 2 H A RER LR B
AR R, AM B2 N, O HEsl v AL 22200 . AM BB nl DI o SUEVEY) -+ R Sk 73 56
2 U LSRR A EE S PERESE R N, O HEN; AM EL R RESE 1 75 A R R R R N, O HEG AM B
P T DL3E A AR R A R 45 N, O HEL, B Fh AM B IR BB A% U Al AR 28 40 A0 i 2L R S B i, DT
PR BR K AR BRit A WA A AR Ak AL RE AL SRS AL A BRI R T N, O SRS
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Y1, UTEER, E N AME N AR S B R S B AR e A T R S O AT T
Rl A B FH AR RS N, O HERCA S AL H A 2 1) 2 B9 TE . — e/t R, AR Bt A A ) 75 ] DL ad
LSRR AL SR AT RE L DR A 4 N, O HEC T B 53 A SE R R T, A R AM EL R A R Y
SEHEAE T, AR A0 0 AM LR B ML R 2SR BUAE « AR W ol S PRI A M T AM LR At A 1
R RNA A s HE R IR 1 R - EC R 5 0 B AL LT ) A 1 222 (8 0S5 A 0 o T el ok 52 ) 38 v )
A TRV A, DT DS ) AML L1

BT N,O HEUR— R AN IR T S B 235 Tk I 52 2| 2 Al AR ) AR AE I R A AL R, 2R
Wy s A2 A el e Ak RO AL T REHE DR A AM FLTA Y, DA AT Z (R 6 R B — 2 TR, HET
ZHI T XA AM BRI S A e N AR G T RE A I B N, O R s
SRSl A A=) 5 0] L4 AMLFCTR K N FRARAR SC D REFE D] B 5200 L BT Z ) A S SRS E 48

TR A VY (R ) 62 T8 B X, Ja Wt nfy R Bl P 2 XU, ISR RO 4 £ | Rt b A i s IX oy
A, ol TR AR O, 1R N, O A B EHEO ), ASBIFSE LATR VS Hb X 5 T KA S 0
G R B A SRR TR E B N FALARSC DI REZE I 2 )8 AM H K& N, O RO 20, R E AT
Z IR ARSI O 5 A T B A= W0 5 SE B N, O IR (LB AR

1 #MREFEE

1.1 g HAE AL

TRISTE AT P 4 1% BH T 0 e B K2R TP OC R X A 375 (34°41'N, 112°27'E) #E 4T, iZ X SR 13.7 C,
EETCR 216 d, AR K 2 600—800 mm, FE 3 Fi 7 6—8 J  AEWIFE 7 KR /N - FoKgR A, 1487
Sk A, HIEFEAR AR  pH (R 7.4, AL E N 15.1 g/ke, BVA 1.0 g/ke, Tl A 78.6 mg/kg, HAL
W 9.2 mg/ke, BUEP 116.5 mg/ kg, KikL Bk BPAL LA 7351 R 20.34% 30.87% ,48.79% .,

1.2 K5k

B KGRI« FBER 958 HEIRAE MR ARy /INAZ RS AFE A= W e (I R S e = RGBT B AT PR ), A
f AL IR E 350—450°C ) , AW FEA TR . pH {H 10.4, LR TETFLN 8.92 m*/g, A LB N 52.2% , & &
}5.9 g/kg, &N 0.89 o/kg, 4K 23.2 o/kg,

1.3 Rt

T 2019 4F 6 H 5 HIFER,9 A 10 HER, I A BT 428.3 mm, 5 H AR EL, J& TP K
A AP R 3 AR TO 6 IR ANt T AE P 5 T it FHAE W) B¢ 20 v/hm? 5 T2 Jit A H 7% 40 t/hm?
FRAPRE A 3 U, 9 AN /NX AR 32 m* (4 mx8 m) . 2019 4E 6 A 5 HAEE K, FTHE R 60 cm, BRIE Hy
25 cm, M S5 EE S 67000 KK/hm?® , 4540 B AU 225 kg N/hm? | LA B 46% A PR 5 9 B8, 23 2 YOt ,
FRIEAE 5 60% , KW\ B AL 5 40% . AL PEEREAE 40 kg P/hm® 2P AL 80 kg K/hm?, 435 LA & P,O, 12%
B WERR S 5 K, 0 45% MIBRBRFIVE N AL, A=Wy ¢ Hita N WA AT 0 5 0 12 7 306 w480 T 1 3R J SO L
B, 510 em 247 L 2IREIAT, RBIWU T HAAE £ oK 28— BE B AE PR 5—6 cm Ab R FH S Fh 5 36 it ZUIE , 73R
6—8 cm, it AZNLSE L BV £ R0 )R P W 32 07 20, AN THE L o IR
1.4 WEmHYS 3%

1.4.1  N,O HEGH &

AR TIBIE G55 2 KITIRPEAT SRR SR | B 2 KRR 1 IR, ELERFE 4 MR N 5—7 d RAEE T K,
SRR G A 2 RIFUG B 2 TORME 1 IR ESERAE 3 IR Jy 5—T7 d SRAE 1 IR R E BB, R A
FRASARTEIE N,O HERGHE & , 551 A ML RS H VR I AL, B 45 I e A AR W3R 43, AR (58 &0 50 em),
FEURIMUI A — )2 2.5 em JERRIE IR0 R, LA/ INRANE B PRI BH A 69 T 5 R R 4 P9 I 3 A8 Ak, A 9 28 2
U DRREAE N AARIRS) . IREE R T8 43000 50 em (50 em (15 em, IKJE FZAT 1.5 em WA MR RF oKk

http ; //www.ecologica.cn



2806 JAE = 41 4

ZE R R JRE AL AR AR RUARFR /MK A 12 S em AL A E KBRS, ARLH/NX 2 E S A4
JECJAE , JECJAE N AR AR 0K, SR Z UM I8, HUBR 45 em 2N

ORAESUAIRE A THURF £ 70 A (M1 U DAY KK A TR LS B, SRAE IR ) 08:00—10:00, 23531 T~ B4
J5 0.10.20 .30 min 1 40 mL 512 RAEH N K 40 mL B RAE AT ST A 40 mIL B9 E Al E028 194 0O
Al R A, SR B HE A L (GC-2010) T 5E N,O AR, o7l I 45 (ECD) A5 N, O
i,

N,O HEsGE SR AR

273
273+ T

A, F N0 HEGE S (ng m™ h™') s T 0 RAER N B BRREE (°C) 5p AARHRIRAE T N,O R 4 1.
977 g/L;h JRASFEREE (m) sde/dt FRAFAN N,0 HEEBAR (mL L™ min™)

N,O BFHECE IR AT

d
prhxd—jx1000X6O (1)

M:Z(F”';Fi)x(ti”—ti)xm (2)

Ko, M R4 N,0 BEHEE (pg/m?) 5 F 4 N,O HEBGE 2 (pg m™ h™') 50 AREEREL 1, , —t, F R[] R
REL,
1.42 13 DNA $2H0 13 pH Bk A E AP, B S ZUR B A

FORIBALIG 10 d, ZbF F R EE TFAEHA , 2 78 3R A A ) AR AR K ) B RT  BE K 5 R K, A= B I
IR, FRATTBOZ A 1 4800 =2 4 3 P Ak v AR B 1 38 DNA, R A PR JT B0 0—20 em 4 JZ 1 %E + 345
BRI R TR 88, — A/ NXE 3 A PR, —3R 5 - R S B AE7E - 80°C VKA T 1
DNA $EHL, —#8 5 3 T e -4 pH &k BIEA PR  HR A AR AR 5 IR R R A
%+ 1 (EE-GRSP) S BR4E 8 R A+ 1 (T-GRSP) - HE s 245 S0 £ 75 UK FH 34 20 31 B
(SAN™" Skalar, faf % ) 5 ; 3 & /K &R ML VA AT 5 5 38 pH ECR A pH THIU & (I AS 2 RHA A
AR, B G pHS-3C) , K E A i1, HHEA LK (SOC) M R FAMin# 4% e (K) Akt s 2%
(TN) S FILEG G 01 (2300 42 H 8E UYL, Sweden) ME 2, ARG EEIE 3 1K,

K Fast DNASPIN Kit for Soil( MP Biomedicals, 3¢ [# ) #2503 DNA | 52 4E A B8 42 FE G 50) & 18 U BH adF
17 H 19 0 B0 A % e B UKk R I DNA 19 52 28 4, H 28 A1 29 56 56 BE 31 ( NanoDrop2000, Thermo Fisher
Scientific , 3¢ [F ) W& DNA W2 M Jouse, Kl 51 5 4% 1Y DNA FF 5 28 B 11 56 75 AR W B 25 A FR S ml ifF A7 20¢
J6E R PCR 2047,
1.4.3  AM EFH{Z YR ARk 988 R A5G+ 588 (1 I 2

i FHARIAR R U MR S AT AR FoRIR R, VS KB VR T, T AM B RYSRINE . AM &
R YR H Bierman & Linderman( 1981) B E > SRR R R A LI G (EE-GRSP) | &3k
BTG R AN H I (T-GRSP) SR 22 A A4 2 i 7 gkl g
1.4.4 SEEPOEE R PCR 73T

ARG PEH e AM B 2 AT TR (AOA ) P A AL AN TR ( AOB ) 2 5 /il 48 i (amoA ) BE [ IV iy
PR ER I I (nirK  nirS ) 5 PR AAEUAE T U S5 (nosZ, ) K& R #E AT 5 540 H7, 75 ABI7500 #5851 5E # PCR X
(Applied Biosystems, 32 [ ) #4725 646 %) &2 7t PCR 437, % 6E & PCR MR NAR R 20 L, Hiip 15 10
pL 1 ChamQ SYBR Color qPCR Master Mix (2X) (g 5t MERELE M RHA RA R HTS 5149 (Spumol L) 45
0.8 wL,1 puL DNA #5847 ,7.4 wL 4K, AR PCR 51 AY 4R | B E R 3 IR, Rl & A
AM EFHER R amod I B AL H amoAd FER W AYFRER I IR ( nirK nirS) Fe KA1 —F 4L — &
W (nosZ ) £ R A F AL PMD1S-T 3R A bR e TR, SR 5 1380 H AR vE TORE A 75 DAL, 10 560 5 7 B 2
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U4 BORE, Q0L i R+ 10WL BORE , — B flf 4—6 /> s, 3 i B2 6 43 T B AOA AR Y 107°—107°Ffi
B AM  AOB nirS \nosZ HRIES Y 107 —107"Fi B nirK bRIFES Y 10— 107 R BT T s pn vl 2k AR
Pabr i i 2R LN R

F1 WHREE PCR ¥ IG5 ¥Fn & 5 &

Table 1 Primer sets for quantitative amplification PCR and reaction conditions

PR BRI -
fE 4 PCR R AR .
AL A BB (5—3) ERPCR IR amplied DR i
. . Reaction conditions of quantitative ) Amplified
Targeted gene Primer Primer sequence o fragment . References
amplification PCR efficiency/ %
length/ (bp)
AMVA4-5NF AAGCTCGTAGTTGAATTTCG 95 CHiIZAEHE 5 min,95 CAEHE: 30 5,58 C iR
AM E BUEHE S min, 95 1%\, 5,96 Li8 258 95.81 123
AMDGR CCCAACTATCCCTATTAATCAT k305,72 CZEf# 1 min,35 PMEH
Arch-amoAF STAATGGTCTGGCTTAGACG 95°C HIZEHE 5 min,95C A 30 5, 58°C iR
AOA-amoA e : BURHE S min,9 *E, 5, SBTRK 636 10291 [24]
Arch-amoAR GCGGCCATCCATCTGTATGT 30 s,72°C ZEAH 1 min,35 MEH
AmoA-1F GGGGTTTCTACTGGTGGT 95°C A Smin, 95°C A H 30 s, 60°C iR k
AOB-amoA 492 100. 25
OB-amo AmoA-2R CCCCTCKGSAAAGCCTICTIC 30 s,72°C ZEff 1 min,35 MEFF ) 38 23]
K nirk1F GGMATGGTKCCSTGGCA 95°C B Smin, 95°C A8 30 s,55°C iR & 503 92,86 126]
b R3Cu GCCTCGATCAGRTTRTGGTT 30 5,72 FEH 1 min, 35 AMEEF :
- cd3AF GTSAACGTSAAGGARACSGG 95°C FiAE M Smin, 95°C A5 30 s,58°C iE & 107 100,18 1271
mr R3cd GASTTCGGRTGSGTCTTGA 30's,72°C ZEf# 1 min, 35 PMEH :
. nosZ-f CGYTGTTCMTCGACAGCCAG 95°C WA Smin, 95°C A8 30 s,60°C iR k 455 95.09 127
nose nosZ-1622R CGSACCTTSITGCCSTYGCG 30's,72°C ZEfH 1 min, 35 MEFF :

AM HFE M FEREE Arbuscular mycorrhizal fhngi;AOA—amoA;ﬁ%’fh 4 Ammonia oxidizing archaea; AOB-amoB ; ﬁ’ﬁ’fh?ﬂﬂ%,Amm(mia oxidizing bacteria

1.5 Bl b5 58

K H Microsoft Office Excel 2007 1 SPSS 17.0 X B4 #E 47 4 BEA 73 M7, R FH 5L 2 J5 2% 23 BT ( One-way
ANOVA) F1 LSD ¥ FC A [l A 3 0] Y 225 5 i 4 (P<0.05) |, R JH Pearson A& H7 % A8 Wy 75 it FH | +33¢ pH
B FKE AE HIEMSA S, A IS S N, O HEBGHE =2 [AH SR 82 M7
M, 25340 B30 P<0.01, 22 5% B3 A P<0.05, R Origin 10.0 #KMA42ZK, A R 2.7.1 844 B4 “ gbmplus”
Giit 4, AT BRI ( Aggregated boosted tree, ABT) /#7148 K 7 fs1k AL ThAEJL P Al AM E 1 +
FEXT N, O HER & A AR X B2

2 HREHS

2.1 e AR

2 2 AIAL R RVAE D AR FEACE T, A I & AR AR N AR Ak, Bl A5 W o it FH 2 A 384, 3 pH
AL K I A B RRIR B B E K- (P>0.05) o BEINA ¥ 5 i 2 AR R34 8 T1 # T2 b3 -
BT AL TO S5 FRA 3.97% M1 8.78% ( P<0.05) ;i A= ¢ i 2 $ v 396 A MLk 5 i T1 A T2 Ab P+
AT HLBR & 23 5 TO S 3548 5 38.44% 1 71.01% ( P<0.05) ;5 TO AL, T1 Ab3E 48 4 A &R A 2 i 3%
I (P>0.05) , T2 b BE G 250 en +EA Sri  %5 TO AP 4R 5 14.87% (P<0.05) 3 BRI ¥y e + RN 25
RO ERER, 5 TO AHE, T A1 T2 A0 38 4 6 28 A & 1 4 2D 10.57% F 21.40% ( P<0.05) , T1 Fl T2
P A B ) A K B i 3 KO (P>0.05) BRI Wk e R AS RS i W B TN N AR Y s A B T R T2
Ao P A $98 A S R B R TO BRI 15.89% 11 30.46% ( P<0.05)
2.2 A[EAEY AL BT RS AL S Ak 2 e 2 PR = R Y e
221 AEEYHAETXF AOA-amoA ,AOB-amoA F [ 4 i 51

FHIE 1 AT, 25 A0 B 435 AOA-amoA FEK$5 U1K B 25 5 T AOB-amoA . Fifi 5 A= 9 s i FH = A 34 i, AOA-
amoA JE R B B FEAK (P<0.05) , 0 TOSTI>T2, TO . T1 F1 T2 AbF R AOA-amoA FE P BE /351 2h7.57x
10° 4.92x10° F1 2.50x10°#%5 Dl /g, T1 FI T2 AbFR/ 5% TO Ab PR & 2 [ 35.07% F1 66.96% ( P<0.05) , 5 TO
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FHEE, TT A1 T2 20318 AOB-amoA FEPH )& B 2 FFE(P<0.05) ,{H T1 F1 T2 AbFH AR A3 B E /K F (P>0.05)
TO . T1 1 T2 4L BEF AOB-amoA KEPH /054 3.60x10° 2.02x10° ,2.36x 10°4% U1 /g, T1 F1 T2 43 % TO b
T I 25 A 43.83% F11 34.58% ( P<0.05) o Ui B AE W2 % S b oK 13 AOA F1 AOB A= K BA HMHIVE A,

R2 FRIEWRAE T HEEAL R

Table 2 Soil physical and chemical properties under different biochar treatments

e I E K T EERiIRS £ AR A
pH Soil water Bulk density/ Soil organic Total N/ Nitrate N/ Ammonium N/
Treatment 3
content/ % (g/cm”) carbon/ ( g/kg) (g/kg) (mg/kg) (mg/kg)
TO 7.39+0.24a 22.53+0.92ab 1.18+0.13a 11.84+0.61c¢ 1.21£0.04b 27.52+1.53a 1.51£0.15¢
T1 7.42+016a 23.24+0.59ab 1.13+0.08b 16.39+0.44b 1.28+0.02ab 24.61+0.90bc 1.75+0.09b
T2 7.48+025a 23.98+0.50a 1.07+0.10c¢ 20.24+0.31a 1.39+0.03a 21.63+0.71c 1.97+0.09a

[ — %1 Fh A ] - 2 R AN [ AL 2R ) 22 5 i 35 ( P<0.05) 5 TO . ANJiti JHAE#5 No biochar application ; T1 : Jifi J1 42 4 #¢ 20t/hm? Biochar application
rate of 20 t/hm? ;TZ;E‘EH—Ji—‘E%ﬁ 40t/hm? Biochar application rate of 40 t/hm?

9 - 4.5
8 T 4.0 a
5 | C l
ﬁ':é 7t § 35+ l
> kS
X 6 WX 30T
@\m b @\m
5 5 b
HE St [ e 25} 1
%2 | W2 b T
> >
E5 4t £E 20t I
T Q g o
5§ 2 §
<C<°tn 3+ c =z 95t
E 1 B
g I g
< 2 s Lo}
Q S
<
1 05
0 0
TO Tl T2 TO T1 T2
Kb ¥ Treatment

1 AEEMRLETEELAR S EUTHERFE
Fig.1 The gene abundance of ammonia-oxidizing bacteria and archaea under different biochar treatments
R FAE 2R A [ A BRIV 22 53 5. 35 (P<0.05) 3 TO : ANJiti 42 ) %% No biochar application ; T1; Jiti JiIZE 4 %% 20t/hm? Biochar application rate of 20
v/hm? ; T2 . Jii A= % 401/hm? Biochar application rate of 40 t/hm? ; AOA-amoA ; Z & /L 1 Ammonia oxidizing archaea; AOB-amoB ; % & 1L 41

A Ammonia oxidizing bacteria

2.2.2  AN[EAEY A BT R A3 R 3 5 A 5 )

H L 2 AT B A= W it P s 3N narK PR =F B8 & (R (P<0.05 ) , 3R TOSTI>T2, TOT1 F
T2 ZEFRF nirK FEHEREAY 910 1.08x10" 7.33x10° .6.16x10°F% Ul /g, T1 F1 T2 43-5114% TO 4k 35 i 25 P& AR 31.
90% 1 42.78% ( P<0.05) ,T1 F1 T2 FALBR[E]JC 3% 25 5+ (P>0.05) Bl A= 9 o il FH 2 (R 38 0 narS 6 PR 32 3
FEAR, R BLA TOST1>T2,TO T1 A1 T2 ZEFET nirS HEK FBE 433020 3.57x107 3.12x107 [ 1.90x10"# Il /g, T1 il
TO i 4b B IE) TG 35 2% 5 (P>0.05) , T2 4309148 TO 1 T1 Ab P i 2K 46.69% F1 38.91% (P<0.05) , A A= 4
IRBEE N S A SN AR o W AE W) ¢ nosZ JEDRI = BEXG N, R I TI>T2>TO, TO T1 Fl T2 b N nosZ
FEFERE 30 2.11x107 3.74x107 2.92x10"#4 U1 /g, UL T1 A3 nosZ FEPH =EFF s, T1 A T2 ALBR4 55148 TO
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R 77.28% 1 38.33% (P<0.05) , i Wit FH A= W) 7k 08 A2 i nosZ JEPRIZR3E, IR T N, O i J i 2,
(nirK+nirS) /nosZ W) HAB R R R BAHERL N,O0 AORE So#kss . IR 2 Al 0, A=) o Ak # 5 35 BEAIK (nirK +nirS ) /
nosZ W HLAE (P<0.05) , 5 TO ZbEEAHEL , T1 A1 T2 4B 25 FEAK (nirK+nirS) /nosZ 19 HLE (P<0.05) ,{H T1 Al
T2 AbFEZ 8] TG 3 22 5 (P>0.05)
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Fig.2 The gene abundance of denitrifying bacteria under different biochar treatments

AR F By R AN R b B 7] 22 5 3 (P<0.05)

2.3 B sO L E KA A AM ELEA 5

12 3 W, Bl A AR ot T S 3 N , PR L 3R B 2 340, 55 TO AR L, T T T2 Kb 334 G 28 348 i oy AR
fZYeF(P<0.05) fH T1 Fl T2 AbFR2E AR (P>0.05) o BEA LY ot P O3S0 AM TR 6 [N =5 i (2 2%
I (P<0.05) , 320K T2>T1>T0, T1 Fl T2 43 5% TO b B3 542 55 71.88% 1 115.88% ( P<0.05) , Uil A=)
AT AM ELR AR BT B AR SEE . Bt AR A e 25 4 R g Rk 4R R RO OC AR RN G SR IOk
BRI IS &, TL R T2 Ab 38 + 48 ok 28 5 R OC H 18R 1 & i 40 048 TO S 4R = 20.67% Fl
34.36% (P<0.05) , T1 1 T2 4b B 4 3¢ b 4 WOk 4 75 2 A OC R 328 (& 540 48 T0 B35 48 & 17.40%

http ; //www.ecologica.cn



&t
s

2810 H Eire 41 4

43.50% ( P<0.05) .
2.4 AW HO R FORAE KA N, O HEHGHE Y520

FORKBIW A BB LS N,O HEBGHE & A1 B FHE R 20 S AR an & 3 s, ZEAS [ Bs30 ite on A= 49 e Ak
PR N, O Hejlom S48 F A A Y i Ab B, N, 0 HEGHE 2 BAARRI R . TO>T1>T2, BAE(7 H 24 H) 5, AN[F
LB N, O HEHE & 128 R S SEA — 30, RN T = e NS, BAE(7 H 24 H)JEH 1 R N,0 #E
i GBS 3 R I IR HE A A S (E, TO \T1 T2 2R R N, O HEjilGHE & 73 %I 4 522.14,409.35 Fl 382.35
pg m2 h™' T1 T2 Kb 5148 TO AbFRFEAR 21.60%F11 26.77% , KR (8 H 6 H)JF45 2 K, I — ki
I TO T1,T2 ZbFH N,O HEHGE 435 210.59 158.04 ,139.63 pg m™> h™', T1, T2 Ab B> 5145 TO kb B A AR
24.95%F133.70% ., 8 H 14 HAI8 J1 21 HFEMI 5 S BB HER I . S i kit i B A= 4 i A2 R oK £
5 N, 0 Hejk, Bt EFnRE R 5 2512 N,O HERcm g hn

£3 TREMRLE AM EEELAXR AKREEFEXIEEENSRIKRSZERXLIEERSE
Table 3 AM fungi colonization, EE-GRSP and T-GRSP contents under different biochar treatments

g o AM EL R UL SRR R AL Z BEBER YRR A
Treatment M hizal colonization/ % AM fungi copy numbers/ THEHSE A
reatmen yeorrizal colonization/ 7o (1004201 /g) T-GRSP content/ (mg/g) EE-GRSP content/ ( mg/g)
T0 20.39+1.04b 4.93£0.75¢ 1.86 ¢ 0.47¢
Tl 23.42+2.06a 8.48+0.63b 2.24 b 0.55b
™ 24.48+1.75a 10.71£0.97a 249 a 0.67a

[F]— %) F AN [i] b 3 7s AS ) Ak B4 ] %E‘E%( P<0.05) ; AM HA . AR A B A Arbuscular mycorrhizal fungi; EE-GRSP . Dy Bk R = A
%+ 3EHE & & Easily extractable glomalin-related soil protein; T-GRSP ; S BREEFE ZAH X+ 1, Total glomalin-related soil protein

I Pl 3 WI AT, Bl 2 A= it P ek 3 N, O BRABRHE I I S 9D i 35 SRR TOST1>T2, it il A= W) o 1 2 s
ik N,O ZRUHECE (P<0.05) ,T0T1 F1 T2 ZbH#F ) N,0 REHE =5 318 162.97 .136.38 ,120.56 mg/m’,
T1 A1 T2 435148 TO AbFH i F#AR 16.319% 1 26.02% (P<0.05) , Ui Wit FH AE ) ¢ % A 24 6 oK + 358 N, 0 HE
TR FRURAE
2.5 WA RS AM HEE & N A SC T REFE P =F B A AH & B

M3 4 PR, AEY RG-S AM B K N FAAH T g B B 3= B A OC /0 A, AM LI R 8
AW BT B B IE A R (P<0.05) ; AOA AOB nirK nirS K5 F = B 5 4 Wy 7% Jiti 1 B 52 B S 25 A 56
KF(P<0.01) ;nosZ SHEY) ] B A TE BN B E K- (P>0.05) o HHr nirk B PH F 5 4= Wy 7 i FH £ 19 AH
ek BB, -0.763 , B nirK JE R 3 5 32 A= 9 it F LR A K

R4 EYREAESEIREREENEXXRDIN

Table 4 Pearson correlation coefficients between biochar application rate and functional gene abundance

AM HF . .
AM fungi/ AOA/ AOB/ nirK/ nirS/ nosZ/
I/ 2714 271v4 271v4 PO/
(10541 /g) (#0l/g) (#07g) (0 /g) (F#0/g) (#01/g)
HRAR 0.368 " -0.587"" -0.480"" -0.763 " -0.626"" 0.285

Correlation coefficient

o FORAHICHETR 0.01 H R E /KT 5 + FRoRAH LS 0.05 835K

2.6 N,O HElcE &t 54k SAS LD REFE ]  AM FL A SRR 3= B A AH DG4 43 B

FHER 5 AT, AM ELIE (nosZ JE PR 32 FEFN N, O HERGHE &t S 4% Wk 2% FAHOC (P<0.01) , AOA nirK \nirS Fl N,0
Herom i 2% 3 IEA G (P<0.01) ,AOB 5 N,O HEBGHE f AR B K (P>0.05) . BEH AM HH AOA |
nosZ .nirK Fl nirS J&5200 N,O HERH) F 2K+,
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Fig.3 Effect of biochar on soil N, O emission fluxes of rainfed maize

ANl R R ANl A B ] 24 5 1 25 (P<0.05)

x5 N,OHMBESRIEEREENEXXRSNT

Table 5 Pearson correlation coefficients between N, O emission fluxes and functional gene abundance

AM T ' '
AM fungi/ ADA/ AOB/ nirk/ nirS/ nosZ/
te)
s uly V4 n/ V4
NG ) (#11/g) (#11/g) (/) (#01/g)
SR -0.865"* 0.819"* 0.207 0.623%* 0.799 ** 0,629

Correlation coefficient

#x FIRFIICNEIR 0.01 HEFAKF-; + FoRMIEIERL 0.05 K-

2.7 N,O HERGE 5 3545 R AR DG 4 i

N, O HEGHE it 5 4 T M i dn 2k 6 i, Hi3R 6 A, B &K E S N,0 HEilGE & 2 W
FHIEMIFEIE R (P<0.05) N, O HEBOWE B AR R IS, RHEK &0 N,O HEUY 27, HHE%E pH Al
MERBEH R HEEASTES N0 HiGE &R WK F(P>0.05) ; HHEAPLE S 5 N,0 HEsE &
LB E AR (P<0.05) ; Z R EHEZ M HIEE A& & BAATES N,0 HEE0E & 251 8 2% fUH
KRR (P<0.01) ; HHEAA TS N,0 HEGHE & 240 B EAHXE KR (P<0.01), Hrh, G RERER R
M EIEE A MSE AR RS N,0 HEBGH & 1A ¢ 28057 -0.887 ,0.738 . —0.909 . , 1] 5 i itk
PHEFTMCHEN AR EEE S R N,0 Helt F 2T,

£6 N,OHHMEBEESTEERFHBEXXRSN

Table 6 Pearson correlation coefficients between the N, O emission fluxes and soil factors

N A —
kR TR B , ,
- Bulk Soil organic . Ammonium T-GRSP EE-GRSP
Soil water . pH Nitrate N
ren/ % density carbon/ /(mg/ke) N /(mg/g) /(mg/g)
content/ % m,
/(g/em’) (&/kg) & /(my/kg)
HHXFRE . .
RER 0.503 " 0.387 -0.355 -0.565" 0.738 " -0.909 ** 0.311 -0.887 "

Correlation coefficient
* x FORAHIIEHETR 0.01 B FEKT; + FORMISETET 0.05 WFE/KT-, T-GRSP; BIRHE R ZAHSC 13 1 ; EE-GRSP : 5 $2 Uk 385 Z A ¢
TiEEA
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2.8 Gtk SRR IIAERE N S AM FL AR Ak 2 6] A A Sk S A

fiffl R AHAL DI RESEIN 5 AM BRI AH S BT an 2 7 i . MN3R 7 Wl 151, AM B IH 5 AOA L AOB,
nirK . nirS JE R 3B B 3 A OG (P<0.01) | 5 nosZ S0 8. 35 IEAH 2 (P<0.01) ; AOA 5 AOB  nirK ,nirS %t
PRI 3= S M i 2 AEAH DG (P<0.01) , 5 nosZ M 2 HAH G (P<0.01) ; AOB 5 nirK JE PR =F B S 4 4 35 1EAH G
(P<0.01) ,5 nosZ S:M 2 A (P<0.01) snirk 5 nirS JE R = B B 3 IE A0 (P<0.01) , 5 nosZ S
HE A (P<0.01) ;nirS 55 nosZ FER F 5 5 5 3 FiAHE (P<0.05)

®7 AMEESHE REAIRERFEENEXXRST

Table 7 Pearson correlation coefficients between AM fungi and functional gene abundance

AM ELT . .
AM fungi/ AOA/ AOB/ nirk/ nirS/ nosZ/
(105401 /g) (¥l/g) (#l/g) (¥ l/g) (¥0l/g) (¥l/g)
AM EH .
AM fungi/ (10°4% 01 /g)
AOA/ (¥ 01 /¢) -0.715** 1
AOB/ ($801/g) -0.554** 0.605 ** 1
nirK/ ($01/¢) -0.727** 0.708 ** 0.667** 1
nirS/ (¥ 01 /¢g) -0.743** 0.803 ** 0.398 0.772** 1
nosZ/ (¥ 01 /¢) 0.607 ** -0.572"* -0.503 ** -0.616"* -0. 323" 1

29 TIERT W AT BEEE IR AM LB AR EEXT N, O HER A AR XS DTk
K N T AL Sl L D REFE A AM BC T 2

BES I ABT BERSHEAT AP (1] 4) 455301, AOA oA |
. N £ E} = V=] e & *E
XF N, O HERCHY B i f5e K (210 1% ) , LR AM L AM fungi/ T |

(19.2%) Al nirS (11.8%) , H A4 F 5T dik K ¥ A 2 nirS/(X 1042 1 /g)
10% ;5% N, O HERCE 1A XS 57 Rkl R B/ MR IR - nosZ/(X 1054 /g)
e . Hfjx/‘:‘ BE A = 2]
AOA AM ELTH | nirS  nosZ ,AOB Bk A5 40, + & K& OB/
WA 7 ETE/NS 9

ﬁ*ﬂﬁ;}% \ﬁﬁzm\ﬁ \nLTK\j:i%ﬁE: \pHo Ammonium N/(%g/@)

BRI

3 Zit5itie Soil water content/%

TR

. . o o Soil organic carbon/(g/kg)
VFZ Wt R W], A 3 A AR i e, -5 34L N N/(aﬁﬁﬁ) ]

e e e . itrate mg/Kkg

PER AN pH & K & A A HLBK RS R AR A R nirk/(X 1048 1 /g)
) RBRSERI A SIB R pH R L b

Bulk density/(g/cm?)

HES oK B B RIR B B K, FREN
AR H B R ARE, il A 3RS REAE IR 4 pH 0 s 20 2

{8, (EAR IS M 38 8 55 0814 , B — 5 B BRI 2% vh fig HIXI TR Relative influence/ %

T3, A A B 5 pH H 2R AR (R 2), 750 me tmmEF mi ERADEERRN AM EEEEH N,0
AW B B RS PE R KB T, 35 T K73 898 sesgosaxt i ABT 4347

TR AR I T K 128 Z e, I 138 Fig4 Relative importance of soil factors, nitrification and
/H\ﬂ(%iﬁu R ﬁ*u?i%i%%[m] E/‘Jﬁ)tl:%ét%—‘ik . Tj@/\ denitrification functional gene abundances and AM fungi for NZO
B | 4 % T R K3 3K 5 Baiamonte 252 emission by the aggregated boosted tree ( ABT) model

B TEEs R —2, FERE R TA YR EA 2 Lsiis i 25

P RBI LR R, B B RN A 32 e BT RN O A AR W e I A LR A 1
I FER R T LA U7 bR A L B AR AR ) B AR R AR e v e S DA M Y O A SRR SRR TE

pH

[
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A Bl AR B, E I IAE W e T DA i - A LR A 1 s LR A W e ELA R I I B RE
Wt A LN F AR DN T RA T A HUT | 55 S 5¢ i 22 FL A5 KA M IRt W ) A K B
PRASEBR G A, O AR T R AP S AT IR W s RN R T A LA IR A 1 o R, DA
BN+ HeA MR &8 ARRFSERI A YR T, AR AR S BRI, X5 Neuyen % il
W ZEHE TS I E5 RN Nguyen SERFFE R BLAE W 55 C/ N REME B A6 PR 5T 5 R G A W vt 1+ 18
W IRA M E 2, IR TR R AR, SRR 84450 (e g A —58, EEREmTAEY
IRA B O —E BN AZR 5 3 HMt A ) e mT R AV R0 3R bk 2 R el 38 0 3 <RI A ) 1 sk A 0 1) S AR A
FH AT T N, O W8 BORIHE R, 2E 1 A 45 1= v 4 0 s g

AR ALBR B T REAE I AE K 3 SR 43, A i 2 A 16 S T IR ) KRB , A= W it A 38 g
i 5 25 WAL W B B TR . ARBIER R e A W AR AR AS B E S R AM EL AR YR AM ELEE L
¥, 5 Hammer %7 (RS 45 R —80, FEIERATRER . (1) AP s H s e A R T AM BT
G K A K e R 2 FLEE I AM BB BERE R ) (2) AR MR T Y- B (5 S W BUE IR AM 2B
(R J2 B 220 A0k 5 (3) A= v 38 ok B i = 398 o 0 g 5 40 1 06, DA T (R R i AML LR L AM
TR AR AR ORI A H R R R AR AR A B AR, — 7 T AM FLER REASE 1 T 4 MR R A I
N,O HEf, AM E R R R A B4 KT8 UGS FAYNAF SR, i mi e sk
VEFH IR BE MR N, O HEBGH A5 75— J5 T AM FL TR RE A8 MO8 Al W) AR 2R 431 40 1) A B R 80, DT S 350
PR A RIS e AR AL A S — LRl AL SRS P AN B REDS AT N, O HE Y

+- 4 N,O BYHET B B A P0G Shad BE AR B, A A0 40 B SR £k 20 B B R R R N, O HETRCAY S
PRI ARG SE R e AR W RS T AOA 1 AOB (3L F 5, H AOA H1 AOB (WL F 5 544
BTt FH B A B 2 R DG OC 2R, AOA JE PRI 3= B It A W i it FH £ R 488 TN R 3004 I8 SRR AR A B 4% i T1 T2
AR FRIEIGT AOB 114 35 PR = i TG S 35 5 ), 38 P 348 Jon 26 9 o it FH £ X0 AOB. 56 PR =5 B2 8 s i 45 /N, R 16 )
BN T AOA Fl AOB A . X AT BESE R A= W XF NH-N AW B L & AM BB X NH-N A9 W A [ 5
VD T AR S AR R R R AN T AR A A K nirK  nirS | nosZ 35 DA B (R BB RS R
WAL A ERE ) AR SE 2B, AR W BN BRIBARR T nirK N nirS JEEH E 1 Hoep T1 H1 T2 b BRAT TO 40 FH 5
FREE T nick JEF L (H T A T2 PHARPRIE I 2% 25 55,1 T2 AbFRAS TO AbPE B AN T nirS LR FJE,
T1 AbFEXS LY TO b FRIC 52520, YR nirK J5 DRI B 2 i Ak 200 P XU A= 40 o vt FH) et LU RS S0, T marS S5 DR 7R i
Tl A 200 57 %o v A 0 it P OB BBRR, A= 0 9% X narK T mirS 35 DRI J2 A 40 77 10 2S5 A kI VR, X S5
AN BFIE S R ANTA] i) e DR R Z AR 65 A P 3 06 398 2 Bl A WA 0 BT A B PR 88 22 S A, M il
398 2 AL A ) A W R 4 AN A ] o nirK T narS 35 PR 32 B 15 4 W 5 it ) e S A S FA A G . AR
WA BESEIN T nosZ JEEJE | nosZ Je K =F B 5 4= Wy e P 22 AEAHSC  (ARIB 8 B E /KT, AW n
nosZ HEKFEEAR M N,O BB, il T 2E Wi vt 5 b A T 438 N, O BlHE A 3K T,

AM EH SAEfk RS AR EAE R X N, O HERCEAT B2 L, MR, AM E 5 AOA |
AOB nirK \nirS JEH F B 4 2 A G (P<0.01) , 5 nosZ 54 i 25 IFAH G (P<0.01) , Chen 25 it =
TR I IE K 0 AM LB AT 5 25 PR B AR PR 14 AOA L AOB FE P £ i, I LA 435l (A1 4% | B35 50 1 1
MR RZZE T AOA MIRFEAL L, Veresoglou 55 * 5T & BLEE Rl AM EC B Al BERF (X 18 AOA | AOB K3
AR, FERHT AM BE A EHEY (AOA F1 AOB) ¥JLL NH]-N NJEY), —#1E 354+ NH]-N i},
ALY (AOA F1 AOB) — kb T4 3%, 1 3 b NHA BRI, AM B e R NH4 90 ) & 48k 1
A% NHA™ R, 8 5 AOA F AOB 3= B2 i+ S i £ 380 2% (%) A, 2F 1 sl 20 17 i Akl 2 vh 7 2R 9 NL O,
Bender %5 VRHF 5T & BT AR R R I RD AM ELRR S 3R narK FEDR R R AM EC T (R Y SR S 2R M R 5%, A
nosZ DR = BE N2 TEAE G, H A48 N,O HEiE 2 TR, RUT AM ECREREIR T B3 fb Sl i iy
FEEBE B85 T nosZ BEPR A BE, HFMTFRAR N,O MHERL, R EZER (ABT) 23 HT R W, AOA XF N,O HEjik 1)
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MR R, K2 AM B nirS Fl nosZ , XA 45 B BRSNS /N 38 N, O OHERC EZE % AOA nirS Al
nosZ $4WA, Liv %5 B HFGEI R4 H E ok 2 N,O BIHEIL F 232 AOB Fll nosZ 520, £ 25 i F - e R F fpr
FHE AR AE R FD AN ], 2 B2 T N, O HERR %) 5 22 R[]

SRR, A ) A A PR 5 3 AM ELR R YR R A 0, AR W R AM L B B DU T R
AW R BRI AE SRS AR I B A T, TR IR 4 N PEER AN N, O SRR HERL , (A4 Yy A AM B 1
Z [BI MIRHIL i T B A T 8 i — 2B R
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