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Effects and Mechanisms of Different Biological Nitrification Inhibitors on N,O Emissions

from Red Paddy Soil
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(1 Key Laboratory of Soil and Sustainable Agriculture, Chinese Academy of Sciences, Nanjing 210008, China; 2 University of
Chinese Academy of Sciences, Beijing 100049, China)

Abstract: To reveal the differences in the effects and mechanisms of different biological nitrification inhibitors (BNIs) on N,O
emissions from red paddy soil, a 21-day soil column flooding incubation experiment was conducted to compare three BNIs,
1,9-decanediol (1,9-D), linolenic acid (LN) and methyl 3-(4-hydroxyphenyl)propionate (MHPP) with the chemically synthesized
nitrification inhibitor dicyandiamide (DCD) on soil N,O emissions and associated nitrification and denitrification functional
genes. The results showed that the different BNIs (1,9-D, LN, MHPP) significantly reduced peak N,O emissions by 40.1% on
average; 1,9-D and MHPP suppressed total N_0 emlssons by 44.5% and 43.9%, respectively, while DCD and LN had no
sigififcant effects. Both 1,9-D and MHPP differed in their regulations of nitrifying and denitrifying bacteria, with 1,9-D inhibiting
the growth of both AOA, AOB, and #ir:S microorganisms; MHPP only inhibited the growth of AOA; whereas the abundance of AOA-amoA
and nirS genes were significant and positively correlated with soil N,O emissions. Meanwhile, both 1,9-D and MHPP increased nosZ gene
abundances and their ratios to AOA-amoA+AOB-amoA, nirS+nirK and AOA-amoA+AOB-amoA+nirS+nirK, which were significantly
negatively correlated with soil N,O emissions. In conclusion, changes in the abundance of AOA-amoA and nosZ genes caused by the
biological nitrification inhibitors 1,9-D and MHPP play important roles in N,O reduction in red paddy soil.

Key words: Biological nitrification inhibitors; Paddy soil derived from red earth; N,O; AOA-amoA; nosZ
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TR NLO £ (5 2 BRI NLO SKIR I 56% ~ 70%",
PR I B v BN A 22 R b Rl NLO HE AR 15 2
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IR AL R RS AR FR AT AP N0,
th, EHINERE SN AOA-amod Il AOB-amoA
SEEACAE FH ) CER D BEBE R, SV Al PR 18 D I 2 ) I
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RIBPJe b A e, HV 2 ZFHEE T, 5
BF, A B AL R0 A L S 3 Il A= 77 A,
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A= YR AL A7 (Biological Nitrification Inhibitors,
BNIs)J&— & AR ) 43 Wb I EAT i - e Ak A Y
W 510 SRR R SR U A 0 I Y B A A o 5 3
PO, R IR AR v B 2 IR R SR D B VS
Y semg P2 fead 3 20 4R, RS BT
TP R W 3 T ORRIZE ALY BNIs. 755
SRR RS h S 3 Bl BNIs, 43000k 3-(4-F2 %
R F)NER H iE (methyl 3-(4-hydroxyphenyl)
propionate, MHPP) ., ##{£% (sakuranetin)Fl & S
(sorgoleone)!' " {ERE I B (Brachiaria humidicola)
R 2 43 B HURFIE B P B (brachialactone) ™, 7E7KAF
AR AE G5 H 2 i BNIs, 2052 1,9-%%
TEE(L9-DYFI T RSO AR TR R I oy
&t 2,7- dimethoxy-1,4-naphthoquinone F1 2-hydroxy-
4,7-dimethoxy-2H-1,4-benzoxazin-3(4H)-one*”!, 5%
KB, HEY) BNIs ()i 5 44 NLO HEU R B35 11
SR, [WEE, K & BNIs (808 7 56 1 11
ARPRBER b, TR FEAR 12 NLO HEiL 60%)

AN, fE—2e 3 |, MHPP A i 2 [k 1 1
N,O HEL 18.1% ~ 72.2%'721; 1,9-D A . - K R#AIK
B+ 1 N,O HERL 48%!"), kil , BUATRFIE IS4t
Xf BNIs 7E 4% 13 N,O HEslcy w4 AT, A8 [6] BNIs
ZIEXT N,O HEL s mn 22 F AN 2, H BNIs Xt
NLO JBHE AT A P24 ALt B A iR 3

ZIYEAE R TR I RE Jr R 3 T AR A SR A
£, WlnE BIERL . SRR = AR SE L R
AT LR SRl L R frer i T R A
IKFELUMER LTI, 1R K i B i b DX Al 2 77 (1
AREEAEPY BRTELTHEME KRS + 10 Besl B A A AR
WAL AR -3 NLO HEr A B iaEt>,
{EASTR] BNIs 76 1% 145X NoO HEBUHCER K AL i A
L WL, AT AR TR, KT 3
T[R9 BNIs(1,9-D . LNOIEBR#R) . MHPP){E£T 3¢
IKFE - H KSR NLO HERC R AN . RS AR A G
e (AOA-amoA .AOB-amoA .nirK .nirS Fl nosZ)
(ISR, JRoHT TIIRERE S N,O HERRIA B R,
PLA BNIs FAEA FH L RS HE I FH B 35004 NLO JliHESE
Jit ] 7 B AL ER IS AR

1 MRS

1.1 s

P R A E R A BT SRR AE S R
4 [ R B AR WL 5356 (28°15'N, 116°55'E), %
M DXAEYR 17.6 °C, YRR R 1795 mm. it
IR HERRU KRG+, B habiE, RE 0 ~ 20 cm
P2 REMERELIAT . T0i(<2 mm), RS, &
A, AR L 1. K 1,9-D il T2 Rk
TR R AWRAF, fiERKT 97%. LN, MHPP
FIXUE R (DCD) KT Sigma A H] o

F1 KAEHATEUMER

Table I Physicochemical properties of tested red paddy soil

pH 2R FEEING NH;-N NO;-N HLAEZH B (g/kg)
(g/kg) (g/kg) (mg/kg) (mg/kg) <0.002 mm Fhkr 0.002 ~ 0.02 mm HHk7 0.02 ~ 2 mm P
5.06 0.92 16.6 9.94 7.49 162.0 119.0 719.0

1.2 iRt

IR AT, A 18 em, AR 5 em,
MEZETFKE R 1 em ZR)Z. 2em #BK)Z. 14 cm
THRAZEM 1 om WEE . I EHT 1 K, JerE
AT S AL R A SR, SRS A 370 g 3K
B, ESERBEEK, FFBCE 1 d LME 58 Tk
FFEARAS S 56 2 K, Kb B I A AL 1 51

BT BAGTESA 5 em IR HIBIRGZE, RIa %
£ 2 em WK, FFIRIAES . 350 RIKEE TS NLO J5
WO — B PR R IR, ARSI AR
R . OFEMPRE, N 200 mgkg 1, i
£ U); @DCD 20 mg/kg ++EEGEHE DCD);31,9-D
100 mg/kg ++ANEGCAE 1,9-D); @LN 100 mg/kg ++
AMGEE LN); @MHPP(100 mg/kg +)+E M GEE
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MHPP), H, 1,9-D. LN, MHPP F1 DCD Fy{di ff]
IR E S % HAl BNIs i = R FRAF7E 1778,
1.3 11 N,O HERg il E

Il 4 P A I AR A 8 R I
N,O, B A KFNE 5em, & 15 cm, E#EO,
TERA A TS AR, M AL DA AR SR
£, NS5 AR LE K FF A Sk B2 A6 PR IR EE T e o et I
JEHESE 21 d TR, S RIfESAG 2h Fl 4 h
B P S AR IR 15 mL SR T A HHCRAS) T, RS
W 3 ERAMERE AR, N,O WIESHZHER
7890A AR IEAL(ECD &I #%) I 7E

N,O HHECRIFHAR PP F(N, pg/kg)=(M/
Vaw)*Vxde/dex273/(273+T)xP/Pyx24, R . F 3 N,O
FIHERGE 5 5 M R NyO-N ARIEIRAS T 1B /K i 5 (28
g/mol); Yy AMRIIEE/RIK, 22.4 Limol; V W%
HIERASARIRT(L) 5 de/dr JRAEERR PR N NLO AUk

WEER (N, pg/(Lxh)); T AREEETAR A 911
JE(C); PARFEFENSER; Py MbRHER SR K55
YR R 30 m, FRERFZIE/N, SEPRITE
2SR R
1.4 11 DNA {ZENFIZEEZ PCR

+3E4HH DNA { F§ MoBio PowerSoil DNA 5]
ECEENIEATHRIC, AR SR TR, SRR
+ 3 DNA )5, i [} NanoDrop ND100 435656 i (Jak
IRUAER, EE)IFAEHREAY DNA M RF . fifi
LightCycler 480 iR PCR R4 (¥ [RIZWIAF], 2
U, i FEDHEAT S E i PCR U E , S 14 0% 2.
10 pL W IR W P41 E 5 uL SYBR Premix Ex Taq
fiff(TaKaRa, Zit, HA), 0.4 uL #5197, 0.4 uL J5
S9N 0.5 uL DNA K343 H AR Bk # BE 10 %
VA R B A TR TR ) I o R R ORI B 5 R
AT 4 3 A APEAS 22 B PCR 4734 A0 H5 5 1

£2 FEEPCRHSIMRIEEH

Table 2 Primers sequences and real-time PCR program

H B3 Gl B 1P 51(5°-3") Pyl S 225 30k

AOA-amoA  Arch-amoAF STAATGGTCTGGCTTAGAC 94 °C 5min, 1 MEH; 94 °C 455, 53°C 605, [40]
Arch-amoAR GCGGCCATCCATCTGTATGT 72°C 605, 30 PEH

AOB-amoA amoA-1F GGGGTTTCTACTGGTGGT 94 °C Smin, 1ME¥; 94 °C30s, 55°C30s, [41]
amoA-2R CCCCTCKGSAAAGCCTTCTTC 72 C 455, 35 MMEH

nirk FlaCu ATCATGGTSCTGCCGCG 94 °C 3 min, 1 ME#H; 94°C30s, 63°C30s, [42]
R3Cu GCCTCGATCAGRTTGTGGTT 72°C60s, 40 A%

nirS Cd3aF GTSAACGTSAAGGARACSGG 94 °C 3 min, 1 MF¥; 94°C30s, 58°C45s, [71
R3cd GASTTCGGRTGSGTCTTGA 72°C60s, 40 g

nosZ 2F CGCRACGGCAASAAGGTSMSSGT  95°C 3min, 1 MEH; 95°C30s, 62°C30s, [43]
2R CAKRTGCAKSGCRTGGCAGAA 72°C60s, 40 A-fE3R

1.5 BE&KITS5HH

IRIEE R Excel 2021 #2511 SPSS 20 4k
TS50, RPN ZE )7 225087 A1 Duncan
AT A M 2 AL, SRH] Pearson YAXTA%
AR HATA SN E S o >R Origin 2022 R AFHERE

2 HEREHS

2.1 [ BNIs 5 DCD Xf +1E N,O HERf 501
H & 1A AU, A A b 1 1- 4% N,O H
Hel s e ALJS 3 d B SR B0E(E, 7ERie 7 d 5k T
. (H5 U AFEAH L, AN[E] BNIs b2 o] -2 R A%
+3 N,O HHERCIE(E 40.1%, T DCD 4B
19.6%. [EIB}, fEAE BNIs 23226, 1,9-D b3}
NoO  H HE e B A 49 60 V6 FH 3 B (44.5%) , RO
MHPP 4 (43.9%) M1 LN 4b#(31.8%). M 13 N,O

Hejlt RFUESK A (B 1B), LN F1 DCD AHEXT N,O HE
T A B MEI/ERT, 1,9-D #1 MHPP 4b3# AT L) 2
M 13 NoO HEACEE, Jr, 1,9-D by LIk
22.5%, MHPP ZbBAT LAHE 17.4%. Hdtal i, f&
K AAF T, 1,9-D XL KRR £ NoO sk A 1]
fftF MHPP., LN #1 DCD,
2.2 A[E BNIs 5 DCD X + 3278 Fl iR A 4L Th g

EEFERRm

M9 E B PCR I AE e AH AL RIS A Al
JCHEDIRERE N R I, 5 U ALHAALL, RIF) BNIs
Ab 3T SF- 347 G 2 AT - B U AR A T TR (AOA) JE R
B 24.1%, =T DCD 2P 7.9%(K 2A, K] 2B);
Horp, 1,9-D AbHEXE AOA JE[H EJEF Hm 141 (37.3%)
VLT LN AbFH(25.3%)H1 MHPP Ab3H(9.5%) X T2
FALAN# (AOB)JEH £ i, DCD &b 3 9 40 i 4 g
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33.3%, T BNIs Zb#; 1fiANA] BNIs &b #[7], 1,9-D
AL BE P HIAE FH (23.7%) i F LN Zb 2 (1.2%)#1 MHPP
AL FR(11.5%).

XTI FER, AS[E] BNIs Al DCD Ab B3

Qb P I 3 AR 2 mirS LR F ¥ 38.2%, LN, MHPP
F1 DCD Ah 3N AT b 2 A 6 /EFH . DCD Ab 3 i 2
BAAR -4 nirk FEH ¥ 33.3%, 1,9-D Fil MHPP b Ff
WA RERW, T LN AP 48 nirk JE 3

B AR B (& 2C, K 2D). 5 U A #IAH Y, 1,9-D FF 54.1%.,
800 - 4000
(A) —=—U
700 —e— DCD
L —A—19-D 3500
B 600 ~—v— LN 2
0 r 4— MHPP % 3000
Z 500 z
iE 400 B 5500
= 300 "
o = 2000
Q. =
Z' 200 ,
“ 1500
100
0 1 000
8] DCD 1.9-D LN MHPP
FEFRIF 1] (d) sl
(B AR RINE SRR 7R AR B R] 22 5 7E P<0.05 7KV, T H)
B 1 7[FE BNIs 5 DCD Xt N,O Him #9201
Fig.l1 Effects of different BNIs and DCD on N,O emissions
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2 6k a & 4F a
8 8
o ab b < a
T | < 3l ab
= ? i be
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g S
$ 3L S 1t
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Pl Ab ¥R
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/;D a
/\O\D . a a a g
A - a
.% a S 2t
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% 31 b »':t_; d cd
N 4
42t il |
2t B
N

8] DCD MHPP

1,9-D LN
AbB
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yugiil

2 7F[E BNIs 1 DCD 3§ +1# i X.(AOA-2moA. AOB-amoA)FN R FE I EEE (nirS. nirk)=E & BIE NG
Fig.2 Effects of different BNIs and DCD on gene abundances of soil nitrification (AOA-amoA4, AOB-amoA) and denitrification functional genes
(nirS, nirK)
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1,9-D F1 MHPP AbBEAT DU EHEE nosZ FEHFE

18.5% F1 34.4%, LN Kb3I i S FEAIK nosZ JEH F

52.9%. i1t nosZ KPR - FE 5 i AL B A AL 4 R D) BE

LD EFE A HUAE (K 3B ~ 3D), A LA ) BNIs AR FfY)
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25¢
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e
W
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o
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yoszt
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025
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U DCD
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Ab 3

LN MHPP
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nosZI(AOA-amoA+ AOB-amoA+ nirS+ nirK) -3 H(H
¥ T DCD 4b#, 5 U 4bBEAHLE, 1,9-D Al MHPP
AR BRI 2R 3 LB, AR 81.2% Fi1 47.8%.
31.3% H1 19.3%. 32.9% F1 21.5%, 1,9-D Ab3fY 3
A L(EI & T MHPP 403 ; LN FI DCD 4b P
FREAR 3 ALIAE, 40 AR 14.7% Fl 47.8%.24.1%
M1 66.3%. 24.1% F1 65.8%, FHrfr, DCD 4bFfY 3
HIER ST LN 403, (HI4KT 1,9-D 1 MHPP
Ab

40 —(B)

30

20+ b

nosZI(AOA-amoA+AOB-amoA)

U DCD 1.9-D LN MHPP
bsm
1.2
D) . X
1.0 |
C
0.8
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T 0.6r
2
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04r
[
02F

U DCD

1.9-D LN MHPP

Ab3

3 AFE BNIs 5 DCD Xt nosZERFE, nosZ(AOA-amoA+ AOB-amoA). nosZ/(nirS+ nirK)F1 nosZi(AOA-amoA+
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Fig. 3 Effects of different BNIs and DCD on nosZ gene abundance, nosZ/(AOA-amoA+ AOB-amoA), nosZ/(nirS+ nirK), and
nosZ/(AOA-amoA+ AOB-amoA+ nirS+ nirK) ratios

24 TENOHMEMK. REKIIEEENE

X

X+ NLO HEBC S AN [ D g JE R A 7 A G 43
M, RBUELHEMOKRE LK ST, 3 N0 HE
OB E S BRI G R AOA-amod £ELEEE
IEAHIE(R*=0.40, P<0.05), 5 AOB-amod =FFEN|JTC
AR (] 4), XTI EDIRE RN, +HE N,O
HO B RS nirS F 5 W IEAHE(R=0.38, P<
0.05), 5 nosZ FJ¥ 2 i MM X (R*=0.43, P<0.05),
5 nirk FELREFMEKLR, HEGEMNE, T3
N,O HEilE S nosZ/(AOA-amoA+AOB-amoA)FH K

PR (R?=0.71, P<0.01), 5 nosZ/(AOA-amoA+AOB-
amoA+nirS+ nirK)(R*=0.47, P<0.01)Hl nosZ/(nirS+
nirK)(R*=0.46, P<0.01)% BFENHXELER.,

3 ihie

A= Wy i AL A ) 0] (BN L) A g — o Al LA o] - 3
FACPE I RIBL, BOA b BT 5 N,O HEY
T U BILHT ARG, DCD BUAR AT LRI
PEAKFE WK ST 13 N,O H HE I, (HXT N,O
HERC B A RF R, X 5 LIE DCD 7218 |
i gE 45 R —3"), B DCD FERf M - K ARS + 1
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Fig. 4 Correlation analysis of total soil N,O emissions with abundances of nitrification and denitrification functional genes and the ratios of
related functional genes

IR NLO W HEE | 35X 5] DCD 1y
UCHEYE F AT RE S R HERAAT G ARBESE T, ASIR] BNIs
¥ DCD HA HALH N,O H HEsC A AE AR S
FEARTA] BNIs H1LL 1,9-D & N,O JsiHEME F el , ok
J& MHPP F1 LN, H1, 1,9-D A] DI N,O HEjik i
H 44.5%, WAKT Lu Z58F58; MHPP Al D) g 0
H1 138 NLO HERC M 43.9%, (HIHESCRSS T Lan
FPUIESY, o] e A AREFSE R MHPP jifi FH AL
4100 mg/kg +, KT Lan 25 UHF5E )it F B 500 mg/kg
+, XHRFE MHPP J8# N,O BYHERCAT GEHA Mk
BN, (HAFA R IRABESE . LN BAR T DL g R+
HEN,O HHER RIS, (EXF 135 NLO HERL ) B A
B BENIHER, X5 LN 7Esmifb 5
NLO U HEVE F 25 S — 2%,

SRR BNIs ¥R LARER N,O HEjik, {H BNIs
Z B HME A BRI ES . A5, (U

1,9-D il MHPP *J -3 N,O BA7 .2 fusi e , i
H 1,9-D %f N,O A9k L T MHPP . —J7 i 2 [
>4 1,9-D kb ¥ MHPP 2038 HLA SR AOA-amoA |
AOB-amoA Ml nirS FHFERE; FH—Jrm, 1,9-D Zb#H
tt MHPP AbHEA T & 1 nosZ/(AOA-amod+ AOB-
amoA) . nosZ/(nirS+ nirK)Hl nosZ/(AOA-amoA+ AOB-
amoA+nirS+ nirK)HWAE o 1M nosZ FEH FRE 5L . &
B A e PR B 1 U AR AT R 0 NLO ™ AR K
ST XU 1,9-D He MHPP i 5 G- [R] s 4 4
R A R, BEIT AR 50 123 NLO HE.
)R, ARG AR 2R o 1 ARADL FH i) B S O 2 I AR
WRIATL, T MHPP 1R Rkt E ", SRRk
T AT BRI S5 1 X - S A Ao R 0 4 A P A0
HE NLO BB 5 1,9-D AE /K AEAR 22 70 W n R T4
JEUS, ARG TR S, AR R A TE NLO
Heplc g At 1 T BEtE .
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AL TR ) AOA Fil AOB AL L 1 5
+HE NLO HEHCH DIM ) AHfFgE i, MK S R4
SEPE KRS 1Y NLO HER B 5 AOA Ak 2L (K = i
L EIEM R (R=0.40, P<0.05), 5 AOB ik
PR E PR B G A DG, X5 J1 TR Yang 46P0)
HIBFFE A5 SR AR L. X AT REE I AOA U7 K24k
+HERET AOB, {15 RS ILAE FH = 5 NL,O B
HERCE AR K —3B 43 R I T AOA 3P [F]R,
FERRME I, LIERUE LA S R AR, i
M NLO HEi 5 358 AOA JE [H £ B W F Ay A8 1
PEUL nirS | nirK 1 nosZ ¥4 02 kit #2 1= A4 NLO
B EEIREIL P AR R, 3 NL,O HEK
SRS nirS Ml nosZ N FHE R B EFIEMHLR, 5
nirK FEPR 2 TC WA G o X B AR LTI K AR
AT, BRTHASRE, b BAERE £ N0
HE P th i A A ) geah, 3 N0 HEK
MRS nosZ LR = ARG LA 5 35 IEAH DG OC
F, bR T WK AT 1,9-D Fil MHPP X 14
NLO [ A A AR A Al Rk R A A 25 5 4R
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