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Progress in Research and Agricultural Application Prospect of Biological
Nitrification Inhibitors

LU Yufang, SHI Weiming’
(State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China)

Abstract: In China, N fertilizer use efficiency (NUE) is quite low as affected by its high-input intensive production mode in
agriculture. A considerable portion of the nitrogen fertilizer applied to the cropping systems is lost to the environment as ammonia
(NH3), nitrate (NO3), and nitrous oxide (N,O) as greenhouse gas, thus raising agricultural production cost and aggravating
environmental pollution. Nitrification is the key transformation process of nitrogen cycling in soil, and is closely related to

nitrogen loss in farmland. Some plants can produce and secrete compounds that inhibit nitrification and are called biological
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nitrification inhibitors (BNIs). Thu use of such BNIs may be an efficient and environment-friendly nitrogen management strategy.
Here, a review of recent key developments in the field of biological nitrification inhibitors at home and abroad was presented,
elaborating significances, substance types, functions, secretion and mechanism of BNIs secreted by roots. Researches in the past,
particularly with focus on tropical pasture grasses and sorghum, held that releasing of BNIs was a nitrogen-preserving survival
mechanism plants used to adapt to low-nitrogen environments in natural ecosystems. This paper suggests that BNIs are equally
important in the high-N-input agricultural ecosystems and that a certain number of food crop varieties also have high BNI activity.
In addition, BNIs that are produced by plants may evolve as specific responses to nitrifying environments. The mechanisms of
BNIs secretion under waterlogged and aerobic conditions are quite similar, but differ somewhat, for instance effect of the parts of
the root system exposed to  NHj and pH. The hypothetic mechanism that BNIs released from plant cell membranes is proposed,
for example, 1, 9-decanediol might be released via the ATP-binding cassette (ABC) transporter or members of the multidrug and
toxic compound extrusion (MATE) transporter family. In terms of action targets, BNIs may regulate more ammonia-oxidizing
microbial species and enzyme sites than the synthetic nitrification inhibitors (SNIs). Prospects of how to make use of BNIs in
improving nitrogen utilization and reducing environmental pollution in agriculture are also discussed, such as high BNI-activity
plants (such as pasture)-crop rotation, nitrogen fertilizer synergist, use of BNI traits for crop genetic improvement. For future
researches, emphases should be laid on the following aspects: (1) to explore BNI functions and BNIs types in cultivation of
important crops, and take into account interaction between BNIs substances; (2) to further reveal mechanism of known BNIs
substances inhibiting nitrification, in addition to AOA and AOB, attention should be paid to response of the newly discovered
Comammox, including other nitrogen transformation processes such as denitrification, and evaluation of potential loss of
ammonia via volatilization caused by BNIs; (3) to investigate key genes and molecular genetic mechanisms regulating BNIs
secretion through genome-wide association analysis (GWAS); and (4) to explore effects of BNIs in different soil conditions and
with different crops in improving agriculture by field experiments, which hopefully may serve as reference for the developing of
future BNIs technologies and products, improving the quality of agricultural produces, and promoting the green development of
modern agriculture.

Key words: Biological nitrification inhibitors; Nitrification; Root exudates; Nitrogen use efficiency; Agriculture green

development

RERAREAEME-HETEARS  # EEFKESRNENC V1, RAFEETRER
BFTLHR 70 SZAONREHEY, BT LRRNEES
BKET , HE=XKIREBEYKE. ML, EXE XARRFAREINRSENERSASEE
SHFERRCE AT 150~250 kghm? (LAN  EKREEGSESHEX. ERAESRSES , 8§
it, TE) ¥, ERERZARNELEAEXE HELEIT WIERRUAERSE (NH; ), &S
7 250~350 kg hm?Pl, IF IS EBIEIEHIASENE  GBEEMERBLRNSE ( NO; ), TS
BiEES  REETERBEYNSTERFA 5 NH I NO; A5 BRI F . No; oEd
X 30%~40% T RETEREAER  RESUERIILA N.O FI N, B RESSAMN
FBX 40%~60% HIKFEC, RIERAERERRK ( Anaerobic ammonium oxidation , Anammox ) F0fE
WAL ( FAO ) Mgt EHY , REREFAER EREL 2R IR 95R ( Dissimilatory nitrate reduction to

51JII15+

3000 /5t, R ERNRBRNER R A RIRE ammonium , DNRA ) 352568 N, FINH, , N, B

EEAN. BESHRHNNLIER  moeyESEmEsALEsLas. A, BE
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BEMBIRRHNKPEREEFN  HHFIRIEL
ERF=4R N,O SHESINRIRERLN tIMNERE
SELREM, EMRRIEERT , HIERS
RARREMFABIEX | AREEEF AZEM
WORSRIKEIIRED, SEIDEHEEIERR
ERAZFHETEHEREERENERERZ—.
FARZEE BREEEEIR] ( Synthetic nitrification
inhibitors , SNIs ) R/ EmA KRR ZAEF A
RW—INEERENE | AL ER T REIRERIR
Fi. BRIFER ESZRARY SNIs & 3 ff:(1)X
£(B% ( Dicyandiamide , DCD ), ( 2 ) 3,4-—ERE I

BEEREL ( 3,4-dimethylpyrazole phosphate , DMPP ),

(3) 225-6-=5 B EMME ( 2-chloro-6-trichloromethyl
pyridine , Nitrapyrin ), @1 Meta ZIEDT A |
SNIs FRERMFEREEZ R 48% I NO; it
B 44% B9 N,O HERZE™, EIRSIEIN 7.5% RYIEH

FEER 12.9% RIS Z=FIFEZX( Nitrogen use efficiency ,

NUE ) ™9, SNIs HERMRZINERT (NLE
pH. [&its. BE ) MARZEEER (NERRNEE
BE ) e, HFEER AP IER AR
SNIs @MIFEBR , BEZ TG BN AFY
SENARIAEFEA , X RENERE RIS
BGBERA N, Al , FRENARILEEER
HNEXT , BREIKEFIBERNREREFE
RAER. AEEMBEEDFHFERSEEFA
N> ERMESRAENARHEEREEEER
BITT RFELE.

1 EMRREIIHEIRIEESRETRIEX

2006 F , HABE R KKK W HFH RO
Subbarao BHRARRIERZHT "EMHEAIDHIE
F3 ( Biological nitrification inhibition , BNI )" Y4
X CRIEEWRAFEN D W e Hl T IEHEE
FRYIRAIBES] | YRR LMW RN HITEICIE
FARS R , MFR 9 EMELIDHIF ( Biological

nitrification inhibitors , BNIs ) #4, Zsc b, B7E 20
HERE+FR , ARARMAKRERMIIELE
SEFEF , BENA. EX B BELANEHESEE
YARFE BN FHED?, NTHEURER D WY
BNIs 2IRshESRGESHIK BN,
HRERERI , FREFRZHMEFERHN
EMEEERS BNI &%, BEESF ( Hyparrhenia
diplandra )F03EMIZE S EERZE ( Brachiaria humidicola )
XAMREEZERNXTREZ , AERERAE]
R IE B BTN S R,
SPIBEETEYWHZENERI Brachiaria
humidicola IR ZE B ERIEAY BNI ;FI, Janke ZE
5 HRAR T 2414 FhAAE ( Hibiscus splendens ) 1
FIAG ( Solanum echinatum ) BRER D WHIEE BNI iE
t, MENEREKEARFADRENEELET,
&b, IARARERERERSEERMR AN =
#2 ( Picea abies ) F1= 0221812 ( Abies nordmanniana )
AR HERI T BNI ThEE™, A0, BNIs AJEREE
YIERHEEIR I —FMRRERNE S ),
S5ERESRRLURERRWHIEARZRELL |,
MABIRARVAEFARR T IZRIECERRE 5
BRI T #04Z5 |, BNIs 3T R A T EMLIE
BRRERESXKE. —LREAREKA  ENERE
IERIEY) BNI BEHIBERS. AHES , &TE
( Panicum spp. ) 1BXIFER.EE ( Brachiaria spp. )
FENBEERE , HIRR BN EMH&RE™; £X
HREYS | ERERRAREZR ( Sorghum bicolor )
REDWHEERERN BNI 881 MESEREEK
BY7KFE ( Oryza sativa L. ). ZJ\ZZ( Triticum aestivum )
FEK ( Zea mays L. ) DTCEELIMELFE, BE
BROARERAOEDRMALEZ NXETRE
EMREN MM XRETERM T BNI E=XR
BIEMHRMEEER. S O'sullivan F 373 98
MEFRNEZNEERR E#H T ETFRE—mFAN
ZJLFAESB BNI BC BNI WA, iZA5RE |
HEIERRILME S RMAEAE AL RMAIRER
oIS EEEER BNIEM, Ltk , BNI FEIEE
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{ERBNKEFEYDAEENMatbRiREEE. REBMMREIEEXRBEXES BNIINEE M
Pariasca Tanaka FPYE—IARS 36 MUKBERRIE  EEXI BNEERFEESTERHIRE BNI
EDWYMHARTENAGERNRTHEGHEN R ARERM, SFKE, NEMEXSHRE
BNI EFH. MERHHRREHAET 19 MABE  (FUNSRRNBEMZFNE Y BNI HIEH
E B9 5155 3L 30 7= BB *mm%n*ﬁiaﬁ’ﬂfﬁ? WS RENEEREESESEESN. R BNIs &
EHEEE8H BNI 5EM BIRESWYRERE SEERANRUTREEELRE—EER BER
S BENSEEIE- R H#H (GC-MS)¥ERA & APRASIRENESEVEEF BOEEM .
RBE T KRES WA BNIs MIERE 1.9-% ™, (E1)

e
N fertilizer NO,N,ON, NO,N,O,N,

I ;

HIER itk
Volatilization Denitrification i
' filg ﬂ: Runoff
L] °
. . Nitrification || P P
AMO S HAO NXR ! v

—Nm —Qy NH L,OH NO —» NO, NO,
: " % fit§fk
AOB, AOA NOB e $3---------2 | Denitrification
; A
SRS anking
A Comammox TRocting KA
Farmland Waterbodies

i D NUE : IEFIBEE ; AOB : SEHHE ; ACA : SEMHEE ; NOB : RIS E | AMO : REINEES ; HAO : B
SALES ;NXR : TAHEREYELIERES, Note : NUE :nitrogen use efficiency ; AOB :ammonia-oxidizing bacteria ; AOA :ammonia-oxidizing

archaea ; NOB : nitrite oxidizing bacteria ; AMO : ammonia monooxygenase ; HAO : hydroxylamine oxidoreductase ; NXR : nitrite
oxidoreductase.

B 1 EYREDE (BNIs) EIRI HIRSREF AR REFSHRAER

Fig. 1 Role of biological nitrification inhibitors ( BNIs ) in increasing NUE and reducing nitrogen pollution in the modern agriculture

2 RES ARSI R FhRS  AMENTEMASIRERY  RRENSWAT BNIs
THaE ErIBEEE BNI A" SSIEIRA D W BNIs
]

MEREBEERN. IETEX , BEERR D WIBE.
PBEBMEERANRERRE  ENER. E5EF
EF/KEBRRR D WHIFRIN T 5 # BNIs(FR 1),
2008 & , NER—1 = BNI iEME R Sorghum
bicolor IREZWHIHEIMTHE—F BNIs—IF7=
ERXAERHES( methyl 3-( 4-hydroxyphenyl )propionate ,
MHPP ), IZRKABREYHREEREN BN EER,
BEfS ,Subbarao E'IRMERFEIMT 2 # BNIs,
DARFKEASPRINERECSWIREER
( Sakuranetin ), LA MERZK A S HRIMIIAKERZE

21 EYRREIHEIFIRIRRSE
SREBRICIHBTESR. WANIFISFRES
WHIRY BNIENY |, (BXEME(ERRIXE BNIs 4
FETHEY  MRABEESFEMNNEL , 788
AU AR SS TRV A=, EHARS T BNI (LEYIR
AIRBIBIRFEM AR T FREY O, MAR
REDWY  EHREZ—ARERASWIEE
. 2O, FHHURS , WEND BEERK.

http://pedologica.issas.ac.cn



3HA

fEEFS - EMHECEFNARERRERINARS

549

WEYIEZRER ( Sorgoleone ) , MR B RIER D
W BNI SEMEREEESIER. ZERA 2009 RN
Brachiaria humidicola R4 &I T —FfhIR
KRREYIRR | R HEF/EWES ( Brachialactone )™,
ERESEFEIRRDWFH BNI TSR , &
BRERIX 60%~90%, ExFTEI—FRZR MW BNIs 3R
BEMERBHRRRE , iIMKEF LR TIE
AREESRIL S 1,9-8 "R ( 1,9-Decanediol ), X2=
AIRBEY R ARIRIE BNIs ABEL T EX0/9 BNIs
YIERIFIEEGTFHEXKE , BREZHNTEER
WAL 4= R R Y DCDRY,

#Am , iR BNIs ¥IRAYTHEESIER FEER P RUM

TSIV BAREET ( Nitrosomonas europaea ) BUZEIZFR{K
R T  EERHEARPIER A FEIE.

MREIM , BRER, KBEPMAES N RIHEY
RREDWHIRES BNEMEARIEFNTIERR
TRIMR—H , XARHMNEDEER A TFIES
BN EMEmAMRME T EEMIE, X FEIR BNIs (LF
MR, REEFENERERNERTHUEIRERE
5518 , MEERIEREETEFIRR"), BR
BNIs MHPP FISREAEF ML EPRIHEZAT
MMHEIRIRL - 2 MFE K RERERNEL
BEINLET BN, RIFFIRIESE | KFER 1,9-

B

R 1 IRRDWEDRELIDFIF A FhIEFILLR

Table 1 Types and effects of biological nitrification inhibitors exuded from roots

RES MW BNIs =t LIS TEHR g S
BNIs exuded from roots Structure Compound type Effect in soil Soil type Reference
XRERXRELFREE Methyl 0 sy
B T S KL (pH6.0)
3- ( 4-hydroxyphenyl ) e + [40, 44]
HO Phenylpropanoid Volcanic ash soil ( pH 6.0 )
propionate ( MHPP )
o
SR J S S KRR KWL (pH6.0)
Ll S + [40]
Sorgoleone Benzoquinone Volcanic ash soil ( pH 6.0 )
_~_OH sle
mreE heoa_ L) 1S KIIRE (pH6.0) .
Py -
Sakuranetin & Flavanone Volcanic ash soil ( pH 6.0 )
B ENEE E7 NS
? ? [41]
Brachialactone Cyclic diterpene
Bt (pHT7.9)
Fluvo-aquic soil ( pH 7.9)
1,9-%8"fe o o RERRES IXFEL (pH6.2)
NS + [43]
1,9-Decanediol Fatty alcohol Paddy soil (pH6.2)
4T3 (pH4.3)

Red soil (pH4.3)

¥ :BNIs INEHIESEEINER(+ ), FTHDEIRIR (- ) FHIAEABB( ? ), Note : the efficiency of BNIs added to soils varies from

efficient ( + ), to non-efficient ( —) or unknown ( ?) .

“EEREE=MARARATE (FELE. PikE
THIERMELTER ) FRGIEMEI B BEMHIERN, Kk

B4 BNIs ¥ERIIAERIERINEREEAR T E
RETHIER.
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BRIRED
BNIs #£7Z89815 K88 BNIs EERAAX LA
TESERY , Bkttt THEESI55RT BNIs FEIRFRG

S, MR BERRBITAIIEERE/F
A, hh , LS EE SRR
BNIs #7ZRT , AR RESMAMEIER" | X
BERARRAR THEM SRR RN, X—
EEE FERBRRE D WIS EHSETIEFE BNI
iEtE | MR BNIs TEZRRNIE , oJse5FRH
BNIs Z[BINES=HERNE X , ESH—P KT,
2.2 EYIREAIDHIFIEYThEE

B4 BNIs EXEARERFERLE A2
ENEEZMINAWINEE  MEEAIERNEDLE
EWER ? BL L, EYF=EfMWHY BNIs EE1HR
ZRABLAINITIRE | FlT | (RSB EMPRIXE

—_
=

BNIs ¥R o- T HER 2EMARENEERS™ , &
RIRED WS REE—ME LN RFIRE
FIU, 810, O'Sullivan HFEANMBUEYMIR
WENDW , MARBEILFETIEIRE (EEDD R
fiEshR ) B, E0 e RE15ER BNIERA. it
MNERENEFRABRPBRASEESWHYIF BNIs
RIEMTEZER XY FBPAR BNIs EEINEEER

WY EBEKMYE BNIs FIFEKME

=
BEE

RE BNIs N0 iBEZIRRMEE FRER
#ES., READ , REEER NH; IIE—MUER
BAER BNIs £ , ot NO; FEEMRL, X4
NREEaERE" , BR., INEFEREYH
KRB RN RGN TIESE | 138 T AT
BNIs EEREINENED. ME  ERRPEIX
MBS SRR ( PM ) H-ATPases RIEMER
NH; BB X, thoh , ek EPRIIRIRRET
HNEBESBERBHTKEIWES 19-XTF(E2),
MRARBERZED W BNIs FIRFE WX
I ER—E—RNENFIIIE O R REAERAR
IGREY , 4HSSTRMHEIE , NEFITKEN
ARRANEKD, EEBNE , WKEFEEN
RRIEC RN FERSRRIE 1,9-22BNY
Ww(E2), MRECAEDNELESSN ., T
HWHEX 19-R_ENSERESATRESHEN W
RIBHARRRRL ( QS ) EE D FEX (BBEFSE KK
REUR ), #—15 %98 BNIs AT RE 2B -SE MR
EfFhRSEHEE SR, ﬁ'ﬁE 19 MKFE @A
REDWADRY BNI iEME. 19-BEIE5RSHE
ﬂ%ﬂﬁﬂm@%motLﬁﬁﬁﬁ%TE%m$
RN B BF FHECIRENR TS  88E515 W BNIs

NS EESYR BERRECEEEEE TER.
RIS, Pariasca Tanaka ZPMBIRHKTES W - =
BNIs 22— MERTRIZREMAZ WIS E
HRSRIE.
I%m 1,9-%% —fiF
Secretion§_1,9-Decandeio]
4 o fidfk
* if&ﬂfﬁ& Nitri'f-!lcationﬂ
¢ (N0, — N, |— ]
ERYLTTHAOA Nloss
\_ B AHAOB .

2 IKIBIRZE S BNIs1,9- R B SRR ENAEIER
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Fig. 2 Interaction between releasing of BNIs 1,9-decanediol from rice roots and rhizosphere environment

BNIs SIBERFRESTER  KFEEED
BoRY%F A B BNIs TEARBRER T DS MITE LI F2
Hb  RATREE L IE-EY-HEYM EFRFREME
S1EA. ISR WH BNIs ¥R MHPP Al , &
E R Z R ANARARE BT E SR R REA AT
7 MHPP SR EBIE S SEIRINAE"). MHPP
FEBEBIFHN—EHELEES (NO/ROS ) BIEK
RIESER , NP Arabidopsis thaliana HRZ5>
S XAPSHERERBEK, BEFENIE  NH;
BEEMNRZAL , AL, SRR R AT RS R
EIFBICIRES NH, |5, 93 I4%5%E BNIs MHPP 3Rk
1% BNIIEERIBRKRS N imiEmast, &
m , ZBREESFEERTH—SRIE,

3 EWEEIHEIFIN S SERTLE

3.1 AEYPREICHIFIA D AN

1B BNIs ISHAID L EESZ R =B RE
ROV, AN ESORER |, IRFREAZSYT BNIs B9 R
BEEM , £ NH, sEEE(BHEH W BNIs , M
7£ NO; -N IRESPHEIR L FA5 i BNIs®® 4.4 4,
Ah . BNIs B9 R SZARFR NH, RENE M, &
0~1 mmol L NH; A, B3R BNIs i ERE NH;
REIINME L8 (B2 NH, AF 1 mmol LAY,
BNIs U0 ABIRE"" EXEHHE AT T RN
Z£RY, mB , KRFNARERN , RRRFNE
SERECHERRERHKESWES 1,9-2°
B, MRECAEDTLIESHN"Y | XFRBAKG
R BNIs SIHCHAREZBFEEUFESRKM .
BEANESEFNGIERZAR. SRS BNIs
LFZREFRFHEARENE R FES.

5, EERMATHEZEE(EEYS |, BNIs
RIEREET NH; B9EBAI5 1%, (BFEKIEEYIKES
F, NH; BFE SN AR BR T I , BERH
NH; BEER BHRRER 1,9-% "EEAIS e, XfhE

FURSENERKNMEZRHNEDZHEBE XK.
LIRRBEBRME NH, |, KHIE KK R T
HBMETIEPIKESEY  SRREASNEbRR
IN5E NH; IRUTLAR (B E &N HR0H1T | BHLEARER
NH; S , EYREIT NH; 89E3RE R kT
B EYRIIIMNBRESHOIES, T, B
VEREMFIKIEEYRR D BNIs HHEIEE—E
B, BFEEESER KK BNIs RRFE
BiEE.

EEHMWAKF £ BEITE BNIs MRR WIS
FRENHAEENE T —EHE. BTHUENR
BUZESR . FKME BNIs FOERK M4 BNIs BIFEX 5 FHl
HEFFAR. 3K BNIs BFEEFYE , B
BB AR T EERN . RE H-ATP BXIER
FKMH BNIs ( MHPP ) e TEE(EAR , BS
RERMAE NH; IREFIEHETIAX ™, RiLiE
EXN=MERBSRNSHT , H—LUESCHRFR NH;
( <1.0 mmol L) FIME pH (B TIRARAE H'-ATP
feiEt  FABERERBEMNEEFEEETRE
HYEKYE BNIs BiEHERED., MR RS
H SREIKME BNIs 99 5RFR pH XRFEE |
SERMERFEEBX. Hybridsorgo EEEFERKME
BNIs B9 ABE pH 354t , {B7E PVK801 F1 296B
HEEZFAME pH ABSMmigE  XKRPEREKMYE
BNIs M9 WAl SR T H iR 4EIdTE. 1EKT8
&, Zhang EREIIFIKMYE 1,9- B ZBHD L E
HSRRE pH BES. XthEKIEEYIKTEREL
EEEYERNB— O EHESR,

TER—Fh R R RIS EE R LS |, 1.9
RTBEEMRPAZZEBEFIRIER | TTeesB@
HIRE=BBREASR ( ABC) BiZEAHSZHINE
SHAMHEHERIE ( MATE ) i EAMTIEE.
EETENE  ABC BiZEHEHIEBITN SRR
DIIETRRL , AASERERANEEREMIR Y | m 1.9-
RTREERETIERRGTEY  BRRSERETE—
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WEYIERZES ., Badri Z°F) BT R TR E
BRI B LB 3-2E-IF-4,6,8,10- T )& EL
% ABC ®iZEHBRIE, XTI F RIS HE—F
HWEYMRATHARNEEERRE  IRAZEER
MATE #iEEH ,fi—L BNIs JEEERBITiZEH
KIGRLRBIE , MEREYED, XFWEEEE
HEREIFS57T BNIs U9 EBEZFH—EIER ,
BEMIRRE D WY N B HIE RN SRR
128E79 BNIs FID W HIRMHIEICSE, By 8F
B BERERINIE NIIRE DI ER R,
BNIs RS FERK , EEBEMEHKYE  BRS
BNIs (NS RE ) EEEBENARSY , BIEH
TGRSR KRS, RESWHNBES TFEY
FREFESRESEEER , SR  BILBME
MO ESRRETANARESER™. Am . 5
R WHIEARS FIH BRIERNER  REEEH
ftt BNIs WMNEFERNEE , B RUISERRBE R
—SHAR. BIEULER | ASURH TRED W BNIs
FEYD AR AN BRI (& 3 ),
3.2 ANPBAA SRRV E RS

FEMNIESR (NH; ) &4 HTRHEEREE ( NO; )
HEYZIRE | $HANREAERNRIELSE , B
SEHE ( Ammonia-oxidizing bacteria , AOB ),

FE| M HE ( Ammonia-oxidizing archaea , AOA ) F[]

I
Cytoplasm
ABCHHZEH I IafizdH
ABC transporter Antiporter

(1,9-Decanediol, Sakuranetin?)

B fiEiE
Ion channel
(1,9-28 — i, PEAEZ?)  (WFRIEARNRR PR ) g

? o (MHPP) A HP

EEFEERFEAMBELEHELE ( Complete ammonia
AOB EERIATHY
FRIERNAR I TR S PR ER BRI E S | T
AOA HTFXIEM NH; NFEMAOES , EEEFE
BUHETEREFLESC, EFEREFY
Comammox {UFEB ZNNEHERMY B8
ESMIMEFEERSE ™. ZHESMNND TR
EHTFEMEREHRERFIRTEERSEN™. &
BIN&EEs ( Ammonia monooxygenase , AMO ) #1#2
2 & 4R R B8 ( Hydroxylamine oxidoreductase |,
HAO ) & AOB, AOA 1 Comammox H{TESEt
KX #E, AOB B9 AMO =R/AEESEHH
amoA, amoB F1 amoC 3 MIEARY ,H+F amoA 2
AMO RUEMZAAIR. #8XF AOB , AOA HEE
WiRREAEH  EREERASTRE ACA EBYRG
3 NMNIENMERFEER , BARESE ORF38 &
amoX EF , TIRELIRAZEEIIAN AMO TFES ; toh
AOA [y SamoB JEMAIRART , HIRDIRES HAO
HE, 5 AOB #8{Ll Comammox 2H4wIS AMO
HAO BJ amo #1 hao £H , {B5 AOB ARKIZE ,
Comammox {¥B—> amoCAB BaiFKXiH . § 2 1
Hftbh9 amoC EFE , BRA LS AOB XEZE.

BRI £ Z6EFAY SNIs( DCD |, nitrapyrin
1 DMPP ), FE(FARFU RIS BESHIES

oxidizer , Comammox ) =&,
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Vesicular trafficking
(5 . R TE RN ER?)
Simple diffusion (Sorgoleone, Brachialactone?)
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Fig. 3 Diagram of the hypothesized mechanisms of root exudation of BNIs through the plant cell membrane
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nitrapyrin {XBEEFSF AMO , 0% HAO TSRl 41,
MAZEIRZ S WY BNIs ( BERNE. 52
1821535 ) ZDRERIRTHD4] Nitrosomonas europaea AMO
M HAO HUSEMD . 0 (% 2), B3F Brachiaria
humidicola 1h_-EBLALRR A& BNAYTL FRESFOTLHER"" .

me , BE. NESEEMIERNRRS WA
S IREEIRTINE] AMO FI HAO ASEMER . 4. 1, Fitt

R MEDMELTT , KEEREKID
#I%) DCD. nitrapyrin 1 DMPP A Z#iE R F{XXd
AOB R E14 , X AOA BATMEIERS" , X
AJ8E5 AOA fh amoB TTEZFLEHS AOB RAEHE
K. REWRFKA , BEYWSW BNIs (IFEEERT
EENEEMMEDTZE, FE0, Subbarao FMY
BT AEsLie &, MiER BNI SEENE SRR
AIH0%] AOA F1 AOB FEE, Byrnes Z8IF] Nurez
LMD AP BR B R R O W YIRS EFTF AOA,
£ BNIs {LEYIREIRRINAIFAFTH | Nardi E*
IEBA BNIs #1/&8 MHPP BERIATDH L2 AOB 0
AOA E[E, Lu EWRIALIBEFRILRAN 1,9-%
ZEERINBERE MBI =FAB TR L. KFELIM
£T1%R9 AOA F1 AOB amoA EEERE, Sarr ZUF|)
BRFLHNANESRMITLIE ACA FEFEED
#l. 5T BNIs BB R AOB 1 AOA RY#E
BRNARERE T AMNEREEYNEHLCAR
( NOB ) B{(AFEB ( Nitrobacter ) FUEHSIER™, B
T AOB #1 ACA |, [REH-RFEIN AT XiE Comammox
#1 NOB X4 BNIs B9 AL,

KA E XS A[E LB A HD B 57 UMY

T TEERRT AMO ESRANIERRNER | LA
RAEERSIRAC, LT AOA FI Comammox X7
WHERNEZSB BRI AOB BRURAY SNIs
BEAR. KZ#IERT DCD #1 DMPP & SNIs
X AOB 5 ESRIFP MR TIEFRIEIER M
BERIRTIETE AOA #1 AOB [ BNIs B1ER FSEENE
BT, BRIRE ACA HESHERMELE Y,

X7 BNIs 2L F SNIs 9z —, XL, BRT
BEDTH AOB , BEEET 1&1thiE#E AOA 1 Comammox
89 BNIs BRI EESEMIFAM, MR ,
BNIs ( B BNIs i\BRE%) ) BB ERTFARMNRIANLE
R @SHED L | BERRPEAHEDRS
ISR ED®, s , BNIs 7ESERRLIE-1E
MRERFPEEENTHE. BERRRR X2
HLTF SNIs B95—KMHE , M SNIs EHIEFB
HE BRI,

4 EMIRECID SRR £ RN
ARIS

BNIs IMEREF , R EEERBESMRIFHE.
SEEBAEYEFREALY TP, BEFIERE
BNIs RYHEEPRN A R. ARARSFR—EHE
RS EFIA BNI IEERY A% B fiES BNI &
HHNEYSEEEENERRAR RO RIIFEF
N.O HiFIIRBREFAENERERZ— &RE
B9 FRE Subbarao Y SO EFRR

R 2 EFEEVHCHNEFIRLF S B L ANEIFI A 1E A ALE

Table 2 Mechanism of the main biological nitrification inhibitors and chemical nitrification inhibitors
N ‘ SaED RIS \
S| WIERATR KB o , sE
Ammonium oxidizers Enzymatic pathways
Category Compound Origin Reference
AOB AOA AMO HAO
RED W BNIs NRERAERRE BR
++ ++ + - [39 , 44]
BNIs from root MHPP Sorghum bicolor
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554 + # % R 58 &
exudates B2 [
? ++ + + [40 , 70]
Sorgoleone Sorghum bicolor
? ? + + [40]
Sakuranetin Sorghum bicolor
e BB
ERENE
Brachiaria ? ? + + [41]
Brachialactone
humidicola
1,9-%"Fs IKFG
+++ +++ + - [35 , 43]
1,9-Decanediol Oryza sativa
&R (DCD) [ERIA=737
+ + - [39-40]
Dicyandiamide ( DCD ) Synthetic
3,4-— FRELI M RR 2L
( DMPP) [ENIG=754
ﬁmﬁﬂsﬂg SNIs +++ - + _ [71]
3,4-dimethylpyrazole Synthetic
Commercial
phosphate ( DMPP )
SNIs
2-S-6- =S R EIE
( Nitrapyrin ) [ENIG=y34
+++ + + - [41, 67]
2-chloro-6-trichlorometh Synthetic

yl pyridine ( Nitrapyrin )

iE : BNIs XF AOB 71 AOA RISIRMBRUMH] ( +++ ) BITTHPHIRER (- ) B3R AHE (?7); BNIs 33 AMO 1 HAO BB{ERiI&1R

BIDH) (+) SEH (- ); AOB : MEMME ; AOA : BEMNEE ; AMO : [UEANNEES ;| HAO : RIRAES.

Note : BNIs vary in

effect on AOB and AOA varies from highly efficient ( +++ ) to non-efficient ( — ) or unknown ( ? ) ; in effect on AMO and HAO enzymes from

positive inhibitory effect ( + ) to none ( —) . AOB stands for ammonia-oxidizing bacteria ; AOA for ammonia-oxidizing archaea ; AMO for

ammonia monooxygenase and HAO for hydroxylamine oxidoreductase.

e 3 FHESLE , SAE X RIXE/INXE
tt | #iEs BNIEMERIE R EIR I /NXIDE T 90%
(9 N.O HERZ. Byrnes E85 BNI SEMHEE
B. humidicola ( CIAT 679 ) HAB == T R4 FRETHR
& &I N,O HERBAX BNI iEHERYANE B. hybrid
‘Mulato’ J/4>7T 60%. BNI BIHERN BB ZEHGE
ERFIMRBIEY L. Zhang E7EE 2 FNHSE
HERRK , KIS BNI MEEENEREIFT | it
N,O HEEFE T 18.1% ,=F Nitrapyrin &R TRY
16.5% , MEGXNIERFIARRES T 6.7% , &
AN 10.3 thm?2a?t, Karwat EVIEE-FE XK
{EAEL P AMMIES BN B EREEIRS
TEEEKNAREF AR~ E. Bl X5 BNI
EHEEY (WHE ) SEMEMRIENKRZEES

BRI EET A,

s BNIs #IRIEAFENRBIERFIEE—
ENFELAEIR |, AMmXS EHARIESTIRM
E&. E—I MHPP XIFEFFFN4-ZEHEAB R HER EF S M
zH, AMI&I 0.6% MHPP gEiR/> N,O HERUX
62.39%", Lu HWNEId=REFLIIRMT BNIs
1,9-Z= " ERI/DRETE N,O HERERIEE , B
1,9- BT X =FRH T 1E N,O FEI9RHES 48% ,
Rl RERMIELSIE 90% , WRESKTF
DCD XA g5 1,9- B "F2xt ACA FEMBFELE
HEBIMHEEX. Sun SIS 19 MKEBRfNE
PZKEEFD N BN RRERSEIE A TUKFE BNISEME.
19- BT E5KEESEMMIERX ,3&RHE 1,9-
R EEREFMARTBNEND. BanellEE
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B 1,9- %= " E2% BNIs ¥)RAVH EIGSURHESUER
A BN HERFITIEMEE N RERSIFIE
KNRAEN—FIRRE. EERARAR—E=R
FRATVEEE BNISEMERD BNIs DX EER, FF
BIFREIE. SR, NEFIKTERIIRR S WY BNI
EUFEEETREM. 2.9, EERF , HHW
(9 BNIs YRR RASEEE EENRMERME,
FEXFEPBER 19 NMKERMIRR DWW 1,9- 82
25 BNI iEEEREEEXD, XEERH—F
BITE &5 iA5ERE S BNI JEMES BNIs 589
XEERUVARETEICKE., EREFEDH .,
Subbarao " WERTHARI/NER —NEFEIL YT
L. racemosus E5RERI BNI g HEM £ FIF QTL
A ES] BNI EMREEMRERT Lrin
K FBSIEREFAIIARRIN SN NE RIS mFR .,
BAFITL OSullivan BN PITEXRE/NE BT B
AT BNIEM BI0T7¥ BNI THEESIATMENZE
RMNEND. MR , ZANEHE - KRERAF
AR ER 2 KNI/ NE@EFH Wyalkatchem B
BHER BNI & |, REBLEBNAIE RN
WEESEE X |, H— B EMIERE, fKET | H
RAREIEHTIAKERMER S WY BNI &
MEERETR FHRASEREXKSHT( Genome
wide association study , GWAS ) e 7 JE57K7S BNI
EMEREEAR (BREEE , REREE )

5 AREE

RE& BNIs RIFARBRILTELMER , (BEY
ZHTFHERNETHRHISHHE - NEFEE. 8
RIVKTERED WY BNIs ¥ERMEE , EINT
RNZMKERMPEILT BN &Y, HExR7T
BNI SERFIARNENXRRS, A, AT EHF
WM HESBRAFH TRINAZEE #ERI
RAREEFXR , BLEH—PFTK BNIs ERA-
RER-TIRRAHRIERINGE IS XT BNIs (&

MFINBAREBRA (1) RERREBERFED
A9 BNI IHEEFN BNIs #IFR3EEE , F3EE BNIs ¥R
ZENEEXRZR ; (2) H—HIRZESH BNIs ¥k
IMEIERIERNIE , RTRENMEY ACA 5§
AOB , RN T &R Comammox XF BNIs A9
R, BIEEREIIRRNREEW T BNIs 5#EAY
RUERBERKBEFFE (3) MELSFEYE
GWAS ESHEANRA , ZaEmIN ZRIA
EIMRZIR , RREELEEAEEE BNI #1 BNIs 53
WHXEEERES FEENG S EBISRE , A
EYEEBEMREFNREESEICKE ; (4) &R
WA= F RRRFFRE BNIs BIHEISEL R5% BNIs
EARRTEEH TRARRED P ROEBORHEESR |

SN AZET BNIs FiEREMIEE =& FF
fEH B T RIS,

ETF BNIs IF BB ETINERTFE~m , K
SREEHDBRNEEREEIFER SRIEEIR
WhERMEFNNARS , SURARTRERE
2 EBERERTENEREENEGEARN.,
B, FF& BNIs A= RBEERIFRARS~ R
L5FMINE MR ERE. SMFFERRE.
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