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Summary
 Microbial nitrification in soilsis a major contributorto nitrogen(N) loss in agricultural systems.
Someplants can secret@rganicsubstancethat act adiological nitrification inhibibrs (BNIs), and a

small number ofBNIs have beenidentified and characterizetHowever, virtually no research has
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focusal ontheimportantfood crop, ricgOryza sativa.

» Here 19rice varietiesare explored forBNI potentialon the key nitrifying bacteriunNitrosamonas
europaea Exudatesfrom both indica and japonica genotypeswere found to possess strong BNI
potentialy Oldergseedlingshad higher BNI abilities thanyounger onesZhongjiu25 ¢J25 and
Wuyujing7WYJ7) were the most effective genotypeamong indica and japonica varieties,
respectivelys

* A new nitrification inhibitor, 1,9-decaneddl, was identified shown to block the ammonia
morooxygenase AMO) pathway of ammonia oxidation amol possessin 80% effecive dose(EDgp)
of 90 ng W Plant ritrogenuse efficieng (NUE) was determine using a **N-labeling method.
Correlation/analyses indicate thmith BNI abilitiesand 1,9decanediol amounts root exudatesvere
positivelyrcorrelatedvith plantammoniumuse effciency and ammonium preference

» These findings providemportantnew insight intathe plant-bacterid interactiongnvolved inthe soil

N cycle 'and mprove our understanding BNI capacityof ricein the context oNUE.

Key words:“:ammonia monooxygenase (AMOBbiological nitrification inhibitorVinhibitor (BNI),

nitrogeruse efficiency (NUE)rice (Oryza sativy, rootexudate 1,9-decanedial

Introduction

Nitrification,is.a pivotal soiprocessmediated by microorganismshich convertsreduced nitrogen (N)
from ammonium (NH")/ammonia(NH3) formsto nitrate(NO3), via nitrite (NO,"), andis the major
pathway throughvhich N can be lost from terrestrial ecosystef@anninget al, 2015) Theproduct of
nitrification, NO3’, is highly mobile in soil matrices, and, thus, can be fgddached ad caus
groundwaterspollutionNitrification is tightly integrated witlthe reductiveprocess ofienitrification in
which NO;'is cenverted to gaseous nitrogendéaoth nitrification and denitrification are respoteib
for the production ofnitrous oxiae, N,O, one of the critical greenhouse gases and the dominant
ozonedepleting substance emitted from soilhe loss of ammonium fertilizgpostapplication is
mainly due to nitrification and consequent denitrificat(Abbasi& Adams 1998) Thus, suppresng
nitrification and maintaining N fertilizer inthe reducedorm is acritical stepto increasingfertilizer-N
retention in soilsand toimproving nitrogerruse efficiency (NUE) of cropwith a view to agricultural
production and environmental protection
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Some synthetic inhibitors e.g. nitrapyrin, dicyandiamide DCD) and 3,4dimethylpyrazole
phosphate[IMPP), arewidely used toretardnitrification. In agricultural systems, these inhibitors can
effectively reduceN loss and enhance NUE of crops; enviremtally, they are able to control nitrate
leachinggto water badsandN,O emissiongo the atmospher@amanet al, 2009 Abaloset al, 2014
Huangetal, 2014 Sunet al, 2015. The use of these synthetic inhibitors, however, has beerttedtr
dueto high'costylack of availabilitynconvenience of applicatipandthe potential for environmental
contaminationin particularwatersoluble inhibitorscanlead tosignificantsurface andelowground
water contaminatiofQiu et al, 2015. The applicationof DCD, for instanceis limiteddueto the fact
that very'high"DCD concentrations are needed to achieve desgsdts Moreover, as DCD is
watersoluble, ititself easily leachsout of croproot zons, i.e. the very zoneahere it is intended to
inhibit nitrification (Cahalaret al, 2015. Given theseconstraintgpresented bgynthetic inhibitorsit
is necessary“to develgpantderivednitrification inhibitors referred to either asatural nitrification
inhibitors (NNIs)(Upadhyayet al, 2011)or biological nitrification inhibitors (BNIsfSubbaracet al,
2015). Thesecan be easily available and environmdmptéiendly. Somesuchcompounds from plants
occurringupredominantlyin natural ecosystembave been reporte(Northup et al, 1995. More
recently;someBNIs from two plantsknown to display nitrificatiosinhibitory potential Brachiaria
humidicela'and Sorghum bicolar were identifiedand characterizefbr their effects and inhibition
modeson the ammoniaoxidizing bactetim Nitrosomonas @opaea (Gopalakrishnaret al, 2007,
Subbaracet.al,.2008 2009 Zakir et al, 2008) Theinhibitors were reported thaveideal properties
vis-avisBNI and block eithethe ammonia monoxygenase (AMO) pathway dyoth the AMO and
hydroxylamine oxidoredttase (HAO) pathwas/engaged inammonia oxidation Such approaches
clearly need to be extended to méjuud crops.

Rice(Oryzasativg is grownworldwide and isthe mostimportantfood crop for human nutrition,
providing over21% of the calarneeds oftie world’s population and 76% tfat ofthe population of
South East AsidFitzgeraldet al, 200). High rates ofN fertilizer applicationarethe normin paddy
fieldswhere rice is growrtp sustairfood productiorandsatisfy increasinglemandZhaoetal., 2014).
While it is known that som&0% or moreof applied N can be lost in volatilizatidivlek & Byrnes,
1986; Cassmamet al, 1993 1998 Britto & Kronzucker, 2004 the importance ofthe nitrification
processn paddy fieldshas beendargely neglected (Kirk & Kronzucker, 2005)asa common view is
thatnitrification is an aerobic procesghereapaddy fieldsareflooded andthus presentn anaerboic
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environment However, nitrification still takes place in aerobimicrosites such as thesoil-water
interface andice rhizosphergKirk & Kronzucker, 2005Chenet al, 2008 Shenet al, 2012 Luo et
al., 2014. Mature ice plants havextensiveaerenchyma tisssehat allow oxygen to diffusérom
shoot tissuelown into roots antbe releasd into thesoil (Li et al, 2007). Once oxygen is introduced,
nitrification starts quickly in previous anoxic nich@lensemrt al, 1993. Recently,Yanget al (2015)
reported= thatnitrifying microorganismsmight have adaptedbetter than hitherto thoughto
environmend with low oxygen concentraticy such aspaddy soils duringthe flooding period
providingsthe ipossibility thatitrification may happerextensively inpaddy fieldgKirk & Kronzucker,
2005;Li &Wang, 2013) It should also be noted thaitrification is commonlyconsidered to be most
pronouncedn neutralto alkaline soils (pH > 5) andin high-fertility arable soilsbut has nevertheless
also beenrdocumented in largely acipgaddy soils Bodelier & Frenzel, 199%He et al, 2007;Jianget
al., 201172015), wherenitrification intensityfurthermorevaries strondy with therice varietieplanted
(Li & Wang, 2013).Thus,the need to better understand nitrification in rice soils, andptitential
importance.of mitrification inhibitionin rice systems,is clear Tanakaet al (2010) compared
nitrification inhibitory abilities of root exudates skveralrice genotypesHowevet until now, no
specificeempounds havieen isolated from rice root exudatlsnonstratetb inhibit nitrification.
Ricehas a preference of ammonium rather than nitkat@ N nutrient (Balkoset al, 2010)
UreabasedN fertilizers, whichare rapidly transformedto ammoniain soils through the process of
ammonification, are the most commonly used sourceNofin paddy fields owing to their high
solubility’and low costAmmonia/ammonium can then either be taken up by plants or microbes and
enter these organisms’ metabolism, or serve as a substrate focatitnfj with subsequent potential
for N loss for the agroecosgm. As a esult, theBNI phenomenorin rice, to the extent that it is
present;issexpected to reflect oNNUE, in particularammoniurause efficiency, of the rice crop
Moreover, pevious research hagmonstrated closerelationship between plant NUE and rhizosphere
nitrification (Li_et al, 2008) which canbe directly affected byhe BNI ability of roots.However no
directconnection has been discoversiet betweertheintrinsic NUE of rice varieties and their BNI
abilities. Therefore,the objectives of our stly were to screen rice varieties of botindica and
japonicaprogenywith respect tdBNI ability; to identify and characterize BNIs in rice root exudates

andto investigate the relationship between BNI abilitiad &lUEs of rice varieties.
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Materials and Methods

Rice growth conditions

Seeds of ricéOryza satival..) varieties were sterilized with 10%,8, for 30 min, rinsed and soaked
with deionized ywater for 24. The seeds were then germinated on floating nets in a culture box
containing 0.5mM CacCl. After 4-d incubation at 30°@ thedark, the germinated seeds wetaced
under lighf*and=the CaGl solution was replaced with hadfrength modified Kimura B nutrient
solutionmThe fullstrength nutrient solution contained macronutrieats follows:NH4;NO3; 0.5 mM,
KH,PO, 0:18mM, MgSQ,*7H,0 0.54mM, KCI 0.18 mM, CaClL 0.36 mM, and micronutrientsas
follows: CuSQ;*5H,O0 0.2 uM, MnCl,*4H,0 0.5 pM, ZnSO,4*7H,O 0.4 uM, H3BO3; 3 pM,
(NH4)sM070,4°4H,0 1 uM, Na,EDTA-Fe 20uM. Subsequently, three 10-d-old seedling at a time
were bundledand transplanted into a larger culture box witentical nutrient solution. Two weeks
after sowing;the nutrient solution was changed to full strength4 amkl after sowing to double full
strength. The pH othe solution was 5.8and 0.2g I MES was added tanaintain pH during
cultivation.. Thesnutrient solution was changed eveiy, 8nd the solution volume was restored daily
with deionized/water. The plants were grown inoatrolledenvironmentchamber with 25°C 28°C
temperaure regime, 65% humidity, 14: 10 h, light : dark photoperiod, 40@umol m?s™ light intensity
provided=by high-pressure sodium lamp®ice subspecies and varietisgere as follows indica
varieties, ZJ25 (Zhongjiu25), YD6 (Yangdao6), IR26, Kasa (Kasalath), LH1 (LlyhHBR36,japonica
varieties, »WYJ7 (Wuyunjing7), GD4 (Guidan4), ZH6 (Zhenghan6), Koshi (Koshi}ikhJ46
(Nanjing46), XS123 (Xiushuil23), XS63 (Xiushui63), ZD11 (Zhendaoll), ZD1@er{@ao10),

WYJ23 (Wuyunjing23), Nipponbare, Mami (Minamhikari), WYJ3 (Wuyying3).

Collectionsandspreparation of root exudafer assay

Due to their ‘size differentiall20 3-wk-old seedlings and 3®-wk-old seedlings were rinsed
consecutively with deionized watbeforeuse. The seedlings were then trangférinto dark flasks
containing 1l Milli -Q water Specifically, the roots were immersgéntly in water while shoots were
held and supported with sterilized sposg®lechanical damage to roots could leadstgnificant
alteration ofboth exudate amount ancomposition;therefore,extreme attention was paid the
manipulation Water was replenished after h2o avoidexcessiveevapdranspration. After 24h, both
shoots and roots were washed, sepasated freezealried for weighing.The collected exudatewere
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filtrated using 0.45um filter membranes to remove microorganisms; filtrated samples weretgated
immediately or stored in°€ until evaporation withir3 d. The samples wer@vaporated to dryness
using a rotary evaporator (Eyela;1M0O0DWD, Jagan) at 40°Cthenresuspended in HPLC methanol
and evaporated, to dryness again, during which a freezewhsused to guarantee removal of water
after evaporation. The residgemainingin the roundbottom flasls were redissolved in 10ml
methanol andtsred at-20°C, andbeforemeasurementl-ml sample werecentrifuged to dryness and
redissolved in pul dimethyl sulphoxide (DMSO).

For thesaseptic experiment, a@msitu cultivation and collection was conducted using stedi
nutrient selution Kuijken et al, 2015), and the collectesblution was subjected to a sefitiase
extracting system (C18 SPBlumns) to retain possible target substances in root exu(Giest al,

2016); theexudate samples were later used for identificatiBhNb§ubstances.

Determination of nitrification iniitory effect of root exudates
Nitrosomonas.europag®TCC 19718 wasobtainedirom NITE, Biological Resource Center (NBRC),
Japan. Thestrain was grown aerobically in HEPES medasrecommended bythe NBRG
containingthe following nutrients (1): (NH,)>S0O, 2.5g, KH,PO, 0.5¢g, HEPES 11.93, NaHCQ
0.59g, MgSQ,*7H,0 100mg, CaC}+*2H,0 5mg, FeEDTA 75mg, pH 7.88.0. Bacteriawerecultured
in 500-ml flasks containing 20enl HEPES mediunusingan incubation shakesét at200rpm, 30°C).
A 7-d-old culture mix was centrifuged and-saspended in fresh HEPES medium, and adjusted to a
ODggo 0ff1.0usinga spectrophotometer (SmartSpec plus;Ba).

In the assay, a mixture of 19bsterilized Milli-Q water, 5ul rootexudate samptgin DMSO), 100
ul HEPES mediumand 200ul resuspended cellsvas added to a 1%l tube and was incubated at
25°C for-2h=The reaction was stopped by adding 200.1 mM dlylthiourea (AT), a standar
nitrification inhibitor. NO,” production washendetermined using a modified Griess nitrite test méth

with a spectrophotometer (Sasétyal, 2002).

Identification of BNI substances

The representativearieties WYJ7 and WYJ3 were chosen for théfiedence in allelochemicals -2l
rootexudate sampgein methanolfrom each varietywere evaporated to dryness undbr and
derivatized with 500ul BSTFA in 60°C for 2h. The mixture was evaporated to dryness again,
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redissolved in 10l hexaneand subjected to GC/MS. The GC/MS analysis was carried out aising
Agilent 6890 gas chromatograph equipped with a fused silica egpitidumn DB5 (30m x 0.25mm

x 0.25 um), hyphenated to aAgilent 5975 mass spectrometer. Splitless injection pexformed at
280°C; the oven temperature was initially 60°C 2omin and was then raised to 300°C at a rate of
10°C min*anehheld for 30min. The carrier gawas helium providedat a flow rate of 1.0nl min™,

and samplessize'was luft The masselective detector was operatecafonization energy of 7@V

and in asrange of 2850 amu. Compounds were identified based on the comparison of their retention
times andsmass spectra with those reportethmNIST library. Specific compounds identified were
then testedmusing authentic compoundsdofirm their characteristics in GC/MS and éxaminetheir

BNI effects!

Evaluation“of1,9decanediol for its inhibitry effect

Authentic 1,9decanediol was synthesized by ©WuXi AppTec (Shanghai, China). itiche
2-chloro-6-(trichloromethyl) pyridine (nitrapyrin), dicyandiade (DCD),
2-amino4=chloro-6-methylpyrimidine (AM),methyl 3-(4-hydroxyphenyl) propionatéinoleic acid,
linolenie:acid,and Inolenic acid were obtained from ©Sigmddrich (St Louis,MO, USA), and
methylp=coumarate wasbtainedfrom ©TCI (Tokyo, Japan). DCD was dissolved in sizeill Milli-Q
water, and all the other authentic compounds were dissolved in DMSO. Beeafponse curve of
1,9-decanediol (with concentrations of 0, 20, 40, 60, 80, 100,a®®200ng ul ™) was established
using the methodiscusse@bove, and the effects of various nitrification inhibitors wenepared

usingthe same method and expressed ag ED% effecive dose).

Inhibitien-mede of 1,%decanediol

To explore which specific proces§ammonia oxidation 1;8ecanediobffects, an experiment was
performedncubating the bacteria in the presence and absence of hydroxgjlaishescribed by
Subbaracet al (2007). 10Qul 1 mM hydroxylamine was added into the assay mixba®re
incubaion, and except for 10Gg pl™ 1,9-decanediol, 0.026g pl™ of thestandard inhibitor AT was

used, which was reported to have8®% inhibibry effect.

Determination ofl,9-decanediol in rice root exudates
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Two-ml rootexudate sampge(in methandl of 6-wk-old seedlings of 19 rice varieties were evaporated
to dryness undeM and derivatized with 5001 BSTFA in 60°C for Zh. The mixture washen

evaporated to dryness again, redissolved ingl®@xaneand subjected to GC. The GC analysis was
performedon anyAgilent 6850 gas chromatograph equipped with a fusedcalisary column HFS
(25m x02mmx 0.33um) and an FID detector. Splitless injection was performe@%s°C; the oven
temperaturewasinitially 80°C and was raised t°T6& a rate 020°C min' and then t®00°C at a

rate of 53C mift, and finally to 310°C at a rate of 20°C mirThe carrier gas was heliyprovidedat

a flow rate of &.0nl min™, and sample size wasi2. Authentic 1,9decanediol was used to proeuwc

standard curve

DeterminatiomioNUE of rice varieties

NUE was'measured usirg°N labeling methodThe representativearieties, WYJ7 and WYJ3, were
selected for measurementifabsorption kinetics-ollowing 2d N starvation, bott3-wk-old and
6-wk-old seedlings oWYJ7 and WYJ3 were transferred to nutrient solution in which@, 0.2, 0.5,
1, and3 mM **NH4NO; or NH,**NO; were addedn addition 6-wk-old seedlings of all rice varieties
were treated with 0.51M "NH4NO; or NH,°NO3, respectively. After 3 treament, shoots and roots
were washed, separatdobezedried, and thegroundinto powder and subjected &0rhermo Flash
2000 analyzehyphenatedvith a Thermo Fisher Dek¥ isotope Ratio M$Sto determine totaN

and®™N abundance.

Statistical analyses
The data,were subjextto SPSS 18.0 and were analyzed using Duscanltiple-rangetest, Student’s
t test and:Pearson correlation analysis appropriate. Significance levels and other data formats are as

illustrated infigure and tabléegends.

Results

Nitrification inhibitory effects ofrice root exudates

Seven of3-wk-old seedlings and 16f 6-wk-old seedlings out of 19 rice varieties hsignificant
nitrification inhibitory effects compared to ‘Blank’ control, regardlessnafica or japonicasubspeies
(Fig. 1). With similar amourd of root dry weightusedin exudate collectiong-wk-old seedlings
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displayedstronger inhibitory effects thaB-wk-old seedlings which was consistentfor all varieties,
including sevenvarieties that showed inhibitolffects atboth growth periodszJ25 and WY Jy/at 6
wk of age,were the most effectivearieties regarding nitrification inhibition among indica and
japonicavarieties, respectivelyyith bothexhibiting >40% inhibifon. Some varieties, howevatid not
showanysinhibitory effectt eitherdevelopmental stag@®neexceptionagenotypewas WYJ3, which

showednitrificationspromoting effectatbothdevelopmental stages

Idenification of,BNI substances

SinceWYJ7Z=hadsignificant nitrificatiorinhibitory ability, while WY J3showeda promoting effectwe
focusedon these two varieties tisolate the specific inhibitos involved Using GC/MS analyss,
1,9-decanediol15.29min) and shikimicacid (15.90min) were identified in WYJ#oot exudatesnd
were notfound/NYJ3 or ‘Blank’ samplesSupporting Informatiorfigs S1, S2). Determination with
authentic compounds (Table 1) showed-de@anediol had an inhibitory effect of 21.3¢en
providedat 20ng pl™ andof 97.6%when providedat 200ng pl™, while no effect was detected with
shikimic“acid;Moreover 1,9-decanediolwas identified in root exudates collected under both natural
and aseptic condition@igs S1a S3a) These results indicate th&t9-decanediol right be the target

biologicalnitrification inhibitor exuded from ric®ots

Comparative ealuation of BNI substances

In order/to evaluatéhe BNI potential of1,9-decanedioljts EDg, value was compared withthat of

other inhibitors(Table 2) The resultgevealed a similar inhibitory effect of Xd&canedil to that of

the weltknown synthetic nitrification inhibitor AM,and thebiological nitrification inhibitordinoleic

acid andwlinelenic acidDicyandiamide (DCD) and methyl linoleate were less effective than
1,9-decanediol;, Othemhibitors, however, weresuperiorto 1,9-decanedl, including the synthetic
inhibitor nitrapyrin and the biological inhibitors methyl 3(4-hydroxyphenyl) propionateand

methykp-coumarate.

Mode ofinhibition of 1,9-decanediol
Ammonia oxidation consists of two processes, one process condudieel &yzymeAMO, in which
ammonia is oxidized to hydroxylamine; thebsequenteaction iscatalyzed byHAO, which oxidizes
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the intermediate hydroxylamine to nitrit€¢staet al, 2006. The sandard inhibitorAT is known to
block the AMO pathway specifically Inhibition by AT was alleviated by addinthe intermediate
hydroxylamine tothe reaction mixturgin a rangeof 77-53% (Table 3. Similarly, the inhibitionby
1,9decanediolwas alleviated byaddition of hydroxylamine from 82% to 57% indicating that

1,9-decanediospecificallyblocks the AMO process.

Determination of 1,2lecanediol in root exudates of rice varieties

The deteetionglimit othe GC analysidor 1,9-decanedil was 0.28g ul™. Nine varietiesof 6-wk-old
seedlingssecretd 1,9-decanediol(Table 4; all sevenvarietiesthat showed inhibitory effectm
3-wk-old seedlingsvere includedn the analysisAmong the 15 varieties whose root exudates showed
inhibitory=effects, three out of five indica varietiesand six out of 10 japonica varieties secreted
1,9-decanediolThe amount of 18lecanediol in root exudates \WfYJ7, 477ng g* root DW d*, was

the highesof all varieties, followed byNJ46 and ZJ29No 1,9-decanedil was detected igenotyps

that displayedarinhibitory abilitiesj.e.IR36, Nppontare, ZD11 and WYJ3.

Nitrogenyuptake kinéts of WYJ7 and WYJ3

As WYJ7=and WYJ3 had opposite effects on nitrificatiboth 3-wk-old and6-wk-old seedlingof the
two varietieswere treated with°NH," or *NO3. WYJ7 had higheemmonium uptake in roots and
accumulation_in shoots, while WYJ3 had higher nitrate uptake in roots and aatamih shoots
(Figs 2,3. Numerically, data were fittedo the Michadis—Menten equation and K., and Vax
parametersverederivedandarelisted inTables S1andS2 There were no significant differersé® <
0.05)in K, values for either3- and6-wk-old seedlings. Vs, ammoniumin shootsandammonium in
roots weressignifcantly higher P < 0.05) in WYJ7 andhose fornitrate were higher @ < 0.05) in
WYJ3, for 3-wk-old seedlings in 6-wk-old seedlings, howeverpnly ammonium uptake and

accumulation were significantly differebetween WYJ7 and WY J® < 0.05).

NUE of rice varieties

Using 6-wk-old seedlingsthree out of five nitrification-inhibitory indica varieties(YD6, Z2J25 and
IR26) displayedsignificanty higher (as perDuncarss test,at P < 0.05)root NH," uptakethan IR36,
which exhibitedno nitrificatiorrinhibitory effect (Fig 48). All japonicavarietiesshowedsignificanty
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higher @s peDuncars test,at P < 0.05) root NH " uptake thaNipponbare ZD11, and WYJ3, which
showedno inhibitory or promoting effectYyD6 and WYJ7 were the most efficiegénotyps interms
of ammoniumabsorption amongndica and japonica subspecies, respectiveliRoot ammonium to
nitrate uptake rat®were also explorefFig. 4b). All indica varietiesdisplaying nitrification inhibition
had significary, higher root NH*/ NO;3 uptakeratios than IR36, with ZJ2%t the top.All japonica
varietiesdisplayingnitrification inhibitiongxceptfor ZD10 andMinami, had significarly higher root
NH,*/ N@s uptakeratios than Nipponbare ZD11, and WYJ3 with Koshiranking first followed by
ZH6 and NJ46;

The dataron”thenitrification inhibition effecs, root ammonium uptake, root ammonium to nitrate
uptake ratig, and 1,9dacanediol amousin root exudates cdll 19rice varieties were sidcted to a
Pearsonrcorrelation alyais (Table 5). Nitrification inhibition effects and root ammonium to nitrate
uptake ratig'displayedthe highest correlation coefficier®.753, revealingmaximallinearity between
thetwo factors. Burfactorswerecorrelatecpairwise at th®.01 significance leveindicating that each

hada significanly positiverelationship.

Discussien

Nitrification inhibition canenhancdertility and primary productiorin agroecosystenia a sustainable
way. Plantderived liological nitrification inhibitors are substances thate accst-effective,
environmentdy._friendly, and can befunctionally highly effective at controlling soil nitrification
(Subbaracet al;,2008) Cereal cropsespecially riceare notvery efficient at absorbing soiN, asthe
absorption ratipin relation to the amount of N applied as fertilizertypically only 309%40% (Wang
et al, 2012). ThusBNI in rice provides an importardpproach towardsnproving NUE and reducing
N lossfromspaddy fields.We alsofocused orrice because ihasthe smallest genome z among
cereal cropsand wholegenome sequencing in bothdica and japonica subspecieshave been
completed which may facilitate the development of genetaols for improving NUE via an

optimization ofnitrification inhibition in the future

BNI abilities of iice varieties
The original selection of rice varietiewas from theTaihu Lakeregion East Chinaand 10 varieties
(YD6, WYJ7, GD4, NJ46, XS123, XS63, ZD11, ZD10, WY,JaBd WYJ3J originated from this area.
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To expand the study and enhance itsegalutility, ahervarieties werghenincluded from Central and
Southern China (Z2J25, LH1, ZH6), India (Kasa), Japan (KoNipponbare Minami), and the
Philippines(IR26, IR36). There is a growing aeand forjaponicarice in China(Hansenret al, 2002)
and growth securityas well asyields of japonicarices exceedthose ofindica varieties in the lower
reaches of theyYangtze River, East CHilaanget al, 2013) Thus,13 out of 19varieties chosewere
japonicavarieties'Some varietiehave beemeported to hae higherNUEs (YD6, Kasg WYJ7,GD4,
Koshi, WYYJ23 and others loweones(IR36, Nipponbare WYJ3), according to previoustudies (i et
al., 2007 .Namaiet al, 2009 Zhanget al, 2009 Shiet al, 201Q Chenet al, 2015. NUE wascritical,
asthe enhancement &fUE is one of ouprincipalaimsmotivating thestudyof biological nitrification
inhibition in/rice.

Early examinationshad shown the majority ofvarietieswe selected15 out of 19) to possess
nitrification™inhibitory alllities in their root exudatesalthough there were large differences in
inhibition potencyamong genotypeJanakaet al (2010, howeversuggestedess than half ofherice
varietiesexamined by their groupad BNI abilities this may be attributable to the fabt the trap
solution ‘'usedn.that studywas NH,Cl, thusproducing, by necessity, a higher ‘Blank’ valiadscuring
the cutoff,of a 15% BNI effecf, while we used MiliQ water which produces much lower ‘Blank’
control.Z325 and WYJ7were most effectve amongindica and japonica varieties, respectively.
Six-weekold seallingsweremore effective thaB-wk-old seedlingswhereas previous research on rice
had suggestegounger seedlingsay have higheBNI abilities, normalized taoot weight(Tanakaet
al., 2010).Thisdiscrepancymight be due tothe differencen rice varietieschosenand ingrowth and
collecting conditios. The relationship between BNI and growth stagémportantas itcanguidethe
design offertilization timing protocols but field experimentswill be neededto confirm this in a
realistie: setting Both indica and japonica subspecies showed BNI abilities) accordance with
Tanaka'’s resulis, indicating thabth indica and japonica should be kept in focus when breeding
varieties. Extraordinarily, root exudates of WYJ&ere found topromote nitrification,and this
discoverydiffers from the work of other(Subbaracet al, 2007 Tanakaet al, 2010) None of these
previousstudies showedce to possess nitrificatiopromotingcharateristics This may be attributable
to the choice of different varieties for the respectivels By compaing the allelochemicals irthe
root exudates withthe inhibitory varieties, 1,9lecanediol was identified as the chief
nitrification-inhibitory dlelochemical.
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1,9-Decanedigla newly discovered nitrification inhibitor in @xoot exudates

No specific BNIs in rice have been reportedhin literature hithertpandthisis the firstreport onthe
biological activity of 1,9-decanedial This compound is arorganiesynthesisintermediate inthe
reductionfofl,2epoxides (Dragovickt al, 1995), andts isomes of the compounghowever, are used
in industrial"productionl1,10-decanediol isan intermediatein pharmaceutical productiofii et al,
1999) and1,2-decanediokan beused in cosmetics productioGérhardet al, 2008). Other, similar,
fatty alcoholsrarg@rincipally used to synthesize surfactaogedin industy (Elsneret al, 2012 Zheng
et al, 2012wAS such, it is hopthat the economicost ofproducing this kind of fatty alcohol would
be lower /than that forother BNIs previously reported. 1,9-Decanediol has a similar
nitrificationsinhibitory effect to the synthetic inhibitgkM, and the biological inhibitornoleic acid
and linolené"acid, examined in extract frosmoot tissues ahe pasture grasBrachiaria humidicola
(Subbaracet al, 2008) It is superior in efficacy tahe widely used inhibitor DD andthe biological
inhibitor methyb linoleate (Subbaraoet al, 2008) but less #ective thanthe synthetic inhibitor
nitrapyriny(preduced by Dow Chemidabnd the biological inhibitors methyl 34-hydroxyphenyl)
propionatefrom root exudates oSorghum (Zakir et al, 2008) and methytp-coumaratefrom root
tissue_extracts dBrachiaria humidicola(Gopalakrishnart al 2007. Thus, while not as strong as the
allelochemicals exuded from some other grassésdecanedil is a potentbiological nitrification
inhibitor,

Using/ Subbarao’s method, we discoverdte AMO processto be the irhibition target of
1,9decanediol.Most of the synthetic inhibitors such asnitrapyrin, DCDQ and DMPP inhibit the
Nitrosomonagienusby suppressinghe AMO pathway, but have no effect dme HAO pathway.Some
BNIs inhibit:Nitrosomonasy blockageof boththe AMO and HAO pathway$Subbaracet al, 2015)
Others, like methyl §4-hydroxyphenyl) propionatéakir et al, 2008) inhibit only the AMO pathway,
as does 1,%decanediol. AMO has a broad substrate range aheé inhibitory effects of many
compounds e due to competition for the active s#tethe enzymégMcCarty, 1999) 1,9-decanediol
emerges asne of them.

No 1,9decanediol was detected in genotypes which possessarification-inhibiting abilities,
and most inhibiting varieties had igecaneibl in their root exudatesA few inhibiting varidies
however,had no 1,9ecanedioland their effective allelochemicals remain to be identifl&yJ7,
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which displayed thenhighest nitrificationinhibiting ability among japonica varieties, secreted the
highest amount of 1;8ecanediobf all genotypesunderscoring the importance of the compaund
1,9-Decanediaqlthus serves aa biological nitrification inhibitorexuded from rice root#\ccording
to the data obtained under both natural andaseptic condions, we couldclearly determinethat
1,9-decanediolyderive from rice root exudatesvhich is consistent with our previous study that the
denitrification” stimulators oleamide and erucamide can be identified dhachweed root exudates
under beth condities (Luet al, 2014). Rit we are not able to confirm whether or not microorganisms
may alsoproduce this compound, or degrade it to some extgnith hasbeyond our research in this
study. Whenstsingwater asthe trap solution innatural collectionand ndrient solution inaseptic

collection, similar results were obtained.

Nitrification“inhibition, BNIsand NUE

One of the primary components of NUE is the efficienci afptake which is interpreted ds uptake
efficiency.(Hirelet al, 2007) Therefore, NUE was assessed hengsing a N labeling methodjn
accordance'with the fact thidtuptake varies strongly between varieties and betwld&arent growth
stages.Such reattime data are essential tdetermining the relationship betweerNUE and
nitrificatiorrinhibitory effects.

Indica and japonica varieties were analyzed separatelyas mostindica genotypes have higher
nitrate-absorption activityHu et al, 2015) Our results of ammonium uptake, however, did not show
group differences betweendica and japonicasubspeciesin China,japonicarice was traditionally
grown and consumed primarily in the northern provinces, viiliea rice was dominant in the south
(Hanseret al, 2002)and worldwide,indica varieties are grown in tropical and subtropicalaiwhile
japonica varieties are primarily grown in temperategions such as Japan and northern China
(Muthayyaet aly 2014) YD6 and WYJ7arethe most efficient genotypes in termsrobt ammonium
uptake amongndica andjaponicavarieties, respectivel When exariming root ammonium to nitrate
uptake.ratio, the varieties that stood out w2i25 and KoshiGiventhatZJ25 and WYJivere also
the most effective varietiewith respect tonitrification inhibition, a close relationship between
nitrification-inhibitory ability andintrinsic NUE emerges.

Further analysis bthe Pearson correlation method revealed #rat two factorof (@) nitrification
inhibition ability, (b) root ammonium uptake(c) root ammonium to nitrate uptake ratiand (d)
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1,9decamrdiol amount in root exudatesere positively correlated,suggeshg that nitrification
inhibition by root exudateis closely coupledo ammoniumuse efficiencyand ammonium preference
andthat1,9-decanediol i crucialbiological nitrification inhibibr in rice root exudates whigin turn,
is closelylinkedsto NUE. Numerically, nitrification inhibition and root ammoniuta nitrate uptake
ratio wergcorrelatedmost strongly Thus, nitrification-inhibitory rice varieties mighpossess higher
innateammonium@preference, manifesting in higher ammonium uptaskevell ashigher NUE.Some
geretic regionshave been linked tBNI activity (Subbaracet al, 2015). Thus,it will be imperativeto
explore the relationship between intrinsic NiEice varieties ad nitrification-inhibitory abilities by
genetic approaches thefuture.

The applicationof 1,9-decanedilolcould increaseNUE in fertilized paddy soils significantly
reducingrurroffrand leachingandpollution associated witlsurplus nitratgoroduced i the nitrification
processAdditionally, the highammoniumuse efficiencie ofthevarietiestested in our studgnight be
of significancein the context ofadaptation to climate chang&tmospheric CQ has increaskfrom
280 ppm.to.379 ppm since the Istlial Revolution eevated CQ reduces stomatal opening and
transpirationandthe decreased transpiration can then decrdagptake(Shimono& Bunce 2009)
total protein andN contentin plants generally decline under elevated ,G@imospheresespecidy
when _nitrate is theN source,as nitrate assimilationis slower under highCO,, and deleterious
consequences dood qualityhave beemecordedBloomet al, 2014) Thus,food nutritional quality is
threatenedunderincreased C@ in nitratebased envonments. Since the assimilation of ammonium
entails lower energy costs comparedthe assimilation ofitrate Chenet al, 2013, crops with
ammonium  preferenceare superior in this important regardand the enhancment of crop
ammoniumuse efficiency even thoughN-source preference is a complex trait (Bri&tdKronzucker,
2002 2013;:may carrybenefisin the context of adaptation &smospheric changespecially san the
tropical and subtropical regioms the developing worldvherebillions of peofe depend omice crops

for their sustenance

Conclusions

The release of nitrification inhibitors from riceots represents a hithemwerlooked phenomenan
theregulaton of the N cycle in paddy fields. The identification and charact¢ioraof a faty alcohol
compoundfrom rice root exudates as a nitrification inhibifwovides a specific case towards a better
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understanding of BNI in rice. BNand the exudation quantity afitrification inhibitor in rice are
positively correlated with rice ammoniunptake and preference, bringiimdo focusBNI benefitsfor
rice N usewhich can be exploited by breeding programs to develop improved cultiMaisswork will
pave the wayorfuture strategies to improve crop NUE and reddiclessfrom the field beneiting

boththe efficiency ofagricultual productiorandthe environment.
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Fig. S1Chromatogram of root exudates of WY(Yuyunjing7)and WY J3(Wuyujing3).

Fig. S2 Massspectroscopy data of tdecanediol and shikimic acid.

Fig. S3Chromatogram of root exudates\WiyJ7 (Wuyunjing7) collectedinderaseptic conditionand

massspeectrscopy data ot,9-decanedial

Table S1 Michaelis-Menten equation parameterk,, and V., of WYJ7 (Wuyunjing7) and WYJ3

(Wuyujing3)ini3-wk-old seedlings

Table S2 Michaelis-Menten equation parameterk,, and Vmax, of WYJ7 (Wuyunjing7) and WYJ3

(Wuyujing3).in.6:wk-old seedlings

Pleasemnote: Wiley Blackwell are not responsible for theecwror functionality of any supporting
information supplied by the authors. Any queries (other tharingissaterial) should be directed to the

New Phytologis€entral Gfice.

Fig. 1 Nitrification inhibition effects ofroot exudatedrom (a) 3-wk-old rice seedlingsand (b)
6-wk-old rice seedlingsn Nitrosomonas europaed@bbreviations of variety names are used athé
Materials,and Methodsection Negative and posite values represent inhibition and promotion effects,
respectively:Significant difference from Blank (no plants in root exudates collectibnp < 0.05

Data areshownas meang SE (n = 3).

Fig. 2°NH," and ®NO; uptake of WYJ7(Wuyunjing7) and WYJ3(Wuyuijing3) in 3-wk-old rice

seedlings. Data are presented as mea®i§ and fittedto theMichaelis-Menten equatiorn = 3).

Fig. 3 "®NH," and ®NO; uptake of WYJ7(Wuyunjing?) and WYJ3(Wuyuijing3) in 6-wk-old rice
seedlings. Data are presented asmaes5E, and fittedto theMichaelis-Menten equatiorin = 3).
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Fig. 4 () Root ™®NH,* uptake of 19 rice varieties, Brwk-old seedlings(b) Ratio of root™NH,*
to ®NO; uptake ofl9 rice varietiesin 6-wk-old seedlingsAbbreviations of variety namese used as
in the Materials and Methodsection Data are presented as mearSE (n = 3). Lowercase andipper
letters represent differenedDuncaris test, at P < 0.05) of indica and japonica rice varieties,
respectively@Significant nitrification inhbitory/promoting effectsin root exudatesof 6-wk-old

seedlings.

Table 1 Nitrification-inhibitory effects of authentic,3-decanediol and shikimic acid

Nitrification inhibition rate %

Compound
20ng pl™ 200ng pl™
1,9Decanediol 21.29+1.09 97.61+0.22
Shikimic Acid -1.94+0.42 -1.56+0.52

Data arespresented as mearSE (n = 3).
Table 2 Comparison of nitrificatiofinhibitory effects of 1,9decanedioland those obther synhetic

and biologieal inhibitors

Compound EDgo (ng pl™)

1,9-Decanedil 90

Synthetic nitrification inhibitors

Nitrapyrin 4
Dicyandiamide 250
2-amine4-chloro-6-methylpyrimidine 75

Biological nitrification inhibitors

Methyl 3-(4-hydroxyphenyl) propionate 30
Methyl-p-coumarate 5

Linoleig, acid 80
Linolenic acid 80
Methyl linoleate 200

EDg, refers tathe effecive dose(ng pl™) atwhich 80% inhibitionwas observed
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Table 3 The effect of hydroxylamine othe nitrification inhibition produced byl,9-decanediol and

allylthiourea
Inhibition rate %
Treatment
Without hydroxylamine  With hydroxylamine
1,9-Décanediol 100g pl™ 82.49+0.19 57.20+1.22
Allylthiourea0.026ng ul™ 77.32+0.51 53.01+0.20

Data are presented as mearSE (n = 3).

Table 4 Amount of 1,9decanediol in root exdates of various rice varieties

Variety Secretion amounng g* root DW d*)
2325 124+ 48
YD6 102+ 36
IR26 49+10
LH1 nd
Kasa nd
IR36 nd
WY J7 477+ 133
ZH6 115+ 46
GD4 112+ 38
Koshi 73+30
XS63 nd

WY J23 nd
NJ46 189+ 58
XS123 nd
ZD10 nd
Minami 34+21
Nipponkare nd
ZD11 nd
WYJ3 nd

Abbreviationsof variety names arased as ithe Materials and Methodsection Data are presented as

This article is protected by copyright. All rights reserved



meanst SE (n = 3). nd, not detected.

Table 5 Correlation valueas perPearson analysis of fodiactors:nitrification inhibition effect, root

ammonium uptake, root ammonium to nitrate uptake,ratid 1,9daanediol amount in root exudates

Peason orrelationcoefficient

Inhibition Root NH,* Root NH,*/NO3’
Iltem 1,9-Decanediol
effect uptake uptake
Inhibition effect 1 0.599** 0.753** 0.594**
Root'NH,®uptake 0.599** 1 0.441** 0.456**
Root NH,*/NO;" uptake 0.753** 0.441** 1 0.380**
1,9Decanediol 0.594** 0.456** 0.380** 1

** Significance athe0.01 level
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