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Abstract Oomycetes,especiallyPhytophthora,causedevastatingcropdiseasessuchaspotatolate
blightcausedbyP.infestans.Toconquerthedisease,itisofgreatsignificancetoexploretheplant
resistancemechanismandidentifynovelfactorsforresistancebreeding.Nitrosoglutathionereductase
1(GSNOR1)isahighlyconservedreductaseinplantnitricoxidesignaling,whichinvolvesinregula-
tingR-genemediatedresistanceandnon-hostresistance.However,itspotentialfunctionandmecha-
nisminresistanceagainstPhytophthoraremainunclear.Inthisstudy,theresistancephenotypic
analysisonArabidopsisT-DNAinsertionmutantatgsnor1-3wasusedtodeterminethepositiveregu-
lationofAtGSNOR1inresistancetoP.parasitica.Furthermore,byexploitingtobaccorattlevirus
(TRV)forvirus-inducedgenesilencing(VIGS),theNicotianabenthamianaplantswithreduced
GSNOR1homologlevelswasused,wedemonstratedthatsilencingofGSNOR1homologinN.
benthamianaenhancesplantsusceptibility,accompaniedwiththesuppressionofreactiveoxygenspe-
cies(ROS)production,inductionofPRgenesandMAPKsignalinguponinfectionbyP.parasitica.
ThisstudyrevealedthehighlyconservedfunctionandmechanismofGSNOR1inplantresistance
againstPhytophthora,whichfacilitatedfurtherexplorationandpotentialapplicationofGSNOR1in-
breedingofpotatolateblightdiseaseresistance.
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  Phytophthora,agenusofoomycetes,con-
sistsofmorethan120specieswhichcausede-
structivediseasesonagriculturalcrops,forests
andnaturalecosystems.Forinstance,thepota-
tolateblightcausedbyP.infestansandtobacco
blackshankcausedbyP.parasiticathreatenthe
sustainablecropproductionworldwide[1-2].Since

thevirulencevariationofPhytophthoraisrapid,

thelossofgenotype-specificplantresistanceisa
keyproblemincropproduction.Takethepotato
lateblightasatypicalexample,thediseasecon-
trolishighlydependentonpesticides,theout-
comeofwhichistheenvironmentalandecologi-
calpollution.Therefore,toidentifynovelfac-



torsthoseconferdurableresistanceanddecipher
theirresistancemechanismsareofgreatimpor-
tance particularly in accelerating resistance
breedinginSolanaceousplantsandcontributing
tosustainable agriculture.P.parasitica,a
modeloomycete,isatypicalhemibiotrophic
pathogen,whichhasawiderangeofhosts[2].
TheinteractingmodelsystemsofP.parasitica
withArabidopsisaswellasN.benthamiana
provideapowerfultooltoestablishthesemecha-
nisticstudies[3].

Innaturalenvironment,toavoidpathogenic
infection,plantshaveevolvedtwolevelsofin-
nateimmuneresponsesagainstpathogens[4].
Thefirstlevelistriggeredbypathogens-associ-
ated molecular pattern (PAMP), which is
termedasPAMP-triggeredimmunity(PTI).
Theimmuneresponseisactivatedthroughrec-
ognitionofPAMPsbyplantplasmamembrane-
localizedpatternrecognitionreceptors(PRRs),

whichtypicallyproducereactiveoxygenandni-
trogenintermediates(ROIsandRNIs,respec-
tively)andinductionofmitogen-activatedpro-
teinkinase(MAPK)signalingcascade[5].The
secondistriggeredbypathogeneffectors,which
istermedaseffector-triggeredimmunity(ETI).
Theimmuneresponseisactivatedthroughrec-
ognitionofeffectorsbynucleotidebinding-leu-
cinerichrepeat(NB-LRR)proteinsencodedby
plantresistancegenes(Rgenes)[6].

Inthecourseofevolutionarychangesduring
plant-pathogeninteractions,pathogenshavede-
velopedvariousinvasionstrategies,towhichthe
hostplantresponded withrapidand marked
changesincellularredoxstatus[7].Thesechan-
gesaremostlytriggeredbytheaccumulationof
ROIsandRNIs,whicharesignificantfeaturesof
theplantdefenseresponse.Althoughtheen-
zymesrequiredforapoplasticROIsynthesisare
wellestablished[8],thesourceofRNIsremains
elusive[9-10].Increasingevidencesuggeststhat
theredoxactive,smallmoleculesintegratevari-
ousplantdefensemechanisms.Forinstance,the
signalingfunctionofnitricoxide(NO)isshown

duringbothhighlyconservedPTIandhighly
specificETI,whichtypicallyaccompaniedby
thehypersensitiveresponse(HR)atthesiteof
infection[11].

Asanendogenoussignalingmolecule,NO
issuchkindoffreeradicalgasthatcandiffuse
rapidlythrough biological membranes[12].To
constitutearelativelystablestoreofNObioac-
tivity,S-nitrosoglutathione(GSNO)isformed
bythecovalentattachmentofNOtothecysthiol
withintheantioxidanttripeptide,glutathione
(GSH)[13-14].TheadditionofanNOmoietytoa
proteincysteine(Cys)thioltoformanS-nitroso-
thiol(SNO)hasemergedasaprototypicredox-
based,post-translationalmodification,whichis
termedasS-nitrosylation[15-17].CellularGSNO
homeostasisiscontrolledbytheenzymeGSNO
reductase(GSNOR).Thisenzymefunctions
highlyconservedamonganimals,plantsand
bacteria[18].A.thaliana S-nitrosoglutathione
reductase1(AtGSNOR1),wasidentifiedto
modulatetheextentofcellularSNOformation
followingnitrosativestress,andalterationsinto-
talSNOlevelsstronglyaffectsignalingtrans-
ductionandmodulatemultiplemodesofplant
immunity[17,19-21].

Thephenolicmetabolitesalicylicacid(SA)

isacrucialimmuneactivatorinplants.Emer-
gingevidencesuggeststhattheabsenceofGSN-
OR1activityincreasescellularGSNOlevelsand
leadstosignificantlyreducedSAaccumulation
and weakactivationofSA-dependentdefense
genes[19].Arabidopsisplantswithcompromised
GSNOR1functionwereshowntobedisabledin
R gene-mediatedprotectionmediatedbyeither
theTollinterleukin(TOLL)orcoiled-coiled
classofNB-LRRproteins,whichpossedifferent
signalingrequirements[22].Moreover,atgsnor1-3
plantsaredisabledinbasalresistanceagainstthe
bacterialpathogenPseudomonassyringae pv.
tomato(Pst)DC3000andtheoomycete,Hyalo-
peronosporaarabidopsidis.Non-hostresistance
(NHR)canprotectplantsagainstthemajority
ofpotentialpathogens.However,theunderly-
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ingmolecularmechanismsofNHRarelesswell
understood.Notably,atgsnor1-3plantsenable
thegrowthofthewheatpowderymildewpatho-
gen,Blumeriagraminisf.sp.tritici,whichisa
majorwheatpathogenbutisnotadaptedfor
growthon Arabidopsis.Besides,atgsnor1-3
plantsarealsohostforPseudomonassyringae
pv.phaseolicolaandPseudomonasfluorescens;

whilewild-typeArabidopsisplantsdonotsup-
portthegrowthofthesenon-adaptedbacterial
pathogens.Thus,GSNOR1alsoregulatesthe
developmentof non-host resistance(NHR)

againstbothfungalandbacterialpathogens[19].
Collectively,thesedataimplythatGSNOR1is
involvedinmodulatingmultiplemodesofplant
diseaseresistance.

Asacrucialandhighlyconservedreductase
inplantNOsignaling,thepotentialfunctionof
GSNORinplantresistanceagainstPhytophtho-
raremainsunexplored.Inthisstudy,withthe
benefitofinteractingmodelsystemsofP.para-
siticawithArabidopsisaswellasN.benthami-
ana,weperformedsetofanalysesontheresist-
ancefunctionofAtGSNOR1andtheGSNOR1
homologinN.benthamianaagainstP.parasiti-
ca.WedemonstratethatplantGSNOR1 might
have conserved function in plant resistance
againstPhytophthorathroughpositivelyregula-
tingROSproduction,inductionofPR genes,

andMAPKcascadesignalingatdifferentstages
ofattemptedinfection.Thisstudyrevealsthe
conservedmechanismofGSNOR1inplantre-
sistancetoPhytophthora,whichfacilitatefur-
therexploration and potentialapplication of
GSNOR1onpotatolateblightdiseaseresistance
breeding.

1 MaterialsandMethods
1.1 Materials

Arabidopsis T-DNAinsertion mutantsin
Col-0background,atgsnor1-3(GABI_315D11)
wasobtainedfromtheArabidopsis Biological
ResourceCenter(ABRC).N.benthamianawas
obtainedfrom State Key LaboratoryofCrop

StressBiologyfor Arid Areasof Northwest
A&FUniversity.

LBculturemedium(500mL):Trptone5g,

yeastextract2.5g,NaCl5g,Agar4.0g(Liq-
uidmediumwithoutAgar),addto500mLwith
ddH2O.

5%CAculturemedium(500mL):5%car-
rotjuice,β-sitosterol0.02g,CaCO30.3g,

Agar4.0g(LiquidmediumwithoutAgar),add
to500mLwithddH2O.

FastpfuDNApolymerase,EasyTaqDNA
Polymerase,T4 DNALigase,restrictionendo-
nuclease(promega):EcoRⅠ,XhoⅠ,Antibiot-
ics:Kanamycin,Gentamicin,Rifampin.
1.2 Methods
1.2.1 PlantMaterialsandGrowthCondition 
Fortherootinoculationassay,A.thalianaseeds
weresurface-sterilizedbeforebeingplantedon
1/2MS mediumat4 ℃ for3daysandthen
transferredtheseedsto23℃forabout10days
beforeinfectionassays.Forotherexperiments,

A.thalianaandN.benthamianaseedsweresur-
face-sterilizedandtransferredtosoilforabout
onemonth.A.thaliana andN.benthamiana
weregrowninthesameconditionsaspreviously
described[23].
1.2.2 PlasmidConstructs TocreateTRV-
basedvirusinducedgenesilencing(VIGS)con-
structs,thefulllengthcDNAsequencesofAtG-
SNOR1(AT5G43940)werefirstlyacquiredfrom
TAIRhomepage(TheArabidopsisInformation
Resource,https://www.arabidopsis.org/).
Thereafter,throughBLASTtoolfromSolanace-
ae Genomics Network(https://solgenomics.
net/tools/blast/),thefulllength cDNA se-
quencesofGSNOR1homologinN.benthami-
ana wereobtained.ThesequenceofGSNOR1
homologwasclonedfrom N.benthamianacD-
NAandinsertedintotobaccorattlevirus(TRV)

TRV2 vector with EcoR Ⅰ and Xho Ⅰ
sites[24-25].ThecodingsequenceofNbGSNOR1
wasclonedfrom N.benthamianacDNAusing
gene-specificprimers(Table1).
1.2.3 P.parasiticaInoculationAssay The
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cultureandzoosporeproductionofP.parasitica
strainPp016 wereconductedaspreviouslyde-
scribed[3].Fortheleafinoculationassay,de-
tachedleaveswereinoculatedontheabaxialleaf
surfacewitha10μLdropletcontaining—200
P.parasiticazoosporesμL-1.Hyphaeinepi-
dermalcellswereobservedat48hpiwithfluo-
rescencemicroscopeandP.parasiticainfected
leafdiscsweremeasuredat72hpi.Fortheroot
inoculationassay,5-day-oldA.thalianaseed-
lingsgrownin1/2MSmedium wereinoculated
withP.parasitica,andresistancephenotype
wasobservedat10dpi.Col-0wasusedaswild-
typecontrolplantintheinfectionassays.For
theinoculationassayon N.benthamiana de-
tachedleaves,approximately8mmdiameterof
myceliumplugswerecutfromtheP.parasitica
strainPp016culturesandinoculatednearthein-
filtratedsites.Lesiondiametersweremeasured
at2dpiandthenstainedwithtrypanblue.
1.2.4 TRV-basedVIGSinN.benthamiana 
AgrobacteriumtumefaciensstrainGV3101har-
bouringpTRV2::NbGSNOR ,pTRV2::GFP
orpTRV2::PDS construct was mixed with
strainscarryingpTRV1vectorina1∶1ratioto
achievefinalconcentrationofOD600=0.25for
eachcomponent.Thelargestleavesof3-week-
oldplantswerechosenforinfiltrationandthesi-
lencedplantswereusedtoinoculatewithP.
parasitica 3 weeks later as previouslyde-
scribed[26].Threeindependentexperimentswere
performed.
1.2.5 GeneExpressionAnalysis Planttotal
RNA wasextractedusingTRIzol(Invitrogen)

reagent.ForqRT-PCR analysis,cDNA was
synthesizedfrom1μgoftotalRNAusingPri-
meScriptTMRTreagentKit(TaKaRa).20ngof
cDNAwasusedastemplatefortheamplification
ofcandidate genes using SYBR premix Kit
(Roche)accordingtothe manufacturers’in-
structions.Quantitativeanalysisfortherelative
expressionlevelofthetestedgeneswasper-
formedusingtheSYBRPremixKit(Roche,Ba-
sel,Switzerland)on Q7 Real Time Cycler

(ThermoFisherScientific).TheCtvaluesof
testedgeneswerenormalizedtoNbACTINin
N.benthamiana.Theprimersusedarelistedin
Table1.Expressionfoldchangeswerecalculat-
edbythe2-△△Ctmethod.
1.2.6 TrypanBlueStainingAssay Detached
N.benthamianaleaveswerestainedwithlacto-
phenol-trypanblue(10 mLlacticacid,10 mL
glycerol,10gphenol,and10mgtrypanblue,

dissolvedin10 mLofdistilledwater).After
boilingfor2mininthestainingsolutionandde-
stainingin2.5g/mLchloralhydrate,theleaves
weremountedin70% glycerolformicroscopic
observation.
1.2.7 DABStainingAssay DetachedN.
benthamianaleaveswereblockedinDABsolu-
tion(1g/mLDAB,modulatepHto3.0with
0.2mol/L HCL)supplemented with0.05%
Tween20and10mmol/LNa2HPO4for12h.
Theleavesweredecolorized withdecolorizing
solution(Ethylalcoholabsolute∶AceticAcid∶
Glycerol= 3∶1 ∶1)andboiledindistilled
H2Ofor15 minutes.Thereafter,theleaves
werephotographed.
1.2.8 ProteinImmunoblotAssays Totalpro-
teinwasextractedwithGTENlysisbuffer(10%
glycerol,25mmol/LTrispH7.5,1mmol/L
EDTA,150mmol/LNaCl)supplementedwith
2% PVPP,10mmol/LDTT,1×proteasein-
hibitorcocktail(Sigma)and0.1% Tween20.
ProteinswereseparatedbySDS-PAGEand
transferredfromthegeltoaPVDFmembrane
(Roche)intransferbuffer(25mmol/LTris,200
mmol/L glycine,and20% methanol).The
membranewasthenblockedin TBST buffer
(Tris-bufferedsaline with0.05% Tween20
[pH7.2])containing10%non-fatdrymilkun-
dergentleshaking.Theblockedmembranewas
incubatedwithanti-MPK6(Agrisera,Sweden;

AS12-2633)dissolvedinTBSTM(TBST with
5%non-fatdrymilk)ataratioof1∶5000and
incubatedat4℃ withshakingat50rpmover-
night,followedbythreewashes(10mineach)

withTBST.Next,themembranewasincubated
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withasecondaryantibodyHRPgoatanti-rabbit
IgG(H + L)antibody(#AS014,ABclonal),

whichwasalsodissolvedinTBSTataratioof
1∶2000,atroomtemperaturefor1.5hwith
shaking.Thereafterthemembranewaswashed

threetimes(10mineach)withTBSTandone
timewithTBS,thenincubatedwithECL(#
CW0049S, ComWin) before photographing
usinga molecularimager(ChemiDocXRS+,

Bio-Rad).
Table1 Primersequencesusedinthisstudy

PrimerName Primersequence(5'→3')

NbGSNOR1-F CCGGAATTCGTGGAATAAAAAGGAAGTGGAAA

NbGSNOR1-R CCGCTCGAGTAGGGACGTTCCGTTAATATG

qNbGSNOR1-F ACTGAGGTTCAGCCAGGAGA

qNbGSNOR1-R CCGCCCTTACTTTACCACAA

NbACTIN-F TCCATGCTCAATGGGATACT

NbACTIN-R TTCAACCCCTTGTCTGTGAT

PR1b-F TGCCTTCATTTCTTCTTG

PR1b-R TTAGTATGGACTTTCGCCTCT

PR2-F CTAATGGCATCAGAAAGA

PR2-R ATTGGCTAAGAGTGGAAG

PR3-F AAAGGGATTCTACAGTTAC

PR3-R AGGATTGTTTAGCAGGT

PR5-F TGAGGAGGATGAATAGA

PR5-R AAAGCCTAACAAGTGC

MPK7-F GAATTGATGCGCTGAGAACA

MPK7-R GGCTGCGACGACTTAATGAT

MPK8-F CTTCCCACACCGTCTTTAGC

MPK8-R GTACTCGGGCTAGGGACCTC

2 Results
2.1 Atgsnor1mutantsexhibitbothleafandroot
susceptibilitytoP.parasitica

ToexplorethepotentialfunctionofGSN-
OR1inplantresistancetoPhytophthora,we
firstexaminedresistanceofatgsnor1-3 mutant
againstP.parasitica.Thedetachedleavesof
six-week-oldatgsnor1-3 mutantsaswellasWT
Col-0plantswereinoculatedbyP.parasitica
zoospores.At72hpi,leavesofWTCol-0plants
displayedseverewater-soakedlesions,indicative
ofsusceptibilityagainstP.parasiticainfection
(Fig.1-A).Incomparison,thewater-soakedle-
sionsinatgsnor1-3 mutantwereexpandedal-
mostalloverthewholeleaf,indicatingthatatg-
snor1-3mutantismoresusceptibletoP.para-
sitica(Fig.1-A).Furthermore,visibleGFPex-

pressinghyphaecolonizedWTCol-0leaves,fol-
lowinginfectionwithstableGFP-expressingP.
parasiticatransformant.Conversely,atgsnor1-
3 mutantplantleavesshowedheaviercoloniza-
tion(Fig.1-B).Consistently,thediseaseindex
statisticforinfectedleavesindicatedthatatgsn-
or1-3mutantplantswereobviouslymoresuscep-
tiblethanWTCol-0plantstoP.parasiticain-
fection(Fig.1-C).

ToexaminewhetherGSNORfunctionsin
rootresistance,2-week-oldseedlingsweredip
inoculatedwithP.parasiticazoosporesandin-
cubatedfor10days.MostWTCol-0seedlings
wereinfectedandcolonizedwithP.parasiticaat
10dpi,whereasmuchheavierinfectionandroot
wiltsymptomwereobservedinatgsnor1-3mu-
tantseedlings(Fig.1-D).Takentogether,these
resultsimpliedthatAtGSNOR1playsanimpor-
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tantroleinplantresistancetoPhytophthora.

  A.PhenotypeofdetachedleavesofwildtypeCol-0andatgsnor1-3mutantafter3daysinoculationwithP.parasitic;B.Hyphacolo-

nizationofGFPexpressingP.parasiticaindetachedleavesafter3daysinoculationwithP.parasitic,Scalebar,500μm;C.Diseasese-

verityindex(DSI)fromlevel1tolevel4wasrecordedat48hpi(Level1:diseasesymptomislessthan1/3ofwholeleafarea;Level2:

diseasesymptomisbetween1/3and1/2ofwholeleafarea;Level3:diseasesymptomisbetween1/2and2/3ofwholeleafarea;Level

4:diseasesymptomismorethan2/3ofwholeleafarea).D.TherootphenotypeofwildtypeCol-0andatgsnor1-3mutantafter10days

inoculationwithP.parasitica.

Fig.1 atgsnor1-3mutantsexhibitsusceptibilitytoP.parasitica

2.2 Silencing ofGSNOR1 homologin N.
benthamianaenhancesplantsusceptibilitytoP.
parasitica

Tofurtherinvestigatetheresistancefunc-
tionofGSNOR1homologinsolanaceousplant
toPhytophthora,wesetouttoobtain N.
benthamianaplantswithreducedGSNOR1lev-
elsbyexploitingtobaccorattlevirus(TRV)for
virus-inducedgenesilencing(VIGS).Foridenti-
fyingtargetsequencesforVIGS,wefirstac-
quiredthefulllengthcDNAsequencesofAtG-
SNOR1 (AT5G43940)from TAIR homepage
(TheArabidopsisInformation Resource,ht-
tps://www.arabidopsis.org/). Thereafter,

throughBLASTtoolfromSolanaceaeGenomics
Network (https://solgenomics. net/tools/

blast/),thefulllengthcDNA sequencesof
GSNOR1homologinN.benthamiana wereob-
tainedandfurthersequencealignmentshowed
itshigh sequencesimilarityto AtGSNOR1,

whichis90.69%(Fig.2-A).Basedonthis,we
generatedaVIGSconstructthattargetsNbG-
SNOR1.Quantitativereversetranscription(Q-
RT)-PCRanalysesshowedstronglyreducedlev-
elsofNbGSNOR1 mRNA,reachingonaverage
only12%ofthenormallevelinN.benthamiana
(Fig.2-B).Simultaneously,silencingoftheen-
dogenous phytoenedesaturase (PDS) gene,

whichcausesphotobleaching,wasusedasa
controlforVIGSefficiency(Fig.2-C).

TostudytheroleofNbGSNOR1indefense
againstPhytophthora,weperformedinfection
assaysonleavesdetachedfrom GSNOR1-si-
lencedN.benthamianaplantswithP.parasiti-
ca.Theresultsshowedthatthewater-soaked
lesionsonGSNOR1-silencedplants(TRV:GSN-
OR1)arelargerwhencomparedwiththelesions
oncontrolplants(TRV:GFP)at2dpi(Fig.2-D
and2-E).Thisindicatesthatinbothplantspe-
cies,GSNOR1 isrequiredtocounteractthe
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pathogen.

  A.N.benthamianaGSNOR1homologoussequenceswereobtainedbyBLASTsequencealignment;B.Relativequantification(RQ)

ofGSNOR1expressionat21dpiwithTRVconstructsintheqRT-PCRassay.NbACTINexpressionwasusedfornormalization.GSN-

OR1expressionintheTRV:GFP-treatedplantwassetat100%.Theexperimentwasrepeatedthreetimes.ErrorbarsindicatetheSE

fromthreebiologicalreplicates;C.silencingoftheendogenousphytoenedesaturase(PDS)gene,whichcausesphotobleaching;D.Leaves

ofNbGSNOR1silencedplantsandcontrolplantswereinoculatedbyP.parasitica,andwerestrainedbytrypanblueat2dpi.Thestained

leaveswerephotographed;E.ThelesiondiameterstatisticalanalysisofN.benthamianaleavesafter2daysinoculationwithP.parasitic.

Fig.2 EnhancementofsilencingofGSNOR1homologinN.benthamianatoplantsusceptibilitytoP.parasitica

2.3 SilencingofNbGSNOR1suppressesplant
reactiveoxygenspeciesburstuponinfectionbyP.
parasitica

Productionofreactiveoxygenspecies(ROS)

iscriticalforsuccessfulactivationofimmunere-
sponsesagainstpathogeninfection[23].Inleav-
es,theactiveepitopesofbacterialflagellin
(flg22)triggerstheoxidativeburstandinduces
defensegenetranscription[27-28].Tofurtherelu-
cidatewhetherGSNOR1 modulatesROSburst
inresponsetoP.parasitica,weanalyzedthe
productionofH2O2,aROSthatcanbevisual-

ized with3,3'-diaminobenzidine-tetrahydro-
chloride(DAB)staining,inbothGSNOR1-si-
lencedplantsandcontrolplantsuponinfection
byP.parasitica.NoobviousdifferenceinDAB
stainingwasobservedinbothGSNOR1-silenced
plantsandcontrolplantsat0hpi(Fig.3).Asa
controlassay,clearstainingwasvisibleincon-
trolplants(TRV:GFP)treated withflg22,

whereas much weaker staining exhibited in
GSNOR1-silencedplantstreatedwithflg22(Fig.
3).Similarly,theDABstainingwasweakerat3
hpi,butbecamegraduallystrongerfrom6hpito
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12hpiincontrolplants,indicatinganincreaseof
H2O2productioninresponsetothepathogen.
Bycontrast,theDABstainingwashardlyde-
tectableat3hpi,andmuchweakerstainingat6
hpiand12hpiwasobservedinGSNOR1-si-

lencedplants(Fig.3),demonstratingthatpro-
ductionofH2O2wasclearlyreduced.Thesere-
sultssuggestthattheROSburstappearstobe
attenuatedinGSNOR1-silencedplantsuponin-
fectionbyP.parasitica.

  LeavesofNbGSNOR1silencedplantsandcontrolplantswereinoculatedbyP.parasitica,andwerestrainedbyDABat0h,3h,

6hand12hpostinoculation.TheDABstainingof10mmol/Lflg22injectedN.benthamianaleaveswereusedaspositivecontrols.The

stainedleaveswerephotographed

Fig.3 SilencingofNbGSNOR1suppressesplantreactiveoxygenspeciesburstuponinfectionbyP.parasitica

2.4 SilencingofNbGSNOR1suppressesinduc-
tionofMPKgenesandattenuatesaccumulationof
MPK6uponinfectionbyP.parasitica

TheactivationofMAPKcascadesisoneof
themarkereventsforPTIandplaysacrucial
role in defense response to pathogens in
plants[29-30].InA.thaliana,MPK3,MPK4and
MPK6areactivatedbyabroadrangeofbiotic
stresses[31-33].Furthermore,MPK7 and MPK8
arereportedtomediateROSsignalingandregu-
lateMPK6inresponsetojasmonicacid,which
isanimportantphytohormoneforactivating
plant defense response against necrotrophic
pathogens[32,34-35].Thesepromptedustoexam-
inewhetherGSNOR1mightinvolveintheregu-
lationof MAPKsignalinginresponsetothe
pathogen.ThedetachedleavesofbothGSNOR1
-silenced N.benthamiana plantsandcontrol
plantsinoculatedwithP.parasitica werehar-
vestedat3,6and12hpi.TheqRT-PCRanaly-
sesshowedstronglyreducedlevelsofNbGSN-
OR1mRNAinGSNOR1-silencedN.benthami-

anaplantsduringtheinfectionbyP.parasitica
atindicatedtimepoints(Fig.4-A).Basedon
this,wefirstmonitoredthedynamictranscript
levelsofMPK7andMPK8.Asexpect,both
MPK7andMPK8 werehighlyup-regulatedin
controlplantsduringtheinfection,althoughthe
MPK8showedsignificantup-regulationfrom6
hpi(Fig.4-Cand4-D).Bycontrast,inGSNOR1
-silencedN.benthamianaplant,theinductionof
MPK7wassignificantlyreducedduringthein-
fectionandtheinductionofMPK8 wasonly
slightlyreducedat6hpi(Fig.4-Cand4-D).No-
tably,atveryearlyinfectionstage(3hpi),

MPK8showedalmostnoinductionincontrol
plants,whereastheexpressionofMPK8 ap-
peareddown-regulatedcomparedtothatexhibi-
tedat0hpiinGSNOR1-silencedN.benthami-
anaplants(Fig.4-D).Althoughtheup-regula-
tionofMPK8at12hpiwasdetectedinGSN-
OR1-silencedN.benthamianaplants(Fig.4-D),

itmightbeduetotheattenuatedlevelofGSN-
OR1silencingatindicatedtimepoint(Fig.4-A).

·4641· 西 北 农 业 学 报 29卷



  A.Relativequantification(RQ)ofGSNOR1expressionofleavesofNbGSNOR1silencedplantswhichwereinoculatedbyP.parasit-

icaat0h,3h,6hand12hpostinoculation.IntheqRT-PCRassay,NbACTINexpressionwasusedfornormalization.GSNOR1ex-

pressionintheTRV:GFP-treatedplantwassetat100%.Theexperimentwasrepeatedthreetimes.ErrorbarsindicatetheSEfrom

threebiologicalreplicates;B.ProteinexpressionofMPK6.TotalproteinswereextractedfromdetachedleavesofNbGSNOR1silenced

plantsinoculatedbyP.parasiticaat6h,12hand48hpostinoculation.TheaccumulationofMPK6wasdetectedbyimmunoblotting
usinganti-MPK6antibody.Ponceaustainingofthemembranewasusedtoshowequalloading;C,DThedynamicexpressionofMPK7

andMPK8wereevaluatedbyqRT-PCR.LeavesofNbGSNOR1-silencedplantsandcontrolplantswereinoculatedbyP.parasitica.To-

talRNAwasextractedfrominoculatedleavesat0h,3h,6hand12hpostinoculation.Theratioofcandidategeneexpressiontoplant

housekeepinggeneNbACTIN wascalculatedbythe△△Ctmethod.Threeindependentexperimentsshowedsimilarresult.Errorbarsin-

dicatetheSEfromthreebiologicalreplicates

Fig.4 SilencingofNbGSNOR1suppressesinductionofMPKgenesandattenuates
accumulationofMPK6uponinfectionbyP.parasitica

  Tocomplementthis,wefurtherexamined
thelevelofMPK6proteinaccumulationinboth
GSNOR1-silencedN.benthamiana plantsand
controlplantsuponinfectionbythepathogen.
Thedetachedplantleaveswereinoculatedwith
P.parasiticaandharvestedat6,12and48hpi.
Interestingly,wedidnotdetectaclearaccumu-
lationofMPK6proteinatearlybiotrophicinfec-
tionstageuntil48hpi,whichhasalreadydevel-
opedintonecrotrophicinfectionineitherGSN-
OR1-silencedN.benthamianaplantsorcontrol
plants(Fig.4-B).Notably,atthisinfection
stage,theaccumulationofMPK6wasstrongly
increasedincontrolplants.Incomparison,ap-
proximately75% weakeraccumulationlevelof
MPK6 wasdetectedinGSNOR1-silenced N.

benthamianaplants(Fig.4-B).Takentogether,

theseresultssuggestthatsilencingofNbGSN-
OR1 mightattenuateinductionofMPK7 and
MPK8duringearlybiotrophicinfectionandsup-
presstheaccumulationofMPK6proteinduring
necrotrophicinfectionbyP.parasitica.
2.5 SilencingofNbGSNOR1affectsinductionof
PRgenesuponearlyinfectionbyP.parasitica

The activation of Pathogenesis-Related
(PR)genesisatypicalmarkereventinplant
immunityandplaysacrucialroleindefensere-
sponsetopathogensinplants[29-30].Previousre-
searchhasshownthatPhytophthorainfection
inducestheexpression ofPR1a [36-37].These
promptedustofurtherexamine,towhatextent
GSNOR1 mightaffecttheexpressionofPR
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genesinresponsetoP.parasitica.Thedynamic
transcriptlevelsofPR1b ,PR2,PR3andPR5
werefurthermonitoredinleavesofbothGSN-
OR1-silencedN.benthamianaplantsandcontrol
plants during early infection. The results
showedthatPR1b ,PR2andPR3 werehighly
inducedfrom3to12hpi,andPR5exhibited
clearup-regulationat12hpiincontrolplants
(Fig.5).Bycontrast,inGSNOR1-silencedN.

benthamiana plants,PR1b ,PR2 and PR3
showedresembledexpressionlevelatveryearly
infectionstage(3hpi)tothatat0hpi,whereas
expressionofPR5appeareddown-regulatedat3
hpicomparedtothatexhibitedat0hpi(Fig.5).
TheseresultsimpliedthatsilencingofNbGSN-
OR1mightattenuateinductionofPR1b ,PR2,
PR3andPR5atveryearlyinfectionphase.

  ThedynamicexpressionofPR1b ,PR2,PR3andPR5wereevaluatedbyqRT-PCR.LeavesofNbGSNOR1silencedplantsandcon-

trolplantswereinoculatedbyP.parasitica.TotalRNAwasextractedfrominoculatedleavesat0h,3h,6hand12hpostinoculation.

TheratioofcandidategeneexpressiontoplanthousekeepinggeneNbACTIN wascalculatedbythe△△Ctmethod.Threeindependentex-

perimentsshowedsimilarresult.ErrorbarsindicatetheSEfromthreebiologicalreplicates

Fig.5 SilencingofNbGSNOR1suppressesinductionofPRgenesinfectionbyP.parasitica

3 Discussion
Themechanisticinsightintothefunctionof

highlyconservedreductaseGSNORinplantim-
munityremainselusive,especially withinthe
plant-Phytophthorainteractingsystems.Inthis
study,we demonstratethatplantGSNOR1
playsacrucialroleinthepositiveregulationof
resistanceagainstPhytophthora.BothAtgsn-
or1 mutantplantsandGSNOR1-silenced N.
benthamianaplantsshowsignificantlyenhanced
susceptibilitytoP.parasitica(Fig.1andFig.

2).Thisisconsistentwithpreviousstudies,

showingthatAtgsnor1 mutantplantsarecom-
promisedinbasalresistancetobacterialpatho-
genPseudomonassyringae pv.tomato(Pst)

DC3000andnon-hostresistanceagainstBlumer-
iagraminisf.sp.tritici[19].Theseresultsindi-
catethatGSNOR1mightbeanimportantand
highlyconservedcandidate,whichcanbeapplied
toimprovebroadspectrumresistanceincrop
plants.

GSNOR1isthekeyreductasetoparticipate
inregulatingproteinS-nitrosylation[17],which
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hasbeenshowntomodulatetheactivityofa
numberofkeyregulatorsintegraltoplantim-
munefunctionincludingSAbindingprotein3
(SABP3)[38],non-expresserofPR1(NPR1)[39],

andthe basicleucinezipper(bZip)protein
TGA1[40].Furthermore,theNADPHoxidase,

RBOHD,anessentialenzymeforROSproduc-
tioninplantdefense[41-42],hasalsobeenshown
tobeS-nitrosylatedon Cys890[43].Basedon
these,wespeculatethatGSNOR1 indirectly
functionsinmodulatingplantsignalingtransduc-
tionand multiple modesofplantimmunity.
Thismightexplainitsconservedbiologicalfunc-
tioninplantresistancetoabroadspectrumof
pathogens.

MostPhytophthoraspecies,includingP.
parasitica,arehemibiotrophicpathogens,thus
thesepathogensfirstestablishabiotrophicinter-
actionwithhostplantandlaterswitchtoade-
structivenecrotrophiclifestyle[44].Asoneofthe
earliestplantimmuneresponsestopathogens,

rapidproductionofROSisimportantforresist-
anceagainstthebiotrophicpathogensbecauseit
helpsdrivecelldeathdevelopment[45].Theemer-
gingdatasuggestthatthelevelsandtimingof
ROSproductionareimportantdeterminantsof
celldeathinincompatibleP.parasitica-N.
benthamiana interactions and correlate with
compatibleP.parasiticaproliferationinsuscep-
tibleplants[46].Furthermore,Arabidopsisroot
resistance against P.parasitica requires an
NADPH oxidase mediatedoxidativeburst[47].
ThesefindingsindicatethatROSisimportant
forplantresistancetoPhytophthorapathogens.
Ourdatasuggestthat H2O2 accumulationis
triggeredrapidlyeitherbyflg22treatmentorP.
parasiticainfectionincontrolplants(Fig.3).In
comparison,theproductionofH2O2issignifi-
cantlyreducedinGSNOR1-silencedplantsdur-
ingtheearlyinfectionphase(Fig.3).Thesere-
sultsindicatethatthetimingandleveloftheox-
idativeburstareofimportanceforplantresist-
anceagainst Phytophthora andfurtherthat
GSNOR1 playsakeyroleinregulatingthese

processes.
Plantshavedevelopeddifferentdefensesys-

temsagainstinfectionsbybiotrophicandnecro-
trophicpathogens.Generally,SAsignalingis
essentialto resistinfection from biotrophic
pathogens,whereasjasmonicacid/ethylene(JA/

ET)signalingisnecessaryforinhibitinginfec-
tionsfrom necrotrophicpathogens[48-49].Inter-
estingly,severalreportshaveshownthatboth
SAandJA/ETsignalingarerequiredtodefend
infectionbyPhytophthora pathogensinboth
ArabidopsisandN.benthamiana[36-37,50].The
inductionofPR genesismarkereventforSA
signaling.Particularly,PR1hasbeenshownto
playanimportantroleinplantdefenseagainst
P.capsici[50].Inaddition,PR1alsoparticipates
inArabidopsisrootresistanceagainstP.para-
sitica[36]andplaysacrucialroleinplantresist-
ancetobiotrophicpathogensmediatedbythe
novelsusceptibilityfactorRTP1 [23].Ourkinet-
icexpressionanalysesonsetofPRgenesinN.
benthamianaduringearlyinfectionbyP.para-
siticashowedhighinductionofPR1b ,PR2,
PR3andPR5incontrolplants.However,dur-
ingtheveryearlyinfection(3hpi),wedidnot
detecttheinductionofPR1b ,PR2andPR3but
thedown-regulationofPR5inGSNOR1-silenced
plants(Fig.5-A).OurfindingsimplythatGSN-
OR1mightinvolveinregulatingtheinductionof
PR genesduringearlybiotrophicinfectionby
Phytophthora,whichsuggeststhatGSNOR1
mayaffectSAsignalingforitsfunctioninplant
resistanceagainstPhytophthora.

Inplants,MAPKcascadesplayessential
rolesinthetransductionofenvironmentalsig-
nals,includingresponsetoarangeofstresses
causedbyROSandpathogeninfections[51].In-
creasingevidencehasdemonstratedthatMAPK
cascadeshaveemergedasbattlegroundsofplant-
pathogeninteractions.ActivationofMAPKsis
oneoftheearliestsignalingeventsafterplant
sensingofPAMPsandpathogeneffectors[30].
Importantly,hormonessuchasjasmonicacid
(JA)andsalicylicacid(SA)areknowntoinflu-
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encesignalingthroughMAPKcascades.Forin-
stance,JAinvolvesinregulatingtheactivation
ofMPK6[34].Interestingly,outstudiesshowed
theproteinaccumulationofMPK6inGSNOR1-
silencedplantswasnotdetecteduntil48hpi,re-
presentingthenecrotrophicinfectionphase(Fig.
4-B).Moreover,theGSNOR1-silencedplants
exhibitedstrongsuppressionofMPK6accumu-
lationcomparedtocontrolplants(Fig.4-C).
TheseresultsimplythatMPK6mightfunction
duringthenecrotrophicinfectionbyPhytoph-
thoraandGSNOR1mayalsoaffectJAsignaling
foritsfunctioninplantresistanceagainstPhy-
tophthora.Furthermore,MPK7couldbeacti-
vatedbyROStriggeredbyplantstressstimu-
li[52-53].In Arabidopsis,through interacting
withMPK8,LSF2(LIKESEXFOUR2)func-
tionsintheregulationofplantoxidativestress,

resultingin modulating ROShomeostasis[54].
TheresultsshowedthattheinductionofMPK7
andMPK8wassignificantlysuppressedinGSN-
OR1-silencedplantsduringearlyP.parasitica
infection(Fig.4-B).Thesedataindicatethat
GSNOR1mayinvolveinactivatingMAPKcas-
cadesignalingforitsresistancefunctionagainst
Phytophthora.

Inconclusion,thisstudydemonstratedthat
throughpositivelyregulatingROSproduction,

inductionofPRgenes,MPK7andMPK8atthe
earlybiotrophicinfectionstag,andtheaccumu-
lationofMPK6proteinatthelaternecrotrophic
infection,GSNOR1playsanimportantrolein
thepositiveregulationofplantresistanceagainst
Phytophthora.
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亚硝基谷胱甘肽还原酶GSNOR1 正调控
植物对疫霉菌的抗性

刘杏芍1,宋斯雨2,高贤贤1,单卫星1,强晓玉1

(1.西北农林科技大学 农学院,陕西杨凌 712100;2.西北农林科技大学 植物保护学院,陕西杨凌 712100)

摘 要 疫霉属(Phytophthora)卵菌引致马铃薯晚疫病等作物灾难性病害,严重威胁作物的可持续生产。

由于病菌毒性变异,导致品种抗病性丧失问题突出。因此,挖掘植物广谱和持久抗病基因,并探索其在抗病育

种中的有效利用具有重要的科学意义。亚硝基谷胱甘肽还原酶1(GSNOR1)是植物氮信号通路中高度保守

的关键还原酶,其参与调节R 基因介导的植物抗性和非寄主抗性。然而,GSNOR1 参与抗疫霉菌的免疫功能

和作用机理尚不清楚。本研究中,借助拟南芥与寄生疫霉菌互作的模式体系,首先发现拟南芥T-DNA插入

突变体gsnor1-3 对寄生疫霉菌呈现感病表型。进一步利用病毒诱导的基因沉默(VIGS)降低烟草叶片中

GSNOR1 同源基因的表达量,在此基础上,通过抗病表型分析以及一系列抗性相关功能的检测,结果表明,沉
默本氏烟草GSNOR1 同源基因能够在寄生疫霉菌侵染植物的过程中削弱植物体内的活性氧(ROS)迸发、病
程相关基因(PRgenes)的诱导表达以及 MAPK信号转导,从而增强了植物对疫霉菌的感病性。本研究揭示

了植物GSNOR1 对疫霉菌具有高度保守的抗性功能,并初步解析了GSNOR1 正调控植物抗疫霉菌的作用机

理,为进一步探索GSNOR1 在马铃薯抗晚疫病中的功能及其在抗病育种中的有效利用奠定了重要的理论

基础。
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