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Abstract

There is growing evidence that plant viruses manipulate their hosts and vectors in ways that

increase transmission. However, to date only few viral components underlying these phe-

nomena have been identified. Here we show that cauliflower mosaic virus (CaMV) protein

P2 modifies the feeding behavior of its aphid vector. P2 is necessary for CaMV transmission

because it mediates binding of virus particles to the aphid mouthparts. We compared aphid

feeding behavior on plants infected with the wild-type CaMV strain Cabb B-JI or with a dele-

tion mutant strain, Cabb B-JI��P2, which does not produce P2. Only aphids probing Cabb

B-JI infected plants doubled the number of test punctures during the first contact with the

plant, indicating a role of P2. Membrane feeding assays with purified P2 and virus particles

confirmed that these viral products alone are sufficient to cause the changes in aphid prob-

ing. The behavior modifications were not observed on plants infected with a CaMV mutant

expressing P2Rev5, unable to bind to the mouthparts. These results are in favor of a virus

manipulation, where attachment of P2 to a specific region in the aphid stylets±the acrostyle±

exercises a direct effect on vector behavior at a crucial moment, the first vector contact with

the infected plant, which is essential for virus acquisition.

Author summary

Somepathogensincludingplantvirusesmanipulatevectorsto optimizetransmission.The
manipulationscanbeindirect meaningthatpathogensalterhosttraitssuchascoloror
odor thatattractor detervectors.Othermodificationsaredirect,i.e.uptakeof viruscom-
poundschangesvectorbehaviors.Direct effectshavebeenreportedfor virusesthatare
internalizedby their vectorsandinteractstronglywith thevectorfrom within, for exam-
plewith thenervoussystem.Hereweshowthatcontactof avirusproteinwith thevector's
exteriormouthpartssufficesto induceadirecteffect:binding of thenon-structural
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cauliflowermosaicvirusproteinP2to aphidstyletsduring testpuncturesmodifiesprob-
ing activityinstantly,therebyfacilitatingvirustransmission.Thefactthathereno intimate
virus-vectorinteractionsarerequiredfor vectormanipulationandtransmission,could
explainthebroadvectorrangeof CaMVandothernon-circulativeviruses.

Introduction
Plantvirusesareeconomicallyimportant pathogensandmostof themrequireavectorfor
transmission[1]. Insectsarethemostcommonvectorsand,amongthese,Hemipterasuchas
aphids,whiteflies,plant-andleafhoppersaccountfor thetransmissionof themajority of the
vector-borneviruses[2,3].This is likely dueto their particularmouthparts,thestylets.Thesty-
lets'morphologyisadaptedto piercing-suckingfeedingbehaviorandallowsaphidsandother
hemipteransto acquireandinoculatevirusesinto plant tissueswith greatprecisionandwith-
out inflicting majordamage.

A growingcorpusof theoreticalmodellingandempiricalresearchshowsthatvirusesand
otherparasitesmodify hostsandvectorsto optimizetheir transmission[4±7].Thesemodifica-
tionsmaybereferredto asparasiticmanipulationwhentwo conditionsaremet.First,thephe-
notypicchangesin thehostor vectorenhancethefitnessof thepathogenandsecond,theyare
underthegeneticcontrol of thepathogen[8]. Evidencefor thefirst criterion hasbeencumu-
latedbynumerousstudiesfor plantviruses[9,10].In contrast,theviral factorsresponsiblefor
changesin vectorfitnessareoftenunknown[11]. Plantvirusesalterhostplantphenotypethat
in turn influencesvectorattractionandfeedingbehavior,andconsequentlyvirusacquisition
[12±14].Someviral geneshavebeenimplicatedin theseindirect plant-mediatedalterationsof
vectortraits [15±17].

Virusescan±afteracquisitionbyvectors±alsoaltervectorbehaviordirectly.Thishasbeen
studiedin particularfor plantvirusesrelyingon thecirculativetransmissionmode.Such
virusestraversetheintestine,cyclethroughthehemocoelandaccumulatein thesalivary
glands,beforeinoculationasasalivacomponentinto newplanthosts.During their passage,
theycaninteractwith varioushostorgans,for examplethebrain,thesalivaryglandsor
antennaandmodify vectorbehaviorin waysthatareconduciveto virustransmission[18±20].
Similarmanipulationshavealsobeendescribedfor otherpathogensthat replicatein their vec-
tors[21]. To thebestof our knowledge,thereisno evidencethatnon-circulativeviruses,i.e.
virusesthatbind to vectormouthpartsfor their passageto anewhost,canchangevector
behaviordirectly,whereasplant-mediatedeffectsarewell-documented[22]. Onereport
detectedalteredfeedingbehavioron healthytestplantsof whitefliesviruliferouswith anon-
circulativecrinivirus,but sincetheinsectswereraisedfor two generationson infectedplants
beforetheexperiments,plant-mediatedeffectscannotbeexcluded[23].

Cauliflowermosaicvirus(genus���������	�
) is transmittedbyaphidsusingthenon-cir-
culativemode.CaMV virionsareretainedin theaphidmouthparts(stylets)byattachingto
cuticularproteins(stylins)locatedat thestylettip in azonecalledtheacrostyle[24±26].Tran-
sientadherenceof virionsoccursviaahelpercomponent,theviral proteinP2[27,28].P2
formsaproteinbridgebetweenthestyletsandthevirions,mostlikely bybinding with its N-
terminusto stylinsandwith its C-terminusto thevirion, morepreciselyto thecapsid-associ-
atedviral proteinP3(P3:virions)[29±31].AphidscanacquirethehelpercomponentP2and
P3:virionssimultaneouslyor sequentially,i.e.eitherpreformedP2:P3:virionscomplexesor
first P2andin asecondstepP3:virions[32].
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Aphidslandingon anewplantwill exploretheplant'ssuitabilitywith testpunctures.For
this,theyinsertthestyletsin epidermisandmesophyllcells,salivatebriefly into thecytoplasm
andingestactivelysomeof thecellularcontents.If theplant issusceptible,thestyletsadvance
deeperinto thetissue,doingmoretestpuncturesuntil theyareinsertedinto thesievetubes.
Herethefeedingbehaviorchanges:afteranactivesalivationphase,theaphidsingestphloem
sappassivelyandcontinuously,their principal foodsource.BecauseP2locatesexclusivelyin
infectedcells,it canbeacquiredonly during intracellulartestpunctures,whereasP3:virions
canbeacquiredduring testpuncturesandduring phloemsapingestion[33].

Our previouswork showedthatCaMV infectionof themodelplant �	�����
�
 ��������
caused����
 ��	
���� aphidsto feedlongerfrom thephloem,whichmight enhancetheacqui-
sition of P3:virioncomplexesfrom thephloemsap.Wedemonstratedthat theP6-TAVprotein
of CaMVcontributesmajorly to thisalteredfeedingbehavior[34]. P6-TAVisamultifunc-
tional protein responsiblefor mostCaMVsymptomsandmodificationsof thephysiologyof
thehost[35,36].Therefore,it ismostlikely that it exercisesanindirect host-mediatedeffecton
thebehaviorof theaphidvector.Wewereinterestedto investigatewhetheranon-circulative
virus like CaMVcouldalsoencodefactorshavingadirecteffecton thevector.WechoseP2to
testfor thishypothesis,becauseit containstheinteractiondomainfor binding to theaphidsty-
lets,makingit anexcellentcandidate.

Results

Aphid feedingbehavioris different on plants infectedwith wild typeCaMV
expressingP2
To testfor apossibleeffectof P2on aphids,wechoseto comparethebehaviorof aphidson tur-
nip plantsinfectedwith wild typeCaMV isolateCabbB-JI(JI) or with theCaMVP2deletion
mutantCabbB-JI��P2(JI��P2).Wefirst verifiedthat thedeletiondid not affecttheinfectivity
of thevirus.No differencein symptomswasobservedbetweenplantsinfectedwith JIor JI��P2.
All plantsdisplayedcharacteristicleafbleachingthat initially affectedonly theveins(mosaics)
andthatcoveredlaterin infectiontheentireleaf(Fig1A).Fully infectedplantsshowed,in
addition,leafcurling andretardedplantgrowth.Thefirst symptomsappeared6 daysafter
mechanicalinoculationof plantswith thevirusesandadaylaterall plantsweresymptomatic
(S1Fig).Then,westudiedtheaccumulationof theCaMV proteinsP2,capsidproteinP4and
P6-TAVbywesternblot in infectedturnips (Fig1B).Asexpected,P2wasdetectedin plants
infectedwith JI,but not in plantsinfectedwith JI��P2.Accumulationof P4andP6-TAVwas
similar in JIandJI��P2-infectedturnips.Takentogether,thedeletionof theP2coding
sequencehadno impacton thetiming andseverityof symptoms,andit did not affectCaMV
replicationasjudgedby theaccumulationof P4andP6-TAV.Thus,theexperimentalsetup
wassuitedto compareaphidbehavioron infectedplantsexpressingP2vs.thosethatdid not.

Weplacedaphidson mock-inoculated,JIandJI��P2-infectedplantsandusedEPGto evalu-
atetheeffectof theinfection,andmorespecificallythatof thepresenceof P2,on acquisition
feedingbehavior(Fig1CandD). Aphidsspentsignificantlymoretime ingestingphloemsap
on plantsinfectedwith JI thanon healthyplants(Fig1C),consistentwith our earlierreport
[34]. DeletingP2from theviral genomehadno effecton phloemsapingestion.Whenanalyz-
ing theoccurrenceof events,thetotalnumbersof styletpenetrations,pathwayphasesand
intracellulartestpuncturesweresignificantlyloweron infectedplantsthanon mock-inocu-
latedones,with no differencebetweenJIandJI��P2.However,weobservedP2-specificalter-
ationsfor thenumberof intracellularpuncturesduring thefirst probe,whichwastwiceas
highon JI-infectedplantsthanon JI��P2-infectedonesor mock-inoculatedones.Another
feedingparameter,thenumberof phloemsapingestionphases,wassignificantlyloweron JI-
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infectedplantsthanon mock-inoculatedturnips,their numberon JI��P2-infectedleaveswas
intermediate(GLM, Df = 2,��2 = 6.968,p = 0.031).This indicatedapossible,but only partial
contribution of P2to thisbehaviormodification.Takentogether,infectionwith JIandJI��P2
significantlyincreasedthedurationof phloemsapingestion.Only wild typeinfection(i.e.
presenceof P2)doubledthenumberof intracellularpuncturesin mesophyllandepidermis
during thefirst styletinsertion,indicatingthatP2wasassociatedwith this.

Post-acquisitioneffectof P2-expressingwild typeCaMV on aphid
inoculation behavior
Thepreviousexperimentindicatedmodifiedaphidfeedingbehavioron infectedplants,i.e.
during virusacquisitionfeeding.Wewantedto knowwhethervirus infectionandP2also

Fig 1. Feedingbehaviorof ����� ����	
�� on mock-inoculated,JI- or JI��P2-infectedturnip plants.(a)Symptomson turnip leavesat14dpi. Fromleft to
right, mock-inoculated,JI-infected,JI��P2-infected leaf.(b) Westernblot analysisof theaccumulation of P2(18kDa),P4(37,44kDa)andP6-TAV(62kDa) in
JI-or JI��P2-infected turnip plantsat14dpi. Eachlanecorrespondsto atotalproteinextractfrom adifferentplant.ThelargeRuBisCOsubunitisstainedby
PonceauSandservesasaloadingcontrol.Mock isextractfrom amock-inoculatedhealthyleaf.(c-d) Thebehaviorof individualaphidswasrecordedby
electricalpenetration graph(EPG)for 8h on turnip leavesinfectedor not with theindicatedvirus(N = 21±24).SelectedEPGparametersarepresentedsorted
accordingto (c) durationor (d) occurrence.Thehistogram barsdisplaymeansandstandarderrors.Different lettersindicatesignificant differencesbetween
plant infection statusastestedbyGLM (generalizedlinearmodel)followedbypairwisecomparisonsusingªemmeansº(p < 0.05method:Tukey).Statistical
analysisof thedurationof eventsindicatedsignificant differencesfor thedurationof phloemsapingestionon infectedvshealthyplants(GLM, Df = 2,��2 =
7.776,p = 0.020)but no differencesfor thetotaldurationof styletpenetration (GLM, Df = 2,��2 = 3.868,p = 0.145),thetotaldurationof pathwayphase(GLM,
Df = 2,��2 = 4.037,p = 0.133)andthetime to first sapingestionfrom phloem(Cox,Df = 2,��2 = 0.373p = 0.185).Statisticalanalysisof theoccurrenceof events
revealedsignificantdifferencesfor thenumbersof styletpenetrations,pathwayphasesandintracellular testpunctureson infected(JIandJI��P2)vsmock-
inoculatedplants(GLM, Df = 2,��2 = 10.756;��2 = 24.948;��2 = 37.13,p < 0.001,respectively), andasignificant differencefor thenumberof intracellular test
puncturesduring thefirst styletpenetration on JI-infected plantsvsJI��P2-infected andmock-inoculatedplants(0-inflated model,Df = 2,��2 = 35.958,
p < 0.001).

https://doi.org/10.1371/journal.ppat.1011161.g001
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modifiesfeedingbehaviorpost-acquisition,i.e.during theinoculationaccessperiod.Aphids
werealloweda1h acquisitionaccessperiod(AAP) (underEPGcontrol) on mock-inoculated
or infectedplantsandthentransferredto healthytestplantsfor virus inoculation.Thefeeding
behaviorwasrecordedfor another4h to assesstheimpactof viruliferousstatuson aphid
behavior.Thetotaldurationof all feedingphaseswassimilar for all conditions(Fig2A).How-
ever,wedetecteddifferencesin theoccurrenceof threeprobingparameters(Fig2B).Thetotal
numberof testpunctureswassignificantlyhigherfor aphidstransferredfrom infectedplants
to healthyplants,comparedto thoseoriginatingfrom mock-inoculatedones.Thenumberof
intracellularpuncturesduring thefirst styletpenetrationwassignificantlylowerfor aphids
transferredfrom infectedplantscomparedto thosetransferredfrom healthyplants.Thiswas
dueto infectionandnot to P2becausetherewasno differencebetweenJIandJI��P2infections.
Thenumberof styletpenetrationsbeforethefirst phloemsapingestionwaselevatedfor ����

��	
���� havingacquiredfrom JI-infectedplantscomparedto thosecomingfrom healthy

Fig 2. Feedingbehaviorduring inoculation accessperiod (IAP) of ����� ����	
�� on healthyplantsafter 1 h acquisition feedingon mock-inoculated,JI-
infectedor JI��P2-infectedplants (N = 22±26).(a)presentsthedurationand(b) theoccurrenceof behaviorphases.Thehistogrambarsshowmeansand
standarderrors.Differing lettersindicatesignificant differencesbetweenplant infectionstatusastestedbyGLM (generalized linearmodel)followedby
pairwisecomparisonsusingªemmeansº (p < 0.05method:Tukey).No significant differenceswerefoundfor thedurationof behaviorphases(GLM andCox
models,p > 0.05).For theoccurrenceof events,significantdifferencesweredetectedfor thenumberof intracellular testpuncturesof aphidsoriginatingfrom
infected(JIandJI��P2)vsmock-inoculatedplants(GLM, Df = 2,��2 = 12.629,p < 0.001),for thenumberof intracellular puncturesduring first penetration
(0-inflated,Df = 2,��2 = 39.740,p < 0.001)andfor thenumberof styletpenetrationsbeforethefirst phloemsapingestionfor aphidstransferred from JI-
infectedplantsvsthosetransferred from mock-inoculatedplants(GLM, Df = 2,��2 = 11.353,p < 0.001).(c) Correlation betweenthenumberof intracellular
testpuncturesduring IAP on healthyplantsandthetotaldurationof pathwayphaseduring acquisitionaccessperiod(AAP) on mock-inoculated(green),JI-
infected(darkblue)or JI��P2-infected(light blue)plants.Thecoefficientsof correlation arer = 0.62,r = 0.61andr = 0.69for mock-inoculated,JI-infected and
JI��P2-infectedplants,respectively.

https://doi.org/10.1371/journal.ppat.1011161.g002
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plants.Aphidshavingfedpreviouslyon JI��P2-infectedplantsrequiredanintermediatenum-
berof penetrationsuntil first phloemingestion.Thus,theremaybeatendencyfor P2to
increaseprobingevents.

To betterdefineapotentialroleof P2on theaphidprobingbehavior,weperformedacorre-
lation analysisof thebehaviorof aphidsduring the1 h AAP andthe4 h inoculationaccess
periods(IAP) (Fig2C).Thenumberof intracellularpuncturesduring IAP on healthyplants
correlatedstronglywith thetotaldurationof thepathwayphaseduring AAP on infectedplants
(Pearson'scorrelation;t = 7.988,Df = 90,p < 0.001).Interestingly,thenumberof intracellular
puncturesperminuteof thepathwayphasewassimilar for aphidscomingfrom healthyplants
andJI��P2-infectedplants,while thisnumberwashigherfor aphidsoriginatingfrom JI-
infectedplants(LM, ��2 = 755.500,Df = 2,p = 0.048).Thisagainis in favorof aroleof P2in
modifyingaphidprobingbehavior.

Feedingon purified P2andvirus particlesmodifies aphid probing behavior
Our resultsindicatedthatP2alteredaphidprobingbehavioron infectedplants.Thiseffectcould
bedirect(P2protein itselfchangesaphidbehavior),indirect viaP2-mediatedchangesin thehost
plant,or acombinationof both.To testfor adirecteffectof P2,weallowedaphidsto acquire
recombinantP2andpurified P3:virions(thecomponentsof theCaMVtransmissiblecomplex)by
membranefeedingon artificial medium.Thentheywereplacedon healthytestplantsandtheir
feedingbehaviorwasrecordedbyEPG(Fig3).Thisapproacheliminatedall plantandvirusfac-
torsthatmight modify aphidbehaviorby indirectactionof P2.No significantdifferencesfor
durationof feedingeventswereobserved(GLM, p > 0.05)(S3Fig).Whenanalyzingtheoccur-
renceof events,wefoundthat thenumberof phloemsapingestionswasnot changedbyacquisi-
tion of P2(S3Table).In contrast,theoccurrenceof severalotherbehaviorformswasdifferent.
Membraneacquisitionof HP2plusP3:virionsincreasedsignificantlythetotalnumberof stylet
penetrations,thenumberof brief styletpenetrations(< 3min) (GLM, Df = 4,��2 = 19.636,
p < 0.001,S3Table),andthenumberof styletpenetrationsbeforethefirst phloemsapingestion.
Further,HP2plusP3:virionsaugmentedthenumberof intracellulartestpuncturesandthenum-
berof intercellularpathwayphasessignificantly.In general,theeffectof HP2plusP3:virionson
aphidbehaviorwasstrongerthanthatof HP2alone.An exceptionwasthenumberof testpunc-
turesduring thefirst styletpenetrationthatwassignificantlyenhancedonly for HP2.

Aphids feedingon plants infectedwith aCaMV mutant that expressesaP2
deficient in stylet binding showmostly normal probing behavior
Our resultsfrom thefeedingexperimentwith artificial mediumsuggestadirecteffectof P2on
aphidbehavior.At thispoint, weconsidertwo non-mutuallyexclusivehypotheses.P2could
modify behaviorbybinding to thestyletsor by interactingwith vectorfactorsin themorepos-
terior partsof thedigestivetract.To testthefirst hypothesis,weusedthemutantprotein
P2Rev5,whichcontainsasingleQ��Y mutationataminoacidposition6,whichabolishesP2
interactionwith thestylets,but maintainsall otherpropertiesof P2[37]. Sincetheoriginal
P2Rev5mutationwascharacterizedin theCaMVCabbSbackground,weintroducedthe
mutation into theJIgenomeandobtainedtheCaMVmutantJI-P2Rev5.Turnip plants
infectedwith JI-P2Rev5displayedsymptomsidenticalto thewild type-infectedplants(Fig
4A).Accumulationof thecapsidproteinP4andP6-TAVwasidenticalin JIandJI-P2Rev5-in-
fectedplants(Fig4B).However,P2accumulationwassomewhatlowerin JI-P2Rev5-infected
plantsthanin wild type-infectedplants(Fig4B).

Infectionwith JI-P2Rev5beingsimilar to wild typevirus infection,weassessedaphid
behavioron JI-P2Rev5-infectedturnip plants.Like in thepreviousexperiment(Fig1),no
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viruseffecton thedurationof probingeventswasfound (seeS4Fig),soonly thoserelatedto
occurrenceareshownhere.Aphidson JI-infectedplantsperformedmorethantwiceasmany
intracellularpuncturesduring thefirst styletpenetrationthanon JI-P2Rev5-infectedor
healthyplants(GLM, 0-inflatedmodel,Df = 2,��2 = 77.32,p < 0.001),which is thesameresult
asobtainedwith JI��P2(Fig1).

Thenumberof aphidstyletpenetrationsandpathwayphaseswasloweron JI-infected
plantsthanon JI-P2Rev5-infectedor healthyplants.Thiswassimilarasin Fig1,but whereas
therethedifferenceswerestatisticallysignificanttheywereheremarginallyinsignificant
(GLM, Df = 2,��2 = 1.146,��2 = 5.452,p = 0.059and0.065,respectively).Thenumberof pene-
trationsbeforethefirst phloemfeedingwassignificantlyreducedfor JI,but not for JI-P2Rev5,
comparedto mock-inoculatedplants(GLM, Df = 2,��2 = 13.709,p = 0.001).Exceptfor the
totalnumberof intracellularpunctureswhichwasslightly(~10%)but significantlyelevated
for JI-P2Rev5,comparedto JIandhealthyplants,aphidprobingbehaviorwasverysimilaron
JI-P2Rev5-infectedandmock-inoculatedplants.To sumup, theaphidbehaviormodifications

Fig 3. Feedingbehaviorof ����� ����	
�� on healthyplantsafter acquisition of P2andP3:virionsin artificial medium. The
histogrambarsdisplaymeansandstandarderrors.Beforerecordingaphidfeedingbehavioron healthyplants,aphidswereallowedto
feedunderelectricalpenetrationgraph(EPG)control for 1h on different artificial media:15%sucrosein water(light grey);15%
sucrosein DB5buffer(orange)or 15%sucrose(final) in DB5buffersupplementedwith P3andpurified virusparticles(P3:virions,
darkgrey);his-tagged P2(HP2,yellow);or HP2andP3:virions(blue).Purity of theviral componentsusedfor aphidfeedingassays
on artificial mediumisshownin S2Fig.Only aphidshavinginsertedtheir styletsfor at least5min in theartificial mediawereused
for theexperiments(N = 21±26).Lettersindicatesignificantdifferencesbetweenartificial mediaastestedbyGLM (generalizedlinear
model)followedbypairwisecomparisonsusingªemmeansº(p < 0.05method:Tukey).Analysisof behavioroccurrencesindicateda
significanteffectof HP2+P3:virionson thetotalnumberof styletpenetrations(GLM, Df = 4,��2 = 23.228,p < 0.001),thenumberof
styletpenetrationsbeforethefirst phloemphase(GLM, Df = 4,��2 = 20.090,p < 0.001),thenumberof intracellular testpunctures
(GLM, Df = 4,��2 = 72.429;p < 0.001)andthenumberof pathwayphases(GLM, Df = 4,��2 = 21.336,p < 0.001). HP2alonehada
significanteffecton thenumberof intracellular testpuncturesduring thefirst styletpenetration (0-inflatedmodel,Df = 4,��2 =
72.430,p < 0.001).

https://doi.org/10.1371/journal.ppat.1011161.g003
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observedfor JIwerenot found for P2Rev5,in particularthetwofold increasein thenumberof
intracellularpuncturesduring thefirst penetration.Theobservedbehavioralchangesindicate
that theacrostyle-bindingcapacityof P2is important for this.This issupportedby thefact
thataCaMV isolateharboringtheP2Rev5mutation isnot transmissible[37] andthat recom-
binantGFP-taggedP2Rev5doesnot bind to dissectedstyletsin in vitro interactionassays[24].
Wesetup membranefeedingassaysusingbaculovirus-expressedP2Rev5to confirm these
observations.Unfortunately,theresultswerenot conclusive,probablybecausewecoulduse
for thisexperimentonly crudeP2extractscontainingmanycontaminatingproteinsandother
compounds(S5Fig;S5Table).

Fig 4. Probing behaviorof aphidson turnips infectedwith non-transmissibleJI-P2Rev5.(a)Mock-inoculated,JI-andJI-P2Rev5-infectedturnip leavesat
14dpi. (b) Westernblot analysisof theaccumulation of P2(18kDa),P4(37,44kDa)andP6-TAV(62kDa) in JI-or JI-P2Rev5-infectedturnip plantsat14dpi.
Total leafextractsfrom 5 infectedplantsperconditionwereanalyzed.PonceauSstainingof thelargeRuBisCOsubunitisshownasaloadingcontrol.Mock,
extractfrom mock-inoculatedleaf.(c) Feedingbehaviorof ����
 ��	
���� on mock-inoculated,JI-or JI-P2Rev5-infectedturnip plantsat14dpi. Thehistogram
barspresent meansandstandarderrors.Thebehaviorof individualaphidswasrecordedbyelectricalpenetration graph(EPG)for 4h (N = 26±28).Different
lettersindicatesignificant differencesbetweenplant infection statusastestedbyGLM (generalizedlinearmodel),followedbypairwisecomparisonsusing
ªemmeansº (p < 0.05method:Tukey).Thenumberof intracellular puncturesduring thefirst penetrationissignificantly higherfor JI-infected vsmock-and
JI-P2Rev5-infectedplants(0-inflatedmodel,Df = 2,��2 = 77.32,p < 0.001).Thenumberof penetrationsbeforefirst sapingestionissignificantly lowerfor JI-
infectedcomparedto mock-inoculatedplants(GLM, Df = 2,��2 = 13.709,p = 0.001).Thetotalnumberof intracellular puncturesissimilar for aphidson JI-
infectedandmock-inoculated turnips,but elevatedfor JI-P2Rev5-infectedplants(GLM, Df = 2,��2 = 23.692,p < 0.001).Statisticalanalysisrevealedno
differencesfor thenumberof styletpenetrationsandpathwayphases(GLM, Df = 2,��2 = 1.146,��2 = 5.452,p = 0.059and0.065,respectively).

https://doi.org/10.1371/journal.ppat.1011161.g004
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Discussion

CaMV infection altersthe overall aphid feedingbehavior,while the P2
helpercomponentmodulatesexclusivelyaphid probing behavior
Analysisof feedingbehavioron infectedplantsshowedsignificantmodificationof threefeed-
ing activitiesthataredirectlyrelatedwith CaMVacquisition(Fig1).One,thedurationof
phloemingestionincreased,two, thetotalnumberof testpuncturesduring theentireeight
hour observationperioddecreased,while,three,their numberduring thefirst styletpenetra-
tion doubled.

Prolongedphloemingestionmight beadvantageousfor CaMV transmissionbecausethe
phloemsapcontainsvirusparticlesanduptakeof CaMV from thephloemhasbeenreported
before[33]. Prolongedphloemingestionwasobservedpreviouslywith thesameCaMVisolate
on two otherhosts,�	�����
�
 �������� and�������� 
����� [34]. Thiscouldthereforehigh-
light potentialadaptiveviruseffects.Thesecondobservation,reductionof intracellulartest
puncturesovertheentireobservationperiod,might beconsideredcounterproductiveto acqui-
sition becauseit shoulddecreasechancesto acquireP2,which isabsentfrom thesievetubes.
However,thework byPalaciosandcoworkersshowedthatcombineduptakeof CaMVfrom
tissueandphloemsapmight evenbemoreefficientthanuptakefrom epidermisandmeso-
phyll cellsalone.Thus,potentialnegativeeffectsof decreasedintracellulartestpuncturesseem
to beoutweighedbyearlierandlongerphloemingestion.ThisdifferentiatesCaMVfrom typi-
calnon-circulativevirusesthatareacquiredduring testpuncturesin thetissueandlostrapidly
whenvectorsreachthephloem(seefor example[38]). Thesetwo parameters,phloeminges-
tion andtotalnumberof testpunctures,werealteredsimilarly for aphidsfeedingon plants
infectedwith JIandwith JI��P2.ThisdemonstratesthatP2playsno role in thisandthatother
viral factorsareinvolved.A candidateisP6-TAV,whichcontributesto themodificationof
aphidfeedingbehavioralthoughit aloneisnot sufficientto induceall behaviorchanges[34].

Thethird parameter,thenumberof testpuncturesduring thefirst styletpenetration,was
doubledon plantsinfectedbyJI,but not on healthyplantsor thoseinfectedbyJI��P2.As
removingthecodingsequenceof P2from theCaMV genomedid not affectotherparameters
of theinfection(Fig1),wesuggestthat theincreasein testpuncturesduring thefirst penetra-
tion maybecausedexclusivelybyP2.Testpuncturesaremandatoryfor acquisitionof P2
(which is foundonly in epidermisandmesophyllcells[33]) andtheir increaseduring thefirst
styletpenetrationmight speedup P2acquisitionandconsequentlytheacquisitionof P3:viri-
ons.Virus acquisitionduring thefirst styletpenetrationisalsofavorablefor virustransmission
bynon-hostaphidsthat rejectincompatibleplantsafterthefirst testpuncturesandleavethem
[39,40].Carmo-Sousaetal.[41] reportedsimilar resultsfor thenon-circulativecucumber
mosaicvirus(CMV). Theyobservedthataphidsexhibitedduring thefirst 15minutes±butnot
later±twiceasmanytestpunctureson CMV-infectedplantsthanon mock-inoculatedplants.
Therefore,thischangein aphidbehaviorduring its first contactwith theinfectedplantmaybe
veryimportant for theacquisitionof virusestransmittedin anon-circulativemannerlike
CaMVandCMV. An interestingpoint is that thebehaviorchangeis in bothcasesimmediate
sinceit isobservedfrom theveryfirst testpuncturesonwards.Thissuggeststhat the`active
compound'doesnot needto traversethedigestivetract to inducebehaviormodification.

Wealsostudiedaphidinoculationbehavior.Wefoundno differencesin phloemfeeding
behaviorof �. ��	
���� on healthytestplants,no matterwhethertheaphidshadfedbeforeon
mock-inoculated,JI-infectedor JI��P2-infectedplants.This isexpectedbecausethephloem
feedingbehaviorisessentiallyinfluencedbyplantqualityandphloemsapcomposition[42],
andthis issimilar for all healthyinoculationplants.However,somerelevantprobingparame-
tersweremodified.First,thetotalnumberof testpunctureswashigherfor aphidscoming
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from infectedplantscomparedto thosefrom mock-inoculatedones.Therewasno difference
betweenJIandJI��P2,indicatingthatnot P2but otherviral or plant factorsincreasedthenum-
berof testpunctures.Second,thenumberof styletpenetrationsbeforethefirst phloemsap
ingestionwashigherwhenaphidshadpreviouslyfedon JI-infectedplantscomparedto mock-
inoculatedplants,whereasthisnumberwasintermediateafteracquisitionfeedingJI��P2-in-
fectedplants.P2might thereforebepartiallyinvolvedin themodificationof thisparameter.
Furthermore,thecorrelationbetweenthenumberof intracellularpunctureson healthyinocu-
lation plantsandthedurationof thepathwayphaseon infectedJIbut not JI��P2acquisition
plants(Fig2C)suggeststhatP2(i.e.JI-infectedturnips) alterssubsequentaphidprobing
behavior.Theincreasednumberof probesandintracellularpunctureson ahealthyplantby
CaMV-carryingaphidsmight increasethechancesfor successfulinoculationandbebeneficial
for transmission.

Evidencefor adirect effectof P2on aphid behavior
P2might directlyor indirectly changeaphidprobingbehavior.Our membranefeedingassays
presentevidencefor adirecteffectof P2.Aphidshavingacquireddifferentcombinationsof
purified P2or P3:virionsthroughfeedingon theartificial medium(thusexcludinganyinter-
ferencefrom otherplantor virusfactors),showedalteredsubsequentprobingbehavior,com-
paredto aphidsthathadaccessto artificial mediumwithout viral compounds(Fig3).
Comparedto inoculationfeedingon healthytestplantsafterCaMV acquisitionfrom infected
plants(Fig2), inoculationfeedingaftermembranefeedingchangedmorebehavioralparame-
ters.Weproposethat this isdueto theunphysiologicalconditionsof theartificial feeding
medium(high saltcontent,presenceof detergent),necessaryto maintainP2active[43].
Therefore,althoughthemembranefeedingexperimentsdo showadirecteffectof P2on
aphids,interpretationof thealteredbehaviorsisdifficult.

Hypotheseson the modeof action of P2
How couldP2changeaphidprobingbehavior?P2bindsto aspecificregionin thestylets,the
acrostylein thecommoncanalin thestylettips [24,25,44].Theacrostyleat thetip of themaxil-
larystyletsisveryrestrictedin size(~0.2�m x 5 �m) andlocatedin astyletregionwhosediam-
eterdoesnot exceed~0.5�m [25]. Bindingof P2andespeciallyof P3:virions(about35±60nm
in diameter[45,46])might causesterichindranceandimpedetheflowsin thecommonchan-
nelduring theactiveingestionphases(i.e.intracellulartestpunctures[47]). Thechangedprob-
ing behaviormight beaneffortof theaphidto compensatefor this.In favorof thishypothesis
is thatmembraneacquisitionof P2plusP3:virionshadgloballyastrongereffecton aphid
probingbehaviorthanP2alone.Furthermore,P2isknown to form longparacrystallinefila-
mentsthatevenalonecouldinducesomealterationof theflux in thecommoncanal[43,48].
Weobservedno effectof P2on phloemingestion.An explanationis that this feedingbehavior
ispassiveanddrivenby thehighhydrostaticpressureof thephloemsap,whichmight out-
weighsterichindranceeffects[49]. An alternative,but not mutuallyexclusivehypothesisis
thatbinding of P2or transmissiblecomplexesto theacrostyleaffectsstyletproteins.Theacros-
tyleiscoveredwith cuticularproteinsentangledwith thechitin fibersof thestylets[50]. Twoof
theseproteins(calledstylins)havebeenidentifiedandat leastoneof them±Stylin-1±caninter-
actwith P2[26]. Thebinding of P2to stylinsmight interferewith their naturalfunction,which
isyetunknown.Thelackof nervecellsin themaxillarystyletsharboringtheacrostylemakesit
implausiblethatstylinsaresignalingreceptorsandthatP2binding isperceivedasasignal[51].
Instead,P2might displaceor competewith attachmentof naturalstylin ligands±forexample
salivaeffectors[52]±thusmakingforagingfor theaphidmoredifficult andresultingin an

PLOS PATHOGENS Attachment of a virus protein to the aphid mouthparts alters feeding behavior

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011161 February 6, 2023 10 / 20



increasednumberof testpunctures[53,54].It is interestingto notethat thebinding of P2to the
acrostyleandtheconcomitantchangesin aphidbehaviorisevidencethat theacrostyleisneeded
for properprobingactivity.P2might alsoexerciseaneffectbybinding further downin the
digestivetract.However,webelievethis isunlikelybecauseaphidson plantsinfectedwith the
JI-P2Rev5mutant,whichabolishesinteractionwith theacrostyle,displayedsimilarbehavioras
thoseon mock-inoculatedor JI��P2-infectedplants.In particular,theydid not showthetwofold
increasein intracellularpuncturesduring thefirst styletpenetration(compareFigs1D and4C).
Takentogether,aphidbehavioron JI��P2-andJI-P2Rev5-infectedplantsseemsto showthat the
interactionof P2with theacrostylestylin increasesfrequencyof somecharacteristicaphidprob-
ing behaviorsfacilitatinganefficientvirusacquisition.

Concludingremarks
To our knowledge,adirectandimmediateeffecton vectorbehaviorof aprotein from avirus
or otherpathogenbysimplebinding to thelatter'smouthpartshasnot beenreportedbefore.
Theprotozoanparasite���
������ infectsthegutof its sandfly vectorandsecretesagelling
protein that togetherwith promastigotesobstructsanddamagesthemouthpartsandgut,incit-
ing thesandfly to increasebiting frequencyon mammalhostsandwith it transmission[55]. A
similar `plugging'phenomenonisobservedfor transmissionof thebacterium��	
���� ��
��

by fleavectors[56]. However,therearesignificantdifferencesto CaMV.First,���
������ and
��	
���� infecttheir vectorsandestablishratherintimaterelationshipswith them,contraryto
non-circulativeCaMV.Second,the���
������ and��	
���� gellingproteinsareproducedon-
sitein theintestine,whereasP2productiontakesplaceexclusivelyin theplanthostandseems
to affectvectorbehavioronly during andshortlyafterthevector-hostencounter.Thus,the
`siteof assault'on thevectorisdistinctlydifferentin theCaMVpathosystem.It wouldbeinter-
estingto explorewhetherotherplantandanimalvirusesandotherpathogensmodify vectors
directlythroughhost-expressedpathogenfactors,asthiscouldbeameansto broadenvector
specificitysincetheintimateinteractionsto preparesubsequenttransmission(in thiscaseallo-
cationof P2)takeplacein thehostandnot in thevector(asfor circulativeviruses).This type
of manipulationwouldappearparticularlyrelevantfor non-circulativevirusessuchasCaMV
thataretransmittedgenerallybynumerousaphidvectorspecies(at least27for CaMV,[57]).
Thiscouldimpacttransmissionbiologyandrelatedfields.

Materials and methods

Plant growth andvirus inoculation
Turnip seeds(�	�

��� 	��� L. var.�JustRightº)wereprovidedbyTakii EuropeB.V.(deKwa-
kel,Netherlands),sownin TS3 fine substrate(Klasmann-Deilmann,Geeste,Germany)in pots
(70mm x 70mm x 65mm) andcultivatedat8 h light / 16h darkphotoperiodat20� 1ÊC.
Plantswereinoculatedat thefirst true leafstage(9-day-old)andthengrownunder14/10h
light/dark cycleat20� 1ÊC.Plantswereusedfor experimentation14� 2dayspost-inoculation
(dpi), whentheyshowedclearsymptoms.Initial mechanicalinoculationwasperformedwith
infectiousplasmids.Subsequentinoculationsweremechanicalandusedplantextractspre-
paredfrom infectedturnips.For this,1gof infectedleaves(21dpi) weregroundwith 1ml 10
mM HEPESpH 7.2andcarborundumandrub-inoculatedon 9-day-oldturnip seedlings.

Infectious plasmids
Infectiousplasmidsfor initial inoculationof turnip plantletswerepGreen-35S-B-JI[58] and
pGreen-35S-B-JI-��P2[59] thatencodetheCaMVCabbB-JIwild typesequence[60], calledJI
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in thetext,andamutantvirussequencewheretheP2sequenceisdeletedandreplacedbyan
���I restrictionsite(referredto asJI��P2in thetext),respectively,bothundercontrol of the
35Spromoter.Forconstructionof pGreen-35S-B-JI-P2Rev5,containingaQ��R mutationof
aminoacid6 of P2[37] theP2sequenceof JIwasPCR-amplifiedwith Q5polymerase(NEB,
Evry,France)with primers5'-AGAGGGCCCATGAGCATTACGGGTTACCCGCATG-3'
and5'-TTAGGGCCCTTAGCCAATAATATTCTTTAATCC-3' containingtheP2Rev5muta-
tion (in bold) and5' and3' ���I restrictionsites(underlined).Theampliconwasgel-purified
(Machery-Nagel,Hoerdt,France)digestedwith ���I (NEB)andligatedwith T2 ligase(Pro-
mega,Charbonni�res-les-Bains, France)into pGreen-35S-B-JI-��P2cut with thesamerestric-
tion enzymeandgel-purified.�
���	����� ���� XL10-Goldweretransformedwith theligation
product,recombinantcoloniesidentifiedbycolonyPCR,andtheP2sequenceverifiedby
Sangersequencing.

Aphid rearing
The����
 ��	
���� (Sulzer)(Hemiptera:�������) clonewasoriginally isolatedin theNeth-
erlands.Aphidswererearedon Chinesecabbage(�	�

��� 	��� L. �������
�
 var.ªGranaatº)
in agrowthchamberat20� 1ÊCanda14/10h light/dark photoperiod.

Aphid feedingbehavior
TheelectricalpenetrationgraphDC-system(EPG)wasusedasdescribedby [61] to investigate
theeffectsof CaMV infectionon thefeedingbehaviorof �. ��	
����. To integrateoneaphid
andoneplant into anelectricalcircuit, athin goldwire electrode(12.5�m diameterand2cm
long)wasattachedwith water-basedsilverglueto thedorsumof anadultapterousaphidthat
hadbeenimmobilizedon a10�l pipettetip byapplyingaslightnegativeair pressurewith a
vacuumpump.Eightaphidswereconnectedto theGiga-8DC-EPGamplifier (EPGSystems,
Wageningen,Netherlands)andeachonewasplaceddirectlyon theadaxialleafsurfaceof an
individual turnip plant.A secondcopperrod electrodewasinsertedinto thesoilof eachpotted
plant to closetheelectricalcircuit. For theEPGexperimentsªAcquisitionfeedingexperimentº
andªJI-P2Rev5experimentº,therecordingswereperformedcontinuouslyfor 8 h and4 h
respectively,during thephotophaseinsideaFaradaycageat21� 1ÊC.In thesecondEPG
experiment(ªInoculationfeedingexperimentº),aphids'probingandfeedingbehaviorswere
recordedtwo times.First,aphidswerealloweda1 h acquisitionaccessperiodon atestplant
(eithermock-inoculated,JI-infectedor JI��P2-infected).Thentheaphid(still attachedto the
goldwire) wasmovedto ahealthyplant for a4 h inoculationaccessperiod.In thethird EPG
experiment(ªArtificial mediumexperimentº),aphidswerefirst allowedto feedon anartificial
mediumduring a1h acquisitionaccessperiodandthenmovedonto ahealthyplant for a4 h
inoculationaccessperiod.For thissetup,thesecondelectrode(copperwire) wasinsertedin
20�l mediumcontainedin asachetformedby two Parafilmmembranesspannedoveraplastic
ring. Thefeedingmediumconsistedof 15%sucrosein wateror 15%sucrosein DB5buffer,to
whichviruscomponentswereaddedasindicated.Acquisitionandanalysisof theEPGwave-
formswerecarriedout with PROBE3.5software(EPGSystems).Relevantaphidbehavior
EPGparameterswerecalculatedwith EPG-Calc6.1software[62] andwerebasedon thediffer-
entEPGwaveformsdescribedbyTjallingii andHogenEsch[47]. Aphidsthatproducedsignals
(i.e.totaldurationof styletpenetration)for lessthan5h out of 8 h in thefirst EPGexperiment
(or 2.5h out of the4 h recordingsin thesecond,third andfourth EPGexperiments)were
excludedfrom theanalysis.Thiscriterion wassetat30min for theAAP durationon plants
whereasfor aphidson artificial medium,thethresholdwas5 min. Foranexampleof anEPG
waveformfor aphidson aplantor artificial medium,seeS6andS7Figs.
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Statisticalanalysis
Theproportion of plantsexpressingsymptomswasanalyzedusingaPearson'schi-squared
testwith Yates'scorrection(p < 0.05).Dataon thenumberof daysuntil theappearanceof
symptomson infectedturnip plantswasnot normallydistributed.Therefore,weusedanon-
parametricWilcoxonrank-sumtest(p < 0.05).

WeusedGeneralizedLinearModel (GLM) with thelikelihoodratio andthechi-squared
(��2) testto determineastatisticallysignificantdifferencefor EPGdata.Asfeedingduration
parameterswerenot normallydistributedweusedGLM usingagamma(link = ªinverseº)dis-
tribution. Becauseof thelargenumberof 0'sfor theªIntracellularpuncturesduring thefirst
penetrationºparameter,weusedtheªzeroinflº function basedon azero-inflatedPoisson
model(Rpackage:ªpsclº).Parameterªtime to first sapingestionºwasmodelledusingtheCox
proportionalhazards(CPH)modelandwetreatedcaseswherethegiveneventdid not occur
ascensored.Theassumptionof thevalidity of proportionalhazardswascheckedusingthe
functionsªcoxphºandªcox.zphº,respectively(Rpackages:ªsurvivalºandªRVAideMemoireº).
Whenasignificanteffectwasdetected,apairwisecomparisonusingestimatedmarginal
means(Rpackageªemmeansº;p-valueadjustmentwith Tukeymethod)at the0.05signifi-
cancelevelwasusedto testfor differencesbetweentreatments(p-valuesareshownin S6
Table).A totalof 28EPGparameterswerecalculated(S1±S5Tables).

CorrelationbetweenEPGparametersfrom inoculatedor healthyplantswascarriedout
with aLinearModel(LM). A pairwisecomparisonusingestimatedmarginalmeans(Rpackage
ªemmeansº;p-valueadjustmentwith Tukeymethod)at the0.05significancelevelwasusedto
testfor differencesbetweenthethreetreatments.Thecoefficientof correlation(ªrº) wascalcu-
latedby thefunction cor.test.

Theapplicationconditionsof all LM andGLM wereverifiedby inspectingresiduals
andQQ plots.All statisticalanalyseswereperformedusingRsoftwarev.4.0.5(www.r-project.
org/).

WesternBlot analysisof infectedplants andartificial feedingmedia
Totalproteinextractswerepreparedfrom leavesasdescribedpreviously[34], separatedby
15%(P2andP4)or 12%(P6-TAV)SDSpolyacrylamidegelelectrophoresisunderreducing
conditionsandtransferredonto nitrocellulosemembranesasdescribedin [63]. Westernblots
wereperformedusingantiseraraisedagainstP2,P4andP6-TAV(all diluted1:2,000,[34]).
Secondaryantibodieswerehorseradishperoxidaseconjugates,whichwereusedata1:10,000
dilution. Thesameblot wascut into two stripesto testsimultaneouslyfor P2andP4.Bound
antibodieswererevealedbyenhancedchemiluminescenceusingaG-Box.

Purification of recombinantproteins andvirions
N-terminal his-taggedP2(HP2)wasexpressedin baculovirus-infected��� cellsasdescribed
previously[43]. Cellsfrom three75cm2 cellcultureflaskswereharvestedbycentrifugationfor
5min at500gandlysedin 9 ml DB5buffer(50mM HEPESpH 8.0,500mM Li2SO4, 0.5mM
EGTA,0.2%CHAPS)supplementedwith SigmaFastProteaseInhibitor (EDTA-free)andfro-
zenat -80ÊCuntil purification.Forpurification,thethawedcelllysatewascentrifugedfor 20
min at24,000gandthesupernatantchargedon acolumnloadedwith 300�l Ni-NTA resin
(Macherey-Nagel)pre-equilibratedwith DB5.Thecolumnwaswashedwith 5 ml DB5supple-
mentedwith 25mM imidazole.HP2waselutedwith DB5supplementedwith 250mM imidaz-
ole,theprotein-containingfractionscombinedandtheimidazoleremovedbygelfiltration
with aSephadexG25column.Purity andconcentrationof HP2wereestimatedby InstantBlue
stainingof gelsafterSDS-PAGE,usingBSAasstandard.
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Wild typeP3waspurified from �. ���� BL21cellsasdescribed[46]. Briefly,cellsinduced
with 1 mM IPTGfor 4h wereharvestedbycentrifugationfor 15min at4,000g,washedonce
with PBSandthepelletswerefrozenandstoredat -80ÊC.Cellswerelysedbyultrasonication
in PBSpH 8 supplementedwith 15%glycerol,0.2mM DTT, 0.1%Tween20andSigmaFast
ProteaseInhibitor (EDTA-free)andcentrifugedfor 10min at18,000g.Thesupernatantwas
heatedfor 10min at65ÊCandinsolubleproteinswereremovedbycentrifugationfor 15min
at18,000g.Finally,P3waspurified bydifferentialammoniumsulfateprecipitationfrom 25±
40%saturationandammoniumsulphateremovedbygelfiltration with SephadexG25or ultra-
filtration with aVivaspincolumn.

CaMVparticleswerepurifiedessentiallyfollowingtheprotocolof GoÈmecdescribedpreviously
[64].Onehundredgramsof infectedturnip leaveswerehomogenizedin two volumesof phos-
phatebuffer(0.5M KH2PO4 pH 7.2,7.5g/l Na2O3) andfilteredthroughfour layersof cheesecloth
andonelayerof Miracloth.UreaandTriton X-100wereaddedto final concentrationsof 1M and
2.5%,respectively,andthesapwasstirredovernightat4ÊC.Thentheliquid wasclarifiedbycen-
trifugation for 10min at5,000gandthesupernatantwascentrifugedfor 70min at110,000g.The
pelletswereresuspendedovernightat4ÊCin 12ml 10mM HEPESpH 7.2.After centrifugation
for 5min at10,000g,thesupernatantswereloadedon 10±40%sucrosegradientsin waterand
centrifugedfor 3h at100,000gin aswing-outrotor. Thewhitishbandvisiblein thegradientsby
transilluminationwascollectedwith aPasteurpipette,diluted1:3with waterandcentrifugedfor
70min at110,000g.Thepelletscontainingtheviruswereresuspendedin 10mM HEPESpH 7.2.

Supporting information
S1Fig.Kinetics of symptomonseton turnip plants.Kineticsof symptomonseton turnip
plantsaftermechanicalinoculationwith leafextractsrevealedno significantdifferences
betweenJIandJI��P2,neitherfor thepercentageof infectedplants(N = 29±30)(Pearson's
Chi-squaredtest,��2 = 0.01,Df = 1,p = 0.92)nor thedayof symptomonset(Wilcoxon rank
sumtest,W = 437,p = 0.970).
(PDF)

S2Fig.Viral componentsusedfor aphid feedingassayson artificial medium. (a) InstantBlue
stainedproteingelafterSDS-PAGE.Theslotswereloadedwith theindicatedcomponents.(b)
Westernblot analysisof purified recombinanthis-taggedP2(HP2),partiallypurified recombinant
P3,andpurified virusparticles.Theblotsweredevelopedwith theindicatedantisera.
(PDF)

S3Fig.Feedingbehaviorof ����� ����	
�� on healthyplants after membraneacquisition
of P2andP3:virions.Barsshowmeansandstandarderrors.Beforerecordingaphidfeeding
behavioron healthyplants,aphidswereallowedto feedunderEPGcontrol for 1 h on different
artificial media:15%sucrosein DB5buffer(light grey);DB5bufferalone(orange)or DB5
buffersupplementedwith P3andpurified virusparticles(P3:virions,darkgrey);his-taggedP2
(HP2,yellow);or HP2andP3:virions(blue).Viral componentsusedfor aphidfeedingassays
on artificial mediumareshownin S3Fig.Only aphidshavinginsertedtheir styletsfor at least
5min in theartificial mediawereusedfor theexperiments(N = 21±26).EPGparameters
relatedto durationaredisplayed.Lettersindicatesignificantdifferencesbetweenartificial
mediaastestedbyGLM (generalizedlinearmodel)followedbypairwisecomparisonsusing
ªemmeansº(p < 0.05method:Tukey).
(PDF)

S4Fig.Feedingbehaviorof ����� ����	
�� on mock-inoculated,JI- or JI-P2Rev5-infected
turnip plants at 14dpi. Barsshowmeansandstandarderrors.Thebehaviorof individual
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aphidswasrecordedbyelectricalpenetrationgraph(EPG)for 4 h (N = 26±28).EPGparame-
tersrelatedto durationaredisplayed.Different lettersindicatesignificantdifferencesbetween
plant infectionstatusastestedbyGLM (generalizedlinearmodel)followedbypairwisecom-
parisonsusingªemmeansº(p < 0.05method:Tukey).
(PDF)

S5Fig.Effectof recombinantP2Rev5on aphid behavior.Barsshowmeansandstandard
errors.(a-b)Feedingbehaviorof ����
 ��	
���� on healthyplantsaftermembraneacquisition
of wild typeP2andP3:virions(P2+P3:virions),P2carryingthemutationRev5andP3:virions
(P2Rev5+P3:virions)or of anirrelevantprotein (CLINK). Beforerecordingaphidfeeding
behavioron healthyplants,aphidswereallowedto feedunderEPGcontrol for 1 h on thedif-
ferentartificial media.Only aphidshavinginsertedtheir styletsfor at least5 min in theartifi-
cialmediawereusedfor theexperiments(N = 29±34).SelectedEPGparametersarepresented
sortedaccordingto (a)durationor (b) occurrence.Different lettersshowsignificantdiffer-
encesbetweentreatmentsastestedbyGLM (generalizedlinearmodel)followedbypairwise
comparisonsusingªemmeansº(p < 0.05method:Tukey).(a)Statisticalanalysisof thedura-
tion of eventsrevealedno differencefor parametersshown(GLM, p > 0.05).(b) Statistical
analysisof theoccurrenceof eventsrevealedsignificantdifferencesfor thenumbersof intracel-
lular puncturesduring first penetrationandtotal intracellularpunctures(GLM, Df = 2,
��2 = 95.247,��2 = 49.683,p < 0.001,respectively).Noneof theotherstatisticallyprocessed
parametersshowedasignificantdifferencebetweentreatment(seeS5Tables).(c) InstantBlue
stainedproteingelafterSDS-PAGEof Sf9crudeextractsusedfor aphidfeedingassayson arti-
ficial medium.Blackarrowspoint to thepositionof P2andP2Rev5,P2:GFPandP2Rev5:GFP,
andCLINK, respectively.P2:GFPandP2Rev5:GFPwerenot usedin our experiment.
(PDF)

S6Fig.Exampleof a typical EPGwaveformrecordedon a leaf.Theaphidinsertedthestylets
into tissueafterafewseconds(redarrow)anddid probingduring therestof therecord(red
line). In chronologicalorder,behaviorsrecordedwereapathwayphase(darkgreyline) with
interspersedintracellulartestpunctures(greensarrows),thensalivationinto thephloem
(mediumgreyline),andfinally alongperiodof passivephloemsapingestion(light greyline).
(PDF)

S7Fig.Typical EPGwaveformrecordedduring membranefeeding.At eachinsertionof the
aphidstyletsinto theartificial mediumasignalwasobserved(red line).Thus,thedurationof
presenceor absenceof aphidstyletsin themediumcouldbemeasuredbut no behaviorphases
couldbediscerned.Thismight havebeendueto thehighconductivityof theDB5bufferthat
wasusedasamedium.
(PDF)

S1Table.List of 28EPGparametersstatistically processedfor the datasetªAcquisition
feedingexperimentº.
(PDF)

S2Table.List of 28EPGparametersstatistically processedfor the datasetªinoculation
feedingexperimentº.
(PDF)

S3Table.List of 28EPGparametersstatistically processedfor the datasetªartificial
medium experimentº.
(PDF)
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S4Table.List of 28EPGparametersstatistically processedfor the datasetªJI-P2Rev5
experimentº.
(PDF)

S5Table.List of 28EPGparametersstatistically processedfor the datasetªrecombinant
P2Rev5experimentº.
(PDF)

S6Table.List of p-valuesof different pairwisecomparisonsperformed whenasignificant
effectwasdetectedwith GLM (p-valueadjustmentwith Tukeymethodat the 0.05signifi-
cancelevel).
(PDF)

S1Text. Production of recombinantP2Rev5andCLINK.
(PDF)
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