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Transgenic Potato Plants Expressing the Potato Virus X
(PVX) Coat Protein Gene Developed Resistanceto the
Viral Infection

V. Doreste’;, PL. RamosG.A. Enriquez,R. Rodfiguez,
R. PeralandM. Pujolt

The genecoding for potatovirus X (PVX) coatprotein (CP) was expressedn transgenic
potatoplantsobtainedoy Agrobacterium tumefaciensransformationOnehundedindepa-
dentcloneswere analyzedin challeng experimentsfor resistanceo PVX infection under
greenhaiseconditionsasa preliminarytest. Fromthistest,16 cloneswith the bestresistance
resultswereselectedor a small-scaldield trial. Clones54, 60, 73 and91 demonstratethe
bestvaluesof resistancego PVX in the field. Statisticalanalysisof the field trial shaved
significantdifferenceshbetweermeansof optical densityobtainedin ELISA from transgenic
clonesandnon-transforme plants(P<0.05). Therewascorrespadencebetweerresistance
to virusinfectionandexpressiorof the CP geneof PVX virus in theanalyzedclones.

KEY WORDS:CoatproteinmediatedesistancepathogerderivedresistancePVX.

INTRODUCTION

In thelasttwo decadesthe developmen of gengic engineeing andbiotedinology has
provided a rapid and effective meansof obtainirg virus resistancen cropsof econanic
importance. Expressionof differentviral genessuch as thosecoding for coat pratein
(CP) (42, nonstructuralproteins(6), antisenseRNAs (31) and ribozymes(22), amory
othervariants hasresultedn significantprotedion againstinfection by the correspndirg
viruses. The CP-mediatedesistancanethoalogy hasbeenwidely usedto inducevirus
resistancénto plantsagairst viral infection In 1986 Powell etal. (30) demorstratedfor
the first time that tobaccoplantsgeretically engineeed to expresstobaccomosaicvirus
(TMV) CP werepratectedagainstsubseqant TMV infection; the protection was similar
in several aspectdo classicalcrossprotection Two yearslater, Hemenvay et al. (16)
publistedthefirst repot of transgeniglantsresistanto potatovirus X (PVX) expressing
the PVX CP or its antisenseRNA, suggestig that PVX CP or its RNA can inhibit
the early eventsof virus infection by a mechaism of uncoding inhibition. Numerais
papes relatedto path@en-erived resistancg PDR) addessedthe understandingof the
mecharism involving this appgoach.An exhaustive revision of differentPDR strategjieshas
beenrepatedby Beachy(2,3).

Oneof the exanplesof redwcedvirus symptons or tolerancen transgeic plantswas
thatmediatedy the cloningof the polymerasegenederivedfrom the barley yellow dwarf
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virus BYDV-PAV (26). However, immunity to BDYV-PAV wasrepotedlater, whenbarley
plantsweretransfomedwith a constriet thatencalesa hargng (hp) RNA cortainingthe
polymerasegenesequenesof BDYV-PAV (46).

Theresearchof Wangetal. (46) andSmithetal. (38) marked a new periodin the
developmert of stratgjiesto obtain plantsresistantto virus infection usingthe current
knowledgeabou post-transdptional genesilencing(PTGS).Although PTGShasyet to
be comgetely undestood,various findings that virusescaninitiate and be the targets of
PTGSled to the suggestiorthat PTGSis a naturalmechaism by which plantsrecogiize
andcomkat foreign nucldc acid,e.g. plantvirusesandtransposale DNA elementg47).
Among severalideas,it hasbeenpropsedthat PTGSis inducal anddirectedby doule
strandedRNA (dsRMNA) prodiced by multiple transgenentegration as invertedrepeats
which would produce duplex forming self-conplementay RNA (48). In this way, the
replicative form of RNA plant viruses could trigger the virus-induced gere silencing
(VIGS), a form of PTGS that is induced by virusesrather than transgens in plants
(44). PTGSalsoinvolvesthe systemicspreadof the silencingsignaldirectingsequene-
specificRNA degradation (29,4). In thelight of PTGStheor, expeimentalevidence of
crossprotectia usingstrainsof PVX (11) andco-sppressionrepoted with the chalcore
synthaseyene(43), arejust beginning to beunderstood.

In this study we presentdataon the CP gene-nediatedresistancestratgy usedto
achieve potato plant resistancgo PVX infection. This work might also contritute to
an uncerstandingof the behaior of transgeit potatoplantsunder field conditiors. We
clonedthe CP geneof PVX betweerthe CaMV 35Spromoterandthe NOS transcriptia
terminate. The CP gere was placedinto a binay vectorand usedto transfom potato
cv. ‘Désire’. The resultingtransgaic potatoplantsobtainel in vitro (100 lines) were
usedto perfam two PVX challeng@ experiments,in the greemouseand under field
condtions. Resistantcloneswere selectedand analyzeél in an attemptto explain the
molecuar mechaismmediatirg resistance.

MATERIALS AND METHODS

Cloning of the CP gene and construction of the pDE-CP25 vector ThecDNA insert
of a clone contairing the CP geneof PVX, EMBL sequencelatabae accessiomumber
X12804, a Latin Americanisolateof PVX (28), wasobtainedby PCR generatia of the
correspndirg BamHI restrictionsite. It wasinsertedinto the BamHI site of the plant
expressionvecta pBPH28 (9) uncer the contiol of a 1332bp-long CaMV 35S promoter
with a syntheticTMV omega leadersequene and the NOS transcriptionterminatorto
createthe vector pBPR2-CP2. A fragmentof 2.5 Kb, obtaired from pBPF2-CP2 by
Hind 11l digestionwascloredinto the Hind Il site of pDE10Q vector(PGS,Aventis)to
obtainthe binaryvectorpDE-CP25which contairs the NPT-Il geneasa selectionmarler
for transgeaic plants. This clone was mobilizedinto Agrobaderium tumefacien strain
AT 2280 by electromration (10), usingthe Gene-Plser"appaatus(Bio-Rad, USA) with
constanparanetersof V= 125 kV/cm, C= 25 yF andR=2002. Thetransfamantswere
selectebn LB platescontairing spectinomgcin (100 g ml—1), rifampgcin (50 ug mi—1)
andcarbanicillin (50 ug mi—1).

Transformation of potatoleaf disks Leafdisksfromin vitro-grown Solanumtubeiosum
(cv. Désiee)plantletswereincubadedwith arecomiinantA. tumefaiensculturecontainirg
the plasmidpDE-CP25andculturedin vitro accoding to the procedire establishedn our
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labordory (12). Transgeic potatoplantswere selectedby the growth of callusesand
subsegantshootdevelopmert in the presere of 100 4g ml —! kanamyin. After rooting
plants~5 cm high weretransferedto soil prior to analysis.

Analysis of plantsin the greenhouse UntransfamedDési€epotatoplantsandeachof
the100indeendentransgeit clonesobtainedoy A. tumefacies-mediatedransfomation
weremicrogopagtedin vitro to perfom thetestin anenvironmenteontrdled greemouse
(13hdayligh). Fourplantletspercloneweretransplatedinto individual potsafterrooting

Two weeksafter transplating, all plantswere inoculatedwith 10 g ml—! of puified
PVX-Cu(Cubanisolate).Fifteendaysafterinoculation, bothtransgeit anduntransformel

plantswereanalyzedor virus presencdy ELISA, asdescribedelow.

Field trial Takinginto accountthe bestresultsof resistancebtainedn the greerouse
from O.D. valuemears of the ELISA assay16 of the 100 clonestesteduncer greethouse
condtionswereselectedor field expetiments.Sixty plantsfrom eachtransgenicloneand
from untransbrmedDésiee potatowere micropropagtedin vitro asreplicas. The field
wasdividedinto 51 rancbmly distributedplots, eachincorporatingtwo rows of tenplants.
Threeweeksaftertransplantig, mechaital inocuation wascarriedout using10 g ml —*
of purified PVX-Cu per plant. Sampledrom inoculatedand healthycontrd plantswere
testedfor virus accunulationevety 15 daysby ELISA, asdescribd below.

Enzyme-linked immunosorbent assay (ELISA) Two leaf disks were taken from a
yourg but fully developederminalleafletof eachplantandcollectedn al.5ml Eppendof
tubeasdescribé by ClarkandAdans (8), includng themaodificatiors puldishedby Ramos
etal. (32). We consideedtransgeit plantsto be susceptibléo PVX if thecorrespndirg
0.D. valuesfor the samplesneasuredt 405nm wereat leastdoible thoseof the healthy
plants.

Northern-blot analysis of transgenic plants Total nucleic acids were isolatedfrom
leavesof young healthyplantsandRNA preciptatedwith LiCl (27). RNA samplesvere
quarified andsimilaramouwntsof eachwereseparatetly electroploresisona1l.5%agapse
gel containirg 2.2 M formddehyde andtransfered onto a nylon membrae (Hybond-N,

AmershamPharmaia Biotech). Prehypridization, hybridization, andwashingcondtions
in the SSC-systenwere asdescribe by Sambrok etal. (36). The proke was prefared
by rancbm primer labelingwith 32P-dATP asdescribe by Feinlurg andVogelstein(13).
Resultswererevealedafterexposinga Kodakautoraliographic film for 48 h.

Analysis of CP expression in the transgenic plants Leaf tissueextractsfrom plants
were prepared by grinding 100 mg of fresh leaf tissuein 300 ul of extraction buffer
contairing 0.3 M Tris-HCI, pH 8.3, 15 mM DTT, 1 mM EDTA, 1 mM pherylmethy-

sulforyl fluoride (PMSF)and1 mM benzire. After centrifugation pratein pelletswere
dissohed with samplebuffer (0.5 M Tris-HCI, pH 6.8, 10% glyceml, 10% SDS wiv,

5% SB-mercaptethanoland0.03% bronphend blue) andelectrghoresedin 12.9% SDS-
polyacrylamidegel afterboiling for 3 min at 100°C, asdescribedy Laemmli(21).

The polyagylamide gel was soaled in 25 mM Tris HCI, pH 8.3 192 mM glycine
and 20% methano for 10 min and prateins were transfered in the samebuffer onto a
nitrocelldose membyane(Hybond-C Extra, Amerstam-PharraciaBiotech)in a Bio-Rad
tank Translbot appaatusat a settingof 150 mA constantfor 16 h. The nitrocelllose
membeanewaspreinclbatedwith Tris-bufferedsaline(TBS) solution(1M Tris pH 7.5,5
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M NacCl, 5% skimmedmilk powder)for 2 h. Anti-PVX IgG wasaddedto theincubatia
solution(1:100) andthe membanewasincubded for anotter 2 h. Thefilter wasrinsed
several times with TBS, TBS + 0.08%6 (w/v) Tween-20and TBS and incubatedwith
rabbit anti-PVX IgG-conjucated alkaline phasphatasdor 2 h at 22°C. Onceagainthe
filter wasrinsedasdescribedabore, incubatedfor 10 min in 10 ml of developing buffer
(100 mM Tris-HCI, pH 9.0,100mM NaCland50 mM MgCl,) with substratesitro blue
tetrazolium(35 ul of 0.08% solutionin 70% dimettylformamide)+ 5-brano-4chloro-3-
indolyl phosplate (27 ul of 0,03%solutionin 70% dimettylformamide)in the dark until
theexpededbardsbecamerisible. Thefilter waswashedwith distilled waterto stopcolor
developmen.

Statistical evaluation Statisticalanalysiswas done applying a multiple rangetest to
determire significantdifferencedbetweermeans Themethodusedto discrimimateamory
the meanswas Fishers leastsignificantdiffererce (LSD) procedure(P<0.05). For all
analysestheStatgrapits—PlusWindow 2.1 (StatisticalGraphicCorp) statisticalpackag
wasused.

RESULTS AND DISCUSSION

Several examplesof path@en-derivedresistancautilizing a variety of virus or virus-
associatedequencehave beermpublished Thesednclude: sequenceencaling sggmerts of
viral genones(25,37), sequenesencodim prateinsthatareor maybe suhunitsof theviral
replicase(5,19, pratectionconfered by the accumiation of nontranslatableRNA (20),
protedion conferredby transgenicopiesof full lengthRNAs andsatelliteRNAs, defective
interfeting viruses(34,41), and the induced PTGS (3846). In our case,CP-mediated
resistancevas the apprach usedin orderto obtan transgeit potatoplantsresistantto
viral infection, becausét appeas to provide a broacertype of resistancandhasbeenwell
characteared.

A preliminary protection testto selectcloneswith improvedresistancéo PVX infection
was carriedout in the greamhowse with 100 independetly transfamedlines obtainedin
vitro. After inocuation with 10 ug mi—! of PVX-Cu, the ELISA assaywas usedas a
meando selectclonesthatshavedlower viral accumulatio asanindicatorof resistance.
Theinoculum concettration wastentimeshigher thanary usedin othe PVX resistance
testsof transgnic potates (16,18,23. This concentation was chosento exert a strong
selectionpressue over all 100 clones obtainedin vitro, aimingto proceedfurther in field
expeiimentswith the clones shaving higher resistanceo this high virus concetration.
Previous molecula charaterizationstudiesof the PVX-Cu CR usedasinoculum in the
challeng expeiments,shaved 95.8% homdogy with the PVXc Latin Americanstrain
CP usedto transformthe plants (datanot shavn). From this preliminay greetouse
expeliment, 16 transgeit cloneswereidentifiedasresistantandthe restwere classified
assusceptible.

The 16 selectedclones were further analyzedunder field corditions to assesghe
resistancdevelsto PVX infection. According to their performarce, the analyedclones
were classifiedinto two different groups: resistantclones(54, 60, 73 and 91) and low
resistant(the 12 remainirg clones). Clones10, 24 and 36 exemplify the behaior of the
low resistantclones, as shavn in Figure 1. In resistantclones,virus accumiation in
systemicallyinfected leavesat 15, 30,45,and60 dayspost-inoalation (dpi) wasinhibited
accordng to the ELISA assay Low resistantclonesalsoredicedthe virus accunulation
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Fig. 1. Virus accumulationin plantsafter inoculationwith potatovirus X (PVX). Leaf extracts
from individual progeny of potatoresistantlones(54,60,7391),low resistantlones(10,24,36)and
non-transformd potatoplants(nt) wereanalyzedor PVX levelsby ELISA. Statisticalanalysiswas
condwtedwith the meanO.D. valuesobtainedfrom ELISA assayat 15, 30, 45 and 60 dayspost-
inoculationindepemently Columnsmarked a commonletter do not differ significantlyin virus
accumulatiorievels (P<0.05).

Fig. 2. Total RNAs isolatedfrom healthy transgenicpotatoleaves as analyzedby northernblot.

RNA sampleq40 g/lane)wereelectrophoresion a 1.4% formaldehya/agaroseel, which was
blotted into nitrocelluloseand then probedwith a potatovirus X (PVX) coatprotein (CP). Lanes
1-5: transgenigotatoclones54, 60, 73, 91 and 14. Lane 6: non-transforme potatoplant. Lane
7: total RNA from non-transformd potatoplantinoculatedwith PVX. The arrov at 6 Kb denotes
molecularweight of genomicPVX RNA, andthe oneat 1.2 Kb shavs molecularweight of RNAs

correspoding to the PVX CP genefrom transgeniglants.

but shavedlowerlevelsof protedionto PVX infection In resistantlonesaslightincrease
in virus accumtuation wasobsevedfrom 15to 60 dpi (Fig. 1). Similar behaior, althoudn
in asignificantlyhigher degree wasobsened in untrarsformedplants,which shavedhigh
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Fig. 3. Westernblot analysisof potatovirus X (PVX) coat protein (CP) in healthy transgenic
potatoplants. 30 g of total proteinextractedfrom potatoleaveswas separatedn a 12.5% SDS-

polyacrylanide gel and CP was identified by immunobldting. Lanes1—4: total protein extracted
from resistantransgenicloness4,60, 73 and91. Lane5: total proteinextractedfrom non-resistant
transgeniclonel4. Lane6: total proteinextractedfrom a non-transforned potatoplant. Lane7: 10

ng of purifiedvirus. Thearrow denoteghe positionof the 25 kDa PVX CP.

amountsof virus accumtation at differentpost-inaulationtimes. Thismightbeexplained
astheresultof a declinein plantrespoisedueto senescenceA differert resistancdevel
betweerthe two describedyroups may reflectdifferencesn expressiondrivenby the 35S
pronoteramongtheplantlines. It hasbeenrepatedthatthe CaMV 35Spronmoterconsists
of multipleregulatoryelementswhichcanbeaffeceddifferently by chranosomaposition
(4).

The expressionof the correspading 1.2 Kb transcriptand 25 kDa CP wereanalyzel
for boththesusceptiblelones(2, 4 and14) selectedrom greenlouseexperimentsandthe
resistantlones(54,60,73and91)selectedrom field expeiiments.As expectedtranscript
RNA in susceptibleclones2 and4 wasnot detectale (datanot shavn). Interestingly the
susceptiblelone 14 producedtranscripp RNA levelssimilar to theresistantcloneswhich
RNA hybridizedwith a specificprabe for the PVX CP gene(Fig. 2). The four resistant
transgeit clonesandclonel4 werefurther analyzedfor expressionof PVX CP

Westernblot analysisrevealeda bard correspading to a 25 kDa pratein, which co-
migratedwith authenticPVX CRP, for the four resistanceslones; it wasnot presehin the
proteinextrad from clone 14 (Fig. 3). The reasonfor the missingexpressionremains
unkrmown. Datafrom molecularanalysisof resistantclonesmatchthe behaior of these
clonesin field experinents. The resistantclones54, 60, 73 and 91, which expressed
the PVX CPR, accunulatedthe lowestvirus levelsin contrat to clones2 and 4 — which
expressedheitherCP-RNA nor CR, andaccumiatedhigh virus levels. Previous studiesof
CP-mediategbrotectionfor TMV (31) andPVX (16)in tobaccdhave shavn thata higher
level of CP expressionconfershigher levels of resistancéo the correspadingvirus.

Themecharsm for virus resistancén thetransgeniglantsis notwell understoodand
conflictingmodelshave beenproposed.For exampe, basedon transiet expressionof the
54K ORFof TMV in pratoplastsjt wasproposedthatthemeclanismwaspratein-mediatd
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(7). Alternatively, it wassuggstedthattheresistanceonferredby 54K ORFof TMV was
RNA-mediatedsincethe54 kDapratein couldnotbedetectedn thetransgeniglants(1).

Otherexpetimentsdesignd to provide protectio through a pratein-medatedmechaism

gave protedion agairst virusesevenwhenlittle or no transpréein was produced(19,24).

Takinginto accountheseresultsandthe PTGSmecharsm describedecentlyby different

researches, it might bespeculatedhatthe RNA-mediatedresistancevithout expressionof

therespectie proteinis aconseganceof RNA degradhtioninducedoy dsRNA. ThePTGS
mechaism of dsRNA degradationpresehin transgeit plantsencodng a hpRNA derived

from genanic sequencesf a determinged virus, is similar to the naturalmechanisnby

which plantsrecogrize and comiat foreign nucleic acid (plant virusesand transpsable
DNA elements)47). Our expeiimental resultsshaved that the acquied resistancevas
throwgh a proteinmediatednechaism. Signalsof transgenicCP mRNA in the northern-

blot and the transgeit PVX CP in the western-blo were both visible, suggstingthat
the PTGSmechaism wasnot presenin the four transgeniaesistantclones. In the case
of clone 14, evenwhenthe transgeit CP coud not be detectedn western-kot, the CP

MRNA wasrecoveredin a non-degraded form (Figs. 2, 3). In this way, it is possiblethat
transgeit clonel4 wassusceptibldo viral infection becaus€P wasnot translatedrom

its MRNA.

Thegreemouseexpeimentled usto select16 clonesevincing resistanceo PVX, and
only four of them shaved substantiallevels of resistanceunderfield conditions. This
indicatedthatfield testingis a morepreciseindicata of CP-mediatediral resistancend
plantperfamance.Thefield trial hasshavn that CP-mediategbrotetion hasthe potential
to protectpotatocultivarsfrom virus attackunder the particdar ervironmeral condtions
tested. Furthemore, it was corrdboratedthat transgeit plantswere pratectedagainst
infection by a closelyrelatedtransger dona-PVX strain. The obtainnent of transgeit
potatoplantsexpressingresistancéo PVX is avaluable alternatve for protectingthis crop
in areasvherethediseaseas a seriousthreatto yields,andfor healthyseedproduction.

The CP stratgy directedto achieve diseasaesistancénasmary specificadvantags,
e.d. (a) the clonedcDNA copiesof CP genescan be obtaine with relative ease;(b)
the stratgly cangeneally be extended to further plantspeciedo obtainresistancegainst
otherviruses;and(c) the analysisof transgeit plantsthat block one or more stagesin
the infection processis simplified becausethe block is confared by a single geneof
known sequene, in compaison with natually occuring forms of resistance.In cases
wherebroadspectrm resistancés expectedasin thisrepot), it maynotbe necessaryo
isolatethe CP geneof the pathognic virus if the CP geneof a relatedvirus or strainis
available (15,18,3440). However, someresearcherhave cited the potentialecologcal
risk associatedvith the develgpmentof virus-resistantransgeit plantswhich include
heter@ncapsidatio and recanbination betweenthe invading virus and the transgemn
(3540).

This investigdion, perfamedwith one of the more importart potatocultivarsin use
in Cuba,shedlight on the poteriial of CP-mediatedesistancainde the particdar field
condtionsin thecountsy.
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