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Transgenic Potato Plants Expressing the Potato Virus X
(PVX) Coat Protein Gene Developed Resistance to the

Viral Infection
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�

P.L. Ramos,G.A. Enŕıquez,R. Rodŕıguez,
R. PeralandM. Pujol

�

The genecoding for potatovirus X (PVX) coatprotein (CP) was expressedin transgenic
potatoplantsobtainedby Agrobacteriumtumefacienstransformation.Onehundredindepen-
dentcloneswereanalyzedin challenge experimentsfor resistanceto PVX infection under
greenhouseconditionsasapreliminarytest.Fromthis test,16cloneswith thebestresistance
resultswereselectedfor a small-scalefield trial. Clones54, 60,73 and91 demonstratedthe
bestvaluesof resistanceto PVX in the field. Statisticalanalysisof the field trial showed
significantdifferencesbetweenmeansof opticaldensityobtainedin ELISA from transgenic
clonesandnon-transformed plants(P � 0.05).Therewascorrespondencebetweenresistance
to virus infectionandexpressionof theCPgeneof PVX virus in theanalyzedclones.
KEY WORDS:Coatproteinmediatedresistance;pathogen-derivedresistance;PVX.

INTRODUCTION

In thelasttwo decades,thedevelopment of genetic engineering andbiotechnology has
provided a rapid andeffective meansof obtaining virus resistancein cropsof economic
importance. Expressionof differentviral genessuchas thosecoding for coat protein
(CP) (42), non-structuralproteins(6), antisenseRNAs (31) andribozymes(22), among
othervariants,hasresultedin significantprotection againstinfection by thecorresponding
viruses. The CP-mediatedresistancemethodology hasbeenwidely usedto inducevirus
resistanceinto plantsagainst viral infection. In 1986, Powell et al. (30) demonstratedfor
the first time that tobaccoplantsgenetically engineered to expresstobaccomosaicvirus
(TMV) CP wereprotectedagainstsubsequentTMV infection; theprotection wassimilar
in several aspectsto classicalcrossprotection. Two yearslater, Hemenway et al. (16)
publishedthefirst report of transgenicplantsresistantto potatovirus X (PVX) expressing
the PVX CP or its antisenseRNA, suggesting that PVX CP or its RNA can inhibit
the early eventsof virus infection by a mechanism of uncoating inhibition. Numerous
papers relatedto pathogen-derived resistance(PDR) addressedthe understandingof the
mechanisminvolving thisapproach.An exhaustiverevisionof differentPDRstrategieshas
beenreportedby Beachy(2,3).

Oneof theexamplesof reducedvirus symptoms or tolerancein transgenic plantswas
thatmediatedby thecloningof thepolymerasegenederivedfrom thebarley yellow dwarf
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virusBYDV-PAV (26). However, immunity to BDYV-PAV wasreportedlater, whenbarley
plantsweretransformedwith a construct thatencodesa harping (hp) RNA containingthe
polymerasegenesequencesof BDYV-PAV (46).

The researchof Wanget al. (46) andSmith et al. (38) marked a new periodin the
development of strategies to obtain plantsresistantto virus infection, using the current
knowledgeabout post-transcriptional genesilencing(PTGS).Although PTGShasyet to
be completely understood,various findings that virusescaninitiate andbe the targetsof
PTGSled to thesuggestionthatPTGSis a naturalmechanism by which plantsrecognize
andcombat foreign nucleic acid,e.g. plantvirusesandtransposable DNA elements(47).
Amongseveral ideas,it hasbeenproposedthatPTGSis induced anddirectedby double
strandedRNA (dsRNA) produced by multiple transgeneintegration as invertedrepeats
which would produce duplex forming self-complementary RNA (48). In this way, the
replicative form of RNA plant virusescould trigger the virus-inducedgene silencing
(VIGS), a form of PTGS that is induced by virusesrather than transgenes in plants
(44). PTGSalsoinvolvesthesystemicspreadof thesilencingsignaldirectingsequence-
specificRNA degradation(29,45). In thelight of PTGStheory, experimentalevidenceof
crossprotection usingstrainsof PVX (11) andco-suppressionreportedwith thechalcone
synthasegene(43), arejust beginningto beunderstood.

In this study, we presentdataon the CP gene-mediatedresistancestrategy usedto
achieve potatoplant resistanceto PVX infection. This work might also contribute to
an understandingof the behavior of transgenic potatoplantsunder field conditions. We
clonedtheCPgeneof PVX betweentheCaMV 35SpromoterandtheNOStranscription
terminator. The CP gene was placedinto a binary vectorandusedto transform potato
cv. ‘Désirée’. The resultingtransgenic potatoplantsobtained in vitro (100 lines) were
used to perform two PVX challenge experiments, in the greenhouseand under field
conditions. Resistantcloneswere selectedand analyzed in an attemptto explain the
molecular mechanismmediating resistance.

MATERIALS AND METHODS

Cloning of the CP gene and construction of the pDE-CP25 vector ThecDNA insert
of a clonecontaining the CP geneof PVX, EMBL sequencedatabaseaccessionnumber
X12804, a Latin Americanisolateof PVX (28), wasobtainedby PCRgeneration of the
corresponding BamHI restrictionsite. It was insertedinto the BamHI site of the plant
expressionvector pBPF

�
8 (9) under the control of a 1332-bp-long CaMV 35Spromoter

with a syntheticTMV omega leadersequence and the NOS transcriptionterminatorto
createthe vector pBPF

�
-CP2. A fragment of 2.5 Kb, obtained from pBPF

�
-CP2 by

Hind III digestion,wasclonedinto theHind III siteof pDE1001 vector(PGS,Aventis)to
obtainthebinaryvectorpDE-CP25, which contains theNPT-II geneasa selectionmarker
for transgenic plants. This clone was mobilized into Agrobacterium tumefaciens strain
AT 2260 by electroporation(10), usingthe Gene-Pulserapparatus(Bio-Rad,USA) with
constantparametersof V= 12.5 kV/cm, C= 25 � F andR= 200

�
. Thetransformantswere

selectedon LB platescontaining spectinomycin (100 � g ml �	� ), rifampicin (50 � g ml �
� )
andcarbenicillin (50 � g ml �
� ).
Transformation of potato leaf disks Leafdisksfrom in vitro-grown Solanumtuberosum
(cv. Désiŕee)plantletswereincubatedwith arecombinantA.tumefaciensculturecontaining
theplasmidpDE-CP25andcultured in vitro according to theprocedureestablishedin our
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laboratory (12). Transgenic potatoplantswere selectedby the growth of callusesand
subsequentshootdevelopment in thepresenceof 100 � g ml �	� kanamycin. After rooting,
plants � 5 cmhighweretransferredto soil prior to analysis.

Analysis of plants in the greenhouse UntransformedDésiŕeepotatoplantsandeachof
the100independenttransgenic clonesobtainedbyA. tumefaciens-mediatedtransformation
weremicropropagatedin vitro to perform thetestin anenvironment-controlled greenhouse
(13hdaylight). Fourplantletspercloneweretransplantedinto individualpotsafterrooting.
Two weeksafter transplanting, all plantswere inoculatedwith 10 � g ml �
� of purified
PVX-Cu(Cubanisolate).Fifteendaysafterinoculation,bothtransgenic anduntransformed
plantswereanalyzedfor virus presenceby ELISA, asdescribedbelow.

Field trial Takinginto accountthebestresultsof resistanceobtainedin thegreenhouse
from O.D. valuemeans of theELISA assay, 16 of the100clonestestedunder greenhouse
conditionswereselectedfor field experiments.Sixty plantsfrom eachtransgeniccloneand
from untransformedDésiŕeepotatoweremicropropagatedin vitro asreplicas. The field
wasdividedinto 51 randomly distributedplots,eachincorporatingtwo rows of tenplants.
Threeweeksaftertransplanting, mechanical inoculationwascarriedoutusing10 � g ml �	�
of purifiedPVX-Cu per plant. Samplesfrom inoculatedandhealthycontrol plantswere
testedfor virusaccumulationevery 15daysby ELISA, asdescribed below.

Enzyme-linked immunosorbent assay (ELISA) Two leaf disks were taken from a
young but fully developedterminalleafletof eachplantandcollectedin a1.5ml Eppendorf
tubeasdescribed by ClarkandAdams(8), including themodificationspublishedbyRamos
et al. (32). We consideredtransgenic plantsto besusceptibleto PVX if thecorresponding
O.D. valuesfor thesamplesmeasuredat 405nm wereat leastdouble thoseof thehealthy
plants.

Northern-blot analysis of transgenic plants Total nucleic acids were isolatedfrom
leavesof young healthyplantsandRNA precipitatedwith LiCl (27). RNA sampleswere
quantifiedandsimilaramountsof eachwereseparatedbyelectrophoresisona1.5%agarose
gel containing 2.2 M formaldehyde andtransferred onto a nylon membrane (Hybond-N,
Amersham-Pharmacia Biotech). Prehybridization, hybridization, andwashingconditions
in the SSC-systemwereasdescribed by Sambrook et al. (36). The probe wasprepared
by random primer labelingwith ��
 P-dATP asdescribed by Feinburg andVogelstein(13).
Resultswererevealedafterexposinga Kodakautoradiographicfilm for 48h.

Analysis of CP expression in the transgenic plants Leaf tissueextractsfrom plants
were prepared by grinding 100 mg of fresh leaf tissuein 300 � l of extraction buffer
containing 0.3 M Tris-HCl, pH 8.3, 15 mM DTT, 1 mM EDTA, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF)and1 mM benzine. After centrifugation, protein pelletswere
dissolved with samplebuffer (0.5 M Tris-HCl, pH 6.8, 10% glycerol, 10% SDS w/v,
5% � -mercaptoethanoland0.05% bromphenol blue)andelectrophoresedin 12.5% SDS-
polyacrylamidegelafterboiling for 3 min at 100� C, asdescribedby Laemmli(21).

The polyacrylamide gel was soaked in 25 mM Tris HCl, pH 8.3, 192 mM glycine
and 20% methanol for 10 min and proteins were transferred in the samebuffer onto a
nitrocellulosemembrane(Hybond-CExtra,Amersham-PharmaciaBiotech)in a Bio-Rad
tank Transblot apparatusat a settingof 150 mA constantfor 16 h. The nitrocellulose
membranewaspreincubatedwith Tris-bufferedsaline(TBS) solution(1M Tris pH 7.5,5
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M NaCl, 5% skimmedmilk powder) for 2 h. Anti-PVX IgG wasaddedto theincubation
solution(1:1000) andthemembranewasincubated for another 2 h. Thefilter wasrinsed
several times with TBS, TBS + 0.05% (w/v) Tween-20and TBS and incubatedwith
rabbit anti-PVX IgG-conjugatedalkaline phosphatasefor 2 h at 22 � C. Onceagain the
filter wasrinsedasdescribedabove, incubatedfor 10 min in 10 ml of developing buffer
(100mM Tris-HCl, pH 9.0,100mM NaCl and50 mM MgCl 
 ) with substratesnitro blue
tetrazolium(35 � l of 0.05% solutionin 70%dimethylformamide)+ 5-bromo-4-chloro-3-
indolyl phosphate(27 � l of 0,03%solutionin 70%dimethylformamide)in thedarkuntil
theexpectedbandsbecamevisible. Thefilter waswashedwith distilledwaterto stopcolor
development.

Statistical evaluation Statisticalanalysiswas doneapplying a multiple rangetest to
determine significantdifferencesbetweenmeans.Themethodusedto discriminateamong
the meanswas Fisher’s leastsignificantdifference (LSD) procedure(P � 0.05). For all
analyses,theStatgraphics–PlusWindow 2.1(StatisticalGraphicCorp.) statisticalpackage
wasused.

RESULTS AND DISCUSSION

Several examplesof pathogen–derivedresistanceutilizing a varietyof virus or virus-
associatedsequenceshavebeenpublished. Theseinclude: sequencesencodingsegmentsof
viral genomes(25,37), sequencesencoding proteinsthatareor maybesubunitsof theviral
replicase(5,15), protectionconferred by theaccumulation of non-translatableRNA (20),
protection conferredby transgeniccopiesof full lengthRNAs andsatelliteRNAs,defective
interfering viruses(34,41), and the induced PTGS (38,46). In our case,CP-mediated
resistancewas the approachusedin order to obtain transgenic potatoplantsresistantto
viral infection, becauseit appears to provideabroader typeof resistanceandhasbeenwell
characterized.

A preliminaryprotection testtoselectcloneswith improvedresistancetoPVX infection
wascarriedout in the greenhousewith 100 independently transformedlines obtainedin
vitro. After inoculation with 10 � g ml �
� of PVX-Cu, the ELISA assaywas usedas a
meansto selectclonesthatshowedlower viral accumulation asanindicatorof resistance.
The inoculum concentrationwasten timeshigher thanany usedin other PVX resistance
testsof transgenic potatoes (16,18,23). This concentration waschosento exert a strong
selectionpressure over all 100clones obtainedin vitro, aimingto proceedfurther in field
experimentswith the clones showing higher resistanceto this high virus concentration.
Previous molecular characterizationstudiesof the PVX-Cu CP, usedas inoculum in the
challenge experiments,showed 95.89% homology with the PVXc Latin Americanstrain
CP usedto transformthe plants (datanot shown). From this preliminary greenhouse
experiment, 16 transgenic cloneswere identifiedasresistantandthe restwereclassified
assusceptible.

The 16 selectedclones were further analyzedunder field conditions to assessthe
resistancelevels to PVX infection. According to their performance, the analyzedclones
were classifiedinto two different groups: resistantclones(54, 60, 73 and 91) and low
resistant(the 12 remaining clones). Clones10, 24 and36 exemplify the behavior of the
low resistantclones, as shown in Figure 1. In resistantclones,virus accumulation in
systemicallyinfected leavesat15,30,45,and60dayspost-inoculation(dpi) wasinhibited,
according to theELISA assay. Low resistantclonesalsoreducedthe virus accumulation
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Fig. 1. Virus accumulationin plantsafter inoculationwith potatovirus X (PVX). Leaf extracts
from individual progeny of potatoresistantclones(54,60,73,91), low resistantclones(10,24,36)and
non-transformed potatoplants(nt) wereanalyzedfor PVX levelsby ELISA. Statisticalanalysiswas
conductedwith the meanO.D. valuesobtainedfrom ELISA assayat 15, 30, 45 and60 dayspost-
inoculation independently. Columnsmarked a commonletter do not differ significantly in virus
accumulationlevels(P � 0.05).

Fig. 2. Total RNAs isolatedfrom healthy transgenicpotato leaves as analyzedby northernblot.
RNA samples(40 � g/lane)wereelectrophoresed on a 1.4%formaldehyde/agarosegel, which was
blotted into nitrocelluloseand thenprobedwith a potatovirus X (PVX) coatprotein (CP). Lanes
1–5: transgenicpotatoclones54, 60, 73, 91 and14. Lane6: non-transformed potatoplant. Lane
7: total RNA from non-transformed potatoplant inoculatedwith PVX. The arrow at 6 Kb denotes
molecularweight of genomicPVX RNA, andthe oneat 1.2 Kb shows molecularweight of RNAs
corresponding to thePVX CPgenefrom transgenicplants.

butshowedlowerlevelsof protection to PVX infection. In resistantclones,aslightincrease
in virus accumulationwasobservedfrom 15 to 60 dpi (Fig. 1). Similar behavior, although
in asignificantlyhigherdegree, wasobserved in untransformedplants,whichshowedhigh
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Fig. 3. Westernblot analysisof potato virus X (PVX) coat protein (CP) in healthy transgenic
potatoplants. 30 � g of total proteinextractedfrom potatoleaveswasseparatedon a 12.5%SDS-
polyacrylamide gel andCP was identifiedby immunoblotting. Lanes1–4: total proteinextracted
from resistanttransgenicclones54,60,73and91. Lane5: totalproteinextractedfrom non-resistant
transgenicclone14. Lane6: totalproteinextractedfrom a non-transformedpotatoplant.Lane7: 10
ng of purifiedvirus. Thearrow denotesthepositionof the25 kDa PVX CP.

amountsof virusaccumulationatdifferentpost-inoculationtimes.Thismightbeexplained
astheresultof a declinein plantresponsedueto senescence. A different resistancelevel
betweenthetwo describedgroupsmayreflectdifferencesin expressiondrivenby the35S
promoteramongtheplantlines. It hasbeenreportedthattheCaMV 35Spromoterconsists
of multipleregulatoryelements,whichcanbeaffecteddifferentlybychromosomalposition
(4).

Theexpressionof thecorresponding1.2 Kb transcriptand25 kDa CP wereanalyzed
for boththesusceptibleclones(2, 4 and14)selectedfrom greenhouseexperimentsandthe
resistantclones(54,60,73and91)selectedfromfield experiments.As expected, transcript
RNA in susceptibleclones2 and4 wasnot detectable (datanot shown). Interestingly, the
susceptibleclone14 producedtranscript RNA levelssimilar to theresistantclones,which
RNA hybridizedwith a specificprobe for the PVX CP gene(Fig. 2). The four resistant
transgenic clonesandclone14werefurther analyzedfor expressionof PVX CP.

Westernblot analysisrevealeda band corresponding to a 25 kDa protein, which co-
migratedwith authenticPVX CP, for the four resistanceclones; it wasnot present in the
proteinextract from clone14 (Fig. 3). The reasonfor the missingexpressionremains
unknown. Datafrom molecularanalysisof resistantclonesmatchthe behavior of these
clonesin field experiments. The resistantclones54, 60, 73 and 91, which expressed
the PVX CP, accumulatedthe lowest virus levels in contrast to clones2 and4 – which
expressedneitherCP-RNA norCP, andaccumulatedhigh virus levels. Previousstudiesof
CP-mediatedprotectionfor TMV (31) andPVX (16) in tobaccohave shown thata higher
level of CPexpressionconfershigher levelsof resistanceto thecorrespondingvirus.

Themechanism for virus resistancein thetransgenicplantsis notwell understoodand
conflictingmodelshave beenproposed.For example, basedon transient expressionof the
54KORFof TMV in protoplasts,it wasproposedthatthemechanismwasprotein-mediated
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(7). Alternatively, it wassuggestedthattheresistanceconferredby 54K ORFof TMV was
RNA-mediated, sincethe54kDaproteincouldnotbedetectedin thetransgenicplants(1).
Otherexperimentsdesigned to provide protection through a protein-mediatedmechanism
gave protection against virusesevenwhenlittle or no transprotein wasproduced(19,24).
Takinginto account theseresultsandthePTGSmechanismdescribedrecentlyby different
researchers, it might bespeculatedthattheRNA-mediatedresistancewithout expressionof
therespectiveproteinis aconsequenceof RNA degradationinducedby dsRNA. ThePTGS
mechanism of dsRNA degradationpresent in transgenic plantsencoding a hpRNA derived
from genomic sequencesof a determinated virus, is similar to the naturalmechanismby
which plantsrecognize andcombat foreign nucleicacid (plant virusesand transposable
DNA elements)(47). Our experimental resultsshowed that the acquired resistancewas
through a protein-mediatedmechanism. Signalsof transgenicCPmRNA in thenorthern-
blot and the transgenic PVX CP in the western-blot were both visible, suggestingthat
thePTGSmechanism wasnot presentin the four transgenicresistantclones. In thecase
of clone14, even whenthe transgenic CP could not be detectedin western-blot, the CP
mRNA wasrecoveredin a non-degradedform (Figs. 2, 3). In this way, it is possiblethat
transgenic clone14 wassusceptibleto viral infection becauseCPwasnot translatedfrom
its mRNA.

Thegreenhouseexperiment led usto select16 clonesevincing resistanceto PVX, and
only four of them showed substantiallevels of resistanceunderfield conditions. This
indicatedthatfield testingis a morepreciseindicator of CP-mediatedviral resistanceand
plantperformance.Thefield trial hasshown thatCP-mediatedprotection hasthepotential
to protectpotatocultivarsfrom virus attackunder theparticular environmental conditions
tested. Furthermore, it was corroboratedthat transgenic plantswere protectedagainst
infectionby a closelyrelatedtransgene donor-PVX strain. Theobtainment of transgenic
potatoplantsexpressingresistanceto PVX is avaluablealternativefor protectingthiscrop
in areaswherethediseaseis a seriousthreatto yields,andfor healthyseedproduction.

The CP strategy directedto achieve diseaseresistancehasmany specificadvantages,
e.g. (a) the clonedcDNA copiesof CP genescan be obtained with relative ease;(b)
thestrategy cangenerally beextendedto further plantspeciesto obtainresistanceagainst
otherviruses;and (c) the analysisof transgenic plantsthat block oneor morestagesin
the infection processis simplified becausethe block is conferred by a single geneof
known sequence, in comparison with naturally occurring forms of resistance.In cases
wherebroad-spectrum resistanceis expected(asin this report), it maynot benecessaryto
isolatethe CP geneof the pathogenic virus if the CP geneof a relatedvirus or strain is
available (15,18,34,40). However, someresearchers have cited the potentialecological
risk associatedwith the developmentof virus-resistanttransgenic plantswhich include
heteroencapsidation and recombination betweenthe invading virus and the transgene
(35,40).

This investigation, performedwith oneof the more important potatocultivars in use
in Cuba,shedlight on the potential of CP-mediatedresistanceunder the particular field
conditions in thecountry.
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