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A NewDiseaseof GreenhouseTomatoesin Israel Caused
by a Distinct Strain of TomatoApical StuntViroid (TASVd)

Y. Antignus,
�

O. Lachman,M. Pearlsman,R. GofmanandM. Bar-Joseph
�

Using the sequentialPAGE method for detectionof small circular RNA moleculeswe
isolateda viroid from greenhouse-grown tomatoplantsexhibiting severestuntingin Israel.
The viroid wastransmittedto tomatoandto several othersolanaceousplantsby graft and
mechanicalinoculation,but only tomatoplantsshowed symptomsof disease.Cloning and
sequencingrevealedthat theviroid RNA is composedof 363nucleotides,has92%identity
with the type strain (Ivory Coaststrain) of Tomatoapical stunt viroid (TASVd) and 99%
identity with theIndonesianstrainof this viroid. Theexperimentalhostrangeof TASVd-Is
differs signi�cantly from that of the type strainof TASVd. The possibleepidemiological
consequencesleadingto TASVd spreadin geographicallydistantareasarediscussed.
KEY WORDS:Hostrange;puri�cation; full sequence;molecularprobe;diagnostics.

INTRODUCTION

Viroidsarethesmallestknown agentsof infectiousdiseasesof plants.Thegenomesize
of mostviroids rangesfrom 246to 399nucleotides(nts)andconsistsof highly structured
single-strandedcircularRNA moleculesthatlackacapsidproteinanddetectablemessenger
RNA activity. Taxonomically, viroids aregroupedin two families,thelargeroneof which
is Pospiviroidae. This family includesseveralviroids thatwerefound to causediseasein
�eld- andglasshouse-cultivatedtomatoplants(5). However, only Tomatoplanta macho
viroid (TPMVd) (6,7), Tomatoapical stuntviroid (TASVd) (9,24), Potato spindletuber
viroid (PSTVd) (19) and a strain of Citrus exocortis viroid (CEVd) (12) were reported
to infect tomatoesnaturally. Host reactionsof all theseviroid diseasesare similar and
includestunting,apicalproliferation,apicalleaf narrowing andyellowing, leaf crinkling,
brittlenessof leaf tissueandleafnecrosis.

The biological and molecularcharacteristicsof tomato-infectingviroids have been
documentedin thepast.TheTPMVd diseasehasbeenrecordedonly in Mexico, whereits
spreadis limited to regionswith meantemperaturesabove 22

�

C. Theviroid wasisolated
andits nucleotidesequencewasfoundto have 75%identity with thesequenceof TASVd
(9). A distinct strain of CEVd designatedCEVd-t is reportedto causethe bunchy top
diseaseof tomatoesin India (12). TASVd was found and biologically characterizedin
theIvory Coast,but no dataon its epidemiologyor economicdamagewerereported(24).
Its nucleotidesequencewas determinedand basedon that information it was classi�ed
as a speciesof the family Pospiviroidae (9). An Indonesianstrain of TASVd eliciting
severesymptomsin tomatoeswassequencedby Candresseet al. (3) andfound to share
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91.5% identity with the Ivory Coaststrain of TASVd; however, no information on its
biologicalcharacteristicsandeconomicalimportancehasbeenpresented.A third distinct
strainof TASVd wasisolatedfrom theornamentalplantSolanumpseudocapsicumandwas
found to have 92.1%sequenceidentity with TASVd-Ivory Coast. Although this viroid
(designatedTASVd-S) is considereda strainof TASVd, it wasnot found on tomatoesin
nature;however, tomatoplantscanbe infectedexperimentallyby mechanicalinoculation
(22).

In this paperwe reporton thebiologicalandmolecularcharacterizationof a variantof
TASVd- Indonesiathathascausedseverelossesto greenhouse-grown tomatoplantsin the
coastalregionof Israelsince1999.

MATERIALS AND METHODS

Vir oid source and cultur e maintenance Infectedtomatoplantswere collectedfrom
two differentgrowing areasin the coastalregion of Israel. The diseasewastransmitted
to tomatoplants(Lycopersicon esculentumcv. `Marmande')by grafting or mechanical
inoculationandtheseplantsservedasviroid propagationhosts.All plantswerekept in an
insect-proofgreenhouseandtreatedregularlywith insecticides.

Isolation of the vir oid Leaf andyoungstemtissuesfrom infectedtomatoplantswere
usedfor viroid isolationaccordingto Semanciket al. (21), with minor modi�cations (2).
Theviroid nucleicacidpreparationwasfurtherseparatedby sequentialPAGEaccordingto
Rivera-Bustamenteetal. (17). Visualizationof theviroid bandwasdoneby silverstaining
(8). For determinationof infectivity, unstainedgel sliceswerehomogenizedin waterand
rubbedgentlyovercarburundum-dustedtomatoleaves.

Molecular cloning Theviroid RNA servedasatemplatefor thesynthesisof cDNA after
its denaturationby incubationin 10 mM methyl mercurichydroxideat roomtemperature
for 7 min. First strandc-DNA synthesiswascarriedout in thepresenceof `expandreverse
transcriptase'(BoehringerMannheim,Mannheim,Germany) andaprimeroligonucleotide
complementaryto the publishedsequenceof CEVd: 5'CGGGGATCCCTGAAGGACTT
3' (positions78-97in CEVd). Thereactionwasincubatedat42

�

C for 45min. Polymerase
chainreaction(PCR)ampli�cation of thefull-lengthviroid cDNA wascarriedoutdirectly
on the�rst strandcDNA templatein thepresenceof theabove mentionedcomplementary
primer and the senseprimer 5' GGGAAACCTGGAGGAAGTCG 3' (positions98-117
in CEVd). TheresultingPCRproductwasclonedbetweenthe `A' termini of pCR

���

2.1
(Invitrogen,DeSchelp,theNetherlands).An EcoRIfragmentcontainingtheviroid genome
wassubclonedin pBluescriptKS+(Promega,Madison,WI, USA).Thecloningof asecond
viroid isolatewasdonesimilarly but thecloningstepwascarriedout in pGemTinsteadof
pCR

���

2.1.

Sequencingand alignment analysis Threedifferentclonesof eachof the two Israeli
geographicalisolateswere taken for sequencing.Both orientationsof eachclone were
sequencedby an automaticsequencer(Hitachi ABI Prisma3700 DNA Analyzer, PE
Biosystems,FosterCity, CA, USA) using universalprimers(M13 Reverse,and T7 for
pCR

���

2.1andT7, andSP6for pGemT).Sequencingwasdoneat theSequencingCenter
of theWeizmannInstituteof Science,Rehovot, Israel.Alignmentanalysiswascarriedout
by meansof BLASTN 2.0.13(http://www.ncbi.nlm.nih.gov/gorf/wblast.cgi).
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Preparation of a radiolabeledribopr obe Viroid clonesin pGemTwerelinearizedwith
SalI (for T7 transcription)or with NcoI (for SP6transcription). Usually a T7 transcript
of the plasmidserved for the riboprobepreparation. In vitro transcriptionwas carried
out in 200 mM Tris-HCl containing30 mM MgCl ��� 10 mM spermidine,50 mM NaCl
and in the presenceof [ � -

�

� P] UTP 3000 Ci /mmole (AmershamPharmaciaBiotech,
Buckinghamshire,UK). rNTPs were usedat a �nal concentrationof 0.5 mM (100 � M
UTP).

Hybridization Northernblotting of the viroid nucleic acid was carriedout after frac-
tionating the nucleic acid on denaturingagarosegels (19). Transfer to nitrocellulose
membranes(Schleicher& Schuell,Dassel,Germany) was carriedout overnight in the
presenceof 10 � SSCby capillarytransfer.

Denaturingof the puri�ed viroid RNA for hybridization was doneby mixing equal
volumesof the nucleic acid preparationand a denaturingbuffer (10% formaldehyde in
8 � SSC)followedby 15min incubationat65

�

C.

Detectionof TASVd in crude sap Spothybridizationwith crudeplantsapwascarried
out by grinding � ve 8-mm-diamleaf discsfrom eachplant in the presenceof 0.5 ml of
10 mM NaOH. The resultinghomogenateswerecentrifugedfor 5 min in an Eppendorf
microfugeand10–40 � l of thesupernatantwasspottedontoa nylon membrane(Gelman
Sciences,Ann Arbor, MI, USA).Volumeslargerthan10 � l wereprocessedusingavacuum
manifold. Prehybridization and hybridization were performedas describedbefore (1).
Signalswere recordedby membraneexposurein a Bio-ImagingAnalyzer, Bas1500 IP
Reader(Fuji�lm, Tokyo, Japan).

RESULTS

Diseasesymptoms, epidemiologyand host range Tomatoplantsexhibiting stunting,
leaf deformation, yellowing and brittlenesswere found in a few commercialplastic
greenhousesat different locationsin the coastalregion of Israel during the spring and
summerof 1999 and 2000. The shortenedinternodesresultedin a `compact' bunchy
appearanceof infectedplants(Fig. 1). The fruits from infectedplantswereconsiderably
reducedin sizeandhada pale red discoloration. In all casesthe rateof diseasespread
wasfast,resultingin a diseaseincidenceof nearly100%andheavy yield loss.Thespatial
patternof diseasespreadwasnot sporadic,almostalwaysprogressingalongplant rows.
Under experimentalconditionsthe causalagentof the diseasewas readily transmitted
from infectedto healthy tomatoplantseither by grafting or by mechanicalinoculation.
Symptomsappearedabout2 weekspost-inoculation.

Thefollowing indicatorhostswereinoculatedmechanicallyandfoundto besusceptible
to the viroid isolatedfrom greenhouse-grown tomatoes:L. esculentumcv. Marmande,
Nicotiana benthamiana, Nicotiana sylvestris,Nicotiana rustica, Nicotiana tabacumcv.
Samsun,Nicotianatabacumcv. WhiteBurley, Physalis�oridana. All of theplantsexcept
tomatoweresymptomlesscarriersof thedisease.Thetestplantsimmuneto infectionby the
viroid were: Chenopodiumamaranticolor, Cucumismelocv. Galia,Citrullus lanatuscv.
Mallali, Cucumissativuscv. Beit Alpha,Cucurbitapepocv. Beiruti, Datura stramonium,
Petuniahybrida,Nicotianaglutinosa,Nicotianaclevelandii,Capsicumannuumcv. Maor,
Gomphrena globosa,Vigna sinensis,Ocimumbasilicum. In eachcasesusceptibilityor
immunitywascon�rmed by reinoculationto tomatotestplantsandby spothybridization.
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Fig. 1. Symptomsof theIsraelistrainof Tomatoapical stuntviroid (TASVd-Is) on theapicalpartof
a greenhouse-grown tomato,Lycopersiconesculentumcv. 870(R). Theapicalpartof anuninfected
tomatoplant(L).

Fig. 2. Fractionationof partially puri�ed nucleicacid preparationsof the Israeli strainof Tomato
apical stuntviroid (TASVd-Is) by sequentialpolyacrylamidegel electrophoresis(sPAGE) (lanes1,
2). Thenucleicacidsof CEVd, 371nt; CBLVd, 318nt; HSVd, 297nt; andCVd IV, 284nt, served
assizemarkers(lane3).
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Fig. 3: Nucleotidesequence(GenbankaccessionNo. AYO62121)andpresumedsecondarystructureof the Israeli strainof Tomatoapical stuntviroid
(TASVd-Is). Nucleotidedifferencesascomparedwith the Indonesianstrainof TASVd (Embl accessionNo. X06390)areindicatedby boxes,while the
singledifferencein thesequenceof thetwo Israeligeographicalisolatesis markedby averticalarrow. Theputativefunctionaldomainsandtheirboundaries
areindicatedabove thesequence.
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Isolation of the vir oid nucleic acid Fractionationof the viroid nucleicacid by PAGE
showed the presenceof a distinct bandin the puri�ed preparation.The mobility of this
bandwasslightly fasterthanthe mobility of the bandfrom RNA isolate#225of CEVd
(Fig. 2). Inoculationof excisedbandsto tomatotestplantsresultedin symptomsidentical
to thoseobservedin naturallyinfectedplants(not shown).

Sequencedetermination Theviroid genomeconsistsof 363nts(GenBankaccessionno.
AY062121)(Fig. 3). Therewas99.7%identitybetweentwo differentgeographicalisolates
of theviroid understudy(Fig. 3). Alignmentanalysisof theTASVd-Is sequencerevealed
61%identity with CEVd, 70%identity with PSTVd,and72%identity with TPMVd (not
shown). However, therewas 92% identity with the Ivory Coaststrain of TASVd, 87%
identity with TASVd-S and 99% identity with the Indonesianstrain of TASVd. The
TASVd-Is differs from this strainby a deletionof oneG at position100 (C domain)and
oneextraU atposition187(T2 domain)(Fig. 3).

Detectionin crude sap A riboprobepreparedfrom theclonedviroid nucleicacidreacted
with puri�ed TASVd-Isbut notRNA from healthy plantsfollowing Northernblot analysis.
A very faint signalwasobtainedwhenhybridizedwith CEVd, which is 70%identicalto
TASVd (Fig. 4a). The sensitivity of the probewasdeterminedusinga seriesof twofold
dilutionsof a predeterminedamountof thepuri�ed viroid. Detectionthresholdin dot-spot
hybridizationwas2.8ng (Fig. 4b).

Spottingof crudesapobtainedby homogenizationof leaf discs in 10 mM sodium
hydroxideallowedaspeci�c detectionof theviroid in infectedplants(Fig. 5).

Fig. 4. The speci�city (a) and sensitivity (b) of a riboprobefor detectionof the Israeli strain of
Tomatoapical stuntviroid (TASVd-Is). (a) Northernblot of TASVd-Is (lanes2, 3), Citrus exocortis
viroid (CEVd) (lane4) anda nucleicacid preparationextractedfrom healthy tomatoplants(lane
1). Nucleic acidswereseparatedon a 3% denaturingagarosegel andhybridizedwith a riboprobe
preparedfrom clonedTASVd-Is cDNA. (b) To testthesensitivity of theprobe,3 � l aliquotsfrom a
seriesof two-fold dilutionsof denaturedpuri�ed TASVd-Is werespottedontoa nylon membranein
triplicatefor hybridizationanalysis;detectionthresholdby thisprocedurewas2.8ng.
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Fig. 5. Detectionof the Israeli strain of Tomato apical stunt viroid (TASVd-Is) in crude sap
preparationsfrom different host plants: (1) Healthy Lycopersicon esculentum,(2) infected L.
esculentum,(3) healthy Nicotianabenthamiana, (4) infectedN. benthamiana, (5) healthy Nicotiana
sylvestris, (6) infectedN. sylvestris.100mg leaf tissueof thetestedplantswashomogenizedin 200

� l 10 mM NaOHand10-� l samplesof eachwerespottedmanuallyontoa membranein triplicate.
Dot spothybridizationwascarriedout with a

���

P-labeledriboprobepreparedfrom theclonedviroid
cDNA.

DISCUSSION

TASVd was�rst foundin theIvory Coastin open�eld plots(24). However, thepresent
work is the �rst report on the spreadof this diseasein greenhousesand its devastating
effects on commercialtomato cultivars. Basedon biological propertiesand sequence
analysis(Fig. 3), the viroid that wasisolatedin Israel from greenhouse-grown tomatoes
is astrainof TASVd, whichwehavedesignatedTASVd-Is.

The experimentalhost rangeand symptomatologyof TASVd-Is differ signi�cantly
from thoseof thetypestrainof TASVd. Only tomatoesreactedwith symptomsto infection
by TASVd-Is. N.benthamiana,N. tabacumcv. SamsunandP. �oridana weresymptomless
carriersof TASVd-Is, but developsymptomswheninfectedwith theIvory Coaststrainof
TASVd (24). TheplantsP. hybridaandN.glutinosashowedsymptomsof TASVd (24),but
wereimmuneto TASVd-Is.

TASVd-Is spreadin greenhousesbeganfrom someinitial foci of unknown origin. The
rapid secondaryspreadalong the rows can be explainedby plant-to-plantcontactand
handlingof tools. It cannotberuledout thatTASVd mayhave beenspreadby pollinating
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bumblebeeswhich wereactive in thesegreenhouses.PSTVdwasreportedpreviously to
behighly pollen-transmissible(4), althoughno evidencefor this typeof transmissionwas
reportedfor TASVd.

The 363 nucleotidesequenceof TASVd-Is differs considerablyfrom the 360 nts
sequenceof theIvory Coasttypestrain(9,22),althoughit is verysimilar to theIndonesian
strain of TASVd. Its secondarystructureis similar to those of other Pospiviroidae,
consistingof short base-pairedregions interspersedwith small internal loops (Fig. 3).
Sequencedifferencesfound betweenthe Ivory Coaststrain of TASVd and TASVd-Is
strengthenthe conceptthat the pathogenicityandvariabledomainsarethe mostvariable
partsin theRNA genome,asfoundfor strainsof PSTVd(14,16).Thesigni�cant sequence
differencesfoundin thepathogenicitydomainof TASVd (Ivory Coaststrain)andTASVd-
Is (8 nucleotidechanges)seemto becloselycorrelatedwith thesigni�cant differencefound
in thesymptomatologyandhostrangeof thesetwo viroid strains.They areconsistentwith
thesuggestionthatthepathogenicitydomainmodulatessymptomexpression,asfoundfor
PSTVdandCEVd(20,23).

The reasonsfor the close similarity betweenthe Indonesianand Israeli isolatesof
TASVd areunknown. However, thepossibilitycannotbe ruledout that in bothcountries
thetomatoplantsbecameinfectedfrom a vegetatively infectedhostplantwhich occurred
independentlyin the two locations. Seedtransmissionwasreportedfor someviroids in
tomato(10) but not for TASVd. However, this type of spreadmay alsoaccountfor the
spreadof TASVd to differentgeographicalareas.

Thepotentialeconomicimpactof viroid diseaseson agriculturalproductionled to the
developmentof indexing proceduresdirectedto eliminatecontaminatedplantmaterial.A
rangeof diagnosticprocedures,basedmostly on nucleic acid hybridization and reverse
transcriptioncoupledwith thepolymerasechainreaction(RT-PCR),becamepopularfor the
practicaldiagnosisof viroid diseases(13,15).Thesampleextractionis themostlaborious
andtime-consumingstepin nucleicacid-baseddiagnosticsandcontaminationwith various
plant compoundsoften affects the speci�city of the hybridization tests. Few alternative
procedureswere applied previously to overcometheselimitations. Levy et al. (11)
describeda simplemethodof nucleicacidextractionusinga commercialkit andrecently
Nakaharaet al. (13) reportedextractionafter the immersionof tissuein potassiumethyl
xanthogenate.In an effort to simplify sampleprocessing,an imprint-hybridizationbased
on tissueblotting techniqueswasdeveloped(18). In thepresentcommunicationwe have
describeda simpleandrapid procedureto detectTASVd in crudepreparationsobtained
by tissuehomogenizationin 10 mM NaOH.This procedureenabledspeci�c detectionof
TASVd-Is in tissuesfrom bothsymptomaticandsymptomlesshosts.
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