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Goat Horns: Platforms for Vir oid Transmissionto Fruit
Trees?
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Mechanical inoculations with contaminating tools and propagation of infected budwood were
considered the main causes for the omnipresence of multiple viroid species among citrus and
other Middle Eastern and Mediterranean fruit trees and grapevines. However, neither means
could explain viroid infections of wild trees – scattered on terrains inaccessible to humans –
nor the finding of similar viroids among graft-incompatible plants. Northern hybridization
of RNA extracts made of scrapings from the surfaces of goat (Capra hircus) horns that
were rubbed against etrog (Citrus medica) stems infected with a citrus viroids complex,
revealed accumulation of considerable amounts of Citrus exocortis viroids (CEVd) and Hop
stunt viroids (HSVd). Experimental transmission of both CEVd and HSVd was obtained by
rubbing healthy citrus plants with goat horns that had been rubbed 24 h earlier on infected
etrog stems. These results implicate goats as possible vectors of viroids. Transmission via
goats could have facilitated the long-range spread of viroids among cultivated and wild plants
and vice versa and also among graft-incompatible plants.
KEY WORDS: Goats; plants; pathogens; diseases; multiple infections; coevolution; diagno-
sis.

INTRODUCTION

Viroids are sub-viral plant pathogensconsistingof naked covalently-linked circular
single-strandRNA genomesof 246–401nts that dependcompletelyon host enzymes
for replication (5,8,12). Thereare about30 viroid species,divided into two families:
Pospiviroidae,with centralconservedregions(CCR)but without hammerheadribozymes;
and Avsunviroidae, that lack CCR and are able to self-cleave, with their hammerhead
ribozymes,their genomesor genomecomplementingunits from multimeric RNAs of
both polarity strands(9). Environmentalconditionsstrongly in�uence the host response
to mostviroid infectionsandboth replicationandsymptomintensity increasegreatlyat
temperaturesof 30◦C or above. Middle Easternand Mediterraneanclimatic conditions
are highly conducive for viroid infections,as they allow for viroid increaseduring the
hot summersandfor normalgrowth of the infected-hostplantsduring the wet andcool
spring.Indeed,mostof theold-clonefruit treesandgrapevinesfrom this areaareinfected
by several viroid species(13). The multiple viroid infectionswereconsideredto result
from horizontaltransmissionwithin propagationmaterialsand/ormechanicaltransmission
on graftingandpruningtools (10,12,25,33).However, noneof thehorticulturalmeansof
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spreadcould have explainedhow viroids spreadamongwild fruit trees(15,16),or how
the Hop stunt viroid (HSVd) (27) spreadeven amonggraft-incompatiblefruit treesand
grapevines(2,3,6,27,28,30).Thepresentstudywasundertaken to evaluatethepossibility
that goats(24), which grazeandbrowsetreesfrom a variety of ecologicalandcultivated
areas,couldhaveservedasanalternative routeof naturalinfection.

MATERIALS AND METHODS

Viroids Two citrusviroid (CVd) (6) complexes,CVd-MesilotandCVd #225,containing
differentCitrus exocortisviroid (CEVd) isolates(4), andCachexia-xyloporosis/Hopstunt
viroid (HSVd)(4,11),wereusedasinoculumsourcesfor viroid transmissiontests.Infected
etrog Citrus medica plants were maintainedin a temperature-controlledcabinet with
alternatingtemperaturesof 29and23◦C duringthedayandnight time,respectively (25).

Animals Saanendoes(Capra hircus), 5–6 yearsold with ∼30–40-cm-longhorns of
differentlevelsof coarseness,wereselectedfor viroid transmissionexperimentsandkept
constantlyin a shade-houseat theCentralFarmof TheVolcaniCenterat Bet Dagan. The
doesusedin theseexperimentsdid not have accessto living plantsor treesandwerefed
daily with concentratespelletsandhay.

RNA extraction, Northern blotting and hybridization analysis Total nucleic acids
were extractedfrom 0.5 g of leaf tissueand ground in the presenceof liquid nitrogen
in a mortar and pestle. For isolating RNAs depositedon goat horns,a surfaceareaof
∼25 cm2 from a horn was gently scrapedwith a surgical scalpel; the scrapingswere
transferredinto eppendorftubesand extracted,by adding0.5 ml extraction buffer (20
mM Tris HCl, 0.2 M NaCl, 2 mM EDTA, 1% SDS) and 0.6 ml phenol, followed
by centrifugation and ethanolprecipitation. The nucleic acidswere separatedby elec-
trophoresisin formaldehydedenaturing0.9%agarosegel in MOPSbuffer andtransferred
to Hybond N+ membraneaccordingto Lewandowski and Dawson (18). Fragmentsof
CEVd andHSVd cDNAs wereclonedinto pDrive (QiagenGmbH,Hilden,Germany) and
usedto synthesizepositive-strandedRNA-speci�c probesusing either SP6or T7 RNA
polymerase(26). For viroid detection(23), digoxigenin-labeledUTP (RocheMolecular
Biochemicals,Indianapolis,IN, USA) strand-speci�criboprobeswerepreparedaccording
to the manufacturer's instructionsandusedto detectCEVd or HSVd RNAs. Probingof
the membranewith anti-digoxigenin-alkalinephosphataseFab fragmentand developing
with CSPDchemiluminescentsubstratewerecarriedout accordingto the manufacturer's
instructions(RocheMolecularBiochemicals)andmethods.

RESULTS

Attempts to transmit CEVd by feeding Thepossibility thatgoatsareableto transmit
CEVd wastestedby feedinga groupof femaleSaanengoats(n=8)on two large(3 yr old)
container-grown Rangpurlime plants,infectedwith the#225isolateof CEVd(4). Feeding
waspermitteduntil theacquisitionplantsweredefoliatedandtheir barkhadbeenseverely
scraped.Feedingwascontinuedimmediatelylater on a group(n=8) of 1-yr-old healthy
sourorange(SO) seedlings.The severedSO bark wasdressedwith para�lm andplants
wereincubatedin a temperature-controlledcabinetat 29 and23◦C during day andnight
time,respectively. Infectionof CEVdwastestedby chip-graftingtissueof theSOplantson
etrogcitron indicatorplantsandRT-PCRanalysiswith CEVd-speci�c primers(4). None
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of the indicatorplantsexhibited CEVd symptoms,andPCRanalysesdid not reveal the
presenceof CEVd–RNA in thegraftedindicators(not shown).

Fig. 1. The adsorption of citrus exocortis viroid (CEVd) on the surface of goat horns as revealed by
Northern blot analysis. Goat horns were rubbed on viroids-infected etrog citron stems and after 24 h
the surface of the horn was gently scraped with a razor blade and the viroids were extracted from the
resulting shavings. Lane 1, non-infected citrus leaves; lane 2, goat # 548 (rubbed with a non-infected
stem); lanes 3 to 6, goats # 355, 415, 418 and 584 (rubbed on infected stems); lane 7, infected etrog
citron leaves; and lanes 8 – 14, 1:3, 1:5, 1:10, 1:20, 1:30, 1:50 and 1:150, respectively, are dilutions
of the sample loaded in lane 7.

Fig. 2. Detection of CEVd RNA on goat horns. The horns of four goats were first rubbed against
a CVd# 225-infected etrog citron stem, followed by serial rubbing at 1-h intervals on stems of
uninfected plants. Lanes 1 - 4 show hybridization of RNAs from horns rubbed 3, 2, 1 and 0 times with
healthy stems; lanes 5 and 6 show 1:3 and 1:10 dilutions, respectively, of the sample loaded in lane
4; lanes 7 and 8 show hybridization of RNA extract from uninfected and infected etrog citron leaves,
respectively; and lanes 9 and 10 contained 1:3 and 1:10 dilutions of sample 8.

Viroid adsorption on goat horn surfaces Theaccumulationof CEVdandHSVdon the
surfacesof hornsrubbed24 h earlieragainststemsof etrogcitron plantsinfectedwith the
CVd complex #225wastestedby Northernhybridization.Figure1, lanes3 to 6, showsthe
presenceof CEVd moleculeson treatedhornsfrom four differentdoes.Serialdilutionsof
CEVd from infectedetrogcitron plants(Fig. 1, lanes7 to 14) indicateda 10- to 20-fold
differencein theamountsof CEVd moleculesabsorbedon thehornsfrom G# 415andG#
584 (lanes4 and6), ascomparedwith thoseof G# 418 (lane5). Thesedifferenceswere
attributedto theconsiderableroughnessof G# 415andG# 584,comparedwith themuch
smoothersurfaceof the hornsfrom G# 418 (not shown). Similar resultswereobtained
with aprobefor HSVd(notshown), indicatingthatviroid adsorptionto goathornswasnot
viroid species-speci�c.Interestingly, thehybridizationsignalwith RNA extractedfrom the
goathornwasonly 5–10timeslower thanthesignalobtainedwith extractsof tissuefrom
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Fig. 3. Transmission of two citrus viroids from infected to healthy citrus plants with viroids-
contaminated goat horns. Lanes 1 and 5 show the presence of both CEVd (a) and hop stunt viroid
(HSVd) (b) in etrog citron grafted on Volcamer lemon rootstocks. Lanes 2 and 7 show HSVd
infection in the Volcamer lemon rootstocks rubbed with contaminated goat horns. Lane 12, etrog
citron infected with CVd# 225; and lanes 13 and 15, non-infected etrog citron and Volcamer lemon,
respectively.

theinfectedindicatorplants.Basedon theserialdilutionsresults,it wasestimatedthatthe
amountof viroid accumulatedon25cm2 surfaceareaof treatedgoathornswasequivalent
to theamountof viroid obtainedfrom∼50mgof infectedtissue.

Persistence of viroids on goat horns In order to discover whetherthe associationof
viroid RNAs with goathorn surfacesis stableor would be easily lost after the animals
would rub their hornson stemsof non-infectedtrees,the hornsof two goatswere �rst
rubbedagainstinfectedstemsandthenrubbedat 1-h intervals3, 2, 1 or 0 times(Fig. 2,
lanes1 to 4, respectively), againstnon-infectedetrogstems.Thehybridizationsignalsof
lanes1–3show that theCEVd moleculesremainedadsorbedon thehornsevenafter their
repeatedrubbingagainstnon-infectedstems.Interestingly, eventhesmoothsurfacehornof
G#418(lane1) continuedto carryCEVdafterthreerepeatedtreatmentswith non-infected
stems.

Infectivity of viroids adsorbed on goat horns To testtheinfectivity of RNA molecules
depositedon goat horn surfaces,the horns of two doeswere rubbedagainst infected
etrog stemsinfectedwith the CVd complex from Mesilot. Six h later, tendertomato
(cv. `Rutgers')seedlingsweregently rubbedagainstcontaminatedhorns. In � ve out of
ten treatedseedlings,epinastysymptomstypical of CEVd-M infection (4) wererevealed
andNorthernhybridizationcon�rmed thepresenceof CEVdmoleculesin all theepinastic
plants(not shown).

Transmission of two citrus viroids from infected to healthy citrus plants by rubbing
with goat horns To testthepossibilitythatgoathornscouldserveasplatformsfor viroid
transmissionfrom infectedto healthy fruit trees,thehornsof two doeswererubbedagainst
etrogcitron stemsinfectedwith theCVd# 225and24 h laterthecontaminatedgoathorns
wererubbedagainstCitrus volkamerianaTan. andPasq. Volcamerlemonrootstockstop
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graftedwith etrog citron buds. Two of the treatedgraftedetrog citron plantsexhibited
epinasty(not shown). Hybridizationof RNA extractsfrom all the goathorn-inoculated
plants(n=12) with CEVd and HSVd probes(Fig. 3a and b, respectively) revealedthe
presenceof bothCEVdandHSVd in theepinasticplants(lanes1 and5). Two otherplants
for which the top-graftedetrogbudsdid not take alsobecameinfectedwith HSVd (Fig.
3b, lanes2 and7). Theseresultsclearly demonstratedthat both CEVd andHSVd were
acquiredandtransmittedfrom infectedto healthy citrus plantsasa resultof rubbingthe
stemswith goathorns,thussuggestingthatgoathornscouldserve asplatformsfor natural
transmissionof viroidsamongfruit trees.

DISCUSSION

Viroid spreadandsurvival dependon the availability of effective routesof infection.
Althoughnaturaltransmissionby aphids,pollenandseedswasreportedfor someviroids
(12,31,35),neitherCEVd nor HSVd is known to be seedbornein citrus (2,3) or to have
naturalvectors(12,17).Theomnipresenceof severalviroid speciesin old clonecitrustrees
(3,6) andgrapevines (19,30)wasblamedmainly on mechanicaltransmission(10,25,33)
andthelack of sanitationpractices(3,12,25)of pasthorticulturists.However, noneof the
known horticulturalpracticescouldhave explainedthecommon�nding of infectionswith
similarviroid speciesamongarangeof graft-incompatiblefruit treesandgrapevines.It was
postulatedthat viroids spreadto citrus from grapevines,which originatein this areaand
whichhavebeencultivatedherefor aboutfour to � vemillennia(2,3).Similarly hopplants,
introducedinto JapanandKoreaonly during the last century, were infectedwith HSVd
isolatesthatshowedaclosephylogeneticrelationshipwith clustersof HSVd-grapevineand
with citrus (cachexia/Xyloporosis) HSVd isolates(28). In Greece,both commercialpear
(Pyruscommunis) trees– with a long history of cultivation, and the wild spiny pear(P.
amygdaliformis)show symptomsof Applescar skin viroid (ASSVd) and/orPear blister
canker viroid (PBCVd). The identical natureof viroid populationsinfecting wild and
cultivatedpearvarietieswasconsideredto result from the commonpracticethereto use
wild pearsasa rootstockfor cultivatedpears(15,16). However, the questionremained,
how couldtheseviroidshavespreadamongwild andremotepeartreesscatteredondif�cult
andman-inaccessibleterrains?Othercasesof spreadof fruit viroids to new hostsinclude
infectionof cucumberwith HSVd(29),CEVd to tomatoes(22)andto broadbeans(7).

Thepresentwork showedthatfeedingonviroid-infectedplantsdid not resultin CEVd
transmissionto healthy citrus plants. Surprisingly, however, considerableamountsof
CEVd (Fig. 1, lanes2 to 5) and HSVd (not shown) had beenrecoveredfrom extracts
of scrapingsfrom thesurfacesof goathornsthat wererubbed1 daypreviously on stems
of citrusplantsinfectedwith viroids. Differencesin theamountsof viroids depositedon
thesurfaceswerecorrelatedwith thecoarsenessof thetreatedhorns.Theviroidsdeposited
on thehornsremainedon the treatedhornsevenafter threeadditionalrubbingson stems
of uninfectedetrog plants. Inoculationof CEVd-sensitive tomatoplantsdemonstrated
that the CEVd moleculesadsorbedon goathornswerebiologically intact and infective.
Furthermore,both CEVd andHSVd, which werepreviously found infectingseveral fruit
treespeciesandvines(6,12,19,27),weretransmittedfrom infectedto healthy citrusplants,
thus clearly demonstratingthe ability of goat horns to serve as platforms for natural
transmissionof viroid diseasesfrom infectedto non-infectedcitrus plantsandprobably
alsoto andfrom otherfruit trees.
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The goat-routeof viroid transmissioncould have allowed long distanceviroid spread
amongcultivatedand wild treesand also betweendifferent non-relatedfruit treesand
grapevines. Domesticgoatscommonlyfeedon twigs andbark of treesand tend to rub
their hornsagainsttrunksandbranches(24).

The wild progenitor(Capra aegagrus) of the domesticatedgoat is consideredas the
�rst wild herbivoreto bedomesticatedin theNeolithic periodin theFertileCrescent(14).
Archeologicalremainsfrom westernAsia, including Jericho,and the ZagrosMountains
of westernIran, suggestedthatdomesticationtook placebetween8,000and6,000B.C.E.
(36). Phylogeneticanalyses(20,21)supportedthat goatdomesticationtook placein the
FertileCrescentarea.Theareaof goatdomesticationcoincideswith thecenterof origin of
grapevinesandof many importantfruit treesincludingpear, cherry, �g, walnutandalmonds
(14,32,34,37). Thus, the commonpracticeof herdinggoatsin this region both within
orchardsandnon-cultivatedterrainsseemsto behighly compatiblewith pastviroid spread
amongfruit trees.Thecompatibilityof viroid transmissionto cultivatedandwild fruit-trees
via goatherdingis furtherexempli�ed by thecommonpracticeof grazingthegoatherds
on annualplantsduring the cool winter andspringseasonswhenviroid concentrationin
infectedhostsis low, andherdinginto fruit treeorchardsafterharvest,andinto neglected
grovesandremotehill sidesduringthehot anddry period,whentheviroid concentrations
arehigh. Thecommonoutcomeof viroid infectionsincludingonsmallerandbushiertrees
(11,12,25)that canbe betterforaged,might even indicatean evolutionaryadvantagefor
goatsthatwerevectoringviroids.

It is reasonableto assumethatwild goatsweretransmittingviroids amongtreesprior
to their domestication.However, the considerableincreaseof goatpopulationsandfruit
tree and grapevine cultivation in the Middle East over the last 3000–5000yearshad
probably led to the considerableincreasein viroid infectionsand eventually led to the
presentsituationof omnipresenceof thesepathogensamongfruit treesfrom theseareas.
However, sincemostof the domesticatedfruit treesandgrapevines from this areawere
mainly propagatedvegetatively, theeliminationof severeviroid isolatesdebilitatingplant
growth wascommonlypracticed,thusleadingto theselectionof viroid-tolerantcultivars.
It is thereforenotsurprisingthatdespitethelargereservoirsof viroidsandof domesticated
goats,viroid infectionswererarelymanifestedasdiseasesof traditionallycultivatedfruit
treesandgrapevines(3). It is thushighly probablethat therecentreportsof symptomatic
viroid infectionsof wild andcultivatedpears(15,16)areanindicationof recentinfections
of thewild pearsby viroid specieswhichwereintroducedto this regionthroughimportsof
cultivatedpears.

Interaction of livestock and vegetation range from compatible, e.g. preventing
uncontrolled�res in Mediterraneandry lands, to extremely non-compatible– in cases
of grazing and damagingplanted crops. Indeed, con�icts were recordedbetween
herdsmenandgrowersfrom thedawn of history, andincludeddirectdamagesto cropsby
livestock,disputesover land ownership,andcultural differences.Man's interactionwith
domesticatedfarmanimalsinvolvedbothpositive outcomes– asin thecaseof areolation,
andnegative encounters– includingspreadof zoonoticdiseases(1,32). To thebestof our
knowledge,this is the �rst report indicatingthe possibility that goatscould hadbeenthe
instrumentfor thewide spreadof viroidsamongwild andcultivatedplants.
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