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Micr osatellite Primers Indicate the Presenceof Asexual
Populations of Venturia inaequalisin Coastallsraeli Apple
Orchards

Eric W.A. Boehm, S.Freeman,E. Shabi andT.J.Michailides

This study was initiated to determinewhether differencesin genotypic diversity among
populationsof Venturiainaequalis(Cke.) Wint., asdetectedusingneutralgeneticmarlers,
wererelatedto the ecologicalconditionsin which applesaregrown in Israel. Sincesexual

reproductionin this fungal pathogerhasan obligate requiremenfor sustainedow winter

temperaturesandsincetheserequirementsn Israelaremetonly on the GolanHeights,we

wereinterestedn whetherower elevation populationsof this pathogemight be comprised
of aseualclonallineagesUnliketemperat@applegrowing regions,wheretheprimaryspring
inoculumis ascosporiaerived from overwinteredpseudothecialsraeli apple orchardsat

lower elevationsin the Hula Valley and along the coastalplain rarely if ever experience
low winter temperaturesind pseudothecidave never beenrecosered. Two orchardswere
sampledfrom the Golan Heights(El Rom and Ortal, n = 38) and threeorchardsfrom the

Hula Valley andcoastablain (SedeEliezer GinatonandBe'er Tuvia, n = 40). Microsatellite
primerswereusedto analyzepopulationstructureandthe resultingbinary dataanalyzedoy

both clusterand parsimory analysis. Populationsfrom the coastalplain were genetically
uniform within eachof the orchardssampledwhereagpopulationsfrom the GolanHeights
shaved levels of genotypicdiversity tentimesashigh. The datasupportfield obsenations
thatthis pathogerdoesnotreproducesexually in regionscharacterizetly theabsencef low

winter temperaturesndis insteadcomposedf clonallineages.This may have bearingon

controlstratgiesfor thediseaseén Israel.

KEY WORDS:\enturiainaequalis applescab;appleorchardsjoculoascomycetgyopula-
tion biology; Spiloceapomi Malusdomesticafungal DNA.

INTRODUCTION

Apple scab, causedby the loculoascomyceté/enturia inaequalis (Cke.) Wint.
(anamorphSpiloceapomi Fr.), is the single mostimportantdiseaseof cultivatedapple
(MalusdomesticaBorkh.) worldwide. Severecroplossesn susceptibleultivarscanresult
whenappropriatecontrolmeasuregrenot taken, especiallywhenthe springandsummer
seasonaremoistandtemperat€12,16). The pathogerhasa pronouncedow temperature
requiremenfor theinitiation of thesexual or ascigeroustage(29) and,in temperateapple-
growing regions,thistemperatureequirements usuallymetonly afterleaffall, triggering
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the developmentof pseudotheci#4,5,7,10). In temperateegions, the primary inoculum
in the spring, responsiblefor infection of young leaves at the greenbud stageand later
emepentsepalsandfruit, hasbeendemonstratedo be comprisedof ascosporesderived
from overwinteredleaves producingpseudothecigl?). To a lesserextent, the pathogen
hasalso beenshavn to overwinteras wood scabor in bud scales,from which conidia
producedaseually caninitiate the diseasecycle in the spring,but this is consideredo be
negligible andonly a minor componenbf the primaryinoculumwhenpresen(12,16).

Controlstrat@ies, therefore have beendirectedprimarily at the ascigeroustagein V.
inaequalisto prevent primary ascosporiégnoculum. Chemicalcontrol,bothin theautumn
using eradicantfungicidesto prevent early pseudotheciatlevelopment(9), andin the
springusingprotectantr curative fungicidesto attenuat@scospordischageandinfection
(2,8,12,20,22)aretheprimarymeanof control. Propettiming of fungicidalapplicationss
acritical componenbf diseasenanagemerdndformsthe basisfor a numberof predictve
mathematicamodelsbasedon the monitoring of environmentalconditionsconducve to
ascosporenaturationanddischage (3).

In Israel, apple production can be divided into two principal ecological zones,
characterizeprimarily by the presenceor absenceof low winter temperaturesiue to
elevation: the Upper Galilee and Golan Heights(600—1300m above sealevel), andthe
Hula Valley (100 m above sealevel) andcoastalplain. Only the UpperGalileeandGolan
regionsexperiencesustainedow winter temperaturesyhereasuchtemperaturearerare
in appleorchardsof the Hula Valley andnon-istentalongthe coastablain. It is believed
thatthisintrinsicdifferencen Israeliappleproductionenvironmentshashadadirectimpact
onthelife cycle of the pathogenattenuatingheimportanceof theascigeroustagen low-
elevationappleproductionareag19,23).

The presenstudywasinitiatedto determinevhetherdifferencesn genotypicdiversity
amongpopulationsf V. inaequalis asdetectedisingneutralgenetieomarkers,wererelated
to theecologicalconditionsin which applesaregrown in Israel. Sincesexual reproduction
in this fungal pathogerhasan obligaterequiremenfor sustainedow winter temperatures
(4,5,10,29)andsincetheserequirementsn Israelaremetonly in the UpperGalileeand
Golan,wewereinterestedn whetherdower elevationpopulationf this pathogemmightbe
comprisedof asexual clonallineages.This would have a bearingon control stratejiesfor
thediseasén Israelandmayimpactonthepropensityof this pathogerio developfungicide
resistancen the field (8,22,23). Recently oligonucleotidesspecificto microsatelliteor
simplesequenceepeathave proveneffective assingleprimersin corventionalpolymerase
chainreaction(PCR),termedsimplesequenceepeal(SSR)PCR(30) or randomamplified
microsatellite(RAMS) PCR (6). Believedto be morerobustthancornventionalrandomly
amplifiedpolymorphicDNA (RAPD) methodg28),themethochasgainedincreasedisage
(6,11,13).In the presenstudy threemicrosatelliteprimerswereusedto assessherelative
level of genotypicdiversity for V. inaequalisisolatesoriginatingfrom five appleorchards
situatedn thetwo principalecologicalzonesof appleproductionin Israel.

MATERIALS AND METHODS

Collectionofisolates Infectedappleleavesbearingcharacteristitesionsof V. inaequalis
were collectedthroughoutisraeli apple productionareasin the autumnof 1994 (Fig. 1;
Table1). A total of 78 isolateswere obtainedfrom two climactically distinct growing
regions,namely the GolanHeightsandthe Hula Valley / coastabplain. Efforts weremade
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to sampleorchardsthatlay in the geographicatenterof appleproductionfor eachgiven
region. From the Golan Heights,isolatesweretaken from two commercialorchards:El
Romat1000m above sedevel (designatedrchardG; n = 28) andOrtalat800m abore sea
level (adjacenbrcharddH andl; n=10),separatethy adistanceof 5 km. Isolatesobtained
from the Hula Valley weretaken from only a single orchardin SedeEliezer(orchardP;
n = 7), asite roughly 25 km from the sitesin the GolanHeights,andlocatedat a much
lower elevation (100 m above sealevel). Coastalplain isolateswere obtainedfrom two
commercialappleorcharddocatedapproximately200 km southof the SedeEliezersite:
Ginaton(adjacenbrchardd andM; n=13)andBe'er Tuvia(orchardR; n = 20),separated
by a distanceof 38 km. Isolatesfrom the Hula Valley andthe coastalplain all originated
from the local Israeli apple cultivar "Anna’ (orchardsP, L and R) or its pollinator "Ein
Shemer'(orchardM). Isolatescollectedfrom the Golan originatedfrom the introduced
temperatepplecultivars Top Red' (G) and"StarkingDelicious' (H andl) (Tablel).

Fig. 1. Mapof Israelindicatingthe vecollectionsitesfor Venturiainaequalis El Rom(G; n=28)and
Ortal (H/I; n=10)isolatesoriginatedfrom introducedtemperateapplecultivarsgrovn on the Golan
Heightsat an elevation of 800—1000m above sealevel (large oval, upperright). The SedeEliezer
(P; n=7) isolateswerefrom the Hula Valley at an elevation of 100 m above sealevel (small oval),

whereasthe Ginaton(L/M; n=13) and Be'er Tuvia (R; n=20) isolatesoriginatedfrom the coastal
plain (sealevel). Isolatesfrom the latterthreesitesoriginatedfrom thelocal applecultivar Annaand
its pollinator Ein ShemerDistancedetweersitesareindicatedin thetext.
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TABLE 1. List of IsraeliVenturiainaequalisisolatesusedin this study

Isolate Location/cultvar Tree Leaf Lesion Spore
G211 El Rom/Top Red 2 1 1 1
G2.1.2 El Rom/Top Red 2 1 1 2
G2.13 El Rom/Top Red 2 1 1 3
G221 El Rom/Top Red 2 1 2 1
G2.2.2 El Rom/Top Red 2 1 2 2
G2.2.3 El Rom/Top Red 2 1 2 3
G251 El Rom/Top Red 2 1 5 1
G2.5.2 El Rom/Top Red 2 1 5 2
G253 El Rom/Top Red 2 1 5 3
G26.1 El Rom/Top Red 2 1 6 1
G2.6.2 El Rom/Top Red 2 1 6 2
G2.6.3 El Rom/Top Red 2 1 6 3
G271 El Rom/Top Red 2 1 7 1
G2.7.2 El Rom/Top Red 2 1 7 2
G2.7.3 El Rom/Top Red 2 1 7 3
G2.12.1 El Rom/Top Red 2 1 12 1
G2.12.2 El Rom/Top Red 2 1 12 2
G2.12.3 El Rom/Top Red 2 1 12 3
G4 El Rom/Top Red 4 1 1 1
G5 El Rom/Top Red 5 1 1 1
G7 El Rom/Top Red 7 1 1 1
G8 El Rom/Top Red 8 1 1 1
G9 El Rom/Top Red 9 1 1 1
G12 El Rom/Top Red 12 1 1 1
G13 El Rom/Top Red 13 1 1 1
G20 El Rom/Top Red 20 1 1 1
G22 El Rom/Top Red 22 1 1 1
H1 Ortal/Starking 1 1 1 1
H3 Ortal/Starking 3 1 1 1
H4 Ortal/Starking 4 1 1 1
H5 Ortal/Starking 5 1 1 1
11 Ortal/Starking 1 1 1 1
13 Ortal/Starking 3 1 1 1
15 Ortal/Starking 5 1 1 1
16 Ortal/Starking 6 1 1 1
19 Ortal/Starking 9 1 1 1
110 Ortal/Starking 10 1 1 1
P1 SedeEliezer/Anna 1 1 1 1
P8 SedeEliezer/Anna 8 1 1 1
P9 SedeEliezer/Anna 9 1 1 1
P11 SedeEliezer/Anna 11 1 1 1
P12 SedeEliezer/Anna 12 1 1 1
P14 SedeEliezer/Anna 14 1 1 1

Isolatesfrom presumptie sexual populationg(i.e., orchardswith recoveredpseudotheciayom the
El Rom (orchardG) and Ortal (orchardsH and ). Isolatesfrom presumptie
aseual populations(i.e., pseudotheciaever recorered). SedeEliezer (Hula Valley, orchardP),

Golan Heights:

Ginaton(orchardd. andM) and Be'er Tuvia (orchardR).
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Table 1. (contd.)

Isolate Location/cultvar Tree Leaf Lesion Spore
P16 SedeEliezer/Anna 16 1 1 1
L7 Ginaton/Anna 7 1 1 1
L8 Ginaton/Anna 8 1 1 1
L11 Ginaton/Anna 11 1 1 1
L12 Ginaton/Anna 12 1 1 1
L17 Ginaton/Anna 17 1 1 1
L19 Ginaton/Anna 19 1 1 1
L28 Ginaton/Anna 28 1 1 1
M1 Ginaton/EinShemer 1 1 1 1
M2 Ginaton/EinShemer 2 1 1 1
M5 Ginaton/EinShemer 5 1 1 1
M7 Ginaton/EinShemer 7 1 1 1
M8 Ginaton/EinShemer 8 1 1 1
M9 Ginaton/EinShemer 9 1 1 1
R1.1.1 Be'er Tuvia/Anna 1 1 1 1
R1.1.2 Be'er Tuvia/Anna 1 1 1 2
R1.1.3 Be'er Tuvia/Anna 1 1 1 3
R1.1.4 Be'er Tuvia/Anna 1 1 1 4
R1.1.5 Be'er Tuvia/Anna 1 1 1 5
R2.1.1 Be'er Tuvia/Anna 2 1 1 1
R2.1.2 Be'er Tuvia/Anna 2 1 1 2
R2.1.3 Be'er Tuvia/Anna 2 1 1 3
R2.1.4 Be'er Tuvia/Anna 2 1 1 4
R2.1.5 Be'er Tuvia/Anna 2 1 1 5
R6.1.1 Be'er Tuvia/Anna 6 1 1 1
R6.1.2 Be'er Tuvia/Anna 6 1 1 2
R6.1.3 Be'er Tuvia/Anna 6 1 1 3
R6.1.4 Be'er Tuvia/Anna 6 1 1 4
R6.1.5 Be'er Tuvia/Anna 6 1 1 5
R7.1.1 Be'er Tuvia/Anna 7 1 1 1
R7.1.2 Be'er Tuvia/Anna 7 1 1 2
R7.1.3 Be'er Tuvia/Anna 7 1 1 3
R7.1.4 Be'er Tuvia/Anna 7 1 1 4
R7.1.5 Be'er Tuvia/Anna 7 1 1 5

Isolatesfrom presumptie sexual populationg(i.e., orchardswith recoveredpseudotheciayom the
Golan Heights: ElI Rom (orchardG) and Ortal (orchardsH and ). Isolatesfrom presumptie
aseual populations(i.e., pseudotheciaever recorered): SedeEliezer (Hula Valley, orchardP),

Ginaton(orchardd. andM) and Be'er Tuvia (orchardR).

A hierarchicalsamplingstrately was usedto collect V. inaequalisisolatessuchthat
the collection would provide dataon both inter and intra-populationaldifferencesand
be representatie for the country as a whole. From two sites representingthe two
ernvironmentalextremesin this study namely El Rom (G) on the Golan Heights and
Be'er Tuvia (R) on the coastalplain, a number of isolateswere taken from single,
non-coalescetksionsandleavesto provide information on microgeographig@opulation
structure(Table1). Theremainingisolatesin this studywereeachcollectedfrom a single
leaf originating from differentappletrees. All isolatesusedin this study were derived
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from singleconidiosporesf theanamorplandthuseachrepresented geneticallyuniform
culture. Sporesuspensionslerived from single leaf lesionswere suspendedn 500 |
sterilewaterandspreadntofreshpotatodextroseagar (PDA) platesusingabentglassrod.
Coloniesderived from single conidiosporesvereremoved undera dissectingmicroscope
andtransferredo freshPDA slantsusinga sterileneedle.

TABLE 2. Arithmetic meansof geneticdistance within (italicized) and betweengeographic
groupingsof IsraeliVenturiainaequalispopulations

G H/I P L/M R
n=10 n=10 n=7 n=13 n=4
G:ElIRom 0.3477
H/I: Ortal 0.4246 0.1579
P: SedeEliezer 0.3930 0.4213 0.0114
L/M: Ginaton 0.4174 0.4090 0.2149 0.0
R: Be'er Tuvia 0.4840 0.4979 0.3428 0.2175 0.0

Geneticsimilarities were computedfor all pairs of isolatesusing the formula given by Nei (14):
S=2b /(b +b), whereb isthenumberof ampliconssharedby two isolates, and , andb
andb arethe total numberof ampliconsfoundin isolates and , respectiely. Geneticdistances
(dissimilarities)werecalculatedasl - S.

Multiple isolatesoriginatingfrom singleleavesandlesionsfrom El Rom (G) andBe'er Tuvia (R)
wereomittedfrom the analysis suchthatthe datasetcontainedonly onefungal isolatepertree(see
MaterialsandMethods).

DNA extraction and PCR Inoculum plugs from agar slantswere usedto inoculate
PDA liquid shale cultures (200 rpm), which were grown for 4 to 6 weeksat 25 C.
Fungal materialwas collectedby filtration, rinsedin sterile watet snapfrozenin liquid
N andlyophilized until dry. Using a motorizedpestleand sterilewhite quartzsand,the
materialwasdry-groundto talc-like consisteng. Pre-warmed(65 C) extractionbuffer (1%
cetyltrimettylammoniumbromide,0.7 M NaCl, 50 mM Tris-Cl, pH 8.0, 10 mM EDTA
and1% -mercaptoethanolvasthenaddedandthe tubeswereincubatedor 120 min as
describedn Boehmetal. (1). An equalvolumeof chloroform:isoamyhlcohol(24:1)was
addedto emulsify; andnucleicacidswere precipitatedrom the recoreredsupernatanby
addinganequalvolumeof isopropanol.Thefinal nucleicacidpelletsweredissohedin TE
(50 mM Tris-HCI, pH 8.0,10 mM EDTA) andRNase(20 gml ), incubatedor 60 min
at 37 C, re-extractedwith phenol:chloroform:isoamyadlcohol (25:24:1)followed by two
roundsof chloroformaloneandfinally ethanol-precipitatedkelative concentrationsvere
estimatedy runningaliquotswith known amountsof sizestandards.

PCRreactionsvereperformedn 25 | volumesandincluded50 ng genomictemplate,
50 mM KCI, 10 mM Tris-Cl, 0.2 mM of eachdNTR, 1.5 mM MgCI , 1 U of Tag-DNA
polymeraseand1l M of primer Microsatelliteprimersusedin this studywere (CAG) ,
(GACAC) and(GACA) (6,11,13). Reactionswere performedusing a Hybaid thermal
cycler (HybaidLtd., Ashford, UK) with thefollowing run parametersinitial denaturation
at95 C for 5 min, followedby 30 cyclesof denaturatiorat 95 C for 30 sec,annealmenat
either60 C for (CAG) or48 Cfor (GACAC) and(GACA) for 30sec,andextensionat
74 CCfor 90 sec.All isolateswererun atleasttwice. Ampliconswereseparateih 1.8%
agarosegels,stained andphotographed.
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Data analysis Eachisolate was scoredvisually for the presenceor absenceof each
detectableamplifiedfragment(amplicon)anddatafor all threemicrosatelliteprimerswere
combinedinto a singlebinary dataset. Relationshipswithin and betweerthe collections
of Israeliisolatesof V. inaequalis obtainedfrom five geographisites(G, H/I, P, L/M and
R) and representingwo ecologicalzones(GolanandHula Valley / coastalplain), were
determinedby a comparisorof geneticdistance clusterandparsimory analysis. For the
calculationof geneticdistanceor dissimilarity (Table 2), a subsebf the isolateslisted in
Tablelwasused.In thecaseof isolatesriginatingfrom El Rom(G) ontheGolanandfrom
Be'er Tuvia (R) onthecoastablain,wheremultiple isolateswverecollectedfrom individual
leavesandlesions,only a single,arbitrarily chosenisolate per treewasconsidered.This
resultedin areduceddatasetfor the EIl Rom (G, n=10)andBe'er Tuvia (R, n=4) isolates
andlimited the calculationto 44 isolatey(Table2). Geneticsimilarity is givenby Nei (14)
as:S=2b /(b +b),whereb isthenumberof ampliconssharedoy two isolates, and

,andb andb arethe numberof ampliconsfoundin isolates and , respectrely, and
convertedto geneticdistanceor dissimilarityasl —S.

In contrastto the calculationof geneticdistance both clusterand parsimory analysis
consideredhe datasetasa whole (n=78). Clusteranalysisis a rapid methodof hierarchi-
cally groupingtaxaon the basisof similarity or distancewhereagarsimory is a method
that operateson the principle of minimizing the numberof eventsneededo producethe
optimal hierarchicalgrouping (25). Phenogramsvere generatedising the unweighted
pair-group methodof arithmeticaverageslUPGMA) found in the programsSIMQUAL
and SAHN in NTSYS-pc Version 2.1 (Exeter Software, Setaulet, NY, USA). Cluster
analysiswasbasedon Jaccards similarity coeficient, which measureshe proportionof
bandmismatchebetweerpairsof isolatesgivenas:S =a/ n- d, wherea is thenumber
of positve matchesn the total samplesize andd the numberof negative matches. A
copheneticvalue matrix from the tree matrix producedby SAHN was usedto testthe
goodnes®f fit of theclusteranalysisto the similarity matrix on which thetreewasbased.
The NJOIN program,basedon the unweightedneighborjoining parsimory methodof
generatingreesfoundin NTSYS-pc,wasalsoincludedin theanalysigo seeif differences
in treetopologymightresult.

Parsimoty analysissmplo/edthecombinedinarydatamatrixto construcphylograms
using the computer program PAUP Version 4.0b4a (lllinois Natural History Suney,
ChampaigniL, USA). Theheuristicalgorithmwith branchswappingwasusedto generate
asetof themostparsimoniousreesanda 50% majority-ruleconsensureewasgenerated
by 1000repetitionsof the bootstrapalgorithmto determinebranchstrengths.Datawere
analyzedusing both Wagner parsimoty and Dollo parsimoly methods. The former
assumeshat all charactercanchangefrom one stateto anotherwith equalprobability,
whereadollo parsimory allows characterso changeo the derivedstateonly once,in this
casepriming site presentput allows unlimited reversals.RAPD datasetspresumablyfall
betweerthesetwo extremeswith the priming site morelikely to belostthangained(25).

RESULTS

A total of 78 single-sporeV. inaequalisisolateswere obtainedfrom five geographical
locationsin Israel,representingwo climatically distinctzonesthatdiffer primarily by the
presencer absencef sustainedow winter temperatureslueto elevation (Fig. 1, Table
1). TheEl Rom(G) andOrtal (H/1) isolatesfrom the GolanHeightswere obtainedfrom

242 E.WA. Boehmetal.



confirmedsexual populations(i.e., frequentrecovery of pseudothecidrom orchardleaf
litter) presenton introducedtemperateapple cultivars (Top Red and Golden Delicious,
respectiely). The SedeEliezer (P), Ginaton(L/M) and Be'er Tuvia (R) isolateswere
obtainedrom thelocalapplecultivarsAnnaandEin Shemeigrown atlower elevationsand
represenpresumptie asexual populations sincepseudothecikave never beenrecovered
from theseorchardqFig. 1, Tablel).

Thethreemicrosatelliteprimersproducedatotal of 48 scorableamplicons of which 38
(79%)werepolymorphicamongtheisolatesetasawhole. The percentagef polymorphic
bandsvarieddependingntheprimer, althoughall threeprimerswereinformative. Primers
(CAG) , (GACAC) and(GACA) hadafrequeng of polymorphicbandsat70.5%,75.0%
and 89.4%,respectiely, for the samplesetasa whole. The percentagef polymorphic
bandswithin eachof the five populationswas indicative of the amountof genotypic
diversity present.Isolatesoriginating from known sexual populationscollectedfrom the
Golan,namely El Rom (G; n = 28) and Ortal (H/I; n = 10), hadrespectrely 50% and
14.6% of their bandspolymorphic. In sharpcontrast,isolatesoriginating from Ginaton
(L/M; n = 13) andBe'er Tuvia (R; n = 20), along the coastalplain, displayedno band
polymorphismsamongisolatescollectedfrom the sameorchard. Although differences
wereobsened betweenorchardswithin eachsite all sampledsolateswereidenticaland
thereforecompriseda singleclonallineage.lsolatesoriginatingfrom the Annaorchardin
SedeEliezer(P; n = 7), locatedin the Hula Valley, were not so uniform asthe Ginaton
(L/M) andBe'er Tuvia (R) isolates,but still only 4.2% of their bandswere polymorphic.
An exampleusingprimer (GACAC) is presentedn Figure2. As is evident,the El Rom
and Ortal isolatesfrom the Golan display abhundantband polymorphisms,whereasthe
isolatesoriginating from the Hula Valley (SedeEliezer) and the coastalplain (Ginaton
andBe'er Tuvia), within an orchard,display no polymorphism(Fig. 2). Similar results
wereencounteredisingthetwo otherprimers.

Calculatedgeneticdistancewithin andbetweerpopulationsfor eachorchardsampled
considerednly a subsebf theisolatesin Tablel. Specifically the samplesizesfrom the
El Rom (G) andBe'er Tuvia (R) orchardswerereducedo excludeisolatesderived from
the sameleaf or tree (seeMaterialsand Methods). Geneticdistancewithin populations
averagedd.3477for the EI Rom (n = 10) and0.1579for the Ortal (n = 10) isolates,both
from the GolanHeights(Table 2). In sharpcontrast,calculatedgeneticdistanceswithin
the SedeEliezerisolatescollectedfrom the Hula Valley (n = 7) were0.0114andzerofor
boththeGinaton(n = 13) andBe'er Tuviaisolates(n = 4), collectedfrom the coastabplain
(Table2). Thus,morethana tenfold differencein calculatedgeneticdistancewasfound
within populationsoriginating from the GolanHeights(n = 20), ascomparedwith those
from lower elevationappleproductionareagn = 24) (Table2).

Variationwithin a single lesion, leaf or tree was basedon two sitesrepresentinghe
two ervironmentalextremesin this study namely EI Rom (G) from the GolanandBe'er
Tuvia (R) from the coastalplain (Fig. 2). FromEl Rom, 18 isolateswerecollectedfrom
a single leaf, representingsix individual lesions,whereasfrom Be'er Tuvia, 20 isolates
werecollectedfrom four leaves,eachoriginatingfrom four different,widely spacedrees
in the orchard(Table 1). The differencein hierarchicalsamplingstrateyy betweenthese
two siteswas premisedon the expectationof greatergenotypicdiversity from a knowvn
sexual population(G) as comparedwith a presumptre asexual population(R). The 18
Golanisolatesfrom El Rom shaved a high level of polymorphism,consideringthe fact
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Fig. 2. Ethidium bromide-stainedjels of the Israeli Venturia inaequalisisolates(n=78) collected
from the GolanHeights(G, El RomandH&lI, Ortal),theHulaValley (P, SedeEliezer)andthecoastal
plain (L&M, GinatonandR, Be'er Tuvia), ampli ed with the microsatelliteprimer(GACAC) The
El Rom G isolatesin the top left paneloriginatedfrom six lesions,threeisolateseach,along the
sameleaf, whereaghe Be'er Tuvia R isolatesin the bottomright paneloriginatedfrom four trees,
in replicatesof veisolatesperleaf. All otherisolateswereeachcollectedfrom a differenttree(see
Tablel).

thatthey all werecollectedfrom a singleleaf. Variationwas detectedeven from spores
originating from the samelesion (e.g. isolateG2.6.2vs G2.6.1andG2.6.3,or G2.7.3vs
G2.7.1andG2.7.2in Fig. 2). In sharpcontrastall 20 isolatessampledrom Be'er Tuvia
weregeneticallyuniform eventhoughthey werecollectedfrom differenttrees(Fig. 2).
Both clusterandparsimoly analysisyieldedsimilar hierarchicalgroupingsof isolates.
Thepopulationstructureof IsraeliV. inaequalis asdeterminedrom phenogramgenerated
from thevariousclusteranalysigpackage$oundin NTSY S-pc,without exceptiongrouped
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Fig. 3. Phenograngenerateddy clusteranalysisand UPGMA found in the SAHN packageof

NTSYS-pc (seeMaterials and Methods). \enturia inaequalisisolates(n=78) from presumptie

sexual populationsn the GolanHeights: G (EI Rom)andH/I (Ortal); andfrom presumptie asexual

populationsin the Hula Valley: P (SedeEliezer)andalongthe coastalplain: L/M (Ginaton)andR

(Be'er Tuvia). Thescaleis the percentagef similarity asgivenby Jaccards coefcient; cophenetic
correlationr = 0.96.

isolatesaccordingto their geographiarigin (Fig. 3). Threegroupswerediscernablethe
first containedboth of the sexual Golanpopulations(G andH/I), the secondgroupedthe
Hula Valley (P) and Ginaton(L/M) isolatestogether whereaghe third group contained
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Fig. 4. Phylogramof the 50% majority-ruleconsensusf oneof the ninemostparsimoniousreesfor
IsraeliVenturiainaequalisisolates(n=78). Groupingsweredeterminedrom the heuristicsearchin
PAUP version4.0b4ausingWagnermarsimory (seeMaterialsandMethods).Branchstrengthsvere
testedby 1000 repetitionsof the bootstrapalgorithmwith branchswappingin PAUP, indicatedas
percentagealongmajor branchpoints. Branchlengthsaregiven above theline. Isolatesoriginated
from presumptie sexual populationsin the GolanHeights: G (El Rom)andH/I (Ortal); andfrom
presumptre asexual populationsin the Hula Valley: P (SedeEliezer)andalongthe coastalplain:
L/M (Ginaton)andR (Be'er Tuvia).

the R isolatesfrom Be'er Tuvia (Fig. 3). The Be'er Tuvia isolateswere as different
from the sexual Golanisolates(G and H/l) asthey werefrom the SedeEliezer (P) and
Ginaton(L/M) populationshaving the principal branchdichotomyat only 60%. The P
andL/M populations separatedby a greatergeographicatlistanceascomparedwith the
R vsL/M (Fig. 1), however, weremorethan80% similar (Fig. 3). Groupingsfor the G
isolatesfrom El Romindicateda rangeof geneticdistancesin line with the presencef
anactively recombiningsexual population;nonethelesswithin this group,the H/I isolates
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from Ortal constituteda distinct cluster (Fig. 3). Neighborjoining treesderived from
NJOIN in NTSYS-pcproducedtreesidenticalto thosegeneratedy the SAHN method
(datanot presented).

Phylogramsderivedfrom parsimoly analysigperformedusingPAUP werevery similar
to thoseproducedby clusteranalysis(Fig. 4). Threegroups,correspondindgo geographic
origin, wereagain evident,with theisolatescollectedfrom the Golanclearlyhaving greater
genotypicdiversity than the lower elevation isolates. Bootstrapanalysissupportedthe
principal branchdichotomiesat the 100% level for 1000 repetitionsfor all threeisolate
subgroupinggFig. 4). Nine equally parsimoniougreeswere generatedising Wagner
parsimoly with atreelengthof 68 stepqconsisteng index = 0.73;retentionindex = 0.95).
Parsimoty with Dollo yieldedalongertreebut with identicaltopology(datanot presented).

DISCUSSION

The populationstructureof a representagie sampleof Israeli V. inaequalisisolates,
originatingfrom two contrastingecologicalzones characterizegrimarily by the presence
or absenceof low winter temperaturesiue to elevation, was determinedusing three
microsatelliteprimers, and the binary data analyzedusing both cluster and parsimoly
analysis. The studywasinitiated to determinewhetherlevels of genotypicdiversity, as
measuredisingneutralgeneticmarkers,could be correlatedwith eithergeographiorigin
of theisolatesor with theclimatologicalconditionsunderwhich applesaregrown in Israel.
TheGolanHeightsis avolcanicplateauising 1000—1300n above sedevel in thenorthern
cornerof the country overlookingthe Hula Valley, andis typified by sustainedow winter
temperatureandoccasionaknov cover. This region is typical of othertemperateapple-
producingregionsand cultivars are predominantlyintroducedvarieties,suchas Top Red
and StarkingDelicious, that breakbud dormang throughlate MarchandApril. In these
Golan orchards,the primary spring inoculum has beendemonstratedo be ascosporic,
derived from overwinteredappleleaveson the orchard oor which producepseudothecia
(19,20).

In sharpcontrast/sraeliappleproductionareasalongthe coastabplain, andto alesser
extent in the Hula Valley, are characterizedy local apple cultivars suchas Anna and
its pollinator Ein Shemer Most importantly pseudothecidave never beenrecovered
from theselower elevation orchards,despiterepeatedyearly orchardleaf litter surveys.
In contrastto temperateapplecultivars, Anna hasa low chilling requirementandbreaks
bud dormang very early, from late Januaryto early February coinciding with the rainy
seasonand the cool temperaturesequiredfor infection. Thesecoastalorchardsnever
experiencethe severewinter conditionstypical of mosttemperateapple-graving regions,
conditionsthatusuallydo notallow for thesurvival of thepathogernn overwinteredesions
on fruit andleaves. The primaryinoculumin Annaorchardss believedto originatefrom
non-abscisedyverwinteredappleleavesproducingasexual conidiosporesThis is because
Annaneverlosesall of its leavesandnon-abscisednfectedeavesfrom thepreviousseason
arereadilyavailableto sere asinoculumsourcedor nenly emegentleaves.

The most striking finding to emepge from the datawas that V. inaequalisisolates
collectedfrom lower elevation appleorchardsalongthe coastalplain (GinatonandBe'er
Tuvia) were geneticallyidentical within an orchardand thus were eachcomprisedof a
singleclonallineage despitethefactthatefforts weremadeto collectisolatesrom widely
spacedtreeswithin eachorchard. Ginaton isolateswere genetically uniform, despite
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their origin from two differentapplecultivars (AnnaandEin Shemer) sampledrom two
adjacentorchards(L and M). Corversely isolatescollectedfrom introducedtemperate
apple cultivars on the Golan Heights (EI Rom and Ortal) shaved extensie levels of
genotypicdiversity using the sameprimersand, mostimportantly similar samplesizes.
Isolatesobtainedfrom SedeEliezerin the Hula Valley, a region adjacentto the Golan
Heights butatamuchlowerelevationandexperiencingmild Mediterraneamvinterstypical
of the coastalplain, shoved limited genotypicdiversity, resemblingthat found alongthe
coastalplain. Additionally, both clusterand parsimoty analysisgroupedthe Israeli V.
inaequalisisolatesaccordingto geographioorigin, aswas especiallyevident amongthe
Hula Valley andcoastalplain isolates.The highly polymorphicGolanisolatesfrom Ortal
groupedwithin the EI Romisolatesthetwo northernpopulationforming a distinctclade,
separatdérom thelower elevationisolates.

Diversity levels were re ected in the percentageof polymorphicbandspresentand
the calculationof geneticdistanceswithin eachof the five populationssampled.Isolates
collectedfrom the Golanweremorethantentimesasdiverseasthosecollectedfrom the
lower elevation appleorchards.In the EI Rom populationfrom the Golan,this high level
of genotypicdiversity extendedto include multiple isolatesobtainedfrom the sameleaf
andevenfrom thesameesion.In somecasesisolatesobtainedrrom within asinglelesion
were more similar to thoseobtainedfrom other lesionsalong the sameleaf, suggesting
thatmorethanoneascosporéadinitiated the lesion. Conversely multiple isolatesfrom
singletreesin Be'er Tuviaalongthecoastaplainwereidentical,despitetheir originamong
widely spacedreesin theorchard.

The microsatelliteprimers clearly demonstratedhe overrepresentationf identical
genotypedor V. inaequalispopulationssampledrom coastaplain orchardsascompared
with similar samplesizesoriginatingfrom the GolanHeights. A numberof explanations
could accountfor the obsenred high genotypicdiversity associatedvith V. inaequalis
isolatescollectedfrom orchardsn the GolanHeightsvsthelack of polymorphisndetected
from the coastalplain. Somepopulationscould be more diversesimply asa resultof a
foundereffect associatedvith the relative time of introductionof a particularpathogen
populationinto a givenarea(15,24). However, Israeli appleproductionalongthe coastal
plain predatesappleproductionon the Golan Heightsby several decades.Alternatively,
diversitydifferencesouldbedueto asamplingbias,wherebyorcharddocatedperipherally
to centralproductionareasmayre ect recentpathogerintroductions.However, carewas
taken to sampleonly orchardscentrally locatedwithin eachof the respectie growing
regionsandtreessampledrom theseorchardswverecentrallylocatedaswell. Differences
could also be associatedwvith host selection,since in this study fungal isolateswere
recoveredfrom four differentapplecultivars. Yet, no apple cultivar bias was apparent
in the Ginatonorchards wheresampleswvere derived from two differentapplecultivars
(AnnaandEin Shemerand,in the GolanHeights,clusterandparsimoty analysisdid not
indicateisolatesub-groupingbasedn differentcultivars.

Lastly, an agumentcould be madethat the effective populationsizein coastalapple
orchardsis minimized eachyear leadingto geneticbottleneckg15) eachspring, dueto
the inability of the pathogerto survive winter conditionseffectively. Conversely in the
Golan, dueto the sexual stage,a successfubverwinteringstratey hasbeendeveloped,
thusmaintaininga diversepopulation.We do notbelieve thisto bethecaseaspopulations
of V. inaequalispresentin apple productionareasalongthe coastalplain in Israelhave
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beendemonstratetb overwinterasviable vegetatve myceliain lesionson fruit andleaves
from the previous productionseason. Unlike the introducedtemperateapple varieties
growvn in the Golan, Anna was specifically developedfor coastalproductionin Israel
and infectedleaves from the previous seasorare readily availableto sene asinoculum
sourcesFurthermoreAnnahasalow chilling requiremenandbreaksoud dormang early,

coincidingwith therainy seasorandthe cool temperaturesequiredfor infection. Given
thesecircumstanceandthe absencef sustainedow winter temperatureghe pathogens

underno constrainto overwinter

Ratherthe obsereddifferencesn therelative levels of genotypicdiversitymayrelate
to thedifferentclimatologicalconditionsunderwhich applesaregrown in Israel,whichin
turn mayin uence theimportanceof the ascigeroustagein this fungal pathogenWilson
(29) wasthefirst to demonstratéhat, givenenoughfree moisture Jow wintertemperatures
were a prerequisiteto pseudotheciatlevelopmentin V. inaequalis Subsequentvorkers
have confirmedand extendedthesefindings and have shavn thatlow temperaturefave
a marked effect on pseudotheciabntogery (7), the numbersof pseudothecigroduced
per unit of infectedleaf (17) andthe rate of ascusand ascosporanaturation(4,10,29).
Theseernvironmentalconditionsare characteristiof temperateapple-producingegions
throughoutheworld, but arefoundin Israeliappleorchardonly in the UpperGalileeand
alongthe GolanHeights.

The high degree of genetic uniformity found in this study for coastallsraeli V.
inaequalisisolateshas not beenreportedbefore in the literature and, until now, the
pathogenhas beenpresumedio have an obligate sexual cycle (12). The high degree
of homogeneityfound among coastalisolates, from widely spacedtreesin a single
orchard, contrastssharply with the high levels of geneticpolymorphismfound within
single lesionsfrom higher elevation populations,despitesimilar samplingstratgiesand
methodsof analysis. The dataindicatethe presencef non-recombininggclonallineages
for this pathogenon the Anna and Ein Shemerapple cultivars along the coastalplain.
Tenzerand Gessler(27) found a high degree of genotypicdiversity amongEuropean
(France,Germary, Switzerland, The Netherlandsand northernltaly) populationsof V.
inaequalisbasedon the allele frequenciesof 18 polymorphic RAPD markers and the
internaltranscribedspaceregion of theribosomalDNA. Similar resultswerefoundwithin
orchardsin Switzerland(26). Likewise, Schnabekt al. (18) demonstratedonsiderable
polymorphismamongworld populationsof V. inaequalisin sequencevariation of the
internaltranscribedspacerandfor the presencer absencef an optional Groupl intron
in the 18 rDNA. Thesestudies,however, utilized populationsof the pathogensubjectto
sustainedow wintertemperatureandthereforeresembldhelevels of genotypicdiversity
foundin this studyfor the Golanpopulations.The presentstudyis thefirst, asfar aswe
know, to considerthe populationstructureof V. inaequalisin areasdevoid of sustained
low winter temperaturesand, as such, presentsevidencefor an alternatve life cycle
developedby this pathogernin a Mediterranearclimate not suitablefor the development
of thetelomorph.In thisregard, it would be interestingto expandthis studyto considerV.
inaequalispopulationfrom otherwarmclimateappleproductionareassuchasin Central
Italy andWesternAustralia.

Diseasemanagemenstratgjiesfor controllingapplescabin Israelwould be expected
to differ, giventhedifferentlife cyclesof thepathogerin differentpartsof thecountry For
instancejn Annaappleorcharddocatedalongthe coastalplain, control practicessuchas
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destructiorof orchardleaflitter to eradicatehe ascigeroustagewould notbe soeffective
ason the GolanHeights,wherethe primaryinoculumin the springis ascosporic.This is
becaus@nnacultivarsretainaportionof theirleavesaftertheharnestseasonAdditionally,
thetiming of fungicideapplicationdn the springwould be expectedto differ for the two
regions, given cultivar differencesn the breakingof bud dormang. Lastly, the presence
of asexual populationscomprisedf clonallineagesn coastalAnnaappleorchardswvould
have bearingon theability of the pathogerto generatdungicideresistancé8,20). Indeed,
it hasrecently beendemonstratedhat V. inaequalisisolatescollectedfrom the Golan
Heightshave agreateipropensityto developfungicideresistancéo demetlylationinhibitor
fungicidesthando isolatescollectedfrom Annaorchardsalongthe coastaplain (23).
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