
PHYTOPATHOLOGY E.W.A. Boehmet al. (2003)Phytoparasitica31(3):236-251

Micr osatellitePrimers Indicate the Presenceof Asexual
Populationsof Venturia inaequalisin CoastalIsraeli Apple

Orchards
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This study was initiated to determinewhetherdifferencesin genotypicdiversity among
populationsof Venturia inaequalis(Cke.) Wint., asdetectedusingneutralgeneticmarkers,
wererelatedto the ecologicalconditionsin which applesaregrown in Israel. Sincesexual
reproductionin this fungal pathogenhasan obligaterequirementfor sustainedlow winter
temperatures,andsincetheserequirementsin Israelaremetonly on theGolanHeights,we
wereinterestedin whetherlower elevationpopulationsof this pathogenmight becomprised
of asexualclonallineages.Unliketemperateapplegrowing regions,wheretheprimaryspring
inoculum is ascosporicderived from overwinteredpseudothecia,Israeli appleorchardsat
lower elevations in the Hula Valley and along the coastalplain rarely if ever experience
low winter temperaturesandpseudotheciahave never beenrecovered. Two orchardswere
sampledfrom the GolanHeights(El Rom andOrtal, n = 38) and threeorchardsfrom the
HulaValley andcoastalplain (SedeEliezer, GinatonandBe'er Tuvia,n = 40). Microsatellite
primerswereusedto analyzepopulationstructureandtheresultingbinarydataanalyzedby
both clusterand parsimony analysis. Populationsfrom the coastalplain were genetically
uniform within eachof theorchardssampled,whereaspopulationsfrom theGolanHeights
showed levelsof genotypicdiversity ten timesashigh. Thedatasupportfield observations
thatthispathogendoesnot reproducesexually in regionscharacterizedby theabsenceof low
winter temperaturesandis insteadcomposedof clonal lineages.This mayhave bearingon
controlstrategiesfor thediseasein Israel.
KEY WORDS:Venturia inaequalis; applescab;appleorchards;loculoascomycete;popula-
tion biology;Spiloceapomi; Malusdomestica; fungal DNA.

INTRODUCTION

Apple scab, causedby the loculoascomyceteVenturia inaequalis (Cke.) Wint.
(anamorphSpiloceapomi Fr.), is the single most importantdiseaseof cultivatedapple
(MalusdomesticaBorkh.) worldwide.Severecroplossesin susceptiblecultivarscanresult
whenappropriatecontrolmeasuresarenot taken,especiallywhenthespringandsummer
seasonsaremoistandtemperate(12,16).Thepathogenhasa pronouncedlow temperature
requirementfor theinitiation of thesexualor ascigerousstage(29)and,in temperateapple-
growing regions,this temperaturerequirementis usuallymetonly afterleaf fall, triggering
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the developmentof pseudothecia(4,5,7,10). In temperateregions,the primary inoculum
in the spring, responsiblefor infection of young leavesat the greenbud stageand later
emergentsepalsandfruit, hasbeendemonstratedto be comprisedof ascosporesderived
from overwinteredleavesproducingpseudothecia(12). To a lesserextent, the pathogen
hasalso beenshown to overwinter as wood scabor in bud scales,from which conidia
producedasexually caninitiate thediseasecycle in thespring,but this is consideredto be
negligible andonly aminor componentof theprimaryinoculumwhenpresent(12,16).

Controlstrategies,therefore,have beendirectedprimarily at theascigerousstagein V.
inaequalisto preventprimaryascosporicinoculum.Chemicalcontrol,both in theautumn
using eradicantfungicidesto prevent early pseudothecialdevelopment(9), and in the
springusingprotectantor curativefungicidesto attenuateascosporedischargeandinfection
(2,8,12,20,22),aretheprimarymeansof control.Propertiming of fungicidalapplicationsis
acritical componentof diseasemanagementandformsthebasisfor anumberof predictive
mathematicalmodelsbasedon the monitoringof environmentalconditionsconducive to
ascosporematurationanddischarge(3).

In Israel, apple production can be divided into two principal ecological zones,
characterizedprimarily by the presenceor absenceof low winter temperaturesdue to
elevation: the UpperGalileeandGolanHeights(600–1300m above sealevel), and the
Hula Valley (100m above sealevel) andcoastalplain. Only theUpperGalileeandGolan
regionsexperiencesustainedlow winter temperatures,whereassuchtemperaturesarerare
in appleorchardsof theHulaValley andnon-existentalongthecoastalplain. It is believed
thatthisintrinsicdifferencein Israeliappleproductionenvironmentshashadadirectimpact
onthelife cycleof thepathogen,attenuatingtheimportanceof theascigerousstagein low-
elevationappleproductionareas(19,23).

Thepresentstudywasinitiatedto determinewhetherdifferencesin genotypicdiversity
amongpopulationsof V. inaequalis, asdetectedusingneutralgeneticmarkers,wererelated
to theecologicalconditionsin whichapplesaregrown in Israel.Sincesexual reproduction
in this fungal pathogenhasanobligaterequirementfor sustainedlow winter temperatures
(4,5,10,29),andsincetheserequirementsin Israelaremetonly in the UpperGalileeand
Golan,wewereinterestedin whetherlowerelevationpopulationsof thispathogenmightbe
comprisedof asexual clonal lineages.This would have a bearingon controlstrategiesfor
thediseasein Israelandmayimpactonthepropensityof thispathogento developfungicide
resistancein the field (8,22,23). Recently, oligonucleotidesspecific to microsatelliteor
simplesequencerepeatshaveproveneffectiveassingleprimersin conventionalpolymerase
chainreaction(PCR),termedsimplesequencerepeat(SSR)PCR(30)or randomamplified
microsatellite(RAMS) PCR(6). Believedto bemorerobust thanconventionalrandomly
amplifiedpolymorphicDNA (RAPD)methods(28),themethodhasgainedincreasedusage
(6,11,13).In thepresentstudy, threemicrosatelliteprimerswereusedto assesstherelative
level of genotypicdiversity for V. inaequalisisolatesoriginatingfrom five appleorchards
situatedin thetwo principalecologicalzonesof appleproductionin Israel.

MATERIALS AND METHODS

Collectionof isolates Infectedappleleavesbearingcharacteristiclesionsof V. inaequalis
werecollectedthroughoutIsraeli appleproductionareasin the autumnof 1994(Fig. 1;
Table 1). A total of 78 isolateswere obtainedfrom two climactically distinct growing
regions,namely, theGolanHeightsandtheHula Valley / coastalplain. Efforts weremade
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to sampleorchardsthat lay in thegeographicalcenterof appleproductionfor eachgiven
region. From the GolanHeights,isolatesweretaken from two commercialorchards:El
Romat1000m abovesealevel (designatedorchardG; n = 28)andOrtalat800m abovesea
level (adjacentorchardsH andI; n = 10),separatedby adistanceof 5 km. Isolatesobtained
from the Hula Valley weretaken from only a singleorchardin SedeEliezer(orchardP;
n = 7), a site roughly 25 km from the sitesin the GolanHeights,andlocatedat a much
lower elevation (100 m above sealevel). Coastalplain isolateswereobtainedfrom two
commercialappleorchardslocatedapproximately200km southof theSedeEliezersite:
Ginaton(adjacentorchardsL andM; n = 13)andBe'erTuvia(orchardR; n = 20),separated
by a distanceof 38 km. Isolatesfrom theHula Valley andthecoastalplain all originated
from the local Israeli applecultivar `Anna' (orchardsP, L and R) or its pollinator `Ein
Shemer'(orchardM). Isolatescollectedfrom the Golan originatedfrom the introduced
temperateapplecultivars`TopRed' (G) and`StarkingDelicious' (H andI) (Table1).

Fig.1. Mapof Israelindicatingthe� vecollectionsitesfor Venturiainaequalis. El Rom(G; n=28)and
Ortal (H/I; n=10) isolatesoriginatedfrom introducedtemperateapplecultivarsgrown on theGolan
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) andBe'er Tuvia (R; n=20) isolatesoriginatedfrom the coastal
plain (sealevel). Isolatesfrom thelatterthreesitesoriginatedfrom thelocalapplecultivarAnnaand
its pollinatorEin Shemer. Distancesbetweensitesareindicatedin thetext.
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TABLE 1. List of IsraeliVenturiainaequalisisolatesusedin this study

Isolate� Location/cultivar Tree Leaf Lesion Spore
G2.1.1

�

El Rom/TopRed 2 1 1 1
G2.1.2 El Rom/TopRed 2 1 1 2
G2.1.3 El Rom/TopRed 2 1 1 3
G2.2.1 El Rom/TopRed 2 1 2 1
G2.2.2 El Rom/TopRed 2 1 2 2
G2.2.3 El Rom/TopRed 2 1 2 3
G2.5.1 El Rom/TopRed 2 1 5 1
G2.5.2 El Rom/TopRed 2 1 5 2
G2.5.3 El Rom/TopRed 2 1 5 3
G2.6.1 El Rom/TopRed 2 1 6 1
G2.6.2 El Rom/TopRed 2 1 6 2
G2.6.3 El Rom/TopRed 2 1 6 3
G2.7.1 El Rom/TopRed 2 1 7 1
G2.7.2 El Rom/TopRed 2 1 7 2
G2.7.3 El Rom/TopRed 2 1 7 3
G2.12.1 El Rom/TopRed 2 1 12 1
G2.12.2 El Rom/TopRed 2 1 12 2
G2.12.3 El Rom/TopRed 2 1 12 3
G4 El Rom/TopRed 4 1 1 1
G5 El Rom/TopRed 5 1 1 1
G7 El Rom/TopRed 7 1 1 1
G8 El Rom/TopRed 8 1 1 1
G9 El Rom/TopRed 9 1 1 1
G12 El Rom/TopRed 12 1 1 1
G13 El Rom/TopRed 13 1 1 1
G20 El Rom/TopRed 20 1 1 1
G22 El Rom/TopRed 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
I1 Ortal/Starking 1 1 1 1
I3 Ortal/Starking 3 1 1 1
I5 Ortal/Starking 5 1 1 1
I6 Ortal/Starking 6 1 1 1
I9 Ortal/Starking 9 1 1 1
I10 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 presumptive sexual populations(i.e., orchardswith recoveredpseudothecia)from the
Golan Heights:

�

El Rom (orchardG) and
�

Ortal (orchardsH and I). Isolatesfrom presumptive
asexual populations(i.e., pseudothecianever recovered):

�

SedeEliezer (Hula Valley, orchardP),
�

Ginaton(orchardsL andM) and
�

Be'er Tuvia (orchardR).
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Table1. (cont'd.)

Isolate
�

Location/cultivar 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 presumptive sexual populations(i.e., orchardswith recoveredpseudothecia)from the

Golan Heights:
�

El Rom (orchardG) and
�

Ortal (orchardsH and I). Isolatesfrom presumptive
asexual populations(i.e., pseudothecianever recovered):

�

SedeEliezer (Hula Valley, orchardP),
�

Ginaton(orchardsL andM) and
�

Be'er Tuvia (orchardR).

A hierarchicalsamplingstrategy wasusedto collect V. inaequalisisolatessuchthat
the collection would provide dataon both inter- and intra-populationaldifferencesand
be representative for the country as a whole. From two sites representingthe two
environmentalextremesin 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-coalescedlesionsand leavesto provide informationon microgeographicpopulation
structure(Table1). Theremainingisolatesin this studywereeachcollectedfrom a single
leaf originating from different appletrees. All isolatesusedin this study were derived
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from singleconidiosporesof theanamorphandthuseachrepresentedageneticallyuniform
culture. Sporesuspensionsderived from single leaf lesionswere suspendedin 500 � l
sterilewaterandspreadontofreshpotatodextroseagar(PDA) platesusingabentglassrod.
Coloniesderived from singleconidiosporeswereremovedundera dissectingmicroscope
andtransferredto freshPDA slantsusingasterileneedle.

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: El Rom 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

�
Geneticsimilaritieswerecomputedfor all pairsof isolatesusingthe formula given by Nei (14):

S = 2b��� / (b� + b� ), whereb��� is the numberof ampliconssharedby two isolates,� and � , andb�

andb� arethe total numberof ampliconsfound in isolates� and � , respectively. Geneticdistances
(dissimilarities)werecalculatedas1 - S.

� Multiple isolatesoriginatingfrom singleleavesandlesionsfrom El Rom(G) andBe'er Tuvia (R)
wereomittedfrom theanalysis,suchthatthedatasetcontainedonly onefungal isolatepertree(see
MaterialsandMethods).

DNA extraction and PCR Inoculum plugs from agar slantswere usedto inoculate
PDA liquid shake cultures(200 rpm), which were grown for 4 to 6 weeksat 25� C.
Fungal materialwascollectedby filtration, rinsedin sterilewater, snapfrozen in liquid
N � andlyophilizeduntil dry. Using a motorizedpestleandsterilewhite quartzsand,the
materialwasdry-groundto talc-likeconsistency. Pre-warmed(65� C) extractionbuffer (1%
cetyltrimethylammoniumbromide,0.7 M NaCl, 50 mM Tris-Cl, pH 8.0, 10 mM EDTA
and1% � -mercaptoethanol)wasthenaddedandthe tubeswereincubatedfor 120min as
describedin Boehmet al. (1). An equalvolumeof chloroform:isoamylalcohol(24:1)was
addedto emulsify, andnucleicacidswereprecipitatedfrom therecoveredsupernatantby
addinganequalvolumeof isopropanol.Thefinal nucleicacidpelletsweredissolvedin TE
(50 mM Tris-HCl, pH 8.0,10 mM EDTA) andRNase(20 � g ml �
	 ), incubatedfor 60 min
at 37� C, re-extractedwith phenol:chloroform:isoamylalcohol(25:24:1)followed by two
roundsof chloroformaloneandfinally ethanol-precipitated.Relative concentrationswere
estimatedby runningaliquotswith known amountsof sizestandards.

PCRreactionswereperformedin 25 � l volumesandincluded50nggenomictemplate,
50 mM KCl, 10 mM Tris-Cl, 0.2 mM of eachdNTP, 1.5 mM MgCl � , 1 U of Taq-DNA
polymeraseand1 � M of primer. Microsatelliteprimersusedin this studywere(CAG) � ,
(GACAC)� and(GACA) 
 (6,11,13). Reactionswereperformedusinga Hybaid thermal
cycler (HybaidLtd., Ashford,UK) with thefollowing run parameters:initial denaturation
at95� C for 5 min, followedby 30cyclesof denaturationat95� C for 30sec,annealmentat
either60� C for (CAG)� or 48� C for (GACAC)� and(GACA) 
 for 30sec,andextensionat
74� CC for 90 sec.All isolateswererun at leasttwice. Ampliconswereseparatedin 1.8%
agarosegels,stained,andphotographed.
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Data analysis Each isolate was scoredvisually for the presenceor absenceof each
detectableamplifiedfragment(amplicon)anddatafor all threemicrosatelliteprimerswere
combinedinto a singlebinary dataset. Relationshipswithin andbetweenthe collections
of Israeli isolatesof V. inaequalis, obtainedfrom five geographicsites(G, H/I, P, L/M and
R) andrepresentingtwo ecologicalzones(GolanandHula Valley / coastalplain), were
determinedby a comparisonof geneticdistance,clusterandparsimony analysis.For the
calculationof geneticdistanceor dissimilarity (Table2), a subsetof the isolateslisted in
Table1wasused.In thecaseof isolatesoriginatingfromEl Rom(G)ontheGolanandfrom
Be'erTuvia(R) onthecoastalplain,wheremultipleisolateswerecollectedfrom individual
leavesandlesions,only a single,arbitrarily chosenisolateper treewasconsidered.This
resultedin a reduceddatasetfor theEl Rom(G, n=10)andBe'er Tuvia (R, n=4) isolates
andlimited thecalculationto 44 isolates(Table2). Geneticsimilarity is givenby Nei (14)
as:S= 2b��� / (b� + b� ), whereb��� is thenumberof ampliconssharedby two isolates,� and
� , andb� andb� arethe numberof ampliconsfound in isolates� and � , respectively, and
convertedto geneticdistanceor dissimilarityas1 – S.

In contrastto thecalculationof geneticdistance,bothclusterandparsimony analysis
consideredthedatasetasa whole(n=78). Clusteranalysisis a rapidmethodof hierarchi-
cally groupingtaxaon thebasisof similarity or distance,whereasparsimony is a method
that operateson the principle of minimizing the numberof eventsneededto producethe
optimal hierarchicalgrouping(25). Phenogramswere generatedusing the unweighted
pair-group methodof arithmeticaverages(UPGMA) found in the programsSIMQUAL
and SAHN in NTSYS-pc Version 2.1 (Exeter Software, Setauket, NY, USA). Cluster
analysiswasbasedon Jaccard's similarity coefficient, which measuresthe proportionof
bandmismatchesbetweenpairsof isolates,givenas:S� = a / n - d, wherea is thenumber
of positive matches,n the total samplesize and d the numberof negative matches. A
copheneticvalue matrix from the tree matrix producedby SAHN was usedto test the
goodnessof fit of theclusteranalysisto thesimilarity matrix onwhich thetreewasbased.
The NJOIN program,basedon the unweightedneighborjoining parsimony methodof
generatingtreesfoundin NTSYS-pc,wasalsoincludedin theanalysisto seeif differences
in treetopologymight result.

Parsimony analysisemployedthecombinedbinarydatamatrixto constructphylograms
using the computerprogram PAUP Version 4.0b4a (Illinois Natural History Survey,
Champaign,IL, USA). Theheuristicalgorithmwith branchswappingwasusedto generate
asetof themostparsimonioustreesanda50%majority-ruleconsensustreewasgenerated
by 1000repetitionsof the bootstrapalgorithmto determinebranchstrengths.Datawere
analyzedusing both Wagner parsimony and Dollo parsimony methods. The former
assumesthat all characterscanchangefrom onestateto anotherwith equalprobability,
whereasDollo parsimony allowscharactersto changeto thederivedstateonly once,in this
casepriming sitepresent,but allows unlimitedreversals.RAPD datasetspresumablyfall
betweenthesetwo extremes,with theprimingsitemorelikely to belost thangained(25).

RESULTS

A total of 78 single-sporeV. inaequalisisolateswereobtainedfrom five geographical
locationsin Israel,representingtwo climatically distinctzonesthatdiffer primarily by the
presenceor absenceof sustainedlow winter temperaturesdueto elevation (Fig. 1, Table
1). TheEl Rom(G) andOrtal (H/I) isolatesfrom theGolanHeightswereobtainedfrom
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confirmedsexual populations(i.e., frequentrecovery of pseudotheciafrom orchardleaf
litter) presenton introducedtemperateapplecultivars (Top Red and GoldenDelicious,
respectively). The SedeEliezer (P), Ginaton(L/M) and Be'er Tuvia (R) isolateswere
obtainedfrom thelocalapplecultivarsAnnaandEin Shemergrown at lowerelevationsand
representpresumptive asexual populations,sincepseudotheciahave never beenrecovered
from theseorchards(Fig. 1, Table1).

Thethreemicrosatelliteprimersproducedatotalof 48scorableamplicons,of which38
(79%)werepolymorphicamongtheisolatesetasawhole.Thepercentageof polymorphic
bandsvarieddependingontheprimer, althoughall threeprimerswereinformative. Primers
(CAG)� , (GACAC)� and(GACA) 
 hadafrequency of polymorphicbandsat70.5%,75.0%
and89.4%,respectively, for the samplesetasa whole. The percentageof polymorphic
bandswithin eachof the five populationswas indicative of the amountof genotypic
diversity present.Isolatesoriginatingfrom known sexual populationscollectedfrom the
Golan,namely, El Rom (G; n = 28) andOrtal (H/I; n = 10), had respectively 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
wereobservedbetweenorchards,within eachsiteall sampledisolateswereidenticaland
thereforecompriseda singleclonal lineage.Isolatesoriginatingfrom theAnnaorchardin
SedeEliezer (P; n = 7), locatedin the Hula Valley, werenot so uniform asthe Ginaton
(L/M) andBe'er Tuvia (R) isolates,but still only 4.2%of their bandswerepolymorphic.
An exampleusingprimer (GACAC)� is presentedin Figure2. As is evident, theEl Rom
and Ortal isolatesfrom the Golan display abundantbandpolymorphisms,whereasthe
isolatesoriginating from the Hula Valley (SedeEliezer) and the coastalplain (Ginaton
andBe'er Tuvia), within an orchard,displayno polymorphism(Fig. 2). Similar results
wereencounteredusingthetwo otherprimers.

Calculatedgeneticdistancewithin andbetweenpopulationsfor eachorchardsampled
consideredonly a subsetof theisolatesin Table1. Specifically, thesamplesizesfrom the
El Rom (G) andBe'er Tuvia (R) orchardswerereducedto excludeisolatesderived from
the sameleaf or tree(seeMaterialsandMethods). Geneticdistancewithin populations
averaged0.3477for theEl Rom(n = 10) and0.1579for theOrtal (n = 10) isolates,both
from the GolanHeights(Table2). In sharpcontrast,calculatedgeneticdistanceswithin
theSedeEliezerisolatescollectedfrom theHula Valley (n = 7) were0.0114andzerofor
boththeGinaton(n = 13)andBe'er Tuvia isolates(n = 4), collectedfrom thecoastalplain
(Table2). Thus,morethana tenfold differencein calculatedgeneticdistancewasfound
within populationsoriginatingfrom the GolanHeights(n = 20), ascomparedwith those
from lower elevationappleproductionareas(n = 24) (Table2).

Variationwithin a single lesion, leaf or treewasbasedon two sitesrepresentingthe
two environmentalextremesin this study, namely, El Rom(G) from theGolanandBe'er
Tuvia (R) from thecoastalplain (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 spacedtrees
in the orchard(Table1). The differencein hierarchicalsamplingstrategy betweenthese
two siteswas premisedon the expectationof greatergenotypicdiversity from a known
sexual population(G) as comparedwith a presumptive asexual population(R). The 18
Golan isolatesfrom El Rom showed a high level of polymorphism,consideringthe fact
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Fig. 2. Ethidium bromide-stainedgelsof the Israeli Venturia inaequalisisolates(n=78) collected
from theGolanHeights(G,El RomandH&I, Ortal),theHulaValley (P, SedeEliezer)andthecoastal
plain (L&M, GinatonandR, Be'er Tuvia),ampli�ed with themicrosatelliteprimer(GACAC) 	�� The
El Rom G isolatesin the top left paneloriginatedfrom six lesions,threeisolateseach,along the
sameleaf, whereasthe Be'er Tuvia R isolatesin the bottomright paneloriginatedfrom four trees,
in replicatesof � ve isolatesperleaf. All otherisolateswereeachcollectedfrom a differenttree(see
Table1).

that they all werecollectedfrom a single leaf. Variationwasdetectedeven from spores
originatingfrom the samelesion(e.g. isolateG2.6.2vs G2.6.1andG2.6.3,or G2.7.3vs
G2.7.1andG2.7.2in Fig. 2). In sharpcontrast,all 20 isolatessampledfrom Be'er Tuvia
weregeneticallyuniformeventhoughthey werecollectedfrom differenttrees(Fig. 2).

Both clusterandparsimony analysisyieldedsimilar hierarchicalgroupingsof isolates.
Thepopulationstructureof IsraeliV. inaequalis, asdeterminedfrom phenogramsgenerated
from thevariousclusteranalysispackagesfoundin NTSYS-pc,withoutexceptiongrouped
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Fig. 3. Phenogramgeneratedby clusteranalysisand UPGMA found in the SAHN packageof
NTSYS-pc (seeMaterials and Methods). Venturia inaequalisisolates(n=78) from presumptive
sexualpopulationsin theGolanHeights:G (El Rom)andH/I (Ortal); andfrom presumptiveasexual
populationsin theHula Valley: P (SedeEliezer)andalongthecoastalplain: L/M (Ginaton)andR
(Be'er Tuvia). Thescaleis thepercentageof similarity asgivenby Jaccard's coef�cient; cophenetic
correlationr = 0.96.

isolatesaccordingto their geographicorigin (Fig. 3). Threegroupswerediscernable:the
first containedbothof thesexual Golanpopulations(G andH/I), thesecondgroupedthe
Hula Valley (P) andGinaton(L/M) isolatestogether, whereasthe third groupcontained
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Fig. 4. Phylogramof the50%majority-ruleconsensusof oneof theninemostparsimonioustreesfor
IsraeliVenturia inaequalisisolates(n=78). Groupingsweredeterminedfrom theheuristicsearchin
PAUP version4.0b4ausingWagnerparsimony (seeMaterialsandMethods).Branchstrengthswere
testedby 1000repetitionsof the bootstrapalgorithmwith branchswappingin PAUP, indicatedas
percentagesalongmajorbranchpoints.Branchlengthsaregivenabove theline. Isolatesoriginated
from presumptive sexual populationsin the GolanHeights: G (El Rom) andH/I (Ortal); andfrom
presumptive 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 Golan isolates(G andH/I) as they were from the SedeEliezer (P) and
Ginaton(L/M) populations,having the principal branchdichotomyat only 60%. The P
andL/M populations,separatedby a greatergeographicaldistanceascomparedwith the
R vs L/M (Fig. 1), however, weremorethan80% similar (Fig. 3). Groupingsfor the G
isolatesfrom El Rom indicateda rangeof geneticdistances,in line with the presenceof
anactively recombiningsexualpopulation;nonetheless,within this group,theH/I isolates
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from Ortal constituteda distinct cluster(Fig. 3). Neighbor joining treesderived from
NJOIN in NTSYS-pcproducedtreesidentical to thosegeneratedby the SAHN method
(datanotpresented).

Phylogramsderivedfrom parsimony analysisperformedusingPAUPwereverysimilar
to thoseproducedby clusteranalysis(Fig. 4). Threegroups,correspondingto geographic
origin,wereagainevident,with theisolatescollectedfrom theGolanclearlyhaving greater
genotypicdiversity than the lower elevation isolates. Bootstrapanalysissupportedthe
principal branchdichotomiesat the 100%level for 1000 repetitionsfor all threeisolate
subgroupings(Fig. 4). Nine equally parsimonioustreeswere generatedusing Wagner
parsimony with atreelengthof 68steps(consistency index = 0.73;retentionindex = 0.95).
Parsimony with Dollo yieldedalongertreebut with identicaltopology(datanotpresented).

DISCUSSION

The populationstructureof a representative sampleof Israeli V. inaequalisisolates,
originatingfrom two contrastingecologicalzones,characterizedprimarily by thepresence
or absenceof low winter temperaturesdue to elevation, was determinedusing three
microsatelliteprimers, and the binary data analyzedusing both cluster and parsimony
analysis. The studywas initiated to determinewhetherlevels of genotypicdiversity, as
measuredusingneutralgeneticmarkers,couldbecorrelatedwith eithergeographicorigin
of theisolatesor with theclimatologicalconditionsunderwhichapplesaregrown in Israel.
TheGolanHeightsis avolcanicplateaurising1000–1300m abovesealevel in thenorthern
cornerof thecountry, overlookingtheHula Valley, andis typified by sustainedlow winter
temperaturesandoccasionalsnow cover. This region is typical of othertemperateapple-
producingregionsandcultivarsarepredominantlyintroducedvarieties,suchasTop Red
andStarkingDelicious,thatbreakbud dormancy throughlate MarchandApril. In these
Golan orchards,the primary spring inoculum hasbeendemonstratedto be ascosporic,
derived from overwinteredappleleaveson theorchard�oor which producepseudothecia
(19,20).

In sharpcontrast,Israeliappleproductionareasalongthecoastalplain,andto a lesser
extent in the Hula Valley, are characterizedby local applecultivars suchas Anna and
its pollinator Ein Shemer. Most importantly, pseudotheciahave never beenrecovered
from theselower elevation orchards,despiterepeatedyearly orchardleaf litter surveys.
In contrastto temperateapplecultivars,Anna hasa low chilling requirementandbreaks
bud dormancy very early, from late Januaryto early February, coincidingwith the rainy
seasonand the cool temperaturesrequiredfor infection. Thesecoastalorchardsnever
experiencetheseverewinter conditionstypical of mosttemperateapple-growing regions,
conditionsthatusuallydonotallow for thesurvival of thepathogenin overwinteredlesions
on fruit andleaves. Theprimary inoculumin Annaorchardsis believedto originatefrom
non-abscised,overwinteredappleleavesproducingasexualconidiospores.This is because
Annaneverlosesall of its leavesandnon-abscised,infectedleavesfromthepreviousseason
arereadilyavailableto serveasinoculumsourcesfor newly emergentleaves.

The most striking finding to emerge from the data was that V. inaequalis isolates
collectedfrom lower elevationappleorchardsalongthecoastalplain (GinatonandBe'er
Tuvia) were geneticallyidentical within an orchardand thus were eachcomprisedof a
singleclonallineage,despitethefactthateffortsweremadeto collectisolatesfrom widely
spacedtreeswithin eachorchard. Ginaton isolateswere geneticallyuniform, despite
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their origin from two differentapplecultivars(AnnaandEin Shemer),sampledfrom two
adjacentorchards(L and M). Conversely, isolatescollectedfrom introducedtemperate
apple cultivars on the Golan Heights (El Rom and Ortal) showed extensive levels of
genotypicdiversity using the sameprimersand,most importantly, similar samplesizes.
Isolatesobtainedfrom SedeEliezer in the Hula Valley, a region adjacentto the Golan
Heights,butatamuchlowerelevationandexperiencingmild Mediterraneanwinterstypical
of the coastalplain, showed limited genotypicdiversity, resemblingthat found alongthe
coastalplain. Additionally, both clusterand parsimony analysisgroupedthe Israeli V.
inaequalisisolatesaccordingto geographicorigin, aswasespeciallyevident amongthe
Hula Valley andcoastalplain isolates.Thehighly polymorphicGolanisolatesfrom Ortal
groupedwithin theEl Romisolates,thetwo northernpopulationsforminga distinctclade,
separatefrom thelower elevationisolates.

Diversity levels were re�ected in the percentageof polymorphicbandspresentand
thecalculationof geneticdistanceswithin eachof the five populationssampled.Isolates
collectedfrom theGolanweremorethanten timesasdiverseasthosecollectedfrom the
lower elevationappleorchards.In theEl Rompopulationfrom theGolan,this high level
of genotypicdiversity extendedto includemultiple isolatesobtainedfrom the sameleaf
andevenfrom thesamelesion.In somecases,isolatesobtainedfrom within asinglelesion
weremoresimilar to thoseobtainedfrom other lesionsalong the sameleaf, suggesting
that morethanoneascosporehadinitiated the lesion. Conversely, multiple isolatesfrom
singletreesin Be'erTuviaalongthecoastalplainwereidentical,despitetheirorigin among
widely spacedtreesin theorchard.

The microsatelliteprimers clearly demonstratedthe overrepresentationof identical
genotypesfor V. inaequalispopulationssampledfrom coastalplainorchards,ascompared
with similar samplesizesoriginatingfrom theGolanHeights. A numberof explanations
could accountfor the observed high genotypicdiversity associatedwith V. inaequalis
isolatescollectedfrom orchardsin theGolanHeightsvsthelackof polymorphismdetected
from the coastalplain. Somepopulationscould be morediversesimply asa resultof a
foundereffect associatedwith the relative time of introductionof a particularpathogen
populationinto a givenarea(15,24). However, Israeli appleproductionalongthecoastal
plain predatesappleproductionon the GolanHeightsby several decades.Alternatively,
diversitydifferencescouldbeduetoasamplingbias,wherebyorchardslocatedperipherally
to centralproductionareasmayre�ect recentpathogenintroductions.However, carewas
taken to sampleonly orchardscentrally locatedwithin eachof the respective growing
regionsandtreessampledfrom theseorchardswerecentrallylocatedaswell. Differences
could also be associatedwith host selection,since in this study fungal isolateswere
recoveredfrom four different applecultivars. Yet, no applecultivar bias was apparent
in the Ginatonorchards,wheresampleswerederived from two differentapplecultivars
(AnnaandEin Shemer)and,in theGolanHeights,clusterandparsimony analysisdid not
indicateisolatesub-groupingsbasedondifferentcultivars.

Lastly, an argumentcould be madethat the effective populationsizein coastalapple
orchardsis minimizedeachyear, leadingto geneticbottlenecks(15) eachspring,dueto
the inability of the pathogento survive winter conditionseffectively. Conversely, in the
Golan,due to the sexual stage,a successfuloverwinteringstrategy hasbeendeveloped,
thusmaintainingadiversepopulation.Wedonotbelievethis to bethecase,aspopulations
of V. inaequalispresentin appleproductionareasalong the coastalplain in Israelhave
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beendemonstratedto overwinterasviablevegetativemyceliain lesionson fruit andleaves
from the previous productionseason. Unlike the introducedtemperateapple varieties
grown in the Golan, Anna was specifically developedfor coastalproductionin Israel
and infectedleaves from the previous seasonare readily available to serve as inoculum
sources.Furthermore,Annahasalow chilling requirementandbreaksbuddormancy early,
coincidingwith the rainy seasonandthecool temperaturesrequiredfor infection. Given
thesecircumstancesandtheabsenceof sustainedlow winter temperatures,thepathogenis
undernoconstraintto overwinter.

Rather, theobserveddifferencesin therelative levelsof genotypicdiversitymayrelate
to thedifferentclimatologicalconditionsunderwhichapplesaregrown in Israel,which in
turn mayin�uence theimportanceof theascigerousstagein this fungal pathogen.Wilson
(29)wasthefirst to demonstratethat,givenenoughfreemoisture,low winter temperatures
werea prerequisiteto pseudothecialdevelopmentin V. inaequalis. Subsequentworkers
have confirmedandextendedthesefindings andhave shown that low temperatureshave
a marked effect on pseudothecialontogeny (7), the numbersof pseudotheciaproduced
per unit of infectedleaf (17) and the rate of ascusand ascosporematuration(4,10,29).
Theseenvironmentalconditionsare characteristicof temperateapple-producingregions
throughouttheworld, but arefoundin Israeliappleorchardsonly in theUpperGalileeand
alongtheGolanHeights.

The high degree of genetic uniformity found in this study for coastal Israeli V.
inaequalis isolateshas not been reportedbefore in the literature and, until now, the
pathogenhas beenpresumedto have an obligate sexual cycle (12). The high degree
of homogeneityfound among coastal isolates, from widely spacedtrees in a single
orchard,contrastssharply with the high levels of geneticpolymorphismfound within
single lesionsfrom higherelevation populations,despitesimilar samplingstrategiesand
methodsof analysis.The dataindicatethepresenceof non-recombining,clonal lineages
for this pathogenon the Anna and Ein Shemerapplecultivars along the coastalplain.
Tenzerand Gessler(27) found a high degree of genotypicdiversity amongEuropean
(France,Germany, Switzerland,The Netherlandsand northernItaly) populationsof V.
inaequalisbasedon the allele frequenciesof 18 polymorphic RAPD markers and the
internaltranscribedspacerregionof theribosomalDNA. Similar resultswerefoundwithin
orchardsin Switzerland(26). Likewise, Schnabelet al. (18) demonstratedconsiderable
polymorphismamongworld populationsof V. inaequalisin sequencevariation of the
internaltranscribedspacerandfor the presenceor absenceof an optionalGroupI intron
in the 18 rDNA. Thesestudies,however, utilized populationsof the pathogensubjectto
sustainedlow winter temperaturesandthereforeresemblethelevelsof genotypicdiversity
found in this studyfor theGolanpopulations.Thepresentstudyis the first, asfar aswe
know, to considerthe populationstructureof V. inaequalisin areasdevoid of sustained
low winter temperaturesand, as such, presentsevidence for an alternative life cycle
developedby this pathogenin a Mediterraneanclimatenot suitablefor the development
of thetelomorph.In this regard,it would beinterestingto expandthis studyto considerV.
inaequalispopulationsfrom otherwarmclimateappleproductionareas,suchasin Central
Italy andWesternAustralia.

Diseasemanagementstrategiesfor controllingapplescabin Israelwould beexpected
to differ, giventhedifferentlife cyclesof thepathogenin differentpartsof thecountry. For
instance,in Annaappleorchardslocatedalongthecoastalplain, controlpracticessuchas
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destructionof orchardleaf litter to eradicatetheascigerousstagewouldnotbesoeffective
ason theGolanHeights,wheretheprimary inoculumin thespringis ascosporic.This is
becauseAnnacultivarsretainaportionof theirleavesaftertheharvestseason.Additionally,
the timing of fungicideapplicationsin thespringwould beexpectedto differ for the two
regions,given cultivar differencesin the breakingof bud dormancy. Lastly, the presence
of asexualpopulationscomprisedof clonallineagesin coastalAnnaappleorchardswould
havebearingon theability of thepathogento generatefungicideresistance(8,20).Indeed,
it has recentlybeendemonstratedthat V. inaequalisisolatescollectedfrom the Golan
Heightshaveagreaterpropensityto developfungicideresistanceto demethylationinhibitor
fungicidesthando isolatescollectedfrom Annaorchardsalongthecoastalplain (23).
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