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The Interacting Effectsof Temperature,Duration of
Wetnessand Inoculum Sizeon the Infection of Pear

Blossomsby Erwinia amylovora, the CausalAgent of Fir e
Blight

H. Shwartz,D. Shtienberg,* H. Vintal andG. Kritzman
�

Pearblossomsaretheplanttissuethatis mostvulnerableto infectionby Erwinia amylovora
(Burrill) Winslow etal., thecausalagentof �re blight. Theinteractingeffectsof temperature,
wetnessdurationandinoculumsizeon thedevelopmentof �re blight symptomsin detached
pear blossomswere determinedin three setsof experimentsconductedunder controlled
conditions. It was expectedthat this information would facilitate the improvementof a
warningsystemusedin �re blight management.Resultsof the ANOVA testsof the data
revealedhighly signi�cant interactionsamongthefactorstested.Thefactorsthatcontributed
mostto diseaseincidenceweretemperatureandinoculumsize;effectsof wetnessduration
weresigni�cant in somecases,but that effect wassmall. It wasfurther demonstratedthat
the effectsof the interactionof thesefactorson the incidenceof blossominfection may be
understoodin termsof the generalconceptof compensation.According to this concept,
conditionshighly favorablefor oneof the factorsessentialfor pathogendevelopmentmay
compensatefor other factors, for which the conditionsare less favorable. As a result
of the complex interactionsobserved betweenthe biotic and abiotic factors,becauseof
compensationrelationshipsandbecausesomeof thefactorscannotbeestimatedadequately
(for example,inoculumlevel), it wasconcludedthat it is not yet possibleto improve �re
blight managementby usingdataon thequantitativerelationshipsbetweenbiotic andabiotic
factors.
KEY WORDS:Epidemiology;Erwinia amylovora; diseasemanagement.

INTRODUCTION

Of theorganson a peartree,pearblossomsaretheplanttissuethat is mostvulnerable
to infectionby Erwinia amylovora (Burrill) Winslow et al., thecausalagentof ®re blight.
Bacterial cells primarily colonize the stigmas,in which E. amylovora populationscan
greatlyexpandthroughan epiphytic phase.After its initiation, bacteriamultiplication in
individualblossomscontinuesfor 3 to 6 days(5,6).However, sincebloomingin individual
treesandin theorchardcontinuesfor 2 to 4 weeks,andsincenew blossomsopendaily, the
epiphytic phasemaycontinuefor arelatively longtime. If theenvironmentis notconducive
to infectionduringthattime,noneof theepiphytically colonizedblossomswill exhibit ®re
blight symptoms.E. amylovora may alsodevelopepiphytically on pearleaves,branches
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andfruits, but theultimatesizesof thepopulationsthatdevelopon theseplantorgansare
smallerandthey persistfor ashortertime thanthosethatdevelopon thestigmas(11).

At acertainpoint in timebacterialcellsmaypenetrateinto the�oral tissues,multiply in
theintercellularcavitiesandspreadinternally. Thesearetheinitial stagesof thepathogenic
phaseof the disease. The factorsgoverning the shift from the epiphytic phaseto the
pathogenicphasearenot fully understood,althoughit is known thatfor infectionto occur
thebacterialpopulationmustexceeda certainthresholdsize(1,24).Populationsizeof the
bacteriaon thestigmasis governedby environmentalfactors,theavailability of nutritional
resourcesandthepresenceandpopulationsizeof otherbacterialspeciesthatcompetewith
E. amylovora for spaceandnutrients(8,11,15).Themostimportantenvironmentalfactor
affectingtherateof bacteriamultiplication is temperature(7,8,20,23).E. amylovora cells
maymultiply at temperaturesrangingfrom 5 to 37

�

C, theoptimaltemperaturebeing28
�

C.
At 28

�

C, the bacterialdoubling time is approxmately1.3 h; this time increasesat less
favorabletemperatures,e.g. to 2.1 h at 18

�

C and to 14 h at 8
�

C (2). The availability
of moistureis lesscrucial for epiphytic populationgrowth. Thomson(21) found that the
bacterialpopulationon inoculatedpearstigmasincreasedwhetherrelative humidity was
high(70to 100%)or low (20to 30%),andPusey'sresults(13)corroboratedthese®ndings.
Colonizationof stigmasby E. amylovora did not lead to blossomblight unlesswater
facilitatedmovementof thepathogento thehypanthium,whichis whereinfectiongenerally
occurs. Thomson(21) andPusey (13) both found that infection occurredeven whenthe
applicationof water was followed immediatelyby a drying period. Therefore,rain or
heavy dew at theendof awarmperiodpromotestheinfection(8). WhentheE. amylovora
populationon the hypanthiumreachesa thresholdsizeof 10

�

to 10
�

cells/blossom,they
gain entryinto theplantthroughnectarthodeslocatedon thehypanthialsurface(21,22).

Althoughgreatefforts have beendedicatedto studyinghow infection is in�uencedby
abiotic factors– suchastemperature,relative humidity anddurationof wetness,andby
biotic factors– suchas the ageof the blossomsand inoculumsize,not much is known
aboutthe interactionsamongthesefactors. It is not known whethertherearesituations
in which an optimal level of one factor could compensatefor sub-optimallevels of the
others. For example,it is commonlyacceptedthat the lowest temperaturewhich favors
infection is ca 15

�

C, but it is not known whetherinfection would occurat 10
�

C in case
of prolongedblossomwetnessanda large amountof inoculum,andsuchknowledgeis
essentialfor the developmentof warningsystemsthat aim to quantify the likelihoodof
infection. Moreover, moststudiespublishedsofar wereconductedunder®eld conditions.
Althoughthesestudieshavemadesigni®cantprogresstowardsthedevelopmentof models
aimedatpredictingtheoccurrenceof blossomblight,®eldstudiesarelimited in theirability
to isolate the effects of individual factorsthat affect diseasedevelopment(21). In the
few studiesconductedin controlledenvironments,the factorstestedwereconstant.For
example,when effects of temperaturewere studied,the temperaturein eachtreatment
was constantfor the durationof the experiment. The situation in natureis obviously
morecomplicated,astheabiotic factors�uctuate diurnally. Informationon theeffectsof
�uctuating andinteractingfactorsonE. amylovora infectionsis still lacking.Theobjective
of thepresentstudywasto quantifytheinteractingeffectsof temperature,wetnessduration
andinoculumsizeon the developmentof ®re blight symptomson pearblossoms.It was
expectedthatthis informationwould facilitatetheimprovementof a warningsystemused
in ®re blight management.
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MATERIALS AND METHODS

The interactingeffects of temperature,wetnessduration and inoculum size on the
developmentof ®re blight symptomsin pearblossomsweredeterminedundercontrolled
conditions.Threesetsof experimentswerecarriedout, in which detachedpearblossoms
weretheexperimentalunits. Blossomclustersof thelocal pearcultivar `Spadona'(which
is highly susceptibleto E. amylovora) weresampledfrom anexperimentalorchardlocated
at Shefaya, in the coastalplain of Israel. Treesin that orchardwere not treatedwith
bactericidesagainstE. amylovora duringbloom. Samplingwasconductedsoonafter the
initiation of blooming,in the springseasonsof 2000and2001,at which time ®re blight
symptomshadnot yetbeenobservedin theorchard.Pearbranchesbearingopenblossoms
with pink stamenswerecut � 5 cm below the blossomclusters;they were insertedinto
wet �oral foam (materialusedfor �oral arrangements)andimmediatelydeliveredto the
laboratory, wherethey wereplacedin a growth chamberat 18

�

C. On the following day,
theblossomclusterswerecut at thebaseof thespurs,andunopenedblossoms,blossoms
with brown stamens,andtheadjacentleaves(if any) werecutandremoved.Thenumberof
blossomsremainingin eachblossomclusterrangedfrom ®ve to eight. Then,12 blossom
clusterswereinsertedinto �oral foam,which wasplacedin a plasticbox (12 � 18 � 29
cm). Eachof the boxes was ®lled with distilled water to a depthof � 5 cm and water
wasaddedwhennecessaryto keepthe�oral foammoistfor thedurationof theexperiment.
Therewerethreeboxes(replicates)for eachtreatmentandtheexperimentsdescribedbelow
wererepeatedat leastonce.For dataanalyses,theresultsof therepeatedexperimentswere
pooled.

Inoculation and diseaseassessment A mixture of E. amylovora strains238 and 241
(originatedfrom pearblossoms),provided by Dr. S. Manulis of the ARO, wasusedfor
inoculation. The bacteriawere grown on nutrient agar (NA) medium(Difco, Detroit,
MI, USA) for 48 h at 28

�

C; they werethenwashedfrom the agar mediain 10 ml saline
solution,andthecell concentrationwasdeterminedandadjustedto 1 � 10

�

cellsml �

�

. The
suspensionwassupplementedbeforeinoculationwith 0.1%NA thathadbeenwashedtwice
in distilledwater, sothatit becameslightly viscous.A micropipettewasusedto placea50-

� l dropof thesuspensiongentlyinto the�oral cupof eachof six blossomclustersin each
box. The blossomson the othersix clustersin eachbox werenot inoculatedarti®cially,
anda 50-� l drop of washedNA wasplacedin eachof them. Following inoculation,the
boxeswerecoveredwith polyethylenebagsto maintainhigh relativehumidity ( � 97%),to
preventdrying of thewaterdropspouredinto the�oral cups.After a predeterminedtime,
thepolyethylenebagswereremovedandthedropswereleft to dry (usuallywithin 0.5to 1
h). Thetimeduringwhichthedropsremainedvisibleandthe�oral cupwaswet is referred
to below asthe`blossomwetnessduration'.Therelativehumidity in theincubatorsandthe
growth chamberswasmaintainedat80–85%for thedurationof theexperiments.

Assessmentof theincidenceof diseasedblossomswasinitiatedsoonaftertheobserva-
tion of the®rst diseasesymptomsandwasrepeatedevery2–3daysuntil theterminationof
theexperiments.Eachblossomwasinspectedvisually throughanilluminatedmagnifying
glass( � 10). The®rst visiblesymptomof thediseasewastheappearanceof bacterialooze
on the blossompedicel, followed by discolorationof the blossomwhich becamemore
intenseuntil theentireblossomexhibited the typical black®re blight symptom.The®rst
diseasedblossomswereobserved 3 daysafter inoculation,andthe incidenceof diseased
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blossomsincreasedgraduallyin eachtreatmentuntil it reachedan asymptoticvalue, in
most treatments,within 7 to10 daysafter inoculation. The datapresentedin this report
refer to the®nal incidenceof diseasedblossomsin eachtreatment.All experimentswere
terminatedwithin 10 to 14 daysafterinoculation,whenthedetachedblossomshadstarted
to wilt.

As indicatedabove,theblossomsweresampledfrom anexperimentalorchardin which
the treeswerenot sprayedwith bactericidesagainstE. amylovora. Treesin that orchard
areseverelyinfectedby ®re blight eachyear, andmany of thetreesbearhold-overcankers.
It wasassumedthat the blossomshadbeencolonizedwith E. amylovora in the orchard,
beforebeing sampled. As rain did not fall betweenthe initiation of blooming and the
time of blossomsampling,bacteriacells were presumablydisseminatedby pollinating
insects.Accordingly, blossomsthatwerenot inoculatedarti®cially representedthenatural
level of blossominfection in that orchardat the time of sampling. Since it was not
possibleto determinehow many bacteriacells naturallycolonizedeachof the blossoms
usedin theexperiments,theexactsizeof thenative E. amylovora inoculumis not known.
However, it is known thatthesizeof theE.amylovora inoculumin thearti®cially inoculated
blossomswas greaterby 5 � 10� cells per blossomthan that in the naturally infected
ones.As no attemptsweremadeto eradicatetheresidentbacteriafrom theblossoms,our
experimentsdid not includea treatmentin which theblossomswerefreeof E. amylovora
cells. The inoculumsourcetreatmentsincludedin the experimentsarereferredto below
as the `naturally infected' and `arti®cially inoculated' treatments.Comparisonbetween
the variation in the incidenceof diseasedblossomsamongreplicatesof the naturally
infectedand the arti®cially inoculatedtreatmentsrevealedthat the variation levels were
comparable;this implies that the naturalcolonizationof blossomsby E. amylovora was
relatively uniformandthattheestimationof theeffectsof thetreatmentswasvalid.

Treatmentsand experiments In the ®rst set of experimentsthe sole and interacting
effectsof temperatureandthe sourceof E. amylovora inoculumweretested. Following
inoculation,theblossomswereplacedin incubatorsat constanttemperaturesof 5, 10, 15,
20or 25

�

C, for thedurationof theexperiments.Theblossomswerekeptwet for 10h after
inoculation. Accordingly, the factorsincludedin this set of experimentswerearranged
in a two-way factorial design,eachincluding 10 treatments:5 temperaturetreatments
(incubators) � 2 inoculumsourcetreatments.Naturally infectedblossomsthat hadnot
beenwettedwith adropof waterwerealsoplacedin all incubators.

In thesecondsetof experiments,thesoleandinteractingeffectsof temperature,wetness
durationandthesourceof E. amylovora inoculumwerestudied.Therewerefour wetness
duration treatments,ranging from 1 to 13 h. The blossomswere incubatedin three
computer-controlledgrowth chambers(Conviron model C7, manufacturedby Conviron
Ltd., Winnipeg, Canada),in which the temperaturevaried continuouslyin a sinusoidal
pattern. In growth chamberI, the daily minimum temperature(at 03:00a.m.) was10

�

C
and the daily maximumtemperature(at 01:00 p.m.) was 20

�

C; in growth chamberII
thesetemperatureswere 15 and 25

�

C, respectively, and in growth chamberC, 20 and
30

�

C, respectively. In this setof experimentstheblossomswerekept in thesamegrowth
chamberfor thedurationof theexperiment.Accordingly, thefactorsincludedin thissetof
experimentswerearrangedin athree-way factorialdesign,eachincluding24treatments:4
wetnessdurationtreatments� 3 temperaturetreatments(growth chambers)� 2 inoculum
sourcetreatments.
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Theinitial layoutof treatmentsin thethird setof experimentswas,in principle,similar
to thatof thesecondset.However, to simulatesituationsin which thetemperaturechanges
soonafter the occurrenceof infection,someof the blossomsweretransferred,24 h after
inoculation,from thegrowth chamberin whichthey wereplacedinitially to oneof theother
growth chambers,in which they wereleft for the remainingdurationof the experiments.
The growth chambersin which the blossomsspentthe ®rst 24 h after inoculationare
referredto below asthe`growth chambersat inoculation',andthe temperatureprevailing
in themis referredto asthe`inoculationtemperature'.Similarly, thegrowth chambersto
which theblossomsweretransferredarereferredto below asthe`growth chambersduring
incubation'andthetemperatureprevailing in themasthe`incubationtemperature'.Useof
thesede®nitionsdoesnotnecessarilyimply thattheinfectionprocesslastedexactly24h in
all cases;thesetermsareusedjust for conveniencein characterizingthevarioustreatments.
Thus, this set of experimentsincluded nine temperaturetreatments(combinationsof
inoculationandincubationtemperatures):I-I, I-II, I-III, II-I, II-II, II-III, III-I, III-II andIII-
III. The®rst lettersindicatethegrowth chambersat inoculationandthesecondthegrowth
chambersduringincubation.Eachof theninetemperaturetreatmentswaseitherinoculated
arti®cially or not,andtheblossomswerekeptmoistfor 3 or 10h. Accordingly, thefactors
included in this set of experimentswere arrangedin a four-way factorial design,each
including36 treatments:3 inoculationtemperaturetreatments� 3 incubationtemperature
treatments� 2 inoculumsourcetreatments� 2 wetnessdurationtreatments.

Data analyses Thenumberof blossomsexhibiting ®re blight symptoms,out of thetotal
numberof blossoms,was recordedfor eachblossomcluster. Thesedatawere usedto
calculatethe incidence(asa percentage)of diseasedblossomsfor eachblossomcluster.
Then,the averagediseaseincidencewascalculatedfor the six naturally infectedandthe
six arti®cially inoculatedblossomclustersin eachbox. Datarecordedfor thethreereplicate
boxesof eachtreatmentwereusedto calculatethestandarderror (S.E.)for that treatment
andappropriateANOVA testswereperformedfor the datarecordedin eachexperiment.
WhentheF valuesof theANOVA testsindicatedsigni®cance,the treatmenteffectswere
determinedby meansof a LSD testat P � 0.05. The third setof experimentsuseda four-
way factorialdesign.As analysisandinterpretationof four-way factorialexperimentsare
complicated,the resultsweresub-divided for clarity andanalyzedfour timesat different
incisionsof three-way factorialanalyses.More detailsarepresentedin theResultssection
below. All statisticalanalyseswere performedwith the JMP software, version 4 for
Windows (SASInstituteInc.,Cary, NC, USA).

RESULTS

In the®rstsetof experimentsthepearblossomswereincubatedatconstanttemperatures
for thedurationof theexperiments.Blossomsincubatedat temperaturesof 5, 10 or 15

�

C
did not exhibit any ®re blight symptoms,whereas80%to 98%of theblossomsincubated
at 20 or 25

�

C exhibiteddiseasesymptoms.Effectsof the inoculumsource(i.e., naturally
infectedor arti®cially inoculated)wereinsigni®cant(Fig. 1). Noneof thenaturallyinfected
blossomsthatwerenotwettedwith adropof waterexhibited®re blight symptoms.

In the secondset of experiments,the blossomswere incubatedin growth chambers
under�uctuating temperaturesandwith differing durationsof wetness(in differenttreat-
ments). Within any particulartemperaturetreatment(i.e., a particulargrowth chamber),
thewetnessdurationdid not affect markedly theincidenceof diseasedblossomsfor either
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Fig. 1. Effectsof temperatureandthe sourceof Erwinia amylovora inoculumon the incidenceof
pearblossomsexhibiting �re blight symptoms.Emptycolumns:naturallyinfectedblossoms;�lled
columns:arti�cially inoculatedblossoms.Verticalbarsrepresentthestandarderror.

Fig. 2. Effects of wetnessdurationand sourceof Erwinia amylovora inoculum on the incidence
of pearblossomsexhibiting �re blight symptomsin A: naturally infectedblossoms;B: arti�cially
inoculatedblossoms.Theexperimentwasconductedin temperature-controlledgrowth chambersin
which the temperaturevariedcontinuouslyduring the day in a sinusoidalpattern. Circles: growth
chamberI, in which theminimumandmaximumdaily temperatureswere10and20� C, respectively;
squares:growth chamberII, in which thesedaily temperatureswere15 and25� C; triangles:growth
chamberIII, in whichthesedaily temperatureswere20and30� C.Verticalbarsrepresentthestandard
error.

sourceof E.amylovora inoculum.However, theeffectsof temperatureandof theinoculum
sourceinteractedsigni®cantly (resultsof the ANOVA testsare not presented).Of the
naturallyinfectedblossoms,thoseincubatedin growth chamberI (daily temperaturerange
of 10 to 20

�

C) wererarely diseased;40% to 60% of thoseincubatedin growth chamber
II (daily temperaturerangeof 15 to 25

�

C) were diseased;and 80% to 99% of those
incubatedin growth chamberIII (daily temperaturerangeof 20 to 30

�

C) exhibited ®re
blight symptoms(Fig. 2A). In contrast,of thearti®cially inoculatedblossoms,50%to 80%
of thoseincubatedin growth chamberI exhibited®re blight symptoms,and97%to 100%
of thoseincubatedin growth chambersII or III werediseased(Fig. 2B).

In the third set of experiments,temperatureeffects were divided into two periods
(infectionandincubation)andtheinteractionswith wetnessdurationandtheE. amylovora
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Fig.3. Theinteractingeffectsof infectiontemperature,incubationtemperature,wetnessdurationand
the Erwinia amylovora inoculumsource,on the percentageof pearblossomsexhibiting �re blight
symptoms.A andB: naturallyinfectedblossoms;C andD: arti�cially inoculatedblossoms;A and
C: wetnessdurationof 3 h; B andD: wetnessdurationof 10 h. The experimentwasconductedin
temperature-controlledgrowth chambersin whichthetemperaturevariedcontinuouslyduringtheday
in a sinusoidalpattern.Growth chambersat infection: thegrowth chambersin which theblossoms
wereplacedduringthe�rst 24 h after inoculation;Growth chambersduring incubation:thegrowth
chambersin which the blossomswere placedafter the �rst 24 h. The respective minimum and
maximumdaily temperatureswere: in growth chamberI, 10 and20� C; in growth chamberII, 15
and25� C; in growth chamberIII, 20 and30� C. The resultsof analysesof varianceof the dataare
presentedin Tables1 and2.

inoculum sourcewere tested. As interpretationof the results of four-way factorial
experimentsis complicated,the effects of the interacting temperaturetreatmentsare
describedinitially for eachlevel of wetnessdurationand inoculum source;then results
of four three-way ANOVA testsarepresented.For the naturally infectedblossoms,the
effectsof the inoculationandof the incubationtemperaturesinteractedfor both wetness
duration treatments. The incidenceof diseasedblossomswas low ( � 12%) when the
blossomswere incubatedin growth chamberI (with oneexception,treatmentIII-I) and
intermittent(35%to 64%)whenthey wereincubatedin growth chamberII. In thesecases,
the effect of the infection temperaturewasnot substantial.On the otherhand,whenthe
blossomsweremaintainedin growth chamberIII for incubation,theinfectiontemperature
markedly affectedthe incidenceof diseasedblossoms:only 57%to 61%of theblossoms
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TABLE 1. Three-way analysesof varianceof the experimentalresults, conductedin order to
quantify the interactingeffectsof the sourceof Erwinia amylovora inoculumandthe temperatures
during infection and incubation,on the incidenceof �re blight symptomsin pearblossoms.The
experimentswereconductedin temperature-controlledgrowth chambersin which the temperature
variedcontinuouslyduringtheday in a sinusoidalpattern.Theanalyseswereperformedseparately
for wetnessdurationsof 3 h (A) and10 h (B). Infectiontemperature:temperatureduringthe�rst 24
h afterinoculation;Incubationtemperature:temperatureafterthe�rst 24h afterinoculation.

A. Wetnessduration of 3 h
�

Sourceof variation
Degreesof
freedom

Sumof squares F Prob � F

(% of the
model)

Infectiontemperature(T ����� ) 2 14,690 6.2 15.6 � 0.0001
Incubationtemperature(T ����	 ) 2 95,159 40.1 101.1 � 0.0001
Inoculumsource(I) 1 97,342 41.1 206.9 � 0.0001
T ������
 T ����	 4 4,195 1.8 2.2 0.067
T ������
 I 2 84 0.0 0.09 0.914
T ����	


 I 2 19,489 8.2 20.7 � 0.0001
T ������
 T ����	


 I 4 6,025 2.6 3.2 0.014
Model 17 236,985 100.0 29.6 � 0.0001
Error 198 93,141
Total 215 330,126
B. Wetnessduration of 10h 


Sourceof variation Degreesof
freedom

Sumof squares F Prob � F

(% of the
model)

Infectiontemperature(T ����� ) 2 9,928 5.0 11.8 0.0001
Incubationtemperature(T ����	 ) 2 47,286 23.7 56.1 � 0.0001
Inoculumsource(I) 1 108,424 54.2 257.1 � 0.0001
T ������
 T ����	 4 3,743 1.7 2.2 0.068
T ������
 I 2 5,936 3.0 7.0 0.001
T ����	


 I 2 20,253 10.1 24.0 � 0.0001
T ������
 T ����	


 I 4 4,623 2.3 2.7 0.030
Model 17 200,195 100.0 27.9 � 0.0001
Error 198 83,472
Total 215 283,667

�

Dataarepresentedin Figs.3A and3C.

 Dataarepresentedin Figs.3B and3D.

werediseasedwhenincubatedin growth chamberI, comparedwith 82%to 97%of those
incubatedin growth chambersII and III (Figs. 3A, B). For the arti®cially inoculated
blossoms,diseaseincidenceexceeded80% for most combinationsof inoculation and
incubationtemperatureand wetnessduration. The only exceptionswere blossomsthat
were placedin growth chambersI and II during the infection period and transferredto
growth chamberI for incubation:only 45%to 52%of theseblossomswerediseased(Fig.
3C).

Resultsof theANOVA testsappliedto thesedataarepresentedin Tables1 and2. In
threeof thefour ANOVA tests,thethree-way interactiontermsweresigni®cantatP � 0.05;
the fourth ANOVA testshowed that the three-way interactionterm was insigni®cantbut
that two of the threetwo-way interactiontermsweresigni®cantat P � 0.05(Tables1 and
2). This implies that all experimentalfactorssigni®cantlyand interactively affectedthe
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TABLE 2. Three-wayanalysesof varianceof theexperimentalresults,conductedin orderto quantify
the interactingeffects of wetnessdurationand the temperaturesduring infection and incubation,
on the incidenceof �re blight symptomsin pearblossoms. The experimentswere conductedin
temperature-controlledgrowth chambersin which the temperaturevariedcontinuouslyduring the
day in a sinusoidalpattern.Theanalyseswereperformedseparatelyfor naturallyinfected(A) and
arti�cially inoculated(B) blossoms.Infection temperature:temperatureduring the �rst 24 h after
inoculation;Incubationtemperature:temperatureafterthe�rst 24h afterinoculation.

A. Naturally infectedblossoms
�

Sourceof variation Degreesof
freedom

Sumof squares F Prob � F

(% of the
model)

Infectiontemperature(T ����� ) 2 22,690 11.2 18.2 � 0.0001
Incubationtemperature(T ����	 ) 2 154,357 76.7 124.0 � 0.0001
Wetnessduration(W) 1 3,627 1.8 5.8 0.017
T ������
 T ����	 4 5,668 2.8 2.8 0.062
T ������
 W 2 1,008 0.6 0.8 0.446
T ����	


 W 2 5,263 2.6 4.2 0.015
T ������
 T ����	


 W 4 8,610 4.3 3.4 0.009
Model 17 201,224 100.0 19.0 � 0.0001
Error 198 123,182
Total 215 324,406
B. Arti�cially inoculatedblossoms


Sourceof variation Degreesof
freedom

Sumof squares F Prob � F

(% of the
model)

Infectiontemperature(T ����� ) 2 4,882 12.2 9.0 0.0002
Incubationtemperature(T ����	 ) 2 18,920 47.5 35.1 � 0.0001
Wetnessduration(W) 1 6,008 15.0 22.3 � 0.0001
T ������
 T ����	 4 2,179 5.5 2.0 0.093
T ������
 W 2 2,059 5.3 3.8 0.023
T ����	


 W 2 3,646 9.2 6.7 0.001
T ������
 T ����	


 W 4 2,129 5.3 2.0 0.100
Model 17 39,825 100.0 8.7 � 0.0001
Error 198 53,431
Total 215 93,256

�

Dataarepresentedin Figs.3A and3B.

 Dataarepresentedin Figs.3C and3D.

percentageof blossomsexhibiting ®re blight symptoms.The applicationof the ANOVA
teststo the dataenabledus not only to identify the signi®canceof the variousfactors,
but alsoto quantify their relative contribution to ®re blight infection. Whenthe wetness
duration(3 or 10 h) wasnot includedin the analyses,the factorthat contributedmostto
thevariationin blossominfectionwasthesourceof inoculum: of thevariationexplained
by the ANOVA model,41.1%and54.2%wereattributedto the soleeffect of this factor,
for wetnessdurationof 3 and10h, respectively. Thetotal contributionof inoculumsource
(i.e., including its interactionwith the othervariablesincludedin the model)was53.6%
and69.6%,for the respective wetnessdurations. The effectsof temperatureduring the
incubationperiod were also important; this factor contributed 40.1%and 23.7%of the
variationfor 3 and10h of wetness,respectively (Table1).
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Whentheinoculumsourcewasnot includedin theanalyses,thefactorthatcontributed
mostto thevariationin blossomincidencewastheincubationtemperature:of thevariation
explainedby the ANOVA model,76.7%and47.5%wereattributedsolely to this factor,
for the naturally infected and arti®cially inoculatedblossoms,respectively. The total
contributions of incubation temperature(i.e., including its interaction with the other
variablesincluded in the model) were 86.4% and 67.5%, for the respective inoculum
sources.The temperatureduring the infectionperiod(11.2%and12.2%of thevariation,
in naturalinfectionandarti®cial inoculation,respectively) andthewetnessduration(1.8%
and15%,respectively) weremuchlessin�uential (Table2).

DISCUSSION

Theoccurrenceof E. amylovora infectionof blossomsis anexcellentexampleof the
diseasetriangle throughwhich the interactingeffects of the host, the pathogenand the
environmentgovern theoccurrenceof diseaseandits intensity. Thevariousrelationships
amongthe threecomponentsof the diseasetrianglearecomplex andsometimesmake it
dif®cult to evaluatetheeffectsof the individual factors,asonecomponentmayaffect the
two others,directly or indirectly. The main environmentalfactorsgoverninginfectionof
pearblossomsby E. amylovora aretemperatureandtheavailability of water: temperature
affects the rate of bacterialmultiplication on the stigmas,the premier site of bacteria
colonization;wateris requiredfor theestablishmentof thebacteriumon the stigmasand
to facilitatemovementof thepathogencells to thehypanthium,whereinfectiongenerally
occurs(2,8,13,21).

In thepresentstudy, theinteractingeffectsof inoculationandincubationtemperatures,
andthedurationof wetnessonthedevelopmentof ®reblight symptomsweredeterminedin
naturallyinfectedandarti®cially inoculatedpearblossoms.Themaindifferencebetween
the two typesof inoculumsourcewasthe sizeof pathogeninoculum. The sizeof the E.
amylovora populationin thenaturallyinfectedblossomswasnot quanti®edbut it is likely
that it wasmarkedly below thatappliedin thearti®cial inoculations(by 5 � 10� cellsper
blossom).Initially, therewasalsoadifferencein thesiteof inoculumdeposition.Whereas
it is likely thatthebacteriain naturallyinfectedblossomscolonizedprimarily thestigmas,
thoseintroducedarti®cially werepouredinto the �oral cup. However, pouringa drop of
waterinto thenaturallyinfectedblossomsandkeepingthemunderhigh relative humidity
probablycausedbacterialcellsto bewashedfrom thestigmasto thehypanthium.Thewater
dropwasessentialfor switchingthebacteriafrom theepiphytic to thepathogenicphaseof
development.Irrespective of the incubationtemperature,noneof theblossomsthatwere
not wet exhibited ®re blight symptoms.Thus,the main differencein our studybetween
the naturally infectedand arti®cially inoculatedblossomswas the size of E. amylovora
inoculumin thevicinity of thenectarthodes.

For thenaturallyinfectedblossoms,therelationshipsbetweenthedurationof wetness
andtemperaturewerecomplex, as indicatedby the highly signi®cant(P � 0.0009)three-
way interactiontermof theANOVA test.Nevertheless,thefactorthatcontributedmostto
thediseaseincidencein theblossomswastheincubationtemperature;thewetnessduration
andthe infection temperaturebothhadmuchsmaller, but neverthelesssigni®cant,effects
(Table1A; Figs. 3A, B). The effect of temperaturein our studywasconspicuous:in the
rangeof temperaturetested,thehigherwerethe inoculationandincubationtemperatures,
themoreblossomswerediseased.Thiswasnotunexpected,asthein�uenceof temperature
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Fig. 4: A schemerepresentingtheinteractingeffectsof thesizeof theErwinia amylovora inoculum,thedurationof wetness,andthetemperaturesduring
infection andincubation,on the likelihoodthat pearblossomswould exhibit �re blight symptoms.The schemesummarizesthe resultsobtainedin the
experimentsconductedundercontrolledconditions.Durationof wetness:short,

�

3 h; long,

�

10 h. Infectionandincubationtemperatures,daily maxima
andminima: A, 10 and20

�

C, respectively; B, 15 and25

�

C, respectively; C, 20 and30

�

C, respectively. Likelihoodof the appearanceof �re blight
symptoms:diamond= very low; circle = low; triangle= moderate;square= high.
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on E. amylovora multiplication is well documented(2). However, the resultsof our
presentstudysuggestthatexperimentationataconstanttemperaturemayleadto erroneous
conclusionsconcerningthe effects of temperatureon infection and diseaseincidence.
Whenarti®cially inoculatedblossomswerekeptat a constanttemperatureof 15

�

C, none
of theblossomsexhibited®re blight symptoms(Fig. 1). In warningsystemsa temperature
thresholdof � 15

�

C is commonly consideredto be the lowest temperatureat which
infectionsoccur (3,16,18,19). However, when the blossomswere incubatedin growth
chamberA, in whichtemperatures�uctuateddaily from aminimumof 10

�

C to amaximum
of 20

�

C, with an averageof 15
�

C, 70% to 80% of the blossomsexhibited ®re blight
symptoms(Figs. 2B, 3D). Anotherpoint that could illustrate the complexity of the ®re
blight–pearblossompathosystemis thein�uence of theday-to-daytemperaturevariation.
In somecases,the incidenceof diseasewas signi®cantlyhigher in blossomsthat were
placedin one growth chambersoonafter inoculationand transferredto anothergrowth
chamberfor incubation,than in thosemaintainedin one growth chamberfor the entire
durationof theexperiments(e.g. treatmentI-III vstreatmentI-I; Fig. 3B). As temperature
and wetnessduration �uctuate both diurnally and from day-to-dayin nature,accurate
predictionof theinteractingeffectof thesefactorsontheoccurrenceof infectionis dif®cult
if notpracticallyimpossible.

Theeffectsof wetnessdurationon theincidenceof diseasedblossomsweresigni®cant
in somecases,but the magnitudeof the effect wassmall (Fig. 2, Table1). The minute
effectsof wetnessdurationmaybeattributedto thefactsthatin ourexperimentsthebacteria
werealreadypresentin theinfectionsite(thehypanthium),andthattherolethatwaterplays
in naturalinfections(i.e., washingthe bacteriafrom the stigmasto the hypanthium)was
not includedhere.In general,our resultsregardingtheeffectsof temperatureandrelative
humiditycorroboratedthosepublishedby Norelli andBeer(12),Thomson(21),Billing (3)
andPusey (13).

The interactingeffectsof inoculumlevel, wetnessduration,andinoculationandincu-
bationtemperatureson the infection of pearblossoms,asderived from our experiments,
are illustrated in the schemepresentedin Figure 4. Careful inspectionof this scheme
suggeststhatthevariousandcomplex relationshipsamongthesefactorsmaybeunderstood
in termsof a generalconceptknown ascompensation.Rotem(14) developedthe theory
andconceptsof compensation,which postulatethatconditionshighly favorableto oneof
the factorsessentialfor pathogendevelopmentmay enablethis factor to compensatefor
other factorsfor which the conditionsare lessfavorable. Compensationwas evident in
our systemin several instances.For example,whenthenaturallyinfectedblossomswere
incubatedat temperaturessuboptimalfor E. amylovora (treatmentI-I) therewasminute
infection of the blossoms(Fig. 3B), but whenthe arti®cially inoculatedblossomswere
incubatedunderthesameconditionsa severeblossominfectionresulted(Fig. 3D). In this
case,the largeamountof inoculumcompensatedfor thesuboptimallevel of temperature.
Similareffectsmayalsobefoundfor theinteractionsamongotherbiotic andabioticfactors
includedin thisstudy(Figs.2, 3).

One of the motivations for conductingthis study was the assumptionthat it would
enableus to improve ®re blight management. Currently, the needfor applicationof
bactericidesto protect the blossomsagainst E. amylovora is determinedusing disease
warning systems. Fire blight warning systemswere developedby numerousauthorsin
different countries. For example, Billing, working in southeastEngland,developeda
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systemcalled BIS95 (3); Steinerand Lightner developedthe MARYBLYT 4.3 system
in Maryland, USA (19); Smith, working in the Paci®c Northwest,USA, developeda
systemcalledCougarblight98C(18); andShtienberg andco-workersin Israeldeveloped
a systemcalled the Fire Blight Control Advisory (FBCA) (16). Madden and Ellis
(10) distinguishedbetweenfundamentaland empirical warning systems. Fundamental
warningsystemsarethosebasedonexperimentsin thelaboratory, controlled-environment
chambers,greenhousesor ®elds,andthey addressoneor moreaspectsof thehost–parasite
relationships,as in�uenced by the environment. Empirical warning systemsare based
on the observation andanalysisof currentandhistoricaldataon diseaselevel andother
biotic and abiotic factors,and they usepredictioncriteria (`rules') without any formal
statisticalanalysis.Althoughsomeof the®re blight warningsystemsrely on conclusions
derived from laboratoryexperiments(e.g. the effects of temperatureon the generation
timeof thebacterium),they all includerulesthatweredevelopedwithout formalstatistical
analysis.Thus,they may all be consideredto be qualitative, empiricalwarningsystems.
In the presentstudy it was hypothesizedthat quantifying the relationshipsamongthe
factorsthat govern the occurrenceandintensityof blossominfection would enableus to
replacethe decisionrulesusedby the FBCA systemwith equationsbasedon statistical
analysis.This would enableus to changethe FBCA from an empiricalto a fundamental
warningsystem,andit wasassumedthat this changewould improve thedecision-making
procedure.However, asa resultof the complex interactionsobserved betweenthe biotic
and abiotic factors(Tables1, 2; Fig. 4), sincea highly favorablestateof one factor
compensatedfor less-favorablestatesof other factors,and becausesomeof the factors
cannotbeestimatedadequately(for example,inoculumlevel), we concludedthat it is not
yet possibleto developa fundamentalwarningsystemfor ®re blight. Nevertheless,useof
thecurrentlyavailableempiricalversionof FBCA still enablespredictionof theoccurrence
of infectionadequatelyin mostcases(17). Similar ®ndingswerepublishedfor empirical
®re blight warningsystemsdevelopedelsewhere(4,9,18).Thus,althoughdevelopmentof
a fundamentalwarningsystemwould beexpectedto improve ®re blight management,the
currentlyavailableempiricalsystemsmaystill play a signi®cantrole in thebattleagainst
thisdestructivepathogen.

ACKNOWLEDGMENTS

TheauthorsthankDr. ShulamitManulisfor providing theE. amylovora isolatesusedfor inoculationandDr.
Miriam ZilberstaineandMr. D. Oppenheimfor theirassistance.This researchwassupportedin partby theChief
Scientistof theIsraelMinistry of Agricultureandby theFruit Boardof Israel.

REFERENCES

1. Beattie, G.A. and Lindow, S.E. (1999) Bacterial colonization of leaves: A spectrumof strategies.
Phytopathology 89:353-359.

2. Billing, E. (1974)Theeffectof temperatureon thegrowth of the®re blight pathogen,Erwinia amylovora. J.
Appl.Bacteriol.37:643-648.

3. Billing, E. (1996)BIS95,animprovedapproachto ®re blight risk assessment.ActaHortic. 411:121-126.
4. Billing, E. (1999) Fire blight risk assessment:Billing' s integratedsystem(BIS) and its evaluation.Acta

Hortic. 489:399-405.
5. Gouk,S.C.,Bedford,R.J.andHutchings,S.O.(1996)Effectsof applē owerphenologyongrowthof Erwinia
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