H. Shwartzetal. (2003)Phytopaasitica31(2):xXx-Xx

The Interacting Effects of Temperature, Duration of
Wetnessand Inoculum Sizeon the Infection of Pear
Blossomsby Erwinia amylovora, the Causal Agent of Fire
Blight

H. Shwartz,D. Shtienbeg,* H. Vintal andG. Kritzman

Pearblossomsaarethe planttissuethatis mostvulnerableto infectionby Erwinia amylosora
(Burrill) Winslow etal., thecausabgentof re blight. Theinteractingeffectsof temperature,
wetnesgdurationandinoculumsizeon thedevelopmentof re blight symptomsn detached
pear blossomswere determinedin three setsof experimentsconductedunder controlled
conditions. It was expectedthat this information would facilitate the improvementof a
warning systemusedin re blight managementResultsof the ANOVA testsof the data
revealedhighly signi cant interactionamongthefactorstested.Thefactorsthatcontrituted
mostto diseasancidenceweretemperatureandinoculumsize; effects of wetnessduration
were signi cant in somecaseshut that effect wassmall. It was further demonstratedhat
the effectsof the interactionof thesefactorson the incidenceof blossominfection may be
understoodn termsof the generalconceptof compensation.Accordingto this concept,
conditionshighly favorablefor one of the factorsessentiafor pathogendevelopmentmay
compensatdor other factors, for which the conditions are less favorable. As a result
of the comple interactionsobsenred betweenthe biotic and abiotic factors, becauseof
compensatiomelationshipsandbecausesomeof the factorscannotbe estimatecadequately
(for example,inoculumlevel), it was concludedthatit is not yet possibleto improve re
blight managemerthy usingdataon the quantitatve relationshipsetweerbiotic andabiotic
factors.
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INTRODUCTION

Of the organson a peartree,pearblossomsarethe planttissuethatis mostvulnerable
to infection by Erwinia amylosora (Burrill) Winslow etal., the causalagentof ®re blight.
Bacterial cells primarily colonizethe stigmas,in which E. amylosora populationscan
greatly expandthroughan epiphytic phase.After its initiation, bacteriamultiplicationin
individual blossomsontinuedor 3 to 6 days(5,6). However, sincebloomingin individual
treesandin the orchardcontinuedor 2 to 4 weeks andsincenew blossompendaily, the
epiphytic phasanaycontinuefor arelatively longtime. If theervironmentis notconducve
to infectionduringthattime, noneof theepiptytically colonizedblossomswill exhibit ®re
blight symptoms.E. amylosora may alsodevelop epiptytically on pearleaves,branches
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andfruits, but the ultimate sizesof the populationghatdevelop on theseplantorgansare
smallerandthey persistfor a shortertime thanthosethatdevelopon the stigmag(11).

At acertainpointin time bacterialcellsmaypenetraténto the oral tissuesmultiply in
theintercellularcavitiesandspreadnternally Thesearetheinitial stage®f thepathogenic
phaseof the disease. The factorsgoverning the shift from the epiphytic phaseto the
pathogenigphasearenot fully understoodalthoughit is known thatfor infectionto occur
the bacterialpopulationmustexceeda certainthresholdsize(1,24). Populationsize of the
bacteriaon the stigmasis governedby ervironmentalfactors the availability of nutritional
resourcesndthe presencandpopulationsizeof otherbacterialspecieghatcompetewith
E. amylovora for spaceandnutrients(8,11,15). The mostimportantervironmentalfactor
affectingtherateof bacteriamultiplicationis temperaturg7,8,20,23).E. amylovora cells
maymultiply attemperaturesangingfrom 5to 37 C, theoptimaltemperaturdeing28 C.
At 28 C, the bacterialdoublingtime is approxmatelyl.3 h; this time increasest less
favorabletemperaturese.g. to 2.1 h at 18 C andto 14 h at 8 C (2). The availability
of moistureis lesscrucial for epiphytic populationgrowth. Thomson(21) found thatthe
bacterialpopulationon inoculatedpearstigmasincreasedvhetherrelative humidity was
high (70to 100%)or low (20to 30%),andPuse's results(13) corroboratedhese®ndings.
Colonizationof stigmasby E. amylosora did not lead to blossomblight unlesswater
facilitatedmovementof thepathogero thehypanthiumwhichis whereinfectiongenerally
occurs. Thomson(21) and Pusg (13) both found thatinfection occurredeven whenthe
applicationof water was followed immediatelyby a drying period. Therefore,rain or
heavy dew attheendof awarmperiodpromotegheinfection(8). Whenthe E. amylovora
populationon the hypanthiumreachesa thresholdsizeof 10 to 10 cells/blossomthey
gain entryinto the plantthroughnectarthode®catedon the hypanthialsurface(21,22).

Although greatefforts have beendedicatedo studyinghow infectionis in uenced by
abiotic factors— suchastemperaturerelative humidity and durationof wetnessand by
biotic factors— suchasthe ageof the blossomsandinoculumsize, not muchis known
aboutthe interactionsamongthesefactors. It is not known whetherthereare situations
in which an optimal level of one factor could compensatdor sub-optimallevels of the
others. For example, it is commonlyacceptedhat the lowesttemperaturevhich favors
infectionis ca 15 C, but it is not known whetherinfection would occurat 10 C in case
of prolongedblossomwetnessand a large amountof inoculum, and suchknowledgeis
essentiafor the developmentof warning systemsthat aim to quantify the likelihood of
infection. Moreover, moststudiespublishedsofar wereconductedunder®eld conditions.
Althoughthesestudieshave madesigni®cantprogressowardsthe developmentof models
aimedatpredictingtheoccurrencef blossonblight, ®eld studiesarelimited in their ability
to isolate the effects of individual factorsthat affect diseasedevelopment(21). In the
few studiesconductedn controlledervironments,the factorstestedwere constant. For
example, when effects of temperaturenere studied, the temperaturen eachtreatment
was constantfor the durationof the experiment. The situationin natureis obviously
more complicatedasthe abiotic factors uctuate diurnally. Informationon the effectsof

uctuating andinteractingfactorson E. amylovora infectionsis still lacking. The objective

of thepresenstudywasto quantifytheinteractingeffectsof temperatureywetnesgiuration
andinoculumsize on the developmentof ®re blight symptomson pearblossoms.It was
expectedthatthis informationwould facilitate the improvementof 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 pearblossomsvere determinedundercontrolled
conditions. Threesetsof experimentswverecarriedout, in which detachegearblossoms
werethe experimentalunits. Blossomclustersof the local pearcultivar “Spadona(which
is highly susceptibléo E. amylovora) weresampledrom anexperimentabrchardiocated
at Shefya, in the coastalplain of Israel. Treesin that orchardwere not treatedwith
bactericidesagainstE. amylovora during bloom. Samplingwas conductedsoonafter the
initiation of blooming,in the springseason®f 2000and 2001, at which time ®re blight
symptomshadnotyet beenobseredin theorchard.Pearbranchedearingopenblossoms
with pink stamensverecut 5 cm belov the blossomclusters;they wereinsertedinto
wet oral foam (materialusedfor oral arrangementsandimmediatelydeliveredto the
laboratory wherethey wereplacedin a growth chamberat 18 C. On the following day,
the blossomclusterswere cut at the baseof the spurs,andunopenedlossomsplossoms
with brown stamensandtheadjacenteaves(if any) werecutandremoved. Thenumberof
blossomsemainingin eachblossomclusterrangedfrom ®ve to eight. Then,12 blossom
clusterswereinsertedinto oral foam,which wasplacedin aplasticbox (12 18 29
cm). Eachof the boxeswas ®lled with distilled waterto a depthof 5 cm and water
wasaddedvhennecessaryo keepthe oral foammoistfor thedurationof theexperiment.
Therewerethreeboxes(replicatesfor eachtreatmentandtheexperimentslescribedelon
wererepeateditleastonce.For dataanalysestheresultsof therepeatedxperimentavere
pooled.

Inoculation and diseaseassessment A mixture of E. amylosora strains238 and 241
(originatedfrom pearblossoms)provided by Dr. S. Manulis of the ARO, was usedfor
inoculation. The bacteriawere growvn 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 concentratiomwasdeterminedandadjustedo 1l 10 cellsml . The
suspensiowassupplementeteforeinoculationwith 0.1%NA thathadbeenwashedwice
in distilled water sothatit becameslightly viscous.A micropipettewasusedto placea 50-
| drop of the suspensiomgentlyinto the oral cupof eachof six blossomclustersin each
box. The blossomson the othersix clustersin eachbox were not inoculatedarti®cially,
anda 50- | drop of washedNA was placedin eachof them. Following inoculation,the
boxeswerecoveredwith polyethylenebagsto maintainhigh relative humidity ( 97%),to
preventdrying of the waterdropspouredinto the oral cups.After a predeterminedime,
thepolyettylenebagswereremored andthedropswereleft to dry (usuallywithin 0.5t0 1
h). Thetime duringwhichthedropsremainedvisible andthe oral cupwaswetis referred
to belav asthe “blossomwetnesgluration'. Therelative humidity in theincubatorsandthe
growth chambersvasmaintainedat 80-85%for the durationof theexperiments.
Assessmernf theincidenceof diseasedlossomavasinitiated soonafterthe obsenra-
tion of the®rst diseasesymptomsandwasrepeatedvery 2—3daysuntil theterminationof
the experiments. Eachblossomwasinspectedsisually throughanilluminatedmagnifying
glass( 10). The®rstvisible symptomof thediseasavasthe appearancef bacterialooze
on the blossompedicel, followed by discolorationof the blossomwhich becamemore
intenseuntil the entireblossomexhibited the typical black ®re blight symptom. The ®rst
diseasedlossomswvere obsened 3 daysafterinoculation,andthe incidenceof diseased

176 H. Shwartzetal.



blossomsincreasedyraduallyin eachtreatmentuntil it reachedan asymptoticvalue, in

most treatmentswithin 7 to10 daysafter inoculation. The datapresentedn this report
referto the ®nal incidenceof diseasedlossomdn eachtreatment.All experimentsvere
terminatedwithin 10to 14 daysafterinoculation,whenthe detachedlossomsadstarted
to wilt.

As indicatedabove,theblossomsveresampledrom anexperimentabrchardin which
the treeswere not sprayedwith bactericidesagainstE. amylosora. Treesin thatorchard
areseverelyinfectedby ®re blight eachyear andmary of thetreesbearhold-over canlers.
It wasassumedhat the blossomshad beencolonizedwith E. amylovora in the orchard,
before being sampled. As rain did not fall betweenthe initiation of blooming and the
time of blossomsampling, bacteriacells were presumablydisseminatedy pollinating
insects.Accordingly, blossomdhatwerenotinoculatedarti®cially representethe natural
level of blossominfection in that orchardat the time of sampling. Sinceit was not
possibleto determinehow mary bacteriacells naturally colonizedeachof the blossoms
usedin the experimentsthe exactsize of the native E. amylosora inoculumis not known.
However, it is known thatthesizeof theE. amylovorainoculumin thearti®cially inoculated
blossomswas greaterby 5 10 cells per blossomthan that in the naturally infected
ones.As no attemptsveremadeto eradicatehe residentbacteriafrom the blossomspur
experimentddid notincludea treatmenin which the blossomswerefree of E. amylovora
cells. Theinoculumsourcetreatmentsncludedin the experimentsarereferredto belov
asthe “naturally infected' and "arti®cially inoculated'treatments. Comparisonbetween
the variation in the incidenceof diseasedlossomsamongreplicatesof the naturally
infectedandthe arti®cially inoculatedtreatmentgevealedthat the variation levels were
comparablethis implies that the naturalcolonizationof blossomsby E. amylosora was
relatively uniform andthatthe estimationof the effectsof thetreatmentsvasvalid.

Treatmentsand experiments In the ®rst setof experimentsthe sole and interacting
effects of temperatureand the sourceof E. amylosora inoculumwere tested. Following
inoculation,the blossomswvereplacedin incubatorsat constantemperaturesf 5, 10, 15,
200r 25 C, for thedurationof the experiments.Theblossomaverekeptwetfor 10 h after
inoculation. Accordingly the factorsincludedin this setof experimentswere arranged
in a two-way factorial design,eachincluding 10 treatments:5 temperaturereatments
(incubators) 2 inoculum sourcetreatments. Naturally infected blossomsthat had not
beenwettedwith adropof waterwerealsoplacedin all incubators.

In thesecondsetof experimentsthesoleandinteractingeffectsof temperatureyetness
durationandthe sourceof E. amylosora inoculumwerestudied. Therewerefour wetness
duration treatments,ranging from 1 to 13 h. The blossomswere incubatedin three
computercontrolled growth chambergCorviron model C7, manufcturedby Corviron
Ltd., Winnipeg, Canada),in which the temperaturevaried continuouslyin a sinusoidal
pattern. In gronth chamber, the daily minimum temperaturgat 03:00a.m.) was10 C
and the daily maximumtemperaturgat 01:00 p.m.) was 20 C; in growth chamberll
thesetemperaturesvere 15 and 25 C, respectiely, andin gronth chamberC, 20 and
30 C, respectiely. In this setof experimentshe blossomsverekeptin the samegrowth
chambeffor the durationof the experiment.Accordingly, thefactorsincludedin this setof
experimentsverearrangedn athree-vay factorialdesign.eachincluding24 treatments4
wetnesslurationtreatments 3 temperaturéreatmentggronth chambers) 2 inoculum
sourcetreatments.
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Theinitial layoutof treatmentsn thethird setof experimentsvas,in principle,similar
to thatof the secondset. However, to simulatesituationsn which thetemperaturehanges
soonafterthe occurrenceof infection, someof the blossomsaweretransferred24 h after
inoculation from thegrownth chambein whichthey wereplacednitially to oneof theother
grownth chambersin which they wereleft for the remainingdurationof the experiments.
The growth chambersn which the blossomsspentthe ®rst 24 h after inoculationare
referredto below asthe "gronth chambersat inoculation', andthe temperaturerevailing
in themis referredto asthe “inoculationtemperature’.Similarly, the gronth chambergo
whichtheblossomsaveretransferredarereferredto belav asthe ‘growth chambersluring
incubation'andthetemperaturg@revailing in themasthe “incubationtemperature' Useof
thesede®nitionsdoesnotnecessarilymply thattheinfectionprocesdastedexactly 24 hin
all casestheseermsareusedustfor conveniencen characterizinghevarioustreatments.
Thus, this set of experimentsincluded nine temperaturetreatments(combinationsof
inoculationandincubationtemperatures)-I, I-11, I-111, 1-1, [I-11, H-III, -1, -1 andlll-
lll. The®rstlettersindicatethe gronth chamberatinoculationandthe secondhe growth
chambersluringincubation.Eachof theninetemperaturéreatmentsvaseitherinoculated
arti®cially or not, andthe blossomsverekeptmoistfor 3 or 10 h. Accordingly, thefactors
includedin this set of experimentswere arrangedin a four-way factorial design,each
including 36 treatments3 inoculationtemperaturéreatments 3 incubationtemperature
treatments 2 inoculumsourcetreatments 2 wetnesglurationtreatments.

Data analyses Thenumberof blossomsexhibiting ®re blight symptomsput of thetotal
numberof blossomswas recordedfor eachblossomcluster Thesedatawere usedto
calculatethe incidence(as a percentagedf diseasedlossomdor eachblossomcluster
Then, the averagediseasancidencewas calculatedfor the six naturallyinfectedandthe
six arti®cially inoculatedlossonctlusterdn eachbox. Datarecordedor thethreereplicate
boxesof eachtreatmentwereusedto calculatethe standarcerror (S.E.)for thattreatment
andappropriateANOVA testswere performedfor the datarecordedin eachexperiment.
Whenthe F valuesof the ANOVA testsindicatedsigni®cancethe treatmeneffectswere
determinedby meansof aLSD testatP 0.05. Thethird setof experimentsuseda four-
way factorialdesign.As analysisandinterpretatiorof four-way factorialexperimentsare
complicatedthe resultswere sub-dvided for clarity andanalyzedfour timesat different
incisionsof three-vay factorialanalysesMore detailsarepresentedn the Resultssection
belov. All statisticalanalyseswere performedwith the JMP software, version 4 for
Windows (SASInstitutelnc., Cary, NC, USA).

RESULTS

In the®rstsetof experimentthepearblossomsvereincubatedhtconstantemperatures
for the durationof the experiments.Blossomsncubatedat temperaturesf 5, 10or 15 C
did not exhibit arny ®re blight symptomswhereas30%to 98% of the blossomsncubated
at 20 or 25 C exhibited diseasesymptoms.Effectsof theinoculumsource(i.e., naturally
infectedor arti®cially inoculated)wvereinsigni®cant(Fig. 1). Noneof thenaturallyinfected
blossomghatwerenot wettedwith a drop of waterexhibited®re blight symptoms.

In the secondset of experiments,the blossomswere incubatedin grovth chambers
under uctuating temperaturegndwith differing durationsof wetnesgin differenttreat-
ments). Within ary particulartemperaturdreatment(i.e., a particulargrowth chamber),
thewetnesdurationdid not affect markedly theincidenceof diseasedblossomdor either
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Fig. 1. Effectsof temperatureandthe sourceof Erwinia amylovora inoculumon the incidenceof

pearblossomsexhibiting re blight symptoms.Empty columns:naturallyinfectedblossoms;lled
columns:arti cially inoculatedblossomsVerticalbarsrepresenthe standarderror.
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Fig. 2. Effects of wetnessdurationand sourceof Erwinia amylosora inoculumon the incidence
of pearblossomsexhibiting re blight symptomsin A: naturallyinfectedblossoms;B: arti cially
inoculatedblossoms The experimentwasconductedn temperature-controllegrowth chambersn
which the temperaturevaried continuouslyduring the day in a sinusoidalpattern. Circles: growth
chambel, in which theminimumandmaximumdaily temperaturesiere10and20 C, respectiely;
squaresgrowth chambeill, in which thesedaily temperaturesvere15and25 C; triangles:growth

chambetll, in whichthesedaily temperaturesiere20and30 C. Verticalbarsrepresenthestandard
error.

sourceof E. amylovorainoculum.However, the effectsof temperatur@andof theinoculum
sourceinteractedsigni®cantly (resultsof the ANOVA testsare not presented). Of the
naturallyinfectedblossomsthoseincubatedn growth chambel (daily temperatureange
of 10to 20 C) wererarely diseased40%to 60% of thoseincubatedin grownth chamber
Il (daily temperaturerangeof 15 to 25 C) were diseased;and 80% to 99% of those
incubatedin growth chamberlll (daily temperatureangeof 20 to 30 C) exhibited ®re
blight symptomgFig. 2A). In contrastpf thearti®cially inoculatedblossoms50%to 80%
of thoseincubatedn grownth chambeil exhibited ®re blight symptomsand97%to 100%
of thoseincubatedn growth chambersl or lll werediseasedFig. 2B).

In the third set of experiments,temperatureeffects were divided into two periods
(infectionandincubation)andtheinteractionawith wetnesslurationandthe E. amylovora
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Fig. 3. Theinteractingeffectsof infectiontemperatureincubationtemperatureywetnessiurationand
the Erwinia amylovora inoculumsource,on the percentagef pearblossomsexhibiting re blight

symptoms.A andB: naturallyinfectedblossomsC andD: arti cially inoculatedblossomsA and
C: wetnesdurationof 3 h; B andD: wetnessdurationof 10 h. The experimentwasconductedn

temperature-controllegrownth chamberén whichthetemperatureariedcontinuouslyduringtheday
in a sinusoidalpattern. Growth chambersat infection: the growth chambersn which the blossoms
wereplacedduringthe rst 24 h afterinoculation;Growth chambergluringincubation:the growth

chamberdn which the blossomswere placedafter the rst 24 h. The respectie minimum and

maximumdaily temperaturesvere: in growth chambenr, 10 and20 C; in growth chamberl, 15

and25 C; in gronth chamberlll, 20 and30 C. Theresultsof analysef varianceof the dataare
presentedn Tablesl and?2.

inoculum sourcewere tested. As interpretationof the results of four-way factorial
experimentsis complicated, the effects of the interacting temperaturetreatmentsare
describednitially for eachlevel of wetnessdurationandinoculum source;thenresults
of four three-vay ANOVA testsare presented.For the naturally infectedblossomsthe
effects of the inoculationand of the incubationtemperatureteractedfor both wetness
duration treatments. The incidenceof diseasedlossomswas low ( 12%) when the
blossomswere incubatedin growth chamber (with one exception,treatmentlll-I) and
intermittent(35%to 64%)whenthey wereincubatedn growth chambeil. In thesecases,
the effect of the infection temperaturavas not substantial.On the otherhand,whenthe
blossomsveremaintainedn growth chambellll for incubation theinfectiontemperature
markedly affectedthe incidenceof diseasedlossoms:only 57%to 61% of the blossoms
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TABLE 1. Three-vay analysesof varianceof the experimentalresults, conductedin order to
quantify the interactingeffects of the sourceof Erwinia amylosora inoculumandthe temperatures
during infection andincubation,on the incidenceof re blight symptomsin pearblossoms.The
experimentswere conductedn temperature-controlledronth chambersn which the temperature
variedcontinuouslyduringthe dayin a sinusoidalpattern. The analysesvere performedseparately
for wetnesgdurationsof 3 h (A) and10 h (B). Infectiontemperaturetemperatur@uringthe rst 24
h afterinoculation;Incubationtemperaturetemperaturafterthe rst 24 h afterinoculation.

A. Wetnessduration of 3h

Degreesof Sumof squares F Prob F
Sourceof variation freedom
(% of the
model)
InfectiontemperaturéT ) 2 14,690 6.2 156  0.0001
IncubationtemperaturéT ) 2 95,159 40.1 101.1  0.0001
Inoculumsource(l) 1 97,342 411 206.9 0.0001
T T 4 4,195 1.8 2.2 0.067
T | 2 84 0.0 0.09 0.914
T | 2 19,489 8.2 20.7 0.0001
T T | 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 Sumof squares F Prob F
freedom
(% of the
model)
InfectiontemperaturT ) 2 9,928 5.0 11.8 0.0001
IncubationtemperaturT ) 2 47,286 23.7 56.1 0.0001
Inoculumsource(l) 1 108,424 54.2 257.1 0.0001
T T 4 3,743 1.7 2.2 0.068
T | 2 5,936 3.0 7.0 0.001
T | 2 20,253 10.1 24.0 0.0001
T T | 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

Dataarepresentedh Figs. 3A and3C.
Dataarepresentedn Figs. 3B and3D.

werediseasedvhenincubatedn growth chambed, comparedvith 82%to 97% of those
incubatedin growth chamberdl and Il (Figs. 3A, B). For the arti®cially inoculated
blossoms,diseaseincidenceexceeded80% for most combinationsof inoculation and

incubationtemperatureand wetnessduration. The only exceptionswere blossomsthat

were placedin growth chamberd and |l during the infection period and transferredto

growth chambet for incubation:only 45%to 52% of theseblossomsverediseasedFig.

30).

Resultsof the ANOVA testsappliedto thesedataare presentedn Tablesl and?2. In
threeof thefour ANOVA tests thethree-vay interactiontermsweresigni®cantat P 0.05;
the fourth ANOVA testshaved that the three-vay interactionterm was insigni®cantbut
thattwo of the threetwo-way interactiontermswere signi®cantat P 0.05(Tables1 and
2). This implies that all experimentalfactorssigni®cantly andinteractively affectedthe
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TABLE 2. Three-vay analyse®f varianceof theexperimentatesults conductedn orderto quantify
the interactingeffects of wetnessdurationand the temperaturesluring infection and incubation,
on the incidenceof re blight symptomsin pearblossoms. The experimentswere conductedin
temperature-controllegronth chambersn which the temperaturevaried continuouslyduring the
dayin asinusoidalpattern. The analysesvere performedseparatelyffor naturallyinfected(A) and
arti cially inoculated(B) blossoms.Infection temperaturetemperatureduring the rst 24 h after
inoculation;Incubationtemperaturetemperaturafterthe rst 24 h afterinoculation.

A. Naturally infected blossoms

Sourceof variation Degreesof Sumof squares F Prob F
freedom
(% of the
model)
InfectiontemperaturéT ) 2 22,690 11.2 18.2  0.0001
IncubationtemperaturéT ) 2 154,357 76.7 124.0 0.0001
Wetnessluration(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 42 0.015
T T W 4 8,610 43 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 inoculated blossoms
Sourceof variation Degreesof Sumof squares F Prob F
freedom
(% of the
model)

InfectiontemperaturT ) 2 4,882 12.2 9.0 0.0002
IncubationtemperaturT ) 2 18,920 475 351 0.0001
Wetnessluration(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

Dataarepresentedh Figs. 3A and3B.
Dataarepresentedn Figs.3Cand3D.

percentag®f 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 contritution to ®re blight infection. Whenthe wetness
duration(3 or 10 h) wasnot includedin the analysesthe factorthat contrituted mostto
the variationin blossominfection wasthe sourceof inoculum: of the variationexplained
by the ANOVA model,41.1%and54.2%were attributedto the sole effect of this factor
for wetnesgurationof 3 and10 h, respectiely. Thetotal contribution of inoculumsource
(i.e., including its interactionwith the othervariablesincludedin the model)was53.6%
and 69.6%, for the respectie wetnessdurations. The effects of temperaturaduring the
incubationperiod were also important; this factor contrituted 40.1% and 23.7% of the
variationfor 3 and10 h of wetnessrespectiely (Tablel).
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Whentheinoculumsourcewasnotincludedin theanalysesthefactorthatcontrituted
mostto thevariationin blossomincidencewastheincubationtemperatureof thevariation
explainedby the ANOVA model, 76.7%and 47.5%were attributed solely to this factor
for the naturally infected and arti®cially inoculatedblossoms,respectiely. The total
contrikutions of incubation temperature(i.e., including its interactionwith the other
variablesincludedin the model) were 86.4% and 67.5%, for the respectie inoculum
sources.The temperatureluring the infection period (11.2%and 12.2%of the variation,
in naturalinfectionandarti®cial inoculation,respectiely) andthe wetnessluration(1.8%
and15%,respectrely) weremuchlessin uential (Table2).

DISCUSSION

The occurrenceof E. amylosora infection of blossomds an excellentexampleof the
diseasdriangle throughwhich the interactingeffects of the host, the pathogenand the
ervironmentgovernthe occurrenceof diseaseandits intensity The variousrelationships
amongthe threecomponent®f the diseasdriangle are complex and sometimeanake it
dif®cult to evaluatethe effectsof the individual factors,asone componenmay affect the
two others,directly or indirectly. The main ervironmentalfactorsgoverninginfection of
pearblossomsby E. amylosora aretemperatureandthe availability of water: temperature
affects the rate of bacterialmultiplication on the stigmas,the premier site of bacteria
colonization;wateris requiredfor the establishmenof the bacteriumon the stigmasand
to facilitate movementof the pathogercellsto the hypanthium,whereinfection generally
occurs(2,8,13,21).

In the presenstudy theinteractingeffectsof inoculationandincubationtemperatures
andthedurationof wetnes®n thedevelopmenbf ®re blight symptomsaveredeterminedn
naturallyinfectedandarti®cially inoculatedpearblossoms.The main differencebetween
the two typesof inoculumsourcewasthe size of pathogerinoculum. The sizeof the E.
amylovora populationin the naturallyinfectedblossomsvasnot quanti®edbut it is likely
thatit wasmarkedly below thatappliedin the arti®cial inoculations(lby 5 10 cellsper
blossom) Initially, therewasalsoa differencen the site of inoculumdeposition Whereas
it is likely thatthe bacteriain naturallyinfectedblossomsolonizedprimarily the stigmas,
thoseintroducedarti®cially were pouredinto the oral cup. However, pouringa drop of
waterinto the naturallyinfectedblossomsandkeepingthemunderhigh relative humidity
probablycausedacteriakellsto bewashedrom thestigmado thehypanthium.Thewater
dropwasessentiafor switchingthe bacteriafrom the epiphytic to the pathogeniphaseof
development.Irrespectve of the incubationtemperaturenoneof the blossomgshatwere
not wet exhibited ®re blight symptoms. Thus, the main differencein our study between
the naturally infectedand arti®cially inoculatedblossomswas the size of E. amylosora
inoculumin thevicinity of thenectarthodes.

For the naturallyinfectedblossomsthe relationshipdetweerthe durationof wetness
andtemperaturavere comple, asindicatedby the highly signi®cant(P 0.0009)three-
way interactionterm of the ANOVA test. Neverthelessthe factorthatcontributedmostto
thediseaséncidencean theblossomavastheincubationtemperaturethewetnessluration
andtheinfectiontemperaturdoth hadmuchsmaller but neverthelessigni®cant,effects
(Table 1A; Figs. 3A, B). The effect of temperaturen our studywasconspicuousin the
rangeof temperaturgested the higherwerethe inoculationandincubationtemperatures,
themoreblossomsverediseasedThiswasnotunexpectedasthein uence of temperature
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Fig. 4. A schemeaepresentingheinteractingeffectsof the sizeof the Erwinia amylovora inoculum,the durationof wetnessandthe temperatureduring
infection andincubation,on the lik elihoodthat pearblossomswvould exhibit re blight symptoms. The schemesummarizeghe resultsobtainedin the
experimentsconductedundercontrolledconditions.Durationof wetnessshort, 3 h;long, 10 h. Infectionandincubationtemperaturegjaily maxima
andminima: A, 10 and 20 C, respectiely; B, 15 and25 C, respectiely; C, 20 and30 C, respectiely. Likelihoodof the appearancef re blight
symptoms:diamond= very low; circle = low; triangle= moderatesquare= high.



on E. amylovora multiplication is well documented2). However, the resultsof our
presenstudysuggesthatexperimentatiorata constantemperaturenayleadto erroneous
conclusionsconcerningthe effects of temperatureon infection and diseaseincidence.
Whenarti®cially inoculatedblossomswverekept at a constantemperaturef 15 C, none
of theblossomsxhibited®re blight symptomgFig. 1). In warningsystemsatemperature
thresholdof 15 C is commonly consideredto be the lowest temperatureat which
infectionsoccur (3,16,18,19). However, when the blossomswere incubatedin growth
chamber, in whichtemperaturesictuateddaily from aminimumof 10 Ctoamaximum
of 20 C, with an averageof 15 C, 70% to 80% of the blossomsexhibited ®re blight
symptoms(Figs. 2B, 3D). Another point that could illustrate the compleity of the ®re
blight—pearmlossompathosystenis the in uence of the day-to-daytemperaturevariation.
In somecasesthe incidenceof diseasewas signi®cantly higherin blossomsthat were
placedin one growth chambersoonafter inoculationand transferredto anothergrowth
chamberfor incubation,thanin thosemaintainedin one gronth chamberfor the entire
durationof the experimentqe.g. treatment-lll vstreatment-I; Fig. 3B). As temperature
and wetnessduration uctuate both diurnally and from day-to-dayin nature,accurate
predictionof theinteractingeffect of thesefactorsontheoccurrencef infectionis dif®cult
if notpracticallyimpossible.

Theeffectsof wetnesslurationon theincidenceof diseasedlossomsaveresigni®cant
in somecasesput the magnitudeof the effect wassmall (Fig. 2, Table1). The minute
effectsof wetnesslurationmaybeattributedto thefactsthatin ourexperimentshebacteria
werealreadypresentn theinfectionsite (thehypanthium)andthattherolethatwaterplays
in naturalinfections(i.e., washingthe bacteriafrom the stigmasto the hypanthium)was
notincludedhere.In generalour resultsregardingthe effectsof temperaturandrelative
humidity corroboratedhosepublishedby Norelli andBeer(12), Thomson(21), Billing (3)
andPusg (13).

The interactingeffectsof inoculumlevel, wetnessduration,andinoculationandincu-
bationtemperaturesn the infection of pearblossomsasderived from our experiments,
are illustratedin the schemepresentedn Figure 4. Carefulinspectionof this scheme
suggestshatthevariousandcomple relationshipamongthesefactorsmaybeunderstood
in termsof a generalconceptknovn ascompensationRotem(14) developedthe theory
andconceptsof compensationywhich postulatethat conditionshighly favorableto one of
the factorsessentiafor pathogendevelopmentmay enablethis factorto compensatéor
otherfactorsfor which the conditionsare lessfavorable. Compensatiorwas evidentin
our systemin severalinstances For example,whenthe naturallyinfectedblossomsavere
incubatedat temperaturesuboptimalfor E. amylosora (treatmentl-I) therewas minute
infection of the blossomg(Fig. 3B), but whenthe arti®cially inoculatedblossomswere
incubatedunderthe sameconditionsa severeblossominfectionresulted(Fig. 3D). In this
case thelarge amountof inoculumcompensatetbr the suboptimallevel of temperature.
Similar effectsmayalsobefoundfor theinteractionsamongotherbiotic andabioticfactors
includedin this study(Figs. 2, 3).

One of the motivations for conductingthis study was the assumptiorthat it would
enableus to improve ®re blight management. Currently the needfor application of
bactericidesto protectthe blossomsagainst E. amylovora is determinedusing disease
warning systems. Fire blight warning systemswere developedby numerousauthorsin
different countries. For example, Billing, working in southeasEngland, 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
systemcalled Cougarblight 98C (18); and Shtienbeg and co-workersin Israeldeveloped
a systemcalled the Fire Blight Control Advisory (FBCA) (16). Madden and Ellis
(10) distinguishedbetweenfundamentaland empirical warning systems. Fundamental
warningsystemsarethosebasecbn experimentsn the laboratory controlled-emironment
chambersgreenhousesr ®elds,andthey addres®neor moreaspect®f thehost—parasite
relationships,as in uenced by the environment. Empirical warning systemsare based
on the obsenation and analysisof currentand historicaldataon diseasdevel and other
biotic and abiotic factors,and they use predictioncriteria (‘rules') without arny formal
statisticalanalysis.Although someof the ®re blight warningsystemgely on conclusions
derived from laboratoryexperiments(e.g. the effects of temperatureon the generation
time of thebacterium)they all includerulesthatweredevelopedwithout formal statistical
analysis. Thus,they may all be consideredo be qualitatve, empiricalwarningsystems.
In the presentstudy it was hypothesizedthat quantifying the relationshipsamongthe
factorsthat govern the occurrenceandintensity of blossominfection would enableusto
replacethe decisionrules usedby the FBCA systemwith equationsbasedon statistical
analysis. This would enableus to changethe FBCA from an empiricalto a fundamental
warningsystemandit wasassumedhatthis changewould improve the decision-making
procedure.However, asa resultof the complec interactionsobsenred betweenthe biotic
and abiotic factors(Tables1, 2; Fig. 4), sincea highly favorable stateof one factor
compensatedor less-vorable statesof otherfactors,and becausesomeof the factors
cannotbe estimatedadequatelyfor example,inoculumlevel), we concludedhatit is not
yet possibleto develop a fundamentailvarningsystemfor ®re blight. Neverthelessyseof
thecurrentlyavailableempiricalversionof FBCA still enablegpredictionof theoccurrence
of infectionadequatelyn mostcaseg17). Similar ®ndingswerepublishedfor empirical
®re blight warningsystemslevelopedelsavhere(4,9,18). Thus,althoughdevelopmentof
a fundamentatvarningsystemwould be expectedto improve ®re blight managementhe
currentlyavailableempirical systemanay still play a signi®cantrole in the battleagainst
this destructve pathogen.
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