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Indir ectInteractions betweenRust (Melampsoraepitea)
and Leaf Beetle(Phratora vulgatissima)Damageon Salix

Lori Peacock, TomHunter Mei Lai YapandGillian Arnold

Willows (Salixspp.)arebeneficialasa potentialsourceof renavableeneny, riparianbarriers
andriverbankcontrol, yet are considerednvasive weedswhenthey clog watercourseand
leadto erosionand ooding. Interactionsbetweerwillow rust Melampsoa epitea(Thiim.)
(Uredinales:Melampsoraceaegnd leaf beetlePhratora spp. (Coleoptera:Chrysomelidae)
feeding damagehave an impact on effective pest managementnd biological control.
The presentstudy investicated the effects of (a) prior mechanicalleaf damageon rust
developmentand(b) rustinfectiononbeetlefeedingunderaboratoryconditionsfor different
timeintervalsandlevelsof damageWillow rustinfectionsignificantlyreducedheamountof
leaf areaconsumedy beetles Theresultwassimilar whena compatibleor anincompatible
rustpathotypevassprayecdnto Salixviminalis(L.) "Mullatin' plants.Therewerenooverall
significant effects of mechanicaldamageon rust development,althoughthe lowest level
of rustinfection wasfound with the incrementaldamagetreatment. Therewere, however,
differencesof significancefor leaf positionand damagestatus,with damagedeavesat all
positionshaving fewer pustulesanda smallerpustuleareathanthecorrespondingindamaged
leaves. Therewasno detectablesffect of possiblevolatile emissionsrom crushedwillow
leaves on rust infection and development,althoughthe volatile compoundcis-3-hexeryl
acetatesignificantly reducedpustule diameterand overall pustulearea. The resultsare
discussedn termsof theimplicationsfor pestmanagemerdandbiological control.

KEY WORDS: Chrysomelidaejnducedresponsejnsect—fungusnteractions;rust; short-
rotationcoppice;willow.

INTRODUCTION

Willows (Salix spp.) have mary usessuchascricket batandbaslet making,fencing,
windbreaks riverbankcontrol of erosionandriparianbarriers(17), andsoil remediation
(2,7). Short-rotatiorcoppice(SRC)willow is acropincreasingn importanceasa potential
sourceof renavableenegy (25). Britain hasagreedunderthe Non-FossilFuel Obligation
(NFFO),to atarget of 10% of its electricity to be suppliedfrom renavable sourceswith
an EU inland enegy consumptiorto be suppliedby biomasscropsby the year2010(3).
Accordingto the Departmenif Tradeand Industry if the 10% target of UK electricity
supplyis from SRC,2 million hectareof enegy cropswill be needed6). SRCwillows
areattacled by a numberof potentiallydebilitating diseasesndpestsmostnotablyrust,
causedy Melampsoa epitea(Thiim.) (UredinalesMelampsoraceaeandthebluewillow
beetlePhratora vulgatissima(L.) (Coleoptera: ChrysomelidaeY11). Control of these
damagingagentds importantfor the maintenancef high yields.
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However, in someinstanceswillows are consideredo be invasive weeds,especially
alongwatercoursesyherethey caneasilyspreadFor instancejn south-easterAustralia,
willow-dominatedwvatercoursesave resultedin a lossin native biodiversity andchanges
in watercoursebehaior, with consequentiaimpactson erosionand ooding (1). It is
suggestedhat stratgjic long-termplanning,not the indiscriminateremoval of willows, be
usedfor the managemendf willows alongthesewatercoursesThereis someinterestin
usingwillow beetlesand/orrustfor biological control of the willows alongthe Australian
watercoursessimilar to theinsect—fungugombinationGastophysaviridula (L.) andrust
— Uromycesumicis (Schum.)— which is of interestfor biological control of dock weeds
(9).

The proposedncreasdn acreageof SRCwillows andlikely concomitantincreasean
pestsand diseaseand the potentialuseof willow beetlesand rust as biological control
agentsnecessitata soundunderstandingf possibleinteractiondbetweerthesedamaging
organisms.Thus,anunderstandingf beetle—rusinteractionss of interestin agricultural
andervironmentalecosystem$or effective pestmanagemerin SRCcropsandbiological
controlof willow whereit is consideredninvasive weed.

Damageincurred from willow beetlesand rust within willow plantationsshaved
significant negative correlationsbetweenthe extent of rust and beetledamageon stems
(18). It is unclearwhich is the primary agentin theseinteractions,as there were no
consistentcorrelationsbetweenrust and beetledamageby position along stems. The
presentstudy investigatedthe effects of previous leaf damageon rust developmentand
the effectsof rustinfectionon beetlefeedingunderlaboratoryconditionsfor differenttime
intervalsandlevels of damage

MATERIALS AND METHODS

Effects of leaf damage on rust infection Leaf damagecan causean alteration of
biochemistry(constitutve or induced)or physical propertieswhich canhave negative or
positive effectson fungal developmenton the host. Damagecanalso be associatedvith
the emissionof volatile compoundssomeof which have beenshavn to have antifungal
propertieg8). Sincefungal sporegnaycomeinto contactwith damagedeavesor volatiles
from this source,two experimentswere performedto examinethe effects of mechanical
damagendvolatile emissionon rustinfection.

Medanical damaye: Cuttings(20 cm) of Salix viminalis (L.) "Mullatin' weretaken
from cold storage(-4 C), plantedon 7 December2000 and maintainedin an ambient
temperaturglasshouseTlo simulatebeetlefeedingdamagendto standardizandcompare
differentamountsand timing of leaf damage mechanicadamagewas implementedby
remaoving leaftissueusinga 50-mmdiam hole punch.While appreciatinghatmechanical
damagsds differentfrom beetle-feedinglamageijt is repeatableand consistenandmore
precisdevelsof damagereachievedcomparedvith thatwhich would occurusingbeetles.
Damageto the midrib was avoided by punchingholesinto the laminaof leaves. There
weretwo levels of damaggtwo or six holesperleaf) andfour time periodsafter damage
beforerustinoculation(1, 3, 5 or 7 days). Anothertreatmenthadincrementaldamage,
with two holespunchedper leaf on eachof threeoccasions:7, 5 and 3 daysbeforerust
inoculation. Therewerefive cuttingsfor eachof the tentreatmentgincludingthe control
with no damage) which were laid out in a randomizedblock designwith five blocks.
Leaveswere damagedetween29 Januaryand4 February2001. Threeleavesper plant
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weredamagedsuchthatonewasatthetop, middleandbottomof the plantandhadat least
onefully expandedeafadjacentoit (Fig. 1).

On 5 February2001, leaf discsof 1.1-cmdiam (95 mm area)were taken from the
damagedeaves and from an undamagedeaf adjacentto eachdamagedeaf. This was
doneto testfor differenceswithin a plantthathadboth damagedaindundamagedeaves.
Two discsweretaken perleaf, onefrom the distal endand onefrom the proximal end of
the leaf, resultingin 12 discsper plant. Discswere placed,abaxialsurfaceuppermost,
on blotting paperbridgessoaled in tap waterin 10 10 cm squarepetri disheswith 25
(5 5) compartmentsThe middle compartmenhada blotting paperdiscto checkfor rust
concentratiorbetweendishesafter 26 h. Therewere five platesper replicatewith two
treatmentger plate, eachreplicatecorrespondingo the original blocks of plantsin the
greenhouseThepairingof treatmentdor eachplatewasorganizedaccordingo a partially
balancedncompleteblock designbasedon designSR11from Clatworthy (4), with each
treatmenbccurringwith eachothertreatmeneitheronceor notatall acrosghe 25 plates.

The rustisolateMelampsoa epiteaex S.viminalis Mullatin (VMP891-1)wasgrownn
on detachedeavesof S.x stipularis (Sm.) for 10 daysprior to usefor inoculation. A
urediniosporesuspensiomaspreparedy brushingoff sporesnto atubecontainingsterile
waterand Tween20 (onedrop per 100ml). This suspensiomvassprayedover discsin all
dishessimultaneouslyusinga Humbrol airbrushsprayer Discswereleft to air-dry for 3
h at roomtemperaturethendisheswere coveredwith lids andplacedin a15 C chamber
for 11 days,atwhichtime rustpustulesverewell developed.Eachdishwasphotographed
with a digital camera(OlympusC-2500L). The imageanalysissoftware SigmaScariPro
5.0(SPS3nc.) wasthenusedto examinethe leaf discimages.For eachleaf disc, pustule
numbemnwascountedandthe diameterof eachpustulewasmeasured.

\olatile compounds: Damagedwillow leaves have beenshovn to emit greenleaf
volatiles, mostnotablycis-3-hexeryl acetateandcis-3-hexenol (19). To testfor possible
effects of volatileson rust development,plant discswere placedin 16 compartment®f
10 10 cm squarepetri disheson 5 February2001. The middle compartmentvasfilled
with 3 ml of tap water agar and the leaf discswere sprayedwith the samerust spore
suspensiomisedabove. Theremainingeightcompartmentsverefilled with awet pieceof
blotting paperandeithera crushedMullatin or Salixx dasycladogwimm.) leaf (changed
every 2 days),a drop of cis-3-hexeryl acetateor a drop of water This wasdonefor four
replicatedishes Dishesandeachdiscwerethentreatedhe sameasin theprevioussection.
Germinationof sporeson theagar wasassessethefollowing 2 days.

Effects of rust infection on beetlefeedingdamage Thirty-five cuttingsof S.viminalis
Mullatin were plantedon 9 April 2001 and 60 were plantedon 28 February2002. In
2001,arustsuspensionf VMP891-1(3.6 10 sporesml ) wasemplo/edto inoculate
plantsusing a portableturntable. Plantswere placedindividually on the turntableand
10 ml of water plus Tween 20 (control) or 10 ml of suspensiorwas appliedto each
plant using the Humbrol airbrush. After inoculation,eachplant was containedwithin a
polythenesleere and securedat the baseand top to maintainhigh humidity to enhance
rustinfection. Plantswerethentransferredo a controlledervironmentcabinetat 15 C
and16 h light andthe sleeveswereremoved 24 h later Rustgerminationwastested24 h
afterinoculationby applyingsporesto petri dishescontainingpotatodextroseagar. This
experimentwasrepeatedn 2002,with the additionof extra plantsbeingsprayedwith the
incompatiblerust pathotypeM. epiteaex S.burjatica (Nasar@) "Korso' (KNW-1R). The
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sporeconcentration®f VMP 891-1and KNW-1R were6.0x 10 and9.8x 10 spores
ml , respectiely.

On1,4,7,10and14 daysafterrustinoculation,threerustedandthreecontrol plants
wereremovedandeightleafdiscsweretakenperplant(two discsfrom eachof four leaves).
Whatremainedf thesdeaveswasplacedinto a 14-cm-dianpetridishlined with wetfilter
paperand maintainedn the samecabinetasthe otherwillow plantsfor 1-2 weeks,until
rustwas apparenon the rustedleaves. In 2001, threepairs of a rustedand control disc
were pinnedin a 9-cm-diampetri dish lined with dampfilter paper usingthe technique
of KendallandWiltshire (14). This wasdonefor eightreplicates.In 2002,six discswere
putinto adish,in two triplets, with oneof eachtriplet from the compatible onefrom the
incompatiblerustedplant,andonefrom the controlplant. This wasdonefor six replicates.

Adult P. vulgatissimaverecollectedrom avarietyof willow genotypesitLong Ashton
ResearclBtationthe day beforeexperimentsbegan (25 May — 7 June2001and8 May —
21 May 2002). They wereheldat 15 C and 16 h light, 8 h dark. Five adultsthat had
no food for 5 h prior to the experimentwereplacedin the centerof eachdish, which was
coveredandkeptat 15 C for 18 h. Beetleswerethenremoved, the discsplacedontoan
acetatesheetandthe percenteaf areaconsumedvasmeasuredisingan Optomaximage
Analyser

Statistical analyses An analysisof varianceusingGenStab [Released.2 Fifth Edition,

¢ LawesAgricultural Trust (Rothamstedresearchp000] was performedon all variables
of interest, using appropriatedesign and treatmentstructuresas describedearlier in

the experimentaldetails. Only the residualvariation shaved a systematicpatternfor

percentag®f leaf disk remainingasrecordedn the beetlefeedingexperiments.A logit

transformationwas carried out on this variable prior to analysisto give more uniform

residualvariationacrossherangeof valuesrecorded.In orderto includerecordedvalues
of 0 and100%in theanalysisanadjustedversionof thelogit wasused:

RESULTS

Effects of leaf damageon rust infection Medanical damae: Blotting paperdiscs
shaved a comparableoncentratiorof rustsporesetweerdishes.Therewereno overall
significanttreatmenteffects or ary significantinteractionsincluding amountand timing
of damage.The lowestnumberof pustulesper disc wasfound with the six holes,7 days
beforeinoculationtreatmentpustulenumber= 8.20) andthe highestnumberof pustules
wasfound with the two holes,3 daysbeforeinoculationtreatment(11.42). The smallest
pustulediameterandtotal pustuleareawerefound with theincrementalamagdreatment
(diameter= 0.63mm, pustulearea= 2.91 mm ). The largestmeanpustulediameterwas
found with the six holes,5 daysbeforeinoculationtreatment(0.74 mm), andthe largest
pustuleareawasfrom thetwo holes,3 daysbeforeinoculationtreatmeni{4.23mm ).
There were overall differencesof significancefor leaf position and damagestatus.
Overall, therewasa significantincreasen pustulenumberandareafrom the bottomto the
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TABLE 1. Growth of Melampsoa epitearuston mechanicallydamagear undamagedvillow leaves

taken from threesectionsalong stems(basal,middle andtop). For treatedplants,oneleafin each

sectionwasdamagedwhile theadjacenteafwasleft undamagedseeFig. 1). Growth wasmeasured
aspustulediameternumberandarea

Leafposition Meanpustulediameter Total pustulenumber  Total pustulearea

(mm) (mm )

Damaged UndamagedDamaged Undamagedamaged Undamaged
Basal 0.717 0.695 7.10 8.04 2.90 3.25
Middle 0.708 0.713 8.60 9.42 3.86 3.56
Top 0.690 0.643* 10.54 12.95* 4,01 4.50*
S.E.D.(df) 0.016(199) 0.640(200) 0.245(200)

S.E.D.is thestandarcerrorof the differencebetweemmeans.
* Indicatessigni cant differenceatP  0.05from damagedeaves.

TABLE 2. Effect of volatile compoundemittedfrom damagedalix viminalis "Mullatin' andSalix
dasycladogWimm.) willow leaves,andthe greenleaf volatile cis-3-hexeryl acetatepn the growth
of Melampsoa epitearuston 95-mm discsof willow leaves

Treatment Meanpustule Total pustulenumber  Total pustulearea
diameteimm) (mm )

Water 0.602 19.64 5.80

S.dasycladodeaves  0.622 17.66 5.68

S.viminalisleaves 0.676 15.47 5.68

cis-3-hexeryl acetate  0.437* 17.87 3.45*

S.E.D.(12df) 0.071 2.83 0.90

S.E.D.is thestandarderrorof thedifferencebetweemmeans.
* Indicatessigni cant differenceat P  0.05from othertreatments.

topleaves(Tablel), corroboratinganotherstudy(24). Thedamagedeavesatall positions

hadfewer pustulesanda smallertotal pustuleareathandid the correspondingindamaged
leaves,this beingsignificantlydifferentfor thetop leaves. Therewasasignificantdecrease
in pustulediameterfrom bottomto top for undamagedeaves, with significantly larger

pustuleson damageaomparedvith undamagedop leaves.

For positionon the leaf, thereweresignificantly (P 0.001)moreandsmallerpustules
on proximal (10.31pustules0.67mm) thanon distal (8.58 pustules0.72mm) discs,yet
no significantdifferencein total pustulearea.Theseresultsweresimilar betweerdamaged
andundamageglantsandleaves.

\olatile compounds¥Forty-eighthoursafter exposureto potentialvolatile compounds
from crushedeavesandthe greenleaf volatile chemical,sporegerminationon agar was
high and similar betweentreatmentg86.3%— cis-3-hexeryl acetate;89.8%— Mullatin;
92.5% — control and 94.5% — S. x dasyclados(Wimm.)). There were no significant
differencedetweertreatmentsor thenumberof pustulesput diameterandtotal areawere
significantly (P 0.05)smalleron discsin the cis-3-hexeryl acetate-treatedishesthanin
theothertreatmentgTable?2).

Effects of rust infection on beetlefeeding damageln 2001therewasa significant
interaction betweenrust treatmentand time (P=0.014); comparingrusted and control
leavesfor eachday after rustinoculation,the rustedleaveswere consumedesson days
1, 10 and 14, althoughsignificantly so only at P 0.05 for day 1 (Table 3). On day 7
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TABLE 3. Consumptior(presentedspercenteafremaining)by Phratora vulgatissimeof willow leavesinfectedor notinfectedwith Melampsoa epitea

rust
Year Treatment % Leafremainingfrom a95-mm disc[adjustedogit scale](back-transforme&o gures in parentheses)
Daysafterrustinoculation
1 4 7 10 14
2001 Norust 1.509(82.2) 2.664(93.9) 2.151(90.0) 2.287(91.2) 2.026(88.7)
Compatiblerust 2.146(89.9)* 2.391(92.0) 1.603(83.6) 2.724(94.3) 2.362(91.8)
S.E.D.(115df) within aday 0.279
S.E.D.( 91df) betweerdays 0.302
2002 Norust 1.876(87.1) 2.354(91.7) 1.706(85.0) 1.771(85.8) 1.325(79.3)
Compatiblerust 1.854(86.8) 3.284(96.9) 1.570(83.1) 1.775(85.9) 2.421(92.3)*
Incompatiblerust 2.351(91.7) 3.596(97.8)* 1.931(87.7) 2.628(93.7) 1.530(82.5)
S.E.D.(110df) within aday 0.529
S.E.D.( 93df) betweerdays 0.580

S.E.D.is thestandarcerrorof the differencebetweertwo means.
* |Indicatessigni cant differenceatP  0.05from thenorusttreatment.



Fig. 1. Samplingstructureof damagedndundamagedeavesfrom individual willow plants

therewasa greaterpercentag®f rustedthancontrol leavesconsumedalthoughthis was
not statistically significant. In 2002 the overall main effects of time and rust treatment
weresignificant(P=0.012and0.041,respectiely), with lessleaf areaconsumeadn day 4
comparedvith otherdays,andontheincompatibleustedtreatmentomparedvith control.
For comparabilitywith the resultsfrom 2001,the two-way table of meanss presentedn
Table 3. It canbe seenthat, on anindividual day basis,a greaterleaf areafrom control
plantswasconsumedhanfrom plantssprayedwith the compatibleruston days4 and14,
althoughthis wasstatisticallysignificantonly onday 14.

DISCUSSION

Previous researchhas shavn a significant negative correlationbetweenwillow rust
and beetledamageon individual trees(18). The presentwork provided evidenceof an
inhibitory effect of rustinfection on beetlefeeding, yet was inconclusve regarding the
effectsof mechanicalamageon rustinfection.

Rust infection (1-4 days after rust inoculation) reducedthe amountof leaf area
consumedby beetleswhen comparedwith undamagedontrol leaves. Germinationof
rust uredinospores&nd the formation of haustoriawithin host cells occur within hours
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of rustinoculation(5,10). Thereareindicationsthat the initiation and maturationof the
first haustoriain fungal infectionsmay have a marked effect on hostrespons€10). This

stageof haustorialdevelopmentcoincideswith the reducedbeetlefeedingon leavesat 1

day afterrustinoculationin 2001andat 4 daysafterinoculationwith the compatibleand
incompatiblerustpathotypesn 2002. Melampsoa rustdevelopson, andpenetratedeaves
whenrustis inoculatedon compatibleandincompatiblewillow plants(12). Incompatible
rust may, therefore,also be capableof having a marked effect on the initiation of host
responseagpinst beetlesat the early stagesof germinationand haustoriaformation.
Fourteendaysafter rustinoculation,therewas a similar effect of reducedbeetlefeeding
on leavesinoculatedwith compatiblerust, althoughthis wassignificantonly in the 2002
experiment.Oneweekafterrustsporegerminationmyceliaandhyphaespreadhroughout
the leaf, until urediniaeruptthroughthe epidermis(20). Uredinosporesrethenformed,
which can producea potentialsecondaryinfection, with the subsequentievelopmentof

new haustorisandpotentialeffect on beetlefeeding.

Overall,no mechanicalamagdreatmentada significanteffect on rustdevelopment,
althoughincrementaldamageresultedin the greatesdecreasen rust diameterandtotal
pustulearea. This type of damagds morerepresentatie of what happensiaturallywith
beetledeedingover a periodof time. Despitethis lack of overall significance therewere
indicationsof alocalizeddamageeffect. Therewerefewer pustulesanda smallerpustule
areaon the damagedeaveswhencomparedvith the undamagedeaves, significantly so
for thetop leaves. Damagecancausea plethoraof differenthostresponsessomecapable
of encouragingandsomeof discouragingust developmentthusproducingconfounding
effects. For instance poplarslow in nitrogentendto be resistanto Melampsoa (15), so
theresponséo mechanicatiamagéy Salixalba(L.) Tristesof ahigherpercennitrogenin
damaged'sundamageteaves(21) may make damagedeavesmorenutritiousto thisrust.
Corversely it wasalsofound thatdamagedrristesleavesweretougherthanundamaged
leaves. Additionally, Julkunen-Titto et al. (13) reportedthat rust intensity correlated
negatively with the contentof the pherylglucosidesalicortinin leaves. Thus,damagemnay
affect rustinfection assomesalicylatesand pherylglucosidesincreasdn responseo the
crushingof Populusleaves(5); an increasein thesecompoundswas also reportedafter
attackof S.myrsinifolia (Salish) by Phratora vitellinae (22). Anotherfactorto consideris
thatthe presenexperimentsvereconductedvith mechanicalamagewhich cancausea
wealer plantrespons¢hanfeedingdamageby herbiores primarily dueto elicitorsfound
in insectregurgitants(22). However, willow leaveschangephytochemicallyfollowing both
naturalandartificial injury (21).

Therewas no evidenceof possiblevolatile compoundsemittedfrom crushedleaves
having an effect on rust infection. This concurswith previous resultsof no correlation
betweendamage-inducedthylene production of S. viminalis and resistanceto rust
(23). However, the volatile compoundcis-3-hexeryl acetatesignificantly reducedpustule
diameterandoverall area,yet did not resultin ary differencein the numberof pustules.
Marny greenleafvolatilesareassumedo bleedfrom damagedites,wherea<is-3-hexeryl
acetatas known to be partially inducedin responséo herbivory (16,26).

Thepresenstudyshawvsthatrustinfectionmayhave amoreprominenteffectonwillow
beetlefeeding behaior and, hence,beetledamagedistribution, than doesleaf damage
have on rust infection. Theseresultshave implicationsfor pestmanagement.For use
asbiological control agentsof willows thatare considerednvasive weeds thesefindings
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in uence theorderandtiming of theintroductionof eachorganism.Basedon theseresults,
willow beetlesshouldbe releasedirst andthenrust, after a substantiaemountof adult
feeding damagehas occurred. Rust may have the addedbenefit of dispersingbeetles
to willow treesnot colonizedby beetles thus spreadinghe infestation,with subsequent
damagdrom futurelarvae. It hasbeenshavn thatdifferentrustpathotypesanreducethe
overall levelsof rustdueto resourcecompetitionor otherfactors(M.H. Pei,pers.comm.).
This may be a factor contrikuting to the lower levels of rustin mixed comparedwith
monoculturewillow plantationg18). Incompatiblerustmay alsobe a factorcontributing
to lower levels of beetledamagean mixedwillow plantationsastherewasreducedbeetle
feedingon leavessprayedwith theincompatiblerustpathotype Theserustswould provide
the benefit of lower beetledamagewithout incurring rust damageto the incompatible
willow genotypes.
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