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Indir ect Interactions betweenRust (Melampsoraepitea)
and Leaf Beetle(Phratoravulgatissima)Damageon Salix

Lori Peacock,
�

Tom Hunter, Mei Lai YapandGillian Arnold
�

Willows(Salixspp.)arebeneficialasapotentialsourceof renewableenergy, riparianbarriers
andriverbankcontrol, yet areconsideredinvasive weedswhenthey clog watercoursesand
leadto erosionand�ooding. Interactionsbetweenwillow rustMelampsora epitea(Thüm.)
(Uredinales:Melampsoraceae)andleaf beetlePhratora spp. (Coleoptera:Chrysomelidae)
feeding damagehave an impact on effective pest managementand biological control.
The presentstudy investigated the effects of (a) prior mechanicalleaf damageon rust
development,and(b) rustinfectiononbeetlefeedingunderlaboratoryconditionsfor different
timeintervalsandlevelsof damage.Willow rustinfectionsignificantlyreducedtheamountof
leaf areaconsumedby beetles.Theresultwassimilar whena compatibleor anincompatible
rustpathotypewassprayedontoSalixviminalis(L.) `Mullatin' plants.Therewerenooverall
significant effects of mechanicaldamageon rust development,althoughthe lowest level
of rust infection wasfound with the incrementaldamagetreatment.Therewere,however,
differencesof significancefor leaf positionanddamagestatus,with damagedleavesat all
positionshaving fewerpustulesandasmallerpustuleareathanthecorrespondingundamaged
leaves. Therewasno detectableeffect of possiblevolatile emissionsfrom crushedwillow
leaves on rust infection and development,althoughthe volatile compoundcis-3-hexenyl
acetatesignificantly reducedpustulediameterand overall pustulearea. The resultsare
discussedin termsof theimplicationsfor pestmanagementandbiologicalcontrol.
KEY WORDS: Chrysomelidae;inducedresponse;insect–fungusinteractions;rust; short-
rotationcoppice;willow.

INTRODUCTION

Willows (Salixspp.) have many uses,suchascricket batandbasket making,fencing,
windbreaks,riverbankcontrol of erosionandriparianbarriers(17), andsoil remediation
(2,7).Short-rotationcoppice(SRC)willow is acropincreasingin importanceasapotential
sourceof renewableenergy (25). Britain hasagreed,undertheNon-FossilFuelObligation
(NFFO), to a targetof 10%of its electricity to be suppliedfrom renewablesources,with
anEU inlandenergy consumptionto besuppliedby biomasscropsby theyear2010(3).
According to the Departmentof TradeandIndustry, if the 10% target of UK electricity
supplyis from SRC,2 million hectaresof energy cropswill beneeded(6). SRCwillows
areattackedby a numberof potentiallydebilitatingdiseasesandpests,mostnotablyrust,
causedby Melampsoraepitea(Thüm.) (Uredinales:Melampsoraceae),andthebluewillow
beetlePhratora vulgatissima(L.) (Coleoptera:Chrysomelidae)(11). Control of these
damagingagentsis importantfor themaintenanceof highyields.
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However, in someinstanceswillows areconsideredto be invasive weeds,especially
alongwatercourses,wherethey caneasilyspread.For instance,in south-easternAustralia,
willow-dominatedwatercourseshave resultedin a lossin native biodiversityandchanges
in watercoursebehavior, with consequentialimpactson erosionand �ooding (1). It is
suggestedthatstrategic long-termplanning,not theindiscriminateremoval of willows,be
usedfor the managementof willows alongthesewatercourses.Thereis someinterestin
usingwillow beetlesand/orrust for biologicalcontrolof thewillows alongtheAustralian
watercourses,similar to theinsect–funguscombinationGastrophysaviridula (L.) andrust
– Uromycesrumicis (Schum.)– which is of interestfor biologicalcontrolof dockweeds
(9).

The proposedincreasein acreageof SRCwillows andlikely concomitantincreasein
pestsanddisease,and the potentialuseof willow beetlesandrust asbiological control
agents,necessitateasoundunderstandingof possibleinteractionsbetweenthesedamaging
organisms.Thus,anunderstandingof beetle–rustinteractionsis of interestin agricultural
andenvironmentalecosystemsfor effective pestmanagementin SRCcropsandbiological
controlof willow whereit is consideredaninvasiveweed.

Damageincurred from willow beetlesand rust within willow plantationsshowed
significantnegative correlationsbetweenthe extent of rust andbeetledamageon 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
theeffectsof rustinfectiononbeetlefeedingunderlaboratoryconditionsfor differenttime
intervalsandlevelsof damage

MATERIALS AND METHODS

Effects of leaf damage on rust infection Leaf damagecan causean alteration of
biochemistry(constitutive or induced)or physicalproperties,which canhave negative or
positive effectson fungal developmenton the host. Damagecanalsobe associatedwith
the emissionof volatile compounds,someof which have beenshown to have antifungal
properties(8). Sincefungal sporesmaycomeinto contactwith damagedleavesor volatiles
from this source,two experimentswereperformedto examinethe effectsof mechanical
damageandvolatileemissionson rustinfection.

Mechanical damage: Cuttings(20 cm) of Salix viminalis (L.) `Mullatin' were taken
from cold storage(-4

�

C), plantedon 7 December2000 and maintainedin an ambient
temperatureglasshouse.Tosimulatebeetlefeedingdamageandtostandardizeandcompare
different amountsand timing of leaf damage,mechanicaldamagewas implementedby
removing leaf tissueusinga 50-mmdiamholepunch.While appreciatingthatmechanical
damageis differentfrom beetle-feedingdamage,it is repeatableandconsistentandmore
preciselevelsof damageareachievedcomparedwith thatwhichwouldoccurusingbeetles.
Damageto the midrib wasavoidedby punchingholesinto the laminaof leaves. There
weretwo levelsof damage(two or six holesper leaf) andfour time periodsafterdamage
beforerust inoculation(1, 3, 5 or 7 days). Another treatmenthad incrementaldamage,
with two holespunchedper leaf on eachof threeoccasions:7, 5 and3 daysbeforerust
inoculation.Therewerefive cuttingsfor eachof thetentreatments(includingthecontrol
with no damage),which were laid out in a randomizedblock designwith five blocks.
Leavesweredamagedbetween29 Januaryand4 February2001. Threeleavesper plant
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weredamaged,suchthatonewasat thetop,middleandbottomof theplantandhadat least
onefully expandedleafadjacentto it (Fig. 1).

On 5 February2001, leaf discsof 1.1-cmdiam (95 mm
�

area)were taken from the
damagedleavesand from an undamagedleaf adjacentto eachdamagedleaf. This was
doneto testfor differenceswithin a plant thathadbothdamagedandundamagedleaves.
Two discsweretakenper leaf, onefrom thedistalendandonefrom theproximalendof
the leaf, resultingin 12 discsper plant. Discswere placed,abaxialsurfaceuppermost,
on blotting paperbridgessoaked in tap water in 10 � 10 cm squarepetri disheswith 25
(5 � 5) compartments.Themiddlecompartmenthada blotting paperdiscto checkfor rust
concentrationbetweendishesafter 26 h. Therewere five platesper replicatewith two
treatmentsper plate,eachreplicatecorrespondingto the original blocksof plantsin the
greenhouse.Thepairingof treatmentsfor eachplatewasorganizedaccordingto apartially
balancedincompleteblock designbasedon designSR11from Clatworthy (4), with each
treatmentoccurringwith eachothertreatmenteitheronceor notat all acrossthe25plates.

The rust isolateMelampsora epiteaex S.viminalis Mullatin (VMP891-1)wasgrown
on detachedleavesof S. x stipularis (Sm.) for 10 daysprior to usefor inoculation. A
urediniosporesuspensionwaspreparedby brushingoff sporesinto atubecontainingsterile
waterandTween20 (onedropper100ml). This suspensionwassprayedover discsin all
dishessimultaneously, usinga Humbrolairbrushsprayer. Discswereleft to air-dry for 3
h at roomtemperature;thendisheswerecoveredwith lids andplacedin a 15

�

C chamber
for 11days,atwhich timerustpustuleswerewell developed.Eachdishwasphotographed
with a digital camera(OlympusC-2500L).The imageanalysissoftwareSigmaScanPro
5.0(SPSSInc.) wasthenusedto examinetheleaf discimages.For eachleaf disc,pustule
numberwascountedandthediameterof eachpustulewasmeasured.

Volatile compounds:Damagedwillow leaves have beenshown to emit greenleaf
volatiles,mostnotablycis-3-hexenyl acetateandcis-3-hexenol (19). To testfor possible
effectsof volatileson rust development,plant discswereplacedin 16 compartmentsof
10 � 10 cm squarepetri disheson 5 February2001. The middle compartmentwasfilled
with 3 ml of tap water agar and the leaf discswere sprayedwith the samerust spore
suspensionusedabove. Theremainingeightcompartmentswerefilled with a wet pieceof
blotting paperandeithera crushedMullatin or Salixx dasyclados(Wimm.) leaf (changed
every 2 days),a dropof cis-3-hexenyl acetateor a dropof water. This wasdonefor four
replicatedishes.Dishesandeachdiscwerethentreatedthesameasin theprevioussection.
Germinationof sporeson theagar wasassessedthefollowing 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,a rustsuspensionof VMP891-1(3.6� 10

�

sporesml �

�

) wasemployedto inoculate
plantsusing a portableturntable. Plantswere placedindividually on the turntableand
10 ml of water plus Tween 20 (control) or 10 ml of suspensionwas applied to each
plant using the Humbrol airbrush. After inoculation,eachplant wascontainedwithin a
polythenesleeve andsecuredat the baseand top to maintainhigh humidity to enhance
rust infection. Plantswere thentransferredto a controlledenvironmentcabinetat 15

�

C
and16 h light andthesleeveswereremoved24 h later. Rustgerminationwastested24 h
after inoculationby applyingsporesto petri dishescontainingpotatodextroseagar. This
experimentwasrepeatedin 2002,with theadditionof extra plantsbeingsprayedwith the
incompatiblerustpathotypeM. epiteaex S.burjatica (Nasarov) `Korso' (KNW-1R). The
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sporeconcentrationsof VMP 891-1andKNW-1R were6.0 x 10
�

and9.8 x 10
�

spores
ml �

�

, respectively.
On 1, 4, 7, 10 and14 daysafter rust inoculation,threerustedandthreecontrolplants

wereremovedandeightleafdiscsweretakenperplant(two discsfrom eachof four leaves).
Whatremainedof theseleaveswasplacedinto a14-cm-diampetridishlinedwith wetfilter
paperandmaintainedin thesamecabinetastheotherwillow plantsfor 1–2weeks,until
rust wasapparenton the rustedleaves. In 2001,threepairsof a rustedandcontrol disc
werepinnedin a 9-cm-diampetri dish lined with dampfilter paper, usingthe technique
of KendallandWiltshire (14). This wasdonefor eightreplicates.In 2002,six discswere
put into a dish, in two triplets,with oneof eachtriplet from thecompatible,onefrom the
incompatiblerustedplant,andonefrom thecontrolplant.Thiswasdonefor six replicates.

Adult P. vulgatissimawerecollectedfromavarietyof willow genotypesatLongAshton
ResearchStationthedaybeforeexperimentsbegan (25 May – 7 June2001and8 May –
21 May 2002). They wereheld at 15

�

C and16 h light, 8 h dark. Five adultsthat had
no food for 5 h prior to theexperimentwereplacedin thecenterof eachdish,which was
coveredandkept at 15

�

C for 18 h. Beetleswerethenremoved, the discsplacedonto an
acetatesheet,andthepercentleaf areaconsumedwasmeasuredusinganOptomaxImage
Analyser.

Statistical analyses An analysisof varianceusingGenStat5 [Release4.2Fifth Edition,
c

�

LawesAgricultural Trust (RothamstedResearch)2000]wasperformedon all variables
of interest, using appropriatedesign and treatmentstructuresas describedearlier in
the experimentaldetails. Only the residualvariation showed a systematicpatternfor
percentageof leaf disk remainingasrecordedin the beetlefeedingexperiments.A logit
transformationwas carriedout on this variableprior to analysisto give more uniform
residualvariationacrosstherangeof valuesrecorded.In orderto includerecordedvalues
of 0 and100%in theanalysis,anadjustedversionof thelogit wasused:

�������	��
�������
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�

����������


RESULTS

Effects of leaf damageon rust infection Mechanical damage: Blotting paperdiscs
showeda comparableconcentrationof rustsporesbetweendishes.Therewereno overall
significant treatmenteffectsor any significant interactionsincluding amountand timing
of damage.The lowestnumberof pustulesperdiscwasfoundwith thesix holes,7 days
beforeinoculationtreatment(pustulenumber= 8.20)andthehighestnumberof pustules
wasfoundwith the two holes,3 daysbeforeinoculationtreatment(11.42). The smallest
pustulediameterandtotal pustuleareawerefoundwith theincrementaldamagetreatment
(diameter= 0.63mm, pustulearea= 2.91mm

�

). The largestmeanpustulediameterwas
found with the six holes,5 daysbeforeinoculationtreatment(0.74mm), andthe largest
pustuleareawasfrom thetwo holes,3 daysbeforeinoculationtreatment(4.23mm

�

).
Therewere overall differencesof significancefor leaf position and damagestatus.

Overall, therewasasignificantincreasein pustulenumberandareafrom thebottomto the
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TABLE 1. Growth of Melampsora epitearustonmechanicallydamagedor undamagedwillow leaves
taken from threesectionsalongstems(basal,middle andtop). For treatedplants,oneleaf in each
sectionwasdamaged,while theadjacentleafwasleft undamaged(seeFig. 1). Growth wasmeasured
aspustulediameter, numberandarea

Leafposition Meanpustulediameter Totalpustulenumber Total pustulearea
(mm) (mm� )
Damaged UndamagedDamaged UndamagedDamaged 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 thestandarderrorof thedifferencebetweenmeans.
* Indicatessigni�cant differenceat P � 0.05from damagedleaves.

TABLE 2. Effect of volatile compoundsemittedfrom damagedSalixviminalis`Mullatin' andSalix
dasyclados(Wimm.) willow leaves,andthegreenleaf volatile cis-3-hexenyl acetate,on thegrowth
of Melampsora epitearuston95-mm� discsof willow leaves

Treatment Meanpustule
diameter(mm)

Totalpustulenumber Totalpustulearea
(mm� )

Water 0.602 19.64 5.80
S.dasycladosleaves 0.622 17.66 5.68
S.viminalisleaves 0.676 15.47 5.68
cis-3-hexenyl acetate 0.437* 17.87 3.45*
S.E.D.(12df) 0.071 2.83 0.90

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

top leaves(Table1), corroboratinganotherstudy(24). Thedamagedleavesatall positions
hadfewer pustulesanda smallertotal pustuleareathandid thecorrespondingundamaged
leaves,thisbeingsignificantlydifferentfor thetopleaves.Therewasasignificantdecrease
in pustulediameterfrom bottom to top for undamagedleaves, with significantly larger
pustulesondamagedcomparedwith undamagedtop leaves.

For positionon theleaf, thereweresignificantly(P � 0.001)moreandsmallerpustules
on proximal (10.31pustules,0.67mm) thanon distal (8.58pustules,0.72mm) discs,yet
nosignificantdifferencein totalpustulearea.Theseresultsweresimilarbetweendamaged
andundamagedplantsandleaves.

Volatile compounds:Forty-eighthoursafterexposureto potentialvolatile compounds
from crushedleavesandthe greenleaf volatile chemical,sporegerminationon agar was
high andsimilar betweentreatments(86.3%– cis-3-hexenyl acetate;89.8%– Mullatin;
92.5% – control and 94.5% – S. x dasyclados(Wimm.)). There were no significant
differencesbetweentreatmentsfor thenumberof pustules,but diameterandtotalareawere
significantly (P � 0.05)smalleron discsin thecis-3-hexenyl acetate-treateddishesthanin
theothertreatments(Table2).

Effects of rust infection on beetlefeeding damageIn 2001therewasa significant
interactionbetweenrust treatmentand time (P=0.014); comparingrustedand control
leavesfor eachday after rust inoculation,the rustedleaveswereconsumedlesson 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. Consumption(presentedaspercentleaf remaining)by Phratora vulgatissimaof willow leavesinfectedor not infectedwith Melampsora epitea
rust

Year Treatment % Leaf remainingfrom a 95-mm

�

disc[adjustedlogit scale](back-transformed% �gures in parentheses)
Daysafterrustinoculation
1 4 7 10 14

2001 No rust 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) betweendays 0.302

2002 No rust 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) betweendays 0.580

S.E.D.is thestandarderrorof thedifferencebetweentwo means.
* Indicatessigni�cant differenceat P � 0.05from theno rusttreatment.
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Fig. 1. Samplingstructureof damagedandundamagedleavesfrom individualwillow plants

therewasa greaterpercentageof rustedthancontrol leavesconsumed,althoughthis was
not statisticallysignificant. In 2002 the overall main effectsof time and rust treatment
weresignificant(P=0.012and0.041,respectively), with lessleaf areaconsumedon day4
comparedwith otherdays,andontheincompatiblerustedtreatmentcomparedwith control.
For comparabilitywith theresultsfrom 2001,the two-way tableof meansis presentedin
Table3. It canbe seenthat, on an individual day basis,a greaterleaf areafrom control
plantswasconsumedthanfrom plantssprayedwith thecompatibleruston days4 and14,
althoughthiswasstatisticallysignificantonly onday14.

DISCUSSION

Previous researchhasshown a significant negative correlationbetweenwillow rust
andbeetledamageon individual trees(18). The presentwork provided evidenceof an
inhibitory effect of rust infection on beetlefeeding,yet was inconclusive regarding the
effectsof mechanicaldamageon rustinfection.

Rust infection (1–4 days after rust inoculation) reducedthe amount of leaf area
consumedby beetleswhen comparedwith undamagedcontrol leaves. Germinationof
rust uredinosporesand the formation of haustoriawithin host cells occur within hours
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of rust inoculation(5,10). Thereare indicationsthat the initiation andmaturationof the
first haustoriain fungal infectionsmayhave a marked effect on hostresponse(10). This
stageof haustorialdevelopmentcoincideswith the reducedbeetlefeedingon leavesat 1
dayafter rust inoculationin 2001andat 4 daysafter inoculationwith thecompatibleand
incompatiblerustpathotypesin 2002.Melampsora rustdevelopson,andpenetrates,leaves
whenrust is inoculatedon compatibleandincompatiblewillow plants(12). Incompatible
rust may, therefore,also be capableof having a marked effect on the initiation of host
responseagainst beetlesat the early stagesof germinationand haustoriaformation.
Fourteendaysafter rust inoculation,therewasa similar effect of reducedbeetlefeeding
on leavesinoculatedwith compatiblerust,althoughthis wassignificantonly in the2002
experiment.Oneweekafterrustsporegermination,myceliaandhyphaespreadthroughout
the leaf, until urediniaeruptthroughthe epidermis(20). Uredinosporesarethenformed,
which canproducea potentialsecondaryinfection, with the subsequentdevelopmentof
new haustoriaandpotentialeffectonbeetlefeeding.

Overall,nomechanicaldamagetreatmenthadasignificanteffecton rustdevelopment,
althoughincrementaldamageresultedin the greatestdecreasein rust diameterandtotal
pustulearea.This type of damageis morerepresentative of whathappensnaturallywith
beetlesfeedingover a periodof time. Despitethis lack of overall significance,therewere
indicationsof a localizeddamageeffect. Therewerefewer pustulesanda smallerpustule
areaon the damagedleaveswhencomparedwith the undamagedleaves,significantly so
for thetop leaves.Damagecancausea plethoraof differenthostresponses,somecapable
of encouragingandsomeof discouragingrust development,thusproducingconfounding
effects. For instance,poplarslow in nitrogentendto be resistantto Melampsora (15), so
theresponseto mechanicaldamageby Salixalba(L.) Tristesof ahigherpercentnitrogenin
damagedvsundamagedleaves(21)maymakedamagedleavesmorenutritiousto this rust.
Conversely, it wasalsofound that damagedTristesleavesweretougherthanundamaged
leaves. Additionally, Julkunen-Tiitto et al. (13) reportedthat rust intensity correlated
negatively with thecontentof thephenylglucosidesalicortinin leaves.Thus,damagemay
affect rust infection assomesalicylatesandphenylglucosidesincreasein responseto the
crushingof Populusleaves (5); an increasein thesecompoundswas also reportedafter
attackof S.myrsinifolia (Salisb.) by Phratora vitellinae(22). Anotherfactorto consideris
that thepresentexperimentswereconductedwith mechanicaldamage,which cancausea
weakerplantresponsethanfeedingdamageby herbivores,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-inducedethylene production of S. viminalis and resistanceto rust
(23). However, thevolatile compoundcis-3-hexenyl acetatesignificantly reducedpustule
diameterandoverall area,yet did not result in any differencein the numberof pustules.
Many greenleafvolatilesareassumedto bleedfrom damagedsites,whereascis-3-hexenyl
acetateis known to bepartially inducedin responseto herbivory (16,26).

Thepresentstudyshowsthatrustinfectionmayhaveamoreprominenteffectonwillow
beetlefeedingbehavior and, hence,beetledamagedistribution, than doesleaf damage
have on rust infection. Theseresultshave implicationsfor pestmanagement.For use
asbiologicalcontrolagentsof willows thatareconsideredinvasive weeds,thesefindings
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in�uence theorderandtiming of theintroductionof eachorganism.Basedontheseresults,
willow beetlesshouldbe releasedfirst andthenrust, after a substantialamountof adult
feedingdamagehasoccurred. Rust may have the addedbenefit of dispersingbeetles
to willow treesnot colonizedby beetles,thusspreadingthe infestation,with subsequent
damagefrom futurelarvae.It hasbeenshown thatdifferentrustpathotypescanreducethe
overall levelsof rustdueto resourcecompetitionor otherfactors(M.H. Pei,pers.comm.).
This may be a factor contributing to the lower levels of rust in mixed comparedwith
monoculturewillow plantations(18). Incompatiblerustmayalsobea factorcontributing
to lower levelsof beetledamagein mixedwillow plantations,astherewasreducedbeetle
feedingon leavessprayedwith theincompatiblerustpathotype.Theserustswouldprovide
the benefit of lower beetledamagewithout incurring rust damageto the incompatible
willow genotypes.
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