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Rayblight causedy Stagonosporopsis tanaceti is one of the most importadiseass of
pyrethrum anacetum cinerariifolium), aperenniaherbaceous placultivatedfor the
extractionof insecticidalpyrethrinsin Australia The diseases responsibldéor complete
yield lossin severeoutbreaksinfectedseeds consideredistheprincipal source ofS,
tanaceti. Infectionhyphaeremainonly in theseedcoatandnotin theembryq resultingin
pre- andpostemergenceleathof seedlingsandlatentinfection Therefore quantificationof
thelevel of infectionby S tanaceti within seedusinga qPCRassayis importantfor efficient

managementf thediseaseStagonosporopsis tanaceti completests life cyclewithin 12 days
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afterleafinoculation through prod@ion of pycnidiaandcaninfect everytissueof the
pyrethrum planexceptvascularandroottissue.Ray blight epidemicsoccurin pyrethrum
fields throughsplashdispersabf pycnidiosporebetweeradjaceniplants.Besidessteam
sterilization thiabendazole/thirarandfludioxonil areeffectiveseedtreatingchemicalsn
controlling Sretanaceti beforeplaning begins Rayblightis currentlymanagedn thefield
through théoliar applicationof strobilurinfungicidesin thefirst 1-2yearsof crop
establishmentLateron, difenoconazolandmulti-site specificfungicidesin the next2—3
yearsduringearlyspringsuccessfullyeduceray blight infestation Avoiding development of
resistanceo.fungicideswill requiremoresustainablenanagementf ray blight including the

developmenanddeployment ofesistantcultivars

Keywor ds: [Stagonospor opsi s tanaceti, Tanacetum cinerariifolium

Introduction

Pyrethrum(Tanacetum cinerariifolium), aperenniaherbaceous plant belang to the
Asteraceadamily, is commerciallygrownin Australiato producensecticidalpyrethrirs
(Zito, 1994, Katsuda, 1999%yrethins arehighly effectiveinsecticidegAndreevet al.,
2008; Sladonja&t al., 2014)usedgloballyin food preservatiorandorganicfarming(Li et al.,
2011; Sladonja&t al., 2014). Around 94% dhe pyrethrincontentis producedwithin the
secretoryductsandoil glands ofachene®f pyrethrumflowers. Dried pyrethrumflowers
containabout 1-2% pyrethrinsy weight. The naturalform of pyrethrins includesix
polyacetylenes- pyrethrinl, pyrethrinll, jasmolinl, jasmolinll, cinerin| andcinerinll (Pan
et al., 1995). Amonghese pyrethrinl andll areusedfor controllinginsects(Elliot, 1995.
Pyrethrinshavelow mammaliartoxicity andinsectshave notlevelopedesistancéo these
insecticidegCrombie& Elliot, 1961).

Pyrethrumoriginatedfrom northern AlbaniandCroatia(Dalmata) (Gnadinger,
1936).It is currentlycommerciallygrownin EastAfrica (Kenya Rwanda andanzania)
Australia(EasmaniandVictoria), ChinaandPapuaNew Guinea(Pethybridgeet al., 2008b).
In Australig in 2017, pyrethrumvasgrownoverapproximately 300@aproducing about
7000Mt of flowers, which accountedor two thirds of global production (Anon, 2018 he
northwestcoastof TasmanidetweerDeloraine(41°31S, 146°3%) andTableCape
(40°568S, 145°43E) is themajorpyrethrumproducingareain Australia(Pethybridgeet al .,
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2008b).To increaseproductionto meetincreasingglobaldemand pyrethrumproductionhas
alsoexpandedo theBallaratregion(37°56S, 143°83E) of Victoria (Suraweerat al., 2014).

High-inputfarmingsystemwith the use oherbicidesfungicides fertilizersand
overheadrrigationis practisedfor thecultivation of pyrethrumin Australia Seedsareused
astheprimaryplantingmaterialandfields arepreparedn late winter and/orearly spring
(July-September)Harvestof flower headds performedmechanicallyafterestablishmenin
the summernBecemberJanuary) 15—-18 monthafterplanting.After thefirst harvestnew
shootsemergdrem the crownthatremainsemidormanin winter, andflower stemsdevelop
in the spring followedby harvestingn summer(Pethybridgeet al., 2008b).This production
cycle continuedor 4-5years(Pethybridgeet al., 2009).However over thdast10years
poorregrowthof plantshasoccurredafterthefirst harvestleadingto asevereyield decline.
Plantsaffectedby:yield declineare sevellg discoloured, andhaybeinfectedby secondary
pathogensuehasFusarium oxysporum, F. avenaceum andParaphoma vinacea (Moslemiet
al., 2016, 2017b).

Commenlyoccurringfungaldisease®f pyrethrumin Australiaincludetan spot
(Didymellatanaceti/D. rosea; Pearceet al., 2016;Scottet al., 2017), slerotiniaflower blight
(Sclerotinia‘selerotiorum), botrytis flower blight (Botrytis cinerea; Scottet al., 2017) winter
blight (Alternariatenuissima; Scottet al., 2017), pink spotStemphylium botryosum;
Pethybridgeet al., 2008b).andanthracnosedolletotrichum tanaceti; Barimaniet al., 2013;
Scottet al., 2017).Moslemiet al. (2018)recentlyidentified Paraphoma pye andP.
chlamydocopiosa asnew pathogens that both infected floéar andcrowntissuesof
pyrethrumOneof the mossignificantconstraintgo pyrethrumproductionin Australiais ray
blight diseasecausedy the fungalpathogertagonosporopsis tanaceti (Vaghefiet al.,
2012).Thispathogerhasthusfar only beendetectedn Australia(Vaghefiet al., 2016b).
Two morphologicallysimilar andphylogeneticallycloselyrelatedspeciesS. chrysanthemi
andS. inoxydabilis, causeray blight onAsteraceae in theUS andEurope respectively
(Vaghefiet:al2012).Despitepreviousreportsof S. chrysanthemi (causeof ray blight of
chrysanthemumip Australia(Simmonds, 1966; Vaghefi, 2016bb¢centmultiiocusanalyses
of historicaleallectionsin New SouthWalesidentifiedthe deposite@athogerassS. caricae
(authors’ unpublishedatg. Therefore presencef thesespecien cultivatedor wild hosts
in Australiaremainsunknown.Both S chrysanthemi andS. inoxydabilis havebeenshownto
infect pyrethrumplants andtherefore areconsidereasbiosecuritythreas to the Australian
pyrethrum industrgVaghefiet al., 20163.
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Stagonosporopsis tanaceti causesubstantialield reduction (Bhuiyan & aylor,
2014),andcompleteyield lossis possiblein seriousoutbreaks. The biology of the host—
pathogernnteraction epidemiology ofs tanaceti, anddevelopment of diagnostic methdds
themanagemenof ray blight of pyrethrum havbeenstudiedextensivelyoverthelast10
years The'objective ofthis reviewis to providean overview ofthe currentknowledge on the
host—pathogerelationshipandray blight managemengtrategiesandto identify existing

gapsandguide futuraesearchdirections.

Ray blight.of pyrethrum in Australia

Ray blight wasnamedafter thecharacteristiblighting symptom of theay florets, which
resultin diseeloured headwatbecomestrawcolourediithered(Stevens1907).Thedisease
caninfect all*plantorgans/tissuesxceptvascularandroottissuegBhuiyanet al., 2017a).
Initial symptomseginwith necroticlesions oreaf margins thenthelesionsexpandand
coverthe wholdeafresultingin defoliationandstuntedgrowth of the plantLeaflesionscan
spreado the petioleandflower stem resultingin flower stemgirdling. Yellowing and
deformation oleavesalsoappear The mostdistinctsymptom ofray blight is the‘shepherds
crook’ appearancef flower buds,whichis causedy infectionandnecrosis of one side of
the uppefflower.stems(2—-3cm below theflower bud),resuling in drooping of thdlower
bud(Fig. 1; Pethybridgeet al., 2008b).

Ray blight of pyrethrumwasfirst reportedn Australiain 1995(Pethybridges
Wilson, 1998).The causalorganismwas initially identifiedasPhoma ligulicola var.
inoxydabilisbasedon morphologal studiegPethybridje & Wilson, 1998) butvaslater
redescribe@s Sagonosporopsis tanaceti basedon multilocusphylogeretic analyses
(Vaghefiet als2012).It hasbeenhypothesizedhat dueto its phylogenetiaffinity with S
inoxydabilisin"Europe S tanaceti hasanorigin outsideAustralig andwasintroducedo
Australiaeitheron the propagativenaterialimportedto establisithe pyrethrum industrip
the 1980sy0evenmuchearlier;on the pyrethrum plantsiportedfrom Japanthe UK and
theUS in the 1930¢Bhat& Menary, 1984) orAustriain the 1890s(Von Mueller, 1895;
Wittmann 1976).

Rayblight commonlyappeas duringearlyspringbut the highesncidenceof this

diseasas during theflowering periodin late springto earlysummer(Novembeito
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December)]Pethybridgeet al., 2008b). $vereepidemis ofray blightin 1999resultedn
substantiayield lossesput of 24sitessurveyed during 1999/2000, osiée had100%yield
loss, 38% of cropbadbelowaverageyield, andthemajority of fields hadyields of 50% or
less(PethybridgeX Hay, 2001). Althouglray blight is the mostdamagingliseasef
pyrethruminsAustralig theexactestimationof yield lossby S. tanaceti is difficult to

determinedueto thecomplexof foliar, rootandflower pathogenshatcausealisease.

Life cycle.of S. tanaceti in pyrethrum

Pyrethrumseedsareconsiderecisthemain source ofrimaryinoculum ofS. tanaceti
(Pethybridgeet al., 2006) which resultsin dispersabf thepathogeranddevelopment of
foliar infectionin’seedlings. fh incidenceof ray blight infectionhasbeendetectedn
commercialseedots (Pethybridgeet al., 2006). Both spatiotemporahalysesndlogistic
regressionmodellingof ray blight epidemicssupport the hypothesiBatthe seeds themajor
source ofray blight (Pethybridgeet al., 2005b, 2006, 2011). Populatiganetis studeshave
alsoreportedow geographicastructuringof the pathogen populati@andwidespread
distributionof afew multilocus genotypesyhich, in theabsencef sexualreproductiorand
airborneascosperess suggestivef humanmediatednovement ofeedasthe majormeans
of long-distancepathogerdispersalVaghefiet al., 2015b).

Infectionstartsby directpenetratiorof pycnidiosporgermtubesinto theepidermal
cellsof leaveswithin 12 h, followedby pinpointnecroticlesiors thatdevelopafter24 h
(Bhuiyanet al., 2015). htra andintercellular colonizationby infectionhyphaeresulsin
extensivedamageandnecrosis oepidermal hypodermablndcorticaltissuesof pyrethrum
leaves.Stagenosporopsis tanaceti completsits life cyclewithin 12 dayswith theformation
of fertile pyenidia.

During thegrowingseasonwaterdroplets(rain splash)will impactthe pycnidiahat
developin leavespetiolesandflower stemsresultingin thereleaseof pycnidiosporeshatare
thendispersedo adjacenteavegPethybridgeet al., 2005b).Thetrichomeson theleavesand
petiolesof pyrethrum plantsnaycausewaterdroplets containing the sporesberepelled
leadingto run-off anddeposition of sporest thecrownregion. Numerous pycnidihatare
formedin theinfectedcaulineleaves petioles flower budsandflower stemsarethe source of

inoculum (Bhuiyaret al., 2017a). Theeverityof necroticleaflesions orpyrethrumplantsis
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increasedvith anincreasean overwintering frequencgf S. tanaceti on plants(Pethybridgest
al., 2011, 2013).

Thesusceptibilityof annualchrysanthemumGhrysanthemum carinatum) and
marigold(Tagetes patula) to infectionby S tanaceti wasconfirmedby Pethybridgeet al.
(2008a) buthis pathogerhasnotyet beenisolatedfrom any of thealternativehostsin
pyrethrumfieldsin Australia Populatiorgeneticsstudies founevidencehatagenetically
differentiatedsource of inoculurmayexistoutside thdields, which wasintroducedo
pyrethrumfieldsin 2012(Vaghefiet al., 2015b).Sexualreproductiorhasyetto be
ascertaineth theray blightpyrethrumpathosystenn Australia(Vaghefiet al., 2015a)
becaus@nly asingleMAT gene MAT1-1-1, hasbeendetectedn theAustralianS. tanaceti
populationsjndicatingasexualityor heterothallisnof this pathogen (Chilverst al., 2014;
Vaghefiet al«=20161).

Infection“process of S. tanaceti in pyrethrum

Seed and seedlings

Within theseedhinfectionhyphaeareconfinedto theinfectedouterlayerof theseedcoatand
not the embryodDuring theprocesof germination S. tanaceti hyphaeinfect the developing
embryosand depending otevel of infection, resultin pre- or postemergencelampingoff,
or infectedsymptomlesseedling. The mechanisnof embryoinfectionby S. tanaceti is
through thealirectinfectionfrom theseedcoat Disintegrationof embryonidissuesesulsin
pre-emergenc@leath. Postmergenceeathof pyrethrumseedlingsesuls from infection of
the parenchymaell tissue(Bhuiyanet al., 2017b).Theinfectedseedlingsnayremain
symptomlesswhile harbouring the pathogem theepidermalhypodermabndcorticaltissue
of thecrownregion.No infectionoccussin thevasculartissuesof infectedseedlingsThe
fissuresandspacesvithin theseedsurfaceareassumedo be theentrypoint of S. tanaceti
into theseed Theemptyspacearound the papplappeardo bethelocationfor the build-up
of infectionhyphagBhuiyanet al., 20171). Surfacesterilization of pyrethrumseedswith
sodium hypochloritevasreportedto reducetheincidenceof S. tanaceti upto 60%compared
to nonsurfacesterilized seedgPethybridgest al., 2006) However, the surface sterilization
more than likely onlilled theS tanaceti onthe seedurfaceor onthe seea¢oatandnotS

tanaceti myceliumwithin the cotyledons of theeed
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Mature pyrethrum plants

Infectionby S tanaceti beginswith theattachmenof the pycnidiosporesn thesurfaceof the
pyrethrumleaflamina(caulineleaf). Following germinationof pycnidiosporesgermtubes
penetratalirectlyinto the host withoutorming anyspecializdinfectionstructuresand
without invadingstomata(Bhuiyanet al., 2015). Althougtray blight is consideredafoliar
andflowerdiseasdHay et al., 2015;Scottet al., 2017),S. tanaceti canalsoinfect thecrown
tissueof pyrethrum(Bhuiyanet al., 20173. Infectionresulsin necroticlesiors onflower
stemsflower buds(Pethybridgeet al., 2003) Jleaves petiolebasesandcrowntissues
(Bhuiyanetral 4 20179 Stagonosporopsis tanaceti infectsparenchymaissuein the
epidermis hypodermis andortexof the leaflaming petiolg flower stemand crown.
However vasculartissuesof infectedplants do nobecomanfected Necrosisof all tissues
exceptthevasculattissueat thedistalendof flower stens resuls in thetypical shepher

crook symptom (Bhuiyast al., 2017a).

Factors affecting ray blight epidemics

In Australig.diseasencidenceandseverityof ray blight hasbeenrecordedo be highetin
Septembeanddecreasgraduallyin Octoberwhenthe number of consecutidayswith
rainfall is reducedPethybridgeet al., 2005b, 2009). A survey conducteglPethybridgest
al. (2003)reportecthattheisolationfrequencyof S. tanaceti from pyrethrumleaveswas c.
19.4%in earlyto midwinter, 37.8%in latewinter and56.9%to 82.7% over the sprindn
addition, a combinedffect of anabioticstresssuchaswaterloggingandray blight hasbeen

shownto significantlyreducecrop growth(Javidet al., 2013).

Rainfallandtemperatureoupledwith edaphioor site-specificfactorssuchasaspect
andelevationofithefields arealsoconsideredsrisk factorsfor ray blight outbreaks on
pyrethrum(Pethybridge& Hay, 2001; Pethybridget al., 2009).Pyrethrumplantsgrown on
southfacingslepesandin valleysareat higherrisk of infectionby S tanaceti ascomparedo
northfacingslopesandon thecrestsof hills in TasmanigPethybridgeet al., 2009).
Moreover,denselypopulatedpyrethrumfields aresubjectedo infectionby S. tanaceti dueto

favourablemicroclimaticconditions(Pethybridgeet al., 2011).The polycyclic progressiorof
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ray blight occursn springwhenthe plantgrow rapidly,andthe stemsaremore susceptible
to S. tanaceti (Pethybridgest al., 2011).

Diagnosisof'S. tanaceti in pyrethrum seed and seedlings

Stagonosparopsistanaceti survivesin pyrethrumseedincreasinghe potentiafor future
diseasespidemisto occur. Seedborngathogenaffectrisk of diseasalevelopmenby
introducing‘ineculuninto thegrowing plant(Pethybridgest al., 2006).Theincidenceof S,
tanaceti in pyrethrumseedvaries betweer).9% and 19.5%mean7.7%)(Scottet al., 2017).
Reliableandrapid detectionmethodsareanintegralpart of diseasenanagemerit seedborne
diseaseandwill_enableseedcertificationanduse ofdiseasdreeseed Overthelastdecade
traditionalandmoleculardetectionassayfhavebeendevelopedo assesshe incidence of

infection of*'Srtanaceti in commercialpyrethrumseedots.

Visual inspection

Heavilyinfectedpyrethrumseedsnay harbour pycnidighatarereadilydetectedy the
nakedeye.However visual inspection ahfectedpyrethrumseedandseedlingss not

reliablebecause. tanaceti maybelatentin symptomlesplanttissue (Bhuiyart al., 20171).

Agar plateincubation assay

Culturing on biologicaimediais usedto testseeddor fungalinfection (Manciniet al., 2016)
andhasbeenusedto identify theincidenceof S. tanaceti infection of pyrethrumseed The
methodis basedonidentifying the culturalcharacteristicef S. tanaceti growingon potato
dextroseagar(PDA) or V8 agarmedia(Pethybridge& Wilson, 1998;Pethybridgeet al .,
2008h. Howevey culturingseeds time-consuming, requireskills in mycologyto identify
fungalspeciesandsometimest is not sensitive enoudio detectvery low levelsof seed
infection(Manciniet al., 2016).

Molecular detection assays
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A PCRbasedmethodfor detectionof S. tanaceti in pyrethrumseedwasdevelopedasedon
amplificationof thelTS regionof thenuclearribosomalDNA (nrDNA) of S. tanaceti
(Pethybridgeet al., 2004l). However thel TS sequencewerehighly similaramongthethree
closelyrelatedray blight pathogen$. tanaceti, S. chrysanthemi andS. inoxydabilis, and thus
werenoteffectivein discriminaing thesespeciesAlthoughthe presencef S. inoxydabilis
andS. chrysanthemi in Australiaremainsunknown(Vaghefiet al., 2016a)bothspeciesare
capableof causingdiseasen pyrethrun{Vaghefiet al., 2016a).Therefore aspeciesspecific
multiplex RCRassaywasdeveloped t@llow rapidandreliabledifferentiationof thethree
Stagonosporopsis spp. Vaghefiet al., 2016apasedon thesequencef the IGS regionof the
nrDNA. A TagMangPCRassaywasfurther developedo enablequantifcation of S. tanaceti
inoculumlevelsin pyrethrumseedots prior to selectingplantingmaterial(Bhuiyanet al .,
2018).The assayis highly sensitiveandhasbeenvalidatedin planta for quantificationof S.
tanaceti inoculumin pyrethrumseed(Bhuiyanet al., 2018). Development ofraultiplex reat
time g°PCRassayto detectandquantifymultiple pathogens of pyrethrum thesamereaction

would reducebothcostsandlabour.

Management of ray blight in pyrethrum

M anagement,of ray blight using seed treatment

As seeds theprimarycarrierof S. tanaceti, theuse ofseedreatingchemicalscould reduce
theprimaryinocula presenn the pyrethrumseedcoat althoughcompleteeliminaion may
not be possible. Seedborne inoculomaybereducedsignificantlyby treatingpyrethrumseed
with thiabendazole (benzimidazoleRAC codel)/thiramandfludioxonil (phenylpyrrole:
FRAC code, 12)Pethybridgest al., 2006).

Heat tr eatment of seed

Heattreatmeni50 °Cfor 30 min) of pyrethrumseedcanalsosuccessfullyeduceS. tanaceti
inoculumin seedresultingin germinationincrease®f upto 83% (Bhuiyaret al., 2017b).
Significantreductionin pathogen colonization followinggmting of steamsterilizedseed has
alsobeenreported(Scottet al., 2017).However temperaturéreatmentdoes notompletely

eliminatethe primaryinocula dudo the presencef other exogenous sources of inocula
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(Scottet al., 2017). Moreover, lodevel of S tanaceti might bepresenin steamsterilized
seed therefore completeeradicationof S. tanaceti in fields requiresapplicationof foliar
fungicidesin spring(Scottet al., 2017).

Management of ray blight using fungicides

Managemenbfray blight currentlyreliesmostly onfoliar applicationof fungicides. Quinone
outside inhibitorgQol: strobilurin)anddemethylatiorinhibitors (DMI) areusedfrequently

to controlray blight of pyrethrum.Therearesevenclasseof strobilurins basedon structural
similarities Their mode ofactionis bindingto the Qo site of thecytochromebcl complex
(Gisi et al., 2002).As theseungicidesinterferewith onespecificbiochemicakitetheyare
calledsite-specificfungicides(single site modeof action) Only asinglemutationat this site

is enoughte.developa fungicideresistanipathogen subpopulati¢iincelli, 2002).Therisk

of resistanca&levelopmenis generallyhigherin fungicideshavinga single site mode of
action(Yamaguchi& Fujimurg 2005). In contrastnulti-site specificfungicidesaffect
multiple targetsitesin fungi, and argherefore less prone to develogent of resistance in the
pathogenMulti-site fungicidesrecheapebutlesseffective (Brent & Hollomon, 1995;
Chenet al., 2013.

FungicidessuchasdifenoconazoleliMIs: FRAC code 3)andazoxystrobiflFRAC
code 11l)appliedin springwerefoundto effectivdy controlray blight (Pethybridgeet al.,
2007, 2008b)However the Fungiciddresistancéction Committee(FRAC) classifies
DMIs asmediumto highrisk of developingoleranceandproneto developnentof resistaice
in fungal populations (Scheinpflug, 1988l Sorboet al., 2000).Following detectionof
reducedsensitivityof S, tanaceti populationdo difenoconazole (Jonesal., 2007),DMIs
werereplacedwith boscalid(succinatedehydrogenase/carboxamideRAC code 7)
(Pethybridgeet-al:, 2008c) Onecombinedapplicationof boscalidandpyraclostrobiFRAC
code 11)n.a-pyrethrunfield increasedsield of pyrethrinby 60%comparedo the previous
industryrecommendegrotocol(singledose of azoxystrobin [150aj ha '] andtwo
additional‘applications of difenoconazole [12&ida '] andchlorothalonil [1008 Lai ha ]
at14-21 éyintervals)and utreatedcontrol plot(Pethybridgest al., 2008c). Although
boscalidis still foundto betoxic to S tanaceti (Hay et al., 2015), urgent adoption of
nonchemicamethoddor diseasenanagemerin Australianpyrethrumfieldsis essential

Thereis evidenceof boscalidtolerancan D. tanaceti, another importaribliar pathogerof
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pyrethrumin Australia(Hay et al., 2015).Therisk of resistancéo fungicides(bothDMIs and
strobilurins) andthe mode ofesistancen S tanaceti againstantifungalagentgfungicides)

haveyetto bedeterminedat molecular geneti¢ biochemicalandphysiologicallevels.

Applicationof fungicidesin the standing crops spring (November) pridio harvest
in Februaryeducedseedborneinfection (Pethybridgeet al., 2006). The mosteffectiveseed
treatingchemicalssuchasthiabendazole (benzimidazoleRAC code 1)andfludioxonil
(phenylpyrrele:dERAC code 12)wereusedto reducetheincidenceof S tanaceti in pyrethrum
seed(Pethybridgeet al., 2009.

Risk of fungicideresistance and mode of resistance in plant pathogens against antifungal

agents

In 2002, Pethybridget al. (2007)estimate the thresholdevel of defoliationseverityby S
tanaceti in Tasmaniampyrethrumfields andfoundthatwhenthedefoliationseverityreached
35%, theseverityof necroticlesions orstemswasexpectedo increasdinearly. Meanwhile
defoliationseveritylessthan35%wassubminimalandtherewaslesschanceof increasng
infection Usingthis analysis a fungicideprogramme shouldkeepthedefoliationseverity
below 35%in spring(Pethybridgeet al., 2007).However overtime, therehasbeenashiftin
incidenceofpathogenshatcauseoliar infectionawayfrom S. tanaceti to D. tanaceti (Hay
et al., 2015),C. tanaceti (Barimaniet al., 2013),S. botryosum, A. tenuissima (Pethybridgeet
al., 20043, A. infectoria and Semphylium herbarum (Moslemiet al., 2017a).Thesechanges
in importance ofoliar pathogens of pyrethrumaybein partdueto the introduction ohew
fungicidesaswell aschangesn environmental conditionthatfavour selectecpathogen
speciesTherefore the currentestimationof thethresholdevel of defoliationseverityonly
by ray blightneed to berevisedin orderto considemorecomplexsituatiors of pathogen

specieaandenvironments.

Cultural practices

Themicroclimateof denselypopulated pyrethrurfields is favourablefor ray blight
epidemicsthereforereductionof plant densityvassuggesteédsameandor reduction of
inoculum(Pethybridgeet al., 2011).Minimizing the use ofiquid fertilizersandoverhead
irrigation (Fox, 1998),cultivation of diseasdree plantingmaterialsBakeret al., 1949, 1961;

Fox, 1998),practiceof goodcrop hygienesuchasrogueing ofinfectedplants followedoy
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burning(Fox, 1998),andimplementatiorof deepburial ofcropresiduegFox, 1998;
Pethybridgeet al., 2008a) haveeensuggestedsusefulmanagemenpracticedor
controllingray blightin chrysanthemunfPethybridgest al., 2008b).

Theflowersof perennialpyrethrum plantareharvested®—3timesin ayearby
mechanicaharvestinghatseparatetheflower headdrom thestemsandthencutstheflower
stemsat thecrownregion leavingthe cropresiduesn thefield (Moslemiet al., 2017b).
Surveyssconducteith 2015—16at yield-declineaffectedsitesof pyrethrumin northern
Tasmaniaepertednecroticleaf andcrowntissueswith fungalfruiting structuref different
fungi including pycnidia of theay blight pathogerin thecropresidue{Moslemiet al.,
2017a) Infectedcropresiduescontributeto theavailability of inoculumto reinfectnew
growth. Managemenof infectedresiduesuchasburyingafterharvesimayreduceinoculum
through deecemposition hyicrobial bioagentsn the soil(Keinath 2002).In addition,crop
rotation(3-4years)with nonhoshasbeenshownto beeffectivein controlling pathogenthat
remainin thecrop residuegKeinath 1996;Greenhil| 2007;Pethybridgeet al., 2008b).
Although ctltivation of disease@esistantultivarshasbeenshownto beeffectiveto manage
ray blightin chrysanthemumStrider, 1994),sourcef resistancéo S. tanaceti in pyrethrum
haveyetto beidentified.

Reduction ofay blight severityby 18%wasachievedy reducingplantdensityby
50-75% withougffectingpyrethrinyield. However low pyrethrumdensityenhanceaveed
densitythatwasthenminimizedby theapplicationof herbicideqPethybridgest al., 2008b).
As plant debrigs arich source of pycnidiagemovalfrom thefield atharvesimayreducethe
inoculumlevel for subsequent cropepwever on alargescalethis would not becost
effective.

Conclusions¥and future challenges

Despiterecentadvancesn elucidatingray blight diseaseycle andepidemiologywhich have
improveddiseasenanagemergtrategiesignificantly, someaspectof the pathogen biology
andlife cyclearenotyetfully understoodThe presencef S tanaceti populations outside
pyrethrumfieldsin Australiaremainsunknown. Considering thecentdetectionof new S
tanaceti genotypesn Tasmaniarpyrethrumfields, understanding theistributionof S.

tanaceti in Australiais apriority. The presencef anunknownwild source ofS. tanaceti in
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Australiawill havesevereconsequencdsr the industryin termsof introducingnewgenetic
diversity and/or a secondatingtypeinto the pyrethrunfields. Moreover investigationof S.
tanaceti populationsvithin andoutsideAustraliawill helpelucidage theorigin and
reproductivestrategyof thepathogenwhich hassignificantimplicationsfor pathogen
survivalanddispersal Populationgeneticsstudies on global population$ S. tanaceti may

alsohelpelucidateits matingsystemthrough potential discovery of the secaondtingtype.

Majeradvancesn understanding thiefectionprocesf S tanaceti on pyrethrum
have beemadein recentyears.lt is nowwell establishedhatinfectedpyrethrumseeds the
major sourceof S tanaceti, while secondarygources includafectedfoliage containing
pycnidia.Crowntissuesalsobecomenfectedthrough theun-off of waterdropletsthatcarry
pycnidiospore$rom theinfectedfoliage. Therefore managemenpracticesneedto reduce
fungal inoeulumwithin theseedandfoliage beforeit reacheshe thresholdevel thatwill
causeseveradefoliation Thenewly developedragManPCRassaycanbeusedto determine
the amount of tanaceti infectionwithin theseedbeforeandaftersteamsterilization.The
TagManPCR¢analsobeusedto quantifytheinfectionlevel of S. tanaceti within the
pyrethrum’plantissuesemainingafterharvestto enableprediction ofS. tanaceti epidemics
developingn theregrowncrop.Available managemenpracticesnclude theecently
adoptedsteamsterilizationandseedreatmentungicidesto reduce théncidenceof
seedbornepathogensandwidespreaduse ofsinglesite specificfoliar fungicidesto reduce
foliar infection However relying onsinglesite specificfungicidesis not sustainable due
therisk of resistancalevelopmenin S tanaceti populations. e of a multi-site specific
fungicide (ehlorethaloniasBravo 720; Syngentajustralig is amoresustainablalternative
(Pethybridgeet.al., 2005a, 2007), althoughaybe lesseffective(Brent& Hollomon, 1995;
Chenet al.{ 2013).More importantly, nonchemicalmanagemerpracticeswill providemore

sustainable option®r ray blight control.

Currentlyray blight is the mostamagingliseaseof pyrethrumin Australia.No
sourcef resistancdavebeenidentifiedin theray blight—pyrethrunpathosystem.
Therefore resistanpyrethrumgermplasnmeed to beidentifiedwith a viewto develop a
resistanbreedingorogramme. Wild relativesof pyrethrummay providesourcesof resistance
againstray blight. Resistancéreedingcombinedwith improved knowledge of theathogen
origin, reproductivestrategyandhost-pathogennteractionwill leadto amoresustainable
diseasecontrolandenhancegbyrethrumproductionwith lessrelianceon fungicidesBetter

understanding ainoleculatTmechanismsinderlying plant pathogenteractionswill pave the
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way for potentiallyenhancingesistancef the high yielding pyrethrumcultivarsthrough

genomeediting.
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Figurelegend

Figure 1, Stagonasporopsis tanaceti infectedflower stens showingshepherés crook’

symptom.
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