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Ray blight disease of pyrethrumghacetum cinerariifoliumis causd by Stagonosporopsis
tanacetj with infected seed beirgmajormeans of transmission ofishfungal pathogen. The
infection precess db. tanacetin pyrethrumseed and seedlisgvas determinednfection
hyphae only.infectetheouter and inner layers of tlseed coaand not theembryoof

naturally infected pyrethrum sedduring the process of germination of infected s&ed,
tanacetifrom'the'seed coat infected the developing embryo and cotyledon, resufineg
and postemergence deatdepending on the level of infection in the seed dera.
emergence death occurred due to disintegratioine infected embryayhich was replaced
by hyphae and extracellular anthocyallke- material(EAM) at7 days after incubation (dai).
Postemergence deathtcurred afteboth epiderral and cortical tissues of infected
cotyledons at the crowimypocotyl regiordisintegratediue to colonization by hyphae.

Moreover, most of the tissues of Wescularbundlesand cortical tissuesontainecheavy
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depositions 0EAM at 10-14 dai. In 6reekold infected seedlingy hyphae were confined to
theepiderms and thecortical tissues ahe crownhypocotyl regions; the vascular bundéds
both infected and uninfected regions, and cortical tissues of the uninfected wdglons
seedlings wereompletelyfree from infectiorhyphaeand EAM These findings provida
better understandingf theearly stages of the disease cyal&. tanacetand will lead to
improved controlneasure$or seedborne infection using seed treatments.

Keywords:histopathology, pyrethrum seedy blight,seedling Stagonosporopsis tanaceti

Introduction

Pyrethrum,Tanacetum cinerariifoliums a perennial herbaceous plant grown commercially
in Australia for the production of pyrethrlrased pesticidg#litmi et al, 2000). Pyrethrins
are produced.primarily in the @etory ducts in the flowers and leaf tiss(i&io et al,

1983). About 3000 ha of pyrethruanegrownin Australig mostly in rorthernTasmania and
the Ballaratregion of Victorjaand account for the majority of production worldwitiay et

al., 2015). Other pyrethrum producing countries are Kenya, Rwaadaania, China and
Papua New Guinea (Pethybridggeal., 2008).

Seeds arthe major planting material to establish pyrethrum fields in late winter and
early spring (July to Septrber), but egetativeclones are also used as planting material
(Pethybridgeet.al, 2008).First harvests in December and January of the following year
(15-17 monthsafter plantinggfter which up to threennuaharvestsareconducted. The
commerciaklife’span gfyrethrumis threeto five years (Pethybridget al, 2008; Vaghefet
al., 2015b). The yield of pyrethrum is dependent omtlmaber of harvestable flowers, size

of individual flowers and pyrethr content in each flower (Pethybridgeal, 2007).

Threephylogenetically closely relatestagonosporospsgpeciesS. tanacetiS.
chysanthemandS. inoxydabiliswere showrto be thecausal agents aay blight diseasen
multiple_plants irthe Asteraceadéamily worldwide (Vaghefiet al, 2012) However,S.
tanacetihas soufar beeidentifiedas theonly causal agent afy blight of pyrethrum in
Australia(Pethybridge & Wilson1998; Vaghefet al, 2012). This diseassdfectsflower
development andhereforeis considered a major threatthe production of pyrethrum.

Epidemics of ray blight in pyrethrum were reported¢our most prevalently during early
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spring in Tasmania, Austral{&ethybridgeet al, 2003). Previous studies reported that yield
decline of pyrethrum due to the necrosis of terminal flower adsnanaged with the use of
fungicides in early spring (Pethybridgeal, 2005, 2007)Theteleomorph osexualstage

has been identified i8. chysanthenandS. inoxydabilishoweverthe sexual stage has not
been foundiirSrtanacetin Australia(Vaghefiet al, 2015a)For S. chrysanthemthe sexual
stagewas thought to plag vital role inlong distance dispershy ascospore@MacCoy,

1973). In ray blight of pyrethrum, dispersal®ftanacethasbeen shown to occur by
splashkwind dispersal of conidia released from pycnidia, which developed within the necrotic
leaftissues_ of the infected pyrethrum plants (Pethybretgd, 2008; Bhuiyaret al., 2015),

and by seedborne infection (Pethybridgel, 2008).

Seedcolonizationis a longterm survival mechanism of fungi and is responsible for
vertical transmission from the parent to the offspring through infected gk et al,
2001) or herizental transmission of pathogens from infected to healthy hosts through direct
contact(van den Bosckt al, 2010). Pyrethrumeeds are consideréa bethe major source
of transmission 6§. tanacetover long distances resulting in severe disease epidemics
(Pethybridgeet al, 2008); however, the movement of infection hyphamfseed to
seedlings is unknowm.herefore, the objectivas this study wereto determine the biology of
seednfectionand theransmission mechanisaif S. tanacetfrom pyrethrumseedo

seedlings

Materials<and.methods

Seed batches

Batches of seed were collecied2014from seed lots of cultivaiBR1 (at Forth in North

West Tasmanjgand RS5 (at Kindred in North West Tasmania) gronecoimmercial fields.

At the Tasmanian Institute of Agriculture (TIAgexds from thesevo cultivarswere assessed
asbeing 30-35% infected witf. tanacetby direct culturing oflry, raw seedsnwater agar
(WA) plates Identification ofS. tanacetivasbased orloccose and whitaerial mycelia

growth rateon WA that variedrom 65 to 75 mm per 7 days and rare development of
pycnidia.Additional seed batches of both the cultivars, from the same geographic locations,

werehot water treatd following the procedure described by Schraital (2009).This

This article is protected by copyright. All rights reserved



procedure reduce8. tanacetto a nowletectable levedfter culturingtreated infected seed on
WA plates.

M or pholegyyanatomy and histopathology of heat-treated and infected seed

Ten seedsandomly selected fromach oftheinfectedandheattreated (controlyeed lots of
the two eultivarsyvere separately washed twiegh steriledeionized wate(SDW) for 5 min
followed by:drying inalaminar flow cabinetTheseseed were examined using a
stereanicrascope (M 205 FA; ¢ica Biosystemdo identify the presence of necrotic lesions
and fungal hyphae or fruiting bodies the seed surfa@es well as morphological features
and theaveragesizeof each seed was measured

Eachseedwasthen equally dividetransverselynto two pieces using sterilerazor
blade;one half wagprepared for culturing on WA with incubation at 20 °C for 7 days, and
the other half was processed for histopathol@y WA, mycelumthat grew was at first
identifiedasdescribedabove, then subcultured onto V8 medi(200 mL V8 juice and 20 g
agar in 1 L sterile water, pH 6.2ty 2 weeksto confirmS. tanacetas described by
Pethybridge & Wilson (1998). For histopathologye seed tissue wasnsferred t¢-AA
(10% formaling5% acetic acid and 50% ethanol) for 12 h followed by dehydrat@n in
ethanol'series (30%, 70% and 100% for 5 eanl) and therenbedddin paraffinand
storedat 20°C. Three sampleBom each ofS. tanacetinfected and contradeedof thetwo
cultivarswereselected for sectioning usinga@ary microtomgRM 2125 RTS] eica
Biosystem$ Thethickness of each sectiovas maintained at—8 pum.Sections were stained

using quadruple stain (Johansen, 19ijescribed by Bhuiyaat al. (2015).

At'least10 serial sectionfrom each ofthecontroland infected seeds eachcultivar
wereused tadescribe the anatomy of the seed and to locate infection hypha in the seed
components using light microscopy (DM 6000LRjca Biosystems Both anatomical and
histopathological featuregere recordedy capturingtheimageswith a digital cameraDFC
450 C;Leica Biosystms) using bothoright field (BF) and differential interference contrast
(DIC) microscopy.

Assessment of infection in seed tissues and survival of the embryo
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Forty seeds;ollected randomlyrom the naturallyinfected seetbts (30—35%S. tanaceti
infected)of cultivars BR1 and RS5, were soaked in SDW for 30 naedS were dissected
aseptically using a stereomicroscope statlileneedles to separadiéferenttissuesof the
seedthen surface sterded using sodium hypochlorit&% active ingredient (g)) for 2 min
followedrbywashing inwo changes of SDW. Segidsues from eackeedwere then blotted
with sterileKim wipes, placed ao WA in a 90 mmPetri plateand incubated at 2@°with

12 h alternating dark and light fArweeks Stagonosporopsis tanacetsociated with the
seed tissuewasidentifiedas described abovEheinfection ineachseedissue was assessed
and theprevalencef infectionwas calculatetdy counting the number of infectédsue
samples im0 seeds as follows

Number of infected ti 1
Prevalence of infection (%) = HTHber o] Tyecied TSSHe sapes X 100

Total number of tissue samples plated

Survivalrateof.the 40dissectecmbryos that developed into seedlings on WA at 14 days
after incubation (daiand had no infection hyphae around the seeaViagcalculated as

follows:

. Number of embryos that developed into seedlings
Survival'rate (%) = X 100
Total number of embryos plated

Classification of infected seeds

One thousandnaturally infected pyrethrum seeds (30-83#nacetinfected from cultivar
BR1were [surface sterilizeusing sodium hypocbtite (1%a.i) for 2 min, washed in two
changes of SDWhlotted with sterile Kim wipegplaced onto WA 1% agar; 15 seeds per
platg in 90mm Petri dishes and incubated 20°C for 2 weeks Fungithatgrew aroundeach
seed weredentified based on the colony morphology on WA at 7addifrom subcultures

on V8 medum.

Theocceurrencef infection was assessed in 20 plaed classified aftet—2weeks
incubationas(i) seeds that completely failed to germinate/ dai- preemergence deatHii)
seeds where thentyledors emerged completely from the infected seed coat but eventually
diedat10-14 dai — postmergence deatliii) seeds wher¢gheembryo developdinto
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seedling with S. tanacetinfection hyphae around tiseed coat infectedseedling; (v)
seeds wherthe embryo developed into seedlinggh no infection hyphae arouride seed
coat— norinfected healthyseedlings(v) seeds whertheembryo failed to germinate without
any infection hyphae around the seeds -viaie seeddvi) seeds that completely faildo
germinate dueto infection caused by fungi other Bia@anacetat 7 dai.The occurrencef
these events 20plateswasanalysed by one-way analysisvairiance(ANOVA) using

MINITAB Vv."16 (State College PA, Minitab Inc.).edrs were separatagsing a Tuke'g

honesdlly significant difference mean separation s < 0.05).

Deyelopment oéll S. tanacetinfected seedlings was monitorft lesion
developmentrom 1 to 7 dai and expressed as a percentage over the total number of infected

seedlingsat 7/dai

Forthe histological study, fivenfected seedwere randomlysampledevery 24 h
starting from 3 until 7 dérom 300 naturallyinfected seedmcubated oWA plates After
germination, fiveseedlingghat diedof infection caused b$. tanacetat 10-14 dai werelso
collectedrandemly. Bth infected seedandseedlingsvereseparately processed for

histopatholegyasdescribed above.

Raising'of infected seedlings

Thirty S. tanacetinfectedseedlingsraisedfrom the remaining 400 naturally infected seeds
on WA platesaty14 daiwerecollected randomly. Aese seedlings weteansplanted
separatelynto. small pots (diameter 5.5 cm) containing stestarilizedpotting mix(Seed
Raising 25'L; Debco) and incubated at 25 °C in the glasshatis&?2 halternating dark and
light. Six'weeksafter planting 20 seedlings were uprooted, wash@ée timesn SDW,
surface steriied using NaOC{1% ai.) for 2 min, then washed imvo changes of SDW
followed by blotting orsterileKim wipes Tenseedlings were examined foecrosisand
were separately.dissectedo 1 cmpieces using a sterile sharp razor bleda sequential
order,starting fromthe roottip towards the shoaip, and placed onto 1%A in Petri plats.
Mycelia that grew out from the tissue were subcultured onto V8 medium to cahérm
presence 0. tanacetandthe location(in cm) of infectionfrom thetip of theradicleto the
tip of the epicotyfor eachinfected seedlingvasrecorded.
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Another 10seedling were selectednd processed for histopatholdgy separately
dissectinga 1 cm tissue piec&éom eachof the epicotyl/shootop), crowr hypocotyl(mid)

and radicle/root (bottom) regions.

The remaiing 10seedlings wergrownfor 8 weeks to monitor development of

necrotic lesies,on the above-ground part (epicotyl/shadt¢ach seedling

Compar ativeestablishment of seedlings from infected and heat-treated seeds

A total of 125 seeds from each seed lot of naturally infq@@eB5%S. tanacetinfected
andheattreated'seedsom cultivar BR1 were sown in potting mix (Seed Raising 25 L;
Debcg on twoseparatdrays (30x 35 cm) and growim the glasshouse at 2& for 6 weeks
The trays were irrigatedith 150 mL water per tray pelay usinga sprinkler irrigation
system After 6 weeks therate ofgerminatiorwas calculated as percentagandthe length
of all seedlings in a trayere measuredndtheaverage calculate@®eedling werevisually
examinedaor.necrotic lesionandthe positionsof theselesionswere recordedSeedling
wereseparatelsurface steriiedand cuinto 1 cnr piecesstarting from the tip of theadicle
to the tip of the“epicotyl, thegplated ontdNVA and incubated at 2@or 7 days with 12 h
alternating dark'and light. Subculturingtov8 medum confirmedS. tanacetin each

infected tissue piecand the positionf infection(in cm)in each seedlingvasalsorecorded.

Results

Mor phology, anatomy and histopathology of control and infected seed

None of the.naturally infected seeds freithercultivar (BR1and RS5) showed visible
lesions, hyphae or pycnidia, structural abnormalitiesn the seed surfacéhe size of
pyrethrumsseeds varied length and widtlirom 3—-5.5mm x 0.4-0.6 mmfor both cultivars.
Each seethadfive distinct ridges and a pappus (modified calyiy. 1a). The pappus was
roundish (0.45=0.50 mm diametardwaspermanently fixed to the outkayerof the seed
coat There was & empty space (depth 0.2635 mm)around the pappu&ig. 1b).

Pyrethrum seed largely consisted of seed coat and an embryo (Fithd egedoat
had a waxy cuticle layer of 4-5 ptimcknesgFig. 1d).The seed coat consisteflthree
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distinct layers (i) outer layer(60—80 pm) whichwascomposed ofwo- to threecell layers of
sclerenchymaissue (ii) first innerlayer (10—15 pn) composeddf aone<cell layer of
sclerenchyma tissyéii) secondnner layer(10-2 um) composeaf aone<ell layer of
parenchymaissue Theembryo (600—700 m) consisteaf multi-layered homogenous
parenchymareellS herewasa 20-27 um gap between the seed coat and the embryo (Fig.
1d). The top surface of the seed coat was not contirrmlisontainefissures or spaces

(Fig. 1e).Thearrangement and compositioftissues irseed components both cultivars

weresimilar.

Stagonosporopsis tanacétfection hyphae were observed in the outer layer of
infected seeds In both cultivaiisig. 1f) butwerenot observeih anyother layers of the seed
coator in the/embryo. Hyphae weabsenfrom all thecomponents of contraeedsn both

cultivars.

Assessment of infection in seed components and survival of the embryo

Although S, tanacetinfection hyphae werenly visible inthe outer layeof infected seed
using histopathelogy, they were identified in both outer and inner layers of the seed coa
tissue that was-cultured on WA and V8 medium. The prevaler8etahacetivas much
higher (30.0% and 27.5%) in toater layetthan thdfirst inner layer (50% and 7.5%) in
cultivars BR1 and RS5 respectively. Only 2.6%6eedof cultivar BR1hada secondnner

layer infectedoy S. tanacetiMeanwhile,5.0% of seed of BR1 and 2.5% of seed of RS5 had
anouter layer othe seed coanfectedby fungi other thars. tanacetiwhich wereabsent

from the inner layersAll the dissectecembrya from both cultivarsvere free from infection.
There was 100%urvival rate of thelissected embryas both cultivars anall developed

into seedlings by 14 dai oVA.

Classificationiof infected seeds

An average 019.3% and 3.7% afeeder plate failed to germinate due to pre- and post-
emergence death caused$yanacetirespectivelyOccurrence of premergence death was
significantly higher than postmergence deatfiherewerea significannumber of seedlings,

44.7% pemplate thatdeveloped without angfection (healthy seedlings), compared to 9.0%
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perplatethat were infectethy S. tanacetiThere were alsoonviable and non-infected
seeds21.3% per platehat failed to germinateanda very few seeds2.0% peiplate that

failed to germinatelue to infection by fungi other th&h tanacet{Tablel).

Of all the S. tanacetinfectedcotyledons, only20%developeded necrosis at the
crown/hypacetyl regiomf the seedlings (Fig.a2at 3-5 dai, whichater extendednd
coveredthe,crown regiomy 7 dai (Fig. B). The remaining. tanacetinfected seedlings
(80%) weressymptomless.

Infection hyphae were observed in the seed tao#itnot in the parenchyma tissues,
the embryaat 3 dai. H/phae were present in tlengitudinal sections (LS) dissures/spaces
of theouterlayel(Fig. 3a) andn transverse sections (TS) of tinéra- and intecellular
spaces of selerenchyma cellsloé outer layer(Fig. 3b). Among thénner layershyphae
were only seen in the parenchyma cells ofssgondnner layer In addition, hyphae were
observed between the outer dhdinner layer(Fig. 3c). At this stage, despite infection by

the hyphae, tissues in the outer seed coat appeared unchanged.

At 5 dai, hyphae in the seed coat inégstthe developing embryo, but parenchyma
tissues of the embryo, middlentellae and also the tissue colour were unchan@egl. 3d).
At 6 dai thetinfection progresséatther, with mycelia coloning in and arounthe embryo,
resultinginlight yellow to yellow browresiors. Moreover, infected epidermal tissueere
collapsed and degraded (Fig)3Necrotic lesions spread rapidiyo the whole embry,o
which resulted in the disintegration of the parenchyissues that appeared yellawv7 dai.
Middle lamella@f the parenchyma tissuegre not visibleln additionto infection hyphae,
red extracellular anthocyanlike material (EAM)waspresent at the infection site (FE&f).
The necrosis and tissue degradation were more prevalent in the tlaalickpicotyl regiowf

the embryoNo necrotic lesions were seertle outer layer of the seed coat

Sections06. tanacetinfected seedthat failed to germinatat 7 dai showed
complete collapse dhe tissue othe embryo,which wasreplaced by mycelia and ré&AM
(Fig. 4a).The'@idermis (onezell parenchyma layeof S. tanacetinfected cotyledons (Fig.
4b) thatdiedat,10-14 dai wsdegraded and replaced by mycelia &Ad (Fig. 4c). Among
the vascular tissuealmost all phloem tissues and most of the xylem vessels contafidd
butwerenot infected (Fig. 4c)dMost of thecortical tissue (fiveto six-cell parenchyma
layer) below the epidermisaslysed due to colonization byasses of hyphawith the cell
contents digested or depleted and eventually replaced by the MqR# 4ce).
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Raising of infected seedlings

All 30 infected seedlings developed normally duthmgr differentgrowthstagesn the
potting mix-over 6 weeks; howevei] seedlings weréund to benfected withS. tanacetat
the crown/hypocotywithin a2 cmregion. Bothissue 2 cm abowvine hypocotyl/crown and 2
cmbelow the"hypocotyl/crown regiongere free from infectiorOnly 2% of thenfected

seedlingshoweddistinct red necrosis at the crown reg(éig. ).

Seedlingswith red necrosis at one side of the crown redjiad constrictedortical
tissuesand darge presence &AM and infection hyphaeyhereas tissue at the symptomless
side of the secti®@was intaciandfree fromEAM and hyphaevascular elerants (xylem and
phloem tissuesyerealsofree from infection structuremnd EAM (Fig. 5b)Meanwhile,
crowntissueof.infectedseedling without necrosis contained infection hyphae in the
epidermis@nd cortical tissyesith no infectionoccurring in thevascular elemeni@nd no
EAM (Fig."5€).The epidermis, cortex tissues and vascular elements eptbetyl and
radicle regions away from the infection zone (crown/hypocetghe not affectednd had no
EAM. No visible symptoms developed on the seedliat® weeks aftegrowth in potting

mix in theglasshouse.

Compar ative establishment of seedlings from infected and heat-tr eated seeds

Only 37 seedling§30%)developed fronthe 125naturally inkected seeds (cultiv&R1) in
the glasshouse over 6 weekbe averagéengthof each seedling wagpproximatelyl0-12
cm. Two of theseseedlingshowed distinct reddish necrosis at the crown regiorSand
tanacetiwas recovered frorboththese seedling&tagonosporopsis tanacetas also
recoveredfremsanother eigkgedlingghat showed no necrotic symptoatsthe crown
region. The.infection zone &. tanacetivas confined to the croulmypocotyl region(2—3
cm), but bothrepiotyl andradicleregionswere free from infectionThe remainder othe 27
seedlings were free frof. tanacetiAll of the 104 viable seedlings (83%hatdeveloped
from the 125eattreatedseeds were symptomleasdfree fromS. tanacetiThe other 17%

of seeds failed to germinate. The averieggthof theseseedlingsvasalso10-12 cm.
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Discussion

Pyrethrum seeds collected from naturally infected cultivars &RIIRSS5 showed no visible
lesions, infection structures physicaldeformities thus making visual detection of infection
in pyrethrum seed lots very difficult. The infection lewels deternmed by culturing the
seedson WAsfellowed by subculturing the mycelia onto V8 mediiom2 weeksto enable
morphologieal.identification 0. tanacet{Pethybridge & Wilson1998).

Histopathology revealed th&t tanacethyphae infected th&eed coabut not the
embryo.Thesaiter layer was infected more than inner layer of the seedAdb#te embryos
separated fromdinfected saatere free from infection and were abled®velop into
seedlingsThe seed coat wakitk (80-105 pum) ananulti-layeredwith a gap between the
seed coat and the embriymat mightact asa physical barrier to protect the embryo from
infection. Pethybridget al (2005)reported thapyrethrum seeds were the primary means of
transmissiomf,S, tanacetbut the location of infection hyphae in the seed components was
unknown.Leeet al (1984) reported thatscochytacucumig(synonym:Didymellabryoniag
infectedmastly‘the seed coat of pumpki@uycumis sativysand rarely the embrydscochyta
fabae(synonymiD. fabag only infected the seed coat but not the embryo of field béara(
faba) (Hewett, 1973; Wallen & Galway, 1977). In contrasycedia ofA. rabieiinfected both
theseed coat-and embryo of chickpea se€isef arietinun) (Nene, 1982).

The prethrumseed surfaceras not continuoysutratherhadfissures or spacesd
the pappugentained an emptypace Thereforefurther studes need tde undertaken to
determinedtthe fissures otheseed coaserve as agntry pointfor infection and whether the
empty spacaround the pappuservesas the receptacle of air borne conitiasubsequent

infection.

Infected.seed coats enablbeé hyphae tinfect and colorde the prenchyma tissues
of the developing embrgo Infected tissuesere completely degradeshdcontainedarge
amounts of‘extieellular anthocyanin like materials (EAMjeavily infected embryos failed
to germinatehowever, the amount of infection hyphae needed to kill the embryo was not
determinedPreemergence deathf germinated embryos was probadigtated by the level
of infection in the seed coat. Heavily infected seed coats enabled rapid infection and
colonization of the developing embryesulting in preemergence death at 7 dai.
Crown/hypocotyl tissuesf se=dlingsthatemergedfrom infected seed were infected and had
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areddish necrotic lesionn tissue that was itontact with theseed coatAs the lesion

extended towards the whole hypocotyl/crown region of the seedling, both the epidermis and
cortical tisses became heavily infectethdvascular elements accumulated deposits of EAM
The proportion of EAMvas more in the heavily infected tissilean inless infected tissues
Similar largeramountsef EAM were also observaareviously in theS. tanacetinfected
mesophyllitissues of pyrethrum leawshe advanakstage of infectiorjiBhuiyanet al,

2015). Saniewska & Dyki (199T¢ported that the red pigmentation white petals of

Hippeastrumwasa result ofinfection byStagonospora curtisii

Embryos from infected seed that developed into seedimgsprobably hadow
levels of infection but precise estimation tifie quantity oinfection hyphae in these
seedlingmeeds to beerformed for example, by using qPCR. Although, most of the infected
sedallings (=8%)remained symptomlesdgter6 weeks growth in potting mix, infection
hyphaewereiselated from the crowhypocotyl regiorof the infected seedlingn these
seedlingsalthough the epidermis and cortical tissues at the crown regioginfected, the
vascular tissues were completelynfacted. In this situation, the pathogen was either not
able to cause severe necrosis or transitioned into a quiescent phase and coexisted with the
developing seedling. Therefotle threeoutcomes of host—pathogerteractiongpre-
emergence deatpostemergence deathnd infected symptofsymptontess seedlings) were
mostprabably determined by a combination of inoculum intensity in the infected seed coat
and the favourable environmental conditions atitne of seed germination and seedling
development. Similar outcomesrealso reported in cucumber and pumpkin seed infected
by A. bryoniae(keeet al, 1984).

Knowledge of the location of infection hyphae in the seed and seedlifglp in
the development of effective control measuhefected seedlings thagmain symptomless
and grow.normally may be potential threats for the future development of ray blight
epidemicsancesfavourable conditions prevail. In 1999, the epit of ray blight diseasaf
pyrethrumin-Australia wasassumed to be caused by de®de infection (Pethybridget al,
2011).Becauséyphae ofS. tanacetremain only in themulti-layered thick walledeed coat
control methods such agrgicide seed treatmerdadthermal sterilization may be applied to
the seed prior to planting to mitigate the rislSotanacetinfection in seedling and,
ultimately, prevent epidemics. Pethybridgeal (2006) émonstrated thatreatment of
pyrethrum seeds with fludioxonil and thiabendazole/thiram significantly reduced the

incidence ofS. tanacetand increased seed germination and survival. Inciden8etahaceti
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in seed can also be reduced significantly by applying fungicides in standing cr@ps on
regular basis before harvest (Pethybridgal, 2005).Nevertheless, circumstantial evidence
has showrthatray blight infection still occugin crops established from treated seeds.
Thermotherapies using hot water, hot air, solar heat, aeratedastdamadiation have been
suggeste@streaments fompyrethrumseeds to eliminate fungal seedborne pathogens
(Pethybridgeet al, 2006);however, the efficacy of theseatments to control seed infection
by S. tanacethas yet to be reporte@ihemal treament could be used prior to an application
of seedtreatingfungicides to controb. tanacetif the intensity and duration of temperature
are optimized to prevent hamn theviability and vigaur of the pyrethrum seedAccording to
Schmittet al_(2009), acombiration ofhot water aerated steanelectron treatmerand

thyme oil (0.1%wasshown tareduce seedborrevels ofPhomaor Septoriaspp.on carrot,

cabbage orlamb lettuce seedwithout affecting seediermination

Thissstudyhas identifiedhe processf S. tanacetinfection and colonization in
pyrethrumseedand seedlings. Improved understanding of this process will assist in the
developmeéent of seed treatments to reduce the inciddr&eanacetin seed lad andreduce
the transmission, of the pathogerginowing crops in the fieldAccording to Pethybridget
al. (2006) anincidence ofS. tanacetabove 28% irm commercial seddt is of great concern
for epidemicdevelopment of the pathogen in future crops. The development of a gPCR
technique™to quantiftheinfection hyphae coulte adopted to screg@yrethrumseed lots

before planting.

Acknowledgements

This project.was supported by Botanical Resources Australia (B®Agultural Services
Pty. Ltd.

References

Bhuiyan MAHB, Groom T, Nicolas ME, Taylor PWJ, 2015. Histopatholog®.dhnaceti

infection in pyrethrum leaf lamin&ustralasian Plant Pathologg4, 629—-36.

van den Bosch F, Fraaije BA, van den Berg F, Shaw MW, 2010. Evolutionsigtility in

This article is protected by copyright. All rights reserved



pathogen transmission mod&oceedings of the Royal Soci&yBiological Sciences
277, 1735-42.

Hay FS, Gent DH, Pilkington SJ, Pearce TL, Scott JB, Pethybridge SJ, 2015. Changes in
distribution,and frequency of fungi associated with a foliar disease complex of
pyrethrum,in AustralialPlant Diseas&9, 1227-35.

Hewett PD, 1973. The field behaviour of seed-bd@seochyta fabaand disease control in
field BeansAnnals of Applied Biology4, 287-95.

Hitmi A, Coudret A, Barthomeuf C, 2000. The production of pyrethrins by plant cell and
tissue,cultures oaChrysanthemum cinerariaefoliuandTagetespeciesCritical
Reviews in Biochemistry and Molecular Biol@&%y 317-37.

Johansen DA, 194®lant MicrotechniqgueNew YorkNY, USA: McGraw-Hill.

Lee DH, Mathur SB, Neergaard P, 1984. Detection and location of seed-borne inoculum of
Didymella bryoniaeand its transmission in seedlings of cucumber and pumpkin.
Journal'of Phytopatholog¥09, 301-8.

MacCoy RE;»1973. Ballistics dflycosphaerella ligulicolascospores discharge.
Phytopathology3, 793-4.

Nene YL, 1982. A review of ascochyta blight of chickpBapical Pest Manageme@8,
61-70.

Oliver E, Thrall'P, Burdon JJ, Ash JE, 2001. Vertical disease transmissionGakhe-

Alternaria host-pathogen interactioustralian Journal of Botan#9, 561.

Pethybridge SJ; Wilson CR, 1998. Confirmation of ray blight disease of pyrethrum in
Australia.Australasian Plant Pathology7, 45-8.

Pethybridge.SJ, Hay F, Groom T, 2003. Seasonal fluctuations in fungi associated with
pyrethrum foliage in TasmaniAustralasian Plant Patholog§2, 223-30.

Pethybridge SJ, Hay FS, Wilson CR, Groom T, 2005. Development of a fungicide-based
managemergtrategy for foliar disease causedRiyoma ligulicolain Tasmanian
pyrethrum fieldsPlant Disease39, 1114-20.

This article is protected by copyright. All rights reserved



Pethybridge SJ, Hay F, Jones S, Wilson C, Groom T, 2006. Seedborne infection of pyrethrum
by Phoma ligulicola Plant Diseas&®0, 891-7.

Pethybridge SJ, Esker P, DixorePal, 2007. Quantifying loss caused by ray blight disease
in Tasmanian pyrethrum fieldBlant Diseas®1, 1116-21.

Pethybridge SJ,/ Hay FS, Esker Bal, 2008. Diseases of pyrethrum in Tasmania:
challenges and prospects for managent®ant Diseas®2, 12606-72.

Pethybridge SJ, Gent DH, Hay FS, 2011. Epidemics of ray blight on pyrethrum are linked to
seed contamination and overwintering inoculunPlbbdmaligulicola var.inoxydabilis
Phytopathology01, 1112-21.

Saniewska. A, .Dyki B, 1997. Induction of red pigment in white petatéimbeastrumx
Hybr, Hort. during infection by?homa narcissfAderh.) Boerema, De Gruyter et
Noordeli;"eomb. nov. and by mecfieal injuries.Acta Agrobotanic&0, 41-8.

Schmitt A, KochsE, Stephan & al, 2009. Evaluation of noohemical seed treatment
methods. for the control é&thoma valerianellaen lamb's lettuce seedkurnal of
Plant'Diseases and Protectidi6, 2006-7.

VaghefiiN;"Pethybridge S, Ford R, Nicolas M, Crous P, Taylor P, Z&8onosporopsis
spp. associated with ray blight disease of Asteradassralasian Plant Pathologjl,
675-86.

Vaghefi N; Ades PK, Hay FS, Pethybridge SJ, Ford R, Taylor PWJ, 20¥5aifitlchtion of
theMAT1locus inStagonosporopsis tanacesind exploring its potential for sexual

reproduction in Australian pyrethrum fieldaungal Biology119, 408-19.

Vaghefi N, Hay F, Ades P, Pethybridge S, Ford R, Taylor PWJ, 2015b. &=mdesn the
genetic compositionfdstagonosporopsis tanac@pulation in Australian pyrethrum
fields. Phytopathologyl05, 358—-69.

Wallen V, Galway D, 1977. Studies on the biology and contrglsabchyta fabaen faba
bean.Canadian Plant Disease Survgy, 31-5.

Zito SW, Zieg RG, Staba EJ, 1983. Distribution of pyrethrins in oil glands and lesd 6§s

Chrysanthemum cinerariaefoliumlanta Medicad7, 205-7.

This article is protected by copyright. All rights reserved



Figurelegends

Figure 1 (a) A mature pyrethrum seécultivar BR1/RS5 showing distinct ribsidges(r)

and a pappus+(p). (b) An empty spées)around the pappus (dr) Dissected pyrethrum
seed(cultivar BR1/RS5khowing outefayer (ol)and inner laye(il) of seed coaand an
embryo(emb)(d)'Longitudinal section of pyrethrum seedl{ivar BR1/RS5)consisting of
seed coatcovered with a waxy cutifde) layer; seed coat composed of outer Igpér
(multicelled.thick sclerenchyma layer) followed by firster layer(il) (single celithick
sclerenchyma layer¥econdnner layer (single cethick parenchyma layer) and an embryo
(emb)which' consistedf multicelled thick parenchyma layers positiorsgzirt fromthe seed
coat leavinga gap between the seed coat and the embryo. (e) Longitudinal section of outer
layer (ol), showing some fissures/spaces (black arrowhdfd_ongitudinal sectiorof seed
(cultivar BR1/RS5)nfectedwith Stagonosporopsis tanacethowing infection hyphae
(black arrovinead inside the outer layer (obf the seed coat. Scale bars in a, b&250

pm; d, e &£=.10 m.

Figure 2 Pyrethrum seedlings infected wiltagonosporopsis tanaceta) Small necrotic
lesion (whitesarrowead at the hypocotyl/crown region of the cotyledon that emerged from
the infected seed cog@iultivar BR1)at 3 daysafter incubationdai). (b) Extended red

necrotic lesion (white arrdwead observed at the crown region of infected seedling at 7 dai.

Figure 3 Infection of pyrethrum seedsu(tivar BR1)by Stagonosporopsis tanacgta)
Hypha (black arrow) observed iretfissures of the outer lay@l) of the seed coat in
longitudinal sectiorfLS). (b) Intra (black arrow) and inteellular (white arrowhyphae in
sclerenchyma cells iatransverse section of the outer lag@) of the seed coat. (c) Infection
hypha (insertblack arrovinead observed in between the oulayer (ol)and inner layer§l)

of the seed-coain LS. (d) Hyphae (black arrow) from the seed d@aj)infecting the embryo
(emb)at 5dayssafter incubatiordéi) without changing the tissue comgiam of the embryo;
observed.idsS. (€) Longitudinal section ohfection hyphae (black arrow) colamg around
the outer surface of the the embigonb)at 6 daijinfected tissuearelight yellowish brown.
() Longitudinal section oinfectionat 7 dai epidermal tissues of the embrgemb)have
disintegrated and bentw necrotic (yellowlue to the presence of infection hyphae (black
arrowhead; red extraellular anthocyanitike material (white arrolwead can be seean the

edge of the infected embry8cale bars = 1Am.
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Figure 4 (a) Complete digestion of embryorfemb)cells ofpyrethrum seed&ultivar BR1)
infected withStagonosporopsis tanacgtnat failed to germinate (p@mergence death) at 7
days after incubatiordéi). Cellsarereplaced byextracellular anthocyanitike material

(EAM) (white arrovhead and infection hyphae (black arrbead; viewed in longitudinal
section.(b) Death of infectedeedling at 1034 daj showing three growing regions (radicle,
crown/hypocotyland epotyl), with deep red necrosis the entire radicle and crown region.
(c) Transverse section of anfected cotyledon at the crown region, showing that cortical
tissues contain red EAM; most of the epider(eai) and cortical tissuesredegraded; xylem
(x) vessels.and. phloem (ph) tissues conEadM (white arrowheadgxcept for few of the
central xylem(x)/vessels. (dl.ongitudinal section of an infected cotyledon showing that the
xylem (x) vesselsarefree from infection hyphae art€AM but the phloem (phjssues are
replaced b\EAM. (e)Longitudinal sectiorof an infected seedling also showing cortical
(cort) tissues replaced by hyphae (black attead and EAM (white arrowwead; most of the
cells are lysed and cell contents digested. Scale baygjnl& e = 10 jn; b=250 pm.

Figure5 (ayPyrethrum seedling (cultivar BRinfectedby Stagonosporopsis tanacétut
with no symptoms, showing three distinct growregions (epicotyl/shoot, cronwmypocotyl
and radicle), 6 weeks after germination. (bArisverse section at the crolwyocotyl region
of an infectedw.seedlingith red lesion showing red EAM (black arrdwead and infection
hyphae (white arrotead in cortical(cort) tissues from the constricted side of the section;
the vascular elemenssich asphloem (ph)issues and xyler(x) vessels arerganized, well-
structured'and free from hyphae andreacellular anthocyanitike material(EAM); the
symptomless'side of the tissisdree fromEAM and hyphae. (cJransverse section at the
crownhypoeotyl region of a infected seedling withd red lesions at the crowypocotyl
region. Although infection hyphae (black artoead arepresent, reé€EAM is absent in the
cortical tissuesind ¥lem (x) vessels aréree from infection hyphae atAM. Scde bars in

a=1lcm;b&c=10 pm.

This article is protected by copyright. All rights reserved



Table 1 Classification ofseeddevelopment based on occurrence of infeciibi4 days

after incubation on water agar

Meanof occurrence

Classification (%)?
Seeds resulting,in healthy seedlings 44.7 a
Non-viable'seedsfailed to germinate (noninfected) 21.3b

Seeds resulting in pre-emergence death by Stagonosporopsis 19.3 b

tanaceti
Seeds resulting In infected seedlings by S. tanaceti 9.0c
Seeds resulting in post-emergence death by S. tanaceti 3.7d

Seeds resultingr germination failure caused by fungi other than 2 o ¢
tanaceti

*Mean of accurence in 15 seeds per platéthw20 egicaions Values within thesame
column followedby the sane ldter arenct significantly differert at P > 0.05 according to

Tukey's honedy significant difference mean separation test.
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