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the internal transcribespacer (ITS), elongation factorol(EF1-a) andp-tubulin (TUB)
genesand pathogenicity bioassays. Bootstrap support in the combined and individual gene
region phylogenetic trees supported the two species thasweaiécantly differentfrom the
closelyrelatedP. chrysanthemicola andP. vinacea. Morphologicalcharacteristicalso
supporéedthetwo new specieswith conidia ofP. chlamydocopiosa being considerably
longer and wider than eith®r chrysanthemicola or P. vinacea, andP. pye being distinct in
forming bilocularpycnidia Glasshouse pathogenicity tests based on root dip inoculation
resulted inP. chlamydocopiosa andP. pye infecting the crown and upper root tissues of
pyrethrum plantsand significant reduction in bioma®snorths after inoculation. Both of
theseParaphoma speciesaused leaf lesions durimgvitro andin vivo bioassay® weeks
after foliarsSpray.inoculatiorAlthough P. chlamydocopiosa andP. pye wereshown to be
crown rot pathagens, theyere alsccommonly isolatedrom leaves ofliseaseglants in

pyrethrum fields of northern Tasmania.

Keywords: bilocular pycnidia, longer conidi&araphoma chlamydocopiosa, Paraphoma

pye, pathogenicity, phylogenetic analysis

Introduction

Pyrethrum Tanacetum cinerariifolium) is a perenniah the Asteraceathat has been widely
used for pyrethrin productiomsecticidal pyrethrinare extracted from the achenes within
the flower headéGrdisaet al., 2009).The majority of the world’s production of natural
pyrethrinsioccurs in Victoria and northern Tasmania. The crop is spring sown, Wittt its f
harvest occurring approximately 15 months after establishamehtip to three subsequent
annualharvests thereaft€W/aghefiet al., 2016).

Many foliar andsoilborne diseaseof pyrethrum affect flower production and
regrowth potentialThe most importarfbliar diseasesf pyrethrumareray blight caused by
Stagonosporopsistanaceti (Vaghefiet al., 2016 Bhuiyanet al., 2017), tan spdhat is
predominantlycausedy Didymella tanaceti (Pearceet al., 2015),anthracnose caused by
Colletotrichum tanaceti (Barimaniet al., 2013) and derotinia flower blight caused by
Sclerotinia minor (O’Malley et al., 2015. Soilborne pathogensf pyrethrum include
sclerotinia crown rot caused I8 sclerotiorum (Pethybridgeet al., 2008),Paraphoma

vinacea that causes crown rot and reduced growth in yield deafiieeted fields of northern
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TasmanigMoslemiet al., 2016),andFusarium oxysporum andF. avenaceum associated
with yield declineof pyrethrum Moslemiet al., 2017.

The taxorParaphoma was originally introduced as a section of the gdthena, but
was laterraised to a genus distinguished by production of setose pycnidia and
dictyochlamydosporefyeskampet al., 2010;De Gruyteret al., 2013) However, based on
phylogenetic studies several species were also allocagguhéva in closely related families
such asConiethyriaceaeCucurbitariaceaandPhaeosphaeriaceé€henet al., 2015).

Paraphoma species havbeen identifiednainly as solborne pathogens, causing root
and crown rot diseases in temperate areas of Australia, America and fBio@semeet al .,
2004;De Gruyteret al., 2013 Moslemiet al., 2016).The type specie®. radicina, was first
identified on'roots oPrunus cerasus in 1901 in Australial@e Gruyteret al., 2010).
Paraphoma radicina was also isolated fromaalus sylvestris in the Netherlands and
Lycopersicon esculentum (now Solanum lycopersicum) in Germany in 19070e Gruyteret
al., 2010)."The type isolate &araphoma fimeti was isolated from soil and recovered from
the roots ofluniperus communisin 1991 in SwitzerlandXe Gruyteret al., 2010).

Paraphoma chrysanthemicola was the first member ¢faraphoma reported on plants of
otherCompositae’(De Gruyteret al., 2010).Srivastava (1953lso reportedhis species as a
pathogen oChrysanthemum sp.Rootsof Chrysanthemum morifolium were found to be
infected withP. chrysanthemicola in 1967 in Germanyde Gruyteret al., 2010). Later,
Dorenbosch (197QeportedP. chrysanthemicola asa root pathogen of florists’
Chrysanthemum. OtherParaphoma specieshave also been reported to be pathogens of
Compositaessuch a<C. morifolium andCichorium intybus, andCalluna vulgaris (Ericaceag
(Geet al., 2016) Hay et al. (2015) reportedP. chrysanthemicola as a pathogen causing
necrotic leaf spots at low frequencypyrethrum fields of northern Tasmania. However, the
existence an@athogenicity oP. chrysanthemicola to pyrethrumin Australia was not

verified.

This research describes two nBaraphoma species isolated from pyrethrum leaf
lesions in.northern Tasmania, Australia using taxonomic and multigene phgtmgstudies

and assesses pathogenicity of these species in pyrethrum as foliar and crown pathogens

Materials and methods
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| solates

SixteenParaphoma isolates were selected from different geographical locations in northern
Tasmania. This included fotaraphoma isolates(BRIP 65168, BRIP 65169, BRIP 65170
and BRIP 65171isolated from leaf lesionsy N. Vaghefi in 2013 from pyrethrum plants at
Table Cape.andightisolatescollected byT. PearcegF. Hayand J. Scott betwe&2012 and
2014 from pyrethrum leaf lesions (BRIP 57988, BRIP 57989, BRIP 65173, BRIP 65174,
BRIP 65176+BRIP 65177, BRIP 65178 and BRIP 651w8)ch were identifiecht that time

to beP. chrysanthemicola by Hay et al. (2015). FoulP. vinacea isolates (BRIP 63684, BRIP
63683, BRIP 63682 and BRIP 63685) collected by A. Moslemi in 2014 from infected crown
tissues of yieledeclineaffected pyrethrum plants at Devonpagre also includedetails of

the sites and collectorsVyebeen provided in Table $equences of five. fimeti isolates

CBS 164.31#€BS 119754, CBS 258.68, CBS 550.70 and CBS 3#&c6iked from
Westerdijkskungal Biodiversity Institu{€BS), Utrecht, Netherlands were also included.
Other refefence sequences used in the phylogenetic analysetoweteaded from

GenBank athttp://www.ncbi.nim.nih.gov/ (Table 2

Mor phological.analysis

One epresentative isolafeom each of the phylogenetic clad#g¢he TasmaniaRaraphoma
were examined for their morphological characteristaslates were examined for growth
rate onoatmeal agar (OA)malt extract agar (MEA),herry decoction agar (CHA), potato
dextrose agar (PDA) and V8 juice agar (V8Jduset al., 2009),after7 days’ incubation
according to the conditions describedBneremeet al. (2004).Three replicateperisolate
were usedColony colour was assessedalhmediaafter2 weeks using Rayner’s colour
chart(Rayner, 1970).

Additionally, all isolates grown on CHA, OA and MEA fb4 days at 20-22 °C and
under thdight regimeaccording tdBoeremeet al. (2004)were examinedor the production
of pycnidia and conidia. Two isolates (BRIP 65168 and 65170), which did not produce
pycnidia on these media, were also grown on PDAtb induce pycnidial production.
Pycnidia were examined for the presence/absence of setier ostiolesThe pycnidialcell
wall anatomy was observed by sectioning individual pycnidia using a RM2125 RTS

microtome(Leica)as described byoslemiet al. (2016). Conidial shape and dimensions
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(lengthx width) were also recordeth each measurement, 30 replicates of each fungal
structure were measured from samples mounted in clear lacti(Aaeiskampet al., 2010)
using a DM-290@Leica) compoundmnicroscope. Microscopic images weaptured with

differential nterference contrast and brigfield illumination.

In addition, to determine the E metabolite production and cell wall anaibmy
isolates, .M, NaQH and iodine reaction tests were carried @spectively according to
Boeremaet-al=(2004) and”homa methodologies (http://www:Qank.eu).

PCR and sequencing

Total genomic DNA was extracted from mycelium scraped directly fralay?old, single-
spored cultures'grown on OA using the DNeasy Plant MirfitMAGEN) following the
manufacturges instructiors. All PCR amplificationdor ITS, TUB andEF1 were performed

in aMyCyclerthermal cycler (BieRad)with a total reaction volume of 128 according to
Moslemiet al. (2016) The PCRcycling conditions and product purifications were performed
as described'in Moslerst al. (2016) Agarose gels were stainedhva SYBR Safe DNA gel
stainand visualizd with a GelDoc (Bidrad after electrophoresis.

Rurified amplicons from each gene region were sequenced at the Auskeiame
Research Facility LtdVielbourne, Australia. Amplicons were sequenced in both the forward
and reverse sense using tame set of primers on a 3XBDNA Analyzer (Applied
Biosystems)rand with BigDye Terminator v. 3.1 chemis®gguences otlatedgenera for
ITS, TUB andEF1 weredownloadedrom theGerBank nucleotidelatabas€Table?2).
Consensus sequences were obtained from both forward and reverse sequenties using
DeNovoassembyt option andoairwise alignedvith the cLUSTALW algorithmwithin
GENEIOUSV. 7.1.9 (Biomatters Ltd.)Kearseet al., 2012)and annotatedith the most similar
gene sequences Baraphoma speciebtained fronNCBI databasevithin GENEIOUS
Sequences wegaibmitted to GenBank and descriptions of nomenclature to MycoBank
(Crouset al., 2004).

Phylogenetic analysis
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Maximumlikelihood (ML) and neighboupining (NJ) phylogenetic trees were constructed
for each genendividually and combined usingeENEIOUS TREE BUILDR for NJ analysis

within GENElOusand RiYML for ML analysis(Guindon & Gascuel, 2003\ generalime-
reversible with invariant sites and gamma distributed rates acros@3iigs|+G)was
determined-as‘the best nucleotide substitution model for ML analy=sairv. 4.0a151
(Swofford£2003) based on the Akaike information criterion (AIC) and Bayesian informat
criterion (BIC) with500bootstrap replicatess default. Gaps were treated as missing data.
For the NJanalysis, thieamura-Nei substitution mode(Tamuraet al., 2013 was selected as
thebest fitmodel with g@mma distributed (G) rate among sites and pairwise deletion of the
gaps usingMEGA® (Tamuraet al., 2013 with 1000 bootstrap replicatés assess the relative
stability ofdaranches and comparing the AIC and B#imatesCongruencef the trees for
each pair of genes was confirmed online at http://max2.ese.u-psud.fr/icong/index.telp.htm
before concatenation and generating the combined phylogenetideérgesineet al., 2007).
GerBank accession numbers for reference markEds TUB andITS were derived from
Quaedvlieget al. (2013). Sequence alignmentsRofchlamydocopiosa andP. pye (12
isolates)and.combined phylogenetic trees were depositddeaBASEat www.treebase.org

assubmission 20959.

Pathogenicity tests

Pathogenicity oParaphoma species isolated from pyrethrum plants was assessed in two
experimentsrusing root dip afaliar spray inoculation methods. For each experiment,
seedlings of.cultivar Batewere germinated from steasterilized seeds and raised in
seedling mix'in Tasmania Bbtanical Rsources Australia (BRAJeedlings were
transferred t6"1@m dianeterpots with potting miXDebcq, fertilized with 5 g Osmocote
Plus(Scotts Australia Pty Lidper pot and grown iaglasshouse for 2 months at 25-27 °C

under natural light

Inoculum was prepared fronewly grown single-spored cultures on PDA, by adding
10 mL sterile water to each plate and gently scraping the colony surface with a glass spreader
and then filtering thepore susension througlkeheeseloth. The concentration of each spore
suspension was quantified to®Epore mL* using a hemocytometefMoslemiet al.,
2016). Two drops of 0.1% Tween 20 solution was added to each spore suspensi@ase
the ability of the spores tdhere to theurface of the inoculated tissue
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Root inoculation

IsolatesBRIP 65168 an@BRIP 65569 were chosen as representativealbbtherisolatesof
therespectivgphylogenetic groupm this experimenbased on the morphological similarities
with other species in each cladéolotype isolatd®. vinacea BRIP 63684was also included

in theexperimentfor comparison. The pathogenicity experiment was conducteédplicate

In both experiments, 10 pyrethrum plapés treatmenivere root dip inoculatedith
thespore suspensidor each isolate. Pyrethrum plants were uprooted and roots washed
under tap water for 10 mio remove excess soiRoots were theimmersedn 100 mL of
thespore suspensidgor 10 min.Thereafter, they were transplanted ibh@xm dianeterpots
and maintainediia glasshouse for 2 months. Contralere inoculated with sterilaterbut
otherwise treated identicallfo prevent cross contamination between treatmerasrbgrne
dispersal of spores)l experments were carried out in a nonrandomized design with no
random placement of the plants within treatments. True replication was achiewgubaing
the experiments. The distance between different treatments was &Dleasiand dp

irrigation was,used to minimézsplash dispersal of spores

Two months after inoculation, individual plants<10 pertreatment)vere removed
from each pet.and roots were washed under tap water to remomectss soilTheywere
then transferred to tHaboratory for sectioninglissue sectioning and surfaskerilization
were carried out as described by Mosletral. (2016).Sterilizedtissues wersubsequently
cultured ontavater agar\(VA). After 4 days’ incubation &2-24 °C, colonies growing on
WA weresubeultured ont®A for identification(Crouset al., 2009).0Oatmeal agaplates
were incubated/at 224 °C inthedarkfor 7 days and then under a 13 h photopenid UV
and white fluorescent light for 7 dayBderemaet al., 2004).

After sampling andeisolation of the pathogen, the remaining plants (0 per
treatment)weressectioned into petioles and leaves (above ground), and crown and root (below

ground).Plantsamples were dried in aven for 3days at 7XC and then weighed.
Leaf and petiole inoculation

Three replicates per treatment of healthsette stag®yrate plants were spray inoculated
with 20 mL (each plant) of £&pore mL™ spore suspension of each isolate (BRIP 65168,
BRIP 65169 andRIP 63684); control plants were sprayed with wakehand sprayer was
used to spray the leaves wittoculumuntil just before runoff. Each plant was then covered
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with a plastic bag for 24 to increase humidity after inoculatioi encouragepore
germination and infectiorCovers were then removed and plamése maintainedh the
glasshouse for 14 daysitil leaf lesiongleveloped on thkeaves Any leaf with the lesions
developed on both sides was detached and cultured for fungal identification during this
period.Tissue surfacsterilizationand culturing were carried out pseviously describedd

DM205 FA stereomicroscoféeica) was used to assess the disease symptoms.

I addition, arin vitro inoculationtest with surfacesterilizeddetached petiolesf
healthy pyrethrum plantgas carried out using the saiselates by pipetting 10 f1 of a 10°
spores ml* suspensionf eachisolateonto the leaves and petioleSontrok were treated
with sterile water Detached petioles were incubated in plastic contaif@us petioles per
containerwith moistened filter papers a1 2C for 8 days. Symptoms were assessed &fter
days by observing theetiolesundera dissecting microscopend tissue infection was
confirmed byseulturing theurface sterilizeteaf tissues on WA and then subculturing onto

OA. Bothipvivo andin vitro tests were repeated.

Dry weight data analyses

Dry weight data (above ground, below ground and total) analyses were performed using a
mixed model'with themxep procedure irsAsv. 9.4 SAS Institute Ing.and applying the

residual maximum likelihood (REMLgstimation method. This permitted data from both
experiments to be combined in one analysis. Noninfected plants, as determined by isolations,
were remaved from the data. Comparison ets was performed by pairwistests ¢ =

0.05).saswas used for athnalyses. The linear mixed model fitted was:
Yik = LT HEYH Ty + i

where W is thesoverall mean, 7; is the fixed effect of treatment i, y; is the random effect of trial
j» Tyij is the;randem interaction between treatment i and trial j and g is an independent
random errorsThe variable ¢ is assumed to be normally distributed, with fixed variance

within a trialjbut may vary between trials. The interaction between treatment and trial (tyjj)
was not significant by likelihood ratio test and hemas deleted from the final model. Data
for plants that were inoculated but not confirmed to be infected were omitted from the

analysis. This resulted in an unbalanced design.
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Results
Phylogeny

Nucleotide sequenced 31 isolatesvere used in the thregenephylogenetic analys. The
congruence.test between each pair of loci showed b congruerdnd hence athree
genesould™bencluded in the combined phylogenetic anadyBi < 0.001). Moreover
congruencetest'between the NJ and ML phylogeneticshemged tree topologies were

identical andrees were more congruent than expeatader random chan¢® < 0.001).

In individual RHYML trees of ITS andUB, BRIP 65169 and BRIP 65171 clustered
with P. vinacea with 88% and 80% bootstrap suppoespectively. However, in the tree
constructed foEF1 the two isolates clustered wikh chrysanthemicola with 88% bootstrap
support. All.other isolates (BRIP 65168 to BRIP 65179, BRIP 57988 and BRIP 57989)
clustered in.a separate monophyletic group with bootstrap values of 94%, 84% and 73% for
ITS, EF1 andTWB, respectively (individual trees are not shown)the combined iFyML
phylogenetic tree of ITSUB-EF1, a total of 828 (ITS: 37EF1: 263, TUB: 192) haracters
in the final.dataset were obtained including 618 (ITS: ¥4, 179,TUB: 142) constant
characters, 155 (ITS7,EF1: 54, TUB: 44) parsimony informative characters and 55
uninformative variable characters. The thgasephylogeny consisting of ITS,UB and
EF1 showed two new species Baraphoma in well-supported monophyletic cladeistinct
from the previously describdearaphoma species. In the combinediPML maximum
likelihood phylogenetic tree, BRIP 65168 and BRIP 65Witich were recovered from leaf
lesions in 2013.in Table Cape, clustered with the dtghtiphoma isolatesncluding BRIP
65172 to BRIP 65179 and BRIP 57988 and BRIP 57989, collected from the leaf lesions
between:2012.and 2014 in different geographical locations of northern Tasirenl(),
with 99% bootstrap support iHPML and 100% support in NJ trees phylogenetic analyses.
Two isolates;"BRIP 65169 and BRIP 65171, fell in the same groBpchsysanthemicola
andP. vinacea, but formed aladedistinct fromboththese species in bothe FHYML and
NJ trees (Figl)=mNeighbour-joining bootstrap values are shown wheredhfgyr from the
PHYML values. Isolates BRIP 57988 and BRIP 57989 were previously used to identify
chrysanthemicola by Heyet al. (2015) BRIP accession numbers were assigned subsequent
to the publication bydeyet al., 2015.
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Mor phology and taxonomy

Morphologicaltraits differentiatecthe Paraphoma isolates into two distinct groups.
Assignmentrofindividuals to these groups mathberfectlythe groups from the
phylogenetic analyses, confirming that fe¥raphoma isolated from leaf lesions of
pyrethrumplants‘in the fields of northern Tasmania weoenew specieslhe names
Paraphoma chlamydocopiosa andParaphoma pye areproposedor theseAll isolateswere
compared with.the type specimehP. chrysanthemicola, and the exholotype strairP.

vinacea.

Paraphoma chlamydocopiosa sp. nov. A. Moslemi& P.W.J.Taylor, sp. nov.
MycoBank:'MB819496

Etymology: Named after the abundant production of chlamydospores on CHA and PDA;
chlamydocopiasa’= chlamydo (chlamydospore) ancbpiosa (abundant) in Latin.

Morphologieal,and cultural characteristics
On PDA

Colony diameter 17.51m afterl week; aerial mycelium compact, white to greyish. Colony
pigmentation-afte weeks olivaceus greywith pale vinaceoumargirs. Reverseale
vinaceous to blachk the centre. Margins regular.

Conidiomata pycnidial, ostiolateunilocular and solitary, submerged in agar, mostly globose
and obpyriform, jbrown to dark brown; 140-15@ diam and setoseConidial matrix buff;
pycnidial celkwall15pumdiam., micropycnidia abundant and submerged in the meiaie,

to dark brown 70-104umdiam.Conidiophores reduced to phialidiconidiogenous cells,
hyaline, smeeoth and ampulliform, 64 length.Conidia aseptate, ellipsoid to oblong, 3—4

x 6—9 D =0.31 x 2.4Yum. Chlamydospores abundant, occurring mostly in long chains,
pale todarkbrown, ellipsoid to globose and aseptat®-15umdiam.(Fig. 2).

Sexual morph not aerved.

On V8
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Colony diameter 15 mm afternvileek; aerial mycelium woollysilver olivaceous. Colony
pigmentation afte? weekspalegreyolivaceouswith thin white marginsReverse similar

Margins regularConidia aseptate, ellipsoid to oblong, 3-5.5 x 7S®€ 0.81 x 0.61um.
On OA

Colony diameter, 17.5hm afterl week; aerial myceliurfloccose green olivaceous. Colony
pigmentationafte'weeks pale olivaceous. Revergih pale vinaceousngsformedin the

centreof the colony. Margins regular.
On MEA

Colony diameter, 12nm afterl week; aerial mycelia whitgreyish andloccose Colony
pigmentation afte2 weeksdark grey to black in the centnath pale olivaceous margins.

Reversenlivaceousgreywith scarlet readtconcentric rings in the centri®largins regular.
On CHA

Colony diametern12nm afterl week; aerial mycelium floccose, white to pale green. Colony
pigmentation'afte weeks, darlgreyon both sides anglle vinaceous to black the centre

of the reversesside. Marginsgular or slightly regular.
Physiological characters

No change of colour was observed upon applicationofNBOH to mycelium growing on
OA (Dorenbesch, 197@Boeremeet al., 2004). No change of colour was obseriredell
wall upon @pplication of iodine to squashed pycnididd®, althoughthe cell contents
turned redhence the cell wall type was identified as pseudoparenchymatioarsg
methodologieshttp://www.cbank.eu).

Specimen examined

Holotype: Australia, northern Tasmani@able Capgefrom Tanacetum cinerariifolium, 2013,
N. Vaghefi(BRIP 65168 culture exholotype -UMP01).

Notes: Differs fromP. chrysanthemicola described byoeremeet al. (2004) ¢onidia (3.5
4-5.5 (-6.5) x 1.5-2 (-2.p)m) andP. vinacea by Moslemiet al. (2016) bysignificantly
larger conidia ofPDA and abundant production of chlamydospores mainly on CHA and

PDA. Paraphoma chlamydocopiosa produces red pigmentation on PDAA, MEA and CHA

This article is protected by copyright. All rights reserved



similar toP. vinacea, butwith less intensityCompact colonies d?. chlamydocopiosa on
PDA, hardly show the vinaceous coloBaraphoma chrysanthemicola produces yellow
pigmentation on OA (Johnston, 1981), which does not occur in cultures of
chlamydocopiosa. Paraphoma chlamydocopiosa colonies produced red pigmentation under

UV lightsThisdid not occur with the colonies grown in thek.

Paraphoma pye sp. nov. A. Moslemi& P.W.J. Taylor, sp. nov.

MycoBank:; MB819470

Etymology:Named after the local colloquiahme used to refer to pyrethrum.
Mor phologiealand cultural characteristics

On OA

Colony diameter 22hm afterl week; aerial mycelium woollywhite to greyish. Colony
pigmentation afte? weeksdarkolivaceous greyin the centre with white thin margins.

Reversgyrey-green margins turning dark olivaceous towards the cavitiegins regular.

Conidiomata pyenidial, ostiolatavith long neck, 101-11g@mdiam., uni-or bilocularand
solitary;submerged in agar, obpyriformempilose, pale to dark brow200-267umdiam.
Conidialmatrix buff; pycnidial cell wallLl0O—11.5umthick, micropycnidissparse, submerged
in the medium; “dark brow@onidiophores reduced to phialidiconidiogenous cells, hyaline,
smooth and ampulliform, 6—40mlong. Conidia aseptate, ellipsoid to oblong, 3.5-6 x 1.5—
3.5(SD = 0.42 x 0.45um. Chlamydospores abundant, occurring in two types of short and
long chains; ang@seudosclerotioidhlamydospres (esembling pseudosclerotia forming
from aggregation of unicellular chlamydospQrétp://www.gbank.eu/); pal&rown

ellipsoid to.glebese and aseptaiel.5umdiam. (Fig. 3).
Sexual morph not observed.
On MEA

Colony diameter 2énm afterl week; aerial mycelia pale greynd woolly. Colony

pigmentation afte2 weeksarmy green in the centkeith thin white margins. Reversamilar
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with dark black pigmentatiotowards the centre. Margins regul@onidia aseptate, ellipsoid
to oblong, 4-5.5 x 2-®D=0.31 x 0.38um.

On CHA

Colony diameter 1énm afterl week; aerial mycelium woollywhite to pale green. Colony
pigmentation afte? weeks, dark olivaceous on both sides turning blackntreonreverse.
Margins regularConidia aseptate, ellipsoid to oblong, 3.5-5 x 1.§SB = 0.25 x 0.4 um.

On PDA

Colony diameter 26hm afterl weekandaerialmyceliumcompact white to pale grey.
Colony pigmentation dark green with white thin margins averse and black on reverse.
Margins regularConidia aseptate, oblong, 3.5-6.5 x 135SD= 0.54 x 0.44um.

On V8

Colony diameter 2énm afterl weekandaerialmyceliumfloccose, pale greegrey with
white thin and regular margins averse and dark grey reveosglia aseptate, oblong or
ellipsoid, 3-6.5 X 1.53-(SD= 0.42 x 0.43) pm.

Physiologicalcharacters

No change“of‘colour upon application oiINaOH to mycelium growing on OA
(Dorenbosch, 197@oeremeet al., 2004). No change of colour was observed in cell wall
upon application of iodine to squashed pycnidia on PDA, although the cell contents turned
red, hence the cell wall type was identified as pseudoparenchymBlonsa(

methodologieshttp://www.g¢bank.eu).
Specimenrexamined

Holotype: Australia, northern Tasmaniable Capgfrom Tanacetum cinerariifolium, 2013,
N. Vaghefi(BRIP 6517Q culture exholotypeUMPp03.

Notes: Differs fromP. chrysanthemicola described bygoeremeet al. (2004) ¢onidia (3.5
4-5.5 (-6.5) x 115-2 (-2.p)m) andP. vinacea by Moslemiet al. (2016) byoccasional
production of bilocular pycnidia on PDA and CHParaphoma pye producesderatioid
chlamydospresthatalso can be produced by the meotype specie®. chrysanthemicola.

No red pigmentation occurs in the culture$opye. Paraphoma chrysanthemicola produces
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yellow pigmentation on OA (Johnston, 1981), which does not occur in cultuRepyd. The
pycnidialcell wall is considerably thinner thaimat of P. vinacea andthe ostioles have

elongatedhecis.

Pathogenicity tests
Root inoeulation

All Paraphoma isolates significantly reduced growth of pyrethrum plants after root dip

inoculation.

All three Paraphoma speciesvere able to cause upper root and crown infection, while
basal petielesdinfection also occurred in plants inoculatedRvigye andP. vinacea. The
disease incidence &% vinacea was the highest comparedRochlamydocopiosa andP. pye.
Paraphomavinacea infected crown and upper root tissues of all the plants in the first
experiment and‘basal petiole, crown and root tissues%%fd@the inoculated plants in the
second experiment. Upper root and crown infection ®Ritthlamydocopiosa occurred in
60% of the inoculated plants in the first experiment and 50% in the second experiment.
Paraphoma'pye.infected cravn and upper root tissues of%®f the plants in the first
experimen@nd basal petiole, cnon and upper root tissues of 70% in the second experiment.
No Paraphoma isolates were recovered from leaves, nor from any tissues of plants inoculated
with water'in either experiment (Tal®@. Crown discoloration of plants infected with

chlamydocopioesa, P. pye andP. vinacea was also observed in the root dip inoculated plants.

Paraphoma chlamydocopiosa, P. pye andP. vinacea were abé to significantly reduce

above ground, below ground and total biomass of the root dip inoculated plants (Table 4

Infection by all thdParaphoma speciessignificantly reduced above ground, below
ground and total\biomass relative to the controlyever, biomass values for each species

were very similar and not significantly different from each other.
Leaf and petiele inoculation

Two weeks after spray inoculation of the plantsivo with P. chlamydocopiosa andP. pye,

necrotic leaf lesions delaped on both sides of the leaves and petioles. However, lesions
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were small and did not coalesce. No leaf symptoms were observed on the plants inoculated

with P. vinacea.

Paraphoma chlamydocopiosa caused reddishrown and watesoaked, necrotic
lesions mastly in,the middle of the leaves (Fig. 4), while lesions produceddyg were
yellowish topale brown and caused margins of the leaf to curl (Fig. 5). Howeseltsr
from theinwitro.infection showed that all three species were able to cause lesions similar to
those deseribed:fon vivo inoculation (Figs 4 & 5). No symptoms were observed on the

control plantss«ifn vivo or in vitro experiments.

Discussion

Two new pathogenic specieskdraphoma, P. chlamydocopiosa andP. pye, were identified
from phylogenetic studies and morphological characters, and their pathogenie#f asd
crown rot pathogens was confirmed. Theeegene RYML phylogenetic tree dif S-EF1-
TUB separatedP: chlamydocopiosa isolates into a welsupported monophyletic clade, and
althoughP."‘pyeeclustered witHP. vinacea there was significant bootstrap support and
morphological differences to support a new species. Moreover, morphological diéferenc
were observed betweéh chlamydocopiosa andP. pye isolates Paraphoma

chlamydocopiosa produced longer conidia th&h pye andP. vinacea. Red pigmentation of
the colonies oP. chlamydocopiosa on OA, MEA and CHA was similar t8. vinacea but less
intenseand nored pigmentation was observed in the colonieB. giye on any of the three
different mediaParaphoma pye produced distinctive bilocular pycnidia, which did not occur
in P. chlamydocopiosa or P. vinacea.

Pathogenicity of these species on pyrethrum Wss@nfirmedn vivo andin vitro in
pathogenicity trials. Above-, below-ground and total biomass were significadtiged by
P. chlamydocopiosa, P. pye andP. vinacea in both glasshouse root dip inoculation
experiments. Pathogenicity Béraphoma vinacea to pyrethrum was previously reported by
Moslemietal. (2016).Paraphoma chlamydocopiosa andP. pye also produced leaf lesions
glasshouse bioassays wherPasinacea did not. However, all three pathogens were able to
cause leaf symptoms in inoculated detached leaves and pativles so may be regarded
as both foliar and crown rot pathogens. It has been confirmeR.thialcea is a severe

crown and root rot pathogen of pyrethrushoSlemiet al., 2016). Uhder favourable
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environmental condins in the field P. chlamydocopiosa andP. pye may be able to infect
leaves of pyrethrum plants and cause foliar necrotic ledi@mee the reported isolation lf

pye or P. chlamydocopiosa (P. chrysanthemicola) in field surveys (Hayt al., 2015).

Aveskampet al. (2008)reported that species Bhoma aredispersed easily by wind,
water splash.or birds. Therefore, ipi®bablethat P. chlamydocopiosa andP. pye can be
readily spread long distances through the fields in Tasmania under high raiméadifore,
each treatment.was separately allocated to each group of 10 plants in the nootuladion
experiments:tesavoid cross-contamination and spread of the spores via wateinsihlas
glasshose’ Experiments were independently repeated to achieve true replicetien
permittedanestimaton of the variability within a treatment arlde statistical inferencdn
addition, inoculated but narfected plants were excluded from the analyses tacesthe

measurement-error.

In Hay et al. (2015),P. chlamydocopiosa was misidentified aB. chrysanthemicola
and thus itis unlikely tha. chrysanthemicola exists in pyrethrum fields in Australia. This
has important.biosecurity implications for the introductiolfysanthemum or other hosts
into Australia'that may be infected with chrysanthemicola, as it has been reported on
Chrysanthemummorifolium, but its pathogenicity is unknown on pyrethrum. eagl.
(2015) reported low frequency of isolatiori7(7%) of P. chlamydocopiosa or P. pye (P.
chrysanthemicola) from the leaf lesions in northern Tasmania in 2012. However, these
pathogensvere prevalent i26% and 48% of commercial fields surveyed in spring 2012 and
2013, respectively, suggesting that either or bothede pathogen(s) are relatively
widespread throughout the cropping regiblay et al., 2015).Further research needs to be
carried out in order to determine the extent of infection of pyrethrum plams by

chlamydocopiosa andP. pyein the fields.

Most previously recognised speciesPafaphoma are soiborne and cause root and
crown diseaseBoeaemaet al., 2004;Moslemiet al., 2016) except foP. dioscoreae, which
was first isolated from the leavesioscorea tokoro in South Korea in 2003 (Quaedvlieg
al., 2013).Paraphoma chrysanthemicola has been shown tause root and basal stem rot in
North America and western Europe, and may cause damping-off of seedlings. It is known as
the cause of stunted roots of black salsiyo(zonera hispanica), and varioug\steraceaén
Belgium(De Gruyteret al., 2010).Species oP. radicina have been reported as saprophytes

on root surfaces of monocotyledonous pla@saMmineagAmaryllidaceaelridaceae
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Liliaceae Orchidaceae and ZingiberacgaeAustralia, Eurasia and North and South

America; and in soil and on animaldamorganic substrate®¢ Gruyteret al., 2010)

Paraphoma vinacea was also recovered from necrotic crown and root tissues of pyrethrum in
northern Tasmaniaoslemiet al., 2016).Paraphoma fimeti has a broad host range on

various plant-families and has been isolated from diverse substrates.

In conclusionParaphoma chlamydocopiosa andP. pye were described as two new
pathogenssofspyrethrum, causing necrotic leaf lesions and crown rot of pyrethrum plants.
However, thesrole of these pathogens as foliar or crown rot pathogens associajeeldvith

decline in the fields of northern Tasmania needs to be further assessed.
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Figurelegends

Figurel Maximum likelihood RYML combined phylogenetic tree inferred from internal
transcribed spacer (ITS), translation elongation facio(BF1-a) andp-tubulin (TUB).

Highest logilikelihood-2871.0461. The analysis involved 31 nucleotide sequaices
Paraphomavisolates described iis study and reference isolates obtained from GenBank.
The neighbour joining bootstrap value is shown on the left only where it differstieom t
PHYML support value. Bootstrap values of 75% or greater are shown. Scale bar indicates
expected changes petesHost columrrefersto the original host wire the pathogens were
first isolated

Figure 2 Paraphoma chlamydocopiosa (BRIP 65168) &), (b) and(c) colony morphology
and pigmentation on OA, MEA and CHPAgspectively (d) globose pycnidia on PDAe)
pycnidial cell. wall (f ) conidiogenous cells on PDA (g) ellipsoid and oblong conidia on
PDA,; (h) micropycnidia on OA(i) chains of chlamydospores on CHA. Scale bars (d) 200
pum, (e) 20ump(fy 5um, (g) and ()10 um, (h) 200um.

Figure 3 Papraphoma pye (BRIP 65169 (a), (b) and(c) colony morphology and
pigmentation on OA, MEA and CHAespectively(d) bilocular pycnidium on OA(e)
unilocular pycnidium on OA(f), (g) and (h) cross sections of a pycnidiumufé thickness)

(i) oblong and ellipsoid codia on OA (j) sclerotioid chlamydospores on OA; (k)
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chlamydospores in chair)4(m) Conidiogenous cells on OA. Scale bafd,e) 200um, (f,g)
100pm, (h,i) 20pm, (j,k) 20pum, (I,m) 5pum.

Figure4 Symptoms caused iBaraphoma chlamydocopiosa (BRIP 65168) irin vivo andin
vitro experiments; (a)c) necrotic lesions caused By chlamydocopiosa on detached leaves
and petiolesnwvitro, 8 days after inoculatigifd) atransverse section of crown tissues
showing discoloration caused bi. chlamydocopiosa, 2 months after root dip inoculatipn
(e) reddish=brewn necrotic leaf lesion on both sides of the leaves, 2 weeks after spray

inoculation of.the leavas vivo.

Figure5 Symptoms caused Baraphoma pye (BRIP 65169) irin vivo andin vitro
experiments(@)y{b) Dark brown to black necrotic lesions causedPbgye on detached
leaves and petiolas vitro, 8 days after inoculatiori¢) marginal chlorosis of the leaves, 2
weeks after spray inoculation vivo; (d) necrosis of the newly growrepolesin vivo, 2

weeks after spray inoculation.
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Table 1l Information of the location in Tasmania (Australia), field code, collectors and dates in

which new Paraphoma isolates from pyrethrum (Tanacetum cinerariifalged in this study

were recovered

Acc. number Species Date isolated Collector Field code Region

BRIP 57988 P. chlamydocopiosa 2012-08-06  T. Pearce 70042 Table Cape
BRIP 65178 P. chlamydocopiosa 2012-08-14  T. Pearce 70042 Table Cape
BRIP 57989 P. ehlamydocopiosa 2012-08-21 T. Pearce 51907 East Devonport
BRIP 65177 P. chlamydocopiosa 2012-08-27  T. Pearce 70046 Table Cape
BRIP 65173 P.chlamydocopiosa 2012-08-27  T. Pearce 57348 Wesley Vale
BRIP 65176 P. chlamydocopiosa 2013-07 F. Hay 48303 North Motton
BRIP 65179 P. chlamydocopiosa 2014-07-21  J. Scott 82205 Circular Head
BRIP 65174  P. ehlamydocopiosa 2014-09-23  J. Scott 87402 Wynyard
BRIP 65168 P. ehlamydocopiosa 2013 N. Vaghefi 70047 Table Cape
BRIP 65170 P.chlamydocopiosa 2013 N. Vaghefi 70047 Table Cape
BRIP 65169 P. pye 2013 N. Vaghefi 70047 Table Cape
BRIP 65171 P. pye 2013 N. Vaghefi 70047 Table Cape
BRIP 63682 P.vinacea 2014-06 A. Moslemi 64209, 49206 Devonport
BRIP 63683 P. vinacea 2014-07 A. Moslemi 49207, 74201 Devonport
BRIP 63684 P:ivinacea 2014-08 A. Moslemi 47110, 46410 Devonport
BRIP 63685 P.vinacea 2014-09 A. Moslemi 86901 Devonport
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Table2 Collection details and GenBank accession numbers of isolates

GenBank accession number

Isolate Strain/culture collection nb. Substrate Location ITS TUB EF1
Paraphoma CBS 522.66 Chrysanthemum UK KF251166 KF252661 KF253124
chrysanthemicoka morifolium
P. chrysanthemicola CBS 172.70 C. morifolium Netherlands KF251165 KF252660 KF253123
Paraphoma UMPc01; BRIP 65168 Tanacetum Australia KU999072 KU999084 KU999080
chlamydocopiosa cinerariifolium
P. chlamydecopiosa UMPc03; BRIP 65170 T. cinerariifolium Australia KU999074 KU999086 KU999082
P. chlamydocopiosa UTASO1; BRIP 57988 T. cinerariifolium Australia KX376282 KX376290 KX376298
P. chlamydocopiosa UTASOZ; BRIP 65174 T. cinerariifolium Australia KX376283 KX376291 KX376299
P. chlamydocopiosa UTASO04; BRIP 65173 T. cinerariifolium Australia KX376284 KX376292 KX376300
P. chlamydocopiosa UTASO5; BRIP 57989 T. cinerariifolium Australia KX376285 KX376293 KX376301
P. chlamydecopiosa UTASO6; BRIP 65176 T. cinerariifolium Australia KX376286 KX376294 KX376302
P. chlamydocopiosa UTASO7; BRIP 65177 T. cinerariifolium Australia KX376287 KX376295 KX376303
P. chlamydecopiosa UTASO09; BRIP 65178 T. cinerariifolium Australia KX376288 KX376296 KX376304
P. chlamydocopiosa UTASO010; BRIP 65179 T. cinerariifolium Australia KX376289 KX376297 KX376305
Paraphoma‘dioscoreae  CBS 135108 Dioscorea tokoro South KF251167 KF252662 KF253125
Korea
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P. dioscoreae

P. dioscoreae
Paraphama fimeti
P. fimeti

P. fimeti

P. fimeti

P. fimeti

P. fimeti

P. fimeti

Paraphoma pye

P. pye

Paraphoma radicina

P. radicina

CPC 11355

CPC 11361

CBS 170.76

CBS 368.91

CBS 164.31

CBS 258.68

CBS 119457

CBS 550.70

CBS 379.67

UMPp02; BRIP 65169
UMPp04; BRIP 65171

CBS 102875

CBS 111.79

D. tokoro

D. tokoro

Apium graveolens

Juniperus communis

Zea mays
Wheat field soil

Butter turned sour

Wood

Olil paint

T. cinerariifolium
T. cinerariifolium
Lycopersicon
esculentum

Malus sylvestris

South
Korea
South

Korea

Netherlands

Switzerland
Unknown

Germany

Netherlands

Germany

France

Australia

Australia
Germany

KF251168

KF251169

KF251170
KF251171
KY559063
KY559064
KY559068

KY559066

KY559065

KU999073

KU999075
KF251671

Netherlands KF251172

KF252663

KF252664

KF252665

KF252666

KY559077

KY559078

KY559082

KY559080

KY559079

KU999085

KU999087

KF251671

KF252667

KF253126

KF253127

KF253128

KF253129

KY559070

KY559071

KY559075

KY559073

KY559072

KU999081

KU999083

KF251671

KF253130
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Paraphoma vinacea UMPVO001; BRIP 63684; CBS T. cinerariifolium Australia KU176884 KU176892 KU176896

141999
P. vinacea UMPv002; BRIP 63683 T. cinerariifolium Australia KU176885 KU176893 KU176897
P. vinacea UMPVv003; BRIP 63682 T. cinerariifolium Australia KU176886 KU176894 KU176898
P. vinacea UMPv004; BRIP 63685 T. cinerariifolium Australia KU176887 KU176895 KU176899
Neosetophoma samarorur CBS 138.96 Phlox paniculata Netherlands KF251160 KF252655 KF253119

%Quaedviiegeet al. (2013).

PMoslemi&tal. (2016).

°BRIP, Queensland Plant Pathology herbarium, Brisbane, Australia; CBS, Westerdijk Fungal Biodiversity Institute, Netherlands; CPC, Culture
collection of Pedro Crous, housed at the Westerdijk Institute, Netherlands; UMPc, University of Melbourne, Paraphoma chlamydocopiosa
strain; UMPp, University of Melbourne, Paraphoma pye strain; UTAS, University of Tasmania.

ICBS 522.66 is the ex-neotype of P. chrysanthemicola Hollos; CBS 135100 is the ex-holotype of P. dioscoreae; CBS 170.70 is the ex-neotype
of P. fimeti Branaud; CBS 102875 is the ex-epitype of P. radicina (McAlpine) Morgan-Jones and J. F. White; CBS 141995 is the ex-holotype of

P. vinacea=Moslemi and Taylor.
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Table 3 Disease incidence and tissues of pyrethrum plants infected 2 months after inoculation

with Paraphomachlamydocopiosa, P. pye and P. vinacea

No. of No. of Incidence (%)
replicate infected Basal
Experiment lnoeculum plants plant$ Leaf petiole Crown Root
1 Control 10 0 0 0 0 0
P~ chlamydocopiosa 10 6 0 0 10 50
P. pye 10 6 0 0 10 50
P. vinacea 10 10 0 0 50 80
2 Control 10 0 0 0 0 0
P. chlamydocopiosa 10 5 0 0 30 20
P. pye 10 7 0 40 40 0
Prvinacea 10 9 0 40 60 40

®Total number of plants from which the target pathogen was recovered.
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Table4 Dry weights of the above and below ground portions of pyrethrum plants 2 months
after inoculation with Paraphoma chlamydocopiosa, P. pye and P. vinacea

Dry weight component (g)

Treatment Above ground Below ground Total
Control 7.10 a 452 a 11.50 a
P. chlamydocopiosi 5.31 b 2.85b 8.29Db
P. pye 5.21b 3.11b 8.39b
P. vinacea 5.73 b 3.18 b 891b
Fase 3.73 12.82 7.54
P-value <0.01 <0.001 <0.0002

Means with/different letters in the same column are significantly different by pairwise (s
= 0.05). In all cases the F ratio for testing the treatment effect has 3 and 58 df. This was
obtained by combining the two experiments and fitting a linear mixed model with different

error terms in.each experiment.
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