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Ascochyta rabietauses Ascochyta blight of chickpea. The pathogen is known to produce
polyketide derivedsecondarynetabolites, solanapyrone8, B and G of whichsolanapyrone A
has long been consideradey virulence factor in the chickpe® rabieiinteractiondue to its
phytotoxicity to chickpea. Inrderto determinethe role of solanapyrosal uring infection
processsolanapyronaminus nutants were generated frofn rabieistrains of different
pathotypes by targetirgpl5andsold geneswhich encode the last step enzyme and a
pathwayspecific regulator for solanapyrone biosynthesis, respectiveaddition,phytotoxicity
of solanapyroes was examined with variousgumesncludingchickpea plants with varying
degree of resistance to the disedsea result, purified@danapyronéd showed a broad spectrum
of phytotoxicity,causingnecrotic lesions on all test@dants The resultingsolanapyroneminus

mutants werequallyvirulentas theircorrespondingvild-type progenitors, indicating that



solanapyroné\ is neithera hostselective toxin noa virulence factor oA. rabiei Despite the
dispensabilityin parasitic growth of the pathogesolanapyroreareproduced by altrains
investigated in this and several previous studiée universal productioof solanapyrone

prompted us to examine possible ecological rotker than parasitism

Synteny analyseofA. rabieigenome with genoes of related species revealed tifet
solanapyrone biosynthesis gene cluster lased in aggenomic island where genes implicated
in niche adaptation are often fouritheexpressioslevelsof the solanapyrone clustgenes
were high during saprobigrowth, but negligible during infectigmrocesses. Also, the gene
expressionsulminatedat the formation of pycnidia, indicatinbatsolanapyroreareproduced
in a growth and tissuspecific manner. To investigate ecological roles of solanapgrone
wild-type strains or solanapyrominus mutants were eoultured with saprobic fungi that have
been isolated from chickpea debris left in a fieldldWype straineffectively suppressed the
growth ofthesaprobic fungi, whereas solanapyreméus mutants dieshot. The half maximal
inhibitory concentration of solanapyroAeagainstthe saprobic fungranged from 50 to80e M
These results suggest that solanapy®pdays an important role in competitioand presumably

in survival of thepathogerin nature

Vi
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CHAPTER ONE

GENERAL INTRODUCTION

Ascochyta Blight of Chickpea

Ascochyta rabiefPass.)LabroussdteleomorphDidymellarabiei (Kovachevski) v.
Arx] causes Ascochyta bligtd, foliar disease of chickpe&icerarietinumL.). The disease
affectsall aboveground tissuex the host planfNene and Reddy, 1987nfection withA. rabiei
leads to reductioaf yield and quality of the harvested grain, and often to total crop loss when
environmentatonditions are conducive to disease developmentwhen periods of cool, wet

weather persist during the growing seafdane, 1982; Singh et al., 1984)

Domesticated chickpea is a cesglason grain legume crop and the second most widely
grown legume in senarid regions of the world, next to the common (fegum sativunt..). It
is also important as a rotation crop in the cebeeled production systems of the U.S. Pacific
Northwest or a specialty crop in other areas. There are two main types of chitkgiaad
kabuli. Thedesttype is characterized aaving angular and smaller seeds with darker
pigmentation, while th&abuli-type has characteristics with beaked and larger seeds with white
to creamycoloration Production and consumptionadsitype chickpeas are largely restricted to
the Middle East ahSouth Asia, wheredsabulitype chickpeas is a popular and valuable global
commodity being produced in most of other regions and especially in the western hemisphere

(Chen, 2008)



Ascochyta blight of chickpea is one of the most destructive diseases of domesticated
chickpea(Chen et al.,, 2011)hedisease is manifested through necrotic les@mgreertissues
including leaves, stems, and pods. The causal afjerabiej is a haploid heterothallic.€.
outcrossing) ascomycete. Ascospores produced by sexual repoochetiveen strainsf
opposite mating types have been considered to be importdon@pdistance dissemination and
initiation of disease outbreak¥rapereCasas et al., 1996; Kaiser, 1997; Milgroom and Peever,
2003). Pseudothegj the sexual fruiting bodies, develop on infestéitkpea plant debriand
give rise to ascospores, which are forcibly discharged from the fruiting bodies early in the
growing season. Although either ascospores or conidia can serveadsnioculumfor the
disease, ascospores may be better able to germinate and penetrate host tissues under harsh
environmental conditions compared to confieapereCasas and Kaiser, 200 rom necrotic
lesions on the host tissuds, rabieiproduces the asexual fruiting bodies, pycnidia, containing
numerougonidia that can serve as secondapculum Conidia are disseminated to adjacent
tissues and neighboring plants by rain splash. Each infection cycle only talkdsdEdy/s. Thus,
several secondary infections can occur during the growing season arna deagre disease
epidemicqg TrapereCasas and Kaiser, 1998eedinfectionor contaminationmay have a role in
spread of the disease to new production areas that were previously free of the dise&se. The

rabiei disease cycle is summized in Figure 11.



Solanapyrone Phytotoxins

The mode of infection o&. rabieiis thought to be necrotrophice., the pathogen Kills
plantcells in advance adr duringmyceliainvasion Phytotoxins anaell-wall degrading
enzymedeing secretedreoften presumed to be determinaot pathogenicity in necrotrophic
plant pathogend\ .rabieiis known toproducepolyketide derived secondary metabolites (SMs),
solanapyroneA, B, and C (Fig. 12) (Alam et al., 189; Chen and Strange, 199Phytotoxicity
of solanapyronebkas been evaluataa vitro with intact chickpeglants andchickpea celtulture
suspension(HOhl et al.,, 1991; Latif et al., 1993; Kaur, 1995; Hamid &trange, 2000
Exogenous application &. rabieiculture filtrates containing a mixture of solanapyrones caused
disintegration of the intact leaf tissue of chickgeéhl et al., 1991)In addition, when detached
chickpea shoots were incubated with purified solanapyrombedstem internode below the
uppermost leaf lost its turgor within 3 dgy$amid and Strange, 2000§aur (1995) determined
relative phytotaicity of solanapyroneby measuringnhibition rates of chickpesbot growth
solanapyrone A was the most toxic followed by solanapyrones C @&dug 1995) Positive
correlatiors were observedetweenvirulenceandsolanapyron@roductionof A. rabieiisolates
(Hamid and Strange, 200@ndbetweerthe Ascochyta blight resistance of chickpea cultivars

andtheir levels of toleranc® solanapyrone phytotoxir&aur, 1995)

Solanapyrone produoin appears to be associated with the production of conidia in
rabiei. Strains that sporulate poorly in growth media tend to produce less solanagi#ohbst

al.,, 1991) However, when the strains were grown in growth media which supported better



conidiation, they producemore solanapyrondglohl et al., 1991)The authors also argued that
solanapyrones were produced from germinating spores in liquid culture. In the study, however,
the solanapyrone production was measured once at 24 h after incubation. The result cannot rule
out the possibily that the spore suspension prepared for initiation of the liquid culture already
contained solanapyrones i@®»ntaminant§ since solanapyrones are produced in large quantity
during conidiation. To date it is not known if solanapyrones are producee host tissues.

Attempts to detect solanapyrones from infected chickpea tissues were unsuctiddfat al.,

1991) To explain this phenomenon, it has been proposedtibatb sence of solanapyrere

the infectedchickpeais ascribed taapid metabolisnof solanapyroneby the host plant, and that

the ability to metabolize solanapyranean be used as awlicator ofhost resistancéHamid and

Strange, 2000; Bahti and Strange, 2004)

Many studies have demonstrated the phytotoxaftyolanapyrones to chickpea, but
there is no direct evidence supporting the involvement of solanapyrones in virulence or
pathogenicity. It would be useful to have solanapyomeus mutants for unequivocal
demonstration that the toxins play a role inhwagenicity or virulence by comparing virulence of
the mutants to that of the wikype progenitors. To obtain such mutafisDNA insertion
mutantsthatproduce a reduced amount of solanapyrones were generated via
Agrobacteriummmediated random mutagenefi$ogensen et al., 2006owever,unfortunately

these mutants wereanotcharacterizedvith respect to thd8-DNA insertion site ®r virulence



Infection Strategy of A. rabiei

The nfection process dA. rabieiin host tissuesias been describe(Hohl et al., 1990;
Kohler et al., 1995; Ilarslan and Dolar, 2002; Rea et al., 2002; Nizam et al., 2&h6ugh
slight variation inthe infection proceskas been observed likely due to the useitbérentA.

rabiei strains andchickpeacultivars, itcanbe generalized as follows.

The fungus penetrates directly throupkcuticle ofleaf and stem tissud$ 2 dayspost
inoculation (gbi), forming amappressoriuntike structure(Nizam et al., 2010)Entry through
stomatahydathods, and wounds &lsocommon Hohl et al., 1990 Around 3 dpi, mycelia
have spreathroughthe intercellular spacgof the subepidermal layef leaves and stems ofa
susceptible cultivarqohl et al., 1991 The dstortion of2i 3 layers of cortical parenchyma cells
is evidentin the susceptible cultivar at this early stage of infectwmereasn a resistant cultivar
celldisruption igdelayed. In the resistant cultivar, visible symptoms such as chlorotic lesions can
be observed only after 5 dgH@hl et al., 1990 Small necrotic spots are frequently found on
leaves and stems of resistant cultivars, which are considered as the resuitsasiftnresponse.
Within 5i 7 dpi, thecells nearintercellular hyphaein thesusceptibleultivar undeigo plasmolysis
in which most of cellular organelles hadisintegratedvithout directhyphalintrusion(Ho6hl et
al.,, 1990 Rea et al., 2002The lesiondormed on host tissues expand further, and the growth of
mycelia along leaf petioles towards the stem is obsdétl et al., 199D The phloem tissues
of petioles are extensively colonized by the pathogen, but colonization of xylem tissues with

lignified sclerenchyma cells rare(Rea et al., 2002 After 5 dpi, a large number of pycnidia



start to form on susceptible cultivamshereanly a fewpycnidiaare producedh resistant
cultivars even after prolonged incubatigycnidia are often developirgn the vascular tissues
which likely provide a physical matrix for their formation, especially when the host tissues are

maceratedby severe infectio(Hohl et al., 199D

Quantitative Nature of Virulence of A. rabieiand the Host Resistance

To clarify terminologyused throughout this studife termjpathogenicit§is defined as a
gualitative termi(e., the pathogeds ability to cause disease), wheréastermdvirule ncedis
defined as a quantitative terire(, the level of disease that a pathogen eaus compatible
interaction with its hosthe degree of pathogenidityA high degree of getie and pathogenic
variation exis$ in field populations oA. rabiei (Chongo et al., 2004; Peever et al., 2004)
Classgfication of this variation apathdypes (or racesjs crucial forthe identification of genetic
sources ohost resistace and for developing resistant cultivartewever, there is little
agreementegardingheclassification of pathogenic variation An rabieidue to lack of
information onvirulence factors whichmayfacilitate the classification of strains into pathotypes.
A recent trend is the broad classification of strains into two pathotgpd®otype | (less
virulencg and pathotype lirfore viulencg (Chen et al.,, 2004b; Jayakumar et al., 2005; Chen et
al., 2011) However, a genetic study showed that progeny from a cross betvpetimoaype | and
apathotype listrain displayedntermediate virulengesuggesting thathe pathotype designation
represerdd the extremes of a continuous distribution of virulence, rather than representing two

discrete virulence typg®eever et al., 2012)



Despitethe economicand agriculturalmportanceoftheA. rabiei chickpea interactign
little attenion has beepaid tothis interaction a molecular leveland only a few studies have
described the molecular aspects of this interactivearlier studies, Cho and Muehlbauer (2004)
examined the effect of the plant signaling molecules, salicylic(84d and jasmonic acid (JA),
known to mediate plant defense responses, ustgmbinaninbred lines (RILS) generated from
a cross of Ascochyta blighesistant and Ascochyta blightisceptible germplasm. However, the
study showed that blight resistancetiie RILs did not cosegregate with the expression of several
defenserelated genes that were induced by exogenously applied SA or JA, suggesting that the
systemic regulation of the gene expression by the plant hormones are not required for the
resistancdo A. rabiei unlike other plant model systems sucteabidopsis(Cho and
Muehlbauer, 2004)Another study showed that establishment of thickened cells in respohse to
rabiei infection can inhibit the spread of the pathogen through chickpea stem (Beaest al.,
2002) When plants are damaged by infection or wounding, JA acts as a potent ind wygvesf ¢
amine oxidas€CuAO) that plays a role in 3, production in thantercellular spacéRea et al.,
2002). In a resistant cultivar, the accumulate®ivas utilized by plant peroxidases to establish
the lignin and suberin barriers against the invasiof.afbiei Inhibition of CUAO activity and
the associated 4@, production caused the resistant audtito be more susceptible to the disease,
indicating that in the resistant cultivar the induced physieaties are critical for limiting the

growth of the necrotrophic pathogfRea et al., 2002)



Complete resistance to the blight disease has not been reported yet in any commercial
chickpe cultivar or germplasm line. Notably, the recently published genome sequence of the
chickpea cultivar, CDC Frontiek&bulitype) revealed that, compared to other related legume
species, the genome contains a markedly reduced number of the nudigadide site
leucinerich repeat (NBSLRR) disease resistance genes that often confer-eeiiitance to
plant pathogens; the number of NB&R disease resistance genes is nearlyfotiethat found
in Medicago truncatulaand onethird that inGlycine maxVarshney et al., 2013%siven the
quantitative nature of the virulenceAfrabieistrains, preformed and induced chickpea defense
systems (reviewed idbayakumar, 20Q5are likely more important in th&. rabiei chickpea
interaction than thdeploymenbf NBS-LRR disease resistance genes that have been shown to
play a key role in incompatible interactions in other pathosyste@mgmesarecapable of
produdng antimicrobial metabolitesuch as alkaloids, coumarirsgjlbenes and isoflavonasd
(Kamphuis et al., 2012hickpeais ako known to produce a variety igbflavonoids including
biochanin Aandformononetin(constitutive isoflavonoids) as well as chickpea phytoalexins,
medicarpin and maackia{induced isoflavonoids]Lv et al., 2009Wu et al., 2012)To
counteracto thesechemicaldefense systems of chickpeaostA. rabieistrains arable to
convert theconstitutivelyexpressed isoflavonoids and the induced phytoalexiodess or
nontoxic metabolitegKraft and Barz, 1985; Kraft et al., 198Also, it was reported that a
pronounced accumulation of phytoalexins was observed in resistant cultifearted withA.

rabiei (Daniel et al., 1990)it is currently unclear whether the extent of isoflavonoids production



and their detoxification are key determit&mtheA. rabiei chickpea interaction. Nevertheless,
this arms racéype interaction may imply tha&. rabieihave evolved t@vercome chemical and
physical barriers deployed by hosts, and at the same time chickpea may have forged more rigid,

repulsivebarriers, establishing the quantitative nature of the host resistance.

Host Specificity and Taxonomy ofAscochytaspp.

It has been noted that the anamorphic geAscchytaandPhomaboth are polyphyletic,
being found in other fungal taxa in the orderdBjgorales, although a majority of the membérs (
70%) are found in the family Didymellaceg@@&oerema and Bollen, 1975; Aveskamp et al., 2010)
Recent phylogenetic studies demonstratedRhamashould be restricted to the Didymellaceae
(Aveskamp et al., 2010ppecies that belong fescochytaandPhomaare highly similar in
morphology, physiology, and pathogenidigveskamp et al., 2010)n the Saccardoan system,
AscochytaandPhomawere only distinguished by conidial morphology; teelled conidia in the
former and one celled conidia inet latte{Boerema and Bollen, 1975; Boerema et al., 2004)
However, twecelled conidia appear to have evolved independently multiple times during

evolution of several lineages in thie®sporales.

In addition toA. rabiei severaAscochytaspp. infect economically important cool season
food legumes. These include pisiLib., A. fabaeSpeg. A. lentisVassiljevsky, andh.
viciae-villosaeOndrej, which are pathogens of p€asim satiumL.), faba bean\(icia fabal.),

lentil (Lens culinarisMedik.), and hairy vetch\icia villosa Roth), respectivelyNene et al.,



1988; Kaiser, 1997; Chen et al., 201These fungi are morphologically similardahe

biological species concept has been successfully applied to circumscribe the &syociated
AscochytaspeciegKaiser et al.,, 1997; Hernand&ello et al., 2006; Peever et al., 200in)vitro
genetic crgses were made among straindoffabiej A. fabaeandA. lentis(Kaiser et al., 1997)

A. rabieiwas able to mate neither wigh fabaenorA. lentis In contrast, the genetic crosses
betweerA. fabaeandA. lentisstrains produced sexual fruiting bodies with viable ascospores,
although intrinsic postzygotic mating barriers were observed, such as nonstandard numbers of
ascospores in each ascus and variable size of ascofifaresr et al.,, 1997 'hese results
suggested thak. rabieiis more distantly related to the other two species, and thasttechyta

spp. infecting chickpea, faba bean, and lentil are each distinct biological species. In a separate
study, genetic crossevere made betweét pisiandA. fabaeand betweedA. lentisandA.
viciaevillosae (HernandeaBello et al., 2006)In both combinations, normal ascand viable
ascospores were producee,, no obvious intrinsic mating barriers betweerpisiandA. fabae

and betweeRA. lentisandA. viciaevillosae However, the pathogenic ability of the progeny
derived from the cross betwe@npisiandA. fabaewere severely impaired, indicating that
extrinsic postzygotic mating barriers likely operate to prevent hybrid formation and thereby
maintain species integrity. These results revealed that the species used in each cross are closely
related, but still biolgically distinct(Hernande#Bello et al., 2006)The biological species of the

legume infectingAscochytavere well supported by phylogenetic analysétfi DNA sequences
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of multiple proteinrcoding genes, each being grouped into separateswefiorted clades

(Peever et al., 2007; Chilvers et al., 2009)

Che mical Ecologyof Legume-associatedAscochytaand Allied Anamorphic Genera

Filamentous fungi are rich sources of bioactive natural compounds produced as the result
of diversesecondary metabolic pathwaysscochytaspecies parasitic to different legumes are
also known to produce a variety of SMs (Fig83)L Ascodhitine (syn. ascochytine) iscuinone
methide with yellow fluorescence, produced via a polyketide biosynthetic pathway. It was
originally found in culture oA. pisi(Bertini, 1956) and later irA. fabag(Oku and Nakanishi,
1963) Ascochitine is structurally similar to the wé&ihown mycotoxin citrinin prodeed by
MonascusAspergillus andPenicilliumspecies in the class Eurotiomycet&&ifnizu et al.,

2005. Although no information on genes involved in ascochitine biosynthesis is available, the
identification of a polyketide synthase gep&gC7) for citrinin biosynthesis itM. purpureus
(Shimizu et al., 2005)nay provide an opportunity to search for a homologous gene responsible
for ascochitine biogthesis in théAscochytaspecies. In this dissertation research, ascochitine
was also found in cultures of other leguméecting AscochytaandPhoma such as\.
viciaevillosaeandPhoma koolung#ésee Chapter 5Ascochitine production is not restrictexl

the legumeinfecting species but it is alsound inthe marine endophyt®tagonosporopsis
salicorniae[cf. formerly A. salicorniae the genus$tagonosporopsis related td?homasection
Heterospora(Aveskamp et al. 2010)] and ndegume plant pathogeA. hyalosporandP.

clematidina(Venkatasubbaiah and Chilton, 1992; Smith et al.,, 1994; Seibert et al., 2006)
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Ascochitine showed tisstgpecific phytotoxicity, inhibiting root growth but not shoot
growth of blie pea seedling€(itoria ternateal..) (Lakshmanan and Padmanabhan, 196&po,
ascochitine caused electrolyte leakage of susceptible but not re€iaratiscultivars, and the
toxin wasretrievedfrom the plant tissues infected Py clematidinasuggeting its involvement
in pathogenicity or virulenc€&Smith et al.,, 1994)The authos also argued that aggressive
isolates tend to produce higher amounts of ascochitine. However, nassarAtionwas
observed irA. fabaeisolategBeed et al., 1994)Ascochitine was originally reported to be a
selective antifungal agent, affecting only a certain member of {@¥ai and Nakanishi, 1964;
Nakanishi and Oku, 1969The compound was metabolized by some insensitive fungal species,
and the amount of ascochitinbsorptiorby the fungi was proportional to the degredoddérance
(Nakanishiand Oku, 1969AIso, given the fact that ascochitine inhibits the enzymatic activity
of MPtpB (Mycobacterium tuberculosigotein tyrosine phosphatase 1Bgibert et al., 2006)
ascochitine is likely toxic to bacteria as well. However, its antibacterial activity remains to be
investigated Ascosalitoxin and ascochital are a naturalcurring precursor and another end
productderived from the same biosynthetic pathway, respectively (Seibert et al. 2006).
Ascosalitoxin exhibited phytotoxicity on pea and b¢Bvidente et al., 1993afscochital found
in some marinalerived ascomycetous fungi showed an antibacterial ac{kitgnick et al.,

2002; Seibert et al., 2006)

A. lentiscausing disease of lentil is closely related\toiciaevillosag A. pisiandA.

fabae(Peever et al., 2007However, ascochitine has not been isolated ffoentisso far,
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instead e fungus is known to produce anthraquinones and some previously known SMs that
were absent intherlegumeassociatedscochytaspeciegAndolfi et al., 2013)
Anthraquinoneclass SMs are widely found in different fungal species and thdugitay

diverse roles in fungal biogy, such as pigmentation, antibiosis, phytotoxin and cellular
signaling(Bick and Rhee, 1966; Davies and Hodge, 1974; Jalal et al., 1992; Kachlicki and
Wakuli Gki, 2002; Bouras and Strel koAlent 00 8;
produces two anthraquinones, pachybasin and lentigammlfi et al., 2013) Pachybasin was
originally identified from a culture dBoeremia foveatfcf. formerly, P. foveatathe genus
Boeremiais a newly described genus frddhomasections (Aveskamp et al. 201QBick and

Rhee, 1966)It was recently demonstrated that pachybasin producé@dittyoderma harzianum

is implicated in the mycoparasitic activity of the fungumm et al., 2012)Lentisone, the newly
identifiedanthraquinone frorA. lentis exhibits a strong phytotoxicity, causing necrotic lesions
whenexternallyappliedto leaf disks of different legumd#ndolfi et al., 2013) The mode of
acton, cellular targets and biosynthetic genes for the anthraquinone compe madsto be
identified.A. lentisalso produces tyrosol and pseurotiiAdolfi et al., 2013) Tyrosol was
identified as a quoruwsensing compound @andida albicansinducing filamentous growth dn
biofilm formation of this dimorphic fungu€hen et al.,, 2004aPseurotin A is a potent inhibitor
for chitin synthase and thus likely plays a role in antagonistBcactionsvith other fungi

(Wenke et al., 1993 Recently, a hybrid type polyketide synthase responsible for pseurotin A

biosynthesis was identified frofkspergillusftumigaus (Maiya et al., 2007)
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Pinolidoxin is a 1émembered macrolide with a medisized lactone ring, produced by
Peyronellaea pinoddf. formerly A. pinodesthe genu®eyronellaeavas recently elevated
fromPhomasections (Aveskamp et al. 201QHvidente et al., 1993blPey. pinodeslso
produces severatructurallyrelated 10membered macrolides such as herbarumin I, pinolide,
and pinolidoxin derivaties, among which only pinolidoxin showed significant phytotoxicity to
legumes(Cimmino et al., 2012)P utaminoxin is another macrolide produced”hputaminum
(Evidente et al., 1995. putaminumis primarily a soil saprobdyut alsoregarded aan
opportunistigpathogen infecting roots of various pla(farr and Rossman, 2015hterestingly,
both pinolidoxin and putaminoxin are potent inkolos of induced phenylalanine ammonia lyase
activity. This enzyme mediates the phenylpropanoid pathway of higher plants, without any effect
on the growth and viability of the plant cells, suggesting their role in suppressing plant defense
responsegVurro and Ellis, 1997.)The structureactivity relationshipstudy with the two
macrolides and thegyntheticderivatives showed that the two hydroxyl groups and the
unmodified propyl side chain at the lactone ring are important for the observed phytotoxicity
(Evidente et al., 1998Yhe study also reported a mild zootoxicity and zero antifungal activity for
pinolidoxin and putaminoxin. However, thkeck ofantifungal activities \@sbased on tests with
only a single mitosporic fungu§eotrichum candidunihus, b assure lack of agssible

selectivity, the compounds should be tested with more diverse fungal species.

P. medicaginisan opportunistic or weak pathogenwddicagospp., produces a

13-membered macrolide brefeldin A thaasoriginally identified in distanthrelated spees,

14



Eupenicillium brefeldianuniHarri et al., 1963and laér in Alternaria carthami the causal agent

of Alternaria leaf spot of saffloweC@arthamus tinctoriud..) (Tietjen et al., 1983; Driouich et al.,
1997) Brefeldin A mimicked disease symptoms, causing necrosis and wilting when exogenously
applied to the leaves and roots of safflogEetjen et al., 1983)However, another study with
medicaginisshowed that brefeldin A was only produced during saprobic growth of the fungus,
but not in living plant tissue@Veber et al., 2004Also, brefeldin A suppressed spore
germination and growth of epiphytic fungi, suggesting its protective role from other organisms
that might compete for limited source of nutrients after the host déésgser etal., 2004)
Brefeldin A has been used for studies of intracellular membrane trafficking system, since it
blocks protein transport from the endoplasmic reticulum to the Golgi appétatlanzi et al.,

2013 Silletta et al., 1999 However, its pathogenic and ecological roles in the fungal biology
remain investigatedsome other macrolides are produced in culturd$gochyteandPhoma
species that cause diseases oflegame plantsP. herbarumis known to producéerbarumin I,

Il, and I, all of which showed significant phytotoxicifffausto RivereCruz et al., 2000;

Boruwa et al., 2006)Recently, herbarumin | was reported to be antibact@laalgili et al., 2014)

A. hyalosporas known to produce an antifungal macrolide, pyrenolid®/énkatasubbaiah and
Chilton, 1992) which was first identified in culture of the barley pathoBgrenophora tegs

(Nukina et al., 1980a; Nukina et al., 1980b)

A. viciaeis pathogenic mainly t¥icia spp., and known to produce twtructurally

related terpeneerived SMs, ascofuranone and ascochlffaomura et al., 1968; Sasaki et al.,
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1973) Several natural analogues with antiviral, antifungal, or antitumoric activities were also
found across various fungal taxa, suclrasarium AcremoniumcColletotrichum Verticillium,
andCylindrocladium(Ellestad et al., 1969; Kato et al., 1970; Kosuge et al., 1973;
CagnoliBellavita et al., 1975; Takamatsu et al., 199¥cofuranone and ascochlorin produced
by A. viciaehave eceived great attention owing to their potential as chemotherapeutic agents
(Takatsuki et al., 1969; Minagawa et al., 199B)e two terpenoids are structural analogues of
ubiquinol, an essential component of thepiratory chain for ATP synthesis, and thus inhibit the
enzymatic activities of protozoan alternate oxidase by acting at the ubiquinol binding domain
(Nihei et al., 2003; Mogi et al., 2009 addition, ascochlam was also reported to inhibit the
respiratory chain othe ascomycetous yedichiaanomalaby targeting mitochondrial
cytochromebc; complex (a.k.a. coenzyme (Berry et al., 2009)Intuitively, given the mode of
action, the compounds likely play an antagonistic role in interactions with different classes of
microorganisms like saprobic protozoa and fungi, though their ecological roles in thé funga

biology have not been studied yet.

The production of solanapyrones is uniquéteabieiand has not been reported from
relatedAscochytaeandPhomaspecies. Previous studies have shown that all téstegbiei
strains produce at least one of the sgtgmanes A, B, and CHOhl et al., 1991; Kaur, 1995)
Cytochalasin D, an antimicrobial polyketide was also isolated from one strain amo#g nine
rabiei strains testedLatif et al., 1993) The cytochalas#producing straimlid not produce

solanapyrones, and was later discovered not . lbabiei (personal communication with S.S.
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Alam). In fact, the cytochalasin famigMsareproduced by some related species Akdathyri
andP. exigua(Capasso et al., 1987; Vurro et al., 199)e biosynthetic pathway of
solanapyrones has been exteegistudied as it involves the Diefdder reaction, a [4+2]
cycloaddition with a high degree afgio- and sterecselectivity, that catalyzes the formation of
the decalin ring of solanapyron@@ikawa et al., 1998 kawa et al., 1998; Kasahara et al.,
2010) The DielsAlder reaction is the key step for th@synthesis of industrially important SMs
such as lovastatin (a cholestelmivering drug) and spinosyn A (a potent insecticia)clair et
al., 2000; Kim et al., 2011Recentlythesolanapyrone biosyntb& gene clustewas identified

in Alternaria solani(Kasahara et al., 2010)he gene cluster comprises genesamong which
sol5 gene was implicad in the biotransformation of prosolanapyrone Il into solanapyrone A
with goodexao selectivitythat is consistent with a Dielslder reactionKatayama et al., 1998;

Kasahara et al., 2010)

Solanapyrone As known to specifically bind to Xfamily DN A polymerase vitro
(Mizushina et al., 2002)This particular DN A polymerase family exeits function exclusively
on DNA repair procesand cell cycle control in the DNA replication processesrd) mitosis
and meiosigGarciaDiaz et al., 2000; Yamtich and Sweasy, 20R®cently, there has been
increasingevidercethat DNAdamage andubsequentepairprocesses afkedto the
induction ofplant immune response (Durrant et al., 2007; Wang et al., 2010; Song et al., 2011,
Yan et al,, 2013)Therefore, it is plausible that solanapyrone A inhibits DN A repair processes

induces cell cycle arreshhdpossiblycalses apoptosidilternatively,solanapyrone A could

17



affecta defense signaling pathwanyducedby DN A damage andubsequemnepair processas

plants.

Solanapyrone Analogues

Solanapyrones AB, and Cwere originally isolated from cultus®f Al. solanj the causal
agent of early blight of potato/tomafichihara et al., 1983%pince this first discovery, many
natural solanapyrone analogues/e beeround in several fungal species occupying different
ecological nicheglenkins et al., 1998; Schmidt et al., 2007; Trisuwan et al., 2009; Wu et al.,
2009; Wang et al., 2014 hreepreviously unidentifiedsolanapyronegEi G), in addition to
solanapyrone C, were identified fragultureof a filamentous manie fungus associated with the
green algddalimeda monilgJenkins et al., 1998Ynfortunately, the fungus was not
taxonomically identified due tis rapid loss of viability in growth media. The three new
solanapyrones produced by the maitdlegived fungus did not exhibit any significant
phytotoxicity to the host alga. Only solanapye C showed an algistatic effect to a unicellular

algal speciegJenkins et al 1998)

Four additional solanapyrone$ i) were isolated from an unidentified fungicolous
fungus(Schmidt et al., 2007 Solanapyrone J and K both exhibited strong antifungal and
antibacterial activities t€andida albiciansandStaphylococcus aureusheobserved toxicities
were @mparable to those of widely used antimicrobial agents, filipin and gentamycin sulfate.

However,solanapyrone J and K did not show any toxicit§gcherichia colia gram negative
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bacteriumSolanapyrones L and M that esucturallysimilar to solanapynes K and J,
respectively, did not show any antimicrobial activities, indicating that a slight diffenence

functional groups on the pyrone rihgs a considerable effect bimactivity of the compounds.

In two separate studies, several solanapyrones feemnd in cultures of two fungal
species in the genidigrospora one is marinaderived and the other is isolated as an endophyte
fromamedicinalplant(Trisuwan et al., 2009; Wu et al., 2009he endophytidNigrosporasp.
produced two previously unidentified solanapyrones N and O, and the known solanapysbne C
which only solanapyrone Was effective irsuppressing the growth 8btrytis cinereaand
Penicillium islandicumamonghe 7 tested fungal species, tther fungi were tolerant or
insensitive to the compourfeVu et al., 2009) The marinederivedNigrosporasp. produced
threesolanapyrone analogues, and the known solanapyrone A. The authors coined new names
for the newly identified analogues as nigrosporapyrones A, B, aktb@Wever, these compounds
are of essentially the sarnbemicalstructure with solanapyrone A and &€cept for having one
hydroxyl group on the decalin rin@lrisuwan et al., 2009 he authors eamined antibacterial
activities of nigrosporapyrong, solanapyrone A and some other metabolites produced by the
fungus. As a result, onlyigrosporapyrone A showed a modertteicity to clinical bacteria

strains,Staphylococcus auread methicillinredstantS. aureugTrisuwan et al., 2009)

Most recently, a species phylogenetically reldted!. tenuissimgroduced three
solanapyrone analoguesi @®), as well asheknown solanapyrones (&) (Wang et al., 2014)

The authos conducteda compreh@sive bioassatp test antibacterial activities of the six
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solanapyroneagainstseverabacterial strains of ecological and clinical importance. Among the
six solanapyrones, solanapyrones A arek@ibitedantibacterial activities as strong as
ampicillin. Solanapyrone Ahowedthe best activity tdacillus subtilisandMicrococcus
tetragenuswhereas solanapyrone C was only toxiBtanegateriumHowever, it is noteworthy
that the toxicity of solanapyrone C to the particular bacterial species was apgteixittimes

stronger than solanapyrone(Wang et al., 2014)

In summarysolanapyrones found in natunave been shown to be tox@a variety of
organignsincluding bacteria (gram positigenly), fungi, unicellular algae and plansithough
a dozen solanapyrone analogtase beerfound in several fungal species, only a few of them
wereshownto be biologically active and may represent authentic naamalbgue ¢Fig. 1-4).
The other analogueshowing marginabioactivitiesmay be biosynthetic derivatives or artifacts
during the sample preparation and/or extraction procedure. For example, solan@pwase
considered to be the parent compound for sgdgrones P, @nd R found in aAlternariasp.,
and the derivatives show significantly reduced antibacterial activities compared to solanapyrone
A (Wang et al 2014) The mutually exclusive selectivityf solanapyrones A and C against
Bacillus spp. is particularlpf interestOne may argue that it is the structural diversity of SMs
that renders the producing strain competitive agaifsbad range afrgansms. A
comprehensivstructureactivity relationshipstudy of solanapyronesnaloguesvould reveal
novel aspestregardingtheir specificactivities against organisms sharing the same ecological

niches with the producing fungi.
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Aims of This Study

The amounhof documented phytotoxicity of solanapyrones calls into question whether
the phytotoxins are involved in pathogenicity or virulencéofabiei Thisresearchnitially
focused on thdevelopment of an efficient screening techniquestgrerior breedingines with
Ascochytablight resistancdt is laborious and time&onsuming to inoculate the pathogen and
assess the levels of resistance for individual breeding lines. The use of solanapyrone phytotoxin
would expedite the screening processes, providddhbghytotoxin is a key determinant for
disease. To establish the role of solanapyrones in pathogenicity or virulence, it would be required
to generate solanapyromeinus mutants and compare their diseemesing abilities with that of
wild-type progenirs. Therefore, the aims of this study were to search for the solanapyrone
biosynthetic genes iA. rabiej to disrupt one of the biosynthetic genes, and to elucidate the

possible pathogenic and ecological roles of solanapyrones.
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Figure 1-1. The disease cycle oA. rabiei (teleomorph,Didymella rabie), the causal agent of

Ascochyta blight of chickpe@aiser, 1997).
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Figure 1-2. Chemical structure of solanapyrones produced bnabiei
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Figure 1-3. Chemical structures secondary metabolites (SMs) produced by legassociated
Ascochytaand Phoma A. SMs produced byA. pisi and A. fabae the structure of citrinin
produced byMonascus purpureus presented as-quinone form for the structural comparison
with ascochitineB. SMs produced byA. lentis C. Macrolides produced byscochytaand

PhomaspeciesD. Terpenoids produced . viciae
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CHAPTER TWO
FUNCTIONAL ANALYSES OF THE DIELS -ALDERAS E GENE SOL50F
ASCOCHYTA RABIEIAND ALTERNARIA SOLANI INDICATE THAT
THE SOLANAPYRONE PHYTOTOXIN AR ENOT REQUIRED

FOR PATHOGENECITY

ABSTRACT

Ascochyta rabieandAlternaria solanj the causal agents of Ascochyta blight of chickpea
(Cicer arietinun) and ealy blight of potato $olanum tuberosumrespectively, produce a set of
phytotoxic compoundmcludingsolanapyrones A, B, and C. Althoulgbth the phytotoxicity of
solarapyrones andheir universal production among field isolates have been documémed
role of solanapyrones pathogenicityis not wellunderstoodHerewe report the functional
characterization athe sol5 gene,whichencoceksa DielsAlderasethatcatalyzes the final step of
solanapyrondiosynthesisDeletion ofsol5in bothA. rabieiand Al. solanicompletely prevented
production of solanapyrones aladl to accumulation of the immediate precursompound
prosolanapyronedtiiol, which is not toxic to plast Deletion ofsol5did notnegatively affect
growth rate or spore productiamvitro, andled to overexpression offi¢ othersolanapyrone
biosynthesis genes, suggesting a possible feedback regulation mecRdnjtotoxicity tests

showed that solanapyrone Ahghly toxic to several legume spec@&sdArabidopsis thaliana

38



Despite be apparenphytotoxicity of solanapyrone A, pathogenicity test®wed that
solanapyronaminusmutants ofA. rabieiandAl. solaniwere equallyirulentas their
correspondingvild-type progenitors suggesting that solanapyrones areraquiredfor

pathayenicity

INTRODUCTION

Ascochyta rabieis a necrotrophic plant pathogenic fungus and cafseschyta blight
of chickpea Cicer arietinumL.). Thedisease is manifested through necrotic lesions on all above
ground tissues ahe hosplant Cicerspp.) ad maycausecomplete crop loss undeonducive
environmental conditionsSevere disease epidemics have been reported in various regions of the
world (Nene, 1982; Singh et al., 1984 he pathogen iknown toproduce polyketidelerived
secondary metaboliteascludingsolanapyrone ASolA), solanapyrone B (SolEnd
solanapyrone CSolC)(Alam et al., 1989; Chen drStrange, 1991)hesame set of secondary
metabolitesverepreviouslydetectedand identified in culturgof Alternaria solanj the causal
agent otheearly blight of potat@and tomatdlIchihara et al., 1983l reliably identified A.
rabiei isolates produce solanapyrones ameir phytotoxicity has beeinvestigatedusing
chickpeacell suspensioaulture(Hohl et al., 1991; Latif et al., 199@nddetached ointact
plants(Kaur, 1995; Hamid and Strange, 20d@)order todemonstratenvolvement of the toxins
in pathogenesis, efforts were madedorelatesensitivity of chickpe&ultivarsto the

solanapyrone toxins with their susceptibility to the pathoggrositive but norsignificant
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correlationwas detected amongna cultivarg Hamid and Strange, 20Q0poxin production
variessignificantlyby isolate and prolific solanapyroqeoducerdend to be moreimulent (Kaur,
1995) Although many studies have focused on the phytotoxicity of solanapytbees,
occurrencef solanapyrones during infection procéss not been demonstratead dte mpts to
extract solagpyrones from infected plant tissues wetesuccessfu{(Hohl et al., 1991)
Therefore, it has been proposed tit absence of solanapyrsre infected plars may be
attributedto its rapid metabolisray host plants anthe ability to metabolize solanapyrerieas
been used asnindicator of host resistance the diseaséHamid and Strange, 2000; Bahti and

Strange, 2004)

Recentlythe solanapyrone biosyntbkés gene cluster was identifigd Al. solani
(Kasahara et al., 2010y he clusteccomprisessix genegsoll to sol6) covering approximatel20
kb of the genomeAmong the sixol genes in the clustespl5 encodes a Dield\lderase that
catalyzesthe final step of solanapyrone biosynthesis. Purified recombinant@otgin was able
to convertin vitro synthesized precursor substrate, prosolanapyrot@SblA, demonstratingts
involvementin bothoxidation andhe subsequent cyclizatioof the precursor compounda
Diels-Alder reactionNKasahara et al., 20). The genesoll encodes a polyketide synthase (PKS)
that initiates the solanapyrone biosynttispathway.Like manyothersecondary metabolite gene
clustersthe ®lanapyrone gene clustalsoincludesatranscription facteencodinggene €ol4).
Rolesof othersol genessol2 (anO-methyltransferaseyp |3 (a dehydrogenase) asol6 (a

cytochrane P450)were tentatively assigned to the proposed biosynthetic scheme for
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solanapyrone@Kasahara et al., 2010)

Despitethe strong phytotoxick of solanapyronegselatively little information is available
on its mechanism of toxicity or the range of plaots/hich these compounds are phytotoxic
wasoriginally reported that SolA showedriabletoxicity to a somaclonal population pbtato
(cv. Russet Burbankin conjunction with an unidentified toxic compound in culturédbfsolani
(Matern et al., 1978Also, Kaur (1995)suggested solanapyrones as a-sedctive toxin with
an observation that nefmost legumeof A. rabiei such as pead{sum satrum), cowpea Yigha
unguiculatg, and green beaPhaseolus vulgars were less sensitive to solanapyrones than
chickpea BothA. rabieiandAl. solanibelong to the class Dothideomycetesichincludesall

plantpathogenic fungihatprodice hostselectve toxins(Turgeon and Lu, 2000)

Hostselective toxins ofteratget specific cellulacomponentsand mayinduce apoptosis
(Walton, 1996; Tsuge et al., 2013plA wasshownto specifically bind to Xfamily DNA
polymerases vitro (Mizushina et al., 2002)This particular DNA polymerase family exeits
function exclusively on DNA repair processes during mitosis and m€i@arsiaDiaz et al.,
2000; Yamtich and Sweasy, 201The nammaliangenomepossesseseveratifferentgenes
belonging to Xfamily DNA polymerase, whereas in higher plants DN A polymeesisehe sole
member oX-family DNA polymeras€Roy et al., 2009)Recently, ithasbecome evident that
proteins involved in DNA repaprocesseplay crucial rols in theregulation of plant defense
responsgSong et al., 2011)'hrough a genetic screeningAriabidopsis thliana mutants,

several DNA repaproteinswere characterized to be key components of plant immigraling
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and defense gene expressf{durrant et al., 2007; Wang et al., 2010)

On the basis aifs ability to cage diseasen chickpea differential#\. rabieiisolates can
be broadly classifiethto two pathotypes namgxhthotype | (less virulengr pathotype I
(virulent) (Chen et al., 2004HoweVver, recent studied virulencein A. rabieiemploying
crosesbetween pathotype | and pathotype Il isolates revealed that most obtienpexhibited
intermediate virulenceuggesting thatirulencein A. rabieiis under polygenic contrgPeever et
al., 2012) No complete resistane to Asochyta blighthas beemneported inchickpeagermplasm
and esistance to the pathogerkisown to becontrolled byquantitative trailoci(Santra et al.,
2000; Iruela et al., 2006Y he quantitative nature dfoth hostresistance and pathogen virulence
suggests thaireformed or induced physical/chemical defense resgaridbe host plant anthe
subversion of these respongsgsthe pathogemay beimportantdeterminant®fthe overall
outcome (disease severity)afickped A. rabieiinteractiors (reviewed inJayakumar et al.,

2005)

Solanapyrones have long been considerquay a crucial role in pathogenicity
virulence since solanapyrones are the sthiemicalfamily of secondary metabolites with
phytotoxic activities produceloly A. rabiei However, the role of the toxins in pathogenidias
not beercritically examinel. More recently, TDNA insertion mutantshatexhibited reduced
solanapyrone production were generatedAgeobacteriummediated random mutagenesis.
However the mutants weraot characterizedavith respect to th&@-DNA insertion site®r

pathogenicityfMogensen et al., 2006} he lecent identification othe solanapyrone biosynthesis
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gene cluster ir\l. solaniallows usto examine the role of the toxim bothA. rabieiandAl.
solanithrough the use @&blanapyroneminus mutantgenerated witla targeed gene deletion

approach.

The objectives of this study were to isolatdar@pyronetoxinsfrom A. rabieiand test
their toxicity tohost and selected ndwstplants,develop solanapyrornminus mutants through
targetedgene replacment, andcharacterizéhe toxin minus mutantgor growth and

pathogenicity.

MATERIALS AND METHODS

Fungal Strains and General Culture Conditions

A. rabieiisolates AR19NIAT1-2, ATCC 24891) AR21 (MAT1-1, ATCC 76502) and
AR628 MATI1-1, ATCC 201622) were obtained from tAerakiei collection maintained at the
USDA Western Regional Plant Introduction StatisBrGFP-expressing strain of AR628
(Akamatsu et al2006)was also used for this studiwo field isolatesALS1 and ALS2 oAl
solanj collected from separate fields in 2010 and 2011 were provided by Dr. Dennis Johnson
(Washington State University, USA). Details the isolates used in this study arddd in Table
2-1. Forconidialproduction,A. rabieiisolates were grown on V8 agar media (200 mL V8 juice,
3 gCaCQ@ 20 gagar in 1 L distilled water) for 2 weeks. Rdrsolaniisolates, spores were
harvested from-2veekold colonies on a modifieBDA (1 g potato dextrose ageBD

Diagnostic Systems, USA6 mLethanoland20 g agar in 1 ldistilled watej.
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Generation of Gene ReplacementConstructs and Solanapyrone-minus M utants

Thesol5 gene vasspecificallydeleted fronthe genome oA. rabieiandAl. solanj using
the split marker metho(Catlett et al., 2003DNA fragments of the gene replacement constructs
overlappingwithin the hygromycin B phosphotransferabph) gene were amplified using a
doublejoint PCR (Yu et al., 2004)with a minor moditation. In the first round PCRom
genomic DNA of AR628 isolaian800bp upstreamegionof thesol5 coding regionwas
amplified usingprimer5-1/primer5-2 pair, anda 1,354 bp downstream dalfie sol5 coding
sequencavas amplifiedusingprimer5-3/primer5-4 pair. A 1372 bphphcassette was amplified
from pDWJ5usingHYG-F/HY G-R primerpair. Theprimer5-2 andprimer5-3 carried 27bp
sequence tails that overlapped withBhé&j a nd 3 NMpheassette, raspectitelly. én the
secondround PCReachsol5 flanking DNA fragmentvas fused to thaph cassettehrough PCR
by overlap extensiorThe resulting PCR products were cloned to pGEMasy vector
(Promega, USA). DNA sequences of the spldrker constructs wenerified by sequencing
with T7 or SP@rimer. The vectors cloned with the upstream flanking DN A construct and the
downstreanilanking DNA construcivere used as templates for the third round RGR nested
primer pairsprimer5-7/HY -R pair for the upstream flanking DNA construghdprimer
5-8/YG-F pair for the downstream flanking DN A construdthe upstream and downstream
splitmarker constructarereused for transformatioaf bothA. rabieiandAl. solani Primersand

their sequencesgsed in this study are listed AppendixA.
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Fungal Transformation and M olecular Confirmation of Transformants

Preparation of fungal protoplasts and transformatiags@nducted apreviously
described with a minor modificatiqikamatsu et al., 2010)nstead of using a disruption
plasmid vector, one to &g of eachupstreanand downstream splimarker DNA construct were
used for genetic transformatiaf A. rabieiandAl. solani Putative transformants were
subcultured on V8 agaontaininghygromycin B 200 eg/mL), and two rounds of single spore
isolation were conducted to obtain homokaryotic transform&setected transfmants were
screenedby a diagnostic PCR with therimer5-11/primer5-12 pairto amplify the full length
DNA sequence o$ol5 gene in wildtypes andphcassette in putativgsol5 mutants Fig. 2-1).
Homologous integration of the sphibarker DNA constreits wereverified by PCR with an
upstream flanking primer, primé1, and HYGR, confirming correct integration of the

splitmarker constructs intthe sol5 gene locus.

Growth Rate and in vitro Sexual Stage Induction

Agar plugs(3 mm diam.)containing adtely growing mycelia on PDA were transferred
to fresh PDA and the cultures were incubateder 12 h fluorescent light 20 + 2°C. Colony
diameters in orthogonal directiomsfive replicate plate€l3.5 cm diam.for each strain were
measured in-3lay ntervals for up to 36 daysolatesAR628(MAT1-1) and AR19(MAT1-2) or
their correspondingsol5 mutans were crosseds previously describdaly Wilson and Kaiser

(1995) Production of pseudothecia and ascospores on chickpea straw waseex@ weeks

45



after incubation at 11C.

RNA Extraction, RT-PCR, andQuantitative Reatime RT-PCR Analyses

RNA was extracted from cultures (mycediad sporesof isolate AR628&ndits gsol5
mutantusing RNeasy Plant Mini K{Qiagen. On-column digestion bpossible genomic DNA
contamination waperformedusing RNasd-ree DNase Set (Qiagen). For ffCR analysis of
solanapyrone biosynthesis genes, 200 ng of RNAs were reverse transcribed and amplified using
OneStep RAPCR kit (Qiagen)sol genes $olli sol6) wereamplified for 30-32 cyclesActinl for
28 cycles énnealingemperature, 6Z). The primer sets for RPCR analysis were designed to
amplify flanking exons, including one intron in order to distinguish mMRNA frormmpRNA
(and/or possible gDNA contamitian). Reattime RT-PCR assays were used to monitor
expression levelsfsollandsol5 genes. IsolateAR628 wasgrown on PDA and sampled for
RNA extraction at &ay intervalsup to21 days For comparison of sol gene expression on PDA
between the wildypeand theqsol5 mutant RNA was extracted from PDA culture 9 days after
growth Firststrand cDNA synthesis was preparexin total RNA using the iScript cDNA
Synthesis Kit (BieRad) according o ma nuf ac t urRealtine RIPCR dnalysest i ons .
were performedising the BieRad iQ5 Reallime PCR Detectio8ystem. RTPCRmixtures
were composedofl2 mol of each primer, 12@Bb-Ra2edaf SYBR
of cDNA (a 125dilutionofthe2Ce L ¢ DNA pr o d u cfted wateraamadinah uc | eas e
volume of2 5 ¢ LPCR Tolmditions consisted of a denaturing ste@b °C for2 min, and

DNA denaturatiorstep at 95°C 010 s andoth annealing and extension step62C for30s
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for 45 cycles and 6595°C with a 0.5°C increment, each temperaturesferto dtainthe

meling curve.The quantificatiorof the relative transcript leveds the solanapyrone
biosynthesis genen A. rabieiwas performed with theomparative CT method normalization
(Schmittgen and Livak, 2008J he transcript levels adarget genes were normalized against the
Actinlgene transcript level§ he averages of the three biological replicates and standard

deviationsof therelativeexpression values were presented.
SolanapyroneExtraction and Purification

For extraction of solanapyrones from liquid culsué A. rabieiandAl. solaniisolates,
thirty milliliters of half strength PDB in 250nL Erlenmeyer flasks @reinoculated with 00 ¢ L
of conidialsuspension oA. rabieiisolates(1 x 10’ spores ml?), or Al. solaniisolates(l x 10°
spores mL}), and incubated at 2C without shakingAfter 16-18 days cultureswerefiltered
through four layers of Miracloth (Calbiochem, USA) inacuumto removemycelium
Solanapyrones weextracted using Sepak® Vac 6 cc(1g)tC18 cartridgs (Waters Corp.,
Milford, MA, USA). Individual cartridges were eluted with 2 mLMEOH and the eluents were

subjected to UPLEMS analysis.

For purificationof solanapyrones A and @00grams of autoclaved oat kerndrisa
mason jar (about 1 L sizeyereinoculated with~-50agar plugs (5 mm diam.) containing actively
growing mycelieof isolate AR628 or thesol5 mutant on V8 agaiThe culture was incubated

20°C under a 12/12 light regimend shaken daily to disperdge inoculums. Afterl6 days
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solanapyrones were extracted froim A. rabietcolonizedoat kernelsvith 200 mL of ethyl

acetate (EtOAc)Extracts weralried over anhydrous MBD, andfiltered through four layers of
cheeseclotko remove oat kernel debris and $10, andconcentrated on a rotary evaporaite
residue was further purified by preparative TLC on silica gglhnapyrone AH; 0.58,eluent
CHCB/EtOH (955, v/v),yielding 2.8 mg] and solanapyrone &[0.44, eluent CHGIEtOH

(9535, v/v), 1.3 mg]Analytical and preparative thin layer chromatograplagperformed on

TLC LuxPlat& Silica gel 60 ks4 plates, 0.25 and 1.0 mm (Merck, G@my). The spots were
visualized by exposure to UV radiation (254 nm). For purification;ddiive spots of individual
compounds on silica gel were collected separately, and dissolved in EtOAc/MeOH (9:1, v/v) to

elutetarget compoundsut from thesilica el.

For purification ofthe major compound eluted at 2.@nhutesin the chromatograms of
thegsol5 mutantsculturefiltratesof AR628gs0I5 grown in halfstrength PDBvere partitioned
with the same volume dtO Ac, and theorganicphases were combined and partitioned again
with distilled water (pH 3.0). Finally, therganicphases were combineddadried over
anhydrousvigSO, and concentrated on a rotary evapotralte residuevas purified by
preparative TLC on silica ggbrosolanapyrone 4tliol [R: 0.26, eluent EtOAc/MeOH/4D

(8055, viv), 4.1 mglandsubjected to spectrometric analyses foucttiral identification.

UPLC-MS Analysis

Chromatographic separation was achieved usingan ACQUITY UPLC system (Waters
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Corp.)ona 2.1 mm x50 mmi.d., 1.7 um, ACQUITY UPLC BEEB column (Waters Corp.).
Mobile phase A was water with 0.1% formic acid, armobite phase B was acetonitrile with

0.1% formic acid. The gradient started from 7% B, followed by an 8 min linear gradient from 7%
to 99% B. The gradient held it for 2 min and was finally stepped to 7% B to equilibrate the
column for 2 min. The total LC rutime was 13 min, the column temperature was maintained at

30°C, and the flow rate was 0.45Lnmin*.

MS analysis was performed on an inline SynaptS3aDMS (Waters Corp.) time of
flight mass spectrometer. Positive ion electrospray mode was used fopdedsion. The
desolvation gas was nitrogen (80®Y), and the collision gas was argon (2.0 min%). The
data acquisition range waw'z50i 1,000. The source temperature was X20and the
desolvation temperature was 280 The cone voltage was 30 Vhe lock mass compound used
was leucine encephalin with a reference mass/2556.2771For the TOF experiments, data
were acquired in the MSmode in which two separate scan functions were programmed for the
MS acquisition method. One scan function watat low collision energy (trap at 4 eV and
transfer at 2 eV), and the other scan function was set at high collision energy (trap ramped from
1550 eV and transfer at 2 eV). The mass spectrometer switched rapidly between the two
functions during data acigition. As a result, information on intact precursor ions and on product

ions was obtained from a single LC run.

For identification ofthe peakeluted at 4.32 in the chromatograms of the saide culture

extracts the following methodology was used. $ijrthe elemental composition of the detected
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peak was determined by comparing the exact mass of the precursor ion detected in the low
collision energy spectrum and the exact mass of the proposed candidate (only differences below
5 mDa were accepted). Ago fit in the isotopic pattern of both compounds was also required

for the selection of the best candidate. The suitabilifyos&ible oxidized forms of Sokas

checked through MassFragment softw@aters Corp.)MassFragmennade it possibléo

evaluae whether the product ions detected in the high collision energy speutelinked to the
fragments generated from the chemical structures of the candidates proposed. A score between 1
and 14 was provided by the software for each product ion. The tbe/ecore value, the higher

the plausibility of the fragment proposeth oxidizedform ofSolA was considered confirmed

by MassFragment software because most of the product ions showed the score provided by the

software was equal to or below 3.

Phytotoxicity Tests

The phytotoxicity of solanapyrone A, solanapyrone C, and prosolanapyrditd Was
tested on chickpegenotypesN6 22589 (resistant), FLIP 892C (intermediate), chickpea cv.
Spanish White (susceptiblggeacv. Dark Skin Perfectio(Pisum satrum), lentil cv. Pardina
(Lens culinarig, andsweet pe&penceitype mix(Lathyrus odoratus Three plants of each
species were grown ikrlitre plasticpotsfilled with Sunshine mix #4Sun Gro Horticulture
Canadaand maintainedfor 4 weeks in a growtbhamber (Conviron Model PGR15, Winnepeg,
Manitoba, Canada) at 12day (20C) and 12h night (16C). The youngest, fully expanded

leaves (leaves of the second or the third nodes from the top) were detached from each plant, and
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the adaxial sides of leaftetvere gently punctured with a pin to facilitate absorption of test
compounds. The leaflets were placadtwo layers of plastic mesiha glass tray22 x 30 cm)

with wet paper towels, and the trays were covered with a plastic bag to keep leaflendoist
kept at 20C. Purified compoundgere adjusted t46.5eg/L by addingMeOH and then

brought up to a final concentration o€ iy L in distilled water. Adrop3eL) of each solutior
solvent control (6% MeOH) was placed onto the punctured woundeogpttiermig9i 12

leaflets per treatmentNecrotic lesions were photographed 3 days after application. The areas of
necrotic lesions were calculated using Assess 2.0 Image Analysis Software for Plant Disease

Quantification (APS Ress USA) and used as amdicator of phytotoxicity.

Arabidopsis thalianaseedsP OLL-overexpressig transgenidine (POLL°F), and TDNA
insertion line(SALK_075391 POLL*P) were obtained frordrs. RinoCella and Giovanni Maga
(University of Pavialtaly). The overexpression anchéickdown oPOLL gene were verified via
realtime RFPCR analysisising the method described Agnoroso et al(2011) (Fig. S25).
SurfacesterilizedArabidop$s seeds were sown on hatrength Murashige and Skoog (MS)
growth media (pH 5.7) supplemented with 1.0% sucrose and 0.7% phytoagar in square plastic
Petri dishes with gridéBD Biosciences, USA)After 3 days vernalization, the plates were kept
in a growthchambei(16/8 h, light/dark cycle at 22C) for 7 days The seedlings wergently
transferred to M@rowthmedia containing different concentrations of solanapyro(0A40, or
60eM). The plates were further incubated for 6 daysgmavth of pimary roos were measured

and photographedror mediawithout solanapyrone 0 €M), MeOHwasamended to the MS
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growth media, aa solvent contro{0.5% v/v).

Pathogenicity Tess

Pathogenitty test, using chickpea cvs. Spanish White and Dwelley, and disease
assessment were conducted as described in Chen et al. (2004 }.ik@rwdation experiment,
three geds othickpea cv. CDC Frontier were sownl- litre plasticpot (12 pots for the
experiment)containingSunshine mix #4Sun Gro Horticulturpand maintainedh a growth
chamberConviron Model PGR2punder a 12 h photoperiod withZDdayand 16C night at >
95% relative humidity. Spores of wiligpe strain(AR628WT) and itsDsol5 mutant
(AR628Dsol5) were harvested frori8 agar mediand mixed at 1:1 ratio in sterilized water,
makinga final concentration of 8 10° spores mL*. Inoculation method was as describied
Chen et al. (2004). In order to calculagdative infection rates of AB28WT and AR62Bsol5,
total number of lesiongroduced after incubation for 2 weekascounted and each lesion was
numbered and cut off from the plant along with a stem segf@énem long. After measuring
lesion lengththe fungal genotype that caused the lesion was isolated and detebyined
assessing colony morphologypacidified PDA (39 g PDA, 1 mL lactic acid per liter added after
autoclaving, pH 3.5); fungal colonies elahing dark and restricted growth pattern were assigned
to AR628WT, while lighter coloniesvith expansive growth were assignedAR628Dsol5. The
identity of fungal colony was further confirmed by subculturing on V8 agar conté2fibg
eg/mL of hygromycinB; AR628Dsol5can grow ommedium containindiyygromycin B whereas

AR628WTcannot Lesionsfrom whichboth AR628WTandAR628Dsol5 were obtainedless
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than 10% of total lesions) were notluded inchisquare goodness of fit test.

A detached leaf assay wasedfor measuringvirulence ofAl. solaniisolates, ALS1,
ALS2 and their respectivgsol5 mutants Leaves were excised froéaweekold plantsof two
potato cultivar{Russet Norkotah and Ranger Russ@tl one tomato cultivar (Moneymaker)
grown in agreenhouseindera 16h photoperiod witl25°C day and 18°C of nighDetached
leaves werénoculated withl0 pL of spore suspensig@ x 10* spores mL}) contained ira lens
paper (0.7 cm diameter). Leaves were placed glasstray with five layers of paper towels at
room temperature, and covered with a tpamentplastic bag to maintainear 100% relative
humidity. The inoculatedeaves were photographati6dpi. The area of the necrotic lesion on
each leafvas calculated byhe analysis ofmages as described aboVée lesion areas were

calibrated based on area of a squarent) paper hat was included in each photograph.
DATA Analyses

For pathogenicity testith chickpea cvs. Spanish White and Dwelley, experiments were
conducted in completely randomized designs. Disease severty ratings (ddmeecorded for
each plant and the meafthe two plants in a pot represented one experimentalumi6).
Levends test for equal variance assumption was used to determine if variance was independent
of the mean and Shapiilk test was used to check for normality assumption. Stdsletest
was used for mean comparisons between-tyjiee strain and its correspondiBgol5 mutant.

For cainoculation experimenthi-squaregoodness of fitestwasused todetect any deviation

53



from the expected 1:1 ratio in total numbesste&mlesiors caugd bywild-type AR628WT) and
Dsol5 mutant AR628Dsol5). The mean lesion length and lesion number cause&R828)s015

were compared with those causedAR628WT us i n g S-test.Mean leson length and
lesion number produced on three chickpea pléat. CDC Frontier) in a poepresented one

experimental unitr(= 12).

For detached leaf assay, differences in average lesion size produced on potato or tomato
leaves by each strain were analyzed usingwamg ANOVA (main effect, strain). No significant
difference in mean lesion size was observed at a significance level of 0.05. Lesion produced on
each detached leaf represented one experimentahun), For phytotoxicity test, squareot
transformed data was used for amay ANOVA (main effect, legme species) as the original
data violatel the normality and equal variance assumptions. After data transformation, the
assumptions were checked by ShapWik & and maximum likelihood ratio tests. Multiple
comparisons of mean lesion size incitedpplication of 3¢ gof SolAbetween different legume
species were performed by LSD test using Bonferroni correction. Null hypotheses
differencewere rejected whel 00.05. Lesion produced on excised leaflets represented one
experimental unitr(= 10/ 12). The analysewere performed using the MIXED procedure in the

SAS V9.2 softwareSAS Institute Ing.USA).
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RESULTS

SolanapyroneBiosynthesis Gene Cluster in A. rabiei

Basedon the DNA sequence olfiesolanapyrone biosyntb& gene cluster identified
fromAl. solani (GenBankaccession AB5145§ZKasahara et al., 2010)e recoveredd 10kb
genomic DNA sequencadirough ahomologybased PCR approach. SIDNA sequence
includedthe fulllengthDNA sequencgof sol5 andsol4 genes GenBank accessisiKM24436
andKM244525, coding for asolanapyrone synthage DielsAlderase)and aputative
transcription factor, respectivelfpartial DNA sequences otherclustered genesdll, sol2,
s0l13 andsol6) were also successfully amplified frodnrabieigenomic DM (isolateAR628,
ATCC 201622).The homologoussol5 DNA sequencandits deducedmino acid sequenceere
97% identical toAl. solanisol5(Fig. S21). No obvious orthologs adol5 werefound in 61
complete or draft Dothideomycetes genome dataihae irclude Didymella exiguathe type
specieof the genudDidymella(Grigoriev et al., 2014)All other genes in the cluster were
approximately@7%similar betweerA. rabieiandAl. solani This result showed thabe
solanapyrone gene clustene highly conserved between thgstantly relatedungalspecies that
belong to thdamilies DidymellaceaeA. rabiel) and PleosporaceaAl(solan) in the class

Dothideomycetes
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Generation of Slanapyrone-minus M utants

To gudy the role of solanapyrone toxins in pathogenicity,geeerated
solanapyronaninus mutantsrom bothA. rabieiandAl. solanibytargetingthesol5 genethat
catalyzes the final step of solanapyrone biosynthii&sisahara et al., 201L(For targetedsol5
gene deletion, thre&. rabieiand twoAl. solaniisolateswereused aprogenitorgTable2-1),
andsol5was deletedrom the genomessingthe gene replacement strataljystratedin Figure

2-1.

To check ifsol5-deletion ¢sol5 mutants lost the ability to produce solanapys) mee
compared chemical profiles of ¢ule extract of gsol5 mutans to thoseof the wild-type
progenitors. LEMS analysis of 181 old culturs of wild-type AR628 A. rabie) and ALS1 Al.
solanj isolates confirmed the production of Sq®¥uted at 4.2Imin) and SolC(eluted at 4.03
min) (Fig. 2-2). While SolA was a majacomponenand consistentljyoundin cultures, the
amount of SolC production was highly varialriem cultureto culture and the timing of
extractionsimilar to previous observatisifor Al. solani(Oikawa et al., 1998bRegardless of
type of media and extraction method, SolB was never detbgtadhigh resolution
UPLC-MS/MS system (Synapt G2, Waters Cotip.gultures ofA. rabieior Al. solaniin this
study.Instead, anewpeak(eluted a#.32 min) was detecteth the chromatogrant(g. 2-2). The
elemental compositioand tandem mass analysisthe detected peauggestedhe compound
was an oxidized form of SolAaving the molecular formula;gH,>05 (see Materials and

Methods) Structurd identification of the compound is currently in progrdssqsol5 culture
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extracts, there was no detectable solanapyrone produséieeral new peakwsere detectethat

wereabsent in te chromatograms of the wiliype culture extractd=g. 2-2).

Structural | dentification of the Precursor Compound ingsol5M utants

To elucidate the structure of themmonly detectedompounceluted at 2.26 mim the
LC-MS analysis ofsol5 mutantculturesof A. rabieiandAl. solani(Fig. 2-2), it was purifiedby
preparative TLC, and subsequerdlyalyzed usindD and 2D NMR techques. The correlation
details among protons and between protons and carbons were illustiaigdrenS22. Based
ontH-*H COSY spectrurandby interpretation of HMBC datéigs. S23 and S24), the
compound wasinambiguouslydentified as prosolanapyrotiediol having the molecular
formula GgHsNaDe (M/z=361.1 [M + Na]*). This intensivespectrometric identification further
confirmed the deletion &bI5 gene, which led to the accumulation of an oxidized form of
prosolaapyrondl beingusedpreviouslyin in vitro synthesis of solanapyrong@ikawa et al.,

1998a)

Solanapyrone Bosynthesis Gene Expression andits FeedbackRegulation

A. rabieiis known to produce solanapyrauring the onset adonidialsporulation
(Hohl et al., 1991)To gain furtherinsights into kinetics and the timing of solanapyrone
production in culture, we investigated transcript levels of the key solanapyrone bigiynthe
genessoll andsol5 involved in the first and the last stepf thesolanapyrondiosynthesis

pahway, respectivelyKasahareet al., 2010)As with secondary metabolite biosyniegene
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regulation inotherfungi (Payne et al., 1993; Peplow et al., 2Q@8)1 andsol5 appear to be
co-regulated, showing a similar expression pattern @&gA). Only a trace amount of
transcripts were detected from young mycelia at 3 gagsincubation (dpi). As the fungal
colony become mature, the expression leveBtifandsol5 gradually increasegeakng at12
or 15 doiwhenthe fungal colonies areprofuselysporulatingfollowed by a reduction in
expressiorihereafter The kinetics ool gene expression was consistent withassociation of

solanapyrone production with the conidiation process.

To examine the effect @bl5 deletion on thexpression of othesolanapyrone
biosyntheis genes, transcript levels ofol genes $0l1-s016) were compared between AR628 and
its gsol5. Thesol5 gene deletionvas confirmed by completdack ofsol5 genetranscriptin
gsol5(Fig. 23 B). Thesol5 gene seemdto notbeefficiently spliced in the wildtypeasthe
premRNA bandwas ofnearly equal intensitgsthe mRNA bandalthoughno pre mRNA band
was detectedh the reference genéctinl More interestingly, the RAPCR analysis revealed
thatsol4 was markedly overexpressedgmol5. Reattime RT-PCRanalysisindicated that
expressionevek of soll andsol4 genes in gsol5were appoximately5-fold and25-fold higher

thanin the wild-type, respectivelyFig. 2-3 C).

Effect of Solanapyrones on Growth of A. rabiei and Al. solani

Although growth rateof A. rabieiandAl. solanidiffer greatly, wild-type isolates oA.

rabiei andAl. solanibothshoweda restricted growth phenotypa nutrientrich medum, PDA
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(Fig. 2-4 A). Growth rate of the wild-type strairs gradually decreaseds thecolonies matued

(Fig. 24 B). In contrast, growth ragof gsol5 mutantsvereconstant until they reaellithe edge

of the agar plated 3.5 cm dian). Conidid morpltology and timing of conidiation f  tsdibe @
weresimilarto their respective progenitors of eith&r rabieior Al. solani(data not shown)A.

rabiel is an outcrossing fungal species requinmgting between two strains of opposite mating
typesto develop the sexual stageidymella rabie) (Wilson and Kaiser, 1995The sexual stage
(teleomorphfA. rabieiwas also successfully inded inthe laboratoryby crossing

AR628gs0I5 (MAT1-1) and AR19s015(MATI1-2) (Fig. 25). Thereforesolanapyrone
productiondoes not appear to be requifed normal growth and developmemdr for sexual or

asexual reproductigthus fulfilling the criterion asecondary metabolie

Phytotoxicity of Solanapyrones orHostand Non-hostPlants

The phytotoxicity of solanapyronds chickpea, the host @&¥. rabiei has been well
documented. However, the spectrum of the toxicity on different plant species and the mode of
action remairlargelyunknown Therefore, toxicity of SolA, SolC and the precursor,
prosolanapyronetliiol (Proslli-diol) to host and nothost legume speciegas evaluatedThe
compounds were purified from culture extractswifl-type (AR628) or gsol5 mutant and the
purity and identiies were verified via LC-MS analysis (Fig2-6). Among the tested compounds,
only SolA showedsignificantphytotoxicity to all the tested plant speci®kultiple comparisons
of mean lesion size produced Bggapplication of SolA1egk L, 3eL) showedno significant

differencein sensitivity to the toxin amonghickpeagenotypeswith varyingdisease resistande
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Ascochyta bligh{Fig. 2-7). SolC exhibited a moderatghytotoxic effectat the tested
concentratios, while the precursashowed no toxic effecHg. 2-7). The solvent control (6%
MeOH) did not produce argetectablenecrosisThis resultsuggestthat SolAis a major

phytotoxic compoundavith norrhost selectivity.

Previously, SolA washownto specificallybind to Xfamily DNA polymerase vitro
(Mizushina et al., 2002)To test if SolA indeed targets the specific DNA polymerase such as
DNA polymerase>-(POLL), the sole member of-¥amily DNA polymerase in plani®Roy et al.,
2009) we utilized the modeArabidopsissystem inwhichthe mods of action of manyungat
phytotoxins hae beenstudied(Stone et al., 2000; Lorg et al., 2004; Nishiuchi et al., 2006)
Theseedling growth oArabidopsiswild-type (Col0 ecotypg, POLL knockdownmutant
(POLL*P), andPOLL overexpressiotransgenic plantPOLL°F) weremonitored on MS agar
amended withlifferentconcentrations of 8A. As the concentratioaf SolAincreased, primary
root growth waprogressively restrictedntil it wascompletely inhibikdat 60 MFig. 28 A).
Levelsof inhibition were notsignificantly differentamongthe te stedArabidopsisge notypes,
suggesting thaArabidopsisPOLL is unlikely thetargetof SolA. Intriguingly, while primary root
growthwas inhibited by SolA treatment, laterabtbranchingwas rather inducely increasing
dose ofSolA(Fig. 28 B). The lateral root branching was not duehe inactivationof SolAover
time becauséreshseedlingexhibited the same phenotypa 10d old medacontaininge0e M

SolA, indicatirg that thisphenotypeesultedirom specific, but as yet unknowagtionsof SolA.
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SolanapyronesNot Required for Pathogenicity

The role okolanapyrones pathogenicityof A. rabieito chickpeawas evaluated by
comparing theliseasecausingabilitiesof gsol5 mutants with their respective progenitors which
includeisolates of different pathotypeSince the precursqProsll-diol) that accumulated in the
gsol5 mutantcultures did not show toxicity to plants, it is assumed that the precursor would not
conribute topathogenicity or virulencéverall disease symptonasid severitgausedy gsols
mutantsin susceptible chickpeavs. Spanish White and Dwelleyere not different from tse
caused byhe wild-type strairs (Fig. 29 A). In addition, nicroscopicexamination at the early
stage of infection further confirmed that pathogenic behaviors afgbé mutantwere similar
to the wildtype strainin terms of conidial germination, germ tube elongation on leaf surface and

hyphal branching in the subepidednsyer at 12 dpi Fig. 229 B).

Disease incidence rates of wilghe andysol5 mutant were also evaluated by a
co-inoculation metho@n a resistantv. CDC Frontier(Vail and Banniza, 2008)n the first
experimenthetotal number of lesions caused by the mutantsigsificantly higher than that
caused by the wildype P = 0.030) (Table-2). Howeverin the secon@xperimentthere was
no statisticadiffererce in total number of lesions incited by the wijge or thegsol5 mutant P
= 0.479).The arerage length and numbef lesionsproduced by thenutant was not different
from thoseproducedby thewild-type strains based on Studedstt-test (Table2-2). The result
demonstrated that the solanapyransmus mutant was equallyrulentto chickpearrespective

of the host genotypéiffering in the Ascochyta blight resistance.
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With theAl. solaniwild-type isolates and their correspondiggol5 mutants, we also
tested the involvement of solanapyrones inAhesolantpotato/tomato pathosyste mihe sizes
of necrotic lesionsncited by thegsol5 mutantswere notsignificantly different from those

incitedby the wildtype strainsonboth potato and tomato (Talfe3; Fig. 2-10).

Taken together, this series of pathogenicity tests with solanapynone mutants
provided evidence that solanapyronesrtrequired either for Ascochyta blight of chickpea or

for early blight of potato/tomato.

DISCUSSION

Fungi produce diverse array of secondary metabolites that show various biological
activities.lIt is tempting to define the role sécondary metabolites produced by plant pathogenic
fungi aspathogenicityor virule ncefactors, especially whethe chemical compoundexhibit
toxicity (chlorosis or necrosigd plant tissuesvhen applied to plants independent of the
pathogenHowever, moralirect evidence imeecedbeforeclaimingthat a compound is
pathogenicityfactor, since the phytotoxicitgouldarise from a nottarget effect of the test
compoundon living organismsHere, we report generation of solanapyromaus mutants to
elucidate the role afolanapyrones pathogenicity. The resulting mutants all lackikd ability
to producesolanapyronandinsteadaccumilatedthe immediate precursohnatshowedno
apparent toxicityo plants.It has beemneported that differergenotypes of a given pathogen

species mageploy different arsenatontrollingdisease developme(®iewers et al.,, 2005Y0
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rule out the possibility of straispecific use of solanapyrones in pathogenicity, we generated
solanapyronaninus mutants from thre®. rabieiisolates varying in virulence and geographic
origin, as vell as from twaAl. solaniisolates A series of pathogenicity tests catently showed
that solanapyroreninus mutants were all agrulentas their respective wiltype progenitors.
We assumed that the precursorf solanapyrones play no roles in vinde, which was
confirmed by targeted deletionsdl4 gene, a transcription factor in the solanapyrone gene
cluster. Thesol4-deletion mutargproduced neithesolanapyrone nahe precursors found in
gsol5 mutants, yethey wereequally virulent on chickpea &lseir progenitorsgee Chapter)3
These resuls strongly suggest that solanapyronesrota virulencdactorin bothA. rabieiand
Al. solanj but may play an important role in other aspeéfsadhogen biologyPossible roles of

solanapyrones in saprobic growth stage will be discussed below.

Evolutionary Perspective on theOrigin of Solanapyrone BiosynthesisGene Cluster

Horizontal gene transfer (HGT) is defined as the movement of stablecgaede¢rial
between different strains or speci@®olittle, 1999) RecentlyseveraHGT everts of secondary
metabolite gene clustebetween fungi have been repor{@tagi et al., 2009; Khaldi and Wolfe,
2011; Slot and Rokas, 201The presence of solanapyrdmesynthesiggene cluster imhe two
different peciesA. rabiei(DidymellaceagandAl. solani(Pleosporacedesuggeststs
acquisition bya HGT evenbetween the two species,fooma third organisnindependently
The DNA sequence identity @bl5 is over97%betweerthe two fungi. The similaty of these

two genesvas higher thathoseof housekeeping genes suchfasinl (GenBankaccessios
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KM24453Q JQ67172Bandb-tubulin (GenBankaccessionKM244529 HQ413317, which

showed 9% and 9% of sequence identjtyespectivelyand supporting the HGT hypothesis

Genesnvolved in secondary metabolite biosynthesis, sudPk&Sand nonribosomal
peptide synthetasare knavn to evolve rapidlyInderbitzin et al., 2010For exampleJ-toxin
and PMtoxin that havesimilar chemical structuseandthe same biological activity are produced
by Cochliobolus heterostrophy®leosporaceae) amidymela zeaemaydis(Didymellaceag
(Yoder, 1973) The homologous PKS genes responsible for biosyntl@sistoxin and P Mtoxin
showedonly 60%DN A sequencédentity, suggedhg divergence of the gene from a common
ancestgrrather than HGT between the two sgs(Inderbitzin et al., 2010)The genome
sequence data @¥. rabieiisolate AR62&howed that the orthologossll genesof A. rabieiand
Al. solanisharel & 97% identity (see Chapter)3This remarkably high degree similarity may
indicate thathesolanapyrone biosynthesis gene cluster was horizontatgferred, rather than

vertically transmittedfrom a common ancestor Af rabieiandAl. solani

Solanapyrone Bioche mistry

Thesol5 gene encodes a DieAdderase that catalyzehe last step of solanapyrone
biosynthesisDiels-Alderase is a unique enzyme rarédyind in nature and believed to be
engaged in biosynthesis of commercially important chemisatd) as lovastatin (a
cholestercllowering drug) and spinosyn A (a potent insecticigf@)clair et al., 2000; Kim et al.,

2011) Sols is the first example of a naturatigcurringDiels-Alderase(Katayama et al., 1998)

64



The structural identification of the major metaboétecumulatedn gsol5 mutants suggestedidt
prosolanapyrone Mvith a vicinal diol on its hydrocarbon chaifihe structural differencieom
prosolanapyrone itould haveresultedirom a high degree of substrgieomiscuity of
cytochrome P450 monooxygenase. Some P45¢nees argoroneto react withmultiple
substrate$Ekroos and Sjogren, 2006; O'Reilly et al., 20I3)erefore, it is likely thathe
prosolanapyrone lthataccumulated imsol5 mutantsis oxidizedby the physiologcally
irrelevant enzymatic reacticofa P450 €.9.Sol6), forming an epoxide, which subsequently
opens to form a vicinal diol. Notablgpl6 genewas overexpressed in thesol5 mutant (Fig. 23
B). To thebestof ourknowledge, this is the first genetigidence that Sol5 catalyzes both

oxidation and DielsAlder reactiorin vivo.

Interestingly,soll andsol4 genes were overexpressed in ¢fB®15 mutant suggesting
thatsolanapyrone productiasitightly controlledin the fungal cellThe acumulation of th
precursor compound may leaddctivation ofthe clustered gengmssibly via a positive
feedback loopHowever, identification of upstream genetic factors affecting solanapyrone
productionwould be necessary fomprovedunderstanthg of the regulatiomechanismThe
velvetprotein complex is conservectrossilamentous fungi and known to coordinate
developmental processes and secondary metabolite prod(Btikiand Keller, 2004; Wu et al.,
2012) Given theasseiationof solanapyrone production withe conidiation processes, the

homologous/elvetcomplex proteins ii\. rabieiandAl. solanimay be involved in the regulation
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of solanapyrone production as shown in other polykedieleved secondary metabolitexhuas

T-toxin, aflatoxin, and lovastatin

Non-hostselectivity of Solanapyrone A

In ourcomparativaoxicity assayf solanapyronesye did notdetect a difference in
necrotic lesion size caused by S@mong chickpea accessiomgh different levels of reistance
to the diseaserlhis is in contrasto previous finding®f positive correlationbetween
susceptibilityto Ascochyta blightind toxinsensitivityin chickpea accessioifMatern et al.,
1978; Kaur, 1995; Haith and Strange, 2000Although only three accessiongre testedn our
study we includedthe most resistarftVé 22589 nearly immune to most &¥. rabieiisolates)
andthe most susceptibEpanish White susceptible to both pathosjoend Il) (Chen et al.,

2004)

In this study we did not obseraay specificityof solarapyrone toxingo specific
legumes Largernecrotic lesions were produced on flaost legumes (pea, lentil and sweet pea)
than on chickpearl his mayindicate avarying degree of sensitivity of plant specieStA, asis
the casdor a phytotoxic compoungdroduced by a closely related specfslentis(Andolfi et
al., 2013)However, in our analysis it was observed thatgp&ermis ofthe non hostlegumes
waswaxier than that of chickpeandthat droplets containinthe tescompoundsemainedfor a
longer period of timeon the woundsDue to the different texture éfaf surfaceswe were

unable to tegbhytotoxicity onpotato and tomato (the hostAlf solan). The droplets placed
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onto leaflets of potato/tomato spread out soon after application, and as a resultyveaysmall

or nolesions. Thereforehe prolonged contact ¢edstcompound®nleavewounds of the

nonhost legumesnay account fotarger lesion size caused by SolA. Nevertheless, SolC and the
precursor Prodl-diol exhibited moderate aro effects orhost andhonhostplans even at the
highest concentratiohese results suggest tislA isa major norhostselectivephytotoxin

produced byA. rabieiandAl. solani

Effects of Slanapyrone A onArabidopsis thaliana

Many phytotoxic compounds targat@or more cellular components, thereby disrupting
normal cell functiofMdbius and Hertweck, 2009%0IA is also known to specifidglbind to
X-family DNA polymerasesn vitro (Mizushina et al.,, 2002However,whetherSolA exerts its
toxic effect on plants by targeting tharticularDNA polymerase is unkawn. To shed light on
the mode of action of SolA, we utilized tAeabidopsismodel system. Upon SolA treatment,
primary rootgrowth ofArabidopsiswvassuppressed at a concentratior60f M This substantial
toxic effect ofSolA onArabidopsisis comparale to that of weltknown phytotoxin
deoxynivaleno[(Masuda et al., 2007However,Arabidopsisransgenic plants either lacking or
overexpressing?OLL gene responded to So$imilarly, indicating that POLL may not be the

moleculartargetof SolA in Arabidopsis

It is notable that Sol&nhancedateral root branching at concentratsdhatthe primary

root was completely inhibited his uniquephenotypenduced by SolAs reminscen of primary
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rootspecific inhibitioncausedy a syntheticompound used in a chemical genetics screen,
which inhibitsearly abscisic acid signalingim et al., 2012)Further genetic studies revealed
that a member afucleotide bindingite-leucinerich repea{NB-LRR) proteinsis responsible

for the phenotype induced by the compouriis phenotypicimilarity maysuggesSolA

functions in thesignal tranduction of the plant immune responseArabidopsis More recently,

it was reportd that victorin toxin produced hiyre necrotrophic fungysCochliobolus victoriag
wasknown to activatehe plant immune system through a NERR protein(Lorang et al., 202).

For further studiesit will be of interest to search for a genetic factor contributing to the primary

rootarrestphenotypeuponSolA treatment

PossibleRoles ofSolanapyrones inPathogenBiology

Genomic loci implicated in pathogenicity and secogdaetabolite production tend to be
highly polymorphic and divergent even within the same spé€iasmo et al., 2007; Rouxel et
al,, 2011) Among the worldwideollectionof A. rabieiisolates, intraspecific karyqbe
variation was also observédkamatsu et al., 2012Pespite the high degree génome
plasticity ofA. rabiej sol5 gere wasamplified fromall 30 isolateshosen from the collection
(Table2-4). Additionally, previousstudies have detected production of sgigmanes in all the A.
rabiei isolatesused in the studig$iohl et al., 191; Kaur, 1995) The universal production of
solanapyroneandthe highly conserved cluster genes between the two different fungal species,
rabiei andAl. solani,suggeststs indispensablgole in the pathogen biology other than

parasitism.
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A. rabieiundergoeghe saprobicphase in itdife cycle between chickpegrowing seasos
The pathogers able to survive irthickpea debriand remain viable for more than 2 years at a
low relative humidity (< 30%{Kaiser,1973) During this stage dhe life cycle, the pathogen
encountes numerous microbial competitoiscluding bacteria, fungi, andematodedn fact,
many phytotoxins produced by phytopathogenic fungi displatypioticactivities(Waring et al.,
1988; Boudart, 1989; ANWehmas et al., 1998MIso, it has been reported trailanapyrone
analoguedound in culturs of nonpathogenic fungéxhibitedantibiotic activities(Schmid et al.,
2007; Trisuwan et al., 2009; Wu et al., 200 lanapyroneappeato be toxicto the fungi that
produce thenbecausehe growth of the wiletype strains wasestrained while
solanapyronaninus mutantsvere able to grow almost indeterminatéfyg. 2-4). The restricted
growth ofa maturing wildtype fungal colonynay be a consequencetbéantifungal activity of
accumulatedolanapyrones inulture We are currently investigating possible ecological railes
niche specialization during saprakgrowth of the pathogen life cycéeich as competition

withother microbes and survival on chickpea debris
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Table 2-1. Isolates ofAscochyta rabieandAlternaria solaniused in this study

Isolate and strain Mating Origin of Geographic  Year of

type® isolation location isolation

Ascochyta rabiei

ARG28NT (ATCC 201623 MAT1-1 C. arietinunf Syria 1995
AR628050l5 - - - -
AR628GFP(TEFprom::GFRP - - - -
AR628GFRys015 - - - -
AR2IWT (ATCC 76502 MAT1-1 C. arietinum ID, USA 1986
AR21gs0I5 - - - -
AR19WT (ATCC 2489) MAT1-2 C. arietinum Iran 1990
AR19gs0I5 - - - -

Alternaria solani

ALSIWT NA S. tuberosufth WA, USA 2011
ALS1gsol5 - - - -
ALS2WT NA S. tuberosum ID, USA 2010
ALS2qgs0l5 - - - -

& Mating type designation accordingBarve et al(2003) NA = notavailable
P Green fluorescent protein (GFP) gene fused to translation elongation factor promoter.
¢ Cicer arietinumL.

dSolanum tuberosuin.
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Table 2-2. Mean lesion length and lesion number produced in chickpea cv. CDC Frontier stems

inoculated with mixednoculumof Ascochyta rabieisolate AR628 (WT) ands gsol5 mutant

Lesion Lesion Total
Treatment
lengt*  number®  lesiong
Exp.1 WT 1.08 4.50 54
gsol5 0.93 6.58 79
P valu¢ 0.896 0.550 0.030
Exp.2 WT 0.89 7.92 95
gsol5 0.86 8.75 105
P valu¢ 0.629 0.939 0.479

2The length and number of lesions produced in one pot containing 3 chickpea plants were
averaged out and considered experimental(onit12), lesion length in cm.

b| esions produced in 12 pots were assigned either to VEalB, based on colony morphology
and selection marker resistance during subculture.

¢ P values for lesion length and lesion number were obtained by Stsitiéeds, andP values

for total lesion number were obtained &ygoodness of fit test.
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Table 2-3. Lesion size (cf) caused bylternaria solaniisolates andpsol5 mutants on leaves of

potato and tomato cultivars.

Potato Tomato
Strain cv.Russet Norkdah cv.RangerRusset cv.Moneymaker
ALSIWT 0.87 0.59 1.06
ALS1Dsol5 0.78 0.51 0.80
ALS2WT 0.77 0.47 1.15
ALS2Dsol5 0.65 0.41 0.82
P valué! 0.919 0.403 0.611

2 Null hypothesis of no difference in mean lesion sizes producekeowild type and mutant

drainswas not rejected by onsay ANOVA (U= 0.05)
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Table 2-4. List of isolates examined for the presenceaa® gene

Mating Karyo- Number of Geographic  Year of

Isolate
type? type®  chromosomé location isolation
AR19 MAT1-2 B 14 Iran 1990
AR20 MAT1-2 B 14 USA, ID 1986
AR21 MATI1-1 B 15 USA, ID 1986
AR45 MAT1-1 B 13 Morocco 1991
AR51 MAT1-1 B 12 Algeria 1991
AR6G6 MATI1-1 B 12 Bulgaria 1991
AR74 MAT1-2 B 13 Tunisia 1991
AR97 MAT1-1 C 13 Itary 1991
AR116 MATI1-1 B 13 Spain 1991
AR160 MAT1-1 B 12 Bulgaria 1992
AR164 MAT1-1 C 14 Syria 1992
AR181 MAT1-2 C 14 France 1991
AR208 MAT1-2 B 13 India 1993
AR231 MAT1-2 A 13 USA, ND 1993
AR254 MAT1-1 B 13 Bulgaria 1994
AR398 MAT1-1 B 13 USA, ID 1987
AR415 MAT1-1 B 15 USA, ID 1987
AR607 MAT1-2 B 13 Canada 1995
AR628 MAT1-1 B 14 Syria 1995
AR649 MAT1-2 B 13 Morocco 1992
AR735 MAT1-2 A 13 Lebanon 1995
AR745 MAT1-2 A 14 Australia 1995
AR746 MAT1-2 A 16 Australa 1996
AR823 NA B 14 Bolivia 2000
AR827 NA B 14 Bolivia 2000
AR830 MAT1-2 B 14 Australia 1997
AR837 MAT1-2 B 14 Australia 1991
AR844 NA B 13 Ethiopia 1997
BOYD-99 MAT1-1 B 14 USA, ID 1999
MSR-98 MAT1-1 B 14 USA, ID 1998

& Mating type designation according Barve et al(2003) NA = notavailable

b Karyotype and estimated chromosome numbers are as described in Akanat£2012).
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Figure 2-1. Gene replacement via spflitarker strategy and PCR analysissof5-deletion. A.
Schematic diagram of targeted gene replacement stré&8eB¥ R analysis oA. rabieiwild-type
isolates and theigsol5 mutants. Replacemenf sol5 gene tohph cassettevas verified in two
independent mutants from each isolate using a primer pair, pBridr and primer5-12
(wild-types; 2,330 bpgsol5 mutants; 1,952 bp). Note that ARf0I52-1 and AR19s0lI55-2

had heterokaryotic nuclei; Ho wild-type- and mutanspecific bands were amplifie. PCR
verification for lomologous integration of the replacement fragment to the correct genomic site

with a primer pair, primes-1 and HYGR (2,179 bp).
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Figure 2-2. Detection of metabolites inultures ofA. rabiei and Al. solaniand theirgsol5

mutants. Total ion chromatograms of equivalent quantities of culture extracts of isolates AR628

(A. rabiei), ALS1 (Al. solan) and the respectivgsol5 mutants, indicated by observedzvalues

with their respective retention times (in parenthesisefich compound at the peak.
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Figure 2-3. Expression pattern of solanapyrone biosynthesis gefyesTime-course gene
expression levels o$oll and sol5 in the wildtype strain AR628 ofA. rabiei on PDA B,
Comparison of expression levels sélanpyrone cluster genesdlli sol6) between AR628
wild-type (WT) and itsysol5 mutant via RTPCR analysis. Total RNA was extracted frovd 9

old colony grown on PDA. M = 100 bp DNA ladder markeotal genomic DNA (gDNA) othe
wild-type was used to compare PCR products from DNA (The size differences were due to
presence ofinintron in genomic DNA)C, Relative expression levels abll, sol4, andsol5

genes inthe AR628 wild-type (WT)and itsgsol5 mutant.Quantitative RTPCR was performed

and the gene expressionsui genes were normalized #ctinl expression levelsn respetive

samplesError bars are standard deviation of three biological replicates.
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Figure 2-4. Comparison ofgrowth phenotypgof A. rabieiand Al. solaniwild-type strains and
their respectiveqsol5 mutants.A, Representativgictures of colony morphology of wild-type
iIsolates AR628 and AR1%nd their correspondingsol5 mutantsof A. rabiei5 weeks after
incubation on PDAB, Growth curves of the wildype isolates (WT) and their corresponding
gsol5 mutants on PDA. Error bars are standard devigfion 5). C, Representativpictures of
colony morphology ofwild-type isolates ALS1 and ALS2, and their correspondingsol5
mutantsof Al. solani 3 weeks after incubation on PDAR, Growth curves of the wildype

isolates (WT) and their correspondiggob mutants on PDA.
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Figure 2-5. Production of peudothecia and asgpores Genetic crosses were made either
between wild-type strains AR628 (MAT1-1) and AR19 (MAT1-2) or between the

solanapyronaninus mutarg AR628ys0l5andAR19gs0I5
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