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Ascochyta rabiei causes Ascochyta blight of chickpea. The pathogen is known to produce 

polyketide-derived secondary metabolites, solanapyrones A, B and C, of which solanapyrone A 

has long been considered a key virulence factor in the chickpea-A. rabiei interaction, due to its 

phytotoxicity to chickpea. In order to determine the role of solanapyrones during infection 

process, solanapyrone-minus mutants were generated from A. rabiei strains of different 

pathotypes by targeting sol5 and sol4 genes, which encode the last step enzyme and a 

pathway-specific regulator for solanapyrone biosynthesis, respectively. In addition, phytotoxicity 

of solanapyrones was examined with various legumes including chickpea plants with varying 

degree of resistance to the disease. As a result, purified solanapyrone A showed a broad spectrum 

of phytotoxicity, causing necrotic lesions on all tested plants. The resulting solanapyrone-minus 

mutants were equally virulent as their corresponding wild-type progenitors, indicating that 
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solanapyrone A is neither a host-selective toxin nor a virulence factor of A. rabiei. Despite the 

dispensability in parasitic growth of the pathogen, solanapyrones are produced by all strains 

investigated in this and several previous studies. The universal production of solanapyrones 

prompted us to examine possible ecological roles other than parasitism. 

Synteny analyses of A. rabiei genome with genomes of related species revealed that the 

solanapyrone biosynthesis gene cluster was placed in a ógenomic islandô, where genes implicated 

in niche adaptation are often found. The expressions levels of the solanapyrone cluster genes 

were high during saprobic growth, but negligible during infection processes. Also, the gene 

expressions culminated at the formation of pycnidia, indicating that solanapyrones are produced 

in a growth and tissue-specific manner. To investigate ecological roles of solanapyrones, 

wild-type strains or solanapyrone-minus mutants were co-cultured with saprobic fungi that have 

been isolated from chickpea debris left in a field. Wild-type strains effectively suppressed the 

growth of the saprobic fungi, whereas solanapyrone-minus mutants did not. The half maximal 

inhibitory concentration of solanapyrone A against the saprobic fungi ranged from 50 to 80 ɛM. 

These results suggest that solanapyrone A plays an important role in competition and presumably 

in survival of the pathogen in nature. 
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CHAPTER ONE 

 GENERAL INTRODUCTION  

Ascochyta Blight of Chickpea 

 Ascochyta rabiei (Pass.) Labrousse [teleomorph: Didymella rabiei (Kovachevski) v. 

Arx] causes Ascochyta blight, a foliar disease of chickpea (Cicer arietinum L.). The disease 

affects all aboveground tissues of the host plant (Nene and Reddy, 1987). Infection with A. rabiei 

leads to reduction of yield and quality of the harvested grain, and often to total crop loss when 

environmental conditions are conducive to disease development, i.e., when periods of cool, wet 

weather persist during the growing season (Nene, 1982; Singh et al., 1984). 

Domesticated chickpea is a cool-season grain legume crop and the second most widely 

grown legume in semi-arid regions of the world, next to the common pea (Pisum sativum L.). It 

is also important as a rotation crop in the cereal-based production systems of the U.S. Pacific 

Northwest or a specialty crop in other areas. There are two main types of chickpea, desi and 

kabuli. The desi-type is characterized as having angular and smaller seeds with darker 

pigmentation, while the kabuli-type has characteristics with beaked and larger seeds with white 

to creamy coloration. Production and consumption of desi-type chickpeas are largely restricted to 

the Middle East and South Asia, whereas kabuli-type chickpeas is a popular and valuable global 

commodity being produced in most of other regions and especially in the western hemisphere 

(Chen, 2008). 
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Ascochyta blight of chickpea is one of the most destructive diseases of domesticated 

chickpea (Chen et al., 2011). The disease is manifested through necrotic lesions on green tissues 

including leaves, stems, and pods. The causal agent, A. rabiei, is a haploid heterothallic (i.e. 

outcrossing) ascomycete. Ascospores produced by sexual reproduction between strains of 

opposite mating types have been considered to be important for long-distance dissemination and 

initiation of disease outbreaks (Trapero-Casas et al., 1996; Kaiser, 1997; Milgroom and Peever, 

2003). Pseudothecia, the sexual fruiting bodies, develop on infested chickpea plant debris and 

give rise to ascospores, which are forcibly discharged from the fruiting bodies early in the 

growing season. Although either ascospores or conidia can serve as initial inoculum for the 

disease, ascospores may be better able to germinate and penetrate host tissues under harsh 

environmental conditions compared to conidia (Trapero-Casas and Kaiser, 2007). From necrotic 

lesions on the host tissues, A. rabiei produces the asexual fruiting bodies, pycnidia, containing 

numerous conidia that can serve as secondary inoculum. Conidia are disseminated to adjacent 

tissues and neighboring plants by rain splash. Each infection cycle only takes 10ï14 days. Thus, 

several secondary infections can occur during the growing season and lead to severe disease 

epidemics (Trapero-Casas and Kaiser, 1992). Seed infection or contamination may have a role in 

spread of the disease to new production areas that were previously free of the disease. The A. 

rabiei disease cycle is summarized in Figure 1-1. 
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Solanapyrone Phytotoxins 

The mode of infection of A. rabiei is thought to be necrotrophic, i.e., the pathogen kills 

plant cells in advance of or during mycelia invasion. Phytotoxins and cell-wall degrading 

enzymes being secreted are often presumed to be determinants of pathogenicity in necrotrophic 

plant pathogens. A .rabiei is known to produce polyketide-derived secondary metabolites (SMs), 

solanapyrones A, B, and C (Fig. 1-2) (Alam et al., 1989; Chen and Strange, 1991). Phytotoxicity 

of solanapyrones has been evaluated in vitro with intact chickpea plants and chickpea cell culture 

suspensions (Höhl et al., 1991; Latif et al., 1993; Kaur, 1995; Hamid and Strange, 2000). 

Exogenous application of A. rabiei culture filtrates containing a mixture of solanapyrones caused 

disintegration of the intact leaf tissue of chickpea (Höhl et al., 1991). In addition, when detached 

chickpea shoots were incubated with purified solanapyrone A, the stem internode below the 

uppermost leaf lost its turgor within 3 days (Hamid and Strange, 2000). Kaur (1995) determined 

relative phytotoxicity of solanapyrones by measuring inhibition rates of chickpea root growth; 

solanapyrone A was the most toxic followed by solanapyrones C and B (Kaur, 1995). Positive 

correlations were observed between virulence and solanapyrone production of A. rabiei isolates 

(Hamid and Strange, 2000), and between the Ascochyta blight resistance of chickpea cultivars 

and their levels of tolerance to solanapyrone phytotoxins (Kaur, 1995). 

Solanapyrone production appears to be associated with the production of conidia in A. 

rabiei. Strains that sporulate poorly in growth media tend to produce less solanapyrones (Höhl et 

al., 1991). However, when the strains were grown in growth media which supported better 
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conidiation, they produced more solanapyrones (Höhl 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 possibility that the spore suspension prepared for initiation of the liquid culture already 

contained solanapyrones as ñcontaminantsò, since solanapyrones are produced in large quantity 

during conidiation. To date it is not known if solanapyrones are produced in the host tissues. 

Attempts to detect solanapyrones from infected chickpea tissues were unsuccessful (Höhl et al., 

1991). To explain this phenomenon, it has been proposed that the absence of solanapyrones in 

the infected chickpea is ascribed to rapid metabolism of solanapyrones by the host plant, and that 

the ability to metabolize solanapyrones can be used as an indicator of host resistance (Hamid and 

Strange, 2000; Bahti and Strange, 2004). 

Many studies have demonstrated the phytotoxicity of solanapyrones to chickpea, but 

there is no direct evidence supporting the involvement of solanapyrones in virulence or 

pathogenicity. It would be useful to have solanapyrone-minus mutants for unequivocal 

demonstration that the toxins play a role in pathogenicity or virulence by comparing virulence of 

the mutants to that of the wild-type progenitors. To obtain such mutants, T-DNA insertion 

mutants that produce a reduced amount of solanapyrones were generated via 

Agrobacterium-mediated random mutagenesis (Mogensen et al., 2006). However, unfortunately, 

these mutants were not characterized with respect to the T-DNA insertion sites or virulence. 
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Infection Strategy of A. rabiei 

The infection process of A. rabiei in host tissues has been described (Höhl et al., 1990; 

Köhler et al., 1995; Ilarslan and Dolar, 2002; Rea et al., 2002; Nizam et al., 2010). Although 

slight variation in the infection process has been observed likely due to the use of different A. 

rabiei strains and chickpea cultivars, it can be generalized as follows. 

The fungus penetrates directly through the cuticle of leaf and stem tissues 1ï2 days post 

inoculation (dpi), forming an appressorium-like structure (Nizam et al., 2010). Entry through 

stomata, hydathodes, and wounds is also common (Höhl et al., 1990). Around 3 dpi, mycelia 

have spread through the intercellular spaces of the subepidermal layer of leaves and stems of a 

susceptible cultivar (Höhl et al., 1990). The distortion of 2ï3 layers of cortical parenchyma cells 

is evident in the susceptible cultivar at this early stage of infection, whereas in a resistant cultivar 

cell disruption is delayed. In the resistant cultivar, visible symptoms such as chlorotic lesions can 

be observed only after 5 dpi (Höhl et al., 1990). Small necrotic spots are frequently found on 

leaves and stems of resistant cultivars, which are considered as the results of resistant response. 

Within 5ï7 dpi, the cells near intercellular hyphae in the susceptible cultivar undergo plasmolysis, 

in which most of cellular organelles have disintegrated without direct hyphal intrusion (Höhl et 

al., 1990; Rea et al., 2002). The lesions formed on host tissues expand further, and the growth of 

mycelia along leaf petioles towards the stem is observed (Höhl et al., 1990). The phloem tissues 

of petioles are extensively colonized by the pathogen, but colonization of xylem tissues with 

lignifi ed sclerenchyma cells is rare (Rea et al., 2002). After 5 dpi, a large number of pycnidia 
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start to form on susceptible cultivars, whereas only a few pycnidia are produced in resistant 

cultivars even after prolonged incubation. Pycnidia are often developing on the vascular tissues 

which likely provide a physical matrix for their formation, especially when the host tissues are 

macerated by severe infection (Höhl et al., 1990). 

Quantitative Nature of Virulence of A. rabiei and the Host Resistance 

To clarify terminology used throughout this study, the term ópathogenicityô is defined as a 

qualitative term (i.e., the pathogenôs ability to cause disease), whereas the term óvirulenceô is 

defined as a quantitative term (i.e., the level of disease that a pathogen causes in compatible 

interaction with its host, the degree of pathogenicity). A high degree of genetic and pathogenic 

variation exists in field populations of A. rabiei (Chongo et al., 2004; Peever et al., 2004). 

Classification of this variation as pathotypes (or races) is crucial for the identification of genetic 

sources of host resistance and for developing resistant cultivars. However, there is little 

agreement regarding the classification of pathogenic variation in A. rabiei due to lack of 

information on virulence factors which may facilitate the classification of strains into pathotypes. 

A recent trend is the broad classification of strains into two pathotypes: pathotype I (less 

virulence) and pathotype II (more virulence) (Chen et al., 2004b; Jayakumar et al., 2005; Chen et 

al., 2011). However, a genetic study showed that progeny from a cross between a pathotype I and 

a pathotype II strain displayed intermediate virulence, suggesting that the pathotype designation 

represented the extremes of a continuous distribution of virulence, rather than representing two 

discrete virulence types (Peever et al., 2012). 
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Despite the economic and agricultural importance of the A. rabieiïchickpea interaction, 

little attention has been paid to this interaction at a molecular level, and only a few studies have 

described the molecular aspects of this interaction. In earlier studies, Cho and Muehlbauer (2004) 

examined the effect of the plant signaling molecules, salicylic acid (SA) and jasmonic acid (JA), 

known to mediate plant defense responses, using recombinant inbred lines (RILs) generated from 

a cross of Ascochyta blight-resistant and Ascochyta blight-susceptible germplasm. However, the 

study showed that blight resistance in the RILs did not cosegregate with the expression of several 

defense-related 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 

resistance to A. rabiei, unlike other plant model systems such as Arabidopsis (Cho and 

Muehlbauer, 2004). Another study showed that establishment of thickened cells in response to A. 

rabiei infection can inhibit the spread of the pathogen through chickpea stem tissues (Rea et al., 

2002). When plants are damaged by infection or wounding, JA acts as a potent inducer of copper 

amine oxidase (CuAO) that plays a role in H2O2 production in the intercellular space (Rea et al., 

2002). In a resistant cultivar, the accumulated H2O2 was utilized by plant peroxidases to establish 

the lignin and suberin barriers against the invasion of A. rabiei. Inhibition of CuAO activity and 

the associated H2O2 production caused the resistant cultivar to be more susceptible to the disease, 

indicating that in the resistant cultivar the induced physical barriers are critical for limiting the 

growth of the necrotrophic pathogen (Rea et al., 2002). 
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Complete resistance to the blight disease has not been reported yet in any commercial 

chickpea cultivar or germplasm line. Notably, the recently published genome sequence of the 

chickpea cultivar, CDC Frontier (kabuli-type) revealed that, compared to other related legume 

species, the genome contains a markedly reduced number of the nucleotide-binding site 

leucine-rich repeat (NBS-LRR) disease resistance genes that often confer a full-resistance to 

plant pathogens; the number of NBS-LRR disease resistance genes is nearly one-fifth that found 

in Medicago truncatula and one-third that in Glycine max (Varshney et al., 2013). Given the 

quantitative nature of the virulence of A. rabiei strains, preformed and induced chickpea defense 

systems (reviewed in Jayakumar, 2005) are likely more important in the A. rabieiïchickpea 

interaction than the deployment of NBS-LRR disease resistance genes that have been shown to 

play a key role in incompatible interactions in other pathosystems. Legumes are capable of 

producing antimicrobial metabolites such as alkaloids, coumarins, stilbenes and isoflavonoids 

(Kamphuis et al., 2012). Chickpea is also known to produce a variety of isoflavonoids including 

biochanin A and formononetin (constitutive isoflavonoids) as well as chickpea phytoalexins, 

medicarpin and maackiain (induced isoflavonoids) (Lv et al., 2009; Wu et al., 2012). To 

counteract to these chemical defense systems of chickpea, most A. rabiei strains are able to 

convert the constitutively expressed isoflavonoids and the induced phytoalexins into less- or 

non-toxic metabolites (Kraft and Barz, 1985; Kraft et al., 1987). Also, it was reported that a 

pronounced accumulation of phytoalexins was observed in resistant cultivars infected with A. 

rabiei (Daniel et al., 1990). It is currently unclear whether the extent of isoflavonoids production 
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and their detoxification are key determinants in the A. rabieiïchickpea interaction. Nevertheless, 

this arms race-type interaction may imply that A. rabiei have evolved to overcome chemical and 

physical barriers deployed by hosts, and at the same time chickpea may have forged more rigid, 

repulsive barriers, establishing the quantitative nature of the host resistance. 

Host Specificity and Taxonomy of Ascochyta spp. 

It has been noted that the anamorphic genera Ascochyta and Phoma both are polyphyletic, 

being found in other fungal taxa in the order Pleosporales, although a majority of the members (å 

70%) are found in the family Didymellaceae (Boerema and Bollen, 1975; Aveskamp et al., 2010). 

Recent phylogenetic studies demonstrated that Phoma should be restricted to the Didymellaceae 

(Aveskamp et al., 2010). Species that belong to Ascochyta and Phoma are highly similar in 

morphology, physiology, and pathogenicity (Aveskamp et al., 2010). In the Saccardoan system, 

Ascochyta and Phoma were only distinguished by conidial morphology; two-celled conidia in the 

former and one celled conidia in the latter (Boerema and Bollen, 1975; Boerema et al., 2004). 

However, two-celled conidia appear to have evolved independently multiple times during 

evolution of several lineages in the Pleosporales. 

In addition to A. rabiei, several Ascochyta spp. infect economically important cool season 

food legumes. These include A. pisi Lib., A. fabae Speg., A. lentis Vassiljevsky, and A. 

viciae-villosae Ondrej, which are pathogens of pea (Pisum sativum L.), faba bean (Vicia faba L.), 

lentil (Lens culinaris Medik.), and hairy vetch (Vicia villosa Roth), respectively (Nene et al., 
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1988; Kaiser, 1997; Chen et al., 2011). These fungi are morphologically similar and, the 

biological species concept has been successfully applied to circumscribe the legume-associated 

Ascochyta species (Kaiser et al., 1997; Hernandez-Bello et al., 2006; Peever et al., 2007). In vitro 

genetic crosses were made among strains of A. rabiei, A. fabae and A. lentis (Kaiser et al., 1997). 

A. rabiei was able to mate neither with A. fabae nor A. lentis. In contrast, the genetic crosses 

between A. fabae and A. lentis strains 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 ascospores (Kaiser et al., 1997). These results 

suggested that A. rabiei is more distantly related to the other two species, and that the Ascochyta 

spp. infecting chickpea, faba bean, and lentil are each distinct biological species. In a separate 

study, genetic crosses were made between A. pisi and A. fabae and between A. lentis and A. 

viciae-villosae (Hernandez-Bello et al., 2006). In both combinations, normal ascus and viable 

ascospores were produced, i.e., no obvious intrinsic mating barriers between A. pisi and A. fabae 

and between A. lentis and A. viciae-villosae. However, the pathogenic ability of the progeny 

derived from the cross between A. pisi and A. fabae were 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 biologically distinct (Hernandez-Bello et al., 2006). The biological species of the 

legume- infecting Ascochyta were well supported by phylogenetic analyses with DNA sequences 
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of multiple protein-coding genes, each being grouped into separate well-supported clades 

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

Chemical Ecology of Legume-associated Ascochyta and Allied Anamorphic Genera 

Filamentous fungi are rich sources of bioactive natural compounds produced as the result 

of diverse secondary metabolic pathways. Ascochyta species parasitic to different legumes are 

also known to produce a variety of SMs (Fig. 1-3). Ascochitine (syn. ascochytine) is a quinone 

methide with yellow fluorescence, produced via a polyketide biosynthetic pathway. It was 

originally found in culture of A. pisi (Bertini, 1956), and later in A. fabae (Oku and Nakanishi, 

1963). Ascochitine is structurally similar to the well-known mycotoxin citrinin produced by 

Monascus, Aspergillus, and Penicillium species in the class Eurotiomycetes (Shimizu et al., 

2005). Although no information on genes involved in ascochitine biosynthesis is available, the 

identification of a polyketide synthase gene (pksCT) for citrinin biosynthesis in M. purpureus 

(Shimizu et al., 2005) may provide an opportunity to search for a homologous gene responsible 

for ascochitine biosynthesis in the Ascochyta species. In this dissertation research, ascochitine 

was also found in cultures of other legume-infecting Ascochyta and Phoma, such as A. 

viciae-villosae and Phoma koolunga (see Chapter 5). Ascochitine production is not restricted to 

the legume-infecting species but it is also found in the marine endophyte Stagonosporopsis 

salicorniae [cf. formerly A. salicorniae, the genus Stagonosporopsis is related to Phoma section 

Heterospora (Aveskamp et al. 2010)] and non-legume plant pathogens A. hyalospora and P. 

clematidina (Venkatasubbaiah and Chilton, 1992; Smith et al., 1994; Seibert et al., 2006).  
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Ascochitine showed tissue-specific phytotoxicity, inhibiting root growth but not shoot 

growth of blue pea seedlings (Clitoria ternatea L.) (Lakshmanan and Padmanabhan, 1968). Also, 

ascochitine caused electrolyte leakage of susceptible but not resistant Clematis cultivars, and the 

toxin was retrieved from the plant tissues infected by P. clematidina, suggesting its involvement 

in pathogenicity or virulence (Smith et al., 1994). The authors also argued that aggressive 

isolates tend to produce higher amounts of ascochitine. However, no such association was 

observed in A. fabae isolates (Beed et al., 1994). Ascochitine was originally reported to be a 

selective antifungal agent, affecting only a certain member of fungi (Oku and Nakanishi, 1964; 

Nakanishi and Oku, 1969). The compound was metabolized by some insensitive fungal species, 

and the amount of ascochitine absorption by the fungi was proportional to the degree of tolerance 

(Nakanishi and Oku, 1969). Also, given the fact that ascochitine inhibits the enzymatic activity 

of MPtpB (Mycobacterium tuberculosis protein tyrosine phosphatase 1B) (Seibert et al., 2006), 

ascochitine is likely toxic to bacteria as well. However, its antibacterial activity remains to be 

investigated. Ascosalitoxin and ascochital are a naturally-occurring precursor and another end 

product derived from the same biosynthetic pathway, respectively (Seibert et al. 2006). 

Ascosalitoxin exhibited phytotoxicity on pea and bean (Evidente et al., 1993a). Ascochital found 

in some marine-derived ascomycetous fungi showed an antibacterial activity (Kusnick et al., 

2002; Seibert et al., 2006). 

A. lentis causing disease of lentil is closely related to A. viciae-villosae, A. pisi and A. 

fabae (Peever et al., 2007). However, ascochitine has not been isolated from A. lentis so far, 
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instead the fungus is known to produce anthraquinones and some previously known SMs that 

were absent in other legume-associated Ascochyta species (Andolfi et al., 2013). 

Anthraquinone-class SMs are widely found in different fungal species and thought to play 

diverse roles in fungal biology, such as pigmentation, antibiosis, phytotoxin and cellular 

signaling (Bick and Rhee, 1966; Davies and Hodge, 1974; Jalal et al., 1992; Kachlicki and 

WakuliŒski, 2002; Bouras and Strelkov, 2008; Miethbauer et al., 2009; Lin et al., 2012). A. lentis 

produces two anthraquinones, pachybasin and lentisone (Andolfi et al., 2013). Pachybasin was 

originally identified from a culture of Boeremia foveata [cf. formerly, P. foveata, the genus 

Boeremia is a newly described genus from Phoma sections (Aveskamp et al. 2010)] (Bick and 

Rhee, 1966). It was recently demonstrated that pachybasin produced by Trichoderma harzianum 

is implicated in the mycoparasitic activity of the fungus (Lin et al., 2012). Lentisone, the newly 

identified anthraquinone from A. lentis, exhibits a strong phytotoxicity, causing necrotic lesions 

when externally applied to leaf disks of different legumes (Andolfi et al., 2013). The mode of 

action, cellular targets and biosynthetic genes for the anthraquinone compounds remain to be 

identified. A. lentis also produces tyrosol and pseurotin A (Andolfi et al., 2013). Tyrosol was 

identified as a quorum-sensing compound of Candida albicans, inducing filamentous growth and 

biofilm formation of this dimorphic fungus (Chen et al., 2004a). Pseurotin A is a potent inhibitor 

for chitin synthase and thus likely plays a role in antagonistic interactions with other fungi 

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

biosynthesis was identified from Aspergillus fumigatus (Maiya et al., 2007). 
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Pinolidoxin is a 10-membered macrolide with a medium-sized lactone ring, produced by 

Peyronellaea pinodes [cf. formerly A. pinodes, the genus Peyronellaea was recently elevated 

from Phoma sections (Aveskamp et al. 2010)] (Evidente et al., 1993b). Pey. pinodes also 

produces several structurally related 10-membered macrolides such as herbarumin II, pinolide, 

and pinolidoxin derivatives, among which only pinolidoxin showed significant phytotoxicity to 

legumes (Cimmino et al., 2012). Putaminoxin is another macrolide produced by P. putaminum 

(Evidente et al., 1995). P. putaminum is primarily a soil saprobe, but also regarded as an 

opportunistic pathogen infecting roots of various plants (Farr and Rossman, 2015). Interestingly, 

both pinolidoxin and putaminoxin are potent inhibitors 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 

responses (Vurro and Ellis, 1997). The structure-activity relationship study with the two 

macrolides and their synthetic derivatives 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., 1998). The study also reported a mild zootoxicity and zero antifungal activity for 

pinolidoxin and putaminoxin. However, the lack of antifungal activities was based on tests with 

only a single mitosporic fungus, Geotrichum candidum. Thus, to assure lack of a possible 

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

P. medicaginis, an opportunistic or weak pathogen of Medicago spp., produces a 

13-membered macrolide brefeldin A that was originally identified in distantly-related species, 
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Eupenicillium brefeldianum (Härri et al., 1963) and later in Alternaria carthami, the causal agent 

of Alternaria leaf spot of safflower (Carthamus tinctorius L.) (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 safflower (Tietjen et al., 1983). However, another study with P. 

medicaginis showed that brefeldin A was only produced during saprobic growth of the fungus, 

but not in living plant tissues (Weber et al., 2004). Also, 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 decays (Weber et al., 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 apparatus (Colanzi et al., 

2013; Silletta et al., 1999). However, its pathogenic and ecological roles in the fungal biology 

remain investigated. Some other macrolides are produced in culture by Ascochyta and Phoma 

species that cause diseases of non-legume plants. P. herbarum is known to produce herbarumin I, 

II, and III, all of which showed significant phytotoxicity (Fausto Rivero-Cruz et al., 2000; 

Boruwa et al., 2006). Recently, herbarumin I was reported to be antibacterial (Jangili et al., 2014). 

A. hyalospora is known to produce an antifungal macrolide, pyrenolide A (Venkatasubbaiah and 

Chilton, 1992), which was first identified in culture of the barley pathogen Pyrenophora teres 

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

A. viciae is pathogenic mainly to Vicia spp., and known to produce two structurally 

related terpene-derived SMs, ascofuranone and ascochlorin (Tamura 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, such as Fusarium, Acremonium, Colletotrichum, Verticillium, 

and Cylindrocladium (Ellestad et al., 1969; Kato et al., 1970; Kosuge et al., 1973; 

Cagnoli-Bellavita et al., 1975; Takamatsu et al., 1994). Ascofuranone and ascochlorin produced 

by A. viciae have received great attention owing to their potential as chemotherapeutic agents 

(Takatsuki et al., 1969; Minagawa et al., 1996). The two terpenoids are structural analogues of 

ubiquinol, an essential component of the respiratory 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). In addition, ascochlorin was also reported to inhibit the 

respiratory chain of the ascomycetous yeast Pichia anomala by targeting mitochondrial 

cytochrome bc1 complex (a.k.a. coenzyme Q) (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 the fungal 

biology have not been studied yet. 

The production of solanapyrones is unique to A. rabiei and has not been reported from 

related Ascochyta and Phoma species. Previous studies have shown that all tested A. rabiei 

strains produce at least one of the solanapyrones A, B, and C (Höhl et al., 1991; Kaur, 1995). 

Cytochalasin D, an antimicrobial polyketide was also isolated from one strain among nine A. 

rabiei strains tested (Latif et al., 1993). The cytochalasin-producing strain did not produce 

solanapyrones, and was later discovered not to be A. rabiei (personal communication with S.S. 
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Alam). In fact, the cytochalasin family-SMs are produced by some related species like A. lathyri 

and P. exigua (Capasso et al., 1987; Vurro et al., 1992). The biosynthetic pathway of 

solanapyrones has been extensively studied as it involves the Diels-Alder reaction, a [4+2] 

cycloaddition with a high degree of regio- and stereo-selectivity, that catalyzes the formation of 

the decalin ring of solanapyrones (Oikawa et al., 1995; Oikawa et al., 1998; Kasahara et al., 

2010). The Diels-Alder reaction is the key step for the biosynthesis of industrially important SMs 

such as lovastatin (a cholesterol- lowering drug) and spinosyn A (a potent insecticide) (Auclair et 

al., 2000; Kim et al., 2011). Recently, the solanapyrone biosynthesis gene cluster was identified 

in Alternaria solani (Kasahara et al., 2010). The gene cluster comprises six genes, among which 

sol5 gene was implicated in the biotransformation of prosolanapyrone II into solanapyrone A 

with good exo-selectivity that is consistent with a Diels-Alder reaction (Katayama et al., 1998; 

Kasahara et al., 2010).  

Solanapyrone A is known to specifically bind to X-family DNA polymerases in vitro 

(Mizushina et al., 2002). This particular DNA polymerase family exerts its function exclusively 

on DNA repair process and cell cycle control in the DNA replication processes during mitosis 

and meiosis (García-Díaz et al., 2000; Yamtich and Sweasy, 2010). Recently, there has been 

increasing evidence that DNA damage and subsequent repair processes are linked to the 

induction of plant immune responses (Durrant et al., 2007; Wang et al., 2010; Song et al., 2011; 

Yan et al., 2013). Therefore, it is plausible that solanapyrone A inhibits DNA repair processes, 

induces cell cycle arrest, and possibly causes apoptosis. Alternatively, solanapyrone A could 
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affect a defense signaling pathway induced by DNA damage and subsequent repair processes in 

plants. 

Solanapyrone Analogues 

Solanapyrones A, B, and C were originally isolated from cultures of Al. solani, the causal 

agent of early blight of potato/tomato (Ichihara et al., 1983). Since this first discovery, many 

natural solanapyrone analogues have been found in several fungal species occupying different 

ecological niches (Jenkins et al., 1998; Schmidt et al., 2007; Trisuwan et al., 2009; Wu et al., 

2009; Wang et al., 2014). Three previously unidentified solanapyrones (EïG), in addition to 

solanapyrone C, were identified from culture of a filamentous marine fungus associated with the 

green alga Halimeda monile (Jenkins et al., 1998). Unfortunately, the fungus was not 

taxonomically identified due to its rapid loss of viability in growth media. The three new 

solanapyrones produced by the marine-derived fungus did not exhibit any significant 

phytotoxicity to the host alga. Only solanapyrone C showed an algistatic effect to a unicellular 

algal species (Jenkins et al., 1998). 

Four additional solanapyrones (JïM) were isolated from an unidentified fungicolous 

fungus (Schmidt et al., 2007). Solanapyrone J and K both exhibited strong antifungal and 

antibacterial activities to Candida albicians and Staphylococcus aureus. The observed toxicities 

were comparable to those of widely used antimicrobial agents, filipin and gentamycin sulfate. 

However, solanapyrone J and K did not show any toxicity to Escherichia coli, a gram negative 
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bacterium. Solanapyrones L and M that are structurally similar to solanapyrones K and J, 

respectively, did not show any antimicrobial activities, indicating that a slight difference in 

functional groups on the pyrone ring has a considerable effect on bioactivity of the compounds. 

In two separate studies, several solanapyrones were found in cultures of two fungal 

species in the genus Nigrospora: one is marine-derived and the other is isolated as an endophyte 

from a medicinal plant (Trisuwan et al., 2009; Wu et al., 2009). The endophytic Nigrospora sp. 

produced two previously unidentified solanapyrones N and O, and the known solanapyrone C, of 

which only solanapyrone N was effective in suppressing the growth of Botrytis cinerea and 

Penicillium islandicum among the 7 tested fungal species, the other fungi were tolerant or 

insensitive to the compound (Wu et al., 2009). The marine-derived Nigrospora sp. produced 

three solanapyrone analogues, and the known solanapyrone A. The authors coined new names 

for the newly identified analogues as nigrosporapyrones A, B, and C. However, these compounds 

are of essentially the same chemical structure with solanapyrone A and C, except for having one 

hydroxyl group on the decalin ring (Trisuwan et al., 2009). The authors examined antibacterial 

activities of nigrosporapyrone A, solanapyrone A and some other metabolites produced by the 

fungus. As a result, only nigrosporapyrone A showed a moderate toxicity to clinical bacteria 

strains, Staphylococcus aureus and methicillin-resistant S. aureus (Trisuwan et al., 2009). 

Most recently, a species phylogenetically related to Al. tenuissima produced three 

solanapyrone analogues (PïR), as well as the known solanapyrones (AïC) (Wang et al., 2014). 

The authors conducted a comprehensive bioassay to test antibacterial activities of the six 
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solanapyrones against several bacterial strains of ecological and clinical importance. Among the 

six solanapyrones, solanapyrones A and C exhibited antibacterial activities as strong as 

ampicillin. Solanapyrone A showed the best activity to Bacillus subtilis and Micrococcus 

tetragenus, whereas solanapyrone C was only toxic to B. megaterium. However, it is noteworthy 

that the toxicity of solanapyrone C to the particular bacterial species was approximately 4 times 

stronger than solanapyrone A (Wang et al., 2014). 

In summary, solanapyrones found in nature have been shown to be toxic to a variety of 

organisms including bacteria (gram positives only), fungi, unicellular algae and plants. Although 

a dozen solanapyrone analogues have been found in several fungal species, only a few of them 

were shown to be biologically active and may represent authentic natural analogues (Fig. 1-4). 

The other analogues showing marginal bioactivities may be biosynthetic derivatives or artifacts 

during the sample preparation and/or extraction procedure. For example, solanapyrone A was 

considered to be the parent compound for solanapyrones P, Q and R found in an Alternaria sp., 

and the derivatives show significantly reduced antibacterial activities compared to solanapyrone 

A (Wang et al., 2014). The mutually exclusive selectivity of solanapyrones A and C against 

Bacillus spp. is particularly of interest. One may argue that it is the structural diversity of SMs 

that renders the producing strain competitive against a broad range of organisms. A 

comprehensive structure-activity relationship study of solanapyrones analogues would reveal 

novel aspects regarding their specific activities against organisms sharing the same ecological 

niches with the producing fungi. 
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Aims of This Study  

The amount of documented phytotoxicity of solanapyrones calls into question whether 

the phytotoxins are involved in pathogenicity or virulence of A. rabiei. This research initially  

focused on the development of an efficient screening technique for superior breeding lines with 

Ascochyta blight resistance. It is laborious and time-consuming to inoculate the pathogen and 

assess the levels of resistance for individual breeding lines. The use of solanapyrone phytotoxin 

would expedite the screening processes, provided that the phytotoxin is a key determinant for 

disease. To establish the role of solanapyrones in pathogenicity or virulence, it would be required 

to generate solanapyrone-minus mutants and compare their disease-causing abilities with that of 

wild-type progenitors. Therefore, the aims of this study were to search for the solanapyrone 

biosynthetic genes in A. rabiei, 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 of A. rabiei (teleomorph, Didymella rabiei), the causal agent of 

Ascochyta blight of chickpea (Kaiser, 1997). 
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Figure 1-2. Chemical structure of solanapyrones produced by A. rabiei. 
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Figure 1-3. Chemical structures of secondary metabolites (SMs) produced by legume-associated 

Ascochyta and Phoma. A. SMs produced by A. pisi and A. fabae, the structure of citrinin 

produced by Monascus purpureus is presented as o-quinone form for the structural comparison 

with ascochitine. B. SMs produced by A. lentis. C. Macrolides produced by Ascochyta and 

Phoma species. D. Terpenoids produced by A. viciae. 
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Figure 1-4. Chemical structures of biologically active solanapyrone analogues. 
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CHAPTER TWO  

 FUNCTIONAL ANALYSES OF THE DIELS -ALDERAS E GENE SOL5 OF 

ASCOCHYTA RABIEI AND ALTERNARIA SOLANI INDICATE THAT  

THE SOLANAPYRONE PHYTOTOXIN AR E NOT REQUIRED  

FOR PATHOGENECITY  

 

ABSTRACT  

Ascochyta rabiei and Alternaria solani, the causal agents of Ascochyta blight of chickpea 

(Cicer arietinum) and early blight of potato (Solanum tuberosum), respectively, produce a set of 

phytotoxic compounds including solanapyrones A, B, and C. Although both the phytotoxicity of 

solanapyrones and their universal production among field isolates have been documented, the 

role of solanapyrones in pathogenicity is not well understood. Here we report the functional 

characterization of the sol5 gene, which encodes a Diels-Alderase that catalyzes the final step of 

solanapyrone biosynthesis. Deletion of sol5 in both A. rabiei and Al. solani completely prevented 

production of solanapyrones and led to accumulation of the immediate precursor compound 

prosolanapyrone II-diol, which is not toxic to plants. Deletion of sol5 did not negatively affect 

growth rate or spore production in vitro, and led to overexpression of the other solanapyrone 

biosynthesis genes, suggesting a possible feedback regulation mechanism. Phytotoxicity tests 

showed that solanapyrone A is highly toxic to several legume species and Arabidopsis thaliana. 
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Despite the apparent phytotoxicity of solanapyrone A, pathogenicity tests showed that 

solanapyrone-minus mutants of A. rabiei and Al. solani were equally virulent as their 

corresponding wild-type progenitors, suggesting that solanapyrones are not required for 

pathogenicity. 

INTRODUCTION  

Ascochyta rabiei is a necrotrophic plant pathogenic fungus and causes Ascochyta blight 

of chickpea (Cicer arietinum L.). The disease is manifested through necrotic lesions on all above 

ground tissues of the host plant (Cicer spp.) and may cause complete crop loss under conducive 

environmental conditions. Severe disease epidemics have been reported in various regions of the 

world (Nene, 1982; Singh et al., 1984). The pathogen is known to produce polyketide-derived 

secondary metabolites including solanapyrone A (SolA), solanapyrone B (SolB) and 

solanapyrone C (SolC) (Alam et al., 1989; Chen and Strange, 1991). The same set of secondary 

metabolites were previously detected and identified in cultures of Alternaria solani, the causal 

agent of the early blight of potato and tomato (Ichihara et al., 1983).All reliably identified A. 

rabiei isolates produce solanapyrones and their phytotoxicity has been investigated using 

chickpea cell suspension culture (Höhl et al., 1991; Latif et al., 1993) and detached or intact 

plants (Kaur, 1995; Hamid and Strange, 2000). In order to demonstrate involvement of the toxins 

in pathogenesis, efforts were made to correlate sensitivity of chickpea cultivars to the 

solanapyrone toxins with their susceptibility to the pathogen. A positive, but non-significant 
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correlation was detected among nine cultivars (Hamid and Strange, 2000). Toxin production 

varies significantly by isolate and prolific solanapyrone-producers tend to be more virulent (Kaur, 

1995). Although many studies have focused on the phytotoxicity of solanapyrones, the 

occurrence of solanapyrones during infection process has not been demonstrated and attempts to 

extract solanapyrones from infected plant tissues were unsuccessful (Höhl et al., 1991). 

Therefore, it has been proposed that the absence of solanapyrones in infected plants may be 

attributed to its rapid metabolism by host plants and the ability to metabolize solanapyrones has 

been used as an indicator of host resistance to the disease (Hamid and Strange, 2000; Bahti and 

Strange, 2004). 

Recently, the solanapyrone biosynthesis gene cluster was identified in Al. solani 

(Kasahara et al., 2010). The cluster comprises six genes (sol1 to sol6) covering approximately 20 

kb of the genome. Among the six sol genes in the cluster, sol5 encodes a Diels-Alderase that 

catalyzes the final step of solanapyrone biosynthesis. Purified recombinant Sol5 protein was able 

to convert in vitro synthesized precursor substrate, prosolanapyrone II, to SolA, demonstrating its 

involvement in both oxidation and the subsequent cyclization of the precursor compound via 

Diels-Alder reaction (Kasahara et al., 2010). The gene sol1 encodes a polyketide synthase (PKS) 

that initiates the solanapyrone biosynthesis pathway. Like many other secondary metabolite gene 

clusters, the solanapyrone gene cluster also includes a transcription factor-encoding gene (sol4). 

Roles of other sol genes, sol2 (an O-methyltransferase), sol3 (a dehydrogenase) and sol6 (a 

cytochrome P450), were tentatively assigned to the proposed biosynthetic scheme for 
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solanapyrones (Kasahara et al., 2010). 

Despite the strong phytotoxicity of solanapyrones, relatively little information is available 

on its mechanism of toxicity or the range of plants to which these compounds are phytotoxic. It 

was originally reported that SolA showed variable toxicity to a somaclonal population of potato 

(cv. Russet Burbank) in conjunction with an unidentified toxic compound in culture of Al. solani 

(Matern et al., 1978). Also, Kaur (1995) suggested solanapyrones as a host-selective toxin with 

an observation that non-host legumes of A. rabiei, such as pea (Pisum sativum), cowpea (Vigna 

unguiculata), and green bean (Phaseolus vulgaris), were less sensitive to solanapyrones than 

chickpea. Both A. rabiei and Al. solani belong to the class Dothideomycetes which includes all 

plant-pathogenic fungi that produce host-selective toxins (Turgeon and Lu, 2000). 

Host-selective toxins often target specific cellular components and may induce apoptosis 

(Walton, 1996; Tsuge et al., 2013). SolA was shown to specifically bind to X-family DNA 

polymerases in vitro (Mizushina et al., 2002). This particular DNA polymerase family exerts its 

function exclusively on DNA repair processes during mitosis and meiosis (García-Díaz et al., 

2000; Yamtich and Sweasy, 2010). The mammalian genome possesses several different genes 

belonging to X-family DNA polymerase, whereas in higher plants DNA polymerase ɚ is the sole 

member of X- family DNA polymerase (Roy et al., 2009). Recently, it has become evident that 

proteins involved in DNA repair processes play crucial roles in the regulation of plant defense 

response (Song et al., 2011). Through a genetic screening of Arabidopsis thaliana mutants, 

several DNA repair proteins were characterized to be key components of plant immune signaling 
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and defense gene expression (Durrant et al., 2007; Wang et al., 2010). 

On the basis of its ability to cause disease on chickpea differentials, A. rabiei isolates can 

be broadly classified into two pathotypes named pathotype I (less virulent) or pathotype II 

(virulent) (Chen et al., 2004). However, recent studies of virulence in A. rabiei employing 

crosses between pathotype I and pathotype II isolates revealed that most of the progeny exhibited 

intermediate virulence suggesting that virulence in A. rabiei is under polygenic control (Peever et 

al., 2012). No complete resistance to Asochyta blight has been reported in chickpea germplasm 

and resistance to the pathogen is known to be controlled by quantitative trait loci (Santra et al., 

2000; Iruela et al., 2006). The quantitative nature of both host resistance and pathogen virulence 

suggests that preformed or induced physical/chemical defense responses of the host plant and the 

subversion of these responses by the pathogen may be important determinants of the overall 

outcome (disease severity) of chickpeaïA. rabiei interactions (reviewed in Jayakumar et al., 

2005). 

Solanapyrones have long been considered to play a crucial role in pathogenicity or 

virulence, since solanapyrones are the sole chemical family of secondary metabolites with 

phytotoxic activities produced by A. rabiei. However, the role of the toxins in pathogenicity has 

not been critically examined. More recently, T-DNA insertion mutants that exhibited reduced 

solanapyrone production were generated via Agrobacterium-mediated random mutagenesis. 

However, the mutants were not characterized with respect to the T-DNA insertion sites or 

pathogenicity (Mogensen et al., 2006). The recent identification of the solanapyrone biosynthesis 
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gene cluster in Al. solani allows us to examine the role of the toxins in both A. rabiei and Al. 

solani through the use of solanapyrone-minus mutants generated with a targeted gene deletion 

approach. 

The objectives of this study were to isolate solanapyrone toxins from A. rabiei and test 

their toxicity to host and selected non-host plants, develop solanapyrone-minus mutants through 

targeted-gene replacement, and characterize the toxin-minus mutants for growth and 

pathogenicity. 

MATERIALS AND METHODS  

Fungal Strains and General Culture Conditions 

A. rabiei isolates AR19 (MAT1-2, ATCC 24891), AR21 (MAT1-1, ATCC 76502) and 

AR628 (MAT1-1, ATCC 201622) were obtained from the A. rabiei collection maintained at the 

USDA Western Regional Plant Introduction Station. A GFP-expressing strain of AR628 

(Akamatsu et al., 2006) was also used for this study. Two field isolates ALS1 and ALS2 of Al. 

solani, collected from separate fields in 2010 and 2011 were provided by Dr. Dennis Johnson 

(Washington State University, USA). Details on the isolates used in this study are listed in Table 

2-1. For conidial production, A. rabiei isolates were grown on V8 agar media (200 mL V8 juice, 

3 g CaCO3, 20 g agar in 1 L distilled water) for 2 weeks. For Al. solani isolates, spores were 

harvested from 2-week-old colonies on a modified PDA (1 g potato dextrose agar [BD 

Diagnostic Systems, USA], 6 mL ethanol, and 20 g agar in 1 L distilled water). 
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Generation of Gene Replacement Constructs and Solanapyrone-minus M utants 

The sol5 gene was specifically deleted from the genome of A. rabiei and Al. solani, using 

the split marker method (Catlett et al., 2003). DNA fragments of the gene replacement constructs 

overlapping within the hygromycin B phosphotransferase (hph) gene were amplified using a 

double-joint PCR (Yu et al., 2004), with a minor modification. In the first round PCR from 

genomic DNA of AR628 isolate, an 800 bp upstream region of the sol5 coding region was 

amplified using primer 5-1/primer 5-2 pair, and a 1,354 bp downstream of the sol5 coding 

sequence was amplified using primer 5-3/primer 5-4 pair. A 1,372 bp hph cassette was amplified 

from pDWJ5 using HYG-F/HYG-R primer pair. The primer 5-2 and primer 5-3 carried 27-bp 

sequence tails that overlapped with the 5ǋ and 3ǋ ends of the hph cassette, respectively. In the 

second round PCR, each sol5 flanking DNA fragment was fused to the hph cassette through PCR 

by overlap extension. The resulting PCR products were cloned to pGEM-T Easy vector 

(Promega, USA). DNA sequences of the split-marker constructs were verified by sequencing 

with T7 or SP6 primer. The vectors cloned with the upstream flanking DNA construct and the 

downstream flanking DNA construct were used as templates for the third round PCR with nested 

primer pairs, primer 5-7/HY-R pair for the upstream flanking DNA construct and primer 

5-8/YG-F pair for the downstream flanking DNA construct. The upstream and downstream 

split-marker constructs were used for transformation of both A. rabiei and Al. solani. Primers and 

their sequences used in this study are listed in Appendix A. 
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Fungal Transformation and M olecular Confirmation of Transformants 

Preparation of fungal protoplasts and transformation was conducted as previously 

described with a minor modification (Akamatsu et al., 2010). Instead of using a disruption 

plasmid vector, one to 5 ɛg of each upstream and downstream split-marker DNA construct were 

used for genetic transformation of A. rabiei and Al. solani. Putative transformants were 

subcultured on V8 agar containing hygromycin B (200 ɛg/mL), and two rounds of single spore 

isolation were conducted to obtain homokaryotic transformants. Selected transformants were 

screened by a diagnostic PCR with the primer 5-11/primer 5-12 pair to amplify the full length 

DNA sequence of sol5 gene in wild-types and hph cassette in putative ȹsol5 mutants (Fig. 2-1). 

Homologous integration of the split-marker DNA constructs were verified by PCR with an 

upstream flanking primer, primer 5-1, and HYG-R, confirming correct integration of the 

split-marker constructs into the sol5 gene locus. 

Growth Rate and in vitro Sexual Stage Induction 

Agar plugs (3 mm diam.) containing actively growing mycelia on PDA were transferred 

to fresh PDA and the cultures were incubated under 12 h fluorescent light at 20 ± 2°C. Colony 

diameters in orthogonal directions in five replicate plates (13.5 cm diam.) for each strain were 

measured in 3-day intervals for up to 36 days. Isolates AR628 (MAT1-1) and AR19 (MAT1-2) or 

their corresponding ȹsol5 mutants were crossed as previously described by Wilson and Kaiser 

(1995). Production of pseudothecia and ascospores on chickpea straw was examined 8 weeks 
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after incubation at 10°C. 

RNA Extraction, RT-PCR, and Quantitative Real-time RT-PCR Analyses 

RNA was extracted from cultures (mycelia and spores) of isolate AR628 and its ȹsol5 

mutant using RNeasy Plant Mini Kit (Qiagen). On-column digestion of possible genomic DNA 

contamination was performed using RNase-Free DNase Set (Qiagen). For RT-PCR analysis of 

solanapyrone biosynthesis genes, 200 ng of RNAs were reverse transcribed and amplified using 

OneStep RT-PCR kit (Qiagen). sol genes (sol1ïsol6) were amplified for 30-32 cycles; Actin1 for 

28 cycles (annealing temperature, 62°C). The primer sets for RT-PCR analysis were designed to 

amplify flanking exons, including one intron in order to distinguish mRNA from pre-mRNA 

(and/or possible gDNA contamination). Real-time RT-PCR assays were used to monitor 

expression levels of sol1and sol5 genes. Isolate AR628 was grown on PDA and sampled for 

RNA extraction at 3-day intervals up to 21 days. For comparison of sol gene expression on PDA 

between the wild-type and the ȹsol5 mutant, RNA was extracted from PDA culture 9 days after 

growth. First-strand cDNA synthesis was prepared from total RNA using the iScript cDNA 

Synthesis Kit (Bio-Rad) according to manufacturerôs instructions. Real-time RT-PCR analyses 

were performed using the Bio-Rad iQ5 Real-Time PCR Detection System. RT-PCR mixtures 

were composed of 12 pmol of each primer, 12.5 ɛL of SYBR Green Supermix (Bio-Rad), 2 ɛL 

of cDNA (a 1:2.5 dilution of the 20 ɛL cDNA product), and nuclease- free water to a final 

volume of 25 ɛL. The PCR conditions consisted of a denaturing step at 95°C for 2 min, and 

DNA denaturation step at 95°C for 10 s and both annealing and extension steps at 62°C for 30 s 
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for 45 cycles, and 65ï95°C with a 0.5°C increment, each temperature for 5 s to obtain the 

melting curve. The quantification of the relative transcript levels of the solanapyrone 

biosynthesis genes in A. rabiei was performed with the comparative CT method normalization 

(Schmittgen and Livak, 2008). The transcript levels of target genes were normalized against the 

Actin1 gene transcript levels. The averages of the three biological replicates and standard 

deviations of the relative expression values were presented. 

Solanapyrone Extraction and Purification  

For extraction of solanapyrones from liquid cultures of A. rabiei and Al. solani isolates, 

thirty milliliters of half-strength PDB in 250-mL Erlenmeyer flasks were inoculated with 100 ɛL 

of conidial suspension of A. rabiei isolates (1 × 107 spores mL-1), or Al. solani isolates (1 × 105 

spores mL-1), and incubated at 20°C without shaking. After 16-18 days, cultures were filtered 

through four layers of Miracloth (Calbiochem, USA) in a vacuum to remove mycelium. 

Solanapyrones were extracted using Sep-Pak® Vac 6 cc (1g) tC18 cartridges (Waters Corp., 

Milford, MA, USA). Individual cartridges were eluted with 2 mL of MeOH and the eluents were 

subjected to UPLC-MS analysis. 

For purification of solanapyrones A and C, 200 grams of autoclaved oat kernels in a 

mason jar (about 1 L size) were inoculated with ~50 agar plugs (5 mm diam.) containing actively 

growing mycelia of isolate AR628 or the ȹsol5 mutant on V8 agar. The culture was incubated at 

20°C under a 12/12 light regime and shaken daily to disperse the inoculums. After 16 days, 
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solanapyrones were extracted from the A. rabiei-colonized oat kernels with 200 mL of ethyl 

acetate (EtOAc). Extracts were dried over anhydrous MgSO4 and filtered through four layers of 

cheesecloth to remove oat kernel debris and MgSO4 and concentrated on a rotary evaporator. The 

residue was further purified by preparative TLC on silica gel; solanapyrone A [Rf 0.58, eluent 

CHCl3/EtOH (95:5, v/v), yielding 2.8 mg] and solanapyrone C [Rf 0.44, eluent CHCl3/EtOH 

(95:5, v/v), 1.3 mg]. Analytical and preparative thin layer chromatography was performed on 

TLC LuxPlate® Silica gel 60 F254 plates, 0.25 and 1.0 mm (Merck, Germany). The spots were 

visualized by exposure to UV radiation (254 nm). For purification, UV-active spots of individual 

compounds on silica gel were collected separately, and dissolved in EtOAc/MeOH (9:1, v/v) to 

elute target compounds out from the silica gel. 

For purification of the major compound eluted at 2.26 minutes in the chromatograms of 

the ȹsol5 mutants, culture filtrates of AR628ȹsol5 grown in half-strength PDB were partitioned 

with the same volume of EtOAc, and the organic phases were combined and partitioned again 

with distilled water (pH 3.0). Finally, the organic phases were combined and dried over 

anhydrous MgSO4 and concentrated on a rotary evaporator. The residue was purified by 

preparative TLC on silica gel; prosolanapyrone II-diol [Rf 0.26, eluent EtOAc/MeOH/H2O 

(80:5:5, v/v), 4.1 mg], and subjected to spectrometric analyses for structural identification. 

UPLC-MS Analysis 

Chromatographic separation was achieved using an ACQUITY UPLC system (Waters 
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Corp.) on a 2.1 mm × 50 mm i.d., 1.7 µm, ACQUITY UPLC BEH C18 column (Waters Corp.). 

Mobile phase A was water with 0.1% formic acid, and mobile 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 run time was 13 min, the column temperature was maintained at 

30°C, and the flow rate was 0.45 mL min-1. 

MS analysis was performed on an inline Synapt G2-S HDMS (Waters Corp.) time of 

flight mass spectrometer. Positive ion electrospray mode was used for data collection. The 

desolvation gas was nitrogen (800 L h-1), and the collision gas was argon (2.0 mL min-1). The 

data acquisition range was m/z 50ï1,000. The source temperature was 120°C, and the 

desolvation temperature was 250°C. The cone voltage was 30 V. The lock mass compound used 

was leucine encephalin with a reference mass at m/z 556.2771. For the TOF experiments, data 

were acquired in the MSE mode in which two separate scan functions were programmed for the 

MS acquisition method. One scan function was set at 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 

15ï50 eV and transfer at 2 eV). The mass spectrometer switched rapidly between the two 

functions during data acquisition. As a result, information on intact precursor ions and on product 

ions was obtained from a single LC run. 

For identification of the peak eluted at 4.32 in the chromatograms of the wild-type culture 

extracts, the following methodology was used. First, the 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). A good fit in the isotopic pattern of both compounds was also required 

for the selection of the best candidate. The suitability of possible oxidized forms of SolA was 

checked through MassFragment software (Waters Corp.). MassFragment made it possible to 

evaluate whether the product ions detected in the high collision energy spectrum are linked 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 lower the score value, the higher 

the plausibility of the fragment proposed. An oxidized form of SolA 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 prosolanapyrone II-diol was 

tested on chickpea genotypes W6 22589 (resistant), FLIP 84-92C (intermediate), chickpea cv. 

Spanish White (susceptible), pea cv. Dark Skin Perfection (Pisum sativum), lentil cv. Pardina 

(Lens culinaris), and sweet pea Spencer-type mix (Lathyrus odoratus). Three plants of each 

species were grown in 1-litre plastic pots filled with Sunshine mix #4 (Sun Gro Horticulture, 

Canada) and maintained for 4 weeks in a growth chamber (Conviron Model PGR15, Winnepeg, 

Manitoba, Canada) at 12 h day (20°C) and 12 h night (16°C). 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 leaflets were gently punctured with a pin to facilitate absorption of test 

compounds. The leaflets were placed on two layers of plastic mesh in a glass tray (22 × 30 cm) 

with wet paper towels, and the trays were covered with a plastic bag to keep leaflets moist and 

kept at 20°C. Purified compounds were adjusted to 16.5 ɛg/ɛL by adding MeOH and then 

brought up to a final concentration of 1 ɛg/ɛL in distilled water. A drop (3 ɛL) of each solution or 

solvent control (6% MeOH) was placed onto the punctured wound on the epidermis (9ï12 

leaflets per treatment). Necrotic 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 Press, USA) and used as an indicator of phytotoxicity. 

Arabidopsis thaliana seeds, POLL-overexpressing transgenic line (POLLOE), and T-DNA 

insertion line (SALK_075391, POLLKD) were obtained from Drs. Rino Cella and Giovanni Maga 

(University of Pavia, Italy). The overexpression and knockdown of POLL gene were verified via 

real-time RT-PCR analysis using the method described by Amoroso et al. (2011) (Fig. S2-5). 

Surface-sterilized Arabidopsis seeds were sown on half strength Murashige and Skoog (MS) 

growth media (pH 5.7) supplemented with 1.0% sucrose and 0.7% phytoagar in square plastic 

Petri dishes with grids (BD Biosciences, USA). After 3 days vernalization, the plates were kept 

in a growth chamber (16/8 h, light/dark cycle at 22oC) for 7 days. The seedlings were gently 

transferred to MS growth media containing different concentrations of solanapyrone A (20, 40, or 

60 ɛM). The plates were further incubated for 6 days and growth of primary roots were measured 

and photographed. For media without solanapyrone A (0 ɛM), MeOH was amended to the MS 
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growth media, as a solvent control (0.5%, v/v). 

Pathogenicity Tests 

Pathogenicity test, using chickpea cvs. Spanish White and Dwelley, and disease 

assessment were conducted as described in Chen et al. (2004). For co- inoculation experiment, 

three seeds of chickpea cv. CDC Frontier were sown in 1- litre plastic pot (12 pots for the 

experiment) containing Sunshine mix #4 (Sun Gro Horticulture) and maintained in a growth 

chamber (Conviron Model PGR15) under a 12 h photoperiod with 20°C day and 16°C night at > 

95% relative humidity. Spores of wild-type strain (AR628WT) and its Dsol5 mutant 

(AR628Dsol5) were harvested from V8 agar media and mixed at 1:1 ratio in sterilized water, 

making a final concentration of 2 × 105 spores mL-1. Inoculation method was as described in 

Chen et al. (2004). In order to calculate relative infection rates of AR628WT and AR628Dsol5, 

total number of lesions produced after incubation for 2 weeks was counted and each lesion was 

numbered and cut off from the plant along with a stem segment (å 3 cm long). After measuring 

lesion length, the fungal genotype that caused the lesion was isolated and determined by 

assessing colony morphology on acidified PDA (39 g PDA, 1 mL lactic acid per liter added after 

autoclaving, pH 3.5); fungal colonies exhibiting dark and restricted growth pattern were assigned 

to AR628WT, while lighter colonies with expansive growth were assigned to AR628Dsol5. The 

identity of fungal colony was further confirmed by subculturing on V8 agar containing 200 

ɛg/mL of hygromycin B; AR628Dsol5 can grow on medium containing hygromycin B, whereas 

AR628WT cannot. Lesions from which both AR628WT and AR628Dsol5 were obtained (less 
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than 10% of total lesions) were not included in chi-square goodness of fit test. 

A detached leaf assay was used for measuring virulence of Al. solani isolates, ALS1, 

ALS2 and their respective ȹsol5 mutants. Leaves were excised from 6-week-old plants of two 

potato cultivars (Russet Norkotah and Ranger Russet) and one tomato cultivar (Moneymaker) 

grown in a greenhouse under a 16-h photoperiod with 25°C day and 18°C of night. Detached 

leaves were inoculated with 10 µL of spore suspension (2 × 104 spores mL-1) contained in a lens 

paper (0.7 cm diameter). Leaves were placed on a glass tray with five layers of paper towels at 

room temperature, and covered with a transparent plastic bag to maintain near 100% relative 

humidity. The inoculated leaves were photographed at 6 dpi. The area of the necrotic lesion on 

each leaf was calculated by the analysis of images as described above. The lesion areas were 

calibrated based on area of a square (1 cm2) paper that was included in each photograph. 

DATA Analyses 

For pathogenicity tests with chickpea cvs. Spanish White and Dwelley, experiments were 

conducted in completely randomized designs. Disease severity ratings (1 to 9) were recorded for 

each plant and the mean of the two plants in a pot represented one experimental unit (n = 6). 

Leveneôs test for equal variance assumption was used to determine if variance was independent 

of the mean and Shapiro-Wilk test was used to check for normality assumption. Studentôs t-test 

was used for mean comparisons between wild-type strain and its corresponding Dsol5 mutant. 

For co-inoculation experiment, chi-square goodness of fit test was used to detect any deviation 
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from the expected 1:1 ratio in total number of stem lesions caused by wild-type (AR628WT) and 

Dsol5 mutant (AR628Dsol5). The mean lesion length and lesion number caused by AR628Dsol5 

were compared with those caused by AR628WT, using Studentôs t-test. Mean lesion length and 

lesion number produced on three chickpea plants (cv. CDC Frontier) in a pot represented one 

experimental unit (n = 12). 

For detached leaf assay, differences in average lesion size produced on potato or tomato 

leaves by each strain were analyzed using one-way 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 experimental unit (n = 8). For phytotoxicity test, square-root 

transformed data was used for one-way ANOVA (main effect, legume species) as the original 

data violated the normality and equal variance assumptions. After data transformation, the 

assumptions were checked by Shapiro-Wilkôs and maximum likelihood ratio tests. Multiple 

comparisons of mean lesion size incited by application of 3 ɛg of SolA between different legume 

species were performed by LSD test using Bonferroni correction. Null hypotheses of no 

difference were rejected when P Ò 0.05. Lesion produced on excised leaflets represented one 

experimental unit (n = 10ï12). The analyses were performed using the MIXED procedure in the 

SAS v9.2 software (SAS Institute Inc., USA). 
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RESULTS 

Solanapyrone Biosynthesis Gene Cluster in A. rabiei 

Based on the DNA sequence of the solanapyrone biosynthesis gene cluster identified 

from Al. solani (GenBank accession AB514562) (Kasahara et al., 2010), we recovered å 10 kb 

genomic DNA sequence through a homology-based PCR approach. This DNA sequence 

included the full- length DNA sequences of sol5 and sol4 genes (GenBank accessions KM244526 

and KM244525), coding for a solanapyrone synthase (a Diels-Alderase) and a putative 

transcription factor, respectively. Partial DNA sequences of other clustered genes (sol1, sol2, 

sol3 and sol6) were also successfully amplified from A. rabiei genomic DNA (isolate AR628, 

ATCC 201622). The homologous sol5 DNA sequence and its deduced amino acid sequence were 

97% identical to Al. solani sol5 (Fig. S2-1). No obvious orthologs of sol5 were found in 61 

complete or draft Dothideomycetes genome databases that include Didymella exigua, the type 

species of the genus Didymella (Grigoriev et al., 2014). All other genes in the cluster were 

approximately 97% similar between A. rabiei and Al. solani. This result showed that the 

solanapyrone gene clusters are highly conserved between the distantly related fungal species that 

belong to the families, Didymellaceae (A. rabiei) and Pleosporaceae (Al. solani) in the class 

Dothideomycetes. 
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Generation of Solanapyrone-minus M utants 

To study the role of solanapyrone toxins in pathogenicity, we generated 

solanapyrone-minus mutants from both A. rabiei and Al. solani by targeting the sol5 gene that 

catalyzes the final step of solanapyrone biosynthesis (Kasahara et al., 2010). For targeted sol5 

gene deletion, three A. rabiei and two Al. solani isolates were used as progenitors (Table 2-1), 

and sol5 was deleted from the genomes using the gene replacement strategy illustrated in Figure 

2-1. 

To check if sol5-deletion (ȹsol5) mutants lost the ability to produce solanapyrones, we 

compared chemical profiles of culture extracts of ȹsol5 mutants to those of the wild-type 

progenitors. LC-MS analysis of 18-d old cultures of wild-type AR628 (A. rabiei) and ALS1 (Al. 

solani) isolates confirmed the production of SolA (eluted at 4.21 min) and SolC (eluted at 4.03 

min) (Fig. 2-2). While SolA was a major component and consistently found in cultures, the 

amount of SolC production was highly variable from culture to culture and the timing of 

extraction, similar to previous observations for Al. solani (Oikawa et al., 1998b). Regardless of 

type of media and extraction method, SolB was never detected by a high resolution 

UPLC-MS/MS system (Synapt G2, Waters Corp.) in cultures of A. rabiei or Al. solani in this 

study. Instead, a new peak (eluted at 4.32 min) was detected in the chromatogram (Fig. 2-2). The 

elemental composition and tandem mass analysis of the detected peak suggested the compound 

was an oxidized form of SolA having the molecular formula C18H22O5 (see Materials and 

Methods). Structural identification of the compound is currently in progress. In ȹsol5 culture 
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extracts, there was no detectable solanapyrone production. Several new peaks were detected that 

were absent in the chromatograms of the wild-type culture extracts (Fig. 2-2). 

Structural I dentification of the Precursor Compound in ȹsol5 M utants 

To elucidate the structure of the commonly detected compound eluted at 2.26 min in the 

LC-MS analysis of ȹsol5 mutant cultures of A. rabiei and Al. solani (Fig. 2-2), it was purified by 

preparative TLC, and subsequently analyzed using 1D and 2D NMR techniques. The correlation 

details among protons and between protons and carbons were illustrated in Figure S2-2. Based 

on1H-1H COSY spectrum and by interpretation of HMBC data (Figs. S2-3 and S2-4), the 

compound was unambiguously identified as prosolanapyrone II-diol having the molecular 

formula C18H26NaO6 (m/z = 361.1 [M + Na]+). This intensive spectrometric identification further 

confirmed the deletion of sol5 gene, which led to the accumulation of an oxidized form of 

prosolanapyrone II being used previously in in vitro synthesis of solanapyrones (Oikawa et al., 

1998a). 

Solanapyrone Biosynthesis Gene Expression and I ts Feedback Regulation 

A. rabiei is known to produce solanapyrones during the onset of conidial sporulation 

(Höhl et al., 1991). To gain further insights into kinetics and the timing of solanapyrone 

production in culture, we investigated transcript levels of the key solanapyrone biosynthesis 

genes, sol1 and sol5 involved in the first and the last steps of the solanapyrone biosynthesis 

pathway, respectively (Kasahara et al., 2010). As with secondary metabolite biosynthesis gene 
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regulation in other fungi (Payne et al., 1993; Peplow et al., 2003), sol1 and sol5 appear to be 

co-regulated, showing a similar expression pattern (Fig. 2-3 A). Only a trace amount of 

transcripts were detected from young mycelia at 3 days post incubation (dpi). As the fungal 

colony become mature, the expression levels of sol1 and sol5 gradually increased, peaking at 12 

or 15 dpi when the fungal colonies were profusely sporulating followed by a reduction in 

expression thereafter. The kinetics of sol gene expression was consistent with the association of 

solanapyrone production with the conidiation process. 

To examine the effect of sol5 deletion on the expression of other solanapyrone 

biosynthesis genes, transcript levels of sol genes (sol1-sol6) were compared between AR628 and 

its ȹsol5. The sol5 gene deletion was confirmed by a complete lack of sol5 gene transcript in 

ȹsol5 (Fig. 2-3 B). The sol5 gene seemed to not be efficiently spliced in the wild-type as the 

pre-mRNA band was of nearly equal intensity as the mRNA band, although no pre-mRNA band 

was detected in the reference gene, Actin1. More interestingly, the RT-PCR analysis revealed 

that sol4 was markedly overexpressed in ȹsol5. Real-time RT-PCR analysis indicated that 

expression levels of sol1 and sol4 genes in ȹsol5 were approximately 5- fold and 25- fold higher 

than in the wild-type, respectively (Fig. 2-3 C).  

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

Although growth rates of A. rabiei and Al. solani differ greatly, wild-type isolates of A. 

rabiei and Al. solani both showed a restricted growth phenotype on nutrient-rich medium, PDA 
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(Fig. 2-4 A). Growth rates of the wild-type strains gradually decreased as the colonies matured 

(Fig. 2-4 B). In contrast, growth rates of ȹsol5 mutants were constant until they reached the edge 

of the agar plates (13.5 cm diam.). Conidial morphology and timing of conidiation of the ȹsol5 

were similar to their respective progenitors of either A. rabiei or Al. solani (data not shown). A. 

rabiei is an outcrossing fungal species requiring mating between two strains of opposite mating 

types to develop the sexual stage (Didymella rabiei) (Wilson and Kaiser, 1995). The sexual stage 

(teleomorph) of A. rabiei was also successfully induced in the laboratory by crossing 

AR628ȹsol5 (MAT1-1) and AR19ȹsol5 (MAT1-2) (Fig. 2-5). Therefore, solanapyrone 

production does not appear to be required for normal growth and development nor for sexual or 

asexual reproduction, thus fulfilling the criterion as secondary metabolites. 

Phytotoxicity of Solanapyrones on Host and Non-host Plants 

The phytotoxicity of solanapyrones to chickpea, the host of A. rabiei, has been well 

documented. However, the spectrum of the toxicity on different plant species and the mode of 

action remain largely unknown. Therefore, toxicity of SolA, SolC and the precursor, 

prosolanapyrone II-diol (Pros-II-diol) to host and non-host legume species was evaluated. The 

compounds were purified from culture extracts of wild-type (AR628) or ȹsol5 mutant, and the 

purity and identities were verified via LC-MS analysis (Fig. 2-6). Among the tested compounds, 

only SolA showed significant phytotoxicity to all the tested plant species. Multiple comparisons 

of mean lesion size produced by 3 ɛg application of SolA (1 ɛg/ɛL, 3 ɛL) showed no significant 

difference in sensitivity to the toxin among chickpea genotypes with varying disease resistance to 
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Ascochyta blight (Fig. 2-7). SolC exhibited a moderate phytotoxic effect at the tested 

concentrations, while the precursor showed no toxic effect (Fig. 2-7). The solvent control (6% 

MeOH) did not produce any detectable necrosis. This result suggests that SolA is a major 

phytotoxic compound with non-host selectivity. 

Previously, SolA was shown to specifically bind to X-family DNA polymerases in vitro 

(Mizushina et al., 2002). To test if SolA indeed targets the specific DNA polymerase such as 

DNA polymerase ɚ (POLL), the sole member of X-family DNA polymerase in plants (Roy et al., 

2009), we utilized the model Arabidopsis system in which the modes of action of many fungal- 

phytotoxins have been studied (Stone et al., 2000; Lorang et al., 2004; Nishiuchi et al., 2006). 

The seedling growth of Arabidopsis wild-type (Col-0 ecotype), POLL knockdown mutant 

(POLLKD), and POLL overexpression transgenic plants (POLLOE) were monitored on MS agar 

amended with different concentrations of SolA. As the concentration of SolA increased, primary 

root growth was progressively restricted until it was completely inhibited at 60 ɛM (Fig. 2-8 A). 

Levels of inhibition were not significantly different among the tested Arabidopsis genotypes, 

suggesting that Arabidopsis POLL is unlikely the target of SolA. Intriguingly, while primary root 

growth was inhibited by SolA treatment, lateral root branching was rather induced by increasing 

dose of SolA (Fig. 2-8 B). The lateral root branching was not due to the inactivation of SolA over 

time because fresh seedlings exhibited the same phenotype on 10-d old media containing 60 ɛM 

SolA, indicating that this phenotype resulted from specific, but as yet unknown, actions of SolA. 
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Solanapyrones Not Required for Pathogenicity 

The role of solanapyrones in pathogenicity of A. rabiei to chickpea was evaluated by 

comparing the disease-causing abilities of ȹsol5 mutants with their respective progenitors which 

include isolates of different pathotypes. Since the precursor (Pros-II-diol) that accumulated in the 

ȹsol5 mutant cultures did not show toxicity to plants, it is assumed that the precursor would not 

contribute to pathogenicity or virulence. Overall disease symptoms and severity caused by ȹsol5 

mutants in susceptible chickpea cvs. Spanish White and Dwelley were not different from those 

caused by the wild-type strains (Fig. 2-9 A). In addition, microscopic examination at the early 

stage of infection further confirmed that pathogenic behaviors of the ȹsol5 mutant were similar 

to the wild-type strain in terms of conidial germination, germ tube elongation on leaf surface and 

hyphal branching in the subepidermal layer at 1ï2 dpi (Fig. 2-9 B). 

Disease incidence rates of wild-type and ȹsol5 mutant were also evaluated by a 

co-inoculation method on a resistant cv. CDC Frontier (Vail and Banniza, 2008). In the first 

experiment the total number of lesions caused by the mutant was significantly higher than that 

caused by the wild-type (P = 0.030) (Table 2-2). However in the second experiment, there was 

no statistical difference in total number of lesions incited by the wild-type or the ȹsol5 mutant (P 

= 0.479). The average length and number of lesions produced by the mutant was not different 

from those produced by the wild-type strains, based on Studentôs t-test (Table 2-2). The result 

demonstrated that the solanapyrone-minus mutant was equally virulent to chickpea irrespective 

of the host genotype differing in the Ascochyta blight resistance. 
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With the Al. solani wild-type isolates and their corresponding ȹsol5 mutants, we also 

tested the involvement of solanapyrones in the Al. solani-potato/tomato pathosystems. The sizes 

of necrotic lesions incited by the ȹsol5 mutants were not significantly different from those 

incited by the wild-type strains on both potato and tomato (Table 2-3; Fig. 2-10). 

Taken together, this series of pathogenicity tests with solanapyrone-minus mutants 

provided evidence that solanapyrones are not required either for Ascochyta blight of chickpea or 

for early blight of potato/tomato. 

DISCUSSION 

Fungi produce a diverse array of secondary metabolites that show various biological 

activities. I t is tempting to define the role of secondary metabolites produced by plant pathogenic 

fungi as pathogenicity or virulence factors, especially when the chemical compounds exhibit 

toxicity (chlorosis or necrosis) to plant tissues when applied to plants independent of the 

pathogen. However, more direct evidence is needed before claiming that a compound is a 

pathogenicity factor, since the phytotoxicity could arise from a non-target effect of the test 

compound on living organisms. Here, we report generation of solanapyrone-minus mutants to 

elucidate the role of solanapyrones in pathogenicity. The resulting mutants all lacked the ability 

to produce solanapyrone and instead accumulated the immediate precursor that showed no 

apparent toxicity to plants. It has been reported that different genotypes of a given pathogen 

species may deploy different arsenals controlling disease development (Siewers et al., 2005). To 
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rule out the possibility of strain-specific use of solanapyrones in pathogenicity, we generated 

solanapyrone-minus mutants from three A. rabiei isolates varying in virulence and geographic 

origin, as well as from two Al. solani isolates. A series of pathogenicity tests consistently showed 

that solanapyrone-minus mutants were all as virulent as their respective wild-type progenitors. 

We assumed that the precursors of solanapyrones play no roles in virulence, which was 

confirmed by targeted deletion of sol4 gene, a transcription factor in the solanapyrone gene 

cluster. The sol4-deletion mutants produced neither solanapyrone nor the precursors found in 

ȹsol5 mutants, yet they were equally virulent on chickpea as their progenitors (see Chapter 3). 

These results strongly suggest that solanapyrones are not a virulence factor in both A. rabiei and 

Al. solani, but may play an important role in other aspects of pathogen biology. Possible roles of 

solanapyrones in saprobic growth stage will be discussed below. 

Evolutionary Perspective on the Origin of Solanapyrone Biosynthesis Gene Cluster 

Horizontal gene transfer (HGT) is defined as the movement of stable genetic material 

between different strains or species (Doolittle, 1999). Recently, several HGT events of secondary 

metabolite gene clusters between fungi have been reported (Akagi et al., 2009; Khaldi and Wolfe, 

2011; Slot and Rokas, 2011). The presence of solanapyrone biosynthesis gene cluster in the two 

different species, A. rabiei (Didymellaceae) and Al. solani (Pleosporaceae), suggests its 

acquisition by a HGT event between the two species, or from a third organism independently. 

The DNA sequence identity of sol5 is over 97% between the two fungi. The similarity of these 

two genes was higher than those of housekeeping genes such as Actin1 (GenBank accessions 
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KM244530, JQ671723) and ɓ-tubulin (GenBank accessions KM244529, HQ413317), which 

showed 91% and 90% of sequence identity, respectively and supporting the HGT hypothesis. 

Genes involved in secondary metabolite biosynthesis, such as PKS and non-ribosomal 

peptide synthetase, are known to evolve rapidly (Inderbitzin et al., 2010). For example, T-toxin 

and PM-toxin that have similar chemical structures and the same biological activity are produced 

by Cochliobolus heterostrophus (Pleosporaceae) and Didymella zeae-maydis (Didymellaceae) 

(Yoder, 1973). The homologous PKS genes responsible for biosynthesis of T-toxin and PM-toxin 

showed only 60% DNA sequence identity, suggesting divergence of the gene from a common 

ancestor, rather than HGT between the two species (Inderbitzin et al., 2010). The genome 

sequence data of A. rabiei isolate AR628 showed that the orthologous sol1 genes of A. rabiei and 

Al. solani shared å 97% identity (see Chapter 3). This remarkably high degree of similarity may 

indicate that the solanapyrone biosynthesis gene cluster was horizontally transferred, rather than 

vertically transmitted from a common ancestor of A. rabiei and Al. solani. 

Solanapyrone Biochemistry 

The sol5 gene encodes a Diels-Alderase that catalyzes the last step of solanapyrone 

biosynthesis. Diels-Alderase is a unique enzyme rarely found in nature and believed to be 

engaged in biosynthesis of commercially important chemicals, such as lovastatin (a 

cholesterol- lowering drug) and spinosyn A (a potent insecticide) (Auclair et al., 2000; Kim et al., 

2011). Sol5 is the first example of a naturally occurring Diels-Alderase (Katayama et al., 1998). 
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The structural identification of the major metabolite accumulated in ȹsol5 mutants suggested it is 

prosolanapyrone II with a vicinal diol on its hydrocarbon chain. The structural difference from 

prosolanapyrone II could have resulted from a high degree of substrate promiscuity of 

cytochrome P450 monooxygenase. Some P450 enzymes are prone to react with multiple 

substrates (Ekroos and Sjögren, 2006; O'Reilly et al., 2013). Therefore, it is likely that the 

prosolanapyrone II that accumulated in ȹsol5 mutants is oxidized by the physiologically 

irrelevant enzymatic reaction of a P450 (e.g. Sol6), forming an epoxide, which subsequently 

opens to form a vicinal diol. Notably, sol6 gene was overexpressed in the ȹsol5 mutant (Fig. 2-3 

B). To the best of our knowledge, this is the first genetic evidence that Sol5 catalyzes both 

oxidation and Diels-Alder reaction in vivo. 

Interestingly, sol1 and sol4 genes were overexpressed in the ȹsol5 mutant, suggesting 

that solanapyrone production is tightly controlled in the fungal cell. The accumulation of the 

precursor compound may lead to activation of the clustered genes possibly via a positive 

feedback loop. However, identification of upstream genetic factors affecting solanapyrone 

production would be necessary for improved understanding of the regulation mechanism. The 

velvet protein complex is conserved across filamentous fungi and known to coordinate 

developmental processes and secondary metabolite production (Bok and Keller, 2004; Wu et al., 

2012). Given the association of solanapyrone production with the conidiation processes, the 

homologous velvet complex proteins in A. rabiei and Al. solani may be involved in the regulation 
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of solanapyrone production as shown in other polyketide-derived secondary metabolites such as 

T-toxin, aflatoxin, and lovastatin. 

Non-host-selectivity of Solanapyrone A 

In our comparative toxicity assay of solanapyrones, we did not detect a difference in 

necrotic lesion size caused by SolA among chickpea accessions with different levels of resistance 

to the disease. This is in contrast to previous findings of positive correlations between 

susceptibility to Ascochyta blight and toxin sensitivity in chickpea accessions (Matern et al., 

1978; Kaur, 1995; Hamid and Strange, 2000). Although only three accessions were tested in our 

study, we included the most resistant (W6 22589, nearly immune to most of A. rabiei isolates) 

and the most susceptible (Spanish White susceptible to both pathotypes I and II) (Chen et al., 

2004). 

In this study we did not observe any specificity of solanapyrone toxins to specific 

legumes. Larger necrotic lesions were produced on non-host legumes (pea, lentil and sweet pea) 

than on chickpea. This may indicate a varying degree of sensitivity of plant species to SolA, as is 

the case for a phytotoxic compound produced by a closely related species, A. lentis (Andolfi et 

al., 2013). However, in our analysis it was observed that the epidermis of the non-host legumes 

was waxier than that of chickpea, and that droplets containing the test compounds remained for a 

longer period of times on the wounds. Due to the different texture of leaf surfaces, we were 

unable to test phytotoxicity on potato and tomato (the host of Al. solani). The droplets placed 
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onto leaflets of potato/tomato spread out soon after application, and as a result, caused very small 

or no lesions. Therefore, the prolonged contact of test compounds on leave wounds of the 

non-host legumes may account for larger lesion size caused by SolA. Nevertheless, SolC and the 

precursor Pros-II-diol exhibited moderate or no effects on host and non-host plants even at the 

highest concentration. These results suggest that SolA is a major non-host-selective phytotoxin 

produced by A. rabiei and Al. solani. 

Effects of Solanapyrone A on Arabidopsis thaliana. 

Many phytotoxic compounds target one or more cellular components, thereby disrupting 

normal cell function (Möbius and Hertweck, 2009). SolA is also known to specifically bind to 

X-family DNA polymerases in vitro (Mizushina et al., 2002). However, whether SolA exerts its 

toxic effect on plants by targeting the particular DNA polymerase is unknown. To shed light on 

the mode of action of SolA, we utilized the Arabidopsis model system. Upon SolA treatment, 

primary root growth of Arabidopsis was suppressed at a concentration of 60 ɛM. This substantial 

toxic effect of SolA on Arabidopsis is comparable to that of a well-known phytotoxin 

deoxynivalenol (Masuda et al., 2007). However, Arabidopsis transgenic plants either lacking or 

overexpressing POLL gene responded to SolA similarly, indicating that POLL may not be the 

molecular target of SolA in Arabidopsis. 

It is notable that SolA enhanced lateral root branching at concentrations that the primary 

root was completely inhibited. This unique phenotype induced by SolA is reminiscent of primary 
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root-specific inhibition caused by a synthetic compound used in a chemical genetics screen, 

which inhibits early abscisic acid signaling (Kim et al., 2012). Further genetic studies revealed 

that a member of nucleotide binding site-leucine-rich repeat (NB-LRR) proteins is responsible 

for the phenotype induced by the compound. This phenotypic similarity may suggest SolA 

functions in the signal transduction of the plant immune response in Arabidopsis. More recently, 

it was reported that victorin toxin produced by the necrotrophic fungus, Cochliobolus victoriae, 

was known to activate the plant immune system through a NB-LRR protein (Lorang et al., 2012). 

For further studies, it will be of interest to search for a genetic factor contributing to the primary 

root arrest phenotype upon SolA treatment. 

Possible Roles of Solanapyrones in Pathogen Biology 

Genomic loci implicated in pathogenicity and secondary metabolite production tend to be 

highly polymorphic and divergent even within the same species (Cuomo et al., 2007; Rouxel et 

al., 2011). Among the worldwide collection of A. rabiei isolates, intraspecific karyotype 

variation was also observed (Akamatsu et al., 2012). Despite the high degree of genome 

plasticity of A. rabiei, sol5 gene was amplified from all 30 isolates chosen from the collection 

(Table 2-4). Additionally, previous studies have detected production of solanapyrones in all the A. 

rabiei isolates used in the studies (Höhl et al., 1991; Kaur, 1995). The universal production of 

solanapyrones and the highly conserved cluster genes between the two different fungal species, A. 

rabiei and Al. solani, suggests its indispensable role in the pathogen biology other than 

parasitism. 
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A. rabiei undergoes the saprobic phase in its life cycle between chickpea growing seasons. 

The pathogen is able to survive in chickpea debris and remain viable for more than 2 years at a 

low relative humidity (< 30%) (Kaiser, 1973). During this stage of the life cycle, the pathogen 

encounters numerous microbial competitors including bacteria, fungi, and nematodes. In fact, 

many phytotoxins produced by phytopathogenic fungi display antibiotic activities (Waring et al., 

1988; Boudart, 1989; Ali-Vehmas et al., 1998). Also, it has been reported that solanapyrone 

analogues found in cultures of non-pathogenic fungi exhibited antibiotic activities (Schmidt et al., 

2007; Trisuwan et al., 2009; Wu et al., 2009). Solanapyrones appear to be toxic to the fungi that 

produce them because the growth of the wild-type strains was restrained, while 

solanapyrone-minus mutants were able to grow almost indeterminately (Fig. 2-4). The restricted 

growth of a maturing wild-type fungal colony may be a consequence of the antifungal activity of 

accumulated solanapyrones in culture. We are currently investigating possible ecological roles in 

niche specialization during saprobic growth of the pathogen life cycle such as competition 

withother microbes and survival on chickpea debris. 
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Table 2-1. Isolates of Ascochyta rabiei and Alternaria solani used in this study 

Isolate and strain 

 

Mating  

typea 

Origin of 

isolation 

Geographic 

location 

Year of 

isolation 

Ascochyta rabiei     

AR628WT (ATCC 201622) 

AR628ȹsol5 

AR628GFP (TEFprom::GFP)b 

AR628GFPȹsol5 

AR21WT (ATCC 76502) 

AR21ȹsol5 

AR19WT (ATCC 24891) 

AR19ȹsol5 

MAT1-1 

- 

- 

- 

MAT1-1 

- 

MAT1-2 

- 

C. arietinumc 

- 

- 

- 

C. arietinum 

- 

C. arietinum 

- 

Syria 

- 

- 

- 

ID, USA 

- 

Iran 

- 

1995 

- 

- 

- 

1986 

- 

1990 

- 

Alternaria solani  

ALS1WT 

ALS1ȹsol5 

ALS2WT 

ALS2ȹsol5 

 

NA 

- 

NA 

- 

 

S. tuberosumd 

- 

S. tuberosum 

- 

 

WA, USA 

- 

ID, USA 

- 

 

2011 

- 

2010 

- 

a Mating type designation according to Barve et al. (2003). NA = not available. 

b Green fluorescent protein (GFP) gene fused to translation elongation factor promoter. 

c Cicer arietinum L. 

d Solanum tuberosum L. 
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Table 2-2. Mean lesion length and lesion number produced in chickpea cv. CDC Frontier stems 

inoculated with mixed inoculum of Ascochyta rabiei isolate AR628 (WT) and its ȹsol5 mutant 

 Treatment 
Lesion 

lengtha 

Lesion 

numbera 

Total 

lesionsb 

Exp.1 WT 

ȹsol5 

P valuec 

1.08 

0.93 

0.896 

4.50 

6.58 

0.550 

54 

79 

0.030 

Exp.2 WT 

ȹsol5 

P valuec 

0.89 

0.86 

0.629 

7.92 

8.75 

0.939 

95 

105 

0.479 

a The length and number of lesions produced in one pot containing 3 chickpea plants were 

averaged out and considered experimental unit (n = 12), lesion length in cm. 

b Lesions produced in 12 pots were assigned either to WT or ȹsol5, based on colony morphology 

and selection marker resistance during subculture. 

c P values for lesion length and lesion number were obtained by Studentôs t-tests, and P values 

for total lesion number were obtained by ɢ2 goodness of fit test. 
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Table 2-3. Lesion size (cm2) caused by Alternaria solani isolates and ȹsol5 mutants on leaves of 

potato and tomato cultivars. 

 

Strain 

Potato  Tomato 

cv. Russet Norkotah cv. Ranger Russet  cv. Moneymaker 

ALS1WT 

ALS1Dsol5 

ALS2WT 

ALS2Dsol5 

P valuea 

0.87 

0.78 

0.77 

0.65 

0.919 

0.59 

0.51 

0.47 

0.41 

0.403 

 1.06 

0.80 

1.15 

0.82 

0.611 

a Null hypothesis of no difference in mean lesion sizes produced by the wild type and mutant 

strains was not rejected by one-way ANOVA (Ŭ = 0.05) 
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Table 2-4. List of isolates examined for the presence of sol5 gene 

Isolate 
Mating  

typea 

Karyo- 

typeb 

Number of 

chromosomeb 

Geographic 

location 

Year of 

isolation 

AR19 

AR20 

AR21 

AR45 

AR51 

AR66 

AR74 

AR97 

AR116 

AR160 

AR164 

AR181 

AR208 

AR231 

AR254 

AR398 

AR415 

AR607 

AR628 

AR649 

AR735 

AR745 

AR746 

AR823 

AR827 

AR830 

AR837 

AR844 

BOYD-99 

MSR-98 
 

MAT1-2 

MAT1-2 

MAT1-1 

MAT1-1 

MAT1-1 

MAT1-1 

MAT1-2 

MAT1-1 

MAT1-1 

MAT1-1 

MAT1-1 

MAT1-2 

MAT1-2 

MAT1-2 

MAT1-1 

MAT1-1 

MAT1-1 

MAT1-2 

MAT1-1 

MAT1-2 

MAT1-2 

MAT1-2 

MAT1-2 

NA 

NA 

MAT1-2 

MAT1-2 

NA 

MAT1-1 

MAT1-1 
 

B 

B 

B 

B 

B 

B 

B 

C 

B 

B 

C 

C 

B 

A 

B 

B 

B 

B 

B 

B 

A 

A 

A 

B 

B 

B 

B 

B 

B 

B 
 

14 

14 

15 

13 

12 

12 

13 

13 

13 

12 

14 

14 

13 

13 

13 

13 

15 

13 

14 

13 

13 

14 

16 

14 

14 

14 

14 

13 

14 

14 
 

Iran 

USA, ID 

USA, ID 

Morocco 

Algeria 

Bulgaria 

Tunisia 

Itary 

Spain 

Bulgaria 
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a Mating type designation according to Barve et al. (2003). NA = not available 

b Karyotype and estimated chromosome numbers are as described in Akamatsu et al. (2012). 
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Figure 2-1. Gene replacement via split-marker strategy and PCR analysis of sol5-deletion. A. 

Schematic diagram of targeted gene replacement strategy. B. PCR analysis of A. rabiei wild-type 

isolates and their ȹsol5 mutants. Replacement of sol5 gene to hph cassette was verified in two 

independent mutants from each isolate using a primer pair, primer 5-11 and primer 5-12 

(wild-types; 2,330 bp, ȹsol5 mutants; 1,952 bp). Note that AR21ȹsol5 2-1 and AR19ȹsol5 5-2 

had heterokaryotic nuclei; both wild-type- and mutant-specific bands were amplified. C. PCR 

verification for homologous integration of the replacement fragment to the correct genomic site 

with a primer pair, primer 5-1 and HYG-R (2,179 bp). 
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Figure 2-2. Detection of metabolites in cultures of A. rabiei and Al. solani and their ȹsol5 

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

(A. rabiei), ALS1 (Al. solani) and the respective ȹsol5 mutants, indicated by observed m/z values 

with their respective retention times (in parenthesis) for each compound at the peak. 
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Figure 2-3. Expression pattern of solanapyrone biosynthesis genes. A, Time-course gene 

expression levels of sol1 and sol5 in the wild-type strain AR628 of A. rabiei on PDA. B, 

Comparison of expression levels of solanapyrone cluster genes (sol1ïsol6) between AR628 

wild-type (WT) and its ȹsol5 mutant via RT-PCR analysis. Total RNA was extracted from 9-d 

old colony grown on PDA. M = 100 bp DNA ladder marker. Total genomic DNA (gDNA) of the 

wild-type was used to compare PCR products from DNA (The size differences were due to 

presence of an intron in genomic DNA). C, Relative expression levels of sol1, sol4, and sol5 

genes in the AR628 wild-type (WT) and its ȹsol5 mutant. Quantitative RT-PCR was performed 

and the gene expression of sol genes were normalized by Actin1 expression levels in respective 

samples. Error bars are standard deviation of three biological replicates. 
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Figure 2-4. Comparison of growth phenotypes of A. rabiei and Al. solani wild-type strains and 

their respective ȹsol5 mutants. A, Representative pictures of colony morphology of wild-type 

isolates AR628 and AR19, and their corresponding ȹsol5 mutants of A. rabiei 5 weeks after 

incubation on PDA. B, Growth curves of the wild-type isolates (WT) and their corresponding 

ȹsol5 mutants on PDA. Error bars are standard deviation (n = 5). C, Representative pictures of 

colony morphology of wild-type isolates ALS1 and ALS2, and their corresponding ȹsol5 

mutants of Al. solani 3 weeks after incubation on PDA. D, Growth curves of the wild-type 

isolates (WT) and their corresponding ȹsol5 mutants on PDA. 
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Figure 2-5. Production of pseudothecia and ascospores. Genetic crosses were made either 

between wild-type strains AR628 (MAT1-1) and AR19 (MAT1-2) or between the 

solanapyrone-minus mutants AR628ȹsol5 and AR19ȹsol5 

 

 

 


