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ABSTRACT 
 

An understanding of plant pathogen-host interactions is essential to design 

efficient strategies to control disease in crops. Magnaporthe oryzae, an ascomyceteous 

fungus and causal agent of rice blast disease, is a model organism to study host-microbe 

interactions. The overall aim of this dissertation project was to identify genes involved in 

pathogenicity through the construction and characterization of a random insertional 

mutagenesis library. In order to saturate the genome with DNA inserts, a collection of 

>54,000 insertion lines of the M. oryzae strain 70-15 was generated via two 

transformation methods, PEG/CaCl2 (polyethylene glycol)-mediated protoplast 

transformation and Agrobacterium tumefaciens-mediated transformation. The first part of 

this dissertation describes the optimization of both transformation approaches, compares 

their efficiency and provides a description of the high-throughput processing and 

phenotypic analysis of the insertion lines. An in vitro appressorium assay of 12,000 T-

DNA insertion strains allowed the identification of 135 lines that were classified as 

morphologically or functionally different than wild-type. Rice infection assays 

demonstrated that 112 of these strains exhibited defects in pathogenicity. 

The second part of this dissertation project analyzed the T-DNA integration 

patterns in a subset of pathogenicity mutants. This section aimed to identify the disrupted 

genes via recovery of M. oryzae sequences adjacent to the sites of T-DNA insertion. 

Genomic mapping of 61 T-DNA insertions in pathogenicity mutants via rescuing M. 

oryzae chromosomal T-DNA flanking sequences using inverse PCR resulted in the 

identification of 22 conserved hypothetical genes with predicted function, 11 predicted 
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open reading frames without a GenBank significant match, two unannotated regions of 

the genome assembly and seven intergenic regions. The final part of this dissertation 

describes the characterization of a M. oryzae pathogenicity mutant that contains a T-DNA 

insertion in the upstream region of two divergently transcribed genes that encode the 

vacuolar type-ATPase subunit c`` and the general transcription factor TFIIA subunit γ. 

Genetic complementation demonstrated the insertion of the T-DNA in the promoter 

region of the general transcription factor TFIIA subunit γ is responsible for observed 

defects in conidiation, appressorium morphogenesis, and appressorium function. This is 

the first report relating the function of TFIIA subunit γ to pathogenicity. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

14

I. INTRODUCTION 
 

 
Rice is one of the major sources of food for approximately half of the world’s 

population (Zeigler et al., 1994; Sasaki and Antonio, 2005). It is predicted that rice will 

be a crucial crop to support the growth of the world’s population during this century 

(Smith, 1999). The International Rice Research Institute stated that between the years 

1999 and 2020 the world would have to increase the production of rice by one third in 

order to be able to feed the increasing population in only Asia (Smith, 1999). 

Magnaporthe oryzae, formerly known as Magnaporthe grisea, (Hebert) Barr. (Barr, 

1977) is a filamentous fungus that represents a major gramineous pathogen that could 

fully devastate rice crops all over the world (Couch and Kohn, 2002). For the purpose of 

this dissertation I will refer to Magnaporthe grisea as Magnaporthe oryzae. The disease 

caused by M. oryzae in rice is known as rice blast disease (Ou, 1985) and it is able to 

cause between 11% and 30% yield losses of the whole world rice production (Baker et al. 

1997). It has been reported that each year M. oryzae destroys enough rice to feed 60 

million people (Zeigler et al., 1994). Between 1975 and 1990, the rice blast disease was 

responsible for the loss of 157 million tons of rice all over the world (Veneault-Fourrey 

and Talbot, 2005). In 1995 during a disease outbreak in Bhutan, 700 hectares of rice were 

affected and the damage translated in losses of approximately 1090 tons of rice (Thinlay 

et al., 2000). 

Besides rice (Oryza sativa), over 50 hosts are known for M. oryzae. These hosts 

include finger millet, pearl millet, barley, maize, and wheat (Asuyama, 1965; Ou, 1985; 

Valent and Chumley, 1991; Urashima et al., 1993).  Blast disease of wheat has become a 
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serious problem in Brazil (Igarashi et al., 1986) and outbreaks in finger millet fields have 

led to total harvest loss when the infection occurs before grain formation (Talbot, 2003). 

Thus, blast disease continues to be a serious problem in our agricultural system, and 

better strategies are needed to prevent and control this pathogen. 

High genetic variability in pathogen field populations is one of the challenges to 

efforts to control disease and prevent epidemic outbreaks of the disease. M. oryzae 

genetic variability is one of the factors that make the development of rice cultivars with 

durable resistance to the pathogen a difficult task (Bonman et al., 1987; Orbach et al., 

1996; Shull and Hamer, 1996). The cultivars genetically bred to resist blast disease 

generally do not last more than a few years after their introduction to the fields. 

Although, the use of blast disease resistant cultivars is the primary method of controlling 

M. oryzae infections, the ability of the pathogen to overcome resistance has left no choice 

than to supplement with the use of fungicides which are expensive and damaging to the 

environment (Ou, 1980, 1985; Bonman et al., 1987; Lee, 1994; Orbach et al., 1996; Shull 

and Hamer, 1996). 

Achieving a good understanding of the interaction between host and pathogen is 

essential for future efforts improve disease resistance via both genetic engineering and 

traditional plant breeding. In the past several years, research in M. oryzae and blast 

disease has led to a great increase in the understanding of M. oryzae’s mode of action. 

Nevertheless, there is still much to learn and a lot of pieces to fit in this puzzle to fully 

understand the life style and the pathogenicity of M. oryzae.  
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Pathogenicity of M. oryzae involves several complex steps; one of them is the 

formation of a dome-shaped cell, known as an appressorium (Bourett and Howard, 1990). 

This specialized structure generates sufficient turgor pressure to provide enough physical 

force for the pathogen to mechanically breach the plant cuticle and invade host tissue 

(Howard et al., 1991a; Howard et al., 1991b; Talbot, 2003). Some of the areas that still 

require further research in order to become clearer are the interplay of signaling and 

metabolic pathways necessary to develop the appressorium. The regulation of such 

pathways and appressorium differentiation, the nature of turgor generation and the 

cellular metabolism necessary to build up such turgor pressure are areas still lacking of 

information.  The events that occur after M. oryzae penetration into the host are another 

enigmatic subject (Talbot, 2003). Gathering this information will contribute to designing 

durable disease control methods.  

M. oryzae has become a model system to study plant pathogen interactions. Because 

of the genetic amenability of M. oryzae, it is easy to work with this organism with under 

laboratory conditions. Another advantage is the availability of M. oryzae fully sequenced 

genome. Making this system even more attractive is the fact that M. oryzae is closely 

related to the non-pathogen Neurospora crassa, a model organism for the study of 

eukaryotic genetics and biology (Taylor et al., 1993). Because N. crassa has been studied 

so broadly, it provides significant cues to expand our knowledge about M. oryzae. 

The purpose of this dissertation is to contribute to the understanding of the 

mechanisms of pathogenicity using M. oryzae and rice as a model pathosystem. The 

focus of my research was directed towards the identification of new genes involved in the 
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onset of rice blast disease. To reach this goal, a random mutagenesis approach based on 

Agrobacterium-mediated transformation was taken.  A description of the approach of 

random mutagenesis and the Agrobacterium-mediated transformation is provided in the 

second section of this dissertation. The third chapter presents results regarding the 

screening and phenotypic characterization of mutants impaired in pathogenicity, and the 

rescue of T-DNA flanking regions in order to identify the disrupted genes in those 

mutants. The fourth chapter analyzes a pathogenicity mutant through a more specific 

characterization of a T-DNA between two hypothetical genes predicted to encode a 

vacuolar-H+ ATPase subunit c`` and the general transcription factor TFIIA γ subunit, 

respectively.  

This first chapter is a general overview regarding M. oryzae, blast disease and what is 

known about this system. The first part of this introductory chapter provides a review in 

basic topics concerning M. oryzae its taxonomy and evolution, blast disease 

epidemiology and management, and continues with the life cycle of the pathogen 

including sexual and asexual reproduction phases. In the next section of this chapter, I 

discuss the different steps in the infection cycle of M. oryzae. Under each of the different 

infection cycle step, I review the biological processes that take place and the role of 

previously identified pathogenicity genes. Since this dissertation includes experimental 

work involving the susceptibility of rice to different M. oryzae insertional strains, I 

discuss aspects of plant resistance and plant defense mechanisms. I provide an 

introduction to the Magnaporthe genome project and functional genomics in the interest 

of identifying pathogenicity genes. I review common approaches used to identify 
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pathogenicity genes. Finally, I present an overview of vacuolar ATPases in fungi and the 

genes involved in eukaryotic transcription factor initiation as this is the topic of two 

genes potentially important in pathogenicity, as will be discussed in the fourth chapter. 

 

1.1 Taxonomy and Evolution 

M. oryzae is a filamentous, haploid, heterothallic fungus that belongs to the 

Phylum Ascomycota, class Pyrenomycetes, order Diaporthales and family 

Magnaporthaceae. The classification of M. oryzae within the family of Magnaporthaceae 

(Cannon, 1994) places M. oryzae along with some soil pathogens. One of these pathogens 

is Gaeumannomyces graminis, the causal agent of take-all disease of cereals. The family 

also includes Magnaporthe poae a pathogen in turf grass and Magnaporthe rhizophila a 

root pathogen of wheat (Sesma and Osbourn, 2004). M. oryzae was found to be capable 

of root colonization (Sesma and Osbourn, 2004) supporting this classification.  However, 

the classification of M. oryzae and G. graminis within the Magnaporthaceae family has 

been a topic of great discussion (Taylor et al., 1993; Cannon, 1994; Rogers, 1994; 

Alexopoulos et al., 1996; Berbee, 2001; Couch and Kohn, 2002).  The classification of 

the Magnaporthe genus within the order Diaporthales has also created discussion due to 

the fact that the Diaporthales appears to be a polyphyletic group (Cannon, 1994; Rogers, 

1994).  

Magnaporthe grisea (Hebert, 1971; Barr, 1977) used to be the name that 

corresponds to the perfect form of the causal agent of the rice blast disease fungus and 

refers to the anamorph name Pyricularia grisea. M. grisea was recently changed to M. 



 
 

19

oryzae (Couch and Kohn, 2002) as will be discussed later. The anamorph name describes 

the asexual phase of the life cycle, whereas M. oryzae is used for both the sexual phase 

(teleomorph) and the full life cycle (holomorph). M. grisea (Hebert, 1971; Barr, 1977) 

was initially identified using morphological approaches, however gene genealogy data 

demonstrates the existence of two different clades among M. grisea (Couch and Kohn, 

2002). Based on the construction of gene trees using sections of actin, beta-tubulin, and 

calmodulin genes, there is a separation of two clades, M. grisea and M. oryzae (Couch 

and Kohn, 2002). It is important to note that no morphological differences have been 

found between M. grisea and M. oryzae (Couch and Kohn, 2002). According to Couch 

and Kohn (2002), the separation of the clades coincides with host preferences and 

separation into the two genetic groups that Kato et al. had described (Kato et al., 2000).  

One group consists of the Digitaria isolates identified now as M. grisea, and the second 

group, M. oryzae, includes isolates associated with rice (Oryza sativa) and other 

cultivated grasses such as Setaria, Triticium, Panicum. In support of the data, no mating 

between M. grisea and M. oryzae was observed in the laboratory (Couch and Kohn, 

2002). The Magnaporthe research community has not yet fully agreed on this 

nomenclature; however, most of the community refers to the rice blast pathogen as M. 

oryzae instead of M. grisea. For this reason, I will refer to the rice pathogen as M. oryzae 

even in the cases of literature when it was previously called M. grisea. This case 

illustrates the difficulty that exists in fungi to recognize different species. The 

morphological approach does not take into account genetically isolated species (Taylor et 

al., 2000) and the biological recognition of species is a complex task since some fungi are 
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incapable of crossing, or do not produce sexual fruiting bodies. Therefore, molecular 

phylogenetics has become a more reliable tool to identify species and study their 

evolutionary history (Taylor et al., 2000).  

It is thought that M. oryzae did not coevolve with gramineous species because, 

while comparing the phylogeny of hosts and host-specific subgroups of M. oryzae, no 

parallelism has been found (Kato et al., 2000). Data suggests that human migration and 

establishment of agriculture explains the appearance of host-specific subgroups of M. 

oryzae (Kato et al., 2000). Phylogenetic studies of Magnaporthe isolates from millet, 

rice, and other grasses have demonstrated that after the origin of the blast pathogen, a 

host shift occurred before the Green Revolution and that it could be linked to rice 

domestication. The host shift happened from rice to a Setaria species (millet), followed 

later shifts to weeds of rice and cutgrass and torpedo grass (Couch et al., 2005). 

Ascomycetes typically have a compartmentalized mycelium and a dikaryotic 

stage at some point during their life cycle (Alexopoulos et al., 1996). The main 

morphological feature that distinguishes ascomycetes is the formation of an ascus, which 

is a saclike cell structure that contains the sexual spores known as ascospores 

(Alexopoulos et al., 1996).  The ascospores are produced after meiosis by a free-cell 

formation mechanism which refers to the use of an enveloping membrane system around 

the ascus nucleus (Alexopoulos et al., 1996). In M. oryzae, the ascospores are three-celled 

and each ascus holds eight ascospores.  Several asci are contained inside a fruiting body 

called an ascocarp (Alexopoulos et al., 1996). In M. oryzae, the ascocarps are perithecia 

which are flask-shaped structures with a pore on the top that allows the ascospores to 
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disseminate at maturity (Alexopoulos et al., 1996). M. oryzae reproduces asexually by the 

formation of three-celled conidia in a blastic sympodial manner (Figure 1.1) 

(Alexopoulos et al., 1996; Lau and Hamer, 1998). The asexual cycle is covered in detail 

later in this introductory chapter. 

 

1.2 Blast disease epidemiology and management 

The first report of rice blast disease occurred in 1637 in China and today the 

disease is found almost anywhere in the world where rice is grown as a crop (Ou, 1980; 

Alexopoulos et al., 1996; Lau and Hamer, 1998; Correll et al., 2000). It is reported that 

the rice blast fungus has spread to at least 85 countries in the world (Greer and Webster, 

2001). In some parts of the world the pathogen can cause over 50% yield loss (Ou, 1985). 

In the United States, rice blast has been found in South Carolina, Louisiana, Arkansas, 

Texas, Florida, Mississippi, Hawaii and more recently in California (Greer and Webster, 

2001). In the southern part of the country, where rice blast is considered endemic, the 

disease can result in yield reductions of 20 to 60% (Marchetti et al., 1976; Greer and 

Webster, 2001). Infection on the leaf, known as leaf blast, is characterized by visible, 

large, oval-shaped lesions (Figure 1.2). Infection of the base of the grain inflorescence is 

called neck blast (Figure 1.3) and is the major cause of yield loss (Talbot, 2003). Some of 

the weather conditions that increase the risk of disease development are: 1) long periods 

of leaf wetness (longer than four hours), 2) relatively high humidity ≥89%, 3) 

temperatures oscillating between 17ºC and 28ºC, with the optimal temperature range  
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Figure 1.1. Life cycle of M. oryzae including sexual and asexual reproduction, and 
infection cycle. Reprinted with permission from Nature, Volume 434:980-986 by Dean et 
al. 2005, by © Nature Publishing Group, www.nature.com. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

23

being from 25ºC to 28ºC (Greer and Webster, 2001). The primary inoculum of M. oryzae 

can be secondary host and/or crop residue (Lee, 1994). It is not clear if infested seeds are 

a major factor in the epidemics of rice blast disease, with horizontal rather than vertical 

transmission thought to be the most important (Lamey, 1970; Zeigler et al., 1994). It has 

been reported that infection from seed to seedling can occur under certain conditions 

(Lamey, 1970). 

Rice blast disease is a problem that has been very difficult to manage in spite of 

efforts (Talbot, 2003). One of the reasons of why the disease is so serious is that there is 

significant genetic diversity of the pathogen, so maintaining resistance in cultivated rice 

varieties has been a challenging task (Bonman et al., 1987; Xia et al., 1993; Orbach et al., 

1996; Shull and Hamer, 1996; Xia et al., 2000). Because host genotypic resistance is so 

far the most effective mean of managing blast disease, it is thought that efforts should 

include increasing genetic diversity in rice for example by using interspecies crosses 

(Leung et al., 2003). In the past it has been proven that the most efficient solution to limit 

the disease is via resistant cultivars produced by marker-assisted breeding (Chao et al., 

1999; Jena et al., 2006). The best option to create resistant cultivars for rice blast disease 

is plant genetic engineering. One of the advantages of this method is that transgenic 

plants will contain the trait of interest but the genetic background of the rice is 

maintained. The use of nonhost plant resistance within a host species has been attempted 

in rice breeding programs (Heath et al., 1990). This involves the production of 

nonspecific defense components in transgenic plants (Heath et al., 1990). The nonhost  
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Figure 1.2. Appearance of rice blast symptoms in leaves. From 
http://www.apsnet.org/education/AdvancedPlantPath/Topics/cultivarmixtures/Images/Ric
eblast.jpg 
 
 
 

 

 

 
 
 
 
 
 
 
 
 



 
 

25

 
 

 
Figure 1.3.  Rice blast disease symptoms.  
 
A. Neck rot and panicle blast.  
 
B. Collar rot.  
 
Modified from http://www.plantsciences.ucdavis.edu/uccerice/AFS/agfs0297.htm 
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plant resistance approach has had some success and it appears that nonhost resistant is 

long lasting (Heath et al., 1990). One example of improvement of resistance via 

transgenic rice is the introduction of the cecropin A gene, which encodes an antimicrobial 

peptide from the giant silk moth. These transgenic plants showed enhanced resistance to 

rice blast (Coca et al., 2006). 

Fungicides are commonly used and normally effective but their usage is linked to 

the risk of developing resistance and the health and environmental problems that are 

unavoidable (Lee and Dean, 1993). It must also be taken into consideration that chemical 

control is expensive so it is not always accessible to farmers (Lee and Dean, 1993). The 

first fungicide to control blast disease dates back to 1915 (Froyd and Froeliger, 1994), so 

there is a long history of chemical production aiming to battle the blast fungus. Some of 

the fungicides that have been used to control rice blast include copper salts, 

pentachlorobenzyl alcohol (Blastin), organophosphates (Hinosan and Kitazin), and some 

antibiotics like blasticidin S and kasugamycin (Bass et al., 1981). Chemicals that have 

been found useful to control the pathogen act by preventing spore adhesion (zosteric 

acid) or target the fungal membrane stability (Ferimzone, IBP, Edifenphos, and 

Isoprothiolane) or activating plant defense (Probenazole) (Inoue et al., 1987; Froyd and 

Froeliger, 1994; Stanley et al., 2002). Other chemicals such as tricyclazole, pyroquilon 

and fthaline act by blocking melanin biosynthesis (Froyd and Froeliger, 1994; Jordan et 

al., 2001). Potential use of biological methods to control blast disease is promising on the 

finding of antagonistic organisms such as Trichoderma, Chaetomium and 

Micromonopora (Sy et al., 1994). Although, more progress needs to be achieved in this 
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area, biological control certainly represents an option that might be available in the future 

to integrate with other disease management strategies. 

In addition to the previous disease management methods, cultural control 

recommends against using soils with high nitrogen content because they make the rice 

more susceptible to blast (Snoeijers et al., 2000). Rice treatment with silicon has proven 

to be beneficial because it is thought to strengthen plant cells, thus reducing fungal 

penetration (Rodrigues et al., 2003). Also silicon reduces conidiation of the pathogen 

(Seebold et al., 2001). Other strategies to control blast disease are necessary and basic 

research will be essential to provide the framework to design such approaches. 

 

1.3 Life cycle 

The life cycle of M. oryzae involves both asexual and sexual reproduction (Figure 

1.1). Asexual propagation can be initiated following standard laboratory procedures. 

Asexual spores (conidia) are easy to collect and are used in rice or barley infection assays 

to evaluate virulence. Although the sexual cycle is rarely observed under field conditions, 

in the laboratory the sexual cycle can be induced using specific culture conditions (Valent 

et al., 1986). These are some of the characteristics that have made M. oryzae an attractive 

system to perform genetic analysis and molecular biology.  

 

1.3.1 Asexual life cycle 

The asexual cycle initiates when hyphae undergo conidiogenesis which is the 

developmental process that gives rise to the formation the asexual spores known as 
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conidia (Figure 1.1; Figure 1.4). During conidiation, terminally branched aerial hyphae 

called conidiophores are formed and conidia are produced at the apex of the hyphae 

(Hamer et al., 1988; Dobinson and Hamer, 1992). The mature conidia have a pyriform 

shape and mostly consist of three cells, although occasionally they have two cells. 

Attachment between the conidiophore and the conidium is mediated by a basal 

appendage. The conidiophores emerge from the infected tissue using natural openings in 

the leaf such as stomata, or breaking through the host cuticle (Howard and Valent, 1996).  

A chemical and insertional mutagenesis analysis aiming to study sporulation 

mechanisms in M. oryzae identified several genes involved in conidiogenesis (Zeigler et 

al., 1994; Shi et al., 1998). One of the genetic loci involved in spore morphogenesis is 

SMO1 (for spore morphology). Mutations in SMO1 resulted in aberrantly shaped conidia, 

but production of normal number of spores (Hamer et al., 1989). Mutations in the gene 

Con1 produced a strain that is non-pathogenic. Con1 strains have a very slow growth 

rate, and produce aerial hypha that only bear a terminal elongated conidium instead of a 

cluster of 4-5 conidia (Zeigler et al., 1994). Also, conidia of con1 strains do not produce 

normal appressoria and their injection into the leaf sheath still not cause infection 

(Zeigler et al., 1994). A different locus designed Con2, which is genetically linked to 

Con1, was found to be important in conidiogenesis as well. The Con2 mutant fails to 

develop conidia, with the conidiophores only producing swollen hyphal tips. In contrast 

to the Con1 strain, the con2 mutant has a normal growth rate and normal colony  
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Figure 1.4. Conidium and spore tip mucilage in M. oryzae.  
 
A. Conidiophore bears a conidium displaying spore tip mucilage (stm).  
 
B. Conidium is attached to the surface by the spore tip mucilage.  
 
Reprinted with permission from Annual Reviews of Microbiology, Volume 50:491-512 
(Howard and Valent, 1996) by © Annual Reviews Inc. www.annualreviews.org  
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morphology (Zeigler et al., 1994). Other loci, Con3-Con7, are also involved in 

sporulation (Shi and Leung, 1994). Another locus that affects spore and germ tube 

morphology is called ACR1 (acropeta1). ACR1 is a stage-specific negative regulator of 

conidiation (Lau and Hamer, 1998). Acr1 mutants do not develop normal appressoria 

either. Because conidiation is an essential step in the infection cycle of the fungus, any 

mutation that affects conidiophore formation or sporulation, either in spore density or 

morphology, affects pathogenicity. It is worthwhile to mention that comparisons between 

conidiogenesis and appressorium morphogenesis show striking parallels between the two 

processes (Talbot, 2003) which encourages one to continue research in both areas to 

define the extent of these similarities.      

Formation of aerial structures in fungi living under aqueous environments or high 

humidity involves the production of fungal hydrophobins. Hydrophobins are a 

widespread protein family in filamentous fungi and are commonly found on surface of 

fungal spores, aerial hyphae, fruiting bodies and in infection structures (Kershaw, 1997; 

Talbot and Foster, 2001). Fungal hydrophobins are small secreted hydrophobic proteins 

that respond to external environmental cues (Wessels, 1996). Hydrophobins typically 

contain eight cysteine residues with conserved spacing within their amino acid sequence. 

This spacing between the cysteine residues and the arrangement of hydrophobic and 

hydrophilic amino acids are the basis of the classification of hydrophobins in two classes 

(Talbot and Foster, 2001). Hydrophobin class I is characterized by being very insoluble 

and stable in detergent and ethanol. Class II hydrophobins are soluble in detergent and 

ethanol (Wosten, 2001).  



 
 

31

Hydrophobins self-assemble at air-water, or hydrophobic-hydrophilic interfaces, 

forming an amphipathic membrane-like structure. This property is what makes these 

proteins able to serve many roles in fungi. Mutation of a hydrophobin in Schizophyllum 

commune resulted in a strain deficient in aerial hyphae production (vanWetter et al., 

1996) and attachment to hydrophobic surfaces (Wosten et al., 1994). It is proposed that 

the mechanism via which hydrophobins facilitate aerial hyphal growth is by lowering the 

surface tension, allowing the hyphae to grow into the air (Figure 1.5) (Talbot and Foster, 

2001). Hydrophobins contribute also to the formation of infection structures. In M. 

oryzae the role of hydrophobins in conidial attachment and developmental processes has 

been characterized (see Infection cycle section) (Talbot and Foster, 2001). 

In the field, secondary infection by M. oryzae conidia has been observed to occur 

during the night when the spores are released, with the concentration of released conidia 

peaking between 12 am to 7 am or before sunrise. The release of spores stops at sunrise 

(Barksdale and Asai, 1961; Kim et al., 1990; Talbot and Foster, 2001; Lee and Bostock, 

2006). This change in the pattern of spore release was often explained to be due to 

humidity conditions, however recent data points out that light conditions could be a factor 

in determining the mechanism of conidial release. A study regarding the influence of 

light in asexual development reported that in M. oryzae, blue light in a light/ dark cycling 

environment suppresses the formation of aerial hyphae and conidiation (Lee and Bostock, 

2006). Additionally they reported that blue and red light condition mycelia to respond to  

the following darkness to promote spore release. These experiments provide evidence of 



 
 

32

  
Figure 1.5. Role of hydrophobins in production of aerial hyphae in M. oryzae. Diagram 
shows hydrophobin self-assembly coating the fungal hyphae, which decreases surface 
tension and allows the hyphae to become erect. Reprinted with permission from 
Advances in Botanical Research, Volume 34:263-287 (Talbot and Foster, 2001). 
©Elsevier. www.elsevier.com. 
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a complex light regulation of asexual development and conidia release in M. oryzae (Lee 

and Bostock, 2006). The conidia are dispersed by air and water droplets. After dispersal, 

conidia attach very tightly to the host surface or mostly any hard surface available. Soon 

after adhesion, the conidium germinates. Attachment to the surface is mediated by 

secretion of spore tip mucilage that is release when the apical cell wall opens up after 

hydration (Figure 1.4) (Hamer et al., 1988; Howard and Valent, 1996; Solomon et al., 

1999). This mucilage allows the formation of a sticky pad on the host surface from which 

the spore attaches at the apex (Braun and Howard, 1994; Howard and Valent, 1996; 

Brown and Holden, 1998). Isolation of the spore tip mucilage revealed contents such as 

protein, lipid and carbohydrate like α-1,2-mannose disaccharide. The spore tip mucilage 

contains α- linked glucosyl and/or mannosyl residues, which bind to the plant lectin 

concavalin A (Howard and Valent, 1996). It has been calculated that detachment of the 

conidium would require a force of approximately one µNewton (Gerbeaud et al., 2001). 

Hydration is required to break dormancy and induce germination of the conidium 

(Tucker and Talbot, 2001). Germination initiates by the emersion of the germ tube from 

either the basal or apical cell of the spore, although occasionally germination from the 

middle cell can be observed. Germination starts within 30 minutes after contact with a 

substrate or surface (Bourett and Howard, 1990; Howard and Valent, 1996), though 

contact with a substrate is not essential (Jelitto et al., 1994).  

Development and growth in any living cell will involve a coordinated integration 

and transduction of external signals that will induce a response in the cell. Calcium is an 

important molecule for intracellular signaling to be able to respond to extracellular cues. 
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Although calcium is not required for conidium germination (Lee and Lee, 1998), calcium 

signaling seems to be essential for later developmental processes as will be discussed in 

the infection cycle section.  A null mutation in a neuronal calcium sensor 1/frequenin-like 

(Mg-NCS-1), gene in M. oryzae led to a strain in which normal growth is suppressed by 

low pH and high calcium concentrations (Saitoh et al., 2003). A comparative genomic 

analysis of the calcium signaling machinery between N. crassa, M. oryzae, and S. 

cerevisae revealed that N. crassa and M. oryzae have more complex calcium-signaling 

machinery than S. cerevisae (Zelter et al., 2004). This highlights the multiple processes in 

which calcium might be involved and that are still unknown. cAMP is one of the 

signaling molecules that plays a role in development after germination and it will be 

described in more detailed under the infection cycle section regarding the formation of 

appressorium. Inhibition of adenylate cyclase (MAC1), or downstream kinases like 

protein kinase A (CPKA), and a MAP kinase (PMK1) results in delayed germination and 

abolishes posterior developmental events (Figure 1.6) (Choi and Dean, 1997). In the 

absence of cues for the germ tube to differentiate infection structures, the germ tube 

continues to elongate by polarized tip growth and branches sub-apically thus colonizing 

the environment adjacent to the conidium.  

Endocytosis provides an efficient mechanism to internalize plasma membrane 

proteins, lipids and molecules coming from external environments. Thus, this process is 

critical for various cellular functions (Atkinson et al., 2002). In filamentous fungi 

endocytosis is important for hyphal tip growth (Read and Hickey, 2001; Read and 

Kalkman, 2003). In M. oryzae, endocytosis also occurs in ungerminated conidia, however  
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Figure 1.6. M. oryzae signal transduction pathways and molecules involved in 
differentiation of the appressorium. Physical external cues such as surface hardness, 
hydrophobicity and nutritional conditions are sensed and transduced across the plasma 
membrane, thus activating a number of pathways responsible for differentiation and 
maturation of the appressorium. The cAMP response pathway is also involved in 
carbohydrate and lipid metabolism required to build up turgor pressure in the 
appressorium. Reprinted with permission from Annual Reviews of Microbiology, 
Volume 57:177-202 (Talbot, 2003) by © Annual Reviews Inc. www.annualreviews.com. 
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hydration of the spore induces an increase in endocytic processes within 2 -3 minutes, 

and endocytosis is more active in either of the two cells that normally germinate 

(Atkinson et al., 2002). Endocytosis carries on through germination (Figure 1.7) 

(Atkinson et al., 2002). The role or roles of this process are not understood, however it 

has been proposed that endocytosis could 1) maintain the balance of plasma membrane 

around the spore and the tip of germ tube, 2) be used to generate vacuolar membranes, 3) 

transport membrane proteins and lipids that need to be degraded to lytic compartments 

such as the vacuole, 4) recycle membrane proteins and lipids, 5) import host signal 

molecules (Atkinson et al., 2002). 

 

1.3.2 M. oryzae sexual life cycle and population structure 

M. oryzae is a hermaphroditic, heterothallic (self-incompatible) ascomycete. The 

main characteristic of members classified under the phylum Ascomycota is the formation 

of asci during the sexual cycle of the fungus (Figure 1.1). The ascus is a sac-like 

meiosporangium that contains spores produced during meiosis. The mycelial 

ascomycetes like M. oryzae commonly form fruiting bodies called ascocarps. The 

development of ascocarps is a complex process that involves multiple genes and specific 

environmental cues (Nolting and Poggeler, 2006).  

The sexual cycle of filamentous ascomycetes initiates from a partially septate, 

haploid hyphal network that differentiates female reproductive structures called 

ascogonia that are fertilized by male structures, which can be conidia, or spermatia,  
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Figure 1.7. Confocal images of a conidium stained with endocytic marker FM4-64 
during germination.  
 
A. Internalization of membrane selective dye FM 4-64 showing spherical and tubular 
components of the vacuolar system. Bar = 5 µm. 
 
B. Progress of conidium staining with FM 4-64, first fluorescence is observed in the 
plasma membrane, secondly it appears in small mobile vesicles (< 0.5 µm of diameter) 
and apical vesicle cluster, thirdly the dye localizes in membrane-bound organelles, later 
fluorescence is appears in septal plasma membrane and lastly the dye reaches the 
spherical and tubular vacuoles. Numbers indicate minutes after the addition of the dye, 
which was added at 45 min after conidial hydration. Bar = 5 µm.  
 
Reprinted with permission from Fungal Genetics and Biology, Volume 37:233-244 
(Atkinson et al., 2002) by © Elsevier. www.elsevier.com.  
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antheridia (Coppin et al., 1997; Nolting and Poggeler, 2006). Regulation of mating is 

controlled by a single mating-type locus that contains genes that encode putative 

transcription factors that could serve as transcription regulators of pheromone production 

and reception. In general, the mating-type locus is found in the mating partner as an 

idiomorph, a non-homologues DNA sequence and gene set at the same chromosomal 

position (Metzenberg and Glass, 1990; Coppin et al., 1997). Sexual mating compatibility 

in M. oryzae is governed by the presence of two alleles of the mating type locus MAT1. 

Thus, association between M. oryzae isolates MAT1-1 and MAT1-2 is required to achieve 

sexual reproduction. 

Sexual reproduction involves the fertilization of the ascogonia by nuclei from the 

male structure in order to combine two compatible nuclei in the same cell. M. oryzae 

forms the ascogonium and produces a trichogyne, a specialized hyphal structure that 

receives the male nucleus facilitating plasmogamy and pairing of nuclei of opposite 

mating type. The nuclei in pairs (stable dikaryon) divide synchronously in the 

ascogynous hyphae, which form a hook at its tip, known as crozier hook. The crozier 

hook starts developing into an ascus mother cell, where later karyogamy occurs. 

Immediately after karyogamy, meiosis takes place, followed by mitosis to generate eight 

nuclei that will be the genetic material of eight ascospores. Many asci are produced in 

each perithecium (Nolting and Poggeler, 2006). In M. oryzae, sexual development takes 

approximately 21 days. Sexual reproduction is known to be affected by several 

mutations. In M. oryzae, mutations in genes encoding G protein α subunits, like MagA 

and MagC, result in strains that are unable to produce ascospores (Liu and Dean, 1997). 
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Mutation of genes magB (another G protein α subunit), mac-1 (an adenylyl cyclase), and 

mps-1 (a MAP kinase) led to strains that were female sterile and did not form perithecia 

(Choi and Dean, 1997; Liu and Dean, 1997; Xu et al., 1998). 

The M. oryzae sexual stage was first reported by Hebert (Hebert, 1971) after 

successfully mating two crabgrass isolates known as Pyricularia grisea Sacc. Hebert then 

described Ceratosphaeria grisea as the name for the perfect form of the fungus. Further 

mating studies demonstrated that the morphology of crosses between Pyricularia spp. 

from rice and grasses was identical to the Magnaporthe spp. Subsequently, the 

Ceratosphaeria name was rejected, and the teleomorph name of Pyricularia was called 

Magnaporthe (Barr, 1977) 

Female fertility in M. oryzae is determined by multiple loci (Kolmer and 

Ellingboe, 1988; Valent and Chumley, 1991). M. oryzae field isolates vary in their 

fertility and this feature correlates with their host of origin. Most pathogen field isolates 

are female sterile (Leung et al., 1988; Kumar et al., 1999), while weeping lovegrass, 

goosegrass, and finger millet pathogen field isolates are usually fertile hermaphrodites 

(Kato et al., 1976; Yaegashi, 1978; Yaegashi and Udagawa, 1978; Valent et al., 1986; 

Kolmer and Ellingboe, 1988).  These observations suggest that the infertility of rice 

isolates is a consequence of clonal growth as would be promoted by agriculture, where a 

single host genotype is densely planted (Orbach et al., 1996; Zeigler, 1998). Under such 

circumstances, clonal reproduction is favored, and loss of the genome architecture for 

sexual development and recombination may be expected to occur (Orbach et al., 1996; 

Zeigler, 1998).  
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The M. oryzae sexual stage has not been observed in the field, perhaps this is 

explained by the lack of female fertile isolates in most rice fields. This lack of availability 

of fertile rice pathogenic strains forced researchers to develop a number of 

hermaphroditic laboratory strains that are able to infect rice by crossing female fertility 

from isolates from other grasses into rice pathogens (Valent et al., 1986; Kolmer and 

Ellingboe, 1988; Leung and Taga, 1988; Valent and Chumley, 1991). The creation of 

such strains has facilitated the genetic analysis of M. oryzae pathogenicity on rice 

contributed to make M. oryzae and rice a great model for molecular Plant Pathology. 

Although the sexual stage has not been found in nature, there is evidence that 

suggest that MAT1-1 and MAT1-2 idiomorphs occur in the field at same time (Valent and 

Chumley, 1991). Co-inoculation of healthy standing rice with compatible M. oryzae 

strains led to the production of perithecia on rice tissue (Hayashi et al., 1997). Also, 

perithecia can be formed on dead rice tissue if the tissue is kept in a humidity chamber 

(Hayashi et al., 1997). This data suggests that it is quite possible that the sexual stage 

could occur in the fields if fertile isolates were present. Additional evidence supporting 

this hypothesis comes from studying repeat induced point mutations (RIP) in M. oryzae. 

RIP and RIP-like mechanisms are thought to be a strategic means for fungi to defend 

themselves against transposable elements. RIP detects DNA duplications and causes 

genetic changes by C:G to T:A transitions in those duplicated sequences during a specific 

period in the sexual cycle. In M. oryzae a RIP-like mechanism was found to occur only 

during the sexual stage and to share most of the characteristics typical of RIP events, but 

most interestingly a collection of field isolates that were analyzed contained RIP-like 
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transitions, suggesting that M. oryzae has undergone sexual reproduction in the field 

(Ikeda et al., 2002).  

Most M. oryzae populations have clonal backgrounds and population genetic 

analyses have identified several clonally derived lineages that differ genetically (Levy et 

al., 1991; Levy et al., 1993; Jargeat et al., 2003; Talbot, 2003). Although asexual 

reproduction is predominant in this pathogen, it exhibits high diversity (Zeigler et al., 

1994). Many distinct races of the pathogen have been reported from all over the world 

(Bonman et al., 1986). Hybridization experiments carried out using repeated DNA 

fragments revealed high level of polymorphisms among M. oryzae strains (Shull and 

Hamer, 1996). Additionally, electrophoretic analysis of strain karyotypes demonstrated 

variation in chromosome numbers and sizes (Talbot et al., 1993a; Orbach et al., 1996). In 

the laboratory, the genetic variability of M. oryzae has been correlated with high levels of 

genetic instability reflected in the great variability of traits such as pathogenicity, 

morphology and fertility (Valent and Chumley, 1991). The question whether such genetic 

instability occurs in the field and the consequences in the generation of new pathogenic 

lineages is an unresolved topic (Ou and Ayad, 1968; Latterell and Rossi, 1986; Bonman 

et al., 1987; Levy et al., 1991; Levy et al., 1993). 

Rice agricultural practices have definitely played a role in the population structure 

of M. oryzae. In the United States, the existence of very few easily defined genotypic 

groups of M. oryzae indicate a clonal population structure. Because rice is a relatively 

recently introduced crop in this country and disease control is mostly managed by 

breeding techniques, it is thought that these conditions have imposed an enormous 
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selective pressure on the M. oryzae populations, thus explaining why there are so few 

pathogen lineages in the United States (Talbot, 2003). Contrary to this situation, in Asia 

where there are many traditional rice cultivars present in the fields and such cultivars 

have been in use for a very long time, M. oryzae populations have remained more diverse 

probably because the abundance of rice cultivars have prevented clonal expansion of a 

few lineages. Still, M. oryzae populations in Asia mainly propagate clonally (Talbot, 

2003).  

Data indicates that before rice became a worldwide crop sexual recombination 

played a role in variability of M. oryzae at the place of rice origin which is also the place 

of M. oryzae origin (Talbot and Foster, 2001). The Northeast and North regions of 

Thailand are believed to be part of the center of domestication of rice (Mekwatanakarn P. 

et al., 1999). In the Himalayas and part of China, both MAT1 idiomorphs of M. oryzae are 

present indicating that sexual reproduction likely occurred in the past and could still be 

taking place (Kumar et al., 1999). Research focused on genetic diversity levels, 

determined the presence of gametic equilibrium between MAT1-1 and MAT1-2, which is 

predicted in a population undergoing sexual reproduction (Kumar et al., 1999). 

Considering all the previous mentioned evidence, it can be concluded that sexual 

recombination has been an important part of the ancestral populations of M. oryzae. It is 

also likely that sexual reproduction is important when the pathogen encounters genetic 

diversity in non-crop grasses. 

An alternative method to introduce genetic variation is parasexual recombination. 

Parasexual recombination has been determined in rice isolates under laboratory 
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conditions, and it theoretically could be occurring in the field (Zeigler, 1998). Perhaps 

mechanisms other than the ones driven by Mendelian inheritance are responsible for M. 

oryzae genetic variation (Kistler and Miao, 1992). For example, the presence of 

dispensable chromosomes and transposable elements in M. oryzae could account for 

some of the genetic diversity and changes in rice cultivar specificity. 

 

1.3.3 Infection cycle 

M. oryzae is able to infect rice plants at any growth stage causing panicle blast, 

neck blast, nodal blast, leaf blast or collar rot (Figure 1.3 and 1.4) (Webster and P.S., 

1992). The consequence of developing leaf lesions is the reduction of green leaf area 

which translates into loss of productivity and the risk that the whole plant can be 

destroyed based on leaf lesions. However, the symptoms that are the most problematic in 

the field, in terms of affecting productivity, are neckblast and panicle infection since 

these prevent seed production (Roumen et al., 1992). 

The M. oryzae infection cycle is divided into the following stages: A) pre-

penetration which consists of conidium attachment and germination, appressorium 

formation and maturation B) penetration into the host C) colonization and D) sporulation 

(Figure 1.8) (Talbot, 2003). It is important to unravel the different processes that drive 

each of these infection stages as each point during the cycle represents a potential target 

for controlling disease. In the next sections, I will provide an overview of each of the 

infection cycle stages. 
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Figure 1.8. Infection cycle of M. oryzae.  
Modified from www.ibwf.de/funagro_index.htm#modelorganism  
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A. Conidium attachment and germination 

The infection initiates with dispersion of primary inoculum, the conidia as 

described previously. Dispersal of conidia occurs through wind and/or splashing water 

(Hamer et al., 1988). When the spore lands on the leaf surface it attaches via the spore 

mucilage (Hamer et al., 1988). Conidial attachment to the host is also facilitated by 

hydrophobins that increase the wetability of the plant cuticle (Figure 1.5) (Xiao et al., 

1994). The protein MPG1 is one of the hydrophobins that contribute to the spore surface 

attachment and was found to self-assemble in between the host cuticle and the pathogen 

(Talbot et al., 1993b; Talbot et al., 1996). Another hydrophobin playing a role in conidial 

attachment is MHP1. This protein is highly expressed during plant colonization and 

conidiation. A gene replacement of MHP1 results in defects in conidiation, conidial 

germination, appressorium differentiation and infectious hyphae growth (Kim et al., 

2005).  

Within an hour after attachmen, the spore germinates producing a germ tube that 

quickly grows on the surface (Figure 1.8).  Hydration is necessary to induce conidial 

germination (Tucker and Talbot, 2001). Based on uptake of fluorescent marker dyes by 

M. oryzae ungerminated conidia and germ tubes, it has been proposed that endocytosis 

plays an important role in spore germination and growth of the germ tube (Atkinson et 

al., 2002). The germ tube can emerge from any of the three cells forming the conidia and, 

on occasion more than one tube can be observed coming out from different cells. Germ 

tube growth, like hyphal growth, occurs in a polar manner and within two hours it starts a 

process referred to as “hooking” in which the germ tube tip is projected towards the host 
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surface and starts swelling to initiate appressorium differentiation (Bourett and Howard, 

1990). The germ tubes of M. oryzae vary in length from 1 to 100 µm (Jelitto et al., 1994). 

Four to eight hours after germination, the hook-like swelling in the tip of the germ 

tube enlarges and becomes delimited by a basal septum.  Movement of cytoplasm 

differentiates this terminal cell into a penetration structure called an appressorium (Figure 

1.8) (Bourett and Howard, 1990). Appressorium development occurs in response to 

physical and chemical cues such as surface hardness, hydrophobicity (Lee and Dean, 

1994) and the presence of cutin and lipid monomers on the surface (Talbot, 2003). There 

is also evidence indicating that integrins participate in the development of the 

appressorium. Integrins are membrane proteins that bind to Arg-Gly-Asp (RGD) peptides 

and proteins containing an RGD motif such as vitronectrin and fibronectrin.  Initially it 

was reported in Uromyces appendiculatus, that treatment of germinating spores with 

RGD peptides could result in inhibition of appressorial formation (Correa et al., 1996). In 

M. oryzae the existence of integrins is supported by positive results obtained in 

immunoblot analysis with polyclonal antisera to H. sapiens vitronectrin and fibronectrin. 

Treatment of M. oryzae spores with such polyclonal antisera led to lack of spore 

attachment and appressorium formation (Tucker and Talbot, 2001). 

Although a change in cytosolic pH has been proposed to play a role in 

developmental changes in some fungi (Kaur and Mishra, 1994), does not appear to be 

important for appressorium development in M. oryzae (Jelitto, 1999), as results were 

contrary to the predictions of pH signaling. No change was found in the cytosolic pH (pH 

7.2 ± 0.1) during germination and differentiation of the appressorium (Jelitto, 1999). 
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B. Appressorium formation and maturation 

The appressorium is a dome-shaped cell that, during maturation, develops a 

melanized thick wall and contains an high turgor pressure that can reach up to 8 MPa 

(Figure 1.9, Figure 1.10). This pressure provides enough mechanical force to breach the 

plant cuticle (Howard et al., 1991b). The high turgor pressure is maintained due to the 

small size of pores present in the melanin layer. The pores make outward diffusion of the 

active osmolyte, glycerol (MW: 92.1), impossible, however the pores are large enough to 

allow osmotic inward movement of water (MW: 18) (Figure 1.10). It has been calculated 

that the size of the pores in the melanin layer are smaller than 1 nm (Howard et al., 

1991b; Money, 1995). 

In order to form appressoria, a series of complex steps in signal transduction must 

occur. The conservation of signal transduction in eukaryotes is well established (Figure 

1.6) (Tucker and Talbot, 2001). In M. oryzae, the initial step of signal perception involves 

the receptor PTH1 in the plasma membrane; PTH1 mutants cannot sense surface 

hydrophobicity and are not capable of differentiating appressoria (DeZwaan et al., 1999). 

Heteromeric G proteins are cell membrane-bound components of a signal transduction 

pathway and consist of three subunits: Gα, Gβ and Gγ. The Gα subunit is responsible for 

the exchange of GDP for GTP upon protein activation through binding of a signal ligand 

to a receptor located in the cell surface (Fang, 2000). The Gα subunit then dissociates 

from the other two subunits, Gβ and Gγ, allowing  them  to  target  downstream  pathway 
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Figure 1.9. M. oryzae mature appressorium adhered to surface. Co: conidium; Gt: Germ 
tube. Reprinted with permission from Annual Reviews of Microbiology, Volume 50:491-
512 (Howard and Valent, 1996) by © Annual Reviews Inc.  www.annualreviews.org. 
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Figure 1.10. Diagram of the formation of the M. oryzae appressorium and penetration 
peg. Reprinted with permission from Trends of Microbiology, Volume 3:9-16 (Talbot, 
1995) by © Elsevier. www.elsevier.com. 
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components such as protein kinase cascades, phosphodiesterases, adenylate cyclases, and 

phospholipases (Figure 1.6) (Fang, 2000). There is evidence that the Gα subunit MAGB, 

part of a heteromeric G protein, also contributes to this process.  MagB mutants do not 

differentiate appressoria and the germ tubes fail to respond to the contact with the surface 

and to hook (Liu and Dean, 1997).  

Signal transduction occurs via cAMP since mutations in Pth1 can be 

complemented by with treating exogenous cAMP (DeZwaan et al., 1999). The membrane 

bound enzyme, adenylate cyclase, responsible for synthesis of cAMP from ATP is 

encoded by the gene MAC1 (Figure 1.6). Mac1 mutants are unable to form appressoria, 

and they are non-pathogenic (Choi and Dean, 1997). As in the case of ∆pth1 strain, the 

wildtype phenotype of ∆mac1 and ∆magB can be rescued by adding cAMP (Choi and 

Dean, 1997; Liu and Dean, 1997). One of the effects of the cAMP-dependent protein 

kinase cascade that has been demonstrated is to positively regulate the hydrophobin 

MPG1 (Lau and Hamer, 1996). 

The cAMP signal is transmitted by protein kinase A and phosphorylation of other 

proteins. In M. oryzae the CPKA gene (Figure 1.6) encodes a catalytic subunit of protein 

kinase A. Unlike ∆mac1 mutants, ∆cpkA strains still differentiate appressoria, although in 

a delayed manner, and the resulting appressoria are smaller than wildtype strain. These 

appressoria are unable to penetrate the host, thus cpkA mutants are also non-pathogenic. 

The defect of ∆cpkA strains can be overcomed by inoculating on wounded leaves (Xu et 

al., 1997). cAMP binds to SUM1, the regulatory subunit of protein kinase A, causing 

CPKA to separate from SUM1 and become active perhaps to phosphorylate a 
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transcription factor. In addition to cAMP, data suggest that diacylglycerol and inositol-

1,4-5 triphosphate represent second messengers linking Ca2+ and calmodulin-dependent 

protein kinase signaling to M. oryzae pathogenicity (Thines et al., 1997; Liu and 

Kolattukudy, 1999). In support of this idea, the ∆pth1 strains defect can be 

complemented by adding diacylglycerol (DeZwaan et al., 1999). 

The mitogen activated protein kinase (MAPK) module operating downstream of 

the cAMP signal in M. oryzae has been the subject of numerous studies and linked to 

appressorium development (Figure 1.6). This module consists of three protein kinases 

necessary to transmit the signal via phosphorylation events and in some cases the protein 

kinases are held and gathered by a scaffold protein. MAPKKK or sometimes referred as 

MEKK activates the second component protein, MAPKK or MEK, and this activates 

MAPK the third component. MAPKs usually target transcription factors, thus leading to 

changes in gene expression, which translates to a cellular response to the signal sensed at 

the host surface. The MAPK pathways regulate several cell processes including mating, 

cell integrity, hyperosmotic stress adaptation, ascospore formation, and transition to 

filamentous growth (Herskowitz, 1995; Gustin, 1998). Three MAPK genes have been 

found in M. oryzae (Xu and Hamer, 1996; Xu et al., 1998; Dixon et al., 1999). One of 

these is PMK1 a homolog of the yeast FUS3 and KSS1 genes that regulate the 

transcription factor STE12 (Figure 1.11). PMK1 can complement a yeast ∆fus3 kss1 

double mutant. 
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Figure 1.11. Analysis in parallel of major signaling pathways between M. oryzae and S. 
cerevisiae. This diagram highlights that although most of the core elements of the 
pathways are highly conserved the receptors and downstream targets are less conserved. 
Reprinted with permission from Nature, Volume 434:980-986 (Dean et al., 2005) by 
©Nature Publishing Group. www.nature.com. 
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The ∆pmk1 strains were non-pathogenic, and the wildtype phenotype was not 

restored by exogenous cAMP, indicating the downstream role of PMK1 (Xu and Hamer, 

1996). PMK1 homologs have been characterized in several phytopathogenic fungi, 

always linked to pathogenicity and in the appropriate cases playing an important role in 

the formation of appressoria (Lev et al., 1999; Takano et al., 2000; Ruiz-Roldan et al., 

2001). Such research points out the level of structural and functional conservation among 

the MAPK module. The M. oryzae STE12 homologue known as MST12 has been studied 

and it was demonstrated to be involved in appressorial penetration and infectious hyphae 

growth since the null mutants did not colonize wounded tissue. The appressoria formed 

by mst12 mutants are of similar size as the appressoria produced by the wild-type strain 

(Park et al., 2002). The homologous genes of S. cerevisae MAPKK STE7 and MAPKKK 

STE11 in M. oryzae are respectively MST7 and MST11. Both have been functionally 

characterized and deletions of them create strains incapable of differentiating appressoria 

and colonizing wounded host tissue, thus they were non-pathogenic. Data provided 

evidence that MST7 and MST11 work along with PMK1 in a pathway regulating 

appressorium formation and other host infection processes (Zhao et al., 2005). The p21-

activated kinases (PAK) homologous to S. cerevisae CLA4 and STE20 in M. oryzae are 

CHM1 and MTS20 respectively (Li et al., 2004). Rho GTPases regulate PAK kinases 

during cytoskeletal reorganization (Holly and Blumer, 1999). In yeast STE20 acts as a 

MAPKKK kinase interacting with Gβ STE4 to activate the MAP kinase cascade involved 

in mating and filamentation, while CLA4 plays a role mainly in budding and cytokinesis 

(Cvrckova et al., 1995; Dan et al., 2001). The gene replacement of MST20 generated 
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strains in which the only defect found was reduced conidiation, while the deletion of 

CHM1 resulted in reduced appressorium formation accompanied by reduced conidiation 

and vegetative growth.  CHM1 appressoria were unable to penetrate host plants, but 

unlike PMK1 mutants, CHM1 mutants caused disease when infecting wounded leaves.  

Due to this evidence it was concluded that neither CHM1 nor MTS20 are involved in 

activating the PMK1 MAP kinase cascade (Li et al., 2004). 

Recently, Veneault-Fourrey et al (2006) demonstrated that the formation of 

appressorium requires autophagic fungal cell death in the conidium. It was observed that, 

within four to six hours after spore germination a fungal nucleus migrates into the germ 

tube and undergoes mitosis. After mitosis, one of these two nuclei is mobilized towards 

the appressorium and the other nucleus returns to the spore. After 12 to 15 h post-

inoculation, the nuclei previously present in each of the cells of the conidium appear 

degraded. In the ∆PMK1 strain multiple rounds of mitosis occurs in the growing germ 

tube but no nuclear breakdown occurs (Veneault-Fourrey et al., 2006).  Experiments 

determined that abolishment of mitotic events affected the differentiation of appressoria 

and the collapse and death of the conidium (Veneault-Fourrey et al., 2006). Mutants 

impaired in autophagy still differentiated appressoria, but were unable to form 

penetration hyphae and infect the plants (Veneault-Fourrey et al., 2006). Thus, it is 

concluded that mitosis must occur perhaps as a G2/M or postmitotic checkpoint, before 

M. oryzae continues with the formation of the appressorium (Veneault-Fourrey et al., 

2006). Additionally, autophagy of fungal spore coupled with mitosis must occur in order 

to carry on with plant infection (Veneault-Fourrey et al., 2006). 
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The appressorium attaches to the surface of the leaf and appressorium surface 

extracts have revealed the presence of lipid, polysaccharides and protein complexes that 

could mediate such adhesion (Xiao et al., 1994). Subsequent to the formation of the 

appressorium, it undergoes melanization a key process to its maturation. The process 

occurs via rapid synthesis and accumulation of the pigment melanin in the cell wall 

(Chumley and Valent, 1990). Glycerol accumulates in the appressorium and can reach up 

to a 3.2 M concentration that can be maintained by the presence of melanin layer in the 

cell wall of the appressorium (Figure 1.10) (de Jong et al., 1997). 

Mutants in the melanin biosynthetic pathway are known to be non-pathogenic; 

they form appressoria but are not capable of producing the turgor pressure necessary to 

penetrate the host (Chumley and Valent, 1990). There are three very well studied melanin 

mutants in M. oryzae, called albino, buff and rosy corresponding respectively to the 

following loci ALB1, BUF1, RSY1 (Figure 1.12). Melanin is synthesized via a pentaketide 

route in which a pentaketide synthase product from ALB1 loci generates the 1,3,6,8- 

tetrahydroxynaphthalene intermediate of the pathway. A tetranaphthalene reductase 

encoded by the gene called 4HNR reduces tetrahydroxynaphthalene to produce scytalone. 

RSY1 encodes a scytalone dehydratase and uses scytalone as substrate to form 1,3,8-

trihydroxynaphthalene that the BUF1 enzyme reduces to vermelone (Chumley and 

Valent, 1990; Thompson et al., 2000). As it was discussed earlier, these enzymes are 

targets for fungicides like fthalide and tricyclazole, thus inhibiting appressorium 

penetration (Zeigler et al., 1994). 
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Figure 1.12. M. oryzae melanin biosynthetic pathway. The melanin-deficient mutants are 
indicated by ALB1, RSY1, and BUF1. 4HN: Tetrahydroxynaphthalene; SCY: scytalone; 
3HN: trihydroxynaphthalene; VER: vermelone; 2HN dihydroxynaphthalene. Reprinted 
with permission from Annual Reviews of Microbiology, Volume 50:491-512 (Howard 
and Valent, 1996) by ©Annual Reviews Inc.  www.annualreviews.org. 
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In attempts to understand the cellular turgor in M. oryzae, Dixon and coworkers 

(1999) studied the cellular response to hyperosmotic stress and found OSM1 a MAPK 

encoding the functional homolog of the yeast gene HOG1. The HOG1 promotes the 

(synthesis of enzymes directly responsible for producing glycerol, which accumulates to 

maintain yeast turgor in the face of hyperosmotic stress (Gustin, 1998). Surprisingly, the 

M. oryzae ∆osm1 strains were not impaired in the generation of turgor pressure and were 

fully pathogenic; the effect was a reduced ability to accumulate arabitol during 

hyperosmotic stress (Dixon et al., 1999). This highlights the difference that exists 

between M. oryzae and yeast regarding the regulation of glycerol generation. Thus, it was 

concluded that OSM1, like yeast HOG1 gene, is required to mycelial resistance to 

hyperosmotic stress, but not by inducing glycerol-synthesizing enzymes and operating 

separately from the appressorium turgor generation pathway (Dixon et al., 1999). 

The turgor pressure in the appressorium must be generated from materials 

previously stored in the conidium and transported to the appressorium (Weber et al., 

2001). Sources of energy in the conidia could be lipids, glycerol, triacylglycerol, fatty 

acids, glycogen, mannitol and trehalose (Bourett and Howard, 1990). During the onset of 

turgor generation it has been observed that glycogen granules disappear from the 

appressorial cytoplasm to give rise to glycerol (Bourett and Howard, 1990); however it 

has been proposed that an additional source, like lipid droplet degradation, contributes to 

the production of glycerol (Eilbert et al., 1999; Thines et al., 2000). Induced 

triacylglycerol activity and regulation of lipolysis by cAMP are important processes for 

the function of the appressorium (Mitchell and Dean, 1995; Adachi and Hamer, 1998).     
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Lipid droplets are transported from the conidium via the germ tube and accumulate in the 

developing appressorium before the appressorium septum is formed (Thines et al., 2000; 

Weber et al., 2001). After the septum is formed, the lipid droplets start coalescing. 

Meanwhile in the appressorium one or two vacuoles that increase in size accumulate in 

the center of the appressorium. While melanization of the appressorial cell wall is still 

occurring enlarged lipid droplets start surrounding the appressorial vacuole(s), and 

associate with the tonoplast (Thines et al., 2000). Within 24 hours post-inoculation these 

lipid droplets are taken up inside the vacuole and have disappeared almost completely 

(Thines et al., 2000; Weber et al., 2001). Fully melanized appressoria, which are 

observed between 24 and 48 hours after germination, do not usually contain any lipid 

droplet. Thus, these observations identified the vacuole as participating in 

autophagocytotic mechanisms (Thines et al., 2000; Weber et al., 2001). 

 The role of degradation of lipids and glycogen in the appressorium is not clear. 

Glycogen degradation is believed to serve as fuel to drive glycolysis during the build up 

of glycerol (Thines et al., 2000). The current model proposes that glycerol is produced 

from glycogen via the metabolism of dihydroxyacetone 3-phosphate, dihydroxyacetone 

and glyceraldehydes (Thines et al., 2000). It was first thought glycerol generation could 

occur in a pathway including glycerol-3 phosphate dehydrogenase, glycerol 

dehydrogenase, triacylglycerol lipase and other enzymes that participate in the glyoxylate 

cycle (Thines et al., 2000). It is known that glycerol-3 phosphate dehydrogenase and 

glycerol dehydrogenase are active in germinating conidia and developing appressoria but 

not during the onset of turgor pressure. In addition dihydroxyacetone-3 phosphate, 
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dihydroxyacetone and glyceraldehydes are present in the appressoria, however do not 

seem to be active during the maturation period (Thines et al., 2000). This suggests that 

the glycerol production occurs via a different route. Since the triacylglycerol lipase was 

found to be highly induced during appressorium maturation, lipid degradation is 

suggested to be a major source for glycerol production that is also energetically efficient 

in contrast to the production of glycerol from glycogen (Weber et al., 1999; Thines et al., 

2000; Weber et al., 2001; Talbot, 2003). The PMK1 MAPK pathway is thought to control 

the transport of glycogen and lipids into the appressoria and CPKA could be regulating 

the degradation of the glycogen and lipids to build up turgor pressure in the appressorium 

(Figure 1.13) (Thines et al., 2000). Lipid degradation also offers a route for production of 

fatty acids for oxidation and generation of ATP. Fatty acids could undergo β-oxidation 

producing acetyl CoA that can result in glycerol production via the glyoxylate cycle and 

gluconeogenesis involving enzymes like glycerol-3-phosphate dehydrogenase and 

glycerol dehydrogenase which have been shown to be active in appressoria (Thines et al., 

2000). 

  Trehalose represents another source for the glycerol production. This 

disaccharide exists in large quantities in the conidia and is degraded rapidly after 

germination (Foster, 2003). The trehalose is synthesized from glucose-6-phosphate, 

UDP-glucose, trehalose-6-phosphate synthase and other phosphatases. In M. oryzae the 

gene TPS1 is responsible for encoding trehalose-6-phosphate synthase and a gene 

replacement mutant of TPS1 is not pathogenic. The ∆tps1 mutant is able to colonize the 

host through wounds (Foster, 2003). The inability to infect the plant is due to the  
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Figure 1.13. Model for the genetic control of appressorium turgor pressure in M. oryzae.  
DHAP: dihydroxyacetone-3 phosphate; DHA: dihydroxyacetone; GAD: glyceraldehydes; 
GPH: glycogen phosphorylase; TGL: triacylglycerol lipase; GPD: NADH-dependent 
glycerol dehydrogenase; GD: NADPH- dependent glycerol dehydrogenase.  Reprinted 
with permission from Plant Cell, Volume 12:1703-1718 (Thines et al., 2000) by 
©American Society of Plant Biologists. www.aspb.org. 
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impairment of production of turgor pressure. M. oryzae has two trehalases, one is 

encoded by the NHT1 gene and its expression is critical for disease symptom 

development after penetration (Foster, 2003). The second trehalase is encoded by the 

gene TRE1 and plays a role during germination (Foster, 2003). Also, TRE1 enables the 

fungus to use trehalose as a carbon source for growth (Foster, 2003). Neither the ∆nht1 or 

∆tre1 strain affected the ability to penetrate the leaf. Thus, trehalose metabolism is not 

critical for building up turgor pressure and performance of the appressorium (Talbot, 

2003). 

 

C. M. oryzae penetration into the host 

Once the appressorium has reached the appropriate force, a pore appears at the 

base of the appressorium and later the growth of a narrow hypha called a penetration peg 

begins to be formed (Figure 1.14) (Bourett and Howard, 1990). The place where the 

penetration peg is formed does not have a cell wall. The penetration peg contains 

filasomes, microtubules and microfilaments directing polarized growth of the hypha 

(Bourett and Howard, 1990, 1992). In the host epidermal cell an invagination is created 

and it is in direct contact with the fungal plasmalemma as the hypha starts growing 

(Bourett and Howard, 1990). To date, several genes involved in penetration peg 

development and connected with essential metabolic and developmental processes prior 

the host penetration have identified. The gene PLS1, which encodes a putative tetraspanin 

protein, is known to be essential for the differentiation of the penetration peg and 

formation of infectious hyphae (Clergeot et al., 2001.). Tetraspanins are commonly found 
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Figure 1.14. Electron microscopy of the M. oryzae appressorial penetration peg. O: pore 
wall overlay, v: vesicles, arrows point to peg cell wall. Reprinted with permission from 
Annual Reviews of Microbiology, Volume 50:491-512 (Howard and Valent, 1996) by © 
Annual Reviews Inc.  www.annualreviews.org. 
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in animals and are integral membrane proteins that normally associate with other 

membrane proteins such as integrins to mediate processes like cell differentiation, 

migration and adhesion (Maecker et al., 1997). M. oryzae ∆pls1 strains are non-

pathogenic because they fail to differentiate a penetration peg or produce infectious 

hyphae even in wounded host tissue. In addition, the mutants do not degrade glycogen in 

the appressorium. PLS1 localizes to the plasma membrane and vacuoles (Clergeot et al., 

2001.). PLS1 is hypothesized to participate in signal transduction pathways, controlling 

actin reorganization at the base of the appressorium, and focusing the mechanical force at 

the pore (Clergeot et al., 2001.; Talbot, 2003). 

Another membrane protein involved with the development of the penetration peg 

is PDE1 a P-type ATPase that might function as an aminophospholipid translocase 

(Balhadere and Talbot, 2001). Aminophospholipid translocases are responsible for 

membrane asymmetry which results in localization of phosphatidylcholine and 

sphingomyelin mostly in the outer membrane of the bilayer, and phospholipids such as 

phosphatidylserine and phosphatidylethanolamine in the inner membrane (Balhadere and 

Talbot, 2001). It is thought that PDE1 is required to maintain the membrane phospholipid 

asymmetry, an aspect that could be essential in providing signaling for the pore formation 

at the base of the appressorium. The membrane phospholipid asymmetry could be 

required to trigger membrane conformation changes that lead to polarity and formation of 

penetration hyphae. On the other hand, the aminophospholipid translocase could be 

involved in late Golgi functions related to endocytic processes. Thus, PDE1 may be 

essential for the polarization of hyphal growth that is required for the development of the 
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penetration peg (Balhadere and Talbot, 2001). A second P-type ATPase, APT2, has been 

characterized that plays a role in the infection process. This P-type ATPase also belongs 

to the aminophospholipid translocase family (Gilbert et al., 2006). Since the ∆apt2 

mutants are defective in secretion of extracellular enzymes and have abnormal Golgi-like 

cisternae, APT2 is proposed to be essential for exocytosis (Gilbert et al., 2006). The 

function of APT2 indicates that exocytotic mechanisms are required for plant tissue 

colonization (Gilbert et al., 2006). 

Fatty acid metabolism has been related previously to fungal pathogenicity (Both 

et al., 2005). Peroxisomes are organelles present in eukaryotes that participate in β- 

oxidation of fatty acids, generating acetyl-CoA molecules and short fatty acid chains that 

get imported into the mitochondrion for their utilization or breakdown. Recently it was 

found that the M. oryzae PEROXIN6 orthologue, PEX6, is essential for appressorial 

melanization and formation of the penetration peg and infectious hyphae. The ∆pex6 

strains do not have functional peroxisomes and are not capable of β-oxidation of fatty 

acids (Ramos-Pamplona and Naqvi, 2006). The hypothesis is that acetyl-CoA derived 

from fatty acid oxidation is a source of the pool of acetyl-CoA used as a precursor for the 

melanin biosynthesis via the dihydroxynaphthalene pathway (Howard and Valent, 1996; 

Bhambra et al., 2006; Ramos-Pamplona and Naqvi, 2006). It is thought that carnitine 

mediates the transport of acyl groups through membranes.  In support of the previously 

mentioned hypothesis, mutants of the peroxisome-associated carnitine acetyl-transferase, 

CRAT1, showed reduced melanization and no formation of appressorial penetration pegs 

or infectious hyphae (Ramos-Pamplona and Naqvi, 2006). A targeted deletion of PTH2, 
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the major carnitine acetyl-transferase in M. oryzae showed a non pathogenic phenotype, 

reduction in melanin biosynthesis and defects in lipid and glycogen mobilization and 

metabolization in the appressorium (Bhambra et al., 2006). However since ∆pth2 strains 

have normal turgor pressure generation, it is thought that PTH2 affects pathogenicity in 

an additional manner, perhaps playing a role in cell wall generation and growth of 

penetration hyphae via the synthesis of glucan and chitin.  This model implies that PTH2 

releases acetyl-CoA that enters the glyoxylate cycle which connects to gluconeogenesis 

contributing to glucan and chitin biosynthesis (Bhambra et al., 2006). To study the role of 

fatty acid β-oxidation eight different lipase mutants were created in M. oryzae, however 

all those strains were found fully pathogenic (Wang et al., 2007). These results have 

suggested redundancy of functions (Wang et al., 2007). Mutants in MFP1 which product 

is a multifunctional enzyme that catalyzes the second and third steps of fatty acid β-

oxidation are known to be unable to use lipids or fatty acids as sole carbon source and are 

reduced in pathogenicity (Wang et al., 2007). 

Another protein contributing to M. oryzae virulence is the cyclophilin CYP1 

(Viaud et al., 2002). Cyclophilins are present in all eukaryotes and function as peptidyl 

prolyl cis-trans isomerases in a variety of cellular processes such as response to 

environmental stresses, cell-cycle control, calcium signaling, and transcriptional 

repression. Cyclophilins constitute targets for cyclosporine A, an immunosuppressive 

drug (Wang et al., 2001; Talbot, 2003). Analysis of gene replacement strains of CYP1 

revealed that the gene is important for achieving sufficient turgor pressure and formation 

of the penetration peg. This provides evidence that calcineurin signaling is required for 
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appressorium morphogenesis (Viaud et al., 2002) and supports additional data generated 

by inhibition experiments using calcium channel modulators and calcium chelators that 

suggest that appressorium differentiation is a process regulated by calmodulin-dependent 

signaling (Lee and Lee, 1998; Liu and Kolattukudy, 1999). Although, cyclophilins have 

also been shown to be important for the pathogenicity of the human pathogen 

Cryptoccocus neoformans (Wang et al., 2001), it is still not clear how they are involved 

in the infection process.  

One component of the regulatory pathway, controlling formation of the 

penetration peg is MPS1, a MAPK which is the M. oryzae homolog of SLT2 in S. 

cerevisae. SLT2 is responsible for regulation of cell wall growth under membrane stress 

(Gustin, 1998). The gene replacement of MPS1 produced strains that were non 

pathogenic because they failed to form penetration pegs. They also showed defects 

associated with weak cell walls (Xu et al., 1998). 

Using a subtraction library enriched for genes regulated by PMK1, two genes, 

GAS1 and GAS2, were found to be involved in appressorium penetration and lesion 

development (Xue et al., 2002). GAS1 and GAS2 localize in the cytoplasm (Xue et al., 

2002). It is not understood if GAS1 and GAS2 act sequentially to each other or interact 

with each other, but it is known that M. oryzae contains several homologous of GAS1 and 

GAS2 that could mask partially the defects caused by deletion of the genes (Xue et al., 

2002). Another gene that seems to be regulated by PMK1 and related to the appressorium 

penetration is MMT1 encoding a metallothionein-like protein (Tucker et al., 2004). 

Methallothioneins are Cys-rich small proteins that bind to metals (Vasak and Hasler, 
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2000; Blindauer et al., 2001) and they can participate in diverse physiological processes 

including metal detoxification, scavenging free radicals, cell growth and proliferation 

(Palmiter, 1998; Vasak and Hasler, 2000). The ∆mmt1 mutants had reduced penetration 

of host, and the defect was compensated by inoculating wounded leaves. MMT1 localizes 

in the inner part of the fungal cell wall and has high affinity for zinc and the ability to act 

as an antioxidant (Tucker et al., 2004).  In addition to its role in infection, MMT1 appears 

to be involved in cell wall growth as the ∆mmt1 mutant produces profuse hyphae with 

weak walls, but is reduced in conidiation.  The proposed model suggests that MMT1 

plays a role in cell wall biochemistry and is necessary for cell wall differentiation of the 

appressorium (Tucker et al., 2004). 

Cutinases are secreted enzymes that degrade cutin in the cell wall and have been 

proposed to play a role in the pathogen penetration of the host leaf. Targeted disruption of 

the cutinase gene Cut1 did not abolished the pathogenicity of M. oryzae (Sweigard et al., 

1992). However, this result is not surprising in retrospect.  The genome sequence 

revealed that there are nine putative cutinases ORFs in M. oryzae.  In this case 

redundancy of function could be masking the effect of the gene disruption, although there 

is the possibility that the function of the cutinases is related to sensing the surface cues 

that eventually leads to the differentiation of the appressorium. 

 

D. Colonization of host tissue 

After penetration, the hypha differentiates into a bulbous and branched infection 

hypha that colonizes the first cell before expanding to the neighbor cells and developing a 
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visible lesion. The infectious hypha is similar to pseudohyphal yeast cells (Bourett and 

Howard, 1990). The mechanism by which infectious hypha fill up the initial epidermal 

cell before colonizing the adjacent cells is yet undetermined (Talbot, 2003). The 

expanding and branching infectious hyphae have an appearance that differ drastically in 

terms of growth pattern and shape from the hyphae present when M. oryzae grows in 

axenic culture. It is thought that the differences in the infectious hyphae might be 

explained as a specialization for nutrient uptake (Valent and Chumley, 1991). After 

colonization, photosynthesis of the plant is severely impaired as chlorotic lesions appear 

visible in the leaf tissue (Heath et al., 1990).  

Genetic determinants responsible for tissue invasion and colonization are not well 

understood. Synthesis of amino acids like methionine and histidine are implicated in host 

invasion and symptom development (Sweigard et al., 1998; Balhadère et al., 1999). An 

ATP-driven efflux pump encoded by the ABC1 gene indicates that proteins similar to 

ABC transporters (ATP binding cassette) could constitute an important part of the 

mechanism by which M. oryzae detoxifies plant defense compounds such as rice 

phytoalexins (Urban et al., 1999). The abc1 mutant failed to survive after penetration in 

the host and the ABC1 gene has been identified to be up-regulated during host 

colonization (McCafferty and Talbot, 1998). Other pathogenicity factors playing a role 

downstream from appressorial penetration are GAS1 and GAS2 which also have a 

function during appressorium formation as described in the previous section (Xue et al., 

2002). 
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During tissue invasion, M. oryzae generates toxins such as tenuazonic acid, 

pyricularin, pyrichalasin, whose function is still unknown (Valent and Chumley, 1991). 

The production and function of these metabolites needs to be analyzed to determine 

whether they play an important role in invasion and colonization. It is possible that 

invasion and colonization are governed by many quantitative loci, which could explain 

why it has been so difficult to discover the mechanisms involved during that part of the 

infection cycle (Valent et al., 1991).  

 

E. Sporulation and reinitiation of infection cycle 

The sporulation process has already been reviewed under the asexual life cycle 

section of this introductory chapter. The infection cycle is reinitiated multiple times 

during one growing season, which can explain the devastating effects of rice blast. The 

initial step is spreading conidia via water droplets, rain splash or wind (Bourett and 

Howard, 1990).  

 

F. Root infection 

As is clear from the previous sections, M. oryzae is traditionally considered to be 

a foliar pathogen. Very recently it was discovered that M. oryzae can infect the root of 

rice plants, and undergoes characteristic developmental processes of root-infecting 

pathogens. During root infection, the formation of the appressorium does not occur; 

instead a swelling in the tip of a hypha occurs (Sesma and Osbourn, 2004) that is similar 

to the hydropodia used for penetration by root-infecting fungi. The infectious hyphae 
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found in the root tissue are of similar morphology to the infectious hyphae observed in 

the leaf (Sesma and Osbourn, 2004). Other structures typical of root-infecting fungi were 

found, including microsclerotia on the surface of the roots and dark round structures 

present on the root surface and the interior tissue of the root. The second structures are 

thought to be growth cessation structures like the ones formed by the take-all disease 

fungus and other related root-colonizing fungi (Sesma and Osbourn, 2004). Interestingly, 

after M. oryzae achieves root colonization, the typical disease symptoms on the aerial 

part of the plant become apparent and the infection is considered systemic (Sesma and 

Osbourn, 2004). Root infection is governed by the same gene-for-gene resistance 

interaction that controls foliar disease (Sesma and Osbourn, 2004). 

 

1.4. Plant resistance and rice blast host specificity 

Since plants are constantly challenged with pathogens of different kinds, through 

evolution plants have evolved complex and diverse mechanisms to recognize pathogens 

and induce multiple defense responses (Tor et al., 2003; Jones and Dangl, 2006). Plant 

resistance mechanisms play a great role in defining host range of a pathogen. The plant 

innate immune system consists of two major strategies to respond to pathogens.  The first 

strategy, often referred as non-host resistance, recognizes and responds to any microbe 

whether or not it is a pathogenic agent. The second strategy is based on identification of 

specific molecules from the pathogen and it is called host or race/ cultivar specific 

resistance (Figure 1.15) (Odjakova and Hadjiivanova, 2001; Thordal-Christensen, 2003; 

Jones and Dangl, 2006). Non-host resistance includes preformed barriers such as cell 
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wall, antimicrobial compounds, expression of genes encoding pathogenicity-related (PR) 

proteins and enzymes involved in secondary metabolism leading to the generation of 

oxidative stress (Heath, 2000; Tor et al., 2003; Jones and Dangl, 2006). Some of the plant 

physiological and biochemical changes that could be induced by the activation of defense 

responses are production of phytoalexins and fortification of the cell wall by deposition 

of callose and papilla at the place of fungal penetration (Thordal-Christensen, 2003). 

Upon pathogen challenge, the accumulation of PR proteins accounts for most of 

the change in the amount of protein production. Until now, at least 11 PR protein families 

have been identified (Odjakova and Hadjiivanova, 2001). It is worth mentioning that in 

occasions the co-evolution of the pathogen and the plant leads to the development of 

pathogen strategies to defeat these preformed barriers (Thordal-Christensen, 2003).   It is 

important to note that nonhost and host resistance can evoke the same inducible defense 

responses suggesting common signaling pathways (Heath, 2000). 

The pathogen-associated molecules that are recognized by the plant and induce 

plant defense responses are called elicitors (Tor et al., 2003). These molecules are often 

considered homologous in function as the pathogen-associated molecular patterns 

(PAMPs) in animal pathogens that are recognized by the immune system (Cohn et al., 

2001). The elicitors could be encoded by the avirulence genes (AVR genes) and could be 

secreted by the pathogen at the moment of penetration into the host tissue or before then.  

The elicitors are called “general elicitors” if they are molecules released by both 

host and nonhost pathogens and often these are necessary for survival of the microbe 

(Thordal-Christensen, 2003). They could be molecules that are structural components of 
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Figure 1.15. Plant nonhost and host resistance mechanism. Summary of the different 
barriers and plant surveillance mechanisms against pathogen attack. Reprinted with 
permission from Current Opinion of Plant Biology, Volume 6:351-357 (Thordal-
Christensen, 2003) by © Elsevier. www.elsevier.com.  
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the cell wall of the pathogenic organism. The recognition of an elicitor results in a change 

of gene expression of the host (Thordal-Christensen, 2003). This constitutes an event 

when the invading pathogenic agent may fail to overcome the plant defenses, and thus it 

defines whether the invader is non-pathogenic and its host specificity (Thordal-

Christensen, 2003).   

The major mechanism by which a plant recognizes a pathogen involve the 

presence of resistance genes (R genes) that encode proteins that couple recognition of 

specific pathogen molecules with the activation of plant defense responses via several 

signaling pathways (Staskawicz et al., 1984; Feys and Parker, 2000; Dangl and Jones, 

2001; Glazebrook, 2001).  

Plant resistance to the pathogen can be classified according to being complete 

(qualitative resistance) or partial (quantitative resistance). Quantitative resistance is 

thought to be dictated by the interaction of many minor genes and it only reduces the 

pathogen growth and reproduction (Wang et al., 1994). On the contrary, qualitative 

resistance equals an incompatible interaction (no disease development) between the plant 

and the pathogen; in this case the pathogen does not achieve reproduction. This type of 

resistance is governed by the presence of 1) a major dominant or semidominant resistant 

gene in the plant (R gene) and 2) a matching avirulence gene in the pathogen (AVR 

gene). There is a one -to- one functional correlation between the R gene and the AVR 

gene (De Wit, 1992; Valent and Chumley, 1994). This is called the gene-for-gene system 

that was first described by Flor (Flor, 1956, 1971). This system states that for each 

dominant resistance gene in the host there is a corresponding dominant avirulence gene in 
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the pathogen, and when both genes are present the outcome is host resistance. Thus the 

pathogen will only be able to cause disease if it lacks all the AVR genes that correspond 

to the R genes of the host (Flor, 1956, 1971). 

The interaction between the AVR gene and its corresponding matching R gene 

determines the hypersensitive response (HR) in the plant. This reaction consists of a fast 

and spatially limited cell death localized around the initial site of pathogen penetration 

(Bonas and Lahaye, 2002).  HR can be observed as visible lesions on host surface and it 

is thought that one of its functions is to stop the progress of pathogen infection 

(Greenberg, 1997; Greenberg and Yao, 2004b). Part of the way the HR accomplishes this 

is by initiation of specific defenses in the neighboring tissue making the plant more 

resistant to lesion spread and further infections (Costet et al., 1999). 

  Induction of HR in the plant requires host protein synthesis, and involves the 

interplay of multiple proteins that positively or negatively regulate this defense event. It 

is considered that HR is a type of programmed cell death that shares some of the 

apoptotic features observed in cell death of animal cells (Nimchuk et al., 2003; 

Greenberg and Yao, 2004). During HR, similar to animal apoptosis, swelling and cristae 

disorganization has been observed in the mitochondria (Bestwick et al., 1998), membrane 

dysfunction and an increment in the number of vacuoles in the cytoplasm (Greenberg and 

Yao, 2004). In animal cells the mitochondrial permeability is associated to the apoptotic 

mechanism of releasing cell-death inducing cytochrome c. Cytochrome c is bound to the 

outer face of the inner membrane of the mitochondrium. The release of the cytochrome c 

interrupts the electron flow at the complex III of the respiratory chain and leads to the 
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assembly of the mitochondrial apoptosome that activates caspases (Green and Kroemer, 

1998; Adrain and Martin, 2001). Thus, it has been proposed that in plants, like in 

animals, HR could be controlled partly by the mitochondria (Lam et al., 2001). Cells 

adjacent to the dead cells during HR also show other apoptotic features such as chromatin 

condensation and endonucleolytic cleavage, which are events that occur before organelle 

dysfunction (Greenberg and Yao, 2004). Animal apoptotic events usually involve the 

presence of caspases. Caspases are cell death activator proteins, and although there is no 

evidence of caspases existing as such in plants, there is data derived from biochemical 

and inhibitory assays that suggest that proteins with caspase activity do occur in plants 

(Lam et al., 2001; Elbaz et al., 2002; del Pozo and Lam, 2003). 

Although the role of HR-related programmed cell death is linked to plant defense 

and an incompatible reaction between host and pathogen, in some cases programmed cell 

death does not need to occur to arrest pathogen growth. There are examples where 

pathogen restriction occurs in the absence of cell death. On the other hand, if other plant 

defense responses have been compromised by the presence of the pathogen, cell death 

might not be sufficient to restrict infection (Greenberg and Yao, 2004).  

Programmed cell death is a feature shared in compatible host-pathogen 

interactions (Greenberg and Yao, 2004). Some pathogens induce host programmed cell 

death as part of their virulence strategy, in such cases host programmed cell death 

qualifies as a pathogenic trait and not as a defense response (Greenberg and Yao, 2004). 

These experimental results support the hypothesis that HR- related programmed cell 

death in an incompatible interaction occurs downstream of host-pathogen recognition and 
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is not a consequence of reaching a threshold of stress signaling. Thus, depending on the 

nature of the pathogen-host interaction, elicitors and the defense activated pathways; the 

cell death associated with HR probably serves more as a signal to trigger further defense 

responses than as a direct defense mechanism (Heath, 2000; Greenberg and Yao, 2004). 

There is a lot interest in studying the mechanisms of HR, R genes and AVR genes 

because of the applications in resistance breeding. Manipulation of expression of the R 

gene and AVR gene could be useful to generate artificial resistance in a transgenic crop 

(Lauge and Dewit, 1998). 

Most fungal pathogens have a limited host range (Alexopoulos et al., 1996). Each 

isolate of M. oryzae also has a restricted host spectrum, usually being a single species 

(Valent and Chumley, 1994).  This host limitation is influenced by pathogen recognition 

mechanisms, the metabolites and physical barriers that plants have, in order to defend 

themselves from pathogens. Gene-for-gene interactions are known to control host species 

specificity in fungi (Newton and Crute, 1989). In the case of M. oryzae, there has been an 

accumulation of examples indicating cultivar specificity is controlled by a single gene 

and follows Mendelian segregation. More interestingly some of the identified AVR genes 

have been matched to their corresponding dominant R genes in the host (Leung et al., 

1988; Ellingboe et al., 1990; Silué, 1992; Silue et al., 1992; Zeigler et al., 1994). This 

confirmed the hypothesis that gene-for-gene interactions govern cultivar specificity in 

blast disease (Zeigler et al., 1994). 
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1.4.1. Resistance genes  

Recognition of the presence of the pathogen mediated by the R genes can occur in 

the plant plasma membrane or within the cytosol of the host cell (Figure 1.16) (Tor et al., 

2003). The proteins encoded by the R genes can recognize the elicitors either by a direct 

interaction between them (Bryan et al., 2000) or through a third protein mediating the 

interaction (Figure 1.16) (Mackey et al., 2002). Within the last 15 years, multiple 

resistance genes have been cloned from plants including tomato, maize, Arabidopsis and 

rice (Ellis and Jones, 1998). According to their structural motifs and potential functions 

of the proteins, R genes have been classified into five different classes (Tor et al., 2003). 

The first class is represented by proteins containing a cytoplasmic Ser/Thr kinase, for 

example, the Pto gene, which was the first R gene cloned. Pto came from tomato and it 

provides resistance to the bacterium Pseudomonas syringae pv. tomato (Martin et al., 

1993). The second class of R genes encodes proteins with an extracellular leucine rich 

repeat (LRR), one membrane spanning region and a cytoplasmic carboxyl domain. The R 

genes Cf-2, Cf-4, Cf-5, and Cf-9 from tomato conferring resistance to the fungal pathogen 

Cladosporium fulvum fall into this category (Jones et al., 1994; Dixon et al., 1996). The 

third class consists of resistance proteins also containing an extracellular LRR, one 

membrane-spanning region and a cytoplasmic kinase domain. An example for this class 

is the Xa-21 gene in rice which functions against the bacterial pathogen Xanthomonas 

oryzae pv. oryzae (Song et al., 1995). The fourth category of R genes includes those with 

a putative signal anchor at the N- terminus, a central coiled-coiled (CC) domain and a C- 
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Figure 1.16. Spatial interaction between AVR and R genes in different phytopathogenic 
organisms. Reprinted with permission from Current Opinion in Microbiology, Volume 5: 
44-50 (Bonas and Lahaye, 2002) by © Elsevier. www.elsevier.com. 
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terminus LRR domain. An example of this group is the Arabidopsis Rpw8 gene that 

confers resistance to powdery mildew (Xiao et al., 2001). The fifth group contains genes 

with a central nucleotide binding site and a carboxyl LRR domain. This group subdivides 

into the genes with an N- terminus CC domain or those with a domain that is similar to 

the cytoplasmic signaling domain of the Drosophila developmental gene Toll and 

mammalian Interleukin-1 (TIR) transmembrane receptor. Rpp8 and Rpp13 genes in 

Arabidopsis conferring resistance to Peronospora parasitica are examples of the first 

mentioned subgroup of this class. The Arabidopsis Rpp4 and Rpp5 genes (Parker et al., 

1997; van der Biezen and Jones, 1998) both belong to the second subclass of the fifth 

category in this classification of the R genes. 

Genetic studies and genomic approaches have been taken to identify R genes in 

rice in order to develop new blast resistant rice cultivars through selective breeding 

programs (Yu et al., 1996; Chao et al., 1999; Dioh et al., 2000; Li et al., 2006). More than 

40 rice blast resistance genes have been identified; of those more than 20 genes provide 

complete resistance to the disease and 10 genes act as quantitative trait loci (Chen et al., 

2003). Cloning of blast R genes in rice has been a challenging task. The first rice R gene 

cloned, conferring resistance to M. oryzae, was Pi-b (Wang et al., 1999).  Pi-b was 

mapped to chromosome 2 and belongs to a small protein family that encodes a predicted 

protein carrying a cytoplasmic nucleotide-binding site (NBS) LRR. Pi-b gene expression 

is induced during pathogenic or environmental stress; otherwise its expression is only 

detected at low levels (Wang et al., 1999). Another dominant R gene that has been cloned 

is Pi-ta (Bryan et al., 2000). This single copy gene just like Pi-b encodes a putative 
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cytoplasmic NBS-LRR protein. Pi-ta gene expression seems to be constant at low levels 

and it is predicted that the protein binds to the protein encoded by AVR-Pita (Bryan et al., 

2000). Pi-ta and Pi-b genes have been introduced in several rice cultivars to control blast 

disease (Jia et al., 2004). 

Clustering of R genes in plants like tomato, and Arabidopsis appears to be 

common.  Pi-ta is located on chromosome 12 as part of a cluster of R genes that are 

linked to the centromere. One of the genes linked to Pi-ta is Pi-ta2, and both of these 

genes appear to have an unclear relationship. It is known that the presence of Pi-ta is 

required for the function of Pi-ta2 (Kiyosawa, 1971; Rybka et al., 1997). Genetic analysis 

indicates that two homologs of Pi-b with very high similarity at the nucleotide level are 

within an 80 Kb region (Wang et al., 1999). Analysis of the rice genome sequence 

indicates that it contains approximately 500 NBS-LRR genes just like Pi-ta and Pi-b 

(Monosi et al., 2004).  

Currently, efforts are focused on identifying R genes from recently introduced 

blast resistant rice (Eizenga et al., 2006) and analyzing expression profiles of rice genes 

inoculated with M. oryzae (Li et al., 2006). Sequencing of the rice genome, expression 

analysis and the integration of physical and genomic maps have facilitated the molecular 

characterization of R genes (Chen et al., 2002; Goff et al., 2002; Wu et al., 2002; Yu et 

al., 2002). Because several of the blast disease R genes offer resistance to a number of M. 

oryzae races they really represent an opportunity to design more effective strategies to 

control this devastating disease. Therefore, in the upcoming years we should see more 
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information about R genes, with efforts likely focused on pyramiding R genes that are 

effective in each rice growing region. 

 

1.4.2. Avirulence genes 

Avirulence (AVR) genes have been identified in a wide range of plant pathogens 

and they are very diverse in their sequence and function (van't Slot and Knogge, 2002; 

Skamnioti and Ridout, 2005). AVR genes govern incompatibility, the failure to achieve 

infection in the host. For this reason, AVR genes often are referred as incompatibility 

genes (Briggs and Johal, 1994). One pathogen genome can carry several AVR genes and 

it is the combination of these AVR genes that defines cultivar specificity within a host 

species (Silué, 1992; Leach and White, 1996; Chao and Ellingboe, 1997). The existence 

of AVR genes has been a subject of discussion for the simple reason that it is hard to 

comprehend why pathogens would maintain factors that allow the host to recognize them 

and trigger plant defense mechanisms. The hypothesis has been that AVR genes must 

provide some benefit to the pathogen in the absence of direct selection against them in 

order for them not to have been lost during the course of pathogenicity evolution 

(Skamnioti and Ridout, 2005). This hypothesis has been proven in some cases, when 

mutations of AVR genes have resulted in disadvantage to the pathogen on susceptible 

hosts (Lauge and Dewit, 1998; White et al., 2000; Skamnioti and Ridout, 2005). 

However, these data represents only a small number of examples and it is not known the 

effect on virulence in the vast majority of pathogens where no advantages given by the 

AVR genes have yet been demonstrated. Skamnioti and Ridout (2005) in their review of 
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this topic explain that new combinations of AVR genes and pathogenicity determinants 

evolve in a random “mix and match fashion” that contributes to the pathogen host 

specialization and that overall tricks the host defense mechanisms. 

The contribution of the characterization of AVR genes from bacterial pathogens 

has been very valuable. More than 40 bacterial AVR genes have been isolated and 

sequenced mainly from Pseudomonas and Xanthomonas spp. (Bonas and Lahaye, 2002). 

The avrB3 gene is an AVR gene isolated from X. campestris pv. vesicatoria and is part of 

the only group of AVR proteins in the Xanthomonas genus that share some structural 

characteristics. The avrB3-like proteins share between 90 and 97% sequence identity with 

their central sequence region contain a variable number of tandem 34-amino acid repeat 

(Bonas and Lahaye, 2002). The function of these amino acid repeats is to control 

avirulence specificity. Other characteristic features of the avrB3-like proteins are the 

presence of nuclear localization signals and transcriptional activation motifs that when 

mutated can affect recognition specificity by the host (Bonas and Lahaye, 2002). 

In pathogenic fungi, characterization of avirulence genes has been a more difficult 

task than in bacteria. Fungi have a larger genome which complicates cloning and also, in 

some cases the lack of known sexual stages has hampered genetic approaches (van't Slot 

and Knogge, 2002). The initial cloned fungal AVR genes were with C. fulvum and 

Rhynchosporium secalis, the causal agents of leaf mold in tomato and leaf scald on barley 

respectively. Both fungi colonize intercellular spaces in their host and the approaches 

used to identify the AVR genes took advantage of their lifestyle. In the case of C. fulvum, 

apoplastic fluids from the infected host were isolated and screened for molecules that 
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would trigger HR after infiltrating plants carrying an R gene (Lauge and Dewit, 1998). 

Infiltration of fungal culture filtrates of R. secalis allowed researchers to screen for 

secreted proteins that could act as AVR determinants (Wevelsiep, 1991).  Purification 

and sequence analysis of these proteins allowed for them to be cloned using reverse 

transcriptase PCR.  The first AVR gene cloned was Avr9 from C. fulvum encoded as a 

large pre-pro-protein that undergoes cleavage by fungal extracellular proteases to produce 

the mature 28 aa peptides that acts as an elicitor in tomato expressing the Cf-9 R gene 

(De Wit, 1992; Van den Ackerveken et al., 1992; Van den Ackerveken et al., 1993). 

Further work in C. fulvum resulted in the identification of Avr4 conferring incompatibility 

to tomato plants harboring the Cf-4 R gene. Avr4 shared similarities with Avr9, for 

example it is also encoded a pre-pro-protein and has cysteine residues that could form0 

disulfide bridges (Joosten, 1994). Avr4E is another AVR gene that has been isolated from 

C. fulvum (Takken et al., 1999). Other AVR genes like ECP1, ECP2, ECP4 and ECP5 

were isolated based on the sequence of extra-cellular proteins recovered from apoplastic 

fluid or as genes, encoding extra-cellular proteins, that are highly expressed during fungal 

growth in the host (Van den Ackerveken et al., 1993; Lauge et al., 1997; Lauge and 

Dewit, 1998; Lauge et al., 2000; Rivas and Thomas, 2005). 

Purification of AVR determinants in R. secalis led to the identification of low-

molecular weight necrosis-inducing peptides, NIP1, NIP2, and NIP3, whose toxic activity 

does not appear to be specific. The NIP1 amino acid sequence contains cysteine residues 

that form disulfide bridges and the Nip1 gene disruption confirmed that at some level, 

NIP1 plays a role in R. secalis pathogenicity (Wevelsiep, 1991; Wevelsiep, 1993; van't 
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Slot and Knogge, 2002a). NIP1 induces the expression of pathogenicity-related proteins 

only in barley cultivars harboring the Rrs1 R gene (Hahn et al., 1993). NIP1 and NIP3 

produce necrosis by stimulating the activity of K+-induced and Mg2+-dependent plasma 

membrane H+-ATPases (Wevelsiep, 1993).  The toxic effect of NIP1 and NIP3 is 

believed to mean that both proteins play a role in pathogenicity (van't Slot and Knogge, 

2002). Recently, taking a similar approach as used for R. secalis to hunt for avirulence 

genes the avirulence factor SIX1 was isolated from Fusarium oxysporum culture medium 

(Rep et al., 2004; Rep, 2005). Since the sexual stage of M. oryzae is known, research in 

this system is more amenable to genetic approaches. Unfortunately, reverse genetic 

approaches as used in C. flavum to clone AVR genes for intracellular pathogens like M. 

oryzae, have not been successful (Orbach et al., 2000). In spite of this limitation, more 

than 30 avirulence genes are described for M. oryzae (Silué, 1992; Zeigler et al., 1994). 

Currently, there are five AVR genes that have been cloned using positional cloning 

approaches (Valent et al., 1991; Valent and Chumley, 1994; Kang et al., 1995a; Sweigard 

et al., 1995; Farman and Leong, 1998; Orbach et al., 2000; Bohnert et al., 2004). AVR 

genes in M. oryzae can determine cultivar specificity or host species specificity (van't 

Slot and Knogge, 2002a). Most of the AVR genes in M. oryzae are named after the rice 

cultivar for which they determine avirulence. 

Backcrossing studies between an M. oryzae virulent strain in a rice cultivar (0-

135) and a lab strain allowed the identification of four AVR genes, AVR-CO39, AVR1-

M201, AVR-YAMO, AVR2-MARA (Valent and Chumley, 1991). The first AVR gene 

identified was AVR-CO39 and was cloned by chromosome walking (Farman and Leong, 



 
 

85

1998). In the AVR-CO39 locus the avirulent effect is given by two ORFs; one of the 

ORFs encodes an 89 amino acid peptide that harbors a putative secretion signal (Farman 

and Leong, 1998). The locus of AVR-CO39 is rich in DNA repeats and it is quite 

common to find genomic rearrangements or deletions as associated with this locus, which 

might explain the usual absence of AVR-CO39 in M. oryzae field isolates (Farman et al., 

2002). A very recent study analyzing in parallel the distribution and function of AVR-

CO39 in M. oryzae populations and the distribution and function of its AVR-CO39 

matching R gene, Pi-CO39, in rice populations determined that the evolution of AVR-

CO39 is associated with the evolution and differentiation of M. oryzae (Tosa et al., 2005). 

AVR-Pita, formerly called AVR2-YAMO (Orbach et al., 2000), is one of the AVR 

genes cloned from M. oryzae.  AVR-Pita induces resistance in rice cultivars containing 

the R gene Pi-ta (Jia et al., 2000) and it was first identified in an M. oryzae field isolate 

from China that could not develop disease on the rice cultivar Yashiro mochi (Valent et 

al., 1991). AVR-Pita locates at the telomeric region of chromosome 3 (Orbach et al., 

2000). Telomeric loci have been correlated with genetic instability that gives rise to 

epigenetic changes and/ or mutations (Carlson et al., 1985; Vega-Palas et al., 2000). 

These effects are believed to explain the unstable nature of AVR-Pita represented by 

random deletions that lead to the generation of pathogenic avr-pita strains (Orbach et al., 

2000). 

AVR-Pita encodes a 223 amino acid protein including a secretion signal signature 

(Orbach et al., 2000). The amino acid sequence shares similarity with Zn2+ 

metalloproteases in fungi. The 223 amino acid protein undergoes cleavage becoming a 
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176-amino acid protein and only after this modification, does AVR-Pita induce an HR in 

rice plants. The putative catalytic domain of the protease is essential for the avirulence 

functions of the protein (Jia et al., 2000; Orbach et al., 2000), although biochemical data 

demonstrating the proteolysis of a substrate has not been published yet  (M.J Orbach, 

personal communication).  Although the mechanism by which AVR-Pita induces 

resistance is still unclear, the interaction between AVR-Pita and Pi-ta has been indicated 

by the yeast two-hybrid system and far-western analysis (Jia et al., 2000).  

Recently a third AVR gene, AVR-ACE1, was isolated from M. oryzae.  AVR-

ACE1, formerly called AVR-Irat7, is widely represented among the pathogen population 

and mutations or deletions of this gene are not frequent. This gene mediates resistance in 

rice cultivars carrying the R gene Pi-33 (Hooykaas and Beijersbergen, 1994; Berruyer et 

al., 2003; Bohnert et al., 2004; Fudal et al., 2007).  AVR-ACE1 encodes a 4035 amino 

acid protein that is a hybrid between a polyketide synthase and a nonribosomal peptide 

synthase indicating a role in secondary metabolism. Cellular localization of AVR-ACE1 

is limited to the cytoplasm of the appressorium. The gene expression is restricted to the 

appressorial stage when the structure has developed high turgor pressure to penetrate the 

host (Fudal et al., 2007). Mutagenic experiments in the putative catalytic site of the β-

ketoacyl synthase domain of AVR-ACE1 eliminate the avirulent properties of the gene 

(Bohnert et al., 2004).  AVR-ACE1 is highly related to the lovastatin polyketide synthase 

from Aspergillus terreus (Bohnert et al., 2004). The AVR-ACE1 belongs to a 15-gene 

cluster responsible for the synthesis of a secondary metabolite that acts as an elicitor 

(Bohnert et al., 2004). Serial deletions of the ACE1 promoter and bioinformatics analysis 
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of ACE1 promoter and the other 14 genes located in the gene cluster indicate that all 

genes are regulated by common transcription factor(s). Additionally, analysis of the rest 

of genes present in the cluster via RNA interference and mutations suggest that only 

ACE1 in the cluster is required for avirulence signaling (Collemare et al., unpublished 

data). 

An additional identified AVR locus that in spite of efforts has not been cloned yet 

is AVR1-MARA (Mandel et al., 1997). This locus is responsible for incompatibility 

between M. oryzae and the rice cultivar Maratelli.  The AVR locus is located in an AT-

rich region that is > 60kb and that contains multiple DNA repeats.  

The PWL genes, PWL1, PWL2, PWL3 and PWL4, constitute a group of AVR 

genes that control pathogenicity of M. oryzae at the species level. The isolation of the 

AVR gene PWL2 from a strain pathogenic on weeping lovegrass (Eragrostis curvula) 

(Sweigard et al., 1995) led to the identification of other AVR genes with 50-75% 

aminoacid homology to PWL2 (Kang et al., 1995b). PWL2 encodes a 145-amino acid 

protein and its usual presence in field isolates is interpreted as providing advantage to the 

pathogen to cope with natural conditions in the field (Sweigard et al., 1995; van't Slot and 

Knogge, 2002). PWL1 and PWL3 control virulence in finger millet (Eleusine coracana) 

and encode proteins of 147 and 137 amino acids respectively. PWL4 governs 

pathogenicity in E. curvula and encodes a protein of 138 amino acids (Kang et al., 1995b; 

Sweigard et al., 1995). PWL1-4 constitute a gene family which encode proline-rich 

proteins that contain a high percentage of charged amino acids, plus a 21-amino acid 

extracellular signal sequence (Sweigard et al., 1995). Another characteristic of the PWL 
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gene family is a high mutation frequency which has been suggested to contribute to rapid 

evolution (Kang et al., 1995b). 

Initial progress towards the understanding of the significance of avirulence genes, 

in the evolution of Magnaporthe has begun by correlating the distribution and function of 

AVR1-CO39 in Magnaporthe populations, with the distribution and function of the 

resistance gene Pi-CO39 (t) in rice populations. Results of this study indicate that AVR1-

CO39 was lost in early stages of the evolution of the rice-specific subgroup of M. oryzae 

(Tosa et al., 2005). There are still many unanswered questions regarding the evolution of 

Magnaporthe and it will definitely be interesting to carry out more studies like the 

AVR1-CO39 one using other avirulence genes such as PWL1, PWL2, AVR-Pita and 

ACE1.  

 

1.4.3. Molecular interaction between gene-for gene theory components and defense 

response events 

Most R genes encode proteins with predicted either extracellular or intracellular 

leucine rich repeats. These types of repeats are typical of protein-protein interactions 

supporting the role of R proteins as receptors (Bonas and Lahaye, 2002). However, 

recognition of elicitors is not the only function of R proteins. They participate in 

transduction of the signal to initiate the defense response (Bonas and Lahaye, 2002). 

Different lines of evidence coming from different R gene products have contributed to 

build different and non-exclusive biochemical model for the gene-for-gene theory (Figure 

1.17). The first and most basic model refers to the direct interaction between the R and 
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AVR components. The second model proposes that the AVR factor associates first with a 

receptor that will bind to the R protein. The third model is known as the “guard 

hypothesis” and it was proposed to explain in Pseudomonas syringae and tomato why 

Pto, an R protein with kinase activity, requires the presence of the Prf protein to trigger 

defense upon recognition of Avr-Pto. According to the guard hypothesis Pto triggers a 

nonspecific defense pathway and Avr-Pto’s task is targeting Pto, this situation is avoided 

by Prf whose function is to guard Pto, and by detecting Avr-Pto activates defense (Bonas 

and Lahaye, 2002; Jones and Dangl, 2006). The fourth model is based on AVR genes that 

encode protease-like proteins whose proteolytic activity on host proteins might be the 

mechanism responsible to originate the elicitors that induce the plant defense. R proteins 

might serve as guards of the substrates of the AVR protease-like proteins. It is thought 

that Avr-Pita and Pi-ta constitute one example of this model (Bonas and Lahaye, 2002).   

Data suggests that although R genes are structurally different they might utilize common 

defense signaling pathways to trigger the defense response (Bonas and Lahaye, 2002). 

Ion fluxes, oxidative bursts and nitric oxide (NO) are some of the second messengers 

involved in the control of HR (Greenberg and Yao, 2004). Ion fluxes trigger extracellular 

production of reactive oxygen species (ROS) like superoxide (O2
-), hydrogen peroxide 

(H2O2) and hydroxyl free radical (OH-) and NO. The generation of ROS is catalyzed by 

plasma membrane NADPH oxidase and peroxidases (Somssich and Hahlbrock, 1998). 

ROS are integrated in the signaling network responsible for inducing defense responses 

contribute to reinforcement of cell wall and due to their toxicity they might directly affect 
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Figure 1.17. Diagram of four biochemical models for the gene-for-gene theory. 
Reprinted with permission from Current Opinion in Microbiology, Volume 5: 44-50 
(Bonas and Lahaye, 2002) by © Elsevier. www.elsevier.com.  
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pathogens (Odjakova and Hadjiivanova, 2001; Nimchuk et al., 2003). In order to induce 

HR the proper amounts of NO and H2O2 must be present (Delledonne et al., 2001). 

McDowell and Dangl (McDowell and Dangl, 2000) postulate that defense responses are 

produced by synergistic interactions between ROS, NO and salicylic acid.  

Upon pathogen recognition an increased intracellular concentration of Ca2+ is 

observed in the host cell (Bolwell, 1999). This increase in Ca2+ concentrations can 

activate calcium-dependent protein kinase cascades that ultimately would lead to defense 

responses (Romeis et al., 2000). Protein kinases and mitogen activated protein kinases 

(MAPKs) are essential components in the plant defense response (Kovtun et al., 2000; 

Romeis et al., 2000; Sessa and Martin, 2000). The mode by which MAPKs control plant 

defense responses is not clear yet. Evidence suggests that MAPKs could activate salicylic 

acid pathways in response to microbe attack or plant wounding (Zhang and Liu, 2001). 

The presence of GTPases in rice has been linked to the production of ROS and 

phytoalexins supporting their role in triggering defense mechanisms (Kawasaki et al., 

1999; Ono et al., 2001).  

Salicylic acid (SA) is considered to function as a hormone and it is critical to local 

and systemic acquired resistance (Nimchuk et al., 2003). Treatment with exogenous SA 

or SA analogs has been shown to restore resistance in mutants affected in signaling steps 

occurring before SA production (Nimchuk et al., 2003). SA signaling role in host 

resistance is highly documented (Metraux, 2002); however its extent of involvement in 

nonhost resistance is not as well studied (Thordal-Christensen, 2003). 
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Additional players in the signaling network of plant defense include jasmonic acid 

(JA) and ethylene (Glazebrook, 2001). Lipid-bound unsaturated fatty acids placed within 

the membrane are broken down by induced phospholipases and release linolenic acid that 

serves as substrate to generate jasmonate and methyl jasmonate (Odjakova and 

Hadjiivanova, 2001). The SA pathway acts separately from the JA and ethylene 

pathways.  Actually, the SA pathway seems to inhibit the JA and ethylene pathways and 

vice-versa (McDowell and Dangl, 2000; Glazebrook, 2001). Pathogens that kill the plant 

to obtain nutrients trigger activation of JA and ethylene pathways. In contrast, pathogens 

that obtain nutrients from living plant tissue induce the SA pathway (Odjakova and 

Hadjiivanova, 2001). The role of ethylene in plant defense is not well understood, 

however it has been observed that it induces the expression of PR proteins (Odjakova and 

Hadjiivanova, 2001). Some of the transcription factors that have been found to be 

involved in plant defense are WRKY, ERF/AP2-domain, bZIP and Myb factor families. 

ERF and WRKY transcription factors might be controlled by defense activated protein 

kinases (Odjakova and Hadjiivanova, 2001). 

 

1.5. The Magnaporthe genome  

In order to learn as much as we could from the Magnaporthe genome, in 1998 the 

“Magnaporthe genome project” was initiated.  The project was a partnership between the 

Rice Blast Genome Consortium and the Broad Institute supported by the Whitehead 

Institute. The project gathered researchers from all over the world and involved many 
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laboratories dealing with different aspects and needs required as part of this sequencing 

project (Mitchell et al., 2003). 

The result is the sequence of strain 70-15 M. oryzae, which has a genome of about 

40 Mb with 7 chromosomes (Talbot et al., 1993b; Orbach et al., 1996) and approximately 

12,841 genes (Broad Institute Database) . These calculations might vary for other M. 

oryzae strains; some of them have been reported to have different chromosome sizes and 

different genome organization (Skinner et al., 1993). Analysis from several Magnaporthe 

strains indicated that chromosome sizes range from 2 Kb to 10 Kb (Orbach et al., 1996). 

Mini-chromosomes that do not follow Mendelian segregation and vary in size and 

number also have been reported for different Magnaporthe isolates (Orbach et al., 1996; 

Talbot et al., 1996; Chuma et al., 2003). The size of these minichromosomes can range 

from 470 bp to 2.7 Kb (Orbach et al., 1996; Talbot et al., 1996) and it seems that there is 

a correlation between the presence of minichromosomes and low sexual fertility (Orbach 

et al., 1996). 

The genome of Magnaporthe was sequenced using a whole genome shotgun 

approach and using end sequences derived from plasmids, fosmids, and BAC libraries to 

reach 7X coverage (Veneault-Fourrey and Talbot, 2005). The International Rice Blast 

Genome Consortium decided on sequencing the M. oryzae strain 70-15. This strain is 

MAT1-1 type mating, fertile as male and female pathogenic on rice; and was developed 

by back-crossing to a fertile rice pathogenic isolate Guy11 (Chao and Ellingboe, 1991).  

 In 2005, Dean and collaborators published a draft sequence of the M. oryzae 

genome and a summary of the highlights of the sequence relating it to the ability of M. 
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oryzae to cause rice blast disease (Dean et al., 2005). The draft genome sequence of 

Magnaporthe was assembled with 2,273 sequence contigs larger than 2 Kb. All contigs 

were ordered within 159 scaffolds. The estimated length of all scaffolds including 

calculated sizes of gaps was 40.3 Mb and with recent finishing is 41.2 Mb. The genome 

sequence was assembled with support from genetic maps. Alignment of 28,682 M. oryzae 

expressed sequence tags (EST) were used to estimate the genome coverage (Dean et al., 

2005). In January of 2006, the M. oryzae genome version 5 was released and it is 

available at: http://www.broad.mit.edu/annotation/fungi/magnaporthe/. 

 Assembly of the genome allowed analysis of genome synteny between M. oryzae 

and N. crassa by looking at co-linearity of orthologous genes. Results indicated that there 

was no significant synteny between the two species although regions of microsynteny 

were observed, including in gene clusters (Dean et al., 2005). This is of interest because 

co-linearity between animal and plant chromosomes is well-documented although 

information regarding this topic in fungi is lacking (Dean et al., 2005). Access to the M. 

oryzae genome sequence has been quite beneficial to expand our knowledge about the 

characteristics that make this organism a successful pathogen. The ability of M. oryzae to 

transduce environmental signals is reflected by the large collection of G-protein-coupled 

receptors with seven transmembrane helices (GPCRs). The sequence of the genome led 

to the identification of 61 new GPCR- like genes, some of them sharing similarities with 

extracellular domains similar to those found in human GPCRs (Dean et al., 2005). This 

large collection of GPCRs might explain the tremendous ability M. oryzae has to 

transition from one stage of the infection cycle to another. It is expected that the M. 
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oryzae genome sequence will shed light on research areas from other pathogens, for 

example it is likely that the components of the Pmk1 signaling pathway will play a role in 

virulence in other pathogens virulence as occurred for Pmk1 itself (Dean et al., 2005). 

 One of the important traits that were identified by genome analysis of M. oryzae 

is the presence of a complex secreted proteome. The prediction is that 739 proteins are 

secreted by this pathogen; that is twice the number of secreted proteins predicted for N. 

crassa. These genes appear to encode enzymes for degradation of plant cuticle and cell 

wall or proteins that bind to carbohydrates that might be important in plant attachment 

and colonization. Three families of putatively secreted cysteine rich polypeptides and a 

family similar to a necrosis- inducing peptide in Phytophthora infestans (Fellbrich et al., 

2002) were identified as possible pathogen effectors. Another finding in agreement with 

the lifestyle of a fungal pathogen is the abundance of putative genes involved secondary 

metabolism such as polyketide synthases, cytochrome P450s, mono-oxidases, and non-

ribosomal peptide synthetases that are found in the genome of M. oryzae (Dean et al., 

2005). 

 

1.6. Molecular genetic approaches to identify genes involved in pathogenicity and 

functional genomics 

 The pathogenicity of an organism is defined as the ability that the organism has to 

cause disease. The term virulence genes refer to those genes that encode proteins that 

have a solely impact on the pathogenicity of an organism. The virulence gene(s) is 

specific for one or a few related host plants (Agrios, 1997). The pathogenicity genes or 
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disease specific genes encode pathogenicity factors that are necessary in one or several 

steps for the disease onset (Agrios, 1997). Those genes could be related to attachment, 

germination, colonization of host tissue. Additionally, the pathogenicity genes that 

encode products that either induce plant death, or impair the metabolism of the plant are 

known as “pathogenicity factors”. Pathogenicity factors can be involved in the production 

of toxins required for infection or inactivation of host defense molecules such as 

phytoalexins (Dobinson and Hamer, 1992). However, other genes could have an impact 

on pathogen fitness, and their effect in pathogenicity is a secondary effect.  Thus, 

identifying and separating those genes from pathogenicity genes is not a trivial task.  

Over time researchers have developed multiple techniques to identify 

pathogenicity genes. Initially, mutants were isolated by classical genetics using chemical 

or ultraviolet light mutagenesis (Brown and Holden, 1998). These mutants were tested for 

differences in pathogenicity and if the phenotype was of interest, further analysis was 

necessary to identify the loci responsible for the observed phenotype. Genetic analysis of 

strains generated via classical mutagenesis is labor-intensive because it requires isolation 

of the mutated gene by genetic complementation using a genomic DNA library generated 

form the wild-type strain (Brown and Holden, 1998). An advance in mutagenesis was to 

develop fungal transformation vectors that allow one to tag genes, making the 

identification of the mutated loci much simpler. Thus, in contrast to classical 

mutagenesis, transformation offered the advantage of a presence of a selectable marker in 

the transforming the DNA that allowed to relate the mutation with the observed 

phenotype (Brown and Holden, 1998). Additionally, fungal transformation was a more 
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suitable method to generate larger collections of mutants. Chromosomal integration of 

transforming DNA is now one of the approaches commonly used to generate such mutant 

strains (Sweigard et al., 1998; Balhadère et al., 1999).  The first M. oryzae transformation 

was carried out in laboratory strains derived from non-rice pathogens and followed the 

procedures developed for Aspergillus nidulans (Parsons et al., 1987; Dobinson and 

Hamer, 1992). M. oryzae is easily transformed; the transformation frequencies range 

approximately between 20 and 50 transformants per ug of DNA (Leung et al., 1990; 

Valent and Chumley, 1991). However, there have been efforts to generate dominant 

selective markers. 

Besides the mutagenic techniques, reverse genetics has been another useful 

strategy that has allowed the identification of pathogenicity genes. This technique is 

based on the identification of changes in gene expression during host infection. Gene 

replacement of the induced genes is carried out to study their effect (Talbot et al., 1993a). 

Finally, deductive approaches have also been used to determine pathogenicity genes. An 

example of this strategy was the elucidation of the function of the melanin biosynthetic 

pathway in M. oryzae (Howard and Ferrari, 1989; Chumley and Valent, 1990).  

The main transformation methods that have been used in filamentous fungi to 

accomplish stable and homokaryotic transformation are 1) protoplast transformation 

using CaCl2/polyethylene glycol, 2) electroporation of protoplasts or conidia, 3) particle 

bombardment (biolistics) and 4) Agrobacterium-mediated transformation (Weld et al., 

2006). Protoplast transformation using CaCl2/polyethylene glycol (Hawksworth et al., 

1995) involves the incubation of protoplasts with DNA containing the selective marker in 
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the presence of 10-50 mM CaCl2 and high concentrations of PEG. There are several 

genes that can be used as selective markers in fungi. The hph gene conferring 

hygromycin B resistance is one of the most commonly used selection markers in most 

fungi (Weld et al., 2006). Additional markers for selection on media containing are 

bialophos, sulfonylurea, phleomycin and carboxin have been used (Weld et al., 2006). An 

example of the use of this approach in a pathogenic fungus is provided by Dufresne et al. 

(Dufresne et al. 1998) who used a random insertional mutagenesis in Colletotrichum 

lindemuthianum to identify the gene clk1 which encodes a serine/threonine kinase that is 

involved in the initial infection steps of common bean anthracnose. 

One of the methods used in M. oryzae to achieve random insertional mutagenesis was 

transformation via restriction enzyme-mediated integration (REMI) (Sweigard et al., 

1998; Balhadère et al., 1999). The REMI technique involves transformation of 

protoplasts with the transforming DNA along with restriction enzymes.  The theory is 

that the enzymes will cause breaks in the chromosomal DNA into which the transforming 

DNA will be inserted by having the same cohesive ends (Weld et al., 2006). This 

technique was used in M. oryzae and it improved the transformation efficiency 

approximately ten-fold (Shi and Leung, 1995; Sweigard et al., 1995). Such improvement 

of transformation efficiency has also been reported for other fungi like Aspergillus 

nidulans and Colletotrichum graminicola when comparing to a transformation method 

using linearized plasmid (Mullins and Kang, 2001). REMI increases the target sites for 

recombination, thus it improves the transformation rate and frequency of single copy 

integration events (Weld et al., 2006).  REMI has allowed the cloning of several 
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pathogenicity genes for example the AAL-toxin-synthesizing gene of Alternaria 

alternata (Akamatsu et al., 1997) and the polyketide PM toxin of Mycosphaerella zeae-

maydis (Yun et al., 1998). In M. oryzae 27 pathogenicity mutants were identified from a 

collection of 5,538 REMI-generated strains (Sweigard et al., 1998). Another collection of 

REMI mutants allowed the discovery of 5 more pathogenicity mutants in M. oryzae 

(Balhadère et al., 1999).  

According to Sweigard et al. (Sweigard et al., 1998) only two thirds of the REMI 

pathogenicity mutants in M. oryzae were tagged. Similar results were reported for 

Cochliobolus heterostrophus (Lu et al., 1994). The number of untagged mutations in the 

case of Ustilago maydis seems to be even higher, reaching close to 50% of mutant genes 

not being tagged by the DNA insert (Kahmann and Basse, 1999). Thus, it seems that 

REMI has limitations; the generation of untagged mutations decreases the utility of the 

approach because identification of mutated genes by recovery of the insert flanking 

sequences is hampered (Bolker et al., 1995). The high number of untagged mutations 

could be explained by genomic deletions and/or rearrangements produced by a failure in 

the DNA repair system when trying to seal the double-stranded breaks caused by the 

restriction enzyme during the transformation process (Mullins and Kang, 2001).   

Additionally, it appears that in REMI, DNA integration is not entirely random and favors 

highly transcribed parts of the genome (Lu et al., 1994; Sweigard et al., 1998). For 

detailed reviews on REMI and its use on the isolation of pathogenicity genes in 

pathogenic fungi see Kahmann and Basse (1999) and Maier and Schafer (Maier and 

Schafer, 1999).  
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An alternative method to attempt random gene disruption in fungi has been 

transposon mutagenesis (Kempken and Kuck, 1996; Brown and Holden, 1998; Villalba et 

al., 2001). Transposons are self-mobile DNA segments that can be inserted in one place 

of the genome and jump to a different place and reintegrate there. Because of this 

mechanism of disrupting unpredicted regions throughout the chromosomes, this could be 

well-suited to saturate the genome with random mutations (Mullins and Kang, 2001). A 

Tc1-mariner transposable element called impala was identified and characterized from F. 

oxysporum and used as a mutagenic system in several fungal species (Hua-Van et al., 

1998). The impala transposon was utilized in M. oryzae to generate mutations that led to 

defects in mycelial growth and virulence (Villalba et al., 2001). However, transposon 

mutagenesis seems to be biased towards transposition in non coding regions (Firon et al., 

2003; Ladendorf et al., 2003). 

In the past ten years, Agrobacterium-mediated transformation (AMT) has become a 

very common mutagenesis strategy used in a wide range of fungi. AMT can be used to 

transform different types of tissues (Figure 1.18), and in most cases it does not require the 

preparation of protoplasts that could be quite tedious and time-consuming (Meyer et al., 

2003; Michielse et al., 2005). AMT is a simple method that produces significantly greater 

frequencies of transformation (Meyer et al., 2003; Michielse et al., 2005) than other 

approaches.  Even, fungal species recalcitrant to standard transformation techniques have 

been successfully transformed via AMT (Weld et al., 2006). A detailed description of this 

approach will be provided in the following section. 
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Figure 1.18. Brief summary of Agrobacterium tumefaciens-mediated transformation 
protocol in fungi. Reprinted with permission from Current Genetics, Volume 48: 1-17 
(Michielse et al., 2005) by © Springer. www.springer.com. 
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Regardless of which transformation method is chosen to attempt random insertional 

mutagenesis it is essential to created tagged mutations. This will allow recognition of the 

genomic site where the mutation occured. For optimal results the tagging system should 

result in random integration of single copies of the transforming DNA and not cause 

genomic rearrangements or deletion of sequence of the recipient DNA or the inserted 

DNA (Weld et al., 2006). PCR based strategies, such as inverse PCR, TAIL-PCR and 

plasmid rescue are typically used to recover the sequence adjacent to the inserted DNA 

responsible for the mutation (Weld et al., 2006). This topic will be discussed in the third 

chapter of in this dissertation. 

The term genome refers to one organisms set of genes and chromosomes (Hieter and 

Boguski, 1997).  Genomics is the discipline that deals with mapping, sequencing, and 

analysis of whole genomes. In the last two decades genomics has made enormous 

progress and along this road genomics has focused on an emerging discipline called 

functional genomics (Hieter and Boguski, 1997; Brownstein et al., 1998). Functional 

genomics aims to reach an understanding of the function of all genes predicted in the 

genome in a systematic manner. This area of research is based on the development and 

application of global experimental approaches that will unravel the gene function in the 

organism of interest. It involves high throughput experimental methodologies, statistics 

and computational analysis of data (Hieter and Boguski, 1997; Brownstein et al., 1998). 

S. cerevisae was the first fungus which had its genome fully sequenced (Goffeau et 

al., 1996). It contributed greatly to discover yeast genes, their function and expression 
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(Birrell et al., 2001; Ooi et al., 2001). For researchers using a model organism different 

than yeast, having access to the S. cerevisae genome meant a source to gain insight in 

gene function and to create new hypotheses to test in their systems. An attractive feature 

of functional genomics is the generation of public data that provides potential application 

to research on similar systems, or supportive data to ongoing projects. A lot of the tools 

developed in S. cerevisae to do computational annotation of gene function, transcriptional 

profiling, among others have already been adapted to be used in genome projects of 

filamentous fungi (Michielse et al., 2005). 

The M. oryzae genome was the first fungal plant pathogen to be sequenced (Dean et 

al., 2005) and made publicly available. Today, at least 10 fungal genomes have been fully 

sequenced and at least 100 more fungal genome-sequencing projects have been started 

(Michielse et al., 2005). Sequencing the genome is only a first step of a complex task that 

requires functional analysis of the predicted genes in order to acquire more knowledge of 

the biology of each of these organisms. Functional genomic approaches could lead to a 

more complete understanding of how a host and a microbe interact.  Although, such an 

approach is quite labor-intensive (Weld et al., 2006) the benefits would be significant in 

the field of plant pathology. Fortunately, in the recent years functional genomic 

approaches applied to filamentous fungi that have been increasing. 

This dissertation represents part of a project funded by the National Science 

Foundation, which was titled “Whole genome analysis of pathogen-host recognition and 

subsequent responses in the rice blast pathosystem”. The main goal of the project was to 

identify and characterize new genes responsible for pathogenicity, host recognition and 
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host defense mechanisms. One large part of this ambitious project aimed to create and 

screen a random mutagenesis library consisting of 50,000 strains in the M. oryzae 70-15 

isolate background. The purpose of the library was to provide a source that in 

combination with the information acquired by sequencing the genome would offer the 

research community a collection of data to perform functional genomics analysis and the 

opportunity to take a detailed look at all the genes involved in pathogen-host interactions. 

This dissertation presents a functional genomics approach which aimed to identify 

pathogenicity genes in M. oryzae. Because efficient transformation is a prerequisite to 

perform a random insertional mutagenesis two different transformation methods were 

used and compared. The transformation methods used were protoplast transformation 

using CaCl2/polyethylene glycol and AMT.  Following initial analyses, AMT was the 

primary method used in the generation of the collection of insertion strains, and is the 

topic of the second chapter of this dissertation.  

 

1.7 Agrobacterium tumefaciens- mediated transformation in fungi 

Agrobacterium tumefaciens T-DNA transfer has been shown to be a very powerful 

tool to transform a very wide range of organisms. In 1907 this gram negative bacterium 

was identified as responsible for the crown gall disease (Smith and Townsend, 1907). 

Crown gall disease is initiated when A. tumefaciens is attracted to the plant cell after the 

perception of exudates from a wounded plant cell (Figure 1.18). These exudates include 

amino acids, sugars and organic acids (Winans, 1992).  A. tumefaciens attaches to the 

plant surface first by acetylated polysaccharides and later by cellulose fibrils (Gelvin, 
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2000) and starts going through gene activation processes that ultimately lead to the 

development of disease. Acidic pH, presence of phenolic compounds such as 

acetosyringone and monosaccharides (Bolton et al., 1986; Melchers et al., 1989; Winans, 

1992; Li et al., 2002) are conditions necessary to trigger the T-DNA transfer via 

activation of a two-component regulatory system defined by the genes VirA/VirG (Figure 

1.19) (Stachel et al., 1986; Albright et al., 1989; Winans, 1992; Lee et al., 1999).  

 VirA is a transmembrane receptor kinase that autophosphorylates under the 

presence of the previously described conditions. As a consequence of this event, the 

cytoplasmic VirG protein is phosphorylated (Jin et al., 1990) and able to bind DNA and 

promote expression of the set of vir gene operons (Figure 1.19). The vir operons are 

located on the tumor inducing (Ti) –plasmid. The activation of the vir genes induces 

transferring of a segment of DNA (T-DNA) from the Ti-plasmid from the bacterium to 

the plant nucleus, and eventually is integrated into a plant chromosome (Winans, 1992). 

The generation of a single stranded T-DNA is carried out by virC and virD proteins 

(Figure 1.19) (Michielse et al., 2005). The proteins VirD1 and VirD2 perform the 

recognition and nicking of the single stranded T-DNA (Winans, 1992; Michielse et al., 

2005).  The T-DNA region is flanked by ~ 25 bp that are cis-acting signals for the T-

DNA delivery process. The protein VirD2 binds covalently to T-DNA 5’ end and   VirE2 

proteins coat the DNA fragment. It is believed that VirD2 is the pilot that leads the T-

DNA towards the nucleus because it contains a nuclear localization signal, and that VirE2 

protects the T-DNA from nucleases (Figure 1.19) (Gelvin, 2000; Michielse et al., 2005). 
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The transfer of the T-DNA to the plant cell occurs by a type IV secretion system. 

The secretion apparatus is formed by multiple proteins encoded by the virB operon 

(virB1-11) and VirD4 that form a structure called a T-pilus (Kado, 1994; Baron and 

Zambryski, 1996; Christie, 1997; Lai and Kado, 1998). The protein VirD4 interacts 

between the T-DNA fragment and the virB protein complex in the T-pilus. The virulence 

proteins VirE2, VirE3, and VirF are also secreted to the plant cell along with the T-

DNA/VirD2 complex (Michielse et al., 2005).  

The mechanism that directs the integration of T-DNA in the genome is not yet fully 

understood. It is thought that proteins encoded by the vir genes might contribute to the T-

DNA integration in the plant genome (Hooykaas and Beijersbergen, 1994; Gelvin, 2000; 

Zhu et al., 2000). The T-DNA strand is imported into the plant nucleus by a nuclear 

localization signal harbored within VirD2 (Michielse et al., 2005).  

A symptom of plants infected by A. tumefaciens is the formation of galls. This is 

due to the presence of genes within the T-DNA that result in overproduction of plant 

hormones auxin and cytokines. The T-DNA also contains genes encoding for opines 

which are nutrients for the survival of the bacteria in the plant (Ream, 1989).  

A. tumefaciens will transfer any sequence placed between the flanking repeats. 

Replacement of the T-DNA with constructs containing selective markers and gene 

constructs has revolutionized plant molecular biology.  A. tumefaciens was also 

demonstrated to transform yeast, fungi (Bundock et al., 1995; de Groot et al., 1998; 

Covert et al., 2001; Gardiner and Howlett, 2004; Leclerque et al., 2004; Kellner et al., 

2005; Michielse et al., 2005) and even HeLa cells (Kunik et al., 2001). Today, the use of 
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Figure 1.19. Steps in the transformation of plant cell by Agrobacterium tumefaciens. 
From 
http://www.bio.davidson.edu/people/kabernd/seminar/2002/method/dsmeth/EJB%20Figu
re.jpg 
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A. tumefaciens in transformation exploits a binary vector system that separates the T-

DNA and vir operons in two different plasmids. Thus, the T-DNA content can be 

genetically manipulated to satisfy the needs of the transformation system for different 

organisms (Hoekema et al., 1983; Michielse et al., 2005).  

Agrobacterium-mediated transformation has played a key role in the development 

transgenic varieties of agronomically important crops such as corn, canola, soybeans, 

potatoes, tomatoes and cotton (Gelvin, 2003) and is now being used with rice (Supartana 

et al., 2005; Hiei et al., 2006; Hiei and Komari, 2006; Kant et al., 2007; Zhang et al., 

2007). AMT has been exploited in many ways including as a tool for complete functional 

analysis of genomes by generating loss-of-function mutations at a large scale by random 

T-DNA insertion (Koncz et al., 1989; Ream, 1989; Koncz et al., 1992; Jeon et al., 2000). 

A collection of more than 225,000 insertional strains were generated in Arabidopsis 

thaliana in order to saturate the genome and disrupt all predicted genes. A. thaliana has a 

genome size of about 125,000 kb. A total of 88,000 T-DNA insertions were mapped and 

results indicated that approximately 74% of the predicted genes were mutated using this 

method. Analysis of insertion distribution revealed a bias towards T-DNA integration in 

5’ UTRs, 3’ UTRs, promoter regions, and intergenic regions (Alonso et al., 2003). 

 S. cerevisiae was the first fungus that was transformed using A. tumefaciens 

(Bundock et al., 1995). Afterwards, the method was attempted in several filamentous 

fungi such as Aspergillus awamorii, Aspergillus niger, Fusarium venenatum, 

Trichoderma reesei, Colletotrichum gloeosporioides, and Neurospora crassa (de Groot et 
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al., 1998). The results of these experiments indicated that AMT was suitable to apply to 

filamentous fungi (de Groot et al., 1998), Zygomycetes, Basidiomycetes, Ascomycetes 

and Oomycetes (Michielse et al., 2005).  Although AMT has proven to be suitable to 

most fungi there are a few instances where it has not been successful. In spite of efforts, 

transformation of Sclerotinia sclerotiorum using A. tumefaciens was not fruitful (Rolland 

et al., 2003). 

 One of the greatest advantages of using Agrobacterium-mediated transformation 

protocols is the flexibility of starting material for the transformation (Figure 1.18). The 

starting material could be conidia, vegetative hyphae, or fruiting bodies. Thus, it 

eliminates the necessity of generating protoplasts, which is time consuming and highly 

variable depending on the quality of cell wall digesting enzyme preparations and features 

of the fungal hyphae. However this advantage seems to depend on the fungus; 

transformations of Rhizopus oryzae and Mucor cirnelloides were successful only when 

protoplasts were used as the recipient material. In contrast to most studies (de Groot et 

al., 1998; Abuodeh et al., 2000; Zwiers and De Waard, 2001), in these two species, 

spores or germinated spores could not be transformed by A. tumefaciens (Michielse et al., 

2005).  

Another advantage of AMT is that it typically produces a high percentage of 

transformants containing a single copy T-DNA which it is very beneficial for recovery of 

tagged genes (Michielse et al., 2005). It has also been thought that integration occurs 

randomly (de Groot et al., 1998; Abuodeh et al., 2000; Mullins et al., 2001; Rho et al., 
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2001; Bundock et al., 2002; Leclerque et al., 2004; Michielse et al., 2005), however this 

is a topic of discussion that will be commented on in Chapter 2 of this dissertation.   

 The AMT protocol must be optimized for each fungus and on occasion for each 

isolate (Covert et al., 2001; Sullivan et al., 2002; Fitzgerald et al., 2003). When 

transforming fungi, a number of factors should be taken into consideration in order to 

increase transformation frequency. These factors are 1) the Agrobacterium strain and 

binary vector; 2) fungal material to be transformed; and 3) transformation conditions. 

Agrobacterium strains such as LBA4404, EHA105, and LBA1100 are some of the strains 

that have been used to fungi (Michielse et al., 2005). The use of supervirulent strain A281 

has been correlated with higher transformation efficiency (Piers et al., 1996; Campoy et 

al., 2003; Vijn and Govers, 2003; Park and Kim, 2004). The use of plasmids containing a 

constitutive mutation in the virG gene (GN54D) resulted in an increase in Phytophthora 

infestans transformation frequencies (Vijn and Govers, 2003). 

 The influence of starting fungal material in the transformation efficiency has been 

reported several times and it varies quite bit from one species to another. In the case of 

Agaricus bisporus, although germinated basidiospores can be used as it was initially 

demonstrated (de Groot et al., 1998), the transformation efficiency increases when the 

starting material is vegetative or fruiting body mycelia (Mikosch et al., 2001). 

Transformations in Coccidiodes immitis demonstrated that longer germination of spores 

translates to an increase of transformation efficiency (Abuodeh et al., 2000). The age of 

spores or mycelia can also have an impact on the transformation frequency. Aspergillus 

awamori and A. niger spores kept 4ºC for long periods of time lose susceptibility to 
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Agrobacterium (Michielse et al., 2005). Similarly, older cultures of Blastomyces 

dermatitidis show decreased transformation efficiency (Sullivan et al., 2002). 

 One of the transformation steps that should be considered while performing 

optimization of the protocol is the induction of the vir genes in the Agrobacterium strain. 

Induction is carried out with exogenous acetosyringone before and during co-cultivation. 

Poor induction of vir genes will lead to low transformation frequencies due to decreased 

T-DNA transfer. A very important step during the transformation procedure is the co-

cultivation step. It is critical to have acetosyringone present during the co-cultivation 

period (Michielse et al., 2005). However a plasmid containing a constitutive mutation in 

the virG gene avoids the necessity of using acetosyringone (Abuodeh et al., 2000). The 

amount of co-cultivation time and the temperature at which this step is carried out also 

determine the efficiency of the transformation (Mullins et al., 2001; Rho et al., 2001; 

Combier et al., 2003; Meyers et al., 2003; Rolland et al., 2003; Gardiner and Howlett, 

2004; Michielse et al., 2004). In agreement with optimal co-cultivation temperatures for 

AMT in plants (Salas et al., 2001) the optimal co-cultivation temperature found for 

fungal transformation oscillates between 22ºC and 25ºC (Mullins et al., 2001; Rho et al., 

2001; Combier et al., 2003; Meyers et al., 2003; Rolland et al., 2003; Gardiner and 

Howlett, 2004; Michielse et al., 2004). The pH of the media during co-cultivation has 

also been found to play a role in transformation efficiency. The optimal pH is between 

5.0 and 5.3 (Michielse et al., 2005). 

 The transformation efficiency is also affected by the ratio between fungal 

recipient material and A. tumefaciens cells during co-cultivation.  Inclusion of too many 
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A. tumefaciens cells may lead to a decrease of the transformation frequency as well as 

causing difficulties in eliminating A. tumefaciens after transformation (Meyer et al., 2003; 

Michielse et al., 2005).  An excess of fungal recipient material might make it more 

difficult to isolate individual primary transformants (Covert et al., 2001).  

 As in plants, AMT has been used for insertional mutagenesis in fungi. The 

amount of projects relying on AMT has grown since the first experiments in S. cerevisae 

(Bundock et al., 1995; Michielse et al., 2005). Mapping of the T-DNA among the 

chromosomes in an A. tumefaciens-mediated yeast library suggested a random T-DNA 

insertion pattern (Bundock et al., 2002). This topic will be discussed further in Chapter 3.  

In these large-scale mutagenesis projects the ease and efficiency to correlate the T-DNA 

insertions with phenotypes and gene functions depends on the percentage of tagged 

mutations generated. Mutation tagging is defined by the percentage of mutant phenotypes 

that correlated with the T-DNA insertion.  Significant data in this area is lacking for 

filamentous fungi. The percentage of tagged mutants in Cryptococcus neoformans was 

calculated to be approximately 50-60% (Michielse et al., 2005). Analysis of mutant 

tagging can be difficult in cases, like in F. circinatum, where the pathogenicity mutants 

generated by AMT have been observed to lose their female fertility, making genetic 

crosses impossible (Michielse et al., 2005). 

 AMT has also been useful for targeted mutagenesis, not only because of its high 

transformation efficiency but also because it seems to promote homologous 

recombination (Bundock et al., 1995).  AMT allows the use of smaller DNA flanking 

regions to facilitate homologous recombination. In S. cerevisae and S. pombe 
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homologous regions of 50-100 bp are sufficient to drive integration of the gene 

replacement cassette by homologous recombination. In A. awamori homologous regions 

of 250 bp was sufficient to obtain pyrG mutant strains (Michielse et al., 2005). Gene-

targeting efficiencies achieved using AMT vary from 14% to 75% which are remarkably 

high compared to conventional methods (Michielse et al., 2005). 

 In summary, AMT has made great contributions to the utility of fungal 

transformation.  A. tumefaciens-mediated transformation has been an important player in 

functional genomics, and certainly it will keep nurturing this field. 

 

1.8. Vacuolar system in fungi 

Chapter four of this dissertation presents a characterization of pathogenicity mutant 

that contains a T-DNA insertion in the upstream region of two divergently transcribed 

genes, one of which is predicted to encode the vacuolar-H+ ATPase subunit c`` and the 

other one the general transcription factor TFIIA subunit γ. This section aims to review the 

topic of vacuoles and vacuolar-H+ ATPases in fungi to provide some basic framework to 

understand the biological consequences of having a defect in the function of the vacuolar-

H+ ATPase. 

 

1.8.1. Vacuoles have multiple functions in the cell 

Vacuoles are organelles that contribute to the complexity of eukaryotic cells by 

compartmentalization. The functions of vacuolar system in filamentous fungi are still 

unclear. The fungal vacuole traditionally has been considered analogous in function to 
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the lysosome in mammals (Ashford et al., 2001). Although the fungal vacuole is an acidic 

compartment that could contain hydrolytic enzymes linking it to lytic activities, this 

organelle has also been found participating in diverse physiological processes (Klionsky 

et al., 1990; Ashford et al., 2001). Thus, vacuoles are multifunctional organelles that are 

important in storage of metabolites such as basic amino acids and polyphosphate, in 

maintaining cytosolic ion and pH homeostasis and osmotic regulation (Klionsky et al., 

1990; Ashford et al., 2001).  

 Filamentous fungi have a very characteristic vacuolar organization, which is 

represented by a dynamic and mobile tubular vacuolar system (Rees et al., 1994; 

Ashford, 1998; Cole et al., 1998; Ashford et al., 2001). This vacuolar system forms an 

extensive and continuous network of tubules that have been visualized by using 

fluorescent probes in living cells and in sections (Ashford, 1998; Cole et al., 1998). The 

basidiomycete Pisolithus tinctorius has been a great system for the study of the motile 

tubular vacuole system (Ashford et al., 2001). 

 In S. cerevisae vacuoles at times appear as single and separate vesicles, however 

they may also form a continuous reticulum allowing all the vesicular components to be 

connected to each other via fine tubules (Jones et al., 1997). Mycelial fungi, in order to 

grow, are characterized by polarization of the cellular components and organelles to grow 

by hyphal extension. For example, in the oomycetes the vacuole system is polarized and 

an apical filamentous vacuole reticulum is apparently adjacent to a large subapical 

vacuole (Ashford et al., 2001). Thus, the motile tubular vacuole system is proposed to 

function as a mean of longitudinal transportation along the hyphae (Ashford et al., 2001). 
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In mycorrhizal and saprotrophic fungi, basic amino acids, N, and polyphosphate are 

translocated in an active manner, and it is believed that vacuolar system is responsible for 

such longitudinal movement towards the hyphal tip to make such compounds available to 

the cell (Darrah et al., 2006).  

As far as the structural traits of this tubular vacuolar system it is noticeable that the 

greater the distance from the hyphal tip the larger the vacuoles become and the less 

mobile they appear to be (Ashford et al., 2001). Also, the tubular vacuoles extend as the 

tip of the hypha grows. However, external and intracellular conditions can rapidly affect 

whether the non-motile vacuoles become motile or if they become tubular and assemble 

into a vacuolar network. The regulation of these changes is not understood but it is 

known that media in which the fungal cultures are grown in and microtubule activity 

have influence on these processes (Ashford et al., 2001). Evidence indicates that the 

extension of the vacuolar system and in general its motility depends on the integrity of 

the microtubules. The spherical and tubular system is located adjacent to microtubules 

and it is predicted that the distance between the tubular vacuoles and the neighboring 

microtubules could be easily bridged by a motor protein (Hyde et al., 1999). 

The motility of the vacuole system involves several types of repetitive movements 

that have been identified. These movements include tubule extension and retraction, 

protrusion of tubules from spherical vesicles, a peristalsis-like motion present along the 

tubules, sliding of vesicles along the tubular system, fusion of tubules with spherical 

vacuoles and with other tubules and morphological reversion of the tubules into spherical 

vacuoles (Cole et al., 1998). The tubules are capable of extending across dolipore septa in 
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the basidiomycetes, thus they facilitate the connection of vacuoles between two 

neighboring cells and may be mediating transport via this vacuolar system (Shepherd et 

al., 1993). Inheritance of vacuole has been studied in S. cerevisiae where the mother cell 

gives a portion of the vacuolar components to the daughter cells. The vacuole tubulation 

and motility allows the extension of the vacuole system in the bud cell assuring that the 

daughter cell will receive part of the vacuolar system of the mother cell when both 

separate (Weisman and Wickner, 1988; Jones et al., 1993). A similar process is predicted 

to occur in mycelial fungi, so that the growing hyphal tip will always contain a vacuole 

(Ashford et al., 2001). It is not defined whether coat proteins involved in vesicle 

formation such as clathrin and COP proteins participate in the formation of vacuolar 

tubules (Klausner et al., 1992; Orci et al., 1993). The assembly and structure of the 

vacuole might involve delivery of proteins from the Golgi complex and endocytosis. 

However more data needs to be generated in order to have a better picture of this process. 

Observations indicate that the fusion between the tubule and a large vacuole might 

require a recognition event, perhaps similar that to the ones that mediate vesicle docking. 

These observations suggest that preceding fusion, the vacuolar tubule performs a search 

of the vacuole surface suggesting some specificity (Waters and Pfeffer, 1999; Ashford et 

al., 2001). Vesicle docking and fusion is partly dictated by receptor proteins called t-

SNAREs (target organelle soluble N-ethyl-maleimide-sensitive factor at attachment 

protein receptors) and v-SNARES (vesicle or donor-associated SNARE) (Rothman, 

1994). The t-SNAREs are located in the membrane of the target organelle and interact 

with the v-SNARES in the transport vesicle that will be fused to the target. Thus, fusion 
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of transport vesicles with target organelles occurs in a very specific manner (Rothman, 

1994). In S. cerevisiae, multiple proteins have been identified as homologous to the 

SNAREs found in animal cells (Ferronovick and Jahn, 1994; Rothman, 1994). For 

example, the yeast t-SNARE protein, Pep12, is found in the pre-vacuolar compartment 

(late endosome) that receives vesicles coming from the Golgi (Becherer et al., 1996).  

Two other yeast SNAREs, Vam3 and Vam6 that have irregular distribution in the 

vacuoles suggest that there are precise areas that might be involved in fusion (Nakamura 

et al., 1997; Wada et al., 1997). The Vam3 homologue gene in Aspergillus oryzae has 

recently been isolated (Shoji et al., 2006). Thus, it seems possible that SNARE or 

SNARE-like mechanisms might mediate the targeting, docking and fusion of the tip of 

the tubular vacuoles. 

As was discussed above, because of the particular structure and motility of the 

vacuolar system in fungi it is believed one of its functions is linked to transport (Cole et 

al., 1998; Ashford and Allaway, 2002). The transport role could also relate to the storage 

abilities that vacuoles have. Attempts to test this hypothesis support the idea that the 

vacuole organelle acts as an internal distribution system that is bidirectional and can 

cover distances of millimeters to centimeters (Darrah et al., 2006). 

Although amino acids and ions are essential for cellular function, a fine regulation 

of their concentration is critical because an excess of any of these components could be 

lethal (Klionsky et al., 1990).  The vacuole selectively takes up, and stores ions and 

amino acids; thus it contributes to the regulation of their cytosolic concentration. In small 

concentrations the vacuole contains K+ and Na+, the two major cytosolic ions. The 
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vacuole may also contain Co2+, Mn2+, Ni2+, and inorganic phosphorus (Pi) (Klionsky et 

al., 1990). The macromolecular anion polyphosphate is also retained in the vacuole. 

Polyphosphate has been involved in osmoregulation, and accumulation of amino acids 

and cations inside the vacuole (Klionsky et al., 1990). Polyphosphates are present in 

chains and help to store Pi (Urech et al., 1978; Cramer et al., 1980). Different active 

transport systems mediate the amino acid uptake into the vacuole (Ohsumi and Anraku, 

1981; Sato et al., 1984). Glutamine-asparagine, phenylalanine-tryptophan, isoleucine-

leucine, arginine, arginine-lysine, tyrosine and histidine use an H+/ amino acid antiport 

system (Klionsky et al., 1990). The retained basic amino acids, especially arginine can 

function as reserves when the cell undergoes nitrogen starvation (Legerton and Weiss, 

1979, 1984). The mechanism by which the amino acids are maintained in the vacuole 

lumen is not totally clear; it may be just that the membrane is impermeable to them 

(Klionsky et al., 1990).  

One of the functions of the vacuoles related to compartmentalization is the 

sequestering of hydrolases in the cell. For example, yeast vacuoles contain several 

hydrolases such as carboxypeptidase Y, proteinase A and B, aminopeptidase I, dipeptidyl 

aminopeptidase B, α-mannosidase, alkaline phosphatase, and trehalase (Klionsky et al., 

1990). In S. cerevisiae one of the trehalase activities is regulated by sequestration of the 

constitutively active trehalase into the vacuole (Keller et al., 1982). Degradation activities 

in the vacuole have been observed for example in S. cerevisiae, where the mating 

pheromone alpha-factor, after binding to the cell surface receptor is internalized and 
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degraded in the lumen of the vacuole (Riezman, 1985; Jenness and Spatrick, 1986; Dulic 

and Riezman, 1989). 

The vacuole maintains a low pH, a characteristic that is important for different 

cellular processes (Klionsky et al., 1990). It has been reported that in S. cerevisiae and C. 

albicans the vacuolar pH can have small fluctuations depending on growth stage 

(Cassone et al., 1983; Greenfield et al., 1987). One of the lines of evidence supporting a 

role of vacuoles in maintaining the homeostasis of intracellular pH is the pH sensitivity 

displayed in yeast mutants that have defective vacuoles (Banta et al., 1988). It has been 

predicted that any mutation that might affect the function of the vacuole might affect 

transport in or out of the vacuole, the ability of storing metabolites and ions, and cellular 

homeostatic responses (Klionsky et al., 1990). The cytoplasmic pH is important for many 

diverse processes and in all organisms maintaining a stable intracellular pH is critical for 

the performance of normal cellular functions (Plumridge et al., 2004). Intracellular pH 

can have an impact on gene expression, protein synthesis and enzyme activity (Plumridge 

et al., 2004). In S. cerevisiae there is evidence for a direct relationship between 

intracellular pH and viability (Imai and Ohno, 1995). In fungi alkaline pH gradients seem 

to mediate hyphal extension (Robson et al., 1996), and in Penicillium cyclopium 

intracellular alkalinization is essential for conidiation (Roncal et al., 1993). In A. niger it 

has been demonstrated that the success of weak acids used as food preservatives is 

explained by the disruption of pH homeostasis and the impairment of the vacuole pH 

gradient (Plumridge et al., 2004). 
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In addition, a common function of plant and fungal vacuoles and lysosomes that is 

mediated by the low pH (~ pH 5.0) is to facilitate the breakdown of macromolecules via 

acid hydrolases such as proteases, lipases, nucleases, phosphatases, and glycosidases 

(Beyenbach and Wieczorek, 2006). Traditionally lytic activities in fungi were associated 

with small lysosome-like structures (Pitt and Coombes, 1968; Weber et al., 1999). 

However, fungal vacuoles seem to also play an important role in the lytic events of the 

cell. Degradation activities in the vacuole have been observed for example as described 

above for the S. cerevisiae mating pheromone.  In hyphae of Botrytis cinerea and other 

fungi, large vacuoles have been shown to contain acid phosphatase activity, a marker 

enzyme for lytic compartments. Furthermore, these vacuoles appear to carry out 

autophagocytosis (Weber et al., 1999; Weber et al., 2001).  

There are two types of vacuolar autophagic processes, microautophagy and 

macroautophagy. Microautophagy refers to the event of the vacuole forming 

invaginations or protrusions in its membrane to acquire cytoplasmic materials (Thumm, 

2000; Noda et al., 2002). Microautophagic events have been demonstrated in S. 

cerevisiae (Muller et al., 2000) and Colletotrichum graminicola (Schadeck et al., 1998; 

Schadeck et al., 2003). It is a common trend to find lipid reserves in fungal spores (Weete 

and Laseter, 1974) and it has been of research interest to learn the function and destiny of 

such reserves. In ungerminated spores of C. graminicola, a pathogen of corn and 

sorghum, mobilization of lipid bodies occurs during germination (Schadeck et al., 1998). 

The vacuoles in the conidia have been observed to internalize lipid bodies that disappear 

over time, suggesting the process is linked spore the germination. Acid phosphatase 
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activity has been detected in these vacuoles supporting their role as lytic elements. Thus, 

it is believed that the lipids vanish as a consequence of degradation processes in the 

vacuole (Schadeck et al., 1998). As the C. graminicola germ tube continues to 

differentiate into an appressorium, an accumulation of large lipid droplets is observed 

inside of this penetration structure (Politis and Wheeler, 1973; Politis, 1976). 

Additionally acid phosphatase activity has been found in vesicles containing lipid bodies 

in the appressorium. These lipid bodies are internalized in the vacuole following vacuolar 

membrane invaginations (Schadeck et al., 1998). Thus, it is proposed that 

microautophagic processes are associated with the uptake of lipids by the vacuoles 

(Schadeck et al., 2003) 

Endocytosis is a critical process in eukaryotic cells and provides the cell with a 

mechanism to internalize membrane lipids and proteins for recycling and degradation, 

and also for the uptake of extracellular molecules that could act as signal cues for the cell 

to respond to its external environment (Mellman, 1996). There is data supporting that 

endocytosis occurs in yeast and filamentous fungi (Fischer-Parton et al., 2000; Read and 

Hickey, 2001; Atkinson et al., 2002). However, the existence of endocytosis in hyphae 

has been questioned and it is the subject of some discussion. Read and Kalkman (2003) 

summarize the points that argue in favor of the existence of endocytosis in filamentous 

fungi.  

Vacuoles have been proposed to play a role in endocytosis, as they are the final 

destination of the molecules that get internalized by the cell (Munn, 2000). In the animal 

cells the three most important compartments that constitute the endosomal lysosomal 
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system can form tubules; and vesicle-mediated transport can be bidirectional (Ashford et 

al., 2001).  S. cerevisiae has been a great organism to explore the functions and 

occurrence of protein transport pathways to the vacuole.  Two transport pathways have 

been recognized as occurring via the Golgi, one of which involves a pre-vacuolar 

compartment. Some hydrolases that are synthesized in the endoplasmic reticulum are 

mobilized from the Golgi apparatus to the vacuole via the pre-vacuolar compartment 

(Raymond et al., 1992; Vida et al., 1993). Such pre-vacuolar compartments are thought to 

fulfill the equivalent functions of a late-endosomal compartment in the animal endocytic 

pathway (Rieder et al., 1996).  Although the yeast endocytic pathway is not yet fully 

characterized, there is enough data suggesting a high similarity to the endocytic pathway 

in animal cells (Roth et al., 1998). 

Using markers for the secretory and endocytic pathway in a yeast vacuolar protein 

sorting mutant it has been shown that the anterograde and retrograde transport was 

abolished and markers accumulated in the pre-vacuolar compartment that is adjacent to 

the large vacuole (Rieder et al., 1996). It is important to highlight that in S. cerevisiae it 

has been demonstrated that retrograde transport between the vacuole, the pre-vacuolar 

compartment and the Golgi does exist (Ashford et al., 2001). 

 

1.8.2. Vacuolar type H+-ATPases 

Vacuolar type H+-ATPases (V-ATPases) are multi-unit assemblies that are 

present in animals, plants and fungi and they share great structural similarity among all of 

these organisms (Kettner et al., 2003). The V-ATPase hydrolyzes ATP, generating 
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energy necessary to pump protons into the vacuole lumen, thus creating an 

electrochemical potential that is essential to drive other transport systems (Bourett and 

Howard, 1990; Klionsky et al., 1990). The generated pH gradient is coupled to the 

transport of amino acids to the lumen of the vacuole (Bowman and Bowman, 1988). 

Thus, V-ATPases play a major role in the acidification process and it was discussed 

previously that such acidification drives multiple physiological functions of the cell. 

However, V-ATPases do not only acidify vacuoles, they acidify lysosomes, endosomes, 

the Golgi, clathrin-coated vesicles, and secretory vesicles (Nelson and Harvey, 1999; 

Chavez et al., 2006).  

The first data record of the existence of V-ATPases comes from Kirshner, working 

with animal cells (Kirshner, 1962). Since then, there has been a continuous accumulation 

of data regarding ATP-driven proton pump transport and ATPase activity in membranes 

of diverse nature. By the early 1980’s scientific data supported the presence of V-

ATPases in fungi such as yeast (Kakinuma et al., 1981) and Neurospora (Bowman and 

Bowman, 1982). There are great structural and physiological similarities between V-

ATPases and F1-F0-ATP synthases (F-ATPases), and in fact these two protein complexes 

are ancient relatives that share a common ancestor from which they diverged prior to the 

evolution of the eukaryotic cell (Gogarten et al., 1989). In contrast to V-ATPases that use 

ATP, F-ATPases produce ATP. F-ATPases are present in mitochondria, chloroplasts and 

eubacteria (Hirata et al., 1997; Imamura et al., 2003). 

V-ATPases have been found to play a role in diverse pathological processes. For 

instance, they have been linked to HIV infection, osteoporosis and tumor metastasis (Xie 
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et al., 2004). It seems that the development of osteoporosis and some type of tumors 

require a high rate of H+ transport (Bowman et al., 2006). Thus, V-ATPases are 

considered potential targets of drugs to treat certain medical conditions (Xie et al., 2004). 

A clear example of the potential of these drugs is their ability to kill certain parasites, like 

Plasmodium, because disruption of V-ATPase function results in a lack of acidification 

of the digestive vacuole. The digestive vacuole is a proteolytic compartment essential to 

the metabolism of the parasite because it degrades haemoglobin, and it is where haem is 

polymerized, oxygen radicals are detoxified (Olliaro and Goldberg, 1995) For this reason, 

the identification of inhibitors of the V-ATPases has been an active field of research. V-

ATPases are not inhibited by oligomycin, vanate, ouabain or azide that typically inhibit 

other ATP synthases (Bowman et al., 1988). Natural compounds such as benzolactone 

enamides and chodropsins are inhibitors of V-ATPases (Bowman et al., 2006). However, 

Bafilomycin A1 and Concanamycin A, which are both compounds that belong to the 

family of macrolide antibiotics, are considered two of the strongest inhibitors of V-

ATPases in fungi, animals and plants (Bowman et al., 1988; Drose et al., 1993; Bowman 

et al., 2006). Salicylihalamide A, an anti-tumor agent, is another compound that acts as 

an inhibitor of V-ATPase exclusive for mammalian cells, and does not share the same 

binding site as concanamycin or bafilomycin A1 (Xie et al., 2004). Efforts have been 

directed towards identification of the specific binding sites of these drugs in V-ATPases, 

and several models have been proposed (Bowman et al., 2006). Besides the potential use 

of these drugs as therapeutic agents their availability has increased our comprehension of 

the mode of action of V-ATPases.  Resistance to these antibiotics has been used as 
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indicator of mutations in the V-ATPase, which has been a great tool for unraveling some 

of the V-ATPase functions.  

 

1.8.3 Structure and catalytic mechanism of ATPases 

V-ATPases are large heteromeric protein composed of at least 13 different 

subunits arranged in two functional domains, designated V0 and V1 (Figure 1.20).  The V0 

domain is associated with the membrane and forms a proton channel. The V1 domain is a 

soluble, catalytic component that is responsible for the hydrolysis of ATP and it protrudes 

above the membrane surface (Figure 1.20) (Kettner et al., 2003; Chavez et al., 2006). A 

stalk domain joins the V1 and V0 domains (Wilkens et al., 2005). The V1 domain has a 

molecular weight of approximately 600 to 650 kDa and is composed of 8 different 

subunits that are composed of A3, B3, C1, D1, E1, F1, G2 and H1-2 (Inoue and Forgac, 2005; 

Wilkens et al., 2005; Chavez et al., 2006). A part of the V1 sector is a globular headpiece 

with three alternating copies of subunits A and B forming a ring.  ATP hydrolysis is 

mediated by subunits A and B, and there are three reaction sites linked with subunit A. 

The V1 complex also consists of a central rotational stalk (subunits D and F) and a 

peripheral stalk formed by subunits C, E, G and H. The V1 complex is held into place due 

to the presence of peripheral stalk and binding of subunit B and C to actin (Beyenbach 

and Wieczorek, 2006). Subunits C and H are essential for the assembly of a functional V-

ATPase (Kane, 2006). Electron microscopy data and image reconstruction of the V-

ATPase in N. crassa support the idea that subunit H binds to the subunit a in the V0 

complex (Ohira et al., 2006). Subunit C is also very important because it bridges the V1 
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and V0 complexes by binding to subunit a in the V0 region and subunits E and G in the V1 

sector (Beyenbach and Wieczorek, 2006).  Because subunit C appears to be the only 

subunit that is released in vivo from V1 and V0 complexes it is believed to be a 

modulating agent for the stability of the V1-V0 holoenzyme (Inoue and Forgac, 2005; 

Beyenbach and Wieczorek, 2006). The V0 domain has a molecular weight of 

approximately 250- 260 kDa and contains six subunits (Inoue and Forgac, 2005; Wilkens 

et al., 2005; Beyenbach and Wieczorek, 2006). The V0 complex has the following subunit 

composition of a1d1exc4c’1c``1. The proteolipid subunits are c, c’, and c`` and all three of 

them have a buried glutamic acid residue that is required for proton transport (Hirata et 

al., 1997). The subunit a does not have a significant resemblance to any of the F-ATPase 

subunits, however functionally it seems to fulfill a role similar to the subunit a in the F0 

complex of the F-ATPase (Kane, 2006). The subunits c, c’ and c`` share some degree of 

homology with the subunit c in the F-ATPase. Because subunits c and c’ have four 

transmembrane helices, and subunit c`` has five transmembrane helices instead of just the 

two transmembrane helices of the F-ATPase subunit c, it is proposed that gene 

duplication has played a role in the origin of these proteins (Hirata et al., 1997). The 

subunits d and e are exclusive to V-ATPases they are not present in F-ATPases. The 

crystal structure of subunit d suggests it is surrounded by the c subunits (Kane, 2006). 

The function or location of the e subunit in the V0 complex is not yet known. However, 

certainly subunit e is necessary for V-ATPase function (Compton et al., 2006; Kane, 

2006). All the V0 subunits assemble to form a hexameric ring (Inoue and Forgac, 2005). 

The different V-ATPase subunits have molecular masses that vary from 12,000 to 
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100,000. The complete heteromeric protein can reach a molecular mass of approximately 

90,000 (Wilkens et al., 2005). 

The functional model of the V-ATPase considers a stationary part, known as the 

stator, and a mobile part called the rotor. The rotor consists of subunits c, c’, c’’ in the V0 

sector and subunits D and F in the V1 sector. The stator is formed by the remaining 

subunits in the V1 complex (Beyenbach and Wieczorek, 2006).  Although the structure of 

V-ATPases is not as well known as the F-ATPases, because of their evolutionary 

relatedness and the similarities between the two enzymes, F-ATPases have been 

considered a good template to model the components of the V-ATPase molecular motor  

(Harrison et al., 2003). The model to explain how the rotation of the V-ATPase rotor 

mediates the transfer of H+ across the membrane proposes that the a subunit at theV0 

complex, which is close to the c-ring, provides two H+ half channels across the 

membrane (Figure 1.20) (Beyenbach and Wieczorek, 2006). The model also proposes 

that each subunit c of the c-ring has an H+ binding site (Beyenbach and Wieczorek, 

2006). Hydrolysis of ATP generates rotation of the central shaft of the V1 domain and the 

c-ring of the V0 domain (Figure 1.20) (Beyenbach and Wieczorek, 2006). The a subunit 

provides two H+ half channels across the membrane and it is believed that the inner half 

channel is the point of cytoplasmic H+ entry (Beyenbach and Wieczorek, 2006). Thus, H+ 

can bind to one subunit of the c- hexameric ring. After an almost 360º clockwise rotation 

of the c-ring, H+ is released and exits the enzyme through the outer half channel 

(Beyenbach and Wieczorek, 2006).  
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Figure 1.20. Proposed model of the vacuolar H+-ATPases in the eukaryotic cell 
membrane.  
 
 
Reprinted with permission from Journal of Experimental Biology, Volume 209:577-589 
(Beyenbach and Wieczorek, 2006) by © The Company of Biologists Ltd. 
http://jeb.biologists.org/  
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V-ATPase activity is regulated by dissociation and reassembly of V1 and V0 subunits 

in response to the energy status of the cell, temperature, salt concentrations in the cytosol 

and stress factors (Figure 1.21) (Kettner et al., 2003; Beyenbach and Wieczorek, 2006).  

Also, in response to salt stress and metabolic changes the amounts of mRNA and protein 

of V-ATPase subunits vary, which in plants regulates enzymatic activity of the V- 

ATPases (Kettner et al., 2003). In S. cerevisiae, V1 and V0 domains dissociate in response 

to shifting carbon sources from glucose to galactose or raffinose (Kane, 2000). In yeast 

the V1-V0 dissociation is mediated by the heterotrimeric protein RAVE (Regulator of the 

H+ ATPase of Vacuolar and Endosomal membranes) which binds to the released V1 

complex (Smardon et al., 2002). The exact manner in which the RAVE complex works is 

not understood (Kane, 2000). At least three proteins have been identified to participate in 

the assembly of the V-ATPase. These proteins are Vma12 and Vma21 which are located 

in the membrane of the endoplasmic reticulum and Vma22 a peripheral membrane 

protein that is associated with Vma12 (Hill and Stevens, 1994, 1995; Graham et al., 

1998). The complex formed between Vma22 and Vma12 binds to Vph1 (subunit a) and 

enables it to assemble with the rest of V0 subunits (Graham et al., 1998). Vma21 

associates with subunit c’ and it is thought that via this interaction the complex recruits 

Vma6 (subunit d) (Malkus et al., 2004). Evidence indicates that the association between 

V1 and V0 subunits occurs prior to the total assembly of the V1 sector (Kane et al., 1999).  

There is not agreement on whether or not the V0 sector is 100% assembled before it 

binds to the V1 sector. The previously mentioned RAVE complex that participates in V1 
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Figure 1.21. Proposed model of the vacuolar H+-ATPase dissociation as part of enzyme 
activity regulation.  
 
A. Assembly of subunits to form the vacuolar H+-ATPase. 
 
B. Model to explain vacuolar H+-ATPase dissociation.  
 
Reprinted with permission from Journal of Experimental Biology, Volume 209:577-589 
(Beyenbach and Wieczorek, 2006) by © The Company of Biologists Ltd. 
http://jeb.biologists.org/  
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and V0 dissociation, seems to assist also in the assembly of V1 and V0 sectors to 

accomplish V-ATPase activity. A more detailed discussion about the biosynthesis and 

assembly of V-ATPase is presented by Kane (2006). 

 

1.8.4 Functions of V-ATPases and phenotypes of mutations in V-ATPase subunits  

Although, null mutations of the V-ATPase in higher eukaryotes like mice and 

Drosophila are lethal (Davies et al., 1996; Inoue et al., 1999), such gene disruptions have 

led to conditional lethal phenotypes in S. cerevisiae when grown on media with a pH of 

7.0 or higher (Nelson et al., 1990; Ohya et al., 1991). The phenotype is suppressed 

growing the mutant strains at pH 5.0-5.5 (Ohya et al., 1991). The yeast vma mutants 

typically cannot grow under high extracellular calcium concentrations or under 

nonfermentable carbon sources (Ohya et al., 1991). Mutations in the subunits of V-

ATPases affect the cell’s sensitivity to calcium because the activity of the Ca2+/ antiporter 

in the vacuole, which regulates cytosolic calcium, is lost by the loss of the ATPase 

activity (Kane, 2006). The vma mutant strains are also very sensitive to a wide range of 

heavy metals such as copper and multiple drugs perhaps due to the inability to store or 

detoxify these compounds (Eide et al., 1993; Eide, 2003; Parsons et al., 2004). 

Additionally, the sporulation and germination processes are severely affected (Enyenihi 

and Saunders, 2003). These defects exhibited by the vma mutants might be caused by the 

reduced ability to store nutrients in the vacuole (Forster et al., 1999; Bowman and 

Bowman, 2000).  
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The same phenotype was observed in vma mutants generated in S. pombe, N. crassa, 

and C. albicans (Kane, 2006). Because of the conditional lethal phenotypes and the 

flexibility of the systems, yeast and N. crassa have become two of the major model 

systems to study the function of V-ATPases, and learn about new ATPase subunits, 

enzyme assembly factors, and regulation of V-ATPases. In N. crassa strains harboring 

deletions of genes encoding V-ATPase subunits are viable, although showing obvious 

morphological defects in the hyphae, developmental problems and loss of vacuolar 

function (Chavez et al., 2006). In this filamentous fungus, a targeted disruption of the 

gene (VMA-1) encoding the catalytic subunit A results in changes in hyphal morphology 

and slow growth rate which are the same effects caused by treatment with concanamycin 

(Bowman et al., 2000).  

Because in Aspergillus nidulans treatment with bafilomycin and concanamycin 

causes a more severe phenotype (Werner et al., 1984) and higher concentrations of these 

drugs result in swelling of mycelia and almost complete growth arrest (Melin et al., 2004) 

it was investigated whether bafilomycin and concanamycin also targeted the V-ATPase 

in A. nidulans as in N. crassa and S. cerevisiae. A disruption of the gene encoding 

subunit A, VmaA1, was generated in A. nidulans and revealed that the V-ATPase is 

probably the only target of these drugs in this organism. It is worth to note that the mutant 

strain phenotype of ∆VmaA1 is much more severe in A. nidulans than in N. crassa. The 

strain ∆VmaA1 has a very slow growth rate, does not produce asexual spores, and unlike 

N. crassa, fails to grow under high pH (Melin et al., 2004). 
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In plant and animals, there are multiple genes encoding subunit a (V0 domain) and 

their expression varies with respect to the different types of cells (Chavez et al., 2006). In 

S. cerevisiae the subunit a is encoded as two isoforms given by the two genes VPH1 and 

STV1. Both of the genes encode a 100kDa protein (Perzov et al., 2002). The Stv1 

polypeptide is 54% identical to Vph1 (Manolson et al., 1994). In order to create a null V-

ATPase mutant phenotype, disruption of both subunits must be accomplished (Manolson 

et al., 1992; Manolson et al., 1994). In yeast it is proposed that Vph1 is localized in the 

vacuole, whereas Stv1 seems to be localized in Golgi apparatus and endosomes.  A yeast 

mutation in VPH1 affects vacuolar acidification, however no phenotype has been 

described for STV1 mutants (Manolson et al., 1994). Yeast ∆Vph1 mutants grow slowly 

and growth is arrested in medium that contains high concentration of Ca2+ and alkaline 

pH (Manolson et al., 1994). In ∆Vph1 yeast strains it has been demonstrated that there is 

an increase of Stv1, suggesting a compensation mechanism for the absence of Vph1. 

Deletion of VPH1 or STV1 led to a slight decrease in acidification of the vacuole (Perzov 

et al., 2002).  

In N. crassa the subunit a (Vph1), which corresponds to be the largest subunit of the 

V-ATPase (Manolson et al., 1992; Manolson et al., 1994), appears to be encoded by only 

one gene and deletion of this gene leads to an undistinguishable phenotype from deletions 

of genes encoding subunits c, C and H (Chavez et al., 2006). This phenotype is 

characterized by failure to grow under alkaline conditions, slow growth in acidic 

medium, drastic hyphal defects and no production of conidia. The levels of storage of 
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arginine in the vacuole were also reduced to 25% of what it is normal (Chavez et al., 

2006).  

In N. crassa, subunit c is the first proteolipid subunit and it is encoded by the Vma-3 

gene. This subunit consists of 161 amino acids and has four transmembrane helices. It is 

predicted that each half of the sequence of subunit c  is approximately 22% identical to 

the sequence of subunit c present in the F-ATPases (Bowman et al., 2006). The N. crassa 

gene orthologs for subunit c and c’ in yeast have similar sequences; however they are 

clearly different types of proteins. In N. crassa the subunit c is 59.5% identical to subunit 

c in S. cerevisiae and the subunit c’ present in N. crassa is 66.5% identical to yeast 

subunit c’. Comparison of these proteins indicates that there is strong conservation 

especially within the fourth transmembrane helix which is predicted to be the proton 

binding site (Chavez et al., 2006). One of the bafilomycin binding site models proposes 

that the inhibitory drug binds between helix 4 of one c subunit and helixes 1 and 2 of the 

adjacent c subunit in the V0 complex (Bowman et al., 2004). Recently, Bowman and co-

workers identified 11 amino acids in the subunit c that are responsible for the binding of 

this drug (Bowman et al., 2006). 

Subunit c’ is essential in S. cerevisiae (Whyteside et al., 2005) and it is encoded by 

VMA11. In yeast, the c and c’ subunits share 53% identity (Hirata et al., 1997). Based on 

analysis of sequenced fungal genomes, it seems that the presence of subunit c’ is 

widespread (Chavez et al., 2006).  However, the presence of orthologs of c’ subunit in 

plants and animals is ambiguous. It is proposed that the c’ subunit is restricted to fungi 

and that might explain why a deletion of this gene in N. crassa does not generate 
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phenotypes as severe as the phenotypes produced by deletion of the other V-ATPase 

subunits. The ∆vma11 mutant grows better than other mutants, is to some extent sensitive 

to concanamycin (a specific inhibitory drug of V-ATPase) and is able to conidiate 

(Chavez et al., 2006). In N. crassa approximately 50% of the sequence of the subunit c 

and c’ genes corresponds to introns which positions are not conserved. The subunit c and 

c’ genes encode small proteins (Chavez et al., 2006). 

Subunit c`` is the third proteolipid subunit of the V-ATPase. In S. cerevisiae, the c`` 

subunit is encoded by vma-16 and the protein is very similar to subunit c and subunit c’, 

however subunit c`` has additional residues at the N-terminus that form a fifth 

transmembrane helix that is absent in subunit c and subunit c’ (Nishi et al., 2003). The 

function of that extra transmembrane domain is not known (Chavez et al., 2006). This 

protein is the most highly conserved subunit among fungi and mammals (Chavez et al., 

2006). 

In yeast a disruption of the gene Vma9, which encodes subunit e in the V0 complex 

results, in failure of V1 and V0 subunits to assemble onto the vacuole and causes 

decreased levels of proteins Vph1 and Stv1 (Compton et al., 2006). Vma9 is synthesized 

in the endoplasmic reticulum and it never exits the endoplasmic reticulum in the absence 

of any of the V0 subunits or the V-ATPase assembly factors (Compton et al., 2006). In 

the endoplasmic reticulum Vma9 associates with Vma21, one of the V-ATPase assembly 

factors, but in order for this interaction to occur all V0 subunits must be present (Compton 

et al., 2006). The assembly factor, Vma21, also associates with subunits c, c’ and c’’ and 

interestingly, such interactions are not abolished in the ∆Vma9 yeast strain (Compton et 
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al., 2006). Mutation of gene Vma9 in Caenorhabditis elegans results in cellular 

hyperfusion (Kontani et al., 2005). 

The yeast gene Vma10 encodes the V1 subunit G (Charsky et al., 2000). This subunit 

is soluble and shares homology to the b subunit of the F-ATPases (Supekova et al., 1996; 

Charsky et al., 2000). Recently, in yeast, it has been demonstrated that the G subunit 

interacts tightly with subunit E in the V1 sector (Ohira et al., 2006). Site-directed 

mutagenesis of the N-terminal half of subunit G, which is highly conserved with F-

ATPase subunit b, supports the function of this region in the structure and assembly of V-

ATPase (Charsky et al., 2000). 

It is unclear why fungal V-ATPase mutants or treatment with bafilomycin or 

concanamycin result in morphological changes. Because actin organization is aberrant in 

some vma mutants it is proposed that V-ATPases contribute to the cytoskeleton assembly 

and distribution (Kane, 2006). This is supported by the fact that the yeast subunit C of the 

V1 sector has been shown to interact with actin in vitro (Vitavska et al., 2005).  

Furthermore, one end of the yeast subunit C shares high structural similarity to the actin 

binding protein profilin (Drory et al., 2004). 

In yeast, a genomic screen of approximately 4,700 mutants identified strains lacking 

of V-ATPase subunits, assembly factors, and defective in vacuolar protein sorting, all 

sharing growth defects at pH 7.5 in 60 mM CaCl2 (Sambade et al., 2005). The screen was 

performed by comparing growth of the library strains in media at pH 5.0 and media at pH 

7.5 and 60 mM CaCl2 (Sambade et al., 2005). The screen allowed identification of 64 

strains that failed to grow in media at pH 7.5 and high calcium but grew well in media at 
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pH 5.0 and low in calcium (Sambade et al., 2005).  These results in this mutant screen 

supported the idea that vacuolar protein sorting mutants do have a small effect on 

vacuolar acidification or V-ATPase activity (Sambade et al., 2005). This study is 

important because it is the first report of attempting vma mutant saturation and 

demonstrated that genes involved in assembly and regulation of V-ATPase, if deleted can 

produce the traditional Vma- phenotype (Sambade et al., 2005).  

Coordinated regulation of subunit synthesis does not seem to occur for V-ATPases. 

Except for deletion of subunit G, affecting the levels of subunit E, the loss of a V1 subunit 

does not cause any change in the levels of expression of other V1 or V0 subunits (Kane, 

2006). Data seems to indicate that V1 or V0 can assemble independently from one another 

and from subunit C (Ho et al., 1993). 

The acidic pH of the vacuole is predicted to be critical for proteinase A activation and 

thus triggering the activation of a cascade of vacuolar protease processes. Yeast vma 

mutants still have active vacuolar proteases although at a lower level than in the wild type 

strain (Sorensen et al., 1994; Nakamura et al., 1997). This decrease in activity of the 

vacuolar proteases in ∆vma strains is translated to defective digestion of autophagic 

bodies and low proteolysis under starvation conditions (Nakamura et al., 1997). It is 

thought that perhaps a low activity of the proteases and/or slow transport of precursor 

forms of vacuolar hydrolases in the vacuole might be the factors responsible for causing 

low protease activity in the vacuole (Yaver et al., 1993; Nakamura et al., 1997). 

Low vacuolar pH has been found to be important for protein sorting and it is thought 

that the mechanism via which low pH in the vacuole affects protein sorting may involve a 
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dissociation of vacuolar proteins from receptors to be recycled back to the Golgi system 

(Klionsky et al., 1990). In the endocytic pathway the endosomal pH of 6.0 causes release 

of ligands, and a pH of 6.0 is what has been the predicted as the vacuolar pH (Legerton 

and Weiss, 1979; Preston et al., 1989). If in the vacuole the receptor-ligand complexes do 

not dissociate the effect would be a saturation of receptors leading to secretion of soluble 

vacuolar proteins by a default pathway (Klionsky et al., 1990). Inhibition of vacuolar 

ATPase using drugs such as Bafilomycin A1, neutralization of the proton gradient, and 

deletion of structural genes that encode V-ATPase subunits have provided enough 

evidence indicating that acidification of the vacuole plays a role in protein sorting as 

occurs in receptor-mediated endocytosis and lysosomal protein targeting (Klionsky et al., 

1990; Mellman, 1996). Deletion of the two genes that encode subunit a in yeast support 

the role of the V-ATPase in endocytosis because the endocytic marker FM 4-64 is taken 

up much slower in the V-ATPase mutants compared to the wild type (Perzov et al., 

2002). However, it is important to note that inefficient protein sorting and endocytosis 

still occur in vma mutants, suggesting that organelle acidification mediated by V-

ATPases is only one of the players in the process (Kane, 2006). 

It is believed, at least in yeast, that the V0 sector of the V-ATPase plays a role in the 

vacuole-vacuole fusion, which would explain the vacuole morphology defects observed 

in vma mutant strains (Peters et al., 2001). In addition, research in Drosophila 

melanogaster suggests that the same sector is important in the late steps of synaptic 

vesicle exocytosis (Hiesinger et al., 2005). Thus, V-ATPases seems to have a broad range 
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of physiological functions in the cell explaining the pleiotropic phenotypes that the vma 

mutants present. 

As it was mentioned earlier, in the fourth chapter of this dissertation, I focus on the 

characterization of a pathogenicity mutant that contains a T-DNA insertion in the 

upstream region of two divergently transcribed genes predicted to encode a V-ATPase 

subunit c`` and the general transcription factor TFIIA subunit γ. Thus, this T-DNA 

insertion line could relate the function of a vacuolar H+-ATPase to virulence in M. 

oryzae. Additionally, gene disruptions of vacuolar H+-ATPase subunits G, a, c and c`` 

were attempted in M. oryzae and described in chapter four. Mutations of vacuolar 

ATPases in M. oryzae has not been reported, thus their role in pathogenicity remains 

unknown.   In M. oryzae data regarding the function of the vacuole in pathogenicity is 

also still lacking, with the only reported function of the vacuole being its role in lipolysis 

contributing to glycerol production in the appressorium.  

 

1.9 General Transcription machinery and the RNA polymerase II in eukaryotes 

Chapter four of this dissertation presents a characterization of a M. oryzae 

pathogenicity mutant that contains a T-DNA insertion in the upstream region of two 

divergently transcribed genes predicted to encode a V-ATPase subunit c`` and the general 

transcription factor TFIIA subunit γ. In order to hypothesize the role of general 

transcription factor TFIIA in the pathogenic events of M. oryzae the following section 

will provide a review about general transcription process in eukaryotes and focus on the 

functions of the general transcription factor TFIIA. 
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Eukaryotic transcription differs from prokaryotic transcription by its great 

complexity in the general transcription machinery which brings up an increase in targets 

for regulation and more steps (Roeder, 1996). Most of our knowledge about transcription 

in eukaryotes has been extracted from studies in S. cerevisae (Hampsey, 1998) and more 

recently S. pombe (Mitsuzawa and Ishihama, 2004).  In eukaryotes the transcription of 

class II genes is mediated by recognition of the promoter via RNA polymerase II.  This 

process requires the activity of the RNA polymerase II core enzyme, the RNA 

polymerase core subunits and the general transcription initiation factors (Gaston and 

Jayaraman, 2003).  

The RNA polymerase II core enzyme in yeast consists of 12 subunits (Rpb1-

Rpb12) and these subunits are structurally and functionally conserved among eukaryotes 

from yeast to humans (Hampsey, 1998; Mitsuzawa and Ishihama, 2004). In fact, RNA 

polymerase II subunits from yeast could replace the subunits in human and vice versa 

(Mitsuzawa and Ishihama, 2004). The RNA polymerase II core subunits Rpb1, Rpb2, 

Rpb3 and Rpb11 are homologs of the bacterial β’, β, α and α subunits, respectively 

(Mitsuzawa and Ishihama, 2004).  Rpb1 and Rpb2 are largest subunits with 

approximately 200 kDa and 150 kDa, respectively, and represent the most highly 

conserved subunits (Hampsey, 1998). The subunit Rpb1 harbors the carboxy-terminal 

domain, a signature of the eukaryotic RNA polymerase II. This domain consists of 

heptapeptide tandem repeats of the sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser that can vary 

on number according to the organism (Hampsey, 1998). Subunits Rpb5, Rpb6, Rpb8, 
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Rpb10 and Rpb12 are common between the RNA polymerase II core enzyme and the 

eukaryotic RNA polymerase I and III (Mitsuzawa and Ishihama, 2004). 

The general transcription factors include TFIIA, TFIIB, Polymerase II- specific 

TFIID, TFIIE, TFIIF, TFIIG, TFIIH and TFIIJ that recognize the core promoter elements 

(Ranish et al., 1992; Stargell and Struhl, 1995; Roeder, 1996). The core-promoter 

elements are the minimal DNA elements necessary to achieve accurate transcription 

initiation by RNA polymerase II and they are known as the TATA box, an initiator 

sequence (Inr) and the downstream promoter element (DPE) originally characterized in 

Drosophila.  The TATA box contains the consensus sequence TATAa/tAa/t and is 

located at the position -25 or -30 in S. pombe and between -40 and -120 in S. cerevisae 

(Roeder, 1996). The pyrimidine-rich initiator sequence, Inr, contains the consensus 

sequence YYANt/aYY and is typically found near the transcription start site (Roeder, 

1996).  

Assembly of the pre-initiation complex (PIC) is essential to initiate transcription. 

The PIC is formed by the binding of the general transcription factors to the DNA, a 

process that seems to occur in an ordered fashion (Figure 1.22) (Gaston and Jayaraman, 

2003). The assembly of PIC is triggered by the binding of general transcription factor II 

D (TFIID) to the TATA box. TFIID consists of the TATA binding protein (TBP) and 

TBP associated factors (TAFIIs or TAFs) (Roeder, 1996; Gaston and Jayaraman, 2003; 

Mitsuzawa and Ishihama, 2004). The TBP is highly conserved among eukaryotes and 

binds to the TATA box via minor groove contacts, forming a stable complex.  The  
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Figure 1.22. Proposed model for the assembly of the eukaryotic transcriptional pre-
initiation complex. In this diagram the solid bars indicate reported protein-protein 
interactions; TBP: TATA box binding protein; TAFs: TBP-associated factors; PIC: Pre-
initiation complex; CTP: carboxy-terminal domain of RNA polymerase II. Reprinted 
with permission from Trends in Biochemical Sciences, Volume 21(9):327-335 (Roeder, 
1996) by © Elsevier. www.elsevier.com. 
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stability of the complex is increased by addition of TFIIA, a characteristic that makes 

TFIIA a very important element when the promoters have weak TATA boxes (Klein and 

Struhl, 1994; Roeder, 1996; Chou et al., 1999). Thus, TBP interacts with the TFIIA 

(Chou et al., 1999). The presence of TBP is not only essential for RNA polymerase III, 

but also for RNA polymerase I and II (Klein and Struhl, 1994), which justifies why TBP 

is considered a universal transcription factor (Hampsey, 1998). According to experiments 

from mammalian cells, TBP is important for transcription activation (Stargell and Struhl, 

1995). It is thought that the recruitment of TBP in the promoter sequence is a rate-

limiting step that can be facilitated by gene–specific activator proteins (Klein and Struhl, 

1994). The next step in the assembly of PIC occurs when TFIIB joins the complex by 

interacting with TBP and DNA sequences upstream and downstream of the TATA box. 

TFIIA induces a conformational change in TFIID that favors the assembly of TFIIB (Chi 

et al., 1995; Chi and Carey, 1996). TFIIB can also bind to TBP and help to stabilize the 

TBP-TATA complex (Roeder, 1996). However TFIIA and TFIIB have different 

functions in the TBP-TATA complex.  TFIIA works as an anti-repressor facilitating 

dissociation of the TBP-bound negative co-factors that inhibit TFIIB from binding to the 

PIC (Roeder, 1996). In contrast, TFIIB function involves recruitment of the RNA 

polymerase II-TFIIF complex which occurs after TFIIB joins the PIC. TFIIF is important 

because it decreases non-specific binding of the RNA polymerase II and is involved in 

promoter targeting. TFIIF also participates as a transcription elongation factor through 

different subunits than the ones involved in the initiation steps (Roeder, 1996). The 

following factor that is added to the PIC is TFIIE which binds directly to the RNA 
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polymerase II and probably to TBP and TFIIF (Roeder, 1996). TFIIE is involved in the 

melting of the promoter DNA at the transcription initiation site, an activity that is ATP-

independent (Flores et al., 1992; Holstege et al., 1995). Finally the PIC assembly is 

completed by the addition of TFIIH which binds to TFIIE and makes the binding of 

TFIIE to the PIC more stable (Roeder, 1996).  At this point the PIC remains closed and 

becomes activated in an ATP-dependent manner to switch to the open form (Roeder, 

1996). Once the PIC is open, and if NTPs are available, the next step in the transcription 

initiation process is DNA melting and thus, the PIC starts the transcription, followed by 

elongation and termination steps (Roeder, 1996; Gaston and Jayaraman, 2003). TFIIH 

has helicase activity that contributes to the “melting” of an approximately 10 bp region 

upstream of the start site. TFIIH also has kinase activity that is involved in the 

phosphorylation of the carboxy-terminal domain of the RNA polymerase within the PIC 

(Roeder, 1996). A model proposes that phosphorylation of the carboxy-terminal domain 

of the RNA polymerase could be stimulated by TFIIE (Ohkuma et al., 1995). As the 

transcription is initiated, the melted region (transcription bubble) is extended 

downstream, and elongation takes place, thus the promoter region is cleared up. It is 

believed that phosphorylation of the carboxy-terminal domain of the RNA polymerase II 

is important for promoter clearance and the transition from transcription initiation to 

elongation (Conaway and Conaway, 1993). This is thought to be explained by a 

conformational change that releases the RNA polymerase II from the general 

transcription factors, a step that could important to activate the PIC. Additionally, 

phosphorylation of the carboxy-terminal domain of the RNA polymerase II is important 
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to allow interactions between co-factors and the RNA polymerase II holoenzyme 

(Roeder, 1996). Secondary transcription initiation events may possibly occur, partially 

because TBP and TFIID remains stably bound with the promoter even after the process 

has moved to the initiation and elongation steps. Other general transcription factors, such 

as TFIIH and TFIIE, dissociate as the RNA polymerase II moves forward while other 

factors like TFIIF remain associated with RNA polymerase II. During transcription, 

termination dephosphorylation of the carboxy-terminal domain of the RNA polymerase II 

takes place by the action of a specific carboxy-terminal domain phosphatase (Chambers 

et al., 1995). 

The rate of transcription initiation is influenced by diverse regulatory elements 

which are defined as gene-specific sequences and are present upstream of the core 

promoter. These regulatory elements include upstream activation sequences or upstream 

repression sequences to which transcriptional enhancers or repressors bind (Stargell and 

Struhl, 1995; Hampsey, 1998; Gaston and Jayaraman, 2003). The RNA polymerase II 

activity is controlled by the gene–specific activator and repressor proteins (Stargell and 

Struhl, 1995; Hampsey, 1998; Gaston and Jayaraman, 2003). These types of proteins 

have a DNA binding domain and one or more domains to interact with the transcription 

machinery, thus inducing the transcription initiation (Stargell and Struhl, 1995). The 

gene-specific regulators, which act with coactivators and corepressors, affect the level of 

transcription initiation by controlling the assembly and activity of the PIC (Liu et al., 

1999). The interaction between RNA polymerase II and its activator or repressors is 

mediated by other proteins (Gaston and Jayaraman, 2003).  These include the SRb/Med 
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proteins as well as chromatin structure modifying proteins such as histone-modifying 

enzymes, chromatin-remodeling proteins, and ATP dependent nucleosome-remodeling 

proteins (Gaston and Jayaraman, 2003). Activators are defined as proteins that stimulate 

transcription initiation and/or elongation and can interact with co-activator proteins that 

allow the activator to fulfill its function (Gaston and Jayaraman, 2003). It is common in 

eukaryotes to find that gene–specific activator proteins have rich acidic amino acid 

activation domains. These activator proteins interact with enhancer elements and general 

transcription factors that gather together with the TATA element and initiation factors 

(Stargell and Struhl, 1995).   In the case of constitutive gene expression, the transcription 

is aided by the presence of poly (dA-dT) sequences that are bidirectional upstream 

promoter elements and form a structure that is less stable to repressing nucleosomes 

(Hampsey, 1998). Poly (dA-dT) sequences are very common in yeast promoters and are 

essential for normal levels of transcription (Hampsey, 1998). 

 

1.9.1. Multiple roles of TFIIA 

TFIIA carries out multiple functions in the RNA polymerase transcription. Its 

presence is not required for transcription TBP-directed initiation, however it stimulates 

transcription by displacing transcriptional repressors in the TFIID complex like Dr1-

DRAP1/NC2, PC3/Dr2 (Topoisomerase I), HMG1, and Mot1/ADI (Hampsey, 1998).  

Mot1/ADI disrupts the TFIID-TATA box complex thus inhibiting transcription (Auble 

and Steggerda, 1999) and Dr1-DRAP1/NC2 and HMG1 inhibit the PIC assembly 
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(Inostroza et al., 1992; Ge and Roeder, 1994). Thus TFIIA has regulatory activities due to 

its antirepressor function (Ranish et al., 1992; Hampsey, 1998; Chou et al., 1999).  

As mentioned earlier, TFIIA interacts with TBP in the PIC complex, providing 

stability to the TBP-TATA box complex (Hampsey, 1998). TFIIA binds to the side of 

TBP that is opposite from the side of binding of TFIIB (Hampsey, 1998). The TFIIA 

binding site is restricted to the upstream region the TATA box and initially it was not 

predicted that TFIIA would interact with other general transcription factors (Hampsey, 

1998). Langelier and co-workers (2001) revealed that TFIIA interacts with the two 

subunits of TFIIE, which are TFIIE56 and TFIIE34, and with RAP74 one of the two 

subunits of TFIIF. In their study it was concluded that TFIIA facilitates basal 

transcription by stimulating the functions of TFIIE and TFIIF (Langelier et al., 2001).  

Furthermore, TFIIA interacts with specific transcriptional activators, like TAFII110 and 

the co-activators PC4 and HMG2 (Hampsey, 1998). It is thought that TFIIA contributes 

to the TBP recruitment to the promoters (Liu et al., 1999). Finally, it is reported that 

TFIIA is essential to overcome a rate-limiting step during the change from a closed to an 

open PIC step (Wang et al., 1992). 

In yeast, TFIIA is formed by two subunits encoded by Toa1 and Toa2. The 

subunit Toa1 reaches the phosphate backbone of the DNA sequence in the upstream 

region of the TATA element (Ranish et al., 1992; Hampsey, 1998; Chou et al., 1999). 

The function of the subunit Toa2 is to create a β-sheet upstream of the TATA element by 

interacting with the aminoterminal region of the TBP (Ranish et al., 1992; Hampsey, 

1998; Chou et al., 1999). The gene Toa1 encodes a 286 amino acid that forms a 
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polypeptide of 32 kD and Toa2 encodes a protein of 13.5 kD that is encoded by 122 

amino acids (Ranish and Hahn, 1991; Ranish et al., 1992).  

In contrast to yeast, the TFIIA of Drosophila melanogaster and humans is 

composed of three subunits. The two largest subunits are encoded by the same gene and 

are two variations generated by post-transcriptional mechanisms (Dejong and Roeder, 

1993). The yeast homologues of the large subunit and the small subunit gene are TOA1 

and TOA2, respectively. Structurally, both TOA1 and TOA2 have carboxy-termini that 

are three-stranded β-sandwich, and the amino termini are two-helix bundle.  The large 

subunit TOA1 in humans and Drosophila contains a nonconserved linker region that is 

proteolytically cleaved in mature TFIIA (Kang et al., 1995a). For the subunit TOA2, only 

a small region is not conserved between humans and yeast, however this region does not 

seem to have an important function (Kang et al., 1995a). Analysis has indicated that only 

the evolutionary conserved regions of the TFIIA subunits are the ones required for 

function (Kang et al., 1995a). 

In mammal and yeast in vitro transcription systems, the yeast polypeptides TOA1 

and TOA2 restore transcription when the TFIIA has been depleted (Ranish and Hahn, 

1991). Because TOA1 and TOA2 are essential for cell viability, temperature-sensitive 

conditional mutations have been fundamental to study the TFIIA functions (Kang et al., 

1995a). However, we still do not have a complete understanding of the role of TFIIA in 

transcription. Site-directed mutagenesis of human and yeast TOA2 demonstrated that 

TBP-TFIIA interaction is essential for activation of specific genes (Ozer et al., 1996; 

Ozer et al., 1998). TBP mutants that are defective in binding to TFIIA are impaired in 
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activated transcription according to in vivo experiments (Stargell and Struhl, 1995; 

Hampsey, 1998). This is explained by the fact that TFIIA blocks the action of 

transcription inhibitors that stimulate dissociation of TBP from the TATA box or prevent 

TBP-TATA box binding (Ranish et al., 1992; Hampsey, 1998; Chou et al., 1999). In 

yeast, TFIIA overexpression can suppress the transcriptional defects caused by TBP 

mutants (Liu et al., 1999). 

In vitro analysis of a yeast TBP mutant that fails to interact with TFIIA revealed 

that the cells had a slower growth rate and that the transcription of a set of acidic 

activator-dependent promoters was defective (Stargell and Struhl, 1995). Depletion of 

Toa2 has proven that it decreases transcription mediated by RNA polymerase II (Kang et 

al., 1995a). In vivo, Toa2 depletion generated a 4, 3, and 3.5 fold decreased in the 

transcription levels of ACT1, HIS4 and HIS3, respectively. In vitro conditions increase 

the transcription defect up to a 10-fold reduction in the previously mentioned genes 

(Kang et al., 1995a).  In a different report, depletion of Toa1 to less than 1% showed that 

transcription from most yeast promoters decreased 2 or 3-fold and that the cell cycle was 

arrested at the switch from G2 to M phase (Ranish et al., 1992; Hampsey, 1998; Chou et 

al., 1999). 

Mutants of Toa2 in S. cerevisiae that have a decreased interaction with TBP are 

still able to survive.  However, they have some specific transcriptional defects and they 

partially inhibit cell cycle progression at cytokinesis (Ozer et al., 1996; Ozer et al., 1998). 

In this experiment, Toa2 was replaced with W76E or Y69A/W76A creating high 

temperature conditional mutants in the first case and a slow grower strain at 30ºC. In 
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these toa2 mutants there was a significant reduction in the transcription of the genes 

CLB1 and CLB2, B-type cyclins that promote transition from G2 phase to M phase, 

CLN1, a G1 cyclin, CTS1, an endochitinase which is required for cell separation after 

mitosis, and the constitutive expressed DED1, a ATP dependent Asp-Glu-Ala- Asp- box 

RNA helicase required for translation initiation of all yeast mRNAs (Ozer et al., 1996; 

Ozer et al., 1998). In the toa2 mutants the expression of HIS3 which is involved in 

histidine synthesis, GAL80, which is a transcription regulator involved in the repression 

of GAL genes, and the genes URA1 and URA3 involved in biosynthesis of pyrimidines 

was affected too (Ozer et al., 1996; Ozer et al., 1998). Expression of other genes such as 

CUP1 (metallothionin), PHO5 (repressive acid phosphatase), GAL1 (galactokinase), and 

TRP3 (bifunctional enzyme that carries out indole-3-glycerol-phosphate synthase and 

anthranilate synthase activities) was not affected in the toa2 strains (Ozer et al., 1996; 

Ozer et al., 1998). Because of the defect in the expression of the cell cycle regulatory 

genes, the toa2 mutants accumulated in cell clumps that could separate by sonication. 

The accumulation of clumpy cells could also be explained by reduced CTS1 expression. 

Also, these mutants failed to grow on different carbon sources suggesting that the 

expression of genes that are essential for galactose and glycerol utilization is impaired 

(Ozer et al., 1996; Ozer et al., 1998).  

Recently it was determined that TFIIA in S. cerevisae plays a role in the response 

to oxidate stress (Kraemer et al., 2006). Using DNA microarrays in three toa2 strains it 

was determined that approximately 11 to 27% of total expressed genes had abnormal 

expression levels (Kraemer et al., 2006). Interestingly, among those genes it was common 
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to find motifs for the basic leucine zipper transcription factor Yap1, an essential regulator 

of oxidative stress response in yeast supporting the idea of a connection between TFIIA 

and Yap1 (Kraemer et al., 2006). Interaction between TFIIA and Yap1 was determined 

via in vivo yeast two-hybrid analyses and in vitro pull-down assays (Kraemer et al., 

2006). TFIIA mutants cannot grow under conditions that would require an oxidative 

stress response (Kraemer et al., 2006). It is thought that this is caused by a defect in the 

interaction between TFIIA and Yap1 (Kraemer et al., 2006). The list of genes that were 

found to be down regulated in TFIIA mutants and up-regulated by overexpression of 

Yap1 include genes involved in the following cellular processes 1) fermentation, C-

compound and carbohydrate metabolisms, 2) stress response and detoxification, 3) 

detoxification, organization of plasma membrane, drug transporters, 4) lipid, fatty acid 

and isoprenoid metabolism, and 5) organization of cytoplasm, C-compound and 

carbohydrate metabolism, glyoxylate cycle (Kraemer et al., 2006). 

 

1.10 Divergently transcribed genes in fungi 

 Chapter number four of this dissertation presents a characterization of 

pathogenicity mutant with a T-DNA insertion in a shared promoter of two divergently 

transcribed genes. Information regarding divergently transcribed genes in fungi is limited 

and usually refers to genes located in clusters involved in metabolic pathways for 

example in the biosynthesis of secondary metabolites (Pedley and Walton, 2001; Gaffoor 

et al., 2005). This section aims to provide a brief review of this topic. 
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 To provide an idea of how common in filamentous fungi genes are divergently 

transcribed we performed an analysis of the number of gene pairs that for which the 

divergently transcribed ORF are separated by a maximum of 1,000 bp in M. oryzae, N. 

crassa and Coccidioides immitis. This analysis is presented in table 1.1 and the data was 

obtained from the Broad Institute. 

 Gene clustering is regularly found in prokaryotes; in contrast, eukaryotic gene 

clustering is a less common feature and has been characterized mostly for functionally 

related genes. An example of divergently transcribed genes with effects in pathogenicity 

is given by Cochliobolus carbonum, the causal agent of the leaf spot of maize (Meeley et 

al., 1992; Multani et al., 1998). The specificity in interaction between C. carbonum and 

its host is governed by the production of the cyclic peptide host-selective HC-toxin 

(Meeley et al., 1992; Multani et al., 1998). The HC-toxin production is controlled by the 

TOX2 locus, a cluster of at least seven genes involved in the synthesis of the HC-toxin. 

One of the genes of the TOX2 locus is TOXE. TOXE is a novel transcription factor that 

coordinates the expression of all the genes in the TOX2 locus, thus controlling the 

biosynthesis of the HC-toxin (Pedley and Walton, 2001). TOXE recognizes the “tox-box” 

which consensus sequence is ATCTCNCGNA (Pedley and Walton, 2001). Mutants in 

TOXE lose their ability to synthesize HC-toxin and become avirulent (Pedley and 

Walton, 2001).  HST1 is another of the genes present in this cluster and encodes a 

nonribosomal peptide synthetase. HST1 is tightly linked to another gene in the cluster, 

TOXA which encodes a putative HC-toxin efflux carrier (Pedley and Walton, 2001). Both 

HST1 and TOXA genes are divergently transcribed and are separated by 386 bp a region 
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Table 1.1. Number of divergently transcribed gene pairs in Magnaporthe oryzae, 
Neurospora crassa and Coccidioides immitis. The data that analyzed was restricted to 
genes that were separated by a maximum of 1000 bp. The total number of predicted 
genes in each organism is indicated underneath the species name. Information was 
courtesy from the Broad Institute. 
 

Distance between 
loci (bp)

M. oryzae 
(12,841 genes)

N. crassa 
(9,826 genes)

C. immitis 
(10,457 genes)

1-100 17 5 77
101-200 31 18 58
201-300 73 32 248
301-400 112 57 344
401-500 193 90 289
501-600 191 123 264
601-700 205 138 195
701-800 193 129 159
801-900 183 145 166
901-1000 171 150 127  
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that contains two “tox-boxes” (Pedley and Walton, 2001).  Within this cluster another 

pair of genes that are divergently transcribed is given by TOXG and TOXF that separated 

by 195 bp a non-coding region containing two “tox-boxes” (Pedley and Walton, 2001).  

Another example of divergently transcribed genes in fungi is presented by 

Gibberella zeae (anamorph Fusarium gramenearum), a pathogen of maize, wheat, barley 

and oats. During infection, G. zeae produces mycotoxins like the polyketide zearalenone. 

Two polyketide synthase genes, ZEA1 and ZEA2, involved in the biosynthesis of 

zearalenone are examples of divergently transcribed genes. These genes are separated by 

a 119 bp non-coding region (Gaffoor et al., 2005). 

Fusarium fujikuroi is an ascomycete that produces carotenoids by enzymes 

encoded by the car genes. CarX, a carotenoid –cleaving oxygenase is divergently 

transcribed from carRA, which synthesizes β-carotene. Both genes are separated by less 

than one kb of non-coding region (Thewes et al., 2005). In N. crassa a gene cluster that 

harbors five structural genes and two regulatory genes provides the ability of using quinic 

acid as a carbon source. Three pairs of genes including the regulatory ones are 

divergently transcribed that are located at one end of the cluster (Giles et al., 1991). In the 

filamentous fungi the ATP citrate lyase (ACL) consists of two subunits, encoded by the 

genes ACL1 and ACL2.  In the case of Sordaria macrospora the genes ACL1 and ACL2 

are clustered and divergently transcribed with a 3.4 Kb spacer region (Giles et al., 1991). 

The majority of fungi assimilates nitrogen in the form of nitrate and reduces it to 

ammonium. In Aspergillus nidulans the genes niiA (nitrite reductase) and niaD (nitrate 

reductase) playing a role in nitrogen assimilation are clustered and divergently 
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transcribed sharing some cis-acting factors in approximately 1.2 Kb (Keller and Hohn, 

1997). The size of non-coding between both ORFs obtained from 

(http://www.broad.mit.edu/annotation/genome/aspergillus_nidulans/). Similarly, in the 

ectomycorrhizal basidiomycete Hebeloma cylindrosporum the genes involved in nitrate 

assimilation are arranged in a cluster in which a nitrate reductase encoding gene and a 

nitrate transporter gene are divergently transcribed and separated by a 1 kb region 

(Jargeat et al., 2003). 

In yeast often genes that are functionally related are also found sharing an 

upstream region and being divergently transcribed (Kraakman et al., 1989). For instance, 

the yeast ribosomal proteins encoded by L46 and S24 are divergently transcribed and 

activated by common cis-acting elements called RPG-boxes located within 

approximately 630 bp (Kraakman et al., 1989). Other yeast example of divergent 

transcription is the (mating locus) MATα locus that has a shared promoter element 

located 120 bp from the α1 gene and 80 bp from the α2 gene (Siliciano and Tatchell, 

1984). Similarly the b genes, bEast and bWest contained in the mating loci MAT-1 and 

MAT-2 of the pathogenic fungus Ustilago maydis are divergently transcribed (Rowell 

and Devay, 1954; Gillissen et al., 1992; Kamper et al., 1995). 

 Thus, there are a few examples of divergently transcribed genes with very diverse 

functions, in some cases being part of a gene cluster. The function of the gene clustering 

in fungi is not clear. It has been speculated that could be to simultaneously regulate a 

pathway gene expression, however in some instances the expression of the clustered 
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genes is regulated independent from one another (Keller and Hohn, 1997). Therefore, this 

remains an area to be elucidated. 
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II. DEVELOPMENT OF A HIGH THROUGHPUT TRANSFORMATION SYSTEM 
FOR INSERTIONAL MUTAGENESIS IN MAGNAPORTHE ORYZAE 

 

2.1 Summary 

Magnaporthe oryzae is the causal agent of rice blast disease, and it has been 

developed as a model organism to study host-microbe interactions.  In addition to its 

significant threat to worldwide rice production, blast disease impacts many other 

gramineous species such as finger millet, barley and wheat (Valent and Chumley, 1991). 

The infection process by M. oryzae is not totally understood, and we are still in search of 

better strategies to prevent and manage the rice blast disease. One approach to define 

genes important for disease development is to identify mutants defective in pathogenicity. 

Insertional mutagenesis approaches have been successfully used with M. oryzae in order 

to identify several pathogenicity genes (Sweigard et al., 1998; Balhadère et al., 1999). 

This chapter corresponds to a published article, Betts et al. 2007, in the Appendix 

A. In order to identify additional genes important for the ability of the fungus to cause 

disease, we chose to saturate the M. oryzae strain 70-15 genome with random DNA 

insertions of a defined fragment. The generated library is a collection of >54,000 

insertion lines and was a collaborative task between the Farman Laboratory at the 

University of Kentucky and the Orbach Laboratory at the University of Arizona. This 

comprehensive collection of insertion mutants was screened to determine the genes 

involved in each aspect of the rice blast infection cycle from attachment and colonization 

to lesion development and sporulation.  
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Two transformation approaches were used to build our library, PEG/CaCl2 

(polyethylene glycol)-mediated protoplast transformation and Agrobacterium 

tumefaciens-mediated transformation. My role in the construction of the library was to 

optimize of both approaches, especially the Agrobacterium tumefaciens-mediated 

transformation which at the time was a novel technique to be used in fungi.  I compared 

the efficiency of both approaches and determined that the Agrobacterium tumefaciens-

mediated transformation was a more suitable strategy for achieving the goals we had set 

up for our project. Agrobacterium tumefaciens-mediated transformation was less labor-

intensive to generate strains, and the insertion patterns in the mutant strains were more 

amenable to analysis because the frequency of single-copy T-DNA inserts was higher 

than in PEG/CaCl2 protoplast transformants. I participated in the development of the high 

throughput process and the molecular and phenotypic analysis that led to the generation 

of the insertion library. The insertion lines created through this project were deposited at 

the Fungal Genetics Stock Center for storage and distribution to any researcher that 

request them. I contributed to the application of an in vitro assay to analyze the 

morphological and developmental aspects of 12,000 T-DNA insertion lines. Such assay 

allowed the identification of 112 insertion lines that we defective in pathogenicity. I 

attempted recovery of the M. oryzae adjacent sequences to the T-DNA insert in those 

pathogenicity mutants to identify which genes that had been mutated, data that was made 

public by Betts et al. (2007). Additionally, the manuscript presents my results towards the 

genetic validation of tagging in several pathogenicity mutants. The recovery of the M. 
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oryzae adjacent sequences to the T-DNA insert in the pathogenicity mutants was 

performed by inverse PCR is presented in detail in chapter 3 of this dissertation.  
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III. RECOVERY OF T-DNA INSERT FLANKING SEQUENCES AND 
IDENTIFICATION OF M. ORYZAE PATHOGENICITY GENES 

 
3.1 Abstract 
 

 In order to identify novel pathogenicity genes in M. oryzae, a library containing 

over 54,000 DNA insertion lines of strain 70-15 was generated. Approximately 39,000 of 

the strains in the library were created using A. tumefaciens-mediated transformation 

(Chapter 2). Identification of the insertion sites in 61 mutants reduced in virulence on rice 

was achieved by rescuing the inserted T-DNAs and associated flanking sequences using 

inverse PCR. Sequence analysis of the recovered chromosomal DNA resulted in the 

identification of 22 conserved hypothetical genes with predicted function, 11 predicted 

open reading frames without a significant GenBank match, two unannotated regions of 

the genome assembly and seven intergenic regions. We report that in a collection of 112 

mutants reduced in pathogenicity, approximately 31% of the strains had a single copy T-

DNA insertion and in 66% of the strains the T-DNA insertions are tandem repeats. 

Analysis of M. oryzae sequences on both sides of the T-DNA insertions allowed an 

analysis of the sizes of genomic deletions produced by T-DNA integration. Sequence 

analysis of the left and right T-DNA direct repeat borders in the insertions revealed high 

accuracy in the T-DNA nicking at the right border repeat while at the left border repeat 

truncations within the T-DNA sequence or the repeat occurred frequently. Analysis of the 

genomic mapping of 211 T-DNA insertions suggest that the insertions are distributed on 

all of the M. oryzae chromosomes. This chapter reports a list of candidate M. oryzae 

genes that were tagged by T-DNA in reduced virulence strains and thus may be involved 
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in pathogenicity. Also reported are the results of genetic validation of T-DNA tagging in 

five selected pathogenicity mutants.   
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3.2 Introduction 

 Magnaporthe oryzae, the blast fungus, is a constant threat to rice production 

worldwide (Talbot, 2003). Although there has been significant progress towards 

understanding the infection mechanisms employed by the blast fungus (Talbot, 2003), the 

availability of its genome sequence opened new doors for investigation (Dean et al., 

2005). One focus of the Magnaporthe research community is to identify pathogenicity 

genes to further expand our knowledge of the genes that are critical for host infection. 

Pathogenicity genes encode proteins that have an impact in virulence. They could encode 

products that either induce plant death or impair host metabolism. For example, 

pathogenicity genes could be responsible for recognition of host surfaces, for growth and 

differentiation within the host, or production of toxins required for infection or 

inactivation of host defense molecules (Dobinson and Hamer, 1992; Vanetten et al., 

2001; Wolpert et al., 2002). Unraveling the mechanisms important for disease would 

contribute to designing better strategies to control blast disease in the field, and thus 

decrease the worldwide economic impact of this pathogen. 

An effective approach to identifying mechanisms utilized by plant pathogens to 

cause disease and colonize the host is to randomly disrupt genes and screen for mutants 

with reduced or abolished virulence (Mullins and Kang, 2001). DNA that is non-

homologous with the fungal genome is commonly used as an insertional mutagen via 

transformation. A great advantage of using DNA as a mutagen is that the mutated gene is 

tagged with unique DNA sequences, which facilitates its identification for further 
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analysis of gene function (Mullins and Kang, 2001) Thus large-scale gene disruption 

experiments represent an essential tool in the field of functional genomics.  

Targeted disruption is another valuable tool for analysis of gene function (Mullins 

et al., 2001; Lee and Bostock, 2006) and can complement results obtained by a random 

mutagenesis approach.  To take a global approach to understanding pathogenicity in M. 

oryzae, we chose to attempt gene disruption throughout the genome via random 

mutagenesis (Mullins and Kang, 2001). There are several approaches that would serve to 

introduce DNA to create gene disruptions. Some of these approaches are polyethylene 

glycol -mediated transformation, REMI transformation, electroporation, biolistics and 

Agrobacterium tumefaciens-mediated transformation (Mullins and Kang, 2001). 

However, regardless of the method chosen, it is essential to create tagged mutations. For 

best results the insertions should randomly integrate as a single copy, at a single locus 

without causing genomic rearrangements or deletions of the recipient DNA or the 

inserted DNA (Weld et al., 2006). PCR-based strategies such as inverse PCR, TAIL-PCR 

and plasmid rescue are typically used to recover the sequences adjacent to the inserted 

DNA (Weld et al., 2006).  Agrobacterium tumefaciens-mediated transformation (ATMT) 

has been used widely in plants and more recently in fungi to achieve insertional mutants 

due to its natural method of transferring DNA from the bacterium to the recipient, which 

makes it highly efficient (Alonso et al., 2003; Michielse et al., 2005).  

Agrobacterium tumefaciens is a gram-negative plant pathogenic bacterium that 

causes crown gall disease (Smith and Townsend, 1907). It was found that during 

infection, the bacterium transfers a specific DNA sequence to the plant genome. The 
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transferred DNA (T-DNA) encodes for production of plant hormones responsible for 

tumor growth and the production of nutrients that aid the survival of the pathogen 

(Tinland, 1996; Gelvin, 2003). A. tumefaciens contains a tumor inducing (Ti) plasmid 

that contains a region known as T-DNA and is indicated by two flanking imperfect direct 

24 nucleotide repeats (Tinland, 1996; Gelvin, 2003). The transfer mechanism is directed 

by a number of proteins encoded by the pTi vir operon. The key to the development of 

transgenic plants was that the DNA between the T-DNA direct repeats can be replaced 

with exogenous sequences such as one’s desired constructs, including selective markers 

for their detection. This does not affect DNA transfer; the T-DNA still enters the plant 

cell and is integrated into the host chromosomes (Gelvin, 2003). Today, the use of A. 

tumefaciens in transformation exploits a binary vector system that separates the T-DNA 

and vir operons on two different plasmids. This has allowed further manipulation of the 

T-DNA insert such that the T-DNA content can be genetically modified to satisfy the 

needs of the transformation system for different organisms (Hoekema et al., 1983; 

Michielse et al., 2005). For this reason, A. tumefaciens is commonly used to transform 

not only plants, but yeast, other fungi and HeLa cells (Kunik et al., 2001; Mullins et al., 

2001; Michielse et al., 2005). Moreover, ATMT has made great contributions to fungal 

transformation because the transformed material could be hyphae, spores, protoplasts and 

mycelial tissue (Mullins and Kang, 2001). 

As part of a large functional genomics project in M. oryzae, over 54,000 insertional 

lines of M. oryzae strain 70-15 (Chao and Ellingboe, 1991) were generated. 
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Approximately 39,000 of these strains were created using ATMT. The main purpose of 

this project was to identify novel pathogenicity genes by screening this library.  

Previous random mutagenesis approaches in M. oryzae identified several 

pathogenicity genes (Sweigard et al., 1998; Balhadère et al., 1999). However, the size of 

the constructed libraries and transformation methods were limited. From a library of 

5,538 strains generated via REMI mutagenesis, 27 pathogenicity mutants were identified 

(Sweigard et al., 1998). Another collection of 3,527 REMI mutants allowed the discovery 

of 5 more M. oryzae pathogenicity mutants (Balhadère et al., 1999). However, REMI 

transformation has the limitation of producing a high number of untagged mutations 

(Bolker et al., 1995). Sweigard et al. (1998) analyzing the co-segregation of the mutant 

phenotype with the selection marker reported that 18 out of 27 REMI mutants were 

tagged. Consistent with these results, in Cochliobolus heterostrophus it was reported that 

between 30-50% of the strains were tagged (Lu et al., 1994), and in Ustilago maydis, the 

number of tagged mutations in a REMI mutant collection is close to 50% (Kahmann and 

Basse, 1999). The high number of untagged mutations in these collections could be 

explained by genomic deletions and/or rearrangements produced by the restriction 

enzymes introduced in REMI along with a failure of the DNA repair system in the 

transformed organism (Mullins and Kang 2001).    

Another limitation to REMI is that DNA integration is not random, but favors 

highly transcribed parts of the genome, thus preventing good saturation of the genome 

with mutations (Lu et al., 1994; Sweigard et al., 1998; Lima et al., 2006). For this reason, 

we believed that using a different transformation method could provide new opportunities 
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to identify novel pathogenicity genes. ATMT has already been demonstrated to be a 

useful tool to identify genes involved in a number of different processes, including 

pathogenicity in organisms like Coniothyrium minitans, Cryptococcus neoformans, and 

Leptosphaeria maculans (Idnurm et al., 2004; Rogers et al., 2004; Walton et al., 2005; 

Elliott and Howlett, 2006). 

In this chapter we report efforts to recover the M. oryzae sequences flanking the 

T-DNA of 112 T-DNA mutants that we identified as impaired in pathogenicity. The 

reduced pathogenicity strains were identified via high-throughput phenotypic screening 

of a subgroup of 12,000 T-DNA insertion lines (Betts et al., 2007, see Appendix A). 

Recovery of sequences on both sides of the T-DNA insertion allowed analysis of the size 

of genomic deletions produced by integration of the T-DNA insert. Sequence analysis of 

T-DNA direct repeats revealed the accuracy of T-DNA nicking from the binary vector 

and the presence of truncations within the T-DNA sequence. We report the genetic 

validation of T-DNA tagging in five mutants and the investigation of the function of two 

potential pathogenicity genes from one of these mutant strains.  

 

3.3 Materials and methods 

Fungal strains, growth conditions media.  M. oryzae strain 70-15 (Chao and Ellingboe, 

1991) was obtained from A. Ellingboe (University of Wisconsin) and distributed from a 

single stock in the Dean laboratory. T-DNA insertion lines were generated in the Orbach 

laboratory (Betts et al. 2007, see Appendix A). Strains were stored on paper filters with 

desiccation, at -20ºC. For production of conidia, fungal cultures were grown at 25ºC 
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under constant fluorescent light on either supplemented complete medium (SCM), a 

modified complete medium that allows M. oryzae cultures to sporulate (Talbot et al., 

1993b), or oatmeal agar (OA) (Valent et al., 1991). For production of mycelium, cultures 

were grown on SCM or OA at 28°C with no light. The minimal medium (MM) used in 

this study has been described previously (Talbot et al., 1993b) 

 

Rescue of T-DNA flanking sequences. Genomic DNA was prepared from insertion lines 

showing virulence defects as described previously (Sweigard et al., 1990). Inverse PCR 

(iPCR) was performed following standard methods (Ochman et al., 1988) and those 

described in Meng et al. (2007, see Appendix B). The restriction enzyme chosen to 

perform iPCR was selected according to the binary vector present in the A. tumefaciens 

strain used to generate the M. oryzae T-DNA insertion strain to be analyzed (Betts et al. 

2007, see Appendix A; Figure 3.1). Southern blot analysis was used to determine if the T-

DNA insert was present as a single-copy or multiple copies in the mutant strains. Inverse 

PCR was carried out by digesting genomic DNA of insertion lines either with restriction 

enzymes that have no sites within the T-DNA (PstI, BamHI, HindIII for binary vectors 

pAD1624 and pBHt2) in order to recover both insertion junctions at same time, or by 

digestion with enzymes that cut within the T-DNA (EcoRI, BglII or NcoI for binary 

vector pAD1624 and MspI for pBHt2), allowing targeted recovery of the left or right 

border junctions. Approximately 500 ng of genomic DNA was digested overnight in a 

total reaction volume of 50 µl using the selected restriction endonuclease from New 

England   Biolabs   (Beverly,  MA)   or   Invitrogen   (Carlsbad, CA)   following   the  
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Figure 3.1. Diagram of pAD1624 and pBHt2 T-DNA and location of oligonucleotides 
used for inverse PCR (Mullins et al., 2001). Indicated restriction endonucleases sites are 
B: BglII, E: EcoRI,  Nd: NdeI, Nc: NcoI, M: MpsI. Indicated restriction endonucleases 
sites are Nc: NcoI. MCS: EcoRI, SacI, KpnI, SmaI, BamHI, XbaI, SalI, PstI, SphI, and 
HindIII, CaMV35S Poly(A): Cauliflower mosaic virus 35S poly(A) signal. For both 
diagrams, HygR: hygromycin B resistance (hph) gene, PtrpC: Aspergillus nidulans trpC 
promoter, LB: Left border direct repeat, RB: right border direct repeat. 
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manufacturers standard protocols. The enzyme was inactivated by phenol/chloroform 

treatment and the DNA recovered by ethanol precipitation. After ethanol precipitation, 

digested gDNA was resuspended in 89 µl sterile deionized water (ddH2O) and the DNA 

was ligated by adding 10 µl of 10X T4 DNA ligase buffer and 1 µl of T4 DNA ligase 

from New England Biolabs (Beverly, MA). Ligation reactions were incubated at 15ºC 

overnight. This step allowed circularization of the restriction fragments; by reaction at 

relatively dilute DNA concentration, intramolecular ligation was favored.  Following 

ligation, the DNA was precipitated with ethanol (Talbot et al., 1993b) and recovered by 

centrifugation at 14,000 rpm at room temperature for 15 minutes. The pellets were 

washed with 70% ethanol and, after drying, were resuspended in 10 µl of ddH2O. An 

aliquot of 1 or 2 µl of the re-suspended ligation was used for each iPCR reaction. The 

iPCR reaction total volume was 25 µl, and included 1 µl of each oligonucleotide prepared 

in a 10 µM working concentration and 12.5 µl of 2X PCR Master Mix (Promega 

Corporation, Madison, WI). For recovery of both junctions from a single iPCR product, 

oligonucleotides were designed to amplify DNA sequences adjacent to the pAD1624 T-

DNA left and right borders, OAM744 and OAM747 respectively and OAM797 and 

OAM798 for pBHt2 T-DNA left and right borders (Figure 3.1, Table 3.1). For recovery 

of the left and right border junctions separately, one primer was directed towards the T-

DNA border and the other towards the restriction site within the T-DNA used to generate 

the iPCR product. For the pAD1624 T-DNA left border junction using EcoRI and NcoI 

digestions, the left border oligonucleotide was OAM744 and the oligonucleotide 

associated with the internal restriction site was OAM787 (Figure 3.1, Table 3.1). 
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Table 3.1. PCR oligonucleotides used in this study. 
 
Oligonucleotide Sequence 

OAM431 5'- GACCTCCACTAGCTCCAGCCAAGCC
OAM617 5'- GCGCGTCTGCTGCTCCATAC
OAM744 5'- AAATGGGTATCGGGAATGGCGAA
OAM745 5'- CGCTGCGGACATCTACATTTTTGA
OAM747 5'- TGGGCCTGTGGTCTCAAGATGGAT
OAM748 5'- CGGTGAGTAATATTGTACGGCTAA
OAM787 5'- ATGAAGATCGGCGGCAATAG
OAM793 5’- GGATTTTGGTTTTAGGAATTAGA
OAM794 5’- AATTCGGCGTTAATTCAGTACA
OAM795 5’- CAGCCTGAATGGCGAATGCTA
OAM796 5’- CAACTGTTGGGAAGGGCGATC
OAM797 5'- TCAGTACATTAAAAACGTCCGCAA
OAM798 5'- GAATGCTAGAGCAGCTTGAGC
OAM840 5'- GGCATGCCGTCGCCACCCTGGA
OAM842 5'- CGCGGCTCGGACAGTAAGCAA
OAM839 5'- GCGGCCCGTTTCCAAGATCA
OAM843 5'- GTGCACATCACGGGCCGAAA
OAM888 5'- GCGGTCCGAATGGGCCGAAC
OAM900 5'- GCTACAAGTGGGGCTGATCTG
OAM911 5'- CGATAGTCCTCCTTCCCAGTC
OAM912 5'- CAGGCAGCAAGAGCGCAGTCT
OAM917 5'- CCCAGCCAATTCCCACAAAGA
OAM918 5'- GCGTGAGACTAGGCAAAGGT
OAM931 5'- TTGGCGCGCCTTATGTTCATTATTTTG
OAM932 5'- TTTGGCCGGCCCCGAAGTGACTAGAATTGA
OAM933 5'- AAAAGAAGTGGTCGTGCCTGC
OAM934 5'- GAATGTCTGTTATGGCCTCAA  

 
 

 

 

 

 



 
 

171

For pAD1624 right border junction using EcoRI and NcoI digestions, the border 

oligonucleotide was OAM747 and the oligonucleotide associated with the internal 

restriction site was OAM431 or OAM900 for EcoRI digestions, or OAM617 for NcoI 

digestions (Figure 3.1, Table 3.1). For analysis of the pBHt2 left border junction, primers 

OAM794 and OAM793 were used, associated with the T-DNA left border and the 

adjacent internal MspI site respectively (Figure 3.1, Table 3.1). For analysis of the pBHt2 

right border junction, oligonucleotides OAM796 and OAM795 were used (Figure 3.1, 

Table 3.1). Oligonucleotides OAM796 and OAM795 were associated with the T-DNA 

right border and the adjacent internal MspI site, respectively. When the T-DNA insert 

from pBHt2 was cut using NcoI, oligonucleotides OAM797 and OAM888 (Figure 3.1, 

Table 3.1) were used to recover the sequence associated with the T-DNA left border and 

oligonucleotides OAM839 and OAM798 were used to obtain the M. oryzae sequence 

adjacent to the T-DNA right border (Table 3.1). 

The conditions used for iPCR were: 1) initial denaturation at 94ºC for 2 min, 2) 

35 cycles of 94ºC, 30 sec, 55ºC, 30 sec, and 72ºC for 5 min, and 3) a final step was 72ºC 

for 5 min. Two to five microliters of each PCR reaction were checked by gel 

electrophoresis (Sambrook et al., 1989) to assess the success of iPCR. iPCR products 

were cleaned using the Wizard® SV Gel and PCR Clean-Up System (Promega 

Corporation; Madison, WI).  

Cleaned PCR products were cloned into pGEM®-T Easy (Promega Corporation; 

Madison, WI) following the manufacture’s protocols.  Transformation of Escherichia coli 

competent cells was carried out using one tenth of the pGEM®-T Easy plus insert 
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ligation reaction. E. coli transformation was performed using standard methods 

(Sambrook et al., 1989). Top10 E. coli competent cells [F- mcrA ∆(mrr-hsdRMS-

mcrBC) φ80lacZ∆M15 ∆lacX74 recA1 araD139 ∆(araleu) 7697 galU galK rpsL (StrR) 

endA1 nupG)] were prepared following the Hanahan procedure (Hanahan, 1985). For 

selection, transformed E. coli cells were plated onto solid LB medium plus X-gal (60 

µg/ml) and Carbenicillin (60 µg/ml). Three colonies of each cloning event were grown in 

2 ml of LB liquid medium plus Carbenicillin (60 µg/ml) and plasmid DNA was extracted 

by alkaline lysis minipreps following the Birnboim and Doly method (Birnboim and 

Doly, 1979). E. coli strains harboring the cloned T-DNA flanking sequence were stored 

as 15% glycerol stocks at -80ºC. Five hundred nanograms of plasmid DNA were used as 

template for sequencing of the M. oryzae DNA adjacent to the T-DNA insert. Sequencing 

employed the same oligonucleotide primers used for the iPCR reaction. Sequencing 

reactions were obtained through an Applied Biosystem 3730 DNA Analyzer (Foster City, 

CA) at the Genomic Analysis and Technology Core at the University of Arizona. 

 

Identification of matches between T-DNA flanking regions and the M. oryzae 

genome. DNA sequences corresponding to the T-DNA flanking region were identified by 

alignment between the obtained sequence and the known T-DNA sequence using the 

program MacVector™ version 8.0 (Accelrys, San Diego, CA). Alignment of the 

sequence and the T-DNA sequence from the vector used for transformation allowed an 

estimation of sequence truncations in the T-DNA left and right border direct repeats. 

Alignment with the T-DNA sequence and the vector, from which it was transferred, 
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indicated that in some cases, the transferred DNA included binary vector sequence 

beyond the T-DNA, thus resulting in a larger insertion. When no sequence truncations 

occurred, it was possible to analyze at which nucleotide of both T-DNA border direct 

repeats the nicking of the T-DNA occurred.  Once the transferred sequences were 

identified, they were removed and the flanking sequence was used to search against the 

M. oryzae genome database at 

http://www.broad.mit.edu/annotation/genome/magnaporthe_grisea/Home.html using 

version 4.0. To write this manuscript, inserts that were mapped previously to intergenic 

regions were re-analyzed using version five of the annotated genome. Additionally, the 

numbering of predicted open reading frames (ORFs) was confirmed and reported as they 

are displayed in version five of the annotated genome. Based on BLAST analysis it was 

possible to determine where in the M. oryzae genome the T-DNA was inserted. When the 

T-DNA insertion occurred within an ORF or within 1,000 bp of the start codon of an 

ORF, the sequence of the hypothetical protein was used for BLAST analysis (BlastN and 

BlastX) against the NCBI databases http://www.ncbi.nlm.nih.gov/.  

To provide initial data to estimate the distribution of the insertions, a pool of 211 

T-DNA insertions was mapped to the M. oryzae genome. The total T-DNA insertion data 

was gathered by combining the data obtained by iPCR performed in the Farman and 

Orbach laboratories and TAIL-PCR in the Xu laboratory (Betts et al., 2007, see Appendix 

A). 

 



 
 

174

Appressorium Penetration Assay. Conidia from the different T-DNA insertion lines 

were assayed for the ability to penetrate plant tissues using an onion epidermis screen 

(Balhadère et al., 1999). Conidial germination, appressorium development and growth of 

infectious hyphae were scored at 24 and 48 h post-inoculation. Data was recorded for a 

random sample of 100 conidia. Onion epidermal penetration assays were repeated two or 

three times for each strain tested. ANOVA statistical analysis was planned only on those 

mutants that were characterized in detail. 

 
Genetic complementation. Genetic complementation was attempted for several mutants: 

226.3.C3, 149.1.B2, 256.1.A1, 201.2.B3, 209.3.B1, 244.4.A3, 148.4.C2, 184.1.D1 (Table 

3.2) via DNA-mediated transformation. Protoplasts from each of the strains were 

prepared as described previously (Sweigard et al., 1995) with the modification that 

mycelial cultures were grown in modified Iwasaki medium (Chida and Sisler, 1987) to 

decrease melanization of the mycelial cultures. DNA mediated co-transformation was 

performed using 0.1 ml of 1 x 107 protoplasts/ml of the mutant strain and approximately 

0.250- 0.500 µg of pCB1635 (Sweigard et al., 1997), which contains a gene for bialophos 

resistance allowing selection for transformed strains, and 1 µg of the genetic 

complementation fragment. The pCB1635 was linearized using PstI. The PCR 

oligonucleotides used to amplify the genes used for complementation were designed to 

produce a fragment that contained the putative ORF plus 1,000 bp upstream of the start 

codon and 500 bp downstream of the stop codon. Oligonucleotides were designed using 

the program Oligo 4.0-S (National Biosciences, Inc., Plymouth, MN). Oligonucleotides 
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Table 3.2.  PCR oligonucleotides used to amplify tagged genes for genetic 
complementation of selected pathogenicity mutants. 
 

Mutant ID Hypothetical ORF Oligonucleotides (5' to 3')
 Molecular size of PCR 

complementation 
fragment

256.1.A1
MGG_05731.5: Cyclophilin 
type peptidyl-prolyl cis-trans 
isomerase

OAM890: 
TTTGCGGCCGCGATCTACTGATCTCAACGTTTT    
OAM891: 
ATAGCGGCCGCATAAATTGCAATTCCCCAGTA

3.6 Kb

226.3.C3 MGG_04964.5: 
Heterochromatin protein one 

OAM892: 
TTTGCGGCCGCTAGACTTGTAGACCGTTTGAG 
OAM893: 
AATGCGGCCGCCAAGTCTGTGTCTCTGCCAAG

2.7 Kb

149.1.B2
MGG_03117.5: Alpha-
ketoglutarate dependent 
taurine dioxygenase

OAM 909:               
TCGAGGCCAGGTCCATCAAGG                
OAM910:                    
TCAGGGTCGGCAGCCATGGTT

3.3 kb

209.3.B1 MGG_01563.5: ABC 
transporter

OAM898: 
GGGGAATTCGTTCTGCTTAAGCGAGAGGCG   
OAM 899: 
GGGGAATTCATGGATGAACCGGAACAGGG

5 Kb

201.2.B3

MGG_06108.5 : Vacuolar 
ATPase subunit c''/ 
MGG_06107.5 Transcription 
factor IIA gamma subunit

OAM 903: 
GGGGCGGCTGTTCCAGGACGTTTGGCATT     
OAM 904: 
GGGGCGGCCGCCAGAGTACCACCGTGCTGTCG

2.4 Kb

244.4.A3 MGG_09204.5: no hit

OAM 905:                     
CGCTTTCGGCCTCGGCATA                            
OAM 906:                     
CAAGCAGGTTTCGGTCACGG

3.4 Kb

148.4.C2 MGG_03473.5: NmrA-like 
family protein 

OAM907:                                                                    
CCCAGGGACCACGCCAGAAA                     
OAM908:                                                             
GCTGGTGGAGGGCAACATCGAG

3 Kb

184.1.D1 MGG_0863.5: Pyruvate 
kinase

OAM947:                                                                    
TGTGAAGGGAATCAAGAACGG                               
OAM948:                                                                    
CGACAATCACCATGCAGGAGG

3 Kb
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to amplify the specific complementation fragments are presented in Table 3.2.  PCR 

reactions were set up using approximately 0.5 µg of M. oryzae 70-15 genomic DNA and 

2X PCR solution Premix Taq™ (TaKaRa Ex Taq™ version from Takara Bio Inc; Japan) 

following the manufacturers instructions.  The conditions used for PCR were: 1) initial 

denaturation at 94ºC for 30 sec, 2) 30 cycles of 94ºC, 40 sec; 55ºC, 30 sec, and 72ºC for 1 

min per Kb, and 3) a final step was 72ºC for 5 min. Protoplast co-transformation followed 

the protocol described by Sweigard et al. (1995) with the modification that transformants 

were selected in regeneration bottom agar (per liter: 1.7 g yeast nitrogen base w/o amino 

acids and ammonium sulfate, 2 g ammonium nitrate, 1 g asparagine, 10 g glucose, and 15 

g agar, pH adjusted to 6.0 with Na2HPO4) containing Bialophos (Sigma-Aldrich) at a 

final concentration of 35 µg/ml. After transformation, cultures were incubated overnight 

in TB3 medium, centrifuged at room temperature at 2,060 x g for 10 minutes and the 

cells were resuspended in 8 ml of top low melting agarose (per 100 ml: 0.17 g yeast 

nitrogen base w/o amino acids and ammonium sulfate, 0.2 g ammonium nitrate, 0.1 g 

asparagine, 20 g sucrose, 2 g low melting point agarose).  Monoconidial strains were 

generated as described in Betts et al. (2007, see Appendix A) with the modification of 

using bialophos selection at 25 µg/ml. Genomic DNA was extracted from transformed 

strains (Sweigard et al., 1990b) to determine whether the complementation fragment had 

been co-transformed with the bialophos selectable marker. Detection of the 

complementation fragment was by PCR with the oligonucleotides used to generate the 

fragment.  PCR reactions were set up using approximately 0.5-0.25 µg of transformant 

DNA and GoTaq® Green Master Mix (Promega Corporation; Madison, WI) following 
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the manufacturers directions.  Amplification of the tagged gene copy is not possible using 

the GoTaq® Green Master Mix because of it size: ~3.5 kb for the T-DNA plus the length 

of the upstream and downstream genomic sequence of the complementation fragment. 

However, in transformants that had acquired at least one copy of the complementation 

fragment, a band of the expected complementation fragment could be amplified. For 

complementation of 209.3.B1 (MGG_01563.5) the large size of the complementation 

fragment made PCR unreliable. Southern blot analysis was used to determine which 

209.3.B1 transformants had acquired the complementation fragment. 

 

Gene replacement vector for MGG_01563.5. To generate the gene replacement vector 

of MGG_01563.5, the ligation PCR method was followed as described previously by 

Zhao et al. (Zhao et al., 2004) (Figure 3.2). The flanking regions of the gene were PCR 

amplified using M. oryzae 70-15 genomic DNA as template and 2X PCR solution Premix 

Taq™ (TaKaRa Ex Taq™ version from Takara Bio Inc; Japan) as described above.  The 

flanking regions were amplified using oligonucleotides OAM917 and OAM918, and 

OAM931 and OAM932 (Table 3.1, Figure 3.2). Oligonucleotides OAM931 and 

OAM932 have the AscI and FseI restriction enzyme sites, respectively. The hygromycin 

resistance cassette (hph gene) was excised from pCX62 using AscI and FseI restriction 

enzymes following the manufacturer’s instructions (New England Biolabs; Beverly, 

MA). The 1.4 kb hph gene was purified by electrophoresis and cleaned using Wizard® 

SV Gel and PCR Clean-Up System (Promega Corporation; Madison, WI). 
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Figure 3.2. Gene replacement strategy designed for gene MGG_01563.  
 
A. Hygromycin resistance cassette was excised from pCX62 using restriction enzymes 
AscI and FseI. Flanking regions of the targeted gene were amplified by PCR using 
specific oligonucleotides that would introduce AscI and FseI sites to allow ligation 
between the gene flanking sequences and the hygromycin resistance cassette. After 
ligation of the three components of the construct, PCR was used to amplify the complete 
fragment.  
 
B. Protoplast transformation was used to obtain gene disruption strains generated by 
homologous recombination at MGG_01563.5. 
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Approximately 1 µg of the 3 kb PCR product was used for protoplast transformation of 

M. oryzae strain 70-15.  A 780 bp internal region of MGG_01563.5, amplified using the 

oligonucleotides OAM933 and OAM934 (Table 3.1) was used as a hybridization probe in 

Southern blots.  

 

Southern Blot Analysis. Fungal DNA, isolated as described (Sweigard et al. 1995), was 

digested with EcoRI and electrophoresed on 0.7% agarose gels. DNA was visualized 

using ethidium bromide and photographed prior to its transferred to positive charged 

Nylon membranes (Magnaprobe 0.45 micron, catalog number NPOHYA0010; Life 

Science products, Inc., Frederick, CO) as described (Sambrook and Russell, 2001). Prior 

to hybridization the blots were incubated at 42ºC in 2-5 ml formamide buffer solution 

(Klessig, 1983) for at least 4 h. Radioactive probes were prepared by random hexamer 

priming, using between 10 and 100 ng of DNA and 25 µCi of 32P dCTP. Probes were 

denatured by boiling for at least 4 minutes and added to 2-5 ml of 20% dextran 

sulfate/80% formamide buffer solution. Hybridization solution was added to the 

membrane in a heat sealed hybridization bag and incubated at 42ºC overnight. 

Membranes were rinsed with 2X SSPE at room temperature for 10 min, followed by 

wash of 30 min at 65ºC with 2X SSPE 1% SDS and 0.2X SSPE 1% SDS, respectively. 

 

Pathogenicity infection assays. Rice cultivars M-202 and Maratelli were grown in 

vermiculite in 4-inch plastic pots with 10-12 seeds sown of each on opposite sides of the 

pot as described previously (Valent et al., 1991). Each pot had approximately 50 g of 
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vermiculate. The seedlings were grown in a Conviron E-15 growth chamber (Controlled 

Environments Inc., Pembina, ND) with a daily cycle of 14 hours light at 27 ºC and 10 

hours of darkness at 21ºC for two weeks until they had reached the 4 leaf stage. The 

chamber was maintained at 85% relative humidity to prevent lesion sporulation thus 

preventing cross-contamination between infected plants. Seedlings were fertilized once in 

the morning and once in the afternoon with 100 ml of half strength modified Hoagland’s 

solution, and watered with distilled water at noon. Infection assays were performed as 

described (Valent et al., 1991) using a defined spore inoculum of 2 ml at a concentration 

of 5 x 105 conidia/ml, suspended in 0.25% gelatin (Valent et al., 1991). The conidia used 

for inoculation were isolated from cultures grown 7 days on supplemented complete 

medium. The conidia were sprayed onto seedlings using a Type H artist’s airbrush 

(Paasche Airbrush Co., Harwood Heights, IL) at approximately 20-psi. After inoculation, 

the plants were kept in sealed bags for 24 h and then transferred back to the growth 

chamber. Scoring of infection level was performed seven days after spraying as described 

(Valent et al., 1991):  0= no disease, 1= necrotic specks, 2= lesions  of 2-3 mm in 

diameter, brown and black color, 3= circular/oval lesions with tan color centers, 4=large 

elliptical lesions that coalesce with neighbor lesions, 5= devastation of plant (Figure 3.3). 

Data was qualitative, no statistical analysis was performed.  

Maratelli is a temperate japonica-type cultivar that is susceptible to most blast 

isolates (Silue et al., 1992). Maratelli seed was obtained by harvesting mature rice grown 

from seed for approximately four months under standard greenhouse conditions at the 

University of Arizona greenhouse facility.  Growth of seedlings was initiated in a 
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Conviron E-15 controlled environment chamber (Controlled Environments Inc., 

Pembina, ND) under the conditions described above for three weeks and then 

transplanted, one seedling per six inch pot, containing vermiculite and submerged in half-

strength modified Hoagland’s fertilizer. Water was added daily to keep the pots 

submerged, fertilizer added weekly, and the pH of the solution maintained at ~ 6.4 by 

addition of nitric acid. At maturity, the rice heads were collected manually, and once 

dried the rice grains were separated from the panicle. M-202 is another susceptible 

cultivar and the seeds were a gift from the California Cooperative Rice Research 

Foundation, Inc. (Biggs, CA).  

 

Chemical complementation of filamentous growth in M. oryzae mutant 149.1.B2. To 

determine if the reduced filamentous growth in mutant strain 149.1.B2 could be 

complemented by supplementing its growth media with a sulfate or sulfite source, the 

growth of 149.1.B2 and 70-15 were assessed by measuring the diameter of each colony 

over eight days. The cultures were inoculated using 0.5 cm mycelial plugs. The cultures 

were grown at 25ºC under constant fluorescent light on either SCM (Talbot et al., 1993b), 

OA (Valent et al., 1991), or minimal medium (MM) (Talbot et al., 1997).  Complete 

medium was supplemented with 2 mM of sodium sulfate or 2 mM of sodium sulfite. 

With the goal of bypassing the entry of sulfite into the sulfur utilization pathway 

chemical complementation was also attempted using L-methionine (Sigma-Aldrich) as a 

supplement to minimal medium at the following concentrations: 0.05, 0.25, 1, 2 and 5 

mM. Filamentous growth was assessed by measuring colony diameter as in the above 
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experiment. Experiments were repeated three times. No statistical analysis was 

performed. 

 

Effect of taurine on filamentous growth of M. oryzae. To study whether taurine had an 

effect on filamentous growth, fungal cultures were grown in minimal media (Talbot et al., 

1997), containing 0, 0.25, 1, 2 and 5 mM taurine (Fluka BioChemika; Buchs, 

Switzerland). Both wild-type 70-15 and mutant cultures were inoculated using fungal 

plugs of 0.5 cm and grown under the conditions described in the previous section. 

Filamentous growth was assessed by measuring colony diameter over ten days. The 

experiment was repeated three times. No statistical analysis was performed. 

 

Protocatechuic acid utilization as a carbon source by M. oryzae mutant 244.4.A3. 

Minimal medium and minimal medium supplemented with 10, 25, 50 and 100 µg/ml 

protocatechuic acid (Acros Organics, New Jersey, USA) was used to compare the growth 

of 70-15 and mutant strain 244.4.A3. The goal of the experiment was to determine if 

mutant 244.4.A3 was impaired in the ability to use protocatechuic acid as a carbon 

source. Fungal cultures were started using 0.5 cm mycelial plugs and grown as described 

above. Filamentous growth was assessed by measuring colony diameter over eight days. 

The experiment was repeated three times. No statistical analysis was performed. 
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3.4 Results 
 

T-DNA insertion patterns in reduced pathogenicity mutants. 

  Inverse PCR was attempted for 112 mutants identified with defects in 

pathogenicity (Betts et al., 2007, see Appendix A). Data regarding the T-DNA insertion 

was obtained for 61 mutants. The presence of tandem T-DNA insertions prevented 

recovery of flanking sequences from the other 51 mutants. For 33 mutants, sequences 

flanking both the left and right borders of the T-DNA insert were recovered. For 17 

mutant strains, only the sequence flanking the T-DNA right border was recovered and for 

11 strains only the sequence flanking the T-DNA left border was recovered.  

Ideally, iPCR should generate one amplified fragment that could be sequenced to 

identify the M. oryzae gene disrupted by the T-DNA insert. In some mutants, iPCR failed 

to produce a band allowing identification of the M. oryzae flanking sequences (Figure 

3.3). Possibly this was due to problems with the choice of restriction enzyme used to 

generate the iPCR template. Under those circumstances a second restriction enzyme was 

used in attempts generate a smaller fragment that can be amplified more efficiently. 

Figure 3.4 shows examples of iPCR reactions for several mutants generated with the 

pAD1624 vector (Figure 3.1) and using NcoI for DNA digestion prior to ligation.  In 

some of these cases both left border and right border adjacent sequences were recovered  
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Figure 3.3. Gel electrophoresis of iPCR products for 19 M. oryzae pathogenicity mutants 
generated using pAD1624. DNA of each mutant was digested with NcoI. Odd numbers 
correspond to iPCR using OAM747 and OAM617 to recover the M. oryzae sequence 
adjacent to the T-DNA right border. Even numbers correspond to iPCR using OAM744 
and OAM787 to recover the M. oryzae sequence adjacent to the T-DNA left border. 
Lanes 1 and 2: mutant 134.1.A4; 3 and 4: mutant 138.4.A2; 5 and 6: mutant 139.4.B2; 7 
and 8: mutant 142.3.A5; 9 and 10: mutant 143.2.B4; 11 and 12: mutant 146.1.D3; 13 and 
14: mutant 148.4.C2; 15 and 16: mutant 149.1.A3; 17 and 18: mutant 149.1.B2; 19 and 
20: mutant 149.1.B3; 21 and 22: mutant 149.1.B4; 23 and 24: mutant 149.1.C6; 25 and 
26: mutant 149.2.A3; 27 and 28: mutant 149.3.B6; 29 and 30: mutant 150.1.B5; 31 and 
32: mutant 150.1.D2; 33 and 34: mutant 150.3.A5; 35 and 36: 150.4.A5; 37 and 38: 
mutant 150.4.B1. Arrows indicate successful recovery of sequence adjacent to the T-
DNA border. * indicates mutants in which the iPCR band had to be excised and purified 
before cloning. Ø represents failure of iPCR. 0.7% Agarose gel with 1 kb plus standard 
ladder. Each lane contains 5 µl out of a 25 µl total reaction volume. 
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(for example mutant 149.1.B2 in lanes 17 and 18, 150.1.B5 in lanes 29 and 30 of figure 

3.3). In other cases only one of the flanking sequences was recovered (for example 

149.1.C6 in lane 24 and 150.4.B1 in lane 37 of figure 3.3) and in other instances neither 

of the T-DNA flanking regions were recovered (149.1.B4 in lanes 21 and 22, 149.2.A3 in 

lanes 25 and 26, 149.3.B6 in lanes 27 and 28, 150.1.D2 in lanes 31 and 32, and 150.4.A5 

in lanes 35 and 36 in figure 3.3).  Restriction enzymes such as HindIII, BamHI, PstI 

(which do not cut within the T-DNA, Figure 3.1) and EcoRI (which cuts once within the 

T-DNA) were used to attempt iPCR on the same mutants and several other mutants 

generated with pAD1624 (Figure 3.1) that presented the same challenge. However, often 

iPCR fragment patterns resulted that were the same in several mutants. For example this 

type of result is shown in figure 3.3 (lanes 8, 10, 16) corresponding to attempts to recover 

the sequence adjacent to the left border in mutants 142.3.A5, 143.2.B4, 149.1.A3 using 

NcoI to digest gDNA prior to iPCR.  Additional examples are shown in figures 3.4 and 

3.5. Figure 3.4 shows attempts to recover the T-DNA left border and right border 

sequences separately in six pAD1624 generated mutants using EcoRI gDNA digestion 

prior to perform the iPCR. In all mutants we obtained the same banding pattern for the 

left border and right border recovery. Figure 3.5 shows the analysis of a set of 11 

different mutants generated with pAD1624 using NcoI gDNA digestion prior to carry out 

the iPCR. For all the mutants we observed the same banding pattern for the attempts to 

recover the T-DNA left border, and no amplification (lanes 8, 10, 12, 14 and 20 in figure 

3.5) and the same banding pattern for T-DNA right border rescue (lanes 16 and 18 in 

figure 3.5). Successful amplification of sequence adjacent to the T-DNA right border was 
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Figure 3.4. Gel electrophoresis of iPCR for six M. oryzae pathogenicity mutants 
generated using pAD1624. DNA of each mutant was digested with EcoRI. Odd numbers 
correspond to iPCR using OAM744 and OAM787 to recover the M. oryzae sequence 
adjacent to the T-DNA left border. Even numbers correspond to iPCR using OAM747 
and OAM900 to recover the M. oryzae sequence adjacent to the T-DNA right border. 
Lanes 1 and 2: mutant 149.1.B4; 3 and 4: mutant 149.3.B6; 5 and 6: mutant 150.1.D2; 7 
and 8: mutant 150.4.A5; 9 and 10 mutant 150.4.D3; 11 and 12: 151.2.B6. 0.7% Agarose 
gel with λHindIII standard size markers are in the left lane and the 1 Kb plus standard 
size marker in the right lane. Each lane contains 3 µl out of a 25 µl total reaction volume. 
Arrows point to PCR fragments. 
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Figure 3.5. Gel electrophoresis of iPCR for 11 M. oryzae pathogenicity mutants 
generated using pAD1624. DNA of each mutant was digested with NcoI. Odd numbers 
correspond to iPCR using OAM745 and OAM787 to recover the M. oryzae sequence 
adjacent to the T-DNA left border. Even numbers correspond to iPCR using OAM748 
and OAM617 to recover the M. oryzae sequence adjacent to the T-DNA right border. 
Lanes 1 and 2: mutant 148.3.B6; 3 and 4: mutant 230.3.C3; 5 and 6: mutant 237.2.C2; 7 
and 8: mutant 244.4.A3, 9 and 10: mutant 253.4.C2, 11 and 12: mutant 257.3.A4, 13 and 
14: mutant 260.1.B1, 15 and 16: mutant 262.3.A4, 17 and 18: mutant 262.4.A5, 19 and 
20: mutant 263.4.C6, 21 and 22: mutant 267.4.B5.  0.7% Agarose gel with 1 kb plus 
standard size marker in the left. Each lane contains 10 µl out of a 25 µl total reaction 
volume. 
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for mutant 230.3.C3 237.2.C2, and 267.4.B5 (lanes 4, 6 and 22 in figure 3.5). These 

surprising results could have been caused by the integration of the T-DNA in the identical 

genomic site, cross contamination between strains, or by integration of multiple copies of 

the T-DNA in one genomic location, thus resulting in iPCR amplification of tandem T-

DNA sequences. To determine which of these hypothetical situations was occurring, 

(Figure 3.1) an iPCR test using BamHI as the restriction enzyme was set up using eight 

mutants that had similar banding patterns. The PCR products using primers OAM745 and 

OAM748 (Figure 3.1) in four different mutants (258.3.A1, 265.4.A3, 229.3.B6, and 

259.3.D6) were cloned into pGEM®-T Easy and sequenced. Analysis of the sequences 

indicated that adjacent to the left border there was the T-DNA right border direct repeat 

followed by binary vector sequence. This indicates that tandem T-DNA insertions in the 

head to tail orientation had occurred and were likely the cause of having difficulty of 

obtaining data from some mutants.  

Based on the size of bands obtained by different iPCR reactions and the 

previously mentioned sequencing analysis, it was estimated that 66% of the 

EHA105/pAD1624 insertional line collection (Betts et al., 2007, see Appendix A) 

contained tandem insertions. According to the iPCR the percentage of actual single-copy 

T-DNA insertions in the pool of mutants that were analyzed was 31%. In the results 

described above, analysis of the sequence flanking the T-DNA right border corresponded 

to M. oryzae DNA 92% of the time, whereas the sequence flanking the T-DNA left 

border corresponded to M. oryzae DNA 73% of the time.  
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Analysis of the T-DNA borders and genomic DNA at T-DNA insertion sites in the 

M. oryzae. 

In order to characterize the patterns of T-DNA excision from the binary vector, 

the extent of the T-DNA direct repeats at each insertion site was recorded. This allowed 

analysis of the precision by which the T-DNA was excised from the binary vector or the 

occurrence of deletions as the T-DNA integrated in the genome.  Tables 3.3 and 3.4 

indicate the nucleotide number in each T-DNA direct repeat that defined the limit of the 

T-DNA insertion in each mutant, and the frequencies at which that nucleotide was the 

end of the insertion. Tables 3.3 and 3.4 define premature nicking as when the T-DNA 

insertion did not contain the direct repeat. No left or right border indicates that the 

insertion end was in the T-DNA just before the direct repeat sequences. 

 The size of the deletions that occurred during integration of the T-DNA were 

calculated based on data from the 33 mutants where recovery data was available for both 

left and right borders. According to this data, a deletion of 0-20 nt occurred at the 

insertion site in 31% of the strains. Strain 209.3.B1 was the only one that presented a 

precise insertion because no deletion occurred during integration of the T-DNA.  

 Approximately another 31% of the strains contained a deletion between 21 and 

100 nucleotides at the insertion site. Twenty five percent of the strains contained a 

genomic deletion between 101 and 500 bp. And finally 6% of the strains had genomic 

deletions between 501 and 1,000 bp and another 6% had genomic deletions between 

1,000 bp to 2,500 bp. 
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Table 3.3.  T-DNA right border direct repeat sequences that define the end of the 
insertions. The percentage indicates the frequency that the insertion ended at the 
sequence indicated in the left column, from data obtained by iPCR for 50 pathogenicity 
mutants. Underlined characters represent polymorphisms between the right and left direct 
repeat sequences. The Black line represents T-DNA sequence adjacent to the direct 
repeats.  
 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

GGCAGGATATATACCGTTGTAATTT 

T-DNA right border sequence 

G 

GG 

GGC 

GGCA 

No direct repeat sequence 

Percentage 

6% 

6% 

8% 

49%

31%
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Table 3.4. T-DNA left border direct repeat sequences that define the end of the 
insertions. The percentage indicates the frequency that the insertion ended at the 
sequence indicates in the left column, from data obtained by iPCR for 44 pathogenicity 
mutants. Underlined nucleotides represent polymorphism between T-DNA right and left 
direct repeat sequence. The Black line represents T-DNA sequence adjacent to the direct 
repeats.  The remaining four percent corresponds to sequences where the complete left 
border was present at the insertion site, followed by binary vector sequence. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T-DNA left border sequence 

GGCAGGATATATTCAATTGTAAATG Percentage 

GCAGGATATATTCAATTGTAAATG 

CAGGATATATTCAATTGTAAATG 

AGGATATATTCAATTGTAAATG 

No direct repeat sequence 

Premature nicking 

GGATATATTCAATTGTAAATG 

0% 

12% 

28% 

0% 

20% 

34% 
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With the purpose of providing an initial prediction of the randomness of the 

insertions in the ATMT library, the distribution of the T-DNA insertions in the M. oryzae 

genome was assessed by mapping T-DNA insertions to the M. oryzae chromosomes. Our 

data from iPCR recovery of T-DNA flanking regions was combined with data from the 

Farman laboratory at The University of Kentucky and the Xu laboratory at Purdue 

University obtained by iPCR and TAIL-PCR, respectively (Meng et al., 2007 and Betts et 

al., 2007; see Appendix A and B).  The results obtained from mapping 211 T-DNA 

insertions are presented in table 3.5 and figure 3.6. These data suggest that the T-DNA 

insertions are not randomly distributed. For further analysis on this topic I refer to Meng 

et al. (2007 see Appendix B). 

  

Analysis of T-DNA flanking regions identify new putative proteins involved in 

pathogenicity 

 T-DNA insertion flanking sequences obtained by iPCR were blasted against the 

M. oryzae genome database to determine where in the genome the T-DNA insertion 

mapped. For the purpose of this analysis, we define an insertion in a gene by the mapping 

of the T-DNA within an ORF or within 1 Kb upstream of the ORF. If the T-DNA 

insertion mapped in a region where no ORF or transcript was predicted, or ORF were 

more distant than 1 Kb, we classified this insertion as intergenic. Insertions that mapped 

in a region where a transcript was predicted but no ORF was predicted we identified them 

as unannotated regions of the genome assembly. Table 3.6 presents the results obtained  
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Table 3.5. Distribution of 211 T-DNA insertions in the M. oryzae genome. Parentheses 
indicate the estimated size of each chromosome. Question mark represents the T-DNA 
insertions that mapped to contigs that had not been assigned to any chromosome. 
 

Chromosome Number
Number of  

insertion lines Percentage 
I (~7.85 * 106 bp) 55 26 
II (~6.23* 106 bp) 21 10 
III (~8.65* 106 bp) 46 22 
IV (~5.68* 106 bp) 23 11 
V (~2.2* 106 bp) 7 3 
VI (~4.55* 106 bp) 30 14 
VII (~4.38* 106 bp) 16 8 

? 13 6 
Total 211 100% 
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Figure 3.6. Diagram illustrating the distribution of 120 T-DNA insertions in the M. 
oryzae genome. The T-DNA insertions are represented by the red lines. Chromosome 
illustrations were obtained from the Broad Institute (www.broad.mit.edu). Parentheses 
indicate the estimated size of each chromosome. 
 

 

 

 

 

 

 

 



 
 

195

Table 3.6. Identification of M. oryzae genes by recovery of T-DNA flanking sequences. 

Putative function Organism E-value

149.1.B2 MGG_03117.5 Hypothetical 
protein

Taurine catabolism 
dioxygenase TauD, TfdA 
family

Alpha-ketoglutarate 
dependent taurine 
dioxygenase

Escherichia coli 3.00E-27

201.2.B3 MGG_06108.5/
MGG_06107.5

Hypothetical 
protein/ 
Hypothetical 
protein

ATP synthase subunit C/ 
transcription factor IIA 
gamma subunit

Vacuolar ATPase 
subunit 
c''/transcription factor 
gamma subunit

Saccharomyces 
cerevisae/Candida 
albicans 

9E-33/ 1E-26

256.1.A1 MGG_05731.5 Hypothetical 
protein

Cyclophilin type peptidyl-
prolyl cis-trans 
isomerase/CLD,WD 
domain, G-beta repeat

Cyclophilin type 
peptidyl-prolyl cis-
trans isomerase

Aspergillus 
fumigatus 0 E

226.3.C3 MGG_0464.5 Hypothetical 
protein

Chromatin organization 
modifier domain

Heterochromatin 
protein one 

Neurospora crassa 8.00E-07

244.4.A3 MGG_09204.5 Hypothetical 
protein No prediction Carboxymucono-

lactone decarboxylase
Candida albicans 1.00E-21

156.1.C3 MGG_ 06896.5 Hypothetical 
protein  No prediction

UDP-N-
Acetylglucoisaminyltra
nsferase

Aspergillus 
fumigatus 0.0 E

138.2.C5 MGG_02807.5 Hypothetical 
protein

RNAse P 
Rpr2/Rpp21/SNM1 
subunit domain

 Ribonucleoprotein V3 Homo sapiens 4.00E-07

200.1.D6/1
98.3.A5 MGG_06295.5 Hypothetical 

protein  No prediction 60s ribosomal protein 
l31

Cryptococcus 
neoformans 8.00E-21

230.3.C3 MGG_09895.5 Hypothetical 
protein No prediction dynamitin Danio rerio 7.00E-19

170.1.A5 MGG_11073.5 Hypothetical 
protein

Riboflavinkinase/FAD 
synthetase domain Riboflavin kinase Pichia stipitis 6.00E-28

209.3.B1 MGG_01563.5 Hypothetical 
protein ABC-2 type transporter ABC transporter Adp1

Aspergillus 
fumigatus 0 E

148.4.C2 MGG_03473.5 Hypothetical 
protein

NmrA-like family 
(nitrogen metabolite 
repression)

NmrA-like family 
protein 

Neosartorya fischeri 2.00E-25

167.2.A4 MGG_09285.5

NADH-ubiquinone 
oxidoreductase 49 
kDa subunit, 
mitochondrial 
precursor

Respiratory-chain NADH 
dehydrogenase, 49 Kd 
subunit

NADH-ubiquinone 
oxidoreductase 49 
kDa subunit, 
mitochondrial  
precursor

Neurospora crassa 0 E

184.1.D1 MGG_08063.5 Pyruvate kinase

Pyruvate kinase, barrel 
domain, Pyruvate 
kinase, alpha/beta 
domain

Pyruvate kinase Neurospora crassa  0 E

184.3.C5 MGG_08046.5 Hypothetical 
protein Multicopper oxidase Phenol oxidase A

Stachybotrys 
chartarum 1.00E-167

178.3.B6 MGG_06654.5 Hypothetical 
protein

Cytochrome b5-like 
Heme/Steroid binding 
domain

Sterol metabolism-
related protein

Cryptococcus 
neoformans 6.00E-18

230.4.D5 MGG_00665.5 Hypothetical 
protein

tRNA synthetases class I 
(W and Y)

Tyrosyl-tRNA 
synthetase, 
mitochondrial 
precursor

Podospora anserina 2.00E-152

BlastX
Mutant Locus Annotation

Conserved domains, 
motifs and protein 
families
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258.3.A1 MGG_05378.5 Hypothetical 
protein No prediction Protein-nucleus 

import-related protein
Cryptococcus 
neoformans 8.00E-17

150.4.D3 MGG_06361.5 Hypothetical 
protein

Dynamin central 
region,Dynamin family, 
Dynamin GTPase 
effector domain

Dynamin-related 
protein 1 Podospora anserina 0 E

204.2.B3 MGG_12118.5 Hypothetical 
protein Protein kinase domain Ste20-like kinase 

Don3 Ustilago maydis 7.00E-86

150.4.B1 MGG_11878.5 Hypothetical 
protein

Mitochondrial carrier 
protein

carnitine/acylcarnitine 
translocase Homo sapiens 8.00E-21

267.4.A3 MGG_08907.5 Hypothetical 
protein RNA recognition motif

U1 small nuclear 
ribonucleoprotein 70 
kDa

Neosartorya fischeri 2.00E-51

150.1.C5/ 
212.1.D6 MGG_07327.5 Hypothetical 

protein

RNA recognition motif,Zn-
finger in Ran binding 
motif

No hit

170.4.B2 MGG_02510.5 Hypothetical 
protein

Conserved motif D/E-X-
W/Y-X-H Domain 
common in 
Fibronectin/fibrinogen 
binding protein

No hit

264.3.B1 MGG_02673.5 Predicted protein  
 No prediction No hit

143.2.B4 MGG_0069.5 Predicted protein  No prediction No hit

153.4.A1 MGG_11865.5 Hypothetical 
protein No prediction No hit 

167.1.C2* MGG_09244.5 Hypothetical 
protein No prediction No hit

186.4.B5 MGG_02314.5 Predicted protein  No prediction No hit

257.3.A4 MGG_06866.5 Hypothetical 
protein No prediction No hit 

230.3.C3/1
55.2.D1 MGG_09825.5

Hypothetical 
protein No prediction No hit 

158.3.A1 MGG_04524.5
Hypothetical 
protein No prediction No hit  

 
 
* means T-DNA left border flanking sequence provided different location than right 
border T-DNA flanking sequence. This chapter discusses mutants 149.1.B2, 256.1.A1, 
226.3.C3, 244.4.A3, 209.3.B1, 148.4.C2 and 184.1.D1. 
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Table 3.7.  M. oryzae pathogenicity mutants containing binary vector sequence next to T-
DNA left or right border. The X mark represents presence of T-DNA binary vector 
sequence indicating T-DNA insertion as tandem copies in the orientation head to tail, Ф 
indicates imprecise T-DNA nicking from the binary vector, thus inserting binary 
sequence beyond the T-DNA left border. Mutants for which no data regarding the T-
DNA insert location exist are highlighted in gray color.   
 

   
 
 
  

  

 

 

  

  

 

 

 

 

 

 

 

 

 

 

Left border  Right border 
134.1.A4 X
138.4. A2 X
142.3.A5 Ф
143.2.B4 Ф
150.3.A5 X
152.1.D4 X
152.4.A1 X
164.1.C2 X
173.3.D1 X
206.3.B1 X
258.3.A1 X
259.3.D6 X
262.4.A5 X
265.4.A3 X

Binary vector sequence next to:Mutant 
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after blasting the Magnaporthe hypothetical proteins to NCBI databases. This analysis 

resulted in the identification of 22 hypothetical genes with predicted function, 11 ORFs 

without significant GenBank match.  Seven insertions mapped to intergenic regions and 

two unannotated regions of the genome assembly. Five insertions (mutants 148.3.B6, 

149.3.B2, 150.1.B5, 261.3.B4 and 268.2.B3) mapped to a single locus, MGG_09926.5, a 

glucose-6-phosphate-1 dehydrogenase. One insertion (mutant 168.4.A6) identified 

MGG_03147.5 a glycerol-3-phosphate dehydrogenase. Data from eight mutants 

identified binary vector sequence next to the T-DNA border, which prevented 

determination of the genomic sequences adjacent to this insertion.  In these cases the 

sequences adjacent to the border demonstrated that either insertion had occurred as 

tandem repeat or transfer had continued beyond the T-DNA left border and included the 

binary vector (Table 3.7).   

 In only one mutant, 167.1.C2, the sequences adjacent to the T-DNA left border 

defined a location different from that identified by the T-DNA right border. This data 

initially identified in the Magnaporthe genome version 4.0, was also verified in Assembly 

and Annotation version 5.0 (Broad Institute, Cambridge, MA). In this mutant, the left 

border region flanking sequences indicated the insertion occurred at supercontig 196 in 

between nucleotides 762,969-763,588 (chromosome I) while the right border sequence 

indicated that insertion occurred in an intergenic region in supercontig 175 in between the 

nucleotides 489,257-489,400 (chromosome III) (Table 3.6). The left border flanking 

sequences are located within MGG_09244.5 (Supercontig 196: 762,758-764,406 bp). 

Thus, it remains to be determined whether the phenotype of this mutant is due to a 
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mutation in MGG_09244.5 or if two insertions or a rearrangement occurred during or 

after T-DNA insertion. 

 The six mutants for which the T-DNA insert did not map to any unannotated ORF 

but mapped to ESTs are displayed in table 3.8. Further analysis of these ESTs indicated 

that the clone to which 142.3.A5 maps is the LacZ alpha protein, which suggests that the 

sequence is vector sequence and an artifact in the library. The T-DNA of mutant 

149.1.A3 maps to an intergenic region in chromosome VI. Mutant 262.2.C4 maps within 

an intron of a cDNA, and although there is not a predicted ORF in this region of 

chromosome IV, the insertion is located in an expressed sequence. Mutants 247.1.B2, 

262.4.A5, and 262.3.A4 mapped to the same region that locates with the hypothetical 

gene MGG_02031.5 (Supercontig 184: 249,177-250,501 bp) in chromosome II. There is 

no predicted function for MGG_02031.5. 

 The insertions that mapped to intergenic regions correspond to mutants 138.4.A2 

(Supercontig 187: 2189659-2189758 bp), 149.1.B6 (Supercontig 194: 3532046-3532211 

bp), 182.1.C6 (Supercontig 175: 1281148-1282152 bp); 194.4.C4 (Supercontig 197 

2041576-2041664 bp); 197.4.C1 (Supercontig 187: 1773928-1774363 bp), 242.4.B2 

(Supercontig 186 942794-94324 bp). Mapping of these insertions in regions between 

ORFs or in regions no where close to ORFs might be explained either by incomplete 

annotation of the genome where the insertion is responsible for the mutant phenotype, or 

by the presence of an untagged mutation in the strains that is responsible for the reduction 

of pathogenicity.  
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 It is surprising that in some cases, multiple T-DNA insertions mapped to the same 

genome position. For example, five mutants mapped to MGG_09926.5, and three 

mapped to the same position on supercontig 186 (Table 3.8). This could be due to the 

presence of a hot spot for T-DNA integration or these results could be an artifact of 

iPCR. 

 Inverse PCR failed to recover the T-DNA left border flanking region for mutant 

150.4.D3 (Figure 3.4).  Using the genomic location identified as flanking the T-DNA 

right border, an oligonucleotide, OAM911 (Table 3.1) was designed to recover the M. 

oryzae sequence flanking the T-DNA left border.  OAM911 was designed to anneal 1 kb 

upstream from the genomic site of the right border insertion. The T-DNA was integrated 

264 bp upstream from the start codon of MGG_06361.5 and 952 bp upstream from the 

start of MGG_12850.5. The PCR reactions were performed using OAM911 paired with 

OAM744, OAM745, OAM748, OAM747 (Figure 3.1). However, PCR amplification was 

not successful and information regarding the T-DNA left border flanking region for 

mutant 150.4. D3 was not obtained (Figure 3.7). It was expected that at least 

amplification was going to occur using OAM911 and OAM748/ OAM747.  Since this 

was not the result this could mean that the region where the oligonucleotide was designed 

was deleted upon T-DNA insertion. 

 A similar approach was taken in order to recover the T-DNA left border flanking 

sequences for mutant 178.3.B6 (Figure 3.7). Based on the sequences flanking the T-DNA 

right border, the T-DNA insertion appears to have occurred within MGG_06654.5.  An 

oligonucleotide (OAM912, Table 3.1) was designed 1 kb upstream from the junction  
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Table 3.8. Genomic location of T-DNA inserts in M. oryzae pathogenicity mutants for 
which T-DNA did map to specific ESTs. 
 

142.3.A5 Supercontig 186: 925870-925904 bp Clone ends: 03G22, 23L13,20N04
149.1.A3 Supercontig 194: 3421825-3422211 bp Clone ends: 03G22, 23L13,20N04
262.2.C4 Supercontig 187: 1350985-1351270 bp EST BU643520
247.1.B2 Supercontig 186: 249647-250118 bp cDNA clone mgcm003xM10 5
262.4.A5 Supercontig 186: 249647-250118 bp cDNA clone mgcm003xM10 5
262.3.A4 Supercontig 186: 249647-250118 bp cDNA clone mgcm003xM10 5

Mutant T-DNA genomic location Clone ID
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Figure 3.7. Recovery of M. oryzae sequences adjacent to T-DNA left border. Lanes 1-4, 
mutant 150.4.D3, 1: OAM911 and OAM745, 2: OAM911 and OAM744, 3: OAM911 
and OAM748, 4: OAM911 and OAM747. Lanes 5-8, mutant 178.3.B6, 5: OAM912 and 
OAM745, 6: OAM912 and OAM744, 7: OAM912 and OAM745, 8: OAM912 and 
OAM947. Lane 9: empty. Lane 10-13: 209.3.B1, 10: OAM839 and OAM744, 11: 
OAM839 and OAM745, 12: OAM839 and OAM747, 13: OAM839 and OAM748. Lane 
14-17: 198.3.A4, 14: OAM840 and OAM744, 15: OAM840 and OAM745, 16: OAM840 
and OAM 747, 17: OAM840 and OAM748. Lanes 18-21: 258.3.A1, 18: OAM842 and 
OAM744, 19: OAM842 and OAM745, 20: OAM840 and OAM 747, 21: OAM840 and 
OAM748. Lane 22-25, mutant 197.4.C1, 22: OAM843 and OAM744, 23: OAM843 and 
OAM745, 24: OAM843 and OAM 747, 25: OAM843 and OAM748. Samples were 
electrophoresed in a 0.7% agarose gel. Each lane contains 10 µl out of the 25 µl PCR 
reaction volume.   1 Kb plus standard size markers are in the left lanes of the top two 
pictures and the right lane of bottom picture. 
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between the T-DNA right border and M. oryzae flanking sequences. PCR using OAM912 

paired with OAM747 and OAM748 resulted in amplification of a ~ 1.2 Kb fragment 

adjacent to the T-DNA right border (Figure 3.7). PCR amplification using OAM912 

paired with OAM744 or OAM745 resulted in two faint bands of approximately 1.8 kb 

and 2 kb, respectively (Figure 3.7). These results suggested that at least two T-DNA 

copies had been inserted in tandem. If a single T-DNA insertion had occurred, 

amplification using the right border oligonucleotides OAM747 and OAM748 would not 

occur because of the opposite directionality between OAM912 and the oligonucleotides 

OAM747 and OAM748. This means that another copy of the T-DNA right border would 

have to be present beyond the T-DNA left border and in the same direction as it, in order 

for these bands to be observed. Additionally, the faint bands generated using 

oligonucleotides OAM744 or OAM745 could be explain by reduced efficiency of the 

PCR reaction due to the size of the band being amplified. If this is the case the fragment 

to be amplified would be ~ 7 kb in size, considering that the size of the T-DNA insertion 

is ~ 3.5Kb and the distance between OAM912 and the right border adjacent to the M. 

oryzae sequence is ~ 1 Kb. 

 The recovery of the T-DNA left border flanking regions for mutants 209.3.B1; 

198.3.A4; 258.3.A1 and 197.4.C1 was also attempted using oligonucleotides designed to 

anneal to the M. oryzae sequence (Table 3.1), in an analogous strategy to that described 

for mutants 178.3.B6 and 150.4.D3. The T-DNA insertion in mutant 198.3.A4 occurred 

64 bp upstream of the start codon of ORF of the hypothetical gene MGG_06295.5. In 

mutant 258.3.A1 the T-DNA insertion maps within the locus MGG_05378.5, 204 bp 
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downstream from the start codon of the ORF. For mutants 198.3.A4 and 258.3.A1, 

recovery of the left border flanking region was attempted unsuccessfully (Figure 3.7), 

using oligonucleotides OAM840 and OAM842, respectively (Table 3.1).  The T-DNA 

left border flanking region for mutants 209.3.B1 and 197.4.C1 was amplified using 

oligonucleotides OAM839 and OAM843, respectively (Table 3.1, Figure 3.7). 

Sequencing of the left border region amplified from 209.3.B1, with OAM744/OAM745 

and OAM839 confirmed the location of its T-DNA insertion. It created a precise insertion 

without deleting any M. oryzae sequences, 1679 bp downstream from the start codon. 

Although the T-DNA left border flanking region of 197.4.C1 using oligonucleotide 

OAM843 was amplified, it was not able to be sequenced.  Because the sequence flanking 

the T-DNA right border mapped to an area not annotated in M. oryzae, further efforts to 

characterize the insertion were not pursued.  

 

Genetic validation of T-DNA tagging by complementation and gene replacement. 

 To determine whether the phenotypes observed in the mutants were caused by the 

T-DNA insertions, a co-transformation approach was used (Figure 3.8) to attempt genetic 

complementation in seven mutant strains, 256.1.A1, 226.3.C3, 209.3.B1, 149.3.B1, 

201.2.B3, 244.4.A3, 148.4.C2 and 184.1.D1, as described below. For each mutant strain a 

wild-type copy of the predicted ORF plus approximately one kb of upstream sequences 

and 0.5 kb of downstream sequence was obtained using high fidelity PCR with genomic 

DNA from strain 70-15 as template. These PCR products were co-transformed into 

mutant protoplasts with linearized pCB1635 that confers resistance to bialophos.   
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Figure 3.8. M. oryzae primary transformants obtained by co-transformation of mutant 
protoplasts. Photograph was taken 4 days after plating transformation on regeneration 
bottom agar containing Bialaphos at a final concentration of 35 µg/ml. 
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Phenotypic traits of mutant strain 256.1.A1. Strain 256.1.A1 is dramatically reduced in 

pathogenicity. It produces type 1 and 2 lesions (out of 5) and the frequency of lesions per 

leaf on cultivars Maratelli and M-202 is decreased in contrast to the wild-type strain 70-

15, which produces type 3 and 4 lesions and causes the death of some leaves (Figure 3.9). 

The rice plants infected with strain 70-15 are typically stunted, a phenotype that is not 

observed when the plants are challenged with strain 256.1.A1 (Figure 3.9). In 256.1.A1 at 

least half of the conidia are morphologically different from wild-type (Figure 3.10).  The 

conidia were more rounded and often contained two cells instead of three. In addition, 

appressorium morphology, which was used to initially identify the mutant, is often 

affected (Figure 3.10). Compared to wild type appressoria, strain 256.1.A1 is less 

efficient at penetrating onion epidermis tissue. At 24 hours post infection (hpi) ~58% of 

the appressoria in 256.1.A1 had penetrated the onion tissue, whereas at 24 hpi wild-type 

strain 70-15 had achieved ~85% appressorium penetration. At 48 hpi the 256.1.A1 

mutant reached ~93% appressorium penetration which is comparable to the wild-type.  

 

Genetic aspects of mutant strain 256.1.A1. The T-DNA insert in this strain is located 

271 bp upstream of the stop codon of the predicted gene MGG_05731.5 and generated a 

four bp deletion during insertion. This gene has an ORF of 2.3 kb that encodes a putative 

cyclophilin type peptidyl-prolyl cis-trans isomerase. To attempt complementation, a total 

of 13 co-transformants of strain 256.1.C1 were generated. Genomic DNA from mutant 

256.1.A1 and the single-spore passaged transformants was extracted and screened for the  
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Figure 3.9. Pathogenicity phenotypes in mutant 256.1.A1.  
 
For both panels, 1: mock inoculation, 2: inoculation with T-DNA insertion strain 
256.1.A1, 3: inoculation with wild type strain 70-15, 4: inoculation with complemented 
T-DNA insertion strain #1, 5: inoculation with complemented T-DNA insertion strain #2.   
 
A. Blast lesions in the middle section of infected secondary leaves of rice cultivar M-202. 
 
B. Height of rice seedlings challenged with different strains; in each pot, the seedlings on 
the right side are cultivar M-202 and the seedlings on the left correspond to cultivar 
Maratelli. Pictures were taken one week after inoculation of the plants with the different 
strains. 
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Figure 3.10. Phenotype of mutant 256.1.A1 inoculated onto onion epidermal tissue. 
Arrows indicate appressorial penetration in the onion epidermis tissue and generation of 
infectious hyphae. Arrow heads point to morphologically defective conidia. Asterisks 
point to misshapen appressoria. Bars = 10 µm. 
 
A. Wild-type strain 70-15 at 24 hpi.  
 
B-D. Mutant 226.3.C3 at 24 hpi.  
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presence of the 3.8 kb complementing fragment by PCR using oligonucleotides OAM890 

and OAM891 (Table 3.2). Five transformant lines contained the expected 

complementation fragment (Figure 3.11). These lines were tested in plant infection 

assays to determine whether wild type pathogenicity had been restored.  Compared to T-

DNA mutant 256.1.A1, four out of the five strains with the complementation fragment 

showed an increase in both the number of lesions, and in the lesion size. These lesions 

were classified as types 2, 3 and 4. The infection level was close to that of the wild-type 

strain, with the plants showing some stunting one week post-infection, similar to the 

plants infected with wild-type strain 70-15 (Figure 3.12). The wild-type morphology of 

the conidia was not fully restored; approximately 75% of the spores looked like wild-type 

70-15 spores. These results support the hypothesis that the insertion in gene 

MGG_05731.5 affected the pathogenicity of the blast fungus demonstrating the 

effectiveness of our insertional mutagenesis approach.  

 

Phenotypic traits of mutant strain 226.3.C3. The strain 226.3.C3 is reduced in 

virulence. It produces mainly type 2 and 3 lesions, and sometimes lesion types 4 and the 

frequency of lesions is slightly decreased compared to the wild-type strain 70-15 (Figure 

3.12).  Analysis of the in vitro appressorium formation identified this strain as sometimes 

producing abnormal germ tubes (twisted shape) (Figure 3.13, panels B, C, D). 

Observations in onion epidermal tissue indicate that during infection, spores often 

produce multiple appressoria (Figure 3.13). Preliminary data regarding appressorium  
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Figure 3.11. PCR screening for the complementation fragment in transformants of 
mutant 256.1.A1. Panel A presents amplification of the ~1.4 kb hph gene using 
oligonucleotides OAM414 and OAM415. Panel B presents amplification of the 
complementation fragment using oligonucleotides OAM890 and OAM891. Arrows point 
amplification of the 3.6 kb complementation fragment. For both panels lanes 1-13 contain 
products from transformant #1- #13; lane 14: strain 70-15; and lane 15: mutant strain 
256.1.A1. Samples were electrophoresed in a 0.7% agarose gel. Each lane contains 10 µl 
out of the 25 µl PCR reaction volume.   1 Kb plus standard size marker is present in the 
left lane of the gels. 
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Figure 3.12. Pathogenicity phenotypes of T-DNA mutant strain 226.3.C3 and 
complemented strains.     1: mock inoculation, 2: inoculation with wild type 70-15 strain, 
3 and 4: inoculation with T-DNA insertion strain 226.3.C3, 5: inoculation with 
complemented T-DNA insertion strain #16, 6: inoculation with complemented T-DNA 
insertion strain #13. Blast lesions in the middle section of infected secondary leaves of 
rice cultivar M-202. Leaves samples were collected one week after inoculation with the 
different strains.   
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Figure 3.13. Phenotype of mutant 226.3.C3 inoculated onto onion epidermal tissue. 
Arrows indicate appressorial penetration of onion epidermis tissue and generation of 
infectious hyphae. Bars =10 µm. 
 
A. Wild-type strain 70-15 at 24 hpi;  
 
B-D. Mutant 226.3.C3 at 24 hpi.  
 
E. Wild-type strain 70-15 at 48 hpi.  
 
F. Mutant 226.3.C3 at 48 hpi  
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penetration in onion epidermal tissue indicates that the mutant may be impaired at this 

infection step. At 24 hpi ~ 30% of the mutant spores have penetrated the onion tissue, 

whereas by 24 hpi the wild-type strain 70-15 normally has ~85% appressorium 

penetration efficiency. However by 48 hpi, the mutant appressorium penetration 

efficiency is similar to the wild-type. This suggests that appressorium penetration may 

either be delayed, or occur at a slower rate than wild-type.  

 

Genetic aspects of mutant strain 226.3.C3. The T-DNA insertion in strain 226.3.C3 

occurred within the ORF of the gene MGG_04964.5, generating a 752 bp deletion 

starting 795 bp doesntream from the start codon and removing the rest of the gene (301 

bp) and 451 bp of the downstream region. MGG_04964.5 is a 1,095 bp ORF and encodes 

a hypothetical protein that contains one chromatin modifier domain (Table 3.6). A total 

of 11 transformants of strain 226.3.C3 were recovered following co-transformation with 

the 2.6 kb complementing PCR fragment and pCB1635. Genomic DNA from the mutant 

226.3.C3 and single-spore purified transformants was extracted and used as template for 

PCR amplification of the complementation fragment using oligonucleotides OAM892 

and OAM893. The PCR results determined that three co-transformants acquired at least 

one copy of the complementation fragment (Figure 3.14). These strains were tested in an 

infection assay (Figure 3.12). The pathogenicity phenotypes of the transformants 

harboring the complementation fragment increased the number of lesions and lesions 

were classified as type 2, 3 and 4 (Figure 3.12). Thus, the infection assay validates that  
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Figure 3.14. PCR screening for complementation fragment in 226.3.C3 transformants. 
Lanes 1-13 present amplification of ~1.4 Kb hph gene using oligonucleotides OAM414 
and OAM415. Lanes 14-25 presents amplification of the complementation fragment 
using oligonucleotides OAM892 and OAM893. Arrows point amplification of the ~2.7 
kb complementation fragment. Lanes 1: mutant 226.3.C3; 2: wild type 70-15; 3: 
transformant #17; 4: transformant #16; 5: transformant #15; 6: transformant #14; 7: 
transformant #13; 8: transformant #12; 9: transformant #11; 10: transformant #10; 11: 
transformant #9; 12: transformant #8; 13: transformant #4; 14: transformant #17; 15: 
transformant #16; 16: transformant #15; 17: transformant #12; 18: transformant #11; 19: 
transformant#10; 20: transformant #9; 21: transformant #8; 22: transformant #14; 23: 
transformant #13; 24: transformant #4; 25: wild-type 70-15; 26: mutant 226.3.C3. 
Samples were electrophoresed in a 0.7% agarose gel. Each lane contains 10 µl out of the 
25 µl PCR reaction volume. 1 Kb plus standard size marker is in the left lane of the 
pictures. 
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the gene MGG_04964.5 is involved in the pathogenicity of M. oryzae, and 

complementation demonstrates that the insertion caused the pathogenicity defect.  

 

Phenotypes of mutant 149.1.B2. Mutant 149.1.B2 is slightly reduced in pathogenicity 

(Figure 3.15), exhibits limited filamentous growth (Figure 3.16), and has elongated 

conidia (not shown). Appressorium formation and appressorium penetration by 149.1.B2 

was similar to the wild-type strain.  

 

Genetic aspects in mutant 149.1.B2. The T-DNA insertion of this mutant mapped 

within the non-region in between two divergently transcribed genes. The T-DNA insert in 

this strain maps 19 bp upstream from the start codon of the predicted gene 

MGG_03117.5 that encodes a putative α-ketoglutarate-dependent taurine dioxygenase. 

The recovery of both T-DNA flanking regions indicated that a 2.5 kb deletion occurred at 

the point of T-DNA insertion. This deletion would also affect the adjacent gene, 

MGG_03118.5 (1,771 bp) encoding a putative major facilitator, which is located 1,174 

bp away from the start codon of MGG_03117.5. Thus, the T-DNA deletion generated in 

this strain disrupted the following gene. Thus, the phenotypes observed in mutant strain 

149.1.B2 could be caused by the effect of disrupting the function of either MGG_03118.5 

or MGG_03117.5, or as an additive effect of disrupting both genes. A total of 15 co-

transformants of strain 149.1.B2 were generated, with the 3.3 Kb complementing PCR 

fragment and pCB1635, to test for complementation of the defects described above. This 

complementation  fragment  did   not   contain   the   MGG_03118.5.  One   of the 15 co- 
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Figure 3.15. Pathogenicity phenotype of M. oryzae mutant 149.1.B2 on cultivar M-202. 
Leaves 1 and 2: inoculation with wild type strain 70-15, leaves 3 and 4: inoculation with 
mutant 149.1.B2, leaves 5 and 6: inoculation with 149.1.B2 co-transformant #1 
(complemented strain), leaf 7: mock inoculation. Blast lesions in the middle section of 
infected secondary leaves of M-202. Leaves were collected one week after inoculation.   
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Figure 3.16. Filamentous growth of M. oryzae mutant strain 149.1.B2 on complete 
medium.  Cultures photographed 7 days after inoculation. 
 
A. Wild-type strain 70-15.  
 
B. Mutant strain 149.1.B2.  
 
C. Complementation transformant #1.  
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transformants of strains showed wild-type filamentous growth (Figure 3.16) and PCR 

analysis using the oligonucleotides OAM909 and OAM910 (Table 3.2) confirmed the 

presence of the complementation fragment in this strain (Figure 3.17).  When this strain 

was tested for pathogenicity on rice cultivar M202, restoration of apparent wild-type 

pathogenicity was observed (Figure 3.15). Thus, confirmed that the phenotype of strain 

149.1.B2 was caused by the deletion of the promoter region of MGG_03117.5.  

 

Phenotypes of mutant 209.3.B1. Mutant 209.3.B1 is severely reduced in pathogenicity 

(Figure 3.18, leaf 6). It produces fewer lesions than wild-type and lesions are type 1 and 

2. Filamentous growth of 209.3.B1 was similar to the wild-type strain 70-15 (data not 

shown), however conidiation rate seemed decreased in this mutant. The spore and 

appressorium morphology is not affected. This mutant was initiated identified in our in 

vitro appressorium formation assay because it presented a reduction in the formation of 

appressoria (between ~ 40-75% conidia formed appressoria at 24 hpi). This mutant 

presented a high variation in the appressorium penetration assay carried out onto onion 

epidermis, the formation of appressorium did not seem impaired, however the penetration 

of appressoria at 24 hpi was ~ 41% and ~ 66% of the appressoria had penetrated at 48 

hpi, compared to ~ 85% and ~ 95% in the wild –type strain at 24 hpi and 48 hpi, 

respectively.  

 
 
Genetic aspects of mutant 209.3.B1. The T-DNA insertion of this mutant maps in the 

middle of the ORF of hypothetical gene MGG_01563.5, which encodes an ATP-binding 
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Figure 3.17. PCR screening for complementation fragment in 149.1.B2 transformants. 
For both panels 1: wild-type strain 70-15; 2: mutant strain 149.1.B2; 3: transformant #1; 
4: transformant #2; 5: transformant #3; 6: transformant #4; 7: transformant #5; 8: 
transformant #6; 9: transformant #7; 10: transformant #9; 11: transformant #13, 12: 
transformant #14; 13: transformant #15; 14: transformant #16. Samples were loaded in a 
0.7% agarose gel. Each lane contains a 10 µl aliquot out of the 25 µl PCR reaction 
volumes. 1 Kb plus standard size marker in the left side of the pictures. 
 
A. Amplification of ~1.4 Kb hph gene using oligonucleotides OAM414 and OAM415. 
  
B. Amplification of the 3.3 kb complementation fragment using oligonucleotides 
OAM909 and OAM910. Wild-type strain 70-15 and 149.1.B2 co-transformant #1 display 
amplification of the complementation fragment.  
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Figure 3.18. Pathogenicity phenotype of M. oryzae mutant 209.3.B1 on cultivar M-202. 
1, mock inoculation; 2, inoculation with wild-type strain 70-15; 3, inoculation with strain 
harboring ectopic insertion; 4, inoculation with replacement strain #5; 5, inoculation with 
gene replacement strain #17; 6, inoculation with mutant 209.3.B1. Leaves samples were 
collected one week after inoculation with the different strains.   
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cassette (ABC) transporter. MGG_01563.5 encodes an ORF of 3,467 bp. No deletion was 

generated during the integration of the T-DNA insert. A total of 30 co-transformants of 

strain 209.3.B1 were generated with the 5.0 kb complementing PCR fragment and 

pCB1635 and screened for introduction of the wild type gene (MGG_01563.5). Because 

of the size of the complementation fragment PCR screening was not performed due to 

concerns of its reliability. Southern analysis was used to determine whether the strains 

had acquired the complementation fragment and if so the number of copies of the 

complementation fragment present in the co-transformant strains. Co-transformant DNA 

was digested with EcoRI, which does within 5 kb complementation fragment generating 

two fragments of 5,280 bp and 673 bp and does cut within the T-DNA region of 

pAD1624 (Figure 3.1 and Figure 3.19 A). Thus, in the insertion strain, the T-DNA 

introduces an EcoRI site at the locus. The wild-type locus is present on a 6.8 kb EcoRI 

fragment, while the insertion mutant should contain two fragments predicted to be 7 and 

3.3 kb (Figure 3.19 A). A hybridization probe was designed using oligonucleotides 

OAM933 and OAM934 that spans the site of the T-DNA insertion (Figure 3.19). In six 

transformants (strains 2, 8, 15, 18, 19 and 30), this probe hybridized to bands in addition 

to the 7.0 kb and 3.3 kb of insertion strain 209.3.B1, indicating the presence of the 

complementation fragment. All co-transformants appear to contain multiple copies of the 

complementation fragment (Figure 3.19) based on the number of bands and hybridization 

intensity. Some of these multiple insertions could be tandem repeats, for example 

transformant  19  and  30  presents  a  band  of  ~ 6 kb  that might indicate head (promoter  
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Figure 3.19. Southern blot analysis of 209.3.B1 co-transformants to screen for 
incorporation of complementation fragment.  
 
A. Diagram of insertion of T-DNA in the ORF MGG_01563.5 and prediction of size of 
hybridization bands using an internal region of the gene covering the region of T-DNA 
insertion.  
 
B. Hybridization pattern of 209.3.B1 co-transformants. Hybridization probe is the ~780 
bp PCR fragment using oligonucleotides OAM933 and OAM934 (see panel A).  Lane 
number refers to transformant strain number. All the transformants show the 
hybridization pattern expected for the insertional mutant. Co-transformants 2, 8, 15, 18, 
19 and 30 display multiple insertions, some of which could be had occurred as tandem 
repeats. Band shown with blue arrow indicates prediction of ~ 6 kb that suggests head 
(promoter region)-tail (downstream region from stop codon) insertion. Band shown with 
red arrow indicates prediction of ~10.5 kb band suggesting tail-tail tandem insertions. 
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region)-tail (downstream region from stop codon) insertion which is predicted to create a 

hybridization band of 5,953 bp. There was no evidence of head-head tandem insertions, 

but it seems that transformants 19 and 30 might contain tail-tail tandem insertions that are 

predicted to generate 10,560 bp hybridization bands. The strains were tested for 

pathogenicity and none had wild-type virulence re-established. It was not clear whether 

this was because the pathogenicity defect was not tagged, the complementing PCR 

product was defective, either due to a mutation introduced during amplification or the 

lack of a promoter, or an effect due to the multiple insertions. To test whether 

MGG_01563.5 was involved in pathogenicity, targeted gene disruption was used to 

create a mutant strain with the MGG_01563.5 replaced by the E. coli hygromycin 

phosphotransferase gene (hph). A total of 109 transformants were generated to screen for 

the gene replacement. DNA from transformants was digested with EcoRI and screened 

for gene replacement by Southern analysis. By using a ~750 bp internal region of the 

gene amplified with primers OAM933 and OAM934, (Table 3.1, Figure 3.19) and the 

hph gene as hybridization probes, five gene replacement strains were identified.  These 

strains showed no hybridization to the internal region probe and contained a single 

hybridization band of approximately 4.9 kb with the hph probe, as predicted when 

homologous recombination occurs (Figure 3.20). These five strains were reduced in 

pathogenicity on cultivar M202, producing fewer and smaller lesions, types 1, 2 and 3 

(Figure 3.18). These data support the hypothesis that MGG_01563.5 is important for 

infection development in M. oryzae as suggested by the insertion in mutant 209.3.B1.  
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Figure 3.20. Southern blot analysis of MGG_01563.5 gene replacement.  
 
A. Strategy of gene replacement using hph gene as selection marker.  Blots show gDNA 
of transformants digested with EcoRI.  
 
B. Blot hybridization with internal region of ORF generated using oligonucleotides 
OAM933 and OAM934.  
 
C. Blot hybridization with hph gene amplified with OAM414 and OAM415. Lane 
number refers to transformant strain number. Five strains (see arrows) were identified to 
contain the gene replacement because of the lack of hybridization with the internal region 
of the gene and the presence of a single hybridization band of approximately 4.7 kb that 
is predicted when homologous recombination occurs.  
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 Genetic complementation of the gene replacement strains was not attempted. The 

discrepancy between the gene replacement result and the inability to complement mutant 

209.3.B1 could be explained by defects in the PCR fragment used for complementation, 

either due to a mutation introduced during PCR, or failure to include the necessary 

sequences for expression of the gene, ie the full promoter. Alternatively, that strain may 

have additional mutations that affect its pathogenicity. 

 

Initial analysis of three additional reduced pathogenicity mutants. 

 Three other T-DNA insertion mutants, 244.4.A3, 148.4.C2 and 184.1.D1, were 

the subjects of some analysis beyond the recovery of the sequences flanking the T-DNA. 

The progress of their analysis is reported below. 

  

Phenotypic traits of mutant 244.4.A3. Strain 244.4.A3 is slightly reduced in 

pathogenicity. The density of lesions seemed decreased; however the lesion types were 

similar to the ones generated by wild-type strain 70-15. It was identified because it often 

produces appressoria that are misshapen or reduced in size compared to wild-type strain 

70-15 (Figure 3.21). In our appressorium in vitro assay, strain 244.4.A3 did not show any 

defects in the number of formed appressoria.  However, appressorium penetration 

appears to be similar to 70-15. At 24 hpi the percentage of appressoria of strain 244.4.A3 

that penetrated the host was ~ 76% compared to ~ 85% in the wild-type 70-15 strain. At 

48 hpi the mutant strain had ~ 85% appressoria with host penetration.  Frequently, the 

germ tubes of strain 244.4A3 often seem longer than those of generated by the wild-type  
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Figure 3.21. Phenotype of mutant 244.4.A3 inoculated onto onion epidermal tissue. 
Arrows indicate appressorial penetration of onion epidermal tissue and generation of 
infectious hyphae. Photographs were taken 24 hpi. Bars =10 µm. 
 
A. Wild-type strain 70-15.  
 
B-E. Mutant 244.4.A3.  
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strain 70-15. These data suggest that early development is altered in this mutant, which 

may explain the slight reduction in pathogenicity.  Filamentous colonial growth was 

measured, and no significant difference was found between mutant 244.4.A3 and wild-

type strain 70-15 (data not shown). 

 

Genetic aspects of strain 244.4.A3. Recovery of the sequences flanking the T-DNA was 

inserted 267 bp upstream of the start codon of gene MGG_09204.5. A 25 bp genomic 

deletion was present at the site of insertion. According to blast results, MGG_09204.5 

encodes a putative carboxymuconolactone decarboxylase which is an enzyme involved in 

catabolism of aromatic compounds via the protocatechuate side of the beta-ketoadipate 

pathway (Table 3.6). Complementation of 244.4.A3 was attempted by co-transformation 

with a 3.4 Kb complementing fragment and pCB1635. In one transformation four 

bialophos resistant transformants of strain were generated and screened by PCR for the 

presence of the complementation fragment, using oligonucleotides OAM905 and 

OAM906. One strain (transformant #2) that contained at least one copy of the 

complementation fragment was isolated and tested in pathogenicity assays (data not 

shown). In three assays, the results were variable and inconclusive (data not shown). An 

additional 12 bialophos resistant strains were generated, as above, to assay for genetic 

complementation of mutant 244.4.A3. Genomic DNA was extracted from each of these 

strains but has not yet been screened for the presence of the complementation fragment. 

Thus, whether MGG_09204.5 plays a role in pathogenicity of M. oryzae is still 

unresolved. It is important to mention that morphological phenotypes were not used to 
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screen for complementation in the previously mentioned strain. These phenotypes 

provide an alternative mean to screen for genetic complementation. 

 

Phenotypic traits of mutant 148.4.C2. Strain 148.4.C2 is slightly reduced in 

pathogenicity. This strain causes mostly lesion types 2, 3 and a few types 4, in contrast to 

wild-type strain 70-15 which causes mainly lesions 3 and 4 and sometimes 5. Strain 

148.4.C2 was identified in our in vitro appressorium formation assay due to producing 

long germ tubes and between ~ 35-95% misshapen appressoria. Preliminary data 

suggested the mutant is not affected in appressorium penetration.  

 

Genetic aspects of mutant 148.4.C2. For mutant 148.4.C2, only the sequences flanking 

the T-DNA right border were recovered, which maps the insert inside MGG_03473.5, 85 

bp downstream from the start codon of the ORF.  MGG_03473.5 encodes a hypothetical 

protein with domains belonging to NmrA-like family protein, which is negative 

transcriptional regulator that participates in nitrogen metabolite repression (Table 3.6). A 

total of 24 co-transformants of strain 148.4.C2 were generated with the 3 kb 

complementing PCR fragment and pCB1635. These strains remain to be screened for the 

presence of the complementation fragment using oligonucleotides OAM907 and 

OAM908, in order to identify strains to test for restoration of wild-type phenotypes.  

 

Phenotypic traits of mutant 184.1.D1. Mutant 184.1.D1 was identified based on 

misshapen appressoria and twisted appearance in the germ tubes observed in the in vitro 
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appressorium formation assay. The formation of appressoria was not impaired. Mutant 

184.1.D1 is reduced in pathogenicity; it produces lesions type 2 and 3 in contrast to the 

lesions 3 and 4 and sometimes 5 generated by infection with the wild-type strain 70-15. 

The density in the number of lesions did seem to be reduced in mutant 184.1.D1. 

Preliminary data in the appressorial penetration efficiency indicated that is probably not 

impaired. 

 

Genetic aspects of mutant 184.1.D1. Mutant 184.1.D1 contains a T-DNA insertion 369 

bp upstream of the start codon of MGG_08063.5 (Table 3.6), and during T-DNA 

insertion, a 28 bp genomic deletion occurred. MGG_08063.5 is predicted to encode the 

pyruvate kinase enzyme. A single experiment was performed to generate strains to test 

for complementation of 184.1.D1 with a 3 kb PCR fragment. Only two bialophos 

resistant transformants were generated and these have not yet been tested for the presence 

of the complementing fragment.  Additional strains should be generated to screen for 

complementation. 

 

Further characterization of the gene disrupted in mutant 149.1.B2. 

 Complementation (above) identified a defect in gene MGG_03117.5 as the cause 

of the pathogenicity and filamentous growth defect in mutant 149.1.B2. It encodes a 

putative α-ketoglutarate-dependent taurine dioxygenase. In E. coli, this gene is part of a 

pathway that allows alternative sources of sulfur to be used when sulfate and cysteine are 

lacking in the environment (van der Ploeg et al., 2001). Under these conditions E. coli 
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may use aliphatic sulfonates via the operons tauABCD and ssuEADCB. TauD is an α-

ketoglutarate-dependent taurine dioxygenase that releases sulfite from the non-essential 

aminoacid taurine. This mechanism has not been reported in filamentous fungi. However, 

α-ketoglutarate-dependent taurine dioxygenases are involved in a broad range of 

biological functions such as biosynthesis of connective tissue (such as collagen), 

synthesis of antibiotics, degradation of xenobiotics, repair of alkylated DNA, and 

response to hypoxia (Bollinger et al., 2005). In E. coli disruption of tauB, tauC and tauD 

resulted in the loss of the ability to utilize taurine as a sulfur source (Eichhorn et al., 

2000). In filamentous fungi, when sulfate is available as an S source, it is first converted 

to sulfite (Marzluf, 1997). We hypothesized that an α-ketoglutarate-dependent taurine 

dioxygenase-like protein in M. oryzae may function in an alternative pathway to feed 

sulfite as source of sulfur. To test this, chemical complementation of the restricted 

filamentous growth of mutant 149.1.B2 was attempted. The filamentous growth of 

149.1.B2 and wild-type strain 70-15 was compared on minimal media, minimal media 

supplemented with 2 mM sulfite or 2 mM sulfate, oatmeal agar media and complete 

media.  Additionally, the ability to bypass the growth defect in the mutant was tested by 

adding methionine to minimal medium. Growth was screened on minimal media 

supplemented with 0.05, 0.25, 1, 2 and 5 mM methionine, but in no case was wild type 

filamentous growth reestablished (data not shown). We next considered whether taurine 

might be a secondary metabolic product of an unpredicted pathway that could be toxic if 

it is not processed by the α-ketoglutarate-dependent taurine dioxygenase like- enzyme.  If 

so, the toxic effect could be responsible for the restricted growth phenotype of 149.1.B2.  



 
 

232

Table 3.9. Mycelial growth of M. oryzae wild-type strain 70-15 and mutant 149.1.B2 on 
minimal media containing different concentrations of taurine. Measurement of mycelial 
growth was assessed by colony diameter (cm). Cultures were started with mycelial plugs 
of 0.5 cm. Averages were generated using three culture replicas. 
 
 
 

wild type mutant wild type mutant wild type mutant
0 mM 0.66 ± 0.05 0.70 ± 0.00 0.66 ± 0.05 0.70 ± 0.00 1.20 ± 0.10 0.77 ± 0.60
0.05 mM 0.70 ± 0.00 0.60 ± 0.11 0.70 ± 0.00 0.60 ± 0.11 1.33 ± 0.06 0.83 ± 0.11
0.25 mM 0.66 ± 0.05 0.70 ± 0.00 0.66 ± 0.05 0.70 ± 0.00 1.33 ± 0.06 0.80 ± 0.00
1 mM 0.63 ± 0.05 0.66 ± 0.05 0.66 ± 0.05 0.66 ± 0.05 1.03 ± 0.05 0.73 ± 0.50
2 mM 0.70 ± 0.00 0.70 ± 0.00 0.70 ± 0.00 0.70 ± 0.00 1.13 ± 0.16 0.80 ± 0.00
5 mM 0.66 ± 0.05 0.70 ± 0.00 0.66 ± 0.05 0.70 ± 0.00 0.80 ± 0.10 0.77 ± 0.60

wild type mutant wild type mutant wild type mutant
0 mM 1.6 ± 0.17 0.93 ± 0.60 2.16 ± 0.6 1.13 ± 0.06 2.46 ± 0.05 1.30 ± 0.17
0.05 mM 1.80 ± 0.10 0.97 ± 0.60 2.06 ± 0.6 1.10 ± 0.1 2.36 ± 0.15 1.40 ± 0.26
0.25 mM 1.73 ± 0.11 0.93 ± 0.60 2.06 ± 0.11 1.10 ± 0 2.46 ± 0.05 1.16 ± 0.06
1 mM 1.37 ± 0.05 0.87 ± 0.60 1.77 ± 0.15 0.93 ± 0.06 2.06 ± 0.05 0.93 ± 0.06
2 mM 1.13 ± 0.15 0.70 ± 0.00 1.43 ± 0.25 0.86 ± 0.11 1.77 ± 0.11 0.97 ± 0.11
5 mM 0.80 ± 0.10 0.73 ± 0.05 1.27 ± 0.11 0.80 ± 0 1.43 ± 0.21 0.83 ± 0.06

wild type mutant wild type mutant wild type mutant
0 mM 3.33 ± 0.06 2.07 ± 0.06 3.50 ± 0.00 2.27 ± 0.06 3.73 ± 0.11 2.46 ± 0.06
0.05 mM 3.40 ± 0.06 1.83 ± 0.11 3.83 ± 0.06 2.20 ± 0.10 4.27 ± 0.06 2.53 ± 0.06
0.25 mM 3.27 ± 0.15 1.87 ± 0.06 3.63 ± 0.06 2.07 ± 0.06 4.10 ± 0.10 2.33 ± 0.06
1 mM 2.97 ± 0.06 1.36 ± 0.15 3.57 ± 0.06 1.60 ± 0.17 4.10 ± 0.00 1.93 ± 0.06
2 mM 2.5 ± 0.17 1.13 ± 0.06 3.03 ± 0.11 1.23 ± 0.06 3.36 ± 0.15 1.37 ± 0.06
5 mM 2.27 ± 0.11 0.97 ± 0.06 2.74 ± 0.06 1.03 ± 0.06 2.67 ± 0.11 1.10 ± 0.10
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Figure 3.22. Filamentous growth of M. oryzae wild-type strain 70-15 and mutant 
149.1.B2 on minimal media containing different concentrations of taurine. Cultures are 
10 days old. 
 
A. Wild-type strain 70-15.  
 
B. Mutant 149.1.B2.  
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To test this hypothesis, the effect of taurine on growth of 70-15 and the mutant 149.1.B2 

was assessed by using taurine concentrations from 0.05 mM to 5 mM. It appears that 

filamentous growth in the wild-type strain began to be restricted at concentrations of 

taurine above 2 mM (Table 3.9; Figure 3.22).  In contrast the growth of the mutant strain 

started to be limited at a concentration of 1 mM taurine (Table 3.9; Figure 3.23).  These 

results are consistent with the hypothesis that accumulation of taurine may be toxic to M. 

oryzae. In E. coli uptake of taurine occurs by the TauABC transporter belongs to the 

ATP-Binding Cassette (ABC) superfamily (Eichhorn et al., 2000). Taurine uptake 

mechanisms in fungi are not known. 

 

Further characterization of the gene disrupted in mutant 244.4.A3.  

 After infection of plants with plant pathogens it is common to observe an increase 

in the synthesis of phenolic compounds (Matern et al., 1995).  One plant defense 

response to restrict the pathogen upon its initial entrance is an accumulation of phenolic 

compounds at the infection site (Mellersh et al., 2002). For example, protocatechuic acid 

has been found in the cell wall of tissue of Musa acuminata (banana tree) when 

challenged by the fungus Fusarium oxysporum f.sp. cubense (causal agent of Panama 

disease or Fusarium wilt) (de Ascensao and Dubery, 2003). Many filamentous fungi are 

able to degrade phenolic compounds (Mendonca et al., 2004), but the role of degradation 

of these compounds is unknown in the context of virulence. The gene MGG_09204.5 

encodes a putative carboxymuconolactone decarboxylase (Table 3.6).  In soil bacteria 

and fungi, carboxymuconolactone decarboxylases are typically involved in 
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protocatechuate catabolism that can contribute to the pool of cellular acetyl CoA 

(Middelhoven, 1993; Buchan et al., 2000). The presence of protocatechuic acid and other 

phenolic compounds was determined in brown rice using high performance liquid 

chromatography (Tian et al., 2005).This method was used to analyze phenolic 

compounds in brown rice and germinated brown rice after soaking them in 32ºC water 

for different periods of time (Tian et al., 2005). 

 We hypothesized that the function of the gene MGG_09204.5 is involved in the 

degradation of phenolic compounds accumulated after eliciting a plant defense response 

at the initial stage of infection. If carboxymuconolactone decarboxylase plays a role in 

pathogenicity, a reduction in the activity of this gene could decrease the ability of the 

pathogen to colonize its host. To test this hypothesis, the growth of mutant 244.4.A3 and 

wild-type strain 70-15 was tested in minimal medium and minimal medium lacking 

carbon source supplemented with 10, 25, 50 and 100 µg/ml of protocatechuic acid. No 

remarkable difference in growth between the strains was observed (data not shown), 

suggesting that the mutant was not affected in the protocatechuate catabolism. In general, 

in the wild-type strain 70-15 the higher concentration of protocatechuic acid the less 

growth was observed. In the mutant strain the 10, 25, 50 µg/ml of protocatechuic acid 

media did not produce any difference in growth, and it was slightly reduced in the 100 

µg/ml of protocatechuic acid. Statistical analysis of these data was not performed but the 

differences in the measurements are very small, which suggest that they are not biological 

significant. Therefore, the utilization of protocatechuic acid in M. oryzae does not depend 

on this gene, because the mutant growth is not affected in media containing 
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protocatechuic acid as a carbon source. The same results indicate that if protocatechuic 

acid acts as a toxin as part of the plant defense, M. oryzae might have alternative ways to 

detoxify this compound. 

 

3.5 Discussion 

Now that the sequence of the M. oryzae genome is available, new opportunities 

exist in the post-genomic era. Research efforts are directed towards determining the 

biological function of all the predicted genes in the genome. A global understanding of 

gene function will contribute to the design of more efficient blast control strategies. We 

have taken a direct approach to discover gene function by generating thousands of 

mutations throughout the M. oryzae genome. Applying concepts developed in plant and 

fungal biology, we constructed a large part of our insertional mutagenesis library in M. 

oryzae using Agrobacterium tumefaciens-mediated transformation. ATMT has certainly 

contributed to the advancement of molecular genetics in fungi, and in M. oryzae, this 

transformation system was proven to be of great success.  Using ATMT, we were able to 

identify a number of novel genes that are candidates for important roles in M. oryzae 

pathogenicity. These data will provide new directions for research and are expanding our 

knowledge about blast disease. An additional and important scientific contribution of this 

mutant strain library is the acquisition of a large sample of T-DNA insertion lines to 

study the efficiency and molecular details of ATMT in M. oryzae. Our results indicated 

that 31% of the M. oryzae insertion lines contained the T-DNA insertion as a single copy. 

This is similar to what has been reported in a collection of rice T-DNA lines, where 35% 
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had a single insertion and 33% harbored T-DNA inserts in tandem repeats (Kim et al., 

2003). However, results in fungi vary; for example in Paecilomyces fumosoroseus, 45% 

of the transformants appeared to have single copy T-DNA insertions (Lima et al., 2006). 

In Coniothyrium minitans 82.7% of the transformants had a single copy and 12.1% had 

two copies (Li et al., 2005). In a library constructed in Leptosphaeria maculans it is 

predicted that 93% of the lines had single copy T-DNA insertions (Blaise et al., 2007). In 

Beauveria bassiana, also more than 90% of the T-DNA lines contained single-copy 

insertions (Leclerque et al., 2004). In Aspergillus giganteus 100% of the strains generated 

by ATMT contained a single-copy T-DNA insert (Meyer et al., 2003), however this 

number was obtained by analyzing 10 transformants, which it is a very small sample to 

make such a conclusion. Thus, the general result using ATMT in fungi is the recovery of 

a high number of transformants containing single-copy T-DNA insertions. Our results 

with M. oryzae differ.  One possible explanation is the binary vector selected to perform 

ATMT. Most of our insertional lines were generated with the binary vector pAD1624, 

which contains a constitutive virG gene. The analysis of the percentage of single T-DNA 

insertions was carried out in a pool of mutants generated with that binary vector 

(Abuodeh et al., 2000). Another possibility is the nature of the subset of analyzed 

mutants, this sample is biased in the sense that it corresponds to those mutants exhibiting 

reduced pathogenicity. A much more random sample of our ATMT library indicated 83% 

of the strains had single copy insertions, 9% of the strains had two copies of T-DNA and 

8% of strains appeared to have three or more copies (for details see Betts et al., 2007, 

Appendix A). Integration of multiple copies, as observed in our library, has been found in 
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with Fusarium circinatum, and other filamentous fungi (de Groot et al., 1998; Abuodeh 

et al., 2000; Covert et al., 2001). Thus, our results were not unusual. 

ATMT ideally initiates transfer of DNA at the T-DNA right border and terminates 

transfer at the left T-DNA border (Ream, 1989; Tinland, 1996; Gelvin, 2003). However, 

often transfer continues beyond the left border creating an insert that contains sequences 

of the binary vector (Tinland, 1996; Forsbach et al., 2003).  This was observed in our 

results where recovery of M. oryzae sequences occurred at a greater frequency adjacent to 

the T-DNA right border than adjacent to the T-DNA left border. The frequency of 

premature nicking at, or truncation of, the left border sequence observed in our analysis 

was approximately 54%, similar to what was reported for the rice T-DNA lines, in which 

the percentage was approximately 45% (Kim et al., 2003). Nicking at the T-DNA right 

border direct repeat was more accurate than at the left border direct repeat. In the case of 

the right border we observed that 37% of the time, the T-DNA end was between the third 

and fourth nucleotide. In rice, Arabidopsis thaliana and tobacco the frequency of the T-

DNA right border nicking at the same position was approximately 83%, 50%, 50% 

respectively (Kim et al., 2003). However, the general trend we observed was that there 

was higher integrity of the sequence for the right border direct repeat than for the left 

border repeat as reported for A. thaliana (Forsbach et al., 2003). This integrity of the right 

border of T-DNA could be caused by reduced frequency of truncation of the border and 

the precision of the nicking of the T-DNA in this border. This is believed to occur 

because VirD2 protects the right border of the T-DNA (Pansegrau et al., 1993; Jasper et 

al., 1994). Analysis of A. thaliana T-DNA insertions has shown that upon T-DNA 
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integration in the genome it is common to find genomic deletions at the target site that 

vary in size, plus chromosomal rearrangements and duplications of the T-DNA insertions 

or the target site sequence (Forsbach et al., 2003). Not surprisingly, we observed some of 

the same type of events in the M. oryzae T-DNA lines. One important aspect regarding 

the completeness of our T-DNA insertional library in terms of saturating the genome was 

the randomness of the insertions. Our early analysis suggested that the insertions were not 

randomly distributed across the chromosomes (Figure 3.7 and Table 3.5); however the 

size of the sample was not large enough to make a firm conclusion. Further analysis and 

discussion on this topic is provided by Meng et al. (2007) in Appendix B. In this 

manuscript it was demonstrated the T-DNA insert integration in the M. oryzae genome 

did not occur in a fully random fashion, although the bias was not an impediment for the 

identification of new genes involved in pathogenicity. The analysis of the integration of 

T-DNA revealed that it was biased towards promoter regions. This type of bias clearly 

should not affect the usefulness of the library because insertion of promoter regions will 

affect or eliminate gene function. In addition, this bias towards the promoter region can 

allow the discovery of function of essential genes as will be illustrated in the next 

chapter. 

Inverse PCR has proven to be a useful tool to obtain the flanking regions of single 

copy T-DNA insertions. Its failure in some cases was probably due to the presence of 

tandem repeats, of binary vector sequence and perhaps rearrangements of the 

chromosomal sequence. The same circumstances might have made it difficult to rescue 

regions flanking the T-DNA left border using specific oligonucleotides. It may be 
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possible to improve the recovery of sequences flanking the T-DNA left border by using 

oligonucleotide probes in the binary vector sequence that was transferred as part of the 

insertion, thus decreasing the size of the fragment to be amplified by iPCR.  

 The initial validation experiments confirmed that the phenotypes observed in four 

mutants were caused by the T-DNA insertions. The fact that we identified pathogenicity 

mutants defective in two hypothetical proteins with proposed functions similar to proteins 

already reported as important in pathogenicity supports the robustness of our library. One 

of these, a cyclophilin, is in a gene family that has have been associated previously with 

pathogenicity of M. oryzae and Cryptococcus neoformans (Wang et al., 2001; Viaud et 

al., 2002). The other, an ABC transporter, is in the same gene family as ABC1, which has 

been shown to have a role in pathogenicity in M. oryzae (Urban et al., 1999). It is 

important to highlight that we have only tried to identify the insertion site in a limited 

number of our T-DNA insertions, and it is possible that several already characterized M. 

oryzae pathogenicity mutants are present in our collection.  

 Two mutations affect genes involved in basic carbon catabolism.  For one, it is 

not clear why five independent mutants (148.3.B6, 149.3.B2, 150.1.B5, 261.3.B4, 

268.2.B3) contained a T-DNA insertion in the same gene, the glucose-6-phosphate 1-

dehydrogenase gene (MGG_09926.5). It could be that this gene is located in a hot spot 

for T-DNA integration because according to the left border information strains 148.3.B6, 

149.3.B2, 150.1.B5 and 268.2B3 mapped exactly in the stop codon of the ORF. T-DNA 

of strain 268.2.B3 according to flaking region of the left border mapped 100 bp 

downstream of the stop codon of glucose-6-phosphate 1-dehydrogenase gene. However 
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data recovered from the right border flanking region was confliting with the location, 

because after blasting the sequences multiple hits in different loci were found. This is 

suggesting that the data is not reliable and these results are an artifact. Cross 

contamination of the strains is not likely because they came from 3 different 

transformation assays and were recovered from independent iPCR reactions on different 

dates. In bacteria and eukaryotes the glucose-6-phosphate 1-dehydrogenase gene plays a 

role in NADPH production in the pentose phosphate pathway. The T-DNA insertion of 

mutant 168.4.A6 mapped within the hypothetical protein MGG_03147.5, which has 

homology to glycerol-3-phosphate dehydrogenase 2 (Homo sapiens, EAX11452, E 

value= 0.0).  Examining the source of glycerol production in the appressorium of M. 

oryzae it was found that glycerol-3-phosphate dehydrogenase and NADH-dependent 

glycerol dehydrogenase, although active, were not highly induced (Thines et al., 2000). It 

is possible that because of the basic metabolic functions of both of these enzymes we see 

a defect in virulence in these mutants.  

 The mutant 226.3.C3 is potentially altered in general patterns of gene expression. 

In this mutant the affected hypothetical protein, MGG_04964.5, is predicted to alter the 

structure of the chromatin to change it to a condensed morphology of heterochromatin 

(Paro, 1990).  A mutation in a gene with this function could have effects on the 

expression and function of many genes, so a decrease in pathogenicity is not unexpected. 

Additionally we observed that this strain sometimes produces abnormal germ tubes 

(twisted shape) suggesting developmental processes could be affected. The generation of 

multiple appressoria and multiple germ tubes by 226.3.C3 fits our hypothesis of a defect 
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in a gene expression regulatory function. However, mycelial growth in this strain was not 

affected (data not shown). 

 In our mutant screen we identified two mutants that appear affected in RNA-

binding proteins. Exploring the role of these proteins in pathogenicity of M. oryzae was 

initiated in another random mutagenesis approach in the Sesma Laboratory (John Innes 

Centre, Norwich, UK). In their pathogenicity screen, an M. oryzae mutant impaired in 

virulence, conidiation and growth was identified as having an insertion in a predicted 

RNA-binding protein (S. Tucker, personal communication). In this area, Tucker and 

Sesma (S. Tucker, personal communication) have directed efforts towards defining this 

class of proteins in M. oryzae and characterizing their interactions with other proteins. 

 Our mutant screen identified strain 184.3.C5 that is affected in a hypothetical 

protein with a multicopper oxidase domain (MGG_06654.5, Table 3.6). Multicopper 

oxidases play a role in manganese (Mn) oxidation, a process that has been observed in 

plant tissues during infection (Schulze et al., 1995). The ability to oxidize Mn by the 

fungus Gaeumannomyces graminis var. tritici, the causal agent of take-all disease in 

cereals, has been correlated with virulence (Schulze et al., 1995). The two known 

enzymes in fungi that carry out Mn oxidation are laccase and Mn peroxidase, the last one 

being very common in litter and wood-degrading basidiomycetes (Thompson et al., 

2006). Recently it was reported that the Mn oxidizing factor responsible for Mn oxidation 

in the take-all disease pathogen is a 50-100 kDa laccase-like enzyme (Thompson et al., 

2006). It is possible that M. oryzae virulence is also limited by Mn availability. It is 

important to mention that M. oryzae can behave as a root pathogen and that the M. oryzae 
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taxonomical classification in the Magnaporthaceae family places it with some soil 

pathogens, including Gaeumannomyces graminis (Cannon, 1994). Thus, Mn oxidation 

and its role in virulence could be a trait shared by several evolutionarily related 

pathogens. M. oryzae contains 79 predicted genes with multicopper oxidase domains. It 

would be interesting to determine whether Mn oxidation in M. oryzae plays a role in its 

pathogenicity.  

 Among our pathogenicity mutants, we also identified the hypothetical protein 

MGG_11878.5. MGG_11878.5 contains three mitochondrial carrier domains, which are 

present in proteins such as ADP/ATP translocases, 2-oxoglutarate malate carrier proteins, 

phosphate carrier proteins, and citrate transport proteins. Proteins containing 

mitochondrial carrier domains are involved in energy transfer, and can be found in the 

inner mitochondrial membrane or integral to the membrane of other organelles such as 

the peroxisome (Kuan and Saier, 1993; Palmieri, 1994). NCBI blast analysis of 

MGG_11878.5 indicated homology to a carnitine/acylcarnitine translocase (Table 3.6). 

Carnitine/acylcarnitine translocases can be found in peroxisomes and mitochondria 

(Howard and Valent, 1996; Bhambra et al., 2006; Ramos-Pamplona and Naqvi, 2006). 

This hypothetical protein and its role in virulence is interesting because in the M. oryzae 

genome, of two previously predicted carnitine/acylcarnitine translocases, 

CRAT1/MG01721.4 (MGG_01721.5 is referred as PHT2) and CRAT2/ MG06981.4 

(MGG_06981.5) (Altschul et al. 1997), CRAT1/MG01721.4 was found to be involved in 

pathogenicity (Ramos-Pamplona and Naqvi, 2006). Thus, the carnitine- 
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Figure 3.23. Predicted model of the pathways involved in the glycerol accumulation and 
cuticle penetration by the appressorium in M. oryzae. DHAP: dihydroxyacetone-3 
phosphate; DHA: dihydroxyacetone; GAD: glyceraldehydes; GPH: glycogen 
phosphorylase; TGL: triacylglycerol lipase; GPD: NADH-dependent glycerol 
dehydrogenase; GD: NADPH- dependent glycerol dehydrogenase.  Reprinted with 
permission from Plant Cell, Volume 12:1703-1718 (Thines et al. 2000) by ©American 
Society of Plant Biologists. www.aspb.org. 
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Figure 3.24. Transport of Acetyl-CoA into the mitochondrial matrix. Acetyl-CoA 
produced in the peroxisome is converted to acetylcarnitine by carnitine acyltransferase I 
on the inner surface of the outer mitochondrial membrane. Later, the acetylcarnitine is 
transported across the inner mitochondrial membrane by carnitine-acylcarnitine 
translocase in exchange for carnitine. Acetyl-CoA is regenerated by Carnitine 
acyltransferase II.  
Modified from http://www.dentistry.leeds.ac.uk/biochem/lecture/faox/transase.gif 
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dependent acetyl-unit transport from peroxisomes to cytosol and/or mitochondria is 

essential for M. oryzae pathogenicity. Deletion mutants of CRAT1/MGG_01721.5 

displayed a delay in appressorium formation, a reduction in melanization and a failure to 

form penetration pegs and infection hyphae (Howard and Valent, 1996; Bhambra et al., 

2006; Ramos-Pamplona and Naqvi, 2006). In fungi it seems that the degradation of fatty 

acids takes place in the peroxisome and the acetyl-CoA produced (Figure 3.23) could be 

transported to other organelles including the mitochondria using carnitine shuttle transfer 

(Howard and Valent, 1996; Bhambra et al., 2006; Ramos-Pamplona and Naqvi, 2006). 

To transport the acetyl-CoA across intracellular membranes Acetyl-CoA is converted to 

acetyl-carnitine which is transported by carnitine/acylcarnitine translocases (Figure 3.24). 

Evidence indicated that CRAT1/MG01721.4 makes acetyl-CoA available to the 

glyoxylate cycle (Figure 3.25). Thus, MGG_11878.5 could be playing a role similar to 

CRAT1/MG01721.4.  

 Nitrogen starvation in M. oryzae is thought to be one of the environmental cues 

for expression of genes related to disease symptom development (Talbot et al., 1997).  It 

is believed that during infection, the plant acts as a nitrogen-limited environment for the 

pathogen and that is why nitrogen starvation experiments induce pathogenicity gene 

expression (Talbot et al., 1997). Nitrogen-limiting conditions activate or induce the 

expression of transcription factors (GATA factors) which bind and activate the 

transcription of genes involved in nitrogen catabolite pathways (Donofrio et al., 2006). If 

ammonium and/ or glutamine are present in the environment  these  transcription  factors  
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Figure 3.25. Biochemical pathway of the glyoxylate cycle. From 
http://en.wikipedia.org/wiki/Image:Glyoxylatepath.svg 
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are not active and the transcription of genes involved in nitrogen catabolic pathways are 

repressed (Donofrio et al., 2006). We identified a hypothetical protein (MGG_03473.5) 

in mutant 148.4.C2 harboring a domain belonging to the NmrA-like protein family. 

NmrA is a negative transcriptional regulator that participates in the post-translational 

regulation of the GATA-type transcription factor AreA in Aspergillus nidulans 

(Stammers et al., 2001). AreA is involved in nitrogen metabolite repression, which refers 

to the inactivation of the alternative nitrogen pathway that allows usage of non-preferred 

nitrogen sources when ammonium and/ or glutamine are available in the growth medium 

(Stammers et al., 2001). In M. oryzae the AreA orthologous gene is NUT1. NUT1 is 

necessary for full expression of the pathogenicity gene MPG1 (Lau and Hamer, 1996). 

Other regulators of nitrogen-catabolism genes that were identified in M. oryzae as 

playing roles in pathogenicity are NPR1 and NPR2 (Lau and Hamer, 1996). Thus, it is 

reasonable that the phenotype in mutant 148.4.C2 is due to the effect of the T-DNA in 

MGG_03473.5. A mutation of NmrA would produce constitutive expression of NUT1, 

leading to constant inactivation of alternative pathways that allow use of non-preferred 

nitrogen sources. This would limit the survival of the strain during infection, since the 

plant is a nitrogen-limited environment. 

 Mutant 150.4.D3 appears to be impaired in the function of a dynamin-related 

protein 1 (MGG_06361.5; Table 3.6). Dynamin participates in membrane remodeling to 

generate vesicles or tubules and in actin filament functions (Schafer, 2004).  This places 

dynamin playing a role during endocytosis, cell morphology and cell migration (Schafer, 

2004).  A defect in any of these processes likely will have effects in the performance of 
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M. oryzae as a pathogen. As it was discussed in the introductory chapter of this 

dissertation, endocytosis in fungi is a topic that requires more investigation. Mutant 

150.4.D3 could be an opportunity to study endocytosis and its role in virulence of M. 

oryzae. Alternatively, MGG_06361.5 could be important in the actin filament 

organization which definitely would affect the polarized growth during the formation of 

the penetration peg, or in general, growth of this strain that could be limiting its host 

colonization (Bourett and Howard, 1990).   

 Preliminary work towards the characterization of the function of genes 

MGG_09204.5 (putative carboxymuconolactone decarboxylase) and MGG_03117.5 

(putative α-ketoglutarate-dependent taurine dioxygenase) did not support our initial 

hypotheses. Further characterization on the function of these genes would involve a 

review these hypotheses and the design of different experiments to address these ideas. 

Because of the toxic effect of taurine, we speculate that taurine could be a secondary 

metabolite produced by the fungus that needs to be detoxified at some rate in order for to 

survive. It is interesting that TauD seems to catalyze reactions involved in degradation of 

plant secondary metabolites such as flavonoids, gibberellins and alkaloids (Hausinger, 

2004). Plant secondary metabolites often serve as defense weapons against pathogens 

(Agrios, 1997). A mutation in MGG_03117.5 could mean that the strain cannot cope with 

such secondary metabolites causing a virulence defect.  Perhaps, this could be the 

correlation between the function of MGG_03117.5 and pathogenicity in M. oryzae. 
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Summary 

 This section of my dissertation presented initial characterization and preliminary 

data regarding several mutants for our collection of M. oryzae pathogenicity mutants we 

generated by ATMT. This chapter summarized the process of identifying genes involved 

in pathogenesis of M. oryzae and first efforts towards determining the function of two 

genes MGG_03117.5 and MGG_09204.5 in order to construct hypotheses to test in the 

context of M. oryzae virulence. This part of the project provides the data necessary to 

start new research avenues to characterize the function of the different genes.  Finally, I 

have discussed a few ideas of how the function of certain genes could be related to the 

onset of blast disease. However, further research is required to prove the specific role(s) 

of each putative gene.  
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IV. DEFINING TWO POTENTIAL M. ORYZAE PATHOGENICITY GENES, THE 
VACUOLAR H+-ATPASE SUBUNIT C`` AND THE TRANSCRIPTION INITIATION 

FACTOR IIA γ SUBUNIT 
 
4.1 Abstract 
 
A large collection of T-DNA insertion lines of M. oryzae were generated and screened 

for visible defects in appressorium development using an in vitro assay. Insertion line 

201.2.B3 which produces morphologically defective conidia and appressoria was chosen 

for detailed analysis. Mutant strain 201.2.B3 is significantly reduced in pathogenicity and 

found to be impaired in conidiation, appressorium morphogenesis, appressorium 

function, and lipid body mobilization during germ tube formation and appressorium 

development. Identification of the T-DNA insertion site in 201.2.B3 by inverse PCR 

revealed that the T-DNA was in a 340 nucleotide region between two divergently 

transcribed genes which are predicted to encode the vacuolar type-ATPase subunit c`` 

and the general transcription factor TFIIA subunit γ. Genetic complementation 

demonstrated that the transcription factor TFIIAγ subunit gene was sufficient for 

restoration of the wild-type level of pathogenicity and restoration of the other phenotypes 

defective in the 201.2.B3 mutant. In contrast, genetic complementation using only the 

vacuolar type-ATPase subunit c`` gene failed to complement the mutant phenotypes. Re-

introduction of both genes into the mutant resulted in phenotypes identical to those seen 

when only the TFIIAγ gene was introduced.  Thus, the transcription factor TFIIAγ 

subunit is essential for M.  oryzae pathogenicity. 
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4.2 Introduction 

 
Magnaporthe oryzae is a haploid ascomycete pathogen that causes blast, a major 

disease on rice crops worldwide (Talbot, 2003). Rice blast symptoms may be seen on 

most parts of the host including spotting on leaves, collar rot, panicle blast and overall 

stunting. The infection cycle begins when a conidium lands on a rice leaf, and attaches to 

the surface by secretion of mucilage (Hamer et al., 1988). The conidium develops a 

germination tube within an hour and after brief growth, a swelling at its tip initiates 

differentiation of the appressorium, a melanized, dome-shaped single cell penetration 

structure (Howard et al., 1991a; Howard et al., 1991b; Howard and Valent, 1996). The 

appressorium develops a penetration peg that breaches the leaf cuticle and initiates 

development of infection hyphae inside the host cell (Howard et al., 1991b; Bourett and 

Howard, 1992; Talbot, 1995; Howard and Valent, 1996). Following intracellular growth 

within the host, if environmental conditions are appropriate, the fungus sporulates at the 

leaf lesion sites to produce inoculum to re-initiate the blast disease infection cycle 

(Talbot, 1995).  

Because of the essential role of the appressorium, the factors controlling its 

development have been studied in great detail.  The appressorium differentiates in 

response to hard and hydrophobic surfaces, cuticular wax and lack of external nutrients 

(Howard and Valent, 1996). Appressorium morphogenesis is tightly coupled with mitosis 

occurring in the germ tube and is controlled by a cAMP and a MAP kinase cascade that 

involves the Pmk1 MAP kinase, a homolog of the yeast FUS3 and KSS1 genes (Howard 

and Valent, 1996; Xu and Hamer, 1996; Choi and Dean, 1997). Autophagic cell death in 
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the conidium is necessary to form penetration hyphae from the appressorium (Veneault-

Fourrey et al., 2006). During appressorium morphogenesis, glycerol is generated and acts 

as a soluble osmolyte that causes a rapid influx of water into the appressorium (de Jong et 

al., 1997), generating hydrostatic turgor that provides the mechanical force to penetrate 

the host leaf (de Jong et al., 1997). Glycerol is produced from compounds stored in the 

conidium such as the lipids in lipid bodies, glycogen and trehalose (Thines et al., 2000; 

Foster, 2003; Wang et al., 2007). Turgor generation coincides with the disappearance of 

glycogen granules from the appressorial cytoplasm (Thines et al., 2000). Lipid droplets 

are transported from the conidium to the appressorium, coalesce, and enter the enlarging 

central vacuole of the appressorium by a process that resembles autophagocytosis (Thines 

et al., 2000; Weber et al., 2001).  Inside the appressorial vacuole the lipid droplets 

undergo lipolysis, generating glycerol and fatty acids (Weber et al., 2001; Wang et al., 

2007).  

Using Agrobacterium tumefaciens-mediated insertional mutagenesis, we 

identified a pathogenicity mutant of M. oryzae strain 70-15 designated strain 201.2.B3. 

This strain contains a T-DNA insertion within a 340 bp non-coding region between two 

divergently transcribed genes. The T-DNA insertion caused a 16 bp deletion and is 

located 263 bp upstream of the start codon of the predicted open reading frame 

MGG_06108.5 and 61 bp upstream of the start codon of the predicted open reading frame 

MGG_06107.5. The ORFs MGG_06107.5 and MGG_06108.5 (Figure 4.1) encode the γ 

subunit of the general transcription factor TFIIA (Figure 1.22) and the c`` subunit of the 

vacuolar type -H+ ATPase (V-ATPases) (Figure 1.21), respectively. 
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The role of the vacuolar system in filamentous fungi has not been extensively 

studied. The fungal vacuole traditionally has been considered analogous in function to the 

lysosome in mammals (Ashford et al., 2001). Vacuoles fulfill diverse physiological 

functions such as transport through the hyphae, metabolic storage, regulation of 

intracellular pH, and breakdown of macromolecules via acid hydrolases such as 

proteases, lipases, nucleases, phosphatases, and glycosidases (Klionsky et al., 1990; 

Ashford et al., 2001; Beyenbach and Wieczorek, 2006). The vacuole has been shown to 

play a role in lipolysis contributing to glycerol production in the appressorium thus it is 

important for pathogenicity (Thines et al., 2000; Weber et al., 2001). V-ATPases are 

multi-unit enzymes that share great structural similarity in animals, plants and fungi 

(Kettner et al., 2003). The V-ATPase hydrolyzes ATP generating energy to pump protons 

into the vacuole lumen which creates an electrochemical potential essential to drive other 

transport systems (Bowman and Bowman, 1988; Klionsky et al., 1990). The V-ATPase 

complex is present along the secretory pathway, and is crucial for the proper functioning 

of this pathway, especially in the Golgi complex (Perzov et al., 2002). It is proposed that 

the V-ATPase participates in processes that involve intervesicular activities linked with 

membrane fusion (Perzov et al., 2002). Additionally, V-ATPases acidify lysosomes, 

endosomes, the Golgi, clathrin-coated vesicles, and secretory vesicles (Kane, 2006). The 

consequences of improper function of the vacuole, or impairment in V-ATPase function 

in regards to virulence are not clear in pathogenic fungi. Vacuoles are the final 

destination of molecules internalized by endocytosis (Fuchs et al., 2006). Initial data 

regarding the role of endocytosis in pathogenicity came from a study in the corn smut 
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fungus, Ustilago maydis. Endocytosis and recycling from endosomes were shown to be 

essential for initiation of pathogenic development, cell-cell fusion, spore formation and 

germination in U. maydis (Fuchs et al., 2006).  Based on the uptake of fluorescent marker 

dyes by M. oryzae hydrated, ungerminated conidia and germ tubes, it was proposed that 

endocytosis plays an important role in spore germination and growth of the germ tube 

(Atkinson et al., 2002). Although, null mutations of the V-ATPase in higher eukaryotes 

like mice and Drosophila melanogaster are lethal (Davies et al., 1996; Inoue et al., 1999), 

such gene disruptions have resulted in conditional lethal phenotypes in Saccharomyces 

cerevisae, Schizzosaccharomyces pombe, Neurospora crassa, and Candida albicans 

(Nelson et al., 1990; Ohya et al., 1991; Kane, 2006). Mutations of V-ATPases in M. 

oryzae have not been reported, thus their role in viability and/or pathogenicity is 

unknown. 

The eukaryotic transcription factor TFIIA forms part of the general transcription 

machinery and mediates recognition of the core promoter and recruitment of RNA 

polymerase II (Gaston and Jayaraman, 2003). In yeast, TFIIA is formed by two subunits 

encoded by Toa1 and Toa2 (Ranish et al., 1992; Chou et al., 1999). The open reading 

frame MGG_06107.5 in M. oryzae is predicted to encode the homologue of Toa2. The 

subunit Toa1 binds to the phosphate backbone of the DNA sequence upstream of the 

TATA element (Ranish et al., 1992; Chou et al., 1999). The function of Toa2 is to create 

a β-sheet upstream of the TATA element by interacting with the aminoterminal region of 

the TATA-binding protein (TBP) (Ranish et al., 1992; Chou et al., 1999). Toa1 in S. 

cerevisiae encodes a 286 amino acid polypeptide of 32 kD and Toa2 encodes a 122 
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amino acid protein of 13.5 kD (Ranish and Hahn, 1991; Ranish et al., 1992). Structurally, 

both Toa1 and Toa2 have carboxy-termini that form a three-stranded β-sandwich, and the 

amino termini are two alpha-helix bundles (Kang et al., 1995a). 

Initiation of transcription requires assembly of the pre-initiation complex (PIC) 

(Figure 1.22), a process that consists of binding of general transcription factors in an 

ordered fashion starting with the binding of TFIID to the TATA box. TFIID is a complex 

consisting of the TATA binding protein (TBP) and TBP-associated factors (Roeder, 

1996; Gaston and Jayaraman, 2003; Mitsuzawa and Ishihama, 2004). The stability of the 

TFIID–TATA box complex is increased by addition of TFIIA which interacts with TBP 

(Klein and Struhl, 1994; Roeder, 1996; Chou et al., 1999).  TFIIA induces a 

conformational change in TFIID that promotes the binding of TFIIB, and TFIIA also 

works as an anti-repressor facilitating dissociation of the TBP-bound negative co-factors 

that inhibit TFIIB from binding to the PIC (Chi et al., 1995; Chi and Carey, 1996; 

Roeder, 1996). The PIC continues assembly by binding of TFIIF, TFIIE and TFIIH 

(Roeder, 1996). TFIIA facilitates basal transcription by interacting with the two subunits 

of TFIIE and one of the two subunits of TFIIF which stimulates their functions (Langelier 

et al., 2001).  TFIIE recruits TFIIH to the PIC and stimulates the phosphorylation of the 

RNA polymerase II, a process that depends on TFIIH. TFIIF contributes to PIC stability, 

and plays a role in promoter targeting (Hampsey, 1998). PIC becomes activated based on 

the ATPase activity of TFIIE, and its role in recruiting the helicase TFIIH. TFIIH 

unwinds the promoter region to an open form (Roeder, 1996). This “promoter melting” in 

association with the recruitment of RNA polymerase II by TFIIF, results in transcription 
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initiation (Roeder, 1996; Gaston and Jayaraman, 2003). TFIIA stimulates transcription by 

displacing transcriptional repressors in the TFIID complex such as Dr1-DRAP1/NC2, 

PC3/Dr2 (Topoisomerase I), HMG1, and Mot1/ADI (Hampsey, 1998). Furthermore, 

TFIIA interacts with specific transcriptional activators, like TAFII110 and the co-

activators PC4 and HMG2 (Hampsey, 1998). Finally, it is thought that TFIIA contributes 

to overcome the rate-limiting step that is the change from a closed to an open PIC step 

(Wang et al., 1992; Hampsey, 1998). Thus, TFIIA performs multiple functions and can 

affect gene expression in multiple ways. 

In this manuscript, we report the characterization of the M. oryzae pathogenicity 

mutant, 201.2.B3, which contains a T-DNA insertion in the 324 nt non-coding region 

between two divergently transcribed genes, MGG_06108.5 and MGG_06107.5. In 

addition to its pathogenicity defect, mutant 201.2.B3 exhibits aberrant spore morphology 

and has a slightly lower spore germination rate than wild-type strain 70-15. We 

demonstrate that the pathogenicity defect of 201.2.B3 is important during the host pre-

penetration stage due to defective appressorium turgor pressure development. The 

mutation does not significantly affect host colonization, as demonstrated by full 

pathogenicity on wounded leaves. Complementation demonstrates that the phenotypes 

observed are due to defects in MGG_06107.5, with MGG_06108.5 apparently not 

contributing to the phenotype of the mutant. We conclude that a positional effect of the 

T-DNA insert in the promoter region of MGG_06107.5 affects M. oryzae pathogenicity 

and that TFIIA is involved in the activation of genes essential for appressorium 

differentiation and function. 
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4.3 Materials and methods 

Fungal strains, growth conditions and media.  M. oryzae strain 70-15 (Chao and 

Ellingboe, 1991) was obtained from R. Dean (North Carolina State University) who 

received it originally from A. Ellingboe (University of Wisconsin). T-DNA insertion line 

201.2.B3 was generated during this study (Betts et al. 2007, see Appendix A). Strains 

were stored on cellulose filter paper with desiccation, at -20ºC. For production of conidia, 

fungal cultures were grown at 25ºC under constant fluorescent light on either 

supplemented complete medium (SCM), a modified complete medium that allows M. 

oryzae cultures to sporulate (Talbot et al., 1993b) or oatmeal agar (Valent et al., 1991). 

Comparison of growth rates of all strains was done by measuring the hyphal diameter of 

cultures started with mycelial plugs of 0.5 cm. To determine if 201.2.B3 was affected in 

its colonial growth rate, it was compared to strain 70-15 on SCM and minimal medium 

(Talbot et al., 1993b). To test whether mutant 201.2.B3 shared some of the conditional 

lethal phenotypes typical of null mutations in V-ATPase genes of other fungi (Nelson et 

al., 1990; Ohya et al., 1991), the growth rate of strain 201.2.B3 and 70-15 were compared 

on complete media and minimal media at pH 7.0 and pH 7.5. The growth rates of both 

strains were also assessed on SCM at pH 4.5, 6.5, 7.0 and 7.5 using two different buffers, 

citrate-phosphate buffer and phosphate buffer (Gomori, 1955) or on minimal media 

supplemented with 20 mM CaCl2 at pH 7.0 and pH 7.5 using HEPES buffer or minimal 

media supplemented with 100 mM and 200 mM [CaCl2] at pH 6.5. The sporulation level 

of 201.2.B3 was compared to that of 70-15 by growing cultures for 8 days after 

inoculation with a 0.5 cm mycelial plug (culture plate diameter = 5 cm) followed by 
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harvesting conidia using 3 ml of sterile water (double dionized water, ddH2O) and 

calculating the spore concentration.  

 

Rescue of T-DNA flanking sequences. Inverse PCR (iPCR) was performed following 

standard methods (Ochman et al., 1988) as described (Betts et al. 2007, see Chapter 3 and 

Appendix A). The restriction enzyme PstI was used to perform iPCR on strain 201.2.B3 

because it does not cut within the T-DNA of the binary vector pAD1624 (Abuodeh et al., 

2000) used to generate the mutant 201.2.B3.  Oligonucleotides OAM744 and OAM747 

(Table 4.1) were used to amplify the M. oryzae DNA sequences adjacent to the pAD1624 

T-DNA left and right borders, which were cloned into pGEM®-T easy vector (Promega 

Corporation; Madison, WI). An E. coli Top10 [F- mcrA ∆(mrr-hsdRMS-mcrBC) 

φ80lacZ∆M15 ∆lacX74 recA1 araD139 ∆(araleu) 7697 galU galK rpsL (StrR) endA1 

nupG)] strain harboring the cloned T-DNA flanking sequence was stored as 15% glycerol 

stocks at -80ºC. The sequences of the flanking region were obtained from the plasmid 

using the same oligonucleotides that were used for the iPCR reaction as described in 

Chapter 3. Sequencing was done by the Genomic Analysis and Technology Core at the 

University of Arizona (Tucson, Arizona, U.S.A) using an Applied Biosystem 3730 DNA 

Analyzer (Foster City, CA).  

 

Rice blast pathogenicity assay of normal and wounded leaf tissue. Conidia were 

harvested in 0.25% (wt/v) gelatin and filtered once through Miracloth (Calbiochem-

Novabiochem, La Jolla, CA) and used in plant infection assays by spraying 2 ml of 5 x 
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105 conidia per ml onto 2-week old rice seedlings (Maratelli, Saraceltik and M-202 

cultivars) as described previously (Valent et al., 1991). Pathogenicity assays were 

repeated at least three times. Lesion types were scored one week after infection and the 

lesion number in a 10 cm-middle section of 14 leaves showing at least one lesion was 

recorded to compare lesion density among strains.  

The ability of M. oryzae strains 70-15, 201.2.B3 and 236.2.C5 (an albino mutant 

strain in the 70-15 genetic background) to infect wounded leaves was compared in a 

standard pot infection assay where some leaves were abraded with fine sand paper (grade 

220) prior to conidial introduction. Abrasion allows the pathogen to bypass the 

penetration step in infection and allows determination of the pathogen’s ability to grow 

within the host. Detached rice leaves were similarly abraded and used in spot inoculations 

with strain 70-15, mutant 201.2.B3 and the albino strain. Approximately 5 cm middle 

sections of the leaves were cut and placed on top of Whatman 3 MM filter paper 

saturated with ddH2O inside Petri dishes that were placed in a humid chamber. Inoculation 

of the leaves was carried out with 8 µl drops of a 5 x 105 conidia/ml suspension. Conidial 

suspensions were prepared in a 0.25% (wt/vol) gelatin, 0.02% (vol/vol) Tween 20 

solution (Jia et al., 2003). No statistical analysis was performed; results were interpreted 

in a qualitative manner. 

 

Appressorium penetration assay and conidia germination rate.  Appressorial function 

was assessed by counting the number of differentiated appressoria and recording the 

presence of infectious hyphae in onion epidermal tissue as described previously 
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(Balhadere et al., 1999). Conidial germination, appressorium development and growth of 

infectious hyphae were scored at 24 h and 48 h post inoculation. Data was recorded for a 

random sample of 100 conidia. Onion epidermal penetration assays were repeated three 

times for each strain. To quantify spore germination, conidia, suspended in water, were 

inoculated onto glass cover slips and allowed to germinate for 2 h, 4 h and 6 h. After 

inoculation, samples were taken at different times and examined under the microscope to 

quantify the percentage germinated. A random sample of 100 conidia was examined. 

Experiments were repeated three times. Microscopy was carried out using an Olympus 

light microscope (BX60, Olympus America Inc, Lake Success, NY, U.S.A).  

 

Incipient cytorrhysis assay. Appressorium turgor pressure was assessed using an 

adaptation of the incipient cytorrhysis technique (Howard et al., 1991a; de Jong et al., 

1997). Conidia from seven day-old cultures were harvested in ddH2O, and prepared at a 

concentration of 1x 104 spores per ml. Conidial suspensions were placed as drops of 40 µl 

onto glass cover slips and incubated in a humidity chamber at RT. After 24 h, the water 

droplet was replaced by 0.5 to 4.0 M aqueous glycerol solutions. The number of 

appressoria that had collapsed after 15 minutes of exposure to the glycerol solution was 

recorded from a sample of 100 conidia. Microscopy was carried out with an Olympus 

light microscope (BX60 or BH-2, Olympus America Inc, Lake Success, NY, U.S.A). The 

experiment was repeated three times. 
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Infection related morphogenesis and measurement of lipid mobilization. 

Appressorium development was followed for 24 hours as described previously (Thines et 

al., 2000). Conidia from eight day-old cultures were harvested in ddH2O and diluted to 1x 

104 spores/ml. Drops of conidia (40 µl) were placed onto glass cover slips and kept in a 

humidity chamber at RT for the different incubation times.  

 Lipid droplets in the germinating conidia from strain 70-15 and strain 201.2.B3 

were visualized with Nile Red (Thines et al., 2000; Weber et al., 2001). Nile Red solution 

was prepared in 50 nm Tris-maleate buffer, pH 7.5, 20 mg/ml polyvinylpyrrolidone, and 

2.5 µg/ml Nile Red Oxazone (9-diethylamino-5H-benzo [α] phenoxazine-5-one). Conidia 

were harvested in ddH2O and inoculated onto glass cover slips as described above. For 

staining, ddH2O was carefully removed from the cover slip and replaced with 40 µl of 

Nile Red solution before placing the sample on the microscope slide. Staining occurred 

immediately after applying Nile Red solution. No background fluorescence was observed 

in the absence of Nile Red. Bright field and Nile Red fluorescence was observed using a 

Leica-DIAPLAN upright epifluorescent microscope (Leitz, Wetzlar, Germany) with a 

mercury-argon lamp. The microscope was equipped with light Leitz I3 cube filter 

(excitation: 470-490 nm), diachronic mirror 510 nm and emission filter LP515 nm at the 

Main Campus Biotechnology Imaging Facilities at University of Arizona (Tucson, 

Arizona, U.S.A). Digital images were captured using an Orca 100 digital camera 

(Hamamatsu Corporation) and Simple PCI image analysis software using (Compix, Inc.). 
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Targeted gene replacement approach. Gene replacement fragments were generated 

using the ligation PCR procedure (Zhao et al., 2004). For all gene replacement 

experiments described below, the hph gene was excised from pCX62 and pCX63 as a 1.4 

kb AscI - FseI fragment.  

To attempt replacement of the V-ATPase subunit a gene (MGG_03947.5), the 

hph gene was excised from pCX62 (Zhao et al., 2004). An 830 bp- upstream region of 

the gene was amplified using oligonucleotides OAM1014 (containing an FseI site) and 

OAM1015 (Table 4.1). An 840 bp- downstream region of the gene was amplified using 

oligonucleotides OAM1012 and OAM1013 (containing an AscI site).  

To delete the V-ATPase subunit g gene (MGG_04716.5), the hph gene was 

excised from pCX63 (Zhao et al., 2004). An 840 bp- upstream region of the gene was 

amplified using oligonucleotides OAM1018 and OAM1019 (containing an AscI site) 

(Table 4.1, Figure 4.1). A 925 bp- downstream region of the gene was amplified using 

oligonucleotides OAM1020 (containing an FseI site) and OAM1021 (Table 4.1, Figure 

4.1).  

To attempt replacement of V-ATPase subunit c (MGG_06349.5), the hph gene 

was excised from pCX62 (Zhao et al., 2004). An 811 bp- upstream region of the gene 

was amplified using oligonucleotides OAM1008 (containing an FseI site) and OAM1009 

(Table 4.1; Figure 4.1). An 884 bp- downstream region of the gene was amplified using 

oligonucleotides OAM1006 and OAM1007 (containing an AscI site).  

To attempt replacement of V-ATPase subunit c`` (MGG_6108.5), the hph gene 

was excised from pCX63 (Zhao et al., 2004). A 550 bp-downstream region of the gene 
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was amplified using oligonucleotides OAM1028 (containing an FseI site) and OAM904 

(Table 4.1, Figure 4.1). An 848 bp-upstream region of the gene was amplified using 

oligonucleotides OAM1029 and OAM903 (containing an AscI site). Southern blot 

analysis was performed to screen for gene replacement strains. To detect the presence and 

number of copies of the hph gene in transformants, the 1.4 kb hph gene from pCB1004 

(Carroll et al., 1994) was amplified by PCR using the oligonucleotides OAM414 and 

OAM415 (Table 4.1, Figure 4.1) and labeled by random priming  with 32P-dCTP for use 

as a hybridization probe (Sambrook et al., 1989). To detect if the MGG_03947.5 gene 

was present in the transformants, a 1.5 kb internal region of the ORF was amplified with 

OAM1016 and OAM1017 (Table 4.1, Figure 4.1) and labeled with 32P-dCTP for use as 

hybridization probe. To determine if MGG_04716.5 had been deleted in any of the 

transformants, a 735 bp- internal region of the ORF was amplified with OAM1022 and 

OAM1023 (Table 4.1, Figure 4.1) and labeled with 32P-dCTP for use as a hybridization 

probe. To determine whether the MGG_06349.5 gene had been replaced, a 1.1 kb 

segment of the ORF was amplified using OAM1010 and OAM1011 (Table 4.1, Figure 

4.1) and used as a hybridization probe. To determine if MGG_04716.5 had been deleted, 

an 823 bp- internal region of the ORF was amplified with OAM1030 and OAM1031 

(Table 4.1, Figure 4.1) for use as a hybridization probe. 

 

Fungal transformations, genetic complementation and nucleic acid manipulations. 

Transformations were performed as described (Sweigard et al., 1995) with the 

modifications and monoconidial culture  isolation  procedure  as  reported  by  Betts et al.  
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Table 4.1. Oligonucleotides used in this study. 
Oligonucleotide Sequence (5' to 3')

OAM414 GATATTGAAGGAGCATTTTTGGG
OAM415 CTGGTTCCCGGTCGGCATCTA
OAM744 AAATGGGTATCGGGAATGGCGAA
OAM745 CGCTGCGGACATCTACATTTTTGA
OAM903 GGGGCGGCCGCTGTTCCAGGACGTTTGGCATT
OAM904 GGGGCGGCCGCCAGAGTACCACCGTGCTGTCG
OAM1006 ACCGCAACGAAAACATCCGCC
OAM1007 AAGGCGCGCCAAGGTGAGTGAGTGCCATATATG
OAM1008 AAGGCCGGCCAAGAGTTTTAGGTTCAGA
OAM1009 ATCGCCTGGTGGCCGGGTGG
OAM1010 CCACTCGCGCTTTTCCTCC
OAM1011 ACCATCACCTCAGACAACGG
OAM1012 GGGAGGCCAGGTCGGTTCAT
OAM1013 AAGGCGCGCCTTCACTCAGCAAATAGAAG
OAM1014 TTGGCCGGCCTGATGGTTTAGATGTGTCT
OAM1015 TGGCTAGGCTCACGTTGGGCG
OAM1016 GGCAGACACGCCCTCCATGAT
OAM1017 CATCGCCGAGGGCTGGTGCC
OAM1018 CTTGATGCGCTGCGTTCCAT
OAM1019 AAGGCGCGCCAATTCTGTTTGTCGCAAAA
OAM1020 TAGGCCGGCCTTTGAAGAAACCAGTTGGC
OAM1021 ATCGCGGACCGGCCGAAGGC
OAM1022 CCGCAGCGTCCACGGTAGCG
OAM1023 CACAGGGTGAGGCTCAAAG
OAM1028 TAGGCCGGCCGGATCCAGTGGATGAAAAA
OAM1029 TTGGCGCGCCTGTTGTTCGCGTTGCTAGT
OAM1030 TTCGCCAGGTCTCTGCGTTTG
OAM1031 GACGAGAACTTGACGAACC
OAM1090 CGTGTAACCTCATATGCGGCGTTGC
OAM1091 CTCAATGACGAGAATCTTGACGAAC
OAM1094 CGATCATGAAGTGCGATGTCG
OAM1095 CCTTCTGCATACGGTCCGAAA
OAM1105 CCTGCCATCTACTGCACCGTCT
OAM1106 CCTAGTACGGCGGTAGAGCTC
OAM1107 CCCCCGAGTCCATAAGTTAA
OAM1108 CATTGGGAGTACTTGCAAAGC
OAM1113 CCCTCAACTCGCCATGAAGA
OAM1114 AAGCGGTAGTTGTCGAGAGC
OAM1127 CCAGCTCTACGACTCGGTCAA
OAM1128 AGTCGGGCTGGCTGTTGTAGT
OAM1129 GCCCGGTATGGTCGTTACCT
OAM1130 AGCTGCTGGTGGTGCATCTC  
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Figure 4.1. Construct for targeted disruption of several V-ATPase subunit genes. Thin 
arrows represent oligonucleotides, crosses indicate homologous recombination. 
 
A. Subunit c (MGG_06349.5), 1542 bp.  
 
B. Subunit g (MGG_04716.5), 735 bp.  
 
C. Subunit a (MGG_03947.5), 2892 bp.  
 
D. Subunit c`` (MGG_06108.5), 908 bp.  
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(2007, see Appendix A). Genetic complementation of 201.2.B3 was carried out via DNA-

mediated protoplast co-transformation using 0.1 ml of 1 x 107 protoplasts/ml of the  

mutant strain and approximately 0.25- 0.5 µg of pCB1635 (Sweigard et al., 1997) and 1 

µg of the genetic complementation fragment. Plasmid pCB1635 was linearized using PstI   

(New England Biolabs, Beverly, MA). Genetic complementation was attempted using 

genes MGG_06107.5 and MGG_06108.5 separately or together in a single fragment. The 

MGG_06107.5 gene fragment was generated by PCR, with oligonucleotides OAM1107 

and OAM1108 (Table 4.1). The resulting fragment contained the annotated ORF plus 364 

bp of upstream region containing the 340 bp-shared promoter and 555 bp of sequence 

downstream of the ORF. The complementation fragment for gene MGG_06108.5 was 

generated by PCR, with oligonucleotides OAM1105 and OAM1106 (Table 4.1) and 

contained the annotated ORF plus 392 bp upstream region containing the 340 bp, shared 

promoter and 636 bp of sequence downstream of the ORF. The genes were amplified 

together in a 3,049 bp fragment using oligonucleotides OAM1105 and OAM1108 (Table 

4.1). PCR reactions were set up using approximately 0.5 µg of M. oryzae wild-type strain 

70-15 genomic DNA and 2X PCR solution Premix Taq™ (TaKaRa Ex Taq™ version 

from Takara Bio Inc; Japan) following the manufacturer’s instructions.  Protoplast co-

transformation was as described by Sweigard et al. (1995) with the modification that 

transformants were selected in regeneration bottom agar (per liter: 1.7 g yeast nitrogen 

base w/o amino acids and ammonium sulfate, 2 g ammonium nitrate, 1 g asparagine, 10 g 

glucose, and 15 g agar, pH to 6.0 with Na2HPO4) containing Bialaphos (Sigma-Aldrich) 

at a final concentration of 35 µg/ml. Prior to plating, protoplasts were pelleted and 
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resuspended using 8 ml of low melting point top agarose (per 100 ml: 0.17 g yeast 

nitrogen base w/o amino acids and ammonium sulfate, 0.2 g ammonium nitrate, 0.1 g 

asparagine,  20 g sucrose and 2 g low melting point agarose) containing bialaphos at a 

final concentration of 25 µg/ml and plated onto  regeneration bottom agar.  Monoconidial 

strains were generated as described by Betts et al. (2007) using Bialaphos selection at 25 

µg/ml. Genomic DNA from the transformant strains was prepared as described 

previously (Sweigard et al., 1990). Putative complemented mutants were screened for the 

presence of the complementation fragment by PCR amplification of the promoter region 

using the oligonucleotides OAM1106 and OAM1107 (Table 4.1) and GoTaq® Green 

Master Mix (Promega Corporation; Madison, WI). Southern blot analysis was used to 

confirm PCR results and to determine the number of complementation fragment copies 

present in each of the strains.  Southern analysis of complementation transformants and 

gene replacement transformants was carried out as described in Sambrook and Russell 

(Sambrook and Russell, 2001). DNA was digested with restriction endonucleases 

EcoRV, SacI, HpaI, PstI and XhoI from New England Biolabs (Beverly, MA) or 

Invitrogen (Carlsbad, CA) following the manufacturer’s protocols and separated by gel 

electrophoresis.  

 For RT-PCR analyses, total RNA was extracted from cultures grown 48 h in 

liquid SCM and then transferred to fresh liquid SCM  for another 24 h, or transferred to 

liquid MM lacking a nitrogen source. Total RNA from the cultures grown in SCM was 

extracted using TRIzol (Invitrogen, Carlsbad, CA) following manufacturer’s procedures. 

Total RNA from the cultures grown in MM minus nitrogen was extracted using a 
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modified acid-phenol method (Collart and Oliviero, 1997). Mycelia were harvested by 

vacuum filtration and washed with several volumes of ddH2O. The mycelia were placed in 

1.5 ml O-ring screw cap tubes containing sterile 0.45 µM glass beads and equal volumes 

(~ 600 µl) of ice-cold TNE buffer (200mM Tris-HCl, pH 7.6, 0.5 M NaCl and 10 mM 

EDTA pH 8.0) and acid phenol were added. Fungal cells were disrupted by shaking three 

times for 2 minutes at 3,000 rpm, incubating the tubes on ice for one minute between 

shaking intervals. Shaking was carried out on a Vortex using the MoBio 2-ml adapter 

(MoBio Solana Beach, CA). Homogenates were extracted two times with equal volumes 

of phenol and one time with chloroform. Supernatants were precipitated with ethanol and 

resulting pellets were resuspended in DEPC-treated H2O. The RNA was then precipitated 

by adding LiCl to 2 M and resuspended in DEPC-treated H2O. RNA concentration was 

assayed on a NanoDrop® ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, 

Wilmington, DE, USA) at the Genomic Analysis and Technology Core facility 

(University of Arizona, Tucson, USA). RT-PCR results were interpreted using the 

following reference genes: MGG_03641.5 (Elongation factor-1-α); MGG_01808.5 

(ketol-acid reductoisomerase mitochondrial precursor) and MGG_03982.5 (γ-Actin). RT-

PCR products were amplified using primers designed for the following genes 

MGG_06107.5 (OAM1113 and OAM1114; Table 4.1), MGG_06108.5 (OAM1090 and 

OAM1091; Table 4.1), MGG_03641 (OAM1129 and OAM1130; Table 4.1); 

MGG_01808.5 (OAM1127 and OAM1128; Table 4.1) and MGG_03982.5 (OAM1094 

and OAM1095; Table 4.1). Total RNA was treated with DNA-freeTM (Ambion, Inc) 

before synthesizing cDNA. The oligo (dT) primer of the Superscript III first strand 
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synthesis system for RT-PCR (InvitrogenTM Life technologies, Carlsbad, CA) was used 

to synthesize cDNA from 1 µg of total RNA. cDNA was diluted to use a total of 200 ng 

of cDNA per PCR reaction. Reactions were performed in a 25 µl volume containing 300 

nm of each primer, 5 µl of cDNA and 12.5 µl of 1X Absolute™ QPCR SYBR® Green 

Mix (Thermo Fisher Scientific, Inc., Waltham, MA, USA) in an ABI PRISM® 7000 

Sequence Detection System (Applied Biosystems). All reactions were set up in triplicate. 

Non-template controls were included to ensure minimal contamination and purity of 

reagents. The threshold cycle (Ct) values of the triplicate PCRs were averaged and used 

for quantification of transcript. To compare relative abundance of transcripts, average Ct 

was normalized to that of γ-actin as 2-∆Ct where –∆Ct= (Ct, gene of interest- Ct, actin). Fold 

changes were calculated using the algorithm X= 2-∆∆Ct± SPE, where –∆∆Ct= (Ct, gene of 

interest- Ct, actin) test condition-(Ct, gene of interest- Ct, actin)SM (Livak and Schmittgen, 2001). SPE 

defines the standard propagation error calculated as ±√ (σ2 gene of interest+ σ2 actin), with σ 

being the standard deviation error. The same analysis was performed by substituting actin 

values for those given by elongation factor-1-α and the ketol-acid reductoisomerase 

mitochondrial precursor housekeeping genes. 

 

Statistical Analyses. Treatment means were compared by analysis of variance 

(ANOVA) and protected least significant difference (LSD) multiple comparison tests 

(p<0.05) (SAS Version 9.1, SAS Institute Inc., Cary, NC, USA). Analysis of percentages 

values was re-run using the following transformation yt = arsin (√y). Analysis of spore 

count data was re-run using the transformation yt = Log10 (y). 



 
 

272

4.4 Results 

Identification of the mutant strain 201.2.B3 and mapping of the T-DNA insertion 

The mutant strain 201.2.B3 was identified from a collection of M. oryzae strain 

70-15 T-DNA insertion lines in an in vitro screen for appressorium development mutants 

(Betts et al., 2007; Appendix A). This screen was carried out on green glass mirror where 

the appressorium differentiation efficiency and the morphological characteristics of the 

spores and appressoria were determined at 6 and 24 hpi (Betts et al. 2007; Appendix A). 

Strain 201.2.B3 was identified as exhibiting non-wild type appressorium morphology (~ 

74% misshapen appressoria) and aberrant conidia (Figure 4.2 C).  Colonies of strain 

201.2.B3 appeared lighter color than that of strain 70-15 (Figure 4.2 B). Pathogenicity 

assays revealed that strain 201.2.B3 was less pathogenic than 70-15. Mutant 201.2.B3 

produced type 2 and 3 blast lesions on rice cultivars M202 and Maratelli that were not as 

dense as those of leaves infected by 70-15 (Figure 4.3). The disease lesion density on rice 

cultivar Maratelli was 18.6 ± 6.8 per ten cm of leaf challenged with strain 70-15 and 4.4 

± 3.1 per ten cm of leaf challenged with strain 201.2.B3 (Figure 4.3). The lesion density 

on rice cultivar M-202 was 26.1 ± 8.6 per ten cm of leaf infected with 70-15 and 6.8 ± 

4.7 per ten cm of leaf challenged with 201.2.B3 (Figure 4.3). This difference in 

pathogenicity was statistically significant. Additionally, it was observed that the plants 

challenged with the mutant strain were not as stunted as those infected with 70-15 (Figure 

4.3). On the rice cultivar Saraceltik, 201.1.B3 also does not cause the leaf devastation that 

strain 70-15 does (Figure 4.12 D, and E). 
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 The M. oryzae sequences flanking the T-DNA insert in strain 201.2.B3 were 

recovered by iPCR. Sequence analysis of the recovered fragment revealed the T-DNA 

was inserted within a 340 bp-non-coding region between the two divergently transcribed 

open reading frames MGG_06108.5 and MGG_06107.5 located on chromosome III. The 

T-DNA insertion created a deletion of 16 bp and is present 263 bp upstream of the start 

codon of the MGG_06108.5 ORF and 61 bp upstream of the start codon of 

MGG_06107.5 (Figure 4.2).  Annotation of the genome predicts MGG_06107.5 and 

MGG_06108.5 encode the γ subunit of the general transcription factor TFIIA and the c`` 

subunit of the vacuolar type -H+ ATPase (V-ATPases), respectively.  MGG_06107.5 is 

an ORF of 528 bp containing two introns that encodes a 117 amino acid polypeptide. 

MGG_06108.5 is a 988 bp ORF that contains four introns and encodes a 202 amino acid 

polypeptide (http://www.broad.mit.edu/annotation/genome/magnaporthe_grisea).  

 

Appressorium morphogenesis and sporulation defects of mutant strain 201.2.B3 

  Strain 201.2.B3 is characterized by the production of conidia that appear more 

elongated and slender than those of strain 70-15 and they frequently contain only one or 

two cells instead of the three cells typical of wild-type spores (Figure 4.2, 4.8, and 4.13). 

Comparison of sporulation ability between the 70-15 and strain 201.2.B3 indicated that 

the mutant strain produced 2.451 ± 0.48 x 107 conidia per 60 mm culture plate versus 

9.39 ± 1.38 x 107 conidia per 60 mm culture plate by the wild-type strain. Statistical 

analysis of these data did not indicate that there was a significant difference in 

conidiation between the mutants  
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Figure 4.2.Identification of mutant 201.2.B3 in M .oryzae.  
 
A. Schematic representation of T-DNA insertion in mutant 201.2.B3. The T-DNA 
insertion created a deletion of 16 bp and is located 263 bp upstream of the start codon of 
the predicted ORF MGG_06108.5 and 61 bp upstream of the start codon of ORF 
MGG_06107.5.  
 
B. Colonial phenotypic characteristics of M. oryzae strain 70-15 (left plate) and 201.2.B3 
(right plate) in SCM. Cultures were 7 days-old.  
 
C. Appressorial and conidial morphology of 70-15 (WT) and 201.2.B3 (M) at 24 hpi, 
Bar= 10µM 
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Figure 4.3. Pathogenicity defect in M. oryzae mutant 201.2.B3. Leaves were collected 7 
days after inoculation. Pictures of plants were taken 7 days after inoculation. 
 
Panels A, B, C show 4 different replicas to illustrate variation in degree of infection. 
 
A. Wild-type strain 70-15 on rice cultivar M-202.  
 
B. Mutant strain 201.2.B3 on rice cultivar M-202.  
 
C. Mock inoculation on rice cultivar M-202.  
 
D. Rice plants (Cultivar Maratelli on the left side of the pot and Cultivar M-202 on the 
right side) challenged with 1, mock inoculation; 2 strain 70-15 and 3, strain 201.2.B3.  
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and 70-15. However, this was likely due to the small sample size (3 plates analyzed per 

strain) and the large sample variation. More analysis of this phenotype is necessary since, 

during our studies, it was a constant challenge to obtain sufficient spores of 201.2.B3 for 

infection assays. 

Appressorium morphology was severely affected in strain 201.2.B3 (Figure 4.2, 

4.8, and 4.13). In the mutant strain, 76% (± 4.6) of the conidia had misshapen appressoria 

compared to 18% (± 7) in strain 70-15. These data show a statistically significant 

increase in abnormal appressoria in strain 201.2.B3. Based on data the conclusion is that 

the defect in appressorium morphology affected host penetration, and thus, pathogenicity.  

 

Appressorium function is decreased in mutant 201.2.B3 

Host penetration was examined on onion epidermal tissue at 24 and 48 hpi and 

revealed that appressorium function was affected at both time points (Figure 4.4). After 

24 h of incubation, only 26.8 ± 6.8 % of appressoria in the mutant 201.2.B3 had produced 

penetration pegs compared to 86.3 ± 1.5 % for strain 70-15. After 48 h of incubation, the 

appressorium penetration frequency of the mutant 201.2.B3 had increased to 61.7 ± 

8.5%, whereas the frequency for 70-15 was 95 ± 5%. These data suggest there might be a 

delay in penetration peg formation in the mutant and a reduction in the appressorium 

penetration ability.  

To determine if the reduction in appressorium function could be explained by a 

reduction in appressorium turgor pressure that would translate to less physical force to 

breach the leaf epidermis, we used the incipient cytorrhysis assay that was developed to 
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measure turgor pressure in M. oryzae appressoria (Howard et al., 1991b; de Jong et al., 

1997; Viaud et al., 2002). In this assay, conidia from strain 70-15 and 201.2.B3 were 

allowed to form appressoria for 24 h and then exposed to 0.5, 0.75, 1.0, 2.0, 3.0 and 4.0 

M aqueous glycerol solutions. The number of appressoria that collapsed after 15 minutes 

of exposure to the glycerol solution was recorded (Figure 4.4). An albino strain 

(236.2.C5) in the 70-15 genetic background which fails to develop appropriate turgor 

pressure was used as an experimental control. Albino strains do not produce melanin and 

are thus not able to retain glycerol, so they are non-pathogenic due to the inability to 

penetrate host tissue (Chumley and Valent, 1990). The experiments revealed that 

exposure to 1 M glycerol resulted in the collapse of 41 ± 2% of the appressoria of the 

mutant 201.2.B3, 81 ± 4% of the appressoria of the albino strain; and only 19 ± 5% of the 

wild-type appressoria (Figure 4.4). Statistical analysis of these results and the results 

obtained using 2 M glycerol  (Figure 4.4) indicated that the appressorial force in the 

mutant strain is significantly reduced compared to the wild-type strain but not as reduced 

as in the albino strain. This suggests that the reduction in lesions observed in the plants 

infected with strain 201.2.B3 was due to inability to penetrate the host tissue due to 

insufficient force in the appressorium. 

To confirm that the pathogenicity defect in this mutant strain was due to a defect 

in host penetration, a leaf abrasion assay where leaf wounding circumvents the need to 

breach the host epidermis was performed. If the only defect of 201.2.B3 during infection 

was an inability to penetrate the host, then bypassing the  penetration  step  would  restore 
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Figure 4.4. Appressorium function in mutant 201.2.B3.  
 
A. The percentage of appressoria that penetrated onion epidermal tissue was recorded. . 
T-DNA mutant = 201.2.B3. Each point represents the mean of 100 conidia repeated in 
three independent experiments. Error bars represent the standard deviation 
 
B. Appressorium cytorrhysis assay. Appressoria were allowed to form on glass coverslips 
for 24 h. The samples were then exposed to 0.5, 0.75, 1.0, 2.0, 3.0 to 4.0 M glycerol 
solutions. The number of appressoria that collapsed after 15 minutes of exposure to the 
glycerol solution was recorded. T-DNA mutant = 201.2.B3. Each data point is the mean 
of 100 conidia repeated in three independent experiments. Error bars represent the 
standard deviation. 
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pathogenicity. These assays were performed both on whole plants in pots and on 

detached leaves. An albino strain, 236.2.C5, in the genetic background of M. oryzae 70-

15, was used as positive control. The albino strain does not have the force to penetrate 

intact plant leaves, however wounding of the host tissue restores pathogenicity (Chumley 

and Valent, 1990). Testing on non-abraded leaves was included in the assays to 

determine the effect of wounding.  

Superficial abrasion of leaves in the whole plant assay resulted in rapid lesion 

appearance in the plants infected by the wild-type strain. The albino mutant was 

pathogenic only on the wounded leaves. For strain 201.2.B3, the assay revealed that 

wounding facilitated the development of symptoms. The wounded leaves contained more 

lesions than in the intact leaves (Figure 4.5). The same result was obtained in the 

detached leaf assay, although results were not as clear in this case, because the 

pathogenicity mutant 201.2.B3 is only reduced in virulence so quantitative changes in 

pathogenicity is difficult to detect when inoculation consists of a mass of conidia in a 

single spot (Figure 4.5). 

 

Appressorium morphogenesis and spore germination is delayed and decreased in 

mutant 201.2.B3 

 
 Because of the morphological defects observed in the appressoria, we decided to 

analyze the appressorium developmental process in the mutant. An appressorium 

morphogenesis time course experiment was performed to determine  whether  the  mutant 
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Figure 4.5. Effect of abrasion of the rice leaf cuticle on pathogenicity of M. oryzae 
mutant 201.2.B3.  The pathogenicity defect in 201.2.B3 is rescued by leaf abrasion. 
Pictures of leaves shown in A, B, C and D were taken 7 days post-inoculation. Pictures of 
leaves shown in E and F were taken 4 days post inoculation. 
 
A and B, Replicas of infection of non-wounded cultivar M-202 leaves in a whole plant 
infection assay. 1, mock inoculation; 2, albino mutant; 3, mutant 201.2.B3; 4, wild-type 
70-15.  
 
C and D, Replicas of infection of wounded (abraded) M-202 leaves in a whole plant 
infection assay. 1, mock inoculation; 2, albino mutant; 3, mutant 201.2.B3; 4, wild-type 
70-15.  
 
E and F, Spot inoculation in rice detached non-wounded and wounded leaves, 
respectively. 1 (cultivar Maratelli) and 2 (cultivar M-202), inoculated with 70-15; 3 
(cultivar Maratelli) and 4 (cultivar M-202), inoculated with 201.2.B3; 5 (cultivar 
Maratelli) and 6 (cultivar M-202), inoculated with the albino mutant 236.2.C5.  
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was affected in the timing of appressorium development compared to strain 70-15 and the 

albino strain. Hook-like structures are swellings at the germ tube tip that precede 

differentiation of the appressorium. It was observed that at 8 hpi strain 201.2.B3 was 

delayed in the formation of appressorium; 47.7 ± 10.8% of its conidia had only developed 

to the hook-like structure stage whereas the wild-type and albino strains had progressed 

past hooking, and were forming appressoria. At 8 hpi, 70-15 had 15.7 ± 4.0% of its 

conidia with hook-like structures on their germ tubes and for the albino strain 32 ± 14.0% 

of its conidia had only progressed to the hooking stage (Figure 4.6). The delay was also 

apparent by looking at frequencies of differentiated appressoria. At 12 hpi, the mutant 

had 58.7 ± 10.7% of its conidia with differentiated appressoria, in contrast to strain 70-15 

and the albino strain which had 90.7 ± 6.7% and 85.0 ± 4.4% conidia with differentiated 

appressorium, respectively (Figure 4.6). Statistical analysis of these data determined that 

compared to strain 70-15, the morphogenesis of the appressorium in the mutant 201.2.B3 

was delayed. The number of conidia with differentiated appressoria at 24 hpi 

significantly differed between strain 70-15 and the mutant 201.2.B3. By this point the 

wild-type and albino strains had 90.3 ± 3.1% and 91.0 ± 3.6% conidia with differentiated 

appressoria, respectively and the mutant strain had 82.0 ± 2.6% conidia with 

differentiated appressoria. Our statistical analysis determined that the formation of fully 

mature appressoria is decreased in the mutant 201.2.B3 (Figure 4.6).  

Since appressorium morphogenesis was affected in the mutant (Figure 4.6), we 

examined whether this might be due to a delay  in  germination  of  strain  201.2.B3.  The 
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Figure 4.6. Appressorium morphogenesis time course of M. oryzae mutant 201.2.B3. 
Mutant 201.3.B2 is delayed in the appressorium morphogenesis. Mean values (± SD) 
presented as percentage points were generated from three independent experiments. 
 
A. Appressorium development in wild-type strain 70-15.  
 
B. Appressorium development in strain 201.2.B3.  
 
C. Appressorium development in albino mutant 236.2.C5.  
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germination rates of strain 70-15 and 201.2.B3 were determined at 2, 4, and 6 hpi. For the 

mutant, at 2, 4 and 6 hpi, the percentage of germinated conidia was 76.7 ± 3.2%, 77.3 ± 

5.7% and 85.0 ± 1.0% respectively. In contrast, at 2, 4 and 6 hpi for strain 70-15, 94.7 ± 

2.5%, 98.6 ± 1.2% and 94.0 ± 5.0% of the conidia had germinated, respectively. These 

data reveled that there was a statistically significant decrease in germination rate in strain 

201.2.B3 at 2 hpi and 4 hpi, but not at 6 hpi. We interpreted these data to mean that 

20.1.2.B3 is delayed in spore germination.  

 

Mobilization of lipid bodies to the appressorium is delayed in mutant 201.2.B3  

 Considering that lipid bodies are a source of the glycerol osmoticum in the 

appressorium (Thines et al., 2000) and since the appressorial turgor pressure in the 

mutant is decreased, we examined whether the mutant may be defective in the movement 

of lipid bodies from the conidium to the appressorium. In M. oryzae, appressorium 

development is accompanied by the translocation of lipid reserves from the conidium to 

the apex of the germ tube prior to appressorium differentiation (Thines et al., 2000). This 

mobilization of lipids is controlled by the Pmk1 MAP kinase signaling pathway (Thines 

et al., 2000). As the appressorium matures the lipid droplets localize in the appressorium, 

start to coalesce and are taken up by the vacuoles where lipid degradation takes place 

(Weber et al., 2001). In wild-type M. oryzae, by 24 h and 48 h after conidium 

germination, the lipid droplets were almost completely degraded (Weber et al., 2001). To 

study the mobilization of lipid droplets, we performed a quantitative analysis of lipid 

droplet distribution during infection-related development by staining with Nile Red 
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(Thines et al., 2000). We determined that before germination wild-type strain 70-15 and 

the albino mutant had 97.7 ± 1.5% and 98.3 ± 1.2% of conidia containing lipid droplets, 

respectively (Figure 4.7 and 4.8).  In contrast, in the mutant 201.2.B3, 78.7 ± 3% of the 

conidia displayed lipid droplets (Figure 4.7 and 4.8). This significant difference between 

the strains indicates that the mutant 201.2.B3 contains less lipid reserves to transport to 

the appressorium to contribute to the build up the turgor pressure.  

Lipid mobilization initiates as soon as germination starts (Figure 4.6 and 4.7). Our 

results indicated that 8 and 12 h after germination strain 201.2.B3 had 29.7 ± 3.8 and 22.0 

± 5.1% conidia still containing lipid droplets, respectively. In contrast, the wild-type 

strain and albino strain at 8 h after germination had 1.3 ± 1.2% and 21.3 ± 6.6% conidia 

containing lipid droplets, respectively (Figure 4.6 and 4.7). After 12 h of germination, the 

wild-type strain and albino strain had 8.7 ± 5.0% and 15.3 ± 5.0% conidia containing 

lipid droplets, respectively (Figure 4.6 and 4.7).  

At 12 h after germination it was found that mutant strain 201.2.B3 has 55.0 ± 

12.5% of its germ tubes still containing lipid droplets, in contrast to 24.3 ± 4.0% and 14.3 

± 2.3% of the germ tubes with lipid droplets in strain 70-15 and the albino strain, 

respectively (Figure 4.6 and 4.7). The difference between conidia and germ tubes 

containing lipid droplets in the wild-type strain and the mutant was statistically 

significant. These data indicate that mutant 201.2.B3 is deficient both in overall lipid 

content in conidia and the mobilization of lipids from the conidium to the appressorium.  

 

 



 
 

287

A 
 

0

10

20

30

40

50

60

70

80

90

100

0 h 2 h 4 h 6 h 8 h 12 h 14 h 16 h 24 h

Post inoculation time

Pe
rc

en
ta

ge
 o

f p
re

-p
en

et
ra

tio
n 

st
ru

ct
ur

es
 

co
nt

ai
ni

ng
 li

pi
d 

dr
op

le
ts

 (%
)

conidia
germ tube
hook-like structures
appressorium

 
B 

0

10

20

30

40

50

60

70

80

90

100

0 h 2 h 4 h 6 h 8 h 12 h 14 h 16 h 24 h

Post-inoculation time

Pe
rc

en
ta

ge
 o

f p
re

-p
en

et
ra

tio
n 

st
ru

ct
ur

es
 

co
nt

ai
ni

ng
 li

pi
d 

dr
op

le
ts

 (%
)

conidia
germ tube
hook-like structures
appressorium

 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

288

C 

0

10

20

30

40

50

60

70

80

90

100

0 h 2 h 4 h 6 h 8 h 12 h 14 h 16 h 24 h

Post-inoculation time

Pe
rc

en
ta

ge
 o

f p
e-

pr
en

et
ra

tio
n 

st
ru

ct
ur

es
 

co
nt

ai
ni

ng
 li

pi
d 

dr
op

le
ts

 (%
)

conidia
germ tube
hook-like structures
appressorium

 
 

 
Figure 4.7. Quantitative analysis of the cellular distribution of lipid droplets during 
appressorium differentiation in M. oryzae. Conidia from each of the strains were 
harvested in water and placed on the surface of a glass coverslip to initiate appressorium 
morphogenesis. Cells were stained with Nile Red to detect triacylglycerol at the post-
inoculation times indicated. The percentage of fungal structures that contained lipid 
droplets was recorded from a random sample of 100 germinated conidia in three 
replicates. Percentages are presented as average values (± SD).  
 
A. Results obtained for wild type strain 70-15.  
 
B. Results obtained for strain 201.2.B3.  
 
C. Results obtained for albino mutant strain 236.2.C5. 
 



 
 

289

 

 
Figure 4.8. Visualization of the cellular distribution of lipid droplets during appressorium 
differentiation in M. oryzae.  
 
Epifluorescence microscopy was used to visualize the staining by Nile Red. Pictures in 
the left panel are bright field images that correspond to the same field shown in the right 
panels. Bar = 10µM for all images. 
 
A. Lipid droplets in ungerminated conidia. Pictures on the left show strain 70-15 and 
those pictures on the right are of strain 201.2.B3. Staining of lipid bodies by Nile Red are 
is shown in the left photos. 
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B. Nile Red staining of lipid droplets at 4, 6, 8, 12 and 24 h after inoculation. Conidia 
from each of the strains were harvested in water and placed on the surface of a glass 
coverslip in order to initiate appressorium morphogenesis. Coverslips were stained with 
Nile Red for the presence of triacylglycerol at the times indicated to the left of the photos. 
Staining of lipid bodies by Nile Red are is shown in the right photos. WT: wild type 
strain 70-15; M: mutant strain 201.2.B3; Alb: albino strain.  Note the continued presence 
of lipid droplets in the mutant 201.2.B3 throughout the experiment. 
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Between 6 h and 8 h after germination, the appressorium cell wall in the wild-type 

strain 70-15 darkens as it accumulates melanin (Weber et al., 2001). The deposition of 

melanin in the appressorium prevents the visualization of the lipid droplets.   After 8 h of 

germination, visualization of lipid droplets in 70-15 was only possible in 10.5 ± 2.5% of 

the appressoria due to melanization. In contrast visualization was still possible in 100% 

of the albino mutant appressoria which were used to indicate normal lipid mobilization. 

In strain 201.2.B3, 78.6 ± 5.5% of the appressoria still exhibited fluorescence at 8 hours 

after germination (Figure 4.7 and 4.8). This data suggests that at 8 hpi, the mutant strain 

201.2.B3 does not contain as much melanin in the appressorium cell wall as strain 70-15 

does. At 12 h post-germination, the wild-type strain, albino strain and mutant 201.2.B3 

had 8.8 ± 2.1% , 98.7 ± 1.5% and 45.0 ± 5.1% of their appressoria with lipid droplet 

staining respectively (Figure 4.7 and 4.8). Similar results were found at 14 and 16 h after 

germination (Figure 4.7 and 4.8). After 24 h, 2.7 ± 0.5% of the appressoria in strain 70-15 

allowed visualization of lipids, in contrast to 201.2.B3, where staining was observed in 

5.7 ± 0.6% of the appressoria. Since the albino mutant lacks melanin fluorescence was 

observed for all lipid bodies through the full time course (Figure 4.7 and 4.8). Statistical 

analysis of these results, altogether, indicated that melanin deposition in the appressorium 

cell wall of mutant 201.2.B3 is delayed.  

 

Reintroduction of TFIIAγ restores wild type virulence, and conidium and 

appressorium morphology. 
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 Genetic complementation of mutant strain 201.2.B3 was attempted using three 

constructs; one containing gene MGG_06107.5 and 364 bp upstream of the start codon, 

one containing gene MGG_06108.5 and 392 bp upstream of the start codon and a third 

containing both genes along with the shared 340 bp region between the start codons of 

the two divergently transcribed genes. Because the genes were introduced by co-

transformation with a bialophos resistance marker gene on a separate plasmid 

(pCB1635), transformants were screened for the presence of the complementation 

fragment by PCR using oligonucleotides OAM1107 and OAM1106 (Figure 4.9) that 

amplify the 340 bp-shared promoter fragment. If the complementation fragment was not 

present in transformants, these primers would not amplify the T-DNA tagged promoter 

region, which because of its size (> 3.5 kb) would be unlikely to be successful due to the 

PCR conditions used. Strains that were found positive for the presence of the 

complementation fragments via PCR (data not shown) were analyzed further.  From this 

analysis, only those transformants generated with the MGG_06107.5 gene, or both genes 

visually appeared to be complemented for the sporulation defect. 

  Strains complemented with MGG_06107.5 were screened for the number of 

complementation fragment copies present by Southern blot analysis. DNAs were digested 

with EcoRV, which has zero sites the complementation fragment, and XhoI, which has 

one site in the shared promoter region of the complementation fragment. Such a digestion 

would produce two fragments of 1,325 bp and 124 bp from the complementation 

fragment.  Thus,  after  hybridization  with  the  complementation  fragment  on   DNAs 
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Figure 4.9. Complementation fragments used to transform strain 201.2.B3 along with 
pCB1635 as a source for the bialophos selectable marker.  
 
A. Diagram indicating the oligonucleotides used to generate complementation fragments. 
The blue fragment was amplified with oligonucleotides OAM1105 and OAM1106 and 
used to test whether the V-ATPase subunit c`` gene was sufficient to restore wild-type 
phenotypes in the T-DNA insertion line. The red fragment was amplified with 
oligonucleotides OAM1107 and OAM1108 and used to test whether the general 
transcription factor TFIIA γ subunit was sufficient to restore wild-type phenotypes in 
strain 201.2.B3.  
 
B. Diagram showing restriction sizes used for Southern blot analysis. The diagram is not 
drawn to scale. MGG_06108.5 encodes the V-ATPase subunit c`` and MGG_06107.5 
encodes the TFIIA subunit γ. The restriction enzyme sizes are P, PstI (orange); RV, 
EcoRV (teal); X, XhoI (purple); S, SacI (blue). The indicated molecular sizes generated 
after restriction enzyme digestion do not include the T-DNA insertion. Blue and red 
arrows represent the location of the oligonucleotides described in panel A relative to the 
recognition sites of the restriction enzyme sizes.  
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digested with XhoI, a strain with a single insertion of the complementation fragment 

should have bands larger than 1,325 bp and 124 bp. All strains should also contain bands 

of 1,996 bp and 8,776 bp that represent the two fragments at the site of the T-DNA insert 

in strain 201.2.B3 (data not shown). When DNAs were digested with EcoRV, all strains 

should contain a 5,575 bp hybridization band due to the presence of the T-DNA insert in 

between the two genes (Figure 4.10 C). A band larger than 1,449 bp indicates one copy 

of the complementing fragment (Figure 4.9). Four strains were found to contain one copy 

of the complementation fragment (TF 77, TF 118, TF 183, TF 193) (Figure 4.10 C lanes 

1, 2 and 6, and data not shown), five co-transformant strains contain two copies of the 

complementation fragment (TF 79, TF 108, TF 125, TF 63, TF 140) (Figure 4.10 C lanes 

5,7, and 8 data not shown), one strain contained three copies of the complementation 

fragment (TF 135) (Figure 4.10 C lane 4), one strain had four copies of the 

complementation fragment (TF 58) (Figure 4.10 C lane 9) and two strains had more than 

four copies of the complementation fragment (TF 41 and TF 7) (Figure 4.10 C lane 41 

and data not shown). 

All strains, except TF 63 (which could not be regenerated from filter storage), 

were tested in an infection assay to determine whether pathogenicity was restored in the 

strains. Results indicated that pathogenicity of T-DNA mutant 201.2.B3 is restored by 

introducing a single copy of the TFIIA subunit γ gene. All strains that contained one, two 

or three copies of the TFIIA subunit γ gene produced blast lesion types and the lesion 

density equivalent to the plants challenged wild-type strain 70-15. 
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Figure 4.10. Southern blot analysis of complementation fragments co-transformed into 
mutant strain 201.2.B3 with pCB1635, which provided the selectable marker for 
bialaphos resistance.  
 
A. Transformant DNAs of strains generated with TFIIA subunit γ complementation 
fragment were digested with EcoRV, The filter was hybridized with the TFIIA subunit γ 
fragment amplified with oligonucleotides OAM1107 and OAM1108. All strains should 
contain a 5,575 bp band due to hybridization to the genomic fragment containing the T-
DNA insert in strain 201.2.B3. An additional band larger than 1,449 bp would indicate a 
single copy of the complementing fragment. Lane 1, mutant strain 201.2.B3; 2, strain 193 
(one copy of complementation insert); 3, strain TF 183 (one copy of complementation 
insert); 4, strain TF 135 (multiple copies of complementation insert); 5, strain TF 125 
(multiple copies of complementation insert); 6, TF 118 (multiple copies of 
complementation insert); 7, strain TF 108 (multiple copies of complementation insert); 8, 
strain TF 79 (multiple copies of complementation insert); 9, strain TF 58 (multiple copies 
of complementation insert); 10, strain TF 41 (multiple copies of complementation insert). 
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B. Transformant DNAs of strains generated with a fragment containing both V-ATPase 
subunit c`` and TFIIA subunit γ, were digested with PstI. The filter was hybridized with 
the ATPase subunit c`` complementation fragment amplified with oligonucleotides 
OAM1105 and OAM1106. All strains should contain a 5,323 bp band due to 
hybridization to the genomic fragment containing the T-DNA insert in strain 201.2.B3. 
Two additional bands one of 1,823 bp and another one larger than 806 bp indicated each 
insertion of the complementation fragment. 1, strain B 1 (lacking complementation 
fragment); 2, strain B 2 (lacking complementation fragment); 3, strain B 3 (one copy of 
complementation insert); 4, strain B 4 (lacking complementation fragment); 5,  strain B 5 
(lacking complementation fragment);  6, strain B 6 (lacking complementation fragment); 
7, strain B 7 (one copy of complementation fragment); 8,  strain B 8 (lacking 
complementation fragment); 9, strain B 9 (lacking complementation fragment); 10, strain 
B 10 (multiple copies of complementation insert); 11, strain 11 (lacking complementation 
fragment); 12,  strain B 12 (one copy of complementation insert). 
 
 
C. Transformant DNAs of strains generated with the V-ATPase subunit c`` 
complementing fragment were digested with EcoRV. The filter was hybridized with the 
V-ATPase subunit c`` fragment amplified with oligonucleotides OAM1105 and 
OAM1106. All strains should contain bands of 5,575 bp and 4,559 bp due to 
hybridization to the two fragments generated by insertion of the T-DNA between the two 
divergently transcribed genes. Two additional bands larger than 1,359 bp and 659 bp 
would be present if one copy of the complementation fragment had been introduced into 
strain 201.2.B3. 1, mutant strain 201.2.B3; 2, VA 17 (lacking the complementation 
fragment); 3, strain VA 49 (multiple copies of complementation insert); 4, strain VA 51 
(multiple copies of complementation insert); 5, strain VA 61 (one copy of 
complementation insert); 6, strain VA 23 (multiple copies of complementation insert); 7, 
strain VA 12 (one copy of complementation insert); 8, strain VA 11 (multiple copies of 
complementation insert).  
 
 
D. Transformant DNAs of strains generated with the V-ATPase subunit c`` 
complementing fragment were digested with SacI. The filter was hybridized with the V-
ATPase subunit c`` fragment amplified with oligonucleotides OAM1105 and OAM1106. 
All strains should contain a 5,695 bp band due to hybridization to the fragment 
containing the T-DNA insert in strain 201.2.B3. An additional band larger than 2,016 bp 
identifies the co-transformed fragment. The number of these bands would indicate the 
number of copies of the complementation fragment. 1, strain VA 23 (multiple copies of 
complementation insert); 2, strain VA 22 (multiple copies of complementation insert); 3, 
strain VA 21 (lacking complementation fragment); 4, strain VA 18 (lacking 
complementation fragment); 5, strain VA 17 (lacking complementation fragment); 6, 
strain VA 13 (lacking complementation fragment); 7, strain VA 12 (one copy of 
complementation insert); 8, strain VA 11 (multiple copies of complementation insert).  
cultivar (Table 4.2, Figure 4.11 and 4.12).  
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On cultivar M-202 the infection assay results had more variability. Except for TF 

58 and TF 135, all the strains containing the complementing TFIIA subunit γ gene 

produced infection levels comparable to strain 70-15. For strains TF 58 and TF 135, the 

number of lesions generated was significantly greater than the mutant but less than the 

wild-type. Only co- transformant strains TF 7 and TF 41 did not show rescue of wild-type 

pathogenicity; they produced disease similar to that caused by the mutant strain 201.2.B3 

(data not shown). These two strains have the highest number of copies of the 

complementing fragment by Southern analysis. Possibly these multiple copies may have 

a detrimental effect on the strain. Multiple copies increase the likelihood of affecting 

other important genes or could lead to gene silencing. To determine whether the wild 

type morphology of the appressorium was restored in the transformants harboring a copy 

of the TFIIAγ the number of misshapen appressoria was recorded in strains TF 183, TF 

193 and wild-type 70-15. The number of misshapen appressoria for TF 183 and TF 193 

was 22.7 ± 5.5% and 24.3 ± 4.0% compared to 21.7 ± 6.6% for the wild-type strain. In 

contrast, the number for 201.2.B3 was 72.7 ± 3.5%. Our statistical analysis determined 

that the difference between the 70-15 and complemented strain 201.2.B3 values was not 

statistically significant, indicating that the wild-type morphology of the appressoria was 

rescued in strains TF 183 and TF 193. In general, we observed that the wild-type 

mycelial pigmentation, morphological defects in conidia and appressoria and sporulation  

were restored by addition of the TFIIAγ complementing fragment (Table 4.2. Figure 4.13 

and 4.14). 
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Figure 4.11.  Genetic complementation of the pathogenicity defect in M. oryzae mutant 
201.2.B3. Rice plants (Cultivar Maratelli in the left side of the pot and cultivar M-202 in 
the right side were challenged with strains of 201.2.B3 into which potential 
complementing fragments were introduced to test whether wild type pathogenicity was 
restored.  
 
 
For panels A, B and C, pot 1: mock inoculation, pot 2: inoculation with wild-type strain 
70-15, pot 3 was inoculated with strain 201.2.B3.  
 
A. Pot 4 was inoculated with a 201.2.B3 strain transformed with the V-ATPase subunit 
c`` gene fragment (strain VA 23). 
 
B. Pot 4 was inoculated with a 201.2.B3 strain transformed with the transcription factor 
TFIIA subunit γ gene fragment (strain TF 125).  
 
C. Pot 4 was inoculated with a 201.2.B3 strain transformed with a fragment containing 
both the gene encoding V-ATPase subunit c`` and the transcription factor TFIIA subunit 
γ gene (strain B 10).  
 
D. Lesion types on M-202 leaves; 1: Infection with strain 70-15, 2: Infection with strain 
201.2.B3, 3: Infection with strain TF125, containing the transcription factor TFIIA 
subunit γ complementing fragment, 4: Infection with strain VA23, containing the V-
ATPase subunit c`` complementing fragment, 5: mock inoculation. Pictures were taken 7 
days after inoculation of the plants.  
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Figure 4.12. Genetic complementation of the pathogenicity defect in M. oryzae mutant 
201.2.B3. Pathogenicity of mutant 201.2.B3 is not complemented by the gene encoding 
the V-ATPase subunit c`` but is restored by introducing a copy of the general 
transcription factor TFIIA subunit γ gene.  
 
Panels A and B, Rice plants (Cultivar Maratelli in the left side of the pots and M-202 on 
the right side were challenged with strains of 201.2.B3 transformed with  different 
potential complementing genes to test whether pathogenicity was restored to wild type 
levels. Pot 1 represents mock inoculation, pot 2 represents inoculation with mutant strain 
201.2.B3, pot 3 was inoculated with strain 70-15. Pictures were taken seven days after 
infection. Notice difference in plant height. 
 
A. Pot 4 was inoculated with a 201.2.B3 strain transformed with the TFIIA subunit γ 
gene (strain TF 183).  
 
B. Pot 4 was inoculated with a 201.2.B3 strain transformed with the V-ATPase subunit 
c`` gene (strain VA 12).  
 
C. Rice cultivar M-202 leaves collected 7 days after infection. 1, mock inoculation; 2 and 
3, strain VA 12; 4 and 5, strain TF 183; 6 and 7, mutant strain 201.2.B3; 8 and 9, wild-
type strain 70-15. Pictures were taken seven days after infection. 
 
D. Results of infection assay on rice cultivar Saraceltik. Notice difference in height of the 
rice plants. 1, mock inoculation; 2, wild-type strain 70-15; 3, mutant strain 201.2.B3; 4, 
strain TF 108; 5, strain TF 79; 6, strain TF 125; 7, strain TF 193; 8, strain B 10; 9, strain 
VA 23; 10, strain VA 61; 11, strain VA12. Pictures were taken six days after infection.  
 
E. Rice cultivar Saraceltik infected leaves collected 6 days after infection. 1, mock 
inoculation; 2, wild-type strain 70-15; 3, mutant strain 201.2.B3; 4, strain VA 12; 5, 
strain VA 61; 6, strain TF 125; 7, strain TF 108; 8, strain TF 79; 9, strain TF 118; 10, 
strain TF 193. Pictures were taken six days after infection. 
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Table 4.2. Summary of phenotypes of M. oryzae wild-type strain 70-15, mutant strain 
201.2.B3 and complementation transformants. Strain names that start with TF refer to 
transformants harboring TFIIAγ plus a 364 bp- promoter region. Strains whose name 
starts with VA refers to transformant that contain the V-ATPase c`` gene with a 392 bp 
promoter region. Strains whose name starts with B are those that contain a 
complementing fragment with both the V-ATPase subunit c`` gene and TFIIA subunit γ 
gene. N/A means does not apply. WT means wild-type phenotype. 
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Genetic complementation of strain 201.2.B3 was attempted using a 

complementation fragment that contained both gene MGG_06108.5 and gene 

MGG_06107.5. Co-transformation was carried out using linearized pCB1635 as 

described above and screened for the presence of the complementing fragment by PCR, 

using oligonucleotides OAM1107 and OAM1106 (Figure 4.9) also as described above. 

Southern blot analysis was carried out by digesting transformant DNAs with PstI, which 

cuts three times within the complementation fragment, one time within the V-ATPase c`` 

gene and two more times downstream of the TFIIAγ; thus producing  fragments of 806 

bp, 1823 bp, 166 bp and 255 bp (Figure 4.9). The hybridization probe used for this 

analysis was the V-ATPase c`` gene, amplified with oligonucleotides OAM1105 and 

OAM1106. All transformants were predicted to display a 5,323 bp band that would 

contain the T-DNA insertion. They would also contain a band of 5,254 bp which 

represents the wild-type V-ATPase gene, MGG_06108.5 and its downstream region 

(Figure 4.9).  Because PstI divides the V-ATPase c`` gene complementing fragment into 

two bands of 806 bp and 1,823 bp, incorporation of one copy of the complementation 

fragment is predicted to generate a 1,823 bp hybridization band and a band larger than 

806 bp. The other fragments of 166 bp and 255 bp were not detectable with this 

hybridization probe. Four transformants that had this banding pattern (B 0, B 7, B 3, B 

12) (Figure 4.10 B, lanes 3, 7, 12 and data not shown) were tested in pathogenicity assays 

along with one transformant that had two copies of the complementation fragment (B 10) 

(Figure 4.10 B, lane 10). Statistical analysis of the number of lesions produced by B 0 
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Figure 4.13. Genetic complementation of the pigmentation defect of mutant 201.2.B3. 
Cultures were 7 days old when they were photographed.  
 
 
A.    Mycelial culture of M. oryzae wild-type strain 70-15.  
 
B.    Mycelial culture of mutant 201.2.B3.  
 
C. Mycelial culture of transformant strain (TF 183) containing the general transcription 
factor TFIIA subunit γ gene complementation fragment.  
 
D. Mycelial culture of transformant strain (VA 12) containing the V-ATPase subunit c`` 
gene complementation fragment.  
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Figure 4.14. Genetic complementation of spore and appressorium morphology defects in 
M. oryzae mutant 201.2.B3. Bar = 10µM for all images. 
 
A and B, wild-type strain 70-15.  
 
C, D and E, mutant strain 201.2.B3. Morphologically defective conidia are displayed in 
panels C, D and E. The abnormally shaped appressorium is shown in panel E.  
 
F, G and H, strain TF 183, complemented with a single copy of the TFIIAγ gene has 
restored wild-type morphology in conidia and appressoria.  
 
I and J, strain B 0, complemented with a fragment containing both the TFIIAγ and V-
ATPase c`` genes has restored wild type morphology in conidia and appressoria.  
 
K and L, strain VA 12, complemented with a single copy of the V-ATPase c`` gene. 
Notice the morphological defects in conidia and appressorium are still present in this 
strain. Pictures were taken 24 h after incubation of conidia on glass cover slips.  
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and B 10 on both Maratelli and M-202 indicated that although the strains produced more 

infection than the mutant, however the level of infection did not quite reach that produced 

by strain 70-15. The amount of leaf devastation on cultivar Saraceltik seemed similar to 

that caused by strain 70-15 (Figure 4.12 and data not shown).  In a qualitative manner, 

strains B 0 and B 10 also had an increase in conidiation similar to the level of 70-15, and 

their spore morphology was restored to wild-type, by introduction of the complementing 

fragment containing both MGG_06107.5 and MGG_06108.5 (Figures 4.10, 4.11, 4.12, 

4.13). Although strain B7 was darker than mutant 201.2.B3, the spore morphology and 

pathogenicity defects were not complemented (data not shown).  

We concluded that genetic complementation occurred in strains B 0 and B 10 and 

that it was achieved due to the presence of the TFIIAγ gene, and not by V-ATPase c`` 

gene. This conclusion was supported by the fact that we did not observe greater 

restoration of wild-type disease in plants challenged with 201.2.B3 harboring both genes 

versus the plants challenged with 201.2.B3 harboring only a copy of TFIIAγ gene. 

 

V-ATPase subunit c`` is not responsible for the mutant phenotypes of 201.2.B3. 

MGG_06108.5 is predicted to encode the subunit c`` for the V-ATPase. Because 

the T-DNA insertion in mutant 201.2.B3 was integrated only 263 bp upstream of the start 

codon of MGG_06108.5, and might affect its promoter and thus its level of expression, 

we investigated whether 201.2.B3 shared any of the characteristic phenotypes of V-

ATPase subunits (vma) mutants. In yeast, vma mutants show defects in sporulation and 

germination (Enyenihi and Saunders, 2003), which are some of the phenotypes observed 
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for 201.2.B3.  Null mutations of the V-ATPase in higher eukaryotes like mice and 

Drosophila are lethal (Davies et al., 1996; Inoue et al., 1999); however in S. cerevisae, S. 

pombe, N. crassa, and C. albicans such gene disruptions have led to conditional lethal 

phenotypes (Nelson et al., 1990; Ohya et al., 1991). In N. crassa strains, with deletions of 

genes encoding V-ATPase subunits are viable, but have obvious morphological defects in 

their hyphae, developmental problems and loss of vacuolar function (Chavez et al., 

2006). In vma mutants strains are unable to grow on media with a pH of 7.0 or higher but 

lethality is suppressed when grown on media at pH 5.0-5.5 (Nelson et al., 1990; Ohya et 

al., 1991). Vma mutants also typically cannot grow in the presence of high extracellular 

calcium concentrations or with non-fermentable carbon sources (Ohya et al., 1991). To 

test whether mutant 201.2.B3 shared these conditional lethal phenotypes, its growth rate 

was compared to that of strain 70-15 on complete media and minimal media at pH 7.0 

and pH 7.5. We also measured the growth rate of both strains on supplemented complete 

media at pH 4.5, 6.5, 7.0 and 7.5 using two different buffers, citrate-phosphate buffer and 

phosphate buffer. Growth rates were also compared on minimal media supplemented 

with 20 mM CaCl2 at pH 7.0 and pH 7.5 or minimal media supplemented with 100 mM 

and 200 mM CaCl2 at pH 6.5. Strain 201.2.B3 grew similarly to strain 70-15 under all of 

these experimental conditions (data not shown). Thus, we concluded that if strain 

201.2.B3 was impaired in the function of the V-ATPase, or that the defect created by the 

T-DNA insertion in the promoter of the V-ATPase c`` gene must be subtle, and does not 

behave like a null mutant. 
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When genetic complementation of strain 201.2.B3 was attempted using only the 

V-ATPase subunit c`` gene (Figure 4.9), none of the phenotypes of the mutant were 

restored to that of 70-15. Several transformants that had integrated the V-ATPase subunit 

c`` gene were obtained and analyzed. These were identified by PCR using 

oligonucleotides OAM1107 and OAM1106 (Figure 4.9) which amplifies the 340 bp 

region between MGG_06107.5 and MGG_06108.5 that was present in the 

complementation fragment. Amplification of the genomic region in 201.2.B3 is not 

expected because with the ~ 3.5 kb T-DNA insert, the fragment is too large to be 

amplified by the PCR conditions used. The number of complementation fragment copies 

present in these transformants was determined by Southern blot analysis. Genomic DNA 

from each transformant was digested with EcoRV and SacI (Figure 4.10).  EcoRV cuts 

within the ORF generating two fragments of 719 bp and 269 bp.  SacI does not cut within 

the ORF (Figure 4.9). Thus, after hybridization with the complementation fragment as a 

probe in the SacI DNA blot, bands were expected to be larger than 2,016 bp and each 

hybridization band would indicate the number of copies of the complementation fragment 

(Figure 4.9 and 4.10). A band of 5,695 bp should be present in all of these transformants 

due to hybridization to the fragment containing the T-DNA insert (Figure 4.9 and 4.10). 

Using the same hybridization probe in the EcoRV DNA blot, bands of 5,575 bp and 

4,559 bp were predicted to result after hybridization with the complementation fragment 

containing MGG_06108.5; the 4,559 bp band is a wild-type fragment and the 5,575 bp 

band represents the 2,075 wild-type fragment with the T-DNA in it (Figure 4.9 and 4.10). 

Additionally two bands larger than 1,359 bp and 659 bp would be generated by the 
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integration of one copy of the complementation fragment (Figure 4.9 and 4.10). Two 

strains containing one copy of the complementation fragment (strains VA 12 and VA 61) 

(Figure 4.10 C lane 5 and 7, Figure 4.10 D, lane 7 and data not shown), two strains with 

two copies of the fragment (strains VA 11 and VA 23) (Figure 4.10 C, lane 8, Figure 4.10 

D, lanes 1 and 10, and data not shown) and four strains with more than 2 copies (strains 

VA 41, VA 49, VA 51 and VA 59) (Figure 4.10 C, lane 3 and data not shown) were 

tested in infection assays (Figure 4.11 and 4.12). Results indicated that none of these 

strains had restored pathogenicity (Table 4.2, Figure 4.11 and 4.12) on any of the three 

rice cultivars tested (M-202, Maratelli and Saraceltik). On M-202, and Maratelli, the VA 

transformant strains produced lesions type 1 and 2. Statistical analysis indicated that in 

general for both rice cultivars, the VA transformants produced fewer lesions than strain 

70-15 and their level of infection was comparable to that of 201.2.B3 (Table 4.2, Figure 

4.10). In Saraceltik the density of lesions and their type (mainly 2 and 3) were similar to 

those produced by 201.2.B3 and no devastation of the leaves that is characteristic of 

infection by strain 70-15 occurred.  In addition, spore morphology and the pigmentation 

of the mycelial cultures for all of these transformed strains were like that of strain 

201.2.B3 (Table 4.2, Figure 4.12, 4.13, 4.14 and data not shown). Additionally, the 

reduced sporulation of 201.2.B3 was not complemented. For strain VA 12 the percentage 

of conidia containing misshapen appressoria was 65 ± 7% compared to 21.7 ± 6.6% for 

strain 70-15. Statistical analysis indicated that the number of misshapen appressoria in 

the mutant strain 201.2.B3 does not differ from that of VA 12. Based on these data we 
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conclude that the characterized phenotypes of 201.2.B3 are not linked to a defect in the 

expression of the V-ATPase subunit c`` gene (data not shown). 

 

TFIIAγ and V-ATPase subunit c`` gene expression analysis  

To determine whether the insertion between genes MGG_06107.5 and 

MGG_06108.5 in mutant 201.2.B3 affected the expression of either the TFIIAγ gene or 

the V-ATPase c`` gene we performed Quantitative Real Time PCR (RT-PCR). 

Expression of TFIIAγ (MGG_06107.5) and the V-ATPase c`` gene (MGG_06108.5) 

were compared between the mutant and strain 70-15, using three reference genes 

(elongation factor-1-α, the ketol-acid reductoisomerase and γ-actin). Results indicated 

that transcription levels of TFIIAγ in 201.2.B3 were not different than those of strain 70-

15 when grown in liquid SCM medium and SCM minus nitrogen. The data indicated that 

the amount of expression as within a fold of gene expression. Similar results were 

obtained when analyzing expression of the V-ATPase subunit c`` gene.  

 

Gene replacement of several V-ATPase subunits  

Early in the analysis of mutant 201.2.B3, it appeared the nearest gene to the 

insertion was MGG_06108.5, the V-ATPase subunit c`` gene. This led us to attempt to 

determine the phenotype of null mutations in the M. oryzae V-ATPase by creation of 

gene knockout mutants. To determine the phenotype of null mutations in the V-ATPase 

subunit c`` gene in M. oryzae, we attempted to replace the gene MGG_06108.5 with the 

hph selectable marker (Figure 4.1). Additionally we chose to attempt make gene 
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replacement mutants of the genes encoding the V-ATPase subunits g, c and a encoded by 

MGG_04716.5, MGG_06349.5, MGG_03947.5, respectively (Figure 4.1). The goal was 

to compare the phenotypes of these mutants with that of the T-DNA insertion mutant 

201.2.B3 to determine whether the V-ATPase played a role in pathogenicity in M. 

oryzae.   

All transformants were screened for the presence of the hph marker gene, by 

Southern blot using a probe amplified from plasmid pCB1004 with oligonucleotides 

OAM414 and OAM415. Gene replacement candidates for the V-ATPase subunit c`` were 

screened by Southern blot using as a hybridization probe, an 822 bp-internal region of 

MGG_06108.5 (Figure 4.1). Southern analysis was carried out by digesting transformant 

DNA with EcoRV, PstI and BglII which do not cut within the gene replacement vector or 

MGG_06108.5. In the case of ectopic integration, a transformant DNA probed with the 

internal region of the gene that should be absent in a gene replacement strain, would be 

predicted to contain bands of the wild type locus: ~ 12 kb, ~ 1.8 kb and ~ 9 kb for the 

EcoRV, PstI and BglII blots respectively. DNA blots were also hybridized with the hph 

gene to determine the number of copies of the selectable marker. Gene replacement was 

predicted to produce a hybridization band of ~ 9.5 kb when the hph gene is used as a 

probe in the BglII DNA blot. 

Transformant candidates for replacement of the V-ATPase subunit g gene were 

screened by Southern hybridization using a 735 bp-internal region of the MGG_04716.5 

gene (Figure 4.1). For this analysis DNA from transformants was digested with EcoRV, 

which does not cut within the gene replacement vector or the target gene. The wild-type 
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locus contains a ~ 6 kb EcoRV band that would hybridize to an internal gene 

MGG_04716.5 probe. Presence of this band indicates a failure of gene replacement. The 

hph probe was used to determine the number of insert copies. If gene replacement 

occurred, a hybridization band of ~ 6.7 kb would be present using the hph gene as a 

probe. 

Transformant candidates for replacement of the V-ATPase subunit c gene were 

screened by Southern blot using a 1.1 kb internal region of the MGG_06349.5 gene as a 

probe (Figure 4.1). Southern blot analysis was carried out by digesting DNA from 

transformants with PstI which does not cut within MGG_06349.5 or the gene 

replacement vector.  The wild-type locus contains a ~ 1.8 kb PstI fragment that would 

hybridize to the internal gene probe. The presence of this band would indicate a failure of 

gene replacement. Hybridization using the hph gene as a probe was used to determine the 

number of insert copies. If a gene replacement of the V-ATPase subunit c occurred, a 

hybridization band of ~ 1.6 kb would be present when using the hph gene as a probe. 

Transformant candidates for replacement of the V-ATPase subunit a gene were 

screened by Southern hybridization using a 1.5 kb probe representing an internal region 

of MGG_03947.5 (Figure 4.1). Genomic DNA of these transformants was digested with 

HpaI, which does not cut within the ORF or the replacement vector.  The wild-type locus 

contains a HpaI gene fragment of ~ 1.8 kb that would hybridize to the internal probe. 

Presence of this band would indicate a failure of gene replacement. DNA blots were 

hybridized with the hph gene to determine the number of inserts. If a gene replacement of 
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V-ATPase subunit c had occurred, a hybridization band of ~ 1.6 kb would be present 

when using the hph gene as a probe. 

We screened 98 transformants for replacement of the subunit c`` gene, 121 

transformants for replacement of the subunit a gene, 116 transformants for replacement 

of the subunit c gene and 196 transformants for replacement of the subunit g gene. In all 

transformants we detected hybridization with the internal gene probe, thus gene 

replacement for the four V-ATPase subunit genes was unsuccessful. Perhaps this 

indicates that such null mutations in the V-ATPase subunits in M. oryzae are lethal or 

may require different media for their survival. 

 

4.5 Discussion 

 Successful plant infection by M. oryzae involves a number of developmental steps 

that occur in a very precise manner (Talbot, 1995; Dean, 1997).  The first developmental 

step that takes place is conidial germination, followed by surface recognition which is 

essential to induce appressorium morphogenesis (Bourett and Howard, 1990).  The 

second developmental process is the formation and maturation of the appressorium (Choi 

and Dean, 1997; Liu and Dean, 1997). Previously, in a large scale mutagenesis (Betts et 

al., 2007, see Appendix A), we identified a set of pathogenicity mutants that displayed 

various morphological defects during conidium germination and appressorium 

development. The goal of this study was to fully characterize one of these mutants, M. 

oryzae pathogenicity mutant 201.2.B3 by analyzing all of its phenotypic defects, and by 

defining the gene responsible for the virulence defect.  We mapped the T-DNA insertion 



 
 

316

in 201.1.B3 to a site between two divergently transcribed genes; 263 bp upstream of the 

start codon of MGG_06108.5, a hypothetical gene predicted to encode the V-ATPase 

subunit c`` and 61 bp upstream of MGG_06107.5, another hypothetical gene predicted to 

encode the general transcription factor TFIIA subunit γ. Thus, the insertion does not 

affect the structure of either gene, but has the potential to affect the expression levels of 

one or both genes. The mutant 201.2.B3 exhibited misshapen appressoria and conidia, 

and appressorial function was impaired. Although, the Magnaporthe research community 

has accumulated a lot of information regarding the genetics and molecular events that 

take place during appressorium formation (Tucker and Talbot, 2001; Talbot, 2003), 

mutant 201.2.B3 was interesting because it also displayed alterations in lipid body 

mobilization, mycelial culture pigmentation, and morphological defects that extended to 

the conidium.  Comparisons between conidiogenesis and appressorium morphogenesis 

have shown a number of similarities between the processes (Talbot, 2003). Because strain 

201.2.B3 exhibits defects in both events, it is an ideal candidate to study these 

developmental processes.  Also, the location of the insertion of the T-DNA in strain 

201.2.B3 was intriguing, because it integrated within a 340 bp region between two 

divergently transcribed genes, TFIIAγ (MGG_06107.5) and the V-ATPase subunit c`` 

gene (MGG_ 06108.5, potentially affecting the promoters of both genes. Information 

about the size and structure of promoter regions in fungi is limited; consequently this 

study could make a contribution to this topic. 

 

 



 
 

317

The general transcription factor TFIIA is important for pathogenicity 

Genetic complementation in mutant 201.2.B3 indicated that the TFIIAγ gene and 

a region of 364 bp upstream of the ORF were sufficient to restore wild-type 

pathogenicity. This suggests that the full promoter was in the 364 bp region.  The results 

of complementation using a fragment harboring both the TFIIAγ and V-ATPase c`` genes 

were not different than the results with the TFIIAγ gene alone. Attempts to complement 

mutant 201.2.B3 using the V-ATPase subunit c`` gene with 392 bp upstream of the gene 

did not restore wild-type levels of function for any of the known phenotypes of the 

mutant. Thus, it is clear that the pathogenicity defect in strain 201.2.B3 was caused by the 

insertion of the T-DNA in the promoter region of the TFIIAγ gene. TFIIA is a regulatory 

element of the Pre-initiation complex (PIC) assembly. A distinctive characteristic of 

TFIIA is that it does not seem to be required for all the genes expressed by RNA 

polymerase II (Hampsey, 1998). In vivo, TFIIA seems to be only required for a subset of 

genes (Hampsey, 1998) many of which undergo transcriptional activation.  The genes are 

controlled by TFIIA is an unsettled issue.  The exact mechanism by which TFIIA plays a 

role in M. oryzae pathogenicity is not clear; however this mutant offers the opportunity to 

explore the role of TFIIA in a detailed manner as will be discussed below. 

In S. cerevisae, TFIIA is formed by two subunits encoded by Toa1 and Toa2. The 

Toa1 subunit interacts with the DNA sequence in the region upstream of the TATA 

element (Ranish et al., 1992; Chou et al., 1999). In contrast, the Toa2 subunit interacts 

with the amino-terminal region of the TATA-binding protein (TBP) (Ranish et al., 1992; 
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Chou et al., 1999). The gene MGG_06107.5 in M. oryzae is predicted to encode the 

homologue of the yeast TFIIA small subunit Toa2.  

In S. cerevisiae, in vivo depletion of Toa2 generated a 4, 3, and 3.5-fold decrease 

in the transcription levels of ACT1, HIS4 and HIS3, respectively (Kang et al., 1995a). 

During yeast in vitro transcription (involving Toa1 and Toa2 purification and linearized 

DNA templates of ACT1, HIS4 and HIS3 containing TATA box and RNA binding sites), 

depletion of Toa2 increased the transcription defect up to a 10-fold reduction in the 

previously mentioned genes (Kang et al., 1995a). S. cerevisiae toa2 mutants that have 

decreased interaction with TBP, are still able to survive; however they have some specific 

transcriptional defects, and they partially inhibit cell cycle progression at cytokinesis 

(Ozer et al., 1998). In these toa2 mutants, analysis of specific gene sets indicated that 

there was a significant reduction of the transcription of the following genes 1) CLB1 and 

CLB2, which encode B-type cyclins that promote the transition from G2 phase to M, 2) 

the G1 cyclin CLN1, 3) the endochitinase CTS1, which is required for cell separation 

after mitosis, and 4) the constitutively expressed DED1, an ATP-dependent Asp-Glu-Ala-

Asp- box RNA helicase that is required for translation initiation of all yeast mRNAs 

(Ozer et al., 1998). In the toa2 mutants the activator-induced start site expression of 

HIS3, a histidine biosynthetic gene, is affected as well. Additionally, GAL80, a 

transcription regulator involved in the repression of GAL genes; and the genes URA1 and 

URA3 involved in biosynthesis of pyrimidines were also affected (Ozer et al., 1998). In a 

different report, depletion of Toa1 to less than 1% showed that transcription from most 

yeast promoters had a decrease of 2 to 3 fold and the cell cycle was arrested at the switch 
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from G2 to M phase (Chou et al., 1999). Thus, it seems that a typical phenotype in TFIIA 

mutants is a defective cell cycle. We did not examine the transcription levels of B-type 

cyclins, G1 cyclin, endochitinase or the M. oryzae homologous of the S. cerevisae HIS3, 

HIS4, GAL80, URA1 and URA3 genes. It would be interesting to determine whether the 

transcription level of those genes is decreased in mutant 201.2.B3. This could be done by 

performing Real Time RT-PCR using the cDNA that was generated to perform the Real 

time RT-PCR experiments described in this chapter. 

We speculate that because TFIIA is an important component of the transcription 

pre-initiation complex (Chi et al., 1995; Chi and Carey, 1996; Roeder, 1996; Gaston and 

Jayaraman, 2003) and depletion of Toa2 decreases transcription mediated by RNA 

polymerase II (Kang et al., 1995a), it is very likely that the expression of many genes 

would be down-regulated in the mutant 201.2.B3. Some of these genes might be 

important for pathogenicity. It is quite possible that the strain 201.2.B3 has defects in 

basic metabolism and not surprisingly this would have limited its pathogenic capabilities. 

Alternatively, 201.2.B3 may have defects that are most dramatically seen in expression of 

a limited set of genes, some of which are critical for the early stages of infection. Because 

TFIIA interacts with other general transcription factors (Langelier et al., 2001), a 

malfunctioning in TFIIA would probably decrease the stability of the PIC, or decrease the 

efficiency of its formation, making the complex less efficient when initiating 

transcription.  

Moreover, TFIIA functions as an anti-repressor; it displaces transcriptional 

repressors in the TFIID complex like Dr1-DRAP1/NC2, PC3/Dr2 (Topoisomerase I), 



 
 

320

HMG1, and Mot1/ADI (Roeder, 1996; Hampsey, 1998).  Mot1/ADI disrupts the TFIID-

TATA box complex thus inhibiting the transcription (Auble and Steggerda, 1999).  Dr1-

DRAP1/NC2 and HMG1 inhibit transcription pre-initiation complex assembly (Inostroza 

et al., 1992; Ge and Roeder, 1994). It has also been demonstrated that TFIIA participates 

in activated-transcription (Stargell and Struhl, 1995; Ozer et al., 1996; Ozer et al., 1998). 

Site-directed mutagenesis of the Homo sapiens and S. cerevisae Toa2 demonstrated that 

TBP-TFIIA interaction is essential for activation of specific genes (Ozer et al., 1996; 

Ozer et al., 1998). We hypothesize that a deficient function or decreased level of TFIIAγ 

in M. oryzae may behave as a TBP mutant that cannot efficiently interact with TFIIA. In 

vitro analysis of a yeast TBP mutant that fails to interact with TFIIA revealed that the 

cells had a slower growth rate and the transcription of a set of acidic activator-dependent 

promoters was defective (Stargell and Struhl, 1995). Deficiency in the transcription of 

activator dependent promoters might be critical during the induction of appressorium 

development in M. oryzae. We did not find a difference in colonial growth between the 

M. oryzae wild-type strain 70-15 and mutant strain 201.2.B3, although it could be that the 

level of the expression defect in TFIIAγ in strain 201.2.B3 does not create as great a 

defect as if TFIIA was completely unable to bind TBP. The yeast toa2 mutants fail to 

grow on alternative carbon sources (different than glucose), which supports the 

hypothesis that expression of genes essential for galactose and glycerol utilization is 

impaired in the toa2 mutants (Ozer et al., 1998). It remains to be determined whether 

strain 201.2.B3 has growth defects on alternative carbon sources. We did not examine the 

transcription of a set of acidic activator-dependent promoters. However, based on the data 
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discussed above, we predict that anti-repressor and activator functions are likely impaired 

in strain 201.2.B3. We did not attempt a gene knockout of MGG_06107.5 because null 

mutations in any of the subunits of TFIIA are known to be lethal in S. cerevisiae (Kang et 

al., 1995a).  

It is possible that the TFIIA in mutant 201.2.B3 does not stabilize the TBP-DNA 

in an adequate manner because it is impaired in its interaction with TBP due to reduced 

amount of available protein. Site-directed mutagenesis of TFIIAγ in M. oryzae to affect 

its interaction with TBP and stabilization of the DNA-TBP complex would allow us to 

investigate whether by decreasing the affinity of TFIIAγ and TBP we can reproduce the 

same phenotypes seen in 201.2.B3 where the level of protein is likely affected. An 

approach to examine the stability of the TFIIA-TBP-DNA complex in the mutant and 

compare it to wild-type strain would be to carry-out DNA binding reactions for 

electrophoretic mobility shift assays (EMSA) (Solow et al., 1999). The approach would 

require immunoaffinity purification of the wild-type TFIIA and mutant TFIIA and test 

the ability of each of them to stimulate binding of isolated TBP to a TATA box-

containing probe. The formation of the complex will be analyzed by the presence and 

abundance of the complex in a non-denaturing TBE polyacrylamide gel (Solow et al., 

1999). 

In S. cerevisiae, TFIIA plays a role in the response to oxidative stress by 

interacting with Yap1, a basic leucine zipper transcription factor that is an essential 

regulator of the oxidative stress response (Kraemer et al., 2006). Interaction between 

TFIIA and Yap1 was determined via in vivo yeast two-hybrid analyses and in vitro pull-
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down assays (Kraemer et al., 2006). Using DNA microarrays in three yeast toa2 strains it 

was found that approximately 11 to 27% of the expressed genes had abnormal expression 

levels (Kraemer et al., 2006). The list of genes that were found to be down-regulated in 

TFIIA mutants and up-regulated by over-expression of Yap1 include genes involved in 

processes such as C-compound and carbohydrate metabolism, stress response, 

detoxification (drug transporters), organization of the plasma membrane, lipid, fatty acid 

and isoprenoid metabolism, organization of the cytoplasm, and the glyoxylate cycle 

(Kraemer et al., 2006). Considering this, it is possible that the reduction in pathogenicity 

observed in mutant 201.2.B3 is related to a poor response to oxidative stress during the 

entry in the host plant, when activated oxygen radicals trigger the hydroperoxidation of 

membrane phospholipids that are toxic to the pathogen and might be involved in host 

defense reactions that include oxidation of phenolic compounds (Agrios, 1997). 

However, it is important to consider that the fitness of mutant 201.2.B3 might be 

generally affected because reactive oxygen species are also generated during normal 

metabolic processes including beta-oxidation of fatty acids, and respiration. Failure to 

cope with these reactive oxygen species would be harmful to DNA, lipids and proteins 

(Kraemer et al., 2006). 

 

TFIIA plays a role in appressorium morphogenesis and function 

 In this study we found that M. oryzae mutant strain 201.2.B3 is severely affected 

in the morphology of the appressoria, so we examined the appressorium morphogenesis 

process in this mutant. We determined that appressorium development in 201.2.B3 was 
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delayed approximately 4 hours compared to the wild-type strain 70-15. Additionally, the 

percentage of 201.2.B3 conidia that produce appressoria is reduced compared to 70-15. 

How TFIIA affects appressorium morphogenesis has not yet been determined. It would 

be interesting to investigate which genes involved in appressorium morphogenesis and 

function are controlled by TFIIA. It is possible that the role of TFIIA is to recruit 

activators to genes induced during appressorium development.  If that is the case it would 

be of great interest to identify which transcription activators participate in appressorium 

development of M. oryzae. Some of transcription factors playing a role in the 

pathogenicity of M. oryzae are known, i.e. MST12 (Park et al., 2002), CON7 (Odenbach 

et al., 2007), and PIG (Tsuji et al., 2000). An ideal experiment would be to perform a 

microarray experiment in which we could compare which genes are down or up-regulated 

in the mutant strain 201.2.B3 versus the wild-type strain. Such genes would be candidates 

to be involved in the appressorium development and the processes that we found affected 

in this mutant.  Additionally, we could compare the data to the reports in the microarrays 

performed for the yeast toa2 mutants (Kraemer et al., 2006). If the RNA for the 

experiment is extracted from mycelium grown in liquid cultures, it might not be reflective 

of the biological events that occur during appressorial morphogenesis, however they 

might provide insightful data regarding processes such as C-compound and carbohydrate 

metabolism, organization of the plasma membrane, lipid, fatty acid and isoprenoid 

metabolism, and the glyoxylate cycle. Additionally, RNA could be extracted from cells 

grown under appressorium development conditions, and that would help to determined 

which genes are down or up regulated during those conditions. 
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 Mutant 201.2.B3 had decreased appressorium penetration in onion epidermis 

tissue. Therefore, we set out to investigate whether the appressorial turgor pressure in the 

mutant strain was reduced compared to that of the wild-type strain 70-15. We showed 

that strain 201.2.B3 had lower appressorium turgor pressure, a condition that explains the 

observed reduction in appressorium penetration in onion tissue and the reduction in the 

number of lesions in infected rice leaves. According to our leaf cuticle abrasion 

experiments the pathogenicity defect in strain 201.2.B3 is limited to the appressorium 

penetration stage, excluding the level of conidium production. We found that leaf 

wounding allowed the development of wild-type blast infection. This suggests that TFIIA 

specifically affects expression of genes important during the pre-penetration stages. 

We did an analysis of the lipid droplet mobilization in our mutant 201.2.B3 

because lipid bodies are transported from the conidium to the appressorium and are 

degraded as the appressorium matures to provide a source of glycerol to build up turgor 

pressure (Weber et al., 2001). We determined that the lipid droplets in mutant 201.2.B3 

were mobilized less efficiently than in strain 70-15. We determined that during the 

appressorium morphogenesis in 201.2.B3, transport of lipids in the conidia and germ 

tubes was delayed relative to strain 70-15. Lipid body mobilization is controlled by the 

cAMP-dependent protein kinase A/ SUM1-encoded regulatory subunit of cAMP-

dependent protein kinase A and regulated by the PMK1 MAP kinase pathway which acts 

downstream of the cAMP signaling necessary for appressorium formation (Lee and Dean, 

1993; Xu and Hamer, 1996; Thines et al., 2000). The PMK1 MAP kinase pathway is also 

necessary for appressorium formation and in-host growth (Xu and Hamer, 1996). Thus, it 
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is believed that the mobilization of lipids and other reserves from the conidium to the 

appressorium is part of the appressorium developmental process (Thines et al., 2000). 

Because both processes, appressorium morphogenesis and lipid mobilization, are 

controlled at least partly by the same pathways, it is not surprising that along with a delay 

in appressorium development in 201.2.B3 we observed a delay in the lipid body 

mobilization. It is possible that TFIIA is a target activated from signaling transmitted via 

the PMK1 MAP kinase. It would be interesting to determine the expression of the Toa1 

and Toa2 M. oryzae homologues in the ∆pmk1 strain.  

Our lipid mobilization assay also suggested there is a delay in the deposition of 

the melanin layer in the immature appressorium of 201.2.B3. Almost ten times more 

appressoria in 201.2.B3 compared to strain 70-15, allowed visualization of lipid droplets 

at 16 hpi.  The delay in appressorial melanin deposition is probably associated to the 

delay in the appressorium morphogenesis. Because the melanin layer acts as a glycerol-

impermeable layer (de Jong et al., 1997), this delay in melanization and the paleness of 

the mycelial culture of strain 201.2.B3 raise the question of whether the reduction of 

appressorium force is related to a leakage of glycerol due to a permeable appressorium 

cell wall.  Alternately, the reduction of turgor pressure could be related to a defect in 

lypolysis and glycogen and trehalose degradation, as both are important sources to 

generate turgor generation in the appressorium (Flores et al., 1992; Wang et al., 2007). In 

this study, these possibilities were not addressed; however it is worthwhile to mention 

that a defect in the lipid metabolism is predicted to cause a drop in the pool of cellular 

ATP that would affect the synthesis of melanin and other metabolic pathways (Wang et 



 
 

326

al., 2003). On the other hand, the paleness of the mycelial culture of 201.2.B3 could be 

explained by a defect in the expression of genes involved in the melanin synthesis.  

The peroxisomal fatty acid β- oxidation plays an essential role during the M. 

oryzae appressorium-mediated plant infection (Wang et al., 2007). In M. oryzae the loss 

of the glyoxylate cycle affects spore germination and the development of the infection-

related structures causing defects in the leaf cuticle penetration (Wang et al., 2003). It is 

interesting that in S. cerevisiae among the genes that were found to be down-regulated in 

toa2 mutants and up-regulated by over expression of Yap1 we find genes involved in 

carbohydrate, lipid, fatty acid and isoprenoid metabolism, and the glyoxylate cycle 

(Kraemer et al., 2006). This suggests that expression of genes involved in these metabolic 

pathways could also be altered in the M. oryzae pathogenicity mutant 201.2.B3 and that 

could explain the observed reduction of appressorium turgor pressure and penetration of 

mutant 201.2.B3. Thus, it would be reasonable to analyze whether the expression of 

genes in the previously mentioned pathways that are known to be important for M. oryzae 

pathogenicity are affected in 201.2.B3. Some of the genes whose expression should be 

examined are the triacylglycerol lipase which is highly induced during appressorium 

maturation (Talbot, 2003), PEX6 which is involved in β-oxidation of fatty acids (Ramos-

Pamplona and Naqvi, 2006), CRAT1, a peroxisome-associated carnitine acetyl-

transferase (Ramos-Pamplona and Naqvi, 2006), and ICL1 involved in the glyoxylate 

cycle (Wang et al., 2003). 

 

Implications of TFIIA in conidial development. 
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Conidia produced by mutant 201.2.B3 occassionally contained more cells than 

normal, however, more often conidia were found to be elongated or containing only one 

or two cells instead of three. This suggested that the spore developmental process was 

affected. Based on the defects described for yeast TFIIA mutations and depletion 

experiments, we consider that perhaps these phenotypes are related to a defect switching 

from the cell cycle step G2 to M, or defects in the mitotic phase of cytokinesis. Yeast 

TBP mutants that fail to interact with TFIIA had a large and elongated cell morphology 

(Stargell and Struhl, 1995), resembling the conidial phenotype in mutant 201.2.B3. 

Although results were not statistically significant perhaps due to the great variation in the 

samples and the small sample size, we observed that strain 201.2.B3 was reduced in 

sporulation compared to strain 70-15. Further analysis of this is required, and increasing 

the number of samples of spore calculation per plate might clarify this phenotype. 

 

No differential TFIIAγ gene expression was found between the M. oryzae wild-type 

strain 70-15 and the mutant 201.2.B3 

In spite of efforts, we were not able to detect differential expression between the 

TFIIAγ gene in 201.2.B3 and 70-15. I used three different reference genes to analyze our 

data instead of only γ-actin because it was possible that γ-actin transcription may have 

been down-regulated in the mutant as actin is important in penetration peg development.  

However, the same results were obtained when we used the elongation factor-1-α gene 

and the ketol-acid reductoisomerase gene to normalize my data.  
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We do not discard the possibility that mutant 201.2.B3 has a very small 

differential gene expression of TFIIAγ that we did not detect by my real time RT-PCR 

assay.  RT-PCR can reliably detect gene expression differences up to 23% between 

samples (Gentle et al., 2001) so this would indicate that the difference in expression 

would have to be very small. During our discussions one question that was raised was 

whether the media used to grow the fungal strains and extract the RNA to perform RT-

PCR was appropriate to observe differential gene expression. The medium SCM was 

thought to be a good choice because the mutant strain 201.2.B3 while growing on solid 

SCM displays mutant phenotypes such as the reduction in pigmentation and abnormal 

conidia morphology.   The medium SCM minus nitrogen is thought to mimic the 

infection environment (Talbot et al., 1997). Nitrogen starvation induces genes that are 

expressed during host colonization, especially during the stages when blast symptoms 

appear (Talbot et al., 1997). Thus, it was a reasonable medium to include in my test. 

Gene expression should be analyzed during appressorium development to determine 

whether there are differences in induction that could not be detected on media. 

Another explanation for the failure to detect differential gene expression of 

TFIIAγ between the mutant and wild-type strain could be that the T-DNA insertion 

introduces transcription initiation sites that result in the production of abnormal TFIIAγ 

transcripts. This idea has been proposed in one Arabidopsis T-DNA mutant, in which 

genetic complementation rescued the wild-type phenotype in two cases when the T-DNA 

insertion was located in the 5’ UTR and 3’ UTR region of an RNA splicing factor (Ramin 

Yadegari, unpublished data, personal communication). This RNA splicing factor is an 
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essential gene, a situation that resembles our case.  From the M. oryzae genome, one EST 

(CK931515 p5rmgc_003609; Supercontig 178: 378179-378520) contains a 5’ end 56 nt 

upstream from the predicted start codon of MGG_06107.5. This indicates that the 5’ end 

of the mRNA is at least this far upstream of the ORF. The T-DNA insertion in 201.2.B3 

is only an additional 7 bp upstream from this EST end. Thus, the T-DNA clearly could 

affect the normal transcription initiation site and may lead to production of an abnormal 

transcript. One way to determine if this is occurring in our mutant would be to use 5’ 

RACE to identify the 5’ end(s) of cDNAs in 201.2.B3 and 70-15 for comparison.  

It is plausible that posttranslational modification occurs in the TFIIAγ. There is 

evidence indicating that Toa1, the larger subunit of TFIIA, is phosphorylated in vivo and 

that these phosphorylation events play a role in stabilization of the TFIIA-TBP-DNA 

complex and during high-level transcription (Solow et al., 1999). The yeast Toa1 is 

phosphorylated on several serine residues in the C-terminal domain (Solow et al., 1999).  

There is no published data indicating phosphorylation of Toa2.  Thus, it may be 

necessary to investigate if phosphorylation occurs in the M. oryzae Toa2 in vivo. An 

approach to test for this would be to fuse the wild-type Toa2 to an HA tag and attempt 

phosphorylation labeling in vivo with [32P] orthophosphate.  Immunoprecipitation of 

Toa2 using an antibody specific for HA epitope tag would be assessed for phosphorylated 

Toa2 using autoradiography of sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis. If phosphorylation of Toa2 is found, it would be worth to investigate 

whether the mutant Toa2 is phosphorylated to a similar level as occurs for the wild-type 
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Toa2. Mobility changes among the wild-type Toa2 and mutant Toa2 in a western blot 

could indicate changes in the phosphorylation level.  

It is possible that the generation of TFIIAγ transcript could be perfectly normal 

but the T-DNA insertion could interfere with the efficiency of the transcription of 

TFIIAγ. This interference could be caused by changes in the chromatin structure, or 

simply changing the DNA conformation making activators and transcription elements 

less accessible. It is possible that during certain developmental processes, like the 

formation of the appressorium, or conidiogenesis, the strain requires larger amounts of 

TFIIAγ to activate expression of specific genes and accelerate the RNA polymerase II 

driven- transcription of genes, and the transcription rate of TFIIAγ cannot keep up with 

the cellular demand, creating the phenotypes we observe. Under more basal metabolic 

demands the expression of TFIIAγ could be sufficient to allow survival of the strain.  

 

Exploring mutations of several V-ATPase subunits in M. oryzae 

 We considered that the V-ATPase subunit c`` gene was a reasonable candidate to 

play a role in pathogenicity due the previously reported functions for the vacuole as an 

organelle contributing to production glycerol, an important osmolyte for the build up of 

turgor pressure in the appressorium (de Jong et al., 1997; Thines et al., 2000; Weber et 

al., 2001). As has been reported before (Thines et al., 2000; Weber et al., 2001) I 

observed in our lipid droplet mobilization analysis, that upon conidium germination, lipid 

bodies stored as reserves in the spore start being mobilized towards the germ tube apex 

and accumulate in the immature and developing appressorium. Once the lipid bodies are 
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in the appressorium, they coalesce and are taken up by the vacuole in a process 

resembling autophagocytosis (Weber et al., 2001).  In the vacuole the lipids are degraded 

(lipolysis) at the onset of turgor generation, a process that generates both fatty acids and 

glycerol (Thines et al., 2000; Wang et al., 2003; Wang et al., 2007).   Thus, a defect in the 

vacuole function could result in serious defects in the function of the appressorium. 

Gene disruptions of V-ATPase subunits have been obtained in S. cerevisiae, S. 

pombe, N. crassa, A. nidulans and C. albicans (Nelson et al., 1990; Ohya et al., 1991; 

Melin et al., 2004; Chavez et al., 2006; Kane, 2006). Vma mutants are characterized by 

conditional lethal phenotypes when grown on media with a pH of 7.0 or greater, a 

phenotype that is suppressed by growing the mutant strains at pH 5.0-5.5 (Nelson et al., 

1990; Ohya et al., 1991).  Also, vma mutants typically cannot grow under high 

extracellular calcium concentrations (Ohya et al., 1991). My results showed that mutant 

201.2.B3 did not behave as vma mutants under these growth conditions.  This supports 

the idea that the function of the V-ATPase c`` is unaffected in mutant 201.2.B3. In M. 

oryzae V-ATPase mutants have not been studied yet, so we attempted to create gene 

knockouts of the V-ATPase subunits c, a, g and c``.  Gene replacement of any of these V-

ATPase subunit genes was not accomplished. It is not clear why it was not possible to 

obtain these gene knockouts. Null mutations of the V-ATPase in mice and D. 

melanogaster are lethal (Davies et al., 1996; Inoue et al., 1999), so perhaps such 

mutations in M. oryzae are lethal too. Another possibility is that finding gene knockouts 

in these V-ATPase subunits are difficult to obtain either due to the media used for 

transformant selection or by their location in the genome, although this last possibility 
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seems unlikely considering that the average rate of gene knockout in M. oryzae varies 

from 3-20%. For example, experiments could be repeated using selection media adjusted 

to a pH 5.5 that it is known to support growth of vma mutants. We predicted that V-

ATPase subunit gene knockouts in M. oryzae could affect appressorium function because 

malfunctioning of the V-ATPase would bring defects in pH that could affect the 

triacylglycerol lipase activity necessary for the degradation of the lipid droplets (Weber et 

al., 2001) or other processes that take place in the appressorium to build up the turgor 

pressure. If this topic wishes to be pursued it would required further optimization.  

 

TFIIAγ subunit gene and V-ATPase c`` subunit gene, as an example of divergently 

transcribed genes. 

In fungi, there is not much known about genes with unrelated functions that are 

divergently transcribed. Interestingly, we were able to genetically complement mutant 

201.2.B3 using a fragment harboring only the TFIIAγ gene and a 364 bp-region of 

promoter. It was surprising to find that V-ATPase subunit c`` gene was not involved in 

the pathogenic and morphological defects of strain 201.2.B3 suggesting that its function 

was not altered by the integration of the T-DNA 263 bp upstream to the start codon of the 

gene. Thus, it is possible that TFIIAγ gene and V-ATPase subunit c`` gene have small 

regions that constitute their promoter and there is little or no overlap between them, or 

that simply the function of the V-ATPase subunit c`` was altered only slightly and was 

not detected by any of our phenotypic or expression analyses. In M. oryzae there are 112 

pairs of genes that are divergently transcribed sharing a region between 300-400 bp. 
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In brief, we have shown that TFIIAγ in M. oryzae affects the pathogen infection 

cycle at the sporulation stage, and also in the host penetration stage since the 

appressorium does not build up sufficient turgor pressure to breach the plant leaf. 
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V. CONCLUSIONS AND FUTURE RESEARCH PERSPECTIVES 

 

 One goal of this dissertation was to contribute to the understanding of the 

mechanisms of pathogenicity using M. oryzae and rice as a model pathosystem. The 

availability of the sequence of the M. oryzae genome during the course of this work 

(Dean et al., 2005) opened new opportunities to identify and study the mechanisms 

important for host infection and colonization by the blast fungus.  This dissertation 

summarizes efforts towards a functional genomics approach aimed to identify 

pathogenicity genes in M. oryzae. We sought to create insertions in each predicted gene 

in M. oryzae. In order to accomplish mutational saturation and to avoid mutational bias 

using transformation-mediated insertional mutagenesis, two different transformation 

methods were used, protoplast transformation using CaCl2/polyethylene glycol and 

Agrobacterium-mediated transformation (AMT).    The two transformation methods were 

compared in terms of efficiency and randomness of insertion. AMT was found to be a 

superior method to construct the mutagenesis library because it produced a larger 

percentage of single copy insertions and was less labor intensive. Thus, AMT was chosen 

as the primary method for generation of the collection of insertion strains (Betts et al., 

2007). Additionally, different factors affecting transformation efficiency were tested.  We 

showed that the efficiency of AMT increases with longer co-cultivation times up to 48 h. 

The ratio of fungal to bacterial cells was demonstrated to influence the number of 

transformants obtained per transformation event. 
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 We applied an in vitro phenotypic screening approach to identify mutants 

defective in conidium/appressorium morphology, and appressorium formation because 

the bottleneck in screening of insertion lines was the rice plant assay to identify 

pathogenicity mutants. Our in vitro assay identified 112 pathogenicity mutants. In 

contrast, screening of almost three times as many lines in infection assays resulted in the 

identification of 128 pathogenicity mutants. Recovery of the M. oryzae genomic regions 

flanking the T-DNA insertion in 61 mutants provided a list of putative genes involved in 

pathogenicity. DNA sequence analysis of the recovered chromosomal DNA resulted in 

the identification of 22 conserved hypothetical genes with predicted function, 11 

predicted open reading frames without a GenBank significant match, two unannotated 

regions of the genome assembly and seven intergenic regions in the version 5 annotation 

of M. oryzae (Broad Institute, Cambridge, MA). We estimate that in our 112 

pathogenicity mutant collection approximately 31% of the strains have a T-DNA 

insertion as single copy and 66% of the strains have T-DNA insertions as tandem repeats. 

Additional recovery of T-DNA flanking sequences needs to be performed to complete 

analysis of this pathogenicity mutant collection. The specific role of the putative genes 

presented in this dissertation remains to be determined. 

Frequently, when attempting to recover sequences adjacent to the T-DNA left 

border, vector sequences were recovered indicating failure to cleave the T-DNA at the 

left border during transfer from the binary vector.  Recovery of sequences adjacent to the 

T-DNA right border usually yielded M. oryzae sequences, indicative of initiation of T-

DNA transfer at the right border. Thus, my analysis of recovery of T-DNA flanking 
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regions in the pathogenicity mutants produced results similar to those from the analysis 

of insertion lines produced during plant transformation (Kim et al., 2003; Forsbach et al., 

2003). 

One question that remains unanswered is the percentage of mutant phenotypes 

that are tagged by insertion into the gene responsible for the phenotype in our library. In 

Arabidopsis, the percentage of mutants that are tagged is around 35-40%.  Limited data in 

our library (complementation of nine mutants) suggests the efficiency of tagging is 100% 

(Betts et al., 2007). More recovery work and genetic complementation experiments need 

to be done to more comprehensively address that question. 

Mapping of a total of 211 T-DNA insertions, including the 61 T-DNA insertions 

from our pathogenicity mutant collection, suggested that distribution of the T-DNA 

insertions did not occur in a random fashion. It is important to determine the limitations 

of an approach in order to be aware of them the next time a large-scale mutagenesis 

project is started for a different organism.  In large scale-mutagenesis the generation of 

mutants is a limiting factor (Tucker and Talbot, 2001). We constructed the largest 

mutagenesis library reported for any plant pathogen, which represents a great source for 

the Magnaporthe research community and in general to the fungal genetics research 

community. This project shows optimization of transformation techniques and 

organization of a mutant generation pipeline that can allow rapid generation of mutants. 

Thus the techniques developed here can be applied to other phytopathogenic fungi.     

The construction of this mutagenesis library is not only important as a source of 

identification of pathogenicity genes but also a resource to obtain information about other 
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metabolic and developmental processes in M. oryzae. For example, novel genes possibly 

involved in taurine metabolism and heterochromatin modification were linked to mycelial 

growth and pathogenicity.  

 This dissertation presents a detailed characterization of a pathogenicity mutant 

called 201.2.B3.  Analysis of this mutant via genetic complementation determined that 

MGG_06107.5, predicted to encode the yeast homologue of Toa2 (the transcription 

factor TFIIA subunit γ subunit) is important for M. oryzae pathogenicity. Phenotypic 

characterization of the insertion line 201.2.B3 demonstrated that transcription factor 

TFIIA is involved in 1) the conidial developmental process, 2) lipid mobilization from 

the germinating conidium to the incipient appressorium and 3) morphogenesis and 

function of appressoria. TFIIA affects M. oryzae pathogenicity by affecting the host 

penetration stage of the infection cycle. The genes whose expression is controlled by 

TFIIA have not been identified yet.  Thus, there are a lot of questions that remain to be 

answered about this mutant. An interesting research project to develop would be to use 

microarrays to determine in a global manner which genes are down or up -regulated in 

strain 201.2.B3. Because some of the functions of TFIIA is to recruit transcriptional 

activators and remove repressors, one avenue of research could be to identify the 

transcription activators and repressors that participate in appressorium development by 

M. oryzae, and those important for the other processes we have identified as affected in 

this mutant. Due to the different observed phenotypes in 201.2.B3, it might be interesting 

to perform a fine mutagenic analysis of M. oryzae TFIIAγ in a yeast system. 
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Attributing the previously mentioned functions to transcription factor TFIIA 

subunit γ was a challenging task since the T-DNA insertion was in a 340 bp- region 

between the general transcription factor TFIIA subunit γ and the vacuolar type-ATPase 

subunit c``, two divergently transcribed genes. Mutant strain 201.2.B3 is an ideal strain to 

study both conidiogenesis and appressorium morphogenesis, two developmental 

processes with significant similarities (Talbot 2003).  

Data regarding the size of promoter regions in fungi is limited. Additionally, 

examples of divergently transcribed genes usually refer to genes located in clusters 

involved in the same metabolic pathways, for example in the biosynthesis of secondary 

metabolites (Meeley et al., 1992; Pedley and Walton, 2001; Gaffoor et al., 2005; Thewes 

et al., 2005). Consequently, identification of the gene(s) that was affected by the T-DNA 

insertion makes a contribution to this topic. It was unexpected to find that the V-ATPase 

subunit c`` gene was not involved in pathogenicity and the morphological defects of 

strain 201.2.B3, suggesting that it’s function was not altered by the integration of the T-

DNA 263 bp upstream of the start codon of the predicted ORF or 7 bp upstream of one of 

the ESTs. As discussed in chapter IV, it is possible that the TFIIAγ gene and the V-

ATPase subunit c`` gene have small regions that constitute their promoter and that there 

is little or no overlap between them. Still, it seems likely that two transcription complexes 

would have difficulty binding to two promoters in that 340 bp region at the same time. 

Based on the role of the appressorial vacuole in lipid breakdown and its 

contribution to turgor pressure (de Jong et al., 1997; Thines et al., 2000; Weber et al., 

2001), we considered that the V-ATPase subunit c`` gene was a reasonable candidate to 
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play a role in pathogenicity. In spite of persistent efforts, gene disruption of V-ATPase 

subunits c``, c, a and g was not accomplished, suggesting that such null mutations are 

lethal, conditionally lethal, or that the process to obtain such gene knockouts requires 

further optimization. 

 The information gathered by this large-scale mutagenesis project could be 

integrated with genome-wide analysis of mRNAs and proteomic analysis providing a 

solid framework to comprehend pathogen developmental processes and pathogen-host 

interactions. The future progress in the field of functional genomics will unravel genetic 

components essential for the different stages of the infection cycle of M. oryzae. 

Understanding infection mechanisms would provide target sites to develop new disease 

control strategies.  
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Abstract

Towards the goal of disrupting all genes in the genome of Magnaporthe oryzae and identifying their function, a collection of >55,000
random insertion lines of M. oryzae strain 70-15 were generated. All strains were screened to identify genes involved in growth rate, con-
idiation, pigmentation, auxotrophy, and pathogenicity. Here, we provide a description of the high throughput transformation and anal-
ysis pipeline used to create our library. Transformed lines were generated either by CaCl2/PEG treatment of protoplasts with DNA or by
Agrobacterium tumefaciens-mediated transformation (ATMT). We describe the optimization of both approaches and compare their effi-
ciency. ATMT was found to be a more reproducible method, resulting in predominantly single copy insertions, and its efficiency was high
with up to 0.3% of conidia being transformed. The phenotypic data is accessible via a public database called MGOS and all strains are
publicly available. This represents the most comprehensive insertional mutagenesis analysis of a fungal pathogen.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Magnaporthe oryzae; Insertional mutagenesis; Agrobacterium tumefaciens-mediated transformation; CaCl2/PEG-mediated transformation;
Pathogenicity

1. Introduction

Magnaporthe oryzae, an ascomyceteous fungus and cau-
sal agent of rice blast disease, has been developed as a
model organism to study host–microbe interactions (Tal-
bot, 2003; Valent and Chumley, 1991). In addition to its
significant threat to worldwide rice production, blast dis-
ease impacts many other gramineous species such as finger
millet, barley and wheat (Borromeo et al., 1993; Urashima
et al., 1993). The disease cycle starts when a conidium lands

on a leaf surface, germinates and sensing the surface, initi-
ates formation of a penetration structure known as an
appressorium (Dean, 1997). Infection begins after the accu-
mulation of turgor pressure in the appressorium, leading to
mechanical penetration by an infection peg, which is fol-
lowed by the differentiation of infectious hyphae in the host
cell (Howard et al., 1991; Howard and Valent, 1996; Tal-
bot, 1995; Valent, 1990). Following intracellular growth
by the pathogen, the disease cycle is completed by the pro-
duction of spores from lesions on the leaf surface and their
release to re-initiate infection. A full understanding of ini-
tiation and progression through the M. oryzae disease cycle
may allow identification of targets to control the disease.
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One approach to defining genes important for disease
development is to identify mutants defective in pathogenic-
ity. Insertional mutagenesis approaches have been success-
fully used with M. oryzae in order to identify several
pathogenicity genes (Balhadere et al., 1999; Sweigard
et al., 1998). In these cases, a limited number of insertion
strains were generated using REMI (restriction enzyme-
mediated insertion) and screened for defects in pathogenic-
ity resulting in 32 mutants, with 20 of them tagged by the
transforming DNA. In order to identify additional genes
important for the ability of the fungus to cause disease,
we have chosen to saturate the M. oryzae genome with ran-
dom insertions of a defined DNA fragment. Through this
approach, any genes of interest can be recovered because
they are tagged.

We have generated a collection of >55,000 strains with
DNA insertions in this fungus with a predicted gene set
of �11,000, to be screened for defects in pathogenicity,
metabolism, morphology and conidiation as well as other
phenotypic traits. Generation of this large collection of
insertion lines allowed us to compare different transforma-
tion methods and to optimize both transformation and
processing of strains for purification and phenotypic anal-
yses. In the present study, we compare the efficiency of two
different transformation methods, Agrobacterium tumefac-

iens-mediated transformation (ATMT) (Covert et al.,
2001; de Groot, 1998; Meyer et al., 2003; Mullins et al.,
2001; Mullins and Kang, 2001) and standard protoplast
transformation (Sweigard et al., 1995), both for ease of
generating insertion lines, and analyzing tagged genes.
We demonstrate that ATMT is more efficient for high
throughput insertion strain generation and downstream
analysis of the insertions, and present the development of
a highly efficient pipeline for processing transformed lines.
We show that by optimizing the ratio of A. tumefaciens and
M. oryzae cells, and the time of co-cultivation between the
cells, transformation can occur in up to 0.3% of the coni-
dia. We also present initial phenotypic analyses of the
strains for defects in growth and pathogenicity and molec-
ular analysis of insertion sites and distribution. This large-
scale insertional mutagenesis study is the first effort for a
phytopathogenic fungus that aims to target the full genome
and may serve as a model for other projects with similar
goals.

2. Materials and methods

2.1. Fungal strains, growth conditions and media

Magnaporthe oryzae strain 70-15 (Chao and Ellingboe,
1991) was obtained from A. Ellingboe (University of Wis-
consin) and distributed from a single stock in the Dean lab-
oratory. It was stored on paper filters with desiccation, at
�20 �C. For production of mycelium, cultures were grown
on complete solid media (Crawford et al., 1986) at 28 �C
with no light. For production of conidia, fungal cultures
were grown at 25 �C under constant fluorescent light on

either supplemented complete medium (SCM), a modified
complete medium that allows M. oryzae cultures to sporu-
late (Talbot et al., 1993), or oatmeal agar (OA) (Valent
et al., 1991).

2.2. Protoplast transformation and constructs

Transformations were performed as described (Sweigard
et al., 1995) with the following modifications. Mycelial cul-
tures were grown in modified Iwasaki medium (Chida and
Sisler, 1987) in place of complete medium to reduce melan-
ization. The number of protoplasts per transformation was
decreased to 0.1 ml of 1 · 107 protoplasts/ml, which were
mixed with 1 lg of purified DNA fragment. The regenera-
tion top and bottom agars were modified by inclusion of
20% sucrose instead of 1 M sorbitol, as this helped to
reduce the background growth. Hygromycin B (HygB)
(Calbiochem, LaJolla, CA) was added to the bottom agar
at a concentration of 300 lg/ml. The top agar-plating med-
ium contained 1.5% agarose (BioWhitaker Molecular
Applications) instead of 2% low melting point agarose
and HygB at 100 lg/ml. Control experiments, to determine
transformation efficiency, were assessed using the vector
pCB1004 (Carroll et al., 1994) as the transforming DNA.
For creation of insertion library strains, linear fragments
of DNA were prepared from vectors pAM1120,
pAM1270, pAM1273 and pAM1274, or the vectors pB-
GC-Hyg or pB-AT-Hyg (see below).

Colonies were picked from transformation plates to oat-
meal agar containing HygB (300 lg/ml) and grown for 5–7
days before streaking conidia onto CM agar (Crawford
et al., 1986) with 300 lg/ml HygB or 4% water agar with
100 lg/ml HygB. Single germinating conidia were trans-
ferred to CM with HygB (200 lg/ml), and represent unique
cultures for each transformed line.

2.3. Construction of transformation vectors

Several constructs were used for protoplast transforma-
tion. One set of vectors consisted of pCB1004 (Carroll
et al., 1994) and three derivatives, pB-AT-Hyg and pB-
GC-Hyg, which contain the hygromycin phosphotransfer-
ase (HygR) cassette of pCB1004 with �100 bp of AT-rich
and GC-rich flanking sequences, respectively, and
pAM1120. The second set of transformation vectors was
pAM1270, pAM1273 and pAM1274 (Fig. 1a). Each con-
tained the HygR cassette of pCB1004 flanked by two
inward facing promoterless fluorescent protein genes,
EGFP and DsRed (Clontech). Like the first set of vectors,
they differed in the ends of their transforming fragment,
with pAM1273 and pAM1274 containing �100 nt of AT-
rich or GC-rich sequences on each end, respectively, while
pAM1270 lacked these additional sequences.

The pCB1004 derivatives pB-AT-Hyg and pB-GC-Hyg
were constructed by annealing pairs of oligonucleotides
that were complementary at their 3 0 ends, and then filling
them in by PCR to create a �200 bp fragment. For the
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pB-AT-Hyg vector, oligonucleotides, AT-rich1 and AT-
rich2 were used and for pB-GC-Hyg, GC-rich1 and GC-
rich2 (Supplemental Table 1). The PCR fragments were
digested with SalI and KpnI to create cohesive ends and
then the AT-rich fragment was cloned into pBluescript
KS II+ (Strategene) to create pB-AT and the GC-rich frag-
ment into pGEM�-T Easy (Promega) to create pB-GC.
The HygR cassette was then excised from pCB1004 with
HpaI and cloned into the Klenow-treated NotI or SwaI
sites in the middle of the AT- and GC-rich fragments of
pB-AT and pB-GC, respectively, to generate pB-AT-Hyg
and pB-GC-Hyg. The pCB1004 derivative, pAM1120 was
constructed by cloning the HpaI HygR cassette fragment
into pBluescriptSK+ digested with EcoRV.

To construct pAM1270, first a BamHI-NotI fragment
containing the promoterless red fluorescent protein gene
from pDSRed (Clontech, San Diego, CA), was cloned into
BamHI and NotI digested pCR2.1 (Invitrogen, Sorrento
Valley, CA) to create pAM1266. A fragment containing
the promoterless green fluorescent protein gene was iso-
lated from pEGFP (Clontech) by digestion with NotI
and XbaI, and cloned into NotI and XbaI treated
pAM1266, generating plasmid pAM1267. Plasmid
pAM1270 was constructed by insertion of the HygR cas-
sette from pCB1004, released as a HpaI fragment, into

pAM1267 that had been digested with NotI and filled-in
using Klenow DNA polymerase to create blunt ends. The
AT-rich sequences and GC-rich sequences were added to
both ends of pAM1270 in an approach similar to that with
the pB vectors described above. Oligonucleotides OAM531
and OAM532 (Supplemental Table 1) were annealed and
filled in by PCR amplification. These PCR products were
cloned into pGEM�-T Easy (Promega) generating plasmid
pAM1264. A BamHI fragment containing the EGFP and
DsRed genes and the HygR cassette was isolated from
pAM1270, and cloned into pAM1264 digested with BamHI,
generating pAM1271. To facilitate isolation of the insert
from the vector, the �3 kb-EcoRI fragment from
pAM1271 was cloned into EcoRI digested pCR2.1 (4 kb),
generating plasmid pAM1273.

To add GC-rich sequences to both ends of the transfor-
mation cassette in pAM1270, oligonucleotides GC-rich1
and GC-rich2 were annealed and extended as described
above. The PCR product was cloned into pGEM�-T Easy,
generating plasmid pGEM-GC. The transformation cas-
sette was inserted between the GC-rich ends as a SmaI
fragment isolated from pAM1270, and cloned into
pGEM-GC digested with SwaI, generating pAM1272. To
facilitate isolation of the insert from the vector, the
�3 kb-EcoRI fragment from pAM1272 was cloned into

Fig. 1. (a) DNA fragments used to generate insertional mutants by protoplast transformation. The size of the AM1273 and AM1274 fragment is 3.1 kb,
the AM1270 fragment is 2.9 kb and the hygromycin cassette fragment excised from pCB1004 is 1.4 kb. (b) Diagram of pAD1624 T-DNA and adjacent
binary vector regions. Indicated restriction endonucleases sites are Ba: BamHI, B: BglI, E: EcoRI, K: KpnI, Nd: NdeI, Nc: NcoI. pBHt2 T-DNA (Mullins
et al., 2001). Indicated restriction endonucleases sites are Nc: NcoI. MCS: EcoRI, SacI, KpnI, SmaI, BamHI, XbaI, SalI, PstI, SphI, and HindIII, CaMV
35S Poly(A): Cauliflower mosaic virus 35S poly(A) signal. For both diagrams, HygR: hygromycin B resistance gene, PtrpC: Aspergillus nidulans trpC
promoter, LB: Left border, RB: right border (arrows indicating the borders are not to scale).
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pCR2.1 (4 kb) digested with EcoRI, generating plasmid
pAM1274.

For transformation, the DNA fragments represented in
Fig. 1a, were separated from the vector by electrophoresis
following restriction enzyme digestion and purified using
the Promega Wizard SV Gel and PCR clean-up system:
pAM1270 (2896 bp) DNA was digested with BamHI,
pAM1273 (3067 bp) and pAM1274 (3067 bp) were digested
with EcoRI, pCB1004 (1400 bp) was digested with HpaI,
and pAM1120 was digested with EcoRI and HindIII.

2.4. Agrobacterium strains and binary vectors

In this study we used two A. tumefaciens strains with dif-
ferent binary vectors. Strain AGL1 (Lazo et al., 1991) con-
taining the pCAMBIA1300-based binary vector pBHt1 or
pBHt2 (Fig. 1b) (Mullins et al., 2001). Strain EHA105
(Hood et al., 1993) containing the binary vector
pAD1624 (Fig. 1b) (Abuodeh et al., 2000), constructed
by A. Das and called EHA105/pAD1624, was also used.
pAD1624 contains a constitutive virG gene (virGN54D)
which facilitates transformation without the need to add
acetosyringone for induction of the vir genes (Pazour
et al., 1992). In both binary vectors the HygR gene from
pCB1004 (Carroll et al., 1994) is present between the T-
DNA borders (Fig. 1b). Strains AGL1 and EHA105 lack-
ing the binary vectors were used in the transformations as
negative controls. Agrobacterium strains were stored at
�80 �C in 15% glycerol (v/v), by addition of sterile glycerol
to liquid cultures (Sambrook and Russell, 2001).

2.5. Agrobacterium tumefaciens-mediated transformation

Conidia of strain 70-15 were used as the recipient cells
for transformation. Eight-day old spores were harvested
with sterile distilled water (dH2O) and filtered through ster-
ile Miracloth (Calbiochem, LaJolla, CA). A. tumefaciens

strains were streaked from glycerol stocks, onto Agrobac-
terium broth (AB) plates (1.4% agar) (Chilton et al.,
1974) with appropriate antibiotics for selection, and were
grown at 28 �C. A single colony was used to start each
liquid culture.

When using EHA105/pAD1624 as the T-DNA donor,
cells were grown in 2 ml of AB liquid medium (Chilton
et al., 1974), modified by the use of 18 mM K2HPO4,
10 mM NaH2PO4, 0.2% glucose, 0.6 mM CaCl2 with car-
benicillin 60 lg/ml (USBiological, Swampscott, MA) for
24 h, at 28 �C, shaking at 250 rpm to reach an A600 of
1.0–1.5. A 300 ll aliquot of this culture was inoculated into
5 ml of Induction Medium (IM) (AB medium supple-
mented with 25 mM 2-(N-morpholino)-ethanesulfonic acid
pH 5.8). Following growth at 250 rpm for 24 h at 28 �C (to
reach an A600 of 0.5–1.0), the cells were pelleted and diluted
to 1 · 108 cells/ml. For co-cultivation, 100 ll of the bacte-
rial cells was mixed with 100 ll of conidia (106/ml) and
the mixture was adjusted to 1 ml with IM. Under these
conditions, the ratio of fungal to bacterial cells was

1:100. Other ratios were tested, as described in results. Cell
aliquots (200 ll) were spread, using 3 mm sterile glass
beads (VWR International), onto autoclaved black cellu-
lose filters with 6 lm pores (catalog number, 470C10 Tho-
mas Scientific, Swedesboro, NJ) which had been placed on
IM agar Petri plates. The cells were co-cultivated for 48 h
at 28 �C prior to selection (co-cultivation time was opti-
mized as described in results). Nitrocellulose membranes
(Whatman, Hillsboro, OR) were used during early trans-
formations but were replaced by the less costly black cellu-
lose filters in later transformations (Covert et al., 2001).
The transformation efficiency using the cellulose filters
was equivalent to the nitrocellulose ones and moreover
the black color made it easier to distinguish the primary
transformants.

For transformations using donor strain AGL1/pBHt2,
bacterial cells were grown in 2 ml of minimal medium
(Mullins et al., 2001) with 50 lg/ml kanamycin for 48 h,
at 28 �C, shaking at 250 rpm. The cells were diluted to an
A600 of 0.15 in 5 ml of induction medium (Mullins et al.,
2001) containing 200 lM acetosyringone (Aldrich Chemi-
cal, Milwaukee, WI) and grown at 28 �C for 6 h to reach
an A600 of 0.25. A 100 ll aliquot was mixed with 100 ll
of the 106 conidia/ml suspension (in this mixture, the fun-
gal cell/bacterial cell ratio was 1:250). The volume was
adjusted to 1 ml and co-cultivation was carried out as
described above. In the experiments where the transforma-
tion efficiency of the two A. tumefaciens donor strains was
compared, the AGL1/pBHt2 cells were diluted to a concen-
tration of 108 conidia/ml in order to use the same ratio of
fungal to bacterial cells as was used for strain EHA105/
pAD1624.

For selection of primary transformants the filters con-
taining the co-cultivation mixture were transferred to CM
agar (Crawford et al., 1986) supplemented with 20%
sucrose, 350 lg/ml HygB (Calbiochem, LaJolla, CA) and
either 100 lg/ml kanamycin (USBiological, Swampscott,
MA) or 200 lM cefotaxime (USBiological, Swampscott,
MA) for counter-selection against EHA105/pAD1624 or
AGL1/pBHt2, respectively. Plates were incubated at
28 �C for 5–6 days at which point putative transformants
were picked to oatmeal agar with 300 lg/ml HygB in 24-
well plates for sporulation as described below. In some
experiments, the black filters were cut into �1 cm2 pieces
prior to plating the co-cultivation mixture. These pieces
were then moved individually to selection medium and sin-
gle transformants were picked from each filter following its
growth into the agar, limiting the transfer of A. tumefaciens

with the transformed culture.

2.6. Processing of transformants

Primary transformants were transferred to OA in 24-
well plates to allow sporulation. The media contained
350 lg/ml HygB for selection and 100 lg/ml kanamycin
or 200 lM cefotaxime to counterselect against A. tumefac-

iens growth. After 5 days of growth at 25 �C with con-
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stant illumination (Fig. 2a), conidia were streaked onto
CM agar containing 300 lg/ml HygB and either 100 lg/
ml kanamycin or 200 lM cefotaxime to isolate monocon-
idial, homokaryotic cultures (Fig. 2b). After 15 h growth
at 28 �C, a single germinated conidium per insertion line
was picked using a sterile 1 ml tuberculin syringe with a
25-gauge needle or a No. 11 scalpel blade, and transferred
to SCM in 24-well plates containing 200 lg/ml HygB.
Each well of the 24-well plate contained three sterile
3 mm diameter cellulose filter discs (Whatman 3MM) gen-
erated with a paper hole punch. Monoconidial cultures
were grown at 28 �C for 3 days and then shifted to
25 �C under constant illumination. Early insertion lines
were grown on CM agar + HygB200 (Crawford et al.,
1986) at 28 �C without illumination, resulting in only
mycelial growth on the filters used for long-term storage.
However, concern about the long-term viability of stored
strains led us to replace the CM agar with SCM agar.
After 7 days the growth rate of each strain, relative to
that of strain 70-15, was recorded as the first phenotypic
characteristic of these homokaryotic isolates (Fig. 2b).
Insertion lines that did not produce HygB resistant colo-
nies following streaking for single conidial isolates, were
recorded as lines with insertions in potentially essential
genes. The prediction is that homokaryotic conidia with
an insertion in an essential gene would be non-viable,
but the mutation could be maintained in a heterokaryon
containing untransformed nuclei. For these lines, long

term storage cultures were generated by transfer of myce-
lial plugs from the original OA 24-well plate culture to
CM + HygB200 agar plates containing filter paper disks.

After 7 days of growth, filter papers were peeled from
each 24-well plate and transferred to a quadrant of three
separate 96-well plates resulting in three copies of each
transformed line. Each 96-well microtiter plate contained
strains from four 24-well plates (Fig. 2c and d). The strains
were desiccated for 7–14 days and then stored in sealed
containers in the presence of desiccant at �20 �C. The three
96-well microtiter plates were distributed as follows: one
was sent to the Fungal Genetics Stock Center (FGSC,
Kansas City, Missouri) for long term storage and distribu-
tion of strains to the research community, one was stored
at the site of generation of insertion lines (either the Uni-
versity of Arizona or the University of Kentucky) and
the third set was sent to the Dean laboratory at North Car-
olina State University (NCSU) for pathogenicity screening
(Fig. 2c).

For production of DNA from insertion lines, a mycelial
plug was transferred from the 24-well SCM plate that con-
tained the filters for storage (Fig. 2b), into complete liquid
medium (Crawford et al., 1986) in a 24-well plate, and
incubated at 28 �C for 5 days prior to DNA extraction
for Southern analysis (Fig. 2e and f). All phenotypic
screens, were initiated with conidia from the transformed
70-15 lines, produced on oatmeal agar in a 24-well plate
by transfer of a plug of fungal tissue (Fig. 2g).

Fig. 2. Pipeline for processing and phenotypic screening of 70-15 transformed lines. (a) Primary HygR colonies were picked into 24-well plates of OA with
selection for transformed M. oryzae and counterselection against A. tumefaciens growth. (b) Spores from (a) were streaked onto CM plates for isolation of
monoconidial, homokaryotic cultures. Monoconidial colonies were transferred to SCM agar with selection in 24-well plates containing cellulose filter discs
for long-term strain storage. (c) Insertion strains in 96-well microtiter dishes were sent to NCSU for high throughput pathogenicity screening. (d) Replicas
of all 96-well microtiter dishes were stored at the institution where strains were generated and were sent to the FGSC for distribution to the public. (e)
Cultures were inoculated and grown in 24-well plates for gDNA extraction. (f) Southern blot analysis was carried out to characterize DNA insertion
patterns. (g) Conidia of the monoconidial cultures were produced in 24-well OA plates for use in phenotypic analysis. (h) Conidia from each fungal strain
were assayed for auxotrophy by parallel inoculation in CM and minimal media. (i) Conidia were also used to screen for in vitro appressorium formation
on glass mirrors. (j) Insertion lines with aberrant appressorium development are tested for pathogenicity on rice plants. (k) Insertion lines that are non-
pathogenic or reduced in pathogenicity, are assayed for penetration on onion epidermis.
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2.7. Phenotypic screening of transformed lines

A high throughput infection assay was developed for
primary screening of the 70-15 insertion lines (Fig. 2c).
Fungal inoculum was produced from cultures grown from
filter papers, in 24-well plates containing 8% V8 agar (per
liter: 80 ml V8, 15 g agar, pH 7.0). Conidia were harvested
by addition of 1 ml of Tween 20 to each well, followed by
gentle scraping of the culture with a sterile cotton swab.
The spore suspensions were then transferred to sterile 96-
well deep-well plates. Manual sprayers (Sprayette IV, out-
put = 0.75 ml, closures = 24–410; Saint Gobain, Calmar,
Charlotte, NC) were placed into each well and used to
spray the conidial suspension onto rice seedlings grown
in test tubes. Seedlings of rice cultivar M202 were grown
for 10 days following manual de-coating of the seeds,
and surface sterilization using 2% bleach for 20 min. Three
seeds were placed in 15 cm · 2.5 cm disposable culture
tubes (Fisher Scientific, Pittsburgh, PA) containing MS
agar; per liter, 4.3 g MS (RPI, MT. Prospect, IL), 12 g agar
(EMD chemicals Inc, Gibbstown, NJ) and 30 g sucrose.
Seedlings were grown at 25 �C under constant illumination,
using two 40 watt Sylvania ‘‘Gro-Lux’’ light bulbs. After
inoculation, racks containing the tubes of inoculated plants
were placed in dark bags and put back in the 25 �C growth
chamber for 24 h, after which the bags were removed and
the plants grown under constant illumination as above.
Disease symptoms were scored 7 days after infection using
a scale of: 0 = no disease, 1 = reduced disease, 2 = same as
wild type, 3 = more disease than wild type. Seedlings were
reassessed 2 days later to verify results. For insertion lines
that produced a rating of 0 or 1, spores from a second cul-
ture from the original filter paper stock were harvested to
conduct a secondary pathogenicity screen. The secondary
screen was performed as per the primary screen, except that
two tubes of seedlings were treated with each fungal strain,
and spores were suspended and inoculated in 0.25% gelatin
instead of Tween 20. Tertiary screens were carried out
using a quantitative infection assay where a defined spore
inoculum was sprayed onto 2-week old rice seedlings
grown in pots, as described previously (Valent et al.,
1991). In addition to analysis of pathogenicity, several
other phenotypic screens were performed on the monocon-
idial cultures (Fig. 2b), beginning with the assessment of
colonial growth rate as described above. Assessment of pig-
mentation and conidiation were carried out as the cultures
were growing on the OA plates (Fig. 2g) used for produc-
tion of conidia for auxotroph screening (Fig. 2h) and for
analysis of in vitro appressorium development (Fig. 2i see
below).

Auxotrophic mutants were detected by their inability to
grow on minimal medium in contrast to complete medium
(Fig. 2h). Minimal medium (MM) was made either accord-
ing to the recipe of Vogel (Vogel, 1964), or that of Talbot
(Talbot et al., 1997). Both 1.5% agar (Sigma) and 1% aga-
rose (BioWhitaker Molecular Applications) were used as
solid base, with some indication that auxotrophs were eas-

ier to detect with agarose. Screens were initiated by trans-
ferring conidia from oatmeal agar onto MM agar and
CM agar in parallel. After 7 days, growth was recorded
as ‘‘normal’’ (equivalent to wild type), ‘‘slow’’ or ‘‘no
growth.’’ Lines showing non-wild type growth were re-
tested twice to confirm the auxotrophy. The nutritional
requirements of auxotrophs were determined using the
combinatorial screen developed by Holliday (Holliday,
1956) and confirmed by testing growth on MM supple-
mented with the nutrient(s) thus identified.

2.8. In vitro screen for appressorium development

Conidia were collected from 24-well oatmeal agar plates
using 35ll of sterile 0.25% gelatin, and were spotted on the
surface of a 15.5 cm · 11.4 cm · 0.5 cm Pilkington Eclipse
Blue Green Reflective Glass plate (Pilkington plc, UK)
(Fig. 2g). Green glass mirrors were either a gift from Dr.
Y.-H. Lee (Seoul, Korea), or were purchased from Tucson
Glass (Tucson Glass and Mirror, Tucson, AZ). Plates were
incubated for 6 h at room temperature in moist chambers,
to allow conidial attachment and germination, prior to
placing coverslips over each spore spot. Germination and
appressorium development were scored for a random sam-
ple of 20 conidia, 24 h after inoculation, and compared to
parental strain 70-15 in each trial (Fig. 2i). All lines that
appeared to be defective either in conidial morphology,
germination, germ tube development, appressorium devel-
opment or appressorium morphology were re-assayed
twice.

Insertion lines defined as appressorial variants after
three screens were tested in rice seedling pot infection
assays on cultivars M202, Maratelli and Sariceltik, or on
CO39 and 51583 to screen for defects in pathogenicity
(Fig. 2j) as described above for the tertiary screens (Valent
et al., 1991). Quantitative analysis of conidiation was also
performed on those cultures that exhibited altered appres-
sorium development.

2.9. Appressorium penetration assay

Conidia from appressorial variant lines that were altered
in pathogenicity, or that appeared to have morphological
defects were assayed for ability to penetrate plant tissue
using an onion epidermis screen (Balhadere et al., 1999).
Conidial germination, appressorium development and
growth of infectious hyphae were scored at 24 h and 48 h
post inoculation (Fig. 2k). Data was recorded for a random
sample of 100 conidia. Onion epidermal penetration assays
were repeated three times for each strain tested.

2.10. Molecular analysis of transformants

Genomic DNA was prepared from transformants as
described previously (Fig. 2e) (Sweigard et al., 1990).
DNA was digested with restriction endonucleases from
New England Biolabs (Beverly, MA) or Invitrogen
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(Carlsbad, CA) following the manufacturers protocols and
separated by gel electrophoresis. Southern hybridization
analysis was carried out as described in Sambrook and
Russell (Sambrook and Russell, 2001) (Fig. 2f). To detect
the presence of transforming DNA in insertion lines, the
1.4 kb HpaI fragment of pCB1004 (Carroll et al., 1994)
was labeled with 32P-dCTP for use as a hygromycin phos-
photransferase gene-specific probe. Also a 600 bp EcoRI-
BglII fragment from the T-DNA in pAD1624 (Fig. 1b)
was used in hybridization experiments and this enabled
detection of the segments corresponding to the left and
right ends of the transferred DNA, and the associated
genomic DNA at the site of insertion. In addition to South-
ern hybridization analysis, TAIL-PCR and Inverse PCR
(iPCR) were performed on selected insertion lines to rescue
sequence junctions between the transforming T-DNA and
the M. oryzae chromosome. T-DNA flanking regions were
rescued by TAIL-PCR as described by Liu and Whittier
(1995) with some modifications. Degenerate primers TP1,
TP3, TP5, or TP6 were used with the specific primers for
each insertion vector (see Supplemental Table 1) according
to the conditions reported (Arie et al., 1997). The final PCR
products were purified using the Qiagen PCR purification
kit (Qiagen, Inc., Chatsworth, CA) and sequenced.

IPCR was performed by standard methods (Meng
et al., 2007; Ochman et al., 1988), by digesting genomic
DNA of transformed lines either with restriction enzymes
that did not cut within the T-DNA (PstI for vector
pAD1624) in order to recover both insertion junctions,
or by digestion with enzymes that cut within the T-
DNA, allowing targeted recovery of the left or right bor-
der junction (EcoRI or NcoI for vector pAD1624
(Fig. 1b) and MspI for pBHt2). For recovery of both
junctions from a single iPCR product, primers were
designed to amplify DNA sequences adjacent to the T-
DNA left and right borders, OAM744 and OAM747,
respectively, (Supplemental Table 1). For recovery of
the left and right border junctions separately, one primer
was directed towards the T-DNA border and the other
towards the restriction site within the T-DNA used to
generate the iPCR product. For the pAD1624 left border
junction, the border primer was OAM744 and the primer
associated with the internal restriction site was OAM787
(Supplemental Table 1). For the pAD1624 right border
junction, the border primer was OAM747 and the primer
associated with the internal restriction site was either
OAM431 for EcoRI digestions, or OAM617 for NcoI
digestions (Supplemental Table 1). For analysis of the
pBHt2 left border junction, primers L-2 and L-1 were
used, associated with the T-DNA left border and the
adjacent internal MspI site, respectively (Supplemental
Table 1). For analysis of the pBHt2 right border junction,
primers R-2 and R-1 were used, associated with the T-
DNA right border and the adjacent internal MspI site,
respectively (Supplemental Table 1). The nested primers
used for sequencing iPCR products are also listed in Sup-
plemental Table 1.

2.11. Data management

A web-based data entry system was created for entering,
storing and analyzing the large amount of data generated
at multiple universities. ‘PACLIMS’ (Phenotype Assay
Component Laboratory Information Management Sys-
tem) allows barcode scanning of plates at all stages of data
collection (Donofrio et al., 2005). Barcodes were attached
to plates at each step of the pipeline (Fig. 2), beginning
with a ‘‘master plate’’ which was the 24-well plate contain-
ing the monoconidial strains (Fig. 2b) and the three filter
papers used for storage and strain distribution (see above).
Data entered for the master plate included information on
the method of transformation, and the vector that was used
to create the strain. Barcodes were scanned into PAC-
LIMS, and menus appear for entry of detailed information
pertaining to the ‘type’ of plate being used (i.e. media type).
All plates were associated with a master plate in order to
link together all information gathered for each strain. Once
a plate has gone through the whole screening process, the
user can track any isolate within that plate simply by enter-
ing the barcode, and following prompts. All data generated
in PACLIMS was downloaded to a publicly accessible
web-based database (MGOS, Magnaporthe grisea, Oryza

sativa) allowing public querying of all the mutant informa-
tion (www.mgosdb.org) (Soderlund et al., 2006). Data was
downloaded daily into a developmental version of MGOS,
where it was verified, by the laboratory that entered it,
before being made available to the public.

3. Results

3.1. Protoplast transformation

A total of 17,128 insertion lines were generated by PEG-
mediated transformation of 70-15 protoplasts with linear
DNA fragments. Six different constructs were used for
transformation, three were variants of the HygR cassette
in pCB1004, and three were based on pAM1270. Each
set consists of the initial vector containing a basic transfor-
mation fragment and two variants that differ by the addi-
tion of �100 bp AT-rich or GC-rich segments flanking
the fragment. The set based on pCB1004 contains the HygR

selectable marker while the pAM1270 set additionally con-
tains two promoterless fluorescent protein genes flanking
the HygR gene (Fig. 1a). The rationale for having different
end sequences on the vectors (AT-rich, GC-rich and neu-
tral) was that if the ends of linear DNA fragments aid
insertion into regions of similar sequence composition by
microsynteny, than having three different end types may
increase the distribution of inserts through the genome.
Transformation efficiency was optimized by limiting the
number of protoplasts to 5 · 106/ml and varying the ratio
of DNA fragment to protoplasts. All DNA fragments
produced similar efficiencies of 15.5 ± 4.7 primary
transformants per lg of DNA. Problems with the nature
of DNA insertions (see below), and the requirement for
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purification of the transforming fragment limited the utility
of this approach for high-throughput generation of inser-
tion lines.

3.2. Optimization of Agrobacterium-mediated

transformation conditions

Initial ATMT experiments were plated on selection
medium lacking the osmotic stabilizer sucrose because
ATMT does not use protoplasts. However, high back-
ground growth was observed after transferring co-cultiva-
tion filters to the selective media containing 300 lg/ml of
HygB, the level that was used for selection of protoplast
transformants of strain 70-15. The appropriate amount of
HygB required to select ATMT primary transformants
was determined by screening on complete media in the
presence or absence of 20% sucrose with HygB at concen-
trations of 300, 350 and 400 lg/ml. The presence of sucrose
significantly decreased background growth at all HygB
concentrations. For transformation of 70-15, HygB at
350 lg/ml in media containing 20% sucrose provided suffi-
cient selection.

Two different A. tumefaciens donor strains were used to
deliver transforming DNA to M. oryzae conidia, AGL1,
containing either vector pBHt1 or pBHt2 (Mullins et al.,
2001) and EHA105/pAD1624. ATMT was optimized for
M. oryzae 70-15 by determining the effects of varying cell
ratios between donor A. tumefaciens and recipient M. ory-

zae conidia, and by varying the length of cell co-cultiva-
tion. Ratios of A. tumefaciens cells to M. oryzae conidia
from one conidium to 10, 20, 50 and 100 bacterial cells
were tested for both A. tumefaciens strains, by using 105

conidia per incubation and varying the number of bacterial
cells. Increasing efficiencies were obtained as the bacterial
cell:conidium ratio increased (Fig. 3a). In early experiments
a ratio of one conidium to 500 EHA105/pAD1624 cells was
also tested. The transformation frequency with this ratio
did not differ significantly from the efficiency when a ratio
of 1:100 was used (2.3 versus 2.0 transformants per 103

conidia, respectively, data not shown). Based on these data,
further optimization experiments for strain EHA105/
pAD1624 were carried out using the ratio of one conidium
to 100 A. tumefaciens cells.

The effect of varying the co-cultivation time from 8 to
48 h was tested by mixing induced A. tumefaciens

EHA105/pAD1624 or AGL1/pBHt2 cells with 70-15 coni-
dia at a ratio of one conidium/100 bacterial cells and plat-
ing on non-selective media. After this period of incubation,
the cells were transferred to selective media. No transfor-
mants were observed using co-cultivation times of 32 h or
less (Fig. 3b). Transformed colonies were first seen follow-
ing 40 h of co-cultivation and significant improvement was
seen after 48 h of non-selective growth (Fig. 3b). With
EHA105/pAD1624, 3.2 transformants were obtained per
103 conidia after 48 h of co-cultivation (Figs. 3a and b).
In contrast, AGL1/pBHt2 produced 0.48 transformants
per 103 conidia (Fig. 3b). Background growth on all plates

was similar to that observed on control transformation
plates using A. tumefaciens strains containing T-DNA plas-
mids lacking the HygR gene. With a ratio of one conidium
to 250 bacterial cells, AGL1/pBHt2 produced 1.45 trans-
formants per 103 conidia with a co-cultivation time of
48 h, indicating that its transformation efficiency continued
to improve significantly as the ratio of bacterial cells/coni-
dia increased. Still, at the 1:250 ratio of conidium to bacte-
rial cells, AGL1/pBHt2 had a transformation efficiency
�50% that obtained with strain EHA105/pAD1624 at a
ratio of 1:100.

Agrobacterium strain EHA105/pAD1624 was used to
generate 12,806 transformed lines of 70-15 using the opti-
mized co-cultivation conditions of a ratio of one conidium
to 100 A. tumefaciens cells and non-selective growth for
48 h. AGL1/pBHt1 was used to generate 5640 insertion
lines of 70-15 and AGL1/pBHt2 to produce 20,521 lines.

3.3. High throughput processing of insertion lines for

purification and phenotyping

Our main goal was to create and phenotypically analyze
a collection of >50,000 M. oryzae lines by insertional muta-
genesis, at a rate of �300 strains per week in each of two
laboratories. Processing strains involved the following
steps:

(1) Picking primary transformants onto medium that
allowed sporulation.

(2) Streaking conidia to obtain monoconidial, HygR

homokaryons.
(3) Growing the monoconidial isolates to create stocks

for long-term storage and distribution.

When comparing the processing efficiency between pro-
toplast and ATMT insertion lines, we observed a dramatic
difference in the percentage of primary transformants that
resulted in stored strains. Only 53% of the strains initially
picked for sporulation from protoplast transformations
produced hygromycin resistant monoconidial strains that
were preserved in long-term storage, while 86% of the
ATMT-generated strains were able to be processed to stor-
age. This difference is significant considering the labor
involved in processing each strain and suggests that 47%
of the strains generated from protoplast transformations
were likely false positives.

3.4. Molecular analysis of transformant strains

The ability to characterize insertional mutants efficiently
via rescue of the disrupted genes is dependent on having
simple DNA tag integration patterns. Therefore, we per-
formed a detailed Southern hybridization analysis of the
insertion patterns in transformed lines we generated both
by protoplast transformation and by ATMT.

Transformants generated from protoplasts were
screened with a HygR gene probe following digestion of
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their genomic DNA with either XhoI or HpaI, neither of
which cuts within the transforming DNA. Analysis of
122 transformants generated with the HpaI fragment corre-
sponding to the HygR gene cassette in pCB1004, revealed
86 with single, discreet hybridization signals (indicative of
insertion at a single site in the genome); 32 with >1 band
or one very large, intense band (suggesting insertion at
more than location or a large tandem insertion, respec-
tively); and four that lacked signals (false transformants).
Interestingly, addition of AT- or GC-rich sequences to
the ends of the same HygR cassette resulted in a signifi-
cantly higher frequency of multiple insertions, a phenome-
non that was even more pronounced when promoterless
DsRed and EGFP genes were added (data not shown).
Analysis of 470 strains generated with either pAM1120,
pAM1270, pAM1273 or pAM1274, revealed that 56% con-
tain single intensely hybridizing high molecular weight
fragments, >20 kbp in length (data not shown). These pat-
terns suggest that the strains contain multiple copy tandem
insertions at a single site. The presence of tandem inser-
tions was confirmed by Southern analysis of selected trans-
formants (data not shown). The genomic DNAs were

digested with restriction enzymes that cut once within the
transforming cassette, either PstI, for analysis of transfor-
mants generated with pAM1270, pAM1273 and
pAM1274, or NcoI, for analysis of strains produced with
pAM1120. Southern analysis revealed fragments that were
predicted for tandem insertions of the transforming cas-
sette in head-to-head, head-to-tail and tail-to-tail orienta-
tions (data not shown). An additional 22% of the strains
had hybridization patterns indicating 2 or more insertions,
with only 22% of the strains having single copy insertions.

During optimization of the ATMT procedure, genomic
DNAs from 130 transformed strains were analyzed by
Southern hybridization to determine whether increased
co-cultivation time or varying the bacterial to conidial cell
ratio had an effect on T-DNA insertion copy number. The
DNAs were digested with PstI, which does not cut within
the transferred DNA, and exhibited hybridization to pre-
dominantly single fragments. These fragments varied in
size, but had uniform signal intensity. Neither of the opti-
mization parameters had an effect on the T-DNA copy
number, with 83% of the strains having single copy inser-
tions, 9% of the strains having two copies of T-DNA and

Fig. 3. (a) Effect of different conidium: A. tumefaciens cell ratios on the efficiency of A. tumefaciens-mediated transformation. Data is the average of the
number of primary transformants in 12 plates for each of the cell ratios, using a co-cultivation time of 48 h. (b) Effect of different co-cultivation times on
the efficiency of A. tumefaciens-mediated transformation. Data is the average of the number of primary transformants on 12 plates for each of the
conditions. Experiments were repeated three times. Error bars represent standard error.
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8% of strains having three or more copies (Fig. 4 and data
not shown).

A more detailed analysis of 283 ATMT lines indicated
that a slightly lower percentage of strains have single copy
insertions; 72% contained single copy T-DNA insertions,
while 27% had two hybridizing fragments, indicating two
insertions and the remainder displayed more complex pat-
terns (data not shown).

4. Phenotypic analysis

Putative auxotrophs were identified by screening for
strains that failed to grow, or grew poorly relative to strain
70-15 on minimal medium while exhibiting normal growth
on complete medium. Of 32,192 strains 35 putative auxo-
trophs were identified. Among these strains, 18 are amino
acid requiring, six are vitamin requiring, one requires uri-
dine and the rest have not yet been categorized.

Initial pathogenicity screens produced a large number of
strains that appeared different from strain 70-15. Of 33,943
strains tested, there were 4075 strains that showed reduced
pathogenicity compared to wild type in the primary screen
(N.Donofrio, personal communication). The majority of
these were eliminated during secondary screens. Tertiary
screens resulted in a total of 128 mutants. Of these, 38 were
non-pathogenic while 18 showed a slight reduction in path-
ogenicity and 72, a substantial reduction in pathogenicity
compared to wild type.

Of 49,248 strains screened for growth rate on complete
media, 84.5% exhibited normal growth, 3.5% grew faster
than 70-15, 5.6% grew slower, and 3.6% much slower than
70-15, while 2.8% failed to grow. Assessment of pigmenta-
tion on oatmeal media was performed on 48,257 strains
with 99.9% appearing as wild type. There were 27 buff
mutants, 9 albino mutants, and 18 strains exhibiting a
reduction in pigmentation. Buff mutants are blocked at
the reduction step from trihydroxynaphthalene to verme-

lone in the pentaketide pathway for melanin biosynthesis
(Howard and Valent, 1996). Qualitative assessment of the
rates of conidiation on oatmeal agar was performed on
48,264 strains and indicated that 1.6% of the strains pro-
duced more conidia than wild type and 4.9% produced
fewer than wild type conidia. Initial data indicated a signif-
icant number of strains failed to sporulate; improvements
to the sporulation assay eliminated these false positives.
It is likely that aconidial strains would not have been recov-
ered because strain processing required strains to sporulate
to generate homokaryotic transformed strains.

To supplement the screening for pathogenicity mutants
on plants, an in vitro appressorium assay was initiated by
spotting conidia on reflective glass mirror and scoring after
24 h of growth. Of 12,000 strains screened, 135 were
observed to be morphologically different than wild type.
These differences included morphological defects in coni-
dia, lower conidiation than wild type, failure to form
appressoria, longer than normal germ tubes, germ tubes
with multiple hooking attempts, branching germ tubes with
multiple appressoria per conidium, delayed formation of
appressoria, and abnormally shaped appressoria. The 135
abnormal strains were screened in pathogenicity assays
on rice plants with 110 showing reduced pathogenicity
and two being non-pathogenic. This high rate of mutant
identification supplemented our total number of pathoge-
nicity mutants. Strains exhibiting altered pathogenicity
were screened for penetration on onion epidermis to char-
acterize their post-appressorium developmental pheno-
types. A range of phenotypes were observed, with many
strains that exhibited reduced pathogenicity on rice show-
ing reduced penetration on onion epidermis and extensive
hyphal growth on the onion surface. However, some
strains had wild type penetration on onion epidermis, indi-
cating either host differences or post-penetration defects
during the infection cycle.

4.1. Recovery of flanking sequences

The ends of 256 random insertions and their associated
flanking M. oryzae sequences have been recovered from
ATMT lines using TAIL-PCR and Inverse PCR (Meng
et al., 2007). Frequently when attempting to recover
sequences adjacent to the T-DNA left border, vector
sequences were recovered indicating failure to cleave the
T-DNA at the left border when transfer was initiated.
Recovery of sequences adjacent to the T-DNA right border
regularly yielded M. oryzae sequences, indicative of initia-
tion of T-DNA transfer at the right border. Initial recovery
of flanking sequences in a pool of 80 mutants with reduced
pathogenicity identified 39 hypothetical genes, 13 ORFs
without significant GenBank matches, and 11 intergenic
regions (defined as insertions >1 kb from an annotated
M. oryzae gene). The remaining T-DNA flanking regions
were not informative due to the presence of tandem T-
DNA insertions or transfer beyond the T-DNA left border.
Table 1 presents a summary of some of the genes that were

Fig. 4. Southern blot analysis of DNAs of ATMT transformed lines.
Genomic DNAs of 20 random strains were digested with PstI, which does
not cut within the transferred DNA fragment and hybridized with the
HygR gene of pCB1004. The DNA size markers are the 1 kb Plus DNA
Ladder� of Invitrogen Corp., and are listed in kilobases (kb) to the left of
the figure.
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identified via recovery of M. oryzae sequences flanking T-
DNA inserts in pathogenicity mutants with additional
genes presented in Supplemental Table 2. Genetic comple-
mentation and/or targeted gene disruption of a limited
number of these mutants have demonstrated their role in
pathogenicity. These include a putative cyclophilin
(MGG_05731.5), a putative ABC transporter
(MGG_01563.5) and a hypothetical protein with domains
suggesting it functions in taurine catabolism
(MGG_03117.5) (Table 1). Efforts to complement other
mutant strains are underway.

5. Discussion

We report the construction of a comprehensive insertion
library of Magnaporthe oryzae strain 70-15 that represents
a community resource to understand gene function in this
model ascomycete plant pathogen. This is the largest such
resource available for any phytopathogenic fungus. The
main goal is to unravel the molecular interactions that
occur between M. oryzae and its hosts, but this library will
also serve to study metabolism, morphogenesis and all
other aspects of fungal biology. Since our objective was
to create >50,000 fungal lines by insertional mutagenesis
we needed to develop an efficient high-throughput transfor-
mation system to generate and process these strains. Two
additional objectives were to develop a transformation pro-
cess that produces primarily a single insertion per strain to
simplify identification of disrupted genes, and that mini-
mizes the rate of false positive transformants thus decreas-
ing the amount of effort needed to generate each strain. Use
of multiple transformation methods and multiple vectors
per method was done to increase the likelihood of having
insertions throughout the genome in case a single method
showed sequence targeting bias. Our data show that A.

tumefaciens-mediated transformation is clearly superior to
CaCl2/PEG-mediated protoplast transformation in terms
of labor to generate strains, as well as the nature of the
insertion patterns. ATMT had advantages in every aspect
of the process. First, ATMT is less invasive to the cell since
the recipient is a conidium and does not require removal of
the cell wall, or any other processing prior to introduction
of the transforming DNA. This also means there is less
effort involved in recipient cell generation. Second, there
is a much higher rate of success in processing primary
transformants through to homokaryotic lines ready for
storage and analysis, with nearly 90% of ATMT strains
surviving the process, while only slightly more than half
(53%) of protoplast lines were retained. Third and most
importantly, the insertion patterns of ATMT lines resulted
in primarily single insertions. The varied banding pattern
of insertions and their associated flanking DNA in South-
ern analysis suggests that they were random (Fig. 4). The
ATMT insertion patterns contrast dramatically with those
of the protoplast transformants where the majority of
strains generated had insertions of multiple, tandem
repeats. While these apparently single site insertions stillT

ab
le

1
A

sa
m

p
le

o
f

M
a

g
n

a
p

o
rt

h
e

o
ry

za
e

ge
n

es
id

en
ti

fi
ed

b
y

T
-D

N
A

fl
an

k
in

g
se

q
u

en
ce

re
co

ve
ry

L
o

cu
s

A
n

n
o

ta
ti

o
n

C
o

n
se

rv
ed

d
o

m
ai

n
s,

m
o

ti
fs

an
d

p
ro

te
in

fa
m

il
ie

s
B

la
st

X

P
u

ta
ti

ve
fu

n
ct

io
n

O
rg

an
is

m
E

-v
al

u
e

M
G

G
_0

31
17

.5
H

yp
o

th
et

ic
al

p
ro

te
in

T
au

ri
n

e
ca

ta
b

o
li

sm
d

io
xy

ge
n

as
e

T
au

D
,

T
fd

A
fa

m
il

y
A

lp
h

a-
k

et
o

gl
u

ta
ra

te
d

ep
en

d
en

t
ta

u
ri

n
e

d
io

xy
ge

n
as

e
E

sc
h

er
ic

h
ia

co
li

3.
00

E
�

27

M
G

G
_0

57
31

.5
H

yp
o

th
et

ic
al

p
ro

te
in

C
yc

lo
p

h
il

in
ty

p
e

p
ep

ti
d

yl
-p

ro
ly

l
ci

s–
tr

an
s

is
o

m
er

as
e/

C
L

D
,W

D
d

o
m

ai
n

,
G

-b
et

a
re

p
ea

t
C

yc
lo

p
h

il
in

ty
p

e
p

ep
ti

d
yl

-p
ro

ly
l

ci
s–

tr
an

s
is

o
m

er
as

e
A

sp
er

g
il

lu
s

fu
m

ig
a
tu

s

0E

M
G

G
_0

15
63

.5
H

yp
o

th
et

ic
al

p
ro

te
in

A
B

C
-2

ty
p

e
tr

an
sp

o
rt

er
A

B
C

tr
an

sp
o

rt
er

A
d

p
1

A
sp

er
g
il

lu
s

fu
m

ig
a
tu

s

0E

M
G

G
_0

34
73

.5
H

yp
o

th
et

ic
al

p
ro

te
in

N
m

rA
-l

ik
e

fa
m

il
y

(n
it

ro
ge

n
m

et
ab

o
li

te
re

p
re

ss
io

n
)

N
m

rA
-l

ik
e

fa
m

il
y

p
ro

te
in

N
eo

sa
rt

o
ry

a
fi

sc
h

er
i

2.
00

E
�

25

M
G

G
_0

92
85

.5
N

A
D

H
-u

b
iq

u
in

o
n

e
o

xi
d

o
re

d
u

ct
as

e
49

k
D

a
su

b
u

n
it

,
m

it
o

ch
o

n
d

ri
al

p
re

cu
rs

o
r

R
es

p
ir

at
o

ry
-c

h
ai

n
N

A
D

H
d

eh
yd

ro
ge

n
as

e,
49

k
D

a
su

b
u

n
it

N
A

D
H

-u
b

iq
u

in
o

n
e

o
xi

d
o

re
d

u
ct

as
e

49
k

D
a

su
b

u
n

it
,

m
it

o
ch

o
n

d
ri

al
p

re
cu

rs
o

r
N

eu
ro

sp
o

ra
cr

a
ss

a
0E

M
G

G
_0

80
63

.5
P

yr
u

va
te

k
in

as
e

P
yr

u
va

te
k

in
as

e,
b

ar
re

l
d

o
m

ai
n

,
p

yr
u

va
te

k
in

as
e,

al
p

h
a/

b
et

a
d

o
m

ai
n

P
yr

u
va

te
k

in
as

e
N

eu
ro

sp
o

ra
cr

a
ss

a
0E

M
G

G
_0

63
61

.5
H

yp
o

th
et

ic
al

p
ro

te
in

D
yn

am
in

ce
n

tr
al

re
gi

o
n

,
d

yn
am

in
fa

m
il

y,
d

yn
am

in
G

T
P

as
e

eff
ec

to
r

d
o

m
ai

n
D

yn
am

in
-r

el
at

ed
p

ro
te

in
1

P
o

d
o

sp
o

ra
a

n
se

ri
n

a
0E

M
G

G
_0

24
25

.5
H

yp
o

th
et

ic
al

p
ro

te
in

K
in

es
in

m
o

to
r

d
o

m
ai

n
K

in
es

in
G

ib
b
er

el
la

m
o
n
il

if
o
rm

is

0E

M
G

G
_0

70
65

.5
H

yp
o

th
et

ic
al

p
ro

te
in

C
yc

li
n

,
C

an
d

N
-t

er
m

in
al

d
o

m
ai

n
s

G
2/

m
it

o
ti

c-
sp

ec
ifi

c
cy

cl
in

cd
c1

3
A

sp
er

g
il

lu
s

te
rr

eu
s

3.
00

E
�

13
2

M
G

G
_0

15
88

.5
D

N
A

d
am

ag
e

ch
ec

k
p

o
in

t
p

ro
te

in
ra

d
24

14
-3

-3
d

o
m

ai
n

D
N

A
d

am
ag

e
ch

ec
k

p
o

in
t

p
ro

te
in

ra
d

24
C

h
a

et
o
m

iu
m

g
lo

b
o

su
m

4.
00

E
�

13
2

M.F. Betts et al. / Fungal Genetics and Biology xxx (2007) xxx–xxx 11

ARTICLE IN PRESS

Please cite this article in press as: Betts, M.F. et al., Development of a high throughput transformation system ..., Fungal Genet.
Biol. (2007), doi:10.1016/j.fgb.2007.05.001

351



make it possible to identify and analyze important inser-
tion mutants, the tandem nature of the insertions makes
the recovery of flanking genomic DNA by methods such
as TAIL-PCR or iPCR more difficult. Due to the limita-
tions of strains generated through protoplast transforma-
tion we produced 69.5% of our 56,095 strains by ATMT.

From the results described here, and in previous publi-
cations (Abuodeh et al., 2000; Mullins et al., 2001; Rho
et al., 2001), it has been shown that the efficiency of ATMT
increases with longer co-cultivation times of up to 48 h
(Fig. 3b). In contrast to data from Rho and coworkers
(Rho et al., 2001) also working with Magnaporthe, we
never observed primary transformants after only 24 h of
co-cultivation. We occasionally saw colonies after 32 h of
co-cultivation when using EHA105/pAD1624 as the donor
strain, however a six-fold improvement in numbers was
observed by increasing the co-cultivation time from 40 to
48 h (Fig. 3b). When AGL1/pBHt2 was used as the donor
strain as in (Rho et al., 2001) we did not see transformants
unless co-cultivation was for at least 40 h, and a two-fold
improvement was observed if co-cultivation continued for
another 8 h (Fig. 3b). An analysis of insertion patterns
indicated that there was no increase in the number of
DNA insertions with extended co-cultivation time. A sec-
ond factor in understanding transformation efficiency is
the ratio of fungal to bacterial cells. It is reasonable to
expect that an increased number of bacterial cells per
conidium would increase the likelihood that a conidium
would be contacted and transformed by A. tumefaciens.
Our results suggest this is the case, with improved efficien-
cies of transformation for EHA105/pAD1624 up to a ratio
of 1:100 fungal to bacterial cells, and improved efficiencies
at least to 1:250 when using AGL1/pBHt2 as the donor
strain (Fig. 3a and data not shown). The EHA105/
pAD1624 transformation system appears to be more effi-
cient than AGL1/pBHt2 for generation of primary trans-
formants, with a six-fold difference when the cells are
mixed at a ratio of one conidium per 100 bacterial cells
(Fig. 3). It is unclear why EHA105/pAD1624 is a more effi-
cient donor strain, because the two A. tumefaciens strains
are quite similar genetically, having both been derived from
EHA101, a strain that contains the hypervirulent, attenu-
ated tumor-inducing plasmid pTiBo542, from which the
T-DNA was precisely deleted and replaced with a kanamy-
cin resistance gene (Hood et al., 1986). EHA105/pAD1624
is composed of EHA105, which is a kanamycin sensitive
derivative of EHA101 (Hood et al., 1993), containing the
donor plasmid pAD1624. AGL1 is a recA derivative of
EHA101 (Lazo et al., 1991). A significant difference in
the way the strains are prepared for transformation has
to do with induction of the vir genes. While AGL1/pBHt2
requires acetosyringone to induce vir genes, the binary vec-
tor pAD1624 in EHA105 contains a constitutive virG gene,
virGN54D (Pazour et al., 1992), which makes the strain
acetosyringone independent. Although we were concerned
that optimizing transformation efficiency by increasing
co-cultivation time or bacterial cell to conidium ratios

might increase the number of insertions per recipient, we
observed no significant difference under all the conditions
tested with either A. tumefaciens donor strain. These results
are similar to those observed for Fusarium oxysporum and
Beauveria bassiana (Leclerque et al., 2004; Mullins et al.,
2001) but appear to be different from what was previously
reported for Magnaporthe (Rho et al., 2001) where it was
claimed that increasing the co-cultivation time decreased
the frequency of transformants containing a single copy
of T-DNA. We observed that regardless of incubation time
or cell/cell ratio, 72–88% of the transformed lines con-
tained a single insertion copy, which is consistent with what
has been observed in F. oxysporum, B. bassiana and Lep-

tosphaeria maculans (Blaise et al., 2007; Leclerque et al.,
2004; Mullins et al., 2001). The level of transformation effi-
ciency of M. oryzae using AGL1/pBHt2 is comparable to
that found for B. bassiana (Leclerque et al., 2004), and
other filamentous fungi like Aspergillus awamori, Neuros-

pora crassa and Fusarium venenatum (de Groot et al.,
1998) but lower than that reported for Magnaporthe

(Rho et al., 2001) and is slightly higher than that observed
for F. oxysporum (Mullins et al., 2001).

One goal in creation of this insertion strain library was
to identify pathogenicity mutants that have not been found
previously by creating mutants first and then screening
their phenotypes. Other projects on a smaller scale have
used REMI to demonstrate the validity of this approach
(Balhadere et al., 1999; Sweigard et al., 1998). Our results
indicate that ATMT is a very amenable method for per-
forming large-scale reverse genetics. The scale of this pro-
ject and development of high throughput screens for
mutant analysis should make this a model to be followed
by others. To maximize the efficiency of the insertion line
pipeline, minimize reagent use and limit potential recording
errors, assays were done in 24-well plates, strains were
placed in 96-well plates for long-term storage, and all of
these plates were bar-coded and registered in our web-
based PACLIMS database (Donofrio et al., 2005). A final
goal of this project was to make the strains, and informa-
tion analyses associated with them available to the research
community. For this, the strains were deposited at the
FGSC, and a web-based database, MGOS (www.mgosdb.
org), was developed (Soderlund et al., 2006).

Both via the in vivo high throughput plant assay we
developed, and an in vitro assay for infection structure
development, we have identified more than 200 new mutant
strains. Characterization of the gene defects in these strains
is in progress and will be the subject of future reports. As
presented in Table 1, recovery of sequences flanking T-
DNA insertions from a small subset of pathogenicity
mutants, revealed potential new genes important for host
infection. Some of these belong to protein families that
have been previously demonstrated to play a role in path-
ogenicity. For example, we have complemented a putative
cyclophilin mutant, different from the previously character-
ized cyp1 mutant (Viaud et al., 2002). CYP1 is a cyclophilin
in M. oryzae that is required for host penetration (Viaud
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et al., 2002). The role of CYP1 in virulence supported the
idea that appressorium differentiation is a process regu-
lated by calmodulin-dependent signaling (Lee and Lee,
1998; Viaud et al., 2002). Cyclophilins have also been
shown to be important for the pathogenicity of the human
pathogen Cryptoccocus neoformans (Wang et al., 2001).
Cyclophilins are present in all eukaryotes and function as
peptidyl prolyl cis–trans isomerases in a variety of cellular
processes such as response to environmental stresses, cell
cycle control, calcium signaling and transcriptional repres-
sion (Talbot, 2003; Wang et al., 2001).

Additionally we identified an ABC (ATP binding cas-
sette) transporter, different from the previously character-
ized ABC1 (Urban et al., 1999), that is involved in
pathogenicity in M. oryzae. Our ABC transporter mutant
is significantly reduced in virulence but still occasionally
is able to produce lesions. Characterization of ABC1,
an ATP-driven efflux pump, in the rice blast fungus indi-
cates that these proteins could constitute an important
part of the mechanism by which M. oryzae detoxifies
plant defense compounds such as rice phytoalexins
(Urban et al., 1999).

Although, our initial T-DNA insertion analysis has not
identified some of the already characterized pathogenicity
genes in M. oryzae, we attribute that to the small subset
of mutants analyzed. It is encouraging that several new
genes have been identified since, our primary interest was
to identify new pathogenicity genes. In addition to the util-
ity of these strains for identification of pathogenicity
mutants, DNA pools have been isolated from all plates
of strains and could be used to screen for a mutation in a
particular gene of interest. Although our primary goal
was to identify strains affected in host-pathogen interac-
tions, we also generated strains affected in growth rate,
metabolism, pigmentation and morphology. Analysis of
auxotrophs indicated that 0.11% of the transformed lines
tested failed to grow on minimal medium but grew on com-
plete medium. This number was lower than expected, based
on the 0.35% identified by UV mutagenesis in Magnaporthe

(Crawford et al., 1986). We believe this was due to incon-
sistent results in early screens using agar media. Using aga-
rose as a support media decreased variability in later
auxotroph screens.

Our initial efforts to recover T-DNA flanking regions in
order to identify genes involved in pathogenicity, produced
results similar to those from the analysis of insertion lines
produced by plant transformation. ATMT is known to ini-
tiate transfer of DNA at the T-DNA right border and ter-
minate transfer at the left T-DNA border, resulting in
transfer of all DNA between the borders (Gelvin, 2003;
Ream, 1989; Tinland, 1996). However, often transfer con-
tinues beyond the left border (De Buck et al., 2000; Fors-
bach et al., 2003; Ooms et al., 1982; Tinland, 1996;
Tinland et al., 1995). This was in agreement with our
results where recovery of M. oryzae sequences from the
right border junction occurred at a greater frequency than
adjacent to the left border.

An important question regarding insertion mutants is
whether the insertion was responsible for the phenotypic
defect observed. In ATMT of Arabidopsis, only 35–40%
of mutants identified from T-DNA insertion libraries are
tagged by T-DNA (AzpirozLeehan and Feldmann, 1997).
We expect the rate to be higher in M. oryzae both based
on the REMI reports (Balhadere et al., 1999; Sweigard
et al., 1998) and on initial recovery of genomic sequences
flanking insertions of several auxotrophic strains. Comple-
mentation experiments of nine mutant strains with wild
type gene copies, demonstrated in all cases that the DNA
insertion was responsible for the mutant phenotype (Meng,
Betts, Farman and Orbach, unpublished). Much more
recovery work needs to be done to determine the actual
percentage of mutant genes that are tagged in our library.
In a pilot scale ATMT experiment with the Brassica napus

pathogen L. maculans, 3000 insertion lines were generated
(Blaise et al., 2007). Analysis of 12 pathogenicity mutant
lines by genetic crosses indicated that six mutant pheno-
types co-segregated with the transforming DNA, suggest-
ing 50% of mutants are tagged.

Analysis of insertional mutagenesis projects of Arabid-
opsis (AzpirozLeehan and Feldmann, 1997) and yeast
(Bundock et al., 2002), indicate that T-DNA inserts are dis-
tributed throughout the genome. Our analysis of 256 inser-
tions suggests that insertions are distributed throughout
the genome although there may be some bias in insertion
sites (Meng et al., 2007). This suggests that our collection
of strains is likely to contain mutants for many M. oryzae

genes, but the site bias may preclude some genes from
mutagenesis unless a larger set of insertion lines is gener-
ated. To determine the overall randomness of insertion will
require analysis of a larger set of insertion lines.

The availability of the genome sequence of M. oryzae

(Dean et al., 2005) makes it relatively simple to identify
the genes disrupted by insertions because of the ability to
recover the DNA tags and their flanking genomic
sequences. As more data on pathosystems like that of M.
oryzae and rice become available more refined approaches
can be integrated in disease management strategies in the
agricultural field. The generation and availability of this
library provides a great tool to study many of the mecha-
nisms of disease development and the biology of M. oryzae.
We expect that many of the techniques described here
could be applied to work with other organisms. Moreover,
we expect that future data obtained from the use of this
library will enlighten research in other systems.
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Abstract

We describe here the analysis of random T-DNA insertions that were generated as part of a large-scale insertional mutagenesis project
for Magnaporthe oryzae. Chromosomal regions flanking T-DNA insertions were rescued by inverse PCR, sequenced and used to search
the M. oryzae genome assembly. Among the 175 insertions for which at least one flank was rescued, 137 had integrated in single-copy
regions of the genome, 17 were in repeated sequences, one had no match to the genome, and the remainder were unassigned due to ille-
gitimate T-DNA integration events. These included in order of abundance: head-to-tail tandem insertions, right border excision failures,
left border excision failures and insertion of one T-DNA into another. The left borders of the T-DNA were frequently truncated and
inserted in sequences with micro-homology to the left terminus. By contrast the right borders were less prone to degradation and
appeared to have been integrated in a homology-independent manner. Gross genome rearrangements rarely occurred when the T-DNAs
integrated in single-copy regions, although most insertions did cause small deletions at the target site. Significant insertion bias was
detected, with promoters receiving two times more T-DNA hits than expected, and open reading frames receiving three times fewer.
In addition, we found that the distribution of T-DNA inserts among the M. oryzae chromosomes was not random. The implications
of these findings with regard to saturation mutagenesis of the M. oryzae genome are discussed.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Agrobacterium-mediated transformation; Insertional mutagenesis; Inverse PCR

1. Introduction

Genome sequences are now available for at least 40 fil-
amentous fungi, and additional genomes are currently in
production (Galagan et al., 2005; Xu et al., 2006). Along

with a complete genome sequence comes the potential for
large-scale studies of gene function, using such techniques
as systematic gene knock-outs, RNAi-mediated gene-
silencing, and transcriptional and protein profiling
(reviewed in Xu et al., 2006). In Saccharomyces cerevisiae,
the systematic deletion of genes was facilitated by the fact
that gene targeting occurs almost 100% of the time when
linear gene replacement constructs have ends with as little
as 20–40 bp of identity to the target site (Baudin et al.,
1993). Unfortunately, gene targeting is much less efficient
in most filamentous fungi, and typically requires more than
400 bp of homology at each end of the construct (Asch and
Kinsey, 1990; Bird and Bradshaw, 1997; Casqueiro et al.,
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1999; Gonzalez et al., 1999; Nelson et al., 2003; Wendland,
2003). As such, systematic gene deletion projects are likely
to be much more challenging in these organisms and, in
most cases, alternative approaches will be needed.

One strategy that would appear to be suitable for such
endeavors is the creation of large libraries of random inser-
tional mutants, which can then be screened for insertions in
genes of interest. Random insertional mutagenesis is a well-
established technique for gene discovery in filamentous
fungi (Gold et al., 2001; Kahmann and Basse, 1999).
Large-scale insertional mutant screens were made possible
with the development of restriction-enzyme mediated inser-
tional (REMI) mutagenesis, in which a restriction-enzyme
is introduced into protoplasts, along with the transforming
DNA. The advantages of REMI over standard (DNA
only) transformation procedures are that it results in higher
transformation frequencies (Lu et al., 1994; Schiestl and
Petes, 1991; Shi et al., 1995) and tends to increase the pro-
portion of single-copy insertions (Brown et al., 1996; Böl-
ker et al., 1995; Itoh and Scott, 1997; Kahmann and
Basse, 1999). However, REMI has some disadvantages that
compromise its suitability for whole genome approaches to
the analysis of gene function. First, the use of site-specific
enzymes introduces non-randomness into the integration
process, so that multiple enzymes must be used to allow
mutational saturation of the genome. Second, although
REMI increases the proportion of single-copy integrations,
it still produces an appreciable number of transformants
with tandem arrays of vector sequences, which makes it dif-
ficult to rescue and characterize the disrupted genes (Bölker
et al., 1995; Itoh and Scott, 1994, 1997; Shi et al., 1995;
Thon et al., 2000). Finally, REMI can cause large chromo-
somal deletions at the site of transgene insertion, making it
difficult to identify the gene responsible for the observed
phenotype (Itoh and Scott, 1994, 1997; Sweigard et al.,
1998).

Many of the disadvantages of REMI are overcome by
using Agrobacterium tumefaciens-mediated transformation
(ATMT) methods. A. tumefaciens is a Gram-negative,
pathogenic bacterium that transfers a segment of DNA,
known as the T-DNA, into plant cells. The T-DNA
becomes integrated into the plant genome, making it an
ideal vehicle for the delivery of recombinant genes. In
plants, T-DNA integration occurs via illegitimate (non-
homologous) recombination (Gheysen et al., 1991; Maye-
rhofer et al., 1991). This property has been exploited to
generate large libraries of T-DNA insertion mutants in
Arabidopsis (Alonso et al., 2003; Forsbach et al., 2003; Ses-
sions et al., 2002; Szabados et al., 2002) and rice (An et al.,
2003; Jeon et al., 2000). The utility of this approach is illus-
trated by the fact that, as of 2003, insertions had been iden-
tified in at least 21,700 of the estimated 29,454 Arabidopsis
genes (Alonso et al., 2003).

In 1995, Bundock and coworkers reported that A. tum-
efaciens can also be used for transformation of S. cerevisi-

ae. Soon after, A. tumefaciens-mediated transformation
(ATMT) was reported for several species of filamentous

fungi (de Groot et al., 1998). This was a boon to filamen-
tous fungal research for several reasons. First, ATMT pro-
cedures tend to be more streamlined than previously used
transformation methods, which generally required the for-
mation and manipulation of osmotically sensitive protop-
lasts. More importantly, however, ATMT tends to result
in higher transformation frequencies (Amey et al., 2002;
de Groot et al., 1998; Fitzgerald et al., 2003; Flowers and
Vaillancourt, 2005; Meyer et al., 2003; Michielse et al.,
2005), and does not seem to be so sensitive to the experi-
mental variation that is frequently associated with proto-
plast transformation methods (Flowers and Vaillancourt,
2005; Meng, Patel and Farman, unpublished data). ATMT
has been used to transform well over 50 different fungal
species (Michielse et al., 2005), including a number that
were recalcitrant to transformation by other methods
(Chen et al., 2000; Covert et al., 2001; Degefu and Hanif,
2003; Malonek and Meinhardt, 2001).

ATMT has been a major benefit to fungal insertional
mutagenesis projects and has already led to the identifica-
tion of genes controlling a variety of different traits (Elliott
and Howlett, 2006; Idnurm et al., 2004; Rogers et al., 2004;
Walton et al., 2005). However, because most studies have
focused on the identification and characterization of spe-
cific mutants, it is not yet known whether ATMT results
in a random distribution of insertions within chromo-
somes, or if it shows a preference for certain sequences or
chromosomal regions. Without this information, it is not
known if ATMT will allow saturation mutagenesis of fun-
gal genomes. Characterization of 54 transformants of S.
cerevisiae (Bundock et al., 2002) revealed that all strains
contained a single T-DNA insertion, which had integrated
via non-homologous recombination. Twenty-six percent of
insertions had occurred in ORFs, 24% were in upstream
elements, 6% were in downstream regions and 41% were
intergenic. Based on their data, the authors concluded that
S. cerevisiae does not normally exhibit bias toward T-DNA
insertion into particular genes, sequence motifs or chromo-
somal regions. One recipient strain was an exception to this
rule, however, because it showed preferential insertion of
T-DNAs into a chromosome arm with an unusually high
density of Ty elements.

By comparison, most studies of T-DNA insertion pat-
terns in filamentous fungi have been rather limited in
scope. Southern hybridization has been widely used to
show that filamentous fungi usually experience simple
T-DNA insertion events, suggesting integration at a single
chromosomal location (de Groot et al., 1998; LeClerque
et al., 2004; Rho et al., 2001; Tsuji et al., 2003). However,
there is fairly limited information on the chromosomal dis-
tribution of the T-DNAs because, in most studies, only a
few flanking sequences were rescued. Recently, Blaise and
coworkers reported an analysis of T-DNA insertion pat-
terns in 135 Leptosphaeria maculans transformants (Blaise
et al., 2007). However, the lack of a genome sequence for
this fungus limited the types of analyses that could be per-
formed. In addition, the interpretation of the data is open
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to question, so the resulting conclusions need to be inter-
preted with caution.

Characterization of interesting mutants recovered from
ATMT-based, insertional mutagenesis screens shows an
unusually high frequency of insertion into promoter
regions (Elliott and Howlett, 2006; Idnurm et al., 2004;
Walton et al., 2005). In these cases, however, the strains
had been selected based on the presence of a specific pheno-
type, so it is not known if this is a general trend, or if pro-
moter regions are simply favored among the subset of
insertions that result in detectable mutations.

As part of a large functional genomics project, we gen-
erated a library of over 50,000 T-DNA insertion lines in
the fungus, Magnaporthe oryzae (Betts et al., 2007). In
order to assess the efficiency of gene disruption achieved
through ATMT, we characterized T-DNA insertion sites
in a collection of randomly selected transformants. Most
importantly, we sought to determine if T-DNAs exhibit
any insertional bias either toward, or against, coding
regions. We also examined whether the distribution of
T-DNA inserts is affected by factors such as genomic
sequence composition, as this is expected to affect the abil-
ity to saturate the M. oryzae genome with mutations.

2. Materials and methods

2.1. Strains and plasmids

The M. oryzae culture that was used for these studies
was derived from a single spore of 70–15 (Chao and Elling-
boe, 1991). This is the strain whose genome was sequenced
(Dean et al., 2005). The culture was then stored in cellulose
paper disks at �20�C. Working stocks were produced by
placing a single disk on oatmeal agar, and allowing the fun-
gus to fill the plate. The fungus was stored in dry agar
pieces at �20�C. Each experiment was initiated by transfer-
ring a piece of dried agar onto oatmeal agar. Strains are
available from Mark Farman upon request, and with
appropriate importation permits.

The plasmid vector used for insertional mutagenesis
was pBHt2 (Mullins et al., 2001). A map of the

T-DNA in this plasmid showing relevant restriction sites
is provided in Fig. 1a. The plasmid was maintained in
the A. tumefaciens AGL-1 strain used for transformation.
AGL-1 carrying pBHt2 was stored at �80 �Cin
LB + 10% glycerol.

2.2. Transformation of 70–15 spores

Agrobacterium-mediated transformation was per-
formed using the protocol described in an accompanying
manuscript (Betts et al., 2007).

Rescue of flanking sequences. Approximately 500 ng of
genomic DNA from each transformant were subjected to
overnight digestion with 5 U of NcoI or MspI (New Eng-
land Biolabs, Bethesda, MD) in a total reaction volume
of 50 ll. The enzyme was inactivated by heating at 65 �C
for 20 min. Then, 10 ll of 10· T4 DNA ligase buffer
(NEB), 40 ll of sterile H2O and 0.1 ll of T4 DNA ligase
(NEB) were added to each tube, and ligation was allowed
to proceed overnight at 15 �C. The DNA samples were pre-
cipitated with 1/10th vol. 3 M NaOAC and 2.5 vol. 95%
EtOH, and pelleted by centrifugation. The pellets were
washed with 70% ethanol, dried and re-dissolved in 50 ll
of H2O. Two microliters of ligation product were added
to 48 ll of PCR mix containing: 1· reaction buffer, 5 mmol
dNTPs, 20 pmol of each primer, and 1 U of Taq polymer-
ase (Invitrogen, Carlsbad, CA). The primers used are listed
in Table 1 and their positions within the T-DNA are shown
in Fig. 1b. The conditions used for PCR were as follows:
94 �C for 2 min, followed by 35 cycles of 94� C, 30 s;
55 �C, 30 s; and 72 �C for 3 min. A final extension step
was 72 �C for 10 min.

The PCR products were precipitated by adding 0.28 vol.
10 M NH4Ac, followed by 3.2 vol. 95% EtOH. The tubes
were inverted to mix and then centrifuged at 18,000 rcf
for 1 min, followed by incubation at room temperature
for 10 min and a second centrifuge step of 18,000 rcf for
20 min at 4 �C. The DNA pellets were washed in 70%
EtOH, dried and re-dissolved in 20 ll of sterile H2O. One
microliter (�10–50 ng DNA) was added to each sequencing
reaction. BigDye V.3 (ABI, Foster City, CA) sequencing

Fig. 1. Restriction map and priming sites in the T-DNA contained in pBht2. (a) The open arrows represent the direct repeats recognized by the VirD1/
VirD2 complex. Strand cleavage occurs at the arrow points, resulting in liberation of the T-DNA (open rectangle). The black arrow represents the
hygromycin resistance gene, and the white box upstream of it is the Aspergillus nidulans TrpC promoter. Vertical ticks show the positions of restriction
sites. The sites that are ligated to flanking genomic sequences during the iPCR procedure are labeled. The unlabeled ticks represent additional MspI sites.
(b) shows the positions of priming sites used for PCR and sequencing.

Y. Meng et al. / Fungal Genetics and Biology xxx (2007) xxx–xxx 3

ARTICLE IN PRESS

Please cite this article in press as: Meng, Y. et al., A systematic analysis of T-DNA insertion events in Magnaporthe oryzae, Fungal
Genet. Biol. (2007), doi:10.1016/j.fgb.2007.04.002

359



chemistry was employed and sequence was acquired in the
UK Advanced Genetic Technologies Center.

2.3. Identification of matches between T-DNA flanks and the

M. oryzae genome sequence

A multifasta file containing the flanking sequences was
used to search the M. oryzae genome sequence (Version 5)
using a locally installed version of the BLAST program
(v2.2.11). The parameters used for all searches were an
E-value of e�20 and simple repeat filtering off. The positions
of the left and right border sequences were determined using
cross-match (http://www.phrap.com) with the following
parameters: -minmatch 12, -penalty -2, -minscore 10.

2.4. Generation of random insertion sites for Monte Carlo

simulations

The genome sequence was concatenated and random
numbers between 1 and 41624341 (the length of the V5.0
genome sequence +1) were selected using the srand and
rand functions of Perl. These numbers were then converted
back to insertion positions within individual sequence con-
tigs and, if necessary for subsequent analysis, the corre-
sponding sequences were retrieved. One-thousand
replicates were generated for each simulation, with each
replicate containing a number of virtual insertions equiva-
lent to number of actual insertions in the experimental
sample being tested.

2.5. Positioning of insertions relative to predicted genes

Gene positions were obtained from files containing the
putative gene sets provided with the V5.0 public release
of the M. oryzae genome annotation (http://www.broad.
mit.edu/annotation/genome/magnaporthe_grisea/assets/
magnaporthe_grisea_5_transcripts.gtf.gz)). To allow the
precise positioning of insertions relative to gene bound-
aries, only flanks possessing a clear T-DNA:chromosomal
DNA junction were analyzed. Redundancy was avoided
by examining only one flanking sequence per insertion,

and if both flanks were available, the insertion position
of the left flank was analyzed, because T-DNA insertion
is believed to involve integration of the left border first
(Tinland, 1996). Three analyses were performed with pro-
moter and downstream regions being defined as the
sequences within (i) 500, (ii) 750 and (iii) 1000 bp of the
start and stop codons, respectively. T-DNAs inserted
between the start and stop codons of a predicted gene, were
scored as intragenic insertions (ORF). Insertions that were
not in ORFs, promoters or downstream regions were con-
sidered to be intergenic, unless they were flanked on one
side by the end of a contig, or a sequence gap, in which case
they were deemed non-informative, to account for the pos-
sibility of missed gene predictions in these regions.

The fractions of T-DNA insertions in the various com-
partments (ORFs, promoters, downstream and intergenic
regions) were compared to distributions obtained by ana-
lyzing 1000 sets of random insertions.

The relative proportions of promoters, ORFs, down-
stream and intergenic regions within the genome sequence
were estimated with a Perl script that parses the V5.0 gene
list, calculates the promoter, ORF downstream and inter-
genic ‘‘spaces’’ associated with each gene, and creates a
cumulative tally of these values. The script allows for that
fact that promoters and downstream regions can overlap
with one another. The script was run using promoter/
downstream sizes of 500, 750 and 1000 bp.

2.6. Analysis of sequence composition in the vicinity of

T-DNA insertions

The average di-nucleotide composition for 200 bp
regions flanking the T-DNA insertions were calculated
using the program compseq, which comes as part of the
INquiry installation on the Apple Workgroup cluster. To
account for short flanks and possible errors in the
sequences of the PCR products, all of the T-DNA flanking
sequences were retrieved from the genome sequence, and
their orientations were maintained (i.e. so that the flanks
read outward from the T-DNA insertion point). The
frequencies of each di-nucleotide among the T-DNA inser-
tions were then compared to a distribution of di-nucleotide
frequencies obtained by analyzing 1000 sets of random
insertions.

The di-nucleotide compositions of promoters, ORFs,
downstream and intergenic regions were determined by
analyzing the corresponding sequence files using compseq.

3. Results

3.1. Characterization of sequences flanking T-DNA

insertions

Four 96-well plates of single-spored transformant stocks
were selected at random and genomic DNA was extracted
from 381 viable transformants. The DNA samples were
digested separately with the restriction enzymes NcoI and

Table 1
Sequences of primers used for inverse PCR

Primer name Sequence (50 -> 3 0)

NL1 AGTGTATTGACCGATTCCTTGC
NL2 AGGGTTCCTATAGGGTTTCGCTCATG
NL3 GAATTAATTCGGCGTTAATTCAGT
NR1 CGTTATGTTTATCGGCACTTTG
NR2 GGCACTGGCCGTCGTTTTACAAC
NR3 CCCTTCCCAACAGTTGCGCA
ML1 GGATTTTGGTTTTAGGAATTAGA
ML2 AATTCGGCGTTAATTCAGTACA
ML3 TCAGTACATTAAAAACGTCCGCAA
MR1 CAACTGTTGGGAAGGGCGATC
MR2 CAGCCTGAATGGCGAATGCTA
MR3 GAATGCTAGAGCAGCTTGAGCT
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MspI, circularized by ligation and, finally, used as templates
for inverse PCR (iPCR). In this manner, we amplified and
characterized a total of 265 sequences. These included at
least one flank from each of 175 independent transformants,
which represents a success rate for flanking sequence rescue
of �46% (on a per transformant basis). BLAST searches
revealed that only 211 (�80%) of the flanking sequences
matched the M. oryzae genome assembly. Among these
matching sequences, 14 consisted of insertions in highly
repetitive DNA regions, two were in middle-repetitive
sequences (six- and three-copy sequences) and one contained
an abundant microsatellite. To explain the lack of genomic
matches for almost one fifth of the flanking sequences, we
first considered the possibility that the genomic NcoI/MspI
sites might be very close to the insertion site (‘‘short flanks’’).
In this case, one would expect to find a very short flanking
sequence joined via the appropriate restriction site to inter-
nal T-DNA sequences. To detect such occurrences, we exam-
ined the flanking sequences for matches to pBHt2. Only ten
short flanks were identified through this analysis. Instead, it
revealed that a vast majority of the flanks with no genome
‘‘hits’’ were the result of illegitimate T-DNA insertion
events. The types of events identified were tandem T-DNA

insertions (Fig. 2b), failure of the right or left T-DNA border
to excise from the pBHt2 vector (Fig. 2c and d), and insertion
of one T-DNA into another (Fig. 2e). Tandem insertions and
right border excision failures were the two most frequent
events (Table 2). All of the tandem insertions consisted of
direct repeats in which a right border was linked directly to
a left border (or vice versa), and in most cases the left borders
were truncated but the right ones were uniformly intact.
There were two instances in which linked left and right bor-
ders were separated by filler sequences, derived by duplica-
tion of either the right or left end (Fig. 2f). Only one long
T-DNA flanking sequence lacked a match to the genome.
This sequence was also used to search the V5.0 assembly,
as well as the rDNA and mitochondrial genome sequences,
but no matches were identified.

3.2. The effect of T-DNA integration on the integrity of

genomic sequences surrounding the insertion site

Efficient gene tagging with T-DNAs requires that they
insert into genes without causing gross chromosomal rear-
rangements. In order to assess the effect of T-DNA inser-
tion on genome integrity, we examined insertion events

Fig. 2. Types of insertion events identified in this study. Thin black lines bordered by block arrows represent T-DNAs. Gray block arrows are used to
depict the left border sequences, the white arrows are right borders. Chromosomal DNA is represented by thick, solid lines. Dotted lines represent
backbone sequences from the T-plasmid. (a) Normal insertion; (b) head-to-tail tandem insertion; (c) left border excision failure; (d) right border excision
failure; and (e) insertion within another T-DNA molecule. (f) Structure of representative junctions between tandemly arranged border sequences.
Transformant identities are noted at the left of each sequence. (Top) Sequences reading from the left borders into right borders. (Bottom) Reads from right
into left. Filler sequences are shown in brackets.
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that had yielded flanking sequence for both the left and
right termini. Specifically, we asked whether the left and
right flanking sequences occupy adjacent chromosomal
locations. Among the 175 iPCR-positive transformants,
there were 90 individuals for which we were successful in
amplifying/sequencing both flanks. Examination of the
BLAST results for the left/right pairs revealed that 42 were
uninformative with regard to insertion site integrity, either
because one or both flanks contained repetitive sequences,
or because they lacked a genome match due to one of the
reasons described above. Nevertheless, among the 48
remaining insertions, 47 had left and right flanking
sequences that matched the same genomic contig. In most
cases, the BLAST matches for the left and right flanking
sequences were close to one another and were in the oppo-
site orientation, as would be expected for sequences that
read outward from each end of an inserted T-DNA. The
one exception had flanks that matched contigs on different
chromosomes. Southern hybridization analysis of this
transformant revealed that it contains only one T-DNA
insert, which in turn indicated that the left and right bor-
ders are linked to sequences that originally were non-con-
tiguous in the genome of the recipient strain.

We then examined the junctions between chromosomal
DNA and the left and right T-DNA borders in the 47
transformants for possible deletions surrounding the target
site. Poor sequence quality at some T-DNA:chromosomal
DNA junctions prevented us from determining the exact
insertion positions. Among 36 informative insertions, 34
exhibited a genomic deletion at the target site (Fig. 3a).
In most cases, the number of missing nucleotides was quite
small (median size = 20 bp). The average deletion size was
considerably larger at 341 bp, owing to the presence of five
deletions that were larger than 1 kb (largest = 2.6 kb).

Surprisingly, analysis of the insertions that had occurred
in repetitive elements revealed that ten of 12 such insertions

had one border in repetitive sequence, while the other bor-
der exhibited a unique genomic match. Inspection of the
corresponding genomic contigs revealed that only two of
them had a copy of the expected element in the vicinity
of the unique sequence. In the other eight cases, there were
no copies of the expected element in the entire contig.

3.3. Structures of T-DNA:chromosomal DNA junctions

Analysis of 49 left junctions revealed 31 in which the left
border sequence had been truncated. Twenty-four of these
were missing four or more nucleotides, with the longest
deletion being 26 nt (Fig. 3b). By contrast, the right termini
were usually intact—only 11 out of 103 junctions showed
evidence of truncation, and the longest ‘‘right-end’’ dele-
tion was just 6 nt in length (Fig. 3b).

While investigating the integrity of the T-DNA termini,
we noticed that the genomic BLAST matches sometimes
extended into the T-DNA border sequences. This sug-
gested that several of the T-DNAs had inserted at genomic
sites that share regions of micro-homology with the
T-DNA termini. To explore this possibility further, we
determined for the left and right termini the frequency dis-
tributions for the sizes of these overlaps. These distribu-
tions were then compared to those expected if the base
composition at insertion sites were random (i.e. if non-
homologous recombination has occurred). As shown in
Fig. 4a, over half of the left borders overlapped with the
chromosomal target by at least three nucleotides, and there
were several insertions where the overlaps were four to
seven nucleotides in length. According to the null hypoth-
esis of non-homologous recombination, we would not have
expected to observe any insertions with overlaps of 3 nt or
more among the small number that were analyzed (line
graph in Fig. 4a). An equivalent analysis of the right bor-
ders revealed that the size distribution for sequence over-
laps at the right termini is very similar to what would
have been expected if these ends inserted via non-homolo-
gous recombination (Fig. 4b).

Seven of the right borders exhibited short tracts of filler
sequence between the T-DNA and the chromosomal DNA
(Fig. 4c). The largest filler sequence (in read FA50R) was
four nucleotides in length and consisted of an (A)4 tract.
This filler may have been derived by duplication of the
adenosine residue at the end of the right border. Con-
versely, the fillers in HA5R and B69R appear to have been
derived through duplication of the terminal thymidine res-
idue in the chromosomal target (Fig. 4c). The remaining fil-
ler sequences exhibited no obvious relationship to the
adjoining T-DNA or genomic sequences and, as such, their
origins were unclear.

3.4. T-DNA insertion positions in relation to repetitive

DNAs

Seventeen of the flanking sequences had BLAST
matches to multiple genomic locations. Fourteen of these

Table 2
Distribution of insertion types among 175 randomly picked ATMT
transformants

Type of integration event No. of insertions LB RB

Single copy genomic DNA 138a 87 107
Repetitive genomic DNAb 17 6 13
Tandem insertion (head-to-tail) 18 12 10
T-DNA in T-DNA 4 3 2
Excision failure 14 4 10
No BLAST match

Short flanking sequencec 10 6 3
Long flanking sequenced 1 1 —

Total no. of insertions/flankse 175 113 152

a Insertion had at least one flank with a unique match to the genome.
b Includes 14 transposons, two duplicated genes and an abundant

microsatellite.
c
620 bp in length.

d >20 bp in length.
e These figures are less than the sum of individual values because some

insertions/flanks exhibited more than one type of integration event. For
example, some flanks were short and repetitive, etc.
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corresponded to known transposons in M. oryzae includ-
ing the MAGGY (5 hits), RETRO5 (4 hits), RETRO7 (3
hits) and MGLR-3 (1 hit) retroelements, and the Occan
DNA transposon (1 hit). One insertion occurred near a
highly repetitive TC microsatelite, another was in a genome
region with a copy number of three, and a third was found
in a six-copy sequence. Given that the total number of
informative insertions (ones with genomic matches) was
153, we estimate that �11% of T-DNA integrations in
Magnaporthe occur in repetitive sequences. Intriguingly,
eleven of the 12 insertions that occurred in LTR retrotrans-

posons had occurred in, or very close to, the long terminal
repeats (LTRs). A lack of BLAST matches to the �2 Mb
ribosomal DNA array, and the mitochondrial genome,
provided no evidence for insertion in these genomic
regions.

3.5. T-DNA insertion positions in relation to genes

Efficient gene tagging via T-DNA insertion requires that
there is no bias against insertion of T-DNA into coding
regions. In order to estimate the efficiency of gene tagging

a

b

c

Fig. 3. Target site deletions and truncation of border sequences. (a) The graph shows a frequency distribution for different size classes of chromosomal
deletions among 36 T-DNA insertions. (b and c) Frequency distributions for T-border truncations. The sequences of the left and right T-DNA border
regions are shown along the horizontal axis. Bars drawn above each nucleotide represent insertion events that are truncated just beyond that base position.
The vertical axis shows the number of T-DNA insertions that exhibit truncation at each position.
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with ATMT in M. oryzae, we examined the positions of
T-DNA insertions relative to predicted genes. Promoters
are not well-defined in filamentous fungi and, therefore,

three analyses were performed, in which promoter and
downstream regions were considered to extend 500-, 750-
or 1000-bp upstream from the start codons, or downstream
from the stop codons, respectively. To allow precise map-
ping of each insertion site, only flanks with a clearly visible
T-DNA:chromosome border were included. Out of 85
insertions analyzed, 84 could be positioned relative to
neighboring genes. Regardless of which promoter/down-
stream lengths were employed, the fraction of insertions
occurring in promoters was approximately two times more
than expected, and the fraction in ORFs was consistently
three times lower than expected (Table 3). For example,
with promoter/downstream regions of 500 bp, 28% of
insertions were in promoters, yet promoters were estimated
to comprise only 16% of the genome. Conversely, only 17%
of insertions were in ORFs, even though ORFs occupy
51% of the genome (Table 3). There intergenic regions also
received more T-DNA insertions than expected when pro-
moter/downstream sizes of 500 and 750 bp were used
(Table 3).

The statistical significances of these insertion site biases
were estimated using a Monte Carlo procedure in which we
determined the insertion positions for 1000 sets of 85 ran-
dom insertion points, again using promoter/downstream
lengths of 500, 750 and 1000 bp. As expected, the random
procedure produced insertions in the four genomic regions
at frequencies that were in line with their respective repre-
sentations in the genome (Table 3). Comparison of the
actual T-DNA insertions with the frequency distributions
for the random inserts revealed that the observed biases
toward promoters and against ORFs were highly signifi-
cant (Table 3). Significant bias in favor of intergenic inser-
tions was also observed when promoter/downstream
lengths of 500 and 750 bp were used (Table 3).

3.6. Association between T-DNA insertions and specific

nucleotide motifs

To determine if certain nucleotide compositions might
favor T-DNA integration, we measured the GC content
for 20 bp of flanking sequence immediately adjacent to
the left and right T-DNA borders. For the left borders,
the average GC content was 47.4%, and the right borders
52%. Neither of these figures is significantly different from
the GC content of the genome as a whole (51.6%, Dean
et al., 2005). Very similar values were obtained when
200 bp sequences were analyzed (Table 4). Next, we exam-
ined the di-nucleotide composition of 200-bp sequences
flanking 53 left and 34 right borders, and compared the
results with Monte Carlo distributions generated with
1000 sets of 53 random insertions and 1000 sets of 34 ran-
dom insertions. This revealed that, for both sets of flanking
sequences, the di-nucleotides TA and TT were much more
abundant in the T-DNA flanks than in the random
sequences, while CG, GC and GA were relatively rare.
Interestingly, there were also significant differences in di-
nucleotide abundance between the left and right flanks.

Fig. 4. Microhomology and filler sequences at T-DNA junctions. (a and
b) Open bars show the frequency distributions for the different lengths of
homology. Solid lines show the number of insertions that are expected to
show the corresponding number of matching nucleotides by chance (based
on the reasonable assumption that each nucleotide occurs with equal
probability). (c) The ends of the right borders are boxed and the
chromosomal sequences are shown with a gray background. Filler
sequences that appear to have been derived from the T-DNA border or
the chromosomal target are underlined.
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For example, GT and TG were highly over-represented in
the regions flanking left borders but were not significantly
different from random in the right flanks (Table 5). Con-
versely, CC was greatly under-represented in the left flanks
but not in the right ones.

To determine if the over/under-representation of
certain di-nucleotides could explain the tendency for
T-DNAs to insert preferentially into promoters, we cal-
culated the di-nucleotide frequencies in the four genome
compartments (promoters, ORFs, downstream and inter-
genic regions). This revealed that TA and TT, which
were highly enriched in the T-DNA flanks, are more
abundant in the intergenic and the downstream regions
than they are in promoters. Conversely, CG and GC
are more rare in these two regions (Table 6). Therefore,
there was no relationship between di-nucleotide abun-
dance and the frequency of T-DNA insertion in the var-
ious genome compartments.

3.7. Distribution of T-DNA insertions among the M. oryzae

chromosomes

Using the V5.0 physical map of the M. oryzae genome
(http://www.broad.mit.edu/annotation/genome/magna-
porthe_grisea/maps/Index.html) as a reference, we mapped
149 T-DNA insertions onto the seven chromosomes. If
integration occurs in a random fashion, we would expect
the number of insertions in each chromosome to be pro-
portional to the chromosome’s length. As shown in Table
7, this was not the case. Chromosome V, which is one of
the smaller chromosomes, received the most T-DNA inser-
tions, while chromosomes II and VII received considerably
fewer than were expected. A Chi square test resulted in
rejection of the null hypothesis of random insertion
(X2 = 20, P = 0.01). The excess of T-DNA insertions was
not due to increased gene (and hence promoter) density
in chromosome V because the proportions of each chromo-
some that was occupied by promoters were approximately
equal (Table 7).T
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Table 4
Nucleotide composition of chromosome regions surrounding T-DNA
insertionsa

Border % GC20
b % GC200

c CG skew200
d AT skew200

e

Left 47 49 0.034 0.022
Right 52 49 0.032 �0.017

a All values in the table are averages, and are based on 77 left border
insertion sites, and 34 right border sites.

b The percentage of G or C nucleotides, (G+C)/(G+C+A+T), was
calculated for a 20-bp window centered on the T-DNA insertion site.

c The percentage of G or C nucleotides, (G+C)/(G+C+A+T), was
calculated for a 200-bp window centered on the T-DNA insertion site.

d CG skew was calculated as (C�G)/(C+G) over a 200-bp window
centered on each insertion site.

e AT skew was calculated as (A�T)/(A+T) over a 200-bp window
centered on each insertion site.
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With a genome size of at least 39 Mb and 175 T-DNA
insertions, the expected insertion density is approximately
one every 223 kb. However, there were a number of regions
that exhibited a considerable excess of T-DNA hits. For
example, there were 12 regions that received two insertions

within 5 kb of one another, and in five cases the insertions
occurred less than 1 kb apart.

4. Discussion

In this paper, we describe the patterns of T-DNA inser-
tions in a large collection of M. oryzae transformants gen-
erated via ATMT. The main goal of this study was to
determine the distribution of T-DNA insertions relative
to genes. For this reason, we did not determine the exact
T-DNA copy number in each transformant. However,
based on previous studies, it is known that ATMT results
in single-site insertions in �80% of transformants of M.

oryzae strain 70–15 (Betts et al., 2007) and any given trans-
formant rarely contains more than two T-DNA copies. Ini-
tially, we tried to use TAIL-PCR to rescue flanking

Table 5
Frequencies of di-nucleotides within 200 bp of the T-DNA border:chro-
mosomal DNA junctions

Di-nucleotide Frequency
(flanks)

Average frequencyc

(random inserts)
P-valued

Left bordersa

Over-represented
GT 0.067 0.056 <0.001
TA 0.066 0.056 <0.001
TG 0.083 0.068 <0.001
TT 0.085 0.069 0.003
AT 0.049 0.041 0.009

Under-represented
GC 0.048 0.062 <0.001
CC 0.052 0.067 <0.001
AC 0.05 0.056 0.005
GA 0.057 0.064 0.01
TC 0.057 0.064 0.011
CT 0.055 0.061 0.026
CG 0.065 0.071 0.049

No difference
AA 0.074 0.069 0.16
AG 0.059 0.061 0.2
GG 0.066 0.067 0.33
CA 0.068 0.068 0.45

Di-nucleotide Frequency
(flanks)

Average frequencye

(random inserts)
P-value

Right bordersb

Over-represented
TA 0.05 0.041 0.025
TT 0.08 0.069 0.048

Under-represented
CG 0.045 0.061 <0.001
GC 0.06 0.071 0.005
GA 0.057 0.064 0.032

No difference
CT 0.066 0.061 0.072
AC 0.067 0.056 0.11
CA 0.073 0.068 0.12
TG 0.064 0.068 0.14
AA 0.071 0.069 0.36
GG 0.066 0.067 0.38
CC 0.069 0.068 0.42
TC 0.064 0.064 0.44
GT 0.056 0.056 0.47
AT 0.056 0.056 0.49
AG 0.063 0.061 0.32

a Based on 77 left border sequences.
b Based on 35 right border sequences.
c Determined for 1000 sets of 77 random insertions.
d P-value, estimated empirically using the formula, (r + 1)/(n + 1),

where r = the number of bootstrap replicates showing a higher/lower
statistic than the experimental data, and n = the total number of
bootstrap replicates (North et al., 2002).

e Determined for 1000 sets of 35 random insertions.

Table 6
Di-nucleotide compositions of the four genome compartments

Di-nucleotide Di-nucleotide frequencies

Promotera ORFs Downstreama Intergenic

AA 0.077 0.058 0.077 0.088
AC 0.061 0.063 0.057 0.056
AT 0.06 0.047 0.065 0.065
CA 0.073 0.075 0.068 0.065
CT 0.064 0.061 0.061 0.057
GT 0.052 0.048 0.056 0.056
TAb 0.047 0.029 0.051 0.055

TC 0.065 0.064 0.061 0.058
TG 0.064 0.069 0.069 0.065
TT 0.08 0.049 0.087 0.088

AG 0.057 0.065 0.058 0.057
CC 0.068 0.077 0.058 0.061
CGc 0.051 0.075 0.049 0.049

GA 0.058 0.070 0.061 0.058

GC 0.062 0.083 0.060 0.058

GG 0.056 0.072 0.061 0.061

a Values were calculated using 1000 bp for the lengths of the promoter
and downstream regions.

b Rows containing in bold, italicized values correspond to di-nucleotides
that were over-represented in the T-DNA flanks.

c Rows containing bold, underlined values correspond to di-nucleotides
that were under-represented in the T-DNA flanks.

Table 7
Distribution of T-DNA insertions among the M. oryzae chromosomes

Chr. Total lengtha No. of T-DNA insertions Promoter fractionb

Observed Expected

I 8322655 28 31 0.24
II 6334098 16 24 0.24
III 6244636 21 23 0.26
IV 4188372 15 16 0.23
V 5509922 36 21 0.25
VI 4638192 22 17 0.25
VII 4379466 10 16 0.24

a Calculated using the V5.0 and sequence data and physical maps
(http://www.broad.mit.edu/annotation/genome/magnaporthe_grisea/
maps/Index.html).

b Promoter length/chromosome length.
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sequences. However, this led to the amplification of too
many PCR products that lacked border sequences and
which were, therefore, likely to be false products. By con-
trast, the vast majority of T-DNA flanks amplified by
iPCR had obvious border sequences. At 46%, our overall
success rate for flanking sequence rescue was fairly low.
However, at the start of the study, we were using only
one restriction enzyme (NcoI) for iPCR. This was largely
due to a limited choice of suitable sites for other 6-base cut-
ters, and a feeling that 4-base cutters might produce too
many short flanking sequences. Low success rates
prompted us to try the 4-bp cutter, MspI. This enzyme
greatly increased the frequency with which flanks were res-
cued and, although it did result in a number of sequences
that were too short to analyze, most were sufficiently long
to be reliably matched with the genome sequence. Once we
started using both enzymes (in separate experiments) to
rescue flanks, we routinely were able to rescue at least
one flanking sequence for �80% of transformants (which
included a large number of specific mutants that are not
presented in this study). Our inability to rescue sequences
from the remaining strains could either be due to trunca-
tion of the T-DNA beyond the priming site, or to a lack
of restriction sites within a reasonable distance from the
T-DNA insert. It is likely that these recalcitrant flanks
could be rescued with more internally situated primers,
or by using long-PCR.

Genomic insertion positions could be identified for
almost 80% of the flanking sequences amplified. In most
cases, our inability to identify an insertion position was
due to an illegitimate T-DNA insertion event, such as
read-through into vector backbone sequences, or tandem
insertion of T-DNAs. Normally, T-DNA transfer is initi-
ated when the VirD1/VirD2 protein complex nicks the bot-
tom strand of the T-plasmid between nucleotides 3 and 4 of
the border sequences (Jasper et al., 1994; Pansegrau et al.,
1993). The VirD2 protein then becomes covalently linked
to the 5 0-end (the right border) of the resulting T-strand
and is believed to guide the strand to the Type IV export
apparatus, and ultimately into the plant cell nucleus.
There, the T-strand is evidently converted into a double-
stranded ‘‘T-DNA’’ molecule (de Neve et al., 1997; Offrin-
ga et al., 1990). However, it has been shown that the VirD2
protein can also attach to the 5 0-end adjacent to the left-
hand nick (Durrenberger et al., 1989), and this can result
in the delivery and integration of vector backbone
sequences (vector-led integration) into plant chromosomes
(Kim et al., 2003; Kononov et al., 1997; van der Graaff
et al., 1996). The left border read-through events detected
in the present study presumably resulted from a simple fail-
ure of the VirD1/VirD2 complex to nick the left border.
However, as shown in Table 2, most read-through events
involved right border sequences, which indicates that this
end of the T-DNA was not cleaved prior to transfer. Given
that these transformants contained left borders that were
flanked by genomic sequences, it would appear that the
VirD2 protein skipped over the right direct repeat, cleaved

at the left one, and bound to the adjacent vector sequences,
resulting in the vector-led integration of the entire pBHt2
plasmid, as a vector–RB–T-DNA–LB cassette. In these
cases, it should be possible to rescue flanking genomic
sequences using a primer located in the vector backbone.

Almost 11% of the M. oryzae transformants contained
an insertion in which one T-DNA molecule was adjoined
to another. This frequency is quite low when compared
with plants such as Arabidopsis (de Neve et al., 1997; Grev-
elding et al., 1993; Jorgensen et al., 1987), Petunia (Cluster
et al., 1996; Jones et al., 1987), tobacco (de Neve et al.,
1997), and rice (Jeon et al., 2000). Moreover, in many
plants, linked T-DNAs involving inverted right borders
tend to be much more frequent than either direct repeats,
or inverted left border repeat structures (Cluster et al.,
1996; de Neve et al., 1997; Jones et al., 1987; Jorgensen
et al., 1987). By contrast, in M. oryzae, all of the linked
T-DNAs were direct repeats, in which a left border was
fused to a right border. Tandem T-DNA insertions have
also been documented in other fungi, including Botrytis

cinerea (Rolland et al., 2003), Aspergillus nidulans (Michi-
else et al., 2004), Colletotrichum graminicola (Flowers and
Vaillancourt, 2005) and Monilia fructicola (Lee and
Bostock, 2006). As was the case with M. oryzae, direct
repeats seem to be more frequent and, although inverted
repeats have been suggested based on Southern hybridiza-
tion analyses, they have not been confirmed by cloning and
sequencing (Lee and Bostock, 2006; Michielse et al., 2004).
In M. fructicola, tandem integration occurred in almost
100% of transformants (Lee and Bostock, 2006). Several
tandem insertions were characterized and it was concluded
that they all contained deletions of both borders. However,
the authors had misidentified the T-DNA border sequences
and cleavage sites, and assumed that that the right border
repeat is part of the T-DNA. In reality, the majority of tan-
dem insertion events they characterized were identical in
structure to the ones we have seen in M. oryzae. Surpris-
ingly, tandem insertions were not observed among a collec-
tion of 54 T-DNA insertions in S. cerevisiae (Bundock
et al., 2002), even though homologous recombination is
normally very frequent in that fungus (Hicks et al., 1978;
Hinnen et al., 1978).

In M. oryzae, the structures of the right border:chromo-
somal DNA junctions were quite different to the ones at the
left borders. Specifically, over 90% of the right borders
remained intact following integration, and there was no
evidence for homology between the T-DNA terminus and
the target site. In contrast, the majority of left borders
sequences were truncated and over 50% had at least 3 bp
of homology with the chromosomal target. This pattern
is similar to what has been reported for plants (Kim
et al., 2003; Kumar and Fladung, 2000; Mayerhofer
et al., 1991), and is partially explained by current models
of T-DNA integration: First, the integrity of the right bor-
ders is explained by the fact that the VirD2 protein binds to
these ends following cleavage of the T-plasmid (Durrenber-
ger et al., 1989; Jasper et al., 1994; Pansegrau et al., 1993),
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thereby protecting the end from degradation. After deliv-
ery to the recipient nucleus, it is believed that integration
is initiated by the 3 0-end of the T-DNA (left border), which
anneals to one strand of the chromosomal duplex (Tzfira
et al., 2004). The chromosomal DNA is then nicked and
the T-DNA serves as a template for extension of the free
3 0-end of the chromosomal target site. According to this
model, left border truncations would occur when annealing
involves bases that are near to, but not at, the 3 0-end of the
T-DNA, with the overhanging nucleotides being removed
by a nuclease. Integration models that are based on analy-
ses of T-DNA insertions in plant chromosomes also
accommodate the presence of microhomologies at the right
border (Tinland, 1996; Tzfira et al., 2004). However, it is
clear that homology is not involved in the assimilation of
the right border in M. oryzae. Therefore, we propose that
the right border becomes attached to the 3 0-end of the bro-
ken (and usually resected) chromosomal DNA via non-
homologous end-joining (NHEJ). The involvement of
NHEJ would also explain the occasional presence of filler
DNA at the right borders, as filler DNA is associated with
this mode of double-strand break repair in plants (Gorbu-
nova and Levy, 1997).

Asymmetry in the truncation of border sequences has
been reported for other fungi, and in most cases there was
a similar bias in the relative integrities of the left and right
borders (Bundock and Hooykaas, 1996; de Groot et al.,
1998; Michielse et al., 2004; Mullins et al., 2001). Combier
et al. (2003) reported that both borders were extensively
truncated following transformation of Hebeloma cylindro-
sporum. However, they too had mis-assumed that the right
border repeat was part of the T-DNA, and the right borders
shown in their report actually were perfectly intact. The
only true exception to this rule so far, is the entomopatho-
gen Beauveria bassiana, which exhibited truncation of both
the right and left border sequences (LeClerque et al., 2004).

Surprisingly, despite the clear evidence for the involve-
ment of microhomology in T-DNA integration in M. ory-
zae, microhomology at T-DNA junctions has been
reported only for one other fungus—Cryptococcus neofor-

mans, in which overlaps of up to 7 bp have been detected
(Idnurm et al., 2004). This statement should be qualified
with the caveat that some fungal studies did not appear
to involve examination of homology, and in others homol-
ogy was not defined. Therefore, it is possible that it might
have been overlooked. Even so, it is clear that microhomol-
ogy was not involved in T-DNA integration in S. cerevisiae

(Bundock et al., 2002). This is particularly surprising
because homologous recombination occurs 100% of the
time following transformation of S. cerevisiae with non-
ATMT methods (Hicks et al., 1978; Hinnen et al., 1978),
and even plasmids that lack homology to the chromosomes
insert via microhomology (Schiestl and Petes, 1991).
Together, the lack of tandem insertion and homology-
based integration in S. cerevisiae suggests that the mecha-
nism of T-DNA insertion in this organism is quite different
to those that operate in plants, and other fungi.

Analysis of T-DNA inserts in single-copy regions of the
genome revealed that the majority of integration events do
not cause major chromosomal rearrangements, except for
one transformant which experienced a probable transloca-
tion. On the other hand, most of the T-DNAs that hit repet-
itive sequences had one flank in the repeat and the other
flank in the middle of a contig that lacked repeated
sequences. This suggests either that insertions in repeats
tend to cause rearrangements, or they are frequently accom-
panied by additional insertions elsewhere in the genome.

Although, major rearrangements rarely accompanied T-
DNAs insertions in single-copy loci, the majority of inte-
gration events did cause target site deletions. Most of the
deletions were quite small (<30 bp), but a number of con-
siderably larger ones were detected, up to �2.6 kb. Infor-
mation on target site deletions in other fungi is limited
because, in most studies, the structures of the ‘‘pre-inser-
tion’’ target sites were not characterized. However, analysis
of a small number of L. maculans transformants (Blaise
et al., 2007), as well as a few mutants identified by ATMT
mutant screens indicates that other fungi often experience
deletions (Elliott and Howlett, 2006; Idnurm et al., 2004).
As was the case with M. oryzae, most of the deletions were
less than 20 bp in length, except for a 65-bp deletion in S.

cerevisiae (Bundock and Hooykaas, 1996). Beauveria bassi-

ana (LeClerque et al., 2004) was again an exception, as no
genomic deletions were detected among 10 insertion sites
that were analyzed. Small chromosomal deletions also
accompany T-DNA insertions in plants, although they
tend to be less extensive than the ones we characterized
here. For example, in studies of Arabidospis and tobacco,
the largest deletions found were 70 and 73 bp, respectively
(Gheysen et al., 1991; Mayerhofer et al., 1991).

The tendency for ATMT to cause target site deletions
can be beneficial for insertional mutagenesis projects. First,
mutations resulting from T-DNA integration are less likely
to revert in the absence of selection. Second, larger dele-
tions can allow the disruption of more than one gene by
a single insertion event, thereby reducing the number of
transformants needed to identify a desired phenotype.
With regard to this last point, it is worth noting that the
larger deletions detected in the present study were not so
extensive that it would be overly burdensome to identify
the specific gene responsible for a mutant phenotype. Nev-
ertheless, their occurrence illustrates the importance of
fully characterizing T-DNA insertion sites in mutants of
interest, especially in cases where only one flank is rescued.

One of the main concerns when using ATMT for satura-
tion mutagenesis is that T-DNA insertion should be ran-
dom and that there should be minimal bias against
insertion in certain regions of the genome. By using a set
of randomly picked transformants, we were able to obtain
valuable insights into global patterns of T-DNA insertion
in M. oryzae. The proportion of insertions in highly repet-
itive sequences (9.3%) was not significantly different to the
repeated DNA fraction of the genome (7.4%). As such,
there does not appear to be a general bias either toward
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or against genomic regions containing repetitive DNA.
This contrasts with the situation in S. cerevisiae, where
there was a positive association between T-DNA insertion
and the presence of Ty elements (Bundock et al., 2002).
Interestingly, most of the T-DNAs that integrated into
repetitive elements in M. oryzae were found in, or were
very near to, retrotransposon LTRs. This was surprising
because, in all cases, the internal retroelement sequences
comprise more of the genome sequence than do the LTRs,
ranging from 1.5-fold more for RETRO5, to more than 6-
fold for MAGGY (results not shown). So, although there
was no overall insertion bias toward repetitive genomic
regions, it appears that there might be local biases that
influence the specific choice of integration site.

Analysis of fungal mutants generated by ATMT suggests
that T-DNAs have a strong preference for insertion into pro-
moters. For example, 10 of 14 C. neoformans mutants had
the T-DNA in a promoter region (Walton et al., 2005). Pro-
moter bias has also been reported for T-DNA insertions in
rice (An et al., 2003) and Arabidopsis (Alonso et al., 2003;
Pan et al., 2005; Tinland, 1996). In the present study, we
show that T-DNAs inserted in M. oryzae promoters at
approximately twice the expected frequency, and at approx-
imately one third of the expected frequency in ORFs. Inter-
estingly, a very similar level of ORF under-representation
was found in a study of the Syngenta Arabidopsis Insertion
Lines (Sessions et al., 2002). Blaise and coworkers (2007)
reported that T-DNAs inserted preferentially in gene-rich
regions of the L. maculans genome, and were likely biased
toward regulatory sequences. However, because �60% of
the L. maculans T-DNA flanks lacked matches to the
sequence databases, and there is no information on gene den-
sity in this fungus, inferences about T-DNA insertion prefer-
ence in this fungus should be interpreted with caution.

The relative paucity of insertions in M. oryzae ORFs is
clearly not desirable for mutagenesis projects. However, it
is likely that many of the hits in the promoter regions will also
alter gene function, and thereby compensate for this defi-
ciency. Although it is not yet known how far functional ele-
ments extend upstream of genes in higher fungi,
characterization of insertional mutants in C. neoformans

revealed that a T-DNA insert 576 bp away from the start
codon can still result in a mutant phenotype (Idnurm and
Heitman, 2005). In this regard, it is worth pointing out that
at least one quarter of the insertions analyzed in the present
study was within 500 bp of a start codon. With a larger than
expected number of promoter insertions comes an increased
likelihood of dominant mutations, which can arise through
the de-repression of genes (Elliott and Howlett, 2006). It is
important to keep this in mind when attempting to comple-
ment mutations caused by T-DNA insertions.

In addition to insertion site bias relative to gene features,
we also found that the distribution of T-DNAs among the
seven M. oryzae chromosomes was not random. In particu-
lar, there were far fewer insertions than expected on chro-
mosome II and more insertions than expected on
chromosome V. These results could not be explained by dif-

ferences in gene density, as this was highly consistent across
all chromosomes. We were aware of the fact that chromo-
some II contains the �2 Mb rDNA array (which did not
receive any T-DNA hits). However, our size estimation
for this chromosome excluded the rDNA component.

In Arabidopsis, there is evidence that T-DNAs favor AT-
rich sequences (Brunaud et al., 2002; Pan et al., 2005), as well
as regions with changes in AT/GC skew (Schneeberger et al.,
2005). In M. oryzae, there was no evidence that T-DNA
insertion was affected by the nucleotide composition of the
target region. Specifically, the average GC content for the
T-DNA flanks was very similar to that of the genome as a
whole and, although the di-nucleotide composition of the
T-DNA flanks was significantly different, further investiga-
tion revealed no correlation between di-nucleotide abun-
dance and the frequency of insertion into a given genome
compartment. Instead, it appears that the observed bias sim-
ply results from the fact that the ORFs have an unusual di-
nucleotide composition (e.g. low in AT and TT; high in
GA, CG and GC), and were severely under-represented in
the T-DNA flanks, but appropriately represented in the
Monte Carlo simulations (Table 3).

Our inability to detect specific sequence motifs that
favor T-DNA integration means that the reason for inser-
tion bias remains elusive. To explain the uneven T-DNA
distribution among chromosomes it seems reasonable to
suppose that chromatin organization could be a major fac-
tor, as this would affect accessibility to incoming DNA, or
could result in the silencing of T-DNAs that insert there
(which would prevent the recovery of the corresponding
transformants). Ultimately, however, the chromatin status
must be determined at some level by the underlying nucle-
otide sequence. Therefore, it may be that T-DNA integra-
tion (and chromatin state) is affected by specific
combinations of nucleotide motifs, or changes in nucleo-
tide composition, such as the changes in GC skew that were
detected near T-DNA insertions in Arabidopsis (Schnee-
berger et al., 2005). Unfortunately, the number of inser-
tions analyzed in the present study was too few to detect
the minor skews (6�4 residues per 100 bp) that were
reported for Arabidopsis.

To conclude, we have shown that ATMT results in non-
random insertion of T-DNAs in M. oryzae and this causes
biases in the overall chromosomal distribution of T-DNAs,
as well as in their specific locations within the chromo-
somes. Clearly, if some chromosome regions are recalci-
trant to T-DNA integration, it may be difficult to obtain
insertions in a large number of genes. Conversely, the pres-
ence of a significant number of insertion ‘‘hot spots’’ will
reduce the proportion of transformants that contain T-
DNA hits in ‘‘new’’ genes. Finally, it appears that pro-
moter bias could be much more significant in M. oryzae,
(and possibly in other fungi) than it is in Arabidopsis.
Therefore, until more is known about promoter structure
and function in filamentous fungi, it would be wise to gen-
erate more ATMT transformants than are expected to be
required under a random insertion model.
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