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ABSTRACT 

Magnaporthe grisea is a filamentous ascomycete fungus that causes blast 

disease on rice and other grasses. Blast is a serious deterrent to rice production and 

negatively affects production of other cereals, forage crops and economically 

important grasses. The primary means of blast disease management involves the 

development and implementation of genetically resistant plants. Understanding the 

molecular basis of plant resistance is the foundation for the development of unique 

and durable plant protection. 

The results presented here focus on genes in the rice blast fungus called 

avirulence genes that encode molecules acting as effectors of host resistance. Until 

recently, two avirulence loci had been shown to induce resistance in rice cultivar 

Maratelli. This study gives an update on the current status of one, iheAVRl-MARA 

locus, and describes a new Maratelli avirulence locus that is not allelic to A VRl-

MARA or AVR2-MARA. Additionally, evidence is given that indicates a genome 

rearrangement is responsible for generation of the newly described avirulence locus. 

Genetic data, hybridization results and DNA sequence analysis demonstrate the 

translocation of a large AT-rich fragment from one chromosomal location to another. 

Molecular detection of the translocation is demonstrated by hybridization of certain 

A VRl -MARA markers that only follow the avirulcnt phenotype in strains after the 

rearrangement. The rearrangement is detectable genetically, as the avirulent 

phenotype controlled at this locus segregates independently from progenitor strains 

that also contain a single Maratelli-specific avirulence gene. CHEF electrophoretic 
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separation of chromosome-sized DNA shows that the AT-rich sequences are located 

on one of the larger M. grisea chromosomes both before and after cross 4134. 

Hybridization of CHEF blots indicates that two chromosomes may have been 

involved in a translocation, however a reorganization of chromosome 2 cannot be 

ruled out. A homing enzyme strategy for determining the size of the translocated 

fragment is described. These results demonstrate an example of genomic plasticity 

leading to a translocation and creation of a new avirulence locus in the rice blast 

fungus M. grisea. 
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I. Introduction 

Blast Disease Epidemiology and Management 

M. grisea is a pathogen that can infect rice. Oryza sativa. and cause blast 

disease on susceptible host cultivars in every part of the world where rice is grown. It 

also causes disease on wheat, barley and other grasses including economically 

important species such as fmger millet and turf grass. Blast disease was first 

described in China in 1637 and is now identified in all areas of rice production 

including the USA (Ou, 1980; Correll et al, 2000). Rice crops worldwide suffer 

losses of 10%-30% annually due to blast infection making blast the most significant 

impediment to rice production (Talbot, 2003; Ou, 1985; Dobinson & Hamer, 1992). 

A recent blast epidemic in Bhutan, where disease incidence averaged 66% and field 

losses reached 100% for some farmers, illustrates the potential yield losses to rice due 

to blast when environmental conditions favor disease development (Thinlay et al, 

2000). 

M. grisea can infect host leaves, sheaths and nodes causing losses in grain 

yield or plant death (Figure 1.1A-C). More devastating infections occur when the 

fungus colonizes the developing panicles and prevents grain development leading to a 

total loss of the crop (Figure 1 .ID; Talbot, 1995). It has also been observed that M 

grisea is capable of infecting root tissues of rice (Dufresne & Osboum. 2001). The 

fact that blast disease has been exclusively analyzed on above ground parts may 

underestimate the elTect of root infections in rice fields, or in the wild. However, it is 

unlikely that root infection plays a significant role in the widespread blast epidemics 



A. Leaf blast B. Collar blast C. Node blast D. Neck blast 

Figure 1.1. Blast symptoms on rice caused by M, grisea. (http://www.knowledgebank. 

irri.org/RP/fungDiseases.htm#blast/Introduction_to_Rice„ Blast.htm) 

http://www.knowledgebank
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that threaten producers each year because rapid dissemination occurs via aerial 

spores. Additionally, crop losses in the field are only reported on rice plants with 

diseased portions above ground. After infection and colonization of the plant, M 

grisea can rapidly produce asexual spores (5-7 days) and then repeat the disease cycle 

multiple times during the growing season. The polycyclic nature of blast can lead to 

rapid disease spread from an initial infection. In addition to being a polycyclic 

disease, modernization of agricultural production has also increased the incidence of 

blast from a regional problem to a disease capable of national and international 

disaster. This is because of the transition from sowing regionally adapted varieties to 

higher yielding varieties and hybrids. The resulting increase in monoculture and 

genetic homogeneity occurred over 80% of the total sown area in a few decades 

(Shen & Lin, 1994). This, along with an increase in differentiation of physiological 

races of M grisea has facilitated more rapid and widespread blast infections. An 

international discussion of blast epidemiology, assessment and management is given 

in Zeigler et al. (1994). 

Blast epidemics are affected by the host and pathogen genotypes and by 

environmental factors. Currently, host genotypic resistance is the most common and 

effective means of controlling blast. Major gene resistance provides complete 

immunity to M. grisea, however it may be overcome in 1 -3 years in areas prone to 

blast due to spontaneous appearance of new pathogenic races (Yamada, 1985; Leung 

et al, 1988). A recent assessment of M. grisea isolates across Thailand estimated 

there were more than 450 pathotypes in the survey area (Mekwatanakam et al. 1999). 
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The short-lived effectiveness of major gene resistance is not surprising with such vast 

pathotype diversity. Despite the transient nature of gene-for-gene resistance it 

remains the standard for blast management because it is so effective at eliminating 

infection by avirulent M. grisea pathotypes. Increasing genetic diversity in rice is 

currently being evaluated as an approach to more durable and sustainable rice 

production (Leung et al, 2003). Additionally, deployment of genetically modified 

species expressing resistance genes from rice, other plants or chimeric designer genes 

is considered by some to be an exciting area for the future (Ronald, 1997). 

In addition to genetic resistance the effect of environmental variables is still a 

key in disease management. Envirormiental impact on blast epidemiology mainly 

involves nitrogen status, water stress and silicon content (Teng, 1994). It is known 

that high levels of nitrogen cause rice to be more susceptible to blast (Snoeijers et al, 

2000; Long, 2000). A proteomic analysis demonstrated that some of the changes in 

protein levels observed in rice grown in high-N soils were in pathogenesis-related 

proteins (Konishi et al, 2001). It was also demonstrated that expression of fungal 

genes involved in pathogenicity and virulence are regulated by nitrogen limitation 

(Snoeijers et al, 2000). Thus, controlling the nitrogen content of soils is a valuable 

crop management strategy when balanced appropriately with the nutrient 

requirements of plant development. 

Silicon treatment is also a viable disease management strategy for rice 

production as it leads to silicon accumulation within the plant walls providing a 

thickened epidermal layer that appears to provide a physical fortification against 
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infection (Kim et al, 2002a). More recently, there is evidence that silicon induces a 

cell reaction that is associated with infection that effectively limits the ability of M. 

grisea to colonize host tissues (Rodrigues et al, 2003). The addition of silicon to rice-

growing soils can enhance resistance, improve rice quality and increase yield and 

appears to be an excellent management tool when integrated with host resistance or 

fungicide treatment (Seebold et al, 2000; 2004). Silicon application also has a 

negative effect on M. grisea conidiation thereby reducing the rate of disease spread in 

the field (Seebold et al, 2001). 

Chemical and biological tools are also used to manage blast disease. Chemical 

fungicides have been used to control blast since 1915 and new fungicides are 

continually being developed and tested (Froyd and Froeliger, 1994). Chemicals used 

to manage blast include zosteric acid, an inhibitor of spore adhesion (Stanley et al, 

2002). inhibitors of melanin biosynthesis (Jordan et al, 2001), and chcmicals that 

aiTect membrane stability or pemieability and protein synthesis (Froyd & Froeliger, 

1994). Biological control agents have been tested within a more limited scope, but 

antagonistic microbes from the genera Chaetomium, Trichoderma and 

Micromonopora can significantly reduce disease incidence and severity in controlled 

e.xperimental settings (Sy et al, 1994). Significant limitations to successful biological 

control include difficulty in the method, longevity and correct timing of biotreatment 

application in the field. Additionally, the spectrum of pathogenic races that are 

successfully limited by these biocontrol agents is largely unknown. This area of 

disease management is ripe with potential, especially within integrated pest 
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management approaches that combine genetic resistance with crop management, 

chemical and biological control. 

Finally, the physical environment is a critical component in blast 

development. Genetic and chemical blast management can be enhanced when 

integrated with sound cultural practices. A discussion of cultural practices in blast 

management is given in Teng, (1994); briefly, weather and irrigation practices can 

profoundly influence blast disease progression. While weather cannot be controlled, 

water stress can largely be eliminated by irrigation. 

Blast disease progression and yield loss have been modeled based on genetic 

and environmental factors that affect epidemiology (Bastiaans et al, 1994: Ishiguro, 

1994; Holcombe et al, 2003). These models aid in predicting disease incidence, 

severity and spread, and are valuable guides for designing integrated approaches to 

disease management. However, due to the vast number of environmental and cultural 

variables that underpin disease in field settings the reliability and validation of these 

models may not be universally applicable to all field data sets. 

Taxonomy 

Magnaporthe is the perfect form of the anamorph Pyricularia. The anamorph 

refers to the asexual or clonal phase of the life cycle where reproduction occurs only 

by formation of asexual spores called conidia. The perfect form or teleomorph 

denoted by the genus name Magnaporthe is inclusive to both the sexual and asexual 

components of the life cycle. 



17 

M. grisea (Hebert, 1971; Barr, 1977) is classified in the phylum Ascomycota, 

class Pyrenomycetes, order Diaporthales and family Magnaporlhaceae. M. grisea is 

an ascomycete because it forms a sac-like structure called an ascus that contains the 

products of meiosis: ascospores. The asci in M. grisea are housed within an ascocarp 

(fruiting body) called a perithecium. The perithecium has a flask shaped body with a 

basal endobiotic bulb containing asci and a slender apical neck. This ascocarp form is 

the critical diagnostic character of the Pyrenomycetes (Alexopolous et uL, 1996). 

Classification within the Diaporthales is not entirely resolved. This order may 

be polyphyletic due to the placement of many plant pathogenic species into the family 

Magnaporthaceae without strict assignment to Diaporthales (Rogers, 1994; Cannon, 

1994). Some characteristics that define the Diaporthales include the origin of stroma 

material that houses the ascocarp, the shape of asci and the opacity or color of 

ascospores (Alexopoulos et a/., 1996). 

The Magnaporthaceae includes the genera Magnaporthe and Gaeumannomyces, 

however these taxa have a confusing and unresolved history (Alexopoulos et al, 

1996). Recently, a phylogeny of Ascomycete pathogens was created using 18S rDNA 

sequences (Berbee, 2001). This analysis showed that Magnaporthe and 

Gaeumannomyces grouped to a common clade. The nearest related clade included 

Cryphonectria (also placed within Diaporthales). however no representatives from 

Diaporthe or Gnomonia were included in the analysis, therefore the correct placement 

of members within the Diaporthales remains unsettled. 



18 

Species recognition in the Fungi was reviewed by Taylor et al, (2000). The 

authors observed that recognition of fungal species has been traditionally based on the 

morphological species concept (Hawksworth et al, 1995). Morphological recognition 

is easily and widely applicable to fungi, however it underestimates the actual number 

of genetically isolated species and is often unable to distinguish true evolutionary 

relationships (Taylor et al, 2000). Biological species recognition is a valuable 

method for identifying compatible mating types and has been used to show that 

numerous reproductively isolated species may exist within a morphological species 

(Anderson & Stasovski, 1992). Unfortunately nearly 20% of fungi are not observed to 

produce sexual fruiting structures or meiospores, and a number of sexually fertile 

groups are homothallic and do not require a partner (Reynolds, 1993). These 

limitations make biological recognition impossible for many fungal taxa. 

Phylogenetic species recognition appears to be the most reliable and universally 

applicable method for species recognition in defining species and reconstructing 

evolutionary relationships (Taylor et al, 2000). 

Like most fungi, M. grisea was originally described and recognized 

morphologically. In 1971 Hebert described Ceratosphaeria grisea as the perfect form 

of a cross between two Pyricularia grisea (Cook) Sacc. isolates from crabgrass. 

Subsequently, a number of successful crosses between Pyricularia isolates from 

grasses and rice were observed to have teleomorph morphology identical to the 

Magnaporthe type species, M salvinii (Cattaneo). Ban (1977) grouped 

Ceratosphaeria with Magnaporthe; this grouping was more elegantly characterized by 
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Yaegashi & IJdagavva (1978). Historically, anamorphic isolates from rice are 

nomenclaturally distinguished from grass isolates as P. oryzae (rice isolates) vs. P. 

grisea (grass isolates). However, the teleomorph M. grisea is applied to all isolates 

from both rice and grasses (Digitaria, Eleusine, Eragrostis, Lolium. Setaria, etc.). In 

2002 Couch & Kohn reported four lines of evidence supporting two distinct M. grisea 

lineages. First, molecular sequences at three independent loci show two monophyletic 

groups in addition to one shared polymorphism against numerous differences. 

Additionally, these lineages are restricted to different hosts (Digitaria vs. Oryza 

sativa) and are reproductively incompatible. However, there is currently no 

morphological character observed to discriminate these Magnaporthe lineages. The 

group M. grisea is nomenclaturally tied to Digitaria and therefore isolates from this 

grass remain M grisea while the correct scientific name for rice and non-Digitaria 

isolates is proposed to be M. oryzae (Couch & Kohn, 2002). This nomenclatural 

detail is subject to some debate and is currently unresolved in the M. grisea research 

community. 

The Magnaporthe Genome 

1. Genome Structure & Organization 

The genome of M. grisea is contained on seven chromosomes with a cumulative 

base pair length of -40Mb. This estimate was made based on hybridization 

comparisons (Hamer et al, 1989a), electrophoretic karyotyping (Skinner et al, 1993) 

and the draft genome sequence recently released (http://w"w^^-

genome.wi.mit.edii/''annotatio:n/fungi/ magnaporthe/). There are currently 11,109 
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annotated genes in the M grisea genome sequences, or 1 gene per 3489 bp. These 

estimates are given for M. grisea strain 70-15, although individual M. grisea isolates 

are known to vary in chromosome size, and organization. Additionally, the presence 

of variable numbers mini-chromosomcs is observed for different isolates and 

laboratory strains (Hamer et ai. 1989a; Skinner et al, 1993; Talbot et al, 1993a; 

Orbach et al, 1996; Chuma et al, 2003). 

In 1998 M. grisea researchers from around the world created an international 

consortium that piloted the 'Magnaporthe Genome Project'. This massive project 

involves numerous institutions and investigators from many laboratories and funding 

from multiple sponsors (Mitchell et al, 2003) and led to fimding for the Whitehead 

Institute to obtain and annotate a genome sequence for M. grisea. The draft sequence 

is in its second assembly and a description of the project and access to the sequence is 

available (http://v>''wu'-genome.wi.mit.edu/annotation/fungi/niagnaportlie/). A 

manuscript summarizing information from the M. grisea genome sequence is in 

preparation (Dean et al, 2004). 

Recently the NSF Plant Genome program funded a project titled 'Whole 

genome analysis of pathogen-host recognition and subsequent responses in the rice 

blast pathosystem' that aims to use the genome sequence and, in conjunction with 

screening 50,000 random insertion strains, identify and characterize genes involved in 

pathogenicity, virulence, recognition and defense. This monumental project will 

create a base of information necessary for comparative and functional genome 

analyses that will provide greater understanding of fungal biology and unravel the 
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mechanisms of fungal disease and plant defense (Talbot & Foster, 2001; Xu & Xue, 

2002; Mitchell et al, 2003). 

2. Repetitive DNA 

Repetitive DNA elements are found in all fungal genomes (Wostermeyer & Kreibich, 

2002) and representatives from all classes of repetitive elements are found in the 

fungi (Daboussi, 1997). Repeated DNAs are present in the form of reiterations of 

simple sequence repeats such as microsatellites, large (0.5kb - S.Okb) transposons, 

and essential rDNA clusters. Mobile DNA elements are grouped into two classes: 

class I elements encode a reverse transcriptase and are transcribed and transposed via 

an RNA intermediate. There are three groups of class I elements, Gypsy, Copia and 

long interspersed nuclear elements (LINEs) as shown in Figure 1.2. Occasionally a 

class I element will experience truncation during transposition. The result of the 

deletion may be a short interspersed nuclear element (SINE) that lacks the reverse 

transcriptase gene. SINEs are not independently capable of transposition, but their 

mobilization can be complemented when reverse transcriptase is supplied in trans by 

a different transposon (Wostemeyer & Kreibich, 2002). Class II elements transpose 

directly as DNA via a 'cut and paste' mechanism. These elements are grouped into 

three families; Tel/Mariner-. Fotl-, or/lc/-like. Additionally, some elements are 

unrelated to these groups, or are unclassified. 

The amount of repeated DNA sequences present in a fungal genome is highly 

variable between taxa. The Zygomycota typically have a genomic component of 
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Class I: Retroetements 

LINE 

Pt 1 RT 1 RH i In 
gag pol env 

TSO LFR ^LTR TSD TSO LFR 

ft ! te IRT ! RH 

^LTR TSD 

iwMCSMi poi 

^LTR TSD 

TSD LIR LIH TSD 

It gag HI RH doIvA »-

SINE ZUE sag RH potvA 
TSD^ 

Class M: Autonomous DNA elements 

H*-—C> Transposase 
•rao TIR*— TIR TSD 

Figure 1.2 Organization and structure of fungal transposons. Repetitive 
elements frequently generate a target site duplication (TSD), and may be flanked by 
an inverted terminal repeat (TIR), or a long terminal repeat (LTR). The Class I 
elements code a pol gene and often a viral envelope {env) and/or viral structural 
protein {gag). The pol region contains reverse transcriptase (i?7) and may contain 
additional domains for In (integrase), Pr (proteinase), i?//(RNaseH). 

Modified fromWostermeyer & Kreibich, 2002 
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>30% repeated DNA (Wostermeyer & Kreibich, 2002). This is in contrast to many 

fungi in the Ascomycota and Basidiomycota that have less than 10%, most of which 

is accounted for by rDNA repeats (Timberlake, 1978; Mewes et al, 1997; Krumlauf 

& Marzluf, 1980). Why is repeated DNA amplified in some taxa and not in others? 

There are host controlled genetic changes and at least two possible epigenetic 

mechanisms for limiting transposon amplification. First, mechanisms that act during 

the sexual cycle such as repeat induced point mutation (RIP) and melhylation induced 

premeiotically (MIP) occur during the heterokaryotic (dikaryotic) phase between 

fertilization and karyogamy in some ascomycetes (Faugeron, 2000; Selker, 1990; 

Selker, 1997). Both mechanisms target duplicated sequences and both copies (or 

neither) are mutated. RIP results in numerous C to T and G to A transitions and may 

be accompanied by cytosine melhylation (Walters et al, 1999). MIP causes cytosine 

methylation but no mutation. As a result, MIP is a reversible epigenetic mechanism 

that acts to inhibit expression of repeated sequences while RIP causes ineversible 

genetic mutation of targeted DNA repeats and duplications. The second mechanism 

of inactivating expression of repeats is quelling (Selker, 1997). Quelling is an 

epigenetic post-transcriptional mechanism that reduces accumulation of mRNA from 

multi-copy or over-expressed sequences similar to post-transcriptional gene silencing 

in plants or RNA interference in animals (Cogoni & Macino, 2000: Cogoni. 2001). 

Unregulated transposon activity would rapidly lead to inappropriate expression 

or deleterious mutation of essential genes, therefore the movement or expansion of 
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transposons must be controlled within successful host genomes. M. grisea has been 

shown to possess mechanisms for limiting transposon amplification including RIP 

(Ikeda et al, 2002), methylation of repeated DNA (Nakayashiki et al, 2001a) and 

quelling (Kadatoni et al, 2003 ). However, the abundant accumulation of DNA 

repeats is still noted for elements such as MAGGY and MGR which are present at 

greater than 40 copies in some genomes (Hamer et al, 1989a; Nitta et al, 1997). 

What value exists in the presence and amplification of mobile DNA elements in an 

organism with mechanisms to control them? Repeated DNA elements and active 

transposons have been speculated to provide advantages to the host genome 

(McClintock, 1984; Chao & McBroom, 1985; Kidwell & Lisch, 1997; McDonald et 

al, 1997; Hurst & Warren, 2001). The most frequently postulated advantage of 

repetitive DNA is its potential effect on genomic plasticity and architecture 

(Wostermeyer & Kreibich, 2002; Shnyreva, 2003; Daboussi. 1997; Kidwell & Lisch, 

1997; Kidwell & Lisch, 2000). For example, repeated sequences may create sites that 

are hot spots for genome instability and rearrangement due to ectopic recombination 

(Kidwell & Holyoake, 2001; Shnyreva, 2003). Ectopic recombination could lead to 

unequal crossing over and deletion, duplication, inversion or translocation (Gray, 

2000). This has been demonstrated in a few fongi, namely Saccharomyces cerevisiae 

(Curcio et al, 1994). Candida albicans (Chibana et al. 2000) and Fusarium 

oxysporum (Daviere et al, 2001), the latter showing a high level of chromosomal 

rearrangement and polymorphism correlated with transposon clustering. Additionally, 

it is speculated that active transposons lead to transfer or inversion of large DN A 
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segments during transposition, or changes in gene transcription due to transposon 

insertion or excision. Transposons have also been implicated in horizontal transfer of 

DNA (Daboussi, 1997). 

Repeated DNA sequences are abundant in the genome of M. grisea. A family of 

dispersed repetitive DNA sequences was described by Hamer et al. in 1989. Five 

''MGK" clones were identified and shown to be polymorphic and dispersed 

throughout the genome. Additionally, it was observed that the MGR sequences were 

abundant in rice isolates but not fixed in high numbers in field isolates that infect 

other grasses. Two of these sequences, MGR586 & MGR583 were later shown to be 

part of Pot2, a class II inverted terminal repeat transposon, and MGL, a class I LINE 

element (M.A. Meyn, Ph.D. Thesis), respectively (Kachroo et al, 1994; Hamer et al, 

1989a). The M. grisea genome harbours multiple copies of long terminal repeat 

retrotransposons such as Grasshopper (Dobinson et al, 1993), MAGGY (Farman et 

al, 1996b) and MGLR-3 (Kang, 2001), as well as inverted terminal repeat 

transposons like Pot2, Pot3, and Occan (Kachroo et al, 1994; Farman et al, 1996a; 

Kito et al, 2003), LINE elements (MGL) and SINE elements MGSRl and Mg-SINE 

(Kachroo et al. 1995). Table 1 summarizes the repeated DNA elements that have 

been described in M. grisea. 

In fields where M. grisea is present, population analyses routinely suggest that, 

despite the ability to rapidly overcome host resistance, populations are clonal not 

sexual (see Sexual Cycle below) (Ou, 1985; Zeigler. 1998). The ability to generate 



Table 1.1 Repetitive DNA Elements in M. grisea 

Element Class Type Leneth Reference 
Maggy I Gypsy 5.638Kb Faman et al. (1996b) 
Grasshopper I Gypsy 8.0Kb Dobinson etal. (1993) 
Fosbury I Gypsy ? Shull & Hamer (1996b) 
Pyret I Gypsy 7.25Kb Nakayashiki etal. (200lb) 
MGR583/MGL I LINE ? Hamer et al. (1989a); Orbach & Meyn, unpublished 
MGRSRl I SINE 0.8Kb Sone et al. (1993) 
Mg-SINE I SINE 0.47Kb Kachroo etal. (1995) 
Pot2 II Fotl 1.857Kb Kachroo etal. (1994) 
MGR586/Pot3 11 Fotl 1.86Kb Farman et al. (1996a) 
Occan n Fotl 2.259Kb Kito et al. (2003) 
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genetic diversity without sexual recombination has been demonstrated experimentally 

in M. grisea. A genetic locus containing a repeated DNA element (MGR586) used for 

population studies was observed to be hypervariable and capable of recurrent 

spontaneous rearrangement during clonal propagation (Shull & Hamer, 1996a). 

Genetic instability has been observed at SMOl (Hamer et al. 1989b), BUFI (Chumley 

and Valent 1990; Farman et al, 2002b), and avirulence gene loci including PWL2 and 

A VR-Pita (formerly A VR2-YAMO) (Valent and Chumley 1994). While the variability 

at A VR-Pita is likely associated with its location at a telomere, this does not appear to 

be the case for all hypervariable loci. Numerous examples of repeated DNA elements 

associated with genomic rearrangement are documented or suggested in M. grisea 

(Skhmex et al., 1993; Talbot ef a/., 1993;Kachroo etal, 1997; Nittae^a/., 1997; 

Orbach et al, 1996). It may be that the presence of DNA repeats and active 

transposons provide a mechanism for genome evolution and genetic variability 

necessary for adaptation in primarily asexual populations despite the increased cost 

due to random mutation. 

One observation related to limiting the cost of transposon activity is the 

clustering of DNA repeats. Clearly, deleterious insertions that have a negative effect 

on fitness will not be maintained, and therefore will be largely undetectable. This 

could result in dusters of repeats in neutral areas of the genome. However, 

preferential clustering could provide a level of control over active transposons by 

avoiding insertion in essential genes or balancing their amplification. This is a 

possiblility in M. grisea because it is known that repeated sequences are clustered in 
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the M. grisea genome. This is based on hybridization experiments done by Hamer et 

al. (1989a), Nitta et al. (1997), Nishimura et al. (1998) and Kachroo et al. (1997). 

Additionally, active transposons are often inserted within unrelated repeats and 

preferentially insert in AT-rich target sites (Kacliroo et al., 1994; 1995; 1997; Farman 

et al, 1996a; 1996b). Preferential target sites will reduce the randomness of insertion 

and thereby reduce the likelihood of disrupting essential genes. Whether clustering is 

due to preferential target sites, or a consequence of effects on fitness, these regions of 

clustered repeates create areas of hypervariability and genes present within or near 

clusters of repeats may be relatively unstable. A number of authors have speculated or 

demonstrated genetic variability at loci affecting pathogenicity, virulence or host 

range in M. grisea due to flanking DNA repeats (Valent & Chumley, 1991; Kang et 

al, 2001; Talbot, 2003). Additionally, active transposition within an avimlence gene 

can lead to a gain of virulence on certain cultivars of rice (Kang et al, 2001; Bohnert 

et al, 2001). Thus it appears that the presence, activity and accumulation of DNA 

repeats are important factors in the evolution of virulence in M. grisea. 

Life Cycle 

M. grisea is a haploid filamentous fungus that is capable of reproduction via 

formation of sexual or asexual spores. The sexual cycle is not commonly observed 

outside the laboratory, but can readily be initiated under defined culture conditions. 

Asexual propagation and dissemination is a major component of the disease cycle. 

The asexual cycle is very amenable to culture under standard laboratory conditions. 

Asexual spores are easily harvested and used to inoculate host plants for observation 
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of the disease cycle in controlled growth conditions. These phases of the M. grisea 

life cycle are represented diagrammatically in Figure 1.3, and discussed in detail 

below. 

Asexual Life Cycle 

Asexual spores called conidia are produced at the apex of terminally branched aerial 

hyphae called conidiophores. Conidia are desiccated, hydrophobic, pyrifomi (tear 

drop) shaped spores with 2-3 cells each containing a single identical nucleus. These 

spores act as dispersal units that are also capable of acting as survival structures when 

environmental conditions arc unsuitable for growth. Conidia are readily dispersed 

through the air by water droplets to new environments. After dispersal, conidia have 

the ability to readily and tenaciously adhere to plant leaves or to most hard surfaces. 

M. grisea conidia are not notably long-lived, and tend to adhere and germinate 

quickly. Adhesion is made possible after wetting by secretion of spore tip mucilage 

(Braun & Howard, 1994; Hamer et al, 1988), a very effective non-specific glue, from 

the apex of the conidium that functions in air or liquid to secure the spore to the 

substrate. Experimental detachment using capillary forces indicates that adhesive 

spores require a detachment force of approximately one jiiNewton (Gerbeaud et al, 

2001) or about 1.4 X 10"^ inch ounce-force. 

Abundant water is a requirement for gennination of M. grisea spores. Other 

environmental cues that initiate spore germination are discussed as part of Disease 

Cycle (below). Hydration of a conidium leads to an almost immediate increase in 

endocytosis that continues throughout germ tube formation and gcrmling 
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Figure 1.3. The M. grisea life cycle. A) M. grisea is heterothallic, meaning that sexual 
development requires hyphal contact of two compatible mating types. Many strains are 
also hermaphroditic and therefore can act as a 'male' or 'female' in the interaction. 
Sexual differentiation leads to the production of meiospores within an ascus. Asci are 
housed in an ascocarp called a perithecium. Ascospores germinate to form hyphae that 
enter the asexual cycle. B) The asexual cycle involves hyphal growth along or within the 
substrate and production of mitotic spores called conidia. Germination of conidia 
reinitiates the asexual cycle or can initiate the infection cycle. C) In the infection 
(disease) cycle a structure called an appressorium produces a penetration peg that 
breeches the epidermis and initiates growth within the host. Asexual spores are produced 
and the asexual cycle or the infection cycle can be initiated. 

Modified from Dobinson and Hamer (1993) 
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development (Atkinson et al, 2002). Fungal cells are typically tube-shaped filaments 

called hyphae that display polarized growth at their tip. The germ tube is the first 

hyp ha formed and it emerges 1-3 hours after hydration. In the presence of abundant 

nutrition, or the absence of cues that initiate the disea.se cycle, hyphae elongate at the 

apex by polarized tip growth and branch sub-apically in a pattern that radiates away 

from the spore body and colonizes the surrounding environment. M. grisea is capable 

of axenic growth in agar media and hyphae may grow on the surface, or within the 

medium, or may form aerial hyphae that rise above the substratum. 

A review of molecular requirements for germination of ascomycete spores 

(Osherov & May, 2001) indicates that DNA synthesis is not necessary, however, 

conflicting results for mRNA formation are obtained for different species of 

ascomycetes. 

Protein synthesis is also required in germinating M. grisea .spores as inhibition 

by pharmacological drugs prevents germination (Atkinson et al., 2002). Existing free 

ribosomes and pre-formed mRNA form polysomes within 15 minutes of exiting 

dormancy. Rapid protein synthesis is characteristic of germinating spores and 

translation of transcripts involved in metabolism, recognition, attachment and 

development occurs. 

A network of signaling molccules integrates and transduces the incoming cues 

into the responses necessary for development, differentiation and growth. Calcium, a 

common cell signaling molecule, is not required for M. grisea germination, but is 

necessary for subsequent development (Lee & Lee, 1998). Another important cell 
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signal molecule, cyclic AMP (cAMP), is also required for development after 

germination. Inhibition of cAMP, adenylate cyclase (MAC!) or downstream response 

kinases such as protein kinase A (MPKl) or the MAP kinase PMKl all lead to 

delayed germination and blockage of subsequent development (Choi & Dean. 1997). 

These and other signaling molecules involved in post-germination development are 

discussed in detail as part of Disease Cycle (below). 

Fungi growing in a relatively aqueous or humid environment produce extracellular 

proteins called hydrophobins (or repellents) that enable the fomiation of aerial 

hyphae. The structure and function of fungal hydrophobins have been extensively 

investigated and reviewed (Ebbole, 1997; Kershaw & Talbot, 1997; Wosten & Vocht, 

2000; Wosten, 2001; Whiteford & Spanu, 2002). There are two classes of fungal 

hydrophobins; class I is characterized as being stable in detergent and ethanol, while 

class II proteins are solubilized in such conditions. Hydrophobin sequences are highly 

variable but all have a consensus pattern involving an array of 8 cysteines that also 

separate into two groups that reflect their solubilities. There are more than 50 

described fungal hydrophobins from more than 20 species with many fungi producing 

multiple hydrophobins that are required for different stages of growth or 

development. In addition to roles in hyphal and spore development, some 

hydrophobins are necessary for spore deposition and infection-related morphogenesis. 

Hydrophobins self-assemble at an air-water, or hydrophobic-hydrophilic interface 

forming an amphipathic layer, often in the form of rod lets. Hydrophobins released 

into the env ironment aid in overcoming the surface tension of water, allowing hyphae 
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to rise above a moist surface (Wosten et al, 1999; Figure 1.4). Hydrophobins 

secreted at the tip of aerial hyphae lead to the formation of a hydrophobic coating of 

hyphae and spores which is an essential component of erect hyphae and important for 

spore dissemination (Beever & Dempsey, 1978; Stringer et al., 1991). In M. grisea 

conidiogenous cells develop at the tip of aerial hyphae that swell and elongate into 

conidia. In M. grisea, mature conidiophores contain 3-5 conidia that develop in a 

sympodial manner, with the conidiophore elongating adjacent to the base of each 

conidium as it forms (Shi & Leung, 1995). A number of genetic loci (conl- conT) that 

affect sporulation have been identified in M. grisea by mutant screens (Shi et al.. 

1998). Mutant phenotypes range from lack of conidiophore formation to aberrant 

spore morphology. The formation and germination of conidia is inseparable from 

pathogenicity and therefore some of these sporulation mutants also show defects in 

pathogenicity or other aspects of development, especially when brought together in 

double mutant lines. Similarly, the ACRI locus affects spore morphology and 

pathogenicity. ACRI encodes a stage-specific negative regulator of conidiation that is 

necessary for sympodial arrangement (Lau & Hamer, 1998). Disruption of ACRI 

leads to aberrant spore and germ tube morphology, reduced germination rates and a 

reduction in pathogenicity. Dispersal of conidia disperse is an important step in 

completion of both the asexual and disease cycles. Conidia likely are disseminated 

through the air by adherence to water or dew droplets (Talbot. 2003). This is 

supported by the correlation of high humidity and rapid blast dispersal. Disruption of 

hydrophobins in the tomato pathogen Cladosporium fulvum lead to a lack of efficient 
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into the medium. The hydrophobin monomers self-
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amphipathic membrane, which is accompanied by a 
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approaches the water-air interface and is confronted 
with the amphipathic protein film. The force 
generated by the turgor pressure of the approaching 
hypha may stretch the hydrophobin film, enabling 
intercalation of newly secreted hydrophobin 
monomers without rupturing the membrane (bottom, 
left). In this way the hypha would in fact never leave 
the aqueous environment. Alternatively, the 
hydrophobin membrane is punctured by the hypha, 
and the cell wall contacts the air. Hydrophobin 
monomers secreted by such a hypha will self-
assemble at the cell wall-air interface. The 
hydrophilic side of the hydrophobin film faces the 
hydrophilic cell wall, while its hydrophobic side is 
exposed to the air. The hydrophobin films covering 
the hyphae and the aqueous environment may fuse 
(bottom, right). 

Figure 1.4. Model for the formation of fungal aerial structures. 

Modified from Wosten (2002) 
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dispersal of conidia as they no longer adhere to the surface of water droplets 

(Whileford & Spanu, 2001). The production of conidia at the apex of conidiophores 

and their dissemination completes the asexual life cycle. 

Sexual Cycle 

Reports of the M. grisea sexual fruiting structures were made in the 1970's 

(Hebert, 1971; Barr, 1977; Yaegashi & Udagawa, 1978). As previously mentioned, it 

was Hebert (1971) that described Ceratosphaeria grisea as the perfect form of a cross 

between two Pyricularia grisea (Cook) Sacc. isolates from crabgrass. Subsequently, a 

number of crosses between Pyricularia isolates from grasses and rice were observed 

to have the teleomorph morphology identical to the Magnaporthe type species leading 

Barr (1977) to group Ceratosphaeria with Magnaporthe. Despite the reports of 

interfertility of grass and rice isolates, many strains that come from rice fields are 

infertile, or are female sterile. Conversely, isolates from grasses such as finger millet 

{Eleusine coracana), goosegrass {Eleusine indica) or weeping love grass {Eragrostis 

curvula) are often highly fertile hermaphrodites (Kato et al, \916-, Yaegashi & 

Udagawa, 1978; Kolmer & Ellingboe, 1988; Valent et al, 1986; Notteghem & Silue, 

1992; Viji & Gnanamanickam, 1998). Fertility is not strictly correlated with host 

range but it is likely that the high level of infertility in rice isolates is a consequence 

of predominantly clonal growth on a monoculture agricultural crop. For example, 

clonal populations cannot maintain genome architecture by recombination and are 

observed to accumulate minichromosomcs and/or mutations such as. duplication, 

translocation, or other gross karyotypic variation (Orbach e/ al, 1996; Zeigler. 1998). 
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Therefore, while infertility and male sterility is common in rice pathogens it is 

observed in grass isolates as well (Tredway et al, 2003). Rare cases of isolation of 

fertile rice pathogen field isolates have been reported (Kato & Yamaguchi, 1982; 

Zeigler, 1998). Due to the high incidence of sterility in rice isolates, genetic analysis 

of rice pathogenicity and virulcncc was limited to a few fertile field isolates, such as 

Guyl 1 from French Guiana (Leung et al, 1988). More recently, sexually fertile rice 

pathogens have been identified in Thailand (Mekwatanakarn et al, 1999). In order to 

obtain genetic data regarding M. grisea pathogenicity on rice, a number of laboratory 

strains have been created that have fertility factors introgressed from grass pathogens 

into rice pathogen backgrounds (Leung et al, 1988; Kolmer & Ellingboe, 1988; 

Ellingboe et al, 1990; Valent & Chumley, 1991; Valent et al, 1986; 1991; Chao & 

Ellingboe, 1991; Dobinson & Hamer, 1992; Silue et al, 1992a). These hybrid strains 

have combinations of genes from two backgrounds, one parent with the genes 

necessary for pathogenicity on rice and another parent with genes controlling or 

enhancing sexual fertility. The karyotypic diversity between rice isolates and grass 

isolates may lead to ustable karyotypes or to genome rearrangements that can make 

genetic and molecular analyses difficult to interpret. This topic is a central feature of 

chapters 2 and 3 of this thesis. Despite the confusion that can result from these hybrid 

genomes, the impact of these laboratory strains on rice blast research should not be 

understated. Fertile lab strains causing blast on rice have facilitated the dissection of 

molecular determinants of M. grisea pathogenicity on rice, its most economically 

important and globally significant host. These lab strains provided a foundation for a 
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genetic approach to pathogenicity on rice and opened the way for M. grisea and rice 

to become the model for molecular plant pathology. Furthermore, an interesting 

consequence of these hybrid matings was the identification of novel avirulence and 

host-specificity genes that originate in grass isolates but are active elicitors of defense 

in rice (Valent el al. 1991; Valent & Chumley, 1994). This topic is discussed below 

in A VR genes from M. grisea. 

M. grisea has a bipolar mating system which means sexual compatibility is 

determined by a single genetic locus. In the case of M grisea, one of two possible 

alleles will exist at the MATl locus for a given strain, MATI-1 or MATl-2. The 

fungus is a heterothallic hermaphrodite, which means that it is self-sterile, but can act 

as either male or female when a compatible mating type strain is present. For 

example, when a fertile MAT 1-1 strain encounters a fertile MAT 1-2 mating could 

result in either strain producing male or female sexual structures callcd gametangia. 

The two alleles of the mating-type locus were isolated using genomic subtraction 

(Kang et al, 1994). The genes, MATl-1 & MATl-2, are idiomorphs. It is clear from 

hybridization experiments with the MATl idiomorphs that both mating types exist in 

the field. Additionally, perithecia will form on healthy standing rice tissues (Hayashi 

et al, 1997) and recombination in the field can occur (Zicgler, 1998), however 

epidemiology and population studies indicate that sexual reproduction is not a key 

factor in disease incidence, severity or spread (Dayakar et al, 2000). This is 

implicated by the clonal nature of blast populations demonstrated by persistent multi-

locus haplotypes (Levy et al, 1991; Xia et al, 1993), the lack of regional co
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occurrence of opposite mating types of M. grisea (Notteghem & Silue, 1992). and 

ubiquitous female sterility in rice growing regions (Kolmer & Ellingboe, 1988; Viji & 

Gnanamanickam. 1998). 

Although direct evidence for the sexual cycle in the field is lacking, indirect 

evidence is suggested by 'RIP' (explained above) that requires passage through the 

heterokaryotic phase of meiosis and effectively limits expansion of DNA repeats and 

duplications. The results of this mechanism are de tectable in isolates from the field 

indicating that meiosis does occur, or has very recently occurred (Ikeda et al, 2002). 

Indirectly, parasexual recombination can be detected in rice isolates in laboratory 

experiments, and therefore may be possible in the field (Ziegler, 1998). It may be that 

host-range can be enhanced by recombination, but perhaps at the expense of virulence 

(Dayakar et al, 2000), therefore, once a favorable genetic combination is achieved 

for pathogenicity and virulence, clonal populations are more successful in rice fields 

than recombining populations. Additionally, clonal populations may be more efficient 

pathogens in agricultural settings and have subsequently become infertile due to 

chromosomal alteration or other gross karyotypic rearrangments (Zeigler, 1998). 

Despite the lack of observation of sexual development in nature or field settings the 

sexual cycle is readily initiated and observed in defined laboratory conditions for 

some M. grisea isolates. Therefore the physical and temporal progression of the 

sexual cycle is known. Mating requirements can be satisfied in the laboratory via 

contact of fertile strains with compatible mating types that are growing on a suitable 

substrate (e.g. oatmeal agar), at a temperature of 18-22°C with constant illumination 
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for 2-4 weeks (Valent et al, 1991). Like most ascomycetes sexual reproduction in M. 

grisea involves formation of an ascogonium, ascogenous hyphae and croziers (Figure 

1.5). The ascogonium (female gametangium) produces a trichogyne that facilitates 

plasmogamy with the antheridium (male gametangium) and pairing of nuclei of 

opposite mating type. Subsequently, a stably maintained dikaryon forms and 

ascogenous hyphae develop from the ascogonium. These hyphae curve at the apex to 

form a crozier hook that develops into an ascus mother cell where karyogamy takes 

place. The ascus mother cell is the only diploid cell in the life cycle and is short-lived 

as it immediately proceeds to ascus formation. 

The developing ascus is the site of meiosis and ascospore development. The 

four products of meiosis undergo a single round of mitosis and the eight resulting 

nuclei each develop into ascospores enclosed within an ascus. Asci in M. grisea are 

contained within an ascocarp called a perithecium. Perithecia are flask shaped 

structures with many asci enclosed inside. Perithecia develop and mature within 21 

days after mating. A mature ascospore has three septa and can germinate to form 

hyphae in a fashion similar to the asexual conidium. The mycelium produced by a 

germinating ascospore grows and reproduces asexually unless a compatible partner 

and suitable environmental conditions allow entrance into the sexual cycle. 

Disease Cycle 

The disease cycle is graphically displayed in Figure 1.6 and will be discussed in 

five consecutive stages; 1) Deposition, attachment and germination of spores on the 

host leaf 2) Morphogenesis of an appressorium, a structure required for penetration 
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Figure 1.5. Diagrammatic representation of some ascomycete sexual reproductive 
structures. A) An antheridium from one mating type produces a trichogyne that fuses 
with an ascogonium produced by the opposite type. Nuclei from the antheridium migrate 
into the ascogonium and pair with nuclei from the opposite type to form a dikaryon. B) 
Dikaryotic filaments called ascogenous hyphae grow from the ascogonium. C) 
Eventually a crozier (i) at the tip of each ascogcnous hypha to form a dikaryotic apical 
cell and a uninuclear penultimate cell. The apical cell undergoes karyogamy and becomes 
the ascus mother cell (ii) after which meiosis occurs (iii). A single round of mitosis 
produces a cell with eight nuclei (iv) that wiU each develop into ascospores within the 
ascus (v). D) The asci develop and mature within a fruiting structure called an ascocarp. 
The Pyrenomycete ascocarp is called a perithecium and has a bulbous sphere with an 
extended neck. 

Modified from www.botanyJia\vaii.edii/facuity/%o;^g/Bot2()l 
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Figure 1.6. The rice blast disease cycle. A. Spore deposition on the leaf 
surface and attachment. B. Chcmical or surface hardness cues lead to spore 
germination. C. Appressorium (a penetration structure) forms. D. The appressorium 
matures by melanization of the wall and generates high internal glycerol 
concentration and subsequent turgor pressure. E. A penetration peg punctures the host 
epidermis primarily by mechanical force. F. M. grisea infectious hyphae colonize the 
inter- and intracellular leaf tissues. G. A macroscopic lesion forms and the fungus 
produces asexual spores that can reinitiate the disease cycle, (modified from: 
www^ibwf.de/fanagro index.htm#m odelorganism). 
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of the host leaf. 3) Maturation of the appressorium and penetration of the host cuticle. 

4) Growth within the host, and 5) Sponilation and dissemination. It is important to 

note that most of the developmental stages of the disease cycle, including spore 

germination, appressorium formation and conidiation, can be observed and isolated 

on axenic culture media or artificial surfaces which is a reason M. grisea is a model 

organism for mycological and pathological research. 

1. Deposition and Attachment 

The factors known to mediate spore attachment and development prior to penetration 

of host surfaces have been extensively characterized (reviewed in Tucker & Talbot, 

2001). Spores contact and adhere to the hydrophobic surface of host leaves after 

dispersal via air, water splash or dew drops. Deposition of conidia to the host leaf is 

aided by hydrophobic interactions between spore and cuticle. After deposition, 

mucilages in the form of glycoproteins are secreted fi'om the spore tip that cause the 

spore to adhere tenaciously to the substrate (Hamer et al, 1988; Braun & Howard, 

1994). During germination the hydrophobin MPGl is highly expressed and secreted. 

Self-assembly of the hydrophobin at the interface of the germling and the host leaf 

helps to securely fix the fungus to the leaf cuticle (Talbot et al, 1993b; Talbot et al.. 

1996). Additionally, hydrophobins also aid the hydrophilic mucilage in attachment of 

conidia by increasing wetability of the cuticle (Xiao et al, 1994). A chitin binding 

protein CBPl was recently isolated from M. grisea that appears to play a very early 
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role in surface sensing, signaling and/or adhesion on hard surfaces (Kamakura et al, 

2002). 

Spores from M. grisea germinate rapidly after attachment. Basal levels of 

endocytosis are detectable in ungemiinated conidia on rice leaves but rapidly increase 

upon wetting and germination. This endocytosis is predicted to play a role in 

perception of plant and surface cues (Atkinson et al, 2002). Spore germination 

results in the emergence of a germ tube, from one or more conidial cells, that grows 

via polar tip growth and is responsive to surface cues such as hardness, 

hydrophobicity, and chemicals. The germ tube grows a very short distance on the host 

leaf before 'hooking' where it directs the growing tip downward, toward the surface, 

and begins to swell (Bourett & Howard, 1990). At this point a recognition phase is 

believed to occur where the fungus interprets cues from the surface before a 

commitment to penetration occurs. Surface characteristics known to induce 

apprcssorium formation include hardness, hydrophobicity. absence of exogenous 

nutrients, soluble host cutin and lipid monomers (Talbot, 2003). Secretion of cutinase 

by M. grisea has been predicted to be important in penetration but it is not clear that 

enzymatic digestion of the cuticle is necessary for penetration as disruption of a M 

grisea cutinase does not prevent penetration and infection (Sweigard et al, 1992). 

However, up to nine putative cutinase ORFs are predicted in the recent annotation of 

the M. grisea genome, so a role of cutinases in penetration requires further testing due 

to the possiblility of functional redundancy. Cutin monomers from host leaves have 

been shown to be a sufficient cue to M grisea germlings to induce differentiation of 
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appressoria even in the absence of a hard hydrophobic surface (DeZwaan et al, 1999; 

Gilbert et al, 1996). Therefore, cutinase may play a role in surface sensing or 

signaling ratlier than directly in penetration. After germination, interpretation of the 

surface signals described above can lead to the initiation of appressorium formation at 

the apex of the germ tube. 

2. Appressorium Differentiation 

Appressorium formation and maturation is necessary for pathogenicity in M. 

grisea. A network of parallel signaling pathways and multiple kinase modules are 

involved in appressorium development. These pathways have been reviewed by Dean 

(1997) and Talbot (2003) and will be discussed in detail below. A diagrammatic 

representation of appressorium signaling networks is summarized in Figure 1.7. 

Cyclic AMP (cAMP) is involved very early in pathogenic differentiation. The 

MAC I gene encodes adenylate cyclase that synthesizes cAMP and mutants in mad 

do not progress beyond germ tube formation. Exogenous supplementation of cAMP 

can initiate appressorium formation on non-inductive surfaces and restores 

appressorium formation and pathogenicity in Amacl strains (Lee & Dean, 1993; Choi 

& Dean, 1997; Adachi & Hamer, 1998). Upstream activation of MAC! and 

generation of cAMP signaling is not well understood, but external surface cues may 

be monitored by extracellular proteins such as MPGl or CBPl. The secreted 

hydrophobin protein encoded by MPGl has an early role in surface sensing required 

for appressorium formation (Talbot et al, 1993b). Mutants in (mpgl) are severely 

limited in appressorium formation and pathogenicity, but can be rescued by 
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Modified from Talbot, 2003 
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exogenous cAMP. Additionally, MPGl is positively regulated by the cAMP 

dependent protein kinase A (PKA) pathway, and by a regulator of nitrogen utilization 

NPR} (Lau & Hamer, 1996; Soanes et al, 2002). 

Similarly, CBPl is also required for appressorium formation and Achpl 

mutants are rescued by exogenous cAMP. Recently, a hypothetical link was made 

between these putative secreted sensor proteins MPGl and CBPl. It may be that 

extracellular sensing is transduced across the plasma membrane by a membrane 

spanning protein such as PTHl 1 (DeZwaan et al, 1999). PTHll was identified as an 

M. grisea pathogenicity factor in a screen of transformation-based insertion mutants 

(Sweigard et al, 1998). The protein encoded by PTHll was localized to the plasma 

membrane by visualization of a PTHl 1-GFP fusion. Additionally, hydrophathy 

analysis suggests that PTHl 1 has nine membrane spanning domdins. pthl 1 mutants 

are blocked in appressorium formation. Conidia from Apt hi 1 mutants germinate and 

undergo hooking but rarely form mature appressoria on hard surfaces, even when 

treated with cutin monomers. Thus PTHll is necessary for sensing or signal 

transmission of both hydrophobicity and host chemical inductive cues (DeZwarm et 

al, 1999). Like MPGl and CBPl, PTHl 1 acts upstream of cAMP signaling, as 

demonstrated by the formation of appressoria in Apt hi 1 mutants when exposed to 

cAMP, or other intracellular messengers such as diacylglycerol (DAG) (Kamakura et 

al. 2002; DeZwaan et al, 1999; Thines et al, 1997). These results fit with the 

hypothesis that MPGl, CBPl, and PTHll act upstream of MAC! whose activation 

leads to an increase in intracellular cAMP necessary for appressorium formation. 
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In addition to PTHll, a second membrane protein involved in appressorium 

development has been identified. MAGB encodes the Gcx subunit of a heterotrimeric 

G protein that is necessary for germ lube hooking and response to surface cues (Liu & 

Dean, 1997). Heterotrimeric G-proteins are common components of signaling in 

mating and pathogenicity of filamentous fungi (Bolker, 1998). They are composed of 

a Ga subunit that binds GTP and a GPy subunit that interacts with a G-protein 

coupled receptor protein that has seven membrane-spanning domains. The Ga 

subunit has intrinsic GTPase activity and undergoes a conformational change 

depending on whether GTP or GDP is bound. The GTP bound form dissociates from 

GPy and enters the cytosol where GTP hydrolysis occurs initiating its return to Gpy at 

the plasma membrane. Unlike PTHll, the MAGB heterotrimeric G-protein is likely a 

negative regulator of MAC I (adenylate cyclase) based on phenotypic defects of site-

directed Gtt mutants. A constitutively active Ga mutant makes 

appressoria normally, but has many pleiotropic effects. Alternatively, an inactive 

magB^''"^^^ mutant, that prevents dissociation of Ga and GPy has little effect on M. 

grisea but complements the AmagB mutant (Fang & Dean, 2000). These data fit well 

with a model in which the G-protein negatively regulates cAMP synthesis. 

Specifically, MAGB activation leads to suppression of M/lCl by the Gpy sub unit, 

perhaps in response to exogenous nutrients (Talbot, 2003). At present a membrane 

spanning receptor protein that interacts with MAGB has not been identified. One 

prediction of MAGB acting as a negative regulator of MAC I is constitutive 

appressorium formation in the mutant. However, the ability of M. grisea to 
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respond to multiple external signals may prevent the observation of such a phenotype 

due to functional complementation by another cue activating MACl, or a parallel 

signal pathway. 

Downstream of cAMP, kinase molecules are often important in transmission 

of the external environmental or developmental signals. Kinases phosphorylate 

substrate molecules to perpetuate, amplify or integrate signals that eventually lead to 

changes in gene expression. A mitogen activated protein kinase (MAPK) pathway, 

and a cAMP-dependent protein kinase A (PKA) pathway, are involved in 

appressorium development. MAPKs act in modules that include three kinase proteins 

necessary to transmit the signal. A MAPK is a substrate for MAPKK, which is a 

substrate for MAPKKK. Signaling via MAPK pathways commonly lead to activation 

or inhibition of transcription factors and subsequent changes in gene expression. At 

present three MAPKs have been identified in M. grisea; PMKl, OSMl, and MPSl, all 

of which affect pathogenicity. PMKl plays a critical role in appressorium 

morphogenesis; Ispmkl mutants are totally deficient in appressorium formation on 

any surface or in response to cAMP or lipid monomers (Xu & Hamer, 1996). 

However, when exogenous cAMP is supplied, germlings respond by hooking and 

swelling at the tip. Therefore, PMKl is thought to be involved in cAMP-dependent 

appressorium differentiation, and is necessary for subsequent events in appressorium 

morphogenesis. In addition to PMKL protein kinase A (PKA) is also necessary for 

appressorium formation. In M. grisea, cAMP binds to the regulatory subimit of PKA 

(SUMl) causing the catalytic subunit (CPKA) to dissociate from it and become active 
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to phosphorylate its cognate substrate, possibly a transcription factor. A mutation in 

SUMl was identified that creates a constitutively active CPKA (Adachi and Hamer, 

1998). This mutant was accelerated in germination and appressorium formation. 

Conversely, deletion of CPKA leads to delay in appressorium formation, however the 

mutants still formed small non-functional appressoria, and remain responsive to 

cAMP. For this reason, it was suggested that a second PKA catalytic subunit may 

exist that is activated by surface stimuli in a cAMP dependent manner. Interestingly, 

the Acpka mutant is pathogenic if the requirement of appressorial penetration is 

bypassed by inoculating wounded plants. Thus PKA appears to have multiple 

catalytic subunits that can partially compensate appressorium formation, one of which 

is not required for host colonization after penetration. 

Transcriptional regulation is frequently observed or predicted downstream of 

kinase signal cascades. The PMKl MAPK is homologous to the yeast gene 

FUS3/KSS3 that is a regulator of the transcription factor STEI2. A homolog of STE12 

was identified in M. grisea (MSTJ2) and disrupted (Park et al, 2002). These mutants 

still form appressoria but they are non-pathogenic because penetration hyphae do not 

develop. In addition to being unable to penetrate, these mutants are defective in their 

ability to grow or colonize within wounded plant tissues. The fact that mature, but 

non-penetrating, appressoria form in the Amstl2 mutant is suggestive that PMKl acts 

on response regulators necessary for late stages of appressorium maturation or 

penetration. Other molecules downstream of PMKl have been identified by 

subtractive hybridization using cDNAs from wild type as tester and from a Apmkl 
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strain as driver. Some of these downstream molecules are expressed at high levels 

{MASI, MAS2) and/or specifically in appressoria (GASI, GAS2) and act as novel 

pathogenicity and virulence factors that have no known homologs outside the fungi. 

They will be discussed below as genes necessary for growth and development within 

the host. Thus PMKl likely regulates multiple transcription factors necessary for 

various aspects of pathogenic development 

3. Appressorium Maturation and Penetration 

Once the appressorium is morphologically differentiated, the pigment melanin 

is rapidly synthesized and deposited in the appressorium wall while the cytosol 

accumulates a high concentration of glycerol. Melanin production is a virulence trait 

in M. grisea as mutants in the biosynthetic pathway are non-pathogenic (Chumley & 

Valent, 1990). Additionally it has been shown that appressoria in melanin deficient 

mutants are collapsed by hyperosmotic stress, but re-inflate when the stress is 

relieved (unlike wild-type) indicating melanin's role in maintaining the high glycerol 

solute concentration (deJong et al, 1997). Three genetic loci involved in melanin 

biosynthesis have been well characterized based on visible colony phenotype and 

pathogenicity. ALB I codes for a pentaketide syntha.se that forms an early intermediate 

from acetate subunits. BUFl, that reduces trihydroxynaphthalenc (3HN) to 

vermelone, and RSYl, a scytalone dehydratase that performs 2 dehydration steps, one 

to form 3HN and the other to form 2HN from vermelone (Thompson, et al, 2000). 

Glycerol concentration can reach 3.2M within the appressorium and with the 

melanized wall being impermeable to glycerol, significant osmotic pressure is created 



51 

(deJong et al, 1997). At this stage the appressorium requires abundant moisture in 

order to imbibe water across the semi-permeable wall and membrane. A, high internal 

turgor pressure, estimated to reach 8.0 Mpa, is generated and focused toward the 

substrate (Howard et al, 1991a). The regulation of appressorium glycerol 

concentration is not fully understood. A candidate regulatory gene, OSMI, that is a 

functional homolog to HOGl from S. cerevisiae, was investigated by Dixon et al 

(1999). HOGl is part of a MARK module in yeast that regulates the high osmolarity 

glucose pathway in response to hyperosmotic stress. Glycerol is synthesized from 

carbohydrates and accumulates as part of osmotic stress adaptation (Gustin et al, 

1998). However, Dixon et al discovered that Aosml mutants in M grisea remained 

pathogenic and had fully functional turgid appressoria. OSMI was shown to be 

necessary for adaptation to osmotic stress in M. grisea and led to biosynthesis of 

mainly arabitol (and other polyols including glycerol), but was independent of 

glycerol production and accumulation in appressoria. 

The precise origin of glycerol that accumulates in appressoria is not known. 

Conidia germinate on leaves without the aid of exogenous nutrition so the primary 

source of glycerol must be internal. Conidia store energy in the form of lipids and 

carbohydrates such as triacylglycerol, fatty acids, glycogen, trehalose and mannitol. 

Glycogen rosettes are observed within appressoria but decrease in abundance during 

turgor generation (Bourett & Howard. 1990). In a more detailed study of glycogen 

synthesis, accumulation and degradation Thines et al (2000) showed that glycogen is 

mobilized from conidia to appressoria via cAMP dependent MACl signaling and 
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glycogen degradation is controlled by cAMP-independent CPKA. Additionally, 

PMKI was required for glycogen metabolism very early on in spore germination. 

Several enzymes involved in glycogen metabolism from S. cerevisiae and Aspergillus 

nidulans have homologs in M grisea that are active during spore germination and 

appressorium formation, however, none are induced during turgor generation (Thines 

et a I., 2000). At present, no genetic evidence exists to suggest that glycogen 

metabolism is necessary for appressorium development or function, thus the role of 

glycogen in glycerol accumulation and turgor generation remains unclear. 

A second candidate for the source of glycerol is the carbohydrate trehalose. 

The ability to produce trehalose via TPSl (a trehalose-6-phosphate synthase) is 

required for pathogenicity at the penetration stage but not for proliferation in the host 

(Foster et al, 2003). However, trehalose catabolism would be necessary for glycerol 

formation and trehalase activity is not required for pathogenicity. Mutants in either of 

the two M. grisea trehalases remain competent in appressorium formation and 

penetration. Atrel and Anthl are both able to penetrate host leaves however, Anthl 

mutants are deficient in symptom expression after entry into the host (Foster et al, 

2003). The fact that trehalases are imnecessary for turgor generation makes it unlikely 

that enzymes involved in trehalose synthesis are necessary for glycerol accumulation. 

Trehalose synthesizing enzymes are more likely important regulators of carbohydrate 

entrance into glycolysis, similar to yeast (Thevelein & Hohmann, 1995) however, a 

double mutant in both trehalases is needed to rule out the possibility of functional 

redundancy. 
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The final potential source of glycerol in appressoria is lipids. The activity of 

the enzyme triacylglycerol lipase is induced during appressorium development 

(Thines et al, 2000). Lipid bodies migrate into the appressorium from germinating 

conidia and are taken up by the vacuole. Lipolysis occurs in the vacuole and is 

initiated concurrently with turgor pressure increase (Weber et al.. 2001). A Acpka 

mutant was observed to have reduced lipase activity, and a Amaclsuml-99 had 

accelerated lipid movement and degradation (Thines et al, 2000). Thus, lipid 

degradation appears to be regulated by the cAMP dependent PKA signaling pathway. 

There are seven intracellular lipases predicted by the M. grisea genome sequence, 

however it is not currently know which of these, if any, play a role in appressorium 

development or pathogenicity. Other enzymes related to the metabolism of fatty acids 

that are necessary for pathogenicity include PTH2, a carnitine acetyl transferase that 

moves acetyl CoA across membranes, (Sweigard et al, 1998), and ICLl. an isociIrate 

lyase en/yme necessary for the glyoxylate cycle (Wang et al, 2003). Thus, the 

glyoxylate cycle may be an important functional component in disease development 

similar to other fungal pathogens (Idnurm & Howlett, 2002; Lorenz & Fink, 2001). 

The precise roles of lipases and the primary source of glycerol in M. grisea 

appressorium formation await discovery. 

The base of the appressorium in contact with the substrate is the site of 

emergence of a thin penetration hypha often called the 'penetration peg'. This site is 

first seen as a pore that appears to have no cell wall allowing the fungal plasmalemma 

direct contact with the substrate (Bourett & Howard, 1990). The peg emerges from 
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the pore via physical force generated by appressorial turgor pressure directed at the 

site of the pore. This site of specialized membrane is a critical component of direct 

penetration and a number of genes necessary for this process have been discovered by 

insertional mutagenesis (Balhadere et al, 1999; Swiegard et a!., 1998). Two 

membrane-associated proteins are coded by the genes PLSl and PDEl; a tetraspanin 

and a P-type ATPase respectively. Tetraspanins are integral membrane proteins with 

4-membrane spanning domains. They are common in animals where they form 

associations with other membrane proteins as part of a complex. There are as many as 

37 paralogous animal tetraspanins, but only one example so far from fimgi. The 

fungal tetraspanins belong to a imique family of these proteins (Gourges et al, 2002). 

The plsl insertional mutant forms appressoria, but is completely non-pathogenic as it 

fails to form a penetration peg. Additionally, it is unable to infect wounded tissues 

indicating a role in pathogenicity after penetration (Clergeot et al, 2001). The precise 

function of tetraspanins in pore elaboration and pathogenicity is unknown, but it may 

play a role in signaling, attachment, focusing mechanical force, or organizing the 

actin network (Talbot, 2003). The PDEl P-type ATPase is the other membrane-

associated molecule shown to be necessary for penetration. The protein is a putative 

aminophospholipid translocase that may be required to generate and maintain 

phospholipid asymmetry in membranes. This asymmetry of phospholipids 

distinguishes lumenal from cytofacial surfaces. It is predicted that the membrane 

stress associated with penetration necessitates an enhanced establishment of 

membrane polarity (Balhadere et al, 2001). 
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The third MAPK involved in appressorium difTerentiation is encoded by 

MPSl and is required at the stage of penetration peg formation. The functionally 

related homolog in S. cerevisiae regulates cell wall growth during membrane stress 

(Gustin et al, 1998). The Ampsl phenotype in M. grisea includes lack of penetration 

peg formation in addition to pleiotropic effects commonly observed in weakened cells 

(Xu et al, 1998). It is predicted from the mutant phenotype(s) that MPSl mediates 

biosynthesis of cell walls and that the downstream targets are involved in numerous 

aspects of hyphal synthesis (Talbot, 2003). 

Finally, a cyclophillin coded by CYPl was recently shown to be a virulence 

factor necessary for turgor generation and penetration peg emergence (Viaud et al, 

2002). The protein is essential for pathogenicity in a ftingal pathogen of humans 

(Cryptococcus neoformans) and may be involved in protein folding or in calcium 

signaling/calcineurin activity (Wang et al, 2001). Further analyses are required to 

determine the precise role of cyclophillins in fungal pathogenicity. 

It is suggested that the hydrostatic pressure generated in the appressorium is 

the primary mechanism of penetration in M. grisea, not enzymatic digestion of the 

leaf cuticle and epidermis. This is based on the ability of appressoria to penetrate 

artificial surfaces such as Teflon and cellophane. Additionally, disruption of the M 

grisea cutinase gene shows no reduction in virulence and mutant lines readily 

penetrate the cuticle of host leaves (Vaient & Chumley, 1991). However, as 

previously mentioned, the role of cutinase in penetration requires further analysis as 



56 

the genome sequence of M. grisea indicates 8 putative cutinase producing genes 

(unpublished analyses). 

4. Growth Within The Host (Compatible Interaction) 

When the penetration peg enters a host leaf it di fferentiates into a primary 

infectious hypha that appears similar to pseudohyphal yeast cells (Bourett & Howard, 

1990). These slender primary hyphae grow into the epidermal cell and branch 

infrequently. Subsequently, the primary hyphae branch at right angles to develop into 

large bulbous-shaped secondary hyphae that grow between and through the adjacent 

leaf cells obtaining nutrition from host tissues. Colonization of the internal leaf 

tissues by secondary hyphae occurs rapidly and is followed by the formation of a 

chlorotic lesion; the visible symptom of blast disease (Heath et al, 1990a; 1990b). In 

a highly compatible interaction up to 80% of appressoria form invasive primary 

hyphae and typical secondary hyphae. Invasion by only 1% of appressoria is 

sufficient to produce visible lesions (Heath et al, 1990a; 1990b). The unusual shape 

and growth pattern of secondary hyphae is quite different from M grisea'?, growth 

form in axenic culture and it has been speculated that the secondary hyphae are 

specialized for nutrient acquisition (Valent & Chumley, 1991). 

Genetic determinants controlling host invasion and colonization are poorly 

understood, however it is known from characterization of random insertion mutants 

that synthesis of certain amino acids is required. Genes such as MET I involved in 

methionine biosynthesis (Balhadere et al., 1999) and PTH3 controlling the sixth step 

in histidine biosynthesis (Sweigard et al., 1998) have been identified as pathogenicity 
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factors involved in host invasion. Other genes with quantitative effects on 

pathogenicity after penetration have been identified by random insertion mutagenesis. 

One gene, PAT531, was characterized and found to have 5 membrane spanning 

domains and homologs in other eukaryotes, however the function of the protein is 

unknown (Fujimoto et ciL, 2002). 

Other genes involved in pathogenicity after penetration include one encoding 

an ATP-binding cassette transporter protein; ABC I, and a ubiquitin extension protein. 

Mutant abcl strains of M. grisea die shortly after ingress into host tissues. The 

protein is an ATP-driven efflux pump from the ATP-binding cassette (ABC) family 

of membrane transporters (Urban et al, 1999). It is predicted that up-regulation of 

specific ABC transporters is required for growth within the host to protect against 

host defense chemicals. The ubiquitin extension protein was identified by differential 

cDNA screening and shown to be specifically up-regulated during colonization 

(McCafferty & Talbot, 1998). While it is not yet clear what role, if any, this ubiquitin 

protein plays in colonization, it is likely that increases or changes in protein tumover 

are essential for host invasion. 

A final note on genes necessary for pathogenicity after penetreation involves a 

unique approach. In order to isolate genes that function downstream of appressorial 

penetration, a mutant line with defective MAP Kinase PMKl (discussed above) was 

used. In S. cerevisiae the genes homologous to PMKl (FUSS and KSSl) have the 

transcription factor STE12 as a downstream target. Park et al. (2002) identified the 

STE12 homo log in M. grisea {MST12) and demonstrated that it is dispensable for 
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appressorium differentiation and maturation, but is necessary for peg emergence and 

invasive growth. Additionally, a subtraction library was created using a wild-type 

strain and a Aptnkl strain to isolate genes regulated by PMKl (Xue et al, 2002). Two 

novel virulence factors, GAS I and GAS2, were identified using this approach. GAS I 

and GAS2 encode similar proteins that are expressed during appressorium formation 

and are homologous to gEghl6 from Erysiphe graminis but have no homologs in 

other organisms and their sequences do not allow functional predictions. Many of the 

genes identified as pathogenicity and virulence factors acting after penetration have 

no known homologs, or are homologous to other fungal genes with no obvious 

functional role. The genetic bases of appressorium morphogenesis and function are 

more clearly defined than are the genes necessary for colonization after penetration. 

Perhaps many quantitative loci exist that control events of host invasion and 

colonization, making it difficult to screen disease phenotypes not under the control of 

a major gene. This appears to be the case with regard to M. grisea lesion size on rice 

(Valent et al, 1991). Identification of molecular mechanisms of fungal invasion after 

penetration leading to the establishment of a compatible interaction is an area of 

research with abundant room for discovery. 

5. Sporulation and Dissemination 

Sporulation occurs as described above in The Asexual Cycle. Under high 

humidity conditions (>90% RH) conidiophores emerge from lesions and conidia are 

formed. Conidia are released which may be disseminated in water droplets, water 

splash or through the air. Disseminated spores spread blast disease to nearby hosts 
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and the disease cycle can repeat multiple times during the growing season. This 

polycyclic nature of the M. grisea disease cycle is a major reason why it is such a 

rapidly spreading and potentially destructive pathogen. The swift spread of the 

disease in the field during a single season is reflected in the name 'blast'. 

Non-Host Resistance & Host Specificity 

Fungi cause diseases on all plants however, an individual fungal species is 

generally limited to a host range of a single plant genus or species (Alexopoulos et 

al, 1996). M. grisea infects many monocot host species but an individual isolate is 

usually limited to a single species. Blast disease is reported on more than 50 grass 

species but most attention has been given to diseases on cultivated crops such as rice, 

wheat, barley, millet and maize (Kang et al, 2000). Blast has also emerged as a 

significant disease on turf grass in urban and recreational settings (Landschoot & 

Hoyland, 1992; Farman, 2002a). 

Host range is due, in part, to the fact that plants constitutively produce 

metabolites and physical barriers that discourage microbial infection. These 

molecules include antimicrobials such as phytoanticipins, antimicrobial peptides, or 

barriers such as cuticular waxes or wall lignins (Dixon, 2001; Garcia-Olmedo et al, 

1998; Broekaert et al, 1997; Thomma et al, 2002). Fungal pathogens have 

genetically controlled mechanisms for overcoming general mechanisms of host 

defenses. Additionally a subset of the pathogenicity genes are responsible for the 

ability to recognize plant signals that induce pathogenic morphogenesis (Hedge & 

Kolattukudy. 1997), to inactivate host defense molecules such as phytoalexins 
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(Hammerschmidt, 1999; VanEtten et al, 2001), or produce virulence factors such as 

toxins that may be required for infection (Osbourn, 2001; Wolpert et al, 2002). 

Therefore non-pathogenic and non-host microbial species are unable to complete 

some phase(s) of the disease cycle, either because of 1) lack of host cues to initiate 

the disease cycle, 2) inability to circumvent constitutive chemical or stnictural host 

defenses, 3) activation of general defense pathways, 4) inability to obtain nutrition, 

and/or 5) activation of defenses by host-specific elicitors (See Figure 1.8; Thordal-

Christensen, 2003). 

A general elicitor of plant defense is a molecule present in microbes from 

different species, genera or even phyla that induces host defense. These are similar to 

pathogen-associated molecular patterns (PAMPs) in animal pathogens that are 

recognized by innate immune systems (Jones & Takemoto, 2004; Cohn et al, 2001). 

Plant pathogens with varied life cycles or host ranges that share a common elicitor 

molecule all activate defense in a manner reminiscent of innate immunity in animals. 

For example, the flagellin protein, shared by flagellar bacteria, serves as a general 

elicitor in a number of bacterial pathogens. (Asai et al, 2002; Parker, 2003; Gomez-

Gomez & Boiler, 2002). This molecule is indispensable to the pathogen to complete 

its life cycle, but limits host range to plants lacking the receptor kinase FLS2 and/or 

signaling machinery that activate host defenses. Signaling cascades and networks 

resulting from detection of the elicitor lead to changes in host gene expression and 

often accumulation of pathogenesis related (PR) proteins. At least some of the genes 

involved in defense signaling and resistance are shared in host and non-host 
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interactions (Thordal-Christensen, 2003 ). This molecular confrontation of non-host 

defense mechanisms and pathogen development determines host range. 

It is possible that specific elicitors can also affect host range. A specific elicitor is a 

molecule that induces host defense, similar to a general elicitor but its taxonomic 

distribution is restricted to a single species or physiological race. Alternatively it 

could be a molecule that is only recognized by limited host taxa. The primary 

example of host-specific elicitors are often called avirulence (AVR) gene products 

that were first described in 'gene-for-gene' interactions by Harold Flor (1956; 1971; 

discussed below). If a pathogenic race has two or more AVR genes recognized by all 

observed host genotypes the reaction could appear the same as on a non-host. 

Gene-For-Gene Model 

For over 100 years plant geneticists have shown the inheritance of disease 

resistance in plants can follow Mendelian segregation at a single genetic locus 

(Biffen. 1905). In the 1940's H.H. Flor described the occurrence of new virulent races 

of the flax rust Melampsora lini (Flor. 1940). He then used 17 flax (Linum 

usitatissimum) varieties as hosts, and challenged them with different flax rust isolates 

to demonstrate that rust resistance in flax often segregated at a single locus (Flor, 

1947). However, Flor's greater contribution to plant pathology occurred when he 

went on to test the inheritance of virulence in the pathogen with respect to the 

corresponding resistance of the host. He systematically tested the varietal reactions of 

numerous rust isolates on individual flax varieties. Using this approach along with 

crosses between virulent and avirulent isolates he demonstrated that race specificity 
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in the pathogen also segregated as a single dominant gene (Flor, 1942; 1946). Table 

1.2 is an example of commonly observed inheritance of resistance and virulence in a 

pathosystem with major gene resistance. Only interactions with a resistant host 

genotype (Rr) and an avirulent pathogen genotype (AVR/-) lead to incompatibility. 

Flor's work on the segregation of avirulence in the rust pathogen along with 

segregation of resistance in flax initiated a new paradigm in genetics of plant-

pathogen interactions based on the gene-for-gene hypothesis that developed from his 

work with flax-flax rust (Flor, 1955; 1956; 1971). Most plant pathosystems, including 

M grisea, demonstrate gene-for-gene resistance (Silue etal., 1992a). The molecular 

explanation of Flor's results became a receptor-ligand model that consists of plant 

resistance (R) gene products that 'recognize' cognate elicitor molecules coded by an 

AVR gene in the pathogen (Ellingboe, 1976; Gabriel & Rolfe, 1990; Keen, 1990). 

Recognition of the elicitor by the resistance protein leads to an interaction with no 

disease called 'incompatible' (see Figure 1.9) due to activation of defense pathways 

that limit pathogen development or colonization. It became known as gene-for-gene 

resistance based on the prediction that a single gene in the pathogen and a single 

complementary host gene are required for resistance. 

It is important to keep in mind that the events leading to compatibility or 

incompatibility are not exclusively controlled by a single gene in the host or 

pathogen. There are numerous minor genes that are necessary for these reactions such 

as genes involved in morphogenesis, metabolism, signaling and changes in 

transcription, translation or post-translational protein modification. In M. grisea 



Table 1.2. Genetic segregation of resistance and virulence in major gene incompatibility. 

Host Genotype 
Pathogen 
Genotype 

Avirulent Parent 
Virulent Parent 

Fi 
F2 

Resistant 
Parent 

AVRjAVRj) 
avrjovrj) 
AVR,avr;) 
AVRjAVR,) 
AVRjOvrj) 
avrjCivrj) 

Susceptible 
Parent Fj 

.4. 

refers to a diseased phenotype or compatible interaction, 
refers to a resistant phenotype or incompatible interaction. 
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Figure 1.9. A diagram of the gene-for-gene resistance model. An avtruleace geae in the 
pathogen produces an eiicitor molecule that induces incompatibility in all hosts with the 
complemeatary resistance protein (top left panel). All other ioteractions lead to 
compatibility and a disease phenotype because either the host cannot detect attack due to 
the lack of the R-protein (right panels) or the pathogen does not produce the eiicitor 
{bottom panels) or both (bottom right). 
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minor genes have been identified that control morphogenesis, signaling, growth 

within the host (discussed in Disease Cycle) and lesion size (Valent et al, 1991). 

These minor genes are necessary for quantitative effects occurring after gene-for-gene 

recognition, but individually are not sufficient for virulence or resistance. However, 

minor genes are generally conserved in the genetic background of different species 

and therefore, when minor genes involved in disease or resistance are present, the 

major gene (R gene or AVR gene) is both necessary and sufficient to bestow the 

associated phenotype. For this reason the phenomenon of gene-for-gene resistance is 

the most commonly used and effective disease management mechanism in crops and 

economically important plants. The resistance phenotype can be readily introduced by 

plant breeders to new plant varieties because it is conditioned by a single dominant 

gene. 

Gene-for-gene defense leads to a coordinated change in host metabolism at the 

site of infection called the hypersensitive response (HR). HR is localized to tissues in 

contact with, or near the pathogen and is often associated with deposition of callose, 

elevated levels of glutathione, lipoxygenase activity, electrolyte leakage, an oxidative 

burst, localized cell death, cell wall alterations, and accumulation of antimicrobial 

defenses such as chitinases, p-glucanases, phytoalexins and pathogenesis-related (PR) 

proteins (Knogge & Marie, 1997). Fungal pathogens must be able to avoid or disable 

induced defenses in order to colonize a potential host plant. Those pathogens 

expressing AVR genes will always be incompatible on hosts expressing a 

corresponding R-gene. 
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Avirulence Genes 

AVR genes are defined by their role in the gene-for-gene model; they are genes 

that encode elicitors of host defense and thus have a negative impact on the ability to 

establish a compatible disease reaction with the host. AVR genes have been described 

in bacteria, ftmgi, oomycetes, viruses and nematodes (van't Slot & Knogge, 2002). 

Despite the number of AVR genes described and characterized there are essentially 

no functional descriptions or predictions for this class of genes. Most cloned AVR 

genes have no identified homologs, or are homologous to genes with no known 

function. The fungal pathogen Melampsora lini was the first pathogen used to 

demonstrate the concept of pathogen avirulence, but bacterial pathogens from 

Pseudomonas and Xanthomonas have led the way in molecular characterization of 

avirulence genes. The first cloned AVR gene came from Pseudomonas syringae pv. 

glycinea a pathogen on bean {Glycine max) (Staskawicz et al, 1984). Since then more 

than 50 AVR genes have been isolated from Pseudomonas, Xanthomonas, Erwinia 

and Ralstonia (reviewed by Dangl, 1994; Leach & White, 1996; Vivian & Gibbon, 

1997; van't Slot & Knogge, 2002). Below is a brief review of bacterial, viral, 

oomycete and nematode AVR genes followed a discussion of AVR genes isolated 

from fungi. 

1. Bacterial AVR Genes 

Gram-negative phytopathogenic bacteria will elicit a hypersensitive response on 

incompatible hosts and disease symptoms in other hosts. Other bacteria such as E. 

coli do not cause disease nor can they elicit HR on plants. This observation led to the 



68 

description of hrp genes necessary for hypersensitive reaction and pathogenicity. The 

first hrp gene cluster to be identified w^as from P. syringae pv. phaseolicola 

(Lindgren et al. 1986) and many have been subsequently described (Willes et al. 

1991). The genes within the hrp cluster include hrp regulatory genes, AVR genes, a 

proteinaceous elicitor of HR called harpin, and genes for a type III secretion pathway 

(Bonas, 1994). The function and regulation of hrp genes is reviewed in Vivian & 

Gibbon (1997) and Lindgren (1997). 

Considerable similarity exists between type III secretion components found in 

hrp clusters and those from animal pathogens such as Yersinia, Shigella and 

Salmonella. There are four protein secretion pathways in bacteria (Salmond & 

Reeves, 1993) with type III being unique in that it can deliver virulence proteins 

directly from bacteria to host cytosol via a filamentous appendage called a hrp pilus 

(Rosqvist et al. 1994; Roine et al, 1997). This observation provided key insights into 

functions of some hrp genes and also an explanation for why all plant R genes 

involved in bacterial resistance encode putative cytoplasmic proteins; the AVR genes 

are not detected extracellularly but are delivered directly to the host cytosol. This has 

been demonstrated experimentally for some bacterial AVR proteins, for example, 

AvrRpt2 from P. syringae pv. tomato (Mudgett & Staskawicz, 1999). 

a) AVR Genes from Pseudomonas 

A number of AVR genes from the genus Pseudomonas have been characterized 

from pathovars that infect hosts such as tomato, soybean. Arabidopsis, bean, pea and 

tobacco (reviewed in van't Slot & Knogge, 2002). Unfortunately the large number of 
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AVR loci characterized or cloned from Pseudomonads has revealed little about the 

molecular mechanisms of host-pathogen interactions in gene-for-gene resistance. The 

exception to this is the gene avrPto that was characterized in P. syringae pv. tomato 

(Ronald et al, 1992). This avirulence protein was the first that was demonstrated to 

be capable of physical interaction with the corresponding R protein Pto. A physical 

interaction of host R protein and pathogen AVR protein is classically predicted as a 

molecular mechanism of defense induction in gene-for-gene resistance. However, 

proof for physical interaction of R-AVR genes has been elusive or absent. Direct 

interaction of Pto-avrPto has been demonstrated using the yeast two-hybrid system 

(Scofield et al, 1996; Tang et al, 1996). Extensive mutational analyses of avrPto 

identified a core region of six amino acid residues involved in the molecular 

interaction with Pto and that disruption of these core amino acids leads to lack of 

interaction in the two-hybrid system and biological activity inplanta (Chang et al, 

2001). The Pto gene encodes a serine/threonine kinase that phosphorylates target 

proteins. In addition to avrPto, the Pto protein has at least four targets: another protein 

kinase, encoded by Ptil, and three putative transcription factors Pti4, Pti5, Pti6 (Zhou 

et al, 1995; 1997). The kinase activity of Pto also fits well with the classical gene-

for-gene model where physical interaction of R-AVR genes leads to activation or 

cascade of signals necessary for induction of host defense. A more detailed discussion 

of Pto-avrPto is given below in Emerging Molecular Models of Gene-for-Gene 

Resistance. 
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Another observation made within the Pseudomonads is that there is a subset of 

AVR proteins that share an N-terminal fatty acid acylation motif such as 

myristoylation or palmitoylation sites. AvrB, AvrC, AvrPto, AvrPphB and AvrRpml 

belong to a group that may undergo covalent modifications that lead to localization 

and binding to the plasma membrane (Resh, 1999). In some cases the fatty acid 

acylation motif has been demonstrated to be required for fiill virulence in compatible 

interactions or avirulence activity leading to incompatibility (Nimchuck et al, 2000; 

Shan et al, 2000). Additionally, the Pto R-protein also has a myristoylation site 

making it enticing to hypothesize that interaction and recognition of some AVR-R 

proteins occurs at the cytoplasmic face of the plasma membrane. It is also interesting 

to note that such covalent modifications are common on a v/ide array of molecules 

involved in cell signaling (kinases, G-proteins, receptors). Perhaps some AVR 

proteins have a virulence function via modification or disruption host cell signaling. 

Finally, there exists a class of elicitors produced by P. syringae called 

syringolides. The AVR protein encoded by avrD is an enzyme that functions in the 

biosynthesis of the C-glycosyl lipid syringolide molecules. This is a rare example of 

the metabolic product of the AVR protein, not the protein itself acting as the specific 

elicitor of host defense. Currently it appears unlikely that the syringolide interacts 

directly with the associated host R protein (Rpg4), but instead interacts with a 34-kDa 

syringolide binding protein (Ji et al, 1998) that may lead to a secondary perception 

by the R gene. 

b. AYR Genes From Xanthomonas. 
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AYR genes have been isolated from Xanthomonas that elicit HR in pepper, 

tomato, cotton, rice and bean (reviewed in van't Slot & Knogge, 2002 ). Three classes 

of these genes will be discussed: avrBs2, avrBsS, and the YopJ homologs. 

The gene avrBs2, originally isolated from X. campestris pv. vesicatoria, 

controls resistance in pepper {Capsicum annuum) expressing the Bs2 R gene. This 

AYR gene encodes an 80kDa protein that is homologous to agrocinopine synthase 

and glycerophosphoryi diester phosphodiesterase from Agrobacterium tumefaciens 

and E. coli respectively. These enzymes are involved in phosphodiester bond 

formation or hydrolysis and hint that AvrBs2 may have a similar role in 

Xanthomonas (Swords, 1996). The avrBs2 gene is ubiquitously distributed inX. 

campestris pv. vesicatoria stxdim, and is present in many other X campestris 

pathovars (Minsavage et al, 1990; Kearny & Staskawicz, 1990). The broad 

distribution of this gene may indicate an indispensable role in pathogenicity or 

virulence (van't Slot & Knogge, 2002). 

The largest AYR gene family in the genus Xanthomonas includes avrBsS which 

is used as a means of grouping AYR genes in bacteria, i.e. avrBs3-\ike AYR genes in 

one group and all remaining AYR genes in another (Yivian & Gibbon, 1997). These 

AYR genes are >90% identical and universally include a 34 amino acid repeat 

domain. The domain is repeated in varying amounts in the different species (van't 

Slot & Knogge, 2002). Interestingly, the repeat domain is necessary for avirulence 

specificity, and has a virulence function during compatible infections (Zhu et al, 

1998; Yang et al, 1994). The specificity is controlled by not only the number or 
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length of repeats (Herbers et al, 1992), but perhaps also by the position or context of 

the repeats (van't Slot & Knogge, 2002). In addition to the conserved repeat domain, 

the avrBsS family also contains heptad repeats characteristic of leucine zippers, three 

nuclear localization signals (NLS) and a putative transcriptional activation domain 

(Zhu et al, 1998). The NLSs have been shown to be functional in vivo and necessary 

for avirulence in incompatible interactions or virulence in compatible interactions 

(Yang et al, 2000; Zhu et al, 1998). In addition. AvrXa? was demonstrated to bind 

double-stranded DNA (Yang et al, 2000), and avrBs3 with an intact NLS, but deleted 

activation domain, loses avirulence activity (Zhu et al, 1998). These results suggest 

that these AVR proteins enter the host nucleus, bind host DNA and activate 

transcription in order to function as avirulence or virulence factors. 

Finally, four AVR genes from Xanthomonas {ovrRxv, avrBsT, avrXv3, and 

avrXv4) are homologous to Yop proteins from animal-pathogenic bacteria (Yersinia 

enterocolitica, Salmonella typhimimurn). These genes have a NLS and show high 

similarity in their translated amino acid sequences (van't Slot & Knogge). The YopJ 

family of proteins is composed of cysteine proteases that cleave ubiquitin related 

substrates (Orth et al, 2000). In animals, this activity has shown to lead to induction 

of programmed cell death (Mills et al, 1997; Monack et al, 1996; 1997). The death 

of macrophages early in infection is clearly an advantage for Yersinia and Salmonella 

invading an animal host, however, since hr in plants is a form of programmed cell 

death and it is associated with resistance rather than susceptibility, the function and 

role of these Xanthomonas AVR genes is not easily inferred. Nevertheless, 
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controlling programmed cell death in a host may be a common strategy in bacteria 

invading plants and animals (Dangl et al, 1996; Mills et al, 1997). 

c. Other Bacterial AVR Genes and Elicitors 

A few AVR genes have been isolated from Erwinia and Ralstonia that are 

homologous to other AVR genes found in Pseudomonas or Xanthomonas (reviewed 

in van't Slot & Knogge, 2002; Dangl, 1994; Leach & White, 1996; Vivian & Gibbon, 

1997). Ralstonia is a new genus that was created to include P. solanacearum 

(Yabuuchi et al, 1995). An AVR gene (avrPopPI) from Ralstonia encodes a YopJ 

homolog and will be discussed in Emerging Models of Gene-for-Gene Resistance. 

Another example, the dspEF locus from E. amylovora will be given here. This locus 

containing dspE and dspF (downstream) was originally defined as required for 

pathogenicity on pea, apple and other hosts (Bogdanove et al, 1998; Gaudriault et al, 

1997). The genes encode small acidic proteins that are 43% identical and resemble 

Syc proteins involved in chaperoning virulence factors via type III secretion in animal 

pathogens (Wattiau et al, 1996). Homologous genes were discovered in P. syringae 

pv. tomato {avrEF) that were also virulence factors on tomato hosts (Lorang et al,, 

1994), but were avirulence factors on soybean and tobacco (Lorang & Keen, 1995 ). 

When tested for functional complementation, the Erwinia dspEF locus was found to 

be a fully functioning AVR factor on soybean (Bogdanove et al, 1998b). These data 

provide additional evidence that elicitor molecules produced by pathogens often have 

functions necessary for virulence. The definition of AVR factors as elicitors of 

defense is only intuitive within the framework of plant incompatibility and often 
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gives a false sense of function from the perspective of the microbe, i.e. why would a 

pathogen produce a molecule that renders it incompatible? Thus the observation that 

AVR proteins function as virulence factors in compatible interactions gives a much 

more holistic view of the molecular battle between plants and microorganisms. 

The final class of bacterial elicitors is the harpins; cysteine or glycine rich 

proteins that lack any sequence homology, but are capable of inducing HR in plant 

hosts. These proteins have no signal peptide and are secreted from the pathogen via 

the type III secretion system across the host wall but not into the cytoplasm. The role 

of harpins is unclear and appears to vary with pathovar and with host. For example, 

when an intact hrp cluster is added to a saprophytic bacterium it gains the ability to 

induce MR in plants. The presence of the harpin. hrpZ, from P. syringae was 

necessary but not sufficient for this phenotype (Alfano & Collmer, 1996). However, 

in a similar experiment, expressing a hrp cluster in E. coli with a disrupted harpin, 

together with an AVR gene, it was observed that the harpin was not required for 

induction of HR on the incompatible host (Pirhonen et al. 1996). Similar studies with 

other harpins and hosts lead to the same conflicting results (reviewed in Vivian & 

Gibbon. 1997). These data indicate that harpins may be accessory proteins in the 

AVR-dependent HR phenotype depending on the combination of hrp genes and hosts, 

but are not race or species-specific elicitors that are strictly coupled to the HR. 

Additional evidence that harpins are not AVR-like host-specificity factors is that 

plant sensitivity to harpins is not strictly coupled to host range (He et al, 1993; 

Preston ei ai, 1995). 
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2. Viral AVR Genes 

The extremely compact nature of viral genomes makes virtually every 

expressed gene a putative virulence factor. However, the inability to separate 

development and virulence genes does not preclude the existence of viral encoded 

elicitors of plant defense. Any viral protein that is expressed in planta is a potential 

AVR gene, and some have been shown to induce host defense in a gene-for-gene 

specific manner (Culver, 1996). The Tobacco mosaic virus (TMV) has been very well 

studied and elicitors have been found in replicase, coat and movement proteins. 

The data from a resistance breaking strain and site-directed mutant strains of 

TMV have been valuable in the discovery of viral AVR genes (Meshi et al, 1988; 

Hamamoto et al, 1997). The helicase region of a TMV replicase acts as an elicitor in 

tobacco {Nicotiana tabaccum) cultivars expressing the N resistance gene (Padgett & 

Beachy. 1993; Padgett et al, 1997; Erickson et al, 1999) while the replicase proteins 

of TM V and Tomato mosaic virus (ToMV) are also AVR factors recognized by Tm-I 

alleles in tomato (Lycopersicon esculentum). 

Viral coat protein recognition by plants appears to be a common detection 

mechanism in gene-for-gene resistance to viruses. The coat protein from TMV was 

one of the first cloned gene-for-gene elicitors. It was shown to induce HR in tobacco 

(N. sylvestris) with the N' R gene (Knorr & Dawson. 1988; Saito et al, 1989). The 

coat protein of some lobamoviruses are also gene-for-gene elicitors in some host 

plants for example, in Capsicum spp. carrying an L allele (Berzal-Herranz et al. 



76 

1995) and in potato carrying Rx, Nb and Nx R genes or^. thialiana expressing HRT 

(Bendahmane et al, 1995; Querci et a!.. 1995; Dempsey el al., 1997). 

Viral movement proteins are necessary for cell-to-cell movement within the 

host. The Tm alleles in tomato provide resistance against TMV and ToMV however 

Tm-1 was the only allele that was functional in both whole plants and protoplasts. 

This led to an investigation of the possibility of an AVR gene involved in cell-to-cell 

movement in Tm-2 & Tm-3 mediated resistance. This was demonstrated for Tm-2 

resistance to TMV (Meshi et al, 1989) and ToM V (Caulder & Palukaitis, 1992). 

Additionally, the movement proteins of Tomato bushy stunt virus and Bean dwarf 

mosaic virus act as AVR determinants (Chu et al, 1999; Garrido-Ramirez et al, 

2000). 

Other viral proteins such as polymerases, inclusion proteins, viral genome-

linked proteins (VPg) and proteins of unknown function are also demonstrated AVR 

factors (reviewed in van't Slot & Knogge, 2002). 

3. Oomycete Elicitors 

Elicitors of plant resistance are found in two phytopathogenic oomycete genera, 

Phytophthora and Pythium, but are absent from all other families within the 

Straemenopila (Gayler et al, 1997; Huet et al, 1995; Panabieres et al., 1997). The 

AVR-like proteins are called elicitins and are characteristically - -100 amino acids in 

length, rich in serine and threonine, with 3 invariable disulfide bonds. The crystal 

structure has been resolved for the three elicitins cryptogein (Boissey et al, 1996; 

Fefeu et al, 1997; Mikes et al, 1997), P-cinnamomin (Archer et al., 2000) and 
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oligandrin (Lascombe et al, 2000). They are globular proteins with a hydrophobic 

cavity for high-affinity binding of sterols. 

One elicitin, INFl from P. infestans, was inactivated by gene silencing using an 

infl antisense construct. The silenced transformants gained the ability to grow on N. 

henthamiana, but not other tobacco species (van West et al, 1999; Kamoun et al, 

1998). It has also been shown that the INFl protein induces plant responses that 

parallel HR (Sasabe et al, 2000). These data suggest that this elicitin acts as a 

classical AVR determinant at the species level in tobacco. With the exception of 

INFl, the role of elicitins in plant resistance remains unclear. It appears that elicitins 

are ubiquitously produced in Phytophthora and were thought to play a basic role in 

tobacco resistance to this oomycete (Kamoun et al, 1994; Ricci et al, 1992). 

However, no elicitin has been identified from a tobacco isolate of P. parasitica 

(Pernollet et al, 1993) and there are elicitin-producing isolates that are virulent on 

tobacco (Bonnet et al, 1994; Mouton-Perronnett et al, 1995). Therefore, although a 

significant amount of information has been generated about elicitins (Grant et al, 

1996; Ponchet et al, 1999) the lack of strict correlation between tobacco resistance 

and elicitins argues against these molecules as general species-specific elicitors of 

tobacco resistance to Phytophthora. Additionally, elicitin production in different races 

of P. sojae does not correlate with avirulence nor does infiltration of elicitins induce 

defense (Mao & Tyler, 1996). The role of elicitins in host defense is currently a topic 

of debate that requires more thorough examination. 

4. Nematode AVR Gene Candidate 
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Plant resistance genes responding to animal parasites such as aphids and 

nematodes have been identified (Rossi, et al, 1998; Williamson, 1998). Do these R 

genes respond to AYR factors from insects or worms in a gene-for-gene manner? One 

AYR gene candidate exists from the nematode Meloidogyne incognita, a root knot 

nematode. A cDNA from avirulent genotypes of M. incognita was cloned and found 

to contain a secreted 441 amino acid protein (Semblat, et al, 2001). While its role 

and precise function is unknown, it is only detected in nematode species that fail to 

colonize tomato hosts with the Mi R gene. 

5. Fungal AVR Genes 

Although AVR genes were first genetically characterized in a fungal pathogen 

(Flor, 1956) relatively few fungal AVR genes have been isolated and characterized. 

This is because 1) the larger genome size of fungi (with respect to bacteria and 

viruses) makes molecular cloning much more difficult. 2) many fungal pathogens are 

obligate biotrophs that cannot be cultured axenically away from their host, 3) many 

fungi have no known sexual stage eliminating the possibility of positional cloning 

strategies. Despite these difficulties, AVR genes have been isolated from 

Cladosporium fulvum a pathogen causing leaf mold on tomato. Rhynchosporium 

secalis that causes leaf scald on barley, and M. grisea the causal agent of blast on rice 

and other grasses. 

a. AVR Genes From C. fulvum 

C. fulvum was the first fungus for which a molecular elicitor of host defense was 

isolated (Scholtens-Toma & de Wit. 1988). This fungus does not have a known 
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sexual phase and therefore, no genetic map is available which makes positional 

cloning impossible. To identify avimlence factors, a reverse genetics approach was 

taken. Apoplastic fluids from compatible interactions on infected tomato leaves were 

screened for molecules that induced HR on hosts expressing the Cf-9 R gene. This 

approach yielded the isolation of a short peptide elicitor that induced cultivar specific 

HR. The elicitor was shown to be encoded by Avr9 as a larger pre-pro-protein (63 

amino acids) with a 23 amino acid signal peptide targeting the extracellular space. 

The 40 amino acid pro-protein is subsequently cleaved by extracellular proteases 

from the fungus and host to give the mature 28 amino acid form of the Avr9 elicitor 

(van den Ackerveken et al, 1992; 1993a). No database sequences have been found 

that are homologous to Avr9 but analyses including NMR have revealed similarity to 

a 'cysteine-knot' protein family with representatives functioning as serine proteases, 

growth factors and channel blockers (Vervoort et al., 1997; Isaacs, 1995). Avr9 is 

most similar to a potato carboxypeptidase inhibitor and has a hydrophobic p-loop 

region. It is speculated that the protein may be a virulence factor with an inhibitory 

role such as membrane binding and necrosis inducing activity (Joosten & de Witt, 

1999; Vervoort et al., 1997; Kooman-Gersmann et al., 1997; 1998). These 

observations and speculations regarding an Avr9 role in virulence have not been 

corroborated by functional laboratory analyses (Marmeisse et al, 1993) and an 

essential native function for Avr9 remains obscure. 

The Cf-9/Avr9 based recognition was the first gene-for-gene system involving a 

fungal pathogen for which both R- and AVR-moIecules were characterized (de Wit, 
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1992). However, like many complementary R/AVR proteins evidence for direct 

interaction of the pathogen and host proteins is lacking (Luderer et al, 2001). There 

is no doubt that the Avr9 protein, as an extracellular elicitor, induces a Cf-9 cultivar-

specific HR (van Kan et al, 1991; Lauge et al, 2000). The confusion arises with the 

result that the Avr9 protein not only binds tomato plasma membranes of resistant 

plants with high affinity, but also those of susceptible tomatoes and other solanaceous 

plants (Kooman-Gersmann et al, 1996). It was originally predicted that Cf-9 was a 

transmembrane receptor that could bind and detect Avr9 in the apoplastic space, but it 

remains imclear what extracellular membrane protein Avr9 binds with high affinity. 

Additionally, it is imclear whether Cf-9 is localized to the plasma membrane or the 

endoplasmic reticulum (Piedras et al, 2000; Benghezal et al, 2000; van der Hoom et 

al, 2001). A number of models have been proposed to explain the lack of Cf-9/Avr9 

interaction (Joosten & de Witt, 1999; van't Slot & Knogge, 2002) all of which invoke 

a third protein necessary to form a trimeric complex necessary for activation of 

defense. A discussion of molecular models in gene-for-gene resistance is given below 

in Emerging Molecular Models of Gene-for-Gene Resistance. 

A second C. fulvum race-specific elicitor of HR was discovered using the same 

approach of screening apoplastic fluids from infected tomato. The Avr4 gene from C 

fulvum also encodcs a pre-pro-protein with a signal peptide that is cleaved to produce 

a final elicitor recognized by tomatoes harboring the R gene Cf-4. The full-length 

translated protein is 135 amino acids and the active secreted elicitor protein is 86-88 

amino acids ( Joosten et al, 1997). Other similarities between Avr9 and Avr4 are that 
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they have cysteine residues and predicted disulfide bridges, they share no homology 

with database sequences, and they have no detectable role in virulence in compatible 

interactions (Joosten et al, 1997). One interesting difference between the two AVR 

genes is that an Avr4 allele is present in all C. fulvum races, even those that are 

virulent on Cf-4 tomatoes. The inactive avr4 alleles are due to a single point mutation 

that replaces a cysteine residue and disrupts one of the four disulfide bridges which 

reduces protein stability within the host (Joosten et al, 1994; 1997). 

A third C. fulvum elicitor, Avr4E was recently isolated (Takken et al, 1999). 

This is a second gene at the Avr4 locus that is responsible for an avirulent phenotype 

on tomato expressing Hcr9-4E. 

b. ECP Genes From C fulvum 

In addition to Avr4E, Avr4 and Avr9 a number of extra-cellular proteins (ECPs) 

were isolated from fluid recovered from infected tomato apoplasts (van den 

Ackerveken, 1993b; Lauge et al, 2000). These ECP genes are highly expressed in 

mycelia growing inplania and they are abundant in infected apoplastic fluid. ECPs 

were not originally shown to elicit race-specific HR, however, two (ECPl and ECP2) 

were recognized as secreted fungal virulence factors (Lauge et al, 1997). Previous 

identification of AVR genes had been done via screening for cultivar specific 

resistance to a fungal race or pathovar. In other words, a known R gene in host 

cultivars was used to define the presence of AVR gene(s) in a pathovar or parasitic 

race. For ECPs, a reverse screening approach was employed. The ECPs were tested as 

putative elicitors by injecting purified active protein into the apoplast of multiple 
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accessions (28) of tomato breeding lines to define the presence of a functional R-

gene. ECPl and ECP4 were not active eiicitors on any tomato lines tested. ECP3 and 

ECP5 induced HR on two tomato lines and ECP2 was active on four tomato lines. 

Subsequently, a single dominant R gene, Cf-ECP2, was shown to responds to ECP2 

in a gene-for-gene specific manner (Lauge et al, 1998). It is suggested that the ECP2 

protein is an important fungal virulence factor because a Aecp2 disruption strain is 

only weakly virulent on Cf-ECP2 plants, and ECP2 was detected in all of 25 C. 

Jiilvum strains collected worldwide. Additionally, ECP2 induces HR on specific 

accessions of a non-host species {Nicotiana paniculata). If ECP2 represents an 

important highly conserved fungal virulence factor, breeding or engineering Cf-ECP2 

mediated resistance may provide broad-spectrum protection against leaf mold and 

perhaps other fungal diseases for which the ECP homologs are essential virulence 

proteins. 

The reverse screening of ECPs was taken a step further to accessions of 

Lycopersicon pimpinellifolium, a wild relative of L. esculentum and the original 

source of most Cf- R genes. All of the avirulence proteins and ECPs isolated from C. 

fulvum were screened on 40 accessions of L. pimpinellifolium (Lauge et al.. 2000). 

Lines were found that responded with HR to all ECPs and to Avr9, but none to Avr4. 

Thus the discovery of at least 2 novel R genes for tomato leaf mold was achieved (Cf-

ECPl and Cf-ECP4). This example demonstrates the potential power of molecular 

plant pathology in developing broad spectrum and durable disease management 

strategies based on an understanding of gene-for-gene defense. It also confirms the 
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possibility that secreted proteins or fungal virulence factors provide a rich reservoir 

for identifying novel putative AVR proteins and subsequent identification of novel R 

genes by reverse screening. 

c. NIPl AVR Gene from Rhynchosporium secalis 

R. secalis. the cause of barley leaf scald is another fungal pathogen with no 

known sexual stage. The NIP I gene was isolated using the same strategy that 

identified the C. fulvum AVR genes and ECPs except that fungal culture filtrates, not 

infected host apoplastic fluids, were screened for secreted proteins that caused toxic 

effects when injected into host leaves (Wevelsiep et al, 1991). A number of necrosis-

inducing proteins (NIPs) were purified, however their activity appeared to be non

specific. NIPl and NIP2 were demonstrated to indirectly stimulate a plasma 

membrane H^-ATPase leading to necrosis (Wevelsiep et al., 1993) but the roles (if 

any) of NIP 2 and NIP 3 in virulence remain unknown because they have not been 

isolated. The NIPl gene was cloned and. like the C. fulvum elicitors, NIPl has no 

homology to database sequences. It is a short (82 amino acid with 22 amino acid 

signal peptide) cysteine-containing protein that forms disulfide bridges. Its sequence 

is dissimilar to any known protein however the arrangement of cysteine residues 

indicates that it may have a common ancestor with hydrophobins (van't Slot & 

Knogge, 2002). Disruption of NIPl leads to a weak reduction in infection (van't Slot 

& Knogge, 2002) on a compatible host indicating a minor role in virulence. 

Alter the isolation of the NIPs, a cultivar specific induction of HR was 

demonstrated when barley carrying the Rrsl R gene was challenged with R. secalis 
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races expressing elicitor-active forms of NlPl (Hahn et al, 1993; Knogge et al, 

1999). Gene replacement experiments confirmed that NIP I encodes the race-specific 

elicitor that induces Rrsl mediated resistance (Rohe et al, 1995). Single amino acid 

alterations of NlPl that eliminate the necrosis-inducing activity also abolish elicitor 

activity, thus both functions appear to share a common receptor (Knogge, 1996). The 

R-gene fi-om barley is not cloned and so testing for direct interaction of this R/AVR 

combination is not possible. Although the receptor has not been defined a high-

affinity binding site was identified on plasma membranes. However, the binding is 

seen in susceptible, resistant and non-host plants (van't Slot & Knogge, 2002) 

indicating that like the Cf- R-proteins in tomato Rrsl in barley is tmlikely to be 

directly involved in binding the AVR protein NIP 1. The models to explain the lack of 

physical interaction for Cf- and avr- proteins from tomato are also suited to 

NIPl/Rrsl. 

d. AVR genes from M. grisea. 

There are more than 30 avirulence genes described in M. grisea (Silue et al, 

1992b; Notteghem et al. 1994), at least ten of which have been mapped (S weigard et 

al. 1993; Smith & Lcong, 1994; Hayashi and Naito, 1994; Valent and Chum ley 1994; 

Kang et al, 1995; Dioh et al, 1997; 2000; Luo et al, 2004), and five isolated by 

positional cloning (Valent et al. 1991; Valent and Chumley 1994; Sweigard et al. 

1995; Kang et al. 1995; Farm an and Lcong 1998; Orbach et al. 2000; Bohnert et al, 

2001). A discussion of each of the currently cloned AVR genes from M. grisea is 

given below. 
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The PWL Gene Family 

The perfect (sexual) stage of M. grisea has been critical in the isolation of AVR 

genes from this fungus as reverse genetic screening for elicitor molecules has not 

been successful for any intracellular pathogens including M. grisea (Orbach et al, 

2000). The PWL2 gene was isolated using a map-based cloning approach (Sweigard 

et al, 1995). Subsequently a number of homologs were identified in isolates from 

diverse hosts showing variable amino acid sequence similarity from 50-75% (Kang et 

al, 1995). Although M. grisea species collectively can infect more than 50 grasses, 

populations within the species infect specific hosts. PWL2 controls incompatibility at 

the species level (on weeping lovegrass, Eragrostis curvula) but the phenotype is 

controlled at a single locus in M. grisea similar to avirulence loci controlling gene-

for-gene cultivar specificity. The members of this family have in common a 

conserved secretion signal, glycine residues conserved in distribution and position, 

and many charged residues making the protein highly hydrophilic. The PWL genes 

are found at rapidly evolving loci with associated DNA repeats. Spontaneous 

deletions are observed in PWL2 similar to some, but not all, other M. grisea AVR 

genes. This gene is nearly ubiquitous in its distribution (Sweigard et al, 1995) 

however mutations do not lead to observable phenotypes, such as reduction in 

virulence, in laboratory analyses. Perhaps the function of PWL2 has some value in the 

field relating to competition, pathogenicity or virulence that is not measurable in 

isolated controlled growth environments. 



86 

AVR-C039 

A series of backcrosses involving a rice isolate (0-135) and a lab strain (4091-5-

8) revealed four AVR genes (AVR-C039. AVR1-M201, AVRl-YAMO, AVR2-MARA) 

that originated in the 4091-5-8 parent (Valent & Chum ley. ] 994). This laboratory 

strain inherited A VR1-C039 from a weeping lovegrass isolate K76-79 (Farman et al, 

2002). A VR-C039 was cloned by chromosome walking near the locus and then 

bridging gaps of unclonable or repetitive sequence by cleaving the genome at defined 

positions using a RecA-assisted cleavage (Koob et al, 1993). Functional 

complementation to avirulence was obtained by a 1.05kb subclone wdth several small 

ORFs. Two of the ORFs are required for avirulence, one of which encodes a short 89 

amino acid peptide with a putative secretion signal (Kang et al, 2000), however no 

functional predictions can be made from the sequence. Virulence on rice cultivar 

C039 is widespread in blast populations and hybridization experiments with the 

1.05kb A VR-C039 subclone as a probe indicated that this gene was absent from most 

field isolates. DNA repeats are frequent at this locus and it appears that DNA 

rearrangements leading to deletion of AVR-C039 are common in rice field isolates 

(Farman et al, 2002). The deletion or rearrangement of the A VR1-C()39 locus in 

virtually all rice isolates may imply strong negative selection against avirulence 

controlled by A VR1-C039. It also suggests that the loss of this gene does not have 

signilicant costs to pathogenicity, virulence or fitness. 

AVR-ACE J (AVR-lratT) 
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Blast resistance mediated by the rice R-gene Pi-33 is induced by the fungal 

avirulence gene A VR-ACEl. This gene was isolated by positional cloning and 

analyzed in isolates from diverse geographic locations. Functional A VR-ACEl alleles 

are widespread and virulent alleles due to mutation or deletion are rare (Fudal et al, 

2003). The gene encodes a polyketide synthase (PKS) that is most related to the 

lovastatin PKS from Aspergillus terreus and has a non-ribosomal peptide synthase 

(NRPS) at the C-terminus (Bohnert et al, 2003). Expression of A VR-ACEl is only 

detected in penetrating appressoria with high turgor and the protein localizes to the 

cytosol. This AVR locus is unusual among fungal AVR genes isolated to date in that 

it encodes a very large (403 5aa) cytoplasmic protein. The ketosynthase function is 

necessary for avirulence but this enzyme or its activity are unlikely to directly trigger 

host defenses as there is no evidence that the protein can be secreted. It is proposed 

that the A VR-ACEl protein is part of a cluster that produces a secreted secondary 

metabolite elicitor that may directly engage the host R-protein (Bohnert et al, 2003), 

or a related target in a manner similar to the AvrD syringolide elicitor from the 

bacterial pathogen P. syringae. 

A VR-Pita {A VR2-YAM0) 

A VR-Pita is responsible for inducing gene-for-gene resistance in rice cultivars 

containing the R-gene Pi-ta. This gene was first identified as A VR2-YAM() in a rice 

field isolate from China (0-137) based on an incompatible disease reaction on cultivar 

Yashiro mochi (Valent et al, 1991). The R-gene in Yashiro mochi controlling this 

resistance was later shown to be Pi-ta, and the name was changed to A VR-Pita to 
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represent the gene-for-gene interaction. Reports of cloning both the R-gene Pi-ta and 

elicitor A VR-Pita were recently published (Orbach et al., 2000; Bryan et al., 2000). 

The P/-/a R-gene encodes a 928 amino acid cytoplasmic protein with a central 

nucleotide binding site (NBS) domain and a C-terminal leucine rich domain (LRD). 

LRDs are common features of plant R-genes, however the Pi-ta LRD does not match 

reported consensus sequences. T\\& AVR-Pita gene encodes a 223 amino acid protein 

with a secrction signal peptide and similarity to neutral Zn^^ metalloproteases in 

fungi. The protein is cleaved to give a 176 amino acid elicitor-active form that is 

common to other processed metalloproteases from fungi. In transient expression 

assays the AVR-Pitane induces HR in planta but the AVR-Pita223 does not. 

Additionally, point mutations within the putative catalytic domain of the protease 

convert fungal strains to a virulent phenotype in rice with the Pi-ta genotype. These 

data, along with a requirement for Zn'\ suggest the proteolytic function of AVR-Pita 

is necessary for avirulcnce, however a biochemical demonstration of proteolytic 

cleavage on any substrate has not been shown (Jia et al, 2000; Orbach et al, 2000). 

A VR-Pita is located at a telomere of M. grisea chromosome 3. The ORF 

terminates 48 base pairs prior to the first telomeric hexanucleotide repeat (Orbach et 

al, 2000). Telomeric loci that have been analyzed in yeast display instability leading 

to mutation or epigenetic changes (Carlson et al, 1985; Vega-Palas et al, 2000). 

Spontaneous virulent avr-pita mutants were readily isolated and most of them were 

due to deletions of 100 bp to >10 kb (Orbach, et al, 2000). The unstable nature of 

this locus may provide a mechanism of rapid adaptation to resistant host genotypes. 
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Other M. grisea AVR genes such as A VRl-MedNoi, A VR1-Ku86, and A VR-TSUY 

map near to telomeres and others including PWL2 undergo high rates of spontaneous 

conversion to virulence. While instability and telomeric location are not always 

correlated, it is interesting to note that these fungal genes that can limit host range 

often reside at unstable loci such as telomeres and that frequent deletion or disruption 

could aid in rapid conversion of an isolate to virulence on hosts expressing a 

corresponding R-gene. 

Attempts to detect a direct interaction of Pi-ta and A VR-Pita were made to test 

the "receptor-ligand" molecular model of gene-for-gene resistance. A yeast two-

hybrid assay was done using various Pi-ta constructs fused to the binding domain 

(BD) of GAL4 as prey and A VR-Pita constructs fused to a transcriptional activation 

domain (AD) as bait. Interaction of Pi-ta and A VR-Pita was detected by expression of 

both reporter genes HISS and lacZ. The C-terminal portion of Pi-ta containing the 

LRD was observed to specifically bind the 176 amino acid form of the elicitor-active 

A VR-Pita protein in the yeast two-hybrid experiment. This result was confirmed by 

modified far-western hybridization of membrane immobilized A VR-Pita^^^' to the 

LRD of Pi-ta (Jia et al. 2000). These results provide the first molecular evidence in 

fungi for a gene-for-gene resistance model involving an R-gene receptor protein that 

specifically binds a cognate AVR elicitor. 

AVR-Pita protein is not capable of activating IIR when experimentally 

introduced into the apoplastic space of rice leaves. This result may not be intuitive 

initially but the inability to isolate M. grisea elicitors from apoplastic fluids or from 



90 

culture filtrates suggests that, unlike the C. fulvum and R. secalis elicitors. these 

molecules are not targeted to or accumulated in the apoplast. Additionally, M. grisea 

is observed growing both extra- and intracellularly within the host, unlike C. fulvum 

and R. secalis which are limited mainly to the host apoplast. What remains unknown 

for M. grisea is how the AYR proteins such as AVR-Pita may be targeted to the host 

cytoplasm. There is no data currently on whether M. grisea breeches the host 

plasmalemma or whether infectious hyphae are enveloped by the host membrane in a 

fashion similar to haustoria. What is clear from the interaction of Pi-ta and AVR-Pita 

is that at least some fungal AVR genes appear to be targeted to the host cytoplasm 

where intracellular R-proteins interact with them directly to induce HR and plant 

resistance. 

Plant Resistance 

All of the -300,000 flowering plants are challenged by pathogenic species 

from every taxonomic kingdom. Fungi account for the largest number of plant 

diseases, how ever less than 10% of the -100,000 described fungal species are 

pathogens. Additionally, individual fungi are mostly limited in their host range to one 

or a few plant species. Limitation of host range is due in large part to plant resistance 

mechanisms that exist at many levels of specificity. Non-host resistance provides a 

general physical or chemical barrier to infection that is effective against the majority 

of pathogenic microbes (Thordal-Christensen. 2003: Jones & Takemoto, 2004; Heath, 

2000a; 2001). General barriers and defense genes that are effective against a broad 

spectrum of pathogens were discussed previously in Non-host Resistance and Host 
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Specificity. The discussion presented in this section will review plant disease 

resistance genes that provide surveillance of, and response to, gene-for-gene specific 

elicitors. 

Unlike the AYR genes, plant R-genes can be grouped into distinct categories 

by the basic structure of the gene. The most common R-gene structure combines a 

nucleotide-binding site (NBS) and a leucine rich repeat (LRR) motif. These so-called 

NBS-LRR genes encode cytoplasmic proteins with distinct N-tenninal domains that 

further divide them structurally and functionally. One class of NBS-LRR proteins has 

an N-terminal coiled coil (CC) motif while the other class, called TIR-NBS-LRR, has 

homology at the N-terminus to the Drosophila melanogaster TOLL and mammalian 

IL-1 receptors. The NBS-LRR genes show one of the few correlations of structure 

vwth function in gene-for-gene resistance. It is observed that signal transduction 

networks in A. thialiana downstream of the CC-NBS-LRR class of R-genes function 

via an NDR1/PBS2 dependent pathway and are independent of the EDS1/PAD4 

pathway. The reverse is true for the TIR-NBS-LRR R-genes (Aarts et al, 1998; 

Glazebrook, 2001) and will be discussed in more detail below. 

In addition to the NBS-LRR class, leucine-rich domains are found in other R-

proteins such as the LRR-kinases and eLRRs. These proteins span the plasma 

membrane by a transmembrane domain and have an LRR motif present on the 

external membrane surface. LRR-kinases have an intracellular kinase domain while 

the eLRRs do not have a kina.se domain. There arc two R-genes classes that lack both 

an LRR and NBS motif For example, the tomato R-gene Pto is a serine/threonine 
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protein kinase, and RPW8 from A. thialiana has a putative membrane signal anchor 

(SA) and a CC motif, plant. Finally, there is a class of R-genes that lacks any LRR, 

NBS, CC, or kinase. This mixed group of R-genes includes the Hm-1 gene from corn 

that encodes a reductase that detoxifies a fungal metabolite, and the Mlo gene from 

barley that has 7 membrane spanning domains and a calmodulin binding pocket. A 

diagrammatic representation R-gene structures is given in Figure 1.10 and a summary 

of all the R-gene classes is given in Table 1.3. 

1. Plant R-genes 

NBS-LRRs R-genes are widespread and abundant in plants. The non-NBS-

LRR R-genes come from protein families that have pleiotropic activities but NBS-

LRR genes appear to be exclusively dedicated to resistance (Eckardt & limes, 2003). 

Some argue that the action of an NBS-LRR protein is a general requirement for plant 

immunity, either being directly necessary and sufficient for recognition and defense, 

or being indirectly necessary as an accessory in surveillance or signaling (Nimchuk et 

al, 2003). This class includes R-genes that provide resistance to all t5^es of 

pathogens; viral, bacterial, fungal, oomycete, nematode, and insect. The NBS motif 

includes a central 

nucleotide-binding domain that has some similarity to the NBS domain from animal 

apoptotic proteins (van der Biezen & Jones, 1998a). For example, R-gene NBSs share 

homology with effectors such as Apaf-1, a caspase activator in mammalian cells, and 

Ced-4 that activates an apoptotic protease in the nematode C. elegans (Shirasu & 

Schulze-Lefert, 2000; Dangl & Jones, 2001). In the animal proteins the NBS domain 
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can bind and hydrolyze ATP as part of a signaling pathway leading to cell death. NBS 

regions in some plant R-gene have been demonstrated to bind and hydrolyze ATP 

(Tameling et al, 2002) but a functional role in programmed cell death is mainly 

speculative. The LRR domain is the most common feature of all plant R-proteins. 

This protein domain commonly mediates interactions between proteins (Jones & 

Jones, 1996; Kobe & Kajava, 2001). This region of R-proteins commonly determines 

recognition specificity and may interact with AVR proteins directly (Nimchuk et al, 

2003; Ellis et al, 2000a). The LRR domain is demonstrated to provide recognition 

specificity in a number of non-R-proteins (Leckie et al, 1999) and for a few R-

proteins such as those encoded by the L gene Ixom flax (Ellis et al, 1999) and Pi-ta 

from rice (Bryan et al, 2000). 

In addition to interactions with other proteins, R-protein domains 

direct intramolecular interactions between one another. Most mutations in either the 

NBS or LRR domains lead to loss of resistance, however some mutations in these 

domains can also produce constitutively active alleles (Nimchuk et al, 2003). 

Additionally, experiments involving co-expression of individual R-protein domains 

show that individual domains can complement certain resistance functions in mutant 

or truncated R-gene mutant alleles. These results indicate that NBS-LRR proteins 

may be maintained in an inactive state by intramolecular interactions in the absence 

of a pathogen elicitor. It is predicted that the NBS domain regulates intramolecular 

associations and the LRR domain is necessary for recognition and downstream 

signaling (Nimchuk et al, 2001). 
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Figure i. 10. The structural features of plant resistance genes. The majority of plant ,R-
geiies described are grouped within the NBS-LRR ciass. Other classes include the eLRR 
proteins and Pto from tomato, the LRR-kinase from rice and an Arabidopsis R-protein 
that has a coiled-coil and a membrane anchor. 
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Table 1.3. Major plant R-gene classes. 

R-gene Class Member Protein Structure Arahidnmix //omoloes 
l.NBS-LRR 
a. CC-NBS-LRR RPS2 

Arabidopsis resistance 
to P. syringae 

b, TIR-NBS-LRR N 
Tobacco resistance to TMV 

2. LRR-kinase 

3. cLRR 

i.Pto 

5. SA-CC 

6. HMI' 

Xa21 
Rice resistance to 
X. oryzae 
Cf-9 
Tomato resistance 
to C.fulvum 
Pto Tomato resistance 
to P. syringae 
RPW8 
Arabidopsis resistnace 
To Erysiphe 
HMI Com resistance to 
Cochliobnlus carhonum 

Cytoplasmic protein with coiled coil, ~65 
nucleotide binding and leucine-rich 
domains 
Cytoplasmic protein with Toll/Interleukin -100 
homology, nucleotide binding and leucine 
rich domains 
Transmembrane protein with extracellular ~174 
leucine-rich domain and cjlioplasmic kinase 
domain 
Transmembrane protein with extracellular -30 
leucine-rich domain 

Cytoplasmic serine/threonine protein kinase -100 

Putative membrane signal anchor and coiled -5 
coil domains 

Encodes an NADPDH-dependent reductase ? 
that inactivates a ftingal toxin 

*Necrotrophic pathogens that rely on toxic enzymes or metabolites can be effective over a broad range of host taxa. 
Resistance to these pathogens by de-toxification (as in HMI) or tolerance mechanisms does not strictly conform to the 
gene-for-gene resistance model (Hammond-Kosack & Jones, 1997). 



96 

Despite the common structural features of plant R-genes, there is an extensive 

range of recognition specificites. One mechanism for generation of such a diverse 

surveillance system is in the structural organization of R-genes within plant genomes. 

Plant R-genes frequently reside at complex loci. Multiple haplotypes (paralogous genes at 

a complex locus) are common and sometimes linked (Hulbert et at, 2001; Ellis et al, 

2000b; Hammond-Kosack & Jones, 1997). Tandemly repeated genes at an R-gene locus 

are seen in pure breeding lines and closely linked homologs may control unique 

.specificity in recognition of different pathogens or pathogenic isolates (Hammond-

Kossack & Jones, 1997; Ellis et al, 2000b). This organization of R-genes is predicted to 

be an important feature that facilitates rapid evolution of novel R-gene specificities. One 

consequence on the evolution of R-genes due to the haplotype structure is that unequal 

exchange may be more likely to occur, giving rise to new combinations of sequences and 

subsequent specificities. This has been shown at a number of R-gene loci (Ellis et al, 

2000b; Hulbert et al, 2001; Hammond-Kosack & Jones, 1997). 

The genome sequence of A. thialiana has facilitated analysis of R-genes at the 

whole-genome level. For a review of R-genes isolated from A. thialiana see Holub, 2001. 

Recent genome analysis in A. thialiana suggests that R-genes amplify by duplication, and 

may subsequently become separated and distributed (Leister, 2004). New specificities 

that are formed by unequal exchange or mutation may be preserved by subsequent 

physical separation. The precise mechanisms of tandem and segmental duplications are 

not known, but the evolution of R-genes has clearly led to amplification of alleles and 

recognition specificities. 



97 

A complete genome analysis of the Columbia ecotype of A. thialiana revealed a 

NBS-LRR protein superfamily composed of 149 genes (Meyers et al, 2003). 

Comparison of translated sequence domains and introns showed that the family is 

composed of two classes; the largest includes -60% of the NBS-LRRs with genes that 

have the N-terminal domain with homology to Toll/Interleukin-1 receptors. The 

remaining -40% have the N-terminal coiled-coil motif. Furthermore, phylogenetic 

analyses of defined and predicted gene sequences identified eight subgroups within the 

TIR-class of proteins and four within the CC-class. The sequence diversity between the 

CC- and TIR- classes was supportive of monophyletic grouping, arguing against domain 

shuffling between the two main classes of NBS-LRR R-proteins (Meyers et al, 2003). 

This conclusion is in direct contradiction with a commonly discussed proposal that 

amplification of resistance specificities is accomplished by recombination between these 

two classes (Richly et al, 2002). Sequence comparisons of the A. thialiana R-genes also 

indicated that duplications involved in the creation of these R-gene classes and subgroups 

are not the result of polyploidization events but have occurred locally as small 

translocation events of single genes or small gene sets. Finally, the genome-wide analysis 

showed that the TIR- class of NBS-LRR genes in A. thialiana encode a more recently 

amplified group of proteins than the CC- class. This observation was surprising because 

this pattem of evolution does not appear to be the same for other plant species (Eckardt & 

Innes, 2003). 
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Table 1.4 gives a summary of the NBS-LRR R-genes (and 4 other R-gene classes) 

that have been isolated and analyzed. These six structural classes of R-genes are 

discussed below. 

a. CC-NBS-LRR R-genes 

RPS2, RPMl, and RPS5 are CC-NBS-LRR R-genes from A. thialiana that 

recognize AVR elicitors from the bacterial pathogen P. syringae. LRR domains have 

been implicated by structure and sub-cellular position or demonstrated biochemically to 

be receptor domains that interact directly with a cognate elicitor. However, mutational 

(RPMl) and genetic studies (RPS2, RPS5) from these R-genes indicate that the LRR 

domain may not make single direct contacts with the AVR protein but may be involved 

in protein-protein interactions with other host proteins (Nimchuck et al, 2003). 

RPP4, 7&8 encode R-genes from A. thialiana responsible for resistance to the downy 

mildew fungus Peronsoporaparasitica. These loci have been shown to be genetically 

linked and contain complex clusters with multiple distinct CC-NBS-LRR homologs 

(Jones, 2001). An analysis of the RPP8 locus revealed evidence for unequal crossing over 

and gene conversion leading to the evolution of a new R-gene specificity. The HRT gene 

that provides resistance to turnip crinkle virus (TCV) maps near the RPP8 locus and is 

>90% identical to RPP8, including high identity in flanking sequences (Cooley, 2000). 

Despite the similarity in sequence and position these R-genes provide protection against 

pathogens that use very different infection strategies. RPP8 recognizes a fungal AVR-

protein while HRT detects the coat protein of TCV. Additionally PIRT mediated 
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Table 1.4. Isolated Plant R-genes. Class 1 includes both structural types of the NBS-LRR 
R-genes (la) the TIR-NBS-LRRs and (lb) the CC-NBS-LRRs. Class 2 is the eLRR class, 
and Classes 3, 4 and 5 have a single representative {Xa21 LRR kinase, PTO kinase, and 
the RPW8 CC-TM gene respectively). Class 6 includes all other R-gene structural classes. 

Ctess R gene Ftent specie FaHsogen Awgme Structure of 
Rpn)t«i0 

Reference 

la. N tobacco Tobacco mosaic virus Repiicase m-NBS-LRR Whithaia e? ot, 1994 
RFS4 A. thalUma P. syritsfiae pv, tomato avrRps4 m-NBS-U® Gasstnann etaL. 1999 
RPPI,10,}4 A thaliana Peronospara parasitica 1 m-NBS-LRR Botella el o/., 1998 
tWPS A, thaliana Peronospctra parasitica {avfPppS) TIR-NBS-Uffi Pfflteeffli. 1997 
16, U-U flax Melampsora luu {AW^ m-NBS-LRH Lawrence el aL, 1995 
M flax Mehmpsora lini im m-NBS-LRR Anderson era/., 1997 

lb. m'S2 A, thaiian(f P. syrinfiae pv. tomato avrRpt2 CC»-NBS-LSR BetAetal, 1994 
RFS5 A thaliana P. syrUig&i pv. tomato avrPphB CC*.NBS.LKR Warren eial., 1S>98 
RPM! A, thaliana P. syrinjitae pv. maculicula avrRpmix ccvrB CC*-NBS-LRR OniK erai., 1995 
SPP8 A. tfialiam Peronospara pariasitica {avrRppS) CC*-NBS-UUl McDowell ef <ji, 1998 
HUT A thaliana Tsimip crinkle virus C5oai protdji CC*-NBS-U«t Cooler et aL, 2000 
Prf tamaso P. snrinfia& pv. tomato QvrPto CC*-NBS-UIR Salmeron etat., 1994 
M i /  tomato Meloidogyne incognitat 

Marcosiphum euphorbiac 
? (Tiemaiode) CC»-NBS-L8R Milligan « aL, 1998; Rossi et 

ai„ 1998; Vosefai, 1998 
12 tomato Fusarium oxyspomm 7 CC*-NBS-LRR Simorjsejat, 1998 
Rxl potato Potato virus X Coat protein CC*-NBS-LRR Bendahmane et aL, 1999 
m potiuo Potato virus X Coat protein CC-NBS-LRR Bm]abn»ne el a/.. 2000 
GpaZ jwtato Giobodera pallida ? CC*-NBS-LRR van der Voort et al., 1999 
Dm3 lettuce Bremia iactucae ? CC-NBS-LRR Meyers etal.,199S 
Bs2 peppe- X. campestris pv. vesi&itoria avrBsZ CC-NBS-IBR Tai«(al., 1999 
5>v-5 tomato Tospoviruses ? CC-NBS-LRR Brommonschenkel etaL, 

2000; Spassova et al., 2001 
Xal rice X. oryzae. pv. oryzfte 7 CC-NBS-U?R Yoshimurae/irf., 1998 
Pib nee Ma^naporthe grisea '> CC-NBS-LRR Wang « a/.. 1999 
Pi-ta rice Maffnaponke ^^risea AVR-Ptta CC-NBS-LRR Bryan etal., 2000 
Cre3 wheat fieterodera avenae 7 CC-NBS-LRR 

1 i 

Mia] barley B. graminis f.sp. hordei {AvrMlal) CC-NBS-LRR Zhou era/., 2001 
Mla6 barley B. ^raminis f^p. hordei iAvrMU^) (X-NBS-LRR Haltenmaa et ai, 2001 
RpJ-D tnaizs Puccinia sorsihi CC-NBS-LRR Collins 1999 

2. Cf-9 tomato Cladosporium fitlvum Avr9 LRR-TM iootselal. 1994 
Cf-4 tomato Cladosporium fuhum Avf4 USS-TM Thomas £<«(., 5997 
Cf-2 tomato Cladosporium fidvum (Avr2j ijyt-TM Uixone/fl/., 1996 
cr-5 tomato CladosporUmJutvum (AvrS) LRR-TM Dixon [998 
Hc!9^E tomato Clodosf^riim fulvum {Avr4E^ ISR-TM Taltksn et aL, 1S99 

sussrbeet Heterodera schacktii ? LRR-TM Cai etaL, 1997 
X Xa2l rice X, oryzae pv. oryzae IRR-TM-PK Sotig etaL, 1995 
4. Pto tomato P. syringae pv. toniato avrPto PK Martin el aL. 1993 
5. KpwS A thaliana Peronospora parasitica .̂ iao etat., ZOtil 

6. ffml maize Cockliobotus carbonufti - HCtraiuctase Johal and Briggs, 1992 
Mlo barley B. Mramims tsp- hordei ? 7 TM protein Boesciues etal., 1997 

Modified from van't Slot and Knogge, 2002. genes in brackets have not been cloned to date, CC; coiled coil domain, CC; putative leucine 
zipper domain, NBS; nucleotide binding site, LRR; leucine-rioh repeats, PK; protein kinase, TM; transmembrane domain. 
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resistance is dependent on salicylic acid signaling but RPP8 is not (Glazebrook, 2001). 

Thus although the two structural classes of NBS-LRR genes 

(CC- vs. TIR) have an observed functional conelation in downstream signaling (NDRl 

vs. EDSl dependence), the structurally similar R-genes within a subgroup can have very 

distinct functional recognition and signaling properties. 

Mia in barley (Hordeim vulgare), confers powdery mildew (Blumeria graminis) 

resistance that is dependent on a second locus RARI (Shen et al, 2003). Mia is a highly 

complex R-gene locus with at least 30 genetically characterized alleles that confer race 

specific resistance to powdery mildew isolates. These R-genes can be alternatively 

spliced and contain multiple upstream ORFs (Halterman et al, 2003). Great interest was 

generated in Mia- and other R-protein mediated resistance when RARl, a highly 

conserved zinc-binding protein, was shown to interact with SGTl. The SGTl gene was 

originally described in yeast that encodes a highly conserved protein functioning in 

ubiquitin-dependent cell cycle control as part of the SCF ubiquitin-ligase complex 

(Kitigawa, et al, 1999). SCF complexes (for Skpl/Cullin/F-box protein) form one of the 

most important classes of ubiquitin ligascs in eukaryotes. The F-box proteins mediate 

specific recognition of target proteins leading to their degradation by the 26 S proteasome. 

This protein turnover provides regulatory control for many eukaryotic signaling cascades 

involving transcription, DNA replication, cell cycle, differentiation and responses to 

many different stimuli. The specificity of the ubiquitylation is mediated by different 

classes of ubiquitin ligases. SGTl can interact with ubiquitin E3 ligases and with SKPl, a 
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core component of the SCF complex providing a link to E3 ubiquitin ligase-mediated 

protein turnover and the SCF complex (Shen et al, 2003). Extrapolation of this 

information from the yeast system implies that interv ention of protein folding and 

degradation are a direct result of R-gene mediated defense (Jones & Takemoto, 2004; 

Nimchuk et al, 2003). 

Some CC-NBS-LRR genes are part of complex haplotypes. For example, Dm3 

from lettuce and Rpl from maize that give resistance to the dov^ny mildew Bremia 

lactucae and rust {Puccinia sorghi) fungi respeclively. More than 10 Dm genes map to an 

R-gene cluster in lettuce and nine genes for resistance to common rust are clustered at the 

Rpl locus in maize (Meyers et al, 1998a; Collins et al, 1999). These R-gene loci 

demonstrate that clusters of paralogous genes at complex R-gene loci are readily 

observed in different host plants and provide resistance to pathogens from different 

taxonomic kingdoms. This observation supports the idea that evolution of R-genes at 

complex loci is a general mechanism that provides a selective advantage to the plant in 

development and maintenance of host resistance and/or specificity. 

b. TIR-NBS-LRR 

RPFI, 2 & 5 encode R-proteins that control resistance to the downy mildew 

fungus P. parasitica. These loci condition the same phenotype as RPP4, 7 & 8 but have a 

distinct N-terminal domain and signal pathway. This is another example of a lack of 

correlation of structure and function within NBS-LRR R-gene subgroups. The first 

example (RPP8 vs. HRT) demonstrates that the same gene structure can provide 
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resistance to very different pathogens or elicitors and this example shows that different 

R-genes structures can define resistance specificity to the same pathogen. 

The resistance phenotype given by tir-NBS-lrr genes was observed by Harold 

Flor and led to the first description of gene-for-gene resistance. L and M loci in flax are 

responsible for resistance to the biotrophic rust fungus M. lini and have been well studied 

by genetic investigation and molecular analysis. The tobacco N gene is also a well-

characterized TIR-NBS-LRR R-gene that provides resistance in tobacco to tobacco 

mosaic virus. Studies done in these pathosystems have added significantly to the 

dissection of molecular aspects of gene-for-gene resistance (Flor, 1956; Ellis et al, 2000; 

Marathe et al, 2002) 

c. eLRR 

The Cf- R-genes isolated from tomato provide protection against the leaf mold 

fungus Cladosporium fulvum. These genes {Cf-2, 4, 5 & 9) encode membrane-spanning 

proteins that have an extracellular LRR domain. The LRR domains of the Cf genes are 

variable in the number and length of repeats, however the overall structure of Cf- genes is 

very similar (Hammond-Kosack & Jones. 1997). The Cf- genes LRR domains have 

repeats of 24 amino acids, 7 of which determine the structural motif. The other amino 

acids appear to be solvent exposed residues giving an indication of how proteins with 

very similar structure can have unique recognition specificities (Thomas et al, 1998). 

Molecular analysis of the A. thiol i una CLAVATA (CLV) signaling system has 

provided a model for the possible function of the Cf- genes. CLV proteins regulate cell 

proliferation and organ formation in shoot and flower meristems (Trotochaud et al, 1999; 
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2000). CLV2 is structurally similar to Cf-proleins as it has an eLRR and a membrane-

spanning anchor. A second component, CLVl, is a transmembrane LRR-kinase similar to 

the R-gene Xa21 from rice (discussed below) and FLS2, a gene that is necessary for 

general non-host resistance sensitivity to the bacterial flagellin protein (Gomez-Gomez & 

Boiler, 2000). A small extracellular protein called CLV3 appears to be a ligand that 

interacts with CLV1 and CLV2 bringing them together and creating an active signaling 

complex. It is easy to speculate that the small, secreted AVR proteins from C. fulvum 

could act in a manner similar to CLV3 to initiate formation of an active R-protein signal 

complex with the Cf- protein and putative partner homologous to Xa2J/FLS2 necessary 

for plant resistance (Ellis et al., 2000a). The genome of A. thialiana has 174 CLV1/Xa21 

homologs and 30 that resemble CVL2/Cf-9. Currently it is unknovra whether any of these 

eLRRs and LRR-kinases can form signaling complexes in response to extracellular 

elicitors. 

Finally, an eLRR encoding gene. HsF"'"'', provides resistance in sugar beet to a 

nematode pathogen (Cai et al, 1997). The gene does not share homology with 

the Cf- R-genes but it does encode a membrane anchored protein with an eLRR domain. 

Additionally it has a short putative signal peptide, a transmembrane domain with unusual 

amino acid residues, and an LRR domain with unique leucine spacing. Thus the eLRR 

class contains a broad range and combination of similar motifs that provide a diverse set 

of resistances. 

d. LRR-kinase 
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The Xa21 gene from rice confers resistance to bacterial leaf blight caused by 

Xanthomonas oryzae pv. oryzae (Yoshimura et al, 1998). Recognition gives resistance to 

>30 strains of A' oryzae that express avrXa21 (Hammond-Kosack & Jones, 1997). This 

R-gene encodes a 1025 amino acid protein with a transmembrane domain, and 

extracellular LRR and an intracellular serine/threonine kinase. It remains the only 

pathogen-specific R-gene in its class but has similarity to plant receptor kinases involved 

in development such as E RECTA, CLA VAT A, SERK and the brassinosterioid receptor BRI 

(Ellis & Jones, 1998). Two features of Xa21 have given rise to models of molecular R-

protein function. First, the gene has extracellular LRR and transmembrane domains 

similar to the Cf- genes. A truncated paralog, Xa21D, is structurally similar to the Cf-

genes and imparts partial resistance to blight (Ellis et al, 2000a). Additionally, Xa21 has 

an intracellular kinase domain similar to Pto (discussed below). Secondly, Xa21 has 

similarity to the CLA VA TA1 gene from A. thialkma that functions with an eLRR and 

small extracellular protein. These features of the Xa2l structure have given rise to the 

prediction that some resistance is mediated by extracellular LRR perception followed by 

transmembrane activation of an intracellular kinase. Xa21 encodes a protein that 

combines all three independent functional domains for reception, membrane transduction 

and intracellular signaling (Bonas & Lahaye, 2002). It is possible that Za27 represents a 

complelete functional module and that other resistances involve the interaction of 

combinations of proteins with these functional domains in various complexes to deliver a 

similar output. 

e. Pto 
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Tomato resistance to the bacterial speck pathogen P. syringae expressing avrPto 

is given by the R-gene Pto. This is one of the few R-genes lacking an LRR or NBS. Pto 

encodes a serine/threonine protein kinase and in spite of the lack of any LRR acts directly 

as a receptor for the avrPio elicitor. Pto interacts with other proteins as well, one being 

Ptil, another serine/threonine kinase. Subsequent to interaction with the avrPto elicitor, 

Pto phosphorylates Ptil which then binds and activates defense-related transcription 

factors Pti4, PtiS and Pti6 (van der Biezen & Jones, 1998b). This R-gene provides the 

first demonstration of R-gene mediated signaling that fits with the 'receptor-ligand' 

hypothesis. Pto shows specific receptor-like contact with the elicitor, activation of a 

kinase signal protein leading to subsequent transcriptional activation of defense-related 

genes. A mutation in the kinase domain that leads to constitutive Pto kinase activity leads 

to spontaneous induction of cell death in tobacco (Rathjen et al, 1999). Similarly, 

overexpression of Pto leads to formation of spontaneous lesions in the absence of P. 

syringae (Tang et al, 1999). The spontaneous lesions are accompanied by constitutive 

defense signaling that provides a broad-spectrum resistance against numerous tomato 

pathogens. A similar result is seen with overexpression or mutation of other R-genes 

(Hulbert, 1997; Hwang et al, 2000). These mutant phenotypes suggest that Pto and other 

R-genes function as positive regulators of cell death and are released from inhibition or 

inactivity upon A VR-dependent induction. 

In addition to Pto and Ptil, another protein is required for the avrPto induced 

defense responses. Prfl was identified in a P/o-tomato mutant screen and is necessary for 

Pro-mediated resistance to bacterial speck (Salmeron et al, 1996). The gene encodes a 
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1824 amino acid NBS-LRR protein with an N-terminal leucine zipper. The requirement 

of this NBS-LRR protein in Pto-mediated resistance further supports the model predicted 

by Xa27; that functional NBS, LRR and kinase domains are consistently required in 

gene-for-gene defense and that combinations of proteins that account for all three 

domains may form complexes or signals that lead to plant immunity. Studies involving 

the Pto system have led to a new model regarding the molecular mechanisms gene-for-

gene defense discussed below in Emerging Molecular Models of Gene-for-Gene 

Resistance. 

f. Other Structural R-gene Classes 

RPW8 from A. thialiana provides resistance to downy mildew caused by P. 

parasitica. This R-gene is the only member of a unique structural class containing an N-

terminal trans-membrane domain and a coiled-coil motif It is the only classical R-gene 

other than Pto that lacks both LRR and NBS domains (Xiao et al, 2001). Another unique 

aspect of RPW8 resistance is that it confers resistance to all tested isolates of 4 species of 

powdery mildew pathogens. This is unusual in that most R-genes specify resistance to a 

single species or pathovar. The resistance phenotype is accompanied by hallmarks of 

gene-for-gene defense such as HR, oxidative burst and induction of PR-proteins (Xiao et 

al, 2001). Over-expression of RPW8 leads to spontaneous HR lesions in the absence of 

the pathogen similar to the phenotype of the Pto over-expressing line, providing another 

example of a R-protein that acts as a positive regulator of cell death (Xiao et al, 2003a). 

Another unique R-gene, Mlo, is unusual structurally and functionally. First, unlike 

other R-genes that have a dominant positive function in resistance, mlo mutants arc 
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recessive and mutation gives an increased resistance phenotype (see review by Toyoda et 

al, 2002). This indicates that the protein is a dominant negative regulator of resistance. 

Recessive mlo alleles have a spontaneous lesion phenotype and broad-spectrum 

resistance to the biotrophic powdery mildew pathogen Erysiphe graminis f.sp. hordei 

(Buschges et al, 1997). Interestingly, mlo barley is not enhanced in resistance to other 

pathogens, mlo barley lines infected with the hemibiotrophic pathogen M. grisea 

pathogenic show an enhanced susceptibility phenotype (Jarosch et al, 1999). This result 

indicates that defense signaling pathways are not integrated for E. graminis and M. grisea 

pathogens and may be mutually antagonistic. 

Structurally, the Mlo protein is predicted to have 7 transmembrane domains with 

the N-terminus located on the extracellular face of the membrane and the C-terminus 

located intracellularly (Buschges et al, 1997; Devoto et al, 1999). The C-terminus has a 

calmodulin (CaM) binding pocket and elimination of this binding site reduces Mlo ability 

to suppress resistance suggesting calcium signaling and/or CaM binding play a 

significant role in transmission of Mo-mediated recognition (Kim et al, 2002b; 2002c). 

The A. thialiana genome contains 15 potential orthologs, however Mlo remains one of a 

structurally unique class whose precise molecular activity in powdery mildew resistance 

remains to be solved. 

Finally, the Hml gene in maize encodes a reductase enzyme that provides 

resistance to leaf spot caused by the phytopathogenic fungus Cochllobolus carbonum. 

This was the the first R gene cloned, however it is not considered to be a classical R-gene 

due to a major difference in the fungal disease strategy. C. carbonum is a necrotrophic 
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pathogen that produces a toxin (HC-toxin) that inhibits histone deacetylase activity 

(Hammond-Kosack & Jones, 1997). The Hml reductase inactivates the HC-toxin making 

the host immune. This resistance is due to a single gene, however, most agree that this 

resistance should be considered separately from dogmatic gene-for-gene resistance. By 

definition, an AVR gene is a pathogen-derived molecule that elicits a host defense 

response and thus has a negative effect on compatibility. In the case of a host-selective 

toxin the molecule induces disease, not resistance. The resistance phenotype is due to 

detoxification of the pathogen-deri ved molecule, not detection and defense signaling. 

This fundamental difference leads to a very different result in a quadratic check (see 

Table 1.5). Hml provides resistance to leaf spot but the lack of a true AVR-elicitor and 

gene-for-gene defense makes this a very different class of R-gene (Baker et al, 1997). 

2. Molecular Signal Transmission 

R-gene mediated detection of pathogen invasion leads to genetically controlled 

molecular signaling that coordinates and integrates active plant defenses. Recognition of 

elicitors must be converted to molecular signals that are then transmitted within the cell. 

Extracellular recognition must be transduced across the host membrane, and intracellular 

signals must be transmitted within and between subcellular compartments and eventually 

effect changes in gene regulation or protein activity. Intracellular signals are often 

amplified and multiple pathways become engaged and/or integrated in defense signaling. 

A, number of molecules involved in this complex intracellular response have been 

characterized. Subsequent to recognition, no principal differences have been observed in 

defense signaling that could explain species- or 
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Table 1.5. Quadratic check and //m/-mediated resistance. Demonstration of the 
fundamental difference between Hml mediated resistance and true gene-for-gene 
resistance using the quadratic check. The Hml gene shows one genotypic 
combination leading to compatibility while gene-for-gene resistance shows three. 
This demonstrales the fundamental difference in resistance to host-selective 
toxins compared with detection of AVR elicitors. 

Host Pathogen Genotype Host Pathogen Genotype 

Genotvoe HC^ HC Genotype A VR (XVr 

Hml- - R- + 
hmlhml rr + 4" 

+- compatible interaction 
incompatible interaction 
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culiivar-specific resistance. Signal molecules and pathways are highly conserved within 

species and many arc common to all plants. 

The first observable change subsequent to parasitic contact is a transient change in 

the plasma membrane permeability to various ions (Numberger & Scheel, 2001). Ion 

channels at the plasma membrane are stimulated to effect ion flux. Ca' H ' , K^, and CI" 

are known to be involved in pathogen induced ion flux. Transient increase in intracellular 

[Ca'l is a universal feature of elicitor-treated plant cells (Bolweli, 1999). Calcium 

increase resulting from pathogen attack can activate calcium-dcpendent protein kinase 

(CDPK) in a gene-for-gene dependent manner (Romeis et al, 2000). The target of CDPK 

in plant defense is unknown, but CDPK phosphorylation of protein kinase C in animal 

signaling provides an interesting analogy (Numberger & Scheel, 2001). Additionally, 

Ca^"^ precedes the production of reactive oxygen species (ROS) and the oxidative burst. 

Calcium may have a direct effect on apoplastic peroxidases or membrane-bound 

oxidases, however all of these possibilities have yet to be demonstrated experimentally 

(Bolweli, 1999). 

A GTPase has been identified in rice that is homologous to human Rac proteins. 

Rac- in humans mediates the extracellular respiratory burst in phagocytic cells. Over-

expression of the rice OsRacl gave an increase in reactive oxygen species (ROS) signal 

and phytoalexin production that accompanied increased broad-spectrum resistance 

(Kawasaki et al, 1999; Ono et al, 2001). The oxidative burst is often an important signal 

and/or mechanism involved in the hypersensitive response (HR) that will be described in 

detail below. In addition to calcium, nitric oxide (NO) appears to be an essential second 
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messenger in plant defense and HR. This line of research was stimulated by results from 

pharmacological inhibitors of mammalian NO synthase. Exposure to these inhibitors 

effectively block pathogen induced NO accumulation, defense gene synthesis and HR 

associated cell death (Delledone et at, 1998). Additionally, exogenous NO or treatment 

with cyclic nucleotides (cGMP, cADP ribose) induces defense (Durner et al, 1998). In 

mammals, NO signaling involves cGMP and cADP ribose that appear to subsequently 

influence calcium levels. Unfortunately, a homolog for mammalian NO synthase has not 

been found in any plant. Interestingly, the defense no death mutant dndl from A. 

thialiana is affected in a cyclic nucleotide-gated ion channel AtCNGC2 that mediates 

cation fluxes (Clough et al, 2000; Kohler et al, 1999). This ion channel is necessary for 

programmed cell death that typically accompanies HR, but is not required for resistance. 

These experimental data could support a model analogous to that in mammals where NO 

accumulation leads to cyclic nucleotide mediated ion flux through AtCNGC2 as an early 

signal in cell defense. 

Salicylic acid (SA) and jasmonic acid (JA) are also important second messengers 

in plant defense signaling. SA accumulation is seen in many gene-for-gene defenses. A. 

thialiana as a model host system has led the way in elucidating defense-related signaling. 

A summary of the genes controlling defense in^. thialiana by Glazebrook (2001) (see 

Figure 1.11) indicates the progress made using this model plant, as well as the many 

aspects of signaling that remain unclear. Figure 1.11a shows that at least three 

independent signal pathways exist downstream of R-gene activation; EDSl vs. NDRI that 

conduct the signal for TIR-NBS-LRR and CC-NBS-LRR genes respectively (Aarts et al, 
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Figure 1.11. A model of A. thialiana genes in signaling networks mediate defense 
responses (modified from Glazebrook, 2001). Boxes with the word 'resistance' represent 
the numerous responses with variable effectiveness against pathogen eliciting the 
response. Pathways are shown in parallel and known points of interconnection are shown, 
(a) Three i?-gene dependent pathways are shown, one that requires NDRl and PBS2, a 
second that requires EDSl and PAD4, and a third for which the required genes have not 
been reported, (b) In SA-dependent signaling, CPRl, EDRl, and CPR5 tend to repress 
pathway activation, and act upstream of PAD4. The cpr6 mutation exerts a positive effect 
upstream of PAD4. PAD4 and EDSl promote SA accumulation, as do SID2 and EDS5. 
SA also promotes expression of PAD4 and EDSL PAD4 promotes expression of 
resistance responses in an SA-independent manner. Formation of lesions promotes SA 
accumulation in a manner that is independent of PAD4 and EDSl, but may require EDS5. 
Downstream of SA, NPRl mediates the activation of expression of genes such as PR-1, 
acting together with TGA transcription factors in a manner that is inhibited by SNIl. 
DTH9 also acts downstream of SA to activate resistance responses, (c) JA and ET act 
together to activate expression of genes such as PDF 1.2. This activation is promoted by 
lesion formation and by cpr6. MPK4, COIl and JAR I are required to transduce the JA 
signal, while EIN2 is required to transduce the et signal. Camalexin production requires 
both PAD4 and COIl, and some lesion-mimic mutations cause camalexin accumulation 
in lesions. 

SA- Salicylic Acid; Camalexin- (A. thialiana phytoalexin); JA- Jasmonic Acid; et-
ethylenc. 
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1998). EDSl signaling proceeds via SA accumulation and activates the transcription 

factor NPRl responsible for upregulation of defense-related proteins such as PR-1 

(Figure 1.11b; Kinkema et al, 2000; Zhang et al, 1999). The NDRl pathway also 

involves SA accumulation, however it is independent of NPRl. A third signal pathway, 

independent of both EDS] and NDRl exists in A. fhialiana, however the specific 

components downstream of the R-genes have not been isolated. JA and ethylene are 

accumulated in other pathogen-derived responses (Figure 1.11c) and act separately and 

antagonistically to the SA pathway (Thomma et al, 1998; Glazebrook, 2001). Both JA 

and ethylene messengers are associated with systemic responses that increase resistance 

throughout the entire plant to numerous pathogens (Hammond-Kosack & Jones, 1997), 

but only JA is strictly coupled to cell death (discussed below; Greenberg et al, 2000). 

Finally, it is important to note that protein kinases play a central role in plant 

defenses from the early events of pathogen recognition through to active mechanisms of 

defense (Romeis, 2001; Sessa & Martin, 2000). R-gene kinases such as the LRR-kinase 

Xa21 from rice and Pto from tomato have been discussed (see sections d and e of Plant 

R-genes) as well as CDPK (this section). Mitogen activated protein kinases (MAPKs) 

also play a key role in early in defense signaling (Kovtun et al, 2000; Ligterink et al, 

1997). Orthologous MAPKs from tobacco, alfalfa, A. fhialiana and parsley are activated 

in an eliciior-dependent manner (reviewed in Romeis, 2001). The precise roles of 

MAPKs in defense are not well characterized, however they are predicted to amplify 

and/or integrate defense pathway signals. MAPK signaling can lead to activation of some 

pathways or have an inliibitory function in others (Romeis, 2000). For example, a 
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contitutively active MAPKK in tobacco activates a SA induced MAPK in response to 

attack or wounding. This constitutively active pathway is responsible for spontaneous 

localized HR-like cell death and upregulation of PR-proteins that control key enzymes in 

phytoalexin and SA biosynthesis (Zhang & Liu. 2001). The result is a broad-spectrum, 

constitutive defense. Conversely, an inactive transposon-tagged mutant in the A. thialiana 

MAPK mpk4 leads to constitutive systemic resistance and PR-protein expression that 

gave enhanced resistance to bacterial and fungal pathogens (Figure 1.11b; Petersen et al, 

2000). A similar phenotype is observed for an A. thialiana MAPKK mutant edrl that 

may be part of the same MAPK module as MPK4 (Frye et al, 2001). Thus MAPK 

pathways are clearly involved in transmission of intracellular defense signals but have 

very distinct roles in plant defense. 

3. Hypersensitive Response 

One result of induced plant defense is a rapid death of host cells localized around 

the initial site of pathogen infection. Programmed cell death (PCD) that is localized to the 

site of infection is called the HR, which is classified based on visible cell death lesions 

that accompany a restriction of pathogen ingress (Heath, 2000b; 1998; Morel & Dangl, 

1997; Lam et al. 2001; Wojtaszek, 1997a). It is a simplistic definition that describes a 

complex phenomenon for which a great deal remains to be characterized in detail. HR is 

typically preceded by ion fluxes and generation of ROS. Trans-membrane exchange of 

calcium, potassium and hydrogen ions have all been observed in various plant-microbe 

interactions (Heath, 2000b). An oxidative burst is a common feature that accompanies R-

gene mediated resistance and HR. ROS generation is known to be a signal in 
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developmental PCD in animals. It is not observed in plant development, but it is widely-

accepted that ROS precedes HR and may be necessary for triggering or executing HR-

related PCD (Heath, 2000b; Lam et al, 1999). ROS including tbOi*", OH® and NO are 

ubiquitous in plant systems and are continual by-products of normal metabolism resulting 

from leaky electron transport systems (Bolwell, 1999; Bolwell & Wojtaszek, 1997; 

Wojtaszek, 1997b). The potential for generation of ROS in plants exists by many 

enzymatic mechanisms however, apoplastic or cell wall-bound peroxidases and 

membrane-bound NADPH oxidases are mainly implicated as ROS generators associated 

with HR (Bolwell, 1999; Bestwdck et al, 1998; Higgins et al, 1998). Numerous possible 

functions of ROS have been proposed including a direct inhibition of pathogen 

development, but the role of ROS in active killing is unresolved (Bolwell, 1999; Lamb & 

Dixon, 1997). A second possible direct target for ROS killing is the host cell(s) that 

expire as part of the HR. However, recent experiments have clearly shown that host cell 

death can be uncoupled from generation of ROS, and that artificial generation of ROS 

does not induce cell death (Bolwell, 1999). Therefore killing of host or pathogen cells 

may not be a primary fiinction of ROS generation. 

An undisputed role of ROS exists in cell wall modification induced by pathogens. 

Papillae are formed on the inner face of plant walls, directly across from the site of 

pathogen contact and/or penetration. Cross-linking of 0-glycosylated glycoproteins such 

as those containing hydroxyproline is demonstrated both inplanta -and in vitro 

(Wojtaszek et al, 1997; Lamb & Dixon, 1997) and is integral to papillae formation in 
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response to wounding or pathogen attack. The functional role of papillae in preventing 

microbial colonization is disputed, but the role of ROS in papillae formation is not. 

In addition to direct killing and wall alterations, ROS have been predicted to be 

signals in defense necessary to induce subsequent responses such as accumulation of 

phytoalexins. phenolics or PR proteins, and activation of proteases or their inhibitors 

(Solomon et al. 1999) While not all experimental examples support a general 

requirement for an ROS signal as a prerequisite for HR, most in planta experiments 

demonstrate a phase of ROS generation preceding HR-related PC D and defense. 

It has been suggested that alteration of the cell cycle may be achieved by ROS 

signaling resulting in death induction (Reichheld et al, 1999). Recently, a role of the 

mitochondrial alternative ^idase (AOX) was elucidated in ROS generation resulting in 

changes in basal expression of pathogenesis-related proteins (Maxwell et al, 1999). The 

overall conclusion regarding the role of ROS in signaling is that its role may vary with 

different plant-microbe combinations but accumulation clearly coincides with distinct 

temporal stages of infection and its activity is clearly involved in general cell wall-related 

defense (Heath, 2000b). 

PCD in animal systems, called apoptosis, is well characterized as a response to 

pathogen invasion (White, 1996; Green, 2000). A significant parallel between the HR 

phcnotypc and apoptosis can be observed morphologically and biochemically (Grecnberg 

& Yao, 2004). Studies in animal cells show that subcellular compartmentalization is an 

important part of regulation of PCD. In particular, the mitochondrion is a key organelle in 

the control of apoptosis (Green. 2000; Ferri and Kroemer, 2001). Proteins from other 
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organelles may communicate cellular stresses that are integrated and interpreted at the 

mitochondrial outer membrane. The result is increased permeability of the mitochondrial 

outer membrane and release of cell death activators such as caspases. 

In addition to the mitochondrion, the vacuole is also an important organelle in 

plant PCD. Vacuolization of the cell and disruption of the tonoplast precedes 

mitochondrial and nuclear degradation (Lam et al, 1999). The key players in 

mitochondrial-mediated PCD in animals are Bax (activators) and Bcl-2, Bcl-xi, 

(inhibitors). Identification of these proteins in plants has not been possible, however 

expression of Bax or Bel- in heterologous yeast or plant systems directly affects 

mitochondrial mediated PCD similar to that in animal cells (reviewed in Lam et at, 

2001). Conversely, transgenic expression of animal cell death inhibitors in plants 

provided protection from virulent fungal pathogens (Dickman et al, 2001; note retraction 

of some findings: Dickman et al, 2003). Additionally, the NBS motif of many plant R-

genes contains a conserved Ap-ATPase (for apoptosis-ATPase) domain similar to the 

mammalian PCD mediator Apaf-1 (van der Biezen & Jones, 1998a; Nimchuk et al, 

2003). Experimental data indicate that NO (a second messenger), caspases and related 

cysteine or serine proteases are the only molecules that appear to be coupled with HR-

related PCD (Bolwell, 1999). The animal PCD activator Bax is a caspase, therefore other 

intra- and extracellular proteases may be involved and be differentially active in various 

plant-pathogen combinations (Lam et al, 1999). The primary signal molecule leading to 

HR-reiated PCD is NO, which along with ROS promotes cell death. Other proteins with 

HR-repressing or enhancing activity are reviewed in Green berg & Yao (2004). 
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It is important to note that HR-related PCD is not always strictly connected to or 

necessary for successful plant defense (Shirasu & Schulze-Lefert, 2000; Greenberg et al, 

2000; Clough, 2000; Bendahmane et al, 1999). While viral pathogens of both plants and 

animals cannot successfully replicate and/or move beyond the infection site without 

inhibition of PCD (Lam et al, 2001) other pathogens induce host cell death in order to 

complete a disease cycle, making host PCD a virulence trait rather than a resistance 

response (Greenberg & Yao, 2004). These observations have led to the hypothesis that 

any HR related to pathogen resistance is induced in later stages of recognition, and then 

only if a threshold of stress signaling is reached. Furthermore, localized cell death 

accompanying HR may act as a signal more than a direct defense mechanism depending 

on the pathogen, molecular elicitor and plant defense pathways that are activated (Heath, 

2000b; Greenberg & Yao, 2004). 

In addition to the morphology of cell death lesions, resistance responses include 

other physical and chemical responses that restrict development of the pathogen 

including cell wall modifications and the expression of PR proteins. A number of 

cytological changes are observed subsequent to parasitic invasion (reviewed in Heath, 

2000b). Cellular responses vary with individual plant-microbe interactions but changes in 

membrane permeability, cytoskeleton, nuclear appearance and position, plastid 

organization and apposition of wall materials may be observed. Phenolic compounds 

accumulate and becomc oxidized leading to autofluorescence and discoloration of the cell 

(Nicholson & Hammerschmidt, 1992). Up-regulation of a pathogenesis-related (PR) gene 

set is observed in plants under attack by pathogenic microbes. PR proteins are an 
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essential component of host defense whose transcription or activity are specifically 

induced in diseased tissues. These proteins were first characterized in tobacco infected 

with TMV and since have been described in most plants (Van Loon & Van Strien, 1999). 

PR proteins are divided into 11 classes based on amino acid sequence homology. The 

function of most PR proteins in active plant defense is unknown, but some have 

enzymatic antimicrobial function, such as chitinases and P-l,3-glucanases. The 

accumulation of PR transcripts and proteins is frequently used as reporter of plant 

defenses. 

These cytological and biochemical studies involving HR indicate that it is 

commonly a feature of plant resistance, but is not always necessary or sufficient for 

immunity. 

Emerging Molecular Models of Gene-for-Gene Resistance. 

The original hypothesis used to explain the molecular basis of gene-for-gene 

resistance was a receptor-ligand model (Ellingboe, 1981; Gabriel & Rolfe, 1990). In this 

model, the R-protein acts as a receptor of the pathogen-derived ligand (AVR elicitor) and 

subsequently initiates defense signaling (Figure 1.12a). Adaptation of this model has 

taken place more recently due to the following questions: why do pathogens continue to 

produce molecules that restrict their host range, and why is it so difficult to generate 

empirical evidence for physical interaction of AVR- R-proteins? 

The description and isolation of AVR genes in virtually all pathogen types leads 

one to wonder why proteins responsible for a negative effect on infection success would 

be maintained in pathogenic lineages. A protein with a disabling phenotype should be 
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under strong negative selection. Inactivating mutations in an AVR gene should be readily 

fixed in pathogen populations unless the gene is required for some non-dispensable 

function. Spontaneous null-mutations are rarely observed in AVR genes, but rather point 

mutations that lead to single amino acid substitutions (van't Slot & Knogge. 2002). 

Additionally, the observation that a given pathogenic race is virulent on one or a few host 

cultivars suggests that a disadvantage is associated with loss of AVR genes. For this 

reason, it is widely accepted that the maintenance of AVR proteins is due to an important 

functional requirement in pathogenic microbes related to fitness or virulence (Keen, 

1990). Parasitic plant-microbe interactions can be viewed as a 'molecular arms race' with 

selective pressure on the host to detect and defend vs. selective pressure on the pathogen 

to evade/disable defenses as they infect (Holub, 2001; Stahl & Bishop, 2000). Within this 

context, secreted molecules that act as pathogenicity or virulence factors (such as toxins, 

suppressors of host defense, or inactivators of toxic host metabolites) are very likely 

candidates for detectable elicitor molecules that are perceived by an adaptable host 

recognition system. This concept in molecular plant-microbe interactions has been 

thoroughly reviewed (van't Slot & Knogge, 2002; Lauge & de Wit, 1998). Experimental 

evidence for AVR gene function in pathogen virulence is well established in bacterial 

pathosystems where numerous AVR genes have been isolated and characterized (Vivian 

& Gibbon. 1997; White et al. 2000; van't Slot & Knogge. 2002; Jones & Takemoto, 

2004). One example from fungi involves Nipl of the barley pathogen R. secalis that is 

similar to fungal hydrophobins (van't Slot & Knogge. 2002). Hydrophobins such as 

MPGl from M. grisea are virulcnce factors that may be necessary in hyphal architecture 
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and sporulation (discussed in Asexual Life Cycle and Disease Cycle) and NIP] is shown 

to have a weak virulence function on the host plant barley. The MPGl protein is a self-

assembling extracellular molecule that is necessary for appressorium formation perhaps 

in attachment or surface recognition. Like other small, secreted peptides, this virulence 

factor could theoretically become a target for recognition by plant surveillance systems 

and thus become an AVR gene like NIPl in R. secalis. 

The precise functions or host targets of AVR proteins are not known except for a 

few viral AVR proteins. The virulence phenotype in susceptible interactions suggests that 

some AVR proteins may disrupt or inhibit defense signaling (Nimchuk et ah, 2003). It is 

important to note that an incredibly diverse array of molecules from plants and microbes 

could participate in gene-for-gene recognition. Therefore it is unlikely that all AVR 

elicitors will have a necessary role in virulence or fitness. Similarly, it is unlikely that all 

R-proteins act solely as receptors of AVR proteins. In fact a significant number of 

complementary R- AVR-proteins that have been isolated fail to physically interact in 

immunoprecipitation, far western analysis and yeast two hybrid screens (Nimchuk et al, 

2003). Evidence for direct physical interaction has been demonstrated for a few 

complementary R-AVR proteins such as those previously discussed (Pi-ta/AVR-Pita 

from the rice-blast pathosystem, and Pto/avrPto from the tomato-speck pathosystem), 

however, interaction of R-proteins with other host proteins are more frequently detected 

using these techniques. For example, the RPMl and RPS2 proteins each appear to 

interact with several A. thialiana proteins (Tao et al, 2000; Leister & Katagiri, 2000). In 

an attempt to explain the common lack of direct interplay between R-proteins and their 
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elicitors some have suggested that R-proteins may detect the cellular consequences of 

AYR proteins. For example, as a pathogen invades, an elicitor molecule may target and 

interfere with a host protein. The product or consequence of that interaction is then 

detected by the R-protein (Figure 1.12c). This idea has been named the "'Guard 

Hypothesis" and while it has not been proven it is viewed by many as a useful model that 

can be tested in an attempt to understand molecular mechanisms of gene-for-gene defense 

(Nimchuk etal, 2003; Jones & Takemoto, 2004; McDowell and Woffenden, 2003; 

Dangl & Jones, 2001). 

The Guard Hypothesis was originally invoked in an attempt to explain the 

requirement of Prf (an NBS-LRR protein) in Pto-AvrPto gene-for-gene resistance (van 

der Biezen & Jones, 1998b). The model generated suggests that R-proteins physically 

interact with, or "guard", targets of pathogen-derived virulence effectors. Specifically, 

Pto is a signaling molecule in plant defense that AvrPto interacts with in an attempt to 

disrupt defense signaling. Prf is the sentinel that watches for AvrPto-Pto interaction and 

or its consequence and then activates defense. Mechanistically, a guard molecule could 

bind the guardee until interaction with the elicitor leads to its release/activation and 

subsequent defense signaling. Alternatively, a pathogen-derived elicitor binding its host 

target could recruit the guard molecule leading to activation by conformational change, or 

as part of a complex (Dangl & Jones. 2001). These speculative mechanisms have not 

been experimentally validated, but they do provide an explanation for the lack of direct 

interaction of R-proteins and their elicitors. In addition to the Pto-AvrPto system other 

experimental results are consistent with the Guard Hypothesis. For example, the HRT 
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gene in A. thialiana that provides resistance to Turnip Crinkle Virus encodes an R-protein 

that detects the virus coat protein. TCV coat protein interacts with another host protein, 

NAC, that appears to be a transcriptional regulator. Viral strains containing a mutation in 

the coat protein that abolish NAC interaction are still virulent, but fail to trigger HRT-

mediated resistance. This observation supports the idea that interaction of pathogen 

derived elicitors with other host proteins leads to indirect detection by the R-protein 

(Dangl & Jones, 2001). 

Other indirect support for the Guard Hypothesis is highlighted in the example of 

AvrRpml or AvrB and RPMl from P. syringae and^l. thialiana respectively. These 

AVR molecules are demonstrated virulence factors that must be localized to the host 

plasma membrane to fulfill their role in virulence. The location of virulence function 

overlaps with the site of R-protein recognition as the R-protein RPMl must also be 

localized to the plasma membrane in order for recognition to occur. Another membrane-

associated protein, RIN4, is necessary for RPMl-mediated resistance and can complex 

with AvrB or AvrRpml leading to RIN4 phosphorylation. There is also evidence that 

RIN4 may stabilize RPMl and act as a negative regulator of its function (Mackey et al, 

2002; Nimchuk et al, 2003). Additionally, RIN4 regulates a second NBS-LRR R-protein 

and thus appears to be a target of at least three bacterial virulence proteins and regulates 

two NBS-LRR R-gene mediated defense pathways, one positively, and one negatively 

(Mackey et al. 2003; Nimchuk et al, 2003). These results do not help simplify our view 

of gene-for-gene resistance, but they can be explained by the guard hypothesis. 
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A third example also comes from A. thialiana and bacterial type III effectors. 

RPS5 is a CC-NBS-LRR R-protein that is dependent on the kinase PBSl for resistance. 

The AVR elicitor AvrPphB from P. syringae is a cysteine protease that requires enzyme 

function to induce gene-for-gene resistance. It appears that PBSl is a target of AvrPphB, 

and if so, may be a substrate that is converted to an active form that positively regulates 

RPS5 (Nimchuk et al, 2003). These examples illustrate how a third protein acting as a 

'guard' of essential or frequently targeted host signal molecules could detect the presence 

or activity of a pathogen-derived virulence protein. 

The guard hypothesis is based on type III effector molecules from bacterial 

pathogens, but some plant-fungal interactions are also consistent with the Guard 

Hypothesis. The C. fulvum R-protein Cf-2 requires a cysteine protease encoded by RCR3 

for resistance induced by Avr2 (Kruger et al, 2002). The LRR domain was shown to be 

necessary for RCR3 mediated activation of HR-related PCD. It is not known whether 

RCR3 directly associates with the LRR domain of Cf-2, but genetic evidence supports 

RCR3 as a potential receptor of Avr2 that may lead to Cf-2 directed responses. RCR3 is 

an extracellular protease which fits well with an interaction of apoplastic elicitors like 

Avr2, and the extracellular LRR domain of Cf-2. The Guard Hypothesis or the protease 

dependent hypothesis (Figure 1.12d) are much better able to explain the results obtained 

in this gene-for-gene resistance system because exhaustive attempts to demonstrate Cf-

protein binding with C fulvum elicitors have been unsuccessful. 

Finally, to demonstrate the impact of the Guard Hypothesis, it has also been 

applied to recent experimental evidence showing direct physical interaction of NBS-LRR 
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R-proteins with gene-for-gene elicitors as cognate AVR ligands. Direct interaction of 

R/AVR proteins has been recently reported in rice and A. thialiana (Jia et al, 2000; 

Deslandes et al., 2003). The rice R-protein Pi-ta was shown to physically interact with 

AVR-Pita from M grisea. This rare example of a receptor-ligand type interaction of R-

and AVR-proteins still provides some evidence to support an important feature of the 

Guard Hypothesis. The AVR-Pita protein is identified as a neutral metalloprotease and a 

mutation in the catalytic domain of the protease abolishes its elicitor activity. If AVR-Pita 

has a host target substrate, and activity leads to recognition by Pi-ta, this biochemical 

function correlated with triggering of R-protein resistance fits well with the Guard 

Hypothesis. The recently isolated RRSl-R from A. thialiana encodes a TIR-NBS-LRR 

protein with a WRKY transcription factor-like motif (Desleindes et al, 2003). This R-

protein was demonstrated to physically interact with the PopP2 elicitor from Ralstonia 

solanacearum. The AVR protein is similar to YopJ from the human pathogen Yersinia 

enterocolitica that is proposed to have a virulence function as a cysteine protease that 

disrupts host signaling preventing successful immune response (Orth, 2002). Despite 

positive yeast-two-hybrid results for physical interaction of the R-protein and AVR-

protein, the authors also report a non-inductive R/AVR complex in a compatible 

interaction involving an the R-protein (RRSl-S) and PopP2. The R-protein RRS1 -S 

comes from a susceptible ecotype and direct interaction with PopP2 does not induce 

resistance. This suggests that physical R/AVR protein interaction is not always sufficient 

for gene-for-gene resistance activation. Additionally. Lahaye (2004) suggests that yeast-

two-hybrid screcns can give positive results for interaction when two molecules are 
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connected by a linker protein. For example, a third unidentified protein acting as a target 

of or a guard against activity of a virulence protein could provide the molecular link. This 

complex of proteins would bring bait and prey molecules in proximity and be competent 

to activate the reporter gene. Based on the nuclear localization and homology to Y. 

enterocolitica system the a-importin or a small ubiquitin-related modifier (SUMO) could 

act as a linker for AvrPopP2 and RRSl-R. More experimental evidence is required to 

define the protein-protein interactions in this system. 

The Guard Hypothesis is a valuable model for explaining the molecular basis of 

resistance induced by bacterial type III effectors and the fungal examples mentioned. 

Whether the Guard Hypothesis can be experimentally validated as an actual mechanism 

of molecular gene-for-gene resistance remains to be seen. 

The AVRl-MARA Locus 

A summary of the AVRl-MARA locus from M. grisea lab strain 4224-7-8 is 

presented here. The information comes from unpublished results and published data from 

M.A. Mandel and co-workers (Mandel et al., 1997). Positional cloning of the avirulence 

gene AVRl-MARA was undertaken in lab strain 4224-7-8. This gene controls 

incompatibility on rice cultivar Maratelli. Currently a number of clones have been 

isolated that are genetically inseparable from the AVRl-MARA phenotype however the 

gene has not been identified. The virulent locus has been isolated from the lab strain 

4392-1-6 that has a compatible phenotype on Maratelli. A map summarizing cloned 

sequences at AVRl-MARA is displayed in Figure 1.13. 
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The positional cloning was done using an RFLP map made from progeny of 

4224-7-8 (A VRl-MARA) and 6043 (avr-MARA). This map indicated that the A VRl-

MARA phenotype segregated with a repetitive marker mgr52. Non-repetitive sequences 

from mgr52 were used to probe a 4224-7-8-lambda library, and a single clone (k6.2) was 

identified (Figure 1.13). No additional clones could be identified From any k6.2 

sequences. Markers further away from A VRl-MARA were used in the chromosome 

walking experiment from both directions toward A VRl-MARA. Cosmid clones containing 

sequences inseparable from A VRl-MARA were identified at both ends of A VRl-MARA 

but no additional clones could be found to span the locus, or advance the walk, in any of 

the BAC, cosmid and lambda libraries for 4224-7-8. These libraries represent >100 

genome equivalents, therefore the absence of hybridizing clones from sequences at 

AVRl-MARA indicates that part of this locus is absent or under-represented from large-

insert genomic libraries. A long-range inverse PGR approach was taken to walk into the 

region of AVRl-MARA that appeared absent, or under-represented and >50kb of novel 

sequences were amplified and isolated (Figure 1.13). Some of these large (~10kb) PGR 

products proved to be unstable in direct cloning attempts in E. coli. For example, PGR 

products 99-100 and 128-129 could not be cloned as whole fragments but only as smaller 

restriction fragments such as AM927 and AM962 (Figure 1.13). These PGR products and 

sub-clones contain AT-rich sequences that may play a role in their absence or severe 

underrepresentation in the large-insert genomic DNA libraries. The cloned sequences that 

arc inseparable from the A VRl-MARA phenotype were functionally tested for the 

presence of a Maratelli-specific effector gene. In order to determine a necessary role in 
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avirulence on Maratelli, sequences can be introduced by transformation into a virulent 

strain and tested for functional complementation of the incompatible phenotype on 

Maratelli. Two open reading frames were of special interest, an oxidoreductase, and a 

putative orthoiog of Het-e2 (see chapter 2 for discussion of these ORFs). The 

oxidoreductase is subcloned as AM49 and is present as a single copy in the 4224-7-8 

genome based on hybridization experiments. The Het-e2 sequences are part of the clone 

AM927. Clones containing sequences inseparable from A VRI-MARA, including the 

o.xidoreductase and putative Het-e2, have been introduced into a virulent strain (6043) by 

protoplast transformation. None of the sequences identified to date can convert the 

virulent strain to an incompatible phenotype on Maratelli (M.A. Mandel, unpublished). 

Therefore, although these ORFs are inseparable from A VRl-MARA they do not appear to 

play a role in incompatibility on Maratelli. These results indicate that the sequences 

cloned thus far do not contain a gene sufficient to induce avirulence on Maratelli when 

transformed into a virulent strain. 
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II. CHARACTERIZATION OF THE AVIRULENCE GEmAVRl-MARA 

AND IDENTIFICATION OF A NOVEL AVIRULENCE LOCUS IN 
THE RICE BLAST FUNGUS MAGNAPORTHE GRISEA. 

ABSTRACT 

A VRl-MARA and A VR2-MARA are avirulence genes in M. grisea that confers an 

incompatible disease phenotype on the rice cultivar Maratelli. These genes maps to 

chromosome 2 in strain 4224-7-8 and chromosome 7 in strain 4392-1-6 respectively. It 

was previously reported from positional cloning attempts that the A VRl-MARA locus 

spans more than 50Kb and contains sequences that are unusually high in %AT. 

Additionally, the AT-rich sequences are largely un-clonable in E. coli and therefore 

absent or severely under-represented in genomic DNA libraries. DNA hybridization 

experiments indicate that a rearrangement at A VRl-MARA occurred in an ancestor of 

4224-7-8. Examination of the re£u-ranged A VRl-MARA locus, including a contig of 

approximately 12kb, revealed the presence of DNA repeats {Poll, REPl, MGR608), and 

two ORFs with homology to known proteins foxidoreductase, HetEI). While attempting 

to isolate and characterize the A VRl-MARA locus from an ancestral strain, prior to 

rearrangement, a new avirulence locus conferring incompatibility on Maratelli was 

identified. The disease phenotype appears to be controlled by a single gene and is 

indistinguishable from that of A VRl-MARA and A VRl-MARA. I lowever genetic analyses 

show it is non-allelic to both A VRl-MARA and A VR2-MARA. We propose that the new 

avirulence locus encodes the same effector molecule as A VRl-MARA but resides at a 

different physical location due to a genomic rearrangement. 
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INTRODUCTION 

Rice is an extremely important world grain used as food by a large portion of the earth's 

population. The rice blast fungus M grisea is the most significant destructive threat to the 

cultivation of rice (Ou, 1985; Talbot et al, 2003). It was estimated that blast costs 

producers five billion dollars (US$) per year (Ronald, 1997). In addition to rice, M 

grisea can infect other cultivated cereals such as barley, wheat, maize and finger millet 

(Ou, 1985) and many other graminaceous plant species (Borromeo et al, 1993; 

Mekwatanakam et al, 2000). Breeding major resistance genes to blast into desirable rice 

cultivars is currently the most effective disease management strategy (Ou, 1985; 

Kiyosawa et al, 1986). This resistance may function for less than 3 years in areas prone 

to blast due to spontaneous appearance of new pathogenic races (Leung et al, 1988). 

Major gene resistance is controlled by single resistance (R) genes in the host that interact 

with a complementary avirulence (AVR) gene in the pathogen. This phenomenon of 

resistance encoded by single plant genes as activated by a complementary pathogen-

derived elicitor is called gene-for-gene resistance. Gene-for-gene resistance was first 

described in the flax-rust pathosystem by H.H. Flor (1956) and has since been 

demonstrated in many parasitic plant-microbe interactions (Lauge & DeWitt, 1998) 

including M grisea (Silue, 1992: Jia et al, 2000). More than 60 avirulence genes have 

been isolated and characterized from phytopathogenic microbes (reviewed in van't Slot 

& Knogge. 2002). A few fungal AVR genes have been cloned; NIPl from the barley 

scald pathogen Rhynchosporium secalis (Rohe et al, 1995). A VR4 and A VR9 (van den 
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Ackerveken et al, 1993; Joosten et al, 1997) from the tomato leaf mold fungus 

(Cladosporium fulvum) and PWL, A VRl-Co39, A VR-Pita, and A VR-ACEl from M. grisea 

(Sweigard et al, 1995; Farman & Leong, 1998; Orbach et al, 2000; Bohnert et al, 

2001). Almost all AVR genes isolated from fungi encode small, secreted proteins that are 

only expressed during infection, A VR-Pita, a cytosolic metalloprotease, and A VR-ACEl, 

a polyketide:peptide synthase, being the exceptions. Some details regarding the function 

and activity of the A VR-Pita avirulence protein are known, but molecular interactions 

between plant hosts and fungal pathogens that induce defense responses are still largely 

unknown. 

Magnaporthe is a model organism used to study fungal biology and pathology 

(Valent, 1991; Smith, 1999; Mitchell et al, 2003; Xu & Xue, 2002). Since 1922 when 

cultivar specificity was observed for M. grisea, hundreds of pathogenic races have been 

described based on the variety of rice or grass they infect (Yamada, 1985). Not all of the 

M. grisea AVR genes that control rice cultivar specificity originated in rice isolates. 

Some originated in isolates such as G-22, a finger millet pathogen (Valent & Chumley, 

1994). There are at least 25 avirulence genes described in M. grisea (Notteghem et al. 

1994), eight of which have been mapped (Sweigard et al. 1993; Valent and Chumley 

1994; Nitta et al. 1997; Dioh et al., 2000), and five isolated by positional cloning (Valent 

et al. 1991; Valent and Chumley 1994; Sweigard et al. 1995; Kang et al. 1995; Farman 

and Leong 1998; Orbach et al., 2000; Bohnert et al, 2001). Of the limited number of 

fungal AVR genes isolated, only two (both from M. grisea) have homologs in Genbank 
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that allow putative functional assignment; A VR-Pita. a metalloprotease, (Orbach et al, 

2000), and AVR-ACEl a polyketide-peptide synthase (Bohnert et al, 2001). 

Two M. grisea AVR genes. A VRl-hlARA and A VR2-MARA, have been identified 

that control major gene resistance on rice cultivar Maratelli. These genes were discovered 

in laboratory strains that were created by crossing rice isolates and highly fertile grass 

isolates (Dobinson & Hamer, 1992; Valent et al, 1986). Hybrid lab strains such as these 

are fertile rice pathogens that can be used to analyze the genetic control of 

incompatibility on rice cultivars such as Maratelli. Both lab strains showing 

incompatibility on Maratelli have G-22 as an ancestor. This fertile fmger millet pathogen 

is the source of both the A VRl- and A VR2-MARA encoded elicitors. Attempts to clone 

both AVR]-MARA and AVR2-MARA have been unsuccessful, and have revealed that 

these loci contain AT-rich sequences that are unclonable in large fragments (Mandel et 

al, 1997; Harper, 2001). Presented here is an update on the characterization of A VRl-

MARA and a report of the discovery of a third independently segregating AVR locus 

responsible for incompatibility on Maratelli. 

MATERIALS AND METHODS 

Fungal Strains. 

The M. grisea strains isolated from plants are designated with a letter "O" for 

Oryza or "G" for grass. Laboratory strains derived from matings arc given a number 

representing a successful mating, often followed by an ascus number (or 'R' for randomly 

isolated ascospore progeny), and finally, a number representing a single-spore. A list of 
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strains is given in table 2.1. Strains designated 'AZ' are progeny from crosses done in the 

Orbach lab at the University of Arizona, others are lab strains generated at Dupont 

(Valent & Chumley, 1991; Valent et al, 1991; Dobinson & Hamer, 1992) or the 

University of Wisconsin (Chao & Ellingboe, 1991) 

Rice Cultivars. 

Rice varieties used in this study (Table 2.2) are temperate japonica-type cultivars. 

Maratelli was a popularly cultivated variety in Italy where it is now susceptible to most 

local blast isolates (Silue et al., 1992). The cultivars Ml03, M-201 and L-202 were 

developed at the California Cooperative Rice Research Foundation, Inc., at their Rice 

Experiment Station in Biggs, CA for use in California rice growing areas. Seeds for the 

California cultivars were a gift from Dr. D.M. Brandon (Rice Exp. St., Biggs, CA). 

Maratelli and Sariceltik seeds were obtained by harvesting mature rice grown from seed 

for ~3 months under standard greenhouse conditions at the University of Arizona. 

Briefly. 5-10 rice seeds were sown in a 4 inch pot containing vermiculite and grown in a 

Conviron E-15 controlled environment cabinet (Controlled Environments Inc., Pembina, 

ND) with an illumination cycle of 14-hr light (27°C) and 10-hr dark (21 °C). Pots were 

fertilized each morning and afternoon with 100ml of half strength modified Hoagland's 

solution and irrigated once each day at noon with 50ml of distilled water. After three 

weeks rice seedlings were transplanted one per 6 inch pot containing vermiculite and 

submerged in half-strength modified Hoagland's fertilizer. Rice plants were grown to 

maturity in a greenhouse after which rice heads were collected, dried and the rice grains 

manually separated from the panicle. 
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Fungal growth conditions and ascospore isolation. 

To produce conidia, fungi were grown for 5-12 days at 25°C with constant illumination 

on oatmeal agar media. Mating reactions were performed as described previously by 

Valent et al, (1986) and Crawford et al, (1986). Briefly, two 1 -2mm^ agar plugs 

containing mycelia from each of the parental strains were inoculated to fresh oatmeal 

agar plates at a distance of approximately 4 cm apart. The mating reaction was 

encouraged by incubation in a controlled growth cabinet at 20-22°C with constant 

illumination. Plates were incubated for 2 weeks and then monitored for perithecium 

formation. Perithecia were harvested from the mating plates 2-4 weeks after inoculation, 

visualized with an Olympus SZH-IILB dissecting microscope (Olympus Optical Co. Ltd., 

Japan) and dissected, using ultrafine-tip forceps, on 4% water agar plates. 

Perithecia were separated from agar and asexual spores by trimming with forceps 

and dragging perithecia across the agar surface. The perithecial neck was then removed 

and the bulb transferred to a fresh 4% water agar plate and ruptured using the ultrafine-tip 

forceps. Individual asci were teased apart from the globular mass of asci using a sterile 

glass needle with an ultrafme flexible tip pulled from a Pasteur pipet. After incubation for 

15-30 minutes at room temperature, ascospores were isolated and spread by separating 

them from the ascus using the glass needle. For random ascospore isolation 100pi of 

sterile 0.25% gelatin was added to the plate and used to spread the ascospores across the 

surface of the plate with a sterile glass rod. Germinating ascospores were identified, after 

incubation at 25°C with illumination for 6-12 hours, and transferred to sterile 24-well 

oatmeal agar dishes. For long-term storage a sterile 1.27cm disc of cellulose filter paper 
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Table 2.1. Fungal strains used in analyzing fungal avirulence on rice cultivar Maratelli. 

Strain Mating Rice Virulence 
Name Type Pathogenicity on Maratelli Reference 
4098-292 MATl-2 - - Dobinson & Hamer, 1992 
4375-R-6 MATl-1 + virulent Sweigard a/., 1995 
4224-7-8 MATl-1 + avirulent Dobinson & Hamer, 1992 
AZ12-3-4 MATl-2 + avirulent This study 
4392-1-6 MATl-1 + avimlent Swiegard et al, 1995 
70-15 MATl-1 + virulent Chao & Elingboe, 1991 
AZ12-ordered progeny segregating segregating This study 
AZ23-R-progeny + segregating This study 
AZ17-R-progeny + segregating This study 
AZ19-R-progeny + segregating This study 

Table 2.2. Rice Cultivars used for testing pathogenicity and virulence. 

Name Reference 
M-103 Johnson et ciL, 1990; Smith & Leong, 1994 
M-201 Camahan et al, 1982; Smith & Leong, 1994 
L-202 Tseng ef a/., 1984 
Maratelli Siluet'/a/., 1992 
Sariceltik unpublished 
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(Schleicher & Schuell, Riviera Beach, FL.) was placed on the surface of the media in 

each well and the plates were incubated at 25°C with illumination for 3-7 days until the 

mycelia had grown over the filter disc. The mycelium-embedded filter disc was 

transferred to an empty sterile 24-well plate and desiccated for at least one week. Filter 

discs were archived in sterile glassine stamp envelopes at -20°C in a sealed plastic 

container with desiccant. 

Infection assays. 

Infection assays were performed as described previously by Valent et al. (1991). 

Saraceltik and Maratelli seeds were sown 7-9/pot on opposite sides of one 4-inch pot 

containing vermiculite. Plants were grown in a Conviron E-15 controlled environment 

cabinet (Controlled Envirormients Inc., Pembina, ND) with an illumination cycle of 14-hr 

light (27°C) and 10-hr dark (21°C). The humidity in the growth chamber was maintained 

at 85% RH to prevent M. grisea lesions from sporulating- which could allow cross-

contamination of plants. After 14 days of growth (fourth leaf stage) the seedling pots 

were transferred to plastic bags and sprayed with a defined conidial suspension using a 

Type H artist's airbrush (Paaseke Airbrush Co., Harwood Heights, IL) at ~25-psi. The 

bags were sealed and incubated at room temperature for 18-24 hours after which the 

plants were returned to the growth chamber and grown for six more days. Spore 

suspensions were made by harvesting spores from 10-14 day old conidiating plate 

cultures. Conidia were harvested by rubbing the surface of the plate with a sterile glass 

rod after adding 4ml of sterile 0.25% gelatin. The conidial suspension was drawn off the 
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plate with a glass pipet and filtered through 3 layers of cheesecloth into a 5 ml glass tube. 

Spores were enumerated using a hemacytometer and a total of 4x10^ conidia were 

suspended in a final volume of 4 ml of 0.25% gelatin for spraying on rice seedlings. 

Disease symptoms were observed four to five days post-inoculation and scored 

after seven days. Disease severity was measured using a numeric scale from 0-5 (Valent 

et al, 1991; Figure 2.1). An immune reaction in which no disease symptoms are observed 

= 0; 1 = necrotic flecks with no conidiation; 2 = brown to black sporulating lesions 2- to 

3-mm in diameter with a small tan center; 3 = circular lesions with tan centers; 4 = large 

elliptical sporulating lesions with tan centers that coalesce into continuous lesions; 5 = 

plants severely diseased or dead. Disease reactions type 0 and type 1 are avirulent and 

reaction types 2-5 are virulent. Ambiguous type 1 or type 2 disease reactions are further 

tested by placing an infected leaf segment on a 1.5% water agar plate for 24 hours at 

28°C in the dark. A lesion of type 2 will be able to produce conidia which can be 

observed using a dissecting microscope, but a type 1 lesion will not. 

DNA isolation, manipulation and hybridization. 

Fungal DNA preparation, digestions and gel blot analyses were performed using 

standard protocols (Sambrook & Russell, 2001). Fungal DNA was isolated as described 

by Sweigard et al. (1995 ), digested with restriction enzymes from New England Biolabs 

as recommended by the manufacturer and clectrophoresed on 0.7% agarose gels. DNA 

was visualized by staining gels for 30 minutes in EtBr followed by IJV imaging. DNA 

transfer to nylon membranes and hybridization were performed according to Sambrook & 

Russell (2001). For example, to transfer DNA for Southern analysis, the gels were treated 
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Figure 2.1. M. grisea disease lesion types on susceptible rice leaves. Types 0-1 
represent an incompatible or avirulent phenotype as the fungus is unable to infect the 
host and/or sporulate and complete the disease cycle. Types 2-5 show compatible 
interactions of increasing severity (modified from Valent et al., 1991). 
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8 minutes at room temperature in 0.25M HCl, rinsed twice for 30 seconds in ddHiO, 

followed by 30 minute treatments in each of denaturing (0.5M NaOH, 1.5M NaCl) and 

neutralizing (l.OM Tris-Cl, 1.5M NaCl, pH=7.5) solutions with two 30 second ddH20 

rinses in between. DNA was transferred to nylon membranes by capillary action of a 

20X->2X SSPE concentration gradient. Blots were prepared for hybridization by 

incubating in 2-5 ml of formamide buffer solution (Klessig & Bemy, 1983) at 42°C 

overnight. Radioactive probes were prepared using 10-100 ng of DNA and 25 jiCi of 

dCTP. Probes were denatured by boiling and added to a heat sealed hybridization bag 

containing 2-5 ml of 20% dextran sulfate/80% formamide buffer solution. Hybridization 

took place by shaking @ 65RPM overnight at 42°C. Filters were rinsed first by a 10 

minute rinse in 2X SSPE, 1%SDS at room temperature followed by two 30 minute rinses 

in 0.2XSSPE, 1%SDS at 42°C. 

DNA sequence analysis. 

DNA sequences were analyzed for ORFs and nucleotide frequency using 

MacVector 7.0 (Accelrys, San Diego, CA). Database searches were done using BLAST 

(Altshul et al, 1997). DNA alignments were done in MacVector 7.0 using the CLUSTAL 

algoritlim (Thompson et al. 1994). 

RESULTS 

Analysis of pathogenicity in 4224-7-8 ancestors. 

The M. grisea laboratory strain 4224-7-8 is a fertile rice pathogen resulting from a 

series of backcrosses involving a highly fertile finger millet pathogen, G-22 (WGG-
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FA40), to a rice pathogen, 0-17 (Ken60-19 ) (Dobinson & Hamer, 1992; Valent & 

Chum ley, 1994). The genealogy of 4224-7-8 is shown in Figure 2.2. Rice pathogenicity 

was assayed for all 4224-7-8 ancestors on the universally susceptible rice variety 

Sariceltik, as well as the California cultivars M-201, M-103 and L-202. The virulent 

ancestor 0-17 caused severe blast disease symptoms on all cultivars. Disease symptoms 

on rice were also observed for the original cross progeny, F1 (3853-40-L4A), and the first 

backcross strain, BCl (4027-17-L4A). However, the second backcross strain, 4098-292 

was not pathogenic on any rice variety tested (Figure 2.3). This result is in conflict with a 

published report describing the development of fertile laboratory rice pathogenic strains 

(Dobinson & Flamer, 1992). 

The A VRl-MARA locus in 4224-7-8. 

The positional cloning approach described in chapter 1 had led to identification of 

numerous sequences at th.Q AVRl-MARA locus. Contiguous sequences isolated from the 

centromeric side of ( but inseparable from) A VRl-MARA were analyzed for nucleotide 

frequency, ORFs and database sequence homology. The %GC (Figure 2.4A) was 

abnormally low (32.7%) in this region compared with the genome average of 51.6% 

(ranging from 46.5% for introns to 57.4% in coding regions according to estimates from 

the M. grisea database sequences; w w vv. broad, m i t. edu/an no tati on/fungi /matinaporthe). 

There are 23 ORFs >50 amino acids and 15 ORFs >100 amino acids on this 

contig (Figure 2.4B). With one exception, all are orphans or have homology to 

hypothetical or predicted proteins, with no known function, from sequenced fungal 

genomes (M grisea, Fusarium graminearum, Neurospora crassa). One putative ORF 
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Figure 2.2. The breeding history of M. grisea laboratory strain 4224-7-8. Strains 
represented in blacic font lack AVRl-MARA sequences in hybridization experiments. 
Those in green have the ancestral (G-22) AVRl-MARA locus, and those in red have the 
rearranged locus. The virulent parent, 0-17, is a female sterile rice field isolate. G-22 is a 
highly fertile finger millet pathogen and the original ancestor harboring AVRl-MARA. G-
22 was backcrossed to 0-17 to introduce female fertility into a rice pathogen background. 
Strains 0-111 and 0-137 are rice field isolates that were mated with BC3 to reestablish 
rice pathogenicity (Dobinson & Hamer, 1992). 4375-R-6 and 70-15 are rice pathogens 
that lack AVRl-MARA and show a compatible interaction on Maratelli. 
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Figure 2.3 Pathogenicity phenotypes of 4224-7-8 ancestors. The virulent ancestor 0-17 
produces numerous large lesions and can devastate rice hosts. G-22 is a pathogen of 
finger millet and does not produce disease symptoms on rice. Fl progeny of 0-17 and G-
22 were used in a backcross series with G-22. The strain 4098-292, a hybrid strain 
resulting from BC2 and G-22, is not pathogenic on rice. The lab strain 4224-7-8 has 
background pathogenicity genes reintroduced after crosses with 0-111 and 0-137. It is 
pathogenic on rice (Sariceltik) but gives an incompatible reaction on Maratelli due to the 
avirulence gene AVRJ -MARA. 
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Figure 2.4. Graphical display of sequence information from a 12 kb contig at the AVRl-
MARA locus. (A) Dinucleotide frequencies are unusually high in %AT, and (B) a map of 
ORFs reveals 23 that are >50 amino acids. 
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was identified using BLASTx that aligned with a portion of the Podospora anserina Het-

e2. The alignment spanned approximately 75-100 amino acids with 30% identity and an 

expect score of le"'''. Het-e2 is a locus that controls vegetative incompatibility in P. 

anserina (Espagne et al, 2002). A second ORF located outside the 12kb contig, encodes 

a putative protein that aligns with an oxidoreductase from a Clavicepspurpurea peptide 

synthase. A BLASTp search using the oxidoreductase as a query gives an expect score of 

3e""^" and shows 39% identity in an alignment over 200 amino acids with the C. purpurea 

ortholog. Sequences inseparable from A VRI-MARA were also analyzed for the presence 

of DNA repeats such as transposons and retrotransposons. Three of the knovm M. grisea 

DNA repeats were present aXAVRl-MARA; Pot2, MGR 608 and REPl. These DNA 

repeats were not found within the contiguous sequences displayed in Figure 2.4, but they 

reside within adjacent sequences that are also inseparable from A VRl-MARA. 

Creation of a rice pathogenic strain containing the ancestral A VRl-MARA locus. 

Southern hybridization analysis of ancestors of 4224-7-8 identified 

polymorphisms inseparable fxomAVRl-MARA. The DNA clone AM49 containing a non-

repetitive 1.3-kb BamWl-EcoKl fragment inseparable f^ovaAVRl-MARA was used to 

probe E'coRl-digested genomic DNA from 4224-7-8 and its ancestors. This probe 

hybridized to a ~1.5-kb restriction fragment in the ancestors G-22 and 4298-292 but 

hybridized to a larger ~3-kb fragment in strains subsequent to cross 4134 (Figure 2.5). 
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Figure 2.5 Southern blot analysis of AYR I-MARA in 4224-7-8 and its ancestors (M.A. 
Mandel, unpublished). The avirulent parent (G-22) contains a ~1.5-kb EcdRl restriction 
fragment that is hybridized when probed with the AVRJ-MARA marker, AM49. The 
hybridization pattern for the second backcross progeny (4092-292) appears identical to 
G-22. However, all avirulent progeny subsequent to the third backcross (4134) contain a 
different hybridizing EcoRl restriction fragment. 
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Since both parents of cross 4134 (G-22 and 4098-292) have the same hybridization 

pattern when probed with this A VRI-KIARA marker it is surprising that a polymorphism 

is seen in their descendent 4134-11-2. One explanation for this observation is the 

occurrence of a genomic or chromosomal rearrangement at meiosis during cross 4134. If 

a rearrangement had taken place, the difficulties in cloning A VRJ-MARA sequences may 

be related to the genetic reorganization. If so, AVRl-MARA may be inore readily isolated 

in its original, ancestral context. Therefore I attempted to create an M. grisea rice 

pathogen strain containing the ancestral A VRI-MARA locus by mating a rice pathogen 

virulent on Maratelli (4375-R-6) with 4098-292. This cross was called AZ12 (Table 2.1). 

The parent 4098-292 is non-pathogenic on rice meaning that it does not cause blast 

symptoms on any rice cultivar tested. For this reason, a number of the AZ12 progeny 

were also unable to infect any available rice cultivars and their phenotype on Maratelli 

could not be evaluated. Fifty per cent (23/46) were observed to cause blast symptoms on 

the universally susceptible cultivar Sariceltik. These 23 rice pathogenic progeny were 

tested for their disea.se phenotype on Maratelli. Any strains possessing the avirulence 

gene from 4098-292 will be unable to cause disease on Maratelli as this gene encodes an 

elicitor of defense that leads to an incompatible disease phenotype on this cultivar. Four 

of the 23 rice pathogenic isolates were virulent on Maratelli with 19/23 showing an 

avirulent phenotype. Additionally, 21 of the 46 progenies isolated from this cross were 

MATJ-1, 24 were MAT 1-2 and one was sterile. 
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DNA hybridization analysis showed that, when probed with AM49, 12/23 rice 

pathogens hybridized to the same restriction fragment as 4098-292 indicating inheritance 

of sequences inseparable from the ancestral /I VRl-MA RA locus. However, the avirulence 

phenotype no longer co-segregated with the physical marker AM49 (Figure 2.6). 

Genetic analyses of avirulence on Maretelli. 

A genetic approach was taken to analyze the avirulent phenot>pe observed in the 

AZ12 progeny. A detailed list of crosses performed is given in Appendix 1. The 

avirulence locus in strain AZ12-3-4 was analyzed in the progeny of cross AZ23 (Table 

2.1). This cross was done using AZ 12-3-4 (MAT1 -2: A VR-MARA) and 70-15 (MATl-1; 

avr-MARA) as parents. AZ12-3-4 is a rice pathogen that causes disease on Sariceltik, but 

has an incompatible interaction on Maratelli. 70-15 is a rice pathogen with a compatible 

disease phenotype on both Sariceltik and Maratelli. Sixty progenies were isolated from 

the AZ23 cross, 56 of which were pathogenic on Sariceltik. Twenty-three AZ23 

progenies were virulent on Maratelli and 33/56 were avirulent. This ratio is most 

consistent with an avirulent allele and a virulent allele segregating at a single locus (Table 

2.3). 

The avirulence gene segregating in cross AZ23 was tested for complementation 

with A VRl-MARA and A VR2-MARA. Cross AZ17 was to test allelism with A VRl-MARA 

by crossing AZ 12-3-4 {MATl-2; AVR-MARA) and 4224-7-8 (MATI-1; AVRJ-MARA). 

Cross AZ19 was to test allelism with A VR2-MARA by crossing AZ 12-3-4 and 4392-1-6 

(MATl-1: A VR2-MARA ). The disease phenotypes of AZ 17 progeny on Maratelli showed 
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Figure 2.6 Hybridization pattern of AZ12 progeny with the AVRl-MARA probe AM49. 
AZ12 progeny that hybridize AM49 have the same pattern as G-22 and 4098-292 (~1.5-
kb restriction fragment) indicating inheritance of those sequences in the ancestral 
context without rearrangement. However, the hybridization pattern no longer co-
segregates with the avirulence phenotype, which is represented by 'A' for avirulent or 
'V for virulent, on Maratelli 



Table2.3. Segregation ratios of M. grisea avirulence genes conferring incompatibility on Maratelli. 

Expected Ratio 
Parent Genotvne Observed Ratio Single Locus Two Loci 

Cross# AYR J-MARA AVR2-MARA AVR-MARA avr-mara AVR:VTR AVR:V1R (X") AVR:VIR fX') 
AZ17 4224-7-8 AZ12-3-4 44:13 57:0(5.9) 43:13 (0.46^) 
AZ19 4392-1-6 AZ12-3-4 87:8 95:0 («') 71:24(14.27) 
AZ23 AZ12-3-4 70-15 33:23 28:28(1.79^^ 42:14(7.714) 

P>0.05 that chance deviations could give these ratios. 
'' = any deviation due to segregation will make the denominator - 0. This indicates that if the phenotype is 
controlled at a single locus it is impossible for the ratio to deviate from 95:0. 
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13/57 were virulent, which is consistent with two independently segregating AVR gene 

loci (Table 2.3). Since 8/95 AZ19 progenies were virulent on Maratelli it must be 

concluded that there are also two loci controlling avirulence in this cross. If the parents 

had the same avirulence locus 100% of the progeny would be expected to be avirulent on 

Maratelli. However, independently segregating loci would be e.xpected to produce 24 

virulent progeny (25% of 95). The deviation from this ratio cannot be explained by 

random variation (X =14.27 or P<0.01) indicatmg that although there are two segregating 

avirulence genes the loci may be physically linked (Table 2.3). 

DISCUSSION 

M. grisea has been used as a model system for the genetic analysis of avirulence 

genes that induce major gene resistance in cereals (Valent & Chumley. 1991; 1994). With 

the discovery of the perfect stage of Pyricularia grisea by Hebert (1971), and the 

discovery and creation of fertile rice isolates, genetic analysis of loci controlling gene-

for-gene resistance on rice has been fruitful. A number of avirulence loci have been 

identified in M. grisea that are responsible for differential reactions on various cultivars 

or species (Valent et al.. 1991; Notteghem et al, 1994; Dioh et al. 2002). Until recently, 

however, only two AVR loci controlling resistance on the rice cultivar Maratelli had been 

described (Valent et al, 1991). Interestingly, these avirulence genes that give 

incompatibility on Maratelli did not originate in an M. grisea isolate that infects rice, but 

rather an Eleusine coracana (L.) Gaertn. (finger millet) pathogen, known as G-22 or 

WGG-FA40 (Yaegashi & Asaga, 1981). The presence of AVR effector molecules from 
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grass pathogens that are active in rice plants is not an uncommon observation (Valent et 

al, 1991; Valent & Chumley, \99A). AVRl-MARA mdAVR2-MARA map to 

chromosomes 2 and 7 in strains 4224-7-8 and 4392-1-6 respectively and both reside 

within a region of low sequence complexity that is resistant to cloning in E. coli and 

therefore under-represented in genomic libraries (Mandel et al, 1997; Harper, 2001). My 

analyses of 12kb of contxgxxom AVRl-MARA sequences reported in this manuscript 

confirm that they are AT-rich and demonstrate that they contain few predicted ORFs, 

only one of which has homology to a database sequence with known function. A Het-e2 

motif aligned with sequences aX AVRl-MARA, however the metabolic function of Het-e2 

is not known. This ORF was an interesting candidate for as an avirulence factor as it is 

demonstrated to have a role in incompatibility at the level of ftingal species or strain in a 

manner that parallels cultivar-specific incompatibility in gene-for-gene resistance. Het-

alleles in filamentous fungi regulate the ability of fungi to form viable heterokaryotic 

fusions between two different wild-type strains, l lyphal fusions that bring together nuclei 

with incompatible Het- alleles lead to death of the heterokaryotic cells(s). The only 

common motifs observed in vegetative incompatibility proteins are GTP-binding 

domains and WD40 repeats that may mediate protein-protein interactions (Saupe et al, 

2000). 

In addition to sequence analyses at A VRl-MARA, I report a third avirulence locus 

in M. grisea conditioning incompatibility on Maratelli. This novel avirulence locus was 

identified in a lab strain AZ12-3-4 that came from the parents 4098-292 and 4375-R-6. 

The origin of this avirulence gene is also traced to the finger millet pathogen G-22. In 
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cross hZAl, this gene segregates independently from A VRl-MARA and does not co-

segregate with marker sequences such as AM49 that are inseparable f^om AVRl-MARA 

in strain 4224-7-8. Co-segregation of other A VRl-MARA markers with avirulence is 

discussed in Chapter 3 of this thesis (see Figure 3.5). Likewise, some virulent progeny 

were isolated from cross AZl 9 that involved an A VRl-MARA parent indicating that 

recombination occurs between the new avirulence locus and A VR2-MARA, however the 

segregation ratios indicate physical linkage. The discovery of a new avimlence locus 

from 4098-292 was surprising. We had anticipated that 4098-292 had a single avirulence 

locus for interaction with Maratelli that was allelic to its descendent locus in 4224-7-8. 

However, the inability of 4098-292 to cause disease on rice makes it impossible to 

determine how many Marate 11 i-interacting avirulence genes are expressed in this strain 

and it is possible that other avirulence loci that could function when in rice cultivars, exist 

in G-22 or 4098-292. Additional elicitors from these grass pathogens may be identified 

once they are expressed in M. grisea backgrounds that are pathogenic on rice. 

The polymorphism at A VRl-MARA observed in Southern hybridization (after 

cross 4134, see Figure 2.5) may be the result of a DNA rearrangement that occurred 

during meiosis. Some unstable avirulence loci in M. grisea map to chromosome ends, for 

example two avirulence genes (A VR-Pita and A VRl-TSUY) reside in sub-telomeric 

regions that are characteristically rich in repetitive sequences (Dioh et al, 2000). The 

telomere-linked avirulence gene A VR-Pita undergoes frequent spontaneous mutation 

leading to occasional virulent lesions on resistant rice varieties (Orbach el al. 2000). 

Spontaneous rearrangement, deletion and translocation have also been demonstrated at 
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other M. grisea loci. These loci include smo (Hamer et al, 1989), huf (Farman, 2002) 

and avirulence genes A VRl-Co39, and PWL2 (Valent & Chumley, 1994; Farman et al, 

2002). Additionally, some loci in M. grisea and other Ascomycetes exhibit frequent 

meiotic instability (Pitkin et al, 2000) that may be correlated with the presence of 

repetitive DNA (Farman et al, 2002). Similar examples of meiotic instability have been 

described in human chromosomes (Yi et al, 2000). AVRl-MARA mdAVR2-MARA do 

not map near a telomere and are demonstrated to be durable, as spontaneous virulent 

lesions are extremely rare (Harper, 2001. Mandel et al, 1997). However, iho, AVRl-

MARA locus appears to have undergone a major rearrangement, possibly during meiosis, 

as demonstrated in this study and when compared to the virulent locus from 4392-1-6 

(Mandel et al, 1997). The absence of sequences at the virulent locus in strain 4392-1-6 

appears similar to virulent loci of avr-Co39 that have undergone deletion (Farman et al, 

2002). We propose that it is more likely that the A VRl-MARA locus in 4224-7-8 was 

created by insertion of a large AT-rich fragment during a hybrid mating. Thus the A VRl-

MARA sequences appear to be missing in 4392-1-6 because it does not have the same 

translocational rearrangement in its history. Therefore, the A VRl-MARA gene may be 

present in 4392-1-6 but as a non-functioning allele as this strain is virulent on Maratelli. 

AVRl-MARA and AVR2-MARA are present in AT-rich regions that contain DNA 

repeats. These AT-rich sequences are unstable when cloncd in E. coli. Genomic regions 

that arc high in %AT are suggested to be sinks for transposable element insertion based 

on possible structural or sequence requirements for insertion (Farman et al, 1996; 

Kacliroo et al, 1994; 1995). If this is true, the A VRl-MARA locus may be a more highly 
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targeted genomic region for the accumulation of transposable DNA elements. Sequences 

from three known DNA repeats were identified at A VRl-MARA; Pol2, REP], and 

MGR608. Repetitive DNA can affect genomic plasticity and architecture via ectopic 

recombination (Daboussi, 1997; Wostermeyer & Kreibich, 2002; Kidwell & Holyoake, 

2001; Shnyreva, 2003). Ectopic recombination could lead to unequal crossing over and 

deletion, duplication, inversion or translocation (Gray, 2000). This has been demonstrated 

in a few fungi, namely S. cerevisiae (Curcio et al, 1994). and Fusarium oxysporum 

(Daviere et al., 2001), the latter showing a high level of chromosomal rearrangement and 

polymorphism correlated with transposon clustering. Additionally, it is speculated that 

active transposons lead to transfer or inversion of large DNA segments during 

transposition, or changes in gene transcription or expression due to transposon insertion 

or excision (Daboussi. 1997; Shnyreva, 2003). The accumulation of repeated DNA 

elements and active transposons at genctic loci that restrict host range could provide 

advantages to pathogenic microbes such as M. grisea. The increased probability 

spontaneous mutation at an avirulence locus could increase the frequency virulent 

mutants and thus speed the evolution of compatible pathotypes among M. grisea 

populations where major gene resistance is used to manage blast. The effect of repeated 

DNA on genome evolution may be especially significant in rice-infecting populations of 

M. grisea, as they appear to propagate asexually in the field (Dayakar et al, 2000). In the 

absence of the sexual cycle, combinations of pathogenicity and virulence genes are not 

reshuffled therefore the only mechanism for evolution of new disease specificities is by 

mutation, rearrangement or changes in transcriptional regulation. Clustered DNA repeats. 
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mitotic instability and active transposition could increase the frequency of these genetic 

events and at least partially explain the spontaneous appearance of resistance breaking 

strains of M. grisea that rapidly appear in rice fields making most major gene resistances 

short-lived. A characterization of avirulence genes in the M grisea genome sequence 

clearly shows that repeated DNAs are more likely to cluster at avirulence loci when 

compared with genes unrelated to pathogenicity or virulence (Figure 2.7). 

These data support the hypothesis that translocation of a large AT-rich DNA 

fragment is responsible for a genome rearrangement involving the avirulence gene AVRl-

MARA. The rearrangement occurred during cross 4134 and is supported by the genetic 

segregation and hybridization patterns described here. The uncoupling of the avirulent 

phenotype and marker segregation would result from a translocation of sequences 

containing In this case, the marker AM49 would only co-segregate with 

avirulence after the translocation. A translocation of this type would also be detected 

genetically as two independently segregating avirulence loci when a cross was performed 

between two strains, one from before and one from after the translocation. In reality the 

phenotype would be due to a single elicitor molecule encoded by a paralogous but 

previously identical avirulence gene. Further characterization of the un-rearranged 

ancestral A VR1 -MAR/i locus is discussed in Chapter 3 of this thesis. 



200 

IREPL 
PYRET 
MGR608 
MGR619 

AVR-Pita Telomere 
Hexameric 
Repeat 

IRETROS 
IMGR568 

MAGGY 

mi • 
Pwll 

Pwll 

Pwl3 

Figure 2.7. Repeated DNA elements at avirulence loci in the 70-15 genome. Orthologs of 
isolated avirulence genes from M. grisea {AVR-Pita and PWL genes) were identified in 
the 70-15 genome (M.W. Harding, unpublished). These avirulence loci were surveyed for 
the presence of known DNA repeats and compared with regions containing essential or 
housekeeping genes (p-tubulin a-actinin, ARG2, TRP3). DNA repeats including REPl, 
PYRET, MGR608, MGR619, MGR568, RETR05 and MAGGY were abundant at 
avirulence loci. Conversely, no DNA repeats were found at other loci such as those 
harboring housekeeping or essential genes. 



201 

REFERENCES 

Alschul, S.F., T.L. Madden, A.A. Schaffer, J. Zhang, Z. Zhang, W. Miller and D.J. 
Lipman. 1997. Gapped BLAST and PSI-BLAST: A new generation of protein database 
search programs. Nucleic Acids Res., 25: 3389-3402. 

Bohnert, H.U., I. Fudal, W. Dioh, D. Tharreau, J.L. Notteghem and M.H. Lebrun. 2001. 
The avirulence gene ACEl (AVRl-IratT) of the rice blast fungus Magnaporthe grisea 
encodes a polyketide synthase. Fungal Genetics Newsletter, 48-Suppl: 100. 

Borromeo, E., R. Nelson, M. Bonman and H. Lueng. 1993. Genetic differentiation among 
isolates of Pyricularia infecting rice and weed hosts. Phytopathology, 83: 393-466. 

Camahan, H.L., C.W. Johnson, S.T. Tseng, J.J. Osier and J.E. Hill. 1982. Registration of 
'M-201' rice. Crop Sci., 22: 1087-1088. 

Chao, C. and A.H. Ellingboe. 1991. Selection for mating competence in Magnaporthe 
grisea pathogenic to rice. Can. J. Bot., 69: 2130-2134. 

Crawford, M.S., F.G. Chumley, C.G. Weaver and B. Valent. 1986. Characterization of 
the heterokaryotic and vegetative diploid phases of Magnaporthe grisea. Genetics, 114: 
1111-1129. 

Curcio, M.J. and D.J. Garfinkel. 1994. Heterogeneous functional Tyl elements are 
abundant in the Saccharomyces cerevisiae genome. Genetics, 136: 1245-1255. 

Daboussi, M.J. 1997. Fungal transposable elements and genome evolution. Genetica, 
100: 253-260. 

Daviere, J.M., T. Langin and M.J. Daboussi. 2001. Potential role of transposable 
elements in the rapid reorganization of the Fusarium oxysporum genome. Fungal Genet. 
Biol., 34: 177-185. 

Dayakar, B.V., N.N. Narayanan and S. Gnanamanickam. 2000. Cross-compatibility and 
distribution of mating type alleles of the rice blast fungus Magnaporthe grisea in India. 
Plant Disease, 84: 700-704. 

Dioh, W., D. Tharreau. J.L. Notteghem. M. Orbach and M.H. Lebrun. 2000. Mapping of 
avirulence genes in the rice blast fungus. Magnaporthe grisea, with RFLP and RAPD 
markers. Molecular Plant-Microbe Interactions, 13: 217-227. 

Dobinson, K.F. and J.E. Hamer. 1992. Magnaporthe grisea, in Molecular Biology of 
Filamentous Fungi. U. Stahl and P. Tudzynski, Editors, Weinheim: New York. p. 67-86. 



202 

Espagne E, P. Balhadere, M.L. Penin, C. Barreau, and B. Turcq. 2002. HET-E and HET-
D belong to a new subfamily of WD40 proteins involved in vegetative incompatibility 
specificity in the fungus Podospora anserina. Genetics, 161:71-81. 

Farman, M.L. 2002. Meiotic deletion at the BUFJ locus of the fungus Magnaporthe 
grisea is controlled by interaction with the homologous chromosome. Genetics, 160: 137-
148. 

Farman, ML.. Y. Tosa, N. Nitta and S.A. Lcong. 1996. MAGGY, a retrotransposon in the 
genome of the rice blast fungus Magnaporthe grisea. Mo I. Gen. Genet., 251: 665-674. 

Farman. M.L. and S.A. Lcong. 1998. Chromosome walking to the A VRl-Co39 avirulence 
gene of Magnaporthe grisea - discrepancy between the physical and genetic maps. 
Genetics, 150: 1049-1058. 

Farman, M.L., Y. Eto, T. Nakao, Y. Tosa, H. Nakayashiki, S. Mayama and S.A. Leong. 
2002. Analysis of the structure of the AVRl-COS 9 avirulence locus in virulent rice-
infecting isolates of Magnaporthe grisea. Mol. Plant Microbe Interact., 15:6-16. 

Flor, H.H. 1956. The complementary genie systems in flax and flax rust Adv. Genet., 8: 
29-54. 

Hamer, J.E., B. Valent and F.G. Chumley. 1989. Mutations at the SMO genetic locus 
affect the shape of diverse cell types in the rice blast fiingus. Genetics, 122: 351-361. 

Harper, T.M. 2001. The avirulence gene A VR2-MARA of the pathogenic fungus 
Magnaporthe grisea. Ph.D. Thesis, Department of Plant Pathology, University of 
Arizona: Tucson. 

Hebert, T.T. 1971 . The t stage of Pyricularia grisea. Phytopathology, 61: 83-87. 

Johnson, C.W.. ILL. Carnahan, S.T. Tseng, J.J. Oster, K.S. McKcnzie, J.E. Hill. J.N. 
Rutger and D.M. Brandon. 1990. Registration of'M-103' Rice. Crop Sci., 30: 960-961. 

Joosten, M.H.A.J., R. Vogelsang, T.J. Cozijnsen, M.C. Verberne and P.J.G.M. De Wit. 
1997. The biotrophic fungus Clasdosporium fulvum circumvents C/-4-medialed 
resistance by producing unstable A VR4 elicitors. Plant Cell, 9: 367-379. 

Kachroo, P., S.A. Leong and B.B. Chattoo. 1994. Pot2, an inverted repeat transposon 
from the rice blast fungus Magnaporthe grisea. Mol. Gen. Genet.. 245: 339-48. 

Kachroo. P., S.A. Leong and B.B. Chattoo. 1995. Mg-SINE: a short interspersed nuclear 
element from the rice blast fungus, Magnaporthe grisea. Proc. Natl. Acad. Sci. USA, 92: 
11125-11129. 



203 

Kang, S.C., J.A. Sweigard and B. Valent. 1995. The Pwl host specificity gene family in 
the blast fungus Magnaporthe grisea. Mol. Plant-Microbe Interact., 8; 939-948. 

Kidwell, M.G. and A.J. Ilolyoake. 2001. Trasposon-induced hotspots for genomic 
instability. Genome Res.. 11; 1321-1322. 

Kiyosawa, S., D.J. Mackill, J.M. Bonman, Y. Tanaka and Z.Z. Ling. 1986. An attempt of 
classification of world's rice varieties based on reaction pattern to blast fungus strains. 
Bull. Natl. Inst. Agrobiol. Resources, 2; 13-39. 

Klessig, D.F., and J.Q. Bemy. 1983. Plant Mol. Biol. Rep., 1:12-18. 

Lauge, R. and P. Dewit. 1998. Fungal avirulcnce genes- structure and possible functions. 
Fungal Genet. Biol., 24; 285-297. 

Leung, H., e.S. Borromeo, M.A. Bernardo and J.L. Notteghem. 1988. Genetic analysis of 
virulence in the rice blast fungus Magnaporthe grisea. Phytopathology, 78; 1227-1233. 

Leung, H. and M. Taga. 1988. Magnaporthe grisea (Pyrocularia grisea), the blast 
fungus. Adv. Plant Pathol., 6: 175-188. 

Mandel, M.A., V.W. Crouch, T.M. Harper and M.J. Orbach. 1997. Physical mapping of 
the Magnaporthe grisea AVRl-MARA gene reveals the virulent allele contains two 
deletions. Mol. Plant-Microbe Interact., 10:1102-1105. 

Mekwatanakarn, P., W. Kositratana, M. Levy and R.S. Zeigler. 2000. Pathotype and 
aviulence gene diversity of Pyricularia grisea in Thailand as determined by rice lines 
near-isogenic for major resistance genes. Plant Dis., 84: 60-70. 

Mitchell, T.K., M.R. Thon, J.-S. Jeong, D. Brown, J. Deng and R.A. Dean. 2003. The rice 
blast pathosystem as a case study for the development of new tools and raw materials for 
genome analysis of fungal plant pathogens. New PhytoL, 159; 53-61. 

Nitta, N., M.L. Farman and S.A. Leong. 1997. Genome organization of Magnaporthe 
grisea - Integration of genetic maps, clustering of transposable elements and 
identification of genome duplications and rearrangements. Theor. App. Genet., 95: 20-32. 

Notteghem, J.L., D. Tharreau, D. Silue and E. Roumen. 1994. Present knowledge on rice 
resistance genetics and strategies for analysis of M. grisea pathogenicity and avirulence 
genes, in Rice Blast Disease. r.s. Zeigler, S.A. Leong, and p.s. Teng, Editors, CAB 
International: Wallingford. p. 155-166. 



204 

Orbach, M.J., L. Farrall, J.A. Sweigard, F.G. Chumlcy and B. Valent. 2000. A telomeric 
avirulence gene determines efficacy for the rice blast resistance gene Pi-ta. Plant Cell, 
12:2019-2032. 

Ou, S.H. 1985. Rice Diseases.2"^* ed. Fery Lane: C.A.B. International Mycological 
Institute. 

Pitkin, J.W., A. Nikolskaya, J.H. Ahn and J.D. Walton. 2000. Reduced virulence caused 
by meiotic instability of the T0X2 chromosome of the maize pathogen Cochliobolus 
carhonum. Mol Plant-Microbe Interac., 13: 80-87. 

Rohe, M., A. Gierlich, H. Hermann, M. Hahn, B. Schimdt, S. Rosahl and W. Knogge. 
1995. The race-specific elicitor, NlPl, from the barley pathogen, Rhynchosporium 
secalis, determ ines avirulence on host plants of the Rrsl resistance genotype. The EMBO 
Journal, 14: 4168-4177. 

Ronald, P.C. 1997. The molecular basis of disease resistance in rice. Plant Mol. Biol., 35: 
179-186. 

Sambrook, J., and D.W. Russell. 2001. Molecular Cloning: A Laboratory Manual. 3"^*^ ed.. 
Cold Spring Harbor: New York. 

Saupe S.J., C. Clave, and J. Begueret. 2000. Vegetative incompatibility in filamentous 
fungi: Podospora and Neurospora provide some clues. Curr Opin Microbiol., 3: 608-612. 

Shnyreva, A.V. 2003. Transposable elements are the factors involved in various 
rearrangements and modifications of the fungal genomes. Russian J. Genet., 39: 505-518. 

Silue, D., J.L. Notteghem and D. Tharreau. 1992. Evidence for a gene-for-gene 
relationship in the Oryza sativa-Magnaporthe grisea pathosystem. Phytopathology, 82: 
577-580. 

Smith, H.B. 1999. More than just a surface thing: Rice infection by Magnaporthe grisea. 
Plant Cell, 11: 1815-1817. 

Smith, J.R. and S.A. Leong. 1994. Mapping of a Magnaporthe grisea locus affecting rice 
{Oryza saliva) cultivar specificity. T'heoret. Appl. Genet.. 88: 901-908. 

Sweigard, J.A., A.M. Carroll, S. Kang, L. Farrall. F.G. Chumley and B. Valent. 1995. 
Identification, cloning, and characterization of PWL2, a gene for host species specificity 
in the rice blast fungus. Plant Cell, 7: 1221-1233. 

Sweigard. J.A.. B. Valent. M.J. Orbach. A.M. Walter, A. Rafalski and F.G. Chumley. 
1993. Genetic map of the ricc blast fungus Magnaporthe grisea. in Genetic Maps 6th 



205 

edition. S.J. 0"Brien. Editor, Cold Spring Harbor Laboratory Press: Cold Spring Harbor. 
NY. p. 3.112-3.115. 

Talbot, N.J. 2003. On the trail of a cereal killer: exploring the biology of Magnaporthe 
grisea. Annu. Rev. Microbiol., 57: 177-202. 

Thompson, J.D., D.G. Higgins and TJ. Gibson. 1994. CLUSTAL-W- Improving the 
sensitivity of progressive multiple sequence alignment through sequence weighting, 
position-specific gap penalties and weight matrix choice. Nucleic Acids Res., 22: 4673-
4680. 

Tseng, S.T., H.L. Carnahan, C.W. Johnson. J.J. Oster, J.E. Hill and S.C. Scardaci. 1984. 
Registration of'L-202' rice. Crop Sci., 24: 1213-1214. 

Valent, B. and F.G. Chumley. 1994. A virulence genes and mechanisms of genetic 
instability in the rice blast fungus, in Rice Blast Disease. P.S.Teng,.S.A,Leong and. R. S. 
Zeigler, Editors, CAB International: Wallingford. UK. p. 111-134. 

Valent, B., M.S. Crawford, C.G. Weaver and F.G. Chumley. 1986. Genetic studies of 
fertility and pathogenicity in Magnaporthe grisea (Pyricularia oryzae). Iowa State J Res, 
60: 569-594. 

Valent, B. and F.G. Chumley. 1991. Molecular genetic analysis of the rice blast fungus, 
Magnaporthe grisea. Annu. Rev. Phytopathol., 29: 443-467. 

Valent, B., L. Farrall and F.G. Chumley. 1991. Magnaporthe grisea genes for 
pathogenicity and virulence identified through a series of backcrosses. Genet., 127: 87-
101 

Van den Ackerveken. G.F.J.M., P. Vossen and P.J.G.M. De Wit. 1993. fhe A VR9 race-
specific elicitor of Cladosporium fiilvum is processed by endogenous and plant proteases. 
Plant Physiol., 103: 91-96. 

van't Slot, K.A.E. and W. Knogge. 2002. A dual role for microbial pathogen-derived 
effector proteins in plant disease and resistance. Critical Rev. Plant Sci., 21: 229-271. 

Wostemeyer, J. and A. Kreibich. 2002. Repetitive DNA elements in fungi (Mycota): 
impact on genomic architecture and evolution. Curr. Genet.. 41: 189-198. 

Xu, J.R. and C.Y. Xue. 2002. Time for a blast: genomics of Magnaporthe grisea. 
Molecular Plant Pathology, 3: 173-176. 

Yaegashi. H. and A saga, K. 1981. Further studies on the inheritance of pathogenicity in 
crosses of Pyricularia oryzae with Pyricularia sp. from Finger Millet. Ann Phytopath. 



206 

Soc. Japan 47; 677-679. 

Yamada, M. 1985. Pathogenic specialization of rice blast fungus in Japan. Jap. Agric. 
Res. Q., 19; 178-183. 

Yi, Y.. E.E. Eichler, S. Schwartz and R.D. Nicholls. 2000. Structure of chromosomal 
duplicons and their role in mediating human genomic disorders. Genome Res., 10; 597-
610. 



207 

III. A GENOME REARRANGEMENT INVOLVING A LARGE AT RICH 
FRAGMENT IS RESPONSIBLE FOR TRANSLOCATION OF AN 
AVIRULENCE GENE IN THE RICE BLAST FUNGUS 
MAGNA PORTHE G RISE A. 

ABSTRACT 

The avirulence gene A VRI-MARA from M. grisea confers an incompatible phenotype on 

rice cultivar Maratelli. It is located within or near a large AT-rich DNA island that was 

involved in a genome rearrangement. The reorganization of A VRI-MARA sequences 

appears to have occurred during meiosis in a backcross mating event (cross 4134) 

involving the grass isolate G-22. The rearrangement is detectable genetically as the 

A VRI-MARA locus segregates independently from the ancestral avirulence locus present 

in strains prior to cross 4134. Molecular detection of the translocation is demonstrated by 

DNA markers for A VRI-MARA that only follow the avirulent phenotype subsequent to 

cross 4134. CHEF electrophoretic separation of chromosome-sized DNA shows that the 

AT-rich sequences are located on one of the larger M grisea chromosomes both before 

and after cross 4134. Hybridization of CHEF blots indicates that two chromosomes may 

have been involved in a translocation, however a reorganization of chromosome 2 cannot 

be ruled out. The AT-rich DNA fragment that was translocated during cross 4134 is 

>50Kb. 

INTRODUCTION 

Rice blast disease is caused by the Ascomycete fungus Magnaporthe grisea (Hebert) Barr 

(Hebert, 1971; Barr, 1977). In addition to rice, other cultivated cereal crops and grasses 
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are subject to infection by M. grisea. Rice is the world's most important staple crop used 

for human nutrition (Smith, 1999). The grim economic consequences of field epidemics 

make blast one of the most dangerous threats to rice production world-wide (Ou, 1985; 

Lee, 1994). The presence of blast in all rice growing areas, including California, and a 

recent blast epidemic in Bhutan demonstrate that its impact on global rice production is 

current and extensive (Thinlay et al, 2000). Rice cultivars expressing major gene 

resistance are the foundation of blast disease management. Major gene resistance (also 

called gene-for-gene) is controlled by a single dominant resistance (R) gene that is 

induced by a complementary elicitor molecule from the pathogen. The elicitor is encoded 

by an avirulence (AVR) gene that must be expressed by the pathogen in order for defense 

to function. One advantage of a single genetic locus responsible for host resistance is that 

it can be readily introgressed to desired cultivars by plant breeders. However, the 

resistance is generally not long-lived in the field due to the appearance of spontaneous 

virulent races of the pathogen. Intense negative selection against the pathogen's AVR 

locus leads to the rise of spontaneous virulent mutants and the rapid breakdown of 

resistance within a few years (Leung and Taga, 1988). Gene-for-gene resistance may be 

transitory but it is so effective that it remains the standard means of disease management. 

The genetic basis of this resistance has been studied for many years since H.H. Flor first 

described it in 1956. however the molecular interactions between plants and microbes 

responsible for the phenotype are poorly understood. Most of the available infonnation 

regarding microbial elicitors of defense comes from bacterial AVR genes (Dangl, 1994, 

Leach & White. 1996; Vivian & Gibbon, 1997; van't Slot & Knogge, 2002). but even the 
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>40 cloned bacterial AVR genes fail to reveal much regarding molecular mechanisms of 

gene-for-gene resistance. 

While M. grisea is a constant menace to producers it is also a model research 

organism in fungal biology and pathology (Valent, and Chumley, 1991; Mitchell et al, 

2003). The ability to easily culture the asexual and sexual phases of the life cycle in 

axenic laboratory conditions makes M. grisea a useful experimental organism. Classical 

and molecular genetic approaches have been fruitful in characterizing the genetic bases 

for early stages of infection and for host specificity. For example, many of the molecular 

mechanisms necessary for appressorium formation are well defined (reviewed in Dean, 

1997; Talbot, 2003) and numerous AVR loci have been characterized (Valent & 

Chumley, 1991; 1994; Notteghem et al., 1994; Dioh el al, 2000). The M. grisea AVR 

genes PWL2 (Sweigard et al, 1995), A VRl-Co39 (Farman et al, 1998), A VR-ACEJ 

(Bohnert et al, 2001) and A VR-Fita (Orbach et al 2000) have been isolated and provide 

the first clues regarding diverse mechanisms of fiingal elicitors in gene-for-gene 

resistance. For example, the analysis of A VR-Pita demonstrated that a fungal AVR 

protein can physically interact with the corresponding plant resistance protein and that the 

AVR protein (a predicted mctalloprotease) requires an intact catalytic domain (Jia et al, 

2001). Additionally, A VR-ACEl is a polyketide synthase that likely produces a secondary 

metabolite elicitor (Bohnert et al, 2001). Genome wide analysis of rice blast 

pathogenicity and rice resistance is now a reality with the sequencing of the M. grisea 

and rice genomes (Mitchell et al. 2003; Xu & Xue, 2002). 
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Analysis of the structure of the M grisea genome shows that, in contrast to 

Neurospora crassa, there are numerous repeated DNA elements (in addition to the rDNA 

clusters) and these repeats are not randomly distributed, but appear to be clustered 

(Nishimura et al, 1998). These repeats include reiterations of short simple sequences 

such as microsatellites, and transposable elements. Representatives from both classes of 

transposable elements have been discovered in M. grisea. Type I Gypsy, Copia and LTSfE 

retrons, as well as SINES and Type II transposons from the Fot group have been 

characterized (Table 3.2). Some elements are present in high copy numbers and rice host-

specificity is often correlated with amplification of repeats. In M grisea, AVR genes are 

frequently flanked by repeats or are sites of transposon insertion (Kang et al, 2001; 

Bohnert et al, 2001; Farman et al, 2002a) suggesting that AVR loci may be more 

frequently associated with repeats than would be expected if randomly distributed. 

Analysis of AVR loci identified in the M. grisea confirms that repeats are frequently 

observed (M.W. Harding, unpublished). The effects of DNA repeats clustered at AVR 

loci such as AVR 1-MARA will be discussed in this chapter. 

The AVR gem AVRl-MARA in M. grisea confers disease incompatibility on the 

rice cultivar Maratelli in a gene-for-gene specific manner. The phenotype is controlled at 

a single locus in the laboratory strain 4224-7-8. A number of lab strains like 4224-7-8 are 

hybrids resulting from the introgression of fertility genes from grass isolates into rice 

pathogenic backgrounds (Dobinson & Hamer, 1992; Valent & Chumley, 1994; 1991). As 

a result, a number of genetic loci were discovered that confer cultivar or species 

specificity on rice but originated in non-rice isolates. For example all the AVR loci 
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known to control avirulence on Maratelli originated in the finger millet pathogen G-22 

but determine genc-for-gene cultivar specificity on rice (Valent & Chumley, 1991; 

Chapter 2 of this thesis). 

The A VRl-MARA locus has been analyzed in some detail in 4224-7-8 and a 

summary of these data is given in chapter 1. The gene is part of, or surrounded by, AT-

rich sequences that are unclonable as large fragments in E. coli and thus gene responsible 

for the avinilent phenotype on Maratelli has not been identified from large-insert 

genomic libraries. 

In this study I report molecular and genetic data from 4224-7-8 and its ancestors 

that reveal a genome rearrangement that took place during one of the crosses in the 4224-

7-8 pedigree. The result was a translocation of a large (>50kb), imusually AT-rich 

fragment that contains the gene AVRl -MARA. The consequences and implications of the 

physical translocation of A VRI-MARA are discussed. 

MATERIALS AND METHODS 

Fungal strains and rice cultivars. 

The laboratory strain 4224-7-8 and its ancestors were used in this study. The 

progeny of the 4314 cross were a gift from Dr. B. Valent. Isolation of progeny from all 

'AZ' matings was done in the Orbach lab at the University of Arizona (Table 3.1). 

The rice cultivar Maratelli was used for screening the incompatible disease 

phenotype determined by AVRl-MARA. The cultivar Sariceltik was used as a universally 

susceptible check. Rice seed stocks were obtained by harvesting mature rice grown from 
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seed at the University of Arizona. Briefly, 5-10 rice seeds were sown in a 4 inch pot 

containing vermiculite and grown in a Conviron E-15 controlled environment cabinet 

(Controlled Environments Inc., Pembina, ND) with an illumination cycle of 14-hr light 

(27°C) and 10-hr dark (21°C). Pots were fertilized each morning and afternoon with 

100ml of half strength modified Hoagland's solution and irrigated once each day at noon 

with 50ml of distilled water. After three weeks rice seedlings were transplanted one per 6 

inch pot containing vermiculite, and submerged in hall-strength modified Hoagland's 

fertilizer. Rice plants were grown to maturity in a greenhouse after which rice heads were 

collected and the rice grains manually separated from the panicle and dried prior to 

storage. 

Fungal growth conditions and ascospore isolation. 

Conidial cultures were grovra for 5-12 days at 25°C with constant illumination on 

oatmeal agar media to generate inoculum for infection assays. Mating reactions were 

performed as previously described by Valent et ai, (1986) and Crawford et al, (1986). 

Briefly, two l-2mm agar plugs containing mycelia from each of the parental strains were 

inoculated to fresh oatmeal agar plates, approximately 4 cm apart. The mating reaction 

was encouraged by incubation in a controlled growth cabinet at 20-22°C with constant 

illumination. Plates were incubated for 2 weeks and then monitored for perithecium 

formation. Perithecia were visualized with an Olympus SZH-MLB dissecting microscope 

(Olympus Optical Co. Ltd.. Japan) and harvested from the mating plates 2-4 weeks after 

inoculation using ultrafme-tip forceps and isolated onto 4% water agar plates. Perithecia 

were separated from agar and asexual spores by trimming with forceps and dragging 
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perithecia across the agar surface. The perithecial neck was removed and the bulb 

transferred to a fresh 4% water agar plate and ruptured using the ultrafme-tip forceps. 

Individual asci were teased apart from the globular mass of asci released from the 

ruptured perithecium using a sterile glass needle with an ultrafine flexible tip pulled from 

a Pasteur pipet. After incubation for 15-30 minutes at room temperature to allow 

breakdown of ascus walls, ascospores were isolated and spread from the ascus using the 

glass needle. For random ascospore isolation 100|dl of sterile 0.25% gelatin was added to 

the plate and used to spread the ascospores across the surface of the plate with a sterile 

glass rod. Germinating ascospores were identified after incubation at 25°C with 

illumination for 6-12 hours and transferred to sterile 24-well oatmeal agar dishes. For 

long-term storage a sterile 1.27cm disc of cellulose filter paper (Schleicher & Schuell, 

Riviera Beach, FL.) was placed on the surface of the media in each well and the plates 

were incubated at 25°C with illumination for 3-7 days until the mycelia had grown over 

the filter disc. The mycelium-embedded filter disc was transferred to an empty sterile 24-

well plate and desiccated for at least one week. Filter discs were archived in sterile 

glassine stamp envelopes at -20°C in a sealed plastic container with desiccant. 

Infection assay. 

Infection assays were performed as previously described by Valent et al. (1991). 

Saraceltik and Maratelli seeds were sown 7-9/pot on opposite sides of one 4 inch pot 



Table 3.1. M. grisea strains used in this study. 

Strain Name Mating Tvpe Pathogenicity Virulence on Maratelli Reference 
G-22* MAT 1-1 - ? Dobinson & Hamer, 1992 
4098-292 MAT 1-2 - ? Dobinson & Hamer, 1992 
4134-11-2 MAT 1-2 - ? Valent & Chumley, 1994 
4157-1-1 MAT 1-1 - ? Valent & Chumley, 1994 
4375-R-6 MAT 1-1 + virulent (avr-mara) Sweigard et al., 1995 
4224-7-8 MATl-1 + avirulent (AVRl-MARA) Valent & Chumley, 1994 
AZ12-3-4 MAT 1-2 + avirulent {AVR -MARA) This study 
4392-1-6 MATl-1 + avirulent (AVR2-MARA) Sweigard ef a/., 1995 
70-15 MATl-1 -t- virulent {avr-mara) Chao & Ellingboe, 1991 
AZ23 progeny segregating + segregating This study 
4134 prosenv segregating - ? Dobinson & Hamer. 1992 
*G-22 is the name given this isolate by researchers at DuPont. It is synonymous with WGG-FA40 (Yaegashi et al., 1978) 
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containing vermiculite. Plants were grown in a Conviron E-IS controlled environment 

cabinet (Controlled Environments Inc., Pembina, ND) with an illumination cycle of 14-hr 

light (27°C) and 10-hr dark (21°C). The humidity in the growth chamber was maintained 

at 85% RH to prevent M. grisea lesions from sporulating which could could allow cross-

contamination of plants. A fter 14 days of growth (4th leaf stage) the seedling pots were 

transferred to plastic bags and sprayed with a defined conidial suspension using an air 

brush. The bags were sealed and incubated at room temperature for 18-24 hours after 

which the plants were returned to the growth chamber and grown for 6 more days. The 

spore suspensions were made by harvesting spores from 10-14 day old conidiating plate 

cultures. Conidia were harvested by rubbing the surface of the plate with a sterile glass 

rod after adding 4ml of sterile 0.25% gelatin. The conidial suspension was drawn off the 

plate with a glass pipet and filtered through 3 layers of cheesecloth into a 5ml glass tube. 

Spores were enumerated using a hemacytometer and a total of 4x10^ conidia suspended 

in a final volume of 4mi of 0.25% gelatin for spraying on rice seedlings. 

Disease symptoms were observed 4-5 days post-inoculation and scored after 7 

days. Disease severity was measured using a numeric scale fi-om 0-5 (Valent et al, 1991; 

Figure 3.1). An immune reaction in which no disease symptoms are observed is scored as 

'0'; 1 - necrotic flecks with no conidiation; 2 = brown to black sporulating lesions 2- to 

3-mm in diameter with a small tan center; 3 = circular lesions with tan centers; 4 = large 

eliptical sporulating lesions with tan centers that coalesce into continuous lesions; 5 = 

plants severely diseased or dead. Disease reactions 0 and 1 are avirulent and reactions 2-5 

are virulent. Ambiguous 1 or 2 disease reactions are further tested by placing an infected 
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M. grisea Lesion Types 

Type 0 Type 1 

• 

iiilii 
•llllillll 

Type 2 

m 

ISi 

. IP* I •iJliBliSI 

* i 
if 

i " 
IS nl:  ̂

Type 3 Type 4 Type 5 

Figure 3.1. M. grisea disease lesion types on rice leaves. Types 0-1 represent an 
incompatible or avirulent phenotype as the fungus is unable to infect the host and/or 
sporulate and complete the disease cycle. Types 2-5 show compatible interactions of 
increasing severity. Modified from Valent et al. (1991). 
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leaf segment on a 1.5% water agar plate for 24 hours at 28°C in the dark. A lesion of type 

2 will be able to produce conidia which can be observed using a dissecting microscope, 

but a type 1 will not. 

DNA isolation, manipulation and hybridization. 

DNA preparation, digestion and gel blot analysis were performed using standard 

protocols (Sambrook et al. 1989). Genomic DNA was isolated as described by Sweigard 

et al (1995) and chromosome-sized DNA as outlined by Orbach et al. (1996). DNA was 

digested with restriction enzymes from New England Biolabs as recommended by the 

manufacturer and electrophoresed on 0.7% agarose gels. Chromosome-sized DNA in 

low-melting point agarose plugs were stored in TE at 4°C and prepared for restriction 

enzyme digestion by a 30 minute treatment in TE + 0.1 mM PMSF followed by three 30 

minute rinses in TE. The plugs were incubated on ice for 3 hours in the appropriateIX 

restriction buffer prior to digestion at 37°C in fresh IX buffer. 

Chromosome-sized DNAs were separated in 0.7% agarose gels prepared with 

0.5X TBE using a BioRad CHEF-DR III contour-clamped homogenous electric field 

apparatus. The 0.5X TBE buffer was maintained at 10°C (See figure legends for times 

and conditions). Gels were stained 30 minutes in 1 |ig/ml EtBr and de-stained in distilled 

water for >30 minutes. DNA was visualized by UV transillumination. Gels were prepared 

for DNA transfer to nylon membranes and hybridizations were performed according to 

Sambrook & Russell (2001). For example, to transfer DNA for Southern analysis, the 

gels were treated 8 minutes at room temperature in 0.25M HCl and rinsed twice for 30 
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seconds in ddl laO followed by 30 minute treatments in each of denaturing (0.5M NaOH, 

1.5M NaCl) and neutralizing (l.OM Tris-Cl, 1.5M NaCl, pH=7.5) solutions with two 30 

second ddH20 rinses in between. DNA was blotted to nylon membranes by capillary 

action of a 20X->2X SSPE concentration gradient. Blots were prepared for hybridization 

by incubating in 2-5 ml in form amide buffer solution (Klessig & Bemy, 1983) at 42°C 

overnight. Radioactive probes were prepared using lO-lOOng of DNA and 25p.Ci of P 

dCTP. Probes were denatured by boiling and added to a heat sealed hybridization bag 

containing 2-.5ml of 20% dextran sulfate/80% formamide solution (Klessig & Bemy, 

1983). Hybridization took place by shaking @ 65RPM overnight at 42°C followed by a 

10 minute rinse in 2X SSPE + 1%SDS at room temperature and two 30 minute rinses in 

0.2XSSPE + 1%SDS at 42°C. 

Transformation ofM srisea. 

Fungal transformation was performed as described (Sweigard et al, 1995). 

Primary transformants from protoplasts transformed with vector pAMl 142 (containing 

the l-Ceul restriction site) were selected on complete regeneration top agar plates + 

hygromycin at 150-200 (xg/ml (Sweigard et al, 1995) whereas those transformed with 

pAMl 143 (containing the Pl-P.sy?! restriction site) were selected on complete 

regeneration top agar plates + 50 |ig/ml bialaphos (Leung et al, 1995). 

DNA sequencing and sequence analysis. 

Sequencing by laser detection of fluorometrically labeled and electrophorectially 

separated DNA molecules was done using an ABl Prism®377 (Applied Biosystems, 

Foster City, CA) sequencer in the Laboratory of Molecular Systematics and Evolution 
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(University of Arizona). DNA sequences were analyzed using Mac Vector 7.0 (Accelrys, 

San Diego, CA). Database searches were done using BLAST (Altshul et al, 1997) at the 

National Center for Biotechnology Information (NCBI) website. DNA alignments were 

done in MacVector 7.0 using the CLUSTAL algorithm (Thompson et al, 1994). 

RESULTS 

A Rearrangement at A VRl-MARA. 

Hybridization with the A VRl-MARA Marker AM49. The lab strain 4224-7-8 is 

a hybrid containing both rice pathogen and grass pathogen sequences as a result of a 

breeding line between a rice isolate, 0-17, backcrossed progressively to a finger millet 

pathogen, G-22 (see Chapter 2, Figure 2.2). A rearrangement mvoWmgAVRl-MARA was 

discovered in 4224-7-8 and its ancestors subsequent to cross 4134 in the breeding line. 

The rearrangement was originally detected in hybridization analyses by an RFLP seen 

when the A VRl-MARA marker AM49 was used as a probe (Figure 2.6; Figure 3.2). 

AM49 is a 1.3Kb EcoKl fragment containing a ketoreductase ORF that is inseparable 

from AVRl-MARA and is present as a single copy in 4224-7-8. Both parents of cross 

4134 contain a ~1.5Kb restriction fragment that hybridizes to AM49, but the progeny 

strain 4134-11-2 contains a ~3.2Kb hybridizing fragment. 

I also probed other existing 4134 progeny with the AM49 probe and discovered 

the same non-parental hybridization pattern in one other sibling, 4134-17-1 (Figure 

3.2A). This indicates that rearrangement at A VRl-MARA occurred at least twice during 

cross 4134 as a similar non-parental RFLP is seen in 4134-11-2 and 4134-17-1 which 
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Figure 3.2. Hybridization patterns of 4134 progeny. DNAs were digested with EcoRl, separated on a 
0.7% agarose gel and transferred to a nylon membrane. Blots were hybridized with the AVRl-MARA 
marker AM49 (A) All of the 4134 progeny hybridizing AM49 show the same pattern as the parental 
strains 4098-2-2 and G-22 except 4134-17-1 and (B) 4134-11-2. 
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came from separate asci and thus represent independent meiotic events (Figure 3.2B). 

The rearrangement in 4134-11-2 was supported by digestion of its DNA with other 

restriction enzymes. In all cases, 4134-11-2 had a non-parental hybridization pattern 

(M.A. Mandel, unpublished). The term 'ancestral locus' will be used to refer to iheAVRl-

MARA locus prior to this rearrangement. 

Isolation of the A VRl-MARA locus in G-22. Due to the difficulty in cloning 

sequences at A VRl-MARA, an attempt was made to isolate the gene from the ancestral 

finger millet pathogen G-22. This ancestor is not pathogenic on rice, so the AVR 

phenotype on Maratelli cannot be tested, however, it was hypothesized that A VRl-MARA 

at its ancestral locus may be isolating from a G-22 X library using linked sequences from 

4224-7-8; namely the single copy VRl-MARA marker AM49. The G-22 library was 

initially screened and DNA fragments from a hybridizing X, clone were subcloned, (M.A. 

Mandel, unpublished). Subsequently, I sequenced the subclones and compared G-22 

sequences with the A VRl-MARA locus in 4224-7-8. Figure 3.3 shows an alignment of G-

22 sequences with the A VRl-MARA locus from 4224-7-8. 

The G-22 sequences aligned with opposite ends of the A VRl-MARA locus but not 

with >50Kb of internal sequences. A large amount of AT-rich sequence in 4224-7-8 was 

not present at the G-22 locus. The nucleotide frequencies at the junction of homologous 

and non-homologous sequences change drastically from -45% AT to -75% AT (Figure 

3.4). The alignment in Figure 3.3 shows that the centromcric side of/I VRl-MARA, 

labeled '4224-7-8 (left)', is >98% identical compared with the G-22 sequences. Only a 

few base substitutions exist over the -200 nucleotides shown, however the similarity 
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suddenly drops off to <40% at alignment position 3027. The non-homologous sequences 

continue for an undetermined distance as the complete A VRl-MARA locus in 4224-7-8 

has not been cloned. The high identity with G-22 sequences begins again near AM49, 

labeled '4224-7-8 (right)' in the alignment shown in Figure 3.3. The A VRl-MARA gene 

in 4224-7-8 is located within the un-cloned portion of the AT-rich sequences that are 

absent from the G-22 sequences at this locus. This alignment of G-22 and 4224-7-8 

sequences indicates that a large (>50Kb) AT-rich fragment was translocated from an 

ancestral genomic location to a new site adjacent to a ketoreductase (AM49). 

Interestingly, a 6 bp TGTTAT duplication appears in 4224-7-8 at the site of transition 

from homologous to non-homologous alignment. Small duplications are frequently 

observed at target sites of transposable elements. For example, the retrotransposons 

MAGGY, an active element in some strains of M. grisea, and Grh generate 5 bp target site 

duplications that frequently contains AA or IT (Farman et al, 1996b; Dobinson et ai, 

1993). The presence of a perfect duplication at the junction of this large AT-rich insertion 

makes it tempting to invoke a transposon-mediated translocation as the mechanism for 

this rearrangement. However, no evidence of repetitive elements, such as long terminal 

repeats or inverted repeats, from known elements were discovered when sequences 

adjacent to the 6bp duplication were used as BLAST queries. This was somewhat 

surprising as this region is very AT-rich and therefore could be a preferred target for 

transposon insertion which could then subsequently play a role in a rearrangement such 

as the one described above. 
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Figure 3.3. Alignment of AVRl-MARA sequences from 4224-7-8 and G-22. The upper 
portion is an alignment of G-22 sequences with a portion of clone AM885 from the 
centromeric (left) side of AVRl-MARA in 4224-7-8. The adjacent G-22 sequences are 
continued below and aligned with clone X6.2 from 4224-7-8 that contains sequences from 
the telomeric (right) side of AVRl-MARA. G-22 sequences are homologous to the left 
side sequence up to base 1249 of clone AM885 (position 3027 in the alignment) after 
which 4224-7-8 contains more than 50 Kb of non-homologous sequences. Alignment re
initiates on the right side of AVRl-MARA beginning at base 466 of clone X6.2 (position 
3019 in the alignment). The 6 bp sequence 'TGTTAT' highlighted by a red box is 
duplicated in 4224-7-8 and seen on the right and left sides of AVRl-MARA at the precise 
junction of the changes in G-22 sequence similarity. 
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Transposon sequences were identified at sites further away (>15 Kb) from the 

'T GTTAT duplication. For example, Pot2 sequences aligned with the end of clone 

AM962 that is approximately 20 Kb away on the telomeric side of the 'left' tgttat 

duplication. Additionally inverted terminal repeats from the recently characterized class 

II transposon Occan were identified (Kito et al, 2003). The inverted terminal repeats 

flanked a similar AT-rich island that was not present in the G-22 sequence, but on the 

opposite end of the AVRl-MARA locus (Figure 3.4). This second AT-rich insertion is 

much smaller (~7.3Kb) than the one containing A VRl-MARA and includes other DNA 

repeats, namely REPl that appears to be involved in deletions of avr-Co39 alleles 

(Farman et al, 2002a), and MGR619 that is adjacent to the PWL host specificity genes 

(Sweigard et al, 1995). The section summarizing the A VRl-MARA locus in chapter 1 

reports that none of the cloned AT-rich sequences present in these insertions can 

functionally complement the incompatible phenotype on Maratelli when expressed in a 

virulent strain by protoplast transfonnation. 

AVRl-MARA markers do not co-segregate with avirulence in M erisea strains containinp 

the ancestral locus. 

Rice pathogenic strains containing the ancestral A VRl-MARA locus were created 

(Chapter 2 of this thesis). The hybridization patterns for a number of A VRI-MA RA -1 i nked 

markers from 4224-7-8 were tested in AZ23 progeny, a cross in which the ancestral 

A VRl-MARA locus was segregating. All of the markers shown in Figure 3.5 co-segregate 

and are inseparable from A VRl-MARA in 4224-7-8. In AZ23 progeny some markers 
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Insertional Translocation of a Large A+T 
Rich Fragment Containing AVRl-MARA 

B.« C-H5 
WiivJow Siw = 50 

AVRl-MARA 

Figure 3.4. Diagrammatic representation of two insertions at the AVRl-MARA locus 
during cross 4134. The blue bar represents the ancestral locus prior to rearrangement. The 
red bars are AT-rich sequences inserted within the ancestral locus during rearrangement 
of AVRl-MARA. The upper red bar is larger than 50Kb and contains the avirulence gene 
(AVRl-MARA). The smaller insertion does not contain an avirulence gene. It is 7.3Kb and 
is flanked by inverted terminal repeats from the retrotransposon Occan. Graphical 
presentations of AT and GC richness are given for ~12Kb of the large insertion (above) 
and ~14Kb of the ancestral locus including the 7.3Kb smaller insertion (below). The red 
line on each graph represents %AT and the green line %GC. 
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(AM49, AM726, AM885) co-segregated but their genomic location is uncoupled from 

the incompatibility phenotype on Maratelli. Interestingly, the markers AM927 and 

AM962 co-segregate witli A VRI-MARA in both its ancestral context and in 4224-7-8. 

These two marker sequences are part of the large AT-rich fragment that is absent from 

the translocation landing site prior to the rearrangement. 

Determining the chromosomal location of the sncQsixdil AVRl-MARA locus. 

AVRl-MARA resides on chromosome 2 in 4224-7-8 and segregates independently 

from the ancestral locus. Additionally, the ancestral locus is not allelic to A VR2-MARA 

on chromosome 7 of 4314-R-24 but it appears to be genetically linked to it (Chapter 2 of 

this thesis). These genetic data indicated that the ancestral locus may be present on 

chromosome 7 prior to rearrangement and on chromosome 2 in strains after cross 4134. 

To further test the chromosomal location of the ancestral locus, M. grisea chromosomes 

were separated by pulsed-field gel electrophoresis (PFGE) using a contour-clamped 

homogenous electrophoretic field (CHEF). Pulsed-field gels were blotted to nylon 

membranes and probed with. AVRl-MARA markers to determine the genomic location of 

AVRl-MARA before and after rearrangement. Sequences from cosmids from an M grisea 

cosmid library, that mapped to specific chromosomes were used as probes to discriminate 

M grisea chromosomes. These cosmids were originally mapped by using them as RFLP 

probes in 66 progeny of a cross between two laboratory strains of M. grisea (4224-7-8 X 

6043) and subsequently assigning them to chromosomes based on statistical analysis of 

linkage (Sweigard et al, 1993). 
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The smaller M. grisea chromosomes were easily resolved, however, the largest 

DNA molecules were not clearly separated. Large M. grisea chromosomes are 

comparable in size to those of Neurospora crassa which are ~10Mb. According to the 

Nitta et al. (1997) map which integrates previous maps and new RFLP markers, 

chromosome 7 is a smaller M. grisea chromosome (~4Mb). This chromosome was easily 

separated and identified on CHEF gels and blots (Figure 3.6A-B). It is interesting to note 

that the cos 156 sequences used as a chromosome 7 marker did not hybridize to 

chromosome 7 in G-22 but were located on a large chromosome. Reciprocal sequence 

rearrangements between chromosomes have been described before in karyotypic 

evaluations of M grisea (Orbach et al, 1996). Hybridization of PFGE blots with the 

probe AM962 show that the ancestral locus is clearly not on chromosome 7 (Figure 3.7A-

C), however its precise genome location could not be discriminated between the larger 

chromosomes. It appears that the AT-rich sequence probe AM962 is on a different 

chromosome than AM49 in the ancestral strains whereas both markers hybridize to the 

same chromosome(s) in strains after the rearrangement. These hybridization data suggest 

that two chromosomes were involved in a rearrangement of sequences, however the lack 

of resolution among large chromosomes and frequent cross-hybridization of cosmid 

probes make it difficult to rule out a major intra-chromosomal rearrangement within 

chromosome #2. 

How large is the A VRl-MARA locus? 

An attempt to specifically isolate and measure A VRl-MARA was made by 

introducing extremely rare restriction enzyme recognition sites at both ends of the locus. 
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AVRl-MARA 

AM750 AM885 AM927 AM962 AM977 AM49 AM726 

VIR 927 962 977 49 750 726 VIR 927 962 977 49 750 726 
AZ1 6-Rl + - - 4- 4 + AZ16-R39 - J- - 4 + 4 

AZ1S-R2 7 - + 4 -J- 4- AZl 6-R40 - H- -f- 4- 4 4- 4-

AZl 6-R3 - -t- -r - 4 4- + AZ16-R41 + - - 4- - - -

AZ16-R4 - -f - 4 + 4 AZl 6-R42 + - - + - - -

AZl e-RS -r - - - 4- 4 4 AZl 6-R43 - 4 -f - - - -

AZ16-R6 + ? - - 4 4 4 AZl 6-R44 + - - - 4 4 4-

AZl 6-R7 - •f + + - - - AZl 6-R45 + - - 4- 4 4 4 

AZ16-R8 - 4- 4- - - - AZl 6-R46 - 4- 4- + 4 4 

AZl 6-R9 - + - + -h AZ1G-R47 - r?d nd !id nd nd 
AZ16-R10 - 4- - •f 4- + AZl 6-R48 nd nd nd nd nd nd nd 
AZ16-Rn - + 4- - 4 4 4 AZ16-R49 - 4 4- - 4 -i- •4 

AZ16-R12 - -f- -h - 4- 4 4 AZ16-R50 + - - - - - -

AZ16-R13 - •f + - 4- •f 4 AZ1G-R51 - 4- + + •4 4 

AZ16-R14 - -f - + 4- 4 AZl 6-R52 + - ->• ? 4 4 -f 

AZl 6-Rl 5 + •• - - - - - AZl 6-R53 - • - 4 4 4 

AZl 6-Rl 6 - -f 4- 4- - - - AZl 6-R54 + - - - 4 + -f 

AZl 6-Rl 7 - + 4- - 4 4- 4- AZ16-R55 + 4' nd - nd nd nd 
AZl 6-Rl 8 - - + 4- + 4 AZl 6-R56 nd -h + - 4 4- 4-

AZl 6-Rl 9 -i- nd nd nd nd nd nd AZ16-R57 -f - rsd + nd nd nd 

AZ16-R20 - 4 4 - - - AZ16-R58 - 4 ? 4 4- + 

AZ16-R21 - + 4- - - - AZl 6-R59 + - - ? 4- 4 

AZ16-R22 - - - - 4 4 4- AZ16-R60 - 4- nd 4- nd nd nd 

AZ16-R23 -f - - - 4 4 4- AZ16-R61 - -r 4 + 4 4 -f 

AZ16-R24 - + •f - 4 4- 4 AZ16-R62 - 4- 4- 4- 4 + 4-

AZl 6-R25 - -h 4- + 4 + 4- AZl 6-Re3 - 4 4 - 4 4-

AZ16-R26 -f - - + - - ' 

AZ16-R27 ~ 4- 4 - - - - AZl 6-1-1 - 4^ 4 - - -i- -

AZl 6-R28 - -f 4 - 4- 4 AZl 6-1-2 - 4 4- - - 4- -

AZl 6-R29 •h - - + 4 •h AZl 6-2-1 + - - 4- - 4 -

AZl 6-R30 -f - 4- 4 4 AZl 6-2-2 -h - + - 4- -

AZ16-R31 + - - 4 4 4- 4 AZl 6-3-1 - 4- od - nd nd nd 
AZ16-R32 •f - - + 4- 4 4 AZl 6-3-2 - -f nd - nd nd nd 

AZ16-R33 - + -f - 4 4- 4 AZl 6-4-1 + - nd - nd nd nd 

AZl 6-R34 - -f -t- + 4 + AZl 6-4-2 - nd - nd nd nd 
AZ16-R35 - -S- 4 + - - -

AZ16-R36 - -f- 4- + 4- 4 + 

AZl 6-R37 -f 4- - 4 4 4 AZl 2-1-3 - 4- 4 - + -t 4 

AZl 6-R38 •f - + 4 •1- 4- 4375-R-6 + - - 4- - -

Figures.5. Segregation of AV7?7 MA/?/4-associated markers in progeny segregating for 
the ancestral locus. The markers all co-segregate with a virulence in strain 4224-7-8. 
When used as probes on genomic DNAs from progeny segregating at the ancestral locus 

indicates hybridization, and lack of hybridization. Red indicates co-segregation 
with virulence. Blue indicate cosegregation, but no linkage to the avirulent phenotype. 
The results show that most AVRl-MAMA markers from 4224-7-8 do not cosegregate with 
avirulence in strains carrying the ancestral locus. 
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Figure 3.6. Separation and hybridization of M. grisea chromosomes. (A) PFGE of 
chromosomes from various M. grisea strains. S. cerevisiae (lane 1) and S. pombe (lane 
10) are used as size standards. Chromosome-si zed DNAs were run for 168 hours at 
1.5V/cm with a switching interval of 100 minutes ramped down to 90 minutes. (B) A 
PFGE DNA blot hybridized with a chromosome 7 marker (cos 156). All strains of M. 
grisea hybridize a smaller chromosome («4MB, see white arrow) except G-22 (red 
arrow). 
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Figure 3.7. PFGE and gel blot hybridization in M. grisea strains. The pulsed-field gel (A) 
shows separation of chromosome-sized DNAs. The gel was run at 1.5V/cm for 156 hours 
with a 90 minute switching interval. Blots made from this gel were probed with AM962 
(B) or with AM49 (C). AM962 is an AT-rich sequence that is found at both the ancestral 
and rearranged loci. AM49 is only present at AYR I-MARA after the rearrangement. The 
AT-rich AM962 probe appears to hybridize to a larger chromosome than AM49 in strain 
G-22 (see red arrows) while both markers appear to hybridize to the same sized 
chromosomes in 4224-7-8 (white arrows). 
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The homing endonucleases I-Ceul and Pl-Pspl have recognition sites of 26 and 30bp 

respectively. The probability of these recognition sites occurring randomly in the M 

grisea genome are P= 8.9x10"^ and 3.5x10"" respectively and are not found by BLAST 

in the 70-15 genome sequences. The recognition sites were introduced by transformation 

of protoplasts using two separate vectors (constructed by M.A. Mandel) each containing a 

different selectable marker and flanked by homologous sequences from the appropriate 

ends of A VRl-MARA (Figure 3.8). After transformation of M. grisea with the vector 

containing the l-Ceul recognition site, >200 hygromycin resistant lines were recovered 

(M.A. Mandel, unpublished). I confirmed that an insertion was detected at the 

homologous location (centromeric end of AVRl-MARA) in one hygromycin resistant line 

by hybridization and PGR and subsequently used this line in transformation of the second 

recognition site (for PI-P5/?I). 240 Bialaphos resistant lines were recovered, however no 

insertion at the homologous site was found in any of these 240 lines in hybridization and 

PGR screens, therefore it is unlikely that any of these transformants have the Pl-Z'^pl 

recognition site at the desired position, i.e. the telomeric end of AVRl-MARA. 

Chromosome-sized DNA from 4224-7-8 and the Hygromycin resistant 

homologous recombinant were digested with I-Ceul. The DNAs were then separated by 

PFGE and probed with AM726, a non-repetitive 0.7Kb marker at A VRl-MARA. The 

transformed line gave a restriction fragment but untransformed 4224-7-8 did not. The 

hybridizing fragment is smaller than 3.5Mb (Figure 3.9) but the electrophoretic 

conditions did not allow a precise size determination of this cleavage product. 
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Hyg" + HE site Hyg" + HE site 

AVR1-MARA 

BASTA + HE site 

AVR1-MARA 

X Digest gDNA with homing enzymes 

AVR1-MARA 

Figure 3,8. Homing enzyme approach to estimate the size of the AVRl-MARA locus. 
Homing enzyme recognition sites will be introduced by independent transformations 
using vectors with unique selectable markers and enzyme recognition sites. The homing 
enzyme recognition sites will be targeted for integration at specific sites by incorporating 
sequences from both ends of the AVRl-MARA locus within the vector. The arrangement 
of these 'flanking sequences' are designed to allow two recombination events to occur 
that will replace the endogenous sequences with those from the vector containing the 
selection marker and the enzyme recognition site. Primary transformants will be selected 
by growth on selection media and double-recombination replacement strains (i.e. those 
that have an insertion at the homologous site) will be screened by hybridization and PCR. 
The AVRl-MARA locus will be cleaved by homing enzymes and isolated on by PFGE. 
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Figure 3.9. Homing enzyme digestion of AVRl-MARA sequence in transformant #47B. 
Increasing enzyme units (U) were used for each strain. Chromosome-sized DNAs were 
cut and separated by PFGE (1.4V/cm for 72hrs with a 60 minute switching interval) and 
blotted to a nylon membrane. Un-transfbrmed, intact 4224-7-8 chromosomes were used 
as a control (lanes 2 and 3) while the transformant #47B, containing the l-Ceul 
recognition site at the ccntromeric side of the A VRl-MARA locus on chromosome 2, was 
cleaved by I-Cewl to give a unique restriction fragment, (lanes 4-6). Note: the largest of 
the S. cerevisiae chromosomes is 1.9Mb. These chromosomes are often used as size 
standards, however these smaller chromosomes do not migrate properly under the 
conditions used for this gel and thus their positions cannot be used reliably in determining 
the size of the restriction fragment. 
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DISCUSSION 

A genome rearrangement was detected in M. grisea that involved a large AT-rich 

region containing the avirulence gene A VRI -MA RA. The rearrangement took place during 

a cross in a breeding line where an attempt was made to create a female fertile rice 

pathogenic strain to analyze the genetics of avirulence in M. grisea. The strategy was to 

cross a rice pathogen field isolate (0-17) to a female fertile finger millet pathogen (G-

22), select rice pathogenic progeny and then use G-22 as the recurrent parental strain. In 

the cross between 4098-292 and G-22, a rearrangement took place (see Figures 3.2 and 

2.6) where both parents had the same RPLPs for markers linked to A Fi?i-MARA and 

produced progeny strains that had a novel RFLP pattern. Genetic analyses indicate that 

the ancestral locus is linked to A VR2-MARA on chromosome 7, however CHEF blot 

hybridization does not support this result. CHEF gels did not sufficiently resolve the 

larger M. grisea chromosomes to conclusively eliminate the possibility that the event was 

a reorganization within chromosome 2. Independent segregation of A VR1-M4RA and the 

ancestral locus suggests that if chromosome 2 was the only chromosome involved in this 

rearrangement then A VRl-MARA must have been translocated far enough from its 

ancestral location to appear unlinked, for example, to an opposite arm. The result of this 

rearrangement is a newly identified avirulence locus that likely encodes the same effector 

molecule as A VR]-MARA. Segregation of two DNA markers (AM927 and AM962) that 

reside within the AT-rich region at A VRl-MARA is consistent with this conclusion. These 

markers cosegregate with the avimlent phenotype in strains containing A VRl-MARA as 

well as strains containing the ancestral locus indicating that they are linked to the 
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Maratelli-specific avirulence gene before and after the rearrangement. This translocation 

of AT-rich sequences containing A VR1-K4ARA provides an explanation for why the 

AVRl-MARA locus in 4224-7-8 is not allelic to its avirulent ancestors. It also explains 

why several markers linked to AVRl-MARA in 4224-7-8 only segregate with the AYR 

phenotype in rice pathogens after cross 4134 in the breeding line (Chapter 2; Figure 2.2.) 

Repetitive DNA elements are found in all fungal genomes (Wostermeyer & Kreibich, 

2002) and representatives from all classes of repetitive elements are found in the fungi 

(Daboussi, 1997). The Magnaporthe genome harbours multiple copies of long terminal 

repeat retrotransposons such as Grasshopper (Dobinson et al., 1993), MAGGY (Farman 

et al, 1996b) and MGLR-3 (Kang, 2001), inverted terminal repeat transposons like Pot2, 

Pot3, and Occan (Kachroo et al, 1994; Farman et al, 1996a; Kito et al, 2003), LINE 

elements (MGL) and SINE elements MGSRl and Mg-SINE (Kachroo et al, 1994). Table 

3.2 summarizes the repeated DNA elements that have been described in M. grisea. Active 

retrotransposons such as MGL can generate target site duplications that are 6-13 bp in 

length (Meyn, 1998). MAGGY, and Grh generate 5bp target site duplications that often 

contain AA or TT (Farman et al, 1996b; Dobinson et al, 1993). The 6bp TGTTAT 

duplication in 4224-7-8 at the translocation site is reminiscent of small duplications 

observed at target sites of these transposable elements. Additionally, most 

retrotransposons have characteristic long terminal repeats or inverted repeats that identify 

them from other known elements. In an attempt to identify transposons that may have 

been involved in the A VRl-MARA translocation event sequences adjacent to the 6bp 

duplication were used as BLAST queries. No hits to transposons or other known 
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sequences were discovered. However, sequences further away (>15Kb) from the 

TGTTAT duplication were homologous to Pot2 (AM962 Figure 2.4) and Occan (Figure 

3.4). The Pot2 sequences reside approximately 20 Kb away from the centromere 

proximal duplication and are located within the large at-rich fragment involved in 

translocation. Occan inverted terminal repeats flanked a different AT-rich island, but on 

the opposite telomere proximal end of the AVRl-MARA locus. This second AT-rich 

insertion is much smaller (-'7.3Kb) than the one containing A VRl-klARA and includes 

other DNA repeats, namely REP I that appears to be involved in deletions of avr-Co39 

alleles (Farman et a I., 2002). and MGR619 that is adjacent to the PWL host specificity 

genes (Sweigard et al, 1995). The flanking Occan inverted terminal repeats at the 

smaller AT-rich insertion is suggestive of a transposon-mediated translocation, but the 

perfect duplication at the insertion junction of the large AT-rich fragment is the only 

evidence for a transposon-mediated translocation of A VRl-MARA. 

Unregulated transposon activity would rapidly lead to inappropriate expression or 

deleterious mutation of essential genes. Therefore the movement or expansion of 

transposons must be controlled within successful host genomes. Mechanisms for gene 

silencing or disrupting DNA repeats are found in all eukaryotic kingdoms and are 

considered to be conserved natural defense mechanisms against transposons and viruses 

(Matzke et al, 2000). Filamentous fungi, including M. grisea have demonstrated 

mechanisms for limiting the accumulation or expression of repeated sequences. The 

repeat induced premeiotically (RIP) mechanism leads to permanent genetic changes that 

inactivate repeated genes (Selker, 1997; Ikeda et al, 2002). The phenomenon of RIP was 
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Table 3.2. Repetitive DNA Elements in M. grisea 
Element Class Tvne length 
Maggy I Gypsy 5.638Kb 
Grasshopper I Gypsy 8.0Kb 
Fosbury I Gypsy 7 

Pyret I Gypsy 7.25Kb 
MGR583/MGL I LINE 5.96? 
MGRSRl I SINE 0.8Kb 
Mg-SINE I SINE 0.47Kb 
Potl 11 Fotl 1.857Kb 
MGR586/Pot3 II Fotl 1.86Kb 
Occan 11 Fotl 2.259Kb 

Reference 
Farman et al. (1996a) 
Dobinson et al. (1993) 
Shull & Hamer (1996) 
Nakayashiki et al. (2001a) 
Meyn (1998), Hamer etal. (1989), Kachroo etal. (1996) 
Sone et al. (1993) Kachroo et al. (1995b) 
Kachroo etal. (1995b) 
Kachroo et al. (1994) 
Farman et al. (1996b) 
Kito et al. (2003') 
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first described in N. crassa (Selker et ciL, 1987; Cambareri et al, 1989). It can detect and 

disrupt repeated sequences >400bp and requires passage through the heterokaryotic phase 

of the sexual cycle. In N. crassa RIP is characterized by four main features: (i) duplicated 

sequences undergo extensive C-^T and G^A transitions (ii) preferentially at CpA 

dinucleotides; (iii) cytosine methylation accompanies RIPed sequences; (iv) this 

mechanism functions for linked and unlinked duplications. Other fungi including M. 

grisea have been found to have evidence of RIP-like events that are identical to the N. 

crassa model with the exception that CpA dinucleotides are not the preferred context for 

RIP (Ikeda et al, 2002). DNA methylation and quelling are reversible epigenetic 

mechanisms that can silence genes in a homology-dependent fashion (Nakayashiki et al., 

2001; Cogoni, 2001). Quelling is a post-transcriptional gene silencing mechanism that 

does not require passage through the sexual phase and was first observed for the albino 

gene al-1 inN. crassa (Cogoni et al, 1996). Quelling is comparable to cosuppression 

(post-transcriptional gene silencing) in plants (Napoli et al, 1990; van der Krol et al, 

1990) and RNA interference in animals (Fire et al, 1998). It is observed when transgenic 

sequences are introduced and silencing of both the transgene and the endogenous gene 

occurs (Cogoni and Macino, 1997). Post-transcriptional RNA-mediated gene silencing 

has been demonstrated recently in two other filamentous fungi. Cryptococcus neoformans 

(Liu et al, 2002) and M. grisea (Kadotani et al, 2003). 

The presence of high numbers of copies of repeated DNA elements within a 

genome such as M. grisea that appears capable of controlling their accumulation makes it 
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tempting to invoke some advantage to the host organism. One advantage of accumulating 

DNA repeats may be the potential role they could play on genome plasticity and 

architecture. Clusters of repeated sequences may provide hotspots for genetic 

rearrangement by transposition, duplication, inversion or they may provide sites for 

ectopic recombination between dispersed elements on the same or on different 

chromosomes (Wostermeyer & Kreibich, 2002; Shnyreva, 2003; Daboussi, 1997; 

Kidwell & Lisch, 1997; Kidwell & Lisch, 2000). Some of these genetic events have been 

shown to occur in fungi such as S. cerevisiae and Fusarium oxysporum (Curcio et al, 

1994; Daviere et al, 2001). In M grisea hypervariable loci controlling spore 

development and pigmentation in M. grisea are associated with repeats (Hamer et al, 

1989a; Farman, 2002). Repeated sequences appear to be clustered in the M grisea 

genome based on hybridization experiments done by Hamer et al (1989b) and Nitta et al 

(1997) and the observation that active transposons are often inserted within unrelated 

repeats (Kachroo et al. 1994, 1995; Farman et al. 1996a). The deleterious effects of 

transposon activity and amplification may be balanced with potential advantages on 

genome plasticity by clustering of DNA repeats. Clusters of sequences that are 

preferential for transposon insertion impose some limits on areas of active transposition 

thus avoiding disruption of essential genes. Genome regions lacking clustered repeats 

will be much less likely to be disrupted by transposon activity or genetic rearrangements. 

Alternatively, genetic loci near clustered repeats may be hypervariable and rapidly 

evolving. In this way. the potential costs of activity and amplification of repeats is 

balanced with an additional potential mechanism for genome evolution. The lack of 
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active elements at or near essential loci is not surprising as many of these insertions are 

likely to be lethal or deleterious, however it does not completely explain clustering vs. 

random distribution. 

Transposon-mediated hypervariablitiy may be common at AVR gene loci as these 

genes are routinely found in regions of clustered DNA repeats. Avirulence loci are often 

xinstable (Valent & Chumley, 1994) and associated with multiple types or copies of 

repeats (Farman et al. 2002; Sweigard et al, 1995; Orbach et al, 2000; Kang et al, 

2000). A survey of orthologous avirulence genes in the 70-15 genome sequence clearly 

shows that avirulence loci are more likely to contain clusters of repeats than other 

essential or housekeeping genes (Chapter 2, Figure 2.8). One possible advantage of 

clustered repeats at avirulence loci has to do with its asexual colonization of rice fields. 

While M. grisea can and does undergo sexual recombination, mating structures are not 

observed in the field and blast populations are routinely clonal (Levy et al, 1991; Xia et 

al, 1993; Notteghem & Silue, 1992; Viji & Gnanamanickam, 1998). It appears that 

recombination may allow expansion of host range, but at the expense of virulence 

(Dayakar et al, 2000). Thus, in field settings where blast disease and epidemics are 

observed, clonal populations are the rule, and sexual recombination appears to be the rare 

exception. A clonal population can achieve genetic variability more efficiently at 

hypervariable loci, or regions capable of spontaneous rearrangement. Hypermutable loci, 

duplications, transpositions, translocations and gross chromosomal rearrangements are all 

mechanisms that could provide variability in clonal populations. This is especially 

important in populations under strong selection to overcome major gene resistance. 
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Mutation to virulence or evolution of new avirulence specificities may be more rapidly 

achieved in a fungus with a hypermutable AYR locus surrounded by repeated DNA 

elements. Transposon inactivation of AYR genes by deletion or transposon insertion is 

documented (Kang et al, 2001; Bohnert et al, 2001) and deletions at AYR loci are 

observed in virulent strains (Farman et al, 2002; Mandel et al, 1997). 

The rearrangement described here involves a translocation of a large AT-rich 

region containing A VRl-MARA. In addition to the translocation of AVRl-MARA, the 

cos 156 marker was located on chromosome 7 in all strains except G-22 (Figure 3.6B). 

This marker, used in CHEF blot analyses as a marker for chromosome 7, is linked to 

AVR2-MARA but is unlinked from AVRI-MARA and the ancestral locus and therefore the 

results shown in Figure 3.6B represent an independent translocation event with respect to 

the A VRl-MARA rearrangement. This is not the first example of inter-chromosomal 

translocation in M. grisea: similar chromosomal rearrangements have been reported in 

CHEF blot hybridization experiments (Orbach et al, 1996; Skinner, 1993). In those 

reports polymorphisms in the length of the seven major M. grisea chromosomes were 

routinely observed and the presence of mini-chromosomes was common. Additionally, 

the degree of karyotypic polymorphism was correlated with infertility and was common 

in rice field isolates (Orbach et al, 1996). From these data it is impossible to determine 

whether infertility is a negative result of transposon-mediated variation and 

reorganization of chromosomes or whether it is a neutral consequence of clonal 

populations that have acquired some pathogenic advantage in rice fields where extensive 

monoculturing exists. Thus, the focus on M. grisea rice isolates may highlight a relatively 
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unique example of pathogen genome evolution that is not the rule in nature. It may be 

that sexual mating of M. grisea occurs in natural settings, but not in large rice fields 

where host genotypic diversity is low and clonal populations are extremely effective. 

Genotypic plasticity due to active transposons and clusters of DNA repeats may allow the 

pathogen to adapt to some aspects of host resistance however, the deleterious effects of 

these gross karyotypic rearrangements are seen in the lack of sexual compatibility in rice 

isolates. It is also difficult to compare the translocation of AVRl-MARA with other 

karyotypic polymorphisms and translocations because it appears to have occurred during 

a hybrid mating event not in an asexuaily reproducing field population. What is clear is 

that gross karyotypic rearrangements, translocations, insertions and deletions are 

commonly detected in M grisea rice pathogenic isolates. It may be that clusters of DNA 

repeats and transposon-mediated rearrangements are responsible for much the karyotypic 

variations detected. It is likely that these repeat-induced genome rearrangements play a 

significant role in pathogenicity and virulence of rice field populations of M. grisea. A 

more complete understanding of transposon-mediated fungal genome evolution will 

allow discovery of the varied mechanisms by which fungal pathogens overcome major 

gene resistance, especially within M. grisea populations in rice fields. 
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APPENDIX 1 

A number of crosses were performed in this study to analyze genes conferring 

avirulence toward rice cultivar Maratelli in laboratory strains analyzed in this study. 

These crosses are described below and a table is provided on page 235. Chi-square values 

of relevant crosses are given in Figure 2.3 of this thesis. The purpose of the original 

crosses, AZ12 and AZ13, was to create a rice pathogen containing the ancestral AVRl-

MARA locus. Subsequent crosses were done to determine if avirulence in the AZ12 

progeny was conditioned by a single gene, or to determine whether the ancestral locus 

was allelic to AVRl-MARA, AVR2-MARA or neither. For example, to analyze segregation 

of the ancestral locus phenotype, crosses AZ16, AZ20 and AZ23 have a virulent parent 

and a parent with the sncQsixsil AVRl-MARA locus. These crosses all indicate that this 

avirulent phenotype is controlled at a single genetic locus. 

To determine if the ancestral locus is allelic to AVRl-MARA, the crosses AZ14 

and AZ17 were performed, however, the AZ14 parent AZ12-3-2 was not a rice 

pathogenic strain so most of the AZ14 progeny could not be analyzed for avirulence on 

Maratelli. Cross AZ17 shows thai AVRl-MARA and the ancestral locus segregate 

independently from one another. 

Crosses AZ 18 and AZ19 were done to test for recombination between the 

ancestral locus and A VR2-MARA. Progeny from cross AZ18 were collected but not 

analyzed. The eight virulent progeny in AZ19 indicates two avirulence loci that may be 

linked. 



Cross Parentl Genotvce* Parcnt2 Genotvoe* 

Segregation Segregation 
Mating Type Aviralence 
1-1:1-2:sterile AVR: VIR Comments 

AZ12 4375-R-6 1 4098-292 2 21:24:1 19:4 23/46 progeny infect rice 
AZ13 0-135 1 4098-292 2 10:7:1 no data 
AZ14 4224-7-8 3 AZ12-3-2 4 35:39:3 23:1 24/77 progeny infect rice 
AZ16 4375-R-6 1 AZ12-1-3 4 24:45:1 38:26 64/70 progeny infect rice 
AZ17 4224-7-8 3 AZ12-3-4 4 not tested 44:13 54/57 progeny infect rice 

(58 progeny not tested) 
AZ18 4224-7-8 3 4314-R-24 5 not tested not tested 
AZ19 4392-1-6 6 AZ12-3-4 4 37:40 87:8 mating type not determined 

for 17 progeny 
AZ20 AZ16-R6 1 AZ12-1-3 4 28:14 20:20 20/42 progeny infect rice 
AZ21 AZ16-R16 7 AZl 2-3-4 4 19:17 39:0 (very small, sparse lesions 

on one or two progeny) 
AZ23 70-15 1 AZ12-3-4 4 26:34 33:23 56/60 progeny infect rice 

^Parental Genotype 1 = MATl-1; avr-MARA 
2 = MAT 1-2: grass pathogen {AVR-MARA ) 
3 = MATl-1; AVRl-MARA 
4 = MATl-2; AVR-MARA 
5 = MATl-2; AVRl-MARA 
6 = MATl-1; AVR2-MARA 
1 = MATl-1; AVR-MARA 
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